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บทคัดยอ 

โครงการวิจัยนี้ไดศึกษาตัวเรงปฏิกิริยาหลากหลายชนิดสําหรับปฏิกิริยาตาง ๆ 
กัน โดยทั่วไปไดทําการสังเคราะหตัวเรงปฏิกิริยาข้ึนมา ทดสอบคุณลักษณะตางของ
ตัวเรงปฏิกิริยาดังกลาว แลวนําไปใชในปฏิกิริยาที่เหมาะสม ซึ่งจะเห็นวามีการ
ประยุกตใชตัวเรงปฏิกิริยาเหลาน้ีมากมายในงานวิจัยดังกลาวนี้ ไดแก ปฏกิริิยาการขจัด
น้ําของเมทานอล การเรงปฏิกิริยาโดยแสง ออกซิเดชันของโพรเพนและ
คารบอนมอนอกไซด เอสเทอริฟเคชันและทรานสเอสเทอริฟเคชัน พอลิเมอรไรเซชัน
ของเอทิลีนโดยตัวเรงปฏิกิริยาซีเกลอร-นัตตาและเมทัลโลซีน การผลิตไฮโดรเจน
สําหรับเซลเชื้อเพลิง ปฏกิิริยาไอโซเมอรไรเซชันของบิวเทน ไฮโดรจิเนชันของ
คารบอนมอนอกไซด และปฏิกิริยาเมตาทีซิส ผลการวิจัยดังกลาวทําใหสามารถผลิต
บทความวิจัยที่ไดรับการตีพิมพในระดับนานาชาติจํานวน 32 เรื่อง และสิทธิบัตรจํานวน 
1 เรื่อง  
 

คําสําคัญ ตัวเรงปฏิกิริยาแบบวิวิธพันธุ; ความวองไว; วัฏภาคแกส;วัฏภาคของเหลว; การ
ทดสอบคุณลักษณะ 
 

 

 

 

\ 

 

 

 

 

 



 4 

 

Abstract 
  

In this present study, we investigated many kinds of catalysts used in various 
reactions.  In general, the catalysts were synthesized, characterized and tested under 
specified reaction conditions.  There are many applications of catalyst used in this 
project such as methanol dehydration, photocatalysis, propane oxidation, CO 
oxidation, esterification and transesterification, ethylene polymerization catalysts 
(Ziegler-Natta and metallocene catalysts), hydrogen production for fuel cell 
application, isomerization of butane, CO hydrogenation, and metathesis reaction.  As 
the results, we can produce 32 international research articles (JCR database) and 1 
patent.   
 

Keywords: Heterogeneous catalyst; Activity; Gas phase; Liquid phase; 
Characterization 
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หนาสรุปโครงการ (Executive Summary) 

Executive Summary 
1. ความสําคัญและท่ีมาของปญหา 
 จากการสํารวจกําลังคนเพื่อสนองตอบตออุตสาหกรรมน้ํามันและปโตรเคมีของประเทศ ซ่ึง
จัดทําโดยสํานักงานคณะกรรมการพัฒนาเศรษฐกิจและสังคมแหงชาติพบวา  ศาสตรเกี่ยวของกับ
ตัวเรงปฏิกิริยาเปนองคความรูหนึ่งท่ีอุตสาหกรรมน้ํามันและปโตรเคมีของประเทศตองการความ
ชวยเหลือจากรัฐ ในปจจุบัน เฉพาะนิคมอุตสาหกรรมมาบตาพุด อําเภอเมือง จังหวัดระยอง  มี
โรงงานอุตสาหกรรมปโตรเคมีและอุตสาหกรรมท่ีเกี่ยวของอยูกวา 40 โรงงาน  เปนเงินลงทุนท้ังส้ิน
กวา 1.3 ลานลานบาท (http://www.boi.go.th)  สามารถสงออกสินคาสูตลาดตางประเทศมากกวา
รอยละ 40 ของการผลิตท้ังหมด นําเงินรายไดเขาสูประเทศเปนจํานวนมหาศาล ดังนั้นรัฐนาจะ
ลงทุนสรางสถาบันวิจัยเฉพาะทางเพื่อสนับสนุนอุตสาหกรรมนํ้ามันและปโตรเคมีในประเทศ 
งานวิจัยหนึ่งท่ีสําคัญท่ีเกี่ยวของกับอุตสาหกรรมเหลานี้ไดแก การวิจัยทางดานตัวเรงปฏิกิริยา   
 จากรายงานการศึกษาเพื่อจัดทํายุทธศาสตรการพัฒนาทรัพยากรมนุษยเพื่อเพิ่มขีด
ความสามารถของอุตสาหกรรม  โดยสํานักงานคณะกรรมการพัฒนาการเศรษฐกิจและสังคม
แหงชาติ ท่ีนําเสนอเม่ือวันท่ี 9 พฤษภาคม 2547 ไดประมาณการไววาในสวนของการผลิตพอลิเม
อรหลัก (Polyethylene, Polypropylene, Polyvinyl chloride, Polystyrene/EPS, ABS/SAN) มีทิศทาง
และแนวโนมท่ีจะเพ่ิมกําลังการผลิตข้ึน โดยความตองการรวมของปพ.ศ. 2547 มีประมาณการท่ี 
3,757,000 ตัน  และจะเพิ่มเปน 5,265,000 ตัน (เพิ่มอีกประมาณรอยละ 40) ในปพ.ศ. 2552  และจาก
การสํารวจความตองการบุคลากรในบริษัทขนาดใหญจํานวน 13 บริษัทพบวา  ในดานการวิจัยและ
พัฒนาผลิตภัณฑ (Product Research & Development) นั้น ปญหาความขาดแคลนบุคลากรทางดาน
การพัฒนาตัวเรงปฏิกิริยา (Catalyst development) อยูในอันดับตน โดยความตองการท่ีแทจริงอยูท่ี
ประมาณ 1 เทาตัวของท่ีมีอยูในปจจุบัน โดยเฉพาะอยางยิ่งการขาดแคลนอาจารยท่ีเช่ียวชาญเฉพาะ
ดาน เชนดานตัวเรงปฏิกิริยา ทําใหเปนปญหาในการผลิตบุคลากรท่ีมีความรูความสามารถทางดาน
นี้ โดยความตองการบุคลากรดานวิทยาศาสตรและเทคโนโลยีในปพ.ศ. 2547 มีการประมาณการไว
ท่ี 5,383 คน  และในอีก 2 ปขางหนา (พ.ศ. 2549) จะเพิ่มเปน 6,280 คน (เพิ่มอีกประมาณรอยละ 17) 
 จากการประชุมเพื่อระดมความคิดเพ่ือสรางงานวิจัยรวมระหวางศูนยเช่ียวชาญดานคาตาไล
ซีสและวิศวกรรมตัวเรงปฏิกิริยาที่ใชตัวเรงปฏิกิริยาและหนวยงานภาคเอกชนที่จัดโดยสํานักงาน
กองทุนสนับสนุนการวิจัย (สกว.) ณ สํานักงานกองทุนสนับสนุนการวิจัย เม่ือวันพุธท่ี 4 สิงหาคม 
2547 โดยมีผูแทนจากภาคอุตสาหกรรมเขารวมแสดงความคิดจาก 5 หนวยงานดังน้ี 
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 1. สถาบันวิจัย บริษัท การปโตรเลียมแหงประเทศไทย จํากัด (มหาชน) 
 2. บริษัท ปโตรเคมีแหงชาติ จํากัด (มหาชน) 
 3. บริษัท คอนทิเนนทอลปโตรเคมีคอล (ประเทศไทย) จํากัด 
 4. บริษัท ไทยโอเลฟนส จํากัด 
 5. บริษัท ระยองโอเลฟนส จํากัด 
 ผลจากการประชุมดังกลาวไดขอสังเกต 2 ขอดังนี้ 
 ขอสังเกตขอท่ี 1 : การจับกลุมบริษัทท่ีสนใจในตัวเรงปฏิกิริยาท่ีใกลเคียงกัน 
 ในปจจุบันการใชตัวเรงปฏิกิริยาในประเทศไทยสามารถแบงออกไดเปน 2 สวนหลักคือ ก) 
โรงกล่ันน้ํามัน และ ข) อุตสาหกรรมเคมีและปโตรเคมี   
 โดยโรงกล่ันน้ํามันเปนกลุมแรกท่ีมีการใชตัวเรงปฏิกิริยาบางชนิดในปริมาณมากเพราะโรง
กล่ันน้ํามันจะมีกําลังการผลิตท่ีสูง (ระดับ 1 ลานบารเรลตอวันข้ึนไป)  จํานวนโรงกล่ันมีอยูไมมาก 
ลักษณะของโรงกล่ันน้ํามันจะเปนบรรษัทขามชาติท่ีมีบริษัทแมอยูตางประเทศ  เทคโนโลยีการผลิต
ตาง ๆ รวมท้ังการแกปญหาตาง ๆ ท่ีเกิดข้ึนสงตรงมาจากตางประเทศ  ในขณะท่ีกลุมอุตสาหกรรม
เคมีและปโตรเคมีนั้นบริษัทสวนใหญจะมีฝายไทยเปนผูถือหุนรายใหญในบริษัท  โดยซ้ือ
เทคโนโลยีจากตางประเทศ  บริษัทในกลุมอุตสาหกรรมเคมีและปโตรเคมีมีการใชตัวเรงปฏิกิริยา
หลากหลายประเภทมากกวาท่ีใชกันในโรงกล่ันน้ํามัน  จํานวนบริษัท/โรงงานตาง ๆ ที่อยูในสวน
อุตสาหกรรมเคมีและปโตรเคมีมีมากกวาสวนโรงกล่ันน้ํามัน  การจับคูบริษัทท่ีมีความสนใจตัวเรง
ปฏิกิริยาท่ีคลายคลึงกันและ/หรือมีแนวทางการทําวิจัยในหัวขอท่ีใกลเคียงกันจึงทําไดยาก 
 ขอสังเกตขอท่ี 2 : การจัดต้ังหนวยงานเพื่อแกปญหาตัวเรงปฏิกิริยาท่ีบริษัทประสบ 
 ในปจจุบัน  ปญหาท่ีสําคัญของอุตสาหกรรมท่ีตองเกี่ยวของกับตัวเรงปฏิกิริยาคือ 
 ก) การเลือกใชตัวเรงปฏิกิริยาใหเหมาะสมกับกระบวนการผลิต 
 ข) การใชตัวเรงปฏิกิริยาท่ีมีอยูปจจุบันไดผลผลิตที่เปนไปตามขอกําหนด 
 ค) การยืดอายุการทํางานของตัวเรงปฏิกิริยา 
 ซ่ึงปญหาทั้ง 3 รูปแบบจะเนนไปท่ีการเลือกใชและการใชงานอยางคุมคา  ซ่ึงโดยท่ัวไป
ตัวเรงปฏิกิริยาเมื่อซ้ือมาใชแตละคร้ังจะมีอายุการทํางานหลายป  ถาหากทางบริษัทลงทุนจัดต้ัง
หนวยงานเพื่อทําวิจัยเพื่อแกปญหาท่ีทางบริษัทประสบ  และเม่ือแกปญหาไดแลวหนวยงานท่ีจัดต้ัง
ข้ึนมาใหมนั้นจะเกิดการขาดชวงการทํางาน  ทําใหทางบริษัทเองพึงพอใจท่ีจะจางหนวยงานวิจัย
ภายนอกใหทําวิจัยแทนมากกวา  แตจํานวนหนวยงานภายนอกท่ีสามารถทําวิจัยแทนไดก็มีจํานวน
จํากัดมาก (หนวยงานหนึ่งท่ีเปนท่ียอมรับคือศูนยเชื่ยวชาญดานคาตาไลซิลและวิศวกรรมปฏิกิริยาท่ี
ใชตัวเรงปฏิกิริยา ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย)  
สถานการณในปจจุบันเองมีเพียงบางบริษัทเทานั้นท่ีไดเร่ิมทําการศึกษาพัฒนาตัวเรงปฏิกิริยาเพ่ือใช
งานเองโดยมีวัตถุประสงคหลักเพื่อชดเชยการซ้ือตัวเรงปฏิกิริยาจากตางประเทศ  บริษัทเหลานี้เปน
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บริษัทท่ีอยูในกลุมผลิตเม็ดพลาสติก (เชน HDPE, LLDPE, PP)  เพราะลักษณะกระบวนการผลิต
พลาสติกในในกลุมนี้จะตองสูญเสียตัวเรงปฏิกิริยาโดยการติดผสมเขาไปกับผลิตภัณฑเม็ดพลาสติก
ท่ีผลิตไดตลอดเวลา  จึงจําเปนตองมีการนําเขาตัวเรงปฏิกิริยาอยางตอเนื่อง  นอกจากนี้สมบัติ
พลาสติกท่ีไดยังข้ึนอยูกับตัวเรงปฏิกิริยาท่ีใช  ทําใหเกิดความคุมคาท่ีจะตั้งหนวยงานเพื่อทําการวิจัย
และผลิตตัวเรงปฏิกิริยาท่ีไดจากการวิจัยเพื่อนํามาใชงานเองในบริษัท  เพราะจะทําใหสามารถผลิต
พลาสติกไดหลากหลายชนิดมากข้ึน  และยังไมตองกังวลวาจะถูกจํากัดกําลังการผลิตดวยการจํากัด
ปริมาณตัวเรงปฏิกิริยาท่ีเจาของเทคโนโลยีจะขายให 
 ตัวเรงปฏิกิริยาวิวิธพันธุท่ีมีการใชงานกันอยูในปจจุบันสามารถแบงไดเปน 3 ประเภท คือ 
1) ตัวเรงปฏิกิริยาท่ีทําจากโลหะ 2) ตัวเรงปฏิกิริยาท่ีทําจากโลหะออกไซด และ 3) ตัวเรงปฏิกิริยาใน
ตระกูลซีโอไลต โดยที่ตัวเรงปฏิกิริยาแตละประเภทจะมีลักษณะเฉพาะของมันเอง ซ่ึงตองการ
การศึกษาท่ีเจาะลึกในทุกดานซ่ึงรวมถึง ความวองไวในการทําปฏิกิริยาท่ีตองการ การเลือกเกิด
เฉพาะผลิตภัณฑท่ีตองการ อายุการใชงาน และการเส่ือมสภาพของตัวเรงปฏิกิริยา 
 จากสถิติของกรมศุลกากรในปพ.ศ. 2544-2547 (ตารางท่ี 1) จะเห็นวาประเทศไทยนําเขา
ตัวเรงปฏิกิริยาจากประเทศตาง ๆ เปนมูลคาประมาณ 3,000 ลานบาทในแตละป แตราคาตัวเรง
ปฏิกิริยายังไมใชเปนราคาสวนใหญของการผลิตสินคา เพราะถาการทํางานของตัวเรงปฏิกิริยาไม
เปนไปตามตองการจะทําใหไมสามารถผลิตสินคาไดตามมาตรฐานท่ีกําหนด ทําใหผูผลิตสูญเสีย
โอกาส และสูญเสียวัสดุท่ีใชในการผลิต  ซ่ึงเม่ือคิดเปนมูลคาแลวจะพบวาสูงกวาราคาตัวเรง
ปฏิกิริยาหลายเทาตัว 
 
ตารางท่ี 1 มูลคาการนําเขาตัวเรงปฏิกิริยาของประเทศไทยในชวงปพ.ศ. 2544-2547 (ท่ีมา: เวปไซต
ของกรมศุลกากร http://www.customs.go.th โดยตัวเรงปฏิกิริยาอยูในกลุมรหัส HS code 3815) 
 

ปพ.ศ. มูลคาการนําเขา CIF (บาท) 
2545 2,755,654,105 
2546 3,626,037,254 
2547 (มกราคม - สิงหาคม) 2,312,783,834 

 
 ศูนยเช่ียวชาญเฉพาะทางดานคาตาไลซิสและวิศวกรรมปฏิกิริยาท่ีใชตัวเรงปฏิกิริยา (Centre 
of excellence on catalysis and catalytic reaction engineering - ตอไปจะเรียกอยางส้ันวา "ศูนย
เช่ียวชาญฯ") ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย มีประสบการณ
ทํางานวิจัยทางดานตัวเรงปฏิกิริยามานานกวา 20 ป ปจจุบันมีคณาจารย 9 ทาน  และนิสิตระดับ
ปริญญาเอกและปริญญาโทท่ีทําวิจัยอยูจํานวนเฉล่ียไมต่ํากวา 60 คนตอป มีอุปกรณวิจัยท่ีทันสมัย



 9 

และสามารถผลิตผลงาน ตีพิมพในวารสารนานาชาติไดอยางตอเนื่อง  โดยงานวิจัยท่ีไดรับการ
ตีพิมพมีจุดเดนหลักคือเปนงานท่ีผลิตข้ึนเองในหองปฏิบัติการของศูนยเช่ียวชาญฯโดยไม
จําเปนตองพึ่งพาหองปฏิบัติการหรือบุคลากรจากตางประเทศ 
 ศูนยเช่ียวชาญฯมีศักยภาพในการเปนศูนยกลาง (Hub) ทางดานตัวเรงปฏิกิริยา เพราะมี
ความรวมมือกับบุคลากรของมหาวิทยาลัยต าง  ๆ  ในประเทศอย างตอ เนื่ อง  อาทิ เชน 
มหาวิทยาลัยสงขลานครินทร มหาวิทยาลัยศิลปากร และ สถาบันเทคโนโลยีพระจอมเกลา วิทยาเขต
เจาคุณทหาร ลาดกระบัง เปนตน และยังมีความรวมมือดานการแลกเปล่ียนนักวิจัยกับมหาวิทยาลัย
ช้ันนําหลายแหงในโลก อาทิเชน University of Waterloo, University of Alberta ประเทศแคนาดา 
Tokyo Institute of Technology, Kyoto University, Nakoya University, Japan Advanced Institute 
of Science and Technology ประเทศญ่ีปุน University of New South Wales ประเทศออสเตรเลีย 
เปนตน  
 อนึ่งศูนยเช่ียวชาญฯยังมีประสพการณในการทําวิจัยรวมกับบริษัทตางๆ เชน สถาบันวิจัย
ของบริษัท การปโตรเลียมแหงประเทศไทย จํากัด (มหาชน)  บริษัท คอนทิเนนทอล ปโตรเคมีคอล 
(ประเทศไทย) จํากัด  บริษัท บางกอกโพลิเอทิลีน จํากัด (มหาชน) และบริษัท ระยองโอลิฟน จํากัด 
เปนตน  นอกจากนี้ในป พ.ศ. 2547 ศูนยเช่ียวชาญฯจะไดรับครุภัณฑจากโครงการเงินกูจากธนาคาร 
JBIC ประเทศญ่ีปุน  ในวงเงินประมาณ  50 ลานบาท  โครงการวิจัยรวมกับ  บริษัท  Mektec 
Manufacturing Cooperation (Thailand) จํากัด ในโครงการ Research and Development of Flexible 
Printed Circuit using Nanotechnology ในวงเงินมากกวา 200 ลานบาท 
โครงการรวมมือวิจัยเกี่ยวกับตัวเรงปฏิกิริยากับ PTT Research and Technology Institute, PTT 
Chemical Public Company Limited, Siam Cement Group and UBE Group (Thailand) ในวงเงิน
ประมาณ 100 ลานบาท 
 
2. วัตถุประสงค 
 เพื่อเปนศูนยกลางสนับสนุนการวิจัยพัฒนาและการใชตัวเรงปฏิกิริยาของอุตสาหกรรม
ปโตรเลียม อุตสาหกรรมปโตรเคมี และตัวเรงปฏิกิริยาท่ีใชในการกําจัดมลพิษในประเทศ 
 
3. ระเบียบวิธีวิจัยโดยสรุป 

การวิจยัท่ีเกีย่วของกับตัวเรงปฏิกิริยาจะแบงออกเปน 3 สวนคือ 
 1) วิธีการเตรียมตัวเรงปฏิกิริยา 
 2) วิธีการทดสอบตัวเรงปฏิกริิยา 
 3) วิธีการวดัคุณลักษณะของตัวเรงปฏิกิริยาหรือผลิตภัณฑท่ีเกิดขึ้น 
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โดยตัวเรงปฏิกิริยาแตละประเภทจะมวีิธีการวิจัยท่ีแตกตางกัน จึงจําเปนตองแยกวิธีวจิัยของ
ตัวเรงปฏิกิริยาประเภทตาง ๆ ดังตัวอยางท่ียกมาพอสังเขปดังนี ้
 
 
3.1 ตัวเรงปฏิกิริยาเมทัลโลซีนและซิกเกอร-แนทตา 

 3.1.1 การเตรียมตัวเรงปฏิกิริยา Ziegler Natta 
 1. ใส Anhydrous Chloride 0.476 g ลงใน Schlenk tube ขนาด 100 ml 
 2. ช่ัง Phathalic Anhydride 0.1089 g ลงในขวด 
 3. ฉีด Decane 2.5 ml ลงใน schlenk ปนกวนและเพ่ิมอุณหภูมิชา ๆ จนถึง 130oC  
 4. ฉีด 2-Ethyl-Hexanol 2.34 ml ท่ีอุณหภูมิ 130C นาน 2 ช่ัวโมง 
 5. เติม Phathalic Anhydride ท่ีอุณหภูมิ 130C นาน 1 ช่ัวโมง 
 6. ปด heater และ stirrer ท้ิงไว 1 คืน 
 7. ปรับอุณหภมิูใหได -20C 
 8. ปนกวนชา ๆ แลวคอย ๆ หยด TiCl4 20 ml ท่ี -20C นาน 1 ช่ัวโมง 
 9. ปลอยใหอุณหภูมิคอย ๆ สูงข้ึนจนถึงอุณหภูมิหอง 
 10. เพิ่มอุณหภูมิชา ๆ จนถึง 110C ในเวลา 4 ช่ัวโมง 
 11. หยด Diethyl Phthalate 0.26 ml ท่ีอุณหภูมิ 110C นาน 2 ช่ัวโมง 
 12. ท้ิงใหตกตะกอน (1.5 ช่ัวโมง) แลวดดูของเหลวออก 
 13. คอย ๆ หยด TiCl4 20 ml ท่ีอุณหภูมิหอง 
 14. เพิ่มอุณหภูมิจนถึง 120oC ในเวลา 4 ช่ัวโมง ควบคุมอุณหภูมิท่ี 120C นาน 2 ช่ัวโมง 
 15. ท้ิงใหตกตะกอนแลวดดูของเหลวออก 
 16. ลางตะกอนดวย Dacane 10 ml 2 รอบ และ Hexane 10 ml 3 รอบ 
 17. ทําตะกอนใหแหงโดยใชระบบ Vacuum  

 
3.1.2 การเตรียมตัวเรงปฏิกิริยา metallocene 

 การเตรียม Catalyst Precusor 

1. นําซิลิกาท่ีทําการ calcine โดยใหความรอนท่ี 400C นาน 6 ช่ัวโมง ภายใตภาวะ
สุญญากาศมา 940 mg ใสใน schlenk tube ขนาด 100 ml โดยช่ังใน glove box 

 2. เติม toluene 10 ml ภายใตภาวะอารกอน 
 3. เติม MAO 16 mmol ภายใตภาวะอารกอน 
 4. กวนใหเขากันนาน 30 นาที ท่ีอุณหภูมิหอง 
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5. ดูดสารละลายใสออกและลางของแข็งดวย toluene 20 ml 5 คร้ังภายใตบรรยากาศ
อารกอน 

 6. ทําใหแหงในสุญญากาศท่ีอุณหภูมิหอง 
  

การเตรียมตัวเรงปฏิกิริยา metallocene บนตัวรองรับ 

 1. เติมสารละลายตัวเรงปฏิกิริยา metallocene 8 mol ภายใตบรรยากาศอารกอนลงใน  
     Catalyst precursor ท่ีอยูใน schlenk 
 2. กวนใหเขากันนาน 30 นาทีท่ีอุณหภูมิหอง 

3. ดูดสารละลายใสออกและลางของแข็งดวยโทลูอีน 20 ml 2 คร้ัง ภายใตบรรยากาศ
อารกอน 

 4. ทําใหแหงในสุญญากาศท่ีอุณหภูมิหอง 
 
3.1.3 การทดสอบตัวเรงปฏิกิริยา 

 นําตัวเรงปฏิกริิยาไปทําปฏิกริิยา polypropylene polymerization  
 1. อบ autoclave reactor ขนาด 100 ml และ magnetic bar ใหแหงท่ีอุณหภูมิ 110C  
     เปนเวลา 30 นาที 
 2. ใสตัวเรงปฏิกิริยาและตัวเรงปฏิกิริยารวมลงใน reactor ท่ีอุณหภูมิหองภายใน glove box 
     แลวทําการกวนท้ิงไว 5 นาที 

3. ไลแกสออกจาก reactor แลวแช reactor ลงใน water bath เพื่อควบคุมอุณหภูมิตาม
อุณหภูมิ polymerization  
4. เร่ิมปฏิกิริยา polymerization โดยปอนแกส propylene เขาสู reactor แลวท้ิงให
เกิดปฏิกิริยาตาม polymerization time 

 5. หยุดปฏิกิริยาโดยระบายแกส propylene ออก แลวเติมกรดใน methanol  
 6. ลางพอลิเมอรท่ีไดดวยเมทานอลทันที แลวทําใหแหงท่ีอุณหภูมิหอง 
 7. นําพอลิเมอรไปช่ังแลวนําไปหาคาความสามารถในการเรงปฏิกิริยา (activity) 
  

3.1.4 การวัดสมบัติของตัวเรงปฏิกิริยาหรือผลิตภัณฑท่ีได 
 3.1.4.1. Small Angle Light Scattering (SALS) 
 เคร่ือง static light scattering ท่ีหองทดลองโพลิเมอร ภาควิชาวิศวกรรมเคมี จุฬาลงกรณ
มหาวิทยาลัย  ใช He/Ne laser ( = 632.8 nm) เปนแหลงกําเนิดแสง  นาํตัวอยางใสใน holder ซ่ึง
ตั้งอยูระหวาง polarizer 2 อัน  โดยทิศทางการเกิด polarization ของ polarizer ใกลกับแหลงกําเนิด
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แสงอยูในแนวตั้งสวนท่ีเหลืออยูในแนวนอน  กราฟการกระเจิงของแสงถูกตรวจสอบดวย CCD 
Camera ในเวลา  2 นาที  ความสวางของตนกําเนดิแสงเลเซอรตั้งไวท่ีตําแหนง 6 (gain 6) และ 10 
(gain 10) โดยใชคอมพิวเตอรโปรแกรมซ่ึงตอเขากับเคร่ืองวิเคราะห  กราฟท่ีไดถูกสงเขาวิเคราะห
ดวยคอมพิวเตอร 
 3.1.4.2. Scanning Electron Microscopy (SEM) 
 เคร่ือง scanning electron microscope JSM-5410 ท่ี Scientific and Technological Research 
Equipment Center จุฬาลงกรณมหาวิทยาลัย  SEM ทํางานท่ี 1.5 kV ซ่ึงเปนภาวะท่ีเหมาะสมเพราะ
ถาคาสูงเกินไปจะทําใหตัวอยางไหม ในเคร่ือง scanning electron microscope ลําอิเล็คตรอนจะถูก
สแกนผานพืน้ผิวของตัวอยางทึบแสง  เม่ือลําอิเล็คตรอนกระทบพ้ืนผิวของตัวอยาง ความแตกตาง
ของความหนาแนนของอิเล็คตรอนในตัวอยางจะทําใหเกดิการกระเจิงของอิเล็คตรอน  และการแผ
รังสีของอิเล็คตรอนเหลานี้จะถูกวดั ปรับเปล่ียน  และใชลดความสวางของลําแสงคร้ังท่ี 2 ใน  
cathode ray tube (CRT) ในเวลาเดียวกนั  จุดท่ีมีการสะสมมากจะเกิดเปนจุดสวางในขณะท่ีจดุท่ีมี
สัญญาณนอยจะเปนจุดท่ีสวางนอยกวา 
 เนื่องจากวิธีการนี้ตองใชตัวอยางท่ีนําไฟฟาไดดี  ดังนั้นจึงตองเตรียมตัวอยางใหสภาพการ
นําโดยเคลือบตัวอยางดวยช้ันโลหะบาง ๆ  การทดลองนีใ้ชทองคํามาเคลือบตัวอยางเปนฟลมบาง
และเก็บในท่ีท่ีแหงกอนทําการทดลอง   

3.1.4.3. Thermal Gravimetri Analysis (TGA) 
 การวิเคราะหทําดวยเคร่ือง SDT Q600 ตัวอยางนําหนักประมาณ 10-20 มิลลิกรัมถูกบรรจุ
ในถวยอะลูมิเนียมขนาด 90 ไมโครลิตร ตัวอยางจะถูกใหความรอนจนถึงอุณหภูมิ 800oC ดวยอัตรา 
10C/min โดยใชไนโตรเจนไหลผาน 
 3.1.4.4. X-Ray Diffraction (XRD) 
 เอ็กซเรยดิฟแฟรกโตแกรมถูกวัดดวยเคร่ือง SIEMENS D5000 โดยใชรังสี CuK� (ความ
ยาวคล่ืนเทากบั 1.54 อังสตรอม) ท่ี 30 kV และ 30 mA และมีแผนกรองนิกเกิล ความเปนผลึกของ
ตัวอยางจะถูกวัดในชวง 2 = 20 ถึง 2 = 80 ท่ีความละเอียด 0.04 
 3.1.4.5. C-Nuclear Magnetic Resonance (13C-NMR) 
 เคร่ือง 13C-NMR spectroscopy ถูกใชในการตรวจสอบโครงสรางจุลภาคของพอลิเมอร 
ตัวอยางถูกละลายใน 1,2,4-trichlorobenzene และ dichlorobenzene-d6 (20 vol%)  สําหรับ internal 
lock 13C-NMR spectra ทําท่ี 110C ดวยเคร่ือง Bruker Avance II 400 ปฏิบัติการท่ี 100 MHz โดย
ใชเวลาเก็บขอมูล 1.5 วินาทีและเวลาถวง 4 วินาที 

3.1.4.6. Fourier Transformed Infrared Spectroscopy (FT-IR) 
 เคร่ือง Nicolet FT-IR Impact 400 Spectrophotometer ท่ี Center of Excellence on Catalysis 
and catalytic Reaction Engineering ภาควชิาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณ
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มหาวิทยาลัย เทคนิคการใช FT-IR ใชกันกวางขวางในการดูลักษณะโครงสรางของโพลิเมอร การ
บันทึก IR spectrum จะทําการรวบรวม 32 คร้ัง ในชวง 4000-400 cm-1 โดยมีความละเอียด 4 cm-1 
การเปรียบเทียบตําแหนงการดูดกลืน IR spectrum ของโพลิเมอรตัวอยาง  ลักษณะการดูดกลืนจะ
สามารถหาคา band และกลุมฟงกชันที่มีในโพลิเมอร  IR spectrum ของพอลิเมอรจะมีลักษณะ
เฉพาะท่ีสามารถพิจารณาไดจาก fingerprint”   
 3.1.4.7. Differential Scanning Calorimeter (DSC) 
 การวิเคราะหทําดวยเคร่ือง Perkin-Elmer DSC-7 เพื่อหาอุณหภูมิในการหลอมเหลวและ
ความเปนผลึกของพอลิเมอร ตัวอยางถูกใหความรอนจนถึงอุณหภูมิ 200oC ดวยอัตรา 10C/min 
อุณหภูมินี้สูงกวาอุณหภูมิในการหลอมเหลวของพอลิเมอรพอควรและถูกคงไวเปนเวลานาน 10 
นาที จากนัน้ลดอุณหภูมิลงดวยอัตรา 10C/min จนถึงอุณหภูมิ 30C เพือ่ใหเกดิการตกผลึกข้ึน 
ตัวอยางจะถูกใหความรอนอีกคร้ังท่ีอัตราการเพ่ิมอุณหภมิู 10C/min ผลการวิเคราะหจะถูกบันทึก
ในการใหความรอนคร้ังท่ีสองเพื่อกําจัดความทรงจําทางความรอนของพอลิเมอร 
  

3.2 ตัวเรงปฏิกิริยาโลหะออกไซด 
 3.2.1 เตรียมตัวเรงปฏิกิริยาวาเนเดียมบนไททาเนีย 

1. เตรียมสารแขวนลอยไททาเนียมออกไซด โดยนํา TiO2 ปริมาณ 4.65 g มา
ละลายในน้ํา 50 ml 

  2. นําสารแขวนลอย TiO2 มาเพิ่มอุณหภูมิเปน 70C  
  3. เตรียม NH4VO3 ปริมาณ 0.45 g และนํามาผสมในสารแขวนลอย TiO2 ท่ี 70C 
  4. นําสารแขวนลอยท่ีไดไประเหยนํ้าออกท่ีอุณหภูมิ 80oC นาน 5 ช่ัวโมง 
  5. นําของแข็งท่ีไดไปอบในตูอบท่ีอุณหภมิู 110oC เปนเวลา 24 ช่ัวโมง 
  6. นําของแข็งท่ีผานการอบมา Calcine ดวยอากาศท่ีมีอัตราการไหล 100 ml/min ท่ี 
  550oC เปนเวลา 6 ช่ัวโมง จะไดวาเนเดยีมบนไททาเนีย  
 3.2.2 การเติมโลหะทรานซิชันลงบนตัวเรงปฏิกิริยา 
  1. นําวานาเดียมบนไททาเนีย 5 g มาใสในนํ้า 50 ml 
  2. นําสารแขวนลอยจากขอ 1. มาเพิ่มอุณหภูมิเปน 70oC 

3. เตรียมเกลือของโลหะท่ีตองการปริมาณตามตารางดานลาง และ MgNO3 
ปริมาณ 0.5791 g มาละลายในสารแขวนลอยขอ 2. 
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ตารางท่ี 2 การเติมโลหะตัวท่ีสอง 
 
โลหะท่ีเติม สารเคมี ปริมาณ (g) 
Mo Ammonium molybdate ((NH4)6Mo7O24.4H2O) 0.8 
Cu Cupric nitrate trihydrate (CuN2O6.3H2O) 1.6531 
Fe Ferric nitrate nonahydrate (FeN3O9.9H2O) 3.1368 
Zn Zinc nitrate hexahydrate (ZnN2O6.6H2O) 1.9867 

  4. นําสารแขวนลอยท่ีไดไประเหยนํ้าออกท่ีอุณหภูมิ 80oC เปนเวลา 5 ช่ัวโมง 
  5. นําของแข็งท่ีไดไปอบในตูอบท่ีอุณหภมิู 110oC เปนเวลา 24 ช่ัวโมง 
  6.  นําของแข็งท่ีผานการอบมา Calcine ดวยอากาศ 100 ml/min ท่ี 550oC เปนเวลา  
  6 ช่ัวโมง จะไดตัวเรงปฏิกิริยาท่ีมีโลหะฝงอยู 
  

3.2.3 วัดสมบัติของตัวเรงปฏิกิริยาดวยเทคนิคตอไปนี ้
 3.2.3.1 การวัดพื้นท่ีผิวสัมผสั 

การวัดพืน้ท่ีผิวสัมผัสนั้นทําโดยใชการดูดซับทางกายภาพของกาซไนโตรเจนดวย
เคร่ือง Micromeritics ASAP 2000 ข้ันตอนการวดัแบงเปน 2 ข้ัน ดังนี ้

  ข้ันตอนการไลกาซ 
1. นําตัวอยางปริมาณ 0.3 กรัมใสในท่ีเก็บตัวอยาง และนําท่ีเก็บตัวอยาง
ไปตอกับแทนไลกาซของเคร่ืองมือ   
2. ในชวงทําสูญญากาศ ท่ีเกบ็ตัวอยางถูกใหความรอนจนถึง 90C ดวย
อัตราการเพ่ิมอุณหภูมิ 2C/min และคงไวเปนเวลานาน 1 ช่ัวโมง ภายใต
การไหลของฮีเลียม 
3. ในชวงใหความรอน ท่ีเกบ็ตัวอยางถูกใหความรอนจนถึง 200C ดวย
อัตราการเพ่ิมอุณหภูมิ 2C/min และคงไวเปนเวลานาน 1 ช่ัวโมง ภายใต
การไหลของฮีเลียม 

  ข้ันตอนการวเิคราะห 
1. ถอดท่ีเก็บตัวอยางออกจากแทนไลกาซท่ีเก็บตัวอยางและนําไปตอกับ
แทนวเิคราะหของเคร่ืองมือ 
2. ทําการวิเคราะหดวยการดดูซับไนโตรเจนท่ีอุณหภูมิของ
ไนโตรเจนเหลว และบันทึกไอโซเทอรมท่ีได 
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3.2.3.2 X-Ray Diffraction (XRD) 
  เฟสของสารตัวอยางวิเคราะหโดยใชเคร่ือง X-Ray Diffractometer ในท่ีนี้ใช  
 เคร่ือง Siemens รุน D5000 X-Ray Diffractometer โดยใช การแผรังสีของ CuK รวมกับ  

Ni ซ่ึงทําหนาท่ีตัวกรอง ใชมุม 2 ในชวง 20 - 80 โดยมีความละเอียด 0.04 
3.2.3.3 วัดคาความเปนกรดของพ้ืนผิว 

  ศึกษาความเปนกรดของสารตัวอยางจากการดูดซับ Pyridine โดยใชเคร่ือง  
 GC9A แบบ FID โดยต้ังเคร่ือง GC9A แบบ FID ท่ีภาวะดังตอไปนี ้
   อัตราการไหลของไนโตรเจน  30 ml/min 
   อุณหภูมิคอลัมน    150C 
   อุณหภูมิ Detector   180C 
   อุณหภูมิ Injector    180C 
 แลวทําการวัดตามข้ันตอนตอไปนี ้
  1. บรรจุตัวอยาง 0.02 g ลงในคอลัมน 
  2. ฉีด Pyridine 0.1 ml และวดั peak area อยางตอเนื่องจนกระท่ังตัวอยาง 
  ดูดซับ Pyridine จนอ่ิมตัว 
  3. คํานวณความเปนกรดของสารตัวอยางจาก Total peak area ของการดูดซับ  
  Pyridine 
 3.2.3.4 วัดคาความเปนเบส 
  ศึกษาความเปนเบสของสารตัวอยางจากการดูดซับ Maleic Anhydride โดยใช 
 เคร่ือง GC9A แบบ FID โดยต้ังเคร่ือง GC9A แบบ FID ท่ีภาวะดังตอไปนี้ 
   อัตราการไหลของไนโตรเจน  30 ml/min 
   อุณหภูมิคอลัมน    250C 
   อุณหภูมิ Detector   300C 
   อุณหภูมิ Injector    300C 
 แลวทําการวัดตามข้ันตอนตอไปนี ้
  1. บรรจุสารตัวอยาง 0.03 g ลงในคอลัมน 
  2. ฉีด Maleic Anhydride เขมขน 0.104 g/ml ปริมาณ 0.3 l และวัด peak  

area อยางตอเนื่องจนกระท่ังสารตัวอยางดูดซับ Maleic Anhydride จนอ่ิมตัว 
  3. คํานวณความเปนเบสของสารตัวอยางจาก Total area peak ของการดูดซับ  
  Maleic Anhydride 
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 3.2.3.5 การหาองคประกอบโลหะของตัวเรงปฏิกิริยา 
การหาองคประกอบของโลหะตางๆนตัวเรงปฏิกิริยาทําโดยใชเคร่ือง Perkin-

Elmer Optical Emission Optima 2100 DV ตัวอยางจะถูกยอยดวยสารละลายกรดและพน
ออกมาทางหัวฉีด จากนัน้ทําการกระตุนอะตอมโลหะดวยพลาสมา และบันทึก emission 
spectrum 

 3.2.4 การวัดความวองไวในการทําปฏิกิริยาดวยการทดลองในเครื่องปฏิกรณชนิด fixed-
bed 
  ทําการวัดความวองไวของตัวเรงปฏิกิริยาดวยระบบท่ีแสดงในรูปขางลาง 

 
1. Pressure Regulator  2. On-Off valve  3. Gas Filter 
4. Metering Valve  5. Heating Line  6. Saturator 
7. Thermometer   8. Catalyst Bed  9. Sand Bath 
10. Stirring Controller  11. Variable Voltage Transformer 
12. Temperature Controller 13. Thermocouple 14. Reactor 
15. Furnace   16. Flow Meter  17. Sampling Point 
 
รูปท่ี 1 ระบบเคร่ืองปฏิกรณ 

 
เคร่ืองปฏิกรณนี้ไดทํามาจาก 3/8" stainless steel tube  จุดท่ีเก็บสารตัวอยางเพื่อนํามา 
ทดสอบวิเคราะหอยูบริเวณดานบนและดานลางเบดตัวเรงปฏิกิริยา  ซ่ึงตัวเรงปฏิกิริยานี้จะ
อยูระหวางช้ันของ quartz wood  อุณหภูมิของเคร่ืองปฏิกรณจะปรับไดในชวงระหวาง 50-
800C การวิเคราะห Phthalic anhydride ในสารต้ังตนและผลิตภัณฑใช GC Shimadzu 9A 



 17 

ติดต้ัง Detector แบบ FID และใช column Chromosorb W AW ใช N2 (99.999%) เปน 
carrier gas โดยต้ังคาตาง ๆ ดังนี ้

   อัตราการไหลของ N2    30 ml/min 
   อุณหภูมิคอลัมน    210C 
   อุณหภูมิ Detector   250C 
   อุณหภูมิ Injector    250C 
 การวิเคราะห permanent gas ใชเคร่ือง GC Shimadzu 8A ติดต้ัง detector แบบ TCD 

โดยใชคอลัมน molecular sieve 5A ในการแยก O2 และ CO และ Porapak-Q ในการแยก 
CO2   

 และนํ้า ใช He (99.999%) เปน carrier gas โดยต้ังคาตาง ๆ ดังนี้ 
   อัตราการไหลของ He    25 ml/min 
   อุณหภูมิคอลัมน    100C 
   อุณหภูมิ Detector   130C 
   อุณหภูมิ Injector    130C 
  

3.3 ตัวเรงปฏิกิริยาสําหรับปฏิกิริยาเลือกเติมไฮโดรเจน 
 3.3.1 การเตรียมตัวเรงปฏิกิริยาแพลเลเดยีม-ซิลเวอรบนตวัรองรับอะลูมินา 
 3.3.1.1 เตรียมตัวรองรับอะลูมินา 
  1. บดอะลูมินา (CS-303) แลวรอนผานตะแกรง 40/60 เมช 
  2. ลางอะลูมินาท่ีบดไดดวยน้ํากล่ันหลายๆ คร้ัง เพื่อกําจัดฝุน และสารปนเปอน 
  3. อบแหงเพื่อไลน้ํา ท่ีอุณหภูมิ 110C เปนเวลา 12 ช่ัวโมง 
  4. เผาเหลือเถาในอากาศนิ่ง ท่ี 300C เปนเวลา 2 ช่ัวโมง 
  5. รอนผานตะแกรง 40/60 เมช อีกคร้ัง แลวเก็บใสขวดปดผนึก 
 3.3.1.2 เตรียมสารละลายสตอกของแพลเลเดียม และซิลเวอร 
  ละลาย Pd(NO3)2 0.1 g ในน้ํา 25 ml และละลาย AgNO3 0.5 g ในน้ํา 25 ml 
  แลวเก็บใสขวดปดผนึก 
 3.3.1.3 เตรียมตัวเรงปฏิกิริยาแพลเลเดียม-ซิลเวอรบนตัวรองรับอะลูมินา 
  1.  ช่ังอะลูมินา 2 g ใสในขวดรูปชมพูขนาด 100 ml 
  2. เตรียมสารละลายแพลเลเดยีมจากสารละลายสตอก โดยคํานวณปริมาณ 
  แพลเลเดียมท่ีใชใหไดเปอรเซนตตามตองการ เพื่อใชกับอะลูมินา 2 g แลว 
   เติมน้ําใหสารละลายแพลเลเดียมมีปริมาตรรวมเทากับ 1 ml 
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  3. หยดสารละลายแพลเลเดียมท่ีไดจากขอ 2 ลงบนอะลูมินาเปนหยอมๆ ใหท่ัว 
  ถึง แลวเขยาเพือ่ใหเกดิการกระจายตวัท่ีดีของแพลเลเดียมบนอะลูมินา ทําซํ้า 
  จนกวาสารละลายแพลเลเดียมจะหมด 
  4. ปลอยใหของผสมท่ีไดจากขอ 3 เกิดการกระจายตวั โดยท้ิงไวในอากาศน่ิงท่ี 
  อุณหภูมิหอง เปนเวลา 6 ช่ัวโมง 
  5. อบแหง ท่ี 110oC เปนเวลา 12 ช่ัวโมง 
  6. เผาเหลือเถาในอากาศไหล ท่ี 500C เปนเวลา 2 ช่ัวโมง ท่ีอัตราการไหล 
  100 ml/min และอัตราการเพ่ิมอุณหภูมิ 10C/min 
  7. นําของผสมท่ีไดจากขอ 6 มาทําซํ้าในขอ 2 ถึง 5 แตเปล่ียนจากการใชสาร 
  ละลายแพลเลเดียม เปนสารละลายซิลเวอร 
  8. เผาเหลือเถาในอากาศไหล ท่ี 370C เปนเวลา 1 ช่ัวโมง ท่ีอัตราการไหล 
  100 ml/min และอัตราการใหความรอน 10C/min 
  9.  แลวเก็บใสขวดปดผนกึ เพื่อนําไปใชตอไป 
 3.3.2  ทดสอบความวองไวของตัวเรงปฏิกริิยา 
  1. บรรจุตัวเรงปฏิกิริยาลงในเคร่ืองปฎิกรณโดยใชตวัเรงปฏิกิริยา 0.5 g 
  2. ไลอากาศท่ีเหลืออยูในเคร่ืองปฎิกรณดวยแกส Ar เปนเวลา 10 นาที 

3. รีดิวซดวย H2 100 ml/min ท่ีอุณหภูมิ 150C เปนเวลา 2 ช่ัวโมง และอัตราการ
เพิ่มอุณหภูมิ 10C/min 

  4. ไล H2 ท่ีเหลืออยูในเคร่ืองปฎิกรณดวยแกส Ar เปนเวลา 10 นาที 
5. ลดอุณหภูมิไปท่ีอุณหภูมิในการปรับสภาพ ซงอยูในชวง 40-90C โดยใชแกส
ปรับสภาพเชน CO CO2 O2 NO และ N2O เปนตน ฉีดเขาไปในทางเขาของเคร่ือง
ปฏิกรณ แลวคงอุณหภูมิไวเปนเวลา 10 นาที จากนั้นลดอุณหภูมิลงไปที่
อุณหภูมิหอง 
6. ปรับอัตราการไหลเชิงปริมาตรของแกสต้ังตนผสม ซ่ึงมีสวนประกอบของ C2H2 
0.716 vol% H2 0.823 vol% C2H6 33.707 vol% และ C2H4 ใหมีอัตราการไหลรวม 
15 ml/min เพือ่ทําการทดสอบความสามารถในการเกิดปฏิกิริยา  
7. ทําการทดสอบกาซสารต้ังตนท่ีอุณหภูมิ 40-90C โดยเเตละอุณหภูมิจะ
ทําการศึกษาเมื่อระบบเขาสูภาวะคงตัวแลว นั่นคือเม่ือเวลาผานไปแลวประมาณ 
20 นาที 



 19 

8. ทําการวิเคราะหกาซท่ีไหลออกมาโดยการใช GC Shimadzu-9A ในการ
วิเคราะหแก็ส CH4 C2H2 C2H4 และ C2H6 โดยใชคอลัมน carbosieve S-II และใช 
GC Shimadzu-8A ในการวิเคราะหกาซ H2 โดยใชคอลัมน molecular sieve 5A 

  
3.3.3 การวิเคราะหสมบัติของตัวเรงปฏิกิริยา 

 ทําการวัดสมบัติดวยเคร่ืองมือตาง ๆ ดังตอไปนี ้
 3.3.3.1 การดูดซับกาซคารบอนมอนอกไซด (CO adsorption) 
  1. บรรจุตัวเรงปฏิกิริยาในเคร่ืองปฏิกรณขนาดเล็กจํานวน 0.3-0.5 g 

2. ปรับกาซ He โดยให He ไหลผานเคร่ืองปฏิกรณท่ีอัตราการไหล 30 ml/min เพื่อ
เขาไปในเคร่ือง GC แบบ TCD โดยทําการวัดอัตราการไหลของกาซ He ท้ัง 
reference line และ line ท่ีตองการทดสอบ  

  3. ปรับกาซ H2 ใหมีอัตราการไหล 100 ml/min 
4. เปดกาซ He ใหไหลผานเคร่ืองปฏิกรณเพื่อไลอากาศท่ีหลงเหลืออยู เปนเวลา 10 
นาที   
5. เปล่ียนจากกาซ He เปนกาซ H2 เพื่อทําการรีดิวส โดยเพิ่มความรอนท่ีอัตราการ
เพิ่มอุณหภูมิ 10oC/min จนอุณหภูมิถึง 150C คงอุณหภมิู 150oC เปนเวลา 2 
ช่ัวโมง ทําการลดอุณหภูมิลงมาท่ีอุณหภูมิหอง โดยใชกาซ He ไหลผานตลอดการ
ลดอุณหภูมิ   

  6. ฉีดกาซ CO ทีละ 50 l พรอมท้ังสังเกตสัญญาณจาก TCD  
7. ฉีดซํ้าจนตัวเรงปฏิกิริยาดดูซับปริมาณกาซ CO จนกระท่ังอ่ิมตัว นําผลท่ีไดมา
คํานวณหาปริมาณกาซ CO ท้ังหมดท่ีถูกดดูซับ  

 3.3.3.2 XPS (X-ray photoelectron spectroscopy) 
1. นําตัวเรงปฏิกิริยาท่ีไดหลังจากการทําการทดสอบไปเตรียม grid โดยการบด
ตัวเรงปฏิกิริยาในบรรยากาศ N2 เพื่อใหมีการกระจายตัวของผงตัวเรงปฏิกิริยาอยาง
สมํ่าเสมอโดยใช double-side adhesive tape ติดท้ังสองขาง  

  2. นําตัวอยางท่ีเตรียมไปวางใน Kratos XSAM, XPS Spectrometer 
3. สารตัวอยางจะถูกสงยังชองท่ีใชในการเตรียม ซ่ึงเปนระบบท่ีมีความดนัตํ่ากวา 
10-7 Torr เปนระบบสูญญากาศ  
4. ในการวิเคราะหธาตุตางๆท่ีอยูในสารตั้งตน จะใชชวงในการ scan ท่ีกวาง โดย
ใสพลังงานมีคาประมาณ160 eV  และใชเวลาในการเก็บอิเลคตรอนท่ีเคล่ือนออก
จากผิว 300 วนิาทีตอ 1 eV   

 3.3.3.3 TPR (Temperature-programmed reduction) 
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  1. บรรจุตัวเรงปฏิกิริยา 1 กรัม ใน TPR pyrex cell  
  2. ปรับกาซ Ar ใหมีอัตราไหล 20 ml/min โดยใหไหลอยูในระบบ  

3. ใหความรอนสารตัวอยางโดยใหมีกาซ Ar ไหลตลอดเวลา โดยใหความรอนจน
มีอุณหภูมิ 200C และไวเปนเวลา 1 ช่ัวโมงเพื่อไลน้ําท่ีสารตัวอยางดดูซับไว 
4. การทํา TPR ของ oxidized sample จะใช 10%H2/Ar เปน reducing agent โดยมี
อัตราการใหความรอน 20C/min โดยจะใหความรอนไปจนถึงอุณหภมิู 500C 
และทําการคงอุณหภูมิไวเปนเวลา 10 นาที  

 3.3.3.4 TPD (Temperature-programmed desorption) 

  1. ทําการรีดิวสสารตัวอยางท่ีอุณหภูมิ 150C เปนเวลา 2 ช่ัวโมง 
  2. เปล่ียนเปนกาซ Ar เพื่อใชในการลดอุณหภูมิไปท่ีอุณหภูมิหอง  
  3. กาซ H2 จะดูดซับบนสารตัวอยางกอนท่ีจะมีกาซ Ar ไหลผาน 
  4. จะเกดิ desorption spectra ระหวางการเพิม่อุณหภูมิท่ีอัตราการเพ่ิม 20C/min 
 3.3.3.5 Fourier transform infrared spectroscopy 

1. อัดตัวเรงปฏิกิริยาใหมีเสนผานศูนยกลาง 20 mm จากนั้นใสเขาไปในเซล
สําหรับใสสารตัวอยาง โดยจะมีใชการดูดซับรังสีอินฟาเรดในการวิเคราะห ท่ีคา
ความละเอียดเทากับ 4 cm-1 
2. ตัวเรงปฏิกริิยาจะถูกรีดวิสในบรรยากาศ H2 ณ อุณหภูมิ 150C เปนเวลา 2 
ช่ัวโมง หลังจากนั้นจะทําการลดอุณหภูมิไปท่ีอุณหภูมิหอง โดยจะทําการเปล่ียน
กาซจากกาซ H2 เปน Ar ในการลดอุณหภมิู 
3. สําหรับตัวเรงปฏิกิริยาท่ีมีการเตรียมพื้นท่ีผิวของตัวเรงปฏิกิริยากอนใชใน
ปฏิกิริยา ในการลดอุณหภูมิหลังการรีดิวส จะทําการเปล่ียนกาซจากกาซ H2 เปน 
Ar ในขณะลดอุณหภูมิ จนกระท่ังมีอุณหภมิูถึงอุณหภูมิท่ีตองการใชในการเตรียม
พื้นที่ผิว 
4. กาซท่ีใชในการเตรียมพื้นท่ีผิว ไดแก CO, CO2, NO, และ N2O จะถูกฉีดเขาไป
ในระบบที่อุณหภูมิคงท่ีเปนเวลา 10 นาที กอนทําการลดอุณหภูมิจนไปถึง
อุณหภูมิหอง  
5. จากนั้นจึงทําการวัดคาการดูดซับรังสีอินฟาเรด โมเลกลุของกาซตางชนิดกันจะ
ใหตําแหนงในการดูดซับรังสีอินฟาเรด ณ ตําแหนงท่ีแตกตางกัน  

 3.3.3.6 การวัดพื้นท่ีผิวสัมผสั 
การวัดพืน้ท่ีผิวสัมผัสนั้นทําโดยใชการดูดซับทางกายภาพของกาซไนโตรเจนดวย
เคร่ือง Micromeritics ASAP 2000 ข้ันตอนการวดัแบงเปน 2 ข้ัน ดังนี ้
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  ข้ันตอนการไลกาซ 
1. นําตัวอยางปริมาณ 0.3 กรัมใสในท่ีเก็บตัวอยาง และนําท่ีเก็บตัวอยาง
ไปตอกับแทนไลกาซของเคร่ืองมือ   
2. ในชวงทําสูญญากาศ ท่ีเกบ็ตัวอยางถูกใหความรอนจนถึง 90C ดวย
อัตราการเพ่ิมอุณหภูมิ 2C/min และคงไวเปนเวลานาน 1 ช่ัวโมง ภายใต
การไหลของฮีเลียม 
3. ในชวงใหความรอน ท่ีเกบ็ตัวอยางถูกใหความรอนจนถึง 200C ดวย
อัตราการเพ่ิมอุณหภูมิ 2C/min และคงไวเปนเวลานาน 1 ช่ัวโมง ภายใต
การไหลของฮีเลียม 

   
 

ข้ันตอนการวเิคราะห 
1. ถอดท่ีเก็บตัวอยางออกจากแทนไลกาซท่ีเก็บตัวอยางและนําไปตอกับ
แทนวเิคราะหของเคร่ืองมือ 
2. ทําการวิเคราะหดวยการดดูซับไนโตรเจนท่ีอุณหภูมิของ
ไนโตรเจนเหลว และบันทึกไอโซเทอรมท่ีได 

 
 3.4  ตัวเรงปฏิกิริยาเพ่ือกําจัดมลพิษในอากาศ 
 3.4.1 การเตรียมตัวเรงปฏิกิริยาโลหะ 
 8.4.1.1 ตัวอยางการเตรียมตัวเรงปฏิกิริยาแพลทินัมบนตัวรองรับอะลูมินา 
 ก. เตรียมตัวรองรับอะลูมินา 
  1. บดอะลูมินา (NKH-3) แลวรอนผานตะแกรง 40/60 เมช 
  2. ลางอะลูมินาท่ีบดไดดวยน้ํากล่ันหลายๆ คร้ัง เพื่อกําจัดฝุน และสารปนเปอน 
  3. อบแหงเพื่อไลน้ํา ท่ีอุณหภูมิ 110C เปนเวลา 12 ช่ัวโมง 
  4. เผาเหลือเถาในอากาศนิ่ง ท่ีอุณหภูมิ 300C เปนเวลา 2 ช่ัวโมง 
  5. รอนผานตะแกรง 40/60 เมช อีกคร้ัง แลวเก็บใสขวดปดผนึก 
 ข. เตรียมสารละลายสตอก (Stock solution) 
  ละลาย H2PtCl6.6H2O 1 กรัมในน้ํากล่ัน 25 ml แลวเก็บใสขวดปดผนกึ 
 ค. เตรียมตัวเรงปฏิกิริยาแพลทินัมบนตัวรองรับอะลูมินา 
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1. เตรียมสารละลายแพลทินมัจากสารละลายสตอก โดยคํานวณปริมาณแพลทินัม
ท่ีใชใหไดเปอรเซ็นตตามตองการ เพื่อใชกบัอะลูมินา 2 g แลวเติมน้ํากล่ันให
สารละลาย 

   แพลทินัมมีปริมาตรรวมเทากับ 2 ml 
  2. ช่ังอะลูมินา 2 g ใสในขวดรูปชมพูขนาด 100 ml 

3. หยดสารละลายแพลทินัมท่ีไดจากขอ 1 ลงบนอะลูมินาเปนหยอมๆ ใหท่ัวถึง 
แลวเขยา เพื่อใหเกิดการกระจายตัวท่ีดีของแพลทินัมบนอะลูมินา ทําซํ้าจนกวา
สารละลาย 

   แพลทินัมจะหมด 
4. ปลอยใหของผสมท่ีไดจากขอ 3 เกิดการกระจายตวั โดยท้ิงไวในอากาศน่ิง ท่ี
อุณหภูมิหอง เปนเวลา 6 ช่ัวโมง 

  5. อบแหง ท่ีอุณหภูมิ 110C เปนเวลา 12 ช่ัวโมง 
6. เผาเหลือเถาในอากาศไหล ท่ีอุณหภูมิ 500C เปนเวลา 3 ช่ัวโมง ดวยอัตราการ
ไหล 100 ml/min และอัตราการใหความรอน 10C/min 

  7. เก็บใสขวดปดผนึก เพื่อนาํไปใชตอไป 
 3.4.1.2 ตัวอยางการเตรียมตัวเรงปฏิกิริยาวาเนเดยีมบนตัวรองรับไทเทเนียมออกไซด 
  1. เตรียมตัวรองรับ TiO2 โดยการเผาเหลือเถาในอากาศท่ี 300C นาน 3 ช่ัวโมง 

2. เตรียมของผสมของตัวรองรับ TiO2 และสารละลาย NH4VO3 ใสในขวดรูปชมพู
ขนาด 250 ml โดยคํานวณปริมาณวาเนเดยีมท่ีใชใหไดเปอรเซ็นตตามตองการ 
แลวเติมน้ํากล่ันลงไปใหมีปริมาตรรวมเทากับ 50 ml 

  3. กวนของผสมอยางตอเนื่อง ท่ีอุณหภูมิ 70C จนกระท่ังน้ําระเหยหมด 
  4. อบแหง ท่ีอุณหภูมิ 110C เปนเวลา 12 ช่ัวโมง 

5. เผาเหลือเถาในอากาศไหล ท่ีอุณหภูมิ 380C เปนเวลา 3 ช่ัวโมง ดวยอัตราการ
ไหล100 ml/min และอัตราการใหความรอน 10C/min 

  6. เก็บใสขวดปดผนึก เพื่อนาํไปใชตอไป 
 3.4.2 ทดสอบประสิทธิภาพของตัวเรงปฏกิิริยา 
 3.4.2.1 การทดสอบความวองไวของตัวเรงปฏิกิริยา 
  1. บรรจุตัวเรงปฏิกิริยาลงในเคร่ืองปฎิกรณขนาดเล็ก 0.1 ถึง 0.5 g 

2.ปรับสภาพของตัวเรงปฏิกริิยาใหพรอมใชงาน โดยข้ึนอยูกับชนดิของตัวเรง
ปฏิกิริยา 

  และวัตถุประสงคของการทดสอบ ตัวอยางเชน 
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- ตัวเรงปฏิกิริยาแพลทินัมบนตัวรองรับอะลูมินา จะตองปรับสภาพดวยการรีดวิซ
ในไฮโดรเจน ท่ี 500C เปนเวลา 1 ช่ัวโมง ดวยอัตราการไหลเชิงปริมาตร 100 
ml/min และอัตราการใหความรอน 10C/min เพื่อเปดไซสท่ีวองไวของตัวเรง
ปฏิกิริยา แลวตามดวยการออกซิไดซใน 10 เปอรเซ็นตของออกซิเจนในฮีเลียม ท่ี
อุณหภูมิ 500C เปนเวลา 1 ช่ัวโมง ดวยอัตราการไหลเชิงปริมาตร 100 ml/min 
และอัตราการใหความรอน 10C/min 
3. ปรับอัตราการไหลเชิงปริมาตรของแกสต้ังตนผสม ใหไดตามตองการ 
ตัวอยางเชน 
- การทดสอบตัวเรงปฏิกิริยาแพลทินัมบนตัวรองรับอะลูมินา สําหรับปฏิกิริยา
รีดักชันแบบเลือกเกิดของ NO ดวย C3H6 ในภาวะท่ีมีออกซิเจนมากเกินพอ จะใช
แกสผสมของ NO 1000 ppm C3H6 1000 ppm O2 5 mol% และสวนท่ีเหลือเปน He 
โดยมีอัตราการไหลรวมเปน 200 ml/min 
- การทดสอบตัวเรงปฏิกิริยาแพลทินัมบนตัวรองรับอะลูมินา สําหรับปฏิกิริยาการ
กําจัดแกสเสียท่ีปลอยออกมาจากเคร่ืองยนตแกสโซลีน จะใชแกสผสมของ NO 
500 ppm CO 3000 ppm C3H8 2150 ppm O2 1.2 mol% และสวนท่ีเหลือ He โดย
มีอัตราการไหลเชิงปริมาตรรวมเปน 141 ml/min 
4. ทดสอบความวองไวของตัวเรงปฏิกิริยา ดวยวิธีการทําปฏิกิริยาแบบโปรแกรม
อุณหภูมิ กําหนดชวงอุณหภมิูในการศึกษาอยูระหวาง 50 ถึง 800C โดยทําการให
ความรอน แบบข้ันบันได เเตละอุณหภูมิ จะทําการเก็บแกสตัวอยางเม่ือระบบเขาสู
สภาวะคงตวั 
5. ทําการเก็บและวิเคราะหแกสท่ีปลอยออกมาจากเคร่ืองปฎิกรณ โดยใชเคร่ือง 
GC แบบ TCD รวมกับคอลัมนชนิด MS-5A และ Porapak QS 

 3.4.2.2 การทดสอบความทนทานของตัวเรงปฏิกิริยาตอน้ําหรือ SO2  
  - การทดสอบแบบ Ex-situ 
  1. ทําการปรับสภาพตัวเรงปฏิกิริยากอนการทดสอบความวองไว ดังนี ้

 ตองการทดสอบความทนทานของตัวเรงปฏิกิริยาซีโอไลตตอน้ํา จะตอง
ปรับสภาพดวย 10% ของไอน้ําในฮีเลียม ท่ีอุณหภูมิ 600C เปนเวลา 24 ช่ัวโมง 
ดวยอัตราการไหล 170 ml/min และอัตราการใหความรอน 10C/min (ชวงการให
ความรอนทําในฮีเลียม) 
 ตองการทดสอบความทนทานของตัวเรงปฏิกิริยาแพลทนิัมบนตัว
รองรับอะลูมินาตอ SO2 จะตองปรับสภาพดวยแกสผสมของ SO2 500 ppm O2 5% 
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และสวนท่ีเหลือเปนฮีเลียม ท่ี 480C เปนเวลา 10 ช่ัวโมง ดวยอัตราการไหล 100 
ml/min และอัตราการใหความรอน 10C/min (ชวงการใหความรอนทําใน O2 
10% ในฮีเลียม) 
2. หลังจากการปรับสภาพแลว ทําการทดสอบความวองไวของตัวเรงปฏิกิริยาตาม
ข้ันตอนในขอ 8.4.2.1 ตอไป 

  - การทดสอบแบบ In-situ 
ทําการทดลองเหมือนกับ การทดสอบความวองไวของตัวเรงปฏิกิริยาใน

ขอ 8.4.2.1 แตเปล่ียนแปลงในข้ันตอนท่ี 4 และ 5 โดยทดสอบความวองไวของ
ตัวเรงปฏิกิริยา ดวยวิธีการทําปฏิกิริยาแบบสับเปล่ียนวงจรดังนี้ 
1. เพิ่มอุณหภมิูดวยฮีเลียมไปท่ีอุณหภูมิในการทดสอบ (ข้ึนอยูกับชนดิของตัวเรง
ปฏิกิริยา และสภาวะในการเกิดปฏิกิริยา) 
2. เปล่ียนแกสจาก He เปนแกสต้ังตนผสมท่ีไมมีน้ําหรือ SO2 อยู แลวคงอุณหภูมิ
ไวจนระบบเขาสูสภาวะคงตวั ทําการเก็บและวิเคราะหแกสท่ีปลอยออกมาจาก
เคร่ืองปฎิกรณโดยใชเคร่ือง GC แบบ TCD รวมกับคอลัมนชนิด MS-5A และ 
Porapak QS 
3. ปลอยน้ําและ/หรือ SO2 ผสมกับแกสตั้งตน คงอุณหภมิูไวจนระบบเขาสูสภาวะ
คงตัว ทําการเก็บ และวิเคราะหแกสท่ีปลอยออกมาจากเครื่องปฎิกรณ โดยวิธี
เดียวกับขอ 2 
4. ปดน้ําและ/หรือ SO2 ผสมกับแกสตั้งตน คงอุณหภูมิไวจนระบบเขาสูสภาวะคง
ตัว ทําการเก็บ และวิเคราะหแกสท่ีปลอยออกมาจากเคร่ืองปฎิกรณ โดยวิธีเดียวกับ
ขอ 2 

  5. ทําซํ้าในขอ 3 และ 4 หลายๆ คร้ังตามตองการ 
 3.4.2.3 การทดสอบความสามารถในการฟนฟูสภาพของตัวเรงปฏิกิริยา 

1. ทําการปรับสภาพตัวเรงปฏิกิริยาดวย 5% NH3 ใน N2 ท่ีอุณหภูมิหอง เปนเวลา 
0.5 ถึง 2 ช่ัวโมง ดวยอัตราการไหลเชิงปริมาตร 4 ml/min 
2. นําตัวเรงปฏิกิริยาท่ีไดจากขอ 1. มาทําคลอริเนชันแบบเปยก โดยผานอากาศช้ืน
ไปบนตัวเรงปฏิกิริยา ในชวงอุณหภูมิ 450 ถึง 550C พรอมดวยการฉีดกรด
อินทรียของคลอรีน ปริมาณ 15 ถึง 50 l แลวทําการลดอุณหภูมิจนถึง
อุณหภูมิหอง 
3. นําตัวเรงปฏิกิริยาท่ีไดจากขอ 2. มาทําการรีดิวซดวย H2 ท่ี 500C เปนเวลา 1 
ช่ัวโมงดวยอัตราการไหลเชิงปริมาตร 30 ml/min และอัตราการใหความรอน 
10C/min แลวทําการลดอุณหภูมิจนถึงอุณหภูมิหอง 
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4. หลังจากการปรับฟนฟูสภาพของตัวเรงปฏิกิริยาแลว ทําการทดสอบความวองไว
ของตัวเรงปฏิกิริยาตามข้ันตอนในขอ8.4.2.1 ตอไป 

 3.4.2.4 การทดสอบเพื่อศึกษากลไกการเกิดปฏิกิริยา 
  1. การใชเทคนิคทรานเชียนส 

สามารถแบงการทดลองออกไดเปน 2 ข้ันตอน ไดแก ข้ันตอนท่ีทดสอบ
โดยไมมีตวัเรงปฏิกิริยา และข้ันตอนการทดสอบปฏิกิริยา 

  ข้ันตอนท่ี 1: การทดลองแบบไมมีตัวเรงปฏิกิริยา 
ทดสอบการตอบสนองทางพลศาสตรของเคร่ืองปฏิกรณขนาดเล็ก โดยไม

ใสตัวเรงปฎิกริิยา ดวยการเปล่ียนแกสขาเขาจาก N2 เปน NO 1.2 mol% ผานเคร่ือง
ปฏิกรณ โดยใชอัตราการไหลรวม 50 ml/min ทําใหแกสมีเวลาในการไหลจาก
วาลวเขาสูเคร่ืองวิเคราะหอินฟราเรด เปนเวลาประมาณ 12 วินาที ท่ีอุณหภูมิหอง 
หมายเหตุ : เคร่ืองสามารถวัดสัญญาณการดูดกลืนลําแสงอินฟราเรด ของ NO NO2 
และ N2O CO2 และ C3H8 ในเวลาเดยีวกัน แตไมสามารถวัด N2 และ O2 ได 

  ข้ันตอนท่ี 2: การทดสอบปฏิกิริยา 
1. บรรจุตัวเรงปฏิกิริยาขนาด 10/20 เมช ประมาณ 1.2 g ลงไปในเคร่ือง
ปฏิกรณ สารต้ังตนถูกปรับความเขมขนดวยไนโตรเจน เพื่อใชเปนสาร
ปอนเขาเคร่ืองปฏิกรณ อัตราการไหลรวมเทากับ 50 ml/min ซ่ึงมีคา
องคประกอบของแกสในการทดลอง คือ 

    NO 1.2% ใน N2  
    NO 0.5% O2 12% ใน N2  
    NO 0.5% C3H8 0.4% ใน N2  
    NO 0.5% C3H8 0.4% O2 12% ใน N2  

2. ทดสอบปฏิกิริยา ในชวงอุณหภูมิ 300 ถึง 400C โดยกอนจะทําการ
ทดลองทุกคร้ังจะปลอย N2 ท่ีอัตราการไหล 50 ml/min ท่ีอุณหภูมิ 450C 
เปนเวลา 1 ช่ัวโมง เพื่อจะกําจัดน้ําและองคประกอบท่ีเหลืออยูบนพื้นผิว
ของตัวเรงปฏิกิริยา 
3. ลดอุณหภูมิลงไปท่ีอุณหภมิูของปฏิกิริยา แกสต้ังตนผสมจะปอนเขามา
แทน N2 หลังจากท่ีการดูดซับของแกสเร่ิมคงท่ี สารปอนท่ีเขาสูเคร่ือง
ปฏิกรณจะเปล่ียนไปเปน N2 อีกคร้ังอยางทันทีทันใด เพือ่ท่ีจะ
ทําการศึกษาลักษณะพลศาสตรในสวนของชวงของการปอนสารตั้งตน
เขา และลดการปอนสารตั้งตนเขาเคร่ืองปฏิกรณ 

  2. การใชเทคนิคแบบโปรแกรมอุณหภูมิ 
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สามารถแบงการทดลองแบบพื้นฐานออกไดเปน 3 ข้ันตอน ไดแก 
ข้ันตอนการสรางสปชีสบนพื้นผิวของตัวเรงปฏิกิริยา ข้ันตอนการสลายตัว/หลุด
ออกแบบโปรแกรมอุณหภูมิ และ ข้ันตอนการออกซิเดชันแบบโปรแกรมอุณหภูมิ 

  ข้ันตอนท่ี 1: การสรางสปชีสบนพื้นผิวของตัวเรงปฏิกิริยา 
1. บรรจุตัวเรงปฏิกิริยา ลงในเคร่ืองปฎิกรณขนาดเล็ก โดยใชตวัเรง
ปฏิกิริยา 0.1 ถึง 0.5 g ข้ึนอยูกับการกําหนดภาวะของปฏกิิริยา 
2. ปรับสภาพของตัวเรงปฏิกิริยาใหพรอมใชงาน โดยข้ึนอยูกับชนิดของ
ตัวเรงปฏิกิริยา และวัตถุประสงคของการทดสอบ 

   3. ปรับอัตราการไหลเชิงปริมาตรของแกสต้ังตนผสม ใหไดตามตองการ 
4. สรางสปชีสบนพื้นผิวของตัวเรงปฏิกิริยา โดยปลอยใหเกิดปฏิกิริยาท่ี
อุณหภูมิคงท่ีตามตองการ แตกําหนดระยะเวลาของการเกิดปฏิกิริยาให
แนนอน โดยท่ัวไปจะหยุดการสรางสปชีส หลังจากระบบเขาสูสภาวะคง
ตัวแลว 

  ข้ันตอนท่ี 2: การสลายตัว/หลุดออกแบบโปรแกรมอุณหภูมิ 
เพิ่มอุณหภูมิจากอุณหภูมิหอง ถึง 800C ดวย He โดยใชอัตราการไหล
เชิงปริมาตร 50 ml/min และอัตราการใหความรอน 5C/min ทําการเกบ็ 
และวิเคราะหแกสท่ีปลอยออกมาจากเคร่ืองปฎิกรณ ทุกๆ 5 หรือ 10 นาที 

  ข้ันตอนท่ี 3: การออกซิเดชันแบบโปรแกรมอุณหภูมิ 
เพิ่มอุณหภูมิจากอุณหภูมิหอง ถึง 800C ดวย 1% O2 ใน He โดยใชอัตรา
การไหลเชิงปริมาตร 50 ml/min และอัตราการใหความรอน 5C/min ทํา
การเก็บ และวเิคราะหแกสท่ีปลอยออกมาจากเคร่ืองปฎิกรณ ทุกๆ 5 นาที 

 3.4.3 ทําการวิเคราะหสมบัตขิองตัวเรงปฏกิิริยา 
 3.4.3.1 การวัดพื้นท่ีผิวสัมผสั 

การวัดพืน้ท่ีผิวสัมผัสนั้นทําโดยใชการดูดซับทางกายภาพของกาซไนโตรเจนดวย
เคร่ือง Micromeritics ASAP 2000 ข้ันตอนการวดัแบงเปน 2 ข้ัน ดังนี ้

  ข้ันตอนการไลกาซ 
1. นําตัวอยางปริมาณ 0.3 กรัมใสในท่ีเก็บตัวอยาง และนําท่ีเก็บตัวอยาง
ไปตอกับแทนไลกาซของเคร่ืองมือ   
2. ในชวงทําสูญญากาศ ท่ีเกบ็ตัวอยางถูกใหความรอนจนถึง 90C ดวย
อัตราการเพ่ิมอุณหภูมิ 2C/min และคงไวเปนเวลานาน 1 ช่ัวโมง ภายใต
การไหลของฮีเลียม 
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3. ในชวงใหความรอน ท่ีเกบ็ตัวอยางถูกใหความรอนจนถึง 200C ดวย
อัตราการเพ่ิมอุณหภูมิ 2C/min และคงไวเปนเวลานาน 1 ช่ัวโมง ภายใต
การไหลของฮีเลียม 

  ข้ันตอนการวเิคราะห 
1. ถอดท่ีเก็บตัวอยางออกจากแทนไลกาซท่ีเก็บตัวอยางและนําไปตอกับ
แทนวเิคราะหของเคร่ืองมือ 
2. ทําการวิเคราะหดวยการดดูซับไนโตรเจนท่ีอุณหภูมิของ
ไนโตรเจนเหลว และบันทึกไอโซเทอรมท่ีได 

 3.4.3.2 การวิเคราะหตําแหนงวองไวและการกระจายตัวของโลหะบนตัวเรงปฏิกิริยา 
 จํานวนตําแหนงวองไวและการกระจายตัวของโลหะบนตัวเรงปฏิกิริยานั้นวัดดวย
เทคนิคการดูดซับทางเคมีแบบเปนจังหวะของคารบอนมอนอกไซดโดยใชเคร่ือง 
Micromeritics Chemisorb 2750 (pulse chemisorptions system) ปริมาณของคารบอนมอน
นอกไซดท่ีทราบถูกฉีดเขาสูระบบท่ีอุณหภูมิหอง ปริมาณคารบอนมอนอกไซดท่ีไมโดน
ดูดซับจะถูกวดัดวย TCD การฉีดคารบอนมอนอกไซดเปนจังหวะจะทําไปเร่ือยๆจนกระท่ัง
พื้นผิวของตัวเรงปฏิกิริยาเกดิการอ่ิมตัว 

ตวัเรงปฏิกิริยาปริมาณ 0.2 กรัมถูกบรรจุในเซลลทําดวย quartz และประกอบเขา
กับเตาอบท่ีควบคุมอุณหภูมิไดและเช่ือมตอกับ TCD กาซฮีเลียมถูกปอนเขาสูเซลลดวย
อัตราการไหล 30 ml/min เพือ่กําจัดอากาศท่ีเหลืออยูในเซลล กอนทําการดูดซับตัวอยางจะ
ถูกรีดิวซดวยไฮโดรเจนท่ีอัตราการไหล 50 ml/min ท่ีอุณหภูมิ 500C เปนเวลา 2 ช่ัวโมง 
โดยอัตราการเพิ่มอุณหภูมิเทากับ 10C/min หลังจากนัน้ตัวอยางถูกทําใหเย็นจนถึง
อุณหภูมิหองดวยกาซฮีเลียม คารบอนมอนอกไซดถูกฉีดเขาสูเซลลเปนจังหวะ 
คารบอนมอนอกไซดท่ีไมถูกดูดซับจะถูกวัดดวย TCD และจะฉีดคารบอนมอนอกไซดไป
จนกระท่ังไมมีการดูดซับคารบอนมอนอกไซดเพิ่ม 

 3.4.3.3 การวิเคราะหคาความเปนกรดของตัวเรงปฏิกิริยาดวยไพริดีน 
 เคร่ืองมือและอุปกรณ 

1. เคร่ือง Fourier transform infrared spectroscopy (FT-IR) ใชเปนเคร่ือง
ตรวจสอบการดูดซับของไพริดีน ในการทดลองใชรุน Nicolet moldel Impact 400 
FT-IR ซ่ึงมีตัวตรวจสอบแบบ deuterated triglycine sulfate (DTGS) 
2. เซลสําหรับใชใสสารในการทดลอง เซลทําจากควอทซและปดหวัทายดวย KBr 
ซ่ึงมี O-ring เปนตัวปดกันอากาศเขาสูระบบ  
3. เคร่ืองมือท่ีใชในการทดสอบทําจากเคร่ืองแกว มีหลอดทดลองสําหรับบรรจุไพ
ริดีนเหลว หลอดทดลองสําหรับกักเก็บไอของไพริดีน และปมสูญญากาศ 
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 วิธีการทดลอง 
การทดสอบแบงออกเปน 2 ข้ันตอน คือ ข้ันตอนการเตรียมสารตัวอยาง และ

ข้ันตอนการทดสอบ 
 ข้ันตอนท่ี 1: การเตรียมสารตัวอยาง 

นําสารตัวอยางน้ําหนกัประมาณ 0.06 g มาบดใหละเอียด และข้ึนรูปดวยแรงอัด 
140-180 kg/cm2 ใหเปนแผนกลมและบาง แผนสารตัวอยางมีความหนาแนน 15 ถึง 20 
mg/cm2 ถูกบรรจุในเซล ซ่ึงนําไปบรรจุในชุดอุปกรณทดลองระบบปด 

 ข้ันตอนท่ี 2: การทดสอบ 
หลังจากบรรจเุซลในชุดอุปกรณทดลอง ทดสอบสัญญาณอินฟราเรดกอนมีการดูด

ซับพริดีน พรอมกับบันทึกคาสัญญาณ หลังจากนั้นจะทําระบบใหเปนสูญญากาศ โดยใช
ปมสูญญากาศดึงอากาศภายในชุดอุปกรณ เปนระยะเวลา 30 นาที ซ่ึงไอของไพริดีนใน
หลอดทดลอง จะกระจายในระบบสูญญากาศ และดูดซับบริเวณพ้ืนผิวของสารตัวอยาง ณ 
ตําแหนงท่ีรับอิเลคตรอน  การดูดซับจะใชเวลาจนกระท่ังพบวาสัญญานของไพริดีนไม
เปล่ียนแปลง  เปดปมสูญญากาศอีกคร้ังเพือ่ดึงไอของไพริดีนในระบบและไพริดนีท่ีดูดซับ
โดยแรงทางกายภาพจนพบวาสัญญาณอินฟราเรดไมเปล่ียนแปลง ใชเวลาประมาณ 1.5 
ช่ัวโมง จากนัน้เร่ิมทําการทดสอบโดยเพ่ิมอุณหภูมิใหกบัระบบคร้ังละ 25C  และทดสอบ
สัญญานอินฟราเรด จนกระท่ังพบวาสัญญาณอินฟราเรดของการดูดซับไพริดีนหมดไป จึง
หยุดเพิ่มอุณหภูมิ และส้ินสุดการทดลอง จากการทดลองจะพบอุณหภมิูสูงสุดท่ีสามารถดึง
ไพริดีนหลุดออกจากพืน้ผิวได 

 3.4.3.4 วิเคราะหคาความเปนกรดของตัวเรงปฏิกิริยาดวยแกส NH3  
 ความเปนกรดบนพื้นผิวของตัวเรงปฏิกิริยานั้นวดัดวยเทคนิค temperature-
programmed desorption โดยใชกาซแอมโมเนียดวยเคร่ือง Micromeritics Chemisorb 2750 
(pulse chemisorption system) ตัวเรงปฏิกิริยาปริมาณ 0.1 กรัมถูกบรรจุในเซลลทําดวย 
quartz ตัวอยางถูกใหความรอนท่ีอุณหภูมิ 450C ภายใตการไหลของกาซฮีเลียมเปนเวลา 1 
ช่ัวโมงเพื่อกําจัดน้ําท่ีอยูบนพื้นผิวของตัวเรงปฏิกิริยา หลังจากตัวอยางเย็นลงจนถึงอุณหภูมิ 
100C กาซผสมของ 15% แอมโมเนียในฮีเลียมถูกปอนเขาสูเซลลเพื่อทําใหพืน้ผิวอ่ิมตัว
ดวยแอมโมเนยี ตัวเรงปฏิกิริยาถูกเปาดวยฮีเลียมท่ี 100C เปนเวลา 1 ช่ัวโมงเพื่อกําจดั
แอมโมเนียท่ีดดูซับทางกายภาพออกไป จากน้ันตัวอยางถูกใหความรอนจนถึงอุณหภูมิ 
450C ดวยอัตราการเพ่ิมอุณหภูมิเทากับ 20C/min ภายใตการไหลของฮีเลียมท่ี 50 
ml/min จํานวนตําแหนงท่ีเปนกรดบนพื้นผิวคํานวณไดจากปริมาณกาซแอมโมเนียท่ีคาย
ออกมาท่ีวัดได 
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3.4.3.5 การวิเคราะหคาความเปนเบสของตัวเรงปฏิกิริยา 
ความเปนเบสบนพื้นผิวของตัวเรงปฏิกิริยานั้นวดัดวยเทคนิค temperature-

programmed desorption โดยใชกาซคารบอนไดออกไซดดวยเคร่ือง Micromeritics 
Chemisorb 2750 (pulse chemisorption system) ตัวเรงปฏิกิริยาปริมาณ 0.1 กรัมถูกบรรจุใน
เซลลทําดวย quartz ตัวอยางถูกใหความรอนท่ีอุณหภูมิ 450C ภายใตการไหลของกาซ
ฮีเลียมเปนเวลา 1 ช่ัวโมงเพ่ือกําจัดน้ําท่ีอยูบนพื้นผิวของตัวเรงปฏิกิริยา หลังจากตัวอยาง
เย็นลงจนถึงอุณหภูมิ 100C กาซคารบอนไดออกไซดถูกปอนเขาสูเซลลเพื่อทําใหพืน้ผิว
อ่ิมตัวดวยคารบอนไดออกไซด ตัวเรงปฏิกิริยาถูกเปาดวยฮีเลียมท่ี 100C เปนเวลา 1 
ช่ัวโมงเพื่อกําจัดคารบอนไดออกไซดท่ีดูดซับทางกายภาพออกไป จากนั้นตัวอยางถูกให
ความรอนจนถึงอุณหภูมิ 450C ดวยอัตราการเพ่ิมอุณหภูมิเทากับ 20C/min ภายใตการ
ไหลของฮีเลียมท่ี 50 ml/min จํานวนตําแหนงท่ีเปนเบสบนพื้นผิวคํานวณไดจากปริมาณ
กาซแอมโมเนยีท่ีคายออกมาท่ีวัดได 

  
3.4.3.6 การวิเคราะหคาความสามารถในการรีดิวซของตวัเรงปฏิกิริยา 

ความสามารถในการรีดวิซของตัวเรงปฏิกริิยานั้นวัดดวยเทคนิค temperature-
programmed reduction โดยใชกาซไฮโดรเจนดวยเคร่ือง Micromeritics Chemisorb 2750 
(pulse chemisorption system) ตัวเรงปฏิกิริยาปริมาณ 0.1 ถึง 0.2 กรัมถูกบรรจุในเซลลทํา
ดวย quartz ตัวอยางถูกใหความรอนท่ีอุณหภูมิ 200C ภายใตการไหลของกาซฮีเลียมท่ี 25 
ml/min เปนเวลา 1 ช่ัวโมงเพือ่กําจัดน้ําท่ีอยูบนพื้นผิวของตัวเรงปฏิกิริยา หลังจากตัวอยาง
เย็นลงจนถึงอุณหภูมิ 100C กาซผสมของ 10% ไฮโดรเจนในอารกอนถูกปอนเขาสูเซลล 
ตัวเรงปฏิกิริยาถูกใหความรอนจนถึงอุณหภมิูท่ีตองการในชวง 100 ถึง 800C ดวยอัตรา
การเพิ่มอุณหภูมิเทากับ 10C/min ปริมาณไฮโดรเจนท่ีใชไปวดัดวย TCD และนําไป
คํานวณหาคาความสามารถในการรีดวิซของตัวเรงปฏิกริิยา 
 
3.4.4 การวิเคราะหลักษณะของโคกท่ีเกิดขึน้ดวยเทคนิคการออกซิเดชันแบบโปรแกรม
อุณหภูมิ 

การวิเคราะหลักษณะของโคกท่ีเกิดข้ึนบนตัวเรงปฏิกิริยานั้นใชเทคนิค 
temperature-programmed oxidation ดวยเคร่ือง Micromeritics Chemisorb 2750 (pulse 
chemisorption system) ตัวเรงปฏิกิริยาปริมาณ 0.1 ถึง 0.2 กรัมถูกบรรจุในเซลลทําดวย 
quartz ตัวอยางถูกใหความรอนท่ีอุณหภูมิ 200C ภายใตการไหลของกาซฮีเลียมท่ี 25 
ml/min เปนเวลา 1 ช่ัวโมงเพือ่กําจัดน้ําท่ีอยูบนพื้นผิวของตัวเรงปฏิกิริยา หลังจากตัวอยาง
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เย็นลงจนถึงอุณหภูมิ 100C กาซผสมของ 1% ออกซิเจนในไฮโดรเจนถูกปอนเขาสูเซลล 
ตัวเรงปฏิกิริยาถูกใหความรอนจนถึงอุณหภมิูท่ีตองการในชวง 100 ถึง 800C ดวยอัตรา
การเพิ่มอุณหภูมิเทากับ 10C/min ปริมาณคารบอนไดออกไซดท่ีเกดิข้ึนวัดดวย TCD และ
นําไปหาลักษณะของโคกท่ีเกิดข้ึนบนตัวเรงปฏิกิริยา 

 
4. แผนการดําเนินงานวิจัยในแตละชวง 6 เดือนตลอดระยะเวลาโครงการ 
 4.1 รวบรวมฐานขอมูลวิจัยท่ีเกี่ยวของ 
 4.2 ดําเนินการวิจัยตามเปาหมาย 
 4.3 สรุปและผลวิจัย 
 4.4 เขียนบทความวจิัยตางประเทศ 
 4.5 จัดทํารายงานความกาวหนา 
 4.6 จัดทํารายงานประจําป 
 4.7 จัดเสนอผลงานวิจยัประจําป 
แผนการดําเนินโครงการตลอด 3 ป 
 

กิจกรรม/
เดือน 

1-6 7-12 13-18 19-24 25-30 31-36 

4.1       

4.2       

4.3       

4.4       

4.5       

4.6       

4.7       
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5. ผลท่ีคาดวาจะไดจากโครงการ 
 5.1 ผลงานตีพิมพในวารสารวิชาการนานาชาติ (ปละ 10 เร่ือง) 
  
 5.2 ผลงานการจดสิทธิบัตร 
  คาดวาจะมี 1 เร่ือง เมื่อส้ินสุดโครงการ 
 
 5.3 หนังสือ 
  คาดวาจะมีหนังสือ 1 เลม เม่ือส้ินสุดโครงการ 
 
 5.4 จํานวน นักวิจัยท่ีสรางจากโครงการ 
  จํานวนวิศวกร/นักวิจัยระดับปริญญาโท 35 คน 
  จํานวนวิศวกร/นักวิจัย ระดับปริญญาเอก 6 คน 
 
 5.5 ประโยชนท่ีคาดวาจะไดรับ 
  1) สามารถมีบทความท่ีตีพิมพในวารสารระดับนานาชาติ ไดอยางนอย 30 เร่ือง 
  2) สามารถผลิตจํานวนวิศวกร/นักวิจัยระดับปริญญาโท 35 คน 
  3) สามารถผลิตจํานวนวิศวกร/นักวิจัย ระดับปริญญาเอก 6 คน 
  4) เปนศูนยรวมในการทดสอบตัวเรงปฏิกิริยาใหแกอุตสาหกรรม 
 
6. รายชื่อ สังกัด โทรศัพท และ e-mail ของผูรวมวิจัย 
 
6.1 หัวหนาโครงการ   ศาสตราจารย ดร. ปยะสาร ประเสริฐธรรม  

ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย
โทร. 02-218-6883; e-mail: piyasan.p@chula.ac.th 

6.2 ผูรวมวิจยั  ผูชวยศาสตราจารยดร. สุพจน พัฒนะศรี     
ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย
โทร. 02-218-6890; e-mail: s_phatanasri@yahoo.com                            

6.3 ผูรวมวิจยั  รองศาสตราจารย ดร. ธราธร มงคลศรี   
   ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย 

โทร. 0-2218-6867; e-mail: Tharathon.m@eng.chula.ac.th 
6.4 ผูรวมวิจยั  ศาสตราจารย ดร. สุทธิชัย อัสสะบํารุงรัตน   
   ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย 
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โทร. 0-2218-6868; e-mail: Suttichai.A@eng.chula.ac.th 
6.5 ผูรวมวิจยั  รองศาสตราจารย ดร. บรรเจดิ จงสมจิตร 
   ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย 
    โทร. 0-2218-6869; e-mail: Bunjerd.j@chula.ac.th   
6.6 ผูรวมวิจยั  ดร. อัครวัต ศิริสุข      
   ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย 

โทร. 0-2218-6863; e-mail: akawat.s@chula.ac.th 
6.7 ผูรวมวิจยั   รองศาสตราจารย ดร. จูงใจ ปนประณต   
   ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย 

โทร. 0-2218-6869; e-mail: joonjai.j@chula.ac.th  
6.8 ผูรวมวิจยั  ผูชวยศาสตราจารย ดร. ชูวงศ ชัยสุข 

ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตรและเทคโนโลยีอุตสาหกรรม 
มหาวิทยาลัยศิลปากร 
โทร. 034-219-364; e-mail: gnowoohc@hotmail.com  

6.9 ผูรวมวิจยั  ผูชวยศาสตราจารย ดร.โอกร เมฆาสุวรรณดํารง  
ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตรและเทคโนโลยีอุตสาหกรรม 
มหาวิทยาลัยศิลปากร 
โทร. 034-219-364; e-mail: okornm@yahoo.com 

 
6.10 ผูรวมวิจยั  ผูชวยศาสตราจารย ดร. ดวงกมล ณ ระนอง  

ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร สถาบันเทคโนโลยีพระจอม
เกลาเจาคุณทหารลาดกระบัง 

โทร. 02-739-2416 ตอ 169; e-mail: knduangk@kmitl.ac.th  

 
6.11 ผูรวมวิจยั   ดร. สรอยพัทธา สรอยสุวรรณ   

  ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร มหาวิทยาลัยบูรพา 
โทร. 038-102-222 ตอ 3351; e-mail: soipatta@yahoo.com 
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7. สรุปเนื้อหางานวิจัยและผลท่ีไดรับ 

ตารางท่ี 3 แสดงผลท่ีคาดวาจะไดรับจากโครงการวิจัยเทียบกับผลลัพธท่ีไดจริง 

ลําดับ ผลท่ีคาดวาจะไดรับ ผลลัพธท่ีไดจริง 

1 ผลงานตีพิมพในวารสารวิชาการนานาชาติ  
รวมท้ังส้ิน 30 เร่ือง 

ผลงานตีพิมพในวารสารวิชาการนานาชาติ  
รวมท้ังส้ิน 32 เร่ือง (เอกสารแนบ 1-32) 

2 การจดสิทธิบัตร 1 เรือง  ไดยื่นจดสิทธิบัตร 1 เร่ือง (เอกสารแนบ 33) 
3 หนังสือ 1 เร่ือง  หนังสือ 1 เร่ือง ความรูพื้นฐานของตัวเรง 

ปฏิกิริยาววิิธพนัธุ โดย จูงใจ ปนประณต  
 ๒๕๕๔  

4 บัณฑิตระดับ ปริญญาโท 35 คน 
บัณฑิตระดับปริญญาเอก 6 คน 
 

บัณฑิตระดับ ปริญญาโท 40 คน* 

บัณฑิตระดับปริญญาเอก 10 คน** 
 

 

*รายชื่อบัณฑิตระดับปริญญาโท จบปการศึกษา 2552-54 จํานวน 40 คน 
นาย สมจิตร พุดดี  
นาย ณฐัปคัลภ ศรีสวัสดิ์  
น.ส.ธมลวรรณ อาจารีพิพัฒน  
นาย พิสิฐ ภักดี  
นาย วสุ ไชยตรี  
น.ส. นภาพร เท่ียงชัด  
น.ส.จิราภณณ ปุริวัฒน  
นาย กฤษณ เลิศเจียมรัตน  
น.ส.สุขุมาล สิงชัย  
น.ส.กมลวรรณ จันทรมงคลทิพย  
น.ส.วนิดา ทัฬหกิจ 
นส.พิมพปฏิมา ปาณูปากรณ  
นส.ปยะรัตน รอดผล 
นายฉัตรชัย ธาราวดี 
นส.จีรติ อบอาย  
นายกิตติพงศ ไพรศรี 
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นายวิทยา เหวรารักษ 
นายพุฒพิงศ สุวรรณ  
นายปรัชญา วารสิทธ์ิ  
นายธวัช อินทร  
นส.ธมลวรรณ เจษฎานุรักษ  
นายอนิรุตต์ิ เล็กสมบูรณ 
นายเบญจพล นิธิเจริญวงศ  
นส.อรธีรา เย็นจิตตรัตนวลี  
นส.แพร รถกิจ 
นายอภวิัตน โงวธนะวัฒน  
นายสมชาติ อมรเลิศปรีชา 
นายวรวัฒน ช่ืนชีพ 
นายจกัรพันธ จันละมูล 
นายเอกรัตน บัวพัน 
นายวรวิทย ช่ืนชีพ 
น.ส.มาลี วงคเทพ 
นายวิทวัส ชูกจิธนสาร 
นายจิรวัฒน ภญิโญชีพ 
น.ส.ศิวนาถ ขุนทอง 
น.ส. แพรวพรรณ คันธะเนตร  
น.ส. บงกช  ปยานันทรักษ  
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a b s t r a c t

An amorphous AlPO4 catalyst prepared by precipitation method was subjected to pretreatment with
10 mol% water vapor at 100–300 ◦C for 15 min prior to activity tests in the dehydration of methanol to
dimethyl ether (DME). The catalysts pretreated at 200–300 ◦C exhibited higher methanol conversion than
the non-treated catalyst while the one treated at a lower temperature of 100 ◦C showed lower activity. As
revealed by FT-IR and FT-Raman results, there was an increase of lattice hydroxyls on the hydrothermally
treated catalysts in the form of P-OH group (weak Brønsted acid sites). Amine titration using Hammett
indicators confirmed the increase of both strength and number of acid sites on these catalysts. However,
hydrothermal pretreatment at 100 ◦C may result in catalyst poisoning by weakly bonded water molecules
instead so that lower catalyst activity was obtained. More than 99% selectivity to DME was achieved on
both non-treated and hydrothermally treated AlPO4 catalysts in this study.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Dimethyl ether (DME) is one of the promising alternative fuels
that can be used to replace liquefied petroleum gas (LPG) and diesel
fuels because of their similar properties to those of LPG and their
high cetane number [1–3]. Moreover, DME was identified as the
ultraclean alternative fuel for diesel engines with emission levels
meeting the California ULEV standards [4]. DME could be produced
from either synthesis gas or methanol. The production of DME via
methanol dehydration is more favorable as regards thermodynam-
ics and economy [2,5].

Methanol dehydration to DME is usually carried out over solid-
acid catalysts such as H-ZSM-5, steam de-aluminated H-Y zeolite
(SDY), and �-Al2O3. The most widely used material is probably �-
Al2O3, due to its suitable acidity for this reaction that yields good
performance in terms of methanol conversion and DME selectivity.
Aluminum phosphate (AlPO4) is also one of the promising catalysts
in this reaction, because of its lower amounts of coking and by-
products and water resistant property [3,4]. The catalytic activity
of AlPO4 in methanol dehydration was found to be dependent on

∗ Corresponding author. Tel.: +66 2218 6869; fax: +66 2218 6877.
E-mail address: joongjai.p@chula.ac.th (J. Panpranot).

the preparation method, chemical composition (Al/P molar ratio),
and activation temperature [3,6].

Water may be a poison in methanol dehydration reactions
because it could block active sites and impede methanol from
adsorption on the catalyst surface [7,8]. Nevertheless, there are a
number of studies reporting opposite results. For example, Lud-
mány et al. [4] have shown that the presence of water in a reaction
can increase the catalytic activity of amorphous titanium hydrogen-
phosphate (Ti(HPO4)2) in alcohol dehydration due to swollen effect
resulting in an increase of the inter layer of Ti(HPO4)2. The swollen
catalyst with water and alcohol inside the layers retains its high
activity until it loses the alcohol and water by evaporation. Fu et al.
[9] also reported a slight increase of activity of SDY zeolite catalyst
in methanol dehydration after regeneration under hydrothermal
conditions at 500 ◦C for 2 h. Another hypothesis about why water
could increase the activity of alumina-based catalyst is that the
Lewis acid sites could change to weak Brønsted acid sites upon
contact with humidity [7].

In the present work, an amorphous AlPO4 catalyst was pre-
treated under various hydrothermal conditions prior to activity
test in the dehydration of methanol. The catalysts were char-
acterized by X-ray diffraction (XRD), N2 physisorption, Fourier
transform infrared spectroscopy (FT-IR), Fourier transform Raman
spectroscopy (FT-Raman), and amine titration with Hammett indi-
cators. The catalyst activities were correlated with their surface
characteristics and acid properties.

0926-860X/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2010.02.013
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2. Experimental

2.1. Catalyst preparation

An amorphous AlPO4 catalyst with Al/P molar ratio = 1 was pre-
pared by a modified version of the aqueous solution precipitation
method of Bautista et al. [10]. Firstly, Al(NO3)3·9H2O (analytical
grade, Aldrich) was diluted in deionized water and mixed with
H3PO4 (85%, v/v Aldrich) by stirring at a controlled temperature of
0 ◦C. Then aqueous ammonia solution was added drop-wise until
the precipitation occurred at pH of solution ca. 7. The precipitate
was filtered out and washed with distilled water to remove excess
substances and any contaminants, and then washed again with
2-propanol. The filtrated mass was dried at 110 ◦C overnight and
calcined at 650 ◦C in air flow for 3 h.

The AlPO4 so prepared was subjected to hydrothermal pretreat-
ments at different temperatures. It was exposed to a stream of
10 mol% water vapor in helium at a GHSV 5300 h−1 cm3/min and
at temperatures of 100–300 ◦C for 15 min.

2.2. Catalyst characterization

The XRD patterns of the prepared catalysts were measured from
10◦ to 80◦ 2� using a SIEMENS D5000 X-ray diffractometer and
Cu K� radiation with a Ni filter. Surface area, pore volume, and
average pore diameter were measured by N2 physisorption using
a Micromeritics ASAP 2020. FT-IR was performed using a Nicolet
6700 spectrometer in the range of 4000–400 cm−1 at a resolution
of 2.0 cm−1. FT-Raman was performed using a PerkinElmer, spec-
trum GX in the Raman shift range of 200–3600 cm−1 at a resolution
of 4.0 cm−1. The acidity of the catalyst samples was determined by
amine titration method using Hammett indicators according to Ref.
[11]. The NH3-TPD was performed in a Micromeritic Chemisorb
2750 automated system. Before adsorption, the sample was pre-
treated in high purity N2 (50 cm3/min) at 200 ◦C for 1 h. Then, it was
saturated with 15% NH3-He at 80 ◦C for 1 h (50 cm3/min) and sub-
sequently flushed with flowing He at 100 ◦C for 1 h (50 cm3/min) to
remove physisorbed NH3. The temperature-programmed desorp-
tion was carried out from 35 to 600 ◦C at a constant heating rate of
10 ◦C/min.

2.3. Catalytic activity test

The dehydration of methanol over non-treated and hydrother-
mally treated AlPO4 was carried out in a fixed-bed reactor (i.d.
6 mm) using 0.2 g of catalyst and a gas hourly space velocity
(GHSV) of 5300 h−1. Methanol was bubbled by helium through a
glass saturator maintained at 29 ◦C. The reaction was conducted at
150–300 ◦C under atmospheric pressure. The reactant and products
were analyzed using a gas chromatograph with a TCD detector and
Porapak-Q and Porapak-N columns at 110 ◦C and 100 ◦C, respec-
tively.

3. Results and discussion

3.1. Catalytic activity in the dehydration of methanol

The AlPO4 synthesized by a modified precipitation method in
this work had amorphous structure as determined by XRD (not
shown) and possessed a BET surface area of 171.2 m2/g, a pore
volume of 0.758 cm3/g, and an average pore radius of 17.7 nm.
The non-treated AlPO4 catalyst was tested in the dehydration of
methanol to DME at the temperature range 150–300 ◦C and the
results are shown in Fig. 1. As compared to a commercial �-Al2O3
(Aldrich) that possessed BET surface area 149 m2/g, pore volume
0.23 cm3/g, and average pore radius 3.7 nm, the catalytic activity

Fig. 1. Methanol conversion profiles of step-up and step-down reaction tem-
perature experiments for the non-treated AlPO4 catalyst as compared to a
commercial �-Al2O3 catalyst (reaction conditions were 0.2 g catalyst, 1 atm, and
GHSV = 5300 h−1).

of our synthesized AlPO4 catalysts in the dehydration of methanol
was much higher. Based on the NH3-TPD results (Fig. 2), the lower
activity of �-Al2O3 was attributed to the lower number of acid sites
present. Moreover, while the AlPO4 catalyst exhibited a large broad
peak with the highest peak intensity at ca. 125 ◦C, the commercial
�-Al2O3 showed two desorption peaks at ca. 80 and 360 ◦C, indi-
cating the presence of both relatively weak and strong acid sites on
�-Al2O3.

The catalytic activities of AlPO4 catalyst were further inves-
tigated in the dehydration of methanol using step-up and
step-down reaction temperature tests. For a step-up reac-
tion temperature experiment (increasing temperature from
150 → 200 → 250 → 300 ◦C), methanol conversion occurred at
200 ◦C and increased with increasing reaction temperature. Equi-
librium conversion (∼82%) was reached at 300 ◦C. The AlPO4
catalyst gave >99% selectivity to DME with less than 1% of by
products such as carbon monoxide and methane. For a step-
down reaction temperature experiment using a new catalyst
sample (decreasing temperature from 300 → 250 → 200 → 150 ◦C),
methanol conversion at 200 ◦C increased to 45.1% as compared to
15.3% for the step-up temperature one. The AlPO4 catalyst also
showed some conversion of methanol of ca. 8% at 150 ◦C. It is
hypothesized that there was an effect of water vapor and/or initial

Fig. 2. NH3-TPD results of the synthesized-AlPO4 and the commercial �-Al2O3 cat-
alysts.



Author's personal copy

K. Lertjiamratn et al. / Applied Catalysis A: General 378 (2010) 119–123 121

Fig. 3. Effect of water pretreatment temperature on the conversion of methanol
for the hydrothermally treated and non-treated amorphous AlPO4 catalysts (0.2 g
catalyst and GHSV = 5300 h−1).

high reaction temperature on the improvement of catalytic activ-
ity. The latter hypothesis, however, was rejected since treating the
AlPO4 catalyst at 300 ◦C in neutral atmosphere of helium for 1 h
prior to reaction test did not result in an increase of catalytic activ-
ity (similar conversion to the step-up reaction temperature test).
In order to prove the former hypothesis that the presence of water
vapor could increase the activity of AlPO4 in methanol dehydra-
tion, we subjected the material to pretreatment with 10 mol% water
vapor at various temperatures between 100–300 ◦C for 15 min prior
to reaction test. The activities of treated and non-treated AlPO4 cat-
alysts in methanol dehydration are shown in Fig. 3. It was found
that all the treated catalysts exhibited higher activity than the non-
treated one except the one that was treated at 100 ◦C. There was
no change in product selectivity for all the catalysts in which >99%
selectivity to DME was obtained.

3.2. Surface characteristics and acidity of the AlPO4 catalysts

Surface characteristics and acidity of the catalysts were deter-
mined by FT-IR, FT-Raman, and amine titration using Hammett
indicators. The AlPO4 catalysts were investigated by FT-IR in
two regions: 400–1800 cm−1 and 2500–4000 cm−1. The results
are shown in Figs. 4 and 5, respectively. According to the liter-
ature [6,12,13], there are two major types of hydroxyl groups:

Fig. 4. FTIR spectra at wavelength 400–1800 cm−1 of the non-treated AlPO4 and
100–300 ◦C water vapor pretreated AlPO4 catalysts.

Fig. 5. FTIR spectra at wavelength 2500–4000 cm−1 of the non-treated AlPO4 and
100–300 ◦C water vapor pretreated AlPO4 catalysts.

the hydroxyl stretching vibration bands of adsorbed molecular
water absorption (surface hydroxyls) and the hydrogen-bonded
hydroxyl groups (lattice hydroxyls). In Fig. 3, the peaks in the
range around 400–800 cm−1 were attributed to asymmetric and
symmetric stretching vibrations of Al-O-P bonds, corresponding to
the non-stoichiometric aluminum phosphates [6]. The peak that
centered around 1100 cm−1 was attributed to PO2 in a chain struc-
ture with two oxygen atoms from the phosphorous coordination
sphere bonded to aluminum atoms [6]. These peaks identifying
Al-O-P and PO2 confirmed that the catalysts were aluminum phos-
phate. Another peak centered around 1650 cm−1 was assigned to
the physisorption of water molecules (H-O-H) or surface hydroxyls
on the catalysts. There was no significant difference in the water
physisorption bands among the non-treated and treated catalyst
samples.

The stretching vibration of hydrogen-bonded hydroxyl groups
can be detected in the wavelength region of 2500–4000 cm−1 with a
large broad adsorption band centered near 3400 cm−1. These peaks
were attributed to the chemisorption of water molecules on the
catalyst surface. Using the “fityk 0.7.4” curve fitting program (GNU
General Public License, version 2, as published by the free software
foundation), we achieved the de-convolution of FT-IR spectra of
each catalyst. The results for the non-treated and 250 ◦C-treated
AlPO4 catalysts are shown as examples of the de-convoluted spec-
tra in Fig. 6. The peaks in the region of 2500–4000 cm−1 for the
treated catalysts can be separated into 5 main peaks at 2950, 3400,
3600, 3750, and 3800 cm−1. There was an absence of an FT-IR peak
at 2950 cm−1 for the non-treated AlPO4 catalyst. Moreover, the
intensity of FT-IR bands at wavelengths of 3600 and 3750 cm−1

of the pretreated AlPO4 were significantly higher than those of the
non-treated one. The strong sharp band around 3750 cm−1 accom-
panied by a broad band around 3400 cm−1 could be assigned to
the hydroxyl stretching mode of surface phosphate or pyrophos-
phate species [13]. The shoulder that appeared at ca. 2950 cm−1 of
the pretreated catalyst suggests the presence of hydroxyl groups
of various strengths attached to phosphorous in the samples [6].
These results confirmed that there was an increase of hydroxyls on
phosphate groups in the AlPO4 catalysts after hydrothermal pre-
treatment. In other words, molecules of water were adsorbed and
bonded with phosphorous atoms in the catalysts in the form of
P-OH.

The Raman spectra of fresh and pretreated AlPO4 catalysts are
shown in Fig. 7. The Raman bands at 1050 and 1200 cm−1 indicate
the presence of PO3

2− and PO2
1−, respectively [14]. A study of phos-

phate groups using Raman spectroscopy by de Jager and Prinsloo
[15] showed that Raman shifts around 876–992 cm−1 could be
assigned to P-OH bands in several structures, due to matrix effects
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Fig. 6. De-convolution FT-IR spectra of hydroxyl groups of non-treated (a) and
250 ◦C pretreated (b) AlPO4 catalysts.

Fig. 7. FT-Raman spectra at Raman shift 900–1500 cm−1 of the non-treated AlPO4

and 100–300 ◦C water vapor pretreated AlPO4 catalysts.

and different phosphate functional groups such as PO2
1−, PO3

2−,
PO4

3− and P2O7
2−. In the present study, the Raman shift at ca.

985 cm−1 appeared after pretreatment with water vapor, indicat-
ing the formation of P-OH. Such a result was in good agreement
with the FT-IR data, which suggested that pretreatment with water
vapor could result in the formation of hydroxyls that are adsorbed
and chemically bonded with phosphate groups in the AlPO4 cata-
lyst.

The relative amount of P-OH on the pretreated AlPO4 catalysts
was determined according to the semi-quantitative analysis [16].
For the FT-IR results, it is reported in term of a ratio of the area
of de-convoluted hydroxyl peak at 2950 cm−1 and the Al-O-P peak

at 833 cm−1. For the FT-Raman results, ratios of the area of P-OH
at Raman shift 985 cm−1 and PO2

−1 at 1200 cm−1 were used. The
relative amounts of P-OH by semi-quantitative analysis from FT-IR
and FT-Raman are shown in Table 1. The highest and the lowest
amounts of P-OH were obtained on the AlPO4 pretreated at 250
and 100 ◦C, respectively. The amount of P-OH followed the activity
trend in the dehydration of methanol to DME.

The strength and number of acid sites of the non-treated and
treated AlPO4 catalysts were also measured by amine titration
using Hammett indicators. Values are reported in a range depend-
ing on the acid strength (pKa) of indicators (methyl red, methyl
orange, methyl yellow, and crystal violet). The numbers of acid sites
in different ranges of Hammett indicators are shown in Table 1.
Using methyl red as Hammett indicator, all the treated catalysts
changed color to acid form of methyl red while the non-treated
catalyst had color in base form. These results indicated that the
non-treated AlPO4 catalyst had lower acid strength than methyl
red (pKa = 4.8). In other words, acidity of the AlPO4 catalysts after
pretreatement with water vapor was higher than pKa = 4.8. How-
ever, all the treated catalysts had color in base form when Hammett
indicators with higher acid strength such as methyl orange, methyl
yellow, and crystal violet were used so that they could not be
titrated by amine. Thus, the acid strength of treated AlPO4 was in
the range of pKa = 4.8–3.3, based on the acidity of methyl red and
methyl orange, respectively. It was found that the pretreatment
with water vapor at 250 ◦C gave the highest number of acid sites,
while the pretreatment at 100 ◦C resulted in the lowest amount
of acidity, in good agreement with results from FT-IR, FT-Raman,
and reactions. Since there was no significant change in BET surface
area and pore characteristics of the AlPO4 catalysts upon hydrother-
mal pretreatment under the conditions used, the differences in
the catalytic activities of the hydrothermal treated catalysts could
also be attributed to the difference in the distribution of acid
strength, in addition to the changes of numbers of acid sites and
acid strengths.

3.3. Reaction mechanism

The pretreatment with water vapor at 200–300 ◦C has been
shown to result in an increase of activity of AlPO4 catalyst in the
dehydration of methanol. The improved catalyst performance was
attributed to the increase of acid strength and acidity of the AlPO4
catalyst. As shown by FT-IR and FT-Raman results, there were lat-
tice hydroxyls that are chemically bonded with phosphate groups
in the AlPO4 catalyst after hydrothermal treatment. Such results
also suggested a change of Lewis acid sites to Bronsted acid sites
on the AlPO4 catalyst. Higher acid strengths on the pretreated cata-
lysts were confirmed by amine titration using Hammett indicators.
According to the mechanism for dehydration of methanol over ZrP
and TiP catalysts proposed by Clearfield et al. [17], the P-OH group
is involved in water condensation at Bronsted acid sites and forma-
tion of methoxy groups on the orthophosphate surface, which are
the initial steps for methanol etherification. The methoxy group is

Table 1
The relative amount of P-OH group of hydrothermally treated AlPO4 samples from FT-IR and FT-Raman calculated by semi-quantitative analysis and the amount of acid sites
by amine titration using methyl red indicator.

Pretreatment temperature Relative amount of P-OHa Amount of acid sitesb (mmol H+/g cat.)

FT-IR at 2950 cm−1 Raman shift at 985 cm−1

100 ◦C 0.49 0.00846 0.266
200 ◦C 1.23 0.02431 0.276
250 ◦C 1.35 0.03245 0.359
300 ◦C 0.91 0.02871 0.340

a See the text for determination.
b Determined by amine titration using methyl red indicator
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Scheme 1. Possible reaction mechanism for dehydration of methanol to DME over
AlPO4 catalyst.

considered to be highly polar due to the strong electronegativity
of the phosphate group. The methoxy species can then react with
methanol through a four-member ring electron transfer process to
form DME. The proposed mechanism is illustrated in Scheme 1. We
have clearly shown that P-OH is an important intermediate for the
dehydration of methanol over AlPO4 catalyst.

4. Conclusions

The pretreatment with 10 mol% water vapor at 200–300 ◦C has
been shown to result in an increase of catalytic activity of AlPO4
catalyst in the dehydration of methanol to DME. The improved cat-
alyst performance was attributed to the increased acid strength and
acidity of the AlPO4 catalyst. The peaks corresponding to P-OH were
observed by both FT-IR and FT-Raman techniques. Such results sug-
gested that Lewis acid sites could be changed to Bronsted acid sites
on the pretreated AlPO4 catalysts which would result in higher acid
strength, as also confirmed by amine titration with Hammett indi-
cators. However, hydrothermal pretreatment at 100 ◦C resulted in
lower catalytic activity than the non-treated one, due probably to
blocking of catalyst active sites by the weakly bonded hydroxyl
groups.
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Abstract

In the present work, the effects of Si and Zr addition on the surface defect and photocatalytic activity of the solvothermal-derived TiO2 were

investigated. The metal-doped TiO2 samples were prepared with the molar ratio Si/Ti and Zr/Ti ranging from 0.002 to 0.1 and were subjected to two

different cooling temperatures (room temperature and 77 K) after calcination as a post-synthesis treatment. The presence of a small amount of

metal dopant caused a slight change in the TiO2 crystallite and BET surface area (ranging from 7.8 to 10.6 nm and corresponding surface area 95 to

159 m2/g). The photocatalytic activity of TiO2 did not depend solely on the surface area but rather affected by the concentration of Ti3+ on the

catalyst surface as shown by a linear ascending trend of the ethylene conversion and the amount of Ti3+/surface area of the catalysts. It is noted that

addition of Zr had more positive effect than Si and the effect of post-treatment on the photocatalytic activity of TiO2 catalysts was more pronounced

than the addition of metal dopants.

# 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium (IV) dioxide or titania (TiO2) has a wide range of

applications due to its excellent physical and chemical

properties. Titania is commercialized as the most powerful

photocatalyst because it has high photoactivity for most

photocatalytic reactions and is nonexpensive as well as

nontoxic to human life [1,2]. The photocatalytic activity of

TiO2 is greatly influenced by its crystal structure, crystallite

size, crystallinity, surface area, incident light intensity, and

porosity [3]. With the decrease in particle size to nanometer

scale, the catalytic activity of titania is enhanced because the

optical band gap is widened due to an increase in surface area

[4,5], surface defect [6,7], and a shift of the absorption/

luminescence spectra towards shorter wavelengths (so-called

‘‘blue shift’’).
* Corresponding author. Tel.: +66 2218 6869; fax: +66 2218 6877.

E-mail address: joongjai.p@eng.chula.ac.th (J. Panpranot).
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Surface defects in titania crystal are the results of surface

oxygen vacancies, which leave Ti3+ sites exposed [8,9]. The

surface Ti3+ sites play an essential role in photocatalytic

process over titania photocatalyst [10–12]. Yamazaki et al. [13]

reported that the competitive adsorption of water and ethylene

molecules occurred on the same Ti4+ sites while the oxygen

molecules adsorbed separately on the Ti3+ sites. Thus, an

increase of Ti3+ sites substantially increased oxygen adsorption

and photocatalytic oxidation efficiency. In addition, Park et al.

[14] showed that the photoelectrons were trapped by the

surface defects (Ti3+) leading to the inhibition of the e�–h+

recombination. Relationship between the amount of Ti3+

defects on TiO2 surface and their photocatalytic activities have

been reported by many authors [15–18].

Many methods have been proposed to synthesize nanocrys-

talline TiO2 in anatase phase such as sol–gel [19,20],

solvothermal [21] and hydrothermal methods [22]. Solvother-

mal synthesis, in which chemical reactions occur in aqueous or

organic media under the self-produced pressure at low

temperature (usually lower than 250 8C), is an advantageous
d.

mailto:joongjai.p@eng.chula.ac.th
http://dx.doi.org/10.1016/j.ceramint.2010.02.001
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method because it does not require high temperature treatment

step that usually causes grain growth, reduction in specific

surface area, and phase transformation of the TiO2 particles as

occurred in the sol–gel process [23]. The solvothermal method

has been used to successfully synthesize various types of

nanosized metal oxides with large surface area, high crystal-

linity, and high thermal stability [24,25].

Incorporation of metals into anatase phase TiO2 has been

frequently studied as a way to improve the photocatalytic activity

of TiO2 nanoparticles. Addition of a second metal such as silicon

[26,27], zirconium [28], tungsten [29], cerium [30] and

aluminium [31] has shown to enhance the thermal stability for

phase transformation of titania particles from anatase to rutile

and increase the surface area of titania. For example [32],

anatase-type TiO2 doped with 4.7 and 12.4 mol% ZrO2 that were

directly precipitated as nanometer-sized particles from acidic

precursor solutions of TiOSO4 and Zr(SO4)2 by simultaneous

hydrolysis under hydrothermal conditions at 200 8C, showed

higher photocatalytic activity than pure anatase-type TiO2 for the

decomposition of methylene blue. The thermal stability for phase

transition from anatase to rutile of TiO2 doped with ZrO2 was

greatly improved. Cheng et al. [33] reported that silica-doped

TiO2 showed high photocatalytic activity due to the suppression

of phase transformation of titania from anatase to rutile and

formation of oxygen vacancies.

However, in most of the aforementioned studies, the effect of

second metal addition on the photocatalytic activity of TiO2

was studied at relatively high metal contents (10–50 wt.%).

Thus, it is of interest for this study to investigate the effect of

second metal addition (Si and Zr) at relatively low metal

content (Si/Ti and Zr/Ti molar ratio between 0.002 and 0.1) on

both surface defect and photocatalytic activity of the TiO2-

based catalysts. The properties of TiO2 samples were

characterized using various analytical methods such as X-ray

diffraction (XRD), N2 physisorption, electron spin resonance

spectroscopy (ESR), and X-ray photoelectron spectroscopy

(XPS). Photocatalytic activity of the TiO2 was tested in a gas-

phase decomposition of ethylene under UV irradiation.

2. Experimental

2.1. Preparation of nanocrystalline TiO2

The TiO2 catalyst was prepared with a procedure reported by

Payakgul et al. [34] using titanium (IV) n-butoxide (TNB,

Aldrich) as a titanium source. The Si- and Zr-doped TiO2 were

prepared by adding a small amount of TEOS (tetraethylortho-

silicate, Aldrich) and zirconium (IV) n-butoxide (Aldrich) into

the solution of 25 g TNB (Aldrich) in 100 ml toluene,

respectively. The molar ratios of Si/Ti and Zr/Ti calculated

were in the range 0.002–0.1. Then, set up the test tube in a

300 cm3 autoclave. The gap between the test tube and the

autoclave wall was filled with 30 cm3 of the same solvent used

in the test tube. The autoclave was purged completely by

nitrogen before heating up to the desired temperature, in the

range of 573 K at a rate of 2.5 K/min. Autogenously pressure

during the reaction gradually increased as the temperature was
raised. Once the prescribed temperature was reached, the

temperature was held constant for 2 h. After the system was

cooled down, the resulting powders were repeatedly washed

with methanol and dried in air.

2.2. Quenching treatment

The detailed experiment has already been reported in our

earlier works [35,36]. Prior to quenching, the synthesized

catalysts were calcined in air atmosphere at 573 K with a

heating rate of 10 K/min for 1 h, and then it was taken out and

immediately quenched in air at room temperature and 77 K.

After the samples were quenched, all the catalyst samples were

dried in air at room temperature and stored in a desiccator.

2.3. Sample nomenclature

The base samples were TiO2-RT and TiO2-77 K which

referred to the TiO2 catalysts without a second metal addition

that were cooled down in air at room temperature (RT) and 77 K

after calcination, respectively. The nomenclature used for the

metal-doped TiO2, for example ‘‘0.002-(Si)-TiO2-RT’’ was

referred to the Si-doped TiO2 with Si/Ti molar ratio 0.002 that

was cooled down in air at room temperature.

2.4. Characterization

Phase identification and crystallite size of pure and modified

nanocrystalline titania were investigated by X-ray diffraction

(SIEMENS D5000) using Ni filter Cu Ka radiation from 208 to

808 2u. The crystallite size of TiO2 was determined from half-

height width of the 1 0 1 diffraction peak of anatase using the

Scherrer equation. The BET surface area was obtained from the

N2 adsorption isotherms measured at 77 K in a Micromeritics

ASAP 2000. Electron spin resonance spectroscopy (ESR) was

conducted in vacuum at room temperature and without

illumination using a JEOL, JES-RE2X electron spin resonance

spectrometer. To obtain the ‘‘g’’ value, MnSO4 was used as

reference standard material. The intensity of ESR was calculated

using a computer software program ES-PRIT ESR DATA

SYSTEM (version 1.6). The XPS measurement was carried out

using an AMICUS photoelectron spectrometer equipped with an

Mg Ka X-ray as a primary excitation and KRATOS VISION2

software. XPS elemental spectra were acquired with 0.1 eV

energy step at a pass energy of 75 kV. The background pressure

during the spectra accumulation was typically 10�6 Pa. Detailed

spectral scans were taken over Ti 2p, O 1s, Zr 3d, Si 2p and C 1s

regions. All the binding energies were referenced to the C 1s peak

at 285.0 eV of the surface adventitious carbon.

2.5. Photocatalytic activity measurement

In photocatalytic experiments, the catalysts were packed into

a 60 cm long 9 mm diameter horizontal quartz fixed bed reactor.

The weights of the catalysts were kept constant at 0.40 g, and in

all cases the illuminated length of catalyst was identical. High

purity grade air containing 0.1 vol.% ethylene was continuously
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fed at a constant flow rate with a gas hourly space velocity

(GHSV) of 120 h�1. An air stream with 0.1 vol.% ethylene was

first passed through the reactor without irradiation until reaching

gas–solid adsorption equilibrium. Then, UV light (l = 365 nm)

was irradiated on the surface of the catalyst using 125 W mercury

lamp (Philips, HPLN). The distance between the lamp and the

reactor was 20 cm. The light irradiance at surface of the reactor

was 0.65 mW/cm2. The irradiated sample area was approxi-

mately 4 cm2. Analysis of the ethylene feed and other

hydrocarbon products were conducted with an on-line SHI-

MADZU GC-14B gas chromatograph equipped with a flame

ionization detector (FID) and VZ-10 column. The retention time

of ethylene was approximately around 30 s. Other degradation

products such as CO and CO2 were detected using SHIMADZU

GC-8A gas chromatograph equipped with a thermal conductivity

detector (TCD) equipped with Molecular sieve 5A and Poropak-

Q columns, respectively. Steady state was achieved within ca. 3 h

after illumination.

3. Results and discussion

3.1. Textural properties of the TiO2 photocatalysts

X-ray diffraction patterns of the base TiO2 and the metal-

doped TiO2 samples with metal/titanium molar ratio 0.1 are

shown in Fig. 1. All the samples exhibited the XRD patterns of

only pure anatase phase TiO2 without any contamination of

other phases. However, the peak intensities of anatase TiO2

decreased with the insertion of second metal due probably to

the formation of amorphous phases [37]. No diffraction lines of

zirconia or silica were observed due to the very small amount

and/or the small crystallite sizes of the dopant phase lower than

XRD detection limit. Incorporation of Zr and Si into anatase

TiO2 structure has been reported by others [38,39]. The average

crystallite sizes of TiO2 samples were determined from the full
Table 1

Physical properties and activities of Si- and Zr-doped TiO2 samples synthesized b

Sample nomenclature BET surface

areaa (m2/g)

dXRD
b

(nm)

d

(

TiO2-RT 93 10.6 1

TiO2-77 K 97 10.6 1

(Si)-TiO2-RT (0.002) 159 9.0

(Si)-TiO2-77 K (0.002) 156 9.0 1

(Si)-TiO2-RT (0.005) 133 8.9 1

(Si)-TiO2-77 K (0.005) 136 8.6 1

(Si)-TiO2-RT (0.1) 133 9.0 1

(Si)-TiO2-77 K (0.1) 136 8.4 1

(Zr)-TiO2-RT (0.002) 95 9.5 1

(Zr)-TiO2-77 K (0.002) 99 9.7 1

(Zr)-TiO2-RT (0.005) 101 7.7 1

(Zr)-TiO2-77 K (0.005) 106 7.8 1

(Zr)-TiO2-RT (0.1) 104 8.2 1

(Zr)-TiO2-77 K (0.1) 105 8.4 1

a Determined using BET method.
b Determined using Scherrer’s equation.
c Calculated from dBET = 6/(SSA � rp), where rp is the weighted density of TiO
d Photocatalytic reaction was carried out at 313–328 K, 1 bar, and 0.1% ethylen
e Turnover number.
width at half maximum of the XRD peak at 2u = 258 using

Scherrer’s equation. As shown in Table 1, addition of a small

amount of Si or Zr to TiO2 powder, the average crystallite size

of TiO2 decreased slightly from 11.0 to 9.0 nm. It is likely that

second metal doping suppressed crystal growth of TiO2 thus

smaller crystallite sizes were obtained. According to the BET

analysis, it can be observed that the Si- and Zr-doped TiO2

samples have larger BET surface area than pure TiO2. The

effect was more pronounced for the Si-doped than the Zr-doped

ones. The increase in BET surface area can be related with the

lower degree of crystallisation of the mixed oxides with respect

to the pure TiO2. According to Daturi et al. [40], a maximum

increase of BET surface area for Zr-modified TiO2 was

observed at the 0.5:0.5 atomic ratio. Thus, we can probably say

that addition of relatively small amount of dopant (atomic ratio

�0.1) in this study did not have much impact on the BET

surface area of TiO2 powders. The BET equivalent particle

diameters were also calculated and summarized in Table 1. The

BET equivalent particle diameters were found to be larger than
y solvothermal method.

BET
c

nm)

Intensity of

ESR/BET

Ethylene

conversiond (%)

TONe

6.8 47 21.5 3.6

6.1 257 34.6 5.6

9.8 77 23.5 2.3

0.0 199 31.5 3.2

1.7 144 27.9 3.3

1.5 213 32.4 3.7

1.7 56 22.1 2.6

1.5 62 22.5 2.6

6.4 111 25.7 4.2

5.8 225 33.2 5.2

5.5 245 34.5 5.3

4.7 322 39.5 5.8

5.0 57 22.2 3.3

4.9 79 23.5 3.5

2 (3840 kg/m3).

e in air.



Fig. 2. ESR spectra of (a) 0.002 Si-doped TiO2, (b) 0.005 Si-doped TiO2, (c) 0.1 Si-doped TiO2, (d) 0.002 Zr-doped TiO2, (e) 0.005 Zr-doped TiO2, and (f) 0.1 Zr-

doped TiO2.
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the ones calculated from XRD results. This can be explained by

the agglomeration of TiO2 particles, which could inhibit the

adsorption of N2 molecules.

It is believed that the process of annealing or calcination has

shown to result in a variety of surface defects, strains, and

reconstructions of materials [41]. So, the variation of cooling

temperature was applied as a post-synthesis treatment with the

aim to create more defects on the TiO2 surface and as a

consequence, improve their photocatalytic activities. More-

over, the post-synthesis treatment in cooling temperature did

not significantly alter the specific surface area and the average

crystallite size of the TiO2 (see Table 1).

3.2. Electron spin resonance spectroscopy (ESR) study

The number of defective sites of TiO2 or Ti3+ was

determined using electron spin resonance spectroscopy
technique and the results are shown in Fig. 2. Nakamura

et al. [42] and Serwicka [43] reported two signals occurring

on the surface of TiO2 during ESR analysis without

illumination indicating: (i) the surface Ti3+ and (ii) the bulk

defect. Nakaoka and Nosaka [44] reported six signals in ESR

measurement on the surface of titania namely (i) Ti4+OH�,

(ii) surface Ti3+, (iii) adsorbed oxygen (O2�), (iv) Ti4+O2�,

(v) inner Ti3+, and (vi) adsorbed water. In the present study,

all the TiO2 samples exhibited similar ESR spectra, in which

mainly one signal at the g value of 1.996 was observed.

According to Nakaoka et al. [42], this peak was attributed to

the Ti3+ sites on surface TiO2. It is clearly seen that the Zr-

doped TiO2 exhibited higher intensity of the ESR signals

than the Si-doped ones. The intensity of ESR spectra per

surface area of the TiO2 is given in Table 1. The results

indicate that Zr-doped TiO2 possessed higher concentration

of Ti3+ defective sites than Si-doped TiO2.



Table 2

XPS binding energies (eV) and FWHM (eV) values of Si- and Zr-doped TiO2 catalysts.

Sample nomenclature Ti 2p O 1s Zr 3d Si 2p

BE FWHM BE FWHM BE FWHM BE FWHM

TiO2-RT 459.3 1.7 530.8 1.5 – – – –

TiO2-77 K 459.2 1.7 530.6 1.4 – – – –

(Si)-TiO2-RT (0.002) 458.8 1.4 530.1 1.5 – – 102.1 2

(Si)-TiO2-77 K (0.002) 458.9 1.4 530.2 1.5 – – 102 1.9

(Si)-TiO2-RT (0.005) 458.3 1.4 530.1 1.5 – – 102.1 2.1

(Si)-TiO2-77 K (0.005) 458.4 1.4 530.2 1.5 – – 102.1 2.3

(Si)-TiO2-RT (0.1) 458.5 1.5 530.2 1.6 – – 102.3 2.2

(Si)-TiO2-77 K (0.1) 458.6 1.5 530.3 1.6 – – 102.4 2.1

(Zr)-TiO2-RT (0.002) 458.5 1.4 530.2 1.5 182.1 1.8 – –

(Zr)-TiO2-77 K (0.002) 458.3 1.4 530.1 1.6 182 2 – –

(Zr)-TiO2-RT (0.005) 458.3 1.5 530.3 1.4 182.1 1.9 – –

(Zr)-TiO2-77 K (0.005) 458.6 1.4 530.3 1.6 182.4 1.8 – –

(Zr)-TiO2-RT (0.1) 458.2 1.4 530.1 1.5 182.3 2.2 – –

(Zr)-TiO2-77 K (0.1) 458.4 1.4 530.3 1.5 182.1 2.1 – –
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3.3. X-ray photoelectron spectroscopy (XPS) study

It is well known that XPS is a surface probe detecting

electrons that are generated from a depth of a few nanometers

on the surface of the sample. To make the XPS results

comparable to those of ESR measurement, elemental composi-

tion and chemical states on the surface of metal-doped TiO2

samples that were subjected to two different cooling

temperatures were studied. The binding energy values and

the full width at half maximum (FWHM) values of Zr 3d, O 1s,

Si 2p and Ti 2p photoelectron peaks as determined by XPS of

the various TiO2 samples are summarized in Table 2. The

binding energies for Si 2p and Zr 3d levels are in agreement

with those reported for pure SiO2 [45] and ZrO2 [46] at 103.0

and 183.5 eV, respectively. No significant variation has been

observed for these elements over the metal-doped TiO2

samples. However, the binding energy of the Ti 2p band for

the metal-doped samples was found to be lower than that of the

pure TiO2. For better comparison, the XPS bands of Ti 2p for

Si- and Zr-doped TiO2 are shown in Fig. 3. Normally, the Ti 2p

XPS spectra of TiO2 sample show two shoulder peaks at lower

binding energy (Ti 2p3/2) and higher binding energy (Ti 2p1/2),

respectively, in line with the earlier reports by Mukhopadhyay
Fig. 3. Ti 2p XPS spectra of various TiO2 samples: (a) TiO2-RT, (b) 0.1-(Zr)-

TiO2-RT, and (c) 0.1-(Si)-TiO2-RT.
and Garofalini [47]. The presence of defect is visible as a

shoulder in the XPS spectra which was assigned to Ti3+

oxidation state. From Fig. 3, the binding energy of Ti 2p

electrons was found to be lower than the value normally

published for Ti4+ ions in TiO2 (459.2 eV) [48,49]. However,

the Ti 2p spectrum was slightly broadened and a shoulder band

appeared at 1.6 eV lower than the Ti4+ binding energy, this

could be associated with the Ti3+ defect state [50].

3.4. Photocatalytic activity test

The photocatalytic activity of the TiO2 and metal-doped

TiO2 samples was tested for the photocatalytic decomposition

of ethylene in gas-phase under UV illumination. Under these

conditions, the only products detected by gas chromatography

were CO2 and H2O. The mechanism of photocatalytic

decomposition of ethylene has been reported by many

researchers [13,51]. The mechanism is believed to involve

absorption of an UV photo by TiO2 to produce an electron–hole

pair. Both hole and electron play an important role on creating

the reaction intermediate, which react further and form CO2 as

the final product.

Photocatalytic activities of the TiO2 samples with different

proportions of Si/Ti and Zr/Ti were evaluated in the

decomposition of ethylene in gas-phase and the results are

shown in Table 1. In our previous studies [35,36], the effects of

cooling media and temperature on the photocatalytic activities

of solvothermal-derived TiO2 have been reported. It was found

in this study that the photocatalytic activity of the metal-doped

TiO2 cooled down in different cooling temperatures is also

evidently different. The ethylene conversion results show that

the metal-doped TiO2 at lower amounts of metal exhibited

higher photocatalytic activity than the pure titania. Ethylene

conversions at steady state for the metal-doped TiO2 samples

after cooling at room temperature were ranging from ca. 22% to

39% while pure TiO2 sample under similar reaction conditions

gave ca. 21% ethylene conversion. The turnover number (TON)

was calculated from the ratio of the number of photoinduced

transformation for a given period of time and the number of



Fig. 4. Plot between ethylene conversion at steady state (ca. 3 h) and dopant

content.

Fig. 5. Photocatalytic activity at steady state (ca. 3 h) of metal-doped TiO2 for

ethylene decomposition as a function of the intensity of ESR/BET.
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photocatalytic sites (surface area). From Table 1, TONs for all

the catalysts were greater than unity, the (photo) catalytic

character of the reaction or process was confirmed.

The photocatalytic activity of metal-doped TiO2 depended

on the cooling temperature applied after calcination. It was

found that metal-doped TiO2 samples cooled at lower

temperature exhibited higher photocatalytic activity than those

cooled in high temperature ones. For example, the ethylene

conversion of 0.005 Zr-doped TiO2 was 34.5% and 39.5% for

the sample cooled down at room temperature and at 77 K,

respectively. Additionally, the metal content has an obvious

effect on the activity of the metal-modified TiO2 catalysts. The

plots of ethylene conversion versus metal content (Fig. 4) show

that there existed an optimal metal content (atomic ratio) to

achieve the highest photocatalytic activity. If the concentration

of metal is too low, the promotional effect is not significant

while for high metal content, the active sites of TiO2 may be

blocked and lower catalytic activity would be obtained. An

optimum metal content on photocatalytic activity of the Zr- and

Si-doped TiO2 has also been suggested by Fu et al. [28] for

much higher metal loading range. The specific activity of TiO2

synthesized by sol–gel method was enhanced by the addition of

SiO2 (optimum at 16 wt.%) or ZrO2 (optimum at 12 wt.%). The

increase in activity of the modified catalysts was attributed to

both an increase in surface area (ranging between 250 and

400 m2/g) and chemical change on the catalyst surface.

The results in this study show that for a similar metal

content, the Zr-doped TiO2 exhibited higher photocatalytic

activity than the Si-doped ones. However, one may notice that

the Si-doped TiO2 had larger BET surface areas than the Zr-

doped ones and in general, anatase TiO2 nanoparticles with

higher specific surface area typically exhibit higher photo-

catalytic activity. The increase of surface area means the

increase of the number of active sites on which the electron

acceptor and donor are adsorbed and participate in the

photocatalytic reaction. In our present study, the presence of
very small amount of metal dopants caused only a slight change

in the TiO2 crystallite and BET surface area (ranging from 7.8

to 10.6 nm and corresponding surface area 95 to 159 m2/g). The

photocatalytic activity of TiO2 did not depend solely on the

surface area but were found to be correlated well with the

concentration of Ti3+ on the catalyst surface as illustrated by a

linear ascending trend of the ethylene conversion and the

amount of Ti3+/surface area of the catalysts in Fig. 5. It should

also be noted that the effect of post-treatment on enhancing the

concentration of Ti3+ on the TiO2 was more pronounced than

the addition of metal dopants.

4. Conclusions

The Si- and Zr-doped TiO2 with Si/Ti and Zr/Ti molar ratios

ranging from 0.002% to 0.1% were prepared via the

solvothermal method using titanium n-butoxide as the titanium

precursor and toluene as the solvent. It was found that selection

of a suitable second metal doping can enhance photocatalytic

activity of the TiO2. Based on ESR and XPS analyses, the

improved photocatalytic activity of the TiO2 is suggested to be

due to the presence of Ti3+ defect sites on the surface of TiO2.

Moreover, a post-synthesis treatment by cooling in air at 77 K

effectively enhanced the amount of Ti3+ and photocatalytic

activity of the TiO2 and the metal-doped TiO2.
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Gibbsite (FG) with mean particle diameter (d505 13 lm) was
milled in an attrition mill for 12 and 24 h using alumina balls as
grinding media and calcined at different temperatures in the
range of 3501–6001C. The properties of the alumina obtained
were determined by X-ray diffraction, N2 physisorption, the-
rmogravimetric/differential thermal analyses, and transmission
electron microscopy. Without milling, the alumina obtained nor-
mally contained the mixed phases between c- and v-phase
alumina. On the other hand, high purity of nanocrystalline v-
phase alumina (100 wt%) can be produced by calcination of the
24-h milled FG at 6001C. The isothermal kinetics measurements
revealed that the rate constant (k) for phase transformation in-
creased as the particle size of gibbsite decreased and the calcu-
lated activation energy for transformation from FG to alumina
decreased from 20.6 to 14.7 and 6.8 kJ/mol after milling for 12
and 24 h, respectively. The physical properties of nanocrystalline
v-alumina obtained by the calcination of milled FG were com-
parable to those produced by the solvothermal method. The
present results offer a simple way to prepare a large amount of
pure v-phase alumina for particular industrial applications.

I. Introduction

ALUMINA (Al2O3) is one of the most common crystalline ma-
terials used as catalysts, catalyst supports, sorbent, coating,

and ceramics.1–4 Compared with the other oxides, alumina has
high surface area, good catalytic activity, high mechanical resis-
tance, good thermal stability, high strength, and toughness.5–7

There are many methods to synthesize alumina such as solvo-
thermal,5–7 molten salt synthesis,8 shock wave action,9 sol–gel,10

spray pyrolysis,11 and thermal decomposition of aluminum hy-
droxide (boehmite and gibbsite).12,13

w-alumina is a crystallographic form of series of alumina,
which is normally obtained by dehydration of gibbsite
(o200 nm).14 When it is fired, w-alumina will transform to k-
alumina at a temperature in the range of 6501–7501C and con-
sequently form a-alumina at a temperature around 10001C. The
w-phase alumina has been used as catalysts and catalyst supports
and interesting results were obtained.15–17 For examples, CO hy-
drogenation activities of Co/Al2O3 catalysts increased when the
catalysts were prepared on the mixed g- and w-phase Al2O3.

15

Khom-in et al.16 studied the solvothermal-derived nanocrystal-

line pure g-Al2O3, w-Al2O3, and mixed-phase g- and w-Al2O3 in
the dehydration reaction of methanol to dimethyl ether. Me-
ephoka et al.17 used both g- and w-Al2O3 as supports for the
preparation of Pt/Al2O3 for CO oxidation reaction. Most of the
recent studies show that highly stable nanocrystalline w-Al2O3

can be prepared by the solvothermal method using aluminum
iso-propoxide as the precursor. Such a technique, however, is
quite tedious and costly because it requires a high-pressure
reactor, high temperature, and long reaction time.

Gibbsite (a-Al(OH)3) is a cheap starting material widely used
in the transformation of alumina because it can be dehydrated
to various phases (w,g,y,k,a).18,19 Figure 1 shows the diagram of
phase transformation of alumina from gibbsite. The transfor-
mation route depended on temperature, heating environment,
particle size of staring gibbsite, and heating rate.20 Typically, for
small particles (o1 mm), the phase transformation process
occurs by route 1 and produces w-alumina.14 In addition, the
transformation of bayerite21 and diaspore22 to a-Al2O3 has been
studied. It was indicated that w-alumina was not formed from
these starting materials.

The formation of w-alumina from gibbsite has been observed
in previous works. Jang et al.12 studied the effect of grinding on
the phase transformation of gibbsite (starting particle size
64.2 mm). The w-phase alumina was observed at 4501C for the
sample grind for 5 h (particle size 9.7 mm) and completed at
around 9101C. Bhattacharya et al.20 investigated the thermal
decomposition of fine gibbsite (1.5 mm) and the formation of w-
alumina appeared at 5001C and its crystal remained until
around 8001C. Mercury et al.23 studied the decomposition of
synthetic gibbsite by neutron thermodiffractometry and found
that w-alumina was formed at the temperature above 5001C. The
grinding method is an effective method for the reduction of
particle size due to its simplicity, minimal environmental prob-
lems, convenient operation, and absence of wastes. Attrition
mills are widely used in order to reduce particle size; moreover,
they are ideally appropriate for the industrial process due to
their high efficiency and availability in large scale.24

In the present study, the effect of milling on the phase trans-
formation behavior of gibbsite was extensively investigated. The
properties of the alumina obtained were investigated using
a laser diffraction-based size analyzer, X-ray diffraction
(XRD), thermogravimetric/differential thermal analyses
(TGA/DTA), N2 physisorption, transmission electron micros-
copy (TEM), and isothermal kinetics measurement.

II. Experimental Procedure

(1) Sample Preparation

Gibbsite with d505 13.0 m (Merck, Darmstadt, Germany) was
used as a starting material. In order to reduce its particle size,
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the starting material was milled in an attrition mill for 12 and 24
h using alumina balls as grinding media and water as milling
fluid. Approximately 100 g of gibbsite and water 300 mL were
first mixed in a plastic pot. Alumina balls were weighed before
and after milling as well as filled to a half volume of the milling
pot. Cooling water was fed continuously in the attrition mill in
order to remove heat. Rotational speed of the mill was fixed at
500 rpm. The sample was collected every 2 h and dried at 1051C
overnight in an oven to remove water. The dried sample was
subsequently milled using a mortar to deagglomerate. The sam-
ples were calcined in a tube furnace in air (95 mL/min) by heat-
ing to a desired temperature at a rate of 101C/min and was held
at this temperature for 4 h. Then, the samples were cooled down
to room temperature in N2 flow (75 mL/min).

The products are designed as FG��h���C where the first two
asterisks represent the milling time and the latter three asterisks
represent the temperature of calcination. The abbreviation of
FG is gibbsite (starting material).

(2) Characterization

Particle size distribution was measured using a laser diffraction-
based size analyzer (reflective index 1.57; Malvern Mastersizer,
Worcester Shire, England). All the samples were measured on
DI water as dispersant. Dispersion and deagglomeration of par-
ticles were ensured by ultrasonic treatment before measurement.
XRD analysis was carried out using a Siemens D5000 diffracto-
meter (Karlsruhe, Germany) with CuKa radiation with Ni filter.
The scans were recorded in the 2y range of 101–801 using a step
size of 0.041. The average crystallite size was estimated using the
Scherrer equation. The surface areas of samples were measured
by N2 physisorption using a micromeritics chemisorb 2750
(Norcross, GA). TGA/DTA of the ground and unground sam-
ples were performed (SDT Analyzer Model Q600 from TA In-
struments, New Castle, DE) at a heating rate of 101C/min in
flowing air (100 mL/min). The morphology of samples was in-
vestigated by TEM (JEOL JEM 2010, Tokyo, Japan), operating
at 200 kV.

The fraction of w-Al2O3 was determined by quantitative
XRD analysis, using CaF2 (Merck, Germany) as an internal
standard. A 0.200070.0001 g of sample was placed in a porce-
lain dish. One tenth of the sample weight of CaF2 was weighed
and mixed with the sample for 5 min. The analysis was calcu-
lated by the ratio of the integrated intensities of the 431 (CuKa
2y) of w-Al2O3 and integrated intensities of the 28.11 (CuKa 2y)
of CaF2. Their ratios were compared against a standard cali-
bration curve of w-Al2O3/CaF2. The calibration curve was
determined using a mixture of w-alumina and the same amount
of CaF2, spanning the range of 20–90 wt% w-alumina.

(3) Isothermal Kinetic Measurements

The samples were heated at three different temperatures in the
range of 4501–6001C with different holding times. The activation
energy for the transformation of gibbsite to w-Al2O3 was esti-
mated by isothermal experiments according to the Arrhenius
method.25 First of all, the value of the rate constant (k) was
calculated by the Johnsom–Mehl–Avrami equation (Eq. (1)).25

xðtÞ ¼ 1� exp �ðktÞn½ � (1)

where x is the phase fraction of w-Al2O3 at time (t) and n is the
reaction exponent. For analyzing Eq. (1), it can be rewritten in
the form of the following Eq. (2).

lnð� lnð1� xÞÞ ¼ n lnkþ n ln t (2)

The value of k and n can be calculated from the slope and
interception of a linear plot of ln t and ln(-ln(1-x)). After the
value of k is obtained, the activation energy (Ea) can be esti-
mated by the Arrhenius equation (Eq. (3)).

lnk ¼ lnA� Ea

RT
(3)

where A is a constant, R is the gas constant (8.314
J � (K �mol)�1), and T is the working temperature. The value
of Ea can be calculated from the slope of a linear plot of ln k and
l/T.

III. Results and Discussion

(1) Particle Size Distribution

The size distributions of gibbsite agglomerates and particles
before and after milling are shown in Fig. 2. The median particle
size (d50) decreased from 13 to 3 mm and 0.6 mm after milling
for 12 and 24 h, respectively. Moreover, the unimodal pore
size distribution in the starting gibbsite changed to bimodal
distribution after milling for 24 h. During milling, the evolution
of the distribution of gibbsite is lower, and the mean size
decreased.24 Regarding the starting specific surface area of
25 m2/g and microscopic evidence (shown in Fig. 9), the 13
mm is referred to the agglomerate size of the raw powder,
whereas the particle size in the as-delivered state was ca. 2–3
mm. It is noted that particle size distribution of the samples did
not come from alumina balls because the weight loss of balls was
determined to be o1% (initial weight 761.9 g and after milling
759.9 g). Milling run of the alumina balls for 24 h in pure water
without gibbsite was carried out in order to determine the typ-
ical mean particle size of the wear debris (possible a seeds and
abrasives coming from the grinding media). The result is also
shown in Fig. 2 and the typical mean particle size was deter-
mined to be 24 m.

(2) XRD and TGA/DTA Results

Figures 3 and 4 show the results from the TGA and DTA plots,
of the gibbsite powder after milling for various times. Two
weight processes were detected corresponding to two endother-
mic and one exothermic process. The decrease in mass at around
1501–6001C, accompanied by the endothermic peaks in DTA

Fig. 2. The particle size distribution of unmilled and milled gibbsite at
various milling times.

Fig. 1. Phase transformation of alumina from gibbsite to a-alumina.
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signal, is attributed to the dehydration of gibbsite to form al-
umina. The endothermic peak was shifted toward the lower
temperature with an increasing milling time, indicating an ac-
celeration of the dehydration of gibbsite by the milling process.21

The overall weight losses of all the samples were approximately
around 35%, which were in good agreement with the calculated
value of 34.6% for the dehydration reaction

2AlðOHÞ3 ! Al2O3 þ 3H2O (4)

The dehydration of FG0h (Fig. 4(a)) in first endothermic step
(2361C) was due to loss of water in the sample. The second en-
dothermic peak (3061C) is corresponding to a weight loss of
22.5%, XRD measurements of FG0h treated at 4001C also
show a peak at 2y5 14.41 (Fig. 6(d)). It points out that boehmite
formed at this range of temperature. In addition, the endother-
mic peak at around 5261C indicated that boehmite transforms to
alumina. Figure 6(b) shows that diffraction peaks of mixed
phases of alumina were observed at 5001C. However, this en-
dothermic peak disappeared when milling time increased, indi-
cating that the milling conditions affected the transformation
sequence of gibbsite.12

XRD data were undertaken to study the transformation
phases from gibbsite at various temperatures. The XRD pat-
terns of FG0h, FG12h, and FG24h are shown in Fig. 5. The
intensities of XRD peaks decreased and became wider as the
milling time increased. It is due to decreasing of the crystallinity
and particle size of gibbsite. Figures 6–8 shows the XRD pat-

terns of calcined FG0h, FG12h, and FG24h at various temper-
atures. For the calcined FG12h, the mixture between boehmite
and w-phases was found at 4001C and the w-phase was observed
at a higher calcination temperature. In the case of prolonged
milling (FG24h), the transformation of gibbsite to w-alumina
was completed at 3501C. This implies that the small particle sizes
are effective for reduction in the transformation temperature of
gibbsite to w-alumina.26

When particle size of gibbsite is small, the dominant peak
(2y5 14.41) of boehmite would be reduced (Figs. 6(d) and 7(d)).
As a result, w-alumina occurred from the small particle size of
gibbsite. It has been known that the dehydration sequence of
gibbsite in air is affected by its particle size. In small gibbsite
particles (o10 mm), boehmite is rarely formed, but in the case of
larger particles (4100 mm), boehmite is formed because the wa-
ter formed by the decomposition of the gibbsite cannot rapidly
escape from the larger particles.2,12,20,27 Consequently, transfor-
mation of gibbsite occurred through route 1 (Fig. 1). However,
the boehmite phase may be observed from the small particle size
of gibbsite, if the gibbsite particle is a crystal.20 Bhattacharya
et al.20 found that crystal gibbsite (0.25 mm) can produce boeh-
mite at 4001C. Nevertheless, Jang et al.12 used ground gibbsite
losing the crystalline structure, and boehmite was not observed
at low temperature. When FG0h was heated, boehmite was
observed at 4001C and w-alumina was formed at 4501C. How-
ever, w-alumina was not the only phase of alumina that occurred

Fig. 3. The thermogravimetric curves of unmilled and milled gibbsite at
various milling times.

Fig. 4. The differential thermal analyses curves of unmilled and milled
gibbsite at various milling times.

Fig. 5. The X-ray diffraction patterns of unmilled and milled gibbsite at
various milling times; (a) FG0h, (b) FG12h, and (c) FG24h.

Fig. 6. The X-ray diffraction patterns of FG0h calcined at various
temperatures, b, boehmite; x, w-Al2O3; o, g-Al2O3 (a) 6001C, (b) 5001C,
(c) 4501C, and (d) 4001C.
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at this temperature; the peak of g-alumina was also observed.
For the micrometer sizes, both transition routes (Fig. 1) may
possibly occur, which depends on the heat treatment condi-
tions.28 The decomposition of boehmite would occur at 3001C at
atmospheric pressure. The typical temperature reported for the
decomposition of boehmite to g-Al2O3 is 4501C.

29

In the past, a-seeding has been shown to influence phase
development and transformation kinetics of alumina.26,30 It may
be possible that the g peaks in Figs. 6–8 could have been en-
hanced by such a seeding effect. However, in the present study,
the contamination from abrasives appeared to have very little
impact on the reduction of transformation temperature of gibbs-
ite to w-alumina due to the very small amount presented. The
amounts of wear debris obtained by milling the alumina balls in
water for 24 h with and without gibbsite were only 2 and 3 wt%
of the gibbsite weight, respectively. According to the literature,
the effect of a-seeding was dependent not only on the size of the
seeds but also on the amount of the seeds presented. For exam-
ples, Kano et al.26 showed that the presence of 50 wt% a-
alumina seeding reduced the transformation temperature of
gibbsite to a-alumina by 1201C (from 10301 to 9101C), while
for 5 wt% a-alumina seeding, the transformation temperature
decreased only about 301C. Similarly, Xie et al.30 reported that
Al(OH)3 can be transformed to a-Al2O3 at a relatively lower
temperature (1100oC) with the help of seeds by wet grinding of

high-purity Al2O3 balls when the seed concentration was in-
creased to 410 wt%. Moreover, the average particle size of the
abrasives in this study was much larger than those reported in
the literature for reduction in the transformation temperature
of gibbsite powder (i.e., 24 mm (this work) as compared with
0.6 mm in Xie et al.30).

(3) BET Surface Area

Based on BET surface analyses of calcined samples summarized
in Table I, the FG0h had significantly smaller surface area. After
calcinations, the structure of gibbsite was destroyed, resulting in
a drastic increase in surface area of the calcined samples. With
the same calcination temperature, FG24h600C had the highest
surface area of 122.6 m2/g. The increase in the surface area of
treated samples is due to the decrease in particle size. These
results are in good agreement with that of Ogata et al.,19 who used
gibbsite as the starting material and found that the specific surface
area increased when the calcination temperature increased.

Table II summarizes the crystallite size (dXRD) and the frac-
tion of w-phase of the calcined samples. It can be seen that the
increase in calcination temperature resulted in a larger crystallite
size. Meanwhile, the fraction of w-alumina increased with the
increasing calcination temperature. These results indicated that
high-purity w-alumina can form at the higher temperature. Du
et al.21 also reported that the fraction of a-phase in a-alumina
synthesized from bayerite would increase with increasing calci-
nation temperature. Macêdo et al.25 found that the high fraction
of a-alumina can be produced from g-alumina when the calci-
nation temperature increased from 7501 to 9001C. At low tem-
perature (4501C), the fraction of w-alumina rapidly increased
from 0.58 to 0.89. It is implied that mechanical activation
affected the formation of w-alumina. Under isothermal condi-
tion, the fraction of w-alumina increased when the particle size
decreased. It is confirmed that the small particle size of gibbsite
can produce high purity of w-alumina. In comparison with pure
w-alumina prepared by the solvothermal method as reported
previously by our group (crystallite size 6 nm and BET surface
area 168 m2/g),17 the physical properties of w-alumina obtained
by the calcination of FG24h were comparable to those of the
solvothermally derived ones.

(4) Kinetics Measurements

Table III summarizes the transformation rate constants (k) of
unmilled and milled gibbsite, which was calcined at different

Fig. 7. The X-ray diffraction patterns of FG12h calcined at various
temperatures, b, boehmite; x, w-Al2O3 (a) 6001C, (b) 5001C, (c) 4501C,
and (d) 4001C.

Fig. 8. The X-ray diffraction patterns of FG24h calcined at various
temperatures, b, boehmite; x, w-Al2O3 (a) 6001C, (b) 5001C, (c) 4001C,
(d) 3501C, and (e) 3001C.

Table I. The BET Surface Area and Alumina Phase of
Unmilled and Milled Samples after Calcination at 6001C

Samples Phase Surface area (m2/g)

FG0h — 25.1
FG0h600C g and w 101.8
FG12h600C w 110.5
FG24h600C w 122.6

Table II. The Particle Size (dXRD) of the Samples after
Calcination and the Fraction of w-Phase

Samples T (1C) dXRD (nm)w Fraction of w-phasez

FG0h 450 3.8 0.58
500 4.1 0.72
600 4.4 0.88

FG12h 450 3.7 0.68
500 3.8 0.94
600 4.2 0.95

FG24h 450 3.3 0.90
500 3.7 0.99
600 3.8 1

wCalculated by the Scherrer equation. zCalculated by quantitative XRD.
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temperatures. For any constant temperature, k increased with
the increasing milling time. At a low temperature, the milling
can increase k more significantly. For example, at 4501C acti-
vation of the sample, milling for 24 h increased the reaction rate
constant 5.7 times (compared with the sample for 0 h), but at
6001C it increased only 2.5 times. Panchula and Ying31 synthe-
sizing a-alumina from milled and unmilled g-alumina reported
that k increased with the increase in calcination temperature and
milling time from 30 to 120 min.

Table IV shows the activation energy for phase transforma-
tion of unmilled and milled gibbsite to w-alumina. The activa-
tion energy decreased from 20.6 to 14.7 and 6.8 kJ/mol after
milling for 12 and 24 h, respectively. This result indicated that
the activation energy decreased with the decreasing particle size
of the starting gibbsite. In general, reducing the particle size
would lead to an increasing surface energy of the particle,
thereby resulting in the decreasing of activation energy for phase
transformation and transformation temperature as shown in the
DTA profile.28 The XRD patterns also confirmed that the trans-
formation temperature of gibbsite to w-alumina reduced from
4501 to 3501C after milling for 24 h. It may be attributed to the
fact that gibbsite grows to the critical size of phase transforma-
tion and then transform to w-alumina at a lower tempera-
ture.28,31 Moreover, the milling of gibbsite for 12 and 24 h can
be up to 28% and 67% of the activation energy compared with
that of the unmilled gibbsite. Several researchers observed the
kinetics of transition alumina. Macêdo et al.25 studied the ki-

Table III. Rate Constant (k) for Milled and Unmilled Gibbsite
at Different Temperature

Milling time (h) k (min�1)

T5 6001C
0 0.0142
12 0.0178
24 0.0359

T5 5001C
0 0.0110
12 0.0153
24 0.0248

T5 4501C
0 0.0033
12 0.0054
24 0.0188

Table IV. Activation Energy of Milled and Unmilled Gibbsite

Sample Ea (kJ/mol)

FG0h 20.6
FG12h 14.7
FG24h 6.8

Fig. 9. The transmission electron micrographs of FG0h (a, b), FG12h (c), and FG24h (d).

2010 Formation of w-Al2O3 from Gibbsite 5



netics of g- to a-alumina. They found that the activation energy
of this phase transformation was 20174 kJ/mol. Chang et al.28

studied the size effect of w-alumina to a-alumina. The activation
energy reduced from 506 to 321 kJ/mol when d50 of w-alumina
decreased from 155 to 40, respectively. Yang et al.32 presented
the formation during y-Al2O3 to a-Al2O3 transformation. They

used three kinds of y-powder (as-received, homogenized,
homogenized, and additionally unaxial-pressed compact) as
the starting material. The activation energy was 299, 189, and
148 kJ/mol, respectively. Candela and Perlmutter33 studied the
kinetics of boehmite formation by the thermal decomposition
of gibbsite under water vapor pressure from 100 to 3200 Pa. The

Fig. 10. The transmission electron micrographs of FG0h400C (a), FG0h600C (b), FG12h400C (c), FG12h600C (d), and FG24h600C (e).
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activation energy was 142710 kJ/mol. In the present work,
the value of activation energy was lower than those reported in
the above-mentioned works due to the lower transformation
temperature.

(5) TEM Observation

The effect of grinding on the morphology of gibbsite and
w-Al2O3 were studied by TEM observation. Figure 9 shows
the TEMmicrographs of unmilled (a and b) and milled (c and d)
gibbsite powder. The unmilled fine gibbsite clearly consisted
of pseudohexagonal plates, while irregular and flaky particles
were observed for milled samples. It revealed that the milling
effectively changed the morphology of gibbsite and reduced
particle size. Figures 10(a) and (b) show the TEM micrographs
of FG0h400C and FG0h600C, respectively. Figure 10(a) shows
that the structure is a strip. It was due to the formation of
boehmite. However, this structure disappeared when gibbsite
was milled for 12 h and calcined at the same temperature
(Fig. 10(c)). It was probably due to the decreasing of boehmite
phase in calcined samples. Figures 10(b), (d), and (e) exhibited
the TEM micrographs of FG0h600C, FG12h600C, and
FG24h600C, respectively. Figures 10(d) and (e) indicated that
the dispersed w-alumina with narrow size distribution was ob-
tained from milled gibbsite, whereas the larger particle of mixed
phase (w, g) was obtained from unmilled one (Fig. 10(b)).
Besides, the morphology of samples is similar to that of gibbs-
ite treated by mechanical milling.

IV. Conclusions

High-purity nanocrystalline w-alumina can be produced from
milled gibbsite (FG12h and FG24h). The transformation tem-
perature of gibbsite to w-alumina decreased from 4501 to 3501C
when the milling time of gibbsite was increased from 12 to 24 h,
respectively. For the unmilled gibbsite (FG0h), the mixed w and
g-phase Al2O3 were formed at 4501C. The fraction of w-alumina
increased with the increase in the milling time and calcination
temperature. The activation energy for phase transformation of
gibbsite to w-Al2O3 also decreased with the reducing particle size
of the starting gibbsite.
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Abstract The use of mixed c- and v-phase Al2O3 as supports for preparation of

Pt/Al2O3 catalysts resulted in higher acidity of Al2O3 and higher Pt dispersion

compared to the pure phase supports. As a consequence, higher propane oxidation

activities were obtained.

Keywords Chi alumina � Phase composition � Pt/Al2O3 � Propane oxidation

Introduction

The catalytic combustion of hydrocarbons has widely been used for power

generation in gas turbine combustors and emission control of automotive exhausts.

Pt/Al2O3 is recognized as the most active catalyst for the catalytic combustion of

lower alkanes such as propane, while supported palladium catalysts are more active

for methane oxidation [1–5]. The reaction mechanism of alkane oxidation over

precious metal supported on alumina under oxygen rich conditions has been

reported [6–9]. It is suggested that oxygen adsorbs much more effectively than

alkanes resulting in high coverage of chemisorbed oxygen on the metal surface. The

slowest reaction step has been postulated to be the dissociative chemisorption of

alkane on the bare metal surface with breakage of the weakest C–H bond [10–13]

followed by its interaction with oxygen adsorbed on an adjacent site. Many

researchers reported ‘‘structure-sensitiveness’’ of the reaction in the case of methane
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combustion over supported metal catalysts [1, 2, 14, 15]. Yazawa et al. [16] reported

that propane combustion over Pt catalysts was structure-sensitive in which the

turnover frequency increased with an increase in acid strength of support materials

and a decrease in platinum dispersion.

v-Al2O3 is one of the metastable polymorphs of transition alumina with relatively

high thermal stability compared to c-Al2O3. Nanocrystalline transition alumina has

been synthesized by decomposition of aluminum isopropoxide under solvothermal

conditions [17–20]. Pansanga et al. [21] showed that high catalytic activities for CO

hydrogenation of Co/Al2O3 can be obtained over the ones supported on mixed c- and v-

Al2O3. Mephoka et al. [22] synthesized alumina supports with various v/c ratios by

solvothermal synthesis and found that the ones with 30–70% v-phase Al2O3 gave

higher Pt dispersion than pure c-phase and improved catalytic activity in CO

oxidation. In those studies, the effect of mixed c- and v-crystalline phase Al2O3 on the

catalytic activity of Al2O3 supported catalysts in structure-insensitive reactions such

as CO oxidation and CO hydrogenation has been clearly demonstrated.

Thus, it is the goal of this study to investigate the catalytic activity of the Pt

catalysts supported on mixed c- and v-Al2O3 with various v/c ratios in a structure-

sensitive reaction such as propane oxidation reaction. The catalyst activities were

evaluated in terms of propane conversion and light-off temperature. The catalysts

were also characterized by N2 physisorption, X-ray diffraction (XRD), transmission

electron microscopy (TEM), C3H8 temperature program desorption (C3H8-TPD),

and NH3 temperature program desorption (NH3-TPD).

Experimental

Preparation of Al2O3 and Pt/Al2O3

Nanocrystalline Al2O3 samples with various v/c compositions were prepared by the

solvothermal method using approximately 25 g of aluminum isopropoxide

dissolved in a mixed solution of toluene and 1-butanol as starting materials

according to the method described by Meephoka et al. [22]. The as-synthesized

powders were calcined in a flow of air at 600 �C for 6 h. The 0.3% Pt/Al2O3

catalysts were prepared by incipient wetness impregnation with a desired amount of

an aqueous solution of hexachloroplatinic acid hexahydrate and then calcined in air

at 380 �C for 2 h.

Catalyst characterization

XRD patterns of the samples were collected using a SIEMENS D-5000 X-ray

diffractometer with Cu Ka radiation and a Ni filter in the 2h range of 20�–80�. The

BET surface areas were measured by N2 adsorption–desorption isotherm at liquid

nitrogen temperature (-196 �C) using a Micromeritics ASAP 2020. The morphol-

ogies of catalyst samples were determined by TEM using a JEOL JEM-2010

transmission electron miscroscope. C3H8-TPD and NH3-TPD experiments were

carried out using a Micromeritics Chemisorp 2750 system. The dispersion of active
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Pt metals was measured using CO pulse-chemisorption technique in a flow of

helium in a Micromeritics ASAP 2750.

Reaction study

Propane oxidation over various Pt/Al2O3 catalysts was performed in a quartz tube

(i.d. 6 mm). Approximately 0.2 g of catalyst was loaded in the reactor. It was then

reduced by hydrogen for 1 h at a flow rate of 100 cm3/min at 500 �C and then

cooled to room temperature before the reaction. The composition of products was

analyzed on-line using a gas chromatograph with a TCD detector (SHIMADZU GC

8A) with a Porapak QS column. The reaction gas of 1% C3H8 and 7% O2 was fed to

the catalyst bed at a space velocity of 16,000 h-1. The reaction temperature was

raised by 50 �C steps from 100 to 450 �C. At each temperature, the reaction

products were analyzed 20 min after the bed temperature attained predetermined

value.

Result and discussion

The XRD patterns of Pt/Al2O3 catalysts with various v- and c-Al2O3 compositions

are shown in Fig. 1. All the catalyst samples exhibited the typical pattern for

transition alumina without any additional peaks for Pt phases due probably to the

very low amount of Pt present (0.3 wt%). Nanocrystalline Al2O3 supports with pure

v- and c-phase were obtained by the reaction of aluminum isopropoxide (AIP) in

toluene and 1-butanol, while the mixed-phase Al2O3 were obtained by the reaction

in the mixed solvents. In this paper, the Pt catalysts supported on Al2O3 support with

0, 30, 50, 70 and 100% v-Al2O3 are referred to as Pt/C0G100, Pt/C30G70, Pt/

C50G50, Pt/C70G30, and Pt/C100G0, in order. The XRD characteristic peak at

2h = 43� was used for the calculation of v-phase (%) according to those reported by

Meephoka et al. [22].

The TEM images of 0.3 wt% of Pt/Al2O3 containing different compositions of

c- and of v-phase Al2O3are shown in Fig. 2. The wrinkled sheet morphology was

attributed to the presence of c-Al2O3 while v-Al2O3 were shown as spherical

particles [17], [23], [24]. As the percent v-Al2O3 increased, the wrinkled sheets

morphology became less apparent and more spherical particles structure was seen.

However, Pt/PtO metal clusters/particles were not distinguishable in all the TEM

images.

The acidity of the Pt/Al2O3 catalysts was determined by NH3-TPD experiments

and the results are shown in Fig. 3. Two broad peaks with a maximum temperature

at 80–110 �C and 290–310 �C were observed in all cases. Compared to the pure

phase Al2O3, the mixed-phases showed a slight peak shift toward higher

temperature. The amounts of NH3 adsorbed on Pt/Al2O3 catalysts were calculated

from the peak areas and the results are given in Table 1. The results indicated that

acidity of Pt/Al2O3 was higher and stronger when they were supported on the mixed

c- and of v-phase Al2O3 than those supported on the pure phase ones.
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Fig. 1 XRD patterns of 0.3% Pt/Al2O3 catalyst

Fig. 2 TEM images of 0.3% Pt/Al2O3 catalyst with various phase composition
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The BET surface area, crystallite size, and CO chemisorptions results of the Pt/

Al2O3 catalysts are summarized in Table 1. The BET surface area decreased from

203 to 151 m2/g as the v-phase content increased from 0 to 100% although the

average crystallite size of Al2O3 supports remained constant at around 5 to 6 nm.

The amounts of active Pt metals on the catalyst surface were calculated from CO

chemisorption experiments at room temperature. The calculation of Pt active sites

was based on the assumption that one carbon monoxide molecule adsorbs on one

platinum site. The metal active sites of Pt supported on pure v- and c-Al2O3 were

Fig. 3 NH3-TPD profiles of catalysts with various phase composition

Table 1 Physiochemical properties of 0.3% Pt/Al2O3 catalyst

Sample BET surface

area (m2/g)a
Crystallite

size (nm)

Acidity

(lmol g-1)b
CO chemisorption 9

10-18 (molecule CO/

g catalyst)c

Pt

dispersion

(%)d

Pt/C0G100 203 5 733 3.25 38.9

Pt/C30G70 189 5 768 3.56 42.6

Pt/C50G50 177 6 775 3.55 42.5

Pt/C70G30 163 6 770 3.58 42.8

Pt/C100G0 151 6 724 3.18 38.1

a Error = 4%, SD = 5.1
b Error = 3%, SD = 13.4
c Error = 3%, SD = 0.1
d Error = 3%, SD = 0.9
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essentially similar at around 3.2 9 1018 molecules CO/g cat., while the active sites

of Pt supported on mixed phase Al2O3 (30, 50, and 70% of v-phase) were higher

than those on the pure phase Al2O3 (approximately 3.6 9 1018 molecules CO/g

cat.). This can be explained by the difference between particle morphologies of the

different alumina phase structures.

The characteristics of the surface active sites of Pt/Al2O3 catalysts were studied

by means of the temperature programmed desorption of C3H8 from 50–500 �C and

the results are shown in Fig. 4. The major C3H8 desorption peak appeared at ca.

425 �C for those supported on the single phase Al2O3 (either pure c- or v-Al2O3). It

is clearly seen that the same peak was significantly shifted towards lower

temperature (to ca. 320 �C) for the Pt/Al2O3 catalysts containing mixed c- and v-

Al2O3 supports. It is suggested that the Pt may interact more strongly on the mixed

Al2O3 structures than on the single phase ones so that the adsorption strength of

C3H8 was altered (lower).

Fig. 5 shows the activities of Pt/Al2O3 catalysts in propane oxidation as a

function of reaction temperature. The catalytic activity of supported platinum

catalyst depended on the platinum dispersion. Moreover, the activity of Pt-based

catalysts for propane combustion also increased with increasing support acidity. A

similar trend has been reported by Garetto et al. [25]. Since the C3H8-TPD

experiments showed that propane desorption behaviors were different between the

mixed phase Al2O3 supported Pt catalysts and the single phase supported ones.

Faster desorption of C3H8 from Pt surface would, therefore, result in more active Pt

surface available for reaction to proceed; as a consequence an increase in oxidation

activity was obtained. According to the reaction mechanism in the literature, the rate

of propane oxidation increases by increasing the active sites for both dissociation

Fig. 4 C3H8-TPD profiles of catalysts with various phase composition
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of C–H bond and oxygen adsorption [8, 10, 26]. The advantages of mixed phase

composition effect on the activity and selectivity characteristics have also been

reported for other catalyst systems [22, 23, 27–29].
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A B S T R A C T

Solvothermal reaction of zirconium n-butoxide (ZNB) in different solvent media, such as 1,3-

pentanediol, 1,4-butanediol, 1,5-pentanediol and 1,6-hexanediol resulted in the formation of zirconium

dioxide (ZrO2) nanostructure. Then, the 15%W/ZrO2 (WZ) catalysts using different zirconia supports

were prepared by impregnation method. The effects of solvent on preparation of zirconia on the catalytic

performance of WZ catalysts in esterification of acetic acid and methanol at 60 8C were investigated. The

experimental results showed that ZrO2 particles prepared in 1,4-butanediol (ZrO2-BG) have a spherical

shape, while in other glycols the samples were irregularly-shaped particles. The reaction results of

esterification illustrated that the W/ZrO2-BG catalysts had high surface acidity and showed high acetic

acid conversion. The W/ZrO2-PeG catalysts (ZrO2 particles prepared in 1,5-pentanediol, PeG) exhibited

the lowest surface acidity among other samples due to strong interaction of proton species and the

zirconia supports as proven by TGA. One of the possible reasons can be attributed to different amounts of

carbon residue on the surface of catalysts.

� 2010 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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1. Introduction

Tungstated zirconia [WOx/ZrO2 (WZ)] catalysts have attracted
much attention because of their ability to catalyze a wide range
of reactions, such as dehydration [1], isomerization [2–4], and
esterification [5,6]. The advantages of WOx/ZrO2, such as higher
stability under high-temperature treatments and reductive
atmospheres, lower deactivation rates during catalysis, and
easier regeneration [7–9] are of considerable interest for
practical applications in the petrochemical industry. Several
authors revealed that the catalytic properties of WOx/ZrO2 only
depend on the W surface density (W/nm2). This surface density
can be modified by varying the tungsten loading and the
calcination temperature [10–12]. The tungsten oxide overlayer
can be present as isolated surface monotungstates, polymeric
surface polytungstates, and crystalline WO3 particles on the
oxide supports [13].

Since the preparation of tungstated zirconia by impregnation
of hydrated zirconia was reported by Hino and Arata [14], several
investigations about the influence of the preparation method
on the activity of WOx/ZrO2 materials have been investigated
[15–17]. Some of the general conclusions are that the incorpo-
ration of tungsten into the zirconia favors the formation of the
* Corresponding author. Tel.: +66 2 1 2186869; fax: +66 2 2186877.

E-mail address: bunjerd.j@chula.ac.th (B. Jongsomjit).

1226-086X/$ – see front matter � 2010 The Korean Society of Industrial and Engineer

doi:10.1016/j.jiec.2010.01.056
tetragonal phase, inhibits sintering of the support and enhances
the acid strength of these solids by the slight reduction of the WOx

species. Since then, many papers have been focused on the
properties of catalysts prepared from zirconium oxyhydroxide
[7,15,18–25]. Systems based on the W deposited on crystallized
zirconia were studied to a smaller extent [3,4,6,26–28]. In
addition, the influences of the initial state of the support on the
acidic properties of the catalyst and their relation with the activity
and surface structure are not fully understood. Recently, we have
reported the characteristics and catalytic behaviors of tungstated
zirconia catalysts, which can be altered by different calcination
atmospheres [6]. It revealed that the presence of F-center
(electrons stabilized in oxygen vacancies) on zirconia surface
occurred during reduction treatments leading to enhancement of
activity for tungstated zirconia catalyst due to the formation of
monotungstate surface morphology resulted into high acidity of
the catalyst.

In the present study, four different solvent media were used to
prepare the nanocrystalline zirconia prepared by the solvothermal
method. The application of synthesized zirconia as supports for
tungsten catalysts was further investigated. The influences of the
solvent used during preparation on the physicochemical proper-
ties of the zirconia were investigated by means of N2 physisorption,
XRD, XPS, and SEM. The corresponding solvothermal-derived
zirconia supported tungsten catalysts were further characterized
by Raman spectroscopy, TGA, XPS and were tested for catalytic
activities in the acetic acid esterification reaction.
ing Chemistry. Published by Elsevier B.V. All rights reserved.
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2. Experimental

2.1. Preparation of zirconia

Zirconium dioxide was prepared by methods previously
reported [6]. Approximately 25 g of zirconium tetra-n-butoxide
80 wt% solution in 1-butanol (ZNB, Aldrich) was suspended in
100 ml of the desired solvent in a test tube, which was then placed
in a 300 ml autoclave. The solvents used in this work were 1,3-
propanediol (PG, purity 98%, Aldrich), 1,4-butanediol (BG, purity
99%, Sigma–Aldrich), 1,5-pentanediol (PeG, purity 98%, Merck) and
1,6-hexanediol (HG, purity 97%, Merck). The gap between
autoclave wall and the test tube was filled with 30 ml of the
same solvent. The autoclave was completely sealed and purged
with nitrogen, the mixture was heated to 300 8C at a heating rate of
2.5 8C/min and was kept at that temperature for 2 h. After cooling
to room temperature, the resulting powders were collected after
repeated washing with methanol by centrifugation. The products
were then air-dried and were used without further calcinations.

2.2. Preparation of W/ZrO2

The zirconia samples obtained from 2.1 were used as supports.
The zirconia doped with tungsten catalysts were prepared by the
incipient wetness impregnation method using tungsten (VI)
chloride (WCl6, Aldrich, 99.9%) sufficient for yield materials having
15 wt% of W loading. The catalysts were dried at 110 8C for 12 h and
calcined in air at 500 8C for 3 h.

2.3. Catalyst nomenclature

The different solvothermal-derived zirconia supports are
designated as ZrO2-PG, ZrO2-BG, ZrO2-PeG and ZrO2-HG in which
PG, BG, PeG and HG refer to the solvent used (PG = 1,3-propanediol,
BG = 1,4-butanediol, PeG = 1,5-pentanediol and HG = 1,6-hexane-
diol). The tungsten catalysts supported on different zirconia
supports are designated as W/ZrO2-PG, W/ZrO2-BG, W/ZrO2-PeG
and W/ZrO2-HG.

2.4. Catalyst characterization

2.4.1. XRD measurements

X-ray powder diffractograms of various investigated samples
were determined using a D5000 (Siemens) using Ni filter Cu Ka
radiation from 208 to 808. Crystallite size was calculated from the
Scherrer equation using 1 0 1 diffraction peak of tetragonal
zirconia. The fraction of tetragonal ( ft) phase in the W/ZrO2

catalysts are estimated by the following formula [22]

f t ¼
Atð1 0 1Þ

AtotðZrO2Þ
(1)

where At(1 0 1) stands for the area of the (1 0 1) peak of the
tetragonal phase and Atot the area of all the tetragonal and
monoclinic peaks in the pattern.

2.4.2. Surface area measurements

The specific surface areas (SBET) of various samples were
determined from nitrogen adsorption studies conducted at
�196 8C in a Micrometrics ASAP 2020 device. Prior to the
adsorption measurements, the sample was degassed at 300 8C
for 3 h under reduced pressure of 10�3 mmHg.

2.4.3. Acidity measurements

The number of acid sites was also estimated by using a method
involving an aqueous ion-exchange step of the catalyst H+ ions
with Na+ ions, followed by titration of the resulting solution [29].
2.4.4. Raman spectroscopy

The molecular structure of the supported tungsten oxide phases
was determined using Raman spectroscopy since this technique
has the ability to discriminate between the different tungsten
oxide molecular structures [2,14,16,19]. The Raman spectra of the
samples were recorded using a PerkinElmer Spectrum GX
spectrometer, collected by projecting a continuous wave YAG
laser of Nd (810 nm) through the samples at room temperature. A
scanning range of 700–1400 cm�1 with a resolution of 2 cm�1 was
applied.

2.4.5. X-ray photoelectron spectroscopy (XPS)

The XPS measurement was carried out using an AMICUS
photoelectron spectrometer equipped with an Mg Ka X-ray as a
primary excitation and KRATOS VISION2 software. XPS elemental
spectra were acquired with 0.1 eV energy step at a pass energy of
75 kV. All the binding energies were referenced to the C 1s peak at
285.0 eV of the surface adventitious carbon.

2.4.6. Thermogravimetric analysis (TGA)

TGA was performed using a TA Instruments SDT Q 600 analyzer.
The samples of 10–20 mg and a temperature ramping from room
temperature up to 800 8C at 10 8C/min were used in the operation.
The carrier gas was N2 UHP.

2.4.7. Electron spin resonance spectroscopy (ESR)

JEOL JESRE2X A model ESR was used to measure the surface F-
center and Zr3+ on the surface of ZrO2 and W/ZrO2 [30]. Before
measurement, the sample was dried at 120 8C overnight. A 0.1 g of
sample was placed in a sample tube, which was sealed at
atmospheric pressure and room temperature.

2.5. Activity test

The activity test was performed on the basis of esterification
reaction between acetic acid and methanol. The reaction was
conducted at 60 8C with magnetic stirring in a closed 250 ml
regular glass reactor using 20 g of acetic acid (99.9%) and 2 wt% of
catalyst heated to the desired temperature, and the methanol
(99.9%) was then added to the mixture (3 eq. molar). Sample was
withdrawn periodically from the reactor, quenched to room
temperature, and centrifuged in order to separate the solid catalyst
from product to prevent further reaction. Concentration of reacted
samples was determined using a SHIMADZU gas chromatograph
(GC–14B) equipped with Chrompack SE52 column and flame
ionization detector. UHP N2 was used as the carrier gas. Reactions
were tested in batch process for 6 h.

3. Results and discussion

3.1. Textural properties and crystalline structure of the catalysts

The X-ray diffraction patterns of the zirconia powders prepared
by the solvothermal method in various solvents are shown in Fig. 1.
The XRD patterns indicate only tetragonal crystalline zirconia (t-
ZrO2) for all as-synthesized products. No other crystal structures
were observed. The average crystallite sizes calculated from the
XRD line broadening using the Scherrer equation and the BET
surface areas of the zirconia are reported in Table 1. The average
crystallite sizes of zirconia were approximately 2.7–4.0 nm. Within
experimental error, there was significant difference in the
crystallite sizes and BET surface areas of the zirconia prepared
in different glycols, the crystallization pathway of zirconia in the
various glycols is probably different [31]. The isotherms of
products obtained from ZNB with different glycols are shown in
Fig. 2. The isotherms of all parent materials are of IV type (IUPAC



Fig. 1. XRD patterns of the ZrO2.
Fig. 2. Typical adsorption/desorption isotherms of the ZrO2.

P. Wongmaneenil et al. / Journal of Industrial and Engineering Chemistry 16 (2010) 327–333 329
classification) with a capillary condensation step above 0.4 P/P0,
which is typical of ordered mesoporous structures. Fig. 3a–d shows
SEM images of the products synthesized in 1,3-propanediol, 1,4-
butanediol, 1,5-pentanediol and 1,6-hexanediol, respectively. It
was reported that when the starting material were completely
dissolved into the glycol, nanocrystals were formed [32]. Each
particle was, therefore, a single crystal grown from a nucleus. It
was found that the samples prepared in 1,4-butanediol have a
Table 1
Textural characterization of zirconia supports.

Sample Crystallite size (nm) XRD phases BET s

ZrO2-PG 2.7 t-ZrO2 276

ZrO2-BG 4.0 t-ZrO2 184

ZrO2-PeG 3.1 t-ZrO2 54

ZrO2-HG 2.8 t-ZrO2 63

Fig. 3. SEM micrographs of (a) ZrO2-PG (b) Z
spherical shape and a dense mass while in other glycols the
samples were irregularly-shaped particles. The secondary particles
which appeared as separate spherical particles when prepared in
1,4-butanediol seem to be formed by aggregation of primary
particles. These results were found to be in agreement with our
previous work [33]. It has been proposed by Kongwudthiti et al.
[31] that the mechanisms during crystallization of zirconia in the
different glycols were completely different. The ESR was used to
urface area (m2/g) Pore volume (cm3/g) Pore Size (nm)

0.29 3.60

0.19 2.69

0.02 3.84

0.05 5.70

rO2-BG (c) ZrO2-PeG, and (d) ZrO2-HG.



Table 2
Physicochemical properties of W/ZrO2 catalysts.

Sample Crystallite

size (nm)

XRD phases Fraction of

tetragonal

phasea

BET surface

area (m2/g)

W surface density

(W-atom/nm2)

Surface acidityb

(mmol/g)

Monotungstate/

polytungstate

intensity ratio

W/ZrO2-PG 4.6 t-ZrO2, m-ZrO2 0.41 79 6.2 70 1.8

W/ZrO2-BG 4.6 t-ZrO2, m-ZrO2 0.50 124 3.9 110 2.8

W/ZrO2-PeG 3.6 t-ZrO2, m-ZrO2 0.36 49 10.0 55 1.1

W/ZrO2-HG 3.1 t-ZrO2, m-ZrO2 0.43 62 7.9 75 2.5

a Calculated from tetragonal zirconia (1 0 1) reflection from the equation f t ¼
Atð1 0 1Þ

AtotðZrO2Þ
:

b Measured by ion-exchange and titration with 0.05 N NaOH.

Fig. 5. XRD patterns for W/ZrO2 calcined at 500 8C for 3 h.
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identify the surface nature of ZrO2. The ESR spectra of all samples
show a symmetrical singlet with g = 2.00 assigned to F-center, i.e.,
electrons stabilized in oxygen vacancies [34,35] as shown in Fig. 4.
According to the present results, the order of F-center of zirconia
prepared by different solvents was as follows: ZrO2-PG > ZrO2-PeG
>ZrO2-BG > ZrO2-HG, which should be the origin of the formation
of different morphologies for ZrO2 in the specified system.

The characteristics of various tungstated zirconia catalysts are
shown in Table 2. In this study, the zirconia was impregnated with
15 wt% of tungsten and calcined in air at 500 8C for 3 h. The BET
surface areas of the tungstated zirconia catalysts were slightly less
than that of the original zirconia supports suggesting that tungsten
was deposited in some of the pores of zirconia. This loss of surface
area is significantly inhibited by the presence of WOx species [36]
or the emergence of monoclinic zirconia (m-ZrO2). Among all these
catalysts, W/ZrO2-BG shows higher surface area followed by W/
ZrO2-PG, W/ZrO2-HG, and W/ZrO2-PeG, respectively. Based on the
values of surface area (at different solvents) and the same amount
of W loading, it is possible to estimate nominal W surface densities
[37]. The W surface coverage of W/ZrO2-BG sample can be achieved
at the density of 3.9 W-atom/nm2, which was in good agreement
with monotungstates surface coverage value (0–4 W/nm2)
reported by earlier works [10]. While the W surface coverage of
W/ZrO2-PG, W/ZrO2-PeG and W/ZrO2-HG are more than 4 W-
atom/nm2 (6.2, 10.0 and 7.9 W-atom/m2, respectively). The X-ray
diffraction patterns of the tungstated zirconia catalysts are shown
in Fig. 5. The XRD patterns of W/ZrO2 revealed the partial phase
transformation from t-ZrO2 to m-ZrO2 in all samples due to
calcination temperature with W loading. No diffraction peaks of
WO3 crystallites (2u = 23.28, 23.68 and 24.488) were observed for all
samples, indicating that tungsten oxide was well dispersed on
zirconia. It should be noted that the XRD peak at ca. 24.38 for all
samples was assigned to the monoclinic zirconia and not WOx

crystallites [38].
Fig. 4. ESR spectra of the ZrO2.
The Raman spectra of W/ZrO2 catalysts are shown in Fig. 6. The
Raman spectra of the tungsten oxide component are generally found
at the 700–1400 cm�1 region because the strong crystalline ZrO2

support vibrations tend to dominate the spectra below 700 cm�1

[39,40]. Crystalline WO3 shows characteristic Raman bands at 807,
715, and 274 cm�1 [41]. Absence of these bands indicates that
microcrystalline WO3 is not formed on the surface of W/ZrO2

catalyst. These results are in well agreement with the XRD results,
where no independent peaks due to crystalline WO3 are observed.
All the catalysts show broad bands of two components at 1020 and
850 cm�1, which are attributed to the symmetric stretch of the
terminal W55O of monotungstate and asymmetric stretch of the W–
O–W bonds of polytungstate, respectively [27,41], indicating that
polytungstates coexist with monotungstate under monolayer
Fig. 6. Raman spectra of various W/ZrO2.



Fig. 7. SEM/EDX mapping for W distributions of (a) W/ZrO2-PG, (b) W/ZrO2-BG, (c) W/ZrO2-PG, and (d) W/ZrO2-PG.
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coverage. Moreover, the complex WOx feature could be resolved by
curve fitting procedures only in the range 800–1200 cm�1 (not
shown here), the surface monotungstate/polytungstate ratio of W/
ZrO2-BG (ca. 2.8) is larger than those prepared with other solvents as
shown in Table 2. The elemental distribution was also performed
using SEM/EDX mapping on the external surface. The W distribution
in the various supports is shown in Fig. 7. As seen, all samples
exhibited good distributions of W without any changes in the
zirconia morphology. The typical measurement curve for the
quantitative analysis using EDX is shown in Fig. 8. The amounts
of W in various zirconia are also listed. Results revealed that the
ZrO2-BG exhibited the lowest amount of W present on the surface,
which can be attributed to the monotungstates surface coverage.
The ESR signals for all tungstated zirconia catalysts are shown in
Fig. 9. All catalysts exhibited the ESR signals of Zr3+ (g? = 1.97, i.e.,
oxygen vacancy site) and F-center. It is known that the intensity of F-
Fig. 8. A typical EDX spectrum for a W/ZrO2 catalyst.
center signal on zirconia surface is disproportional to that of Zr3+

signal [34,35]. The amounts of Zr3+ present on the surface of zirconia
are in the following order as; W/ZrO2-PeG > W/ZrO2-HG > W/ZrO2-
BG> W/ZrO2-PG. It is known from previous work [6] that by
calcinations in reductive and oxidative ambient, the electronic
density can move to F-center and Zr3+. In addition we found that the
presence of F-center on zirconia surface is able to enhance the
catalytic activity of tungstated zirconia catalyst. However, in our
present work, the highest amounts of F-center on the surface of
ZrO2-PG did not show the highest activity of tungstated zirconia
catalysts. It is therefore possible to explain these results by carbon
residue on the surface of catalysts obtained from the XPS analysis
(Table 3). The carbon residues on the surface of catalyst were found
to be in the order: W/ZrO2-PeG > W/ZrO2-PG> W/ZrO2-HG > W/
ZrO2-BG. On the other words, the higher amounts of carbon residue
on zirconia, the lower activity of WZ catalyst was.
Fig. 9. ESR spectra of various W/ZrO2 catalysts.



Table 3
XPS results.

Sample B.E. (eV) Atomic concentration

Zr 3d O 1s W 4f W/Zr W/O Zr/O C (%)

ZrO2-PG 184.4 531.0 – – – 0.267 42.74

ZrO2-BG 184.1 530.2 – – – 0.330 11.91

ZrO2-PeG 185.1 531.3 – – – 0.337 39.86

ZrO2-HG 184.3 530.5 – – – 0.334 30.89

W/ZrO2-PG 185.7 531.3 36.2 0.311 0.079 0.265 29.74

W/ZrO2-BG 184.9 530.7 36.6 0.146 0.047 0.320 14.04

W/ZrO2-PeG 185.0 531.3 35.0 0.377 0.098 0.260 36.74

W/ZrO2-HG 185.5 530.8 37.7 0.171 0.054 0.314 23.49

Fig. 11. TGA profiles of various W/ZrO2 catalysts.
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3.2. Surface acidity of the samples

In order to form a catalytically active form, it is usually
necessary to anchor the amorphous WOx with ZrO2 tetragonal
crystal phase [5,14,41]. Surface acidity is the most important
function of tungstated zirconia. The acidity measurements of the
catalysts by means of acid-base titration with NaOH allow us to
estimate the surface acidity. It was found that they are in the range
of ca. 70, 110, 55 and 75 mmol/g for W/ZrO2-PG, W/ZrO2-BG, W/
ZrO2-PeG and W/ZrO2-HG samples, respectively (Table 2). It was
observed that for W/ZrO2-BG catalyst showed the highest surface
acidity among all catalysts. The number of acid sites decreases in
parallel with the increase of W surface density content. Probably as
a result of the generation of new acid sites due to interaction and
dispersion of WOx on the surface of the support. When the
dispersion of WOx is maximum (at the theoretical monolayer
coverage) for W/ZrO2-BG sample, the acidity is maximum.
Moreover, samples with higher W surface density content show
loss of acidity that is probably due to the agglomeration of WOx on
the surface.

3.3. Reaction study

Acetic acid conversion in the esterification reaction of acetic
acid and methanol over the four tungstated zirconia catalysts as
mentioned before were shown in Fig. 10, indicating increased
conversion in the order of:W/ZrO2-PeG < W/ZrO2-PG < W/ZrO2-
HG < W/ZrO2-BG. The increased activity of W/ZrO2-BG can be
attributed to its higher acidity as observed from acid-base titration
techniques (Table 2). It is well known that the W surface density
Fig. 10. Catalytic activity on the different W/ZrO2 catalysts.
content of the catalysts and the formation of WOx surface species is
an essential factor for remaining the acidity of the catalysts, which
may greatly influence the catalytic activity [10–28]. The formation
of WOx surface species was observed by Raman spectroscopy.
Based on this study, activity of catalyst is related to the increasing
surface monotungstate/polytungstate ratio with surface tungsten
oxide coverage. One of the possible reasons is that the interaction
and dispersion of WOx on the surface of the support. The degree of
interaction between the zirconia and adsorbed species can be
determined by the TGA measurement [42–45]. The TGA profiles for
all catalysts are shown in Fig. 11, indicating similar profiles for
various supports showing the desorption of similar species. We
observed that the weight losses of samples were in the order of W/
ZrO2-BG (4.8%) > W/ZrO2-HG (3.0%) > W/ZrO2-PG (2.7%) > W/
ZrO2-PeG (2.4%). This indicated that adsorbed species present on
ZrO2-PeG had the strongest interaction, and thus the lowest
observed esterification activity. The adsorbed species are presum-
ably involving with desorption of oxygenated and proton species
relating to acidity of catalysts [46]. As seen, the carbon residue on
the surface of catalysts apparently resulted in increased interaction
leading to decreased acidity of catalysts. It should be mentioned
that the acetic acid conversion in this present study was less than
our previous work [6]. This was due to different calcination
treatments for ZrO2 prepared from the same solvent. As mentioned
in the previous work [6], the H2 treatment during calcination can
result in increased F-center of ZrO2 samples leading to increased
catalytic activity.

4. Conclusions

This study revealed the effects of solvent on morphology and
other characteristics of zirconia and their performance as
tungstated zirconia catalyst. It was found that a series of WOx/
ZrO2 catalysts exhibited the tungsten density in the range of 3.9 to
10.0 W-atoms/nm2. XRD and Raman spectroscopy results indicat-
ed that the W phase is present as a surface interaction species. No
evidence for the formation of WO3 was found. The zirconia
prepared in 1,4-butanediol as the support resulted in the highest
surface acidity consequently having the highest activity. The lower
activities of tungstated zirconia catalysts prepared in other
solvents were due to stronger interaction of proton species and
the zirconia supports as shown by weight losses of samples in the
TGA profiles. The types of solvent used for preparation of the
glycothermal-derived zirconia may affect the amount of carbon
residue and WOx monotungstate/polytungstate ratio on the
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surface of catalysts resulting in the difference in proton species-
support interaction behavior.
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Abstract It is proven that surface nature of zirconia can

play crucial roles on determining the catalytic activity of

tungstated zirconia catalysts. The solvothermal method for

preparation of crystalline zirconia support can result in the

formation of Zr–OH bond on its surface. This surface

species related to the Zr-heteropolyacid, acting as strong

Brønsted acid sites. It consequently affected on the cata-

lytic activity.

Keywords Zirconia � Tungstated zirconia �
Solvothermal method � Zr–OH bond � Zr-heteropolyacid

1 Introduction

Currently, the replacement of homogeneous catalysts with

suitable heterogeneous ones is a major key to develop

many processes, since heterogeneous catalysts are envi-

ronmental friendly and potentially used for a long time and/

or multiple reaction cycles. Moreover, it readily allows for

the implementation of continuous processes. Interestingly,

the heterogeneous catalyst demonstrated the remarkable

performance for two-phase esterification system (organic

and aqueous phases). It has been also known that the

replacement of adsorbed water molecule by acetic acid

molecule was only carried out by a solid acid catalyst. In

our previous study [1], we reported that the Amberlyst 15

exhibited higher turnover number (TON) than sulfuric acid

(H2SO4) in the two-phase acid catalyzed esterification of

dilute acetic acid and 1-heptanol. It was proposed that the

Amberlyst 15 with adsorbed acetic acid on active sites can

move into the organic phase (upper phase) by agitator, and

then react with 1-heptanol leading to increased catalytic

activity because the reaction occurs in the organic phase. In

addition, increased activity can be also attributed to the

decrease of solvation effect by water.

A heterogeneous catalyst as a tungsten oxide supported

on zirconia (WZ) has been tremendously used for alkane

isomerization [2–5], alcohol dehydration [6, 7] and

recently biodiesel forming reaction [8–13]. This is because

of their acid properties, stability under reducing and oxi-

dizing conditions and regenerability [14]. The nature of

active site is a key factor in order to achieve the high

catalytic performance. For instance, the calcination tem-

perature and tungsten loading affects on the structure of

WOx presented in an isolated surface monotungstates,

polymerics surface polytungstates and crystalline WO3

particles on a zirconia support as reported in numerous

studies [3, 4, 6, 7, 15, 16]. Barton et al. [4] reported that the

maximum activity for tungsten loading was slightly rather

than monolayer coverage, so called polytungstate species

for hydrocarbon isomerization. Gregorio et al. [17] sug-

gested that the 15% of tungsten loading is a critical value to

achieve high activity, selectivity, and stability of the cat-

alyst on stream and good activity for saturated hydrocarbon

isomerization. Lopez et al. [11] reported that the calcina-

tion temperature of 800 �C contributed with tungsten oxide

polymeric structure can achieve the highest catalytic

activity for both esterification and transesterification. In

many cases, the preparation method of zirconia is allowing

to make different surface species formed [18–21]. The

generation of new active sites on the surface can bring

about various influences on activity and selectivity
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for certain types of reactions [22]. Lebarbier et al. [23]

reported that no significant effect of the initial form of the

support (Zr oxyhydroxide versus predominantly tetragonal

zirconia) was observed for n-hexane isomerization. Won-

gmaneenil et al. [24] found that the calcination of ZrO2

support in the reductive atmosphere (H2) can achieve

higher conversion for esterification of acetic acid than that

of oxidative atmosphere (O2). Although, the numerous

studies have been investigated, the influence of the ZrO2

support on the acid properties of the WZ catalysts and their

relation with the activity and surface structure are still

unclear.

This work has been focused on the behaviors of surface

nature for the ZrO2 support prepared by the solvothermal

method before and after loading of 15 wt% of tungsten.

Based on the similar texture properties, non-treated ZrO2

support (crystalline zirconia bonding with hydroxide, Zr–

OH) was compared to the thermal treated ZrO2 under H2 as

a reduction atmosphere (crystalline zirconia, ZrO2). All

catalyst characteristics have been investigated by means of

XRD, N2 physisorption, FT-IR spectroscopy, Raman

spectroscopy, and electron spin resonance (ESR). The two-

phase esterification of dilute acetic acid and 1-heptanol was

performed to measure the catalytic activity of WZ catalysts

in a batch reactor. This is due to the outstanding properties

of WZ (distribution of acid site between Brønsted and

Lewis acid sites) that would gain more beneficial for the

two-phase esterification, which requires the heterogeneous

catalyzed reaction [6, 12, 25, 26].

2 Experimental

2.1 Materials

Acetic acid (99.8%) and 1-heptanol (99%) were purchased

from Merck and used as received. Heptyl acetate (98%) as

standard of product was purchased from Wako Pure

Chemical Industries. Tungstated zirconia (WZ-X) was

prepared as described in Sect. 2.2

2.2 Catalyst Preparation

Zirconia as a support was prepared via a solvothermal

method as reported by Kongwudthiti et al. [27]. Zirconium

tetra-n-butoxide 80 wt% solution in 1-butanol (Aldrich)

was suspended in 100 mL of 1,4-butanediol (99%, Sigma–

Aldrich) in a test tube, which was then placed in a 300 mL

autoclave. A 30 mL of 1,4-butanediol was filled in the gab

between the test tube and the autoclave wall. The autoclave

was purged with nitrogen. The mixture was heated to

300 �C at a rate of 2.5 �C/min. The temperature was held

constantly at 300 �C for 2 h. After reaction, this autoclave

was cooled and the resulting powder yield was repeatedly

washed with methanol by centrifugation. Subsequently,

they were dried in air and designated as Z-NT (non-treated

zirconia). Another ZrO2 support was treated at 400 �C with

heating rate of 10 �C/min under flowing H2 atmosphere

(UHP grade of gases from TIG) for 2 h, designated as Z-H2

(H2 treated zirconia).

Tungstated zirconia (WZ) catalysts were prepared by the

incipient wetness impregnation of zirconia with an aqueous

solution of WCl6 to obtain the final catalyst having 15 wt% of

tungsten loading. The hydrolysis of WCl6 possibly resulted

in the well dispersion of WCl6 species in the aqueous solu-

tion, which is corresponding to work reported by Kob et al.

[28]. This probably leads to obtain well dispersion on the

zirconia support. The freshly impregnated catalyst was dried

at 110 �C for 12 h. Then, it was calcined at 500 �C for 3 h

[24]. The retained chlorine on WZ catalyst was less than

10 ppm, which was verified by the AgNO3 titration with

K2CrO4 indicator. The nomenclatures given as WZ-NT and

WZ-H2 were used for the tungstated on non-treated zirconia

and H2 treated zirconia surface, respectively.

2.3 Catalysts Characterization

Powder X-ray diffraction (XRD) was performed by SIE-

MENS XRD D5000 using CuKa radiation. The average

crystallite size was determined using Scherrer’s equation

calculated from peak broadening as applied to the tetrag-

onal (101) peak.

Physical properties, such as BET surface area (SBET),

pore diameters and BJH cumulative pore volumes were

evaluated with N2 adsorption–desorption at –196 �C in a

Micromeritics ASAP 2020 [12]. The tungsten surface

density was calculated based on the BET surface area of

WZ and tungsten loading (15 wt%) as follows [24, 29]:

A JEOL, JESRE2X model electron spin resonance

spectroscopy (ESR) was used to measure the surface

F-center and Zr3? on the surface of ZrO2 and WZ. Before

measurement, the sample was dried at 110 �C overnight.

0.1 g of sample was placed in a sample tube, which was

sealed at atmospheric pressure and room temperature.

Surface density ¼ Promoterloadingð%Þ = 100� 6:023� 1023

Formula weight of promoter� BET surface area ðm2=g�1Þ � 10018
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FT-IR analysis of ZrO2 support was carried out in a

Nicol model 6700 of the IR spectrometer using the wave-

number ranging from 400 to 4,000 cm-1 with a resolution

of 4 cm-1. A small amount of sample (0.2 g) was thor-

oughly mixed with ground KBr in an agate mortar and

pressed as pellets.

The Raman spectra of the samples were collected by

projecting a continuous wave YAG laser of Nd (810 nm)

through samples at room temperature. A scanning range of

200–1,400 cm-1 with a resolution of 2 cm-1 was applied.

2.4 Reaction Test

The catalyst activity via the esterification reaction between

dilute acetic acid (6 wt%) and 1-heptanol was conducted in

a stirred batch reflux system at temperature 90 �C. A three-

necked flask equipped with a condenser and stirrer was

charged with certain amount of 6 wt% of dilute acetic acid

(6.8 mL) and catalyst samples (0.3 g). Then, the system

was heated up to the reaction temperature after which the

pre-heated heptanol (3.2 mL) was added. Sufficient stirring

of the mixture was used to avoid external mass or heat

transport limitations. The reaction temperature was main-

tained by means of a thermostatic paraffin bath in which

the reactor was immersed. For catalytic activity measure-

ment, samples were diluted with 2-propanol (10 mL) to

stop reaction and perform in a single phase, and then

analyzed by GC (Shimudzu) equipped with a flame ioni-

zation detector and Chrompack SE52 column. The reaction

was repeated at different reaction times in order to obtain

the acetic conversion profiles. All catalysts were employed

under similar reaction conditions. GC analysis confirmed

that no by-products were formed. The acetic acid conver-

sion (%) was calculated as follows:

% acetic acid conversion

¼ initial acetic acid conc:�acetic acid conc: at time ðtÞ
initial acetic acid conc:

� 100

3 Results and Discussion

Upon different treatments of zirconia, it was observed that

the color of Z-NT was white, whereas the color of the Z-H2

changed from white to dark yellow with the treatment of

H2. This suggested that the thermal treatment under

reductive atmosphere generated the F-center (color center)

[30] due to the strong Zr–O bond energy that is less likely

reduced by H2 [24]. However, the color of catalyst (WZ

and WZ-H2) has returned to white again after calcination

because re-oxidation was obtained [2]. This phenomenon

supports the hypothesis in the color change with the pres-

ence of F-center which is only observed on the Z-H2

support. Figure 1 shows the XRD patterns of ZrO2 support

as synthesized (Z-NT) and treated in H2 atmosphere

(Z-H2). Tetragonal phase (t-ZrO2) is the primary crystalline

structure for Z-NT and Z-H2 with the diffraction peaks at

30.2, 35.3 and 49.8o [11]. A crystallite size was calculated

from Scherrer’s equation of the tetragonal (101) peak [31]

as shown in Table 1. After the thermal treatment under

reduction atmosphere (H2) was applied on the ZrO2, it was

found that the crystallite size and the fraction of tetragonal

phase structure of Z-H2 were still similar to those of Z-NT

sample. The crystallite sizes of WZ-NT (4.5 nm) and WZ-

H2 (4.7 nm) were slightly larger than those zirconia sup-

ports before the tungsten loading when increasing of the

calcination temperature to 500 �C. The increase calcination

temperature was also allowing to present a fraction of

monoclinic phase (m-ZrO2) with the diffraction peak at

24.3� (Fig. 1), which is in agreement with the work

reported by Wongmaneenil [24]. For this study, the deposit

of tungsten did not exhibit to stabilize t-ZrO2 phase

because the impregnation method appeared to permit

tungsten being present on the ZrO2 crystallite surface. It is

known that the co-precipitation and sol–gel synthesis are

the methods for incorporating tungsten atom into ZrO2

lattice, which stabilizes the tetragonal structure [18, 19,

32]. WO3, on the other hand, has not been detected for both

WZ-NT and WZ-H2. This may be due to either relatively

low calcination temperature or tungsten loading [3, 4, 6, 7,

16, 33].

The catalyst textural properties determined by the BET

method and acid site concentrations as measured by ion-

exchange titration are listed in Table 1. The surface areas

of Z-H2 and Z-NT were comparable within the experi-

mental error. This result suggested that the reductive cal-

cination treatment did not affect on the surface area as

corresponding to our previous study [24]. In general, the
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Fig. 1 XRD patterns for ZrO2 supports and WZ catalysts
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penetration of tungsten species into the pore of ZrO2 sup-

port could reduce the surface area of WZ-NT and WZ-H2

[34]. In order to estimate the theoretical nominal W surface

densities, WZ surface area and amount of tungsten loading

were used [29]. It was found that the W surface coverage of

both WZ-NT and WZ-H2 were presented as the growing

surface polytungstated domain and crystalline of WO3

(*4 W atom/nm2) [15, 35, 36].

The other physical properties, such as crystallite size,

tetragonal structure, and BET surface area for both Z-H2

and Z-NT were almost similar, except for the surface

defect. The electron spin resonance (ESR) spectroscopy is

one of the most powerful techniques used to detect the

structural defect, as shown in Fig. 2. The ESR signal of

ZrO2 can be found with g values, g\ = 1.97 assigned to

Zr3? [37] and g = 2.00 assigned to F-center [38]. As seen,

no ESR signal for the Z-NT sample was observed in the

magnetic field ranging between 310 and 370 indicating that

no defect occurred on the surface of Z-NT sample. When

the ZrO2 was treated in a reductive atmosphere (H2), the

F-center was present. The dominated intensity of F-center

on Z-H2 may be produced by the reduction of hydroxyl

group on ZrO2 surface, which is corresponding to the

previous reports [24, 30, 39, 40]. Due to the strong Zr–O

bond energy, H2 may not reduce the ZrO2 surface allowing

to insignificant intensity of Zr3? obtained [37]. The ESR

spectra of WZ catalysts were also illustrated in Fig. 2. WZ

catalysts were in the oxidation atmosphere during the

deposition of tungsten onto ZrO2 support. Thus, the ESR

signals of Zr3? were detected on the ZrO2 support for both

WZ-NT and WZ-H2 because the oxygen coordinatively

unsaturated Zr sites under oxidation atmosphere [40]. In

addition, the shift of F-center (V�0 ) to Zr3? (g\ = 1.97) for

WZ-H2 was also observed within a good agreement to the

previous reports [24, 30].

FT-IR spectroscopy was used to clarify the chemical

bonding of ZrO2 support obtained by different thermal

treatments in the range of 400–4,000 cm-1 as presented in

Fig. 3. It was found that five transmittance peaks were

observed over this range. A very broad band with the

highest frequency at 3,421 cm-1 contributed to the

physically adsorbed water molecular as reported in those

literatures [41–43]. In addition, the band at 1,631 cm-1

should be attributed to the OH group of free water related

to alcohol. The IR band within the range of 617–632 cm-1

was corresponding to the bond of metal and oxygen (Zr–O)

Table 1 Surface area, theoretical W surface density, surface acidity, crystallite size and XRD phases for ZrO2 support and WZ samples

Sample BET surface area

(m2/g)a
W surface density

(W-atom/nm2)

Surface acidity by

exchange/titration (lmol/g)b
Crystallite

size (nm)

XRD phases

Z-NT 161 – – 4.1 t-ZrO2, m-ZrO2

Z-H2 155 – – 4.3 t-ZrO2

WZ-NT 125 3.93 233.0 4.5 t-ZrO2, m-ZrO2

WZ-H2 125 3.93 133.0 4.7 t-ZrO2, m-ZrO2

a Experimental error ± 7%
b Experimental error ± 10%
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as presented for both ZrO2 supports [43]. There were other

two peaks observed at 1,547 and 1,402 cm-1, which are

corresponding to the metal and hydroxide (Zr–OH) bond

[42, 43]. It can be concluded that ZrO2 supported prepared

from solvothermal method [27] exhibited the Zr–OH

group. However, this metal hydroxide bond can be elimi-

nated by the thermal treatment in the reduction atmosphere

(H2) indicated by the decrement of these characteristic

peaks. The FT-IR spectrum of ZrO2 support is corre-

sponding to the ESR signal with the presence of F-center

on the Z-H2 surface. Therefore, the F-center is probably

produced by the reduction of hydroxyl group on ZrO2

surface through the following reaction [39, 40]:

Zr4þ � OH� þ 1

2
H2 ! Zr4þ þ F� þ H2O

In order to obtain a better insight for the changes upon

molecular level structure of the tungsten oxide overlayer

for WZ catalysts, the Raman spectroscopy was performed

as seen in Fig. 4. The Raman bands at 310, 402, and

473 cm-1 were assigned to the tetragonal phase of ZrO2

[11, 35, 44] as presented in both catalysts. Both WZ-NT

and WZ-H2 showed the characteristic peak of the terminal

W=O band of the dehydrated surface WOx species at 910–

1,030 cm-1 [11, 36]. The WZ-H2 exhibited slightly higher

intensity of crystalline WO3 nano-particle (799 cm-1) than

that of WZ-NT. The crystalline WO3 nano-particle was

observed upon the W surface density at *4 W/nm2 as

reported by Wachs et al. [36]. The stretching and bending

modes of the bridging for W–O–W were assigned at

*500–800 and *200–300 cm-1 [35, 45]. As illustrated in

Fig. 4, WZ-NT had higher intensity of bending mode of the

bridging W–O–W than that for the WZ-H2, whereas the

stretching modes of bridging W–O–W were comparable. In

summary, three different tungsten species (W=O, WO3,

and W–O–W) were observed for both catalysts, which

were probably due to the similar W surface density at

*4 W/nm2.

As known, acidity of WZ catalyst is a key factor to

enhance the catalytic activity for several reactions by

generation of active sites [2–13]. The catalytic active sites

were plausible for high surface acidity form with a

monolayer of polytungstated species (WOx) [3, 4, 11]. The

surface acidity was obtained from a larger population of

Brønsted acid sites and the presence of stronger Brønsted

acid sites [19]. WZ-NT and WZ-H2 catalysts exhibited the

growing surface polytungstated domain and crystalline of

WO3 nano-particle. It is more likely to obtain the similar

Brønsted acid site density based on the similar polytang-

stated domain. However, the WZ-NT has higher acidity

compared to WZ-H2 as presented in Table 1. The higher

surface acidity of WZ-NT should be derived from the

different forms of polytungsted domain. The FT-IR spectra

of zirconia support suggested that the Zr–OH bonding

presented in Z-NT appeared to result in a super acid center

(heteropolyacid of W, [XW12O40]3-), which was proposed

by Afanasiev et al. [46] and Scheithauer et al. [18, 44, 47].

In addition, the Raman spectrum of WZ-NT was resemble

the finger print of Raman spectrum of tungstophosphoric

heteropolyacid (H6P2W18O62) as a super acid [45]. The

only substantial difference between the WZ-NT and

WZ-H2 catalysts in the monolayer region is the presence of

the Zr-heteropolyacid spices for the WZ-NT catalysts as

illustrated in Scheme 1. The catalytic activity sites seem to

be fully oxidized from noncrystalline surface polytungstate

networks incorporating trace levels of surface-exposed Zr

capable of stabilizing delocalized protons for Brønsted acid

sites as well as heteropolyacids did [18, 44, 47].

As expected, after 9 h reaction period, WZ-NT exhib-

ited 17% higher for an acetic acid conversion than that for

WZ-H2, as shown in Fig. 4. Heteropolyacid as the strong

Brønsted acid sites related to acid site density and catalytic

activity of esterification as corresponding to the work

reported by Park et al. [48]. This could be obtained from

the crystalline zirconia with Zr–OH bonding. Our result is

in good agreement to the work claimed by Scheithauer

group [18, 44, 47] indicating that the Zr–OH group is

required to create the strong Brønsted acid sites. This

reveals that the crystalline zirconia support prepared from

the solvothermal method also created Zr–OH bonding as

well as amorphous zirconium oxide precursor. Based on

the TON of catalyst the appreciable catalytic activity

ZrO2 with OH

WOx

2[XW12O40]
3-

WOx

ZrO2

WOx WOxWOx WOx

(a) (b)

Scheme 1 Proposed catalytic active species presented in a WZ-NT

and b WZ-H2 catalyst
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of both WZ-NT and WZ-H2 were 100 times greater than

that of the Amberlyst 15 as presented by Preserthdam and

Jongsomjit [1]. As known, the somewhat difference in

response of water flow rate for the Amberlyst 15 versus

WZ may have been caused by the presence of Lewis acid

sites on WZ resulting in enhanced activity [6, 25, 26]. In

addition, the WZ catalyst does not deactivate by leaching

of active species in the liquid phase transesterification

[8, 49], which is different from the SZ (sulfated zirconia)

under similar condition. In order to prove that, the leaching

experiment was also performed based on the procedure of

Suwannakarn et al. [49]. It was found that the acetic acid

conversion was less than 3%. This suggested that the

leaching of active spices in WZ catalyst did not occur for

the WZ catalyst Fig. 5 upon the preparation used in this

work [8, 12, 49].

4 Conclusions

In summary, the surface nature of zirconia was found to be

crucial for determining the catalytic properties of WZ

catalysts. The formation of Zr-heteropolyacid can be

obtained from crystalline zirconia with Zr–OH bonding as

presented in WZ-NT. This active species provided

the strong Brønsted acid sites, which are essential for the

esterification of dilute acetic acid and 1-heptanol. The

Zr–OH bonding for WZ-H2 was eliminated by the thermal

treatment in the reduction atmosphere of the crystalline

zirconia support allowing to the presence of only poly-

tungstated domain.
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1. Introduction
It is generally presumed that crystallinity of poly-
mer plays an important role in determining the
polymer properties, such as mechanical and ther-
mal properties [1, 2]. We have known that, in syn-
thesis of linear low-density polyethylene (LLDPE)
by copolymerization of ethylene with α-olefins, the
crystallinity depends mainly on the amount of
α-olefin (comonomer) content in copolymer [3].
So, if the comonomer content can be controlled,
properties of copolymer can be also altered. Appro-
priate crystallinity or comonomer content is varied
depending on the application of polymer. The high
comonomer content of copolymer has been com-
mercially produced, named plastomers [1]. The
advantages of plastomers are low density, high
elongation, and low haze in film form. In order to
obtain the plastomer derived from the metallocene

catalysts, the open structure of metallocene catalyst
is crucial. Half-metallocenes and/or constrained
geometry catalysts (CGCs) are subset of general
metallocene catalyst , which pose the open struc-
ture because they have just one cyclopentadienyl
ring (or their family, such as, indenyl or fluorenyl
rings) bonded with the group IV transition metal
leaving the opposite side of that ring large enough
space for comonomer incorporation with less hin-
drance [4]. Therefore, plastomers or LLDPE with
high comonomer content can be obtained with this
type of catalyst.
As mentioned, comonomer contents are sensitive to
many factors, such as the structure of catalyst, type
of catalyst activators and the initial concentration
of comonomer in the system. When considering the
initial concentration, it has been found that the ini-
tial comonomer concentration not only affects
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directly on the comonomer contents, but it also
affects on the catalytic activity of system [5, 6].
Therefore, in this present study the effect of the ini-
tial comonomer concentration in ethylene-1-hexene
copolymerization with half-metallocene is investi-
gated to determine both the catalytic performance
and the specification of the obtained copolymers.

2. Experimental
2.1. Materials
All operations were manipulated under an argon
atmosphere using glove box and/or standard
Schlenk techniques. The [t-BuNSiMe2Flu]TiMe2

(Ti-complex) was synthesized according to the pro-
cedure described by Hagihara et al. [7]. Ethylene
(polymerization grade) was obtained from the
National Petrochemical Co. Ltd., Thailand. 1-Hex-
ene (≥ 97%) was purchased from Aldrich Chemical
Company, Thailand and further purified by distill-
ing over CaH2 for 6 h. Modified methyl aluminox-
ane, MMAO [(Me–Al–O–)m-(i–Bu–Al–O–)n] hav-
ing 1.86 M in toluene, was donated by Tosoh Akzo,
Japan. Toluene (commercial grade) was donated by
the Exxon Chemical, Thailand Co. Ltd. It was dried
over dehydrated CaCl2 and distilled over sodium/
benzophenone.

2.2. Polymerization procedure

Ethylene/1-hexene copolymerization reaction was
carried out in a 100 ml semibatch stainless steel
autoclave reactor equipped with a magnetic stirrer.
At first, the desired amounts of MMAO and the
toluene were introduced into the reactor. The tita-
nium complex in toluene (10 μmol·ml–1) was put
into the reactor to make the [Al]MMAO/[Ti]cat = 400.
Then, the reactor was immersed in liquid nitrogen.
1-hexene was added into the frozen reactor (to stop
or prevent possible polymerization of 1-hexene).
The reactor was heated up to the polymerization
temperature at 343 K. The polymerization was
started by feeding ethylene (0.018 moles) into the
reactor. The ethylene pressure and reactor tempera-
ture were kept constant during the polymerization
(pressure in reactor = 349 kPa (50 psi)). Due to the
fixed ethylene consumption (at 0.018 moles), the
polymerization time was defined as the time that all
ethylene gas was totally consumed (the equivalent
pressure drop of 42 kPa (6 psi) was observed). The

polymerization time was recorded to calculate the
activity. The reaction was terminated by adding
acidic methanol and the material was stirred for
30 min. After filtration, the copolymer obtained
was washed with methanol and dried at room tem-
perature.

2.3. 13C-NMR spectroscopy
13C-NMR spectroscopy was used to determine the
α-olefin incorporation and copolymer microstruc-
ture. Chemical shifts were referenced internally to
the CDCl3 and calculated according to the method
described by Randall [8]. Each sample solution was
prepared by dissolving 50 mg of copolymer in
1,2,4-trichlorobenzene and CDCl3. 13C-NMR spec-
tra were taken at 333 K using a BRUKER
AVANCE II 400 operating at 100 MHz with an
acquisition time of 1.5 s and a delay time of 4 s.

2.4. Differential scanning calorimetry

The melting temperature of ethylene/1-octene
copolymer products was determined with a Perkin-
Elmer diamond DSC. The analyses were performed
at the heating rate of 20°C/min in the temperature
range of 50–150°C. The heating cycle was run
twice. In the first scan, samples were heated, and
then cooled to room temperature. In the second
scan, samples were reheated at the same rate, but
only the results of the second scan were reported
because the first scan was influenced by the
mechanical and thermal history of samples.

3. Results and discussion
3.1. Reactivity of (co)monomer to catalyst
The catalytic activities based on polymer product
are shown in Table 1. It can be seen that there is no
catalytic activity for system conducted with only
1-hexene as monomer (entry 1). The opposite
occurred on entry 2 for the system that used only
ethylene as monomer. It suggests that this half-met-
allocene catalyst ([t-BuNSiMe2Flu]TiMe2) is
active for ethylene polymerization, but not for
1-hexene polymerization. This result agreed with
the finding of Intaragamjon et al. [9], who reported
that this catalyst cannot proceed 1-hexene polymer-
ization under the specified condition. It has been
known that ethylene is the most reactive olefin
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[10], so it can react with itself for polymerization in
the absence of any comonomer. Although 1-hexene
was not reactive in its homopolymerization, it can
be reacted in the system of copolymerization with
ethylene (entry 3–5). Thus, this should be clarified
in this finding that why 1-hexene was not active
unless ethylene was introduced together in the sys-
tem, even with the small amount of ethylene as
seen for entry 5.
The mechanism of polymerization by metallocene
catalyst system is reviewed here to explain the
result. There are three main steps for completing
the copolymerization (excluding chain transfer
step), as shown in Figure 1 [10]. The first step is the
‘activation’ of metallocene catalyst typically
achieving via contact with an appropriate cocata-
lyst species (MMAO in this case). The second is
the ‘initiation’ of the polymerization occurring as a
result of the displacement of the anion and coordi-
nation of the monomer in the primary complex. In
our study, this step seems to be a problem for
obtaining the 1-hexene polymerization, since the
ion-pairs still stay in their coordinated tightly.
Therefore, only the strong reactive monomer like
ethylene is able to insert in this coordination, and

consequently displace the anion and make coordi-
nation with catalyst active site. This step can gener-
ate an available coordination site on the metal
center, which provides high enough space for a
large molecule, such as 1-hexene to coordinate with
it in the next step. As the result, the final step that is
the ‘propagation’ step will be the open competition
between ethylene monomer and 1-hexene comone-
mer for insertion into the growing chain of poly-
mer.
As describe above, for this catalytic system, if eth-
ylene was not introduced into the system first,
1-hexene would not be reactive for this half-metal-
locene catalyst even open structure. However, in
many cases, 1-hexene can perform polymerization
by itself with some metallocenes such as
iPr(Cp)(Flu)ZrCl2 and En(Ind)2ZrCl2 [11] indicat-
ing that reactivities of α-olefin also depend on the
catalyst structure [12]. 

3.2. Effect of the amount of 1-hexene on
catalytic activity 

In entry 3–5, introducing of 1-hexene into copoly-
merization enhanced catalytic activity higher than
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Table 1. Activities of system with various monomer concentrations

aEthylene addition into the system
bCopolymerization condition: Ti = 10 μmol, Al/Ti = 400, temperature = 343 K, 349 kPa (50 psi) of ethylene pressure was applied

Entry
Ethylenea

[mol/l]
1-Hexene

[mol/l]
Time

[s]
Weight

[g]
Activityb

(kg polymer/mol Ti .h)
1 0.0 0.6 475 – –
2 0.6 0.0 475 0.2468 0187
3 0.6 0.3 500 1.0596 0763
4 0.6 0.6 248 1.4030 2037
5 0.6 1.2 326 1.9241 2125

Figure 1. Schematic representation of copolymerization mechanism



that of system without 1-hexene (entry 2). When
the amounts of 1-hexene were increased, the cat-
alytic activities were also increased. They increased
pronouncedly when the amount of 1-hexene was
raised from 0.3 to 0.6 mol/l. However, they gradu-
ally increased when the amount of 1-hexene was
raised two times again from 0.6 to 1.2 mol/l. A
comparison of activities is also shown in Figure 2.
It can be explained that the first range of increasing
is because of comonomer effect in copolymeriza-
tion behavior [13]. The chain structure of 1-hexene
can increase the gap between the cationic active
species and counter anion more separately in prop-
agation step (Figure 1). Then, the propagation rate
of polymerization can be raised leading to enhanc-
ing the activity of copolymerization. However, at
1.2 mol/l of 1-hexene concentration (entry 5), the
anticipated activity can not be attained. This is
because high excess of 1-hexene obstructed active
sites of catalyst from reacting with ethylene
monomer, and consequently reduce rate of ethylene
insertion into the chain of growing polymer. The
explanation can be supported by polymerization
time of entry 5, which was longer than that of
entry 4. The longer polymerization time suggests
that, in entry 5, the rate of ethylene consumption
for polymerization was slower than that of entry 4.

Although the rate of ethylene consumption in
entry 4 was faster, activity or productivity of
entry 5 was higher. This is because initial concen-
tration of 1-hexene of entry 5 was higher then it
can produce more product than entry 4 did result-
ing in high catalytic activity for the system.

3.3. Effect of the amount of 1-hexene on
microstructure of copolymers

As seen in Table 2, the comonomer incorporations
apparently increased with increasing the amount of
1-hexene in copolymerization. In this copolymer-
ization process, which fixed the amount of ethylene
addition and kept ethylene pressure constant during
copolymerization, the incorporation of 1-hexene
can be increased by two primary reasons. One is
that enhancing the reactivity of 1-hexene or two,
diminishing the reactivity of ethylene. It can be
seen from Table 2 that reactivities of ethylene
decreased dramatically with increasing the concen-
tration of 1-hexene in the system while reactivities
of 1-hexene just slightly increased. So, it can be
concluded that the initial concentrations of 1-hex-
ene in the system have more effect on the reactivity
of ethylene than itself. The increase of 1-hexene
reactivity enables it to still incorporate continu-
ously into the growing chain even at high concen-
tration. The open structure of half-metallocene
catalyst is one of the important factors that retains
high reactivity of 1-hexene and encourages high
comonomer incorporation. As compared with the
works done by our group previously with normal
metallocene, it has been found that with the same
initial comonomer concentration in copolymeriza-
tion, the obtained copolymer from those studies
exhibited much lower comonomer incorporation
than in this study [14, 15].
On account of the fact that the uniform comonomer
incorporation is the key feature for producing low-
density plastomer, which exhibited plastic and elas-
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Figure 2. Activity profile with various 1-hexene concen-
trations

Table 2. Comonomer incorporation and the reactivity ratios

aExamined by 13C-NMR by Randall method [8]
bRelative comonomer reactivities (rE for ethylene and rH for 1-hexene) calculated by rE = 2[EE]/[EC]X, rH = 2X[CC]/[EC],
[EE] = [EEE] + 0.5[CEE], [CC] = [CCC] + 0.5[ECC], [EC] = [CEC] + 0.5[CEE] + [ECE] + 0.5[ECC]

Entry
Ethylene
[mol/l]

1-Hexene
[mol/l]

Incorporationa Reactivityb

E [mol%] H [mol%] rE rH rErH

3 0.6 0.3 68.4 31.6 1.121 0.658 0.737
4 0.6 0.6 43.7 56.3 0.797 0.738 0.588
5 0.6 1.2 23.0 77.0 0.621 0.784 0.487



tomeric behavior [16], the distribution of co-
monomer in the copolymers needs to be concerned
in order to obtain plastomers with desired specifi-
cation. The triad distribution for all copolymers
obtained from 13C-NMR is shown in Table 3. Triad
block of comonomer (HHH) was detected in sam-
ples having 1-hexene incorporation above 31.6%
(entry 4, 5). It was also noticed from Figure 3,
which showed 13C-NMR spectrum of the copoly-
mers that the peaks between 39.5 and 42 ppm (pro-
portional to the HHH triad) occurred obviously in
the copolymer from entry 4 and 5. Nevertheless,
the number of HHH triad was not converted
directly from the area under these peaks. There are
other peaks, which are more pronounced in the cal-
culation. Therefore, the larger area of these peaks
of entry 4 than entry 5 did not mean that entry 4
had more HHH triad than entry 5.
The presence of HHH triad can imply that the good
distribution of comonomer throughout the copoly-
mer chain was interrupted at high incorporation of
comonomer. Although the copolymers with high
1-hexene incorporation contain the block of
comonomer, they are still not the block copolymer.
It can be observed from the product of reactivity
ratio (rErH), which is one of the parameters that can
identify types of copolymer. A value rErH > 1 indi-
cates a block copolymer structure and rErH < 1

reveals an alternating copolymer structure. There-
fore, all the obtained copolymers are alternating
copolymers having the rErH value being lower
than 1. Once the alternating copolymers were
obtained, it means the comonomers in their chain
are distributed moderately well along the backbone,
then shortening the average backbone sequence
length for crystallization and therefore low crys-
tallinity, including low density, would be gained.
Thus, with these properties, the obtained copoly-
mers are in closing proximately to be low-density
plastomer. However, these copolymers might not
meet all properties required for the use in plastic
industry because they probably lost completely the
thermal properties.
As a result of the fact that disadvantages of alternat-
ing copolymer, which have been found by Hung et
al. [17] that the polymer with a highly alternating
sequence distribution did not exhibit any melting
behavior. Based on the result, when the incorpora-
tions of comonomers increased, the obtained poly-
mer tended to exhibit more highly alternating
copolymer structure (rErH < 1). Therefore, they
might lose the melting behavior at high level of
1-hexene incorporation. To prove that, melting
temperatures of the obtained polymers were inves-
tigated by differential scanning calorimetry (DSC).
From the investigation, it was found that only the
sample from entry 2, which is the polyethylene
sample, has the melting temperature (130°C) and
the remaining samples cannot be found the melting
temperatures. Thus, the losses of thermal properties
existed in all obtained copolymers even the one that
had low comonomer content (entry 3, 31.6%).
Copolymers were formed the gel-like structure as
seen in Figure 4 when the 1-hexene was introduced
into the system, especially at the high level of
incorporation. With this structure, it is obviously
shown the character of amorphous material. There-
fore, it accords with the results from 13C-NMR and
DSC that the obtained copolymers should not have
the melting temperature.
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Table 3. Triad distribution of copolymer obtained from 13C-NMR

Entry
Ethylene
[mol/l]

1-Hexene
[mol/l]

EEE EEH HEH EHE EHH HHH

3 0.6 0.3 0.345 0.292 0.048 0.172 0.144 0.000
4 0.6 0.6 0.091 0.270 0.076 0.185 0.339 0.039
5 0.6 1.2 0.015 0.130 0.085 0.154 0.424 0.192

Figure 3. 13C-NMR spectra of copolymers



4. Conclusions

It was found that the positive comonomer effect
occurred even though a very high concentration of
1-hexene that was introduced into the system.
However, the microstructures of the obtained
copolymer examined by 13C-NMR need to be
improved because the highly alternating sequence
distributions of copolymer cause the loss of essen-
tial specific thermal properties.
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Abstract A series of nanocrystal zirconia samples were

synthesized, characterized and studied for the esterifica-

tion reaction. The results showed that the solvothermal

method under different solvent/alkoxide molar ratios led to

remarkable effect on the amount of carbon residue

remained on the surface of catalysts resulting in the dif-

ference in proton species-support interaction behavior.

Moreover, the esterification activity of W/ZrO2 varied

distinctly with the solvothermal synthesis condition of

nanocrystal zirconia.

Keywords W/ZrO2 � Solvothermal synthesis �
Solvent content � Carbon residue � Esterification

1 Introduction

A large number of industrially important reactions are

catalyzed by solid acids. To improve their performance, a

detailed characterization of these catalysts is important.

Specifically, a systematic study of the development of acid

sites in relation to the nature of the surface structure is of

particular interest. Solid acids catalysts of the type WOx/

ZrO2 have attracted much interest recently due to their

structural feature which can present strong acidic sites, and

thus are active for isomerization, alkylation and esterifi-

cation [1–6].

The structural feature of the WOx/ZrO2 catalysts have

been studied [7–12] and was showed that the active spe-

cies-support interaction plays an important role in con-

trolling the active phase features and in affecting the

support properties. Some authors suggest that the catalytic

activity is associated with interconnecting amorphous WOx

species on the surface of tetragonal zirconia. The creation

of strong acidic centers appears to require the presence of

WOx clusters in the presence of a significant proportion of

tetragonal zirconium oxide (ZrO2) [10, 13]. Several works

have shown that the catalytic properties of the WOx/ZrO2

are strongly affected by every step of the preparation

including the choice of the synthesis method and tungsten

loading. The main influences of the preparation method are

on: (i) the type of the active species formed; (ii) the dis-

persion of the active species; (iii) the acidity of the catalyst;

(iv) the different types of phases formed and (v) the surface

area. Synthesis methods, such as impregnation, co-

impregnation, hydrothermal, sol–gel, and solvothermal,

have been widely studied to optimize the preparation of

such catalysts with properties being appropriate for dif-

ferent purposes [14–17]. Among these methods, the most

used one for the preparation of pure tetragonal zirconia

phase is the solvothermal method. In this case, the proce-

dure consists of impregnation of crystal zirconium oxide

with a solution containing tungsten precursor [18]. After

the calcination, the tungsten species formed were com-

posed of isolated surface monotungstates and/or polymeric

surface polytungstates species (WOx) and WO3 crystallites

[19]. Previous studies have emphasized on the amounts of

residual carbon remained the surface of catalysts certain

characteristics of the degree of interaction between the

zirconia and adsorbed species [20]. It revealed that ZrO2

particles prepared in 1,4-butanediol (ZrO2-BG) have the

lowest amounts of residual carbon on the surface of
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catalysts leading to enhanced activity for tungstated zir-

conia catalyst.

In the present research, we synthesized the nanocrys-

talline zirconia by the solvothermal method under different

solvent (glycol)/alkoxide molar ratios and investigated the

effects of the properties of zirconia obtained on the ester-

ification performances of W/ZrO2. It was confirmed that

carbon residue present on the surface of catalysts affects

the activity for tungstated zirconia catalyst in acetic acid

esterification reaction.

2 Experimental Section

2.1 W/ZrO2 Catalyst Synthesis

W/ZrO2 samples were prepared by the adsorption of a W

precursor on the surface of nanocrystalline zirconia

(ZrO2). First the zirconia support was prepared by the

solvothermal method of zirconium tetra-n-butoxide

80 wt% solution in 1-butanol [ZNB, Zr(O(CH2)3CH3)4,

Aldrich] and 1,4-butanediol [HO(CH2)4OH, Sigma–

Aldrich, 99%]. A desired amount of an alkoxide was

suspended in 100 mL of 1,4-butanediol in a glass vessel,

and then placed in a 300-mL autoclave filled with 30 mL

of the same solvent. The autoclave was completely sealed

and purged with nitrogen. The mixture was heated to the

desired temperature at a constant rate of 2.5 �C min-1

and held at that temperature for 2 h. After the autoclave

was cooled, the resulting powder was washed repeatedly

with methanol by centrifugation, and then air-dried at

room temperature. The products were then air-dried and

used without further calcinations. The molar ratios of

solvent/alkoxide used in this work were ranged from 12 to

29.

A series of samples was prepared by the incipient wet-

ness impregnation method using tungsten(VI) chloride

(WCl6, Aldrich, 99.9%) sufficient for yield materials hav-

ing 15 wt% of W loading. The catalysts were dried at

110 �C for 12 h and finally calcined at 500 �C in air for 3 h

[4].

Samples are designated as ZrO2-x and W/ZrO2-x, where

x refers to the molar ratios of solvent/alkoxide.

2.2 X-Ray Diffraction

X-ray powder diffraction spectra were recorded using a

Siemens (D5000, Germany) powder diffractometer with a

copper anode (Cu Ka, k = 0.15418 nm) and a scanning

rate of 0.04� s-1. The crystalline planes of phases t-ZrO2

and m-ZrO2 were indexed following the Joint Committee

on Powder Diffraction Standards (JCPDS) cards and the

crystallite size was calculated from the Scherrer equation.

2.3 BET Surface Area

Nitrogen adsorption was measured at -196 �C with an

automatic adsorptiometer (Micromeritics ASAP 2020,

USA). The samples were pretreated at 300 �C for 3 h under

vacuum. The surface areas were determined from adsorp-

tion values for relative pressures (P/P0) ranging from 0.1 to

1.0 using the Brunauer–Emmett–Teller (BET) method.

2.4 Scanning Electron Microscope

Surface morphology of the samples was observed on Hit-

achi S-3400N (Japan) scanning electron microscope (SEM)

with an acceleration voltage of 15 kV. Catalyst samples

were gold coated prior to scanning.

2.5 Transmission Electron Micrographs

The TEM measurement was obtained using a JEOL JEM-

2010 (Japan) transmission electron microscope. The sam-

ples were supported on carbon-coated copper grids for the

experiment.

2.6 Thermogravimetric Analysis

The thermogravimetric (TG) analyses were performed on a

TA Instruments SDT Q 600 analyzer (USA). The samples

of 10–20 mg and a temperature range between 30 to

800 �C at 10 �C min-1 were used in the operation with N2

UHP carrier gas.

2.7 X-Ray Photoelectron Spectroscopy

The XPS measurement was carried out using an AMICUS

photoelectron spectrometer (UK) equipped with an Mg Ka
X-ray as a primary excitation and KRATOS VISION2

software. XPS elemental spectra were acquired with 0.1 eV

energy step at a pass energy of 75 kV. The background

pressure during the spectra accumulation was typically

10-6 Pa. Detailed spectral scans were taken over Zr 3d, O

1s, W 4f, C 1s and Ag 3d regions. The binding energy scale

of the spectra was calibrated to the silver Ag 3d5/2 peak at

the energy of 368.2 eV [21].

2.8 Acidity Measurements

The number of acid sites was also estimated by using a

method involving an aqueous ion-exchange step, in which

0.2 g of catalyst was added to 10 mL of a 3.42 M aqueous

solution of NaCl under stirring. The exchange ions between

H? of catalyst and Na? in the solution were carried out for

30 h at room temperature; the liquid was filtered off

and titrated with a 0.05 N aqueous NaOH solution.
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The endpoint for titration was determined using a pH meter

(pH * 7) and corroborated using pH paper [4, 22].

2.9 Catalytic Activity

The esterification of acetic acid with methanol has been

used as a probe reaction for studying the activity of the

catalysts. The reaction was carried out in liquid phase batch

reactor. The WZ catalyst taken was 2 wt% of acetic acid,

and acetic acid and methanol were taken in 1:3 molar ratio.

In a typical procedure, a 250-mL round bottom flask

equipped with a water condenser and magnetic stirrer was

kept in a constant temperature of oil bath. The reaction

was carried out at atmospheric pressure at 60 �C. Sample

was withdrawn periodically from the reactor, quenched to

room temperature, and centrifuged in order to separate the

solid catalyst from product to prevent further reaction.

Concentration of reacted samples was determined using a

SHIMADZU gas chromatograph (GC-14B) equipped with

Chrompack SE52 column and flame ionization detector.

UHP N2 was used as the carrier gas.

3 Results and Discussion

The XRD patterns are shown in Fig. 1. It reveals that zir-

conia in the samples existed mainly in the form of tetrag-

onal phase (t-ZrO2) and only very few percentages of

monoclinic zirconia (m-ZrO2) were detected in ZrO2-15

and ZrO2-12 [23]. The average crystallite sizes calculated

from the XRD line broadening using the Scherrer equation

and the BET surface areas of the zirconia are reported in

Table 1. The average crystallite sizes of zirconia were

approximately 3.4–4.0 nm. Within experimental error,

there was no significant difference in BET surface areas

and the crystallite sizes of the zirconia prepared in different

solvent/alkoxide molar ratios (different ZNB concentra-

tions). To check accuracy of the crystal size obtained from

the XRD analysis, TEM photographs of products were also

taken in comparison. Figure 2 shows an agglomeration of

crystals with an average diameter of 4.4 nm in ZrO2-17.

Since the crystal sizes from TEM and X-ray analysis are in

good agreement, it has been concluded that each primary

particles of the obtained products are single crystals of

zirconia. These results were found to be in agreement with

our previous work [24].

Typical SEM micrographs of zirconia samples prepared

in 1,4-butanediol with different molar ratios of solvent/

alkoxide are shown in Fig. 3a–e. The powders have a

spherical shape and a dense mass and seem to be formed by

aggregations of primary particles. The SEM photograph

shows these secondary particles as separate microspheres.

Interestingly, the lower solvent/alkoxide ratios (higher the

initial ZNB concentration), the larger the size of the

Fig. 1 XRD patterns of the ZrO2

Table 1 Textural characterization of zirconia supports

Sample Crystallite

sizea (nm)

BET

surface

area (m2/g)

Pore

size

(nm)

Pore

volume

(cm3/g)

ZrO2-29 3.8 171 2.60 0.10

ZrO2-22 3.4 170 2.52 0.09

ZrO2-17 3.9 186 2.64 0.17

ZrO2-15 3.8 187 2.68 0.18

ZrO2-12 4.0 185 2.72 0.19

a Calculated from XRD measurement based on Scherrer equation

Fig. 2 TEM image of ZrO2-17
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secondary particle. Furthermore, we can see boundaries of

small microspheres that agglomerated to form larger sec-

ondary particles. These boundaries are indicated by arrows

in Fig. 3. Increasing solvent/alkoxide ratios decreases

mean microsphere diameter while reducing sharply the

number of small microspheres.

Table 2, compares the catalytic properties of various

zirconia supported tungsten catalysts. In this study, the

zirconia was impregnated with 15 wt% of tungsten and

calcined in air at 500 �C for 3 h. In general, the penetration

of tungsten species into the pore of ZrO2 support could

reduce the surface area of the tungstated zirconia catalysts.

This loss of surface area is significantly inhibited by the

presence of WOx species [4] or the emergence of mono-

clinic zirconia (m-ZrO2). In order to estimate the theoret-

ical nominal W surface densities, W/ZrO2 surface area and

amount of tungsten loading were used [25]. It was found

that the W surface coverage of all catalysts were presented

as the growing surface monotungstated domain (approxi-

mately 3.6–4.0 W/nm2) [7]. It would appear that the sur-

face area and particle size of the catalyst particles were not

affected by solvent/alkoxide ratio since no physical chan-

ges were observed. The X-ray diffraction patterns of the

zirconia-supported tungsten catalysts are shown in Fig. 4.

The increased calcination temperature was also allowing to

present a fraction of m-ZrO2. It should be noted that the

XRD peak at ca. 24.3� for all samples was assigned to the

monoclinic zirconia (not WOx crystallites) [26–28].

The results were found to be in agreement with the work

previously reported by our group, the catalysts did not

show diffraction peaks at 2h = 23.2, 23.6 and 24.48

and did not show Raman bands at 720 and 807 cm-1 that

Fig. 3 SEM photographs of products synthesized in 1,4 butanediol at 250 �C of a ZrO2-29, b ZrO2-22, c ZrO2-17, d ZrO2-15 and e ZrO2-12
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are characteristic of WO3 [18, 20, 29]. No diffraction peaks

of WO3 crystallites were observed for all samples, indi-

cating that tungsten oxide was well dispersed on zirconia.

The acid site concentrations as measured by ion-

exchange titration are also listed in Table 2. It was found

that they are in the range of ca. 88, 94, 112, 120 and

128 lmol/g for W/ZrO2-29, W/ZrO2-22, W/ZrO2-17, W/

ZrO2-15 and W/ZrO2-12 samples, respectively. The num-

ber of acid sites increases in parallel with the decreased

solvent/alkoxide molar ratio. Probably as a result of the

residue carbon deposit on the surface of catalyst. The

amounts of residue carbon on the surface of catalysts were

characterized by XPS, as shown in Table 3. The C 1s

envelopes were analyzed and peak-fitted after subtraction

of a Shirley background using a Gaussian peak shapes is

shown in Fig. 5. In this deconvolution operation, the

FWHM value adopted for all the C 1s lines were not higher

than 2.4 eV. High residual carbon concentrations are

apparently evident for the W/ZrO2-29. It can be seen that

when the solvent ratio was decreased from 29 to 12, the

carbon concentration decreased ca. 40%. These results

indicate a more pronounced effect of solvent ratio on the

carbon residual concentration and the acid site concentra-

tion of tungstated zirconia catalyst.

The esterification of acetic acid with methanol was

carried out over the catalysts of W/ZrO2-29, W/ZrO2-22,

W/ZrO2-17, W/ZrO2-15, and W/ZrO2-12 at 60 �C; the

conversions of acetic acid after 6 h of time on stream are

shown as a function of time in Fig. 6. The figure shows that

the W/ZrO2 catalysts are quite effective for the reaction,

the W/ZrO2-12 catalyst showed especially high activities

for the esterification of acetic acid. This is due to the

highest acidity present as observed from acid–base titration

techniques (Table 2). It is interesting to note that the ratio

of solvent/glycol of the zirconia support synthesis has an

influence on the catalytic activity of the tunstated zirconia

catalysts. It is found that the conversion of acetic acid

decreases with increasing the solvent/glycol ratio from 12

to 29 as shown in Fig. 6. This is mainly due to the fact that

Table 2 Physicochemical properties of W/ZrO2 catalysts

Sample Crystallite

sizea (nm)

BET surface

area (m2/g)

W surface

densityb

(W atom/nm2)

Surface

acidityc

(lmol/g)

C atomic

concentrationd

(%)

W/ZrO2-29 4.5 123 4.0 88 20.03

W/ZrO2-22 4.7 128 3.8 94 16.30

W/ZrO2-17 4.4 134 3.7 112 14.63

W/ZrO2-15 4.6 135 3.6 120 13.32

W/ZrO2-12 4.4 136 3.6 128 12.08

a Calculated from XRD measurement based on Scherrer equation
b Calculated from the equation [25] Surface density ¼ fPromoter loading ð%Þ=100g�6:023�1023

Formula weight of promoter�BET surface area ðm2 g�1Þ�1018

c Measured by ion-exchange and titration with 0.05 N NaOH
d Measured from XPS measurement

Fig. 4 XRD patterns for W/ZrO2 calcined at 500 �C for 3 h

Table 3 C 1s XPS results
Sample Position BE (eV) FWHM (eV) Raw area (CPS) R2 Carbon concentration

Atomic% Mass%

W/ZrO2-29 285.063 2.180 2643.5 0.98859 20.03 6.0

W/ZrO2-22 284.832 2.306 2340.9 0.97740 16.30 4.7

W/ZrO2-17 284.708 2.192 1927.2 0.98559 14.63 4.5

W/ZrO2-15 284.849 2.162 1870.1 0.98092 13.32 3.9

W/ZrO2-12 285.052 2.122 1549.9 0.98396 12.08 3.6
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Fig. 5 a C 1s XPS normalized spectra of a surface of (i) W/ZrO2-29, (ii) W/ZrO2-22, (iii) W/ZrO2-17, (iv) W/ZrO2-15 and (v) W/ZrO2-12.

b Evolution of C 1s XPS spectrum of a surface of various tungstated zirconia catalysts
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W/ZrO2-29 catalyst has the maximum residue carbon on

the surface (Table 3 and Fig. 5). The results clearly show,

in agreement with previous reports [20], an increased

carbon residue on the surface of catalysts. The acidity of

the solids after calcination at 500 �C was affected by the

residue carbon deposition on the surface of the catalysts.

One of the possible reasons is that the interaction between

the support and the dispersed oxide species. In order to

prove the interaction between the tungsten oxide and sup-

port, TGA measurement was performed. The TGA can

provide the useful information on the degree of interaction

for adsorbed species bound to support in terms of weight

loss and removal temperature [20, 30–33]. The TGA pro-

files for all catalysts are shown in Fig. 7. We observed that

the weight losses of samples were in the order of W/ZrO2-

12 (3.3%) [ W/ZrO2-15 (2.4%) [ W/ZrO2-17 (2.2%) [
W/ZrO2-22 (1.8%) [ W/ZrO2-29 (1.6%). This indicated

that adsorbed species present on ZrO2-29 had the strongest

interaction among other supports, resulted in the lowest

activity obtained. In addition, the relationship between the

solvent/alkoxide ratios and other parameters is summarized

as shown in Scheme 1.

4 Conclusions

The liquid-phase esterification of acetic acid with methanol

at 60 �C was investigated to characterize the effect of

solvent/alkoxide molar ratios on synthesis nanocrystal

zirconia support on the esterification performances of

W/ZrO2. The catalytic activity of W/ZrO2-12, zirconia

support prepared by solvothermal method with the molar

ratio of solvent/alkoxide = 12 showed highest surface

acidity consequently having the highest activity. It can be

concluded that the molar ratios of solvent/alkoxide

remarkably affect the amount of carbon residue on the

surface of catalysts resulting in the difference in acidity of

catalyst.
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A B S T R A C T

Nanocrystalline TiO2 and Si-modified TiO2 with Si/Ti ratios 0.01, 0.05, 0.1, and 0.3 were prepared by the

solvothermal method and employed as the supports for Ag/TiO2 catalysts for CO oxidation reaction. The

incorporation of Si into the TiO2 lattice in the form of Ti–O–Si as revealed by FT-IR results could inhibit

the agglomeration of TiO2 crystallites, resulting in an increase of both surface area and metal dispersion.

However, there existed an optimum content of Si/Ti at ca. 0.05–0.1 which resulted in an improved

catalytic activity of Ag/TiO2 in CO oxidation. Based on the O2-temperature program desorption (O2-TPD)

results, the catalysts with appropriate amounts of Si/Ti exhibited higher amount of O2 adsorption and

much lower desorption temperature. It is suggested that the presence of Ti–O–Si promoted the

formation of active oxygen species and increased the mobility of lattice oxygen so that the catalytic

activity was enhanced. There was no improvement in CO oxidation activity of the Ag/TiO2 catalyst when

the Si/Ti was further increased to 0.3 due probably to the formation of amorphous SiO2 instead of the Ti–

O–Si bond.

� 2010 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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1. Introduction

The main purpose of support modification is generally to obtain
high dispersion of metal catalyst or high active sites for catalytic
reaction. Support modification usually brings about changes in
surface properties of the support such as surface area and
interaction between metal particles and support, which are a
crucial factor affecting catalytic activity of the metal. The
modification of support with trace element has been investigated
widely by many researchers. This method can result in changes in
surface chemistry, crystal structure and size, and crystal defects of
support. For TiO2 support, various doping elements have been
studied including silicon [1–6] lanthanum [7,8], yttrium [9–11],
zirconium [12–14], etc. The incorporation of trace element has
shown to increase both surface area and thermal stability of the
support.

It is well known that titanium dioxide (TiO2) is reducible metal
oxide that stronger interacts with group VIII noble metals than
other metal oxides such as SiO2, Al2O3, and MgO [15–19]. For this
reason, titanium dioxide has attracted much attention for the
application as noble metal catalyst support in many reactions. CO
oxidation is one of the reactions that have been frequently
investigated using TiO2 as the support. Nevertheless, only a few
studies have reported about the modification of TiO2 with trace
* Corresponding author. Tel.: +66 2218 6883; fax: +66 2218 6769.

E-mail address: Piyasan.p@chula.ac.th (P. Praserthdam).

1226-086X/$ – see front matter � 2010 The Korean Society of Industrial and Engineer

doi:10.1016/j.jiec.2010.07.015
elements for application as catalyst support in CO oxidation
reaction. For examples, Tai et al. [20] have shown that modification
of TiO2 aerogel support with silica-coating improved the catalytic
activity of Au/TiO2 compared to that on pure TiO2 support. Yu et al.
[8] reported that doping of La in TiO2 support during the sol–gel
synthesis also enhanced the catalytic activity of Au/TiO2 in CO
oxidation.

In this work, the effect of Si doping in TiO2 support synthesized
by solvothermal method on the physicochemical properties of TiO2

and the catalytic activities of Ag/TiO2 catalysts in the CO oxidation
reaction were investigated. The catalysts were also characterized
by X-ray diffraction (XRD), Fourier transformed spectroscopy (FT-
IR), temperature programmed desorption of oxygen (O2-TPD), and
pulse chemisorption.

2. Experimental

2.1. Preparation of TiO2 and Si-modified TiO2

The TiO2 nanoparticles were prepared by the solvothermal
method according to that of Ref. [21]. Titanium (IV) n-butoxide
(TNB) (97%, Aldrich) and 1,4-butanediol (Aldrich) were used as
TiO2 precursor and organic solvent, respectively. Firstly, 25 g of
TNB was dissolved in 100 cm3 of 1,4-butanediol. The solution was
mixed in the test tube and placed in 300 cm3 autoclave. Additional
1,4-butanediol, with a volume of about 30 cm3, was filled into the
gap between the test tube and the autoclave wall. The nitrogen gas
was purged into the autoclave reactor before heating up to 320 8C
ing Chemistry. Published by Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.jiec.2010.07.015
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http://dx.doi.org/10.1016/j.jiec.2010.07.015


Fig. 1. XRD patterns of Si-modified TiO2 with different Si/Ti molar ratios.

Table 1
Physical properties and amount of active sites of unmodified TiO2, Si-modified TiO2

support and 10%Ag/TiO2–xSi catalysts.

Sample Crystallite

size (nm)

BET surface

area (m2/g)

Active site

of 10%Ag/TiO2–xSi

(�1020 atom/g-catalyst)

Unmodified TiO2 15.0 77 1.27

TiO2–0.01Si 9.8 103 2.10

TiO2–0.05Si 8.5 125 2.02

TiO2–0.1Si 7.0 136 1.98

TiO2–0.3Si 6.4 96 2.46
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at a rate of 2.5 8C/min and held constant at that temperature for
4 h. The Si-modified TiO2 was prepared by addition of a certain
amount of tetraethylorthosilicate (TEOS, Aldrich) into the mixed
solution of TNB and 1,4-butanediol before setting up in the
autoclave. The molar ratios of Si/Ti were varied in the range of
0.01–0.3. After cooling naturally to room temperature, the
products were repeatedly washed with methanol and dried in air.

2.2. Preparation of Ag/TiO2 catalysts

The obtained TiO2 powder was used as support for preparation
of Ag/TiO2 catalyst. A certain amount of AgNO3 was dissolved in
deionized water and loaded on the support by the incipient
wetness impregnation method. After impregnation, the samples
were dried at room temperature for 6 h and then at 110 8C
overnight in an oven. The obtained samples were calcined in air at
450 8C for 3 h. The metal content was maintained at 10 at.%Ag with
respect to the atomic weight of the TiO2 support. The series of
catalysts are denoted by their atomic percentages of metal loading
and the silicon content in the TiO2 supports. For example, 10%Ag/
TiO2–0.01Si is referred to the catalyst containing 10 at.%Ag on the
Si-modified TiO2 with the molar ratio of Si/Ti 0.01.

2.3. Catalyst characterization

The XRD analysis was performed using the SIEMENS D5000
diffractometer with Cu Ka radiation. The crystallite size and
crystalline phase of Si-modified TiO2 were estimated by the
Scherrer equation. The XRD patterns were collected at a rate of
2.48 min�1 in the range of 2u = 20–808. The particle sizes of Si-
modified TiO2 were investigated by transmission electron micros-
copy (TEM) with a Philips CM100 microscope. The specific surface
area of samples was determined by the Brunauer–Emmet–Teller
(BET) method using N2 adsorption at 77 K in a Micromeritics ASAP
2020 instrument. The FT-IR spectra were collected at room
temperature using a NICOLET 6700 spectrometer in the range of
400–4000 cm�1 with 4 cm�1 resolution by the KBr technique. The
sample and KBr were dried at 110 8C for 24 h before analysis. The
samples were measured in a controlled humidity room. The
amount of metal active sites for Ag/TiO2 catalysts was determined
using N2O pulse chemisorption according to the method described
previously by our group [22]. Approximately 100 mg of the catalyst
sample was reduced in hydrogen flow (50 cm3/min) at 200 8C.
After that the temperature was cooled down to 150 8C in He stream
and a certain amount of N2O was injected. The N2O was analyzed
by TCD gas chromatography using a packed Porapak N column. The
metal active site of the Ag/TiO2 catalyst was calculated assuming a
reaction stoichiometry of two Ag per oxygen atom.

The O2-TPD experiment was performed in order to study the
characteristics of oxygen adsorption and desorption on the catalyst
surface. This method was adapted from Yu et al. [8]. Approximate-
ly, 0.1 g of the catalyst was reduced at 200 8C in hydrogen flow
(50 cm3/min) for 1 h. The temperature was then cooled down to
30 8C in He stream (30 cm3/min) and followed by oxygen
adsorption at 30 8C for 1 h with a flow of oxygen (30 cm3/min).
The physically adsorbed oxygen on the catalyst surface was swept
out with He stream until no signal of oxygen could be detected and
then the temperature was ramped with a heating rate of 10 8C/min
to 600 8C. The oxygen desorption signal was detected by the
thermal conductivity detector (TCD) during programmed heating.

2.4. Reaction study

A fixed-bed glass tube microreactor (i.d. 5 mm) was use to test
the catalytic activity of the catalyst samples in CO oxidation.
Approximately 100 mg of the catalyst powder was packed in the
middle of tubular microreactor between plugs of quartz wool. A
thermocouple was inserted into the reactor below the catalyst bed
to measure temperature at the catalyst outlet. The tubular reactor
was heated from room temperature to the desired temperature in a
vertical tubular furnace. The reactant gas mixture of 1% CO, 2% O2,
and the balanced He was introduced at a total flow rate of 100 cm3/
min or a gas hourly space velocity (GHSV) � 30,600 h�1. The
catalyst was first reduced in situ at 200 8C in flowing hydrogen
(50 cm3/min) for Ag/TiO2 for 1 h. After the reduction, the reactant
gas mixture was switched into the reactor and maintained at a
desired temperature for 20 min. The concentration of CO was
monitored by an on-line GC-8ATP (Shimadzu) gas chromatograph
equipped with a TCD detector and a Porapak Q column. The
conversion of CO was defined as the number of moles of CO
converted per the total number of CO in feed stream. The
temperature at which conversion reaches 50% (defined as light-
off temperature) is used to compare the catalytic activities of the
catalyst samples.

3. Results and discussion

3.1. Effect of Si doping on the properties of TiO2

The XRD patterns of TiO2 and Si-modified TiO2 prepared by the
solvothermal method are shown in Fig. 1. All the samples exhibited
only pure anatase phase TiO2 without any other phase contami-
nation. The XRD patterns of Si-modified TiO2 showed the major
peak of anatase TiO2 at 2u around 258. Increasing of Si content can
affect the broadening of XRD peaks [23]. However, the peak
intensity of anatase TiO2 decreased with increasing Si content,
indicating that the crystallite size of TiO2 became smaller. The
crystallite sizes of TiO2 and Si-modified TiO2 are shown in Table 1.
The crystallite sizes of all Si-modified TiO2 were smaller than the
unmodified TiO2. The peak position of anatase (1 0 1) and lattice



Fig. 2. TEM images and the size distribution of (a) unmodified TiO2 and (b) TiO2–0.05Si.
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parameters of TiO2 and Si-modified TiO2 support are given in Table
2. The anatase (1 0 1) diffraction peaks for all the Si-modified TiO2

were shifted slightly to a higher angle compared to that of the TiO2

support, indicating a decrease of the distance between crystal
planes which related to the lattice parameters [24]. The decrease of
the lattice parameters for the Si-modified TiO2 compared to the
TiO2 was attributed to an insertion of the smaller ionic radius of Si
(0.042 nm) into the lattice of TiO2 (ionic radius 0.064 nm) [25].
Moreover, the peak intensity of anatase TiO2 decreased with
increasing Si content, indicating that the crystallite size of TiO2

became smaller.
Fig. 2 shows the TEM images of TiO2 and TiO2–0.05Si. The

particle size distributions were in the range of 12–16 nm and 5–
9 nm for the TiO2 and the TiO2–0.05Si, respectively. Such results
were in good agreement the XRD results in which the crystallite
size of TiO2 supports decreased with Si doping. The existence of Si
in the TiO2 framework may inhibit the TiO2 moiety to form large
crystal [26]. Moreover, the replacement of Ti by Si atom in TiO2

lattice can also produce Ti–O–Si bond and the lattice shrinkage
because the bond length of Si–O bond (1.59 Å) is shorter than that
of Ti–O (1.79 Å) [27], as a consequence the crystallite size of TiO2 is
decreased. As also shown in Table 1, BET surface area of the TiO2
Table 2
The peak position of anatase and lattice parameters of unmodified TiO2 and Si-

modified TiO2 support.

Sample Peak position of anatase (1 0 1) Lattice param-

eters (Å)

(2u) (degree) a (=b) c

Unmodified TiO2 25.28 3.7934 9.5003

TiO2–0.01Si 25.52 3.7528 9.5003

TiO2–0.05Si 25.32 3.7896 9.4523

TiO2–0.1Si 25.40 3.7766 9.4427

TiO2–0.3Si 25.40 3.7766 9.4427
supports increased with increasing Si content and reached a
maximum value of 136 m2/g for the TiO2–0.1Si. Further increase of
Si/Ti to 0.3 resulted in the decrease of BET surface area. Similar
results were observed by Jin et al. that the BET surface area of silica-
doped TiO2 prepared by hydrothermal process decreased when the
molar ratio of Si/Ti was higher than 0.05 [28].

Fig. 3 shows the FT-IR spectra of Si-modified TiO2 with the Si/Ti
molar ratio between 0.01 and 0.3 in the wave number ranging from
400 to 4000 cm�1. The spectra bands at ca. 1630 and 3400 cm�1

were attributed to H–OH bonds of adsorbed water molecules and
hydroxyl group of Ti–OH bonds, respectively [29–31]. The
hydroxyl group at 3400 cm�1 of all Si-modified TiO2 seems to
increase compared with the TiO2 support. These results are in
agreement with Chen et al. [32], who reported that the hydroxyl
Fig. 3. FT-IR spectra of Si-modified TiO2 with different Si/Ti molar ratios.
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different Si/Ti molar ratios.
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groups of TiO2 increased after Si doping in non-humidity system.
The IR spectra at ca. 700 and 800 cm�1 were attributed to Ti–O–Ti
bonds in the TiO2 lattice [33]. It is noticed that the spectra band in
the 400–850 cm�1 region became weaker with the increase of Si
content, suggesting that the formation of Ti–O–Ti structure was
suppressed due to the formation of Ti–O–Si and/or Si–O–Si
structure. The presence of Ti–O–Si bond was confirmed by the
IR spectra band at ca. 950 cm�1 [34–36]. The intensity of Si–O–Si
bonds at ca. 1070 cm�1 also increased with increasing the Si
content. The presence of the amorphous silica could prevent the
agglomeration of TiO2 nanoparticles, leading to a decrease of TiO2

particle size [37,38]. The metal active sites of Ag/TiO2 catalysts
were determined by pulse chemisorption and are given in Table 1.
It is clearly shown that higher metal dispersion was obtained on
the Si-modified TiO2. The amount of metal active sites on the Si-
modified TiO2 supported catalysts were nearly two times higher
than those supported on the unmodified ones. However, the
amount of metal active sites on the Si-modified TiO2 was quite
similar especially for those with the Si/Ti ratio 0.01–0.1.

3.2. Effect of Si doping on the activity of CO oxidation

The CO conversions as a function of reaction temperature for
10%Ag/TiO2 with different Si contents in the TiO2 are shown in
Fig. 4. Addition of trace amount of Si in the TiO2 supports can
improve the CO oxidation activity of the TiO2 supported Ag
catalysts. However, there existed an appropriate amount of Si/Ti
molar ratio that yielded the higher CO oxidation activity at around
0.05–0.1. At their optimum Si/Ti ratios, the Si-modified TiO2

supported Ag catalysts showed light-off temperature at 68 8C,
which were much lower than the corresponding unmodified ones.
When the Si contents were higher than their optimum values, the
Si-modified TiO2 supported catalysts exhibited lower CO oxidation
activity although these catalysts possessed higher amount of metal
active sites as measured by pulse chemisorption. Thus, the
modification of TiO2 with Si atoms not only improved the metal
dispersion, but also affected the mechanism of CO oxidation.

The reaction mechanism for catalytic CO oxidation is known to
compose of two possible mechanisms (1) the CO molecule and
oxygen atom from external source are coadsorbed on metal active
site to produce CO2 and (2) the CO molecule is adsorbed on metal
catalyst surface to form intermediate complex and then reacted
with surface lattice oxygen atom of TiO2 support to generate CO2.
The oxygen from external source in gas phase then dissociates into
atomic oxygen and is adsorbed on the oxygen vacancies sites of the
TiO2 support. As suggested by Mguig et al. [39], the latter
Fig. 4. CO conversion over 10 at.%Ag catalysts supported on Si-modified TiO2 with

different Si/Ti molar ratios.
mechanism occurs more easily on defective surface or basic site
surface of metal oxide support. In the present study, the
modification of TiO2 support with trace amount of Si resulted in
an increase of the amounts of hydroxyl group and the formation of
basic site surface and improved CO oxidation activities. Thus, it is
likely that CO oxidation on the Si-modified TiO2 supported Ag
catalysts occurred via such mechanism.

According to the mechanism proposed by Bollinger and Vannice
[40] for CO oxidation over Au/TiO2 catalysts, the adsorption of CO
and O2 occurred on two different sites, CO adsorbed on Au and O2

adsorbed on TiO2. Then CO reacted with surface lattice oxygen of
TiO2 to form CO2 leading to the formation of surface oxygen
vacancies. During the CO oxidation, these oxygen vacancies were
filled by chemisorbed oxygen species from gas phase. The oxygen
adsorption and desorption behaviors of the Ag/TiO2 catalysts were
investigated by using O2-TPD experiments and the results are shown
in Fig. 5. The Si-modified TiO2 supported Ag catalysts with optimum
Si/Ti ratios exhibited much lower desorption temperature and larger
amount of desorbed O2 compared to the non-modified ones and the
ones with excess Si. According to Iwamoto et al. [41], there are three
kinds of adsorbed oxygen species on TiO2 surface. The adsorbed
oxygen consists of weakly adsorbed surface oxygen, strongly
adsorbed surface oxygen and surface lattice oxygen. The weakly
adsorbed oxygen desorption in the range of 100–180 8C and�230 8C
were assigned to O2

� and O� species, respectively [42]. The
desorption temperature of strongly adsorbed surface oxygen and
surface lattice oxygen were reported in the range of 470–490 8C, and
810–870 8C, respectively [43,44]. The results demonstrated that the
Si-modified TiO2 supported Ag catalysts with optimum Si/Ti ratios
produced the highest amount of O2

� and O� species whereas the
non-modified ones and the ones with excess Si produced O� species
and strongly adsorbed surface oxygen. It has been reported that the
adsorbed O� species were the most active species for CO oxidation
[8]. In addition, Qu et al. [45] suggested that the strongly adsorbed
surface oxygen species blocks the adsorption and diffusion of weakly
adsorbed surface oxygen, causing a decrease in the CO oxidation
activity of the catalysts.

The results in this work show that oxygen in Ag/TiO2–0.05Si
and Ag/TiO2–0.1Si catalysts desorbed more easily so that the
catalysts exhibited higher CO oxidation activity. It is suggested that
the formation of Ti–O–Si bonds produced an appreciable change in
the electronic properties of these catalysts. Generally, TiO2 was
classified as a support which exhibits the strong metal-support
interaction with precious metals. Bernal et al. [46] reported that
the temperatures of oxygen desorption from metal catalyst surface
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increased when a strong interaction between the metal particles and
support occurred. The addition of Si into TiO2 lattice to form Ti–O–Si
bonds may lead to a decrease of the metal-support interaction and
resulted in a decrease of oxygen desorption temperature. In other
words, the adsorbed oxygen on the Si-modified TiO2 with optimum
Si/Ti ratios can be dissociated to atomic species which desorbed at
lower temperature. Moreover, the presence of Si in TiO2 could
decrease the strength of surface lattice oxygen bonding, resulted in
higher mobility of lattice oxygen which has been reported to be
beneficial for CO oxidation [47,44].

On the other hand, an excess Si content in the TiO2 support (i.e.,
for Si/Ti = 0.3) exhibited the increase of amorphous SiO2 formation
which revealed by Si–O–Si bonds from FT-IR results. Qu et al. [48]
reported that interaction between Ag and SiO2 became strongly
when the catalyst was pretreated in oxygen at high temperature
like a calcination of the catalyst in an oxygen atmosphere. Thus, the
formation of SiO2 in TiO2 lattice led to a shift of oxygen desorption
temperature towards higher temperature and decreased the
catalytic activity in CO oxidation.

4. Conclusions

The presence of trace amount of Si atoms in the TiO2 supports
with Si/Ti = 0.05–0.1 has resulted in an improved catalytic
performance of Ag/TiO2 catalysts in the CO oxidation. The insertion
of Si atoms into the TiO2 lattice in the form of Ti–O–Si not only
increased the metal active sites by increasing specific surface area of
the catalyst and inhibition the agglomeration of TiO2 crystallites but
also altered the strength of O2 adsorption–desorption behavior on
the catalyst surface. As shown by the O2-TPD results, the Si-modified
TiO2 supported catalysts exhibited higher amount of oxygen
adsorption and lower desorption temperature, which could promote
the formation of active oxygen species and increase the mobility of
lattice oxygen so that the catalytic activity was enhanced. An excess
Si content (i.e., Si/Ti = 0.3), on the other hand, resulted in higher
oxygen desorption temperature and no improvement of the catalyst
activity, due probably to the formation of amorphous SiO2.
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1. Introduction

Energy production from renewable sources is one of several
approaches to reduce emissions of greenhouse gases (GHG).
Nowadays, GHG is one of significant problems that have a great
impact on global warming. About 75% of the anthropogenic carbon
dioxide (CO2) emissions to the atmosphere during the past 20
years are due to fossil fuel burning [1,2]. In addition to CO2,
methane (CH4) produced in natural environments from anaerobic
degradation of organic substrates is another major constituent
significantly contributing to a greenhouse effect with a 23-fold
higher global warming potential than CO2 [3,4]. With the
increasing concern on environmental problems, many countries
are pursuing efforts to develop renewable energy sources and fuels
with lower carbon content as an alternative future energy
resource. Increasing fuel combustion efficiency and capturing/
storing CO2 produced are also important aspects in developing new
energy technologies.

Hydrogen is considered to be the most promising future energy
carrier [2,5]. A hydrogen-based energy economy coupled with the
anticipated limits on CO2 emissions provides a good opportunity
for the investigation of H2 production processes that are more
energy-efficient and environmental friendly. A sorption-enhanced
H2 production (SEHP) in which the hydrocarbon reforming, water–
gas shift, and CO2 removal reactions occur simultaneously at high
temperatures over a mixture of reforming catalyst and CO2

sorbent, could be a potential alternative. In the SEHP process, CO2 is
reacted with a solid sorbent (adsorption/carbonation step) and
converted to a solid carbonate. Regenerating the sorbent (desorp-
tion/calcination step) results in releasing CO2 which is in a form
suitable for storage. Several sorbent materials, i.e. calcium oxide
[6], lithium oxides [6–9], hydrotalcites [6,10,11], double salts
[6,12], and basic alumina [6,13], have been studied for the sorption
of CO2 at high temperatures. Recently, calcium oxide (CaO) has
been examined thoroughly as a suitable sorbent for SEHP processes
[6,14–20]. It was reported to be thermodynamically the best
candidate among various metal oxides for CO2 capture in zero
emission power generation systems [2,20]. In addition, CaO is
cheap and readily available in nature. Thus, the CaO sorption
process has been a well-known CO2 capture technology nowadays.
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This study concentrates on the production of H2 from biogas via
a sorption-enhanced system. The experiment of the combined
carbon dioxide reforming and partial oxidation of biogas over an
industrial Ni/SiO2�MgO catalyst and a CaO adsorbent was carried
out to investigate the effect of an adsorbent and catalyst bed
arrangement on the reaction performance. Further, a thermody-
namic analysis was performed to investigate the effects of
temperature, oxygen, water, and CaO sorbent under a thermal
neutral operation in which no external heat is required to sustain
the reactor operation.

2. Theory

2.1. Sorption-enhanced dry reforming and partial oxidation of biogas

2.1.1. Reforming and partial oxidation

The main reactions taking place in the system are:
Methane dry reforming with carbon dioxide:

CH4 þ CO2$2COþ 2H2 DH
�

298 ¼ 261 kJ=mol (1)

Methane partial oxidation with oxygen:

CH4 þ 1=2O2$COþ 2H2 DH
�

298 ¼ �36 kJ=mol (2)

When steam is introduced to the reaction system, the steam
reforming of methane and the water gas shift reaction can be
occurred as follows.

Methane steam reforming reaction:

CH4 þH2O$COþ 3H2 DH
�

298 ¼ 206 kJ=mol (3)

Water gas shift reaction:

COþH2O$CO2 þH2 DH
�

298 ¼ �41:5 kJ=mol (4)

Methane reforming with carbon dioxide (Eq. (1)) and steam
(Eq. (3)) are highly endothermic, the forward reaction are
thermodynamically favored with high operating temperature
and low pressure while methane partial oxidation (Eq. (2)) and
water gas shift reaction (Eq. (4)) are mildly exothermic.

2.1.2. Sorption of carbon dioxide on calcium oxide

Carbon dioxide sorption (carbonation reaction) on calcium
oxide can be explained by the following reaction:

CO2 þ CaO!CaCO3 DH
�

298 ¼ �178 kJ=mol (5)

Utilization of CaO to capture carbon dioxide can improve the
operation performance as the exothermic heat from carbon
dioxide sorption can be utilized for the endothermic reactions.

2.2. Thermodynamic analysis

For understanding the advantages of combining sorption and
reaction for H2 production and studying of suitable operating
condition, a thermodynamic analysis of the important reactions
(Eqs. (1)–(5)) were investigated. Aspen Plus simulator was used for
equilibrium calculations. The minimization of Gibbs free energy
method has been used for predicting the product compositions at
equilibrium. The products are in both gas phase i.e. CH4, CO, CO2,
O2, H2, H2O and solid phase i.e. C. The effect of operating
parameters, i.e. H2O/CH4 and CaO/CH4 ratios were investigated.
The material and energy balances were solved in order to
determine the thermal neutral operation in which no external
heat is required to sustain the reactor operation.

3. Experimental

A commercial-grade reforming catalyst, Ni/SiO2�MgO, contain-
ing 55 wt.% of nickel supplied from Japan and a commercial-grade
calcium oxide adsorbent supplied from Riedel-de Haën were
employed in this study. The catalyst was cylindrical extrudate with
a diameter of 3 mm and a length of 3 mm. Silicon carbide supplied
from Fluka with an average size of 40–100 mesh was used as a
dilution material for the catalyst. The reaction was carried out in a
reaction system described in our previous work [21]. The reactor
was a quartz tube (internal diameter = 0.011 m, length = 0.5 m)
heated by a temperature-controlled electric oven. Experiments
were performed using Ni/SiO2�MgO catalyst (0.1314 g) diluted
with silicon carbide (0.438 g) and CaO adsorbent (0.657 g). CaO
adsorbent acts as a CO2 acceptor in the sorption-enhanced system.
As shown in Fig. 1, four different bed arrangements in the sorption-
enhanced operation were considered as follows: (i) Ni/SiO2�MgO
before CaO, (ii) CaO before Ni/SiO2�MgO, (iii) Ni/SiO2�MgO mixed
with CaO, and (iv) Ni/SiO2�MgO without adsorbent. High pure CH4

(99.999%), CO2 (99.999%) and O2 (99.99%) were used as the
reactant gases. Argon was used for purging the system. The
reaction was taken place at 1023 K and atmospheric pressure.
The catalyst was reduced in a hydrogen flow (30 cm3/min) for 1 h
and then the gas feed containing CH4 (12.5 cm3/min), CO2

(12.5 cm3/min) and O2 (6.25 cm3/min) was switched to the reactor.
It should be noted that with the difference in bed arrangements it
becomes difficult to keep the same space velocity and contact time
for each configuration. Therefore, the comparison of reaction
performance among the different arrangements was based on the
[(Fig._1)TD$FIG]

Fig. 1. Different adsorbent/catalyst arrangements in the sorption-enhanced

operation.
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same ratio of gas feed rate per catalyst weight. The composition of
exit gas effluent was analyzed every 10 min by a TCD gas
chromatograph (Shimadzu GC-8A, Japan) equipped with a
Porapak-Q and Molecular Sieve 5A column. The H2 yield were
defined as

H2 yield ¼ H2 molar flow rate=2

CH4 molar feed flow rate
(6)

4. Results and discussion

A preliminary set of experiments was performed to determine a
suitable adsorbent/catalyst arrangement for hydrogen production
from simulated biogas, a mixture of CH4 (50 mol%) and CO2

(50 mol%). Hydrogen yields achieved from the operation under
four different bed arrangements are shown in Fig. 2. It can be seen
that for the case without CaO (conventional operation), hydrogen
yield initially increases and levels off at a hydrogen yield of about
57%. For the case of packing Ni/SiO2�MgO before CaO, it shows
similar behavior as the first case in term of hydrogen yield,
indicating that the presence of CaO after the catalyst bed does not
help improving the reactions in the system. However, it was
observed that hydrogen concentration in the exit gas is consider-
ably higher than the first case since CO2 in the reaction product was
adsorbed by CaO. Importantly, the improvement in hydrogen yield
was observed for the cases of packing CaO before Ni/SiO2�MgO and
Ni/SiO2�MgO mixed with CaO with. For the case of packing CaO
before the catalyst, in which some CO2 in the feed was removed
before reaching the subsequent catalyst bed, the increasing of
hydrogen yield was observed over 20 min of reaction time. As for
the case of mixing CaO with the catalyst in the bed, the
improvement of hydrogen yield becomes more significant and
the superior yield is observed until 80 min of reaction time.
Previous report suggested that with pure CO2 of 1 atm, the
minimum temperature for CO2 desorption from CaCO3 is 1173 K
[22]. Hence, CaO could be assumed effective for CO2 adsorption in
the range of operating temperature in our study. However, it
should be noted that for all experiments, hydrogen yields always
approached the same value of about 57% after prolonged period
since the sorption of CO2 by CaO become insignificant when most
of CaO is converted to CaCO3. In addition, the study further
demonstrated that when sorbent bed is appropriately integrated in
the reaction system, the values of hydrogen yield higher than the
equilibrium value (75%) can be achieved.

According to these preliminary results, it is obvious that the use
of CaO in the combined carbon dioxide reforming and partial
oxidation of biogas particularly under the mode of mixture of CaO
and Ni/SiO2�MgO can improve the hydrogen yield compared to the
conventional system without CaO. Therefore, the reaction system
under the mode of mixture of CaO and Ni/SiO2�MgO was selected
for further studies. It is noted that for practical application of this
adsorbent/catalyst system under steady-state condition, a fluid-
ized bed reactor with continuous feeds of a gas mixture and CaO is
generally considered as a suitable option for the sorption-
enhanced hydrogen production from biogas. When this reactor
is equipped with a regenerator for regenerating CaCO3 to CaO, the
system can be operated continuously under steady-state condi-
tion. In addition, the removed CO2 can be further sequestrated, if
necessary, in order to reduce the amount of CO2 released to the
environment.

As the next step, the technical feasibility of the above system
without a regenerator was studied based on thermodynamic
analysis. The reactions taking place are assumed at equilibrium
compositions and the feed biogas is assumed to consist of 50% CH4

and 50% CO2. The effects of some major operating parameters; i.e.
H2O/CH4, and CaO/CH4 ratios on hydrogen yield, hydrogen
concentration, CO/H2 ratio in product gas, and overall enthalpy
change were investigated in order to understand the role and
behavior of CaO assisted hydrogen production from biogas. It is
noted that the inlet O2/CH4 ratio and operating temperature was
fixed at 0.5 and 1073 K, respectively.

Figs. 3 and 4 show the hydrogen yield and enthalpy change of
the system at various values of H2O/CH4 and CaO/CH4 ratios. It was

[(Fig._2)TD$FIG]

Fig. 2. Hydrogen yield achieved from different adsorbent/catalyst arrangements

(T = 1023 K, CH4:CO2:O2 = 1:1:0.5).

[(Fig._3)TD$FIG]

Fig. 3. Hydrogen yield in the CaO assisted hydrogen production system (T = 1073 K

and O2:CH4 = 0.5).

[(Fig._4)TD$FIG]

Fig. 4. Overall enthalpy change in the CaO assisted hydrogen production system

(T = 1073 K and O2:CH4 = 0.5).
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demonstrated that at low H2O/CH4 ratio and without the presence
of CaO, hydrogen yield as low as 37.5% is achieved because the
hydrogen production is predominately governed by the carbon
dioxide reforming and partial oxidation which offer low hydrogen.
When water is added in the reaction system, more hydrogen is
observed according to the promotion of methane stream reforming
and water gas shift reaction. The highly endothermic stream
reforming causes the enthalpy change to become less negative
(Fig. 4). Under the presence of CaO in the system, the removal of
carbon dioxide can further increase the hydrogen yield by shifting
the water gas shift reaction and consequently shifting the methane
steam reforming. The enthalpy change becomes more negative as
the carbonation (Eq. (5)) is a highly exothermic reaction. From
Fig. 4, it is evident that when the operating parameters are
carefully adjusted, the system can be operated at a thermal neutral
condition (DH = 0) in which the heat generated is equal to the heat
consumed. For example, at O2/CH4 = 0.5, the suitable values of
H2O/CH4 ratio are 1.1 and 3.3 when the CaO/CH4 ratios are 0.25 and
0.5, respectively.

In the following studies, only the results at thermal neutral
condition are determined as it is a desirable condition for practical
operations – no effort on heat addition to or heat removal from the
system is required. The values of O2/CH4 ratio required at different
H2O/CH4 and CaO/CH4 ratios are shown in Fig. 5. It is obvious that
higher O2/CH4 ratios are required when the system is operated at
higher H2O/CH4 ratios while lower O2/CH4 ratios are needed at
higher CaO/CH4 ratios. This is because of the endothermic and
exothermic natures of the steam reforming and carbonation
reactions, respectively. Figs. 6–8 show the corresponding hydrogen
yield, H2/CO ratio and hydrogen concentration in product,

respectively. Unlike the results shown in Fig. 2 (isothermal
condition), there is an optimum H2O/CH4 ratio which provides
the highest hydrogen yield for each CaO/CH4 ratio in the thermal
neutral operation (Fig. 6). At low H2O/CH4 ratio, low hydrogen
yield is obtained as most hydrogen is derived from the carbon
dioxide reforming and the partial oxidation of methane which give
lower hydrogen than does the steam reforming. When operating at
a higher H2O/CH4 ratio, higher hydrogen yield is achieved from the
promotion of methane steam reforming and water gas shift
reaction as evident by the observed higher H2/CO ratio in the
product (Fig. 7). However, when the system is operated at too high
values of H2O/CH4, operation at higher O2/CH4 ratios is required as
shown in Fig. 5 so that the exothermic heat generated from the
partial oxidation and complete combustion of methane is sufficient
for providing the increased endothermic heat demand from the
presence of higher extent of steam. Therefore, less hydrogen is
generated. From Fig. 8, it is observed that the addition of extra
steam lowers the hydrogen concentration in most cases due to the
dilution of gas product by excess water and the requirement of
higher oxygen in the system.

When the reactions are incorporated with the addition of
CaO, it is evident that the CaO assisted hydrogen production
shows beneficial effects on all the hydrogen yield, H2/CO ratio
and hydrogen concentration. The removal of CO2 from the
reaction system by CaO sorption promotes the water gas shift
reaction and subsequently the steam reforming, and therefore,
increases all the hydrogen yield, hydrogen concentration and
H2/CO ratio. In addition, the exothermic heat generated from the
carbonation reduces the requirement of O2/CH4 ratio and thus
suppresses the hydrogen production from the partial oxidation

[(Fig._5)TD$FIG]

Fig. 5. O2/CH4 ratio required for thermal neutral operation of the CaO assisted

hydrogen production system (T = 1073 K).

[(Fig._6)TD$FIG]

Fig. 6. Hydrogen yield at the thermal neutral operation of the CaO assisted hydrogen

production system (T = 1073 K).

[(Fig._7)TD$FIG]

Fig. 7. H2/CO ratio at the thermal neutral operation of the CaO assisted hydrogen

production system (T = 1073 K).

[(Fig._8)TD$FIG]

Fig. 8. Hydrogen concentration at the thermal neutral operation of the CaO assisted

hydrogen production system (T = 1073 K).
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reaction which offers lower hydrogen production and hydrogen
concentration.

5. Conclusion

The reaction tests for hydrogen production from biogas using
four different adsorbent/catalyst arrangements; (i) Ni/SiO2�MgO
before CaO, (ii) CaO before Ni/SiO2�MgO, (iii) Ni/SiO2�MgO mixed
with CaO, and (iv) Ni/SiO2�MgO without CaO, indicated that the
CaO assisted hydrogen production is best to be performed under an
operation with mixture of CaO and Ni/SiO2�MgO. The thermody-
namic investigation revealed that the H2O/CH4, CaO/CH4 and O2/
CH4 ratios can be appropriately adjusted to achieve thermal
neutral condition in which the system requires no external heat
source for the operation. Based on this condition, at a higher H2O/
CH4 feed ratio, the system requires either higher O2/CH4 or CaO/
CH4 ratio to maintain the thermal neutral operation. It is clearly
demonstrated that the use of CaO adsorbent can promote the
hydrogen production and hydrogen concentration in the product.
In addition, there is an optimum H2O/CH4 ratio which offers the
highest hydrogen production at each CaO/CH4 ratio.
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MgO/Mg(OH)2 catalysts

Jiraporn Puriwat a, Wasu Chaitree a, Kongkiat Suriye b, Siraprapa Dokjampa b,
Piyasan Praserthdam a, Joongjai Panpranot a,⁎
a Center of Excellence on Catalysis and Catalytic Reaction Engineering, Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok 10330, Thailand
b SCG Chemicals, Co., Ltd., 1 Siam Cement Road, Bangsue, Bangkok 10800, Thailand

a b s t r a c ta r t i c l e i n f o

Article history:
Received 18 May 2010
Received in revised form 18 August 2010
Accepted 21 August 2010
Available online 25 September 2010

Keywords:
MgO
Mg(OH)2
Basicity
Isomerization
1-butene

The gas-phase isomerization of 1-butene to 2-butene was investigated on the MgO/Mg(OH)2 catalysts
containing different basicities (i.e., weak, medium, and strong basic sites). The isomerization reaction mainly
proceeded on either the strong or the medium strength basic sites while the weak basic sites had little
impact on the isomerization activity. As revealed by CO2-temperature program desorption (CO2-TPD),
Fourier-transformed-infrared spectroscopy (FT-IR), and electron spin resonance (ESR), the crystalline MgO
contained both weak and strong basic sites while the Mg(OH)2 phase exhibited only the medium strength
one. The strong basic sites of MgO were correlated well with the presence of oxygen atoms in the lattice of
crystalline MgO. The medium strength basic sites in Mg(OH)2, on the other hand, were arisen from the
hydroxyl groups in the Mg(OH)2 structure.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In the field of heterogeneous catalysis, many reactions involve
acidic–basic properties of the catalyst surface. Compared to the wide
use of heterogeneous acid catalysts, commercialization of heteroge-
neous base catalysts and characterization of solid bases have been less
reported [1,2]. According to a survey by Tanabe and Holderich [2], the
number of industrial processes that use solid acids, solid bases, and
acid–base bifunctional catalysts are 103, 10, and 14, respectively. Basic
catalysts are active and selective for various reactions including
isomerization, dehydrogenation, amination, hydrogenation, alkyl-
ation, and condensation [3]. Many of these reactions have been
carried out industrially using liquid base catalysts. The replacement of
liquid bases by solid base catalysts would have the advantage such as
decreasing corrosion and environmental problems and easier sepa-
ration and recovery of the catalysts [4]. The fundamental study on the
structure, reactivity, and deactivation of solid bases are, therefore,
necessary before they can be widely used as the solid acid catalysts
[5].

Magnesium oxide (MgO) is one of the well-known basic catalysts.
It is interesting in its essential basic surface character, whichmakes an
effective catalyst and catalyst support [6]. Besides O2− sites, hydroxyl
groups also act as basic sites and have been shown to promote basic

reactions [7]. In addition, it has the ability to stabilize metals in
unusual oxidation states and to retard sintering and evaporation of
the metal atoms [8,9].

Due to the rising demand of propylene, the isomerization of 1-
butene to 2-butene on MgO catalysts has now become an important
reaction in the metathesis of ethylene and 2-butene for propylene
production [10,11]. However, little is known about the active sites of
the MgO basic catalyst in 1-butene isomerization reaction and
controversy still exists. For examples, Baird and Lunsford [12]
suggested that electron donors, presumably the strongly basic O2−

ions located on the corners of the cubic oxide lattice are related to the
active site for the isomerization of 1-butene. Matsuda et al. [13,14]
reported that the isomerization activity could be correlated with
stronger basicity than H•=22.3 and was inactive on MgO catalysts
existing only in the weak basic sites. In addition, Klabunde and
Matsuhashi [15] concluded that surface defects are responsible for 1-
butene isomerization.

The purpose of this study was to elucidate the dependence of
basicity of the isomerization of 1-butene on MgO and Mg(OH)2
catalysts. The catalysts were prepared by co-precipitation method
using Mg(NO3)2 and KOH. The basic properties of the catalysts were
varied by changing the calcination temperature. The catalyst activities
were evaluated in the gas-phase isomerization of 1-butene to 2-
butene. Various analytic techniques have been employed in order to
determine the physical and basic properties of the catalysts including
X-ray diffraction (XRD), N2 physisorption, CO2-TPD, Fourier-trans-
formed-infrared spectroscopy (FT-IR), and electron spin resonance
(ESR).
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2. Experimental

2.1. Catalyst preparation

The catalysts were synthesized by co-precipitation method using
magnesium nitrate hexahydrate (Mg(NO3)2.6H2O) (Sigma Aldrich)
and potassium hydroxide (KOH) (AnalaR) as the starting materials.
Firstly, 0.8 M of Mg(NO3)2.6H2O and 0.9 M of KOH solutions were
prepared in de-ionized water. These two solutions were added
dropwise into 200 cm3 of de-ionized water under vigorous stirring.
The pH was controlled at 11–12. Then, the complete solution was first
separated by centrifuging and the solid product washed 5 times in de-
ionized water. The white paste was subsequently dried in ambient air
overnight and in an oven at 80 °C for 24 h. Finally, the white solid was
calcined at various temperatures of 200, 400, 600 and 800 °C for 2 h in
air with a ramp rate of 4 °C/min. After thermal treatment, the
synthesized catalysts were immediately kept in vials and then
preserved in a desiccator to prevent from surface hydration. The
calcined samples were denoted as MgO200, MgO400, MgO600, and
MgO800 according to the calcination temperature used.

2.2. Catalyst characterization

The XRD patterns were collected using a SIEMENS XRD D5000
diffractometer with Cu Kα radiation and a Ni filter in 10–80° 2θ
angular regions. The crystallite size of samples was calculated using
the Scherrer's equation. The BET surface area was determined by N2

physisorption using a Micrometritics ASAP 2000 automated system.
Each sample was degassed at 200 °C for 4 h prior to N2 physisorption.
The CO2-TPD was performed to determine the basicity of MgO
catalysts using a Micromeritic Chemisorb 2750 automated system.
Before adsorption, the sample was pretreated in He for 1 h (flow rate
50 cm3/min) at the temperature which MgO was calcined. Then, it
was cooled down to 100 °C and subsequently adsorbed by CO2 for 1 h.
The temperature-programmed desorption was carried out at a
constant rate of 10 °C/min from ambient to 750 °C. The ESR was
performed in a JEOL model JES-RE2X at room temperature. The
hydroxyl groups of the catalysts were identified by FT-IR using a
Nicolet 6700™ spectrometer in the range of 3800–3400 cm−1 at a
resolution of 4.0 cm−1. The catalyst morphologywas observed using a
Hitachi S-3400N scanning electron microscope. For the pre-adsorbed
CO2 FT-IR experiments, the catalysts were first pretreated ex-situ in He
flow 50 cm3/min in a quartz cell at the temperature which they were

calcined. Then, the samples were cooled down to 100 °C and
subsequently followed by CO2 adsorption for 1 h and purging with
He for 30 min. The infrared spectra of the pre-adsorbed CO2 samples
were collected using the Nicolet 6700 spectrometer.

2.3. Reaction study

The gas-phase isomerization of 1-butene was carried out in a
stainless steel 316 down flow reactor at 300 °C and atmospheric
pressure. For a typical run, 10% 1-butene in nitrogen was used as
reactant and approximately 0.3 g of catalyst was packed in the reactor.
The total flow rate was 26 cm3/min composed of 2.6 cm3/min of the
reactant and 23.4 cm3/min of N2 carrier gas. The composition of
products and feed stream were analyzed by a Shimadzu GC-2014 gas
chromatograph equipped with FID detector (aluminum oxide porous
layer open tubular capillary column).

3. Results and discussion

3.1. Physical properties of the prepared catalysts

The XRD patterns of the prepared catalysts are shown in Fig. 1. For
the uncalcined powder and the MgO200 sample, the characteristic
diffraction peaks corresponding to Mg(OH)2 phase were apparent at
2θ degrees=18.6°, 32.9°, 38.1°, 50.9°, 58.7°, 62.1°, 68.3° and 72.1°
[16–19]. For those calcined at 400 °C and higher temperature, the
diffraction peaks corresponding to MgO crystalline can be observed at
2θ degrees=37.0°, 43.0°, 62.4°, 74.8° and 78.7° [16,18]. The TGA
results (not shown) confirmed that the Mg(OH)2 was completely
transformed into MgO at the temperature ≥400 °C.

The physical properties of the uncalcined and calcined MgO at
various calcination temperatures are shown in Table 1. The average
crystallite sizes of Mg(OH)2 phase in the uncalcined and the MgO200
samples were determined to be 17.1–17.4 nmwith the corresponding
BET surface area 42–46 m2/g. For the sample calcined at 400 °C in
which only the MgO crystalline phase was observed, the crystallite
size was 6.8 nm. A significant decrease of primary particle size when
Mg(OH)2 was transformed into MgO crystalline phase can be
explained by the elimination of water and fragmentation of primary
particle [20]. An increase in calcination temperature of MgO from 400
to 800 °C led to an increase of crystallize size from 6.8 to 16.0 nm and
as a consequence the BET surface area decreased from 160 to 59 m2/g,
respectively due to sintering of the MgO particles. Moreover, the

Fig. 1. The XRD patterns of MgO/Mg(OH)2 catalysts calcined at various temperatures.
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bimodal pore structure was observed for the MgO400 sample while
the other samples contained only unimodal pore. The SEM micro-
graphs of the various MgO/Mg(OH)2 catalysts calcined at different
temperatures are provided in Fig. 2. There was no difference in
particle size/shape of the catalysts in which a flower-like shape was
observed.

3.2. Identification of the basicity by FT-IR, CO2-TPD, and ESR

The hydroxyl groups in the prepared catalysts were determined
from FT-IR analysis. Fig. 3(a) shows intense narrow peaks around
3700 cm−1, indicating the presence of hydroxyl groups in the Mg
(OH)2 phase [19,21–23] while Fig. 3(b) shows broad band peaks in the
range of 3400–3750 cm−1, which were attributed to the isolated
hydroxyl groups on the MgO samples [24,25].

The TPD profiles of CO2 desorbed in the temperature range of 100–
750 °C are shown in Fig. 4. The CO2 desorption profiles consisted of
three major peaks corresponding to different interactions of CO2 with
MgO surface sites. The desorption peaks in the range of 100–300 °C,
300–550 °C, and 550–750 °C were categorized into the weak, the
medium, and the strong basic sites, respectively. The amounts of CO2

desorption in each temperature range were calculated based on the
area under the desorption peaks and are given Table 2. For the
uncalcined sample and the MgO200, only the medium strength basic
sites were presented. The uncalcined sample showed a higher amount
of medium basic sites compared to the MgO200.

Table 1
The phase transformation and physical properties of MgO/Mg(OH)2 calcined at various
temperatures.

Temperature
(°C)

Phasea Crystallite size
(nm)a

Surface area
(m2/g)b

Pore size
(nm)b

Uncalcined Mg(OH)2 17.4 42 34
200 Mg(OH)2 17.1 46 37
400 MgO 6.8 180 3, 43
600 MgO 11.1 91 15
800 MgO 16.0 59 24

a Based on the XRD results.
b Based on N2 physisorption and the BJH method.

Fig. 2. The SEM micrographs of the Mg(OH)2 and the MgO catalysts calcined at different temperatures.
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Fig. 5 shows the FT-IR results of the pre-adsorbed CO2 at 100 °C on
the various catalyst samples. According to the literature, the
absorption bands in the 2000–2400 cm−1 region were assigned to
the physisorbed and end-on chemisorbed CO2 molecules [26,27] and
the bands in the region below 1000 cm−1 were derived from an
overtone of a fundamental lattice vibration of Mg–O stretching [28].
The Mg–O stretching bands were clearly observed for all the MgO
samples calcined at 400 °C and higher, confirming the formation of
MgO structure. In most of the in-situ IR studies of pre-adsorbed CO2 at
room temperature on MgO, bicarbonate, bidentate, and unidentate
carbonate species were observed in the 1200–1700 cm−1 region [29].

The bicarbonate is the most labile species and disappears after
evacuation at 373 K while both the unidentate and bidentate
carbonates remain on the surface after evacuation at 573 K. However,
only the unidentate bands are observed upon evacuation at higher
temperatures [29]. In the present work, the absorption at 1500–
1506 cm−1 whichwas assigned to the unidentate species [27–29]was
presented on the MgO catalysts and was found to be relatively more
obvious on the MgO400. The results were correlated well with the
CO2-TPD results in which the MgO400 contained the highest amount
of strong basic sites.

Fig. 6 shows the ESR results of the various MgO catalyst samples.
There was almost no signal for the uncalcined catalyst and the
MgO200. For those containing MgO crystalline phase (MgO400,
MgO600, and MgO800), two signals of the g factor were observed.
The sharp peak at g=1.980 was assigned to the unpaired e− unstable
oxygen radicals associated with lattice defects [30]. The broad one at
g=2.002 was assigned to one anion vacancies [31,32]. The intensity
of both ESR signals increased with increasing calcination temperature.

The strength of basicity of the MgO and Mg(OH)2 catalysts in this
study was categorized into 3 types corresponding to the three
desorption temperature ranges in the CO2-TPD profiles, viz. 100–
300 °C (weak basic sites), 300–550 °C (medium basic sites), and 550–
750 °C (strong basic sites). It was found that the uncalcined sample
and the MgO200 contained only the medium strength basic sites

Fig. 3. The FT-IR spectra of MgO/Mg(OH)2 calcined at various temperatures (a) Mg(OH)2
phase, (b) MgO phase.

Fig. 4. The CO2-TPD profiles of MgO/Mg(OH)2 calcined at various temperatures.

Table 2
The amount of CO2 desorption from CO2-TPD profiles.

Tcalcined
(°C)

Amount of CO2 desorption (unit area/g)

1st peak 2nd peak 3rd peak Total

Uncalcined – 5.90 – 5.90
MgO200 – 2.46 – 2.46
MgO400 1.71 – 1.34 3.05
MgO600 1.82 – 0.91 2.73
MgO800 1.78 0.33 0.29 2.40

MgO800
MgO600
MgO400
MgO200

Uncalcined

Fig. 5. The FT-IR spectra of pre-adsorbed CO2 at 100 °C on the various MgO/Mg(OH)2
catalysts.
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whereas the MgO400, MgO600, and MgO800 contained both weak and
strong basic sites. The interactions of CO2 with MgO surface sites have
been investigated by Aramendia et al. [18] using in-situ IR measure-
ments. Three kinds of adsorbed species were correlated to the different
basic site strength: the unidentate carbonate forms on isolated surface
O2− ions, the bidentate carbonate forms on Lewis-acid–Brönsted-base
pairs (Mg2+–O2−), and the bicarbonate species formation which
involves surface hydroxyl groups. The strength order for surface basic
sites was determined to be O2− ionsNoxygen in Mg–O pairsNOH
groups. In the present study, the strong basic sites of MgO catalysts
decreased significantly with increasing calcination temperature while
the weak basic sites remained unaltered. The strong basic sites were
correlated to the oxygen in Mg–O pairs because the more the lattice
defects (as shown by increased ESR signals in Fig. 6), the lower the
amount of strong basic sites. In other words, an increase of the
calcination temperature gave rise to a significant reduction of lattice
oxygen.

It has been reported that different types of OH groups were
presented on the surface of magnesium oxide, whichwill not disappear
completely at calcination temperatures below 900 °C [33]. Based on our
FT-IR results, a sharp and intense −OH stretching vibration peak at
3700 cm−1 indicated the presence of a hydroxyl group at the low-
coordination sites in the Mg(OH)2 structure [34] while smaller broad
band peaks in the range of 3400–3750 cm−1 were attributed to the
isolated hydroxyl groups on the MgO samples [24,25]. It is likely that
these OH groups contributed to themedium and the weak basic sites of
Mg(OH)2 andMgO, respectively. Thedifferent structures contributing to
the basicity of MgO are illustrated in Fig. 7.

3.3. Isomerization of 1-butene

The activity and selectivity of the catalysts with different basic
properties were investigated in the isomerization of 1-butene to 2-
butene at 300 °C and ambient pressure. Fig. 8 shows the conversion of
1-butene as a function of time-on-stream obtained on the various

catalysts. The 1-butene conversions were found to be in the order of
MgO400NMgO600≈uncalcined catalystNMgO200NMgO800. The se-
lectivity to 2-butene was more than 99% for all the catalysts under the
reaction conditions used. There was no significant catalyst deactiva-
tion during the 150 min time-on-stream. The isomerization of 1-
butene has been suggested to proceed via a carbanion intermediate on
the strong basic sites [14] as illustrated in Scheme 1. The basic oxide
ion facilitated the abstraction of an allylic proton and transferred to
the terminal methyl group [7].

In the present study, we can divide the catalysts into two groups
according to their structures: (1) the Mg(OH)2 phase containing only
medium strength basic sites (uncalcined catalyst and MgO200) and
(2) the MgO crystalline phase (MgO400, MgO600, and MgO800)
containing both weak and strong basic sites. For any surface catalytic
reaction, high specific surface area available for adsorption of reactant
is necessary. However, it appeared that the basicity of MgO and Mg
(OH)2 catalysts played a more decisive role in 1-butene isomerization
reaction than the available surface area. For example, the BET surface
area of MgO400was twice that of MgO600 but the percent conversion
of 1-butene obtained over the MgO400 catalyst was almost 3 times
higher than that of MgO600. The MgO800 possessed BET surface area
of 59 m2/g but exhibited very low conversion of 1-butene isomeriza-
tion (ca. 9%) compared to the MgO600 with a BET surface area of
91 m2/g that exhibited 27% conversion of 1-butene.

The catalyst activity in 1-butene isomerization activity was found
to be dependent not only on the amount of basic sites but also the
distribution of basic strength. The MgO400 catalyst had the highest
amount of strong basic sites and exhibited the highest isomerization
activity. The MgO600 with less amounts of strong basic sites showed
similar isomerization activity to that of the uncalcined catalyst
containing only medium strength basic sites. Based on the CO2 TPD
results, there was no significant difference in the amount of weak
basic sites on the various MgO catalysts, suggesting that the weak
basic sites in MgO catalysts had little impact on the isomerization
activity of MgO catalysts. Similar to the weak basic sites, the presence
of the unpaired e− unstable oxygen radicals did not promote the
reaction. Considering the Mg(OH)2 phase catalysts, the conversion of
1-butene was found to decrease with decreasing amount of the
medium basic sites. It is proposed that the medium strength basic
sites were also responsible for 1-butene isomerization. Moreover, the
corner O2− ions at low-coordination number have been proposed to
be capable of abstracting an allylic hydrogen from 1-butene [13].

4. Conclusions

The co-precipitation of Mg(NO3)2.6H2O and KOH resulted in the
formation of Mg(OH)2 with an average crystallite size of 17.4 nm and

Fig. 6. The ESR spectra of MgO/Mg(OH)2 calcined at various temperatures.

(a)

(b) (c)
HH

Mg

e-

Mg

O

Mg

O O

Mg Mg Mg

O

Fig. 7. The possible MgO structures contributing to the basicity (a) the isolated hydroxyl
groups, (b) oxygen in MgO lattice, and (c) one anion vacancies.

Fig. 8. Catalyst performances in the gas-phase isomerization of 1-butene to 2-butene at
300 °C.
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BET surface area 42 m2/g. The MgO crystalline phase (average
crystallite size 6.8 nm and surface area 180 m2/g) was obtained by
calcination of the Mg(OH)2 at 400 °C. Increasing calcination temper-
ature from 400 to 800 °C resulted in the sintering of MgO and as a
consequence, the BET surface area decrease to 59 m2/g. As revealed by
CO2-TPD results, the Mg(OH)2 phase contained only medium strength
basic sites while the MgO phase exhibited both weak and strong basic
strengths. The activity of the catalyst increased in the order of
MgO400NMgO600≈uncalcined sampleNMgO200NMgO800 with
more than 99% selectivity to 2-butene. The isomerization activity
mainly proceeded on the strong basic sites of MgO while the medium
basic sites from hydroxyl groups were the responsible active sites for
the Mg(OH)2 phase. The weak basic sites in MgO catalysts did not
participate much in the reaction. The strong basic sites of MgO were
correlated well with the presence of oxygen atoms in the lattice of
crystalline MgO.
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1. Introduction

Titanium dioxide (TiO2) is a reducible metal oxide that has been
widely used as a support for noble metal catalysts in CO oxidation
because it exhibits a stronger interaction with group VIII noble metals
thanothermetal oxides [1–6]. The strongmetal–support interaction has
been shown toplay an important role in increasing themetal dispersion,
which leads to enhancing the catalytic activity for CO oxidation.
Additionally, the promoting effect of the reducible support may result
from the creation of second active sites at the metal–support interface
[7].

The addition of trace element to TiO2 support is a simple way to
modify its physicochemical properties such as crystallite size, crystal
defects, surface area, thermal stability, and the interaction between
metal and support. Support modification has been shown to result in
an improved CO oxidation activity in many catalyst systems. For
examples, Yu et al. [8] reported that doping of La in TiO2 during the sol–
gel synthesis induced the creation of the second active site on the
surface of Au/TiO2 which promoted the fast CO oxidation. Peza-
Ledesma et al. [9] reported that the use of SBA-15modifiedwith 10 wt.
% of TiO2 as support materials led to a high dispersion of supported
gold catalysts which promoted the catalytic activity toward CO
oxidation. Similarly, Hernandez et al. [10] found that the well
dispersion of gold catalyst on the cerium-modified silica support
provided the formation of small gold particle and the coverage of
cerium on the silica support promoted the effectiveness of oxygen
mobility, which led to higher catalytic activity in CO oxidation.

Despite a number of studies reporting the support modification
effect in CO oxidation activity, the modification of support with a non-
metallic modifier has received little attention as compared to the
metallic ones. Most of the non-metallic modifier reported in the
literature was in the form of anionic species such as nitrate ion
[11,12], sulfate ion [13,14], and phosphate ion [15]. Both positive and
negative effects of the non-metallic modifier on CO oxidation
activities have been found. The negative effect of sulfate ion was
reported by Ruth et al. [13] in which the Au/TiO2 catalyst was
deactivated by the blocking of SO2 at the interface between an Au
particle and the TiO2 support. Kim and Woo [14] reported that SO2

treatment increased the adsorption strength between Au and CO
which suppressed the migration of absorbed CO on the Au particles to
Au–TiO2 interface to form CO2, resulting in a decrease of CO oxidation
activity. On the other hand, modification with phosphate ion showed
a positive effect on CO oxidation activity. Incorporation of phosphate
ion in TiO2 support could prevent sintering of Au particles at high
temperature treatment, as a consequence higher CO oxidation activity
was obtained [12,15]. However, an over-loading of phosphate ions
may block the active sites instead.

In the present study, the effect of phosphorus precursors on the
P-modified TiO2 supported Ag catalysts has been extensively
investigated. The catalysts were characterized by N2 physisorption,
X-ray diffraction (XRD), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS), Fourier transformed
infrared spectroscopy (FT-IR), temperature programmed desorption
of oxygen (O2-TPD), and pulse chemisorption. The catalyst activities
were evaluated in the CO oxidation in a fixed-bed reactor.

http://dx.doi.org/10.1016/j.catcom.2010.06.014
mailto:piyasan.p@chula.ac.th
http://dx.doi.org/10.1016/j.catcom.2010.06.014
http://www.sciencedirect.com/science/journal/15667367


Fig. 1. XRD patterns of 10 at.% Ag catalysts supported on TiO2 and P-modified TiO2 with
different phosphorus precursors.

Table 1
Physical properties and amount of active sites of 10 at.% Ag catalyst supported on TiO2

and P-modified TiO2 with different phosphorus precursors.

Catalyst TiO2 crystallite size (nm) BET
surface
(m2/g)

Active site
(×1020 atom-
Ag/g-cat.)

Before Ag
loading

After Ag
loading

10%Ag/unmodified-TiO2 15.2 16.2 52 1.27
10%Ag/TiO2–H3PO4 10.8 11.2 75 3.57
10%Ag/TiO2–(NH4)2HPO4 10.0 10.0 76 3.76
10%Ag/TiO2–(C2H5)3PO4 9.8 10.1 74 3.64
10%Ag/TiO2–P2O5 9.5 10.4 75 3.89
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2. Experimental

2.1. Preparation of TiO2 and P-modified TiO2

The TiO2 nanoparticles were prepared by the solvothermalmethod
according the procedure described in our previous work in Ref [16].
Typically, about 25 g of Titanium (IV) n-butoxide (TNB) was mixed
with 100 cm3 of 1,4-butanediol in a test tube. The mixed solution in
the test tube was placed in a 300 cm3 autoclave. An addition of 30 cm3

of 1,4-butanediol was added to the gap between the test tube and the
autoclave wall. After purging with nitrogen into the autoclave reactor,
the system was heated to 320 °C at a rate of 2.5 °C/min and held at
that temperature for 4 h. The P-modified TiO2 supports were prepared
by addition of a certain amount of phosphorus precursor into the
mixed solution of TNB and 1,4-butanediol before setting up in the
autoclave. Four phosphorus precursors used in this study were H3PO4,
(NH4)2HPO4, (C2H5)3PO4, and P2O5. After the autoclave was naturally
cooled to room temperature, the resulting powder was repeatedly
washed with methanol and dried in air for 12 h. As determined by the
inductively coupled plasma optical emission spectroscopy (Agilent
Optima 2100 DV ICP-OES), the mean value of P/Ti molar ratio for all
the P-modified TiO2 samples was 0.01±6%.

2.2. Preparation of Ag/TiO2 catalysts

The TiO2 supported Ag catalysts were prepared by the incipient
wetness impregnation method. An aqueous solution of 1.98 M of AgNO3

equal to the pore volume of the TiO2 support, i.e. 0.7 cm3g−1 STP, was
added drop-wise to the support during intensive mixing to give a metal
content of 10 at.% with respect to the atomic weight of the TiO2 support.
After impregnation, the catalysts were dried at room temperature for 6 h
and thenat 110 °Covernight in anoven. Thedried catalystswere calcined
in air at 450 °C for 3 h. The series of catalysts are denoted by their atomic
percentages of silver loading, the phosphorus content in the TiO2

supports, and type of phosphorus precursor. For example, 10%Ag/TiO2–

H3PO4 is referred to the catalyst containing 10 at.% Ag on the P-modified
TiO2 support prepared from H3PO4 precursor. The actual amount of
Ag loading determined by the ICP-AES was 6.7±6%.

2.3. Catalyst characterization

The XRD measurements were performed using the SIEMENS D5000
diffractometer with Cu Kα radiation. The average crystallite size and
phase composition of P-modified TiO2were determined by the Scherrer
equation. The XRD patterns were scanned at a rate of 2.4°min−1 in the
range of 2θ=20–80°. The BET specific surface area of the samples was
measured by N2 adsorption at 77 K using a Micromeritics ASAP 2020
instrument. The FT-IR spectra were recorded at room temperature on a
Nicolet 6700 spectrometer using a KBr pellet for sample preparation, in
the range of 400–4000 cm−1 with 4 cm−1 resolution. The particle sizes
of Ag/TiO2 catalysts were investigated by transmission electron
microscopy (TEM) with a Philips CM100 microscope. The chemical
states of theelementsweremeasuredbyXPS techniqueusinganAmicus
photoelectron spectrometer with Mg Kα X-ray source at current of
20 mA and 10 keV, resolution of 0.1 ev/step, and pass energy of 75 eV.
The binding energy was calibrated by the C 1s peak at 285.0 eV.

The amount of metal active sites for Ag/TiO2 catalysts were
determined using N2O pulse chemisorption according to the method
previously reported by our group [17]. About 100 mg of the catalyst
sample was first reduced in hydrogen (50 cm3/min) at 200 °C for 1 .
Then the catalyst was cooled down to 150 °C in He stream and a
certain amount of N2O was injected into the He stream in front of the
catalyst bed. The N2O was analyzed by TCD gas chromatography using
a packed Porapak N column. The metal active site of the Ag/TiO2

catalyst was calculated assuming a simplified reaction stoichiometry
of Ag:O=2.
The O2-TPD profiles were performed in order to study the
characteristics of oxygen adsorption and desorption on the catalyst
surface. Approximately, 0.1 g of the catalyst was reduced in hydrogen
flow (50 cm3/min) at 200 °C for 1 h. Subsequently the sample was
cooled down to room temperature in He stream (30 cm3/min) and
held at that temperature in oxygen stream (30 cm3/min) for 1 h to
adsorb oxygen on the catalyst surface. Then the gas flowwas switched
to He gas flow (30 cm3/min) for 1 h in order to remove the physically
adsorbed oxygen on the catalyst surface. The temperature was
ramped with a heating rate of 10 °C/min to 600 °C. The oxygen
desorption signal was detected by the thermal conductivity detector
(TCD) during programmed heating.

2.4. Reaction study

The activity of the catalyst samples in CO oxidation was carried out
in a fixed-bed glass tube microreactor (i.d. 5 mm) with 100 mg of
catalyst packed at the center of the reactor between two quartz wool
plugs. The catalyst bed temperature was measured by inserting a
thermocouple into the reactor below the catalyst bed. The reactant
feed gas consisted of 1% CO, 2% O2 and He as balance, with a total flow
rate of 100 cm3/min (GHSV≈30,600 h−1). Prior to the start of the
reaction, the catalyst was first reduced in-situ in flowing H2 at 200 °C
for 1 h with a flow rate of 50 cm3/min. Following the in-situ reduction
of the catalyst, the reactant gas mixture was switched into the reactor.
The temperature of the furnacewas increased from room temperature
to the desired temperature and held at that temperature for 20 min.
The concentration of CO in the exit stream from the reactor was
analyzed on line by gas chromatography with a Shimadzu GC-8ATP
gas chromatograph provided with a thermal conductivity detector
(TCD) and a Porapak Q column with He as the carrier gas. The
conversion of CO was defined as the percentage of the CO in feed
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stream that was converted to analyzed product. The temperature
at which the conversion of CO equals 50% (defined as light-off
temperature) is used for evaluation of the catalyst performance.

3. Results and discussion

3.1. Effect of P doping on the physicochemical properties of Ag/TiO2

catalysts

The XRD patterns of the unmodified TiO2 and P-modified TiO2

supported Ag catalysts prepared with different precursors of phospho-
rus modifier are shown in Fig. 1. The major peak of pure anatase (101)
phase TiO2 was observed at 2θ around 25° for all the catalyst samples.
Doping of TiO2 with P led to broadening of the XRD peaks as well as a
slight shift of the XRD reflections towards higher angles. According to
the Bragg's law, an increase of 2θ values indicated a decrease of the
distance between crystal planes, which is in close relationship with the
lattice parameters. For the 10%Ag/unmodified-TiO2, diffraction peaks
corresponding to metallic Ag appeared at 2θ=38.1°, 44.4°, and 64.5°
Fig. 2. The TEMmicrographs of unmodified TiO2 (a), 10%Ag/unmodified-TiO2 (b), 10%Ag/TiO
(f) catalysts.
and the peaks at 32.8° and 38° were assigned to Ag2O [18,19]. The
intensities of the XRD characteristic peaks of metallic Ag (44.4° and
64.5°) for theP-modified TiO2 samples becameweak,whereas thepeaks
of Ag2O (32.8°) became strong except those of 10%Ag/TiO2–P2O5 in
which the peaks corresponding to any Ag species were not clearly seen.
The low intensity of Ag metallic peaks for the P-modified TiO2 may be
ascribed to the smaller Ag particles and/or the oxidation of some of the
metallic Ag to Ag2O.

Table 1 summarizes the crystallite size of the unmodified and the P-
modified TiO2 supported Ag catalysts, which was calculated from the
Scherrer equation. The crystallite sizes of all the P-modified TiO2 were
found to be smaller than the unmodified one, and as a consequence the
BET surface areas increased. The existence of phosphorus in the TiO2

framework may inhibit the growth of anatase TiO2 crystals [20]. There
was little impact of phosphorous precursor on the crystallite size and
BET surface area of P-modified TiO2. All the P-modified TiO2 had an
average crystallite size of ~10 nm and BET surface area of 75 m2/g. The
XRD results were found to be in good agreement with those observed
from the TEM micrographs (Fig. 2). The average crystallite sizes of
2-HPO4 (c), 10%Ag/TiO2-(NH4)2HPO4 (d), 10%Ag/TiO2-(C2H5)3PO4 (e), 10%Ag/TiO2-P2O5

image of Fig.�2


Fig. 3. FT-IR spectra of TiO2 and P-modified TiO2 with different phosphorus precursors.

Fig. 4. The Ag 3d XPS spectra of (a) 10%Ag/unmodified-TiO2 and (b) 10%Ag/TiO2–

(C2H5)3PO4 catalysts.
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unmodified-TiO2 support decreased from ~15 to ~11 nmwhen the TiO2

supportwasmodifiedwith phosphorus. The particle sizes of Ag/Ag2Oon
the P-modified TiO2 supports were determined to be ca. 2.3 nm which
were smaller than thosedispersedon theunmodified-TiO2 (ca. 3 nm). The
higher metal dispersion on the P-modified TiO2 supported Ag catalysts
was confirmed by the chemisorption results (see also Table 1). The
amount of metal active sites on the P-modified TiO2 supported
Ag catalysts was nearly three times higher than the unmodified ones.
However, the amount of metal active sites on the P-modified TiO2

supported Ag catalysts prepared from different phosphorous precursors
were found tobe essentially similar in the rangeof 3.57–3.89×1020 atoms
Ag/g cat.

The FT-IR spectra of unmodified and P-modified TiO2 are shown in
Fig. 3. The spectra bands at ca. 1600 cm−1 and 3200 cm−1 were
attributed to the surface-absorbed water and hydroxyl group, respec-
tively [21,22]. The IR spectra bands at ca. 400–800 cm−1were attributed
to Ti–O–Ti bond. The bands in this range became weak when the TiO2

support wasmodified with phosphorus while the bands corresponding
to Ti–O–P appeared at ca. 1100 cm−1 [23–25]. It is likely that the
formation of Ti–O–Ti was suppressed by the formation of Ti–O–P. The
incorporation of phosphorus into TiO2 support could inhibit the
agglomeration of TiO2 crystal, leading to a decrease of TiO2 crystallite
size. The FT-IR results support the characterization by XRD and TEM in
which smaller TiO2 crystallite size was obtained after P doping.

The oxidation state of element on the catalyst surface was
examined by XPS and is summarized in Table 2. The binding energies
of Ti 2p, O 1s, Ag 3d, and P 2p were slightly different among the
various catalysts. The Ti 2p peaks consisting of Ti 2p3/2 and Ti 2p1/2,
with a separation around 5.3 eV, were assigned to the Ti4+ in pure
anatase TiO2 [26,27]. The binding energy of O 1s in all the samples was
at ca. 530.0 eV, which was assigned to the Ti–O–Ti lattice oxygen of
TiO2 [28]. The P 2p of all the P-modified TiO2 shows only one peak in
the range of 133.8–134.4 eV, indicating that the oxidation state of
phosphorus in TiO2 was P5+. The absence of P 2p spectra at 129 eV
suggested that Ti4+ in the lattice of TiO2 was replaced by P5+ [29]. For
all the samples, the binding energies of Ag 3d5/2 and Ag 3d3/2 were
Table 2
Binding energies of 10 at.% Ag catalyst supported on TiO2 and P-modified TiO2 with differen

Sample Ti 2p O 1s

Ti 2p3/2 Ti 2p1/2

10%Ag/unmodified-TiO2 458.75 464.55 530.0
10%Ag/TiO2–H3PO4 459.85 465.65 531.1
10%Ag/TiO2–(NH4)2HPO4 459.35 465.15 530.70
10%Ag/TiO2–(C2H5)3PO4 459.25 464.85 530.60
10%Ag/TiO2–P2O5 458.45 465.05 530.8
centered at ca. 368 and 374 eV, respectively. According to the
literature [30], the binding energy of Ag 3d5/2 at 368.2 eV and the
splitting between Ag 3d5/2 and Ag 3d3/2 6.0 eV indicates a normal state
of Ag0. The deconvolution of Ag 3d5/2 of 10%Ag/unmodified-TiO2 and
10%Ag/TiO2–(C2H5)3PO4 is shown in Fig. 4. Three peaks at the binding
energy of ca. 366.8 eV, 367.7 eV, and 368.5 eV were attributed to AgO,
Ag2O, and Ag0, respectively [31]. Base on the deconvolution analysis,
the 10%Ag/TiO2–(C2H5)3PO4 catalyst produced larger amount of
Ag metallic (80%) than the 10%Ag/unmodified-TiO2 (45%). Such
results indicated that the P-modified TiO2 promoted the Ag metallic
formation on the TiO2 support.

3.2. Effect of P doping on the activity of CO oxidation

Fig. 5 shows the CO conversion as a function of reaction
temperature of the unmodified TiO2 and P-modified TiO2 supported
Ag catalysts prepared with different types of phosphorus precursor.
t phosphorus precursors.

Ag 3d P 2p

Ag 3d5/2 Ag 3d3/2 P 2p3/2 P 2p1/2

368.90 375.00 – –

368.70 375.00 133.4 –

368.70 374.60 133.80 –

368.50 374.60 133.40 135.2
368.90 374.90 134.00 –

image of Fig.�3
image of Fig.�4


Fig. 5. CO conversion over 10 at.% Ag catalysts supported on TiO2 and P-modified TiO2

with different phosphorus precursors.

Fig. 7. The P 2p XPS spectra of (a) 10%Ag/TiO2–(C2H5)3PO4 and (b) 10%Ag/TiO2–P2O5

catalysts.
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The results show that the type of phosphorus precursor affected the CO
oxidation activity of the TiO2 supported Ag catalysts. The P-modified
TiO2 supported Ag catalysts using the phosphorus precursor in the
form of phosphate showed comparable (for 10%Ag/TiO2–(NH4)2HPO4

and 10%Ag/TiO2–(C2H5)3PO4) or lower activity (10%Ag/TiO2–H3PO4)
compared to the 10%Ag/unmodified-TiO2 (light-off temperature
ca. 92–97 °C). On the contrary, the catalyst prepared with the
phosphorus precursor in the form of oxide (10%Ag/TiO2–P2O5)
showed higher activity than the unmodified-TiO2 supported catalyst
(light-off temperature ~80 °C).

Since the physical properties of the P-modified TiO2 supported Ag
catalysts prepared from different phosphorous precursors were quite
similar (i.e. in terms of BET surface area, crystallite size, and metal
dispersion), the catalytic behaviors were correlated with the O2

adsorption–desorption behavior on the catalyst surface. Fig. 6 shows
the O2-TPD patterns of the unmodified and P-modified TiO2 supported
Ag catalysts with different phosphorus precursors. The Ag catalyst
modified with phosphorus exhibited lower desorption temperature
compared to the unmodified ones. The desorption temperature of 10%
Ag/TiO2–(C2H5)3PO4 and 10%Ag/TiO2–P2O5 catalyst appeared at lower
temperature in comparison with the 10%Ag/unmodified-TiO2. The
desorption peak appeared in the range of 250 to 265 °C was assigned
to species [32]. For the 10%Ag/TiO2–(NH4)2HPO4 and 10%Ag/TiO2–

H3PO4, a small shoulder of O2 desorption peak at around 250–265 °C
and large desorption peaks at higher temperature in the range of 300–
320 °C and 400–430 °C were observed.
Fig. 6. O2-TPD patterns of 10 at.% Ag catalysts supported on TiO2 and P-modified TiO2

with different phosphorus precursors.
According to Masakazu et al. [33], there are three kinds of
adsorbed oxygen species on TiO2 surface. The adsorbed oxygen
consists of weakly adsorbed surface oxygen, strongly adsorbed surface
oxygen, and surface lattice oxygen, with the oxygen desorption
temperature in the range of 220–250 °C, 470–490 °C, and 810–870 °C,
respectively [34,35]. The strongly adsorbed surface oxygen species
blocks the adsorption and diffusion of weakly adsorbed surface
oxygen, causing a decrease in the CO oxidation activity [36]. It is
clearly seen from theO2-TPD results that the 10%Ag/TiO2–(NH4)2HPO4

and 10%Ag/TiO2–H3PO4 exhibited higher amount of strongly adsorbed
oxygen than the other catalysts, thus lower CO oxidation activities
were obtained. The desorption profiles of 10%Ag/TiO2–(C2H5)3PO4,
however, was quite similar to the 10%Ag/TiO2–P2O5, although the
catalytic activities in CO oxidation were different.

Based on the XPS analysis (Fig. 7), the phosphate species on the
P-modified TiO2 surface were identified. The P 2p spectra of 10%Ag/
TiO2–(C2H5)3PO4 were slightly different from those of 10%Ag/TiO2–

P2O5 in which a shoulder at a binding energy of 135.2 eV appeared
in addition to the major peak at 133.4 eV. The P 2p spectra at a
binding energy of 133.4 eV was assigned to the monodentate
surface complex, which phosphate adsorbed to the surface hydroxyl
ion with one coordination number. The shoulder peak at higher
binding energy (135.2 eV) was assigned to the bidentate surface
complex in which phosphate was bound to two surface hydroxyl
Fig. 8. Schematic illustration of (a) monodentate, (b) bidentate surface complex on the
surface of TiO2 support.
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ions. The formation ofmonodentate and bidentate surface complexes
on TiO2 support is illustrated in Fig. 8. The bidentate adsorption is
very difficult to remove by a washing step during the preparation of
P-modified TiO2 [28,37]. In other words, the 10%Ag/TiO2–(C2H5)3PO4

produced bidentate of phosphate species on the surface of TiO2 that
could result in the blocking of active sites and lower activity in CO
oxidation.

4. Conclusions

Modification of the TiO2 supports with different phosphorus
precursors altered the catalytic behaviors of Ag/TiO2 catalysts in the CO
oxidation. The insertion of phosphorus into the TiO2 lattice in the form of
Ti–O–P not only increased themetal active sites by increasing the specific
surface area of the catalyst and inhibiting the agglomeration of TiO2

crystallites but also altered the strength of O2 adsorption−desorption
behavior on the catalyst surface. The P-modified TiO2 supported Ag
catalysts using the phosphorus precursor in the form of phosphate
produced the strongly adsorbed oxygen species and/or the bidentate
of phosphate species on the TiO2 supports, which resulted in no
improvement in the CO oxidation activity. On the other hand, the use
of phosphorus precursor in the form of oxide enhanced the CO oxidation
activity of Ag/TiO2 catalysts due to the promotion of weakly adsorbed
oxygen species.
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a b s t r a c t

The effects of synthesis conditions (i.e., metal concentration, precursor flowrate, and O2 dispersion) dur-
ing flame-spray pyrolysis (FSP) and annealing post-treatment on the characteristics and photocatalytic
activities of ZnO nanoparticles have been investigated. The average particle size of ZnO powder prepared
by one-step FSP method were in the range of 8.8–47.0 nm and were found to be increased with increas-
ing the enthalpy density, flame height, and high-temperature residence time during FSP synthesis. The
larger particle size FSP-derived ZnO nanoparticles exhibited higher photocatalytic activities in the degra-
dation of methylene blue (MB) dye. The degradation rate over FSP-ZnO-47.0 nm was 1.7 and 7.2 times
higher than those of the commercially available photocatalysts Degussa P-25 and JRC-TiO2, respectively.
The better photocatalytic performance of the FSP-ZnO was correlated well with the improved crystalline
quality of ZnO nanoparticles as revealed by the X-ray diffraction (XRD) and the photoluminescence (PL)
results. Further increase of FSP-ZnO particle size to 52.6–103.5 nm by annealing post-treatment at high
temperatures (750–900 ◦C), however, gradually decreased their photocatalytic activities. Our results in
this study suggest a balance between high crystalline quality that enhanced photo phenomena and the
surface area available for substrate adsorption in order to obtain high photocatalytic activity of ZnO
nanoparticles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Dye pollutants from textile paper and other industries are an
important source of environmental contamination. Conventional
treatment of such wastewater generally involves coagula-
tion/flocculation [1,2], electrocoagulation [3], coagulation/carbon
adsorption process [4] and so on. These methods, however, merely
transfer dyes from the liquid-phase to the solid-phase, requiring
further treatment and causing secondary pollution [5]. In the past
two decades, photocatalysis by semiconductive materials such as
TiO2 and ZnO has attracted public concern as a promising tool
among the advanced oxidation processes to substitute the tradi-
tional wastewater treatment due to their high photosensitivity,
non-toxic nature, high stability, and wide band gap [6]. While TiO2
is probably the most frequently used photocatalyst, ZnO is an alter-
native photocatalyst with low cost. It has a similar band gap energy
compared to TiO2 (3.2 eV) [7] and can adsorb over a larger frac-

∗ Corresponding author. Tel.: +66 2218 6869; fax: +66 2218 6877.
E-mail address: joongjai.p@chula.ac.th (J. Panpranot).

tion of UV spectrum [8]. Higher photocatalytic efficiency of ZnO
compared to TiO2 has been reported especially for degradation of
organics in aqueous solutions [5,9–13]. Our recent study showed
that Au–ZnO and Pt–ZnO nanocomposites prepared by one-step
flame-spray pyrolysis exhibited high photocatalytic activities in
degradation of methylene blue dye [14].

For semiconductor photocatalysts, particle size is an important
parameter for controlling surface area and electronic structure.
When the catalyst particle size is reduced down to a few nanome-
ters, an elevate density of active sites for substrate adsorption
and/or catalysis can be guaranteed, as small particles possess a
significantly higher surface-to-volume ratio compared to the bulk
material. When the nanocrystal size is comparable or smaller than
the bulk exciton diameter, the band-gap becomes size-dependent
due to quantization effects [15,16]. Moreover, an efficient pho-
tocatalytic process requires highly crystalline semiconductors to
minimize electron–hole pair loss owing to the trapping of either
charge carriers at defect states [17,18].

The effect of particle size on photoactivity of ZnO has been
addressed by a number of researchers [19–22]. For examples,
among the three different particle sizes of ZnO nanoparticles (14,

1385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2010.08.027
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Fig. 1. XRD patterns of the as-prepared flame-made ZnO with various crystallite sizes: (a) 8.8 nm, (b) 19.4 nm, (c) 30 nm, (d) 40.7 nm, (e) 47 nm and the annealed flame-made
ZnO particles: (f) 52.6 nm, (g) 67.1 nm, (h) 80.3 nm, (i) 90.6 nm, (j) 103.5 nm.

19, and 26 nm) prepared by precipitation process, the smaller one
resulted in more surface oxygen vacancies, higher ESR intensity,
stronger PL signal, and higher photocatalytic activity [20]. Dodd
et al. [21] prepared ZnO nanoparticles with various particle sizes

Fig. 2. Relationship between crystallite size of ZnO and annealing temperature.

in the range of 28–57 nm by mechanical milling and heat treat-
ment. The authors found that there exists an optimum size of 33 nm
for which the photocatalytic activity of ZnO is maximized. Li et al.
[22] also obtained ZnO nanoparticles with average sizes 21–90 nm
by varying the calcination temperature between 200 and 1000 ◦C
and found that ZnO prismatic aggregated obtained by calcination
at 800 ◦C demonstrated the highest photocatalytic activity. More
recently, Xie et al. [19] showed that photocatalytic properties of
various particle sizes of ZnO (15, 50, 200, and 1000 nm) synthesized
by thermal evaporation and chemical deposition in UV-induced
degradation of methyl orange depended on size, morphology, and
preparation method of ZnO. Thus, in previous studies, it has clearly
shown that efficiency of photocatalytic process can be maximized
by optimizing the particle size of ZnO photocatalysts. However,
preparation method as well as pretreatment conditions such as
calcination temperature strongly affects the properties of ZnO pho-
tocatalysts.

In this report, ZnO nanoparticles with various particle sizes were
obtained by flame-spray pyrolysis (FSP) method. Various particle
sizes of the flame-made ZnO powder (8.8–103.5 nm) were obtained
by varying the process conditions such as metal concentration in

Table 1
Relationship between the synthesis conditions and ZnO crystallite sizes.

Metal concentration
(molar)

Precursor flow
rate (ml/min)

Dispersion oxygen
flow rate (l/min)

Annealing
temperature (◦C)

Crystallite size
dXRD (nm)

Average primary
particle size dTEM (nm)

BET surface
area (m2/g)

0.3 3 5 n/a 8.8 11.1 63.1
0.3 8 3 n/a 19.4 20.5 35.5
0.5 8 3 n/a 30.0 31.3 26.2
0.8 8 3 n/a 40.7 39.8 13.6
1 8 3 n/a 47.0 48.7 15.1
1 8 3 750 52.6 57.7 12.0
1 8 3 800 67.1 71.7 8.0
1 8 3 835 80.3 98.9 6.8
1 8 3 850 90.6 116.7 5.9
1 8 3 900 103.5 159.9 5.8

n/a = not applied.
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feed, precursor flow rate, dispersion oxygen flow rate, and anneal-
ing temperature. The effects of both FSP synthesis conditions and
annealing post-treatment on the characteristics and photocatalytic
properties of the flame-made ZnO in photodegradation of methy-
lene blue (MB) were discussed extensively.

2. Material and methods

2.1. Synthesis of ZnO nanoparticles by flame-spray pyrolysis

Synthesis of ZnO with various particle sizes by FSP technique
were carried out using a spray flame reactor [24]. Zinc naphthanate
(Aldrich; <50% in mineral spirits) was used as zinc precursor. The

precursor was dissolved in ethanol (J.T. Baker; 99.9%). To obtain
different ZnO particle sizes during particle synthesis, precursor
solution ranged from 0.3 to 1 mol/l and liquid precursor feed rates
varied from 3 to 8 ml/min were fed to the flame by a syringe
pump. Precursors were dispersed with 3–5 l/min oxygen forming
fine spray droplets. The pressure drop at the capillary tip was
maintained at 1.5 bar by adjusting the orifice gap area at the
nozzle. The reactor was water-cooled to avoid evaporation or
decomposition of the precursor within the feed lines. The flame
was ignited by a concentric premixed methane/oxygen pilot flame
(CH4 1.5 l/min, O2 3.0 l/min) that was sheathed further by flowing
oxygen (25 l/min) through a sintered metal plate ring (8 mm wide,

Fig. 3. TEM micrographs, SAED patterns, and particle size distribution of the as-synthesized FSP-made ZnO particles: (a) 8.8 nm, (b) ZnO 30.0 nm, (c) ZnO 47.0 nm and the
annealed ZnO: (d) 67.1 nm, (e) 80.3 nm, (f) 103.5 nm.
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Fig. 3. (Continued )

starting at a radius of 8 mm). The powder particles were collected
on a glass–fiber filter (GF/D Whatman; 257 mm diameter) with
the aid of a vacuum pump.

2.2. Annealing of the flame-made ZnO

Annealing of the ZnO powders was performed in a Carbolite
CWF1300 temperature programmed box furnace in static air, ZnO
powders with the particle size of 47 nm produced by FSP method
were heated at 10 ◦C/min to desired temperature (750, 800, 835,
850, or 900 ◦C) and maintained at that temperature for 1 h in order
to form larger particles.

2.3. Characterization

Powder X-ray diffraction (XRD) was performed by a SIEMENS
XRD D5000 diffractometer using Cu K� radiation. The crystal-
lite size (dXRD) of FSP-ZnO powders was estimated from the
full-width half-maximum breadth of the (1 0 1) diffraction peak
using the Scherrer equation. The specific surface area was mea-
sured by N2 physisorption using a Micromeritics ASAP 2000
automated system and the Brunauer–Emmet–Teller (BET) method.
Each sample was degassed under vacuum at <1 × 10−5 bar in the
Micromeritics system at 300 ◦C for 3 h prior to N2 physisorption.
The particle morphology was observed using JEOL Model JEM-
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Fig. 4. PL spectra of various ZnO particle sizes prepared by FSP method (a) ZnO
8.8 nm, (b) ZnO 19.4 nm, (c) ZnO 30.0 nm, (d) ZnO 47.0 nm, (e) ZnO 67.1 nm, (f) ZnO
80.3 nm, (g) ZnO 90.6 nm, and (h) ZnO 103.5 nm with the excitation wavelength of
325 nm.

2010 transmission electron microscope (TEM) operated at 200 keV.
Photoluminescence measurement (PL) was carried out on a fluo-
rescence spectrophotometer (Perkin-Elmer LS-50) using a Xenon
lamp as the excitation source at room temperature. The sample
was dispersed in ethanol using ultrasonic bath and the excitation
wavelength used in PL measurement was 325 nm.

2.4. Photocatalytic activity testing

A basic aniline dye, methylene blue (MB), from Unilab Asia
Pacific Specialty Chemicals Limited was used as a probe molecule to
evaluate the photocatalytic activities of the flame-made ZnO with
various particle sizes. The photocatalytic reaction was conducted
at room temperature under UV light 2 × 15 W UV tube predomi-
nantly emitting at 365 nm (Philips) with the average light intensity
on the reaction beaker (pyrex) at a distance of 6 cm from the lamp
was found to be 4.7 × 10−4 W cm−2. The reaction was carried out
with 20 mg of catalyst dispersed in 200 ml of 10 ppm methylene
blue aqueous solution. The pH of solution was constant at 6.3 for
all experiments. The reaction was operated with high stirring rate
(1000 rpm) in order to eliminate the external mass transfer effect.
Prior to irradiation, the suspensions were magnetically stirred in
the dark for 15 min to establish the adsorption/desorption equi-
librium of methylene blue. 2 ml samples were withdrawn every
10 min. Before analysis, the aqueous samples were centrifuged to
remove any suspended solid catalyst particles. The residual con-
centration of methylene blue was measured at 665 nm using the
UV–vis spectrophotometer (Perkin-Elmer lampda 650) in liquid
cuvette configuration with de-ionized water as reference. The per-
centage of degradation was calculated using the equation given
below:

Degradation (%) = C0 − C

C0
× 100 (1)

in which C0 is the initial dye concentration and C is the dye concen-
tration after the treatments.

3. Results and discussion

3.1. Particles characterization

Fig. 1a–e shows the XRD patterns of as-synthesized FSP-
ZnO nanopowder with average crystallite sizes between 8.8 and

Fig. 5. UV–vis spectra of ZnO with various particle sizes.

47.0 nm. All of the indexed peaks are well matched with that of
bulk ZnO (JCPDS Card No. 36-1451) possessing wurtzite hexag-
onal phase. No other diffraction peaks or amorphous phase was
detected. The diffraction peak intensities were increased and the
peaks became sharper with increasing ZnO particle sizes. The larger
particle sizes of ZnO particles were obtained by increasing the pre-
cursor concentration, the ratio of the feed liquid, and decreasing the
dispersion oxygen gas flow rates through the nozzle. Fig. 1f–j shows
the XRD patterns of the annealed ZnO powders. The XRD char-
acteristic peaks were similar to those of the as-synthesized ones.
The calculated particle sizes of annealed ZnO were in the range of
52.6–103.5 nm indicating that annealing of the flame-made ZnO
particles (47 nm) at relatively high temperature between 750 and
900 ◦C resulted in further crystal growth of ZnO. The relationship
between synthesis conditions and corresponding ZnO particle sizes
are summarized and illustrated in Table 1 and Fig. 2, respectively.

The TEM micrographs with selected area electron diffraction
(SAED) patterns and particle size distribution of the as-synthesized
and the annealed ZnO with various particle sizes are shown in Fig. 3.
Frequency (%) was obtained by counting 50–100 ZnO particles from
TEM images. All the samples consisted of polyhedral primary par-
ticles, typically seen in flame-made powders [23], with spheroidal
particles and rod-like particles. The average primary particle diam-
eters of ZnO with various particle sizes determined by TEM (dTEM)
are also given in Table 1. The dTEM data were in good agreement with
the dXRD values. The corresponding SAED patterns are shown in the

Fig. 6. Relationship between for the percentage of MB degradation after 1 h and the
particle size of ZnO photocatalysts prepared by FSP method.
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Fig. 7. The catalytic performances for photodegradation of methylene blue using FSP-made ZnO catalysts with various particle sizes (bold lines) and commercial catalysts
for comparison (P25 and JRC titania) (dashed lines).

insets. The diffraction patterns of all the powders illustrate spot
patterns of the hexagonal structure of ZnO, indicating that the ZnO
nanoparticles are single crystalline. As also shown in Table 1, BET
surface areas of the as-synthesized ZnO particles decreased from
63.1 to 15.1 m2/g as the precursor concentration increased from 0.3
to 1 M and the feed rate increased from 3 to 8 ml/min. The result was
consistent with previous studies of the flame-synthesized metal
oxides such as TiO2 [25], SiO2 [26], CeO2 [27], Pt/Al2O3 [28], and
Ag/ZnO [29]. Typically, increasing of precursor feed flow rate and/or
precursor concentration while keeping the oxygen flow rate con-
stant results in higher enthalpy of flame, longer residence times
and hotter flames [24,25]. This phenomenon is due to the fact that
the combustion of the precursor is an exothermic reaction, con-
tributing to overall increase in energy dissipation within the flame.
Additionally, as the precursor feed flow rate and precursor concen-
tration increased, Zn concentration within the flame also increased.
This, coupled with the increased enthalpy content, residence time
and higher flame temperature, resulted in increased coalescence
and sintering of the particles. After high-temperature annealing
(750–900 ◦C), the BET surface areas decreased further from 15.1 to
5.8 m2/g indicating that ZnO particles sintered by heat treatment.

Room temperature PL spectra of all the ZnO powders are shown
in Fig. 4. The spectra mainly consisted of two emission bands. The
first band is the UV near-band-edge emission (NBE) at ∼385 nm
[30,31]. Sharp NBE emission peak results from recombination of
excitons and its position and structure is an indication of crys-
tal quality [32,33]. The NBE emission intensities in the PL spectra
increased as the particle size of as-synthesized ZnO increased. The
highest value was found for the FSP-made ZnO with the crystal-
lite size of 47 nm. Improvement of the crystal quality of ZnO can
be attributed to the increase of flame enthalpy and Zn atomic con-
centration in gas phase that contributed typically to longer and
hotter flames, which as a consequence, produced larger and more
crystalline particles. However, the excitonic peak intensity for the
annealed samples was remained constant and slightly decreased
as the annealing temperature was raised higher than 835 ◦C. More-

over, the shift to the lower wavelength was also found in the
FSP-made ZnO with the crystallite size of 8.8 nm. This result would
be attributed to the quantum confinement effect of ZnO nanopar-
ticles [34,35]. Madler et al. [35] prepared the ZnO quantum dots
by spray combustion of Zn/Si precursors. These crystallites exhibit
a quantum size effect due to the preventing of the growth and
stabilized the ZnO crystals. The blue shift of the ultraviolet–vis
absorption edge increased with decreasing ZnO crystal size. The
other band observed in PL spectra was the visible emission that
usually associates with the deep level emission (DLE) in ZnO. Most
researchers believe that the DLE come from oxygen vacancies (VO),
zinc vacancies (ZnO), interstitial zinc (Zni), or interstitial oxygen
(Oi) [36,37]. The blue emission at ∼425 nm and weak blue at
∼445 nm most likely occurs from the donor level of Zn intersti-
tial (Zni) to acceptor energy level of Zn vacancy (ZnO) [38]. The
blue–green band around 470 nm was probably caused by radiative

Fig. 8. Relationship between percentage of conversion of MB after 1 h of UV irradi-
ation and PL intensity of the ZnO particles.
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Fig. 9. Pseudo first-order rate constants for ZnO catalysts with various crystallite sizes on a mass (a) and SSA normalized (b) basis.

transition of electron from shallow donor levels, created by the oxy-
gen vacancy to valence band [39]. The green emission at ∼530 is
commonly observed for ZnO, and was attributed to the singly ion-
ized oxygen vacancy in ZnO [40]. This emission results from the
recombination of a photo-generated hole with the singly ionized
charge state of the specific defect [41]. The peak intensity of the blue
and weak blue peak light emission increased with increasing of ZnO
crystallite size from 8.8 to 47.0 nm and then was found remained
unchanged. The weak blue–green band and green band emission
peaks intensity slightly increased with increasing crystallite size
from 8.8 to 103.5 nm.

Fig. 5 shows UV–vis absorbance spectra of the FSP-made ZnO
powders. It can be seen that the slope of UV–vis spectra of the FSP-
made ZnO powder was steeper from the smallest size of 8.8 nm to
the size of 47 nm before reaching a plateau. A sharp UV–vis absorp-
tion curve (steep slope) indicates a high degree of crystalline quality
[29]. The improved crystal structure for the larger size ZnO was in
good agreement with the XRD and PL-measurements.

3.2. Photocatalytic activity

The dependence of percent conversion of MB decomposition
after 60 min on the particle size of ZnO powders is shown in Fig. 6.
Irradiation in the absence of photocatalyst for 60 min revealed no
change in the MB concentration, confirming that the MB cannot
be degraded by 365 nm irradiation alone. The percentages of MB
degradation increased from 30 to 70% when the particle size of
as-synthesized ZnO powders increased from 8.8 to 47 nm. The pho-
tocatalytic performances for MB degradation of the as-synthesized
and annealed FSP-ZnO catalysts are also shown as the plots of
(C/C0) versus time in Fig. 7 in which the results for commercial
photocatalysts Degussa P25 (dXRD = 20.1 nm) and JRC-TiO-1 tita-
nia (dXRD = 15.5 nm) and irradiation in the absence of catalyst are
included. The photocatalytic activity of the as-synthesized flame-
made ZnO powders was superior to both P25 and JRC-TiO-1 titania
when their particle sizes were larger than 30 nm with the as-syn
ZnO-47 nm showed the highest activity. The rate constant assum-
ing first-order kinetics of ZnO-47 nm was determined to be 1.7 and
7.2 times higher than those of degussa P25 and JRC-TiO-1 titania,
respectively. For the larger particle sizes of ZnO powder obtained
by annealing post-treatment, the percentages of MB degradation
gradually decreased from 70 to 55%. The lower photocatalytic effi-
ciency can be ascribed by the decrease in BET surface area, which
lowered the adsorption of dye molecules on the catalyst surface.

In general, photocatalysis can be considered to be dominated
by two linked mechanisms, namely photo phenomena or the inter-
action of light with the material to form electron–hole pairs, and

secondly surface catalytic effects [42]. The photo aspect is sensi-
tive to crystal defects while the surface catalytic effect is mainly
dominated by the specific surface area. In this study, the photocat-
alytic performance of FSP-ZnO nanoparticles was found to increase
with increasing crystalline quality of ZnO as illustrated by a lin-
ear relationship between the PL intensity of NBE bands and the
percent conversion of MB decomposition after 60 min (Fig. 8). It is
suggested that the photo phenomena (the interaction of light with
the material to form electron–hole pairs) played decisive role on
the photocatalytic performance of FSP-ZnO nanoparticles than the
surface area for the ZnO particle size range 8.8–47.0 nm. Fig. 9a
shows the corresponding rate constants (on a fixed mass basis)
as a function of ZnO crystallite size. The rate constant increased
from 0.33 to 1.36 h−1 as the crystallite size increased from 8.8 to
47.0 nm and then slightly dropped when the crystallite size was
further increased. On the other hand, when the rate constants are
presented on an SSA normalized basis (Fig. 9b), an increase of pho-
tocatalytic activity of ZnO nanoparticles increased with increasing
ZnO particle size from 8.8 to 67.1 nm and then remained relatively
constant. The ZnO-47 nm performs best on a mass basis due to
its optimum crystallinity and surface area while the ZnO-67.1 nm
performs better on a surface area normalized basis, as the crystal
quality within the ZnO particles was higher. For the flame-made
materials, the crystalline quality would be expected to improve
with increasing of the enthalpy density, flame height, and high-
temperature residence time. The effect of the crystal size of ZnO on
the photocatalytic activity has been reported by many researchers.
They also reported the optimum size for which the photocatalytic
activity of ZnO is maximized [19–23]. The optimum sizes of ZnO
reported in literatures were varied depending on the preparation
and pretreatment methods. The decrease of photocatalytic activity
of ZnO when the particle size of ZnO was larger than optimum size
was explained by the decrease of surface area.

4. Conclusions

The FSP-synthesized ZnO nanoparticles have shown to be bet-
ter photocatalysts for the degradation of methylene blue dye
under UV irradiation, compared to the Degussa P-25 and the
JRC-TiO2 commercial photocatalysts. The photocatalytic activities
of the FSP-ZnO nanoparticles were found to be correlated well
with their crystalline quality. For those prepared by one-step FSP
method with average particle size 8.8–47.0 nm, improved crystal
quality as well as higher photocatalytic activities were obtained
by increasing flame enthalpy density, flame height, and high-
temperature residence time during the FSP synthesis. However,
the larger ZnO particle sizes (52.6–103.5 nm) obtained by anneal-
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ing post-treatment of the FSP-ZnO at high temperature, showed a
descending trend of the photocatalytic activity due to the signif-
icant decrease of surface availability for reactant adsorption and
light absorption of the annealed ZnO particles.
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Introduction

A microreactor such as a miniaturized reaction sys-
tem with typical channel or chamber widths in a range
of 10–500 μm (Lowe and Ehrfeld, 1999) offers some
outstanding advantages over conventional reactor sys-
tems such as intensified mass and heat transport.

A number of reactions involving immiscible sys-
tems have been studied in microreactors over the past
decade (Doku et al., 2005; Kiwi-Minsker and Renken,
2005; Aljbour et al., 2010). For multiphase liquid–liquid
systems such as organic-aqueous reaction systems, low
solubility results in very low rates of reaction and ex-
tended reaction times. Microreactors possessing a large
surface-to-volume ratio can reduce the mass transfer
limitations involved. A stable multiphase parallel flow in
microchannels can provide a phase separation of the
product mixture at the exit and then reduce the require-
ments of post-treatment unit operation. A microchannel
with guideline structure has been proposed in order to
stabilize the parallel flow for multiliquid phase systems
(Surmeian et al., 2002; Tokeshi et al., 2002; Maruyama
et al., 2003; Tagawa et al., 2007).

Computational fluid dynamics (CFD) is a powerful
technique applying numerical methods to analyze the
flow and performance of process equipment. There are

many advantages in CFD over experimental approaches;
for example, it can predict microscopic phenomena
which occur in a very short interval. Although there are
a number of works focusing on the fluid dynamics in mi-
crochannels, simulation works on the system with guide-
line structures are rather limited (Maruyama et al.,
2004). In our study, we used FLUENT (ANSYS Inc.), a
well-established commercial CFD solver, to investigate
the fluid dynamic behaviors of multiphase flow in mi-
crochannels with guideline structures. Different guide-
line structures were considered in order to achieve stable
multiphase flow in the microchannels.

1. Simulation

In order to simulate multiphase flow through mi-
crochannels, a 2D geometrical model was generated
using the pre-processor GAMBIT. The CFD simulation
was carried out with FLUENT 6.3 (Fluent Inc., 2006).

The reliability of our approach was checked by per-
forming a set of simulations with two-phase Taylor flow
in the T-shaped microchannel model shown in Figure 1
to compare with the results reported by Guo and Chen
(2009). The fluid and surface properties were set accord-
ing to those in the literature. The simulated slug lengths
with the effect of both phase velocities were in good
agreement with the experimental and numerical results
of Guo and Chen, as shown in Figure 2.

In our study, a 2D geometrical model having 20,040
cells was generated for the microchannel, shown in
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Figure 3. The length and width were 1640 μm and
95.6 μm, respectively. The grid sizes in the x direction for
the reactor and the inlets were 5.56 and 7.00 μm, respec-
tively. In the y direction, the maximum grid size was
2.51 μm and the minimum was 0.57 μm near the guide-
line walls. Pure water and toluene were used as aqueous
and organic phases, respectively. The contact angle of
water on glass in toluene and surface tension were meas-
ured at 37° and 0.0371 kg/s2 (Aota et al., 2009; Dessimoz
et al., 2008). The feed flow rates of both phases were set
equal at 0.02 mL/min (0.2035 m/s). The volume of fluid
(VOF) method was applied to track the interface. The
channel was initialized with water. For the inflows, con-
stant velocities were specified as the boundary condi-
tions. Fully-developed conditions were applied at out-
flows, and no-slip boundary conditions were used on the
walls of the microchannel and guideline structures. A
simulation with refined grid was carried out to confirm
that the solution was independent of grid resolution. The
effect of the guideline was investigated by varying the
guideline structure, as summarized in Table 1.

Experiments were conducted with the microchannel
sample represented by the model A under operational
conditions reported in a previous paper (Tagawa et al.,
2007). The channel was washed and filled with distilled
water before use.

2. Results and Discussion 

2.1 Flow pattern and stability
The simulated flow development in the Model A

microchannel is shown in Figure 4.
Before feeding the organic phase, the channel was

filled with aqueous phase (blue). The top part of organic
phase (toluene; red part) was spread over the entire
channel and was divided from the aqueous phase to form
two phase flow after passing a guideline. The parallel
flow gradually stabilized with time. The flow pattern at
0.0148 s which offered the stabilized interface is com-
pared with the experimental result under the same opera-
tion conditions in Figure 5. The stable interface was
curved between the guideline structures (Figure 5(a)),
which was in good agreement with that observed from
the experiment (Figure 5(b)).

From the simulation results, the flow patterns for
Models B and C are shown in Figures 6 and 7, respec-
tively. For the cases with the existence of the guideline
structure, Models A and B, the interface shape became
more curved than the case without the guideline, Model
C, at some positions along the channel length.

In Model A, which posses a smaller interval than
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Fig. 1 The simulated Taylor flow in microchannel (UG �
0.0694 m/s, UL � 0.0764 m/s)

Fig. 2 Comparison of the slug length between the simulated
results and results reported by Guo and Chen (2009)

Fig. 3 The microchannel reactor with guideline structure
(Model A)

Table 1 Guideline structure

Model Length [μm] Interval [μm]

A 100 100
B 100 180
C (No guideline) — —

Fig. 4 The snapshots of flow development in Model A



Model B, the interface near the exits is much more flat
and stable. Therefore Model A may provide better phase
separation than Model B.

While the interface of Model A is stable after
0.0124 s, Model B seems to need more time to stabilize.
On the other hand, the interface of Model C is more un-
stable with time as seen in Figure 7. Although the inter-
face of Model C is near the center along the length of
the microreactor, the instability with flow time makes

the separation uncontrollable.
2.2 The role of guideline structure

The role of guideline on the flow development in
the Model A microchannel is shown in Figure 8. It is
observed that the fluids were kept in their own lanes
after passing each guideline wall. The toluene stream
was divided into two parts when reaching each structure.
After passing the wall, the interface was pushed toward
the corner of the wall and broken. Then, the fluids were
guided in their own lanes.

Conclusions

The guideline structures turn the flat interface into
a curve shape, which becomes more stable with flow
time. The fluids are kept in their own lines after passing
each guideline wall. In the smaller interval case, the in-
terface position near the exits is close to the centerline,
which is believed to provide better separation function;
however, the interface area is decreased with more
guideline walls and, therefore, the reaction conversion
may be reduced in the case of operation with reaction.
Thus, the guideline structure geometry should be further
studied in more detail in order to achieve an optimized
design. It is important to note that the obtained design
needs to be confirmed through experiment.
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Abstract: This article reveals the effects of mixed activators on ethylene polymerization 
and ethylene/1-hexene copolymerization over MgCl2/SiO2-supported Ziegler-Natta (ZN) 
catalysts. First, the conventional ZN catalyst was prepared with SiO2 addition. Then, the 
catalyst was tested for ethylene polymerization and ethylene/1-hexene (E/H)  
co-polymerization using different activators. Triethylaluminum (TEA), tri-n-hexyl 
aluminum (TnHA) and diethyl aluminum chloride (DEAC), TEA+DEAC, TEA+TnHA, 
TnHA+ DEAC, TEA+DEAC+TnHA mixtures, were used as activators in this study. It was 
found that in the case of ethylene polymerization with a sole activator, TnHA exhibited the 
highest activity among other activators due to increased size of the alkyl group. Further 
investigation was focused on the use of mixed activators. The activity can be enhanced by 
a factor of three when the mixed activators were employed and the activity of ethylene 
polymerization apparently increased in the order of TEA+ DEAC+TnHA > TEA+DEAC > 
TEA+TnHA. Both the copolymerization activity and crystallinity of the synthesized 
copolymers were strongly changed when the activators were changed from TEA to 
TEA+DEAC+TnHA mixtures or pure TnHA and pure DEAC.  As for ethylene/1-hexene 
copolymerization the activity apparently increased in the order of TEA+DEAC+TnHA > 
TEA+TnHA > TEA+DEAC > TnHA+DEAC > TEA > TnHA > DEAC. Considering the 
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properties of the copolymer obtained with the mixed TEA+DEAC+TnHA, its crystallinity 
decreased due to the presence of TnHA in the mixed activator. The activators thus exerted 
a strong influence on copolymer structure. An increased molecular weight distribution 
(MWD) was observed, without significant change in polymer morphology. 

Keywords: Ziegler-Natta catalyst; silica support; polyethylene; mixed activator; ethylene 
polymerization 

 

1. Introduction  

Progress in catalyst technology has lead to the synthesis of a rich set of new polymers with different 
structures and performances to meet the progressive demands of modern industry and life [1-12]. 
Recently, branched polyethylenes such as linear low-density polyethylene (LLDPE) have grown in 
importance in industry because of the specific properties that can be obtained by varying comonomer 
content and polymerization conditions. The recent development of homogeneous single-site catalyst 
makes it possible to synthesize the copolymers with completely different structures and performances 
from traditional polyethylenes [13]. The ethylene/α-olefin copolymers obtained by metallocene 
catalysts show homogeneous comonomer distribution and narrow molecular weight distributions in 
comparison with those obtained with traditional Ziegler–Natta (ZN) catalysts [14]. The correlation 
between the structures of the ethylene/α-olefin copolymers obtained with ZN catalysts and their 
properties has been extensively studied [15,16]. However, easy methods to control polymer properties 
and catalytic activity in polymerization system are still of concern to the industry.  

One of the most important factors in ethylene and ethylene/α-olefin polymerization is the choice of 
alkyl aluminum used to control the activity and polymer characteristics. The alkyl aluminums are often 
added to the reactor during slurry polymerization with ZN catalyst and conventional supported 
metallocene/MAO catalyst to scavenge impurities. In polymerization systems, alkyl aluminums also 
act as activators responsible for the generation of active sites. There are many reports on the use of 
alkyl aluminum as activators in the polymerization of ethylene and ethylene/α-olefins using ZN 
catalysts [17-23]. Trialkyl aluminum compounds are usually preferred over the halogen-containing 
analogues because higher polymerization rates can be obtained with the former. Alkyl aluminums such 
as trimethyl aluminum (TMA), triethyl aluminum (TEA), tri-n-hexyl aluminum (TnHA) and triisobutyl 
aluminum (TiBA), as well as diethyl aluminum chloride (DEAC) have been used in olefin 
polymerizations [24-31]. In general, it has been found that an increase in size of the alkyl groups 
(CnH2n+1) up to approximately n = 11 has enhanced catalytic activity. The study by Wanke et al. [18] 
revealed that increasing the size of alkyl group with n < 11 produces an increase in the activity and 
when a very large alkyl groups (n = 18) was used, the catalytic activity was very low upon when using 
the ZN catalyst for ethylene polymerization. An exception to these general trends was observed by 
Nooijen [17]. His results showed a strong effect of activators (TEA, TiBA, TnOA and IPRA) diffusion 
on the rate of activation of MgCl2-supported Ziegler-Natta catalyst in slurry polymerization. At a 
constant ratio of activator to catalyst, the maximum activity depends on the diffusion of the activator.  
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The properties of polymer, such as the morphology of polymer product particles [22], were also 
controlled by type of activator, the product molar mass distribution, the average catalyst activity, and 
the shape of the activity-time profiles [22,23]. Increasing the size of the ligands attached to aluminium 
atoms increased the average molar masses and resulted in narrower molar weight distributions of 
polyethylene [18]. Terano et al. [23] reported that the molecular weight distribution (MWD) of the 
polyethylene obtained from the functionalized SiO2-supported catalyst changed markedly from broad 
and multimodal to narrow and unimodal depending on the type of activator used. In the case of TEA, a 
broad trimodal MWD was observed, while for DEAC, the MWD of polyethylene was very narrow and 
unimodal [23]. In the case of poly[propylene-co-(7-methyl-1,6-otadiene)], the different activators 
produced polypropylene with a wide range of MWD [32].   

Not only single activators are used in α-olefin polymerization, but also mixtures of alkyl aluminums 
are interesting subjects for improvement of the catalytic activity and polymer properties. Fan et al. [20] 
synthesized PE-PP copolymers using TEA, TIBA or TEA+TIBA mixtures as activators with 
MgCl2/SiO2/TiCl4/diester-ZN catalyst in a slurry polymerization process. Their results showed that the 
behaviors of the TEA/TIBA mixture in catalytic systems were not a simple superposition of those 
activated by the TEA or TIBA alone. When a 50:50 TEA+TIBA mixture was used, the 
copolymerization activity became the highest, and the yields of both systems were highly random 
copolymers. In their articles, rapid exchange between the alkyl groups in mixtures of TEA with the 
iso-butyl group in TIBA may be an important reason for the increase in catalytic activity and yields of 
both the random copolymer and the segmented copolymer parts, which were close to the highest level 
in PE-PP copolymer.   

In spite of these interesting results, the effect of mixed alkyl aluminum on catalytic activity of 
ethylene polymerization and ethylene/1-hexene copolymerization, and polymer properties has received 
little attention, even though it could be of crucial importance to successfully design and operate 
industrial polymerization processes. In the current study, the effect of various activator mixtures on 
activity, product morphology and molecular weight distribution of polyethylene and ethylene/1-hexene 
copolymere synthesized by the MgCl2/SiO2/TiCl4/THF-ZN catalyst was investigated. The obtained 
polymers were characterized by means of X-ray diffraction (XRD), gel permeation chromatography 
(GPC), differential scanning calorimetry (DSC), and nuclear magnetic resonance  
(13C-NMR) techniques. 

2. Results and Discussion  

2.1. Catalyst characterization 

In general, the MgCl2/SiO2/TiCl4/THF-ZN catalyst has been developed for an excellent morphology 
control of polymer particles under the fluidized bed reactor conditions [33,34]. Kim et al. [34,35] 
reported that catalyst characteristics such as the ratio of SiO2/MgCl2 had an influence on the shape and 
size of the MgCl2/SiO2/TiCl4/THF-ZN catalyst used for ethylene polymerization and ethylene/1-butene 
copolymerization. In this study, the MgCl2/SiO2/TiCl4/THF-ZN catalyst was prepared as described in 
the experimental part using a SiO2/MgCl2 molar ratio of 1:1. Based on this preparation, the presence of 
Ti content in catalyst is 2.33 wt% (ICP). The shape and size of the catalyst were observed by SEM as 
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shown in Figure 1. The prepared catalyst exhibits a spherical shape and unimodal size distribution. 
Thus, the aggregated and melted form of catalyst particles seen in Figure 1 (top) are only present in a 
small amounts. These fractions possibly resulted from contact of catalyst particles with moisture and 
oxygen, when analyzed by SEM. The average diameter of obtained catalyst is approximately 30, µm as 
seen in Figure 1 (bottom).  
 

Figure 1. SEM micrographs of MgCl2/SiO2/TiCl4/THF-ZN catalyst. 

 

 
 

2.2. Ethylene homo-polymerization 

For commercial production of polyethylene, the MgCl2/SiO2-supported ZN catalyst exhibits high 
catalytic activity when TEA is used as activator. This activator provides the highest activity among 
other activators, including diethyl aluminum chloride (DEAC) and tri-n-hexyl aluminum (TnHA) [24]. 
The MgCl2/SiO2/TiCl4/THF-ZN catalyst shows high catalytic activity for ethylene polymerization. In 
this work, the effects of different types of alkyl aluminums including TEA, DEAC, TnHA and mixed 
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alkyl aluminums on activity were investigated. The Al/Ti molar ratio was fixed at 100 and 300. The 
polymerization activities with various activators are shown in Figure 2 and Table 1.  

Figure 2. Effect of various activators on ethylene polymerization activity using 
MgCl2/SiO2/TiCl4/THF-ZN catalyst. 

 
Note: Total mass of supported catalyst = 0.006 mmol of Ti, titamiun content = 2.33 mmol Ti/ g cat; 
Polymerization temperature = 80 °C, Ptot = 8 bar, PH2 = 3.5 bar; Polymerization time = 2 h, ratio of 
Al/Ti = 100 and 300. 

 
Table 1. Description of ethylene polymerization with various activators. 

Run 
number 

 Activatora  
Al/Ti Activityb 

(kg PE/ g cat/ h/ atm) TEA 
(mol%)  

DEAC  
(mol%) 

TnHA 
(mol%)  

1 100 - - 100 0.53 
2 100 - - 100 0.55 
3 100 - - 300 0.83 
4 - 100 - 100 0.32 
5 - 100 - 100 0.30 
6 - 100 - 300 0.48 
7 - - 100 100 0.78 
8 - - 100 100 0.76 
9 - - 100 300 1.10 
10 50 50 - 100 1.79 
11 50 50 - 300 2.25 
12 50 - 50 100 1.25 
13 50 - 50 300 1.71 
14 33 33 33 100 2.23 
15 33 33 33 300 2.86 

a Concentrations of TEA, DEAC and TnHA are 0.300 mmol/mL; b Ti concentration is 0.006 mmol/mL. 

Considering the single activators, the catalytic activity was the highest when TnHA was employed, 
whereas DEAC exhibited the lowest activity. A similar trend was observed with regards to change in 
Al/Ti ratio. These results were also consistent with those reported by Lynch et al. [18] and Hammawa 
et al. [22]. For trialkyl aluminum with n < 11, the activity increases with the size of alkyl group [22]. It 
was observed that DEAC was a less effective activator than TnHA, as reported by Haward et al. [24]. 
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They explained that there was an optimal ligand size for producing maximum catalyst activity. Based 
on this work, by mixing activators having different sizes of alkyl groups, the catalytic activity of each 
system was in the order of;  TEA+DEAC+TnHA > TEA+DEAC > TEA+TnHA, as listed in Table 1. 
In addition, the mixed DEAC+TnHA (50:50) was also tested for ethylene polymerization (data not 
shown), but it gave low activity than seen for DEAC or TnHA alone. Hence, the catalytic activity can 
be enhanced by a factor of three when the suitable mixed activators are employed.   

These results can be described by: (i) each type of alkyl aluminum has different reducing ability 
towards the catalyst, and hence produces different types of active sites [22], (ii) the optimal ligand size 
for producing maximum catalyst activity can be obtained by mixing the various types of activator [24], 
and (iii) it is related to the real mechanistic roles of alkyl aluminum activator in the formation of the 
active site in heterogeneous Ziegler-Natta catalysis, using either a monometallic or bimetallic active 
site model. Besides, changes in forms of mixed alkyl aluminums during polymerization were also a 
possible reason. To determine the rapid exchange of alkyl groups in the mixed alkyl aluminums, 1H-
NMR measurements were performed by Hatada et al. [36]. They found that the 1H-NMR spectrum of 
the mixture of TEA and DEAC at room temperature displayed a rapid intermolecular exchange of 
ethyl groups. However, a new 1H-NMR signal occurred upon the measurement at low temperature. In 
Scheme 1, we propose that the formation of new alkyl groups after mixing various alkyl groups may 
occur through various possible mechanisms. It should be noted that besides the formation of Al-ABC 
(as shown), other forms of mixed activator such as Al-ACC, Al-BBC, Al-BCC, and so on can occur.  
 

Scheme 1. The possible formation of new alkyl groups after mixing (A, B and C refer to ethyl, 
n-hexyl and Cl). 

 

The new alkyl groups may be suitable for adding more steric hindrance to the surface of catalyst 
enhancing the performance of ethylene to occupy the active species, as illustrated in Scheme 2. 
Moreover, the formation of catalyst might have a reducing ability to produce active sites for ethylene 
polymerization. 

 
Scheme 2. Suggested mechanism of active site formation activated by new alkyl aluminum 
type (X: -Cl; A, B or C: ethyl, n-hexyl or Cl; □: coordination vacancy). 
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2.3. Ethylene/1-hexene copolymerization 

It is known that ethylene/1-hexene (EH) polymerization is also catalyzed by 
MgCl2/SiO2/TiCl4/THF-ZN catalyst in the slurry polymerization system using TEA as activator. 
However, the EH copolymerization with the catalyst activated by DEAC or TnHA has been found to 
exhibit different catalytic activity when compared to the system activated by TEA.  To further explore 
the possibility of modifying catalytic activity and EH copolymer properties via changes in activator, 
TEA, DEAC, TnHA and their mixtures were employed in the equal molar ratio for each activator in 
the mixture. The Al/Ti molar ratio was kept constant at 300. The results are summarized in Table 2 and 
Figure 3.   

Table 2. Activity of ethylene/1-hexene copolymerization with various ratios of activators 
and % 1-hexene insertion. 

Run 
number 

Activatora used  Activity (kg 
polymer/g cat/ h/ 

atm) 

1-hexene 
insertion 
(mol%)b 

TEA 
(mol%)  

DEAC  
(mol%) 

TnHA 
(mol%)  

16 100 - - 2.53 1.27 
17 - 100 - 1.50 0.49 
18 - - 100 1.91 1.90 
19 50 50 - 3.22 0.70 
20 50 - 50 4.15 1.26 
21 - 50 50 2.75 0.60 
22 33 33 33 5.69 1.10 

a Ratio of Al/Ti =300; b 1-hexene insertion was determined by 13C-NMR. 
 

Figure 3. Effect of mixed activators on catalytic activity of MgCl2/SiO2/TiCl4/THF-ZN 
catalyst for ethylene/1-hexene copolymerization. 

 

 
Note: Total mass of supported catalyst = 0.006 mmol Ti, titanium content = 2.33 mmol Ti/ g-cat,  
1-hexene = 50 mL, polymerization temperature = 80 °C, Ptot = 8 bar, PH2 = 3.5 bar, polymerization 
time = 2 h, ratio of Al/Ti = 300. 
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Interestingly, the kinetic profile behaviors of ethylene/1-hexene copolymerization with various 
activators were not a simple superposition of those activated by TEA, DEAC or TnHA alone, as shown 
in Figure 4. From this viewpoint, this result supports the notion of a change of alkyl groups in the alkyl 
aluminum mixture as mentioned before. From Table 2 and Figure 3, it was evident that the activator 
exerted strong influence on both catalytic activity and copolymer properties. The activity increased 
upon mixing TEA, DEAC and TnHA (TEA+DEAC, TEA+TnHA and TEA+DEAC+TnHA). The 
insertion of 1-hexene in copolymer increased in the order of TnHA > TEA > DEAC > mixed activators. 
No relationship between the catalytic activity and 1-hexene insertion was found with the different 
activators. 

Figure 4. Kinetic profile based on ethylene consumption with various activators for 
ethylene/1-hexene copolymerization. 

 
Note: Total mass of supported catalyst = 0.006 mmol Ti, titanium content = 2.33 mmol Ti/ g-cat, 1-
hexene = 50 mL, polymerization temperature = 80 °C, Ptot = 8 bar, PH2 = 3.5 bar, polymerization 
time = 2 h, ratio of Al/Ti = 300. 

Many explanations have been put forth for the reported co-monomer effects on the enhancement of 
catalytic activity and can be classified as follows: (i) chemical and physical effects of co-monomer on 
the catalyst generation of active sites [37], (ii) increasing propagation rate constant (kp) [37], (iii) 
enhancement of the diffusion due to lower crystallinity [38], (iv) fracturing the catalyst, and (v) 
changing the oxidation state of Ti [38]. It seems that some of these explanations cannot possibly 
explain the mixed activator behavior, which should be concerned with the change in the active sites for 
the ZN catalyst with using different types of alkyl aluminum.  Based on 1-hexene insertion, it seems 
that DEAC can effectively activate those active sites that produce partly crystalline copolymer, 
whereas the other activators such as TEA and TnHA were more efficient activators of active sites that 
produce amorphous copolymer. In the case of TEA+DEAC+TnHA mixture, it was able to activate 
both types of active sites, leading to a copolymerization system with high activity and slightly lower 
content of 1-hexene insertion. On the other hand, TnHA itself can produce a copolymer having 
relatively higher degree of 1-hexene insertion.  
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2.4. Polymer characterization 

2.4.1. Gel permeation chromatography (GPC) analysis 

The Mw, Mn and MWD of the corresponding polymers are shown in Table 3. The MWD of the 
obtained polyethylene (Al/Ti ratio 300) gradually changed depending on the types of activator used. 
Apparently, TnHA produced polymers with a broader MWD as compared to polyethylene obtained 
from TEA and DEAC. Thus, the use of different types of activators in ethylene polymerization resulted 
in changes of the Mw and MWD values of polyethylene. The mixed alkyl aluminum system tended to 
exhibit a broad polyethylene MWD, as shown in Table 3. This result was also consistent with the 
dependence of MWD on the type of alkyl aluminum activator as shown in a previous report [24]. This 
interesting phenomenon was considered to stem from the existence of multiplicity in the nature of 
active sites with different propagation, termination and chain transfer rates on the surface of 
functionalized MgCl2/SiO2-supported ZN catalyst. According to the GPC profiles (not shown), it 
might be speculated that mainly two kinds of active titanium precursors exist on the surface of 
functionalized MgCl2/SiO2-supported ZN catalyst. The various alkyl aluminum activators may provide 
different types of active sites and different oxidation state of Ti. The Mw, Mn and MWD results of the 
copolymers are also given in Table 3. The TEA, DEAC and TnHA gave Mw of 295, 364 and 336 kg/mol, 
and MWD of 3.7, 3.6 and 4.2, respectively. The average molecular weights of copolymers obtained 
from mixed activators tended to decrease compared to those obtained with a single activator. On the 
contrary, the MWD of copolymers increased as the follows: TEA+DEAC+TnHA (5.6) > TEA+TnHA 
(4.5) > TnHA (4.3) > TnHA+DEAC (3.8) = TnHA+DEAC (3.8) > TEA (3.7) > DEAC (3.6). These results 
showed no relationship among the Mw, MWD, reducing power and activity in copolymerization system. 

Table 3. MW, Mn and polydispersity (Mw/Mn) of polyethylene and ethylene/1-hexene copolymer.  

Run Monomer Activator Mn 
(kg/ mol)

Mw 
(kg/ mol) Mw/Mn

a Tm
b (°C) dc 

(g/mL) 
Crystallinity (%)
DSCd X-raye 

3 Ethylene TEA 74 299 4.0 136.5 0.955 66.0 71.3 
6  DEAC 51 180 3.5 136.3 0.957 67.7 - 
9  TnHA 103 474 4.6 135.9 0.956 66.3 - 
11  TEA+ DEAC 31 175 5.6 136.3 0.957 67.7 - 
13  TEA+ TnHA 86 344 4.0 135.9 0.957 67.7 - 
15  TEA+ DEAC+ 

TnHA 
55 283 5.2 136.3 0.957 67.6 - 

16 Ethylene/ 
1-hexene 

TEA 165 295 3.8 120.7 0.926 41.0 46.2 

17  DEAC 56 364 6.5 124.4 0.943 55.5 60.1
18  TnHA 79 336 4.2 97.5 0.914 30.7 35.4 
19  TEA+ DEAC 77 294 3.8 122.5 0.941 54.0 59.1 
20  TEA+ TnHA 56 255 4.5 111.6 0.918 34.1 38.2
21  TnHA+ DEAC 54 209 3.8 123.7 0.943 55.3 60.3 
22  TEA+ DEAC+ 

TnHA 
48 272 5.6 119.5 0.923 38.4 42.2 

a  Polydispersity index, evaluated as Mw/Mn, and determine by GPC analysis; b Melting temperature 
determined by DSC analysis; c Copolymer density determined according to the semi-empirical 
equation: d = (2195+△Hm)/2500;d Crystallinity degree determined according to the equation: 
(△Hm/△Hm°) × 100, assuming △Hm° = 293 J/g; e Crystallinity degree determined by XRD 
according to the equation: Wc,x = (I110 + 1.42I200) / (I110 + 1.42I200 + 0.68Ia). 
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2.4.2. X-ray diffraction (XRD) and thermal properties 

It is well known that the melting enthalpy (△Hm) of an EH copolymer decreases with increasing 
comonomer content [30]. The insertion of the α-olefin reduces both the degree of crystallinity and the 
melting temperature of the copolymer. Randall [39] found that for EH copolymer, the density of the 
sample decreases with increasing the comonomer content. Table 3 shows the melting temperatures of 
the EH copolymers obtained with different activators. It was very interesting that both melting 
temperature and enthalpy of melting decreased with TnHA. Figure 5 shows the XRD patterns of EH 
copolymers and homopolymer (PE) obtained with different activators. It was observed that the 
copolymers exhibit two crystalline peaks at 2θ degree of 21.1 and 23.58 assigned to 110 and 200 
spacing and one amorphous peak at 2θ degree of 19.48. It was evident that the degree of crystallinity 
decreased with increasing comonomer content. The degrees of crystallinity calculated from both 
enthalpy and XRD are shown in Table 3. The results are very close to those reported by Mo et al. [14] 
and Quijada [1]. The values from XRD measurement are higher than those obtained from the DSC 
measurement. This can be attributed to different treatment of polymer samples prior to measurement 
for each technique. It can be accepted that different activators had no effect on the crystallinity of the 
polyethylene. However, in the case of EH copolymer, changes in activator can alter the crystallinity of 
copolymer due to different insertion of 1-hexene, as determined by the 13C-NMR.  

 
Figure 5. XRD patterns of PE and EH copolymers obtained with various activators. 

 
Different polymerization systems produced different polyethylene particle shapes, as seen by SEM 

in Figure 6. These results may result from the different reducing powers of the activators. In addition, 
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alkyl aluminums also participate in the termination of polymer chain growth, i.e. act as chain transfer 
agents, and/or reactivation of dormant sites [40].    

 
Figure 6. SEM micrographs of secondary product particles obtained with different 
activators; (a) TEA, (b) DEAC, (c) TnHA, (d) TEA+DEAC, (e) TEA+DEAC+TnHA. 
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2.4.3. 13C-NMR analysis 

The incorporation of 1-hexene in copolymers was determined by 13C-NMR spectroscopy. The 
chemical dislocations in the copolymers were calculated according to the work of Randall [39]. Table 
4 shows 1-hexene incorporation in EH copolymers with different activators in the polymerization 
system. It was found that copolymers had 1-hexene insertion in the range of 0.49-1.90 mol%, 
depending on the type of activator used. Apparently, DEAC produced copolymer having the lowest 1-
hexene insertion (0.49 mol%). On the contrary, TnHA gave the highest 1-hexene insertion in the 
copolymer (1.90 mol%). It is worth noting that the alkyl aluminum mixtures such as TEA+DEAC and 
TnHA+DEAC produced copolymer having 1-hexene insertion values around 0.70 and 0.60 mol%, 
respectively. Similarly, TEA and TEA+TnHA had a 1-hexene insertion that was very close to that of 
TEA alone. It should be noted that 1-hexene unit was isolated by ethylene units, and no sequence of 
double co-monomer units or alternating ethylene/1-hexene units were found, as shown in Figure 7. The 
same results were also obtained with other activators.  

Table 4. Triad distribution based on 13C-NMR for EH copolymer obtained from different activators.  
Run Activator [HHH] [EHH] [EHE] [EEE] [HEH] [HEE] %E %H
16 TEA 0.0 0.7 0.6 97.0 0.2 1.2 98.73 1.27
17 DEAC 0.0 0.2 0.3 98.8 0.1 0.6 99.51 0.49
18 TnHA 0.0 1.2 0.7 96.3 0.4 1.4 98.10 1.90
19 TEA+DEAC 0.0 0.2 0.5 98.2 0.1 1.0 99.30 0.70
20 TEA+TnHA 0.0 0.7 0.6 97.2 0.2 1.2 98.74 1.26
21 TnHA+DEAC 0.0  0.2  0.4  98.4  0.2  0.8  99.40 0.60 
22 TEA+DEAC+TnHA 0.0 0.4 0.7 97.4 0.1 1.4 98.89 1.11

 

Figure 7. A typical 13C-NMR spectrum of EH copolymer obtained with TEA. 
 

 
 



Molecules 2010, 15                            
 

 

9335

3. Experimental  

3.1. Chemicals  

All reactions were performed under purified argon atmospheres using a standard glove box and 
Schlenk techniques. Polymerization grade ethylene, donated by the PTT Company, was used as 
received. Triethylaluminum (TEA), tri-n-hexylaluminum (TnHA), diethyl aluminum chloride (DEAC), 
donated by Tosoh Akzo Corp., were stored in a glove box and used without further purification. TiCl4 
(Aldrich), MgCl2 (anhydrous) was donated by Tosoh Akzo Corp. Silica (specific surface area of  
150 m2/g), supplied by Grace Davision, was heated under vacuum at 400 °C for 6 h. Hexane purchased 
from Aldrich Chemical Company Inc., was purified by passing it through a 13X molecular sieves 
column. Tetrahydrofuran and 1-hexene were dried over dehydrated CaCl2 and distilled over sodium/ 
benzophenone under an argon atmosphere prior to use. Ultra high purify (UHP) argon (99.999%) was 
purchased from Thai Industrial Gas Co., Ltd. and was further purified by passing through 3Å 
molecular sieves, BASF catalyst R3-11G, NaOH and phosphorus pentaoxide (P2O5) to remove traces 
of oxygen and moisture. 
 
3.2. Catalyst preparation  

The catalyst was prepared in a 500 mL vessel equipped with temperature control, and a turbine 
agitator. Anhydrous tetrahydrofuran (150 mL) was added to the vessel. The tetrahydrofuran was heated 
to 50 °C, and then magnesium metal (0.12 g) was added, followed by titanium tetrachloride (2 mL). 
The mixture was continuously agitated. The temperature was held at about 70 °C for 3 h. At the end of 
this time, magnesium dichloride (4.5 g) was added and heating was continued at 70 °C for another 3 h. 
Then, Grace Davision silica (4.5 g) was added over several minutes and the mixture was stirred for 1 h. 
This mixture was washed with hexane, and then dried under vacuum. The titanium content in the 
catalyst is 2.33 wt% (ICP). 
 
3.3. Polymerization reaction 

The slurry polymerization was performed in hexane solution (1,000 mL) with various activator 
mixtures as shown in Table 1 (Al/Ti molar ratio = 100 and 300). First hexane (1,000 mL) was added 
into the reactor under argon atmosphere. After that, activators and catalyst were introduced into a 2 L 
stainless steel reactor equipped with a magnetic stirrer, and the reactor was then evacuated to remove 
the argon. Hydrogen (PH2 = 3.5 bar) was fed into the reactor prior to the introduction of ethylene. The 
polymerization reaction was initiated by introducing the ethylene (PC2H4 = 4.5 bar). The total pressure 
in the reactor was 8 bar. The polymerization reaction was held constant at 80 °C and terminated after 2 
h by quenching with dilute hydrochloric acid solution in methanol. The resulting polymer was isolated 
and dried under vacuum. 

The EH copolymerization was performed as follows; the 2 L autoclave was evacuated and purged 
with argon several times similar to the ethylene polymerization. After hexane (950 mL) was added at 
80 °C, the solution of activator such as TEA, DEAC, TnHA and TEA+DEAC+TnHA mixtures, 1-
hexene (50 mL) and the catalyst (Al/Ti = 300) were added into reactor sequentially. Then, the 3.5 bar 
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of hydrogen was fed into the reactor.  The ethylene gas was fed into reactor and the total pressure in 
reactor was raised to 8 bar and held constant by continuous feed. After 2 h, the copolymerization was 
terminated using the same procedure as mentioned for ethylene polymerization.   

 
3.4. Polymer characterization 

A high temperature GPC (PL-GPC220) equipped with a viscometric detector, differential optical 
refractometer and four Styragel HT type columns (HT3, HT4, HT5, and HT6) with a 1 × 107 exclusion 
limit for polystyrene was used to determine the molecular weight (MW) and molecular weight 
distributions (MWD) of the polymers produced. The analyses were performed at 160 ºC using 1,2,4-
trichlorobenzene as the solvent. The columns were calibrated with standard narrow MWD polystyrene.   

The comonomer contents of the resultant copolymers were determined by 13C-NMR spectroscopy. 
The measurements were performed at 110 °C on Bruker 400 MHz instrument using 1,2,4-
trichlorobenzene as solvent. The thermal behavior of polyethylene and EH copolymers was examined 
with a Perkin-Elmer Pyris Diamond DSC at standard heating/cooling rate of 10 °C/min, under N2 flow. 
The samples were first melted to 180 °C (1st scan) and kept at this temperature for 3 min, then cooled 
to 50 °C, and again heated up to the melting with the same heating rate (2nd scan). The reported 
melting temperature values are referred to the second heating scan.  The melting temperature (Tm) and 
the melting enthalpy (△Hm) were taken from the second heating curve. Temperatures and heats of 
phase transitions were determined, respectively, from the maxima and areas of the crystallization and 
melting peaks. In this context, it was possible to relate △Hm (J/g) to the density (d, g/mL) of the 
copolymer through the following semiempirical equation: d = (2195 + △Hm)/2500 [41]. Finally, using 
standards of known composition, a linear correlation between sample density and its content in terms 
of 1-hexene co-units was found, at least in the 0.92-0.94 g/mL density range [41]. The degree of 
crystallinity, Xc of PE and its copolymers was calculated from the ratio between the values of melting 
enthalpy, △Hm (as calculated from the second heating scan) and the heat of fusion of 100% crystalline 
PE taken as △Hm = 293 J/g [42]. 

X-ray diffraction patterns (XRD) analysis was carried out on a Siemens D-5000 apparatus working 
at 40 kV and 30 mA and using the Cu Kα radiation ( λ = 0.154439 Å) in the 10°-40° 2θ range with a 
scanning step of 0.01° in the reflection geometry. The crystalline degrees of the copolymers were 
calculated via Eq. (1) developed by Mo and Zhang [14]:  

     

                                                                                                           (1)           

 

The morphological observations of polymers were carried out with a JEOL JSM-6400 scanning 
electron microscope (SEM). Micrographs were taken at a 5-kV acceleration voltage. Before SEM 
observations, the fracture surfaces of blends were coated with a thin layer of gold to avoid electrical 
charging and increase contrast during observation. 
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4. Conclusions  

The use of suitable mixed activators such as TEA+DEAC+TnHA, can result in the significant 
increase in catalytic activity for the bi-supported Ziegler-Natta catalyst for ethylene polymerization 
and ethylene/1-hexene copolymerization. This can be attributed to the change in reducing power of the 
mixed activators leading to generation of different active forms of the catalyst or stabilization of the 
active center in ethylene polymerization. The activator type had an effect on the molecular weight and 
molecular weight distribution of polyethylene without any significant change in polymer morphology.  
In the case of copolymerization, there were no relationship among the Mw, MWD and catalytic activity 
when the mixed activators were employed.   
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Abstract: This research aimed to investigate the copolymerization of ethylene and various 
1-olefins. The comonomer lengths were varied from 1-hexene (1-C6) up to 1-octadecene (1-
C18) in order to study the effect of comonomer chain length on the activity and properties of 
the polymer in the metallocene/MAO catalyst system. The results indicated that two 
distinct cases can be described for the effect of 1-olefin chain length on the activity. 
Considering the short chain length comonomers, such as 1-hexene, 1-octene and 1-decene, 
it is obvious that the polymerization activity decreased when the length of comonomer was 
higher, which is probably due to increased steric hindrance at the catalytic center hindering 
the insertion of ethylene monomer to the active sites, hence, the polymerization rate 
decreased. On the contrary, for the longer chain 1-olefins, namely 1-dodecene, 1-
tetradecene and 1-octadecene, an increase in the comonomer chain length resulted in better 
activity due to the opening of the gap aperture between Cp(centroid)-M-Cp-(centroid), 
which forced the coordination site to open more. This effect facilitated the polymerization 
of the ethylene monomer at the catalytic sites, and thus, the activity increased. The 
copolymers obtained were further characterized using thermal analysis, X-ray diffraction 
spectroscopy and 13C-NMR techniques. It could be seen that the melting temperature and 
comonomer distribution were not affected by the 1-olefin chain length. The polymer 
crystallinity decreased slightly with increasing comonomer chain length. Moreover, all the 
synthesized polymers were typical LLDPE having random comonomer distribution. 
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1. Introduction  

Nowadays, polymers play a significant role in many applications, especially linear low-density 
polyethylene (LLDPE). The LLDPE has many advantages such as low density, good mechanical 
properties, and easy fabrication and recycling. Therefore, it has been used to produce many products 
such as shopping bags, food packaging film, plastic pipe and house appliances, etc. [1-3]. Thus, the 
demand for LLDPE is quite high compared with other polymers. For the production of LLDPE, the 
polymer can be synthesized by the polymerization of ethylene and short chain 1-olefins, namely 1-
hexene, 1-octene and 1-decene, in the catalyst system for better activity. A low pressure slurry process, 
the gas phase process and the solution-phase process [4] can be employed for LLDPE. Some 15 
million tons of LLDPE are produced worldwide using the metallocene catalyst system, since this 
catalyst can incorporate many types of comonomer. Moreover, it can give a narrow molecular weight 
distribution. Thus, there has been an increase in research and development on the synthesis of the 
LLDPE using metallocene catalysts [5,6]. 

However, the properties of LLDPE, such as the average molecular weight of the macromolecules 
and its distribution, the degree of crystallization, the melting temperature and the amount and 
distribution of the monomeric units, depend on a factor called “comonomer effect” [7-9]. Previous 
studies show that an increase in the quantities of 1-olefin provides higher activity which relates to a 
physical phenomenon improving the monomer diffusion in the lower crystalline copolymer structure. 
Besides the comonomer quantity, the length of the comonomer also affects the properties of LLDPE. 
Although short chain comonomers are normally used in the process, long chain comonomers can 
provide different LLDPE properties. Therefore, the use of long chain comonomers is also attractive for  
future production.  

In this work, the effects of short and long comonomer chain length on the polymerization activity 
and the properties of the resulting copolymers were investigated. The synthesis of the LLDPE was 
performed by copolymerization of ethylene and various 1-olefins, namely 1-hexene (1-C6), 1-octene 
(1-C8), 1-decene (1-C10), 1-dodecene (1-C12), 1-tetradecene (1-C14) and 1 -octadecene (1-C18), with a 
metallocene catalyst. 

2. Results and Discussion  

2.1. Homo- and co-polymerization activities 

This study is aimed to investigate the polymerization of ethylene with short and long chain 1-
olefins, namely 1-hexene, 1-octene, 1-decene, 1-dodecene, 1-tetradecene and 1-octadecene. The 
catalytic activities obtained with different 1-olefins are shown in Table 1. 
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Table 1. Copolymerization of ethylene with long chain 1-olefins using rac-
Et[Ind]2ZrCl2/MAO, as the catalytic system. 

Run number Olefin type 
Polymerization

time (s) 
Polymer 
yielda (g)

Catalytic activityb 
(×10-4kgPol/molZr h) 

1 - 115 0.8703 1.8 
2 1-C6 124 1.4781 2.9 
3 1-C8 97 1.5529 3.8 
4 1-C10 115 1.6783 3.5 
5 1-C12 109 1.6134 3.6 
6 1-C14 89 1.3704 3.7 
7 1-C18 123 2.3157 4.5 

a The polymer yield was limited by the amount of ethylene fed (0.018 mol). The molar ratio of 
ethylene:comonomer was 2:1; b Activities were measured at polymerization temperature of 343 K, 
[ethylene]= 0.018 mol, [Al]MMAO / [Zr]cat = 1135, in toluene with total volume = 30 mL and  
[Zr]cat = 5 × 10-5 M. 

 
From Table 1, when comparing the activities between homo-polymerization and co-polymerization, 

it can be seen that the addition of the comonomer in the system yields better activity. The enhancement 
of polymerization rate by 1-olefin comonomers, well documented for both titanocene [7,10,11] and 
zirconocene catalysts [7,12,13], is called the “comonomer effect”. This phenomenon in co-
polymerization involving the zirconocene catalysts may be related to the perturbations of the ion pairs 
at the active sites. Karol et al. [13] have proposed that 1-olefins can function as ligands. By 
coordination to the active center, the 1-olefin can alter the charge density on the cationic 
zirconocenium ion. Metal centers with higher mobility, lower steric interference, and higher 
electrophilicity are believed to form stronger ion pairs. Monomers that cause a greater separation 
between the cationic metal centers and the MAO aggregates can enhance the activity of the catalyst, 
consequently increase the rate polymerization. On the other hand, two distinct cases can be described 
for the effect of the comonomer length. Considering the short chain length comonomers (runs 2-4), the 
results indicated that the increase of the comonomer length (from C8 to C10) resulted in lower activity 
due to increased steric hindrance. The longer chain comonomer can hinder the insertion of ethylene, 
and slow the propagation reaction process. This leads to lower catalytic activity for polymerization 
[12-15]. On the contrary, for the long chain length 1-olefins (runs 5-7), we observed an increase of 
polymerization activity when the length of 1-olefin was increased. This may be attributed to the 
opening of the gap aperture between Cp(centroid)-M-Cp-(centroid) in metallocene complex, which 
forced the coordination site to open more (Figure 1). This effect caused ethylene monomer to 
polymerize easier at the catalytic sites, and thus the activity increased [16,17]. A similar behavior was 
observed by Kaminsky et al. [17] for ethylene/ long chain 1-olefins copolymerization with a 
[Ph2C(2,7-di-tert-BuFlu)(Cp)]ZrCl2/MAO catalyst system, under different experimental conditions (T 
= 60 °C and the presence of hydrogen), but no reason was given for the trend. 

The obtained result is also consistent with the study of Braunschweig and Breitling [18], which 
revealed that opening of the βCp(centroid)-M-Cp-(centroid) angle can be found in the polymerization 
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of ethylene and long chain olefins. Moreover, they also reported that a longer 1-olefin chain can open 
the Cp(centroid)-M-Cp-(centroid) angle wider in metallocene complexes.  

Figure 1. Structure of the opening gap aperture between Cp(centroid)-M-Cp-(centroid) in 
metallocene complex, redrawn from the conceptual idea by Braunschweig and  
Breitling [18]. 

 

2.2. Polymer properties 

Homo- and copolymers with different 1-olefins (copolymers containing 6 to 18 carbon atoms), 
synthesized by a metallocene catalyst, have been analyzed using four characterization techniques. 

2.2.1. SEM measurements 

Figure 2 presents the scanning electron micrograph (SEM) of the polymers obtained by homo- and 
co-polymerization. Considering the effect of the length of comonomer on morphology, the results 
indicated that the crystalline structure of the obtained polymer seems to be lower with increased 
comonomer chain length. This is probably due to more steric hindrance caused upon introducing a 
longer chain length comonomer. Therefore, the amount and chain length of comonomer apparently 
affected on the morphology of the resulting polymer.  

Figure 2. SEM micrograph of LLDPE produced with metallocene catalyst. (a) 
homopolymer (b) ethylene/1-hexene copolymer (c) ethylene/1-octadecene copolymer.   
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Figure 2. Cont. 

 

2.2.2. X-ray Diffraction (XRD) analysis 

For XRD results, the diffractograms of the different samples, which were acquired at room 
temperature, are shown in Figure 3. As expected, it can be seen that all samples display XRD peaks at 
three positions. A broad amorphous peak was evident centered around 19.5-20 degrees. A previous 
work suggested this peak as indicative of the side branches of 1- olefin participating in the crystalline 
structure. While the other two peaks appeared at 2θ = 21.8 and 24.3 degrees are the (110) and (200) 
reflections, assigned to the characteristic orthorhombic cell of polyethylene [19-21]. Moreover, the 
longer chain length of the additional comonomers seemed to disturb the polymer recrystallization, 
which can probably be attributed to the increased steric hindrance, leading to a reduction in crystalline 
peak intensity, but clearly increasing the intensity of the amorphous peak [19,22]. 

Figure 3. X-ray diffractograms of different samples. From bottom to top. (a) homopolymer 
(b) ethylene/1-C6 (c) ethylene/1-C8 (d) ethylene/1-C10 (e) ethylene/1-C12 (f) ethylene/1-C14 
and (g) ethylene/1-C18 copolymers. 

   

2.2.3. NMR analysis 

In order to determine the influence of chain length on the comonomer distribution, the obtained 
copolymers were also characterized by 13C-NMR measurements. The chemical-shift assignments of 
ethylene/ 1-C12 to ethylene/ 1-C18 copolymer and some resonances of the main and side chains are 
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shown in Table 2 and Figure 4. The quantitative analysis of triad distribution for all copolymers is 
reported in Table 3.  

Table 2. Chemical-shift assignment in 13C-NMR spectra of ethylene/1-dodecene, 
ethylene/1-tetradecene and ethylene/1-octadecene copolymers [23]. 

Carbon 
typea 

Chemical shiftb (ppm) 
ethylene/1-dodecene  

(1-C12) 
ethylene/1-tetradecene 

(1-C14) 
ethylene/1-octadecene 

(1-C18) 
1Bn 14.10 14.10 14.10 
2 Bn 22.80 22.80 22.80 
3 Bn 32.13 32.13 32.13 
4 Bn 29.50 29.50 29.50 
5 Bn 29.85 29.85 29.85 
6 Bn   29.90c   29.90 c   29.90 c 
7 Bn 
8 Bn 

  29.90 c 
30.36 

  29.90 c 
  29.90 c 

  29.90 c 
  29.90 c 

9 Bn 27.18   29.90 c   29.90 c 
10 Bn 34.45 30.37   29.90 c 
11 Bn - 27.18   29.90 c 
12 Bn - 34.46   29.90 c 
13 Bn - -   29.90 c 
14 Bn - - 30.37 
15 Bn 
16 Bn 

CH 
Sαδ 
Sβδ 
Sγδ 
Sδδ 

- 
- 

38.11 
34.49 
27.20 
30.38 
29.90 

- 
- 

38.11 
34.49 
27.20 
30.38 
29.90 

27.18 
34.46 

38.11 
34.49 
27.20 
30.38 
29.90 

a See Scheme 1; b According to Randall [26]; c Overlapped to S δδ peak at 29.90 ppm. 
 

Figure 4. Resonance of the main chain methylenes and the side chain of the ethylene/1-
olefin copolymer.  
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Table 3. Triad distribution and properties of the resulting ethylene/1-olefin copolymers. 

Entry 
Olefin 
type 

Triad distributiona Cn 
(mol%)b 

Tm 

(oC)c 
χc 

(%)d
de 

(g/mL) [EEE] [XEE] [EXE] [XEX] [EXX] [XXX]

2 1-C6 0.775 0.142 0.052 0.017 0.014 0.000 7 121.64 7.36 0.88 
3 1-C8 0.412 0.379 0.164 0.045 0.000 0.000 16 113.62 2.44 0.88 
4 1-C10 0.471 0.310 0.176 0.043 0.000 0.000 18 116.25 2.33 0.88 
5 1-C12 0.499 0.331 0.135 0.035 0.000 0.000 13 117.61 6.21 0.89 
6 1-C14 0.604 0.154 0.091 0.087 0.064 0.000 20 112.98 1.33 0.87 
7 1-C18 0.591 0.214 0.152 0.043 0.000 0.000 15 117.58 4.34 0.88 

a Obtained from 13C-NMR, where E refers to ethylene monomer and X refers to 1-olefin 
comonomer; b Content of 1-olefin in the copolymer from 13C-NMR; c Melting temperature from 
DSC; d Crystallinity degree: χc =100 × (ΔH/ΔH°) , where ΔH° = 290 J/g for linear polyethylene; e 
Copolymer density calculated from the semi-empirical equation: d = (2,195 + ΔH)/2,500. 

 
From the table, it is found that ethylene incorporation in all systems gave copolymers with similar 

triad distribution, and only random copolymers can be produced in all systems. However, the olefin 
length has no effect on the comonomer distribution [12,23-25]. It should be noted that the comonomer 
content depends on different variables; for example, a long 1-olefin chain length forces the angle of the 
metallocene complex to open more. However, at the same time it causes steric hindrance to the 
incoming ethylene monomer. Therefore, the two effects (chain length and opened angle) can be 
superimposed on each other. 

2.2.4. Differential scanning calorimetric analysis 

When dealing with the thermal properties of the polymer, DSC measurements are usually 
considered the second melting of the sample. All the experimental results, including melting 
temperature (Tm), % crystallinity (χc), and density are also reported in Table 3. The PE sample (run 1) 
is a high density polymer with a linear microstructure, a high melting temperature (Tm∼135 °C), a 
degree of crystallinity of 65% and a high density (0.95 g/mL) (data not shown in the Table). Based on 
Table 3, it can be observed that the polymer with higher incorporation of comonomers exhibited less 
crystallinity and lower melting temperature. This is in correspondence with the percent insertion from 
13C-NMR results. In addition, when the crystallinity results obtained from DSC measurements are 
considered, they indicate that the length of the comonomer did not affect the crystallization behavior, 
which was different from the XRD results. This was due to the fact that XRD was analyzed the assyn-
polymers at ambient conditions, whereas the DSC measurement was performed upon heating the 
samples. For DSC, the determination relies on the measurement of the enthalpy of melting and on the 
assumption of a unique enthalpy of melting for the crystal. Thus, the enthalpy of melting of long 1-
olefin side chains had to be taken into account for the determination of crystallinity. Therefore, the 
crystallinity value may be different between the various determinations. [12,13,27-29]. However, it can 
be concluded that the increase in the length of the comonomer chain can result in a decrease of the 
melting temperature. The density of all samples is in the range of 0.87-0.95 g/cm3 indicating a typical 
LLDPE structure.   
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3. Experimental  

3.1. Materials 

Chemicals and polymerizations were handled and operated under an argon atmosphere, using a 
glove box and/or Schlenk techniques. Toluene was dried over dehydrated CaCl2, and then distilled 
over sodium/benzophenone before use. The zirconocne, (rac-Et[Ind]2ZrCl2) was supplied by the 
Aldrich Chemical Company, Inc. Modified methylaluminoxane (MMAO) in hexane was donated by 
Tosoh (Akso, Japan). 1-Olefins were purchased from Aldrich Chemical Company, Inc. Ethylene gas 
(99.96% pure) was donated by the National Petrochemical Co., Ltd., Thailand. Ultrahigh purity argon 
was further purified by passing it through columns packed with BASF R3-11G catalyst (molecular-
sieved to 3 Å), sodium hydroxide (NaOH), and phosphorus pentaoxide (P2O5) to remove traces of 
oxygen and moisture.  

3.2. Homo- and co-polymerization 

Ethylene/1-olefin copolymerizations was carried out in a 100 mL semi-batch stainless steel 
autoclave reactor equipped with a magnetic stirrer. In the glove box, the desired amounts of rac-
Et[Ind]2ZrCl2 and MMAO were introduced into the autoclave and then, toluene was added (to make a 
total volume of 30 mL). After that, the reactor was frozen in liquid nitrogen to stop any reactions and 
the proper amount of the comonomer was injected into the reactor (the molar ratio of 
ethylene:comonomer was fixed at 2:1). The reactor was evacuated to remove argon. Then, it was 
heated up to polymerization temperature (343 K) and the polymerization was started by feeding 
ethylene gas until the consumption of 0.018 mol of ethylene (6 psi was observed from the pressure 
gauge) was reached. The polymerization was terminated by addition of acidic methanol [30]. The time 
of reaction was recorded for purpose of calculating the activity. The precipitated polymer was washed 
with acidic methanol and dried at room temperature. Based on the system as mentioned above, the 
polymer yield was fixed by the amount of ethylene fed (0.018 mol). Experimentally, the 
polymerization was performed at least three times for each run and only the average yield and activity 
are reported. The error was found to be within less than 5% based on this polymerization system. 

3.3. Polymer characterization 

Scanning electron microscopy (SEM) was used to determine the morphology of the polymeric 
samples. The samples were sputter-coated with a fine layer of platinum in an Edward Sputter Coater 
and analyzed with a JEOL (mode JSM-6400) electron microscope. 

X-ray diffraction (XRD) was performed to determine the bulk crystalline phases of samples. 
Diffraction patterns were recorded in the reflection mode at room temperature using a Siemens D-5000 
instrument. Ni-filtered Cu Kα (λ = 1.54439 Å) was used. The diffraction scans were collected over a 
period of 2.4° min-1 of 2θ from 10 to 80°. 

13C-NMR spectroscopy was used to determine the triad distribution and 1-olefin insertion indicating 
the copolymer microstructure. Chemical shifts were referenced internally to the CDCl3 peak and 
calculated according to the method described by Randall [26]. Sample solutions were prepared by 
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dissolving copolymer (50 mg) in 1,2,4-trichlorobenzene and CDCl3 (0.5 mL). 13C-NMR spectra were 
taken at 383 K using a Bruker Avance II 400 operating at 100 MHz with an acquisition time of 1.5 s 
and a delay time of 4 s. 

The thermal properties were measured by a PerkineElmer Pyris Diamond Differential Scanning 
Calorimeter at a standard heating/cooling rate of 20K/min, under nitrogen flow. Both first and second 
melting temperatures have been analyzed. The reported melting temperature values are referred to the 
second heating scan. The peak temperature was assumed as melting temperature (Tm) and the area was 
corresponding to the global melting enthalpy (ΔH). The crystallinity, χc, was calculated from DSC data 
by using the formula χc =100·× (ΔH/ΔH°) where ΔH° = 290 J/g is the enthalpy of fusion for linear 
polyethylene as reported in ref. [31]. Approximately, 5-10 mg of sample was used for each DSC 
measurement. Moreover, it was possible to relate ΔH (J/g) to the density (d, g/mL) of the copolymer 
through the following semiempirical equation: d = (2,195 + ΔH)/2,500.   

4. Conclusions  

In this article, we have reported the synthesis of LLDPE from the copolymerization of ethylene/1-
olefin via metallocene/MAO catalysts by varying the comonomer (1-olefin) chain length. The results 
show that the increase in the short chain length 1-olefns (from 1-C8 to 1-C10) can cause more steric 
hindrance of the catalytic center leading to decreased activity. However, when a long chain 
comonomer was used, a block of long chain 1-olefin can force the opening of the supplementary angle, 
therefore the coordination site was more open, resulting in increased activity. However, the increase of 
the chain length has no significant effects on the melting temperature and comonomer distribution. The 
crystallinity tended to decrease with increased chain length of comonomer, based on the  
XRD measurements. 
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Abstract
An unconventional metathesis of ethylene and 2-pentene over Re2O7/SiO2-Al2O3 catalysts has been studied as an alternative route for the
production of propylene. Complete conversion of 2-pentene and propylene yield as high as 88 wt% were obtained under mild reaction conditions
at 35 ◦C and atmospheric pressure. Unlike the conventional metathesis of ethylene and 2-butenes in which isomerization is a competing side
reaction, the isomerization of 1-butene product from the unconventional metathesis of ethylene and 2-pentene to 2-butenes can further react
with excess ethylene in the feed, resulting in additional increase in propylene yield. The secondary metathesis reaction was found to be favored
under ethylene/2-pentene (E/2P) molar ratio �3 and gas hourly space velocity (GHSV) �1000 h−1 at the reaction temperature of 35 ◦C. No
catalyst deactivation was observed during the 455 min time-on-stream under the selected reaction conditions.
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1. Introduction

Propylene is one of the most important feedstocks for
petrochemical industries. The average annual growth of
propylene global demand from 2009 to 2014 is expected to
be around 5.1% per year [1−4]. Propylene supply-demand
conditions and pricing are strongly dependent on refinery pro-
duction, operating rates and feedstocks slates in the ethylene
industry [5,6]. The main source of propylene is a byproduct
from the thermal cracking of liquid feedstocks such as naphtha
and LPGs. Propylene can also be produced using on-purpose
technologies such as propane dehydrogenation and metathe-
sis. The technology of propylene production from metathesis
has received much attention in recent years. The commercial
processes for conversion of ethylene and 2-butenes to propy-
lene via cross-metathesis over heterogeneous catalysts have
been developed [5,7−10]. This route, however, has some
drawbacks because it needs access to large C4 streams that
are free of isobutylene and butadiene [4]. Moreover, both cost
and demand of butenes industrial feedstock increase continu-
ously [7,11]. Metathesis between ethylene and 2-pentene is,

therefore, considered as an alternative route to produce propy-
lene from cheaper raw materials. As shown in Equation 1, the
main products from ethylene and 2-pentene are propylene and
1-butene. 1-Butene is also an important feedstock for the pro-
duction of linear low density polyethylene.

CH2 = CH2 +CH3−CH = CH−CH2−CH3 →

CH2 = CH−CH3 +CH2 = CH−CH2−CH3
(1)

Generally, the catalysts for olefin metathesis are based on
transition metals Mo, W, Re, and Ru [7,12−16]. The catalytic
systems can be carried out in both homogeneous and hetero-
geneous systems. The homogeneous catalysts are usually Mo,
W, Re and Ru in the form of organometallic complexes while
the most successful heterogeneous catalysts include Mo, W
and Re in oxide form supported on high surface area inorganic
oxides such as silica and alumina [7,17,18]. Due to their better
handling properties and low separation problems, supported
metal oxide catalysts are commercially more attractive. In-
dustrial applications of olefin metathesis have been reviewed
by Mol et al. [10].
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Supported Re oxide catalysts are known to be highly ac-
tive for olefins metathesis under very mild reaction condi-
tions even at room temperature [19] whereas supported W and
Mo oxide catalysts requires much higher reaction temperature
(150−500 ◦C) [7,20]. The major negative effects under high
operating temperature over an acidic support were that iso-
merization readily occurs and as a consequence, selectivity to
the primary metathesis product is much lowered [21]. High re-
action temperature also leads to heavy coke formation on the
metathesis active sites [22]. Another advantage of supported
Re oxide catalysts is the higher tolerance to several poisons
such as alkoxycarbonyl and alkoxy groups [7]. Since 1980s,
the improvement of olefin metathesis over Re-based catalysts
has been extensively reported. A number of studies have con-
cluded that acidity of the support is an important factor for
the active sites formation [23−29]. Recently, it has been re-
ported that the use of mesoporous alumina supports for Re
oxides has shown significant improvement in several metathe-
sis reactions including metathesis of terminal olefins, internal
olefins, α-, ω-dienes as well as ring opening metathesis poly-
merization (ROMP) of cycloalkenes and cross-metathesis of
cycloalkenes with linear olefins [12,30−33]. Besides feed im-
purities, catalyst poisons, and the nature of catalysts, the activ-
ity and product selectivity in conventional olefins metathesis
for propylene production depend largely on the reaction con-
ditions such as the molar ratio of ethylene to 2-butene, GHSV,
and reaction temperature.

In the present study, the gas-phase olefin metathesis be-
tween ethylene and 2-pentene as an alternative route for
propylene production was investigated for the first time over
the Re2O7/SiO2-Al2O3 catalysts. The Re2O7/SiO2-Al2O3
catalysts were selected because they have shown to produce
high catalytic activity and good propylene yields under mild
reaction conditions in the conventional cross metathesis be-
tween ethylene and 2-butene [19,34,35]. Moreover, reaction
at relatively low temperature would be of industrial interest
and more practical for the use of the alternative feed in an
existing system. The catalytic performances of Re2O7/SiO2-
Al2O3 catalysts in the metathesis of ethylene and 2-pentene
were investigated under wide operating conditions (i.e., the re-
action temperature ranging from 35 to 150 ◦C, molar ratio of
ethylene to 2-pentene (E/2P) from 2 to 6, and gas hourly space
velocity (GHSV) from 500 to 3000 h−1). The propylene yield,
2-pentene conversion and product distribution during 455 min
time-on-stream were reported.

2. Experimental

2.1. Catalyst preparation

SiO2-Al2O3 (99.9% Grade 135) from Aldrich was used
as the support for the preparation of Re2O7/SiO2-Al2O3 cata-
lysts. The catalysts were prepared by the incipient wetness
impregnation method using an aqueous solution of ammo-
nium perrhenate (NH4ReO4, 99.999%, Aldrich). When the
solution amount of the desired metal species was greater than
that of the pore volume of the support, the impregnation pro-
cedure was repeated several times with drying (6 h, 110 ◦C)
between each cycle to eliminate excess solvent. The catalysts
were dried overnight at 110 ◦C in air and calcined at 550 ◦C
for 8 h under oxygen flow with a heating rate of 10 ◦C/min.
The actual amount of Re loading was determined by the in-
ductive coupled plasma optical emission spectrometer (ICP-
OES, PerkinElmer).

2.2. Reaction test

Gas-phase metathesis reactions between ethylene and
2-pentene were carried out in a fixed-bed down flow stain-
less steel reactor with an i.d of 0.7 cm at atmospheric pres-
sure. The reactant feed was composed of 6.75 vol% of 2-
pentene (≥99% mixture of isomers, Aldrich) pre-mixed with
2.25 vol% ethylene (99.999%, SCG Chemicals Co., Ltd.) in
N2 balance. All the reactants used in this work were in high
purity grade without impurity such as oxygen, CO, water, S,
and oxygenates hydrocarbons. In each experiment, approx-
imately 1 g of the catalyst sample was placed in the middle
of the reactor. A temperature sensor (type K thermocouple)
was mounted into the reactor at the middle. The catalyst was
first pretreated at 550 ◦C under nitrogen down flow for 1 h and
then cooled down under the same gas to the desired operating
temperature. Then, the reactant feed was introduced and both
feed and reaction products were followed and analyzed every
half an hour using an on-line gas chromatograph (Agilent GC
7820A) equipped with a capillary GS-Gaspro113-4362 col-
umn (60 m×0.32 mm). The GC signals were collected using
an EZChrom Elite integrated peak program integrator. The
conversion of limited 2-pentene reactant and the yield of prod-
ucts were calculated using the following equations:

2-Pentene conversion (%) = 100×
Amount of 2-pentene in feed−amount of 2-pentene remained in product

Amount of 2-pentene in feed

Yield of component i (%) = 2-Pentene conversion×
Amount of component i in products

Amount of total products
(2)

3. Results and discussion

3.1. Ef fect of E/2P mole ratio

The physical properties of SiO2-Al2O3 and Re2O7/SiO2-
Al2O3 catalysts are summarized in Table 1.

As shown in Equation (3), the theoretical stoichiometric
value of reactants in the olefin metathesis reaction is equimo-
lar [11]. However, in the conventional metathesis process of
ethylene and 2-butene, the optimal molar ratio of ethylene to
2-butene to produce high propylene yield was determined to
be in excess but not more than 2.5 [36].
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Table 1. The properties of the support and supported
rhenium oxide catalyst

SampleProperties
SiO2-Al2O3 Re2O7/SiO2-Al2O3

BET surface area (m2·g−1) 547.8 395.6
Pore volume (cm3·g−1) 0.8 0.6
Average pore size (nm) 5.6 5.9

Al2O3 support composition (wt%) 13 13
Actual Re-metal loading (wt% Re)a − 5.83

a The actual amount of Re-metal loading after calcination was de-
termined by ICP-OES

In order to investigate the effect of E/2P molar ratio in the
metathesis of ethylene and 2-pentene on Re2O7/SiO2-Al2O3
catalysts, the reaction temperature and GHSV were set at
35 ◦C and 3000 h−1, respectively. All the reaction data were
taken at 455 min time-on-stream. Changes of the catalyst ac-
tivities in terms of 2-pentene conversion during 455 min time-
on-stream were determined to be less than 5% under the se-
lected reaction conditions. The 2-pentene concentration was
kept constant while changing excess ethylene concentration to
obtain the required molar ratios. The E/2P molar ratios were
varied in the range of 2−6. The 2-pentene conversions under
different E/2P molar ratios are shown in Figure 1. It is clear
from Figure 1 that 2-pentene conversion increases from 77%
to 87% with the increasing of E/2P molar ratio from 2 to 3.
However, only a slight increase of 2-pentene conversion (to
ca. 92%) could be observed with further increase of the E/2P
molar ratio from 3 to 6. The main product yields in term of
weight percent from the metathesis of ethylene and 2-pentene
over Re2O7/SiO2-Al2O3 catalysts as a function of time-on-
stream for different E/2P mole ratios are shown in Figure 2.
The propylene yield increased from 39% to 59% with increas-
ing E/2P from 2 to 3. There was no increase in propylene yield
when E/2P was further increased from 3 to 6.

Figure 1. Effect of ethylene/2-pentene mole ratio on the 2-pentene
conversion on Re2O7/SiO2-Al2O3 catalysts. Reaction conditions: Pres-
sure = 0.1 MPa, GHSV = 3000 h−1, Temperature = 35 ◦C

Figure 2. Yield of the primary metathesis products in the metathesis of ethy-
lene and 2-pentene over Re2O7/SiO2-Al2O3 catalysts. Reaction conditions:
Pressure = 0.1 MPa, GHSV = 3000 h−1, Temperature = 35 ◦C

Besides propylene and 1-butene primary metathesis prod-
ucts, the other by-products were also produced including cis-
and tran-2-butene, 1-pentene, and C5+ hydrocarbons. The
product distribution (yield percentage) from the metathesis re-
action of ethylene and 2-pentene at 455 min time-on-stream
obtained under different E/2P ratios and 35 ◦C are shown in
Figure 3. It is known that 2-butene is more stable than 1-
butene so the double-bond isomerization of 1-butene to 2-
butene is inevitable over acidic catalyst systems even at low
reaction temperature. In the conventional feed, double-bond
isomerization also occurred at 21−25 ◦C [12,37,38]. The ma-
jor C5+ hydrocarbon in this set of reactions was 3-hexene
which were produced by self-metathesis of 2-pentene. Higher
amount of C5+ hydrocarbons were produced at lower E/2P
mole ratio (E/2P = 2). It is suggested that excess ethylene
could prevent the self-metathesis reaction of 2-pentene on the
Re2O7/SiO2-Al2O3 catalysts. Moreover, the amount of 2-
butenes was decreased with increasing E/2P mole ratio. The
2-butenes products could easily undergo a subsequent sec-
ondary metathesis reaction with excess ethylene, resulting in
an additional propylene formation. The propylene yields for
all the cases far exceeded the stoichiometric values (propy-
lene selectivity of 50% (mole) or ∼ 43% (weight)). It is sug-
gested that the isomerization of 1-butene to 2-butene was a
useful side reaction assisting propylene formation in this al-
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ternative feed in the present work. A possible reaction scheme
for propylene formation in the metathesis of ethylene and 2-
pentene is shown in Equations (4) to (6):
Main reaction (primary metathesis)

CH2 = CH2 +CH3−CH = CH−CH2−CH3 →
CH2 = CH−CH3 +CH2 = CH−CH2−CH3

(4)

Double-bond isomerization of the primary metathesis product
(1-butene)

CH2 = CH−CH2−CH3 →
CH3−CH = CH−CH3

(5)

Secondary metathesis reaction
CH = CH+CH3−CH = CH−CH3 →

2CH2 = CH−CH3
(6)

Figure 3. Product distribution in the metathesis reaction of ethylene and
2-pentene at different ethylene/2-pentene mole ratio at 455 min on stream.
Reaction conditions: Pressure = 0.1 MPa, GHSV = 3000 h−1, Tempera-
ture = 35 ◦C

3.2. Ef fect of GHSV

The effect of GHSV in the range of 500−3000 h−1 on the
catalytic performances of Re2O7/SiO2-Al2O3 in the metathe-
sis of ethylene and 2-pentene was investigated under the E/2P
molar ratio of 3 and at 35 ◦C. As shown in Figure 4, the
conversion of 2-pentene increased drastically from 87% to
100% when the GHSV was decreased from 3000 to 500 h−1

at 455 min time-on-stream. The main product yields of the
metathesis reaction between ethylene and 2-pentene as a func-
tion of time-on-stream under various GHSV are shown in Fig-
ure 5. Both propylene and 1-butene yields did not follow their
stoichiometric amounts (43 wt% of propylene and 57 wt% of
1-butene) and higher amount of propylene and lower amount
of 1-butene were obtained. As mentioned earlier, the iso-
merization of 1-butene to 2-butenes and the subsequent sec-
ondary metathesis reaction between ethylene and 2-butenes
occurred readily under the selected reaction conditions, result-
ing in an increase in propylene yield. Table 2 summarizes the
activities and the product yields obtained over Re2O7/SiO2-
Al2O3 catalysts at 35 ◦C under different GHSVs. It was found
that at higher GHSV the secondary metathesis became less

Figure 4. Effect of gas hourly space velocity on the 2-pentene conversion
over Re2O7/SiO2-Al2O3 catalysts. Reaction conditions: Pressure = 0.1 MPa,
E/2P mole ratio = 3, Temperature = 35 ◦C

Figure 5. Yield of the primary metathesis products in the metathesis of ethy-
lene and 2-pentene over Re2O7/SiO2-Al2O3 catalysts. Reaction conditions:
Pressure = 0.1 MPa, E/2P mole ratio = 3, Temperature = 35 ◦C

pronounced while the other side reactions such as self-
metathesis of 2-pentene was favored. Probably, due to the
slow desorption rate of 2-pentene as compared with smaller
hydrocarbon molecules such as ethylene [39−43], some of
the 2-pentenes that adsorbed on the catalyst surface could in-
teract themselves (self-metathesis reaction), forming 2-butene
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and 3-hexene when the contact time was relatively short. It
is noted that under the low reaction temperature conditions,
oligomerization rate may be low so that the weight percent-
age of C5+ formed was mainly the 3-hexene products from
2-pentene self-metathesis reaction. Complete conversion of
2-pentene and propylene yield as high as 88% were achieved
under the lowest GHSV (500 h−1) and were found to be stable
during the 455 min time-on-stream.

Table 2. Catalytic performance of Re2O7/SiO2-Al2O3
catalyst with different GHSVs

GHSV 2-C=
5 Selectivity (%)

(h−1) conversion (%) C=
3 1-C=

4 2-C=
4 1-C=

5 C5+

500 100 88.0 0.5 11.7 − −

1000 100 83.9 0.8 15.2 − −

2000 93.9 70.9 8.6 19.5 − −

3000 87.4 58.2 8.8 19.1 2.0 2.1

Reaction conditions: P = 0.1 MPa, ethylene/2-pentene = 3 (mole
ratio), T = 35 ◦C, Time on stream = 455 min

3.3. Ef fect of reaction temperature

The metathesis of simple linear olefins is not accompa-
nied by significant structural changes. Therefore, the reac-
tion is almost a thermally neutral process and the variation of
temperature has a negligible influence in view of the thermo-
dynamics aspect [44]. However, for the operation aspect, it
needs to know the effect of reaction temperature in the range
of 35 to 150 ◦C on the catalytic performance of the metathesis
of ethylene and 2-pentene over Re2O7/SiO2-Al2O3 catalyst.
And the results are shown in Figure 6. It is clear from Fig-
ure 6 that the reaction at 150 ◦C caused catalyst much faster
deactivation than at the other temperatures. A fast drop of
2-pentene conversion from 99% to 83% was observed within
the first 120 min time-on-stream. Then, it was gradually de-
creased to ca. 75% after 455 min time-on-stream. The main
product yields of the metathesis reaction between ethylene

and 2-pentene at different reaction temperatures as a func-
tion of time-on-stream are shown in Figure 7. A trend similar
to the conversion of 2-pentene was observed. If the reaction
was proceeded at 150 ◦C, the propylene yield dramatically de-
creased from 70% to 37% within 120 min time-on-stream. On
the other hand, 1-butene products were gradually increased
along with the time-on-stream especially when the reaction
was carried out at high reaction temperature. Deactivation of
Re-based catalysts under high reaction temperature has been
reported in Refs. [40,45−47]. The deactivation of the Re-
based catalysts can mainly attribute to many aspects such as
the structure change of active center, coke deposition, impu-
rity in reactants, excessively reduction, adsorption of products
and byproducts, etc. However, the reactants used in this study
were high purity grade without impurity such as H2O, S, and
oxygen-containing hydrocarbon so that the effect of impurity
in the reactants on the catalyst activity would be minimized.

Figure 6. Effect of reaction temperature on the 2-pentene conversion over
Re2O7/SiO2-Al2O3 catalysts. Reaction conditions: Pressure = 0.1 MPa, E/2P
mole ratio = 3, GHSV = 2000 h−1

Figure 7. Yield of the primary metathesis products in the metathesis of ethylene and 2-pentene over Re2O7/SiO2-Al2O3 catalysts. Reaction conditions:
Pressure = 0.1 MPa, E/2P mole ratio = 3, GHSV = 2000 h−1
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The product distributions in term of yield percentage pro-
duced after running the reaction for 35, 245, and 455 min on
stream at various reaction temperatures are shown in Figure 8.
It was found that much more side reactions, such as isomer-
ization of butenes products and isomerization of 2-pentene re-
actant, could be observed over Re2O7/SiO2-Al2O3 catalysts
at the temperature higher than 60 ◦C. Moreover, the propy-
lene yield decreased gradually with time-on-stream if the re-
action temperature was higher than 60 ◦C. When the reaction
temperature set at 150 ◦C, the propylene yield decreased by
almost 40%, whereas the propylene yield remained constant

at ca. 70%−72% when the reaction temperature set at 35 ◦C
after running the reaction for 455 min. It has been reported
that the deactivation of Re-based catalysts occurred as soon as
they were in contact with alkenes and was accelerated under
higher reaction temperatures [40,47]. On the one hand, larger
amount of 2-butenes products were obtained at 150 ◦C, since
most of 2-butenes did not further react with ethylene to form
propylene in the subsequent secondary metathesis, resulting
in poor propylene yield. On the other hand, isomerization
and oligomerization were also dominated at higher reaction
temperature. Although, 1-pentene product was not detected

Figure 8. Product distributions along time on stream in the metathesis reaction of ethylene and 2-pentene at different reaction temperatures. Reaction conditions:
Pressure = 0.1 MPa, E/2P (mole ratio) = 3, GHSV = 2000 h−1
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during the first 35 min on stream at all the reaction tempera-
tures, it became apparent (less than 2%) during 245 min on
stream for the reaction temperatures at 80 and 150 ◦C. If
the reaction temperature set at 60 ◦C, 1-pentene (ca. 1.2%)
also produced after running the reaction for 455 min. There
were very small amounts of branched isomers of butenes and
hexene in the products because skeletal isomerization were
also detected at the early stage of the reaction (during the first
90 min) when the reaction temperature was higher than 60 ◦C
(results not shown), but they disappeared when the reaction
time was prolonged. The results suggest that the modification
of rhenium species on the catalyst surface may happen upon
contacting with the reactants. It has been reported that skele-
tal isomerization was induced by unreduced rhenium oxide
species [48]. After the rhenium-carbene species were formed,
metathesis reaction was dominated and the skeletal isomeriza-

tion became less pronounced. In the metathesis of 1-butene,
iso-butene was found over the catalysts with relatively low ac-
tivity and decreased with increasing metathesis activity [49].

As far as the formation of higher hydrocarbons is con-
cerned, the C5+ products can be formed during the first 35 min
on stream only at the reaction temperature as high as 150 ◦C.
Both 1-pentene and C5+ were increased with time-on-stream
at high reaction temperature. Since much faster catalyst de-
activation rate could be observed at 150 ◦C, it is suggested
that besides the self-metathesis of 2-pentene leading to the
formation of 3-hexene, the formation of larger hydrocarbons
via oligomerization reaction would occur under high reac-
tion temperatures, leading to the formation of carbonaceous
deposits and blocking the Re-active sites. Various reaction
pathways in the metathesis of ethylene and 2-pentene over
Re2O7/SiO2-Al2O3 catalysts are illustrated in Scheme 1.

Scheme 1. Various reaction pathways in the metathesis of ethylene and 2-pentene over Re2O7/SiO2-Al2O3 catalysts. Dotted line represents the conventional
metathesis of ethylene and 2-butenes

4. Conclusions

The metathesis of ethylene and 2-pentene to propylene
and 1-butene over Re2O7/SiO2-Al2O3 catalysts with Re load-
ing of 5.83 wt% has shown to be an effective alternative
route for propylene production. The catalyst activity increases
with increase of the reaction temperature, however, much
faster catalyst deactivation is observed at 150 ◦C due to side
reactions such as oligomerization and self-metathesis of 2-
pentene. The propylene yield at reaction temperature of 35 ◦C
can be further improved when the mole ratio of E/2P higher
than 3 and GHSV lesser than 1000 h−1 are used. The propy-
lene yield of 88% at a 2-pentene conversion of 100% can be
obtained under the optimized reaction conditions (i.e., with
E/2P mole ratio of 3, GHSV of 500 h−1, and at the reac-
tion temperature of 35 ◦C) without catalyst deactivation dur-
ing 455 min on stream. Although double bond isomerization
of 1-butene to 2-butenes occurred at the reaction temperature
of 35 ◦C, they could further interact with excess ethylene, re-
sulting in an increase in propylene selectivity.
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Abstract: The present research focuses on investigation of the catalytic behaviors of 

MgCl2-SiO2/TiCl4/THF Ziegler-Natta (ZN) catalysts with fumed SiO2 variously treated 

with silane compounds. The non-treated silica (NTS) and other silicas treated with 
dimethylsilicone fluid (TSDMSF), dimethyldichlorosilane (TSDMDCS), and hexamethyl-

disilazane (TSHMDS) were employed. It was found that the Cat-TSDMDCS and Cat-

TSHMDS exhibited remarkably high activity, even with a similar bulk Ti content as the 
others. Thus, the more powerful technique of XPS analysis was used to determine the Ti 

content at the catalyst surface. It was evident that the surface concentrations of Ti could 

play important role on the catalyst activity. As the result, the increased activity is 
proportional to the surface concentration of Ti. It was mentioned that the change in surface 

concentration of Ti with different treated silica can be attributed to the effect of silane 

spacer group and steric hindrance. The distribution of Ti on the external surface can be also 
proven by means of EDX mapping, which matched the results obtained by XPS analysis. 

The treated silica also resulted in narrower molecular weight distribution (MWD) due to 

the more uniform active sites produced. There was no significant change in polymer 
morphology upon treatment of the silica. 

Keywords: Ziegler-Natta catalyst; polyethylene; silica; alkyl silane; XPS 
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1. Introduction 

In the polyolefin industry, the significant role of the Ziegler-Natta (ZN) catalysts is remarkable as 
are both industrial and academic interest in their reaction engineering [1-4]. In the production of 

polyolefins, the polymer particle morphology strongly affects the plant operation. The loss of polymer 

morphological control leads to many industrial operating problems, such as fouling and broadening 
reactor residence-time distribution. It is widely accepted that the polymer particle morphology is 

mainly determined by the morphology of a parent catalyst through the replication phenomenon [5,6]. 

The modification of supported-ZN catalyst is a preferred way to increase the morphology control of 
the polymers, increase the catalytic activity as well as increase catalytic stability. 

Anhydrous magnesium dichloride (MgCl2) has been known as a preferred support for highly 

efficient ZN catalysts for the polymerization of olefins. MgCl2 is often convenient to use in producing 
ZN catalysts with good morphology and the high rates of polymerization activity [7-8]. However, the 

frailty of MgCl2 during preparation is still a problem for controlling the morphology of ZN when used 

in olefin polymerization. To overcome these problems, MgCl2-SiO2-bisupported titanium catalyst is 
preferred, especially when it is used in a gas-phase polymerization system [9-11]. For example, UCC 

has developed a series of MgCl2-SiO2/THF/TiCl4 four-component catalyst systems for gas-phase 

ethylene polymerization and ethylene/1-hexene copolymerization [12-13]. This catalyst exhibits good 
comonomer incorporation properties, and the polyethylene products show good morphology control. 

Somehow, the catalytic activity of MgCl2-SiO2/THF/TiCl4 system is lower than that without SiO2 

added. To increase the catalytic activity, the properties of SiO2 such as type, shape, surface area [14] 
and OH content on the surface, should be considered in order to prepare a catalyst that is completely 

satisfactory for all purposes [15]. 

As is well known SiO2 has OH groups on the surface, which are a very important poison for ZN 
catalysts. Preheated SiO2 with different calcination temperatures (110–820 °C) is necessary to control 

the OH content on the surface of SiO2. The relationship between calcination temperature and TiCl4 

reaction temperature was observed by Hornytzkyj et al. [16]. It was found that the lower reaction 
temperature of 175 and 125 °C led to amorphous titanium species, whereas the temperature of 350 °C 

or higher resulted in amorphous and agglomerated titanium species. The amount of amorphous 

titanium species present in the high temperature samples is a function of the reaction temperature of 
TiCl4 and of the preheat temperature of the SiO2 determined by etching with sulfuric acid. 

Consequently, suitable calcination methods can also decrease the OH groups on the surface, but it 

consumes much energy and increases the production cost, so chemical treatment is one of the 
promising ways to decrease the OH groups on the surface of SiO2 and it is practical. 

Hexamethyldisilazane (HMDS) and other organosilicon compounds (OSC), such as butyl dimethylsilyl 

(BDMS), dimethylsilicone fluid (DMSF), dimethyldichlorosilane (DMDCS), octadecyl dimethylsilyl 
(ODDMS) and trimethylsilyl (TMS) are commonly employed for the treatment of SiO2. This treated 

SiO2 has a wide variety of applications, including as a support for ZN catalysts. Although the 

properties of surface-modified solids can be predicted, observed changes often differ from expectations. 
Predictions of structural changes, for instance, are almost always related to primary particles [17-19], 

but structural changes of highly dispersed or porous solids are often hierarchal. In the case of fumed 

oxides, structures are dictated by aggregates of primary particles and agglomeration of aggregates. 
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This hierarchal structure is difficult to predict, as it is dependent upon a balance of forces, which are 

altered as a result of surface modification [20,21]. This often results in unexpected changes to the 
modified surface of SiO2. Hertl and Hair [22] studied the treatment of silica with HMDS and used it as 

a support in ZN catalyst. They proposed that the reaction of HMDS occurs almost exclusively with 

isolated OH groups, leaving the H-bonded OH groups unoccupied. This property of HMDS has been 
applied successfully to study the bi-functional reactivity of TiCl4 toward H-bonded OH groups on 

silica in both vapor phase [22] and organic solution [23]. There were no changes of HMDS coverages 

on the HMDS-modified silica after the reaction with TiCl4 at 175 °C [24]. Instead, the number of 
titanium atoms were half of that reacted without silylation, and the reaction led exclusively to doubly 

bonded titanium species. Consequently, the attainable trimethylsilyl surface coverage was not only 

determined by the steric hindrance, but also by the lower reactivity of HMDS toward H-bonded in OH 
groups. However, from the previous research, there is still little information about the effects of SiO2 

treated with different functional ethyl groups, such as dimethylsilicone fluid (DMSF), 

dimethyldichlorosilane (DMDCS) and hexamethyldisilazane (HMDS) on ZN catalyst properties and 
polymer properties although this information is of interest in both academia and industryl, especially in 

the surface study area. The XPS, SEM and EDX techniques were used in this investigation. Four types 

of CAB-O-SIL fumed silica were chosen for study based on the fact that they have well defined 
surface structures. They can be prepared by reproducible procedures and they are commonly used as 

catalyst supports. In this study, the influence of different silane compounds employed for the treatment 

of fumed silica in MgCl2-SiO2/TiCl4/THF catalysts on ethylene polymerization was examined The 
properties obtained were also determined and are discussed in detail. 

2. Results and Discussion 

The structures of various treated fumed silicas used as supports in ZN catalysts are shown in Figure 1. 
There were four modified surface fumed silicas: (i) untreated SiO2 (NTS); (ii) SiO2 treated with 

dimethylsilicone fluid (TSDMSF); (iii) SiO2 treated with dimethyldichlorosilane (TSDMDCS); and (iv) 

SiO2 treated with hexamethyldisilazane (TSHMDS). 

Figure 1. Different organo-silicon groups on the surface of variously treated fumed silicas. 
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The SEM images of all the samples are shown in Figure 2. It can be seen that the primary particles 

of fumed SiO2 [Figures 2(b), (d), (f), and (h)] display no change in shape and size after treatment. A 
little agglomeration of particles occurred in TSDMSF and TSHMDS. The agglomeration of TSDMSF 

and TSHMDS particles results from the balance of force and type of chemical treatment. This result is 

supported by other research [20,21]. 

Figure 2. SEM images of different treated silicas; (a) NTS; (c) TSDMSF; (e) TSDMDCS; 

(g) TSHMDS; and (b), (d), (f), and (h) represent the primary particles of corresponding 

treated silicas, respectively. 

 

After making the ZN catalysts with different treated SiO2 supports, the bulk Ti content for all 
catalysts (Cat-NTS, Cat- TSDMSF, Cat-TSDMDCS, and Cat-TSHMDS) was analyzed by ICP. The 

results are shown in Table 1. 
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Table 1. Ti content in bulk and activity of different catalysts. 

Sample  Treatment  
Ti in bulk of 

catalysts (wt %) 
a
 

Activity 
b
 

(kg PE/ mol-Ti/ h) 

Cat-NTS  Untreated silica  2.27 1,570 

Cat-TSDMSF Dimethylsilicone Fluid 2.32 1,370 

Cat-TSDMDCS  Dimethyldichlorosilane  2.34 6,370 

Cat-TSHMDS Hexamethyldisilazane  2.11 5,620 
a Obtained by ICP analysis; b Ethylene polymerization at 50 psi, 80 °C, Al/Ti = 100. 

It was found that the Ti contents in all catalyst samples were similar and within the 2.11–2.34 wt % 

range. Then, all catalyst samples were tested for ethylene polymerization under the specified conditions. 

The activity results are also shown in Table 1. It can be observed that the silica treated with silane 
compounds tends to show increased catalytic activity due to the effect of the spacer groups introduced by 

silane treatment [25]. It was also surprising that although all catalysts had similar amount of Ti contents 

in bulk, they exhibited different catalytic activity. As seen, Cat-TSDMDCS, and Cat-TSHMDS 
exhibited the remarkably high activity (about four times higher than Cat-NTS). For elucidation, 

another parameter such as the Ti content at surface needed to be verified. One of the most powerful 

techniques used to determine the surface properties is X-ray photoelectron spectroscopy (XPS). The 
oxidation state related to the binding energy of Ti and other elements was evaluated. Ti exhibited its 

binding energy at ca. 459 eV, indicating the Ti 2p state in all catalyst samples. 

The surface concentrations obtained from the XPS measurements for Ti and other elements are also 
shown in Table 2. It was found that the surface concentrations for Ti 2p in the Cat-TSDMDCS and 

Cat-TSHMDS samples were remarkably high. On the other hand, for both samples Ti was located on 

the outer surface of the catalysts. This is probably due to less steric hindrance of the Cat-TSDMDCS 
and Cat-TSHMDS samples compared to the Cat-TSDMSF sample, as seen in Figure 1. The large 

amounts of Ti located on the surface are the main reason for the very high activities obtained from the 

Cat-TSDMDCS and Cat-TSHMDS samples as seen in Table 1. Therefore, the high activity of the ZN 
catalysts can be attributed to the large amounts of Ti content on surface, not in the bulk of catalysts. 

Table 2. Surface concentrations of Ti, Si and Mg in all catalysts obtained by XPS analysis. 

Peak Cat-NTS Cat-TSDMSF Cat-TSDMDCS Cat-TSHMDS 

Ti2p 3.10 3.22 17.90 12.40 
Si2p 64.05 88.55 37.81 56.13 
Mg2s 32.85 8.23 44.30 31.47 

In order to illustrate the relationship between the surface concentrations of Ti and the activities of 

catalysts, Figure 3 is constructed. It can be seen that the activities of catalysts are proportional to the 

surface concentrations of Ti present on the catalyst, as mentioned before. 
Besides XPS measurements, the other powerful techniques used to determine the morphology and 

elemental distribution are SEM and EDX, respectively. 
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Figure 3. Relationship between the surface concentrations of Ti and the activities of catalysts. 

 

The SEM and EDX mapping for all catalyst samples are shown in Figures 4 to 7 displaying the 

external surface of the catalysts and distribution of Mg, Si, and Ti on them. It should be mentioned that 

EDX only measures the concentrations in a layer less than 1 micrometer from the surface [26,27]. As a 
matter of fact, for whole catalyst particles, EDX measures the concentration on external surface of the 

particles. Figures 4–7 were all obtained with identical magnification. Considering the Ti distribution on 

the external surface of each catalyst represented by yellow patches (e), it can be clearly seen that the 
intensities of yellow patches (Ti at surface) in Figures 4 (Cat-NTS) and 5 (Cat-TSMDSF) are very low 

compared with those in Figures 6 (Cat-TSDMDCS) and 7 (Cat-TSDMDCS) corresponding to the XPS 

measurements as mentioned before. Therefore, both XPS and EDX mapping results can be used to 
confirm the rich Ti surface contents on the Cat-TSDMDCS and Cat-TSDMDCS samples leading to 

high catalytic activity. It is known that generally, TiCl4 can bind to OH groups in the untreated silica. 

However, after treatment, it is mostly located on the MgCl2 support as seen in the EDX mapping.  

Figure 4. SEM micrograph and elemental distribution on Cat-NTS; (a) SEM image; 

(b) external surface; (c) Mg distribution; (d) Si distribution and (e) Ti distribution. 
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Figure 4. Cont. 

 

Figure 5. SEM micrograph and elemental distribution on Cat-TSDMSF; (a) SEM image; 

(b) external surface; (c) Mg distribution; (d) Si distribution and (e) Ti distribution. 

 

Figure 6. SEM micrograph and elemental distribution on Cat-TSDMDCS; (a) SEM image; 

(b) external surface; (c) Mg distribution; (d) Si distribution and (e) Ti distribution  
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Figure 6. Cont. 

 

Figure 7. SEM micrograph and elemental distribution on Cat-TSHMDS; (a) SEM image; 

(b) external surface; (c) Mg distribution; (d) Si distribution and (e) Ti distribution. 

 

The molecular weight (Mw) and molecular weight distribution (MWD) of polymers obtained from 

different catalysts as analyzed by GPC are listed in Table 3. It can be seen that Cat-NTS produced 

polymer having the highest Mw, Mz, and MWD compared to polymers obtained from other catalysts. 
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The broad MWD for Cat-NTS can be also attributed to the high molecular weight tail (Mz). It can be 

observed that all treated silica for ZN catalysts apparently resulted in narrower MWD, as also reported 
in our previous work [25]. It was suggested that the treatment of silica with silane can result in more 

uniform active centers leading to narrower MWD. 

Table 3. Molecular weights and their distribution of polymers obtained from different catalysts. 

Sample 
Mn 

(kg/mol) 

Mw 

(kg/mol) 

Mz 

(kg/mol) 

Mv 

(kg/mol) 

MWD 

(Mw/Mn) 

Cat-NTS 40 1,028 4,574 739 25.7 
Cat-TSDMSF 23 359 4,073 339 15.6 
Cat-TSDMDCS 55 787 3,086 595 14.3 
Cat-TSHMDS 24 437 4,064 405 18.2 

A typical SEM micrograph of polymer obtained from all catalysts, which was similar, is shown in 
Figure 8. Hence, it indicates that the treated silica has no effect on the polymer morphologies.  

Figure 7. A typical SEM micrograph of polyethylene samples of the treated silica ZN 

catalyst; (a) polyethylene at × 50 magnification; (b) polyethylene at × 500 magnification; 
and (b) surface of polyethylene at × 10k magnification. 
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3. Experimental 

3.1. Chemicals 

Polymerization grade ethylene and triethylaluminum (TEA) donated by PTT Chemical Plc., were 

used without further purification. TiCl4 (Aldrich) and MgCl2 (anhydrous) were donated by Toho 

Catalyst Co., Ltd. Fumed silica [non-treated (NTS), surface area 149.35 m2/g] and silica treated with 
different organic compounds [dimethylsilicone fluid (TSDMSF, surface area 121.60 m2/g), with 

dimethyldichlorosilane (TSDMDCS, surface area 112.00 m2/g), and with hexamethyldisilazane 

(TSHMDS, surface area 130.95 m2/g)] were supplied by Cabot Corporation and average particle size 
of all silicas were 0.2–0.3 µm as reported by the supplier. All types of silica were heated under vacuum 

at 120 °C for 2 h. Hexane and tetrahydrofuran were dried over dehydrated CaCl2 and distilled over 

sodium benzophenone under an argon atmosphere prior to use. Ultra high purify (UHP) argon 
(99.999%) was purchased from Thai Industrial Gas Co., Ltd. and was further purified by passing 

through 3 Å molecular sieves., BASF catalyst R3-11G, NaOH and phosphorus pentaoxide (P2O5) to 

remove traces of oxygen and moisture. All chemicals were manipulated under an inert atmosphere 
using a vacuum glove box and Schlenk techniques. 

3.2. Catalyst Preparation 

The catalyst was prepared in a 500 mL vessel equipped with temperature control, and a turbine 
agitator. First, anhydrous tetrahydrofuran (150 mL) was added into the vessel and heated up to a 50 °C. 

Then, magnesium metal (0.12 g) was added, followed by titanium tetrachloride (2 mL). The mixture 

was continuously agitated and the temperature was held at about 70 °C. After that, magnesium 
dichloride (4.5 g) was added, and the heating process was continued at 70 °C for another 3 h. Then 

different treated silicas (NTS, TSDMSF, TSDMDCS and TSHMDS, 4.5 g) were slowly added to the 

mixture, which was stirred for 1 h to thoroughly disperse the silica in the solution. The temperature of 
mixture was held at 70 °C throughout this period and an argon atmosphere was maintained for all time. 

This mixture was washed, and then dried under vacuum. 

3.3. Polymerization Reaction 

Ethylene polymerization was carried out in a 100 mL stainless steel autoclave reactor equipped with 

magnetic stirrer. The prescribed amount of hexane (30 mL), TEA and the SiO2-MgCl2-supported ZN 

catalysts, such as Cat-NTS, Cat-TSDMSF, Cat-TSDMDCS and Cat-HMDS (Al/Ti molar ratio = 100) 
were added into the reactor. The ethylene pressure and reactor temperature were kept constant during 

polymerization [pressure in reactor = 50 psi and polymerization temperature was held at 80 °C]. Due to 

the fixed ethylene consumption (at 0.018 moles), the polymerization time was defined as the time that 
all ethylene gas was totally consumed [the equivalent pressure drop of 42 kPa (6 psi) was observed]. 

The polymerization time was recorded to calculate the activity. The reaction was terminated by adding 

acidic methanol and polymer was stirred for 30 min. After filtration, the polymer obtained was washed 
with methanol and dried at room temperature. 
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3.4. Polymer and Catalyst Characterization 

3.4.1. Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM/EDX) 

The morphological observations of polymers were carried out with a JEOL JSM-6400 scanning 

electron microscope. Micrographs were taken at 5-kV and 20-kV acceleration voltage. Before 

scanning electron microscopy (SEM) observations, the fracture surfaces of blends were coated with a 
thin layer of gold to avoid electrical charging and increase contrast during observation. The EDX was 

performed using Link Isis series 300 program, to determine the elemental distribution in catalysts. 

3.4.2. Inductively coupled plasma (ICP) 

Titanium content was measured using inductively coupled plasma atomic emission spectroscopy 

equipment (ICP-OES optima 2100 DV from PerkinElmer). In order to digest the sample, the catalyst 

was dissolved in hydrofluoric acid. The mixtures were stirred over a night. After the catalyst was 
completely dissolved, the solution was diluted with ID water to a volume of 100 mL. 

3.4.3. X-ray photoelectron spectroscopy (XPS) 

The chemical states and surface concentration of the elements were measured by the XPS technique 
using an Amicus photoelectron spectrometer with Mg Kα X-ray source at current of 20 mA and 10 keV, 

resolution of 0.1 ev/step, and pass energy of 75 eV. The binding energy was calibrated by the C 1s 

peak at 285.0 eV. In this study, the sample was always treated under argon to prevent the sample from 
damage by moisture and oxygen in the atmosphere. 

3.4.4. Gel permeation chromatography (GPC) 

A high temperature GPC (Waters 150-C) equipped with a viscometric detector, differential optical 
refractometer and four Styragel HT type columns (HT3, HT4, HT5, and HT6) with 1 × 107 exclusion 

limit for polystyrene was used to determine the molecular weight (MW) and molecular weight 

distributions (MWD) of the polymers produced. The analyses were performed at 140 °C using 1, 2, 4-
trichlorobenzene as the solvent. The columns were calibrated with standard narrow MWD polystyrene. 

4. Conclusions  

In summary, the catalytic behaviors of MgCl2-SiO2/TiCl4/THF catalysts with different treated 
silicas, such as Cat-NTS, Cat-TSDMSF, Cat-TSDMDCS, and Cat-TSHMDS were investigated. 

Although all catalysts exhibited the similar bulk Ti content, their activities were different. Therefore, 

the measurement of surface concentrations of Ti by means of XPS techniques was crucial. It was found 
that Cat-TSDMDCS and Cat-TSHMDS rendered high activities due to the large amounts of Ti at the 

surface of the catalyst. This could be also confirmed by the EDX mapping of Ti on the external surface. 

It can be concluded that for each catalyst the increased activity is proportional to the surface 
concentration of Ti. It is worth noting that the increased activity for the treated silica for Cat-

TSDMDCS and Cat-TSHMDS catalysts can be attributed to both the effects of the silane spacer group 

and less steric hindrance. The treated silica in MgCl2-SiO2/TiCl4/THF catalysts apparently resulted in 
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narrower MWD due to the increased uniformity of the active sites. However, there was no significant 

change in polymer morphology with the treated silicas as seen by SEM. 
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Abstract: We describe the synthesis of [bis(N-(3-tert-butylsalicylidene)anilinato)] titanium 
(IV) dichloride (Ti-FI complex) and examine the effects of comonomer (feed concentration 
and type) on its catalytic performance and properties of the resulting polymers. Ethylene/1-
hexene and ethylene/1-octene copolymers were prepared through copolymerization using 
Ti-FI catalyst, activated by MAO cocatalyst at 323 K and 50 psi ethylene pressure at 
various initial comonomer concentrations. The obtained copolymers were characterized by 
DSC, GPC and 13C-NMR. The results indicate that Ti-FI complex performs as a high 
potential catalyst, as evidenced by high activity and high molecular weight and uniform 
molecular weight distribution of its products. Nevertheless, the bulky structure of FI 
catalyst seems to hinder the insertion of α-olefin comonomer, contributing to the pretty low 
comonomer incorporation into the polymer chain. The catalytic activity was enhanced with 
the comonomer feed concentration, but the molecular weight and melting temperature 
decreased. By comparison both sets of catalytic systems, namely ethylene/1-hexene and 
ethylene/1-octene copolymerization, the first one afforded better activity by reason of 
easier insertion of short chain comonomer. Although 1-hexene copolymers also exhibited 
higher molecular weight than 1-octene, no significant difference in both melting 
temperature and crystallinity can be noticed between these comonomers. 
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1. Introduction  

Nowadays, polymers and plastics, especially linear low-density polyethylene (LLDPE), are playing 
the important role on the material industry due to their low density, high strength and cost-
effectiveness. It is generally known that a common means of generating LLDPE is the 
copolymerization of ethylene and α-olefins such as 1-butene, 1-hexene, 1-octene and 1-decene [1]. The 
catalytic systems used have an effect on the structure and properties of the synthesized copolymers, 
therefore, much effort has been directed towards the development of highly active olefin 
polymerization catalysts. Normally, Ziegler-Natta catalysts produce copolymers with a wide molecular 
weight distribution (MWD) and chemical composition distribution (CCD) as a result of their multiple 
active sites [2,3]. Conversely, homogeneous metallocenes and post metallocenes are single sites, 
leading to very uniform polymers with narrow MWD and CCD. Particularly, the FI complexes (Fujita 
group invented catalysts) bearing phenoxyimine ligands that have been fully developed by Fujita and 
coworkers may be regarded in the forefront of these developments and have gained much attention in 
both academia and industry as potential olefin polymerization catalysts. This is probably because of 
high activities comparable to or exceeding those of the group 4 metallocene catalysts and the uniform 
properties of the polymers produced [4].  

Concerning linear low-density polyethylene, it is normally accepted that comonomers (both type 
and concentration) play an important role in the properties of the resulting copolymers in terms of 
melting behavior, density, crystallinity and mechanical properties [5,6]. For instance, the introduction 
of short-chain branching derived from the comonomer decreases the crystallinity and melting 
temperature of the copolymer. In other words, the comonomer contents, which in turn are sensitive to a 
large number of factors, namely the catalyst and cocatalyst structure and the initial comonomer 
concentration in the polymerization system, govern the copolymer melting behavior [7]. Furthermore, 
a number of recent studies have been revealed that the film performance, such as impact and tensile 
strength, increases with the comonomer length [6]. The size and concentration of comonomer units 
also affects the catalytic activities in homogeneous metallocene systems. Hence, in this present study, 
in order to investigate the influence of the initial comonomer concentration and the type of comonomer 
(1-hexene or 1-octene) on the catalytic performance of the catalyst and the copolymer properties, the 
synthesis of ethylene/α-olefins with Ti-FI catalysts have been performed using ethylene/comonomer in 
different proportions. 

2. Results and Discussion  

2.1. Synthesis and characterization of titanium complex (Ti-FI catalyst) 

The synthetic route for titanium complex is depicted in Scheme 1. 3-t-Butylsalicylaldehyde reacted 
with a primary amine via Schiff base condensation in ethanol to yield a N-(3-tertbutylsalycilidene) 
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aniline or phenoxyimine ligand. The titanium complex was obtained as reddish brown crystals by 
reaction of two equivalents of the lithium salt of the phenoxyimine ligand with TiCl4. 

Scheme 1. Synthetic route to the titanium complex. 

 
 

The 1H-NMR spectra of the phenoxyimine chelate ligand N-(3-tertbutylsalicylidene) aniline and Ti-
FI complexes having phenoxyimine ligands are shown in Figures 1 and 2, respectively.  

Figure 1. 1H-NMR of N-(3-tert-butylsalicylidene) aniline or phenoxyimine ligand. 
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Figure 2. 1H-NMR of Ti-FI complexes having phenoxyimine ligands. 

 
 

In addition, using to the synthesis method mentioned, the Ti-FI ligand and complex can be 
crystallized into crystals and further characterized by optical microscopy to examine their 
morphologies, as shown in Figure 3. It can be seen from this figure that both of them exhibited the 
needle-like crystals of yellow and reddish brown color, respectively. 

Figure 3. Optical microscope photographs of (a) Ti-FI ligand (b) Ti-FI complex. 

 

2.2. Catalytic properties of ethylene and ethylene/α-olefins copolymerization 

The laboratory scale Ti-FI catalyst/MAO catalyzed ethylene/α-olefin copolymerization reaction was 
carried out at 323 K with constant ethylene pressure (50 psi). After filtration and drying, polymer was 
weighed and analyzed by 13C-NMR, GPC and DSC. The results are summarized in Table 1.  
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Table 1. Summary of ethylene/α-olefins copolymerization catalytic activities. 

Entrya Ethyleneb Comonomer Time Weight Activityc 
[mol/L] [mol/L] [s] [g] [kg polymer/mol Ti h] 

E-1 0.6 0 146.4 0.2881 2833 
E-2 0.6 0 133.2 0.3230 3491 
H-1 0.6 0.3 91.2 0.3496 5520 
H-2 0.6 0.45 91.8 0.3647 5720 
H-3 0.6 0.6 83.4 0.3766 6502 
H-4 0 0.6 n.a.d n.a.d n.a.d 
O-1 0.6 0.3 180 0.4405 3524 
O-2 0.6 0.45 135.6 0.3748 3980 
O-3 0.6 0.6 142.2 0.4470 4526 
O-4 0 0.6 n.a.d n.a.d n.a.d 

a run E1 used commercial rac-Et[Ind]2ZrCl2 as catalyst; runs E2, H1-H4 and O1-O4 used Ti-FI as 
catalyst; comonomer of runs H1-H4 is 1-hexene; comonomer of runs O1-O4 is 1-octene; b Ethylene 
addition into the system; c Polymerization condition: [Ti] = 2.5 µmol, MAO as cocatalyst, [Al]/[Ti] 
= 250, liquid volume (toluene) = 30 mL, temperature = 323 K, ethylene pressure = 349 kPa  
(50 psi); d n.a. means not applicable (no observed polymer) 

 
Concerning Table 1, the combination of Ti-FI catalyst with MAO in toluene solvent exhibited high 

activity (3,491 kg PE/mol Ti h). To compare the catalytic activity of this catalyst with a metallocene 
catalyst, the commercial rac-Et[Ind]2ZrCl2 catalyst was used to produce polyethylene under the same 
polymerization conditions. It was found that the activity value exceeded the activity obtained with the 
commercial cyclopentadienyl ligand metallocene catalyst, indicating that phenoxyimine chelate 
ligands have good potential as olefin polymerization catalysts. This may be attributed to the fact that 
these ligands posses moderate electron-donating properties species as well as a pair of available cis-
located sites for polymerization [2,8]. In order to obtain more detailed insights into the catalytic 
activity during the polymerization, the possible active species of the titanium complex as determined 
by Fujita et al. from DFT calculations and X-ray crystallographic analysis [4,8] and the ethylene 
polymerization mechanism can be represented in the Figure 4. The mechanism begins with the 
activation of the catalyst with an appropriate cocatalyst – MAO in this case – to form an alkyl cationic 
complex, having the two available cis-located sites needed for polymerization. As a result, two 
chlorine bound sites were turned into polymerization sites, in other words, a growing polymer chain 
site and an ethylene coordination site, leading to the propagation of growing polymer chain. 

Moreover, it can be observed from Table 1 that no polymer was obtained from the system that was 
composed of only 1-hexene or 1-octene as monomer (entry H4 or O4). This result corresponded to the 
finding of Chaichana et al. [5] who examined the catalytic behavior of constrained geometry catalyst 
(CGC). They reported that the system presented no catalytic activity for in 1-hexene polymerization. 
Conversely, entry E2, which performs the ethylene homopolymerization is capable of attaining high 
polymer yields, suggesting that TiC34H36Cl2N2O2 (Ti-FI) acts as a high potential catalyst for ethylene 
polymerization, despite its poor performance for 1-hexene or 1-octene homopolymerization. This may 
be ascribed to the fact that ethylene is the most active monomer; thus, it can insert into the active site 
and then form polymer chains by itself, whereas the other monomers, namely 1-hexene and 1-octene, 
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are too large and less active; accordingly, the initiation polymerization step cannot occur because of a 
lack of space for insertion of a bulkier monomer. On the other hand, when the system contains both 
ethylene and a bulky comonomer like 1-hexene or 1-octene, it turns out that the initiation step can be 
accomplished by the displacement of ethylene. This step provides higher space for longer 1-alkene and 
after that the propagation can proceed into the growing chain of copolymer. 

Figure 4. Structure and possible active species of titanium complex [8]. 

 
 
The comparison of catalytic activities of two sets of catalytic system, containing using 1-hexene 

(H1-H4) and 1-octene (O1-O4) as comonomers by using Ti-FI as catalyst can be obtained from Table 1. 
The activities of both copolymerization systems were higher than in ethylene homopolymerization, a 
feature generally known as the “comonomer effect”, which is a quite general effect of many 
comonomer pairs. Moreover, the catalytic activity increases with the increase of comonomer feed 
concentration. Several possible causes have been proposed to explain this behavior; however, the 
simplest and most supported is the improvement of monomer diffusion to the catalyst center on 
account of the crystallinity reduction in polymer structures when introducing a small amount of 
comonomer [7]. Another explanation for this phenomenon is that the inserted comonomer may 
resulted in the ion separation between the cationic active species and anionic cocatalyst providing 
more space for polymerization, thus enhancing the activity. 

With regard to Table 1, the catalytic activity shows a general trend of 1-hexene > 1-octene under 
the same conditions with a fixed [ethylene]/[α-olefin] monomer feed ratio. Thereby, it is fair to say that 
the bigger size of 1-octene comonomer has a negative effect on ethylene/α-olefin copolymerization, 
which is probably due to more steric hindrance at the catalytic center. 

2.3. Properties of polymers 

The properties of the obtained homo and copolymers are gathered in Table 2. Comparing the PE 
obtained with both catalysts, it can be observed that the molecular weight of the homopolymer 
obtained with Ti-FI catalyst was considerably higher than that resulting from use of the metallocene 
catalyst. Besides, the commercial catalyst furnished quite high polydispersity when compared with the 
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corresponding value with the FI catalyst. The uniform molecular weight distribution results were also 
seen in all the copolymers having 1-hexene and 1-octene units synthesized with Ti-FI catalyst, 
implying the single site polymerization mechanism of this catalyst. Another interesting point dealing 
with the molecular weight result is that the average molecular weight of the copolymer decreased with 
the increase of comonomer feed concentration. This might suggest that 1-hexene and 1-octene 
incorporation promotes chain termination reactions, consequently contributing to formation of lower 
molecular weight copolymers [9]. Furthermore, it can be seen from Table 2 that the copolymers 
derived from using 1-octene as comonomer had a lower molecular weight than those obtained from  
1-hexene. 

Regarding the thermal properties, 1-hexene and 1-octene incorporation resulted in a noticeable 
reduction of the melting temperature and crystallinity of the copolymers, when compared to the 
homopolymer (entry E-2), but the type of comonomer does not seem to influence both properties. This 
was in accord with the Flory’s theory [1] that described the relationship between the melting behavior 
and comonomer of copolymerization system. However, this decrease was less pronounced in the case 
of higher comonomer feed concentration, suggesting that the bulky structure of the Ti-FI catalyst 
possibly reduces and limits the accessibility of the comonomer incorporation onto the active sites, 
especially for high comonomer concentrations, thus having a small effect on the properties. 

Table 2. Properties of resulting polymers. 

Entrya 
Feed ratio 

[E]/[α-olefin] 
[mol/mol] 

Melting pointc 
(Tm)[°C] 

Crystallinityd 

(Xc)[%] 
Molecular weighte 

(Mw)[kg/mol] PDIe 

(Mw/Mn) 

E-1 1/0 134.5 38.78 432 2.5 
E-2 1/0 134.3 64.01 920 1.60 
H-1 1/0.5 128.7 41.94 729 1.66 
H-2 1/0.75 126.3 44.93 768 1.69 
H-3 1/1 127.0 43.21 675 1.67 
H-4 0/1 n.a.b n.a.b n.a.b  n.a.b 
O-1 1/0.5 128.0 42.21 668 1.64 
O-2 1/0.75 127.2 48.13 641 1.63 
O-3 1/1 128.3 50.37 633 1.65 
O-4 0/1 n.a.b n.a.b n.a.b  n.a.b 

a run E1 used commercial rac-Et[Ind]2ZrCl2 as catalyst; runs E2, H1-H4 and O1-O4 used Ti-FI as 
catalyst; comonomer of runs H1-H4 is 1-hexene; comonomer of runs O1-O4 is 1-octene; b n.a. 
means no observed polymer; c determined by DSC; d estimated by dividing the heat of fusion of 
polymer (measured by DSC) by 294 J/g of the theoretical value for 100% crystalline PE 
homopolymer; e determined by GPC 

2.4. Microstructure of the polymers 

The microstructure of copolymers, including the incorporation of comonomer and the comonomer 
triad distribution, can be determined from 13C-NMR spectroscopy. Nonetheless, in this work there was 
no peak which indicated the comonomer branch in the backbone for all copolymers, presumably due to 
the presence of only a small amount of α-olefin insertion, contrary to the α-olefin incorporation ability 
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of commercial rac-Et[Ind]2ZrCl2. Jongsomjit et al. found that this commercial complex possessed a 
high insertion ability for 1-hexene and 1-octene, at around 40 and 29%, respectively [10-14]. In 
addition, this problem might occur because of the ultra high molecular weight of the resulting 
copolymers and the too low sample preparation temperature. Thereby, other techniques, such as 
CRYSTAF, infrared spectroscopy and pyrolysis gas chromatography mass spectrometry, should be 
further applied to investigate the copolymer microstructure in this case.  

2.5. Morphology of polymers 

The SEM micrographs of polymers are shown in Figure 5, indicating the typical morphologies of 
copolymers obtained from this catalytic system. There was no significant change in copolymer 
morphologies with the different comonomer lengths and initial comonomer concentrations employed. 
On the contrary, the morphology of polymers generated from Ti-FI catalyst seems to more rod-like 
comparing to those obtained from metallocene catalyst, suggesting that the catalyst microstructure 
might have an effect on the polymer morphology. 

Figure 5. SEM photographs of polymers (a) E-1 (b) E-2 (c) H-1 (d) H-2 (e) H-3 (f) O-1. 

 

3. Experimental  

3.1. Materials 

All operations were handled under an argon atmosphere using glove box and/or standard Schlenk 
techniques. Ethylene (polymerization grade) was obtained from the National Petrochemical Co. Ltd., 
Thailand. 3-tert-Butylsalicylaldehyde, aniline and TiCl4 (99+%) were purchased from Aldrich 
Chemical Company, Inc., and used without further purification. Hexane, diethyl ether and 
dichloromethane (anhydrous grade) were purchased from Aldrich Chemical Company. 
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Methylaluminoxane, (MAO, 10% in toluene) was donated BY PTT Research and Technology Institute 
(Thailand). Toluene was obtained by the Exxon Chemical, Thailand Co., Ltd. It was dried over 
dehydrated CaCl2 and distilled over sodium/benzophenone. Ultra-high purify (UHP) argon (99.999%) 
was purchased from Thai Industrial Gas Co., Ltd.. 1-Hexene and 1-octene (≥97%) was purchased from 
Aldrich Chemical Company, Thailand and further purified by distilling over CaH2 for 6 h. Commercial 
metallocene catalyst, rac-Et[Ind]2ZrCl2, was purchased from Aldrich Chemical Company (Thailand). 
1H-NMR was used to investigate the structure of the ligand and catalyst complex. The spectra were 
recorded at ambient probe temperature (298K) using a Bruker AVANCE II 400 instrument operating 
at 400 MHz with an acquisition time of 1.5 s and a delay time of 4 s. Ligands and titanium complex 
solution were prepared using tetramethylsilane as solvent and deuterated chloroform for an internal 
lock. An Olympus BX51 instrument was employed to investigate the morphology of the ligand and the 
catalyst crystals by optical microscopy. 

3.2. Titanium-FI complex synthesis 

Bis[N-(3-tert-butylsalicylidene) anilinato]titanium (IV) dichloride (Ti-FI complex) was synthesized 
according to the procedure described by Saito et al. [15]. The synthesis of Ti-FI complex can be 
divided into two main steps, as follows: 

3.2.1. Synthesis of N-(3-tert-butylsalicylidene) aniline 

Firstly, a stirred mixture of 3-tert-butylsalicylaldehyde (2.34 g, 13.4 mmol) and 3Å molecular 
sieves (2 g) in ethanol (20 mL), a solution of aniline (1.41 g, 15.1 mmol) in ethanol (10 mL) was added 
dropwise over a 1-min period at room temperature. Then, the mixture was stirred for 16 h and filtered. 
The 3Å molecular sieves were washed with ethyl acetate (20 mL). The combined organic filtrates were 
concentrated in vacuo to afford the crude imine compound. Finally, purification by column 
chromatography on silica gel using hexane/ethyl acetate (10:1) as eluent gave N-(3-tert-
butylsalicylidene) aniline as orange crystals. 1H-NMR (CDCl3) δ = 1.45 (s, 9H, t-Bu), 6.81–7.35 (m, 
8H, aromatic-H), 8.56 (s, 1H, CH=N), 13.84 (s, 1H, OH). 

3.2.2. Synthesis of Bis[N-(3-tert-butylsalicylidene)anilinato] titanium (IV) dichloride 

To a stirring solution of N-(3-tert-butylsalicylidene) aniline (1.552 g, 6.13 mmol) in dried diethyl 
ether (50 mL) at 195 K, a 1.61 M hexane solution of n-butyllithium (3.80 mL, 6.08 mmol) was added 
dropwise over a 5-min period. The solution was allowed to warm to room temperature and stirred for 4 h. 
The resulting solution was added dropwise over a 30 min period to a stirred solution of TiCl4 (0.58 g, 
3.06 mmol) in dried diethyl ether (90 mL) at 195 K. The mixture was allowed to warm to room 
temperature and stirred over night. After removal of the solvent, the product was extracted with 
CH2Cl2. Filtration following removal of the volatile gave a reddish brown solid. The solid was 
recrystallized from a dried dichloromethane/dried pentane (1:1) solution at room temperature to give 
bis[N-(3-tert-butylsalicylidene) anilinato] titanium (IV) dichloride. 1H-NMR (CDCl3): δ = 1.26–1.66 
(m, 18H, t-Bu), 6.90–7.67 (m, 16H, aromatic-H), 8.22–8.33 (m, 2H, CH=N). 
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3.3. Polymerization procedure 

The ethylene/α-olefin [(1-hexene, H) and (1-octene, O)] copolymerization reactions were carried 
out in a 100 mL semi-batch stainless steel autoclave reactor equipped with a magnetic stirrer. At first, 
the desired amounts of MAO ([Al]MAO/[Ti]cat = 250) and the toluene were introduced into the reactor. 
The Ti-FI complex in toluene was put into the reactor to make the amount of catalyst 2.5 µmol. After 
that, the reactor was immersed in liquid nitrogen, followed by addition of the α-olefins into the frozen 
reactor. The reactor was heated up to the polymerization temperature at 323 K. By feeding a fixed 
amount of ethylene (0.018 mole ~ 6 psi) into the reaction mixture, the ethylene consumption can be 
observed corresponding to the ethylene pressure drop. Lastly, the reaction was terminated by adding 
acidic methanol. After filtration, the resulting polymers were washed with methanol and dried at room 
temperature. 

3.4. Characterization of polymers 

Differential scanning calorimetry: DSC thermal analysis was used to examine the thermal properties 
(Tm and heat of fusion) via a DSC 204 F1 Phoenix®. The DSC measurements were recorded during 
the second heating/cooling cycle with the heating rate of 10 °C/min during the range of temperature 
30–200 °C. 

Gel Permeation Chromatography: A high temperature GPC (Waters 2200) equipped with a 
viscometric detector, differential optical refractometer and four Styragel HT type columns (HT3, HT4, 
HT5 and HT6) was used to determine the molecular weight (MW) and molecular weight distribution 
(MWD) of polymer. The measurement was taken at 135 °C using 1,2,4-trichlorobenzene as a solvent 
and a mobile phase of 1 mL/min flow rate 

Scanning electron microscopy: SEM was used to determine the sample morphologies using a JEOL 
mode JSM-5800LV instrument. 

Nuclear magnetic resonance spectroscopy: 13C-NMR spectroscopy was used to determine the α-
olefin incorporation and copolymer microstructure. Comparison of the positions of peak in the 13C- 
NMR spectra of polymer sample with characteristic leads to identification of the sequence of the 
comonomer incorporation, referring to Randall [16]. The spectra were recorded at room temperature 
using a Bruker AVANCE II 400 instrument operating at 100 MHz with an acquisition time of 1.5 s and 
a delay time of 4 s. The samples were prepared from using 1,2,4-trichlorobenzene as a solvent and 
deuterated chloroform for an internal lock. 

4. Conclusions  

This article has reported the preparation of LLDPE copolymer from ethylene/α-olefin 
copolymerization using TiC34H36Cl2N2O2 (Ti-FI catalyst) by varying the initial comonomer 
concentration and the comonomer type. The results reveal that all copolymers achieved very high 
activity, high molecular weight and narrow molecular weight distribution; on the other hand, the 
bulkiness of the catalyst structure is likely the main feature limiting the incorporation of comonomer 
into the polymer backbone. The increase of initial comonomer concentration caused an increase in 
catalytic activity; conversely, it led to a decrease in molecular weight and melting temperature. In 
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addition, concerning the impact of the comonomer type on the catalytic behavior, 1-hexene exhibited 
apparently higher activity and molecular weight with corresponding 1-octene based copolymer. 
However, both melting temperature and crystallinity appeared to be independent of comonomer type.  
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In this present study, the nanocrystalline ZrO2 particles synthesized by the solvothermal method were
calcined in reductive (H2), inert (N2) and oxidative (O2 and air) atmospheres prior to impregnation with
tungsten (W) in order to produce theW/ZrO2 (WZ) catalysts. Based on the ESR measurement, it revealed that
only the ZrO2 samples calcined in H2 and N2 exhibited the F-center (single charged oxygen vacancy) at
g=2.003. None of Zr3+ defect was detected for all calcined ZrO2 samples. After impregnation with tungsten,
the WZ catalysts were also characterized. It was present as the polycrystal, which can be seen by the selected
area electron distribution (SAED). However, the presence of Zr3+ defect was evident in all WZ catalysts, while
the F-center was absent. The highest Zr3+ intensity detected in the WZ catalyst using ZrO2 under H2

calcination atmosphere can be attributed to the transformation of F-center to Zr3+ defect. It revealed that the
WZ-H2 catalyst exhibited the highest conversion under transesterification of triacetin and methanol among
other WZ catalysts. This can be attributed to the high surface acidity, which was probably induced by large
amounts of Zr3+ defect.
66 2 218 6766.
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1. Introduction

Recently, the prices of energy from natural sources, such as
petroleum gas and oil are increasing everyday because of the demand
of energy for serving industries in many countries. Biodiesel is one of
those renewable energy sources, which are attracted by many
researchers because it can be made of bioresources, such as vegetable
oils or fats from animal. Moreover, they can be readily converted to
biodiesel comparing to petroleum oil and natural gas. Biodiesel itself
will provide many advantages since it is effective fuel and it can
reduce production cost. However, these feed stocks often contain a lot
of free fatty acids (FFAs) and water, which are not suitable for
homogeneous alkaline-catalyzed process and needed to pretreatment
for disposal free fatty acids at the preliminary process of biodiesel
production. The main reactions which play important roles on
produce biodiesel are “esterification” and “transesterification”,
which require strong liquid acid catalysts such as sulfuric acid [1–6].
However, the use of strong liquid acid catalysts essentially causes side
effects, such as high corrosive, hard to separate and having expensive
cost because those catalysts are not reusable. Besides, the solid acid
catalysts can be used in biodiesel production by transesterification of
feedstock containing a high content of FFAs, such as waste cooking oils
[7]. Hence, there are new investigation for solid acid and base
catalysts, such as sulfated zirconia (SZ) and tungstated zirconia (WZ)
catalysts [8] because these catalysts provide esterification and
transesterification reaction at the same time. The strong acidity of
SZ catalyst has attracted much attention because of its ability to
catalyze a wide range of reactions, such as cracking, alkylation, and
isomerization, all needing solid acids as catalysts [9–12]. Since the SZ
catalyst promoted with noble metals are subject among others to
sulfate reduction and subsequent poisoning of the metallic function
under reductive atmospheres [13], the W-based metal oxides
originally proposed by Hino and Arata [14], seem to be good
candidates for the skeletal isomerization of alkanes higher than C4

requiring strong acid sites.
It is known that anionic dopants create additional electron-

deficient regions that increase the Bronsted acid strength of a metal
oxide surface by improving the ability of neighboring hydroxyl groups
to act as proton donors [15]. As an alternative to sulfated zirconia (SZ),
tungstated zirconia (WZ) was also reported to be active for the
isomerization of C4–C8 alkanes [14,16–19]. Although the WZ catalyst
was less active than SZ, the former shows several advantages over the
latter. For instance, the WZ catalyst is much more stable than the SZ
one at high temperatures [12] and it undergoes significantly less
deactivation during catalytic reaction [20]. Lopez et al. [8] reported
that the use of WZ catalyst has active sites equal to sulfuric acid for
catalyzing biodiesel-forming transesterification reaction. Another
advantage of WZ catalyst is that its deactivation appears to be not
rapid for transesterification reaction of triglycerides with methanol
[8,21]. Ramu et al. [22] also reported that the various W loadings on
zirconia and various calcination temperatures affected the phase
change of zirconia and consequently the catalyst activity on
esterification reaction for biodiesel production process. In addition,
some papers reveal that surface structure and phase of zirconia have

http://dx.doi.org/10.1016/j.fuproc.2011.03.016
mailto:bunjerd.j@chula.ac.th
http://dx.doi.org/10.1016/j.fuproc.2011.03.016
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effects on the catalyst activity as well [23–25]. Since nature of surface
and defects of zirconia can affect on its properties. Therefore, it is of
great benefits to investigate the deep impact of nature of surface and
defect of zirconia on its catalytic properties. Among studies, Lui et al.
[26] created defection on zirconia surface by calcination at different
temperatures. Another research [24] showed that the surface defect of
zirconia can be created by altering the calcination atmospheres.

In this present work, the nanocrystalline zirconia particles were
first synthesized via the solvothermal method, and then calcined
upon different atmospheres using H2, N2, O2 and air. The obtained
zirconia samples as supports were further impregnated with tungsten
(VI) chloride to produce WZ catalyst and being used for transester-
ification of triacetin with methanol. In fact, the triacetin was used in
this study since it is a model compound for larger triglycerides that
has been found in many vegetable oils and fats [8]. Besides, it is also
used to minimize the side effect of FFAs from crude oil. The effects of
different calcination atmospheres of zirconia samples on the
characteristics and catalytic properties of WZ catalysts were eluci-
dated by means of various techniques, such as N2 physisorption,
X-ray diffraction (XRD), transmission electron microscopy (TEM)
with the selected area electron distribution (SAED) and electron spin
resonance (ESR).
2. Experimental

2.1. Preparation of nanocrystalline ZrO2

The nanocrystalline ZrO2 particles were prepared using the
solvothermal method in the same manner as that of Kongwudthiti
et al. [27]. Zirconium n-butoxide (97%, Aldrich) was used as the
starting material. Approximately, 25 g of zirconium n-butoxide was
suspended in 100 ml of 1,4-butanediol (Aldrich) in a test tube, which
was then placed in a 300 ml autoclave. The 25 ml of the same solvent
was filled in the gap between the test tube and the autoclave wall. The
autoclave was purged completely by nitrogen after that it was heated
up to the desired temperature at 300 °C with the rate of 2.5 °C min−1.
The temperature was held constant at 300 °C for 2 h, and then cooled
down to room temperature. After the autoclave was cooled to room
temperature, the resulting product was repeatedly washed with
methanol by vigorous mixing and centrifuging. In fact, methanol was
used to remove the impurity from the precursor during synthesis of
zirconia and it is easy to evaporate during the drying process. The
obtained powders were then dried in oven at 100 °C for 1 day. Finally,
the obtained sample was calcined in a tube furnace in different
atmospheres (H2, N2, O2, and Air, solely with the flow rate of
30 cm3min−1) by heating to 500 °C with a rate of 10 °C min−1 and
holding at that temperature for 2 h.
Table 1
Characteristics of ZrO2 calcined at different atmospheres.
2.2. Preparation of tungstated zirconia (WZ) catalyst

The WZ catalysts were prepared by the incipient wetness
impregnation of the calcined zirconia samples obtained from
section 2.1 with a desired amount of an aqueous solution of tungsten
(VI) chloride (99 wt.%, Aldrich) to produce the WZ catalyst having
15 wt.% of W loading. The catalysts were dried at 110 °C for 24 h and
calcined in air at 500 °C for 3 h.
Sample SA
(m2/g)

Crystal phasea Crystallite sizea

(nm)
ESR signal (a.u.)

%t-ZrO2 %m-ZrO2 F-center Zr3+

ZrO2–H2 90.5 87.6 12.4 3.8 22,000 –

ZrO2–N2 90.1 87.4 12.6 3.6 15,510 –

ZrO2–O2 76.4 70.6 29.4 6.9 – –

ZrO2–Air 94.9 78.8 21.2 4.1 – –

ZrO2–As-syn 120.2 90.2 9.8 3.5 – –

a Based on the XRD measurement.
2.3. Catalyst nomenclature

The following nomenclature was used for samples in this study.
The ZrO2–X sample refers to the ZrO2 support calcined under X (H2,
N2, O2, and Air) atmosphere. The WZ–X sample refers to the WZ
catalyst using ZrO2 support calcined under X atmosphere.
2.4. Catalyst characterization

X-ray diffraction (XRD) patterns were recorded with a Siemens
D5000 using nickel filtered CuKα radiation. The crystallite size was
determined using the Scherrer equation by using α-alumina as the
external standard. The surface area of solid was determined by
physisorption of nitrogen (N2) using Micromeritics ASAP 2020.

The amounts of acidity were measured by using the titration
technique involved an ion-exchange step [8]. First, 0.2 g of catalyst
was dissolved in 10 ml of 3.43 M NaCl solution. Stirring was taken
place for 30 h at 28 °C, which caused the interchange ion between H+

of catalyst and Na+ of solution. Then, the solid phase was filtered out.
Solutionwas next titratedwith 0.05M of NaOH solution. The endpoint
for this titration was measured by pH meter (pH~7). The defected
surface zirconia (Zr3+ and F-center) was investigated by the electron
spin resonance spectrometer (ESR). It was conducted on ESR
spectrometer of JEOL model (JES-RE2X) on ES-IPRIT program with
the X bandmicrowave unit and frequency of 8.8–9.6 GHz. The cavity is
cylindrical and it is operating in TE 011 mode. Transmission electron
microscope (TEM) and selected area electron distribution (SAED)
used to characterize the morphology, crystallite size, and diffraction
patterns of the primary particles of the WZ samples were obtained
using the JEOL JEM-2010 transmission electron microscope operated
at 200 kV with an optical point to point resolution of 0.23 nm. The
sample was dispersed in ethanol prior to measurement.

2.5. Reaction study

The liquid phase transesterification reaction was carried out on
well-mixed batch reactor. Hot plate and stirrer were used for heat
generation and mixing. First, the solution of triacetin and methanol at
molar ratio of 1:6 were mixed in the reactor [8]. The reactor was
heated to 60 °C and the solid catalyst having the amounts of 2 wt.% of
triacetin employed was added. Sample aliquot (1 ml) was withdrawn
periodically from the reactor, quenched to room temperature, and
centrifuged in order to separate out the solid catalyst and prevent
further reaction. Reaction sample concentrations were determined
using an SHIMADZU gas chromatograph GC-14B. The reaction was
continuous on going through the stable conversion (7 h).

3. Results and discussion

3.1. Characteristics of zirconia calcined under different atmospheres

In this present study, the nanocrystalline ZrO2 particles were
synthesized via the solvothermal method. After drying, the samples
were calcined under reductive (H2), inert (N2), and oxidative (O2 and
air) atmospheres. The characteristics of samples after calcinations are
shown in Table 1. It was found that after calcination, all ZrO2 samples
exhibited the lower surface area due to sintering at high temperature
(500 °C). It should be noted that the ZrO2–O2 sample had the lowest
surface area (76.4 m2/g) among other samples indicating that the O2

atmosphere apparently resulted in more sintering. In order to identify
the crystallite phases of ZrO2, the XRD was performed. The XRD



Table 2
Characteristics of WZ catalysts obtained from different ZrO2 samples.

Sample SA
(m2/g)

Aciditya

(μmol/g)
Crystal phaseb Crystallite sizeb

(nm)
ESR signal (a.u.)

%t-ZrO2 %m-ZrO2 F-center Zr3+

WZ–H2 90.2 200 76.0 24.0 3.8 – 2362
WZ–N2 90.5 150 81.4 18.6 3.6 – 2105
WZ–O2 69.8 100 68.7 31.3 6.7 – 1260
WZ–Air 85.5 125 85.2 14.8 3.9 – 1315

a Obtained from the ion-exchange titration.
b Obtained from the XRD measurement.
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patterns for all calcined samples are shown in Fig. 1. Prior to
calcination, the ZrO2 sample exhibited the XRD peaks at 30.2°, 35.3°
and 49.8° (strong) assigned to the tetragonal phase and at 28.2° and
33.1° (weak) assigned to the monoclinic phase. The percents of
tetragonal and monoclinic phases in ZrO2 (as also shown in Tables 1
and 2) were calculated by a comparison of the area for the
characteristic peaks of the tetragonal and monoclinic phases. The
percent of each phase was determined bymeans of the Gaussian areas
h×w, where h and w are the height and half-height width of the
corresponding XRD characteristic peaks as follows [28]:

% tetragonal phase;

=
∑ h × wð Þtetragonal phase

∑ h × wð Þtetragonal phase and monoclinic phase

% monoclinic phase;

=
∑ h × wð Þmonoclinic phase

∑ h × wð Þtetragonal phase and monoclinic phase

It was found that only small fraction of monoclinic phase was
present prior to calcination. However, after calcination under different
atmospheres, all samples exhibited the higher fractions of monoclinic
phase. It revealed that calcination under oxidative atmosphere
apparently resulted in significant higher fraction of monoclinic
phase present as seen for Zr–O2 and Zr–Air samples. Only small
change was found in the samples calcined under reductive (Zr–H2)
and inert (Zr–N2) atmospheres. In our previous works [29,30], the
similar synthesized zirconia samples were calcined at only 400 °C for
2 h in the reductive and oxidative atmospheres. However, no phase
transformation from tetragonal to monoclinic was observed. Thus, in
this study, the increased calcination temperature at 500 °C was
performed to further investigate the effect of phase transformation of
zirconia along with the calcination in inert atmosphere. Upon
increased calcination temperature (500 °C), the phase transformation
from tetragonal to monoclinic was more pronounced under the
oxidative atmosphere. The crystallite size of sample was also obtained
by the XRD line broadening using Scherrer equation. As seen in
Table 1, only the ZrO2–O2 samples exhibited the remarkable change
(largest) in the crystallite size corresponding to the lowest surface
area observed. Hence, the sintering effect was more pronounced
under oxidative atmosphere.

The ESR was used to identify the surface nature of ZrO2 calcined
under different atmospheres. The ESR spectra for all ZrO2 samples are
Fig. 1. XRD patterns of different ZrO2 samples.
shown in Fig. 2. It revealed that no strong ESR signals can be detected
for the dried-ZrO2 (As-syn), ZrO2–O2, and ZrO2–Air samples. Howev-
er, the strong ESR signals for ZrO2–H2 and ZrO2–N2 samples were
observed at g=2.003 assigned to F-center (single charged oxygen
vacancy) [24]. This is confirmed that the calcination of zirconia under
reductive atmosphere would lead to the formation of F-center as
following reaction;

Zr4+ + OH− +
1
2
H2→Zr4+ + F− + H2O

It is also worth noting that the intensity of F-center of ZrO2–H2

sample was higher than that of ZrO2–N2 sample as also shown in
Table 1. Therefore, ZrO2 was hardly reduced by H2 due to strong Zr―O
bond energy. Thus, the F-center was probably produced by the
reduction of hydroxyl group on ZrO2 surface [24]. It should be noted
that no Zr3+ (g=1.975) ESR signal as seen from ZrO2 calcined at
400 °C [29,30] under oxidative atmosphere was observed. This is
probably due to the presence of monoclinic phase after calcination at
500 °C inhibits the formation of Zr3+. However, the existence of F-
center was not affected by the presence of monoclinic phase under
reductive and inert atmosphere.
Fig. 2. ESR spectra of different ZrO2 samples.

image of Fig.�2


Fig. 4. ESR spectra of different WZ catalysts.
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3.2. Characteristics of tungstated zirconia (WZ) catalysts

Then, the different ZrO2 samples were impregnated with W to
produce theWZ catalysts. The characteristics of differentWZ catalysts
are shown in Table 2. The XRD patterns of WZ catalysts are shown in
Fig. 3. They are similar to the XRD patterns of the ZrO2 samples as seen
in Fig. 1 indicating that tungsten is well dispersed onto the ZrO2

support and cannot be detected by XRD. Considering the character-
istics of WZ catalysts, it showed that the surface area, phase
composition, and crystallite size of samples were not affected by W
loading. The acidity of WZ catalysts was determined using chemical
titration techniques [20]. The results, as also shown in Table 2,
indicated that the acidity ofWZ catalysts increasedwithin the order of
WZ–H2NWZ–N2NWZ–AirNWZ–O2.

In order to elucidate the effect of W loading on surface nature of
ZrO2, the ESR measurement of WZ catalysts was also performed. The
ESR spectra for all WZ catalysts are shown in Fig. 4. All samples
exhibited the characteristic ESR signals for Zr3+ at g=1.975 and
g=1.957 [24,26], while the ESR signals for F-center for ZrO2–H2 and
ZrO2–N2 samples were absent. Zhao et al. [24] reported that the Zr3+

detected by ESR can be described as the oxygen coordinatively
unsaturated zirconium sites on the ZrO2 surface. The intensity of Zr3+

obtained from ESR signal was determined and reported in Table 2. It
increased upon the following order; WZ–H2NWZ–N2NWZ–AirNWZ–
O2, which was related to increased acidity of WZ catalysts. It is known
that the intensity of F-center signal (as seen only in ZrO2–H2 and ZrO2–

N2 samples) on zirconia surface is disproportional to that of Zr3+

signal. The appearance of these two signals is related in adverse effect.
It may be because the electronic density redistribution can be
relocated between Zr3+ and the closest oxygen vacancy. By calcination
in reductive and oxidative (calcination of WZ catalysts) atmospheres,
the electronic density can move to F-center and Zr3+, respectively.
Hence, this reaction can be altered by calcination condition. The results
of the disappearance of the F-center (V0

−) in oxidative atmosphere can
be drawn based on thework reported by Frolova and Ivanovskaya [31]
as follows;

Zr3+ −½V0�→
H2

←
O2

Zr4+ −½V−
0 �

TEM images along with SAED for all WZ catalysts are shown in
Fig. 5. They are almost similar. Primarily, the spheroid shape with
Fig. 3. XRD patterns of different WZ catalysts.
average size around 3 to 15 nm and irregular large shape overlayer are
observed. From SAED analysis, the spheroid shape particles could be
assigned to ZrO2 particles and the irregular shape overlayer was
assigned to tungsten oxide. The crystallite sizes calculated by TEM
image were also in good agreement with the crystallite sizes obtained
from XRD. The WZ catalysts only consisted of irregular bulk solids
trapped inside the small crystal. From EDX analysis, all bulk solids
comprised of tungsten and zirconium atoms, where W atoms were
mixed with the Zr atoms within the crystal. This result agrees with
several works, which propose that tungsten species are entrapped
inside the ZrO2 bulk forming a solid solution [22,25]. The results
suggested that there were more dispersion of WOx species on ZrO2–

H2 and ZrO2–N2 supports. All TEM images of WZ catalysts clearly
display crystalline ZrO2 lattice fringes.
3.3. Reaction study

The liquid phase transesterification of triacetin and methanol at
60 °C was used as the model reaction for comparing the catalytic
activity of all WZ catalysts. The catalytic activities of WZ catalysts are
displayed in Fig. 6. The conversions were in the range of WZ–H2

(53%)NWZ–N2 (40%)NWZ–O2 (17%)≈WZ–Air (16%). The results
were in good agreement with the acidity contents of catalyst, which
were related to the intensity of Zr3+ inWZ catalysts after calcination.
The increased acidity for WZ catalysts can be explained by the
formation of WO3 nanoparticles, which can be observed by Raman
spectroscopy and being more acidic than the surface WOx species
[32]. In earlier works, when the impregnated tungsten contents on
ZrO2 support increased, the tungsten species were changed from
monotungstate to polytungstate surface WOx and finally to form
WO3 nanocrystal. However, based on this work, the W loading was
fixed at 15 wt.%. Thus, the changes in the formation of WOx species
should be due to the different surface structure of ZrO2 after
calcination. Based on different characteristics of ZrO2, especially for
the F-center that was only present in ZrO2–H2 and ZrO2–N2 supports,
it revealed that the presence of F-center in ZrO2 can facilitate the
formation of Zr3+, and then more acidity tungsten species can be
formed.

image of Fig.�3
image of Fig.�4


Fig. 5. TEM micrographs of (a) WZ–Air, (b) WZ–O2, (c) WZ–N2, and (d) WZ–H2.
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4. Conclusions

This present study revealed the effect of different calcination
atmospheres on the nanocrystalline ZrO2 particles. It indicated that
only ZrO2 calcined in H2 and N2 exhibited the F-center based on ESR
measurement. No Zr3+ signal based on ESR was observed for ZrO2

calcined in O2 and air probably due to the presence of monoclinic
phase. The F-center present under reductive and inert atmospheres
can transform to Zr3+ after W loading and calcination. The large
amount of Zr3+ apparently facilitates the formation of high acidic
tungsten species that can increase the catalytic activity of WZ catalyst
via transesterification.
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Abstract Copolymerization of ethylene and 1-hexene for obtaining the linear low-

density polyethylene was conducted along with silicas as supports for [t-BuN-

SiMe2Flu]TiMe2/MMAO catalyst. Two silicas with different pore sizes were used

to investigate the effect of pore sizes on copolymerization. In addition, gallium was

also introduced into both silicas to improve their properties and enhance the cata-

lytic activities of the system. It was found that before modification, the larger pore

silica exhibited higher catalytic activity than the smaller one due to low internal

diffusion resistance. After modification, both silicas exhibited higher catalytic

activity comparing to their pristine condition. However, 1-hexene incorporation

in the obtained copolymers was lower. The reduced surface area of silica after

modification was the main reason for the decrease in 1-hexene incorporation. The

properties of the copolymers by means of differential scanning calorimetry, gel

permeation chromatography, and 13C NMR spectroscopy were further discussed in

more detail.

Keywords Polymer synthesis � Silica � Metallocene � LLDPE

Introduction

First commercialize in the late 1970s by Union Carbide and Dow Chemical [1],

linear low-density polyethylene (LLDPE) has continued a fast growth rate in usage
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from that time to this day. For using LLDPE in an efficient way, the specific

properties of LLDPE, such as molecular weight (Mw) distribution, stereoregularity,

and comonomer content need to be considered carefully. Metallocene is one of the

most widely used catalysts for control those properties, and thus, many studies have

been conducted with this type of catalyst [2–4]. However, the industrial application

of metallocene is usually processed in a gas or slurry phase, so the development of

supported metallocene is very important. Inorganic materials, such as SiO2, Al2O3,

and ZrO2 were applied for supported metallocene. It was, nevertheless, SiO2 that

has been reported as the most attractive support. Therefore, the studies of silica on

the role of support for metallocene catalyst have been conducted by many

researchers in many aspects. Silveira et al. [5] have reported that textural properties

of silica support were shown to influence several parameters and properties of

supported metallocene catalysts, for example, the particle size influencing on

catalytic activity. Besides the particle size, pore size is another factor that has been

investigated. Kumkaew et al. [6, 7] have discovered that pore sizes influence the

nature of the catalytic sites for supported metallocene catalyst, and then, also

influence the comonomer incorporation rate of copolymerization. Ko et al. [8]

reported that the certain pore size of support had different levels of impact on

different sizes of (co)monomer. The effect of pore size not only exists in a system

during copolymerization, but also does previously during preparation or modifica-

tion of support. Therefore, properties of support before and after modification need

to be considered to further clarify all phenomena occurring in the supported system.

In our previous study, the copolymerization of ethylene/1-hexene using the

[t-BuNSiMe2Flu]TiMe3/MMAO catalyst under homogeneous system was investi-

gated [9]. However, in this study, the similar copolymerization under the heteroge-

neous or supported system using silica support was further investigated. In addition,

the effects of pore size of silica were studied by using different pore size silica-

supported MMAO. Moreover, the effect of gallium (Ga) modification on silica was

also examined to give a better understanding on how the catalytic activity apparently

changes with Ga modification on different pore size silicas. In fact, the Ga

modification on silica was chosen because it can enhance activity in zirconocene/

MMAO catalytic system as reported by Wannaborworn et al. [10].

Experimental

Materials

All operations were manipulated under an argon atmosphere using glove box and/or

standard Schlenk techniques. [t-BuNSiMe2Flu]TiMe2 was synthesized according to

the procedure described by Hagihara et al. [11]. Ethylene was obtained from the

National Petrochemical Co. Ltd., Thailand. 1-Hexene was purchased from Aldrich

Chemical Company. Modified methyl aluminoxane (MMAO) (1.86 M in toluene)

was donated by Tosoh Akzo, Japan. Toluene was donated by the Exxon Chemical,

Thailand Co. Ltd. It was dried over dehydrated CaCl2 and distilled over sodium/

benzophenone. Silica gel from Fuji Silysia Chemical Ltd., Japan (Cariact Q-50 and
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P-10) was calcined at 400 �C for 6 h under vacuum. Gallium nitrate was purchased

from Aldrich Chemical Company, Inc., and use as received.

Preparation of Ga-modified silica support

The Ga modification of the silica support was prepared by the conventional incipient-

wetness impregnation method according to the procedure described previously [12].

The Ga source in this case was Ga(NO3). Ga was impregnated onto silica gel (Cariact

Q-50 and P-10) by 1.0 wt% of Ga. The support was dried in oven at 110 �C for 12 h,

and then calcined in air at 400 �C for 2 h.

Preparation of supported MMAO

The silica supports were prepared by in situ impregnation method which was

described by Wannaborworn et al. [10]. Silica (0.1 g) was allowed in contact with

4 mmol of MMAO for at least 2 h in a reactor with magnetic stirring, and then the

slurry of MMAO/support was obtained and ready to be used in polymerization. To

verify that all MMAO was immobilized onto the support, a batch test was conducted

together with the preparation method for the entire samples. For the batch test, after

stirring the mixture of support and MMAO for 2 h and leaving for precipitate for 1 h,

1 mL of clarified liquid was taken and injected into the polymerization reactor, where

a desired amount of catalyst was already present. If no formation of any amount of

polymer is observed, it will be evident that this clarified liquid does not contain the

free MMAO. Thus, all MMAO was immobilized on the supports completely.

Polymerization procedure

The prepared MMAO/support (0.1 g support and 4 mmol MMAO) and toluene were

introduced into the reactor. The titanium complex in toluene (10 lmol mL-1) was

put into the reactor to make the [Al]MMAO/[Ti]cat = 400. Then, the reactor was

immersed in liquid nitrogen. 0.018 mol of 1-hexene was added into the frozen reactor

(to stop or prevent possible polymerization of 1-hexene). The reactor was heated up to

the polymerization temperature at 70 �C. The polymerization was started by feeding

ethylene into the reactor, and then stopped when ethylene consumption reached to

0.018 mol (6 psi on the pressure gauge). The reactor temperature was kept constant

during the polymerization. The reaction was terminated by adding acidic methanol

and the material was stirred for 30 min. After filtration, the copolymer obtained was

washed with methanol and dried at room temperature.

Characterization

Characterization of supports

N2 physisorption: Measurement of BET surface area, average pore diameter, and

pore size distribution were determined by N2 physisorption using a Micromeritics
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ASAP 2000 automated system. X-ray diffraction: XRD was performed to determine

the bulk crystalline phases of samples. It was conducted using a SIEMENS D-5000

X-ray diffractometer with Cu Ka (l = 1.54439 Å). The spectra were scanned at a

rate of 2.4 min-1 in the range of 2h = 10�–80�.

Characterization of polymers

13C NMR spectroscopy: The copolymers were characterized using 13C NMR

spectroscopy (BRUKER AVANCE II 400) to determine the 1-hexene incorporation.

Each sample solution was prepared by dissolving 50 mg of copolymer in 1,2,4-

trichlorobenzene and CDCl3. Spectra were taken at 60 �C operated at 100 MHz

with an acquisition time of 1.5 s and a delay time of 4 s.

Differential scanning calorimetry (DSC): Thermal analysis measurements were

performed using a Perkin-Elmer DSC P7 calorimeter. The DSC measurements

reported here were recorded during the second heating/cooling cycle with the rate of

20 �C/min. This procedure ensured that the previous thermal history was erased and

provided comparable conditions for all samples. Approximately, 10 mg of sample

was used for each DSC measurement.

Gel permeation chromatography (GPC): The Mw of polymer was determined

using GPC (GPC, PL-GPC-220). Samples were prepared having approximately

concentration of 1–2 mg/mL in trichlorobenzene (mobile phase) by using the sample

preparation unit (PL-SP 260) with filtration system at a temperature of 140 �C. The

dissolved and filtered samples were transferred into the GPC instrument at 140 �C.

The calibration was conducted using the universal calibration curve based on narrow

polystyrene standards.

Results and discussion

Characterization of supports

In this study, two kinds of silica with different pore diameters were used as a

supporting material for catalyst. By investigating their porous properties with N2

physisorption, they were classified according to the size of pores. Large pore (LP)

denotes the Q-50 silica having an average pore diameter of 380 Å, and small pore

(SP) denotes the P-10 silica having an average pore diameter of 170 Å. Besides

using both silicas in pristine condition, they were modified by gallium (SP-Ga and

LP-Ga) for improving some specific properties before use. Thus, there were four

kinds of supports used in this polymerization system. The specific properties of

them are shown in Table 1. It can be seen from this table that after modification by

Ga, both supports (SP and LP) exhibited decreased surface area and also pore

volume compared to the supports before modification (SP-Ga and LP-Ga). This was

due to the partial blockage of pore by Ga nitrate used for the modification

procedure. In addition, according to the XPS investigation on Ga-modified supports

conducted by Campos et al. [13], it was suggested that Ga modifiers were mostly

deposited at the surface of the supports, but some of them can penetrate into the
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surface and being present in the bulk of the support. The average pore diameters of

the supports before and after modification slightly changed. The XRD patterns (not

shown) for all supports were similar exhibited only a board peak between 20� and

30�, as seen typically for the conventional amorphous silica. No XRD peaks of Ga

were observed after impregnation due to its highly dispersed form.

Effect of pore size of silica supports

As seen in Table 2, the LP silica exhibited higher catalytic activity than that of the

SP silica. Although most MMAO is presumed located mostly at the external surface

[10], some is located at the internal surface too. This can be observed from the effect

of pore size of the silica support which still existed in this comparison. To grasp the

effect of pore size, the internal diffusion resistance needs to be considered. In

general, the supports with SP size result in poor intra-pellet diffusion efficiency and

slow transportation of reactants and products due to strong diffusion resistance [14],

contrasting with the supports with LP size, which are able to diminish the diffusion

resistance by their large pores. Then, copolymerization conducted with LP size

support exhibited higher catalytic activity than that with SP size support. Another

parameter which provides compelling evidence is the copolymerization time of the

systems. It can be obviously seen that copolymerization time of the LP silica system

(LP and LP-Ga) was shorter than that of the SP silica system (SP and SP-Ga)

indicating that propagation rate of system with the LP silica was higher, due to

monomer and comonomer being able to reach to the catalytic active sites more

easily even located inside the pores. In addition, silica with smaller diameters could

Table 1 Specific properties of various supports obtained from N2 physisorption

Supports Pore diameter (Å) Pore volume (cm3/g) Surface area (m2/g)

SP 171 6.5 216.8

LP 369 1.36 70.9

SP-Ga 190 1.4 169.7

LP-Ga 320 0.2 68.8

Table 2 Catalytic activities in ethylene/1-hexene copolymerization with different supports

Supports Timea (s) Yields (g) Catalytic activityb

(kg polymer/mol Ti h)

SP 233 0.8681 1341

LP 170 0.7941 1682

SP-Ga 186 0.9919 1920

LP-Ga 140 0.7632 1893

a Time when all ethylene (0.018 mol) was consumed
b Copolymerization condition: Ti = 10 lmol, Al/Ti = 400, temperature = 70 �C, 50 psi of ethylene

pressure was applied
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display the lower catalytic activities probably due to the higher probability of

formation for the bimolecular species as described by Silveira et al. [15].

Effect of Ga modification on silica surface

To investigate an effect of Ga as modifying agent for silica support, comparisons

were drawn between modified and unmodified supports on both types of silica. As

seen from Table 2 (SP vs. SP-Ga, LP vs. LP-Ga), Ga modification can increase

catalytic activity in both types of silica. It has been known that adding Ga into silica

surface normally increases acidic sites to the silica support [13, 16]. These sites are

required to activate metallocene catalyst to be an active species in supported system.

Many inorganic supports which possess the strong Lewis acidic property, such as

Al2O3 and MgCl2 have been used as support for this purpose [17]. For silica,

directly using as a support for metallocene catalysts preparation resulted in inactive

catalysts formation [18]. However, in this method, MMAO took charge of main

activating agent as usual in metallocene catalyst system and Ga can assist in the

activation by increase Lewis acidity in support as mentioned. Furthermore, Ga can

be anchored on the surface of silica, thus lower interaction between active sites and

support. The result of higher catalytic activity by Ga modification accorded with the

finding of Campos et al. [19], which found that introducing Ga into supports can

improve the ability of the supports to immobilize metallocene, and then enhancing

the catalytic activity of the systems. Improving ability to immobilize (grafting the

substances) by Ga was also reported by Morrow and McFarlane [20]. They found

that the introduction of species such as PH3 and AsH3 into the silica surface was

more strongly adsorbed when silica was first reacted with the Ga.

When comparing the activities of system with Ga modification on both silica

types, it revealed that the SP silica showed slightly higher catalytic activity. This

was opposite to the result of activities before modifying the support. This is because

the SP silica has higher surface area than that of the LP silica. Then, Ga

modification, which mainly affected on the surface properties of support, can more

efficiently influence catalytic behavior in higher surface area support than the lower

surface area support. Therefore, after modification the SP silica would give the

higher activity than that of the LP silica due to higher surface area.

Characterization of copolymers

The triad distribution for all copolymers investigated by 13C NMR is also shown in

Table 3. The triad block of comonomer (HHH) was not detected for all samples.

This suggests that the good distribution of comonomer throughout the copolymer

chain existed in the systems. In addition, the products of reactivity (rErH) of some

sample (SP-Ga) also showed the characteristic of random copolymers (rErH [ 1),

and the rest of them showed the typical alternating copolymer character (rErH \ 1).

Both silicas provided higher Mws for the copolymers after Ga modification. This

was probably due to Ga modifier enhanced propagation rate, but reduced

termination rate (chain transfer) in polymerization. It was also observed that Ga
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had more effect on the Mw of polymer obtained by the smaller pore silica than the

larger one due to higher surface area of the smaller pore silica as mentioned earlier.

Effect of pore size of silica supports

It can be observed from Table 3 that both pore size silicas produced copolymers

with nearly the same incorporations of 1-hexene (SP and LP). In general, the LP

silica should supply more comonomer for propagating the copolymer chain than the

SP silica due to lower diffusion resistance within the pores. However, another factor

which can influence on the incorporation of comonomers is the surface area of the

supports. Regarding to surface area, the support with large surface area is expected

to produce copolymers with high incorporation of comonomer as a result of more

space between active sites dispersed on its surface area compared to the support

with smaller surface area, as seen in Fig. 1. Then, the SP size silica with higher

surface area would probably result in high comonomer incorporation with this

effect. Therefore, from the result that showed a roughly equal amount of 1-hexene

comonomer incorporation for two different textures of silicas indicated that both

effects (pore size and surface area) have a profound impact at the same level upon

the incorporation of 1-hexene in the obtained copolymers.

Table 3 Properties of the obtained copolymers examined by 13C-NMR and GPC

Supports EEE EEH HEH EHE EHH HHH rErH
a % Hb Mw

c

SP 0.367 0.269 0.041 0.156 0.166 0.000 0.969 32.2 26

LP 0.359 0.272 0.046 0.163 0.159 0.000 0.873 32.3 24

SP-Ga 0.410 0.246 0.038 0.149 0.157 0.000 1.108 30.6 37

LP-Ga 0.422 0.280 0.039 0.159 0.099 0.000 0.737 25.8 27

a Relative comonomer reactivities (rE for ethylene and rH for 1-hexene) calculated by rE = 2[EE]/[EH]X,

rH = 2X[HH]/[EH], [EE] = [EEE] ? 0.5[HEE], [HH] = [HHH] ? 0.5[EHH], [EH] = [HEH] ?

0.5[HEE] ? [EHE] ? 0.5[EHH]
b 1-Hexene incorporation
c Molecular weight (kg/mol) obtained from GPC

Fig. 1 Comparison of active
site dispersion on the different
surface areas
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Effect of Ga modification on silica surface

Comparing between SP and SP-Ga alongside LP and LP-Ga, we found that when

modifying surface of silica support with Ga, the 1-hexene incorporations were

decreased in both types of silica. This can be explained by the effect of surface area.

Since both silicas had lower surface area through modifying procedure by Ga as

follows; in LP 70.9 to 68.8 m2/g and in SP 216.8 to 169.7 m2/g. Although incipient-

wetness impregnation used in the modification is the easiest method of introducing a

metal precursor, it results in the precipitation of small particles of the salt onto the

support surface [21]. Therefore, the decrease in the surface area may be due to the

partial blockage of pore by excess Ga nitrate. As seen from Fig. 2, the excess

substances more seriously affect on the decrease in surface area of the SP silica than

the LP silica because the SPs can be blocked by the deposit easier compared to the

LP. Therefore, after modification with Ga, the significant decrease in surface area

occurs in the SP silica, contrasting to that with the LP silica, which has only slight

decrease. The average pore diameter shown in Table 1 also reveals that the

blockage seriously affects on the smaller pore sizes by decreasing the population of

the smaller pore sizes (the SPs become shallower until disappear), and then the

average pore sizes are shifted to higher value (from 171 to 190 Å).

The decrease in 1-hexene incorporation in the copolymer obtained from both

silicas after modification by Ga was opposite to the decrease in surface area. The

significant decrease was observed for the LP silica instead. The reason for this can

be explained as seen in Fig. 2. The active sites with high enough space for high

1-hexene incorporation were indicated in the figure by an open square while a filled

square indicated the active sites with insufficient space for high 1-hexene

incorporation. It can be seen that high space sites (open square) in the LP silica
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Fig. 2 Conceptual model for impact of pore blockage on supports with different pore sizes
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were decreased noticeably after modification, whereas the number of the high space

sites in the SP silica remained the same. The high space sites in the SP silica are

always located outside the pores, and therefore they can not be affected by the

deposit of excess Ga inside the pores. On the other hand, in the LP silica, these sites

are sometimes located inside the pores, then the deposit on the wall of pores can

hinder them from being reached by a large size molecules, especially for 1-hexene

comonomer. Hence, the incorporation of 1-hexene in the LP silica system decreased

significantly after the support was modified by Ga.

In addition, this proposed model (Fig. 2) can explain the previous results reported

by our research group that sites with no or low 1-hexene incorporation rates

(insufficient space site, filled square) were more prevalent at short polymerization

times [7]. It can be seen from the model that the said sites usually located inside the

pore, so therefore at initial time of polymerization it still had an impact in

polymerization. After the long period of polymerization, the supports were covered

by the growing chain of polymer and then, hindered the (co)monomer to reach

inside of pores, thus decreasing the impact of the sites located inside the pores in

polymerization. So if the polymerization time was longer, it would be found the

fraction of polymer producing from sites with no or low 1-hexene incorporation

rates. However, this model should be used together with the multigrain model [22]

and the fragmentation of the particles should be neglected.

The model in Fig. 2 also indicated that different types of catalytic sites are present

in these catalysts, according to the findings of Kumkaew et al. [7] which suggested

that pore sizes can influence the type of catalytic sites present in the supports. The

various sites derived from different environments which mainly point to steric

hindrance as seen in the model. The hindrance is not just to the monomer to attack the

site, but also to MMAO in forming cocatalysts-counterion fit and salvation, which

plays a significant role in the structures and energetic of the ion pairing proposed by

Lanza et al. [23]. Therefore, the alteration of selectivity by different pore sizes may

be one of the reasons for the change in 1-hexene incorporations.

To support that the copolymers were obtained from different catalytic sites, one

simple technique that can be used for this purpose is the DSC. As known, the DSC

endotherms were influenced by many factors such as the crystallinity and Mw of

polymer, then being difficult to identify each peak occurring clearly. However, they

could brief necessary information about characteristic of catalyst as recommended

by Kumkaew et al. [7] that DSC of nascent polymer may provide information on

heterogeneity of supported polymerization catalysts.

From Fig. 3, it can be seen that the copolymers obtained from the unmodified

supports exhibited several DSC endotherm peaks, whereas the ones obtained from

the Ga-modified supports exhibited broader peaks. Nevertheless, all of them

indicate multiple types of catalytic sites. The slight difference in characteristic of

peaks between the Ga-modified support and the unmodified one may be derived

from the change in surface nature of the support after modification, particularly the

heterogeneous nature. Another parameter that provides information about hetero-

geneity of the support is the molecular weight distribution (MWD) of the obtained

polymers. The MWD as measured by GPC of the samples are; SP = 2.8, SP-Ga = 2.9,

LP = 1.8, and LP-Ga = 2.3. It can be seen that after modification both silicas
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exhibited broader MWD values, suggesting more heterogeneous nature. This may

imply that silicas after modification by Ga have a greater degree of heterogeneity in

catalytic sites. Therefore, it can be concluded that Ga addition into silica also

changed the nature of catalyst and provide more heterogeneity in catalytic sites to

supported system.

Conclusion

The higher catalytic activity of the LP silica was observed as a result of low internal

diffusion resistance. However, after Ga modification, the SP silica exhibited higher

catalytic activity. This is because Ga modification, which mainly improves

properties of surface, more efficiently influences properties on silica with higher

surface area. Then, the SP silica with higher surface can receive more improvement

from Ga and raising more catalytic activities than the LP silica with lower surface

area. Moreover, effect of surface area also caused change in 1-hexene incorporation,

where a decrease in 1-hexene incorporation was evident with decreased surface

area. In addition, different types of catalytic sites were observed, and then used to

construct a model which helped explain the results.
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Abstract: In the present study, copolymerization of ethylene and 1-hexene was  
conducted with a series of ansa-fluorenylamidodimethyltitanium complexes, including  
[t-BuNSiMe2Flu]TiMe2 (complex 1), [cyclododecylNSiMe2Flu]TiMe2 (complex 2) and  
[t-BuNSiMe2(2,7-t-Bu2Flu)]TiMe2 (complex 3), activated by MMAO. The effect of these 
catalysts on catalytic behavior, namely activity, molecular weight and monomer reactivity 
ratios, has been investigated. The results showed that all of them acted by a single site 
polymerization mechanism and the molecular weight distribution is independent of catalyst 
structure. Based on the study, it revealed that the introduction of a t-butyl at the 2,7 
position on the fluorenyl ligand is able to enhance both catalytic activity and copolymer 
molecular weight more than introducing a cyclododecyl on the amine, which is probably 
associated with the electronic effect exerted by the t-butyl substituent. The comonomer 
incorporation content was controllable over a wide range by adjusting the comonomer feed 
ratio. Moreover, referring to monomer reactivity ratio exploration, it seems that the 
substitution on the ansa-fluorenylamidodimethyltitanium complex tends to hinder the 
insertion of 1-hexene into the polymer chain, leading to the highest 1-hexene content for 
traditional complex 1.  
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1. Introduction  

At present, linear low density polyethylene (LLDPE) is regarded as an important type of 
polyethylene and is also well recognized as economically attractive, accounting for more than half of 
the annual worldwide polymer production due to its distinctive processing and mechanical properties 
[1]. Copolymerization of ethylene and α-olefins, such as 1-butene, 1-hexene and 1-octene, is a general 
way to generate LLDPE with short chain branching. This copolymerization usually involves a 
constrained geometry catalyst (CGC) which has opened active sites for easy insertion of high α-olefins 
[2-5]. Superior to conventional Zeigler-Natta and metallocene catalysts, CGCs are capable of 
improving products in terms of much higher comonomer incorporation, narrower comonomer and 
molecular weight distribution which leads to better mechanical and physical properties. However, the 
incorporation of α-olefins that would result in the polymer properties depends on the structure of 
catalyst employed during copolymerization [1,6,7]. In fact, small variations of the ligand structure or 
ligand substituents may cause profound changes in the catalytic activity, copolymerization behavior 
and properties of the resulting polymer [3-5,8]. Therefore, by knowing the nature of catalysts, 
properties can be controlled and altered in order to achieve the desired LLDPE. 

In this research, complexes 1, 2 and 3 (Scheme 1) were synthesized and further used as the catalysts 
for ethylene/1-hexene copolymerization to investigate the effect of the CGC-titanium complex on the 
copolymerization behavior. 

Scheme 1. Ethylene/1-hexene copolymerization system. 
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2. Results and Discussion  

The ethylene/1-hexene copolymerization with catalyst complexes 1, 2 and 3 was carried out at 273 
and 298 K under atmospheric pressure whereas the polymerization time of each batch was adjusted so 
as to keep the comonomer conversion relatively constant for the purpose of acceptable reactivity ratio 
evaluation. The catalytic results are tabulated in Table 1.  

 
Table 1. Summary of ethylene/1-hexene copolymerization catalytic activities and 
properties of copolymers. 

Entry a) 
1-

hexenem
ol.L−1 

Time 
s 

Yield 
g 

Activity b) 
kg.mol−1 Ti.h−1

cont 
c) % 

Mw d) 

kg.mol−1 MWD e)

T 0.75 60 0.6832 2050 - - - 

1-1 0.075 210 0.0265 23 37.2 27 1.44 

1-2 0.15 240 0.0835 63 37.8 25 1.53 

1-3 0.45 360 0.2477 122 62.1 44 1.73 

1-4 0.75 200 0.3688 221 74.3 49 1.53 

1-5 1.5 180 0.3691 369 72.1 60 1.51 

2-1 0.075 180 0.0813 81 30.1 26 1.61 

2-2 0.15 120 0.1514 227 40.7 35 1.47 

2-3 0.45 120 0.2250 338 57.9 36 1.54 

2-4 0.75 150 0.3399 408 66.9 38 1.58 

2-5 1.5 180 0.6160 616 78.0 71 1.48 

3-1 0.075 45 0.0856 342 33.8 37 1.7 

3-2 0.15 45 0.1167 467 47.2 64 1.48 

3-3 0.45 40 0.2089 940 64.1 166 1.83 

3-4 0.75 35 0.5272 2711 63.0 329 1.70 

3-5 1.5 30 0.6006 3604 68.3 415 1.50 
a) Entry T, 1-1, 1-2, 1-3, 1-4 and 1-5 used complex 1 as catalyst; Entry 2-1, 2-2, 2-3, 2-4 and 2-5 
used complex 2 as catalyst; Entry 3-1, 3-2, 3-3, 3-4 and 3-5 used complex 3 as catalyst;  
b) polymerization condition: [Ti] = 20 µmol, MMAO as cocatalyst, [Al]/[Ti] = 400, liquid volume 
(toluene) = 30 mL, ethylene pressure = 1 atm, temperature = 273 K (except Entry T (293 K));  
c) 1-hexene content in copolymer determined by 13C NMR; d)molecular weight determined by GPC 
using PS standard; e)molecular weight distribution (Mw/Mn) determined by GPC using PS standard. 
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Regarding the result of Entry T in Table 1, it can be seen that the activity of the complex 1 when the 
reaction was performed at 293 K was very high (2,050 kg.mol−1 Ti.h−1), leading to difficulty in 
controlling the comonomer conversion. As a consequence, the other polymerization temperature 
conditions were reduced to 273 K. For comparison of the three sets of catalytic systems, including 
using catalyst complexes 1, 2 and 3, the activity towards ethylene/1-hexene was in the order complex  
3 > complex 2 > complex 1. In detail, the attachment of t-butyl groups at the 2,7 positions of the 
fluorenyl ring significantly impacted the catalytic behavior of the CGC complex, causing about 7–10 
times higher activity than that obtained from the original nonsubstituted complex 1. This was in good 
agreement with the previous research on propylene polymerization under the specified polymerization 
conditions [9]. It also showed that this increased catalytic activity is presumably due to an 
enhancement of the propagation rate by the electronic effect of the alkyl groups. The introduction of 
cyclododecyl on the amine group also resulted in an increase of activity, but less pronounced.  

Likewise, a similar trend in copolymerization activity for these complexes can be observed. As the 
1-hexene feed concentration rose, the catalytic activity increased. Relating to Table 1, it is fair to say 
that the activity displayed by complex 3 was more sensitive to the comonomer concentration. This 
phenomenon has been generally known as “comonomer effect” and has been described in a large 
number of reports [2,10]. The rate-time profiles of copolymerization demonstrated that all profiles 
were similar, starting with the minimum initial value and then gradually increasing with time, 
proposing that no deactivation of catalyst occurred during the copolymerization. 

The relevant GPC results of obtained copolymers are collected in Table 1. All of resultant polymers 
possessed middle to high molecular weight and unimodal molecular weight distribution (Mw/Mn < 2), 
conforming the single site polymerization behavior of the three complexes. Nevertheless, it is 
noticeable that the molecular weight of copolymer obtained with complex 3 was 3–5 times higher than 
that of the corresponding copolymers obtained with the remaining complexes. Therefore, we may 
concluded that the 2,7 t-butyl substituent has a profound effect on a molecular weight increase. This is 
probably ascribable to the fact that the electronic effect exerted by the substituent reduces the rate of 
chain termination. Considering the relationship between the molecular weight and comonomer feed 
concentration, the molecular weight of all copolymers produced by the three titanium complexes 
increased with the rise of concentration, contrary to the literature [2]. This trend was rather unexpected 
since comonomer incorporation usually favors chain termination on account of terminal double bonds 
formed by hydride β-elimination which are mainly between comonomer units, consequently causing 
lower molecular weight copolymers. 

A quantitative analysis of triad distribution was carrried out using 13C-NMR spectra assignment [11] 
of ethylene/1-hexene copolymer and is shown in Table 2. As expected, for each catalyst complex 
employed, the incorporation of comonomer increased with an increase in 1-hexene concentration in the 
reaction medium. Even though the content was slightly dependent on the complex used, all CGC 
complexes yielded the copolymers with high 1-hexene content (>30% mol).  

The best way to investigate a copolymerization is to measure the reactivity ratios of the ethylene 
monomer (rE) and 1-hexene comonomer (rH) which are defined as the ratio of homopropagation to the 
crosspropagation rate constants. Thus, in this work, the reactivity ratios were calculated from the 
Fineman-Ross method and also from the Kelen-TÜdÖs method [12,13]. 
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Table 2. Triad distributions of obtained copolymers determined by 13C NMR. 

Entry 1-hexene 
mol.L−1 

[HHH] 
% 

[EHH]
% 

[EHE]
% 

[EEE]
% 

[HEH] 
% 

[HEE] 
% 

[H] 
% 

1-1 0.075 0.0 23.8 13.4 15.8 10.5 36.5 37.2 

1-2 0.15 0.0 21.9 15.9 19.4 10.8 32.0 37.8 

1-3 0.45 19.9 32.5 9.7 4.7 18.8 14.4 62.1 

1-4 0.75 36.8 33.3 4.2 0.0 15.9 9.8 74.3 

1-5 1.5 28.7 37.4 3.5 0.0 14.0 16.4 72.1 

2-1 0.075 0.0 11.7 18.4 28.4 7.0 34.5 30.1 

2-2 0.15 7.8 14.8 18.1 21.8 13.5 24.0 40.7 

2-3 0.45 16.5 28.4 13.0 6.3 18.6 17.2 57.9 

2-4 0.75 48.3 11.6 7.0 13.4 19.7 0.0 66.9 

2-5 1.5 43.8 34.1 0.0 0.0 12.1 9.9 78.0 

3-1 0.075 4.6 10.4 18.8 28.2 10.0 27.9 33.8 

3-2 0.15 8.8 20.6 17.8 11.7 15.1 26.0 47.2 

3-3 0.45 29.8 24.5 9.8 5.6 13.7 16.7 64.1 

3-4 0.75 27.1 25.8 10.0 6.6 15.4 15.0 63.0 

3-5 1.5 31.4 32.3 4.6 2.1 11.8 17.8 68.3 
 

For the calculations, all copolymerizations of each series were used, except the one with the lowest 
concentration due to the fact it was the most affected by the experimental error. Figures 1 and 2 show 
the Fineman-Ross and the Kelen-TÜdÖs plots for the complexes 1, 2 and 3, respectively, and the least 
squares best fit line. In general, a good fit of the experimental results in the straight line was observed 
in most cases. Table 3 gathers the reactivity ratios that were calculated from the mentioned methods. 
As seen on the Fineman-Ross and Kelen-TÜdÖs plots in Figures 1 and 2, the values of rE and rH 
determined by the former fitted the experimental data obtained. Thus, a straighter line can be observed. 
In other words, the Fineman-Ross model was likely to give a better fit to the real data than the Kelen-
TÜdÖs model. In fact, the 1-hexene reactivity ratio (rH) is able to describe the preference of 1-hexene 
incorporation into a polymer chain compared with the ethylene in the same chain end. Hence, with 
regard to Table 3, it can be observed that, all employed titanium complexes resulted in a tendency of 
ethylene incorporation into the polymer chain in comparison with 1-hexene. Furthermore, the 
difference in rH owing to the structure of the CGC catalyst was found. The increasing ratio of 1-hexene 
reactivity (rH) along with the enhancing capability of catalyst complexes to provide higher 1-hexene 
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content in copolymer can be concluded as follows: complex 1 > complex 2 > complex 3. According to 
this result, it can be proposed that the attachment of each substituent group on ansa-fluorenyl 
amidodimethyltitanium complex seems to be an obstacle for higher α-olefin insertion. Overall, the 
values of rErH of the polymers obtained from all titanium complexes suggested a tendency of the 
formation of alternating copolymer structure (rErH < 1). 

 
Figure 1. Fineman-Ross plots for the copolymers obtained with a) complex1 b) complex2 
and c) complex3 where F = the mole ratio of ethylene and 1-hexene in the feed and f = the 
mole ratio of ethylene and 1-hexene in the copolymer. 

 

Figure 2. Kelen-TÜdÖs method plots for the copolymers obtained with a) complex 1 b) 
complex 2 and c) complex 3 where η = G/(α+F’), ξ = F’/(α+F’), G = (f-1)F/f, F’ = F2/f,  
α = (F’maxF’min)0.5, F = the mole ratio of ethylene and 1-hexene in the feed and f = the mole 
ratio of ethylene and 1-hexene in the copolymer.  
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Figure 2. Cont. 

 

Table 3. Reactivity ratios for each copolymerization system. 

Complex rE a) rH b) rE c) rH d) 

1 0.97 0.44 0.76 0.30 

2 0.69 0.30 0.79 0.33 

3 0.26 0.24 0.32 0.10 
a) Ethylene reactivity ratio calculated by Fineman-Ross method; b) 1-hexene reactivity ratio 
calculated by Fineman-Ross method; c) Ethylene reactivity ratio calculated by Kelen-TÜdÖs 
method; d) 1-hexene reactivity ratio calculated by Kelen-TÜdÖs method. 

3. Experimental  

3.1. Materials 

All operations were performed under nitrogen gas using Schlenk techniques and all solvents were 
dried by usual procedures and freshly distilled before use. MMAO was donated by Tosoh-Finechem 
Co. Ltd. Research grade ethylene (Takachiho Chemicals Co.) was purified by passing it through 
columns of NaOH, P2O5, and 3Å molecular sieves, followed by bubbling through a 
NaAlH2Et2/1,2,3,4,-tetrahydronaphthalene solution. CGC complexes were synthesized according to 
procedures reported previously [14,15]. 

3.2. Polymerization Procedure 

Ethylene/1-hexene copolymerization was performed in a 100 mL glass reactor equipped with a 
magnetic stirrer. After a desired amount of 1-hexene was dissolved in a toluene solution of MMAO, 
copolymerization was started by adding 1 mL solution of catalyst (20 µmol). The polymerization was 
conducted for a certain time, and then was terminated by adding HCl/methanol solution. The obtained 
polymers were dried under vacuum at 333 K for 6 h. 
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3.3. Analytical Procedure  

The molecular weight and molecular weight distribution were determined by GPC Waters 150 CV 
at 408 K using o-dichlorobenzene as a solvent and calibrated with polystyrene standards.The 13C-NMR 
spectra of copolymers were recorded at 403 K on a JEOL GX 500 spectrometer operated at  
125.65 MHz in the pulse Fourier-transform mode. The samples were prepared from using 1,1,2,2-
tetrachloroethane-d2 and the central peak of the solvent (74.47 ppm) was used as an internal reference. 

4. Conclusions  

Three CGC complexs, comprising complex 1 (unsubstituted complex), complex 2 (cyclododecyl 
substituent on the amine group) and complex 3 (2,7 t-butyl substituents on the fluorene ring), activated 
by MMAO were employed for ethylene/1-hexene copolymerization at 273 K to produce LLDPE. The 
introduction of both substituents is able to improve the activity and copolymer molecular weight. 
Nonetheless, it can be noticed that the 2,7 t-butyl group considerably impacted those features, 
achieving the highest activity of 3604 kg·mol−1 Ti·h−1 and the highest molecular weight of  
415 kg.mol−1. The polydispersity values of all obtained copolymers are less than 2, suggesting the 
single site behavior of all three titanium catalyst complexes. Moreover, the 1-hexene content of 
copolymers can be controlled by changing the comonomer feed concentration and is dependent on the 
catalyst structure as well. The comonomer reactivity ratio (rH) result revealed that nonsubstituted 
titanium CGC complex yielded the highest tendency to incorporate 1-hexene into the copolymer chain. 
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Abstract In this study, the influences of the Ti oxidation state on the catalytic

properties of MgCl2-supported Ziegler–Natta catalysts in ethylene homo- and

co-polymerization with 1-hexene were investigated. Three catalysts having different

Ti oxidation states were synthesized by milling TiCl4, TiCl3, or TiCl2 together with

MgCl2. With these catalysts having different Ti oxidation states, the polymerization

conditions such as the Al concentration, temperature, and 1-hexene concentration

were varied to figure out their catalytic abilities in ethylene homo- and co-poly-

merization. The Ti oxidation state affected the catalyst activity largely, having

unique dependences on the polymerization conditions. A higher oxidation state led

to a higher activity, slightly larger comonomer incorporation, and lower molecular

weight as well as its narrower distribution. However, rough characteristics of

copolymers were similar among the different Ti oxidation states.

Keywords Ziegler–Natta catalyst � Titanium oxidation state � Polyethylene �
Ethylene/1-hexene copolymerization � Ethylene polymerization

Introduction

Current industrial production of polyethylene and polypropylene still largely

depends on MgCl2-supported heterogeneous Ziegler–Natta (ZN) catalysts [1–3].

The mechanical and rheological properties of polyethylene and polypropylene are
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strongly affected by molecular weight (MW) and molecular weight distributions

(MWD) [4–6, 8, 9] as well as by chemical composition distribution (CCD) in the

case of copolymer. Therefore, it is industrially crucial to control these parameters by

catalyst and polymerization technologies.

Homogeneous catalysts represented by metallocene catalysts are generally

single-site catalysts so as to give monodisperse MW and chemical composition, and

are advantageous in the incorporation of bulky or polar co-monomers. On the other

hand, ZN catalysts are multi-sites catalysts and generally lead to broad MWD and

CCD, which have been regarded to be advantageous for some polymer properties.

To control the MWD and CCD of polymers with Ziegler–Natta catalysts, the

nature of active sites is critically important in a sense that different active sites

produce polymers with different MWs and CCs. Several factors are responsible for

the nature of active sites such as Ti nucreality [4, 7], dispersion [10], oxidation state

[11, 13–19], interaction with MgCl2 support [7, 12], and so on. The oxidation state

of Ti species has been regarded as one of the key factors to cause CCD and MWD;

Ti species undergo stepwise reduction during polymerization and as a result the Ti

oxidation state becomes a mixture of tetravalent (Ti4?), trivalent (Ti3?), and

divalent (Ti2?) states [17]. Many researchers have investigated the relationship

between Ti oxidation state and polymerization performance. Baulin et al. [13]

studied the effects of the Ti oxidation state on the activity of a TiCl4/MgO catalyst

by increasing alkylaluminum concentration. A contact of a TiCl4/MgO catalyst with

A1Et3 under conditions similar to those of polymerization (A1/Ti of 150-200 for 1 h

at 70 �C), more than 90% of Ti4? was reduced (96% to Ti3? and 4% to Ti2?). They

were not able to find any quantitative correlation between the degree of Ti reduction

and catalytic activity. It was found later that the catalytic activity decreased by

precontact between catalyst and alkylaluminum [14, 17]. An even stronger

reduction (80% Ti2? and 20% Ti3?) has been reported by Kashiwa et al. [17] for

a TiC14/EB/MgC12 catalyst after a 2-h reaction with A1Et3 (A1/Ti = 50) at 60 �C.

They also observed that the catalyst thus obtained was only slightly active for the

polymerization of ethylene and completely inactive for propylene polymerization;

however, the activity was recovered by re-oxidizing Ti with a chlorinating agent

such as t-BuCl. It was concluded that a direct relationship exists between the

activity and Ti oxidation state. Kissin et al. [20] studied a relationship of the

molecular weight and chemical composition with the Ti oxidation state by varying

the polymerization time from 5 to 40 min. Based on deconvolution of molecular

weight and crystallinity distributions in gel permeation chromatography (GPC) and

temperature rising elution fractionation (TREF), they obtained the following

conclusions: (i) Ti4? is active for ethylene and propylene homopolymerization and

for ethylene/a-olefin copolymerization, and produces polymers with low molecular

weights and high comonomer contents (ii) Ti3? is also active for the above

mentioned polymerization, producing polymers with moderately high molecular

weight (iii) Ti2? is active only for ethylene homopolymerization, giving very high

molecular weight polymers. Zakharov et al. [6] have prepared Ti2? (g6-benzene-

Ti2Al2Cl8), Ti3? (TiCl3�n-dibutylether), and Ti4? (TiCl4) supported on MgCl2, and

investigated behaviors of different Ti oxidation states in ethylene polymerization

and ethylene/1-hexene copolymerization. Their results demonstrated that Ti2?,
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Ti3?, and Ti4? were highly active in both of ethylene polymerization and ethylene/

1-hexene copolymerization, on the contrary to the results obtained by Kissin et al.

[20]. The advantage of their work for the effects of the Ti oxidation state is to have

prepared the catalysts from precursors with the corresponding oxidation states.

However, not only the oxidation state but also the presence of the extra ligands such

as n-dibutylether, and g6-benzene and Al2Cl6 might affect the catalytic behavior and

polymer properties. In other words, it is not sure if the nature of g6-benzene-

Ti2Al2Cl8 is similar to that of TiCl2 formed by reaction of TiCl4 with

alkylaluminum. Another research [21] showed that a higher temperature or a larger

alkylaluminum/TiCl4 ratio increases the activity until some optimum value for the

average oxidation state is achieved, while the activity starts to drop beyond the

optimum value. The optimum average oxidation state was Ti2.2? for ethylene

polymerization. A similar relation between the catalytic activity and optimum

oxidation state was also found for different types of ZN catalysts such as TiCl2,

SiO2/MgCl2/THF/TiCl4, and AlCl3/TiCl4 [22–24]. In finding a relationship of the

oxidation state with MW and MWD of polyethylene, Zakharov et al. [5] conducted

a comprehensive study with systematically varying the Ti oxidation and dispersion

states using the above-mentioned three precursors [5, 6]. They found that isolated

Ti2? and Ti3? ions supported on MgCl2 were more active than a supported TiCl4
catalyst, which turned into a mixture of isolated and clustered Ti3? after the

interaction with alkylaluminum. Moreover, it was shown that produced polyeth-

ylene had similar MW and MWD in spite of the sharp distinctions in the Ti

oxidation and dispersion states for their catalysts. Thus, the source of MWD was not

straightforwardly understood.

From the previous reports mentioned above, the effects of the Ti oxidation state

are still controversy on the catalytic activity, polymer molecular weight, and

comonomer response in olefin polymerization using Ziegler–Natta catalysts. The

co-presence of different Ti oxidation states during polymerization is still an

importance problem. In this study, TiCl2, TiCl3, and TiCl4 were directly supported

on MgCl2 to get better understanding on the role of the Ti oxidation state in ethylene

homopolymerization and ethylene/1-hexene copolymerization. The activity behav-

ior was found to be sensitive to the oxidation state of the TiClx precursors, while

polymer structures such as MW and CC were basically insensitive, supporting the

previously obtained results [5, 6].

Experimental

Materials

Anhydrous MgCl2 and a-TiCl3 (donated by Toho Titanium Co., Ltd.), TiCl4 (Wako

Pure Chemical Industries, Ltd.), anhydrous TiCl2 (Aldrich) and AlEt3 (donated by

Tosoh Finechem Co.) were used without further purification. Heptane (Wako Pure

Chemical Industries, Ltd.) was used after dehydration by passing through a column

with molecular sieve 13X, and 1-hexene (Wako Pure Chemical Industries, Ltd.) was

distilled with sodium/benzophenone.
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Catalyst preparation

Three kinds of MgCl2-supported catalysts with different Ti oxidation states were

prepared as follows [10].

(i) TiCl2/MgCl2: 36 g of MgCl2 and 2.34 g of TiCl2 were put into a 1 L stainless

steel pot containing 55 stainless steel balls (25 mm diameter) and then

vibration ball-milled under nitrogen for 30 h at RT.

(ii) TiCl3/MgCl2: 36 g of MgCl2 and 3.1 g of TiCl2 were similarly milled for 30 h

at RT.

(iii) TiCl4/MgCl2: 108 mL of TiCl4, 108 mL of heptane and 36 g of MgCl2 were

similarly milled for 30 h at RT, and then the ground product was treated with

TiCl4 (200 mL) at 90 �C for 2 h with stirring under nitrogen, followed by

washing with heptane repeatedly.

These catalysts, TiCl2/MgCl2, TiCl3/MgCl2, and TiCl4/MgCl2, are designated as

Ti2M, Ti3M, and Ti4M. Their titanium contents were 2.36, 2.31, and 1.38 wt%,

respectively.

Polymerization

Slurry polymerization in n-heptane was performed under constant ethylene pressure

of 0.5 MPa at the polymerization temperature from 50 to 70 �C for 1 h.

Triethylaluminum (TEA) was used as cocatalyst, whose concentration was

2.0–30.0 mmol/L. The polymerization was initiated by the injection of the catalyst

slurry. The catalyst concentration in the polymerization slurry was fixed at 3.5 mg/L.

Ethylene/1-hexene copolymerization was carried out under the same polymerization

condition and procedure. The 1-hexene concentration was 2.5–10 vol%.

Polymer characterization

13C NMR spectra of copolymers were recorded on a Varian Gemini-300

spectrometer at 120 �C using 1,2,4-trichlorobenzene as a diluent and 1,1,2,2-

tetrachloroethane-d2 as a solvent. MW and MWD of polymers were determined by

gel permeation chromatography (GPC, Alliance GPC 2000, Waters), using 1,2,4

trichlorobenzene as a mobile phase.

Results and discussion

Influence of Al concentration

The alkylaluminum concentration largely affects on the polymerization kinetics

through activation and deactivation of Ti species. The deactivation rate was known

to be correlated with the rate of reduction of Ti species [17]. Figure 1 shows the

effect of the Al concentration on the Ti2M, Ti3M, and Ti4M catalytic activities in

ethylene polymerization. The ethylene polymerizations rates for the three catalysts

1982 Polym. Bull. (2011) 67:1979–1989
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showed different trends with increasing the Al concentration. In the case of Ti2M, it

was rather constant, consistent with the previously reported results [23, 25]. This

could be explained by the fact that Ti species can not be reduced over Ti2? by

alkylaluminum, and the formed active sites are regarded as quite stable with

negligible deactivation with alkylaluminum. This conclusion was supported by

previous experimental reports [5, 12, 26]. On the other hand, the ethylene

polymerization rates for Ti3M and Ti4M increased, and then became nearly

constant up to 10 mmol/L of the Al concentration. This trend appeared to be in

agreement with the results obtained by Bresadola et al. [25]. They found that the

catalytic activity for ethylene polymerization was nearly constant in the range of

50–200 Al/Ti. They observed a slow decrease of Ti4? and Ti3? amount

accompanied with a small increase of Ti2?. The total amount of the Ti3? and

Ti2? species, both of which are active for ethylene polymerization, was reported to

be substantially constant, giving a constant activity. The catalytic activity for Ti4M

once reached the maximum, and then gradually dropped over 2.0 mmol/L of the Al

concentration, which differed from the constant trends for Ti2M and Ti3M. This

could be explained by the fact that TiCl4 easily migrates on MgCl2 in the presence

of alkylaluminum to aggregate with each other in the curse of the reduction, leading

to the gradual decrease of the active site concentration [10]. TiCl2 and TiCl3, that

are originally solids, are bound much more tightly than TiCl4 on MgCl2, to depress

the aggregation-induced deactivation. Figure 2 shows the ethylene/1-hexene

copolymerization activities with varying the alkylaluminum concentration. The

activity of Ti2M was enhanced with the addition of a small amount of 1-hexene,

although the activities were the lowest among the three catalysts. Interestingly,

copolymers produced with Ti2M had similar composition and sequence distribution

to those produced with the other two catalysts, even though the 1-hexene

incorporation became lower for higher Al concentrations. These results are in

disagreement with the previous explanation [20] that Ti2? is comonomer insensitive

and produces homopolyethylene only. In the case of Ti3M and Ti4M, the

polymerization rates were drastically increased with the addition of 1-hexene, while

the activity variation in terms of the Al concentration obeyed a similar trend for the

homopolymerization in Fig. 1. The observed rate enhancement by the addition of

1-hexene is known as a rate enhancement effect by comonomer [27–29]. In the case

of ethylene copolymerization with a-olefin, physical explanations seem more

plausible, such as the acceleration of monomer diffusion through less crystallizable

copolymers [30], and the acceleration of the catalyst fragmentation in copolymer-

ization [29]. The difference in the observed rate enhancements by 1-hexene for the

three catalysts might arise from the difference of their incorporation efficiency of

1-hexene.

Table 1 shows sequence distribution of ethylene/1-hexene (E/H) copolymers

obtained at different Al concentrations. The copolymers contained 0.37–0.61 mol%

of 1-hexene, in which butyl branches existed in an isolated manner without any

HHH, HEH, and EHH triad sequences. All of Ti2M, Ti3M, and Ti4M show a

similar trend, even though a higher oxidation state tends to lead to larger

incorporation: the 1-hexene incorporation is the highest at the lowest Al

concentration, and then drops for higher concentrations.
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Influence of the polymerization temperature

The influence of the polymerization temperature on the activities of homo- and

co-polymerization is shown in Fig. 3. The temperature was varied in the range of

50–70 �C. Higher catalyst activities for the ethylene homopolymerization were

obtained by increasing the polymerization temperature. Although Ti4M was the

most sensitive to the temperature change, the behavior was similar among the

different Ti oxidation states. In comparison, the copolymerization activities

increased more sharply than the homo-polymerization at 60 �C, but rather dropped

at 70 �C, probably because the 1-hexene solubility was decreased upon increasing

the reactor temperature.
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Fig. 1 Influence of the Al concentration on the ethylene homopolymerization activities. The
homopolymerization was conducted at 60 �C for 1 h under 0.5 MPa of ethylene. TEA was used as
cocatalyst (filled diamond Ti4M, filled circle Ti3M, and filled square Ti2M)
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Fig. 2 Influence of the Al concentration on the ethylene copolymerization activities. The
copolymerization was conducted at 60 �C for 1 h under 0.5 MPa of ethylene. 10 vol% of 1-hexene
was added as the comonomer (open diamond Ti4M, open circle Ti3M, and open square Ti2M)
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Influence of the 1-hexene concentration

The effects of the 1-hexene concentration on the polymerization rates and resulting

polymer properties were investigated for the different Ti oxidation states. As shown

in Fig. 4, all the catalysts activities were linearly increased for the 1-hexene

concentration. The sequence distributions of copolymers prepared with the three

catalysts are shown in Table 2. The produced copolymers again had similar

composition and sequence distribution without sequential 1-hexene insertion.

Incorporation of 1-hexene in copolymers was basically increased in correlation with

the 1-hexene concentration, but not simply proportional to it. There might be a

critical incorporation amount, below which the incorporation efficiency is lower for

Table 1 Sequence distribution of ethylene/1-hexene copolymers synthesized using TiClx/MgCl2 cata-

lysts (x = 2–4) at different Al concentrations

Catalyst Al conc.

(mmol/L)

EHE EHH HHH HEH EEH EEE 1-hexene

incorporated (mol%)

Ti2M 2.0 0.5 0.0 0.0 0.0 1.1 98.4 0.54

10.0 0.4 0.0 0.0 0.0 0.7 98.9 0.37

30.0 0.4 0.0 0.0 0.0 0.8 98.7 0.42

Ti3M 2.0 0.6 0.0 0.0 0.0 1.1 98.3 0.56

10.0 0.5 0.0 0.0 0.0 1.0 98.5 0.52

30.0 0.5 0.0 0.0 0.0 1.1 98.4 0.53

Ti4M 2.0 0.6 0.0 0.0 0.0 1.2 98.2 0.61

10.0 0.6 0.0 0.0 0.0 1.1 98.4 0.55

30.0 0.6 0.0 0.0 0.0 1.1 98.3 0.57

Polymerization conditions: catalyst amount = 3.5 mg/L, temperature = 60 �C, polymerization time = 1 h,

ethylene pressure = 0.5 MPa, 1-hexene concentration = 10 vol%, TEA concentration = 2–30 mmol/L
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Fig. 3 Influence of the polymerization temperature on the activities of the ethylene homo- and co-
polymerization. The polymerization was conducted under 0.5 MPa of ethylene for 1 h. 10 mmol/L of
TEA was used as cocatalyst. 10 vol% of 1-hexene was added in copolymerization
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the 1-hexene concentration, and above which the incorporation efficiency discon-

tinuously increases and then becomes stable. This might be related to some

discontinuous change in the monomer diffusivity, in lowering the crystallinity by

incorporation of 1-hexene. It is notable that a higher oxidation sate led to higher

incorporation efficiency, even with the similar response to the 1-hexene concen-

tration. The molecular weights and their distributions of copolymers synthesized

with the three catalysts are summarized in Table 3. Ti2M produced a copolymer

with the broadest MWD as compared with those obtained by Ti3M and Ti4M. The

broadness of MWD for Ti2M arose mainly from the formation of a high-molecular

weight tail, as indicated in the highest Mw. The lowest incorporation of 1-hexene

and the highest molecular weight partly agrees with the previous proposal by Kissin
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Fig. 4 Relationship between the 1-hexene concentration and catalytic activity. The copolymerization
was conducted at 60 �C for 1 h under 0.5 MPa of ethylene. 10 mmol/L of TEA was used as the cocatalyst
(open diamond Ti4M, open circle Ti3M, and open square Ti2M)

Table 2 Sequence distribution of ethylene/1-hexene copolymers synthesized using TiClx/MgCl2 cata-

lysts (x = 2–4) at different 1-hexene concentrations

Catalyst 1-Hexene

injected (vol%)

EHE EHH HHH HEH EEH EEE 1-Hexene

incorporated (mol%)

Ti2M 2.5 0.2 0.0 0.0 0.0 0.4 99.4 0.20

5.0 0.2 0.0 0.0 0.0 0.5 99.3 0.24

10 0.4 0.0 0.0 0.0 0.8 98.8 0.42

Ti3M 2.5 0.3 0.0 0.0 0.0 0.6 99.1 0.32

5.0 0.4 0.0 0.0 0.0 0.7 98.9 0.37

10 0.5 0.0 0.0 0.0 1.0 98.5 0.52

Ti4M 2.5 0.3 0.0 0.0 0.0 0.6 99.1 0.30

5.0 0.6 0.0 0.0 0.0 1.2 98.2 0.58

10 0.6 0.0 0.0 0.0 1.1 98.4 0.55

Polymerization conditions: catalyst amount = 3.5 mg/L, temperature = 60 �C, polymerization time = 1 h,

ethylene pressure = 0.5 MPa, 1-hexene concentration = 2.5–10 vol%, TEA concentration = 10 mmol/L
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et al. [20]. However, it should be stressed that the obtained copolymers had roughly

similar characteristics in CC and MW, in agreement with the results by Zakharov

et al. [5, 6].

Conclusion

We have investigated the influences of the oxidation state on ethylene homo- and

co-polymerization using MgCl2-based Ziegler–Natta catalysts made directly from

TiCl4, TiCl3, and TiCl2 precursors. The Ti oxidation state had large effects on the

catalytic activity in both of ethylene homo- and co-polymerization with 1-hexene.

Especially, TiCl2/MgCl2 had a unique response that was very different from TiCl4/

MgCl2 and TiCl3/MgCl2 upon varying the Al concentration and 1-hexene concen-

tration. All the copolymers produced by the catalysts had similar sequence

distribution, even though the increase of the oxidation state caused a slight

enhancement of 1-hexene incorporation. Similarly, molecular weights and their

distributions of the copolymers were not largely dependent on the Ti oxidation state.

It is worth noting that these results are in accordance with those from Zakharov et al.

[5, 6] even through the catalyst precursors to obtain the different oxidation states of Ti

were different. Thus, it was concluded that the oxidation state was not important for

the copolymer characteristics, while it played a major role in the catalytic activity.
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Abstract
In the present work, different silica-based supported cobalt (Co) catalysts were synthesized and used for CO2 hydrogenation for methanation.
Different supports, such as SSP, MCM-41, TiSSP and TiMCM were used to prepare Co catalysts with 20 wt% Co loading. The supports
and catalysts were characterized by means of N2 physisorption, XRD, SEM/EDX, XPS, TPR and CO chemisorption. It is found that after
calcination of catalysts, Ti is present in the form of anatase. The introduction of Ti plays important roles in the properties of Co catalysts by: (i)
facilitating the reduction of Co oxides species which are strongly interacted with support, (ii) preventing the formation of silicate compounds,
and (iii) inhibiting the RWGS reaction. Based on CO2 hydrogenation, the CoTiMCM catalyst exhibites the highest activity and stability.

Key words
CO2 hydrogenation; titania-silica; cobalt catalysts; methanation

1. Introduction

Recently, global warming, which is caused by CO2 emis-
sion into the atmosphere, has become a serious problem all
over the world. Among various types of methods for recov-
ering, chemical fixation of emitted CO2 is also expected to
help the conservation of fossil fuels. Hydrogenation of CO2

to methane is important for the purification of ammonia feed-
stocks, methanation of coal-derived gases and the production
of process heat from reusable waste streams containing car-
bon dioxide [1]. Development of catalysts for CO and CO2

hydrogenation is the key technology of gas to liquid (GTL)
process. The catalytic hydrogenation of carbon monoxide and
carbon dioxide produces a large variety of products ranging
from methane and methanol to higher molecular weight alka-
nes, alkenes and alcohols [2−5]. The methanation of CO2
is reported to proceed with a lower activated energy than the
methanation of CO [6]. The lower exothermicity of the over-
all reaction of CO2 as compared with CO makes temperature
control in a catalytic reactor easier as shown in Equations (1)
and (2) [7].

3H2 +CO→ H2O+CH4 ∆H = −206.0 kJ/mol (1)

4H2 +CO2 → 2H2O+CH4 ∆H = −164.9 kJ/mol (2)

Transition metal oxides are generally regarded as good
hydrogenation catalysts. Furthermore, Weatherbee and
Bartholomew [8] studied the specific activities of vari-
ous Group VIII metals catalysts supported on SiO2 on
the methanation of CO2 at 177−377◦C and 140−1030 kPa
and they found that the activities decreased in order of
Co>Ru>Ni>Fe. The Co and Ni-based catalysts were pre-
ferred because they required considerably milder operating
pressures (about 1 atm) than the high pressure for Fe catalyst
[9]. Supported cobalt catalysts were the preferred catalysts
for CO2 hydrogenation because of lower cost compared with
Ru [10]. Moreover, the catalytic activity of metal towards car-
bon deposition was found to decrease in order of Ni>Co>Fe
[11,12]. Previous researches revealed that supports, such as
Al2O3, SiO2, ZrO2, TiO2 and CeO2 can efficiently affect ac-
tivities and selectivities of cobalt catalysts for CO and CO2

hydrogenation [13−16]. Recently, Ti-Si composite represents
a novel class of materials that was attractively used as cata-
lysts and supports for a wide variety of catalytic reactions. It
was reported that the photocatalytic activity of Ti-Si is 3-fold
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higher than that of the corresponding TiO2 [17−19]. Further-
more, heterogeneous catalysts such as SiO2-supported TiO2
and Ti-Si composite are known to be effective for selective
oxidation reaction [20]. The Ti-Si composite supports exhibit
novel properties that are not found in single oxide supports. In
addition, mesoporous SiO2, such as MCM-41 and hexagonal
mesoporous silica (HMS), exhibits sufficiently large surface
area, high thermal stability, excellent mechanical strength and
uniform pore sizes [21]. Ti-Si composite is generally synthe-
sized through flame hydrolysis [22], impregnation [23], co-
precipitation [24] and sol-gel [25] methods by adding titanium
precursor into silica framework. The titanium distribution in
Ti-Si composite depends on the method of preparation [26].
The sol-gel hydrolysis is widely used because of its capability
in controlling the textural and surface properties of the mixed
oxides [21].

The present research focused on the application of Ti-Si
composite used as support for cobalt catalysts. First, the
mesoporous silicas, such as spherical silica particle (SSP) and
MCM-41 were prepared. Then, titanium isopropoxide was
introduced into the silica framework by hydrolysis to obtain
Ti-Si composite. The cobalt catalysts were prepared by direct
impregnation of cobalt precursor into different supports. The
characteristics and catalytic behaviors via CO2 hydrogenation
were investigated and further discussed in more detail.

2. Experimental

2.1. Materials

Chemicals as follows were used: titanium isopropox-
ide (TiPOT, 97%, Aldrich), tetraethyl othosilicate (TEOS,
98%, Aldrich), ammonia (30%, Panreac), ethanol (99.99%,
J. T. Baker), cetyltrimethylammonium bromide (CTAB,
Aldrich), isopropanol (QReC), cobalt (II) nitrate hexahydrate
(Co(NO3)2·6H2O, 98%, Aldrich).

2.2. Support and cobalt catalyst preparation

The mesoporous silica supports were synthesized by
sol-gel method. The composition of the synthesized gel
was as follows: molar ratio of 1 TEOS : 0.3 CTAB : 11
NH3 : x ethanol : 144 H2O. Molar ratio of ethanol addition
was adopted 0 for MCM-41 and 58 for SSP, respectively
[27]. The mixture was further stirred for 2 h at room temper-
ature. White precipitate was then collected by filtration and
washed with deionized water. The dried sample was calcined
at 550◦C for 6 h with a heating rate of 10◦C/min in air.

The desired amount of titanium isopropoxide (ca. 25
wt% of Ti) was dissolved in isopropanol (1 : 3 w/w). SSP or
MCM-41 was then added into the mixed solution and stirred
for 1 h. Hydrolysis was performed by addition of ammonia
(H2O : TiPOT = 4 : 1). The sol was further stirred for 20 h at
room temperature. Then, the sample was dried at 110◦C for
24 h. Finally, the sample was calcined at 850◦C for 2 h in a
muffle furnace.

The cobalt catalysts loading 20 wt% Co were prepared
by incipient wetness impregnation using aqueous solution of
cobalt (II) nitrate hexahydrate [Co(NO3)2·6H2O]. The cata-
lysts were dried at 110◦C for 12 h, and then calcined in air at
500◦C for 4 h.

Nomenclature of samples were given as follows: SSP and
MCM referred to spherical silica and MCM-41, respectively.
Furthermore, TiSSP and TiMCM referred to titania spherical-
silica composite and titania-MCM-41 composite, respectively.
For catalysts samples, CoX referred to cobalt catalyst sup-
ported on the X support as mentioned above.

2.3. Catalysts characterization

Various supports and cobalt catalysts were characterized
by several techniques as follows:

N2 physisorption: N2 physisorption (N2 adsorption at
−196◦C in a Micromeritics ASPS 2020) was performed to
determine surface areas of various supports and cobalt cata-
lysts.

X-ray diffraction (XRD): XRD was used to determine the
phase composition of different supports and catalysts using
SIEMENS D 5000 X-ray diffractometer with CuKα radia-
tion with Ni filter in the 2θ range of 20o−80o with resolution
of 0.04o.

Temperature-programmed reduction (TPR): TPR was
used to determine the reducibility and reduction temperature
of cobalt catalysts. Approximately, 0.05 g catalyst sample was
used in the operation and temperature ramped from 35◦C to
800◦C at 10◦C/min. The carrier gas was 10% H2 in Ar.
A thermal conductivity detector (TCD) was used to measure
the amount of hydrogen consumption. The calibration of hy-
drogen consumption was performed with bulk cobalt oxide
(Co3O4) under the same condition.

CO chemisorption: Static CO chemisorption at room
temperature on the reduced catalysts was used to determine
the number of reducible surface cobalt metal atoms. CO
chemisorption was carried out following the procedure using
a Micrometritics Pulse Chemisorb 2750 instrument. Prior to
chemisorption, the catalysts were reduced at 350◦C for 3 h
after ramping up at a rate of 10◦C/min. After that, 30µL CO
was injected into catalyst bed and repeated until the desorp-
tion peaks were constant at room temperature. Amounts of
CO adsorption on catalysts are proportional to the number of
active sites.

Scanning electron microscopy (SEM) and dispersive
X-ray spectroscopy (EDX): SEM (JEOL mode JSM-5800LV)
and EDX (Link Isis Series 300) were used to determine the
morphology and elemental distribution of the catalyst parti-
cles. The particle sizes and cobalt distributions of catalyst
samples were observed using JEOL-JEM 200CX transmission
electron microscope operated at 100 kV.

X-ray photoelectron spectroscopy (XPS): XPS analysis
was performed originally using an AMICUS spectrometer
equipped with a MgKα X-ray radiation. For a typical analy-
sis, the source was operated at a voltage of 15 kV and a current
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of 12 mA. The pressure in the analysis chamber was less than
10−5 Pa.

2.4. Reaction test

CO2 hydrogenation was performed to determine the over-
all activity and selectivity of the catalysts. Typically, 0.1 g
catalyst was packed in a fixed-bed microreactor. The cata-
lyst sample was reduced in situ in flowing H2 (50 mL/min) at
350◦C for 3 h. After reduction, a flow rate of Ar = 8 mL/min
and H2 (including 8.8% CO2) = 22 mL/min was fed into the
reactor. The CO2 hydrogenation was carried out at 220◦C
at 1 atm. The product gas samples were taken in 1 h interval
and analyzed by gas chromatography. The steady state was
reached within 6 h.

3. Results and discussion

3.1. Characteristics

The surface areas of the different supports and catalysts
are shown in Table 1. The surface areas of the mesoporous sil-
icas (SSP and MCM-41) were remarkably large as expected.
However, with the addition of Ti into the silica framework, it
was found that the surface areas of Ti-Si composites (TiSSP
and TiMCM) were much lower than that of the corresponding
mesoporous silica. As seen, the surface areas of TiSSP and
TiMCM which were calcined at 850◦C, were dramatically
low ca. 385 and 137 m2/g, respectively. This can be attributed
to the distribution of Ti in the silica framework. The surface
areas of cobalt catalysts deposited on SSP and MCM-41 were
much smaller than those of their supports, whereas CoTiSSP
and CoTiMCM only had slight effect. This can be attributed to
the larger pore sizes of CoSSP and CoMCM. The phase iden-
tification was carried out on the basis of data obtained from
XRD. The XRD patterns for all support samples are shown in
Figure 1. As seen, SSP and MCM-41 exhibited broad peak at
20o−30o indicating amorphous silica. The Ti-Si composites
of TiSSP and TiMCM showed that titania was present in the
anatase form (2θ of 25o, 38o, 48o, 54o, 55o and 75o). The
XRD patterns of the calcined Co catalysts are shown in Fig-
ure 2. All catalyst samples exhibited almost identical XRD
patterns of Co3O4 at 31o, 37o, 45o, 59o and 65o [28]. It can be

Table 1. BET surface areas, pore volumes and pore diameters
of supports and cobalt catalysts

Samples ABET (m2/g) V p (cm3/g) DBJH/nm

SSP 927 0.8135 2.04

MCM 1187 1.0287 2.13

TiSSP 385 0.1587 3.23

TiMCM 137 0.1371 4.57

CoSSP 637 0.4898 2.26

CoMCM 583 0.2134 2.58

CoTiSSP 380 0.2117 2.82

CoTiMCM 126 0.1004 4.24

observed that the XRD peaks of anatase TiO2 at 2θ of 25.3o

were less apparent due to the strong intensity of Co3O4 peaks,
which disturbed the observation of anatase peaks.

Figure 1. XRD patterns of different supports

Figure 2. XRD patterns of different cobalt catalysts

TPR was performed in order to determine the reduction
behaviors. The TPR profiles of all catalysts are shown in Fig-
ure 3. The reduction temperatures for all calcined catalysts
were located between ca. 200 to 600◦C. One broad reduction
peak with shoulder was observed for all catalysts. This can
be generally assigned to the overlap of two reduction steps of
Co3O4 to CoO and then to Co0. The two reaction steps (Equa-
tions (3) and (4)) may be whether or not observed depended
upon the TPR conditions, such as ramping rate of temperature,
feed gas flow rate and amount of samples.

H2 +Co3O4 → H2O+3CoO (3)

3H2 +3CoO→ 3H2O+3Co (4)

The reduction temperature and reducibility results are
summarized in Table 2. The reduction temperatures of
CoSSP and CoMCM were located at ca. 210−330◦C and
210−360◦C, respectively. For CoTiSSP and CoTiMCM,
the reduction temperatures were shifted to broad ranges
(220−610◦C for CoTiSSP and 220−600◦C for CoTiMCM),
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indicating the existence of larger number of reduced cobalt
atoms. The higher reduction temperature represented the
cobalt oxide species strongly interacted with the supports,
which are reducible. Therefore, the addition of Ti into the
silica framework apparently facilitated the reduction of cobalt
strongly interacted with the support. Without introduction
of Ti, the higher reduction peak was absent as seen for
CoSSP and CoMCM samples. The strong interaction be-
tween cobalt and supports was reported following the order of
Al2O3>TiO2>SiO2 [29]. In addition, the reducibility of Co-
TiSSP and CoTiMCM catalysts was higher than that of CoSSP
and CoMCM catalysts due to the reduction of strongly inter-
acted cobalt oxide species as mentioned earlier. It was also re-
ported that using TiPOT for the preparation of Ti-Si composite
also resulted in increased reducibility of nickel catalysts [26].

Figure 3. TPR profiles of different cobalt catalysts

Table 2. Maximum temperatures, reducibility from TPR profiles and Co dispersion of cobalt catalysts

Catalysts Reduction temperature (◦C) Reducibility (%)a Total CO chemisorption (µmolCO/gcat) Dispersion of cobalt (%)b

CoSSP 210−330 30.3 28 0.84

CoMCM 210−360 21.2 37 1.10

CoTiSSP 220−610 45.4 21 0.61

CoTiMCM 220−600 45.5 19 0.56

a Determined by TPR analysis;b Determined by CO chemisorption

CO chemisorption was conducted on samples reduced in
hydrogen flow at 350◦C for 3 h. The amounts of carbon
monoxide adsorbed on the catalysts were determined in or-
der to obtain the number of reducible cobalt metal atoms.
The adsorbed amounts of CO were directly proportional to
the amounts of active sites. The amounts of CO adsorbed on
the catalytic phase were ranged from 19 to 37µmolCO/gcat as
shown in Table 2. It can be observed that in this case, the
TPR and CO chemisorption results did not relate with each
other due to different conditions applied. The CO chemisorp-
tion results showed that the number of reducible cobalt metal
atoms slightly decreased with the addition of titania into the
support. This was in accordance with the decreased number
of cobalt atoms with increasing the amounts of titania in the
mixed oxide supports [30]. Furthermore, the acidic property
of titania-silica was quite different from that of either pure ti-
tania or pure silica, since pure titania only possesses Lewis
acidity while silica has neither Brönsted nor Lewis acidity.
However, new Brönsted acid sites are created when titania and
silica form Ti–O–Si chemical bonds [31−33]. One possible
reason for the lower CO chemisorption amounts of CoTiSSP
and CoTiMCM can be explained that the electron donor addi-
tives like alkali metals enhance chemisorption, while electron
acceptors inhibit chemisorption [34−36]. It should be noted
that the results of CO chemisorption were different from those
of TPR due to differences in measurement conditions for both
techniques.

SEM and EDX were also conducted in order to study the
morphologies and elemental distributions of the catalysts, re-
spectively. The typical external surface granules and EDX
mappings of the calcined cobalt catalysts are shown in Fig-

ure 4. It can be observed that the cobalt oxide species exhib-
ited good distribution. The white spots on the external sur-
faces represent high concentrations of Co. The EDX analysis
is not a bulk technique, but rather a surface analytical tool
based on the fact that it gives information down to a depth
of approximately 1µm from the surface that makes the infor-
mation obtained from EDX comparable to atomic absorption
[37]. Table 3 summarizes the element quantities of cobalt cat-
alysts based on EDX and XPS analyses. It should be men-
tioned that EDX only measures the concentrations in a layer
less than 1µm from the surface. The EDX results revealed
that Ti loadings were 17.4 wt% and 23.1 wt% for CoTiSSP
and CoTiMCM, respectively. In addition, Co loadings for all
catalysts were ranged from 22.1 wt% and 30.8 wt%. The el-
ement compositions of surface and subsurface layers (depth
of XPS analysis is about ten angstroms) indicated that the
amounts of Ti were 42.6 wt% and 30.6 wt% for CoTiSSP and
CoTiMCM, respectively. The amounts of Ti from XPS analy-
sis were larger than those obtained from EDX analysis. This
was due to the titania accumulation on the external surface of
silica supports. Moreover, the amounts of Co for CoMCM,
CoTiSSP and CoTiMCM from XPS analysis were distinctly
larger than those from EDX analysis, indicating that most
cobalt oxides distributed on the external surface. In contrast,
the amount of Co for CoSSP from XPS measurement was re-
markably smaller than that obtained from the EDX analysis,
confirming that most cobalt oxides dispersed in the bulk of
silica particles.

Besides the determination of surface concentration, XPS
is one of the most powerful techniques used to identify the
binding energy (BE) of elements. According to the BE results
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obtained from XPS as shown in Table 3, it can be observed
that the Co 2p core level spectra of Co3O4 were present at the
BE of 780−782 eV and 795−796 eV for 2p3/2 and 2p1/2, re-
spectively for all the catalyst samples. These values were in
agreement with the reported work [38]. On the other hand,
there was no change in BE for Co 2p core level with the ad-
dition of Ti. However, CoSSP and CoMCM exhibited the BE
at 95.1 eV and 94.6 eV for former, 104.2 eV and 103.5 eV
for latter. In fact, the BE at 95.1 eV and 94.6 eV were as-
signed to the formation of silicate compounds as reported by
Wagner et al. [39] and Arnby et al. [40]. Previous reports

suggested that the formation of surface cobalt silicates dur-
ing preliminary steps of catalyst preparation or even during
reduction, was considered as a reason for partial reduction of
the total cobalt presenting at the temperatures normally above
500◦C [41]. However, the presence of Ti in CoTiSSP and
CoTiMCM apparently resulted in the absence of BE for sili-
cate compound. These results were in accordance with those
obtained from TPR.

TEM micrographs for all the catalysts are shown in Fig-
ure 5. The dark spots represented cobalt oxide patches
dispersing on the supports after calcinating the catalysts.

Figure 4. SEM micrographs and EDX mappings of cobalt catalysts. (a) CoSSP, (b) CoMCM, (c) CoTiSSP, (d) CoTiMCM

Table 3. XPS data and EDX analysis of cobalt catalysts

Binding energy (eV) Amount of elements on surface (wt%)a Amount of elements in bulk (wt%)b

Catalysts
Si 2p Ti 2p Co 2p Si Ti Co Si Ti Co

CoSSP 95.1 − 781.0 90.7 − 9.3 75.5 − 24.3

104.2 795.8

CoMCM 94.6 − 780.2 59.8 − 40.2 69.6 − 30.4

103.5 795.3

CoTiSSP 103.7 460.1 781.0 19.8 42.6 37.6 60.5 17.4 22.1

465.7 796.6

CoTiMCM 103.4 459.7 780.4 34.0 30.6 35.4 46.1 23.1 30.8

465.6 795.4

a Determined by XPS analysis;b Determined by EDX analysis

Figure 5 (a) and (c) shows that the cobalt oxide species exhib-
ited good distribution in CoSSP and CoTiSSP catalysts, re-
spectively. Figure 5 (b) reveals that cobalt oxide species were
agglomerated in CoMCM catalyst. In contrast, Figure 5 (d)
displays the cobalt oxide species having good distribution in
CoTiMCM catalyst. TEM micrographs demonstrated that the
titania particles on the MCM-41 can improve the dispersion
of cobalt oxide. This phenomenon was also observed with the
presence of Ti in Ni catalyst [26].

3.2. Reaction study

CO2 hydrogenation over different cobalt catalysts at
220◦C under methanation condition was investigated. The

reaction results are summarized in Table 4. Methane was a
major product for all catalyst samples. It was found that the
CoTiMCM sample exhibited the highest activity among all
the samples. The selectivity to CO also decreased with the
addition of Ti into MCM-41 due to the increased acidity by
increasing the amount of Ti in the supports [26]. This is in
agreement with the increased amount of absorbed CO2 by in-
creasing the basicity of the alkali metal oxides, which might
be related to the influence on the local electron density of
neighboring metal species [7]. In addition, the stability of cat-
alyst was found to increase with the addition of Ti when com-
pared the conversion of initial and steady states. The obtained
products for methane and CO indicate that CO2 hydrogenation
over these catalysts occurred via a consecutive mechanism as
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Figure 5. TEM micrographs of cobalt catalysts. (a) CoSSP, (b) CoMCM, (c) CoTiSSP, (d) CoTiMCM

shown in Equations (5) and (6). CO2 is first converted to CO
by reverse water gas-shift (RWGS) reaction, and then CO was
hydrogenated to methane.

H2 +CO2 → H2O+CO (5)

3H2 +CO→ H2O+CH4 (6)

For CO2 hydrogenation, the operating temperature must

be rather high because of the equilibrium constraint for the
reverse CO shift reaction, which limits the application of tem-
perature in the low range for Fischer-Tropsch conversion [7].
In this study, the activities of cobalt catalysts were not related
to the cobalt dispersion based on CO chemisorption. This was
in accordance with the methanation turnover rate in Fischer-
Tropsch synthesis which was also independent of cobalt dis-
persion on supported catalysts and surface orientation on Co
single crystals [42].

Table 4. Activity and product selectivity of cobalt catalysts

Reaction Conversiona Ratec Product selectivity (%)c

temperature (◦C)
Catalysts

initialb steady statec (×102 gCH2 ·g
−1
cat·h

−1) CH4 CO

CoSSP 38 27 16.5 89.5 10.5

220 CoMCM 35 28 18.1 91.4 8.6

CoTiSSP 17 16 10.0 92.1 7.9

CoTiMCM 35 34 22.3 94.9 5.1

a CO2 hydrogenation was carried out at 1 atm, and molar ratio of H2/CO2/Ar = 20/2/8,F/W = 18 L·g−1
cat·h

−1; b After running the reaction for 5 min;
c After running the reaction for 6 h
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4. Conclusions

In summary, the addition of Ti into SSP and MCM-41 can
alter the characteristics and catalytic properties of CoTiSSP
and CoTiMCM catalysts. It is found that the presence of Ti
can facilitate the reduction of cobalt oxide species which are
strongly interacted with the support, resulting in the appear-
ance of high temperature reduction peak. Based on XPS anal-
ysis, it is observed that the formed silicate is disappeared with
the presence of Ti. It is worth noting that CoTiMCM cata-
lyst exhibits the highest activity for CO2 hydrogenation due
to increased reducibility. The addition of Ti also inhibits the
RWGS, leading to a decrease in the selectivity to CO.
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LLDPE synthesis via SiO2–Ga-supported zirconocene/MMAO catalyst
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1. Introduction

The linear low-density polyethylene (LLDPE) is very attractive
polymer because of its excellent mechanical property, high
thermal stability and good resistance for chemicals. Therefore, it
has been widely used for various applications, especially in film
and packaging industries. LLDPE is the copolymer synthesized
from copolymerization of ethylene and 1-olefin [1–4]. For
commercial production, it is usually produced with a catalytic
system, such as Ziegler–Natta, metallocene, and metal-oxide
catalysts [5]. However, the use of metallocene catalyst together
with methylaluminoxane (MAO) as cocatalyst have been found to
be very effective to produce polymer with high catalytic activity
and give narrow molecular weight distribution. Moreover,
synthesis of copolymer by using solid support as carrier has been
proven to solve some disadvantages of homogeneous catalyst [6,7],
including reactor fouling, low bulk density of polymer, and unable
to polymerize in slurry and gas polymerization process. The most
widely used supports in metallocene system are inorganic
materials including silica [8,9], alumina [10], titania [11], MCM-
41 [12] and zirconia [13].

In this work, we used silica with different pore sizes as a support
due to the fact that pore sizes may have effects on copolymeriza-
tion activity and incorporation of olefin comonomer. We also
extended this study into the influence of support acidity according

to Rahiala et al. [12]. They demonstrated that the use of acidic Al
seems advantageous to formation of active centers resulting in
high activity compared with unmodified support. Hence, the
improvement of acidic material is considered as an interesting
path for better heterogeneous system. Experimentally, the
copolymerization of ethylene/1-octene with rac-Et[Ind]2ZrCl2/
MMAO system via in situ impregnation over different pore sizes
of silica support was performed to produce LLDPE. The Ga
modification onto the support was conducted in order to increase
acidity. At the end, effects of SiO2 pore size and Ga modification on
properties of the LLDPE produced are elucidated by means of
density and 13C NMR measurements.

2. Experimental

2.1. Materials

All chemicals and polymerization were manipulated under an
argon atmosphere, using a glove box and/or Schlenk techniques.
Toluene was dried over dehydrated CaCl2 and distilled over
sodium/benzophenone before use. The rac-ethylenebis (indenyl)
zirconium dichloride (rac-Et[Ind]2ZrCl2) was supplied from Aldrich
Chemical Company, Inc. Modified methylaluminoxane (MMAO) in
hexane was donated by Tosoh (Akso, Japan). Trialkylaluminum
(TMA, 2 M in toluene) was supplied by Nippon Aluminum Alkyls,
Ltd., Japan. Ultrahigh purity argon was further purified by passing
it through columns that were packed with BASF catalyst R3-11G
(molecular-sieved to 3 Å), sodium hydroxide (NaOH), and phos-
phorus pentaoxide (P2O5) to remove traces of oxygen and
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octene copolymerization with the zirconocene/MMAO catalyst by in situ impregnation of different silica
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without Ga modification. It was found that the SP-SiO2 support exhibited higher polymerization activity

(�1.5 times) than that obtained from the LP-SiO2 one. This can be attributed to the lower amount of
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moisture. Ethylene gas (99.96% pure) was donated by the National
Petrochemical Co., Ltd., Thailand. 1-Octene (d = 0.715) was
purchased from Aldrich Chemical Company, Inc.

2.1.1. Preparation of Ga-modified silica support

The Ga modification on the silica supports was prepared by the
incipient-wetness impregnation method according to the proce-
dure described previously [11]. The Ga source in this case was
Ga(NO3). Ga was impregnated onto different pore-sized silica gels
having 1.0 wt.% of Ga. The support was dried in oven at 383 K for
12 h, and then heated in vacuum at 673 K for 2 h.

2.2. Polymerization procedure

0.2 g of the support obtained above was allowed to contact
with 1.14 ml of MMAO ([Al]MMAO/[Zr]cat = 1135) for 30 min, in
reactor with magnetic stirring. After this period of time, the
suspension was undergone the clarified liquid test to confirm
that all MMAO was immobilized on the support. About 1 ml of
the clarified liquid was injected into the polymerization reactor,
where the desired amount of zirconocene was already present. If
any noticeable amount of polymer was formed, it means that this
clarified liquid still contains MMAO. Therefore, the fixation of
cocatalyst onto support was not complete. To ensure that MMAO
was completely impregnated onto support, the MMAO/support
ratio was then decreased until no polymer was formed [14]. After
this test, the suspension was mixed with desired amount of rac-
Et[Ind]2ZrCl2 and TMA ([Al]TMA/[Zr]cat = 2500). In fact, the high
ratio of [Al]TMA/[Zr]cat was employed as a scavenger due to the
ethylene fed was obtained from the plant containing some
impurities. From an industrial point of view, it is preferable to
use TEA or TIBA in place of TMA. Then, toluene (to make a total
volume of 30 ml) was introduced into the reactor. The reactor
was frozen in liquid nitrogen to stop reaction, and then
0.018 mol of 1-octene was injected into the reactor. The reactor
was evacuated to remove argon. Then, it was heated up to
polymerization temperature (343 K) and the polymerization was
started by feeding ethylene gas (total pressure 50 psi in the
reactor) until the consumption of ethylene at 0.018 mol was
reached (6 psi was observed from the pressure gauge). The
reaction of polymerization was completely terminated by
addition of acidic methanol. The reaction time was recorded
for purpose of calculating the activity. The precipitated polymer
was washed with methanol and dried at room temperature prior
to characterization.

2.3. Supports characterization

2.3.1. X-ray diffraction (XRD)

XRD was performed to determine the bulk crystalline phases of
sample. It was conducted using a SIEMENS D-5000 X-ray
diffractometer with CuKa (l = 1.54439 � 10�10 m). The spectra
were scanned at a rate 2.4 degree/min in the range of 2u = 20–80
degrees.

2.3.2. N2 physisorption

Measurement of BET surface area, average pore diameter
and pore size distribution of silica support were determined
by N2 physisorption using a Micromeritics ASAP 2000 automated
system.

2.3.3. Scanning electron microscopy (SEM)

Scanning electron microscopy was used to determine the
morphologies and elemental distribution throughout the sample
granules, respectively. The SEM of JEOL mode JSM-6400 was
applied.

2.3.4. NH3-temperature programmed desorption (TPD)

Temperature programmed desorption (TPD) of NH3 was
performed in a Micromeritic ChemiSorb 2750 automated system
attached with ChemiSoft TPx software. The amount of NH3

adsorbed on the surface was determined by temperature
programmed desorption.

2.4. Polymer characterization

2.4.1. 13C NMR spectroscopy
13C NMR spectroscopy was used to determine the 1-octene

incorporation and copolymer microstructure. Chemical shifts were
referenced internally to the CDCl3 and calculated according to the
method described by Randall [15]. Each sample solution was
prepared by dissolving 50 mg of copolymer in 1,2,4-trichloroben-
zene and CDCl3. 13C NMR spectra were taken at 373 K using a
BRUKER AVANCE II 400 operating at 100 MHz with an acquisition
time of 1.5 s and a delay time of 4 s.

2.4.2. Scanning electron microscopy (SEM)

SEM was performed to study morphologies of polymer
produced. The same equipment as mentioned above was
employed.

2.4.3. Densimeter

Polymer density was measured with an electronic densimeter
(Mirage SD-120L) in the temperature range 298–313 K.

3. Results and discussion

In our research, we synthesized LLDPEs over inorganic
materials with different pore-sized silica, where the large
pored-silica denoted as SiO2 (LP) and the small pored-silica
denoted as SiO2 (SP). In addition, we modified silica with 1.0 wt% of
Ga to increase acidity of support. The XRD patterns (not shown)
exhibit only a broad peak between ca 208 and 308 for both SiO2 (LP)

Table 1
BET surface area and pore diameter of Ga-modified silica supports.

Support BET surface area (m2/g) Pore diameter (Å)

SiO2 (LP) 71 146

SiO2 (LP)–Ga-1.0% 69 148

SiO2 (SP) 217 138

SiO2 (SP)–Ga-1.0% 170 138

Fig. 1. Pore size distribution of different SiO2-based supports.
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and SiO2 (SP) supports. As very well-known, the broad peak is due
to scattering from non-crystalline area of silica. However, it does
not show the Ga peak because only small amount of Ga was
introduced onto the support. Moreover, Ga present on SiO2 was in
the highly dispersed form.

The BET surface areas determined by N2 physisorption of
supports are shown in Table 1. It indicates that SiO2 (SP) exhibits
higher surface area than SiO2 (LP). It is also found that the addition
of Ga leads to a slight decrease in the surface area for SiO2 (LP), but
a remarkable decrease for the SiO2 (SP) due to the pore blockage
with Ga. As seen in Fig. 1, it can be observed that the SiO2 (LP)
support exhibits the large pore size distribution while the SiO2 (SP)
support shows the small pore having narrow size distribution. SEM
was used to determine particle morphology. The SEM micrographs
of SiO2 (LP) and SiO2 (SP) supports are shown in Fig. 2. It can be
observed that SiO2 (LP) has jagged shape, whereas the SiO2 (SP) has
the shape of spheroid.

Table 2 displays the ethylene/1-octene copolymerization
activity and activity of homogeneous system for comparison. It
was found that the heterogeneous system exhibited higher
catalytic activity than the homogeneous one. Based on the work
done by Jungling et al. [16], a good bulk density can improve the
distribution of active site. In addition, it can reduce reactor fouling,
which is resulted from the adhesion of polymer to the reactor.
Here, the heterogeneous system exhibited higher bulk density
than the homogeneous system under this specified reaction
condition. Meanwhile, it can be proposed that the SiO2 support
might inhibit the formation of ZrCH2CH2Zr species [17,18], which
can be formed via a bimolecular process as it minimizes the steric
hindrance effect of the system. It indicated that catalytic activity of
SiO2 (SP) support was �1.5 times higher than that obtained from
SiO2 (LP) one. It results from the fact that, for SiO2 (LP), MMAO
cocatalyst can reach into its pore leading to lower MMAO present
in the bulk, and hence less active species in the system. On the

Scheme 1. Location of active site over different supports.

Fig. 2. SEM micrograph of Ga-modified silica (LP) and silica (SP) supports; (top) SiO2

(LP), (bottom) SiO2 (SP).

Table 2
Catalytic activities of various silica-supported zirconocene/MMAO catalysts via in

situ impregnation method.

Samples Polymerization

yielda (g)

Polymerization

times (s)

Catalytic activityb

(kg of pol/mol Zr h)

Homogeneous 1.534 123 29,803

SiO2 (LP) 1.495 88 40,405

SiO2 (LP)–Ga-1.0% 1.756 76 55,329

SiO2 (SP) 1.798 80 53,411

SiO2 (SP)–Ga-1.0% 2.036 74 66,214

a The polymer yield was fixed [limited by ethylene fed and 1-octene used

(0.018 mole equally)].
b Activities were measured at polymerization temperature of 343 K, [ethyle-

ne] = 0.018 mole, [1-octene] = 0.018 mole, [Al]MMAO/[Zr] = 1135, [Al]TMA/[Zr] = 2500,

in toluene with total volume = 30 ml, and [Zr] = 5 � 10�5 M.
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contrary, the higher activity was observed for SiO2 (SP) support due
to lower amount of MMAO in its pore. This makes MMAO remain
highly in the bulk, and hence enhance the activity of polymeriza-
tion (Scheme 1). Considering the effect of support modification
with Ga, it was found that the polymerization activity increased
with Ga loading. An increase in catalytic activity is probably due to
improved ability of supports to immobilize metallocene catalyst.
According to the work done by Campos et al. [14], they found that
the characteristic peaks of Lewis acid center at 1457, 1492 and
1621 cm�1 in the case of Ga-MCM-41, while MCM-41 does not
exhibit these peaks. FTIR analysis result suggested that the
interaction between zirconocene and the Lewis acid centers
derived from the introduction of Ga in the support seems to play an
important role in the formation of the active species and the
optimization of Ga of the MCM-41 support. In addition, it can be
seen from NH3-TPD method that modifying support with Ga
resulted in more active site being present in the system, as shown
in Fig. 3 and Table 3. All the samples exhibited two main desorption
peaks around 140–170 8C and 330–340 8C, which were corre-
sponding to weak and medium acid sites, respectively [19].
Additional peak at around 500–700 8C indicates the presence of
strong acid sites of the supports [20]. The more Ga added, the more
amount of acid site measured. Moreover, another reason for the
higher activity of acid support is probably due to the higher
efficiency of zirconocene cation generation and/or the improvement

of the propagation rate for polymerization. This result is consistent
with Yamamoto [21], whose work revealed that SiO2/MgO had
strongly acid sites which helped enhance the propylene polymeri-
zation activity. Moreover, the obtained copolymers were further
characterized using 13C NMR to determine the comonomer
distribution. The triad distribution and % incorporation of 1-octene
comonomer are shown in Table 4 which is evaluated according to
Randall [15]. From Table 4 it is apparent that only the random
copolymers were produced in this system.

In addition, the 13C NMR spectra are shown in Fig. 4. They
revealed that Ga-modification had no effect on microstructure of
copolymer. However, when considered the insertion of comono-
mer, it can be observed that SiO2 (SP) gives higher 1-octene
insertion than that of SiO2 (LP) support due to most of the active is
present on the external surface for SiO2 (SP) leading to decreased
steric hindrance. The obtained result is also consistent with Shan
et al. [22].

Fig. 5 shows the SEM image of copolymer produced using
support. It can be seen that after copolymerization, the support
was covered with copolymer. Particles size of polymer is 20 mm,
which are about 1.5 times larger than supports. Polymer density
measured by the densimeter, was about 0.89–0.91 g/cm3 for all
polymer produced indicating the typical LLDPE obtained. However,
the measured density was slightly lower than the commercial
LLDPE (�0.92–0.93 g/cm3). The lower density is probably due to
higher insertion (>10 mol%) of 1-octene comonomer having low
crystallinity [23].

Table 3
Acidity of Ga-modified SiO2 support obtained from NH3-TPD.

Support Acid site (mmol H+/g)

SiO2 (LP) 593

SiO2 (LP)–Ga-1.0% 624

Table 4
13C NMR analysis of ethylene/1-octene copolymer.

System Triad distribution of copolymer 1-Octene insertion (mol%)

EEE EEO EOE EOO OEO OOO

Homogeneous 0.467 0.226 0.177 0.078 0.052 0.000 26

SiO2 (LP) 0.448 0.391 0.097 0.004 0.024 0.000 11

SiO2 (LP)–Ga-1.0% 0.595 0.241 0.101 0.040 0.021 0.000 14

SiO2 (SP) 0.472 0.190 0.168 0.096 0.074 0.000 26

SiO2 (SP)–Ga-1.0% 0.612 0.211 0.094 0.053 0.030 0.000 15

E refers to ethylene monomer and O refers to 1-octene comonomer.

Fig. 4. Typical 13C NMR spectra of copolymers obtained with (a) SiO2 (LP) and (b)

SiO2 (SP) support.

Fig. 3. NH3-TPD profiles of Ga-modified SiO2 support.
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4. Conclusion

Copolymerization of Ga-modified silica-supported zircono-
cene/MMAO catalyst via in situ impregnation on different pore
sizes of supports was investigated. It revealed that the small-pored
silica support exhibited higher polymerization activity than the
large-pored silica due to lower content of MMAO present in small
pore. However, MMAO remains in external surface, and therefore
activity increased. In the part of Ga-modification, it was found that
Ga loading improves catalytic activity without any significant
change in the polymer microstructure.
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a b s t r a c t

In this present study, the copolymerization of ethylene and 1-hexene was conducted over
the [t-BuNSiMe2(2,7-t-Bu2Flu)]TiMe2 (CGC)/MAO catalyst immobilized on different sup-
ports. The effects of Ga and the Lewis acid BCl3 modification of the silica support on the
copolymerization behavior were investigated based on catalytic activity and polymer prop-
erties. It was found that the silica support modified with BCl3 exhibited the highest activity.
However, both Ga and BCl3 modifiers are capable of enhancing the catalytic activity, prob-
ably attributed to stronger interaction between the MAO and support together with the
acidic sites exerted by the modification which could assist MAO to activate the catalyst
during polymerization. Besides, a role of BCl3 as a spacer to keep apart the catalyst on
the silica surface was proposed as another probable reason for activity increased. This
led to the more homogeneous-like behavior with less effect of support and also caused
the higher comonomer incorporation content. Moreover, the results revealed that narrow
polymer molecular weight distribution can be achieved by the supported CGC catalyst,
especially for acidic modified supports. On the other hand, there was no noticeable effect
with regards to the melting temperature and copolymer microstructure of the Ga and BCl3

modification. Therefore, based on the study it may be regarded that the efficient supported
CGC catalyst can be accomplished through the acidic modification namely Ga and BCl3.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Based on the volume of material consumed annually
worldwide consumption, polyolefins, especially linear
low-density polyethylene (LLDPE), are the largest volume
polymers in the plastics industry. This is because they exhi-
bit many useful properties, such as low density, high
strength, and resistance to chemical attack, as well as being
cost-effective. Therefore, much effort in both academic and

industrial research has been directed towards the develop-
ment of highly active olefin polymerization catalysts for the
synthesis of desired copolymers [1–3]. Single site catalysts,
namely metallocene catalyst, have been reported to be
potentially useful for the copolymerization of ethylene
and a-olefins, such as 1-butene, 1-hexene and 1-octene,
to produce LLDPE with short chain branching. Comparable
to conventional Ziegler–Natta systems, metallocene cata-
lysts display a high activity and allow rational catalyst de-
sign to construct a relationship between catalyst structure
and resulting polymer microstructure [4]. They also offer
superior product properties in terms of a narrow molecular

0014-3057/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
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weight distribution (MWD) and a uniform short chain
branching distribution [5].

Even if there are many advantages of homogeneous
metallocene catalysts, such as high activity and stereoregu-
larity, there are also some crucial problems for the commer-
cial applications, including the difficulties in controlling the
polymer morphology, instabilities for slurry or gas phase
processes and the requirement of a large amount of expen-
sive methylaluminoxane (MAO) [6]. To overcome these
drawbacks, it is desirable to heterogenize the soluble cata-
lysts on supports such as silica, alumina and titania for their
possible industrial applications [7]. It has been reported
that silica has been the attractive and the most widely used
support for metallocene catalysts [8–10]. Nonetheless, the
properties of silica itself probably bring about some dissat-
isfaction based on activities and quality of polymer pro-
duced. Thus, some additives or modifiers are required for
modification in order to achieve the better performance
[11–13]. Most researchers reviewed that treating the silica
surface with hydrophobic functional groups such as aryl, al-
kyl, and silane can improve the catalytic behavior [14–19].
Some researchers accentuated that the surface acidity
properties of solid supports may play the determinant role
in the activation of the metallocene catalyst, contributing to
the polymerization activity increase [20,21]. The most fre-
quently used pathway to modify the acidic surface property
is the incorporation of acidic metal atoms in their frame-
works [22–24]. Recently, it has been reported that the
exploitation of acidic Ga metal is a promising alternative
way to enhance the performance of metallocene catalysts
during the ethylene polymerization [25,26].

In previous studies, a unique catalyst type called con-
strained geometry catalyst (CGC) using half sandwich tita-
nocenes has been found and categorized as one of the
metallocene group. This complex provides high catalytic
activity and high insertion of a-olefins into copolymers.
According to our previous research, we investigated the
influence of the t-butyl and cyclododecyl substitution of
ansa-fluorenylamidodimethyltitanium derivatives on
ethylene/1-hexene copolymerization in the homogenous
system. We revealed that the 2,7 t-butyl group led the
[t-BuNSiMe2(2,7-t-Bu2Flu)]TiMe2 to achieve the highest
activity [27].

The main objective of this present study was to investi-
gate how the Ga and the Lewis acid BCl3 modification of
the silica support would impact on the ethylene/1-hexene
copolymerization in terms of catalytic activity and poly-
mer properties. The CGC complex of [t-BuNSiMe2(2,7-t-
Bu2Flu)]TiMe2 was used to be further developed for the
heterogeneous system and to generate the more efficient
supported CGC catalyst in the near future.

2. Experimental

2.1. Materials

All operations were performed under an argon atmo-
sphere using Schlenk techniques and glove box. All sol-
vents were dried over dehydrated CaCl2 and distilled over
sodium/benzophenone before use. MAO was donated from

Tosoh-Finechem Co. Ltd. Ethylene gas (99.96% pure) was
donated by the National Petrochemical Co. Ltd., Thailand.
1-Hexene was purchased from Aldrich Chemical Company
and purified by distilling over sodium/benzophenone un-
der argon atmosphere before use. Silica gel (SP9-602 from
Grace Davison) was calcined at 673 K for 6 h. Ga(NO3)3 and
BCl3 were purchased from Aldrich Chemical Company. [t-
BuNSiMe2(2,7-t-Bu2Flu)]TiMe2 (CGC complex) was synthe-
sized according to procedures reported previously [28].
The chemical structure of catalyst is shown in Scheme 1.

2.2. Preparation of Ga-modified silica support

The gallium modification on the silica support was pre-
pared by the incipient-wetness impregnation method
according to the procedure described previously [26].
Ga(NO3)3 was used as a Ga source. Gallium was impreg-
nated onto silica gel with 0.2 wt.% of Ga. The support was
dried in oven at 383 K for 12 h and calcined in air at 773 K
for 2 h. The resulting mixture was reffered to SiO2–Ga.

2.3. Preparation of BCl3-modified silica support

Silica surface was treated with BCl3 that 14.25 g of silica
was added with 150 ml of hexane as diluent, and then 7 ml
of BCl3 were added. The mixture was stirred for 30 min in
an oil bath at 313 K, until temperature was raised up to
343 K, followed by drying under vacuum. The resulting
mixture was referred to SiO2–BCl3.

2.4. Preparation of supported MAO

One gram of calcined silica or modified silica was re-
acted with the desired amount of MAO in 20 ml of toluene
at room temperature for 30 min. The solid part was sepa-
rated and washed 3 times with 20 ml of toluene, followed
by drying in vacuum at room temperature to obtain the
catalyst precursor.

2.5. Polymerization procedure

The ethylene/1-hexene copolymerization reaction was
performed in a 100 ml semi-batch stainless steel autoclave
reactor equipped with magnetic stirrer. At first the desired

Scheme 1. Chemical structure of [t-BuNSiMe2(2,7-t-Bu2Flu)]TiMe2 (CGC
complex).
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amount of the support/MAO was introduced into the reac-
tor. After that the catalyst was put into the reactor to make
the amount of catalyst at 10 lmol, and then toluene was
injected to adjust the total volume to 30 ml. Then, the reac-
tor was immersed in liquid nitrogen, followed by addition
of the 1-hexene into the frozen reactor. The reactor was
heated up to the polymerization temperature at 343 K.
Lastly, the reaction was terminated by adding acidic meth-
anol. After filtration, the resulting polymers were washed
with methanol and dried at room temperature.

2.6. Supports and supported MAO characterization

2.6.1. N2 physisorption
BET surface area, average pore diameter and pore size

distribution of silica and modified silica were determined
by Brunauer–Emmett-Teller (BET) method via nitrogen
adsorption. The instrument was an AUTOSORB 1-MP,
Quantachrome Instruments. Samples were determined
using N2 adsorption at 77 K and handled to the analysis
tubes under nitrogen atmosphere and the surface area
measurements were carried out inertly. The temperature
of evacuated degassing was 423 K.

2.6.2. X-ray diffraction (XRD)
SIEMENS D-5000 X-ray diffractometer with Cu Ka

(l = 1.54439 Å) was conducted to determine the bulk crys-
talline phases of samples. The spectra were scanned at a
rate of 2.4� min�1 in the range of 2h = 20–80�.

2.6.3. Temperature programmed desorption of ammonia
(NH3-TPD)

Acidity of the supports was determined by temperature
programmed desorption of ammonia using a Micromeritics
Chemisorp 2750 system. The samples were activated at
773 K for 1 h in a flow of helium. Subsequently, the sam-
ples were loaded with ammonia and thermal desorption
was carried out in a dried He stream at a heating rate of
10 K/min.

2.6.4. Scanning electron microscope (SEM) and energy
dispersive X-ray spectroscopy (EDX)

Scanning electron microscope (SEM), JEOL model JSM-
6510 LV, was employed to investigate the morphology of
silica, modified silica and catalyst precursor. EDX was per-
formed using Link Isis series 300 program to observe cata-
lyst precursor elemental distribution.

2.6.5. Thermogravimetric analysis (TGA)
TGA was performed to determine the interaction force

of the supported MAO. It was conducted using TGA Instru-
ments TG 209F1 analyzer. The samples of 10 mg and a
temperature ramping from 303 to 923 K at 5 K/min were
used in operation. The carrier gas was N2 UHP.

2.7. Polymer characterization

2.7.1. Gel permeation chromatography (GPC)
The average molecular weight and molecular weight dis-

tribution of obtained polymer in this study were determined

by GPC Waters 150 CV at 413 K with 1,2,4-trichlorobenzene
as the solvent and the feed flow rate is 1.0 ml/min.

2.7.2. Differential scanning calorimetry (DSC)
The melting temperature (Tm) of polymer was measured

by means of DSC, using DSC 204 F1 Phoenix� operating at a
heating rate of 10 K/min from 303 K to 473 K. The heating
cycle was run twice. In the first scan, the samples were
heated, and then cooled to room temperature. In the sec-
ond, the samples were reheated at the same rate, but only
the results of the second scan were reported because the
first scan was influenced by the mechanical and thermal
history of samples.

2.7.3. 13Carbon nuclear magnetic resonance spectroscopy (13C
NMR)

The 13C NMR spectra were recorded at 383 K using JEOL
JNM-A500 operating at 125 MHz. Copolymer solutions
were prepared using 1,2,4 -trichlorobenzene as solvent
and benzene-d6 for internal lock.

3. Results and discussion

3.1. Characteristics of catalyst support

In this study, three kinds of supports composing of
unmodified silica (SiO2), Ga-modified silica (SiO2–Ga),
and BCl3-modified silica (SiO2–BCl3) were used for sup-
porting the [t-BuNSiMe2(2,7-t-Bu2Flu)]TiMe2 (the CGC
complex)/MAO catalyst. After modification with Ga and
Lewis acid BCl3, the silica and modified silica supports
were characterized by means of N2 physisorption, NH3-
TPD and SEM/EDX. The specific properties of supports
determined by N2 physisorption are shown in Table 1. As
seen, the BET surface area, pore volume and pore diameter
of all supports were in the same range, indicating that the
acidic modification on silica surface did not have signifi-
cant effect on these structural parameters.

The XRD patterns (not shown) for all supports were
similar exhibited only a board peak between 20� and 30�,
as seen typically for the conventional amorphous silica.
No XRD peaks of Ga or BCl3 were observed after impregna-
tion due to its homogeneous distribution or at least that
the aggregates formed do not have a significant size to be
detected by XRD [25].

Temperature-programmed desorption of ammonia was
used to estimate the number and the strength of acid sites
on modified silica supports based on the fact that the acidic
properties of supports may influence the type of interaction
with the metallocene complex and its activation process,

Table 1
Specific properties of various supports obtained from N2 physisorption.

Support BET surface area
(m2/g)

Pore volume
(mL/g)

Pore diameter
(Å)

SiO2 309 1.53 198
SiO2–Ga 300 1.50 199
SiO2–BCl3 299 1.47 197
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consequently resulting in overall productivity [22]. The
typical NH3-TPD profiles for silica support before and after
treatment with Ga and BCl3 can be represented in Fig. 1. The
SiO2 support exhibited no peak, indicating no acidic sites
before treatment; on the other hand, both of SiO2–Ga and
SiO2–BCl3 supports showed two broad peaks at the temper-
ature ranged around 350–550 K and 570–750 K. According
to Kosslick et al. [23], these peaks can be ascribed to the
NH3 desorbed from acid sites with low and medium to high
strengths. The total acidity concentration of SiO2–Ga and
SiO2–BCl3 determined by NH3 temperature program
desorption experiments was 283 and 325 lmol NH3/g,
respectively. Therefore, it is clearly shown that the acidity
of silica support can be improved with the modification of
Ga and BCl3.

The morphologies and elemental distributions of the
supports before and after MAO impregnation were investi-
gated by using SEM and EDX, respectively. The SEM images
of different supports prior to MAO impregnation are shown
in Fig. 2. The similar spherical shape was mainly observed,
indicating no change of support morphology with the
acidic modification.

After impregnation with MAO, the [Al]MAO content on
the silica surface was measured using EDX. Table 2 repre-
sents the [Al]MAO content on various silica supports. It
can be seen that the [Al]MAO concentration of each support
slightly varied probably due to the adsorption ability. Re-
sults revealed that the SiO2–Ga supported MAO achieved
the highest amount of [Al]MAO, suggesting that the adsorp-
tion ability of MAO on silica support can be enhanced with

Fig. 1. NH3-TPD profiles of SiO2, SiO2–Ga and SiO2–BCl3 supports.

Fig. 2. SEM micrographs of different supports before MAO impregnation: (a) SiO2, (b) SiO2–Ga and (c) SiO2–BCl3.
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the introduction of Ga. However, the modification of silica
with BCl3 caused only a slight decrease of immobilized
MAO cocatalyst on silica. In addition to the content of
[Al]MAO, it should consider the distribution of this element
through the support. Therefore, EDX mapping of all ele-
ments was used for this purpose and represented in
Fig. 3. It can be observed that the distribution for all ele-
ments, especially for [Al]MAO was well dispersed all over
the catalyst granule without any changes in morphology.
Then, the different supports with and without acidic mod-
ification having MAO impregnation were employed for
ethylene and 1-hexene copolymerization.

3.2. Catalytic activity

Copolymerization of ethylene and 1-hexene via various
SiO2-supported MAO with the CGC catalyst was performed
so as to determine the catalytic activities influenced by dif-
ferent acidic modification of support. The polymerization
activities of homogeneous system and a variety of supports
are summarized in Table 3. Regarding to Table 3, the cata-
lytic activities were in the order of SiO2–BCl3 > homoge-
neous > SiO2–Ga > SiO2. It can be apparently seen that the
supported system (except SiO2–BCl3) exhibited lower
activities compared to the homogeneous one, particularly
for the unmodified silica. This can be explained taking into

account that in the supported catalyst preparation, differ-
ent adsorption might take place, contributing to some
inactive species for polymerization [29]. Another possible
reason for this observation is the depression of the poly-
merization rate as a result of mass transfer limitation in
heterogeneous system. Nonetheless, considering only the
supported system, the modification of silica support, like
Ga and BCl3, was able to increase the polymerization activ-
ities. Generally, increased activities can be owing to the in-
creased amount of [Al]MAO presented on the support and
the interaction between support and MAO [30,31]. How-
ever, in this work the former factor can be neglected by
using the same ratio of [Al]MAO/[Ti]cat = 400 and adjusting
the required amount of the supported MAO in each exper-
iment. Thus, the latter factor should be considered as the
probable cause for this increased activity. Based on this
study, MAO was dispersed over the silica supports by
impregnation prior to polymerization. The degree of inter-
action between the [Al]MAO and the support can be investi-
gated by the TGA measurement. According to Severn et al.
[32], the connection of the support and the cocatalyst
occurred via the Osupport–Alcocatalyst linkage. The TGA can
provide the beneficial information on the degree of the
interaction for MAO bound to silica in terms of weight loss
and removal temperature [26,30,31]. In fact, too strong
interaction leads to more difficult for [Al]MAO bound to
the support to react with the metallocene catalyst during
activation step and thus low polymerization activity. On
the contrary, the leaching of MAO can be occurred due to
weak interaction between support and MAO. Therefore,
the optimum degree of interaction should be required in
order to achieve the high activity. Fig. 4 represents TGA
profiles of various supports. It was observed that the
weight loss of [Al]MAO presented on the supports was in

Table 2
[Al]MAO content of the supported MAO from EDX analysis.

Catalyst precursor [Al]MAO (wt.%)

SiO2/MAO 13.6
SiO2–Ga/MAO 14.5
SiO2–BCl3/MAO 13.4

Fig. 3. EDX mapping of (a) SiO2 supported MAO (b) SiO2–Ga supported MAO (c) SiO2–BCl3 supported MAO.
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the order of SiO2–BCl3 (25.2%) < SiO2–Ga (25.6%) < SiO2

(26.2%). This indicated the strongest interaction of the
SiO2–BCl3 supported MAO, demonstrating the highest
activity compared to other supports. Thus, for this sup-
ported CGC system, it should be mentioned that the stron-
ger interaction between cocatalyst and support is favorable
in order to prevent the leaching of the cocatalyst.

Besides the interaction, one should concern on the
acidic property of the silica support after modification with
Ga and BCl3. As a matter of fact, the literature reviewed
that the surface acidity properties of supports have the
important role in the activation of metallocene catalyst
and accordingly on the activity enhancement. Moreover,
Campos et al. [25] constructed a correlation between poly-
merization activity and support acidity and revealed that
the activities increased with an increase of acidic sites. In
this work, the incorporation of Ga and BCl3 generated the
acid sites in the silica supports (as confirmed by NH3-
TPD) and these sites are able to assist MAO that performed
as a main activating agent to activate the CGC catalyst
during the polymerization. As a consequence, this should
be an explanation for an obvious rise of polymerization
activities in modified supports compared to the conven-
tional silica support. Furthermore, a higher degree of activ-
ity increase for BCl3-modified silica system can be mainly
attributed to the higher acidity than the Ga-modified one.

With regard to the result in Table 3, it is worth nothing
that the catalytic activity obtained from BCl3-modified

support was the highest and can be comparable to the
homogeneous one, suggesting the homogeneous-like
behavior of this system. It was presumably on account of
the role of BCl3 as a spacer group on the surface of silica.
Investigation of a spacer such as TiO2, silane and zirconia
in copolymerization of ethylene and a-olefins was studied
as well [15–17]. In order to gain a better understanding, a
conceptual model for BCl3 effect is illustrated in Scheme 2.
As seen, after immobilization MAO or active sites can be
anchored on the modified silica through the BCl molecule,
which acted as a spacer and hence less steric hindrance
between them. Consequently, a monomer during polymer-
ization can insert more easily into this structure, and thus
enhancing activity.

3.3. Characteristics of polymer

The various obtained copolymers were further charac-
terized by means of GPC, DSC and 13C NMR. Table 4 is con-
structed to summarize the properties yielded from
homogeneous and various supported systems. The GPC
was performed to measure Mw and MWD of polymers. It
should be mentioned that all polymers exhibited rather
low molecular weights. However, these results were in
the same range (20–40 kg/mol) with other metallocene
or CGC catalysts under similar conditions [6,16,33–35].
This is probably due to the nature of metallocene catalyst
that is usually relatively sensitive to chain transfer reaction
despite no apparent chain termination reagent. Neverthe-
less, in order to improve or control the molecular weight,
this constrained geometry catalyst system should be fur-
ther investigated in living polymerization. Comparing to
the homogeneous system, it was apparently observed that
the molecular weight for other heterogeneous systems in-
creased drastically (more than 3 times). This should be be-
cause of an obstruction of bimolecular reaction between
two catalytic sites by immobilization of MAO on the sup-
port surface. Therefore, a b-hydrogen transfer might be
lessened, and then enables longer growth of the polymer
chain, leading to higher molecular weight of polymers

Table 3
Summary of ethylene/1-hexene copolymerization catalytic activities.

System Time
(s)

Weight
(g)

Activitya (kg polymer/mol
Ti.h)

Homogeneous 85.8 1.04 4377
SiO2 99.2 0.97 3519
SiO2–Ga 92.4 1.00 3901
SiO2–BCl3 78 0.96 4454

a Polymerization condition: [Ti] = 10 lmol, MAO as cocatalyst, [Al]/
[Ti] = 400, liquid volume (toluene) = 30 mL, temperature = 343 K, ethyl-
ene pressure = 349 kPa (50 psi).

Fig. 4. TGA profiles of supported MAO on various supports.
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[32]. Fig. 5 shows the GPC curves for all polymers, indicat-
ing the unimodal molecular weight distribution. In addi-
tion, it was found that the molecular weight distribution
of the copolymer resulted from the heterogeneous system
became narrower, especially after modification with
Ga and BCl3. This indicated that the more uniform catalytic
sites can be achieved through the acidic modification.

Considering only the supported systems, a slight reduction
in molecular weight was observed for the modified sup-
port. The cause of this is based on the fact that a rise of
1-hexene insertion compared to unmodified support pro-
motes chain transfer reactions, consequently contributing
to lower molecular weight copolymers [29]. The melting
temperature (Tm) of copolymers evaluated by DSC is also
shown in Table 4. It revealed that Tm was in the range be-
tween 378 and 391 K. However, Tm tended to slightly de-
crease with Ga and BCl3 modification generally attributed
to the increased degree of 1-hexene insertion.

The quantitative analysis of triad distribution for all
copolymers was conducted on the basis assignment of
the 13C NMR spectra of ethylene/1-hexene copolymer
[36]. The triad distributions and 1-hexene contents, which
were calculated according to the Randall method [36] are
presented in Table 5. Ethylene incorporation in all systems
gave copolymers with similar triad distribution regardless
of acidic modification. Only random copolymers can be
produced with this system. On the other hand, it is shown
that the unmodified silica support presented a noticeable

Scheme 2. Conceptual model for BCl3 effect as a spacer.

Table 4
Properties of the resulted copolymers from homogeneous and supported
system.

System Melting
pointa

(Tm) (K)

Molecular
weightb (Mw)
(kg/mol)

MWDb

(Mw/
Mn)

Insertion%c

Homogeneous 378 9 3.26 13.6
SiO2 391 35 2.81 9.3
SiO2–Ga 390 28 2.61 11.3
SiO2–BCl3 382 27 2.40 15.0

a Determined by DSC.
b Determined by GPC.
c 1-hexene insertion in copolymer determined by 13C NMR.

Fig. 5. GPC curves of copolymers obtained from various supports.
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decrease of 1-hexene insertion compared to the homoge-
neous one. The lower comonomer incorporation can be
by reason of a steric effect inserted by silica surface, pre-
venting one of the CGC catalyst faces, therefore reducing
the accessibility of the comonomer onto the active sites
[29]. This steric effect is able to be relieved with the silica
modification like BCl3 which can act as a spacer group to
keep apart active sites from the silica surface, thus being
apt to enhance the 1-hexene extent.

4. Conclusion

The activities of ethylene/1-hexene copolymerization
with silica-supported CGC/MAO catalyst can be improved
with the Ga and BCl3 acidic modification on the silica sup-
port. Increased activity was due to the stronger interaction
between support and cocatalyst coupled with a formation
of acidic sites derived from the modification. Additionally,
BCl3 is able to be a spacer on the silica support leading to
the highest activity and the highest 1-hexene incorpora-
tion. The supported catalytic system resulted in polymers
with significantly higher molecular weight (almost 4
times) and narrower molecular weight distribution, espe-
cially after acidic modification. However, the Ga and BCl3

modifications seem not to greatly influence on the melting
temperature and the microstructure of copolymers.
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A B S T R A C T

This study focused on elucidation of effect of fumed silica added in the commercial Ziegler-Natta catalysts

by physical solid–solid stirring. The added fumed silica seemed to cover around the catalyst revealed by

SEM-EDX and apparently resulted in decreased activity of ethylene polymerization, but increased

molecular weight of polyethylene as measured by GPC. Based on the in situ ESR measurement, it can be

concluded that fumed silica can inhibit the reduction of Ti3+ by triethylaluminum (TEA). It is suggested

that the delay reduction of Ti3+ may be beneficial for propylene polymerization.

� 2012 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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1. Introduction

More than fifty years, many researchers have enormously
considered on the Ziegler-Natta catalysts both in academic and
industrial viewpoints. Polyethylene has been used widely in many
applications such as high strength fabricated structure. Each
application has to be produced with particular catalysts and
conditions. Silica is known as a support material that provides an
advantage on the polymer morphology, but it causes to lose in the
catalytic activity [1–5] due to silanol groups (i.e. SiOH) on the silica
surface [3–7]. In order to remove the OH group on the surface, silica
has usually been calcined at different temperatures between 110
and 820 8C [1–9]. Although the silanol groups of the silica have
been exerted with high calcination temperature, the experimental
evidences showed that the high calcination temperature still
cannot get rid of all the OH groups [4,6,8,10,11]. Another method is
to functionalize it with some substance such as alkyl silyl, alkyl
silyl halide or alkyl aluminum to change the silanol groups into the
other forms [1–4,6,7,10,12]. Although the activity has lost, the
catalyst produced from mixed supports with silica (i.e. magne-
sium-silica bisupport) tends to affect not only on morphology, but
also on the properties of the polymer such as rheological properties
afforded by functional groups on the silica surface [1,2].
* Corresponding author. Fax: +66 2 2186877.
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As in the industrial field of production of high density
polyethylene, the commercial Ziegler-Natta catalyst produced
from the adduct method with anhydrous magnesium chloride
support gives an excellent catalytic activity in the acceptable
variation of polymer properties of specific grades for end-use
applications. Synthesis of a new catalyst such as bi-supported
catalyst may lead to a huge investment due to the need of many
manufacturing units. To utilize the advantage and benefit of the
commercial catalyst, fumed silica has been considered to be the
solid substance interacted at the commercial catalyst surface to
control the polymer properties. Fumed silica was able to provide
extreme amounts of contact surface bound to another material due
to its high surface area.

In this study, fumed silica was used as a hypothetical catalytic
controllable material to change the catalytic properties of the
commercial Ziegler-Natta catalyst. The effect of fumed silica,
which was added physically by solid-solid stirring, on the
properties of polyethylene obtained was also investigated.
Moreover, to elucidate the role of fumed silica on the reduction
of Ti4+, the in situ electron spin resonance (ESR) was performed
successfully. More details are further discussed.

2. Experimental

2.1. Materials

Purified argon gas (99.999%), commercial polymerization grade
ethylene gas and hydrogen gas were purchased from Thai
hem. (2012), http://dx.doi.org/10.1016/j.jiec.2012.04.018
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Fig. 1. The GPC profiles of polymers obtained from different catalysts.

Table 1
Activities of catalyst and molecular weight of polymer.

Sample Activity (kgPE/molTi/h) Mn (kg/mol) Mw (kg/mol) MWD

ZN00S 25,043 24 122 5.1

ZN10S 21,335 28 175 6.2

ZN20S 16,120 29 170 5.9

ZN60S 13,230 31 155 5.0
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Industrial Gas Co., Ltd. The commercial catalyst was a Ziegler-Natta
titanium-magnesium based catalyst for ethylene polymerization.
Fumed silica purchased from Sigma was non-porous type with
surface area of 390 � 40 m2/g and its primary particle size was 7 nm
as reported by Cabot Corporation. Hexane, triethylaluminum (TEA)
and fumed silica were operated under an argon atmosphere via a
glove box, glove bags and Schlenk techniques.

2.2. Silica calcination

In order to keep the original OH group on surface, fumed silica
was calcined at 150 8C for intend to only remove physical adsorbed
water from the surface. The calcination was performed under
argon atmosphere.

2.3. Polymerization

The ethylene polymerization was carried out with 2 l autoclave
reactor connected with the lines available for argon, hydrogen and
ethylene gases and also the hexane feed line. The reactor and all
connected feed lines were cleared humid and oxygen by
evacuation, and then followed by purging with the argon many
times. First, 1 l of hexane was filled and heated to 80 8C. The desired
amount of catalyst was stirred with 0, 10, 20, and 60 wt% with
fumed silica in hexane solvent for 15 min. Then, TEA of 1 mmol was
injected into the reactor subsequence by the stirred catalyst with
0.003 mmolTi. In the condition with the presence of hydrogen, the
reactor was pressurized with 1 bar of argon followed by
pressurizing with hydrogen gas to 3.5 bars and finally pressurizing
with ethylene gas to 8 bars. In addition, the partial pressure of the
gases is 1, 2.5 and 4.5 bars. The catalysts were named as ZN00S,
ZN10S, ZN20S, and ZN60S for stirring with 0, 10, 20, and 60% of
fumed silica, respectively.

2.4. Characterization

The catalysts were characterized with different techniques to
investigate the reasonable model. Electron spin resonance (ESR)
was performed to measure changes of Ti oxidation state after
activation by TEA. The molecular weights (Mw) and molecular
weight distribution (MWD) of polymer were measured by gel
permeation chromatography (GPC). Details are as follows;

2.4.1. In situ ESR

The extent of Ti3+ content of the catalyst stirred with various
amounts of fumed silica was observed by the in situ ESR technique.
The ESR equipment used is JEOL model JES-RE2X filled with argon
atmosphere. DPPH standard was used for g-factor calibration. First,
the catalyst was stirred with fumed silica in hexane for 15 min in
glove box. After activation by TEA, the sample was measured by
ESR starting at room temperature (25 8C). In order to evaluate the
extent of Ti3+ at the polymerization temperature (80 8C), the
catalyst sample was heated to 80 8C and held for 90 min for ESR
measurement. The ESR spectrum was collected every 15 min from
the beginning until 90 min.

2.4.2. GPC

A high temperature GPC (Waters 150-C) equipped with a
viscometric detector was used to determine the molecular weight
and molecular weight distribution of the polymers. 1, 2, 4-
trichlorobenzene was used as a solvent and the temperature was
performed at 140 8C.

2.4.3. SEM-EDX

The external surface of the catalysts and their morphologies
were obviously revealed by scanning electron microscopy
Please cite this article in press as: J. Pinyocheep, et al., J. Ind. Eng. C
technique with a JEOL model S-3400 and the elemental distribu-
tions were also observed by energy dispersive X-ray spectroscopy
by EDAX device. The polymer samples for SEM analysis were
coated with platinum particles by ion sputtering device to provide
electrical contact to the specimen. The samples were performed
with overflowing of argon gas to reduce oxygen and moisture
toward the catalysts.

3. Results and discussion

Activities of the catalysts stirred with various amounts of fumed
silica along with Mw, MWD obtained from GPC are shown in Table
1. The results show that when the amount of fumed silica increased
the activities decreased. The molecular weight of polymer tended
to increased with fumed silica addition, whereas only slight change
in MWD was observed.

In addition, the GPC profiles are also shown in Fig. 1 indicating
that they shift to a higher molecular weight position with fumed
silica addition along with slightly broader MWD up to ZN20S.

It is well known that the change in activities of ZN catalysts
must be related to the Ti oxidation state during polymerization.
Based on the results as mentioned above, the addition of fumed
silica apparently decreased the catalytic activity during polymeri-
zation. Thus, the addition of fumed silica may alter the Ti oxidation
state during polymerization. In order to elucidate the effect of
fumed silica, the in situ ESR measurement was performed. ESR is
one of the most powerful techniques used to measure the
oxidation of Ti3+, especially upon the in situ condition [13]. In
this measurement, the catalyst samples having different amounts
of fumed silica added were activated by TEA based on polymeri-
zation condition. Then, the extent of the Ti3+ extent during
reduction by TEA for each sample was observed. The ESR results for
ZN00S, ZN20S, and ZN60S samples are shown in Fig. 2. For all
samples, there are three peaks located at g values equal to 1.985,
1.97, and 1.94 in each spectrum. The different g values refers to the
various types of Ti3+ coordination. For instance, the g values of 1.97
and 1.985 are assigned to the tetrahedral coordination of Ti3+ [14–
16] and the g value of 1.94 refers to the six-coordinated Ti3+

dissolved in MgCl2 [14] or to isolated octahedral coordinated Ti3+

[15]. It is evident that peak areas between the g values of 1.985 and
hem. (2012), http://dx.doi.org/10.1016/j.jiec.2012.04.018
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Fig. 2. The ESR spectra of the catalyst; (a) ZN00S, (b) ZN20S and (c) ZN60S.

Fig. 3. The relative amount of Ti3+ at 80 8C.

Fig. 5. Effect of fumed silica added on propylene polymerization.

Fig. 4. Ethylene consumption profiles of the catalyst stirred with various amounts of

fumed silica.
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1.97 are altered by different amounts of fumed silica added. On the
other hand, intensity of the peakes at g values of 1.985, 1.94
increased with addition of fumed silica.

From the ESR spectra, it revealed that the catalyst stirred with
fumed silica contributed to the inhibition of change in Ti3+ extent.
The spectra were taken double integration in order to measure the
amounts of Ti3+ absorbance upon each interval time. The
integrated areas are plotted in terms of relative area related to
the beginning of 80 8C as shown in Fig. 3.

As seen in Fig. 3, the relative areas for catalyst having fumed
silica up to 20% apparently resulted in the less change of Ti3+

amounts. This indicates that fumed silica may act as a buffer which
inhibits the reducing power of TEA to reduce Ti4+ to Ti3+, and Ti3+ to
Please cite this article in press as: J. Pinyocheep, et al., J. Ind. Eng. C
Ti2+. Thus, the amounts of Ti3+ decreased with time. For such the
phenomenon, the slope of 0% of fumed silica added exhibits the
highest rate of decreased Ti3+ upon time, while the addition of 10%
and 20% of fumed silica lowers the rate of decreased Ti3+ upon time.
It should be noted that with 60% of fumed silica added, Ti3+

increased due to the reduction of Ti4+ to Ti3+ (not Ti3+ to Ti2+ as
mentioned before). It is suggested that fumed silica can be
adsorbed on the catalyst particles and inhibit the reduction of Ti3+

by TEA. As the result, the activity of ethylene polymerization
decreased with silica addition as seen in Fig. 4 due to Ti3+ is less
active than Ti2+ for ethylene polymerization [17]. It should be
mentioned that the catalysts with silica showed much lower rate
hem. (2012), http://dx.doi.org/10.1016/j.jiec.2012.04.018
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Fig. 6. SEM/EDX of the original commercial catalyst.

Fig. 7. SEM/EDX of the commercial catalyst stirred with fumed silica.

J. Pinyocheep et al. / Journal of Industrial and Engineering Chemistry xxx (2012) xxx–xxx4

G Model

JIEC-943; No. of Pages 5
than the original catalyst in the first hour of reaction, but the rates
in the second hour are almost the same for all the catalysts. This
phenomenon may reflect the different stability of active centers
from Ti2+ and Ti3+ species as also seen from the ESR results. The
slower interaction between catalyst and cocatalyst also contribut-
ed to the decrease in polymer chain termination reactions by
cocatalyst [18] which results in higher molecular weight polymer.

The other way to trace the increased amounts of Ti3+ is to
perform propylene polymerization. It is well known that propylene
polymerization is only active with Ti3+ [19,20]. Thus, propylene
polymerization was also performed using ZN00S and ZN50S
samples as shown in Fig. 5. It can be observed that activity of
propylene polymerization increased (ca. 19%) with fumed silica
added indicating more amounts of Ti3+ present.

The elemental distributions on the catalyst surface were
performed by SEM/EDX. The results revealed that the catalyst
was covered by fumed silica which made most of magnesium
Please cite this article in press as: J. Pinyocheep, et al., J. Ind. Eng. C
element disappeared from the catalyst surface as shown in Figs. 6
and 7.

4. Conclusions

The main objective of this research is to use fumed silica for
improvement of the commercial Ziegler-Natta catalyst. It was
found that the fumed silica added to the catalyst by physical
stirring affected on the catalyst covered around by fumed silica
resulted in decreased activity for ethylene polymerization, but
increased molecular weight and only slightly increased MWD. The
significant finding is to elucidate the effect of fumed silica using the
in situ ESR measurement. It is evident that fumed silica can inhibit
the reduction of Ti3+ to Ti2+ resulting in decreased ethylene
polymerization activity. In contrast, the activity of propylene
polymerization remarkably increased.
hem. (2012), http://dx.doi.org/10.1016/j.jiec.2012.04.018
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Effect of nanocrystallite size of TiO2 in Co/TiO2 and Co/TiO2-Ru catalysts
on methanation

Kitima Pinkaew, Piyasan Praserthdam, and Bunjerd Jongsomjit†

Center of Excellence on Catalysis and Catalytic Reaction Engineering, Department of Chemical Engineering,
Faculty of Engineering, Chulalongkorn University, Bangkok 10330, Thailand

(Received 27 October 2011 • accepted 18 June 2012)

Abstract−We studied the effect of crystallite size of nanocrystalline TiO2 derived from the sol-gel method on the
properties of Co/TiO2 catalysts. First, nanocrystalline TiO2 supports having different crystallite sizes were prepared
via the sol-gel method by varying the water:alkoxide ratios from 4 to 165. Then, they were used as support for the cobalt
catalyst. After calcination, the crystallite size of Co3O4 was dependent on the size of TiO2 support. CO hydrogenation
under methanation was performed to determine the activity and selectivity of Co/TiO2 catalysts. It revealed that the
catalyst with smaller size of TiO2 crystallite exhibited higher catalytic activity due to higher Co dispersion without sig-
nificant change in product selectivity. In addition, the Ru modification on the TiO2 support was also investigated. The
Ru modification resulted in increased activity regardless of the size of TiO2 crystallite.

Key words: Nanocrystalline TiO2, Sol-gel, Cobalt Catalyst, Methanation, CO Hydrogenation

INTRODUCTION

Fischer-Tropsch (FT) synthesis has been successfully used for
future alternative resources instead of coal or crude oil. There are
many active metals, such as Ru, Fe, Co, and Pd that can be used
for hydrogenation of carbon monoxide (CO) to petroleum wax. For
example, cobalt and iron are used for hydrocarbon synthesis. Even
though the cobalt catalysts are more expensive, they are more resis-
tant to deactivation than iron metals [1]. Supported cobalt catalysts
have been extensively investigated with many inorganic supports
for years, such as SiO2 [2], Al2O3 [3], TiO2 [4]. They have been the
most popular FT catalysts for years due to their high catalytic activ-
ity and selectivity [5,6]. CO and H2 (syngas) have been converted
to paraffinic or long chain hydrocarbon through hydrogenation reac-
tion. In fact, the interaction between cobalt oxide species and sup-
ports plays an important role in dispersion of cobalt oxide species
[7]. The addition of small amount of noble metals apparently im-
proves the catalytic properties [7-9]. For instance, the promotion with
Ru in the supported cobalt catalysts also enhances the turnover rate
and Co site density during reaction, as reported by Iglesia et al. [10].

Due to the significant developments in nanoscience and nano-
technology over recent years, many inorganic nanomaterials have
been captivating the research in heterogeneous catalysis area. These
inorganic nanomaterials can be potentially used as catalysts in some
specified reactions, as supports for the catalytic phase, and also as
nanofillers in composite materials. This can be attributed to their
unique properties, great thermal and mechanical stability. In the pres-
ent work, nanocrystalline TiO2 having different crystallite sizes was
prepared via the sol-gel method and used as the support for Co cata-
lysts. In fact, the crystallite size of TiO2 can be controlled by varying
the water : alkoxide ratios during sol-gel synthesis. Thus, the effect

of crystallite size of the TiO2 support on the properties of Co cata-
lysts can be elucidated. The characteristics of different supports and
catalysts were determined by means of several techniques, such as
XRD, SEM/EDX, TEM, TPR, CO chemisorption, and XPS. The
activity and product selectivity of catalysts were measured via CO
hydrogenation under methanation condition to minimize the cata-
lyst deactivation.

EXPERIMENTAL

1. Preparation of Nanocrystalline TiO2

TiO2 was prepared by the sol-gel method [11,12]. First, the titania
precursor [titanium (IV) isopropoxide] was dissolved in ethanol and
then mixed with the solution of water:alkoxide, having molar ratios
between 4 to 165 in order to obtain different crystallite sizes of TiO2.
The mixture was added dropwise to the aqueous solution with ultra-
sonic stirring at room temperature for 2 h. The obtained amorphous
precipitates was centrifuged and redispersed in ethanol five times
prior to filtration. After that, the sample was dried and calcined at
450 oC in air flow for 2 h.
2. Preparation of Ru-modified Nanocrystalline TiO2

The Ru-modified TiO2 support was prepared by the incipient wet-
ness impregnation having 0.03 wt% of Ru. The desired amount of
ruthenium (III) nitrosyl nitrate [Ru(NO(NO3)3)] was dissolved in
deionized water, and then was dropped slowly to the TiO2 support.
The modified support was dried at 110 oC for 12 h and calcined in
air at 500 oC for 4 h.
3. Preparation of Cobalt Catalysts

A 20 wt% of Co metal was impregnated onto the TiO2 supports
according to sections 1 and 2 using cobalt nitrate [Co(NO3)2·6H2O]
as the precursor. The sample was dried at 110 oC for 12 h and cal-
cined in air at 500 oC for 4 h to convert all cobalt nitrate precursors
into Co oxide species [13].

The nomenclature used for the catalyst samples in this study is
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as follows:
• Co/TiO2_xx nm
• Co/TiO2_xx nm_Ru
Co/TiO2_xx nm refers to Co/TiO2 catalyst with TiO2 having the

crystallite size of xx nm.
Co/TiO2_xx nm_Ru refers to the Co/TiO2 catalyst with TiO2 hav-

ing the crystallite size of xx nm with Ru modification on TiO2 as
mentioned in section 2.
4. Methanation

CO hydrogenation (H2/CO=10/1) under methanation condition
was performed to determine the overall activity of the samples. Hy-
drogenation of CO was carried out at 220 oC and 1 atm. A flow rate
of H2/CO/Ar=20/2/8 cm3/min in a fixed-bed flow reactor was used.
A relatively high H2/CO ratio was used to minimize deactivation
due to carbon deposition during reaction. Typically, 10 mg of a sam-
ple was reduced in situ in flowing H2 (30 cm3/min) at 350 oC for
10 h prior to the reaction. Reactor effluent samples were taken at
30-min intervals and analyzed by GC. Thermal conductivity detec-
tor (TCD) with molecular sieve 5A was used to detect the CO. A
flame ionization detector (FID) with a VZ-10 column was used to
detect the light hydrocarbons, such as C1-C4 hydrocarbons. In all
cases, steady-state was reached within 5 h.
5. Characterization of Supports and Catalysts
5-1. N2 Physisorption

The surface area was determined by physisorption of nitrogen
(N2) using a Micromeritics Pulse Chemisorb 2700 system. It was
calculated based on nitrogen uptake at liquid-nitrogen temperature
(77 K) using the Brunauer-Emmett-Teller (BET) equation by the
single point method.
5-2. X-ray Diffraction

XRD was performed to determine the bulk crystalline phases of
the sample. It was conducted using a SIEMENS D-5000 X-ray dif-
fractometer with Cu Kα (λ=1.54439 Å). The spectra were scanned
at a rate of 2.4o/min in the range 2θ=20-80o.
5-3. Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy

SEM and EDX were used to determine the catalyst morpholo-
gies and elemental distribution throughout the sample granules, re-
spectively. SEM involved a JEOLmodel JSM-5800LV. EDX was
performed using Link Isis series 300 program.
5-4. Transmission Electron Microscopy

TEM was used to determine the dispersion of cobalt oxide species
using JEOL-TEM 200CX transmission electron spectroscopy oper-
ated at 100 kV with 50 k magnification. The sample was dispersed
in ethanol to obtain the uniform dispersion of sample prior to the
measurement.
5-5. Temperature-programmed Reduction

TPR was used to determine the reduction behaviors of the sam-
ples. It was carried out using 50 mg of a sample and a temperature
ramp from 35 to 800 oC at 5 oC/min. The carrier gas was 10% H2

in Ar. A cold trap was placed before the detector to remove water
produced during the reaction.
5-6. X-ray Photoelectron Spectroscopy

XPS was used to examine the binding energy and the surface
composition of the catalysts by using an AMICUS spectrometer
with X-ray source of Mg Kα radiation operated at voltage of 20 kV,
current of 10 mA using the AMICUS “VISION2” software.

5-7. CO Chemisorption
The active sites and the relative percentages dispersion of cobalt

catalyst were determined by CO-pulse chemisorption technique using
Micromeritics ChemiSorb 2750 (pulse chemisorption system) and
ASAP 2101C V.3.00 software. 20 mg of a sample was used and
reduced in H2 flow rate at 50 ml/min with heating from room tem-
perature to 350 oC at rate 10 oC/min and held at this temperature
for 3 h after being cooled to room temperature in He flow. Gas volu-
metric chemisorption at 100 oC was performed. Desorbed CO was
measured with a thermal conductivity detector. Pulsing was contin-
ued until no further carbon monoxide adsorption was observed.

RESULTS AND DISCUSSION

1. Characteristics
First, the crystallite size of the sol-gel derived TiO2 was varied

by changing the water:alkoxide molar ratios (3 values from 4, 40,
and 165) during the synthesis. In this sol-gel process, the reaction
between the alkoxide precursor and the desired amount of water
occurred in an anhydrous alcohol medium. The hydrolysis and con-
densation reactions can be summarized as follows [14]:

Hydrolysis: Ti(OC3H7)4+4H2O→Ti(OH)4+4C3H7OH (1)

Condensation: Ti(OH)4→TiO2+2H2O (2)

Net reaction: Ti(OC3H7)4+2H2O→TiO2+4C3H7OH (3)

As seen from the net reaction (3), the nucleation rate of TiO2 in-
creases with increasing the water:alkoxide ratios. As a result, the
crystallite size and nanoparticle size should decrease with increas-
ing the water:alkoxide ratios [15]. After calcination, the obtained
TiO2 supports were characterized using XRD and N2 physisorp-
tion. All samples exhibited similar XRD patterns (not shown) at
26o (major), 37o, 48o, 55o, 56o, 62o, 69o, 71o, and 75o assigned to TiO2

in the anatase phase. The crystallite sizes of TiO2 were calculated
based on the XRD line broadening using the Scherrer equation [16].
The crystallite sizes of TiO2 were in the range of 11, 13 and 16 nm
corresponding to the water:alkoxide ratios of 165, 40 and 4, respec-
tively. It appeared that increased water:alkoxide molar ratio appar-
ently resulted in decreased crystallite size of TiO2 [14,15]. The BET
surface areas of samples were found to be 71, 63 and 48 m2/g for
TiO2_11 nm, TiO2_13 nm, and TiO2_16 nm, respectively, which is
usual for anatase TiO2 obtained from the sol-gel method. After Ru
modification of the TiO2 supports, it showed only a slight decrease
in surface area. No XRD peaks of Ru were detected due to its highly
dispersed form.

After impregnation of Co onto the different TiO2 supports as men-
tioned above, the catalysts were calcined and characterized using
various techniques. The XRD patterns for the calcined catalyst sam-
ples without Ru modification are shown in Fig. 1. Besides the ap-
pearance of XRD patterns of the anatase TiO2 as mentioned above,
all calcined samples exhibited XRD peaks at 31o (weak), 36o (strong),
46o (weak), and 65o (weak), which were assigned to the presence
of Co3O4. Contrarily to Co/TiO2_16 nm, XRD patterns of Co/TiO2_
11 nm and Co/TiO2_13 nm both present a huge background. Such
a background may originate from a larger water content that would
be linked to the higher water:alkoxide ratio used for these catalysts
or more probably from the poor crystallinity of TiO2. However, no
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other forms of Co oxide species can be detected by XRD measure-
ment. The XRD patterns for the calcined catalyst samples with Ru
modification (not shown) were similar to those without Ru modifi-
cation. The surface areas of the catalysts with and without Ru modifi-
cation are shown in Table 1. They slightly decreased with Ru modi-
fication. It should be noted that high surface area could result in
better distribution of Co, but somehow does not guarantee good
dispersion as shown in our previous work [17]. The crystallite sizes
of Co3O4 are also shown in Table 1. It indicated that the Ru modifi-
cation can result in decreased crystallite size of Co3O4 on TiO2 sup-
ports. To determine the Co dispersion and active sites, CO chem-
isorption was performed as also listed in Table 1. Apparently, the
Co dispersion increased with Ru modification on the support. This
phenomenon was in agreement with our previous work [6] when
Ru was co-impregnated with cobalt onto the alumina support.

The morphologies and elemental distribution of the catalyst sam-
ples were determined by using SEM and EDX, respectively. The
SEM micrographs for all catalyst samples are illustrated in Fig. 2.
It can be seen that the larger crystallite sizes of TiO2 support can
result in more agglomeration of catalyst particles. The EDX map-
ping for all samples (not shown) also revealed good distribution of
cobalt on the support granules. To determine the dispersion of cobalt
oxide species on the different TiO2 supports, a more powerful tech-
nique such as TEM was applied for all samples. The TEM micro-

graphs of all catalysts are shown in Fig. 3. The dark spots represent
cobalt oxide species dispersed on the different TiO2 supports. Based
on TEM micrographs, the catalyst present on smaller size of TiO2

crystallite exhibits better dispersion (seen as smaller patches) than
the larger one. It is suggested that the dispersion of cobalt oxide spe-
cies could be altered by size of the support, as mentioned in our
previous work [18]. The Ru modification on TiO2 supports shows
a similar appearance to those without Ru modification. In addition,
with the presence of the highly dispersed form of cobalt oxide species
as seen for the smaller size of TiO2 crystallite, the interaction of the
cobalt oxides and support should be considered. Therefore, tem-
perature-programmed reduction (TPR) on the calcined catalyst sam-
ples was performed to gain a better understanding according to such
a reduction behavior.

The TPR profiles for all catalyst samples are shown in Fig. 4.
The reduction of cobalt oxides to cobalt metal (Co0) was observed

Fig. 1. XRD patterns for Co catalysts with different crystallite sizes
of TiO2 supports.

Table 1. Characteristics of catalyst samples

Samples
Surface area

(m2/g)
Crystallite size of

Co3O4 (nm)a

CO chemisorption

CO chemisorption (µmole CO/g cat) Co0 dispersionb (%)

Co/TiO2_11 nm 52 11.0 23.1 3.5
Co/TiO2_11 nm_Ru 47 08.7 31.1 4.6
Co/TiO2_13 nm 40 14.9 21.4 3.3
Co/TiO2_13 nm_Ru 36 13.9 24.3 3.6
Co/TiO2_16 nm 11 19.5 6.7 1.0
Co/TiO2_16 nm_Ru 10 15.8 11.7 1.8

aCalculated based on XRD line broadening using Scherrer Equation
bCalculated based on fraction of Co0 detected from CO chemisorption per Co0 loading ×100

Fig. 2. SEM micrographs of Co catalysts with different crystallite
sizes of TiO2 supports with and without Ru modification.
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for all catalyst samples that occurred in a shoulder and one major
peak. The lower reduction temperature shoulder peak of the unmodi-
fied catalysts was located at the 300 oC (for Co/TiO2_16 nm) and
350 oC (for Co/TiO2_11 and _13 nm). The broad peak was related
to a two-step reduction of Co3O4 to CoO, and then to Co metal [5,

13,18]. The Co/TiO2_16 nm sample exhibits broader TPR peaks
compared to the others. This may be due to the presence of more
various CoxOy species. With Ru modification, there is also one shoul-
der and one major peak for the catalysts with Ru modification located
at 260 and between 350 and 460 oC. It appears that the broad peak
is shifted to lower temperature with Ru modification. However, this
phenomenon is not clearly seen for the Co/TiO2_11 nm sample, sug-
gesting that the Ru modification has less pronounced effect on the
smaller crystallites. This indicates that Ru modification facilitates
the reduction of Co catalysts. In some particular cases, the peak of
the decomposition of the cobalt nitrates, as a cobalt precursor can
be observed between 200 and 300 oC, especially on silica and alu-
mina supports [6]. Prolonged calcination or reduction and recalci-
nation resulted in complete decomposition of any cobalt nitrates
present [6]. In addition, it has been often found that, due to interac-
tions between Co3O4 and support materials, such as silica or alumina,
the highest temperature peak represented the incomplete reduction
of CoXOY-support. The TPR of supported Co3O4 can also manifest
a separation of the two reduction steps [6,18-20]. A lower temper-
ature shoulder between 200 and 350 oC peaks was observed due to
some possible decomposition of residual Co nitrate. The reduction
of Co3O4 to CoO and Co0 occurred between 300 and 550 oC and
can be assigned to the reduction of metal oxides on the support [6,
18-20]. The strong interaction between Co metal and support de-
pends on the size of cobalt oxide species and nature of supports [6].
This suggested that the Ru may possibly help in the reduction of
Co oxides and the support to make small crystallite size, which would
decrease the Co0 crystallite size. These results were in accordance
with those reported by Hosseini et al. [21]. It was suggested that
the use of Ru modified-TiO2_11 nm and 13 nm supports can result
in higher reduction temperature of Co oxides with larger amount
of reducible cobalt oxide species.

XPS analysis was used to examine the binding energy and sur-
face concentrations of species on the catalysts. The catalyst sam-
ples were analyzed in the Co 2p, Ti 2p, O 1s, Ru 3d with regards
to the binding energy regions (not shown). The peaks of Ru 3d would
be detected around 280 eV [22,23], but there was no observation
of the Ru 3d due to very small amount of Ru loading. The binding
energy values corresponding to Co 2p and Ti 2p were not affected
by the small amount of Ru modification with the values of ca. 780 eV
and 459.1 eV, respectively. These results are in accordance with those
reported by Infantes-Molina et al. [22] and Reinikainen et al. [23].
2. Reaction Study

The reaction study was carried out via CO hydrogenation under
methanation condition in order to minimize the catalyst deactiva-
tion due to carbon deposition. The conversion, reaction rate and
product selectivity for all samples are shown in Table 2. The CO
conversion ranged between 32 and 91% upon different crystallite
sizes of TiO2 supports. Based on the reaction rates, it is obvious that
the activities of catalysts decreased with increasing the size of TiO2

crystallite from 11 to 16 nm due to the decrease of Co dispersion.
In addition, Ru modification apparently resulted in increased activ-
ity for all different crystallite sizes of TiO2 supports. However, the
Ru modification had more pronounced effect on the larger crystal-
lite size support where the conversion increased about two times.
This can be attributed to the promotion of cobalt dispersion by Ru
because it can facilitate the reduction of cobalt oxide species [6]. It

Fig. 3. TEM micrographs of Co catalysts with different crystallite
sizes of TiO2 supports with and without Ru modification.

Fig. 4. TPR profiles of Co catalysts with different crystallite sizes
of TiO2 supports with and without Ru modification.
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is worth noting that Ru can be added into the Co catalyst as a pro-
moter by coimpregnation with the cobalt precursor, such as cobalt
nitrate. As a promoter for Co/Al2O3 catalysts [6], Ru increased both
overall activity and reducibility. It was suggested that the Ru pro-
moter not only facilitates the reduction of cobalt oxide at lower tem-
perature, but also decreases the formation of Co strongly interact-
ing with the alumina (CoxOy-Al2O3) and nonreducible Co alumi-
nate by minimizing the impact of water vapor on this formation.
However, for Ru promotion in Co/TiO2 catalysts [24], it revealed
that Ru promotion can only facilitate the reduction of cobalt oxide
species, but has no effect on water vapor produced during reaction.
Based on this study, it can be observed that the effects of Ru modi-
fication of TiO2 supports are similar with those of Ru promotion as
mentioned earlier. It is worth noting that with Ru modification, the
effect of size of TiO2 crystallite on Co/TiO2 catalysts is less pro-
nounced.

Considering the product selectivity, in all cases methane was pres-
ent as a majority product, which is typical for CO hydrogenation
under methanation. Without Ru modification, the catalysts having
larger crystallite size of TiO2 trended to give greater amounts of longer
chain hydrocarbons (C2-C4). However, the C1-C4 decreased with
the Ru promotion. It is known that CO hydrogenation is a kind of
polymerization reaction where insertion of the -CH2- (methylene
group) occurs through the active centers [25], rate of propagation,
and rate of termination. Obviously, a termination of chain growth
occurs and is recognized as the chain growth probability. Based on
product selectivity as found here, it can be concluded that the Ru
modification in TiO2 supports slightly inhibited the chain growth
probability. As a matter of fact, it resulted in the observation of higher
methane selectivity with Ru modification.

CONCLUSIONS

Based on this study, the effect of different crystallite sizes of TiO2

supports on the catalytic properties of Co/TiO2 catalysts can be eluci-
dated. The smaller crystallite size of TiO2 support exhibited higher
catalytic activity due to higher Co dispersion. The crystallite sizes
of cobalt oxide species were replicated by those of the TiO2 support.
It also revealed that the Ru modification on the support apparently
increased the activity of catalysts as seen when Ru was used as a
promoter by coimpregnation with the cobalt precursor. However,
with the Ru modification, the effect of size of TiO2 crystallite on
Co/TiO2 catalyst was less pronounced. The Ru promotion can result
in slightly decreased C2-C4 hydrocarbons during methanation.

ACKNOWLEDGEMENT

The authors thank the Thailand Research Fund (TRF) and Office
of the Higher Education Commission (CHE) for the financial sup-
port of this project.

REFERENCES

1. A. Y. Khodakov, W. Chu and P. Fongarland, Chem. Rev., 107, 1692
(2007).

2. K. Okabe, X. Li, M. Wei and H. Arakawa, Catal. Today, 89, 431
(2004).

3. A. Kogelbauer, J. G. Goodwin, Jr. and R. Oukaci, J. Catal., 160, 125
(1996).

4. S. J. Tauster, S. C. Fung and R. L. Garten, J. Am. Chem. Soc., 100,
170 (1978).

5. B. Jongsomjit and J. G. Goodwin, Jr., Catal. Today, 77, 191 (2002).
6. B. Jongsomjit, J. Panpranot and J. G. Goodwin Jr., J. Catal., 204, 98

(2001).
7. S. L. Soleda, E. Iglesia, R. A. Fiatoa, J. E. Baumgartnera, H. Vro-

mana and S. Miseoa, Topics Catal., 26, 101 (2003).
8. N. Tsubaki, S. Sun and K. Fujimoto, J. Catal., 199, 236 (2001).
9. G. Jacobs, T. K. Das, Y. Zhang, J. Li, G. Racoillet and B. H. Davis,

Appl. Catal. A: Gen., 233, 263 (2002).
10. E. Iglesia, S. L. Soled, R. A. Fiato and G. H. Via, J. Catal., 143, 345

(1993).
11. K. Suriye, P. Praserthdam and B. Jongsomjit, Appl. Surf. Sci., 253,

3849 (2007).
12. K. Suriye, P. Praserthdam and B. Jongsomjit, Ind. Eng. Chem. Res.,

44, 6599 (2005).
13. B. Jongsomjit, C. Sakdamnuson, J. G. Goodwin Jr. and P. Praserth-

dam, Catal. Lett., 94, 209 (2004).
14. S. Shukla, S. Seal and R. Vanfleet, J. Sol-Gel Sci. Technol., 27, 119

(2003).
15. K. V. Baiju, S. Shukla, K. S. Sandhya, J. James and K. G. K. War-

rier, J. Phys. Chem. C, 111, 7612 (2007).
16. L. E. Alexander, X-ray diffraction procedures for polycrystalline

amorphous, 2nd Ed., Wiley & Sons, New York (1974).
17. B. Jongsomjit, T. Wongsalee and P. Praserthdam, Mater. Chem.

Phys., 97, 343 (2006).
18. S. Kittiruangrayab, T. Burakorn, B. Jongsomjit and P. Praserthdam,

Catal. Lett., 124, 376 (2008). 
19. A. Kogelbauer, J. G. Goodwin, Jr. and R. Oukaci, J. Catal., 160, 125

(1996).
20. J. Li, G. Jacobs, Y. Zhang, T. Das and B. H. Davis, Appl. Catal. A:

Gen., 223, 195 (2002).
21. S. A. Hosseini, A. Taeb, F. Feyzi and F. Yaripour, Catal. Commun.,

5, 137 (2004).
22. A. Infantes-Molina, J. M. Rida-Robles, E. R. Guez-Castello, J. L. G.

Fierro and A. J. Nez-Lopez, Appl. Catal. A: Gen., 341, 35 (2008).
23. M. Reinikainen, M. K. Niemela, N. Kakuta and S. Suhonen, Appl.

Catal. A: Gen., 174, 61 (1998).
24. B. Jongsomjit, C. Sakdamnuson, J. Panpranot and P. Praserthdam,

React. Kinet. Catal. Lett., 88, 65 (2006).
25. B. Jongsomjit S. Kittiruangrayub and P. Praserthdam, Mater. Chem.

Phys., 105, 14 (2007).

Table 2. Reaction study

Samples
Conversion

(%)

SS rate

 (×102 gCH2/
g cat·h)

Product
selectivity (%)

C1 C2-C4

Co/TiO2_11 nm 77 28.9 97 3
Co/TiO2_11 nm_Ru 91 34.1 97 3
Co/TiO2_13 nm 49 18.4 94 6
Co/TiO2_13 nm_Ru 89 33.4 99 1
Co/TiO2_16 nm 32 12.0 94 6
Co/TiO2_16 nm_Ru 77 28.9 99 1
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a  b  s  t  r  a  c  t

This work proposes the application of methane decomposition (MD) as a fuel processor to replace methane steam

reforming  (MSR) for hydrogen production for a methane-fuelled solid oxide fuel cell (SOFC) system. In this work,

comparison  between the MD–SOFC and the MSR–SOFC was performed in terms of SOFC performances and economic

analysis  to demonstrate a benefit of using MD as a fuel processor. Energy analysis of SOFC system was evaluated

based  on thermally self-sufficient condition where no external energy is required for the system. Although the

MD–SOFC  system offers lower electrical efficiency than that of the MSR–SOFC as solid carbon is generated without

being  further combusted to generate energy; however, the MD–SOFC stack can be operated at higher power density

due  to high purity of hydrogen supplied to the fuel cell, resulting in smaller size of the system when compared to

the  MSR–SOFC. Moreover, the MD–SOFC system is less complicated than that of the MSR–SOFC as the CCS facility is

not  necessary to be included to reduce CO2 emission. Economic analysis demonstrated that the SOFC system with

MD  is more competitive than the conventional system with MSR when considering the valuable by-products of solid

carbon  even with the low-valued carbon black. It is suggested that the success of this proposed SOFC system with
MD  relies on the technology development on cogeneration of hydrogen and valuable carbon products.

©  2012 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Sangtongkitcharoen et al., 2008; Piroonlerkgul et al., 2008,
. Introduction

ver the past decades, the continuous growth of world econ-
my  has caused a number of problems such as shortage
f  energy resources, environmental problems and climate
hanges. Based on traditional technologies, combustion of fos-
il  fuels has emitted a large amount of greenhouse gases to
nvironment (Simbeck, 2004; Suelves et al., 2005; Naser and
imothy,  2007; Edwards et al., 2008; Ahmed et al., 2009). There-
ore,  many  researchers have focused on the development of
lternative  energy with high-efficiency as well as environmen-
al  friendly power generation technologies (Karl and Gunter,
Please cite this article in press as: Triphob, N., et al., Integrated methane 

generation and carbon capture. Chem. Eng. Res. Des. (2012), http://dx.doi.

995;  Dicks, 1996; Coutelieris et al., 2003; Edwards et al., 2008).
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Solid oxide fuel cell (SOFC) is one of promising technolo-
gies that directly transforms chemical energy of a fuel into
electrical  energy with high efficiency and reduced environ-
mental  burden (Karl and Gunter, 1995; Poirer and Sapundzhiev,
1997;  Martin and Ralph, 2003; Ahmad Hajimolana et al., 2012;
Laguna-Bercero, 2012). A variety of fuels (e.g., alcohol, natu-
ral  gas, coal and petroleum based substance) can be used in
SOFC  systems due to their high operating temperature range
(873–1273  K) (Stambouli and Traversa, 2002; Assabumrungrat
et al., 2005; Hernadez-Pacheco et al., 2005; Hussain et al.,
2006;  Naser and Timothy, 2007; Douvartzides et al., 2003;
decomposition and solid oxide fuel cell for efficient electrical power
org/10.1016/j.cherd.2012.05.014

pted 20 May 2012

2009a,b,c;  Arpornwichanop et al., 2010; Patcharavorachot et al.,

neers. Published by Elsevier B.V. All rights reserved.
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Nomenclature

Asingle cell active area of SOFC single cell (m2)
Atotal total active area of SOFC (m2)
Ccell capital cost of SOFC single cell ($)
Ccompressor capital cost of compressor ($)
Cstack capital cost of SOFC stack ($)
Dm(eff) effective diffusion coefficient of electrode m

(cm2 s−1)
E  theoretical open-circuit voltage of the cell (V)
E0 theoretical open-circuit voltage of the cell at

standard pressure (V)
Eact activation energy (kJ mol−1)
F Faraday constant (9.6495 × 104) (C mol−1)
G Gibb’s free energy (kJ mol−1)
�H◦ heat of reaction (kJ mol−1)
HP  power consumption in compressor (HP)
i current density (A cm−2)
io,m exchange current density of electrode m

(A cm−2)
Kj equilibrium constant of reactions j (various

units)
lm thickness of electrode m (�m)
L thickness of electrolyte (�m)
ni mole of component i (mol)
Ncell number of SOFC single cell
Nstack number of SOFC stack
P pressure  (Pa)
pi partial pressure of component i (Pa)
pI

i
inlet pressure of component i (Pa)

Qnet difference between heat demand and heat gen-
eration in SOFC system (kW)

Qstack thermal energy supplied from fuel cell stack
(kW)

R gas constant (8.3145 J mol−1 K−1)
T temperature (K)
Uf fuel utilization
V  cell voltage (V)
Wsep,min minimum electricity work consumed in CO2

(kW)
z number of electron participating in the electro-

chemical reaction

Greek  letters
˛  charge transfer coefficient (dimensionless)
� electrode tortuosity (dimensionless)
ıO2 coefficient used in concentration overpotential

(dimensionless)
�loss total loss (V)
�act activation loss (V)
�conc concentration loss (V)
�ohm ohmic loss (V)
�  pre-exponential factor for electrode exchange

Subscripts
a anode
c cathode
ref reference condition
MD  methane decomposition
MSR  methane steam reforming
WGS water-gas  shift reaction
RWGS  reverse water-gas shift reaction

CCS carbon capture storage
SOFC  solid oxide fuel cell
TER  thermal to electrical ratio
2010). Typically, an SOFC system consists of 2 main parts; (1)
a  fuel processor for hydrogen generation and (2) a SOFC unit,
which  generates electricity from hydrogen and recovers useful
heat  from spent fuel for utilization in the system.

Methane is considered as a suitable and convenient fuel
for  the SOFC system due to its availability, highest hydro-
gen  to carbon ratio in hydrocarbon substances and low cost
(Ermakova  et al., 2000; Vivanpatarakij et al., 2007; Serrano
et  al., 2010). There are several reaction routes for generating
hydrogen from methane such as methane steam reforming
(MSR),  partial oxidation, dry reforming, autothermal reform-
ing,  and methane decomposition (MD) (Edwards and Maitra,
1995;  Laosiripojana et al., 2005; Suelves et al., 2005; Bonura
et  al., 2006; Vivanpatarakij et al., 2007; Li et al., 2008; Wang
et  al., 2009). Nowadays, the MSR (Eq. (1)) is probably the most
well-established technology and widely used as the fuel pro-
cessor  in the conventional SOFC system. Although, it offers the
highest  hydrogen production but the MSR demands the high-
est  energy and has impurities such as carbon oxide or steam,
in  the reformed gas.

CH4 + H2O → 3H2 + CO2 �H◦ = +206.9 kJ mol−1 (1)

A number of researches have been focused on improv-
ing efficiency and performances of the methane-fuelled SOFC
systems.  Due to the impurities in the reformed gas from
the  conventional SOFC system, membrane reactor technology
(a  combination of membrane and steam reforming reactor)
(Damen  et al., 2006a,b; Powell and Qiao, 2006) is the promising
pre-carbon capture technology in power generation. Palla-
dium  type has been widely applied as a selective hydrogen,
installing in the fuel processor, to purify hydrogen and to
increase  methane conversion (Basile et al., 2003; Gallucci
et  al., 2004; Fernandes and Soares, 2006; Patel and Sunol,
2007).  Vivanpatarakij et al. (2009) presented an upgraded SOFC
system  with the application of various operation modes in
membrane  reactor such as the combination of compressor and
vacuum  pump. However, this system is difficult to apply in
real  system due to high cost of membrane material. Another
technique that is developed to purify hydrogen before feed-
ing  to the SOFC is the use of CaO–CO2 acceptor after the
fuel  processor; however, this technique has a disadvantage of
which  CO2 is produced afterburner (Iordanidisa et al., 2006;
Vivanpatarakij et al., 2009; Piroonlerkgul et al., 2010). Conse-
quently,  the conventional SOFC system needs to be equipped
with  a carbon capture and storage (CCS) after the afterburner.
The  CCS, as shown in Fig. 1, is composed of three main steps;
CO2 separation, CO2 compression to the liquid form for trans-
port  purpose, and CO2 sequestration (or storage) (Abu-khader,
2006;  Damen et al., 2006a,b; House et al., 2009). However, this
system  is still under developed and is not applied extensively
in  large scale production due to high capital cost with complex
system  and high energy demand (Meyer, 2009; Piroonlerkgul
et  al., 2008, 2009a,b,c; Farhad et al., 2010).

MD (Eq. (2)) is therefore an interesting alternative reaction
decomposition and solid oxide fuel cell for efficient electrical power
org/10.1016/j.cherd.2012.05.014

for  hydrogen production as it requires lower energy consump-
tion  than the conventional MSR. Moreover, the gas product

dx.doi.org/10.1016/j.cherd.2012.05.014
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Fig. 1 – Carbon capture and storage facility (CCS).
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ontains COx-free due to the absence of oxidant substances
i.e.,  steam or oxygen).

H4 → 2H2 + C �H◦ = +75.6 kJ mol−1 (2)

It should be noted that although the hydrogen generated
rom MD  is less than that from MSR, the pure hydrogen
enerated by MD  offers potential benefits on improved per-
ormance  of the SOFC when compared with that achieved in
he  conventional MSR–SOFC (Baron et al., 2004; Damen et al.,
006a,b;  Suwanwarangkul et al., 2006; Piroonlerkgul et al.,
009a,b,c;  Yusuke et al., 2009). With the consideration of their
y-products,  MD  produces a separated phase by-product, solid
arbon,  in different valuable forms. So that no carbon oxides
s  supplied to SOFC, resulting in a long operation life time
f  the SOFC stack (Takenaka et al., 2001; Coutelieris et al.,
003;  Villacampa et al., 2003; Sangtongkitcharoen et al., 2005).
urthermore,  such solid carbon can be used as a commod-
ty  product in various fields e.g., sorbent material, membrane,
atalyst, electrical devices, and fuel cell or sequestered (or
tored)  for future use (Muradov, 2001; Meyer,  2009; Muradov
t  al., 2010). As a consequence, the CCS facility required in the
SR–SOFC  is not necessary when MD is applied, resulting in

ower  cost and energy consumption (Bonura et al., 2006; Abbas
nd  Wan  Daud, 2009; Ahmed et al., 2009; Yusuke et al., 2009).

This  study is aimed to evaluate and compare performances
etween the two fuel processors, MD  and MSR with and
ithout  CCS facility. Our SOFC system operations are per-

ormed  under an energy self-sufficient condition (Qnet = 0),
here  no external heat is required to supply to the reac-

or  (Sangtongkitcharoen et al., 2005; Palazzi et al., 2007;
iroonlerkgul et al., 2008, 2009a,b,c; Vivanpatarakij et al., 2009).
urthermore, the economic analysis is carried out to deter-
ine  the appropriate fuel processor for the SOFC at the

ptimal  operating condition (operating voltage and fuel uti-
ization)  for the same net electrical power of 1 MW.

.  Process  description  of  SOFC  systems

igs. 2 and 3 show schematic diagrams of the SOFC systems
ith  MSR  with/without CCS, and the SOFC system with MD,

espectively. The major components in the system include
eed  pre-heaters, a fuel processor, an SOFC stack, and an after-
urner.  For the conventional SOFC system with MSR (Fig. 2),
team is generated in a pre-heater and mixed with the heated
ethane.  Then the gas mixture is fed into the fuel proces-

or  where the steam methane reforming and water–gas shift
eaction  take place to generate H2-rich gas. After that the
eformed gas and air are introduced into the SOFC stack. The
xhaust  gases are then combusted in the afterburner to gen-
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rate  heat for utilizing in the system. In case of the MSR–SOFC
ystem with the addition of CCS, the CCS is placed after the
afterburner  for CO2 capture. For our proposed SOFC system
with  MD  (Fig. 3), the operation is less complicated as there is
no  steam input to the reactor and no additional CCS. It should
be  noted that because solid carbon is also generated as a by-
product  of the MD, there is a concern of carried-over carbon
in  hydrogen gas because it could damage the SOFCs.

3. SOFC  system  modeling

3.1.  Fuel  processor

For the MSR  process, hydrogen production from methane can
be  obtained via methane steam reforming reaction (Eq. (1))
and  water–gas shift reaction (WGS) (Eq. (3)). These reactions
usually take place in series, resulting in an overall reaction as
shown  in Eq. (4).

CO  + H2O ↔ H2 + CO2 �H◦ = −41.2 kJ mol−1 (3)

CH4 + 2H2O ↔ 4H2 + CO2 �H◦ = +165.7 kJ mol−1 (4)

Several works have reported a suitable amount of steam
to  provide long activity and reduce carbon formation, basis
industrial  methane steam reforming reaction is usually run
under  a steam to carbon molar ratio of 1.4 or higher (Dicks,
1996).  With the equilibrium consideration of the side reaction
(WGS),  the steam to carbon molar ratio is suggested to be 2
or  higher (Renner and Marschner, 1985; Palsson et al., 2000;
Sangtongkitcharoen et al., 2005; Vivanpatarakij et al., 2009;
Arpornwichanop et al., 2010). However, it is noted that using
high  excess of water in the system has some disadvantages;
(1) excess steam dilutes the hydrogen concentration in the
reformed  gas, (2) higher thermal energy is required in the SOFC
system,  and (3) power density and performance of the SOFC
can  be lower as reported by Piroonlerkgul et al. (2009a,b,c)
and  Dokmaingam et al. (2010). In this work, we  selected the
steam  to carbon ratio of 2.5 as the carbon activity at this value
tends  to approach zero (Renner and Marschner, 1985; Palsson
et  al., 2000; Sangtongkitcharoen et al., 2005; Zhang et al., 2005).
For  the MD system, methane is directly decomposed to pure
hydrogen  and carbon follows Eq. (2) without any side reac-
tions.

To  simplify the calculations for the fuel processors, ther-
modynamic chemical equilibrium is assumed to identify the
product  compositions under the isothermal operation. The
equilibrium  constant of the related reactions (Kj) is shown in
Eqs.  (5)–(7):

Conventional MSR;

KMSR =
p3

H2
pCO

pCH4 pH2O
(5)

KWGS = pH2 PCO2

pH2OpCO
(6)

MD;

KMD =
p2

H2

pCH4

(7)

3.2.  SOFC  stack  model
decomposition and solid oxide fuel cell for efficient electrical power
org/10.1016/j.cherd.2012.05.014

The modeling of SOFC stack in this work is based on our
previous work (Piroonlerkgul et al., 2009a,b,c). The SOFC
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with
Fig. 2 – The conventional SOFC system configurations 

anode, electrolyte, and cathode are made of Ni–YSZ, YSZ,
and  LSM–YSZ, respectively. It is assumed that only H2 con-
tributes  to the electrochemical reaction and the anode gas in
the stack is at its chemical equilibrium compositions due to
high  operating temperature of SOFC and fast reaction rates. It
was reported that the electro-oxidation of H2 is much  faster
than  that of CO (Khaleel et al., 2004), and the reaction rate of
WGS  is fast at high temperatures (Blom et al., 1994; Swaan
et  al., 1994; Bradford and Vannice, 1996).

Open circuit voltage or theoretical voltage (E) can be cal-
culated  from the Nernst equation, where the value depends
upon  the reversible potential (E0), temperature, and gas com-
positions.  Such open circuit voltage can be obtained by:

E  = E0 + RT

2F
ln

(
pH2 p

1/2
O2

pH2O

)
(8)

Actual cell potential (V) as expressed in Eq. (9) is always
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less  than the open-circuit voltage (E) due to overpotentials.
Three major overpotentials are involved in the system, ohmic

Fig. 3 – The proposed SOFC system configu
 MSR  as hydrogen processor with/without CCS facility.

overpotential  (�ohm), activation overpotential (�act), and con-
centration overpotential (�conc).

V = E −
∑

�loss = E − �act − �ohm − �conc (9)

The ohmic overpotential (�ohm) involves the resistance to
flow  of electrons through the electrodes and the interconnec-
tors  and to flow of ions through the electrolyte. Due  to the high
electronic  conductivity of the electrodes and the interconnec-
tors  compared to the ionic conductivity of the electrolyte, only
the  ohmic overpotential of the electrolyte (Eq. (10)) is consid-
ered  (Ferguson et al., 1996).

�ohm = 2.99 × 10−11iL exp
(

10, 300
T

)
(10)

The activation overpotential (�act) is controlled by the
kinetics of electrochemical reaction at the electrode surface.
High  temperature operation in SOFC promotes fast reaction
rate,  leading to a reduction of this loss. In this work, the
Butler–Volmer equation is performed to compute the activa-
tion. [ ( ) ( )]
decomposition and solid oxide fuel cell for efficient electrical power
org/10.1016/j.cherd.2012.05.014

i  = i0 exp
˛zF�act

RT
− exp

(  ̨ − 1)zF�act

RT
(11)

ration with MD  as hydrogen processor.
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Table 1 – Summary of model parameters.

Parameters Values

Hydrogen processor
P  1 atm
TMD 1523 K
TMSR 1073 K

SOFC  stack (Piroonlerkgul et al., 2009a,b,c)
n 0.48
� 5.4
�a 1.344 × 1010 A m−2

�c 2.051 × 109 A m−2

Eact,a 1 × 105 J mol−1

Eact,c 1.2 × 105 J mol−1

la 750 �m
lc 50 �m
L  50 �m
P  1 atm
TSOFC 1073 K

t
e

�

r
e
p

i

i

f
t
p
o
l
c
a

�

�
/Dc(e

m

3

H
v
o
e
c

value  of Q is equal to zero, indicating that the total gen-
In case of SOFC,  ̨ and z are set to be 0.5 and 2 according
o Chan et al. (2001). Consequently, the activation potential at
ach electrode is simplified as:

act,j = RT

F
sinh−1

(
i

2i0,j

)
, j = a, c (12)

The exchange current density (i0) in each electrode is
elated  to partial pressure and operating temperature. The
xpression  for the anode and cathode electrodes can be com-
uted  from the following equations (Fleig, 2003):

0,˛ = �a

(
pH2

Pref

)  (
pH2O

Pref

)
exp
(

−Eact,a

RT

)
(13)

0,c = �c

(
pO2

Pref

)0.25
exp
(

−Eact,c

RT

)
(14)

The concentration overpotential (�conc) is a loss occurring
rom a slow mass transfer. While the electrochemical reaction
akes  place over the stack, the reactant gases diffuse to the
ore  of catalyst, resulting in the difference in concentration
f  gas between the bulk and the reaction site. Therefore, this

oss  can be computed by the relation between gas diffusion
oefficients and operating temperature as shown in Eqs. (15)
nd  (16) (Chan et al., 2001):

conc,a = RT

2F
ln

[
(1 + (RT/2F)(la/Da(eff)p

I
H2O)i)

(1 − (RT/2F)(la/Da(eff)p
I
H2

)i)

]
(15)

conc,c = RT

4F
ln

[
pI

O2

(Pc − ıO2 ) − ((Pc − ıO2 ) − pI
O2

) exp
[
(RT/4F)(ıO2 lc

The  parameters of the SOFC stack performance are sum-
arized  in Table 1.

.3.  Heat  exchanger

eat requirement for each unit can be determined using con-
entional  energy balance by calculating changes in enthalpy
f  the inlet and outlet streams. It is assumed that the heat
xchangers in the SOFC system are operated under adiabatic
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ondition (no heat loss).
ff)Pc)i
]
]

(16)

3.4.  Afterburner

The anode and cathode exhaust gases are fed to the
afterburner unit, where the residual fuels are completely
combusted, to generate heat for supplying to all energy-
demanding units in the SOFC system. It is assumed that the
heat  can be extracted from the combusted gas without heat
loss  and the final exhaust gas emits to the environment at
483  K which is enough to supply heat for steam generation
and air preheating.

3.5.  CCS  facility

For the SOFC system with MSR, an additional CCS facility is
installed  after the afterburner in order to prevent CO2 emis-
sion  to the environment (Simbeck, 2004; Abu-khader, 2006;
Damen  et al., 2006a,b). The operation of CCS employs the
power  generation of the SOFC to utilize in its steps. The energy
requirement is calculated as follows:

• CO2 separation from the exhaust gas
The  work required for CO2 separation from the exhaust gas
equals  the change in Gibbs free energy before and after sep-
aration.

Wsep,min = −dG = �Gsep =
∑

i

(
∂Gi

∂ni

)
(17)

The calculations follow the procedure suggested by House
et  al. (2009). The ideal gas was assumed as the separa-
tion takes place near atmospheric and N2 and CO2 do not
chemically interact. It is further assumed that the sepa-
ration  process takes place under isothermal and isobaric,
and  therefore, the calculated values represent the minimum
required work.

• CO2 compression and transportation
After CO2 is separated out of the exhaust gas, it is com-
pressed to liquid phase and transported to a geological
reservoir (Abu-khader, 2006). Minimum work required in
this  stage is obtained by the reversible isothermal com-
pression condition; a typical value is about 13 kJ mol−1 CO2

(House et al., 2009).
•  CO2 storage into the geological reservoir

Liquid  CO2 is compressed to emplace at depth, displac-
ing denser ground water upward. Pressure of this step is
around  the hydrostatic pressure of ground water at the well
head.  This step is assumed to overcome the physical barri-
ers  which are gravity and surface tension. Minimum work is
about  the power from the change of pressure and concerned

on the injection lifetime due to an increasing of reservoir
pressure (Damen et al., 2006a,b). A typical value of the min-
imum  work over the life time of injection is approximately
2 kJ mol−1 CO2 (House et al., 2009).

3.6.  Operation  at  thermally  self-sufficient  condition

The SOFC systems in this study are focused on an operation at
the thermally self-sufficient condition. At this condition, the
decomposition and solid oxide fuel cell for efficient electrical power
org/10.1016/j.cherd.2012.05.014

net

erated  thermal energy from the SOFC system is performed
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to supply the overall heat-demanding units without external
heat  input. From the system configuration in Figs. 2 and 3,
there  are main units which play an important role in releasing
thermal  energy namely; SOFCs (Q5) and afterburner (Q6). But
the  MD  requires a further cooler due to its high temperature in
hydrogen processor. Therefore, this proposed system with MD
consists  of three generated thermal energy units, Q3, Q5, and
Q6. In term of thermal energy demand, this value consists of
the  energy consumption in heaters and fuel processors. The
Qnet in the thermally self-sufficient operation is calculated by:

SOFC  system with MSR;

Qnet = (Q1 + Q2 + Q3 + Q4) − (Q5 + Q6) (18)

SOFC system with MD;

Qnet = (Q1 + Q2 + Q4) − (Q3 + Q5 + Q6) (19)

Note that the calculations of Qi are based on enthalpy
changes of the input and output streams of the units.

The  thermally self-sufficient condition can be achieved by
tuning  of fuel utilization (Uf) at various operating voltages. The
fuel  utilization (Zhang et al., 2005) and electrical efficiency
(Piroonlerkgul et al., 2009a,b,c) in the SOFC system are esti-
mated  from Eqs. (20) and (21), and overall electrical efficiency
is  calculated by Eq. (22):

Fuel  utilization (%)

= H2,equivalent consumption in SOFC stack

H2,equivalentfed to the SOFC system
× 100 (20)

Stack cell electrical efficiency (%)

= Net electrical power generated
(LHV of fuel × fuel feed rate)at anode side

× 100 (21)

Overall electrical efficiency (%)

= Net electrical power generated
LHV of methane ×  methane feed rate

× 100 (22)

4.  Results  and  discussion

4.1.  Thermodynamics  of  reactions  in  fuel  processors

Thermodynamic chemical equilibrium between two main
reactions  of methane steam reforming (MSR) and methane
decomposition (MD) is firstly investigated in term of product
distribution basis on 1 mol  of pure methane feed. The steam to
carbon molar ratio input of MSR  is fixed to higher basis require-
ment  at the value of 2.5 as mentioned earlier. The system is
operated  under the atmospheric pressure to minimize cost
of  operation and to obtain higher yield follow the Le Chater-
lier’s  principle at different temperatures, ranging from 273 K
to 2000 K.

Product  distribution depicted in Fig. 4 shows the endother-
mic  nature of both MD  and MSR  reactions as the amount
of  CH4 was  increasingly consumed to produce hydrogen fuel
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when  the operating temperature is raised. It is noted that
H2 can be generated higher in the MSR  process due to the
presence  of water reagent and higher stoichiometric coeffi-
cient  in the reactions (Eqs. (2) and (4)) (Dokmaingam et al.,
2010;  Halabi et al., 2010). At temperature higher than 1100 K,
the  endothermic reverse water gas shift reaction (RWGS)
(reverse of Eq. (3)), in turn, plays an important role in the
MSR  process, resulting in the declination of H2 production.
Although, the MSR provides higher methane conversion and
hydrogen  yield but other unwanted-by-products are also pro-
duced  from this process especially COx, which significantly
reduces the purity of hydrogen fuel and affects the perfor-
mance  and stability of SOFC stack.

The MD, on the other hand, produces H2 without any
side  reactions and hence large amount of purified H2 can be
obtained  at high temperature (Poirer and Sapundzhiev, 1997;
Muradov,  2001; Liu et al., 2010). The results reveal that almost
100%  of hydrogen and carbon production from the MD  process
can  be achieved at temperature over 1373 K. It is noted that the
presence  of small amount of CH4 in gas stream from the fuel
processor,  resulting from unconverted feed, does not affect
the  electrochemical reaction in the SOFC, in turn, it provides
the  internal reforming with H2O to produce H2 again in SOFC
stack  (Piroonlerkgul et al., 2008). The reduction of H2O in the
anode  chamber promotes the diffusion of H2 to generate the
electrical  power as reported by Patcharavorachot et al. (2010).
Further,  small amount of H2O at anode side can enhance for-
ward  electrochemical reaction so that stack cell efficiency of
the  MD–SOFC becomes higher than that of the MSR–SOFC as
will  be discussed later.

Although,  the MSR  process shows a better performance in
producing  much  larger amount of H2 over the MD  process but
to  apply the fuel processor with SOFC, the performance of the
entire  process, MSR–SOFC and MD–SOFC, is needed to be con-
sidered.  In this study, the performance of the fuel processor
with  SOFC is determined in terms of maximum power density,
electrical  efficiency, and the effect of hydrogen purity (which
is  considered as the overpotential). Finally, economic analy-
sis  is taken into account in order to determine a suitable fuel
processor  for operating with SOFC.

4.2.  Comparison  of  methane-fuelled  SOFC  systems
performance with  different  fuel  processors

For both MD–SOFC and MSR–SOFC, the systems are operated
under  the thermally self-sufficient condition (Qnet = 0) at fuel
cell  temperature of 1073 K, which is previously reported as a
suitable  SOFC operating temperature (Vivanpatarakij et al.,
2007;  Piroonlerkgul et al., 2009a,b,c). To find the optimal
condition at thermally self-sufficient condition, the total heat
consumption  is calculated via a trial-and-error method by
tuning  the fuel utilization (Uf) at a fixed operating voltage of
SOFC  stack to where the total heat consumption is equal to
the  total heat generation from the system. It is noted that
the  fuel utilization (Uf) can be defined as the equivalent of
hydrogen  consumption in the SOFC stack divided by overall
the  equivalent of hydrogen fed to the SOFC. As shown in Fig. 5
(MSR–SOFC) and Fig. 6 (MD–SOFC), Qnet can be either positive
or  negative value. A positive value of Qnet means external
heat source is required to supply for the thermal energy
consumption unit and the negative value indicates that there
is  some heat release from the overall process. The Qnet can
be  zero when the optimal fuel utilization is elected at varying
operating  voltage. In addition, the value of produced thermal
decomposition and solid oxide fuel cell for efficient electrical power
org/10.1016/j.cherd.2012.05.014

to  electrical ratio (TER), which is defined as the portion of
fuel  needed to utilize as a thermal energy to obtain an equal
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Fig. 4 – Product distribution of methane decomposition (dash line) and of conventional methane steam reforming
(H2O:CH4 = 2.5) (solid line) at atmospheric pressure and varying temperature (basis on 1 mol  of pure methane for both
processes).

Fig. 5 – Qnet at different fuel utilization and operating voltage at 1073 K in conventional SOFC system with MSR, basis on
1 mol  of pure methane (H2O:CH4 = 2.5).

Fig. 6 – Qnet at different fuel utilization and operating voltage at 1073 K in proposed SOFC system with MD,  basis on 1 mol  of
pure  methane.
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Table 2 – Costing models and economic parameters used
in  the economic analysis.

Costing model
SOFC  (Piroonlerkgul et al., 2009a,b,c)

Cell  cost (US$) Ccell = Asingle  cell × 0.1442a

Number of cells Ncell = Atotal/Asingle  cell

Number of stacks Nstack = Ncell/100
Fuel cell stacks cost (US$) Cstack = 2.7 × [(Ccell × Ncell)

+ (2 × Nstack × Asingle  cell × 0.46425)]
Capture capital cost

(US$/tonne)
42.33 (Herzog, 1999)

Economic parameters
Fuel  feed cost (US$/1000 ft3) 9.36 (IEA Natural Gas, 2010)
Carbon selling cost (US$/lb) 0.5 (http://www.icispricing.com)
Project  life time (year) 5

a A single cell area is fixed at 200 cm2.
electricity production (Farhad et al., 2010), is found to be 3.90
for  the MSR–SOFC, and 2.66 for the MD–SOFC system at the
thermally  self-sufficient point (Qnet = 0). The higher value of
TER  observed in the MSR–SOFC system is because the MSR is
more  endothermic than the MD.

The relationship between the operating voltage and power
density  at the energy self-sufficient operation is shown in
Fig.  7. The optimum operating voltage which offers the maxi-
mum  power density for the MSR–SOFC system is at 0.60 V and
for  the MD–SOFC is at 0.65 V. Moreover, higher power density
is  observed in the case of the MD–SOFC since the MD produces
purer  H2 than the MSR–SOFC as will be evidenced later in Fig. 8
showing  operating voltage and polarization at various fuel uti-
lizations. The larger the fuel utilization, the more  depletion
of  fuel at the anode is, leading to an increase in polarization.
Moreover, because the impurity in hydrogen fuel in case of the
MSR  is higher than that of the MD,  the polarizations in SOFC
system  in case of the MSR  are therefore higher than that of the
MD  at similar fuel utilization. This result is in good agreement
with  those reported by Eguchi et al. (2002) and Baron et al.
(2004),  of which polarizations in SOFC system, such as acti-
vation  and concentration polarization, are occurred due to CO
impurity in hydrogen fuel, leading to lower SOFC performance.

Based  on similar 1 MW of net electricity production, the
stack  cell efficiency of the MSR–SOFC was  found to be 45.9%,
lower  than that of the MD–SOFC of which is 53.5% (Table 3).
However,  overall electrical efficiency of the MSR–SOFC system,
either  with or without the CCS, is much  higher than that of
the  MD–SOFC. This is because the flue gas in the MSR–SOFC
is  combusted and generates thermal energy whereas the by-
product,  solid carbon, is not further combusted; hence the
energy  in case of the MD–SOFC is stored in the system. In case
of  the MSR–SOFC with CCS, the additional CCS has no effect
from  either external energy or electrical input due to the oper-
ation  under energy self-sufficient condition, therefore only the
electrical  power produced from the SOFC has an effect. Slightly
higher  feed rate of methane is required to produce a surplus
of  electricity for CCS. The CCS needs the electrical power from
the  SOFC system to separate out CO2 ca. 19.2 kW, to compress,
transport, and storage approximately 15 kW. Consequently,
the  addition of CCS reduces the net electrical efficiency ca.
3.9%.

Fig.  9 depicts the influence of feed processor to generating
thermal energy from SOFC stack per area and area of the stack
under  the thermally self-sufficient operation at 1 MW of net
electrical  power production. For lower operating voltage, the
difference  between the theoretical voltage and the actual one
is  larger hence the thermal energy supplied from fuel cell stack
(Qstack/area) is larger and, in turn, the area of the cell stack
becomes smaller to obtain thermally self-sufficient operation.
It  is noted that the trend of Qstack/area as a function of operat-
ing  voltage is similar to that of the power density (Fig. 7). This
phenomenon proves that not only MD gives the highest per-
formance  (power density and electrical efficiency) but it also
has  lower SOFC stack area compared to the MSR–SOFC and the
MSR–SOFC-CCS.

4.3.  Economic  analysis

After comparing the optimal operating conditions between
two  main fuel processors, it is necessary to further consider
the  benefit in term of economic in order to apply in large-scale
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industrial operation. In this paper, economic analysis is based
on  1 MW of electrical power generation. Three parameters are
used to justify the economic benefits: capital cost, cost of raw
materials,  and return profit from by-products. Table 2 sum-
marizes  the costing model and economic parameters used in
our analysis. For the capital cost, only the SOFC stack and the
CCS  facility are considered due to their high costs. The dif-
ference  in costs of the other units such as heat exchangers,
reactor and afterburner for the MSR–SOFC and the MD–SOFC
are  assumed to be small and therefore not considered in the
economic  analysis.

Economical profiles under thermally self-sufficient oper-
ation  are summarized in Table 3. At the optimal condition,
the  MD–SOFC system can reduce the SOFC stack size 1.89%
comparing to the conventional MSR–SOFC, whereas the stack
size  in case of the MSR–SOFC-CCS is larger than that of
the  MSR–SOFC 9.13% as it has to produce higher electri-
cal  power for CCS facility. In addition, the MD–SOFC can
improve the power density 1.93% comparing to the conven-
tional  MSR–SOFC. This is why the SOFC stack area of the
MD–SOFC  is smaller than that of the MSR–SOFC (approxi-
mately 4.8 m2). As a consequence, using the MD–SOFC can
save  the total capital cost approximately $19,000.

Considering the reactants used and products obtained
from different fuel processors. At the similar net electrical
power production, the fuel feed cost of the MD–SOFC system
is  higher than that of the MSR–SOFC or the MSR–SOFC-CCS.
This result is because the MD–SOFC requires higher num-
ber  of methane to produce the same amount of H2 for the
SOFC.  It is noted that although the fuel feed cost of the
MSR–SOFC–CCS is more  expensive than that of the MSR–SOFC
system due to the need of more  electrical power but it is still
a  lot lower than the case of MD–SOFC system. With a con-
sideration only of the fuel feed cost, the MD–SOFC might not
be  a good alternative fuel processor supplying to the SOFC
system.  However, it is worthy to note that the MD system
can  remarkably return some precious benefit as the valu-
able  by-product, solid carbon, can be obtained. Many  types of
solid  carbon can be formed depend upon the decomposition
conditions such as graphite, carbon black, activated carbon,
carbon  nanotube, or carbon filaments, of which each has
different  selling prices (http://www.timesnano.com/price.asp;
http://www.helixmaterial.com/Ordering.html). In this study,
we  chose to examine the return profit for the cheapest solid
carbon,  carbon black, along 5 years operation. The evalua-
tion  results in Table 3 show that the return profit is around
11  million dollars leads to the net cost saving ca. 9 million
decomposition and solid oxide fuel cell for efficient electrical power
org/10.1016/j.cherd.2012.05.014

dollars.
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Fig. 7 – Power density at various operating voltages under the energy self-sufficient operation (Qnet = 0) in SOFC system.

Fig. 8 – Operating voltage and polarization at various fuel utilizations under the energy self-sufficient operation (Qnet = 0) in
SOFC  system.

Fig. 9 – Qstack/area and stack area for different SOFC systems at the energy self-sufficient operation (Qnet = 0).
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Table 3 – The technical and economical comparison of two main hydrogen processors.

Steam methane reforming Methane decomposition

Conventional unit With CCS technology

Net electricity produced (MW) 1 1 1
Methane feed rate (mol/s) 2.45 2.67 4.19
Operating voltage (V) 0.60 0.60 0.65
% Fuel utilization 88.2 88.2 94.9
Power density (W/cm2) 0.39 0.39 0.40
Improvement of power density (%) – – 1.93
Electricity produced in SOFC (MW) 1 1.09 1
Stack cell efficiency (%) 45.9 42.0 53.5
Overall electrical efficiency (%) 45.9 42.0 26.8
SOFC active area (m2)  254 278 250
Improvement in SOFC area (%) −9.12  1.89
Capital cost of SOFC (US$) 997,578 1,088,642 978,719
Capital cost of CCS (US$) – 810,246 –
Fuel feed cost (US$) 3,124,930 3,410,188 5,343,206
Carbon by-product selling cost (US$) – – 11,606,897
Saving  capital cost (US$) – −901,309 18,858
Saving of raw material (US$) – −285,259 −2,218,276
Return profit from by product (US$) – – 11,606,897
Net cost saving (US$) – −1,186,568 9,407,480
5.  Conclusion

Performances of two fuel processors, conventional methane
steam  reforming (MSR) and methane decomposition (MD),
were  investigated in the methane-fuelled SOFC system under
thermally  self-sufficient condition (Qnet = 0). At this condition,
the  system is operated with no external energy requirement.
The  results demonstrated that high performances and high
electrical  efficiency can be obtained when the system was
operated  at the self-sufficient condition. The MD–SOFC per-
forms  more  advantages over the MSR–SOFC as high purity of
H2 feed is obtained, giving a lower polarization and thus higher
in  power density and cell stack efficiency. As a result, lower
cell  stack area can be used in the case of MD–SOFC. Moreover,
the  MD yields valuable by-products, solid carbon, rather than
undesired-by-products such as COx as observed in the MSR.
In  addition, when CCS is applied to MSR–SOFC, of course the
system  become more  complex with an increase in the capital
cost  and operating cost of surplus electricity for CCS unit. As
a  consequence, the MD  is more  environmental friendly and
can  gain the return profit from such by-product. Economic
analysis reveals that the MD–SOFC has the gratifying result
with  larger net saving cost (ca. 9 million dollars for 1 MW with
5  years of project life). As such, applying the MD processor with
SOFC  system is proved to be an attractive method for power
generation.
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Jianhong Liu, Cunqin Lü, Dongli Du, Yong Guo

138 Effects of Zr/Ti molar ratio in SO2–
4 /ZrO 2-TiO2 cal-

cined at different temperatures on its surface proper-
ties and glucose reactivity in near-critical methanol

Lincai Peng, Junping Zhuang, Lu Lin

148 Mathematical modeling of a slurry reactor for DME
direct synthesis from syngas

Sadegh Papari, Mohammad Kazemeini, Moslem Fattahi

158 Role of support nature (γγγ-Al2O3 and SiO2-Al2O3) on
the performances of rhenium oxide catalysts in the
metathesis of ethylene and 2-pentene

Weena Phongsawat, Benjamas Neti-
woraruksa, Kongkiat Suriye, Siraprapha Dok-
jampa Piyasan Praserthdam, Joongjai Panpranot

165 Effect of Bi promoter on the performances of se-
lective oxidation of isobutane to methacrolein over
MoVO/AlPO 4 catalysts

Xitao Wang, Mei Li, Fen Wang, Shunhe Zhong,
Shi Jiang, Sihe Wang

170 Ni/Al2O3 catalysts for syngas methanation: Effect of
Mn promoter

Anmin Zhao, Weiyong Ying, Haitao Zhang, Hong-
fang Ma, Dingye Fang

178 Dry reforming reaction over nickel catalysts sup-
ported on nanocrystalline calcium aluminates with
different CaO/Al 2O3 ratios

Atiyeh Ranjbar, Mehran Rezaei

184 An accurate empirical correlation for predicting nat-
ural gas compressibility factors

Ehsan Sanjari, Ebrahim Nemati Lay

189 Comparative study between gas phase and liquid
phase for the production of DMC from methanol and
CO2

Ahmed Aouissi, Salem S. Al-Deyab

194 Weakening internal diffusion effect in selective hy-
drodesulfurization of FCC gasoline by novel designed
eggshell CoMoS/Al2O3 catalysts

Bin Liu, Yongming Chai, Yajing Wang, Yunqi Liu, Chen-
guang Liu

200 CO2 reforming of methane over nickel catalysts sup-
ported on nanocrystalline MgAl2O4 with high surface
area

Narges Hadian, Mehran Rezaei, Zeinab Mosayebi,
Fereshteh Meshkani

207 Effect of aluminum modification on catalytic proper-
ties of PtSn-based catalysts supported on SBA-15 for
propane dehydrogenation

Yongzheng Duan, Yuming Zhou, Yiwei Zhang, Xi-
aoli Sheng, Shijian Zhou, Zewu Zhang

www.jngc.org
www.elsevier.com/locate/jngc



CONTENTS

Communications

105
Metathesis of 1-butene and 2-butene to propene over
Re2O7 supported on macro-mesoporousγγγ-alumina
prepared via a dual template method

Lei Sang, Sheng-Li Chen, Guimei Yuan, Min Zheng,
Ju You, Aicheng Chen, Rui Li, Lanjing Chen

109
CF4 decomposition over solid ternary mixture NaF-
Si-MO (MO = La 2O3, CeO2, Pr6O11, Nd2O3, Y2O3)

Yanfei Pan, Xianjun Niu, Yanan Wang, Xiufeng Xu

Articles

113
Preparation of LaFe0.95Pd0.05O3 perovskites and
their catalytic performances in methane combustion

Xiaojing Zhang, Yong Li, Huaju Li, Wenjie Shen

119
Methane hydrate stability in the presence of water-
soluble hydroxyalkyl cellulose

M. Mohammad-Taheri, A. Zarringhalam Moghaddam,
K. Nazari, N. Gholipour Zanjani



126
Kinetic hydrate inhibitor performance of new copoly-
mer poly(N-vinyl-2-pyrrolidone-co-2-vinyl pyridine)s
with TBAB

Jun Hu, Sijia Li, Yanhong Wang, Xuemei Lang, Qing-
ping Li, Shuanshi Fan

132
Decomposition of methylamine on Mo(100) surface:
A DFT study

Jianhong Liu, Cunqin Lü, Dongli Du, Yong Guo
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Abstract
The metathesis of ethylene and 2-pentene was studied as an alternative route for propylene production over Re2O7/γ-Al2O3 and Re2O7/SiO2-
Al2O3 catalysts. Both NH3 temperature-programmed desorption (NH3-TPD) and H2 temperature-programmed reduction (H2-TPR) results
showed that Re2O7/SiO2-Al2O3 exhibited stronger acidity and weaker metal-support interaction than Re2O7/γ-Al2O3. At 35−60 ◦C, iso-
merization free metathesis was observed only over Re2O7/γ-Al2O3, suggesting that the formation of metal-carbene metathesis active sites
required only weak acidity. Our results suggest that on the Re2O7/SiO2-Al2O3, hydrido-rhenium species ([Re]-H) were formed in addition
to the metathesis active sites, resulting in the isomerization of the initial 1-butene product into 2-butenes. A subsequent secondary metathesis
reaction between these 2-butenes and the excess ethylene could explain the enhanced yields of propylene observed. The results demonstrate
the potential for high yield of propylene from alternative feedstocks.

Key words
metathesis; isomerization; propylene production; 2-pentene; rhenium

1. Introduction

The growth in propylene production is driven by the in-
dustry demand for polypropylene, which is used in every-
day products such as packaging and clothing. The majority
of propylene worldwide is supplied as a by-product of steam
crackers and fluid catalytic cracking units. Because the future
propylene demand is expected to grow faster than the supply,
the on-purpose technologies for propylene production such
as propane dehydrogenation, metathesis, and methanol-to-
olefins conversion have received much attention recently [1].
Among them, the cross-metathesis of ethylene and 2-butenes
has already been commercialized as an economical means to
produce propylene [2−3].

For industrial applications, heterogeneous catalysts are
typically preferred due to the ease of catalyst recovery and
separation. The most widely studied heterogeneous catalysts
for olefin metathesis are based on WO3/SiO2, MoO3/Al2O3,
and Re2O7/Al2O3 [1,4−8]. The rhenium-based catalysts are
of particular interest because they show high activity and se-
lectivity for olefin metathesis at low reaction temperatures

(25−100◦C) [3,9,10] and high tolerance of catalyst poisons
such as alkoxycarbonyl and alkoxy groups [9]. Transition
γ-Al2O3 is the commonly used support because of its suit-
able textural and acid-base properties for dispersion of the
ReO4 active species. Other inorganic supports that have
shown to produce high activity of supported Re2O7 catalysts
include silica-alumina [11,12], alumina-boria [13,14], phos-
phated alumina [15], and borated silica-alumina [11]. A cer-
tain acidity level appears to be necessary for the formation of
the metathesis active sites [14,16−20]. Recently, it has been
reported that Re2O7 supported on mesostructured aluminas
exhibited superior catalytic performances in several metathe-
sis reactions comparing to the conventional Re2O7/γ-Al2O3

[21−25].
Although the process of the metathesis of ethylene and 2-

butenes has been established, it presents some drawbacks such
as the increasing price and demand of butenes as an industrial
feedstock [9,26]. A recent study from our group showed that
high propylene yield (88%) can be obtained via an unconven-
tional metathesis of ethylene and 2-pentene over Re2O7/SiO2-
Al2O3 catalysts under mild conditions [27]. The main prod-
ucts from this reaction are propylene and 1-butene. 1-butene
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is also an important petrochemical feedstock for organic syn-
theses, and also used as a monomer and comonomer for
oligo/polymeric and co-oligo/polymeric products [28].

In the present work, detailed characterization of the
Re2O7/SiO2-Al2O3 catalysts before and after metathesis of
ethylene and 2-pentene is reported. For comparison purposes,
Re2O7/γ-Al2O3 was also prepared and studied under similar
reaction conditions (35 and 60◦C). The catalysts were char-
acterized by N2 physisorption, inductively coupled plasma
optical emission spectrometer (ICP-OES), scanning electron
spectroscopy (SEM), X-ray diffraction (XRD), temperature-
programmed desorption of NH3 (NH3-TPD), H2 temperature-
programmed reduction (H2-TPR), and X-ray photoelectron
spectroscopy (XPS).

2. Experimental

2.1. Catalyst preparation

The catalysts were prepared by an incipient wetness im-
pregnation method using an aqueous solution of ammonium
perrhenate (NH4ReO4, 99.999%, Aldrich) as the rhenium pre-
cursor with the desired amount of 8 wt% Re metal load-
ing. When the quantity of the solution of desired Re-metal
is greater than pore volume of the supports, the impregnation
was repeated several times with drying (6 h, 110◦C) between
each cycle to eliminate excess solvent. The number of times
of impregnation varied depending on the support pore volume.
The SiO2-Al2O3 (99.9% grade135, Aldrich) and both types of
γ-Al2O3 (chromatography grade of Fluka and KNH-3 grade
of Sumitomo) were obtained commercially and employed as
the catalyst supports. After impregnation, the catalysts were
dried overnight at 110◦C in air and then calcined at 550◦C for
8 h under oxygen flow with a heating rate of 10◦C/min. Here-
after, Re2O7/SiO2-Al2O3, Re2O7/γ-Al2O3-(A), and Re2O7/γ-
Al2O3-(B) are referred to the Re2O7 catalysts supported on
SiO2-Al2O3, chromatographic gradeγ-Al2O3, and KNH-3
γ-Al2O3, respectively.

2.2. Catalyst characterization

The specific surface area, pore volume, average pore di-
ameter and pore size distribution of the supports and cata-
lysts were measured by N2-physisorption performed on a Mi-
cromeritics model ASAP 2000. The alumina composition of
supports and Re mass percentages for each catalyst were mea-
sured by ICP-OES on a Perkin Elmer Optima 2100DV. The
sample preparation was performed by digestion of each cata-
lyst with a mixture of hydrofluoric and nitric acids at 60◦C.
SEM images were recorded on a JEOL JSM 5500LV scan-
ning electron microscope. The XRD patterns of the supports
and catalysts were measured in a range of 2θ value between
20o and 80o at a rate of 0.02o/s using a SIEMENS D5000
X-ray diffractometer and CuKα radiation with a Ni filter.
The PCPDFWIN database was used to identify the crystalline
phases. The H2-TPR measurements were carried out in a
quartz U-tube reactor. Prior to these measurements, all the

catalyst samples were pretreated with a N2 flow (25 mL/min,
2 h, 200◦C). The TPR profiles were obtained by passing
carrier gas (10% H2 in argon) through the catalyst samples
(25 mL/min, ramping from 30 to 500◦C at 10◦C/min). The
NH3-TPD measurements were also carried out in a quartz
U-tube reactor. Firstly, the catalyst samples were pretreated in
a helium flow (25 mL/min) at 200◦C for 2 h prior to measure-
ment. Subsequently they were cooled to 25◦C before 30%
NH3 in He passed over the samples (25 mL/min, 1 h) to en-
sure thorough adsorption on the acid sites. After ammonia
adsorption on catalyst surface was complete, excess ammo-
nia was eradicated by a helium flow (25 mL/min, 1 h, 25◦C).
Finally, samples were heated (linearly rise of 10◦C/min) and
the TPR and TPD profiles were recorded by a TCD detec-
tor and analyzed with a Micromeritics Chemisorb 2750 au-
tomated system (ChemiSoft TPx software). The XPS mea-
surement was carried out using an AMICUS photoelectron
spectrometer equipped with an MgKα X-ray as a primary
excitation and KRATOS VISION2 software. XPS elemental
spectra were acquired with 0.1 eV energy step at a pass energy
of 75 eV. All the binding energies were referenced to the C 1s
peak at 285 eV of the surface adventitious carbon.

2.3. Metathesis of ethylene and 2-pentene

Gas-phase metathesis reactions between ethylene and
2-pentene were carried out in a fixed-bed tabular flow reac-
tor (stainless steel IDtube= 0.7 cm) at atmospheric pressure.
The gas hourly space velocity (GHSV) was 2000 h−1, using a
feed gas ratio (ethylene/2-pentene) of 3. In each experiment,
the catalyst sample was placed in the middle of the reactor.
A temperature sensor-type K thermocouple was mounted into
the reactor at the middle. Firstly, the catalyst was pretreated
under a nitrogen flow (500◦C, 1 h) and then cooled to the
desired operating temperature under the same gas. An on-line
gas chromatograph (Agilent GC 7820A), equipped with a cap-
illary GS-Gaspro113−4362 column (60 m×0.32 mm), mon-
itored both reactant and product levels every 30 min, starting
35 min after commencement of each reaction. GC signals
were recorded using an EZChrom Elite integrated peak pro-
gram integrator.

3. Results and discussion

3.1. Characterization results

The N2 physisorption results of the supports and the sup-
ported Re2O7 are shown in Table 1. Both of theγ-Al2O3 sam-
ples comprised 100 wt% alumina powder whereas the SiO2-
Al2O3 contained only 13 wt% of alumina. After impregnation
of rhenium, the BET surface area and pore volume decreased
proportionately, indicating that some of the metal had become
lodged inside the pores of the alumina supports. The pore
size distribution plots (Figure 1) showed that the impregna-
tion, drying, and calcination processes did not significantly
alter the pore size distribution or the average pore diameter of
the supports.
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Table 1. Characteristics of the supports and supported Re2O7 catalysts

Al2O3 SBET
a VPore

b dPore
c Total (weak/strong) acidityd

Catalyst
(wt%) (m2·g−1) (cm3·g−1) (nm) (103 µmolNH3 ·g

−1)

Re2O7/γ-Al2O3-(A) 100 131 (145) 0.21 (0.25) 4.68 (5.09) 4.942/0.133

Re2O7/γ-Al2O3-(B) 100 191 (247) 0.47 (0.59) 7.68 (6.92) 7.794/0.243

Re2O7/SiO2-Al2O3 13 396 (548) 0.60 (0.79) 5.89 (5.57) 7.428/6.910

The numbers in parenthesis indicate the surface area, pore volume, and average pore diameter of the bare supports;a Surface area was determined
by the BET method;b Pore volume was determined by the BJH desorption method;c Average pore size was determined by BJH desorption method;
d Total surface acidity of the catalysts was probed by the NH3-TPD

Figure 1. Pore size distribution of the supports and supported Re2O7 cata-
lysts

Figure 2 shows the SEM images of the supports
and the supported rhenium catalysts in the calcined state.

γ-Al2O3-(B) (Figure 2c), which displayed a higher BET sur-
face area and higher pore volume thanγ-Al2O3-(A) (Fig-
ure 2a) (as obtained by Table 1), was predominantly made up
of smaller and rather fluffy particles, while theγ-Al2O3-(A)
was composed of denser, plate-like agglomerates. SEM mi-
crographs (Figure 2e) reveal the morphology of SiO2-Al2O3

support was rather spherical with rough surfaces. These
morphologies remained apparent after impregnation and cal-
cination of the supported Re2O7 catalysts. XRD patterns
(Figure 3) show the exhibiting peaks of alumina supports
γ-Al2O3-(A) and γ-Al2O3-(B), characteristic ofγ-alumina
phase at 2θ = 32o, 37o, 46o, 61o and 67o, according to the
PCPDFWIN database. For the silica-alumina support, a broad
peak was seen at 2θ = 20o−25o, indicating a typical amor-
phous solid. No peaks assignable to the crystalline phase
of Re2O7 were observed for any of the catalysts. Accord-
ing to previous studies [3,21,29,30] involving relatively high
rhenium loadings, most of the metal remaining adhered to the
surface exists in the form of ReO−4 , simply because crystalline
Re2O7 is volatile above calcination temperature of 300◦C.

Figure 2. SEM images of (a)γ-Al2O3-(A), (b) Re2O7/γ-Al2O3-(A), (c) γ-Al2O3-(B), (d) Re2O7/γ-Al2O3-(B), (e) SiO2-Al2O3 and (f) Re2O7/SiO2-Al2O3
catalysts
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Figure 3. XRD patterns of the supports and supported Re2O7 catalysts

Although alkene metathesis is not commonly regarded as
an acid-catalyzed reaction, acidity often affects the perfor-
mance of this reaction [3,14,17,31,32]. The surface acidity
of the Re2O7 catalysts was determined by NH3-TPD and the
results are shown in Figure 4. As expected, the Re2O7/SiO2-
Al2O3 (Figure 4) exhibited not only greater acidity overall but
also possessed a significantly higher proportion of stronger
acidic sites than the Re2O7/γ-Al2O3. The desorption peak at
around 50−200◦C corresponded to the weak acid sites of alu-
mina [33]. It is typical that silica-alumina supported metathe-
sis catalysts are more acidic than alumina supported catalysts
[3,34−36]. The amounts of total surface acidity in terms of
mol NH3 per gram of catalysts are given in Table 1.

Figure 4. NH3-TPD profiles of different catalysts

The reducibility of rhenium oxide catalysts is another
important parameter affecting their performance. Partial re-
duction of rhenium oxides, which affords metal species in a
stable lower oxidation state, is a necessary step to generate
the metal-carbene metathesis active sites [13,17,37,38]. An
over-reduction of rhenium oxide usually results in the forma-
tion of inactive rhenium species and rapid catalyst deactiva-
tion, especially at high temperature [3,35,39,40]. Figure 5
shows the H2-TPR results of various Re2O7/γ-Al2O3 and the
Re2O7/SiO2-Al2O3 catalysts. Typically, the reduction of the

Re2O7 supported catalysts from +7 oxidation state to zero (Re
metal) is very fast and often appears as a single sharp reduc-
tion peak [30,38]. In the present study, the reduction temper-
atures for Re2O7/SiO2-Al2O3 and Re2O7/γ-Al2O3 were de-
termined to be ca. 280◦C and 340◦C, respectively. It is
suggested that the rhenium oxide on the silica-alumina was
easier to reduce while bounded to silica-alumina than to the
pure γ-Al2O3 support. Moreover, the TPR profiles of the
Re2O7/SiO2-Al2O3 catalysts showed a very sharp main reduc-
tion peak with a shoulder at higher temperature, inferring the
presence of a different rhenium oxide species. Typically, a
strong metal-support interaction can diminish sintering of the
Re-active sites and sublimation during calcination and/or pre-
treatment. The metal-support interaction seemed to be weaker
on the Re2O7/SiO2-Al2O3 than on the Re2O7/γ-Al2O3. The
actual amounts of Re metal loading, as determined by the
ICP-OES, were ca. 8.3 and 5.8 wt%, respectively (see Ta-
ble 2) for the calcined Re2O7/γ-Al2O3 and the Re2O7/SiO2-
Al2O3. The lower amount of the actual Re metal loading
on the Re2O7/SiO2-Al2O3 also corresponded to the weaker
metal-support interaction. However, there was no significant
decrease in the amount of rhenium after the reaction.

Figure 5. H2-TPR profiles of different catalysts

Table 2. Actual amount of Re metal (wt%) from the ICP-OES results

Actual amount of Re metal (wt%)

Catalyst samples Before After reactionb

reactiona T = 35◦C T = 60◦C

Re2O7/γ-Al2O3-(A) 8.23 8.34 8.17

Re2O7/γ-Al2O3-(B) 8.40 8.57 8.38

Re2O7/SiO2-Al2O3 5.83 5.69 5.78

a After calcination and N2-pretreatment;b After metathesis reac-
tion at the conditions ofp = 0.1 MPa, mole ratio of ethylene/2-
pentene = 3/1, GHSV = 2000 h−1, and time on stream = 455 min

The deconvoluted XPS spectra of Re 4f of all the cat-
alysts after calcination and N2 pretreatment are shown in
Figure 6. The component of rhenium species on the cat-
alyst surface is summarized in Table 3. It was found that
rhenium oxide existed in the oxidation state of +7 for both
Re2O7/γ-Al2O3-(A) and Re2O7/γ-Al2O3-(B) [41−43]. For
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the Re2O7/SiO2-Al2O3, 85% of rhenium component was as-
signed to rhenium oxide existed in the oxidation state between
+6 and +7 with only 15% in the oxidation state of +7. The two

different Re oxidation states observed on the Re2O7/SiO2-
Al2O3 were in good agreement with the H2-TPR results show-
ing additional peak shoulder.

Table 3. The fraction of different Re oxidation states of fresh catalysts

Fraction of Re (+7) (%) Fraction of Re (+7>x>+6) (%)
Catalyst

Re 4f5/2 (48.8−49.2 eV) Re 4f7/2 (46.4−46.8 eV) Re 4f5/2 (47.4−47.8 eV) Re 4f7/2 (45.0−45.4 eV)

Re2O7/γ-Al2O3-(A) 6 94 − −

Re2O7/γ-Al2O3-(B) 6 94 − −

Re2O7/SiO2-Al2O3 15 − 12 73

Figure 6. XPS spectra of different catalysts

3.2. Catalyst performances in the metathesis of ethylene and
2-pentene

Figure 7 shows the yields of the dominant products
(propylene and 1-butene) from the metathesis of ethy-
lene and 2-pentene over the Re2O7/SiO2-Al2O3 and the
Re2O7/γ-Al2O3-(A) catalysts during the 455 min time-on-

stream. It was found that under identical operating
conditions, Re2O7/SiO2-Al2O3 gave a much higher total
yield of propylene than the Re2O7/γ-Al2O3-(A). Further-
more, Re2O7/SiO2-Al2O3 generated relatively little 1-butene
(∼10 wt%), whereas Re2O7/γ-Al2O3-(A) produced about
55 wt% of this product. Based on the desired complete con-
version of 2-pentene, the stoichiometric yields for propylene
and 1-butene were 43 wt% and 57 wt%, respectively. In fact,
the propylene yield obtained over the Re2O7/SiO2-Al2O3 cat-
alyst far exceeded the theoretical stoichiometric value. This
additional propylene is likely to be formed via a secondary
metathesis of excess ethylene and 2-butene, itself arising from
the isomerization of 1-butene. The double-bond isomeriza-
tion side reaction became more pronounced at 60◦C. How-
ever, at this higher temperature the Re2O7/SiO2-Al2O3 ex-
hibited more rapid deactivation than Re2O7/γ-Al2O3-(A). It
is assumed that the isomerization side reaction did not occur
over Re2O7/γ-Al2O3-(A) even when the temperature was in-
creased to 60◦C, since the propylene yield remained close
to its stoichiometric values (ca. 50 mol% or around 43 wt%
based on 100% 2-pentene conversion). Although most of the
products obtained from the Re2O7/γ-Al2O3-(A) catalyst were
directly derived from the primary metathesis between ethy-
lene and 2-pentene, small amounts of by-products such as
2-butene and 3-hexene were produced via a self metathesis
of 2-pentene as illustrated in Figure 8.

Figure 7. The comparison in the yields of the primary metathesis products (propylene and 1-butene) at reaction temperature of (a) 35◦C and (b) 60◦C (Reaction
conditions:p = 0.1 MPa, mole ratio of ethylene/2-pentene = 3/1, GHSV = 2000 h−1)
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Figure 8. Comparison in total product distribution between Re2O7/γ-Al2O3-(A) (a) and Re2O7/SiO2-Al2O3 (b) catalysts (Reaction conditions: time on stream
455 min, 0.1 MPa, mole ratio of ethylene/2-pentene = 3/1, GHSV = 2000 h−1)

3.3. Possible reaction schemes

To better elucidate the reaction mechanisms, two types of
γ-Al2O3-supported Re2O7 catalysts were studied under sim-
ilar reaction conditions. Theγ-Al2O3-(A) possessed lower
BET surface area and lower pore volume than theγ-Al2O3-
(B). However, there were no significant differences in terms
of 2-pentene conversion and product selectivities between
the two types ofγ-Al2O3-supported Re2O7 catalysts (see
Table 4). From the NH3-TPD results, both the Re2O7/γ-
Al2O3-(A) and the Re2O7/γ-Al2O3-(B) contained only weak
acid sites in similar abundance. Therefore, it seems that the
weak acidic sites of the Re2O7/γ-Al2O3 catalysts promoted
the metathesis reaction but were unable to catalyze the iso-
merization of 1-butene. Noticeably, even at room tempera-
ture, isomerization of 1-butene (primary metathesis product)
occurred instantaneously over the Re2O7/SiO2-Al2O3. The
existence of more abundant Brönsted acid sites on silica-

alumina is likely to be responsible for its isomerization ac-
tivity [12]. This greater acidity and the easier reducibility
of the Re2O7/SiO2-Al2O3 catalysts could promote the for-
mation of hydrido-rhenium complexes. Such [Re]-H species,
generated from protonation of rhenium centers by Brönsted
species (silica-alumina), have been claimed to act as isomer-
ization sites [12,29,44]. In order to confirm the role of metal
in the isomerization mechanism, bare silica-alumina support
was tested. The negative results obtained with 1-butene at
35−60◦C confirmed the lack of isomerization activity of the
catalyst supports. Figure 9 illustrates a possible scheme for
the origins of various reactions in the metathesis of ethylene
and 2-pentene over the Re2O7/γ-Al2O3 and the Re2O7/SiO2-
Al2O3 catalysts. It is also well known that metal-carbene ac-
tive species were generated through the interaction between
the partial reduction of rhenium metal and the alkene reactant
on an acidic support [3,16,19].

Figure 9. Possible origins of various reactions in the metathesis system of ethylene and 2-pentene over the Re2O7/γ-Al2O3 and the Re2O7/SiO2-Al2O3 catalysts



164 Weena Phongsawat et al./ Journal of Natural Gas Chemistry Vol. 21 No. 2 2012

Table 4. Catalytic performances of Re2O7 supported on
SiO2-Al2O3 and two types ofγγγ-Al2O3 supports

Selectivity (%)a

C=
3 1-C=

4 2-C=
4 1-C=

5 3-C=
6

TRxn = 35◦C
Re2O7/γ-Al2O3-(A) 42.2 55.9 0.8 − 1.2
Re2O7/γ-Al2O3-(B) 42.2 55.6 0.7 − 1.4
Re2O7/SiO2-Al2O3 71.9 8.6 19.5 − −

TRxn = 60◦C
Re2O7/γ-Al2O3-(A) 42.4 55.4 0.8 − 1.4
Re2O7/γ-Al2O3-(B) 43.9 54.2 0.8 − 1.2
Re2O7/SiO2-Al2O3 69.4 15.3 14.0 1.3 −

Reaction conditions: P = 0.1 MPa, mole ratio of ethylene/2-
pentene = 3/1, GHSV = 2000 h−1, time on stream = 455 min;a Se-
lectivity (%) on the basis of 100% 2-pentene conversion

4. Conclusions

The nature of the support material in rhenium-based
metathesis catalysts appears to significantly affect their cat-
alytic performances in the unconventional metathesis of ethy-
lene and 2-pentene for propylene production. Under the re-
action conditions used (35−60◦C), Re2O7/SiO2-Al2O3 ex-
hibited much higher double-bond isomerization activity than
Re2O7/γ-Al2O3. However, unlike the conventional metathesis
of ethylene and 2-butenes, isomerization here was considered
as a useful reaction for the transformation of 1-butene (pri-
mary product) to 2-butenes which could instantly react with
excess ethylene to form additional propylene. Metathesis re-
action over Re2O7/γ-Al2O3 occurred without isomerization
side reactions. It is proposed that both the presence of weak
acidic sites and the stabilization of Re-active species on the
support were important factors in the formation of the neces-
sary active metal-carbene complexes.
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Abstract The production of propylene via a gas-phase

metathesis of ethylene and 2-pentene has been studied over

the Re2O7/SiO2–xAl2O catalysts containing various SiO2–

Al2O3 compositions (13, 25, 50, 75, and 100 wt% Al2O3).

Using ethylene and 2-pentene as the reactants, isomeriza-

tion of the initial 1-butene product into 2-butenes and

a subsequent secondary metathesis reaction between

2-butenes and excess ethylene enhanced the propylene

formation so that propylene yield higher than its stoichi-

ometric amount ([50 %) could be obtained. While the pure

Al2O3 supported Re2O7 catalyst possessed only the first

type of isolated monomeric ReO4
- tetrahedra structure

with a stronger Re–O-support bond, the second type with a

weaker Re–O-support bond was observed on the SiO2–

Al2O3 supported ones. The double-bond isomerization and

the metathesis activities were optimized to produce the

highest propylene yield over the Re2O7/SiO2–Al2O3 cata-

lyst containing 50 wt% Al2O3.

Keywords Metathesis � Isomerization �
Propylene production � 2-pentene � Silica–alumina

1 Introduction

Olefin metathesis is one of industrial important reac-

tions in olefin conversion that opens up many new

routes to produce important petrochemical products.

Current commercial technology for producing propyl-

ene via metathesis reaction is based on the conversion

of ethylene and 2-butene over heterogeneous catalyst

systems [1–4]. However, this route has some draw-

backs although high propylene yield can be obtained. It

needs C4 streams that are free of isobutene and buta-

diene [5] and both cost and demand of butene indus-

trial feedstock have increased continuously [4, 6, 7]. In

our recent work, a cross-metathesis of ethylene and

2-pentene over Re2O7/Al2O3 catalysts has been studied

as an interesting route to produce propylene from

cheaper raw materials [8, 9]. The products from this

route are not only high valuable propylene but also

1-butene that are increasing in both demand and cost

nowadays [6, 7].

The Re2O7/Al2O3 catalysts have been employed in

large scale metathesis of ethylene and 2-butene into

propylene [10]. Their catalytic activities can be further

improved by the use of mixed metal oxides supports such

as SiO2–Al2O3 [2, 11–13], phosphated alumina (AIPO)

[14] and Al2O3–B2O3 [15]. In addition, recently meso-

porous materials have been studied as supports for Re2O7

catalysts in the metathesis reactions [16–22]. The

improved catalytic activity of the mesoporous alumina

supported Re2O7 than those supported on conventional

alumina was directly correlated to their large pore size

and higher specific surface area [16]. However, the syn-

thesis of these mesostructured oxides was more compli-

cated and may not be suitable for industrial application

[23].

W. Phongsawat � B. Netiworaruksa � P. Praserthdam �
J. Panpranot (&)

Department of Chemical Engineering, Faculty of Engineering,

Center of Excellence on Catalysis and Catalytic Reaction

Engineering, Chulalongkorn University, Bangkok 10330,

Thailand

e-mail: joongjai.p@chula.ac.th

K. Suriye

SCG Chemicals Co., Ltd, 1 Siam-cement Rd Bang sue,

Bangkok 10800, Thailand

123

Catal Lett (2012) 142:1141–1149

DOI 10.1007/s10562-012-0879-0



Among the various mixed oxides used to stabilize the Re

species in the favorable oxidation state for the formation of

the rhenium carbene active complex, the SiO2–Al2O3

receives considerable attention and has shown significant

improvement in the metathesis reaction. According to the

literature [2, 24, 25], low rhenium-loading Re2O7/Al2O3

catalysts exhibited poor or negligible activity for the alkene

metathesis. However, 2 wt% Re2O7 over SiO2–Al2O3 was

found to be more active than the 18 wt% Re2O7/Al2O3

catalysts [26, 27]. In epoxidation of alkenes, the stability of

rhenium-based catalysts also depended on the alumina

content of mixed silica–alumina supports in which ReO4
-

supported on higher alumina content or pure alumina

supports showed no metal lost [28] According to Moulijn

and Mol [12], the Si–O–Re bonds are very weak comparing

to the Al–O–Re bonds.

Acidity of the catalysts plays an important role in

alkene metathesis reactions [1, 2, 13, 26, 27, 29, 30]. In

general, silica–alumina is more acidic than alumina [31]

and it contains both strong Lewis and Brönsted acidic

sites [13, 30]. Xiaoding et al. [13, 27] showed the distinct

correlation between the Brönsted acidity which was

directly proportional to the silica–alumina compositions

and the metathesis activity for the Re-based catalyst. A

model for the generation of metallacarbenes including the

function of partial reduced rhenium species and neigh-

boring Brönsted acid sites has been proposed [27, 32].

The presence of Al in the SiO2–Al2O3 supports was found

to affect the performance of MoO3/SiO2–Al2O3 catalysts

in various works [33–39]. Debecker et al. [33] suggested

that the acidity created by the presence of alumina in

silica was beneficial for the better dispersion of active Mo

species.

A number of previous studies of Re-based catalysts

[27, 28, 30, 40–43] have shown that double-bond isom-

erization activity of silica–alumina was much higher than

that of alumina. The isomerization activity of Re2O7/

SiO2–Al2O3 catalyst was even more higher than the cor-

responding sole SiO2–Al2O3 support [40]. Nevertheless,

in our previous studies [8, 9], double-bond isomerization

of 1-butene was found to be useful for producing

additional propylene formation in the unconventional

metathesis of ethylene and 2-pentene. The present work

was aimed to further investigate the influence of SiO2–

Al2O3 composition on the catalytic performances of

Re2O7/SiO2–Al2O3 in the metathesis of ethylene and

2-pentene for propylene production. The catalysts were

also characterized by inductively coupled plasma opti-

cal emission spectroscopy (ICP-OES), N2-physisorption

(BET and BJH methods), X-ray diffraction (XRD),

temperature program desorption of NH3 (NH3-TPD),

X-ray photoelectron spectroscopy (XPS), UV–Visible,

and FT-Raman spectroscopy.

2 Experimental

2.1 Catalyst Preparation

2.1.1 Synthesis of SiO2–Al2O3 Supports

The SiO2–xAl2O3 supports containing various amount of

alumina (x = 13, 25, 50, 75, and 100 wt%) were prepared

by a co-precipitation method according to that of Okada

et al. [44]. Aluminium nitrate nonahydrate [ANN;

Al(NO3)3�9H2O] and tetraethylorthosilicate [TEOS;

Si(OC2H5)4] solution were coprecipitated and adjusted to

1.2 mol l-1 for all the sample preparation. The distilled

water and ethanol was first mixed, then ANN was added

and the resulting solution was stirred for 15 min. The

amount of H2O in the solution was adjusted to give H2O/

TEOS = 18/1, this ratio indicating a large excess of H2O

for hydrolysis of TEOS. An ethanol solution containing a

desired amount of TEOS was then added and stirred for

3 h, 25 wt% of ammonia solution was added rapidly to the

solution with vigorous stirring. The precipitates were

immediately dried over a hot plate at 60 �C for 3 h and

subsequently dried overnight at 110 �C in an oven. After

drying, they were calcined under oxygen flowing at 300 �C

for 4 h with a heating rate of 3 �C/min to obtain the xe-

rogels. These xerogels were then calcined at 550 �C for 4 h

under oxygen flowing with a heating rate of 10 �C min-1

before used as the SiO2–Al2O3 supports for preparation of

supported rhenium oxide catalysts. The synthesized SiO2–

Al2O3 supports were denoted as SixAl where x indicated

wt% of Al2O3 in the silica–alumina supports.

2.1.2 Preparation of Supported Rhenium Oxide Catalysts

The catalysts were prepared by incipient wetness impreg-

nation with aqueous solution of ammonium perrhenate

(99.999 %, Aldrich). When quantity of the solution of the

desired Re-metal loading (8 wt% Re-metal) was greater

than pore volume of the supports, the impregnation was

performed several times with drying at 110 �C in between

to eliminate the solvent for 6 h. After impregnation, these

catalysts were dried overnight at 110 �C and then calcined

at 550 �C for 8 h under oxygen flow with a heating rate of

10 �C min-1. The catalyst nomenclature Re/SixAl is

referred to the Re2O7 supported on the SiO2–xAl2O3 con-

taining x wt% of Al2O3.

2.2 Catalyst Characterization

The weight percentage of actual Re metal for each catalyst

after calcination was measured by ICP-OES on a Perkin

Elmer Optima 2100DV. The samples were digested with

hydrofluoric and nitric acid at 60 �C. The specific surface
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area, pore volume, average pore diameter and pore sizes

distribution of the supports and the supported rhenium

catalysts were measured by the N2-physisorption with

using a Micrometritics model ASAP 2000 automated sys-

tem. The measurements were performed with a degassing

at 350 �C (Ramp rate = 10 �C min-1) for 4 h prior to N2

physisorptions at -196 �C. The specific surface area was

calculated based on the Brunauer–Emmett–Teller (BET)

isotherms and the pore volume and pore size distribution

were calculated based on the Barrett–Joyner–Halenda

(BJH) desorption branch analysis. The XRD patterns of the

supports and the catalysts were measured in a range of 2h
value between 20� and 80� at a rate of 0.02� s-1 using a

SIEMENS D5000 X-ray diffractometer and Cu Ka radia-

tion with a Ni filter. The PCPDFWIN database was used as

reference to identify the crystalline phases. The NH3-TPD

measurements were carried out in a quartz U-tube reactor

using a Micromeritic Chemisorb 2750 automated system.

The catalyst samples were firstly pretreated in a He flow

(25 ml min-1) at 200 �C for 2 h prior to measurement.

Subsequently they were cooled to room temperature

around 25 �C then a 30 %NH3/He mixed gas was flowed

(25 ml min-1) over the samples for 1 h to throughout

adsorb on the acid sites. After ammonia adsorption on

catalyst surface was completed, the excess ammonia was

eradicated by the He flowing (25 ml min-1) at the room

temperature for 1 h. Then, the samples were heated linearly

with a rate of 10 �C min-1. The TPD profiles were

detected by TCD detector and analyzed with a ChemiSoft

TPx software. XPS was carried out using an AMICUS

photoelectron spectrometer equipped with an Mg Ka X-ray

as a primary excitation and KRATOS VISION2 software.

XPS elemental spectra were acquired with 0.1 eV energy

step at a pass energy of 75 eV. All the binding energies

were referenced to the C 1 s peak at 285 eV. Diffuse

reflectance UV–Vis spectra were collected on Lambda 650

UV–Vis spectrometer equipped with a diffuse reflectance

attachment and an integrating sphere. The samples were

studied in the form of powder carried out in sample holder.

The spectra were recorded under air-exposed conditions

in the range 200–900 nm and the scan speed was

1 nm min-1.

2.3 Catalytic Tests

The catalytic performances were tested in the gas-phase

metathesis reaction between ethylene and 2-pentene, which

was carried out in a stainless steel (IDtube = 0.7 cm) fixed-

bed tabular flow reactor under atmospheric pressure. The

gas-phase of 2-pentene was prepared by dilution a small

amount liquid 2-pentene (C99 % mixture of isomers,

Aldrich) in low pressure N2 gas (4 vol.% of 2-pentene in

12 bar N2 balance). The reactants were pre-mixed with

high purity ethylene (99.999 %), and high purity N2 to

have the composition of 6.75 vol.% 2-pentene, 2.25 vol.%

ethylene in N2 balance before passing through the reactor.

The feed flow rates were adjusted to 70–77.5 cm3 min-1

depending on the bed volume of each catalyst. In a typical

run, 1 g of the catalyst sample was placed in the middle of

the reactor. The reaction temperature, gas hourly space

velocity (GHSV), and mole of feed ratio (ethylene/2-pen-

tene) were kept at 35 ± 2 �C, 3,000 h-1 and 3, respec-

tively. Start up with pretreatment the catalyst sample at

500 �C under N2 flow for 1 h and then cooled down to the

reaction temperature. The analysis of reaction products was

started after an initial reaction for 35 min. Both reactants

and products of reaction were followed and analyzed every

half an hour using an on-line gas chromatograph (Agilent

GC 7820A) equipped with a capillary GS-Gaspro113-4362

column (60 m 9 0.32 mm). The GC signals were col-

lected using an EZChrom Elite integrated peak program

integrator.

3 Results and Discussion

3.1 Catalytic Performances of the Re/SixAl Catalysts

The catalytic performances of the SiO2–xAl2O3 supported

rhenium oxide catalysts were evaluated in the gas-phase

metathesis reaction of ethylene and 2-pentene at 35 �C,

GHSV 3,000 h-1, and ethylene/2-pentene mole ratio = 3.

The conversion of 2-pentene, the yield of propylene,

1-butene, and 2-butene as a function of time-on-stream are

shown in Fig. 1a–d, respectively. The conversion of

2-pentene in average at 485 min time-on-stream was

ranging between 97 and 84 %. However, lower 2-pentene

conversion was obtained over the Re/Si13Al and Re/

Si25Al whereas those supported on the SiO2–xAl2O3

containing higher amounts of Al2O3 Re/Si50Al, Re/

Si75Al, and Re/100Al exhibited higher 2-pentene conver-

sion at ca. 95–97 %. As shown in Eq. (1), the theoretical

stoichiometric value of reactants in the metathesis reaction

of ethylene and 2-pentene is equimolar.

CH2 ¼ CH2 þ CH3CH ¼ CHCH2CH3 $ CH2

¼ CH2CH3 þ CH2 ¼ CHCH2CH3 ð1Þ

The conversion of limited 2-pentene reactant and the

yield of products were calculated using the following

equations:

Effect of SiO2–Al2O3 Composition 1143
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Yield of component i (% ) ¼ conversion of 2-pentene

� amount of component i in products

amount of total products

In the present work, the propylene yields for all the

Re/SixAl catalysts far exceeded the stoichiometric values

(propylene selectivity of 50 mol% or * 43 wt%). Only the

Re/100Al exhibited propylene yield equal to the

stoichiometric value. The highest propylene yield ca. 70 %

was achieved over the Re/Si50Al with good stability during

the 488 min time-on-stream. Thermodynamically, excess

ethylene would shift the reaction (1) from left to right,

producing more propylene and 1-butene products. However,

as shown in Fig. 1, the yield of 1-butene product was not

increased in the same trend as that of propylene for the

catalysts exhibiting propylene yield higher than its

stoichiometric amount (i.e., for Re/Si50Al and Re/Si75Al).

It has been suggested that the isomerization of 1-butene

product from the metathesis of ethylene and 2-pentene to

2-butenes (Eq. 2) can further react with excess ethylene in

the feed, resulting in additional propylene formation (Eq. 3)

[8, 9].

Isomerization :
CH2 ¼ CHCH2CH3 ! CH3CH2 ¼ CH2CH3

ð2Þ

Secondary metathesis :

CH2 ¼ CH2 þ CH3CH2 ¼ CH2CH3 ! 2ðCH2

¼ CH2CH3Þ
ð3Þ

The yield of 1-butene was found to be varied from 55 %

for the Re/100Al, 30 % for the Re/Si75Al, and \20 % for

the other catalysts (Re/Si13Al, Re/Si25Al, and Re/Si50Al).

The lowest yield of 1-butene was obtained over the
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Fig. 1 Effect of silica–alumina composition (SiO2–xAl2O3, x = 13,

25, 50, 75 and 100 wt% Al2O3) of Re2O7/SiO2–xAl2O3 catalysts on

the a 2-pentene conversion, b propylene yield, c 1-butene yield,

d 2-butene yield. (Pressure: 0.1 MPa; E/2P mole ratio: 3; GHSV:

3,000 h-1; Temperature: 35 �C)

Conversion of 2-pentene ð% ) ¼ 100 � amount of 2�pentene in feed � amount of 2�pentene remained in products

amount of 2-pentene in feed
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Re/Si50Al, suggesting that 1-butene was isomerized to

2-butene and further reacted with excess ethylene to form

additional propylene product. This view point can also be

considered in terms of the yield of 2-butene, higher yields

of 2-butene were produced over the Re2O7 catalysts

supported on the relatively high silica content supports

(Re/Si13Al and Re/Si25Al) whereas moderately high

and lower 2-butene yields were obtained over Re/Si50Al

and Re/75–100Al catalysts, respectively. Both the

isomerization and the cross-metathesis activity strongly

depended on the Si/Al composition of the SiO2–xAl2O3

supports. Unlike the conventional metathesis of ethylene

and 2-butenes that double-bond isomerization was a

competing side reaction; it was considered as a useful

reaction for the transformation of 1-butene primary

product to 2-butenes which could further react with

excess ethylene to form additional propylene in the

metathesis of ethylene and 2-pentene [8, 9]. The results in

this study, however, suggest an optimum composition

of the SiO2–Al2O3 supports for the Re2O7 catalysts to

exhibit high activities for both double-bond isomerization

and cross-metathesis reactions so that higher propylene

yield (than its stoichiometric amount) was attained with

high stability. Besides propylene and 1-butene primary

metathesis products, the other by-products including cis-

and trans-2-butene, 1-pentene, 3-hexene, and C5?

oligomers can also be produced by various side reactions

[8]. However, under the reaction conditions used in the

present study, the only C5? hydrocarbon found in the

products was 3-hexene, which was produced in very small

amount (\3 % yield) by self-metathesis of 2-pentene. A

relationship between the catalyst physicochemical

properties and their catalytic performances was further

investigated by catalyst characterization using several

techniques.

3.2 Catalyst Characterization

The BET surface area, pore volume, and average pore

diameter of the supports and the supported rhenium oxide

catalysts are shown in Table 1. It was found that all the

SiO2–xAl2O3 supports had larger BET surface area and

pore volume than that of the pure Al2O3 which is in good

agreement with those of Okada et al. [44]. However, con-

sidering the changes in BET surface area, pore volume, and

pore diameter of the supports after impregnation of rhe-

nium metal and calcination, the Re/Si50Al exhibited the

least change in their textural properties. Such results sug-

gest that most of the rhenium was highly dispersed on the

surface of the SiO2–xAl2O3 support. As revealed by ICP-

OES results, the actual Re-metal loadings varied from 4.6

to 8.1 wt%, depending on the supports used. Higher

amount of Re-metal (7.8–8.1 wt%) remained on the Al2O3

rich supports (C50 wt% Al2O3). Because some of the

Re2O7 can be volatized during high temperature calcina-

tion step especially the inactive rhenium centers of the type

:Si–O–ReO3 [40], the use of SiO2–xAl2O3 supports with

relatively higher silica content (i.e., Si13Al and Si25Al)

resulted in lower amount of rhenium metal on the catalyst

samples. It is quite well known that Re2O7/SiO2 catalyst

has no activity in olefin metathesis due to poor interaction

between silica and rhenium oxide that tends to form inac-

tive rhenium clusters [45].

Although one can notice the differences in the actual Re

metal loadings on the various Re2O7/SiO2–xAl2O3 cata-

lysts, they seemed to make little influence on the catalytic

performances. The amount of 2-pentene converted per

gram Re metal was calculated and was found to be even

higher on the catalysts with lower Re contents (Re/Si13Al

and Re/Si25Al). However, it is quite well known that the

number of rhenium active sites were only small fraction of

Table 1 The physicochemical property of the bare silica-alumina supports and the supported rhenium oxide catalysts

Sample Al2O3 contenta

(wt%)

Surface areab

(m2 g-1)

Pore volumec

(cm2 g-1)

Average pore

diameterc (nm)

Re-metal loadingd

(wt%)

Total aciditye

(103 lmol NH3 g-1)

Re/Si13Al 13 224 (291) 1.10 (1.07) 13.7 (17.2) 4.7 7.487

Re/Si25Al 25 210 (277) 0.71 (0.58) 8.7 (9.7) 4.6 7.333

Re/Si50Al 50 308 (316) 0.83 (0.79) 8.3 (8.7) 7.5 14.554

Re/Si75Al 75 389 (431) 0.86 (0.77) 6.1 (6.0) 7.8 14.967

Re/100Al 100 213 (233) 0.40 (0.33) 5.1 (4.9) 8.2 7.698

The numbers in parenthesis indicated the values of the bare supports
a Based on the calculated amounts that were used for synthesis of various SiO2–Al2O3 supports
b Based on the Brunauer–Emmett–Teller (BET) method
c Based on the Barret–Joyner–Halenda (BJH) desorption method
d Actual re-metal loading for each catalyst after calcination was measured by ICP-OES
e Total surface acidity of the catalysts was probed by the NH3-TPD
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the Re atoms presented on supported rhenium oxide cata-

lysts. The rhenium active centers have been quantitatively

determined by various techniques including poisoning

experiments using NO [4], kinetic studies [46], and

chemical counting method [47]. These studies showed the

percentage of active Re centers of approximately 1 % of

the total actual amount Re loading.

The XRD patterns of the Re/SixAl catalysts are shown

in Fig. 2. A broad peak around 20–30� represents a typical

character of amorphous solid of these samples. The XRD

characteristic peaks of the c-phase alumina appeared at

2h = 32, 37, 46, 61 and 67� for the samples containing

C50 wt% of Al2O3. The intensity of the c-phase alumina

increased with increasing amount of Al2O3 in the samples.

The peaks corresponding to the crystalline Re2O7 were not

detected for all the supported Re2O7 catalysts. According

to the literature [2, 16, 42, 48], most of the rhenium species

formed on the surface is isolated ReO4
- form and the

crystalline Re2O7 can be volatilized during high tempera-

ture calcination at above 300 �C.

Although alkene metathesis reaction does not regard as

an acid-catalyzed reaction, surface acidity of the catalysts

strongly influences the formation of metathesis active sites

[2, 26, 27, 29, 33, 49]. Acidity of the catalysts was probed

by the NH3-TPD measurements and the results are shown

in Fig. 3. The total amounts of acidity was found to be

directly related to the specific surface area of the catalysts,

in which they were increased with increasing alumina

content from 13 to 75 wt% and then markedly declined for

the 100 wt% Al2O3 support (Table 1). It is generally

accepted that silica–alumina supported metathesis catalysts

are more acidic than alumina supported catalysts [2, 11–13].

From the NH3-TPD profiles (Fig. 3), the desorption peaks

in the temperature range below and above 300 �C were

assigned to the weak and the strong acid sites, respectively

[8, 9]. In Fig. 4, it was found that the amount of strong acid

sites was maximized for the Re/Si50Al. The Re/100Al2O3

shows only the weak acidity characteristic. The acid

strength thus strongly influenced both the isomerization

and metathesis activity over the supported Re2O7 catalyst.

Since the major products of the metathesis of ethylene and

2-pentene obtained over the Re/100Al2O3 catalyst were in

accordance with their stoichiometric amounts, it is sug-

gested that the weak acidity of the Re/100Al2O3 was not

strong enough for isomerization reaction of the 1-butene

product so that the secondary metathesis reaction did not

occur.

The oxidation states of rhenium in the various Re2O7/

SiO2–Al2O3 catalysts were determined by XPS and the

results are shown in Fig. 5. According to the literatures

[50–52], the XPS spectra revealed that most of rhenium

oxidation state of the fresh catalysts lied in oxidation state
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?(7), however a fraction of rhenium oxidation state ?(6–7)

was also detected for the Re2O7/SiO2–50Al2O3, Re2O7/

SiO2–75Al2O3 and Re2O7/100Al2O3 catalysts. Based on

the XPS results, the catalysts in this study can be catego-

rized into three different characters; the first one is the

group of low metal–support interaction Re2O7/SiO2–

13Al2O3 and Re2O7/SiO2–25Al2O3 catalysts possessing

only the rhenium oxidation state ?(7). The second one is

the group of stronger metal–support interaction Re2O7/

SiO2–50Al2O3 and Re2O7/SiO2–75Al2O3 catalysts that

showed lower binding energy of the rhenium oxidation state

?(6–7). Both of the rhenium species (Re7? and Re6-7?)

were detected on the surface of the Re2O7/100Al2O3 cat-

alysts, the third type possessing metal–support interaction

strength in between the first two groups. The different

characteristics observed may be related to the dispersion

degree of rhenium oxide on the surface. Well-dispersion

species were found on the SiO2–50Al2O3 and the SiO2–

75Al2O3. Iwasawa and Yuan [52] also found that the

binding energy of rhenium species shifted towards lower

binding energy for the catalysts possessing stronger metal–

support interaction.

The structure of transition metal species was investi-

gated by diffuse reflectance UV–Visible spectroscopy. The

diffuse reflectance UV–Visible spectra of the various

supported Re2O7 catalysts are shown in Fig. 6. Two intense

absorption bands centered at ca. 210 and 240 nm were

assigned to the undistorted tetrahedral ReO4
- ion [53]. The

presence of isolated tetrahedral species of rhenium active

species was found on the Re2O7/SiO2–xAl2O3 composing

of higher alumina content (x C 50 wt% Al2O3). Hence, it

would be an evidence for the highly dispersion of rhenium

over these suitable support compositions. The isolated

tetrahedral structure of rhenium is necessary for the for-

mation of metal–carbene metathesis active sites and better

catalyst performance. The Re/100Al2O3 shows additional

absorption bands centered at ca. 300 and 330 nm which

were attributed to the existence of rhenium in a distorted

octahedral species [13, 53].

The surface structures of ReOx species on the various

supported Re2O7 catalysts were characterized by Raman

spectroscopy and the results are shown in Fig. 7. Consis-

tent to the XRD results, the Raman shifts corresponding to

the crystalline Re2O7 (at 800, 450, and below 200 cm-1)

[54, 55] were not detected for all the catalyst samples and

only isolated ReO4
- species existed. The monomeric tet-

rahedral ReO4
- ions were observed at *990–975 cm-1

[ms(Re=O), the most intense band], *900–930 cm-1

[mas(Re=O), weak band], and *340 cm-1 [ds, as(O–Re–O),

intense band] [48, 54–57]. For all the SiO2–xAl2O3 sup-

ported Re2O7 catalysts, two separated peaks of the terminal

Re=O bond were observed at 970 and 990 cm-1, indicating

the existence of two different surface rhenium oxide spe-

cies. The position of the higher frequency peaks tended to

shift to lower frequency when the alumina composition in

the SiO2–xAl2O3 supports increased and eventually merged

into a single peak at 976 cm-1 for the case of Re/100Al

catalyst. The shift of Raman to lower frequency was

interpreted as a result of the stronger of the bridging

Re–O-support bond strength [58, 59]. The Re/100Al2O3
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catalyst showed metathesis activity with negligible isom-

erization activity. It is likely that the catalyst had only

one type of surface rhenium species with rather strong

Re–O-support bond (shown as a single Raman shift at

976 cm-1). Contrarily, all the Re/SixAl catalysts exhibited

double-bond isomerization activity in addition to the

metathesis reaction. The second type of surface rhenium

species with a weaker Re–O-support bond (additional peak

at 990 cm-1) could be attributed to the hydrido–rhenium

species ([Re]–H) which was claimed to act as isomeriza-

tion sites [30, 42, 60]. The Raman spectroscopy results

strongly support the UV–Vis results that isolated mono-

meric ReO4
- tetrahedra is the rhenium metathesis active

structure. It is noted that the hydrolyzed ReO4
- or the

ReO4
- ion in aqueous solution also resemble in the form of

isolated monomeric ReO4
- tetrahedral species [54, 57, 61–

64]. A shift in all Raman bands to lower range of frequency

is often observed particularly in the measurements that

performed under ambient conditions [54]. It appears that an

increase in alumina component in the SiO2–xAl2O3 sup-

ports could stabilize the surface rhenium species as the first

type of isolated monomeric ReO4
- tetrahedra metathesis

active structure whereas the proportion of the second type

decreased. The intensity of Raman bands also increased

with increasing amount of surface rhenium oxides as

determined by the ICP-OES results. The Re/Si50Al cata-

lyst that exhibited the highest propylene yield and good

catalyst stability had the highest proportion of isolated

monomeric ReO4
- tetrahedral with relatively strong bond

strength.

4 Conclusions

The role of silica–alumina composition in the unconven-

tional metathesis of ethylene and 2-pentene has been

investigated over the Re2O7/SiO2–Al2O3 catalysts at 35 �C,

GHSV 3,000 h-1, and ethylene/2-pentene mole ratio 3.

The SiO2–Al2O3 composition has strong influence on the

acidity, the metal–support interaction, and the dispersion of

Re-active species. Higher amount of Re metal remained on

the catalysts was observed in the Al2O3 rich Re2O7/SiO2–

xAl2O3 catalysts (x C 50 wt% Al2O3), corresponding to

the stronger metal–support interaction. These characters

also suggest a well dispersion of Re-active species as a

monolayer of the isolated ReO4
- species. The second type

of the isolated monomeric ReO4
- tetrahedral structure with

a weaker Re–O-support bond appeared in all the catalysts

except the one supported on pure alumina. The optimum

amount of alumina in the SiO2–Al2O3 was determined to

be 50 wt% Al2O3 in which the highest propylene yield was

obtained. The isomerization of the initial 1-butene product

into 2-butenes and a subsequent secondary metathesis

reaction between these 2-butenes and excess ethylene

enhanced the propylene yield over the Re2O7/SiO2–Al2O3

catalysts.
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Abstract  

Nanocrystalline cobalt aluminate (CoAl2O4) was synthesized by the solid-state reaction method with cobalt 

chloride hexahydrate (CoCl26H2O) as the source of Co and gibbsite (Al(OH)3) as the source of Al, 

respectively. The effects of particle size of the starting fine gibbsite (0.6 and 13 µm) and calcination 

temperatures (450, 550, and 650oC) on the properties of CoAl2O4 were investigated by means of  X-ray 

diffraction (XRD), thermogravimetry analysis and differential thermal analysis (TG/DTA), X-ray 

photoelectron spectroscopy (XPS), UV-visible absorption spectroscopy (UV-Vis), scanning electron 

microscopy (SEM), and transmission electron microscopy (TEM).  Increasing of calcination temperature 

promoted the insertion amounts of Co2+ in alumina matrix in CoAl2O4 structure, which resulted in the 

brighter blue particles and increasing of UV spectra band. The lowest temperature for the formation of 

nanocrystalline CoAl2O4 particles was 550oC for the solid-state reaction of cobalt chloride and 0.6 µm fine 

gibbsite.  
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mailto:joongjai.p@chula.ac.th


2 

Conflict of Interests:  

I, Joongjai Panpranot, the corresponding author of the manuscript, confirm that I do not have a 

direct financial relation with the commercial identity mentioned in the paper submitted that might 

lead to a conflict of interest for any of the authors. 

 

  



3 

1. Introduction 

            Cobalt aluminate is a binary oxide consisting of cobalt and aluminium oxides. It is a thermally and 

chemically stable pigment of intense blue color and is usually synthesized at high temperature by solid-state 

reaction between two oxide components [1-2]. In the past decades, it has received attention due to its 

applications as inorganic ceramic blue pigment which is widely used for coloration of plastics, paint, fiber, 

paper, rubber, phosphor, glass, cement, glazes, ceramic bodies and porcelain enamels [3,4,5]. Moreover, its 

uniqueness optical properties leads to its extensive use as color filter for automotive lamps or pigment layer 

on luminescent materials in optical devices [6,7,8]. The coloring performance of cobalt pigments strongly 

depends on their thermal stability, chemical reactivity, and coordination of Co2+ ions [9]. Other applications 

of cobalt aluminate is an important material for heterogeneous catalysis such as selective catalytic reduction 

of NOx with hydrocarbons [10] and carbon dioxide reforming of methane [11].  

            Cobalt aluminate can be synthesized by various routes such as polymerized complex [3], molten salt 

[4], polyol [8], low temperature combustion [9], co-precipitation [7,12], sol–gel [13,14,15], citrate-gel [16], 

metalorganic chemical vapor deposition (MOCVD) [17], EDTA chelating precursor [18], glycine chelated 

precursor [19], hydrothermal [20], polymer aerosol pyrolysis [21] and reverse micelle processes [22]. 

Nonetheless, the selection of preparation method is usually based upon the desired properties of the final 

materials [3]. The solid-state reaction of a mechanical mixture between gibbsite and cobalt precursor is 

interested due to three main advantages approach. They (i) are simple, cheaper and convenient; (ii) involve 

less solvent and reduce contamination; and (iii) give high yields of products [23]. The solid-state reactions 

involve four steps in a typical proceeding: diffusion, reaction, nucleation, and growth. Any chemical 

interaction between solids proceeds exclusively on the contact area between the particles [24].  

            In the present work, cobalt aluminate was synthesized by the solid-state reaction method with cobalt 

chloride hexahydrate (CoCl26H2O) as the source of Co and gibbsite (Al(OH)3) as the source of Al, 

respectively. The effects of particle size of gibbsite and calcination temperature on the formation of cobalt 

aluminate and theirs properties were investigated by means of X-ray diffraction (XRD), thermogravimetry 

analysis and differential thermal analysis (TG/DTA), X-ray photoelectron spectroscopy (XPS), UV-visible 

absorption spectroscopy (UV-Vis), scanning electron microscopy (SEM), and transmission electron 

microscopy (TEM). 
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2. Experimental 

2.1 Preparation of CoAl2O4 

            Fine gibbsite (Al(OH)3, Merck) and cobalt chloride hexahydrate (CoCl26H2O, Fluka) were used as 

starting materials.  The starting fine gibbsite has an average particle size of 13 µm and is denoted as FG-13 

µm. After milling of 100 g of fine gibbsite in an attrition mill for 24 h, the particle size of the fine gibbsite 

was reduced to 0.6 µm and is denoted as FG-0.6 µm [25]. The solid-state reaction between fine gibbsite and 

cobalt chloride took place at 450, 550, and 650C with a Co:Al molar ratio 1:6.  Firstly, a certain amount of fine 

gibbsite and cobalt chloride hexahydrate were mixed in an agate mortar. Secondly, the mixed materials were 

dried in oven at 110C overnight. Finally, the mixtures were calcined in a tube furnace in an air flow (95 ml/min) 

by heating to a desired temperature (450, 550, and 650C) at a rate of 10°C/min and held at that temperature for 

5 h. Then, the mixed materials were cooled down to room temperature in N2 (75 ml/min). 

 

2.2 Characterization  

  Particle size distribution was measured using a laser diffraction-based size analyzer (Malvern 

Mastersizer, reflective index 1.57). All the samples were done on deionized water as dispersant.  Dispersion 

and deagglomeration of particles were ensured by ultrasonic treatment before measurement. XRD was 

performed to determine the bulk phase of particles by SIEMENS D 5000 X-ray diffractometer connected 

with a computer with Diffract ZT version 3.3 programs for fully control of the XRD analyzer. The 

experiments were carried out by using Cu K radiation with Ni filter in the 2  range of 10-80 degrees 

resolution 0.04°. The crystallite size was estimated from line broadening according to the Scherrer’s equation 

and -alumina (-Al2O3) as an external standard.  The decomposition of cobalt chloride and fine gibbsite and 

CoAl2O4 formation was studied by TG/DTA using an SDT Analyzer Model Q600 from TA Instruments, 

USA from room temperature to 1000ºC at a heating rate of 10ºC/min in air. The chemical state of Co and 

surface elemental composition were determined by XPS analysis using an AMICUS spectrometer equipped 

with a MgK X-ray radiation. For a typical analysis, the source was operated at voltage of 15 kV and current of 

12 mA. The pressure in the analysis chamber was less than 105 Pa. The AMICUS system is computer controlled 

using the AMICUS “VISION 2” software. The optical properties of CoAl2O4 particles were studied by UV-Vis 
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analysis using a Perkin Elmer Lambda 650 spectrophotometer. The diffuse absorption spectra were 

recorded in the wavelength range 200900 nm with the step size for the scan was 1 nm. BaSO4 was used as 

a blank for the measurement. The particles morphology was obtained using a JEOL JSM-35CF SEM 

operating at 20 kV and JEOL JEM 2010 TEM operating at 200 kV.  

 

3. Results and Discussion 

          The median particle sizes (d50) of fine gibbsite used as starting materials for producing CoAl2O4 in 

this study were determined by a laser diffraction-based size analyzer to be 0.6 and 13 m. Figure 1 shows 

the XRD patterns of fine gibbsite samples with different particle sizes. The intensities of the XRD peaks 

decreased and the peaks became wider as the average particle size of gibbsite decreased from 13 µm (FG-

13) to 0.6 µm (FG-0.6). The XRD patterns of samples obtained from the solid-state reaction of cobalt 

chloride with FG-13 (Figure 2(A)), and FG-0.6 (Figure 2(B)) at various calcination temperatures are shown 

in Figure 2. The XRD peaks at 2 degrees = 31.3, 36.8, 44.9, 59.3, and 65.3 were observed and could 

be assigned to either CoAl2O4 or Co3O4 because their peak positions are almost identical [26]. CoAl2O4 and 

Co3O4 have the same spinel cubic (Fd3m) crystallgraphic structure with slightly difference in the lattice 

constant (a = 8.111 for CoAl2O4 and a = 8.0885 for Co3O4). Therefore they have a similar peak pattern and 

the positions of peak are nearly same. The transition alumina phase was also found at 2 = 68o in some 

samples. However, the relatively low intensity and broad XRD patterns suggest that crystallinity of the 

samples was not very good and/or the average crystallite size may be very small.  The peak detected at 2 = 

13o corresponded to an impurity peak. Figure 3 shows the SEM images of CoAl2O4 nanoparticles 

synthesized via the solid-state reaction between cobalt chloride and FG-13 and FG-0.6 at 650C. 

Agglomeration of fine particles forming large irregular particle was observed. However, there is 

inappreciable change in morphology after calcination at different temperatures. 

  Figure 4(a) shows the TG/DTA curve of the cobalt chloride which included three endothermic 

peaks and one exothermic peak. The first and the second endothermic peaks with maxima at 100 and 

175C were accompanied by weight losses of 1.79 and 12.92%, respectively. These peaks corresponded to 

the loss of water. The exothermic peak at 708C, which was accompanied by a 48.44% loss in weight, 
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corresponded to the loss of chloride and the subsequent formation of Co3O4.  Finally, the last endothermic 

peak at 920C, which was accompanied by a 50.49% loss in weight, corresponded to a small oxygen loss 

and the conversion of Co3O4 into CoO [27]. Figure 4(b) and 4(c) illustrate the TG/DTA curves of a 

mechanical mixture of cobalt chloride and FG-13 and FG-0.6, respectively. The dehydration of a 

mechanical mixture between cobalt chloride with FG-13 (Figure 4(b)); includes a series of endothermic 

peaks. The first, second, and third of endothermic peaks were corresponding to the loss of water in the 

sample. The endothermic peak at around 300C was the formation of boehmite. In addition, the 

endothermic peak at around 500C indicated the formation of cobalt aluminate. It is interesting that the 

exothermic peak at around 708oC corresponding to chloride elimination disappeared and the formation of 

CoAl2O4 occurred at much lower temperature. It is suggested that in the presence of gibbsite, cobalt 

chloride was decomposed easier probably due to the hydrolysis reaction by water dehydrated from gibbsite.  

Moreover, a decrease of gibbsite particle size from 13 µm to 0.6 µm, the series of endothermic peaks 

decreased and the endothermic peaks at around 230 and 500C disappeared (comparing to Figure 3(b) and 

3(c)). Such results suggest that the dehydration of a mechanical mixture between gibbsite and cobalt 

chloride was accelerated when the particle size of gibbsite was decreased. As a consequence, cobalt 

aluminate was formed at lower calcination temperature. The images of synthesized CoAl2O4 nanoparticles 

are shown in Figure 5.  Bright blue color was clearly observed for the FG-13 and FG-0.6 calcined at 650oC 

and FG-0.6 calcined at 550oC, indicating the formation of CoAl2O4 structure.  

           The XPS analyses were carried out to examine surface species on the samples. The samples were 

analyzed in the Co 2p, Al 2s, and O 1s binding energy regions. The binding energy, the atomic concentration, 

and the FWHM of Co 2p3/2 and Al 2s are given in Table 1.  According to the literature [20, 28], cobalt in an 

oxide state (Co 2p3/2 in Co3O4) exhibited lower binding energy (780.0 eV) than that in CoAl2O4 (781.9 eV). 

The XPS results confirm that the samples prepared by solid-state reaction between cobalt chloride and FG-13 

calcined at 650C and FG-0.6 calcined at 550oC were CoAl2O4 which were in good agreement with the blue 

color observed in Figure 5. Moreover, the relative amount of Co2+ ions in tetrahedral sites was found to 

increase with increasing calcination temperature. Decreasing the particles size of fine gibbsite probably 

increased the rate of diffusion step during a solid-state reaction [24], thus the CoAl2O4 was formed at lower 

calcination temperature for FG-0.6 than FG-13. The average crystallite sizes of synthesized CoAl2O4 were 
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calculated from the full width at half maximum of the XRD peak at 2θ = 36.8o using the Scherrer’s 

equation and are reported in Table 1 (dXRD). The TEM images of synthesized CoAl2O4 are shown in 

Figure 6. The TEM results clearly show that the synthesized CoAl2O4 consisted of very fine particles with 

average size below 10 nm which are in good agreement with the average crystallite size calculated from the 

Scherrer’s equation. 

            UV-Vis spectroscopy was carried out in order to study the correlation between cation distribution and 

the optical properties of synthesized CoAl2O4 nanoparticles. Figure 7 shows the absorption spectra of the 

CoAl2O4 particles obtained from the solid-state reaction of cobalt chloride and FG-13 and FG-0.6 at various 

calcination temperatures. The UV-Vis results were consistent to the XPS analyses. The Co2+ in a tetrahedral 

ligand field is responsible for its blue color. It has been reported that the coloration of CoAl2O4 was strongly 

dependent on the temperature of the heat treatment and on the stoichiometry of Co and Al in the Co3-sAlsO4 

sample with the brightest blue coloration was obtained for S = 2.25 [16]. The intense absorption peak at around 

600 nm for both of the prepared CoAl2O4 particles are the characteristic of Co2+ ions in the tetrahedral sites in 

crystalline materials [9]. From the UV-Vis spectra of the prepared CoAl2O4 particles in Figure 7, a triple band 

were observed at around 540630 nm, attributing to the spin-allowed [4A2(F)    4T1(P)] transition. This triple 

band can be attributed to a JahnTeller distortion of the tetrahedral structure [29]. It was found that the intensity 

of this triple band decreased with decreasing particles size of the starting fine gibbsite for a given calcination 

temperature (i.e., at 650C). According to the XPS results, the atomic concentration of Co/Al increased with 

decreasing particles size of the starting fine gibbsite.  It has been also reported that the intensity of this triple 

band decreased as the S value was increased, and might be probably due to the formation of white Al2O3 from 

excess Al in the samples, lowering the intensity of color although the S values were larger than 2.25 and 

remained blue [16].  The results in this study also suggest that reduction of particle size of the starting material 

could have an influence on the band shift. However, further detailed study is necessary to confirm whether the 

blue shift is because of the reduction of particle size [27-30].  
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4. Conclusions 

           Nanocrystalline CoAl2O4 particles were successfully synthesized at low temperature by solid-state 

reaction using calcination of the mechanical mixture between fine gibbsite and cobalt chloride. The particle 

sizes of the starting fine gibbsite were 0.6 and 13 µm and the calcination temperature was varied in the range 

of 450-650oC.  The XRD and XPS results revealed that the crystallization of CoAl2O4 from the mixture 

between cobalt chloride and FG-13 and FG-0.6 occurred at 650oC and 550oC, respectively. The reduction 

of the starting particle size of fine gibbsite resulted in the lower crystallization temperature of CoAl2O4 

formation due to the increasing of contact area between reacting particles. However, increasing of 

calcination temperature promoted the insertion amounts of Co2+ in alumina matrix in CoAl2O4 structure, 

which resulted in the brighter blue particles and increasing of UV spectra band. 
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Table 1 The crystallite size and XPS results of the CoAl2O4 particles obtained via solid-state reaction of 

fine gibbsite and cobalt chloride. 

 

Samples dXRD (nm) Co(II) 2p3/2 Al 2s Atomic Conc% 

 B.E. (eV) FWHM B.E. (eV) FWHM Al/O Co/Al 

FG-13-650C 6 781.9 2.819 119.1 2.828 0.50 0.032 

FG-0.6-550C 6 781.5 3.223 118.6 2.772 0.50 0.050 

FG-0.6-650C 6 782.1 3.385 119.2 2.678 0.48 0.053 

aCo3O4  780.0  0.7      

aCoAl2O4  781.9  0.5      

a ref [20, 27] 
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Figure 1 The XRD patterns of fine gibbsite (13 µm and 0.6 µm). 
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Figure 2 The XRD patterns of the CoAl2O4 nanoparticles synthesized via the solid-state reaction between 

cobalt chloride and FG-13 (A) and FG-0.6 (B), after calcination at various temperatures: 450C (a), 550C (b), 

650C (c); o = CoAl2O4. 
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Figure 3 SEM images of the CoAl2O4 nanoparticles synthesized via the solid-state reaction between cobalt 

chloride and FG-13 (A), FG-0.6 (B) at 650C. 
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Figure 4 The TG/DTA curves of samples: bulk cobalt chloride (a), a mechanical mixture of cobalt chloride 

and FG-13 (b), and a mixture of cobalt chloride and FG-0.6 (c).  
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Figure 5 The images of the CoAl2O4 nanoparticles synthesized via the solid-state reaction between cobalt 

chloride and FG-13 (left-hand side) and FG-0.6 (right-hand side) after calcination at various temperatures: 

450C (a), 550 C (b), and 650C (c). 
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Figure 6 TEM images of the synthesized CoAl2O4 nanoparticles (FG-0.6 calcined at 650oC)   
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Figure 7 Absorption spectra in the wavelength range 200900 nm of the CoAl2O4 nanoparticles 

synthesized via the solid-state reaction between cobalt chloride and FG-13 (a) calcined at various temperatures 

and (b) the solid-state reaction of cobalt chloride and FG-0.6 calcined at various temperatures.  
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o !8f11:'1'1':l~'U "1 

o ~i'~li'1ff 0 U'J8':liJu 

:v ..!i ..::" ~ 

fl. 'U8(;Hlff111l 3 

'I. nh~uw 
'" 

o ~tJ!~/'JtA 11'U" 1 

o fll'V'ltll/'J l1'Ul" 
11'W1" 

! 8'l1ft'l-ltillrl':l: IiI ;)l!mW ) 

'Ult1mfl1."l UrlJlJ111 ."1 ')~ f\ hrIPa...:t u.A 
'tlJJ1!'J111!1J 111'11'1 a '''~11'lJBflJff'tl1hJmfl1'nJn;~lJ~'H~ 1)11 lJBBf1ltutJl'lft"ilm ')~ 11 ~fJlHi ffYlllU"J IfWfl1';J II 1'1'1,) ~~fJfll11JihHlJwn 11U riYrWfmW~1M lhl1 

1~lhJ~~ffYlihJ"J111BfJllff\lilu,,';j ~B~';j:nN1ml~lf)fl 'hhihmf1l~1:nl 11 j'mH1J 'h;!ihn1'll~UlJ111 l1s1)}f~ ~ 1~~1l11J 



<I ~ w 

~W1fl'lm IlUJt11111CJlflCJ 

eJ~~ lfl'U~ 254 jJ'WWl~t1Jl'1'1 u'Ul"ll'llmJ l'UI91,jYfIJ1'W n~'lI'VI~"1 10330 

3.1 -Nty'llliil 'l'VICJ 3.2 1'V1';iftln1 0-2160-5340-2 3.3 lm"(1'l';i 0-2160-5343 

o w <il 

(.'fl'W fl;Jl'W I'lru::: fl'.i 'J lJfll'Jfll'J ~ \P]lJft'flfj 1 

eJ~Vi !fl'llVi 328 jJmjft'1eJ~1j(J1 l'UI91'Jl'l1I'VIl n~"l111Y1"1 10400 

3.1 -NuJ'lIliil '1'V1CJ 3.2 lmftvfI'l 0-2610-5200 3.3 hnf1'l'i 0-2354-5524 

ff1UIN 1'W flO~ ll'Wfttl'IJ f1''l1 'W fmi~(J 


eJd~ ~'W 14 eJlfm !eJft !~.IJ llllneJ{ !fl'IJ~ 979i17-2J jJ'W'Wl~mllCJ1j'W !!'lJl~mlHft'Wlu 1'lJl91t~jJJll'VI m"llm~"1 1040()

'" u , 

3. J -Nty'llliil lV11J 3.2 lmft~Yl 0-2278-8200 3.3 hnf1'l'J 0-2298-0476 



~ d ~ _I G\ c! 

'lH'l'mltYvH t1~fll '} 11 '}:;:; ~'lJ~ 


m '] lIln flU tfl~ till 1'1d t~ ,nJfi lV1~'(;l' 1\9l 'W 'U 'W1'11,] 8,;j ~'Ul"lHJ n fl! W{JlI Ll Vil8tJfl "l"lf~ 

~,H'lJlh,;j ¢{ lEW tJfl 'I "l1~'UtJ,;j 1(l 'H ~r1'll'Wili'lJ 'H~ IIIB I~m'h LhJ1 ~l lhJ 1'111~ n1ail~ till 'W l1fi il~ r.ll 

v , u '" G
1l0'lJW:;:; ~!tl:;:; frJUI~~'HtJl£J'lltl-:j fIl'} ,}~~'lJ~ 

" . . 
fl 1'J11 ']~ ~fJ1i1!ntll';tJ~nlJfl 'J 'J II In fll,] !\9l~ till 1'111~ ,;j11 fi il~{Jl!TItJ I ~1 '1J 11 ail~{Jl!tJ '(;l'!flO { 

~Vl!fli'W 1ViltJI ~!"l1tJ{l fUtJtJlI lViltJeJfl l"l1~~l1iul1H¢{lt1(reJfll"l1~'UfJ':} Ibl'H~fl,]l'WiNf'W'H:J lIlB !fhJ. ~ 

• y " 

1'11) fJ':}~'U'lJfJ':}1'111~ '111 ail~mVl,;jft!\9l'W arr 'JiJ'1l'W\9l eJW fll'] lfl~ {J1I ~'JW 

10 - fll) 11 ~ 'U 11 H. I'll 'HH ~IH"l1eJn f1I i1 till 1Vil eJ eJfl "1 "l1~ ~;j '\Ill! Vil{J In Ill'llVilln fll) 'H it ~ 
" ~'ll'leJI l1tJ rleJ 

" 
(I) 1Vil tJfll,] !~lI'(;l'l'H'1~ tlltl'lJ tl;j'(;l'l'Jl1'J~ fleJlJ'UfJ':} In'H :;;fl'J1'W ili'W 'H:J IIlB 1 'W'lJIJ flO'll 

" 
"'" ~ '" "') "'" lIJ lIJ '" ~ fll'J!\W:i{JlI\9ll'JtI'l)lJ!"l1fJ'J ,fHtWll ~~Wtlfl ,"l1Vil 'H'JtI 

(2) II'l tJ fll ']!~ II '(;l'lJ (l~ m tJ 'U tJ':} ffl) 11'J:;; fl tJ 'U 'U fJ,;j 1(l 'H ~ 'In 1'W ~ i'tm:J IIIB (l'llJ1J
'U 

15 "'j"'" lIJ "l1Vil!"l1fJ'J fH'W{JlI ,~H)tJfl 'I'" 

- fll,]!\9l ~ eJli 1'111 ~ ,;j 11 ail~ til VI,;j ft!\9ltJ lJ 'W 1'11'J eJ~~lJ!"l1tJ {Ifl! tJ till 'I Vil tI eJ 11 11 "l1~~ 11 ~mJ ~ ,:} 

¢{'-JVtJtJfl l"l1~'lJtI,:} !t'1li~fl)ltJili'W 'H:J IIIB 111 jViltJfll,] !iilllm'](l~mtl'UeJ,:}'(;l'nlh:;;fleJlJ lrl'H :;;VI,;jft!\~'W
" . " 

lJ'W1'11,]eJ,:}~m"l1eJnfl!tJtJlI Lll'ltleJfl l"l1~Vil1~lJl1~ ,;j¢{lve)t)fll"l1~'UtI ~ In'H:;;ll,]l'W ili'W 'H~ fIIB 'illmh! 

. 
d '"20 lN1fltlW'Hflll'(;l',;j 

• '" 'U 

" . . 
fl1111 ~ ~ 'H 11 1 tI 1) fJ ~ fl 1) 11 '] ~ ~ fJ 1tJ ! TI tl 'WWI tJ 11'111 ~ ~ 11 a il~ til Vi 11111 11 ~1 tJ 'IJ a il1 {J 1 

ltHHfleJ{~%fli'tJ ~1,r11']:;; ill1 TIfllVl'(;l' 'Jfll1'H ~tl~fll11'111'i ~11 flfi~m~1~mjl tJ 11 'il 'inJtJ 
1.1 'kJ cu q 

~ dd v v U '" d
tYl'll11f1£Jlfll'Jfltn£J1'llel-lO'Ufll'J 'J~~'lJ~ 

lrnm)111flm tJ ril 'W ~1~CJ1';tNnlJm '] 1I1TI tll) 1\9l~ CJlIl'1':1l'i ~ 11 a il~V1 

""u .. 
",v ~~ t:::\.e::t ~ 

25 {!tJ'HIl~'llMfnl :;:;'H'Jel1f1£Jlm'J,},HO£Jl'llel~ 

11'il~lJtJ 1'11d~lJafi~V1ltJt~;jtll)fll~l~1'Wl1fifl~m!ew!'vltl{~Vl!fli''W rltl t1~ ft!\9l'W UlJ 
I I j) iJ 

) eJ '1 ~lJ !"l1eJ{j fl! tJ till lVil m)fll "l1'f1' arr,;j iJ 11 n~ ilrlTI fl TVilY1l f1'J tJ '\llflfll) \91) 1 '\l'(;l't1 'U leJflffl'] illl TI U'\9l '] 

Vl 'U i 1 if~ '1:J iJ il'Vl TI U\9l ) 1Vil ~V1':} 0'1 fl 1 'J 11 ~ 'U IJ )• ,;j I'll 'J eJ ~ ~ 'U! "l1 eJ {I fl! tJ till 11 Vil tI eJ fll "l1 ~¢{1 !'J 1r:l11 ~ 
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" 0 "'l1'Wl 2 '\Jtl~'Ill'W1'W 7 'l1'Wl 

'\'111'Wi1i'W'lui lIIB ul9imh~lf1 fllnH1J1_h~~11tl~flJl'l'lV1r1'l1~'\'111'Wi1imni I1IB '\'h!ti'~1Ii~ 
'U Q 'lJ 

V , 

115mV1911'Jjtllnh:t~El itJiifl111r:itl~11'Q~fll1~11i ~11 afi!fn111 t! ~I 1]1) ~1T'W 

":'1 .1 '" .!<; .! 
fll~!1JvHfnJfll~1J~~vnJ~ !\1Itltftl'\!~W 

v . • 

fl11t11:t ~El i tJ ttl V19itl ~nlJfl11 1J115 fl 11 !\9l~ V1J~1!~ ~tI afi~V11Vitl!tt 'W tI afi~ (Jl!tlrflll tl{ 

~V~!fli'W !loW! tlCJ18{1 flltJV1J l\9ltlelfl LICJ1I'l~tlflJtlHI'l":wtltlfllCJ1I'l'\Jtl~ 1Il'VI :t'l111wi1i~jmi IIlB !:L1'W 
q 'lJ 

di v " 
~11tl ,rflJ'\J8~~1!i 'JtI afi~CJ1~'J rrt\9l'W CJ1~ ii 'll~j \9ltl'Wfll1!\9l~V1J1'l~tJ 

fll1 tI flJ tI 1 'J ~11 eH f lJtCJ1tl1i fll tJ V1J 1 \9l tltlfll CJ11'l ~H1l1 Yl vln fll'j !\9l1nfl n 'VI 
q 

" 
(1) 1\9ltJfll'H~1Jrfl'H'l:tmtJ'Utl'Jm'itlJ':tfltllJ'U8'J 1~m:t'l1':n'Wi1'l1~J'VIJJ IIIB !'W'll'WflO'W 

'" 
fll'j !fl~ (J:JJ ~11 8'J f lJICJ1tl{l 'flltJ tJ1J '1 I'H)'El fl Lhl'l ml~ 'Illf1fllJ' Vll Iti'! fil'Wll] 'W fl:t fltl'W ui{1'1l:t Vhfll 'j 

'i d 0 "Itl 9"" 1 dod " " 1'1:t flt!'W lI'Hlfll1'l1:JJ 
q 

'Wl'l1 1tJ ~ U1;l~'W Wl~fltl~j l tllJ l'l1 Itl! ~ 'WlJ 1-'lilJ' UI m 1) 'Il ~ 'W l\9l:tfltl'W '\'1mH U l:'n 

'1 tllHl~tlUl'l1 fliJrf~lfi tll ti'lfifll1J'W!CJ1tl11fl !tJv:JJ lfltltlfllCJ11'l~iim)fll.CJ11'l'U8~ h'VI:t '\'1'j 1'W 9f'l1mui IUB 
" <u 'U 1J 

(2) i\9l(Jfll'j!~1JtllJ1;l~mtJ'\Jtl~tllnJ'i:tmJ'lJ'Uo~ h'l1:;:;ll'jl'W~i'W'VIJJ IIIB ft~'U'W 
'lJ 

!CJ18{1 flttJ (J1J 'I \9ltltlf1 L1 CJ11'l 'Illmr'W tl1J I ti'liti'~ !Ii{'n1 llt]!Vll~mU 'VI fliJ tl~ 
q "" 

- fll'Hfl~ tJ1J~1!i 'Jtl5fi!tJli1~m\9l'W lJ 'W~1'j eNflJ!CJ1o{1 fH tJ t'J1J 1\9lo8fl L1CJ1I'l~lH1J'L1~ 

1'l'1m)'flfl Lhl'l'Uo'J lr:!'VI:t'\'1'j1'Wi1'l1'W'VI&,j IIIB 1111\9ltJfllJ'I~:JJm'H'l:tmt'J'Utl'lm1t1n;flt!lJ 11;l'l1~11 ~m'Jl'W 
'" 

lJ'W~TH)'Jf'U!CJ1tl{1 fHiJt'J:JJ l\9ltltlfl Ll9f~~tlflJtlH~1t'JoofllCJ1~'\J tJ'J h'VI GJl111'Wi1i'WmJ IIIB 1) 
q '" 

i'Jyf~l1~tltu'VIfliJti'tl'J 11J'Wnm 1 10 i111J'J ul9i~m:ljl~mjA8 5 i11m !li{1~hLltlt!lJlti'mi'J. " 
:v , v I 

'11 ~~'iJ lflir'W l'h\9l:tfltltJl1Uti'.:) tllJ'\'11tI rh'W 'll'W\9lt!'W fllltVlll1t!tu 'VI fliJ tl.:) 
q '" '" 

" h'l1~1'l11'Wi1'l1'W'VI~ IIIB \9l11Jfll1t1J':t~El~'tJ Il'l'uri im'i:ttlUfl'W!~tJ1J lfl'VI:tVflll11VlJ 

lrlY1:tU[I'W'I'llir1J t![I:t lm!::awflvltiJt'J1J ul9i~fr:J'jlt ll'l'Hri 1m1:tV\Illll1tJ1J UrI:t il.l'l1:tUlllJ'I'llirlJ 

• r.t 4::! .t:::\ rI;f If! 9J t rI d lrJ 
tllnJ1:;;m)1J'Ut!"l i[l'VI:tICJ1Eil lfH'Wt'JlJ\911:JJfl1jtl'j:;;\9lEl~'W t\9lHfllCJ1tJ'j lfll'WtJ:JJ l'WlflHl 

lCJ1f)f1 fuiJt'J1Jfl1;ltl 'h I'l !9f'O{1 mtJtJ1JU'09fI\91\9l lCJ1Ei{1flliJtJ:JJ 1 Vl1vwfllCJ11'l!CJ1f){1rll iJ Em 1tJ 19fhn '\t~ Dfl 

!9f1'l Hl:'l:;; !CJ1tl{1flliJ(JlJ'WmJ[l1l1'\tltJfll9fI'll!~~m'jlt fit! !CJ1tJ{1futJt'J1JUtl:U1,'l1l1l1tJfllCJ11'l 

" tllnh ~ fl f)1J 'U Ei :j ill 'VI:;;!l [Ill '\'11 ir1J\9l1:JJ fll1'lh:;:; i tJ 1 ~HnII [I'W lllir:JJ fI J;1tl1 J rl 

l![lU'\'11ir1Jlmfl:i\9l ll[l'W111irml'tl9fl\91\9l l!1;l:;:; U[l'W'\'11ir1Jf):t9f~l:'lf):t9fi\9l1U\9l tl~~'fl11!t AtJ 

IIilUmir1J 1'W!\91 'J fl 



~ljJJj~flUlJ'1Jf)'l1 (;l11~ BI'l!'Yl1V:lJm:IJfIl'jJJ'J ~~fl~ill¢1'llri BI'l!'Yl1 tl:IJflflf) 1 'J1'1 BI'H'Yl1 tl:IJ 

'lw\9l'J\9l B\9l!'Yl1V:IJ!!f)~11'l19l D\9lI'Yl1tl:IJm::~~(;lf)~~1\9l1'Wl'lllm; BI9lI'Yl1tl:IJU~~lml'l L!~~flT.il~ flU 

EJI9lI'Yl1 tl:IJ 1'W 1l9ljl9l 

'j) 	 ,3J , 

1 WU'W I9l f)'W fIl 'j ~1'11 I9l tllll t1:IJ 'W !111tl'l ~ 1'W 1'W fl f'l Vi!11:1Jl~~:IJ1'WfIl'j ~1'1 f)Vl 'W 'lfl ~ 3·10 
q 	 ~ 

:J1 	 I ,jJ I f 

flf'1 !1~Vi!11:1J1~~:lJVi~\9lflf) 5 flf '1 fflt1flJml:IJ1~ ljf)lJVi!11:1J1~~mht1f'lJfIljt1:IJ'Wm1t1'lBcJl 'W'lh.:J 
q 	 q qJ . . 	 . 

I ~ I.c:\ d ~ 1 d I') W .c::t 

1,000-5,000 jf)lJI9lB'Wl'Yllll'l'flm:lJl~~:IJ'Yltl\9lflU 3,000 'jUlJl9lf)'Wl'Yl !!f1~mt1jlJlJfI1'Ylm:lJl~';;rlJ 

10 'l'WfIl'jt1:IJ'W!11~tl'llvlmt1~v'luClflI'l~flB'Wf)Vl'W'lfl'l 10-30 mll 1I~~It1:IJ1~~:IJ~mlflB 15 lnll 
q ~ 	 • 

" . 
1 'W'U'W\9lB'W fI1 'j lYnVi BW t1ll 

q " 

ffl t1 f lJillmJl'l fIl 'j !19l1 V:IJ 1P11 I~ 'l Uafl~v1 '11'l (1'[1'l 'W lJ'W IP11'j B'l f lJ 19fB{1fl lij tl:IJ '1 \i>1f) f) fill clfl'l 
" " 

It fI ~ fIl J 'Yl \i>1 ~B lJ 1'W U a fl~mlf) m 'Ylf){~vhfl 'l1'W t! ~\i>1.:J 1 'W1P11U ell 'leUl'l ft l'lij 1119l1P11Bell'lm ftlij lJi 1'1' 

c:!. Q.J ~d 0 c.,; 	 ~ d'd , J q
:lJll9lt;jU 'J~~ 'lfl 'Yl 'iJ:::: 'iJlf1I9l'Uf)lJl'1J¥l'UU'lflljJJ J ~\i>1'hll'WU(9li')(Jl'll\i>1 

20 

" 
'19f1'1 ('5BtlfI:I; 80 1I9lviht1'Wfll'W~l'jfl~mVlh'Yll'Wf)(;l ) ~l'Wl'W 25 f11:IJ (;l~fI1tll'WmJfI::::mv 1A­

" 	 " ihnm 'lI9lBf)(;l (~UV(;l~ 90 1I9lvihm1f1) ~l'Wl'W 100 lJnilill9lj fll'Wh¥~nfl~mmil'Wl'i1m?itlltl'W 

25 	 lhlulril'Wlfl~U'liJamcifl'"n:IJ~'W~'l1'fw!~:IJ~n(;l::::(;llV IA-ii11'Yl'W 
L 

hHH)(;l ~1'W1'W 30 lJ,,~ilI9l1 

1'W'lfU'lll'l!fl~f)'luamcilvimhuafl~mfl1t11~flll:IJ~'W'1JtJ.:j~1'Jt'l~mtl 1 A-ihl'Yl'W 1l9lutJt'l 1 t1fll1lJ 

rf)'W~tJWt1lllJ 300 f).,:jftl19fm91V~ !rl'Wnl.1l 2 i11:IJ.:j lritJtJW'I1lllJ(;lI9l(;l.,:j!'VlltllJtJW'I1lllJ11f).:j 
~ !U q. 'U <:t '" 

i , V y 

Wll9l~flf)'Wll'll'1':lJ1~l'l hWl1l11:IJ'Wm1t1'l¢1'lm:IJ'Yll'U€)t'l ~l'l~lln'W 5 flf'l t1:IJ'Wm1t1.:jl'1'lt1fl11:lJl,~·d
• 	 q 

http:rl'Wnl.1l
http:L!~~flT.il
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~ 0 ~ 

11 'U 1 4 'lHFI 'ill 'U l'U 7 'H 'U 1 

'H1U 3,000 'H)U~fl'UlVll'tl'Unbn 15 'UlVl Ul\91~fltl'U'lltlU~ml!11fl:iJ 110 fl'lffllclHH~t'Jff tlJ'Unm 12. '" 
il1m 'il~'1~ill':i tI'I i'm9ffl{1mil (JJJ 1~ flfl fl '1 9f~~ tlflU i'ulh 'l~11'J tlf)f1 '19f~"lJf)'l1 ~'H::;lln 'U VllW:IJ 

<u , 

~tl!'Jn~ 0.1 

" 
fll ':i 1\911 {J JJ ilJ ri '11l B fl1 {J 1l1:J ff! \91 'U ~ tll'J ~;;; 15 1 ~ {J U111 t!flU 'U 1'1J 'J tl 'I i'U!9f tl {1 f1 (J JJ 

11] '1 d'''' "I"', I ~ '1 ~ '1 w11]"" v
l~eH)fl _9f~'V1T;Jfl1J'JU1J~'l~1Vtltlfll"li~'1Jf)'l bn11~UbltH1TWJJ 'JeWbl:i;; 0.1 1~l'Jfll':H'l:;;;m(JfI'lnl'1mfl'U 

111 rio c.J 3J ': .<::::t d I Q.I VI .,.. 
If;Jfl9f:;;flntll'j~'ill'Ul'U 0.76 mJJ ~J(J'UlUl£lll1l Un:i;;fl\')(J"l mJ~ffl'Jb1::;m(J'V1'1'ffI(9lUleIfl"li~flnfl ':i\?l 

1 i!JI ! , 

U'U N'lI9ftl{lmil(JJJ l\?ltltlfl19f~TItlfl1li'mh .:j~nn'U 2 fli'JJ il'l HVltl'ill H flu11'tl'l !lJ'Unm 6 i'llm 
1..1 q q to 

~ , . w 

'H1'1'1'illflt!'UU1L1JtlUVltltu'HflU 110 tl'lffW1H'H~(Jff IlJUlJm 12 45J lJJ\I cU'U(9ltl'UffI'lYllI'JU1L1JIJ'jl 
q " q 

fllI'J1~u,;mJlfl1ff"lJtI 'lenfl1ff~ll'JiJ(9l :ilfl1'JltH'I 100 nfl1Jlffnl"li'U~IJJfI'J ~tI'U lTI tlum flU 500 B.:.lffl'" , '" 
19fb1t~(J'ff~1t'JV\91:il 10 fl'lffl!9fm~(Jff~fl'U1TI !1J'Unm 3 ~llJJ\I 'il;;;1~~ld\l'ljBfljtlll1'1'ffI\91'UU'U1'11 

w .,..~ Q"l "1 d'''' "I W ,I ~ '1"" ') w ~ 'jeWJ1JI"li81 Iflt'Ut'JJJ I'Ifltlfl "li~'V1tlfl1J1U1J1'11'11fJflVfl "li1'l'1JeN !il'H~Ubl'Ul11'UJJ ltltlil;;; 0.1 
<u • 

flU U1 ~lt ~ \l1l B flj (JHl\I ff!\91 'U U'U 1'111 fl\l i'UI"liB{l ~H ill'JJJ 11'fl tHl fl1 "li~~ T;J mJ U1\I 

JJ1'V1~ 'ffflU ~l1'J1J Bilj t'J1!1'J ff!r1fl{1Vllfli"u J;;;'H 11'1 fl'j ~1'J;;;;CH~ flU n;;; llJlll'U tlb1!fl'U'lfj'f) 1 'U V\91':i TffTW 

1 ~tl 3 1~1'J lJJb11~1'J~'1m'fltl~CH~fl 20 fli'JJ il'l1'U"lJ1I'1f1'lJJfl1'J"lJ'UH) 250 blfl1Jlffnl"1f'U~IJJ(9l'J li?1JJ 
'" 

il11~njBfl11'J111'1ft!(9lhll"1ffl{lfl1il('JJJ1~flelfl1"1f~~T;JmHu1l~'1 0.4 fli'JJ 111'fll1JJ~tlhlfl'l~~ 60 f);Jffl 

~ 'J} f I ~ ~ \ri:1J f:\d9J ., w 

!"1fnl"1fl'Jff'Y~'JtlJJfllhltlI'JNfltllhltl'l t:lJV 1'fl1'JtulHlml(9ltl\lflll JJ!1J'V11'Utlbl'ill'U1'U 32.5 fl'jJJ 
q '" 

'vll1lBil11'J11'Jdl\l~tl!deN!1J'Unm 6 ~11JJ\I Nil~l~!t'ff'fl'l~'1\91l'jl'l~ 1 

111ml1m~illt1~l'l~ 1 U~Vllfl111~JJffl':i1l'j;;;flmHlblhlVllt!JJ1Ulm(9l ~lhlTW 5.6 fli'JJ bl\ll'Uffl':i 

!"1ftl{l ~l!ilvJJ't-wiJmJlllflflI "li~ 'il;;; l~ill'J tl;Ji'UI9fD{l ~1! ill'JJJ l'fltlflfl1"li~~tl fl1l i'mh \I~J(Jtltlfl '1 "1f1'1 
" q 

" 
fll 'j 1(9l1 (JJJill!5 \l1l Bilj1'Jl11'~ 1"J't\?1 U ~tl m"l:;:; 15 1 ~WU lH t!flU 't-J 

'1 \PI V V fl "l9f~~T;J fl1l i'uu ~ ~ ~JfHlVfl' "1f~ '1J f) '11 [111 ~ umnl1 t!:!J ~ tl(J[1:i: 0.2 It [l;;;;fl1j 111'1'fftl1J 191 J f1 ~ 

1JBilj(Jlv'hml1v'Uil1t1~l\l~ 1 Hb1flljl1\P1ffflU~"1~uftl'l'l;]\I\?1111'l~ 1 

Vllml1f}uilltl~l'l~ 1 t!~Vllfl1'jI~:!Jftl'jlJ'j;;;;f1tlUl!b1hl'V11t!:!Jl'U!\91j\91 ~lhllhl 8.5 fli'JJ [l\l1Uftl'i 

!"1ff}{1flliltlJJWliJbl1J111t1fl 19ffl 'iJ:i: 'MilTH)\li'lJI"1f€){1muI'JlJ 11'1 ()elfl '''li~~of11li'ulh \I~ll'JeJeJf1 Ll"1f~'" . 



5 

" 0 "11'Wl 5 'UtJ\l~l'Wl'W 7 11'W1 

" 
fll':i 1191 ~ rJ lJ \9l1l-J 'l U fi n'1 tI 11'1\j fll \91 hi ~ eJ rJ jJ ~ 15 1 ¥') rJ 'W 111 11flll hi \9l1'J eJ '1111 b'11 eJ n'fl!UrJ lJ 

I¥') tH)fll'11l'1'~tl flU l'Uu H~1vtJtJfli '111'1''UtJ'':) 1 tl11 ~ Htl hi '1'1111lJ ~ tJ UiJ ~ 0.3 UiJ ~fll':i 'Vl~ fltJ'U\9l'H -J 'l 
'\J • 

, 
OJ , C\ 

i1]~tJ1'l'Vl 4 

fll 'J 1\91 ~ tllJ LCJ1€l nmUVlJ '1 ~ tJ €l fll CJ1~~U l''U UH ~1 VB\91! 't1~ UlJ ~ tltH'l ~ 0.1 1v>W 1m']
q 

d~ "" "" "" \oj d '" Q '1 '1 :v "' ~ !'11tJ'J l'flthlUlJhltJlJt;'l'Ul'VltJfll'11¥,) fltJ'Wt;'l:;:;tl1U¥,)lrJm':itl~tl1V 1,4-'U1mhl c¥')mHl 'i)~ ~\9\l'jtJ\l'j'U 

!'11tJ{1 fl!UVlJ l¥,)tJtJfl '1 '11~~ !.lflU l'Uu'J 'l ~lrJm:1fl '1 '11~'tItJ'l1my:;; B~Hl1~VlJ l'e)!,Ji:'!~ 0.1 
'll q 

" 
fll'j tl9lj tJlJ\9l1rJ nl fin'1 tJlll\j m\91 'W rJi:'!:;; 15 1¥,)V'iJ nn!n1JhI \9l1':i tJ'll'U!'11V rJlJ 

'1 1 dci ,I"' J:V \oj d 'i "" C\ " v ' 10 ~m)fl '11~11!.lfllJ'J'Ul ':i'l~ltJVVfl !'11~'UV":) rrm:;;V\91tl1'WlJ 'jtJUi:'!:;; 0.1 tllJ:;:;fll':i'Vl~fltJ'U\9l1!':i'l
'll q 

, 
"" • C\ 

l'l1eWl'l'Vl 5 

fll'j bl9l 1VlH'111') {1f;uum/l ~ tJtJfl '1 '111'1'~u lmJH~1t1B\9l t'Vl1 tJlJ ~ tJtJlJ ~ 0.2 1fltl11J lJ 
q 

111niiJ1')'W\9l1B~l'l~ 4 !l19l111fll'j!~l:iJfl1':iU'j~fl1')'UB\9l!'VljV1J'1'Wl\9l'j\91 ~l'Wl'W 4.9 flllJ lJ\j'1W11':i 

15 !'11v{1fHUtlJJlJ8JJ tlll1'VltJfl '1'111'1' 'il~ 11~\9l1':i V'll'U!'11Vn 'fl!'w tIlJ '1 ~VtJfl '1 '111'1'~ tl mH'UU':i 'l~ltJtJ Vfl '1 CJilfl 
'll • 

" fll':i !fl~ tllJ\9l1! ~..:) U fin'1 tl1i1\j fI!19I 'W ~tlrJiJ:;; 15 1 flV'W 1i1 11fl'UhI ~1'J tJ ~ lU !'11B {I 'fl!UVlJ 

i ~ VtJ fl "1 '11~~ tlflU 1'Uu ':i 'l ~ lB m) fl '1 '111'1''tI tl 'l1 lJl1 ~ B\91! 'Vl ~ VlJ ~ 'CJtJlJ:;; 0.2 l!iJ:;;fll ':i 'Vl ~ fltJ U \9l1! j \l 
'll q 

20 

111ni iJ tJ 'W \9l11') cil'l~ 4 UI9l 11 1fll':i !~lJ flU U ':i:;; fl tl U e\91 n1~ tJlJ II 'W!\91 'J \9\ ~l 'W 1'W 5.9 flllJ iJ 'I ltJflU 

lCJitln 'fl!UVlJ 'W 1')JJi:'!1l1'Vl1')fl ul'11~ 'i!:;; '1 ~;l11'J V'llU b'11eJ{1 fHU VlJ '1 ~tltJfl '1 '111'1'~!.l flU lUU'J 'l~ltJ1') eJ fl i CJi~ 
" q 



5 

" 0 "Vihll 6 '\JeJ,;J'ill'Wltl 7 Vihll 

v1Te:)~1,;J!U1~U!VifJ1J'Vi 1 

fl1'J ! \911 ~ lJ I'll 'J fJ,;J 1U !CJi fJ {i fl! U ~ lJ 1 ~ fJ fJ fll CJi ~~ 1 JJ 1 ~U 11J U 'J,;J Yl1! Vi lJ fJ tI I'll fJ cJ 1,;J ~ 1 
q 

fll'J !\911 ~lJv1l! ~,;JU Bfl~ ~ll1,;Jm\91t1 r fJ~n:;; IS i~mf1Vi 11flU tI v1l'J fJ,;J 1UICJifJ{i fl! U ~lJ 
1 ~fJfJfll CJi~ !! n:;;fll'J'Vl~fffJU I'll!~ ,;JUBfl~mYl1!Y'i lJfJtI v1lfJ ~1,;J ~ 1 Nn fll'J 'Vl ~ fffJU ~ 1~!! ff~,;J 1'1,;J \911 'J 1,;J 

.d 

'Vl 1 


'" Illl'nn11 

i llimw H+ ftH'.IIl:;;nl"nnYlui]n'jm 

i 1I i 
~nlll 6 ~111J,;J(J...lmol/g catalyst) I 

rfJ~n:;; IS i~uJn111fl 373 73 

l1,;Jff!\91t1Utlv1l'JfJ,;J1U 

!CJi fJ {i fl ! U ~ lJ 1 ~ fJ fJ fll CJi ~ 

~U1UU H~l~fJfJfllCJi~'1JfJ,;J
q 

I 
!!ntl'Vll'WlJ 'JfJ~n:;; 0.1 "''' rl~1'1-l-fJ-~-1-,;JVi~2-+-r-fJ-U-n--:;;--I-S-i-~--~-J~1-Vi--11-fl-+-------418 --------7-s--------'1 

11,;J ff!\91 tlU tI I'll 'J fJ,;J 1U 

ICJifJ{[fl!U~lJl~fJfJfllCJi~ 


~U1UU'J ,;J~l~fJfJfllCJi~'1JfJ,;J

q 

v1lfJ~l,;JVi 3 r fJ Un:;; 1 S i ~ ~ J 1 Vi 11 fl 3S8 69 

11,;J ff!\91 tlU tI I'll 'J fJ,;J 1U 

!CJifJ {[fl! UUlJ 1~ fJfJfllCJi~ 

~U1UU'J ~~l~fJfJfllCJi~'1JfJ~ 
q 

d. 3J QIi:
v1lfJ~l,;J'Vl 4 'J fJ ~ n:;; 1 S ! ~ (J til Vi tI fl 2S1 67 

11 ~ ff!\91 tlU tll'1l 'J fJ,;J 1U 

!CJifJ{[fl!U (JlJ 1~ fJfJfllCJi~ 

~U 11J1.h ~~l(JfJfJfllCJi~'1JfJ~
q 



5 

31 0 'J}

11m 7 'lJeJ'l'Ul'Ul'U 7 11'Ul 

~ C\ _I-C\~

'lh~u)'l'I ':i0U\;l~m':i!fl~1Jnfl"n:n 

~n\;ll 6 ,r11lJ~(Jlmol/g catalyst) 
1 

298 69 

illtlVl'lYl 6 

"'" d 'J}
eJ(,Hll'HJlJ 'HH.JCl~ 0.2 

~ D CJ rI ~ 15 1\>l cnfltn! fl 

VI'lff!~'Ull'Uill'jtl'l~1J 

!"If tl {1 1'1t U!'.J lJ "1 ~ e:J Dfl'l "If f1 
~1J ~1J1J 'j 'l191'l!'.Jtltlfll "If¥'1'lJ eJ ~ , 

368 71 

'J}
'ltlCJCl~ 15 

1:: <V

\>lCJ'Ull1'Ufl 112 55 

!1J1!'.J1JtYlCJ1J VI'l ff L~ 'U U 'U il1 'j tl 'l ~ 1J 

Yll l"lftl{11'1!urJlJ'l\>leJeJfll"lf¥'1 

il'lL!l1'\>l~1'U~l'n'l~ 1 1JBf11!'.Jllmm1tl{1f,Jt1'1%'U'l~WJ1'lm\9ltl~c)f~fltlU!lJ111'UeJrI 1\>lfJ 
I $/ , • 

il1!i -:j1Jaf11CJ1Yllh~~1Ji-li'Uil'lil1tlVl;JYl 1 illtlVNYl 6 ii1'1l1lJl~'U n"j\>lUrl~1 ftf"mfllHl\>lffDU 

~~flil1<}{il11i -:j1J fif11 m't1-:jtff~'Uu'Uill"jrN~Ut"lfeJ{l flbU!'.JlJ 'l~tleJfll ''If¥'1~ 'hjl'iHUfll'j 1J~u1J1'l 

il-:jil1tlVl~!1J1eJU!YlrJ1J~ 1 
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10 

15 

20 

25 

30 

9i 0 <j) 

Vi'Ul 1 'lJeJ'I'tI1'Ul'U 3 Vi'Ul 

v ~ C), C), 

'UtltHHY'YIfi 

1. f1'j ';i 1J l1hll'H\9l1 !'J1J I'll !1,nJ Bfl~ !'J1Vl~ m\9l'U 1J 'U 1'11';i eJ~ 1'lJ !'lieJ{1 fl! II V1J 11'1 eJeJfll'li~~ 'LH'lJ1h ~ 

~lVeJeJfll'li~'lJeJ~ hVi~'Vl';il'W iri''WVi~ IIIB !'~mJ11'LJ19i!lJ'W 1'11!1~'LJ Bfl~V11 'W'LJBfl~V1wm'VleJ{~Vl!fl 
Q..1 dl, c:! Q..1" c:! Q.J c:!" 

'I1'W 'li~1J'IJ'W\9leJ'Wfll';i!\9l';iV1JI'I~'W 

fll';i 'LJ 1'lJ'LJ ';i ~1'11';i eJ~1 'lJ !'lieJ{1 fl! II V1J 11'1 eJeJfll 'li~ ~~Yh 11'1vlTI fll';i 11'11TIfll';i Vi ~~ 
q 

(1) 11'1 V fll ';i !&l mn ';i n ~ m v 'IJ eJ ~ b1' n 'LJ ';i ~ fl eJ 'lJ 'IJ eJ ~ 1 n Vi ~ 'Vl ';i 1'W ir i' 'W Vi:J IIIB 
'U 

" 
l'WoU'W \9l eJ'W fll';i !\9l1 V1J1'11';i eJ~1'lJ !'lieJ{1mll V1J Il'IeJeJfll 'li~ Vi it~ 'il1flfll ';i Vi 1111'!fll'l! lJ'W \9l ~ fleJ 'W!! i1'1 'il ~ Vi 1 

<;I 1 .d liJJ 9<;10 <;I
fll';im~\9l~fleJ'W l'I!'Jfll';iVi1J'Wml!'J~ !!n~'W1\9l~fleJ'W 11 eJ'lJ lVi!!Vi~ 

q 

(2) 1I'1Vfll';i!&l1JbJ'l';in~mv'lJeJ~bJ'lnh~fleJ'lJ'lJeJ~ 1nVi~'Vl';i1'Wi1i''WVi:J IIIB n~'lJ'W 
'U 

!'! ~ lIJ lIJ!'! ~ <j) <j) 'J} 0 lIJ 
!'lim1fl!'W!'J1J Il'IeJeJfl l'lil'l 'il1fl'W'WeJ'lJ1Vi!m~ !!rt1'W1 1'LJ!V-I1 

fl1 ';i ! \9l1 V1J 1'11!1~ 'LJ B fl~ V1 VI~ b1'! \9l 'W 'lJ 'W I'll ';i eJ ~ 1'lJ ! 'li eJ n fl !II V1J 11'1 eJ eJ fll 'li I9l 

~ U 1 'lJ'LJ ';i ~ ~hveJeJ fll 'li~'IJ eJ~ 1 nVi ~'Vl ';i1'W iri''W Vi:J llIB vil 11'1 Vfll';i !&l1J b1'1';i n ~ mV'lJeJ ~ bJ'l';i'LJ ';i ~ tltJ 1J 
q " 

1 n Vi ~ VI~ m\9l'W 'lJ'W1'11';ieJ~1'lJ!'lieJ{1 fl!ll V1J 11'1 eJeJ fll'li~~ 'LJ 1 'lJ'LJ ';i ~~lVeJeJ fll'li~'lJeJ~ 1 nVi ~ 'Vl ';i 1'W iri''W 
q 

'jJ 'jJ 'jJ 1 'jJ I 

mJ IIIB 'ill flU'W 1'1~ i1~H 11 elT,U Vi il ii11'eJ ~ !! i1'TU 11 'LJ eJ 'lJ 1.11'!!11'~ Vi it~ 'ill flU'W tJ 1\9l ~ fl eJ 'W 11!!11'~ 1 U ~ 1'W 
'U q 'U 

~ " 
'IJ'W\9leJ'Wfll';i!V-I1 

2. f1'j';i1J1TI\9l11J.u'eJi1eJir'VlTI 1 ~~~ 1nVi~'Vl';i1'W9fG~'W11:J IIIB \9l11J~m;11!!i1'1 I~!!n 1[lVi~
'U 

b1'!!fl'W!~V1J 1nVi~~\9l!'Vl1V1J hVi~!![l'W'Vl1U1J !!n~ hVi~:!!eJfll1!llV1J 

3. f1'j';i1J1TI\9l1lJ.u'eJi1eJir'VlTI 1 ~~~ltlVi~'Vl';i1'Wo}fG~'WVi:J lIIB \9l11J~flcill!!i1'1 1~!!f11nVi~ 
'U 

!!n'W'Vl1U1J !!n~ 1nVi~~\9l!'Vl1V1J 

4. f1'j';i1J1TI\9l11J.u'eJi1eJir'VlTI 2 Vi~eJ 3 ~~~b1'l';i'LJ';i~fleJ'lJ'lJeJ~ 1nVi~!![l'W'VllU1J\9ll1J~flci11!!i1'1 

, , , 
~c:! 3J ~ ~ ~ ~ c:! dl n I ~ Q..1 c! I 'j)

5. f1'j';i1Jlll\9l11J'lJeJtleJb1''Vl1l 2 Vi';ieJ 3 'Vl'li~bJ'l';ilJ';i~fleJ'lJ'lJeJ~ lnVi~!!n'W'Vl1'W1J\9ll1J'Vlflnll!![l11 

li1eJfl'il1fl U[l'W'VllU1JI'W!\9l';i\9l 

6. f1'j';i1J1TI\9l1lJ.u'eJi1eJir'VlTI 2 Vi~eJ 3 ~~~b1'lnh~fleJ'lJ'lJeJ~ 1nVi~~\9l!'Vl1V1J\9ll1J~flci11!!i1"JI 

!i1eJfl'il1flflci1J~U';i~fleJ'lJ~lV ~\9l!'Vl1V1JflneJh~ ~\9l!'Vl1V1Jl'W!\9l';i\9l ~\9l!'Vl1V1J!!eJo}f!\9l1'1 !![l~
q 

~\9l! 'Vl1 !'J1JeJ~o}f&l neJ~o}f1 \9l! 'W \9l 

7. f1'j';i1J1TI\9l11J.u'eJi1eJir'VlTI 2 Vi~eJ 3 ~~~b1'l';i'LJ';i~fleJ'lJ'lJeJ~ 1nVi~~\9l!'Vl1VlJ\9ll1J~flrirmi1'--;1 

li1eJfl'illfl ~\9l!'Vl1V1Jl'W!\9l';i\9l 
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y 0 y 
'M'Ul 2 'Utl~'Ul'Ul'LJ 3 'M'Ul 

8. 

1vrj VHJfll9f<f119ftl{1 jill lJv:J.!'l tli9flfll'Jvmfl '19f<f1 Utl~ [9ftJn I'lllJV:IJ 'U tl:JJi:l U';l'Vltlfl \19f~ 

9. m'J:lJ1TII'l11J~tJt1tlfh'ln 1 ~~'Hn'J'lh~fltl'lJ'UCN itlll:;:;l9ftlnfHUV1Jl'll:IJ~mh;l!nl"H~CJmrlfl 

19ftl{imlJv:IJ'l-ltl:JJcru':J'vwfI'l9f<f1 

10. m'J1J1TII'l1:IJ~tlt1tJffl'ln 1 ~~'Hn'J'lh:tfltJ'lJ'UcN1m'l~11'HHI'l'U1'l11J~flcil1!!~11~CJfHllflfl~lJ 

~uJ'~ mllJ\~i'1v mm ill VW:IJ'lIl1'l-1.;HHl'll1 U tJ:IJ 1mlJ Vm'llJ' 1'l-1~ bHl'l'U 11~ 'ml'l'UHJfl9f~ flt1 tl [') 1'1' 

, t 'jJ ,'j/ 

13. fln:IJ1TIl'll:IJ~tJt1tlffl'ln 1 119f'l~l'Ul'Uflf..jl'UfIl'Jii'l~l'l~flU'U 1I'lvlTI1i:IJ'UmlfJ~ ~tJ 5 flf~• 
~c:1 9J C:t. ~ .c:. d ~ d <:iJ ~ 1'1Q t 

14. fl'JJ"1J1TII'l1:IJ'UCJflCJ'i;1'l1TI I ll9f'lfll1:IJ11dJ"tl'lJ'i;1'111'J'lJfIlJ"1i:IJW1ilt1'lCJV b'U'lil'l 1,000-5,000. '" 

~£:i ')) ~ ~ ~ dd> d 0 iV d ~ t <-"::!

15 15. m'J:lJ1TII'l11J'UtJflCJ'i;1'l'lTI 1 l'l9f..jml:IJlJl'Jtl'lJ'i;1'l1iJ"lJfIlJ"1ill'UmlV~ flU 3,000 'JCJ'lJl'ltllAll'l 

16. fln:IJ1TII'l111')tlt1tlffl'ln 1 ~~~'J~v~nml'UfIlJ'1i:IJ'Utt1~V'ltJ~'bCJ51'l 10-30 tnYi. '" 
17. mJ":lJ1TIl'll:IJ~tJt1Uffl'ln 1 ~~'lJ':;-;v~nml'UfIlJ'mJ'Um~v~ ~tJ 15 tnYi• 
18. m':i:lJ1TII'l11l,)tJOVffl'ln 1 ~~~tJrulli1iJ~l~hlfll~iiNll'l:;:;flU'U flCJ 300-800 V'lft'l!9ft1!9fV'i;1'. '" . . , 

~Q 'jl ~ ~ .c::" ~ & ~C'\q il61 d c:i 

19. mJ":lJ1TIl'll:IJ'UUflV'i;1''l-1TI 1 'Vl9f~vru1imn1 ~'lf b'UfIl'Hf-.lll'l:;-;mnJ flU 500 tJ'lft'll9fcH9fV1;1' 
q " 

20 20. m'J1J1TII'l1:IJ')tJt1Vffl'ln 1 ~~~J"~v~nm~l~llAflTHf-.lll'l:;-;fltJ'U flU 2-6 ill:IN 

21. m'J1J1TII'l11J')tlt1Uffl'ln 1 ~~~J"~v:;-;ITtn~l~llAfIl'Jlf-.lll'l:;-;flU'U fltJ 3 i11m 

22. fl'J'J1l1TII'l11J')tlOtJffl'ln 1 ~~'ltJrurfi1iJ~'~''UfIl'Jtl'lJl'l:;-;fltl'Ul11'U'11~ ~tJ 100-200 B'lfl'l 
q " 

25. 

26. 

27. 
., " 

28. m 'J:JJ lTIl'll:IJoU' tJOtJffl'l n 1 Yi9f'l oUlA I'lU'U fIlJ' llfm}1'l1911'J U 'If'lJ19fUn fl!tJ V1l1l'ltJ Ufl '19f<f111'l1J1TI 
. " . 

30 Yi 1 if'llh:;-;flU'lJ~ll'J oU'Ul'ltJlAfIlJ'!Vl1I'l:;-;flDlAl1!1.11''l 

29. m'JlllTII'l111oU'uiitJffl'ln 28 ~~..juru1ii1iJ~l~l'Ufll)!Nll'l:;:;mn! fltl 300-800 tJ'lft'll9fm9fV1;1' 
q '" 





11 't1 tl1U fll'l'l..h~~ 'tJ ~ 

fll 'j 1h ::;~£l i tit~ Ul~0-:] fl1JflJ 'j:W 115 fll 'j b\9l~ mJ~hl~ -:] tJ iJn~CJl!~01~1 'W tJ iJn~CJl!tl !l!11 tl{ 

~VlI'floif'W lIPwHf!'1w{l'fllum/llPleHJfl '1'li~~tJ-:rvuH~~)fJf)Vfll'li~'UD-:]1 m1::;ll'HWilimuj IlIB I.th" 
, " 

q 

" 
~ 

il1';l1')'l-:r'1J 'UeFl ill11'l'11iJn~CJ1'11'l ill\i1'W g5'l]JoU'W \9lU'W fll'j \1911 u:wil'lu 

5 f1l';i '11 -:rv'11 Hill';i V'l -:rVI'liD{l 'fl! U U:W l \i1tH)f1 '1'1i~ ~ 'l 1111 IPl (Jl15 flU 11'1111 flU 11 ct \l 
q 

:v 

(1) lmml':i !~:wmH'I::; fllt1'U tJ'lb11'l'111:t fltlV'U D.:J 1Uli :t11':i1'U iloiftl mJ IIIB 1\J oU'W vW)'W
" 

fll'J !\9l1 (J'lJill1 tJ'l-:r1J!'liol1 'fl!U (J'lJ 11'1 vDnl'li~ 11 ~B 

(2) 11'1(Jfll1!~'lJm'ju::;m(J'Utl'lm'j1h~;flBv'UcN Ifl'H:tYl'Jll~~oif'Wtnj II1B fj~1J1J
" 

10 !'lieA1flIU(J:WlI'IDC)fl '1'li~ 

fll'J !\9l~ (J:W ill!~ -:] tJiJn~Ul'1-1.:J!l!\i1'W V'W ilTi B-:]rW'liB{l mumJ 11'1 m)f11 'li~~tJ-:rv'11~ ~ 

~lmmfl'l'li~'UB~ h11::.:'ml'Wilit.l11U IllB 1111\i1(Jfll'J!~lJm'Ju::;m(J'Ummnh::;flDv Ifl11:t11·m!I91'W 
'" 

V'Will1B'l-:rV!'litJl1 fllUmJ llPlDDfl Ll'li~~'11-:rulh .:J~l(Jm)fl 'l'li~'UD'l h11:tYl11'W ilim·nJ IllB 
q " 

:il iI f Y I 'j) 

il.:Jil'l '11110tu11flihre).:J U~lUll'11DlJ I~!l~.:J ml.:Jlllml'UU 1191:tm)'WViu~.:Jb1ih11 '1JvhW'IJ'WI9IU'Wfll'J 
q '1J 


	1
	2
	3
	4
	Impact of Si and Zr addition on the surface defect and photocatalytic activity of the nanocrystalline TiO2 synthesized by the solvothermal method
	Introduction
	Experimental
	Preparation of nanocrystalline TiO2
	Quenching treatment
	Sample nomenclature
	Characterization
	Photocatalytic activity measurement

	Results and discussion
	Textural properties of the TiO2 photocatalysts
	Electron spin resonance spectroscopy (ESR) study
	X-ray photoelectron spectroscopy (XPS) study
	Photocatalytic activity test

	Conclusions
	Acknowledgements
	References


	5
	6
	Improvement of propane oxidation activity over  Pt/Al2O3 by the use of MIXED  gamma - and  chi -Al2O3 supports
	Abstract
	Introduction
	Experimental
	Preparation of Al2O3 and Pt/Al2O3
	Catalyst characterization
	Reaction study

	Result and discussion
	Acknowledgement
	References


	7
	Solvent effect on synthesis of zirconia support for tungstated zirconia catalysts
	Introduction
	Experimental
	Preparation of zirconia
	Preparation of W/ZrO2
	Catalyst nomenclature
	Catalyst characterization
	XRD measurements
	Surface area measurements
	Acidity measurements
	Raman spectroscopy
	X-ray photoelectron spectroscopy (XPS)
	Thermogravimetric analysis (TGA)
	Electron spin resonance spectroscopy (ESR)

	Activity test

	Results and discussion
	Textural properties and crystalline structure of the catalysts
	Surface acidity of the samples
	Reaction study

	Conclusions
	Acknowledgments
	References


	8
	The Role of Zirconia Surface on Catalytic Activity of Tungstated Zirconia via Two-Phase Esterification of Acetic Acid and 1-Heptanol
	Abstract
	Introduction
	Experimental
	Materials
	Catalyst Preparation
	Catalysts Characterization
	Reaction Test

	Results and Discussion
	Conclusions
	Acknowledgments
	References


	9
	10
	Study on Solvent/Alkoxide Molar Ratios on Synthesis Zirconia Nanoparticles for Tungstated Zirconia Catalysts Over Esterification
	Abstract
	Introduction
	Experimental Section
	W/ZrO2 Catalyst Synthesis
	X-Ray Diffraction
	BET Surface Area
	Scanning Electron Microscope
	Transmission Electron Micrographs
	Thermogravimetric Analysis
	X-Ray Photoelectron Spectroscopy
	Acidity Measurements
	Catalytic Activity

	Results and Discussion
	Conclusions
	Acknowledgments
	References


	11
	The influence of Si-modified TiO2 on the activity of Ag/TiO2 in CO oxidation
	Introduction
	Experimental
	Preparation of TiO2 and Si-modified TiO2
	Preparation of Ag/TiO2 catalysts
	Catalyst characterization
	Reaction study

	Results and discussion
	Effect of Si doping on the properties of TiO2
	Effect of Si doping on the activity of CO oxidation

	Conclusions
	Acknowledgments
	References


	12
	13
	14
	The effect of phosphorous precursor on the CO oxidation activity of P-modified TiO2 supported Ag catalysts
	Introduction
	Experimental
	Preparation of TiO2 and P-modified TiO2
	Preparation of Ag/TiO2 catalysts
	Catalyst characterization
	Reaction study

	Results and discussion
	Effect of P doping on the physicochemical properties of Ag/TiO2 catalysts
	Effect of P doping on the activity of CO oxidation

	Conclusions
	Acknowledgments
	References


	15
	21
	16
	17
	22
	18
	19
	23
	Effect of calcination treatment of zirconia on W/ZrO2 catalysts for transesterification
	Introduction
	Experimental
	Preparation of nanocrystalline ZrO2
	Preparation of tungstated zirconia (WZ) catalyst
	Catalyst nomenclature
	Catalyst characterization
	Reaction study

	Results and discussion
	Characteristics of zirconia calcined under different atmospheres
	Characteristics of tungstated zirconia (WZ) catalysts
	Reaction study

	Conclusions
	Acknowledgments
	References


	20
	Effect of Ga modification on different pore size silicas in synthesis of LLDPE by copolymerization of ethylene and 1-hexene with [t-BuNSiMe2Flu]TiMe2/MMAO catalyst
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of Ga-modified silica support
	Preparation of supported MMAO
	Polymerization procedure

	Characterization
	Characterization of supports
	Characterization of polymers

	Results and discussion
	Characterization of supports
	Effect of pore size of silica supports
	Effect of Ga modification on silica surface
	Characterization of copolymers
	Effect of pore size of silica supports
	Effect of Ga modification on silica surface

	Conclusion
	Acknowledgments
	References


	24
	25
	Effects of Ti oxidation state on ethylene, 1-hexene comonomer polymerization by MgCl2-supported Ziegler--Natta catalysts
	Abstract
	Introduction
	Experimental
	Materials
	Catalyst preparation
	Polymerization
	Polymer characterization

	Results and discussion
	Influence of Al concentration
	Influence of the polymerization temperature
	Influence of the 1-hexene concentration

	Conclusion
	Acknowledgments
	References


	26
	27
	28
	29
	Observation on inhibition of Ti3+ reduction by fumed silica addition in Ziegler-Natta catalyst with in situ ESR
	Introduction
	Experimental
	Materials
	Silica calcination
	Polymerization
	Characterization
	In situ ESR
	GPC
	SEM-EDX


	Results and discussion
	Conclusions
	Acknowledgments
	References


	30
	31
	Integrated methane decomposition and solid oxide fuel cell for efficient electrical power generation and carbon capture
	1 Introduction
	2 Process description of SOFC systems
	3 SOFC system modeling
	3.1 Fuel processor
	3.2 SOFC stack model
	3.3 Heat exchanger
	3.4 Afterburner
	3.5 CCS facility
	3.6 Operation at thermally self-sufficient condition

	4 Results and discussion
	4.1 Thermodynamics of reactions in fuel processors
	4.2 Comparison of methane-fuelled SOFC systems performance with different fuel processors
	4.3 Economic analysis

	5 Conclusion
	Acknowledgement
	References


	32
	33
	Effect of SiO2--Al2O3 Composition on the Catalytic Performance of the Re2O7/SiO2--Al2O3 Catalysts in the Metathesis of Ethylene and 2-Pentene for Propylene Production
	Abstract
	Introduction
	Experimental
	Catalyst Preparation
	Synthesis of SiO2--Al2O3 Supports
	Preparation of Supported Rhenium Oxide Catalysts

	Catalyst Characterization
	Catalytic Tests

	Results and Discussion
	Catalytic Performances of the Re/SixAl Catalysts
	Catalyst Characterization

	Conclusions
	Acknowledgments
	References


	34
	35


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




