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บทคดัย่อ 
 ในงานวจิยัน้ีแบ่งเป็น 2 หวัขอ้หลกัคอื 1) การสงัเคราะหเ์มทานอลจากปฏกิริยิาการเตมิก๊าซ
ไฮโดรเจนของก๊าซคารบ์อนไดออกไซดโ์ดยใชค้อปเปอรอ์อกไซด-์ซงิคอ์อกไซดน์าโนคอมโพซทิ 2) 
การศกึษาผลของซลิกิาทีม่รีพูรุนสองขนาดต่ออนุภาคและการรดีวิซข์องโคบอลตอ์อกไซด ์ 

ในหวัขอ้ที ่ 1 คอปเปอรอ์อกไซด-์ซงิคอ์อกไซดน์าโนคอมโพซทิจะถูกเตรยีมดว้ยวธิกีาร
ตกตะกอนรว่ม หลงัจากนัน้น านาโนคอมโพซทิทีเ่ตรยีมไดไ้ปใชเ้ป็นตวัเรง่ปฏกิริยิาในปฏกิริยิาการ
เตมิก๊าซคารบ์อนไดออกไซดด์ว้ยไฮโดรเจนเพือ่ผลติเมทานอล ผลของความเขม้ขน้ไคโตซานบน
คุณลกัษณะทางกายภาพและทางเคมขีองนาโนคอมโพซทิและบนความวอ่งไวในการเกดิปฏกิริยิาถูก
ตรวจสอบอยา่งละเอยีด ตวัเรง่ปฏกิริยิาทีไ่ดร้บัถูกวเิคราะหด์ว้ยความเสถยีรทางความรอ้น การ
ถ่ายภาพดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบสอ่งกราด การวเิคราะหอ์งคป์ระกอบและขนาดผลกึ 
การวเิคราะหก์ารดดูซบัการคายซบัก๊าซไนโตรเจน การวเิคราะหก์ารดดูซบัทางเคม ีและการวเิคราะห์
ความสามารถในการรดีวิซ ์  ผลการทดลองแสดงใหเ้หน็วา่ไคโตซานไมเ่พยีงแต่จะท าหน้าทีเ่ป็นตวั
ชว่ยตกตะกอนรว่มระหวา่งคอปเปอรอ์อกไซด-์ซงิคอ์อกไซดแ์ต่ยงัท าหน้าทีเ่ป็นสารแมแ่บบส าหรบั
การเกดินาโนคอมโพซทิทรงกลมกลวง ขนาดผลกึของคอปเปอรอ์อกไซดแ์ละซงิคอ์อกไซดข์องนาโน
คอมโพซทิทรงกลมกลวง มคีา่เป็น 11.5 และ 18.8 นาโนเมตรตามล าดบั อยา่งไรกต็ามการเพิม่
ความเขม้ขน้ของไคโตซานท าใหพ้ืน้ทีผ่วิรวมและพืน้ทีผ่วิของคอปเปอรล์ดลง ตวัเรง่ปฏกิริยิาที่
เตรยีมโดยใชไ้คโตซานเป็นสารชว่ยตกตะกอนรว่มใหอ้ตัราการเกดิเมทานอลสงูกวา่ตวัเรง่ปฏกิริยิาที่
ไมใ่ชส้ารตกตะกอน อยา่งไรกต็ามเมือ่อุณหภมูใินการเกดิปฏกิริยิาสงูถงึ 533 เคลวนิ พบวา่อตัรา
การเกดิเมทานอลลดลงส าหรบัตวัเรง่ปฏกิริยิาทีเ่ตรยีมโดยใชป้รมิาณไคโตซานสงู 

ในหวัขอ้ที ่2 ผลของซลิกิาทีม่รีพุรุนสองขนาดต่ออนุภาคและการรดีวิซข์องโคบอลตอ์อกไซด์
จะถูกตรวจสอบ โดยซลิกิาทีม่รีพูรุนหน่ึงขนาดจะถูกใชเ้พือ่เป็นตวัเปรยีบเทยีบ โดยซลิกิาทัง้สอง
ชนิดจะน ามาจุ่มชุบแบบแหง้ดว้ยสารละลายโคบอลตไ์นเตรต 10 เปอรเ์ซน็ต ์ หลงัจากนัน้น าไป
วเิคราะห ์ โครงสรา้งรพูรุน พืน้ทีผ่วิ ขนาดผลกึของโคบอลตอ์อกไซดท์ีเ่ตรยีมได ้ และศกึษา
พฤตกิรรมการรดีวิซด์ว้ยก๊าซไฮโดรเจน ผลการทดลองพบวา่ขนาดผลกึเฉลีย่ของโคบอลตอ์อกไซดท์ี่
เตรยีมไดบ้นซลิกิาทีม่รีพูรนุสองขนาดมขีนาดใหญ่กวา่ขนาดผลกึเฉลีย่ของโคบอลตอ์อกไซดบ์นซลิิ
กาทีม่รีพูรุนหน่ึงขนาดเลก็น้อย ซึง่เป็นเน่ืองจากโคบอลตอ์อกไซดก์ระจายตวัอยูบ่นเมโซพอรแ์ละมา
โครพอร ์ ในขณะทีโ่คบอลตอ์อกไซดท์ีโ่หลดบนซลิกิาทีม่รีพูรุนสองขนาดถูกรดีวิซเ์ป็นโลหะโคบอลต์
ไดง้า่ยกวา่การใชซ้ลิกิาทีม่รีพูรุนเพยีงแคห่น่ึงขนาดเป็นตวัรองรบั ทัง้น้ีเน่ืองจากรุพรุนขนาดมาโค
รพอรส์ามารถช่วยในการแพรข่องทัง้ก๊าซไฮโดรเจนและไอน ้าซึง่เป็นผลติภณัฑ ์ ตวัรองรบัซลิกิาทีม่รีู
พรุนสองขนาดถูกคาดหวงัวา่จะชว่ยเพิม่ประสทิธภิาพการเรง่ปฏกิริยิาในปฏกิริยิาทีม่ขี ัน้ตอนการ
แพรเ่ป็นขัน้ก าหนดอตัรา 
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Abstract 
The present study focuses on two topics: 1) synthesis of methanol from CO2 

hydrogenation using CuO-ZnO nanocatalysts 2) investigation of effect of bimodal porous 
silica on particle sizes and reducibility of cobalt oxide.   

In the first topic, CuO–ZnO nanocomposites were prepared by chitosan-assisted co-
precipitation method and performed as catalyst for CO2 hydrogenation to methanol.  Effects 
of chitosan concentration on the physicochemical properties of the nanocomposites as well 
as the catalytic activity have been investigated.  The obtained catalysts were characterized 
by means of thermal gravimetric-temperature difference analysis, scanning electron 
microscopy, X-ray diffraction, N2 adsorption–desorption, N2O chemisorption and 
temperature-programmed reduction.  Chitosan was found to act not only as a coordination 
compound to produce a homogeneous combination of CuO–ZnO nanocomposite, but also 
as a soft template for the formation of hollow nanospheres.  The CuO and ZnO crystallite 
sizes of the hollow nanospheres were found to be 11.5 and 18.8 nm, respectively, which 
were smaller than those of other catalysts.  The increase of chitosan concentration caused 
a change in catalyst morphology and a reduction in BET surface area as well as metallic 
copper surface area, but still higher than those of the unmodified catalyst.  The catalysts 
prepared by using chitosan as precipitating agent exhibited a higher space time yield of 
methanol than the unmodified catalyst, which was attributed to a synergetic effect of the 
CuO nanoparticle incorporated in the CuO–ZnO nanocatalyst.  However, when the reaction 
temperature was increased up to 533 K, a decline in the space time yield of methanol was 
observed for the catalysts prepared at high chitosan concentration. 

In the second topic, the effect of bimodal porous silica (BPS) on particle size and 
reducibility of cobalt oxide has been investigated. Unimodal porous silica (UPS) was used 
for comparison purposes. Both silica supports were impregnated with an aqueous solution 
of cobalt nitrate to obtain cobalt loadings of about 10 wt%. Specific surface area, 
morphology and cobalt oxide crystallite size of the cobalt oxide loaded on porous silicas 
were systematically characterized by means of N2 sorption, X-ray diffraction, scanning 
electron microscopy and transmission electron microscopy. The reduction behavior profiles 
and the activation energy for the reducibility of the cobalt oxide were studied by dynamic 
thermal gravimetric under flow of H2. The average particle size of cobalt oxide loaded on the 
BPS sample was revealed to be slightly larger than that loaded on the UPS sample, likely 
because cobalt oxide particles were distributed both on mesopores and macropores. The 
reduction temperatures of the cobalt oxide loaded on the BPS sample were found to be 
evidentially lower than those of the cobalt oxide loaded on the UPS sample. 
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หวัข้อท่ี 1 การสงัเคราะหเ์มทานอลจากปฏกิริยิาการเตมิก๊าซไฮโดรเจนของก๊าซคารบ์อนไดออกไซด์
โดยใชค้อปเปอรอ์อกไซด-์ซงิคอ์อกไซดน์าโนคอมโพซทิ 
 
1.  วตัถปุระสงคก์ารทดลอง 

1) เพือ่ศกึษาการใชไ้คโตซานเป็นสารชว่ยตกตะกอนรว่มในการเตรยีมตวัเรง่ปฏกิริยิา คอป
เปอรอ์อกไซด-์ซงิคอ์อกไซด ์

2) เพือ่ศกึษาความวอ่งไวในการเกดิปฏกิริยิาการเตมิก๊าซไฮโดรเจนของก๊าซ
คารบ์อนไดออกไซดเ์พือ่ผลติเมทานอลทีอุ่ณหภูมใินการเกดิปฏกิริยิาต่างๆ 

3) เพือ่ศกึษาเสถยีรภาพในการเรง่ปฏกิริยิาการเตมิก๊าซไฮโดรเจนของก๊าซคารบ์อนไดออกไซด์
เพือ่ผลติเมทานอล 

 
2.  วิธีการทดลอง 
2.1 การเตรียมคอปเปอรอ์อกไซด-์ซิงคอ์อกไซด ์นาโนคอมโพสิท 
 สารเคมทีีใ่ชป้ระกอบไปดว้ย 

- Cu(NO3)2·3H2O จากบรษิทั Sigma-aldrich 
- Zn(NO3)2·6H2O จากบรษิทั Sigma-aldrich 
- กรดอะซติกิ 
- แอมโมเนียมไฮดรอกไซด ์
- ไคโตซาน 80% deacetylation และม ีMw = 290,000 Da 
ในขัน้ตอนแรกน าไคโตซานมาละลายใน 100 มลิลลิติรของ 1% กรดอะซติกิในน ้ากลัน่ หลงัจาก

นัน้ ท าการกวนไคโตซานทิง้ไว ้ 1 คนื เตมิ 3.749 กรมั Cu(NO3)2·3H2O และ 4.616 กรมั 
Zn(NO3)2·6H2O (อตัราสว่นโดยโมลของคอปเปอรต์่อซงิคเ์ป็น 1:1) ลงในสารละลายไคโตซาน 
หลงัจากนัน้ท าการปรบัคา่พเีอชเทา่กบั 6 โดยใชส้ารละลายแอมโมเนียมไฮดรอกไซด ์ ท าการกวนที่
อุณภมู ิ 60 องศาเซลเซยีส เป็นเวลา 6 ชัว่โมง เพือ่ใหแ้น่ใจวา่ไคโตซานสามารถท าหน้าทีเ่ป็นสาร
ตกตะกอนรว่มไดอ้ยา่งสมบรูณ์ หลงัจากนัน้ปรบัอุณหภมูขิองของผสมไปที ่ 80 องศาเซลเซยีส เพือ่
ระเหยสารละลายออก สารตกตะกอนทีไ่ดจ้ะน ามาอบใหแ้หง้ทีอุ่ณหภูม ิ120 องศาเซลเซยีส เป็นเวลา 
24 ชัว่โมง ผลติภณัฑท์ีไ่ดจ้ะถูกน ามาเผาภายใตส้ภาวะอากาศทีอุ่ณหภูม ิ 450 องศาเซลเซยีส เป็น
เวลา 2 ชัว่โมง โดยใชอ้ตัราการใหค้วามรอ้น 2 องศาเซลเซยีสต่อนาท ีเพือ่ทีจ่ะตรวจสอบผลกระทบ
ของค่าพเีอชและความเขม้ขน้ของไคโตซาน การทดลองดงักล่าวขา้งตน้ไดท้ าซ ้าแต่มกีารปรบัค่าพี
เอชเป็น 7 และ 8 ในขณะที ่ปรมิาณไคโตซานมกีารปรบัเปลีย่นเป็น 0, 0.0030 และ 0.006  มลิลกิรมั
ต่อลติร ผลติภณัฑท์ีส่งัเคราะหไ์ดจ้ะใหช้ือ่วา่ CZ- x ทีซ่ึง่ x คอืความเขม้ขน้ของไคโตซาน 
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2.2 การวิเคราะหค์ณุลกัษณะของคอปเปอรอ์อกไซด-์ซิงคอ์อกไซด ์นาโนคอมโพสิท 
 

2.2.1  การถ่ายภาพดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบสอ่งกราด 
 พืน้ผวิและองคป์ระกอบของผลติภณัฑท์ีส่งัเคราะหไ์ดจ้ะถูกตรวจสอบดว้ยเทคนิคการ

ถ่ายภาพดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบสอ่งกราด (FE-SEM: Hitachi-S4700) ต่อกบัเครือ่ง
วเิคราะหอ์งคป์ระกอบธาตุ โดยตวัอยา่งจะมกีารเคลอืบทองก่อนการวเิคราะห ์
2.2.2  การวเิคราะหเ์ฟสและขนาดผลกึของคอปเปอรอ์อกไซดแ์ละซงิคอ์อกไซด ์

 X-ray diffractometer ถูกใชส้ าหรบัวเิคราะหเ์ฟสและขนาดผลกึของคอปเปอรอ์อกไซดแ์ละซิ
งคอ์อกไซด ์บน Bruker D8 Advance โดยการวเิคราะหท์ าทีอุ่ณหภูมหิอ้งในช่วง 20o ถงึ 80o โดย
ขนาดผลกึสามารถค านวนไดจ้ากสมการของ Scherrer ดงัแสดงในสมการที ่1  

     


 o180
cos B

0.89
  d      (1) 

โดยที ่d คอื ขนาดผลกึเฉลีย่  คอื ความยาวคลื่น ของรงัสเีอก็ซ ์(1.54 องัสตรอม) และ B คอืความ
กวา้งของครึง่หน่ึงของพคีทีส่งูทีส่ดุ 
2.2.3  การวเิคราะหค์วามเสถยีรทางความรอ้น 
 Thermal gravimetric และ temperature difference analysis ถูกใชใ้นการวเิคราะหอ์ุณหภูมิ
ในการสลายตวัของพอลเิมอรแ์ละการเปลีย่นรปูใหเ้ป็นออกไซดข์องคอปเปอรแ์ละซงิคไ์นเตรต โดย
ใชต้วัอยา่ง 20 มลิลกิรมัใสใ่นถว้ยอะลูมนิาและใหค้วามรอ้นทีอ่ตัราการใหค้วามรอ้น 10 องศา
เซลเซยีสต่อนาท ีภายใตอ้ตัราการไหลของก๊าซไนโตรเจนที ่80 มลิลลิติรต่อนาท ี
2.2.4  การวเิคราะหพ์ืน้ทีผ่วิ ขนาดรพูรุนและปรมิาตรรพูรุน 
 N2-sorption ถูกใชใ้นการวเิคราะหห์าพืน้ทีผ่วิ การกระจายตวัของรพูรนุและปรมิาตรรพูรุน
ของตวัเรง่ปฏกิริยิาทีเ่ตรยีมได ้ โดยก่อนการวเิคราะหต์วัอยา่งจะตอ้งท าการไล่ความชืน้ออกก่อนโดย
ใหค้วามรอ้นที ่200 องศาสเซลเซยีส เป็นเวลา 12 ชัว่โมง โดยการกระจายตวัของรพูรุนค านวนดว้ย
วธิ ี Barrett–Joyner–Halenda (BJH) ปรมิาตรรพูรุนรวมค านวนทีต่ าแหน่ง P/P0 = 0.995 พืน้ทีผ่วิ
รวมคดิดว้ยวธิ ีBET (Brunauer–Emmert–Teller) ในชว่ง P/P0 = 0.05 ถงึ 0.30  
2.2.5  การวเิคราะหพ์ืน้ทีผ่วิ ขนาดรพูรุนและปรมิาตรรพูรุน 
 N2-sorption ถูกใชใ้นการวเิคราะหห์าพืน้ทีผ่วิ การกระจายตวัของรพูรุนและปรมิาตรรพูรุน
ของตวัเรง่ปฏกิริยิาทีเ่ตรยีมได ้ โดยก่อนการวเิคราะหต์วัอยา่งจะตอ้งท าการไล่ความชืน้ออกก่อนโดย
ใหค้วามรอ้นที ่200 องศาสเซลเซยีส เป็นเวลา 12 ชัว่โมง โดยการกระจายตวัของรพูรุนค านวนดว้ย
วธิ ี Barrett–Joyner–Halenda (BJH) ปรมิาตรรพูรุนรวมค านวนทีต่ าแหน่ง P/P0 = 0.995 พืน้ทีผ่วิ
รวมคดิดว้ยวธิ ีBET (Brunauer–Emmert–Teller) ในชว่ง P/P0 = 0.05 ถงึ 0.30  
2.2.6  การวเิคราะหพ์ืน้ทีผ่วิของคอปเปอร ์
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 ในปฏกิริยิาการเตมิก๊าซไฮโดรเจนของก๊าซคารบ์อนไดออกไซด ์ โลหะคอปเปอรถ์อืวา่เป็น
ตวัเรง่ปฏกิริยิาหลกั ดงันัน้การปรมิาณพืน้ทีผ่วิทีว่อ่งไวในการเกดิปฏกิริยิาของโลหะคอปเปอรจ์งึเป็น
เรือ่งส าคญัมาก โดยพืน้ทีผ่วิของโลหะคอปเปอรจ์ะคดิจาก วธิกีารดดูซบัทางเคมดีว้ยก๊าซไนตรสั
ออกไซด ์
2.2.7  การวเิคราะหก์ารรดีวิซข์องคอปเปอรอ์อกไซดเ์ป็นโลหะคอปเปอร ์
 การศกึษาการรดีวิซข์องคอปเปอรอ์อกไซดด์ว้ยไฮโดรเจนถูกวเิคราะหด์ว้ย DSC-TGA 
เทคนิค โดยใชต้วัอยา่ง 10 มลิลกิรมัใสใ่นถว้ยอะลูมนิาและท าการระเหยความชืน้ดว้ยอากาศแหง้ที่
อุณหภูม ิ 200 องศาเซลเซยีส เป็นเวลา 1 ชัว่โมง หลงัจากลดอุณหภูมขิองปฏกิรณ์ลงมาที่
อุณหภูมหิอ้ง จากนัน้เปลีย่นวาลว์เป็นก๊าซไฮโดรเจน แลว้เพิม่อุณหภูมจิากอุณหภมูหิอ้งไปเป็น 400 
องศาเซลเซยีส ดว้ยอตัราการใหค้วามรอ้น 5 องศาเซลเซยีสต่อนาท ี 
 
2.3 การทดสอบความสามารถในการเร่งปฏิกิริยาการเติมกา๊ซไฮโดรเจนของกา๊ซ
คารบ์อนไดออกไซดเ์พ่ือผลิตเมทานอล 
 ตวัเรง่ปฏกิริยิาทีเ่ตรยีมไดจ้ะน ามาทดสอบประสทิธภิาพในการเรง่ปฏกิริยิาการเตมิก๊าซ
ไฮโดรเจนของก๊าซคารบ์อนไดออกไซดเ์พือ่ผลติเมทานอล โดยจะใชป้ฏกิรณ์ทอ่แบบเบดน่ิงทีม่เีสน้
ผา่ยศนูยก์ลางภายใน 7.75 มลิลเิมตร โดยเริม่แรกน าตวัเรง่ปฏกิริยิา 0.5 กรมั เจอืจางดว้ย 0.5 กรมั 
ซลิกิา และน าไปบรรจุใหอ้ยูก่ึง่กลางเทอรโ์มคปัเปิล ตวัเรง่ปฏกิริยิาถูกรดีวิซภ์ายใตส้ภาวะความดนั
บรรยากาศดว้ยก๊าซไฮโดรเจน ทีอ่ตัราการไหล 80 มลิลลิติรต่อนาท ีทีอุ่ณหภูม ิ350 องศาเซลเซยีส
เป็นเวลา 2 ชัว่โมง ทีอ่ตัราการใหค้วามรอ้น 5 องศาเซลเซยีสต่อนาท ี ภายหลงัจากกระบวนการ
รดีวิซ ์ อุณหภูมขิองปฏกิรณ์ลดลงอยูท่ี ่ 180 องศาเซลเซยีส ภายใตก้ารไหลของก๊าซไนโตรเจน และ
ท าการป้อนก๊าซผสมระหวา่งก๊าซคารบ์อนไดออกไซดแ์ละก๊าซไฮโดรเจนเขา้ไปในปฏกิรณ์ที่
อตัราสว่นโดยโมลเทา่กบั 1:3 โดยอตัราการไหลรวมมคีา่เทา่กบั 4,800 มลิลลิติรต่อกรมัตวัเรง่
ปฏกิริยิาต่อชัว่โมง ท าการเพิม่ความดนัของปฏกิรณ์จนมคีา่เทา่กบั 20 บาร ์ผลติภณัฑข์าออกจะถูก
วเิคราะหด์ว้ยทคนิคแก๊สโครมาโทกราฟี โดยการวเิคราะห ์ ก๊าซไฮโดรเจน ก๊าซคารบ์อนมอน
ออกไซด ์ก๊าซคารบ์อนไดออกไซด ์ก๊าซไนโตรเจน และน ้า จะถูกวเิคราะหด์ว้ย แก๊สโครมาโทรกราฟ 
รุน่ GC-2014 จากบรษิทั Shimadzu โดยใชด้เีทคเตอรช์นิด Thermal conductivity และใชค้อลมัน์
ชนิด Unibead-C สว่นผลติภณัฑท์ีเ่ป็นพวกไฮโดรคารบ์อน ใชแ้ก๊สโครมาโทรกราฟ รุน่ GC-8A จาก
บรษิทั Shimadzu โดยใชด้เีทคเตอรช์นิด Flame ionization และใชค้อลมัน์ชนิด Porapaq-Q  
 
3.  ผลการทดลองและการอภิปายผลการทดลอง 
 รปูที ่ 1 แสดงการเสถยีรทางความรอ้นของผลติภณัฑท์ีส่งัเคราะหท์ีค่า่พเีอช 7 และปรมิาณ
ความเขม้ขน้ของไคโตซานต่างๆ เมือ่ไมใ่ชไ้คโตซานเป็นสารชว่ยตกตะกอนพบพคีดดูความรอ้นหน่ึง
พคี และพคีคายความรอ้นสองพคีทีอุ่ณหภูม ิ 135 228 และ 259 องศาเซลเซยีส ตามล าดบั พคีดดู
ความรอ้นสอดคลอ้งกบัปรมิาณน ้าหนกัสารทีห่ายไป 10 เปอรเ์ซน็ตซ์ึง่เกีย่วขอ้งกบัการสญูเสยีน ้าใน
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โครงสรา้ง ปรมิาณการสญูเสยีน ้าหนกัประมาณ 52 เปอรเ์ซน็ต ์ระหวา่ง 200 ถงึ 280 องศาเซลเซยีส 
สามารถอธบิายไดจ้ากการสลายตวัจาก ซงิคไ์ฮดรอกไซดเ์ป็นซงิคอ์อกไซด ์ และคอปเปอรไ์ฮดรอก
ไซดเ์ป็นคอปเปอรอ์อกไซด ์ เมือ่ท าการเตมิไคโตซานลงไป พบวา่พคีการดดูความรอ้นซึง่เป็นการ
ก าจดัน ้าออกจากโครงสรา้งยงัคงอยู ่ แต่พคีการคายความรอ้นพคีแรกขยบัต าแหน่งจาก 228 เป็น 
203 องศาเซลเซยีส พรอ้มกบัแสดงการเปลีย่นแปลงน ้าหนกัของสารอยา่งทนัททีนัใด บ่งบอกวา่เกดิ
การเผาไหมอ้ตัโนมตัเิกดิขึน้ โดยไคโตซานทีเ่ตมิลงไปท าหน้าทีเ่ป็นเชือ้เพลงิ น ้าหนกัทีล่ดลงที่
เหลอือยูอ่กี 14 เปอรเ์ซน็ต ์ในชว่งอุณหภมู ิ203 ถงึ 265 องศาเซลเซยีส สามารถเป็นเน่ืองจาก การ
สลายตวัทีไ่มส่มบรูณ์ของ ซงิคไ์ฮดรอกไซดแ์ละคอปเปอรไ์ฮดรอกไซด ์ และเมือ่เพิม่ปรมิาณไคโต
ซานไปเป็น 0.0060 กรมัต่อมลิลลิติร การสลายตวัเกดิขึน้ภายในขัน้ตอนเดยีว ซึง่สามารถเป็น
เน่ืองจากพลงังานทีเ่พิม่มากขึน้จากเชือ้เพลงิทีม่ากขึน้ อยา่งไรกต็ามพคีการคายความรอ้นมกีาร
เลื่อนไปทีต่ าแหน่งอุณหภูมทิีส่งูขึน้เป็น 209 องศาเซลเซยีส ซึง่สงูกวา่ตวัเรง่ปฏกิริยิาทีใ่ชป้รมิาณไค
โตซานทีต่ ่ากวา่ (0.0030 กรมัต่อมลิลลิติร) เหตุการณ์น้ีสามารถเป็นเน่ืองไคโตซานถูกโลหะออกไซด์
ลอ้มไวท้ าใหท้ าหน้าทีข่องตวัมนัไดไ้มเ่ตม็ที ่ เมือ่ศกึษาทีค่า่พเีอชอื่นๆพบวา่ใหผ้ลทีเ่หมอืนกบัการ
สงัเคราะหต์วัเรง่ทีค่า่พเีอช 7 จงึสรุปไดว้า่ไคโตซานท าหน้าทีเ่ป็นเชือ้เพลงิส าหรบัชว่ยในการเผา
ไหมใ้หเ้กดิขึน้ไดท้ีอุ่ณหภูมติ ่ากวา่ตวัเรง่ปฏกิริยิาทีเ่ตรยีมโดยไมใ่ชไ้คโตซานเป็นสารชว่ยตะตะกอน
รว่ม 
 โครงสรา้งของตวัเรง่ปฏกิริยิาคอปเปอรอ์อกไซดแ์ละซงิคอ์อกไซดท์ีเ่ตรยีมไดถู้กน ามา
ถ่ายภาพดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบสอ่งกราดและผลทีจ่ะแสดงในรปูที ่ 2 เมือ่ไมม่กีารเตมิ
ไคโตซาน (รปูที ่ 2a ถงึ2c) จะได ้ 2 โครงสรา้งทีแ่ตกต่างกนัอยา่งชดัเจน โครงสรา้งหน่ึงเป็นการ
รวมตวักนัของผลกึทีม่ลีกัษณะเป็นแผน่ๆ อกีโครงสรา้งหน่ึงเป็นการรวมตวักนัของผลกึทีม่รีปูรา่งไม่
เป็นระเบยีบ ผลกึแผน่มขีนาดประมาณ 300 ถงึ 500 นาโนเมตร ซึง่ใหญ่กวา่ผลกึทีม่รีปูรา่งไมเ่ป็น
ระเบยีบ (100 ถงึ 300 นาโนเมตร) ผลการวเิคราะหอ์งคป์ระกอบธาตุพบวา่ซงิคอ์อกไซดเ์ป็น
องคป์ระกอบโดยสว่นใหญ่ของผลกึแผน่ ในขณะทีค่อปเปอรอ์อกไซดเ์ป็นองคป์ระกอบโดยสว่นใหญ่
ของผลกึทีม่รีปูรา่งไมเ่ป็นระเบยีบ ผลลพัธน้ี์บ่งบอกวา่ซงิคอ์อกไซดแ์ละคอปเปอรอ์อกไซดเ์กดิแยก
จากกนั เมือ่มกีารเตมิ 0.0015 กรมัต่อมลิลลิติร (รปูที ่ 2d ถงึ2f) ไคโตซานลงไปในสารละลาย พบ
ทรงกลมกลวงเกดิขึน้ซึง่มขีนาดเฉลีย่ประมาณ 300 ถงึ 500 นาโนเมตร ทีก่ าลงัขยายสงูขึน้พบวา่ 
พืน้ผวิของทรงกลมกลวงประกอบไปดว้ยผลกึระดบันาโนมากมาย เมือ่มกีารเพิม่ปรมิาณไคโตซาน
เป็น 0.0030 กรมัต่อมลิลลิติร (รปูที ่ 2g ถงึ2i) พบวา่ขนาดของทรงกลมกลวงเลก็ลงกวา่ในกรณีทีใ่ช้
ไคโตซาน 0.0015 กรมัต่อมลิลลิติร พรอ้มทัง้ความเป็นทรงกลมกลวงเดีย่วหายไป เกดิการเชือ่มต่อ
กนัระหวา่งทรงกลมแทน และเมือ่ยงัคงเพิม่ปรมิาณไคโตซานต่อไปเป็น 0.0045 กรมัต่อมลิลลิติร (รปู
ที ่ 2g ถงึ2i) จะไมส่ามารถสงัเกตุเหน็อกีต่อไป แต่จะเหน็เป็นการรวมกลุ่มกนัของอนุภาคระดบันาโน
แทน เมือ่วเิคราะหอ์งคป์ระกอบธาตุของตวัเรง่ปฏกิริยิาทีเ่ตรยีมจากการใชไ้คโตซานเป็นสารชว่ย
ตกตะกอนรว่มพบวา่ เมือ่ใชไ้คโตซาน 0.0015 กรมัต่อมลิลติร คดิอตัราสว่นของคอปเปอรต์่อซงิคไ์ด้
เป็น 0.93 ซึง่บ่งบอกวา่มกีารกระจายตวัของคอปเปอรอ์อกไซดแ์ละซงิคอ์อกไซดอ์ยา่งสม ่าเสมอใน
โครงสรา้งของตวัเรง่ปฏกิริยิา แสดงใหเ้หน็วา่ไคโตซานสามารถใชเ้ป็นสารชว่ยในการตกตะกอนรว่ม
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ของคอปเปอรอ์อกไซดแ์ละซงิคอ์อกไซดไ์ด ้ อยา่งไรกต็ามเมือ่เพิม่ความเขม้ขน้ของไคโตซานมากขึน้ 
อตัราสว่นของคอปเปอรต์่อซงิคล์ดลงเป็น 0.85 และ 0.75 ส าหรบัปรมิาณไคโตซาน 0.0030 และ 
0.0045 กรมัต่อมลิลติร ตามล าดบั แสดงใหเ้หน็วา่ความเขม้ขน้ของไคโตซานที ่ 0.0015 กรมัต่อมิ
ลลติร เป็นปรมิาณทีเ่หมาะสม 
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รปูที ่1 การวเิคราะหค์วามเสถยีรทางความรอ้น (a) และผลต่างของอุณหภมู ิ(b) ของผลติภณัฑ์

ทีส่งัเคราะหท์ีค่า่พเีอช 7 และปรมิาณไคโตซานต่างๆ 
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รปูที ่2 ภาพถ่ายดว้ยกลอ้งจุลทรรศน์อลิก็ตรอนแบบสอ่งกราดของตวัเรง่ปฏกิริยิาทีเ่ตรยีมจากคา่พี
เอช 7 และความเขม้ขน้ของไคโตซานเป็น 0 (a ถงึ c) 0.0015 (d ถงึ f) 0.0030 (g ถงึ i) และ 0.0045 

(j ถงึ c) กรมัต่อมลิลลิติร 
 
รปูที ่ 3 แสดงผลการวเิคราะหเ์ฟสและขนาดผลกึของผลติภณัฑท์ีเ่ตรยีมทีค่วามเขม้ขน้ของไคโต

ซานต่างๆ พบวา่ รปูแบบ XRD แสดงพคีทีต่ าแหน่ง 32.54 o, 35.52o, 38.81o, 48.56o and 61.50o 
ซึง่เป็นการบ่งบอกถงึเฟสคอปเปอรอ์อกไซดท์ีเ่ป็นโมโนคลนิิคซึง่สอดคลอ้งกบัพคีมาตรฐาน JCPDS 
05-0661 ในขณะทีพ่คีอื่นๆตรงกบัพคีมาตรฐานของซงิคอ์อกไซด ์ (JCPDS 36-1451) สารตวัอยา่ง
ทัง้หมดแสดงพคีทีต่ าแหน่งเดยีวกนัซึง่เป็นการบ่งบอกวา่ไคโตซานทีเ่ตมิลงไปจะไมไ่ปเปลีย่นแปลง
ความเป็นผลกึของสารตวัอยา่ง พคีทีส่งูสุดของคอปเปอรอ์อกไซดแ์ละซงิคอ์อกไซดท์ีต่ าแหน่ง 
35.52o และ 36.25o ตามล าดบั ถูกใชใ้นการค านวนหาขนาดผลกึเฉลีย่ดว้ยสมการ Scherrer จาก

(a)  (b)  (c) 

(d) (e) (f) 

(g) (h) (i) 

(j) (k) (l) 
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ตารางที ่ 1 สามารถเหน็ไดว้า่ขนาดผลกึของคอปเปอรอ์อกไซดแ์ละซงิคอ์อกไซดท์ีส่งัเคราะหโ์ดยไม่
ใชไ้คโตซาน มคีา่เทา่กบั 20.4 และ 29.1 นาโนเมตร ตามล าดบั เมือ่มกีารเตมิไคโตซานลงไป พบวา่
ขนาดผลกึเฉลีย่ของตวัเรง่ปฏกิริยิาทัง้ 3 ตวัมขีนาดเลก็ลง ทีค่วามเขม้ขน้ไคโตซาน 0.0015 กรมัต่อ
มลิลลิติร พบวา่ขนาดผลกึเลก็ลงไปถงึ 43.6 เปอรเ์ซน็ต ์ และ 35.4 เปอรเ์ซน็ต ์ เมือ่เทยีบกบัขนาด
ผลกึเฉลีย่ของตวัเรง่ทีเ่ตรยีมโดยไมใ่สไ่คโตซาน ตามล าดบั อยา่งไรกต็ามเมือ่ปรมิาณไคโตซานเพิม่
มากขึน้ การลดลงของขนาดผลกึน้อยลง ทีค่วามเขม้ขน้ไคโตวาน 0.0045 กรมัต่อมลิลลิติร พบวา่
ขนาดผลกึลดลงเพยีงแค ่ 20.6 และ 10.0 เปอรเ์ซน็ต ์ ส าหรบัคอปเปอรอ์อกไซดแ์ละซงิคอ์อกไซด์
ตามล าดบั  

จากผลการทดลองดงักล่าว ไคโตซานทีเ่ตมิลงไปมบีทบาทในการใชเ้ป็นตวัตกตะกอนรว่มและลด
ขนาดของโลหะออกไซด ์ ซึง่ภายในโมเลกุลของไคโตซานเองจะมหีมูเ่อมนีและไฮดรอกไซด ์ ซึง่
สามารถทีจ่ะเกดิอนัตรปฏกิริยิากบัโลหะออกไซดไ์ด ้ ท าใหป้รมิาณของโลหะทีจ่ะไปฟอรม์ตวัให้
อนุภาคมขีนาดใหญ่ขึน้ลดลง อยา่งไรกต็ามเมือ่เพิม่ปรมิาณไคโตซานท าใหไ้ดโ้ครงรา่งของไคโตซาน
ทีห่นาแน่นมากขึน้ โลหะไมส่ามารถทีจ่ะแพรไ่ปดา้นในไดส้ะดวกและเกดิการรว่มตวักนัอยูท่ีด่า้นนอก
โครงรา่งของไคโตซานเทา่นัน้ ท าใหไ้คโตซานไมส่ามารถทีจ่ะป้องกนัการเตบิโตของผลกึโลหะ
ออกไซด ์

 
ตารางที ่1 องคป์ระกอบทีพ่ืน้ผวิคดิจากคา่เฉลีย่ และขนาดผลกึของโลหะออกไซดข์นิดต่างๆ 

ตวัอยา่ง a ต าแหน่ง Cu/Zn 
ขนาดโลหะออกไซดเ์ฉลีย่  

(นาโนเมตร) 
CuO b ZnO b 

CZ-0 
สีเ่หลีย่ม 0.14 

20.4 29.1 
วงกลม 2.72 

CZ-0.0015 สีเ่หลีย่ม 0.93 11.5 18.8 
CZ-0.0030 สีเ่หลีย่ม 0.85 13.5 23.4 
CZ-0.0045 สีเ่หลีย่ม 0.75 16.2 26.2 
 

a ตวัอยา่งทัง้หมดใหส้ญัลกัษณ์เป็น CZ-x ทีซ่ึง่ x คอืความเขม้ขน้ของไคโตซานในหน่วย กรมัต่อ
มลิลลิติร 
b ขนาดผลกึของคอปเปอรอ์อกไซดแ์ละซงิคอ์อกไซดค์ านวนจากสมการ Scherrer โดยใชพ้คีทีส่งูสุด 
ที ่35.52o and 36.25o ตามล าดบั 
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รปูที ่3 เฟสและองคป์ระกอบของตวัเรง่ปฏกิริยิา (a) CZ-0 (b) CZ-0.0015 (c) CZ-0.0030 และ (d) 

CZ-0.0045 
 
 รปูที ่ 4 แสดงไอโซเทอมและการกระจายตวัของรพูรุนของตวัอยา่งซึง่ถกูวเิคราะหด์ว้ย
เทคนิคการดดูซบัดว้ยก๊าซไนโตรเจน ในขณะทีพ่ืน้ทีผ่วิและปรมิาตรรพูรุนรวมแสดงไวใ้นตารางที ่ 2 
ไอโซเทอมของผลติภณัฑท์ีเ่ตรยีมโดยไมใ่ชไ้คโตซานมปีรมิาตรการดดูซบัก๊าซไนโตรเจนทีต่ ่ามาก 
บ่งบอกวา่วสัดุทีไ่ดเ้ป็นแบบไมม่รีพูรุน (รปูที ่ 4a) ในขณะทีก่ารกระจายตวัของรพูรุนมคีา่ต ่ามากและ
มรีพูรุนหลากหลายชนิด (รปูที ่4e)  เมือ่มกีารใชไ้คโตซานเป็นสารชว่ยตกตะกอน (รปูที ่4b)  พบวา่
ไอโซเทอมเป็นแบบชนิดที ่2 ซึง่บ่งบอกการมอียูข่องรพูรุนระดบัมาโครพอร ์ทีค่วามเขม้ขน้ไคโตซาน 
0.0015 กรมัต่อมลิลลิติร การกระจายตวัของรพูรุนเป็นแบบสองรุพรนุ (รปูที ่4d) ทีต่ าแหน่ง 42 และ 
215 นาโนเมตร ซึง่สามารถอธบิายไดจ้ากรพูรุนจากชอ่งวา่งของการรวมกนัของอนุภาคระดบันาโน
และรพูรุนขนาดใหญ่เกดิเน่ืองจากรพูรุนทีเ่ป็นชอ่งเปิดของทรงกลมกลวงทีเ่หน็ไดจ้ากภาพถ่ายรปูที ่
3f  เมือ่มกีารเพิม่ความเขม้ขน้ไคโตซานต่อไปอกีที ่0.0030 และ 0.0045 กรมัต่อมลิลลิติร (รปูที ่4c) 
พบวา่รุพรุนขนาดใหญ่หายไป ในขณะทีร่พูรุนขนาดเลก็โตขึน้จาก 42 ไปเป็น 60 และ 80 นาโนเมตร 
ตามล าดบั 
 พืน้ทีผ่วิและปรมิาตรรพูรุนรวมของตวัเรง่ปฏกิริยิาทีเ่ตรยีมโดยไมใ่สไ่คโตซานมคี่าเป็น 14.5 
ตารางเมตรต่อกรมั และ 0.06 มลิลลิติรต่อกรมั ตามล าดบั เมือ่มกีารเตมิไคโตซานทีค่วามเขม้ขน้ 
0.0015 กรมัต่อมลิลลิติร ลงไปพบวา่พืน้ทีผ่วิมคีา่สงูขึน้เป็น 46.2 ตารางเมตรต่อกรมั และปรมิาตรรู
พรุนสงูถงึ 0.16 มลิลลิติรต่อกรมั เมือ่เพิม่ปรมิาณไคโตซานมากขึน้ พืน้ทีผ่วิและปรมิาตรรพูรนุของ
ตวัเรง่ปฏกิริยิากลบัมคีา่ลดลง แต่ยงัคงสงูกวา่ในกรณทีีไ่มม่กีารเตมิไคโตซาน 
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รปูที ่4 ไอโซเทอม (a ถงึ d) และการกระจายตวัของรพูรุน (e ถงึ h) ของตวัเรง่ปฏกิริยิา CZ-0 (a 

และ e) CZ-0.0015 (b และ f) CZ-0.0030 (c และ g) และ CZ-0.0045 (d และ h) 
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ตารางที ่2 แสดงขนาดรพูรุนเฉลีย่ พืน้ทีผ่วิ ปรมิาตรรพูรุนและพืน้ทีผ่วิของคอปเปอร ์
ตวัเรง่
ปฏกิริยิา 

ขนาดรุพรุนเฉลีย่ 
(นาโนเมตร) 

พืน้ทีผ่วิ (ตาราง
เมตรต่อกรมั) 

ปรมิาตรรพูรนุ 
(มลิลลิติรต่อกรมั) 

พืน้ทีผ่วิคอปเปอร ์
(ตารางเมตรต่อกรมั) 

CZ-0 - 14.5 0.06 5.5 
CZ-0.0015 42 and 215 46.2 0.16 15.4 
CZ-0.0030 60 34.5 0.13 12.5 
CZ-0.0045 80 28.4 0.11 8.4 
 

 รปูที ่ 5 แสดงการพฤตกิรรมการรดีวิซข์องคอปเปอรอ์อกไซดไ์ปเป็นคอปเปอร ์ จะเหน็ไดว้า่
ตวัเรง่ปฏกิริยิา CZ-0 แสดงพคีการคายความรอ้น 2 พคี ทีต่ าแหน่งอุณหภูม ิ465 เคลวนิ และ 471 
เคลวนิ ซึง่บ่งบอกถงึการมคีอปเปอรส์ปีชรีอ์ยู ่2 สปีชรี ์พคีทีต่ าแหน่งอุณหภูมติ ่ากวา่สามารถอธบิาย
ไดจ้ากการรดีวิซข์องคอปเปอรท์ีก่ระจายตวัด ี ในขณะทีอ่กีพคีหน่ึงคอืการรดีวิซข์องบลัคค์อปเปอร์
ออกไซด ์ ผลการทดลองน้ีเปิดเผยวา่คอปเปอรส์ว่นใหญ่ตกตะกอนแยกจากซงิคอ์อกไซดแ์ละ
สว่นน่อยเทา่นัน้ของคอปเปอรท์ีร่วมอยูก่บัซงิคอ์อกไซด ์ เมือ่มกีารเตมิไคโตซานลงไป 0.0015 กรมั
ต่อมลิลลิติร พบพคีคายความรอ้นเพยีงแคพ่คีเดยีวเทา่นัน้ ทีอุ่ณหภูม ิ 461 เคลวนิ ซึง่บ่งบอกการ
กระจายตวัของคอปเปอรอ์อกไซดเ์ฟสในคอปเปอรอ์อกไซด-์ซงิคอ์อกไซด ์ คอมโพซทิ เมือ่เพิม่
ปรมิาณความเขม้ขน้ของไคโตซานเป็น 0.0030 และ 0.0045 กรมัต่อมลิลลิติร พบวา่พคีคายความ
รอ้นกลายเป็น 2 พคีเหมอืนตอนเริม่แรก แต่จุดยอดมกีารเลื่อนไปทีอุ่ณหภูมติ ่ากวา่ ซึง่แนะน าวา่
คอปเปอรอ์อกไซดท์ีม่ขีนาดเลก็กวา่สามารถรดีวิซไ์ดง้า่ยกวา่ มขีอ้สงัเกตวา่คอปเปอรอ์อกไซดข์อง 
CZ-0.0030 และ CZ-0.0045 ซึง่มขีนาดใหญ่กวา่คอปเปอรอ์อกไซดข์อง CZ-0.0015 สามารถถูก
รดีวิซไ์ดง้า่ยกวา่ น้ีอาจจะเป็นเพราะวา่การที ่CZ-0.0015 มกีารผสมกนัอยา่งสม ่าเสมอของคอปเปอร์
ออกไซดแ์ละซงิคอ์อกไซด ์ท าใหเ้กดิอนัตรกริยิาทีส่งูกวา่ จงึเกดิการรดีวิซไ์ดย้าก 
 ในการเรง่ปฏกิริยิาการผลติเมทานอลจากปฏกิริยิาการเตมิก๊าซไฮโดรเจนของก๊าซ
คารบ์อนไดออกไซดน์ัน้ โลหะคอปเปอรจ์ะท าหน้าทีห่ลกัในการเรง่ปฏกิริยิา ดงันัน้การวเิคราะหห์า
พืน้ทีผ่วิของคอปเปอรจ์งึเป็นสิง่ทีจ่ าเป็น จากตารางที ่ 2 พบวา่ ตวัเรง่ปฏกิริยิาทีเ่ตรยีมโดยใชไ้คโต
ซาน 0.0015 กรมัต่อมลิลลิติรใหพ้ืน้ทีผ่วิสงูสุดที ่15.4 ตารางเมตรต่อกรมั รองลงมาเป็น CZ-0.0030 
CZ-0.0045 และตวัเรง่ปฏกิริยิาทีเ่ตรยีมโดยไมใ่สไ่คโตซานจะใหพ้ืน้ทีผ่วิต ่าสดุที ่ 5.5 ตารางเมตรต่อ
กรมั  
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รปูที ่5 พฤตกิรรมการรดีวิซข์องตวัเรง่ปฏกิริยิาชนิดต่างๆ (a) CZ-0 (b) CZ-0.0015 (c) CZ-0.0030 
และ (d) CZ-0.0045 

 
 เมือ่ทราบคุณลกัษณะทางกายภาพและทางเคมขีองตวัเรง่ปฏกิริยิาทีเ่ตรยีมโดยใชแ้ละไมใ่ช้
ไคโตซานเป็นสารตกตะกอนรว่มแลว้ จงึน าตวัเรง่ปฏกิริยิาทีเ่ตรยีมไดม้าทดสอบการเรง่ปฏกิริยิาการ
สงัเคราะหเ์มทานอลจากปฏกิริยิาการเตมิก๊าซไฮโดรเจนของก๊าซคารบ์อนไดออกไซด ์ โดยท า
ปฏกิริยิาทีค่วามดนั 20 บารแ์ละปรบัเปลีย่นอุณหภูมใินการท าปฏกิริยิา 5 คา่ไดแ้ก่ 180 200 220 
240 260 องศาเซลเซยีส ไดผ้ลดงัน้ี เมือ่มกีารเพิม่อุณหภมูจิาก 180 องศาเซลเซยีสไปที ่240 องศา
เซลเซยีส คา่การแปลงผนัของก๊าซคารบ์อนไดออกไซดเ์พิม่มากขึน้เรือ่ยๆ และนอกจากน้ีไมพ่บการ
เสือ่มสภาพของตวัเรง่ปฏกิริยิาเน่ืองจากคา่การแปลงผนัไมไ่ดล้ดลงเมือ่เวลาเปลีย่นไป และเหน็ได้
ชดัเจนวา่ตวัเรง่ปฏกิริยิาทีเ่ตรยีมโดยใชไ้คโตซานเป็นสารชว่ยตกตะกอนใหค้า่การแปลงผนัทีส่งูกวา่
ตวัเรง่ปฏกิริยิาทีไ่มใ่ชไ้คโตซานชว่ยตกตะกอน ทีอุ่ณหภูม ิ 260 องศาเซลเซยีส คา่การแปลงผนัของ
ก๊าซคารบ์อนไดออกไซดข์องตวัเรง่ปฏกิริยิาทุกตวัยงัคงเพิม่ขึน้ อยา่งไรกต็าม สญัญาณของการ
เสือ่มสภาพของตวัเรง่ปฏกิริยิาเริม่ปรากฎ โดยเหน็ไดจ้ากค่าการแปลงผนัของก๊าซ
คารบ์อนไดออกไซดท์ีล่ดลงไปเมือ่เวลาผา่นไป 10 ชัว่โมง ของตวัเรง่ปฏกิริยิา CZ-0, CZ-0.0015, 
CZ-0.0030 และ CZ-0.0045 เป็นดงัน้ี 1.32, 1.23, 3.56, และ 4.59 เปอรเ์ซน็ต ์ตามล าดบั 
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รปูที ่6 คา่การแปลงผนัของก๊าซคารบ์อนไดออกไซด ์(a) และคา่การเลอืกเกดิของเมทานอล (b) 
อตัราการเกดิเมทานอล (c) ของตวัเรง่ปฏกิริยิา of CZ-0, CZ-0.0015, CZ-0.0030 and CZ-

0.0045 ทีอุ่ณหภูมติ่างๆ 
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 คา่การเลอืกเกดิเมทานอลของตวัเรง่ปฏกิริยิาทุกตวัลดลงกบัการเพิม่อุณหภมูใินการท า
ปฏกิริยิาเน่ืองจากสมดุลทางเทอรโ์มไดนามกิส ์ กบัปฏกิริยิาการผนักลบัของน ้าเกดิรว่มคูข่นาน 
ในขณะที ่อตัราการเกดิเมทานอลเพิม่ขึน้กบัการเพิม่ขึน้ของอุณหภมูใินการเกดิปฏกิริยิาจาก 180 ถงึ 
240 องศาเซลเซยีส เน่ืองจากคา่การแปลงผนัของก๊าซคารบ์อนไดออกไซดท์ีส่งูและคา่การเลอืกเกดิ
เมทานอลทีส่งูดว้ย คา่การเลอืกเกดิเมทานอลทีส่งูสดุเกดิขึน้โดยใชต้วัเรง่ปฏกิริยิา CZ-0.0015 ที่
อุณหภูม ิ 240 องศาเซลเซยีส มอีตัราการเกดิเมทานอลเป็น 135 กรมัเมทานอลต่อกโิลกรมัตวัเรง่
ปฏกิริยิาต่อชัว่โมง เชน่เดยีวกบัคา่การแปลงผนัของก๊าซคารบ์อนไดออกไซด ์ อตัราการเกดิเมทา
นอลกล็ดลงเชน่กนัส าหรบัการท าปฏกิริยิาทีอุ่ณหภูม ิ 260 องศาเซลเซยีส โดยพบวา่เปอรเ์ซน็การ
ลดลงของอตัราการเกดิเมทานอลเป็น 4.84, 4.05, 8.15, และ 8.00 เปอรเ์ซน็ต ์ ส าหรบัตวัเรง่
ปฏกิริยิา CZ-0, CZ-0.0015, CZ-0.0030 และ CZ-0.0045 ตามล าดบั ซึง่จะเหน็ไดว้า่ตวัเรง่ปฏกิริยิา
ทีเ่ตรยีมดว้ยความเขม้ขน้ของไคโตซานสงูมโีอกาสทีจ่ะเสือ่มสภาพเรว็กวา่ ตวัเรง่ปฏกิริยิาทีไ่มม่กีาร
เตมิไคโตซานและ เตมิไคโตซานเพยีง 0.0015 กรมัต่อมลิลลิติร ซึง่เป็นการบ่งบอกวา่ผลกึคอปเปอร์
ทีม่ขีนาดใหญ่จะมคีวามเสถยีรมากกว่าผลกึคอปเปอรท์ีม่ขีนาดเลก็ซึง่สามารถทีจ่ะถูกออกซไิดสไ์ป
เป็นคอปเปอรอ์อกไซดไ์ดง้า่ยกวา่ อกีประเดน็หน่ึงคอื การเสือ่มสภาพเน่ืองจากการสญูเสยีพืน้ทีผ่วิ
จากกระบวนการ sintering เน่ืองจากอุณหภูมสิงู จากผลการวเิคราะหค์ุณลกัษณะก่อนหน้าเหน็ไดว้า่ 
การใชไ้คโตซานชว่ยตกตะกอนรว่มสามารถท าใหค้อปเปอรม์ขีนาดเลก็ลงและกระจายตวัไดด้กีบัซิ
งคอ์อกไซด ์ อยา่งไรกต็ามส าหรบั CZ-0.0030 และ CZ-0.0045 พืน้ผวิของซงิคอ์อกไซดไ์มส่ามารถ
ป้องกนัการรว่มตวัของคอปเปอรท์ีม่ขีนาดนาโนได ้ เน่ืองจากคอปเปอรอ์อกไซดม์ขีนาดเลก็แต่ไมไ่ด้
ผสมกนัดกีบัซงิคอ์อกไซดท์ าใหม้อีนัตรปฏกิริยิาต ่า และเมือ่ไดร้บัความรอ้นจงึเกดิการเคลื่อนทีข่อง
อนุภาคคอปเปอรม์ารวมตวักนัได ้ดงันัน้ท าใหพ้ืน้ทีผ่วิคอปเปอรร์วมลดลง  
 ผลของพืน้ทีผ่วิของคอปเปอรต์่อปฏกิริยิาการสงัเคราะหเ์มทานอลจากการเตมิไฮโดรเจนของ
ก๊าซคารบ์อนไดออกไซด ์ ถูกตรวจสอบทีอุ่ณหภูมติ่างๆ และผลลพัธแ์สดงในรปูที ่ 7 เหน็ไดอ้ยา่ง
ชดัเจนวา่ทัง้คา่การแปลงผนัของก๊าซคารบ์อนไดออกไซด ์ (รปูที ่ 7a) และอตัราการเกดิเมทานอล(รปู
ที ่7b) เพิม่ขึน้กบัพืน้ทีผ่วิของคอปเปอรท์ีเ่พิม่ขึน้ อยา่งไรกต็าม เพยีงแคต่วัเรง่ปฏกิริยิาทีเ่ตรยีมโดย
ใชไ้คโตซานเป็นตวัชว่ยตกตะกอนรว่มเทา่นัน้ (CZ-0.0015, CZ-0.0030, และ CZ-0.0045) ทีใ่ห้
ความสมัพนัธเ์ป็นแบบเชงิเสน้ ในขณะทีต่วัเรง่ปฏกิริยิาทีเ่ตรยีมโดยไมใ่สไ่คโตซาน มคีา่การแปลง
ผนัของก๊าซคารบ์อนไดออกไซดแ์ละอตัราการเกดิเมทานอล (พืน้ทีผ่วิของคอปเปอร ์ = 5.5 ตาราง
เมตรต่อกรมั) แตกต่างอยา่งชดัเจนจากแนวโน้มของตวัเรง่ปฏกิริยิาทีเ่ตรยีมโดยใชไ้คโตซาน (พืน้ที่
ผวิของคอปเปอร ์ = 8.4 ถงึ15.4 ตารางเมตรต่อกรมั) จากงานวจิยัก่อนหน้าพบวา่พืน้ทีผ่วิของคอป
เปอรไ์มไ่ดเ้ป็นปจัจยัเดยีวทีเ่รง่ปฏกิริยิาการเกดิเมทานอลแต่ยงัมอีทิธพิลของการผสมกนัของคอป
เปอรแ์ละซงิค ์ ซึง่งานวจิยัน้ีเป็นการยนืยนักบังานวจิยัก่อนหน้าวา่การผสมกนัของคอปเปอรแ์ละซงิค์
ชว่ยในการเรง่ปฏกิริยิาการสงัเคราะหเ์มทานอลจากปฏกิริยิาการเตมิก๊าซไฮโดรเจนของก๊าซ
คารบ์อนไดออกไซด ์ 
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รปูที ่7 คา่การแปลงผนัของก๊าซคารบ์อนไดออกไซด ์(a) และ อตัราการเกดิเมทานอล (b) ตามคา่

พืน้ทีผ่วิของคอปเปอรท์ีอุ่ณหภูมติ่างๆ 
 
4.  สรปุผลการทดลอง 
 จากผลการทดลองสรุปไดว้า่ การใชไ้คโตซานเป็นสารชว่ยตกตะกอนรว่มมผีลอยา่งมากต่อ
คุณลกัษณะทางกายภาพและทางเคมขีองตวัเรง่ปฏกิริยิาคอปเปอรอ์อกไซดแ์ละซงิคอ์อกไซดค์อมโพ
ซทิ รวมทัง้ประสทิธภิาพในการเรง่ปฏกิริยิาการสงัเคราะหเ์มทานอลจากการเตมิก๊าซไฮโดรเจนของ
ก๊าซคารบ์อนไดออกไซด ์ คอปเปอรอ์อกไซด-์ซงิคอ์อกไซดค์อมโพซทิ ทีม่ลีกัษณะเป็นทรงกลมกลวง
เกดิขึน้จากการใชป้รมิารไคโตซาน 0.0015 กรมัต่อมลิลกิรมั เมือ่เพิม่ปรมิาณความเขม้ขน้ของไคโต
ซาน พบวา่ทรงกลมกลวงหายไปและเกดิเป็นการรวมตวักนัเป็นกลุ่มของอนุภาคคอปเปอรแ์ทน คา่
การแปลงผนัของก๊าซคารบ์อนไดออกไซดแ์ละอตัราการเกดิเมทานอลของตวัเรง่ปฏกิริยิาทีเ่ตรยีม
โดยใชไ้คโตซานเป็นสารชว่ยตกตะกอนรว่มสงูกวา่ในกรณีทีไ่มใ่ชไ้คโตซาน อยา่งไรกต็ามทีอุ่ณหภูมิ
ในการเกดิปฏกิริยิาสงู ตวัเรง่ทีเ่ตรยีมโดยใชค้วามเขม้ขน้ของไคโตซานสงูสง่สญัญาณบอกถงึการเริม่
เสือ่มสภาพ ซึง่เป็นเน่ืองจากคอปเปอรอ์อกไซดท์ีม่ขีนาดเลก็และอนัตรปฏกิริยิาของคอปเปอร์
ออกไซดก์บัซงิคอ์อกไซดท์ีต่ ่าท าใหเ้กดิการรวมตวักนัของคอปเปอรไ์ดง้า่ย 
 
5.  ข้อเสนอแนะส าหรบังานวิจยัในอนาคต 

ตวัเรง่ปฏกิริยิาคอปเปอรอ์อกไซด-์ซงิคอ์อกไซดน์าโนคอมโพซทิทีเ่ตรยีมไดม้คีวามสามารถ
ในการเรง่ปฏกิริยิาไดด้ ีแต่มปีญัหาในการเกดิการหลอมรวมตวักนัไดง้า่ยดงันัน้น่าจะมกีารผสมตวั
รองรบัจ าพวก ซลิกิา เซอรโ์ครเนียม หรอื คารบ์อน เขา้ไปเพือ่เพิม่อนัตรปฏกิริยิาใหค้อปเปอรแ์ละ
ซงิคม์าเกาะ 
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หวัข้อท่ี 2 ผลของซลิกิารทีม่รีพูรุนสองขนาดต่อขนาดอนุภาคและการรดีวิซข์องโคบอลตอ์อกไซด ์ 
 
1.  วตัถปุระสงคก์ารทดลอง 

1)  ศกึษาผลของตวัรองรบัซลิกิาทีม่รีพูรุนสองขนาดต่อขนาดอนุภาคของโคบอลตอ์อกไซด ์
2) ศกึษาผลของตวัรองรบัซลิกิาทีม่รีพูรุนสองขนาดต่อการรดีวิซอ์นุภาคโคบอลตอ์อกไซด์

ใหเ้ป็นโลหะโคบอลต ์
3) เปรยีบเทยีบผลในขอ้ 1 และขอ้2 โดยใชโ้คบอลตท์ีโ่หลดบนตวัรองรบัซลิกิาทีม่รีพูรนุ

หน่ึงขนาด 
 

2.  วิธีการทดลอง 
ในงานวจิยัน้ีขัน้ตอนการเตรยีมจะมอียู ่ 3 หวัขอ้ดว้ยกนัแบ่งออกเป็น การสงัเคราะหซ์ลิกิาที่

มรีพูรุน 2 ขนาด การโหลดตวัเรง่ปฏกิริยิาโคบอลตล์งบนตวัรองรบัซลิกิาทีม่รีูพรนุสองขนาด และการ
วเิคราะหค์ุณสมบตัทิางกายภายและทางเคมขีองตวัเรง่ปฏกิริยิา  

 
2.1 การสงัเคราะหซิ์ลิกาท่ีมีรพุรนุสองขนาด 

ซลิกิาทีม่รีพูรนุสองขนาดจะเตรยีมโดยใชโ้ซเดยีมซลิเิกตเป็นแหล่งของซลิกิาและใชไ้คโต
ซานเป็นสารแมแ่บบในการก าหนดรพูรุนของซลิกิา ขัน้ตอนการเตรยีมจะเริม่จากการละลายไคโต
ซานในสารละลายกรดอะซตีกิ เตมิโซเดยีมซลิเิกตลงไปในสารละลายไคโตซาน ปรบัคา่กรด-เบสเป็น
คา่ 3, 4 และ 5เพือ่ทีจ่ะควบคุมรพูรุนและโครงสรา้ง หลงัจากนัน้กวนทีอุ่ณหภูม ิ 40 องศาเซลเซยีส 
เป็นเวลา 24 ชัว่โมง หลงัจากนัน้น าเป็นเขา้เครือ่ง Autoclave แลว้เกบ็ไวท้ีอุ่ณหภูม ิ 100 องศาเป็น
เวลา 24 ชัว่โมง ของแขง็ทีไ่ดจ้ะถูกน ามาลา้ง กรอง อบ และน าไปเผาทีอุ่ณหภูม ิ600 องศาเซลเซยีส 
เพือ่ก าจดัไคโตซานออกไป ซลิกิาทีม่รีพูรุนหน่ึงขนาดกส็ามารถเตรยีมไดจ้ากวธิกีารขา้งตน้เพยีงแต่
จะไมม่กีารใสไ่คโตซาน ตวัรองรบัซลิกิาทีส่งัเคราะหจ์ะถูกก าหนดสญัลกัษณ์เป็น BPS ส าหรบัซลิกิา
ทีม่รีพูรุนสองขนาด และ UPS ส าหรบัซลิกิาทีม่รีพูรุนหน่ึงขนาด  

 
2.2 การโหลดตวัเร่งปฏิกิริยาโคบอลตล์งบนตวัรองรบัซิลิกาท่ีมีรพูรนุสองขนาด 

ท าการโหลดโลหะโคบอลตล์งไปดว้ยวธิจีุ่มชุม แลว้น าสารทีเ่ตรยีมไดไ้ปอบทีอุ่ณหภูม ิ120 
องศาเซลเซยีสเป็นเวลา 12 ชัว่โมง 

 
2.3 การวิเคราะหค์ณุสมบติัทางกายภายและทางเคมีของตวัเร่งปฏิกิริยา 

ตวัรองรบัซลิกิาและตวัเรง่ปฏกิริยิาทีเ่ตรยีมไดจ้ะถูกน ามาวเิคราะหค์ุณสมบตัทิางกายภาพ
และทางเคมดีว้ยเทคนิคดงัต่อไปน้ี 
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- เทคนิคการดดูซบัโดยใชแ้ก๊สไนโตรเจน เพื่อหาพืน้ทีผ่วิ ปรมิาตรรพูรุน และการกระจายตวั
ของรพูรุน 

- เทคนิคการเลีย้วเบนของรงัสเีอ๊กซ ์เพือ่ดคูวามเป็นผลกึของตวัเรง่และสามารถค านวณหา
ขนาดของตวัเรง่ได ้

- เทคนิคการถ่ายภาพแบบสอ่งกราด จะท าใหเ้หน็โครงสรา้งพืน้ผวิของตวัรองรบัและตวัเรง่
ปฏกิริยิา 

- เทคนิคการถ่ายภาพแบบสอ่งผา่น จะท าใหเ้หน็ขนาดของตวัรองรบัและตวัเรง่ และการ
กระจายตวัของตวัโลหะบนตวัรองรบั 

- เทคนิคการศกึษาการรดีวิซด์ว้ยไฮโดรเจนเมือ่มกีารเปลีย่นแปลงอุณหภูม ิ
 
3.  ผลการทดลองและการอภิปายผลการทดลอง 

จากรปูที ่ 8a พบวา่ไอโซเทอมของตวัรองรบัซลิกิาทีม่รีพูรุนหน่ึงขนาด (UPS) จะเป็นแบบ
ชนิดที ่ IV ซึง่บ่งบอกวา่ขนาดรพูรุนของซลิกิาจะอยูใ่นชว่งเมโซพอร ์ ในขณะทีไ่อโซเทอมของตวั
รองรบัซลิกิาทีม่รีพูรุนสองขนาด (BPS) เป็นแบบผสมระหวา่งชนิดที ่ IV และ II ซึง่บ่งบอกวา่รพูรุน
ของซลิกิาจะมสีองขนาดทีแ่ตกต่างกนัคอืขนาดเมโซพอรแ์ละมาโครพอร ์ รปูที ่ 8c แสดงใหว้า่การ
กระจายตวัของรพูรุนของซลิกิาทีม่รีพูรุนหน่ึงขนาดนัน้อยูใ่นชว่งทีแ่คบ ในขณะทีก่ารกระจายตวัของ
รพูรุนของซลิกิาทีม่รีพูรุนสองขนาดนัน้ รพูรุนขนาดเลก็จะมขีนาดเทา่กบัซลิกิาทีม่รีพูรุนหน่ึงขนาด
คอื 6.5 นาโนเมตร ในขณะทีร่พูรุนขนาดใหญ่จะมขีนาดประมาณ 60–200 นาโนเมตร การทีซ่ลิกิาที่
มรีพูรุนหน่ึงขนาดและซลิกิาทีม่รีพูรุนสองขนาด มรีพูรุนขนาดเมโซพอรเ์ทา่กนันัน้ท าใหส้ามารถ
เปรยีบเทยีบอทิธพิลของรพูรนุขนาดใหญ่ไดอ้ยา่งยุตธิรรม หลงัจากท าการโหลดโคบอลตล์งไปพบวา่
ลกัษณะไอโซเทอม (รปูที ่ 8b) และการกระจายตวัของรพูรุน (รปูที ่ 8d) ยงัมลีกัษณะเดมิแต่จะมี
ปรมิาณการดดูซบัลดลงเลก็น้อยบ่งบอกวา่โคบอลตท์ีโ่หลดลงไปจะไปบดบงัรพูรุนบางสว่น 

จากผล X-ray diffraction (รปูที ่9) ใหข้อ้มลูวา่โคบอลตท์ีส่งัเคราะหไ์ดอ้ยูใ่นรปูของ โคบอลต์
ออกไซด ์(Co3O4) และสามารถค านวนขนาดผลกึไดจ้ากสมการของ Scherrer พบวา่ไดข้นาดอนุภาค
ของโคบอลตอ์อกไซดท์ีอ่ยูบ่นซลิกิาทีม่รีพูรุนสองขนาดใหญ่ประมาณ 10.6 นาโนเมตร ซึง่มขีนาด
ใหญ่กวา่อนุภาคของโคบอลตอ์อกไซดท์ีอ่ยูบ่นซลิกิาทีม่รีพูรุนหน่ึงขนาดคอื 9.8 นาโนเมตร ซึง่จาก
ผลการถ่ายภาพดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบสอ่งกราด (รปูที ่ 10) และกลอ้งจุลทรรศน์
อเิลก็ตรอนแบบสอ่งผา่น (รปูที ่ 11) ท าใหส้รปุไดว้า่โคบอลตท์ีโ่หลดบนซลิกิาทีม่รีพูรุนสองขนาด
สะสมไดท้ัง้บนรพูรุนขนาดเลก็และขนาดใหญ่ และเมือ่มกีารสะสมทีร่พูรุนขนาดใหญ่โคบอลต์
สามารถทีจ่ะเคลื่อนตวัมารวมตวักนัไดง้า่ยท าใหไ้ดอ้นุภาคขนาดใหญ่กวา่การสะสมตวับนรพูรนุ
ขนาดเลก็ 
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รปูที ่8 ไอโซเทอมการดดูซบัดว้ยแก๊สไนโตรเจน (a และ b)และการกระจายตวัของรพูรุน (c และ d) 
ของตวัรองรบัซลิกิาทีม่รีพูรนุหน่ึงขนาด (UPS) และตวัรองรบัซลิกิาทีม่รีพูรุนสองขนาด (BPS) โดยที ่
a และ c เป็นของซลิกิาทีย่งัไมไ่ดโ้หลดโคบอลต ์b และ d เป็นของซลิกิาทีม่กีารโหลดโคบอลตแ์ลว้ 

 

 
รปูที ่9 เฟสและองคป์ระกอบของ Co/UPS และ Co/BPS 
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รปูที ่10 ภาพถ่ายดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนชนิดสอ่งกราดของตวัเรง่ปฏกิริยิาทีผ่า่นการคลั

ไซน์ (a) Co/UPS และ (b) Co/BPS 
 

 
รปูที ่11 ภาพถ่ายดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนชนิดสอ่งผา่นของตวัเรง่ปฏกิริยิาทีผ่า่นการคลัไซน์ 

(a,c และe) Co/UPS และ (b,d และ f) Co/BPS 
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จากรปูที ่12 แสดงผลของการรดีวิซโ์คบอลตอ์อกไซดบ์นตวัรองรบัซลิกิาทีม่รีพูรนุหน่ึงขนาด 
(รปูที ่ 12a) และโคบอลตอ์อกไซดบ์นตวัรองรบัซลิกิาทีม่รีพูรุนสองขนาด (รปูที1่2b) ศกึกราฟแต่ละ
เสน้ใชอ้ตัราการเพิม่อุณหภูมติ่างกนัคอื 5, 10, 15 และ 20 องศาเซลเซยีสต่อนาท ี ซึง่ขอ้มลูทีไ่ด้
สามารถน ามาค านวนหาคา่พลงังานกระตุน้ในการรดีวิซไ์ด ้ จากรปูที ่ 12a และ 12b พบวา่โคบอลต์
ออกไซดถ์ูกรดีวิซเ์ป็นสองชว่ง ชว่งแรกระหวา่งอุณหภมู ิ 260 – 270 องศาเซลเซยีส เป็นการรดีวิซ์
ของ Co3O4 ไปเป็น CoO และ ชว่งทีส่องอุณหภมู ิ 350 – 510 องศาเซลเซยีส เป็นการรดีวิซข์อง 
CoO ไปเป็น Co0 พบวา่โคบอลตอ์อกไซดท์ีโ่หลดบนตวัรองรบัซลิกิาทีม่รีพูรุนสองขนาดสามารถถูก
รดีวิซไ์ดท้ีอุ่ณหภูมติ ่ากวา่โคบอลตอ์อกไซดท์ีโ่หลดบนตวัรองรบัซลิกิาทีม่รี ูพรุนหน่ึงขนาด 

 

 
รปูที ่12 โคง้การเปลีย่นแปลงน ้าหนกัเมือ่มกีารไหลผา่นของก๊าซไฮโดรเจนทีอ่ตัราการใหค้วามรอ้น

ต่างๆ (a) Co/UPS และ (b) Co/BPS 
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เมือ่น าขอ้มลูจากรปูที ่4 มาหาพลงังานกระตุน้ในแต่ละขัน้ตอนโดยใชส้มการของ Kissinger (สมการ
ที ่1) 
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    (1) 

 
โดยที ่β คอื อตัราการใหค้วามรอ้น (heating rate) 
Tp คอื อุณหภมูสิงูสุดของแต่ละโคง้ 
A  คอื Pre-exponential factor 
R  คอื ค่าคงทีข่องก๊าซ 
E  คอืค่าพลงังานกระตุน้ 
 
พบวา่โคบอลตอ์อกไซดท์ีโ่หลดบนซลิกิาทีม่รีพูรุนสองขนาดมพีลงังานกระตุน้ในการรดีวิซจ์าก 
Co3O4 ไปเป็น CoO เทา่กบั 64.55 kJ/mol และการรดีวิซจ์าก CoO ไปเป็น Co0 48.93 kJ/mol ซึง่
ต ่ากวา่โคบอลต ์ ออกไซดท์ีโ่หลดบนซลิกิาทีม่รีพูรุนหน่ึงขนาดทัง้สองขัน้ตอน (รปูที ่ 13) ทัง้น้ี
เน่ืองจากโดเมนของซลิกิาทีม่รีพูรุนสองขนาดจะสัน้กวา่ (รปูที ่ 14) ท าใหก้ารแพรข่องก๊าซไฮโดรเจน
เพือ่ไปท าปฏกิริยิากบั Co3O4 และ CoO และการแพรอ่อกของสารผลติภณัฑ ์(น ้า) ไดง้า่ยกวา่โดเมน
ของซลิกิาทีม่รีพูรุนหน่ึงขนาดทีม่ขีนาดใหญ่กวา่มาก 
 

 
รปูที ่13 คา่พลงังานกระตุน้ของการรดีวิซ ์Co3O4 ไปเป็น CoO และ การรดีวิซข์อง CoO ไปเป็น Co0 

ของ Co/UPS และ Co/BPS 
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รปูที ่14 แผนภาพแสดงโดเมนของซลิกิาทีม่รีพูรนุหน่ึงขนาดและซลิกิาทีม่รีพูรนุสองขนาด 

 
4.  สรปุผลการทดลอง 

จากผลการทดลอง พบวา่อนุภาคโคบอลตอ์อกไซดเ์ฉลีย่ทีโ่หลดบนซลิกิาทีม่รีพูรนุสองขนาด
มขีนาดเทา่กบั 10.6 นาโนเมตร ซึง่ใหญ่กวา่อนุภาคของโคบอลตอ์อกไซดเ์ฉลีย่ทีโ่หลดบนซลิกิาทีม่รีู
พรุนหน่ึงขนาดอยูเ่ลก็น้อย (9.8 นาโนเมตร) ทัง้น้ีเป็นผลเนื่องมาจากรพูรุนระดบัมาโครพอรท์ าให้
เกดิการรวมตวัของโคบอลตอ์อกไซดท์ัง้ภายในรพูรุนขนาดเลก็และรพูรุนขนาดใหญ่ซึง่การรวมตวัทีรู่
พรุนขนาดใหญ่ท าใหอ้นุภาคโคบอลตอ์อกไซดท์โีอกาสทีจ่ะรวมกนัเป็นอนุภาคขนาดใหญ่ไดง้า่ยกวา่ 
โคบอลตอ์อกไซดท์ีโ่หลดบนซลิกิาทีม่รีพูรนุสองขนาดสามารถถูกรดีวิซไ์ดง้า่ยกวา่โคบอลตอ์อกไซด์
ทีโ่หลดบนซลิกิาทีม่รีพูรุนหน่ึงขนาดทัง้สองขัน้ตอน (Co3O4 ไปเป็น CoO และ การรดีวิซข์อง CoO 
ไปเป็น Co0) ซึง่การรดีวิซไ์ดง้า่ยกวา่น้ีเป็นผลเน่ืองมาจากลกัษณะทางกายภาพของซลิกิาทีม่รีพูรุน
สองขนาดมโีดเมนทีส่ ัน้กวา่ท าใหก้ารแพรเ่ขา้-ออกของสารโมเลกุลท าไดง้า่ยกวา่  
 
5.  ข้อเสนอแนะส าหรบังานวิจยัในอนาคต 

ซลิกิาทีม่รีพูรนุสองขนาดสามารถช่วยเพิม่ประสทิธภิาพในการแพร่ไดเ้หมาะส าหรบัปฏกิริยิา
ทีม่คีวามตา้นทานการแพรเ่ป็นขัน้ก าหนดปฎกิริยิา โดยสามารถน าไปทดสอบเป็นตวัรองรบัตวัเรง่ใน
ปฏกิริยิา ไบโอดเีซล หรอืการเรง่ปฏกิริยิาการผลติดเีซลผา่นกระบวนการสงัเคราะหแ์บบฟิชเชอร-์
โทรปช ์ 
 
Keywords :  ตวัเรง่ปฏิกิริยาวิวิธพนัธ ์ ทรงกลมกลวง  เมทานอล  ไคโตซาน  
                      กา๊ซคารบ์อนไดออกไซด ์ ซิลิกาท่ีมีรพูรนุสองขนาด 
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In this study, CuO–ZnO nanocomposites were prepared by chitosan-assisted co-precipitation method and
performed as catalyst for CO2 hydrogenation to methanol. Effects of chitosan concentration on the physico-
chemical properties of the nanocomposites as well as the catalytic activity have been investigated. The
obtained catalysts were characterized by means of scanning electron microscopy, X-ray diffraction, N2

adsorption–desorption, N2O chemisorption and temperature-programmed reduction. Chitosan was found
to act not only as a coordination compound to produce a homogeneous combination of CuO–ZnO
nanocomposite, but also as a soft template for the formation of hollow nanospheres. The CuO and ZnO
crystallite sizes of the hollow nanospheres were found to be 11.5 and 18.8 nm, respectively, which were
smaller than those of other catalysts. The increase of chitosan concentration caused a change in catalyst
morphology and a reduction in BET surface area as well as metallic copper surface area, but still higher than
those of the unmodified catalyst. The catalysts prepared by using chitosan as precipitating agent exhibited a
higher space time yield of methanol than the unmodified catalyst, which was attributed to a synergetic effect
of the CuO nanoparticle incorporated in the CuO–ZnO nanocatalyst. However, when the reaction temperature
was increased up to 533 K, a decline in the space time yield of methanol was observed for the catalysts
prepared at high chitosan concentration.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Carbon dioxide (CO2) is considered to be the major cause of
climate change, because of its greenhouse properties and continuous
accumulation in the atmosphere. A reduction of CO2 emission can
potentially occur as a result of increased energy efficiency, substitution
of non-carbon fuels, or by carbon capture and storage (CCS) [1]. In addi-
tion to permanent storage, the utilization of CO2 has received increased
global attention. There are essentially two major pathways for utilizing
CO2 [2,3]: 1) as a feedstock for fuels and various chemicals productions,
and 2) as a solvent or working fluid. Although the utilization of CO2 will
not solve the atmospheric CO2 accumulation as well as the global
warming problems, it might contribute to such issues by reducing the
volume of CO2 produced via the use of fuels and chemicals [4].

CO2 has been already used in chemical industry for synthesis of
several organic compounds, such as urea, salicyclic acid, methanol,
e for Petroleum, Petrochemicals
eering, Faculty of Engineering,
5792083; fax:+6625614621.
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cyclic carbonates, and poly carbonate-based plastics [2]. Among
them, methanol is one of the most versatile compounds developed
as it can be used as a feedstock for chemicals, such as formaldehyde,
acetic acid and biodiesel [5–8]. All of these derivative chemicals
would be considered completely renewable. Moreover, methanol
can be looked upon as a way of converting hydrogen into an energy
carrier that can be more conveniently stored and transported.

Cu/ZnO based catalysts are known to be active and selective for
the synthesis of methanol from CO2 hydrogenation. Co-precipitation
technique, which usually employs alkaline carbonate as a precipitating
agent, is themost common commercially used to prepare Cu/ZnO based
catalysts. However, this technique has some disadvantages since the
precipitation process is lengthy as more than 12 h are essentially
required for ageing step [9–12]. Moreover, the residual alkaline content
in the catalyst is found to have a negative effect on the synthesis of
methanol from CO2 hydrogenation [12]. Therefore the large volume of
water is needed to leach the alkaline content to acceptable level, leading
to a costly process.

Naturally abundant biopolymers such as chitin and chitosan are
widely used to remove heavy metal ions such as copper, zinc, nickel
and lead from wastewater [13,14]. Thus it might be possible to use
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them as precipitating agent instead of alkaline carbonate solution.Here-
in, we report a simple, green and efficient method for preparation of
CuO–ZnO nanocomposites by facile chitosan-assisted co-precipitation
method, and their catalytic performances for the methanol synthesis
from CO2 hydrogenation have been investigated at different reaction
temperatures.

2. Experimental

2.1. Preparation of CuO–ZnO nanocomposites

The starting materials were Cu(NO3)2 · 3H2O, Zn(NO3)2 · 6H2O,
acetic acid, ammonium hydroxide and chitosan. Chitosan with 80%
deacetylation was purchased from Eland Corporation. The weight
average molar mass of chitosan (Mw = 290,000 Da) was determined
by Gel Permeation Chromatography (GPC, Water 600E) using 0.5 M
acetic acid and 0.5 M sodium acetate as an eluent at a flow rate of
0.6 mL/min. Pullulans (Mw: 5900–708,000 Da) were used as standard
samples to calibrate the column.

In a typical synthesis process, chitosan was dissolved overnight in
100 mL of 1% v/v acetic acid in deionized water at room temperature,
agitated with amagnetic stirrer. Subsequently, 3.749 g Cu(NO3)2 · 3H2O
and 4.616 g Zn(NO3)2 · 6H2O (mole ratio of Cu/Zn = 1/1) were added
into the chitosan solution. Then the pH value of the mixture was quickly
adjusted to 7 by the addition of aqueous NH4OH. The resulting mixture
was stirred at 333 K for 6 h to ensure the chitosan completely chelating
with the metal ions. Subsequently, the mixture was heated at 353 K to
evaporate the solvent. The precipitate was then dried in an oven at
393 K for 24 h. Finally, the product was calcined in a furnace under air
atmosphere at 723 K for 2 h with a heating rate of 2 K/min. In compar-
ison with the traditional co-precipitation method [9–12], chitosan
assisted co-precipitation method provided a shorter and low-cost
process because there is no further requirement for ageing and washing
steps. In order to investigate the effect of the chitosan on the physico–
chemical properties of CuO–ZnO catalysts, the chitosan concentration
was varied from0 to 0.0045 g mL−1. The obtained products are denoted
as CZ-x; where x is a chitosan concentration of 0, 0.0015, 0.0030 and
0.0045 g mL−1.

2.2. Characterization of CuO–ZnO nanocatalysts

The surface morphology and surface compositions of the samples
were examined with a field emission scanning electron microscopy
(FE-SEM: Hitachi-S4700) equippedwith energy-dispersive X-ray spec-
troscopy (EDS). The samples were sputter coated with gold prior to
examination.

X-ray diffraction (XRD) patterns of the catalysts were done on a
diffractometer (Bruker D8 Advance) using Cu-Kα radiation. The
measurements were made at room temperature at a range of 20°–90°
on 2θ with a step size of 0.05°. The diffraction patterns were analyzed
using the Joint Committee on Powder Diffraction Standards (JCPDS).
CuO and ZnO crystallite sizes were calculated by means of the Scherrer
Eq. as shown below:

d ¼ 0:89λ
B cosθ

� 180o

π
ð1Þ

where d denotes the mean crystallite size, λ is the X-ray wave
length (1.54 Å), and B is the full width half maximum (FWHM) of
the peak.

Nitrogen sorption isotherms of the catalysts were measured at
77 K with a Quantachrome Autosorb-1C instrument. Prior to sorption
measurements, the products were degassed at 473 K for 12 h. The
pore size distribution was calculated by using the Barrett–Joyner–
Halenda (BJH) methods. The specific pore volumes were measured
at a relative pressure P/P0 of 0.995. The total surface area (SBET) of
the catalysts was derived by using the BET (Brunauer–Emmert–Teller)
analysis in the relative pressure range between P/P0 = 0.05 and
0.3. The copper (Cu0) surface area of the catalysts was obtained by
N2O-titration measurements as described elsewhere [15].

The extent of CuO reduction in hydrogen was measured using a
DSC-TGA 2960 thermal analyzer. The samples (10 mg) were placed
in an alumina pan and were dehydrated in dry air at 473 K for 1 h.
Then the sampleswere cooled down to room temperature. Subsequently,
the sampleswere heated in aflowof hydrogen (100 mL/min) from room
temperature to 673 Kwith a heating rate of 5 K/min. TGA technique used
in the present work tomeasure extent of CuO reductionwas successfully
tested for supported CuO/ZnO/Al2O3, CuO/CeO2, CuO/ZrO2 and CuO/ZnO/
ZrO2 catalysts [16–18].

2.3. Catalytic activity test

CO2 hydrogenation was carried out in a fixed–bed stainless steel
reactor (7.75 mm inner diameter). In a typical experiment, 0.5 g
fresh catalyst was diluted with 0.5 g inert silica sand (75–150 μm).
The catalyst was reduced in situ at atmospheric pressure in pure H2

flow (80 mL/min) at 623 K for 2 h with a heating rate of 5 K/min.
After reduction, the temperature was decreased to 433 K under flow
of N2, and subsequently a flow of CO2 and H2 mixture (CO2:H2 molar
ratio of 1:3) was fed through the reactor. The feed flow rate was set at
4800 mL/gcat · h. The reactor pressure was slowly raised to 2.0 MPa
and the reactor was heated to a given temperature (453, 473, 493,
513 and 533 K). The effluent gaseous products were analyzed by
using gas chromatography. Analysis of H2, CO, CO2, N2 and H2O was
performed using GC–2014 gas chromatography equipped with a ther-
mal conductivity detector (TCD) and a Unibead-C column.Hydrocarbon
products were analyzed by using GC 8A equipped with a flame ioniza-
tion detector (FID) detector and a Porapak-Q column.

3. Results and discussion

The apparent morphologies of the CuO–ZnO nanocomposites
prepared at different chitosan concentrations examined by means of
a SEM are shown in Fig. 1. Without the addition of chitosan
(Fig. 1a–c), an aggregate of two different morphologies including a
plate-like structure and an irregular spherical shape was observed.
The size of the plate-like structure was found to be approximately
300–500 nm which was larger than that of the irregular spherical
shape (100–300 nm). The EDX results revealed that the main compo-
nent of the plate-like structure was ZnO whereas that of the irregular
spherical shape was CuO, implying that the CuO and ZnO products
occurred separately. Once 0.0015 g mL−1 chitosan was used (Fig. 1d–f),
individual hollow spheres with an average size of approximately
300–500 nm were formed. An enlarged SEM image (Fig. 1f) from the
surface of the hollow nanospheres clearly revealed that the shell of the
hollow nanospheres was composed of numerous nanocrystals. With
increasing the chitosan concentration to 0.0030 g mL−1 (Fig. 1 g–i),
the size of the hollow nanospheres was found to decrease when com-
pared to that of the product prepared at lower amount of chitosan
(CZ-0.0015). Moreover, the hollow spheres were connected together
and formed a loose network. With a yet higher chitosan concentration
(Fig. 1j–l), the hollow spheres were no longer observed and instead
an agglomerate of nanoparticles was obtained. Based on the results of
the EDX analysis on several spots, the ratio of Cu/Zn of the catalyst
CZ-0.0015 was found to be 0.93 which was indicative for a uniform
distribution of CuO and ZnO in the structure of the catalysts. However,
the increase of chitosan concentration caused a decrease of the ratio
of Cu/Zn to be 0.85 and 0.75 for the catalysts CZ-0.0030 and CZ-0.0045,
respectively.

The XRD patterns of the products synthesized at different chitosan
concentrations are shown in Fig. 2. The major peaks at 2θ values of
32.54°, 35.52°, 38.81°, 48.56° and 61.50° which are indexed to the
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Fig. 1. SEM images at different magnifications of all catalysts: (a–c) CZ-0, (d–f) CZ-0.0015, (g–i) CZ-0.0030 and (i–l) CZ-0.0045.
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CuO diffractions of (110), (002), (111), (202) and (113) planes,
respectively are consistent with the JCPDS 05-0661 and ascribed to
the monoclinic CuO crystal phase. The other diffraction peaks
matched the standard data for a heaxagonal wurtzite ZnO (JCPDS
36–1451). It can be seen that the XRD pattern of all products
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Fig. 2. XRD patterns of all catalysts: (a) CZ-0, (b) CZ-0.0015, (c) CZ-0.0030 and
(d) CZ-0.0045.
appeared at the identical 2θ angles, indicating that the chitosan
molecules did not alter the crystalline phases of the products. The
most intense peak of CuO and ZnO centered at 35.52° and 36.25°,
respectively is used to calculate the average crystallite size with the
Scherrer Equation. Note that the similar trends were obtained when
other peaks were applied.

As shown in Table 1, the CuO and ZnO crystallite sizes of the
unmodified catalyst were found to be 20.4 and 29.1 nm, respectively.
With the use of chitosan, both the CuO and ZnO crystallite sizes were
significantly decreased. At low chitosan concentration (CZ-0.0015),
the CuO and ZnO crystallite sizes were found to be reduced by
43.6% and 35.4%, respectively, when compared to their original size.
However, the percent reduction in crystallite size was found to be
decreased with increasing the chitosan concentration. At high chitosan
concentration (CZ-0.0045), only 20.6% and 10.0% of size reduction of
CuO and ZnO could be achieved respectively. Several literatures
reported that chitosan could effectively chelate heavy metal ions
because the active sites including the amino (\NH2) and/or hydroxyl
(\OH) groups along the backbone chains of chitosan molecules served
as coordination sites [19–21]. These interactions might be strong
enough to restrict mobility of metal species, and therefore limited the
available number of metal species to form the larger crystal. However,



Table 1
Surface compositions reported as average value and metal oxides crystallite size.

Samples a Position Cu/Zn Average metal oxides
crystallite size (nm)

CuO b ZnO b

CZ-0 Rectangular 0.14 20.4 29.1
Circle 2.72

CZ-0.0015 Rectangular 0.93 11.5 18.8
CZ-0.0030 Rectangular 0.85 13.5 23.4
CZ-0.0045 Rectangular 0.75 16.2 26.2

a The samples are denoted as CZ-x where x is the chitosan concentration in g mL−1.
b The crystallite sizes for CuO and ZnO were calculated with the Scherrer equation

using the most intense peak centered at 35.52° and 36.25°, respectively.
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the dense chitosan network was possibly formed at high chitosan con-
centration. Themetal species hardly penetrated within the dense chito-
san network, and adsorbed randomly on the external chitosan network.
Therefore the active sites were reduced and the chitosan molecule was
inefficient to prevent the crystal growth for such condition. Note that
chitosan molecule would prefer to control the crystal growth of CuO
rather than that of ZnO. This is likely because the adsorption rate of
copper species with the chitosan molecules was faster than that of
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Fig. 3. N2-sorption isotherms and pore size distributions of all catalysts: (a and
zinc species [19–21], resulting in a larger amount of zinc species to be
remained in the solutionwhich could promote the formation of a larger
crystal.

As the characteristics of the pore structure of CuO–ZnO
nanocomposites could affect the transport of reactants and need to
be therefore thoroughly investigated. The pore characteristics of all
samples measured by N2-physisorption are shown in Fig. 3 and their
textural properties inclusive the BET surface area and total pore volume
are listed in Table 2. As shown in Fig. 3a, the isotherm of the sample
prepared without the chitosan addition was found to be almost parallel
to the x-axis, an indication of non-porous materials. The quite low and
multimodal peak intensities suggested non-uniform porosity as a result
of mixed mesopores and macropores (Fig. 3e). With the chitosan addi-
tion, the type II isotherm was found (Fig. 3b–d), which suggests the
existence of macroporous structure in the catalysts. The peak intensity
of these samples was found to be sharp and located in the macropore
region. However, the pore size was found to be dissimilar and strongly
depend on the chitosan concentration. At 0.0015 g mL−1 chitosan
(Fig. 3f), the bimodal pores centered at 42 and 215 nmwere observed,
which could be related to the aggregate of nanoparticles and the open-
ing part of hollow sphere as shown by SEM image (Fig. 1f), respectively.
With further increasing chitosan concentration to 0.0030 and
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Table 2
Average pore size, BET surface area, total pore volume and copper surface area of the
catalysts.

Catalysts Average pore
diameter (nm)

BET surface
area (m2/g)

Total pore
volume (mL/g)

Copper surface
area (m2/g)

CZ-0 – 14.5 0.06 5.5
CZ-0.0015 42 and 215 46.2 0.16 15.4
CZ-0.0030 60 34.5 0.13 12.5
CZ-0.0045 80 28.4 0.11 8.4
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0.0045 g mL−1 (Fig. 3 g and h), the large pore size (215 nm) was dis-
appear and the smaller pore size was established to have shifted to 60
and 80 nm, respectively.

The BET surface area and total pore volume of the sample pre-
pared without the chitosan addition were found to be 14.5 m2/g
and 0.06 cm3/g, respectively. When the chitosan was used, the in-
crease in the BET surface and the total pore volume was observed.
The highest BET surface area (46.2 m2/g) and the largest total pore
volume (0.16 cm3/g) were achieved for the catalyst CZ-0.0015. After
this chitosan concentration, the BET surface area and the total pore
volume were found to slightly decrease but still higher than that of
the unmodified catalyst.

Fig. 4 shows the reduction profiles of all catalysts. The catalyst
CZ-0 displays two main exothermic peaks at the maximum tempera-
tures of 465 K and 471 K, a suggestion of the presence of two reduc-
ible copper species. The peak at lower temperature can be ascribed to
the reduction of highly dispersed CuO species [22] while the peak at
higher temperature can be attributed to the reduction of bulk-like
CuO phases [22]. This result revealed that most of copper species
were precipitated as separate phase and a small percent of CuO
formed in the CuO–ZnO composite. With small amount of chitosan
addition (0.0015 g mL−1), only one sharp peak appeared at 461 K is
observed, which is an indication of the homogeneous dispersion of
CuO phase in the CuO–ZnO composite. With further increase the
amount of chitosan to 0.0030 and 0.0045 g mL−1, the double peak
appears again. However, the maximum peaks are established to
have shifted toward lower temperature compared to those of the
unmodified catalyst, which suggests a smaller CuO crystallite size to
be reduced easier than a larger one. Note that a larger CuO crystallite
size of the CZ-0.0030 and CZ-0.0045 catalysts can be reduced at lower
temperature compared to the smaller CuO crystallite size of the
CZ-0.0015 catalyst. This result may be due to the fact that the
CZ-0.0015 catalyst is a homogeneous mixture of CuO and ZnO as
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Fig. 4. TPR profiles of all catalysts: (a) CZ-0, (b) CZ-0.0015, (c) CZ-0.0030 and
(d) CZ-0.0045.
examined by the SEM-EDX analysis (Cu/Zn ratio = 0.93). In other
words, CuO nanoparticles could be adjacently formed with ZnO
nanoparticles leading to a strong interaction, which possibly make
it more difficult to be reduced when compared to the reduction of
aggregated CuO nanoparticles.

As the active form of copper-based catalyst in the methanol
synthesis is mainly metallic surface of copper (Cu0), the reduction
of copper oxide species is essentially performed to obtain the active
phase. As shown in Table 2, the metallic copper surface area of the
catalysts follows the similar trend of the BET surface area. This result
was in good agreement with the reduction behavior and SEM analysis
that the catalyst CZ-0.0015 exhibited the homogeneous distribution
of CuO in the CuO–ZnO composite.

Effects of reaction temperature on the activity of the CuO–ZnO
nanocomposite in CO2 hydrogenation to methanol are shown in
Fig. 5. With increasing reaction temperature from 473 to 513 K, CO2

conversion of all catalysts was found to be increased with no sign of
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Fig. 5. CO2 conversion (a), CH3OH selectivity (b) and STY of methanol (c) of CZ-0,
CZ-0.0015, CZ-0.0030 and CZ-0.0045 at different reaction temperatures.
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deactivation and the catalyst prepared via chitosan-assisted co-
precipitation method was found to be more active than that prepared
without the chitosan. At 533 K, CO2 conversion of all catalysts
still increased, however, the sign of deactivation was observed.
When compared to the initial CO2 conversion at 533 K, the CO2 conver-
sion after 10 h was found to decrease by 1.32%, 1.23%, 3.56% and
4.59% for the CZ-0, CZ-0.0015, CZ-0.0030 and CZ-0.0045 catalysts,
respectively.

The methanol selectivity of all catalysts was found to decrease
with the increase of reaction temperature due to a thermodynamic
equilibrium of methanol and a parallel increase in the participation
of the endothermic reverse-water-gas-shifted reaction. The space
time yield (STY) of methanol was found to increase with the increase
of reaction temperature from 453 to 513 K due to the increase of CO2

conversion and relatively high methanol selectivity. The highest STY
of methanol was found (at 513 K) to be 135 g/kgcat h for the catalyst
CZ-0.0015 which was established to be 190% more effective than that
of the unmodified catalyst. The STY of methanol operated at 533 K
was found to be lower than that at 493–513 K due to a dramatically
decrease of methanol selectivity. Again, compared to the initial STY
of methanol at 533 K, the STY of methanol after 10 h was found to
decrease by 4.84%, 4.05%, 8.15% and 8.00% the CZ-0, CZ-0.0015,
CZ-0.0030 and CZ-0.0045 catalysts, respectively. This indicates that
the deactivation of the catalysts prepared at high chitosan concentra-
tion (CZ-0.0030 and CZ-0.0045) is easier than that of the other catalysts
(CZ-0 and CZ-0.0015). This is likely due to the fact that the larger copper
crystallites can remain in the metallic form, while the small copper
crystallites are possibly oxidized to Cu2O or CuO [23]. In addition, this
behavior can be a thermally induced deactivation caused by a loss of
surface area of copper. Note that chitosan-assisted co-precipitation
can enhance the metallic copper surface area as CuO can be better
dispersed on the surface of ZnO. However, for the CZ-0.0030 and
CZ-0.0045 catalysts, the surface of ZnO cannot prevent an aggregate of
copper nanoparticles from a sintering process. This is likely that the
interaction between CuO and ZnO of those catalysts was relatively
weak as shown in Fig. 4. Therefore mobility of CuO can occur and CuO
nanoparticles may be aggregated to form the larger one when the reac-
tion temperature was increased.

The effect of metallic copper surface area on the activity of synthesis
of methanol fromCO2 hydrogenation over all catalysts was investigated
at different reaction temperatures and the results are shown in Fig. 6.
It can be clearly seen that both CO2 conversion (Fig. 6a) and STY of
methanol (Fig. 6b) increased with the increase of the metallic copper
surface area. However, only the catalysts prepared with the chitosan
addition (CZ-0.0015, CZ-0.0030, and CZ-0.0045) show a linear
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Fig. 6. CO2 conversion (a) and STY of methanol (b) as a function of
relationship. Both CO2 conversion and space time yield of methanol of
the unmodified catalyst (SCu = 5.5 m2/g) obviously deviated from the
linear trend of variation of the metallic copper surface area of 8.4–
15.4 m2/g. Several literatures reported that the catalytic activity of
synthesis of methanol from CO2 hydrogenation not only depended on
the metallic copper surface area but also a synergy effect between Cu
and ZnO [24–26]. In contrast to the catalysts preparedwith the chitosan
addition, the CuO and ZnO of the unmodified catalyst precipitated
separately with a low degree of combination, and therefore the devia-
tion of the catalytic activity of the unmodified catalyst could be due to
a lower synergy effect between Cu and ZnO.
4. Conclusion

In summary, the use of chitosan as precipitating agent was found
to significantly influence on the physicochemical properties of the
CuO–ZnO nanocomposites as well as catalytic performance for CO2

hydrogenation to methanol. Hollow CuO–ZnO nanospheres with the
homogeneous distribution of CuO could be formed by adding a small
amount of chitosan (CZ-0.0015). When the chitosan concentration
was increased (CZ-0.0030 and CZ-0.0045), the hollow structure was
no longer observed and instead an aggregate of CuO–ZnO nanoparticles
was obtained. The CuO and ZnO crystallite sizes were found to decrease
when compared to the unmodified catalyst. However, at high chitosan
concentration, the CuO nanoparticles tended to aggregate themselves,
resulting in a reduction of copper surface area. The CO2 conversion
and the space time yield of methanol of the catalysts prepared with
chitosan were found to exceed those of the unmodified catalyst. How-
ever, at high reaction temperature, a sign of deactivation was observed
for the catalysts prepared with high chitosan concentration (CZ-0.0030
and CZ-0.0045) which was possibly due to the weak interaction
between CuO and ZnO.
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Abstract

CuO–ZnO nanocomposites were synthesized via a chitosan-assisted solution combustion method. The effects of pH and chitosan

concentration on the physicochemical properties of the CuO–ZnO nanocomposites have been investigated. Thermal behavior,

morphological structures, surface composition, crystal type and specific surface area of the products were characterized by means of

thermal gravimetric and differential temperature analysis, scanning electron microscopy, energy dispersive X-ray spectroscopy, X-ray

diffraction and N2-sorption analysis, respectively. Without the use of chitosan, CuO and ZnO particles were separately formed while

CuO and ZnO crystallite sizes tended to be decreased with increasing the pH value. Chitosan was found to not only induce a

homogeneous mixture of CuO–ZnO nanocomposites but also prevent the growth of CuO and ZnO nanoparticles. Moreover, chitosan

also acted as a fuel which promoted the formation of CuO and ZnO nanoparticles at lower temperature.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Composites; Chitosan; Solution combustion
1. Introduction

Nanocomposites are of great interest in many scientific
and technological disciplines as they not only provide the
best properties of their individual parents but also create
the considerable synergy effects. Recently, CuO–ZnO
nanocomposites have received much attention due to their
potential uses in many applications, such as catalyst for
methanol synthesis [1], solar cells [2], gas sensors [3,4] and
photocatalysis [5,6]. Taking photocatalysis as an example,
the composites of ZnO and CuO were found to reduce the
recombination of electrons and holes and thus promoted
the photocatalytic activity to be more efficient than that of
an individual ZnO [5,6].
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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Various techniques such as hydrothermal [4], co-
precipitation [7], sol–gel [8] and solution combustion [9–13]
have been used to prepare metal oxide nanocomposites.
Among these, the solution combustion, a redox reaction
taken place between an oxidant and a fuel, has a great
advantage through relative low temperature and simple
equipment, which makes this method suitable and economic
for large-scale production. Several organic compounds such
as glycine [9], citric acid [10,11], urea [10,12], L-alanine [10]
and polyethylene glycol [13] were found to not only act as a
fuel but also have a significant influence in a nucleation and
growth of the primary nanoparticles, resulting in a variety of
size, shape, phase composition, morphology as well as their
potential application [14]. In addition to organic compound,
the synthesis parameters such as pH and temperature of the
solution considerably affected the variation in the type of
metal species [15,16] as well as the structural configuration of
the organic compounds [17].
Chitosan, which is a non-toxic, inexpensive and bio-

compatible polymer, is an interesting material to be used as
ll rights reserved.
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a fuel in the synthesis of metal oxide nanocomposites since
a large number of active hydroxyl and amine groups along
the backbone chains of chitosan molecules can serve as
coordination sites. Herein we propose a novel and promising
bioploymer, chitosan, as an organic additive for the solution
combustion synthesis of CuO–ZnO nanocomposites. The
effects of pH and chitosan concentration on combustion
characteristics and physical properties of the composites
were investigated and characterized by means of thermal
gravimetric and differential thermal analysis (TG–DTA),
N2-sorption isotherms, X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM).

2. Experimental

2.1. Chemicals and reagents

Copper nitrate trihydrate Cu(NO3)2 � 3H2O, zinc nitrate
hexahydrate Zn(NO3)2 � 6H2O, acetic acid CH3COOH and
ammonium hydroxide NH4OH (28 wt%) were purchased
from Sigma-Aldrich Company. Chitosan with 80% deace-
tylation was purchased from Eland Corporation. The
molecular weight of the chitosan determined by Gel
Permeation Chromatography (GPC, Waters 600E) using
0.5 M acetic acid and 0.5 M sodium acetate as the eluent
was found to be approximately 290 kDa. All chemicals and
reagents are of analytical grade and used without any
further purification.

2.2. Preparation of CuO–ZnO nanocomposites

Chitosan was dissolved overnight in 100 mL of 1% v/v
acetic acid in deionized water at room temperature,
agitated with a magnetic stirrer. Subsequently, 3.749 g
Cu(NO3)2 � 3H2O and 4.616 g Zn(NO3)2 � 6H2O (mole ratio
of Cu/Zn¼1/1) were added into the chitosan solution.
Then the pH value of the mixture was quickly adjusted to 6
by the addition of aqueous NH4OH. The resulting mixture
was stirred at 333 K for 6 h to ensure the chitosan
completely chelating with the metal ions. Subsequently,
the mixture was heated at 353 K to evaporate the solvent.
The precipitate was then dried in an oven at 393 K for
24 h. Finally, the product was calcined in a furnace under
nitrogen atmosphere at 723 K for 2 h with a heating rate of
2 K/min. In order to investigate the effect of the pH
value and the chitosan concentration, the pH value was
changed to 7 and 8, while the amount of chitosan addition
was varied from 0 to 0.6 g. The samples are denoted
as CZx–Cy (x¼pH value and y¼amount of chitosan
addition in grams).

2.3. Characterization of CuO–ZnO nanocomposites

The combustion characteristic of the dried samples was
investigated with a SDT2960 simultaneous DTA–TGA
Universal 2000 at a heating rate of 10 1C/min under a
flow of nitrogen (80 mL/min). The specific surface area
(SBET) of the composites was determined with a Quanta-
chrome Autosorb-1C instrument at �196 1C. X-ray dif-
fraction (XRD) patterns of the composites were done on a
diffractometer (Bruker D8 Advance) using Cu-Ka radia-
tion. The measurements were made at room temperature at
a range of 201–901 on 2y with a step size of 0.051. The
diffraction patterns were analyzed using the Joint Com-
mittee on Powder Diffraction Standards (JCPDS). CuO
and ZnO crystallite sizes were calculated by means of the
Scherrer Equation as shown below:

d ¼
0:89l

B cos y
�

1801

p
ð1Þ

where d denotes the mean crystallite size, l is the X-ray
wave length (1.54 Å), and B is the full width half maximum
(FWHM) of the peak. The surface morphology and sur-
face compositions of the samples were examined with
a field emission scanning electron microscopy (FE-SEM:
Hitachi-S4700) equipped with energy-dispersive X-ray
spectroscopy (EDS). The samples were sputter coated with
gold prior to examination.
3. Results and discussion

Fig. 1 shows a thermal behavior of the products
synthesized at different chitosan concentrations investi-
gated by TG–DTA measurement. It can be seen that,
without the use of chitosan (CZ7–C0), there is an endother-
mic peak and two exothermic peaks appear at 135, 228 and
259 1C, respectively. The endothermic peak with a weight
loss of approximately 10% can be attributed to the loss of
residual water in the gel. A large weight loss of approxi-
mately 52% between 200 and 280 1C is ascribed to the
decomposition of nitrate, Zn(OH)2 to ZnO and Cu(OH)2
to CuO. The addition of chitosan to the precursor solution
was found to affect the combustion rate of the gel. At low
chitosan concentration (CZ7–C0.3), the peak at approxi-
mately 139 1C, corresponding to the removal of water in
the gel, still exist. However, the first exothermic peak was
found to shift its position from 228 to 203 1C with a
sudden decrease in weight of approximately 46%, an
indication of autocatalytic combustion behavior at which
chitosan served as a fuel. The remaining weight loss (14%)
occurring in the region of 203–265 1C could be ascribed to
incomplete decomposition of nitrate, Zn(OH)2 to ZnO and
Cu(OH)2 to CuO. At a higher chitosan concentration
(CZ7–C0.6), the decomposition of the gel occurred sud-
denly in a single step, which is potentially due to a greater
amount of energy released from the reaction as the
increase of fuel. However, the maximum of the exothermic
peak was found to slightly shift towards a higher tempera-
ture (209 1C) when compared to that of the sample
CZ7–C0.3. This observation could be due to the entrapment
of chitosan molecules surrounded by metal hydroxides,
which interrupt the role of chitosan. The similar trends
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Fig. 1. TG (a) and DTA (b) curves of the dried gel prepared without

(CZ7–C0) and with chitosan (CZ7–C0.3 and CZ7–C0.6).
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were also observed for the samples synthesized at other pH
values (not shown here).

The apparent morphologies of the samples synthesized
at different pH values and chitosan concentrations exam-
ined by means of a SEM are shown in Fig. 2. The surface
compositions (Cu/Zn) were investigated by SEM–EDX
with several spots and the average value was considered for
each system. The results of Cu/Zn ratio of all samples are
summarized in Table 1. The samples synthesized without
the use of chitosan were found to have two different
morphologies (Fig. 2a–c). At pH 6 (Fig. 2a), the sample
shows a platelet-like morphology and a pyramid-shaped
structure with average size of approximately 1 and 3 mm,
respectively. The Cu/Zn ratio of the platelet and the
pyramid was found to be 2.53 (circle) and 0.09 (rectan-
gular), respectively, an indication for the separate forma-
tion of CuO and ZnO phases since the initial ratio of
Cu/Zn was equal to 1. The similar trends were also
observed when the pH value was increased to 7 (Fig. 2b)
and 8 (Fig. 2c).
Once chitosan was applied at low concentration (Fig. 2d–f),

the platelet-like morphology and the pyramid-shaped structure
were no longer observed and instead only an aggregation
of irregular spherical structure was obtained. The Cu/Zn
ratio was found to be 0.88, 0.92 and 1.04 for the samples
synthesized at pH 6, 7 and 8, respectively, which was indicative
of a homogeneous mixture of CuO and ZnO nanoparticles.
The increase of chitosan concentration was found to
change the irregular spherical structure to a foamy filament
and spongy in nature for the samples synthesized at pH 6 and
7 (Fig. 2g and h). This could be due to the fact that the
addition of chitosan in reaction mixture acts as a fuel as
evident from the thermal analysis data. The increase in
chitosan content acts as a space filling agent, which possibly
leaves empty spaces during the combustion process and thus
resulting in the existence of huge porosity of the CuO–ZnO
nanocomposites. At pH 8 (Fig. 2i), a denser aggregation of
irregular spherical structure was obtained. The Cu/Zn ratio
was found to be 0.72, 0.75 and 0.80 for the samples
synthesized at pH 6, 7 and 8, respectively. Note that these
ratios were considerably lower than unity, indicating that the
large portion of the external surface of the particles were
coated by zinc oxides.
The XRD patterns of the samples synthesized at differ-

ent pH values and chitosan concentrations are shown in
Fig. 3. The peaks at 32.541, 35.521, 38.811, 48.561 and
61.501 of the 2y were attributed to the CuO diffractions of
(110), (002), (111), (202) and (113), respectively. The other
diffraction peaks matched the standard data for a
heaxagonal wurtzite ZnO (JCPDS 36–1451). The peak
intensities of the samples synthesized without the use of
chitosan were found to be decreased with increasing the
pH of the mixture (Fig. 3a–c), which is attributed to
the decrease in crystallinity. The average crystallite sizes of
the samples calculated with the Scherrer Equation on the
CuO (111) and the ZnO (100) are listed in Table 1. The
average crystallite size of CuO was found to be 28.5, 18.2
and 17.8, while that of ZnO was found to be 36.8, 28.9 and
28.5 for the samples synthesized at pH 6, 7 and 8,
respectively.
The XRD pattern (Fig. 3a–c) of the samples synthesized

with chitosan appeared at the identical 2y angles as that of
the samples synthesized without chitosan, indicating that
chitosan did not alter the crystalline phases of the samples.
At low chitosan concentration, the CuO and ZnO crystal-
lite sizes were found to be considerably smaller than those
of the samples prepared without the use of chitosan.
However, further increase in the chitosan concentration
resulted in a significant increase in crystallite sizes of CuO
and ZnO.
The variation in CuO and ZnO crystallite sizes and their

morphologies could be attributed to the interaction
between chitosan molecules and metal cations. Under near
neutral conditions (pH 6–8), nitrogen atoms of amino
groups along the backbone chains of chitosan molecules



Fig. 2. SEM images of CZ6–C0 (a), CZ7–C0 (b), CZ8–C0 (c), CZ6–C0.3 (d), CZ7–C0.3 (e), CZ8–C0.3 (f), CZ6–C0.6 (g), CZ7–C0.6 (h) and CZ8–C0.6 (i).

Table 1

Surface compositions reported as average value, metal oxides crystallite

size and BET surface area.

Catalystsa Position Cu/Zn

Metal oxides crystallite

size (nm)
BET surface

area (m2/g)

CuO ZnO

CZ6–C0 rectangular 0.09 28.5 36.8 2.0

circle 2.53

CZ6–C0.3 rectangular 0.88 13.4 30.6 28.6

CZ6–C0.6 rectangular 0.72 15.1 24.5 18.4

CZ7–C0 rectangular 0.27 18.2 28.9 14.0

circle 4.44

CZ7–C0.3 rectangular 0.92 13.6 21.6 31.5

CZ7–C0.6 rectangular 0.75 16.3 26.7 21.4

CZ8–C0 rectangular 0.16 17.8 28.5 17.2

circle 1.31

CZ8–C0.3 rectangular 1.04 11.8 21.8 32.1

CZ8–C0.6 rectangular 0.80 17.0 26.2 17.8

aThe samples are denoted as CZx–Cy where x is the pH value and y is

the amount of chitosan addition in grams.
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hold free electrons [18,19], which can bind to copper
species and zinc species by chelation. This result not only
reduce the quantity of available copper species and zinc
species as seeding but also prevent further growth in size
of their structure since they were limited within the
chitosan network. With further increasing the chitosan
concentration at a higher pH value, the chitosan amount
was beyond the solubility limit, leading to the formation of
highly dense chitosan network. Copper species and zinc
species hardly penetrated within the voids of chitosan
network and randomly adsorbed on the external chitosan
network. Therefore, the role of the chitosan molecules to
prevent the growth of particles was inefficient when the
excessive amount of the chitosan was used.

4. Conclusion

CuO–ZnO nanocomposites were produced by a
chitosan-assisted solution combustion method. Chitosan
was found to have three main roles on the formation of the
CuO–ZnO nanocomposites: (i) chitosan could induce a
homogenous mixture of CuO and ZnO nanoparticles,
(ii) chitosan could prevent the growth of CuO and ZnO
nanoparticles and (iii) chitosan acted as a fuel. This
finding indicates that chitosan constitutes a feasible option
as an organic additive for the synthesis of CuO–ZnO
nanocomposites via the solution combustion method due
to its potentially low costs and environmentally benign
nature.
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Cu/Zn/Al xerogels and aerogels prepared by a sol–gel reaction as

catalysts for methanol synthesis, European Journal of Inorganic

Chemistry 23 (2006) 4774–4781.

[9] X. Guo, D. Mao, G. Lu, S. Wang, G. Wu, Glycine-nitrate

combustion synthesis of CuO–ZnO–ZrO2 catalysts for methanol

synthesis from CO2 hydrogenation, Journal of Catalysis 271 (2010)

178–185.

[10] K. Laishram, R. Mann, N. Malhan, Effect of complexing agents on

the powder characteristics and sinterability of neodymium doped

yttria nanoparticles, Powder Technology 229 (2012) 148–151.

[11] X. Li, Z. Feng, J. Lu, F. Wang, M. Xue, G. Shao, Synthesis and

electrical properties of Ce1-xGdxO2-x/2 (x¼0.05–0.3) solid solutions

prepared by a citrate-nitrate combustion method, Ceramics Interna-

tional 38 (2012) 3203–3207.

[12] K. Laishram, R. Mann, N. Malhan, Single step synthesis of

yttrium aluminum garnet (Y3Al5O12) nanopowders by mixed fuel

solution combustion approach, Ceramics International 37 (2011)

3743–3746.

[13] W. Wang, X. Liu, F. Gao, C. Tian, Synthesis of nanocrystalline

Ni1Co0.2Mn1.8O4 powders for NTC thermistor by a gel auto-

combustion process, Ceramics International 33 (2007) 459–462.

[14] D. Parviz, M. Kazemeini, A.M. Rashidi, Kh.J. Jozani, Synthesis and

characterization of MoO3 nanostructures by solution combustion

method employing morphology and size control, Journal of Nano-

particle Research 12 (2010) 1509–1521.

[15] M. Ajmal, A.H. Khan, S. Ahmad, A. Ahmad, Role of sawdust in the

removal of copper(II) from industrial wastes, Water Research 32

(1998) 3085–3091.

[16] A. Degen, M. Kosec, Effect of pH and impurities on the surface

charge of zinc oxide in aqueous solution, Journal of the European

Ceramic Society 20 (2000) 667–673.

[17] J. Berger, M. Reist, J.M. Mayer, O. Felt, N.A. Peppas, R. Gurny,

Structure and interactions in covalently and ionically crosslinked

chitosan hydrogels for biomedical applications, European Journal of

Pharmaceutics and Biopharmaceutics 57 (2004) 19–34.

[18] A.R. Shetty, Master’s Thesis: Metal Anion Removal From Waste-

water Using Chitosan in a Polymer Enhanced Diafiltration System,

Worcester Polytechnic Institute, United States, 2006.

[19] V.K. Mourya, N.N. Inamdar, A. Tiwari, Carboxymethyl chitosan

and its applications, Advanced Materials Letters 1 (2010) 11–33.



Effect of bimodal porous silica on particle size and reducibility
of cobalt oxide

Thongthai Witoon • Metta Chareonpanich •

Jumras Limtrakul

Published online: 4 August 2012

� Springer Science+Business Media, LLC 2012

Abstract In this study, the effect of bimodal porous silica

(BPS) on particle size and reducibility of cobalt oxide has

been investigated. Unimodal porous silica (UPS) was used

for comparison purposes. Both silica supports were

impregnated with an aqueous solution of cobalt nitrate to

obtain cobalt loadings of about 10 wt%. Pore structure,

specific surface area, morphology and cobalt oxide crys-

tallite size of the cobalt oxide loaded on porous silicas were

systematically characterized by means of N2-sorption,

X-ray diffraction, scanning electron microscopy and

transmission electron microscopy. The reduction behavior

profiles and the activation energy for the reducibility of the

cobalt oxide were studied by dynamic thermal gravimetric

under flow of H2. The average particle size of cobalt oxide

loaded on the BPS sample was revealed to be slightly

larger than that loaded on the UPS sample, likely because

cobalt oxide particles were distributed both on mesopores

and macropores. The reduction temperatures of the cobalt

oxide loaded on the BPS sample were found to be evi-

dentially lower than those of the cobalt oxide loaded on the

UPS sample.

Keywords Porosity � Particle size � Aggregation � Silica �
Cobalt � Reduction behavior

1 Introduction

Recently, the intensive concerns of fossil energy depletion,

air pollution and global climate change have encouraged

many researchers to focus in the production of clean

alternative energy. In order to deal with continually mas-

sive fuel consumption and the restriction of the emitted

pollutants, high quality transportation fuels are needed.

One promising source of alternative energy comprises

synthetic fuels produced by the Fischer–Tropsch process,

which have received increasing attention worldwide due to

their compatibility with existing petroleum infrastructure

and vehicles [1]. Cobalt metal is a good catalyst for

Ficher–Tropsch synthesis (FTS), especially when high-

chain-growth probability and low branching probability are

required [2]. In order to expose as many cobalt atoms as

possible to gaseous reactants, cobalt precursor is normally

deposited on porous supports such as silica, alumina, tita-

nia and carbon nanotubes [3, 4]. Among these, silica is

becoming very competitive because of its economical

potential and availability (as it can be produced from a

renewable resource such as rice husk ash).

The textural properties of porous silica supports and

cobalt-support interaction have a profound impact on the

size, dispersion and catalytic performance of cobalt catalysts

[5–7]. For instance, the catalytic activity is proportional to

the amount of active sites. High surface area of catalyst

support can provide high active surface, however a support

with high surface usually contains a large number of small

pores, resulting in poor diffusion of reactants, intermediates

and product. On the other hand, low dispersion of Co3O4 is

often obtained for large-pore silica-supported cobalt cata-

lysts due to an aggregation of cobalt atoms, leading in turn

to low catalytic activity. In order to overcome these limita-

tions, a support with two independently adjustable pore
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diameters—one in the macropore diameter to enhance mass

transfer and the other in the nanometer range to maintain

high surface area—is required. Tsubaki et al. [8] prepared a

bimodal catalyst containing mesopores and macropores by

introducing silica sols into large-pore silica gel. Such a

catalyst exhibited high carbon monoxide conversion and

low methane selectivity.

An appropriate interaction of cobalt with the support is

also a favorable property in achieving high activity and

high selectivity to long chain hydrocarbons during Fischer–

Tropsch synthesis. Strong cobalt-support interaction may

leave a fraction of inactive cobalt species after reduction.

Until recently, there has been, however, some lack of

information about the reduction behavior of bimodal por-

ous silica-supported cobalt catalysts.

Herein, we report the effect of bimodal porous silica on

particle size and reducibility of cobalt oxide. The reduction

behavior profiles and the kinetic information for the

reducibility of bimodal porous silica supported catalyst

were studied by dynamic thermal gravimetry under flow of

H2 at different heating rates. Meanwhile, the apparent

activation energies for their thermal reduction were eval-

uated by the Kissinger method [9–12]. Cobalt-loaded uni-

modal porous silica having an identical mesopore diameter

was prepared for comparison purposes. Pore structure,

phases of cobalt oxides and morphology of the supports

and the porous silica-supported cobalt catalysts were

characterized by means of N2-sorption isotherms, X-ray

diffraction (XRD), scanning electron microscopy (SEM),

and transmission electron microscopy (TEM).

2 Experimental

2.1 Chemicals and reagents

Chitosan with 80 % deacetylation was purchased from

Eland Corporation. The molecular weight of the chitosan

determined by Gel Permeation Chromatography (GPC,

Waters 600E) using 0.5 M acetic acid and 0.5 M sodium

acetate as the eluent was approximately 290 kDa. Sodium

silicate (Na2Si3O7: 27 wt% SiO2, 4 wt% NaOH) was

obtained from Thai Silicate Company. Cobalt nitrate

hexahydrate (Co (NO3)2 6H2O), acetic acid and sodium

hydroxide were purchased from Sigma–Aldrich Company.

2.2 Porous silica synthesis

Bimodal porous silica was prepared following our recent

reports [13]. In a typical synthesis, 0.1 g chitosan was

dissolved in 60 ml of 2 % v/v acetic acid in deionized

water at room temperature. Then, 3.7 g of sodium silicate

solution (28 wt% SiO2) was primarily diluted with 10 ml

deionized water and slowly added to the chitosan solution

with vigorous stirring. The pH of mixture was adjusted to

6. Subsequently, the hydrolysis–condensation reaction was

carried out at 40 �C for 24 h, and then the resultant solu-

tion was aged in a Teflon-lined autoclave at 60 �C for 24 h.

The solid product was filtered, washed several times with

distilled water, dried at 120 �C for 12 h and calcined at

600 �C for 4 h at a heating rate of 2 �C/min. Unimodal

porous silica was synthesized by using conditions similar to

those mentioned above but without the addition of chito-

san. The bimodal and unimodal porous silica products were

designated as BPS and UPS, respectively.

2.3 Catalyst preparation

Cobalt was introduced into silica supports by an aqueous

incipient wetness impregnation using solutions of cobalt

nitrate prepared to obtain 10 wt% cobalt content in the final

catalysts. The samples were dried in an oven at 120 �C for

12 h and then calcined in a flow of dry air at 350 �C for 4 h

at a heating rate of 1 �C/min. The cobalt loaded on bimodal

and unimodal porous silica products were designated as

Co/BPS and Co/UPS, respectively.

2.4 Characterization

2.4.1 N2-sorption analysis

The specific surface area, mean pore diameter and pore

volume of both supports, and supports after cobalt metal

loading, were determined by N2-sorption analysis with a

Quantachrome Autosorb-1C instrument at -196 �C. Prior

to each measurement, the samples were degassed at 200 �C

for 12 h. Pore size distributions of the samples were

determined from both adsorption and desorption branches

of the isotherms in accordance with the Barrett–Joyner–

Hallenda (BJH) method. The specific BET (SBET) was

estimated for P/P0 values from 0.05 to 0.30. The pore

volume was reported as mesopore (2–50 nm) and macro-

pore ([50 nm) volumes.

2.4.2 Scanning electron microscopy (SEM)

The surface morphology of the samples was assessed with the

application of a scanning electron microscope (SEM; Nova

NanoSEM 2300). The SEM was operated at 10 kV of

accelerating voltage. The samples were not coated with gold.

2.4.3 X-ray powder diffraction (XRD)

The XRD measurement was performed at room temperature

with a Phillips powder diffractometer using monochroma-

tized Cu-Ka radiation. Cobalt phases were detected by
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comparing the diffraction patterns to those of the standard

powder XRD file compiled by the joint committee on powder

diffraction standards (JCPDS). The Co3O4 crystallite size was

calculated by means of the Scherrer Equation from the most

intense Co3O4 peak at 2h = 36.9 as shown below:

d ¼ 0:89k
B cosh

� 180�

p
ð1Þ

where d denotes the mean crystallite diameter, k is the

X-ray wave length (1.54 Å), and B is the full width half

maximum (FWHM) of the Co3O4 diffraction peak.

2.4.4 Transmission electron microscopy (TEM)

The nanostructure of cobalt oxide particles was revealed

with the application of a transmission electron microscope

(TEM; JEOL JEM-2010). In order to prepare the samples

for TEM analysis, the sample was suspended in ethanol and

sonicated for 3 min. The suspension was dropped onto a

copper grid coated with a film of carbon and dried at room

temperature.

2.4.5 Thermal gravimetric analysis

The reduction behavior of the Co/UPS and Co/BPS cata-

lysts was determined with a SDT2960 simultaneous DTA-

TGA Universal 2000. Prior to reduction measurement and

in order to remove pre-adsorbed CO2 and H2O, the catalyst

(8–10 mg) was first activated by heating it from room

temperature in a flow of pure argon (50 mL/min) at a rate

of 10 �C/min until 200 �C was achieved, and the sample

was kept constant at 200 �C for 1 h; then the sample was

cooled down to the temperature of 50 �C. Subsequently,

hydrogen with a flow rate of 50 mL/min was introduced

into the system. The samples were linearly heated to

800 �C at a rate of 5 �C/min while the change in the

sample weight was being recorded. An identical experi-

ment was repeated with heating rate values of 10, 15 and

20 �C/min, respectively.

3 Results and discussion

Figure 1a presents nitrogen adsorption–desorption iso-

therms of the porous silica products synthesized with (BPS)

and without (UPS) chitosan template. The isotherm of the

UPS sample is a typical type IV with H2 hysteresis loop,

indicating that this material contains mainly pores of ink-

bottle shape with narrow openings of similar dimensions

[14]. The isotherm of the BPS sample is characteristic of

type IV–II composite isotherms, an indication of meso-

porous and macroporous structures. The hysteresis loop

(0.6 \ P/P0 \ 0.85) of the BPS sample is H3 hysteresis

loop, which can be ascribed to slit-shaped pores [14]

caused by loosely aggregated silica domains. Note that, for

the BPS sample, irreversibility of adsorption is observed in

the almost whole pressure range; this can be attributed to

the presence of many constrictions in pores [14–16].

The pore size distribution calculated from both adsorp-

tion and desorption branches of the BPS and UPS samples

are presented in Fig. 1b, c, respectively. It can be seen that

the pore size distribution of the UPS sample determined

from the adsorption branch (Fig. 1b) is much broader than

that of the desorption branch (Fig. 1c). This was due to the

fact that the amount of nitrogen gas condensed and

remained in the pores gave rise to pore-blocking [15]. With

the chitosan template (BPS), only an insignificant differ-

ence of pore size distributions determined from the

adsorption and desorption branches is observed, which

might be due to the smaller size of the silica domains. (This

evidence is further confirmed by TEM images shown later).

Everett [16] reported that in every systems where pore

blocking occurred, pore size distribution curves derived

from the desorption branch of the isotherm could possibly

give a misleading picture of the pore structure. Therefore,

the pore size distribution derived from the adsorption was

better used for comparison. The pore size distribution

derived from the adsorption of the UPS sample shows a

unimodal pore distribution while that of the BPS sample

displays a bimodal pore distribution: one in the range of

mesopore and the other in the range of macropore

(40–200 nm). The mean mesopore diameter of both sam-

ples is identical at approximately 6.5 nm.

The N2 adsorption–desorption isotherms and the corre-

sponding pore size distribution curves of cobalt loaded

bimodal porous silica (Co/BPS) and cobalt-loaded uni-

modal porous silica (Co/UPS) are shown in Fig. 1b, d and

f. The shape of the N2 adsorption–desorption of both cat-

alysts (Fig. 1b) is quite similar to their corresponding

porous silica supports (see Fig. 1a), suggesting that the

structure of porous silica was mostly retained upon cobalt

impregnation in all cases. Also note that the shape of pore

size distribution curves (Fig. 1d) remained the same,

though the intensity of pores was slightly decreased.

The physical properties—such as BET surface area,

mean pore diameter, and pore volume—for the porous

silica supports (BPS and UPS) and their corresponding

Co-supported catalysts (Co/BPS and Co/UPS) are listed in

Table 1. The BET surface area and mesopore volume of all

samples were comparable, whereas the macropore volume

of the BPS sample was approximately 21 times larger than

that of the UPS sample. Cobalt introduction on both sam-

ples led to sharp decreases in BET surface and mesopore

volume of 20 and 30 %, respectively. This might be

attributed to a partial blockage of the pores of the supports.

J Porous Mater (2013) 20:481–488 483
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Nevertheless, the macropore volume of the BPS sample

was slightly decreased (15 %), implying that the addition

of cobalt slightly affected the macropore volume.

The XRD measurement was performed to investigate

types of cobalt species and average Co3O4 crystallite size.

As shown in Fig. 2, Co3O4 spinel phase with 2h values of

31.3, 36.9, 44.8, 59.4 and 65.3 was found in both catalysts.

The Co3O4 crystallite size was calculated by using the

Scherrer Equation. The Co3O4 crystallite size (10.6 nm) of

the Co/BPS catalyst was found to be slightly larger than

that of the Co/UPS catalyst (9.8 nm). This could be due to

the fact that the cobalt loaded on bimodal porous silica can

deposit both on mesopores and macropores. Once the

cobalt crystallites are supported on a macropore, more

cobalt crystallites can easily aggregate and form larger

clusters. In order to directly observe the size and location

0 0

33

3
3 3

3

(a) (b)

(c) (d)

(e) (f)

Fig. 1 N2 adsorption–

desorption isotherms (a, b) and

pore size distribution curves

derived from the adsorption

branch (c, d) and the desorption

branch (e, f) of silica supports

(a, c, e) and silica-supported

cobalt catalysts (b, d, f)

Table 1 Textural properties of porous silica supports and porous

silica supported cobalt catalysts

Catalysts BET

surface

area (m2/g)

BJH pore

diameter (nm)

Mesopore

volume

(cm3/g)

Macropore

volume

(cm3/g)

UPS 565 6.5 0.86 0.03

BPS 546 6.5 and 100–200 0.91 0.65

Co/UPS 439 6.5 0.57 0.01

Co/BPS 411 6.5 and 100–200 0.65 0.55
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of cobalt particles distributed on porous silica, SEM and

TEM analysis of both catalysts were performed.

Figure 3 shows SEM images of the Co/UPS and Co/BPS

samples. It can be seen that the morphology of the Co/UPS

catalyst (Fig. 3a) consisted of irregularly formed glass

pieces, which was significantly different from the Co/BPS

catalyst. The difference in the sizes of the pieces only

depended on the extent of grinding and was not related to

the preparation conditions. The cobalt particles (white

spots) were deposited in the glass pieces. In contrast to

Co/UPS catalyst, the SEM image of Co/BPS catalyst

(Fig. 3b) has shown obviously very fine powder and sec-

ondary particles aggregated by spherical-like primary par-

ticles. The aggregates of secondary particles led to the

formation of macroporosity as shown by the result of pore

size distribution (Fig. 1). SEM-EDX was also performed to

examine the surface compositions of the catalysts. The

analysis of several spots was carried out and the average

value was considered for each system. Cobalt content of

the Co/UPS and the Co/BPS catalysts were found to be

9.44 and 9.64 %, respectively—results which were close to

the original catalyst preparation content. These results were

an indication of the uniform distribution of the cobalt

particles, even though the structures of both catalysts were

quite different.

TEM was used to investigate the pore structure of the

UPS and BPS samples. It can be clearly seen that the UPS

sample (Fig. 4a) shows a highly dense and extremely large

silica domain (more than 5 lm) built up from an aggregation

of silica nanoparticles. In contrast to the UPS sample, the

BPS sample exhibits smaller silica domains (150–250 nm)

with looser aggregation (Fig. 4b). The small size of the silica

domains is expected to diminish the effect of pore blocking

as mentioned in the pore size distribution results. TEM also

provided direct observations on the size and distribution of

cobalt particles in the bimodal and unimodal porous silicas

(Fig. 4c–f). The darker spots on the catalyst granules rep-

resent the areas of high concentration of Co3O4, whereas the

other parts represent the silica support with minimal or no

Co3O4. Cobalt particles loaded on the BPS sample were

evidently found to be distributed as clusters both inside the

silica matrix and on the exterior surface of the silica parti-

cles, while cobalt particles loaded on the UPS sample were

mostly found inside the silica matrix. This result is in good

agreement with the results of XRD and SEM.

The influence of bimodal pores on the reduction

behavior of the cobalt oxide-supported catalysts was

studied by dynamic thermal gravimetric analysis. Figure 5

shows the derivative weight loss (DTG) profiles of both

catalysts at different heating rates (5, 10, 15, and 20 �C/

min). As observed, all the DTG profiles show two major

peaks. The first peak at temperature between 260 and

Fig. 2 XRD patterns of Co/UPS catalyst (solid line) and Co/BPS

catalyst (dash line)

Fig. 3 SEM images of Co/UPS catalyst (a) and Co/BPS catalyst (b)
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270 �C can be attributed to the reduction of Co3O4 to CoO

[5–7]. The second peak located in the temperature ranges

350–510 �C corresponds to the reduction of CoO phase to

Co0 [5–7]. It can be seen that the reduction temperature at

both stages of the Co/BPS catalyst was lower than that of

the Co/UPS catalyst at all heating rates.

The activation energy of the reduction of cobalt oxides

to metallic cobalt was determined by the Kissinger method

[9–12]. Kissinger’s equation (2) assumes that the reaction

rate reaches its maximum at the temperature (Tp) of the

DTG peak and that the degree of conversion (a) at Tp is

constant, although that does not apply in every case.

Fig. 4 TEM images of UPS sample (a), BPS sample (b), Co/UPS catalyst (c, e) and Co/BPS catalyst (d, f)
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In Eq. (2), b is the heating rate, E is the activation

energy, R is the universal gas constant and A is the pre-

exponential factor. The activation energies of the

transformations of Co3O4 to CoO and CoO to Co0 were

calculated from the slope in the plots of ln (b/Tp
2) vs 1/Tp

(Fig. 6), and the results are shown in Fig. 7. The activation

energies for both reduction stages of the Co/BPS catalyst

were evidently found to be lower than those of the Co/UPS

catalyst. There are two possible reasons to explain this

result: one is the difference in size of cobalt oxide particles,

and the other is the difference in structure of the supports.

It is known that the reduction of larger-size cobalt oxide

crystallites is easier than small ones because the larger

cobalt oxide crystallites provide a weak interaction

between the cobalt oxide and the support. However, the

cobalt oxide crystallite sizes of both catalysts were found to

be not much different (10.6 nm for the Co/BPS catalyst and

9.8 nm for the Co/UPS catalyst). Therefore, the difference

of the reduction behavior for both catalysts should not be

affected by the size of the cobalt particles. It can be seen in

SEM and TEM images that the cobalt oxide particles

loaded on the UPS sample were trapped within the large

silica domains. Thus the hydrogen takes long time to

diffuse inside the small pores in order to react with cobalt

oxide. However, the BPS sample contains small pores and

large pores at the same time. The diffusion of hydrogen in

small pores apparently occurred in small domains

segregated as a result of the macropores being randomly

(a)

(b)

Fig. 5 DTG curves of all catalysts under hydrogen at different

heating rates: a Co/UPS catalyst and b Co/BPS catalyst

Tp

2

2

2

3 4

2

/Tp

/T
P

2
2

/T
P

(a)

(b)

Fig. 6 Plots of ln (b2/Tp) vs (1/Tp): a reduction of Co3O4 to CoO and

b reduction of CoO to Co

a
-1

Fig. 7 Activation energy of reduction of Co3O4 to CoO and CoO to

Co0 for both catalysts
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dispersed inside the BPS sample. In other words, the silica

domains of the BPS sample were considerably smaller than

those of the UPS sample. The distances for hydrogen

diffusion in the silica domains of the bimodal porous silica

were much shorter (Fig. 8). Therefore, the cobalt oxides

loaded on the BPS sample were easily reducible when

compared to those loaded on the UPS sample.

4 Conclusion

The purpose of this paper is to investigate the effect of BPS

on particle size and reducibility of cobalt oxide. The BPS

material was synthesized by using chitosan as template. An

UPS material with identical mesopore size to the BPS

material was prepared for comparison purposes, and the

silica domains of the BPS sample were found to be con-

siderably smaller than those of the UPS sample. Macrop-

orosity of the BPS sample was a result of the inter-particle

voids formed by an aggregation of the small size of the

silica domains. The larger cobalt oxide crystallite size of

the Co/BPS catalyst could be due to the deposition of

cobalt oxide at two different locations. The BPS material

could promote the transformations of Co3O4 to CoO and

CoO to Co0. It was demonstrated that the diffusion of gas

molecules into and out of the mesopores of the BPS

materials was faster than that of the UPS material due to

the existence of macroporosity and the small size of the

silica domains.
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In this work, bimodal (meso-macro) porous silicas with different mesopore diameters synthesized by
using rice husk ash as a low-cost silica source and chitosan as a natural template were used as a poly-
ethyleneimine (PEI) support for CO2 capture. Unimodal porous silica supports with equivalent mesopore
diameters to bimodal porous silica supports have been prepared for purpose of comparison. Effects of
different PEI contents (10, 20, 30, 40 and 50 wt%) on CO2 sorption capacity have been systematically
investigated. The porous silica supports and the PEI-loaded porous silica supports were characterized
by N2-sorption analysis, scanning electron microscopy, Fourier transform infrared spectroscopy and
thermal gravimetric analysis. CO2 sorption measurements of all PEI-loaded porous silica supports
were performed at different adsorption temperatures (60, 75, 85, 90, 95 and 105 �C). At low PEI contents
(10e20 wt%), the CO2 sorption of all adsorbents was found to decrease as a function of adsorption
temperature, which was a characteristic of a thermodynamically-controlled regime. A transition from the
thermodynamically-controlled regime to a kinetically-controlled regime was found when the PEI content
was increased up to 30 wt% for PEI-loaded unimodal porous silicas and 40 wt% for PEI-loaded bimodal
porous silicas. At high PEI contents (40e50 wt%), the CO2 capturing efficiency of the PEI-loaded bimodal
porous silicas was found to be considerably greater than that of the PEI-loaded unimodal porous silicas,
indicating that most of the amine groups of PEI molecules loaded on the unimodal porous silica supports
was useless, and thus the appeared macroporosity of the bimodal porous silica supports could provide
a higher effective amine density to adsorb CO2.
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anthropogenic CO2 is annually added to the atmosphere [1]. The
drastic rise of CO2 emission has been attributed to an increasing
dependence on the combustion of fossil fuels (coal, petroleum, and
natural gas) which account for 86% of anthropogenic greenhouse
gas emission [2,3]. A reduction of CO2 emission can potentially
occur as a result of increased energy efficiency [4,5], substitution of
non-carbon fuels [6] or by the capture and storage of CO2 [4,7e10].
With the United Nations’ prediction of growth in world population
to reach 8.2 billion by 2030, the demand for energy is undoubtedly
expected to increase substantially [11], which is certainly to erase
any reductions in CO2 emissions associated with improved energy
efficiency. Fossil fuels will continue to be major source of energy for
the next few decades due to the scarcity and cost of non-carbon
energy sources. Thus, the capture and storage of CO2 will be
called for to allow the utilization of fossil fuels absent of augmen-
tation of CO2 emission.

The current commercial capture of CO2, which has been recog-
nized as the most developed process, employs a chemical absorp-
tion method with monoethanol amine (MEA) as the sorbent [12].
The chemical interaction between the MEA and the CO2 molecules
is strong and this offers a fast and effective removal of the CO2 in
a single stage of absorption. However, the strong interaction
between the MEA and the CO2 molecules requires significant
amounts of energy to regenerate the MEA solution. As the MEA is
highly corrosive, costly absorber packing and column materials are
used. Finally, the impurities and minor components in the flue gas
which comprise SO2, NO2, O2, etc. have to be removed prior to
absorption of the gas in order to prevent the degradation of the
MEA solution. This requires several pretreatment processes and
therefore leads to high capture costs estimated at approximately
59.1$/tonnes of CO2 avoided [12].

Another advanced technology for CO2 capture concept is the use
of selective membranes which have several advantages over
absorption process, e.g., no regeneration energy required, no waste
streams. However, membranes cannot always achieve high degrees
of separation, which makes multiple stage or recycling necessary
[5,13]. Moreover, membranes are susceptible to sulphur
compounds and other trace elements [5]. The challenging tasks for
membrane technology are to generate driving force without using
large compression or vacuum power, provide high CO2 permeance
for large membrane area and maintain effectiveness and lifetime
[14].

An adsorption process using porous solids such as activated
carbon and zeolites are good candidates for capturing CO2 from flue
gas. However, the low CO2/N2 selectivity provides carbon-based
materials practical only for CO2-rich flue gas [15]. Zeolites can
offer higher CO2/N2 selectivity than those of carbonaceous mate-
rials. However, their CO2 capacities degrade dramatically when
water vapor is present in the flue gas [16].

The immobilization of polymer containing amines groups into
porous solids, used as a CO2 capture sorbent, has been an increas-
ingly active area of research because of several significant advan-
tages inclusive potential elimination of corrosion problems and
lower energy cost for regeneration. The interaction of CO2 with
amine groups under anhydrous conditions gives rise to the
formation of ammonium carbamates through the following reac-
tions [17]:

CO2 þ 2RNH2/RNHCOO� þ RNHþ3 (1)

CO2 þ 2R2NH/R2NCOO
� þ R2NH

þ
2 (2)

Recently, polyethyleneimine (PEI)-loaded ordered-mesoporous
silicas such as MCM-48 [18,19], SBA-15 [18,20e25], SBA-16
[18,26], SBA-12 [20,27], and KIT-6 [18,28] exhibit a high CO2
capacity in a range of 1.5e3.5 mol kg�1 sorbent. These mesoporous
silicas can be synthesized by using tetraethyl orthosilicate (TEOS) as
a silica source and synthetic polymers as a template. However,
these raw materials are fairly expensive and toxic to environment
in some extent. Wang et al. [29] describes the cost estimation in
utilization of mesoporous silicas, e.g., MCM-41 and SBA-15 as PEI
support. They reported that the cost of the support materials
accounts for >90% of the total adsorbent preparation cost. There-
fore, the use of low-cost raw materials can significantly reduce the
cost of the adsorbent preparation.

Rice husk, an abundantly available waste in all rice producing
countries, has been recently proven to be potential silica source for
the synthesis of porous silica materials [19,21,30e33]. Therefore,
the utilization of rice husk as silica source instead of organic silicate
compounds can be an efficient eco-friendly route in near future
due to the demand from conscientious consumers and strict
environmental regulations. Chitosan, the second most abundant
biopolymer in nature after cellulose, has attracted great attention to
use as a natural template in the synthesis of porous silica material
instead of synthetic polymers due to its low cost and non-toxicity.
In contrast to synthetic polymers, chitosan cannot form amicelle to
act as template for the production of ordered-mesoporous silica
materials. However, it plays an important role on the formation of
extra-large voids in a range of macropore which provides porous
silica materials having two different pore sizes at the same time:
a smaller pore formed by an aggregation of silica nanoparticles and
a larger pore caused by a removal of chitosan [34,35]. In recent
years, bimodal porous silica materials have attracted much atten-
tion for use in industrial application such as catalysis and adsorp-
tion since the small pore can provide high active surface area while
the large pore can improve diffusion efficiency. Ahn et al. [36] have
shown recently that the main factors to achieve a high CO2 sorption
capacity are the pore volume and pore size of the support material,
not high structural order. Therefore bimodal porous silica might be
a good support for the multilayer impregnation of amine andmight
enhance diffusion of CO2 in the silica matrix.

In the present study, the bimodal (mesoemacro) porous silica
materials with different mesopore sizes were prepared and
employed as the supports for PEI impregnation. In addition, PEI-
loaded unimodal porous silica materials (silica xerogel and SBA-
15) with the identical mesopore diameters to bimodal porous
silica materials were prepared for purpose of comparison. The
properties of the silica supports and PEI-loaded silica supports
were characterized by means of N2-sorption, scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR),
and thermal gravimetric and derivative thermal gravimetric anal-
ysis (TG-DTG). The effects of PEI content and adsorption tempera-
ture on the performance of the adsorbents for CO2 capture were
investigated. Moreover, durability test of the selected adsorbent
was also conducted with several cycles of adsorptionedesorption
of CO2.

2. Experiment

2.1. Porous silica materials preparation

Rice husk ash derived sodium silicate (Na2Si3O7: 30 wt.% SiO2;
4 wt.% NaOH) was prepared by dissolving rice husk ash (99.7 wt.%
SiO2) in NaOH solution. The detail of preparation procedures was
presented elsewhere [37]. Bimodal porous silicas were prepared
using sodium silicate and chitosan as a natural template. In a typical
synthesis, 0.4 g chitosan was dissolved in 100 ml of 1% v/v acetic
acid in deionized water at room temperature. Then, 5.5 g of sodium
silicate solution (30 wt.% SiO2) was primarily diluted with 10 ml
deionized water and slowly added to the chitosan solution with
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Fig. 1. N2-sorption isotherms of porous silica supports and PEI-loaded porous silica materials: (a) YPEI/U-T60, (b) YPEI/U-T100, (c) YPEI/B-T60, (d) YPEI/B-T100 and (e) YPEI/SBA-15.

T. Witoon / Materials Chemistry and Physics 137 (2012) 235e245 237
vigorous stirring. The pH of mixture was adjusted to 6. After that,
the hydrolysisecondensation reaction was carried out at 40 �C for
3 h, and then the resultant solution was aged in the Teflon-lined
autoclave at different temperatures (60 or 100 �C) for 24 h. The
solid product was filtered and washed several times with distilled
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Fig. 2. Pore size distribution of porous silica supports and PEI-loaded porous silica material
water until the conductivity of the supernatant was below
2.0 mS cm�1. Subsequently, the solid product was dried at 120 �C for
12 h and then calcined at 600 �C for 4 h at a heating rate of
1 �C min�1. The obtained samples are denoted as B-Tx
(x ¼ synthesis temperature in �C).
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Table 1
Textural properties of porous silica materials and PEI-loaded porous silica materials.

Samples BET surface
area (m2 g�1)

BJH mean pore
diameter (nm)

Mesopore
volumea

(cm3 g�1)

Macropore
volumeb

(cm3 g�1)

U-T60 552 4.3 0.63 0.01
10PEI/U-T60 136 4.3 0.34 0.01
20PEI/U-T60 91 4.3 0.23 0.01
30PEI/U-T60 42 3.8 0.10 0.01
40PEI/U-T60 32 3.8 0.05 0.01
50PEI/U-T60 8 3.8 0.02 0.01

U-T100 314 9.0 0.87 0.03
10PEI/U-T100 177 9.0 0.62 0.02
20PEI/U-T100 132 9.0 0.40 0.02
30PEI/U-T100 86 9.0 0.33 0.02
40PEI/U-T100 67 7.8 0.21 0.02
50PEI/U-T100 36 7.8 0.11 0.02

SBA-15 570 7.8 0.73 0.19
10PEI/SBA-15 235 7.8 0.54 0.06
20PEI/SBA-15 170 7.8 0.38 0.04
30PEI/SBA-15 125 7.8 0.35 0.04
40PEI/SBA-15 42 7.6 0.13 0.03
50PEI/SBA-15 12 7.6 0.02 0.02

B-T60 746 4.3 and 43.9 0.88 1.00
10PEI/B-T60 352 4.3 and 45.8 0.75 0.95
20PEI/B-T60 190 4.3 and 46.6 0.40 0.90
30PEI/B-T60 144 45.1 0.18 0.88
40PEI/B-T60 93 44.4 0.10 0.85
50PEI/B-T60 66 44.0 0.02 0.70

B-T100 437 9.0 and 97.8 1.08 0.79
10PEI/B-T100 242 9.0 and 65.0 0.88 0.70
20PEI/B-T100 153 64.8 0.56 0.68
30PEI/B-T100 83 62.0 0.28 0.60
40PEI/B-T100 70 64.2 0.12 0.58
50PEI/B-T100 58 65.1 0.06 0.47

a Mesopore volume measured by N2-sorption at pores smaller than 50 nm in
diameter.

b Macropore volume measured by N2-sorption at pores larger than 50 nm in
diameter.
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Unimodal porous silicas were synthesized using the similar
condition for the synthesis of the bimodal porous silicas but
without the addition of chitosan. The obtained samples are denoted
as U-Tx (x ¼ synthesis temperature in �C).

SBA-15 was synthesized based on the published procedure from
Chareonpanich et al. [33,38]. In a typical synthesis, the molar ratio
of SiO2: Pluronic P123: HCl: H2O of 1: 0.0875: 4: 200 was used
because this ratio could provide a highly ordered hexagonal mes-
oporous silica which was evidently confirmed by small angle X-ray
scattering [38] and transmission electron microscopy [33]. In the
first step of the procedure, 0.845 g of Pluronic P123was dissolved in
water. Subsequently, rice husk ash derived sodium silicate was
slowly added to the Pluronic P123-water solution that was being
stirred at 40 �C. HCl was then rapidly added into the solution in
order to initiate the hydrolysisecondensation reaction for 24 h. The
obtained gel was transferred to a Teflon-lined autoclave in which
the hydrothermal aging was taken place at 100 �C for 24 h. The solid
product was filtered and washed several times with distilled water
until the conductivity of the supernatant was below 2.0 mS cm�1.
Subsequently, the solid product was dried at 140 �C for 3 h and then
calcined at 550 �C for 6 h.

2.2. PEI impregnation on porous silica materials

PEI-loaded porous silica materials were prepared by impreg-
nation method [39]. First, the desired amount of PEI (Aldrich,
Mw ¼ 600, b.p. of 250 �C) was dissolved in 6 mL of methanol under
stirring for 15 min, and then 0.5 g porous silica support was added
to the above solution. The resultant slurry was continuously stirred
at room temperature for 3 h to ensure that PEI molecules
completely penetrated into pores of the porous silica. Subsequently,
the product was then dried at 80 �C for 8 h under reduced pressure
(700 mm Hg) to remove the remaining solvent. The obtained
products were designated as YPEI/U-Tx, YPEI/B-Tx and YPEI/SBA-15,
Y being the quantity of PEI introduced in weight percentage.

2.3. Characterization

2.3.1. N2-sorption analysis
The specific surface area, mean pore diameter and pore volume

of porous silica materials and PEI-loaded porous silica materials
were determined by N2-sorption analysis with a Quantachrome
Autosorb-1C instrument at �196 �C. Prior to each measurement,
the porous silica materials and PEI-loaded porous silica materials
were degassed at 200 �C and 80 �C (to prevent the decomposition
of PEI), respectively for 12 h. The specific surface areas were esti-
mated by using BET method. The pore size distribution of the
samples was calculated in accordance with the BJH method. The
total pore volume was determined at a relative pressure of 0.99.

2.3.2. Scanning electron microscopy
The morphology of porous silica materials and PEI-loaded

porous silica materials was assessed with the application of
a scanning electron microscope (SEM; Philips XL30). The SEM was
operated at 14.0 kV of an accelerating voltage. The samples were
sputter-coated with gold prior to analysis.

2.3.3. Fourier transform infrared spectroscopy
The functional groups on the surface of porous silica materials

and PEI-loaded porous silica materials were characterized by
means of Fourier transform infrared spectroscopy (FT-IR). FT-IR
spectra were obtained with a spectrophotometer (Bruker Tensor
27) in the range of 400e4000 cm�1 with a resolution of 4 cm�1

without any pretreatment. The sample preparation incorporated
the amalgamation of fine powder of each sample with KBr powder.
2.3.4. Thermal gravimetric analysis
The amount of PEI loaded into porous silica materials was

investigated with a SDT2960 simultaneous DTAeTGA Universal
2000 in a flow of air, in the temperature range of room temperature
to 800 �C at the heating rate of 10 �Cmin�1. The sample loading was
typically 15e20 mg.

2.4. CO2 adsorptionedesorption measurement

CO2 adsorptionedesorption measurements were performed for
all PEI-loaded porous silica materials with a SDT2960 simultaneous
DTAeTGA Universal 2000. A 15e20 mg sample was loaded into an
alumina sample pan. Prior to any CO2 adsorptionedesorption
experiment and to remove pre-adsorbed CO2 and H2O, the
sample was first activated by heating it from room temperature in
a flow of pure Ar (100 mL min�1) at a rate of 10 �C min�1 until
110 �C was achieved and kept constant for 30 min, then the sample
was cooled to a given temperature (60, 75, 85, 90, 95 and 105 �C).
Once the adsorption temperature was reached and stabilized, pure
CO2 (99.999%) with a flow rate of 100 mL min�1 was introduced
into the system while the change in the sample weight was being
recorded. In some case, 14% CO2 (N2 as balance gas) was carried out
instead of pure CO2. After the adsorption for 40 min, the CO2 flow
was disconnected and the Ar flow was subsequently introduced.
The sample were heated to 110 �C at a rate of 10 �C min�1 and kept
constant for 100 min to desorb CO2. The identical experiment was
repeated twenty-fold in order to investigate the reversible and
stable CO2 adsorptionedesorption.
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3. Results and discussion

3.1. Characterization of porous silica and PEI-loaded porous silica
materials

As the characteristics of the pore structure of adsorbents
strongly influences the diffusion and reaction of CO2. The effects of
Fig. 3. SEM images of representative porous silica materials: (a) U-T60, (b) U-T100, (c) B-T10
T100, (g) 50PEI/B-T100 and (h) 50PEI/SBA-15.
PEI content on the pore structure of adsorbents need to be therefore
thoroughly investigated. The isotherms and pore characteristics of
all samples measured by N2-physisorption are shown in Figs. 1
and 2. The physical properties inclusive the BET surface area, BJH
mean pore diameter, mesopore volume and macropore volume are
given in Table 1. As shown in Fig.1, the isotherm of unimodal porous
silica materials (Fig. 1a and b) was type IV with H2 hysteresis loop
0 and (d) SBA-15; and PEI-loaded porous silica materials (e) 50PEI/U-T60, (f) 50PEI/U-
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which was a characteristic of mesoporous material with ink-bottle
structure. It can be seen that the hysteresis loop shifted to higher
relative pressures when increasing reaction temperature from
60 �C to 100 �C, implying the increase in the mean pore size of
porous silica materials. With chitosan template (Fig. 1c and d) the
isotherms (B-T60 and B-T100) exhibited two adsorption steps. The
first adsorption step (P/P0 < 0.9) was a characteristic of type IV
isotherm, representing the existence of the capillary condensation
of nitrogen gas inside the inter-particle mesopores. Similar to the
products synthesized without the template, the hysteresis loop also
shifted to a higher relative pressure when increasing the reaction
temperature. The second adsorption step at a high relative pressure
(P/P0 > 0.9) was a characteristic of type II isotherm, corresponding
to the adsorption of liquid nitrogen on the large inter-particle voids
or macropores. The isotherm of SBA-15 sample (Fig. 1e) displayed
a type IV isotherm with H1 hysteresis, an indication of mesopore
with cylindrical structure.

The amount of gas adsorbed of each sample was found to be
decreased with increasing the amount of PEI content, an indication
of monolayer tomultilayer deposition of PEI. At 40 wt% PEI content,
the isotherm of the PEI-loaded unimodal porous silica materials
(40PEI/U-T60 and 40PEI/SBA-15) was found to be almost parallel to
the x-axis, which revealed an absence of multilayer gas adsorption.
Although the pore structure of the 40PEI/U-T100 was identical to
that of the 40PEI/U-T60, some voids were found to be present
within the structure of the 40PEI/U-T100 as confirmed by multi-
layer gas adsorption at a high relative pressure. This observation is
an indication for the PEI loading capacity of each porous silica
material only to depend on pore volume absent of a significant
contribution of the presence of ordered pore structure (SBA-15).
The amount of gas adsorbed of the PEI-loaded bimodal porous silica
materials (Fig. 1c and d) was determined to be decreased with
increasing PEI content at a relative pressure lower than 0.9, which
was similar to that of the PEI-loaded unimodal porous silica
materials. However, at high PEI content (40e50 wt%), the large
amount of gas adsorbed of the PEI-loaded bimodal porous silica
materials was observed at a relative pressure higher than 0.9,
which suggests the existence of numerous macropores.

The pore size distributions of all samples calculatedwith the BJH
method are shown in Fig. 2. The pore size distribution of the U-T60,
U-T100 and SBA-15 was found to be of unimodal size, with denotes
pore diameters of 4.3 nm, 9.0 nm and 7.8 nm, respectively. Subse-
quent to PEI impregnation at higher 30 wt%, the mean pore size of
the U-T60 and U-T100 was established to have shifted to smaller
pore sizes with the volume of those pores significantly decreased.
The pore size distribution of the B-T60 and B-T100 displayed the
bimodal pore size distribution in the range of mesopore and mac-
ropore regions. The mesopores were formed by the aggregates of
silica nanoparticles which were similar to those of the unimodal
porous silica material, whereas the macropores were obtained by
the aggregates of the silica domain [35]. Although the mesopore
volume of the bimodal porous silica supports was larger than that
of the unimodal porous silica supports (Table 1), the mesopores of
all PEI-loaded bimodal porous silica supports was found to be
completely disappeared. This observation is indication for the
inaccessibility of nitrogen gas into the mesopores due to the pore
blockage caused by PEI agglomeration on the external surface of
silica domain. The aforementioned observations are consistent
with the results in Table 1. It can be seen that, at 50 wt% PEI loading,
the macropore volume of 50PEI/B-T60 and 50PEI/B-T100 was found
to be decreased 30% and 40%, respectively compared to that of the
pristine silica. However, the macropore volume of the 50PEI/B-T60
was found to be 35 times larger than that of the 50PEI/U-T60.

Fig. 3 shows the SEM images of representative porous silica
materials (Fig. 3aed) and PEI-loaded porous silica materials
(Fig. 3eeh). The morphology of unimodal porous silica materials
(Fig. 3a and b) showed the dense aggregation of fine silica nano-
particles while that of bimodal porous silica (Fig. 3c) exhibited
loosely packed aggregates of silica domains with the inter-particle
voids (macroporosity). The morphology of SBA-15 (Fig. 3d) con-
sisted ca. 5 mm of long rod-shaped particles aggregated into
bundles. After PEI loading, the agglomeration of PEI on the external
surface was observed for 50PEI/U-T60 (Fig. 3e), 50PEI/U-T100
(Fig. 3f) and 50PEI/SBA-15 (Fig. 3h) samples. In addition, the
external surface of 50PEI/U-T60 was found to be fully coated with
PEI while that of 50PEI/U-T100 and 50PEI/SBA-15 was coated
partially. This should be because the loading amount of PEI was in
excess of the maximum uptake capacity of the supports with small
pore volume (U-T60; Table 1). In contrast, SEM image of 50PEI/B-
T100 sample (Fig. 3g) showed many large external voids (macro-
pores) between the silica domains.

The FT-IR spectroscopy is employed to provide direct identifi-
cation of chemical groups in porous silica materials and PEI-loaded
porous silica materials. The FT-IR spectra of representative porous
silica materials and PEI-loaded porous silica materials are shown in
Fig. 4. The strong band around 1100 cm�1 and small bands around
800 and 462 cm�1 represented the characteristics of SieOeSi
groups. The shoulder at 966 cm�1 indicated the existence of
residual silanol groups, resulting from a stretching motion of
oxygen atoms not bridging to two Si atoms, attributing to SieOe
and SieOH vibrations. The broad transmission band at approxi-
mately 3430 cm�1 could be attributed to the OH stretching vibra-
tion from residual water. The band appeared at 1624 cm�1 was
attributed to adsorbed water. The FT-TR spectra of unimodal and
bimodal porous silica materials appeared at the identical wave
numbers, an indication for the nearly identical chemical nature of
both silica materials. However, the intensity of the band (966 cm�1)
related to the existence of silanol content of the bimodal porous
silica material was shaper than that of the unimodal porous silica
material, indicating that a higher number of silanol groups existed
on the surface of bimodal porous silica.
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PEI-modification of porous silica materials was confirmed by
a new band at around 1548 cm�1 and 1467 cm�1, representing the
asymmetric and symmetric bending of NH2 groups, respectively.
Two bands appeared at 2809 and 2926 cm�1, which could be
characteristics of CH2 stretching modes of the PEI chains. The broad
band around 3355 cm�1 could be attributed to the amine NeH
stretching vibrations. In addition, the bands corresponding to the
silanol content (966 cm�1) and OH stretching vibration
(3430 cm�1) were not observed in the IR spectra of the PEI-loaded
Fig. 5. TG (a) and DTG profiles (b) o
bimodal porous silica materials, indicating that the residual silanol
group of bimodal porous silica could possibly react with the amine
group of PEI.

The characteristics of pristine PEI decomposition were analyzed
by means of TG and DTG as shown in Fig. 5a and b, respectively. It
can be seen that the pristine PEI lost ca. 2% at temperature lower
than 100 �C, which can be ascribed to the desorption of CO2 and
moisture [39]. The PEI began to melt around 175 �C, evidenced by
the endothermic peak from differential thermal analysis (not
f all sorbents and pristine PEI.
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shown here). A sharp weight loss ca. 80% appeared from 200 to
400 �C and the maximum rate of weight loss was found at 360 �C.
At above 400 �C, the residue carbon was continuously decomposed
and was removed completely at temperature around 600 �C.

The TG and DTG patterns of the adsorbents prepared at different
amounts of PEI content are also included in Fig. 5a and b, respec-
tively. There were four steps of weight losses. The first steps at
a temperature below 100 �C could be due to the desorption of CO2
and moisture which was similar to that of the pristine PEI. The PEI
molecules deposited at different positions of the porous silica
materials could be decomposed at different temperature ranges
due to the influence of heat and mass transfer. Consequently, the
distribution of the PEI molecules at the macropores or the outer-
most surface of the silica particles and into the pores (mesopores)
could be decomposed at 160e210 �C and 210e400 �C, respectively.
The last step at the range of 400e600 �C could be attributed to the
decomposition of PEI reacted with silanol groups of the porous
silica materials.

At low PEI content (10 wt%), the intensity for the second peak of
10PEI/B-T60 and 10PEI/B-T100 was found to be higher than that of
10PEI/U-T60 and 10PEI/U-T100. This indicated that the PEI-loaded
bimodal porous silicas were possibly distributed both on meso-
pores and macropores, even though very low amount of PEI was
applied. This peak position of PEI-loaded bimodal porous silicas
was established to have shifted toward lower temperature when
the PEI content was increased from 10% to 40%. This observation
could be explained by the fact that the monolayer deposition of PEI
occur at low PEI content, resulting in a strong interaction between
the PEI molecules and the surface of the supports. With a yet higher
PEI content, the monolayer deposition no longer occurred and
instead a multilayer deposition of PEI was formed which was
decomposed easier than the monolayer deposition of PEI. However,
at 50 wt% PEI content, this peak slightly shifted toward higher
temperature from 164 to 172 �Cwhich indicated that the increase of
multilayer to a certain number caused the formation of PEI clusters
behaved like the pristine PEI. The similar trends were also observed
for PEI-loaded unimodal porous silica. However, the deposition of
PEI clusters could be found by using only 30 wt% PEI content.

In contrast to the position for the second peak, the position for
the third peak of all adsorbents was established to have shifted
toward higher temperature when the PEI content was increased
from 10% to 50%. This could be explained by the fact that the PEI
clusters cannot be formed since they were limited by the size of
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mesopores (4.3e10 nm), and therefore the decomposition of PEI
within the mesopores was only affected by heat and mass transfer.
Note that the temperature for PEI decomposition at the last step of
10PEI/B-T60 and 10PEI/B-T100 was found to be higher than that of
10PEI/U-T60 and 10PEI/U-T100. This might be attributed to the
larger amount of silanol group of pristine bimodal porous silica
materials as confirmed by FTIR. A schematic diagram presented the
effect of the unimodal and bimodal porous silica supports on PEI
deposition is shown in Fig. 6.

The total weight losses of 10PEI/U-T60, 10PEI/U-T100, 10PEI/B-
T60 and 10PEI/B-T100 were found to be 15.5%, 15.1%, 14.7% and
14.7%, respectively. If theweight losses due to the desorption of CO2
and moisture were subtracted from the total weight, the loading
amount of PEI on all samples could be calculated to be approxi-
mately 10 wt%. This result confirmed that virtually identical
amounts of PEI were loaded into the porous silica materials and
apparently no PEI loss during the impregnation process. The similar
trends were also observed at the other percentages of PEI.

3.2. CO2 sorption performance

Fig. 7 shows the effects of adsorption temperature and loading
amount of PEI on CO2 capture capacity all adsorbents in units of mg
CO2/g sorbent (Fig. 7a) and mg CO2/g PEI (Fig. 7b). At low PEI
content (10e20 wt%), the CO2 capturing capacity of the adsorbents
with the unimodal pore size was found to be decreased with the
increase of adsorption temperature since the CO2 adsorption is an
exothermic process (Van’t Hoff behavior), favored at lowadsorption
temperature. When the PEI content was increased to 30 wt%, the
CO2 adsorption capacity of the adsorbents with small mesopores
size (30PEI/U-T60 and 30PEI/SBA-15) first increased and then
decreased with increasing temperature, which was indicative for
a transition between a kinetically controlled regime (60e90 �C) and
a thermodynamically controlled regime (90e105 �C). With a yet
higher PEI content (40 wt%), the thermodynamically controlled
regime was no longer observed and the kinetically controlled
regime was found instead, which is an indication of a strong
diffusion limitation on CO2 adsorption, resulting in a non-
intuitive functional dependence of the CO2 adsorption with the
temperature (inverse Van’t Hoff behavior). At 50 wt% PEI content,
the CO2 sorption capacity dramatically decreased at all adsorption
temperature when compared to that of 40 wt% PEI content. Based
on the results of SEM images (Fig. 3), PEI molecules were coated on
0 wt% PEI 40 wt% PEI 50 wt% PEI

effect of supports on PEI deposition.
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the outer surface of the unimodal porous silica material. Therefore
only PEI on the external surface could potentially adsorb CO2. With
increasing adsorption temperature, the PEI molecules became
flexible which provide the available pore space for CO2 to expose
amino groups of PEI in the pores [40]. The increasing PEI loading up
to 50 wt% leaded to a formation of thicker polymer film fully coated
on the silica particles. The result indicated that the sorption of CO2
over PEI-loaded unimodal porous silica was strongly dominated by
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the kinetic diffusion rather than the thermodynamic factor. It is also
demonstrated that the supports with small pore volume and very
long rod-shaped particles such as U-T60 and SBA-15 were not
suitable for PEI loading since only small amount of PEI could
effectively load into the pore. Once the pore blockage occurred, CO2
was hard to diffuse into the pores, resulting in the useless of PEI
impregnated in the pores.

The CO2 sorption capacity of bimodal adsorbent prepared at
10 wt% PEI was found to be slightly lower than that of unimodal
adsorbent at identical PEI content (Fig. 7a.), and their capacities in
term of mg CO2/g PEI (Fig. 7b) revealed that the PEI molecules
deposited into the unimodal porous silica materials were more
efficient for CO2 capture. However, the opposite results were found
when the amount of PEI content was increased (40e50 wt%). The
maximum capturing efficiency (298 mg CO2/g EPI) of 20PEI/U-T100
was found to be identical to that of 50PEI/B-T100. However, the
maximum CO2 sorption capacity per grams of 50PEI/B-T100
(149 mg g�1 sorbent) was found to be considerably greater than
that of 20PEI/U-T100 (59 mg g�1 sorbent). The question is that
which one is better to be used as the adsorbent. If the PEI-loaded
unimodal porous silica is selected based on the capturing effi-
ciency, the larger size of reactor is required to obtain the identical
adsorption capacity. It seems to be that one of criteria for adsorbent
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Fig. 9. Schematic diagram presented the effect of po
selection should be based on the CO2 adsorption capacity not the
capturing efficiency. However, in comparison to the CO2 adsorption
capacity and capturing efficiency of 50PEI/B-T100 and 60 PEI/B-
T100, the CO2 adsorption capacity of 50PEI/B-T100 (149 mg g�1

sorbent) was found to be slightly lower than that of 60PEI/B-T100
(154 mg g�1 sorbent) whereas the CO2 capturing efficiency of
50PEI/B-T100 was significantly larger (298 mg g�1 PEI) than that of
60PEI/B-T100 (257mg g�1 PEI). In this case, 50PEI/B-T100 should be
selected as the adsorbent. Therefore, both terms (mg CO2/g sorbent
and mg CO2/g PEI) should be considered together to obtain the
optimum condition.

Fig. 8 shows the changes in mass during the adsorption and
desorption of CO2 over 50PEI/U-T100 and 50PEI/B-T100 at 90 �C
and 1 atm. The equilibrium CO2 adsorption capacity of 50PEI/B-
T100 was found to be 149mg g�1 sorbent, which was established to
be 261% more effective than that of 50PEI/U-T100. It is also shown
that the CO2 adsorption over 50PEI/B-T100 was much faster than
that over 50PEI/U-T100. The CO2 adsorption capacity of 50PEI/B-
T100 reached ca. 95% of its equilibrium capacity within first 25 min
of CO2 exposurewhile took 35min for 50PEI/U-T100. Regarding the
desorption process (100 min), the CO2 is desorbed at 110 �C with
purging Ar gas. It can be seen that the mass of 50PEI/B-T100 is
immediately decreased while that of 50PEI/U-T100 is first
increased, and then gradually decreased. The regeneration time of
CO2 adsorbed on 50PEI/B-T100 was two times faster than that
adsorbed on 50PEI/U-T100. The schematic diagram presented the
effect of pore structure on PEI loading and CO2 adsorption has been
proposed (Fig. 9). The existence of macropore not only enhances
the PEI loading inside the mesopores but also promotes the diffu-
sion of CO2. Since the silica domain of the bimodal porous silica is
much smaller than that of the unimodal porous silica, the CO2 can
diffuse thoroughly the silica domain of the bimodal porous silica.
Therefore, PEI impregnated into mesopores of the bimodal porous
silica can effectively react with CO2.

The adsorptionedesorption performance of PEI-loaded bimodal
porous silica (50PEI/B-T100) is the most important criterion to
determine whether bimodal porous silica can be a suitable support
material for PEI loading. In order to assess a real practical imple-
mentation of this material, the CO2 adsorptionedesorption using
14% CO2 in a gas mixture of CO2 and N2 was also conducted (Fig. 10).
The CO2 adsorption capacity at low CO2 partial pressure was found
to be smaller than that using 100% CO2 due to a smaller driving
CO2 adsorption at a high temperature

CO2

CO2

re structure on PEI loading and CO2 adsorption.
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force [41]. However, during twenty repeated adsorptione
desorption cycles, the 50PEI/B-T100 exhibited a stable cyclic
adsorptionedesorption performance with only a minor drop in its
capturing capacity for both 100% CO2 and 14% CO2 systems. This
result confirmed that most of the amine groups of PEI molecules,
which was deposited into the bimodal porous silica, can be recov-
ered completely.

4. Conclusion

The purpose of this paper is to investigate the effects of the
bimodal porous silica supports and PEI contents on CO2 sorption
capacity at different adsorption temperatures.

At low PEI content (10e20 wt%), the CO2 sorption capacity of
PEI-loaded unimodal porous silicas is found to be slightly higher
than that of PEI-loaded bimodal porous silicas. However, when the
diffusion is the rate-determining step (30e50 wt% PEI), the PEI-
loaded bimodal porous silicas have proven to provide higher
effective amine density to adsorb CO2. This is because the existence
of macropores and the smaller size of silica domain of the bimodal
porous silica supports enhances the accessibility of PEI inside the
mesopores and also promotes the diffusion of CO2. This finding
indicates that the PEI-loaded bimodal porous silica materials
constitutes a feasible option as a CO2 sorbent due to its potentially
low costs, environmentally benign nature and elevated CO2 capture
capacity.
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Abstract

In this paper, we report the interaction of chitosan with tetraethyl orthosilicate on the formation of silica nanoparticles under different conditions

of pH (5–9) and chitosan concentration (0–0.001379 mM). The silica nanoparticles were characterized by means of N2-sorption, scanning electron

microscopy and transmission electron microscopy. It was found that chitosan played two different roles on the formation of silica nanoparticles,

depending on the pH values. At a low chitosan concentration, chitosan promoted the formation of larger silica nanoparticles in the pH range of 5–6,

while it reduced the size of silica nanoparticles when the pH value was increased to the range of 6.5–8.5. However, based on the results of N2-

sorption analysis, two different sizes of silica nanoparticles caused by the growth of silica at different phases were observed. At high chitosan

concentration, the size of silica nanoparticles continuously increased in the pH range of 5–6, while only smaller size of silica nanoparticles was

obtained in the pH range of 6.5–8.5. At pH 9, chitosan molecules were found to have no significant effect on the formation of silica nanoparticles

even though a large amount of chitosan was employed.
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1. Introduction

Silica materials have attracted much attention from research-

ers because of their commercial applications as catalyst supports,

in controlled drug release, and as sorbents [1–3]. Over the past

two decades, there has been an increasing interest in the synthesis

of various porous silicas by using organic materials as additives

in order to fully control the entire pore system as it ranges from

micropores to macropores. Recently, several kinds of biopolymer

containing amine functionalities have attracted much interest for

the synthesis of silica materials because they enable the

formation of silica nanoparticles under environmentally friendly

conditions, and moreover, silica can possibly mimic their

morphology [4]. Patwardhan et al. [4] pointed out that there are
* Corresponding author at: National Center of Excellence for Petroleum,

Petrochemicals and Advance Material, Department of Chemical Engineering,

Faculty of Engineering, Kasetsart University, Bangkok 10900, Thailand.
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three main roles of amine-based polymers in the synthesis of

silica materials: (1) catalysis, (2) aggregation, and (3) structure

direction (template/scaffold) or a combination thereof. Indeed,

silicatein extracted from the sponge Tethya aurantia was found to

enhance the hydrolysis and condensation of silicic acid at neutral

pH [5]. Cationic peptides, including poly-L-lysine and poly-L-

arginine were found to dramatically promote the aggregation of

silica due to electrostatic or chemical interactions [6]. In

addition, poly-L-lysine was found to direct the formation of

spherical, petal-like and sheet-like hexagonal silica [7]. Due to

the fact that synthetic amine-based polymers from natural

biosilica sources cannot be readily obtained restricting their

industrial applications. Therefore, the invention on bioinspired

silica synthesis should not be limited to understanding their roles

in the formation of silica products, but should also extend to the

use of biomaterials that are cheaper and readily available in

nature.

Recently, it has been demonstrated that chitosan, which is

produced from partial N-deacetylation of chitins, easily

obtained from a commercial source, is effective for bioinspired
d.

http://www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2012.04.056
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silica synthesis at ambient temperature and neutral pH.

However, to the best of our knowledge, the effect of chitosan

on the formation of silica nanoparticles has not yet been

understood. Moreover, different roles of chitosan molecules on

the formation of silica nanoparticles have been reported. For

example, Chang et al. [8] found that chitosan could catalyze the

aggregation of colloidal silica nanoparticles in weakly acidic

solution (pH values of 4–5.6) without a significant increase in

the rate of silica polycondensation. Demadis et al. [9] revealed

that phosphonated chitosan was able to inhibit silicic acid

condensation at neutral pH via a combination of electrostatic

and hydrogen-bonding interactions. Our previous work

reported the effect of chitosan on the formation of silica

particles using sodium silicate derived from rice husk ash as a

silica source [10–12]. We found that chitosan played an

important role as a scaffold for the biosilica deposition, leading

to the formation of the bimodal porous silicas after chitosan

removal. The different roles of chitosan molecules might result

from the different investigated conditions such as pH value,

temperature, concentration and type of precursors.

In this study, we report the effects of pH and chitosan

concentration on silica synthesis using tetraethyl orthosilicate

(TEOS) as a silica source (instead of sodium silicate). N2-

sorption was used to determine the pore size and the size of the

silica nanoparticles, while scanning electron microscopy

(SEM) and transmission electron microscopy (TEM) were

used to investigate the morphology and size of silica

nanoparticles. Based on the results of our analyses we found

that chitosan molecules could control the size of silica

nanoparticles; to better understand the process, a model for

this bioinspired silica synthesis was proposed. These results

provide essential information for further development of a

simple, low-cost, environmentally friendly route to synthesize

silica with novel structures and tailored properties.

2. Experimental

2.1. Chemicals and reagents

Chitosan with 80% deacetylation was purchased from Eland

Corporation. The molecular weight of the chitosan, determined

by Gel Permeation Chromatography (GPC, Waters 600E) using

0.5 M acetic acid and 0.5 M sodium acetate as the eluent was

found to be approximately 290 kDa. Tetraethyl orthosilicate

(TEOS), acetic acid and ammonium hydroxide were purchased

from Sigma–Aldrich. All chemicals and reagents are of

analytical grade and used without any further purification.

2.2. Preparation of silica nanoparticles

In a typical synthesis process, chitosan was dissolved

overnight in 60 mL of 2% (v/v) acetic acid in deionized water at

room temperature, agitated with a magnetic stirrer overnight.

Subsequently, TEOS was added into the chitosan solution. It

should be noted that, measured with a pH meter (model CG-

842, Schott), the pH value after mixing was approximately 4.

Then the pH value of the mixture was quickly adjusted to 5, 6,
6.5, 7, 8.5, and 9 by the addition of 5 M NH4OH. The resulting

mixtures, containing SiO2 (0.015625 M) and chitosan (0,

0.000345, and 0.001379 mM), were stirred at 40 8C for 6 h.

Subsequently, the obtained mixtures were transferred into a

glass bottle and aged in an oven at 60 8C for 24 h. The resulting

products were obtained by washing with deionized water,

followed by three centrifugation/redispersion cycles at

10,000 rpm for 10 min. The silica–chitosan composites were

dried at 120 8C for 24 h and calcined in air at 600 8C for 4 h at a

heating rate of 2 8C/min. The obtained products are designated

as S-X-Y where X is the pH value and Y is the chitosan

concentration.

2.3. Characterization of porous silica products

Nitrogen sorption isotherms of silica products were

measured at �196 8C with a Quantachrome Autosorb-1C

instrument. Prior to sorption measurements, the products were

degassed at 200 8C for 12 h. The pore size distribution was

calculated by using the Barrett–Joyner–Halenda (BJH)

methods. The specific pore volumes were measured at a

relative pressure P/P0 of 0.995. The total surface area (SBET) of

the silica products was derived by using the BET (Brunauer–

Emmert–Teller) analysis in the relative pressure range between

P/P0 = 0.05 and 0.3. In order to determine the envelope surface

area of only the backbone particles, the so-called specific

external surface area Sext was estimated as the difference

between SBET and Smicro, where Smicro was the micropore

surface area determined by a modified t-plot method (MP-

method). The mean particle size d was related to the specific

external surface area and the particle density by Alexander and

Iler [13]

d ¼ 6

Sext � rsilica particle

(1)

where the density of a silica nanoparticles was assumed to be

2200 kg/m3 [13].

The surface morphology of the silica products was analyzed

with a field emission scanning electron microscopy (FE-SEM:

JEOL JSM-6301F with Au-coating, operated at 20 keV). The

nanostructures of the products were revealed with the

application of transmission electron microscopy (TEM: JEOL

JEM-2010 microscope with an acceleration voltage of 200 kV).

In order to prepare a sample for TEM analysis, the porous silica

products were suspended in ethanol and dried at room

temperature on a copper grid coated with a carbon film.

3. Results and discussion

Fig. 1 shows the N2-sorption isotherm of the calcined silica

products prepared at different pH values and chitosan

concentrations. Without the use of chitosan, the isotherm of

silica products synthesized at pH 5 shows a typical type IV

shape with H2 hysteresis loop (Fig. 1a), indicating an ink-bottle

pore structure. When the pH of the mixture was increased from

5 to 6.5, the isotherms shifted toward higher relative pressure



Fig. 1. N2 sorption isotherms of silica products prepared at different pH values

and chitosan concentrations: (a) pH 5, (b) pH 6, (c) pH 6.5, (d) pH 7, (e) pH 8.5 and

(f) pH 9. The symbols orange diamond, black rectangular and white cycle

represent the products without chitosan, with 0.000345 mM chitosan, and with

0.001379 mM chitosan, respectively. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of the article.)

Fig. 2. Pore size distribution of silica products prepared at different pH values and

chitosan concentrations: (a) pH 5, (b) pH 6, (c) pH 6.5, (d) pH 7, (e) pH 8.5, and (f)

pH 9. The symbols orange diamond, black rectangular and white cycle represent

the products without chitosan, with 0.000345 mM chitosan, and with

0.001379 mM chitosan, respectively. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of the article.)
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Fig. 3. Average size of silica particles determined by N2-sorption.
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and the type of hysteresis loop was changed to H1, indicating

the existence of pores in the form of interstices between closed-

packed and equal-sized spherical particles. With yet higher pH

values, the type IV isotherm was no longer obtained and instead

a type II isotherm was observed, an indication of the presence of

macropores. Once chitosan was applied, the isotherm types and

hysteresis loops were significantly changed depending on both

the pH of mixture and the chitosan concentration. The

isotherms were however not clear enough to reveal the effect

of the pH of mixture and chitosan concentration on the size of

silica particle. As a result, the pore size distribution, SEM, and

TEM images of silica products are employed instead.

The pore size distributions of the silica products synthesized

at various conditions are shown in Fig. 2. It was found that the

effect of chitosan addition at different pH values of the mixture

can be classified into three categories: (1) increased pore size

(5 � pH � 6), (2) decreased pore size (6.5 � pH � 8.5), and

(3) no effect on the pore size (pH 9). For the first category, the

pore size is affected by the different levels of chitosan

concentration. For the second category, the silica products

prepared at low chitosan concentration exhibited a bimodal

pore size distribution, whereas only smaller pore sizes existed

in the silica products prepared at a higher chitosan concentra-

tion. The physical properties of all silica products are given in

Table 1. The average particle size of the silica products (Fig. 3)
was evidently found to correspond to their pore sizes. However,

the average particle size of the silica products prepared at pH

6.5 and low chitosan concentration was larger than that

prepared at same pH but without the chitosan addition. This can

be explained by the fact that two different silica particle sizes of

silica products were obtained with mainly large silica

nanoparticles.

The surface morphologies of the silica products were

investigated by SEM and representative images are shown in

Fig. 4. At pH 5, the silica product prepared without chitosan



Table 1

Physical properties of the products synthesized under various conditions.

Sample IDa BET surface

area (m2/g)

Micropore surface

area (m2/g)

External surface

area (m2/g)

Average silica

particle size (nm)

Total pore

volume (cm3/g)

S-5-0 574 117 457 6.0 0.88

S-5-0.000345 535 247 288 9.5 1.37

S-5-0.001379 483 247 236 11.5 1.49

S-6-0 426 345 81 33.6 1.67

S-6-0.000345 370 339 31 88.0 1.87

S-6-0.001379 351 312 39 70.1 1.66

S-6.5-0 410 353 57 48.3 2.26

S-6.5-0.000345 497 458 39 70.3 1.66

S-6.5-0.001379 730 578 152 18.0 1.56

S-7-0 230 175 55 49.2 1.70

S-7-0.000345 445 342 103 26.5 2.04

S-7-0.001379 420 56 364 7.5 1.32

S-8.5-0 150 102 48 57.4 0.98

S-8.5-0.000345 277 133 144 18.9 0.78

S-8.5-0.001379 207 26 181 15.0 1.00

S-9-0 195 170 25 108.7 2.08

S-9-0.000345 146 120 26 105.3 1.55

S-9-0.001379 160 133 27 103.0 1.68

a The silica products are designated as S-X-Y where X is the pH value and Y is the chitosan concentration.

Fig. 4. SEM images of silica products prepared at different pH values and chitosan concentrations: (a) pH 5 and w/o chitosan, (b) pH 5 and 0.000345 mM chitosan, (c)

pH 5 and 0.001379 mM chitosan, (d) pH 6.5 and w/o chitosan, (e) pH 6.5 and 0.000345 mM chitosan, (f) pH 6.5 and 0.001379 mM chitosan, (g) pH 7 and w/o

chitosan, (h) pH 7 and 0.000345 mM chitosan, and (i) pH 7 and 0.001379 mM chitosan.

T. Witoon, M. Chareonpanich / Ceramics International 38 (2012) 5999–60076002
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(Fig. 4a) showed a dense and continuous gel with an aggregate

size of approximately 20 nm. With increasing chitosan

concentration (Fig. 4b and c), the surface morphology changed

to a loose aggregate of silica nanoparticles (30–50 nm). At pH

6.5 (Fig. 4d–f) the silica product prepared without chitosan

(Fig. 4d) showed a loose aggregate of silica nanoparticles with

an average size of approximately 50 nm. Moreover, the size of

silica nanoparticle first increases and then decreases when the

chitosan concentration is increased from 0.000345 to

0.001379 mM. The surface morphology of silica products

prepared at pH 7 (Fig. 4g–i) showed the opposite trend of the

morphology of silica products prepared at pH 6.
Fig. 5. TEM images and histogram analysis of silica products prepared at pH 5

0.000345 mM chitosan, (e) and (f) 0.001379 mM chitosan.
TEM was performed to reveal the size of silica nanopar-

ticles; representative images of silica products prepared at pH 5

and 7 are shown in Figs. 5 and 6, respectively. At pH 5 and no

chitosan addition (Fig. 5a and b), the size of silica nanoparticles

was approximately 5–7 nm. The size of silica nanoparticles was

increased from 10–12 nm (Fig. 5c and d) to 14–18 nm (Fig. 5e

and f) with increasing chitosan concentration. At pH 7, the size

of silica nanoparticles prepared without the chitosan was

approximately 20–36 nm (Fig. 6a and b). At low chitosan

concentration (Fig. 6c and d), the silica product consisted of

two different domains, the aggregate of large and small sizes of

silica nanoparticles. At high chitosan concentration (Fig. 6e and
 and different chitosan concentrations: (a) and (b) w/o chitosan, (c) and (d)



Fig. 6. TEM images and histogram analysis of silica products prepared at pH 7 and different chitosan concentrations: (a) and (b) w/o chitosan, (c) and (d)

0.000345 mM chitosan, (e) and (f) 0.001379 mM chitosan.
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f), the aggregation of large-sized silica particles was no longer

observed and instead the aggregation of small-sized silica

particles was found. The results from TEM analysis are in good

agreement with the results of N2-sorption.

The formation mechanisms of silica products prepared at

different pH values and chitosan concentrations are proposed

as shown in Fig. 7. Based on the results mentioned above, it

was found that chitosan plays two different roles in the

growth of silica particles depending on the range of pH
values: (1) at pH 5–6, chitosan promotes the increase of

silica particle size and (2) at pH 6.5–8.5, chitosan decreases

the size of silica particle. Many works have reported that the

amino groups along the backbone chains of polymers can act

as an acid–base catalyst that facilitates  the rate of silica

condensation [5,14]. The increase of silica condensation rate

results in a highly branched structure; this in turn prevents

the shrinkage of silica at an earlier state of drying due to the

stiffness of the impinging clusters, resulting in larger pores



Fig. 7. Schematic presentation of the roles of chitosan on the silica formation at different pH values and chitosan concentrations.
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[15]. This provides a reasonable explanation for the effect of

chitosan molecules on the growth of the silica nanoparticles

at pH � 6. However, it fails to explain why the size of the

silica nanoparticle tends to decrease when the pH of the
mixture is varied in the range of 6.5 and 8.5. Moreover, the

results of pore size distribution (Fig. 2) and TEM image

(Fig. 6c and d) indicated that there are two different sizes of

silica nanoparticle occurring at a low chitosan concentration.



Fig. 8. Visual observations of the chitosan solution and TEOS–chitosan solution at different pH values and chitosan concentrations.
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This was possibly attributed to the dissimilarity of the growth

of silica nanoparticles.

Visual inspection of the chitosan precipitates at different

pH values and chitosan concentrations gives valuable

information and is useful to explain the effects of chitosan

on the formation of silica nanoparticles at 6.5 � pH � 8.5

(Fig. 8). It can be seen that the initial chitosan in a 1% (v/v)

acetic acid solution had a very clear appearance (pH value of

approximately 4). The pH value of the chitosan solution was

adjusted by using 5 M NH4OH. At pH 5 and 6, the solution

remained clear at all chitosan concentrations. Once the pH

value was adjusted to 6.5, the chitosan immediately

precipitated and the amount of precipitate increased with

increasing chitosan concentrations. A similar trend was also

found in the pH range of 6.5–9. This observation could be

explained by the fact that the chitosan has a pKa value of �6.5,

and therefore it could be dissolved in the acidic solution due to

the protonation of amino groups. The increase in pH value

caused a decrease in the number of these positively charged

amino groups, resulting in the aggregation and precipitation of

chitosan molecules (phase separation).

Adding TEOS into the chitosan solution and adjusting the

pH of the mixture gave a similar result to the original chitosan

solution (Fig. 8). When TEOS was hydrolyzed to silicic acid in

a low chitosan concentration system, it could distribute into a

solvent-rich phase and a chitosan-rich phase. The silica growth

in the solvent-rich phase was therefore similar to the silica

synthesized without the addition of chitosan (see Fig. 2c–e).

Based on the results of the pore size distribution of silica

products synthesized without the chitosan, the size of silica

nanoparticles in the solvent-rich phase was larger than that in

the chitosan-rich phase. One possible explanation is that

chitosan molecules can react with silicic acid through residual

protonation of amino groups or through hydrogen-bonding with

hydroxyl groups [8,16], which not only reduce the quantity of

available silicic acid but also prevent further silica condensa-

tion reactions. Additionally, the size of silica nanoparticles

might be limited by the size of the chitosan network, resulting

in the occurrence of smaller silica nanoparticles. As results, the

silica products synthesized at low chitosan concentration have

two different sizes. At a higher chitosan concentration, almost
all of the silicic acid reacted with chitosan molecules, and

therefore, only small silica nanoparticles could be formed.

4. Conclusion

In summary, the interaction of biopolymer chitosan with

tetraethyl orthosilicate on the formation of silica nanoparticles

was explored at various pH values of the mixture and at various

chitosan concentrations. For 5 � pH � 6 and low chitosan

concentration, the size of silica nanoparticles significantly

increased due to the enhancement of the rate of silica

condensation. The size of the silica nanoparticles had

significant dependence on chitosan concentration. For

6.5 � pH � 8.5 and low chitosan concentration, a bimodal

pore size distribution was obtained since silica grew in two

distinct phases. When chitosan concentration was increased yet

further, only small silica particle sizes were observed. However,

at pH 9, chitosan did not show any significant effect on the

formation of silica products. The results presented here

contribute to understanding of how chitosan molecules control

silica synthesis, as well as the novel development methods of

materials with tailored properties.
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Abstract

The carbonation–calcination looping cycle of calcium-based sorbents is considered as an attractive method for CO2 capture from combustion

gases because it can reduce the cost during the capture steps compared to conventional technologies, e.g., solvent scrubbing. In this study, waste

eggshell was used as raw material for calcium oxide-based sorbent production. The commercially available calcium carbonate was employed for

comparison purpose. Calcination behavior, crystal type and crystallinity, surface chemistry, qualitative and quantitative elemental information,

specific surface area and pore size, morphology of the waste eggshell and the calcined waste eggshell were characterized by thermal gravimetric

analysis (TGA), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), X-ray fluorescence (XRF), N2 sorption analysis and

scanning electron microscopy (SEM), respectively. The carbonation–calcination cycles were carried out using a TGA unit with high purity CO2

(99.999%). It was found that the carbonation conversion of the calcined eggshell was higher than that of the calcined commercially available

calcium carbonate after several cycles at the same reaction conditions. This could be due to the fact that the calcined eggshell exhibited smaller

particle size and appeared more macropore volume than the calcined commercially available calcium carbonate. As results, the calcined eggshell

provided a higher exposed surface for the surface reaction of CO2.
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1. Introduction

The problem of global warming caused by CO2 emission has

raised serious concerns since the CO2 concentration in the

atmosphere has increased rapidly due to the industrial

revolution. The reduction of CO2 emission can occur as a

result of increased energy efficiency [1,2], substitution of non-

carbon fuels [3] or by the capture and storage of CO2 [4,5]. With

the United Nations predicting world population growth from

6.6 billion in 2007 to 8.2 billion by 2030, demand for energy

must increase substantially over that period [6] which no doubt

erase gains associated with increased energy efficiency. Fossil
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fuels will continue to be major source of energy for the next few

decades because the non-carbon energy sources still are more

limited and more expensive. Thus, the capture and storage of

CO2 will be required in order to allow us to utilize fossil fuels

without CO2 emission.

The current commercial operation for CO2 capture used a

chemical absorption method with Monoethanol Amine (MEA)

as the sorbent has been recognized as the most matured process

[7]. The chemical interaction between the MEA and the CO2

molecules is strong and this offers a fast and effective removal

of the CO2 in one stage of absorption. However, the strong

interaction between the MEA and the CO2 molecules requires

important amounts of energy to regenerate the MEA solution.

The MEA is highly corrosive leading to the use of costly

absorber packing and column materials. Finally, the impurities

and minor components in the flue gas including SO2, NO2, O2,

etc. have to be removed before the gas enters the absorber in

order to prevent the degradation of the MEA solution. This
d.

http://dx.doi.org/10.1016/j.ceramint.2011.05.125
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requires several pretreatment processes and therefore leads to

high capture costs estimated at around 59.1$/tonnes of CO2

avoided [7]. Many researchers have focused on the develop-

ment of new absorbents to increase in the CO2 absorption rate.

Rivera-Tinoco and Bouallou [8] demonstrated that the CO2

absorption by ammonia was faster than that carried out by N-

methyldiethanolamine (MDEA). Various strategies for mini-

mizing the energy requirements from the chemical absorption

method have been investigated and proposed. Harkin et al. [9]

combined pinch analysis and linear programming optimization

for the energy requirements of power plants. They found that

the effective heat integration can reduce the energy require-

ments by up to 50%. Nevertheless, the CO2 capture by means of

amines may be not suitable since some of the amines escaping

the recycling process will be emitted into the air and will also

form other compounds such as nitrosamines and nitramines

which can affect health and environment [10]. It is therefore

essential to develop technologies that can reduce the cost of

carbon capture with environment friendly.

The use of calcium oxide (CaO) for CO2 looping cycle has

attracted increasing attention due to a number of its potential

advantages, including a wide range of potential operating

temperatures, reduction of energy requirement, elimination of

the generation of liquid wastes, and the relatively inert nature of

solids wastes [11]. The application of CaO is basically through

carbonation–calcination cycles with CO2 based on the

reversible reaction (Eq. (1)).

CaoðsÞ þ CO2ðgÞ $ CaCO3ðsÞ; DH�600 �C¼ � 171:2 kJ mol�1

(1)

The major challenge of this cycle in practical applications is

a sharp decay after few cycles of carbonation–calcination. The

deactivation of CaO-based CO2 sorbents is caused by the

sintering process due to three majors factors: (1) the

carbonation is highly exothermic; (2) there is a volumetric

expansion from CaO to CaCO3 (from 16.9 to 34.1 cm3/mol),

which significantly decreases the distance between particles in

the carbonated state; (3) CaCO3 has a Tammann temperature of

533 8C, lower than normal carbonation temperature [12].

Recently, several strategies have been studied to overcome

those problems, including: (1) decreasing CaO particle size

[13]; (2) synthesizing new CaO-based mesoporous silica [14];

(3) improving the porosity of CaO by hydration treatment [15];

(4) enhancement of reactivity using surfactant-modified CaO

[16]; (5) addition of inert phase such as potassium, sodium,

compounds of titanium, KMnO4-doped CaO, MgO-doped

CaO, La2O3-doped CaO [17–20]; (6) using other calcium-

based natural minerals, such as dolomite and huntite [21].

Besides, there are several natural calcium sources from wastes,

such as mussel shell, scallop shell, mollusk shell, and eggshell.

Eggs represent a major ingredient in a large variety of

products such as cakes, salad dressings and fast foods, whose

production results in several daily tons of waste eggshell and

incur considerable disposal costs in Thailand. The disposal of the

waste is a very important problem, which can cause risk to public

health, contamination of water resources and polluting the
environment. Based on the cleaner production concepts [22], the

use of wastes to be the CO2 sorbent not only provides the

technology with competitive sorbent processing costs but also

eliminate the wastes simultaneously. To the best of my

knowledge, very few researches on the use of waste eggshell

as the CO2 sorbent have been reported [23]. In this work, CaO

derived from waste eggshell were thoroughly investigated by

using thermogravimetric analysis (TGA), X-ray diffraction, X-

ray fluorescence, Fourier transform infrared (FTIR) spectro-

scopy, nitrogen sorption measurement, scanning electron

microscopy (SEM). CO2 adsorption capacity of the CaO derived

from waste eggshell was measured by gravimetric method at

different temperatures. Durability test of the CaO derived from

waste eggshell was conducted. The similar experiments were

repeated with the commercially available CaCO3 for comparison

purpose.

2. Materials and methods

2.1. Materials

Waste eggshell sample was collected from canteen, Kasetsart

University, Bangkok, Thailand. The sample was washed several

times with deionized water to remove additional residues from its

surface, filtered with 0.45 mm membrane filter and then dried at

105 8C for 24 h. The commercially available calcium carbonate

(CaCO3) was purchased from Ajax Finechem for comparison.

The samples were pulverized and sieved in the range of 250–

425 mm. The obtained samples were calcined at 900 8C for 1 h

under N2 atmosphere.

2.2. Characterization

The weight change and the calcination temperature of dried

eggshell were investigated by using DSC-TGA 2960 thermal

analyzer in a flow of nitrogen atmosphere at a heating rate of

10 8C/min. The sample loading was typically 20–25 mg.

X-ray fluorescence (PANalytical Epsilon 5) was used for the

qualitative and quantitative analysis of the inorganic com-

pounds in the natural and the calcined eggshell.

X-ray diffraction (XRD) patterns of the dried eggshell, the

calcined eggshell and the calcined CaCO3 were done on a

diffractometer (Bruker D8 Advance) using Cu-Ka radiation.

The measurements were made at room temperature at a range of

15–70 8C on 2u with a step size of 0.058. The diffraction

patterns were analyzed using the Joint Committee on Powder

Diffraction Standards (JCPDS). CaO crystallite size was

calculated using Scherrer equation from the most intense

CaO peak at 2u of 37.48 as shown below:

d ¼ 0:89l

B cos u
� 180�

p
(2)

where d is the mean crystallite diameter, l is the X-ray wave

length (1.54 Å), and B is the full width half maximum (FWHM)

of the CaO diffraction peak.

Fourier transform infrared (FTIR) spectra were obtained by

using spectrophotometer (Bruker Tensor 27) in the range of



Fig. 1. TGA–DTA pattern of dried eggshell (DES).
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Fig. 2. XRD patterns of dried eggshell (a), calcined eggshell (b) and calcined

commercially available CaCO3 (c).
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400–4000 cm�1 with a resolution of 4 cm�1. The sample

preparation consisted of mixing fine powder of each sample

dried eggshell, calcined eggshell and calcined CaCO3 with KBr

powder.

N2 adsorption–desorption isotherms of the samples were

measured at �196 8C using a Quantachrome Autosorb-1C

instrument. Prior to measurements, the samples were degassed

at 105 8C for 24 h. Pore size distributions of the samples were

determined from the adsorption branch of the isotherms by the

Barrett–Joyner–Hallenda (BJH) method. The specific BET

(SBET) was estimated for P/P0 values between 0.05 and 0.30.

The pore volume was reported as mesopore (2–50 nm) and

macropore (>50 nm) volumes.

The morphologies and dimensions of the samples were

observed by scanning electron microscope (SEM; Philips

XL30). SEM was operated at 14.0 kV of an accelerating

voltage. The samples were sputter-coated with gold prior to

analysis.

2.3. CO2 carbonation–calcination performance tests

CO2 carbonation–calcination measurements were per-

formed for all CaO products by using a SDT2960 simultaneous

DTA–TGA Universal 2000. A 20–25 mg sample was loaded

into an alumina sample pan. Prior to any CO2 carbonation–

calcination experiment and to remove pre-adsorbed CO2 and

H2O, the sample was first activated by heating it from room

temperature in a flow of pure N2 (100 mL/min) at a rate of

20 8C/min until 900 8C was achieved and the sample was kept

at 900 8C for 5 min; then the sample was cooled to a given

temperature (650, 700 and 750 8C). Once the carbonation

temperature was reached and stabilized, pure CO2 (99.999%)

with a flow rate of 80 mL/min was introduced into the system

while the change in the sample weight was recorded. After the

carbonation for 50 min, the CO2 flow was disconnected and the

N2 flow was subsequently introduced. The sample was heated

to 900 8C at a rate of 20 8C/min and kept at 900 8C for 5 min to

complete conversion to CaO. After calcination process, the

sample was cooled down to a given temperature again (650, 700

and 750 8C) for carbonation process. The same experiment was

repeated 11 times in order to investigate the performance of the

reversibility and stability of CO2 carbonation–calcination. The

carbonation conversion is calculated as follows:

Xn ¼ mn
carb � mn

cal

m0a
�WCaO

WCO2

(3)

where Xn is the carbonation conversion of the sorbent after n

cycles, m0 is the initial mass of the sorbent, a is the content of

CaO in the initial sorbent, mn
carb is the mass of the carbonated

sorbent after n cycles, mn
cal is the mass of the calcined sample

after n cycles. WCaO and WCO2
are the molar masses of CaO and

CO2, respectively. The carbonation rate is defined as follows:

rn ¼ dXn

dt
(4)

where rn is the carbonation rate after n cycles and t is the

carbonation time at each cycle.
3. Results and discussion

3.1. Characterization

The suitable calcination temperature of eggshell was

analyzed by TGA/DTA. As shown in Fig. 1, the TGA pattern

of dried eggshell showed two distinct stages of weight losses:

one at temperature below 680 8C and one between 680 and

850 8C. The first stage can be attributed to adsorbed water

molecules and loss of organic compounds. The second stage

exhibited the major weight loss at 830 8C, corresponding to

42 wt.% was due to the change of CaCO3 phase to CaO phase

which could be confirmed by the XRD and the FTIR results

(Figs. 2 and 3). As the sample weight remained constant after

850 8C, the temperature of 900 8C was then suitable for the use

as the calcination temperature to ensure complete conversion to

CaO.

X-ray diffraction pattern of dried eggshell (Fig. 2a) shows a

major peak at 2u = 29.58, indicating that calcite (CaCO3) is a

major phase of the waste eggshell. CaO phase with 2u values of

32.38, 37.48, 53.98, 64.28 and 67.48 was found when the

eggshell was calcined at 900 8C for 1 h (Fig. 2b). The major

peak of calcite phase (2u = 29.58) was not shown in XRD

pattern of the calcined eggshell, implying that the CaCO3 phase

was completely transformed to CaO phase. XRD pattern of the
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commercially available CaCO3 (c).

Table 2

Chemical composition of calcined eggshell (wt.%).

Sample CaO MgO P2O5 SO3 K2O SrO Cl Fe2O3 CuO

Calcined eggshell 97.42 1.63 0.52 0.26 0.08 0.05 0.02 0.01 0.01
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calcined commercially available CaCO3 (Fig. 2c) appeared at

the same 2u angles as that of the calcined eggshell. However,

the peaks intensities of the calcined commercially available

CaCO3 were higher than those of the calcined eggshell,

suggesting that the CaO crystalline size of the calcined

commercially available CaCO3 was larger than that of the

calcined eggshell. The CaO crystallite size calculated by using

Scherrer equation is listed in Table 1. It was found that the

calcined eggshell generated the nanocrystalline CaO with a

crystallite size of 44.3 nm, while the calcined commercially

available CaCO3 showed a very high degree of crystallinity

with a crystallite size of more than 100 nm.

The usefulness of qualitative analysis from the characteristic

frequencies provides information to identify chemical con-

stituents in a compound. Fig. 3a shows the IR spectra of the

dried eggshell. The broad transmission band at approximately

3428 cm�1 can be attributed to OH stretching vibration from

residual waster. The weak band at 1795 cm�1 corresponds to

C O bonds from carbonate. Two well-defined infrared bands at

1413 and 873 cm�1 are characteristic of the C–O stretching and

bending modes of calcium carbonate, respectively [24]. The

sharp band at 712 cm�1 is related to Ca–O bonds [25]. Fig. 3b

shows the spectrum of the calcined eggshell. The existence of

peak at 3640 cm�1 is due to OH in Ca(OH)2 formed during
Table 1

Physical properties and CaO crystallite size of different samples.

Samplea BET surface

area (m2/g)

Mesopore

volume

(cm3/g)

Macropore

volume

(cm3/g)

CaO crystallite

size (nm)

DES 0.05 0.001 0.007 –

CES 13.45 0.007 0.021 44.3

CCA 19.04 0.030 0.001 102.1

a Dried eggshell, calcined eggshell and calcined commercially available

CaCO3 are designated as DES, CES and CCA, respectively.
adsorption of water by CaO. The wide and strong band at around

500 cm�1 corresponds to the Ca–O band. The IR spectrum of the

calcined commercially available CaCO3 (Fig. 3c) appeared at the

same wavenumber of the calcined eggshell, indicating that the

calcined eggshell and the calcined commercially available

CaCO3 have a very similar chemical nature.

The chemical composition of the calcined eggshell (Table 2)

shows that the CaO is the most abundant component (97.4%).

The high amount of calcium oxide is associate the presence of

the calcium carbonate, which is the main component of the

waste eggshell confirmed by the XRD and FTIR results. The

calcined eggshell only contained small amounts of MgO, P2O5,

SO3, K2O, SrO, Fe2O3, CuO. Thus, the waste eggshell can be
Fig. 4. N2 sorption isotherms (a) and pore size distributions (b) of dried

eggshell (DES), calcined eggshell (CES) and calcined commercially available

CaCO3 (CCA).
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considered from a chemical viewpoint as a pure relatively

natural carbonate-based material.

Due to the fact that the characteristics of the pore structure of

CaO strongly influences on the diffusion and reaction of CO2,

therefore they must be thoroughly investigated and reported.

The pore characteristics of all samples measured by N2-

physisorption are shown in Fig. 4. The physical properties

including BET surface area, mesopore volume and macropore

volume are given in Table 1. As shown in Fig. 4a, the isotherms

of all samples exhibited type IV–II composite isotherms which

is the characteristic of mesoporous–macroporous material.

However, the amount of gas adsorbed of each sample was quite
Fig. 5. SEM images of dried eggshell (DES), calcined eggshell (CES) and cal

magnifications.
different. The isotherm of the dried eggshell was almost parallel

to the x-axis, showing no multilayer gas adsorption. This

observation indicated that the dried eggshell sample should

contain only macropore without the significant contribution of

mesopore volume. After calcination, the amount of gas

adsorbed was increased, suggesting that numerous pores were

created. Comparing between the calcined eggshell and the

calcined commercially available CaCO3 at relative pressure

range of 0.2–0.8, the amount of gas adsorbed of the calcined

eggshell was lower than that of the calcined commercially

available CaCO3, indicating that the calcined commercially

available CaCO3 had higher amount of mesopores and BET
cined commercially available CaCO3 (CCA) at low (left) and high (right)



Fig. 6. Carbonation conversions (a) and carbonation rate (b) of calcined

eggshell (CES) and calcined commercially available CaCO3 (CCA) with

different reaction temperatures after 1 cycle.
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surface area. However, the opposite trend was observed at

relative pressure higher than 0.85, implying that the calcined

eggshell had higher macropores.

The pore size distributions of all samples calculated by BJH

adsorption method are shown in Fig. 4b. It was found that the

pore size distribution of the dried eggshell sample is multi-

modal size, with mean pore diameters of 1.0 nm, 1.3 nm and

50 nm. After calcination, some pore sizes are shifted to larger

pore size and the volume of those pores are significantly

increased. This is due to the fact that the removal of CO2 during

calcination process creates small pores, whereas the larger

pores are obtained by the aggregates of the large grain size

formed by the sintering of the smaller ones. Moreover, the small

pores can possibly merge each other to form larger ones. The

calcined commercially available CaCO3 possess more porosity

in the range of mesopore region (2–50 nm). The foregoing

observations are consistent with the results in Table 1.

The apparent morphologies of the dried eggshell, the

calcined eggshell and the calcined commercially available

CaCO3 examined by SEM are shown in Fig. 5. The dried

eggshell was irregularly and very finely undulated. There were

many pores and pits distributed over the entire eggshell surface.

The size of the pores and the pits varied randomly from place to

place. After calcination, the structure of the dried eggshell has

been changed from the irregular crystal structure to inter-

connected skeleton structure. The size of the skeletons was

found to be approximately 1–3 mm. The voids between these

skeletons were in excess of 500 nm, which eluded measurement

with N2-physisorption. It was clearly seen that the skeleton size

and the voids of the calcined eggshell was smaller than those of

the calcined commercially available CaCO3. This was in good

agreement with the CaO crystallite size obtained by the XRD

results. However, it should be noted that the skeleton size

observed by the SEM images was larger than the crystallite size

obtained by the XRD results because the skeleton was formed

by the aggregates of several nanocrystallites.

3.2. CO2 capture performance

The carbonation conversions and carbonation rates of the

calcined eggshell and the calcined commercially available

CaCO3 at different carbonation temperature are shown in

Fig. 6. It is found that the carbonation of the two sorbents

obviously occurs in two stages. The first stage rapidly occurs

within 3 min due to the fast reaction of CO2 on the outer surface

of CaO particle to form the CaCO3 layer covering the CaO core.

The formation of CaCO3 layer increases the diffusion

resistance of CO2 to react with the CaO core and thus reduces

the reaction rate which is the second stage of the reaction. It can

be clearly seen that the carbonation conversion of the sorbents

is increased with increasing the carbonation temperature except

that of CCA-750. Based on the reaction kinetics, both the

reaction and solid-state diffusion rates are enhanced with the

increase in the temperature. It should be noted, however, that

the carbonation conversion of the CES sorbent at 750 8C is

slightly higher than that at 700 8C and the difference of the

carbonation conversions tends to be small with the increase of
the carbonation time. Similar result is also observed for the

CCA sorbent. The conversion of CCA sorbent at 750 8C is

lower than that at 700 8C after 20 min of the carbonation time.

This could be explained by the competition between the

forward and reverse reactions (Eq. (1)), the particle size of the

sorbents as well as the carbonation times.

It can be clearly seen that the carbonation conversion of the

calcined eggshell is twice higher than that of the calcined

commercially available CaCO3 compared at the same

carbonation temperature. The better carbonation performance

of the calcined eggshell relative to that of the calcined

commercially available CaCO3 can be attributed to the smaller

crystal grain size of the calcined eggshell, which provided a

larger exposed surface area for the interaction between CaO and

CO2 and also produced a thinner layer of CaCO3, resulting in

the easier diffusion of CO2.

In order to compare the durability performance of the

calcined eggshell (CES) and the calcined commercially



Fig. 7. Typical weight changes versus time from the TGA corresponding to

carbonation–calcination through 11 cycles (a) and carbonation conversions with

number of cycles (b) of calcined eggshell (CES) and calcined commercially

available CaCO3 (CCA).
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available CaCO3 (CCA), multiple carbonation cycles were

performed and the results are presented in Fig. 7. Fig. 7a shows

the typical data recorded in the computer in the form of weight

changes over time in percentage of the CES and the CCA

sorbents. It can be seen that the initial weight in percentage

before the carbonation process of each sorbent is found to be

different. This may be due to the presence of different amount

of physically–chemically bound water. Therefore, the weight

changes during carbonation–calcination steps were converted

to the conversion with number of cycles based on Eq. (3) and

the results are shown in Fig. 7b. It is obviously that the CO2

capture capacity of the CES sorbent is higher than that of the

CCA sorbent when compared at the same cycle. However, the

CES sorbent displays a sharp decay in carbonation conversion

from the first cycle to the third cycle. In contrast, the CCA

sorbent showed a steady and much slower rate of decay. This

observation can be explained by the fact that the smaller

particle size of the CES sorbent is unstable and easier sintering

during the carbonation–calcination steps which promote the

formation of aggregated particles, resulting in the increase of

particle size. The large particle size not only reduced an

exposed surface area for the surface reaction of CO2 but also

increased the thickness of CaCO3 layer for the CO2 diffusion.

Nevertheless, after 11 cycles, the carbonation conversion of the

CES sorbent was 1.6 times as high as that of the CCA sorbent.
4. Conclusion

This work presents the characterization of the waste

eggshell, the calcined eggshell (CES) and the calcined

commercially available CaCO3 (CCA) for the use as CO2

sorbent. It is found that the CaO is the major component of the

CES sorbent. The CaO crystallite size and the CaO particle size

of the CES sorbent are smaller than those of the CCA sorbent.

The effect of temperature on the reaction between sorbents and

CO2 was investigated. The results showed that the suitable

temperature for carbonation reaction is 700 8C. The CO2

capture capacity of the CES sorbent is higher than that of the

CCA sorbent due to its smaller CaO particle size which

provides a higher exposed surface for the surface reaction of

CO2. This finding indicates that the CaO derived from the waste

eggshell is attractive for the use as CO2 sorbent due to its

potentially low cost, environmentally benign nature and high

CO2 capture capacity.
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1. Introduction

Silica materials have attracted much attention for many re-
searchers because they can be used commercially as, for example, a
catalyst support [1], a controlled drug release [2], and a sorbent [3].
Several Researchers have focused on the improvement of surface
chemistry, molecular structure, morphology and porosities of silica
materials in order to obtain the best performance for each application
[3–5]. Traditional syntheses of silica-based materials require elevated
temperature, high pressure, strongly acidic or alkaline media, and a
long time for the synthesis process [6]. By comparison, biologically
controlled silica materials production not only occurs under benign
conditions but also produces silica materials with hierarchically
ordered pore structures ranging from the nanometer to micrometer
domain [7,8]. Such materials can provide a high specific surface area
and more interaction sites via nanopores, while the presence of
additional macropores can enhance mass transport and easier
accessibility to the active sites. These features make such materials
highly desirable and promising for applications in catalysis and
separation technology [1,9]. The discovery and refinement of
biologically controlled silicamaterials have inspiredmany researchers
to obtain better control over the structure and morphology of
chemically produced silica.

Recently, several kinds of biopolymer containing amine function-
alities have been investigated for their roles in the hydrolysis–
condensation process and structure of silica products [7,10,11]. It was
found that individual amino acids could reduce or catalyze the early
kinetics of condensation and precipitation of silica materials. It seems
reasonable that current issues for biologically controlled silica
materials production should not be limited to understanding their
roles in the formation of silica products, but should also extend to the
use of the biomaterials that are cheaper and readily available in
nature.

In addition to amino acids, chitosan biopolymer, which is
produced from partial N-deacetylation of chitin, is an interesting
material to be used in the synthesis of silica materials, due to its low-
cost, biodegradability, and non-toxic characteristic. Silica formation
in the presence of chitosan was first reported by Pedroni et al. [12].

http://dx.doi.org/10.1016/j.jnoncrysol.2011.06.029
mailto:fengttwi@ku.ac.th
http://dx.doi.org/10.1016/j.jnoncrysol.2011.06.029
http://www.sciencedirect.com/science/journal/00223093


Table 1
Synthesis conditions of silica products.

Sample IDa pH values of mixture Chitosan (g)

P3-0.1 3±0.01 0.1±0.0001
P3-0.4 3±0.01 0.4±0.0001
P3-0.8 3±0.01 0.8±0.0001
P3-1.6 3±0.01 1.6±0.0001
P5-0.1 5±0.01 0.1±0.0001
P5-0.4 5±0.01 0.4±0.0001
P5-0.8 5±0.01 0.8±0.0001
P5-1.6 5±0.01 1.6±0.0001
P6-0.1 6±0.01 0.1±0.0001
P6-0.4 6±0.01 0.4±0.0001
P6-0.8 6±0.01 0.8±0.0001
P6-1.6 6±0.01 1.6±0.0001

a Distilled water of 70 mL and sodium silicate of 3.7±0.0001 g based on 1±0.0001 g
of silica were used throughout this study. The silica products are designated as PX-Y
where X is the pH value and Y is the mass ratio of chitosan to silica.

Table 2
Physical properties of the products synthesized under various conditions.

Sample IDa BET surface area (m2/g) Total pore volume (cm3/g)

P3-0.1 750±2 0.51±0.01
P3-0.4-T 763±3 0.63±0.02
P3-0.4-B 784±2 1.11±0.03
P3-0.8-T 742±4 0.64±0.02
P3-0.8-B 775±7 1.20±0.03
P3-1.6-T 760±6 0.70±0.02
P3-1.6-B 784±8 1.31±0.04
P5-0.1 420±3 1.01±0.02
P5-0.4 417±5 1.23±0.03
P5-0.8 430±5 1.31±0.03
P5-1.6 428±6 1.90±0.05
P6-0.1 369±3 1.51±0.02
P6-0.4 349±4 1.82±0.05
P6-0.8-T 322±2 1.21±0.03
P6-0.8-B 381±3 1.66±0.05
P6-1.6-T 320±4 1.24±0.02
P6-1.6-B 390±6 1.93±0.05

a T and B are designated as the silica products in the top and the bottom parts of the
bottle, respectively.
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They found that a fibrous material was formed by a spongelike
siliceous network with pores having a radius of 0.57 μm. Ayers et al.
[13] prepared chitosan/silica hybrid gels to improve the uniformity
and dimensional stability of aerogels. Chang et al. [14] investigated
the effect of chitosan on different stages of the silica polymerization.
They found that the addition of chitosan not only increased the rate
of turbidity change, but also increased the rate of size enlargement of
silica nanoparticles. Wang et al. [15] reported that chitosan
biopolymer could induce the fast gelation of glycol-modified
tetraethoxysilane by changing the sol–gel transition mechanism
from reaction-limited kinetics to diffusion-limited kinetics. The
effect of pH values on the formation of silica/chitosan composites
was studied by our group [16]. We found that the growth of silica
domainwas limited by the chitosan network when the pH of mixture
was higher than 3. However, only one value of chitosan/silica ratio
was employed.

Here to more fully assess the role of chitosan molecules on the
precipitated silica–chitosan composite and the morphology of silica
materials, we have looked at two key structural features: (i) chitosan/
silica ratios and (ii) pH values of the mixture. Both factors were
investigated simultaneously. Images of visual inspection of the silica–
chitosan precipitates at different conditions and stages of silicate
condensation were obtained. The physical properties and morpho-
logical structure of the final silica products were examined by N2-
sorption, Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM). These results provided the essential
information for further development of a simple, low-cost route to
synthesize porous silica products with novel structures and tailored
properties.

2. Experimental

2.1. Chemicals and reagents

All chemicals and reagents are of analytical grade and used
without any further purification. Chitosan with 80% deacetylation was
purchased from Eland Corporation. Sodium silicate (Na2Si3O7: 27 wt.%
SiO2, 4 wt.% NaOH) was obtained from Thai Silicate Company. Acetic
acid and sodium hydroxide were purchased from Sigma-Aldrich
Company.

2.2. Preparation of porous silica

In a typical synthesis process, ×grams (0.1, 0.4, 0.8 and 1.6 g) of
chitosan were dissolved overnight in 60 ml of 2% v/v acetic acid in
deionized water at room temperature. Then, 3.7 g based on 1 g of
sodium silicate solution was primarily diluted with 10 ml of deionized
water and slowly added to the chitosan solution with vigorous
stirring. The error in weighing is approximately ±0.0001 g. It should
be noted that, measured with a pHmeter (model CG-842, Schott), the
initial pH values of chitosan solution and sodium silicate were 3.6 and
11.1, respectively, and the pH value after mixingwas approximately 5.
The error in pH measurement is approximately ±0.01. Afterwards,
the pH value of the mixture was quickly adjusted to 3 or 6 by the
addition of 2 M HCl or 2 M NaOH solution, respectively. The mixture
was stirred at 40 °C for 24 h and after that it was poured into a glass
bottle and aged in a Teflon-lined autoclave at 100 °C for 24 h. The
synthesis conditions are listed in Table 1. In some cases, the products
had separated into two phases: one at the top and one at the bottom
of the bottle. The whole products at the top and at the bottom were
carefully taken out by using a dropper. The product near the interface
was left since its composition could be a mixture of phases. The
obtained products were filtrated, washed several times with distilled
water, dried at 120 °C for 24 h, and calcined at 600 °C for 4 h at a
heating rate of 2 °C/min. The physical properties of the calcined
products are shown in Table 2.
2.3. Characterization of porous silica products

2.3.1. Measurement of the amount of chitosan
The amount of chitosan incorporated into the as-synthesized

products was investigated by using a simultaneous DTA-TGA analyzer
(TA instrument, SDT2960 Simultaneous DTA-TGA Universal 2000) in
air at a heating rate of 10 °C/min.

2.3.2. Measurement of N2 sorption isotherms
Nitrogen sorption isotherms of bimodal porous silica products

were measured at–196 °C using a Quantachrome Autosorb-1 C
instrument. Prior to sorption measurements, the products were
degassed at 200 °C for 12 h. The specific surface area and pore size
distribution were calculated using the Brunauer–Emmett–Teller
(BET) and the Barrett–Joyner–Halenda (BJH) methods, respectively.
The total pore volumes were measured at a relative pressure P/P0 of
0.995. Three measurements were taken with each sample. The
statistical uncertainty has been stated with the data and is reported
in the Table 2.

2.3.3. Measurement of surface morphology and nanostructure
Surface morphology of the porous silica products was analyzed by

using field Emission Scanning Electron Microscopy (FE-SEM: JEOL
JSM-6301 F, Au-coated, operated at 20 keV). The nanostructure of the
products was analyzed by using Transmission Electron Microscopy
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(TEM: JEOL JEM-2010 microscope with an acceleration voltage of
200 kV). In order to prepare the sample for TEM analysis, the porous
silica products were suspended in ethanol and dried at room
temperature on a copper grid coated with a carbon film.

3. Results

Visual inspection of the silica–chitosan precipitates gives valu-
able information. Fig. 1 presents silica–chitosan precipitates at
different stages: after pH adjustment, silicate condensation at 40 °C
for 24 h, and silicate condensation at 100 °C for 24 h. For a relatively
low chitosan content (Fig. 1a), precipitationwas not observed for the
samples prepared at pH 3 and pH 5, while the silica–chitosan
instantly precipitated after the pH value was adjusted to 6. When
heated to 40 °C with stirring for 24 h, the solutions prepared at pH 5
and 6 were transformed to white opaque homogenous solutions.
After aging at 100 °C for 24 h, a translucent bulk gel was obtained
from the solution prepared at pH 3, with no visible silica–chitosan
precipitate.

When the sodium silicate was added at a chitosan/silica ratio of 0.4
(Fig. 1b), the silica–chitosan composite was precipitated immediately.
The amount of silica–chitosan precipitate did not change after the pH
of the mixture was adjusted to 3, while the increasing amount of the
silica–chitosan precipitates at pH 6 was obtained. After aging at 40 °C
for 24 h, the sample prepared at pH 3 had separated into two phases:
one at the top and one at the bottom of the bottle. As the chitosan/
silica ratio was increased yet further (Fig. 1c and d), a phase
separation of the product prepared at pH 6 was also observed. The
amount of chitosan molecules in the silica–chitosan precipitates at
Stage of silicate
pH adjustment 40 oC an

a

b

c

d

p H 3 5 6 3 5

Fig. 1. Visual observations of the effect of pH and chitosan concentration on silica–chitosa
preparation step.
different phases was investigated by using thermal gravimetric
analysis (TGA) technique.

TGA patterns of representative samples obtained from two
different phases (P3-1.6-B, P3-1.6-T, P6-1.6-B, and P6-1.6-T) are
shown in Fig. 2. All samples show four well-distinguished steps. The
first and second steps occur in the temperature range 50–200 °C,
corresponding to mass loss of 8–10 wt.%, are associated with the loss
of physical and chemical adsorption of water molecules. The third
step occurs in the temperature range 200–330 °C and corresponds to
the degradation of the backbone chain of the chitosan molecules.
The fourth step takes place at the temperature range 330–620 °C and
is associated with the decomposition of the functional groups of the
chitosan molecules. It is clearly seen that the amount of chitosan
molecules incorporated into the silica–chitosan composites
obtained from the bottom part of the bottle (chitosan-rich phase)
is higher than that obtained from the top part of the bottle (silica-
rich phase).

The aggregated characteristics and morphologies of the porous
silica products were investigated by SEM and TEM, and representative
images are shown in Figs. 3 and 4, respectively. Synergistic effects
between chitosan/silica ratio and pH value of the mixture on the
aggregated and morphological characteristics of the porous silica
products are observed, meaning that the effects of these parameters
should be discussed simultaneously.

At pH 3, the structure of silica products synthesized with a
relatively small amount of chitosan was a continuous gel and
appeared as a dense aggregation of silica nanoparticles (Figs. 3a and
4a). In the bottom part of the bottle (chitosan/silica=0.4, Figs. 3b and
4b), spherical silica particles were obtained with a grain size of about
C
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 condensation
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100–150 nm. The grains were more uniform when a larger amount of
chitosan/silica ratio was applied (Fig. 3c). With a yet higher chitosan/
silica ratio, grains with a spherical shape were no longer obtained and
instead a rod-like structure was formed (Figs. 3d and 4c). In the top
part of the bottle, the morphology of silica products prepared at
chitosan/silica ratio of 0.4–0.8 (not shown here) was similar to that of
silica products prepared with a relatively small amount of chitosan
(Figs. 3a and 4a).

At pH 5, the structure of silica products synthesized with a
relatively small amount of chitosan showed a dense aggregation of
silica nanoparticles (Fig. 3e), similar to that of silica products prepared
at pH 3 (Fig. 3a). A skeleton structure was formed and its size was
decreased when the chitosan/silica ratio was increased (Figs. 3f to h
and 4d to f).

At pH 6, the aggregation of irregular spherical shapes of silica
particles was obtained even for a relatively small amount of chitosan
(Fig. 3i). A self-agglomerate of interconnected porous silica with
uniform grain size was observed at a chitosan/silica ratio of 0.4
(Figs. 3j and 4g). For higher chitosan/silica ratios (0.8, 1.6) at this pH
value, the aggregation of spherical shapes of silica particles was again
obtained (Figs. 3k to l and 4h to i), but the observed grain size was
i
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k
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smaller than that of the silica product prepared with a relatively small
amount of chitosan (Fig. 3i).

Adsorption/desorption isotherms for the silica product prepared at
pH 3 andwith a relatively small amount of chitosan (Fig. 5a) exhibited
a type IV isothermwith H2 hysteresis loop, indicating that the product
is composed of mesopores with an ink-bottle structure. At higher
chitosan/silica ratios, the type II-IV composite isotherms, which are
characteristic of meso-macroporous materials were obtained for silica
products obtained from the bottom part of the bottle (Fig. 5b to d;
opened symbols). For all samples obtained from the top part of the
bottle (Fig. 5b to d; closed symbols), the isotherms could mainly be
described as type IV; however, the gas sorption at high relative
pressure (P/P0N0.85) was found to gradually increase with an
increasing chitosan/silica ratio, indicating the existence of large
mesopores in the structure. At pH 5, the isotherm gradually
transitioned from a type IV isotherm to a type II-IV composite
isotherm (Fig. 5e to h) with increasing chitosan/silica ratio. All silica
products synthesized at pH 6 showed the II–IV composite isotherms
(Fig. 5i to l).

Fig. 6 shows the pore size distribution of porous silica products
synthesized at various conditions. At pH 3, the pore size distribution of
silica products prepared with a relatively small amount of chitosan
was located in the mesopore diameter region, with mean pore
diameter of about 3.8 nm (Fig. 6a). For higher chitosan/silica ratios,
the silica products obtained from the bottom part of the bottle
exhibited a pore size distribution at two different length scales—both
mesopore and macropore diameters (Fig. 6b to d; opened symbols)—
whereas the silica products obtained from the top part of the bottle
(Fig. 6b to d; closed rectangular) showed a similar result to the silica
products synthesized with a relatively small amount of chitosan
(Fig. 6a). However, a broader pore size distribution (Fig. 6d) was
obtainedwhen the chitosan/silica ratio was increased sufficiently high
(chitosan/silica=1.6). At pH 5, the pore size distribution in the
macropore range was broadened with increasing chitosan/silica ratio
(Fig. 6e to h). At pH 6, a broad pore size distribution—in the range of
both mesopores and macropores—was obtained in every case (Fig. 6i
to l). The BET surface area and the total pore volume of all samples are
given in Table 2.

4. Discussion

The silica–chitosan precipitate which is observed in this work can
be explained by attractive electrostatic interactions between the
positively charged amino groups of chitosan molecules and the
negatively charged silicate species. At pH 3, the amino groups of
chitosan molecules are highly protonated, while the charge of the
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silicate surface is very close to zero, resulting in minimal interaction
between chitosan molecules and silicate species. Thus, silica–chitosan
precipitates should not exist. However, in general, the initial pH
values of sodium silicate and chitosan solution are about 11 and 3.6,
respectively. After mixing, the pH of chitosan was increased whereas
the pH of sodium silicate was decreased. The pH of the mixture is
about 5. This condition leads to precipitation of silica and chitosan
molecules at an early stage for systems with a chitosan/silica ratio
greater than 0.1. It can be seen that the silica–chitosan precipitation is
irreversible, because the amount of precipitate does not change after
the final preparation step (silicate condensation at 100 °C for 24 h).
The formation of silica products at the top part is due to the hydrolysis
and condensation of sodium silicate itself, without any significant
effect of the chitosan molecules and therefore the growth of the silica
domain is not limited, as shown by the results of SEM and TEM images
in Figs. 3a and 4a, respectively. For the silica products in the bottom
part, the silica domain was limited by the chitosan network, resulting
in a smaller silica domain size.

At pH 5, positively charged amino groups still exist on the
backbone chains of the chitosan molecules, and the charge of the
silicate species is more negative than at pH 3. This may result in
interaction between chitosan molecules and silicate species through
an ionic crosslinking interaction. In contrast, in a system adjusted at
pH 3, the charge density and the free ammonium groups of the
chitosan molecules are lower, resulting in a decrease in the size of
the void of the chitosan networks. Accordingly, the chitosan
molecules can play a significant role in controlling the size of the
silica domain at pH 5.
At pH 6, the size of the void of the chitosan networks is even more
decreased. As a result, the chitosan molecules can control the silica
domain even if there is only a small amount of the chitosan present
(chitosan/silica=0.1). The silica domain is decreased as the chitosan/
silica ratio is increased to 0.4; this is caused by the distribution of silica
species in a highly dense chitosan network, which limits the growth of
the silica domain. By increasing the chitosan/silica ratio yet further
(chitosan/silicaN0.8), a phase separation occurs in the precipitated
material and results in a silica-rich phase and a chitosan-rich phase
(as confirmed by the TGA results). Such a phase separation is possible
because the chitosan networks are more dense and compact, and thus
the silicate species hardly penetrate within the voids of the chitosan
network.

5. Conclusion

The purpose of this work is to delineate the effect of chitosan/silica
ratios and pH values on silica–chitosan precipitates and on the
morphology of silica products. The principal findings are summarized
as follows: (1) The silica–chitosan precipitates depend on the initial
pH values of the chitosan and the sodium silicate solutions. (2)
Macroscopic two-solid phases (a silica-rich phase and a chitosan-rich
phase) occur in the products prepared at pH 3 and pH 6. (3) At pH 3
and pH 5, the size of the silica domain was decreased with increasing
chitosan/silica ratios. (4) At pH 6, the size of silica domain was
decreasedwhen increasing the chitosan/silica ratios from 0.1 to 0.4. At
higher chitosan/silica ratios, the size of silica domain did not change
significantly with further addition of chitosan. (5) The change of
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morphological structure of the calcined products might be due to the
change of conformation structure of the chitosan during the synthesis
conditions that act as the template for the formation of hierarchical
porous silica with different morphologies.
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