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จากความวติกกงัวลเกีย่วกบัปญหาภาวะโลกรอ้นซึง่มสีาเหตุมาจากการเพิม่ปรมิาณของั
ก๊าซคารบ์อนไดออกไซดใ์นชัน้บรรยากาศ และการลดลงของแหล่งเชือ้เพลงิฟอสซลิ ทาํใหม้กีาร
สรา้งหลากหลายยทุธศาสตรส์าํหรบัการพฒันาพลงังานทดแทน การนําก๊าซคารบ์อนไดออกไซด์
กลบัมาใชใ้หมเ่พือ่ผลติเชือ้เพลงิทดแทน เชน่ เมทานอลและเอทานอลเป็นแนวทางหน่ึงทีเ่ป็นไป
ไดใ้นการแกไ้ขปญหาทัง้สองอย่างน้ีไปพรอ้มๆกนั งานวจิยัน้ีศกึษาการใชก้ราฟีนออกไซดเ์ป็นั
ตวัรองรบัตวัเร่งปฏิกิรยิาคอปเปอร์ออกไซด์-ซิงค์ออกไซด์-เซอร์โคเนีย อทิธิพลของปรมิาณ 
กราฟีนออกไซดต่์อคุณลกัษณะทางกายภาพและทางเคมรีวมทัง้ประสทิธภิาพในการเรง่ปฏกิริยิา
ไฮโดรจเินชนัของก๊าซคารบ์อนไดออกไซดเ์พือ่ผลติเมทานอลถูกตรวจสอบ โดยตวัเรง่ปฏกิริยิาที่
เตรยีมไดถู้กนํามาวเิคราะหด์ว้ยเทคนิค การสลายตวัทางความรอ้น การรดีวิซ์ตวัเร่งปฏกิริยิา
ดว้ยก๊าซไฮโดรเจน การถ่ายภาพดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบส่องกราด การถ่ายภาพ
ดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบสอ่งผ่าน และการดดูกลนืรงัสเีอก็ซท์ีใ่กลข้อบ ผลการศกึษา
พบว่าการเตมิกราฟีนลงไปตัง้แต่ 0.5–5 เปอรเ์ซน็ต์โดยน้ําหนกัชว่ยเพิม่การกระจายตวัของ 
โลหะออกไซดแ์ละชว่ยทาํใหค้อปเปอรอ์อกไซดถ์ูกรดีวิซไ์ดง้า่ยขึน้ อยา่งไรกต็ามปรมิาณกราฟีน
ที่มากกว่า 5 เปอร์เซน็ต์โดยน้ําหนกั นําไปสู่การรวมตวักนัเป็นกลุ่มก้อนของกราฟีนทําให้
อนุภาคของตวัเร่งปฏกิริยิากระจายตวัไม่สมํ่าเสมอ ตวัเร่งปฏกิริยิาคอปเปอรอ์อกไซด-์ซงิคอ์อก
ไซด-์เซอรโ์คเนียทีใ่ชก้ราฟีนปรมิาณ 1 เปอรเ์ซน็ต์โดยน้ําหนกัใหผ้ลไดข้องเมทานอลสงูสดุที ่ 
274.63 กรมั ต่อกโิลกรมัตวัเร่งปฏกิริยิาต่อชัว่โมง ที่อุณหภูมใินการทําปฏกิริยิา 240 องศา
เซลเซยีส และความดนั 20 บาร ์เน่ืองจากประสทิธภิาพทีด่ทีีสุ่ดของตวัเร่งปฏกิริยิาคอปเปอร์
ออกไซด์-ซิงค์ออกไซด์-เซอร์โคเนียที่ใช้กราฟีนปรมิาณ 1 เปอร์เซ็นต์โดยน้ําหนกั ตวัเร่ง
ปฏกิริยิาน้ีจงึถูกนํามาปรบัปรุงดว้ยโลหะโคบอลต์และเหลก็ดว้ยวธิกีารจุ่มชุม เพื่อใชเ้ป็นตวัเร่ง
ปฏกิริยิาสําหรบัผลติเอทานอลจากปฏกิริยิาไฮโดรจเินชนัของก๊าซคารบ์อนไดออกไซด์ พบว่า
การเติมโคบอลต์และเหล็กเพิ่มค่าการแปลงผนัของก๊าซคาร์บอนไดออกไซด์ซึ่งเป็นไปได้
เน่ืองจากการเกดิผลติภณัฑเ์ป็นสารประกอบไฮโดรคารบ์อนมากขึน้จากกระบวนการไฮโดรจเิน
ชันของก๊าซคาร์บอนมอนอกไซด์ และตัวเร่งปฏิกิริยาที่ปรับปรุงด้วยโลหะโคบอลต์ 2.5 
เปอรเ์ซน็ตโ์ดยน้ําหนกัใหค้า่การเลอืกเกดิเอทานอลสงูทีส่ดุ 
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Abstract 
Project Code :  TRG5780258 
Project Title :  Graphene as Cu/ZnO catalyst support for ethanol synthesis from  

CO2 hydrogenation: Effect of cobalt and iron addition 
Investigator :  Asst.Prof.Dr. Thongthai Witoon 
E-mail Address : fengttwi@ku.ac.th 
Project Period : 2 years from 15 July 2014 to 14 July 2016 
 

Increasing concerns over global warming caused by an increase of atmospheric 
carbon doxide (CO2) concentration and depletion of fossil fuel resources have created a 
large variety of strategic routes for development of renewable.  Recycling of CO2 into 
alternative fuels such as methanol and ethanol offers a feasible option to tackle both 
CO2 emission and demand of energy simultaneously.  In this study, we report on the 
use of graphene oxide as a support for CuO/ZnO/ZrO2 system.  The effect of graphene 
oxide contents on the physicochemical properties of GO-CuZnZr catalysts as well as 
their catalytic CO2 hydrogenation to methanol was investigated.  The obtained catalysts 
were characterized by means of thermal gravimetric analysis, H2-temperature 
programmed reduction, scanning electron microscope (SEM), transmission electron 
microscope (TEM) and X-ray absorption near edge spectroscopy (XANES).  Graphene 
oxide contents up to 5 wt% were found to promote the dispersion of metal oxides and 
enhance the reducibility of copper oxide speices.  Higher graphene oxide content (10–
20 wt%) led to segregation and inhomogeneous microstructure of the resulting catalyst.  
The 1GO-CuZnZr catalyst (1 wt% graphene oxide) achieved the highest yield of 
methanol of 274.63 g kgcat

-1 h-1 at reaction temperature and pressure of 240 oC and 20 
bars.  Since the 1GO-CuZnZr catalyst showed the best catalytic performance, this 
catalyst was selected to impregnate with Co and Fe for the ethanol production from CO2 
hydrogenation.  The addition of Co and/or Fe was found to increase the CO2 conversion 
which was possibly due to the formation of hydrocarbon from CO hydrogenation 
reaction. The 1GO-CuZnZr prepared with 2.5 wt% Co was found to be the most 
selective catalyst for ethanol synthesis from CO2 hydrogenation. 
 

Keywords:  Heterogeneous catalysts; Carbon dioxide; Methanol; Ethanol; Graphene 
oxide; CuO-ZnO-ZrO2

 
 



การใช้กราฟีนเป็นตวัรองรบัตวัเร่งปฏิกิริยาคอปเปอร-์ซิงคอ์อกไซดส์ าหรบัการสงัเคราะหเ์อ
ทานอลจากปฏิกิริยาการเติมไฮโดรเจนของกา๊ซคารบ์อนไดออกไซด:์ อิทธิพลของการเติม
โคบอลตแ์ละเหลก็ 
 
1. วตัถปุระสงคก์ารทดลอง 

1) เพื่อศกึษาผลของปรมิาณกราฟีนออกไซดท์ีใ่ชเ้ป็นตวัรองรบัตวัเร่งปฏกิริยิาคอปเปอร์
ออกไซด-์ซงิคอ์อกไซด-์เซอรโ์คเนียต่อคุณสมบตัทิางกายภาพและทางเคมขีองตวัเร่ง
ปฏกิริยิารวมทัง้ประสทิธภิาพในปฏกิริยิาการเตมิไฮโดรเจนของก๊าซคารบ์อนไดออกไซด์
เพื่อผลติเมทานอล 

2) เพื่อศกึษาผลของการเตมิโคบอลตแ์ละเหลก็ลงตวัเร่งปฏกิริยิาคอปเปอรอ์อกไซด-์ซงิคอ์อก
ไซด-์เซอรโ์คเนีย-กราฟีน ต่อคุณสมบตัทิางกายภาพและทางเคมขีองตวัเร่งปฏกิริยิารวมทัง้
ประสทิธภิาพในปฏกิริยิาการเตมิไฮโดรเจนของก๊าซคารบ์อนไดออกไซดเ์พื่อผลติเอทานอล 

 
2. วิธีการทดลอง 
 

2.1 การเตรียมกราฟีนออกไซดด้์วยการดดัแปลงวิธีของ Hammer 
ในการเตรยีมกราฟีนออกไซด ์มสีารเคมทีีใ่ชไ้ดแ้ก่ โซเดยีมไนเตรต (NaNO3), กรดซลัฟูรกิ 

(H2SO4), โพแทสเซยีมเปอร์แมงกาเนส (KMnO4), ไฮโดรเจนเปอร์ออกไซด์ (H2O2), เอทานอล 
(C2H5OH), กรดไนตรกิ (HNO3) 

กราฟีนออกไซดจ์ะถูกเตรยีมดว้ยการดดัแปลงวธิขีอง Hammer ในขัน้ตอนแรก น าแกรไฟต์
กระจายตวัในสารละลายที่ประกอบไปด้วย โซเดยีมไนเตรตและกรดซลัฟูริกในสภาวะการกวนที่
อุณหภูมติ ่ากว่า 5 องศาเซลเซยีส เป็นเวลา 30 นาท ีจากนัน้เตมิ โพแทสเซยีมเปอร์แมงกาเนส 
ปล่อยทิง้ไวเ้ป็นเวลา 1 ชัว่โมง หลงัจากนัน้เพิม่อุณหภมูขิองสารละลายไปที่ 35 องศาเซลเซยีสเป็น
เวลา 2 ชัว่โมง แล้วเตมิน ้าปราศจากไอออนจ านวน  230 มลิลลิติร จากนัน้เพิม่อุณหภูมไิปที่ 98 
องศาเซลเซียส เป็นเวลา 15 นาท ีแล้วเจอืจางสารละลายด้วยน ้าปราศจากไอออนปรมิาตร 700 
มลิลลิติร แล้วเตมิ 30 % ไฮโดรเจนเปอร์ออกไซด์ หลงัจากนัน้กรองและล้างด้วยน ้า  ปราศจาก
ไอออน หลงัจากนัน้ท าการอบแหง้ภายใตส้ภาวะสุญญากาศที่อุณหภูม ิ40 องศาเซลเซยีสเป็นเวลา 
12 ชัว่โมง 
 
2.2 การเตรียมตวัเร่งปฏิกิริยากราฟีนออกไซด-์คอปเปอรอ์อกไซด-์ซิงคอ์อกไซด-์

เซอรโ์คเนียมออกไซด ์(GO-CuO-ZnO-ZrO2) 
2.2.1  ชัง่โซเดยีมไฮโดรเจนคารบ์อเนตปรมิาณ 4.2005 กรมั น ามาละลายดว้ยน ้ามาละลายดว้ยน ้า

กลัน่ ปรมิาตร 500 มลิลลิติรในบีกเกอร์ จากนัน้บกีเกอร์ไปใส่ในเครื่องอลัตราโซนิก โดย
เตมิกราฟีนออกไซดล์งในสารละลายในปรมิาณที่ต้องการ (ร้อยละโดยน ้าหนักของก ราฟีน



ออกไซด ์เท่ากบั 0,0.5,1,2.5,5,10และ20) หลงัจากนัน้เปิดเครื่องอลัตราโซนิกเพื่อท าให้แผ่
นกราฟีนกระจายตวั  

2.2.2 ชัง่คอปเปอร์ไนเตรตไตรไฮเดรต ซงิค์ไนเตรตเฮกซะไฮเดรตและเซอร์โคเนียมออกซคิลอ
ไรด์ออกตะไฮเดรต ในปรมิาณที่ต้องการ โดยให้มอีตัราส่วนโดยโมลของ Zn: Cu เท่ากบั 
0.75 น ามาละลายด้วยน ้ากลัน่ปรมิาต 100 มลิลลิิตรในบีกเกอร์ จากนัน้คนจนเป็นเนื้อ
เดยีวกนัและน าสารทีไ่ดเ้ตมิลงในสารละลายขอ้ 2.2.1 กวนสารละลายผสมดว้ยความเรว็รอบ 
350 รอบต่อนาท ีทีอุ่ณหภมูหิอ้ง เป็นเวลา 5 นาท ี

2.2.3 เตมิสารละลายโซเดยีมไฮโดรเจนคารบ์อเนต ความเขม้ขน้ 0.1 โมลต่อลติรลงในสารละลาย
ขอ้ 2.2.2 เพื่อปรบัความเป็นกรดเบสใหอ้ยูใ่นช่วง 7.0-7.5 และท าการปิดผนึกที่บรเิวณปาก
บกีเกอรด์ว้ยฟิลม์บางใส หลงัจากนัน้ท าการกวนสารละลายทิง้ไวด้ว้ยความเรว็ 350 รอบต่อ
นาท ีทีอุ่ณหภมูหิอ้งเป็นเวลา 2 ชัว่โมง  

2.2.4 น าสารละลายที่ได้จากขอ้ 2.2.3 มาล้างด้วยน ้ากลัน่และเอทานอลปรมิาตร 2000 และ 50 
มลิลลิติร ตามล าดบั ผลติภณัฑท์ีไ่ดจ้ะมลีกัษณะเป็นตะกอน 

2.2.5 น าตะกอนทีไ่ดไ้ปอบทีอุ่ณหภมู ิ100 องศาเซลเซยีส เป็นเวลา 12 ชัว่โมง 
2.2.6 น าสารทีไ่ดจ้ากขอ้ 1.5 มาบดดว้ยโกร่งใหล้ะเอยีด และเกบ็ไวใ้นตูด้ดูความชืน้ 
 
2.3 การเตรียมตวัเร่งปฏิกิริยาโคบอลต-์เหลก็-กราฟีนออกไซด-์คอปเปอรอ์อกไซด-์ซิงคอ์

อกไซด-์เซอรโ์คเนียมออกไซด ์(Co-Fe/GO-CuO-ZnO-ZrO2) 
การโหลดโลหะโคบอลต์และหรือเหล็กลงบนตวัเร่งปฏิกิริยากราฟีนออกไซด์ -คอปเปอร์

ออกไซด-์ซงิคอ์อกไซด-์เซอรโ์คเนียมออกไซด ์จะเตรยีมดว้ยวธิจีุ่มชุม โดยมขี ัน้ตอนดงัต่อไปนี้ 
2.3.1 ชัง่โคบอลต์ไนเตรตและเหล็กในเตรตให้ได้ปริมาณตามต้องการ น าไปละลายในน ้ า 

ปราศจากไอออนปรมิาตร 2 มลิลลิติร 
2.3.2 ชัง่ GO-CuO-ZnO-ZrO2 จ านวน 1 กรมั แล้วเทลงในสารละลายขอ้ 2.3.1 กวนทิ้งไว้ที่

อุณหภมู ิ60 องศาเซลเซยีส เป็นเวลา 2 ชัว่โมง 
2.3.3 อบแหง้สารในขอ้ 2.3.2 ทีอุ่ณหภมู ิ100 องศาเซลเซยีส เป็นเวลา 12 ชัว่โมง 
2.3.4 น าสารทีไ่ดจ้ากขอ้ 2.3.3 มาบดดว้ยโกร่งใหล้ะเอยีด และเกบ็ไวใ้นตูด้ดูความชืน้  
 
2.4 การทดสอบประสิทธิภาพในการเร่งปฏิกิริยาการเติมไฮโดรเจนของกา๊ซ

คารบ์อนไดออกไซดเ์พ่ือผลิตเมทานอล 
 น าตวัเร่งปฏกิิรยิาที่เตรยีมได้มาบรรจุในเครื่องปฏกิรณ์แบบเบดนิ่ง จากนัน้รีดวิซ์ตวัเร่ง
ปฏกิริยิาด้วยก๊าซไฮโดรเจนที่อุณหภูม ิ350 องศาเซลเซยีส ความดนั 1 บรรยากาศ เป็นเวลา 4 
ชัว่โมง จากนัน้ลดอุณหภมูขิองปฏกิรณ์มาที่ 180 องศาเซลเซยีส เมื่อได้อุณหภูมติามต้องการแล้ว
เปลีย่นก๊าซทีไ่หลในระบบเป็นก๊าซไฮโดรเจนและก๊าซคารบ์อนไดออกไซด์ที่อตัราส่วน 3ต่อ1 ปล่อย
ให้ไหลผ่านตวัเร่งปฏกิริยิาทิ้งไว ้15 นาท ีแล้วท าการอดัความดนัให้ได้ที่ 20 บาร์ พร้อมกบัเพิม่



อุณหภูมไิปที่ 200 องศาเซลเซยีส โดยมอุีณหภูมทิี่ใช้ในการศกึษาอกี 4 ค่าได้แก่ 220, 240, 260 
และ 280 องศาเซลเซยีส ตามล าดบั ก๊าซขาออกทีไ่ดจ้ะถูกวเิคราะหด์้วยเทคนิคแก๊สโครมาโทกราฟี 
 
2.5 การวิเคราะหค์ณุลกัษณะของกราฟีนออกไซดแ์ละตวัเร่งปฏิกิริยา 
 กราฟีนออกไซด์จะถูกวเิคราะห์ด้วยเทคนิคการถ่ายภาพด้วยกล้องจุลทรรศน์อเิลก็ตรอน
แบบส่องผ่าน (Transmission electron microscope) เทคนิครามานสเปคโตรสโคปี (Raman 
spectroscopy) กล้องจุลทรรศน์แรงอะตอม (Atomic-force microscopy) เทคนิคการเลี้ยวเบนของ
รงัสเีอก็ซ์ (X-ray diffraction) และเทคนิคฟูเรยีร์ทรานส์ฟอร์มอนิฟราเรดสเปคโตรสโคปี (Fourier 
transform infrared spectroscopy)  
 ตวัเร่งปฏกิริยิาทีเ่ตรยีมไดจ้ะถูกวเิคราะหด์ว้ยการสลายตวัทางความรอ้นของตวัเร่งปฏกิริยิา
ด้วยเทคนิคการเปลี่ยนแปลงทางความร้อนด้วยก๊าซชนิดต่างๆ (Thermal gravimetric analysis) 
วเิคราะห์ความสามารถในการรดีวิซ์และอนัตรกริิยาของตวัเร่งปฏกิริยิาด้วยก๊าซไฮโดรเจน  (H2-
temperature program reduction) วเิคราะห์องค์ประกอบทางเคมขีองตวัเร่งปฏกิริยิาด้วยเทคนิค
สเปคโตรสโคปีของอนุภาคอิเล็กตรอนที่ถูกปลดปล่อยด้วยรงัสีเอกซ์ (X-ray photoelectron 
spectroscopy) วิเคราะห์เฟสและขนาดผลึกด้วยเทคนิคการเลี้ยวเบนของรังสีเอ็กซ์  (X-ray 
diffraction) วเิคราะห์โครงสร้างของตวัเร่งปฏกิริยิาด้วยเทคนิคการถ่ายภาพด้วยกล้องจุลทรรศน์
อเิลก็ตรอนแบบส่องกราด (Scanning electron microscope) และเทคนิคการถ่ายภาพด้วยกล้อง
จุลทรรศน์อเิลก็ตรอนแบบส่องผ่าน (Transmission electron microscope) วเิคราะห์พื้นที่ผวิและ
การกระจายตวัของรพรุนด้วยเทคนิคการดูดซับด้วยก๊าซไนโตรเจน (N2-sorption) วเิคราะห์
ความสามารถในการดูดซบัของตวัเร่งปฏกิิรยิาด้วยก๊าซคาร์บอนไดออกไซด์และก๊าซไฮโดรเจน 
(CO2-temperature program desorption, H2-temperature program desorption)และวเิคราะห์ด้วย
เทคนิคการดดูกลนืรงัสเีอกซโ์ดยใช้การดูดกลนืรงัสเีอกซ์ในย่านใกล้ขอบ (X-ray  absorption near 
edge structure, XANES) เพื่อศกึษาโครงสรา้งทางของคอปเปอร ์  
 
3. ผลการทดลองและการอภิปรายผลการทดลอง 
3.1 การวิเคราะหค์ณุลกัษณะของกราฟีนออกไซดท่ี์สงัเคราะหไ์ด้ 

ภาพที ่3.1a แสดงภาพถ่ายดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบส่องผ่านของกราฟีนออกไซด ์
พบว่ากราฟีนออกไซด์ที่สงัเคราะห์มรีอยย่นเนื่องจากการพบัของแผ่นกราฟีนบ่งบอกว่ากราฟีนที่
สงัเคราะหไ์ดบ้างและมคีวามยดืยุน่ ภาพที ่3.1b แสดงรามานสเปกตรมัของกราฟีนออกไซด์ซี่งพบ
พคีทีต่ าแหน่ง 1590 cm-1 และ 1355 cm-1 แสดงถึงกราฟิตกิคาร์บอน และบรเิวณที่ม ีdefect บน
ผวิคาร์บอน โดยความหนาของกราฟีนถูกวดัด้วยเทคนิค AFM (ภาพที่ 3.1c) พบว่ามคีวามหนา
ประมาณ 0.7 ถงึ 1 นาโนเมตร บ่งบอกถงึกราฟีนออกไซดท์ีส่งัเคราะหไ์ดม้แีผ่นเดยีว (ภาพที่ 3.1d) 
รูปแบบการเลี้ยวรงัสเีอก็ซ์แสดงระนาบ 0 0 1 ที่ 2 theta เท่ากบั 10.9 o ซึ่งสมัพนัธ์กบัระยะห่าง
ระหว่างระนาบเท่ากบั 0.81 นาโนเมตร (ภาพที่ 3.1e) และภาพที่ 3.1f แสดงการมอียู่ของหมู่



ฟงักช์นัทีม่อีอกซเิจนเป็นองค์ประกอบ ซึ่งผลที่ได้ทัง้หมดยนืยนัว่าสามารถสงัเคราะห์แผ่นกราฟีน
ออกไซดร์ะดบันาโนเมตรได ้
 

 
ภาพที ่3.1 ภาพถ่ายดว้ยกล้องจุลทรรศน์อเิลก็ตรอนแบบส่องผ่านของกราฟีนออกไซด ์(a), รามาน

สเปกตรมัของกราฟีนออกไซด ์(b), ภาพถ่ายดว้ยกลอ้งแรงอะตอมของกราฟีนออกไซด ์
(c และ d), รปูแบบการเลีย้วเบนของรงัสเีอก็ซข์องกราฟีนออกไซด ์(e) และฟูเรยีร์
ทรานสฟ์อรม์สเปกตรมัของกราฟีนออกไซด ์(f) 

 
3.2 การวิเคราะหค์ณุลกัษณะของตวัเร่งปฏิกิริยา GO-CuO-ZnO-ZrO2 ท่ีสงัเคราะหไ์ด้ 
3.2.1  การวเิคราะหก์ารสลายตวัทางความรอ้นของกราฟีนออกไซด ์
 เนื่องจากกราฟีนออกไซดเ์ป็นวสัดุทีป่ระกอบไปด้วยคาร์บอนและหมู่ออกซเิจนจ านวนมาก
บนพืน้ผวิ จงึสามารถเกดิการสลายตวัไดเ้มื่อสมัผสักบัก๊าซออกซเิจนซึ่งเป็นส่วนประกอบในอากาศ 
ดงันัน้จงึจ าเป็นต้องศกึษาถึงการสลายตวัทางความร้อนภายใต้แก๊สชนิดต่างๆ  ก่อนว่า กราฟีนที่
สงัเคราะหไ์ดจ้ะยงัมอียูภ่ายหลงักระบวนการแคลไซน์  

ภาพที ่3.2 แสดงการเปลีย่นแปลงน ้าหนกัเมื่อไดร้บัความรอ้นของกราฟีนออกไซด์  ภายใต้
ก๊าซไฮโดรเจน ก๊าซไนโตรเจน และอากาศ พบว่าการเปลี่ยนแปลงน ้าหนัก 2 ช่วง ช่วงแรกที่
อุณหภูมติัง้แต่ 30 ถึง 150 องศาเซลเซยีสซึ่งคดิเป็นเปอร์เซน็ต์การสูญเสยีน ้าหนักเท่ากบั 11.23 
เปอรเ์ซน็ต ์เกดิจากการระเหยของน ้าบรเิวณผวินอกและภายในโครงสรา้ง และช่วงที่สอง  อุณหภูม ิ



150 ถงึ 400 องศาเซลเซยีสซึง่คดิเป็นเปอรเ์ซน็ต์การสูญเสียน ้าหนักเท่ากบั77.87 เปอร์เซน็ต์ และ
เมื่อพจิารณาจากอนุพนัธข์องเปอรเ์ซน็ตก์ารเปลีย่นแปลงทางความรอ้น จะพบพคีปรากฎที่อุณหภูมิ
ประมาณ 200 องศาเซลเซยีส ซึง่เกดิมาจากการทีห่มู่ฟงักช์นับนพืน้ผวิของกราฟีนออกไซดส์ลายตวั
ออกไปเพื่อเปลี่ยนกราฟีนออกไซด์เป็นกราฟีนรวมกบัการสลายตวัของคาร์บอนที่ไม่สเถียรท า
ปฏกิริยิากบัออกซเิจนในอากาศเกดิเป็นแกส็คารบ์อนมอนออกไซดแ์ละคารบ์อนไดออกไซด์ ส่วนผล
ของการเปลี่ยนแปลงน ้ าหนักตามความร้อนของกรา  ฟีนออกไซด์โดยใช้แก็สไฮโดรเจนและ
ไนโตรเจน พบการเปลีย่นแปลงทีใ่กลเ้คยีงกนั คอื พบการเปลีย่นแปลง ทัง้หมด 2ช่วง โดยช่วงแรก
มอุีณหภูมติัง้แต่ 30 ถึง 150 องศาเซลเซยีสซึ่งคดิเป็นเปอร์เซน็ต์การสูญเสยีน ้าหนักประมาณ 13 
เปอร์เซ็นต์ ซึ่งเกิดจากการระเหยของน ้ าบริเวณผิวนอกและภายในโครงสร้าง และช่วงที่สอง 
อุณหภูมิ 150 ถึง 400 องศาเซลเซียสซึ่งคิดเป็นเปอร์เซ็นต์การสูญเสียน ้าหนักประมาณ 40 
เปอรเ์ซน็ต ์และเมื่อพจิารณาจากอนุพนัธ์ของเปอร์เซน็ต์การเปลี่ยนแปลงทางความร้อน จะพบพคี
ปรากฎที่อุณหภูมปิระมาณ 225 องศาเซลเซียส ซึ่งเกิดมาจากการที่หมู่ฟงัก์ชนับนพื้นผวิของก
ราฟีนออกไซด์สลายตวัออกไปเพื่อเปลี่ยนกราฟีนออกไซด์เป็นกราฟีน  จากผลการวิเคราะห์การ
เปลีย่นแปลงน ้าหนักตามความร้อน ของกราฟีนออกไซด์ พบว่าการใช้อากาศในการรดีวิซ์กราฟีน
ออกไซด์ให้เป็นกราฟีนนัน้ไม่เหมาะสมเนื่องจากมหีมู่ฟงัก์ชนัที่หลุดออกไปและ มคีาร์บอนที่ไม่ส
เถยีรภาพหลุดออกไปจ านวนมากด้วย ดงันัน้ก๊าซที่เหมาะสมส าหรบัการรดีวิซ์กราฟีนเป็นกราฟีน
ออกไซด ์คอืก๊าซไฮโดรเจนกบัก๊าซไนโตรเจน เนื่องจากท าใหห้มู่ฟงักช์นับนผวิกราฟีนออกไซดห์ลุด
ออกไปเพยีงอยา่งเดยีว ดงันัน้งานวจิยันี้จงึเลอืกใช้ก๊าซไฮโดรเจนในการรดีวิซ์กราฟีนออกไซด์ให้
เป็นกราฟีน และรีดิวซ์คอปเปอร์ออกไซด์ให้เป็นคอปเปอร์ ซึ่งเป็นองค์ประกอบหลักในตวัเร่ง
ปฏกิริยิาในปฏกิริยิาการสงัเคราะหเ์มทานอลจากก๊าซคารบ์อนไดออกไซด์ภายในขัน้ตอนเดยีว 
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ภาพที ่3.2 แสดงการเปลีย่นแปลงน ้าหนกัทางความรอ้นของกราฟีนออกไซด์ภายใตก้๊าซทีแ่ตกต่าง 
กนั 

 
 ภาพที ่3.3 แสดงความสามารถในการรดีวิซข์องตวัเร่งปฏกิริยิา GO-CuO-ZnO-ZrO2 ทีผ่่าน
การแคลไซน์ด้วยก๊าซไนโตรเจนก่อนการรีดวิซ์เทียบกบัตวัเร่งปฏิกริิยาที่ GO-CuO-ZnO-ZrO2 
ไม่ไดท้ าการแคลซเินชนั พบวา่ตวัเร่งปฏกิริยิาที่ท าการแคลไซน์ก่อนที่จะทดสอบความสามารถใน
การรดีวิซ ์ปรากฏพคีทีต่ าแหน่ง อุณหภมู ิ200 องศาเซลเซยีส ซึ่งเป็นพคีของการเปลี่ยนคอปเปอร์
ออกไซดเ์ป็นคอปเปอร ์ส่วนตวัเร่งปฏกิริยิาทีไ่ม่ไดท้ าการแคลไซน์พบพคีที่อุณหภูมสิูงกว่า ซึ่งเป็น



พคีที่เกดิจากกราฟีนออกไซด์ถูกรดีวิซ์เปลี่ยนเป็นกราฟีนและสารประกอบคอปเปอร์ออกไซด์ถูก
รดีวิซป์ลีย่นเป็นคอปเปอรร์่วมกนั ดงันัน้จากผลความสามารถในการรดีวิซ์ของตวัเร่งปฏกิริยิาที่ท า
การการรดีวิซเ์พยีงข ัน้ตอนเดยีว สามารถรดีวิซก์ราฟีนออกไซดแ์ละคอปเปอร์ได้เช่นเดยีวกบัตวัเร่ง
ปฏกิริยิาทีท่ าทัง้แคลไซน์และรดีวิซร์่วมกนั งานวจิยันี้จงึเลอืกไม่ท าการแคลซเินชนัก่อนการรดีวิซใ์น
การเตรียมตัวเร่ ง ส าหรับใช้ในการศึกษาการท าปฏิกิริยาสังเคราะห์เมทานอลจากก๊าซ
คารบ์อนไดออกไซด ์ เนื่องจากลดกระบวนการในการสงัเคราะห์สารรวมถึงช่วยลดการใช้พลงังาน
จากการทีไ่ม่ตอ้งท าการแคลไซน์ 
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ภาพที ่3.3  ความสามารถในการรดีวิซข์องตวัเร่งปฏกิริยิากราฟีนออกไซด ์5 เปอรเ์ซน็ตใ์น CuO-
ZnO-ZrO2 ทีถู่กเตรยีมดว้ยเทคนิคการตกตะกอนร่วม 

 
ภาพที่ 3.4 ผลของการเปลี่ยนแปลงน ้าหนักทางความร้อนของตวัเร่งปฏกิริยิา คอปเปอร์

ออกไซดซ์งิคอ์อกไซดเ์ซอรโ์คเนียมทีไ่ม่ไดม้กีารเตมิกราฟีนออกไซด์ภายใต้สภาวะอากาศ พบการ
เปลี่ยนแปลง ทัง้หมด 3 ช่วง โดยช่วงแรกมอุีณหภูมติัง้แต่ 30 ถึง 150 องศาเซลเซยีส คดิเป็น
เปอรเ์ซน็ตก์ารสญูเสยีน ้าหนกัประมาณ  7.79 เปอร์เซน็ต์ ซึ่งเป็นเนื่องจากการสูญเสยีน ้าที่ผวิและ
ภายในโครงสร้างของตวัเร่งปฏิกริิยา ช่วงที่สอง อุณหภูมิ 150 ถึง 400 องศาเซลเซียส คิดเป็น
เปอร์เซน็ต์การสูญเสยีน ้าหนักประมาณ 12.53 เปอร์เซน็ต์ เกดิจากการสลายตวัของสารประกอบ
คารบ์อเนต  ส าหรบัช่วงทีส่าม อุณหภมู ิ400 ถงึ 650 องศาเซลเซยีส คดิเป็นเปอรเ์ซน็ต์การสูญเสยี
น ้าหนกัเท่ากบั 6.7 เปอร์เซน็ต์ เกดิจากการสลายตวัเซอร์โคเนียมคาร์บอเนตที่เหลอือยู่ (Dong et 
al., 2016) 



 เมื่อเตมิกราฟีนออกไซดท์ีป่รมิาณต่างๆ พบวา่ตวัเร่งปฏกิริยิามกีารเปลีย่นแปลงน ้าหนกั 
ทัง้หมด 3 ช่วง โดยช่วงแรกมอุีณหภมูติัง้แต่ 30 ถงึ 150 องศาเซลเซยีส เป็นการสญูเสยีน ้าหนกัเกดิ 
จากการระเหยของน ้าบรเิวณผวินอกและภายในโครงสรา้ง  ส่วนช่วงทีส่อง อุณหภมู ิ 150 ถงึ 400 
องศาเซลเซยีส เกดิมาจากการทีห่มู่ฟงักช์นับนพืน้ผวิของกราฟีนออกไซดส์ลายตวัออกไปเพื่อ
เปลีย่นกราฟีนออกไซดเ์ป็นกราฟีนรวมกบัการสลายตวัของคารบ์อนทีไ่ม่เสถยีรท าปฏกิริยิากบั
ออกซเิจนในอากาศเกดิเป็นก๊าซคารบ์อนมอนออกไซดแ์ละคารบ์อนไดออกไซด ์ รวมถงึเกดิการ
สลายตวัของสารประกอบคารบ์อเนต และช่วงสุดทา้ย อุณหภมู ิ 400 ถงึ 650 องศาเซลเซยีส เกดิ
จากกราฟีนออกไซดเ์กดิการออกซเิดชนัและสลายตวัอย่างสมบรูณ์ รวมกบัการสลายตวั
เซอรโ์คเนียมคารบ์อเนตทีเ่หลอือยู ่ เมื่อพจิารณาจากผลการวเิคราะห ์ ทีอุ่ณหภมู ิ 1000 องศา
เซลเซยีส โดยการเผาโดยใชอ้ากาศนัน้สารประกอบกราฟีนทีอ่ยูใ่นตวัเร่งปฏกิริยิาทุกตวัอาจจะ
สลายตวัออกไปทัง้หมดสอดคลอ้งกบัผลการค านวณของตารางที ่ 3.1 ซึง่แสดงน ้าหนกัของตวัเร่ง 
ปฏกิริยิาทีเ่หลอือยูห่ลงัจากการเผาทีอุ่ณหภมู ิ 1000 องศาเซลเซยีส และเมื่อน าน ้าหนกัทีเ่หลอือยู่
ของตวัเร่งปฏกิริยิาคอปเปอร ์ ซงิคเ์ซอรโ์คเนียม 72.9 เปอรเ์ซน็ต ์ ไปเทยีบกบัตวัเร่งปฏกิริยิาทีเ่ตมิ 
กราฟีนออกไซดล์งไปนัน้แสดงปรมิาณผลต่างในตารางที ่ 2  พบวา่ ค่าทีไ่ดค้อืรอ้ยละ 0.61, 0.94, 
3.52, 4.87, 10.98 และ 25.57  ซึง่น่าจะเป็นปรมิาณกราฟีนออกไซดท์ีอ่ยูใ่นตวัเร่งปฏกิริยิาจรงิซึง่มี
ค่าใกลเ้คยีงกบัปรมิาณกราฟีนออกไซดท์ีใ่ส่ลงไปตอนเตรยีมตวัเร่งปฏกิริยิา คอืรอ้ยละ 0.5, 1 ,2.5, 
5 ,10 และ 20 ตามล าดบั โดยค่าทีค่ลาดเคลื่อนไปบา้งเลก็น้อย อาจเกดิจากรปูแบบโครงสรา้งและ
ลกัษณะการเกาะตวักนัของตวัเร่งปฏกิริยิาในขณะตกตะกอนร่วม 
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ภาพที ่3.4  การเปลีย่นแปลงน ้าหนกัทางความรอ้นโองตวัเร่งปฏกิริยิาก GO-CuO-ZnO-ZrO2 ทีถู่ก

เตรยีมดว้ยเทคนิคการตกตะกอนร่วมภายใตอ้ากาศ 



ตารางที ่3.1  น ้าหนกัของตวัเร่งปฏกิริยิาปฏกิริยิาก GO-CuO-ZnO-ZrO2 ภายหลงัการวเิคราะห์
ดว้ยเทคนิคการเปลีย่นแปลงทางความรอ้นโดยใชอ้ากาศที ่อุณหภมู ิ1000 องศา
เซลเซยีส 

 
ตารางที ่3.2 แสดงองค์ประกอบทางเคมขีองตวัเร่งปฏกิริยิกราฟีนออกไซด์คอปเปอร์ซงิค์

เซอร์โคเนียมที่ถูกเตรียมด้วยเทคนิคตกตะกอนร่วม  โดยงานวิจ ัยนี้ก าหนดให้ปริมาณของ
เซอรโ์คเนียมไดออกไซดม์คี่าคงทีเ่ท่ากบั  25 เปอร์เซนต์  โดยน ้าหนัก  และอตัราส่วนของซงิค์ต่อ
คอปเปอร์เท่ากบั 0.75 และท าการศกึษาปรมิาณกราฟีนออกไซด์ต่อคอปเปอร์ซงิค์เซอร์โคเนียม
ออกไซดใ์นปรมิาณทีแ่ตกต่างกนัรวมทัง้สิน้ 7 ตวัอยา่ง ผลจากการวเิคราะหด์ว้ยเทคนิค XRF พบวา่
อตัราส่วนของธาตุคอปเปอร์  ซิงค์ และ เซอร์โคเนียมของตวัเร่งปฏิกิริยาหลงัการสัง เคราะห ์
ค่อนขา้งมอีตัราส่วนคงที ่สอดคลอ้งกบัการอตัราส่วนในการเตรยีมสารตัง้ทีก่ าหนดใหค้งที ่และเมื่อมี
การเพิม่ปรมิาณกราฟฟีนออกไซด์  ค่าองค์ประกอบของธาตุคาร์บอน มปีรมิาณเพิม่ขึน้สอดคล้อง
กบัปรมิาณการเตรยีมสารตัง้ตน้ ยกเวน้ตวัเร่งปฏกิริยิาทีเ่ตมิกราฟีนออกไซด์  ลงไป20เปอร์เซน็ต์ที่
ค่าอตัราส่วนมคี่าผดิปกตไิป อาจเกดิจากขณะตกตะกอนร่วมเมื่อคาร์บอนมปีรมิาณมากท าให้โลหะ
อื่นๆตกตะกอนลงมาไดไ้ม่ด ี  
 
 
 
 
 
 
 
 
 

Samples Weight (%) Graphen oxide 
content (%) 

Initial amount of GO  
(wt %) 

CuZnZr 72.5 - 0 
0.5GO/CuZnZr 71.89 0.61 0.5 
1GO/CuZnZr 71.56 0.94 1 
2.5GO/CuZnZr 68.98 3.52 2.5 
5GO/CuZnZr 67.63 4.87 5 
10GO/CuZnZr 61.52 10.98 10 
20GO/CuZnZr 46.93 25.57 20 



ตารางที ่3.2  องคป์ระกอบทางเคมขีองตวัเร่งปฏกิริยิากราฟีนออกไซด์คอปเปอรซ์งิคเ์ซอรโ์คเนียมที่
ถูกเตรยีมดว้ยเทคนิคการตกตะกอนร่วม 

 
Sample Element content (Atom %) Atomic ratio 

Cu : Zn : Zr : C Cu Zn Zr C O 
CuZnZr 17.55 31.87 15.08 - 35.48 0.55 :1.00:0.47:0.00 
0.5GO/CuZnZr 16.82 29.15 16.42 4.57 33.04 0.58:1.00:0.56:0.16 
1GO/CuZnZr 15.72 30.60 16.84 5.13 31.70 0.51:1.00:0.55:0.17 
2.5GO/CuZnZr 11.11 23.92 14.84 6.82 43.31 0.46:1.00:0.62:0.29 
5GO/CuZnZr 16.43 26.61 15.92 8.98 32.07 0.61:1.00:0.59:0.34 
10GO/CuZnZr 13.28 23.87 15.39 15.36 32.09 0.56:1.00:0.64:0.64 
20GO/CuZnZr 15.67 19.78 10.93 24.89 28.73 0.79:1.00:0.55:1.26 
 

ภาพที่ 3.5 แสดงผลการวเิคราะห์จากเทคนิคการเลี้ยวเบนของรงัสเีอกซ์ พบว่าตวัเร่ง
ปฏกิิรยิาคอปเปอร์ ซิงค์ออกไซด์ เซอร์โคเนียมไดออกไซด์ มพีีคปรากฏขึ้นที่ต าแหน่ง 2 theta 
เท่ากบั 35.496, 38.731, 48.727, 66.250 และ  68.091 องศา ตรงกบัระนาบผลกึคอปเปอร์
ออกไซด์ (11-1),(111),(-202),(-311) และ (-220) ตามล าดบั ส่วนพีคที่ต าแหน่ง 2 theta เท่ากบั 
31.772 , 34.420, 36.256, 47.541 และ 56.602  องศา ตรงกบัระนาบผลกึของซงิค์ออกไซด์ (100), 
(002), (101), (102) และ (110) ส่วนพคีที่ต าแหน่ง 2 theta เท่ากบั  30.271, 50.378 และ 60.207 
องศา ตรงกบัระนาบผลกึของเซอร์โคเนียมไดออกไซด์เฟสเตเตระโกนอล(tetra-ZrO2) (011),(112) 
และ (121) โดยเมื่อเตมิกราฟีนออกไซดล์งในตวัเร่งปฏกิริยิาปรมิาณ 0.5-1 เปอร์เซน็ต์โดยน ้าหนัก  
พบวา่ยงัคงปรากฏพคีทีต่ าแหน่งเดมิแต่ความสงูของพคีลดลงบ่งบอกถึงขนาดผลกึที่เลก็ลง แต่เมื่อ
เพิม่ปรมิาณกราฟีนออกไซดม์ากขึน้ (2.5-10 เปอรเ์ซน็ต)์ พบวา่พคีกย็งัคงปรากฏที่ต าแหน่งเดมิแต่
ความสงูของพคีกลบัเพิม่ขึน้แทน ซึ่งบ่งบอกถึงขนาดผลกึที่ใหญ่ขึน้ และตวัเร่งที่มปีรมิาณกราฟีน
ออกไซดเ์พิม่เป็น 20เปอรเ์ซน็ตโ์ดยน ้าหนกั  พบว่าไม่พบพคีของโลหะทัง้3ชนิด อาจเนื่องจากการ
บดบงักราฟีนทีเ่ตมิลงไปปรมิาณมาก โดยสามารถน าความสูงของพคีหลกัมาค านวณหาขนาดผลกึ
ไดจ้ากสมการของเชอรเ์รอร ์(Scherrer’s equation) และแสดงผลการค านวณในตารางที่ 3.3 พบว่า
ตวัเร่งปฏกิริยิาคอปเปอร ์ซงิคอ์อกไซด ์เซอรโ์คเนียมไดออกไซดม์ขีนาดผลกึของคอปเปอรอ์อกไซด์
เท่ากับ 9.683 นาโนเมตร โดยเมื่อเติมกราฟีนออกไซด์ลงในตัวเร่งปฏิกิริยาปริมาณ  0.5-1 
เปอรเ์ซน็ต ์โดยน ้าหนกั  พบวา่ขนาดผลกึของคอปเปอร์ออกไซด์มคี่าลดลงเป็น  9.572 และ 9.357 
นาโนเมตรตามล าดบั เนื่องจากโลหะออกไซด์ต่างๆ จะกระจายตวัอยู่บนแผ่นกราฟีน แต่เมื่อเตมิก
ราฟีนออกไซดล์งในตวัเร่งปฏกิริยิามากขึน้ (2.5-10 เปอร์เซน็ต์โดยน ้าหนัก) มผีลท าให้ขนาดผลกึ
ของคอปเปอรอ์อกไซดม์คี่าเพิม่ขึน้ บ่งบอกว่าปรมิาณกราฟีนที่มากเกนิไปท าให้ เกดิการแยกเฟส
ของโลหะออกไซดก์บักราฟีน 
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ภาพที ่3.5  การเลีย้วเบนของรงัสเีอก็ซข์องตวัเร่งปฏกิริยิากราฟีนออกไซด ์คอปเปอรซ์งิคแ์ละ

เซอรโ์คเนียมทีถู่กเตรยีมดว้ยเทคนิคการตกตะกอนร่วม 
 
ตารางที ่3.3  ขนาดผลกึของคอปเปอรอ์อกไซดข์องตวัเร่งปฏกิริยิา GO-CuO-ZnO-ZrO2 ทีเ่ตรยีม

ดว้ยปรมิาณกราฟีนออกไซดต่์างๆ 
 

Samples CuO crystallite size ( nm) 
CuZnZr 9.68 
0.5GO/CuZnZr 9.57 
1GO/CuZnZr 9.36 
2.5GO/CuZnZr 11.90 
5GO/CuZnZr 17.35 
10GO/CuZnZr 13.43 
20GO/CuZnZr - 

 
 
 
 
 
 



ภาพที ่3.6 แสดงภาพถ่ายดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบส่องกราดของตวัเร่งปฏกิริยิา 
GO-CuO-ZnO-ZrO2 ที่เตรยีมด้วยปรมิาณกราฟีนต่างๆ พบว่าตวัเร่งปฏกิริยิาที่มปีรมิาณกราฟีน
ออกไซด์เท่ากบั 0 เปอร์เซน็ต์โดยน ้าหนัก (ภาพที่ 3.6a) มกีารกระจายตวัของอนุภาคคอปเปอร ์
ซงิค์และเซอร์โคเนียมขนาดประมาณ10-20 นาโนเมตร ลกัษณะของอนุภาคเป็นทรงกลมเชื่อม
ตดิกนัอยา่งหนาแน่น และเมื่อเพิม่ปรมิาณกราฟีนออกไซด์เป็น 0.5 เปอร์เซน็ต์โดยน ้าหนัก(ภาพที ่
3.6b) พบวา่ อนุภาคคอปเปอร ์ซงิคแ์ละเซอรโ์คเนียมทีม่ขีนาดประมาณ10-20 นาโนเมตรก่อนหน้า
นี้นัน้มขีนาดอนุภาคเลก็ลงและมกีารกระจายตวัอยา่งหนาแน่นบนแผ่นของกราฟีนออกไซด์ และเมื่อ
เพิม่ปรมิาณกราฟีนออกไซด์เป็น 1 เปอร์เซน็ต์โดยน ้าหนัก (ภาพที่ 3.6c) พบว่าอนุภาคคอปเปอร ์
ซงิค์และเซอร์โคเนียมนัน้มกีารกระจายตวัทัง้ภายในและภายนอกแผ่นกราฟีนแต่ละแผ่น และยงั
พบว่า ขนาดอนุภาคคอปเปอร์ ซงิค์และเซอร์โคเนียมบนแผ่นกราฟีนนัน้ก็ยงัมขีนาดเล็กลงจาก
ตวัเร่งปฏิกิริยาที่ไม่ได้เติมกราฟีนออกไซด์ แต่เมื่อเพิ่มปริมาณกราฟีนเพิ่มขึ้นเป็น 2.5 และ 5 
เปอรเ์ซน็ต ์(ภาพที ่3.6d และ 3.6e) กลบัพบวา่ ขนาดอนุภาคของคอปเปอร์ ซงิค์และเซอร์โคเนียม 
ทีก่ระจายตวับนแผ่นกราฟีนนัน้กลบัมกีารรวมตวักนัมากขึน้ จนท าให้มขีนาดอนุภาคใหญ่ขึน้ ทัง้นี้
อาจเกดิจากปริมาณที่มากขึน้ของกราฟีนท าให้กราฟีนมีการซ้อนทบักนัเองมากขึน้ ซึ่งกเ็หน็ได้
ชดัเจนวา่กราฟีนมกีารซ้อนทบักนัเองมากขึน้จริง และเมื่อเพิม่ปรมิาณกราฟีนขึน้เป็น 10 และ 20 
เปอร์เซ็นต์ (ภาพที่ 3.6f และ 3.6g) เห็นได้ว่านอกจากขนาดอนุภาคคอปเปอร์ ซิงค์และ
เซอรโ์คเนียมจะใหญ่ขึน้แลว้ กราฟีนออกไซด์กบัคอปเปอร์ ซงิค์และเซอร์โคเนียม กม็ีการแยกจาก
กนัเป็นสองส่วน อาจเนื่องจากการซอ้นทบักนัมากขึน้ไปอกีของกราฟีนออกไซด ์ซึง่ผลจากภาพถ่าย
อเิลก็ตรอนแบบส่องกราดนี้สอดคล้องกบัผลขนาดผลกึของคอปเปอร์จากเทคนิคการเลี้ยวเบนของ
รงัสเีอกซ ์
 
 



a.) b.)

c.) d.)

e.) f.)

g.)

 
 
ภาพที ่3.6  ภาพถ่ายดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบส่องกราดของตวัเร่งปฏกิริยิา GO-CuO-

ZnO-ZrO2 ทีป่รมิาณกราฟีนออกไซด ์0 (a), 0.5 (b), 1 (c), 2.5 (d), 5 (e), 10 (f) and 
20 (g) เปอรเ์ซน็ตโ์ดยน ้าหนกัตามล าดบั 

 
 
 
 
 
 



ภาพที ่3.7 แสดงความสามารถในการรดีวิซข์องตวัเร่งปฏกิริยิา GO-CuO-ZnO-ZrO2 พบวา่
พบว่าตวัเร่งปฏกิิรยิาที่ไม่มกีารเติมกราฟีนออกไซด์มกีารรดีิวซ์ที่ช่วงอุณหภูมริะหว่าง 210-240 
องศาเซลเซยีสและมกีารใชป้รมิาณก๊าซไฮโดรเจนสงูสุด ณ อุณหภมู ิ225 องศาเซลเซยีส เมื่อเตมิก
ราฟีนออกไซด์ลงไป 0.5 และ 1 เปอร์เซน็ต์โดยน ้าหนักพบว่าอุณหภูมใินการรดีวิซ์สูงสุด  มกีาร
เลื่อนไปที่บรเิวณอุณหภูมิต ่ากว่า  บ่งบอกว่าคอปเปอร์ออกไซด์มกีารกระจายตวัดขีึน้ แต่เมื่อเตมิ
ปรมิาณกราฟีนออกไซด ์ปรมิาณมากขึน้ เป็น 2.5 และ 5 เปอรเ์ซน็ตโ์ดยน ้าหนกั  พบวา่อุณหภูมใิน
การรดีวิซส์งูสุดมแีนวโน้มเพิม่ขึน้แต่ยงัมคี่าน้อยกว่าตวัเร่งที่ไม่ได้ใส่กราฟีนออกไซด์ ซึ่งน่าจะเกดิ
จากคอปเปอรอ์อกไซดท์ีม่ขีนาดใหญ่ขึน้แต่ยงักระจายตวัไดด้บีนตวัรองรบักราฟีนออกไซด์ เมื่อเพิม่
ปรมิาณกราฟีนออกไซดเ์ป็น 10และ 20 เปอรเ์ซน็ต ์จะเหน็ได้ว่าอุณหภูมใินการรดีวิซ์สูงสุดเพิม่ขึน้
จนมีค่าใกล้เคียงกับตวัเร่งปฏิกิริยาที่ไม่ได้เติมกราฟีนออกไซด์ ซึ่งอาจเกิดจากกา รแยกเฟส
ระหวา่งกราฟีนกบัโลหะคอปเปอร์ ท าให้กราฟีนไม่ได้ช่วยในการลดอนัตรกริยิาของคอปเปอร์เลย 
ซึง่กส็อดคลอ้งกบัภาพถ่ายเทคนิคการวเิคราะหด์ว้ยกลอ้งจุลทรรศอ์เิลก็ตรอน แบบส่องผ่านและส่อง
กราดที่มีการซ้อนทบักนัของแผ่นกราฟีนและเกดิการแยกเฟสเมื่อเพิ่มปรมิาณกราฟีนออกไซด์
ปรมิาณมากกวา่ 10 เปอรเ์ซน็ต ์
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ภาพที ่3.7  ความสามารถในการรดีวิซข์องตวัเร่งปฏกิริยิา GO-CuO-ZnO-ZrO2 ทีเ่ตรยีมดว้ย

ปรมิาณกราฟีนออกไซดต่์างๆ 



ภาพที ่3.8 (a) แสดงสเปกตรมัการดูดกลนืงสเีอก็ซ์ในย่านใกล้ขอบเค ของตวัเร่งปฏกิริยิา 
GO-CuO-ZnO-ZrO2 เตรยีมที่ปรมิาณกราฟีนออกไซด์ต่างๆ พบว่าลกัษณะสเปกตรมัการดูดกลนื
รงัสเีอก็ซใ์นยา่นใกลข้อบอยูใ่นต าแหน่ง 8983.70-8983.90 ซึง่ใกล้เคยีงต าแหน่งสารมาตรฐานคอป
เปอรอ์อกไซดค์อื 8983.20 แสดงใหเ้หน็ว่าคอปเปอร์ซึ่งเป็นองค์ประกอบหลกัในตวัเร่งปฏกิริยิาอยู่
ในรูป  Cu2+ เช่นเดยีวกบัในสารมาตรฐานคอปเปอร์ออกไซด์ ส่วนตวัเร่งปฏกิริยิาที่ท าการเตมิก
ราฟีนออกไซดล์งไป 20เปอร์เซน็ต์โดยน ้าหนักน มลีกัษณะสเปกตรมัการดูดกลนืรงัสเีอก็ซ์ในย่าน
ใกล้ขอบอยู่ในต าแหน่ง 8980.50 ซึ่งมคี่าอยู่ระหว่างสารมาตรฐานคอปเปอร์ออกไซด์คอื 8983.20
และสารมาตรฐานคอปเปอรไ์ดออกไซดค์อื 8979.80 ซึง่แสดงใหเ้หน็วา่ตวัเร่งปฏกิริยิาทีท่ าการเตมิก
ราฟีนออกไซดล์งไป 20เปอรเ์ซน็ตโ์ดยน ้าหนกัอ ยูใ่นรปู Cu+1 และ Cu+2 หรอืเป็นเฟสผสมนัน่เองซึง่
อาจเกดิจากปรมิาณกราฟีนทีม่ากเกนิไปท าปฏกิริยิากบัคอปเปอร์บางส่วนเกดิเป็นสารประกอบอื่น
ขึน้  และเมื่อพจิารณาผลการวเิคราะหส์เปกตรมัในรูปอนุพนัธ์ของการดูดกลนืรงัสเีอก็ซ์ในย่านใกล้
ขอบ ดงัแสดงในภาพที ่3.8 (b) พบวา่ตวัเร่งปฏกิริยิาที่สงัเคราะห์ได้ที่ไม่เตมิกราฟีนออกไซด์นัน้มี
ต าแหน่งขอบการดูดกลืนอยู่ที่  8983.76 ซึ่งเห็นได้ว่ามีการเลื่อนไปเล็กน้อยจากต าแหน่งสาร
มาตรฐานคอปเปอร์ออกไซด์คือ 8983.20 ทัง้นี้เนื่ องมาจากสิ่งแวดล้อมทางเคมีของคอปเปอร์
ออกไซด์ ในตวัเร่งปฏิกิรยิาอาจแตกต่างจากคอปเปอร์ออกไซด์ซึ่งเป็นสารมาตรฐาน (Velu et 
al.,2002) ซึง่แสดงให้เหน็ว่าผลที่ได้ยนืยนัว่าคอปเปอร์ออกไซด์มอีนัตรกริยิากบัโลหะออกไซด์ทัง้
สอง ชนิด คอื ซงิคอ์อกไซด ์เและเซอรโ์คเนียมไดออกไซดแ์ละเมื่อเพิม่ปรมิาณกราฟีนออกไซด์ ขึน้
เป็น 0.5-10 เปอร์เซน็ต์จะพบว่าต าแหน่งขอบการดูดกลนืขยบัไปที่ต าแหน่ง 8983.8-8983.9 ซึ่งก็
แสดงใหเ้หน็วา่โลหะคอปเปอรก์ม็อีนัตรกริยิากบักราฟีนออกไซดเ์ช่นกนั และจะเหน็ไดอ้กีวา่อนุพนัธ์
ของการดดูกลนืรงัสเีอก็ซใ์นยา่นใกลข้อบของตวัเร่งปฏกิริยิาทีม่กีารเตมิกราฟีน 5-10 เปอรเ์ซน็ต์นัน้ 
มลีกัษณะความเป็นพีคลดลง อาจเนื่องมาจากกราฟีนนัน้อาจเขา้ไปบดบงัโลหะคอปเปอร์ ซึ่งก็
สอดคลอ้งกบัผลจากเทคนิควเิคราะหด์ว้ยเทคนิคภาพถ่ายด้วยกล้องจุลทรรศน์อเิลก็ตรอนแบบส่อง
กราด 
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ภาพที ่3.8 สเปกตรมัการดดูกลนืรงัสเีอก็ซใ์นยา่นใกลข้อบทีบ่รเิวณขอบการดดูกลนืเค( K-edge)

ของอะตอมคอปเปอร ์(a) และสเปกตรมัในรปูอนุพนัธข์องการดดูกลนืรงัสเีอก็ซใ์นยา่น
ใกลข้อบ(Derivative XANES) (b) ของตวัเร่งปฏกิริยิา GO-CuO-ZnO-ZrO2 ทีเ่ตรยีมที่
ปรมิาณกราฟีนออกไซดต่์างๆ 

 
3.3 การทดสอบประสิทธิภาพของตวัเร่งปฏิกิริยา GO-CuO-ZnO-ZrO2 ท่ีเตรียมด้วยกราฟีน

ปริมาณต่างๆ ต่อปฏิกิริยาการเติมไฮโดรเจนของกา๊ซคารบ์อนไดออกไซดเ์พ่ือผลิตเม
ทานอล 

 การทดสอบประสทิธภิาพการสงัเคราะห์เมทานอลจากก๊าซคาร์บอนไดออกไซด์ของตวัเร่ง
ปฏกิริยิากราฟีนออกไซด ์คอปเปอร ์ซงิคแ์ละเซอรโ์คเนียมถูกศกึษาภายในเตาปฏกิรณ์แบบเบดนิ่ง 
(Fixed bed reactor) โดยใชอ้ตัราส่วนโดยโมลของก๊าซคารบ์อนไดออกไซดต่์อก๊าซไฮโดรเจนเท่ากบั 
1 ต่อ 3 ที่ความดนั 20 บรรยากาศ และอุณหภูมทิี่ท าการศกึษามคี่าเท่ากบั 200, 220, 240, 250, 
260 และ 280 องศาเซลเซยีส 

ภาพที่ 3.9 แสดงอุณหภูมใินการท าปฏิกริยิาต่อร้อยละการแปลงผนัของก๊าซคาร์ บอนได
ออกไซด์ของตวัเร่งปฏิกิรยิากราฟีนออกไซด์ คอปเปอร์ ซิงค์และเซอร์โคเนียมที่ถูกเตรียมด้วย
เทคนิคการตกตะกอนร่วมโดยใช้กราฟีนออกไซด์ในอตัราส่วนต่างๆ พบว่าทุกๆตวัเร่งปฏกิริิยาที่
ทดสอบมแีนวโน้มของรอ้ยละการแปลงผนัของก๊าซคารบ์อนไดออกไซด์เพิม่ขึน้เมื่ออุณหภูมเิพิม่ขึน้ 



แต่เมื่อพิจารณาตวัเร่งปฏกิิรยิาที่มกีารเตมิกราฟีนออกไซด์ลงไปปริมาณ 0.5-5 เปอร์เซน็ต์โดย
น ้าหนกั  พบวา่มคี่ารอ้ยละการแปลงผนัของก๊าซคารบ์อนไดออกไซดม์ากกวา่ตวัเร่งปฏกิิรยิาที่ไม่ได้
เตมิกราฟีนออกไซดล์งไป แต่เมื่อเพิม่ปรมิาณกราฟีนออกไซดม์ากขึน้เป็น 10และ20 เปอรเ์ซน็ตโ์ดย
น ้าหนกั พบวา่รอ้ยละการแปลงผนัของก๊าซคารบ์อนไดออกไซดม์คี่าน้อยกว่าตวัเร่งปฏกิริยิาที่ไม่ได้
เติมกราฟีนออกไซด์ และพบว่าตวัเร่งปฏิกริิยาที่มีการเตมิกราฟีนออกไซด์ลงไป 1 เปอร์เซ็นต ์
(1GO/CuZnZr) มคี่ารอ้ยละการแปลงผนัก๊าซคารบ์อนไดออกไซดด์ทีี่สุด  โดยมคี่าร้อยละการแปลง
ผนัก๊าซคารบ์อนไดออกไซด์ที่อุณหภูม ิ200,220,240, 260 และ 280 องศาเซลเซยีส เท่ากบั 4.41, 
8.88, 15.41, 21.64, 24.55 เปอรเ์ซน็ตต์ามล าดบั 
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ภาพที ่3.9  อุณหภมูใินการท าปฏกิริยิาต่อรอ้ยละการแปลงผนัของก๊าซคารบ์อนไดออกไซดข์อง 

ตวัเร่งปฏกิริยิากราฟีนออกไซด ์คอปเปอร ์ซงิคแ์ละเซอรโ์คเนียมทีถู่กเตรยีมดว้ย
เทคนิคการตกตะกอนร่วม 

 
ภาพที่ 3.10 แสดงอุณหภูมิในการท าปฏกิริิยาต่อการเลือกเกดิเป็นเมทานอลของตวัเร่ง

ปฏกิริยิากราฟีนออกไซด์ คอปเปอร์ ซงิค์และเซอร์โคเนียมเตรยีมที่ปรมิาณกราฟีนออกไซด์ต่างๆ
พบวา่ในทุกๆตวัเร่งปฏกิริยิาค่าการเลอืกเกดิเป็นเมทานอลลดลงตามอุณหภูมใินการท าปฏกิริยิาที่
เพิม่ขึน้ เนื่องจากอตัราการเกดิปฏกิริยิาขา้งเคยีง Reverse Water-Gas Shift  ซึ่งเป็นปฏกิริยิาดูด
ความรอ้นจะเพิม่มากขึน้ ดงันัน้จะส่งผลใหก้๊าซคารบ์อนไดออกไซด์เลอืกที่จะเกดิเป็นคาร์บอนมอน
ออกไซดส์งูขึน้ เมื่อพจิารณาตวัเร่งปฏกิริยิาที่มกีารเตมิกราฟีนออกไซด์ลงไป 0-20เปอร์เซน็ต์โดย
น ้าหนกัพบวา่ตวัเร่งปฏกิริยิาทีม่กีารเตมิกราฟีนออกไซดล์งไปนัน้มคี่าการเลอืกเกดิเป็นเมทานอลสูง
กวา่ตวัเร่งปฏกิริยิาทีไ่ม่ไดม้กีารเตมิกราฟีนออกไซดล์งไป โดยตวัเร่งปฏกิริยิาทีม่คี่าการเลอืกเกดิเม



ทานอลดทีีสุ่ดคอืตวัเร่งปฏกิริยิาทีม่กีารเตมิกราฟีน 1 เปอรเ์ซน็ตโ์ดยน ้าหนัก(1GO/CuZnZr)  โดยมี
ค่า ร้อยละการเลอืกเกดิของเมทานอลที่อุณหภูม ิ200, 220, 240, 260 และ 280 องศาเซลเซยีส 
เท่ากบั 75.88, 56.76, 34.60, 21.51, 7.98 เปอรเ์ซน็ตต์ามล าดบั 
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ภาพที ่3.10  อุณหภมูใินการท าปฏกิริยิาต่อรอ้ยละการเลอืกเกดิของเมทานอลของตวัเร่งปฏกิริยิา 

กราฟีนออกไซด ์คอปเปอร ์ซงิคแ์ละเซอรโ์คเนียมทีถู่กเตรยีมดว้ยเทคนิคการ
ตกตะกอนร่วม 

 
 ภาพที ่3.11 แสดงอุณหภมูใินการท าปฏกิริยิาต่อค่าผลไดข้องเมทานอลของตวัเร่งปฏกิริยิา 
GO-CuO-ZnO-ZrO2 เตรยีมทีป่รมิาณกราฟีนออกไซด์ต่างๆ พบว่าทุกๆตวัเร่งปฏกิริยิามแีนวโน้ม
ผลได้ของเมทานอลไปในทางเดยีวกนัคอืมีค่าเพิม่ขึ้นเรื่อยๆจนมคี่าสูงสุดที่อุณหภูม ิ240 องศา
เซลเซยีส และเมื่ออุณหภมูเิพิม่มากกว่า 240 องศาเซลเซยีส ค่าผลได้ของเมทานอลเริม่มคี่าลดลง  
โดยเมื่อพจิารณาตวัเร่งปฏกิริยิาทีเ่ตมิกราฟีนลงไป  0-5เปอรเ์ซน็ตน์ัน้ พบวา่ค่าผลไดข้องเมทานอล
มแีนวโน้มมาก กวา่ตวัเร่งปฏกิริยิาทีไ่ม่ไดเ้ตมิกราฟีนออกไซด ์ แต่เมื่อเพิม่ปรมิาณกราฟีนออกไซด์
มากขึน้เป็น 10และ 20 เปอร์เซน็ต์โดยน ้าหนัก  พบว่าค่าผลได้ของเมทานอลมแีนวโน้มน้อยกว่า
ตวัเร่งปฏกิริยิาทีไ่ม่ไดเ้ตมิกราฟีนออกไซด ์ โดยตวัเร่งปฏกิริยิาทีม่คี่าผลไดข้องเมทานอลสงูทีสุ่ดคอื 
ตวัเร่งปฏกิริยิาทีม่กีารเตมิกราฟีนออกไซดล์งไป 1เปอร์เซน็ต ์(1GO/CuZnZr) โดยมคี่าผลได้ของเม
ทานอลทีอุ่ณหภมู ิ200, 220, 240, 260 และ 280 องศาเซลเซยีส เท่ากบั 172.48, 259.63, 274.63, 
239.78, และ 100.89 กรมัเมทานอลต่อกโิลกรมัตวัเร่งปฏกิริยิาต่อชัว่โมง  นอกจากนี้ยงัพบว่าเมื่อ
อุณหภมูใินการท าปฏกิริยิาสงูกวา่ 240 องศาเซลเซยีส ตวัเร่งปฏกิริยิาที่ใส่กราฟีนลงไปมแีนวโน้ม
ใหค้่าผลได้ของเมทานอลสูงกว่าตวัเร่งปฏกิริยิาที่ไม่ได้ใส่กราฟีนออกไซด์ทัง้นี้น่าจะเป็นเพราะว่า



คุณสมบตัขิองกราฟีนทีช่่วยใหไ้ฮโดรเจนอะตอมสามารถเกดิการสปิลโอเวอรจ์งึช่วยให้ได้ผลติภณัฑ์
เป็นเมทานอลมากขึน้ 
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ภาพที ่3.11  อุณหภมูใินการท าปฏกิริยิาต่อค่าผลไดข้องเมทานอลของตวัเร่งปฏกิริยิา กราฟีน

ออกไซด ์คอปเปอร ์ซงิคแ์ละเซอรโ์คเนียมทีถู่กเตรยีมดว้ยเทคนิคการตกตะกอนร่วม 
 
3.4 การวิเคราะหค์ณุลกัษณะของตวัเร่งปฏิกิริยา Fe-Co/GO-CuO-ZnO-ZrO2 ท่ีสงัเคราะห์

ได้ 
จากขอ้มลูขา้งตน้พบวา่การเตรยีมตวัเร่งปฏกิริยิา GO-CuO-ZnO-ZrO2 ทีม่ปีรมิาณกราฟีน

ออกไซด ์1 เปอรเ์ซน็ตโ์ดยน ้าหนกั  มกีารกระจายตวัของโลหะบนตวัรองรบักราฟีนไดด้ทีีสุ่ดและให้
ค่าผลไดใ้นการผลติเมทานอลมากทีสุ่ด จงึน าตวัเร่งปฏกิริยิา GO-CuO-ZnO-ZrO2 ทีม่ปีรมิาณก
ราฟีนออกไซดป์รมิาณ 1 เปอรเ์ซน็ตโ์ดยน ้าหนกั  มาศกึษาเพิม่เตมิในการโหลดโลหะโคบอลตแ์ละ
เหลก็ เพื่อผลติเอทานอลจากก๊าซคารบ์อนไดออกไซด ์

ภาพที่ 3.12 แสดงผลการวเิคราะห์จากเทคนิคการเลี้ยวเบนของรงัสเีอกซ์พบว่าตวัเร่ง
ปฏกิริยิา 1GO-CuZnZr ที่ไม่มกีารโหลดโลหะใดๆ แสดงพคีที่บ่งบอกการมอียู่ของ ZrO2, CuO, 
ZnO และ Cu เมื่อเตมิโคบอลตล์งไป 2.5 wt% พบวา่ ไม่ปรากฏพคีของโคบอลต์ขึน้ และพคีทุกพคี
ของโลหะออกไซดช์นิดอื่นมคีวามสงูลดลงบ่งบอกวา่ โคบอลต์สามารถกระจายตวัได้ดแีละ การเตมิ
โคบอลตล์งไปลดความเป็นผลกึของโลหะออกไซดช์นิดอื่นๆ ซึง่อาจจะเป็นไปไดเ้นื่องจากในขัน้ตอน
การการจุ่มชุ่มโลหะโคบอลต์เกิดการกระจายตวัของโลหะออกไซด์ชนิดอื่นๆใหม่อีกครัง้ แล้ว
โคบอลตท์ีม่อียูร่่วมขดัขวางการรวมตวักนัของโลหะออกไซดช์นิดอื่นๆท าใหค้วามเป็นผลกึของโลหะ
ชนิดอื่นเลก็ลงไปดว้ย เมื่อเตมิเหลก็ลงไป 2.5 wt% พบวา่ใหผ้ลทีค่ลา้ยคลงึกบัการเตมิโคบอลต์ แต่



พบพคีของโลหะคอปเปอร์เกดิขึน้ (43.27o; วงกลมสเีขยีว) ซึ่งเป็นเนื่องจากตวัเร่งปฏกิริยิามกีาร
รดีวิซก์่อนน ามาวเิคราะห ์XRD อยา่งไรกต็ามเป็นทีน่่าสงัเกตวา่ตวัเร่งปฏกิริยิา 1GO-CuZnZr (เส้น
สดี า) ทีผ่่านการรดีวิซเ์ช่นเดยีวกบัตวัเร่งปฏกิริยิา 2.5Fe/1GO-CuZnZr กลบัไม่มพีคีของโลหะคอป
เปอร์ปรากฏอยู่ซึ่งอาจจะเป็นไปได้ว่าการมอียู่ของโลหะเหลก็ท าให้อนัตรกริยิาระหว่างโลหะคอป
เปอรก์บัสารประกอบอื่นๆในโครงสรา้งของตวัเร่งปฏกิริยิามคีวามแขง็แรงขึน้ เมื่อสมัผสักบัอากาศ
ก่อนน าไปวเิคราะห์ด้วยเทคนิค XRD จงึมโีลหะคอปเปอร์เหลอือยู่ เมื่อเตมิโคบอลต์ไนเตรตและ
เหลก็ในเตรตอย่างละ 2.5 wt% (2.5Co2.5Fe/1GO-CuZnZr) พบว่า พคีที่แสดงความเป็นผลกึของ
โลหะคอปเปอร ์มคีวามชดัเจนมากยิง่ขึน้ ซึง่เป็นการบ่งบอกว่าการเตมิทัง้โคบอลต์และเหลก็ลงบน
โครงสรา้งของ 1GO-CuZnZr ท าใหโ้ลหะคอปเปอรม์คีวามเป็นผลกึสงูขึน้ 
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ภาพที่ 3.12  การเลี้ยวเบนของรงัสเีอก็ซ์ของตวัเร่งปฏกิริยิากราฟีนออกไซด์คอปเปอร์ซงิค์และ

เซอรโ์คเนียมทีเ่ตมิโลหะโคบอลต ์2.5 wt%, โลหะเหลก็ 2.5 wt% และ โลหะโคบอลต์
และเหลก็อยา่งละ 2.5 wt% 

 
 ภาพที่ 3.13 แสดงภาพถ่ายด้วยกล้องจุลทรรศน์อิเล็กตรอนแบบส่องกราดของตวัเร่ง
ปฏกิริยิา 1GO-CuZnZr ทีโ่หลดปรมิาณโคบอลตแ์ละเหลก็ต่างกนั พจิารณา 1GO-CuZnZr พบว่ามี
การกระจายตวัของโลหะบนตวัรองรบักราฟีนเป็นอย่างดี เมื่อเติมโลหะโคบอลต์และเหลก็ลงไป
พบวา่โครงสรา้งของตวัเร่งปฏกิริยิามลีกัษณะเป็นแผ่นซึง่เกดิจากการรวมตวัของอนุภาคระดบันาโน
เมตร ซึง่น่าจะเกดิมาจากการทีโ่ลหะออกไซด์กระจายตวัอยู่บนกราฟีนออกไซด์ และเมื่อท าการรดีิ
วซก์ราฟีนออกไซดบ์างส่วนมกีารสลายตวั ท าใหไ้ดโ้ครงสรา้งทีม่ลีกัษณะเป็นแผ่น 
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ภาพที ่3.13 แสดงภาพถ่ายดว้ยกลอ้งจุลทรรศน์อเิลก็ตรอนแบบส่องกราดของตวัเร่งปฏกิริยิาก

ราฟีนออกไซดค์อปเปอรซ์งิคแ์ละเซอรโ์คเนียมทีเ่ตมิโลหะโคบอลต ์2.5 wt%, โลหะ
เหลก็ 2.5 wt% และ โลหะโคบอลตแ์ละเหลก็อยา่งละ 2.5 wt% 

 
 ตารางที่ 3.4 แสดงค่าการแปลงผนัของก๊าซคาร์บอนไดออกไซด์ ค่าการเลือกเกดิก๊าซ
คาร์บอนมอนอกไซด์ ค่าการเลือกเกิดสารประกอบไฮโดรคาร์บอน และการกระจายตัวของ
ผลติภณัฑ์ไฮโดรคาร์บอน พบว่าการเตมิโลหะโคบอลต์ปรมิาณ 2.5 wt% (2.5 Co/1GO-CuZnZr) 
ลงบนตวัเร่งปฏกิริยิา 1GO-CuZnZr ใหค้่าการแปลงผนัของก๊าซคารบ์อนไดออกไซดเ์พิม่จาก 12.54 
เป็น 16.44 ทัง้นี้เนื่องจาก ก๊าซคารบ์อนมอนอกไซด์สามารถเกดิการไฮโดรจเินทไปเป็นผลติภณัฑ์
ไฮโดรคารบ์อนไดม้ากขึน้ และเมื่อพจิารณาการกระจายตวัของผลติภณัฑ์ไฮโดรคาร์บอนพบว่าให้
ผลติภณัฑ์เป็นมเีทนและเมทานอลที่ใกล้เคยีงกนั ร้อยละ 35.15 และ 39.14 ตามล าดบั โดยมกีาร
กระจายตวัของเอทานอลเป็น 10.52 เปอรเ์ซน็ต ์ในขณะทีเ่มื่อเตมิโลหะเหลก็ปรมิาณ 2.5 wt% (2.5 
Fe/1GO-CuZnZr) พบวา่ใหค้่าการแปลงผนัของก๊าซคาร์บอนไดออกไซด์เพิม่ขึน้แต่น้อยกว่าโลหะ
โคบอลตค์อืได ้เท่ากบั 14.21 % ในส่วนของการกระจายตวัของผลติภณัฑ์เป็นเอทานอลกไ็ด้ต ่ากว่า
ตวัเร่งปฏกิริยิา 2.5 Co/1GO-CuZnZr เช่นกนัอยู่ที่ ร้อยละ 4.54 และเมื่อท าการเตมิโลหะโคบอลต์
และเหลก็อย่างละ 2.5 wt% ลงบน 1GO-CuZnZr พบว่าให้ค่าการแปลงผนัเพิม่ขึน้สูงถึงร้อยละ 
20.15 และมคี่าการเลอืกเกดิสารประกอบไฮโดรคาร์บอนเพิม่เป็นร้อยละ 64.59 อย่างไรกต็ามกลบั



พบวา่ผลติภณัฑไ์ฮโดรคารบ์อนทีเ่กดิขึน้มมีเีทนเป็นองคป์ระกอบโดยส่วนใหญ่ และมเีอทานอลอยู่ที ่
4.14% จากผลการทดลองสามารถสรุปได้ว่าการโหลดโคบอลต์ลงบน 1GO-CuZnZr เหมาะสม
มากกวา่การใชเ้หลก็ส าหรบัการผลติเอทานอลจากก๊าซคารบ์อนไดออกไซดแ์ละก๊าซไฮโดรเจน 
 
ตารางที ่3.4 ค่าการแปลงผนัของก๊าซคารบ์อนไดออกไซด ์ค่าการเลอืกเกดิก๊าซคารบ์อนมอนอกไซด ์

ค่าการเลือกเกิดสารประกอบไฮโดรคาร์บอน และการกระจายตัวของผลิตภณัฑ์
ไฮโดรคารบ์อน 

Samples 
CO2 

conversion 
(%) 

CO 
selectivity 

(%) 

Hydrocarbon 
selectivity 

(%) 

Hydrocarbon distribution (%C) 
Methane Methanol Ethanol C3-5 oxygenates C2-5 hydrocarbon 

1GO-CuZnZr 12.54 63.55 36.45 - 100 - - - 
2.5Co/1GO-
CuZnZr 

16.44 45.11 54.89 35.15 39.14 10.52 4.10 11.09 

2.5Fe/1GO-
CuZnZr 

14.21 51.33 48.67 30.22 52.11 4.54 2.13 11.00 

2.5Co-
2.5Fe/1GO-
CuZnZr 

20.15 35.41 64.59 45.14 30.55 4.14 3.22 16.95 

อุณหภมูใินการท าปฏกิริยิาเท่ากบั 250 องศาเซลเซยีส, ความดนัเท่ากบั 30 บาร,์ อตัราส่วนของ
ก๊าซไฮโดรเจนต่อก๊าซคารบ์อนไดออกไซดเ์ท่ากบั 3:1 และ GHSV เท่ากบั 20,000 ชัง่โมง-1 
 
 
4. ผลการทดลองและการอภิปรายผลการทดลอง 

งานวจิยันี้ศกึษาผลการใช้กราฟีนเป็นตวัรองรบัคอปเปอร์ออกไซด์ ซงิค์ออกไซด์และเซอร ์
โคเนียมไดออกไซด์ โดยศกึษาอทิธพิลของปรมิาณกราฟีนที่มผีลต่อคุณสมบตัขิองตวัเร่งปฏกิริยิา
โดยพิจารณาจากคุณสมบตัทิางกายภาพและเคมีของตวัเร่งที่ได้สงัเคราะห์ขึ้น รวมถึงการศกึษา
ประสทิธภิาพของการใชต้วัเร่งปฏกิริยิาดงักล่าวในการเร่งปฏกิริยิาการเตมิก๊าซไฮโดรเจนของก๊าซ
คารบ์อนไดออกไซดเ์พื่อผลติเมทานอล และน าตวัเร่งปฏกิริยิาทีด่ทีีสุ่ดไปศกึษาถงึปรมิาณการโหลด
โคบอลต์และเหลก็ต่อประสทิธภิาพในการผลติเอทานอลจากปฏกิริยิาการเตมิไฮโดรเจนของก๊าซ
คารบ์อนไดออกไซด ์ผลการศกึษาพบวา่ในขัน้ตอนการเตรยีมตวัเร่งปฏกิริยิาสามารถลดขัน้ตอนการ
เตรยีมเลยเพยีงข ัน้ตอนเดยีวโดยการรดีวิซ ์และไม่ตอ้งผ่านการแคลไซน์ ซึง่เป็นวธิกีารแบบดัง้เดมิที่
ใชใ้นการเตรยีมตวัเร่งปฏกิริยิา  ท าให้มแีนวทางเลอืกใหม่ในการประหยดัพลงังานของการเตรยีม
ตวัเร่งปฏกิริยิากลุ่มนี้ ซึง่ผลการศกึษาพบวา่เมื่อเตมิปรมิาณกราฟีนออก ไซด์ที่เหมาะสมลงในเตมิ
ตวัเร่งคอปเปอร์ ซิงค์และเซอร์โคเนียม ส่งผลให้เพิม่การกระจายตวัของโลหะคอปเปอร์ มีผลให้
ขนาดผลกึของคอปเปอร์ออกไซด์เลก็ลงและมผีลลดอุณหภูมใินการรีดวิซ์ของคอปเปอร์ออกไซด ์
เพิม่ปรมิาณไฮโดรเจนบนพืน้ผวิซึง่น าไปสู่การเพิม่การแตกตวัเป็นไอออนอะตอมของไฮโดรเจนมผีล



ให้การสปิลโอเวอร์ของอะตอมไฮโดรเจนมายงัผิวของโลหะออกไซด์เพิ่มขึ้น ซึ่งเมื่อน าตัวเร่ง
ปฏกิริยิามาทดสอบประสทิธภิาพพบวา่ปรมิาณของกราฟีนออกไซด์ที่เหมาะสมโปรโมทตวัเร่งคอป
เปอร ์ซงิคแ์ละเซอรโ์คเนียมคอื รอ้ยละ1 โดยน ้าหนกั  โดยมรีอ้ยละผลไดข้องเมทานอลสงูสุดเท่ากบั 
274.63 กรมัเมทานอลต่อกิโลกรมัตวัเร่งปฏกิิรยิาต่อชัว่โมง ที่อุณหภูมิของการท าปฏกิิรยิา 240 
องศาเซลเซยีส  

เมื่อศกึษาผลการเตมิโลหะโคบอลตแ์ละเหลก็ลงบนตวัเร่งปฏกิริยิา 1GO-CuZnZr พบว่าให้
ค่าการแปลงผนัของก๊าซคาร์บอนไดออกไซด์สูงขึ้น และได้ค่าการเลือกเกิดเป็นสารประกอบ
ไฮโดรคารบ์อนมากขึน้ ซึ่งน่าจะมาจากโคบอลต์และ/หรอื ช่วยโปรโมทปฏกิริยิาไฮโดรจเินชนัของ
ก๊าซคาร์บอนมอนออกไซด์ นอกจากนี้พบว่าตวัเร่งปฏกิริยิา 2.5Co/1GO-CuZnZr ให้ค่าการเลอืก
เกดิเป็นเอทานอลสงูสุด 
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CO2 hydrogenation was carried out over a series of CuO–ZnO–ZrO2 catalysts prepared via a reverse co-
precipitation method. The influence of catalyst compositions on the physicochemical properties of the
catalysts as well as their catalytic performance was investigated. The catalysts were characterized by
means of N2-sorption, X-ray diffraction (XRD), inductively coupled plasma optical emission spectrometry
(ICP-OES), scanning electron microscopy (SEM), H2-temperature programmed reduction (H2-TPR), H2 and
CO2 temperature-programmed desorption (H2- and CO2-TPD). The binary CuO–ZrO2 (67:33) catalyst
exhibits the highest methanol selectivity at all reaction temperature and its maximum yield of methanol
(144.5 gmethanol kgcat

�1 h�1) is achieved at 280 �C, owing to the strong basic sites and the largest CuO crys-
tallite size. The addition of Zn to the binary CuO–ZrO2 catalyst causes a higher Cu dispersion and an
increased number of active sites for CO2 and H2 adsorption. However, the basic strength of the ternary
CuO–ZnO–ZrO2 catalysts is lower than the binary CuO–ZrO2 catalyst which provides the maximum yield
of methanol at lower reaction tempertures (240 and 250 �C), depending on the catalyst compositions. The
optimum catalyst composition of Cu–Zn–Zr (38.2:28.6:33.2) gives a superior methanol productivity of
219.7 gmethanol kgcat

�1 h�1 at 240 �C. The results demonstrate the possibility of controlling catalytic CO2

hydrogenation via tuning the catalyst composition.
� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Industrial revolution and population growth have always been
associated with an extensive use of energy. Fossil fuels have been
usually the most attractive energy sources because of high-
energy concentration, which allows to store a large amount of
energy in relatively small volumes. The combustion of fossil fuel
is, however, the major source of carbon dioxide (CO2), which is
considered to be the main reason of climate change. Due to scarcity
and cost of non-carbon energy sources, fossil fuels will continue to
be the dominant source of energy for the next few decades, which
is undoubtedly expected to substantially increase the CO2 emis-
sions [1,2]. CO2 recycling as a feedstock to produce value added
chemicals has received immense research interest as is one of
the possible ways to maintain the carbon cycle [3–6]. Among sev-
eral pathways the hydrogenation of CO2 to methanol offers a feasi-
ble solution for both global warming problem and subtaintial
demand of energy because methanol is a convenient liquid fuel
and a potential chemical H2 carrier for fuel cell applications [7,8],
in addtion to a vital raw material for synthetic hydrocarbons and
their products such as formaldehyde [9], biodiesel [10], acetic acid
[11], gasoline [12], olefins [13] and dimethyl ether [14].

Methanol is commercially produced from syngas containing
small amount of CO2 over a Cu/ZnO/Al2O3 catalyst [15]. However,
this catalyst suffers from a fast deactivation in CO2-rich syngas
feeds because the presence of large amount of water vapor bypro-
duct could negatively affect the physical–chemical properties of
the catalysts, e.g., an acceleration of Cu sintering, a partial oxida-
tion of Cu to inactive CuO [16–18]. Alternatively a Cu/ZnO catalyst

http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2016.03.075&domain=pdf
http://dx.doi.org/10.1016/j.enconman.2016.03.075
mailto:fengttwi@ku.ac.th
http://dx.doi.org/10.1016/j.enconman.2016.03.075
http://www.sciencedirect.com/science/journal/01968904
http://www.elsevier.com/locate/enconman
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containing ZrO2 has been found to be more active and stable than
the conventional Cu/ZnO/Al2O3 catalyst [19–23]. In recent years,
various methods have been developed to prepare Cu/ZnO/ZrO2 cat-
alysts with high copper surface, strong metal-support interactions,
and homogeneous components. These properties of the catalysts
have been proven to enhance the catalytic activity for methanol
synthesis from CO2 hydrogenation. Gao et al. prepared Cu–ZnO–
ZrO2 catalysts via a glycine–nitrate combustion method [24]. It
was found that the catalyst prepared with the stochiometric
amount of glycine was equal to 50% had the largest copper surface
area, resulting in the highest yield of methanol. Li et al. found that
the increase in calcination temperature of the Cu–ZnO–ZrO2

caused a reduction of the methanol yield due to the enlargement
of Cu particles [25]. The catalyst composition is another factor that
strongly determines the copper surface area, homogeneity of com-
ponents as well as the catalytic activity. A variety of CuO–ZnO–
ZrO2 catalyst formulations have been evaluated for CO2 hydrogena-
tion to methanol. Arena et al. [20] reported that the prepared Cu–
ZnO–ZrO2 catalysts with the Zn/Cu ratio in the range of 0.3–0.7 and
constant ZrO2 loading of �44 wt% achieved a higher copper surface
area and yield of methanol. Khassin et al. [26] studied the effect of
Cu content of the binary Cu–Zn catalysts on the methanol synthesis
from syngas containing CO2. The optimum value of Cu content with
respect to the catalytic activity was 40 mol%. In a recent report of
Jeong and Suh [27], the role of ZrO2 on the precipitation and forma-
tion of Cu–ZnO–ZrO2 catalysts was examined in detail. They found
that no incorporation of Zr4+ into the zincian malachite lattice, and
ZrO2 acted as nano-spacer to prevent the sintering of metallic cop-
per particles upon reduction.

Herein, we have studied the effect of chemical compositions of
CuO–ZnO–ZrO2 catalysts in an attempt to develop more efficient
catalyst formulations for methanol synthesis from CO2 hydrogena-
tion. The CuO–ZnO–ZrO2 catalysts were prepared a reverse co-
precipitation method, and characterized by bulk and surface tech-
niques to determine structural and chemical features. The catalytic
activity of the catalysts was evaluated in a fixed-bed reactor at dif-
ferent temperatures. The correlations between physicochemical
characteristics and catalytic activity of the catalysts were also
investigated.
2. Experimental

2.1. Catalyst preparation

A series of CuO–ZnO–ZrO2 catalysts with different Zn/Cu ratios
and ZrO2 contains were prepared by a reverse co-precipitation
method. A metal salts solution (ca. 100 mL) of Cu(NO3)2�3H2O, Zn
(NO3)2�6H2O and ZrOCl2�8H2O (Sigma Aldrich),contained a volume
proportion corresponding to the final composition of the catalysts,
was slowly added into a 0.1 M NaHCO3 solution (500 mL) under
stirring at room temperature. The pH of the solution was adjusted
to 7.0 by adding 0.1 M NaHCO3 solution. The mixture was heated to
80 �C under stirring, and kept constant at that temperature for 2 h.
The precipitate was filtered and washed with 3000 mL deionized
water. Subsequently, the obtained product was dried at 100 �C
for 24 h and calcined at 350 �C for 2 h. The catalysts’ relative nota-
tion is listed in Table 1.
2.2. Catalyst characterization

The BET surface area, pore size distribution and pore volume of
all catalysts were determined by N2-sorption measurement with a
Quantachrome Autosorb-1C instrument at �196 �C. Prior to mea-
surements, the samples were degassed at 200 �C for 24 h. Pore size
distributions of the samples were determined from the adsorption
branch of the isotherms in accordance with the Barrett–Joyner–Hal
lenda (BJH) method. The specific BET (SBET) was estimated for P/P0

values to be between 0.05 and 0.30. The total pore volume was
measured at a relative pressure (P/P0) of 0.995.

The surface morphology of the studied catalysts was assessed
with the application of a scanning electron microscope (SEM; JEOL
JSM-7600F). The SEM measurement was taken at 20.0 kV. The sam-
ples were sputter–coated with gold prior to analysis.

X-ray diffraction (XRD) patterns of all catalysts were attained
on a diffractometer (Bruker D8 Advance) with Cu-Ka radiation.
The measurements were made at temperatures in a range of 15–
75� on 2h with a step size of 0.05�. The diffraction patterns were
analyzed according to the Joint Committee on Powder Diffraction
Standards (JCPDS).

Temperature-programmed reduction (TPR) experiments of the
calcained catalysts were carried out by using TA instrument
(SDT2960 Simultaneous DTA-TGA Universal 2000). Prior to the
reduction, the catalyst (15 mg) was preheated in flowing N2 at
350 �C for 15 min, and then cooled down to 120 �C. After that,
TPR experiment was started with heating rate of 4 �C/min under
continuous flow of 10%H2/He.

H2 temperature-programmed desorption (H2-TPD) and CO2

temperature-programmed desorption (CO2-TPD) were performed
by using the same apparatus for TPR measurements. For H2-TPD
experimental, the sample (15 mg) was reduced in-situ in flowing
10%H2/He at 300 �C for 2 h. After that, the reduced catalyst was
cooled down to 40 �C and then saturated in 10%H2/He for 1 h, fol-
lowed by purging with N2 for 30 min in order to remove any phy-
sisorbed molecules. H2-TPD experiment was then operated at 40–
400 �C and heating rate of 5 �C/min in flowing N2. The area under
the first peak of H2-TPD curve, caused by associative desorption
of H2 from copper metal surface, is used to determine the copper
surface area [28,29] from the following equation:

Cu surface area ðm2=gÞ ¼ ðAÞ � ðSÞ � ðNAÞ
SDCu

ð1Þ

where A is amount of H2 desorbed from the first peak of H2-TPD
curve (mol H2 gcat

�1); S, stoichiometric factor, is 2; NA is Avogadro’s
number (6.022 � 1023 atoms mol�1); SDCu is copper surface density
(1.47 � 1019 atoms m�2).

Copper dispersion, defined as the amount of H2 desorbed from
the first peak of H2-TPD curve divided by the total copper atoms
present in the catalyst, is calculated by using Eq. (2) [15,30].

Cu dispersion ð%Þ ¼ ðAÞ � ðSÞ � ðMWCuÞ
Cu content ðwt%Þ � 100 ð2Þ

where MWCu is molecular weight of atomic Cu (63.546 g mol�1).
In case of CO2-TPD experiment, the reduced catalyst was pre-

heated at 400 �C for 30 min in order to clean surface of the catalyst
from moisture and other adsorbed gas, and then cooled down to
40 �C. After that, the catalyst was saturated in flowing CO2 for
1 h and followed by flushing in N2 for 1 h. The CO2-TPD measure-
ment was then carried out at 40–400 �C and heating rate of 5 �C/
min under continuous flow of N2.

2.3. Catalytic activity test

CO2 hydrogenation reaction was carried out in a fixed–bed
stainless steel reactor (7.75 mm inner diameter). 0.25 g CuO–
ZnO–ZrO2 catalyst was diluted with 0.75 g inert silica sand
(75–150 lm). The catalyst was reduced in situ under atmospheric
pressure with flowing H2 (60 mL/min) at 300 �C and a heating rate
of 2 �C/min for 4 h. After the reduction, the temperature was
cooled to 180 �C under flowing N2; subsequently a flow of CO2

and H2 mixture (CO2:H2 molar ratio of 1:3) was fed through the



Table 1
Chemical compositions and textural properties of the CuO–ZnO–ZrO2 catalyst.

Sample Starting composition (mol
%)

Zn/Cu ratio Final composition (mol%)a Zn/Cu ratioa Cu surface area (m2/g) Cu dispersion (%)

Cu Zn Zr Cu Zn Zr

CZZ-1 70 – 30 0 67.06 – 32.94 0 32.74 8.94
CZZ-2 60 10 30 0.17 59.58 9.32 31.1 0.16 33.36 10.19
CZZ-3 50 20 30 0.40 48.3 19.17 32.53 0.40 43.43 16.50
CZZ-4 40 30 30 0.75 38.15 28.61 33.24 0.75 52.87 25.16
CZZ-5 35 35 30 1.00 34.6 32.92 32.48 0.95 47.98 25.51
CZZ-6 30 40 30 1.33 27.47 40.08 32.45 1.45 46.97 31.49
CZZ-7 – 70 30 – – 68.73 31.27 – – –
CZZ-8 57.14 42.86 – 0.75 56.99 43.01 – 0.75 35.08 9.64
CZZ-9 45.71 34.29 20 0.75 46.46 35.65 17.89 0.77 49.86 18.89
CZZ-10 34.28 25.72 40 0.75 32.43 22.89 44.68 0.71 32.92 19.69

a The chemical compositions of the catalyst were determined by ICP-OES technique.
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Fig. 1. N2 adsorption–desorption isotherms (a and b), pore size distribution (c and d) and physical properties (e and f) of the CuO–ZnO–ZrO2 catalysts prepared with different
metal compositions. For clarity, the isotherm of CZZ-1, CZZ-2, CZZ-3, CZZ-4 (a), CZZ-5, CZZ-6, CZZ-7, CZZ-8, CZZ-9, CZZ-4 (b), and CZZ-10 is offset along the vertical axis for 0,
110, 230, 330, 450, 600, 700, 0, 400, 750 and 900 cm3/g, respectively. The pore size distribution of CZZ-1, CZZ-2, CZZ-3, CZZ-4 (c), CZZ-5, CZZ-6, CZZ-7, CZZ-8, CZZ-9, CZZ-4 (d),
and CZZ-10 is offset along the vertical axis for 0, 0.32, 0.63, 0.87, 1.1, 1.45, 1.75, 0, 1.35, 1.85 and 2.15 cm3/g, respectively.
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reactor. The flow rate of carbon dioxide and hydrogen was individ-
ually controlled by an electronic mass flow controller (Brooks
SLA5850). The feed flow rate was set at 60 mL/min. The reactor
pressure was slowly raised to 20 bars, and the reactor was heated
to a variety of temperatures (220, 240, 250, 260 and 280 �C). The
effluent gaseous products were analyzed by using gas chromatog-
raphy. Analysis of H2, CO, CO2, and N2 was performed using GC–
2014 gas chromatography equipped with a thermal conductivity
detector (TCD) and a Unibead-C column. Methanol and other
hydrocarbon products were analyzed by using GC 8A equipped
with a flame ionization detector (FID) and a Porapak-Q column.
The activity-selectivity data were calculated by mass balance from
an average of three independent measurements. The errors were
within ±2%. CO2 conversion, CH3OH selectivity and space–time
yield of methanol (grams methanol catalyst�1 time�1) are defined
as follows:

CO2conversion ð%Þ ¼ ðmoles methanolþmoles COÞ � 100
moles CO2;in

ð3Þ

CH3OH selectivity ð%Þ ¼ moles CH3OH� 100
moles CH3OHþmoles CO

ð4Þ

Space-time yield of methanol

¼ moles methanol
moles CO2;in � total amount of catalyst�MV

� VCO2

�MWmethanol ð5Þ
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where VCO2 is the volumetric flow of CO2 (cm3 min�1), MWmethanol is
the molecular weight of methanol (grams mol�1), and MV is the
molar volume of ideal gas, 22,400 cm3 mol�1.

3. Results and discussion

The nitrogen adsorption–desorption isotherms and the corre-
sponding pore size distribution curves of the calcined catalysts
are displayed in Fig. 1. As shown in Fig. 1a, the isotherm of CZZ-1
belongs to type IV with H3 hysteresis loop, which is the significant
feature of the mesoporous materials with slit-shaped pores. How-
ever the isotherm is almost flat, indicating the low amount of pores
due to a dense agglomeration of metal oxide particles. In compar-
ison to the CZZ-1 sample the isotherm of CZZ-2, CZZ-3, and CZZ-4
is still type IV but the hysteresis loop is changed from H3 to H2,
indicating the formation of pores in the form of interstices between
closed-packed spherical particles. With yet higher Zn/Cu contents
(CZZ-5 and CZZ-6), the type IV isotherm is no longer obtained
and instead a type II isotherm is observed, which is indicative of
the presence of macropores. Fig. 1c shows a broad pore size distri-
bution with a mean pore size of 40 nm of the CZZ-1 sample, imply-
ing that the particle size of metal oxides are larger than 40 nm.
Increasing the Zn/Cu ratio to 0.17–0.40 results in the lower mean
pore size (�30 nm), indicating a reduction of particle size of metal
oxides. The smallest mean pore size of 12.5 nm is obtained when
the Zn/Cu ratio is increased to 0.75, suggesting that this ratio pro-
vides the homogeneous dispersion of metal oxides. With further
increase of Zn/Cu ratio higher than 0.75, the mean pore size shifts
toward larger pore size, suggesting that excessive amount of Zn
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Fig. 4. SEM images of CZZ-2 (a) and CZZ-4 (b).
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causes the increase of particle size of metal oxides. As shown in
Fig. 1e, the pore volume of the catalysts is found to increase with
increasing the Zn content (0.16–0.52 cm3/g) while the BET surface
area of the catalyst significantly increases from 53.18 to 96.12 m2/g
with Zn/Cu ratio ranging from 0 (CZZ-1) to 0.75 (CZZ-4) and then
almost constant with further increasing Zn/Cu content.

The catalyst prepared in the absence of Zr (CZZ-8) exhibits type
II isotherm (Fig. 1b) with very steep adsorption–desorption, sug-
gesting the presence of the macropores with excellent uniformity
in shape. Incorporating Zr (CZZ-9, CZZ-4 and CZZ-10) alters the
shape of isotherm from type II to type IV with the shift of conden-
sation step toward lower relative pressure, indicating a reduction
of mean pore size. The results suggest different roles of Zn and Zr
on the formation of final CuO–ZnO–ZrO2 catalysts. As well docu-
mented, Cu and Zn can co-precipitate in the form of mixed metal
hydroxyl carbonate phases such as malachite, zincian malachite
and aurichalcite, depending on the nominal metals composition
[31–33]. The co-precipitation of Cu and Zn can reduce the forma-
tion of individual CuO and ZnO particles and merge the Cu and
Zn into a new phase, leading to the formation of the uniform
structure as confirmed by the narrow pore size distribution of
the CZZ-8 sample (Fig. 1d). The mean pore size distribution is
found to shift toward lower pore size (Fig. 1d, CZZ-9, CZZ-4 and
CZZ-10) after incorporation of Zr, indicating that the addition of
Zr inhibits the growth/crystallization of the new phase resulting
in the formation of smaller size of metal oxides. Moreover, Zr
incorporates into the space of the new phase (Cu–Zn) as evidenced
by a broader pore size distribution with a reduction of pore volume
(Fig. 1f).

Fig. 2a shows experimental XRD patterns of the series of cal-
cined Cu–ZnO–ZrO2 catalysts. Only the diffraction peaks at 2h val-
ues of 32.54�, 35.52�, 38.81�, 48.56� and 61.50� which are indexed
to CuO diffractions of (110), (002), (111), (202) and (113) planes
[34,35], respectively are observed for the catalyst prepared in the
absence of Zn (CZZ-1). ZnO–ZrO2 catalyst (CZZ-7) exhibits three
major reflections of 100, 002 and 101 attributed to a hexagonal
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wurtzite ZnO [34,35]. With increasing Zn to Cu content from 0
(CZZ-1) to 0.75 (CZZ-4) a continuous increase in line width of the
CuO 002 and 111 reflections is clearly visible. With further
increasing Zn to Cu content at higher 0.75 (CZZ-5 and CZZ-6) the
CuO 002 and 111 reflections exhibit a minimum in line width
and intensity. The line width of the CuO 111 reflection is used to
calculate the average CuO crystallite size with the Scherrer Equa-
tion; the result is shown in Fig. 2b. The CuO crystallite size dramat-
ically decreases from 11.1 nm at Zn/Cu of 0 (CZZ-1) to 7.03 nm at
Zn/Cu of 0.75 (CZZ-4). With further increasing Zn/Cu content from
0.75 (CZZ-4) to 1.45 (CZZ-6) the CuO crystallite size slightly
decreases from 7.03 nm to 6.56 nm, suggesting that ZnO and CuO
are well amalgamated. The ZnO crystallite site is unable to deter-
mine due to the overlapping with CuO reflections. Nevertheless
the line width of the ZnO 100, 002 and 101 reflections gradually
decreases with increasing Zn/Cu ratio implying the increase of ZnO
crystallite size. In addition there is no diffraction peak of all sam-
ples (CZZ-1 to CZZ-7) showing crystal structure of ZrO2, indicating
that ZrO2 is in an amorphous phase. The influence of Zr addition on
the crystal structure of the catalysts was investigated at constant
Zn/Cu ratio of 0.75. As shown in Fig. 2c, the CuO crystallite size
slightly decreased from 9.38 nm to 6.65 nm with the increase of
Zr content from 0 to 44.68 mol%.

The reducibility of copper species in the CuO–ZnO–ZrO2 cata-
lysts prepared at different ratios was investigated by H2-TPR
experiments, and the profiles are shown in Fig. 3. As there is no
hydrogen consumption over the ZnO–ZrO2 sample (CZZ-7), sug-
gesting that ZnO and ZrO2 are irreducible under the conditions
applied in the analysis, the H2-TPR profiles collected are exclu-
sively indicative of copper surface. The catalysts prepared at Zn/
Cu ratio of 0 (CZZ-1) and 0.16 (CZZ-2) exhibit at least two over-
lapped reduction peaks, suggesting that there are two kinds of
reducible CuO species. The peak at lower temperature is attributed
to the reduction of highly dispersed CuO species interacting with
ZnO and ZrO2 [35,36] while the higher temperature peak is related
to the reduction of bulk-like CuO species [35,36]. SEM-EDS map-
ping analysis (Fig. 4) of the CZZ-2 sample revealed a segregation
and formation of Zr-rich phase (green1 dot) and Cu-rich phase
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(red dot) within the particles of the final catalyst endorsing the
H2-TPR results for the reduction of CuO at low and high temperature,
respectively.

Only one symmetric peak appearing at 218 �C is observed with
the catalyst prepared at Zn/Cu ratio of 0.4 (CZZ-3), suggesting the
homogeneous dispersion of CuO. With increasing Zn/Cu ratio to
0.75 (CZZ-4), the position of reduction peak shifts toward lower
temperature (207 �C), indicating a reduction of CuO particle size
compared to that of the CZZ-3. SEM-EDS mapping analysis
(Fig. 4) confirmed the homogeneous distribution of the copper ele-
ment throughout the entire surface of the CZZ-4 sample. With fur-
ther increasing Zn/Cu ratio to 0.95 (CZZ-5) and 1.45 (CZZ-6) the
position of reduction peak slightly shifts toward higher tempera-
ture of 208 �C and 209 �C, respectively. This probably explains that
the incorporation of excessive Zn increases interaction and
obscures the surface of CuO making it even harder to be reduced.
In the absence of Zr (CZZ-8), the H2-TPR profile is asymmetry
and it is therefore deconvoluted into two peaks, indicating that
the CZZ-8 sample contains two different forms of CuO. Incorpora-
tion of 10% Zr (CZZ-9) results in a symmetry H2-TPR profile, sug-
gesting a homogeneous dispersion of CuO. Increasing Zr content
to 25 (CZZ-4) and 40% (CZZ-10) exhibits the similar trend as the
larger amount of Zr content is, the lower reduction temperature
will be.

In order to study the effect of catalyst compositions on the sur-
face adsorbed CO2 and H2, CO2-TPD and H2-TPD were performed;
the results are shown in Fig. 5a and b, respectively. The CO2-TPD
profile of all catalysts exhibits a broad peak ranging 40–400 �C,
suggesting that CO2 is adsorbed on the surface of the catalysts with
different strengths. Since the catalytic activity for methanol syn-
thesis from CO2 hydrogenation depends on both the number and
strength of active sites, an attempt has been made to elucidate
the type of active sites for adsorbed CO2 present on each sample.
For this, the CO2-TPD profiles were deconvoluted into a, b and c
peaks, corresponding to weak, medium and strong basicity, respec-
tively. The weakly basic sites were related to hydroxyl groups,
moderately basic sites could be assigned to metal–oxygen pairs,
and strongly basic sites were associated with low-coordination
oxygen atoms [37,38]. The a, b and c peaks of the catalyst prepared
in the absence of Zn (CZZ-1) are found at 85, 163 and 250 �C,
respectively. All desorption peaks are found to shift toward lower
region when incorporating Zn into the CuO–ZrO2 catalysts (CZZ-
2, CZZ-3, CZZ-4, CZZ-5 and CZZ-6), which is indicative of the lower
interaction between CO2 molecules and the surface of the catalysts.
In contrast to the incorporation of Zn, the interaction between CO2

and the catalyst surface becomes stronger after the addition of Zr
into the CuO–ZnO catalyst (CZZ-8, CZZ-9, CZZ-4, CZZ-10). However,
the area under the CO2-TPD curve of the ternary catalysts is found
to be larger than that of the binary catalysts, CuO–ZrO2 and CuO–
ZnO, indicating that the amount of adsorbed CO2 has been
increased.

The H2-TPD profile of the CZZ-1 exhibits two main hydrogen
desorption peaks at around 60 and 240 �C. The first peak at low
temperature is attributed to the chemisorbed hydrogen on the
highly dispersed copper nanoparticles, which related to number
of active sites for dissociation of hydrogen molecule to hydrogen
atoms [28,29,39–42]. The second peak can be derived from the
hydrogen atom on the surface of metal oxides caused by the spil-
lover of hydrogen from the copper surface [42,43]. The position
for the former peak of all catalysts was unchanged after Zn
addition (CZZ-2, CZZ-3, CZZ-4, CZZ-5 and CZZ-6), while the latter
peak is found to gradually shift toward lower temperature with
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increasing Zn/Cu content, indicating a lower adsorption strength of
H atom on the surface of metal oxides. The addition of Zr into the
CuO–ZnO catalyst follows a trend analogous to that of Zn addition
(CZZ-8, CZZ-9, CZZ-4 and CZZ-10).

Fig. 6a–d shows the quantitative data of the amounts of des-
orbed CO2 and H2 of the catalysts prepared with different metal
compositions. As shown in Fig. 6a, the total amount of desorbed
CO2 was only 0.11 mmol/g for the catalyst prepared in the absence
of Zn (CZZ-1). Incorporating Zn into the Cu/ZrO2 catalyst at Zn/Cu
ratio of 0.16 (CZZ-2) and 0.4 (CZZ-3) extremely increased the total
amount of desorbed CO2 to 0.25 and 0.30 mmol/g, respectively.
With a yet higher Zn/Cu ratio, the total amount of desorbed CO2

remained increased with its maximum (0.33 mmol/g) at Zn/Cu
ratio of 0.75. After that the total amount of desorbed CO2 slightly
declined to 0.29 mmol/g at Zn/Cu ratio of 1.45. The amount of des-
orbed CO2 correlates to the BET surface area of the catalysts, sug-
gesting that a well dispersion of ternary metal oxides (CuO–ZnO–
ZrO2) is a vital factor determining the number of active sites for
CO2 adsorption.

As shown in Fig. 6b, the binary CuO–ZrO2 catalyst (CZZ-1)
exhibited the lowest amount of H2 desorbed from the weak site
(0.40 mmol/g), which was in good agreement with the XRD and
H2-TPR results. The amount of H2 desorbed from the weak site
was found to increase with increasing Zn/Cu ratio and the highest
amount of H2 desorbed from the weak site was obtained at Zn/Cu
ratio of 0.75 (CZZ-4). It is noteworthy that the amount of H2 des-
orbed from the weak site of the CZZ-5 and CZZ-6 catalysts is lower
than the CZZ-4 catalyst despite the Cu dispersion (Table 1) of the
CZZ-5 and CZZ-6 is higher. This suggests that the amount of H2 des-
orbed from weak site is a trade-off between the Cu contain and the
Cu dispersion. Incorporation of Zn also increases the number of H2

desorbed from strong site, indicating the enhancement of hydro-
gen storage on the surface of metal oxides. Regarding to the cata-
lysts prepared with different Zr contents (Fig. 6c and d), the total
number of desorbed CO2 and H2 exhibits a volcano-shaped trend
with respect to the Zr content and its optimum content is
33.24 mol%.

CO2 hydrogenation was tested over CuO–ZnO–ZrO2 catalysts in
a fixed-bed reactor at 20 bars. The catalytic activities were deter-
mined after 3 h on stream at the same GSHV. For all catalysts,
methanol and CO were found to be the major products. The cat-
alytic performance of the CuO–ZnO–ZrO2 catalysts prepared with
different chemical composition is shown in Fig. 7 in terms of CO2

conversion (Fig. 7a), space time yield of methanol (Fig. 7b) and
CH3OH selectivity (Fig. 7c).

CO2 conversion (Fig. 7a) over all catalysts increased monotoni-
cally with ascending reaction temperature. Comparing at identical
reaction temperature, the CO2 conversion greatly increased with
increasing Zn/Cu ratio, and the maximum CO2 conversion was
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obtained with the catalyst prepared with Zn/Cu ratio of 0.75. Fur-
ther increase of Zn/Cu ratio to 0.95 and 1.45 exhibited a decreasing
trend in CO2 conversion but still exceed that of the catalyst pre-
pared with Zn/Cu of 0.4. Note that the catalyst prepared in the
absence of Cu (CZZ-7) was almost inactive for CO2 hydrogenation;
the maximum CO2 conversion was only 1.44% at a reaction temper-
ature of 280 �C.

The CZZ-1 catalyst showed a monotonic increase in space time
yield of methanol with increasing reaction temperature (Fig. 7b).
The maximum yield of methanol for the CZZ-1 catalyst,
144.5 gmethanol kgcat

�1 h�1, was obtained at 280 �C. The maximum
yield of methanol was achieved at a lower reaction temperature
as the Zn/Cu ratio is increased; 250 �C at Zn/Cu ratio of 0.16–0.4
and 240�C at Zn/Cu ratio of 0.75–1.45. This is in harmony with
the CO2-TPD results as the strengths between CO2 molecules
(bicarbonate species) and the catalyst surface become gradually
weaker when the catalysts are prepared with higher Zn/Cu ratio.

The strength between CO2 molecules and the catalyst surface
play a vital role on the methanol selectivity; the methanol selectiv-
ity decreases with decreasing the strength between CO2 molecules
and the catalyst surface (see Figs. 5a and 7c). The generally
accepted mechanism has shown that the formation of methanol
from CO2 hydrogenation requires coadsorbed species on the cata-
lyst surface [42,44]. CO2 adsorbed on the surface of ZnO and ZrO2

forms a bicarbonate species, while H2 molecule is dissociatively
adsorbed on the metallic Cu existing as copper–hydride species
(Cu–H). The bicarbonate species is hydrogenated to produce for-
mate intermediate species via spillover of atomic hydrogen from
the metallic copper surface. The stepwise hydrogenation of for-
mate intermediate species leads to the formation of methanol
[38]. Alternatively, CO is formed from the decomposition of for-
mate intermediate species [38]. Our result suggests that the strong
Table 2
Comparison of catalytic performance of CuO–ZnO–ZrO2 catalysts and other catalysts for t

Catalyst Operating conditions CO2 conversion (%)

Temperature (oC) Pressure (bar)

Cu/ZnO/Al2O3 240 30 16.2
In2O3 270 40 1.1
In2O3 330 40 7.1
Cu/Zn/Zr/Al 230 30 23.2
Pd(0.34)-Cu/SiO2 250 41 6.6
La–Mn–Zn–Cu–O 270 50 13.1
Cu/ZrO2 240 30 5.1
Cu–ZrO2 240 20 2.7
Cu–ZnO–ZrO2 240 20 13.2
interaction of bicarbonate species with the catalyst surface is
essential to inhibit the decomposition of formate intermediate spe-
cies. Although the CZZ-1 catalyst achieves the highest methanol
selectivity, the CO2 conversion and space yield of methanol are rel-
atively low compared to those of the CZZ-4 catalyst which is attrib-
uted to the large number of active sites for CO2 and H2 adsorption
of the CZZ-4 catalyst as indicated by CO2- and H2-TPD results.

Because of the superiority of the CZZ-4 catalyst (Zn/Cu = 0.75) in
terms of the space time yield of methanol as described above, three
CuO–ZnO–ZrO2 catalysts were prepared at different Zr contents
while the ratio of Zn/Cu was kept at 0.75. The results of catalytic
activity in terms of CO2 conversion, yield of methanol and metha-
nol selectivity are shown in Fig. 8. Unlike the binary CuO–ZrO2 cat-
alyst, the binary CuO–ZnO catalyst achieved the maximum yield of
methanol at a lower reaction temperature (260 �C), confirming that
the strength between bicarbonate species and the catalyst surface
is an important parameter promoting the formation of methanol.
After the Zr addition, the activities of ternary CuO–ZnO–ZrO2 cata-
lysts were markedly improved because of the reduced CuO crystal-
lite size and increased CO2 and H2 uptakes as compared with those
of the binary CuO–ZnO catalyst (CZZ-8). The catalyst prepared with
33.24 mol% Zr (CZZ-4) achieved the highest yield of methanol of
219.7 gmethanol kgcat

�1 h�1 at 240 �C.
The methanol selectivity of all catalysts was found to signifi-

cantly decrease with increasing temperature. Although the addi-
tion of Zr increased the strength between CO2 molecules and the
catalyst surface, the higher methanol selectivity was observed for
the catalysts prepared with low Zr content (0–17.89 mol%), sug-
gesting that not only the basic strength but also other factors
affects the methanol selectivity. Previous works has shown that
these is another pathway for the formation of CO, that is, the redox
mechanism for the reverse water–gas shift reaction at which the
reaction only proceeds over the copper nanoparticles [3]. Karelovic
and Ruiz [45] studied the role of copper particle size on the metha-
nol synthesis from CO2 hydrogenation. They found that the rate of
methanol formation expressed per mole surface copper was inde-
pendent of copper particle size, whereas smaller copper particle
was more active for reverse water–gas shift reaction. This can be
the reason why the catalysts prepared with low Zr content (0–
17.89 mol%) having larger CuO crystallite size exhibited the higher
selectivity toward methanol formation.

Fig. 9 shows the space–time yield (STY) versus the time-on-
stream of methanol over three catalysts: CZZ-1 (Cu–ZrO2), CZZ-4
(Cu–ZnO–ZrO2) and CZZ-8 (Cu–ZnO). For the binary catalyst sys-
tem, the CZZ-8 catalyst is more active than the CZZ-1 catalyst as
the STY of the CZZ-8 is ca. 1.38 times higher than that of the
CZZ-1. However, after 100 h of a time-on-stream experiment, the
CZZ-8 catalyst loses approximately 18.5% of its initial activity while
the CZZ-1 catalyst shows a constant STY of methanol. The fast
deactivation of the CZZ-8 (Cu–ZnO) could be due to its low thermal
stability [16,46]. The CZZ-4 (Cu–ZnO–ZrO2) catalyst exhibits the
highest STY of methanol of 219.7 gmethanol kgcat

�1 h�1 and its activity
he methanol synthesis from CO2 hydrogenation.

CH3OH selectivity (%) Space-time yield of CH3OH (g kgcat
�1 h�1) Refs.

63.8 130 [18]
54.9 25 [47]
39.7 118 [47]
60.3 120 [48]
34 35.8 [49]
54.5 100 [50]
57.8 76.3 [51]
78.8 108.9 This work
32.3 219.7 This work
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is quite stable during the 100 h time-on-stream. The remarkable
improvement of the activity and stability of the methanol catalyst
can be attributed to the homogeneous precipitation of ternary oxi-
des which not only enhances the copper surface area but also pre-
vents the sintering of copper nanoparticles. For the relative
comparison of the catalyst performances, the CO2 conversion, CH3-
OH selectivity and space–time yield of CH3OH of other previous
work are listed in Table 2 [18,47–51]. Despite the fact that the
Cu–ZnO–ZrO2 catalyst is operated at a lower pressure, it achieves
the highest STY of methanol. The results demonstrate that the
Cu–ZnO–ZrO2 catalyst can be considered for practical application.
4. Conclusions

This work discusses the influence of Zn/Cu ratio and ZrO2 con-
tent of CuO–ZnO–ZrO2 catalysts on the physicochemical properties
and the catalytic performance of the catalysts in CO2 hydrogena-
tion. The microstructure of the catalyst becomes homogeneous
when the Zn/Cu ratio is higher than 0.4. Increasing Zn/Cu ratio pro-
vides a better inter-dispersion of metal components (Cu, Zn and
Zr), leading to a smaller CuO crystallite size, a higher porosity
and Cu dispersion of the catalysts as well as an enhancement of
number of active sites for CO2 and H2 desorption. The increase of
Zn/Cu ratio also causes a weaker interaction between CO2 mole-
cules and the catalyst surface, resulting in a lower methanol selec-
tivity compared to the binary CuO–ZrO2 catalyst. However, the
weaker interaction between CO2 molecules and the catalyst sur-
face is found to promote the formation of methanol at a lower reac-
tion temperature. The optimum catalyst composition of Cu–Zn–Zr
(38.2:28.6:33.2) exhibits a superior performance in terms of CO2

conversion and space–time yield of methanol.
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� CO2 hydrogenation to methanol over
a-ZrO2, t-ZrO2 and m-ZrO2 supported
Cu catalysts.
� Cu–ZrO2 interaction of Cu/a-ZrO2 and

Cu/t-ZrO2 is stronger than Cu/m-ZrO2.
� Cu/a-ZrO2 catalyst shows a high CO2

conversion.
� Cu/t-ZrO2 catalyst shows a high

turnover frequency for the formation
of methanol.
� The high turnover frequency is

defined by a high surface
concentration of H2/CO2.
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Structure–activity relationships of amorphous (a-), tetragonal (t-), monoclinic (m-) ZrO2 phase supported
copper catalysts for methanol synthesis from CO2 hydrogenation were investigated with X-ray diffraction
(XRD), high resolution transmission electron microscopy (HR-TEM), N2O chemisorption, H2-temperature
programmed reduction (H2-TPR), X-ray absorption spectroscopy (XAS), H2 and CO2 temperature-
programmed desorption (H2- and CO2-TPD). The order of copper surface area is found to be as follows:
Cu/a-ZrO2 > Cu/t-ZrO2 > Cu/m-ZrO2. The increased yield of methanol is correlated to the increase of cop-
per surface area. However, normalization of the copper site specific activity (TOFmethanol) of Cu/t-ZrO2 is
about 1.10–1.50 times and 1.62–3.59 times higher than Cu/a-ZrO2 and Cu/m-ZrO2, respectively. The high
TOFmethanol is caused by a strong Cu–ZrO2 interaction and a high surface concentration of atomic hydro-
gen to CO2.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction amount of fossil fuels. This unbalanced consumption has signifi-
As population growth and industrial development, the global
demand for energy increases continuously despite of the limited
cantly caused environmental problems as well: especially the
increasing CO2 emission into the atmosphere which is the main
cause of global warming and climate change. Therefore, many
attempts have been discovering renewable energy sources and
developing alternative fuels from non-fossil fuel sources to solve
for both the impending energy shortage and environmental issue
[1–11]. One of the feasible and attractive strategies is the utiliza-
tion of CO2 waste as reactant to produce methanol because it can
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be directly used as a fuel additive or a clean fuel, and can be con-
verted to high-octane gasoline [12,13]. Moreover, methanol is also
common chemical feedstock for important chemicals such as acetic
acid, methyl tert-butyl ether (MTBE), formaldehyde and chloro-
methane [14].

In the decades earlier, the researchers have devoted to the sus-
tainable development for methanol synthesis via CO2 hydrogena-
tion which focused mainly on improving the performance of the
Cu-based catalyst with different oxide additives, e.g., ZnO, Al2O3,
ZrO2, Ga2O3, Y2O3, TiO2 and SiO2 [15–21]. Although the conven-
tional Cu/ZnO catalyst was found to be active and selective for
methanol synthesis from the hydrogenation of CO2, it suffered
from a fast deactivation due to its low thermal stability [22–24].
Moreover, the Cu/ZnO catalyst could accelerate the reforming of
methanol to CO, leading to a lower yield of methanol than that
expected from thermodynamic equilibrium [25]. The ZrO2-
supported copper catalyst has been reported to be more selective
and stable than the Cu/ZnO catalyst for methanol synthesis from
CO2 hydrogenation [25–31] because of the high thermal stability
[32–34] and the high surface basicity of ZrO2 [35–37]. Therefore,
ZrO2 has been suggested as a structural stabilizer to prevent the
sintering of Cu nanoparticles [38–42]. In addition to the structural
stabilizer, the surface basicity of ZrO2 was found to be one of the
active sites for CO2 adsorption [43]. GuO et al. reported that the
methanol selectivity linearly increased with the strong basic site
on the catalyst surface [44].

ZrO2 has generally there polymorphs, monoclinic (m-ZrO2),
tetragonal (t-ZrO2), and cubic (c-ZrO2), which the different crystal
phases of ZrO2 significantly influence physical properties [45,46].
Pokrovski et al. reported that m-ZrO2 exhibited a higher concentra-
tion and basicity of hydroxyl group as well as the stronger Zr4+/O2�

pairs compared to t-ZrO2, resulting superior CO2 adsorption capac-
ity [47]. The previous works reported that phase of ZrO2 affected
activity and selectivity for the isosynthesis of higher alcohols
[48] and isobutene [49], butane isomerization [50], ethanol dehy-
dration [51] and water gas shift reaction [52]. However, a few stud-
ies have investigated the effect of zirconia phase on methanol
synthesis from CO2 hydrogenation [29,53–56] and the roles of
ZrO2 phase in the determination of structure and catalytic activity
of Cu/ZrO2 catalysts are not yet fully understood.

In the present study the effects of ZrO2 polymorphs including
amorphous (-m), tetragonal (-t) and monoclinic (-m) phase on
the structure of copper, Cu–ZrO2 interaction and adsorption–des-
orption of H2 and CO2 were systematically investigated. The cat-
alytic performance in terms of activity, selectivity and
normalization of the copper site specific activity (TOF) of the Cu/
a-ZrO2, Cu/t-ZrO2 and Cu/m-ZrO2 catalysts is discussed on the basis
of their structure and adsorption–desorption properties.

2. Experimental

2.1. Catalyst preparation

Amorphous zirconia (a-ZrO2) and tetragonal zirconia (t-ZrO2)
were synthesized by precipitation method, according to the exper-
imental procedure as described in Ref. [57]. Initially, 0.1 M ZrOCl2-
�8H2O was added into 0.1 M solution of cetyltrimethylamonium
chloride, and then the combined solution was stirred for 15 min.
Aqueous ammonia (25%) was slowly added under vigorous stirring
until pH value of the slurry equal to 11.4–11.5. After precipitation,
the mixture was stirred for 1 h and then placed in a water bath at
60 �C under continuous stirring for 94 h. The mixture was then
cooled to room temperature, filtered and washed with deionized
water and acetone until free of surfactant and then dried at 60 �C
for 20 h. The obtained solid powder was calcined in air at 400
and 600 �C for 2 h to produce a-ZrO2 and t-ZrO2, respectively.
The procedure for the synthesis of monoclinic zirconia (m-ZrO2)
was modified from the work reported by Jung and Bell [32]. Aqu-
eous ammonia (25%) was added dropwise into 0.5 M solution of
ZrOCl2�8H2O under continuous stirring at room temperature until
the pH of solution was 1.5, and then kept stirring for 1 h. After that,
the mixture was transferred to Teflon-lined autoclave and heated
at 140 �C for 24 h. The obtained mixture was centrifuged and
washed with deionized water, dried at 90 �C for 24 h and calcined
in air at 400 �C for 4 h.

Cu/ZrO2 catalysts were prepared by incipient wetness impreg-
nation. Copper nitrate trihydrate (Cu(NO3)2�3H2O) used as a pre-
cursor was dissolved in deionized water and dropped into ZrO2

supports. After that, the mixture was dried at 100 �C overnight
and calcined in air at 350 �C for 2 h. The amount of Cu was ca.
10 wt%. Cu supported on a-ZrO2, m-ZrO2 and t-ZrO2 were denoted
as Cu/a-ZrO2, Cu/m-ZrO2 and Cu/t-ZrO2, respectively.

2.2. Catalyst characterization

The crystalline phase of ZrO2 supports and Cu/ZrO2 catalysts
were investigated by X-ray diffraction spectroscopy (XRD: Bruker
D8 Advance) using Cu Ka (k = 0.15418 nm) radiation source. The
intensity data were collected over a 2h range of 10–75 with 0.02�
step size and using a counting time of 1 s per point.

The nanostructure of Cu/ZrO2 catalysts was investigated by
using transmission electron microscopy (TEM: JEOL JEM-2100).
The samples were dispersed in ethanol by ultrasonication and
dried at room temperature on a copper grid coated with a carbon
film.

X-ray absorption near edge structure (XANES) of the calcined
Cu/ZrO2 catalysts was performed on beamline 5 at the Synchrotron
Light Research Institute (SLRI), Nakhon Ratchasima, Thailand. The
obtained Cu K-edge XANES spectra were measured at room tem-
perature in transmission mode using Ge(220) double-crystal
monochromator. Energy range collected was from 8884 to
9104 eV, with 0.2 eV steps from 8954 to 9064 and 10 eV steps out-
side that range. In this experiment, Cu foil, Cu2O and CuO were
used as standard reference material for comparison. The pre-edge
and post-edge background subtractions followed by a normaliza-
tion procedure of all XANES spectra were achieved using ATHENA
program.

Temperature-programmed reduction (TPR) experiments of the
calcained catalysts were carried out by using TA instrument
(SDT2960 Simultaneous DTA-TGA Universal 2000). Prior to the
reduction, the catalyst (15 mg) was preheated in flowing N2 at
350 �C for 15 min, and then cooled down to 120 �C. After that,
TPR experiment was started with heating rate of 4 �C/min under
continuous flow of 10% H2/He.

H2 temperature-programmed desorption (H2-TPD) and CO2

temperature-programmed desorption (CO2-TPD) were performed
by using the same apparatus for TPR measurements. For H2-TPD
experimental, the sample (15 mg) was reduced in-situ in flowing
10% H2/He at 300 �C for 2 h. After that, the reduced catalyst was
cooled down to 40 �C and then saturated in 10% H2/He for 1 h, fol-
lowed by purging with N2 for 30 min in order to remove any phy-
sisorbed molecules. H2-TPD experiment was then operated at 40–
400 �C and heating rate of 5 �C/min in flowing N2. In case of CO2-
TPD experiment, the reduced catalyst was preheated at 400 �C
for 30 min in order to clean surface of the catalyst from moisture
and other adsorbed gas, and then cooled down to 40 �C. After that,
the catalyst was saturated in flowing CO2 for 1 h and followed by
flushing in N2 for 1 h. The CO2-TPD measurement was then carried
out at 40–400 �C and heating rate of 5 �C/min under continuous
flow of N2.

N2 adsorption–desorption isotherm were recorded by using a
Quantachrome Autosorp-1C instrument at �196 �C. Samples were
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Fig. 1. XRD patterns of ZrO2 supports and Cu/ZrO2 catalysts.
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degassed at 200 �C prior to sorption measurements. The specific
surface area of ZrO2 supports and Cu/ZrO2 catalysts was
determined by Brunauer–Emmett–Teller (BET) methods. The total
pore volume was measured at the relative pressure in range of
0.995–0.998. The copper surface area of the catalysts was deter-
mined by N2O-titration measurements as described elsewhere
[16].

2.3. Catalytic activity test

Before testing catalyst performance, the Cu/ZrO2 sample (0.5 g)
was diluted by silicon dioxide (SiO2: 74–125 lm) with a dilution
ratio of 1:1 by mass and packed in stainless-steel fixed bed tubular
reactor (3/800outer diameter). Prior to each experiment, the fresh
catalyst was reduced in-situ with pure H2 at 300 �C for 4 h under
atmospheric pressure. After that, the reactor was cooled down to
200 �C in pure N2 and then the steam of reactant gases (CO2 and
H2 with molar of 1/3) were introduced into the reactor, raising
the pressure to 30 bars. Catalytic activity was measured at 220,
240, 250, 260 and 280 �C. The effluent products were analyzed
by using Varian gas chromatography (3800 Varian GC) equipped
with thermal conductivity detector (TCD) and CTR I packed column
for H2 CO2 and CO analysis and Shimadzu gas chromatography
(GC-8A) equipped with flame ionization detector (FID) and
Porapak-Q packed column for CH3OH analysis. CO2 conversion,
methanol selectivity, space–time yield of methanol and CO and
turnover frequency of methanol are defined as follows [6,58]:

CO2 conversion ð%Þ ¼ ðmoles methanolþmoles COÞ � 100
moles CO2;in

ð1Þ

Methanol selectivity ð%Þ ¼ moles methanol� 100
moles methanolþmoles CO

ð2Þ

Space-time yield of methanol ðgmethanol kg�1
cat h�1Þ

¼ moles methanol
moles CO2;in � total amount of catalyst�MV

� VCO2

�MWmethanol ð3Þ

Space-time yield of CO ðgCO kg�1
cat h�1Þ

¼ moles CO
moles CO2;in � total amount of catalyst�MV

� VCO2 �MWCO

ð4Þ
where VCO2 is the volumetric flow of CO2 (cm3 min�1), MWmethanol

and MWCO are the molecular weight of methanol and CO (g mol�1),
and MV is the molar volume of ideal gas, 22,400 cm3 mol�1.

TOFmethanol ðs�1Þ ¼ SY � N
3600�MWmethanol � SCu � A

ð5Þ

where SY is the space-time yield of methanol (gmethanol g�1 h),
MWmethanol is the molecular weight of methanol (g mol�1), N is Avo-
gadro’s number (6.023 � 1023), SCu is the metallic copper surface
area (m2 g�1) and A is the number of copper atoms
(1.469 � 1019 atoms m�2).

3. Results and discussion

3.1. Characterization of catalysts

Fig. 1 shows the XRD pattern of ZrO2 supports and Cu/ZrO2 cat-
alysts. ZrO2 support prepared by precipitation at high pH (11.4)
and calcined at 400 �C produced amorphous ZrO2 (a-ZrO2). As
increasing calcination temperature to 600 �C, the XRD pattern of
ZrO2 support appeared diffraction peaks at 2h = 30.2, 35.2, 50.2
and 60.1 which are indexed to diffractions from lattice planes
(101), (110), (112) and (211) respectively, corresponding to
tetragonal zirconia (PDF 01-072-2743). For ZrO2 support prepared
by precipitation at low pH (1.5) and calcined at 400 �C, the diffrac-
tion peaks were observed at 2h = 24.1, 28.2, 31.5, 34.2, 50.1 and
50.3, due to diffraction from lattice planes (110), (�111), (111),
(200), (022) and (122), respectively which was consistent with
characteristic of monoclinic ZrO2 (PDF 01-073-8590). Impregnat-
ing copper onto the supports did not alter the ZrO2 phase. Never-
theless, the XRD pattern of Cu/m-ZrO2 catalyst showed the
additional diffraction peaks at 2h of 35.5� and 38.7�, corresponding
to crystalline copper oxide (PDF 01-080-1916), while these peaks
were not observed for the XRD pattern of Cu/a-ZrO2 and Cu/t-
ZrO2 catalysts which could be due to a fine dispersion of CuO on
the surface of the a-ZrO2 and t-ZrO2 supports [18,59]. This implied
that the CuO crystallite size of Cu/m-ZrO2 catalyst was larger than
that of the other catalysts. The XRD results confirm the existence of
crystalline phase of ZrO2 supports used for this study, and reveal
the retaining crystalline phase after copper loaded on the ZrO2

supports.
To capture the zirconia phase and copper oxide morphology in a

more tangible manner, the Cu/a-ZrO2, Cu/t-ZrO2, and Cu/m-ZrO2

samples were visualized by high resolution transmission electron
microscopy (HR-TEM). HR-TEM of the Cu/a-ZrO2 sample (Fig. 2a)
showed only one kind of periodicity of lattice fringe with spacing
of 0.234 nm, which was compatible with the (11�1) plane of
CuO. For the Cu/t-ZrO2 sample (Fig. 2b), the HRTEM image clearly
displayed additional lattice fringes with a spacing of 0.295 nm
which was consistent with the (101) plane of tetragonal zirconia
(t-ZrO2). For the Cu/m-ZrO2 sample (Fig. 2c), the lattice fringes
with a spacing of 0.37 nm which was indexed to the (�111) and
(111) planes of monoclinic zirconia were clearly visible. The size
of copper oxide was in the order of Cu/m-ZrO2 (�7 nm) > Cu/t-
ZrO2 (�3.5 nm) > Cu/a-ZrO2 (�2 nm), confirming the previous
statement about the well-dispersed copper species on the amor-
phous and tetragonal zirconia supports as revealed by the XRD
data.

The physical properties including BET surface area and total
pore volume of ZrO2 supports and Cu/ZrO2 catalysts are summa-
rized in Table 1. The BET surface areas of a-ZrO2, m-ZrO2 and t-
ZrO2 supports were 272, 174 and 218 m2/g, respectively, while
total pore volume of all ZrO2 supports were in the range of 0.30–
0.34 cm3/g. After Cu loading, the BET surface area and pore volume
of the catalysts were decreased. This observation might originate
from Cu metal entered into the pores of ZrO2 supports during
impregnation process [60,61]. The copper surface area (SCu) of
Cu/ZrO2 catalysts is also listed in Table 1. The copper surface areas
follow the order Cu/a-ZrO2 > Cu/t-ZrO2 > Cu/m-ZrO2, varying
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Table 1
Physical properties of ZrO2 supports and Cu/ZrO2 catalysts.

Sample SBET
a (m2/g) Vp

a (cm3/g) SCu
b (m2/gCu)

a-ZrO2 272 0.31 –
Cu/a-ZrO2 222 0.27 7.83
m-ZrO2 174 0.34 –
Cu/m-ZrO2 111 0.23 2.19
t-ZrO2 218 0.30 –
Cu/t-ZrO2 152 0.25 3.71

a SBET and Vp represented the BET surface area and total pore volume,
respectively.

b Cu surface area (SCu) was determined by N2O titration.
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between 2.19 and 7.83 m2/g. This result was clearly consistent
with the XRD and TEM analyses, i.e. the catalysts with smaller cop-
per oxide particle size had a higher copper surface area.

The reducibility of calcined Cu/ZrO2 catalysts was carried out by
temperature-programmed reduction (TPR); the result is shown in
Fig. 3. It was reported that zirconia cannot be reduced under the
investigated condition [62]. The results of TPR profile are, there-
fore, a reduction of CuO species. It can be seen that all catalysts
exhibited a broad TPR profile in the range of 160–240 �C. Moreover,
the shape of TPR profiles is rather asymmetric with a shoulder or a
tail, suggesting the presence of heterogeneous distribution of CuO
species [62,63]. In order to clearly distinguish, the TPR profile of all
catalysts is deconvoluted, and two peaks denoted as a and b peaks
are obtained. The a peak is ascribed to the reduction of highly dis-
persed of CuO clusters and/or the isolated copper ion (Cu2+),
whereas the b peak is attributed to the reduction of CuO species
interacting with the support [53,64]. The maximum temperature
position of a and b peaks of the Cu/a-ZrO2 sample appears at 195
and 209 �C, respectively. In comparison to the Cu/a-ZrO2 sample,
the maximum temperature position of a and b peaks of the Cu/t-
ZrO2 sample shifts to 201 and 232 �C, respectively. The harder
reduction of copper oxide species loaded on t-ZrO2 can be attribu-
ted to the larger copper oxide particles as evidenced by TEM anal-
ysis. In contrast to the Cu/t-ZrO2, the Cu/m-ZrO2 sample which had
the largest CuO particle size (�7 nm) can be more easily reduced
than that over a-ZrO2 and t-ZrO2. This implies that the interaction
between copper oxide species and m-ZrO2 is weaker than t-ZrO2

and a-ZrO2.
XANES was performed to gain further insight into the interac-

tion of CuO species with different ZrO2 phases. The normalized
Cu K-edge XANES spectra of Cu/ZrO2 catalysts are shown in
Fig. 4. The XANES spectrum of Cu foil exhibits both the absorption
edge at 8979 eV, and followed by two characteristic peaks at
higher energy position. In the case of Cu2O and CuO, the XANES
spectra show the absorption edge around 8981 and 8983.4 eV,
respectively, which could be attributed to the dipole allowed
1s ? 4p transition [51,65]. These values for Cu foil and reference
compounds are good agreement with previously reported in the
literature [66,67]. XANES spectra of all catalysts are similar to
CuO reference, indicating the existence of Cu2+ specie. However,
the XANES spectrum of Cu/m-ZrO2 catalyst demonstrated explic-
itly the absorption edge at 8983 eV, indicating that the chemical
environment of copper species in Cu/m-ZrO2 catalyst resemble
CuO reference, which its local structure was square-planar coordi-
nation geometry [68]. In case of Cu/t-ZrO2 and Cu/a-ZrO2 catalysts
the absorption edge at 8983 eV was not clearly observed. In order
to further identify the absorption edge, the first derivative analyses
of the spectra were performed; the result is shown in Fig. 5. The
absorption edge of Cu/a-ZrO2 catalyst and Cu/t-ZrO2 catalysts were
shifted to 8985.6 and 8984.6 eV, respectively, suggesting the
change of the geometric coordination of copper sites from
square-planar to octahedral structure [68]. This observation indi-
cated that Cu/t-ZrO2 and Cu/a-ZrO2 catalysts exhibited the strong
interaction between copper oxide species and ZrO2 supports,
which was consistent with the TPR results.

To examine the basicity of the reduced Cu/ZrO2 catalysts, CO2

temperature-programmed desorption (CO2-TPD) measurements
were carried out; the results are shown in Fig. 6. The CO2 desorp-
tion profiles of all catalysts exhibited a broad peak with a long tail
ranging from 40 to 350 �C which were deconvoluted into three
Gaussian peaks, a, b and c peaks attributing to the desorption of
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CO2 from weak, medium and strong basic sites, respectively. Sim-
ilar results regarding basic site over Cu/ZrO2 catalyst were previ-
ously reported by Guo et al. [44] that the different strengths
parallel the existence of hydroxyl group, cus O2� center and acid-
base pair (Zr4+/O2� center) on each ZrO2 phase [69]. However,
the CO2 adsorbed at strong basic site seems to be more correlated
with the active site for methanol synthesis from CO2 hydrogena-
tion than that from weak and medium basic site, which occur at
temperature lower than the reaction temperature performed in
the present study (220–280 �C). The maximum temperature
position of c peak of the Cu/t-ZrO2, Cu/a-ZrO2 and Cu/m-ZrO2 cat-
alysts appears at 210, 220 and 230 �C, respectively, indicating that
the strength of binding of CO2 adsorbed on the strong basic site is
in sequence of Cu/m-ZrO2 > Cu/a-ZrO2 > Cu/t-ZrO2. This finding is
in good agreement with earlier studies that monoclinic structure
of zirconia had stronger adsorption sites of CO2 than the tetragonal
structure [58,69]. The number of basic sites at different basic
strengths of all catalysts is given in Table 2. The total number of
basic sites follows the order Cu/a-ZrO2 > Cu/m-ZrO2 > Cu/t-ZrO2,
while the density of total basic sites (lmol/m2) was found to be
in the same order of strength of adsorption sites (Cu/m-
ZrO2 > Cu/a-ZrO2 > Cu/t-ZrO2). This suggests that total number of
basic sites depends on both basic strength and surface area. Also
shown in Table 2 is the number of basic sites from weak (a), med-
ium (b) and strong (c) sites. As mentioned above, the methanol
synthesis from CO2 hydrogenation proceeded at reaction tempera-
ture ranging 220–280 �C, and therefore the number of strong basic
site, which was found to be 98.42, 86.43 and 79.09 lmol/gcatalyst for
Cu/a-ZrO2, Cu/m-ZrO2 and Cu/t-ZrO2, respectively, would reason-
ably responsible as the active site for CO2 adsorption.

The H2 temperature-programmed desorption (H2-TPD) profiles
of pre-reduced Cu/ZrO2 catalysts are presented in Fig. 7. There
are two desorption peaks observed for Cu/t-ZrO2 and Cu/a-ZrO2

catalysts. The lower temperature peak (a) is ascribed to the des-
orption of atomic hydrogen on Cu sites, whereas the higher tem-
perature peak (b) is attributed to the desorption of strongly
desorbed hydrogen on ZrO2 surface [43,44,70,71]. The previous
work reported that Cu is rather active for adsorption and dissocia-
tion of hydrogen while pure ZrO2 hardly chemisorbs hydrogen,
except that addition of small amount of Cu can change ZrO2 into
a reservoir of hydrogen (stored as Zr-OH). This phenomenon can
be explained by spillover of atomic hydrogen from Cu as donor
onto ZrO2 as the acceptor oxide, resulting from a synergy of ZrO2

with Cu [72]. For Cu/m-ZrO2 catalyst, the additional peak (c)
appears at around 350 �C, which represents the desorption of
hydrogen from the bulk of Cu particles [43,70–73]. The quantita-
tive data of the H2 desorption for Cu/ZrO2 catalysts are listed in
Table 3. The results demonstrated that the amount of hydrogen
desorbed from Cu sites (a peak) for Cu/a-ZrO2 catalyst is ca. 2
and 3.4 times higher than that of Cu/t-ZrO2 and Cu/m-ZrO2 cata-
lysts, respectively, corresponding with the variation trend of Cu
surface area. Interestingly, the amount of hydrogen desorbed from
ZrO2 sites (b peak) of Cu/a-ZrO2 (359.48 lmol/gcatalyst) and Cu/t-
ZrO2 (367.72 lmol/gcatalyst) catalysts is ca. 15-fold greater than that
of Cu/m-ZrO2 (24.16 lmol/gcatalyst). This could be explained by the
fact that strong interaction between copper and a-ZrO2 and t-ZrO2



Table 2
The basic property of Cu/ZrO2 catalysts.

Catalyst BET surface area (m2/g) Number of total basic
sites (lmol/gcatalyst)

Number of basic sites (lmol/gcatalyst) Density of total basic
sites (lmol/m2)a b c

Cu/a-ZrO2 222 1009.06 507.83 402.80 98.42 4.55
Cu/m-ZrO2 111 613.49 300.97 226.1 86.43 5.55
Cu/t-ZrO2 152 596.34 294.93 222.32 79.09 3.92
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Table 3
The amounts of H2 desorption of Cu/ZrO2 catalysts.

Catalyst Total H2 desorbed
(lmol/gcatalyst)

Amount of H2 desorbed from
different sites (lmol/gcatalyst)

a b c

Cu/a-ZrO2 1729.13 1369.65 359.48 –
Cu/m-ZrO2 651.43 396.87 24.16 230.40
Cu/t-ZrO2 1056.42 688.70 367.72 –
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supports as revealed by H2-TPR and XANES results facilitates the
spillover of hydrogen from copper particles onto the zirconia
surface.
3.2. Catalytic activity results

The catalytic performance of the Cu/ZrO2 catalysts is shown in
Fig. 8 in terms of CO2 conversion (a), methanol selectivity (b), space
time yield of methanol (c) and space time yield of CO (d). CO2 con-
version of all catalysts monotonically increased with ascending the
reaction temperature. At identical reaction temperature, the order
of CO2 conversion was found to be as follows: Cu/a-ZrO2 > Cu/t-
ZrO2 > Cu/m-ZrO2, indicating that the CO2 conversion directly
related to the copper surface area (Table 1). i.e., a large copper sur-
face area was favorable for a high CO2 conversion. However, con-
cerning the selectivity to methanol great difference is observed
because the methanol selectivity does not follow the trend of cop-
per surface area. The methanol selectivity of Cu/t-ZrO2 at all reac-
tion temperature is higher compared to those of Cu/a-ZrO2 and Cu/
m-ZrO2. Nevertheless, there is a marked decrease in the methanol
selectivity of Cu/t-ZrO2 at temperature above 240 �C (from 76.42%
to 37.34%). The methanol selectivity of Cu/a-ZrO2 shows the similar
trend with those of Cu/t-ZrO2 as the methanol selectivity dramat-
ically decreased from 72.3% to 30.61% at temperature 220 to
280 �C. In comparison to Cu/t-ZrO2 and Cu/a-ZrO2, the Cu/m-ZrO2
has the lowest methanol selectivity (60.50%) at 220 �C. However,
the methanol selectivity of Cu/m-ZrO2 slightly decreased with
ascending the reaction temperature. At temperature above 250 �C
the methanol selectivity of Cu/m-ZrO2 is higher than Cu/a-ZrO2.
One reasonable probability is the difference in the strength of
CO2 and H2 adsorption over the different Cu/ZrO2 catalysts (Figs. 6
and 7), as we will discuss later.

Fig. 8c and d show the rate of the formation of methanol and CO
as a function of reaction temperature. The Cu/a-ZrO2 catalyst
demonstrates the highest rates in both CO2 hydrogenation to
methanol and reverse water gas shift reaction at all reaction tem-
perature, followed by Cu/t-ZrO2 and Cu/m-ZrO2. Although both
methanol and CO formation rate of all catalysts monotonically
increased with ascending temperature. The higher rate of CO for-
mation is observed at temperature above 250 �C which could be
explained by the fact that reverse water gas shift becomes kineti-
cally much favored at higher temperatures. To gain more informa-
tion on the formation of methanol and CO over different Cu/ZrO2

catalysts the apparent activation energies (Ea) for each reaction
were determined. Fig. 9a and b show an Arrhenius plot of turnover
frequencies for CO and methanol formation, respectively. Activa-
tion energies for CO formation derived from the slope were
89.53, 103.86 and 100.32 kJ/mol for Cu/a-ZrO2, Cu/t-ZrO2 and Cu/
m-ZrO2, respectively. These activation energies of all catalysts
were slightly different which indicated that the reverse water gas
shift reaction is slightly sensitive to the structure of catalysts
(Cu/a-ZrO2, Cu/t-ZrO2 and Cu/m-ZrO2). In case of methanol forma-
tion, the order of activation energy was found to be as follows: Cu/
a-ZrO2 (23.33 kJ/mol) > Cu/t-ZrO2 (36.43 kJ/mol)� Cu/m-ZrO2

(63.52 kJ/mol). This indicated a low dependence of the methanol
formation rate on the reaction temperature for Cu/a-ZrO2 and Cu/
t-ZrO2 catalysts, and the methanol formation via CO2 hydrogena-
tion is strongly sensitive to the structure of the catalysts. The acti-
vation energy for the formation of CO was much higher than that
for the formation of methanol which means that the reverse water
gas shift reaction is very sensible to the temperature, correspond-
ing to the strong increase in the rate of CO formation at higher
reaction temperature as shown in Fig. 8c and d.

To gain further insight into the relationship between the activ-
ity and the properties of the catalysts, several correlations have
been constructed. Fig. 10a shows a plot of the methanol yield
and copper surface area. Although a linear correlation between
the methanol yield and copper surface area is frequently reported
by previous works [58,74,75], the yields of methanol over copper
loaded on different ZrO2 phases described here show no simple lin-
ear correlation (R2 = 0.8106–0.9463), indicating that not only the
copper surface area but other factors are involved for the formation
of methanol. However, the yields of CO are linearly fixed with the
copper surface area, implying that the formation of CO is strongly
related to copper surface area. Various mechanisms for the CO2

hydrogenation to methanol have been studied and proposed.
Fisher and Bell [31] proposed that CO2 adsorbs on ZrO2 in form
of bicarbonate species while hydrogen adsorbs dissociatively on
the surface of copper. The atomic hydrogen can transfer to the sur-
face of zirconia-bound carbonaceous species via spillover which
undergoes a hydrogenation to produce formate, dioxomethylene,
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and finally methoxide species [72]. In a parallel CO is produced via
formate dissociation mechanism [76,77]. Therefore, the strength
between CO2 and basic site must be sufficiently strong to prevent
the decomposition of formate to CO. That is why only the fraction
of strong basic site (c peak) is considered to be active site of ZrO2

for CO2 adsorption. In addition the hydrogenation of adsorbed for-
mate and dioxomethylene is presumed to be the rate-determining
step [72,78], indicating that a fast spillover of atomic hydrogen
from the surface of copper to the surface of ZrO2 and the large
quantity of atomic hydrogen under operating conditions are
required to enhance the hydrogenation of the adsorbed carbona-
ceous species. On the basis of TEM, TPR and XANES techniques
analyses, Cu/a-ZrO2 and Cu/t-ZrO2 exhibited the smaller copper
oxide particles and the stronger interaction between copper spe-
cies and supports when compared to those of Cu/m-ZrO2, implying
that copper particles of Cu/a-ZrO2 and Cu/t-ZrO2 achieved a larger
interfacial area with zirconia supports, facilitating the spillover of
atomic hydrogen. In addition CO2 hydrogenation to methanol
required three molecules of hydrogen per one molecule of CO2.
Therefore the quantity of CO2 and hydrogen adsorbed under the
operating conditions seems to play a decisive role in determining
the methanol formation.

The ratio of H2/CO2 was calculated based on the amount of H2

and CO2 desorbed from b peak and c peak, respectively. The order
of the H2/CO2 was as follows: Cu/t-ZrO2 (4.65) > Cu/a-ZrO2 (3.65) 8
Cu/m-ZrO2 (0.28). Fig. 11 shows the dependence of the turnover
frequency (TOF) for the formation of methanol on the ratio of H2/
CO2 at different reaction temperatures. A linear correlation
between TOF and ratio of H2/CO2 was observed at reaction temper-
ature of 220 and 240 �C, indicating that the ratio of H2/CO2 was
predominant factor that controls the formation of methanol. How-
ever, at temperature above 240 �C, the deviation from the linear
correlation was found. This result can be explained on the basis
of TPD analysis that the atomic hydrogen adsorbed on Cu/a-ZrO2

catalyst exhibited a weaker interaction compared to other cata-
lysts. The increase of reaction temperature caused a significant loss
of atomic hydrogen, resulting in a reduction of H2/CO2 ratio and
leading to the lower TOF of methanol. This is the reason why the
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significant reduction of methanol selectivity over Cu/a-ZrO2 is
observed at a higher reaction temperature (Fig. 8b).

Stability is a key factor in determining whether the Cu/ZrO2

materials can be used as methanol synthesis catalyst for CO2

hydrogenation reaction in industrial production. Fig. 12 shows
the STY versus the time-on-stream of methanol over three cata-
lysts: Cu/a-ZrO2, Cu/t-ZrO2 and Cu/m-ZrO2. The Cu/a-ZrO2 and
Cu/t-ZrO2 catalysts exhibited the almost constant of the STY of
methanol during the 48 h time-on-stream experiment while a
slight decrease in STY of methanol from 18.07 to 16.05 g kg�1 h�1

of the Cu/m-ZrO2 catalyst was observed. It has been reported that
Cu-based catalysts are commonly deactivated by the sintering of
copper particles [22]. The higher stability of the Cu/a-ZrO2 and
Cu/t-ZrO2 catalysts could be attributed to the higher dispersion
of copper on the ZrO2 support and stronger metal-support interac-
tion which could prevent the restructuring effects of the copper
particles.
4. Conclusions

In summary, we demonstrate that the physicochemical proper-
ties of copper and the catalytic activity in methanol synthesis from
CO2 hydrogenation are markedly influenced by the kind of zirconia
phase. The result of N2O measurement suggests that the order of
copper surface area is as follows: Cu/a-ZrO2 > Cu/t-ZrO2 > Cu/m-
ZrO2. The information obtained by H2-TPR and XANES reveals that
the Cu-ZrO2 interaction of Cu/a-ZrO2 and Cu/t-ZrO2 is stronger than
that of Cu/m-ZrO2 which may enhance the spillover of atomic
hydrogen from copper surface to the zirconia surface. The CO2-
TPD result indicates that the amount of strong basic site of differ-
ent Cu/ZrO2 catalysts is slightly different. Cu/a-ZrO2 and Cu/t-ZrO2

exhibited a greater amount of H2 adsorbed than Cu/m-ZrO2 when
considered at the same temperature range with strong basic site.
The copper surface area is found to be the main factor which con-
trols the yields of methanol and CO. However, the higher TOF for
the formation of methanol over Cu/t-ZrO2 implies that the amount
of H2/CO2 ratio on the surface of catalyst is an important factor to
promote the hydrogenation of CO2 to methanol. This finding pro-
vides some guidelines for further development of methanol syn-
thesis catalyst.
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Direct synthesis of dimethyl ether from CO2

hydrogenation over Cu–ZnO–ZrO2/SO4
2−–ZrO2

hybrid catalysts: effects of sulfur-to-zirconia ratios†

Thongthai Witoon,*abcd Tinnavat Permsirivanich,a Nawapon Kanjanasoontorn,a

Chalairat Akkaraphataworn,a Anusorn Seubsai,a Kajornsak Faungnawakij,e

Chompunuch Warakulwit,bc Metta Chareonpanich*abcd and Jumras Limtrakulbcd

Sulfated zirconia catalysts were prepared by a direct sulfation method and were admixed with a CuO–

ZnO–ZrO2 catalyst for the direct synthesis of DME from CO2 hydrogenation. The effects of sulfur-to-

zirconia ratios on the physicochemical properties, activity, selectivity and stability of the catalysts were

investigated. The sulfur loading content significantly influenced the structure and surface chemistry of the

catalysts. The addition of a small amount of sulfur (5–15 wt%) created numerous mesopores on the catalyst

surface, remarkably enhancing the surface area and total pore volume. However, at high sulfur loading

(20–30 wt%), the mesopores tended to merge and form a larger pore. The detailed characterization by FT-

IR, XANES and NH3-TPD reveals that the sulfated zirconia with low sulfur content (5–10 wt%) mainly

contained weak acid sites and acted as Lewis acids. Increasing the sulfur loading (15–30 wt%) resulted in

the formation of Brønsted acid sites, thus increasing the acid strengths. The sulfated zirconia catalyst with

20 wt% sulfur loading achieved a superior DME productivity of 236 gDME kgcat
−1 h−1 at a reaction tempera-

ture and pressure of 260 °C and 20 MPa. However, after 75 h of a time-on-stream experiment, the sulfated

zirconia catalyst lost approximately 16.9% of its initial activity while a commercial H-ZSM-5 catalyst was

more stable as only a 2.85% reduction was observed.
1. Introduction

Exploring novel alternative fuels is necessary in order to meet
the high global demand for energy and power and to reduce
greenhouse gases, especially carbon dioxide (CO2), released
into the atmosphere. The combustion of fossil fuels is the
main human activity that causes a drastic increase in the
concentration of CO2 in the atmosphere, which is believed to
be the major reason for rapid climate change.1 For these
reasons, the production of alternative fuels obtained from
CO2 is attractive as a prospective solution both for high
energy demand and global warming concerns.2–4 Among the
alternative fuels, dimethyl ether (DME) is considered a prom-
ising economical transportation fuel because it can be used
as an efficient H2 carrier for fuel cell applications, a fuel
source for diesel engines, and a replacement for cooking gas
(Liquefied Petroleum Gas; LPG).5–7 In addition, DME is a
clean fuel because the combustion of DME with an excess of
oxygen produces no particulate matter and low NOx emission.

DME can be produced from CO2 in a single step by mixing
a catalyst for methanol dehydration with a catalyst for
methanol synthesis successively. This process has received
increased attention from researchers because the in situ
conversion of methanol to DME would become a driving
force to overcome the limitation of thermodynamic equilib-
rium for CO2 hydrogenation to methanol.8 In order to obtain
a high yield of DME, an excellent catalyst that can effectively
convert CO2 to methanol is required. Many kinds of bimetal-
lic compounds, e.g., Cu–Zn,9 Pd–Ga,10 and Ni–Ga,11 sup-
ported on metal oxides have been investigated for methanol
synthesis from CO2 hydrogenation. Among them, the Cu–Zn
bimetallic compound has been found to be the most efficient
catalyst in terms of performance and cost, and therefore it is
l., 2015, 5, 2347–2357 | 2347
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considered as the methanol conversion catalyst in this
study. To date, several studies have focused on the modi-
fication of Cu-based catalysts in order to enhance the cata-
lytic activity and stability. Arena et al.12 showed that ZrO2-
modified Cu–Zn oxide-based catalysts were more active for
methanol synthesis from CO2 hydrogenation than conven-
tional Cu–ZnO–Al2O3 catalysts. Wengui et al.13 modified the
conventional Cu–ZnO–Al2O3 catalyst by adding a small
amount of La and found that La could enhance the dispersion
of Cu and reduce the CuO crystallite size. Zhang et al.14 re-
ported that by adding 0.5 wt% V2O5 onto a Cu–ZnO–ZrO2

catalyst, CO2 conversion and DME selectivity increased to
12.5% and 6.7% compared to those for the unmodified
Cu–ZnO–ZrO2 catalyst. However, very few studies have consid-
ered the improvement of acid catalysts.15

Several solid acid catalysts such as alumina ĲAl2O3), modi-
fied alumina, and H-ZSM-5 were extensively studied for the
dehydration of methanol. Alumina catalysts exhibited good
performance in terms of both methanol conversion and DME
selectivity. However, the alumina catalysts rapidly deactivated
due to the strong adsorption of water molecules on Lewis
acid sites.16 H-ZSM-5 had a strong resistance towards water
adsorption.17 Nevertheless, H-ZSM-5 usually possessed a
narrow pore size, which limited the diffusion of reactant
molecules from the surface to the active sites located in the
pores. This indicated that only the active sites on the external
surface of H-ZSM-5 could be used effectively. Moreover, the
presence of strong acid sites on the surface of H-ZSM-5 could
lead to the formation of coke and hydrocarbon as secondary
products.17,18 The modified Al2O3 catalyst with 1 wt% titania
was reported to increase the dehydration rate and minimize
the coke formation. However, the optimum operating temper-
ature over this catalyst was ca. 400 °C, which was consider-
ably higher than the optimum temperature (220–280 °C) for
CO2 hydrogenation to methanol.12,19,20 Thus, the develop-
ment of acidic catalysts for this process is still desired.

Interestingly, sulfated zirconia catalysts have been reported
to be super acid catalysts because their catalytic activity is rela-
tively high in alkane isomerization,21–24 esterification21,25–29

and alcohol dehydration.21,30–33 With tunable acid–base prop-
erties over sulfur loading content, sulfated zirconia materials
could act as bifunctional catalysts for the isomerization of
glucose to fructose and the dehydration of fructose to
5-HMF.34 Despite the significant number of papers reporting
the high activity of sulfated zirconia catalysts, a few studies
have considered the use of sulfated zirconia as catalysts for
DME production via methanol dehydration,30–32 and the
performance of a Cu/ZnO/ZrO2 catalyst mixed with various
sulfated zirconia catalysts for the direct synthesis of DME
from CO2 hydrogenation has not yet been reported. In this
work, sulfated zirconia catalysts with different sulfur contents
were therefore prepared by a direct sulfation method and
used in combination with a Cu/ZnO/ZrO2 catalyst for the
direct synthesis of DME from CO2 hydrogenation. The cata-
lytic performance in terms of activity and stability of the
sulfated zirconia catalysts is discussed on the basis of their
2348 | Catal. Sci. Technol., 2015, 5, 2347–2357
structure and surface acidity. Moreover, a reaction mecha-
nism for methanol dehydration to DME over the sulfated
zirconia catalysts is proposed based on evidence of various
characterization techniques.

2. Experimental
2.1. Catalyst preparation

A CuO–ZnO–ZrO2 catalyst at a Cu : Zn : Zr atomic ratio of
~4 : 2 : 4 was prepared by a reverse co-precipitation method.
Note that the effect of metal oxide compositions on the
activity and selectivity of methanol production from CO2

hydrogenation has been primarily investigated and we found
that a Cu : Zn : Zr molar ratio of ~4 : 2 : 4 could provide excel-
lent catalytic performance in terms of yield of methanol and
stability. As a result, this particular composition was applied
in the present study. A metal salt solution (ca. 100 mL) of
CuĲNO3)2Ĵ3H2O, ZnĲNO3)2Ĵ6H2O and ZrOCl2Ĵ8H2O (Sigma-
Aldrich) was slowly added into a 0.1 M NaHCO3 solution
(500 mL) under stirring at room temperature. The pH of the
solution was adjusted to 7.5 by adding 0.1 M NaHCO3 solu-
tion. The mixture was continuously stirred at 400 rpm for 2 h.
The precipitate was filtered and washed with 3000 mL of
deionized water. Subsequently, the obtained product was dried
at 100 °C for 24 h and calcined at 350 °C for 2 h. The textural
properties of the prepared catalyst are listed in Table 1.

A series of sulfated zirconia catalysts with different sulfur
loadings were obtained according to the procedure described
by Sun et al.35 In a typical preparation process, ZrOCl2Ĵ8H2O
and ĲNH4)2SO2 were ground in an agate mortar for 20 min at
room temperature. After leaving to stand for 18 h at room
temperature in air, the sample was calcined at 550 °C for 5 h.
The hybrid catalysts were prepared by physically mixing in a
mortar the methanol synthesis catalyst and the acid catalyst
with a mass ratio of 1 : 2.

A commercial zeolite catalyst (Na+ZSM-5 with a Si/Al ratio
of 24, SH-55 from ALSI-PENTA Zeolithe GmbH (APZ)) was
transformed into H-ZSM-5 via an ion-exchange method using
ammonium nitrate ĲNH4NO3) solution. Typically, 1.5 g of the
catalyst was placed in a bottle. 100 ml of 0.1 M NH4NO3 solu-
tion was added. The exchange process was performed at
80 °C for 2 h under vigorous stirring. After that, the exchanged
sample was washed with 100 mL of deionized water to
remove the excess NH4

+ ions. The process was repeated 3
times. Then, the obtained NH4

+ZSM-5 sample was dried over-
night at 110 °C. Finally, the resulting sample was calcined in
air at 550 °C for 6 h in order to obtain the H-ZSM-5 catalyst.

2.2. Catalyst characterization

The BET surface area, pore size distribution and pore volume
of all catalysts were determined by N2-sorption measurement
with a Quantachrome Autosorb-1C instrument at −196 °C.
Prior to measurements, the samples were degassed at 200 °C
for 24 h. The pore size distributions of the samples were
determined from the adsorption branch of the isotherms in
accordance with the Barrett–Joyner–Halenda (BJH) method.
This journal is © The Royal Society of Chemistry 2015



Table 1 Chemical compositions and textural properties of the CuO–ZnO–ZrO2 catalyst

Catalyst

Chemical compositiona (mol%) BET surface
area (m2 g−1)

Average pore
diameter (nm)

Total pore
volume (cm3 g−1)CuO ZnO ZrO2

CuO–ZnO–ZrO2 37.47 21.53 41.00 142 26.4 0.94

a The chemical compositions of the catalyst were determined by the ICP technique.
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The specific BET (SBET) was estimated for P/P0 values between
0.05–0.30. The total pore volume was measured at a relative
pressure ĲP/P0) of 0.995.

The surface morphology and surface chemical composi-
tions of the sulfated zirconia catalysts were assessed with the
application of a scanning electron microscope (SEM; FEI
Quanta 450) equipped with an energy-dispersive X-ray spec-
troscope (EDS). The SEM measurement was taken at 20.0 kV.
The samples were sputter-coated with gold prior to analysis.

The X-ray diffraction (XRD) patterns of all catalysts were
obtained using a diffractometer (Bruker D8 Advance) with
Cu-Kα radiation. The measurements were made at a tempera-
ture range of 15–70° on 2θ with a step size of 0.05°. The
diffraction patterns were analyzed according to the Joint
Committee on Powder Diffraction Standards (JCPDS).

The sulfate content in each sample was determined with a
DSC-TGA 2960 thermal analyzer (TA Instruments). A 50 mg
sample was loaded into an alumina sample pan. In order
to remove the pre-adsorbed H2O, the sample was heated from
room temperature in a flow of pure N2 (100 mL min−1) at a
rate of 10 °C min−1 until 400 °C was achieved, then it was
kept at that temperature for 30 min. Subsequently, the tem-
perature was linearly raised to 1100 °C at a rate of 10 °C min−1.
The sulfate content was calculated from the difference in
weight between the sample at 400 °C and 1100 °C.

The FT-IR spectra of the sulfated zirconia catalysts were
obtained with a spectrophotometer (Bruker Tensor 27) in
the range of 400–4000 cm−1 with a resolution of 4 cm−1. The
sample preparation included the amalgamation of a fine
powder of each sample with KBr powder.

The Sulfur K-edge X-ray Absorption Near Edge Structure
(XANES) spectra of the fresh catalysts were recorded at room
temperature in the fluorescent mode using a silicon (111)
double-crystal monochromator at beamline 5 of the Synchro-
tron Light Research Institute (SLRI), Nakhon Ratchasima,
Thailand. The collected energy range was from 2372 to
2592 eV, with 0.2 eV steps from 2442 to 2552 and 10 eV steps
outside that range. Pure ĲNH4)2SO4 was also measured and
used as a standard reference material. The pre-edge and
post-edge background subtraction followed by a normaliza-
tion procedure of all XANES spectra was achieved using the
ATHENA program.

Acidity measurements were performed by a thermogravi-
metric technique using ammonia as a probe molecule. A
20 mg sample was pretreated in a flow of He (50 mL min−1)
at a rate of 10 °C min−1 until 550 °C was achieved; the 550 °C
temperature was maintained for 30 min, then the sample
was cooled to 100 °C. Once the 100 °C temperature was
This journal is © The Royal Society of Chemistry 2015
reached and stabilized, 10% v/v NH3 (He as a balance gas)
with a flow rate of 50 mL min−1 was introduced into the
system for 1 h. Subsequently, the 10% v/v NH3 flow was dis-
connected and a He flow was introduced for 1 h to remove the
physisorbed NH3. NH3 desorption measurement was con-
ducted in a flow of He (50 mL min−1) at a heating rate of
5 °C min−1 from 100 °C to 600 °C. The level of acidity was
determined from the weight loss due to the desorption of NH3.

2.3. Catalytic activity test

CO2 hydrogenation to DME was carried out in a fixed-bed
stainless steel reactor (7.75 mm inner diameter). 0.15 g of the
hybrid catalyst was diluted with 1.35 g of inert silica sand
(75–150 μm). The catalyst was reduced in situ under atmo-
spheric pressure with flowing H2 (60 mL min−1) at 300 °C
and a heating rate of 2 °C min−1 for 4 h. After the reduction,
the temperature was cooled to 180 °C under flowing N2; sub-
sequently a flow of CO2 and H2 mixture ĲCO2 :H2 molar ratio
of 1 : 3) was fed to the reactor. The feed flow rate was set at
60 mL min−1. The reactor pressure was slowly raised to
20 bar, and the reactor was heated to a variety of tempera-
tures (240, 260, 270, 280 and 300 °C). The effluent gaseous
products were analyzed by using gas chromatography. Analy-
sis of H2, CO, CO2, and N2 was performed using a GC-2014
gas chromatograph equipped with a thermal conductivity
detector (TCD) and a Unibead-C column. Methanol, DME
and other hydrocarbon products were analyzed by using a GC
8A equipped with a flame ionization detector (FID) and a
Chromosorb WAW (20% PEG) column. The activity–selectivity
data were calculated by mass balance from an average of
three independentmeasurements. The errors were within ±2%.
CO2 conversion to oxygenated compounds, yield of DME and
yield of CO are defined as follows:

CO conversion to oxygenated compounds %

moles methanol 2
2  

 


( mmoles DME)
moles CO2,in

 100 (1)

Yield of DME % 2 moles DME 100
moles CO2,in

   
 (2)

Yield of CO % moles CO 100
moles CO2,in

  
 (3)

The stability of the catalysts is presented in terms of the
space-time yield of methanol and DME (gmethanol or DME
Catal. Sci. Technol., 2015, 5, 2347–2357 | 2349
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kgcatalyst
−1 h−1) as a function of time-on-stream defined

as follows:

Space-time yield of methanol
moles methanol

moles CO to2,in


 ttal amount of catalyst MV

MWCO methanol2



 V

(4)

Space-time yield of DME
moles DME

moles CO total amount2,in


   of catalyst MV

MWCO DME2



 V

(5)

where VCO2
is the volumetric flow of CO2 (cm3 min−1),

MWmethanol and MWDME are the molecular weight of metha-
nol and DME (g mol−1), and MV is the molar volume of ideal
gas, 22 400 cm3 mol−1. Eqn Ĳ1)–Ĳ3) and eqn Ĳ4)–Ĳ5) are used in
Fig. 6 and 8, respectively.

3. Results and discussion
3.1 Catalyst characterization

Fig. 1 shows the N2 adsorption–desorption isotherm (Fig. 1a)
and the corresponding pore size distribution (Fig. 1b) of the
sulfated zirconia catalysts prepared with different sulfur load-
ing contents. The isotherm of pure ZrO2 was a typical type IV
with a H4 hysteresis loop, a characteristic mesopore structure
formed by the aggregates of the plate-like particles giving rise
to slit-shaped pores. The pore size distribution of ZrO2 was
broad, ranging from 4 to 30 nm. When 5–15 wt% sulfur was
loaded onto ZrO2, the type IV isotherm was observed, but the
hysteresis loop was changed to H2, a characteristic mesopore
with an ink-bottle-like structure often generated by compacts
of spherical particles of non-uniform size. In comparison
with the ZrO2 product, the mesopores ranging from 2 to
10 nm of the 5S-ZrO2, 10S-ZrO2 and 15S-ZrO2 products
became more pronounced. When the sulfur content was
2350 | Catal. Sci. Technol., 2015, 5, 2347–2357

Fig. 1 N2 adsorption–desorption isotherm (a) and pore size distribution (b)
increased to 20 wt% (20S-ZrO2), type IV–II composite iso-
therms were observed, indicating the presence of both meso-
pores and macropores. At the highest sulfur content, 30 wt%
(30S-ZrO2), mesopores (2–20 nm) were no longer observed,
and instead only macropores were obtained.

Table 2 lists the results regarding the BET surface area,
pore volume, and average pore diameter of the sulfated zirco-
nia catalysts. The BET surface area and pore volume of
pure ZrO2 were found to be 26 m2 g−1 and 0.08 cm3 g−1,
respectively. By adding 5–15 wt% sulfur, the BET surface area
and pore volume increased remarkably compared to those
of pure ZrO2. 10S-ZrO2 exhibited the highest BET surface
area and the largest pore volume, 89 m2 g−1 and 0.18 cm3 g−1,
respectively. The BET surface area decreased significantly
to 36 m2 g−1 and 7 m2 g−1, when the sulfur content was
increased to 20 and 30 wt%, respectively. This discrepancy
in the BET surface area can be explained as follows: with
5–15 wt% sulfur content, ammonium sulfate is highly dis-
persed onto the ZrO2 surface, creating the numerous meso-
pores observed after the calcination. However, at high sulfur
content (20–30 wt%), the sulfate species might fully cover the
ZrO2 surface, resulting in the reduction of BET surface areas
and the generation of larger pores.

The thermal stability and the sulfate content of the
sulfated zirconia catalysts, shown in Fig. 2, were analyzed by
TG and DTG under nitrogen flow conditions. Every sample
showed weight loss at temperatures below 100 °C, a result
ascribed to the desorption of physically adsorbed water mole-
cules. The samples prepared with low sulfur contents
(5S-ZrO2 and 10S-ZrO2) exhibited a small weight loss begin-
ning at about 750 °C and ending at 900 °C, possibly due to
the evolution of SO3 decomposed from the sulfate ion
bonded to the zirconia surfaces. With a further increase in
the sulfur content (15S-ZrO2, 20S-ZrO2 and 30S-ZrO2), the
DTG curve exhibited an additional peak around 726 °C.
This implies that the sulfate that forms on the surface of
zirconia at high coverage is less stable than that at low
coverage. In other words, the number of coordinated
configurations between sulfate and zirconia of the catalysts
This journal is © The Royal Society of Chemistry 2015

of the sulfated zirconia catalysts calcined at 550 °C.



Table 2 Textural, sulfur content and surface acidic properties of the catalysts

Catalysts
BET surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Sulfur content
(wt%)

Weak acid sites
(μmol g−1)

Medium acid sites
(μmol g−1)

Total acid sites
(μmol g−1)

ZrO2 26.1 0.08 Not detectable 24 — 24
5S-ZrO2 66.7 0.13 1.00,a 0.92b 75 20 95
10S-ZrO2 89.2 0.18 1.20,a 1.56b 87 42 129
15S-ZrO2 74.9 0.17 3.20,a 4.24b 54 160 214
20S-ZrO2 36.0 0.13 7.00,a 12.42b 45 261 306
30S-ZrO2 6.6 0.06 14.00,a 17.78b 29 140 169

a The sulfur content determined by TGA analysis. b The sulfur content measured by SEM-EDS analysis.
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with high sulfate coverage is lower than that of the catalysts
with low sulfate coverage.

TG tests determined the catalysts' sulfur content on the
basis of the difference in weights at 200 and 1100 °C. The
results are shown in Table 2 together with the sulfur content
measured by SEM-EDS. The TG and SEM-EDS measurements
agree for the catalysts prepared with low sulfur contents
(5S-ZrO2 and 10S-ZrO2). However, for the catalysts prepared
with higher sulfur contents (15S-ZrO2, 20S-ZrO2 and 30S-ZrO2),
the SEM-EDS measurements were appreciably higher than the
TG measurements. This suggests that, at high sulfur content,
sulfate species almost completely cover the surface of zirconia,
preventing the SEM-EDS analysis from detecting ZrO2. Note
that the catalysts' sulfur contents were obviously different
from those of the starting composition, which could be due to
This journal is © The Royal Society of Chemistry 2015

Fig. 2 TG (a) and DTG (b) curves of the sulfated zirconia catalysts
calcined at 550 °C.
the fact that the catalysts were pre-calcined at 550 °C prior to
the TG and SEM-EDS measurements. Therefore, some sulfate
species were decomposed leaving only the stable sulfate
species on the surface of the catalysts.

The FT-IR spectra of the sulfated zirconia catalysts pre-
pared with different sulfur contents are shown in Fig. 3. The
pure ZrO2 showed bands between 700 and 418 cm−1, charac-
teristic of crystalline zirconia. 5S-ZrO2 and 10S-ZrO2 exhibited
bands at 995, 1053, 1136 and 1196 cm−1, characteristic peaks
for the S–O stretching vibration modes of the coordinated
SO4

2− species on the zirconia surface. The band at 1400 cm−1

was assigned to the stretching vibration of the SO bond
in the sulfate groups. The band at 1612 cm−1 was attributed
to the δO–H bending frequency of the water molecules associ-
ated with the sulfate groups. As the sulfur loading was
increased up to 15 wt% (15S-ZrO2), the distinct peaks
between 990–1200 cm−1 were no longer observed, and one
broad peak appeared instead. With a further increase of the
Catal. Sci. Technol., 2015, 5, 2347–2357 | 2351
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sulfur content from 15 to 30 wt% (20S-ZrO2 and 30S-ZrO2),
this peak, which indicates a complex poly-sulfate surface
species,36 became more dominant. It was interesting to see
that the spectral splitting between the νĲSO) and νĲS–O) of
the 5S-ZrO2 and 10S-ZrO2 (200 cm−1) catalysts was much
larger than that of the 15S-ZrO2, 20S-ZrO2 and 30S-ZrO2 cata-
lysts, indicating that tridentate sulfate ions coordinated to
zirconia at low sulfur contents, while a 2-fold coordinated
configuration was formed at high sulfur contents. This FT-IR
interpretation was clearly consistent with the TG analysis
(Fig. 2), i.e. the catalysts with low sulfur contents had a
higher coordination configuration. This finding was also
supported by the theoretical study by Haase and Sauer.37 The
band at 1340 cm−1, assigned to the bending vibration of
Zr–OH groups,32,38 was observed only for the catalysts with
high sulfur contents (15S-ZrO2, 20S-ZrO2 and 30S-ZrO2).

Sulfur K-edge X-ray absorption near edge structure (XANES)
spectroscopy was used to investigate the sulfate species. The
first derivative analyses of the spectra were performed in order
to detect the absorption edges of overlapping species. The
sulfur K-edge XANES spectra and first derivative spectra of
ĲNH4)2SO4 and sulfated zirconia samples are shown in Fig. 4.
ĲNH4)2SO4 showed a white line around 2483.2 eV. The sulfur
K-edge XANES spectra of all sulfated zirconia catalysts were
similar to that of the ĲNH4)2SO4 sample, indicating that the
sulfur species form as a sulfate group. However, the shape of
the white line of the sulfated zirconia catalysts was slightly
different than that of the ĲNH4)2SO4 sample. In addition to
the white line at 2483.2 eV, an absorption peak at 2475.6 eV
was present for the sulfated zirconia catalysts with high
sulfur contents (15S-ZrO2, 20S-ZrO2 and 30S-ZrO2). This sug-
gests that a portion of the sulfate group was reduced to lower
2352 | Catal. Sci. Technol., 2015, 5, 2347–2357

Fig. 4 Raw data (a) and first derivative (b) of sulfur K-edge XANES spectra o
valence states.39 The first derivative of these spectra showed
a more distinctive difference in the white lines of ĲNH4)2SO4

and the catalysts (Fig. 4b). The first derivative of the sulfated-
zirconia catalysts had two peaks: one at 2480.2 eV and
another at 2483.2 eV. The latter peak was in the same posi-
tion as that of ĲNH4)2SO4 and the former peak was inter-
preted as an indication of a protonated sulfate.40–42 It can
be seen that the former peak was much more developed
when the sulfur content was increased and that it correlated
with the appearance of the FT-IR band at 1340 cm−1 (Fig. 3),
indicating that the protonated sulfate occurred at high sul-
fate surface coverage.

The strength and overall concentration of the acid sites of
the sulfated zirconia catalysts were determined by NH3-TPD;
the results are shown in Fig. 5. The pure ZrO2 catalyst
showed one broad low-temperature desorption peak ranging
from 100 to 200 °C, indicating the presence of weak acid
sites. The sulfation treatment at low sulfur content (5S-ZrO2)
increased the number of weak acid sites and also generated
medium acid sites, corresponding to the desorption of NH3,
in the range of 240–400 °C, with the maximum at 266 °C. As
the sulfur content was increased to 10 wt% (10S-ZrO2), the
second peak appeared to be broader and of somewhat higher
intensity than that of the 5S-ZrO2 catalyst. With an even
higher sulfur content (15S-ZrO2, 20S-ZrO2 and 30SZrO2), the
second peak shifted towards a higher desorption tempera-
ture, indicating an increase in the acid strengths correspond-
ing to the presence of the protonated sulfate species as
observed by sulfur K-edge XANES analyses (Fig. 4).

The number of acid sites of all samples is shown in
Table 2. The pure ZrO2 had a low number of total acid sites
(24 μmol g−1). The addition of sulfur markedly enhanced the
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 NH3-TPD profiles of the sulfated zirconia catalysts calcined at
550 °C.
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total number of acid sites. Doping with 5–20 wt% sulfur gave
total acid contents 3.96–12.75 times higher than that of the
pure ZrO2. A further increase in the sulfur content to 30 wt%
caused a significant decrease in the number of total acid
sites, suggesting that some sulfate groups had become
embedded in the bulk of the sulfated zirconia catalysts.
Fig. 6 CO2 conversion to oxygenated compounds (a), yield of DME
(b) and yield of CO (c) of the sulfated zirconia catalysts prepared with
different sulfur loading contents.
3.2 Catalytic activity results

CO2 hydrogenation was tested over CuO–ZnO–ZrO2/sulfated-
zirconia catalysts in a fixed-bed reactor at 20 bar. The cata-
lytic activities were determined after 3 h on stream at the
same GHSV. For all catalysts, CO, methanol and DME were
found to be the major products; each also produced a trace
amount of methane. The catalytic performance of the
sulfated-zirconia catalysts prepared at different ratios is
shown in Fig. 6 in terms of CO2 conversion to oxygenated
compounds (Fig. 6a), yield of DME (Fig. 6b) and yield of CO
(Fig. 6c). The oxygenated compounds included methanol and
DME produced from CO2 hydrogenation and methanol dehy-
dration, respectively.

Over the sulfur-free catalyst (ZrO2) and at a reaction tem-
perature of 240 °C, the CO2-to-oxygenated compound conver-
sion rate (Fig. 6a) was 2.6%. The CO2 conversion decreased
monotonically with increasing temperatures. This could be
explained by the fact that CO2 hydrogenation becomes kineti-
cally less favored at higher temperatures.43 However, in the
presence of sulfated-zirconia catalysts, the CO2-to-oxygenated
compound conversions were considerably higher and followed
a volcano-shaped trend with a maximum at a reaction temper-
ature of 260 °C. This observation is potentially explained by
the fact that the conversion of methanol to DME increases the
equilibrium conversion of CO2 hydrogenation to methanol.8

Fig. 6b shows the performance of the catalysts for con-
verting methanol to DME. The ZrO2 catalyst was found to be
basically inactive for methanol dehydration; the maximum
This journal is © The Royal Society of Chemistry 2015
DME yield was only 0.05% at a reaction temperature of
280 °C. The 5S-ZrO2 and 10S-ZrO2 catalysts showed a higher
yield of DME compared to the ZrO2 catalyst. The maximum
DME yield for the 5S-ZrO2 and 10S-ZrO2 catalysts (0.5% and
1.0%, respectively) was achieved at 280 °C. The catalysts with
higher sulfur contents (15S-ZrO2, 20S-ZrO2 and 30S-ZrO2)
exhibited a greater DME yield (1.5–3.6%), and these maxi-
mum conversions were achieved at a lower reaction tempera-
ture (260 °C). This suggests that the formation of DME from
methanol dehydration over the two groups of catalysts may
have occurred on different active sites.

To gain further insight into the relationship between the
catalytic activity and properties of the sulfated zirconia cata-
lysts prepared at different sulfur-to-zirconia ratios, we then
attempted to construct a correlation between the DME yield
and total number of acid sites of the sulfated zirconia cata-
lysts; the results are shown in Fig. 7. At 240 °C, the DME
yield slightly increased from 0.01 to 0.43% when the total
number of acid sites was increased from 24 to 129 μmol g−1
Catal. Sci. Technol., 2015, 5, 2347–2357 | 2353



Fig. 7 Correlation of DME yield with the total number of acid sites at
different reaction temperatures.
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(i.e. the catalysts with low sulfur content). By increasing the
total number of acid sites from 129 to 169 μmol g−1, a dra-
matic increase in DME yield was observed. Similarly, the
trend was also found for the other reaction temperatures.
This implies that the formation of DME over the sulfated zir-
conia catalysts with low and high sulfur contents occurs via
different mechanisms. With a further increase in the total
acid sites, the DME yield no longer changes which is mainly
attributed to the fast rate of methanol dehydration to DME.

Various mechanisms for the dehydration of methanol to
DME have been proposed and studied. Bandiera and
Naccache44 proposed that two methanol molecules adsorbed
simultaneously on the catalyst surface, forming two surface
2354 | Catal. Sci. Technol., 2015, 5, 2347–2357

Scheme 1 Proposed mechanism for the formation of DME from methano
high (pathway II) sulfur contents.
species Ĳ[CH3OH2]
+ and ĳCH3O]

−), which then condensed to
form DME and a water molecule. Kubelková et al.45 predicted
that a surface methoxy species via the protonated methanol
CH3OH2

+ was initially formed and another methanol mole-
cule reacted with the methoxy group to produce the DME
product. Said et al.32 studied the catalytic performance of sul-
fated zirconia catalysts and interpreted the mechanism for
DME formation in terms of oxidation–reduction reactions in
which one molecule of methanol adsorbed on an acid site
and another methanol molecule adsorbed on a base site,
which then condensed to produce DME and water. We agree
that the dehydration of methanol to DME occurs at dual
acid–base sites but we suggest that the details of the mecha-
nism differ depending on the sulfur content of the sulfated
zirconia catalysts.

Scheme 1 proposes the mechanism for the formation of
DME from methanol dehydration over the sulfated zirconia
catalysts with low (0–10S) and high (15–30S) sulfur content.
The proposed molecular structures and mechanism are based
on characterization analyses using FT-IR, TGA, and XANES
techniques, performance test results, and previous findings
in the literature.32,44,45 As discussed above in the FT-IR and
XANES results, at low sulfur content the sulfate group prefer-
ably forms as OSĲ–O–Zr–)3 (structure A). Thus, due to the
inductive effect of the sulfate group, the zirconium atoms
attached to the sulfate group act as Lewis acid sites for DME
formation.21,32 As the sulfur content is increased, the sulfate
group forms as –SO4 (structure B) and seems to cover the sur-
face of the ZrO2 cluster. It is important to note that the FT-IR
and XANES spectra indicate that –Zr–OH (i.e. a protonated
This journal is © The Royal Society of Chemistry 2015

l dehydration over the sulfated zirconia catalysts at low (pathway I) and
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oxygen) is present in the high sulfur content catalysts only.
This –Zr–OH plays a vital role in increasing DME production
in the presence of high –SO4 coverage since –SO4 is a strong
electron-withdrawing group. Thus, when –SO4 covers the
ZrO2 surface it induces the neighboring –Zr–OH to become a
strong Brønsted acid site, which in turn provides a proton to
methanol. Therefore, the methanol-to-DME reaction mecha-
nism at low and high sulfur content follows two separate
pathways, as shown in Scheme 1. At low sulfur content
(pathway I), one methanol molecule adsorbs on the Lewis
acid site, and another methanol molecule adsorbs on a rela-
tively weak Lewis base site (i.e. an oxygen atom of –Zr–O–Zr–)
and then both undergo a reaction via the SN2 transition state
mechanism to produce a DME molecule.46,47 In contrast,
DME molecule generation at high sulfur content (pathway
II)48–50 takes place via the strong Brønsted acid site of
–Zr–OH. In the first step, one methanol molecule adsorbs on
–Zr–OH. Then, it reacts with another methanol molecule
from the gas phase via the SN2 type mechanism, resulting
in a much higher DME yield than via pathway I.

The behavior of CO formation is shown in Fig. 6c. The CO
yield of all catalysts was found to significantly increase with
increasing temperature. However, only a small difference in
the CO yield of all tested catalysts at each reaction tempera-
ture was observed. This might be the logical consequence
of the fact that the reverse water-gas shift reaction proceeds
very fast until equilibrium is achieved over Cu-containing
catalysts.51,52 The equilibrium is shifted towards the forma-
tion of CO with increasing temperature. This would explain
why all tested catalysts behave more or less the same assum-
ing that the reaction rate of the reverse water-gas shift reac-
tion is much faster than the formation rates of methanol and
dimethyl ether.
3.3 Stability of catalysts

Stability is a key factor in determining whether the sulfated-
zirconia materials can be used as acid catalysts for
This journal is © The Royal Society of Chemistry 2015

Fig. 8 Space-time yields of methanol and DME as a function of time-on-
CuO–ZnO–ZrO2/20S-ZrO2 and CuO–ZnO–ZrO2/H-ZSM-5 (c). Reaction cond
dehydration reactions in industrial production. On the basis
of the activity test and the proposed mechanism (Fig. 6, 7
and Scheme 1), the dehydration of methanol over the sul-
fated zirconia catalysts with low and high sulfur contents
provided a significant difference in DME yields. Therefore,
the stability of the two groups of catalysts was investigated;
10S-ZrO2 and 20S-ZrO2 catalysts represented low and high
sulfur coverage, respectively, with pure ZrO2 and H-ZSM-5
used as the reference. Before initiating the experiment, suit-
able testing conditions must be considered. This is because
the direct synthesis of DME from CO2 hydrogenation requires
two functional catalysts: the CuO–ZnO–ZrO2 catalyst and the
sulfated zirconia catalyst. Note that these two catalysts can be
deactivated over time. Generally, the deactivation of the
Cu-based catalyst for methanol synthesis from CO2 hydroge-
nation is caused by the loss of copper surface area due to
the low Tammann temperature of copper and the exothermi-
city of the reaction.53,54 In order to assess the real perfor-
mance of the sulfated zirconia catalyst without the imposi-
tion of the CuO–ZnO–ZrO2 catalyst, a stability test must be
performed under conditions that can maintain a constant
yield of methanol.

Fig. 8 shows the STY versus the time-on-stream of DME
and methanol over four catalysts: CuO–ZnO–ZrO2/ZrO2, CuO–
ZnO–ZrO2/10S-ZrO2, CuO–ZnO–ZrO2/20S-ZrO2 and CuO–ZnO–
ZrO2/H-ZSM-5. The STY of methanol over all catalyst systems
was found to be almost constant during the 75 h experiment.
This indicated that the methanol catalyst (CuO–ZnO–ZrO2)
had excellent stability. Regarding the STY of DME, the CuO–
ZnO–ZrO2/10S-ZrO2 catalyst showed a substantial decrease in
DME yield ca. 41.7% during the 75 h time-on-stream experi-
ment, while the CuO–ZnO–ZrO2/20S-ZrO2 catalyst exhibited
much greater durability, experiencing only a 16.9% reduction
under identical reaction conditions. Saravanan et al.28 re-
ported two possible reasons for the successive decrease in the
activity of the sulfated zirconia catalysts: poisoning by water
molecules formed during the reaction and leaching of sulfate
species from the catalyst in polar alcohol medium. According
Catal. Sci. Technol., 2015, 5, 2347–2357 | 2355
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to the mechanism we proposed above, for the catalyst with
low sulfur content (10S-ZrO2), methanol dehydrated in the
Lewis acid–base sites. This is in harmony with the direct syn-
thesis of DME from CO2 hydrogenation, which produces a
large amount of water when compared to either methanol
dehydration or one-step synthesis of DME from syngas.31,32

This produced water is the major cause of the poisoning at
the active sites of the catalysts, since the water molecule com-
petes with the methanol molecule for adsorption onto the
Lewis acid sites (Zr4+). This is the reason why the reduction of
STY of DME over time is observed and this catalyst provides
the maximum yield of DME at a higher reaction temperature
(Fig. 6b). When the reaction temperature is increased, the
desorption of the water molecules may regenerate the catalyst
activity. In contrast, the 20S-ZrO2 catalyst is mainly composed
of Brønsted acid sites, which were slightly affected by the
water.28 Therefore, the deactivation rate of the 20S-ZrO2 cata-
lyst was much lower than that of the 10S-ZrO2 catalyst.

CuO–ZnO–ZrO2 catalysts are commonly deactivated through
sulfur poisoning, but we observed no signs of deactivation of
our CuO–ZnO–ZrO2 catalyst. One of the following three
hypotheses could explain the durability of this particular
Cu-based catalyst. (1) Since the sulfated zirconia – an acid
catalyst which was mixed with Cu–ZnO–ZrO2, a methanol
conversion catalyst, to form our catalytic system – was cal-
cined at 550 °C for 2 h, only the stable form of the sulfate
remained on the zirconia surface, the sulfate ions are not
transferred from the sulfated zirconia to Cu–ZnO–ZrO2 and
therefore do not deactivate it. During the experiment, water
and methanol are produced, but they cannot leach out sul-
fate ions, thus there is no sulfur source to poison the
Cu-based catalyst. (2) The presence of ZnO in the catalyst
improves sulfur resistance by forming thermodynamically
stable ZnS,9 thus the few sulfate ions that may have been
leached out from the sulfated zirconia surface during the
reaction are eliminated by Zn and the activity of the
Cu-based catalyst remains constant. (3) While the leaching
process of sulfate ions is the major cause of sulfated zirconia
deactivation, the Cu-based catalyst exhibits excellent stability
because the sulfate ions are not changed to H2S, the most
active form for poisoning a metal catalyst. [Note: the spent
catalyst should be further characterized for better under-
standing of the deactivation phenomena, e.g., coke deposi-
tion and leaching of sulfate ions.]

A benchmark between the new catalyst and a commercial
catalyst is required to allow a straightforward comparison. In
the present case, the stability of the 20S-ZrO2 catalyst is com-
pared to that of the H-ZSM-5 catalyst, as demonstrated in
Fig. 8c. The STY of DME over the 20S-ZrO2 catalyst was found
to be higher than that of the H-ZSM-5 catalyst at the begin-
ning of the experiment, indicating that the 20S-ZrO2 catalyst
was more active. However, the 20S-ZrO2 catalyst exhibited a
rapid decrease in the STY of DME while the STY of DME of
H-ZSM-5 slightly decreased at approximately 2.85% of 75 h
on stream, which was significantly lower than that of the
20S-ZrO2 catalyst (16.9%). This indicates that the sulfated
2356 | Catal. Sci. Technol., 2015, 5, 2347–2357
zirconia catalysts cannot be considered as practical catalysts
at this stage since they cannot compete with the commercial
H-ZSM-5 catalyst when long-term stability is considered.
However, given that the stability of the sulfated zirconia cata-
lyst is improved, it might be considered a good industrial acid
catalyst due to its elevated activity and ease of preparation.

4. Conclusions

The physicochemical properties, activity and stability of the
sulfated zirconia catalysts were strongly affected by the sulfur
content on the zirconia surface. At low sulfur contents
(5S-ZrO2 and 10S-ZrO2), the tridentate sulfate was formed on
the zirconia surface and induced zirconium atoms to act as
weak Lewis acid sites. These catalysts were active for metha-
nol dehydration at relatively high reaction temperatures. At
high sulfur contents (15S-ZrO2, 20S-ZrO2 and 30S-ZrO2), a
protonated sulfate species was formed and donated signifi-
cant Brønsted acidity, which efficiently catalyzed the metha-
nol dehydration even at relatively low reaction temperatures.
In addition, the catalysts with high sulfur contents showed
much greater stability than those with low sulfur contents
because water molecules preferentially adsorbed on the Lewis
acid sites. It was also demonstrated that Brønsted acidity
is essentially important for the direct synthesis of DME from
CO2 hydrogenation. These findings may open up new applica-
tions of sulfated zirconia catalysts (combined with Cu-based
catalysts) in the direct synthesis of DME from CO2 hydrogena-
tion that could lead to a sustainable fuel in the future.
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Effects of pore structures of alumina on the catalytic performance of copper catalysts for CO2 hydrogena-
tion were investigated. Copper-loaded hierarchical meso–macroporous alumina (Cu/HAl) catalyst exhib-
ited no significant difference in terms of CO2 conversion with copper-loaded unimodal mesoporous
alumina (Cu/UAl) catalyst. However, the selectivity to methanol and dimethyl ether of the Cu/HAl cata-
lyst was much higher than that of the Cu/UAl catalyst. This was attributed to the presence of macropores
which diminished the occurrence of side reaction by the shortening the mesopores diffusion path length.
The Cu/HAl catalyst also exhibited much higher stability than the Cu/UAl catalyst due to the fast diffusion
of water out from the catalyst pellets, alleviating the oxidation of metallic copper to CuO.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction development of Cu-based catalysts at the nanoscale by means of
Concerns over depletion of fossil fuels and rising CO2 emissions
are driving the need for recycling CO2 into alternative fuels. The
catalytic hydrogenation of CO2 to methanol is considered one of
the most promising processes because methanol can be used as
an energy carrier for fuel cell application [1–3]. Moreover, metha-
nol can be converted to dimethyl ether (DME) [4,5] which is con-
sidered as a feasible fuel for diesel engines [6,7], or into higher
hydrocarbons according to methanol-to-olefins (MTO) process
[8–11].

The catalysts contained Cu as a main component together with
different promoters such as Zn, Zr, Ga, Al, Si and Mg [12–14] were
found to be active for CO2 hydrogenation toward methanol. Along
with main component, an appropriate support is of imperative
importance because it can act not only as dispersant but also as
stabilizer for the main component. Moreover, the interface contact
between the main component and the support can cause syner-
getic effect which provides the active centers for adsorption of
reactants and products, enhancing the catalytic performance. As
a consequence, most of recent studies have focused on the
incorporating promoters [12–15], fine tuning catalyst composi-
tions [12,16] and improving preparation procedure [13,17,18].

Another important impact of supports is the transport of reac-
tants and products. Although the nanoporous catalysts have a large
internal surface area which contributes to their high intrinsic cat-
alytic activity per unit catalyst weight, they usually contain small
pore size, limiting the molecules’ accessibility to the active sites
[19–21]. It was reported that the hierarchical meso–macropore
structure could diminish diffusion limitations [19,22,23] and
extend catalyst lifetime [24–26]. In addition to the activity, the
transport of reactants and products within the catalyst pellets might
also influence the product selectivity [19,27]. Iglesia [27] proposed
that, for Fischer–Tropsch synthesis reaction, the long chain hydro-
carbon selectivity was increased by diffusion-enhanced a-olefin
re-adsorption phenomena. Despite the significant number of papers
reporting the beneficial effect of the hierarchical porous material, its
application as supported copper catalyst for methanol synthesis
from CO2 hydrogenation has not yet been studied.

Herein, we report the diffusion-enhanced effects of the hierar-
chical meso–macroporous structure of Cu/Al2O3 catalyst for CO2

hydrogenation reaction. Cu-loaded unimodal porous alumina
catalyst was employed for the purpose of comparison. The physic-
ochemical properties of the catalysts were characterized by means
of scanning electron microscope (SEM), N2-physisorption, mercury
porosimetry, X-ray diffraction (XRD), N2O chemisorption,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2015.07.033&domain=pdf
http://dx.doi.org/10.1016/j.enconman.2015.07.033
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H2-temperature-programmed reduction, pyridine-temperature-
programmed desorption.
2. Experimental

2.1. Preparation of alumina supports

Hierarchical meso–macroporous alumina (HAl) was prepared
following the method described by Tokudome et al. [28]. In brief,
0.08 g poly(ethylene oxide) (PEO), having viscosity-averaged
molecular weight of 1 � 106, was dissolved in a mixture of
4.0 mL ethanol and 5.5 mL deionized water at room temperature
for 12 h. Then 4.32 g aluminum chloride hexahydrate
(AlCl3�6H2O) was added to the PEO–water–ethanol solution that
was being stirred at room temperature until the homogeneous
solution was achieved. 3.75 mL propylene oxide (PO) was added
into the solution in order to initiate the hydrolysis-condensation
reaction. After stirring for 1 min, the resultant homogeneous solu-
tion was transferred into the glass tube, sealed and kept at 40 �C for
gelation. Subsequently, the wet gel was aged for 24 h and dried at
40 �C. The obtained alumina monolith was calcined at 600 �C in air
at heating rate of 10 �C/min for 12 h. Unimodal mesoporous alu-
mina (UAl) was prepared using the similar procedure as mentioned
above except the addition of PEO.

2.2. Preparation of copper-loaded alumina catalysts

In order to clearly distinguish the effects of the presence of
macropores, the alumina supports were ground and sieved into
two fractions, 0.075–0.090 mm and 0.850–2.000 mm denoted as
-S and -L, respectively. 10 wt% copper-loaded alumina catalysts
were prepared by incipient wetness impregnation method. The
calcined unimodal and hierarchical porous alumina supports were
impregnated with the desired amount of copper nitrate trihydrate
(Cu(NO3)2�3H2O) in aqueous solution. The slurry mixture was stir-
red at 60 �C for 2 h, dried at 100 �C for 12 h and calcined at 600 �C
and a heating rate of 2 �C/min for 2 h. The copper-loaded unimodal
and hierarchical alumina catalysts were designated as Cu/UAl and
Cu/HAl, respectively.

2.3. Characterization of copper-loaded alumina catalysts

The surface morphology of the alumina supports was assessed
with the application of a scanning electron microscope (SEM; FEI
Quanta 450) equipped with energy-dispersive X-ray spectroscopy
(EDS). The SEM measurement was taken at 20.0 kV. The samples
were sputter–coated with gold prior to analysis.

The elemental analysis of the catalysts was tested with induc-
tively coupled plasma–optical emission spectroscopy (ICP–OES,
Optima 4300 DV, Perkin-Elmer).

The macropores size distribution was measured with a mercury
porosimetry (PoreMaster 33). The BET surface area, mesopores size
distribution and pore volume of the alumina supports and the
Cu-loaded alumina catalysts were determined by N2-sorption mea-
surement with a Quantachrome Autosorb-1C instrument at
�196 �C. The copper (Cu0) surface area of the catalysts was obtained
by N2O-titration measurements as described elsewhere [12].

X-ray diffraction (XRD) patterns of the alumina supports and
the Cu-loaded alumina catalysts were attained on a diffractometer
(Bruker D8 Advance) with Cu Ka radiation. The measurements
were made at temperatures in a range of 15–75� on 2h with a step
size of 0.05�. The diffraction patterns were analyzed according to
the Joint Committee on Powder Diffraction Standards (JCPDS).

Temperature programmed reduction (TPR) experiments were
conducted using a DSC–TGA 2960 thermal analyzer. A 10 mg
sample was pretreated in a flow of N2 (100 mL/min) at a rate of
10 �C/min until 400 �C was achieved; the 400 �C temperature was
maintained for 30 min, then the sample was cooled to 100 �C.
Once the 100 �C temperature was reached and stabilized, the sam-
ple was heated under flowing 10% v/v H2 (He as a balance gas) at a
heating rate of 4 �C/min from 100 �C to 400 �C.

Temperature programmed desorption (TPD) experiments were
performed with the same apparatus as the TPR measurement using
pyridine as a probe molecule following the method described by
Mohamed and Abu-Zied [29]. Prior to pyridine adsorptions, the
alumina supports and the Cu-loaded alumina catalysts were cal-
cined at 400 �C to remove physically and chemically adsorbed
water from their surface. Then the samples were transferred into
desiccator containing liquid pyridine. The samples were main-
tained in contact with pyridine vapor at room temperature for a
week, prior to acidity measurements. The pyridine desorption
measurement was conducted in a flow of N2 (100 mL/min) at a
heating rate of 4 �C/min from room temperature to 600 �C. The
amount of acidity was determined from the weight loss due to
the desorption of pyridine.

2.4. 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
catalyst was diluted with 0.5 g inert silica sand. The catalyst was
reduced in situ under atmospheric pressure with flowing H2

(60 mL/min) at 350 �C and a heating rate of 2 �C/min for 4 h.
After the reduction, the temperature was cooled to 200 �C under
flowing N2; 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 60 mL/min. The reactor pressure was slowly raised to
30 bars, and the reactor was heated to a variety of temperatures
(240, 260, 280, 300 and 320 �C). The effluent gaseous products
were analyzed by using gas chromatography. Analysis of H2, CO,
CO2, and N2 was performed using GC–2014 gas chromatography
equipped with a thermal conductivity detector (TCD) and a
Unibead-C column. Methanol, DME and other hydrocarbon prod-
ucts were analyzed by using GC 8A equipped with a flame ioniza-
tion detector (FID) and a Chromosorb WAW (20% PEG) column. The
activity–selectivity data were calculated by mass balance from an
average of three independent measurements. The selectivity has
been calculated taking into account three major products, includ-
ing methanol, CO and DME, i.e. only a trace amount of methane
was observed at 320 �C which was excluded for selectivity calcula-
tion. The errors were within ±3%. CO2 conversion, selectivity to
methanol, CO and DME are defined as follows:

CO2 conversion ð%Þ ¼ ðmoles methanol þ ð2�moles DMEÞ þmoles COÞ � 100
moles CO2;in

Methanol selectivity ð%Þ ¼ moles methanol� 100
moles methanolþ ð2�moles DMEÞ þmoles CO

CO selectivity ð%Þ ¼ moles CO� 100
moles methanolþ ð2�moles DMEÞ þmoles CO

DME selectivity ð%Þ ¼ 2�moles DME� 100
moles methanolþ ð2�moles DMEÞ þmoles CO
3. Results and discussion

The apparent morphology of alumina supports was examined
by means of SEM. Hierarchical meso–macroporous alumina (HAl)
sample (Fig. 1a) exhibited the presence of 3-dimentionally
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interconnected macropores with a uniform size of ca. 2 lm
whereas unimodal mesoporous alumina (UAl) sample (Fig. 1b)
showed a dense surface, caused by an aggregation of alumina
nanopartciles, and contained no macropores. Hg-porosimetry was
conducted to complement the SEM analysis. The HAl sample
(Fig. 1c) possessed two different scales of a bimodal pore size dis-
tribution: 0.005–0.020 lm and 1–3 lm. The latter scale centered at
1.77 lm corresponding to the macropores as observed by the SEM
image (Fig. 1a). The UAl sample (Fig. 1d) showed a broad peak in
the region 0.005–0.020 lm (Fig. 1d) representing the interparticle
spaces between alumina nanoparticles. The pore size in the meso-
pores region of both samples was further investigated by
N2-sorption measurement.

Fig. 2a and b shows the N2 adsorption–desorption isotherm and
the corresponding pore size distribution of the UAl and HAl sup-
ports and the Cu/UAl and Cu/HAl catalysts. Textural properties of
those samples are summarized in Table 1. Both UAl and HAl sam-
ples exhibited a type IV isotherm with a H2 hysteresis loop, indicat-
ing that both samples contained mesopores with an ink-bottle
structure. After calcination of copper nitrate-loaded alumina sup-
ports (Cu/UAl and Cu/HAl catalysts), the type of isotherm for both
catalysts was remained the same which was an indication for
preservation of the mesopore structure. A monotonic decrease in
BET surface areas, pore volumes and pore diameters of Cu/UAl
and Cu/HAl catalysts compared to the parent ones could be attrib-
uted to the deposition of copper oxide in the mesopores of alumina
supports.

XRD pattern of the UAl and HAl samples is shown in Fig. 3. Both
samples exhibited two broad peaks centered at 2h angles of 45.7�
and 66.6�, characteristics of an amorphous structure. For Cu/UAl
and Cu/HAl catalysts, the XRD patterns were identical to those of
the supports, i.e., no discernible peaks associated with copper
oxide species were detected. Previous studies have reported that
the dispersion capacity of copper oxide on the surface of alumina
is 0.75 mmol Cu2+/100 m2 Al2O3 [30,31]. The actual copper loading
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Fig. 1. SEM images (a and b) and pore size distribution measured by mercury poros
macroporous alumina (HAl) supports.
determined by ICP analysis of the Cu/UAl and Cu/HAl catalysts was
about 10.24 and 10.54 wt%, which were equivalent to 0.56 mmol
Cu2+/100 m2 Al2O3 and 0.67 mmol Cu2+/100 m2 Al2O3, respectively.
This indicated that copper oxide particles highly dispersed in the
alumina matrix at the atomic level, consequently, no formation
of CuO bulk on the surface of alumina.

The reducibility of CuO over two different supports was
observed by H2-TPR; the result is shown in Fig. 4. The H2-TPR pro-
file of the Cu/UAl and Cu/HAl catalysts appeared the reduction
peak centered at around 261 and 258 �C, an indication of a reduc-
tion of highly dispersed CuO nanoparticles [31–33]. Obviously, CuO
species were continuously reduced from 290 to 400 �C, indicating a
strong interaction between CuO species and alumina supports, i.e.,
copper was incorporated into the alumina matrix, possibly a for-
mation of a spinel CuAl2O4 structure [31–33].

Fig. 5 shows pyridine-TPD measurement of the alumina sup-
ports and Cu-loaded alumina catalysts. Also, the quantitative esti-
mation of acid sites is shown in Table 1. The UAl and HAl supports
exhibited a similar desorption pattern with two distinct regions of
300–390 �C and 400–450 �C, indicating the existence of medium
and strong acid sites on the surface of the alumina supports.
Adding Cu onto the alumina supports (Cu/UAl and Cu/HAl cata-
lysts) significantly reduced the total number of acid sites and the
acid strengths, possibly due to the interaction between CuO and
unsaturated aluminum ion. Also shown in Table 1, the Cu surface
area of the Cu/UAl catalyst was slightly higher than the Cu/HAl cat-
alyst which could be attributed to the higher surface area of the
UAl support. All characterization results clearly indicate that the
major difference between Cu/UAl and Cu/HAl catalysts is the pres-
ence of macropores in Cu/HAl catalyst.

Fig. 6 shows CO2 conversion and the production selectivity in
terms of methanol, CO and DME. It was found that CO2 conversion
of all catalysts monotonically increased with ascending reaction
temperature (Fig. 6a). The CO2 conversion at each reaction
temperature of the Cu/HAl-S catalyst was found to be lower than
b)

0.0

0.5

1.0

1.5

2.0

2.5

0.001 0.01 0.1 1 10 100 1000

0.0

1.0

2.0

3.0

4.0

Pore volum
e (cm

3/g)

Pore diameter (µm)

C
um

ul
at

iv
e 

po
re

 v
ol

um
e 

(c
m

3 /g
)

(d)

imetry (c and d) of unimodal mesoporous alumina (UAl) and hierarchical meso–
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Fig. 2. N2-sorption isotherms (a) and pore size distribution (b) of UAl and HAl supports and Cu/UAl and Cu/HAl catalysts.

Table 1
Textural properties, copper surface area, and surface acidic properties of the alumina supports and the Cu-loaded alumina catalysts.

Catalysts BET surface area
(m2/g)

Pore volume
(cm3/g)

Copper surface area
(m2/g)

Medium acid sites
(mmol/g)

Strong acid sites
(mmol/g)

Total acid sites
(mmol/g)

UAl 324 0.51 – 0.37 0.87 1.24
HAl 275 0.45 – 0.22 0.75 0.97
Cu/UAl 154 0.29 1.87 0.15 0.14 0.29
Cu/HAl 124 0.24 1.50 0.12 0.12 0.24
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Fig. 3. XRD patterns of UAl and HAl supports and Cu/UAl and Cu/HAl catalysts.

150 200 250 300 350 400

Temperature (oC)

H
2 c

on
su

m
pt

io
n 

(a
.u

.)

Cu/HAl

Cu/UAl

25
8

26
1

Fig. 4. H2-TPR profiles of Cu/UAl and Cu/HAl catalysts.

T. Witoon et al. / Energy Conversion and Management 103 (2015) 886–894 889
the Cu/UAl-S catalyst due to a lower Cu surface area (Table 1) of the
Cu/HAl-S catalyst so that the activity was re-calculated and was
defined as CO2 conversion per Cu surface area which represented
the intrinsic activity and the inherent property of the catalysts;
the result is shown in Fig. 1S. The slight difference in CO2 conver-
sion at each reaction temperature was observed when comparing
between the Cu/HAl and the Cu/UAl catalysts at the identical par-
ticle size. This indicates that the mesopores (�7 nm) of the Cu/HAl
and Cu/UAl catalysts are large enough to facilitate diffusion of gas
molecules from bulk fluid to active sites located inside the meso-
pores, i.e., no existence of pore diffusion (internal diffusion) resis-
tance. In other words, the presence of macropores does not
significantly contribute to the CO2 conversion. However, the effect
of macropores becomes more pronounced by comparing the
results in terms of selectivity. Comparing between the Cu/HAl-S
and the Cu/UAl-S catalysts, the Cu/HAl-S catalyst exhibited higher
methanol (Fig. 6b) and DME (Fig. 6d) selectivities and lower CO
selectivity at any reaction temperature (Fig. 6c). The similar trend
was also observed when the catalysts with the larger particle size
(Cu/HAl-L and Cu/UAl-L) were compared.

In fact, CO2 hydrogenation over methanol synthesis catalyst
involves two competitive reactions. The first one is the targeted
methanol synthesis (Eq. (1)) and the second one is reverse
water–gas shift (RWGS) reaction (Eq. (2)). Methanol formed in
Eq. (1) can undergoes dehydration to produce DME and water
(Eq. (3)) over acidic sites, that present on the surface of the alumina
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supports as indicated by pyridine-TPD. In addition, methanol can
subsequently decompose to produce carbon monoxide and hydro-
gen at a temperature above 200 �C (Eq. (4)) [34,35]. The occurrence
of these different pathways strongly influences the product
distribution.

CO2 þ 3H2 $ CH3OHþH2O DH� ¼ �49:4 kJ mol�1 ð1Þ

CO2 þH2 $ COþH2O DH� ¼ þ41:2 kJ mol�1 ð2Þ

2CH3OH $ CH3OCH3 þH2O DH� ¼ �23:4 kJ mol�1 ð3Þ

CH3OH$ COþ 2H2 DH� ¼ þ90:6 kJ mol�1 ð4Þ
It should be mentioned again that the active species between

the Cu/HAl and Cu/UAl catalysts are very similar in nature. This
indicates that the transport of reactant and products within the
catalyst pellet affects the product selectivity. Bonura et al. [35]
reported that the space velocity played a vital role on the product
selectivity from CO2 hydrogenation reaction. Increasing the space
velocity from 10,000 to 80,000 h�1 led to the progressive increase
of the methanol selectivity at expense of carbon monoxide which
could be due to the potential occurrence of side reactions, i.e.,
methanol decomposition (Eq. (4)). The similar trend was also
observed by Zhang et al. [36] and Gao et al. [37].

Similar to the increase of space velocity, the macropores pro-
vided a fast diffusion of methanol out from the catalyst pellets.
In addition, the diffusion distance inside the mesopores of the
Cu/HAl-S catalyst was shorter than that of the Cu/UAl-S catalyst
when compared at the same particle size (see Scheme 1). These
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Scheme 1. Illustration of gas diffusion inside mesopores of the Cu/UAl and Cu/HAl
catalysts.

Table 2
Effective diffusion coefficients in mesopores and macropores of different catalysts.

Catalysts Reaction
temperature
(�C)

Effective diffusion coefficients � 103 (cm2/s)

Mesopores Macropores

CO2 H2 CH3OH CO2 H2 CH3OH

Cu/UAl 240 1.02 2.94 0.97 – – –
260 1.03 3.08 1.01 – – –
280 1.06 3.23 1.05 – – –
300 1.08 3.36 1.09 – – –
320 1.10 3.49 1.12 – – –

Cu/HAl 240 0.82 2.38 0.79 10.80 11.54 5.64
260 0.84 2.49 0.82 11.06 12.42 6.12
280 0.86 2.61 0.85 11.42 13.36 6.61
300 0.88 2.71 0.88 11.91 14.29 7.09
320 0.90 2.82 0.91 12.36 15.23 7.58
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probably lessen methanol decomposition reaction (Eq. (4)), and
thus provided the higher methanol selectivity compared to the
Cu/UAl-S catalyst. With increasing the average catalyst pellet size
(from 0.0825 mm to 1.425 mm), the decrease in CO2 conversion
was observed for both Cu/UAl and Cu/HAl catalysts, indicating
the existence of diffusion limitation in pores of catalysts. To gain
more information, the effective diffusion coefficients (De) of reac-
tant and product molecules in mesopores and macropores are cal-
culated by using Eqs. (5)–(10) as shown below [38,39]; and the
results are given in Table 2.

De ¼ e
s

Dpore ð5Þ

where e is catalyst porosity; s is catalyst tortuosity; and Dpore repre-
sents diffusion coefficient of gas in either mesopores or macropores.
Knudsen number was pre-determined to justify the most suitable
equation for calculating diffusion coefficient in mesopores and
macropores. Knudsen number in mesopores of the reactants and
products was found to be in the range of 0.5–1.1, indicating that
both molecular diffusion and Knudsen diffusion are important.
Thus, the diffusion coefficient in mesopore is calculated by Eq. (6).

1
Dpore

¼ 1
D0A
þ 1

DK
ð6Þ

where D0A and DK are molecular diffusion coefficients of component
A (cm2/s) with respect to the total gas mixture and Knudsen diffu-
sion coefficient (cm2/s), respectively. D0A and DK could be calculated
from the following equations:

D0A ¼
1� yA

yB
DAB
þ yC

DAC
þ yD

DAD
þ � � � ð7Þ

DK ¼ 9700rP
T
M

� �1
2

ð8Þ

where DAB, DAC, DAD are respective binary diffusion coefficients; and
yA, yB, yC, are mole fractions of the components in the mixture; T is
temperature (K); M is molecular weight of gas molecules; and rp is
pore radius (cm). The binary diffusion coefficient (cm2/s) can be cal-
culated by the following equation:

DAB ¼ 0:001858
T

3
2 1

MA
þ 1

MB

� �1
2

Pr2
ABXAB

ð9Þ

where T is temperature (K); MA and MB are molecular weight of
components A and B, respectively; P is total pressure (atm); rAB is
effective collision diameter (Å); XAB is collision integral. The diffu-
sion coefficient in macropores can be calculated by Eq. (7) because
the macropore size is much larger than the mean free path of gas
molecules. The catalyst tortuosity (s) can be calculated from Eq.
(10), given by Beckman [40] for heterogeneous catalysts.

s ¼ e
1� ð1� eÞ13

ð10Þ

Due to the fact that the diffusion coefficient in mesopores of CO2

was 3-fold lower than that of H2, this implied the depletion of CO2

along the intra-pellet pores. In other words, the slower molecular
transport of CO2 to active sites inside the mesopores resulted in
lowering the catalyst performance, including the decrease of CO2

conversion. For the catalyst without macropores (Cu/UAl), metha-
nol selectivity of the catalyst with larger pellet size (Cu/UAl-L) was
considerably lower than that of the smaller one (Cu/UAl-S) when
compared at the same reaction temperature. This could be attribu-
ted to the increase in the residence time of methanol diffusion
inside the catalyst pellets, and thus increasing the probability of
methanol decomposition. In contrast, for the Cu/HAl-L catalyst
with macropores, the methanol selectivity was slightly lower than
that of the Cu/HAl-S catalyst when compared at reaction tempera-
ture of 240 and 260 �C, suggesting the shorter residence time of
methanol diffusion inside the catalyst pellets. However the differ-
ence in methanol selectivity between the Cu/HAl-L and Cu/HAl-S
catalysts was larger when the temperature was further increased
(280 �C, 300 �C, and 320 �C). This could be explained by the fact
that methanol decomposition became kinetically more favored at
the higher temperature. At higher temperature, the methanol
decomposition rate increased more rapidly than the diffusion rate,
resulting in the lower methanol selectivity. The CO2 conversion
and methanol selectivity of the Cu/UAl and Cu/HAl catalysts were
compared with those of previous works using copper-loaded com-
mercial Al2O3 support as the catalyst. The results are shown in
Table 3. It was found that the Cu/HAl catalyst possessed a superior
performance in terms of methanol selectivity which was 2.4–
5.5-fold greater than those catalysts.

Fig. 7 shows the CO2 conversion and selectivity of methanol, CO
and DME versus the time-on-stream over the Cu/UAl-S and



Table 3
Comparison of catalytic performance of Cu/HAl and Cu/UAl catalysts and other Cu/Al2O3 catalysts for the synthesis of methanol from CO2 hydrogenation.

Catalysts Operating conditions CO2 conversion (%) Methanol selectivity (%) Refs.

Temperature (�C) Pressure

10 wt%Cu/Al2O3 250 20 atm 8.98 13.44 [14]

5 wt%Cu/Al2O3 220 30 bar n/a 7.5 [41]

12 wt%Cu/Al2O3 240 30 bar 10.7 16.9 [42]
260 30 bar 15.6 10.7

10 wt%Cu/UAl 240 30 bar 6.4 35.7 This work
260 30 bar 13.5 23.1
280 30 bar 18.8 16.1

10 wt%Cu/HAl 240 30 bar 5.6 41.7 This work
260 30 bar 10.5 30.3
280 30 bar 15.0 21.7

n/a: not available.
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Cu/HAl-S catalysts. The CO2 conversion of the Cu/UAl-S catalyst
was first increased from 12.92 to 17.44 within 2 h and then sub-
stantial loss its activity ca. 6.2% during the 100 h time-on-stream
experiment, while the Cu/HAl-S catalyst exhibited much greater
durability, experiencing only a 2.77% (14.81% ? 12.04%) reduction
under identical reaction conditions. This indicated that the
Cu/HAl-S catalyst had a higher stability than the Cu/UAl-S catalyst.
Regarding the selectivity of methanol and CO, the Cu/UAl-S catalyst
lost its selectivity to methanol approximately 4.13% of its initial
selectivity while its selectivity to CO progressively increased from
76.48% to 82.24% during the 100 h time-on-stream experiment. For
the Cu/HAl-S catalyst the selectivity to methanol and CO were
found to be almost constant. The change in product selectivity with
time-on-stream suggests the change in the active sites of the
catalysts.

The XRD was used to verify phase of the reduced and spent cat-
alysts (Fig. 8). The XRD pattern of the reduced catalysts (Cu/HAl-S
and Cu/UAl-S) appeared the peak at 2h angles of 43� corresponded
to the presence of metallic copper (JCPDS 01-089-2838), which
was the active phase for methanol synthesis from CO2 hydrogena-
tion. After the 100 h time-on-stream experiment, the peaks at 2h
angles of 35.5� and 38.6�, which were indexed to the CuO crystal
phase, were observed along with the reduction of peak intensity
of the metallic copper, indicating the transformation of the metal-
lic copper to the CuO. This could be explained by the fact that a
large amount of water produced by the Eqs. (1)–(3) oxidized the
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metallic copper sites to CuO [43,44]. The XRD pattern of the spent
Cu/HAl-S catalyst exhibited the lower peak intensity of CuO and
higher peak intensity of Cu compared to those of the spent
Cu/UAl-S catalyst, indicating the faster oxidation rate of metallic
copper over the Cu/UAl-S catalyst. This is consistent with the faster
deactivation of this catalyst. In addition to partial oxidation of
metallic copper by water, water has a negative effect for dehydra-
tion of methanol over Al2O3 catalyst as water molecules could
strongly adsorb on the active sites [45–47]. As a result, both
Cu/UAl-S and Cu/HAl-S catalysts are commonly deactivated
through water poisoning. Interestingly the DME selectivity was
almost constant in the case of Cu/HAl-S catalysts, in contrary; it
was gradually decreased with time-on-stream over the Cu/UAl-S
catalyst. We therefore concluded that the presence of macropores
could promote the rate of water removal from catalyst pellets, and
thus prolong the lifetime of the catalysts.

As a detectable change of metallic copper to copper oxide in
accordance with the substantial decrease of catalytic activity was
observed, the spent catalysts after 100 h time-on-stream experi-
ment were reduced with flowing H2 (60 mL/min) at 350 �C and a
heating rate of 2 �C/min for 4 h in order to regenerate and perform
the activity test. Note that the effluent gases were analyzed by gas
chromatography which would enable to see if carbonaceous spe-
cies on the catalysts surface are converted to methane during the
regeneration process. As a result, no methane formation was
observed, indicating that the partial oxidation of metallic copper
was the main reason for catalyst deactivation. After regeneration
(Fig. 7), almost similar CO2 conversion and catalyst deactivation
trend were observed compared to those of the fresh catalysts.
Notably, methanol and DME selectivities over the spent catalysts
were restored after regeneration with H2, indicating that the deac-
tivation phenomena of both catalysts were almost fully reversible.

4. Conclusion

The catalytic activity for methanol synthesis from CO2 hydro-
genation was strongly affected by the pore structure of the cata-
lysts. Cu-loaded hierarchical meso–macroporous alumina catalyst
(Cu/HAl) exhibited the higher methanol selectivity and stability
than Cu-loaded unimodal mesoporous alumina catalyst (Cu/HAl).
The enhanced methanol selectivity and stability can be assigned
to the inhibited undesirable reactions induced by the shortened
mesopore diffusion path length. This finding emphasizes the
importance of transport of reactants and products in pores of the
catalysts for methanol synthesis from CO2 hydrogenation
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a b s t r a c t

In this work, a series of Co–Cu–ZrO2 nanomaterials with different metal compositions were prepared by a
reverse co-precipitation method, and used as catalyst for the production of methane from CO2 metha-
nation reaction. The physicochemical properties of the catalysts were characterized by means of X-ray
fluorescence (XRF), X-ray diffraction (XRD), N2-physisorption and hydrogen temperature-programmed
reduction (H2-TPR). The binary Co–ZrO2 catalyst appeared to be predominant in the methanation process.
The addition of Cu to the binary Co–ZrO2 catalyst decreased the reduction temperature of the catalysts
and improved the inter-dispersion of mixed metal oxides. The Co–Cu–ZrO2 catalyst with the ratio of
20:40:40 achieved a superior CH4 yield of 58% at a reaction temperature and pressure of 300 °C and
3 MPa. Moreover, this catalyst exhibited a great stability as only a 0.6% reduction of initial CH4 yield was
observed after 48 h of a time-on-stream experiment.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

A rapidly growing human population and industrialization has
caused an extensive use of different types of energy [1,2]. Fossil
fuels such as coal, oil or natural gas have been usually the most
attractive energy sources mainly due to their high-energy con-
centration, which allows storage of large amount of energy in re-
latively small volume. The burning of fossil fuels is, however, re-
sults in the release of carbon dioxide (CO2) into the earth's at-
mosphere. The increase of CO2 concentration in atmosphere has
been found to relate with the climate change, especially rising
global temperature [3]. Concerns regarding the negative effects of
climate change have prompted worldwide efforts to reduce CO2

emissions by programs for energy saving or improved energy ef-
ficiency [4,5]. With the United Nations’ prediction of growth in
world population to reach 8.7 billion by 2035 [6], the demand for
energy is undoubtedly expected to increase substantially, which is
certainly to erase any reductions in CO2 emissions associated with
improved energy efficiency. Therefore several alternatives have
been proposed to continue using fossil fuels but separating CO2
.l. All rights reserved.

l Engineering, Faculty of En-
and.
from exhaust gases [7–11] by an implementation of carbon capture
and storage (CCS) technology with coal-fired power plant which is
considered to be the major source of CO2 emission. However, an
expensive cost of CCS technology including a lot of equipment to
separate and capture, purify, liquefy, transport and bury CO2 be-
comes the major obstacle.

In addition to geological storage, the application of CO2 as a raw
material in other valuable chemical products as well as alternative
energy sources not only reduces fossil fuels consumption but
furthermore offers an approach for the carbon neutral cycle. Be-
cause of the thermodynamic stability of CO2, the industrial pro-
cesses using CO2 as raw material is still limited to the production
of urea and its derivatives such as salicylic acid and carbonates
[12]. Other products using CO2 as raw material currently being
researched include methane [13,14], methanol [15,16], hydro-
carbons [17], dimethyl ether [18,19] and so forth. In comparison to
the other products, the transformation of CO2 to methane offers
economically viable prospect in terms of thermodynamics [20].

Methane can be directly synthesized via CO2 hydrogenation
[Eq. (1)], also known as the Sabatier reaction, was first reported in
1902 by Sabatier and Senderens [21].

+ ↔ + Δ = − ( )−HCO 4H CH 2H O; 165.0 kJ mol 12 2 4 2 298 K
1

According to the stoichiometric ratio of Eq. (1), the CO2
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Table 1
Chemical compositions and textural properties of the studied catalysts.

Sample Chemical composition (mol%)a BET sur-
face
area (m2

/g)

Total
pore vo-
lume
(cm3/g)

CuO crys-
tallite size
(nm)Co Cu Zr

ZrO2 – – 100 212 0.31 –

CCZ-1 – 60 (58.7) 40 (41.3) 39 0.05 29.6
CCZ-2 60 (54.4) – 40 (45.6) 97 0.22 –

CCZ-3 30 (26.6) 30 (29.2) 40 (44.2) 136 0.33 –

CCZ-4 20 (16.4) 40 (38.5) 40 (45.1) 142 0.36 –

CCZ-5 10 (8.9) 50 (47.5) 40 (43.6) 127 0.26 –

a Number in parentheses refer to the chemical composition measured by XRF
technique.
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methanation reaction has been generally carried out with H2/CO2

ratio of 4:1. However, Hoekman et al. has shown that the efficiency
of hydrogen utilization significantly improved with decreasing the
H2/CO2 ratio [22]. Unfortunately, the reduction of the H2/CO2 ratio
causes a significant decrease in CO2 conversion [23–25]. To the
best of our knowledge, the CO2 conversion could be enhanced by
adjusting the thermodynamic properties. There are several lit-
eratures analyzing the effect of pressure on methanation reaction
[23–26]. Dorner et al. indicated that only 3.5% of CO2 conversion
was obtained under reaction pressure of 10.34 bars with feed ratio
3:1. When the pressure increased to 17.24, 24.13 and 31.02 bars,
the CO2 conversion considerably increased to 14.7%, 25.8% and
37.7%, respectively. The similar trend was also found for the me-
thane selectivity [23]. Thus, the increase of reaction pressure
constitutes a feasible option for improving the CO2 conversion as
well as the methane selectivity. On the basis of these reasons, the
pressure of 30 bars with feed ratio H2:CO2 of 3:1 is selected in the
present work.

The reaction mechanism for the methane production from CO2

hydrogenation has been usually reported to be similar to that of
CO methanation [Eq. (2)] because CO can be an intermediate from
reverse water-gas shift reaction [Eq. (3)].

+ ↔ + Δ = − ( )−HCO 3H CH H O; 206.2 kJ mol 22 4 2 298 K
1

+ ↔ + Δ = + ( )−HCO H CO H O; 41 kJ mol 32 2 2 298 K
1

For this reason, the active metals (Ni, Co, Fe and Ru) for CO
methanation have been used to study for CO2 hydrogenation to
methane [27–30]. Bligaard et al. proposed that the activity during
CO methanation was determined by two very critical properties of
the catalytic surface: (i) the adsorption enthalpy of the reactants
and (ii) the dissociation energy of the C–O bond [31]. On the basis
of metals within the group VIII the volcano-shaped curve where
Co and Ru exhibited the highest activity was observed. Therefore
much less-expensive Co catalyst has become an attractive option.
Addition of second metal and support is essential to enhance the
activity, selectivity and stability of Co catalyst due to an im-
provement of metals dispersion and strong metal-support inter-
action [31]. Regarding to (Eqs. (2) and 3) the second metal and
support should be active for the reverse water gas-shift reaction
for the production of CO which then undergoes a methanation to
form methane. Among several metals and supports, a Cu–ZrO2

appears as a very attractive catalyst because it can catalyze the
reverse water gas-shift reaction at similar conditions at which Co
catalyst can provide a high methanation activity. To the best of our
knowledge, the CO2 hydrogenation to methane over a Co–Cu–ZrO2

catalyst has not yet been reported. In this work, binary (Cu–ZrO2

and Co–ZrO2) and ternary (Co–Cu–ZrO2) catalysts were prepared
via a reverse co-precipitation method using sodium hydrogen
carbonate (NaHCO3) as a precipitating agent. The influence of
catalyst compositions on the physicochemical properties of the
catalysts as well as their catalytic activity was investigated.
2. Experiment

2.1. Preparation of Co–Cu–ZrO2 nanomaterials

The mixed metal oxides with high concentration of active
phase are commonly prepared by a co-precipitation method which
involves the dissolving metal salts in a deionized water, and then
the alkaline solution, i.e., 0.1 M NaHCO3 solution, is added drop-
wise to induce to formation of mixed metal oxides. However, the
distribution of active phase prepared by the conventional co-pre-
cipitation method is non-uniform and difficult to control due to
the different precipitation kinetics of each cation [32–35]. In
contrast to the conventional co-precipitation method, the reverse
co-precipitation method has been reported to provide the si-
multaneous precipitation of cations, resulting in the homogeneous
dispersion of the mixed metal oxides [32–35]. Therefore, in this
work, the Co-Cu-ZrO2 nanomaterials with different molar ratios
were prepared by the reverse co-precipitation method using so-
dium hydrogen carbonate (NaHCO3) as a precipitating agent. In a
typical synthesis, 100 mL Cu(NO3)2 �3H2O, Co(NO3)2 �6H2O and
ZrOCl2 �8H2O mixture solution was slowly added dropwise into a
0.1 M NaHCO3 solution (500 mL), while the pH of the solution was
kept constant at 7.5 by the addition of 0.1 M NaHCO3 solution.
Then, the mixed solution was stirred for 2 h at room temperature.
The mixture was filtered and washed with deionized water. Fi-
nally, the obtain precipitate was dried at 100 °C overnight and
calcined at 350 °C for 2 h. The materials’ relative notation is listed
in Table 1.

2.2. Characterization

X-ray diffraction (XRD) patterns of the calcined samples were
attained at on a diffractometer (Bruker D8 Advance) with Cu-Kα
radiation. The measurements were made at temperatures in a
range of 10–75 °C on 2θ with a step size of 0.05°. The diffraction
patterns were analyzed with the employment of the Joint Com-
mittee on Powder Diffraction Standards (JCPDS). The CuO crys-
tallite size was calculated by means of the Scherrer Equation from
the most intense CuO peak at 2θ of 38.81 as shown below:

λ
θ π

= × ( )d
B
0.89

cos
180

4

0

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

X-ray fluorescence (PANalytical Epsilon 5) was used for the
quantitative analysis of the inorganic compounds in the calcined
catalysts.

N2 adsorption–desorption isotherms of the samples were
measured at �196 °C with a Quantachrome Autosorb-1C instru-
ment. Prior to measurements, the samples were degassed at
200 °C for 24 h. Pore size distributions of the samples were de-
termined from the adsorption branch of the isotherms in ac-
cordance with the Barrett-Joyner-Hallenda (BJH) method. The
specific BET (SBET) was estimated for P/P0 values to be between
0.05–0.30. The total pore volume of the samples was determined
at P/P0 of 0.995

The reduction of the metal oxides was measured with the
thermogravimetric analysis (SDT2960 Simultaneous DTA-TGA
Universal 2000) in which the amount and rate of change in the
weight is monitored as a function of temperature and time in a
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controlled atmosphere. Upon heating a sample containing mixed
oxides of Co, Cu and Zr under a flow of H2, it undergoes a reaction
where H2 molecules react with the oxygen atom to form the water
as the following Eqs. (5)–(7):

CuO þ H2-Cu0þH2O (5)
CCZ-3.u
.)
Co3O4þH2-3CoOþH2O (6)
0 10 20 30 40 50 60 70 80

CCZ-1

CCZ-2

In
te

ns
ity

(a

2–Theta (degree)

ZrO2
CoO þ H2-Co0þH2O (7)

The weight of the sample decreases due to the loss of oxygen,
and thus the weight change of the sample is related to the re-
duction of metal oxides as well as the hydrogen consumption. Also
the rate of change in the weight (derivative of weight: DTW) of the
sample is related to the rate of hydrogen consumption. Prior to the
reduction process, a calcined sample (15 mg) was preheated in a
flow of N2 from room temperature to 350 °C with a rate of 15 °C/
min and kept constant at that temperature for 15 min, and then
cooled down to 120 °C. After that, TPR experiment was started
with heating rate of 4 °C/min under continuous flow of 10%H2/He.
In order to obtain accurate experimental results, two types of ca-
libration including temperature and weight calibration are per-
formed through the Instrument Control software.
Fig. 1. XRD patterns of ZrO2 and Co–Cu–ZrO2 samples prepared with different
metal compositions.
2.3. Activity test

CO2 methanation reaction was carried out in a fixed–bed
stainless steel reactor (7.75 mm inner diameter). 0.25 g catalyst
was diluted with 0.75 g inert silica sand (75–150 μm). The catalyst
was reduced in situ under atmospheric pressure with flowing H2

(60 mL/min) at 300 °C and a heating rate of 2 °C/min for 4 h. After
the reduction, the temperature was cooled to 220 °C under flowing
N2; 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
60 mL/min. The reactor pressure was slowly raised to 30 bars, and
the reactor was heated to a variety of temperatures (240, 260, 280
and 300 °C). The effluent gaseous products were analyzed by using
gas chromatography. Analysis of H2, CO, CO2, and N2 was per-
formed using GC–2014 gas chromatography equipped with a
thermal conductivity detector (TCD) and a Unibead-C column.
Methane and other hydrocarbon products were analyzed by using
GC 8A equipped with a flame ionization detector (FID) and a
Porapak-Q column. The activity-selectivity data were calculated by
mass balance from an average of three independent measure-
ments. The errors were within 72%. CO2 conversion and product
selectivity are defined as follows:

( ) =
−

×
( )

CO conversion %
moles CO moles CO

moles CO
100

8
2

2,in 2,out

2,in

( ) = ×
( )

CH yield %
moles CH produced

moles CO
100

9
4

4

2,in

( ) =
∑

×
( )

P
P

Product selectivity % 100
10

i

i

where Pi stands for the mole of a specific i product (i.e., CH4, CO,
CH3OH, hydrocarbons).
3. Results and discussion

3.1. Characterization

The XRD patterns of ZrO2 sample and the series of the calcined
Co–Cu–ZrO2 catalysts are shown in Fig. 1. The XRD pattern of ZrO2

exhibits a broad peak, which is a characteristic of an amorphous
structure. The XRD pattern of the binary Cu–ZrO2 catalyst (CCZ-1)
shows the diffraction peaks at 2θ values of 35.52°, 38.81°, 48.56°
and 61.50° which are indexed to CuO diffractions of (110), (002),
(111), (202) and (113) planes, respectively [36]. The average CuO
crystallite size calculated via the Scherrer equation is found to be
29.55 nm (Table 1). The binary Co–ZrO2 catalyst (CCZ-2) exhibits a
broad peak, suggesting that cobalt oxide nanoparticles most likely
exist as well dispersed small crystallites throughout the bulk. In
addition the peak intensities representing the crystallinity of cobalt
oxide are possibly smaller than the intensity of broad peak of ZrO2.
On comparison between the binary catalysts (CCZ-1 and CCZ-2) and
ternary catalysts (CCZ-3, CCZ-4 and CCZ-5), it can be observed that
the CuO diffraction peaks disappear indicating the lower degree of
CuO crystallinity and a high dispersion of the metal oxides.

To capture the catalyst morphology in a more tangible manner,
the series of the calcined Co–Cu–ZrO2 samples were visualized by
TEM; the results are shown in Fig. 2. Because the ZrO2 structure is
in the amorphous phase, a dense aggregate observed in the TEM
image of Cu–ZrO2 (CCZ-1) belongs to the large crystalline of CuO.
In comparison to copper oxide, the cobalt oxide particles have a
higher dispersion with the ZrO2 (CCZ-2) which can be due to a
stronger interaction with cobalt oxide species and the surface of
ZrO2 as we will discuss later in the H2-TPR measurement. It can be
clearly seen that the particle sizes (8–15 nm) observed in the
ternary catalysts (CCZ-3, CCZ-4 and CCZ-5) are much smaller than
the binary catalysts, and the metal oxide particles of the ternary
catalysts are homogeneously amalgamated. Note that the particle
sizes of 8–15 nm are commonly detected by the XRD
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measurement, but we observed no peaks of the ternary catalysts.
This observation can be explained by the fact that the ZrO2 is in
the amorphous phase and the peak intensities of the other metal
oxides are possibly low. Therefore the broad peak of ZrO2 overlays
the low intensities peak of the other metal oxides.
The physical properties including pore structure, BET surface
area, pore size distribution and total pore volume of the studied
catalysts were characterized by means of N2-physisorption. Fig. 3a
shows the N2 adsorption–desorption isotherm of the studied cat-
alysts. The isotherms have been offset for clarity. The isotherm of
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Cu–ZrO2 catalyst (CCZ-1) is type IV but it is almost parallel to the x-
axis, indicating the presence of mesopores in the material with a
small amount of pores. The binary Co-ZrO2 catalyst (CCZ-2) pos-
sesses type IV isotherm with H3 hysteresis loop which is typical
for mesoporous materials with slit-shaped pores. For the ternary
catalysts (CCZ-3, CCZ-4 and CCZ-5) the isotherms remain type IV
but the hysteresis loop is changed to H2 which is indicative of the
presence of bottle neck shaped pores. The pore size distribution
curves of the ternary catalysts are all narrow, and the peaks of the
curves are centered at around 7.7, 7.8 and 9.6 nm for the CCZ-3,
CCZ-4 and CCZ-5, respectively (Fig. 3b). The narrow pore size
distribution of the ternary catalysts can be attributed to a well
inter-dispersion of mixed metal oxides. In contrast, the pore size
distribution curves of the binary catalyst are broader, and the
peaks are smaller.

Table 1 shows the BET surface area and total pore volume of the
calcined catalysts. The BET surface area of the binary Cu–ZrO2

catalyst (CCZ-1) was 39 m2 g�1, which is consistent with the shape
of the isotherm (Fig. 3). The BET surface area of the binary Co-ZrO2

catalyst (CCZ-2) was 97 m2 g�1, i.e., 2.5 times higher than the
Cu–ZrO2 catalyst (CCZ-1). The higher surface area of the CCZ-2
catalyst can be attributed to a smaller Co particle sizes and a better
dispersion of Co with ZrO2 as indicated by the XRD result. In
comparison to the binary catalysts (CCZ-1 and CCZ-2), the ternary
Co–Cu–ZrO2 catalysts have a higher BET surface area and a larger
pore volume, which confirms that all metal oxides are homo-
geneously dispersed across the whole particle of the catalysts.
Among all catalysts, the CCZ-4 catalyst has the highest BET surface
area and the largest total pore volume of 142 m2 g�1 and
0.36 cm3 g�1, respectively.

Fig. 4 shows the reduction profiles of the calcined catalysts. All
the reduction peaks observed in the temperature range of 190–
300 °C could be ascribed to the reduction of CuO and Co3O4. The
binary Cu–ZrO2 catalyst (CCZ-1) shows one shoulder peak (187 °C)
and a major peak (208 °C) which can be related to the reduction of
highly dispersed CuO species and the bulk CuO, respectively
[37,38]. The binary Co–ZrO2 catalyst (CCZ-2) also exhibits two
peaks at temperature of 210 and 229 °C which can be attributed to
two steps reduction of Co3O4 to CoO and CoO to Co0 [39]. Despite
the fact the particle size of copper oxide was larger than that of
cobalt oxide, the copper oxide can be reduced at a lower tem-
perature, suggesting that the interaction of surface of ZrO2 with
cobalt oxide species is stronger than that with copper oxide spe-
cies. In contrast to the reduction profile of the binary catalysts, the
ternary Co–Cu–ZrO2 catalysts including CCZ-4 and CCZ-5 exhibit
only one reduction peak at 214 and 213 °C, respectively. This
suggests a strong interaction between copper and cobalt over
zirconia which can lead to the formation of mixed oxides, pro-
moting the reduction of metal oxides via hydrogen spillover me-
chanism [40]. The reduction profile of the CCZ-3 catalyst is
somewhat different. The major peak at 194 °C can be assigned to
the combination reduction of cobalt oxide to Co0 and copper oxide
to Cu0 as mentioned earlier for the CCZ-4 and CCZ-5 catalysts. The
broad shoulder above 210 °C can be attributed to the extended
reduction of residual cobalt oxide to Co° [40].

3.2. Catalytic activity

The activity and the selectivity of the studied catalysts measured
at different reaction temperatures are shown in Fig. 5. CO2 conver-
sion of all catalysts (Fig. 5a) monotonically increased with increasing
the reaction temperature. Among the binary catalysts, the Co–ZrO2

catalyst (CCZ-2) was found to be more active than the Cu–ZrO2

catalyst. The CO2 conversion of the CCZ-2 catalyst was found to be
9.4%, 20.2%, 34.2% and 49.6% at reaction temperature of 240, 260,
280 and 300 °C while that of the CCZ-1 catalyst was 2.7%, 4.4%, 7.0%
and 10.9%, respectively. The product selectivities of the CCZ-1 and
CCZ-2 catalysts are quite different. The CCZ-1 catalyst mainly pro-
duced CO from reverse water-gas shift reaction and exhibited some
activity for methanol production from CO2 hydrogenation [Eq. (11)]
but gave no methanation reaction at all reaction temperature. The
CCZ-2 catalyst exhibited the great methane selectivity (91.8–95.0%)
with trace amounts of hydrocarbons and CH3OH.

+ ↔ + Δ = − ( )−HCO 3H CH OH H O; 49.5 kJ mol 112 2 3 2 298 K
1

In addition to the large CuO crystallite size, the low metal
dispersion and the low BET surface area, the lower thermo-
dynamic equilibrium conversion of (Eqs. (3) and 11) compared to
methanation [Eq. (1)] is a reason for the poor activity of the CCZ-1
catalyst.

In comparison to the binary Co–ZrO2 catalyst (CCZ-2), the
ternary Co–Cu–ZrO2 catalysts provided the lower methane se-
lectivity (Fig. 5b). For example at 260 °C the methane selectivity of
the CCZ-3, CCZ-4 and CCZ-5 was found to be 85.6%, 86.3% and
51.9%, respectively, while that of the CCZ-2 was 93.6%. The lower
methane selectivity of the ternary catalysts could be due to the
lower content of Co which was the main component for metha-
nation reaction. Nevertheless the CCZ-4 catalyst (Co:Cu:Zr ¼
20:40:40) achieved the highest CO2 conversion (Fig. 5a) and CH4

yield (Fig. 5c) at all reaction temperatures due to its high BET
surface area and a homogeneous dispersion of mixed metal oxides.

Stability is a key factor in determining whether the Co–Cu–ZrO2

catalyst can be used for methanation reaction in industrial pro-
duction. Because of the superior performance of the CCZ-4 catalyst
(Co:Cu:Zr ¼ 20:40:40) as described above (Fig. 5), the stability of
this catalyst was investigated. Fig. 6 shows the CO2 conversion and
CH4 yield versus the time-on-stream over the CCZ-4 catalyst. The
CO2 conversion and CH4 yield over the CCZ-4 catalyst slightly
decrease at approximately 1.65% and 0.6% of 48 h on stream. This
indicates that the CCZ-4 catalyst can be considered as a practical
catalyst for industry.
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4. Conclusions

This work discusses the influence of different metal composi-
tion of Co–Cu–ZrO2 nanomaterials on the production of clean fuel
from the hydrogenation of CO2. The characterization results re-
vealed that the Co–ZrO2 material was amorphous structure while
the Cu–ZrO2 material showed the crystallinity of CuO, indicating a
higher dispersion of metal oxides of the Co–ZrO2 material. The
addition of Cu to Co–ZrO2 material not only improved the dis-
persion of metal oxides but also changed the reducibility of the
cobalt oxides. The Co–ZrO2 catalyst exhibited the highest methane
selectivity (91.8–95.0%). None of the ternary Co–Cu–ZrO2 catalysts
in the present work improved the methane selectivity beyond that
of the Co–ZrO2 catalyst. Nevertheless, the ternary Co–Cu–ZrO2

catalyst prepared with the Co:Cu:Zr ratio of 20:40:40 (CCZ-4)
achieved a superior performance in terms of CH4 yield. At 300 °C
the CH4 yield of the CCZ-4 catalyst was found to be 58% which was
1.27 times higher than that of the original Co–ZrO2 catalyst. The
enhancement of CH4 yield can be attributed to the higher BET
surface area and the better inter-dispersion of mixed metal oxides.
This finding indicates that the Co–Cu–ZrO2 catalyst constitutes a
good candidate as a CO2 methanation catalyst due to its elevated
CO2 conversion and CH4 yield, and durability.
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