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of butene isomers between the catalyst beds would 
enhance the catalytic performance of the second bed, 
leading to higher conversions of all butene isomers. 
On the other hand, the presence of all butene isomers 
would inhibit their isomerization to a certain degree. 
This inhibition could result in a higher proportion of 
mixed-butenes in the ODH reactions, for its highest 
reaction rate in the system (Zhang et al., 1992). The 
above effects would contribute to a higher conversion 
of each butene isomer, and finally the increased BD 
yield. 

Comparative experiments were conducted to 
prove such a mechanism. The results of mixed feeds 
consisting of two butene isomers were compared with 
those of single and mixed-butenes. The conversion of 
1-butene and mixed-butenes increased as the feed 
changed with the addition of either trans-2-butene or 
cis-2-butene (Fig. 6a). Similar results are also shown 
in Figs. 6b and 6c. The increased conversion of each 
butene isomer confirmed the enhanced catalytic per-
formance of the second bed. The increased BD yield 
also indicated the increased proportion of ODH reac-
tion in the system (Fig. 6c). These comparisons pro-
vide solid evidence in support of the proposed 
mechanism of the synergistic effect. 

Note that the isomerization process follows the 
rules of thermodynamic equilibrium. The changed 
composition of butene isomers could affect only the 
final concentration of the butene isomers. The  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
equilibrium constant remained the same because the 
reaction temperature was kept constant. 

3.5  Packing volume optimization in different 
packing sequences 

Fig. 7 illustrates the optimization of the catalyst 
packing volume in the bed and the correlation be-
tween packing volume and catalytic performance. 
Both packing sequences tested showed that the dual 
bed catalyst systems exhibited better catalytic per-
formance than single catalysts. As the catalyst pack-
ing volume ratio changed, the conversion of butene 
isomers underwent an initial increase followed by a 
decrease (Figs. 7a and 7c). In Figs. 7b and 7d, the BD 
yield shows the same tendency. 

The mixed-butene conversion increased as the 
packing ratio approached 5/5 (Fig. 7a). The conver-
sion of 1-butene remained relatively constant, while 
those of both trans-2-butene and cis-2-butene in-
creased with increasing amounts of ZnFe2O4. The 
conversion of mixed-butenes was relatively high 
when the packing volume ratio of ZnFe2O4 and 
Co9Fe3Bi1Mo12O51 was kept between 6/4 and 4/6. In 
Fig. 7c, the change in conversion is relatively mild, 
but the highest conversion is still found at a ratio of 
4/6. The 1-butene conversion increased dramatically 
as the volume of Co9Fe3Bi1Mo12O51 increased above 
60% in the dual bed catalyst system. 

In Fig. 7b, the packing ratios showing high cat-
alytic performance were between 4/6 and 6/4. Further  

Fig. 6  Influence of butene isomer on mixed-butene conversion: (a) 1-butene; (b) trans-2-butene; (c) cis-2-butene 
1 represents 1-butene; T represents trans-2-butene; C represents cis-2-butene. Reaction conditions: butene/oxygen/steam=
1/0.82/10.4; reaction temperature is 375 °C; GHSV is 438 h−1 on the basis of butene; the ratio of isomers in the initial feed was 
maintained at 1-butene/trans-2-butene/cis-2-butene=6.5/11.2/8.3 when adding different isomers to the system; the catalyst bed 
was formed by packing ZnFe2O4 on the top and Co9Fe3Bi1Mo12O51 on the bottom 
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increases in the volume of Co9Fe3Bi1Mo12O51 would 
lead to increasing CO2 selectivity. In Fig. 7d, the BD 
selectivity is higher than that in Fig. 7b. This result 
would compensate for the lower conversion over this 
packing sequence. A high yield was achieved when 
the packing ratios were between 7/3 and 3/7. How-
ever, the highest yields of the two packing sequences 
were rather close, with packing ZnFe2O4 on top being 
slightly better than Co9Fe3Bi1Mo12O51 on top (73.3% 
versus 70.7%, respectively). 

In summary, packing ratios between 4/6 and  
6/4 where ZnFe2O4 was packed on the top gave better 
results in terms of BD yield. This also provided  
further proof for the existence of the synergistic  
effect. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4  Conclusions 
 

ZnFe2O4 showed better catalytic performance in 
ODH of both trans-2-butene and cis-2-butene, while 
Co9Fe3Bi1Mo12O51 showed a better catalytic activity 
over 1-butene. The dual bed catalytic system gave a 
better catalytic performance than either individual 
catalyst alone. A synergistic effect of the dual bed 
system was proposed based on the increased 
conversion of mixed-butenes resulting from the 
redistribution of butene isomers between the catalyst 
beds. The redistribution makes use of the advantages 
in both catalyst beds. Also, as all butene isomers were 
included in the feed, the suppression of isomerization 
would be enforced. The ODH reaction became a more 

Fig. 7  Packing volume optimization in the dual bed catalyst system 
(a) & (c): Conversion of three butene isomers and total conversion; (b) & (d): Selectivity of products and yield of 1,3-butadiene; 
(a) & (b): Packing ZnFe2O4 on top; (c) & (d): Packing Co9Fe3Bi1Mo12O51 on top. Reaction conditions: butene/oxygen/steam=
1/0.82/10.4; reaction temperature is 375 °C; GHSV is 438 h−1 on the basis of butene; the ratio of isomers in the initial feed was 
maintained at 1-butene/trans-2-butene/cis-2-butene=6.5/11.2/8.3 
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predominant reaction in the system, leading to the 
improved overall conversion of mixed-butenes. A 
series of experiments involving different mixed- 
butene compositions were conducted to prove the 
above mechanism. Further optimization of this 
catalytic system revealed that loading ZnFe2O4 on top 
while maintaining the volume ratio between 4/6 and 
6/4 led to better overall conversion and increased BD 
yield. The optimized results provide instructive 
information for the production of a composite catalyst 
for the ODH of mixed-butenes.  
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中文概要 
 

题 目：混合丁烯氧化脱氢双层床催化剂体系的协同作用

机理 

目 的：通过对混合丁烯氧化脱氢过程进行反应表征，对

由 ZnFe2O4和 Co9Bi1Fe3Mo12O51组成的双床层催

化剂体系中存在的协同机理进行解释；将异构化

反应过程纳入反应体系，得出混合丁烯转化率和

丁二烯收率上升的原因。 

创新点：1. 提出基于丁烯异构体在床层之间浓度重分布和

异构化效应抑制作用的协同作用机理；2. 设计验

证实验，从直观角度证实机理，并优化了催化剂

的装填量和装填顺序。 

方 法：1. 通过单一丁烯和混合丁烯的氧化脱氢反应，对

单一催化剂和双床层催化剂进行反应评估，得到

相关反应数据；2. 通过设计对比实验，从改变参

加反应物质的直观角度对协同机理进行验证和

解释；3. 对参加反应的双层床催化剂中两种催化

剂的装填量和装填顺序进行优化，为进一步研究

组合型催化剂提供实验基础。 

结 论：1. ZnFe2O4对两种 2-丁烯有更优的催化效果，而

Co9Bi1Fe3Mo12O51对 1-丁烯有更优的催化效果，

由两者组成的双层床催化体系对单一丁烯和混

合丁烯的反应效果都有所提升，证明两种催化剂

之间存在协同效应。2. 双层床催化剂体系中，两

种催化剂之间的协同作用机理是：催化剂不同活

性导致丁烯异构体在床层之间的浓度发生重分

布，同时由于多种异构体同时存在抑制了异构化

反应。3. 对双层床催化剂体系的装填顺序和装填

量的优化结果表明，ZnFe2O4 装填在上层，

Co9Bi1Fe3Mo12O51 装填在下层，且两者比例处于

4:6 到 6:4 之间时催化效果最佳。 

关键词：混合丁烯；氧化脱氢；双层床催化剂体系；协同

作用 

 


