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Abstract 

Thermodynamics and kinetics are the two key factors in optimizing the biomass derived gas reforming to obtain 

syngas. In this study, the effects of components of simulated biomass derived gas (CH4, CO2, H2, CO, N2 and steam), 

reforming conditions and different reactions on products distribution were investigated under thermodynamic 

equilibrium using Gibbs free energy minimization method so as to optimize the reforming conditions and provide 

theoretical basis for further reforming of biomass derived gas. The results showed that temperature and steam play 

an important role in manipulating the ratio of H2/CO during reforming. Changing the temperature and the amount of 

steam can promote the reverse water-gas shift reaction in different directions thereby the syngas yield can be 

increased and the H2/CO ratio can be adjusted so as to meet different application requirements. Furthermore, the 

macroscopic kinetics analysis with a simple power-law type kinetic equation over our previous reported catalyst Ni-

Al2O3/ACF (Activated Carbon Fibers) used for the reforming of simulated biomass derived gas was obtained. The 

influence of carbon fibers on the catalytic performance of nickel-based alumina catalyst was explained in terms of 

activation energy. 

Keywords: Thermodynamic analysis; Biomass; Gasification; Optimum reforming; Kinetics 

1 Introduction 

Nowadays methane reforming [1, 2], coal gasification [3, 4] and other fossil fuel conversion methods [5] are 

commonly used for the syngas (CO and H2) production. However, the limitation of fossil fuel through consideration 

of sustainability and climate change issues will be a bottleneck for these technologies in the future.  
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The biomass gasification [6, 7] for syngas production has attracted wide attention because of the renewable and 

cheap raw materials. Dong et al. [8] and Waheed et al. [9] conducted the gasification of different biomass such as 

wood sawdust and rice husks for hydrogen production with various nickel based catalysts [10]. Wu et al and Waheed 

et al [11, 12] showed that steam gasification could reduce the coke on the catalyst surface during gasification 

compared with the use of CO2 and air as gasifying agents. However, the gasified gas should be improved to adjust 

the ratio of H2/CO [13] by further catalytic reforming. The interaction of various components, different reactions and 

the influence of reforming parameters in the further reforming process of biomass derived gas were still not revealed 

thoroughly. To this end, the effects of components, reforming conditions and different reactions on products 

distribution under thermodynamic equilibrium by Gibbs free energy minimization method will be investigated so as 

to optimize the reforming conditions and provide theoretical basis for further reforming of biomass derived gas. 

In addition, developing a catalyst with great thermal stability and resistance of coke on the surface of catalyst is 

still a challenging topic [14]. Activated carbon materials used as catalysts or supports for biomass gasification have 

been reported due to their excellent surface properties [15]. Wang et al. [16] loaded nickel on lignite char via ion-

exchange for low-temperature gasification of corn cob to study the effects of different operating conditions on gas 

yields and carbon distributions. They reported that nickel particles dispersed quite well in the catalyst. To enhance 

hydrogen production from biomass gasification, Yao et al. [17] used three bio-chars as support to prepare nickel 

based catalysts for the steam gasification of wheat straw. In our other research, different types of carbon materials 

such as activated carbon [18] and activated carbon fibers [19, 20] have also been prepared. Among numerous carbon 

materials, alkaline activated carbon fibers (ACF) have shown particular advantages, including high specific surface 

area, rich functional groups and abundant basic sites on the surface [21]. In our previous reported research [22], 

nickel and alumina were co-precipitated together on the surface of ACF to prepare a catalyst (Ni-Al2O3/ACF) used 

for the reforming of simulated biomass derived gas. The catalyst showed excellent catalytic performance especially 



for the conversion of CO2. For these research, the explanation for the catalytic performance of carbon based catalysts 

is mainly in terms of textural and surface properties. In this work, the properties of carbon based catalyst will be 

illustrated from the perspective of activation energy with the previous prepared catalyst Ni-Al2O3/ACF.  

Generally, this work aims to conduct a macroscopic reaction kinetics investigation into the reforming system of 

simulated biomass derived gas over the catalyst Ni-Al2O3/ACF used for gasified biomass product gas reforming. A 

simple power-law type kinetic equation of the catalyst Ni-Al2O3/ACF was calculated and the activation energy of 

CH4 and CO2 in different temperature ranges was illustrated. The novelty of this work also includes the 

thermodynamic analysis of simulated biomass derived gas reforming to illustrate the effects of different input gas 

compositions (CH4, CO2, H2, CO and steam) and reforming conditions so as to optimize the reforming of biomass 

derived gas. 

2 Experiment and methodology 

2.1 Catalysts preparation  

The catalyst Ni-Al2O3/ACF was prepared by co-precipitation method. Polyacrylonitrile (PAN) based activated 

carbon fibers (ACF), nickel nitrate, aluminum nitrate and sodium carbonate were used as the precipitation precursors. 

The mixed solution of nickel nitrate and aluminum nitrate was co-precipitated with the solution of sodium carbonate 

by two peristaltic pumps in a beaker placed in magnetic stirrer at 40 C. The ACF was added into the beaker ahead 

and the intermediate product was co-precipitated on the surface of ACF. After co-precipitation, the precipitant was 

aged for 30mins, then filtered, washed to neutral and dried at 105 C. The dried product was calcined for 120 min at 

450 C in a nitrogen atmosphere. The mass content of nickel was 5% and the mass ratio of ACF and γ-Al2O3 was 1:1. 

The detailed preparation process for the catalyst Ni-Al2O3/ACF could be found in our previous work [22]. 

2.2 Thermodynamic equilibrium analysis 

Thermodynamics and kinetics are two key factors controlling the target products of biomass gasification. The 

effects of gas components, reforming conditions and different reactions on products distribution under 



thermodynamic equilibrium were determined by Gibbs free energy minimization method [23, 24]. The total Gibbs 

free energy of chemical reaction system [25, 26] can be defined as follows: 

Gt = ∑ niμi
N
i=1                                      (1) 

μi = Gfi
o + RTln(fî/fi

0)                                 (2) 

Where Gt is the total Gibbs free energy of system; ni is the molar number of different components; μi is the 

chemical potential of different components; Gi
0 is the standard Gibbs free energy; R is the molar gas constant; T is 

the temperature of reaction system, K; fi is the fugacity coefficient of different component; 𝑓𝑖0  is the fugacity 

coefficient of different component under standard conditions;  

The above equation can be transformed by Lagrange multiplier method, and the total Gibbs free energy ∆Gt of 

the system under equilibrium state satisfies the following requirements [27]: ∑ ni
N
i (∆Gfi

0+RTln(fî/fi
0) + ∑ λik ai,k) =0                           (3) 

Where λi is the Lagrange multiplier; ai,k is the number of atoms of corresponding elements in molecules of 

different components. 

The major gas species involved in the reforming process are H2, CO, CO2, H2O and CH4 which are served as 

the simulated biomass derived gas. The conversion ratio of reactants and the yield of products (H2 or CO) are defined 

as follows: 
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Where i
 represents the conversion rate or yield of different components; ,i in

F represents flow rate in feed gas, 

and ,j out
F is the flow rate in the out products, mL/min. 

The Aspen Plus software was applied to conduct the thermodynamic equilibrium analysis. And the flow chart 

of thermodynamic analysis is shown in Figure S1, which contains unit system selection, model establishment, 



component definition, model parameter setting, sensitivity analysis and other processes. 

2.2 Macro-kinetics analysis of catalysts 

In our previous research [22], it’s proved that the ACF in catalyst Ni-Al2O3/ACF is favor for the catalytic 

performance of catalyst in terms of textural properties and surface characteristics. In this study the promotion of 

activated carbon fibers in catalyst Ni-Al2O3/ACF on the catalytic performance of nickel-based alumina will be 

explained from the perspective of activation energy by macro-kinetics analysis.  

A fixed bed reactor [22] was applied for the macro-kinetics analysis of catalysts for the reforming of simulated 

biomass derived gas. And the cylinder gas was used to simulate the biomass derived gas. 0.5 g of the catalyst Ni-

Al2O3/ACF with size between 60 and 80 mesh was loaded into a stainless steel pipe whose diameter was 8 mm. 

Before experiment, the catalysts were reduced in a stream of 50 mL/min of pure H2 at 650 C for 2 h and then flushed 

under 50 mL/min of N2 at the same temperature. The gas flow rates at different temperatures were determined by 

maintaining a constant flow rate of one reactant and varied other reactants. N2 was served as a balance gas to maintain 

atmospheric pressure and kept the total flow constant. The gas composition was determined by the gas 

chromatography (GC5890, China). The flow rate and temperature were controlled by the mass flow controller and 

temperature programmed controller respectively. The effects of different parameters such as temperature and 

components were then determined. Based on the experimental results, a simple power-law type kinetic equation of 

the catalyst Ni-Al2O3/ACF can be calculated. The activation energy within different temperature ranges were also 

determined based on the Arrhenius equation [28, 29]. 

3 Results and discussion 

3.1 Thermodynamics Analysis 

Based on the previous research [8-10], the biomass derived gases are summarized as the supporting information 

in Table S1. Then the simulated initial components of biomass derived gases is simplified as shown in Table 1. In 



this study, the oxygen-to-carbon ratio in all the different feed gas compositions used was either equal to or greater 

than unity, which indicates that there was enough oxygen to oxidize and prevent formation of solid carbon [30, 31]. 

Hence, carbon formation was omitted from equilibrium expressions. In addition, methane was considered as the only 

hydrocarbon. So the major reactions involved in reforming are steam reforming of methane (SRM), dry reforming 

of methane (DRM) and reverse water-gas shift reaction (RWGS).  

Table 1 Simulated initial components of biomass derived gas  

Components H2 CO CH4 CO2 N2 H2O (g) 

Volume fraction (%) 12 20 6 12 50 0 

Volume flow (mL/min) 120 200 60 120 500 0 

3.1.1 Effect of reaction temperature 

To reveal the effect of temperature on biomass derived gas reforming, the reformed products were calculated 

using by Gibbs free energy minimization method between 300 C and 1600 C at 0.1 MPa and the results are shown 

in Figure 1. The ratio of CH4 to CO2 is 1:2. In this section steam was not added to the raw input gas. Therefore the 

reactions in the reforming system are DRM and RWGS. 
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Figure 1 Effects of temperature on flow rate and conversion rate of products (a: Conversion ratio; b: Flow rate of 

products) 

As can be seen from Figure 1 (a), with the increasing of temperature both the conversion ratio of CH4 and CO2 

changes from negative to positive which indicates that the dry reforming of methane in the system changes from 

reverse to positive. The changing temperature node is near 600 C. In addition, when the temperature reaches to 



higher than 800 C, the conversion ratio of CH4 is near 100%. The RWGS reaction occurs between extra CO2 and H2 

which leads to the slow increase of CO2 conversion ratio. Based on Figure 1 (b), with the increasing of temperature 

the CO yield in products firstly increases remarkably then slightly. While the H2 decreases slightly at high 

temperatures. It should be noted that the reaction RWGS plays an important role in the gasified biomass product gas 

reforming system based on Figure 1 (b). At low temperature, the reactions, WGS and methanation, would occur thus 

leading to the consumption of CO and the increased ratio of H2/CO. While at higher temperature over 800 C, the 

reaction WGS turns to RWGS which can consume the H2 thus leading to the decreased ratio of H2/CO and increase 

of H2O. Generally, the H2 yield is the highest in products around 800 ℃, where the conversion ratio of CH4 is near 

100%. In terms of obtaining H2-rich gas, 800 ℃ is the optimum reforming temperature for biomass derived primary 

gas. But in terms of obtaining syngas with low hydrogen-carbon ratio, the reforming temperature should be over 

800 ℃, where the ratio of H2/CO can be adjusted by the reaction RWGS. Based on the analysis of the effect of 

reaction temperature, improving existing catalysts which can realize the synergistic catalysis for water-gas shift 

reaction and methane reforming can be a sufficient alternative way applied for the reforming of biomass derived gas. 

3.1.2 Effect of ratio of CH4 to CO2 

The component CO2 plays an important role in the products distribution during the reforming of biomass 

derived gas. To illustrate the effect of the ratio of CH4 to CO2 on biomass derived gas reforming, the flow rate of CO2 

serves as a fixed value, N2 serves as the balance gas to maintain the total flow rate constant when CH4 is changed so 

as to obtain the different ratio of CH4 to CO2 between 0.1 and 2. The products distribution under thermodynamic 

equilibrium reformed at 800 C is shown in Figure 2. When the ratio of CH4 to CO2 increases, which means that the 

CH4 in the reforming system is excess, the conversion ratio of CH4 decreases, while the conversion rate of CO2 

increases rapidly until completely transformed. As can be seen from Figure 2 (b), the amount of H2 and CO, as well 

as the ratio of H2/CO gradually increase with the increasing of the ratio of CH4 to CO2. In addition the amount of 



steam in products decreases. At 800℃, the occurred reaction RWGS results in the ratio of H2/CO less than 1. But 

the extra CH4 would consume CO2 which is unfavorable for the reaction RWGS and increase the ratio of H2/CO 

[32]. It’s concluded that to increase the amount of syngas and the ratio of H2/CO, the ratio of CH4 to CO2 must be 

increased appropriately at 800 C. 
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Figure 2 Effects of ratio of CH4/CO2 on flow rate and conversion rate of products (a: Conversion ratio; b: Flow rate 

of products) 

3.1.3 Effect of steam 

In the process of biomass derived gas reforming, the addition of steam has a significant influence on the 

products distribution. To reveal the effect of steam on the biomass derived gas reforming process, the influence of 

various flow rates of steam in the raw input gas was determined. The flow rates of CO2 and CH4 served as fixed 

values and N2 served as the balance gas to maintain the total gas as constant when the steam input was changed. At 

800 C, the reactions within the system include DRM, SRM and RWGS. The results of the various gas products 

produced under thermodynamic equilibrium are shown in Figure 3. 
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Figure 3 Effects of flow rate of vapor on flow rate and conversion rate of products at 800℃(a: Conversion ratio; b: 

Flow rate of products) 

It’s noted in Figure 3 (a) that the CH4 conversion ratio increases to near 100% while CO2 conversion ratio 

decreases with the increased input of steam. The added steam leads to the competing consumption of CH4 between 

SRM and DRM which leads to the decreased conversion ratio of CO2. From Figure 3 (b), it is observed that both the 

yield of H2 and CO, and the ratio of H2/CO increase because of the added steam. The reaction SRM easily occurs 

because of the lower endothermic value compared with the reaction DRM which leads to the increased ratio of H2/CO. 

Therefore, it can be concluded that adding steam into the reforming system of biomass derived gas can adjust the 

ratio of H2/CO [33]. 

To thoroughly illustrate the effect of steam on the reforming process, the temperature range investigated was 

extended from 600 C to 1050 C. At different temperatures the gas products distribution under thermodynamic 

equilibrium after adding steam into raw gas is shown in Figure 4. When changing the temperature and keeping steam 

at a different fixed value, it is observed that the conversion ratio of CH4 increases rapidly near to 100% and the CO 

keeps increasing while H2 firstly increases then decreases. This is consistent with the results of Figure 1, but the ratio 

of H2/CO shows a different trend. When the added amount of steam in the reforming system is low, with the increasing 

of temperature the ratio of H2/CO increases rapidly then slowly declines. The WGS would consume CO and SRM 

would produce extra H2 at relatively low temperature thus leading to the increased ratio of H2/CO. While at higher 



temperature over 800 C, the WGS turns to RWGS which can consume the H2 thus leading to the decreased ratio of 

H2/CO and increase of H2O. When the amount of steam is excessive, the ratio of H2/CO appears to decrease directly. 

The extra steam is favored for the reaction SR and decreases the conversion ratio of CO2. The reaction RWGS is 

promoted thus leading directly to the decreased ratio of H2/CO. 

Besides, when changing the added amount of steam and keeping reaction temperature a different fixed value, 

no matter what the temperature was, the added steam would increase the conversion ratio of CH4 as well as the 

amount of H2 and decrease the conversion ratio of CO2 as well as the amount of CO. However, the ratio of H2/CO 

appears with a different phenomenon under these conditions. At lower temperature, especially below 800 C, the 

ratio of H2/CO increases with the increasing of the amount of steam. While adding the steam into the reforming 

system at a relatively high temperature, the ratio of H2/CO decreases with the increased added steam. This interesting 

phenomenon could be ascribed to the role of WGS and RWGS at different temperatures. Based on the above analysis, 

it can be concluded that the temperature and steam play a vital role in adjusting the ratio of H2/CO during the 

reforming of biomass derived gas. The desired ratio of H2/CO can be obtained by maintaining the appropriate 

temperature and steam amount. 

  



  

 

Figure 4 Effects of steam on flow rate and conversion rate of products at different temperature (a: 

CH4 Conversion ratio; b: CO2 Conversion ratio; c: CO increased ratio; d: H2 increased ratio; e: H2/CO) 

3.2 Macro-kinetics analysis 

In our previous research [22], the prepared Ni-Al2O3/ACF catalyst was used to reform the simulated biomass 

derived gas. The catalyst showed excellent catalytic performance because of the addition of ACF based on the 

analysis of textural properties and surface characteristics. In this section the promotion of activated carbon fibers in 

catalyst Ni-Al2O3/ACF on catalytic performance of nickel-based alumina will be illustrated from the perspective of 

activation energy by macro-kinetics analysis. A simple power-law type kinetic equation of the catalyst Ni-Al2O3/ACF 

in the reforming system of the simulated biomass derived gas was determined and the apparent activation energy of 

CH4 and CO2 between different temperature ranges was calculated. 



3.2.1 Effects of components and calculation of reaction orders 

To obtain the reaction orders of different components, the effects of CH4, CO2, H2 and CO with different 

concentration on the conversion ratio of CH4 and CO2 were investigated and the results are shown in Figure 5. The 

detailed distribution of components in the raw input gas is described in Table S2. It’s observed that increasing the 

amount of raw input gas can promote a positive reaction, conversely, increasing the amount of produced gas will 

inhibit the reaction going forward. However, it’s noted that in Figure 5 the conversion ratio of CO2 and CH4 is greatly 

influenced by the concentration of CO2 and CH4 while less affected by H2 and CO. 

In addition, the effects of CH4, CO2 with different concentration on the ratio of H2/CO were also shown in Figure 

S2. With the increasing of CH4 in raw gas, the ratio of H2/CO in gas products also increases gradually. In this process, 

compared with the amount of CO2, the CH4 concentration ranges from insufficient to excessive. When the amount of 

CH4 is less than CO2, the excess CO2 will react with H2 and ACF during reforming, which leads to the consumption 

of H2 and generation of CO. At this time, the ratio of H2/CO is relatively low. When the CH4 concentration increases 

gradually, or even excessively, these two reactions can be inhibited, and excessive CH4 will crack and generate H2, 

which leads to the increased ratio of H2/CO. 

10 15 20 25 30 35 40
0.2

0.4

0.6

0.8

1.0

C
o
n
v

e
rs

io
n

 r
a
ti

o
/%

CH
4
 concentration/%

 CH
4
 conversion ratio

 CO
2
 conversion ratio

a

  
10 15 20 25 30 35 40

0.2

0.4

0.6

0.8

1.0

C
o
n
v

e
rs

io
n

 r
a
ti

o
/%

CO
2
 concentration/%

 CH
4
 conversion ratio

 CO
2
 conversion ratio

b

 

10 15 20 25 30 35 40

0.4

0.6

0.8

1.0

C
o
n
v

e
rs

io
n

 r
a
ti

o
/%

CO concentration/%

 CH
4
 conversion ratio

 CO
2
 conversion ratio

d

  
5 10 15 20 25 30 35 40 45

0.4

0.6

0.8

1.0

C
o
n
v

e
rs

io
n

 r
a
ti

o
/%

H
2
 concentration/%

 CH
4
 conversion ratio

 CO
2
 conversion ratio

c

 



Figure 5 Effects of different components on the conversion ratio of CH4 and CO2（Catalyst dosage: 0.5 g; Reaction 

temperature: 800 C; WHSV: 24000 mL•h-1•gcat-1） 

The simple power-law type kinetic equation is described as follows,  

31 2 4

4 4 2 2, , , ,

nn n n

CH in CH in CO in CO in H
r kx x x x                              (6) 

4 4 4, ,*( )
CH in CH out CH

r WHSV x x  , ,

,

i i

i j

i

F
x

F
                        (7) 

Where 
4CH

r is the reaction rate, mL•h-1•gcat-1; j
n is the reaction order of different components; k is the reaction 

rate constant; WHSV is the Weight Hour Space Velocity, mL•h-1•gcat-1; ,i j
x is the concentration of different inlet 

or outlet components; ,i i
F is the flow rate of different inlet or outlet components, mL•h-1; i

F is the total flow rate 

of inlet or outlet, mL•h-1. 

Taking the logarithm for the kinetic equation (6) to convert simple power-law type to a linear equation as follows,  

4 4 2 21 , 2 , 3 , 4 ,ln ln ln ln ln ln
CH in CH in CO in CO in H

r k n x n x n x n x                      (8) 

Based on the results of Figure 5, the related parameters in equation (8) were calculated. Taking the calculation 

of the reaction order of CH4 as an example, changing the concentration of CH4 with a fixed concentration of other 

components, equation (8) is simplified as follows,  

4 41 ,ln ln
CH in CH

r n x C                                   (9) 

Where C is the constant term. The reaction order may be obtained by graphical method as shown in Figure S3 

(a). The slope of the straight line of equation (9) is the reaction order of CH4, and some of the other three reaction 

orders of CO2, CO and H2 are obtained by the same way. The results are shown in Figure S3. The reaction orders are 

gathered in Table 2. The reaction orders of CH4, CO2, CO and H2 are 0.73005, 0.68782, -0.19126 and -0.04415 

respectively. Then the simple power-law type kinetic equation is described as follows.  

4 4 2 2

0.73005 0.68782 -0.19126 -0.04415

, , , ,CH in CH in CO in CO in H
r kx x x x                         (10) 

 



Table 2 Reaction orders of different components 

Component CH4 CO2 CO H2 

Reaction order 0.73005 0.68782 -0.19126 -0.04415 

3.2.3 Effect of temperature and calculation of apparent activation energy 

To obtain the apparent activation energy of CH4 and CO2, the effect of temperature on the conversion ratio of 

CH4 and CO2, and the ratio of H2/CO was investigated and the results are shown in Figure 6. With the increasing of 

temperature less than 800 C, the conversion ratio of CH4 and CO2 increases remarkably. When the temperature is 

over 800 C, the conversion ratio increases slowly. This phenomenon, which corresponds with the thermodynamics 

analysis, suggests that the temperature of around 800 C is the point where the reaction WGS turns to RWGS.  

Besides, the ratio of H2/CO also has the same trend. With the increasing of temperature the ratio of H2/CO 

increases gradually. At low temperature especially when the temperature is below 800℃, the ratio of H2/CO is below 

1. Because the catalyst is the activated carbon fibers (ACF) supported nickel based alumina. At low temperature, part 

of ACF will react with CO2, which could increase the output of CO and decrease the ratio of H2/CO. 
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Figure 6 Effect of temperature on the conversion ratio of CH4 and CO2（Catalyst dosage: 0.5 g; WHSV: 24000 mL

•h-1•gcat-1） 

Among the reported literatures, the calculation of apparent activation energy are always over a wide temperature 

range which is not accurate and not consistent with the experimental phenomenon. Based on Figure 6, the effect of 

temperature on the conversion ratio of CH4 and CO2 could be divided into two parts. Therefore, the apparent 

activation energy may be calculated over two temperature ranges, the first between 650 C ~750 C and the second 



between 800 C ~950 C. The calculation of apparent activation energy is based on the logarithmic Arrhenius 

empirical formula [34, 35] described as follows. 

ln ln a
E

k A
RT

                                    (11) 

Where A is the pre-exponential factor, mL•h-1•gcat-1; Ea is the apparent activation energy, kJ•moL-1; R is the 

molar gas constant, 8.314 J•moL-1•K-1.  

Taking CH4 for example, the reaction rate constant k is calculated by the followed equation.  

4 2

31 2 4

4 24 2 2

0.19126 0.04415
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0.73005 0.68782

, ,, , , ,

=
CH in CO in H
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in CH in COin CH in CO in CO in H

r x x
k
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                        (12) 

Based on equation (11), the parameters A and Ea of CH4 and CO2 were obtained by graphical method as shown 

in Figure S4. The abscissa axis is 1/T and the ordinate axis is lnk. By linearization fitting, the pre-exponential factor 

and activation energy can be obtained from the slope and intercept of the line. The detailed pre-exponential factor 

and activation energy results are summarized in Table 3. The detailed simple power-law type kinetic equation is 

described as follows.  

4 2 2

0.73005 0.68782 -0.19126 -0.04415

, , , , 4 2, CH , CO
i i in CH in CO in CO in H

r k x x x x i                        (13) 
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Table 3 Pre-exponential factor and apparent activation energy of CH4 and CO2 

Temperature 
CH4  CO2 

A(mL•h-1•gcat-1) Ea(kJ•moL-1)  A (mL•h-1•gcat-1) Ea(kJ•moL-1) 
< 800 C 7.31187*10^6 96.27903  3.38086*10^4 50.44877 

 800 C 175.30543 5.32520  165.05685 4.69342 

Compared with reported results shown in Table 4, the apparent activation energy of CO2 and CH4 for the catalyst 

Ni-Al2O3/ACF is lower than the reported nickel based catalysts especially at temperature over 800 C. In the process 

of dry reforming of methane, the coke always leads to deactivation of catalyst. It could be ascribed the fact that the 

dissociation of CO2 for intermediate oxygen production is slower than the methane decomposition for intermediate 



carbon production. Excess intermediate active carbon species will be converted into inert carbon [36, 37]. In terms 

of activation energy, to reduce carbon deposition, it is necessary to decrease the activation energy of CO2, which 

makes it easier to activate CO2 and dissociate more intermediate oxygen atoms. Figure S5 is the schematic of DRM 

reaction activation, the addition of ACF in the catalyst Ni-Al2O3/ACF decreases the activation energy of CO2 

remarkably which suggests that the catalyst can effectively accelerate the carbon removal reaction and thus inhibits 

the carbon deposition during the dry reforming of methane.  

Table 4 Comparison of apparent activation energy 

Catalysts 
Ea(kJ/moL) 

Reference 
CH4 CO2 

Ni/SiO2 96.27 79.53 [34] 
Ni/MgO 92.09 87.90 [34] 
Ni/TiO2 108.83 87.90 [34] 
Ni/Al2O3 70.74 69.07 [35] 

Ni/CaO-Al2O3 106.74 98.79 [33] 
Pt-Ni/Al2O3 111.34 70.74 [38] 

Ni-Al2O3/ACF (< 800 C) 96.28 50.45 
This work 

Ni-Al2O3/ACF (≥ 800 C) 5.33 4.69 

4 Conclusion 

In this study, the thermodynamic analysis was carried out for simulated biomass derived gas to optimize the 

reforming conditions so as to obtain more syngas with appropriate ratio of H2 to CO. And the macroscopic reaction 

kinetics of catalyst Ni-γ-Al2O3/ACF was investigated to illustrate the influence of ACF on catalytic reforming 

performance of simulated biomass derived gas in terms of activation energy. Some conclusions can be derived as 

follows. The temperature and steam play an important role in adjusting the ratio of H2/CO in syngas from biomass 

derived gas reforming. 800 ℃ is the optimum reforming temperature for biomass derived primary gas to obtain H2-

rich gas. But in terms of obtaining syngas with low hydrogen-carbon ratio, the reforming temperature should be over 

800 ℃, where the ratio of H2/CO can be adjusted by the reaction RWGS. By changing the temperature and the steam 

amount, the reaction RWGS can occur in different directions so as to adjust the ratio which can meet different desired 



application requirements. In addition, for the catalyst Ni-γ-Al2O3/ACF, the apparent activation energy of CH4 and 

CO2 are 96.28 kJ•moL-1 and 50.45 kJ•moL-1 below 800 C, 5.33 kJ•moL-1 and 4.69 kJ•moL-1 over 800 C 

respectively. The apparent activation energy of CO2 is lower than other catalysts reported in the literatures especially 

at temperature over 800 C which suggests that the catalyst favors the activation of CO2 and can effectively inhibit 

carbon deposition. 
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