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Abstract: 

The bifunctional Ga/HZSM-

5 catalyst has been proven 

having the capabiliity to 

increase the selectivity of 

aromatics production during 

catalytic pyrolysis of furan 

and woody biomass. 

However, the reaction 

chemistry and kinetics of 

pyrolysis of herbaceous 

biomass promoted by Ga/HZSM-5 is rarely reported. Pyrolysis – gas chromatography / mass 

spectrometry (Py-GC/MS) analysis and nonisothermal thermogravimetric (TG) analysis at four 

heating rates were carried out to investigate the decomposition behavior and pyrolysis kinetics 

of corn stalk without and with Ga/HZSM-5. The effective activation energies for corn stalk 

pyrolysis were calculated by using the Friedman isoconversional method. The Py-GC/MS 

analysis results indicated that the Ga/HZSM-5 catalyst had a high selectivity towards producing 

the aromatic chemicals of xylene, toluene and benzene, whereas the major products from non-

catalytic pyrolysis of corn stalk were oxygenated compounds. The presence of Ga/HZSM-5 

could significantly reduce the effective activation energies of corn stalk pyrolysis from 159.9-

352.4 kJ mol-1 to 41.6-99.8 kJ mol-1 in the conversion range of 0.10-0.85. 

Key words: Catalytic pyrolysis; Biomass; Kinetics; Isoconversional kinetic analysis; Py-

GC/MS; TG 
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1 Introduction 

The remarkable development of society and economy, industrialization of factory 

production, and rapid growth use of motor vehicles in the world have led to a significant 

increase in energy consumption, of which a large proportion (about 80%) comes from 

petroleum-derived fuels [1]. Furthermore, the use of fossil fuels leads to the environmental 

issues such as global warming due to the emission of greenhouse gases or acid rain by releasing 

harmful gases (e.g., NOx and SO2) [2]. 

In view of these urgent issues in energy and environment, many countries including China 

(the world’s largest greenhouse gas emitter) are taking substantial measures to promote a greater 

use of renewable energy resources to reduce the heavy dependence on fossil fuels [3]. Among 

existent renewable energy sources, biomass has attracted immense attention because it is a 

promising and cost-effective feedstock to produce clean and renewable biofuels [4, 5]. Biomass 

can be exploited to produce biofuel, heat or chemicals via different conversion technologies. 

Among these technologies, pyrolysis can produce liquid fuels (pyrolysis oil) which is easy to 

handle and utilize, and it is relatively simple and inexpensive to deploy [6-9]. However, its 

overall efficacy suffers from the quality of pyrolysis oils due to the fact that they contain many 

undesirable components (such as high content of volatile acids, water and oxygenated 

compounds), which limits the applications of pyrolysis oil [10, 11]. Therefore, the upgrading 

of pyrolysis oils is required before they are used as transport fuels or for clean chemicals [12, 

13]. 

Catalytic pyrolysis, which incorporates catalyst within the pyrolysis of lignocellulosic 

biomass, is one of the most promising methods to improve the quality of pyrolysis oils. The 

presence of a catalyst in lignocellulosic biomass pyrolysis can significantly affect the thermal 

decomposition pathway of lignocellulosic biomass, product distribution (selectivity) and the 

yields of products [14, 15]. Some studies on catalytic pyrolysis have focused on the operating 
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parameters, biomass composition, catalyst type, catalytic activities, or selectivity of pyrolysis 

products [16, 17]. However, few publications reported the catalytic pyrolysis kinetics of 

lignocellulosic biomass, which is fundamental to understand the corresponding mechanisms 

and improve the application and performance of biomass catalytic pyrolysis [18, 19]. Batista et 

al. [20] used thermogravimetric (TG) analysis to study the catalytic pyrolysis kinetics of coffee 

grounds waste. They found that there were some differences in the experimental curves between 

pyrolysis of biomass and biomass mixed with zeolites and, therefore, a single global reaction 

model could not accurately reproduce the experimental data. Bu et al. [21] used a second-order 

reaction model to describe the thermal decomposition kinetics of lignin with activated carbon 

as a catalyst. The results showed that the presence of the catalyst could lower the activation 

energy of lignin catalytic pyrolysis. Poddar et al. [22] used a lumped model to describe the 

pyrolysis kinetics of jute (a waste bio-packaging material) with different catalysts, and found 

that alumina was the best performing catalyst showing the highest pyrolysis oil yield and the 

lowest activation energy. Li et al. [23] studied the catalytic pyrolysis kinetics of industrial 

lignins (by-products of the pulp and paper industry) with HZSM-5 as a catalyst in a coupling 

of thermogravimetry and Fourier transform infrared spectroscopy (TG-FTIR) and used 

Kissinger’s method to analyze the experimental data, resulting in activation energies of 104.3, 

128.5, 169.0 kJ mol-1 for three sub-processes. Lu et al. [24] studied the catalytic pyrolysis 

kinetics of wheat straw and obtained that the presence of the bifunctional catalyst Ni–Mo–

HUSY/γ-Al2O3 could noticeably reduce the activation energy from 207.1 to 168.6 kJ mol-1. 

Chandrasekaran et al. [25] investigated the catalytic pyrolysis of waste polyethylene over Y-

zeolite and the results showed a reduction in activation energy from 294 to 169 kJ mol-1. In the 

above-mentioned studies, the researchers used one or several activation energy values to 

describe the catalytic pyrolysis kinetic behaviors of biomasses. Given the fact that the catalytic 

pyrolysis of lignocellulosic biomass is a multi-step process, one or several activation energy 
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values are insufficient to describe it [26]. 

Many studies suggested that complex solid reactions had a rather wide distribtuion in the 

activation energies [27]. The dependency of activation energy on the conversion degree 

computed by isoconversional methods manifests the activation energy distribution, which is 

helpful in exploring mechanisms and predicting kinetic behaviors for complex solid state 

reaction processes [28]. The isoconversional method suggested by Friedman is straightforward 

and most widely used because of its simplicity and high accuracy among common 

isoconversional methods [29]. The Friedman isoconversional method is sensitive to data noise, 

but the results can be improved by applying advanced smoothing methods [30]. 

The bifunctional Ga/HZSM-5 catalyst has been proven having the capability to increase 

the selectivity of aromatics production during catalytic pyrolysis of furan (a model biomass 

compound) [31] and woody biomass (e.g, pine [31] and poplar wood [32]). However, research 

findings regarding the catalytic pyrolysis of herbaceous biomass is still missing in the literature. 

This study comparatively investigates the selectivity of aromatics production during catalytic 

pyrolysis of corn stalk (a typical herbaceous biomass) over the promotion of Ga/HZSM-5 by 

means of the pyrolysis – gas chromatography / mass spectrometry (Py-GC/MS) analysis and 

studies the corresponding catalytic pyrolysis kinetics through the isoconversional kinetic 

analysis.  

 

2 Materials and experiments 

2.1 Materials 

Corn stalk was chosen as the lignocellulosic biomass feedstock in this study considering 

its abundance in China (about 72 million tons per year). The samples were obtained from a farm 

located in Fujian Province. Prior to analysis, the samples were processed with a series of pre-

treatment including drying, grinding and sieving. The results of proximate, ultimate and 
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compositional analyses and heating value together with the corresponding standard test 

methods are listed in Table 1. 
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Table 1. Results of proximate, ultimate and composition analysis and heating value of corn stalk samples together with standard test methods 

Property Item Standard Test Method Value Basis of analysis 

Proximate analysis Moisture ASTM E1756-08. Standard Test Method for Determination of Total Solids in Biomass 16.7 wt.% As received basis 

Ash ASTM E1755-01. Standard Test Method for Ash in Biomass 13.3 wt.% 

Volatile 

matter 

ASTM E872 -82. Standard Test Method for Volatile Matter in the Analysis of Particulate Wood Fuels 56.0 wt.% 

Fixed carbon Calculated by difference 14.0 wt.% 

Ultimate analysis Carbon ASTM E777. Standard Test Method for Carbon and Hydrogen in the Analysis Sample of Refuse-Derived Fuel 48.8 wt.% Dry ash free basis 

Hydrogen 6.5 wt.% 

Nitrogen ASTM E778-15. Standard Test Methods for Nitrogen in Refuse-Derived Fuel Analysis Samples 3.7 wt.% 

Oxygen Calculated by difference 41.0 wt.% 

Compositional 

analysis 

Cellulose NREL/TP-510-42618. A. Sluiter, B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, D. Crocker. 

Determination of structural carbohydrates and lignin in biomass 

32.6 wt.% Dry ash free basis 

Hemicellulose 36.4 wt.% 

Lignin 18.2 wt.% 

Others 12.7 wt.% 

Higher heating value ASTM E711-87. Standard Test Method for Gross Calorific Value of Refuse-Derived Fuel by the Bomb 

Calorimeter 

16.5 MJ kg-1 Dry basis 
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The bifunctional Ga/HZSM-5 catalyst used in this study was prepared following the 

method described by Cheng and co-workers [31] with an ion exchange method, where 1 g of 

HZSM-5 (Zeolyst Int, CBV 3024E, SiO2/Al2O3= 30) was refluxed in 100 mL of an aqueous 

solution of Ga(NO3)3 (0.010 M, Sigma-Aldrich, 99.9%) at 343 K (70 °C) for 12 h. After the ion 

exchange, the resulting gallium (Ga) solution was filtered to obtain the solid catalysts, and these 

catalysts were dried at 383 K (110 °C) and then calcined in air at 823 K (550 oC) for 2 h. The 

Ga content in each catalyst was determined by the inductively coupled plasma (ICP) analysis 

performed by Galbraith Laboratories (Knoxville, Tennessee, USA): SiO2/Al2O3 = 30, 

SiO2/Ga2O3 = 68, and SiO2/(Al2O3+Ga2O3) = 21. The Brönsted acids and Lewis acids were 

analyzed in a thermogravimetric analysis-mass spectrometry (TG-MS) coupled with the NH3- 

and isopropylamine (IPA) – temperature programmed desorption (TPD). A Brönsted acid 

density of 0.23 a.u. was obtained by IPA-TPD (recorded m/z = 41 (propylene)). The total acidity 

was achieved by NH3-TPD (recorded m/z value = 17), the Lewis acidity was calculated to be 

0.43 a.u., and the ratio between Brönsted acid and Lewis acids was 0.35. 

Both the corn stalk and catalyst samples were sieved (80 mesh) before mixing. Ground 

reactants were prepared by evenly mixing the corn stalk feedstock and the Ga/HZSM-5 catalyst 

with a catalyst to biomass ratio of 10. 

 

2.2 Pyrolysis – gas chromatography / mass spectrometry analysis 

The Py-GC/MS analysis of corn stalk without and with Ga/HZSM-5 was carried out in a 

platinum coil pyroprobe (Pyroprobe 5200, CDS, Oxford, PA) connected to a PerkinElmer 

Clarus 680 GC and Clarus 600S MS. The separation was performed using a PerkinElmer Elite-

1701 column. Samples of 2 mg ± 0.25 mg of corn stalk and mixture of corn stalk and catalyst 

were placed in a 20 mm quartz tube and fixed using wool. Pyrolysis was carried out at 773 K 

(500 oC) with a heating rate of 500 K s-1 and pyrolysis time of 30 s. The resulting pyrolysis 
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vapor was sent to the GC column with a helium flow through a heated transfer line (maintained 

at 583 K (310 oC)). The GC oven was held at 318 K (45 oC) for 2.5 min and then ramped to 523 

K (250 oC) at a heating rate of 2.5 K min-1. The mass spectra was obtained for molecular mass 

range of m/z = 45 – 300. Assignments of the peaks in the chromatogram were made using the 

NIST2005 MS library. 

 

2.3 Thermogravimetric analysis 

The pyrolysis kinetic analysis of corn stalk without and with Ga/HZSM-5 was performed 

in a thermogravimetric analyzer (Pyris 1 TGA, PerkinElmer, USA). High-purity nitrogen was 

used as carrier gas at a flow rate of 20 mL min-1. The samples of corn stalk, catalyst, and corn 

stalk mixed with catalyst were placed in Al2O3 crucibles and pyrolyzed in duplicate at the 

heating rates of 5, 10, 20, and 40 K min-1. Blank runs at the respective heating rates were 

performed and their results were used to correct the results of pyrolysis sample runs to remove 

any instrument artifact. For each heating rate, the TG oven hold at 378 K (105 °C) for 30 min in 

order to remove the water contained in the sample. After the experiments, the masses of the samples with 

the time and temperature were obtained. 

 

3 Isoconversional kinetic analysis 

The Friedman isoconversional method has been selected for the main reasons mentioned 

above. On the basis of our previous case study of processing TG data for isoconversional kinetic 

analysis [29], the main actions are summarized in Figure 1. 
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Figure 1. Flow diagram of processing TG data for isoconversional kinetic analysis 

 

At first both duplicate and increasing trend data points included in experimental TG data 

were removed. Then the dehydration stage was removed according to the ASTM Standard 

E1131 since the mechanism of water evaporation in the dehydration stage is different from the 

decomposition of lignocellulosic components contained in biomass [29]. The mass loss data 

sets were normalized and the degree of conversion was obtained from Equation (1): 

  
 0

0 f

m m t
t

m m






  (1) 

where α is the degree of conversion, t is the time, m0 is the mass at the temperature T0, m(t) is 

the mass at the time t, and mf is the final mass. 

The conversion values of corn stalk catalytic pyrolysis (αbio) were calculated from the 

conversion data of the catalyst (αcat) and the mixture of corn stalk and catalyst (αmix): 

      cat 0,cat cat 0,cat ,catfm t m t m m      (2) 

      mix 0,mix mix 0,mix ,mixfm t m t m m      (3) 

According to Equations (2) and (3), the conversion data of catalytic pyrolysis of corn stalk 
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were obtained: 
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In the above equations, the subscripts cat, bio and mix represent the values related on catalyst, 

corn stalk and their mixture, respectively. The fraction of catalyst in the mixture of corn stalk 

and catalyst was given by cat 0,cat 0,mix/r m m , whereas the ratio between the initial and final 

mass of the catalyst ,cat ,cat 0,cat/f fw m m  was obtained from the TG data of the catalyst. The 

ratio between the initial and final mass of the corn stalk and catalyst mixture was obtained by 

using ,mix ,mix 0,mix/f fw m m . 

The derivative conversion data required in the implementation of the Friedman 

isoconversional method was obtained from the numerical differentiation of the conversion data 

by using the central difference method [29]. 
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The derivative conversion data usually contains data noises, which causes the results being 

numerically unstable [33, 34]. Hence, in order to reduce the impact of data noises on further 

analyses, data smoothing is required [35]. In this study, the locally weighted scatterplot 
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smoothing method coupled with the corrected AIC smoothing parameter selection method was 

used for the smoothing of the derivative data [30]. 

The Friedman isoconversional method is based on the general kinetic equation (Equation 

(6)) and the isoconversional principle (Equation (7)) that defines the activation energy through 

the derivative of the conversion rate data corresponding to a given conversion [36]: 
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where A is the frequency factor, E is the activation energy, R is the universal gas constant, f(α) 

is the differential conversion function and the subscript α designates a given degree of 

conversion. 

The basic equation of the Friedman isoconversional method is then obtained by 

rearranging Equations (6) and (7) as follows: 
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where the subscript i represents a given value of heating rate. For a given α, plotting ln[(dα/dt)α,i] 

versus (1/Tα,i) produces a line. The Eα and ln[Aα·f(α)] values can be determined by the slope and 

intercept of the line, respectively. Repeating this procedure for different α values obtains the Eα 

and ln[Aα·f(α)] dependencies. Detailed information can found in our previous paper [29]. 

Based on the obtained Eα and ln[Aα·f(α)] values at various α, the kinetic process can be 

reconstructed by means of the classical fourth-order Runge-Kutta method. 
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4 Results and discussion 

The Py-GC/MS chromatograms of corn stalk pyrolysis without and with Ga/HZSM-5 at 

500 oC with pyrolysis time of 30 s are illustrated in Figure 2. The main pyrolysis products 

identified from the Py-GC/MS chromatograms for corn stalk pyrolysis without and with 

Ga/HZSM-5 are listed in Supplementary Material Tables S1 and S2, respectively. The 

relative yields of the products were also calculated, which corresponds to the respective relative 

peak area among all of the detected peaks. 

Various oxygenated compounds, prominently phenolic compounds and acids were 

produced from the non-catalytic pyrolysis of corn stalk, as depicted in Figure 2(a). The major 

phenolic compounds identified from the non-catalytic pyrolysis of corn stalk were 2-methoxy-

4-vinylphenol, 2,6-dimethoxyphenol, guaiacol and isoeugenol. Additionally, the most abundant 

acid detected was 2-methoxyacetic acid. The formation of phenolic compounds has been 

attributed to the decomposition of lignin according to previous studies [37, 38], whereas the 

production of acids could be related to the cleavages of carbon-carbon bonds in glucose units 

of cellulose [39]. 

On the other hand, it was observed that the use of Ga/HZSM-5 significantly changed the 

trends in the Py-GC/MS chromatograms (Figure 2(b)). The identified compounds in the 

catalytic pyrolysis were totally different from those obtained for the non-catalytic run where 

the yields of the oxygenated hydrocarbons were significantly reduced. The major identified 

compounds through catalytic conversion were aromatic hydrocarbons, prominently xylene, 

toluene and benzene, whereas the most abundant oxygenated compound was furan. These 

results revealed the Ga/HZSM-5 catalyst increased selectivity for the production of aromatic 

compounds during the catalytic pyrolysis of corn stalk (herbaceous biomass). 

A proposed reaction pathway for pyrolysis products of corn stalk to aromatic compounds 

over Ga/HZSM-5 is shown in Figure 3. The mixture of chemical compounds produced during 
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the pyrolysis of corn stalk resulted from the thermal decomposition of biomass biopolymers 

(e.g., hemicellulose, cellulose and lignin) into oxygenated compounds [40]. These intermediate 

oxygenates then diffused into the pore structure of the catalyst, where large molecules found in 

the pyrolysis products were broken down to produce smaller hydrocarbon fragments forming a 

“hydrocarbon pool” [41]. Monoaromatic compounds could have been produced due to the 

protonation, cyclization, dehydrogenation and aromatization functionalities of this hydrocarbon 

pool [32]. Furthermore, monoaromatic compounds could also react with other oxygenated 

compounds, leading to the production of polyaromatics [42]. Meanwhile, the Ga ions promoted 

demethylation, dehydration and aromatization functionalities, finally increasing the production 

of aromatic compounds (Figure 3) [41, 43, 44]. 
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Figure 2. Py-GC/MS chromatograms for products from corn stalk pyrolysis (a) without and (b) with Ga/HZMM-5 (pyrolysis condition: 500 oC 

and 30 s)
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Figure 3. Proposed reaction pathway for pyrolysis products of corn stalk to aromatic 

compounds over Ga/HZSM-5 

 

Figures 4 and 5 show the conversion and derivative conversion curves of corn stalk 

pyrolysis without and with Ga/HZSM-5 at different heating rates. From Figure 4, it was 

observed that the use of Ga/HZSM-5 reduced the conversion rate. Also from Figure 5, it was 

found that the conversion rate was reduced during catalytic conversion and that the derivative 

conversion curve was slightly shifted up the temperature scale when compared with the non-

catalytic conversion curves. This behavior was attributed to the high catalyst and substrate ratio 

of 10:1, as the catalyst was surrounding the biomass sample. When the temperature was high 

enough (> 250 oC), the biomass sample started to decompose into the pyrolysis vapor and char, 

and then the pyrolysis vapor passed through catalysts. In the instant contact between the 

pyrolysis vapor and the catalyst, the pyrolysis intermediates were converted into aromatic 

hydrocarbons [45]. The diffusional resistances became predominant for the catalysts’ micro-

pores, which could lower the releasing speed of the pyrolysis volatile products in comparison 
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to non-catalytic pyrolysis. Similar observations were reported during the catalytic pyrolysis of 

polypropylene over nanocrystalline HZSM-5 [46] and the catalytic pyrolysis of waste LDPE 

over ZSM-5 [47]. Therefore, the releasing of the pyrolysis volatiles required longer time with 

the presence of the Ga/HZSM-5 catalyst than non-catalytic pyrolysis (Figure 4), and the 

production rate of pyrolysis oil could be reduced during catalytic conversion (Figure 5). 

 

 

Figure 4. Conversion curves of corn stalk pyrolysis (a) without and (b) with Ga/HZSM-5 at 

various heating rates 

 

Figure 5. Derivative conversion curves of corn stalk pyrolysis (a) without and (b) with 

Ga/HZSM-5 at various heating rates 
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By using the Friedman differential isoconversional method, the isoconversional plots at 

selected conversion values (0.10:0.05:0.85) for corn stalk pyrolysis without and with 

Ga/HZSM-5 were shown in Figure 6. It was observed that perfect linear relationships were 

obtained with correlation coefficient values greater than 0.98 for all the conversions. Based on 

the linear fitting, the dependencies of Eα and ln[Aα·f(α)] on α for corn stalk pyrolysis without 

and with Ga/HZSM-5 were determined as shown in Figure 7. 

 

 

Figure 6. Friedman isoconversional plots at selected conversion degrees for corn stalk 

pyrolysis (a) without and (b) with Ga/HZSM-5 

 

 

Figure 7. Eα and ln[Aα·f(α)] as a function of α for corn stalk pyrolysis (a) without and (b) with 

Ga/HZSM-5 



19 
 

 

From Figure 7, it can be observed that Eα and ln[Aα·f(α)] significantly depend on α for 

corn stalk pyrolysis without and with Ga/HZSM-5. For the non-catalytic trend, it was observed 

that initially (1) Eα gradually increased from 159.9 to 175.9 kJ mol-1 when α increased from 

0.10 to 0.55; and then (2) Eα sharply increased from 175.9 to 352.4 kJ mol-1 in the α range of 

0.55 ≤ α ≤ 0.85. Corn stalk is a typical lignocellulosic biomass and its thermal decomposition 

via pyrolysis involves multistep processes. The effective activation energy of corn stalk 

pyrolysis is the collective parameter linked to the activation energies of its lignocellulosic 

components [48]. A similar trend of the Eα dependency can be found during the pyrolysis of 

other lignocellulosic biomasses [28, 49, 50]. For example, Eα for the pyrolysis of eucalyptus 

wood ranged from 150 to 215 kJ mol-1 when α increased from 0.05 to 0.79) [28]. For corn stalk 

catalytic pyrolysis, it was obtained that initially (1) in the α range of 0.10 to 0.55, Eα slowly 

increased as a function of α (41.6 kJ mol-1 ≤ Eα ≤ 63.2 kJ mol-1); then (2) Eα sharply increased 

from 63.2 to 99.8 kJ mol-1 in the α range of 0.55 ≤ α ≤ 0.80; and finally (3) Eα gradually 

decreased from 99.8 to 96.7 kJ mol-1 when α ranges from 0.80 to 0.85. This Eα dependency for 

corn stalk pyrolysis over Ga/HZSM-5 was similar to that for the catalytic pyrolysis of fir wood 

over various inorganic catalysts (e.g., CuO, TiO2, MnO and MoO2) [51]. Figure 7 indicates that 

the effective activation energies for the catalytic pyrolysis of corn stalk over Ga/HZSM-5 were 

59.3-74.0% lower than those for the non-catalytic pyrolysis. The Ga/HZSM-5 catalyst had 

much better performance compared to the activation energies using other catalysts. For example, 

the activation energy for catalytic pyrolysis of wheat straw with the Ni–Mo–HUSY/γ-Al2O3 

catalyst was 18.6% lower than that for non-catalytic pyrolysis [24], and the activation energy 

for catalytic pyrolysis of waste polyethylene over Y-zeolite was 42.5% lower than that for non-

catalytic pyrolysis [25]. 

Figure 8 shows the experimental data and the curves calculated from the obtained Eα and 
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ln[Aα·f(α)] values for corn stalk pyrolysis without and with Ga/HZSM-5. The results showed 

that the Eα and ln[Aα·f(α)] values well matched the prediction of experimental kinetic data, 

which revealed that the isoconversional kinetic calculations were effective and the effective 

activation energies were accurate. 

 

Figure 8. Comparison between experimental data and curves calculated from obtained kinetic 

parameters for corn stalk pyrolysis (a) without and (b) with catalyst 

 

5 Conclusions 

The analytical pyrolysis and kinetic analysis of corn stalk pyrolysis without and with the 

promotion of Ga/HZSM-5 catalyst were performed. The non-catalytic pyrolysis of corn stalk 

produced various oxygenated compounds including phenolic compounds and organic acids. 

Those oxygenated intermediates can be effectively converted into aromatic compounds 

(especially xylene, toluene, and benzene) when using Ga/HZSM-5 as a catalyst. The effective 

activation energies for corn stalk pyrolysis without and with Ga/HZSM-5 were determined by 

using the Friedman differential isoconversional kinetic method. The effective activation 

energies significantly varied with the conversion degree for both non-catalytic (159.9-352.4 kJ 

mol-1 in the conversion range of 0.10-0.85) and catalytic (41.6-99.8 kJ mol-1 in the conversion 

range of 0.10-0.85) pyrolysis. The effective activation energies for the catalytic pyrolysis of 
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corn stalk over Ga/HZSM-5 were 59.3-74.0% lower than those required for than non-catalytic 

pyrolysis of corn stalk. 
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