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Gasification of four biomass chars and anthracite char were investigated 
under a CO2 atmosphere using a thermo-gravimetric analyzer. Reactivity 
differences of chars were considered in terms of pyrolysis temperature, 
char types, crystallinity, and inherent minerals. The results show that the 
gasification reactivity of char decreased with the increase of pyrolysis 
temperature. Char gasification reactivity followed the order of anthracite 
coal char (AC-char) ˂ pine sawdust char (PS-char) ˂ peanut hull char 
(PH-char) ˂ wheat straw char (WS-char) ˂ corncob char (CB-char) under 
the same pyrolysis temperature. Two repesentative gas-solid models, the 
random pore model (RPM) and the modified random pore model 
(MRPM), were applied to describe the reactive behaviour of chars. The 
results indicate RPM performs well to describe gasification rates of chars 
but cannot predict the phenomenon that there appears to exist a peak 
conversion for biomass chars at a high conversion rate, where the MRPM 
performs better. 
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INTRODUCTION 
 

Energy and the related environmental crisis have been the most challenging 

problem in the world for the past decades. With the growth of economic activity, the 

enormous consumption of fossil fuels has caused serious environmental contamination 

and damage to ecological systems. Meanwhile being the major components of the current 

energy supply, coal, crude oil, and natural gas are also precious organic chemical raw 

materials; excessive consumption will accelerate their depletion because they are 

non-renewable. Therefore, recent studies have been focusing on replacing the traditional 

fossil fuels with renewable and environmental friendly energies (Demirbas 2005; Wang 

et al. 2014). Among various kinds of renewable energy, biomass energy is considered a 

clean energy due to its carbon neutral nature and its massive amount, wide distribution, 

and huge exploitation potential. Hence, biomass energy will become one of the most 

important and promising energy supplies in the world. China is very rich in various 

biomass resources. Approximately 1.32 billion tons of biomass, such as agricultural and 

forestry residues, can be used as an energy source every year. Replacing fossil fuel with 

biomass energy can alleviate the energy crisis, and also reduce air contamination, as well 

as green-house gas emission, which is consistent with the trend of a global low carbon 

economy.  

Unlike traditional fossil fuels, such as coal, biomass energy is characterized as 
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having low energy density and high moisture/volatile matter content. These 

characteristics of raw biomass varieties make them difficult to be used in industrial 

production directly, whether it be as reducing agent, fuel, or other applications. Thus, the 

necessary transformation treatments have to be executed before the biomass is utilized. 

These treatments commonly refer to the thermochemical conversion processes, such as 

combustion, gasification, carbonization, and liquefaction (McKendry 2002b; Chouchene 

et al. 2012; Dorge et al. 2011; Jeong et al. 2014; Masnadi et al. 2014). Biomass 

gasification is one of the most promising technologies, because of its ability to rapidly 

convert large amounts and various kinds of biomass into easily storable and transportable 

gas, liquid fuel, or solid products (Barea et al. 2009). Generally speaking, the gasification 

processes in a gasifier consist of water evaporation, volatiles pyrolysis, combustion, 

volatiles gasification, and char gasification. Some processes overlap and interact, so it is 

very complex. Among theses processes, char gasification is the controlling step due to its 

low gasifcation rate. In addition, the char-CO2 gasification rate is much lower than the 

steam gasification rate of chars. It follows that the char-CO2 gasification rate is regarded 

as the rate-determining step in practical gasification process. As a result, investigation on 

the reaction behavior of char-CO2 gasification and kinetic parameters of gasfication stage 

can provide a basic foundation for better understanding the reaction mechanism and 

optimizing design of reactor design for the biomass gasification production (Wu et al. 

2006). There are many references dealing with the kinetics of the gasification of biomass 

chars. Many researchers have performed experimental studies on gasification in steam 

atmosphere with various feedstocks (Rapagna et al. 2000; Huo et al. 2014; Gunarathne et 

al. 2014; Hognon et al. 2014), whereas many authors have studied gasification processes 

in CO2 atmosphere using a thermogravimetric analyser (Ahn et al. 2001; Zou et al. 2007; 

Mani et al. 2011; Wang et al. 2014). Currently, various kinetic models have been 

extensively employed for the investigations regarding the gasification performance of 

biomass char at CO2 atmosphere. It is noted, however, that most studies have centered on 

the synthesis of biomass char at relatively low temperatures as opposed to high 

temperatures (Chen et al. 2013; Richardson et al. 2015). Moreover, those factors 

imposing an impact on the gasification have failed to be fully considered. Therefore, it is 

of critical importance to ascertain the gasification of biomass char at high temperatures, 

meanwhile providing the theoretical basis for utilization of biomass more efficiently.  

The purpose of the present study was to investigate the reactivity of four typical 

biomass chars and one anthracite char with CO2, through thermo-gravimetric analysis 

(TGA); the gasification reaction kinetics data were then analyzed using the Random Pore 

model (RPM), which was introduced in the analysis of char gasification kinetics based on 

experimental data. Kinetic parameters of the gasification process were ascertained, 

offering a theoretical reference for proper design, construction, and operation of gasifiers 

as well as a process scale-up for char gasification. It is anticipated that this study will be 

useful in providing reference information and a theoretical basis for the efficient use of 

biomass in China.  

  

 

EXPERIMENTAL  
 
Fuel Samples  

One typical anthracite coal (AC) from Hebei province in China and four 

representative agricultural and forestry wastes, pine sawdust (PS), wheat straw (WS), 

corncob (CB), and peanut hull (PH), were chosen as raw materials. These materials were 
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ground and sieved, and the resulting 1 mm to 2 mm size fraction was used for the 

pyrolysis tests. In order to understand characteristics of the samples, proximate and 

ultimate analyses were conducted; results are listed in Table 1, based on ASTM D5373 

criterion and GB212-91/GB212-84 criterion, respectively. X-ray fluorescence (XRF) 

analyses were also conducted to determine the composition of ash in all samples. The 

XRF analyses of the samples are given in Table 2. 

 
Table 1. Proximate and Ultimate Analyses of Samples (%) 

Sample 
Proximate analysis Ultimate analysis 

FCd Ad Vd Md Cd Hd Od Nd Sd 

AC 70.43 14.69 13.54 1.34 75.23 2.5 1.01 0.93 0.85 

PS 16.39 0.45 77.95 5.21 48.04 5.6 39.77 0.37 0.06 

WS 18.05 5.13 72.26 4.56 47.88 6.1 40.50 0.31 0.21 

CB 17.82 1.98 74.66 5.54 45.33 3.7 43.31 0.46 0.14 

PH 30.69 3.96 59.98 5.37 47.89 5.6 41.32 0.49 0.36 

Note: FC, V, A, and M are fixed carbon, volatile, ash and moisture content respectively;All the 
measurement is performed in dry basis. 
 

Table 2. Composition of Ash Obtained from Different Samples by XRF Analyses 
(%) 

Sample 
Ash Composition 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O 

AC 36.54 20.57 15.93 16.34 1.45 0.59 0.91 

PS 43.21 8.76 4.31 18.82 2.76 1.68 7.90 

WS 31.85 0.78 0.89 15.10 4.56 0.32 29.63 

CB 24.87 1.92 2.21 3.92 0.99 0.43 51.20 

PH 33.09 8.11 5.50 35.41 2.85 1.34 7.22 

 
Char Preparation and Char Gasification 

Char preparation and char gasification tests were carried out using a tube 

resistance furnace (TRF) and a thermo-balance. The chars were prepared by heating the 

samples from room temperature to 800 C, 900 C, 1000 C, and 1100 C, respectively, 

with a 20 C/min heating rate under N2 protection (120 mL/min). The target temperature 

then was held for 60 min. The samples were cooled subsequentially to room temperature 

under protection of N2 and then carefully crushed into fine powder in an agate mortar. 

The particle size of less than 0.074 mm was sieved out for the subsequent tests. 

Upon the completion of the char preparation, chars were continuously gasified on 

an HCT-3 thermo-balance to obtain the weight loss curve at atmospheric pressure. A 5 

mg sample was charged into a corundum crucible and put into the thermo-balance; the 

sample was then heated from room temperature to reaction temperature (850 C, 900 C, 

950 C, and 1000 C) at a constant heating rate 20 C/min under N2 (100 mL/min), while 

keeping the temperature constant for 5 min. After that, CO2 (100 mL/min, 99.999%) was 

supplied as the gasifying agent; all test runs were conducted until weight loss was 

completed. To check the reproducibility, each test was repeated at least three times before 

a final result was obtained.  



PEER-REVIEWED ARTICLE                                         bioresources.com 

                                                                                            
 

Zuo et al. (2015). “Gasification & kinetic models,” BioResources 10(3), 5242-5255.      5245 

Char conversion (X) and gasification reactivity (r,s-1) were calculated by the 

following equations (Eqs. 1 and 2), 
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where mo denotes the sample mass at the start of the gasification, mt is the sample mass at 

gasification time t, and mash is the mass of ash remained after complete gasification. 

 
 
RESULTS AND DISCUSSION  
 
Effect of Pyrolysis Temperature on Char Characterization 

Considering the influence of pyrolysis temperature on the performance of 

gasification, peanut hull char (PH-char) as a representative was selected in this section to 

study the effect of pyrolysis temperature on char characterization. 
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Fig. 1. (a) dX/dt versus X curves of chars gasified at 1000 C, and (b) XRD pattern of the PH-char 
pyrolyzed at different temperatures 
 

Figure 1(a) shows the reaction rate (dX/dt) at four pyrolysis temperatures for the 

preparation of PH-char to be gasified at 1000 C. This figure indicates that PH-char 

pyrolysis at 1100 C exhibited the lowest reaction rate, and the reaction rate increased 

with the decrease of pyrolysis temperature. Philips X'Pert MPD XRD was employed to 

investigate the effect of temperature on carbon chemical structure. One gram char 

samples with particle size of less than 0.074 mm were scanned from 10o to 90o at 10°/min 

scanning rate. The results are shown in Fig. 1(b). Diffraction peaks were observed in all 

the char samples at 2θ≈26, corresponding to the (002) band. The (002) band of carbon is 

attributed to the stacking structure of aromatic layers. To obtain quantitative information 

of char structure from the XRD analysis, X'Pert High Score Plus software (PANalytical 

B.V., Netherlands) was used to process the XRD raw data. The crystal plane distance 

(d002) was calculated using the Bragg formulation (Bragg 1913), while crystal stacking 

heights (Lc) of the chars were calculated through the Scherrer formula (Patterson 1939). 

The d002/Lc values of PH-char pyrolysis at 800 C, 900 C, 1000 C, and 1100 C were 

0.03472/1.07, 0.03471/1.28, 0.03457/1.54, and 0.03453/1.60, respectively, as shown in 
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Fig. 2. The d002 values decreased and Lc values increased with a rise in pyrolysis 

temperature, suggesting that the stacking structure is developing, crystallite size is 

increasing, defects are being removed, amorphous carbon structures number is decreasing, 

and carbon structure ordering is increasing (Yuan et al. 2012). The results indicate that 

non-carbon atoms are progressively being detached from biomass and coal with the 

increase of char preparation temperature. When the char preparation temperature was 

held at 1100 C for 60 min, the volatile content in char was quite low, and the structure of 

the char tended to be in order. Therefore, the potential impact of residual volatile content 

and carbon structures in chars caused by different gasificatioin temperature schemes on 

char gasification reaction is considered as negligible when char is prepared under this 

condition. So all char samples used in following gasification experiments are those 

prepared at 1100 C in order to reveal the inherent gasfication reaction behavior. 
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Fig. 2. The values of d002/Lc at different pyrolysis temperature 

 

Reactivity of Different Chars 

Gasification rates of five chars derived from pyrolysis at 1100 C are shown in 

Fig. 3 (a-e), with the gasification temperature ranging from 850 C to 1000 C. The 

reaction rates of char gasification for all five chars first increased and then decreased after 

reaching the peak value during the gasification process. The observed trend of the 

reaction rate can be explained with a changing specific surface area resulting from the 

degree of reaction proceeding. At the beginning stage of reaction, the porosity and size of 

char apertures keep growing, leading to a rise in specific surface area. With the reaction 

proceeding further, the pore wall thickness reduce to the threshold, then the pores 

collapse and merge, and in turn the specific surface area begins to decrease (Yan et al. 

2014). Thus the gasification reaction rate shows a trend of decrease following the initial 

increase. The maximum reaction rates of five kinds of char gasification at different 

gasification temperatures are shown in Fig. 3 (f). The result indicates that gasification 

reactivity is a function of gasification temperature and increases with gasification 

temperature rise. At the same temperature, gasification reactivities of five chars can be 

ranked as CB-char>WS-char>PH-char>PS-char>AC-char. In general the difference in 

gasification reaction rate can be attributed to a combined effect of volatile content, 

particle size, pore structure, and mineral type and content. Given that the biomass 

pyrolysis temperature is held at 1100 C for 60 min and the volatile content is very low, 

the content of volatile matter is not the major factor influencing the maximum 

gasification rate of chars . 
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Fig. 3. (a-e) Different char reactivity curves as a function of temperature and fitted to the RPM 
model with carbon conversion ratio, and (f) the maximum reaction rate of char gasification 
 

The size distribution of char samples with particle size less than 0.074 mm was 

analyzed with laser particle size analyzer. As shown in Fig 4, the particle size 

distributions of different chars were found to be very similar, ranging between 0.01 and 

0.10 mm. The order of particle size for various chars could be ranked as 

PS-char>AC-char>PH-char>WS-char>CB-char. It is widely believed that the smaller the 

particle size of samples and the bigger the specific surface area, the faster will be the 

reaction rates. However, when comparing the reaction performance of the five different 

samples, there was no corresponding relationship between the particle size and 

gasification reactivity. Therefore, it can be concluded that the particle size of these five 

chars was not the determining factor influencing the gasification rate. 
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Fig. 4. Particle size distributions of chars          

 

The specific surface area of the sample is dependent not only on particle size of 

the sample, but also on the pore structure as well as the number of holes in the sample. In 

this study, a scanning electron microscope and nitrogen adsorption specific surface area 

tester were also employed to analyze the microstructure and specific surface area of 

samples. The SEM pictures and the specific surface areas of AC-char, PS-char, WS-char, 

and CB-char pyrolysis at 1100 C are presented in Fig. 5. The results show that the 

AC-char-1100 C particles presented a wider granularity scale, and a relatively more 

compact structure. Based on the results, the specific surface area of the coal char was 

lower than all biomass chars, indicating that the coal char structure was denser, and it had 

lower porosity. Thus this result can explain why the coal char had the lowest gasification 

reaction rate. In addition, PS-char-1100 C had a plate-like shape, and it was difficult to 

identify large pores in its particles. PH-char-1100 C, WS-char-1100 C, and 

CB-char-1100 C particles had a porous and loose structure. Meanwhile, Fig 5(f) presents 

that WS-char had the greatest specific surface area and CB-char had lower specific 

surface area, which is inconsistent with the fact that CB-char had better gasification 

reactivity than WS-char. Therefore, the specific surface area and pore structure of these 

five chars were not the main factors influencing the gasification rate in this test. 
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Fig. 5. (a-e)SEM of different chars derived at 1100 C (1000x), and (f) The SBET of different chars 

 

It is well understood that the gasification reactivity of carbonaceous materials in 

the char can be markedly enhanced in the presence of alkali metal. A mechanism was 

proposed (Wigmans et al. 1983) to explain the reactivity pattern during alkali metal 

carbonate-catalyzed gasification of activated carbon in steam. The same mechanism may 

be applied to CO2 gasification according to the following reaction (Eq. 3): 

2 2
2 M C C O M O C O 2 C

x x
                                  (3) 

The catalyst M2O is trapped in an intercalated structure and plays an active role in 

a redox cycle. Also, the amount of M2O will increase with progressing carbon 

gasification, which provides a condition under which the active sites are increased and 

the reaction rate is promoted. Some reaserchers (Sakawa et al. 1982; Kim et al. 2011) 

proposed an alkali ratio (AR) to quantify the catalytic activity of minerals on the basis of 

modified alkali index, which has elminated the ash content influence, caused by diffusion 

resistance when CO2 penetrates and diffuses into the char surface through a thick blanket 

of ash. The alkali ratio is defined as the ratio of the sum of the mole fractions of the alkali 

compounds to the sum of the mole fractions of the acid compounds in the ash: 

2 3 2 2

2 2 3

F e O C a O M g O N a O K O
A lk a li  ra t io

S iO A l O

   



                  (4) 

Figure 6 shows the measured alkali ratio of chars. A good correlation was found 

between the reactivity and the alkali ratio. So the alkali ratio of chars can be regarded as 

an important factor to evaluate gasification reactivities of different chars. A similar result 

was reported by Huang et al. (2009) regarding the effects of metal catalysts on CO2 

gasification reactivity of biomass char. 
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Fig. 6. Alkali ratio of chars 

 
Kinetic Analysis 

To evaluate the reactive behavior of chars during the CO2 gasification process, the 

random pore model (RPM) (Bhatia and Perlmutter 1980) was applied in which the 

reaction rate is expressed as, 
 

   R P M

d
1 1 ln 1

d

X
k X X

t
                               (5) 

 

where, kRPM is the reaction rate constant, and  is a structural constant related to the 

initial pore structure of the char sample (X=0). 
  

 0 0

2

0

4 1L

S

 



                                                     (6) 

In Eq. 6, 
0

S , 
0

L  and 
0

  are the pore surface area, pore length, and solid porosity, 

respectively. 

The applicability of the RPM kinetic model to describe the gasification rate of 

different chars at various temperatures is presented in Fig. 3 (a-e). It can be found that the 

RPM could describe the char gasification behavior in most situations except 

PS-char-1100 C, WS-char-1100 C, and CB-char-1100 C gasified at high temperature. 

Taking gasification rates at a conversion of 0.5 (r0.5) as the basis, lnk0.5 versus 1/T is 

plotted in Fig. 7, and the activation energy (Ea) and the pre-exponential factor(A) were 

obtained by a linear regression with the data given in Table 4. A report (Kim et al. 2011) 

confirmed that mass transfer, which includes both the external diffusion through the bed 

of char particles and the internal diffusion inside the pores of the single particle, is 

negligible, and the gasification rate is controlled by chemical reactions when the reaction 

rate is less than 0.0082 s-1. In this study, the maximum gasification reaction rate was 

0.0059 s-1 at PH-char-1100 C and gasified at 1100 C. Therefore, the gasification 

reaction of char in this study was controlled by the chemical reaction. Table 3 shows that 

Ea was reduced to 217.1 kJ/mol for AC-char-1100 C, while Ea was reduced to 152.4 

kJ/mol, 150.7kJ/mol, 147.5 kJ/mol, and 142.6 kJ/mol for PS-char-1100 C, PH-char-1100 

C, WS-char-1100 C, and CB-char-1100 C, respectively. It is consistent with the results 

from Fig. 3(f) that CB-char-1100 C had the highest reactivity, followed by 

WS-char-1100 C, PH-char-1100 C, PS-char-1100 C, and AC-char-1100 C. 
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Fig. 7. Arrhenius plots for different char gasification reactions 
 

Table 3. Apparent Activation Energy (Ea) and Frequency Factors (A) 

Char Ea ( kJ/mol) A ( 1/s) 

AC-char-1100 C 217.1 4.83E+05 

PS-char-1100 C 152.4 2.62E+03 

PH-char-1100 C 150.7 6.97E+03 

WS-char-1100 C 147.5 5.83E+03 

CB-char-1100 C 142.6 3.92E+03 

 

The RPM model could well describe the AC-char-1100 C gasification, where the 

maximum reactivity was at conversion levels of X<0.393. This is comparable to previous 

coal char gasification results (Kajitani et al. 2006). The RPM model also fit the 

experimental data well for PH-char-1100 C, where the reactivity indicated a steady 

decrease with the increase of conversion. The RPM was established on the basis of 

characterized char reactivity by introducing a pore structure parameter to describle pore 

distribution. It essentially treats the reacting char as a pure carbon solid, in which the 

reaction surface is given by the internal surface of the uniform cylinders. However, 

neither the pore shape nor the purity of the solid in reality is perfect. In other words, the 

real chars from biomass generally contain a certain amount of minerals, which can cause 

deviations from the theory based on the absence of minerals. The result is that the original 

RPM did not predict the cases where there was a maximum reaction rate in the high 

conversion range X˃0.6, as shown in PS-char-1100 C, WS-char-1100 C, and 

CB-char-1100 C gasified at high temperature. An attempt has been made to modify the 

original random pore model for more extensive application (Zhang et al. 2014). The 

modified random pore model (MRPM) was made by introducing a new conversion term 

with one dimensionless parameter into the original random pore model, as indicated in Eq. 

6, 
 

   R P M

d
1 1 ln 1

d

nX
k X X

t
                                (6) 

 

where, n is an empirical constant, which is influenced by the shape structure and porosity 

of solid reactant, and the presence of catalysts, and gas reactants. Figure 8 shows the 

applicability of the MRPM to the experimental results obtained from CO2 gasification of 

different chars. This modified model could reasonably interpret the experimental results. 

The regression coefficients (R2) and the kinetic constants of the model fitting to the 
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experimental data are summarized in Table 4. With regard to the condition of Fig. 8, 

some researchers consider that the increase of the specific area, caused by pore collapse 

and development during gasification, was the reason (Marquez-Montesinosa et al. 2002). 

However, other researchers believed that alkalis might be covered by some inert products 

during char preparation, and with the increasing conversion of char during gasification, 

these alkalis could be released and lead to high gasification rates in high conversion 

ranges (Wigmans et al. 1983). This could be the real reason for RPM’s failure to predict 

the reactivities of the above biomass char. 
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Fig. 8. Fitting result comparisons of MRPM and RPM on gasification rates of biomass char: (a) 
PS-char, (b) PH-char, (c) WS-char, and (d) CB-char 
 

Table 4. Fitting Parameters of M-RPM and Shifted M-RPM 

Sample A ( 1/s)   n R2 

PS-char 1.92E+03 15.45 0.52 0.9817 
PH-char 1.65E+03 4.61 0.72 0.9896 
WS-char 1.78E+03 9.48 0.57 0.9955 
CB-char 1.84E+03 14.00 0.46 0.9854 

Note: The temperature of char samples gasification was 1100 C. 
 

 
CONCLUSIONS 

 

1. The char type has a significant impact on gasification reactivity. Based on results of 

the present study, biomass char is superior to that of anthracite char with respect to 

gasification reactivity. The gasification reactivities of the five studied chars can be 

ranked as CB-char>WS-char>PH-char>PS-char>AC-char. Char reactivity has a good 
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correlation with the alkali ratio (AR), which can quantify the catalytic effect of alkali 

in the mineral. 

2. RPM can describe most of the char gasification phenomenon, except for biomass char 

(PS-char-1100 C, WS-char-1100 C, and CB-char-1100 C) gasified at high 

temperatures. The RPM was modified and applied to these catalytic gasification 

systems, and it was found that the MRPM predicts the experimental reactivity 

satisfactorily. 
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