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Abstract 9 

This work studies the gasification of char derived from waste tire pyrolysis (pCB) by using a 10 

thermogravimetric analyzer under CO2/N2 atmospheres (20/80, 25/85 and 30/70 vol%) at 11 

different temperatures (825 °C, 850 °C, 875 °C, 900 °C and 925 °C). The main goal is the 12 

assessment of three different kinetic models for predicting not only the conversion (X) versus 13 

time (t) curve, but also the reaction rate (dX/dt) versus conversion (X) one, with high accuracy. 14 

At this respect, the Changing Grain Size Model (CGSM), the Random Pore Model (RPM) and a 15 

new model based on the RPM named the Hybrid Modified Random Pore Model (HMRPM) 16 

were used. The three models were fitted and the kinetic parameters such as the apparent kinetic 17 

constant (Ki(T,pj)), the reaction order (n), the activation energy (Ea) and the pre-exponential 18 

factor (A) were determined. The results suggest that the HMRPM is the model with better fitting 19 

because its ability to reproduce both conversion (X) and reaction rate (dX/dt); and hence, it is 20 

reliable to be integrated in both particle and reactor models, i.e. when the process is being 21 

designed and scaled-up. A drastically decrease in the reaction rate at the first stage of 22 

conversion (< 20%) suggests a possible effect of volatile matter and inorganic compounds 23 

contained into the pCB. The n, Ea and A were found to be 0.543, 147.27 kJ/mol and 4.547 x 105 24 

s-1, respectively. 25 
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1. Introduction 27 

Rubber from waste tires is a very complex material, resistant to physical, chemical and 28 

biological degradation. More than 1000 million of waste tires are generated each year 29 

worldwide [1, 2] and many of them, mainly in developing countries, are sitting in empty lots, 30 

backyards, and river beds, among others. Among the different tire recycling methods, pyrolysis 31 

is considered as an effective and environmental friendly disposal process, because useful 32 

gaseous, liquid and solid products are obtained. The interest in this process focuses on the 33 

resulting products, which can be used in various industries as raw material, closing the waste 34 

tire loop while the use of natural resources are minimized. 35 

The gas fraction is usually comprised between 10 % and 20 % of tire weight (wt%) and has 36 

enough energy to: i) drive the pyrolysis process and ii) to produce heat and power [3]. The 37 

liquid fraction represents between 40 wt% and 50 wt% and can be considered as a complex 38 

mixture of hydrocarbons with a wider range of applications [4]. The solid fraction, herein 39 

named pyrolytic carbon black (pCB), accounts between 30 wt% and 40 wt% with carbon 40 

contents higher than 80 wt%. Thus, pCB can be used as: i) solid fuel [5], ii) filler in modify 41 

asphalt [6], and even as iii) pigment for printing [7]. In addition, there are important 42 

applications as substitute of commercial carbon black (CB) in rubber compounding [8-10]. 43 

The pCB has also been widely studied as precursor of activated carbon (AC) [11]. Chemical and 44 

physical processes or a combination of both can be implemented to produce AC from pCB. 45 

Activating reagents such as KOH, H2SO4, H3PO4 and ZnCl2 are frequently used in the chemical 46 

activation. On the other hand, the physical activation uses agents such as H2O, CO2, O2, air or a 47 

combination of them at temperatures between 800 ºC and 1000 °C. Physical activation has some 48 

advantages over the chemical process. For instance, is worth to highlight that no chemical 49 

reagents and secondary washing processes are needed. In addition, the chemical activation 50 

needs a high temperature environment (higher than 400 °C) and the reagents are usually very 51 

corrosive and have some environmental restrictions [12]. Physical activation leads to surface 52 

areas between 400 m2/g and 1200 m2/g and a predominantly mesoporous structure, depending 53 
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on the activation conditions (temperature and residence time) [11, 13-16]. This process is a 54 

heterogeneous gas-solid reaction, where the pore structure and surface area of the solid particle 55 

are changing during the reaction. 56 

The activation process for the pCB could be commercially competitive and hence, the 57 

profitability of tire pyrolysis could be strongly favored [17]. In fact, the major challenge of the 58 

pyrolysis of waste tires is probably the positioning of the pCB into a stable and solid market, 59 

otherwise the economic attractiveness of pyrolysis is strongly penalized [17, 18]. In addition, 60 

AC from pCB provides an opportunity for the deployment of these valorization processes within 61 

the circular economy concept [18]. AC from pCB reduces the demand of natural resources, 62 

minerals and fossil fuels while decreasing the negative impacts from inadequate waste disposal; 63 

and hence, its production is in line with the circular economy guidelines. AC is a chemical 64 

commodity very used for the removal of pollutants in both water and air streams, as well as 65 

other special applications in medicine, agriculture, fuel storage and electrodes, among others 66 

[17, 19].  67 

The AC production involves many factors and kinetic plays a very important role. From the 68 

chemical engineering standpoint, structural variations and other phenomena such as mass 69 

transfer and chemical reaction must be considered when the kinetics are studied [20]. Although 70 

there are some works on the gasification process not only for pCB [21-25] but also for char 71 

from biomass [26] and refuse derived fuel [27], proper kinetic studies are still scarce. Kinetics 72 

play a major role not only when the reaction rate is studied but also when the reactor is designed 73 

and the process is optimized.  74 

One popular empirical kinetic model for describing the gasification of carbonaceous materials is 75 

the Changing Grain Size Model (CGSM). This model assumes that a porous particle consists of 76 

an assembly of uniform nonporous grains and that the reactions take place on the surface of 77 

these grains [20]. Another important model is the Random Pore Model (RPM). This model 78 

assumes the competing effects of pore growth during the initial stages of gasification, and the 79 

destruction of the pores due to the coalescence of neighboring pores [28]. Thus, it considers the 80 
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overlapping of pore surface and can predict a maximum for the reactivity as the reaction 81 

proceeds.  82 

Although these kinetic models have been extensively applied to different kinds of chars, they 83 

show some irregularities when describing some reaction rate profiles. This has mainly been 84 

attributed to the presence of non-carbon materials, such as residual volatile matter and inorganic 85 

compounds (alkali and alkali earth metals) [29]. These contents seem to alter the steady profile 86 

of reaction rate with the increase of conversion and hence, the profile is not the same when only 87 

carbon is being transformed. Likewise, it is well-known that ash has important effects on char 88 

gasification rates, since it can act as catalyst. Therefore, these and other factors have limited the 89 

fitting of conventional kinetic models, particularly for the reaction rate (dX/dt) versus 90 

conversion (X) profile [30]. 91 

At this respect, a new kinetic model based on the RPM known as Hybrid Modified Radom Pore 92 

Model (HMRPM), takes into account the presence of these external compounds while the 93 

growth and coalescence of the pores are dominant [29, 31]. The HMRPM becomes an attractive 94 

alternative to study the gasification kinetics of pCB, since besides the high ash content, it could 95 

also contain volatile matter which affect the reaction rate of the carbon. According to the best 96 

authors’ knowledge, HMRPM has been satisfactory and merely used in biomass gasification 97 

process [29], and hence; it results interesting to assess its convenience in other thermochemical 98 

processes using other feedstocks. Although different kinetic models have been extensively 99 

applied to different kinds of chars, they often show some irregularities when describing the 100 

reaction rate (dX/dt) versus conversion (X) curve. The importance of this curve relies on the fact 101 

that represents the mathematical expression used in both particle and reactor models, i.e. when 102 

the process is being designed and scaled-up. In this study, thermogravimetric analysis (TGA) 103 

was performed to investigate the gasification kinetics of char derived from waste tire pyrolysis. 104 

The three aforementioned kinetic models for predicting not only the conversion (X) versus time 105 

(t) curve, but also the reaction rate (dX/dt) versus conversion (X) one, were assessed at intrinsic 106 

chemical reaction conditions. In addition, kinetic parameters such as the apparent kinetic 107 
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constant (Ki(T,pj)), the reaction order (n), the activation energy (Ea) and the pre-exponential 108 

factor (A) were determined. 109 

2. Materials and methods 110 

2.1. pCB production and characterization 111 

The pCB was obtained from the pyrolysis of granulated waste tires free of both steel and textiles 112 

in a single-auger reactor at 600 °C and 3.7 min of average residence time. The resulting pCB 113 

yield was 40.6 wt%, while the liquid and gas fractions were 41.5 wt% and 17.9 wt% 114 

respectively [32]. Detailed information on the pyrolysis process, operating conditions and waste 115 

tire properties can be found elsewhere [33]. The ultimate analysis was conducted using Termo 116 

Flash 1112 equipment, while the proximate analysis was carried out following ISO 589-81, ISO 117 

1171-76 and ISO 5623-74 for determining moisture, ash, and volatile matter content, 118 

respectively. The fixed carbon was determined by difference. Ash composition was also 119 

determined in ICP-OES Jobin Ybon JY 2000 Ultrace equipment. 120 

In addition, some textural properties of the pCB were determined. The specific surface area 121 

(SBET) and the total pore volume were obtained using multi-point N2 adsorption at 77 K in a 122 

Micromeritics ASAP-2020 equipment. The samples were previously degassed at 250 °C under 123 

vacuum. The SBET was determined by the Brunauer-Emmelt-Teller (BET) equation. The total 124 

pore volume (VT) and the mesopore volume (VM) were obtained by using the N2 gas adsorbed at 125 

relative pressure of 0.99 and the Barret-Joyner-Halenda (BJH) methodology, respectively. 126 

Particle density (ρp) and porosity were carried out from a Micrometrics AccuPyc II 1340 helium 127 

picnometer and from a Quantachrome PoreMaster 33/60 mercury porosimeter, respectively. 128 

Transmission Electron Microscopy (TEM) images for the pCB, were acquired using a FEI 129 

Technai G2 microscope operated at 200 kV. 130 

2.2. Thermogravimetric experiments 131 
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The gasification process were conducted under intrinsic chemical reaction conditions by 132 

isolating the effects of particle size, CO2/N2 flow rate and initial mass sample, i.e. avoiding 133 

diffusion phenomena. More information about the procedure used in the TGA to ensure the 134 

chemically controlled conditions are found elsewhere [21, 34, 35]. At this respect, the 135 

experiments were performed in a Setsys Evolution 2000 thermobalance. The tests for 136 

determining the apparent kinetic constant (Ki(T,pj)), were carried out under isothermal 137 

conditions at different temperatures (825 °C, 850 °C, 875 °C, 900 °C and 925°C). These 138 

experiments kept constant the gas flow rate (400 ml/min, 30 vol% CO2 and 70 vol% N2), the 139 

initial sample mass (10 mg), and the pCB particle size (between 200 μm and 400 μm). In 140 

addition, some thermogravimetric experiments changing the CO2/N2 concentrations (20/80 141 

vol%, 25/85 vol% and 30/70 vol%) were performed at 900 °C in order to find the reaction order 142 

(n). The pCB conversion (X) was calculated according to equation (1), where w0, wi and wash are 143 

the initial sample weight, the sample weight at any time and the ash weight (the stable final 144 

weight after reaction), respectively. 145 

𝑋 =   (1) 146 

2.3. Kinetic models 147 

The gasification process studied in this work is a heterogeneous gas-solid reaction where an 148 

activation agent (D) reacts with the pCB particles (E), leading to a gas product (Q) and a new 149 

solid (R) as shown in equation (2). 150 

𝑑𝐷( ) + 𝑒𝐸( ) → 𝑞𝑄( ) + 𝑟𝑅( )  (2) 151 

Gas-solid reactions are strongly influenced by the solid structural properties, especially when 152 

the solid phase is a porous material. Roughly speaking, the reaction rate assuming a single step 153 

reaction regulated by a specific rate-limiting step, in this case the intrinsic chemical reaction, 154 

can be written in terms of Ki(T,pj), and the structural function (f(X)), as shown in equation (3). 155 

The Ki(T,pj) can be written in terms of temperature (T), the partial pressure/concentration of the 156 

reactive gas (pj), and the reaction order (n), as found in equation (4). The temperature 157 



7 

dependency in Ki(T,pj) is related to the Arrhenius equation, as a function of the temperature-158 

dependent reaction rate constant (ki(T), s-1), the frequency factor (A, s-1), the activation energy 159 

(Ea, kJ/mol), the universal gas constant (R, 0.0083144 kJ/(mol.K)), and temperature (T, K), as 160 

shown in equation (5).  161 

= 𝐾 𝑇, 𝑝 . 𝑓(𝑋)  (3) 162 

𝐾 𝑇, 𝑝 = 𝑘 (𝑇). 𝑝   (4) 163 

𝑘 (𝑇) =  𝐴 . 𝑒   (5) 164 

On the other hand, f(X) can be regarded as a carbon conversion function, which helps to fit the 165 

experimental measurements. It describes the reactivity dependence on conversion and can take a 166 

number of different forms [29, 36]. It describes not only physical or chemical changes of the 167 

particles during reaction, but also certain considerations/assumptions on how the particle 168 

surface is relate to the gasification reaction. In this sense, three different kinetic models were 169 

assessed in this work: the CGSM, the RPM and the HMRPM, assuming an isothermal chemical 170 

reaction. 171 

The CGSM was presented by Georgakis et al. [20] and has been widely used for studying 172 

different calcination/carbonation and reduction/oxidation processes involving 173 

adsorption/desorption. It assumes that the individual grains grow independently with no 174 

overlapping. Hence, this model predicts a progressive decrease in reaction rate while size and 175 

surface of the granules vary (equation 6). 176 

=  𝐾 (1 − 𝑋)   (6) 177 

Moreover, the RPM was developed by Bhatia and Perlmutter [28] and was initially applied to 178 

study char gasification reactions. Among others, this model considers the overlapping of pores 179 

leading to a final decrease in the area available for reaction. It can also predict a maximum in 180 

reaction rate and identifies an optimal pore structure (equation 7). 181 
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=  𝐾 (1 − 𝑋) 1 − 𝜓𝑙𝑛(1 − 𝑋)  (7) 182 

Furthermore, the HMRPM has the same principle than that of RPM and was proposed by 183 

Kramb et al. [29] to improve the description of reaction rate at low conversion levels in 184 

gasification processes. For both models, as the reaction progresses, and the surface of the pores 185 

increases, there is time when one surface grows above the other, producing an overlapping 186 

between them [29]. The main differences between these two models is that the RPM only 187 

describes structural changes due to pore changes during the gasification process, while the 188 

HMRPM considers additionally, an initial period following the effects of the inorganic 189 

compounds (equation 8) [29].  190 

=  𝐾 𝛼 . 𝑒 +(1 − 𝑋) 1 − 𝜓𝐿𝑛(1 − 𝑋)(1 + (𝑐𝑋) )  (8) 191 

It is worth to note that the only parameter involved in the CGSM is the apparent kinetic constant 192 

of the model (KCGSM). Both the RPM and the HMRPM also consider apparent kinetic constants 193 

(KRPM, KHMRPM) as well as the initial pore structure parameter (Ψ), which is a function of pore 194 

surface area (S0), pore length (L0), and solid porosity (ε0) of the pCB, calculated from the initial 195 

pore volume distribution (V0(r)) obtained by BJH method as shown in equations 9-12. 196 

Furthermore, the HMRPM takes into account additional fitting parameters (c and p), a catalytic 197 

deactivation coefficient (), and a kinetic parameter of hybrid model (α). 198 

𝜓 =  
( )

   (9) 199 

𝜀 =  ∫ 𝑉 (𝑟)𝑑𝑟   (10) 200 

𝑆 =  2 ∫
( )

𝑑𝑟   (11) 201 

𝐿 =  ∫
( )

𝑑𝑟   (12) 202 

The apparent kinetic constants for each model (Ki(T,pj): KCGSM, KRPM and KHMRPM) were 203 

determined minimizing the sum of squared errors (SSE) using the Generalized Reduced 204 
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Gradient (GRG) non-linear solver in MS Excel. From the Ki(T,pj) values obtained in the 205 

experiments at different CO2/N2 concentrations, the reaction order (n) was found by linearizing 206 

equation (4). The kinetic parameters (Ea, A) were finally calculated linearizing again equation 207 

(4), but this time considering the values obtained for both n and Ki(T,pj), and replacing ki(T) by 208 

the Arrhenius equation (equation 5). 209 

2.4. Statistical treatment 210 

The deviation between the experimental and the modeled results for the conversion (X) versus 211 

time (t), and the reaction rate (dX/dt) versus conversion (X), was assessed using the regression 212 

coefficient (R2) and the mean absolute percentage error (MAPE), as expressed in equation (13). 213 

MAPE, also known as the absolute average deviation (AAD), seems to be more significant for 214 

describing the deviations between experimental and predicted data, as compared with R2 [37]. 215 

𝑀𝐴𝑃𝐸 = ∑ , ,

,
. 100   (13) 216 

Where g is the number of measurements, yexp,i is the experimental data and ytheo,i is the calculated 217 

data. 218 

3. Results and discussion 219 

3.1. pCB characterization 220 

Table 1 shows the ultimate and proximate analyses of the pCB studied in this work, as well as 221 

some found in literature for comparison purposes. Some pyrolysis conditions, temperature (T), 222 

volumetric flow rate of N2 and solid residence time (t), are specified to favor comparison. As it 223 

is observed, the pCB has a very high content of carbon mainly because the different carbon 224 

blacks used in tire manufacture remain during pyrolysis almost unaltered [10]. The second 225 

largest component into the pCB is sulfur which is added in vulcanization step and is mainly 226 

trapped into the pCB, as reported elsewhere [9, 38]. Moreover, the proximate analysis shows a 227 

volatile matter content around 4.2 wt%, which indicates a high volatilization conversion of the 228 

rubber tire. This remaining volatile matter has been attributed to the presence of non-229 
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devolatilized rubber as well as possible hydrocarbons (tarry compounds) formed from parallel 230 

and/or secondary reactions occurred during pyrolysis [3, 17]. Likewise, the fixed carbon content 231 

(80.7 wt%) is in line with the carbon content (80.5 wt%, on dry basis), suggesting good features 232 

for producing porous carbonaceous materials. Likewise, the high ash content (15.1 wt%) comes 233 

from the inorganic compounds added in tire manufacture, and compares well with those 234 

reported in literature (between 9.5 and 18.7 wt%). These compounds play an important role in 235 

the gasification process, since they can have catalytic effects; and hence, alter the reactivity of 236 

the material to be activated [39, 40]. 237 

Table 1. Elemental and proximate analyses of different pCB 238 

Pyrolysis conditions Analysis 

Ref. 
Reactor 

T 
(°C) 

N2 
(l/min) 

t 
(min) 

Elemental  
(wt%, daf basis) 

Proximate  
(wt%, ar basis) 

C H N O S M VM FC A 
Conical 
spouted bed 

n.r n.r n.r 86.9 1.2 0.5 8.1 3.3 n.r n.r n.r n.r [15] 

Fixed bed 550 n.r 240 81.5 1.0 0.5 13.7 3.3 0.7 3.5 81.5 13.7 [16] 
Tube 
Furnace 

900 0.6  13 93.4 0.8 0.3 4.6 0.9 0.0 5.8 48.6 45.5 [26] 

Fixed bed 650 n.r n.r 87.6 0.7 0.3 8.8 2.6 0.2 2.6 87.7 9.5 [35] 

Single-auger 

500 

5 3.5 

85.3 1.0 0.0 10.1 3.5 0.4 18.5 71.0 10.1 

[38] 

500 85.5 1.1 0.0 9.9 3.5 0.9 17.9 71.4 9.8 
525 84.8 0.7 0.0 11.1 3.4 0.5 8.6 79.9 11.0 
550 83.6 0.8 0.0 12.3 3.3 0.7 4.1 83.1 12.2 
550 84.0 0.7 0.0 12.0 3.3 0.6 4.2 82.9 12.1 
600 82.6 0.4 0.0 13.7 3.2 0.3 3.2 82.8 13.7 

Fixed bed 

450 

n.r 90 

93.3 1.1 0.7 2.5 2.4 0.5 3.0 84.8 11.7 

[41] 

475 94.8 0.9 0.7 1.0 2.6 0.4 2.7 85.3 11.6 
500 90.6 0.9 0.7 5.5 2.4 0.4 2.8 84.9 11.9 
525 95.0 1.1 0.9 0.4 2.6 0.4 2.8 84.4 12.4 
560 94.6 0.8 0.9 1.3 2.4 0.3 2.6 84.8 12.3 
600 95.9 0.8 1.1 0.0 2.3 0.4 2.3 85.2 12.1 

Single-auger 600 5.0 3.5 94.8 0.7 0.5 0.0 4.0 0.0 4.2 80.7 15.1 
This 
work 

n.r: not reported; C: carbon; H: hydrogen; N: nitrogen; O: oxygen; s: sulfur; M: moisture; VM: 239 
volatile matter; FC: fixed carbon; A: ash. 240 

On the other hand, Table 2 shows the chemical composition of the ash for the pCB studied in 241 

this work, and some compositions reported in literature. As it is observed, the ZnO shows the 242 

largest concentration, followed by SiO2 and CaO, in agreement with the compositions showed 243 

by [13]. Other works have reported different concentration distributions [16, 21, 26], which can 244 

be ascribed to the variety of tire formulations. ZnO is commonly used as an activator agent in 245 
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the vulcanization process during tires manufacturing, while Si and Ca compounds play an 246 

important role as fillers or additives in tire formulations [42]. The ash also shows the presence 247 

of Fe2O3, MgO, K2O, Al2O3, Na2O and TiO2. Among all of them, Ca, Fe, K and Na compounds 248 

have shown catalytic effects on gasification processes of different carbonaceous materials by 249 

decreasing the reaction time, while Si and Al compounds have shown inhibiting effects [40]. 250 

Table 2. Chemical composition of the ash contained into the pCB 251 

Pyrolysis conditions 
Chemical composition (wt%) 

Ref. 
Reactor 

T N2 t 
(°C) (l/min) (min) ZnO SiO2 CaO Fe2O3 MgO K2O Al2O3 Na2O TiO2 Others 

Fixed 
bed 

700 n.r 5 38.43 19.80 5.04 2.46 1.62 0.79 7.88 1.32 <0.01 13.17 [13] 

Fixed 
bed 

550 n.r 240 22.00 52.00 5.80 1.30 1.10 0.70 4.80 0.80 <2.00 1.78 [16] 

Furnace 900 3 60 n.r 21.64 14.00 5.35 2.38 1.55 6.55 1.65 n.r 6.92 [21] 
Furnace 900 0.6 13 n.r 7.68 65.58 0.93 1.43 0.22 0.91 0.09 0.00 23.16 [26] 
Single-
auger 

600 5 3.5 47.98 28.61 4.79 1.75 1.50 1.10 1.00 0.51 0.04 12.72 
This 
work 

n.r: not reported 252 

3.2 Textural properties and structural parameters 253 

Table 3 shows different textural properties as well as others found in literature for comparison 254 

purposes. Besides fixed carbon and inorganic constituents, these textural properties also 255 

influence the gasification reactivity of carbonaceous materials [43, 44]. As it is observed, SBET, 256 

VT, VM and ρp of the pCB used in this work compare well with those reported in literature. Low 257 

values of these properties are attributed to carbonaceous deposits onto the pCB surface as a 258 

result of pyrolysis conditions and particle size used during pyrolysis [42]. Roughly speaking, 259 

pCB exhibits a limited surface area; and hence, a further oxidization is needed to enhance the 260 

extent of pore development. 261 

In addition, Fig. 1a shows the N2 isotherm of the pCB indicating the type IV isotherm according 262 

to IUPAC [45]. As observed, the curve has a well-defined hysteresis loop, suggesting that the 263 

pCB is a mesoporous material, as can be confirmed by the relation of VT and VM shown in 264 

Table 3. Likewise, Fig. 1b shows the pore size distribution by BJH, where it is observed a main 265 

pore diameter between 20 nm to 30 nm, confirming the presence of mesoporous in the pCB. 266 



12 

The structural parameters involved in both RPM and HMRPM were determined from these 267 

properties, resulting: Ψ (1.078), S0 (4.47 x 10-5 cm2/cm3), L0 (4.00 x 1010 cm/cm3) and ε0 (0.57), 268 

for the pCB used in this work and calculated by using equations 9 to 12, respectively. 269 

Table 3. Textural properties of pCB 270 

Pyrolysis conditions 
SBET  
(m2/g) 

VT 

(cm3/g) 
VM 
(cm3/g) 

ρp 

(g/cm3) 
Ref. 

Reactor 
T 
(°C) 

N2 
(l/min) 

t 
(min) 

Fixed bed 700 n.r 5 54.00 to 87.00 n.r n.r n.r [13] 

Conical 
spouted bed 

425 
n.r n.r 

40.00 n.r n.r n.r 
[15] 500 60.00 n.r n.r n.r 

600 120.00 n.r n.r n.r 
Fixed bed 550 n.r 240 37.00 0.440 n.r n.r [16] 
Fixed bed 1000 n.r 3 63.00 0.320 n.r n.r [23] 
Furnace 900 0.6 13 63.02 0.233 n.r n.r [26] 
Fixed bed 650 n.r n.r 82.00 0.400 n.r n.r [35] 

Fixed bed 

450 

n.r 90 

63.00 0.100 0.099 n.r 

[41] 

475 68.00 0.096 0.095 n.r 
500 71.00 0.100 0.099 n.r 
525 69.00 0.103 0.102 n.r 
560 75.00 0.112 0.111 n.r 
600 74.00 0.137 0.136 n.r 

Fixed bed 500 n.r 60 
75.40 a n.r 0.318 a n.r 

[47] 81.00 b n.r 0.356 b n.r 
89.80 c n.r 0.420 c n.r 

Fixed bed 

500 

2.0 120 

73.47 0.196 0.183 n.r 

[48] 
600 77.63 0.194 0.181 n.r 
700 71.55 0.367 0.350 n.r 
800 70.87 0.442 0.364 n.r 

Single-auger 600 5.0 3.5 61.61 0.410 0.410 2.05 This work 
n.r: not reported; a: at 0.5 °C/min; b: at 5 °C/min, c: at 20 °C/min 271 
 272 

On the other hand, Fig. 2 shows the shape and the particle size at microscopic level of the pCB 273 

obtained by TEM micrographs. As it can be observed, pCB is composed by nano-size spherical 274 

particles lower than 50 nm. Fig. 2 suggests a large number of aggregates fused together 275 

randomly. Helleur et al. [46] showed similar TEM micrographs for the pCB produced in an 276 

ablative pyrolysis process, although the primary particle size was around 25 nm. Suuberg and 277 

Aarna [14] also reported similar observations and suggest a “grape cluster” appearance for the 278 

pCB obtained in a tube furnace. 279 

 280 
 281 
 282 
 283 
 284 
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a)

 

b)

 

Fig. 1. Textural properties of pCB: a) N2 adsorption isotherm at 77 K; b) Pore size 285 
distribution 286 

a) 

 

b) 

 

Fig. 2. TEM of the CBp: a) at 30000X; b) at 85000X 287 

3.3 Kinetic models analysis 288 

Fig. 3 presents the experimental conversion (X) versus time (t) curve at different temperatures 289 

as well as those obtained for each kinetic model studied in this work. As it was expected, the 290 

reaction time was significantly reduced with increasing temperature, and so; high temperatures 291 

enhance the pCB conversion rate. For instance, the time needed to achieve a complete pCB 292 

conversion was around 74000 s at 825°C, whereas at 925°C this time was reduced to 20000 s 293 

(Fig. 3a). The temperature effect on the pCB conversion is important because high values affect 294 

notably the gasification process from both economical and operational standpoint [25]. In 295 

addition, it is noteworthy that experimental data were fitted successfully with all models along 296 

the full conversion range. Both R2 and MAPE values suggest a very good fitting of all kinetic 297 
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models, although the HMRPM seems to provide lower deviations than RPM and CGSM. As it 298 

is observed in Table 4, all models showed R2 values close to 100%; while the lower MAPE was 299 

for HMRPM (1.62%), followed by RPM (3.91%) and CGSM (4.95%). 300 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Fig. 3. Experimental and modeled curves of conversion (30 vol% CO2) 301 
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used to fit the experimental data obtained in the pCB gasification with CO2. Although the four 304 

models produced good agreement between experimental and theoretical data for the conversion 305 

(X) versus time (t) curve, the reaction rate (dX/dt) versus conversion (X) curve served to choose 306 

the most appropriate model. 307 

Table 4. Apparent kinetic constants and deviation parameters derived in the adjustment 308 
of the kinetic models (30 vol% CO2) 309 

Model 
T 
(°C) 

Ki(T,pj) 
R2 (%) MAPE (%) 
X vs. t dX/dt vs. X X vs. t dX/dt vs. X 

CGSM 

825 2.95 x 10-5 99.97 99.41 1.63 8.88 
850 3.83 x 10-5 99.85 84.96 4.62 6.33 
875 5.93 x 10-5 99.90 90.58 3.81 11.80 
900 8.03 x 10-5 99.88 45.33 7.56 55.09 
925 1.25 x 10-4 99.88 82.73 7.15 9.14 

Mean value 99.90 80.60 4.96 18.25 

RPM 

825 2.83 x 10-5 99.92 98.91 2.41 12.73 
850 3.68 x 10-5 99.75 81.28 5.14 6.69 
875 5.72 x 10-5 99.83 89.67 4.06 15.07 
900 8.42 x 10-5 99.78 39.94 5.52 17.00 
925 1.25 x 10-4 99.93 91.86 2.41 27.74 

Mean value 99.84 80.33 3.91 15.84 

HMRPM 

825 2.87 x 10-5 99.96 99.28 1.46 5.42 
850 3.63 x 10-5 99.88 95.58 2.63 4.99 
875 5.52 x 10-5 99.96 99.07 1.34 8.16 
900 7.57 x 10-5 99.97 98.36 1.65 7.49 
925 1.20 x 10-4 99.97 98.58 1.11 7.79 

Mean value 99.95 98.19 1.62 6.76 

Thus, Fig. 4 shows the experimental reaction rate (dX/dt) versus conversion (X) curve together 310 

with the modeled curves obtained from the kinetic models. Excepting the curve at 825 °C, the 311 

reaction rate decreases drastically up to 10-20% conversion, and then passes through a 312 

deceleration, decreasing more slowly up to 100% conversion. Similar profiles were observed by 313 

Kramb et al. [29] and Senneca [49], when assessing the gasification kinetics of biomass chars 314 

with CO2. This pattern suggests a possible effect of other compounds such as volatile matter and 315 

inorganic compounds contained into the pCB, as well as textural/morphological properties 316 

depending on pyrolysis conditions (see Tables 1, 2 and 3). As discussed above, the pCB used in 317 

this work contained around 4 wt% of volatile matter and 15 wt% of ash, the latter exhibiting the 318 

presence of catalytic alkaline (Na, K) and alkaline-earth (Ca, Mg) metals, among others. Some 319 
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of these constituents such as Ca, Zn and P, have shown important effects on the reaction rate of 320 

pCB, as reported elsewhere [17, 40, 41]. 321 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Fig. 4. Experimental and modeled curves of reaction rate (30 vol% CO2) 322 
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under the entire conversion range and both R2 and MEAN values are the best compared with 326 

those obtained for CGSM and RPM, as it is shown in Table 4. Both CGSM and RPM describe a 327 

continuously decreasing rate but do not fit the conversion rate when conversion is lower than 328 

20%. However, both models showed good ability to fit the measured conversion rate curves at 329 

higher conversion. 330 

In addition, both CGSM and RPM do not take into account the presence of inorganics and much 331 

less their catalytic effect. This is the main reason why the HMRPM was used in this work. The 332 

HMRPM explains the experimental data best among the three kinetic models because depicts 333 

entirely how reaction rate decreases with conversion. According to the HMRPM theory, the 334 

pCB conversion rate seems to be initially dominated by the effects/deactivation of catalysts and 335 

after that, continue with the effects of pore growth and coalescence during reaction [31]. 336 

Although experimental data exhibit a small maximum around 30% conversion at temperatures 337 

higher than 850 °C, it could be considered a very small effect as compared to the great initial 338 

decline. In fact, the absence of a maximum reaction rate for modeled data is not surprising in 339 

this work taking into account that Ψ is close to 1. The RPM theory establishes that a maximum 340 

in the reaction rate (dX/dt) – conversion (X) curve is expected when Ψ is higher than 2 [28]. 341 

The parameters involved in the HMRPM showed a notable influence in the reaction rate (dX/dt) 342 

versus conversion (X) curve, particularly  and . They affect specially the first stage of the 343 

curve, i.e. between 0 and 20 % conversion, where the reaction rate shows a harshly decrease. As 344 

it is shown in Fig. 5, these parameters depend on temperature, the former in a very narrow range 345 

(0 - 1.2) and the latter in a wider range (100 - 500). On the other hand, the rest of parameters 346 

involved in the HMRPM, c and p, do not show such dependency. They were determined for 347 

each thermogravimetric experiment and in all cases, they were very close to 1 and 15, 348 

respectively, in line with the range reported elsewhere [50]. These parameters attempt to fit a 349 

maximum in the conversion rate at high conversion levels and they account for the catalytic 350 

effects of inorganics during char gasification (mainly K and Na). In addition to Ψ, c and p are 351 

the main parameters involved in the Modified RPM (MRPM) developed by Zhang et al. [50]. 352 
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 353 

Fig. 5.  and  dependency of temperature (30 vol% CO2) 354 

3.4 Reaction order 355 

Fig. 6 shows experimental and modeled curves for both conversion (X) versus time (t), and 356 

conversion rate (dX/dt) versus conversion (X) at 900 °C using the HMRPM by varying the CO2 357 

concentration. As observed, the HMRPM is able to describe conversion and reaction rate 358 

accurately at different CO2 concentrations, and the reaction time was reduced with increasing 359 

CO2 concentration, as expected. The fitting of this model took into account the structural 360 

parameters ( = 1.1, = 90, c = 1, p = 15) found in section 3.2.  361 

a) 

 

b) 

 

Fig. 6. Experimental and modeled curves (HMRPM) at different CO2 concentrations (900 362 
°C): a) conversion; b) reaction rate  363 

y = -0.0003x2 + 0.4593x - 203.08
R² = 0.9678

y = 0.0446x2 - 82.12x + 37910
R² = 0.9935

0

100

200

300

400

500

0.0

0.2

0.4

0.6

0.8

1.0

1.2

825 850 875 900 925

z
(-

)


(-

)

Temperature (°C)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 10000 20000 30000 40000

X

t (s)

30 vol% CO2

20 vol% CO2

25 vol% CO2

0.00000

0.00002

0.00004

0.00006

0.00008

0.00010

0.00012

0.00014

0.00016

0.00018

0.0 0.2 0.4 0.6 0.8 1.0

dX
/d

t

X

30 vol% CO2

25 vol% CO2

20 vol% CO2



19 

On the other hand, Fig. 7a shows the linearizing plot of equation (4) for determining the 364 

reaction order (n) in terms of the kinetic model. The reaction order (n) for both CGSM and 365 

RPM was the same (0.603), while for the HMRPM was 0.543 (Table 5). As observed, R2 higher 366 

than 98% were found in all cases. The resulting deviations between experimental and predicted 367 

data using R2 and MAPE for both conversion (X) versus time (t), and reaction rate (dX/dt) versus 368 

conversion (X) are shown in Table 5. Although in all cases R2 values are very close to 100% for 369 

the former, they differ notably for the latter. In this case, the higher mean value is obtained for 370 

the HMRPM (97.04%), while the minimum is obtained for the RPM (65.91%). MAPE values 371 

are also the best for the HMRPM, since they are 2.11% and 8.09% for conversion (X) versus 372 

time (t), and reaction rate (dX/dt) versus conversion (X), respectively.  373 

a) 

 

b) 

 

Fig. 7. Fitting curves: a) reaction order; b) kinetic parameters 374 

Table 5. Apparent kinetic constants and deviation parameters derived in the adjustment 375 
of the kinetic models for reaction order determination (900 °C) 376 
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R2 (%) MAPE (%) 
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X vs. t dX/dt vs. X X vs. t dX/dt vs. X 
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0.603 
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20 5.95 x 10-5 99.70 80.10 4.82 13.48 
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25 6.60 x 10-5 99.60 77.70 4.32 16.31 
30 8.42 x 10-5 99.78 39.94 5.52 17.00 
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HMRPM 
20 6.09 x 10-5 99.98 97.11 1.79 5.33 

0.543 
25 7.01 x 10-5 99.92 95.65 2.90 11.44 
30 7.57 x 10-5 99.97 98.36 1.65 7.49 

Mean value 99.96 97.04 2.11 8.09 
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3.5 Activation energy and pre-exponential factor 377 

Fig. 7b shows the resulting relation between Ln[Ki(T,pj)] and 1/T. As observed, R2 higher than 378 

98% were found in all cases. Table 6 summarizes the gasification conditions and the kinetic 379 

parameters derived for the three kinetic models studied in this work (n, Ea and A), as well as 380 

some found in literature. The n is an empirical parameter, which help to adjust the effect of the 381 

partial pressure/concentration of the reactive gas; and the values obtained (0.543 – 6.03) are 382 

within those reported (0.53 – 1.00). On the other hand, Ea is regarded as the minimum amount 383 

of energy needed to promote the reaction. The values found are very similar (147.27 – 155.50 384 

kJ/mol), and are lower than those observed in other works (191.40 – 238.90 kJ/mol). Finally, 385 

the A is associated with the frequency of collisions between molecules and with the likelihood 386 

that these collisions result in a reaction. The values obtained (1.208 x 106 - 4.547 x 106 s-1) are 387 

within the range reported in literature (3.02 x 106 – 1.52 x 1010 s-1). Although all these values 388 

seem to be consistent, it is worth to point out that their use for process scaling-up strongly 389 

depends on how the reaction rate (dX/dt) versus conversion (X) is reproduced, i.e. on the kinetic 390 

model selected. In this sense, this work shows the aplicability of the HMRPM to depict entirely 391 

how reaction rate decreases with conversion; and hence, its high accuracy to be integrated in 392 

both particle and reactor models. 393 

Table 6. Experimental conditions and kinetic parameters for the pCB gasification using 394 
CO2 in thermobalance 395 

T  
(°C) 

Sample 
(mg) 

Particle 
size 
(µm) 

CO2 

(vol%) 
Flow-rate 
(ml/min) 

Kinetic 
model 

Ea  
(kJ/mol) 

A  
(s-1) 

n Ref. 

850, 880, 
900, 950, 
1000 

500 500 
30, 50, 
70, 100 

n.r CGSM 238.90 2.48 x 106 0.68 [21] 

850, 900, 
950, 1000 

2.5 150 
20, 30, 
40 

4.3a  

VM 191.79 1.71 x 106 0.72 

[22] 
MVM 191.40 2.45 x 106 0.53 
CGSM 197.45 3.02 x 103 1.00 
RPM 197.70 4.09 x 103 1.00 

850, 900, 
950, 1000 

7-8 < 75 100 50 MRPM 250.30 1.52 x 1010 n.r [25] 

825, 850, 
875, 900, 
925 

10 200-400 
20, 25, 
30 

400 
CGSM 148.81 1.208 x 106 0.603 

This 
work 

RPM 155.50 2.458 x 106 0.603 
HMRPM 147.27 4.547 x 105 0.543 

a: spatial velocity in cm/s; n.r: not reported; CGSM: Changing Grains Size Model; HMRPM: Hybrid 396 
Modified Random Pore Model; MRPM: Modified Random Pore Model; MVM: Modified Volumetric 397 
Model; RPM: Random Pore Model; VM: Volumetric Model. 398 
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4. Conclusions 399 

Experimental data showed two different periods in the gasification process of pCB. The first 400 

one (X<20%) could be related to the effect of volatile matter and inorganic compounds 401 

contained into the pCB given the drastic decrease of conversion rate. The second one (X>20%), 402 

followed a steady decrease although no maximum in the reaction rate was found. The HMRPM 403 

provided the best prediction of the experimental results, since it depicted entirely how reaction 404 

rate decreased with conversion. In addition, this model had the highest R2 and the lowest MAPE 405 

values for both conversion (X) versus time (t), and conversion rate (dX/dt) versus conversion 406 

(X); and hence, it could be used when the process is being designed and scaled-up. The high 407 

variety and proportion of inorganic compounds as well as the remaining volatile matter into the 408 

pCB, make very useful and versatile the HMRPM to assess the kinetics of thermochemical 409 

process as gasification. Among the different kinetic models studied in this work, the HMRPM is 410 

the only one that considers the potential catalytic effect of the feedstock. The fitting parameters 411 

involved in the HMRPM were successfully correlated to the activation conditions (and α) and 412 

to the pCB characteristics (Ψ, c and p). This is the first time that HMRPM is used to describe 413 

the pCB gasification process under a mixed CO2 and N2 atmosphere. Based on the kinetic 414 

parameters obtained, the reaction rate of the pCB with CO2 can be written as follows: 415 

𝑑𝑋

𝑑𝑡
=  4.547. 10  . 𝑒

.

. 𝑝 . 𝛼 . 𝑒 +(1 − 𝑋) 1 − 𝜓𝐿𝑛(1 − 𝑋)(1 + 𝑋 )  
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