
 

Open Access https://doi.org/10.48130/prkm-0026-0016

Progress in Reaction Kinetics and Mechanism 2026, 51: e020

A method for determining parameters of the modified random
pore model (MRPM) for biomass char-CO2 gasification
Lijuan Zhang1, Mengzhao Liu2*, Yi Wu3 and Ping Geng1*

1 School of Agricultural Engineering and Food Science, Shandong Research Center of Engineering & Technology for Clean Energy, Shandong University of Technology, Zibo
255000, China

2 Analysis and Testing Center, Shandong University of Technology, Zibo 255000, China
3 Beijing Vocational College of Labour and Social Security, Beijing 100000, China
* Correspondence: liumengzhao107@163.com (Liu M); gengping@sdut.edu.cn (Geng P)

Abstract
The  kinetic  modeling  of  biomass  char-CO2 gasification  is  of  great  significance  for  the  development  of  gasification  technologies,  process  analysis,  and

equipment design optimization.  Compared with other  models,  the modified random pore model  (MRPM) exhibits  distinct  advantages in describing the

kinetic mechanism of biomass gasification. However, methods for determining the model parameters of MRPM have not yet been reported in the literature,

which increases the difficulty of applying MRPM to biomass gasification studies. This paper proposes a systematic method for solving the kinetic parameters

of  MRPM.  Two  biomass  chars  with  distinctly  different  properties,  namely  coffee  grounds  char  (CGC)  and  bamboo  char  (BBC),  were  used  to  validate  the

proposed method. The results show that the MRPM constructed using the proposed method can accurately fit the r-X and X-t curves of both CGC and BBC.

The parameter-solving method for MRPM presented in this work is verified to be effective and reliable.
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 Introduction
Kinetic  modeling  of  char-CO2 gasification  is  a  cornerstone  for

optimizing  gasifier  design  and  improving  reaction  process  effi-
ciency.  To  characterize  the  evolution  of  sample  properties  during
gasification,  a  suite  of  kinetic  models  has  been  proposed,  includ-
ing  the  volume-reaction  model  (VM),  shrinking  core  model  (SCM),
integrated  model  (ICM),  random  pore  model  (RPM),  and  modified
random  pore  model  (MRPM)[1−3].  Coal  and  biomass  feedstocks
exhibit significant differences in physical and chemical properties[4,5],
and these material  characteristic  variations lead to distinct  applica-
bility  of  different  kinetic  models[6−8].  Consequently,  different  bio-
mass  types  often  require  tailored  kinetic  descriptions  to  achieve
accurate modeling.

Extensive  research  has  been  conducted  on  kinetic  modeling  of
various  biomass  feedstocks  using  different  mechanism  models.
Zhang  et  al.[9] established  kinetic  models  for  14  biomass  types,
including  woody  and  herbaceous  fuels  with  marked  variations  in
alkali  and alkaline earth metal (AAEM, i.e.,  K, Ca, Na) contents. Their
findings  indicated  that  only  MRPM  could  adequately  describe  the
gasification behavior of five biomass samples with unique reactivity
profiles. Gupta et al.[5] compared the performance of VM, SCM, RPM,
and  MRPM  in  simulating  CO2 gasification  of  six  AAEM-enriched
biomass  chars,  and  concluded  that  MRPM  yielded  the  most  accu-
rate  characterization  of  gasification  kinetics.  The  high  AAEM  con-
tent  in  biomass  introduces  complexity  to  its  gasification  behavior
and  elevates  the  challenge  of  kinetic  modeling[10−12].  As  a  result,
the  more  mechanistically  comprehensive  MRPM  has  emerged  as
a  preferred  choice  for  establishing  biomass  gasification  kinetic
mechanisms.

Accurate determination of model parameters is the foundation of
reliable  kinetic  modeling.  For  simplified  models  like  VM  and  SCM,

the  rate  constant  can  be  directly  derived  by  fitting  experimental
reaction rate or conversion curves[13]. For the conventional RPM, the
structural  parameter Ψ is  usually  pre-determined,  after  which  the
rate  constant  is  fitted[14,15].  Two  main  approaches  are  used  to  esti-
mate Ψ:  empirical  estimation[16] and  numerical  fitting[17].  MRPM
features  a  more  complex  mathematical  structure,  introducing  two
additional dimensionless correction parameters (p and c)  alongside
Ψ, which further complicates the modeling process[18]. However, no
detailed  modeling  procedure  or  parameter-solving  method  for
MRPM has been reported.

Given  MRPM's  status  as  one  of  the  most  promising  models  for
biomass gasification kinetics,  developing an effective and universal
parameter  estimation  framework  is  of  great  practical  significance.
This work presents a simple, robust, and universally applicable step-
wise  method  for  determining  the  complete  set  of  MRPM  kinetic
parameters.

 Materials and methods

 Materials and equipment
Two  representative  biomass  feedstocks  were  selected  for  this

study:  coffee  grounds  and  bamboo.  Coffee  grounds  are  a  low-ash,
calcium-rich  seed-derived  biomass,  whereas  bamboo  is  a  potas-
sium-rich herbaceous biomass.  Approximately  20 g of  raw material
(0.2–0.25  mm in  particle  size)  was  heated to  1,203 K  in  a  fixed-bed
reactor with N2 flow and maintained at that temperature for 10 min
to  produce  biomass  chars.  The  obtained  char  was  subsequently
ground  and  sieved,  with  the  0.063–0.075  mm  particle  size  fraction
collected for subsequent gasification experiments. The properties of
the CGC and BBC are shown in Table 1. The coffee grounds char and
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bamboo char were labeled CGC and BBC, respectively. Sample load-
ing was performed using a flat alumina disc (FAD) without sidewalls.
Samples were coded as S-C-M, where S = sample type, C = crucible
type, and M = sample mass (e.g., CGC-FAD-1).

 Gasification experiments
Samples  were  heated  at  50  K/min  to  the  target  temperature

under 200 mL/min N2 and held isothermally  for  10 min.  Isothermal
CO2 gasification was initiated by switching to a CO2-containing gas
stream and continued until the mass stabilized. The CO2 partial pres-
sure was adjusted by mixing CO2 and N2 at atmospheric pressure.

All  gasification  experiments  were  repeated  twice,  and  the  aver-
age  values  were  reported.  The  relative  standard  deviations  of  the
calculated kinetic parameters (K, Ψ, c, p) were ± 5% in CGC and ± 8%
in BBC, indicating good reproducibility.

Char conversion (X) and isothermal reactivity (r, min−1) of the char
during the isothermal gasification are determined from Eqs. (1) and
(2), respectively.

X =
m0−mt

m0−mg
(1)

r =
dX

dt
(2)

where, m0 represents  the original  mass  of  the sample at  the onset  of
gasification, mt denotes  the  instantaneous  mass  at  time t during
gasification, t;  and me stands  for  the  final  sample  mass  upon  com-
pletion of gasification, equivalent to the ash mass.

 Kinetic mechanism model of gasification reaction
The differential of the RPM and MRPM can be expressed as Eqs. (3)

and (4). c and p are  dimensionless  parameters.  Because  of  the
complexity of MRPM, it  is  difficult  to obtain the analytic solution of
its  integral  form. Figure  1a–f shows  the r-X curve  of  MRPM  with
different  model  parameters.  With  the  constant  adjustment  of Ψ, p,
and c,  the  position  of  the  peak  reaction  rate  changes  obviously.
Moreover,  the r-X curve  shape  is  more  abundant,  which  further
expands the application scope of the model.

dX

dt
= K (1−X)

√
1−ψ ln(1−X) (3)

dX

dt
= K (1−X)

√
1−ψ ln(1−X) (1+ (cX)p) (4)

 Results and discussion
Based on the trajectory characteristics of the r-X curve of CGC and

BBC  in Fig.  2,  the  changes  in r-X curves  of  CGC  and  BBC  are  more
complicated,  presenting  a  trend  of  an  increase  before  a  decrease,
and the peak position and variation trend of reaction rate are obvi-
ously different.

In  the proposed parameter  determination method,  the rate  con-
stant K of the MRPM is solved first, followed by the structural param-
eter Ψ, and the correction parameters c and p. By taking the limit of
the MRPM kinetic function as conversion approaches zero, Eq. (5) is
derived.  It  indicates  that  the model  rate  constant K corresponds to
the  initial  reaction  rate  at X =  0.  However,  directly  using  the

 

Table 1.  Properties of CGC and BBC.

Proximate analysis (wt%, db) Ultimate analysis (wt%, db) Ash analysis (wt%)

A V FC C H N (O+S)a Al2O3 SiO2 K2O CaO Fe2O3 Others

CGC 2.1 15.9 82 77.1 1.4 3.1 16.3 5.2 3.7 1.9 40.5 0 48.7
BBC 14.4 6.9 78.7 75.5 1.3 0.3 8.5 0.2 26.7 59.8 1.4 0.5 11.4

a: By difference.
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Fig. 1  The r-X curves of MRPM. (a) MRPM, Ψ: 0–20, p, c = 0. (b) MRPM, Ψ = 1, p = 1, c: 0–4. (c) MRPM, Ψ = 1, p = 3, c: 0-4. (d) MRPM, Ψ = 1, c = 1, p: 0.5–4.
(e) MRPM, Ψ = 5, c = 1, p: 0.5–4. (f) MRPM, Ψ = 1, c = 3, p: 0.5–4.
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experimental  reaction rate at X = 0 is  unreliable,  as it  is  affected by
gas  switching  hysteresis,  transient  flow  disturbances,  and  pressure
fluctuations  at  the  onset  of  gasification[19].  To  obtain  an  accurate
and physically meaningful initial reaction rate, reaction rates within
the conversion range of X = 0.1–0.8 were fitted with a smooth func-
tion, and the value at X = 0 was then extrapolated. Taking CGC as an
example,  the  procedure  for  determining  the  initial  reaction  rate  is
illustrated in Fig. 3. Using this method, the rate constants K for CGC-
FAD-1 and BBC-FAD-1 under different temperatures and CO2 partial
pressures were obtained, as listed in Table 2.

dX

dt
|X→0 = lim

X→0

[
K (1−X)

√
1−ψ (ln (1−X)) (1+ (cX)p)

]
= K (5)

As MRPM is derived as an extension of the conventional RPM, the
stable Ψ at  low  conversion  rates  (X <  0.3)  represents  the  intrinsic
pore structure unaffected by AAEM catalysis  at  higher  conversions;
therefore, Ψ is first reliably estimated using the RPM form (as a fixed
MRPM  parameter),  after  which  the  scaling  parameters c and p
(which primarily influence medium-to-high conversions, X > 0.5) are
introduced.  With  the  rate  constant K already  obtained, Ψ becomes
the only unknown parameter in the RPM equation. Therefore, Ψ can
be  calculated  by  substituting  the  experimental  reaction  rate  at  a
given conversion X into the RPM expression. The calculated Ψ values
for  CGC-FAD-1  and  BBC-FAD-1  at  various  conversion  points  are
presented in Table 3.

It  can be seen from Table 3 that for CGC-FAD-1, the calculated Ψ
remains  relatively  stable  at  approximately  10.9  ±  0.3  when X <  0.5,
but increases abruptly at higher conversions. This suggests that the
conventional RPM with a constant Ψ = 10.9 ± 0.3 cannot reasonably
describe the gasification reaction rate of  CGC-FAD-1 at X >  0.5.  For

BBC-FAD-1, Ψ is nearly constant at around 8.3 in the low conversion
range ( X < 0.3) and rises sharply afterward, indicating that RPM fails
to capture the reactivity evolution of BBC-FAD-1 at X > 0.3.

To  further  verify  this  limitation,  the r-X and X-t curves  of  CGC-
FAD-1  and  BBC-FAD-1  were  fitted  using  RPM,  and  the  results  are
displayed in Fig. 4. As observed, the fitting accuracy of RPM deterio-
rates  noticeably  for  CGC-FAD-1 at X >  0.5  and becomes unsatisfac-
tory  for  BBC-FAD-1  even  at X >  0.3.  These  fitting  results  are  highly
consistent with the variation trends of Ψ shown in Table 3, confirm-
ing  the  inherent  limitation  of  RPM  in  describing  the  mid-to-high
conversion behavior of biomass chars.

To improve the fitting performance at medium and high conver-
sions,  the  additional  correction  parameters c and p in  MRPM  were
introduced and determined.  In  this  step,  the stable Ψ values  in  the
low-conversion stage were adopted: 10.9 for CGC-FAD-1 and 8.3 for
BBC-FAD-1. With K and Ψ fixed, only c and p remain unknown in Eq.
(4). By substituting the experimental reaction rates at no fewer than
two conversion points within the poorly fitted region into the MRPM
differential equation, the values of c and p can be solved analytically.
The  obtained  parameters  for  CGC-FAD-1  and  BBC-FAD-1  under
different conditions are listed in Table 4.

 

Fig. 2  The r-X curves of CGC and BBC.

 

Fig. 3  Determination of reaction rate at X = 0.
 

Table 2.  The model rate constants of CGC and BBC.

T (K)
P (MPa)

0.025 0.05 0.075 0.1

CGC-FAD-1 1,173 0.070 0.093 0.112 0.131
1,123 0.025 0.032 − −

BBC-FAD-1 1,173 0.020 0.027 0.033 0.037
1,123 0.008 0.011 − −

 

Table 3.  The model parameter Ψ of CGC-FAD-1 and BBC-FAD-1.

T (K) P (MPa)
X

0.2 0.3 0.4 0.5 0.6 0.7 0.8

CGC-FAD-1 1,173 0.025 11.0 11.1 10.9 10.8 11.2 12.0 14.6
0.05 10.9 10.6 10.6 10.9 11.4 13.6 15.5

0.075 10.8 10.7 10.6 10.8 11.5 13.2 15.6
0.1 10.6 10.7 10.8 10.7 11.0 12.2 15.0

1,123 0.025 11.2 11.0 10.9 11.1 11.5 12.6 14.5
0.05 10.8 11.1 11.2 11.0 11.4 12.2 14.6

BBC-FAD-1 1,173 0.025 8.2 10.0 12.3 15.6 20.8 29.8 46.2
0.05 8.3 10.2 12.6 16.3 22.6 33.5 53.7

0.075 8.3 10.1 12.7 16.7 23.7 36.7 60.9
0.1 8.2 9.8 12.5 16.8 24.6 39.4 67.8

1,123 0.025 8.3 9.5 11.0 15.1 21.7 34.2 62.5
0.05 8.2 9.0 11.4 15.7 22.7 36.9 64.1
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To  validate  the  reliability  and  effectiveness  of  the  proposed
parameter-solving method, all the obtained kinetic parameters (K, Ψ,
c,  and p)  were  substituted  into  the  MRPM  equation  to  fit  the  full-
range r-X and X-t curves  of  CGC-FAD-1  and  BBC-FAD-1.  The  fitting
results are presented in Fig. 5. As shown in Fig. 5, the MRPM estab-
lished  using  the  proposed  method  achieves  excellent  agreement
with  experimental  data  for  CGC-FAD-1  throughout  the  entire  con-
version  range.  For  BBC-FAD-1,  the  model  also  provides  satisfactory
fitting  quality  up  to X <  0.9.  These  results  clearly  demonstrate  that
the stepwise parameter determination method is reliable and feasi-
ble. By introducing the correction parameters c and p,  MRPM effec-
tively overcomes the shortcomings of RPM and enables an accurate
description  of  the  CO2 gasification  kinetics  of  biomass  chars  with
distinct  physicochemical  properties.  Specifically,  they  mathemati-
cally  compensate  for  the  complex  structural  changes  that  occur

during  the  medium  to  high  conversion  stages,  such  as  pore
coalescence,  carbon  matrix  collapse,  and  the  continuously  increas-
ing  diffusion  resistance  caused  by  ash  layers,  which  cannot  be
captured by the traditional RPM framework.

 Conclusions
A  systematic  and  feasible  method  for  determining  the  kinetic

parameters  of  the  modified  random  pore  model  during  biomass
char-CO2 gasification  was  proposed  in  this  work.  Using  two  typical
biomass  chars  with  distinct  physicochemical  properties  as  valida-
tion samples,  the model  parameters,  including the rate  constant K,
structural  parameter Ψ,  and  correction  parameters c and p,  were
successfully solved step by step.

The  results  demonstrate  that  the  MRPM  established  via  the  pro-
posed method can accurately fit the full-range reactivity-conversion
(r-X)  and  conversion-time  (X-t)  curves  of  both  CGC  and  BBC.  Com-
pared with the conventional RPM, which fails to accurately describe
the  gasification  behavior  at  medium  and  high  conversions,  the
parameter-optimized  MRPM  exhibits  significantly  improved  fitting
accuracy  and  broader  applicability  to  different  biomass  chars.  This
method is established for the biomass char-CO2 gasification system
and is  also well  applicable to biomass char  with high ash and high
AAEM content.

The  proposed  parameter-solving  procedure  is  straightforward,
reliable,  and  does  not  require  complex  iterative  algorithms  or
numerical optimization. For kinetic modeling of the CO2 gasification
of  the  two  biomass  chars  examined  in  this  work  (coffee  ground
char  and  bamboo  char),  it  serves  as  a  simple  and  effective  frame-
work—rather than a universally applicable one. While extrapolation

 

a b

c d

Fig. 4  The model-fitting results of RPM to CGC-FAD-1 and BBC-FAD-1. (a) CGC-FAD-1 (1,173 K). (b) CGC-FAD-1 (1,123 K). (c) BBC-FAD-1 (1,173 K). (d) BBC-
FAD-1 (1,123 K).

 

Table 4.  The model parameters of CGC-FAD-1 and BBC-FAD-1.

T (K) P (MPa) p c

CGC-FAD-1 1,173 0.025 6.4 0.9
0.05 6.5 1.0

0.075 6.3 1.0
0.1 6.4 1.0

1,123 0.025 6.3 0.9
0.05 6.5 1.0

BBC-FAD-1 1,173 0.025 3.2 1.4
0.05 3.2 1.3

0.075 3.4 1.5
0.1 3.3 1.5

1,123 0.025 3.3 1.4
0.05 3.4 1.4
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to other char-gas reactions and other biomass types would require
further experimental verification, the procedure demonstrates clear
promise  and  could,  after  appropriate  validation,  become  a  useful
tool for kinetic mechanism research, reactor simulation, and process
design of gasification systems.
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