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Abstract
Char gasification is a feasible technology to recycle  CO2 and utilize biomass energy. However, the impact of different species 
of biomass on the gasification is still unclear. For the assessment of the feedstock effect on  CO2 gasification, the present work 
prepared over 40 different wood char samples on a high temperature (around 1523 K) flame reactor, which simulate the rapid 
heating rates experienced in industrial reactors. Then, the curves of conversion (X) and conversion rate (dX/dt) versus temperature, 
and the conversion rate versus fractional conversion were derived from the linear non-isothermal thermogravimetric analysis. 
Three models (volumetric model, grain model, and random pore model) are examined for their goodness of fit between the model 
and experimental data, and their estimated activation energy. Finally, links between different biomass property parameters and 
different reactivity indexes were investigated. The results obtained show that different feedstocks result in different gasification 
reactivities of the resultant chars, with T50 and Tmax varying in a wide range of about 170 K and 200 K. But when conversion 
is plotted against dimensionless temperature, regardless of the feedstock origin, all the experimental plots can be described by 
only one curve for X = 0.2–0.95. We attributed the slightly superior prediction of the RPM to the increased amount of adjustable 
kinetic parameters, but lower E values were obtained by using RPM. In addition to the potassium content, the cellulose and lignin 
contents of the feedstock were found to have relatively high correlation with the char reactivity indexes.

Keywords Lignocellulosic biomass · Fast pyrolysis · Feedstock characteristic · Char · CO2 gasification · Kinetics modeling

1 Introduction

Bioenergy is expected to play an essential role in provi-
sion of flexibility in a future energy system dominated by 
wind and solar power (which often categorized as variable 

renewable energy), without the use of fossil fuels. One IEA’s 
2021 report suggests that the deployment of modern bioen-
ergy needs to increase by 10% per year between 2021 and 
2030 to achieve the net zero emissions by 2050 scenario [1]. 
China’s power generation from bioenergy was 163.7 TW·h 
in 2021, accounting for only 1.9% of the annual power gen-
eration [2]. The share is expected to rise to 5% by 2030 [3]. 
Gasification, among the several thermochemical conversion 
processes, possesses great potential in the advanced utilization 
of biomass, producing syngas that can be further upgraded 
to biogas (methane) directly usable in turbines or vehicles, 
or from syngas to liquid biofuels (e.g., methanol) to replace 
diesel and gasoline. Entrained flow gasification (EFG) is the 
most widely used gasification system because of the high char 
conversion and low tar yield [4, 5] and can be characterized by 
the repartition of fast pyrolysis reactions and slow gasification 
reactions. To realize process optimization as well as feedstock 
flexibility, the fundamental elements governing the char reac-
tivity during the slow gasification process must be identified, 
and reliable modeling tools need to be developed to explain 
the gasification process for multiple biomass feedstock.

Highlights  
• The effect of feedstock property on  CO2 gasification has been 
preliminarily investigated.
• Experimental conditions for char-forming simulate real 
industrial reactors.
• Different wood species show a similar reaction characteristic.
• A comparison with three models evaluates their feasibility.
• The alkali and alkaline earth metal element and biomass 
component content have a relatively strong correlation with 
reactivity indexes.
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Literature review [6] showed that the (intrinsic) reactivity 
for biomass char oxidation or gasification varied by about 
two to four orders of magnitude. Such a large variability in 
the reported results is not only caused by the variable prop-
erties of the biomass, but also by the different pyrolysis or 
gasification conditions, making it difficult for comparisons 
between feedstocks. The differences between wood species 
have been regarded as relatively small for a long time [6, 
7]. In her comprehensive review [6], Di Blasi wrote and 
we quoted, “contrary to pyrolysis, there is no investiga-
tion or evidence available suggesting a relation between 
the combustion/gasification rate of chars originated from 
biomass and those from the main biomass components, 
hemicellulose, cellulose and lignin.” She reviewed the rel-
evant literatures and concluded that inorganic matter was the 
main factor responsible for the large differences exhibited 
by chars produced from agricultural residues with respect 
to wood char for both combustion and gasification. Until 
now, the majority of the existing work use a couple of bio-
mass feedstocks and then choose either to dope the solid 
of different inorganic elements or to leach it with aqueous 
or acid solution [8, 9]. Few authors have increased the raw 
sample size to over a dozen, and systematically measured 
the char reaction kinetics and the variation in reactivities 
between biomass fuels. With the concerns of modification 
of the biomass structure and the changed dispersion of ele-
ments in the char structure by the doping and leaching treat-
ments, Dupont et al. [8] collected 21 wood chip samples 
from common wood species in France, and correlated the 
rate of char gasification to the ratio of potassium to silicon 
in the biomass. Based on a similar idea, they [10] measured 
the reactivity of 19 biomass species of various types (wood, 
short rotation forestry, agricultural biomasses, and microal-
gae) in steam gasification experiments and found a factor of 
more than 30 between the reactivities of the fastest and the 
slowest biomass samples. In this work, they highlighted the 
importance of the ratio K/(Si + P) to predict steam gasifica-
tion kinetics of biomass chars, because the potassium-rich 
and silicon- or phosphorus-rich biomasses follow a law of 
zeroth order and first order, respectively.

Thermogravimetric measurement is the most important 
tool for studies on solid reactivity. However, the majority of 
the existing work on the reactivity of biomass char used char 
generated under low temperature or slow heating pyrolysis 
conditions (see, for example, the aforementioned Di Blasi’s 
review [6], where she carefully summarized the test results 
and documented the pyrolysis conditions from relevant lit-
eratures due to the great impact of pyrolysis conditions on 
the char reactivity), which were not representative for the 
conditions in an entrained flow gasifier. Entrained flow gasi-
fication usually operates at high temperatures (> 1200 °C) 
to achieve a high carbon conversion with rather small parti-
cles within a few seconds and produce high-quality syngas 

with low or no tar content [11, 12]. Fast heating rates and 
high temperature pyrolysis experienced in an entrained 
flow reactor can alter the reactivities of the resultant char in 
two directions: higher temperature can lead to a decrease, 
while faster heating rates on the other hand may result in an 
increase in the char reactivity. The reducing char reactivity 
with increasing peak temperature and time at temperature 
is usually described by the term thermal annealing, which 
is generally attributed to a more ordered, graphitic structure 
resulting from high-temperature condensations [13]. It is 
also well-known that faster heating rates during the pyrolysis 
produce a more reactive char, characterized by a higher total 
surface area and/or a higher concentration of active sites 
[6, 13]. Recent study by Septien et al. [14] showed that the 
faster chemical kinetics of char prepared under high heating 
rate could be related to both the higher catalytic inorganic 
content and a more reactive carbonaceous structure.

Char gasification is a complex heterogenous reaction and 
the reactivity is affected by many parameters. Many research-
ers proposed large number of theoretical and semi-empirical 
kinetics to interpret the evolution of conversion rate. Wang 
et al. used the volumetric model (VM), the grain model (GM), 
the random pore model (RPM), and the modified random pore 
model to describe the kinetics of four herbaceous residue chars 
and two wooden residue chars [15]. Gupta et al. studied the 
isothermal gasification kinetics of garden waste chars by VM, 
GM, and RPM models [16]. The volumetric model, the grain 
model, and the random pore model are the traditional one-step 
models with reasonable mechanism assumptions. Substantial 
research has proven that they could describe the isothermal 
conversion of biomass char; however, few authors have applied 
these models to non-isothermal conversion process.

In the current  CO2 gasification study of fast pyrolyzed 
wood char, the feedstock effect is systematic assessed. 
Firstly, a large number of different wood samples (45 at 
first) were collected and processed to make cubic parti-
cles with uniform size (3*3*3 mm) and smooth surfaces. 
Fast pyrolysis of the wood particles at high temperatures 
(~ 1523 K) was performed in a hydrogen flame reactor to 
produce representative chars simulating the realistic con-
ditions encountered in industrial entrained flow reactors. 
Then, non-isothermal thermogravimetric analyses and 
kinetic modeling using three representative gas–solid reac-
tion models (the volumetric model, the grain model, and 
the random pore model) were carried out and the derived 
reactivity indexes at different conversion stages were cor-
related with parameters of the feedstock composition, 
i.e., C/H/N/O elemental content, proximate composition 
(moisture, volatile matter, fixed carbon and ash), inorganic 
element contents (K/Na/Mg/Ca/Si/Al), and lignocellulosic 
composition (lignin, holocellulose, and extractives con-
tents). To the best of our knowledge, similar kinetic study 
has never been reported in literature.
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2  Materials and methods

2.1  Biomass feedstock—stem wood from 45 
different wood types

Only stem wood was chosen as our feedstock for some rea-
sons. First of all, woody biomass represents the ideal and the 
currently most commonly used fuel type in suspension fired 
reactors, i.e., high-quality biomass fuel without bark and soil 
containments. Second, woody biomass, as a biomass group, 
has the minimum ash content and thus, the catalytic effect 
on the char reactivity can be minimized to emphasize the 
influences possibly from other biomass properties. Third, the 
stem wood is easy for batch processing, into regular shape 
with smooth surfaces, which helps to reduce the uncertainty 
encountered in the high temperature flame reactor experi-
ments [17, 18]. Finally, its property is less influenced by the 
growth processes and fertilizer/pesticide usage, as some stud-
ies indicated that wood species grown in different regions 
showed small differences of elemental composition [19].

Stem wood samples from 45 wood varieties were col-
lected. Thirty of them came from a wood farm in Huizhou, 
Southern China (E114°11ʹ, N23°66ʹ), in the form of a whole 
debarked trunk (diameter of about 0.25 m, length of about 
2.5 m). The other 15 wood samples are supplied by different 
suppliers in the timber market, in the form of 3 ∗ 3 mm cubic 
rods. These 45 wood samples were then cut into 3 ∗ 3 ∗ 3 
mm wood cubes, with a length variation of ≤ 0.3 mm. Proxi-
mate analysis, ultimate analysis, biomass components analy-
sis (by the Van Soest method [20]), and ash composition 
analysis (by inductively couple plasma method) were carried 
out, and the results are shown in Fig. S1, Fig. S2, Fig. S3, 
Fig. S4, Table S4, and Table S5.

2.2  Char preparation from fast pyrolysis

The cubic wood particle was inserted into a single particle 
hydrogen flame reactor one by one, to produce fast pyrolyzed 
char. The flame temperature (ca.1523 K) and the estimated 
heating rate (ca.200 K·s−1) inside the single particle reactor 
(i.e., SPR) were close to the realistic conditions in a large 
pulverized wood fired reactor [21]. A detailed description of 
the combustor and the experimental procedures can be found 
elsewhere [17, 21, 22]. The fast pyrolysis processes were 
recorded by high-speed cinematography. Post processing of 
the videos showed that the char particles were removed from 
the center of the SPR right after the extinction of the volatile 
flame in less than 0.2 s and were retracted back to the water-
cooling and nitrogen-filling chamber in less than 0.4 s after 
the particle flame extinction. Five char particles for each wood 
variety were collected for later kinetic experiments. No further 
analyses of the char samples have been carried out so far, 

because of the difficulty to produce enough quantity of char 
from the single particle reactor, where just a couple of mil-
ligrams is obtained in each experiment.

2.3  Char gasification by non‑isothermal TGA 
approach

The SPR-generated char particles were grounded carefully 
in a mortar and pestle. Char gasification was performed in a 
thermogravimetric analyzer (TGA, Netzsch STA 449F1 Jupi-
ter). During the TGA analysis, firstly pure  CO2 was purged 
into the machine to remove residual air and then, ~ 1.0 mg 
of the char powder was heated from 110 °C (before which 
was the drying, the stabilization stage) to 1000 °C at a heat-
ing rate of 10 °C/min under an atmosphere of pure  CO2. 
Sufficient  CO2 through the char is requiring eliminating the 
effect of external diffusion on the gasification rate, and a 
gas flow of 80 mL/min was recommended in the literature 
[23]. In this research, a continuous  CO2 flow of 100 mL/min 
was selected. The moderate heating rate, small sample mass, 
and sufficient reactant flow guarantee the absence of mass 
transfer limitations and self-heating effects [24, 25]. Dupli-
cate tests showed a good reproducibility as standard errors 
of weight loss were within 0.5% at any temperature. Hence, 
only the averaged thermogravimetric curve is reported.

2.4  Gasification kinetic models

Based on the measurement of weight loss versus time, the 
gasification conversion ( X ) was calculated using the follow-
ing formula:

where m0 represents the initial mass; mt is the instantaneous 
mass of the char at time t ; and m∞ is the mass of gasification 
residue in char after complete reaction.

The average reactivity rinteg was defined between two 
stages of conversion X1 and X2 by Eq. (2):

Note that there is no standardized interval of the conversion 
X . In the literature, Sorensen et al. [26] worked on an interval 
of conversion ranging from 0.2 to 0.8, and Tagutchou et al. 
[27] made the calculation with an X interval ranging from 0.15 
to 0.9. In previous studies, researchers always chose intermedi-
ate conversion ranges with low uncertainty for standardized 
calculation. This research would choose the interval of X on 
the basis of experimental results.

(1)X =
m0 − mt

m0 − m∞

(2)rinteg =
∫

tX2
tX1

r(t)dt

1−X(t)

tX2
− tX1
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A general kinetic expression for the overall reaction rate in 
gas–solid reactions is written as the following equation [28]:

where k is the apparent gasification reaction rate con-
stant, which is determined by temperature ( T  ) and can be 
expressed by the Arrhenius equation as Eq. (5) [29]:

where k0 , E , and R are the pre-exponential factor, activation 
energy, and universal gas constant, respectively. Structural or 
surface function f (X) refers to the reactive surface related to 
the reaction mechanism. In this study, three most commonly 
used nth-order kinetic models, namely, the volumetric model 
(VM), the grain model (GM), and the random pore model 
(RPM), were applied to describe the gasification kinetic of 
the fast pyrolyzed wood char.

The VM model is the simplest model, which assumes 
the gasifying agents react with char particle at uniformly 
distributed active sites [30]. Any possible structural changes 
of the solid sample during the reaction are neglected. The 
GM model, also known as the unreacted core model [31], 
assumes that a porous medium is comprised of a group of 
uniform, nonporous, and spherical grains, and the reaction 
first occurs at the external surface of grains before moving 
progressively within. The RPM model, which simultane-
ously considers the effects of pore growth in the initial stages 
and the destruction of pores due to the coalescence of adja-
cent pores during the later course of gasification, normally 
gives improved prediction and shows a maximum of reaction 
rate at the conversion lower than 0.393 [32]. These three 
models give different formulations of the term f (X) . Their 
basic equations are listed as follows:

(1) VM model

(2) GM model

(3) RPM model

where � is a parameter related to the pore structure of the 
unreacted sample (X = 0).

(3)
dX

dt
= k(T)f (X)

(4)k = k0e
−E∕RT

(5)
dX

dt
= kVM(1 − X)

(6)
dX

dt
= kGM(1 − X)2∕3

(7)
dX

dt
= kRPM(1 − X)

√

1 − � ln(1 − X)

The temperature-programmed reaction (TPR) [33] tech-
nique involves heating the samples at a constant rate, a . 
The temperature, T  , is related to time, t  , by [30]:

Under the linear non-isothermal conditions, the 
above three kinetic equations at isothermal condition 
can be transformed into the following Eqs. (9), (10), 
and (11) [34].

The least square method was used between experi-
mental data and kinetics models to yield the ratio of the 
activation energy to the ideal gas law ( Ea∕R ) and pre-
exponential factor ( k0 ). This method calculates the suit-
able values of Ea and k0 based on the least error between 
experimental and model data. The advantage of this 
method is that the values are relatively precise for the 
whole reaction. The numerical procedure is implemented 
in the software Python.

To compare the accuracy of kinetic models, the average 
values of deviation (DEV) between the experimental and 
simulated conversions and reaction rates were calculated 
according to Eqs. (12) and (13) [30]:

where N is the number of test value during the reaction, 
maxXexp represents the maximum value of the experimental 
curve, Xexp,i and Xcal,i are the experimentally obtained and 
model calculated values for X, respectively, and ( dX

dt
)
exp,i

 and 
(
dX

dt
)
cal,i

 represent the experimental conversion rate and 
model fitted conversion rate.

(8)T = T0 + at

(9)VM ∶ X = 1 − exp

(

−
RT2

aEa

k0e
−

Ea

RT

)

(10)GM ∶ X = 1 −

(

1 −
RT2

3aEa

k0e
−

Ea

RT

)3

(11)

RPM ∶ X = 1 − exp

{

−
RT2

aEa

k0e
−

Ea

RT

[

1 +
�

4

(

RT2

aEa

)

k0e
−

Ea

RT

]}

(12)DEV(X)(%) = 100 ×

�

∑N

i=1

�

Xcal,i − Xexp,i

�2
∕N

�1∕2

maxXexp

(13)

DEV
�

dX

dt

�

(%) = 100 ×

�

∑N

i=1

�

(
dX

dt
)
cal,i

− (
dX

dt
)
exp,i

�2

∕N

�1∕2

max(
dX

dt
)
exp
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3  Results and discussion

3.1  Non‑isothermal gasification curves

TG and DTG curves of the linear non-isothermal gasifica-
tion of the fast pyrolyzed chars prepared from 45 different 
wood varieties were drawn. Five samples display a strange 
and unexpected second weight loss behavior in the main 
char conversion regime, clearly implying the existence 
of two char fractions with different reactivities, probably 
attributed to the different chemical natures of the precur-
sors. This two-stage feature of char oxidation has seldomly 
been reported in the literature. Indeed, it has only been 
reported for dry distiller’s grains with solubles (DDGS) 
[35, 36], and for banana peel [37]. Carmen Branca and Di 
Blasi suggested that single well-defined reaction zone was 
generally observed for lignocellulosic chars, while the two 
distinct zones especially the second one evolving at much 
higher temperatures had a peculiar behavior and only had 
been observed for DDGS. Further tests and more analyses 
are needed to provide explanations for these behaviors, 
which is beyond the scope of the present study.

In the following text, only the results from the other 40 
wood varieties were shown and discussed. Their TG and 
DTG curves are shown in Fig. 1. Similar qualitative trends 
are observed in all cases. In Fig. 1a, the conversion starts 
slowly from a very low temperature right after the drying 
stage until reaching the conversion X = 0.15–0.2. From 
then on, over the conversion period from 0.2 to 0.95, there 
appears a steep spike, followed by a flatten part over the 
remaining conversion range of 0.95–1.0; different feedstocks 
result in different gasification reactivities of the resultant 
chars, with T50 varying in a wide range between 1018 and 
1187 K, an interval of about 170 K. But from the qualitative 
point of view, all the curves present the same shape.

On the other hand, all DTG curves (Fig. 1b) consist 
of a more or less pronounced shoulder, followed by the 
attainment of a peak rate. The shoulder and peak in the 

DTG curves fit the description of the char devolatiliza-
tion stage and oxidation stage introduced by Di Blasi [24, 
38] very well, except that in our case the  CO2 gasification 
instead of  O2 oxidation is the cause of the solid conver-
sion and weight loss. Although it is more or less feedstock 
dependent, it is clearly shown in Fig. 1b that the tempera-
ture has a great influence on  CO2 gasification kinetics of 
the fast pyrolysis char—the reaction rate is almost negli-
gible below 900 K, and strongly increases above 950 K. 
Beyond the well-defined peak, the reaction rate plummets 
in a very similar slope for all samples. The variations in 
 DTGmax, the maximum conversion rate, are relatively 
small (5.74–14.98%/min), while the corresponding tem-
perature to obtain the maximum conversion rate, Tmax, 
shows a great spread from 1029 to 1235 K (an interval of 
about 200 K). The final stage corresponds to a flat zone 
as it is associated with the very last ~ 5% of char slowly 
oxidized at higher temperatures (starts from around 1070 
to 1260 K dependent on char origins) in the so-called ash 
cooking zone [25].

The shoulder or extra peak (if any) represents at least one 
reaction step. Branca et al. [39] suggested that the shoulder 
in the thermogravimetric curves of char can be attributed 
to the further decomposition of cellulose and lignin macro-
components. Considering the char in the present study was 
made in a dynamic flame environment (Sect. 2.2), without 
enough soaking time under high temperature environment, 
it seems reasonable that the decomposition of some macro-
components remains incomplete and further decomposition 
of heteroaromatic structures and formation of polyaromatic 
structures are expected to occur, particularly in the inner 
layer of the relatively large particle. Therefore, only the con-
version range of 20–95% would be considered and analyzed 
in the following.

In consideration of the remarkable similarities in the 
trends of the curves of char conversion versus tempera-
ture observed in Fig. 1a, the curves were replotted against 
the normalized temperature, T/T50, where T50 is the 

Fig. 1  Non-isothermal conver-
sion curves (a) and DTG (b) 
of fast pyrolyzed char samples 
prepared from 40 different wood 
varieties. TGA condition: from 
383 to 1273 K at a heating rate 
of 10 K/min in  CO2 atmosphere
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temperature to obtain 50% conversion (Fig. 2). It is clearly 
shown that the origins of the fast pyrolysis char do not affect 
the qualitative features of the TGA conversion curves. Tak-
ing only the conversion range of 20–95% for consideration, 
at the conversion of 50%, the normalized temperature equals 
one for sure. But at the conversion of 20% and 95%, the 
normalized temperature only varies in a very small range 
of around 0.9–0.94 and 1.02–1.05, respectively, suggesting 
that the normalization works perfectly in the aforementioned 
range. The visual observation of the measured curves does 
not allow a clear demarcation between the char devolatili-
zation and the char gasification. In the present study, we 
arbitrarily determined that the main char gasification stage 
ranged from X = 20 to X = 95%.

3.2  Comparison of reaction rates

The conversion stage average reaction rate rinteg between 
two stages of conversion was calculated as previously done 
by Dupont et al. [8] and is shown in Table S6. The values 
obtained between conversions of 20–95%, representing the 
full range of char gasification for 40 samples originated from 
different wood varieties, are shown in Fig. 3a. The feedstock-
mean value of rinteg was of about 0.25%/min, with a varia-
tion of a factor of 2.7 between the minimum and maximum 
among the samples. The minimum and maximum values 
of reaction rates were attained by wood 22 and wood 30, 
respectively, with the average reaction rate of 0.19%/min 
and 0.35%/min. In this research, wood 1 and 35 were chosen 
to analyze more details since wood 1 was the first to finish 
the conversion stage and 35 was the last to complete the 
reaction. Wood 41 was also selected for further discussion, 

whose rinteg was of about 0.25%/min (equals to the feedstock-
mean rinteg), as a representative feedstock. It is significant 
to note that the three samples of wood 1, 35, and 41 have 
some characteristics that are the lowest, highest, and closest 
to average of all the samples. This results in the fixed car-
bon and char yield to have the similar order. Furthermore, 
the range of potassium content and magnesium content for 
three samples accounted for 63.4% and 68.5% of all samples 
respectively. Their ranking of potassium content and mag-
nesium content is the same, wood 41 > wood 1 > wood 35. 
The sodium and calcium contents of the three samples are 
very close. These three feedstocks were also highlighted in 
Fig. 1 and Fig. 2.

The origins or the growth processes of the wood samples 
did not seem to have any systematic influence on char reac-
tivity, since in Fig. 3 the white column representing those 
chars from merchantable wood and the filled column rep-
resenting those chars from wood samples collected in one 
wood farm are evenly distributed. Also, the difference of 
reaction rate did not appear to be correlated with the spe-
cies themselves. For instance, the two samples of pinewood: 
wood 11 and wood 14, had different reaction rates (0.22%/
min versus 0.29%/min). These two pinewood samples have 
fairly similar Na, Ca, and Mg contents, but their K content 
differed by a factor of 2.4 (264 mg/kg versus 628 mg/kg). 
Again, their reactivity difference seems to be explainable by 
their variances in catalytic element contents.

Average reaction rates on the whole range of char con-
version (20–95%) vary only modestly among the 40 woody 
samples. Following previous work [8], the average reaction 
rate rinteg was calculated in narrower ranges of conversion 
and its variations were analyzed to see whether these reac-
tivity differences were sensible along the whole range of 
conversion or specifically in a specific narrow range of con-
version. This may help to better understand the mechanisms, 
particularly the role of the catalytic elements played on the 
conversion rate. Recent investigations [40–43] have shown 
that the average reaction rates of biomass chars vary with the 
char conversion ratios. Most of them agreed that the catalytic 
or inhibiting effects exerted by the inorganic elements were 
the major parameter influencing reactivity at high conversion 
ratios (e.g., X > 60%).

Figure 3b to 3e present the rinteg of the 40 char samples 
for specific conversion ranges of 20–40%, 40–60%, 60–80%, 
and 80–95%, respectively. The corresponding feedstock-
mean values are of about 0.047%/min, 0.16%/min, 0.51%/
min, and 1.51%/min, respectively, becoming progressively 
higher. Additionally, the variation factors (ratio of the maxi-
mum and minimum values) were of about 1.8, 1.8, 3.3, and 
4.6, respectively, for the four conversion stages, indicating 
the reactivity difference between different feedstock was 
enlarged with the progress of reaction. The results confirm 
that with progressively release of the C, H, and N during 

Fig. 2  Conversion curves versus the normalized temperature, T/T50, 
with zoom-in views of the conversion regions of 0.2–0.5 and 0.5–
0.95. Legends are the same as shown in Fig. 1
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Fig. 3  Average reaction rate of 40 char samples at different conversion ranges: a 20–95%; b 20–40%; c 40–60%; d 60–80%; e 80–95% (white 
column: those from merchantable wood, filled column: those from wood samples collected in one wood farm)



18374 Biomass Conversion and Biorefinery (2024) 14:18367–18380

1 3

char gasification, the inorganic material is majorly retained 
within the residue char, and therefore, the amount of alkali 
catalyst per unit available char surface area (or unit mass 
of char) increases with progressing gasification, which can 
explain the gasification acceleration and also the enlarged 
reactivity variation observed here. This observation that the 
average reaction rate tended to increase with conversion is in 
accordance with the isothermal steam gasification research 
by Dupont et al. [8], only their average reaction rates are 
much higher, which can be explained by the more active 
gasifying agent (steam) and higher overall reaction tempera-
ture (800 °C) used in their TGA experiment.

3.3  Kinetic analysis

3.3.1  Performance of VM, GM, and RPM models

Regarding the variation of the char reactivity in the  CO2 
gasification experiment, three reactivity models (VM, GM, 
and RPM) are examined in the present work using the linear 
non-isothermal TGA experimental data for 40 fast pyrolyzed 
wood chars. It is worth noting that all chars exhibited the 
similar fitting trends; however, for practical reasons, just 
three chars with the fastest (wood 1), the slowest (wood 35), 
and the average (wood 41) reactivity are shown in the figures.

Figure 4a–4c show the fitting of the conversion and 
conversion rate (DTG) curves from three selected wood 
feedstock to the volumetric (Eq. (9)), grain (Eq. (10)), and 
random pore (Eq.  (11)) reaction models. On the whole, 
performances of these three models are pretty similar: they 
all underpredicted the conversion below X = 0.3 and above 
X = 0.7 (for RPM the underprediction is milder, particu-
larly between X = 0.7 and 0.8), independent of the feed-
stock effect; the predicted profiles of the conversion rate 
are all border and shorter than the measured ones—none of 
the three models captures the sharp peak exhibited by the 
experimental curve of conversion rate; when plotted against 
conversion, the VM, GM, and RPM again fail to describe the 
experimental rate maximum beyond X = 0.7. The accelera-
tion in the earlier stage can be explained by the increasing 
temperature adopted in the non-isothermal approach, and 
the deceleration occurred later in the conversion process is 
caused by the reduction in residue mass to be reacted.

Table 1 enables a quantitative comparison, by listing the 
DEV ( X ) and DEV ( dX∕dt ) for three representative wood 
varieties predicted by the three models. As shown, the RPM 
has a slightly better fitting performance consistently than 
VM and GM. In the extended research, shown in the supple-
mental material (Table S2), RPM outperforms for the major-
ity wood types (wood 5, 36, and 37 were exceptional). The 
second observation is the DEV ( X ) value is much smaller 
than the DEV ( dX∕dt ) value, which is consistent with the 
literatures [30, 31]. Lastly, all three models performed better 

for wood 1 than the other two wood samples, but only to a 
modest extent. It seems reasonable considering the great 
similarities among different feedstocks (Fig. 2) and the sys-
tematic deviation below X = 0.3 and above X = 0.7 between 
the experimental and theoretical conversion data (Fig. 4).

Several authors [15, 44–47] have assessed the perfor-
mance of different models, including VM, GM, and RPM, 
to describe the gasification curve of char under  CO2 atmos-
phere. Mostly, they concluded that only the RPM accurately 
(acceptably) predicted the conversion of different biomass 
chars. A closer examination of the prediction errors or model 
deviations would suggest that the RPM predictions may have 
the smallest deviations from the experimental data among 
the three models; however, its superiority over the other 
models is often only modest [44, 46], and sometimes the 
deviation is still significant [47].

3.3.2  Estimation kinetic coefficients

Complete data of the fitted  CO2 gasification kinetic param-
eters of the 40 wood chars estimated by the RPM, VM, and 
GM models, along with the regression coefficients (R2) 
and average value of deviation (DEV), are supplied in the 
Tables S1 and S2 as supplemental material. The accuracy 
of model prediction is usually assessed based on either the 
regression coefficients (R2) or some sort of deviation index 
(for example, the average value of deviation used in the pre-
sent study). It is noted that the R2 are significantly higher, 
and the DEV values are significantly lower for model pre-
dicted conversions than for the predicted conversion rates.

As indicated in Table S1, RPM is superior to the other two 
models, only when comparing the feedstock-average regres-
sion coefficient (0.990 for the former versus 0.989 and 0.986 
for the latter two), which confirmed the great similarity in their 
prediction accuracy. The minimum determination coefficient 
of the model fitting to the experimental results is 0.935 for 
RPM, 0.938 for VM, and 0.977 for GM. Such a high value of 
determination coefficient justifies the correctness of the model 
fitting and the estimated kinetic parameters [29, 48, 49].

Figure 5 shows a box plot created by the software Ori-
gin, indicating the statistic of the activation energies (E) and 
the pre-exponential factors (A) for  CO2 gasification of 40 
wood char samples. The feedstock-average E is 143.2, 195, 
and 173.8 kJ/mol for RPM, VM, and GM respectively, and 
the maximum and minimum values are 111.1 and 170.6, 
151 and 234, and 137.1 and 206.4 respectively. The values 
obtained in this study are clearly dependent on the kinetic 
models used. The trend that lower E values were obtained by 
using RPM coincides with the literature [45][45]. From the 
above analysis on the model prediction accuracy, it cannot 
be concluded which value is more appropriate for describing 
fast pyrolyzed char gasification in  CO2 atmosphere.
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A wide range of activation energies has been reported 
in the literature for  CO2 gasification of biomass chars. 
In Di Blasi’s review [6], the reported activation energies 
vary between 88 and 250 kJ/mol, with a large part of the 
values around 200–250 kJ/mol. In a more recent review 
on the  CO2 char gasification from 2014 to 2020 [50], a 
similar range (from 100 to 247 kJ/mol) for the biomass 
char only can be extracted from the summary table. 

The predicted activation energies by the three models 
in this study all fall within the scope of the literature 
reported values, although the values obtained by the 
VM are closer to the normal range indicated by Di Blasi 
(200–250 kJ/mol). The wide dispersion of the E val-
ues reported from different studies might be caused by 
the influence of many different variables, such as bio-
mass properties, pyrolysis, and gasification conditions 

Fig. 4  Experimental and predicted curves of conversion (left), conversion rate (middle) with TGA temperature as function, and conversion rate 
with conversion as function (right) for three selected chars: a VM model; b GM model; c RPM model
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(temperature range and temperature-programmed used, 
gasifying agent concentration) or type of reactor used. 
Even the kinetical model and the analytical method used 
[50] can play an important role in the determination 
of the kinetics parameters. The present work prepared 
the char in identical experimental setup and deduced 
the kinetic parameters under the same experimental 
and model fitting condition for different wood types; a 
wide range of the kinetic parameters indicated by Fig. 5 
would suggest that the intrinsic biomass characteristics 
influenced their reactive behavior.

3.3.3  Further discussion

Note that the main differences between the three models lie 
in (i) the assumptions on the particle structure and hence 
reactive site locations when taking a microscopic view [51]. 
The chemical reaction is assumed to taking place either 
simultaneously at all points within the particle (the volumet-
ric model) or at the outer surface only (the grain model, also 
known as the shrinking core model). RPM furtherly consid-
ers the evolution of char structure and hence the reactive 
site concentration as gasification proceeds; (ii) the capacity 
to describe the experimental data with a maximum value in 
the reactivity-conversion curve when using a macroscopic 
modeling approach. The former two models are incapable 
while the RPM can describe a maximum in reaction rate.

A survey of literature revealed some unanswered questions 
and limitations of the commonly used random pore model:

(i) Gomez et al. [52] questioned the existence of the 
maximum reaction rate. He provided quite convincing 
experimental evidences to prove that the maximum reac-
tion rate during isothermal gasification experiment is just 
a consequence of switching the inert gas for the gasify-
ing agent [52, 53], and not due to changes in the char 
surface during gasification, as suggested by the RPM. If 
the gas switching and thus the gas dispersion effects can 
be avoided by adjusting the experimental procedure, the 
VM and the ICM (integrated core model) fit better to the 
experimental results than the RPM [52, 54]. Observations 
obtained by the present study on the RPM’s superiority 
over the other two models may be just a consequence of 
an increase in the number of fitting parameters. In view 
of the faulty experimental procedure of the isothermal 
approach, the present study may be a solution for switch-
ing gas problem and for verifying the reasonableness of 
RPM assumptions.
(ii) The popularity of the RPM is mainly due to its non-
linear dependence on char surface, taking into account 
the effects of pore growth and coalescence during reac-
tion and enabling the prediction of a maximum reactiv-
ity as being observed in some experiments. However, 
the original RPM fails to describe the reactivity profiles 
of biomass chars or alkali metals catalyzed carbons, in 
which the reactivity increases with increasing conversion 
or exists a maximum in high conversion range (X > 0.393) 
[55–57]. Theoretically speaking, the change in intrinsic 
reactivity (free from any mass transfer limitation) can be 
associated to the change in any other influential factors of 
the char reactivity. For example, the content, dispersion, 
sintering, or inhibition of the catalyst-species all cannot 
be assumed to be constant properties during the course of 
reaction and should play important roles, especially for 

Table 1  Estimated kinetic parameters, adjustable parameters of the 
RPM, VM, and GM models for three selected samples

Sample number 1 35 41

VM
  E (kJ/mol) 232.1 183.3 209.6
  k0  (min−1) 1.88E + 11 1.42E + 07 1.24E + 09
  DEV ( X ) (%) 6.74 4.90 6.00
  DEV ( dX∕dt ) (%) 10.2 10.38 10.24

GM
  E (kJ/mol) 201.0 159.7 186.3
  k0  (min−1) 3.53E + 09 9.74E + 05 7.59E + 07
  DEV ( X ) (%) 6.76 4.43 6.57
  DEV ( dX∕dt ) (%) 10.61 9.39 10.34

RPM
  E (kJ/mol) 168.5 132.9 153.7
  k0  (min−1) 4.46E + 07 3.90E + 04 1.27E + 06
  � 4.96 4.58 5.11
  DEV ( X ) (%) 6.38 4.24 5.55
  DEV ( dX∕dt ) (%) 10.01 9.33 9.79

Fig. 5  Box plot indicating the maximum, minimum, median, average 
values, and the interquartile range of the E and A fitted by RPM, VM, 
and GM models for 40 wood char samples
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biomass char conversion. As shown in Fig. 4, the RPM 
fails describing our experimental rate maximum of the 
wood char, which appeared at high conversion (beyond 
0.7). More complex model (for example, the modified 
random pore model [56], or and the extended random 
pore model [55, 58], both seem promising to quantify 
and interpret catalyst effects in biomass char gasification) 
should be explored for better description of the experi-
mental data, which will be our work in the next stage.
(iii) Literature [51, 59] has found that the RPM may 
respectively overestimate and underestimate the conver-
sion rate in the intermediate stage and in the later stage, 
as also indicated by the Fig. 4c in the present study.

3.4  Correlations between gasification reactivity 
and biomass properties

The term reactivity refers to a property of the solid fuel as its 
capacity for chemical reaction [16]. In this context, various 
reactivity indexes can be used. Scatter diagram and Pear-
son’s product moment correlation were used to determine 
the relationship between different fuel property parameters 
and gasification reactivity indexes. The parameters describ-
ing the fuel properties include proximate analysis (moisture, 
volatile matter, fixed carbon and ash content), ultimate anal-
ysis (C/H/N/O content), inorganic compositional analysis 
(K/Na/Ca/Mg/Si/Al content), and lignocellulosic composi-
tional analysis (hemicellulose, cellulose, and lignin content). 
The used reactivity indexes are five average reaction rates (as 
shown in Fig. 3, namely, R20-40, R40-60, R60-80, R80-95, 
and R20-95) and four more frequently used indexes, i.e., 
R50, T50, Rmax, and Tmax, representing the conversion rate 
and the temperature when reaching 50% conversion, the 
maximum conversion rate, and the temperature to obtain 
it. The former five report the average reaction rate over a 
conversion range, and the latter four are defined at a spe-
cific value of conversion. Moreover, the former four might 
be independent to each other, while for the latter four, the 
higher conversion rate (R50 or Rmax) means higher reactivity 
and the higher T50 and Tmax are related to lower reactivity.

The results of the correlational analysis are illustrated in 
the supplemental material as a correlation matrix (Table S3), 
with the fuel property parameters and reactivity indexes 
listed as row headers and column headers, respectively. A 
glance through the cell figures representing the correlation 
coefficients reveals a pretty low correlation strength. Fig-
ure 6 presents the correlation between potassium content 
and the five average reaction rates. The strongest correla-
tion exists between the potassium content of the feedstock 
and the R60-80 (average reaction rate at conversion range 
of 60–80%), with a positive correlation coefficient of 0.56. 
Note that K content also has a pretty strong correlation with 

R80-95 and Rmax (correlation coefficient of 0.48 and 0.44, 
respectively). Interestingly, there are apparent correlations 
between the cellulose and lignin content with the reactivity 
indexes pairs of R50 and T50, and also Rmax and Tmax. Cellu-
lose content correlates best with R50 with a correlation coef-
ficient of 0.48, while lignin content’s correlation coefficients 
with T50 and Tmax are both higher than 0.46. Worthy of 
mention also is the consistency of these two lignocellulosic 
composition parameters, i.e., cellulose content is positively 
correlated with both the conversion rates (R50 and Rmax) and 
negatively correlated with both the temperature reactivity 
indexes (T50 and Tmax), while lignin content is on the oppo-
site. From this perspective, silicon, the well-known element 
with an inhibitory effect on the conversion rate, exhibits a 
consistently negative (although very low) correlation with 
all the conversion rate indexes and positive correlation with 
the temperature reactivity indexes. All the other fuel prop-
erty parameters exhibited little if any correlation with the 
reactivity indexes. Sodium might be an exception, but its 
content only correlates with R40-60 (r = 0.42) and corre-
lates poorly with other indexes. Besides, the Na contents 
in the feedstocks are very low (a range of 50.0–124.0 mg/
kg and the average value is 75.0 mg/kg), compared to other 
elements.

Considering the large sample size (40 feedstock in the 
present study, such a large number of woody biomasses 
as experimental subjects is unknown in literature to the 
authors), we therefore conclude that the reason for the 
relatively low dependence of the gasification reactivity 
indexes on the potassium content or any other ash com-
positions is because of the very low variation in the con-
tent of our tested feedstock. Dupont et al. [8] obtained a 
comparatively high linear correlation  (R2 = 0.77) of the 

Fig. 6  Correlation between potassium content in feedstock and aver-
age reaction rate at different conversion ranges
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corrective kinetic parameter ai from a modified grain 
model versus the ratio K/Si, with 21 different wood chips 
as feedstock. Their feedstock has a comparatively larger 
variation in the content of inorganic composition, with 
ash, K, and Si content spreading in a range of 0.5–4.3%, 
112–2019 mg/kg, and 85–3619 mg/kg, respectively. They 
later studied 19 biomass feedstocks [10], which belong 
to 4 classes: wood (5 samples), SRF/SRC (short rota-
tion forestry/coppice, 4 samples), agricultural residue (8 
samples), and microalgae (2 samples), and divided them 
into 3 families according to their ratio K/(P + Si). When 
the ratio is larger than 1, the kinetic parameter k1 can 
be satisfactorily correlated (R2 = 0.72) to the potassium 
concentration in the feedstock. Extracting the data from 
their paper, we can find a significantly large variation 
in the content of inorganic composition even only in the 
so-called family 1, with ash, K, and Si content ranging 
from 0.4 to 14.7%, from 0.021 to 2.57%, and from 0 to 
10.17%, respectively. For comparison, in the present 
study the content variations of ash, K, and Si content are 
significantly minor: ranging from 0.63 to 1.16%, from 0 
to 0.48%, and from 0 to 0.02%.

On the other hand, the influence of the morphologi-
cal structure is deemed weaker than the influence of the 
inorganic composition. In a very few cases [60, 61], the 
structure of char is found to play a more dominant role 
than the catalytic effect of the ash on char reactivity. 
For biomass, its char texture and structural organization 
change over the pyrolysis reaction due to the thermal 
degradation of the major biomass components, namely, 
cellulose, hemicellulose, and lignin [62]. Therefore, it 
seems reasonable the feedstock’s lignocellulosic com-
position content is correlated to the resultant char’s 
reactivity, through influencing the char’s textural and 
structural organization [62], particularly when the feed-
stock’s content of inorganic composition is low and so 
is its catalytic effect exerted on the char reactivity, as 
shown in the present study.

4  Conclusion

Feedstock variability is a crucial issue for industrialization 
of biomass conversion processes. In this research, the  CO2 
gasification kinetics of a variety of wood chars, prepared 
in a high temperature hydrogen flame reactor, was studied 
in a thermogravimetric analysis by using a non-isothermal 
method. Three reactivity models were used to calculate the 
kinetic parameters. In addition, the feedstock effect on the 
gasification reactivity was also investigated by correlating 
different biomass property parameters and different reactiv-
ity indexes. The following observations were made through-
out the study:

(1) Despite the apparent dependence on the reaction 
temperature (the T50 and Tmax varying from 1018 to 
1187 K and from 1029 to 1235 K, respectively), the 
non-isothermal TG and DTG curves showed strikingly 
similar qualitative trends for all 40 wood samples. By 
normalizing the reaction temperature with respect to 
the T50, the temperature to obtain 50% conversion, 
the conversion curves can be replotted into one master 
curve, suggesting that not much variability exists in 
their reaction mechanism.

(2) The overall average reaction rates of char gasification 
(20–95%) vary only modestly (a range from 0.19 to 
0.35%/min) when removing the char devolatilization 
stage from the beginning of the conversion (0–20%). 
The corresponding feedstock-mean values became 
progressively higher with the progress of conversion 
stages. Furthermore, the variation factors also increase 
for four sequential conversion stages (20–40%, 40–60%, 
60–80%, and 80–95%) which indicates the reactivity dif-
ference between different feedstock was enlarged.

(3) All three models (VM, GM, and RPM) predict the 
gasification conversion profiles relatively well with 
regression coefficients 

(

R2
)

 for the predicting conver-
sion curve being all larger than 0.935. The predicted 
activation energy all falls into a reasonable range, 
which is consistent with the literature. One other point 
worth noting is that RPM predicted lower activation 
energy and it seems to have no advantage over the other 
two models (VM and GM), which have few unknown 
kinetic parameters.

(4) Although the correlation between the reactivity indexes 
and the fuel characteristic parameters is pretty low, the 
K content has a relatively strong correlation with R80-
95 and Rmax. It proved the catalytic effect of potassium 
functions in the high conversion stages. It seems very 
challenging to directly relate the biomass character-
istics to its gasification performance because of the 
complexity of these materials and the possible compli-
cated interactions between their properties; however, 
the present work confirmed the important enhancing 
role of potassium and found some hints on the positive 
role of cellulose and negative role of lignin to the char 
gasification reactivity.
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