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Abstract The influence of the temperature on the gasifi-

cation of two manure char samples (char Pre and char SW)

was evaluated in a thermogravimetric analyser (TG) using

CO2 as the gasifying agent. Experimental data were fitted

to seven kinetic models in order to reproduce accurately the

gasification process. The classic volumetric (VM), shrink-

ing core (SCM) and random pore (RPM) models were

considered. In addition, four semi-empirical models based

on them (SCM-Emp, RPM1, RPM2 and RPM3) were also

tested. For the parameter estimation, a home-made VBA–

Excel application was developed. The statistical meaning-

ful of the models and their corresponding parameters were

evaluated by using F and t tests, respectively. The best

fittings were achieved with SCM (char Pre) and SCM-Emp

(char SW) models. A catalytic promotion of the gasifica-

tion process for char SW was observed, coming from the

inorganic matter present in this sample. Consequently, the

alkali index (A.I.) for both samples was calculated in order

to check the catalytic behaviour of the metallic species

contained in the corresponding ashes. As expected, the A.I.

value corresponding to char SW was much higher than that

of char Pre.
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Introduction

In this century, the depletion of fossil fuel reserves has

been associated with the growing energy demand which

has caused, simultaneously, severe environmental prob-

lems, including air pollution, global warming and acid rain

[1]. For this reason, renewable energies offer a good

alternative to solve these drawbacks since they are a never-

ending resource to human scale.

Renewable energies have many advantages such as the

production of small amounts of wastes if compared to

traditional energies. Moreover, the greenhouse gases

(GHG) emission is minimal or zero [2, 3]. Nonetheless,

some problems are associated with the use of the renewable

energies: in the case of biomass transport over long dis-

tance need, difficulty of storing the excess of the produced

energy and requirement of large spaces for growing them.

Furthermore, its technology has not been totally established

yet as the traditional sources of energy and more investi-

gation is needed to improve and optimize the processes

involved in order to make them economically viable.

Among the different renewable energy sources, biomass

seems to be one of the most viable routes for the production

of clean energy and chemical products. Biomass is defined

as all kind of organic matter which could be used to pro-

duce energy [4]. Specifically, livestock biomass is gener-

ated from animal fats, carcasses and excrements, being this

animal waste known as manure. Even though this type of

biomass presents positive applications, its use has associ-

ated certain risks and dangers for environment and human

healthy due to the presence of pathogens [5]. Moreover,

traditional uses of livestock manure (LSM) have to be
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changed due to land limitations and stricter regulations [6].

Therefore, the valorization of the manure surplus for

bioenergy generation could be a sustainable choice since it

is considered a zero-cost feedstock [7, 8].

Generally, the conversion of LSM into energy could be

carried out through biological or thermochemical pro-

cesses. One of the most common biological processes is the

anaerobic digestion (AD), resulting in the generation of

biogas and a residual digested. Concerning the thermo-

chemical conversion routes, one of the main technologies

to obtain syngas as well as fuel gas from biomass waste is

the gasification process.

Compared to pyrolysis and combustion, there are few

works reported in the literature about the gasification of

biomass. Most works have been focused on the study of

coals [9–12]. On the other hand, there are several studies

focus on the evaluation of the conversion variation during

the thermochemical processes. One of the most popular

methods consists of measuring the gain or loss of mass

while the reaction progresses, which is quite useful to

verify if the sample decomposes or reacts with other

components. In this regard, thermogravimetric analysis

(TG) has been widely used for the kinetic study of the

thermochemical conversion processes [13]. Specifically,

the kinetic study of gasification is essential for modelling

the gasification processes at industrial scale. Furthermore,

the kinetic analysis of gasification has great importance for

a correct design and product yield control [14].

Kinetic models usually describe the char reduction

process using kinetic rate expressions obtained from

experiments. In this regard, Scala studied the char gasifi-

cation using both H2O and CO2 as the gasifying agent.

Consequently, a kinetic model of the process was proposed

based on experimental data [15].

Several biomass gasification models have been proposed

in the literature. However, just three main models are

commonly used: the volumetric model (VM), the grain or

shrinking core model (SCM) and the random pore model

(RPM). The complexity of the models can be reduced by

making assumptions, but the levels of simplification have

to be carefully evaluated to make them coherent with the

final aim of the model [16]. In this regard, Xu et al. [17]

studied the kinetic parameters of the CO2 gasification of

coal and biomass. They evaluated the above-mentioned

models and calculated the kinetic parameters, concluding

that RPM was the best model that fits the experimental

results. Besides, Lahijani et al. [18] analysed the influence

of alkali, alkaline earth and transition metal salts in the co-

gasification of pistachio nut shell char, being its content in

Na, an important factor in char gasification reactivity. They

also concluded that the most suitable model to describe the

reaction was RPM. Dupont et al. [19] analysed different

models to find one that could predict the gasification

reaction. They took into account the partial steam pressure

and the influence of catalytic compounds by an integral

parameter (ai). Finally, the best result was obtained with

model RPM.

The aim of this study was to evaluate the gasification

process of two different types of livestock manure char

samples (a dairy and a swine ones) by means of TG. In

addition, kinetic analysis of the gasification process at

different gasification temperatures was carried out. For this

purpose, seven phenomenological models were evaluated:

VM, SCM, SCM-Empirical (SCM-Emp), RPM and three

variations of RPM.

Materials and methods

Biomass char samples preparation

The manure samples used in this study were two animal

waste obtained from the province of Quebec (Canada):

dairy (Pre) and swine (SW). Char samples (char Pre and

char SW) were obtained by pyrolysing 10 grams of the

manure samples in a tubular reactor. The devolatilization

of the samples took placed from room temperature to

980 �C using a heating rate of 10 �C min-1 and a contin-

uous He flow of 200 N mL min-1. The samples were kept

at 980 �C for 1 h, and the He flow was maintained until the

drop of the temperature to ambient one to prevent reaction

with air. Once both char samples were obtained, they were

sieved to an average particle size of 50–100 lm.

Characterization of manure biomass samples

Both manure samples were characterized by elemental

analysis, thermogravimetric analysis (TG) and atomic

emission spectroscopy inductively coupled plasma (ICP-

AES).

The ultimate analysis was used to measure the carbon

(C), hydrogen (H), nitrogen (N), oxygen (O) and sulphur

(S) content in the sample, following the standard UNE-EN

15104:2011. The equipment was capable of detecting all

elements cited by various mechanisms; the result was given

in mass percentage of each element in dry basis.

The proximate analysis was used to determine the four

more relevant chemical characteristics of any type of fuel:

moisture, ash, fixed carbon and volatile matter content. The

equipment used to perform the proximate analysis was a

thermogravimetric analyzer (TGA/DSC Model 1 MET-

TLER TOLEDO STARe System) according to standard

ASTM D 3172-73(84).

Finally, A VARIAN LIBERTY RL sequential ICP-AES

elemental analysis was used to obtain the mass percentage

of metallic elements present in the manure samples.
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Table 1 shows the proximate and ultimate analyses and the

mineral content of the studied char samples.

Gasification experiments: TG analysis

The gasification of samples char Pre and char SW were

carried out using a TG apparatus (TGA-DSC 1, METTLER

TOLEDO) operating at atmospheric pressure. Sample mass

was fixed at 7 mg, and the particle size was kept in the

50–100 lm range. Firstly, a heating of the pyrolysed

sample was performed at 40 �C min-1 under an inert gas to

reach the gasification temperature. Once the gasification

temperature was reached, the corresponding vol% of

gasifying agent (CO2) was injected into the Ar flow (before

entering to the furnace) for 60 min until the end of the

gasification process. 15 vol% CO2 was used because it is

the typical concentration of an effluent stream coming from

anaerobic digestions or a flue gas coming from any com-

bustion or gasification plants [20, 21]. The experimental

errors in the determination of both the mass loss and the

measure of the temperature were ±0.5 % and ±2 �C,

respectively.

Char reactivity

The more extended definition to evaluate the char reactivity

is based on the definition of the overall rate (Ri) as follows

(Eq. 2.1) [22–25]:

Ri ¼ � 1

wi

� dwi

dt
¼ 1

1 � xi

� dxi

dt
ð2:1Þ

where xi and wi are the conversion and mass of char at any

time, respectively, being the conversion x defined as

follows:

x ¼ m0 � mt

m0 � mf

ð2:2Þ

where m0, mt and mf represents the mass at time t = 0,

t = t and t = tf, being tf the final time of the process,

respectively.

The reactivity is a function of the temperature and the

gas composition, varying with the conversion degree

[23, 26]. Therefore, a representative value of the reactivity

was needed in order to make reliable comparisons. In this

work, the reactivity at 50 % of char conversion was con-

sidered to be representative (R50) [22, 25, 26].

The gasification rate (ri) was also used to describe the

gasification reaction and was calculated by Eq. 2.3 [27]:

ri ¼
dxi

dt
ð2:3Þ

Kinetic models

Thermogravimetric experiments were carried out with an

isothermal temperature programme. Mass loss was mea-

sured as a function of the time. The rate of the process

dx=dtð Þ can be parameterized as a function of the tem-

perature, T, the extent of conversion, x, and the pressure, P

as follows:

dx

dt
¼ k Tð Þf xð Þh Pð Þ ð2:4Þ

The pressure dependence h Pð Þ is ignored in most of the

kinetics studies reported [28]. Therefore, the rate is con-

sidered to be as a function of the temperature, T, and the

extent of conversion, x:

dx

dt
¼ k Tð Þf xð Þ ð2:5Þ

Equation (2.5) represents the reaction rate of a single-step

process. Although the process mechanism involves more

than one reaction, one of them could determine the overall

Table 1 Ultimate and proximate analyses and mineral content of samples char Pre and char SW

Samples Ultimate analysis/mass%a Proximate analysis/mass%

C H N S Odiff Moisture Ash Volatile matter Fixed carbondiff

Pre char 40.19 0.57 0.22 0.16 2.01 2.85 56.85 10.33 33.55

SW char 60.50 0.70 1.00 0.52 3.86 2.12 33.42 10.75 55.83

Mineral content/ppm

Al Ca Fe Mg Na Ni P Si

Pre char 5864 28,322 8696 9744 11,377 – 25,818 9961

SW char 1097 25,015 6489 9873 5380 – 22,715 6280

a daf dry ash free, Odiff obtained by difference of C, H, N, S and ash; Fixed carbondiff calculated from the difference of moisture, ash and volatile

matter
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kinetics [28]. Therefore, Eq. (2.5) can be used to describe

the overall reaction rate of the thermochemical processes.

The temperature dependence k(T) is typically parame-

terized by the Arrhenius equation:

k Tð Þ ¼ Ae
�Ea
RT ð2:6Þ

whereA is the preexponential factor,Ea the activation energy

and R the universal gas constant. These kinetic parameters,

which are experimentally determined, are called ‘‘effective’’

or ‘‘apparent’’ parameters because they represent the overall

process and not the individual parameters of each step or

reaction. In following sections, the word ‘‘apparent’’ will be

omitted, but the activation energy will always be referred to

as the apparent activation energy.

According to the literature [29–31], the volumetric

model (VM), the shrinking core model (SCM) and the

random pore model (RPM) are the three most popular

models used to define f(x). These models are based on

phenomenological aspects of the gasification process by

taking into account different assumptions. Volumetric

model (VM) assumes a homogeneous reaction throughout

the particle and a linear decrease in the reaction surface area

with conversion [29]. On the other hand, shrinking core

model (SCM) and random pore model (RPM) describe the

evolution of the solid structure with the conversion. SCM

assumes that a porous particle consists of an assembly of

uniform nonporous grains and the reaction takes places on

the surface of the grains assuming a spherical shape of the

porous. RPM considers the overlapping of pore surfaces,

reducing the available area for the reaction [14].

However, these models usually fail in the prediction of

the well-known catalytic effect of ashes [14]. Therefore,

some authors proposed some variation of them [1, 14, 18]

by the addition of new terms to the parent models in order

to predict the catalytic activity of the inorganic matter at

high conversion values. In this regard, four additional

models were proposed in this work, three of them derived

from RPM, namely RPM1, RPM2, RPM3 and a semi-

empirical SCM, namely SCM-Emp. Table 2 summarizes

the mathematical expressions of the seven models pro-

posed to fit the gasification experimental data.

For the parameter calculation, a home-made VBA–Excel

application was developed to solve these models. The

Runge–Kutta–Ferhlberg was used in the evaluation of the

ordinary differential equation set, whereas the Levenberg–

Marquardt algorithm was used in the nonlinear regression

procedure [32].

The weighted sum of the squared differences between

the experimental data (Exp) and the calculated data (Fit)

degree of conversion was minimized according to the fol-

lowing equation:

v2 ¼
Xn

i¼0

Xm

j¼0

xi Fit � xi Exp

� �2

xi Exp

ð2:7Þ

where i represents the number of equations to be fitted, j is

the specific experimental data and n and m are the total

number of equations and experimental data, respectively.

Furthermore, the estimated parameters were statistically

evaluated by the F and t tests.

F test is a test which has an F distribution under the null

hypothesis. The procedure consists of the comparison

between the tabulated F value (F test) and Fmq which are

described elsewhere [33]. If Fmq is larger than the corre-

sponding F test, assuming a value of a = 0.05, 95 %

confidence level, the regression was considered to be

meaningful. On the other hand, the meaningfulness of each

parameter in the model must be also evaluated.

t Test considers that the statistical hypothesis test

follows a t Student distribution and allows to verify if

the estimation of the parameter differs from a reference

value (generally zero). It means that the tmq value must

be larger than t test value for each parameter as

described elsewhere [33]. Therefore, if both the F test

and the t test are met, the model and its parameters are

statistically suitable for modelling the manure gasifica-

tion process.

Finally, to ensure the goodness of the models, the mean

error (%) obtained between the theoretical values (values

given by the proposed model) and the experimental was

calculated as follows:

Mean error %ð Þ ¼
XM

j¼0

xj Fit � xj Exp

� �2

M
ð2:8Þ

where j represents the specific experimental data and M the

total number of experimental data.

Table 2 Gasification models and their mathematical expressions

Model Mathematical expression

VM f xð Þ ¼ 1 � xð Þ
SCM f xð Þ ¼ 1 � xð Þ2=3

SCM-Emp f xð Þ ¼ 1 � xð Þ2=3þKa � xna

RPM f xð Þ ¼ 1�xð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 �W � ln 1 � xð Þ

p

RPM1 f xð Þ ¼ 1 � xð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 �W � ln 1 � xð Þ

p
þ Ka

RPM2 f xð Þ ¼ 1�xð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 �W � ln 1 � xð Þ

p
þ Ka � x

RPM3 f xð Þ ¼ 1�xð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 �W � ln 1 � xð Þ

p
þ Ka � xna

x = degree of conversion; W = parameter related to the initial pore

structure of the sample (at x = 0); Ka = the catalytic activation

constant and na = the catalytic activation order
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Results and discussion

Influence of gasification temperature

The process of gasification of biomass is mainly dependent

on the biomass type and the operating conditions [34].

Particle size, char porosity, char mineral content, temper-

ature and partial pressure of the gasifying agent are main

physical factors that influence on the gasification rates [35].

In this work, the effect of temperature of the gasification

process of two different manure samples (char Pre and char

SW) was evaluated. CO2 was selected as the gasifying

agent, and its partial pressure was kept constant at 15 vol%

during all the process.

Figure 1 shows the thermogravimetric (TG) profile of

the gasification process for samples char Pre (Fig. 1a) and

char SW (Fig. 1b) at 800, 850 and 900 �C. It can be seen

from Fig. 1 that the gasification process started as soon as

the gasifying agent (CO2) reached the surface of the sam-

ple. In Fig. 1b, the TG profile of the char SW gasification

at 800 �C shows that the sample was not totally gasified

after 60 min of time on stream. Concerning the amount of

final residue that remained after the gasification process,

there were no significant differences among them at the

three tested temperatures.

Reactivity at 50 % of char conversion (R50) and times

to reach 50 and 99 % of char conversion (x50 and x99,

respectively) are summarized in Table 3 for samples char

Pre and char SW. These parameters allowed to establish a

comparison between the behaviour of both samples during

the gasification process. As it is well known, the gasifi-

cation is an endothermic process that is favoured at high

temperatures. Figure 2 shows the conversion values ver-

sus time on stream for samples char Pre and char SW at

800, 850 and 900 �C. In the case of sample char SW, it

was not possible to finish the gasification process at

800 �C during a moderated time span. Therefore, the

gasification time for these samples was of 120 min

instead of 60 min. As observed in Table 3 and Fig. 2, the

higher the temperature, the higher the reactivity of both

samples was. As the reactivity of the samples depends on

the sample chemical structure, the porosity and the inor-

ganic constituents [23], nitrogen adsorption/desorption

isotherms were performed to evaluate the influence of the

char structure on the reactivity. Table 4 shows the BET

surface area and the micropore volume for all the samples

studied. It can be observed that sample char Pre presented

the higher surface area. Consequently, its gasification

proceeded at higher rates [36]. The effect of the tem-

perature and the char structure were also observed when

the reactivity and the gasification rate at 800, 850 and

900 �C were plotted against conversion (Fig. 3). It can be

observed in Fig. 3 that both the reactivity and the gasi-

fication rate increased with the temperature. Regarding

the gasification rate, sample char Pre showed the highest

values which are consistent with its values of surface

area. However, at low conversion values, the reactivity

was higher for sample char Pre although this trend

changed at higher conversion values. As noticed, the

reactivity values of char SW increased suddenly at

X C 0.85. This fact can be attributed to the presence of

indigenous inorganic matter in the biomass composition

which is catalytic in nature [37]. As the gasification

process proceeded, the carbon material was consumed and

the metal-to-carbon ratio increased, which strengthened

the catalytic effect as more active sites were available

[14]. The different shapes of the TG gasification profiles

confirmed the catalytic effect of the inorganic matter

contained in the parent sample char SW [36, 38, 39].

In this regard, numerical indexes such as the alkali index

(A.I.) proposed by Sakawa et al. have been defined to
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Fig. 1 Thermogravimetric profiles of CO2 gasification process for

samples: a char Pre and b char SW at 800, 850 and 900 �C
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describe the catalytic efficiency of active species within the

ash [14, 40–43]. The A.I. is calculated as the ratio of the

fraction sum of the basic compounds with catalytic nature

in the ash to the fraction of the acidic compounds with non-

catalytic nature as follows:

A:I: ¼ Ash ðmass%Þ
100

� ðCaO þ K2O þ MgO þ Na2O þ Fe2O3Þðmass%Þ
ðAl2O3 þ SiO2Þðmass%Þ

ð2:9Þ

Therefore, A.I. was 1.65 and 1.72 for samples char Pre and

char SW, respectively. Although the highest amount of ash

and mineral content was associated with sample char Pre

(Table 1), the value A.I. was higher for sample char SW

which would explain the higher reactivity of this sample at

higher conversion values.

Gasification kinetic analyses

Once the effect of temperature was evaluated, the kinetic

analysis of the gasification process of the two biomass

manure samples here tested was performed. This analysis

supposes the first step for the industrial process modelling.

Furthermore, knowledge of the kinetics is important for a

correct design and product yield control [44].

Figures 4 and 5 show the quality of the fitting of the

different models here considered to the experimental data

of the gasification process at 800, 850 and 900 �C for

samples char Pre and char SW, respectively. Tables SS1–

SS6 summarize the obtained gasification parameters and

the statistical significance of each model for samples char

Pre and char SW at different gasification temperatures.

In this work, the goodness of a model has been evalu-

ated by means of the error obtained between the theoretical

Table 3 Gasification parameters for samples char Pre and char SW at 800, 850 and 900 �C

Gasification temperature Char Pre Char SW

Time x99/min Time x50/min R50/min-1 Time x99/min Time x50/min R50/min-1

800 �C 54.50 15.57 0.06 97.05 46.77 0.02

850 �C 29.30 6.57 0.15 38.42 18.07 0.06

900 �C 16.87 3.52 0.31 18.05 8.38 0.13
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Fig. 2 Conversion profiles versus time: a sample char Pre and

b sample char SW at different gasification temperatures

Table 4 Surface area and micropore volume for the samples char Pre

and char SW

Biomass

sample

Surface

area/m2 g-1
Micropore

volumea/cm3 g-1

Char Pre 35.6 0.00263

Char SW 8.2 0.00066

a Cumulative micropore volume obtained using the Horvath–Kowa-

zoe method
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values (values given by the proposed model) and the

experimental ones, as well as by the corresponding value of

v2. In this regard, the lower the error and v2 values, the

better the fitting was.

It can be observed from Figs. 4 and 5 that the shrinking

core model (SCM) achieved the best fitting to the experi-

mental curves for sample char Pre, whereas the rest models

obtained high mean errors, meaning that the value of v2

was found to be high. However, for the gasification

experiment at 800 �C, the best model that fitted the

experimental data was the semi-empirical shrinking core

one (SCM-Emp). This model was used by López-González

et al. [14] in their experiments to predict the experimental

data of lignocellulosic biomass samples gasification. The

better fitting of this semi-empirical model was ascribed to

its capacity of predicting the catalytic activity of the ashes

at high conversions by the addition of a potential term. The

catalytic activity of the ashes was more noticeable at high

conversions since the ratio catalyst/biomass increased

along time. Thus, the contribution of a potential term was

higher at high conversion, whereas at low conversions it

can be considered negligible. Nevertheless, the statistical

significance of these parameters was not higher enough to

confirm that the catalytic matter had a substantial influence

on the gasification process; i.e. the catalytic effect was not

strong.

On the other hand, the best model which fitted the

experimental data obtained with sample char SW was the

semi-empirical shrinking core one (SCM-Emp), pointing out

that the catalytic activity of the inorganic matter during the

gasification of this sample was more pronounced and signif-

icant than that observed in the gasification of sample char Pre.

Concerning the effect of the gasification temperature on

the kinetic parameters, the higher the temperature, the

higher the kinetic constant k for both samples. Moreover, in

the case of sample char SW, an additional catalytic con-

stant rate was considered (ka). However, the same trend

with temperature was observed for constant ka. Tables 5
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Fig. 3 Reactivity (a, b) and gasification rate (c, d) versus conversion profiles of samples char Pre and char SW at 800, 850 and 900 �C
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and 6 show for samples char Pre and char SW, respec-

tively, the estimated kinetic parameters obtained with the

best fitting model.

In addition, the Arrhenius plot (ln(k) vs 1/T) is shown in

Fig. 6 for samples char Pre and char SW. The k values used

were selected from the best model which fitted the experi-

mental data at each gasification temperature. The

gasification temperatures evaluated in this study were under

1000 �C, which is generally considered a low temperature

for a gasification process [18]. Therefore, the char gasifi-

cation under the experimental conditions used should have

been performed under the chemically controlled reaction

regime [35]. According to this Arrhenius plot, the activation

energy values for the CO2 gasification process of samples
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Fig. 4 Prediction of the proposed models for the gasification of sample char Pre at 800, 850 and 900 �C
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char Pre and char SW were 166.4 and 241.3 kJ mol-1,

respectively.

Conclusions

In this work, the kinetic analysis of the CO2 gasification

process of two manure char samples was performed. The

temperature had a direct influence on the CO2 gasification

process of manure char samples The gasification rate and

reactivity parameters were also calculated to corroborate

this effect.

The values of reactivity, gasification rate and time to

achieve total conversion confirmed the temperature influ-

ence on the gasification process. The lower values were

found at 800 �C, whereas the higher ones were obtained at

900 �C. Moreover, it can be observed that sample char SW

required more time to be totally gasified during the

experiment at 800 �C.

Furthermore, the alkali index (A.I.) was calculated,

being 1.65 and 1.72 for samples char Pre and char SW,

respectively. The higher value was found for sample char

SW, which would be explained its higher reactivity at

higher conversion values.

The best models to fit the gasification process of samples

char Pre and char SW were SCM and the SCM-Emp ones,

respectively. Although the best model for predicting the

gasification of sample of char Pre at 800 �C was the SCM-

Emp, the statistical significance of the catalytic parameters

was not high enough. Moreover, the differences of fitting

between models SCM-Emp and SCM were quite low,

indicating that the catalytic effect was not pronounced.

Acknowledgements Authors acknowledge the financial support from

the Regional Government of Castilla-La Mancha (Project PEII-2014-

007-P) and also from the University of Castilla-La Mancha of Spain

(UCLM grant). The authors also thank to the Institut de recherches

sur la catalyse et l’environnement of Lyon and the Centre National en
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Table 5 Best fitting model and its parameter values for sample char Pre at each gasification temperature

Gasification temperature Model Parameters Value ± Error

800 �C SCM-Emp k 0.0397 5.40E-04

Ka 0.0016 3.44E-04

na 0.3021 3.35E-02

850 �C SCM k 0.1029 6.10E-04

900 �C SCM k 0.1939 1.94E-03

Table 6 Best fitting model and its parameter values for sample char SW at each gasification temperature

Gasification temperature Model Parameters Value ± Error

800 �C SCM-Emp k 0.0069 1.26E-05

Ka 0.0082 5.93E-05

na 0.3077 6.17E-03

850 �C SCM-Emp k 0.0254 1.18E-03

Ka 0.0168 3.35E-04

na 0.4724 6.88E-02

900 �C SCM-Emp k 0.0690 1.54E-03

Ka 0.0270 6.33E-05

na 0.8780 9.73E-03
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26. Gómez-Barea A, Ollero P, Fernández-Baco C. Diffusional effects

in CO2 gasification experiments with single biomass char parti-

cles. 1. Experimental investigation. Energy Fuels.

2006;20(5):2202–10.

27. Huang Y, Yin X, Wu C, Wang C, Xie J, Zhou Z, et al. Effects of

metal catalysts on CO2 gasification reactivity of biomass char.

Biotechnol Adv. 2009;27(5):568–72.

28. Vyazovkin S, Burnham AK, Criado JM, Pérez-Maqueda LA,
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