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Abstract: On account of the continuous decrease in oil reserves, as well as the promotion of sustain-
able policies, there is an increasing interest in biomass conversion processes, which imply the search
for new raw materials as energy sources, like forestry and agricultural wastes. On the other hand,
gasification seems to be a suitable thermal conversion process for this purpose. This work studied
the thermogravimetry of the steam gasification of charcoal from heather (Calluna vulgaris) in order
to determine the kinetics of the process under controlled reaction conditions. The variables studied
were temperature (from 750 to 900 ◦C), steam partial pressure (from 0.26 to 0.82 atm), initial charcoal
mass (from 50 to 106 mg), particle size (from 0.4 to 2.0 mm), N2 and steam volumetric flows (from 142
to 446 mL·min−1) and catalyst (K2CO3) concentration (from 0 to 10% w/w). The use of the shrinking
core model and uniform conversion model allowed us to determine the kinetic parameters of the
process. As a result, a positive influence of catalyst concentration was found up to 7.5% w/w. The
kinetic study of the catalytic steam gasification showed activation energies of 99.5 and 114.8 kJ·mol−1

and order of reactions (for steam) of 1/2 and 2/3.

Keywords: gasification; heather charcoal; kinetics; thermogravimetry

1. Introduction

Due to the continuous decrease in oil reserves, as well as other concerns about the
use of fossil fuels (such as air pollution), there has been an increasing interest in the search
for alternative energy sources [1]. Among these energy sources, and due to its renewable
nature, biomass (from wastes or natural sources) is gaining importance, supported by
policies carried out by governments such as the European Union [2]. Indeed, many inter-
national agencies and agreements promote the progressive use of renewable energies [3].
This way, the evolved gases in the atmosphere are reduced, contributing to a reduction in
the greenhouse effect [4].

There are several thermal conversion processes for biomass, some of which have been
gaining interest recently, such as combustion, pyrolysis, and gasification [5]. Nevertheless,
gasification seems to be one of the most technologically attractive ones, both at a medium
and large scale. Moreover, gasification carried out in non-oxidizing conditions decreases the
emission of pollutants and, as a consequence, contributes to palliate the greenhouse effect.
In that case, steam gasification offers an attractive alternative for fossil-free production
(biofuel and materials) and also for heat power generation [6].

Wastes from biomass are usually more reactive than mineral coal, both in the case of
pyrolysis and gasification. This way, the rate of biomass gasification is from 4 to 10 times
higher than in the case of lignite [7,8], as a consequence of its physical and chemical
properties. Thus, the volatile content (80–90%) is twice as high as in the case of mineral
coals. For biomass, the hydrogen/carbon and oxygen/carbon mole ratios are in the range
of 1.3–1.5 and 0.5–0.5, respectively. These values are considerably higher than those of
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coals that, generally, are in the range of 0.8–0.9 and 0.1–0.3, respectively. Finally, charcoal
from biomass, especially from wood, has porosity values between 40% and 50% with pore
size distributions between 20 and 30 µm, compared to coals, with porosities between 2%
and 18% and pore sizes around 5 Å [8]. As a consequence, the gasification of charcoals can
have a good potential in the development of new energy sources and chemical products.

Regarding the optimization of the operational strategies and design of facilities for
the steam gasification of biomass, many aspects should be taken into account such as
size, design, operation, or control strategies, with some authors considering that the
technology used for steam gasification processes is usually robust [6]. The design of
the facilities where gasification processes are carried out requires previous knowledge of
kinetics parameters. The kinetics of coal gasification has been assessed in numerous studies,
both theoretically and experimentally. The aim of these studies is broad, including the effect
of small quantities of inorganic materials on the rate of the process, the practical applications
of gasification, and the development of combustion processes where the emission of carbon
compounds are minimized [9]. In general, the non-catalytic gasification of coal is considered
a typical gas-solid heterogeneous reaction, where the rate is proportional to the available,
total surface of the solid [10]. In this process, diffusional effects usually take part, so the
conditions forcontrol by the chemical reaction should be ensured. In this way, the kinetic
parameters determined can be considered reliable. This fact implies the development of
wide experimentation, including the study of fluid dynamic variables such as gas flow and
others like initial mass and particle size [11].

The commercial development of gasification processes requires an abundant and
cheap raw material. One possibility is the use of solid wastes (such as those derived from
gloves, paper towels, or sawdust) [12] or agricultural and forestry wastes from industrial
processes related to food crops [13,14]. Another possibility is the use of raw materials
from non-food crops or directly from abundant plants that grow spontaneously in the
countryside [15]. In that context, heather (Calluna vulgaris) could play an important role,
as it could be used as a bioenergy crop that could be easily grown in acid or barren lands,
appearing spontaneously in shrublands in Europe, North Africa, and America [16]. Thus,
some studies have pointed out this possibility, as is the case for the United Kingdom,
where the potential energy production across this area was 40.7 PJ·yr−1, and the potential
greenhouse saving was 2061 ktonnes CO2eq·yr−1 (considering that Calluna vulgaris could be
brought into production, as a substitute for coal) [17]. However, other studies carried out
in the Iberian Peninsula (where heather is abundant) have pointed out that the harvesting
process can play an important role, possibly reducing the yield in the biomass harvesting
and increasing the loss of material that remains in the soil in certain cases [18].

Considering the above, and taking into account previous studies [11,19–21], a ther-
mogravimetric study on the steam gasification of heather (Calluna vulgaris) charcoal was
carried out. Heather is a very abundant plant in the Extremadura region (Spain), growing
spontaneously in shrublands. The aim of this work was to determine the influence of
several variables on gasification and carry out a kinetic study under conditions of control
by the chemical reaction.

2. Results and Discussion
2.1. Uncatalyzed Steam Gasification of Heather. Influence of Operating Variables

As it was indicated, the operating variables selected in this experimental set were
temperature, steampartial pressure, initial charcoal mass, total volumetric flow, and particle
size. The aim of the study on the influence of operating variables was the selection of
suitable values so that the process is controlled by the chemical reaction. The influence of
each variable is explained below.

2.1.1. Influence of the Initial Charcoal Mass

Regarding the initial mass of heather charcoal, five experiments, with initial weights
of 106, 80, 70, 60, and 50 mg, were carried out. Figure 1 shows the main results obtained.
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According to previous studies, the presence of external diffusional effects in a bed of
particles coulddepend on the H/2R ratio, where H is the height of the bed and R is the bed
radius [21,22]. The value from which the diffusional effects are negligible depends on many
characteristics (the experimental facility used, raw material, etc.). As a consequence, it is
necessary to resort to testing to determine this value, that is, an initial mass value below
which these effects are negligible. In this case, as in previous studies, the radius of the bed
was constant, and the increase in the mass of the sample implied an increase in height [21].
The procedure followed to determine this value consisted in calculating the conversion at
different reaction times for all the experiments carried out. This way, it was observed that,
for a given reaction time, conversion increased as the initial mass decreased. This trend
stopped for initial mass values below 60 mg. Thus, conversion values were similar for the
experiments carried out at 60 and 50 mg. As a consequence, the value chosen to carry out
the rest of the experiments was around 50 mg.
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Figure 1. Influence of the initial mass (uncatalyzed). Temperature, 900 ◦C; steam partial pressure,
0.82 atm; nitrogen partial pressure, 0.18 atm; particle size range: 0.63–1 mm.

2.1.2. Influence of Volumetric Flow

Figure 2 includes the results corresponding to five experiments with different total
volumetric flows (nitrogen and steam) of 142, 218, 292, 370, and 446 mL/min. For all these
experiments, the steam partial pressure was kept at 0.50 atm. The total volumetric flow of
the mixture of steam and nitrogen mainly affected the mass transfer coefficient through
the gaseous film that surrounds the charcoal particle. The aim of this experimental set was
to determine the volumetric flow from which the reaction conversion was not affected by
this parameter, that is, to select a value from which the external diffusional resistance does
not control the process. The results obtained were clear, and conversion did not change
with the total volumetric flow.Thus, conversion was independent of the space velocity,
which ensured the absence of external mass transfer. Based on this, the chosen value for
this variable was 275 mL·min−1.

2.1.3. Influence of Particle Size

Four different particle sizes were tested, in ranges within 0.4–0.63, 0.63–1.00, 1.00–1.60,
and 1.60–2.00 mm. The particle size profile was the following: 0.4–0.63 mm, 16.72%;
0.63–1.00 mm, 25.43%; 1.00–1.60 mm, 32.99%; 1.60–2.00 mm; 18.96%. The remaining per-
centage (5.9%) was related to particle sizes below 0.40 mm and above 2.00 mm, which
were removed. The influence observed was almost negligible. Except for the experiment
carried out with the highest range of particle size, conversion seemed to be independent
of this variable, with similar values. Under these circumstances, the particle size selected
was in the range of 0.63–1.00 mm. According to the literature, the effect of particle size on
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gasification rate was described as a complex process with different effects depending on
the particle size range selected [23,24] due to the difference in the properties of the raw
materials used. Generally, an increase in reactivity was observed as the particle size was
smaller, which could be explained by the increase in the specific surface area [25]. Although
this fact is also dependent on the porosity of charcoals, as there are also studies where the
trend observed was the opposite, that is, with a decrease in reactivity as the particle size
was smaller [26]. On the other hand, from a theoretical point of view, and according to
ideal models for gas-solid reactions, the dependence between the time required for total
conversion of the particle and its ratio was proportional to Rn, where n can vary from 0
to 2. In the section devoted to the kinetic study, the corresponding expressions will be
commented on.
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Regarding Figure 3, as particle size decreased, there was an increase in conversion,
selecting 0.63–1 as the optimum parameter for the rest of the analysis.
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0.82 atm; nitrogen partial pressure, 0.18 atm.

2.1.4. Influence of Temperature

Four experiments at different temperatures, 750, 800, 850, and 900 ◦C, were carried
out. As can be seen in Figure 4, the influence of this variable was positive for all the
experimental ranges studied. Thus, the conversion for a certain reaction time was higher
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as the temperature increased. This dependence was expected and agrees with the classical
relationship between reaction rate and temperature. As other authors pointed out, the
gasification rate is highly dependent on temperature, showing a higher reactivity and
shorter reaction times [14].
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Figure 4. Influence of temperature (uncatalyzed). Initial mass, 50 mg; steam partial pressure, 0.82 atm;
nitrogen partial pressure, 0.18 atm; particle size range: 0.63–1 mm.

2.1.5. Influence of Steam Partial Pressure

Five experiments at different steam partial pressures (0.26, 0.40, 0.55, 0.68, and 0.82 atm)
were carried out, as can be observed in Figure 5. This variable had a positive effect on all
the variability range. Thus, the highest conversion values were obtained at 0.82 atm due to
the increase in reaction rate when the concentration of a reagent (in this case, steam) was
higher, which implies an increase in rate with concentration. This way, as pointed out by
other authors, a higher steam partial pressure indicates a greater steam quantity available
to react, increasing the gasification rate [14].
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To sum up, Table 1 shows the general trends observed in the study of the influence of
variables, as well as the selected values for further experiments.
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Table 1. Influence of operating variables and selected values.

Variable Range Influence

Mo, mg 50.6–106.0 Null under 60 mg
Qv, mL/min 142–446 Null

Ø, mm 0.4–2.0 Null under 1.6 mm
T, ◦C 750–900 Positive

PH2O, atm 0.25–0.82 Positive

Selected values: Mo = 50 mg, Qv = 275 mL/min, Ø= 0.63–1.0 mm

2.2. Uncatalyzed Heather Steam Gasification. Kinetic Study of the Process

Gasification is generally considered an irreversible reaction. When it comes to solids
with high ash content, it can be assumed, as a first approximation, that the particle size
remains approximately constant during the process. Under these circumstances (constant
particle size), two models have been conventionally used: the shrinking core model and
the uniform conversion model. On the other hand, in the case of very porous solids or ones
with low ash content, particle size decreasesin volume during the reaction, taking place in
the shrinking particle model [27,28]. In Table 2, the linearized equations for each model
(Equations (1)–(5)), showing the limiting stage and the meaning of the slope, can be ob-
served for the expression of the slopes (where the constant terms were grouped in α, β, etc.).
Only two of them are true kinetic constants, the corresponding ones to the shrinking core
or shrinking particle models with the prevalence of chemical reaction (Equation (2)) and
the one corresponding to the uniform conversion model with the prevalence of chemical
reaction (Equation (4)). For all other cases, the parameter observed in these expressions is
the mass transfer coefficient, kg, (Equations (1), (3) and (5)) or diffusivity, De, (Equation (3)).

Table 2. Ideal models of reaction. Kinetic equations for gas-solid reactions.

Model Equation Slope

Shrinking core model. Prevalence of
gaseous diffusion. X = t

τ (1) 1
τ =

3bkgCAg
ρB R = αkg

Shrinking core model. Prevalence of
chemical reaction. 1 − (1 − X)

1
3 = t

τ
(2) 1

τ =
bksCAg

ρB R = βks

Shrinking core model. Prevalence of
diffusion in ashes. 1 − 3(1 − X)

2
3 + 2(1 − X) = t

τ
(3) 1

τ =
6bDeCAg

ρB R2 = γkg

Uniform conversion model. Prevalence of
chemical reaction. − ln(1 − X) = kvPn

At (4) kvPn
A = δkv

Shrinking particle model (leaching).
Prevalence of chemical reaction. 1 − (1 − X)

1
3 = t

τ
(2) 1

τ =
bksCAg

ρB R = βks

Shrinking particle model (leaching).
Prevalence of gaseous diffusion *. 1 − (1 − X)

2
3 = t

τ
(5) 1

τ =
2bkgCAg

ρB R = ϕkg

* Assuming Stokes regime (kg variable with particle size).

The reaction conditions used concerning the volumetric flow, particle size, and initial
mass of the samples seemed to demonstrate, as it was previously observed, the absence
of external or internal diffusional limitations. These conclusions were also supported
by the literature, with several authors reaching similar results [29,30]. Consequently, the
only models that imply the control by the chemical reaction are the shrinking core model
with the prevalence of chemical reaction (which is equivalent to the shrinking particle
model with the prevalence of chemical reaction) and the uniform conversion volume
with chemical reaction control. In principle, according to the results about the effect of
particle size, the first of the models cited should be ruled out, as according to Equation (2),
conversion depends on particle radius. Nevertheless, according to Levenspiel [27], the
reaction can take place in a diffuse front, having an intermediate situation between the
abovementioned methods, we decided to check both.

Once Equations (2) and (4) were plotted, the adjustment data are shown in Table 3.
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The results confirmed the qualitative trends previously discussed. Thus, the initial mass
showed, from 60 mg, similar slope values. The volumetric flow did not show any trend,
with the corresponding slopes being similar in all cases. The particle size seemed to show
an influence for ranges above 0.63 and 1.00 mm, obtaining equivalent slopes for the two
smallest ranges. Finally, for the results about the temperature and steam partial pressure
effect, the trends observed were as expected, observing an increase in the corresponding
slopes with each variable.

Table 3. Verification of the ideal models of gas-solid reaction implying control of the chemical reaction.

Variable
Uniform Conversion Model Shrinking Core Model

Slope Intercept R2 Slope Intercept R2

M0, mg Initial Mass

106 0.0634 −0.0133 0.994 0.0199 −0.0032 0.996
80.3 0.0844 −0.0197 0.993 0.0259 −0.0044 0.996
70.5 0.0930 −0.0253 0.990 0.0284 −0.0058 0.995
60.5 0.1409 −0.0451 0.982 0.0411 −0.0089 0.991
50.6 0.1405 −0.0431 0.986 0.0410 −0.0084 0.994

Q, mL/min Volumetric Flow

142 0.1256 −0.1322 0.958 0.0333 −0.0243 0.980
218 0.1277 −0.1269 0.962 0.0337 −0.0222 0.983

292.5 0.1195 −0.1005 0.969 0.0319 −0.0160 0.988
370 0.1220 −0.1091 0.964 0.0324 −0.0179 0.986
446 0.1238 −0.1227 0.953 0.0328 −0.0213 0.980

Diam., mm Particle Size

0.4–0.63 0.0801 −0.0327 0.996 0.0230 −0.0040 0.998
0.63–1.0 0.0833 −0.0528 0.984 0.0237 −0.0092 0.994
1.0–1.6 0.0699 −0.0351 0.991 0.0204 −0.0060 0.997
1.6–2.0 0.0613 −0.0498 0.978 0.0182 −0.0118 0.987

T, ◦C Temperature

750 0.0099 0.0005 1.000 0.0032 0.0002 1.000
800 0.0269 −0.0112 0.994 0.0086 −0.0032 0.995
850 0.0833 −0.0528 0.984 0.0237 −0.0092 0.994
900 0.1405 −0.0431 0.986 0.0410 −0.0084 0.994

PH2O, atm Steam Partial Pressure

0.82 0.0833 −0.0528 0.984 0.0237 −0.0092 0.994
0.68 0.0678 −0.0605 0.976 0.0199 −0.0143 0.986
0.55 0.0482 −0.0381 0.986 0.0147 −0.0098 0.991
0.40 0.0390 −0.0067 0.998 0.0120 −0.0005 1.000
0.25 0.0231 −0.0065 0.998 0.0074 −0.0015 0.999

From the slopes obtained at different temperatures, the activation energy of the process
can be calculated through the Arrhenius equation. Table 4 shows the adjustment data, as
well as the activation energies obtained. As it can be observed, both models showed a good
adjustment, obtaining similar activation energies. These values are typical for a chemical
reaction, which verifies the control of the process by the chemical reaction.

Compared to other results found in the literature, the activation energy obtained by
using these ideal models seemed to be similar for equivalent samples (chars or biochars)
with high conversion (exceeding 80%), ranging from 114 to 237 kJ·mol−1 [24,31–33]. Other
samples, like biochars derived from sawdust, plum, and olive pits, had lower activation
energies depending on the operating variables (from 24 to 98 kJ·mol−1) [34].
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Table 4. Ideal models for gas-solid reaction. Least-squares adjustment for the Arrhenius equation.
Activation energy determination.

Model Slope Zero
Intercept R2 Ae,

kJ/mol

Shrinking core and shrinking particle models.
Prevalence of chemical reaction. (Equation (2)) −20,759 14.6 0.992 171.8

Uniform conversion model. Prevalence of
chemical reaction. (Equation (4)) −21,907 16.83 0.988 181.3

Although in the representative equation of these ideal models, given in Table 2, the
order of reaction for steam was assumed as 1, it could also consider an order of reaction
“n”. This way, a graphical representation of the Napierian logarithm versus the steam
partial pressure should have a slope of “n”, that is, the resulting lines should have a slope
that implies the order of reaction for steam. In order to check that point, Table 5 shows the
results concerning the adjustment for both models. As it can be observed, in both cases,
the adjustment was acceptable, confirming the theoretical estimation as the resulting order
of reaction was 1.

Table 5. Ideal models for gas-solid reaction. Verification of the order of reaction for steam.

Model Slope Zero
Intercept R2 Reaction

Order

Shrinking core and shrinking particle models.
Prevalence of chemical reaction. (Equation (2)) 1.002 −3.551 0.990 1

Uniform conversion model. Prevalence of
chemical reaction. (Equation (4)) 1.094 −2.290 0.989 1

2.3. Catalyzed Steam Gasification of Heather. Influence of Operating Variables

As in the case of the uncatalyzed gasification of heather (see Section 2.1.), the operating
variables of the process were studied, including volumetric flow, temperature, steam partial
pressure, and catalyst concentration. For all the experiments, K2CO3 was selected as a
catalyst, which showed a higher activity compared to Na2CO3 or Na2B4O7·10H2O [35].
Thus, these factors play an important role in steam gasification processes, and catalysts can
present a lower-energy substitute route towards the development of the reaction [36].

2.3.1. Influence of Volumetric Flow

As can be seen in Figure 6, the influence of volumetric flow on conversion can be
considered negligible, as all the curves represented were similar. Considering these results,
the optimum volumetric flow was 275 mL·ml−1, assuming that for this value, there is no
diffusional effect.

2.3.2. Influence of Temperature

Temperature showed, as expected, a clear differentiating influence, with a positive
effect on conversion, as was observed in Figure 7.

2.3.3. Influence of Steam Partial Pressure

Regarding steam partial pressure (see Figure 8), this parameter also had a posi-
tive effect on conversion, although these differences were lower compared to the effect
of temperature.
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2.3.4. Influence of Catalyst Concentration

Finally, the effect of catalyst concentration was included in Figure 9. Catalyst con-
centration also had a positive effect on conversion, up to 7.5% w/w. Thus, there were no
differences between 7.5 and 10.0% w/w. This could be due to a saturation effect. Compared
to the uncatalyzed sample (0% w/w), clear differences were observed when K2CO3 was
added, pointing out the high catalytic activity of this catalyst. Accordingly, 7.5% w/w was
chosen as the optimum catalyst concentration for further analysis.
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2.4. Catalyzed Heather Steam Gasification. Kinetic Study of the Process

In this case, the uniform conversion and shrinking core models (with chemical reaction
control) were tested, as they seemed to offer the best results. Table 6 shows the adjustment
data corresponding to the equations of both models for the different experimental sets.

As can be observed, the adjustment confirmed the qualitative trends commented on
previously. Thus, the volumetric flow did not show any influence, as the slope values were
almost equal with little differences with the average value. Temperature and steam partial
pressure had a clear positive effect, and the slopes increased when these parameters were
higher. In any case, as in the case of uncatalyzed steam gasification of heather, the influence
of temperature was much higher. Regarding catalyst concentration, the saturation effect
was observed at 7.5% w/w. If both ideal models are compared, it can be observed that the
shrinking core model showed better coefficients of determination.

It is possible to determine the main kinetic parameters of the process from the values
obtained in Table 6. Thus, through an adjustment of the Arrhenius equation by the method
of least squares, the activation energy was calculated (see Table 7).

If these results are compared to their equivalent for uncatalyzed steam reforming (see
Table 4), a considerable decrease in activation energy can be observed (catalyst addition
almost halved activation energy). Moreover, the pre-exponential factors were reduced by
adding K2CO3.

The reaction order for steam was carried out through the representation of the
Napierian logarithm of the slopes versus the Napierian logarithm of the steam partial
pressure. The resulting least-squares adjustment was included in Table 8. In this case,
although there was a good adjustment with high coefficients of determination, the reaction
orders were other than one, obtaining 1/2 and 2/3 for shrinking core model and uniform
conversion model, respectively.
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Table 6. Verification of the ideal models of gas-solid reaction implying control of the chemical reaction
(catalytic gasification).

Variable
Uniform Conversion Model Shrinking Core Model

Slope Intercept R2 Slope Intercept R2

Q, mL/min Volumetric Flow

142 0.1125 −0.1371 0.950 0.0319 −0.0336 0.969
218 0.1119 −0.0977 0.975 0.0316 −0.0212 0.988

292.5 0.1350 −0.1508 0.946 0.0369 −0.0329 0.970
370.5 0.1140 −0.0977 0.971 0.0320 −0.0206 0.986
446 0.1135 −0.0896 0.965 0.0318 −0.0178 0.983

T, ◦C Temperature

750 0.0673 −0.0157 0.990 0.0212 −0.0043 0.991
800 0.1474 −0.0916 0.990 0.0394 −0.0133 0.997
850 0.2298 −0.1020 0.955 0.0632 −0.0213 0.977
900 0.3964 −0.2292 0.919 0.0958 −0.0394 0.969

(Cat), % Catalyst concentration
0 0.0269 −0.0112 0.994 0.0086 −0.0032 0.995

2.5 0.0554 −0.0114 0.998 0.0169 −0.0014 0.999
5 0.0755 −0.0652 0.978 0.0225 −0.0164 0.986

7.5 0.1474 −0.0916 0.990 0.0394 −0.0133 0.997
10 0.1309 −0.0943 0.987 0.0359 −0.0172 0.995

PH2O, atm Steam partial Pressure

0.82 0.1474 −0.0916 0.990 0.0394 −0.0133 0.997
0.68 0.1379 −0.0880 0.987 0.0373 −0.0137 0.995
0.55 0.1210 −0.0947 0.974 0.0336 −0.0183 0.989
0.40 0.0991 −0.0876 0.973 0.0285 −0.0202 0.985
0.25 0.0726 −0.0356 0.990 0.0216 −0.0072 0.996

Table 7. Ideal models for gas-solid reaction. Least-squares adjustment for the Arrhenius equation.
Activation energy determination (catalytic gasification).

Model Slope Zero
Intercept R2 Ae,

kJ/mol

Shrinking core model. Prevalence of chemical
reaction. (Equation (2)) −12,027 7.93 0.997 99.5

Uniform conversion model. Prevalence of
chemical reaction. (Equation (4)) −13,875 10.92 0.992 114.8

Table 8. Ideal models for gas-solid reaction. Verification of the order of reaction for steam (cat-
alytic gasification).

Model Slope Zero
Intercept R2 Reaction

Order

Shrinking core model. Prevalence of chemical
reaction. (Equation (2)) 0.53 −3.1 0.99 1/2

Uniform conversion model. Prevalence of
chemical reaction. (Equation (4)) 0.63 −1.76 0.99 2/3

3. Materials and Methods
3.1. Apparatus and Procedure

The experimental facility used in this study was described elsewhere [37]. Basically, it
consisted of a microbalance (CI Electronics Limited MK-2, Salisbury, UK) and a vertical
tubular furnace with the corresponding heating and temperature control systems. The
microbalance was connected, through an RS-232 interface, to a computer, which allowed
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data recording and temperature control thanks to a thermocouple type k, an analogical-
digital converter (PC-ADDA-12, Barcelona, Spain) and a power unit. The gas supply
consisted of a peristaltic pump to add water to the steam generator (with a thermostatic
bath and a serpentine where water vaporized). The steam current was mixed with a
nitrogen current, obtaining the desired steam partial pressure, and the resulting mixture
was introduced through a cooper pipe (externally heated to avoid condensation, Serfoncal,
Badajoz, Spain) in the quartz reactor (Tomas Scientific, Swedesboro, NJ, USA) of the
microbalance.

All the experiments were carried out with dehydrated samples, prepared according
to the following procedure: the samples were placed in a quartz porous small basket that
was suspended on the microbalance beam. Once the temperature of the experiment was
established, the nitrogen flow (with the desired flow value) passed to dry the sample
and remove the presence of volatile matter until the weight value was constant. Once
the stationary regime was reached, the experiment started by introducing steam with the
pre-fixed value. Weight loss data, during gasification, were recorded every 10 s, for 60 min.
These data were treated to obtain weight loss curves (TG), and, through data processing,
different kinetic parameters were obtained.Conversion values were obtained as follows
(see Equation (6)):

Conversion =
(m0 − mt)

(m0 − ma)
(6)

where m0 is the initial mass, mt the mass at a time t, and ma the ash mass. Effect of diffusion
limitation were not assumed.

3.2. Production of Heather Charcoal

As it was pointed out, the raw material used for all the experiments was heather
charcoal. These charcoals were prepared through pyrolysis of heather wood, previously
ground and sieved. The experimental facility for pyrolysis is described in previous research
works [38]. Basically, it consisted of a vertical cylindrical reactor made of stainless steel and
designed to work at atmospheric pressure and provided with all the necessary accessories
for temperature recording and control, as well as gas supply and a sampling system.
The temperature of pyrolysis was, in all cases, 900 ◦C, and the reaction time was 30 min.
According to previous studies, this reaction time was enough to ensure the absence of
volatile matter for the subsequent gasification experiments. The charcoal obtained was
stored in a desiccator before gasification.

3.3. Effect of Pyrolysis Conditions

In order to assess the effect of the main pyrolysis conditions on heather charcoal
production, the following were considered:

• In the case of the uncatalyzed pyrolysis, the initial mass (50.6, 60.5, 70.5, 80.3, and
106 mg), volume flow (142, 218, 292.5, 370.5, and 446 mg), temperature (750, 800, 850,
and 900 ◦C), particle size at different ranges (0.4–0.63, 0.63–1, 1–1.6, and 1.6–2 mm),
and steam partial pressure (0.26, 0.4, 0.55, 0.68, and 0.82 atm) were considered.

• Regarding catalyzed pyrolysis, the volume flow (142, 218, 292.5, 370.5, and 446 mg),
temperature (750, 800, 850, and 900 ◦C), steam partial pressure (0.25, 0.4, 0.55, 0.68,
and 0.82 atm) and catalyst concentration (0.25%, 0.40%, 0.55%, 0.68% and 0.82% w/w)
were considered.

3.4. Kinetic Study

In order to study the kinetics of the process, three main ideal models for gas-solid
reaction were considered: the shrinking core model, the uniform conversion model and/or
the shrinking particle model. Thus, the adjustment to these models allowed us to obtain
the activation energy and the reaction order of the process.

To sum up, the experimental design is shown in Figure 10.
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4. Conclusions

The main findings of this research work were the following:

• For the thermogravimetric study of steam gasification of heather, the operating vari-
ables to assure that the process is controlled by the chemical reaction were estab-
lished. These values implied initial masses less than 60 mg, volumetric flows over
275 mL·min−1, and particle sizes lower than 1.6 mm in diameter.

• Under these conditions, the shrinking core model and uniform conversion model were
studied. Once the experimental data were adjusted to the representative equations of
these models (whose verification was acceptable in all cases), activation energy values
of 171.8 and 181.3 kJ/mol were obtained, respectively, with an order of reaction (for
steam) of one in both cases.

• Concerning the catalyzed steam gasification of heather (by using K2CO3), a positive
influence of catalyst concentration was found up to 7.5% w/w. The kinetic study
showed activation energies of 99.5 and 114.8 kJ·mol−1 and order of reactions (for
steam) of 1/2 and 2/3, according to the two selected ideal models (Shrinking core
model and Uniform conversion model).

• Comparing the activation energy in both processes (catalyzed and uncatalyzed), the
catalyzed steam gasification had a lower value, which is due to the typical effect
of catalysts.
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