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Abstract: The present study aims at investigating the e↵ects of porous structure development
and ash content on the observed reactivity during steam gasification of biochar residues from a
commercial gasifier. The experiments were conducted at a temperature range of 700 to 800 �C using
biochar, derived from entrained flow gasification of biomass, under isothermal conditions using a
thermogravimetric analyzer. The pore size distribution, surface area and morphology of char samples
were determined by N2 physiosorption and scanning electron microscopy (SEM). The results showed
that the gasification temperature does not a↵ect the porous structure development considerably.
The total surface area of char exhibits a threefold increase, while the total pore volume increase
ranges between 2.0 and 5.3 times, at all temperatures. Both properties are directly proportional to the
observed reactivity, especially at conversions up to 70%. Catalytic e↵ects of the mineral matter of the
char (mainly potassium) become predominant at the later stages of conversion (conversion greater
than 70%).
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1. Introduction

With the increasing energy demand and the environmental impact by the use of fossil fuel, biomass
waste feedstocks, such as forestry residue and agricultural waste, are becoming an attractive resource
for renewable energy [1]. A feasible technique for primary conversion of biomass waste feedstocks into
an intermediate gaseous feedstock (suitable for further upgrading to useful end user products, such as
chemicals, heat, and power) is gasification [2]. The biomass conversion includes several consecutive
steps, such as drying, pyrolysis, gasification, or partial combustion of the residual char, as well as
homogeneous gas phase reactions. The gasification of char, produced in the pyrolysis step, consists of
a set of heterogeneous reactions with gasifying agents, such as CO2, H2O, and O2, and is generally
the rate-determining step [3]. An understanding of the mechanism and kinetics of char gasification is
important to provide useful data for gasification reactor design.

Reports on gasification and combustion reactivity and kinetics of coal and coal char are
extensive [4–7], as compared to a more limited number of studies on lignocellulosic char (or biochar)
reactivity. There are many similarities between the two feedstocks, but the biochar is far more reactive
(4–10 times) as a result of their physicochemical properties [8]. Information on the reactivity and
kinetics of lignocellulosic char can be found in the comprehensive review by Di Blasi [9].

Char gasification is generally influenced by a number of di↵erent parameters such as temperature,
particle size, char pore structure, and intrinsic char reactivity [9]. Furthermore, the particle temperature
history of char generation influence its reactivity [10]. For example, Septien et al. [11] reported that
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increased pyrolysis heating rates (from 1 �C/s to 1000 �C/s) result in higher gasification rates and also
to a more reactive solid char. The higher reaction rate (i.e., char reactivity) may be attributed to a
change in morphology [12] or a change in textural properties due to the formation of a larger pore
volume at high heating rates, mainly consisting of mesopores and macropores, compared to a lower
pore volume of mainly micropores at a low heating rates [13]. Textural biomass-char properties are
also significantly changed during the gasification process, expressed as an evident increase in porosity
and surface area [14–22]. Most studies on pore structure development of biomass char use CO2 as
the gasification agent [14–17,22] and only a few studies focus on char steam gasification, especially
wood-derived chars, at di↵erent temperatures [18,19,23].

Another important factor influencing the reactivity is the mineral content and composition in the
char. Alkali and alkaline earth metals (AAEMs) such as potassium, sodium, calcium, and magnesium,
act as catalysts and accelerate the char gasification process, favoring heterogeneous char-steam, char-O2,
and char-CO2 reactions [24–33].

The majority of studies of biochar reactivity generally use biochar samples produced in a
pyrolysis step at lab-scale either directly in thermobalances, including thermogravimetric analysis
(TGA) instruments [29,34] and fixed bed reactors [33], in drop tubes [31,35] or fluidized beds [28,36].
Detailed studies on reactivity of char, collected at commercial or demonstration scale gasification
processes, so-called semi-char, are rarely found in the literature and corresponds to a few cases of
coal semi-chars [35,37–40] and one case investigating di↵erent biomass semi-chars, collected from
circulating fluidized bed (CFB) gasifiers [41]. The main results from the coal semi-char investigations
are somewhat contradictory to each other, with studies observing a lower [37,40] and higher [35]
gasification reactivity of char collected from fluidized bed gasifiers, compared to corresponding
pyrolyzed coal chars. An example where coal semi-char from Texaco entrained flow slurry gasifiers is
investigated is reported by Gu et al. [38]. They concluded that the chemical reactivity of two collected
coal semi-chars was much higher compared to corresponding pyrolyzed chars. In case of biomass
gasification, Meng et al. [41] investigated semi-char of wood pellets, willow, and dried distiller’s grains
with solubles (DDGS) collected from the downcomer in a pilot scale steam-O2 blown CFB gasifier.
Although not explicitly investigating the char reactivity, the calculated activation energy range of
collected CFB semi-chars was lower, compared to the corresponding pyrolyzed chars, suggesting a
higher reactivity of the semi-chars.

It is evident that the reactivity of a char di↵ers depending on the conditions present in a
real-scale gasification plant and also between chars produced in the laboratory and real chars. Most
studies investigating steam biomass char gasification relate the observed reactivity to char structure
development [17,19,20,22] or ash content [9,21,42–46] individually and not in synergy. Mechanistic
studies on how both parameters contribute to the char reactivity of real biomass semi-char, during
its transformation under steam gasification conditions, are important to enable the development
of kinetic models. The present study, aims at evaluating a residual biomass semi-char, collected at
a demonstration scale entrained flow gasification process (4 MWth biomass) for combined heat and
power production and compare the char reactivity properties with char equivalents in the literature.
The biomass char was gasified to di↵erent degrees of conversion with steam in a thermogravimetric
analyzer (TGA), where each sample of partially gasified char was characterized in terms of textural
and morphological characteristics, as well as of ash contents on the surface. In order to evaluate the
combined e↵ects of the structural development and ash components on char reactivity, during steam
gasification, ash-leached char samples were prepared and compared with the original char.

2. Method

2.1. Raw Material and Sample Preparation

The material used in the present work was unreacted biomass char, collected at a demonstration
scale entrained flow gasifier, using pine wood with a maximum particle diameter of 0.1 mm (see
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Supplementary Materials). The unreacted char was collected from the scrubber sedimentation tank,
placed downstream of the gasifier. Biomass is gasified at temperatures ranging between 900 and
1150 �C using air as gasification agent at an equivalence ratio of 0.28–0.32.

Prior to use, the char residue was dried in at 105 �C overnight. In order to remove any residual
volatile matter, the samples were heated at 950 �C in N2 atmosphere for 3h. The sample was ground
to a particle size of 45–120 µm. The resultant char is designated as original char (OC). The results of
ultimate and proximate analyses, and mineral content, determined according to the American Society
for Testing and Materials (ASTM) methods and ISO 29541:2010, respectively, of both the original
biomass fed to the gasifier and the OC are reported in Table 1.

Table 1. Ultimate and proximate analyses of biomass and original char.

Proximate Analysis (wt%)

Biomass Original Char

Moisture 7.2 0.6
Volatile Matter (db) b 92.8 4.53

Ash (db) a 0.32 6.9
Fixed carbon (db) b 6.88 88.57

Ultimate Analysis (wt% db)

C 50.9 90.6
H 6.2 0.2
N <0.1 0.43

O b 42.6 1.87

Mineral Matter (mg/kg db)

Na 111 755
K 340 5690

Mg 114 2660
Ca 562 11,200
Fe 45.5 720
Al 79 336
Mn 69.9 1540
P 37.8 677
Si 43.1 1450

db-dry basis. a Determined at 550 �C, b Determined by di↵erence.

In order to evaluate the e↵ects of ash on char reactivity during steam gasification, ash-leached
char samples were also prepared. Deionized water was used as a leaching agent to avoid damaging the
char structure and hence a↵ecting the char reactivity. Leaching was performed at 40 �C with a liquid
to solid ratio (v/w) of 80 [47] under continuous stirring for 2 and 48 h in order to achieve a di↵erent
degree of demineralization. After leaching, the samples were washed and dried at 105 �C overnight.
The leached samples were named as 2LC and 48LC referring to 2 and 48 h of treatment, respectively.
Mineral matter of original and leached chars were analyzed by ICP-SFMS.

2.2. Steam Char Gasification TGA Experiments

Char steam gasification experiments were carried out in isothermal conditions, using a NETZCSH
ST490 F3 thermogravimetric analyzer (TGA). In each gasification experiment, approximately 30 ± 2 mg
of char powder was loaded in a 3.4 mL ceramic crucible. The sample was initially heated at a rate
of 10 �C/min in N2 atmosphere (300 mL/min) to the desired temperature (700, 750, and 800 �C) and
maintained for 5 min for temperature stabilization. The gasification took place in a 7.6 mol-% steam
atmosphere. The char conversion (X) and reactivity (dX/dt) were calculated according to the following,

X =
m0 �mt

m0 �mash
[�] (1)
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dX
dt

= � 1
m0 �mash

dmt
dt

,
h
min�1

i

where m0 represents the initial mass of the char at the onset of gasification, mt is the instantaneous
mass of the char at time t, and mash is the residual mass of ash.

In order to study the development of the porous structure of char, the gasification reaction was
stopped at di↵erent conversions aiming at capturing all the reactivity turning points that were observed
during complete conversion (at least three to four points).

2.3. Textural Analysis (N2 Physisorption)

The specific surface area and pore size distribution were determined by N2 physisorption
(Micromeritics ASAP 2000) based on the Brunauer–Emmett–Teller (BET) method [48,49]. Each sample
was degassed at 250 �C overnight prior to analysis. The pore size distribution was determined
using Barrett–Joyner–Halenda (BJH) method, while the micropore volume was determined using the
t-plot method.

2.4. SEM Analysis

Samples’ surface morphology was investigated by means of scanning electron microscopy (SEM)
using a Zeiss GeminiSEM 450 at 15kV. SEM was coupled with energy-dispersive X-ray spectroscopy
(EDX). Determination of surface elements concentration was performed using a Si (Li) detector and the
Oxford INCA Energy software. The analyses were done in low vacuum mode with carbon tape under
the sample. Average mineral content on char sample surface was determined from SEM images with
1000⇥magnification.

3. Results

All the tests conducted in the present work are presented in Table 2. For OC, textural and
morphological characteristics were determined at di↵erent conversions. To ensure the repeatability of
the runs, the mass loss curves at 700–800 �C at di↵erent conversions were compared (see Supplementary
Materials (Figures S-2 to S-4)). It was found that the experimental error does not exceed 2%.

Table 2. Summary of experiments and analyses.
 

 

 700˚C   750 ˚C  800 ˚C 

Conversions (%) 0 27 64 72 100 0 27 53 73 91 100 0 25 45 70 85 100 

                  Sample 
Tests OC 

TGA  �9�9�9� 9� � 9� 9� 9� 9� 9� �9�9�9�9�9�
BET  9�9�9�9� � 9�9� 9� 9� 9� � 9�9�9�9�9� �

SEM/EDS  9�9�9�9� � 9�9� 9� 9� 9� � 9�9�9�9�9� �

               Samples 
Tests 2LC and 48LC 

TGA  � � � � 9� �     9� �     9�
BET  9�     9�      9�      

SEM/EDS  9�     9�      9�      

The reactivity of the TGA-produced char (from original biomass) and the gasifier-derived char
(OC) were determined at 900 �C and are shown in Figure 1. As seen, the temperature history of the
particle has an e↵ect on the reactivity of the derived char. The gasifier-derived char (OC) shows almost
half of the reactivity of the TGA produced char and shows an increasing reactivity at the later stages of
the conversion.
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Figure 1. Reactivity of thermogravimetric analysis (TGA)-derived char as compared to the
gasifier-derived char.

3.1. Original Char

The reactivity of char at 700, 750, and 800 �C is shown in Figures 2–4, respectively. As shown,
there are two distinct regions of conversion where reactivity behavior is di↵erent; namely, conversion
from 0 to 70% and from 70% to complete conversion. In the first region the reactivity is somewhat
stable with decreasing trend while at conversions higher than 70%, the reactivity increases significantly.
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Figure 5 illustrates the pore size distribution of the original char at di↵erent conversions and
temperatures (700, 750, and 800 �C). As shown, at conversions higher than 70%, the mesopores
(2–50 nm) fraction start to decrease at the expense of macropores showing a progressive pore growth.
The pore volume in the macropore range (>50 nm) is positively correlated with the conversion.

The textural properties of the char at di↵erent temperatures and conversions for the original
char can be seen in Figure 6. The multipoint BET method was used to calculate the specific surface
area, with a relative error between 0.37% and 0.78%. As shown in Figure 6a,b the total pore volume
(Vtotal) and the total specific surface area (Stotal) increases 1.3–3.1 and 2.0–5.3 times, respectively, with
conversion until a value of approximately 70% at all temperatures, indicating a formation of new
pores, as a result of steam-carbon reaction. Similar results are also reported in other studies [17,22].
Stotal, as well as Vtotal, start to decrease after this point. The fraction of micropores increases with
conversion monotonically and constitute the majority of the surface area of the char. At 70%, a steep
increase in Vmicro and Smicro formation is observed. Figure 6b,d displays the increase of Stotal and Smicro
with conversion with a higher increase in the rate of Stotal compared to Smicro until ~70% conversion.
Therefore, the mesopores develop at a faster rate than micropores generated until this point. This
result is inconsistent with Fu et al. [18], who observed an increase of the rate of Stotal as Smicro kept
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constant, when the conversion is higher than 10%. The discrepancy can be attributed to the di↵erent
controlling regime as will be discussed later.
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Figure 6. Textural properties of the OC at di↵erent temperatures with di↵erent conversions for original
char. Left: pore volume versus conversion at di↵erent temperatures. Right: Specific surface area
versus conversion at di↵erent temperatures. (The relative error is minor and is not shown in the
figure.) (a) the total pore volume versus conversion; (b) the total specific surface area versus conversion;
(c) the micropore volume versus conversion; (d) the micopore surface area versus conversion; (e) the
mesopores volume fraction versus conversion; (f) the mesopore area fraction versus conversion.

As shown in Figure 6e,f, the mesopores volume fraction increases from 44% to 77% until 70%
conversion, while the mesopore area fraction increases from 24% to 45%. At conversions higher than
~70%, the volume fraction of the mesopores decreases from 77% to ~65%. Similarly, the mesopores
fraction in the total surface area decreases from 45% to 20%.

At di↵erent gasification temperatures, the Smicro/Stotal ratio curve is almost identical to the changes
in the reactivity (Figures 2–4). In the conversion range from 0 to 70%, the reactivity decreases and so
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does the Smicro/Stotal ratio. After 70% conversion, the reactivity and Smicro/Stotal ratio starts to increase
significantly. This behavior may be related to the generation of new micropores, resulting in an
extended surface area for heterogeneous steam-carbon reaction, which leads to increased reactivity.

SEM images (with 1000⇥magnification) of original char and gasified chars at di↵erent carbon
conversions, from gasification at 700, 750 and 800 �C in 30 mol-% steam atmosphere, are shown in
Figures 7–10 (500⇥ and 100⇥magnifications are presented in the Supplementary Materials (Figures S-5
to S-11). As shown, the surface of the original char is quite porous (as also confirmed by the BET
measurements); sparse minerals particles, mainly Ca, is distributed thinly on the char surface (see
Supplementary Material for additional information). During the gasification reaction, the carbon is
continuously consumed, and pores of gasified chars are expanding and increasing.
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As shown in Figure 8, honeycomb-like structures are observed on the char surface. At 25% of char
conversion, the surface is more porous than the original char and more small pores are scattered on the
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char surface. During the conversion of the char, the original pores are enlarged, and new pores are
formed (red circle), while the char particle size is gradually decreased.

The surface of the char obtained at 750 �C, shown in Figure 9, displays macroscopic similarities to
the one obtained at 700 �C with mineral particles being spread unevenly on the surface. In Figure 10,
the surface morphology at 800 �C is shown and is similar to the ones at 700 and 750 �C. Mineral
particles (yellow rectangle) become larger, plausibly due to an increased mobility and agglomeration
at higher gasification temperatures. N.B. Klingho↵er et al. [36] observed that the agglomeration is
clearly visible at 1000 �C.

The agglomerates are formed at higher conversion (green triangle) due to the increased mineral
content during char consumption, which is analogous to the results obtained by Yonghui et al. [22]
while investigating the morphology of chars exposed in steam atmosphere.

The surface concentration of the major AAEM species (Ca, K, Mg, and Na) at di↵erent stages of
char conversion is presented in Figure 11. As the char conversion increases from 0% to ~70%, the surface
concentration of Ca and Mg increases at 700 �C. However, at 750 and 800 �C, the Ca concentration
decreases with temperature plausibly because of formation of larger Ca particles due to agglomeration
which resulted in lower exposed Ca. The decrease should not be ascribed to volatilization, since both
Ca and Mg are most likely kept as oxides in the sample, especially when the temperature is lower
than 1000 �C [50]. Potassium surface concentration is positively correlated with the increase of char
conversion with the exception of the low temperature gasification at 700 �C [51], which is at the lower
limit of alkali salt vaporization, suggesting K to be highly mobile [50]. At all temperatures, the surface
concentration of Na shows no significant change.Energies 2020, 13, x FOR PEER REVIEW 12 of 21 
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3.2. Water Leached Chars

In order to identify the e↵ects of the mineral content on char conversion, gasification experiments
with demineralized char were conducted. N2-physisorption (Figure 12) of the water leached char
indicate that water leaching does not a↵ect the pore structure of the char samples. The corresponding
specific surface areas are 330, 340, and 410 m2/g for the OC, 2LC, and 48LC, respectively. The above is
macroscopically verified by SEM microscopy as shown in Figures 7 and 13.

Energies 2020, 13, x FOR PEER REVIEW 12 of 20 

�

 
Figure 11. Surface concentrations of the alkali and alkaline earth metal (AAEM) species as a function 
of char conversion at different temperatures. 

3.2. Water Leached Chars 

In order to identify the effects of the mineral content on char conversion, gasification experiments 
with demineralized char were conducted. N2-physisorption (Figure 12) of the water leached char indicate 
that water leaching does not affect the pore structure of the char samples. The corresponding specific 
surface areas are 330, 340, and 410 m2/g for the OC, 2LC, and 48LC, respectively. The above is 
macroscopically verified by SEM microscopy as shown in Figures 7 and 13. 

 
Figure 12. Pore size distribution (BJH) of original and the leached char samples. Figure 12. Pore size distribution (BJH) of original and the leached char samples.Energies 2020, 13, x FOR PEER REVIEW 13 of 20 

�

 
Figure 13. SEM images of 2LC and 48LC. 

ICP-SFMS analysis indicated that K, Mg, and Ca are the major mineral elements in the OC, while 
Na, Fe, Al, and P are present in lower concentrations (Figure 14). As seen, the water leaching results 
in a significant reduction of the amount of K, while Ca and Mg are only slightly decreased. As similar 
to K, Na is also affected greatly by water leaching. Approximately 77% of Na and 86% of K were 
washed out after the 48 h treatment. Given that the contents of Fe, Al, and Mn are barely affected by 
the water treatment and the very low Na content, it is reasonable to ascribe any observed differences 
in reactivity to K. The importance of K in char reactivity has also been identified by Wang et al. [52]. 

 
Figure 14. Effects of water leaching on the concentrations of main inorganic elements in char sample, 
dry basis. 

The reactivities of the water-leached charrs at 700, 750, and 800 °C are shown in Figure 15. At all 
temperatures, OC shows a constant reactivity up to conversions of approximately 70%, where a 
significant increase is observed. The mildly leached sample (2LC) shows a declining reactivity up to 
conversion of approximately 80% where a significant increase in reactivity is observed. The reactivity 
of 48LC exhibits a monotonic steep decline in reactivity with conversion indicating that the increase 
in reactivity at the later stages of gasification is mainly attributed to the mineral content. 

Figure 13. SEM images of 2LC and 48LC.

ICP-SFMS analysis indicated that K, Mg, and Ca are the major mineral elements in the OC, while
Na, Fe, Al, and P are present in lower concentrations (Figure 14). As seen, the water leaching results in
a significant reduction of the amount of K, while Ca and Mg are only slightly decreased. As similar to
K, Na is also a↵ected greatly by water leaching. Approximately 77% of Na and 86% of K were washed
out after the 48 h treatment. Given that the contents of Fe, Al, and Mn are barely a↵ected by the water
treatment and the very low Na content, it is reasonable to ascribe any observed di↵erences in reactivity
to K. The importance of K in char reactivity has also been identified by Wang et al. [52].
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The reactivities of the water-leached charrs at 700, 750, and 800 �C are shown in Figure 15. At
all temperatures, OC shows a constant reactivity up to conversions of approximately 70%, where a
significant increase is observed. The mildly leached sample (2LC) shows a declining reactivity up to
conversion of approximately 80% where a significant increase in reactivity is observed. The reactivity
of 48LC exhibits a monotonic steep decline in reactivity with conversion indicating that the increase in
reactivity at the later stages of gasification is mainly attributed to the mineral content.
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Figure 15. Gasification rate versus conversion for OC, 2LC, and 48LC at di↵erent temperatures.

4. Discussion

As shown in Figure 1, the gasifier-derived char shows a lower reactivity compared to the
TGA-generated char. Albeit heating rate is known to be of importance for production of char of high
reactivity both in biomass and coal gasification [9,13,53,54], the results indicate that the char generated
at high heating rate (entrained flow gasifier) is not as reactive as the char generated at slow heating
rate in the TGA. Another parameter which is of importance is the temperature history of the char
particle. The char from entrained flow gasifier has been exposed to temperatures in excess of 1000 �C
and is partly preoxidized. The degree of preoxidation and temperature are being reported to greatly
a↵ect the reactivities of coal derived chars [55,56], and therefore the observed lower reactivity can be
attributed to the high preoxidation temperature the char has been subjected to in the gasifier.

It is evident (Figure 5) that during char conversion, there is a simultaneous generation of micropores
and development of mesopores (and to some extent macropores at higher conversions), as a result of
micropore enlargement, irrespective of the temperature. The simultaneous and uniform development
are indicative of an interconnected porous network [22]. The generation of micropores suggests
reaction on the active sites of char on the external surface [57] or opening of the so-called closed pores
of the biochar structure [20,58] both being supported by the observed increase in char surface area and
pore volume (Figure 6).

Moreover, the continuous and uniform porous network development indicates that the total
particle volume is readily accessible inferring that intraparticle di↵usion is not limiting the conversion,
and thus the observed conversions are under kinetic control.

The reactivity behaviors observed (Figure 15) at conversions up to ~70% are a result of the total
char surface area available for reaction with steam. The observed decline in the reactivity for all
samples is primarily due to a decrease in the total surface area (and thus active reaction sites) in the
reaction system (thermo balance), supporting that the system is under kinetic control regime [59,60].
Increased access of steam to catalytic active sites, which are gradually exposed as conversion progresses
(Figures 8–10) and their surface density increase with carbon consumption, can ebhance the reactivity
at later stages. Di↵usion limitations have been reported to be of importance for char particle sizes in
the vicinity of 300 µm at temperatures in excess of 800 �C in steam atmosphere [29,61].

The dependence on the char surface area can be elucidated by determining the specific area
normalized reactivity at very low conversion with the assumption that the surface area of the initial
char has not changed considerably. As listed in Table 3 the obtained normalized reactivities are
comparable and the di↵erences observed can be ascribed to the small variation in the initial surface
area and porosity of the samples.
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Table 3. Specific area normalized reactivity at 3% conversion.

(dX/dt)/Stotal (g/m2
-min)

T (
�
C)

Samples
OC 2LC 48LC

700 5.26 ⇥ 10�6 7.01 ⇥ 10�6 5.49 ⇥ 10�6

750 1.45 ⇥ 10�5 1.90 ⇥ 10�5 1.49 ⇥ 10�5

800 3.30 ⇥ 10�5 3.81 ⇥ 10�5 3.18 ⇥ 10�5

As perceived, the initial surface normalized (or intrinsic) reactivity of the char is comparable
irrespective of the ash content, indicating that the available char area is more important. The generation
of new micropores and enlargement of existing pores (as shown in Figures 5 and 6) during conversion
increases the surface area and accessibility of steam, however the consumption of carbon results in, as
expected, reduced reactivity. The normalized reactivity is reduced by approximately 63%, 51%, and
25% at ~25% conversion for 700, 750, and 800 �C, respectively. Limitations due to di↵usion through ash
layer, similar to the shrinking core model, cannot explain the obtained results given that no extensive
ash layer is formed (Figures 8–10).

The reactivity of OC albeit declining, is the least a↵ected (for conversions up to ~70%) compared
to 2LC and 48LC (Figure 15). The observed decline in reactivity is negatively correlated with the
mineral content of the char, indicating that with increasing particle conversion, the contribution of the
catalytic e↵ects of the mineral content become more important. Peranders et al. [32] observed that
there was a steady increase of reactivity with the increase of the alkali content (K) at char conversions
up to 70%. Bouraoui et al. [29] reported that the reaction rate is strongly dependent on the K content at
conversions higher than 70%, during CO2 gasification of char, while Suzuki, T. et al. [33] observed
proportional increase in gasification rates to the K content of cedar wood. The observed behavior can
be related to the surface exposed minerals. As can be seen in Figure 11, the K on the char surface
increases as the reaction progresses to completion. The di↵erent behavior of 48LC is therefore directly
correlated to the K content.

At conversions greater than 70%, the char reactivity is increased to various degrees for all
samples, indicating the aforementioned dependence on the mineral content (Figures 14 and 15). At
all temperatures, the turning point of reactivity curves is observed at similar conversion (66–70%),
supporting the char conversion until this point took place under kinetic controlled regime (negligible
intraparticle di↵usion limitations) [60]. This suggests that there are distinct regions where the
superimposed phenomena of micropore structure development and alkali catalyzed reactions
are prevailing.

The observed lag in the reactivity increase for 2LC and 48LC, as shown in Figure 15, can be
ascribed to the reduced K content (Figure 14) and its associated catalytic activity. The onset of reactivity
increase is observed at conversion of 85% and 92% for 2LC and 48LC, respectively.

For OC, the catalytic e↵ect would lead to a continuous increase in reactivity until the conversion
reaches 95% (Figure 15). For 48LC, the reaction rate decreases with conversion up to 92%. At this stage,
the micropore surface area increases indicating enhanced reaction activity. Figure 16 schematically
illustrates the progression of char conversion and the role of K.
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5. Conclusions

In the present study, the evolution of char structural features and the e↵ect of ash, during steam
gasification of char residues collected from a commercial entrained flow gasifier, were investigated.
Thermogravimetric analysis was used to assess the combined e↵ects of pore structure and ash on char
reactivity toward steam at a temperature range between 700 and 800 �C.

From the early conversion stages, the char particles are characterized by a broad pore size
distribution that includes both micro- and mesopores at a ~1:1 volume ratio. During conversion, new
micropores are generated and also existing micropores and mesopores are enlarged indicating that
the whole particle volume is accessible to steam, which in turn implies that conversion takes place in
the kinetic control regime. The generation of micropores and the subsequent enlargement result in
substantial increase in the specific total surface area, as well as the total pore volume of char (1.3–3.1
and 2.0–5.3 times for the surface area and pore volume respectively) up to a certain conversion point,
where they pivot and decrease at all temperatures. The temperature has a minor e↵ect on char pore
structure development.

At conversions below 70%, the conversion is proportional to the surface area of the char irrespective
of the mineral content of the char. Declining reactivity with increasing conversion supports that
conversion was taking place in kinetic regime and is proportional to char active sites.

The results indicate that the char generated at high heating rate in an entrained flow gasifier is
not as reactive as the char generated at slow heating rate in the TGA. The observed lower reactivity
can possibly be attributed to high preoxidation temperature that the char has been subjected in the
entrained flow gasifier.

When the conversion reaches 70%, catalytic phenomena mainly due to potassium presence become
dominant. From this it is evident that potassium is an important parameter to predict steam gasification
reactivity for high conversion, as in the present study is determined to be above 70%, The point of
conversion where the reactivity increases is clearly dependent on the K content, as illustrated by the
observed di↵erences for the original and water leached chars.

Conclusively, the study showed that the superimposed phenomena of surface area and pore
development as well as catalytic reactions due to alkali presence have distinct regions where they
prevail with the low conversions governed by noncatalytic reactions and micropores generation, while
at high conversions the importance of catalytic reactions is greater.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/19/5004/s1.
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