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Abstract

The study on CO, gasification behavior helps to promote the clean and efficient utilization of high-alkali fuels. The high-
alkali fuels feature high contents of alkali metals, and sometimes they are also rich in alkali earth metals and iron. Though the
influences of minerals on gasification characteristics have been extensively studied, few researchers have selected minerals
based on the ash composition of high-alkali fuel. Moreover, the complex interactions among minerals could lead to inaccurate
conclusions. In this paper, the CO, gasification behavior of chars originated from one high-alkali biomass and three high-
alkali coals was studied. The effects of principal minerals related to the high-alkali fuels, which were determined through
the new plasma ashing method and traditional muffle ashing method, were also further evaluated via synthetic coal char.
The synthetic coal char was free from any intrinsic minerals. The results indicate that the gasification reactivities of chars
from high-alkali fuels are positively associated with the reaction temperature (900-1200 °C). The biomass char possesses
the highest gasification reactivity, and three coal char samples are inferior to various degrees. The related chemicals offer
their catalytic activities at 1000 °C in the sequence of K/Na-containing chemicals > Fe-containing chemicals > Ca-containing
chemicals. The shrinking core model (SCM) and two-dimensional growth of nuclei model (2DGM) were chosen to conduct
the kinetic analysis. The reaction constants of chars from different high-alkali fuels agree with their gasification behavior.
Generally, the 2DGM is more suitable than SCM to predict the conversion of selected char samples. In most cases, the addi-
tions of chemicals increase the reaction constants. When Fe,0; and CaCOj; are added into synthetic coal char, the SCM is
more accurate to describe the gasification behavior at 900 °C, but the addition of Na,SO, makes the 2DGM a better one.
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Introduction is of great significance for the global energy supply and envi-

ronmental protection.

The high-alkali fuels, such as biomass and high-alkali coal,
are playing an important part in the global energy con-
sumption. Among them, biomass is regarded as a prom-
ising alternative to fossil fuel because of its renewability,
CO,-neutrality, and wide distribution [1, 2]. Meanwhile, the
high-alkali coal, like Zhundong coal, is expected to meet the
ever-growing energy demand due to its huge reserve [3].
Hence, the clean and efficient utilization of high-alkali fuel
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Gasification and oxy-fuel combustion have been regarded
as promising ways to utilize high-alkali fuel because they
are conducive to the reductions of carbon emission and air
pollutant emission [4-6]. The CO, gasification are impor-
tant in both processes. In the gasifier, solid fuel reacts with
gasifying agent (usually one or a mixture of oxygen, air,
and steam) to produce the syngas, which is convenient to
store and transport. Many reactions take place during the
gasification process, and the reaction between CO, and char
is one of the most important ones [7]. Furthermore, the flue
gas from the oxy-fuel combustion, which mainly consists of
CO, and H,0, has been proposed as a new gasifying agent to
reduce CO, emission [8]. In that case, the reaction between
CO, and char is likely to be more important than it is when
the traditional gasifying agent is employed. It is worth not-
ing that the CO, gasification appears not only in the gasifier,
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but also in the boiler if the air-staged combustion technol-
ogy, which is an effective method to reduce nitrogen oxide
emission, is applied [9]. The CO, gasification occurs when
the deficient oxygen is consumed in the main combustion
zone and the over fired air is not injected into the furnace
yet. If the oxygen-staged oxy-fuel combustion technology
is applied, the CO, gasification is supposed to be triggered
more easily owing to the high CO, content. Therefore, the
deep knowledge about CO, gasification behavior is crucial to
promote the clean and efficient utilization of high-alkali fuel.

It is generally reported that the CO, gasification behavior
of char could be influenced by some chemicals containing
alkali metals (e.g., Na,CO;, K,CO;, NaAlO,) [10, 11], alkali
earth metals (e.g., Ca(NOj),, CaCOj) [12, 13], and transition
metals (e.g., FeCO;, NiNO;-6H,0) [14, 15]. The high-alkali
fuels feature high contents of alkali metals, and sometimes
they are also rich in alkali earth metals and iron [16]. As a
result, the minerals in high-alkali fuels are likely to have a
significant effect on the CO, gasification. However, many
minerals investigated in the previous studies are absent in
raw high-alkali fuels or during the transformation process of
high-alkali fuels. For instance, Na,CO; has been extensively
studied as an efficient catalyst for CO, gasification [10, 11,
17, 18], while the Na-containing chemicals are mostly NaCl
and Na,SO, rather than Na,CO; in raw high-alkali fuels, and
Na tends to exist in the forms of silicate and aluminosili-
cate at high temperature, if not volatilized [19]. Undeniably,
some minerals related to high-alkali fuels were investigated,
but the species were limited because the researchers paid
attention to other fuels instead of high-alkali fuels [10, 12,
20]. Therefore, it is necessary to focus on the high-alkali
fuels and study the effects of related minerals (Na, K, Ca,
and Fe species), which helps to better understand the gasifi-
cation characteristic of high-alkali fuel char and find proper
catalysts as well.

In order to determine the main minerals that exist in raw
high-alkali fuels and during the transformation process of
high-alkali fuels, ash samples need to be prepared for char-
acterization. However, the traditional ashing method using a
muffle furnace is probably inappropriate to identify the min-
erals in raw fuel due to the mineral formation and transfor-
mation at high temperature [21]. In recent years, the plasma
ashing method has been considered as an effective way to
avoid this problem [19, 22]. The new method is able to con-
sume organic matter at low temperature (<200 °C) so the
mineral species can remain in the original state, which gives
accurate information of minerals in raw fuel. The minerals
that exist during the transformation process of high-alkali
fuels can be identified in the ash samples prepared by the
traditional ashing method.

After the minerals related to the high-alkali fuels are
selected, the carrier needs to be determined. In the previous
studies on the effects of minerals, the additive chemicals
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were usually loaded on raw fuel or char [10, 12, 13]. The
intrinsic minerals in raw fuel and char probably react with
the additive chemicals during the CO, gasification, so it is
difficult to specifically study the effects of additive chemi-
cals. Even though the experimental subjects were deminer-
alized by HCI and HF in some previous research [11, 17],
the residual halogen in acid-treated subjects still may affect
the additive chemicals. Unlike the natural or acid-treated
experimental subjects, the synthetic coal is free from any
intrinsic minerals, so the complex interaction among min-
erals can be avoided [23, 24]. The combustion characteris-
tics of synthetic coal have already been demonstrated to be
similar to those of real coal, which means the synthetic coal
is qualified to simulate the real coal in terms of combustion
performance [23, 24]. If the synthetic coal and real high-
alkali fuels have similar CO, gasification behavior, it can be
employed to accurately study the effects of minerals related
to high-alkali fuels on CO, gasification.

In the present study, the char samples of different high-
alkali fuels were prepared at first to study their gasification
behavior. Afterwards, the new plasma ashing method and
traditional muffle ashing method were applied to deter-
mine the main minerals that existed in raw high-alkali fuels
and during the transformation process of high-alkali fuels.
The synthetic coal char without any intrinsic minerals was
employed to carry the minerals related to high-alkali fuels
to investigate their impacts on gasification. Finally, two
kinetic models, shrinking core model and two-dimensional
growth of nuclei model, were selected to conduct the kinetic
analysis. The present study on the gasification reactivities
of high-alkali fuels and on the kinetic analysis is expected
to provide useful information about the design of gasifier
and optimization of reaction condition. The work about the
catalytic influence of mineral helps to find proper catalysts,
which could reduce the energy consumption and make the
reaction condition milder.

Experimental
Raw samples

One high-alkali biomass, wheat straw (abbreviated as WS,
hereinafter), three high-alkali coals, Lu’an (LA) coal, Zijin
(ZJ) coal, and Tianchi (TC) coal, were chosen to study the
gasification characteristics of high-alkali fuels in the present
research. Besides these common high-alkali fuels, one syn-
thetic coal (SC) was also prepared to evaluate the effects of
some minerals related to the high-alkali fuels on gasification.
The synthetic coal in this study contains no minerals, there-
fore complex interactions between intrinsic minerals in raw
fuels and additive chemicals can be avoided. The preparation
of synthetic coal was described briefly as follows: firstly,
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the raw material of synthetic coal was obtained by mixing
cellulose and 8-hudroxyquinoline in a mass ratio of 4:1;
secondly, the mixture was put into an autoclave where the
temperature and pressure were 200 °C and 20 MPa, respec-
tively, and the conditions were maintained for 24 h; thirdly,
the product was collected from the autoclave, which served
as the synthetic coal in the subsequent experiments. More
detailed information about the preparation of synthetic coal
can be found in our previous studies [23, 24]. These four
high-alkali fuels and synthetic coal were crushed and sieved
into particles < 100 pm for the subsequent pyrolysis experi-
ments. Their proximate and ultimate analyses on air-dried
basis are listed in Table 1.

In order to determine the main minerals that exist in raw
high-alkali fuels and during the transformation process of
high-alkali fuels, two different methods (plasma ashing
method and traditional ashing method) were applied to pre-
pare the ash samples. A plasma oxidation device (K1050X)
from Emitech was employed to prepare the low-tempera-
ture plasma ash (LTA) samples with the operating tempera-
ture < 200 °C. The plasma ashing method is capable of con-
suming organic matter without destroying the initial state of
mineral, which gives the information of original minerals in
raw high-alkali fuels [19, 22]. The traditional ashing method

was carried out to prepare the high-temperature ash (HTA)
samples at 815 °C by a muffle furnace according to Chinese
standard GB/T 1574-2007, which could give the information
of minerals during the transformation process of high-alkali
fuels. The X-ray fluorescence (XRF) analysis was conducted
using an S4 PIONEER from Bruker AXS to measure the
chemical compositions of different ash samples. The XRF
results are listed in Table 2 (LTA samples) and Table 3 (HTA
samples). The LTA and HTA samples have different com-
positions because the high temperature in traditional ashing
method can lead to the volatilization, decomposition, and
other reactions of minerals in raw fuel. Generally, the raw
high-alkali fuel contains more minerals than the traditional
ashing method shows. More information about the effects
of ashing method and temperature on the ash composition
can be accessed in our previous study [19]. Based on the ash
compositions, K-containing chemical (KCl), Na-containing
chemicals (NaCl, Na,SO,, Na,SiO;), Ca-containing chemi-
cals (CaCOs;, CaSO,), and Fe-containing chemicals (Fe, 03,
Fe;0,) were selected to study their influences on gasifica-
tion behavior. This part of research could also help to study
the feasibility of using high-alkali fuel ash as catalyst for
gasification. The high-alkali fuel ash is potential to serve as
effective catalysts with broad resource and low cost.

Table 1 Proximate and ultimate

. . Samples Proximate analysis/% Ultimate analysis/%

analyses of high-alkali fuels

(air-dried basis) w(FC) w (V) w (A) w (M) w (C) w (H) w (0)* w (N) w (S)
WS 47.65 36.17 7.58 8.60 40.12 4.81 38.29 0.47 0.13
LA 50.47 31.78 10.92 6.83 61.35 297 17.22 0.57 0.14
7] 53.76 28.42 3.52 14.30 64.77 3.72 12.34 0.77 0.58
TC 65.10 25.96 4.06 4.88 73.50 2.79 14.08 0.13 0.56
SC 68.88 31.09 0.00 0.03 65.37 2.86 28.29 3.45 0.00
w(0)=100—w(C) —wH) —w(N) = w(S) —w(A) — w(M)

Table 2 Compositions of low-temperature plasma ash samples (mass%)

Samples w (Si0,) w (AL, 03) w (TiO,) w (Fe,03) w (CaO) w (MgO) w (K,0) w (Na,O) w (SO5) w (CD)

WS 46.3 0.9 0.1 1.1 5.2 1.25 21.8 0 33 17.5

LA 17.2 9.4 0.8 7.3 383 2.4 0.6 5.5 3.8 13.6

VAl 11.2 9.6 0.53 13.9 18.7 1.4 0.07 9.7 16.2 18.0

TC 4.9 53 0.3 3.8 37.3 4.5 0.2 6.2 30.1 6.2

Table 3 Compositions of high-temperature ash samples (mass%)

Samples w (S10,) w (AL,O3) w (TiO,) w (Fe,05) w (CaO) w (MgO) w (K,0) w (Na,O) w (SO3) w (Cl)

WS 62.8 1.1 0.1 14 6.2 14 18.0 0 4.5 14

LA 232 13.1 0.9 9.1 40.0 3.6 0.2 33 32 2.7

VAl 17.2 17.1 0.64 19.3 20.1 33 1.07 8.9 10.9 0.25

TC 6.6 6.8 0.4 9.5 44.8 6.0 0.1 1.3 20.1 1.5
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Char preparation

The char samples of four high-alkali fuels and synthetic coal
were prepared in an electrically-heated tube furnace. Dur-
ing each pyrolysis experiment, about 1.5 g raw sample in an
alumina crucible was placed into the reaction zone of the
tube furnace under the nitrogen atmosphere (1 L min~"). The
raw sample was subjected to a heating rate of 10 °C min™!
up to 1200 °C and maintained at the pre-set temperature
for 60 min. The gasification temperature of solid fuel is
selected based on its property, usually in the range from
900 to 1600 °C [25]. Therefore, an intermediate tempera-
ture, i.e. 1200 °C, was chosen to prepare char samples for
gasification experiment in this study. After the product was
cooled to ambient temperature in the nitrogen stream, it
was collected for the following experiments, including the
scanning electron microscopy (SEM) analysis coupled with
energy dispersive spectroscopy (EDS) analysis, and gasifi-
cation experiment. The SEM—-EDS analysis was performed
by a Tecnai G2-F30 to investigate the morphology and
element distribution of char samples originated from four
high-alkali fuels and synthetic coal. The char samples of
four high-alkali fuels were directly used for the subsequent
gasification experiments, while the char samples of synthetic
coal were mixed mechanically with additive chemicals in a
mass ratio of 9:1 to evaluate the effects of minerals related to
high-alkali fuels on gasification. In the respect of catalysts,
the present work mainly focused on the species of mineral,
and the influence of additive content might be studied in the
future work.

Gasification experiment

Thermal analyzer has been widely adopted to study the con-
version of solid fuel [26-30]. The gasification experiments
were conducted using a Setaram simultaneous thermal ana-
lyzer Labsys Evo. The buoyancy and temperature calibra-
tions were conducted before the gasification experiments,
and the standard error for temperature reading was 1.5 °C.
For each experiment, 20 + 0.2 mg of experimental sample
was loaded into an alumina crucible and heated from ambi-
ent temperature to the pre-set temperature (900 °C, 1000 °C,
1100 °C, 1200 °C) at a rate of 20 °C min~! under the nitro-
gen atmosphere (10 mL min™'). Once the pre-set tempera-
ture was reached, the temperature remained unchanged and
the atmosphere was switched to N, (10 mL min~") and CO,
(40 mL min™!) to trigger the isothermal gasification. Usu-
ally, 60 min was long enough to finish the isothermal gasi-
fication, while it took longer at low reaction temperature.
Prior to each group of formal experiments, the blank experi-
ment was conducted at least twice. Some formal gasification
experiments were also repeated to verify the accuracies of
experimental results, which indicated a good repeatability.
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In addition, the reliability of thermal analyzer used in this
study was also demonstrated in our previous research [31].

The carbon conversion ratio (x) was calculated by the
following equation [32-34]:

Wo — Wy
X=—— 1
Wo = Wash M

where w,, represents the initial mass of sample, w,y, denotes
the mass of residual ash after complete gasification, and w,
is the instantaneous mass of sample at time of 7.

The reactivity index R, 5 was defined to quantify the char
gasification reactivity as follows [17, 35]:

R, = — 2
0.5 Tos 2)

where 1) 5 is the time (min) that it takes for x to reach 0.5.

Kinetic analysis

Many kinetic models have been applied by researchers to
conduct the kinetic analysis of char gasification [36-38]. A
universal method to select appropriate models is comparing
many models to experimental data [36-38], which is time-
consuming. Some researchers [39] proposed that appropriate
models could be determined by fitting the experimental data
according to the Avrami and Erofe’ev equations. The equa-
tions are shown as follows [33, 39-41]:

x=1—exp (k™) 3)

In(=In(1 =x))=Ink+mlInt 4)

where k represents the reaction constant dependent on nucle-
ation frequency and grain growth rate, m denotes the con-
stant associated with the geometry of the reaction system.
According to Eq. (4), the curve In(—In(1 — x) versus Int is
expected to be linear, the slope m of which indicates the mul-
tiple reaction pathways and the most possible mechanisms.
Therefore, appropriate kinetic models can be selected based
on m to determine the reaction constant & in different cases.
Usually, the conversion ratio (x) was limited to 0.15-0.50 to
obtain m because the acceleratory region (x=0.15-0.50) was
considered to be qualified for exploring reaction mechanisms
[39, 42, 43]. Mathematically the Avrami and Erofe’ev equa-
tion represents a sigmoid x ~ # curve, while the experimental
data is fitted in a certain x range, i.e. x=0.15-0.50. Hence,
this method does not require that the whole experimental
curve is sigmoid, and the selected models might not be sig-
moid, either.

The mean absolute percentage error (MAPE) was
employed to measure the deviation between the experiment
data and calculated data obtained based on selected kinetic
model [44]:
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i=1

MAPE = 100% AT X

% &)

where %; and x; represent the carbon conversion ratios from
experiment data and from calculated data at the same reac-
tion time, respectively. In this research, X; was in the range of
0.1-0.9 with the interval of 0.1, which meant n=9.

Results and discussion

Gasification behavior of chars from different
high-alkali fuels

The carbon conversion ratios (x) of char samples originated
from different high-alkali fuels as a function of time (¢),
are presented in Fig. 1, and the corresponding gasification
reactivity indexes (R, 5) are shown in Fig. 2. According to
the x~ curves and R, 5, the gasification reactivities of char
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samples depend heavily on reaction temperature and the var-
iation tendencies with temperature are similar. At 900 °C,
it takes longer than 5000 s for these char samples to finish
the isothermal gasification, especially for LA char, which
requires about 11,000 s. The reaction time at 1000 °C is
less than 2000s for all four char samples, indicating their
gasification reactivities are significantly enhanced due to the
increased temperature. The reaction time is further reduced
when the temperature rises from 1000 to 1100 °C, at which
1000 s is long enough for gasifying agent to convert carbon
completely. However, it is hardly achievable to promote char
gasification by increasing reaction temperature at > 1100 °C
because the x~¢ curves at 1200 °C are relatively close to
those at 1100 °C. It is still feasible to promote char gasifica-
tion by increasing reaction temperature at > 1100 °C. How-
ever, the promoting effects are moderated, given the fact
that the x~# curves at 1200 °C are close to those at 1100 °C.
The enhancement caused by increasing temperature is due
to the endothermic nature of gasification [45]. The raw fuel
determines the char characteristics, including the texture
structure, functional group, mineral, and so on, therefore the
category of raw high-alkali fuel also substantively affects the
gasification reactivity of char [46, 47]. As shown in Figs. 1
and 2, WS char possesses the highest gasification reactivity
at 900-1200 °C, and three coal char samples are inferior
to various degrees. The char samples from two Zhundong
coals, ZJ char and TC char, have broadly similar x~ ¢ curves
and R 5. The LA char has lower gasification reactivity than
ZJ and TC chars at 900 °C and 1000 °C, while it is more
reactive at 1100 °C and 1200 °C. According to Table 2, the
total content of CaO, SiO,, and Al,O;, in the LTA of LA
coal is up to 64.9%, implying that calcium aluminosilicates
are the main minerals in LA coal. Perhaps these minerals
have low catalytic activities at low temperature, while they
can promote the gasification significantly at high tempera-
ture. Moreover, the structure and functional group of LA
char are also probably related to the gasification behavior,
which might be investigated in the future study.

The char samples of different high-alkali fuels were sub-
jected to SEM-EDS analysis for the knowledge of micro-
morphology and elemental distribution, and the results are
shown in Fig. 3. As demonstrated in SEM images, plenty of
long fibrous particles with stacked structure are observed
in WS char, while these three coal char samples are mainly
composed of irregular block-shaped particles of varying
sizes. It seems that the stacked structure is partly responsi-
ble for the high reactivity of WS char because the structure
leads to large area for gasification. In the enlarged images, it
can be seen that there are lots of teeny-tiny particles attached
to the surfaces of large ones. The comparison between the
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LTA and HTA implies that high temperature leads to the
volatilization and decomposition of some minerals. Similar
changes is likely to occur in the preparation of char samples,
so it is possible that some small particles originate from
broken mineral matter. The char samples were subjected to
EDS analysis to study the element distribution of particle
surface that covers tiny particles. For WS char, the inorganic
elements like Si and Ca account for a considerable propor-
tion of chosen area, implying some tiny particles mainly
consist of minerals rather than carbon. For the three coal
char samples, however, the chosen areas show extremely low
content of inorganic elements, indicating the organic mat-
ters dominate the tiny particles. Many minerals like AAEMs
have been reported to be able to serve as effective catalysts
for gasification [13, 17, 35]. Therefore, the widespread min-
erals on the surfaces of WS char are supposed to be one of
reasons that WS char possess higher gasification reactivity
than other three coal char samples.

Effects of minerals related to high-alkali fuels
on gasification

The synthetic coal with a known composition was prepared
to represent the gasification behavior of real coal. Given the
char derived from synthetic coal is free of mineral matter,
complex interactions among minerals can be avoided when
the impacts of some certain minerals on gasification are
investigated. The similarity in combustion behavior between
synthetic coal and real coal has already been reported in
our previous studies [23, 24]. The gasification behavior and
micro-morphology of SC char are displayed in Fig. 4. For
x~t curves of SC char, the variation tendency with tempera-
ture is similar to those of WS, LA, ZJ, and TC chars. The
reaction time and R, 5 are also close to those of the four char
samples, at least they are in the same order of magnitude.
Furthermore, the particles in SC char are mostly irregular
block-shaped particles of varying sizes, which agrees with
the char samples originated from the three high-alkali coal.
Hence, the SC char is believed to be qualified for subsequent
investigations on the effects of minerals related to high-alkali
fuels on gasification.

The alkali metals in high-alkali fuels are inclined to
volatilize during the heating process, corresponding to the
lower alkali metal contents in high-temperature ash sam-
ples. As listed in Tables 2 and 3, the high-temperature ash
samples have substantially less chlorine than the plasma ash
samples, and for high-alkali coals, the SO; contents in the
high-temperature ash samples are also lower than those in
the plasma ash samples. It implies that some alkali metals
in raw high-alkali fuels volatilize in the forms of chloride
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Fig.3 SEM images and EDS analysis results of different high-alkali chars

and sulfate during the heating process, and the rest of them
transform into more stable minerals like silicates and alu-
minosilicates [19]. Considering the raw minerals and trans-
formed minerals, different alkali metal compounds (KCl,
NaCl, Na,SO,, Na,SiO;) were selected to evaluate the
effects of typical minerals on gasification. In addition, the
ash samples of high-alkali coals have high contents of CaO
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and Fe,O; according to the XRF results. Therefore, Ca-
containing chemicals (CaCO;, CaSO,) and Fe-containing
chemicals (Fe,0;, Fe;0,) were also selected in the present
study. More information about the minerals in high-alkali
fuels can be found in our previous studies [16, 19].

The gasification behavior of SC char catalyzed by the
chemicals at 1000 °C is depicted in Fig. 5, which show that
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Fig.5 Effects of Na, K, Ca, and Fe species on gasification at 1000 °C via SC char

most chosen chemicals can enhance the char gasification to
various degrees. According to the x-f curves and Ry 5, the
promoting impact of NaCl is similar to that of KCI, and
Na,SO, has a better catalytic performance than both of them.
Since Na,SO, can react with char carbon to produce Na,S,
there are more newly generated pores in SC char, leading to
larger surface area and more active sites for gasification [17,
48]. Furthermore, the oxygen-containing functional groups
on char surface from the reaction between char and miner-
als can weaken the adjacent carbon—carbon bonds, making
them susceptible to the attack from the oxidant [35]. Theo-
retically Na,SO, has the ability to supply oxygen when the
oxygen-containing functional groups are formed because
Na,SO, contains oxygen atoms, while NaCl and KCI have
to react with oxygen atoms in SC char. Hence, Na,S0O, is
more efficient to improve gasification reactivity of SC char
than NaCl and KCI. As a common Na-containing chemicals
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present in high-alkali fuel ash, Na,SiO; has an obvious pro-
moting influence on gasification, which means it is poten-
tial for high-alkali fuel ash to serve as effective catalysts
with broad resource and low cost. It is observed that the
Fe-containing chemicals (Fe,O;, Fe;0,) are also beneficial
to char gasification. It is worthy to note that Fe,05 and Fe;0,
are often identified in ash samples of some high-alkali fuels
[19], so they can play a facilitating role in char gasification
once high-alkali fuel ash is employed as catalysts. As for
Ca-containing chemicals, the presence of CaCOj5 slightly
increases the reaction rate according to the x—¢ curves and
R, 5, while CaSO, exerts a negative influence on char gasifi-
cation. Li et al. [49] pointed out that it was CaO, rather than
CaCO; or CaSO,, that had catalytic ability. In this study, the
isothermal gasification was conducted at 1000 °C, which
was high enough for CaCO; to decompose into CaO, but
not high enough for CaSO, because pure CaSO, could not
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decompose below 1200 °C [50]. Moreover, CaSOj, is sup-
posed to cover some char surfaces, keeping them away from
CO,. Consequently, the presence of CaSO, delays the car-
bon conversion. Although some chemicals like Fe,O; and
CaCO;,, are not as efficient as alkali salts, they still can pro-
mote the gasification. Therefore, the low-alkali coal is also
likely to possess high gasification reactivity if it has high
contents of these minerals. Generally, the selected chemicals
offer their catalytic activities at 1000 °C in the sequence of
K/Na-containing chemicals > Fe-containing chemicals > Ca-
containing chemicals.

Kinetic analysis of gasification of chars
from different high-alkali fuels

The fitting parameters listed in Table 4 were calculated in
the range of x=0.15-0.50 according to Eq. (3) and (4). It
can be seen that all values of m are between 1 and 2 with
the squares of correlation coefficients (R?) higher than 0.99.
Table 5 lists some common kinetic models for gas—solid
reaction with different m [33, 39]. Since the values of m
in Table 4 fluctuate and there is no model that perfectly
matches them, the models with m =1-2 are possibly proper
for the high-alkali char gasification. Hence, the phase bound-
ary controlled model (contracting sphere), which is also
named as the shrinking core model (SCM, m=1.07), and
the two-dimensional growth of nuclei model (2DGM, m =2)
were selected in the present study.

According to the equations of SCM and 2DGM in
Table 5, the reaction constants (k) of high-alkali chars can
be determined by linear regression analysis. Taking the

gasification of WS char as an example, Fig. 6 displays the
application of SCM and 2DGM to the experimental results.
The slope of each fitting linear is the reaction constant for
each reaction temperature. The reaction constants of other
high-alkali chars were also obtained using the same method,
and the results are listed in Table 6. The R? in linear regres-
sion analysis are all higher than 0.98, indicating significant
linear correlations. As listed, the reaction constants of high-
alkali chars obviously increase when the reaction tempera-
ture gets higher, and WS char has a higher reaction constant
than other high-alkali chars at the same reaction tempera-
ture. The influences of reaction temperature and char cat-
egory on the reaction constant determined based on both
the SCM and 2DGM agree with the gasification behavior
shown in Figs. 1 and 2. In addition, the application of 2DGM
can lead to a slightly higher reaction constant than the SCM
under the same condition.

In order to verify the accuracies of selected kinetic
models in describing the gasification behavior of high-
alkali chars, the calculated x ~ ¢ curves based on the SCM
and 2DGM are compared with the experiment data in
Fig. 7. The calculated curves were obtained according
to the equations in Table 5 and the reaction constants in
Table 6, and the deviations between the experiment data
and calculated data were measured quantitatively using
the mean absolute percentage error (MAPE) according
to Eq. (5). It can be seen that the SCM is more suitable
to predict the gasification behavior of WS char at 900 °C
and 1000 °C, while the 2DGM fits better at 1100 °C and
1200 °C. The SCM assumes that the reaction takes place at
the outside surface of char particle and moves inward once

Table 4 Fitting parameters of

0 . ‘ Temperature/°C WS char LA char 7] char TC char
high-alkali chars in the range of
x=0.15-0.50 m R m R m R m R
900 1.40 0.9994 1.39 0.9999 1.36 0.9998 1.65 0.9970
1000 1.29 0.9993 1.46 0.9991 1.65 0.9984 1.61 0.9991
1100 1.30 0.9977 1.63 0.9904 1.54 0.9977 1.57 0.9971
1200 1.27 0.9958 1.40 0.9971 1.59 0.9962 1.55 0.9969
Table 5 Sqme kin@tic models Kinetic model Equation "
for gas—solid reaction
One-dimensional diffusion =kt 0.62
Two-dimensional diffusion (1—x)In(1—x) + x = kt 0.57
Three-dimensional diffusion [1=(1=0)"1? = ke 0.54
First order reaction (also named as volumetric model) —In(1—x) = kt 1
Phase boundary controlled (contracting sphere, also named as 3[1-(1—x)") =kt 1.07
shrinking core model)
Phase boundary controlled (contracting cylinder) 1-(1-x)"2 = ke 1.11
Two-dimensional growth of nuclei [-In(1=x)]"? = ke 2
Three-dimensional growth of nuclei [—In(1-x)1?? = kt 3
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Tabl.e 6 Rea(.:tion constants (k) Temperature/°C WS char LA char ZJ char TC char
of high-alkali chars based on the
SCM and 2DGM kscm kpom kscm kypam kscm k3pam kscm k3pom
900 0.00037 0.00041 0.00016 0.00018 0.00029 0.00032 0.00033 0.00037
1000 0.00142 0.00156 0.00080 0.00089 0.00088 0.00099 0.00087 0.00098
1100 0.00239 0.00266 0.00139 0.00157 0.00126 0.00142 0.00126 0.00142
1200 0.00363 0.00406 0.00182 0.00204 0.00133 0.00150 0.00145 0.00163

the external reactant is consumed, so the core of unreacted
char continues to shrink during the conversion process
[51, 52]. The 2DGM is a kind of Avrami and Erofe’ev
model (m=2), which assumes that “germ nuclei” of the
new phase are distributed randomly inside the char par-
ticle and then the new phase grows throughout the char
particle until the conversion is finished [39, 43]. The dif-
ferent accuracies of SCM and 2DGM at different reac-
tion temperatures indicate that most of CO, reacts with
carbon at the outside surface of WS char particle at low
temperature (900 °C and 1000 °C), while more CO, moves
into the char particle and react with the inside carbon at
relatively high temperature (1100 °C and 1200 °C). In the
cases of the three chars originated from the high-alkali
coals, it is apparent that the 2DGM is remarkably more
precise to describe the gasification behavior than the SCM
at 900-1200 °C. Approximately, the SCM overpredicts
the gasification at x < 0.7 and underpredicts it at x> 0.7,
while the 2DGM predicts the opposite. Even so, the cal-
culated x ~ ¢ curves based on the 2DGM are closer to the
experimental data and the averaged MAPEs for LA, ZJ,
and TC chars based on the 2DGM (12.6%, 10.6%, and
8.4%, respectively) are significantly smaller than those
based on the SCM (28.0%, 32.1%, and 33.7%, respec-
tively). It implies that CO, tends to seep into the pores of

@ Springer

char particle and react with the inside carbon instead of
being consumed at the external particle surface.
The 2DGM (m =2) rather than the SCM (m=1.07) is
more appropriate to study the char gasification in most
cases according to Fig. 7, though the values of m in
Table 4 are not very close to 2. It is possibly due to the
range of conversion ratio. Usually, x was limited to the
acceleratory region (x=0.15-0.50), which was considered
to be qualified for exploring reaction mechanisms [39, 42,
43]. However, the previous research mainly focused on the
reactions of simple substances, such as the transformation
of p-CuAlCl, to a-CuAlCl, [42], the reduction of hema-
tite to wustite [43], and the decomposition of some salts
[39]. When it comes to complex char gasification, some
researchers employed the kinetic method with different
x range to obtain m. Wang et al. [41] extended the range
of carbon conversion ratio (x=0.15-0.60) to conduct
the kinetic analysis of pinewood gasification. They also
calculated the values of m when x=0.60-0.98 to select
a better kinetic model. In addition, Sharp and Hancock,
who developed this method of kinetic analysis, pointed
out that a wider range of x was acceptable if it was dif-
ficult to select a kinetic model that perfectly matches the
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Fig.7 Comparison of experimental data and calculated curves of high-alkali chars based on the SCM and 2DGM
Table 7 Fitting parameters of high-alkali chars in the wider range of x
Temperature/°C WS char LA char ZJ char TC char
m m m m m m m m
(x=0.15-0.70) (x=0.15-0.90) (x=0.15-0.70) (x=0.15-0.90) (x=0.15-0.70) (x=0.15-0.90) (x=0.15-0.70) (x=0.15-0.90)
900 1.41 1.44 1.43 1.49 1.42 1.51 1.71 1.80
1000 1.33 1.33 1.53 1.58 1.75 1.82 1.71 1.77
1100 1.39 1.47 1.82 1.83 1.65 1.71 1.66 1.73
1200 1.38 1.41 1.51 1.56 1.71 1.81 1.66 1.74

original m [39]. According to the experimental data, wider
x range leads to bigger m. Table 7 lists the fitting param-
eters in the range of x=0.15-0.70 and x=0.15-0.90. As
listed in Tables 4 and 7, the values of m in the range of
x=0.15-0.70 are clearly closer to 2 than the corresponding

ones in Table 4 (x=0.15-0.50), and the values of m in the
range of x=0.15-0.90 are even bigger. Consequently, the
superiority of the 2DGM (m =2) over the SCM (m =1.07)
makes more sense if the x range is extended properly in

the present study.

@ Springer



6434 L. Zhao et al.
Table 8 Fittir}g parameters Temperature/°C SC char SC char+Na,SO,  SC char+CaCO; SC char + Fe, 0,
of SC char with or without : *
chemicals in the range of m R? m R? m R? m R?
x=0.15-0.70
900 1.07 0.9824 1.39 0.9948 0.92 0.9990 1.11 0.9982
1000 1.64 0.9726 1.46 0.9916 1.54 0.9976 1.20 0.9961
1100 1.71 0.9615 1.60 0.9919 1.57 0.9927 1.37 0.9868
1200 1.73 0.9602 1.61 0.9853 1.60 0.9903 1.71 0.9908
0.0025 SC char V7 sC char
m SC char + Na,SO, 0.0025 m SC char + Na,SO,
0.0020 SC char + CaCO, SC char + CaCO,
E E= SC char + Fe,0, — oo £ 0.0020 4
= 5% N = S g g
2 §= 4 2 00015 /
= = 5 8 B
= §E g %
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Fig. 8 Reaction constants (k) of SC char with or without chemicals based on the SCM and 2DGM

Kinetic analysis of gasification catalyzed by minerals
related to high-alkali fuels

Three common related to the high-alkali fuels, Na,SO,,
CaCOs;, and Fe,0;, were selected to further study the
effects of minerals on high-alkali char gasification through
the kinetic analysis. According to the Avrami and Erofe’ev
equations (Eqs. 3 and 4), the fitting parameters were cal-
culated in the range of x=0.15-0.70 and listed in Table 8.
Since most values of m fluctuates between 1 and 2, the SCM
and 2DGM have also been employed. Based on the two mod-
els, the reaction constants (k) of SC char with or without
chemicals were determined by linear regression analysis,
and the results are depicted in Fig. 8. As shown, the addi-
tion of Na,SO, increases greatly the reaction constants
at 900 °C and 1000 °C, while the promoting impacts are
weak at 1100 °C and 1200 °C. The reaction constants of SC
char with CaCOyj are higher than those of SC char without
chemicals, especially at 1200 °C. Though Fe,O; enhances
the char gasification at 1000 °C and 1100 °C, this chemi-
cals decreases the reaction constants at 900 °C and 1200 °C.
Both the 2DGM and SCM indicate that the influences of
those chemicals are temperature-dependent.

In order to evaluate the effects of those chemicals on the
accuracies of selected kinetic models, the calculated x~¢
curves based on the SCM and 2DGM are compared with
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the experiment data in Fig. 9. The SCM is more precise to
describe the gasification behavior of SC char at 900 °C, and
the addition of CaCO; or Fe,0j5 affects insignificantly the
accuracy of SCM. However, the calculated x ~ ¢ curve based
on the 2DGM is closer to the experiment data when Na,SO,
is added into the SC char at 900 °C. It seems that Na,SO,
tends to change the reaction mechanism from the SCM
to 2DGM. According to the ash compositions in Table 2,
Na,SO, is supposed to be commonly present in the three
high-alkali coal chars, while WS char, as a biomass char,
contains no Na. Perhaps it is one of the reasons that the
2DGM rather than the SCM is more suitable for the three
high-alkali coal chars at 900 °C, which is opposite for WS
char (as shown in Fig. 7). The 2DGM is more qualified than
the SCM to predict the conversion of SC char with Na,SO,
and CaCOj; at 1000 °C. However, the SCM is more accurate
for the gasification of SC char catalyzed by Fe,O;. Although
the Fe does not usually exist as the oxide in raw fuel, Fe,0;
is often identified in the ash samples of some high-alkali
fuels [19]. Hence, the effect of Fe,O; on the reaction mecha-
nism should be taken into account if the high-alkali fuel ash
and some other additives containing Fe,O5 serve as cata-
lysts. At 1100 °C and 1200 °C, the 2DGM is more accurate
to describe the gasification behavior of SC char, whether
there are Na,SO,, CaCOj;, and Fe,O;, or not.
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Fig.9 Comparison of experimental data and calculated curves of SC char with or without chemicals based on the SCM and 2DGM

Conclusions

In this paper, experimental and kinetic study on the CO,
gasification behavior of chars originated from one high-
alkali biomass (WS) and three high-alkali coals (LA, ZJ,
and TC coals) was carried out. The effects of minerals
related to high-alkali fuels (Na, K, Ca, and Fe species) were
also evaluated via synthetic coal char. The shrinking core
model (SCM) and two-dimensional growth of nuclei model
(2DGM) were selected to conduct the kinetic analysis. The
results indicate that the gasification reactivities of chars from
high-alkali fuels are positively associated with the reaction
temperature. The WS char possesses the highest gasification
reactivity, and three coal char samples are inferior to various
degrees. The widespread minerals on the surfaces of WS
char are supposed to be one of the reasons. The gasifica-
tion behavior of synthetic coal (SC) char is similar to those
of real char, which means SC char is qualified to study the

impacts of minerals related to high-alkali fuels. The related
minerals, which are determined through the new plasma ash-
ing method and traditional muffle ashing method, mostly can
enhance the char gasification at 1000 °C. Generally, these
chemicals offer their catalytic activities at 1000 °C in the
sequence of K/Na-containing chemicals > Fe-containing
chemicals > Ca-containing chemicals.

The reaction constants of chars from different high-
alkali fuels are consistent with their gasification behav-
ior. The SCM is more suitable to predict the gasification
behavior of WS char at 900 °C and 1000 °C, while the
2DGM is better at 1100 °C and 1200 °C. It implies that for
WS char, CO, is mostly consumed at the external particle
surface at low temperature, while it tends to seep into the
pores of char particle and react with the inside carbon at
high temperature. When it comes to the three high-alkali
coal chars, the 2DGM is remarkably more precise than
SCM at 900-1200 °C. In most cases, the additions of
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chemicals increase the reaction constants. When Fe,0;
and CaCO; are added into SC char, the SCM is still more
accurate to describe the gasification behavior at 900 °C,
but the addition of Na,SO, makes the 2DGM a better one.
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