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The reaction of coal char particles deposited on the molten slag surface in the entrained flow gasifier was of
importance to the carbon conversion and slag discharge. In this study, the catalytic effect and migration behavior
of the alkali metal (K) in molten slag during the gasification reaction of char particles on the molten slag surface
were investigated and evaluated by using visualization and surface analytical techniques. The results showed the
ionic K in the molten slag was not deactivated and accelerated the char gasification rate and carbon conversion of
char particle on the molten slag surface as a catalytic effect. The complete conversion time of char particles on
the molten slag with the addition of K was reduced by about 37%-67%, compared to the time of the char
gasification without molten slag or the gasification on the slag with no addition of K. The carbon conversion of
char particles was increased obviously with increasing the addition of K in the molten slag. From the analyses of
scanning electron microscope (SEM) and energy dispersive spectrometry (EDS), the ionic K was found to
gradually migrate and accumulate to the interface between the coal char particle and molten slag during the
gasification process. The migrating and accumulating amount of K to the interface increased with the increases of
both carbon conversion of the char particle and K addition of the slag. With a comparative experiment of the char
combustion on the slag surface, a low temperature zone below the char particle during the gasification was key to
cause a migration behavior of K with other elements (e.g. Si and Al) and further acted as a catalytic effect on the
gasification reaction. Finally, a mechanism of the catalytic effect and migration behavior of ionic K in the slag
during the char/molten slag interfacial gasification process was uncovered in this study.

1. Introduction

The entrained flow gasification technology has been widely used to
produce syngas (CO + Hy) as an intermediate for chemical products or
fuel gas for power generation [1-3]. The operating temperature of the
entrained flow gasifier is set above the ash flow temperature, with the
coal ash melted and a liquid slag layer formed on the refractory wall [4].
The liquid slag layer, as a barrier to prevent the corrosion from the high-
temperature molten slag [5], will protect the refractory wall and capture
coal ash particles or partially-gasified char particles [6]. However, the
particle deposition, which cannot be avoided in the entrained flow
gasifier, subsequently affects the further conversion of solid fuels and
changes the slag chemical composition, such as ash fusion, crystalliza-
tion, and viscosity, etc. [7-9]. Therefore, the research on the reaction
characteristics of char particles captured on the molten slag surface and
their physicochemical interactions are essential and supportive to
improve the conversion of coal particles and give a deep insight on char-
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to-slag behavior during the entrain flow gasification process.
Generally, the results of solid particles impacting onto the wall in the
gas—solid reactor include adhesion and rebound, which are affected by
the degree of the particle conversion, particle size, impact velocity,
surface tension of molten slag or particle, and slag viscosity, etc.
[10-12]. The conversion degree of a coal particle affected the physical
and chemical properties of the particle surface, such as the porous
structure, elemental distribution and composition, etc. [12-14]. Li et al.
[10] found that the surface of a char particle with a high carbon con-
version rate was sticky and this particle was easy to be captured by the
wall of the reactor during the entrained flow gasification process. The
sticky surface of a partially-reacted particle was caused by the melting of
the coal ash to slag with a low melting point, which was originally
attributed to the high contents of alkali and alkaline earth metals
(AAEMs) in the coal ash sample, and this further resulted in a stronger
deposition tendency [15,16]. In addition, Naruse et al. [11] found that
the deposition amount of coal ash particles on the pipe surface increased
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with the decrease of the ash melting temperature. A submodel consid-
ering the effects of the viscosity, surface tension, impacting angle, and
particle velocity on the particle deposition of the wall in the slagging
system was proposed by Ni et al. [12], and the results showed that large
molten slag particles had a higher deposition probability than small
particles. Moreover, the deposition probability was proved to increase
with the impact velocity and droplet temperature while the effect of the
contact angle was weak. Differently, for the deposition process of low-
temperature coal ashes from a study by Luan et al. [15], the large par-
ticle size and high impact velocity significantly inhibited the deposition
of particles. Troiano et al. [17-18] studied the segregation and deposi-
tion behaviors of particles toward the wall and found that the particle
segregation behavior resulted into a dense-dispersed particle phase
established on the liquid slag layer. This established dense-dispersed
phase was proved to be beneficial to the gasification performance,
together with the increased particle residence time and promoted car-
bon conversion. Thus, the interaction between the char particle and
molten slag layer was key to the conversion and slag properties on the
wall of an entrained flow gasifier.

It was found that there were three regimes (entrapped carbon
regime, segregated carbon regime - incomplete char-coverage, and
segregated carbon regime — extensive carbon-coverage) after the inter-
action between carbon particles and slag wall [19-20]. The first regime
was that char particles deposited and immersed inside the slag wall,
which could not further react with the near-wall gas and finally trans-
formed into the residual carbon in the slag layer [21]. The residual
carbon in the slag would react with SiO, and Fe,Os3 to form SiC, CO, FeO,
or FesC as carbothermal reaction [22]. However, the increase of the
graphitization degree of the residual char was found to be not conducive
to the occurrence of carbothermal reaction [8]. Wang et al. [23,24]
found that the increase of the Fe;O3 content in the coal ash increased the
occurrence temperature, degree, and reaction rate of the carbothermal
reaction, while the SiO2/Al»03 ratio of the coal ash mainly affected the
carbothermal reaction of Si and C. The second and third regimes were
that some deposited particles on the slay surface, not fully embedded in
the slag layer due to buoyancy or interfacial tension, continued to react
with the near-wall gas. These particles were predicted and validated to
occupy about 20 wt% of the total injected particles in the entrained flow
gasifier from a study by Xu et al. [25]. Li et al. [26-27] found that the
molten slag accelerated the carbon conversion and intrinsic surface re-
action rate with the increasing addition amount of the slag into the coal.
The residual carbon in the coarse slag contained more active sites and
could promote the gasification reaction [28]. Otherwise, the molten slag
was proved to be beneficial for the gasification of char particles on the
slag surface, with more heat absorbed from the slag and particle tem-
perature increased [29]. Zhang et al. [30] found that the morphological
change of the molten slag was the main factor to affect the gasification
reactivity of coal char particles. When the gasification temperature was
below the coal ash fusion temperature, the solid ash layer covered part
of the char particle surface and resisted the diffusion of the reactant gas
to the reaction surface. The solid ash layer transformed to a liquid layer
when the temperature was above the melting temperature, enhancing
the heat transfer and improving the gasification reaction rate.

Coal ash particles that contained high contents of alkali and alkaline
earth metals (AAEMs) (e.g. Na and K) were easy to be melted and
deposited on the wall, resulting in the formation of the liquid slag layer
[31-32]. Then, the liquid slag layer with high contents of AAEMs further
intensified the particle deposition behaviors of both coal ash/slag par-
ticles and un-reacted char particles [33]. AAEMs can reduce the ash
fusion temperatures [34] and improve the slag flow ability, while also
have a catalytic effect on the gasification reaction [35-36]. It was found
that K2CO3 had a strong catalytic effect on the steam gasification of ash-
free char particles [37]. Alkali metals accelerated the gasification rate by
changing the structure and reaction path inside the char particle
[38-39]. Among these AAEMs, the catalytic ability of K was better than
Na and Ca [40], while Si and Al in the coal ash could react with K at high
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temperature to form alkali aluminosilicates [41]. The catalytic ability of
K was considered to be deactivated and difficult to recover from coal ash
residues [42]. When the Si/Al ratio in the coal mineral increased, more
silicate aluminates containing K formed and inhibited the gasification
reaction [43]. Song et al. [44] found that the K-bearing salt migrating to
the coal char existed in the form of insoluble sulfate, and the reaction
temperature and Al/Si ratio of coal minerals were key to the redistri-
bution of potassium during gasification. However, Liu et al. [45] found
that the gasification rate of petroleum coke particles on the surface of
the slag with adding K inside was promoted, showing bulk of pores on
the particle surface. This catalytic effect of K on the petroleum coke
gasification was contacted with the abovementioned results of ash-free
coals in Ref. [37]. However, the action mechanism of AAEMs in the
molten slag, such as K, during the gasification process of coal char on the
molten slag surface is still unclear.

In this study, the effect of alkali metal (K) in the molten slag on the
gasification reaction of char particles on the molten slag surface was
investigated by using visualization and surface analytical techniques.
The comparative experiments were carried out, including the gasifica-
tion of char particles without molten surface and the char combustion on
the slag surface. The complete reaction time and carbon conversion were
measured and calculated to evaluate the catalytic effect of K in the
molten slag on the char gasification. The effect of a different amount of K
addition in the molten slag on the char gasification was studied. The
morphology evolution of the char particle and element distribution on
the char-slag interface during the gasification process were analyzed by
using scanning electron microscopy (SEM) coupled with energy
dispersive spectrometry (EDS). Additionally, the migration behavior of
K on the interface of char particle and slag surface at different carbon
conversions was studied. Finally, a mechanism of the catalytic effect and
migration behavior of ionic K in the slag during the char/molten slag
interfacial gasification process was uncovered in this study.

2. Experimental
2.1. Materials

In this study, the coal char sample was prepared from a Chinese
bituminous coal (Shenfu Coal) in a drop tube furnace at 1350°C under an
argon atmosphere. The gas flow rate of Ar was set to 1.2 L/min and the
feeding rate of the raw coal sample was 200 g/h. The proximate and
ultimate analyses of the raw coal and coal char samples are tested and
the results are given in Table 1. The particle size of the coal char is
chosen to 150 pm. Generally, the average particle size of the pulverized
coal used in the entrained flow gasifier is below 100 pm. There is a part
of coal particles of which the particle size is larger than 100 pm. In
addition, during the fast pyrolysis of the coal in the entrained flow
gasifier, the fragmentation and swelling behaviors of coal particles
occurred and the particle size would increase [46]. Besides, larger par-
ticles cost longer conversion time, which would be easier to deposit on

Table 1
The proximate and ultimate analyses of coal and coal char samples used in this
study (air-dried basis).

Samples Raw coal Coal char
Proximate analysis (Wt%)

Moisture 7.68 3.45
Ash 7.64 10.22
Volatile matter 26.70 3.21
Fixed carbon 57.98 83.12
Ultimate analysis (wt%)

Carbon 78.36 84.52
Hydrogen 3.37 1.01
Nitrogen 1.12 1.05
Sulfur 0.77 0.28
Oxygen 8.74 2.92
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the slag layer. Therefore, the particle size of the coal char sample used in
this study exceeds 100 pym.

The coal ash sample was prepared in a N17/HR-K muffle furnace
(Nabertherm Company, Lilienthal, Germany) at 815 °C in the air at-
mosphere. To study the effect of K in the slag on the char gasification, a
different amount of K5CO3 (5.0 wt%, 10.0 wt%, and 15.0 wt%) was
added to the coal ash sample. The addition amount of KoCO3 was set
based on the weight of the coal ash. Four different coal ashes with
adding K2CO3 from 0.0 wt% to 15.0 wt% are named S-0 K, S-5K, S-10 K
and S-15 K, respectively. Then, these four different coal ashes were pre-
melted in a high-temperature furnace (Shanghai Yifeng Electric Furnace
Co., Ltd, China) at 1350 °C for 1 h, to fully mix K,CO3 with coal ash.
During the heating process of the pre-melting experiment, part of K,CO3
began to decompose into K20 and CO; or volatilized to the ambient
environment [47], which caused K loss in the slag sample. Therefore, the
actual amount of K in the mixed sample was lower than the theoretical
value calculated. The actual chemical compositions of pre-melted coal
ashes were given in Table 2. The chemical compositions of coal ash
samples were detected by Advant’X Intellipower™ 3600 X-ray fluo-
rescence (XRF, Thermo Fisher Scientific, America).

2.2. Experimental methods

The experiment of the char gasification on the molten slag surface
was carried out on a visual experimental platform, with combing a high-
temperature hot stage and a high-resolution microscope. The detailed
information of the experimental platform is shown in Fig. 1. Before each
experiment, the temperature controller is calibrated by gradually heat-
ing a small piece of silver wire to a high temperature and comparing the
displayed temperature on the system with the silver melting point. The
temperature measurement part of this system is calibrated and repeated
twice or three times to keep the measuring error below 0.5 %.

About 0.5 mg coal ash sample was put on a sapphire wafer (99.9%
purity of Alp0O3) and char particles with an average particle size of 150
pm were spread on the coal ash layer. The sapphire wafer with the coal
ash layer and char particles was put in the crucible of the high-
temperature hot stage. The space of the crucible was sealed with a hot
stage lid and a gas flow of N3 (0.3 L/min, 99.999% purity) was injected
to remove the air in the chamber of the hot stage. Then, the coal ash and
char particles were heated to 300 °C at the heating rate of 50 °C/min and
held for 1 min to remove moisture. Afterwards, the crucible and samples
were heated to 1300 °C at the heating rate of 100 °C/min and held for 5
min to achieve a quasi-static energy balance. Next, the Ny flow was
switched to CO; flow (0.1 L/min, 99% purity) for the gasification re-
action. Meantime, the digital camera of the microscope started to record
the gasification process of char particles as a video. The comparative
experiments were carried out in this study, including the char gasifica-
tion without slag and the combustion of char particles on the molten slag
surface. The experiment of the char gasification without the molten slag
surface was to compare the effect of the slag with/without adding K
inside on the char gasification. The experiment of the char combustion

Table 2
Chemical compositions (wt.%) of coal ash and coal slag samples before and after
pre-melting experiments.

Before pre-melting experiment After pre-melting experiment

Sample S-0K S-5K S-10K S-15K S-5K S-10K S-15K
SiO, 46.18 44.66 43.23 41.89 45.23 44.02 42.51
Al,03 19.04 18.41 17.82 17.27 19.28 18.06 17.35
Fe,03 11.01 10.65 10.31 9.99 10.02 9.92 10.34
CaO 17.79 17.2 16.65 16.14 16.89 16.39 16.12
K>0 1.35 4.6 7.64 10.49 4.35 7.47 9.77
TiO, 0.72 0.7 0.67 0.65 0.67 0.67 0.66
MgO 1.54 1.49 1.44 1.4 1.25 1.31 1.18
NayO 1.94 1.88 1.82 1.76 1.95 1.9 1.85
SO3 0.43 0.41 0.42 0.41 0.36 0.26 0.22
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on the molten slag surface was to study the effect of the temperature
change on the interface of char and molten slag on the element migra-
tion. The recorded video was converted to picture format. To study the
migration behavior of K during the gasification process, the partially-
gasified char sample on the molten slag surface was prepared by
injecting gas within different time. The carbon conversion of the
partially-gasified sample was calculated and determined corresponding
to the shrinkage of the cross-sectional area. In this study, capital C, S,
and K are used to represent the char sample, coal slag and K»,COj3. For
instance, C-S-0 K represents the experimental sample with char particle
and slag sample but no addition of K. C-S-5 K represents the experi-
mental sample with char particle and slag with the addition of 5 wt%
KoCOs inside.

ImageJ software [48] was used to measure the cross-sectional area of
char particles during the gasification process. The ash content of the coal
char sample was about 10.22 wt%. During the char gasification on the
molten slag surface, coal ash was melted into the liquid slag. The ash
content in the coal char particle was ignored. It was assumed that that
char particles are isotropic spherical particles with a constant density.
Based on the measurement of the cross-sectional area, the particle
diameter at time t can be expressed as

d, = 2\/5 M
V4

where d; is the particle diameter at time t, pm, and A, is the measured
cross-sectional area of a char particle at time t, pm?. With the ignored
ash content in the particle, char particles showed shrinking character-
istics during the reaction process, and the carbon conversion of the char
particle can be calculated as follows:

m, V2
R LA AL @
my pP VO
Where x is the carbon conversion, m; and mg are particle masses at time t
and initial time, respectively. p is the char particle density, kg/m>, V,and
V) are particle volumes at time t and initial time, m3, respectively. Thus,

& AN
-4 (2
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where dy is the particle diameter at initial time, pm, and Ay is the
measured cross-sectional area of char particles at initial time, pm?.

After the experiment on the visual experimental platform, the coal
slag, char particle, and partially-gasified char particle samples on the
sapphire wafer were analyzed by using scanning electronic microscope
(SEM) for micro morphologies. Moreover, the element distribution on
the slag surface and the interface between the char particle and molten
slag was tested via both point scanning and elemental mapping of en-
ergy dispersive spectrometer (EDS). The interface between the char
particle and molten slag was scanned via SEM-EDS by removing the
partially-gasified char particle.

3. Results and discussion
3.1. Coal char gasification process

Fig. 2 shows the photographs of the gasification processes of char
particles with and without molten slag of adding K inside at the tem-
perature of 1300 °C. During the gasification process, the shape evolution
of a coal char particle acted as a shrinking particle. With the molten slag
and the increasing addition of K, the complete reaction time of the char
particle decreased. The complete reaction time of the char particle
without the molten slag was 14.0 s, as shown in Fig. 2a. In Fig. 2b, the
reaction time on the molten slag with no addition of K decreased to 9.0 s.
The molten slag promoted the gasification rate and reduced the con-
version time of char particles, which has been proved in our previous
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(b) C-S-0K

(C) C-S-5K

Fig. 2. Photographs of the gasification processes of char particles with or without molten slag and addition of K at 1300 °C. t in this figure only denotes the re-
action time.

(d) C-S-10K

(e) C-S-15K
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studies [29]. When adding 5.0 wt% K>COgs to the slag, the complete
reaction time of char particles on the molten slag surface was reduced to
7.0 s, as shown in Fig. 2c. Furthermore, the Complete reaction time of
char particles in Fig. 2d and 2e decreased to 5.7 s and 4.7 s, respectively,
corresponding to the molten slags with adding 10.0 and 15.0 wt%
K2COs. Additionally, bubbles were found to form on the interface of char
and slag surface when the slag was added K,COs inside. The formation of
bubbles during the gasification of char particles on the slag surface
contained CO [49], and this indicated the enhanced activity of char
gasification on the molten slag surface. Due to the different time when
each char particle contacted with the reactant gas, the initial reaction
time of each particle was different in the furnace. Thus, from the images
shown in Fig. 2a, the time of each char particle started to shrink or react
was different. The time difference in Fig. 2a was because larger particles
cost more time to complete the gasification reaction. Therefore, the
initial reaction time is different for each char particle. However,
regardless of the contacting time, the complete reaction time of char
particles was similar under the same experimental condition.

3.2. Carbon conversion of char particles

The evolutions of the cross-sectional area and carbon conversion of
coal char particles with or without molten slag surface and adding K
inside at 1300 °C are given in Fig. 3. The cross-sectional area of a char
particle changed a little in the N, atmosphere. When CO, was injected to
the furnace, CO, reacted with char particles, as shown in Fig. 3a.
Therefore, t denotes the gas transportation time of both Ny and CO; in
Fig. 3aand t” denotes the reaction time in Fig. 3b. The evolution of cross-
sectional area of the char gasification showing the black cube line in
Fig. 3 acted as a “slowly-rapidly-slowly” decreasing tendency. In the
middle and late stages of the reaction, the cross-sectional area decreased
slowly, which was different from other four lines belonged to the char
gasification on the molten slag of adding K. With the increasing addition
of K in the slag, the shrinkage rate of the cross-sectional area was rapid,
indicating more carbon reacted with CO, on the molten slag surface. The
results calculated from Eq. (3) showed that higher carbon conversion
was found for the char particles on the molten slag with adding K,
compared to the char particle and chars on the molten slag without
adding K. The molten slag with adding K could improve the carbon
conversion of char particles during the gasification on the molten slag
surface, especially after the conversion of 0.7.

The averaged complete reaction time of char particles with error bars
are measured and given in Fig. 4. The averaged complete reaction time
of char particles means the average value of the complete reaction time
of each char particle under the same reaction condition. The bar graph
clearly shows that the molten slag with adding K could reduce the total
reaction of char particles and promote the gasification.
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Fig. 4. Complete reaction time and reduced time ratio of char particles with the
relationship of adding a different amount of K in the coal slag at 1300°C.

A reduced time ratio ¢ of coal char particles was calculated and used
to characterize the promotion of the addition of K in the slag for the char
gasification in this study. The complete reaction time of the char particle
without slag or adding K is denoted as t; from the result of the experi-
ment. ti was 14.3 s as shown in Fig. 2a. Then, the reduced time ratio (¢)
can be expressed as

f -t

x 100% 4

where ¢ is the reduced time ratio for the gasification of coal char par-
ticles, and t is the complete reaction time of coal char particles on the
surface of slag mixed with different content of K, s.

The initial time of the gasification reaction was measured from the
evolution of the cross-sectional area of each char particle, and it was
determined when this particle started to shrink that the cross-sectional
area reduced as shown in Fig. 3. The cross-sectional area of a char
particle changed a little in the Ny atmosphere. When CO, was injected to
the furnace, char particles reacted with CO5 and their cross-sectional
area started to shrink, as shown in Fig. 3a. For the gasification
without molten slag, the stop point of the reaction time was determined
when the cross-sectional particle stopped to change. However, during
the char gasification on molten slag surface, due to the melting behavior
of the coal ash into the slag, the stop point of the reaction time was
determined when the particle was missing on the slag surface. The
melting behavior of the coal ash and the gasification reaction of the coal
char were carried out simultaneously on the molten slag surface. The

30000 1.0
N, CO, (b
25000 F
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20000 F
NE \ 0.6 4
3 15000 —=—C )4 =
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Fig. 3. Evolutions of the cross-sectional area (a) and carbon conversion (b) of char particles under different reaction conditions. t denotes the gas transportation time

of both N, and CO; in Fig. 3a and t” denotes the reaction time in Fig. 3b.
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complete reaction time of char particles on the molten slag without
adding K was reduced by about 40% compared to char particles without
molten slag. With adding K5COs3 from 5.0 wt% to 15.0 wt% in the slag,
the reduced time ratio ¢ increased from 37% to 67%. The gasification of
char particles absorbed heat from the molten slag. In addition, the
complete reaction time of char particles on the molten slag surface
decreased with the increasing K content. It can be inferred that K in the
molten slag has catalytic effect on char particles gasification.

3.3. Morphology and element distribution

The SEM images of char particles on the molten slag surface were
captured and the element distribution was scanned by using mapping
function of EDS. The results of the particle morphology and element
distribution at different carbon conversion on the molten slag surface, of
which the slag sample was added 5.0 wt% K3COs, are given in Fig. 5.
Basically, all elements were uniformly distributed on the molten slag
surface, showing in Fig. 5a, when there was no reaction of the char
particle. When the carbon conversion was 0, the aimed elements (e.g. K,
Si, Al, Ca, Fe, C, Na, and Mg) were tested and distributed uniformly

100pm 100pum 100pm

Ca

1004m (a) molten slag | 100um

Fe Mg Na

100pm 100pm 100pm

100pm 100pm 100pm

Ca c

lllﬂlm 100pm
Fe Na
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Ca (€) x=70% char C

100pm : ¢ 100pm

Fe Mg Na

100pm 100pm 100pm

100pm 100pm
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around the char particle on the surface, which is displayed in Fig. 5b.
When the char particle started to react with CO5 on the slag surface, it
was found that K accumulated to the interface of this particle while other
elements, such as Si, Al, Ca, Fe, Mg, and Na, were accumulated on the
slag surface out of the particle zone. At carbon conversion of 38% in
Fig. 5d, K was obviously found on the particle interfacial zone with less
Si and Al, but Ca, Fe, Mg, and Na were not accumulating to this zone.
When the carbon conversion of char particle on the molten slag surface
was about 70% (Fig. 5e), EDS analytical results showed a strong in-
tensity of K distribution on the interface of char particle and molten slag.
Besides, weaker intensities of Si and Al were also found than K, but other
elements, including Ca Fe, Mg, and Na, were still showing no signal in
this zone. When the conversion of a char particle is approaching 99%,
owing to less gasification reaction on the slag surface, the heat transfer
between the char particle and surrounding slag and the temperature
difference was reduced. Then, the temperature gradient force became
smaller on the interface of slag and char particle, and less K migrated to
the interface with Al and Si. In addition, the temperature of the slag was
held at 1300°C, which was higher than the flow temperature of the coal
ash. Therefore, all elements were uniformly distributed in the slag, as

100pm

Ca

100pm 100pm

(b) x=0%
Fe Mg Na

100pm 100pm

100pm 100pm 100pm

100pm

Ca C

100pm : A | 100um

Fe Na

100pm 100pm 100pm

Sipm

SOum

Na

Slpm Stjm Stpm

Fig. 5. SEM images and element distribution of char particles on the molten slag surface with the addition of 5 wt% K,CO3 at different carbon conversion.
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shown in Fig. 5f. From Fig. 5, the results indicated that K accumulated to
the interface of char particle and molten slag, and this accumulation
increased with the consumption of carbon during the gasification pro-
cess. Besides, Si and Al followed K and showed an accumulation
behavior around the particle as well.

The element distribution around the char particle during the gasifi-
cation was tested in Fig. 5. To study the migration behavior of the ele-
ments during the char gasification on the molten slag surface, the
average content of the element on the slag surface out of the particle
zone, defined as w;, and the average content of the element on the char-
slag interface, defined as w,, were tested and compared with error bars.
The partially-gasified char particle above the slag layer was removed for
the distribution test of the element on the interface. The element
composition on the interface between the partially-gasified char parti-
cles and the molten slag added 5 wt% KyCO3 were correspondingly
analyzed by SEM-EDS, and the results are given in Fig. 6. Results showed
that the content of Al on the interface was closed to the value on the slag
surface while it accumulated at the conversion of 38%. At the early stage
of the gasification reaction (x < 38%), Si was mainly distributed in the
slag, showing from the negative value of the difference between w; and
wa. Then, Si migrated to the interface between the char particle and slag
with the positive value of ws - wy, and this can be validated from the
elemental mapping results in Fig. 5d and e. The difference of the K
content between ws, and w; increased with the carbon conversion,
indicating that K migrated to the interface and accumulated on the
interface between the char particle and molten slag during the char
gasification process. However, the content of other alkali metal and al-
kali earth metals (e.g. Ca, Na, and Mg) and Fe decreased and displayed
negative values (w2 - w;) when the carbon conversion increased.
Therefore, the results showed that the K element in the slag had a
stronger migration behavior than other elements during the char gasi-
fication on the molten surface.

3.4. Effect of K2CO3 addition

In addition, the element distribution of the char-slag interface with
the effect of KoCO3 addition in the coal ash was investigated in this
study. The SEM images and element compositions on the interface of the

-WJ-WZ W -wy
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char particle and molten slag surface are exhibited in Fig. 7. Char par-
ticles on the molten slag surface in the left column of Fig. 7 were
partially-gasified particles at the carbon conversion around 40%, and
then were removed for the interface between char particle and slag as
shown in the middle column of Fig. 7. In Fig. 7, elements on spots 1 and 2
were tested from the slag surface not on the interface, and elements on
spots 3 and 4 were from the interface between the char particle and
molten slag. The results showed that the contents of Na and Mg on the
slag surface (spots 1 and 2) were similar to the contents on the interface
(spots 3 and 4), when the slag sample had no KoCO3 addition or addition
of 5 wt% K,CO3. However, when the addition of K,COs in the coal ash
exceeded 5.0 wt%, the contents of Na and Mg on the interface (spots 3
and 4 in Fig. 7c and 7d) decreased. The content of Al on the interface
(spots 3 and 4 in Fig. 7a and 7b) was higher than the value on the slag
surface (spots 1 and 2 in Fig. 7a and 7b) when the addition of K;CO3 was
below 5.0 wt%. When the coal ash was added a high adding amount of
K5COs, Al was uniformly distributed on both slag surface and char-slag
interface (all tested spots in Fig. 7c and 7d). However, the contents of Ca
and Fe on the slag surface (all spots 1 and 2 in Fig. 7) were higher than
the value on the interface (all spots 3 and 4 in Fig. 7), indicating that Ca
and Fe would migrate to the slag surface out of the char particle zone.

Comparing the content of K with other elements on the surface, both
K contents on the slag surface (w;) and the interface between the char
particle and slag (wz) increased with the adding amount of K,COs in the
slag, and the results are given in Fig. 8. Besides, the difference of w; and
wz showed an increasing linear relationship with the adding amount of
K2CO3 (below 10.0 wt%), which means that the migration amount of K
also increased with the addition of KoCOs in the slag. When the adding
amount was about 15.0 wt%, the content of K on the interface (C-S-15 K)
was similar to the condition of C-S-10 K. This was attributed to the
increasing content of K of the slag and the difference between these two
interfaces decreased accordingly.

3.5. Theoretical analysis and mechanism
The char gasification is an endothermic reaction and hence the

temperature of the char particle will decrease during the gasification
process without extra heat support. The molten slag has been proved to
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surface while spots 3 and 4 are on the interface of char particle and molten slag.

benefit for the char gasification on its surface in the previous studies
[29]. This promotion of the char gasification on the molten slag surface
can be considered as a “hot bath” effect from the slag. From this study,
results also showed that K would migrate to the interface between the
char particle and slag and further act as a catalytic effect on the gasifi-
cation. Similar results were proved by the studies of Liu et al. [45] on the
gasification of the petroleum coke on the slag surface. This catalytic
effect was validated based on the comparison of the reduced gasification
time of char particles on the slag surface with and without adding
K5COs. Because the gasification reaction of char particles absorbed heat
from the molten slag, the temperature on the interfaces would be lower

than the surrounding slag and a low-temperature zone formed on this
interface. A low-temperature zone was speculated to be related to the
migration of K, and with the increasing carbon conversion, this further
caused the further catalytic effect on the gasification on the molten slag
surface.

To uncover the mechanism of K migration from the slag to the char-
slag interface, a comparative experiment of the char combustion on the
molten slag surface was carried out in this study. The slag sample for the
combustion experiment was added 5.0 wt% KoCOs inside and same with
the gasification experiment. Similarly, the element distribution on the
partially-combusted char particle and slag was analyzed via SEM-EDS.
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Fig. 9. Elemental distribution analysis of char particle and slag with char
conversion of 60 % and slag mixed with 5.0 wt% K»COs3.

The elemental mapping results are given in Fig. 9. It was clear that lower
intensities of K, Si, and Al content distribution were found on the zone of
the partially-combusted char particle. In addition, except for Ca, in-
tensities of Fe, Na, and Mg content distribution were similar to the
distribution of K, Si, and Al elements. Ca showed an opposite result to
other elements, owing to the high content of Ca in the coal ash. The
comparative experimental results pointed out that K had no migration
during exothermic combustion reactions. The zone where the char
particle was located in was marked in a circle. The difference inside or
outside of the circle for the distribution of Si, K, and Al was caused by the
migration behavior during the interfacial combustion reaction of char
particles on the molten slag surface. The zone below the char particle
contained small amounts of Si, K, and Al, which may be due to different
temperature distribution on the slag surface and these elements (Si, Al,
and K) migrated to this zone. The dark zone out of the circle for Si and Al
distributions was due to the high temperature that forced these elements
to migrate to the slag zone, of which the results were opposite to the
gasification reaction. However, the elements (Ca, C, and Fe) on the
interface between the char particle and slag were found on the image.
Nevertheless, the low-temperature zone on the interface between the
char particle and slag might cause the elemental migration behavior
even if this temperature gradient was small. It was proved by Shen et al.
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[50] that K and Na had strong migration behaviors during the crystal-
lization process. K migrated into the amorphous phase while Mg, Fe, and
Na showed different migration behaviors. Due to the exothermic
behavior of the crystallization, K migrated to the amorphous phase zone
of relatively lower temperature, which was similar to the results found
in this study. One common point was that K and Na both migrated to the
slag surface, and in the melts with high basicity, alkali metals diffused
rapidly and commonly against concentration gradients, which changed
the concentration across entire ionic coupling diffusions [51]. Owing to
the low content of Na in the coal ash of this study, the migration of Na
was not found but K showed a strong migration behavior. K and Na were
found to have coupled diffusion properties in the melts, belonging to
fast-diffusing components, and were also proved to have a strong
coupling with slow diffusing components, such as Al and Si. [52]. From
the results in Fig. 5d and 5e, Si and Al both had strong intensities
similarly with K on the interface of char particle and slag.

From the results in Figs. 6 and 7, main elements on the interface
between the char particles and slag were Si, Al, K and O, and their
stoichiometric ratio was about 2:1:1:6, when the conversion was 70%
for the char particle on the slag mixed with 5.0 wt% K>CO3 and 39% for
the char particle on the slag mixed with 10.0 wt% KyCOs. It can be
inferred that the mineral herein was close to potassium silicate alumi-
nate (KAISiyOg), which was formed on the interface due to the low-
temperature zone. K was also proved to migrate to the crystal surface
during crystallization [50]. The schematic drawing of the mechanism of
the migration behavior of K in the molten slag and its catalytic effect on
the char gasification was proposed and shown in Fig. 10. Therefore, it
can be concluded that K would migrate to the interface of char and slag
surface with the low-temperature zone occurred during the gasification
on the molten slag surface. Due to the weak thermal absorption of char
particles at the initial stage of reaction, the temperature difference be-
tween the char particle and its surrounding slag was small, and mean-
time the migration behavior of K was not significant. With the carbon
consumption, more heat was absorbed from the slag. A low-temperature
zone was formed between the char particle and its surrounding slag. This
low-temperature zone provided a driving force to lead a K accumulation
on the interface and further caused a catalytic effect on the char gasi-
fication. Al and Si elements, as coupling elements in the slag melts,
migrated with K and formed crystals on the interface.

4. Conclusion

An investigation of the evaluation of the catalytic effect and migra-
tion behavior of potassium in the molten slag on the gasification reaction
of char particles on the molten slag surface was conducted in this study.
K at ionic state was not deactivated in the molten slag and still had
catalytic effect on the char gasification. Compared to the char gasifica-
tion and the char gasification on the slag without adding K, char parti-
cles on the slag surface with extra addition of K had less reaction time,
and the complete reaction time can be reduced from 37% to 67%,
achieving a higher carbon conversion. The increasing amount of K in the
molten slag also strengthened the catalytic effect on the char gasifica-
tion. With the morphological and elemental distribution analyses, the
ionic K in the slag melt had a strong migration behavior during the char
gasification process on the molten slag surface. K was found to migrate
and accumulate around the gasifying char particle, and this migrating
and accumulating amount increased with the carbon conversion. On the
interface between the char particle and slag, Si and Al were found to
accumulate with coupling the K migration. A mechanism of the migra-
tion behavior and catalytic effect of potassium in the molten slag during
the char gasification on the molten slag surface was uncovered. The low-
temperature zone caused by the char gasification on the interface be-
tween the char particle and slag gave a driving force to the migration
and accumulation of K in the slag melt, which further had a catalytic
effect and promotion on the gasification.
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Fig. 10. The schematic drawing of the migration mechanism of K in slag and its catalytic effect on the char gasification on the molten slag surface.
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