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A B S T R A C T   

The carbon remained/covered in the molten slag layer changes the chemical and physical properties in the 
entrained flow gasifier and further affects the slag rheology. Our current study focused on the migration and 
structure evolution of the carbon in the coal slag layer. Besides, the effect of the carbon on the slag trans-
formation was studied as well. The experimental results showed that part of the carbon migrated upward to the 
molten slag surface during the heating and isothermal process due to its lower density, while the rest reacted 
with the molten slag or remained as the residual carbon. During the migration process, the iron oxide was 
reduced to metallic iron enclosure by the carbon via the carbothermal reaction. Both the mass ratio of the carbon 
that consumed by the slag to initial carbon layer and the carbon capacity of the molten slag increased with the 
increases of the temperature and residence time. In addition, Raman spectroscopy was used to characterize the 
structure evolution of the residual carbon. The results showed that with the increase of the slag temperature and 
residence time, the disordered degree of the residual carbon structure increased and the intensity of the ideal 
graphite lattice decreased, which promoted the occurrence of the carbothermal reaction. Finally, comparing the 
carbon migration layer to the non-carbon layer, it was found that the migration, carbothermal reaction, and 
structure evolution of the carbon promoted the mineral transformation and crystallization behavior of the slag 
layer.   

1. Introduction 

The entrained flow coal gasification technology with its competi-
tively low-cost advantage to produce syngas (e.g. H2 and CO) is widely 
used in the fields of chemical production, fuel cell, and power generation 
[1]. This technology uses pulverized coal or coal water slurry to react 
with the gasification agents (water vapor, oxygen, etc.) to produce 
syngas [2–3]. Minerals in the coal convert to coal ash or melted to slag, 
and some of which deposit on the wall of the gasifier and flow down 
through the slag tap hole [4–5]. In the entrained flow gasifier, partially- 
gasified coal/char particles carried by the gas flow will deposit on the 
wall, and this amount accounts for about 55.4% injected coal particles 
from a study of Xu et al. [6]. Approximately 22.5% of the captured coal/ 
char particles continued to react with near-wall gases while the rest part 
remained in the molten slag layer. The unreacted carbon particles, gases, 
and coal ash and slag particles on the gasifier wall accumulate to form a 
complex environment, and the interactions among these further affect 
the rheology of the slag layer. Thus, the evolution of the carbon 

embedded/remained in the molten slag layer is essential to the slag 
discharge of an entrained flow gasifier. 

Ni et al. [7] proposed a submodel considering the influence of vis-
cosity, surface tension, impacting angle and velocity on the wall depo-
sition of particles in the slagging system. The results showed that the 
deposition probability of large slag particles was higher than small 
particles, which increased with the increase of melting temperature. 
Comparatively, Safronov et al. [8] developed a steady-state model that 
coupled the slag model with the CFD-based reactor model, to describe 
the slag flow and heat transfer characteristics in the entrained flow 
gasifier. A variation of the two-layer approach considering the boundary 
between solid and liquid slag layers where the slag temperature was the 
temperature of critical viscosity (Tcv) was applied in the model. In-
teractions between the operating conditions, liquid and solid slag layer 
thicknesses, and the main gasification parameters were analyzed. 
Generally, the results of the interaction between char particles and slag 
wall include three patterns, including entrapment, segregation, and 
coverage, from the studies of Montagnaro et al. [9,10]. Char particles 
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deposited on the wall of the entrained flow gasifier continued to react 
with the near-wall gas. From our previous studies [11–13], the gasifi-
cation reaction of the captured char particles was promoted while the 
combustion on the char-slag interface was inhibited. Once a char par-
ticle deposited on the slag surface, its residence time was prolonged in 
the gasifier. In addition, the high-temperature surface of the slag wall 
benefitted from the gasification reaction. The promoting effect of the 
coal ash and slag on the gasification reaction, including the catalytic 
function from alkali or alkaline earth metals (AAEMs), was also verified 
by Li et al. [14] through experiments. Thus, the vast majority of 
captured char particles in an entrained flow gasifier are converted to 
syngas during a wall reaction [6]. However, part of the captured char 
particles was embedded or immersed by the flowing molten slag and 
transformed to the residual carbon. Due to the isolated environment in 
the molten slag layer, the combustion or gasification of char particles 
with near-wall gases was prevented. The residual carbon in the molten 
slag layer, as solid phase, proved to affect the slag viscosity and flow 
ability [15]. Additionally, the carbon would react with the slag via 
carbothermal reaction and change the chemical composition [16], 
affecting the chemical and physical properties of the slag layer. 

Researchers found that the addition of the residual carbon increased 
the melting temperature of the coal ash and slag [16,17]. Under the 
condition of unstable gasifier operation (e.g. insufficient oxygen sup-
ply), the carbon content of fine slag and coarse slag can reach 60% and 
30–35% respectively [18,19]. Wang et al. [20] found that the graphi-
tization degree of residual carbon in ash residue of anthracite mobile 
bed gasification is higher than that of raw coal pyrolytic char. The 
graphitization degree referred to the degree to which the carbon atoms 
form a close-packed hexagonal graphite crystal structure. Minerals 
would react with carbon at high temperature. Kong et al. [15] found that 
Si-O bonds in quartz (SiO2) were more likely to react with carbon than 
Si-O bonds in Ca-Al-Si-O and Ca-Si-O systems, and there was a 
competitive relationship between the reaction of silicon-containing 
minerals and residual carbon. Ma et al. [21,22] found that mullite 
reacted with the coal char in the inert atmosphere (Ar) to form silicon 
carbide (SiC) and corundum (Al2O3) at 1500 ℃. However, this reaction 
was inhibited in the CO atmosphere, and the graphitization degree of the 
residual carbon was not conducive to the occurrence of the carbo-
thermal reaction [16]. Wang et al. [23] studied the carbothermal reac-
tion of minerals with coal char in the inert atmosphere, of which the 
carbothermal reactions of quartzite, mullite and calcium oxide with coal 
char occurred at 1200 ℃, 1150 ℃, and 1450 ℃, respectively. Moreover, 
the SiO2/Al2O3 ratio in the coal ash mainly affected the carbothermal 
reaction of Si and C, and the carbon consumption rate decreased first 
and then increased with the SiO2/Al2O3 ratio [24]. For Fe2O3 in the coal 
slag, the increasing content improved the reaction temperature, degree, 
and reaction rate [25]. From the abovementioned studies, it was found 
that the migration and evolution of the carbon from the embedded coal/ 
char particles in the slag layer have not been clearly explained, and 
using graphite to study the evolution of coal char and its interaction with 
slag cannot fully reveal the real process and reaction in the entrained 

flow gasifier. 
In this study, the migration and structure evolution of the carbon in 

the molten slag layer was investigated. The mass ratio of the carbon that 
consumed by the molten slag and the carbon capacity of the molten slag 
with the effects of residence time period and slag layer temperature were 
quantitively investigated as well. The structure of the residual carbon 
during the migration process in the molten slag layer was analyzed via 
Raman spectroscopy to reveal the evolution rule. The effect of the car-
bon on the slag transformation was studied, including the comparison of 
the carbon-containing layer and non-carbon layer. 

2. Experimental 

2.1. Materials 

The coal char sample used in this study was prepared from a Chinese 
coal named Xiaolongtan (XLT) lignite coal in a drop tube furnace at 1350 
℃ under an argon atmosphere. The length of the drop tube furnace is 
totally 2.2 m. This drop tube furnace has a 1.2 m length high- 
temperature zone. The flowrate of the argon gas was set to 1.2 L/min 
in this study, which was based on the setting parameters from the 
manufacturer, to keep a stable gas flow and remove the air inside. The 
feeding rate of the solid material from the manufacturer ranges from 2.0 
to 4.0 g/min to keep a stable particle flow. In this study, the coal feeding 
rate was set to 3.33 g/min. The proximate and ultimate analyses of the 
coal and coal char sample are tested and the results are given in Table 1. 

In this study, a coal ash sample with a low flow temperature was used 
to create a molten slag environment. This coal ash sample was prepared 
from a bituminous coal (Shenfu Coal) in a N17/HR-K muffle furnace 
(Nabertherm Company, Lilienthal, Germany) at 815 ℃, which was 
heated to 815 ℃ and held for 2 h. The coal sample was fully reacted with 
air in the furnace and converted to gas and coal ash. The chemical 
compositions of SF coal ash and XLT coal ash were analyzed by Advant’X 
IntellipowerTM 3600 X-ray fluorescence (XRF, Thermo Fisher Scientific, 
America). The chemical compositions of the two coal ash samples are 
shown in Table 2. The ash fusion temperatures (AFTs) were tested by a 
5E-AF4000 ash fusion point determination meter (Kaiyuan Company, 
Changsha, China). AFTs include the deformation temperature (DT), 
softening temperature (ST), hemispherical temperature (HT), and flow 
temperature (FT) [26]. DT means the deformation temperature where 
first rounding of the ash cone tip is taking place. ST is the softening or 
sphere temperature where the cone height is equal to the cone width. HT 
means the hemispherical temperature where cone height is equal to 1/2 
cone width. Fluid or flow temperature (FT) is the temperature where the 

Table 1 
The proximate and ultimate analyses of the coal and coal char sample (air-dried basis, wt.%) used in this study.   

Proximate analysis (wt. %) Ultimate analysis (wt. %) 
Components Mad Vad FC Aad C H O S N 

Raw coal  11.98  37.93  36.02  14.04  49.04  3.49  17.89  2.01  1.52 
Coal Char  1.62  3.61  71.89  22.88  68.08  1.85  2.76  1.98  0.8  

Table 2 
Chemical compositions (wt.%) of the coal ash samples.  

Component SiO2 Al2O3 Fe2O3 CaO K2O TiO2 MgO Na2O SO3 

SF  47.31  19.44  9.98  17.03  1.05  0.70  1.29  2.40  0.81 
XLT  22.10  15.88  12.02  23.05  0.70  0.75  3.82  0.36  20.74  

Table 3 
The ash fusion temperatures (AFTs) of the coal ash samples in this study.  

AFTs DT (℃) ST (℃) HT (℃) FT (℃) 

SF coal ash 1138 1147 1158 1184 
XLT coal ash 1307 1366 1375 1379  
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cone height is equal to 1.6 mm. The AFTs of SF coal ash and XLT coal ash 
were 1184 ◦C and 1379 ◦C, as shown in Table 3. Due to the high flow 
temperature of XLT coal ash and the residual carbon would increase the 
AFTs [17], this coal ash with coal char cannot be melted in the high- 
temperature furnace from the primary experiment. Therefore, SF coal 
ash was used to be melted as the molten slag layer in this study. 

2.2. Experimental method 

To study the migration and structure evolution of the carbon in the 
molten slag layer, a simulation experiment was carried out in the high- 
temperature furnace of Fig. 1a. A coal char layer (1.20 g) was buried in 
the coal ash layer (10.00 g) in a crucible, which is shown in Fig. 1b. The 
carbon content of XLT coal char is 68.08 wt% in Table 1. Then, the 
carbon contents in the coal char and coal ash mixtures were calculated 
and the residual carbon content in the simulated sample was about 7.29 
wt%. The analytical data from the published work by Pan et al. [27] 
pointed out that the residual carbon content in the coarse slag ranged 
from 2.54 to 7.43 wt% in an industrial entrained flow gasifier. In 
addition, researches on the residual carbon from studies [18,28] showed 
that the residual carbon from the coarse slag of a commercial entrained 
flow gasifier ranged 3.0 to 20.95 wt%. Thus, the carbon content used in 
this study was acceptable and close to the value from the industrial 
entrained flow gasifier. To show the position of the char particle layer in 
the slag layer, a plexiglass crucible was used in Fig. 1b instead of the 
corundum crucible (Φ23.00 × 58.00 mm). The black layer is the coal 
char layer and the brown layer is the coal ash layer. The corundum 
crucible (purity 99.9% Al2O3) was used in the actual experiment. 

To prevent the reaction of char particles with air, the corundum 
crucible was placed in the seal chamber with graphite inside. The 
graphite reacted with air in the seal chamber to create a reducing at-
mosphere, to simulate the real environment of the entrained flow gasi-
fication process. In an entrained flow gasifier, the composition of the gas 
atmosphere and the oxygen partial pressure at the slag wall cannot 
easily be determined. As Schwitalla et al. [29] did the work that they 
used FactSage software to calculate oxygen partial pressure on slag wall, 
the calculated oxygen partial pressure was between 10− 15 and 10− 13 bar 
between 1200 and 1450 ℃. Similar measures have been taken in the 
past in order to include the effect of the gas atmosphere on slag behavior 
[30,31]. The mass of graphite was much more than the amount of O2 in 
the air to be consumed because there was still some graphite around the 
crucible after the experiment. Therefore, the graphite around the cru-
cible consumed O2 in the seal chamber to create a reducing atmosphere. 

The crucible in the high-temperature furnace was heated up to 
different temperatures (1300 ℃, 1350 ℃, 1400 ℃, and 1450 ℃), and 
held for different residence time periods (0, 15, 30 and 60 min). In this 
study, the heating rate was set to 15 ℃/min when the temperature was 
below 1200 ℃. After that, the heating rate was changed to 5 ℃/min, 

and then the temperature was rose to the set value. This heating pro-
cedure was set based on the standard operating procedure for protecting 
the heating elements. In this study, each crucible that contained char 
particle layer and slag layer was heated up to a temperature continu-
ously (e.g. 1300 ℃) and remained at this temperature for a residence 
time period (e.g. 0 min). Then, the slag sample was cool down slowly 
and naturally. The cooling rate calculated based on the set temperature 
and time was about 10 ℃/min. The experiment for char particles at 
different residence time periods embedded in the molten slag was to 
study the transformation of the residual carbon during the slag flow 
process in the entrained flow gasifier. Char particles were completely 
embedded in the molten slag, while other char particles without slag 
contact or on the surface from the beginning to end were not considered. 
The study on the effect of the temperature was to evaluate the migration 
and structure evolution of the carbon and slag at different wall zones 
with different temperatures. 

After it cooled down, the crucible was axially cut to get the cross 
section by a cutter (TechCut 4TM, Allied High Tech. Products. Inc., 
America) for analysis. The cutting process used a coolant (e.g. water) to 
allow the sample to be at room temperature. The cutting speed of the 
saw was set to 120 RPM. At room temperature, the structures of coal 
char and slag would not be changed. One part was then cut into a 1 mm 
thick slice and this 1 mm thick slice was put on conducting glue, which 
was then coated with gold vapor to make the sample conductive. The 
morphologies and elemental distribution and composition of samples 
were analyzed by a scanning electron microscope (SU1510 SEM, Hita-
chi, Japan) with combined an energy dispersive spectroscopy (EDS, 
Hitachi, Japan). The rest samples were ground to powder using a 
vibrating ball mill (Retsch, Germany). It works at room temperature and 
the sample being milled is held at low temperature. The powder has a 
particle size of 1–10 μm, which preserved the lattice of minerals present 
in the sample [32]. XRD patterns of samples were acquired by a PAN-
alytical X’pert Powder X-ray powder diffractometer with Cu Kα radia-
tion. The operating conditions were 40 kV and 40 mA. The samples were 
scanned from 2θ = 10–80◦ with 0.01◦ step size. Crystalline minerals 
were further analyzed using Jade 6.5 software based on the XRD pat-
terns of the samples. In addition, Raman spectroscopy (ThermoFisher 
Scientific, America) was used to analyze the structure of the cooled 
sample under different experimental conditions. 

2.3. Mathematical calculation 

Due to the lower density of the char particle than the slag and the 
effect of buoyancy, part of char particles gradually floated up to the slag 
surface in this study. Although the graphite in the seal chamber reacted 
with air to create a reducing atmosphere, it was possible that small part 
of char particles on the slag surface continued to react with air in the seal 
chamber. Therefore, during the migration process of char particles, four 

Fig. 1. The schematic diagram of the high-temperature furnace (a) and sample placement (b).  
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scenarios occurred and included the carbothermal reaction with the 
molten slag, remain in the molten slag, floating on the molten slag 
surface, and the reaction with air. Char particles in the former two 
scenarios were consumed by the molten slag while char particles in the 
latter two scenarios floated up to the slag surface. 

In this study, the mass ratio of the carbon in char particles that 
consumed by the molten slag to the total carbon in the char sample layer 
was defined to characterize the escape ability of the carbon reversely. 
This mass ratio directly reflected the amount of the carbon embedded in 
the slag layer that was able to migrate away and continue to react with 
the outside gas in the entrained flow gasifier. The carbon that consumed 
by the molten slag included both carbon amount via carbothermal re-
action with the molten slag and remain in the molten slag. Thus, the 
defined mass ratio in this study can be expressed as: 

wc =
mcc

mtc
(1) 

where wc was the mass ratio, mcc was the mass of the carbon that 
consumed by the molten slag, kg, and mtc was the total mass of the 
carbon in the char sample layer, kg. During the heating process, the 
initial contents of moisture and volatiles in Table 1 were low and they 
experienced high-temperature processes and would be less during the 
char migration process. Thus, for the char particles under these four 
scenarios, the carbon content was assumed the same in char particles 

mcc = mcp∙φc (2)  

mtc = mc0∙φc (3) 

where mcp was the mass of char particles that consumed by the 
molten slag, kg, φc was the carbon content of the char sample, wt.%, and 
mc0 was the total mass of the char sample layer in the slag, kg. In this 
study, the total mass of the char sample layer was 1.2 g. Then, 
substituting Eqs. (2) and (3) to Eq. (1), Eq. (1) can be rewritten as: 

wc =
mcp

mc0
(4) 

Second, a carbon capacity of the molten slag was defined to quan-
titively analyze the ability of the molten slag per unit mass that reacted 
with the carbon or remain inside, which was essential to the physical 
and chemical properties of the slag layer. The carbon that consumed by 
the molten salg converted to gases (e.g. CO or CO2) and other com-
pounds, such as Fe3C. The carbon capacity of the molten slag was 
calculated as the mass ratio of the carbon that consumed by the molten 

slag, including both carbons reacted with the molten slag and remained 
in the molten salg, to the mass of the molten slag. The carbon capacity 
was denoted and calculated as: 

Ic =
mcc

ms
(5) 

where Ic was the carbon capacity, kg/kg, and ms was the mass of the 
slag, kg. The mass of the slag (ms) was equal to the sum of the initial coal 
ash mass and the ash mass of char particles that consumed by the slag 
with both removing the mass of SO2. In this study, 1.2 g coal char sample 
was used and the SF coal ash sample was set to 10.0 g. From Tables 1 to 
2, XLT coal char contains 22.88 wt% ash and the SO3 content in the coal 
ash is 20.74 wt%. SF coal ash contains 0.81 wt% SO3. Anhydrite would 
disappear with higher residence time periods and higher temperatures. 
Thus, the released gas from the mineral decomposition was assumed as 
SO2. The SO2 weight fraction was calculated as 0.9 wt% released from 
the mixed sample. The coal ash in the char layer added to the SF coal ash 
was about 0.233 g. The mass addition of the coal ash of char particles 
and the mass loss of SO2 were small compared to the initial ash layer. 

The total mass of the char sample layer in Eq. (4) was equal to the 
sum of the mass of char particles that consumed by the molten slag and 
the mass of un-consumed char particles on the slag surface, namely 

mc0 = mcp +mucp (6) 

In Eq. (6), mucp was the mass of un-consumed char particles, which 
contained one part that floated on the slag surface, as shown in Fig. 2a, 
and the other part that reacted with air. 

mucp = mcf +mca (7) 

where mcf was the mass of char particles floated on the slag surface 
but not reacted with air and slag, kg, and mca was the mass of char 
particles that reacted with air, kg. From the experimental results shown 
in Fig. 2a, there was an unmelted particle layer on the slag surface after 
it cooled down. Note that the mass of this unmelted particel layer was 
not excactly equal to the total mass of un-consumed char particles 
floated up to the moteln slag surface, due to the further reaction of 
floating char particles with air. The other part that reacted with air 
would leave ash and further combined char particles floated on the slag 
surface (mcf) to an unmelted layer. Then, the mass of the unmelted layer, 
denoted as mul, kg, was expressed as: 

mul = ma +mcf (8) 

Fig. 2. Photos of the cross sections of the crucible, slag sample, and residual carbon layer at different temperatures and residence time periods.  
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In Eqs. (8) and (9), ma was the mass of the ash after char particle 
reacted with air and remained in the unmelted particle layer, kg. In this 
study, it was difficult to directly determine the mass of char particles 
that reacted with air during the experiment. However, according to the 
mass conservation of the coal ash before and after the experiment, the 
total mass of the ash in the un-consumed particle layer could be 
measured by using a combusted weight loss method. Since the compo-
sition change in the ash compsition differed in the reducing and 
oxidizing atmosphere, FactSage software was used to calculate the 
thermochemical equilibrium of the ash based on the method in 
Ref. [33]. The weight loss difference between these two atmospehres 
was calcualted about 0.5 to 0.7%, which was added in the calculation. 
The experiment was carried out in the high-temperature furnace as well. 
Thus, the mass of the unmelted particle layer was actually the sum of the 
total ash mass and the lost weight mass during the combusted weight 
loss experiment 

mul = mta +Δm (9) 

and 

mta = mucp∙φa (10) 

where Δm was the weight loss of the unmelted particle layer before 
and after the combustion experiment in the high-temperature furnace, 
kg. mta was the total mass of the ash in the unmelted particle layer, kg, 
and φa was the ash content of the char particle. mul can be measured after 
the experiment of the carbon migration. The coal ash content (φa) of the 
char sample was known and given in Table 1. Thus, combining Eqs. (9) 
to (10), the mass of char particles that un-consumed by the molten slag 
(mucp) was calculated as 

mucp =
mta

φa
=

mul − Δm
φa

(11) 

Then, substituting Eqs. (6) and (11) to Eq. (4), the mass ratio of the 
carbon that consumed by the molten slag to the total carbon in the char 
sample layer can be calculated as: 

wc = 1 −
mul − Δm

mc0
∙

1
φa

(12) 

and substituting Eqs. (2), (6), and (11) to Eq. (5), carbon capacity 
was calculated as 

Ic =
mc0

ms
∙φc −

mul − Δm
ms

∙
φc

φa
(13)  

3. Results and discussion 

3.1. Carbon migration in the molten slag layer 

Fig. 2 shows photos of the cross sections of corundum crucibles with 

cooled slag samples from the experiments at different temperature and 
residence time periods. From Fig. 2a, it was clearly found that pores, 
unmelted coal ash/char, and melted slag were on the cross section. 
During the coal ash melting and isothermal process, char particles 
migrated to the slag surface and finally formed a dense particle layer on 
the molten slag surface. The formation of the pore was speculated to 
form from bubbles due to the product gas (e.g. CO or CO2) from the 
carbothermal reaction between the char particle and molten slag. Car-
bon reacted with the oxides (e.g. FeO) in the molten slag and converted 
to CO or CO2. These gases diffused into the liquid slag and bubbles 
formed. From Fig. 2b to 2e, when the residence time period at the set 
temperature was 0 min, the distribution of pores on the cross section 
changed with the increase of the isothermal temperature. When the 
temperature was 1300 ℃, pores had a large size and were dispersed 
throughout the cross section of the cooled slag. When the temperature 
increased to 1450 ℃, bubbles moved the slag surface and the size 
decreased. According to Stokes’ law [34], smaller bubbles had lower 
rising speeds while the velocity of the larger bubble was higher, and 
hence larger pores were found close to the slag surface in Fig. 2. Smaller 
pores were found randomly distributed in the slag layer. Besides, the 
viscosity of the slag decreased drastically at higher temperatures, which 
made it easier for the bubbles to escape the slag. This indicated that the 
residual carbon was mainly distributed in slag layer at low temperature. 
When the temperature rose, the increasing temperature reduced the slag 
viscosity and enhanced the flow ability, owing to the lower density, the 
residual carbon gradually migrated to the slag surface. When the tem-
perature was set to 1350 ℃ from Fig. 2f to 2i, the distribution of the 
pores was close to the slag surface but pores had different sizes at 
different residence time periods. 

Additionally, the left photo (Fig. 2a) also displayed a metallic par-
ticle formed on the edge between the pore and the unmelted char par-
ticle layer. The metallic enclosure can be found at all tested conditions in 
Fig. 2, which was also found in real gasifiers [29]. When the isothermal 
temperature of the molten slag increased from 1300 ℃ to 1450 ℃, the 
shape of the metallic enclosure changed from banded to granular. The 
results were found from Fig. 2f to 2i when the residence time period 
increased. 

To determine the chemical composition of the metallic enclosure, a 
scanning electron microscope combined with an energy dispersive 
spectrometer was used to analyze the chemical compositions of the slag 
and metallic enclosure, and the results are given in Fig. 3. The photo in 
Fig. 3b was captured from Fig. 3a, which was the cross section of the 
crucible and cooled slag. From Fig. 3b, spots 1 and 2 were on the metallic 
enclosure while spot 3 was on the slag. The analytical results in Fig. 3c 
showed that the main composition on spots 1 and 2 was metallic Fe with 
the contents of about 70% to 80%. On the spot 3, the main chemical 
compositions were C, O, Al, Si, S, and Ca. Therefore, it was concluded 
that the metallic enclosure was metallic Fe reduced from the iron oxides 

Fig. 3. The cross section (a) and SEM image (b) of the slag sample and EDS analysis (c) at 1300 ℃ for the residence time period of 0 min.  

X. Bao et al.                                                                                                                                                                                                                                     



Fuel 312 (2022) 122851

6

of the slag by residual carbon during the migration process as Eq. (I), 
which was found in Ref. [25] that the slag block containing metal iron 
appeared at the outlet of a gasifier. Similar phenomenon was found in a 
moving bed gasifier from the work of Schwitalla et al. [29] 

2FeO + C = 2Fe + CO2 (I) 

With the increasing temperature and residence time period, the zero 
valent iron reduced from the carbothermal reaction began to agglom-
erate into a particle with about 4 mm in diameter. The formation of the 
metallic iron would lead to a sudden increase of the slag viscosity, 
resulting in the blockage and shutdown of a gasifier [35]. 

The XRD spectra of the unmelted samples at different temperatures 
and different residence time periods are given in Fig. 4. When the resi-
dence time period was set to 30 min, minerals in the unmelted part were 
oldhamite (CaS), anhydrite (CaSO4), calcite (CaCO3), and hematite 
(Fe2O3) at 1300 ℃. When the temperature increased to 1350 ℃ or 1400 
℃, oldhamite (CaS), anhydrite (CaSO4), and hematite (Fe2O3) were the 
main phases while calcite decomposed. Note that Fe2O3 mainly came 
from the oxidization of FeO by air during the sample treatment since 
FeO was no stable in the air. Furthermore, when the residence time 
period increased to 60 min, less peaks of anhydrite were found with the 
temperature increasing from 1300 to 1400 ℃. Oldhamite and hematite 
were the main minerals at higher temperature and longer residence time 
period. The residual carbon in the coal ash was proved to increase the 
ash fusion temperatures [36]. The interaction between the coal ash in 
the char particle and molten slag was inhibited, calcium was easy to 

react with sulfur in the coal ash, as shown in Table 2, and oldhamite and 
hematite formed during the migration process from the inside to the 
surface. 

3.2. Carbon capacity of the molten slag 

Fig. 5 shows the results of the mass ratio of the carbon that consumed 
by the molten slag to the total carbon in the coal char sample layer and 
the carbon capacity of the molten slag, which are calculated from Eqs. 
(11) and (12), at the conditions of different temperatures and residence 
time period. From Fig. 5a, the results showed that the mass ratio (wc) 
increased with the temperature. When the set residence time period was 
0 min and the slag temperature increased from 1300 ℃ to 1450 ℃, the 
mass ratio (wc) increased from 25.6 wt% to 36.2 wt%. The mass ratio of 
the carbon that consumed by the molten slag the total carbon in the coal 
char sample layer displayed a 7.0 w.t% increment per 100 ℃ regardless 
of the residence time period, and currently this is only true for the 
investigated temperature range from 1300 to 1450 ◦C. At the same 
temperature, the increasing residence time period also increased the 
consumed mass ratio due to more residual carbon reacting with the 
molten slag. The increment of the consumed mass ratio per 1 h was 
about 11 wt% at the same temperature. These findings that the 
increasing consumed mass ratio with the residence time period and 
temperature mean more residual carbon reacted with the molten slag 
during the migration process. 

To quantify the carbothermal reaction of the molten slag and 

Fig. 4. XRD spectra of the unmelted samples at different temperatures (a) and different residence time periods (b). (1-Oldhamite (CaS), 2-Anhydrite (CaSO4), 3- 
Calcite (CaCO3), 4-Hematite (Fe2O3)). 

Fig. 5. The mass ratio (wc) of the carbon that consumed by the molten slag to the total carbon in the char sample layer (a) and carbon capacity (Ic) of the molten slag 
at different temperatures (b). 

X. Bao et al.                                                                                                                                                                                                                                     



Fuel 312 (2022) 122851

7

residual carbon, a carbon capacity (Ic) was defined in this study and the 
results are given in Fig. 5b. When the residence time period was 0 min 
and the temperature was 1300 ℃, the carbon capacity of the molten slag 
was 0.024 kg/kg, indicating that about 0.024 kg residual carbon could 
react or leave in the 1 kg molten slag. This value increased with the 
residence time period and temperature. When the residence time period 
was set to constant, the carbon capacity increased from 0.024 to 0.033 

kg/kg from 1300 to 1450 ℃ at the residence time period of 0 min. When 
the residence time period was 60 min, Ic could increase from 0.034 to 
0.044 kg/kg from 1300 to 1450 ℃. However, when the slag temperature 
was set to constant, for instance, at 1400 ℃, the carbon capacity of the 
molten slag increased from 0.030 to 0.039 kg/kg. More residual carbon 
reacted with the molten slag at higher temperature via the carbothermal 
reaction. For an entrained flow gasifier with coal consumption of more 
than 2000 TPD, the captured amount of coal/char particles on the slag 
wall was predicted and accounted for about 55.4% of the total injected 
coal [6]. Thus, according to the quantitative research results in this 
study, the carbon capacity of the molten slag reflected that the chemical 
composition of the slag changed during the carbon migration process, 
which was also proved in the Ref. [37] that caused the transformation of 
the viscosity-temperature property. 

3.3. Effect of slag temperature 

The effects of slag temperature on the structure evolution of the re-
sidual carbon during the migration process and the carbothermal reac-
tion were investigated by using Raman spectroscopy. The Raman 
spectrum of XLT coal char is given in Fig. 6a. In order to obtain more 
information about the structural evolutions of coal char and residual 

Fig. 6. Raman spectrum (a) and the peak fitting curves (b) of the coal char sample.  

Table 4 
First-order Raman bands, Raman shift, and vibration modes used in this study.  

Band Raman shift/ 
cm− 1 

Vibration mode 

/ 227 293 411 
612 

α-Fe2O3 [38,39] 

G ~1580 Ideal graphite lattice (E2g symmetry) [40–42] 
D1 ~1350 Disordered graphitic lattice (graphene layer edges, A1g 

symmetry) [40–42] 
D2 ~1620 Disordered graphitic lattice (surface graphene layers, 

E2g-symmetry) [41] 
D3 ~1500 Amorphous carbon [42] 
D4 ~1200 Disordered graphitic lattice (A1g symmetry), 

polyenes, ionic impurities [42]  

Fig. 7. Raman spectra of coal slag samples at different temperatures.  
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carbon during the migration process, peak fitting with Gaussian or 
Lorentzian line shape for the original Raman spectrum was performed 
and shown in Fig. 6b. Parameters such as peak position, bands, Raman 
shift, and vibration modes used in this study are shown in Table 4. In 
Fig. 6a, two peaks, corresponding to the Raman shifts of 1360 and 1600 
cm− 1, were tested. The first peak (1360 cm− 1) indicated the carbon 
structure was close to the overlapping peaks of D1 and D4 bands, which 
was disordered graphitic lattice with graphene layer edges and A1g 
symmetry. The other one (1600 cm− 1) was close to the overlapping 
peaks of D2, D3, and G bands, which mainly were ideal graphite lattice 
with E2g symmetry and disordered graphitic lattice. Generally, when the 
pyrolysis temperature was higher than 1200 ℃, the graphitization 
transformation occurs due to the transformation of amorphous carbon 
structure and defect structure into ordered crystal sp2 carbon atom, and 
the ID1/IG significantly decreases and IG/IAll significantly increases. In 
the Raman spectrum of Fig. 6a, the intensity of the peak (1600 cm− 1) 
was higher than the peak (1360 cm− 1), indicating that more approxi-
mated graphite structure formed during the pyrolysis process. 

The original Raman spectra of coal slag samples at different tem-
peratures when the residence time periods were set to 0 min are shown 

in Fig. 7. At 1300 ℃, two peaks with Raman shifts of 1356 and 1594 
cm− 1 were tested and shown in Fig. 7a while similar results were found 
in Fig. 7b at the temperature of 1350 ℃. However, when the tempera-
ture increased to 1400 ℃ or 1450 ℃, more peaks were tested, extra 
including the Raman shifts of 227, 293, 411, and 612 cm− 1. The Raman 
shifts (227, 293, 411, and 612 cm− 1) in Fig. 7c and 7d denoted the 
structure of iron oxides, which was α-Fe2O3. In the reducing atmosphere, 
iron exists as ferrous ionic (Fe2+) in the molten slag [43]. Due to its 
instability at low temperature, it is easy to be oxidized into Fe3+ in air. 
During the sample treatment process, the contact with air cannot be 
avoided and resulted in the oxidation of the sample. In addition, the 
ratio of Fe3+ to Fe2+ increased significantly with the increase of oxygen 
partial pressure in slag [44,45]. Therefore, Fe2O3 appeared in the Raman 
spectra of this study. The formation of the iron oxide was mainly from 
the reoxidation of metallic iron reduced by the carbothermal reaction 
during the migration process. The peak positions at the Raman shifts of 
~ 1350 and ~ 1600 cm− 1 were both found in Fig. 7c and 7d. However, 
the intensities of these two peaks were much smaller than the values in 
Fig. 7a and 7b. With increasing temperature, the intensities of the peak 
at Raman shifts of ~ 1350 and ~ 1600 cm− 1 decreased. From Table 4, it 

Fig. 8. The band area proportion (a) and ratio of peak integral area (b) at different temperatures.  

Fig. 9. Raman spectra of coal slag samples at different residence time periods.  
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was concluded that these two peaks were correspond to the carbon 
structure with ideal or disordered graphite lattice. 

To study the structure evolution of the residual carbon at different 
temperatures, the band area proportion was calculated and the results 
are given in Fig. 8a. Compared to the initial structure of the char par-
ticle, G band proportion increased when the char particle was embedded 
in the molten slag layer while the D1 band proportion decreased. After 
the char particle was embedded in the molten slag, the area proportion 
of D1 band increased with the slag temperature, meaning a further 
carbon structure evolution occurred in the slag layer. This means that 
before the carbon in the char particle started to react with the slag, the 
carbon structure would change to graphite lattice structure and the 
disordered graphitic lattice decreased. Results showed that there were 
D1, D2, D3 and G bands in Raman peak fitting results. However, no D4 
band was found in the fitting result, indicating that polyenes, and ionic 
impurities transformed to other carbon structure in the environment of 
high-temperature molten slag. The area proportion of D1 band as the 
defect band increased while this proportion of G band decreased with 
the temperature. This indicated that the structure of the residual carbon 
transformed from the ideal graphite lattice to disordered graphitic lat-
tice, heterocyclic atom, and graphite defect with the increase of the slag 
temperature. The proportion as IG/IAll of the ideal graphite structure in 
the total structure gradually decreased, which is shown in Fig. 8b. In 
addition, ID1/IG increased with the increase of temperature, indicating 
that the carbon microcrystalline structure in the residual carbon was 
destroyed at high temperature. This destroy of the graphitic lattice 
mainly came from the carbothermal reaction with molten slag at high 
temperature, such as the reaction between C with FeO. Then, small size 
microcrystalline structure was generated, which proved that the order of 
residual carbon structure reduced during the migration process. 

3.4. Effect of residence time 

The original Raman spectra of coal slag samples at 1350 ℃ with the 
variable of residence time period are shown in Fig. 9. Comparing the 
results in Figs. 7 and 9, similar results were found that peaks at the 
Raman shifts of ~ 1356 and ~ 1596 cm− 1 at 0 min and ~ 1350 and ~ 
1600 cm− 1 at 15 min were tested. However, when the residence time 
period increased to 30 or 60 min, more peaks, including the Raman 
shifts of 227, 293, 411, and 612 cm− 1 were shown in the Raman spectra. 
The iron oxides were formed when the residence time period was pro-
longed during the migration process. Besides, both peak positions at the 
Raman shifts of ~ 1350 and ~ 1600 cm− 1 were tested as well and shown 
in Fig. 9c and 9d. The intensities of these two peaks at prolonged resi-
dence time period were much smaller than the peaks in Fig. 9a and 9b. 
The residual carbon was consumed via the carbothermal reaction and 

the structure was changed from graphitic lattice to disordered graphitic 
lattice during this process. The results indicated that the prolonged 
residence time period promote the carbothermal reaction and lead the 
structure evolution of the residual carbon in the molten slag. 

In addition, the band area proportion and ratio of the peak integral 
area at different residence time periods was analyze via peak fitting. The 
results are shown in Fig. 10. Compared to the initial structure of the char 
particle, G band proportion increased at the beginning when the char 
particle was embedded in the molten slag layer while the D1 band 
proportion decreased. After that, the area proportion of D1 band 
increased with the residence time. This also indicated that a further 
carbon structure evolution occurred in the slag layer. The D1 band area 
proportion first increased from 50% to 66% when the residence time 
period increased to 15 min, and then it decreased to 65% and 63% at the 
residence time period of 30 min and 60 min, respectively. The intensity 
of D1 band was higher than that of other D bands, indicating that the 
residual carbon structure exists mainly in the form of disordered 
graphitic lattice. However, the G band area proportion decreased from 
24% to 8% when the residence time period increased from 0 min to 60 
min. The G band denoted the ideal graphite lattice while D1 and D2 
mean the disordered graphitic lattice and D3 was amorphous carbon. 
The proportion as IG/IAll of the ideal graphite structure in the total 
structure gradually decreased, which is shown in Fig. 10b. Thus, the 
result in Fig. 10a shows that the increasing residence time period lead 
the structure of the residual carbon to be transformed from graphitic 
structure to disordered structure or amorphous phase. The distribution 
of disordered graphitic lattice was not regular like the structure evolu-
tion shown in Fig. 8a. Furthermore, ID1/IG first increased and then 
decreased with the increase of the residence time period. With the 
increasing residence time period, the carbon structure corresponding to 
the D1 band transformed to another structure, such as amorphous car-
bon (D3 band). Therefore, the order of residual carbon structure 
decreased and the disordered structures transformed into each other 
with the increase of the residence time period. It was proved that the 
graphitization degree of residual carbon was not conducive to the 
occurrence of the carbon thermal reaction [16]. With the increase of the 
residence time period, the disordered degree of the residual carbon 
increased, which promoted the occurrence of the carbothermal reaction. 
Moreover, the effect of reaction temperature on the structure of carbon 
is greater than that of reaction time. 

3.5. Slag transformation with carbon migration 

During the migration process of the carbon in the slag layer, the 
carbothermal reaction consumed oxygen and changed the chemical 
composition of the slag, which would affect the slag transformation and 

Fig. 10. The band area proportion (a) and ratio of the peak integral area (b) at different residence time.  
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viscosity-temperature property. The slag transformation with the effects 
of the carbon migration and the carbothermal reaction was studied, and 
the XRD spectra for analyzing the mineral transformation are given in 
Fig. 11. In Fig. 11a, the cross section of the slag in the crucible was 
divided into two zones, namely zone 1 and zone 2, according to the 
position of the char particle layer shown in Fig. 1. Zone 1 was the 
migration zone of the char particle or residual carbon, and zone 2 was 
the slag zone without carbon inside. The results of Fig. 11b showed that 
the carbon migration and carbothermal reaction affected the intensity 
and number of peaks. In addition, it was found that the intensity and 
number of peaks decreased with the increase of reaction time. The slag 
in zone 1 contained labradorite (NaAlSi3O8-CaAl2Si3O8) and metallic Fe 
while the slag of zone 2 has less content of labradorite (NaAlSi3O8- 
CaAl2Si3O8) and a new phase (Akermanite (Ca2Mg(Si2O7)) was formed. 
No metallic Fe was found in the XRD spectrum of the slag in zone 2. 
When the temperature was 1350 ℃ and the residence time period 
increased from 0 to 60 min, mineral types in both zones 1 and 2 were not 
changed. This indicated that the migration behavior and structure 
evolution of the residual carbon and the carbothermal reaction of the 
carbon significantly affected the slag transformation in the entrained 
flow gasifier. It was possible that the residual carbon in the slag acted as 
a crystal nucleus to promote the formation of the crystalline phase in the 
molten slag layer. For this observation, a comparison without the char 
layer would be good for the slag discharge of an entrained flow gasifier. 

4. Conclusion 

The migration and structure evolution of the carbon in the molten 
slag layer and its effect on the slag transformation was investigated in 
this study. The results showed that the carbon migrated upward to the 
molten slag surface due to the lower density and porous structure. 
During the migration process, the carbon reacted with the iron oxide via 
carbothermal reaction and produced metallic iron enclosures on the 
interface between the unmelted particle layer and slag. The structure of 
the metallic iron enclosure transformed from laminar shape to spherical 
structure. The mass ratio of the carbon that consumed by the molten 
slag, including the carbon via carbothermal reaction and remain as re-
sidual carbon, to the total carbon of the char sample layer increased with 
the increases of the temperature and residence time. Besides, the carbon 
capacity of the molten slag and the disordered degree of the residual 
carbon structure increased. However, the graphitic structure of the re-
sidual carbon in the molten slag layer decreased with slag temperature 

and residence time. The increasing degree of the disordered structure of 
the residual carbon would promote the occurrence of the carbothermal 
reaction. Finally, it was proved that the migration and structure evolu-
tion of the carbon promoted the crystallization behavior. The molten 
slag formed more labradorite inside the layer, which should be consid-
ered for the prediction of the viscosity-temperature of the coal slag 
during the entrained flow gasification process. 
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