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With the rapid development of China's semiconductor, military, and new energy industries, ensuring a stable
supply and acquisition of critical metal elements, including lithium, gallium, germanium, and indium, has
gained increasing attention. The migration and enrichment of critical metals during coal gasification can
provide essential insights for developing metal extraction strategies from gasification slag. This work
focused on the patterns of migration and enrichment of critical metal elements under varying
gasification temperatures through comprehensive element distribution analysis and molecular structure
characterization. Results show that the main component of gasification slag is mullite, which is
composed of aluminate- and silicate-containing groups, namely, Si—-O, O-Si-O, Al-0O, and O-Al-0. As
the gasification temperature increases from 1000 °C to 1500 °C, lithium, gallium, and germanium exist in
the residual state, while the enrichment state of indium is complex. The concentrations of the residual
state of each element gasified at 1500 °C are 121.2 pg g% 46.93 pg g%, 0.12 pg g%, and 0.03 pg g%
However, lithium is mainly associated with clay minerals in coal slag. Meanwhile, gallium exhibits
a relatively high bonding affinity for aluminates and silicates in the slag when the gasification
temperature exceeds 1400 °C. By contrast, germanium and indium are demonstrated to have low affinity
for aluminates and silicates in coal gasification slag. Germanium has more potential to combine with
sulfur than aluminates and silicates, as revealed through enrichment factor analysis. Indium displays
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1. Introduction

Coal gasification refers to the process in which pulverized coal
reacts with an oxidizing agent under high-temperature and
high-pressure conditions within a gasifier.** During this
process, organic compounds are completely oxidized to produce
syngas, while inorganic minerals remain in the coal melt and
combine to form coarse and fine gasification slag.** Coarse slag
accounts for around 70% of the total slag produced, while fine
slag makes up about 30%.>® China, a major coal consumer, has
accumulated hundreds of millions of tons of gasification slag,
with an annual emission rate rapidly increasing to 35 million
tons owing to the lack of large-scale reduction and disposal
technologies. The current utilization efficiency of gasification
slag is <50%, emphasizing the need for developing high-value-
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hydrogen in high-temperature gasification.

added approaches for its utilization.®** Clean coal processing
and utilization technology is essential for the sustainable
development of the economy and crucial for ecological envi-
ronmental protection. Coal gasification, as an efficient and
clean coal utilization technology, lies at the core of modern coal
chemical technology."” Coal-associated metals serve as a valu-
able supplement to traditional metal deposits.****

Lithium, gallium, germanium, and indium are considered
critical metals in China's frontier science breakthroughs.'>**
Lithium is known as the “green energy metal” and has wide
applications in energy storage, chemical industries, medicine,
metallurgy, and electronics industries.’**® The main lithium
minerals in nature include spodumene, lepidolite, petalite, and
lucinite. Liquid ores containing lithium mainly consist of salt
lake brine, underground brine, and hot springs. The lithium
resources in coal in China are primarily distributed in the
Carboniferous-Permian strata in northern China, among which
the most important carriers of lithium are chlorite.'®*"*
Gallium has been explored for its potential applications in
various fields, including the electronics industry, heat dissipa-
tion, flexible devices, and biomedicine. Gallium is a scarce
metallic element with a strong affinity for inorganic constitu-
ents primarily present in coal, such as kaolinite, diaspore, and
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boehmite.**** Previous research has demonstrated the analo-
gous chemical properties between gallium and aluminum,
enabling gallium to substitute aluminum within the mineral
lattice through an isomorphic mechanism. Thus, kaolinite
predominantly serves as the carrier of gallium in coal.***
Germanium is an excellent semiconductor that can be used for
producing precision devices, catalysts, and fluorescent mate-
rials. Germanium occurs naturally in diverse states in coal by
combining with organic components to form germanium-
containing organic compounds or chelates. In addition,
germanium can occur in clay minerals in an inorganic state,
and a tiny amount of germanium exists in a water-soluble and
ion-exchangeable state in coal. Indium is primarily utilized to
produce low-melting alloys, semiconductors, and electric
devices. The presence of indium in coal mainly originates from
its inorganic components, existing as both organic and inor-
ganic compounds.**?**” Indium is predominantly a by-product
associated with inorganic substances such as clay minerals in
zinc ores, and only a minor portion is linked to organic
components. In addition, indium exhibits an affinity for copper.
The occurrence state of critical metal elements refers to their
chemical associations with other substances.”® Revealing the
occurrence state of critical metals within coal facilitates
predictions regarding their migration and enrichment during
coal processing and utilization.

In recent years, the transformation of strategic metal
elements during the coal gasification process has also garnered
widespread attention.****> Coal gasification experiments and
thermodynamic equilibrium calculations are frequently
employed to predict and simulate the migration, trans-
formation, and enrichment patterns of trace elements. It has
been predicted that elements such as Ga, In, Hg, As, and Se are
classified as volatile elements, which are likely to be present in
the gas phase during gasification. Elements including Li, Zn,
Mo, and Tb are identified as semi-volatile, while Re, Be, Ba,
and V are categorized as non-volatile elements.?>**"* Due to the
multi-source nature of minerals in coal, it remains challenging
to study the source and formation mechanism of critical metals
in coal. The occurrence state of most critical metals in coal is
very complex, significantly influencing their thermal conversion
behavior during coal gasification, including migration and
enrichment. These elements can be released during coal gasi-
fication, causing adverse effects on both the ecological envi-
ronment and human health.?*3** Moreover, critical metals like
lithium, gallium, germanium, and indium have significant
industrial applications. Therefore, recovering and purifying
these metals during coal gasification is of great significance.
Thus, clarifying the critical metals' migration and enrichment
state during coal gasification can provide crucial information
for designing metal extraction schemes from gasification slag.
In this work, a Late Carboniferous coal seam in the Jincheng
area of Shanxi Province, China, with high concentrations of
critical metal elements, was used as feed coal for gasification to
investigate the migration and enrichment patterns under
different reaction temperature conditions through element
distribution analysis and molecular structure characterization.
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2. Experimental
2.1 Materials

The primary raw material used in this study is the Late
Carboniferous coal sourced from the Pingshuo region of Shanxi
Province, China. The block coal underwent a series of processes
to transform it into a finely powdered sample, including
crushing, grinding, and sieving. Approximately 10 g of the Late
Carboniferous coal was precisely measured and transferred to
an alumina crucible for subsequent gasification experiments.
The gasification process was carried out within a tube furnace
under a controlled oxidizing atmosphere. The temperature of
the furnace was gradually increased from ambient temperature
to 1000 °C, 1100 °C, 1200 °C, 1300 °C, 1400 °C, and 1500 °C. A
constant oxygen gas flow rate of 100 mL min " is maintained
throughout each heating cycle. A heating rate of 5 °C min~* was
applied, with each soaking period lasting approximately 30
minutes at each target temperature point during the gasifica-
tion experimentation. Consequently, distinct gasification slag
prepared at different temperatures was labeled SX-10, SX-11, SX-
12, SX-13, SX-14, and SX-15 for further analysis.

2.2 Characterizations

To determine the composition of the raw coal, both proximate
and ultimate analyses were carried out. The proximate analysis
followed the procedures outlined in the Chinese national
standard (GB/T 212-2008). The ultimate analysis for the carbon
and sulfur content was conducted using the LECO CS844
instrument (USA), whereas the LECO ONH836 instrument (USA)
was employed to analyze the oxygen, nitrogen, and hydrogen
content. X-ray fluorescence (XRF, Panalytical Axios, Nether-
lands) spectroscopy was used to identify the elemental compo-
sition of various samples. X-ray diffraction (XRD, Bruker D8
Advance, Rigaku, Japan) was used to analyze the crystal struc-
ture and composition of raw coal and gasification slags. This
instrument operated with a Cu-Koa radiation source at an
accelerating voltage of 40 kV and a current of 40 mA, scanning
within the 26 range from 5° to 70° with a step size of 0.02°.
Fourier transform infrared (FTIR) spectroscopy (Spectrum GX,
PerkinElmer, USA) was utilized to characterize the functional
groups present in coal and its pyrolysis products. Scanning
electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM-EDS, Gemini 300, Zeiss, Germany)
provided insights into the morphological features and chemical
compositions of the pyrolyzed samples. Raman spectroscopy
(Raman, XPloRA Plus, Renishaw, UK) offered detailed infor-
mation on the chemical structure of each sample. Finally,
inductively coupled plasma-mass spectrometry (ICP-MS, Nex-
1I0ON300D, PerkinElmer, USA) was employed to determine the
distribution models and enrichment levels of the critical metal
elements in different states.

2.3 Sequential chemical extraction

The distribution and enrichment levels of critical metal elements
(Li, Ga, Ge, and In) in coal and gasification slags were investi-
gated using a six-step sequential chemical extraction technique.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00809c

Open Access Article. Published on 17 March 2025. Downloaded on 3/22/2026 8:11:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

deionized
water
‘ “N\¢ oscillated 1h

coal slag

View Article Online

RSC Advances

1

centrifuged water-soluble state \

30 min
i Y
g
[y \

b

. %,
» HNOs %, » HCI :,,{)/ L
g - /”/é/"o' g " ' % % CH3COONa
’ ; s
z / R
85°C, 2h — M S ) 2 |ion-exchangeable state
' 3 | carbonate-binding state
water bath E !
‘ ccn}l(r)ltl:ig:d 4 ;sulﬁde state[
\ = -
' B —_— s
m =
& HF&HNO3 of 85°C, 2h ‘AT
o water bath g
. - digested Hr0>&HNO
residual state | ¢ A ¢ - 272 3
‘ ' ak CH3COONHy4

Fig. 1 Experimental process for sequential chemical extraction.

This approach categorized the elements into distinct fractions,
including water-soluble, ion-exchangeable, carbonate-binding,
sulfide, organic, and residual states.**** The experimental
procedure is shown in Fig. 1. About 1 g of coal and slag samples
were accurately weighed, ground to a fine powder that passed
through a 200-mesh sieve, and subsequently subjected to the six-
step sequential chemical extraction method.*

2.4 Enrichment factor

To assess the migration of critical metal elements during coal
gasification, the concentrations in coal and gasification slags
were normalized with aluminum, silicon, and sulfur contents.
The enrichment factor (EF) is then calculated using the formula
below (eqn (1)).***>

EF = |:Xresidue:| / |:Xcoal:| (1)

I/Vré:sidue Wcoal
where X, sique iS the ratio of each critical element in different
coal slags, ug g *; Wiesiaue i the fraction of aluminum, silicon,
and sulfur in slags, %; X.oa1 is the ratio of each critical metal in

the coal, ug g~ '; and W,y is the fraction of aluminum, silicon,
and sulfur in raw coal, %.

2.5 Simulation

The thermodynamic equilibrium calculations of the critical
metal elements were conducted utilizing FactSage 7.3,

© 2025 The Author(s). Published by the Royal Society of Chemistry

5 organic state

employing the principle of minimizing the Gibbs free
energy.**** FactSage 7.3 with FToxide and FactPs databases was
utilized to predict the evolution of coal minerals during gasifi-
cation. The system for calculation was meticulously defined
based on the XRF analysis and ICP-MS results of the coal slag.
The data required for these calculations encompassed carbon,
hydrogen, oxygen, nitrogen, sulfur, silicon, aluminum, lithium,
gallium, germanium, and indium. Thermodynamic equilib-
rium calculations were performed over a temperature range of
200 to 1500 °C, with intervals of 20 °C, under a high-pressure
condition of 40 bar, replicating industrial gasification
conditions.

3. Results and discussion
3.1 Composition and structure

The content of different oxide compositions is illustrated in
Fig. 2(a) for both the coal sample and gasification slags. In raw
coal, the Al,O; content is less than 35%. As the gasification
temperature increases, the Al,O3 concentration gradually rises,
surpassing 40% at temperatures higher than 1100 °C.
Compared to raw coal, the SiO, content in gasification slag is
consistently higher than 40%. With increasing gasification
temperature, the SO; content decreases from 6% to 2.5%. The
CaO and Fe,0; contents remain relatively stable with temper-
ature changes, each accounting for approximately 5%.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00809c

Open Access Article. Published on 17 March 2025. Downloaded on 3/22/2026 8:11:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(a)
44+ ) Raw coal
42 + M SX-10 0.020
a0l M MM SX-11 -
\? SX_12 ;:: 0.015
%38 C [ ISX-13 £ oo
S36¢ [sx-14 ¢
= © 0.005
g34f R sx-15 X
5 |— 0.000
Q Ga,0,
=
o
O 6f
4 L H
2 L
0 athe IS
[ e .
Y " 29 % %o o %

View Article Online

Paper

M:mullite Q:quartz

(b) K:kaolinite B:Boehmite F:Aquaboronite
M M
SX_IS l iAI\AIRAI l A lidl Ml\ld I\AA
SX-14
olsx13 Q0
2 ;
= [SX- Q
Elox |, O N owyMy M
§[SX-11 M Q Mg Q
£ = S A
SX-10 Q Q Q
K FKQKQ
BK
l{a"h]l coa] 1 1 1 1 1 1
10 20 30 40 50 60 70
26(°)

Fig. 2 XRF (a) with the inset showing a magnified view of the area marked by the red circle, and XRD (b) spectra of coal and different slags.

In comparison with raw coal, the TiO, content in gasification
slag is reduced to about 2%. Notably, 0.01% Ga,O; was detected
in the raw coal, but no gallium oxide was found in the gasifi-
cation slag, suggesting that gallium-containing compounds
decompose at elevated temperatures. The mineral composition
of the coal sample primarily consists of kaolinite, quartz, and
boehmite, as shown in Fig. 2(b). At a gasification temperature of
1000 °C, kaolinite and boehmite decompose, leaving only
quartz in the gasification slag. When the temperature exceeds
1100 °C, quartz begins to decompose and mullite forms. By
1400 °C, quartz has completely decomposed, and only mullite
remains in the gasification slag, with a significant increase in
the number and intensity of its signal peaks.

The FTIR spectra of the coal sample and gasification slags
obtained at different temperatures are presented in Fig. 3(a).
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Fig. 3 FTIR (a) and Raman (b) spectra of coal and different slags.
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The absorption peak of raw coal located at ~3500 cm™" corre-
sponds to the ~-OH functional group, which cannot be observed
in the spectra of gasification slags.*® This suggests that hydroxyl-
containing compounds are nearly absent in the gasification
slag. The infrared signals at approximately 2800 cm ' and
2900 cm ™" in raw coal are attributed to C-H stretching vibra-
tions.*® However, these peaks are only slightly discernible in the
gasification slag, meaning there is a minimal presence of the
aliphatic components. The absorption peak at around
1630 cm ™' corresponds to the C=O stretching vibration in
aromatic groups, while the peak at 1385 cm ™ is associated with
the stretching vibration of aromatic methyl groups. The Si-O
vibration peak at 456 em™' and the asymmetric stretching
vibration of Si-O-Si at 802 cm~ ' demonstrate the formation of
a silica framework in the gasification slag.”** The Raman

(b)

Intensity (a.u.)

1000 1200
Raman shift (cm™)

200 400 600 800
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Fig. 4 SEM-EDS analysis of gasification slag obtained at 1500 °C.

spectra of the gasification slags are shown in Fig. 3(b). When the
gasification temperature exceeds 1000 °C, the absence of char-
acteristic D and G peaks in the Raman spectra reveals that the
carbon in the coal has fully reacted with the oxidizing agent,
thereby depleting the carbon content. Raman results show that
the Si-O-Si bending vibration peak appears near 440 cm ',
while the peak near 545 cm™ " corresponds to Al-O-Al bending
vibrations.* The peak near 670 cm™ " is attributed to the Al-O
stretching vibrations within the hexagonal aluminum oxide
structures, and the peaks between 760 and 840 cm™ ' are asso-
ciated with the Al-O vibrations. The 860 to 1200 cm ™" region
corresponds to the asymmetric stretching vibrations of the Si-O
bonds.*"** These observations suggest that the gasification slag
contains minimal residual carbon and organic matter, with its
primary constituents being silica-aluminum minerals. These
findings align with the infrared spectroscopy results.

SEM-EDS analysis was conducted on the gasification slag at
1500 °C, as illustrated in Fig. 4. The results indicate that Si and
Al are predominant elements in the gasification slag, which
aligns with the findings from the XRF and XRD analyses.
Notably, 5.86% of the indium element was detected, and these
elements were relatively uniformly distributed throughout the
gasification slag. The surface concentrations of S, Ga, Ge, and
Re in the gasification slag were extremely low, and these
elements were not detected by SEM-EDS analysis.

3.2 Occurrence and enrichment

The distribution and enrichment concentrations of critical
metal elements in different forms within raw coal and gasifi-
cation slags are illustrated in Fig. 5. In raw coal, lithium is
predominantly present in the residual fraction, with a concen-
tration of around 1.2 ug g ', as depicted in Fig. 5(a). The
concentrations of lithium in water-soluble, ion-exchangeable,
carbonate-binding, sulfide, and organically bound forms are
all less than 0.1 pg g~ '. Previous studies have indicated that
lithium in coal is mainly associated with clay minerals, espe-
cially chlorite.>»* In the gasification slag obtained at different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperatures, a large ratio of lithium elements remains in the
residual form. In contrast, the lithium concentrations in water-
soluble, ion-exchangeable, carbonate-binding, sulfide, and
organically bound forms are all below 0.1 ug g~ '. As the gasi-
fication temperature rises, the residual lithium content shows
a notable increase, rising from 1.2 pug g~ to 121.2 pg g~ . It
suggests that lithium is mainly associated with clay minerals in
coal slag, and increasingly combines with silica-aluminate
minerals at higher gasification temperatures. The changes in
the occurrence form and enrichment content of gallium during
gasification are illustrated in Fig. 5(b). The initial concentration
of gallium in the residual form of raw coal is approximately 0.34
ug g '. In the gasification slag, gallium still predominantly
exists in the residual form, and the enrichment content of the
residual state gallium increases from 0.34 ug g " t0 46.93 ug g~
as the gasification temperature increases from 1000 °C to 1500 °©
C. The gallium concentration in the carbonate-binding state
first rises and then falls with the increase of the gasification
temperature, reaching a peak value of 0.87 pg g~ at 1200 °C.
The concentrations of gallium in water-soluble,
exchangeable, sulfide, and organic forms in both the coal
sample and gasification slags are all under 0.2 ug g~ . As shown
in Fig. 5(c), germanium mainly exists in a sulfide state in raw
coal, followed by a carbonate-binding state and residual stat.
Compared with raw coal, the germanium element in the gasi-
fication slag mainly remains in a residual state. It is worth
mentioning that the contents of the carbonate-binding, sulfide,
and residual states in the gasification slag increase significantly
when the temperature is 1000 °C. The enrichment contents are
0.04 ug g*, 0.01 pg g%, and 0.23 ug g, respectively. As the
gasification temperature increases, the germanium content in
the carbonate-binding and sulfide forms gradually decreases.
Meanwhile, the germanium content in the residual fraction
rises from 0.045 pg g~' to 0.12 pg g ' as the temperature
increases from 1000 °C to 1500 °C. As shown in Fig. 5(d),
indium in the coal sample is primarily enriched in the forms of
carbonate-binding, sulfide, and residual states, with concen-
trations of 1 x 10 ° ug g™, 7 x 10 pgg ', and 6 x 10> ug

ion-
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Fig. 5 Occurrence form and enrichment content of the critical metal elements: lithium (a), gallium (b), germanium (c), and indium (d).

g~', respectively. In raw coal, water-soluble and ion-
exchangeable indium elements are almost absent. At a gasifi-
cation temperature of 1000 °C, the concentrations of indium in
water-soluble, ion-exchangeable, carbonate-binding, sulfide,
and residual states significantly increase to 0.015 pg g, 5 x
107 ugg ,5x10 7 pgg ', 4x10 % pgg ' and 0.114 pg g,
respectively. After the gasification temperature reaches 1100 °C,
the indium element predominantly remains in the residual
state. As the gasification temperature increases, the residual
indium content decreases from 0.114 pg g ' to 0.03 pug g
Similarly, the concentrations of indium in water-soluble, ion-
exchangeable, and carbonate-binding states also decrease
with increasing gasification temperature. The indium concen-
tration in the sulfide state remains relatively stable at approxi-

mately 4 x 10 % pg g™ .

3.3 Enrichment relation and factor

Based on the concentrations of Al,O3, SiO,, and SO; in raw coal
and gasification slag, as determined by XRF analysis, the
enrichment factors were calculated to evaluate the enrichment

8174 | RSC Adv, 2025, 15, 8169-8179

relationships between each critical metal element and the three
oxides. The enrichment factor of different elements at different
gasification temperatures is illustrated in Fig. 6. It is well known
that the enrichment factors for lithium, gallium, germanium,
and indium in coal gasification slags are all higher than 1,
indicating that these elements are predominantly enriched in
the slags. This result coincides well with the conclusion ob-
tained by sequential chemical extraction measurement. As
gasification temperature increases, the enrichment factors for
lithium with both Al,0; and SiO, exhibit an upward trend. It
suggests that lithium is more likely to form compounds with Si
and Al during gasification when the temperature is higher than
1400 °C, which aligns with the observed increase in the residual
lithium content due to sequential chemical extraction. The
enrichment factor for lithium and SO; increases to 1200 °C,
while it decreases after 1200 °C, and then increases again at
1400 °C, revealing that the interaction between lithium and
sulfide is unstable during gasification. The enrichment factors
for gallium, Al,03, SiO,, and SO; show a similar V-shaped trend
with temperature and reach the lowest values at 1300 °C,
demonstrating a weak enrichment relationship between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Enrichment factor of different critical metal elements and Al,Os (a), SiO, (b), and SOz (c).

gallium and these oxides in gasification. The enrichment
factors for germanium and indium with Al,O; and SiO,
decrease significantly before 1100 °C, indicating weakened
interactions, followed by a gradual stabilization after 1200 °C.
The enrichment factors for germanium, indium, and SO; do not
change significantly with temperature, indicating the relatively
stable interactions with sulfur during gasification.

3.4 Simulation

The simulation results obtained using thermodynamic equi-
librium methods are presented in Fig. 7. The transformation
behavior of lithium is illustrated in Fig. 7(a). At gasification
temperatures below 1200 °C, lithium predominantly exists as
LiAlSi,O4 (s), indicating its association with silicates and
aluminates. As the temperature exceeds 1200 °C, LiAlSi O,
gradually decomposes into LiOH (g), completing this trans-
formation by 1450 °C. Notably, the fraction of elemental lithium
increases at 1400 °C, owing to its light and volatile properties.
However, the molar fraction of elemental lithium remains at
approximately 10% at 1500 °C, while the majority of lithium
exists as LiOH (g) during high-temperature gasification.
According to ICP-MS analysis, it was observed that as the gasi-
fication temperature increased from 1000 °C to 1500 °C, lithium
predominantly existed in the residual state, with its content
increasing from 1.2 pg g ' to 121.2 pug g~ '. This demonstrates
that lithium is mainly associated with clay minerals in coal slag.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Although LiAlSi O, is predicted to decompose when the
temperature exceeds 1200 °C, it might be encased by the slag
and is not completely volatile. The lithium is more inclined to
combine with aluminates and silicates as the slag is cooled to
atmospheric temperature. Fig. 7(b) shows the transformation
behavior of gallium. Gallium primarily bonds with sulfur at
lower gasification temperatures, forming Ga,S; (s) and Ga,Ss
(s). The decomposition of Ga,Ss is observed at 800 °C,
producing Ga,S (g), and it fully transforms into Ga,S by 900 °C.
As the temperature exceeds 1100 °C, the mole fraction of Ga,S
decreases, while the fractions of Ga,O (g), GaH (g), and Ga (g)
increase. Finally, the occurrence form and faction of gallium are
Ga,S, GaH, and Ga, which account for approximately 28%, 14%,
and 58%, respectively. The mole fraction of different
germanium-containing compounds is shown in Fig. 7(c). The
germanium enriches mainly in the form of GeO, (s) at a rela-
tively low temperature, and it converts to GeS (g) when the
gasification temperature increases. Although a trace amount of
GeO (g) is observed in the temperature range of 600 °C to 1500 °
C, the predominant form of germanium during gasification is
GeS. The transformation behavior of indium is presented in
Fig. 7(d). At low temperatures, the indium appears as In,S; (s),
which comprises more than 80%. During the gasification
reaction, In,S; rapidly transforms into In(OH),. It should be
ascribed to the strong oxidizing atmosphere during gasifica-
tion. The mole fraction of In(OH), decreases as the temperature
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Fig. 7 Transformation behavior of lithium (a), gallium (b), germanium (c), and indium (d) assessed through FactSage simulation.

increases to 900 °C, and it converts into In (g), InH (g), InOH (g),
and a small amount of InS (g). At 1500 °C, their molar ratios are
approximately 83%, 13%, 3%, and 1%, respectively.

4. Conclusions

Elucidating the migration and enrichment dynamics of critical
metals during coal gasification is beneficial to the development
of metal extraction strategies from gasification slag. This study
investigated the patterns of migration and enrichment under
varying reaction temperatures through comprehensive element
distribution analysis and molecular structure characterization,
and the following conclusions were obtained. In the gasification
slag obtained at temperatures above 1400 °C, quartz has
completely decomposed, resulting in mullite—composed
mainly of aluminates and silicates—as the main component.
The signals corresponding to Si-O, O-Si-O, Al-O, and O-Al-O
are observed in the FTIR and Raman spectra. As the gasification
temperature increases from 1000 °C to 1500 °C, the lithium
predominantly exists in the residual state, and its content
improves from 1.2 pug g~ ' to 121.2 pg g~ '. It demonstrates that
lithium is mainly associated with clay minerals in coal slag.
Although LiAlSi O, is predicted to decompose when the
temperature exceeds 1200 °C, it might be encased by the slag
and is not completely volatile. The lithium is more inclined to
combine with aluminates and silicates as the slag is cooled to
atmospheric temperature. Gallium is predominantly enriched
in the residual form in the gasification slag, and the content of

8176 | RSC Adv, 2025, 15, 8169-8179

residual state gallium increases from 0.34 pg g~ " t0 46.93 pg g~
as the gasification temperature increases from 1000 °C to 1500 °©
C. However, gallium is demonstrated to have a low affinity with
aluminates and silicates in coal gasification slag, which is
proven by enrichment factor analysis and thermodynamic
simulation. Germanium in gasification slag mainly remains in
a residual state when the gasification temperature reaches
1400 °C. According to the simulation results, germanium has
more potential to combine with sulfur than aluminates and
silicates, which coincides with the enrichment factor analysis.
As the gasification temperature rises, the residual indium
content drops from 0.114 pg g~ to 0.03 pug g~ . Meanwhile, the
sulfide indium concentration is maintained at around 4 x 10°
ug g~ ", As shown by the enrichment factor and thermodynamic
simulation results, indium displays a complicated occurrence
form in the coal slag, which presents a weak bonding ability
with aluminates and silicates.
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