
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 1
2:

21
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
From waste to fu
aInstitute of Resources and Environment Eng

Key Laboratory of Efficient Utilization Tech

University, Taiyuan 030006, P. R. China. E-
bShanxi Key Laboratory of High-value Recy

Laboratory for Yellow River, Shanxi Univers
cCAS Key Laboratory of Green Process

Laboratory for Hydrometallurgical Clean

Process Engineering, Chinese Academy of Sc

Cite this: RSC Adv., 2025, 15, 18893

Received 31st March 2025
Accepted 26th May 2025

DOI: 10.1039/d5ra02243f

rsc.li/rsc-advances

© 2025 The Author(s). Published by
nctional materials: advances in
porous material synthesis and applications derived
from coal gasification slag

Mengdan Huo,ab Changjiang Huang,ab Anqi Guo,ab Jianbo Zhangc

and Jian-ming Gao *ab

Coal gasification slag (CGS) is a hazardous industrial byproduct generated during coal gasification process.

Its large-scale accumulation leads to environmental pollution and wasting of land resources. Addressing

these challenges, the development of high-value utilization strategies for CGS has become a critical

priority in sustainable resource management. CGS has unique pore structure and high reactivity of

alumina–silica components, enabling it to be transformed into porous materials, which offers the

possibility for high-value utilization. This review systematically consolidates recent progress in designing

and functionalizing CGS-based porous materials. First, we elucidate the microstructural and

physicochemical properties of CGS, focusing on pore hierarchy, elemental distribution, and phase

evolution. Next, we critically analyze mainstream synthesis methodologies, spanning acid/alkali etching,

physical activation, and hybrid approaches for hierarchical structuring. Furthermore, we point out

emerging applications across environmental and energy sectors, such as multifunctional adsorption

(heavy metals, organics, CO2), polymer nanocomposites, and electromagnetic shielding. Finally, we

identify persistent challenges, including energy-intensive activation processes, synergistic utilization of

different elements in CGS, and industrial scalability gaps, while proposing targeted solutions such as

externally-coupled activation and full-component resource recovery. These insights aim to bridge

fundamental research with industrial implementation, advancing CGS valorization toward a zero-waste

paradigm.
1. Introduction

As the core pathway for clean conversion of coal,1,2 coal gasi-
cation technology transforms organic matter within coal into
syngas feedstocks, including H2, CO, and CH4, via gasication
reactions occurring under high-temperature and high-pressure
conditions. This process concomitantly produces solid wastes
such as coal gasication slag (CGS).3,4 The annual production of
CGS has surged dramatically with the large-scale development
of gasication equipment.5–7 The accumulation of CGS results
in the inefficient utilization of land resources and poses envi-
ronmental risks, such as leachate pollution and dust
diffusion.8–10 Consequently, the development of CGS resource
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technology is imperative to mitigate these adverse effects and
facilitate the green transformation of the coal industry.

Presently, the primary utilization of CGS revolves around
conventional building materials, such as cement, concrete, and
non-red bricks.11–13 However, due to the carbon content
constraints of raw materials, coarse slag components are
predominantly employed in practical applications. In contrast,
residual carbon (RC) in ne slag, characterized by low caloric
value and high moisture content (typically exceeding 30%),
necessitates the use of drying equipment during co-
combustion, thereby compromising economic viability.14,15

Although CGS holds potential in soil improvement, attributed
to mineral elements like phosphorus, potassium, and
silicon,16,17 and preliminary research is underway for high-value
applications such as rubber-plastic llers18 and ceramic mate-
rials,19 the lack of technological maturity hinders large-scale
implementation. Hence, the current scenario of substantial
CGS stockpiles coupled with low utilization rates underscores
the urgent need for novel utilization strategies.

The physicochemical properties of CGS are signicantly
inuenced by gasication processes and coal types.20–22 From
the perspective of gasication processes,23 in xed-bed gasi-
cation, where the reaction is relatively mild and the gas–solid
RSC Adv., 2025, 15, 18893–18909 | 18893
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contact is insufficient, CGS contains high carbon content, with
large mineral crystals and small specic surface area. In
uidized-bed gasication, the reaction is vigorous with good
gas–solid contact, resulting in reduced carbon content in the
CGS, the emergence of new mineral phases, and relatively well-
developed pores. In entrained-ow gasication, where the
reaction is nearly complete, the CGS is predominantly in glassy
state with a very low carbon content, ne particle size, large
specic surface area, and abundant pores. Regarding coal
types,24 brown coal-derived CGS has low carbon content, simple
mineral composition, ne particle size, but underdeveloped
pores. Bituminous coal-derived CGS exhibits complex ash
composition, wide particle size distribution, and pore structure
that is greatly affected. Anthracite-derived CGS contains high
amount of xed carbon, has stable minerals, large particle size,
and an unsatisfactory pore structure. These differences in
properties lead to variations in the reactivity of CGS, thereby
affecting the performance and reproducibility of the products.
However, these issues can be addressed by pre-treating the CGS
to adjust its surface properties, optimizing the synthesis
process parameters, and reasonably blending CGS from
different sources.

Coal gangue (CG), y ash (FA), and CGS are common coal-
based solid wastes.25,26 Rich in SiO2 and Al2O3, they serve as
raw material basis for the synthesis of porous materials.27–29

However, CG exhibits low reactivity and needs pre-treatment
through high-temperature calcination or chemical activation
to enhance its reactivity.30 Additionally, due to its uneven
particle size distribution, CG requires crushing and
Fig. 1 Preparation technology and resource utilization of CGS-based po

18894 | RSC Adv., 2025, 15, 18893–18909
classication processes,31 which increase the cost and
complexity of porous material synthesis. The impurities in FA
are signicantly inuenced by combustion conditions. When
combustion is incomplete, unburned carbon, iron, calcium,
and other highly reactive impurities react with the synthesis
system, generating impurity phases.32,33 This process reduces
the purity and quality of the resulting porous materials. In
contrast, CGS offers unique advantages in the synthesis of
porous materials. The residual carbon present within CGS can
act as synthesis template, facilitating the regulation of pore
structure.34,35 Furthermore, the gasication process removes
portion of sulfur compounds and carbonaceous materials,3

thereby improving selectivity of synthesis process and purity of
nal products. Therefore, CGS is regarded as a relatively suit-
able raw material for the synthesis of porous materials.

This review article synthesizes the research advancements in
CGS-based porous materials and elucidates the inuence
mechanisms of their physicochemical properties on the
synthesis and application of such materials. The rst section
outlines the generation process and fundamental properties of
CGS. The second section summarizes the methodologies for
fabricating porous materials from CGS and critically evaluates
preparation techniques, including acid etching, alkali activa-
tion, physical activation and hierarchical synthesis. The third
section delineates the resource utilization approaches for CGS-
based porous materials and explores their applications in heavy
metal ion adsorption, organic pollutant adsorption, CO2

capture, polymer composite reinforcement, and electromag-
netic wave absorption. Finally, addressing existing challenges,
rous materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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this work proposes strategies such as low-energy activation and
synergistic utilization of metallic and non-metallic elements to
advance the multi-scenario large-scale application of CGS,
thereby providing theoretical underpinnings for the compre-
hensive utilization of coal by-products (Fig. 1).
2. Generation and basic properties of
CGS
2.1 CGS formation

During the coal gasication process, raw coal or coal coke
undergoes incomplete combustion reactions with gasication
media, including water vapor, oxygen (or air), and hydrogen,
under high-temperature conditions (typically >1300 °C). Fixed
carbon is converted into combustible gases, primarily
comprising CO, H2, and CH4.36,37 The solid waste generated is
classied into coarse gasication slag (CGCS) and ne gasi-
cation slag (CGFS) based on the discharge location.38,39 CGCS
deposits directly at the bottom of the gasier, presenting as
lumps or granules with particle sizes predominantly in the
range of 3.75–9 mm, accounting for 60–80% of the total CGS by
volume.40,41 CGFS is entrained as y ash with the raw syngas and
exits the furnace top. It is collected aer water quenching and
cyclone separation, with particle sizes <50 mm, constituting 20–
40% of the total slag volume.42,43 The formation processes of
CGCS and CGFS are illustrated in Fig. 2a.

Due to kinetic limitations during gasication, incomplete
conversion of carbon particles occurs due to the imbalance
between surface reaction rates and internal diffusion rates,
leading to the retention of RC. The unreacted carbon cores are
subsequently encapsulated by molten silico–aluminate mineral
phases generated during gasication, forming characteristic
core–shell structured particles (as depicted in Fig. 2b). This
structure imparts layered or honeycomb-like porous
morphology to the RC particles, which exhibit high specic
Fig. 2 (a) Schematic diagram of CGS generation. (b) Formation process

© 2025 The Author(s). Published by the Royal Society of Chemistry
surface areas and open pore channels. These features provide
active interfaces for mass transport and chemical reactions,
serving as critical structural units for modulating the functional
properties of CGS. CGCS undergoes prolonged high-
temperature melting (>1400 °C) promoting near-complete
carbon conversion (RC <10%). Conversely, CGFS retains
a higher proportion of unreacted carbon (RC up to 20–40%) due
to rapid cooling.44
2.2 CGS basic characteristics

CGS represents a complex system comprising inorganic mineral
phases and RC. The mineralogical composition is primarily
characterized by amorphous aluminosilicate glass phases
(>50% by volume), intergrown with quartz, calcite, and mullite
crystals.21 Chemically, this material is dened by a silicoalumi-
nate framework, with major oxides including SiO2 (30–50%),
Al2O3 (15–30%), CaO (5–15%), and Fe2O3 (3–8%).45,46 The oxide
distribution exhibits pronounced acidity, with SiO2 + Al2O3 +
Fe2O3 exceeding 70% and basic oxides (CaO + MgO + Na2O +
K2O) contributing less than 30%.47 These proportions are criti-
cally dependent on feedstock coal properties, operating
temperatures, gasication agents, and other process variables.8

RC exhibit layered or honeycomb-like porous structure with
specic surface area exceeding 200 m2 g−1. The carbon core is
chemically bonded to an aluminosilicate shell, forming highly
reactive interface that facilitates mass transport. The synergistic
interaction between surface functional groups (e.g., –OH, –

COOH) and trace impurities (e.g., S, N, Fe, Ca) enhances the
reactivity of RC and optimizes its pore structure.48 This inte-
gration of structural and functional attributes enables RC to
play pivotal role in the functional modication of CGS. By
regulating pore architecture and surface chemistry, RC
improves the performance of CGS-derived materials in appli-
cations such as wastewater treatment and gas adsorption. Table
1 demonstrates process-dependent variations in glass content
of RC.

RSC Adv., 2025, 15, 18893–18909 | 18895
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Table 1 Typical mineralogical composition of CGS

Furnace type Slag type Mineral composition RC content (wt%) Ref.

Opposed multi-burner
gasication technology

CGFS Mainly amorphous phase, containing
a small amount of quartz

12.1 40

Opposed multi-burner
gasication technology

CGCS Mainly amorphous phase, containing
a small amount of quartz

7.7 40

Texaco gasication technology CGFS Mainly amorphous phase, containing
a small amount of quartz, augite, feldspar

30 49

Texaco gasication technology CGCS Mainly amorphous phase, containing
a small amount of quartz, augite, feldspar

2.15 49

Opposed four-burner gasication
technology

CGFS Mainly amorphous phase, containing
a small amount of quartz, calcite

16.2 50

Opposed four-burner gasication
technology

CGCS Mainly amorphous phase, containing
a small amount of quartz, orthoclase, calcite,
clay minerals

2.09 50

Former Texaco gasication
technology

CGFS Mainly amorphous phase, containing
a small amount of quartz, calcite

37.55 50

Former Texaco gasication
technology

CGCS Mainly amorphous phase, containing
a small amount of quartz, pyrite, calcite, clay
minerals

2.23 50

Gaskombimat Schwarze Pumpe
gasication technology

CGFS Mainly amorphous phase, containing
a small amount of quartz, pyrite, calcite, clay
minerals

34.09 50

Gaskombimat Schwarze Pumpe
gasication technology

CGCS Mainly amorphous phase, containing
a small amount of quartz, calcite, clay
minerals

3.89 50

Half waste heat boiler technology CGCS Mainly amorphous phase, containing
a small amount of quartz, mullite

9.51 51

Fig. 3 (a) Evolution pathways of CGS-based mesoporous structures
under acid etching. TEM image of (b) CGS and (c) CGS after acid
etching. Reproduced with permission from ref. 53, copyright 2020,
Elsevier.
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View Article Online
and RC morphometry across gasier types, underscoring the
dominant inuence of operational parameters on slag
characteristics.

3. Preparation methods of CGS-
based porous materials

Given the pronounced variability in CGS physicochemical
attributes (encompassing mineralogical composition, residual
carbon content, and pore architecture), conventional unitary
preparation protocols are inadequate for accommodating
feedstock diversity. Consequently, CGS characteristic-specic
preparation methods have emerged as a research focus.
Currently, four common preparation methods are acid etching,
alkali activation, physical activation, and hierarchical synthesis.

3.1 Acid etching method

The acid etching technique involves the reaction of concen-
trated acids (e.g., HCl, HAc) with metallic oxides (Al2O3, Fe2O3,
CaO, etc.) and surface irregularities of silica matrix in CGS,
selectively removing inorganic components and destabilizing
their compact structural arrangement to generate hierarchical
porosity. The H+ ions progressively etch along contiguous metal
oxide domains from the exterior to the interior surfaces,
creating mesoporous networks.

Zhang et al.52 prepared an adsorbent with a specic surface
area of 393 m2 g−1 and pore volume of 0.405 cm3 g−1 using
hydrochloric acid treatment (solid-to-liquid ratio 1 : 6, reacted at
600 °C for 3 h). Zhu et al.53 elucidated the mesopore
18896 | RSC Adv., 2025, 15, 18893–18909
development mechanism under acid etching conditions,
wherein H+ ions progressively etched along contiguous metal
oxide domains from exterior to interior surfaces, creating
dendritic mesoporous networks, as shown in Fig. 3a. The orig-
inal surface of CGS is very smooth, and the acid-etched CGS
exhibits dendritic channels with diameters ranging from 2 to
6 nm. The TEM results in Fig. 3b provide evidence for analyzing
the formation mechanism of the pores in CGS.53 The resultant
© 2025 The Author(s). Published by the Royal Society of Chemistry
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carbon/silica composite exhibited a specic surface area of
337.51 m2 g−1 and pore volume of 0.341 cm3 g−1, substantiating
the precise pore structure modulation capability of acid etching
processes.53

Pore structure regulation is inuenced by the carbon content
and ne slag particle size. It has been observed that CGS carbon
contentmodulates acid etching sites via redistribution of original
mineral phases. Specically, elevated CGS carbon content corre-
lates with reduced inorganic content and increased initial
specic surface area.43 However, acid etching preferentially
targets inorganic phases, resulting in constrained specic surface
area enhancement for high-carbon materials. The physical
obstruction caused by slag particles impedes micropore devel-
opment, as Miao et al.54 demonstrated that these particles
occlude micropore channels within porous matrices.

Reasonably regulating acid type and concentration can
synergistically optimize porosity and structural stability. Taking
HCl as example, as strong acid, it has strong reactivity and can
rapidly etch materials to prepare high-surface-area porous
materials. Liu et al.55 treated CGS with 16 wt%HCl and obtained
carbon/silica composite porous material with specic surface
area of 500 m2 g−1 and pore volume of 0.54 cm3 g−1. This
demonstrates that process parameter adjustment in strong acid
systems can achieve concurrent porosity enhancement and
structural integrity. In contrast, HAc, as weak acid, reacts more
gently, which helps to reduce the risk of over-etching and can be
used for ne-tuning the pore structure. Du et al.56 reported that
increasing HAc concentration produced parabolic response in
specic surface area, pore volume, and mesoporosity, with
optimal performance achieved at 6 M HAc (specic surface area
= 97.8 m2 g−1; pore volume = 0.206 cm3 g−1). However, it is
noteworthy that while HCl demonstrates superior etching
performance, it incurs higher acid consumption and waste-
water treatment costs. Conversely, although HAc is environ-
mentally friendly and reduces the risk of over-etching, its
reaction rate is relatively slow. Therefore, in practical applica-
tions, the appropriate acid type should be selected based on
a comprehensive consideration of etching speed, cost, and
environmental impact, and the optimal etching time should be
determined through experiments.

Acid etching methods offer operational simplicity and
economic efficiency but are hindered by high acid consump-
tion, waste management costs, and structural degradation from
excessive etching. In the future, green processes such as acid
solution recycling and bio-acid substitution can be used to
mitigate environmental impacts. Additionally, template-
assisted etching depth control could preserve structural
stability while enhancing porosity. The method of combining
process optimization with structural design may expand high-
value applications and achieve dual improvements in environ-
mental sustainability and material performance.
3.2 Alkali activation method

The alkali activation method constructs porous networks via
multi-path reactions between strong bases (KOH, NaOH) and
both the carbonaceous matrix and inorganic components of
© 2025 The Author(s). Published by the Royal Society of Chemistry
CGS.57–59 Taking KOH as an example, its alkali activation
mechanism primarily involves the following steps. Initially,
redox reactions between KOH and carbonaceous matrix (4KOH
+ C / K2CO3 + K2O + 2H2[) produce gaseous activating agents
(CO2/H2O), which induce physical diffusion-mediated etching
of carbon layers to create initial porosity. Subsequently, metallic
K generated from the reaction intercalates into the carbon
lattice, causing structural expansion during washing and
removal processes that generate permanent pores. Ultimately,
gasication reactions between H2O/CO2 and the carbon matrix
further develop the porous architecture.60

Activation time and temperature play crucial roles in the
pore-formation process. You et al.58 utilized KOH to activate
CGS for the preparation of activated coke. The experimental
results demonstrated that an activation temperature of 850 °C
and an activation time of 45 min represented the optimal
conditions, under which the obtained activated coke exhibited
the best adsorption performance for methyl orange. The yield of
activated coke based on CGS rst increased and then decreased
with the prolongation of activation time. This phenomenon can
be attributed to the ablation of carbon atoms during the acti-
vation process. When the activation temperature was below
850 °C, an increase in temperature intensied the reaction
between KOH and residual carbon, leading to an enhanced
yield. However, when the temperature exceeded 900 °C,
substantial pyrolysis of the residual carbon occurred, resulting
in a sharp decline in the yield.

In reducing atmospheres, metal oxides (Fe2O3, Al2O3) in CGS
undergo carbothermal reduction (e.g. Fe2O3 + 3C/ 2Fe + 3CO[).
The surface-reduced metal nanoparticles act as catalytic sites,
lowering the energy barrier for KOH-carbon reactions and
accelerating activation rates.61 Xu et al.62 demonstrated that Fe-
active site construction on CGS surfaces via this synergy
enhances catalytic pyrolysis and pore formation. Miao et al.61

achieved 1187 m2 g−1 specic surface area and 0.89 cm3 g−1 pore
volume using KOH activation, elucidating the transformation
process of metal oxides during the KOH activation process, as
shown in Fig. 4. The impregnation stage employs solid–liquid
diffusion to inltrate KOH solutions while dissolving metallic
species for uniform dispersion across the carbon matrix. During
subsequent heating and isothermal treatment, dissolved metals
catalyze carbon skeleton pyrolysis and weaken structural bonds
through direct carbon matrix interactions, synergistically
improving physical activation efficiency.

While alkali activation offers low-temperature efficiency and
tunable porosity, challenges persist regarding purication costs
and equipment corrosion. Future directions include
substituting pure alkalis with industrial waste liquids (e.g., red
mud leachate) to reduce costs and implement waste-to-waste
solutions. Additionally, integrating external eld-assisted heat-
ing could shorten reaction times and reduce equipment expo-
sure to corrosive agents.
3.3 Physical activation method

Physical activation uses activators (air, CO2, or steam) to
interact with carbonaceous materials at high temperatures
RSC Adv., 2025, 15, 18893–18909 | 18897
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Fig. 4 Evolution pathways of CGS-based mesoporous structures under alkali activation. Reproduced with permission from ref. 61, copyright
2021, Elsevier.
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(800–1100 °C), thereby promoting the development of pore
networks in porous materials. During this process, the high-
temperature decomposition of organics generates volatile
species (CH4, CO, etc.), the exudation of which creates initial
porosity. Subsequently, activator molecules selectively oxidize
defective edge-carbon atoms, promoting pore enlargement
through oxidative erosion.63

The prior gasication processing of RC results in substantial
volatile depletion and graphitic ordering, signicantly reducing
physical activation efficiency. Kang et al.64 demonstrated CO2-
activated CGS achieving 862.76 m2 g−1 specic surface area and
0.684 cm3 g−1 pore volume, yet mesopore contribution
remained limited (24.4% of total volume), indicating predomi-
nant micropore development. To enhance activation efficacy,
calcium-based additives were incorporated to catalyze gas–
carbon reactions. Zhang et al.65 reported that CaCO3 promotes
the carbon–steam reaction (C + H2O / CO + H2) during steam
activation, with surface-bound Ca2+ ions acting as catalytic sites
to reduce activation energy and accelerate lattice etching. The
optimized formulation containing 8 wt% CaCO3 yielded
microporous carbon with 564 m2 g−1 surface area and 0.24 cm3

g−1 pore volume, accompanied by enhanced p–p* electronic
transitions, surface alkaline functional groups were exposed,
improving adsorption performance.

While physical activation offers mild operating conditions,
low equipment corrosion, and clean exhaust, its energy inten-
sity remains a concern due to high-temperature requirements.
Additionally, inherent Al2O3/SiO2 inorganic particles in CGS
tend to occlude pore networks, particularly in coarse slags with
prolonged gasier residence times. Fine slags exhibit greater
suitability owing to their higher carbon content and lower ash
fractions. Future advancements should focus on pretreatment
strategies such as size fractionation and acid leaching to purify
RC feedstocks, potentially integrating chemical activation
methods to overcome pore development limitations.

3.4 Hierarchical synthesis method

The hierarchical synthesis method integrates the merits of acid
etching, alkali activation, and physical activation to enhance
CGS utilization efficiency.7,66,67 Incorporation of templating
18898 | RSC Adv., 2025, 15, 18893–18909
agents enables precise regulation of pore architectures, offering
novel pathways for fabricating carbon/silica and carbon/
molecular sieve composite porous materials. Alkali treatment
activates metallic compounds within CGS, accelerating acid-
reaction kinetics and leaching efficacy. This property allows
acid-base sequential processing to enrich RC porosity and
intensify CGS etching efficiency, yielding carbon/silica
composites with advanced pore development. For instance,
Gu et al.68 achieved 1347 m2 g−1 specic surface area and 0.69
cm3 g−1 total pore volume via KOH activation coupled with acid
washing. Hydrochloric acid concentration signicantly inu-
ences porous material surface area, with acid-leached SiO2

fragments templating mesopore formation through aligned
carbon micropores. The reaction mechanism during the prep-
aration process and the TEM images of the material before and
aer the reaction are shown in Fig. 5. Miao et al.69 obtained
CGS-based porous materials exhibiting 2194 m2 g−1 surface
area and 2.095 cm3 g−1 pore volume aer hierarchical synthesis
and hydrothermal treatment. Liu et al.70 developed hierarchical
activated carbon/mesoporous silica microspheres from CGFS
through graded methodology, achieving 625.45 m2 g−1 surface
area and enhanced MB adsorption performance.

The acid-base synergy within hierarchical synthesis facili-
tates the creation of interconnected micropore–mesopore–
macropore architectures, offering highly customizable pore
designs. This approach enables precise control over pore
structure, thereby enhancing the material's specic surface area
and pore volume. However, the multi-step nature of this process
poses signicant challenges, including elevated energy
consumption, the generation of acid-base waste, and inade-
quate pore stability, which can compromise the material's long-
term performance. Future advancements may include devel-
oping one-step simplied processes, exploring green activators
like ionic liquids, and implementing molecular simulations for
pore design optimization to drive application innovations in
emerging domains.

3.5 Comparative analysis of preparation methods

The preparation methods for CGS-based porous materials are
exhibiting a diversied development trend, with each method
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Reaction mechanism and TEM images of porous material before and after preparation. Reproduced with permission from ref. 68,
copyright 2019, Elsevier.
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possessing unique application scenarios and performance
characteristics. To ensure that the pore structure of the
prepared materials exhibits good reproducibility and stability,
Table 2 Preparation method and pore structure characteristics of CGS-

Synthetic method Material

HCl etching Resin adsorbent
HCl etching Carbon/silicon composite mesopor

material
HAc etching Mesoporous material
HCl etching Carbon/silicon composite mesopor

material
KOH activation Activated carbon
KOH activation Activated coke
KOH and NaOH activation Porous carbon
KOH activation Activated carbon
NaOH activation ZSM-11 zeolite
CO2 physical activation Activated carbon
CO2 physical activation Activated carbon
Steam activation Activated carbon
KOH activation and HCl etching Carbon/silicon composite mesopor

material
NaOH activation + HCl etching Carbon/silicon composite mesopor

material
KOH activation + HCl etching Carbon/silicon composite mesopor

material
KOH activation + HNO3 etching Carbon/silicon composite mesopor

material

© 2025 The Author(s). Published by the Royal Society of Chemistry
thereby meeting various specic application requirements, it is
necessary to optimize the preparation processes and regulate
the process parameters for different activation methods or
based porous materials

S (m2 g−1) V (cm3 g−1) Pore size (nm) Ref.

393 0.405 4.739 52
ous 334.40 0.328 5.394 53

500 0.54 2–5 56
ous 97.8 0.206 2–10 55

1464.39 0.59 2.57 57
422.16 0.30 2.86 58

1052.78 0.66 2.75 59
1187 0.89 3.50 61
100.69 0.235 9.32 62

1203 0.509 — 63
862.76 0.684 2.45 64
671 0.31 1.62 65

ous 1275.63 0.26 2.2 66

ous 8.0 0.01 5.5 67

ous 1347 0.69 3.44 68

ous 2194 2.095 3.82 69

RSC Adv., 2025, 15, 18893–18909 | 18899
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etching techniques. Table 2 illustrates the preparation methods
and pore structure characteristics of CGS-based porous mate-
rials, providing a basis for the selection of preparation methods
and the adjustment of process parameters.

Acid etching method is suitable for CGS systems with high
inorganic content, and its selective dissolution characteristics
can efficiently remove ash content, but it requires high equip-
ment corrosion resistance. Alkali activation is optimized for
carbon-rich CGS feedstocks, utilizing intense alkaline environ-
ments to disrupt carbonaceous structures, though challenges
persist in alkali solution recyclability. Physical activation suits
large-scale processing of RC-rich CGS, offering clean opera-
tional advantages but pore development constraints related to
precursor graphitization levels. Hierarchical synthesis
addresses systems with balanced inorganic/RC composition,
employing acid-base synergies and template-guided engi-
neering to achieve graded pore architectures with tailored
functionality, yielding materials exhibiting dual microporous
adsorption and mesoporous transport capabilities. To further
compare and analyze the four CGS-based porous material
preparation methods, Table 3 presents their differences in
terms of pore formation mechanisms, advantages and disad-
vantages, scalability, regulatory challenges, as well as environ-
mental and economic considerations.

From the perspective of pore structure size, hierarchical
synthesis method > alkali activation method > physical
Table 3 Comparison of preparation methods for CGS-based porous m

Method Acid etching Alkali activation

Mechanism Reaction of strong acid
with metal oxides to form
hierarchical pores

Reaction of strong a
with carbon matrix
aluminosilicates to
construct a three-
dimensional pore
network

Advantage Simple process, low cost,
high pore development
efficiency

Efficient at low
temperatures, stron
controllability of po
structure

Disadvantage High acid consumption,
high cost of waste liquid
treatment

High purication co
severe equipment
corrosion

Object CGS with high inorganic
content

CGS with high carb
content

Scalability Limited scalability due to
high acid consumption
and waste treatment
challenges

Moderate scalability
equipment corrosio
limit long-term ope

Regulatory
challenges

Stringent environmental
regulations on acid waste
disposal

Strict regulations on
alkali use and waste
disposal to prevent
environmental
contamination

Environmental
and economic
considerations

High environmental
impact due to acid waste;
economic feasibility
depends on waste
treatment costs

Equipment corrosio
increases maintena
costs; environmenta
concerns regarding
waste

18900 | RSC Adv., 2025, 15, 18893–18909
activation method > acid etching method. The hierarchical
synthesis method yields pores with the largest specic surface
area. Moreover, it enables the gradient design of pore structures
and the customization of functionalities. However, the
complexity of its process ow leads to an increase in both
process costs and time.

The physical activation method demonstrates relatively good
pore-forming performance. Its preparation process is environ-
mentally friendly, with minimal wear on equipment. Never-
theless, this method suffers from high energy consumption and
cost. Moreover, when dealing with CGS materials with complex
structures or ne particle sizes, it is prone to pore-channel
blockage. The acid etching and alkali activation methods are
characterized by simple processes and high pore-forming effi-
ciency. However, they also bring about issues such as high
purication costs and severe equipment corrosion. Addition-
ally, compared with the hierarchical synthesis method, the
porous materials produced by these two methods exhibit
certain deciencies in terms of pore uniformity, specic surface
area, or functional groups. Considering factors such as effi-
ciency, cost, and customization requirements, if the process of
the hierarchical synthesis method can be optimized and the
cost reduced, it may be an ideal approach for preparing high-
quality CGS-based porous materials.

The selection of material preparation methods should
comprehensively consider the composition of raw materials,
aterials

Physical activation Hierarchical synthesis

lkali
and

Pyrolysis pore formation
using activators such as
CO2/steam at high
temperatures

Multi-scale coupled
activation process to
achieve precise control of
pore structure

g
re

Clean and environmentally
friendly, low equipment
wear and tear

Excellent comprehensive
performance, controllable
pore gradient

st, High energy consumption,
inorganic particles easily
block pores

Complex process, higher
cost

on CGS with high carbon
content

CGS with similar contents
of inorganic matter and
residual carbon

, but
nmay
ration

Scalable but energy-
intensive, requiring
signicant energy
resources

Limited scalability due to
process complexity and
high cost

Compliance with energy
efficiency and emissions
regulations

Stringent regulations on
process safety and waste
management

n
nce
l
alkali

Energy-intensive process;
potential for pore blocking
may affect product quality
and yield

High process complexity
increases costs; may
require specialized
equipment and expertise

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the desired pore structure, and specic application require-
ments. To facilitate the practical application of these methods,
it is essential to establish a correlation model linking “compo-
sition-process-performance.” Comprehensive characterization
of the mineral composition and carbon structural characteris-
tics of CGS using techniques such as XRF and XRD is necessary.
By matching process parameters with raw material properties,
the customization and functionalization of CGS-based porous
materials can be promoted, optimizing their performance for
specic applications.
4. Applications of CGS-based porous
materials

CGS-based porous materials offer signicant potential for
applications in heavy metal ion adsorption,71–73 organic
pollutant removel,74–76 CO2 capture,77,78 polymer
reinforcement,79–81 and electromagnetic wave absorption.82,83
4.1 Heavy metal ion adsorption

Heavy metal contaminants including cadmium, copper, nickel,
and lead present substantial risks to both ecosystems and
Fig. 6 (a) SEM images of HCl-CGCS after Ga(III) adsorption. Elemental dist
after Ga adsorption. (f) XPS survey spectrum. O 1s fine spectrum of HC
adsorption and desorption principle of Ga3+ on CGS-based mesoporous
of HCl-CGCS after 5 cycles. (k) Pore size distribution. (l) Effect of HCl solu
after 5 cycles. Reproduced with permission from ref. 86, copyright 2024

© 2025 The Author(s). Published by the Royal Society of Chemistry
human health. Porous adsorbents have been engineered to
enable selective heavy metal ion capture through tailored pore
architectures and surface chemistries.84 Porous carbon and
mesoporous silica exhibit excellent adsorption performance for
heavy metal ions due to its high specic surface area and
tunable pore structure. Xu et al.85 chemically activated CGS with
KOH to obtain graded porous carbon, demonstrating an ultra-
high specic surface area of 2481 m2 g−1. The material
demonstrated Pb2+ uptake capacity of 141 mg g−1. Its adsorp-
tion kinetics following pseudo-second-order model and
Freundlich isotherm. Acid-leached CGS-based mesoporous
silicas produced by Yang et al.86 achieved 99% Ga3+ removal
efficiency. Fig. 6 presents the results of investigating Ga(III)
adsorption on HCl-CGS through EDS, FTIR, and XPS analyses.
EDS images (Fig. 6a–d) display signicant Ga signals aer
adsorption, conrming its presence on the surface; FTIR
spectra (Fig. 6e) show intensied peaks at 3425 cm−1 (H2O) and
1632 cm−1 (–OH) along with a new peak at 617 cm−1, suggesting
the adsorption of Ga(OH)4

− and the formation of O–Ga bonds;
XPS analysis (Fig. 6f) reveals Ga3p1 and Ga2p3 peaks post-
adsorption, indicating Ga(III) coordination with the adsorbent,
while the O 1s spectra (Fig. 6g and h) display an increased O–H
signal and an O–Ga peak at 530.9 eV, further supporting the
ribution EDSmaps of (b) O, (c) Si, and (d) Ga. (e) FTIR spectra before and
l-CGCS (g) before Ga adsorption and (h) after Ga adsorption. (i)The
silicas mesoporous silica surface. (j) Adsorption–desorption isotherms
tion elution time on desorption efficiency. (m) Adsorption performance
, Multidisciplinary Digital Publishing Institute.
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formation of O–Ga bonds through electrostatic and chemical
interactions. Aer adsorption, a signicant Ga signal was
observed on HCl-CGCS, conrming the effective adsorption of
Ga(III) on the material surface (Fig. 6i). Furthermore, the
material maintained an adsorption efficiency of > 85% aer
undergoing ve cycles of regeneration, as shown in Fig. 6j–m.

In contrast, zeolitic composites shi the adsorption mech-
anisms toward chemisorption. The adsorbate is chemically
bound to the adsorbent, oen resulting in stronger adsorption
and potentially more selective removal of specic ions. Alkali-
fused slag-based Na-zeolites developed by Lv et al.87 exhibited
16.49 mg g−1 Pb2+ adsorption with 82.45% removal, monolayer
chemisorption conrmed by recyclability tests involving elec-
trostatic interactions and ion exchange. However, differences
exist in the adsorption processes of various heavy metal ions.
Cui et al.88 fabricated magnetic zeolite A composites via red
mud/CGS synergy, achieving 330.72 mg g−1 Pb2+ and 142.72 mg
g−1 Cu2+ adsorption. Langmuir monolayer behavior governed
Pb2+ capture while Cu2+ followed Freundlich multilayer
kinetics, highlighting metal-specic adsorption mechanisms.

4.2 Organic pollutant removal

CGS-based porous materials not only demonstrate the capa-
bility to adsorb heavy metal ions but also exhibit signicant
organic pollutant capture abilities.70,89–92 Niu et al.89 trans-
formed CGS into three-dimensionally interlaced porous carbon/
mineral composite electrodes using hierarchical synthesis
methodology. Compared with conventional planar electrodes,
the degradation rate of m-Cresol by the three-dimensional
composite electrode was signicantly enhanced by 2.6 times
(reaching 79.61 mg L−1). Traditional planar electrodes typically
exhibit limited surface area and mass transfer efficiency, which
constrains their pollutant degradation capabilities. In contrast,
the three-dimensional structure of the composite electrode
based on CGS offers a larger surface area for electrochemical
Fig. 7 Mechanism of SMX degradation in the Fe–C composites. Reprod

18902 | RSC Adv., 2025, 15, 18893–18909
reactions and facilitates improved mass transfer of reactants
and products, enabling the complete purication of m-Cresol
within 24 min. The enhancement in electrocatalytic efficiency
can lead to a more efficient and cost-effective wastewater
treatment process, reducing both the time and energy required
for pollutant removal. Through hierarchical synthesis strate-
gies, Liu et al.70 fabricated tiered activated carbon (TAC) and
amino functionalized mesoporous silica microspheres (AMSM).
The adsorption capacity of TAC for methylene blue was found to
be 1708.01 mg g−1, while that of AMSM was 1249.46 mg g−1. In
comparison with traditional carbon materials and other porous
adsorbents, TAC exhibits advantages due to its multi-layer
retention mechanism, which combines pore lling, hydrogen
bonding, electrostatic interactions, and p–p stacking. On the
other hand, AMSM primarily utilizes electrostatic attraction and
hydrogen bonding, also demonstrating favorable adsorption
performance. In contrast, traditional carbon materials and
porous adsorbents predominantly rely on simple pore-lling
mechanism, which limits their adsorption capacity and
selectivity.

Building upon these advances, Long et al.91 extended CGS
applications by synthesizing Fe–C composites via perox-
ymonosulfate (PMS) activation. The defective carbon matrix in
CGS facilitates electron transfer while Fe species and oxygen-
containing functional groups synergistically catalyze reactive
oxygen species generation at the solid–liquid interface,
enabling oxidative–adsorptive sulfamethoxazole (SMX) removal
with signicantly enhanced efficiency. As illustrated in Fig. 7,
a proposed mechanism for SMX degradation in the CGS-1000/
PMS system involves PMS activation primarily by surface-
bound radicals, singlet oxygen (1O2), and direct electron trans-
fer. Initially, SO4

−$ and $OH radicals are generated through the
traditional Fe-mediated PMS activation process, while the sp2

hybridized carbon matrix edge and C–OH groups also
contribute to radical generation by donating p electrons to
uced with permission from ref. 91, copyright 2023, Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PMS. These radicals preferentially attach to the electron-rich
carbon matrix surface, becoming surface-bound. Secondly,
1O2 plays a more prominent role in SMX degradation than
SO4

−$ and $OH, mainly produced via PMS accumulation on the
carbon electron system with subsequent self-decomposition
and through nucleophilic addition at ketonic carbonyl (C]O)
groups on the carbon structure. Finally, direct electron transfer
between PMS and SMX occurs on the sp2 hybridized carbon
matrix surface, leading to the direct decomposition of SMX
without reactive oxygen species involvement. Conventional
materials employed for analogous pollutant removal are
generally unable to simultaneously execute adsorption and
oxidation processes. And they may exhibit relatively low cata-
lytic activity, which consequently leads to diminished removal
efficiencies. Notably, CGS-based materials also exhibit quanti-
able adsorption capacities toward inorganic contaminants
such as phosphate (PO4

3−) and ammonium (NH4
+).53,93,94
4.3 CO2 capture

Within the Carbon Capture, Utilization and Storage (CCUS)
technology framework, CGS-based porous materials are real-
izing improvements in CO2 adsorption performance via process
innovations.59 Leveraging their inherent pore characteristics
and compositional advantages in ash residues, a series of cost-
effective, high-performance adsorbent fabrication strategies
have been developed.61,95–98 Wei et al.99 synthesized hierarchical
porous nanostructured silica via acid leaching-alkali
dissolution-assisted hydrothermal processes. The resulting
material possessed a specic surface area of 457 m2 g−1 and
pore volume of 2.34 cm3 g−1, achieving adsorption capacities of
2.87 mmol g−1 (20 °C) and 8.49 mmol g−1 (15% CO2). The Si–O–
Na/Al network formed through aluminosilicate self-assembly
augmented porosity and enhanced adsorption activity via
abundant silanol groups (Fig. 8). Equilibrium was reached
within 10 min, with no performance degradation observed aer
20 cycles. Adsorption behavior alignment with the Sips model
further conrmed the material's stable and reliable perfor-
mance characteristics. Miao et al.54,69 prepared CCGS-based
Fig. 8 Hierarchical porous silica nanoparticles (a) formation process.
(b) Adsorption process. Reproduced with permission from ref. 99,
copyright 2025, Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
porous carbon material with specic surface area of 1295 m2

g−1 via alkali activation method. At 25 °C, this material achieved
CO2 adsorption capacity of 2.64 mmol g−1 and reached
adsorption equilibrium within 2 min. Furthermore, the
research team conducted HNO3 etching on the alkali-activated
porous material. The etched sample exhibited an increased
specic surface area of 2194 m2 g−1, accompanied by a corre-
sponding rise in CO2 adsorption capacity to 5.32 mmol g−1.

In addition, the introduction of highly reactive carboxyl (–
COOH) functional groups through amine modication can
improve the surface properties of materials and enhance their
CO2 adsorption capabilities. Zhang et al.97 fabricated a meso-
porous ne slag adsorbent (FSA) material with a specic surface
area of 541 m2 g−1 and a pore volume of 0.543 cm3 g−1 using
CGS as the raw material. Amine-functionalized adsorbents were
prepared by physically impregnating tetraethylenepentamine
(TEPA) onto the FSA material. The adsorbent achieved CO2

adsorption capacity of 132.5 mg g−1. The good dispersibility of
TEPA molecules within the CGS pores effectively prevented
agglomeration, improved the accessibility of active sites, and
facilitated the suppression of amine leaching. Meanwhile, the
small steric hindrance and high affinity of TEPA for CO2

reduced mass transfer resistance, further enhancing the
adsorption performance. Moreover, the cost of this amine-
functionalized adsorbent is signicantly lower than that of
other mesoporous materials, suggesting its advantages and
potential for industrial production and large-scale applications.
Employing CGFS as precursor, Table 4 outlines recent advances
in adsorption applications of CGS-based porous materials.
4.4 Polymer composite reinforcement

CGS materials demonstrate distinct advantages in polymer
modication applications due to their unique globular
morphology. This is fundamentally different from the angular
geometry of traditional inorganic llers (e.g., CaCO3). The
spherical geometry of CGS particles reduces stress concentra-
tion at particle–matrix interfaces, enabling superior load
transfer efficiency compared to sharp-edged llers. The non-
destructive nature of their molecular chain interactions and
superior dispersibility render them viable alternatives to
conventional inorganic llers.52 Through acid etching, Zhang
et al.79 fabricated hierarchical porous CGS llers with a specic
surface area of 564 m2 g−1 and pore volume of 0.807 cm3 g−1.
Incorporation of these llers at 30 wt% loading resulted in
a 67.6% reduction in volatile organic compounds (VOCs)
emissions from polypropylene (PP) composites. The prepara-
tion process and performance improvement are shown in Fig. 9.
Chemical anchoring mechanisms were identied as the
primary contributor to enhanced interfacial bonding, with
measured increases in tensile strength (49.84%), impact
strength (70.81%), and exural strength (139.63%) compared to
traditional CaCO3-based systems. The spherical morphology of
CGS particles minimizes stress concentration at the particle–
matrix interface, thereby reducing interfacial defects. In
contrast, angular CaCO3 particles are tend to initiating crack
propagation. This performance disparity underscores the
RSC Adv., 2025, 15, 18893–18909 | 18903
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Table 4 Pore structure characteristics and adsorption performance of CGS-based porous materials in adsorption

Material
Surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Pore size
(nm) Adsorbate Adsorbate capacity Ref.

Nanoporous glass microspheres 4.554 0.014 5.627 Pb2+ 302.39 mg g−1 84
Porous carbon 2481 1.711 1.2–4 Pb2+ 141 mg g−1 85
Mesoporous silica 258.4 0.152 2.363 Ga3+ 3.96 mg g−1 86
Magnetic A-type zeolite 35.17 0.041 5.76 Pb2+ 330.72 mg g−1 88
Magnetic A-type zeolite 35.17 0.041 5.76 Cu2+ 142.72 mg g−1 88
Nanoporous glass microspheres 4.554 0.014 5.627 Congo red 342.74 mg g−1 84
Hierarchical activated carbon 648.82 0.462 5.491 Methylene blue 1708.01 mg g−1 70
Mesoporous silica microspheres 176.28 0.161 5.657 Methylene blue 1249.46 mg g−1 70
Magnetic carbon–silicon composite 196.84 0.346 3.20 Rhodamine B 188.68 mg g−1 92
Mesoporous silica microspheres 541 0.543 3–4 CO2 132.5 mg g−1 97
Hierarchical porous materials 1405 0.19 0.4–3.8 CO2 4.06 mol kg−1 98
Hierarchical nano-silica materials 457 2.34 20.46 CO2 2.87 mmol g−1 99
Hierarchical porous composites 1295 0.92 19.24 CO2 2.64 mmol g−1 54
Porous composite materials 2194 2.095 3.82 CO2 5.32 mmol g−1 69
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potential for CGS to supplant conventional llers. Employing
acid dissolution and temperature-programmed calcination, Ai
et al.80,81 developed mesoporous spherical silica/porous carbon
composite llers. Synergistic interactions between mesoporous
SiO2 and amorphous carbon components were observed to
signicantly elevate tensile strength while enhancing interfacial
compatibility, thereby enabling complete substitution of heavy
calcium carbonate in PP composites. Subsequent investigations
revealed that in ABS systems, the spherical morphology of CGS
particles, as opposed to the angular geometry of CaCO3,
improved interfacial adhesion by 40%. This structural advan-
tage optimizes material owability while reducing processing
energy consumption. The resultant balance of rigidity and
toughness introduces innovative material solutions for
Fig. 9 Preparation process and performance enhancement of hierarc
copyright 2021, Elsevier.

18904 | RSC Adv., 2025, 15, 18893–18909
engineering plastics and functional lms, particularly in
precision component manufacturing where high impact resis-
tance and minimal warpage deformation are critical.
4.5 Electromagnetic wave absorption

CGS exhibits synergistic interactions between graphitized
carbon and oxygen-containing functional groups, enhancing
composite dielectric properties.100,101 In the eld of electro-
magnetic wave absorption, “minimum reection loss (RL)” and
“effective absorption bandwidth (EAB)” are recognized as
pivotal indicators for evaluating the absorption performance of
materials. RL reects the capability of a material to suppress the
reection of electromagnetic waves; a smaller RL value signies
less reection and stronger absorption. EAB denotes the
hical porous CGS fillers. Reproduced with permission from ref. 79,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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frequency range over which a material can effectively absorb
electromagnetic waves, with a broader range indicating greater
adaptability to electromagnetic waves of varying frequencies.
Gao et al.102 incorporated ZnSnO3 and rened y ash to engineer
ZSFA composites with multi-polarization mechanisms. The
synthesized ZSFA exhibits remarkable maximum RL value of
−47.8 dB at thickness of 2.5 mm, underscoring its enhanced
dielectric loss capability (Fig. 10a and b). Additionally, it boasts
the broadest EAB (RL#−10 dB), spanning 7.0 GHz from 11.0 to
18.0 GHz. Notably, at a reduced thickness of just 2.2 mm, the
EAB fully encompasses the entire Ku-band, as illustrated in
Fig. 10c. This exceptional performance is attributable to its
tailored conductive network and interfacial structures enabling
tunable dielectric loss behavior. Fig. 10d–h elucidates the loss
mechanisms, wherein enhanced polarization relaxation and
electron mobility contribute to elevated microwave attenuation
efficiency. Under the action of electromagnetic eld, the posi-
tive and negative charges in ZnSnO3 and at its interfaces deviate
from their geometric centers, resulting in enhanced interfacial
polarization. Meanwhile, the graphitized carbon facilitates
polarization, thereby dissipating the incident microwave
energy. Aer acid treatment, y ash develops volumetric
defects, causing the charged electrons to deviate from their
equilibrium positions and leading to dipole polarization. CGS
contains a graphitized carbon layer, which forms a unique
Fig. 10 (a) The reflection loss curve. (b) 3D reflection loss projection im
composite materials. Reproduced with permission from ref. 102, copyrig

© 2025 The Author(s). Published by the Royal Society of Chemistry
conductive pathway, enabling rapid ballistic motion of elec-
trons in the carbon substrate.

Given the inadequate impedance matching of single-carbon
components, which limits their absorptive efficacy, dielectric
and magnetic materials were integrated to produce magnetic-
dielectric composites exhibiting robust absorption capacity
and broadband performance at reduced thicknesses. Zhang
et al.82 achieved radar stealth capabilities with Cu9S5/CGFS
composites through one-step hydrothermal synthesis, yielding
a minimum RL of −25.01 dB with EAB spanning 3.52 GHz. This
indicates that the Cu9S5/CGFS composite material exhibits
a strong electromagnetic wave absorption capacity within
specic frequency bands. Zhang et al.83 prepared the CoFe2O4/
CGFS composites material utilizing the graphitized framework
of CGFS demonstrated exceptional magnetodielectric syner-
gistic effects. At 7.76 GHz, the composite achieves RL of −43.99
dB with a thickness of 2.44 mm. The interaction between
magnetic and dielectric materials further enhances the mate-
rial's ability to dissipate electromagnetic waves. He et al.103

developed Fe3O4@N-doped RC composite via N doping and
Fe3O4 incorporation, augmenting dielectric and magnetic los-
ses while optimizing impedance matching. This composite
achieved an extreme RL of −41.4 dB at 1.5 mm thickness, with
EAB of 4.32 GHz (13.68–18 GHz), surpassing conventional
thickness-dependent absorbers. When compared with the
age. (c) Effective bandwidth. (d–h) Dielectric loss mechanism in ZSFA
ht 2021, Elsevier.
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previous two materials, the Fe3O4@N-doped RC composite
material achieves lower reection loss and wider effective
absorption bandwidth at thinner thickness, surpassing tradi-
tional absorbers that rely on thickness.

5. Conclusion and future direction

This paper reviews research progress on high-value applications
of coal gasication slag (CGS)-based porous materials and
analyzes their potential and challenges. Table 5 outlines recent
advances in synthesis technologies and high-value applications
of CGS-based porous materials. (1) As the major by-product of
coal gasication, long-term CGS accumulation wastes land
resources and poses ecological risks. However, its unique
composition of RC and silicoaluminate minerals offers advan-
tages for developing porous functional materials. Green
conversion technologies enable the transformation of CGS from
industrial waste into high-value materials. (2) CGS carbon
content gradients allow tailored synthesis approaches: physical/
alkali activation for high-carbon CGS, hierarchical synthesis for
medium-carbon CGS, and acid etching for low-carbon CGS to
remove minerals and create porosity. (3) Through composi-
tional tailoring and process optimization, CGS-based porous
materials show promise in environmental remediation, mate-
rial reinforcement, and other elds, demonstrating the shi
from waste to functional materials.

Despite their promising potential, CGS-based porous mate-
rials face several research and application challenges. Firstly, in
situ characterization techniques, such as the combination of
XRD and SEM-EDS, are required to elucidate activation-induced
phase transformations and establish a robust framework for the
“composition-structure–property” relationship. This will enable
a deeper understanding of material behavior under different
synthesis conditions. Secondly, the traditional alkali activation
process generates a signicant amount of alkaline wastewater,
posing environmental concerns. To mitigate this issue, waste
recycling strategies should be implemented, or more environ-
mentally friendly activators such as ionic liquids should be
adopted. Ionic liquids offer sustainable alternative due to their
low volatility, high thermal stability, and tunable properties.
Thirdly, it is crucial to enhance research on the long-term
environmental durability and material stability of CGS-based
porous materials. Accelerated aging tests and real-world expo-
sure studies should be conducted to ensure performance reli-
ability under operational conditions. This will provide valuable
insights into material degradation mechanisms and inform the
development of more durable materials. Finally, the current
production costs of CGS-based porous materials remain high,
hindering their commercial viability. To address this challenge,
a comprehensive life-cycle economic model should be devel-
oped, encompassing raw material acquisition, synthesis
processes, and end-of-life disposal. Additionally, process opti-
mization techniques, such as energy-efficient synthesis
methods and waste minimization strategies, should be
employed to reduce costs and enhance overall sustainability.

Future advancements in research on CGS-based porous
materials will be signicantly propelled by the integration of
© 2025 The Author(s). Published by the Royal Society of Chemistry
multidisciplinary approaches and technological innovations.
Specically, the integration of novel energy technologies, such
as ultrasound and microwave irradiation, during the synthesis
process could further enhance fabrication efficiency and envi-
ronmental sustainability. These technologies are characterized
by rapid heating rates, uniform energy distribution, and
reduced processing times, thereby improving the overall quality
and performance of CGS-based porous materials. Although
silicon, aluminum, and carbon in CGS are effectively utilized,
other trace elements, such as iron or magnesium, may also hold
potential. For instance, CGS-based materials containing iron
may exhibit enhanced catalytic activity, while those containing
magnesium could offer improved thermal stability. To fully
harness the value of CGS and its constituent elements,
a comprehensive full-component recovery strategy should be
implemented. This strategy aims to recover and utilize not only
the major components (silicon, aluminum, carbon) but also the
trace elements (iron, magnesium, etc.) that are oen over-
looked. By doing so, we can maximize the resource efficiency of
CGS and minimize waste generation. Under global carbon
neutrality targets, CGS-based porous materials are poised to
nd broader applications in catalytic systems, electrochemical
devices, and photovoltaic technologies. Their unique proper-
ties, including high surface area, tunable porosity, and excellent
chemical stability, render them ideal candidates for these
applications. By harnessing the potential of these materials, we
can contribute to the development of more sustainable and
efficient technologies, thus advancing the global pursuit of
carbon neutrality.
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