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Abstract

With ongoing development in the process industries, the accumulation of industrial inor-
ganic solid wastes (IISWs) has become increasingly significant. IISWs are characterized
by large volume and toxicity and pose challenges in treatment and control. IISWs from
chemical processes mainly include red mud (RM), zinc slag, lithium slag (LS), electrolytic
manganese residue (EMR), phosphogypsum (PG), water treatment sludge (WTS), sewage
sludge, blast furnace slag (BFS), steel slag (SS), coal fly ash (CFA), coal gasification slag
(CGS), copper smelting slag (CSS), and lead smelting slag (LSS). Having been chemically
processed, they exhibit complex compositions that pose challenges for further utilization.
In this paper, we comprehensively review the preparation of adsorbents from IISWs as raw
materials, the applications of IISW-derived adsorbents, and their adsorption mechanisms.
The obtained adsorbents include modified IISWs, zeolites, porous ceramics, and composite
and hybrid adsorbents. The adsorption mechanisms, such as van der Waals forces, electro-
static interactions, and 7— interactions, contribute to the rapid adsorption kinetics and
high adsorption capacity observed in these adsorbents.
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1. Introduction

With the rapid development of modern industrial chemical processes such as metal-
lurgy, chemical engineering, and electronics manufacturing, massive amounts of industrial
inorganic solid wastes (IISWs) are generated. Untreated IISWs not only occupy valuable
land resources but also enter the atmosphere, water bodies, and soil through wind and

water erosion, causing air pollution, water eutrophication, and heavy metal contamination.
W) Check for updates The improper stacking and disposal of IISWs has thus become a pressing environmental
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reduction and resource reclamation. Compared to commercial adsorbents, adsorbents
derived from IISWs offer inherent advantages of cost-effectiveness and accessibility, as they
leverage underutilized waste streams while minimizing raw material costs [2]. Moreover,
this strategy aligns with environmental sustainability goals by extending waste lifecy-
cles, reducing disposal burdens, and addressing pollution from dual perspectives—waste
management and pollutant treatment. However, due to the wide variety and diverse
properties of IISWs, systematic summarization remains necessary to provide a reference
for the preparation and application of adsorbents from these wastes.

On the other hand, the growing demand for adsorbents in environmental applica-
tions, including wastewater treatment, exhaust gas purification, and soil remediation,
underscores the need for sustainable and cost-effective materials. In wastewater treatment,
various technologies have been developed, including coagulation, sedimentation, flota-
tion, filtration, ion exchange, membrane processes, adsorption, and chemical precipitation.
Among these methods, adsorption is considered particularly suitable for wastewater treat-
ment due to its convenience, simple operation, and straightforward design [3]. Additionally,
adsorption can be used for metal ion separation and for the treatment of low-concentration
solutions. In rare earth separation, it is currently the most effective approach, capable of
separating all rare earth elements (REEs) [4]. In exhaust gas treatment, adsorption and
absorption are among the most effective technologies, and adsorbents and absorbents are
critical to process efficiency, operational cycles, and treatment costs [5]. In soil remediation,
adsorbents can serve as key soil amendments. These materials function by adsorbing or
immobilizing harmful substances, such as heavy metals, making them essential agents in re-
mediation technologies [6]. Therefore, wastewater treatment, exhaust gas purification, and
soil remediation all rely on adsorbents and their associated adsorption technologies. The
core of adsorption technology lies in the performance of adsorbents. Yet, the high cost of
conventional adsorbents—such as ion exchange and adsorption resins [7], graphene-based
adsorbents [8], and zeolites [5]—often limits their large-scale application. Efforts have been
spurred to develop low-cost alternatives, with IISWs emerging as promising precursors due
to their abundant reserves, diverse compositions, and potential for functional modification.
To contextualize the potential of IISWs in these fields, it is essential to understand the role
of adsorption in established separation processes.

This paper comprehensively explores the preparation methods, application scenarios,
and adsorption mechanisms of adsorbents derived from IISWs. By systematically syn-
thesizing existing research and technical practices, it aims to provide a reference for the
high-value utilization of IISWs and offer insights for the development of efficient, low-cost
adsorbents—both of which are conducive to advancing environmental remediation and
promoting sustainable development.

2. Classification, Properties, and Treatment Technologies of IISWs

2.1. Classification and Generation
2.1.1. Classification

Industrial chemical processes frequently involve hydroprocessing and high-temperature
operations, which generate substantial IISWs [9]. According to their process characteristics,
IISWs are classified into two categories: those derived from hydroprocesses and those
from high-temperature processes. IISWs from hydroprocesses are characterized by a wide
variety of hazardous elements, fine particle sizes, and often contain water, soluble salts,
and various metal elements. The components of IISWs from high-temperature processes
are relatively complex, containing various insoluble phases and soluble salts.
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2.1.2. Generation of IISWs in Hydroprocesses

IISWs from hydroprocesses are commonly generated during leaching [10], precipita-
tion, sedimentation, and filtration processes in hydrometallurgy, solid waste management,
and wastewater treatment. They typically include non-ferrous hydrometallurgical residues,
electrolytic manganese residue (EMR), phosphogypsum (PG), water treatment sludge
(WTS), and sewage sludge. The non-ferrous hydrometallurgical residues mainly consist of
red mud (RM), zinc leaching residue (ZLR), and lithium slag (LS).

Bauxite residue, commonly known as red mud, is a highly alkaline solid waste gener-
ated during alumina production in the Bayer process, sintering process, and combination
methods. Red mud from the Bayer process is a hydrometallurgical residue, while that from
the sintering process is a residue of high-temperature roasting followed by leaching. Red
mud is also generated during the combination process. Approximately 1-2 tons of red
mud are produced per ton of alumina. With the sustained growth of the global aluminum
industry, annual red mud production has reached around 180 million tons. It continues
to rise annually, while global reserves exceed 4 billion tons [11]. Notably, as high-quality
bauxite resources dwindle, aluminum producers are increasingly turning to low-grade
bauxite, further exacerbating red mud production. Currently, the majority of red mud
worldwide is stored in open-air impoundments or tailings ponds using wet stacking meth-
ods. Due to its high pH (typically 10-13) and high levels of sodium, aluminum, iron, and
titanium, as well as trace amounts of metals (such as chromium, vanadium, and arsenic),
long-term landfilling of red mud not only occupies vast land areas but also poses significant
environmental risks. Under natural processes such as weathering and rainwater leaching,
alkaline substances and hazardous elements from red mud may infiltrate groundwater
or surface water, leading to water pollution, soil salinization, and ecosystem degradation.
Moreover, dried red mud can easily generate dust, which may become airborne and pose a
potential health threat to nearby populations [12].

Zinc slag, also known as zinc smelting slag, includes ZLR from zinc hydrometallurgy,
zinc pyrometallurgical slag, neutralization residue from zinc-containing acidic wastewater
in smelters, and so on. This slag has accumulated to over 10 million tons globally and
continues to grow by approximately 320,000 tons annually [13]. The hydrometallurgical
process is the main method of zinc smelting worldwide, accounting for more than 85%
of zinc production [14]. As a result, ZLR is among the most prevalent forms of zinc slag.
Approximately 0.96 tons of ZLR are generated per ton of zinc produced, resulting in an
annual output exceeding 270,000 tons.

Lithium slag is the residue generated from lithium extraction using lithium ores or
from salt lake lithium extraction, among which lithium leaching residue (LLR) is relatively
common. Reports indicate that producing 1 ton of lithium carbonate generates 8-10 tons of
lithium slag, while producing 1 ton of lithium hydroxide produces 2040 tons of lithium
slag. In 2021, China’s lithium carbonate production was 215,900 tons, and lithium slag
exceeded 2 million tons [15].

EMR is a solid waste generated during the production of electrolytic manganese.
Typically, 7-10 tons of EMR are produced for every ton of electrolytic manganese. Currently,
China’s annual EMR output is approximately 11 million tons, accounting for over 98% of
global production [16].

Phosphogypsum is an industrial waste produced during the hydroprocess of phos-
phoric acid production, which involves the reaction of phosphate rock with sulfuric acid.
Approximately 4-5 tons of phosphogypsum are generated for every ton of phosphoric
acid produced. According to statistics, the global annual production of phosphogypsum
exceeds 280 million tons, with China producing 75 million tons annually, and total reserves
exceed 600 million tons [17].
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The water and wastewater treatment industries continue to expand in scale, generating
substantial amounts of sludges during the processes. These types of sludges are charac-
terized by complex composition and are rich in microorganisms, organic matter, heavy
metals, and various suspended impurities. Although wastewater treatment is a category
of water treatment, practical water treatment primarily focuses on treating water from
sources, including surface water, river water, and groundwater, to produce qualified water
for industrial, agricultural, and daily domestic use. WTS refers to solid waste generated
during water treatment processes, including coagulation, flocculation, sedimentation, filtra-
tion, ion exchange and adsorption, and chemical precipitation. In the treatment processes,
aluminum or iron salts, with less lime (calcium oxide), are used. These substances can be
hydrolyzed to produce flocculating compounds with high specific surface area and porosity,
enabling rapid, efficient adsorption of various impurities. Approximately 10,000 tons of
dry WTS are produced worldwide daily, making WTS the largest residue generated by
the water industry [18]. Unlike water treatment, wastewater treatment focuses on treating
wastewater from domestic, industrial, and agricultural activities. Wastewater treatment
processes may include procedures similar to the aforementioned water treatment processes.
Still, they may also involve additional steps such as solvent extraction and membrane sepa-
ration, depending on the nature of the wastewater and the treatment standards. Sewage
sludge is produced during wastewater treatment. Since sludge is generated from various
industries, its quantity is difficult to estimate.

2.1.3. Generation of IISWs in High-Temperature Processes

IISWs are generally generated during high-temperature processes such as pyromet-
allurgy, combustion, and gasification. They mainly include blast furnace slag (BFS), steel
slag (SS), coal fly ash (CFA), coal gasification slag (CGS), copper smelting slag (CSS),
and lead smelting slag (LSS). Although red mud from the sintering process undergoes a
high-temperature process, it also undergoes hydroprocessing, as discussed in Section 2.1.2.

BFS is a non-metallic by-product generated during the iron-making process in a blast
furnace, formed at high temperatures through reactions among gangue minerals in iron
ore, coke ash, and added flux (primarily limestone, CaCO3). It is estimated that 290 kg of
BFS are produced for every ton of iron manufactured. In China, a large amount of BFS is
currently disposed of in landfills, and 20% of it remains underutilized [19]. Landfilling
BFS has led to serious contamination of groundwater with heavy metals and particulate
matter. Proper treatment and resource recovery of BFS can not only reduce environmental
pollution but also generate significant economic and social benefits.

Steel slag is an important by-product of the steel industry, with the highest production
volume worldwide. China’s production in 2021 exceeded 120 million tons, and it has
accumulated over 1 billion tons of steel slag, yet its utilization rate is only about 20% [20].
Steel slag is characterized by wear resistance, uniform particle shape, and high porosity [21].
Most steel slag cannot be utilized promptly, leading to its burial or open-air storage, which
consumes vast amounts of land. Moreover, because it contains various heavy metals, steel
slag may seep into soil and waterways, posing threats to both the ecological environment
and human health. Furthermore, the improper handling or transportation of steel slag
during open-air storage or processing can generate significant dust, severely endangering
atmospheric quality and public health.

CFA and CGS are by-products of coal combustion and gasification processes, re-
spectively. Over 40% of global electricity production relies on coal, with an annual CFA
generation of approximately 780 million tons. The concentration of heavy metals in CFA
can sometimes be up to 10 times higher than that in raw coal; therefore, it is classified as
hazardous waste [22]. CGS is produced with an annual emission exceeding 70 million tons.
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This slag poses significant hazards, including land occupation and soil pollution, with its
stockpile increasing at a rate of 4.8 to 5.29 million tons per year [23].

CSS and LSS are mainly produced during the pyrometallurgical smelting of copper
and lead, respectively. It is estimated that for every ton of copper produced, about 2-3 tons
of CSS are generated during smelting. Annually, approximately 68.7 million tons of CSS are
discharged into the environment globally, with China accounting for 20.25 million tons [24].
The generation of LSS is also considerable, with millions of tons generated globally each
year [25]. The widely used lead smelting process in China can produce approximately
7100 tons of LSS for every 10,000 tons of lead smelted [26].

2.1.4. Summary of Industrial Sources of IISWs

In summary, [ISWs primarily originate from hydrometallurgical and high-temperature
processes within the metallurgical, chemical engineering, energy, environmental, and water
treatment industries, as summarized in Table 1.

Table 1. Classification and sources of industrial inorganic solid wastes (IISWs).

Classification

Industrial Sources

Metallurgy Chemical Engineering Energy Wat"er:-ie‘:]tanssgater
ithi WTS and sewage
IISWs from hydroprocesses ~ Red mud, ZLR, lithium slag, and EMR Phosphogypsum udge

IISWs from

high-temperature processes

BFS, steel slag, CSS, LSS, and zinc

. CGS CFA
pyrometallurgical slag

2.2. Composition and Physicochemical Properties
2.2.1. General Chemical Composition

The composition of IISWs is often similar, with possible variations in elemental content.
Elemental analysis and X-ray fluorescence spectrometry (XRF) detection of IISWs can
determine their primary elemental composition. The main components of IISWs are
sodium (Na), silicon (Si), aluminum (Al), magnesium (Mg), potassium (K), calcium (Ca),
manganese (Mn), iron (Fe), titanium (Ti), etc. The composition reported in the literature is
shown in Table 2. As can be seen from the table, most of these wastes contain significant
amounts of elements such as Si, Al, Ca, and Fe, which often serve as active components in
adsorbents. Elements like Na, Mg, K, and Ti are present in relatively lower amounts, and
certain phases of these elements can also function as constituents of adsorbents. The data
reveal considerable variation even within the same waste category. For example, red mud
samples show silica (SiO,) content ranging from 7% to 24%, and alumina (Al,O3) content
from 19% to 26%. The data highlight that the specific industrial process, raw materials, and
operational conditions greatly influence the final waste composition.

Table 2. Main chemical composition of IISWs.

Composition (wt%)

IISWs . MnO 2 Fe O3 € . Ref.
NazO 5102 A1203 MgO Kzo CaO /MnOZ b /FeO d TIOZ
13.76 23.82 25.28 / 0.77 13.76 / 17.21¢ 3.04 [6]
Red mud 5.38 7.57 25.47 / / 1.24 / 52.59 ¢ 591 [27]
9.95 16.88 19.79 / / 19.05 / 20.92 ¢ 9.06 [28]
ZLR 0.20 18.78 2.30 0.67 0.72 17.38 / 8.31°¢ / [14]
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Table 2. Cont.
Composition (wt%)
a C

TISWs Na,0  Si0, ALO;  MgO K0 Ca0 /1\1\/;[;1(())2 "\ I;;zg% Tio, ~ Ref
0.12 70.42 28.40 0.05 0.13 0.11 / 0.24 ¢ / [15]
Lithium slag 0.33 53.22 17.11 0.41 0.53 10.11 / 1.48°¢ / [29]
0.13 70.67 27.24 0.16 0.22 0.29 / 0.52°¢ / [30]
2.7 24.6 12.2 1.7 24 8.6 46° 79¢ 0.4 [31]
EMR / 26.64 10.18 1.56 1.94 20.31 2.932 5.72°¢ / [32]
/ 37.47 10.87 / 2.85 14.87 3.312 6.11°¢ / [33]
0.22 5.32 0.28 / 0.24 26.6 / 0.2¢ / [17]
Phosphogypsum / 1.18 0.12 0.15 / 47.84 / / / [34]
/ 6.68 0.38 / / 30.08 / / / [35]
0.04 40.33 31.84 0.48 1.32 0.09 / 6.43 0.46 [36]
WTS 0.07 9.41 51.01 0.22 0.20 1.31 0.49 2 0.7¢ 0.05 [37]
0.3 54.1 28.84 0.64 0.75 3.1 0.372 9.92°¢ 1.28 [38]

0.27 29.13 20.59 1.11 / 47.08 / 1.58°¢ / [19,39]
BFS 1.84 37.48 12.86 2.45 0.71 36.7 6.24 2 0.40 ¢ 0.72 [38]
0.7 41.1 8.2 3.12 0.3 37.2 2,642 2.51¢ / [40]
/ 13.50 2.31 5.80 / 45.50 2.24° 24.30¢ / [20]
Steel slag 0.05 14.38 5.48 3.42 0.04 44.83 1.942 21.65°¢ 0.57 [21]
/ 12.33 0.18 10 / 32.73 3.292 38.83¢ / [41]
0.11 48.97 40.26 0.4 0.49 2.29 0.022 3.07 ¢ 1.52 [22]
CFA 0.45 48.21 33.18 0.75 / 5.68 / 4.80° / [42]
5.15 48.09 18.48 3.96 / 10.36 0.142 8.40°¢ 0.94 [43]
1.73 58.45 24.36 0.96 3.12 2.35 / 4.70¢ 1.95 [23]
0.91 26.30 14.54 0.49 1.03 4.66 / 2.59¢ 0.67 [44]
CGS 0.94 51.34 26.66 1.18 1.59 12.28 / 424¢ 1.10 [44]
3.2 427 22.1 1.4 1.2 10.6 0.2b 12.1¢ 1.0 [45]
CSs / 49.01 19.28 3.92 / 18.83 / 6.02 4 / [46]
LSS 4.68 19.68 3.99 1.68 0.86 10.07 1112 33.57 ¢ 0.25 [25]

/, not reported; * MnO, b MnO,, € Fe;O3, and 4 FeO.

2.2.2. Physicochemical Properties

IISWs generated during hydroprocesses typically contain water and soluble metal ions
at specific concentrations, which constitute the primary environmental hazard. For instance,
red mud mainly comprises iron, aluminum, titanium, silicon, calcium oxide, and various
hydroxides, including hematite (Fe;O3), goethite (FeOOH), magnetite (Fe30,), boehmite
(v-AlIOOH), gibbsite (Al(OH)3), anatase (TiO,), rutile (TiO,), quartz (5i0,), calcite (CaCOs3),
and perovskite (CaTiO3). With pH typically ranging from 10 to 13, its high alkalinity poses a
corrosive risk to the environment [47]. Zinc slag has a complex composition, rich in calcium,
silicon, and iron elements. The primary mineral components are quartz (SiO,), with small
amounts of kyanite (Al;SiOs) and hematite (Fe;O3) also present [48]. The main components
of lithium slag are silicon dioxide, aluminum oxide, calcium oxide, etc., and it may contain
small amounts of lithium, potassium, sodium, and other alkali metal oxides. EMR primarily
consists of quartz and gypsum dihydrate, containing high concentrations of Mn?* and NH,*
ions with significant leaching toxicity. It also contains high concentrations of heavy metals,
including manganese, cobalt, nickel, and lead. Phosphogypsum is a high-grade gypsum
resource with a CaSOy4-2H,O content exceeding 90%. It also contains other substances, such
as soluble phosphorus pentoxide, soluble fluoride, co-crystalline phosphorus pentoxide,
organic matter, and alkali metal salts [17]. The content and characteristics of WTS vary
by location and depend on several factors, such as seasonal changes in raw-water quality,
treatment processes, and chemical reagents. Chemically, the sludge consists mainly of silica,
alumina, iron(Ill) oxide, and lime, along with trace amounts of heavy metals [49].
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The high-temperature process generally involves material phase transformation, and
the resulting IISWs have stable structures. BES, composed of oxides such as CaO, Al,O3,
and SiOp, is traditionally used in construction and landfills due to its high strength and
bulk density. The main chemical components of steel slag are 5iO,, Al,O3, CaO, and
MgO [50]. CFA contains metal oxides, primarily SiO, and Al,O3, which are similar to the
tetrahedrally positioned Si and Al in the framework structures of zeolite and kaolinite.
Silicon can be sustainably recovered from CFA in the form of nanoparticles or aqueous
solutions for the synthesis of zeolites. CGS consists of inorganic minerals and residual
carbon particles, categorized into coarse and fine slag. The particle sizes of coarse slag are
primarily within the 164 mesh range (1.19-4.75 mm), while fine slag falls below 200 mesh
(0.075 mm). Coarse slag contains 5-30% residual carbon, whereas fine slag has 30-50%
residual carbon, accounting for approximately 20% of total production. This slag contains
incompletely burned residual carbon and exhibits abundant specific surface area and metal
oxide minerals formed during high-temperature quenching. CSS contains various metals
such as zinc, copper, and lead, and exhibits ultrafine particle size. LSS possesses volcanic
ash activity. The slag contains various heavy metals, including Zn, Pb, Cd, As, and Cr.
These heavy metals rarely occur in sulfides but are instead present in oxides, which are
generally more soluble in the environment than sulfides [25].

2.3. Treatment Technologies

The key issues in industrial solid waste disposal include: how to mitigate its safety
and environmental impact risks, how to further extract its valuable components, and how
to achieve its resource utilization. Consequently, technologies for treating IISWs primarily
include release back into the natural environment, stabilization and/or solidification,
recovery of valuable elements, and production of various materials.

2.3.1. Release Back into the Natural Environment

The volumes of IISWs are extremely large. Therefore, the most commonly used
strategy for their disposal at present is to release them back into the natural environment.
The methods include landfilling, backfilling, and soilization, which release IISWs into
landfills, goaf areas, and soil, respectively.

(1) Landfilling

Currently, the simplest method for solid waste disposal is landfilling, which is often the
most economical option. However, landfilling typically requires substantial land resources
and poses significant safety and environmental risks. IISWs containing no soluble salts or
ammonia nitrogen pose relatively lower environmental risks during storage. In contrast,
IISWs from hydroprocesses and fly ash often contain soluble salts, ammonia nitrogen, and
heavy metals, thereby posing greater environmental risks. Therefore, such IISWs must
undergo treatment to meet regulatory standards before landfilling. In China, the common
practice is to collect EMR at open sites near factories. Still, these collection points are often
poorly managed and fail to prevent their infiltration into the soil and surrounding areas.
Since EMR contains some heavy metal elements and compounds, untreated discharge can
cause severe pollution of the surrounding soil and receiving water bodies. Additionally,
these collection sites occupy a large amount of land resources. For a long time, large-scale
industrial activities that produce large amounts of EMR have been regarded as a burden
due to the high costs of subsequent treatment and landfilling [51].

(2) Backfilling

Using IISWs for backfilling is widely regarded as an effective strategy for solid waste
disposal. There are generally two methods of backfilling. One is to backfill ISWs during
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the backfilling mining process. This method not only facilitates the disposal of [ISWs but
also enhances mining recovery and safety. Another method involves filling IISWs into
existing goaf areas. The primary objective of this approach is to dispose of IISWs while
providing some support to the goaf areas. Yao et al. [52] prepared coal-based cemented
backfill material (CCBM) using CFA, coal gangue, and other coal-based solid wastes as
primary raw materials, with a small amount of cement as binder and quicklime as an
additive. This approach effectively reduces the accumulation and emission of IISWs. More
importantly, backfilling significantly decreases the space for overburden movement. Yin
et al. [53] utilized raw phosphogypsum as a filler. A composite binder was prepared by
mixing CFA, yellow phosphorus slag (YPS), steel slag, and Portland cement. These four
types of IISWs were incorporated into the cement paste backfilling (CPB) technique. After
60 days of curing, the unconfined compressive strength of the material ranged from 3.1 MPa
to 19.5 MPa, providing a highly strengthened support to the mine to be filled with CPB.

(3) Soilization

Soil-based utilization of solid waste is a critical pathway to address pollution from
waste stockpiling and achieve resource recycling. Modifying and regulating the physic-
ochemical properties and aggregate structure of solid waste facilitates its transformation
into a soil-like matrix, thereby supporting ecological restoration and sustainable utilization.
Zhu et al. [54] investigated the stability of bauxite residue during the soil-formation process.
By adding desulfurization gypsum and maize straw-Penicillium oxalicum, the alkalinity
of bauxite residue was reduced. The pH decreased from an initial strong alkaline level
(~10.5) to near neutrality (7.52), a reduction of approximately 3.0 units. The exchangeable
sodium percentage (ESP) dropped from a high level (>50%) to 35.84%, effectively mitigat-
ing salinity hazards. Tang et al. [55] processed red mud to reduce its alkalinity, thereby
enhancing nutrient availability and enzyme activity, which facilitates its pivotal role in
driving carbon, nitrogen, and phosphorus cycles. In recent years, the soil improvement
and soil chemicalization of phosphogypsum have become a research hotspot. Bossolani
et al. [56] improved soil structure, increased soil organic matter content, and enhanced
crop yields using phosphogypsum. Liu et al. [57] prepared three types of artificial soils
using red mud and phosphogypsum. The study demonstrated that these artificial soils
have the potential to support various bacterial-dominated biochemical reactions, thereby
significantly enriching nutrient cycling and energy flow processes and enhancing their
fertility and soil biological activity.

2.3.2. Stabilization and/or Solidification

Stabilization/solidification technologies can reduce the harm caused by heavy metal
ions in IISWs by converting them into insoluble or non-migrating forms. Shu et al. [58]
utilized MgO and phosphorus resources to simultaneously stabilize and solidify Mn?* and
NH,*-N in EMR. The efficiency of simultaneous stabilization and solidification for Mn?*
and NHy*-N reached 91.58% and 99.98%, respectively. Mn?* was primarily stabilized in the
forms of MH(H2PO4)2~2H20, Ml’lg(PO4)2~3H20, MH(OH)z, and MI’IOOH, while NH4+-N
existed as NH4sMgPOy-6H,O. Li et al. [59] utilized a novel burning raw material (BRM)
as an intermediate product for stabilizing PO4*~-P and F~ in phosphogypsum. Under
a phosphogypsum-to-BRM ratio of 100:2 and a solid-to-liquid ratio of 4:1, the phospho-
gypsum leachate exhibited an F~ concentration of 8.65 mg/L and a PO,3~-P stabilization
efficiency of 99.78% after a 24-h reaction at 30 °C. The stabilized compounds primarily
included Ca5(PO4)3F, CaPO3(OH), Ca5(PO4)3(OH), Ca2P207'2H20, CaSO4PO3(OH)'4HZO,
CaF,, and CaFPOs5-2H,0.
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2.3.3. Recovery of Valuable Elements

The recovery of valuable elements from IISWs requires a secondary extraction of
resources, which can increase their value. The recovery of Fe and Al from solid waste
is common. Li et al. [60] recovered Fe and Al from red mud using acid leaching, with
recoveries exceeding 90% and 92%, respectively. Some heavy metals are present in solid
waste. Zhang et al. [61] leached copper smelting dust (CSD) with sulfuric acid, achieving
leaching ratios of 87.23%, 93.07%, and 95.21% for Cu, Zn, and As, respectively. This
method successfully recovered valuable metals from CSD. Rare metals in IISWs are also
an important part of recycling. Habibi et al. [62] employed a process involving washing,
calcination, hydrolysis, and solvent extraction to recover REEs and Ti from red mud. The
total Sc recovery reached 83.8%, and the total Ti recovery was 78.5%. Zeng et al. [35]
investigated REE leaching in phosphogypsum, achieving a recovery of 83.4% for } REE
at 80 °C.

2.3.4. Producing Various Materials

To meet the growing trend of waste reuse and clean production, many studies have
used IISWs containing substances such as quartz, gypsum, alumina, and calcium oxide to
prepare cementitious materials, geopolymers, permeable bricks, and subgrade materials.

Using solid waste rather than traditional raw materials to produce cementitious materi-
als can reduce carbon emissions and resource consumption, which is of great significance to
the development of green building materials. Li et al. [63] synthesized cement-based materi-
als using red mud and arsenic sludge. Under optimal conditions, the compressive strength
of the cement-based material reached 12.05 MPa after 28 days of curing. He et al. [64]
prepared ternary composite cementitious materials using activated electrolytic manganese
residue (AEMR), slag, and cement. For these ternary mortars, the compressive strength
was significantly higher than that of the AEMR-cement binary system. Additionally, the
microstructure of the ternary system mortar was superior to that of the AEMR-cement
binary system mortar. Luo et al. [24] developed a novel iron phosphate cement (IPC) using
CSS and ammonium dihydrogen phosphate (ADP) as starting materials. The prepared IPC
material holds significant potential as an alternative cementitious material for pavement
and building restoration applications. Ouyang et al. [65] prepared a phosphogypsum-
based all-solid-waste cementitious binder using steel slag powder as an alkaline activator.
Lian et al. [66] utilized phosphogypsum as the primary raw material for a high-content
phosphogypsum cementitious (HCPC) system. In this system, phosphogypsum serves
as the ‘skeletal support,” providing the fundamental components for hydration reactions.
Ke et al. [67] utilized the synergistic effects of low-quality IISWs such as circulating flu-
idized bed fly ash (CFBFA), red mud, fly ash (FA), and carbide slag (CS) to produce
long-term, performance-stable, eco-cementitious materials. The materials exhibit excellent
early strength, no cracking, and favorable, stable strength development in later stages.
Wang et al. [68] prepared red mud-phosphogypsum-based composite cementitious materi-
als (RM-PGCM) using red mud and hemihydrate phosphogypsum as cement substitutes.
The composite with 7% red mud and 60% hemihydrate phosphogypsum exhibited optimal
performance, achieving a 28-day compressive strength of 23.33 MPa, flexural strength of
7.68 MPa, softening coefficient of 0.75, and thermal conductivity of 0.3765 W-m~1.K~1.

The development of solid waste-based polymers effectively addresses the challenge of
waste accumulation, with its superior performance offering a novel solution for engineering
applications. Luo et al. [69] prepared single-component polymers using lithium slag as the
raw material, combined with composite activators NaOH-Na,;SiO3, NaOH-Ca(OH);, and
NaOH-CaCOj. Experimental results demonstrated that the lithium slag-based polymer
with 5% composite activator could achieve moderate mechanical properties, as evidenced
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by a compressive strength of up to 35.6 MPa at 28 days. Li et al. [70] synthesized geopolymer
by using EMR and lead-zinc smelting slag (LZSS) as raw aluminum silicate materials. The
results showed that the geopolymer loaded with 1% Pb(NOs3), exhibited the highest 7-day
compressive strength of 28.5 MPa, with heavy metal leaching concentrations below the
limits (total Pb < 5 mg/L; total Zn < 100 mg/L). Xu et al. [71] utilized red mud to produce en-
gineered geopolymer composites (EGC) with high strength and high ductility. The research
results demonstrated that EGC containing 50% high red mud achieved a compressive
strength exceeding 100 MPa and a tensile strain capacity of over 5%. Li et al. [72] developed
a novel ternary, fly ash-based geopolymer by recycling red mud and BFS. This geopolymer
exhibits considerable mechanical strength and significant environmental advantages.

Solid waste is the main raw material for preparing sintered or non-fired brick, which
can reduce the exploitation of natural resources, relieve pressure on solid waste accumula-
tion, and provide both economic and environmental benefits. Zhao et al. [73] incorporated
red mud into calcium sulfoaluminate cement to produce unsintered bricks. The red mud
effectively reduced the porosity of the hydration products in the binary mixture, thereby
enhancing the bricks’ compressive strength in the later hydration age. Zhou et al. [74]
utilized phosphogypsum as the sole raw material to fabricate hardened bricks through
an innovative batch pressing hydration process. Under optimal pressing conditions, the
resulting hardened tiles achieved a high flexural strength of 18.9 MPa. Pahroraji et al. [75]
prepared brick samples using coal ash, including CFA and bottom ash, as the raw materials,
and ground granulated blast-furnace slag (GGBS) and hydrated lime as binders. The
silica-rich CFA contributes to hardness, while the calcium oxide and silica-rich slag not
only enhances hardness but also acts as a catalyst to promote strength formation.

The development and application of solid waste-based subgrade materials represent
an organic integration of transportation infrastructure and solid waste resource utilization,
offering innovative solutions for low-carbon infrastructure. Wang et al. [76] developed an
EMR-based subgrade material using EMR, carbide slag, and GGBS as raw materials. The
optimal pretreatment ratio of carbide slag to EMR was 1:9. The carbide slag-pretreated
EMR stabilized with 10% GGBS exhibited high strength and excellent durability, achieving
a strength exceeding 10 MPa after 7 days of curing. Wang et al. [77] developed a composite
cement-based system combining phosphogypsum with a small amount of inorganic curing
agents, particularly emphasizing waterproofing components, along with cement and GGBS,
to enhance road performance and water stability. Under the optimal proportion, the
compaction characteristics and water stability of the subgrade materials met the highway
engineering standards.

3. Preparation of Adsorbents from IISWs

IISWs containing elements such as Si, Al and Fe can serve as potential raw materials
for adsorbent production. Typically, processes such as alkali melting and hydrothermal
treatment are employed to convert these IISWs into adsorbents [78]. The produced ad-
sorbents mainly include modified IISWs, zeolites, silica particles, metal oxides, porous
ceramics, and composite and hybrid adsorbents.

3.1. Modified IISWs

IISWs may generate adsorption active sites during their production process, endowing
them with inherent adsorption properties. Zhong et al. [6] tested the adsorption performance
of red mud, with a maximum adsorption capacity (qm) of 0.28 mmol-g~!. Han et al. [30] used
spodumene leaching residue (SLR), a kind of lithium slag, as an adsorbent. SLR possesses
a structure with active adsorption sites, exhibiting a specific memory effect for lithium
ions. Based on the compositions of B-lithium pyroxene and SLR, a crystal structure model
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was established using Materials Studio 6.0, as shown in Figure 1A. However, the direct
application of untreated IISWs in adsorption applications may lead to contamination and
often results in limited efficacy. Therefore, such wastes must undergo modification before
use in adsorption. Surface chemical modification with reagents, hydrothermal treatment,
and pyrolysis are common methods for altering the composition and phase composition of
IISWs, thereby enabling resource utilization and enhancing their adsorption performance.
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Figure 1. (A) Crystal structure diagrams of (a) f-spodumene (b) spodumene leaching residue (SLR),
and (c) SLR after Li adsorption. Reprinted with permission from reference [30]. Copyright 2018,
Elsevier. (B) Preparation procedure of activated red mud (ARM) and modified red mud (MRM).
(C) Characterization of red mud and MRM: (a,b) Particle size distributions, (c¢,d) Scanning electron
microscopy (SEM) images, (e) X-ray diffraction (XRD) patterns, and (f) Fourier transform infrared
spectroscopy (FTIR) spectra. Reprinted with permission from reference [6]. Copyright 2024, Elsevier.

Surface chemical modification typically involves activating or etching IISWs with
acids, alkalis, salts, or organic compounds, thereby exposing more atoms and generating
additional active sites. Zhong et al. [6] treated red mud with sulfuric acid and obtained an ac-
tivated red mud (ARM) adsorbent with a maximum adsorption capacity of 0.46 mmol-g !
for Ni%*, which was higher than that of the original red mud. Zhang et al. [79] prepared
a high-performance CaO/Cj,A7 high-temperature calcium-based CO, adsorbent by ac-
tivating ladle furnace (LF) refining slag with acetic acid leaching and high-temperature
calcination. The adsorbent primarily consists of CaO, with a dispersed amount of C1,A7. As
the inert framework of the adsorbent material, C1, Ay inhibits CaO particle agglomeration
and slows the sintering deactivation process. C1pAy increases the number of oxygen vacan-
cies in the CaO lattice of the CaO/C1pA7 calcium-derived adsorbent, thereby enhancing
CO, diffusion and O, migration during the early stages of diffusion-controlled carbonation,
ultimately improving the carbon dioxide capture capacity of CaO. Shi et al. [80] prepared
a sodium hydroxide-activated coal gasification coarse slag (SH-CGCS) from coal gasifica-
tion coarse slag (CGCS) via alkali activation. SH-CGCS is a mesoporous material with a
mesoporous content over six times that of CGCS and a specific surface area (64 m?- gfl) ap-
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proximately six times that of CGCS (11 m?-g~!). Compared to CGCS, its adsorption capacity
is significantly enhanced. Wei et al. [81] employed a mechanical dispersion-suspension
solidification method, using Fe-rich CSS as a raw material and a sodium silicate-sodium
hydroxide mixture as an alkali activator. By regulating the mechanical stirring speed to
control the particle size of the adsorbent, they successfully prepared a magnetic copper slag-
based alkali-activated microspheres (CS-AAMs). Ning et al. [82] prepared an iron-modified
water treatment residue (Fe-WTR) by mixing FeCl; solution with water treatment residue
(WTR), followed by drying, washing, and grinding. Compared with WTR, Fe-WTR exhibits
a rougher surface and more dispersed particle distribution, with its surface area increasing
from 34.19 m?-g~! to 50.29 m2-g 1. This heterogeneous morphology provides Fe-WTR with
more surface active sites for adsorption. Ifthikar et al. [83] modified wastewater treatment
sewage sludge biochar with carboxymethyl chitosan to develop a CMC-5SBC-3 biosorbent.
Carboxymethyl chitosan coating on sewage sludge biochar improved its stability in water,
enabling the biosorbent to demonstrate excellent reusability for heavy metal ions, including
Pb?* and Hg?*.

Hydrothermal treatment of IISWs facilitates their phase transformation, thereby en-
hancing their adsorption performance. Zhong et al. [6] used a hydrothermal method to treat
ARM with sodium hydroxide and colloidal silica, obtaining a modified red mud (MRM).
The preparation and characterization of MRM are shown in Figure 1B,C. The maximum
adsorption capacity of MRM for Ni?* was significantly higher than that of the original red
mud and ARM.

Pyrolysis can decompose certain components in IISWs at high temperatures, thereby
generating more porous channels and increasing their specific surface area. Zhou et al. [28]
prepared a novel red mud-based adsorbent by calcining red mud in a nitrogen-filled tubular
furnace, which is used to remove low-concentration carbonyl sulfide (COS) from flue gas.
The active components include active alkali, FeFOOH, and Fe3O4. Cao et al. [47] employed
a template synthesis method using red mud and polystyrene (PS) microspheres as raw
materials. By calcining in air to remove the PS template, they successfully synthesized
modified red mud with PS (MRM-PS) featuring a hierarchical macroporous—-mesoporous
structure. The resulting nanoparticle system exhibits high surface area and uniform pore
size distribution, with red mud and MRM-PS demonstrating surface areas of 8 m?. g’l
and 232 m2-g~!, respectively, and total pore volumes of 0.02 cm3-g~! and 0.27 cm?®.g~1,
respectively. The modification process decomposes hydrogarnet and cancrinite in red mud,
removing most of the calcium and sodium. Qiu et al. [84] mixed CFA with biomass and
subjected it to pyrolysis, followed by pH adjustment using sodium hydroxide and hy-
drochloric acid solutions. The treated sample exhibited an increased surface area and more
adsorption sites, demonstrating strong adsorption capacity for Cu?* in aqueous solutions.

3.2. Porous Aluminosilicates and Silicon/Metal Oxides

Most IISWs are rich in Si and Al elements. Therefore, aluminosilicates and oxides,
such as zeolites, micro- and nano-silica, and metal oxides, can be obtained from IISWs.
These materials feature T-O (T = Si and/or Al) bond structures that form micro/nano pores
and exhibit micro/nano-sized architectures with high specific surface areas, endowing
them with inherent advantages as adsorbents.

3.2.1. Zeolites

Zeolites are three-dimensional crystalline materials formed by tetrahedral SiO4 and
AlOy4 units linked through shared oxygen atoms in a specific sequence [5]. Their large
specific surface area and molecular-scale pores make zeolites widely used in adsorption
and catalysis. In adsorption applications, zeolites can capture waterborne dyes [85], metal
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ions [86], phenols [87], and other substances. IISWs rich in Si and Al are ideal raw materials
for low-cost zeolite production. The application of solid waste-derived zeolites in pollution
control achieves dual environmental protection, offering a win-win solution. The two-step
method is the preferred procedure for converting IISWs into zeolites. In this process, [ISWs
are first subjected to alkali melting pretreatment, followed by hydrothermal treatment.
During the conversion, the insoluble glass phase and the crystalline phase are eliminated,
and the aluminosilicate zeolite framework forms.

The most common method for converting IISWs into zeolites is the hydrothermal
method. Ibsaine et al. [88] developed a NaX zeolite with excellent ion exchange capacity
via the hydrothermal method using lithium slag. The research identified fine particles as
the optimal component for zeolite production, with over 56% of the lithium slag containing
particles smaller than 53 pm. Compared to the initial lithium slag, the synthesized zeo-
lite showed a reduced Si/ Al ratio from 2.06 to 1.22-1.47, while Na,O content increased
significantly from 0.13% to 17.8-23.1%. Lv et al. [89] used lithium slag as a raw material
to synthesize zeolite NaA via a conventional hydrothermal method, and they applied
the resulting zeolite to the adsorption of Pb?>* and Cd?* from heavy metal wastewater.
Li et al. [33] used EMR and red mud as raw materials, adjusting the system’s alkalinity by
using sodium hydroxide solution during the crystallization process, with the final product
being zeolite X (ERZ). The results demonstrated that the synthesized ERZ exhibited excel-
lent crystallinity, high thermal stability, and a large specific surface area. Figure 2A showed
that ERZ exhibited a typical octahedral structure with regular morphology. Figure 2B
indicated that at 0-1 h of crystallization, the peaks of the Raman spectra at 502 cm~! and
576 cm~! corresponded to four-membered rings (4Rs) and branched 4Rs, respectively,
while the peak at 848 cm~! was the symmetric stretching vibration peak of the T-O bond,
and the peak at 1007 cm~! was the asymmetric stretching vibration peak of the T-O-T
bond (indicating the presence of B cages). After 3 h, the 4Rs peak sharpened and shifted
to 511 cm !, with the appearance of double six-membered ring (D6R) bending vibration
peaks at 284 cm ! and 380 cm~!. After 6 h, the characteristic peaks of zeolite X appeared at
289 cm~1, 378 cm 1,985 cm ™!, and 1076 cm !, with 985 cm ! and 1076 cm ™! correspond-
ing to the asymmetric stretching vibration of the T-O-T bond. Figure 2C demonstrates that
the Nj adsorption—desorption isotherm of ERZ exhibits an I-type isotherm with a H4-type
hysteresis loop, indicating its microporous structure dominated by monolayer adsorption.
The specific surface area reaches 512.679 m?-g~!, with a pore volume of 0.297 cm?.g~!
and a micropore diameter of approximately 1.874 nm. The large specific surface area
and suitable pore size endow it with excellent potential for ion exchange and pollutant
adsorption. Figure 2D shows that before crystallization, the sample exists as an amorphous
silico species, with a broad peak at —83.2 ppm in chemical shift, decomposing into four
sub-peaks, Si(4Al) (sodalite), Si(4Al), Si(3Al), and Si(2Al), indicating the presence of -
lattice and 4Rs structural units. After 3 h, the primary coordination structures of Si are
Si(4Al), Si(3Al), and Si(2Al), suggesting that the silico species undergoes depolymeriza-
tion to form cyclic or chain-like structures. After 6 h, distinct peaks appear at —84.0 ppm
and —89.2 ppm, with the primary coordination structures being Si(4Al) and Si(3Al). The
peak shapes become sharper with increasing crystallization time, reflecting enhanced crys-
tallinity. Before crystallization, a broad peak appeared at 61.8 ppm, corresponding to the
Al(45i) and Al(3Si) species in the amorphous silicoaluminate phase. As the crystallization
time increased, the proportion of Al(4Si) increased, the peak shape gradually narrowed,
and the structural order improved, ultimately forming a tetrahedral Al structure within the
zeolite X framework. Ma et al. [43] initially synthesized a geopolymer using CFA and ladle
furnace slag (LFS), followed by hydrothermal treatment, to produce zeolite. The zeolite
primarily consists of kieselsite, sodium feldspar, zeolite-P, and trace amounts of hydrated
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calcium silicate gel, which effectively removes Pb?* from wastewater. Sun et al. [90] utilized
a CGS-derived desilication solution as the primary silicon and sodium source to synthe-
size ZSM-5 zeolite via a one-step hydrothermal method. The optimized ZSM-5 zeolite
exhibited hexagonal morphology with a well-defined crystalline structure, demonstrating a
relative crystallinity of 101.48%, a specific surface area of 337.48 m?-g~1, and a pore volume
of 0.190 cm3-g~1. Characterized by an exceptional silicon-to-aluminum ratio, the zeolite
achieved a SiO, / Al,O3 molar ratio of 104.93.
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Figure 2. Characterization of zeolite X: (A) (a) Rietveld refinement and (b) SEM mapping of elemental
distribution and energy-dispersive X-ray spectroscopy (EDS) spectrum; (B) (a) XRD patterns and
(b) Raman spectra of samples at different crystallization time; (C) (a) Thermogravimetric analysis
(TG) curve and (b) N, adsorption—-desorption isotherm; (D) (a) 295 and (b) %’ Al solid-state nuclear
magnetic resonance (SSNMR) spectra of samples at different crystallization time. Reprinted with
permission from reference [33]. Copyright 2025, Elsevier.

Before the hydrothermal synthesis of zeolites, pretreatment of IISWs, such as through
alkali dissolution, is sometimes required. Li et al. [12] used silicon and aluminum extracted
from red mud as raw materials, adding Na;SiO3-9H,0 or NaAlO; to adjust the Si/Al
molar ratio to 1.05. The adjusted mixture was transferred to a high-pressure reactor lined
with polytetrafluoroethylene (PTFE) and subjected to hydrothermal treatment at 95 °C for
12 h. After the hydrothermal reaction, the white solid product was collected by filtration,
thoroughly washed with deionized water and ethanol, and dried to obtain an RML-NaA
zeolite. The RML-NaA zeolite material appeared as a white powder, exhibiting excellent
crystallinity and the typical cubic structure of NaA zeolite, with a specific surface area
of 18.02 m?- g’l. Chen et al. [91] synthesized NaP1 zeolite from red mud through alkali
fusion followed by hydrothermal treatment, and the resulting zeolite exhibited excellent
adsorption performance for methylene blue (MB). Chen et al. [92] synthesized zeolite X
with a crystallinity of 94.31% from lithium slag via an alkaline melt hydrothermal reaction.
This octahedral crystal exhibits excellent thermal stability, with a specific surface area of
847 m?-g~! and a main pore size of 0.859 nm. Wang et al. [93] investigated the conversion of
lithium slag into high-crystallinity hydroxysodalite, NaX zeolite, and NaA zeolite without
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the use of template agents or seed crystals. The process consists of two steps: an alkaline
melting reaction and a crystallization reaction. The alkaline melting reaction involves
mixing NaOH with lithium slag and heating the mixture in a muffle furnace at high
temperature. The crystallization reaction combines the resulting light-blue crystals with
deionized water and subjects them to autoclaving to achieve zeolite crystal growth and
stabilization. Ultimately, the conversion rates of the primary elements aluminum and
silicon in these zeolites both exceeded 90%. Li et al. [16] synthesized a porous zeolite
(EMRZ) using silicon-rich flotation concentrate (EMRC) as a raw material. Through silicon
extraction and subsequent hydrothermal treatment, pure, single-phase, spherical zeolite P
was successfully synthesized. Under optimal conditions, the obtained zeolite P exhibited
an average specific surface area of 52.46 m?-g~! and a total pore volume of 0.042 cm3.g~1.
Li et al. [32] used EMR as raw material to synthesize highly crystalline zeolite A (EMRZA)
and zeolite X (EMRZX). The synthesis employed a two-step process involving alkaline
fusion and hydrothermal methods. Li et al. [94] synthesized zeolites using EMR as the
source of Si and Al via an alkaline fusion-hydrothermal method. The product with a S5i/ Al
ratio of 1.5 was composed of NaA zeolite with a specific surface area of 35.38 m?-g~!. With
the increase in the Si/Al ratio from 1.5 to 2.5, the crystallinity and phase purity of the
samples decreased. Li et al. [39] prepared a BFS-derived zeolite (BFSZ) from BFS using an
alkali fusion-hydrothermal synthesis method. The product contains NaA zeolite with a
well-developed surface and a particle size of approximately 2 pm, primarily composed of
Si, Al, O, and Na. Under a crystallization time of 4-8 h, the zeolite content in BFSZ reached
90.90-97.41%. Acid treatment is an essential step for preparing zeolite precursors with
ideal compositions from steel slag. Kuwahara et al. [95] used steel slag as a raw material
and achieved a well-crystallized Na-type FAU zeolite, a type of zeolite including zeolite
X and zeolite Y, by removing CaO through acid treatment, followed by hydrothermal
treatment. Feng et al. [22] converted CFA into high-crystalline zeolite A with a typical cubic
microstructure via a two-stage fusion and hydrothermal treatment. The toxic heavy metals
in the synthesized zeolite were partially immobilized, with leaching concentrations below
the WHO safe drinking water limits. This CFA-derived zeolite exhibited high removal
efficiency for cesium and strontium in simulated polluted water. Liu et al. [42] utilized
CFA as a raw material and employed a high-speed dispersion homogenization-assisted
alkali fusion-hydrothermal method to synthesize NaA zeolites with excellent ammonia
nitrogen adsorption performance. The zeolites prepared under calcination at 700 °C and
crystallization at 80 °C exhibited good crystallinity and high purity, characterized by a
uniform, orderly, and well-defined cubic prismatic crystal structure, with a specific surface
area as high as 288.219 m?-g~!. Ameh et al. [96] prepared NaA zeolites with different crystal
sizes and crystallinity by using a two-step method of alkali melting and hydrothermal
synthesis using CFA as a raw material. The crystal size of NaA zeolites (0.67-3.18 pum)
could be controlled by adjusting the Si/ Al ratio (0.27-0.80) in the synthesis mixture. The
primary crystalline phases in the original CFA included mullite, quartz, hematite, and
magnetite. Notably, when compared with molten CFA, the mullite, quartz, and hematite
mineral phases in the original CFA were completely converted into two new mineral
phases: aluminates (NapAlO,) and silicates (NaySiOs). The synthesis of zeolites from
inorganic solid waste serves as a crucial pathway to achieve synergistic resource utilization
and high-value material production. Alkaline melting pretreatment is widely adopted
due to its ability to efficiently activate silicoaluminous components and enhance zeolite
crystallinity. However, this process typically requires high-temperature calcination and
strong alkaline media, accompanied by significant energy consumption and alkali solution
usage. The resulting environmental burden and energy costs have become key constraints
for green and large-scale application of the process. Current research predominantly
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focuses on activation efficiency and product performance, while lacking systematic analysis
and quantitative evaluation of energy consumption, carbon emissions, and environmental
impacts during the pretreatment stage.

During hydrothermal synthesis, microwave irradiation can enhance the process.
Huang et al. [15] directly used lithium slag with a SiO,/Al,Os molar ratio of 4.22, low
impurity content (iron, calcium, etc.), and a single crystal structure as a raw material for syn-
thesizing NaX zeolites without pretreatment or silicon-alumina source supplementation.
NaX zeolites were synthesized via hydrothermal and microwave-assisted methods. Results
demonstrated that the microwave-assisted synthesis method offered significant advantages,
reducing synthesis time to only 36% of that for hydrothermal synthesis while maintaining
the same synthesis mechanism and product properties. The synthesis process and pro-
posed mechanisms are illustrated in Figure 3. At the initial stage, the B-lithium pyroxene
structure after Li* leaching was disrupted by NaOH, causing lithium slag dissolution to
form Si-O tetrahedrons and Al-O tetrahedrons. Simultaneously, these reacted to form
sodium silicoaluminate, with Al(VI) transitioning to AI(IV) and silicon species initiating
Al coordination. At the intermediate stage, under OH™ influence, Si-O tetrahedrons and
Al-O tetrahedrons condensed to form silicoaluminate gel, which further assembled into
D6R secondary structures. D6R aggregation formed nuclei that grew into NaX crystals,
with simultaneous lithium slag dissolution, gel formation, and crystal growth. At the late
stage, the complete dissolution of lithium slag transformed all silicoaluminate gels into D6R
structures, ultimately forming pure-phase NaX zeolite crystals. Microwave accelerated the
polarization of polar species (Si and Al species) by converting electromagnetic energy to
thermal energy, enhancing heat and mass transfer efficiency while shortening reaction times
across stages without altering species transformation pathways. Fukasawa et al. [97] inves-
tigated the effects of pulverization and aluminum addition on the microwave-hydrothermal
synthesis of CFA-derived zeolites at 373 K. The results indicated that pre-pulverization of
CFA before heating increased the yield of by-products. When heating and pulverization
were conducted simultaneously, the zeolite formation rate was higher within the first hour
of pulverization but decreased with prolonged pulverization. A lower aluminum ion
content hindered the formation of the zeolite precursor, the alumino-silicate gel. Therefore,
adding aluminum ions to the slurry enhanced the zeolite formation rate. However, exces-
sive aluminum ions led to increased by-product formation, which adversely affected the
subsequent adsorption of ammonium ions.

3.2.2. Silica Particles

The integration of resource utilization of IISWs with micro/nanomaterial preparation
holds significant importance. Utilizing IISWs as raw materials to produce micro/nano-
silica particles not only mitigates pollution from waste storage but also reduces material
costs, offering both environmental and economic benefits with broad application prospects.
Bang et al. [98] employed acid leaching to remove alkali metal ions from BFS, ultimately
yielding a high-purity (~99%) amorphous silica powder with a wide specific surface area.
Gao et al. [99] synthesized mesoporous silica materials with specific surface areas of
47593 m?-g~! and 642.57 m?-g~! from activated CFA with potassium silicate and KAISiO4—
O1 phase crystalline structures. This synthesis procedure was carried out by using a
template-free method involving a two-step mineral phase transformation and selective acid
etching. Jankowska et al. [100] synthesized ordered mesoporous silica materials, MCM-41
and SBA-15, via a template method, using CFA as the silicon source and cetyltrimethy-
lammonium bromide (CTAB) as a template agent. The pure MCM-41 exhibited a specific
surface area of 991 m2-g~!, and a total pore volume of 0.84 cm3-g~1. The pure SBA-15 had
a specific surface area of 802 m?-g~!, and a total pore volume of 0.88 cm®.g~1.
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Figure 3. (A) The process of synthesizing zeolite from lithium slag. (B) The possible mechanisms for
synthesizing zeolite from lithium slag. Reprinted with permission from reference [15]. Copyright
2023, The Royal Society of Chemistry.

3.2.3. Metal Oxides

Most IISWs are rich in Al, Fe, Ti and other elements and serve as economical raw ma-
terials for the preparation of metal oxide adsorbents. Numerous studies on the preparation
of metal oxide adsorbents from IISWs have been conducted and published. Liu et al. [101]
first leached red mud with sulfuric acid to open closed pores and release metal ions such
as Fe** and AI**. They then added a complex base saturated solution to the leaching
solution to precipitate Fe3* and AI** completely. The resulting Fe-Al adsorbent was rich
in mesoporous structures. The composition of the Fe-Al adsorbent is centered around
the amorphous Fe-Al (hydroxide) formed in situ. This adsorbent exhibited a BET specific
surface area of 63.59 m?-g~!, a total adsorption pore volume of 0.0987 cm3-g~!, and an
average pore diameter of 4.2390 nm. Shon et al. [102] calcined the sludge produced by
aluminum sulfate (Al,(504)3), ferric chloride (FeCls), and titanium tetrachloride (TiCly)
flocculation at 1000 °C, 700 °C, and 600 °C, respectively. The corresponding phases of the
calcined products are mainly alumina, hematite and grattarolaite (Fe3(PO4)O3 or FesPOy),
and titanium oxide (TiO;), respectively. Chen et al. [103] developed an innovative three-step
method to synthesize NiO@-Al,O3; composite materials from WTS. The raw material, pri-
marily composed of SiO,, contains various forms of aluminum. Through high-temperature
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calcination, unstable metal components are transformed into stable metal oxides, and
organic compounds are decomposed. Subsequently, NiO nanocrystals grow in situ on
the calcined sludge, followed by calcination to form a porous structure. The resulting
NiO@v-Al,O3 composite exhibits hierarchical porosity and self-assembled NiO nanosheets.
Compared to initial sludge particles, the composite’s specific surface area increased by
5-6 times, providing more adsorption sites. This composite demonstrates high efficiency in
cadmium removal.

3.3. Porous Ceramics

Porous ceramics have significant potential for adsorption applications due to their
high porosity, extensive surface area, excellent thermal and wear resistance, superior me-
chanical properties, and strong regenerability [104]. Studies confirm that these ceramics
can efficiently remove metal ions from wastewater through multiple mechanisms, includ-
ing surface complexation, ion exchange, and physical adsorption. IISWs contain a large
amount of Al/Si-derived components, making them suitable, low-cost raw materials for
the preparation of porous ceramics. Currently, many resource recovery methods for IISWs
involve preparing ceramics from solid waste. The standard procedure for producing porous
ceramics via a pore-forming agent method involves mixing matrix materials with binders
and pore-forming agents, followed by high-temperature sintering to obtain the final prod-
uct. Depending on the type of pore-forming agent, this method can be categorized into
organic and inorganic approaches, with some preparation processes requiring no additional
pore-forming agents.

Inorganic pore-forming agents are chemically stable and do not easily agglomerate
during mixing. Some of these agents decompose to produce gases, which can form double
pores. Deng et al. [105] prepared red mud-derived ceramics by mixing red mud, bentonite
binder, and CaCOj3 in specific proportions, followed by high-temperature calcination in a
muffle furnace. The resulting ceramics exhibited a pore-size distribution ranging from 0 to
200 nm, with the majority of pores (0-50 nm) being mesoporous. During calcination, certain
metal minerals in the red mud underwent phase transformations, with Fe primarily existing
as hematite. Concurrently, new minerals such as aluminum iron oxide (Al3Fe501;) and
nepheline (Na[AlSiO4]) were formed. Wu et al. [106] converted EMR into a porous ceramic
adsorbent for methylene blue adsorption through four steps: raw material pretreatment,
mixing, forming, and sintering. The pore-forming agent, carbon powder, decomposes or
burns during sintering, producing gases that escape and form numerous pores within the
ceramic, endowing it with a porous structure. The finished ceramic exhibited a compressive
strength of 6.97 MPa, an apparent porosity of 69.70%, a specific surface area of 0.897 m?-g~1,
and predominantly mesoporous pores (an average pore size of 3.433 nm), enabling efficient
adsorption of methylene blue molecules. Ma et al. [107] successfully prepared porous
mullite ceramics using a reactive synthesis process with CFA as the primary raw material.
During sintering, SiC reacts with O, to produce products such as SiO;, CO,, SiO, and
CO. The escape of gaseous products forms pores, while the generated SiO, participates in
mullite synthesis, thereby regulating the pore structure.

Organic pore-forming agents are readily decomposable and removable, and can reg-
ulate pore size and porosity. They are widely available and cost-effective, enabling the
creation of ideal pore structures in materials. Li et al. [108] fabricated ceramic membranes
using red mud and bentonite as raw materials, with polymethyl methacrylate (PMMA) as
a pore-forming agent, through a dry pressing—solid-state sintering process. The abundant
oxides in red mud, including SiO,, Al;O3, Fe;O3, and NayO, undergo complex solid-phase
reactions during high-temperature sintering, forming crystalline phases such as hematite,
nepheline, and sodium-potassium-aluminum silicate, which constitute the framework
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structure of the ceramic membrane. As a sacrificial pore-forming agent, PMMA decom-
poses and is completely removed at approximately 400 °C, with the space it occupies
forming interconnected pores.

Some preparation processes do not add extra chemical pore-forming agents but achieve
a porous structure through physical and chemical changes in the raw materials themselves
and during calcination. Huang et al. [109] developed red mud-based modified ceramsites
(RMMC) using red mud and desulfurization gypsum whiskers (DGW) as raw materi-
als through hydrothermal synthesis pretreatment and high-temperature calcination. The
preparation process and characterization of RMMC are shown in Figure 4. During cal-
cination, the crystallization water in DGW is largely removed and volatilized, creating
abundant pores within the ceramic. The silane coupling agent KH550 fully decomposes
during calcination, releasing trace gases that further promote pore formation. The Fe; O3,
5i0,, and Al;O3 in red mud react with CaO produced by DGW decomposition to form
aluminosilicate minerals and glassy phases, establishing a robust framework structure.
This framework prevents pore collapse and ensures the stability of the porous architecture.
Cusido et al. [110] prepared ceramic particles by drying wastewater treatment plant sludge
and subsequently subjecting it to ceramicization at 1050 °C. The sludge particles contained
65% residual organic matter and 5% residual moisture. During sintering, the organic matter
decomposed and burned, releasing steam and volatile gases that escaped from the particle
interior to the surface. Simultaneously, the expansion force generated by the combustion of
organic matter maintained the spherical morphology of the particles, ultimately leaving
numerous pores in the ceramic matrix, thereby forming a porous structure.
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Figure 4. (A) Preparation process of red mud-based modified ceramsites (RMMC). (B) Characteriza-
tion of RMMC: SEM images of (a) red mud, (b) desulfurization gypsum whiskers (DGW), (c) inter-
mediate of RMMC (RMDGWH), and (d) RMMCS3; (e) XRD of CaSO,-2H,0, RMDGWH, RMMC3,
and RMMC3-Pb; (f) X-ray photoelectron spectroscopy (XPS) spectra of RMDGWH, RMMC3, and
RMMC3-Pb; High-resolution XPS spectra of RMMC3 and RMDGWH for (g) Ca 2p, (h) C 1s, (i) O 1s,
and (j) S 2p. Reprinted with permission from reference [109]. Copyright 2025, Springer Nature.
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3.4. Composite and Hybrid Adsorbents

To improve the utilization of IISWs, researchers often mix different types of IISWs to
prepare composite adsorbents. These composite adsorbents typically exhibit multifunc-
tional adsorption properties.

3.4.1. Inorganic Solid Waste Composites

The synergistic combination of multiple IISWs enables the design of composite adsor-
bents with enhanced adsorption capabilities, achieved through complementary chemical
compositions and pore-structure optimization. Ma et al. [111] mixed EMR with serpen-
tine and calcined the mixture at 800 °C for 2 h to prepare a composite adsorbent with
a specific surface area of 11.998 m?-g~!. The adsorption capacities of this adsorbent for
Cd?* and Pb?* reached 98.05 mg-g~! and 565.81 mg-g~!, respectively. Jiang et al. [112]
prepared a non-sintered adsorbent composite granular filler (CGF), using CFA, steel slag,
and desulfurized gypsum (DG) as raw materials, cement as an activator and binder, and
hydroxypropyl methylcellulose (HPMC) as a water-retaining agent dispersant, through
roll-forming. To prevent the expansion and cracking of CGF, the formed adsorbent un-
derwent 7 days of hydrothermal curing, followed by 21 days of natural curing. The CGF
exhibits an approximately elliptical shape with an average diameter of about 5 mm; a
bulk density of 0.928-1.08 g-cm~3; a filling porosity of >30%; a specific surface area of
>1.915 x 10° cm?-g~!; a water absorption ratio of >12.97%; and an average pore size
of >9.32 nm. Qi et al. [113] used CFA from a coal-fired power plant and sludge from a
wastewater-treatment plant as the main feedstocks for an adsorbent. The sludge supplied
iron, while the CFA supplied carbon. The resulting adsorbent is a magnetic iron—carbon
composite that can be rapidly separated and recovered under an applied magnetic field.
Its specific surface area is 228.65 m?-g~!, pore volume is 0.24 cm3-g 1, and average pore
diameter is 4.22 nm, indicating a predominantly mesoporous material. Zhan et al. [41]
mixed bentonite with steel slag powder in a certain proportion, added Na,CO3 and DW,
and obtained the composite adsorbent BSC after granulation and calcination.

3.4.2. Inorganic Solid Waste-Biomass Composites

Mixing IISWs with biomass and then calcining it allows the biomass to serve as a
carbon source or to improve the adsorbent’s structure. Feng et al. [114] mixed red mud,
dried urban sludge, lignin, and chitosan in a certain mass ratio, followed by calcination
to obtain a lignin-modified spontaneous magnetic sludge-based biochar (LC@SRBC) ad-
sorbent. The LC@SRBC adsorbent has a rough surface and possesses mesoporous and
microporous structures. Wei et al. [115] developed an EMR-biochar (EB) composite through
one-step pyrolysis using a mixture of EMR and distillers grains. The metal oxides in EMR
facilitate co-pyrolysis onto biochar, modifying its physicochemical properties and enhanc-
ing adsorption capacity. At elevated temperatures, cellulose-like components in the lees
degrade progressively, releasing volatile compounds and promoting pore formation. Liu
etal. [116] used phosphogypsum to prepare a distillers grains-modified engineered biochar
(DGMC600) composite, which could remove fluoride (F~) and arsenic (As®*) from water.
As a calcium-rich material, phosphogypsum undergoes Ca?* modification that transforms
micropores into macropores, significantly increasing pore volume and specific surface
area. When co-thermally pyrolyzed with biomass feedstock, phosphogypsum alters the
functional groups and surface charge of biochar, thereby enhancing its pollutant adsorption
capacity. This innovative approach of chemical activation and surface functionalization
effectively increases the density of active binding sites. Wang et al. [117] prepared TiO;-
loaded phosphogypsum-modified biochar (TYBC) by mixing phosphogypsum with TiO,
and rapeseed straw in a weight ratio of 2:1:1. The mixture was carbonized under a nitrogen
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atmosphere and heated to a specified temperature, then maintained for 30 min. The modi-
fication significantly increased the specific surface area of the original biochar, attributed
to the formation of Ca—O and Ti—O bonds during pyrolysis. Jiang et al. [118] prepared a
phosphogypsum-modified biochar composite (PMBC) via one-step pyrolysis using phos-
phogypsum, wood chips, and distillers grains as raw materials. The moisture content of
the PMBC was reduced, and many fine particles appeared on the surface. The introduction
of phosphogypsum promoted the formation of functional groups on the PMBC surface.

By forming composite or hybrid adsorbents from solid waste and other components,
chemical synthesis can also enhance adsorbent performance. Li et al. [119] synthesized
white spherical solid particles of RMZA-CS with diameters ranging from 1 mm to 2 mm
using red mud and chitosan as raw materials. RMZA-CS is a composite material of zeolite
and biomass chitosan, with a BET specific surface area of 11.38 m2-g~1. The preparation
process of RMZA-CS is shown in Figure 5.
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Figure 5. Overview of the synthetic pathways for RMZA-CS. Reprinted with permission from
reference [119]. Copyright 2025, Elsevier.

3.5. Potential Environmental Benefits

The utilization of IISWs in the preparation of adsorbents offers innovative solutions
for environmental pollution control, resource conservation, and energy efficiency. This
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approach not only constitutes an effective strategy for environmental management but also
represents a critical pathway toward advancing sustainable development.

(1) Environmental pollution control

The utilization of IISWs for the preparation of adsorbents represents a dual-benefit
strategy that not only mitigates the environmental pollution caused by the disposal of these
wastes but also provides cost-effective materials for the removal and immobilization of
contaminants from water, air, and soil. On the one hand, pollutants such as heavy metals
and ammonia nitrogen in IISWs are removed or stabilized during the adsorbent preparation
process, thereby reducing the discharge of contaminants from the wastes themselves. On
the other hand, the obtained adsorbents can eliminate or immobilize pollutants like heavy
metals and organic compounds in applications such as wastewater treatment, exhaust gas
control, and soil pollution remediation, effectively controlling environmental pollution [6].
Furthermore, IISWs play a significant role in carbon emission reduction. Li et al. [120]
developed an EMR treatment technology that enables CO, mineralization by directly
utilizing EMR as a feedstock and ammonia as a recyclable agent, thereby mitigating carbon
emissions from the electrolytic manganese industry. Specifically, this process can solidify
0.16 tons of CO, for every 1 ton of EMR processed. Thus, this approach transforms an
environmental liability into a functional resource, closing the loop in industrial material
flows and promoting sustainable environmental management.

(2) Resource conservation

The conversion of IISWs into functional adsorbents aligns with circular economy prin-
ciples by transforming discarded resources into valuable materials. This process reduces
landfill burdens and production costs while utilizing inherent components to create high-
value adsorption materials [114]. These waste-derived adsorbents simultaneously enable
the recovery of valuable pollutants from wastewater and exhaust streams, including heavy
metals and nutrients. This dual benefit of waste valorization and resource recovery offers
scalable, eco-friendly solutions for pollution control and sustainable resource management
across various industries. The approach demonstrates how industrial byproducts can
be repurposed to address environmental challenges while promoting resource efficiency.
Closing material loops represents a practical implementation of circular economy concepts
in pollution treatment and waste management applications.

(3) Energy conservation

IISWs play a non-negligible role in energy conservation, offering dual environmen-
tal and economic benefits through innovative material repurposing. The utilization of
such wastes significantly reduces energy consumption and operational costs while pro-
moting circular economy principles. For instance, slag-derived zeolite synthesized from
BFS demonstrates remarkable cost-effectiveness, with a production cost of approximately
$1.50/kg. This technology generates an economic benefit of about $302.14 per ton of BFS,
highlighting its potential for large-scale application [121].

4. Applications of IISW-Derived Adsorbents

IISW-derived adsorbents have been widely used for various pollution control pur-
poses, including the adsorption of organic and inorganic pollutants from contaminated
water, as well as the control of air and soil pollution.

4.1. Adsorption of Pollutants in Aqueous Solutions

Wastewater pollution has become a global challenge. The bioaccumulation of pollu-
tants adversely affects organisms, disrupts aquatic ecosystem balance, and causes severe
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mutagenic and carcinogenic effects. Water pollutants are broadly classified into inorganic
and organic pollutants. Wastewater is characterized by its large volume. Adsorbents
produced from IISWs are low-cost, helping reduce treatment costs.

4.1.1. Adsorption of Inorganics

Inorganic pollutants primarily include metal ions, NH4*-N, and non-metallic inorganic
compounds such as sulfates and phosphates. Industries such as electroplating, metallurgy,
and mining are major sources of heavy metal ion pollution, with common examples
including Cd(II), Cu(Il), Pb(Il), and Ni(Il) [122]. Even at low concentrations, these inorganic
pollutants exhibit high toxicity, carcinogenicity, and non-biodegradability.

(1) Metal ions and NH,*-N

Heavy metal ions are extremely dangerous environmental pollutants due to their
high toxicity, carcinogenicity, and potential for bioaccumulation [123]. The acceleration
of industrialization has led to a large amount of wastewater discharge, especially from
mining, smelting, electroplating, and pigment manufacturing, all of which are rich in
heavy metal ions. If this kind of wastewater is discharged into the environment untreated,
it will cause serious harm to the environment and human health. Inorganic pollutants
such as Cr(VI) and As(V) cannot be eliminated through chemical methods. Therefore, an
alternative approach to mitigate their harmful effects is to reduce inorganic pollutants in
water resources through adsorption, thereby eliminating their pollution.

IISWs-derived adsorbents offer environmental protection and economic benefits, effec-
tively removing metal ions from water bodies and providing a low-cost, green, and feasible
solution for water remediation. Agrawal et al. [124] used sea nodule residue(SNR), fly ash,
and red mud as adsorbents to adsorb Cu?*. Under optimized experimental conditions, the
adsorption capacity was 19.65 mg-g~! for SNR, 1.98 mg-g~! of fly ash, and 2.28 mg-g !
of red mud. Li et al. [12] demonstrated that the RML-NaA zeolite exhibited a maximum
adsorption capacity of 91.49 mg-g~! for Ni?*, with stable performance after five adsorption—
desorption cycles, showing significant potential for industrial wastewater treatment. The
MRM adsorbent prepared by Zhong et al. [6] achieved a maximum adsorption capacity of
8.22 mmol-g~!, with Ni-loaded MRM demonstrating high stability. Ibsaine et al. [125] found
that the lithium slag-derived zeolite Na-P1 demonstrates excellent adsorption capacity for
Ca2* and NH," ions. At 58 °C, it effectively reduces water hardness to 18 mg-L’l. Addi-
tionally, Na-P1 zeolite shows high maximum adsorption capacities for Cd** (138 mg-g 1),
Ce3* (209 mg-g~1), Cr3* (56.2 mg-g~ 1), and Cu?* (60.5 mg-g~'), and NHy* (51.0 mg-g~1).
The EMR-derived zeolite prepared by Li et al. [16] exhibited equilibrium adsorption capaci-
ties of 29.85 mg-g~! for Mn?* and 47.39 mg-g~! for NH,*, with Mn?* adsorption reaching
equilibrium within 200 min. The adsorption rate of NH;" ions was significantly faster
than that of Mn?*, achieving equilibrium within 15 min. Xu et al. [126] investigated the
adsorption of TI(I) in TI(I)-containing wastewater using iron-based water treatment residue
(Fe-WTR) and aluminum-based water treatment residue (Al-WTR) as adsorbents from a
municipal water treatment plant. The results demonstrated that the adsorption capacity
of both Fe-WTR and Al-WTR showed a positive correlation with pH. Fe-WTR exhibited
superior removal efficiency for TI(I) compared to AI-WTR. Notably, TI(I) adsorbed by
Fe-WTR predominantly existed in reduced form, whereas AI-WTR adsorbed TI(I) mainly
in acid-extractable and reduced states. Qi et al. [113] prepared an adsorbent using Fenton
sludge and fly ash as raw materials, which exhibited good adsorption performance for
Cr(VI]) in aqueous solutions. Under the conditions of T = 273.15 K, pH = 10, t = 1200 min,
and an initial Cr(VI) concentration (Cg) = 100 mg-L~!, the removal efficiency of Cr(VI)
exceeded 80%. Chen et al. [103] utilized NiO@y-Al,O3 sludge composite materials for Cd?*
adsorption. At the optimal dose of 1.5 g-L.~!, the Cd?* removal efficiency reached 99.9%.
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(2) Anions

The inorganic salts in urban sewage and industrial wastewater are mainly sulfate,
arsenate, and phosphate. The primary sources of phosphate are the over-exploitation of
phosphate rock resources and the excessive use of phosphate fertilizers. Phosphorus is one
of the main factors contributing to water eutrophication. The discharge of urban sewage
and industrial wastewater into water bodies not only affects water quality but also causes
significant economic losses.

IISWs-derived adsorbents were prepared for the adsorption of phosphate from wastew-
ater, providing a new approach to the high-value utilization of solid waste and the treatment
of water eutrophication. Ge et al. [127] demonstrated that the adsorbent prepared from
sewage sludge and municipal solid waste incineration bottom ash exhibited exceptional
phosphate removal efficiency. The synthesized adsorbent maintained a nearly constant ad-
sorption capacity of approximately 490.6 mg-kg~! for phosphate across a pH range of 3 to
10. Sousa et al. [128] conducted physical and chemical property analyses on seven drinking
water treatment sludges (DWTSs) with varying ash content, followed by adsorption tests
under neutral pH conditions. Six of these DWTSs demonstrated phosphoric acid (PO43™)
adsorption capacity ranging from 6.7 mg-g~! to 44.1 mg-g~!. The study revealed that
aluminum content was not a critical parameter in the adsorption process. Instead, the pH
at the zero charge point proved to be the decisive factor. The predominant positive surface
charge on DWTSs facilitated the adsorption of anionic species such as phosphate ions.
Liu et al. [101] applied an in situ Fe-Al adsorbent to arsenate removal from wastewater.
The maximum adsorption capacity of As(V) at 35 °C is 168.04 mg-g~!, which is higher
than that of some existing adsorbents. Under optimal conditions, the removal efficiency
of As(V) exceeded 99%, with the As(V) concentration in the adsorbed solution remaining
below 0.1 mg-L~!, meeting China’s comprehensive wastewater discharge standards. Ning
et al. [82] investigated the F~ removal capability of Fe-WTR in aqueous solutions. The
Langmuir model calculated a theoretical maximum adsorption capacity of 16.09 mg-g~!.
Fe-WTR reached equilibrium within 1.5 h for F~ adsorption. The adsorption capacity
remained stable across a pH range of 4-9, indicating that Fe-WTR is adaptable to a wide
range of application environments.

4.1.2. Adsorption of Organics

Organic pollutants mainly include organic dyes, microplastics, emerging persistent
organic pollutants, and antibiotics.
(1) Organic dyes

Dye-intensive manufacturing processes generate substantial colored wastewater con-
taining toxic substances such as Congo red, methylene blue, and rhodamine B. No-
tably, Congo red—a benzene compound anionic dye classified as both carcinogenic and
mutagenic—causes severe irritation to the skin, reproductive system, and eyes. While
methylene blue is alkaline and less toxic, it can still cause significant irritation upon contact
with the skin or eyes. As a water-soluble dye, untreated thodamine B discharged into
natural water bodies leads to water discoloration, reduced light transmittance, inhibition
of aquatic plant photosynthesis, and disruption of aquatic ecosystems. Li et al. [31] investi-
gated the adsorption of methylene blue by EMR-derived zeolite EMRZ in dye-containing
solutions. The adsorption capacity of methylene blue increased with rising pH, from
13.78 mg-g~! to 37.05 mg-g~! when pH rose from 2.0 to 12.0. Within a broad pH range
(4.0-12.0), EMRZ exhibited surface negative charges, enabling methylene blue cations to
achieve higher adsorption capacity at elevated pH levels. Xie et al. [129] immobilized
flake-shaped NiOOH on activated red mud to obtain an ARM/NiOOH adsorbent for
wastewater treatment, demonstrating its effectiveness in removing organic dyes. The
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ARM/NiOOH adsorbent, characterized by high specific surface area and porosity, pro-
vided abundant active sites for Congo red, significantly enhancing Congo red removal
efficiency. An et al. [130] utilized zinc-aluminum silicate (ZAS) to modify waste granular
red mud (GRM), forming a ZAS/GRM adsorbent that provides active sites for Congo
red, thereby significantly enhancing Congo red removal efficiency. Jankowska et al. [100]
employed 3-aminopropyltrimethoxysilane (APTMS) and 3-aminopropyltriethoxysilane
(APTES) for amino-functionalization to modify MCM-41, which was subsequently used for
the adsorption and removal of azo dyes (sunset yellow FCF and tartrazine) in water. The
APTMS-modified MCM-41 exhibited the highest adsorption performance, achieving an
adsorption capacity of 531 mg-g~! for sunset yellow FCF and 360 mg-g~! for tartrazine.
Cao et al. [47] utilized modified red mud MRM-PS to adsorb rhodamine B dye from
wastewater. The study demonstrated that the adsorption capacity reached its maximum at
pH 1 (59.37 mg-g~!) and that adsorption kinetics were rapid, with equilibrium achieved
within 10 min.

(2) Microplastics

Beyond dyes, organic pollutants include microplastics—plastic particles formed
through improper environmental discharge, UV exposure, weathering, and physical abra-
sion. These microplastics can adsorb toxic contaminants such as polycyclic aromatic
hydrocarbons, polychlorinated biphenyls, and heavy metals via hydrophobic interactions,
electrostatic forces, and hydrogen bonding. Their environmental accumulation, transport,
and interactions with other toxic pollutants pose serious ecological risks. LC@SRBC, a
red mud-derived adsorbent developed by Feng et al. [114], exhibited excellent adsorption
performance for polystyrene nanoplastics (PSNPs) in wastewater. In a 100 mg-L~! PSNPs
solution, it achieved a removal efficiency of 97.87%.

(3) Emerging persistent organic pollutants

Perfluoro-and polyfluoroalkyl substances (PFAS) are a class of emerging persistent
organic pollutants. Due to their high stability, economically effective remediation of PFAS
pollution through chemical or biochemical degradation is challenging. Zhang et al. [131]
investigated the adsorption removal of perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonic acid (PFOS) from water using AI-WTR. The adsorption isotherm model revealed
that at pH 3.0, the maximum adsorption capacities for PFOA and PFOS on Al-WTR were
0.232 mg-g~! and 0.316 mg-g !, respectively. Lower pH enhances the adsorption process,
resulting in faster rates and higher capacities. The irreversible nature of AI-WTR adsorption
makes it an ideal adsorbent for removing PFOA and PFOS from solution.

(4) Antibiotics

Antibiotic contamination in aqueous solutions can readily induce drug resistance
genes, disrupt ecological balance, and pose health risks to humans through the food
chain. Solid waste-derived adsorbents offer an economically viable and environmentally
friendly new approach for water pollution control. Sousa et al. [132] investigated the
removal capacity of DWTS for antibiotics in water. At 40 °C, the maximum adsorption
capacity of DWTS for trimethoprim (TMP) in a single solution was 26.8 mg-g~!. For
sulfamethoxazole (SMX) in a single solution, the monolayer adsorption capacity calculated
using the Langmuir model was 36.7 mg-g~!. The oxygen-containing functional groups
in DWTS participated in the adsorption mechanisms of the tested antibiotics through
hydrogen bonding. Wang et al. [117] utilized the prepared biochar adsorbent TYBC450
to remove residual ofloxacin (OFL) from the environment. The adsorption efficiency of
TYBC450 for OFL was 88.16%, with an adsorption capacity of 1.75 mg-g~!.
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4.2. Air Pollution Control

Air pollution is a significant environmental issue that cannot be ignored in modern in-
dustry. Adsorbents derived from IISWs can adsorb typical air pollutants, including nitrogen
oxides (NOy), COS, volatile organic compounds (VOCs), and carbon dioxide (CO5).

4.2.1. Adsorption of Gaseous Pollutants

NO; is a reactive gas mainly consisting of nitrogen and oxygen, primarily originating
from high-temperature combustion processes. NOy poses significant harm to humans and
organisms and has become a key focus of air pollution control efforts. Apeksha et al. [133]
investigated the application of solid waste as a potential adsorbent for reducing NOy
in diesel engine exhaust after plasma discharge and ozone mixed pretreatment. Wastes
such as red mud, CFA, and foundry sand were processed to form mesoporous structures.
Plasma pretreatment resolved the issue of nitric oxide (NO) adsorption difficulty, while the
solid waste adsorbent efficiently captured oxidized nitrogen dioxide (NO,). The combined
cascade process achieved a denitrification efficiency of 90-95%.

COS, primarily originating from industrial sources, is predominantly found in reduc-
ing atmospheres. COS promotes the formation of sulfate aerosols in the air, posing hazards
to the environment, animals, and plants. Plants can absorb it and exhibit neurotoxicity to
animals. Many factories use various types of gas as fuel, and COS ultimately converts to
sulfur dioxide (SO,), which is released into the atmosphere and is detrimental to achieving
ultra-low emissions. Zhou et al. [28] investigated the optimal process parameters for COS
adsorption purification using the adsorbent. Under optimal conditions, the new adsor-
bent achieved an adsorption efficiency exceeding 95%, with a COS adsorption capacity of
63.56 mg-m 3.

As typical air pollutants, VOCs not only contribute to atmospheric pollution but can
also enter the human body through multiple pathways, causing a series of pathological
changes. Sun et al. [90] developed a ZSM-5 zeolite using CGS desilication liquid as the
primary silicon and sodium source for VOCs adsorption. In static adsorption experiments,
the ZSM-5 zeolite prepared under optimal conditions exhibited saturated adsorption
capacities of 69.98 mg-g~! for benzene, 68.74 mg-g~! for toluene, 118.85 mg-g~! for p-
xylene, and 95.85 mg-g ! for butyl acetate. This method facilitates high-value utilization of
silicon resources from IISWs and provides a novel approach to address air pollutant control
through solid waste utilization.

Other substances that need to be absorbed in the air include water vapor and io-
dine [134,135]. Chen et al. [92] investigated the adsorption of water vapor using lithium
slag-based zeolite NaX-1, demonstrating a maximum adsorption capacity of 0.3208 kg-kg !,
which is close to the commercial standard of 0.3303 kg-kg~!. Fotsop et al. [135] inves-
tigated the iodine removal capacity of zeolites. The undoped zeolite (Zeo-4A-Na) ex-
hibited an experimental equilibrium capacity about 360 mg-g~!, while zeolites doped
with Bi, Zn, and Ag showed equilibrium capacities of 620 mg-g~!, 710 mg-g~!, and
780 mg-g~!, respectively.

4.2.2. Carbon Dioxide Capture

The increase in greenhouse gas (GHG) emissions, particularly CO,, has led to climate
change and global warming. Among various technologies, adsorption technology using
solid adsorbents has shown great potential for reducing carbon emissions and achiev-
ing a sustainable future for the planet. The adsorbent developed by Zhang et al. [79]
demonstrated optimal high-temperature adsorption performance at 700 °C in a pure CO,
atmosphere, achieving a remarkable adsorption capacity of 0.681 g-g~!—1.58 times that
of commercial CaO. Liang et al. [136] demonstrated that red mud-derived solid amine
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adsorbents showed significantly higher CO, adsorption capacity compared to raw red
mud. The adsorption performance was notably influenced by both the type and loading
amount of organic amine. A comparative analysis of various organic amine variants re-
vealed that the most effective adsorbent achieved a maximum CO; adsorption capacity
of 29.3399 mg-g 1. Li et al. [137] discovered that red mud exhibits a synergistic effect of

“enhanced adsorption + catalytic desorption” on CO,. The adsorption phase enhances

CO, capture capacity by optimizing physical mass transfer and regulating the chemical
environment. The enhancement mechanisms of red mud particles for CO, absorption and

\ co,

desorption are shown in Figure 6.
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Figure 6. Enhancement mechanisms of red mud particles for CO, absorption and desorption.
Reprinted with permission from reference [137]. Copyright 2023, Elsevier.

4.3. Soil Pollution Remediation

Heavy metal-contaminated soils in industrial settings contain elements commonly
toxic to organisms and to aerobic/anaerobic processes, including arsenic, cadmium,
chromium, copper, lead, mercury, nickel, selenium, and zinc. The remediation of such soils
aims to mitigate their adverse effects on human health and the environment while support-
ing ecosystem restoration and biodiversity conservation. Currently, the solid waste-derived
adsorbents used in the research of soil remediation are red mud-derived and EMR-derived.

Red mud, characterized by its high pH and composition of iron oxide, aluminum
oxide, and hydroxides, is an ideal material for remediation and has significant potential
as a soil environmental restoration agent. Xu et al. [138] investigated the effects of red
mud-derived passivators on Cd transformation, photosynthetic characteristics, and Cd
accumulation in edible amaranth in acidic Cd-contaminated soils. The results demonstrated
that red mud exhibited strong Cd adsorption capacity in aqueous solutions at approxi-
mately 35 °C and pH 9. After the red mud application, the increase in organic matter led to
reduced effective Cd content in soil aggregates, thereby promoting plant growth. Following
the waste treatment principle, Liang et al. [27] modified red mud using a coconut shell
thermal reduction method for Cr(VI)-contaminated soil remediation. The modified red
mud, with its abundant porous structure and reduced iron (zero-valent iron), facilitates
Cr(VI) remediation through adsorption and redox reactions. Remarkably, it achieved 100%
efficiency in reducing Cr(VI) in soil. This reduction likely occurs because the zero-valent
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iron (ZVI) in the modified red mud adsorbs and reduces Cr(VI) during the mixing process.
Chen et al. [139] synthesized a low-carbon curing agent (RAS) using red mud, GGBS,
calcium carbide residue (CCR), and phosphogypsum for stabilization of Cd-contaminated
soil. After 14 days of stabilization, the leaching rate of Cd in the stabilized soil containing
10% RAS was below the leaching threshold of 1 mg-L~!.

EMR contains high concentrations of metal elements such as Fe, Mn, Ca, and Mg.
These elements can be converted into stable metal (hydrogen) oxides after pyrolysis, serving
as key carriers for heavy metals in fixed soils. Wei et al. [140] utilized an EB to remediate
soils co-contaminated with antimony and arsenic. Through column leaching experiments,
they investigated the immobilization effects of EB on these metals. Results demonstrated
that the 4 wt% EB treatment reduced accumulated Sb and As concentrations in leachate
by 29.21-55.65% and 53.51-68.95%, respectively, compared to the control group. Given
EB’s superior specific surface area and pore volume compared to other biochar materials,
its Sb and As immobilization mechanism likely stems from these advantages. Energy-
dispersive X-ray spectroscopy (EDS) analysis revealed 1.32% As and 0.28% Sb adsorbed on
the immobilized EB, confirming their surface fixation in the soil.

4.4. Summary, Risks, and Challenges
4.4.1. Summary of Application Performance for [ISWs-Derived Adsorbents

IISWs-derived adsorbents, as a key technology for “waste-to-waste” treatment, demon-
strate broad application prospects in wastewater treatment, air pollution control, and soil re-
mediation due to their advantages of low-cost raw materials, flexible preparation processes,
and excellent environmental compatibility [123]. As can be seen from the data above, IISWs-
derived adsorbents exhibit excellent adsorption performance for various pollutants. The
maximum adsorption capacity and adsorption conditions of [ISWs-derived adsorbents are
included in Supplementary Materials Table S1. It can also be concluded that each of these
adsorbents has its own characteristics, including strengths and weaknesses, making them
suitable for different application scenarios. A comparison of application fields and charac-
teristics for IISWs-derived adsorbents is presented in Supplementary Materials Table S2.

4.4.2. Risks and Challenges

The preparation of adsorbents from inorganic industrial solid waste is a promising
development direction, beneficial for both solid waste treatment and the advancement
of adsorption and separation technologies. However, the existing literature seldom ad-
dresses the associated negative impacts, including secondary pollution during the use
of adsorbents, potential contamination risks in the preparation process, and application
challenges resulting from complex manufacturing procedures. Due to the inherent prop-
erties of inorganic pollutants, such as high alkalinity and elevated heavy metal content,
uncontrolled release during either the application or preparation of adsorbents can lead
to their dispersion into the environment [6]. This may result in adverse effects that are
difficult to remediate, necessitating proactive prevention measures. During the preparation
and application of adsorbents, the complexity of the processes driven by environmental
and technical requirements also poses challenges for the “waste-to-waste” treatment strat-
egy. A simplistic assumption of a win-win outcome may not always achieve the desired
results, and improper handling can instead lead to a lose-lose situation. The identifica-
tion of leaching toxicity in treated EMR conducted by Li et al. [16] and Wang et al. [76]
demonstrated that its leaching toxicity complies with relevant environmental protection
standards. However, the long-term environmental impact risks of adsorbents derived from
industrial solid waste still require further investigation to assess their ecological safety
and sustainability in practical applications fully. Additionally, concerns from both the
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government and the public regarding the risk of environmental pollution spread from
inorganic industrial solid waste deserve serious attention. The use of [ISWs in adsorbents
still faces potential risks related to governmental policy and public opinion. In summary,
this strategy still faces numerous challenges. Greater efforts are needed from researchers,
enterprises, governments, and the public to advance related initiatives.

5. Adsorption Behaviors and Mechanisms

Adsorption processes involve complex physicochemical behaviors and mechanisms,
which collectively contribute to distinct characteristics. In adsorption research, it is common
to employ an integrated approach that combines adsorption kinetics, adsorption isotherms,
thermodynamic analysis, computational chemistry, and analytical instrumentation mea-
surements. The results of these diverse techniques can be integrated to provide a more
comprehensive understanding of the adsorption process.

5.1. Physicochemical Behaviors of Adsorption Processes

Adsorption kinetics, isothermal adsorption, and thermodynamic studies are funda-
mental for characterizing the rate, capacity, and energy changes in adsorption processes,
thereby providing critical insights into the underlying mechanisms, such as mass transfer,
surface interactions, and process spontaneity. These studies typically involve collecting
data experimentally, which is then processed using physicochemical equations to derive
the desired parameters.

5.1.1. Adsorption Kinetics

The typical diffusion and adsorption process of an adsorbent involves the following se-
quential stages [101,141]. (1) Bulk diffusion: The adsorbate migrates from the bulk solution
to the boundary layer surrounding the adsorbent particles. (2) Film diffusion (liquid-film
diffusion/external diffusion): The adsorbate is transported across the boundary layer to
the external surface of the adsorbent. (3) Intra-particle diffusion (pore diffusion/internal
diffusion): The adsorbate penetrates the pores of the adsorbent particles, reaching internal
surfaces where it distributes in an adsorbed state. (4) Adsorbate attachment (adsorption):
The adsorbate attaches to active adsorption sites via chemical and/or physical interactions.
This multi-step mechanism is influenced by factors such as adsorbent porosity, solution
concentration, temperature, and the chemical nature of both adsorbent and adsorbate,
collectively determining the overall adsorption kinetics and efficiency.

The study of adsorption kinetics typically involves investigating the effect of contact
time on adsorption capacity, followed by fitting the data to kinetic models. Through the anal-
ysis of the dynamic models, the diffusion rate and the rate-determining steps of adsorption
can be obtained. Common kinetic models include pseudo-first-order, pseudo-second-order,
Elovich, liquid film diffusion, and intra-particle diffusion models. Han et al. [142] used
magnesium-aluminum layered double oxide (MgAI-LDO) prepared from aluminum slag
to remove Cu®* and Pb?* from wastewater. Kinetic studies showed that the adsorption
followed a pseudo-second-order model, indicating that chemical adsorption was the dom-
inant process. Through the study of pseudo-first-order, pseudo-second-order, Elovich,
liquid-film diffusion, and intra-particle diffusion models, Chen et al. [143] found that the
rate-limiting steps for the adsorption of Cd?* from water by the biomass-derived adsorbent
are mainly film diffusion and intraparticle diffusion. Gao et al. [144] employed pseudo-first-
order and pseudo-second-order kinetic models to analyze the adsorption process. Their
study revealed that the pseudo-second-order model yielded higher correlation coefficients
(R? = 0.96-0.99), with the calculated equilibrium adsorption capacity (ge) closely matching
experimental values. The model incorporates multiple mechanisms, including liquid-film
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diffusion, surface adsorption, and intraparticle diffusion, indicating that the adsorption
process involves complex chemical interactions rather than simple physical diffusion. This
finding provides kinetic evidence supporting chemical adsorption mechanisms such as
“ligand exchange”.

5.1.2. Adsorption Isotherms

Adsorption isotherms provide critical insights into the distribution of adsorbate
molecules on an adsorbent, offering valuable references for analyzing adsorption sys-
tems. The Langmuir, Freundlich, and Temkin adsorption isotherms are commonly used to
describe isothermal adsorption processes. The Langmuir isotherm assumes homogeneous
adsorption on a single-layer surface, while the Freundlich isotherm describes adsorption
occurring on heterogeneous surfaces. The Temkin isotherm accounts for heterogeneous
surfaces and exhibits a linear reduction in adsorption heat. Finally, the D-R isotherm helps
determine whether the adsorption process is physical or chemical.

The study of adsorption isotherms typically involves investigating the effect of initial
adsorbate concentration on adsorption capacity at a constant temperature, followed by
fitting the data to isothermal adsorption models. In the Ni** adsorption experiment, the
Langmuir isotherm provided the most accurate fit for the equilibrium adsorption data
of MRM prepared by Zhong et al. [6], indicating that the adsorption of Ni** by MRM
occurs through monolayer adsorption. Li et al. [31] investigated the adsorption isotherm
of methylene blue on EMRZ. The Langmuir isotherm demonstrated excellent linear fit,
indicating that methylene blue adsorption on EMRZ follows a monolayer mechanism
with uniform sites and no intermolecular interactions. The Freundlich isotherm showed a
correlation coefficient (R?) ranging from 0.8279 to 0.9521, significantly lower than that of
the Langmuir isotherm, suggesting that the heterogeneous surface adsorption hypothesis
is not applicable.

5.1.3. Adsorption Thermodynamics

Adsorption thermodynamics typically involves changes in enthalpy (AH), entropy
(AS), and Gibbs free energy (AG), providing insights into the thermodynamic properties
and interaction mechanisms of adsorption processes. AH, AS, and AG reflect heat exchange
and energy efficiency, alterations in the disorder of systems, and the overall spontaneity
and feasibility of adsorption, respectively.

The study of adsorption thermodynamics primarily involves calculating AH, AS,
and AG, with the resulting values used to determine the thermodynamic nature of the
adsorption process. The adsorption capacities of the complex EB prepared by Wei et al. [115]
for As and Sb increased with rising temperature. The AH values for EB’s adsorption of
As(I1I), As(V), Sb(Ill), and Sb(V) are positive, indicating an endothermic process. The
positive AS values suggest highly random adsorption at the solid-liquid interface for
As(I1I, V) and Sb(V). Conversely, the negative AS value for Sb(III) adsorption indicates
reduced randomness between EB and Sb(III) solution. Within the temperature range of
15-35 °C, the AG values for EB’s adsorption of As(Ill), As(V), Sb(Ill), and Sb(V) are all
positive, demonstrating that the adsorption process is non-spontaneous. Duan et al. [121]
investigated the thermodynamics of CO, adsorption by BFS-derived zeolites. Within
the temperature range of 313 K to 373 K, the AG remained negative and became less
negative with increasing temperature, indicating a reduced tendency for spontaneous CO,
adsorption. The AH was —18.1100 kJ-mol !, confirming an exothermic process in which
elevated temperatures hinder CO, adsorption. The AS of —0.0452 k]-mol~1-K~! suggests
decreased disorder at the adsorption interface, implying that the CO, adsorption process is
energetically stable and well-ordered.
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5.2. Mechanisms of Adsorbate—-Adsorbent Interactions

Elucidating the interaction mechanisms between adsorbates and adsorbents lies at
the core of exploring adsorption performance and optimizing adsorbent design, with the
involved action forces and micro-processes identifiable via a combination of computational
simulations and analytical instrument characterization. The intrinsic interaction mecha-
nisms include hydrogen bonding, electrostatic attractions, —m stacking, cation exchanges,
and surface complexations, which can drive adsorption jointly or independently. Quan-
tum chemistry and molecular dynamics (MD) simulations are the main computational
approaches for revealing adsorption configurations, the nature of active sites, and dynamic
adsorption processes at the molecular and electronic levels. Meanwhile, Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS) and scanning electron microscopy (SEM) are key analytical techniques that can char-
acterize the changes in functional groups, crystal structure, surface element composition,
and morphology of adsorbents before and after adsorption, thus verifying the actual exis-
tence of the proposed adsorption mechanisms and providing experimental support for the
in-depth interpretation of adsorption micro-mechanisms.

5.2.1. Computational Chemistry Studies

The aim of computational chemistry, a branch of theoretical chemistry, is to under-
stand chemical problems by utilizing efficient mathematical approximations and computer
programs to calculate molecular properties and simulate chemical behaviors. Computa-
tional chemistry studies of adsorbents and adsorption processes typically employ quantum
chemical and MD methods.

Quantum chemistry employs the Schrodinger equation to directly address electronic
structure issues, making it particularly suitable for analyzing electron-level interactions in
adsorption processes. Density functional theory (DFT) is a powerful quantum chemical
tool that can bridge experimental observations and theoretical predictions across a wide
range of molecular properties. DFT calculations determine the most stable adsorption
configurations (e.g., top, bridge, or hollow sites) and their energies on surfaces, revealing the
nature of active sites (e.g., hybridization between metal d-orbitals and adsorbate orbitals).
Bader charge analysis or Mulliken population analysis quantifies the charge redistribution
between adsorbates and substrates. Zhou et al. [145] demonstrated that cancrinite is the
key component influencing phosphate adsorption in red mud. Using DFT, researchers
optimized the cancrinite structure, the primary component of red mud, and modified it
with sodium dodecylbenzenesulfonate. Abadee et al. [146] investigated the interactions
between phenol and water molecules with graphene and graphene nanobuds (GNB) using
the DFT-D3 method and revPBE/def2-TZVP theoretical model. Compared to phenol, water
molecules exhibited weaker interactions with graphene and GNB. GNB demonstrated
stronger adsorption affinity for phenol than water molecules at the fullerene cage top,
near the neck region, and on the graphene surface. This phenomenon can be attributed to
the concurrent m— stacking and electrostatic attraction in the phenol/adsorbent system.
DFT-D3 calculations revealed that phenol’s binding energy on the graphene surface is
approximately 11 kcal-mol~! higher than that of water molecules, which stems from the
strong 7—m interactions between phenol and the graphene surface proximity. In contrast,
water molecules only engage in electrostatic interactions. Zhou et al. [147] investigated the
adsorption mechanisms between functionalized carbon surfaces and VOCs using quantum
chemical calculations. The O/N functional groups and MgO nanoparticles significantly
enhanced the adsorption of the acetone monolayer under low relative pressure through
hydrogen bonding and electrostatic interactions.
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MD calculations, which simulate nuclear motion using classical force fields, are well-
suited for studying dynamic processes and temperature/pressure effects. They can model
real-time molecular interactions, such as diffusion, collisions, and surface adsorption
(e.g., methane migration in MOF channels), and reveal how entropy effects influence
adsorption. Through MD simulations, Wei et al. [148] confirmed that the adsorption of
four chlorophenolic environmental hormones (EHs) on the surface of graphene oxide (GO)
exhibited a three-phase motion pattern. The MD simulations also verified that the GO-OH
system demonstrated superior adsorption affinity for EHs compared to the GO-O system,
and an increase in oxidation degree (number of oxygen-containing functional groups)
enhanced adsorption stability. According to the calculations, the complexes of GOs and
2,4-dichlorophenol (DCP) were optimized, as shown in Figure 7A. Compared with the
(GO-0O-) system, the hydrogen bond distance between (GO-OH) and DCP is significantly
closer, indicating enhanced hydrogen bonding interactions. Simulations of complexes
with different EH molecules also demonstrated similar trends. To validate the enhanced
wettability and adsorption performance of modified cancrinite in red mud, Zhou et al. [145]
investigated the kinetic relaxation characteristics of phosphate-containing water clusters
on cancrinite (unmodified) and sodium dodecylbenzenesulfonate (SDBS)-wetted modified
cancrinite surfaces (Figure 7B). The reaction processes of the three phosphate-containing
water clusters on both cancrinite surfaces exhibited similarities: initially, water clusters
adhered to the cancrinite surface. After relaxation, oxygen atoms from water molecules
and phosphate ions migrated toward the surface, completing adsorption. This resulted
in the rupture of the wettability film on the phosphate-containing water clusters and a
reduction in hydrogen bond numbers within the clusters, enabling phosphate adsorption
on the cancrinite surface. Following relaxation, phosphate-containing water clusters on the
modified cancrinite surface achieved complete spreading and adsorption, whereas water
clusters on the unmodified cancrinite surface formed new small clusters for adsorption,
demonstrating significantly weaker spreading effects compared to the modified group.

5.2.2. Analytical Instrument Measurements

Analytical instrumentation techniques, FTIR, XRD, XPS, and SEM, play a crucial role
in investigating the mechanisms of adsorption processes. The combined use of these ana-
lytical techniques, along with adsorption kinetics, isotherms, and thermodynamic analysis,
enables a comprehensive understanding of the adsorption process mechanisms [149].

(1) FTIR

FTIR spectroscopy can detect changes in the peak positions of functional groups on
the adsorbent before and after adsorption, thereby identifying the active sites involved
in adsorption. Feng et al. [114] investigated the changes in infrared spectra of the adsor-
bent LC@SRBC before and after the adsorption of PSNPs from water. After adsorption,
LC@SRBC showed distinct peaks characteristic of PSNPs, directly confirming their success-
ful adsorption and immobilization. The intensity of the -OH stretching vibration peak at
3438 cm ! was significantly reduced post-adsorption, indicating that the hydroxyl groups
from lignin and chitosan participated in the adsorption process, with the attenuation of
this peak intensity correlating with the amount of PSNPs adsorbed. The oxygen-containing
functional groups on the surface of LC@SRBC, such as hydroxyl (-OH) and C-O-C, formed
hydrogen bonds with the corresponding functional groups on the surface of PSNPs. The
reduced intensity of the -OH peak in the FTIR spectrum post-adsorption indicated that
these oxygen-containing functional groups enhanced the adsorbent’s affinity for PSNPs
through hydrogen bonding, serving as one of the key driving forces in the adsorption
process. PSNPs contain benzene ring structures, while the aromatic structures on the
surface of LC@SRBC (derived from the carbon skeletons of sludge and lignin) can form 7—
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interactions with the benzene rings of PSNPs. Zhong et al. [6] investigated the functional
group changes in red mud before and after modification and Ni** adsorption through FTIR
analysis. After modification, the characteristic peaks of AI-O-Al and Si-O-5i disappeared,
indicating that some aluminosilicates dissolved under strong alkaline hydrothermal con-
ditions. The peak shapes near 995 cm~! and 463 cm~! changed, corresponding to the
transformation from non-zoisite-type aluminosilicate frameworks to zeolite-type frame-
works (adjustment of T-O-T and T-O vibration modes), confirming that the hydrothermal
modification successfully converted some aluminosilicates into zeolite structures. The T-O
bending vibration peak originally near 463 cm ! shifted to 473 cm~!, indicating a change in
the cation type within the zeolite framework (Ni?* replaced Na* and Ca?*) and indirectly
confirming the existence of the cation exchange mechanism. The FTIR feature and the
possible adsorption mechanisms of Ni?* by MRM are shown in Figure 8A,B.
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Figure 7. (A) The optimized geometries of 2,4-dichlorophenol (DCP) adsorbed onto G(O)s and
G(OH)s with different oxygen-containing functional groups (calculated via DFT-PBE). Reprinted with
permission from reference [148]. Copyright 2019, Elsevier. (B) Dynamics relaxation of phosphate-
containing water clusters on the surface of cancrinite (space group P63/m) and wetting-modified
cancrinite: al, a2, d1, and d2 are water clusters with PO43* ;bl, b2, el, and e2 are water clusters with
HPO,2~; c1, 2, f1, and f2 are water clusters with HyPO,~ [145]. Copyright 2022, IOP Publishing.

2) XRD

XRD analysis can reveal changes in the lattice structure before and after adsorption,
providing crucial insights for studying adsorbents with well-defined crystalline structures
or adsorption processes that result in crystal formation. The XRD spectra of MRM prepared
by Zhong et al. [6] before Ni?* adsorption exhibited characteristic peaks corresponding
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to Ca(OH),, hematite, and zeolite. After adsorption, the Ca(OH), diffraction peak almost
disappeared, indicating its removal during adsorption. Additionally, a significant shift in
the zeolite characteristic peak was detected post-adsorption, which may be attributed to
the partial substitution of cations in the zeolite framework. The XRD spectra are shown
in Figure 8A. Chen et al. [91] also used XRD to investigate the adsorption mechanism of
methylene blue by NaP1 zeolite. When comparing XRD spectra of methylene blue adsorbed
onto red mud-derived zeolites, the characteristic peak intensity of NaP1 zeolite decreased
after adsorption. Still, the peak position remained unchanged without new methylene
blue-related diffraction peaks appearing. This fact indicates that methylene blue molecules
did not disrupt the crystalline framework of NaP1 zeolite, demonstrating surface/channel-
filling-type adsorption. It can also be inferred that methylene blue molecules are primarily
loaded in amorphous states within zeolite channels or on their surfaces, without entering
the crystalline lattice to induce phase transformation. The crystallinity of zeolites positively
correlates with adsorption capacity, where high crystallinity implies a more developed pore
network that enables efficient methylene blue capture through steric hindrance effects and
van der Waals forces.
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Figure 8. (A) Characterization of MRM: (a) Distribution of the adsorbed Ni%* fractions; (b) XRD
patterns, (c) FTIR spectra, and (d-f) XPS spectra before and after NiZ* adsorption. (B) Possible
adsorption mechanisms of Ni2+ by MRM. Reprinted with permission from reference [6]. Copyright
2024, Elsevier.

(3) XPS

XPS serves as a powerful surface analysis technique for determining the elemental com-
position and chemical states of adsorbents. In the Ni** adsorption experiment conducted by
Zhong et al. [6], the post-adsorption XPS full-scan spectrum revealed characteristic peaks
associated with Ni 2p and S 2p, indicating successful adsorption of Ni?* and trace SO4%~
onto MRM. Notably, peaks corresponding to Na 1s and Ca 2p completely disappeared after
adsorption, confirming cation exchange during the process. The peak areas of NaO, FeO,
CaOH, and FeOH were significantly reduced post-adsorption, suggesting replacement of
Na* and Ca?* in MRM by Ni?*. High-resolution Ni 2p spectroscopy revealed two distinct
Ni 2p peaks at 873.66 eV and 856.01 eV in the adsorbed MRM. The XPS image is shown in
Figure 8A. In the methylene blue adsorption experiments conducted by Chen et al. [91], the
XPS full spectrum of NaP1 zeolite exhibited only Si 2p, Al 2p, O 1s, and Na 1s characteristic
peaks before methylene blue adsorption. After methylene blue adsorption, a new N 1s
characteristic peak appeared in the spectrum, indicating the nitrogen-containing hetero-
cyclic structure of methylene blue molecules. The binding energies of Si 2p (approximately
102.5 eV) and Al 2p (approximately 74.5 eV) showed no significant shifts post-adsorption,
suggesting that the 5i-O-5i and Si-O-Al bond structures within the zeolite framework
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remained stable and were not involved in chemical adsorption reactions. Before adsorp-
tion, the O 1s spectrum could be divided into two peaks corresponding to the framework
oxygen (5i-O/Al-O, approximately 530.0 eV) and surface -OH (approximately 531.5 eV).
Following methylene blue adsorption, the intensity of the surface hydroxyl oxygen peak
decreased significantly, indicating hydrogen bonding interactions between the surface -OH
groups and methylene blue molecules. The hydroxyl groups functioned as hydrogen bond
donors, forming hydrogen bonds with nitrogen atoms in methylene blue molecules, thereby
enhancing the adsorption affinity. Post-adsorption, the N 1s spectrum could be fitted into
two peaks corresponding to the protonated amino groups (-NH;*, approximately 402.0 eV)
and aromatic ring nitrogen (approximately 399.5 eV) in methylene blue molecules. Given
the negative surface charge of NaP1 zeolite (resulting from Al** substituting Si** in the
framework), electrostatic attraction is hypothesized to be a key adsorption mechanism: the
negatively charged zeolite surface interacts with the positively charged methylene blue
cation (-NHj3") through electrostatic force.

4) SEM

SEM analysis typically reveals morphological changes in adsorbents before and after
adsorption, enabling assessment of structural stability during the process. Li et al. [12]
conducted SEM tests on zeolites before and after Ni>* adsorption. As shown in Figure 9, the
cubic structure of the zeolites remained largely intact post-adsorption, with well-defined
edges. EDS analysis revealed that the sodium atomic percentage in the zeolites decreased
from 14.5% to 8.1% after NiZ* adsorption, while RML-NaA zeolites adsorbed 3.6% of
nickel. The calculated An(Ni**):An(Na*) ratio was 1:1.78, deviating from the theoretical
1:2 ratio under the ion-exchange mechanism. The results observed suggest that electrostatic
interactions and surface complexations, in addition to ion exchanges, play significant roles
in the adsorption process. The structural stability observed via SEM provides a structural
basis for these mechanisms. The scanning electron microscopy—energy-dispersive X-ray
spectroscopy (SEM-EDS) analysis result and the proposed adsorption mechanisms are
illustrated in Figure 9.
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Figure 9. (A) SEM spectrum and mapping scanning images of RML—NaA zeolite (a) before and
(b) after Ni%* adsorption; (c) EDS analysis of RML—NaA zeolite after NiZ* adsorption. (B) Schematic
diagram of the interaction mechanisms between RML—NaA zeolite and Ni?*. Reprinted with
permission from reference [12]. Copyright 2025, Elsevier.
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6. Conclusions and Prospects

This review comprehensively summarizes the research progress, application practices,

and adsorption mechanisms of adsorbents derived from IISWs, systematically organizing

the core findings from the cited literature, clarifying optimal technical routes, and outlining

future development directions for this field. This approach provides a clear reference for re-

source utilization in IISWs and for the development of low-cost, high-efficiency adsorbents.

6.1. Conclusions

)

@)

®)

The core findings of this review can be summarized as follows.

IISWs, including red mud, zinc slag, lithium slag, EMR, phosphogypsum, WTS,
sewage sludge, BFS, steel slag, CFA, CGS, CSS, and LSS, are residues treated via chem-
ically dominated processes. They are characterized by complex compositions and
challenges in utilization. Among the various IISWs involved in this review, CFA and
BES show excellent adsorption potential in nature. Due to their inherent porous struc-
ture, stable chemical properties, and abundant active components (e.g., Si and Al),
CFA and BFS can be converted into high-performance adsorbents with simple modifi-
cation treatments, and their adsorption capacity and cycling stability are significantly
superior to other IISWs. In contrast, red mud, EMR, and phosphogypsum have rela-
tively poor adsorption properties due to their high toxicity and complex composition,
requiring more stringent modification treatments to achieve effective adsorption per-
formance. Converting IISWs into adsorbents helps reduce these solid wastes, offering
significant environmental benefits.

In terms of the suitable procedures and treatments for adsorbent synthesis, physical
modification (e.g., thermal activation and ball milling) and chemical modification
(e.g., acid-base activation and metal oxide loading) are the most widely used and
effective synthesis procedures for [ISWs-derived adsorbents. In general, chemical
modification methods are more effective than physical modification methods in im-
proving the adsorption efficiency of IISWs-derived adsorbents. Among chemical
modification methods, acid activation (using sulfuric acid, hydrochloric acid, etc.) can
effectively remove impurities on the surface of IISWs, increase the specific surface area
and pore volume, and expose more active sites; metal oxide loading (Fe3O4, TiO,, ZnO,
etc.) can introduce new active components, enhance the electrostatic interaction and
complexation ability between adsorbents and analytes; and surfactant modification
(e.g., cetyltrimethylammonium bromide) can change the surface charge properties
of adsorbents, improving their selectivity for specific analytes. Among these, the
combined modification of acid activation and FezO4 loading has the most significant
effect on improving adsorption efficiency, which can increase the adsorption capacity
of [ISWs-derived adsorbents by 2-5 times compared with unmodified ones, and also
improve the separation performance of adsorbents due to the magnetic properties of
Fe30,4. Compared with single modification methods, combined modification proce-
dures can synergistically optimize the physical and chemical properties of adsorbents,
making them more suitable for practical adsorption scenarios.

For the analytes suitable for adsorption by IISWs-derived adsorbents, the existing
literature shows that such adsorbents have broad applicability, but they exhibit obvious
selectivity for different analytes. Specifically, they are most suitable for the adsorption
of heavy metal ions (e.g., Pb%*, Cd?*, Cr*, and Cu?*) in aqueous solutions, which
is mainly attributed to the strong electrostatic interaction and ion exchange effect
between the active sites (e.g., hydroxyl groups and carboxyl groups) on the surface of
the adsorbents and heavy metal ions. In addition, IISWs-derived adsorbents also have
good adsorption effects on anionic pollutants (e.g., phosphate, nitrate, and fluoride)

https://doi.org/10.3390/separations13030083


https://doi.org/10.3390/separations13030083

Separations 2026, 13, 83

37 of 46

and organic pollutants (e.g., dyes and phenols). Still, their adsorption capacity for
organic pollutants is generally lower than that for heavy metal ions. Among them,
modified CFA and BFS adsorbents have the best adsorption effect on Pb?* and Cr®*,
with adsorption capacities often exceeding 100 mg-g~! after reasonable modification.
During the adsorption processes, multiple adsorption mechanisms often coexist, such
as van der Waals forces, electrostatic interactions, 7— interactions, ion exchanges,
and complexations. Due to differences in the types and properties of adsorbents,
particularly in the case of composite adsorbents, the adsorption mechanisms become
more complex.

6.2. Prospects

Despite the significant progress made in the preparation and application of IISWs-
derived adsorbents, there are still some problems to be solved in this field, and the future
development directions can be clarified as follows.

(1) Further optimize the synthesis process of adsorbents, develop low-cost, environmen-
tally friendly modification methods, reduce the energy consumption and environmen-
tal impact of the preparation process, and realize the large-scale industrial production
of [ISWs-derived adsorbents.

(2) Conduct in-depth research on the adsorption mechanisms of IISWs-derived adsor-
bents, especially the synergistic effect of multiple adsorption mechanisms in the
adsorption process, to provide a theoretical basis for the design and modification of
high-performance adsorbents.

(3) Strengthen the research on the long-term stability and cycling performance of adsor-
bents, develop effective desorption and regeneration technologies, extend the service
life of adsorbents, and reduce the cost of practical application.

(4) Expand the application scope of [ISWs-derived adsorbents, explore their application
in the adsorption of emerging pollutants (e.g., microplastics and antibiotics), and
develop composite adsorbents with multi-functional adsorption performance.

(5) Establish a comprehensive evaluation system for [ISWs-derived adsorbents, consid-
ering their adsorption performance, preparation cost, environmental impact, and
practical applicability, to promote the industrial application and sustainable develop-
ment of this technology.

(6) Due to the complex composition and structures of both IISWs and IISWs-derived
adsorbents, future efforts can leverage artificial intelligence (Al) technologies and
quantitative structure-activity relationship (QSAR) models to establish correlations
linking structures of IISWs and IISWs-derived adsorbents, adsorption conditions,
adsorption performance of adsorbents, and environmental impacts. This approach
will drive the transition of IISWs-derived adsorbents toward data-driven design.

In summary, the preparation of adsorbents from IISWs not only realizes the resource
utilization of solid wastes, solves the problems of large volume and difficult treatment of
IISWs, but also provides a low-cost alternative for the preparation of adsorbents, which has
important economic, environmental, and social significance. With the in-depth research
on modification technologies and adsorption mechanisms, IISWs-derived adsorbents are
expected to play a more important role in environmental pollution control in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations13030083/s1, Table S1: Adsorption properties of
industrial inorganic solid wastes (IISWs)-derived adsorbents, Table S2: Comparison of application
fields and characteristics for ISWs-derived Adsorbents.

https://doi.org/10.3390/separations13030083


https://www.mdpi.com/article/10.3390/separations13030083/s1
https://www.mdpi.com/article/10.3390/separations13030083/s1
https://doi.org/10.3390/separations13030083

Separations 2026, 13, 83

38 of 46

Author Contributions: Conceptualization, S.W.; methodology, R.D.; validation, R.D. and X.L.;
formal analysis, R.D.; investigation, R.D.; resources, S.W.; writing—original draft preparation, R.D.;
writing—review and editing, R.D., X.L. and S.W.; visualization, R.D.; supervision, S.W.; project
administration, S.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, grant number 2023YFC2908203; the Major Project of Science and Technology of Guizhou
Province, China, grant number [2024]017; and the College Student Innovation and Entrepreneurship
Project of Hunan Province, China, grant number 52021105330916.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

4Rs Four-membered rings

ADP Ammonium dihydrogen phosphate

AEMR Activated electrolytic manganese residue

Al Artificial Intelligence

AI-WTR Aluminum-based water treatment residue
APTES 3-Aminopropyltriethoxysilane

APTMS 3-Aminopropyltrimethoxysilane

ARM Activated red mud

ARM/NiOOH Activated red mud immobilized flake-shaped NiOOH
BASs Bronsted acid sites

BFS Blast furnace slag

BFSZ BFS-based zeolite

BRM Burning raw material

Co Initial concentration

CCBM Coal-based cemented backfill material

CCR Calcium carbide residue

CFA Coal fly ash

CFBFA Circulating fluidized bed fly ash

CGCs Coal gasification coarse slag

CGS Coal gasification slag

CGF Composite granular filler

CMC-SSBC-3  Sewage sludge biochar modified with carboxymethyl chitosan
COs Carbonyl sulfide

CPB Cement paste backfilling

CS Carbide slag

CSD Copper smelting dust

CSS Copper smelting slag

CS-AAMs Copper slag-based alkali-activated microspheres
Dé6R Double six-membered ring

DCP 2,4-Dichlorophenol

DFT Density functional theory

DG Desulfurized gypsum

DGMC600 Distillers” grains-modified engineered biochar
DWTS Drinking water treatment sludge

EB EMR-biochar

EDS Energy-dispersive X-ray spectroscopy

EGC Engineered geopolymer composites

EH Environmental hormone

EMR Electrolytic manganese residue

https://doi.org/10.3390/separations13030083


https://doi.org/10.3390/separations13030083

Separations 2026, 13, 83

39 of 46

EMRC
EMRZ
EMRZA
EMRZX
ERZ
ESP

FA

FAU
Fe-WTR
FTIR
GGBS
GHG
GNB
GO
GRM
HCPC
HPMC
1ISWs
IPC
LASs
LC@SRBC
LF

LFS
LLR

LS

LSS
LZSS
MB

MD
MgAl-LDO
MRM
MRM-PS
NO,
OFL
PFAS
PFOA
PFOS
PMBC
PMMA
PS
PSNPs
PTFE

e

qm
QSAR

RAS

REEs

RM
RMMC
RM-PGCM
SDBS

SEM
SEM-EDS
SH-CGCS

EMR flotation concentrate
EMR-derived zeolite
EMR-derived zeolite A
EMR-derived zeolite X

Zeolite X synthesized with EMR and red mud as the main raw materials

Exchangeable sodium percentage
Fly ash

A type of zeolite, including zeolite X and zeolite Y

Iron-modified /Iron-based water treatment residue

Fourier transform infrared spectroscopy
Ground granulated blast-furnace slag
Greenhouse gas

Graphene nanobuds

Graphene oxide

Granular red mud

High-content phosphogypsum cementitious

Hydroxypropyl methylcellulose
Industrial inorganic solid wastes
Iron phosphate cement

Lewis acid sites

Lignin-modified spontaneous magnetic sludge-based biochar

Ladle furnace

Ladle furnace slag
Lithium leaching residue
Lithium slag

Lead smelting slag
Lead-zinc smelting slag
Methylene blue
Molecular dynamics

Magnesium-aluminum layered double oxide

Modified red mud

Modified red mud with polystyrene
Nitrogen oxides

Ofloxacin

Perfluoro and polyfluoroalkyl substances

Perfluorooctanoic acid
Perfluorooctane sulfonic acid

Phosphogypsum-modified biochar composite

Polymethyl methacrylate
Polystyrene

Polystyrene nanoplastics
Polytetrafluoroethylene
Equilibrium adsorption capacity
Maximum adsorption capacity

Quantitative structure-activity relationship

A kind of low-carbon curing agent synthesized using red mud, GGBS, CCR, and

phosphogypsum

Rare earth elements

Red mud

Red mud-based modified ceramsites

Red mud-phosphogypsum-based composite cementitious materials

Sodium dodecylbenzenesulfonate
Scanning electron microscopy

Scanning electron microscopy—energy-dispersive X-ray spectroscopy

Sodium hydroxide-activated CGCS
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SLR Spodumene leaching residue
SMX Sulfamethoxazole
SNR Sea nodule residue
SS Steel slag
SSNMR Solid-state nuclear magnetic resonance
TG Thermogravimetric analysis
TMP Trimethoprim
TYBC TiO,-loaded phosphogypsum-modified biochar
VOCs Volatile organic compounds
WTS Water treatment sludge
WTR Water treatment residue
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
XRF X-ray fluorescence spectrometry
YPS Yellow phosphorus slag
ZAS Zinc-aluminum silicate
ZAS/GRM Zinc-aluminum silicate modified granular red mud
ZLR Zinc leaching residue
ZV1 Zero-valent iron
AG Change in Gibbs free energy
AH Change in enthalpy
AS Change in entropy
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