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Abstract: The disposal of electroplating sludge (ES) is a major challenge for the sustainable develop-
ment of the electroplating industry. ESs have a significant environmental impact, occupying valuable
land resources and incurring high treatment costs, which increases operational expenses for compa-
nies. Additionally, the high concentration of hazardous substances in ES poses a serious threat to both
the environment and human health. Despite extensive scholarly research on the harmless treatment
and resource utilization of ES, current technology and processes are still unable to fully harness its
potential. This results in inefficient resource utilization and potential environmental hazards. This
article analyzes the physicochemical properties of ES, discusses its ecological hazards, summarizes
research progress in its treatment, and elaborates on methods such as solidification/stabilization,
heat treatment, wet metallurgy, pyrometallurgy, biotechnology, and material utilization. It provides
a comparative summary of different treatment processes while also discussing the challenges and
future development directions for technologies aimed at effectively utilizing ES resources. The
objective of this text is to provide useful information on how to address the issue of ES treatment and
promote sustainable development in the electroplating industry.

Keywords: electroplated sludge; hazardous solid waste; resource utilization; disposal process;
pollutant control; technology comparison; waste utilization

1. Introduction

Electroplating technology is widely applied in various fields, such as mechanical manu-
facturing, electronic instruments, and metal materials, thereby facilitating the rapid growth
of the economy [1]. However, electroplating processes generate a significant amount of
wastewater, which is transformed into ES through acid-base neutralization, coagulation,
and sedimentation. According to statistics, there are approximately 200,000 electroplating
enterprises in China, generating an annual output of 5 billion cubic meters of electroplating
wastewater and discharging over 13 million tons of electroplating sludge [2]. The annual
discharge of electroplating sludge in the EU is approximately 100,000 tons, whereas the total
discharge of sludge in other countries and regions worldwide exceeds 1 million tons [3].
Consequently, the electroplating industry is widely recognized as one of the most polluting
industries worldwide [4]. During electroplating processes, various organic substances, includ-
ing surfactants and complexing agents (e.g., citric acid and ethylenediaminetetraacetic acid),
are commonly added [5]. While these additions enhance product quality in electroplated
products, they also increase challenges associated with treating electroplating wastewater and
sludge while complicating ES characteristics. ESs typically exhibit a moisture content ranging
from 75% to 90% and a pH value between 7.5 and 8.0, along with an ash content exceeding
76%. Additionally, ESs have a complex composition, comprising various heavy metals (such
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as Cu, Zn, Ni, Cr, and Pb), calcium salts, organic compounds, and other toxic/harmful sub-
stances [6-8]. As a consequence, it is categorized as hazardous solid waste. Improper disposal
and indiscriminate dumping of ES not only occupy a significant amount of land resources but
also pose a severe threat to the ecological environment and human health. Heavy metals in
the sludge can migrate due to weathering and rainwater leaching, leading to environmental
contamination through the sludge-soil-crop—human pathway and posing a substantial risk
to human health [9,10]. As shown in Table 1, certain metals in ESs have higher grades than
natural ores and are considered an economically viable renewable resource [11]. The global
annual discharge of ES exceeds 10 million tons [12], and if not properly utilized, it would
result in tremendous resource wastage. In modern society, where natural resources are
gradually depleting, recovering resources from byproducts like ESs proves to be an effective
approach for alleviating resource scarcity and promoting sustainable development within
the electroplating industry [13,14]. Furthermore, the resource utilization of ESs aligns
with global objectives toward carbon neutrality. In recent years, scholars have conducted
comprehensive research on ESs, with key research areas illustrated in Figure 1.

Table 1. Element concentrations (% dry mass) and metal prices in ES.

Metal Minimum Maximum Metal Price per Ton ($) *

Cu 0.0003 60.2 8736

Zn 0.0003 55.7 3529

Ni <0.0005 36.0 26,560

Sn 0.0007 3.76 25,207

Pb <0.0002 16.2 2106

Al 0.00007 354 2569

Cr <0.001 28.5 9530-10,221

* Changjiang Nonferrous Metal network.
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Figure 1. Research hotspots and framework for the comprehensive utilization of ESs.

The treatment of electroplating primarily involves processes such as solidification
and stabilization, reduction, metal resource recovery, and high-value utilization of sludge
materials. Given the hazardous nature and resource potential of ES, this paper provides a
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comprehensive review of the treatment and resource utilization of ES. It extensively outlines
different utilization methods and progress, conducts comparative evaluations of various
treatment technologies, and explores future developments in ES treatment techniques,
offering new insights into the treatment and disposal of ES.

2. Methodology Adopted for Review

This study aims to comprehensively investigate the pretreatment, reduction, and
resource utilization technologies of ES. It specifically focuses on the solidification technol-
ogy for hazardous substances in ES, as well as hydrometallurgical and pyrometallurgical
treatment processes, along with the application of ES in materialization. To achieve this
objective, extensive and thorough literature searches were conducted across multiple au-
thoritative databases such as Science Direct, Scopus, Web of Science, and Google Scholar.
Due to its comprehensive coverage and usability within the field of ES research, Science
Direct was utilized as the primary source for our search. Through keyword classification

v ”ou v

including “electroplating sludge”, “reduction”, “resource utilization”, “valuable element
recovery”, “building materials”, “hydrometallurgy”, and” pyrometallurgy”, a system-
atic literature search was carried out. Using the keywords “electroplating sludge” and
“resource utilization”, we initially searched for relevant English-language publications,
resulting in approximately 1300 articles on ES. However, as our study specifically focuses
on solidification, wet treatment, pyrometallurgical treatment, biological treatment, and
material utilization of ES, many publications not directly related to these areas were in-
cluded in the initial search results. Therefore, rigorous literature screening was conducted
to exclude those that did not align with our research focus, which narrowed down the
scope of the literature to approximately 400 articles. In subsequent literature screening
processes, we meticulously scrutinized the abstracts of each publication to ensure their
close relevance to our research topic and extracted key information from them. Following
this round of screening, we acquired 46 samples on solidification treatment of ES, 68 sam-
ples on metallurgical processes, 30 samples on material utilization, and 35 samples on
biological treatment. All selected publications have undergone peer review and possess
high academic quality. We conducted comprehensive research and analysis based on these
publications while exploring the reduction, harmlessness, and resource utilization technolo-
gies of ES. Additionally, we compared and analyzed the advantages and disadvantages of
various treatment processes.

3. The Nature of Electroplating Sludge
3.1. Source, Composition, and Classification of Electroplating Sludge

The characteristics of ES vary significantly in different regions due to the diverse nature
of wastewater generated by various electroplating processes, which necessitates distinct
treatment methods. Acid-base neutralization and coagulation—precipitation methods
are commonly employed for the treatment of electroplating wastewater [15,16]. In cases
where the wastewater contains metals such as Cr and Ni, an excess alkaline solution is
utilized to induce a reaction and form hydroxide precipitates, followed by solid-liquid
separation. Zinc-containing electroplating wastewater undergoes precipitation at a pH
value of around 8.5, resulting in the formation of Zn(OH);; however, both excessively acidic
or alkaline conditions can dissolve amphoteric Zn(OH); [17]. The precipitate obtained
from treating electroplating wastewater using these techniques is referred to as ES [18].
Chemical methods are predominantly employed in industrial production for the treatment
of ES, including coagulation and sedimentation and acid-base neutralization, as well as
oxidation-reduction reactions.

Chinese electroplating enterprises demonstrate features including strong market de-
mand, extensive geographic coverage, technological lagging, inadequate industry stan-
dards, and substantial environmental pollution. To enhance product quality, performance,
and service life, electroplating is utilized. Chromium (Cr) coating offers high corrosion
resistance, wear resistance, and visually appealing surface quality, making it widely applied
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in the electronic, automotive, and mechanical industries. However, its use in consumer
products is limited due to the strong toxicity of Cr** and Cr®*. Zinc plating is a cost-effective
method for protecting steel parts from atmospheric and marine corrosion. Nickel (Ni) pro-
vides good chemical stability in various environments, high hardness for easy polishing,
and high light reflection properties ideal for decorative coatings. Tin (Sn) exhibits strong
weldability and electrical conductivity, which are favored in electronic products requiring
welding. The diverse range of coatings and treatment processes results in the presence of
various heavy metals in ESs, including Au, Ag, Fe, Cu, Cr, Ni, and Zn, among others. The
utilization of multiple complexing agents and surfactants in the electroplating industry
adds to the complexity of sludge composition. Moreover, ES can also include considerable
amounts of oil, lime, silica, cyanide, and other substances, along with residual elements
like S, C, and Ca originating from wastewater [19,20]. Technological advancements and the
utilization of reagents have significantly enhanced the quality of electroplating products,
thereby leading to notable improvements in their overall performance. However, these
advancements have also introduced novel challenges in the treatment of electroplating
wastewater and sludge, consequently posing substantial risks to both the ecological envi-
ronment and human health [21]. The types and compositions of common ES samples are
presented in Table 2.

Table 2. Common types and components of ES.

w/%
Types of Sludge Plating Processing Method
Ca Cr Fe Ni Cu Zn Sn
Ni 0.69 1.55 96.2 Nickel-based composite nanomaterials [22]
13.8 9.77 1.42 0.33 Chromium oxide nanocomposites [23]
62.9 11.8 3.58 2.6 6.5 Pigment synthesis [24]
Cr 9.0 6.3 12.0 4.00 3.0 6.0 Metal-organic framework [25]
Separate sludge 3.94 7.52 6.13 5.14 Crude stainless [26]
16.1 16.1 49.9 0.11 291 Catalyst [27]
Cu 5.7 0.1 1.5 0.3 3.8 1.2 Smelting [28]
Sn 24.4 4.0 Sn@C Nanorodzn
Zn 12.6 8.7 Flocculant [20]
Cr-Ni-Zn 3.74 2.94 13.6 494 1.18 7.49 Sorbent [29]
Cu-Cr 12.44 391 7.55 6.02 5.13 12.44 Solidify [6]
Mixed sludge 13.3 2.06 5.57 6.09 3.09 Ferrite [30]
Cu-Cr-Ni 4.22 7.27 6.51 Oxidation roasting, water immersion [31]
15.38 0.09 12.87 041 12.94 0.04 Bioleaching [32]
Cu-Ni 18.62 3.01 5.51 6.93 1.6 Chlorination-mineralization—volatilization [33]

3.2. Hazards of Electroplating Sludge

ESs are characterized by a substantial discharge volume, high water content, complex
composition, and unstable properties. Improper handling of this waste can result in signifi-
cant ecological damage [34]. The composition of ES varies significantly depending on the
specific processes involved. Currently, chemical precipitation is the most commonly em-
ployed method for treating electroplating wastewater, which results in heavy metals being
present in an amorphous form within the generated sludge. Figures 2 and 3 depict XRD
and SEM images, respectively, showcasing some representative samples of ES. Inadequate
disposal of this sludge containing toxic and harmful heavy metal ions can lead to severe
environmental pollution, as rainwater or snow infiltrates into groundwater and causes
soil microorganism mortality, soil compaction, and degradation [35], as well as crop and
plant mortality that disrupts the ecological balance further. Weathering of ES surfaces can
generate dust particles, which disperse heavy metals into the atmosphere, thereby causing
air pollution. These pollutants may even pose a threat to human health and safety through
their entry into the food chain [36]. Additionally, throughout the storage, transportation,
and treatment stages of ES, inadequate management measures coupled with lax enforce-
ment regulations have the potential to cause environmental pollution incidents. ESs are
classified under hazardous wastes (HW17) containing toxic metallic elements according
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to China’s National List of Hazardous Wastes (2021 Edition) [37]. Stringent supervision
regarding collection, storage, and disposal practices for these wastes is necessary to prevent
secondary contamination.

(a) 1-FeO(OH) (b) 2 1-Goethite
2-Silicon Oxide

1 2-(Nao0.8Zno.1)2S04
3-Sodium Zinc Sulfate

Relative intensity
Relative Intensity
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Figure 2. XRD image of (a) zinc-containing sludge and (b) mixed sludge [38,39]. (Elsevier copy-
right permission).
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Figure 3. SEM images of different ES images [4,40-42]. (Elsevier and MDPI copyright permission).

The composition and nature of ESs exhibit significant variation, necessitating appro-
priate treatment measures. Currently, the focus of ES treatment methods primarily revolves
around harm prevention and resource utilization [43]. Harm prevention encompasses
stabilization and immobilization techniques, while resource utilization involves the recov-
ery of valuable metals from ES or their transformation into high-value-added products.
Numerous studies have yielded remarkable outcomes in the field of ES treatment. However,
it is widely acknowledged that no existing method for treating ES can be deemed entirely
safe, effective, or reliable. This article aims to explore several commonly employed methods
for treating ES and provides insights into prospects regarding its resource utilization.

4. Electroplating Sludge Disposal Methods
4.1. Solidification/Stabilization Treatment

Solidification/stabilization is a critical method for treating ES and is widely employed
for treating hazardous industrial solid waste. Solidification/stabilization technology refers
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to the addition of solidifying agents to ES, which results in the formation of a tightly
bonded solid mass and the encapsulation of hazardous substances in sludge to prevent
leaching. During the curing process of ESs, specific additives are incorporated based on
the harmful substances in the sludge. Heavy metals and other toxic and hazardous sub-
stances are converted into compounds with reduced solubility, mobility, and toxicity, thus
improving curing results. The solidified mass should exhibit excellent impermeability, resis-
tance to leaching, resistance to dry mixing, resistance to freeze-thaw cycles, and adequate
mechanical strength [44]. Commonly employed solidification/stabilization technologies
include cement curing, lime curing, thermoplastic curing, melt curing, and self-cementing
curing. The curing agents include cement, asphalt, glass, and water glass. This method
has advantages such as low cost, high efficiency, easy implementation, simple operation,
and wide applicability. However, finding an economical and effective solidifying agent
remains a challenge. As the solidification time increases, the fluctuations in the surrounding
environment increase the risk of heavy metals redissolving within the solidifying material,
and the long-term stability of the solidification effect needs to be verified [38]. Additionally,
solidification technology generates a significant amount of solid waste and secondary
pollutants, while the valuable metals in sludge are not fully utilized, leading to the waste
of resources.

In response to the issues in solidification and stabilization technology, researchers
have conducted studies on the solidification mechanism and micromechanism of ES to seek
more economically effective stabilizers, improve the stability of solidified products, and
reduce the leaching of hazardous substances.

Chen et al. [45] utilized alkali-activated slag as a solidifying agent and conducted a
systematic study on the effects of the liquid-to-solid ratio, modulus and dosage of water
glass, and dosage of ES on the strength of the solidified body and the leaching rate of
chromium ions. The solidified products were characterized, and it was determined that the
appropriate dosage of ES in the alkali-activated slag binder is 15-18%. Additionally, the
alkali-activated slag binder can convert Cr(VI) to Cr(III) without the need for a reducing
agent. Orescanin et al. [46] cured ES at specific mass ratios of ES and calcium oxide
and tested the stability and heavy metal content after leaching at different ratios. The
findings indicate that an optimal ratio of ES to calcium oxide of 5:1 results in the highest
stability of the solidified material, which is suitable for use in building materials. Yue
et al. [47] successfully achieved the effective recovery of metals from sludge and the
effective solidification of solidified products by adding fly ash during the melting and
solidification of ES and SiO,. The experimental results indicated that the recovery rates
of Zn, Pb, Cu, Cd, Cr, and Ni reached 33%, 96%, 33%, 79%, 81%, and 31%, respectively.
Additionally, the leaching concentrations of Zn and Cu in the obtained quartz sand were
3.8 mg/L and 2.1 mg/L, respectively, while the leaching concentrations of the other metals
were less than 1 mg/L. Asavapisit et al. [48] studied fly ash (Na,SiO3, Na;COs3) as a curing
agent to solidify ES and examined the compressive strength and leaching characteristics
of the solidified material. The results revealed that the inclusion of lime and two types of
alkaline fly ash in ES can enhance the strength of cured cement. The optimum curing effect
is achieved when the Na,SiO3 content is 4%, or the Na,COj3 content is 8%.

With the continuous progress and innovation of solid waste treatment technology, peo-
ple’s awareness of environmental protection and resource recovery is constantly growing.
Higher requirements have also been implemented for traditional solidification/stabilization
technology. As new technologies continue to emerge, traditional solidification/stabilization
technology is gradually being phased out and replaced.

4.2. Heat Treatment

Heat treatment involves the decomposition and oxidation of ES under high-temperature
conditions, resulting in the elimination of water and volatile substances in the sludge, the
destruction of toxic organic compounds, and a volume reduction in the treated ash residue
to approximately 10% of the original sludge volume. This approach achieves both waste
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reduction and harmlessness. Common heat treatment processes include incineration,
high-temperature melting, and example arcs.

Mao et al. [49] investigated the temperature dependence of Cr(VI) formation and
reduction in the thermal treatment of chromium-containing sludge in the presence of CaO.
The results indicated that CaO promotes the oxidation of Cr(IlI). In the presence of CaO,
prolonging the heating time can suppress the oxidation of Cr(III) at low temperatures
(200-400 °C). Additionally, at high temperatures (above 600 °C), the oxidation of Cr(III)
can be reduced by elevated temperatures (1000-1200°C) or the addition of MgO. Using
ion arc technology, Ramachandra et al. [50] examined the migration of heavy metals in
ES under various atmospheric conditions and the subsequent transformation of ES to
slag. The results indicated that a low oxygen content facilitated the migration of heavy
metals. Chromium exhibited a high migration rate under nitrogen conditions, while nickel
showed a high migration rate under hydrogen conditions. Wang et al. [51] investigated
the use of thermal pretreatment on ES to enhance its bioleaching performance. The study
demonstrated that thermal treatment significantly improved the bioleaching efficiency of
sulfide ES. At a calcination temperature of 600 °C, the copper release efficiency dramatically
increased from 59% to 100%, exhibiting the maximum promotion effect on bioleaching.
However, high-temperature calcination at 800 °C strongly inhibited bioleaching, with a
copper release rate of 46%.

Thermal treatment can minimize, stabilize, and prevent harm in ES to the greatest
extent. However, due to the low calorific value and limited combustible components of ES,
thermal treatment consumes a substantial amount of energy and requires high-temperature
tolerance. Furthermore, the incineration of sludge can lead to secondary environmental
pollution, thereby constraining the further application of thermal treatment technology.

5. Electroplating Sludge Resource Utilization

The ES resources contain abundant metal resources and have high economic value.
Exploring the recovery and comprehensive utilization of metal elements in ESs is a research
hotspot for the sustainable development of ecosystems. Consequently, the efficiency of
extracting heavy metals using different processing methods was studied (Table 3). Common
methods for the comprehensive utilization of ES resources include hydrometallurgical
treatment, pyrometallurgical treatment, bioleaching, and material utilization, among others.

Table 3. Various methods used to extract metals from ESs.

Treatment Approaches Reagents and Operations Efficiency
H,S0,, added NaOH until the pH of 7 and 14 98.99% Cu, 99.27% Ni and 97.22% Cr [52]
HNO3, HCl, hydrothermally 99.8% Fe, 96.6% Al, and 98.7% Zn [20]
HNOj3 0-0.65 ppm, sonication 0-20 min, 82.2% Zn, 87.3% Pb and 9.5% Cu [53]

Acid leaching

H,504 100 g/L, hquld-‘to-sc‘)hd ratio 5:1, particle size <1 88.6% Cu, 98.0% Ni and 99.2% Zn [54]

mm, digestion time 1 h

97.42% Cu, 98.46% N1, 98.63% Zn, 98.32% Cr and
100% Fe [55]

EDTA 70 mM, citric acid 10 mM, electrodeposition 82.21% Cu [56]

H,0,, HySOy, ultrasonic, two-stage acid leaching

Ammonia leaching

NH;3-(NHy),COs3, liquid-to-solid ratio 23.7:1, NH3-H,O o NIt
5.10 mol/L, 28.28 min 98.04% Ni [57]
NH;3 20%, pH 10.8-11.2, 90 min 70% Cu, 50% Zn and Ni [58]

Roasting and leaching

chlorination roasting, (NH4),CO3, H,O,, 60 °C 99% Zn, 98% Cu and 96% Cr [59]
sulfating roasting, galvanic sludge/pyrite ratio o o NIt o )

1:0.4, roasting 90 min, 550 °C 60% Zn, 43% Ni and 50% Cu [54]

sulfate roasting, sulfate roasting, sludge/sulfur 1:0.4, 550

°C 90 min, water leaching 15 min 80% Ag, 63% Cu and 73% Zn [60]

Bioleaching

94.7%Cd, 99%Cr, 98.8%Cu, 97.4%Mn, 98.9%Ni and

78.7%Zn [32]
Acidthiobacillus thiooxidans, Acidithiobacillus ferrooxidans, o) s
pH=1.0,30°C,5=08g/L 100%Ni [61]
Nickel-resistant bacteria, 0.8% NaCl, 30 °C 95%Ni [62]

Sulfobacillus acidophilus, Acidithiobacillus caldus
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5.1. Hydrometallurgical Treatment

Hydrometallurgical technology involves dissolving valuable metals in sludge into
leachate using leaching agents under optimal conditions. Subsequently, the leachate is
purified and extracted to obtain metal products. This technology enables efficient recovery
of metal resources with high efficiency in heavy metal recovery and stable processing
effects. The hydrometallurgical recovery process of ESs primarily consists of two steps: the
leaching of heavy metals and the recycling of leachate. Treatment methods for leachate
include stepwise precipitation, solvent extraction, electrolytic deposition, ion exchange, and
reduction. Hydrometallurgical technology comprises several steps, including pretreatment,
leaching, solid-liquid separation, purification, and metal recovery (Figure 4). The main ES
hydrometallurgical treatment methods include acid leaching and ammonia leaching.

electroplating pretreatment leaching solld-llq}lld
sludge separation
product metal extraction or . .
recovery compound preparation purification

Figure 4. The general process of recovering valuable metals from ESs.

5.1.1. Acid Leaching Method

The acid leaching method is extensively used in the hydrometallurgical treatment of ES.
The majority of the precious metals in the sludge are predominantly present as hydroxides
or oxides. Through acid leaching, the metallic components in the sludge can be dissolved
into the solution, existing as soluble ions or complex ions, and subsequently separated
and gathered. Currently, commonly utilized acidic leaching agents for ES leaching include
sulfuric acid, nitric acid, hydrochloric acid, and aqua regia [53]. The leaching agent selection
principle is based on thermodynamic feasibility, a high leaching rate, economic feasibility,
and availability. The acid leaching process is illustrated in Figure 5.

Step 1:Dissolution

> Step 2:Hydrothermal Step 3:Extraction of Cu Step 4:Extraction of Zn Step 5:Extraction of Ni

Y-\
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N ARl AR

Cu removal: 99.1% Zn removal: 99.6% Ni removal: 99.7%
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G0 + no; + H —> N+ HOW + CO;

Copper Sulfate Hydrate &
Bonattite;
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EvapoEalion cryste;lrlization Dwornikite.
Figure 5. Acid leaching for the recovery of copper, zinc, and nickel from ES [63]. (Elsevier copy-
right permission).

The leaching effect of the acid leaching method on ES is influenced by various factors,
including the type and concentration of acid, solid-liquid ratio, sludge type, leaching time,
and temperature. Li et al. [64] utilized sulfuric acid as a leaching agent to investigate the
impact of acid dosage on the leaching effect of Cu and Ni in sludge. The authors discovered
that the optimal process conditions were achieved when 2 g of sludge with a particle size
of d = 0.15 mm was mixed with 10 mL of 10% acid at room temperature and subjected to
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0.5 h of oscillation. By acidifying 1 g of sludge with 5 mL of 10% sulfuric acid, the leaching
rate of Cu and Ni in the ES exceeded 95%. Hoong Hooi Sim et al. [52] investigated the
optimal concentration of sulfuric acid (H,SOj4) for the removal of copper (Cu), nickel (Ni),
and chromium (Cr) from the waste residue, as well as the residual organic matter after acid
digestion. The optimal pH values for the precipitation of Cu and Ni were determined. The
results indicated that the concentration of HSO4 had a significant impact on the organic
matter content of the sludge, with removal rates of 98.99%, 99.27%, and 97.22% for Cu, Ni,
and Cr, respectively, when 30% H,SO4 was used. Lee et al. [65] studied the utilization of
aqua regia as a leaching agent for treating ES containing tungsten carbide and cobalt. By
examining the influence of temperature and reaction time on the leaching process, they
found that this method achieved an almost 100% leaching rate for both cobalt and tungsten
under suitable conditions. Li et al. [55] recovered Cu, Ni, Zn, Fe, and Cr from ES using a
two-stage acid leaching process enhanced by ultrasonic waves, achieving recovery rates of
97.42%, 98.46%, 98.63%, 98.32%, and 100%, respectively. The metal elements mainly exist in
the form of oxides and hydroxides in the ES, with the primary reaction occurring during
the leaching process as follows:

MOgsn + nH* — M™ + 0.5nH,0 1)
M(OH)p+ nH* — M™ + nH,O )
nFe** + 3N(OH), — 3M™ + nFe (OH), (3)
nCr®* + 3N(OH),, — 3M™ + nCr (OH), 4)

where M represents Cu, Ni, Zn, Fe, and Cr, and N represents Cu, Ni, and Zn.

Numerous studies have demonstrated that the acid leaching method has the advan-
tages of a short reaction time, high leaching efficiency, and cost-effectiveness. Nevertheless,
acid leaching agents are often corrosive; therefore, corrosion resistance must be met. More-
over, the acid leaching process generates waste acid and wastewater laden with valuable
metals, thereby posing a potential risk of secondary pollution. Furthermore, strong acid
leaching lacks selectivity, as all metal oxides can theoretically undergo leaching within the
leaching range defined by the redox potential of the system. Consequently, the composition
of the leaching solution becomes intricate, rendering the separation and purification of
heavy metals a formidable challenge.

5.1.2. Ammonia Leaching Method

To overcome the inherent limitations of acid leaching in terms of metal selectivity,
researchers have developed the ammonia leaching method for treating ES. This method
predominantly employs ammonia or a combination of ammonia and ammonium salt as
the leaching agent. The target metal forms soluble ammonia coordination ions within
the solution, facilitating its dissolution, while impurity elements either fail to form or
exhibit minimal affinity for ammonia coordination ions, thus remaining within the slag.
Consequently, this technique enables the desired metal to be effectively separated from its
impurities. Notably, the ammonia leaching method exhibited remarkable selectivity for
dissolving Cu, Zn, Ni, Co, and Ag while effectively inhibiting the dissolution of Cr and Fe.
The process of leaching ESs through the ammonia leaching method encompasses the realm
of metal electrochemical corrosion.

R. Salhi [66] utilized the ammonia leaching method to recover nickel and copper from
ES. In the low alkaline region, the solubility of nickel and copper, including their hydroxides
and four types of ES, is enhanced in the presence of ammonia. The solubility changes
with pH at different ammonia concentrations. The optimal ammonia concentration for
leaching [NH3]ita1 at pH 8 = 11 was found to be less than 6 mol/L. Shi et al. [57] selectively
recovered nickel from sludge using the NH3-(NH4),CO3; ammonia leaching system and
analyzed the leaching behavior of nickel, iron, and chromium during the ammonia leaching
process using Eh-pH diagrams. It was found that nickel can be leached out in the form
of the complex [Ni(NH;3),]%*, while iron and chromium are left in the leach residue as
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precipitates. The optimal leaching conditions were determined to be 28.28 min, 54.07 °C, a
liquid-to-solid ratio of 23.7:1, and an NH3-H,O concentration of 5.10 mol/L. Silva et al. [54]
conducted experiments employing both acid leaching and ammonia leaching to treat ES.
The results indicated that the leaching efficiency of sulfuric acid on elements such as nickel,
zinc, and copper in sludge was significantly greater than that of ammonia or ammonium.
However, the concentration of trace elements in the solution increased with increasing
sulfuric acid concentration, which posed challenges for the subsequent recovery of valuable
metals in the solution.

Ammonia leaching results in good selectivity and is suitable for accessing metal min-
erals with high alkaline gangue contents. This selectivity is advantageous for subsequent
processes of metal separation and purification. Additionally, the ammonia leaching process
for copper and nickel recovery from waste ES is relatively brief. However, the complexity
of the ammonia leaching process and the high requirements for equipment sealing restrict
the practical application of ammonia leaching in production. As shown in Table 4, the
difference between acid leaching and ammonia leaching is their effect on the inhibition of
iron and chromium in the leaching residue. The inhibition effect of ammonia leaching on
iron and chromium is better than that of acid leaching.

Table 4. Comparison of the main features of acid leaching and ammonia leaching.

Characteristic Acid Leaching Ammonia Leaching
Inhibition of Fe and Cr Inefficient Effective
Selectivity Low High
Leaching Efficiency Varies depending on the metal being leached Generally high
Environmental Impact Acid pollution Ammonia leak
Equipment Corrosive to equipment Requires well-sealed equipment
Health and Safety Risks Acid fumes, wastewater Ammonia gas, wastewater
Recycling of Leaching Agents Challenging Feasible

5.2. Pyrometallurgical Treatment

The pyrometallurgical process is used to treat ES by adding reducing agents and
fluxes during the smelting process of the sludge. High-temperature reactions can be used
to obtain metals or intermediate products. Roasting—leaching and smelting are the two
main pyrometallurgical processes used for treating sludge. Figure 6 illustrates the general
process of incinerating ESs.

mixed smelting/ surface bag wet ¢-ESP hi
sintering flue gas cooler filter deacidification wet- chimney
active carbon desulfurization wastewater Salts
adsorption zero discharge equipment

Figure 6. ES pyrometallurgy process.

5.2.1. Roasting and Leaching Methods

During the roasting—leaching process, ES is initially subjected to roasting to remove
water, organic matter, and some impurities, reducing the volume of sludge and enriching
valuable metals. Then, acid, alkali, water, and other media are used as leaching agents to
extract valuable metals from the roasted products. The purpose of roasting pretreatment is
determined by the composition of the sludge and the leaching process.

Amaral et al. [60] utilized sulfate roasting of ES and employed sodium thiosulfate as
a leaching agent to recover gold, silver, copper, and zinc from the sludge, investigating
the metal recovery rates under various experimental conditions. Under experimental
conditions, the leaching efficiency of sodium thiosulfate is comparable to that of cyanide.
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Zhou et al. [41] conducted a study on the roasting—acid leaching method with the addition of
sodium sulfate and the supplementation of sodium hydroxide for the recovery of chromium
from ES. Under optimal conditions, the recovery rate of chromium can reach 93.35%. The
analysis results indicate that the combined effect of sodium sulfate, sodium hydroxide,
and air roasting greatly improves the separation and recovery efficiency of chromium.
The remaining residue is transformed into a Fenton-like catalyst for the degradation of
tetracycline, realizing the efficient utilization of resources. Gustavo Rossini et al. [59]
recovered Cu, Zn, and Ni from ES by sulfuric acid acidification roasting. Pyrite waste was
used as a vulcanizing agent, mixed with ES for roasting treatment, and then leached with
deionized water at room temperature. The recovery rates of Cu, Zn, and Ni are 50%, 60%,
and 43%, respectively, which achieves the purpose of treating waste with waste. Yao et al.
used an HCI chlorination agent and SiO2 mineralizer to selectively separate and extract
Cu from Cu-Ni mixed ES by chlorination and a mineralization surface interface phase
transformation method. The isolated Cu is in the form of copper chloride dihydrate, while
more than 97% of the nickel is in the form of nickel silicate. The optimum process conditions
were 800 °C held for 90 min, the liquid-to-solid ratio was 3:2, the extraction rate of copper
was 93%, and the purity of the product was about 91%. The mechanism of copper—nickel
hydration separation and extraction is as follows:

NiCl, + H,O — NiO + HCl1 (5)

NiCl, + SiO; + HyO — NipSiO; + HCl, (g) 6)
CuCl, + H,O — CuCl; (g) + HyO (g) (7)
CuCl, +2H,0 — Cu(OH), + 2HCI (g) (8)
Cu(OH); + HCl(g) — CuCl, + H,O )

The roasting-leaching process is advantageous for separating and extracting metals
that are challenging to separate using the hydrometallurgical process. In comparison to the
ammonia leaching method and the acid leaching method, the roasting—leaching process
requires a smaller quantity of leaching agents and exhibits superior selectivity toward heavy
metals. Nevertheless, the process is hindered by drawbacks such as a lengthy process
flow, high energy consumption, substantial production investment, and a low recovery
rate of heavy metals, making it challenging to promote and implement heavy metals in
practical production.

5.2.2. Smelting Method

The smelting method is a pyrometallurgical treatment process that utilizes coal, coke,
and reducing agents as fuel and incorporates additives such as dolomite, limestone, and
copper ore to recover metals such as Cu, Zn, and Ni from ES. The selection and quantity of
additives, as well as the roasting conditions, significantly impact the smelting process. Tian
et al. [67] introduced a refining process using carbon thermal reduction roasting and low
carbon oxide reduction to recover valuable metals such as copper, zinc, nickel, tin, and lead
from ES. At 1200 °C, 20% carbon (wt%) was added, and after a reaction time of 1 h, 90.77%
of the lead, 99.92% of the zinc, and 95.14% of the tin volatilized into the flue gas, resulting
in the formation of black copper after roasting. Moreover, at 1300 °C, with the addition
of 8% carbon and 6% SiO; (slagging agent) and a reaction time of 3 h, high-purity anode
copper with a purity of 98% and water-quenched slag suitable for construction materials
can be obtained.

5.3. Biological Treatment

The biological treatment of ES involves the utilization of specific microorganisms
or their byproducts to break down degradable components within solid waste, thereby
achieving the objectives of waste recycling and harm reduction. Currently, the prevailing
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biological methods for treating ES include bioleaching, biosorption, and sludge composting.
The biological sludge treatment process is shown in Figure 7.

Bacteria
separation

Micro-organism

produce acids Electroplating sludge

V™ N

/Active bioleachate'

Sulphur
ﬁ ﬂDetoxiﬁcalion
residue
- i
W Bacteria Metal solution

Figure 7. The basic process of bacterial leaching [68] (Elsevier copyright permission).

5.3.1. Biological Leaching

Biological treatment of ES involves the use of specific microorganisms or their byprod-
ucts to degrade components in solid waste, thereby achieving the objectives of waste
recycling and harm reduction. Currently, the predominant biological methods for treating
ES include bioleaching, biosorption, and sludge composting. Among the most common mi-
croorganisms are Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans. The metabolic
reactions are as follows:

4Fe*t +4H' +0, — 2H,0 + 4Fe>* (10)
MS + 2Fe3t — M2t 42F?* 4§ (11)
S+ 0p+2H,0 — 4H"+S03~ (12)

Liu et al. [69] investigated the regulatory effects of Acidithiobacillus thiooxidans and
Acidithiobacillus ferrooxidans sludge on sludge dewatering. Compared with other methods,
such as hydrothermal, ultrasonic, and microwave treatments, the use of ferric chloride
and calcium oxide for bioleaching or chemical treatment can significantly improve the
dewaterability of urban sewage sludge without reducing the organic components, which
is beneficial for reducing the cost of reuse. Yang et al. [38] used Acidithiobacillus thiooxi-
dans (A.t.) as a bioleaching agent, with elemental sulfur (S) serving as the energy source
for the bacteria. In the A.t-S system, HySO, is generated, which dissolves and releases the
target metal. Under optimal conditions, the nickel in ES can be completely leached out.
Sathyavathi et al. [62] isolated a strain of nickel-tolerant bacteria (Microbacterium sp.) from
electroplating wastewater that can convert soluble NiSOy into insoluble NiO nanoparticles.
The research results demonstrated the feasibility of the use of the metal-tolerant bacterium
Microbacterium sp. for converting toxic nickel into less toxic nickel oxide nanoparticles.
Compared to traditional methods for heavy metal detoxification, this technique has an
exceptionally low cost.

5.3.2. Biological Adsorption

The biosorption method involves the cultivation of microorganisms, such as bacteria
and molds, with specific functions under controlled conditions to adsorb valuable metals
present in sludge. Due to the diversity of microorganisms, variations exist in the structure
of cells and tissues, resulting in differences in the adsorption capacity of metal ions with
varying concentrations and properties [70]. Microbial adsorption can be categorized into
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two main types: direct cell adsorption and metabolite fixation. Cell adsorption occurs when
metal ions complex with the surface groups of microbial cell walls, leading to the removal
and enrichment of heavy metals in sludge. Metabolite fixation refers to the reaction between
metabolites produced during microbial growth and metal ions, causing the adsorption of
metal ions.

Selecting appropriate adsorbents is crucial for biosorption. Currently, there are a
wide variety of adsorbents available on the market that possess suitable pricing, strong
adsorption capacity, ease of heavy metal adsorption and recovery, and environmental
friendliness [71]. This method has been successfully employed for the treatment of heavy
metal ion-contaminated wastewater.

5.3.3. Sludge Composting

Sludge composting is a process whereby the organic matter in sludge undergoes a
series of biochemical reactions under the influence of microorganisms, resulting in its
transformation and stabilization. This process results in the production of fertilizer that is
beneficial for plant absorption and growth. Research has demonstrated that heavy metals
present in sludge can enhance the growth and development of plants, while microorgan-
isms facilitate the absorption of heavy metals by plants. The factors that influence sludge
composting include moisture content, temperature, pH, and other variables [72,73]. Addi-
tionally, the auxiliary materials employed primarily consist of expansion agents and heavy
metal passivation agents. Sludge composting technology offers several advantages, includ-
ing reduced capital investment, simplified process flow, minimal waste gas and wastewater
discharge, and extensive application prospects. Nonetheless, ES exhibits complex composi-
tions and properties and contains heavy metals that are resistant to degradation. Therefore,
further development and research are needed to determine whether the utilization of
treated sludge as fertilizer will result in secondary pollution [74]. Consequently, stringent
quality control measures must be implemented when utilizing ESs as fertilizer.

Microbial treatment technology offers a cleaner and more environmentally advanta-
geous approach than traditional sludge treatment methods. It holds great potential for
use in the secondary recovery of low-grade mineral resources. However, the growth of
microorganisms in microbial treatment technology is time-consuming due to the toxicity
of ES and the shear force exerted by the particles, leading to long treatment cycles and
unstable effects [75]. Further research is required to investigate the biological detoxification
mechanism, rapid biological treatment, leaching kinetics, and scale of ESs.

5.4. Materialization Treatment

The composition of ES is complex, and if a wet process is adopted, subsequent complex
metal separation and purification work will be needed. ES can be used as a raw material
or auxiliary material for the production and preparation of functional materials, such as
ferrites, capacitors, catalysts, adsorbents, and electrode materials.

Electroplating sludge can be utilized in the production of construction materials,
and the presence of heavy metal elements in the sludge affects the hydration properties
of the solidified materials. Xiao et al. [76] employed an enhanced deionization ion (EDI)
structure for continuous treatment of simulated electroplating wastewater containing nickel.
The removal efficiency for Ni?*, Cu?*, Zn?*, Cd?*, and Cr3* in electroplating rinse water
reached a minimum of 99.8%, allowing for recycling within the electroplating industry and
reducing the discharge of electroplating sludge at its source. This led to improved quality
of the sludge and reduced costs associated with its treatment and transportation, as well as
significant economic benefits.

Ferrite is a high-performance magnetic material that can be divided into two cate-
gories: simple ferrite and complex ferrite. It possesses stable chemical properties and is
not easily soluble in water, acid, alkali, or salt solutions. During the treatment of ES, heavy
metal ions (such as Mn?*, Cu?*, Ni?*, Zn?*, and Co?") can react with Fe3* and Fe?* to form
stable ferrites, which can be firmly fixed in the spinel ferrite lattice [77]. Chen et al. [78]
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used a hydrothermal method to treat ES containing copper, zinc, iron, chromium, and
nickel. FeCl-6H,O was added as the iron source, and NaOH was used as the precipitant.
Using this method, they successfully prepared copper-rich Ni-Zn-Cr ferrite and recov-
ered copper through an extraction method, with a recovery rate ranging from 76% to
84%. Weng et al. [30] used nickel-rich ES as a raw material and added an iron source
and modifier (NayCO3) to prepare nickel ferrite through a hydrothermal acid washing
method. After drying, they obtained a high-performance lithium battery negative electrode
material, NiFe,Oy.

Nickel, as one of the vital metals in modern industry, exhibits significant application
potential in supercapacitors through its oxides, hydroxides, and nickel-based layered
double hydroxide (LDH) materials [79-81]. Hou et al. [82] utilized nickel-containing ES as
the raw material and urea as the precipitant to synthesize Al and Fe codoped x-Ni(OH),
and Ni(HCOj3), through a hydrothermal method. The nickel-based composite nanomaterial
exhibited excellent electrochemical performance, and the supercapacitor prepared from
it had a specific capacitance of 495.6 C-g~!, maintaining 55.58% of its initial capacitance
after 3500 cycles. Liu et al. [83] utilized hydrochloric acid to leach Ni?*, Fe3*, and A13*
from nickel-containing ES. Urea was used as a precipitant to synthesize two-dimensional
layered nickel-based LDH through a hydrothermal method. The LDH exhibited a specific
capacitance of 1652.20 F-g~! at a current density of 0.5 A-g~! and maintained a capacitance
of 766.69 F-g~! after 1000 cycles. The study confirmed that the content of -O-C=N in LDH
increased with the addition of urea, and excessive urea led to the transformation of LDH
into Ni(HCOs3),.

ES typically contains heavy metals, flocculants, precipitates, etc. These materials can
be prepared into adsorbents through activation and calcination treatment, the adsorption
mechanism of which involves mainly ion exchange and surface coordination. Eun-Ji Cho
et al. [84] utilized the Fenton oxidation process to treat ES. The obtained Fenton sludge
was activated at various temperatures to produce active adsorbents for the removal of
Cd?* from wastewater. When TA-FS-900 was applied to wastewater discharged from a
zinc smelter, 98.4% of the Cd was removed from the wastewater at a dosage of 10 g/L.
Liu et al. [40] utilized ES containing Co and Cr, and by adding Na, rod-shaped erbium
crystals were synthesized at 160 °C for 10 h in a high-pressure reactor. Long rod-shaped
erbium crystals with a concentration of 0.3 g/L can remove more than 99% of the Zn
and Cu in electroplating wastewater, 37.9% of the Cu, and 53.3% of the Ni, exhibiting
a greater removal efficiency than powdered activated carbon, poly aluminum chloride,
polyferric sulfate, or pure NayS-9H,O reagent. The treated electroplating wastewater met
the discharge standard.

The utilization of ES for the preparation of construction materials such as cement,
sintered bricks, and ceramics has been extensively studied. The main focus of the related
research is to improve the performance of construction materials through the use of ad-
ditives and evaluate the risk of metal leaching. ES contains various heavy metals, which
can form new crystal phases during cement production. However, due to the complexity
of heavy metals, interactions between them and their crystal phases still require further
investigation. During the sintering process, most of the ES is immobilized in the cement.
Heavy metal ions can affect the performance of cement, and the heavy metal ions in ES
directly influence the production and usage performance of cement; however, the problem
of excessive heavy metal content also exists. Many researchers have conducted toxicity
leaching tests on ES as a partial substitute for cement clinker, and the results indicate that it
poses no significant threat to the environment [44,48,85].

ESs include numerous metal oxides, sulfates, phosphates, hydroxides, and silicates;
thus, these materials serve as excellent catalyst precursors and can be utilized as raw
materials for catalyst fabrication. The ES often exhibits vibrant colors, which are attributed
to the presence of multiple colored metal ions in the sludge. The color of ES is related
to the valence states of the ions, such as Cu%*, Cr3*, and Ni%*, which typically resultin a
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green color. It can be dried and finely ground to serve as an alternative green pigment in
decorative mortar production.

In summary, the materialization technology used for ES not only enables the full uti-
lization of heavy metals in sludge to produce high-value-added products but also provides
a solution for the large-scale disposal of sludge, making this process a hot topic in the
research of ES treatment and disposal techniques. The key challenge of this technology lies
iSn the variable composition of the sludge, which requires preliminary analysis and rational
utilization based on its specific characteristics, which involves a high initial investment.
However, the further development and application of materialization of ES are constrained
by issues such as secondary pollution during the treatment process, long-term stability of
the materials, imperfect policies, and insufficient market confidence.

5.5. Technical Comparison

In summary, there are various methods available for the treatment and disposal of ES,
including hydrometallurgical processes, pyrometallurgical processes, biological treatment,
and solidification. However, each treatment method has limitations and cannot make full
use of ES. The advantages and disadvantages of various ES treatment processes are shown
in Table 5.

Table 5. Comparison of ES resource disposal technologies.

Pyrometallurgical +

Pyrometallurgical Hydrometallurgical Hydrometallurgical Materialization Biological

Equipment investment large lesser large lesser small
Production capacity large small lesser large small

Environmental protection flue gas, pollution, waste 8as, acid, and flue gas and wastewater exhaust gas no waste

less wastewater alkali wastewater
Running cost high high high high low

Types of metals recovered single various various none none
Floor space large large large lesser small

The hydrometallurgical process offers a high recovery rate and requires minimal
equipment investment. However, the wet extraction process involves a significant quantity
of costly chemical reagents and generates substantial wastewater during operation. During
ammonia leaching, inadequate equipment sealing may result in the production of waste
gas, necessitating strict equipment sealing measures. Pyrometallurgical treatment offers
high production capacity and comprehensive treatment effects but requires substantial
capital investment. The operation of the equipment generates a significant amount of
flue gas. The pyrometallurgical process is strongly influenced by the type and quantity of
additives. In addition, ES is characterized by high water content, low calorific value, low
metal content, and complex composition, and these conditions pose challenges, including
high energy consumption, difficult flue gas treatment, low metal recovery rate, and limited
variety of recovered metals. Biological treatment of ESs offers significant advantages in
mitigating environmental pollution. It exhibits a strong metal adsorption capacity, high
recovery rate for heavy metals, low capital investment, simple operation process, absence
of secondary pollution, and promising application prospects. However, this method is
hindered by the lengthy process of selecting and cultivating suitable strains, as well as
the slow treatment speed, thereby constraining the industrial application of biological
treatment technology. The materialized treatment of ES offers advantages such as simple
equipment, low cost, reduced volume, land resource utilization, high-value-added product
production, and significant economic benefits. This topic represents a focal point in the
research on ES disposal technology. However, the long-term stability of ES treatment
through materialization technology requires further investigation. It is crucial to improve
research on the curative effects of materials to ensure product quality.
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6. Conclusions and Perspectives

ESs have both harmful and resource value. Their large emissions and accumulation
have caused significant damage to the environment, seriously hindering the healthy devel-
opment of the electroplating industry. Extensive and in-depth research has been conducted
by scholars on the harm and resource of ES. They have developed treatment methods suit-
able for various forms of electroplating sludge, including sludge solidification technology,
pyrometallurgy, hydrometallurgy, high-value utilization, and other technical means. These
treatment processes offer significant economic value and environmental benefits and can
promote the sustainable development of electroplating enterprises. The research on re-
source utilization of ES in China is still in its early stages, with great potential for reducing
sludge treatment costs, preventing secondary pollution, and achieving comprehensive
sludge utilization.

The treatment and disposal of ESs has become a research focus for scientists, leading
to the development of various treatment methods. These include solidification techniques,
thermal treatment methods, recovery of valuable elements, and material utilization. How-
ever, further improvement is still required to meet the demands of efficient and sustainable
ES management. To enhance the solidification effect of ESs, it is necessary to develop
more efficient additives and effectively control heavy metal loss during the solidifica-
tion/stabilization treatment. In addition, the thermal treatment process should explore
more efficient and energy-saving conditions to reduce energy consumption while improv-
ing treatment effectiveness. Furthermore, wet metallurgical treatment should minimize the
use of chemical reagents and decrease wastewater generation. Materialization technology
aims to achieve more stable treatment effects by fully utilizing the resources of ESs. Lastly,
the biological method involves developing functional bacteria to improve efficiency in ES
treatment. ESs should be treated and disposed of according to the specific characteristics
and process conditions of the sludge. To achieve comprehensive utilization of different
components within the sludge, it is essential to transition from a single technology to a
multi-process approach. Additionally, electroplating wastewater can be treated using an
EDI structure. This reduces the discharge of electroplating sludge from the source and
makes electroplating sludge treatment less difficult. There is an inadequate understand-
ing of the nature of ES, necessitating further research focusing on fundamental theories
encompassing physicochemical properties, phase characteristics, and forms of heavy metal
occurrence in ESs. Furthermore, it is crucial to enhance regulation and utilization practices
for ES by enacting relevant laws, regulations, and industry standards that govern the
management and utilization of ES from a legal perspective. To implement these regulations,
multiple departments must collaborate while clarifying individual responsibilities.
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