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Abstract

The rapid expansion of the electrode foil industry has led to the generation of large volumes
of acidic wastewater containing strong acids (sulfuric and hydrochloric) and metal ions
(such as aluminum and copper). The generated wastewater poses serious environmental
challenges, including infrastructure corrosion, soil acidification, and toxicity to aquatic life.
This review evaluates three primary treatment approaches: neutralization (adjusting pH
and removing metals), ion adsorption (selective recovery of metals and acid recycling),
and membrane separation (precision resource recovery). Neutralization is cost-effective for
pH adjustment and metal removal but is limited by secondary pollution and low resource
recovery. Ion adsorption allows for the targeted recovery of metals and recycling of acid,
although it faces challenges related to high costs and scalability. Membrane separation
offers accurate separation and resource recovery but is affected by fouling and high energy
requirements. Future research should focus on integrated treatment strategies, AI-driven
process optimization, and the development of advanced materials to enhance sustainable
wastewater management. These efforts aim to provide a scientific basis and technical
reference for wastewater treatment in the electrode foil industry.

Keywords: acidic wastewater; metal ions; neutralization; ion adsorption; membrane separation

1. Introduction
The electrode foil industry has experienced substantial growth in recent decades,

driven by the increasing demand for aluminum electrolytic capacitors and associated elec-
tronic components, leading to a significant increase in wastewater production (Figure 1) [1].
During critical manufacturing stages, notably etching and pickling, considerable quanti-
ties of sulfuric and hydrochloric acids are employed to eliminate impurities and enhance
the foil’s surface characteristics. These acids are indispensable for dissolving unwanted
residues, ensuring the foil adheres to stringent quality standards. However, their utilization
results in the generation of highly acidic wastewater, with pH levels typically ranging
from 1 to 3, characterized by elevated concentrations of metal ions, primarily aluminum
(500–2000 mg/L) and copper, alongside high sulfate concentrations (10–30 g/L).
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Figure 1. Schematic visual diagram of waste liquor and wastewater generation in the aluminum industry.

Although the exact composition of this wastewater may vary depending on specific
production techniques and capacitor types, the prevalent presence of high acid and metal
content underscores a significant environmental challenge [2–6]. One immediate concern is
the accelerated deterioration of infrastructure. The extremely low pH of the wastewater
can quickly corrode drainage systems, leading to costly repairs and significant disruption
to municipal services [7]. Furthermore, when this wastewater reaches natural water bodies,
it disrupts aquatic ecosystems by altering pH levels. Even minor changes in pH can lead to
a decline in biodiversity and the loss of sensitive aquatic species, thus undermining the
ecological balance [8]. In addition to the direct effects on water bodies, acidic wastewater
poses serious risks to terrestrial environments. When the wastewater infiltrates the soil,
it leads to soil acidification—a process that diminishes the soil’s fertility by altering its
chemical composition and hindering microbial activity. This acidification not only reduces
crop productivity but also undermines the soil’s long-term health. Moreover, the infiltration
of acidic water into groundwater systems can contaminate drinking water sources, posing
significant public health risks [9,10].

Regulatory agencies worldwide have recognized these threats and established strict
guidelines to manage industrial wastewater discharge. These regulations typically set
limits on parameters such as pH, chemical oxygen demand (COD), biochemical oxygen
demand (BOD), and heavy metal concentrations. For example, the European Union’s Water
Framework Directive (WFD) and the United States’ Clean Water Act (CWA) both emphasize
the protection of water bodies and the sustainable management of water resources. China’s
Integrated Wastewater Discharge Standard (GB 8978-1996) [11] mandates that effluent
must be neutralized to achieve a pH between 6 and 9. The standard also limits aluminum
concentrations to below 0.5 mg/L and sulfate levels to less than 200 mg/L.

Chemical neutralization, membrane-based processes, and other physicochemical
techniques have been developed to manage acidic wastewater [12,13]. The benefits and
limitations of each acidic wastewater treatment technology are summarized in Figure 2.
Recent reviews have addressed broad aspects of acidic, metal-rich wastewaters; for in-
stance, Juve et al. [14] reviewed electrodialysis for metal removal, and Du et al. [15] and
Nguegang et al. [16] summarized sustainable treatment strategies for acid mine drainage.
However, there remains a conspicuous gap, where few studies focus specifically on the
acidic wastewater generated by electrode foil manufacturing, which combines ultra-low
pH (pH < 3), high dissolved metal burdens (Al, Cu, Zn), elevated chloride/sulfate loads,
and the dual challenge of both pollutant treatment and resource recovery. In this context,
this review makes three novel contributions. Firstly, it defines this challenging indus-
trial stream as a discrete treatment target. Secondly, it maps major technology families
(neutralization/precipitation, ion adsorption/ion exchange, membrane separation, and co-
agulation/flocculation) into a single process train tailored to that stream. Thirdly, it adopts
a resource recovery and circular economy framework, emphasizing acid/metal recovery,
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low-carbon design, digital process control, and techno-economic/environmental metrics.
Furthermore, this review hopes to provide engineers and researchers with a sector-specific,
system-level roadmap rather than technology-by-technology summaries alone.

Figure 2. Summary of acidic wastewater treatment technologies.

2. Advances and Applications of Neutralization Technology
The neutralization method, a fundamental technique for treating acidic wastewater

from electrode foil production, functions by adjusting the wastewater’s pH through acid–
base reactions while simultaneously removing pollutants [17,18]. In the electrode foil
manufacturing process, stages such as etching and pickling generate wastewater that is
rich in sulfuric and hydrochloric acids, as well as metal ions, such as aluminum and copper.
Alkaline substances (e.g., sodium hydroxide, lime milk, or carbide slag) are added to the
wastewater, causing hydrogen ions (H+) to combine with hydroxide ions (OH−) to form
water. Concurrently, metal ions (e.g., Al3+, Cu2+) interact with hydroxide ions to precipitate
as metal hydroxides (e.g., Al(OH)3, Cu(OH)2) [19]. This dual process effectively neutralizes
the pH and removes metal pollutants from the wastewater. The reaction can be represented
as follows:

H2SO4 + Ca(OH)2→CaSO4 + 2H2O

HCl + NaOH→NaCl + H2O

Al3+ + 3OH−→Al(OH)3 ↓

Cu2+ + 2OH−→Cu(OH)2 ↓

The neutralization–precipitation process for acidic wastewaters is fundamentally gov-
erned by pH-driven hydrolysis of dissolved metal ions and precipitation of hydroxides,
as well as concomitant acid–base neutralization. In practice, the target pH range depends
on the predominant metal species and their hydrolysis behavior. For example, in the
treatment of acid mine drainage (AMD) with dominant Fe3+ and Mn2+ species, the pH
must typically be raised to about 7–9 for complete precipitation of Fe hydroxides and Mn
hydroxides [20]. Similarly, for Al3+-rich systems, the precipitation pH of Al(OH)3 is effec-
tive above 6.5–7 [21]. In high-acid, multi-metal systems similar to electrode foil wastewater,
operational pH setpoints are often in the range of 5–9, frequently with a two-stage approach
(e.g., pH 4.5 first, then pH 7.0), to optimize sulfate removal and metal hydroxide precipi-
tation. Regarding alkaline reagents, conventional neutralizers include sodium hydroxide
(NaOH), lime milk (Ca(OH)2 suspension), and quicklime (CaO), which reacts to form
Ca(OH)2 in situ. Industrial by-products such as steel slag and carbide slag (CaC2 residual)
have also been evaluated as low-cost alternatives [22,23]. For instance, NaOH exhibited
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a rapid pH rise (from 2.16 to 8.53) and high metal removal rates (86.7–99.9%) in an AMD
study [20]. However, while NaOH provides high reactivity, it is more costly and may in-
crease effluent alkalinity/hardness. And lime-based reagents are cheaper but produce more
sludge and require longer reaction times [23]. After chemical precipitation, solid–liquid
separation is a critical step to remove the generated hydroxide or sulfate precipitates and
ensure effluent clarity. Common separation methods include gravity clarification and sedi-
mentation, followed by sludge thickening and dewatering (e.g., plate-frame filtering, belt
filtering, centrifugation). In more demanding streams (colloids with high ionic strength),
flocculation aids (e.g., polymers) are often applied to enhance settling. It should be noted
that in the context of electrode foil acidic wastewater, the high ionic strength and fine
colloidal precipitates impede the settling rate and increase sludge volume. Therefore, a
combination of coagulation–flocculation prior to neutralization or the use of enhanced
separation (e.g., lamella clarifier, dissolved air flotation) may be advisable [24].

To summarize, the neutralization method should be described and designed by clearly
specifying the following parameters: The first parameters are the initial and target pH
values. The second parameters are the selected alkaline reagent (with cost, reactivity, by-
product and sludge implications). The third parameter is a solid–liquid separation strategy
suited to the precipitates and wastewater matrix. For instance, an electronic materials
factory implemented a “two-stage neutralization + flocculation precipitation” approach
to treat sulfuric acid-containing wastewater (initial pH was 2.5, Al3+ concentration was
500 mg/L). In the first stage, lime milk was added to raise the pH to 4.5, facilitating the
precipitation of CaSO4. In the second stage, sodium hydroxide was introduced to elevate
the pH to 7.0, promoting complete precipitation of Al3+. This treatment resulted in a
final effluent pH of 6.8, an Al3+ concentration reduced to 0.8 mg/L, a sulfate removal
rate exceeding 90%, and sludge production of 0.15 kg/m3 wastewater, which meets the
requirements of the “Comprehensive Wastewater Discharge Standard” (GB 8978-1996) [11].

The neutralization method offers significant economic and operational advantages
in wastewater treatment, making it a highly valuable solution. Economically, neutraliz-
ing agents, including lime and carbide slag, reduce treatment expenses to approximately
0.29–0.73 USD per ton, making this method economically viable for large-scale applica-
tions. Technically, neutralization processes benefit from automated pH control systems,
which enhance precision and reliability. These systems employ real-time sensors and
adaptive dosing algorithms to dynamically adjust reagent inputs in response to variations
in wastewater flow and contaminant levels, optimizing treatment stability and efficiency.
This method is highly suitable for treating high-concentration acidic wastewater (sulfuric
acid concentration ≤ 5%) and complex systems containing multiple metal ions. Despite its
advantages, the inherent limitations of the neutralization method constrain its large-scale
implementation. First, the process produces substantial sludge yields (5–10% of the treated
wastewater volume), which is primarily composed of metal hydroxides, escalating both
dewatering expenses and disposal complexities. Second, in the treatment of highly acidic
wastewater, the consumption of alkaline reagents often exceeds 1.2 to 1.5 times the theo-
retical stoichiometric requirement. Such overdosing results in both unnecessary chemical
consumption and elevated effluent hardness, which collectively increase operational costs
while significantly hindering water recycling.

To overcome current limitations, the advancements of neutralization technology focus
on optimized process control, innovative material development, and strategic technology
integration. Regarding process optimization, machine learning-based dynamic dosing
models enable precise neutralizer demand prediction through real-time monitoring of
critical parameters such as pH and conductivity, achieving intelligent dosing control.
When combined with a ‘neutralization–precipitation–recycling’ system, such as the ther-
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mal conversion of Al(OH)3 sludge into valuable α-Al2O3, this approach reduces reagent
consumption by 15–20% and promotes the valorization of solid waste, thereby significantly
improving the economic viability of the process. The development of advanced neutraliza-
tion materials presents a promising approach for cost reduction and waste minimization
in wastewater treatment. Li et al. proposed an Improved Model-Free Adaptive Predictive
Control (IMFAPC) algorithm. By integrating a mechanistic model with generalized pre-
dictive control, this method provides more accurate input constraints, thereby improving
the control performance for delayed systems without accumulating errors (Figure 3) [25].
While conventional lime-based neutralizers remain costly and generate excessive sludge,
industrial by-products such as steel slag and red mud offer viable alternatives due to their
high alkaline content [26]. Furthermore, engineered slow-release materials (e.g., CaCO3-
coated microspheres) demonstrate enhanced performance by extending reaction duration
and improving neutralization efficiency, thereby offering additional economic benefits.
Technological innovation is crucial for enhancing wastewater treatment efficiency. In-
tegrated neutralization–ion exchange systems demonstrate dual efficacy in concurrent
acidity neutralization and heavy metal removal, significantly reducing pollutant loads for
subsequent treatment stages. The hybrid neutralization–electrochemical process offers
additional advantages through electrolytically enhanced metal recovery and acid regen-
eration [27]. For instance, during electrolytic treatment of aluminum-containing waste
acid, aluminum ions are reduced cathodically to metallic aluminum, thus enabling efficient
resource recovery. The combined approach not only elevates resource utilization compared
to conventional methods but also establishes a closed-loop recycling pathway for acidic
wastes. Industry implementation has also validated these benefits, as evidenced by an elec-
trode foil manufacturer that integrated ‘salting-out + membrane separation’ techniques to
recover sulfuric acid and separate metal salts, achieving a 30% reduction in treatment costs.

Figure 3. (a) pH neutralization reaction schematic. (b) Object structure diagram. u(k)—output of
time lag inertia link. [25]. (c) pH curve for lime precipitation removal of Fe and Al ions in acidic
wastewater [28]. (d) Flow sheet of precipitation removal of Fe and Al ions in acidic wastewater [29],
* pH range determined by Fe and Al precipitation processes presented in subsequent section.



Water 2025, 17, 3325 6 of 23

The key operating conditions and other information regarding neutralization technol-
ogy are summarized in Table 1. In summary, neutralization remains an essential method
for treating electrode foil wastewater, but challenges such as sludge management and
reagent efficiency persist. Future efforts should focus on optimizing intelligent control
systems, resource recovery, and multi-technology synergies. Research should consider
the development of low-carbon processes and comprehensive lifecycle cost analyses to
promote sustainable wastewater treatment in the electronic materials industry and support
green manufacturing initiatives.

Table 1. Neutralization technology—operating conditions and performance for acidic electrode
foil wastewater.

Item/Process Influent Characteristics Operating Setpoints Key Performance Indicators Remarks/Notes

Two-stage
neutralization +
flocculation

pH 2.5;
Al3+ = 500 mg/L;
H2SO4 system

Stage 1: add lime
milk to pH 4.5
(CaSO4 precipitation);
Stage 2: add NaOH to
pH 7.0

Final pH to 6.8;
decrease Al3+ to 0.8 mg/L;
SO4

2− removal > 90%;
sludge = 0.15 kg m−3

Effluent meets GB
8978-1996 [11];
cost ≈ 0.3–0.7 USD/t;
1.2–1.5 times
overdosing and sludge
handling

General
operation for
acidic
multi-metal
wastewater

High-acid mixed Al/Cu
system

Target pH 5–9
(2-stage typical);
controlled mixing
and residence time

Metal removal > 86–99%
(analogous AMD study);
lime cheaper but produces
more sludge

Solid–liquid separation
via settling + filter
press/centrifuge;
high ionic strength may
need coagulation aid

3. Recent Progress in Ionic Adsorption for Wastewater Treatment
Ion adsorption technology effectively separates contaminants in acidic wastewater

from electrode foil production through the physical and chemical interactions between the
surface active sites of adsorbents and target ions (e.g., Al3+ and H+). The interaction mecha-
nisms include ion exchange, coordination complexation, and electrostatic attraction [30–33].
Typical adsorbents contain sulfonic cation exchange resins, modified activated carbon, and
metal–organic frameworks (MOFs). A general schematic of the ion exchange reaction with
a strong acid cation exchange resin can be expressed as [34,35]

R–SO−
3 + Mn+ ⇌ R–SO3 · M(n−1)+ + H+

where R represents the resin structure. Equally, coordination binding may proceed as

Mn+ + xL ⇌ ML(n−x)+

where L is a functional ligand (e.g., amine, phosphonate). The adsorption equilibrium may
be described by the Langmuir isotherm:

qe =
qmaxKLCe

1 + KLCe

Or by the Freundlich isotherm:

qe = KFC1/n
e

Taking the 001 × 7-type strongly acidic cation exchange resin as an example, it demon-
strates remarkable selectivity for H+ ions at pH = 1.5, facilitating an 85% recovery rate of
sulfuric acid while achieving a removal efficiency of over 99% for Al3+ with an initial concen-
tration of 1500 mg/L [36]. This application translates into substantial annual cost savings of
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up to USD 0.45 million for enterprises. The modified activated carbon (Fe3O4@SiO2-NH2)
is used in combination with magnetic separation and electrolytic regeneration, enabling
the concurrent recovery of Al3+ (95 mg/g) and Cu2+ (28 mg/g). This process ensures
that recovered metals exhibit purity exceeding 99% while achieving a 90% reduction in
hazardous waste generation. Furthermore, phospho-functionalized MIL-101(Al), MOFs,
characterized by a 3.4 nm pore size and unsaturated metal sites, maintain an adsorption
capacity of 195 mg/g for Al3+ even in the presence of 50 g/L Cl−. These MOFs achieve a se-
lectivity coefficient of 16.3 (Al3+/Fe3+) and exhibit a regeneration efficiency exceeding 93%,
significantly outperforming conventional neutralization methods [37].

However, the technology confronts several bottlenecks, including the high cost of
adsorbents (MOF synthesis at USD 200/kg), the decline in regeneration performance (a
12% decrease in activated carbon capacity after 10 cycles), and insufficient tolerance to
strong acidity (resin swelling rates exceeding 30%). To overcome these challenges, future
research should concentrate on developing low-cost, acid-resistant materials such as co-
valent triazine frameworks (CTFs) and ion-imprinted polymers [38–44]. Gonsalves et al.
synthesized low-cost, high-performance CTFs exhibiting an outstanding capacity for the
adsorption of Cr (VI) at acidic pH. The adsorbent exhibits excellent reusability, and the
adsorption mechanism is dominated by electrostatic attraction, ion exchange, and reduc-
tion mediated by nitrogen-rich sites (Figure 4a) [45]. Cheng et al. reported a cylindrical
NaY zeolite adsorbent that demonstrated an effective ability to remove metal ions and
water-soluble proteins from wastewater (Figure 4b) [46]. Furthermore, the integration of
intelligent process control, leveraging Internet of Things (IoT) for the real-time adjustment
of adsorption parameters, and the adoption of environmentally friendly regeneration tech-
nologies like supercritical CO2 desorption are essential [47–49]. The synergistic application
of adsorption with electrochemical processes, such as electrolytic recovery of metals and
acid, and zero-discharge protocols, such as evaporative crystallization of concentrates, can
also enhance resource utilization and economic benefits, thereby promoting the large-scale
implementation of ion adsorption technology in wastewater treatment for the electrode
foil industry.

Table 2 summarizes typical ion adsorption techniques. Moreover, Table 3 summa-
rizes the key operating conditions and other information regarding ion adsorption tech-
niques. The long-term performance of ion adsorption systems depends critically on the
ability to regenerate the adsorbent and maintain stable capacity over many cycles. For
instance, Raji et al. [34] noted that repeated acid–base regeneration or electrochemical des-
orption may lead to framework collapse or ligand leaching in MOFs, reducing capacity
retention. Ion exchange resins in highly acidic media (e.g., pH ≤ 2) must resist H+-induced
swelling or matrix degradation [21]. A recent review by Alsehli et al. [51] emphasizes
that while many MOFs exhibit high initial capacities, their practical application is limited
by aqueous hydrolytic instability and high costs. Table 2 includes regeneration cycle per-
formance and residual capacity for each adsorbent type. In the design and operation of
adsorption units for acid/metal wastewaters, key parameters include initial metal and acid
concentration, the pH of the influent, ionic strength/competing ions (e.g., Cl−, SO4

2−),
solid–liquid ratio, contact/retention time, flow regime (batch vs. column), and temperature.
For example, Liu et al. [52] report the removal of Cu2+ by ion exchange resins at pH = 2
with 99% removal after 60 min in batch mode. High ionic strength (e.g., 50 g L−1 Cl−)
may reduce adsorption capacity by ~20–30% owing to competition for active sites [53].
In the context of electrode foil acidic wastewater, the very low pH and presence of large
concentrations of competing ions (e.g., Fe3+, Zn2+, Ni2+, and high SO4

2−) present addi-
tional challenges. These include the rapid saturation of adsorbent, increased regeneration
frequency, and the need for higher adsorbent mass or multi-stage adsorption. Therefore,
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the cost analysis must consider adsorbent replacement, regeneration chemistry/energy,
and the disposal of the spent adsorbent.

Figure 4. (a) Schematic diagram of CTF and adsorption capacity [45]. (b) Schematic diagram of the
removal of heavy metal ions and BSA by NaY zeolite [46]. (c) Schematic representation of the possible
adsorption mechanisms [50].

Table 2. Comparison of representative adsorbents for ion adsorption in acidic/high-metal-load
wastewaters.

Adsorbent Type Target
Metal(s)

Max
Adsorption

Capacity (mg
Metal/g)

Approximate
Influent pH

or pH
Range

Acid/High Ionic
Strength
Tolerance

Regeneration/Stability
(Cycles, Residual

Capacity)

Approximate
Cost Reference

Strong-acid cation
exchange resin (e.g.,
sulfonated styrene-
divinylbenzene)

Cu2+, Pb2+,
Al3+ ~70–300 ~pH 1–4

Good at low pH
for some systems;
competing H+

reduces efficiency

~10–20 cycles,
~80–90% remaining
capacity (literature-
dependent)

Moderate
(USD
tens-hundreds
per kg resin)

Qasem et al. [21]

Modified activated
carbon (e.g.,
Fe3O4@SiO2-NH2)

Al3+, Cu2+ ~50–100 ~pH 2–6

Moderate;
magnetic
recovery
improves
practicality

Example: ~12%
capacity loss after
~10 cycles reported

Moderate/high Liu et al. [52]

Metal–organic
framework (MOF)
(e.g., phospho-MIL-
101(Al),
functionalized MOFs)

Al3+, Pb2+,
Cd2+ ~100–500 ~pH 2–6

High ionic
strength
resistance
reported

>90% regeneration
efficiency in some
studies

High (USD
hundreds per
kg or more)

Zadehahmadi et al. [54]



Water 2025, 17, 3325 9 of 23

Table 2. Cont.

Adsorbent Type Target
Metal(s)

Max
Adsorption

Capacity (mg
Metal/g)

Approximate
Influent pH

or pH
Range

Acid/High Ionic
Strength
Tolerance

Regeneration/Stability
(Cycles, Residual

Capacity)

Approximate
Cost Reference

Covalent triazine
framework (CTF) or
ion-imprinted
polymer (IIP)
(emerging)

Cr(VI), Cu2+

etc. ~70–250 ~pH 1–5
Designed for acid
resistance; early
stage

Limited cycle data;
some high reusability
claimed

Lower cost
target
(commercial
data limited)

Lei et al. [55]

Table 3. Operating conditions of ionic adsorption technologies.

Adsorbent/System Influent
Characteristics Operating Setpoints Key Performance

Indicators Remarks/Notes

Strong-acid cation
exchange resin
(H+-selective)

Acidic wastewater
with
Al3+ ≈ 1500 mg L−1

pH ≈ 1.5 (H+

exchange dominant
region)

85% sulfuric acid
recovery;
>99% Al3+ removal

Industrial-scale
application;
resin swelling in
strong acid noted

Fe3O4@SiO2-NH2-
modified activated
carbon + magnetic
separation +
electrolytic
regeneration

Mixed Al3+/Cu2+

acidic wastewater

Batch mode;
magnetic solid
recovery;
electro-regeneration

Al3+ uptake:
95 mg/g;
Cu2+ uptake:
28 mg/g;
recovered metal
purity > 99%;
hazardous waste
reduction ≈ 90%

12% capacity loss
after about 10 cycles

Phospho-
functionalized
MIL-101(Al) MOF

Al3+ in acidic
chloride medium
(50 g/L Cl−)

pH ≈ 2–3;
acidic high-salinity
environment

Al3+ capacity
195 mg/g
maintained;
selectivity coefficient
(Al3+/Fe3+) = 16.3;
regeneration
efficiency > 93%

High acid/salt
tolerance; higher
sorbent cost
(~200 USD/kg
synthesis)

4. Membrane Separation Technology
4.1. Principles and Classification of Membrane Separation Technology

Membrane separation technology undergoes a physical process that leverages the
selective permeability of semi-permeable membranes to separate specific components
from wastewater. Driven by external forces such as pressure, concentration, or potential
differences, membrane separation technology allows certain components to permeate
the membrane while retaining others, thus facilitating effective separation and resource
recovery [56–58]. Membrane separation technologies are classified into five types based on
pore size, material properties, and separation objectives, with each type tailored to specific
tasks and offering distinct advantages for various industrial applications [59,60].

Microfiltration (MF): MF primarily relies on physical sieving to remove suspended
particles, colloids, and microorganisms (e.g., bacteria) from wastewater, with a typical
pore size range of 0.1–10 µm [61]. MF typically functions under low pressures of 0.1 to
0.5 MPa, making it particularly effective as a pretreatment for large-molecular-weight
pollutants, such as aluminum powder and aluminum oxide particles, in electrode foil
wastewater. Through the pretreatment process, MF significantly reduces the risk of fouling
in downstream membrane systems. For instance, MF membranes made from polypropylene
(PP) or polyvinylidene fluoride (PVDF) exhibit stable performance, maintaining a consistent
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flux of 50–100 L/(m2·h), even under highly acidic conditions (pH 1–3), while achieving
>95% removal of suspended solids.

Ultrafiltration (UF): UF operates through a synergy of screening and adsorption mech-
anisms, efficiently removing colloids, macromolecular organics, and certain viruses, with
a pore size range of 0.001–0.1 µm [62]. UF is commonly employed to remove colloidal
Al(OH)3 and aluminum–organic acid complexes in the treatment of electrode foil wastewa-
ter. Ceramic UF membranes, particularly those composed of α-Al2O3 or ZrO2, maintain
full functionality in highly acidic environments (pH = 1–14) and high temperatures up
to 80 ◦C. Such metrics enable long-term operational stability in wastewater containing
sulfuric acid concentrations of up to 15% while sustaining a consistent permeate flux of
60–80 L·m−2·h−1 and achieving aluminum ion rejection rates exceeding 85%, showcasing
their superior treatment performance.

Nanofiltration (NF): NF membranes have a pore size range of 1–10 nm, exhibit charge
characteristics, and selectively retain divalent and multivalent ions (e.g., SO4

2−, Al3+) while
allowing monovalent ions (e.g., Cl−, Na+) to permeate [63,64]. The separation mechanism
relies on a combination of the sieving effect and Donnan repulsion. For example, acid-
resistant NF membranes, such as sulfonated polyether sulfone membranes, achieve rejection
rates exceeding 95% for SO4

2− and 98% for Al3+ at pH = 2.5 and an operating pressure of
1.5 MPa, demonstrating dual functionality in concentrating sulfuric acid and removing
metal ions.

Reverse osmosis (RO): RO membranes possess an ultra-dense structure featuring
pores smaller than 0.1 nm and demonstrate nearly complete rejection of dissolved salts
and organic compounds from wastewater [65,66]. The separation process operates under
pressures of 2–8 MPa, forcing water molecules through the dense membrane while retaining
solutes. In the deep desalination treatment of electrode foil wastewater, polyamide compos-
ite membranes (e.g., SW30HR model) exhibit exceptional performance. The conductivity of
the treated effluent can be reduced to below 100 µS/cm, while sulfate ion removal exceeds
99.5%. This high-efficiency treatment makes RO membranes particularly well-suited for
freshwater recovery from high-salinity wastewater and for concentrating acidic solutions.

Electrodialysis (ED): On the basis of the selective permeation characteristics of ion
exchange membranes, ED separates charged ions under the action of a direct-current
electric field. Cation exchange membranes (CEMs) allow the passage of cations (e.g., H+,
Al3+), while anion exchange membranes (AEM) permit the migration of anions (e.g., Cl−,
SO4

2−) [67,68]. Homogeneous ion exchange membranes, such as AMV/CMV series,
demonstrate high selectivity for HCl recovery, achieving a H+ migration efficiency greater
than 90% and Cl− recovery rates exceeding 75%, while simultaneously reducing the con-
centration of residual aluminum ions to below 50 mg/L.

4.2. Typical Application Cases

The wastewater generated during electrode foil production exhibits significant physic-
ochemical complexity, characterized by strong acidity (pH 1–3), high salinity (SO4

2−:
10–30 g/L; Al3+: 500–2000 mg/L), and suspended particulate matter. A multi-stage mem-
brane separation integrated process has been developed, enabling the effective separation
and recovery of hydrogen ions, metal cations, and water resources through precise control
of molecular weight cutoff gradients. Three representative engineering application cases
are listed based on the author’s investigation.

Case Study 1: NF-RO Combined Process

The electronic material factory produces 50,000 tons of electrode foil annually, gener-
ating wastewater with 15% sulfuric acid (H2SO4), 1200 mg/L aluminum ions (Al3+), and
25 g/L sulfate ions (SO4

2−). The conventional lime neutralization method has notable
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drawbacks, such as generating sludge that accounts for up to 15% of the wastewater vol-
ume and failing to recover sulfuric acid. An integrated process combining pretreatment
with NF and RO, advancing both wastewater treatment and resource recovery, was used
to overcome this. During pretreatment, a PVDF MF membrane with a 0.2 µm pore size,
operating at 0.3 MPa and a stable flux of 80 L/(m2·h), effectively reduced suspended solids
from 500 mg/L to below 10 mg/L and extended the membrane fouling cycle to 30 days.
Then, NaOH was added to adjust the pH from 1.8 to 2.5, preventing colloid formation due
to Al3+ hydrolysis, which could clog the NF membrane, and optimizing the solution for
subsequent ion separation. In the NF concentration phase, a DL-2540 acid-resistant NF
membrane (200 Da molecular weight cutoff) was selected for concentration. Under the
conditions 1.5 MPa, 25 ◦C, and pH = 2.5, the membrane demonstrated exceptional rejection
performance, achieving a sulfate (SO4

2−) retention rate exceeding 95% and concentrating
the solution to 45 g/L. Meanwhile, the aluminum ion (Al3+) rejection rate reached 98%,
resulting in a produced water Al3+ concentration of less than 20 mg/L. The concentrated
solution accounted for 30% of the raw water volume, with sulfuric acid concentration
rising to 18%, enabling direct reuse in the pickling process and forming an internal resource
cycle. In the RO stage, an SW30HR polyamide composite membrane was utilized for deep
desalination at an operating pressure of 4.0 MPa. The system produces a water conduc-
tivity below 100 µS/cm, meeting the industrial circulating cooling water quality standard
(GB/T 50050-2017 [69]). At last, RO concentrate, containing 5 g/L SO4

2− and 50 mg/L
Al3+, was recycled into the NF system for secondary treatment, forming a closed-loop
process [70,71].

This process, through a combination of techniques, has yielded substantial environ-
mental and economic benefits. Sulfuric acid recovery reaches 85%, with an annual recovery
of 3600 tons, saving USD 0.8 million in costs. The total removal rate of Al3+ exceeds
99.5%, with effluent concentrations below 0.5 mg/L, surpassing the Integrated Wastewater
Discharge Standard (GB 8978-1996 [11]). Water treatment costs per ton decreased from
1.6 USD to 1 USD, reducing annual operational costs by USD 0.3 million. Sludge production
decreased by 70% (from 15% to 4.5%), and hazardous waste disposal costs were cut by 80%.
This process offers a resource recovery solution for high-salinity industrial wastewater
treatment, demonstrating significant engineering application potential.

Case Study 2: ED-UF Process for Synergistic Recovery of Hydrochloric Acid and
Aluminum Resources

Industrial wastewater from electrode foil enterprises contains 8% hydrochloric acid
(HCl), 800 mg/L Al3+, and trace organic matter (chemical oxygen demand, COD, of
200 mg/L). Conventional distillation methods require substantial energy input (2.5 tons
steam per ton wastewater) while failing to recover valuable metal resources, leading to
metal resource waste and an increased sludge disposal burden. An integrated process route
involving UF pretreatment, ED for acid regeneration, and aluminum resource recovery has
been proposed to achieve effective treatment and resource utilization. UF pretreatment
was conducted using Al2O3-ZrO2 composite ceramic UF membranes with a pore size of
50 nm. Operating at 0.4 MPa and a pH of 1.5, gel-like Al(OH)3 demonstrated 90% retention
efficiency. This process reduced the Al3+ concentration from 800 mg/L to 80 mg/L and
maintained a stable flux of 60 L/(m2 h). In the ED unit, a 200-pair homogeneous ion
exchange membrane stack (AMV/CMV composite structure) was operated at 50 mA/cm2

and 120 V across an effective membrane area of 0.8 m2. By selectively permeating H+

through the cation membrane and directing Cl− migration through the anion membrane, a
12% HCl solution was regenerated in the concentration chamber with a recovery efficiency
of 75%. And the Al3+ concentration in the dilution chamber decreased to below 50 mg/L
with the pH elevated to 2.0. Aluminum resource recovery was achieved through precise
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pH control (adding NaOH to reach pH = 6.0), triggering the precipitation of Al3+ into
Al(OH)3 crystals with a purity exceeding 98%. The dewatered sludge obtained through
centrifugal separation (60% moisture content) was thermally converted to γ-alumina (γ-
Al2O3) nanomaterials via calcination at 800 ◦C for 2 h. The resulting γ-Al2O3 exhibited
specific surface areas exceeding 200 m2/g, making it suitable for use as a high-performance
catalyst support [72,73].

The integrated process demonstrates exceptional recycling performance, achieving a
75% recovery rate for hydrochloric acid (1500 tons annually) and 92% aluminum recovery
efficiency (420 tons of γ-Al2O3 annually). A significant reduction in energy demand has
been realized compared to conventional distillation methods, with energy consumption per
ton of water treatment decreased from 30 kWh to 12 kWh, yielding annual energy savings
of 5.4 million kWh. Economic assessments reveal an annual resource recovery revenue
of CNY 8.6 million and an investment payback period of under three years. This method
achieves deep pollutant removal and efficient aluminum resource recycling, offering a new
perspective for chemical wastewater treatment.

Case Study 3: Membrane Distillation–Crystallization (MDCr) Treatment of Concentrated
Sulfanilic Acid Wastewater

Industrial wastewater containing 20% sulfuric acid (H2SO4), 200 mg/L ferric ions
(Fe3+), and trace heavy metals such as 50 mg/L cupric ions (Cu2+) poses significant treat-
ment challenges. Traditional neutralization methods are inefficient and generate hazardous
sludge. Combining vacuum membrane distillation (VMD) with aluminum sulfate crys-
tallization has proven to be an effective solution for wastewater treatment and resource
recovery. The VMD step employs a hydrophobic PTFE membrane (0.22 µm pore size)
operated at 60 ◦C and a vacuum of −90 kPa on the permeate side. Water vapor passes
through the membrane and condenses, achieving 80% moisture recovery while concentrat-
ing sulfuric acid to 40% with a 90% recovery rate. The concentrated solution is then diluted
to 15% H2SO4, and Al(OH)3 powder is added at a molar ratio of 1:1.2 (Al(OH)3:H2SO4).
After stirring at 60 ◦C for 2 h, Al2(SO4)3 crystals with >98% purity are obtained through
centrifugation These high-purity crystals then serve as raw materials for water purifica-
tion agents, producing 1800 tons annually and generating a revenue of USD 0.8 million.
Following neutralization of the residual solution to pH 8.0, Fe3+ and Cu2+ form hydrox-
ide precipitates, and pressure filtration reduces the sludge moisture content to 55% with
heavy metal leaching concentrations <0.1%, which meets the classification of hazardous
waste [74,75].

Compared to traditional neutralization, this process reduces sludge production by 95%,
cutting hazardous waste disposal costs by USD 0.2 million annually. It efficiently recycles
sulfuric acid and aluminum while safely handling heavy metals, offering a sustainable
solution for wastewater treatment.

4.3. Advantages and Limitations of Membrane Separation Technology

Membrane separation technology has revolutionized wastewater treatment by achiev-
ing high-precision separation of acid, metal, and water phases, and excellent resource
recovery efficiency is achieved, with sulfuric acid retention consistently exceeding 75%
and metal recovery rates surpassing 90%. Additionally, resource utilization is improved
by more than 50% compared to conventional chemical precipitation methods. Through
elimination of lime neutralization and flocculation sedimentation processes, this technology
reduces sludge production by 60–80% and lowers the cost of hazardous waste treatment
from 29 to 6 USD per ton (case study 1), significantly cutting both environmental risks
and operating expenses. Acid-resistant membranes such as PTFE and ceramic membranes
demonstrate robust performance in extreme conditions, maintaining stable operation in
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highly acidic (pH = 1–3) and high-temperature (80 ◦C) environments for 2–3 years. Wu et al.
proposed a novel strategy for simultaneous desalination and selective recovery of molecular
resources, integrating a supported liquid membrane (SLM) with molecular selectivity into
asymmetric flow-electrode capacitive deionization. The electrochemical membrane system
exhibited stable separation performance and long-term stability, effectively removing salts
and recovering phenol (sodium phenol) from wastewater (Figure 5a) [76]. Its modular
design provides the system with high flexibility, enabling the flexible configuration of
combination processes such as NF–RO and ED–UF (Figure 5b) [77–82]. Chen et al. devel-
oped an undivided electrolytic cell coupled with MF for P recovery with high-flux and
low energy consumption (Figure 5c) [83]. Through PLC-controlled automation, real-time
monitoring of critical parameters (pH, pressure, conductivity) reduces manual intervention
by 70% while significantly enhancing operational efficiency [84].

 

Figure 5. Schematic diagram of (a) improved FCDI system integrated with SLM [76]. (b) Process
design and the experimental set-up for three technologies tested in this research (in the pink box). MF—
microfiltration; NF—nanofiltration; IER—ion exchange resin; ED—electrodialysis with standard
AEM and mCEM [82]. (c) Combined electrolytic cell–microfiltration system for P recovery [83].
(d) Membrane filtration and its separation mechanism [85].

However, membrane fouling remains a critical barrier to large-scale technological
implementation. Colloidal particles, metal hydroxide precipitates, and dissolved organic
matter in wastewater are prone to adsorption and deposition within membrane pores,
causing a 5–10% weekly flux decline. Therefore, chemical cleaning cycles are necessary
once or twice a week using citric acid or sodium hydroxide solutions, and membrane
replacement costs account for 30–50% of operational expenses. Energy consumption is
also a concern, as high-pressure processes such as RO and ED consume 3–8 kWh per ton
of water, which is 30–50% higher than traditional treatment methods. Additionally, the
high concentration of sulfuric acid (15–40%) and salts (TDS > 100 g/L) in the membrane
concentrate necessitate a matching evaporation crystallization or neutralization treatment
unit, thereby increasing process complexity. Wastewater compositional fluctuations, such
as changes in aluminum ion concentration, can rapidly attenuate the flux of NF membranes.
Addressing these multidimensional challenges requires integrated solutions combining
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advanced membrane materials with smart process control systems capable of real-time
monitoring and adaptive response. The operation conditions for membrane separation and
comparisons with the aforementioned neutralization and ion adsorption technologies are
summarized in Tables 4 and 5, respectively.

Table 4. Operating conditions of membrane separation technology.

Process/Membrane
Type Influent/Pretreatment Operating

Setpoints
Key Performance

Indicators Remarks/Notes

MF pretreatment
(before NF–RO
system)

Suspended solids
are about 500 mg/L

PP/PVDF MF,
0.2 µm, 0.3 MPa,
flux ≈ 80 L/m2/h

Decrease SS to
<10 mg L−1;
fouling cycle extended
to 30 days

Pre-NF pH
adjusted 1.8 to 2.5
to avoid Al colloids

NF (acid-resistant,
within NF–RO train)

H2SO4–Al3+

wastewater
(pH ≈ 2.5)

MWCO ≈ 200 Da;
1.5 MPa;
25 ◦C

SO4
2− retention > 95%;

Al3+ rejection 98%;
permeate
Al3+ < 20 mg L−1;
concentrate 30% of feed;
add H2SO4 to 18%

Concentrate reused
internally;
supports closed
acid loop

RO (polishing after
NF) NF permeate

SW30HR
polyamide;
about 4 MPa

Permeate conductivity
< 100 µS cm−1;
overall Al3+ total
removal > 99.5%;
effluent
Al3+ < 0.5 mg L−1

Water treatment
cost decreased
from 2 to 1 USD/t;
Decrease sludge to
70%

UF–ED combined
(HCl acid regeneration
+ Al recovery)

8% HCl;
Al3+ ≈ 800 mg/L;
COD ≈ 200 mg/L

UF: Al2O3–ZrO2
ceramic, 50 nm,
0.4 MPa, pH 1.5;
ED: 200 pairs of
AMV/CMV
membranes,
50 mA cm−2, 120 V

UF retains gel Al(OH)3
(decrease Al3+ to
80 mg L−1;
flux ≈ 60 L m−2 h−1);
ED regenerates 12% HCl
with 75% acid recovery;
Al < 50 mg L−1 in
dilution

Al recovery 92%;
energy decrease
from 30 to
12 kWh/t;
>98% γ-Al2O3
product

VMD + Al2(SO4)3
crystallization

20% H2SO4;
Fe3+ ≈ 200 mg/L;
Cu2+ ≈ 50 mg/L

PTFE 0.22 µm;
60 ◦C;
−90 kPa;
followed by
1:1.2 mol Al(OH)3
reaction

Water vapor recovery
80%;
H2SO4 concentrated to
40% (90% acid recovery);
Al2(SO4)3 crystal purity
> 98%

Sludge reduction
95%

UF (general
acid-resistant ceramic)

Colloidal Al(OH)3
removal stage

α-Al2O3/ZrO2 UF;
pH 1–14;
≤80 ◦C

Flux 60–80 L/m2/h;
Al rejection > 85%

Long-term acid
stability verified
(>2 years)
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Table 5. Comparison of neutralization, ionic adsorption/ion exchange, and membrane separation
technologies.

Technology Advantages Disadvantages Current
Challenges Future Perspectives Representative

References

Neutralization
(alkali
addition +
precipitation)

Rapid pH control
and bulk removal
of dissolved
metals;
low reagent cost
(lime, carbide slag);
simple and mature
process for
large-scale
operation.

High sludge yield
and disposal cost;
residual metals
and hardness in
effluent;
reagent
overdosing
(1.2–1.5 ×
theoretical).

Optimizing pH
setpoints for
multi-metal
systems;
sludge dewatering
and valorization;
maintaining
efficiency at high
sulfate/chloride
load.

AI-based dosing and
process control;
resource recovery from
Al(OH)3 to α-Al2O3;
integration with
electrochemical or
membrane polishing.

Zhao et al. [20];
Qasem et al. [21]; Du
et al. [15]

Ionic Adsorp-
tion/Ion
Exchange

High selectivity for
target ions (Al3+,
Cu2+, Zn2+);
lower sludge
generation;
feasible for
acid/metal
resource recovery.

Reduced capacity
at very low pH
(pH < 3);
high cost of
advanced
adsorbents;
chemical
consumption
during
regeneration.

Development of
acid-resistant
resins/MOFs/CTFs;
improved
regeneration
efficiency and
mechanical
stability;
scaled up under
high-salinity feeds.

Design of low-cost,
recyclable,
acid-resistant
materials;
electro-
desorption/supercritical
CO2 regeneration;
hybrid adsorption–
membrane or
adsorption–
electrochemical
systems.

Qasem et al. [21];
Kaur et al. [53];
Zadehahmadi et al. [54]

Membrane
Separation

High-precision
separation of acid,
metal, and water;
enables water
reuse and resource
recovery;
modular and
automatable.

Fouling and
scaling by
colloids/metal
hydroxides;
concentrate
management
issue;
high pressure
with high energy
cost.

Ensuring
long-term acid
resistance (pH 1–3);
flux decline and
membrane
degradation;
energy
optimization and
concentrate
disposal.

Development of fluo-
ropolymer/ceramic
anti-fouling
membranes;
hybrid UF–NF–RO or
UF–ED–BMED trains
for acid + metal
recovery;
renewable
energy-coupled
low-carbon systems.

Ahmad et al. [63],;
Wei et al. [65]; Chen
et al. [86]

5. Coagulation/Flocculation
In addition to the treatment technologies discussed above, conventional coagula-

tion/flocculation remains a widely applied physicochemical unit process in industrial
wastewater treatment. Coagulation/flocculation typically involves the addition of coagu-
lants (e.g., aluminum- or iron-based salts) to neutralize colloidal charges and promote the
formation of flocs, which then settle or float out of the liquid phase [87,88].

Mechanistically, the coagulant induces destabilization of suspended and colloidal
particles. The flocculants (often polymers) then bridge the destabilized particles into
larger aggregates, which can be removed by sedimentation or flotation. The process is
effective for turbidity, total suspended solids (TSS), and some metal-colloid removal [21].
However, when applied to the highly challenging wastewater generated in electrode
foil manufacturing, which is characterized by very low pH (often <3), high dissolved
metal (Ni, Cu, Zn, Fe) concentrations, and elevated ionic strength, several limitations of
coagulation/flocculation become evident.

Firstly, the extreme acidity is detrimental to conventional coagulant hydrolysis and floc
formation. The pH properties of the solution itself will limit the efficient realization of the
coagulation/flocculation process. Secondly, high metal loads and precipitation dynamics
may cause rapid consumption of coagulants and produce large volumes of sludge. This
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may lead to the extensive use of flocculants and the generation of large amounts of sludge,
which will increase the subsequent treatment load and economic costs. The residual
soluble metal fraction (including complexed or colloidal forms) may not be fully captured
by coagulation/flocculation, thereby limiting removal of dissolved-phase contaminants.
Moreover, sludge disposal and downstream treatment (e.g., residual dissolved salts) remain
challenging. For these reasons, coagulation/flocculation is most suited as a front-end or
pretreatment step rather than a standalone deep-treatment route in this context.

6. Integrated and Multi-Stage Treatment Processes
Industrial wastewaters, such as those from electrode foil manufacturing, are always

highly challenging to treat, which are characterized by very low pH, elevated dissolved
heavy metal loads, high ionic strength, and complex speciation. It is increasingly recognized
that a single treatment unit’s operation rarely suffices to meet the combined goals of
effluent quality, resource recovery, and operational sustainability. Hybrid or multi-stage
treatment processes are therefore adopted to harness the complementary strengths of
different processes while mitigating their individual limitations [89].

A generic example of a treatment process for an acid-/metal-rich effluent might com-
prise the following sequence: The first process is the pretreatment/neutralization stage, in
which the pH is raised and major metal hydroxides/salts are precipitated. Then the ionic
strength is adjusted to remove bulk suspended solids and colloids. The second process is
the intermediate removal/polishing stage, where adsorption, ion exchange, or selective
sorption are applied to remove residual dissolved heavy metals and anions. Then, the
deep separation/polishing stage is conducted and membrane processes (NF/RO/ED) are
applied to remove dissolved salts/metals and enable water reuse or zero-liquid discharge.
Lastly the concentration/resource recovery stage is processed, in which crystallization,
MDCr, or electrochemical recovery are conducted to valorize metals and salts while mini-
mizing waste.

Recent reviews on heavy metal/acid mine drainage treatment highlight that such
processes enable higher removal efficiencies and resource recovery potential than con-
ventional single-unit schemes [21,90]. For instance, Wang et al. [91] conducted a review
of acid mine wastewater treatment and underscored hybrid systems as a major research
trend. Similarly, Nguegang et al. [16] discussed sustainable AMD treatment via combined
approaches, including neutralization, membrane, and crystallization units. It is worth
noting that in the context of electrode foil wastewaters, the challenges to designing an
effective scheme include (i) the extremely low initial pH requiring large neutralization
dosing and producing high sludge volumes; (ii) high ionic strength/competing ions di-
minishing adsorption/ion exchange selectivity; (iii) membrane fouling and high energy
demand in separation stages; and (iv) concentrate management and sludge or crystallized
salt disposal or valorization. Addressing these challenges requires not only optimizing
the operating conditions of each treatment stage but also coordinating their interfaces to
ensure hydraulic, chemical, and material compatibility. Effective process integration should
incorporate intermediate conditioning (e.g., pH and ionic strength adjustment), recovery
and reuse of valuable by-products such as acids or metals, and minimization of sludge and
concentrate volumes. Moreover, system-level optimization of energy use and operating
costs is essential to achieve both treatment efficiency and economic sustainability.

7. Future Outlook
For neutralization technology, future development should focus on intelligent dosing,

resource recovery, and sludge minimization. In particular, the adoption of real-time pH
monitoring and model-predictive control helps to avoid reagent overdosing and optimize
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precipitation kinetics, thereby reducing sludge volume and chemical consumption. The
valorization of the resulting metal hydroxide sludges (such as converting Al(OH)3 into
α-Al2O3) can turn waste into value and support circular economy goals. Moreover, in
highly acidic and high-salt environments (such as electrode foil wastewater), the cotreat-
ment of sulfate-/chloride-rich streams demands hybridization of neutralization with ion
exchange and membrane polishing in series. Recent reviews on acidic mine drainage
treatment emphasize that neutralization alone may be insufficient for the deep removal of
dissolved metals and high-salinity systems [88,92]. Therefore, future work should target
low-cost alkaline reagents (industrial by-products, slag) with high alkalinity and minimal
secondary pollution, improved solid–liquid separation (lamella clarifiers, DAF, automated
dewatering), and an integrated process design that links front-end neutralization with
downstream adsorption and membrane reuse loops.

For ionic adsorption technology, the future research path involves the development of
acid-resistant, high-selectivity sorbents, scalable regeneration, and lifecycle cost modeling.
As discussed in the main text, while many adsorbents achieve high capacities under mild
conditions, performance tends to degrade under very low pH, high ionic strength, and
competing ion loads (common in electrode foil waste). According to a comprehensive
review of heavy metal removal methods, greater attention should be placed on real-world
wastewaters and multiple-ion systems [21]. To address this, novel materials such as CTFs,
ion-imprinted polymers (IIPs), and functionalized MOFs with tailored binding sites and
structural stability under extreme conditions are promising. Parallel to material develop-
ment, regeneration strategies (electro-desorption, supercritical CO2, low-pH/low-energy
desorption) must be optimized for cyclic durability and metal recovery. Moreover, com-
bining adsorption with downstream membrane separation or electrochemical recovery
enables a comprehensive resource recovery methodology rather than mere waste removal.
Finally, techno-economic and environmental lifecycle assessments (including carbon foot-
print, adsorbent replacement rate, regeneration energy) must become standard practice.
Adsorption remains highly promising but research must shift from lab-scale, single-ion
tests to realistic mixed-ion, high-ionic-strength industrial streams.

The development of membrane separation technology is focusing on several critical
advancements. In materials science, new anti-fouling membrane materials such as covalent
organic frameworks (COFs) are being developed to enhance membrane durability and
lifespan [93–95]. At the process-coupling level, integrated processes like bipolar membrane
electrodialysis (BMED) and membrane distillation (MD) create synergistic systems capable
of concentrate solution treatment and resource recovery [86,96–98]. In intelligent control,
IoT technology and machine learning algorithms enable real-time performance monitoring
and adaptive process optimization, reducing energy consumption and boosting system
efficiency [99]. Additionally, promoting high-value sludge utilization and low-carbon
processes, such as converting sludge into building materials or soil amendments and
integrating photovoltaic power generation, is crucial for achieving “zero emissions” and
“resource recycling” [100–104]. Driven by the dual forces of stringent environmental
standards and the deepening circular economy policies in the electrode foil industry,
membrane separation technology, with its triple advantages of efficient separation, resource
recovery, and environmental sustainability, is poised to become the dominant solution for
treating high-acid and high-salt wastewater [105,106]. In future, breakthroughs in materials,
process coupling, and intelligent control will accelerate the transition of the electrode foil
industry toward greener and more sustainable practices [107–112].
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8. Conclusions
This review analyzes the technological landscape of acidic wastewater treatment in

the electrode foil industry, focusing on neutralization, ion adsorption, and membrane
separation. Neutralization is cost-effective but generates significant sludge and recovers
limited resources. Ion adsorption offers high recovery but is hindered by high material
costs and regeneration limitations. Membrane separation excels in resource recovery and
precision separation but faces challenges from fouling and energy intensity. This review
evaluates the principles, applications, and limitations of these technologies, proposing
directions for future optimization. Advancements should focus on material innovation,
process improvements, and smart monitoring systems to achieve efficient, cost-effective,
and sustainable wastewater treatment.
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