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Recent Advances in Polymeric Composite Membrane Materials for 
Semiconductor Wastewater Treatment
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ABSTRACT: Semiconductor manufacturing generates wastewater containing particulate and dissolved contaminants
from chemical mechanical polishing (CMP), back-grinding, photolithography, cleaning, and etching processes.
Polymeric membranes are widely used because their pore structure, surface properties, and selective layers can be
controlled according to target contaminants. Polyvinylidene fluoride (PVDF) and polyethersulfone (PES) ultrafiltration
(UF) membranes mainly remove fine particles and colloids, while polyamide (PA)-based nanofiltration (NF) and
reverse osmosis (RO) membranes remove dissolved ions and low-molecular-weight contaminants such as
tetramethylammonium hydroxide (TMAH). However, membrane fouling, scaling, and the permeability-selectivity
trade-off remain major limitations. To address these issues, hydrophilic modification and polymer composite
membranes containing functional materials have been investigated. Some modified UF and thin-film nanocomposite
(TFN) membranes have also been applied to actual semiconductor wastewater treatment. This review summarizes the
structures and separation characteristics of polymeric membranes used in semiconductor wastewater treatment and
discusses recent developments in functional modification, composite membrane design, and their potential for
wastewater treatment and water reuse.

Key Words: Semiconductor wastewater, Polymeric membrane, Ultrafiltration, Reverse osmosis, Polymer composite
membrane

1. INTRODUCTION

With the continued growth of the semiconductor industry,
increasing amounts of ultrapure water and various chemicals
are consumed during manufacturing, highlighting the
growing importance of wastewater treatment and water reuse.
Semiconductor manufacturing involves a wide range of
processes, including cleaning, etching, photolithography, back-
grinding, and chemical mechanical polishing (CMP) [1].
Because different chemicals and materials are used in each
process, the resulting wastewater varies considerably in
composition and characteristics. In photolithography processes,
tetramethylammonium hydroxide (TMAH) is discharged as a
major contaminant, whereas CMP wastewater may contain
fine abrasive particles, metal ions, and organic additives [2]. In
addition, wastewater generated from cleaning and etching

processes may contain various inorganic ions, including fluoride
ions, as well as dissolved metals [3]. Because semiconductor
wastewater contains a complex mixture of particulate, organic,
and dissolved contaminants, effective treatment and water
reuse require separation technologies that are appropriately
selected and integrated according to the size and chemical
characteristics of the target contaminants [4].

Semiconductor wastewater treatment commonly employs
multistage membrane processes that combine microfiltration
(MF) and ultrafiltration (UF) as pretreatment steps with
nanofiltration (NF) and reverse osmosis (RO) for advanced
separation [5]. Such integrated processes enable the sequential
removal of contaminants with markedly different characteristics,
ranging from suspended particles to dissolved ions and low-
molecular-weight organic compounds. Polymeric and ceramic
membranes are the two major classes of membrane materials
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used for water treatment. Ceramic membranes exhibit high
thermal and chemical stability as well as excellent mechanical
durability and are primarily employed in MF and UF
processes for the removal of particles and colloids [6]. In
contrast, advanced separation processes such as NF and RO
require the formation of thin and uniform selective layers with
precisely controlled structures at the molecular level, for which
polymeric materials are widely used. Polymeric materials can
also be fabricated into various porous structures through
phase-separation processes for MF and UF applications, while
thin selective layers can be formed through techniques such as
interfacial polymerization, enabling their extensive use in NF
and RO membranes [7].

However, in practical industrial wastewater treatment, high
intrinsic membrane separation performance alone is
insufficient to ensure stable long-term operation. Fine particles
originating from CMP processes can accumulate on
membrane surfaces and within membrane pores, causing pore
blockage and cake-layer formation, which increase filtration
resistance and reduce permeate flux [8]. Dissolved silica can
also become concentrated in downstream membrane
processes and undergo polymerization or precipitation, or
interact with metal ions to form silica-based scales, thereby
deteriorating membrane performance. Meanwhile, the
removal of low-molecular-weight dissolved contaminants such
as TMAH by NF membranes may be insufficient depending
on the structure and surface charge of the selective layer[9].
Accordingly, recent studies have moved beyond simply
controlling pore size or selective-layer thickness toward the
development of functional polymeric and polymer-composite
membranes in which surface hydrophilicity, surface charge,
pore structure, and selective-layer free volume are tailored to
improve separation performance.

This review summarizes the major contaminants present in
semiconductor wastewater and their separation characteristics
and examines the structures and practical separation

performance of polymeric UF membranes for particulate
contaminant removal and NF and RO membranes for
dissolved contaminant removal. Particular emphasis is placed
on membrane fouling and the permeability-selectivity
limitations of these systems. Furthermore, design strategies for
polymer-composite membranes based on functional additives
and surface modification are discussed, together with their
potential applications in semiconductor wastewater treatment
and future research directions.

2. STRUCTURE AND SEPARATION PRIN-
CIPLES OF POLYMERIC MEMBRANES FOR 
WATER TREATMENT

2.1 Polymeric Membranes for the Removal of Particulate

Contaminants
Microfiltration (MF) and ultrafiltration (UF) are commonly

used for the removal of particulate contaminants. Both are
pressure-driven membrane processes that utilize porous
membranes and separate particles primarily through size
exclusion. MF membranes generally have pore sizes of
approximately 0.1-10 μm and are used to remove suspended
solids and relatively large particles [10]. In contrast, UF
membranes contain smaller pores, typically in the range of
approximately 1-100 nm, enabling the separation of colloids
and finely dispersed particles. Accordingly, MF and UF can be
applied as pretreatment processes for the removal of
particulate contaminants such as SiO2, Al2O3, and CeO2
generated during CMP and back-grinding processes [11]. The
primary separation mechanism in both processes is size
exclusion, in which particles larger than the membrane pores
are restricted from passing through the membrane.

Among these processes, polymeric UF membranes can be
fabricated with either symmetric or asymmetric porous
structures. For water-treatment applications, asymmetric

Fig. 1. Semiconductor wastewater treatment and water reuse
process

Fig. 2. MF/UF separation mechanisms and membrane fabrica-
tion via nonsolvent-induced phase separation (NIPS) 
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membranes consisting of a surface layer with relatively small
pores supported by a highly porous substructure are widely
used. The size and distribution of surface pores directly
influence particle-removal performance, whereas the porosity
and pore connectivity of the underlying support structure
govern mass-transfer resistance and permeate flux.

Nonsolvent-induced phase separation (NIPS) is one of the
most widely used methods for fabricating porous polymeric
membranes. When a polymer solution comes into contact
with a nonsolvent, solvent-nonsolvent exchange induces phase
separation, resulting in the formation of a polymer matrix and
porous structure [12]. The resulting pore size, porosity, and
internal morphology depend on parameters such as polymer
concentration, solution viscosity, solvent and nonsolvent
composition, and phase-separation kinetics. Therefore, the
separation performance and permeability of UF membranes
can be controlled by adjusting the membrane-fabrication
conditions.

Polyvinylidene fluoride (PVDF) and polyethersulfone (PES)
are representative polymeric materials used for UF membranes
because of their excellent chemical stability and mechanical
properties [13]. PVDF, in particular, exhibits high chemical
resistance and mechanical durability; however, its intrinsically
hydrophobic nature can make it susceptible to membrane
fouling caused by interactions with contaminants during water
treatment. PES, on the other hand, is widely used for the
fabrication of porous UF membranes because of its excellent
processability and membrane-forming properties. In studies
applying polymeric UF membranes to wastewater generated
from CMP and back-grinding processes in wafer manufacturing,
PES-based membranes effectively removed fine particles with
sizes on the order of several hundred nanometers and
achieved turbidity removal efficiencies exceeding 99% and
nearly complete removal of suspended solids under appropriate
operating conditions [14]. These results demonstrate that
polymeric UF membranes can serve as effective pretreatment
processes for semiconductor wastewater by removing particulate
contaminants and thereby reducing the particulate load and
associated fouling in downstream NF and RO processes.

Despite their high particle-removal efficiencies, polymeric
UF membranes remain limited by flux decline caused by
membrane fouling during long-term operation. Silica and fine
abrasive particles present in CMP wastewater can accumulate
on the membrane surface or block membrane pores, increasing
filtration resistance and reducing permeate flux. These effects
can be further intensified depending on the surface properties
and pore structure of the membrane [15]. Therefore, UF
membranes for semiconductor wastewater treatment should
maintain high particle-removal performance while suppressing
particle adhesion and membrane fouling through appropriate
control of surface hydrophilicity, surface charge, and pore
structure, thereby ensuring stable long-term permeation
performance.

2.2 Polymeric Membranes for the Removal of Dissolved
Contaminants

Nanofiltration (NF) and reverse osmosis (RO) are used to
separate dissolved ions and low-molecular-weight organic
compounds that cannot be sufficiently removed by MF and
UF. NF membranes generally possess effective separation
structures on the nanometer or sub-nanometer scale and have
denser selective structures than UF membranes, allowing
selective separation of low-molecular-weight organic compounds
and ions according to their size and charge [10]. NF
membranes are particularly effective for the rejection of
multivalent ions, whereas RO membranes with denser
selective layers are employed when a higher degree of ionic
removal is required. Accordingly, NF and RO can be selectively
applied for the removal of dissolved contaminants such as
TMAH and various inorganic ions in semiconductor wastewater
depending on the required water quality and the characteristics of
the target contaminants.

Polymeric NF and RO membranes are generally fabricated
as thin-film composite (TFC) membranes, in which a thin
selective layer is formed on a porous support layer. The porous
support mechanically supports the selective layer while
minimizing permeation resistance, whereas the upper selective
layer determines the selective transport of water and solutes.
The selective layer is typically composed of polyamide (PA)
formed by interfacial polymerization (IP) between an
aqueous-phase amine monomer and a multifunctional acyl
chloride monomer dissolved in an organic phase [16].

Interfacial polymerization enables the formation of thin and
dense PA selective layers with thicknesses ranging from tens to
hundreds of nanometers. The thickness, degree of crosslinking,
free volume, and surface charge of the selective layer can be
controlled through the selection of monomers and poly-
merization conditions [17]. Owing to these structural

Fig. 3. NF/RO separation mechanisms and PA-TFC membrane
fabrication via interfacial polymerization (IP)
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characteristics, PA is the most widely used selective-layer
material for NF and RO membranes. Within the PA selective
layer, hydrophilic functional groups facilitate water transport,
while the polymer network restricts solute transport.
Consequently, solutes are selectively rejected according to
factors such as molecular size, hydrated radius, and charge.

NF membranes commonly employ relatively loose PA
selective layers formed by interfacial polymerization between
piperazine (PIP) and trimesoyl chloride (TMC). Compared
with RO membranes, these PA layers possess a less densely
crosslinked polymer network, which provides relatively high
water permeability. Their negatively charged surface also
contributes particularly to the rejection of multivalent anions.
NF is therefore suitable for applications requiring high water
permeability together with selective removal of multivalent
ions and certain low-molecular-weight organic compounds
[18]. In contrast, RO membranes commonly employ highly
crosslinked aromatic PA selective layers formed by interfacial
polymerization between m-phenylenediamine (MPD) and
TMC. The dense polymer network and limited free volume
effectively suppress the diffusion of small dissolved ions,
including TMA+, and salts, although water permeability is
generally lower than that of NF membranes [19]. Thus, the
differences in permeability and selectivity between NF and RO
membranes are largely governed by the degree of crosslinking,
free volume, and surface charge of the PA selective layer.

In a study comparing the performance of commercial NF
and RO membranes for wastewater generated from
semiconductor manufacturing processes, the RO membrane
achieved approximately 92% removal of TMAH and 88%
removal of total dissolved solids (TDS), whereas the NF
membrane exhibited relatively lower removal efficiencies[20].
TMAH exists in aqueous solution predominantly as the
tetramethylammonium cation (TMA+), which is relatively
small and may therefore not be sufficiently rejected by the
comparatively loose selective structure of NF membranes. In
contrast, RO membranes with denser PA selective layers more
effectively restrict the transport of dissolved ions, including
TMA+. These findings indicate that appropriate selection
between NF and RO membranes, based on the size and charge
characteristics of the target solutes, is essential for achieving
high-purity water reuse from semiconductor wastewater [21].

Despite their high solute-removal efficiencies, NF and RO
membranes are also affected by membrane fouling and scale
formation, which remain major limitations during long-term
operation [22]. As semiconductor wastewater becomes
concentrated during membrane treatment, dissolved silica,
inorganic salts, and organic compounds can accumulate on
the membrane surface, leading to decreased permeate flux and
increased operating pressure. Such performance deterioration
can be further intensified by specific interactions between
contaminants and the selective layer. Furthermore, excessively
densifying the selective layer to achieve high solute rejection

can increase resistance to water transport. Therefore, NF and
RO membranes for semiconductor wastewater treatment
should be designed to maintain high dissolved-contaminant
rejection while optimizing the free volume, surface hydrophilicity,
and charge characteristics of the selective layer to balance
permeability and selectivity and simultaneously suppress
membrane fouling and scale formation [23].

3. FUNCTIONAL MODIFICATION AND 
COMPOSITE STRATEGIES FOR POLY-
MERIC MEMBRANES

To overcome the limitations of conventional polymeric
membranes discussed above, particularly membrane fouling
and the permeability-selectivity trade-off, various strategies
have been investigated, including blending with hydrophilic
polymers, surface modification, and the incorporation of
functional nanomaterials. Some modified and composite
membranes have already been applied to actual semi-
conductor wastewater treatment processes and demonstrated
improved performance, while a broader range of polymer-
composite membranes incorporating functional materials has
also been developed for general water-treatment applications.

3.1 Hydrophilic Modification of Polymeric Membranes
for Semiconductor Wastewater Treatment

To mitigate membrane fouling in PVDF-based UF
membranes, approaches such as blending with hydrophilic
polymers, including polyvinylpyrrolidone (PVP), as well as
surface grafting and coating have been widely investigated.
Blending with hydrophilic polymers can improve membrane
wettability while simultaneously affecting phase-separation
behavior, thereby altering pore size, porosity, and internal
morphology. In contrast, surface grafting and coating are
primarily used to regulate interactions between the membrane

Table 1. Major polymers for semiconductor wastewater treatment

Polymeric material Applicable 
process

Key
 characteristics

Major
 limitations

Polyvinylidene 
fluoride (PVDF)

MF, UF
Chemical resis-
tance, mechani-

cal durability

Hydrophobicity, 
fouling

Polyethersulfone 
(PES)

MF, UF
Thermal stabil-
ity, processabil-

ity
Fouling

Polyamide (PA)
NF, RO High selectivity, 

salt rejection
Low chlorine 

resistance
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surface and contaminants [24].
Hydrophilic modification strategies have also been

investigated for the removal of organic contaminants associated
with semiconductor wastewater. For example, Choi and Nam
developed a hydrophilic PVDF-based membrane by introducing
a polyvinyl alcohol (PVA) layer through repeated dip-coating
and chemical cross-linking. The optimized membrane, prepared
with five PVA coating cycles, achieved organic contaminant
removal efficiencies exceeding 90% using model oil-in-water
emulsions containing organic compounds such as toluene and
xylene. Furthermore, the membrane maintained a flux
recovery ratio above 80% over 20 filtration cycles, indicating
good antifouling performance. These findings suggest that
hydrophilic surface modification can improve the separation
performance and fouling resistance of PVDF membranes,
highlighting their potential for semiconductor wastewater
treatment [26]. 

3.2 Thin-Film Nanocomposite Membranes for Semicon-
ductor Wastewater Treatment

Thin-film nanocomposite (TFN) membranes incorporating
functional nanomaterials have been investigated as a strategy
for improving the performance of PA-based NF and RO
membranes. TFN membranes are derived from conventional
thin-film composite (TFC) membranes by introducing
functional materials into the PA selective layer at its interfaces,
or into the porous support layer, thereby modifying the
structure and surface properties of the selective layer [27]. 

Representative functional materials include graphene oxide
(GO) [28], carbon nanotubes (CNTs) [29], TiO2 [30], SiO2
[31], and metal-organic frameworks (MOFs) [32]. GO and
surface-functionalized CNTs can enhance hydrophilicity and
provide nanoscale transport pathways, whereas TiO2 and SiO2
can serve as functional fillers for controlling surface properties
and structural stability. MOFs have also been investigated as
functional materials for NF and RO membranes because their
tunable pore structures can provide selective transport

pathways.
The incorporation of these functional materials can alter the

transport properties and surface chemistry of the PA selective
layer, providing a means of enhancing water permeability and/
or fouling resistance while maintaining the solute rejection
performance of conventional TFC membranes. However, the
formation of the PA network and interfacial structure can vary
depending on the type and loading of the incorporated fillers.
Therefore, achieving uniform filler dispersion and controlling
polymer-filler interactions are critical for realizing the desired
membrane performance.

For example, graphene oxide (GO) nanosheets were
incorporated, followed by the formation of a polyamide (PA)
selective layer through interfacial polymerization to fabricate
TFN nanofiltration membranes. At an optimal GO loading of
0.3 wt%, the modified TFN membrane exhibited a 50.9%
increase in pure water permeability compared with the
pristine TFC membrane. The NaCl rejection increased by
88.5% relative to the TFC membrane, reaching 59.5%, while
the Na2SO4 rejection reached 95.2% [27]. These findings
demonstrate that incorporating hydrophilic nanofillers into
composite membrane structures can improve water
permeability and salt rejection, highlighting the potential of
TFN membranes for advanced wastewater treatment.

Nevertheless, many composite membranes incorporating
GO, CNTs, TiO2, SiO2, and MOFs have primarily been
evaluated using general water-treatment systems or simulated
feed solutions. Their applicability under the complex water-
quality conditions encountered in actual semiconductor
wastewater therefore remains insufficiently investigated.

4. APPLICATION POTENTIAL AND 
FUTURE PERSPECTIVES OF COMPOSITE 
MEMBRANES FOR SEMICONDUCTOR 
WASTEWATER TREATMENT

Functional polymer-composite membranes have been
extensively investigated for improving permeability, selectivity,
and fouling resistance in various water-treatment applications.
However, studies validating their long-term performance

Fig. 4. Surface modification strategies for PVDF membranes [25]

Fig. 5. TFN membrane fabrication and selective-layer structure
[33] 
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using actual semiconductor wastewater remain relatively
limited [34]. Semiconductor wastewater contains a complex
mixture of contaminants, including silica, abrasive particles,
TMAH, inorganic ions, and organic compounds. Therefore,
membrane performance demonstrated using simplified model
solutions may not directly represent practical performance
under actual wastewater conditions.

In UF processes, suppressing membrane fouling caused by
the deposition of silica and fine abrasive particles is
particularly important. Composite membranes should
therefore be designed by simultaneously controlling surface
hydrophilicity, surface charge, and pore structure to reduce
particle-membrane interactions and maintain stable permeate
flux during long-term operation [35].

For NF and RO processes, improving water permeability
while maintaining sufficient selectivity toward TMAH and
inorganic ions is essential. The incorporation of functional
materials can regulate the free volume and transport pathways
within the selective layer; however, excessive increases in free
volume or the formation of interfacial defects may enhance the
permeation of small solutes such as TMA+ [36]. Therefore,
rather than focusing solely on permeability enhancement,
structural control should be directed toward achieving an
appropriate balance among target-solute selectivity, water
permeability, and fouling resistance.

For practical implementation, additional factors must also
be considered, including nanofiller dispersion, polymer-filler
interfacial compatibility, chemical stability under acidic,
alkaline, and fluoride-containing environments, performance
changes during repeated chemical cleaning, and potential filler
leaching. Future studies should therefore evaluate long-term
membrane performance using actual semiconductor wastewater
and identify functional materials and membrane structures
suited to the contaminant characteristics of individual
semiconductor processes [37]. Such approaches are expected
to be central to the further development of polymer-composite

membranes for semiconductor wastewater treatment.

5. CONCLUSIONS

Wastewater generated from semiconductor manufacturing
contains a wide variety of contaminants, including fine
particles and colloids, tetramethylammonium hydroxide
(TMAH), inorganic ions, and organic compounds, requiring
multistage separation processes tailored to the characteristics
of individual contaminants. Polymeric ultrafiltration (UF)
membranes can be employed as pretreatment processes for
removing particulate contaminants from chemical mechanical
polishing (CMP) and back-grinding wastewater, whereas
nanofiltration (NF) and reverse osmosis (RO) membranes can
be applied for the removal of dissolved ions and low-
molecular-weight contaminants as well as for water reuse.
Nevertheless, membrane fouling, scale formation, and the
permeability-selectivity trade-off during long-term operation
remain major limitations of conventional polymeric
membranes.

To overcome these limitations, surface and structural
modification using hydrophilic polymers and the incorporation
of functional nanomaterials into polymer-composite membranes
have been extensively investigated. Hydrophilically modified
PVDF-based UF membranes and thin-film nanocomposite
(TFN) membranes have demonstrated the potential to
improve long-term operational stability and fouling resistance
in actual semiconductor wastewater treatment. However,
many studies on functional composite membranes have still
been conducted using general water-treatment systems or
simulated feed solutions, and validation under actual
semiconductor wastewater conditions remains limited.

Future research should therefore focus on designing
functional materials and membrane structures tailored to the
specific contaminants generated from individual semi-
conductor processes and comprehensively evaluating separation
performance, membrane fouling, chemical stability, and long-
term operational durability under actual wastewater
conditions. Such studies are expected to facilitate the broader
application of polymer-composite membranes for reliable
semiconductor wastewater treatment and sustainable water
reuse.
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Table 2. Major functional fillers in polymer composite mem-
branes

Functional 
filler

Membrane 
matrices Major functions

TiO2 PVDF, PES, 
PA

Enhanced hydrophilicity and water 
permeability

SiO2 PVDF, PES, 
PA

Regulation of pore structure and 
reduction of contaminant adhesion

GO PVDF, PES, 
PA

Enhanced hydrophilicity and water 
permeability

CNT PVDF, PA Formation of nanoscale transport 
pathways

MOF PA
Tunable pore structure; surface-
chemistry control and selective 

molecular transport
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