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Graphical abstract Abstract

The increasing discharge of untreated effluents into rivers, particularly from agricultural
and industrial sectors, has led to severe degradation of surface water quality. In response,
global and national authorities have established various water quality standards, such as
Malaysia’s Water Quality Index (WQI) and National Water Quality Standards (NWQS), to
ensure cleaner water resources. However, conventional treatment methods such as
coagulation, flocculation, and filtration are often inadequate in removing micropollutants

! and emerging contaminants. This review outlines the current landscape of river water
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pollutant removal efficiencies for both organic and inorganic contaminants. However,
scaling to pilot-level remains limited due to catalyst recovery issues and operational
complexity. By analyzing regulatory frameworks, treatment performance, and system
configurations, this review highlights the potential of hybrid MPRs as a transformative
approach for polluted river water remediation. The findings support the development of
integrated and high-performance treatment strategies suited for complex aquatic
environments.
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1.0 INTRODUCTION from human activities. Contamination arises from a range of
chemical, microbial, and physical sources, including both
organic and inorganic pollutants [1]. Additionally, thermal
pollution can also contribute to water contamination. This
often occurs when industries and power plants use water for
cooling, leading to elevated discharge temperatures.

Furthermore, rising water temperatures induce oxygen levels

Although rivers are essential for sustaining life, they remain
highly vulnerable to pollution caused by unregulated
industrialization and agricultural activities. River pollution
refers to the contamination of freshwater systems resulting
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to drop significantly, which could further kill fish, disrupt the
food chain structure, reduce species diversity, and even
stimulate the invasion of new thermophilic species [2]. River
pollution is a significant global concern. This necessitates
ongoing evaluation and revision of water resource policies at all
levels from international frameworks to individual aquifers and
wells.

Physical, chemical, and biological assessments are commonly
conducted to evaluate water quality and analyse the extent of
river pollution. Effective water quality management requires
the development of robust plans and supporting infrastructure.
The presence of micropollutants in river systems continues to
rise due to the high cost and technical difficulty of removing
them using conventional treatment methods [3]. Ineffective
water management can exacerbate pollution-related risks,
potentially resulting in severe public health issues such as
disease outbreaks caused by microbial overgrowth [4].
Unfortunately, traditional water treatment methods are often
ineffective at eliminating the wide range of micropollutants
found in surface water.

Recently, advanced treatment technologies for polluted river
water have gained significant attention due to their enhanced
performance and efficiency. These technologies offer several
benefits, including (i) effective pollutant removal, (ii) improved
water purification, and (iii) environmentally sustainable
operation. Previous research has largely focused on
fundamental studies at the laboratory scale, particularly
concerning pollutant removal techniques. However, there
remains a significant research gap regarding pilot-scale
applications for polluted river water treatment. Therefore, this
review explores existing clean water regulations, recent
advancements in treatment technologies, and the potential of
pilot-scale membrane photocatalytic reactors (MPRs) as a
viable solution for polluted river water remediation.

Firstly, this review examines standard water quality
regulations, serving as a reference point for researchers and
industry stakeholders. It also outlines benchmarks for pollution
levels in river water. Conventional river water treatment
technologies discussed include coagulation, flocculation,
sedimentation, filtration, and disinfection. Their limitations,
such as sensitivity to environmental conditions, reliance on
biological methods, and generation of secondary waste, are
critically discussed. In addition, this review highlights recent
advancements in polluted water treatment technologies.

Furthermore, this review discusses the application and
future prospects of pilot-scale membrane photocatalytic
systems for treating polluted river water, reflecting more
recent research developments. The notable efficiency of pilot-
scale membrane photocatalytic systems is attributed to factors
such as the type of photocatalyst, light intensity, and the type
of membrane used. However, several practical issues must be
addressed before implementing this system in real-world
polluted river environments. This is due to the complex nature
of real polluted river water, and the limited discussion in the
literature regarding the performance and long-term
effectiveness of such advanced systems.

This review aims to provide comprehensive insight into: (i)
existing water quality regulations, (ii) types of pollutants in river
water, (iii) conventional treatment technologies, (iv) advanced
treatment methods, and (v) the application and potential of
pilot-scale membrane photocatalytic reactors for polluted river
water treatment. The specific objectives of this review are: (i)

to examine Malaysian water quality regulations, (ii) to review
conventional and advanced treatment methods, and (iii) to
explore the implementation prospects of hybrid membrane
photocatalytic reactors. In addition, the review highlights the
current research gap concerning the use of pilot-scale hybrid
MPRs in polluted river water treatment.

2.0 POLLUTED RIVER WATER

Rivers are one of the main sources of water in Malaysia, serving
daily needs such as drinking, agriculture, and industrial
activities. The demand for clean water has been rising steadily
due to rapid urbanization and population growth. However, the
discharge of domestic and industrial effluents is a major
contributor to river pollution. Polluted river water poses a
serious threat to environmental sustainability, as it often stems
from the contamination of water bodies by human activities.
The introduction of contaminants into natural ecosystems
results in the degradation of river water quality [5]. These
contaminants may include both organic and inorganic
substances, such as dyes, heavy metals, physical waste,
ammonium, and nitrate. In addition, elevated water
temperatures caused by thermal discharge from power plants
also contribute to river pollution. This thermal pollution
reduces dissolved oxygen levels, which can be harmful to
aquatic life [6].

River pollution is the most critical problem to the
sustainability of human communities and environment. This is
because humans and other living organisms cannot survive
without water. As river pollution increases, it can lead to a
water crisis and negatively affect the health of communities
and the environment. River pollution causes many negative
impacts, including the spread of diseases. Consuming polluted
water in daily life can harm human health, potentially causing
typhoid, cholera, and hepatitis [7], [8]. Moreover, global
ecosystems are highly sensitive to even small environmental
changes. Polluted river water can contribute to the degradation
of environmental sustainability. Eutrophication is also one of
the effects of river pollution. The discharge of chemical waste
into water bodies promotes algae growth, which reduces
oxygen levels and harms aquatic life. Moreover, food chain
disruption can occur when aquatic organisms such as fish and
plants consume waste and pollutants, eventually affecting the
humans who eat them [9], [10].

According to the latest data, 4% of rivers in Malaysia were
classified as polluted, 24% as slightly polluted, and 72% as
clean, as shown in Figure 1. Malaysia is a developing country
where the number of industries has been increasing rapidly
over the years, directly contributing to river pollution. In
addition, based on data from the Department of Environment
(DOE), among 32 industrial sectors inspected in Malaysia, only
a small number had 0% non-compliance [11]. According to the
Environmental Quality Report 2023 by the DOE, the percentage
of clean rivers has decreased in the past year. The deterioration
in water quality observed in 2023 is primarily attributed to
increased pollution loads from both point sources and non-
point sources. In 2023, the main sources of pollution were
reported to be manufacturing industries, agricultural activities,
sewage treatment plants, pig farming, and wet markets,
including slaughtering activities. These activities have
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contributed to elevated pollution loads of BOD (444.63
tonnes/day), suspended solids (636.42 tonnes/day), and
ammoniacal nitrogen (160.36 tonnes/day). The main
contributors to the high levels of BOD, suspended solids, and
ammoniacal nitrogen were reported to be sewage treatment
plants and pig farming activities.
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Figure 1 Quality of river water in Malaysia 2023 [18]

Numerous cases of river pollution have been reported as
several rivers in Malaysia have been recognized as among the
most polluted. In one incident, the water in a river near Ipoh
turned white, and dead fish were discovered floating along the
surface. Sungai Muda was contaminated with garbage,
electronic waste, and municipal waste. Forestry operations in
Pahang have also contributed to river pollution. | In 2018,
reports indicated that water bodies had turned murky and
yellowish, causing significant river pollution that disrupted the
water supply. As a result, 449 water treatment facilities in
Pahang were temporarily shut down. In 2019, it was reported
that Sungai Kim Kim had been contaminated by hazardous
waste. The incident began as an isolated case of illegal
hazardous waste dumping, but it quickly escalated into a wave
of chemical poisoning cases. In one instance, 2,700 residents
near Sungai Kim Kim were reported to be gravely ill, prompting
the Malaysian Ministry of Education to shut down 111 nearby
schools [10], [12], [4].

Today, nearly every nation has addressed water pollution
through standardized regulations and water laws that restrict
the discharge of hazardous chemicals, toxic compounds,
odours, and river water discoloration. While countries in
Eastern Europe, the Caucasus, and Central Asia (EECCA) have
introduced improvements to surface water quality regulations
to preserve water resources and promote sustainability, the
United States Environmental Protection Agency (EPA) adopted
Surface Water Treatment Rules (SWTRs) as a cornerstone of its
water legislation [13]. The Environmental Quality Act of 1974
was enacted in Malaysia with the goal of developing standards
for pollution prevention, reduction, and control, as well as
improving environmental sustainability.

2.1 Standard Regulation For River Water

A healthy river and environment can be identified by the
presence of diverse habitats, including surrounding flora and
fauna. Generally, three main parameters are used to assess
water quality which are physical, chemical, and biological.
Physical characteristics are measured by observing direct
changes in water conditions. Key physical parameters include
turbidity, colour, temperature, taste, and odour. For example,

turbidity indicates the level of water cloudiness, masking its
true transparency. Suspended matter and compounds can alter
water colour, while pollutants such as sulphur, algae, and oily
substances contribute to unpleasant odours. In addition,
atmospheric conditions can raise the temperature of polluted
water, increasing the risk of vaporization and harm to living
organisms [10].

Chemical characteristics can be described as the interaction
between water bodies and substances such as organic
compounds, metals, and dissolved particles, which lead to
water quality issues including reduced dissolved oxygen and
elevated nitrogen levels. Most dissolved substances are
considered undesirable in water due to their carcinogenic and
toxic properties [14]. These substances can increase water
conductivity and temperature, both of which significantly
impact aquatic ecosystems. Today, industrial effluents are the
primary cause of reduced dissolved oxygen in river water,
leading to instability in natural ecological systems. In addition,
the discharge of excessive metals into rivers contributes to
ecosystem degradation. This is because most metals are toxic
and hazardous, posing a threat to the environment. Pathogens
are considered biological contaminants in water bodies.
Industrial effluents play a major role in pathogen
dissemination, with the potential to cause prolonged
contamination [15], [16]. These pathogens can harm both
aquatic ecosystems and human health. Cholera is one example
of a potentially fatal waterborne disease.

Accelerated urbanization and population growth have
adversely impacted the natural environment and contributed
to increased pollution. Therefore, to maintain environmental
sustainability, effective methods and technologies for
controlling and minimizing water pollution are essential. Given
the importance of regulating water security and environmental
conservation, significant efforts have recently been made to
establish national regulations and legislative guidelines. These
regulations and regional criteria are crucial for decision-making
on pollution control and water quality assessment. For the
purpose of determining the Water Quality Index (WQl), each
country has established its own regional water quality
standards. The Environmental Quality Act (EQA) 1974,
administered by Malaysia’s Department of Environment (DOE),
outlines regulations for the prevention, abatement, control,
and improvement of environmental conditions in the country.
The Act governs the discharge of waste into the environment,
requiring that effluents comply with the standards set by the
EQA 1974 [17]. River water quality can be evaluated using the
WaQl value, as shown in Equation 1.

wQl = 0.22(SIDO) + 0.19(SIBOD) + 0.16(SICOD) + 0.15(SIAN) +
0.16(SISS) + 0.12(SipH) (1)

According to surface water quality monitoring conducted by
the DOE, the main parameters used to assess the Water Quality
Index (WQl) are: (i) dissolved oxygen (DO), Subindex DO (SIDO);
(ii) biochemical oxygen demand (BOD), Subindex BOD (SIBOD);
(iii) chemical oxygen demand (COD), Subindex COD (SICOD); (iv)
ammonia nitrogen, Subindex NHs-N (SIAN); (v) total suspended
solids (TSS), Subindex suspended solids (SISS); and (vi) pH,
Subindex pH (SIpH). These six parameters are associated with
the physical, chemical, and biological properties of water. pH,
turbidity, temperature, and total suspended solids (TSS)
represent physical characteristics of water, while DO, COD,
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BOD, and ammonia nitrogen represent chemical concentrations
[18]. Faecal coliform microorganisms contribute to changes in
the biological characteristics of water. Changes in these three
characteristics collectively determine the overall water quality
[18]. Thus, the WQI serves as an indicator of whether water is
clean and safe for consumption or polluted and hazardous to
health. The WQI ranges from 0 to 100, with values between 81
and 100 indicating clean water. This classification system is
derived from the assessment of the six key parameters. Table 1
presents the detailed classification of river water quality status
based on the Malaysian WQl.

Table 1 Classification of river water quality status based on water
quality index [17]

9.0; IV: 5.0-9.0; V: —
Class I: 25 mg/L; Il: 50 mg/L; lll: 150
mg/L; IV: 300 mg/L; V: 300 mg/L

Suspended Yes
Solids (TSS)

Parameter Index

Clean Less polluted Polluted
BOD 91-100 80-90 0-79
NHs-N 92-100 71-91 0-70
TSS 76 — 100 70-75 0-69
wal 81-100 60 -80 0-59

Malaysia has also implemented the National Water Quality
Standards (NWQS), which specify detailed threshold limits for
individual water quality parameters. A total of 74 parameters
are listed in the NWQS to ensure comprehensive water quality
protection across various uses. While the Water Quality Index
(waQl) is an index-based approach that classifies river water
into quality classes based on six aggregated parameters—
namely pH, dissolved oxygen (DO), biochemical oxygen demand
(BOD), chemical oxygen demand (COD), total suspended solids
(TSS), and ammoniacal nitrogen (NHs-N)—the NWQS defines
specific allowable limits for each parameter depending on the
designated use (e.g., irrigation, drinking, or recreational
purposes). The NWQS plays a crucial role in regulatory
enforcement and environmental management by providing
explicit permissible values for each water quality indicator.
Comparing WQIl parameters with their corresponding NWQS
thresholds enhances understanding of Malaysia’s integrated
water quality monitoring framework. This comparison is
presented in Table 2.

Table 2 Mapping of WQI Parameters to Corresponding NWQS
Thresholds (Classes |I-V)

waQl Mapped NWQS Threshold-Based Limit
Parameter to NWQS
Threshold?
Ammoniacal Yes Class I: 0.1 mg/L; I1: 0.3 mg/L; IlI:
Nitrogen (NHs- 0.9 mg/L; IV: 2.7 mg/L; V: >2.7 mg/L
N)
Biochemical Yes Class I: 1 mg/L; IIl: 3 mg/L; lIl: 6

Oxygen Demand mg/L; IV: 12 mg/L; V: >12 mg/L

(BOD)
Chemical Yes Class I: 10 mg/L; II: 25 mg/L; llIl: 50
Oxygen Demand mg/L; IV: 100 mg/L; V: >100 mg/L
(CoD)
Dissolved Yes Class I: 7 mg/L; Il: 57 mg/L; Ill: 3-5
Oxygen (DO) mg/L; IV: <3 mg/L; V: <1 mg/L

(mg/L)

pH Yes Class I: 6.5-8.5; 1l: 6.0-9.0; IlI: 5.0—

Another key regulation is the Environmental Quality
(Industrial Effluent) Regulations 2009, which was established to
govern effluent discharge practices in Malaysia. It outlines the
regulatory requirements for any premises in Malaysia that
discharge industrial waste or effluent into inland waters or soil.
The regulation is divided into two standards: Standard A and
Standard B. Standard B applies to discharges into any inland
waterways, while Standard A applies to discharges into water
bodies located within designated catchment zones.

3.0 CONVENTIONAL
TECHNOLOGIES

WATER  TREATMENT

Conventionally, river water treatment involves several main
stages which are coagulation, flocculation, sedimentation,
filtration, and disinfection, as shown in Figure 2. Common tests
used to monitor and control water quality in treatment plants
include turbidity, colour, pH, residual chlorine, jar test, residual
aluminium, and fluoride [18].

Coagulation and flocculation are combined processes used in
water treatment. In the initial stage, raw water undergoes
preliminary treatment. The water is first screened to remove
large particles or debris such as leaves, sticks, and rubbish.
Next, the water proceeds to the aeration process, where it is
bubbled with air. This step helps remove trapped gases such as
hydrogen sulphide, which can cause unpleasant odours. The
main treatment step which is coagulation and flocculation
involves the addition of coagulants, such as aluminium and
ferric chloride, to separate suspended particles in water
through rapid mixing and agitation [20]. Coagulants work by
neutralizing the negative charges of non-settleable solids,
converting them into smaller colloidal or suspended particles
[21], [22]. Flocculation then follows. During flocculation, micro-
flocs aggregate into larger, heavier, and visible suspended
particles. The turbulence generated by the propeller promotes
the agglomeration of micro-flocs. This process typically takes 20
minutes or more to complete, resulting in the formation of
larger visible flocs. Afterward, the water containing flocs is
transferred to the sedimentation tank. During sedimentation,
the larger and heavier flocs settle to the bottom of the tank [4],
[23].

Filtration is a physical process that separates colloidal and
suspended particles from water by passing it through granular
materials. The main mechanisms involved in filtration are
straining, settling, and adsorption [24]. After flocs settle to the
bottom, the clear water above is filtered to remove any
remaining suspended solids. This clear water flows through a
filter composed of materials with varying pore sizes, such as
gravel, sand, and charcoal. As the floc passes through the filter,
the spaces between the filter grains become clogged, reducing
pore size and enhancing particle removal. Some dissolved solids
and microorganisms such as dust, chemical residues, and
bacteria are also removed as they settle on the surface of the
filter media grains [20]. In addition, the adsorption of floc onto
the surface of the filter grains contributes to particle removal
and further reduces the pore spaces between filter media.
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Following filtration, the water undergoes disinfection. To
eliminate any remaining pathogenic organisms and ensure the
water is safe for consumption, chemical disinfectants such as
chlorine, chloramine, or chlorine dioxide are added to the
filtered water. Moreover, these disinfectants also help
eliminate pathogens that may be present in pipelines between
the treatment facility and the household tap. Finally, the
treated water is delivered to consumers [23].

s l I
LINES
hE B Cougulation oo Flocculation Sedimentation
¢ o 0 4 ¢ 4

F Disinfection | (NN Filtration

Figure 2 Conventional water treatment process

Coagulation and flocculation are the methods currently applied
in water treatment plants. These methods are effective for
removing non-soluble compounds and microorganisms, and
they are also cost-effective and easy to operate. However,
these technologies require chemical coagulants, and high
dosages can generate substantial amounts of sludge,
necessitating additional treatment. The concentration,
chemical properties, pH, and temperature influence the
effectiveness of the process [25]. These methods have also
been reported to be less effective in removing natural organic
compounds and disinfection by-products. Moreover, seasonal
changes can complicate the selection of appropriate
coagulants. In addition, the extended and varied process
sequences make it difficult to monitor and control treatment
efficiency [6], [26]. The maintenance and cleaning processes
are also reported to be complicated. Furthermore, the use of
chlorine as a chemical disinfectant poses health and
environmental risks to humans, animals, and aquatic life.
Special care is required when handling chlorine during shipping,
storage, and application. Water treatment plants must
continuously monitor residual disinfectant levels at the point of
discharge to ensure the water is safe for residential
consumption. Therefore, alternative methods and technologies
are needed to improve treatment efficiency and ensure
sufficient clean water supply for consumers [27], [28].

4.0 ADVANCED TECHNOLOGIES FOR POLLUTED
WATER TREATMENT

Today, advanced technologies offer effective alternatives to
conventional methods for river water treatment and quality
control. They provide higher treatment efficiency, effective
removal of macro- and micropollutants, production of high-
quality clean water, simplified operation, and improved
environmental sustainability. This study primarily focuses on
electrocoagulation, photocatalytic degradation, and membrane
separation technologies, given their growing adoption at both
pilot and industrial scales. Additionally, it highlights other
notable technologies, including ozonation, activated carbon
adsorption, constructed wetlands, advanced oxidation

processes (AOPs), ion exchange, and biological treatments. A
comparative analysis of these technologies is included to
provide a broader understanding of their effectiveness and
limitations across different polluted river water treatment
contexts.

4.1 Electrocoagulation

Electrocoagulation (EC) is an alternative water treatment
technique that employs an electrochemical process. It involves
the in situ generation of coagulants by applying an electric
current across metallic electrodes to remove water pollutants.
This technique offers high treatment efficiency, industrial-scale
handling capacity, and environmental friendliness [29], [30].
The performance of electrocoagulation is summarized in Table
3. The electrochemical reactions occurring at the metal
electrodes in the EC reactor are summarized as follows:

At anode:

M(s) > Mn*(aqg) + ne (2)
2H,0 (1) = 4H* (aq) + 02 (g) + 4e (3)
At cathode:

Mn™ (aq) + ne” > M (s) (4)
2H,0 (1) + 2e- > Ha(g) + 20H- (5)

Floatation

M(QH),

Hydrated cations

Precipitate

Figure 3 lllustration of electrocoagulation

As illustrated in Figure 3, metal cations (Mn*), such as AI** and
Fe?*, destabilize colloidal particles and react with hydroxide
ions (OH") in water to form coagulant agents that aid in
contaminant removal [31]. These coagulants form amorphous
metal hydroxide precipitates, while hydrogen gas bubbles lift
pollutants to the surface of the EC reactor, where they are
collected and removed [32],[33]. Several key parameters
influence the performance of EC, including: (i) supplied current,
(ii) reaction time, (iii) electrode configuration, and (iv) initial pH
of the water. The applied current directly affects the
concentration of metal ions, coagulant generation, and the
density of hydrogen bubbles in the EC process [33]. Higher
current levels result in smaller hydrogen bubbles, increasing
the surface area available for particle attachment and thereby
enhancing separation efficiency. Notably, a COD reduction in oil
waste emulsion was achieved in under 22 minutes using a
current density of 25 mA/cm? [35]. Additionally, water
electrolysis at the cathode contributes to pH changes
throughout the EC process. For example, when the initial water
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pH is acidic, it tends to increase during the process until
reaching a neutral level [36], [37], [38].

Despite its potential, several limitations hinder the
application of EC at pilot scale. One major issue is the
impermanence of electrodes. Their short lifespan necessitates
frequent cleaning, maintenance, and replacement to ensure
optimal performance. Another limitation is the need to control
multiple influencing factors to achieve consistent results. These
include electrode material and design, electrode spacing,
polarity, current density, water conductivity, and particle size.
Additionally, the method requires frequent fine-tuning, making
it both time-consuming and costly.

Table 3 Polluted water treatment via electrocoagulation

sulfate) as the

chemical
coagulant
Electroco  Pulpand Applied CcoD 61.2% [40]
agulation  paper current: Colour 98.6%
wastew 5.55mA/cm?
ater Period of TSS 100%
treatment: TOC 41%

33.7 minutes Final pH 8.2
Configuration
of electrode:
Iron
cathode/anod
e with 20mm
inter-
electrode
distance
Initial pH:
6.38

Electroco  Water Condition of Pollutant  Pollutant  Ref.
agulation  matrices  process removed removal
process efficiency
(%)

Combine River Applied TSS 98% [32]
d water current: 15 TDS 74%
electroco contami A BOD 57%
agulation  nated Period of cob 49%
with the by treatment: Final pH Neutral
mixing textile 60 minutes
process Configuration

of electrode:

Aluminum (Al)

plate

electrode, 4

cathodes, 2

anodes

Initial pH: 8

Additional

propeller for

the mixing

process
Electroco  River Applied Final pH 7.8-7.9 [34]
agulation  water current: 9V Electrical 460

Period of conducti uScm-t

treatment: vity 78%

120 minutes CoD 95%

Configuration Organic

of electrode: matter

Cathode: (UV2s4)

Aluminum,

Anode:

Aluminum

with 2 cm

inter-

electrode

distance

Initial pH:  >7
Combine  Brewery  Applied CcoD 26% [39]
d wastew current: 5SW Reactive 74%
electroco  ater Period of phosphor  76%
agulation treatment: ous (RP) 85%
and 20 minutes Total
chemical Configuration phosphor
coagulati of electrode: ous (TP)
on Cathode: TSS

Aluminum,

Anode:

Aluminum

Initial pH:  >5

Additional

alum

(Aluminium

4.2 Photocatalytic

Recently, photocatalysis has gained widespread attention
among researchers, particularly for its application in water
treatment and purification due to its environmentally friendly
nature. This method facilitates the degradation of both organic
and inorganic pollutants in water, especially where
conventional oxidation processes are ineffective. This process
can convert organic pollutants into harmless end products.
Additionally, it produces minimal by-products, requires only a
small amount of catalyst, and is considered less hazardous [41].
By using semiconductor metal oxides as photocatalysts and
exposing them to light, this approach promotes electron
mobility within the metal oxide structure. This results in the
formation of hydroxyl radicals, which subsequently break down
organic contaminants into inorganic compounds such as water
and carbon dioxide, as illustrated in Figure 4 [42], [43] as shown
in Figure 4.

Generally, the photocatalytic process begins when the
photocatalyst absorbs light energy, typically from UV radiation.
When the photon energy (hv) equals or exceeds the band gap
energy (Eg), an electron in the valence band (VB) is excited to
the conduction band (CB), leaving behind a hole (h*vb) in the
VB. This stage is referred to as the 'photoexcitation' state. The
excited electron (e~cb) carries a negative charge [42], [44].

Photocatalyst + hv = Photocatalyst(e s + h*y) (6)

Meanwhile, the generated hole (h*) is positively charged and
possesses high oxidative potential, enabling the direct
oxidation of organic pollutants.

h*y + Pollutant - Oxidation of Pollutant (7)

Hydroxide ions (OH") in the aqueous solution serve as hole-
scavengers, preventing the recombination of photoelectrons (e
«») and holes (h*y,) [44], [45], [46]. The reaction between the
hole (h*yw) and hydroxide ions (OH"), or the decomposition of
water, generates highly reactive hydroxyl radicals (¢OH). These
radicals are highly unstable and initiate the degradation of
organic pollutants.

h*yp + H,O = H* +-OH (8)
h*y + OH = -OH (9)
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The molecular oxygen is reduced into superoxide anion by the
electron (ee).

ew+ 0, 2> 0% (10)

The oxygen radical forms organic peroxides in the presence of
organic scavengers or hydrogen peroxides.

-0% + Pollutant = Pollutant-O0- (11)
‘0% + HO, + H* > H,0, + O, (12)

The excess of H,0;, reacts with hydroxyl radicals and h*, to
produce HO;.

H20; +‘OH = HOy + H,0 (13)
HzOz + h+vb > H*+ HOz' (14)

e also contributes to the production of hydroxyl radicals and
leads to the primary mineralization of organic matter [46], [47].

H,0;+ e > ‘OH + OH- (15)

H,0; +-0% > -OH + OH + O, (16)
-OH + Pollutant > CO, + degraded Pollutant + H,0 (17)

Detachment of
Xy gen (\ . Y ‘
) L . 0
_ b . Activated H,0

oxygen (03)

o - Degraded

Hydroxyl pollutant

2NGK
. j\u o

Figure 4 lllustration of photocatalytic degradation of pollutants

The type of photocatalyst is a critical factor that influences the
efficiency of the photocatalytic process. According to Khan et
al. [49], key attributes of an effective photocatalyst include an
appropriate band gap, suitable morphology, large surface area,
reusability, and structural stability. An ideal photocatalyst
should exhibit the following qualities: (a) high photocatalytic
activity; (b) long-term thermal stability; (c) mechanical strength
and resistance to attrition; (d) broad-spectrum non-selectivity;
and (e) chemical and physical stability under diverse conditions
[50], [43]. Semiconductor metal oxides are widely used as
photocatalysts due to their compatibility with photocatalytic
systems. In such systems, light absorption initiates charge
separation, generating positive holes that drive the oxidation of
organic pollutants [51]. Common examples of semiconductor
metal oxides include titanium dioxide (TiO,), zinc oxide (ZnO),
iron (Ill) oxide (Fe,0s3), cerium oxide (Ce0O;), cadmium sulphide
(CdS), and zinc sulphide (ZnS). Due to their high efficiency, cost-
effectiveness, and low toxicity, these materials are frequently
used as photocatalysts [52].

TiOy, Zn0O, and CeO, are semiconductor photocatalysts with
wide band gaps, which enhance photocatalytic performance
under UV light [41]. According to Chen et al. [52], ZnO
demonstrates superior photocatalytic degradation efficiency

and greater cost-effectiveness for commercial applications.
Previous studies have confirmed that ZnO exhibits higher
photocatalytic degradation efficiency for various organic
compounds and pollutants. Table 4 summarizes previous
studies on the performance of ZnO as a photocatalyst in
degrading organic pollutants. These findings demonstrate ZnQO’s
strong potential for treating environmental pollutants.

Furthermore, the efficiency of photocatalytic degradation is
significantly influenced by operational parameters. Variables
such as pH, pollutant concentration, temperature, and airflow
rate affect substrate adsorption and dissociation, surface
charge of the catalyst, and the potential for valence band
oxidation [43]. A Despite its strong potential in degrading
organic pollutants, this method still has certain limitations. The
advantages and limitations of the photocatalytic system are
summarized in Table 5.

Table 4 Polluted water treatment via photocatalytic degradation

Water Photocatalyst Light source Efficiency Ref.
matrix/
Target
pollutant
Medical Immobilized TiO; UV light Degradation [53]
wastewater- irradiation (2.5h): 90%
Flumequine
Sulphur Flower-like ZnO UV light Desulfurization [54]
containing flakes irradiation (60 mins): 30%
compound
Sulphur Zn0-KCC-1 UV light Desulfurization [55]
containing irradiation (60mins): 70%
compound
Palm oil mill Zn0O-PEG UV light Reduce (3h): [56]
secondary irradiation Colour- 84%
effluent Turbidity-94%
(POMSE) COD-94%

BOD-99mg/L
Textile Nano-TiO2 UV light Reduce (5h): [57]
wastewater- irradiation Salinity-96%
Dye Conductivity-
wastewater 96%

TSS-99%

TDS-99%

BOD-95%

COD-91%

TN-62%
Textile Immobilized-TiO2  Solar UV Decolourization: [58]
wastewater- irradiation 99%
Azo Dye C.I
Basic Red 46
Medical TiO2 UV irradiation Reduce (240 [59]
wastewater- min):

Trimethoprim-
70%
Enrofloxacin-
80%
Amoxicillin-
100%
Sulfadiazine-
100%
Azithromycin-
100%
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Table 5 Advantages and challenges of photocatalytic method

Advantages Challenges

oNo additive consumption eSeparation of the catalyst from the
treated water will be hard at the
pilot scale

oSimplicity o High cost due to UV irradiation

eLower sensitivity to pH e Low quantum yield

oThe highest reduction of organic
pollutants

4.3 Membrane Technology

Membrane technology offers several advantages for separating
suspended and dissolved materials in wastewater and
saltwater. It is considered adaptable, flexible, and compatible
with integrated systems across various applications.
Additionally, membrane systems are relatively simple in both
concept and operation. Moreover, membrane technology can
reduce chemical usage, energy consumption, and residual
waste generation [60]. In water purification, membrane
technology provides an advanced method for removing
suspended and dissolved particles, including microorganisms
(such as bacteria and protozoa) and certain metals (such as iron
and manganese) [4]. There are generally four main types of
membrane filtration: microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO), as illustrated in
Figure 5 [61]. The use of membrane technology is associated
with lower energy consumption, operational simplicity,
reduced environmental impact, and enhanced sustainability
[62].

Microfiltration typically refers to filtration processes with
pore sizes smaller than 1 micron. Typical depth filters used in
microfiltration have pore sizes of approximately 0.5, 0.2, and
0.1 microns. Microfilters are commonly composed of
membrane-based materials. Crossflow microfiltration is
typically implemented using spiral-wound membrane systems
[63]. Feed water is directed across the membrane surface at
pressures ranging from 10 to 50 psi, typically at a relatively high
flow rate. Only a small portion of the feed water
(approximately 5-10%) permeates through the membrane. The
remaining water is either recycled or directed to subsequent
membrane modules. Additionally, a small quantity of
concentrate is discharged from the system. Surface fouling on
the microfiltration membrane is reduced through the crossflow
mechanism [64]. Although a wide range of materials has been
used for microfiltration, polyether sulfone (PES) and
polyvinylidene fluoride (PVDF) are among the most commonly
applied [65].

Ultrafiltration (UF) is a membrane-based separation process
that operates with pore sizes ranging from 0.1 to 0.001
microns. Typically, UF removes bacteria, viruses, high molecular
weight compounds, colloidal materials, and both organic and
inorganic molecules. Water treatment systems utilizing UF
technology typically involve simpler operational phases
compared to conventional methods. In addition, UF technology
provides high-quality clean water, cost-effective operation,
system upgradability, and compact design that reduces spatial
requirements [66].

Nanofiltration (NF) is quite like reverse osmosis (RO) in both
principle and function. The key distinction lies in the extent to

which monovalent ions, such as chlorides, are removed.
Reverse osmosis can remove monovalent ions at rates of
approximately 98-99% under a pressure of 200 psi. In contrast,
nanofiltration membranes typically remove monovalent ions in
the range of 50-90%, depending on the membrane material
and manufacturing process used [67]. As a result, a wide variety
of nanofiltration membranes is available to suit different
treatment needs. Each membrane type is optimized for specific
applications and may not be suitable for other uses.

Multivalent ions
Bacteria/Algae Viruses
Suspended solids Bacteria/Algae

j Suspended solids
T 1

! Nanofiltration, NF

Microfiltration, MF e 4
‘Water
‘Monovalent ions
Multivalent ions

‘Water

Monovalent ions

Multivalent ions
Viruses

Viruses Monovalent ions
Bacteria/Algae Multivalent ions

Suspended solids Viruses
Bacteria/Algae

Suspended solids

g
Ultrafiltration, UF b Reverse osmosis
‘Water

Monovalent ions Waler
Multivalent ions

Figure 5 Comparison between MF, UF, NF and RO

In Malaysia, three water treatment plants reportedly utilize
membrane technology, located in Pulau Pinang, Selangor, and
Kelantan. Most of these facilities employ industrial-scale
ultrafiltration (UF) membrane technology [23]. However, UF
technology remains ineffective in removing low molecular
weight organic compounds and ions, such as sodium, calcium,
magnesium, and chloride. In addition, UF is unable to remove
odour from water and is typically suitable only for short-term
application. Therefore, pre-treatment is necessary to mitigate
membrane fouling and extend membrane lifespan. An
alternative or hybrid approach is needed to enhance treatment
efficiency and increase the production of high-quality clean
water.

4.4 Comparative Overview of Other Advanced Technologies

While electrocoagulation, photocatalysis, and membrane
separation have been extensively discussed in previous
subsections, a range of other advanced water treatment
technologies have also shown significant potential for
remediating polluted river water as shown in Table 6. These
alternatives differ in operational mechanisms, pollutant
removal efficiencies, scalability, and environmental impacts.
This section provides a comparative overview of key
technologies including ozonation, activated carbon adsorption,
constructed wetlands, advanced oxidation processes (AOPs),
ion exchange, biological treatments, and electrodialysis by
highlighting their strengths, limitations, and potential roles in
integrated treatment systems.

Ozonation utilizes ozone gas (0s3) as a powerful oxidizing
agent to break down organic and inorganic pollutants. It is
particularly effective in removing color, odor, and pathogens,
making it suitable for tertiary water treatment applications.
However, ozonation involves high operational costs and
requires careful handling due to ozone’s unstable and toxic
nature. Additionally, it lacks residual disinfection capability and
is sensitive to temperature and pH conditions [70].
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Activated carbon, in both powdered (PAC) and granular (GAC)
forms, is widely used for the removal of organic compounds,
taste, odor, and micropollutants. Its high surface area enables
effective adsorption, however, performance declines as the
carbon becomes saturated, requiring regeneration or
replacement. Moreover, activated carbon is generally
ineffective against many inorganic pollutants [71], [72].

Constructed wetlands (CWs) are engineered systems that
replicate natural wetlands to remove contaminants through
sedimentation, filtration, microbial activity, and plant uptake.
They are cost-effective, environmentally friendly, and require
minimal operational input. However, they require large land
areas, exhibit slow treatment rates, and may be unsuitable for
high-volume industrial applications [73].

Advanced oxidation processes (AOPs), such as Fenton
reactions, UV/H,0,, and Os/H,0, systems, generate hydroxyl
radicals (*OH) that aggressively oxidize a broad spectrum of
pollutants. They are highly effective for non-biodegradable
contaminants but are limited by high energy and chemical
consumption, as well as complex reactor designs [68], [69].

lon exchange processes selectively remove targeted ions
such as heavy metals and hardness-inducing cations from
water. These systems are highly effective for specific
applications but require chemical regeneration and careful
monitoring to avoid resin fouling and secondary waste
generation [74].

Conventional biological systems such as activated sludge and
trickling filters are effective for biodegradable organic matter.
However, they are less effective in treating toxic, persistent, or
non-biodegradable pollutants. Their effectiveness depends on
the stability of microbial communities, adequate aeration, and
sufficient hydraulic retention time [75].

Electrodialysis (ED) uses an applied electrical potential to
selectively separate ions through ion-exchange membranes. It
is effective for desalination and brackish water treatment;
however, high capital costs and membrane fouling limit its
broader application in polluted river water treatment [76], [77]

Table 6 Summary of Alternative Water Treatment Technologies

radicals; chemical biodegradabl [69]
degrades demand; e pollutants
persistent complex
organics setup
lon Exchange  Targeted Chemical Water [74]
removal of regeneration  softening;
specific ions required; heavy metal
(e.g., metals) resin fouling  removal
possible
Biological Cost- Ineffective Municipal [75]
Treatments effective for for toxins wastewater
biodegradabl  and treatment
e organics persistent
pollutants;
requires
stable
microbial

communities
Electrodialysi  Effective ion High capital Desalination; [76]

s (ED) separation; cost; brackish ,
useful for membrane water [77]
salinity fouling treatment
reduction concerns

Technology Advantages Limitations Application Ref.
Ozonation High High Odor and [70]
oxidation operational color

capacity; cost; ozone removal;
effective instability; pathogen
disinfection no residual inactivation
effect
Activated Effective for Requires Taste and [71]
Carbon organic regeneration  odor control; ,
Adsorption pollutants; ; pesticide [72]
simple performance  removal
system declines
design with
saturation
Constructed Eco-friendly; Land- Rural or low- [73]
Wetlands low energy intensive; load
(CWs) and slow wastewater
operational treatment treatment
input rate
AOPs Generates High energy Treatmentof  [68]

strong and non- ,

5.0 PROSPECTIVE HYBRID MEMBRANE
PHOTOCATALYTIC REACTOR (MPR) FOR POLLUTED
RIVER WATER TREATMENT

Following the comparative evaluation of several advanced
water treatment technologies in previous section which
includes ozonation, AOPs, adsorption, biological methods, and
ion exchange, this section presents the prospective potential of
the hybrid membrane photocatalytic reactor (MPR) as an
integrated and scalable alternative.

The hybrid membrane photocatalytic reactor (MPR)
represents an advanced alternative to conventional water
treatment methods. It combines photocatalytic degradation
with membrane filtration technology to enhance pollutant
removal efficiency [42], [78], [79], [55]. Unlike other treatment
approaches such as ozonation, AOPs, constructed wetlands, or
adsorption, hybrid MPR integrates simultaneous degradation
and separation in a single unit, improving overall efficiency and
minimizing  post-treatment requirements. Photocatalytic
degradation in the hybrid MPR plays a crucial role in reducing
membrane fouling and mitigating flux decline, thus extending
membrane lifespan [80]. Hybrid MPR systems have
demonstrated significant improvements over conventional
treatment systems and hold substantial potential for industrial-
scale wastewater treatment. According to The Lens which is a
server for global patent and scholarly knowledge as public
resources, the demand for the application of MPR is relatively
higher and more active over the year. This trend indicates
growing academic and industrial interest in MPR technology,
with ongoing studies exploring its performance and scalability.

This is due to the numerous advantages offered by MPR
compared to other treatment systems, including: (i) reduced
energy consumption and smaller installation footprint, (ii)
simpler system configuration and improved process control, (iii)
effective confinement of the photocatalyst within the reaction
environment, (iv) enabling continuous operation with
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simultaneous separation of catalyst and product, (v) controlled
and adjustable retention time of molecules within the reactor,
(vi) enhanced potential for photocatalyst reuse [78], [81], [79].

The concept of developing the MPR system emerged from
growing interest and extensive research into photocatalysis for
environmental applications, particularly for the oxidation and
reduction of organic pollutants in water and air. The strong
potential of photocatalysis for pollutant removal has positioned
it as a green and sustainable approach, offering several
advantages: (i) ability to operate under ambient temperature
and pressure; (ii) use of greener and safer photocatalysts; (iii)
applicability to a wide range of substrates, including liquid,
solid, and gaseous phases; (iv) utilization of renewable solar
energy; (v) compatibility with other chemical or physical
systems. Despite these advantages, the separation and
recovery of heterogeneous photocatalysts remain a major
challenge for large-scale photocatalytic applications. Therefore,
integrating membrane technology with photocatalysis is
considered a promising strategy to address this challenge [81].
Membrane separation is a physical process that not only
enables selective separation, but also effectively confines the
photocatalyst within the reaction environment, allowing
continuous operation with simultaneous separation of catalyst
and treated product.

Although other technologies offer various advantages, the
MPR system provides an integrated platform that extends
membrane lifespan, allows photocatalyst reuse, and supports
scalability, making it a competitive option among the advanced
treatment methods discussed. To achieve optimal performance
in MPR systems, several key factors must be considered during
implementation. One of the most critical factors is the selection
of a suitable photocatalyst. According to Khan et al. [49], an
effective photocatalyst should possess a suitable band gap,
appropriate morphology, high surface area, reusability, and
chemical stability to enhance photocatalytic efficiency, thereby
minimizing membrane fouling and flux decline. In addition, the
photocatalyst should exhibit: (a) high catalytic activity, (b)
resistance to poisoning and long-term stability at elevated
temperatures, (c) mechanical durability and resistance to
attrition, (d) non-selectivity toward a wide range of pollutants,
and (e) stability under diverse physical and chemical conditions
[82].

Another critical consideration is the selection of membrane
type and material. There are four types of membranes that are
typically applied in hybrid MPR such as microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis.
Each membrane type has distinct properties and is composed
of different materials, influencing its performance in MPR
applications. It is essential to choose a membrane that
effectively retains the photocatalyst within the reaction
environment to prevent its loss through permeate. When
treating organic pollutants, the membrane should also prevent
the passage of substrates and intermediate products into the
permeate stream. Additionally, the membrane must be
resistant to UV irradiation and oxidative attack by hydroxyl
radicals to ensure long-term stability in MPR operations [83].
Therefore, the successful implementation of hybrid MPR
systems depends primarily on two key factors: the choice of
photocatalyst and the selection of membrane material.

Table 7 Polluted water treatment via hybrid MPR

Water Photocataly Memb  Process Efficiency Ref.
matrix st rane condition
Pharmaceuti  TiO; UF uv Reduce [84]
cal (0.75g/L) irradiation (5h):
diclofenac pH7 DCF: >56%
(DCF) Aeration TOC: 52%
(30min)
Textile Zn0O-PEG UF uv Reduce [85]
wastewater (0.10g/L) irradiation (3h):
pH 11 Colour -
Inlet 100%
pressure: 6 Turbidity —
bar 100%
Temp. 25°C  COD -
97%
Final
normalize
d flux: 41%
Palm oil mill  ZnO-CC NF uv Reduce: [93]
secondary (0.05g/L) irradiation Colour-
effluent pH9 99%
(POMSE) Inlet COD-98%
pressure: 6 BOD-96%
bar Turbidity-
Temp. 25°C  99%
Dye-oil Dopamine- Interc  Visible light  Reduce [86]
emulsion modified alated irradiation (120min):
TiO2 graph Organic
nanowire ene- pollutant-
(5mg) oxide- >98%
based
photo
cataly
tic
memb
rane
p- Fe(Il)- MF  Solar light Reduce [87]
nitrophenol ZnS/g-CsNq4 irradiation (4h):
wastewater photo- Aeration- Organic
Fenton 0.5m3/h pollutant-
(1.0g/L) pHS 91%
Addition of
H202
(170mg/L)
Dye-Congo Zn0O-PVP-St NF UV light Reduce: [80]
red dyes (0.3g/L) irradiation Colour:
pH 7 100%
Industrial Zn0O-PVP- NF UV light Reduce: [42]
dye St (0.1g/L) irradiation Colour:
wastewater pH 11 100%
COD: 92%
Turbidity:
100%
TSS: 100%

Table 7 highlights the strong potential of hybrid membrane
photocatalytic reactors (MPR) for advanced water purification
applications. This approach represents a significant
advancement over standalone photocatalytic methods.
Previous studies have demonstrated the high efficiency of
photocatalysis in degrading organic pollutants. When
integrated with membrane systems, the photocatalyst can be
effectively separated from the treated effluent. Moreover, the
photocatalytic component reduces membrane fouling and flux
decline, thereby extending membrane lifespan. The
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photocatalytic process facilitates the breakdown of organic
pollutants, while the membrane component aids in the
separation of catalysts, bacteria, suspended solids, and other
contaminants. Recent studies have shown that ZnO
nanoparticles exhibit superior performance as photocatalysts in
hybrid MPR systems. Compared to TiO,, ZnO is more stable,
cost-effective, and photosensitive, with a higher rate of H,0,
generation and greater impact on reducing membrane flux
decline [78], [85]. The wurtzite structure of ZnO provides a high
exciton binding energy, enhancing UV light utilization at
ambient temperature and resulting in improved degradation
efficiency. Therefore, hybrid MPR systems are widely regarded
as highly promising for wastewater and polluted river water
treatment. This hybrid technology also holds strong potential
for implementation in Malaysia, particularly for treating
polluted river systems.

In summary, the hybrid membrane photocatalytic reactor
(MPR) represents a highly efficient, scalable, and
environmentally friendly solution with strong potential for
widespread adoption in polluted river water treatment.

6.0 PILOT SCALE HYBRID
PHOTOCATALYTIC REACTOR

MEMBRANE

Hybrid membrane photocatalytic reactors (MPRs) have recently
gained wide attention due to their high performance and
efficiency in water treatment. Various configurations of
advanced hybrid MPR systems have been applied for the
removal of a wide range of organic pollutants. Although
technologies such as ozonation, constructed wetlands, and
AOPs have been implemented in localized settings, their
limitations in residual control, land requirements, and
operational complexity highlights the need for a more
integrated and scalable solution like MPR.

Previous studies have demonstrated that hybrid MPR
systems perform effectively in treating industrial effluents such
as those from textile, palm oil mill, and pharmaceutical
industries. However, most of these studies were conducted at
the laboratory or small scale, where operating conditions are
easier to manage and control. Transitioning to the pilot scale
provides critical insights into the real-world viability and
operational robustness of the technology, which are essential
precursors to full-scale industrial implementation.

A pilot-scale plant is a scaled-down version of a full-scale
facility, used to assess process behaviour and system
performance prior to industrial deployment [88]. It enables the
evaluation of key parameters such as input requirements,
processing times, flow dynamics, and system stability. In
certain cases, pilot-scale facilities can support niche production
volumes while reducing financial risk. Pilot-scale systems also
facilitate the collection of operational data needed to optimize
the efficiency of large-scale manufacturing processes [89], [90].

Compared to the previously discussed technologies, the
pilot-scale MPR uniquely enables simultaneous pre-treatment,
degradation, and filtration, while consuming less energy and
requiring minimal chemical additives. This makes it particularly
suitable for treating polluted river water with highly variable
composition and flow conditions. Table 8 presents performance
data from previous studies on pilot-scale hybrid MPR systems.
The data supports the system’s potential to maintain high

pollutant removal efficiency at realistic operating volumes,
while simultaneously enhancing clean water output and
membrane durability through integrated photocatalyst
recovery. Pilot-scale hybrid MPR has been widely recognized as
having strong potential for polluted river water treatment. This
is attributed to its ability to treat larger volumes of polluted
wate typically beyond 10 litres per cycle which resulting in
increased clean water output. Furthermore, integrating
photocatalysis as a pre-treatment enhances the long-term
stability of the separation system, thereby improving the
overall durability and efficiency of hybrid MPR operations. The
use of an appropriate membrane enables effective separation
while retaining the photocatalyst within the reaction zone.
Operating in continuous mode further supports catalyst reuse,
contributing to cost-effectiveness and sustainability [59].

Table 8 Polluted water treatment via pilot scale hybrid MPR

Water Photocatal Membr  Process Efficiency Ref.
matrix yst ane condition
type
Micro- TiO2 UF uv Reduce (8h):  [91]
pollutant  (0.5g/L) hollow irradiatio DCF: 99.5%
water fiber npH6 Mineralizati
(Diclofen Stirrer on: 69%
ac—DCF) Total
effective
PMR unit
volume:
25L
Organic TiO2 MF uv Reduce: [92]
pollutant ~ (0.3g/L) hollow irradiatio Humic acid:
fiber n 61.4% (22h)
Temp.: RhB: 83.5%

15-20°C (20.5h)
Reactor MB: 30%
volume: (19h)

500L

air  flow

rate:

100L/min

Therefore, pilot-scale hybrid MPR systems offer a practical
and scalable solution for treating polluted river water, with
proven performance in real-world settings, strong membrane-
photocatalyst synergy, and high potential for industrial
implementation.

7.0 CONCLUSION

Rapid urbanization and industrial growth have intensified
surface water pollution, particularly in river systems receiving
diverse effluents from agricultural and manufacturing sectors.
Despite existing regulations and conventional treatment
methods such as coagulation and sedimentation, these
approaches remain inadequate for removing micro-
contaminants, persistent organic pollutants, and heavy metals.

Recent advancements in water treatment technologies—
including ozonation, activated carbon adsorption, constructed
wetlands, advanced oxidation processes (AOPs), and ion
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exchange—have been discussed in this study. While each
method offers specific benefits, their individual limitations
underscore the need for more integrated and scalable
treatment solutions.

In this context, the hybrid membrane photocatalytic reactor
(MPR) emerges as a promising next-generation technology,
offering dual functionality through the simultaneous
degradation and physical separation of pollutants. Although its
effectiveness has been established at the laboratory and small
scale, pilot-scale implementation is crucial for evaluating real-
world feasibility and industrial relevance.

This review has not only examined the core water treatment
technologies but also highlighted their comparative advantages
and limitations. The evidence suggests that hybrid MPRs—
particularly in pilot-scale configurations—are well aligned with
Malaysia’s water treatment challenges and the broader goals of
environmental sustainability.

Therefore, continued research and development of pilot-
scale hybrid MPR systems should be prioritized, especially for
river water treatment applications. This effort will accelerate
progress toward Sustainable Development Goal 6 (Clean Water
and Sanitation), ensuring equitable access to safe water
sources while promoting long-term environmental resilience.
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