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ABSTRACT

The shrimp aquaculture industry generates wastewater rich in organic matter, sus-
pended solids, nutrients, pathogens, and residual antibiotics, posing environmental
challenges. Conventional biological treatments, including constructed wetlands, bio-
floc systems, microalgae cultivation, and recirculating aquaculture systems (RAS),
are widely used due to low cost and environmental compatibility; however, their per-
formance is often constrained by recalcitrant organics and unstable effluent quality
under water reuse conditions. This review focuses on recent advances in integrating
biological processes with nano TiO, modified ceramic membranes. Ceramic mem-
branes provide mechanical strength, chemical stability, and tolerance to saline and
harsh conditions, while TiO, modification enhances hydrophilicity, antimicrobial ac-
tivity, and photocatalytic degradation of refractory pollutants. Reported studies show
chemical oxygen demand (COD) removal efficiencies of 85-92% and near complete
total suspended solids (TSS) removal, while TiO, modified membranes achieve over
90% removal of dyes, proteins, and oils and reduce membrane fouling under ultravi-
olet (UV) irradiation. Membrane fouling mechanisms, photocatalytic performance,
bioreactor integration, and economic considerations are discussed. The combina-
tion of biological treatment and modified ceramic membranes represents a promis-
ing approach for enhancing water reuse and long term treatment stability in shrimp

aquaculture.

1. INTRODUCTION

The shrimp farming sector in Vietnam has been de-
veloping rapidly, making a significant contribution to ag-
uaculture export value and agricultural economic growth.
However, along with the increasing stocking density and
production intensity, the volume of wastewater generated
has grown substantially. Wastewater from shrimp ponds
may contain organic pollutants, suspended solids, nitrog-
enous compounds, phosphates, pathogenic bacteria, and
residual (Szczepanik, 2017). If these components are not
effectively controlled, they can degrade the quality of re-
ceiving water bodies, cause eutrophication in aquatic en-
vironments, and increase the risk of disease outbreaks
in farming areas. Therefore, the application of highly effi-
cient, stable, and shrimp farming compatible wastewater
treatment technologies is an important research direc-
tion. Shrimp aquaculture wastewater can be treated using

physical, chemical, and biological methods. Among these,
biological treatment stands out due to its environmental
friendliness, low operating costs, and effectiveness in re-
moving organic matter and nitrogenous compounds. Cur-
rent biological treatment technologies of interest include
constructed wetlands, biofloc technology, microalgae sys-
tems, high-rate algal ponds (HRAP), and RAS. Among them,
RAS is considered a promising approach, allowing precise
control of culture conditions, enhancing biosecurity, while
reducing freshwater demand and limiting environmental
discharge (Bohnes & Laurent, 2021).

However, in practical operation, RAS still faces limi-
tations related to the accumulation of dissolved organic
matter, recalcitrant compounds, suspended solids, and mi-
croorganisms in the recirculating system. When water is
reused over multiple cycles, pollutants that are difficult to
remove via conventional biological treatment may accumu-
late, degrading water quality and affecting animal growth.
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To improve effluent water quality in recirculating systems,
membrane technologies are increasingly integrated into
treatment systems due to their ability to effectively retain
suspended solids and microorganisms, providing a more
stable water stream for reuse (Banu et al., 2009). Most
current systems use polymeric membranes due to low
investment costs and versatile fabrication. However, this
material type faces several long-term operational limita-
tions, particularly lower mechanical and chemical stabil-
ity, decreased performance under temperature, cleaning
chemicals, or high pollutant loads. Moreover, membrane
fouling occurs rapidly, reducing flux, shortening membrane
lifespan, and increasing maintenance and replacement
costs. To address these limitations, inorganic membranes,
particularly ceramic membranes, have attracted consider-
able attention due to their stable performance under harsh
conditions. Ceramic membranes exhibit high chemical and
mechanical stability, tolerance to a wide pH range, high
temperature, and pressure, long operational lifespan, and
lower fouling propensity compared to polymeric mem-
branes (Danfa et al., 2021). Nevertheless, conventional
ceramic membranes still have limitations in antibacterial
properties, self-cleaning ability, and fouling resistance dur-
ing long-term operation. To overcome these issues, recent
studies have focused on modifying ceramic membranes
with nanomaterials, particularly titanium dioxide (TiO,).
Nano TiO, modified ceramic membranes retain their inher-
ent mechanical and chemical properties while enhancing
antibacterial activity, self cleaning, and fouling resistance
through photocatalytic mechanisms, thereby improving
the removal efficiency of organic matter and microorgan-
isms in wastewater. In recent years, nano TiO, modified
ceramic membranes have been widely applied in industrial
wastewater, oil-containing wastewater, protein-rich efflu-
ents, and dye-laden wastewater due to their high separa-
tion efficiency and superior durability (Hemavibool et al.,
2022; Shan et al., 2010). The pollutant retention capability
of nano TiO, ceramic membranes combined with photoca-
talysis is evident for several typical compounds. Methylene
blue (MB, 320 Da) can be retained at over 90% by ultrafil-
tration membranes with an average pore size of 10-50 nm,
while UVA-assisted photocatalysis increases the removal
efficiency from 40.8% to 97.7%. Bovine Serum Albumin
(BSA, 66 kDa) is retained up to 98% by a 14 nm ultrafiltra-
tion membrane and nearly 100% when combined with TiO,
- Ag photocatalysis under visible light. For oil-contaminat-
ed wastewater, TiO, coated microfiltration ceramic mem-
branes retain over 90% of oil emulsions, and photocatalysis
can enhance oil removal from 91% to 98.5% under UVC irra-
diation, even for droplets smaller than the membrane pore
size. Therefore, nano-TiO, modified ceramic membranes
demonstrate the combination of mechanical retention and
photocatalytic mechanisms, effectively removing recalci-
trant organic compounds, from azo dyes and proteins to oil
emulsions, while maintaining high permeate flux and mem-
brane lifespan, highlighting their potential for industrial and
aquaculture wastewater treatment. Given the characteris-
tics of shrimp aquaculture wastewater, often containing
recalcitrant antibiotics and organic pollutants, integrating
nano-TiO, modified ceramic membranes with biological

treatment processes can create an efficient and sustain-
able recirculating system, optimizing pollutant removal
while maintaining stable water quality for reuselntegrating
biological technology with nano-TiO,-modified TiO, modi-
fied (Ghamarpoor et al., 2024).

Despite recent advances, studies on integrating bio-
logical treatment with nano TiO, modified ceramic mem-
branes for shrimp aquaculture wastewater remain relative-
ly limited and fragmented. Most current publications focus
individually on pollutant removal efficiency, membrane
fouling, or photocatalytic activity, while comprehensive as-
sessments under aquaculture conditions are still lacking.
Therefore, this review presents the current status, environ-
mental issues, and technological trends in shrimp aquacul-
ture wastewater treatment, particularly emphasizing the
integration of biological treatment with nano TiO, modified
ceramic membrane filtration toward effective and sustain-
able water recirculation and reuse.

2. MATERIALS AND METHODS
2.1 Methodology and search strategy

The objective of this study was to evaluate the feasi-
bility and effectiveness of integrating biological treatment
technologies with nano-TiO, modified ceramic membranes
to improve shrimp aquaculture wastewater treatment effi-
ciency and support water reuse objectives in aquaculture
systems. The review covered both theoretical and ex-
perimental studies published between 2017 and 2024 to
ensure the relevance and reliability of the collected data.
This period was chosen to encompass the most recent
developments in photocatalytic membrane engineering
and aquaculture wastewater treatment technologies. To
enhance search precision, a Boolean search strategy was
employed. Keywords such as “shrimp aquaculture waste-
water”, “ceramic membrane”, “nano-TiO,”", “photocatalysis”,
“recirculating aquaculture systems (RAS)”, and “biological
treatment” were systematically combined using logical op-
erators (AND, OR, NOT). This allowed refinement of queries,
exclusion of irrelevant records, and expansion of coverage
where necessary

The literature search strategy was structured around
four main analytical dimensions: research subject, tech-
nological approach, operational context, and application
objective (Table 1).

2.2 Inclusion and exclusion criteria

To ensure that the review remained focused and rele-
vant, specific inclusion criteria were established. Studies
were considered suitable if they addressed biological treat-
ment technologies such as biofloc systems, microalgae
cultivation, constructed wetlands, or RAS applied directly

TABLE 1: Search strategy and keyword structure.

Analytical dimension  Search terms

(“TiO, photocatalyst”) OR (“nano Ti0,"”) OR

Subject (“modified ceramic membrane”)
(“wastewater treatment”) OR (“photocatalysis”)
Approach OR (“recirculation”) OR (“MBR”)
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to aquaculture wastewater. Research was also included
when it investigated the use of ceramic membranes or
nano TiO, modifications, particularly in relation to pollut-
ant removal efficiency, fouling resistance, or photocatalytic
performance. Furthermore, eligible publications were re-
quired to provide quantitative treatment outcomes, includ-
ing indicators such as COD, BOD, TSS, nutrient removal, or
antimicrobial effectiveness. Finally, studies that discussed
the integration potential between biological processes and
advanced membrane systems were prioritized, as these
offered insights into sustainable and scalable wastewater
management solutions.

In contrast, several exclusion criteria were applied to fil-
ter out studies that did not align with the objectives of this
review. Research focusing exclusively on polymeric mem-
branes, without consideration of ceramic or TiO, based
modifications, was excluded due to its limited relevance
to the scope of this study. Similarly, studies that examined
wastewater streams unrelated to aquaculture, i.e. munici-
pal, textile, or industrial effluents, were not considered, as
their findings could not be directly extrapolated to shrimp
aquaculture systems. Publications that lacked experimen-
tal validation, relying solely on theoretical models or con-
ceptual frameworks without supporting data, were also
excluded to maintain the scientific rigor and reliability of
the analysis.

By applying these inclusion and exclusion criteria, the
review ensured that only methodologically robust and con-
textually relevant studies were analyzed, thereby strength-
ening the validity of the findings and enhancing their ap-
plicability to shrimp aquaculture wastewater management.

2.3 Data extraction and categorization

For each study that satisfied the inclusion criteria, a
systematic data extraction protocol was implemented to
ensure consistency and comparability across sources.
Information was collected on the characteristics of aqua-
culture wastewater, including pollutant type, concentration,
salinity, and microbial load, thereby establishing a baseline
for understanding the complexity and variability of shrimp
aquaculture effluents. Details regarding membrane spec-
ifications were also recorded, such as pore size, material
composition, TiO, coating techniques, and the irradiation
source employed to activate photocatalytic processes.

Data concerning the biological treatment technolo-
gies applied were documented, covering systems such
as biofloc, microalgae cultivation, RAS, and constructed
wetlands. To assess treatment efficiency, performance in-
dicators were extracted, including COD and BOD removal,
nutrient reduction, antimicrobial activity, fouling resistance,
and flux recovery. Operational parameters, i.e. pH, temper-
ature, hydraulic retention time, and exposure to UV or visi-
ble light, were noted to contextualize treatment outcomes
under varying environmental conditions. In addition, stud-
ies were evaluated for economic and scalability consider-
ations, including capital investment, energy requirements,
and maintenance demands, which are critical for practical
application in aquaculture systems.

To enable structured comparison, the extracted data
were organized into four analytical dimensions. The first di-

mension, research subject, distinguished studies focused
specifically on shrimp aquaculture wastewater from those
addressing other aquaculture systems. The second dimen-
sion, technological approach, classified studies according
to whether they employed biological treatment, ceramic
membrane filtration, TiO, photocatalysis, or hybrid sys-
tems integrating multiple methods. The third dimension,
operational context, identified whether the research was
conducted at laboratory, pilot, or full scale levels. The final
dimension, application objective, highlighted the intended
outcomes of each study, including pollutant removal, water
reuse, fouling mitigation, or antimicrobial enhancement.

This structured categorization provided a coherent
framework for comparative analysis, ensuring that both
technical performance and practical applicability were crit-
ically assessed within the broader context of shrimp aqua-
culture wastewater management.

2.4 Analytical tools

To explore prevailing research directions and identify
critical bottlenecks, VOSviewer software was utilized to
construct keyword co occurrence maps. This bibliometric
technique enabled the visualization of associations among
frequently cited terms, i.e. TiO, photocatalysis, shrimp ag-
uaculture, and membrane fouling, and provided valuable
insights into emerging thematic clusters within the field.

Complementing this bibliometric analysis, a compar-
ative matrix evaluation was performed to systematical-
ly assess differences in treatment performance across
technological strategies. The comparison encompassed
conventional biological processes versus hybrid biological
membrane systems, polymeric membranes versus ceram-
ic membranes, and unmodified ceramic membranes ver-
sus those enhanced with nano TiO, coatings.

By integrating bibliometric mapping with comparative
performance analysis, this dual methodological approach
offered both a conceptual overview of research trends
and a quantitative assessment of technological efficiency,
thereby reinforcing the robustness of the evaluation frame-
work for wastewater treatment strategies in shrimp aqua-
culture.

3. RESULTS AND DISCUSSION

3.1 Shrimp farming systems and wastewater gene-
ration context

3.1.1 Development trends and technological transformation
in shrimp farming

Vietnam ranks among the five leading countries in glob-
al shrimp production and is a key supplier of shrimp prod-
ucts worldwide. The shrimp farming area has increased by
an average of 5% per year, primarily driven by the growth in
white-leg shrimp farming. White-leg shrimp production has
increased by an average of 13%, while black tiger shrimp
production has declined by 8% over six years, with no sig-
nificant improvement in productivity compared to whiteleg
shrimp. Shrimp export is a key sector of Vietnam’s econ-
omy, contributing significantly to agricultural growth and
generating substantial revenue. However, numerous chal-
lenges caused a decline in global demand in 2023. Notably,
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the United States, Vietnam's largest shrimp export market,
experienced a 32% decrease, negatively impacting domes-
tic production. Despite this, Vietnamese shrimp exports
to other markets such as Japan, South Korea, and China
achieved strong growth. The shrimp pond area in Viet-
nam has rapidly expanded in recent years to meet export
demands. Although current profits are high, the success
rate remains low, resulting in higher production costs for
farmed shrimp than in other countries.

Meanwhile, Vietnam possesses a significant advantage
in advanced and deep processing technologies. Therefore,
to enhance the competitiveness of Vietnamese shrimp, a
clear transformation is needed in the farming sector. The
shrimp farming industry in Vietnam is changing, focusing
on production growth and sustainability, along with the
adoption of new technologies.

Many science and technology enterprises have recently
introduced shrimp farming solutions that apply Industry 4.0
technologies, contributing to improved accuracy in environ-
mental monitoring and disease management (Iber & Kasan,
2021). One notable application is the automated feeding
system, which supplies feed according to the actual de-
mand of the shrimp. Parameters such as feeding duration
and rest intervals can be easily adjusted based on the re-
maining feed, helping to control appropriate feed amounts,
increase feed conversion efficiency, reduce costs, and min-
imize environmental pollution. Although the initial invest-
ment cost is relatively high, the system’s durable materials
help regulate temperature, withstand weather fluctuations,
and prevent water stratification, thereby enabling multiple
yearly production cycles. A practical current strategy is the
development of ecological and organic shrimp farming
models, particularly integrated shrimp-mangrove systems
(Ahmed et al., 2017). About 60,000 ha of shrimp ponds in
the Mekong Delta region operate under this model. It lev-
erages natural resources to maintain ecological balance
and contributes to mangrove forest conservation, creating
a sustainable, environmentally friendly farming ecosystem
with high economic value. Simultaneously, switching to bi-
ological products and probiotics emphasizes reducing an-
tibiotics and chemicals in aquaculture (Zhang et al., 2016).
These solutions help control diseases effectively, improve
water quality, reduce pollution, and enhance product qual-
ity.

Many shrimp broodstock still depend on imports, pos-
ing quality and disease control challenges. Therefore, in-
vesting in modern broodstock production facilities that
meet biosecurity standards and can supply high-quality
broodstock is essential. In parallel, long-term selective
breeding programs should be implemented with criteria
such as fast growth, high survival rates, adaptability to
harsh environmental conditions, and especially resistance
to serious diseases. In addition to the five main shrimp ex-
port markets, China, the United States, Japan, the EU, and
South Korea, which account for 76% of total shrimp export
value, the country is expanding into potential markets such
as the United Kingdom, Canada, and Australia, as well as
rapidly growing regions including the Middle East, Africa,
and Southeast Asia.

3.1.2 Shrimp farming technologies

Multi-stage shrimp farming technology is divided into
stages based on the developmental phases of shrimp - typ-
ically two or three stages. It is designed to optimize farming
conditions at each stage, minimize risks, and increase pro-
duction efficiency. The model is currently widely adopted in
provinces throughout the Mekong Delta. Characteristics of
the 2-phase farming technology model includes a nursery
phase (phase 1) and a commercial farming phase (phase
2). In the first phase, shrimp are typically reared in net-cov-
ered houses for 20 - 30 days to protect them from adverse
weather conditions and other external factors. The pond
environment is strictly controlled to minimize shrimp mor-
tality. Characteristics of the 3-phase farming technology
model consist of two nursery phases (nursery phase 1 and
nursery phase 2), followed by a commercial farming phase.
All ponds are covered with tarpaulins during hot weather to
help maintain a stable water temperature of approximately
30°C, which is optimal for shrimp growth.

Semi-Biofloc microbiological farming technology in
intensive shrimp farming involves cultivating beneficial
bacteria outside the pond (also known as microbial incu-
bation) using carbon sources such as molasses and sug-
arcane molasses. The bacterial strains used are beneficial
species of Bacillus. The cultivated bacteria are then intro-
duced to the culture ponds to create a favorable rearing
environment (Mangott et al., 2020). This environment can
process excess nutrients before they are discharged into
the external environment, thereby improving feed efficien-
cy, reducing disease outbreaks, and enhancing biosecurity
for the farmed shrimp.

Super-intensive shrimp farming technology in green-
houses is a modern, closed-loop aquaculture model. The
farming system is housed within a greenhouse structure,
which is covered with durable glass that withstands pro-
longed exposure to sunlight and rain while allowing suf-
ficient light transmission for shrimp culture. Shrimp are
stocked at high densities, typically 300 to 500 individuals
per square meter, optimizing space and yield. The water
recirculation and waste treatment systems are strictly con-
trolled to minimize environmental pollution and improve
resource use efficiency.

Different shrimp farming technologies exhibit distinct
strengths and limitations in terms of productivity, biose-
curity, investment cost, and operational complexity. Multi-
stage shrimp farming technology enables very high stock-
ing densities, typically ranging from 250 to 300 individuals
per square meter, which results in high yields of approxi-
mately 35-40 tons per hectare and a relatively short and
stable culture cycle of 70-85 days per crop. This system
also achieves high survival rates, often exceeding 90%, and
demonstrates reduced vulnerability to environmental fluc-
tuations and external pathogens. However, these advan-
tages are accompanied by substantial initial and operation-
al costs, particularly for feed, seed stock, and electricity,
and the requirement for extensive auxiliary infrastructure,
which limits the effective farming area to only 20-25% of
the total site.

116 T.N.B. Thietal. / DETRITUS / Volume 35 - June 2026 / pages 113-129



Semi-biofloc microbiological farming technology ap-
plied in intensive shrimp culture offers effective control
of excess nutrients, improves feed conversion efficien-
cy, and enhances biosecurity. When combined with other
technological innovations, this approach improves pond
environmental conditions and promotes the formation of
natural bioflocs, thereby reducing feed consumption and
simplifying farm operations. In addition, the use of limited
external water exchange reduces the risk of pathogen in-
trusion. Nevertheless, this system requires strict control of
multiple operational parameters, including adequate aera-
tion, appropriate water circulation, and precise adjustment
of the carbon-to-nitrogen ratio. Maintaining stable and bal-
anced microbial communities across large ponds, typically
ranging from 1,500 to 3,000 m? remains challenging, and
continuous aeration is necessary to sustain sufficient dis-
solved oxygen levels. Consequently, successful operation
depends heavily on experienced personnel and advanced
management skills.

Super-intensive shrimp farming in greenhouse systems
relies on high-level technological integration to improve
traceability of shrimp seed and feed sources, thereby en-
suring food hygiene and safety. The incorporation of micro-
biological approaches without the use of antibiotics con-
tributes to high and stable productivity while significantly
reducing land requirements. However, the implementation
of greenhouse structures and membrane-based systems
results in investment costs that are considerably high-
er than those of conventional intensive farming models.
Moreover, this farming approach demands skilled opera-
tors with strong technical and managerial capabilities.

Recirculating shrimp farming systems with minimal
water exchange provide effective control of environmental
conditions and disease outbreaks, while significantly re-
ducing water consumption and increasing shrimp survival
rates. These systems typically operate without antibiotics
or chemical additives, thereby minimizing environmental
impacts and creating a safer culture environment. High
stocking densities, ranging from 150 to 300 individuals
per square meter, can be achieved, with reported yields
of approximately 7.6-7.8 tons per 1,000 m?. Despite these
advantages, recirculating systems require high capital in-
vestment, estimated to be 45-60% greater than that of con-
ventional farming systems, and necessitate operators with
appropriate professional training and technical expertise.

Winter shrimp farming in tarpaulin-covered systems en-
ables off-season production and can deliver high produc-
tivity and economic value. However, this approach involves
substantial investment and extended culture durations.
Environmental and disease control during winter farming
is generally more complex than in the main production sea-
son, and improper management of individual crops may
increase the risk of environmental pollution and disease
outbreaks. Recirculating aquaculture system (RAS) for
shrimp farming with minimal water exchange features fil-
tration systems (mechanical and biological filters), culture
ponds, and water supply and drainage channels operating
under a mechanism that ensures the reuse of farming wa-
ter (Halim et al., 2025; Nugraha et al., 2023). Wastewater
is treated through sedimentation tanks, biological filtration,

and disinfection before being returned to the culture ponds
(Arun et al., 2023). The model helps maintain stable water
quality, minimizes water exchange, and reduces the risks
of disease outbreaks and environmental pollution. With ef-
fective environmental control, shrimp exhibit faster growth,
higher survival rates, and improved economic efficiency.
Winter shrimp farming in tarpaulin-covered systems is an
intensive farming model conducted within tarpaulin-cov-
ered structures, that helps maintain stable temperatures
during colder seasons. The tarpaulin cover provides insula-
tion, blocks wind and rain, and creates a favorable environ-
ment for shrimp growth under adverse weather conditions
(Kashem et al., 2023).

There are two standard farming methods: (i) Sin-
gle-Stage Farming, in which shrimp are directly stocked
into ponds and reared for 3-4 months before harvest; and
(i) Multi-Stage Farming, which includes 2 phases (Phase 1:
Shrimp are reared in indoor nursery tanks for 20-30 days.
Phase 2: Once the shrimp reach a size of 3 - 4 cm each,
they are transferred to commercial ponds at an average
density of 100 shrimp per square meter. After two months,
shrimp grow to a size of 50 - 60 individuals/kg and are
ready for harvest.

It can be concluded that the shrimp farming industry
is increasingly adopting various advanced technologies to
improve productivity and minimize risks. Each technologi-
cal model exhibits characteristics suitable for specific envi-
ronmental conditions and farming scales. The multi-stage
shrimp farming system is appropriate for regions with
well-developed infrastructure. By separating each rear-
ing phase, this model improves disease control; however,
it requires advanced technical expertise and significant
capital investment. In contrast, semi-biofloc technology,
which employs beneficial microorganisms for water treat-
ment and improved feed conversion, is commonly applied
in small- and medium-scale operations. Despite its advan-
tages in cost reduction, this method poses challenges in
managing water quality at high stocking densities. Winter
shrimp farming in tarpaulin-covered houses is suitable for
northern provinces or areas with distinct cold seasons. This
approach allows for the extension of the farming season
and supports shrimp survival under adverse climatic condi-
tions. Nonetheless, it remains seasonal in nature and limit-
ed in production scale. Super-intensive greenhouse shrimp
farming represents a modern, closed farming model char-
acterized by high productivity and strong environmental
control. It is particularly suitable for large-scale farms or
enterprises due to its high initial investment requirement.
Among the technologies, the RAS with minimal water ex-
change is currently regarded as the most effective and
broadly applicable model (Liu et al., 2024). RAS enables
water reuse, reduces environmental discharge, enhances
control over water quality parameters, conserves water
resources, and increases shrimp survival rates (Samui et
al., 2024). Compared to other farming systems, RAS offers
superior environmental and disease control, resulting in
greater productivity and economic efficiency. This model
aligns well with the principles of sustainable aquaculture
and is expected to play a central role in the industry’s future
growth.
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Water is the primary living medium, directly influencing
shrimp growth, physiological health, nutrient metabolism,
and disease resistance. Effective water quality manage-
ment is a fundamental prerequisite for maintaining pro-
ductivity, optimizing economic performance, and ensuring
the long-term sustainability of shrimp farming systems.
Shrimp farming, particularly in intensive and super-inten-
sive systems, requires substantial water. The total water
consumption during a production cycle can amount to sev-
eral thousand cubic meters per hectare. During the culture
period, periodic water exchange is necessary to maintain
a stable pond environment, dilute organic pollutants, and
mitigate the accumulation of toxic gases. Modern aqua-
culture systems like RAS, are increasingly being adopted
to reduce water usage and significantly minimize environ-
mental discharge. Shrimp farming infrastructures are typ-
ically designed with distinct functional ponds, including
sedimentation ponds, treatment ponds, grow-out ponds,
and effluent holding ponds, to ensure strict control over
water quality, thereby minimizing the risks of disease trans-
mission and cross-contamination. The quality of water
supplied to shrimp ponds must conform to the standards
specified in the national technical regulation on brackish
water shrimp culture farm - Conditions for veterinary hy-
giene, environmental protection and food safety (QCVN 02-
19:2014/BNNPTNT), which is summarized in Table 2.

3.1.3 Characteristics of wastewater generation in shrimp
farmings

Shrimp excrete organic and metabolic wastes and un-
eaten feed during growth and development. These sub-
stances accumulate and decompose, resulting in water
quality deterioration and the formation of wastewater con-
taining high concentrations of pollutants such as ammonia
(NH_/NH,*), nitrite (NO,), nitrate (NO,), phosphate (PO,*),
organic matter and pathogenic microorganisms (Aqui-
no et al,, 2019; Vu et al., 2021). Poor water management
can result in disease outbreaks, causing shrimp mortality.
The prolonged presence of these pollutants in water can
lead to oxygen depletion and contamination. Chemicals
and pharmaceuticals have been widely applied in shrimp
farming due to their critical roles in enhancing productivity,
promoting growth, and disease control. These substances
include antibiotics, antifouling agents, pesticides, polychlo-
rinated biphenyls (PCBs), polybrominated biphenyl ethers,

and disinfectants (Silerio Vazquez et al., 2024). Chemicals
discharged into water bodies negatively impact environ-
mental health and human safety (Ahmad et al., 2022; Do
et al.,, 2019). Reports indicate that intensive and semi-in-
tensive shrimp farming uses over 8.2 tons of chemicals.
These compounds persist in the aquatic environment for
extended periods after discharge (Phuong et al., 2023). To
maintain water quality, periodic water exchange is essen-
tial for removing accumulated waste within ponds. This
practice generates substantial volumes of wastewater, es-
pecially when pond water shows signs of contamination or
during disease outbreaks (Ayalew, 2022). The discharged
water typically contains elevated suspended solids, organ-
ic matter, and bacteria levels. Activities such as bottom
sludge dredging, pond washing, disinfection, and sediment
conditioning produce wastewater during pond preparation.
This wastewater may contain residual chemicals (lime, dis-
infectants, bactericides), sludge deposits, and accumulat-
ed debris from previous farming cycles (Do et al., 2018).
Wastewater from shrimp farming is compositional-
ly complex, typically containing high concentrations of
pollutants and microorganisms, particularly pathogenic
agents (Krishnani et al., 2018). The composition and char-
acteristics of shrimp farming wastewater vary depending
on the culture stage, stocking density, feed type, feeding
strategies, water exchange regimes, and pond manage-
ment practices (Chuaicham et al., 2023). Major constitu-
ents include uneaten feed, shrimp excretory products, and
decomposing organic matter from dead flora and fauna
(Tien Nguyen et al, 2024). These organic compounds
contribute to elevated BOD and COD levels. Nitrogen- and
phosphorus-containing compounds, such as NH,/NH,*,
NO,, NO,, PO, are also commonly present. Elevated am-
monia and nitrite concentrations are toxic to shrimp and
the surrounding ecosystem. In addition, heavy metals and
residual chemicals may be present due to improper use of
lime, pharmaceuticals, and other chemical agents (Do et
al., 2022). Wastewater also harbors heterotrophic bacteria
and organic-degrading microorganisms, including patho-
genic strains such as Vibrio spp. Algae and plankton can
proliferate excessively in nutrient-rich conditions, altering
pH levels and dissolved oxygen concentrations in the wa-
ter (Alvarez & Otero, 2020). The characteristic composition
of shrimp pond wastewater is summarized in Table 3. Key

TABLE 3: Characteristic parameters of shrimp farming wastewater.

TABLE 2: Quality of water supplied to and present in ponds for . QCVN 02 -
black tiger shrimp and whiteleg shrimp (QCVN 02-19:2014). No.  Parameters Unit  Value Range 19:2014/BNNPTNT

No.  Parameters Unit  Permissible Value 1 Salinity %o 12-30

1 Dissolved Oxygen (DO) mg/l i =235 2 CoD mg/l : 65-180 150

2 pH 7-9, daily fluctuations < 0.5 . 3 BOD (20°C) mg/I : 20-100 50

3 Salinity mg/l i 535 . 4 NH,* mg/l i 1-10

4 Alkalinity mg/l i 60-180 5 NO, mg/l : 0.4-3

5 Water Transparency cm 20-50 6 NO, mg/l i 0.1-5

6 NH, mg/l <03 7 TN mg/l i 520

7 H,S mg/l i <0.05 8 TP mg/l i 0.1-12

8 Temperature °C 18 9 TSS mg/l : 50-200 100
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pollution indicators such as COD, BOD,, and TSS exceed
the permissible limits defined by QCVN 02-19:2014/BN-
NPTNT. Therefore, appropriate treatment measures must
be implemented to treat shrimp farming wastewater before
it is discharged into the environment or reused.

The quality of shrimp pond wastewater at Hai Dong
Commune, Hai Hau District, Nam Dinh Province indicates
that most of the measured parameters exceed the permis-
sible limits. Specifically, TSS exceed the regulatory limit by
a factor of 20.8, while COD and BOD, exceed the limits by
8.73 and 7.88 times, respectively. These results indicate
that shrimp farming activities significantly impact the qual-
ity of local water bodies. Analytical results also reveal that
the receiving canals are contaminated with elevated con-
centrations of organic matter.

The characteristics of wastewater from black tiger
shrimp (Penaeus monodon) ponds in Cu Lai village (Phu
Hai commune, Phu Vang district, Thua Thien Hue province)
and from white-leg shrimp (Litopenaeus vannamei) farms
on sandy soils in Dien Loc (Phong Dien district, Thua Thien
Hue province) show that wastewater from shrimp farming
on sandy soils exhibits a pollution profile similar to that of
traditional black tiger shrimp ponds. Most parameters are
within the permissible discharge limits specified in QCVN
24:2009/BTNMT (Column B); however, COD exceeds the
standard by approximately 1.3 to 2.0 times. Compared to
the standards for surface water quality (QCVN 08:2008/
BTNMT) and coastal seawater quality (QCVN 10:2008/BT-
NMT), additional treatment is required to reduce TSS, COD,
NH,*, NO,, and NO, to protect aquatic life.

The pH values of shrimp farming wastewater in Bac
Lieu province fall within the permissible range specified by
QCVN and are suitable for white-leg shrimp (Litopenaeus
vannamei) culture (optimal pH 7.5-8.5) (Table 4). Mean-
while, COD and BOD, concentrations in wastewater from
super-intensive shrimp farming are 1.5 times higher than
those in intensive shrimp farming wastewater, and both ex-
ceed the permissible limits by a significant margin. The ag-
gregated results reveal that pollutant concentrations vary
considerably across shrimp farming models.

Specifically, intensive and super-intensive farming sys-
tems exhibit markedly higher pollutant levels than sand-
based farming, black tiger shrimp, and white-leg shrimp
models. Parameters such as BOD,, COD, TSS, total nitro-
gen (TN), and total phosphorus (TP) in wastewater from

intensive and super-intensive shrimp farming exceed the
QCVN 40:2011/BTNMT Column B standards, in some cas-
es by multiple folds, reflecting substantial organic matter,
suspended solids, and excess nutrients. Additionally, NH,*
concentrations and total coliform levels are also consider-
ably elevated. Conversely, shrimp farming on sandy soils
and black tiger shrimp and white-leg shrimp systems ex-
hibit significantly lower COD, TSS, and total nitrogen, with
most parameters remaining within or near the regulatory
limits (Goswami et al., 2022).

3.1.4 Environmental impacts of shrimp farming wastewater

When effectively managed, shrimp farming wastewater
can help enhance nutrient concentrations in culture ponds
to increase aquaculture productivity. In certain situations,
supplementary feeding is not required, which helps re-
duce production costs. Shrimp farmers can integrate crop
cultivation with shrimp farming by establishing adjacent
pond sections where nutrient-rich wastewater is used for
irrigation. Shrimp farming wastewater can be reused to
mitigate environmental degradation and conserve water,
enabling more rational use of natural water resources and
preventing wastage (Mishra et al., 2018). Additionally, this
wastewater is beneficial for restoring nutrient-poor sandy
soils, which are known to lack sufficient nutrients for crops.
However, if shrimp farming wastewater is not effectively
and promptly treated, it can cause negative impacts on wa-
ter quality, soil health, and human health.

This wastewater contains high levels of organic com-
pounds such as uneaten feed, shrimp feces, and decom-
posed shrimp carcasses, which increase BOD and COD,
significantly reducing DO levels. This leads to oxygen de-
pletion, adversely affecting aquatic organisms. Further-
more, wastewater may contain pathogens such as viruses,
bacteria, and parasites. When discharged into rivers, ca-
nals, or seas, these pathogens can spread to natural aquat-
ic species or nearby aquaculture areas, increasing the risk
of widespread disease outbreaks. Wastewater can cause
long-term soil impacts when used for irrigation and agri-
culture. Crops grown in soils with excessive nitrogen and
phosphorus tend to exhibit excessive vegetative growth,
which is undesirable for productivity. Moreover, heavy met-
als absorbed by plants can enter the food chain, potentially
reaching humans (Do & Tran, 2023). Soil salinity is elevat-
ed near shrimp farms; specifically, for every one-meter de-

TABLE 4: Characteristics of wastewater from intensive and super-intensive shrimp farming in bac lieu province.

Intensive Shrimp Farming

Super-Intensive Shrimp Farming QCVN 40:2011/BTNMT Column

No. Parameters Unit Wastewater (n = 20) Wastewater (n = 20) B

1 pH 7.55+0.24 7.87+0.18 5.5-9
2 BOD, mg/| 268141 403195 50

3 coD mg/| 291437 466+92 150
4 TSS mg/| 492.5+129.5 698.6+350.7 100
5 Total N mg/I 52.75+23.01 9.63+10.93 40

6 Total P mg/| 5.63+2.34 17.32+12.05 6

7 N-NHA,* mg/I 8.461+4.36 29.841+24.807 10

8 Total Coliform MPN/100ml 2758519558 27105+11800 5000
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crease in distance from the shrimp pond to the surround-
ing land, salinity increases by 0.14% (Amoako Johnson et
al., 2016). Another study indicated that shrimp wastewater
significantly increases concentrations of total organic car-
bon (TOC), TN, and TP in coastal soils up to a depth of 10
cm. This wastewater accounts for 30% - 33.6% of TOC in
coastal soils and alters carbon and nutrient dynamics in
receiving areas.

3.2 Current technologies for shrimp aquaculture
wastewater treatment

Various technologies have been applied to treat shrimp
aquaculture wastewater depending on pollutant composi-
tion and operational conditions. Table 5 summarizes the
principal treatment technologies reported for shrimp ag-
uaculture wastewater, highlighting their treatment mecha-
nisms, pollutant removal performance, and major practical
constraints.

The following sections present a more detailed descrip-
tion of each technology to illustrate their mechanisms and
performance in treating shrimp aquaculture wastewater.

3.2.1 Constructed wetlands

Constructed wetlands (CWs) are treatment systems
that mimic natural wetlands but are designed and con-
trolled to improve water quality (Huang et al., 2019). CWs
are considered a cost-effective system for treating aqua-
culture wastewater, especially shrimp farming wastewa-
ter (Dinesh Kumar et al., 2020). CWs carry out nitrification,
denitrification, and demineralization processes through
plants and microorganisms (Yang et al., 2023). The ef-
fectiveness depends on design factors (substrate, plants,
microorganisms), operational factors (hydraulic retention
time, hydraulic loading rate, groundwater depth, flow re-
gime), and environmental conditions (temperature, pH,
salinity, moisture, nutrient levels, specific carbon sourc-
es).

In Vietnam, studies have shown that constructed wet-
lands can effectively treat shrimp farming wastewater. One
study in Bac Lieu evaluated a 400 m? wetland system using
native salt-tolerant plants such as Sesbania, Eleocharis,

and saltgrass. The system combined biological ponds and
wetlands to reuse water from black tiger shrimp ponds -
the same source of wastewater (Hiep et al., 2023). Results
showed that COD, BOD,, NH,*, and TP removal rates ex-
ceeded 50%. The NH, concentration in the effluent was low
(<0.1 mg/L), making the water suitable for reuse. Interna-
tionally, studies have also used constructed wetland mod-
els to treat aquaculture wastewater (Kashem et al., 2023).
A system using Canna indica combined with 20 mg/L Fe?
showed very high treatment efficiency, with removal rates
of TN, TR, and COD reaching 95%, 75%, and 62%, respective-
ly (Zhimiao et al., 2019). Another study investigated the im-
pact of plant physiological characteristics on the treatment
efficiency of CWs (de Paula et al., 2024). Results indicated
that CWs planted with a mixture of multiple plant species
had higher treatment efficiency compared to systems with
only one species. Besides removing conventional pollut-
ants, this system could also treat antibiotics in the water.
Specifically, removal efficiencies for antibiotics SMX, SMM,
SMZ, SDZ, and TMP were 29.8%-76.3%, 20%, 20%, 12%, and
89%, respectively.

The use of constructed wetlands for shrimp wastewa-
ter treatment offers several notable advantages. One of the
main benefits is their relatively low construction and oper-
ating costs compared with conventional treatment technol-
ogies. Constructed wetlands rely primarily on natural pro-
cesses involving aquatic plants and microbial communities
to remove pollutants, resulting in low energy consumption
and minimal maintenance requirements. Previous studies
have shown that these systems are effective in removing
organic matter, nitrogen, phosphorus, and, in some cases,
residual antibiotics commonly found in shrimp farming ef-
fluents. In addition, constructed wetlands can be integrat-
ed directly into shrimp farms, contributing to water reuse
and promoting more sustainable resource management
practices.

However, constructed wetlands also present several
limitations. A major constraint is the relatively large land
area required for their implementation, which may restrict
their applicability in regions with limited space. Treatment
efficiency can vary depending on environmental conditions

TABLE 5: Overview of major treatment technologies for shrimp aquaculture wastewater.

Technology Treatment characteristics

Advantages and limitations

Aerobic/anoxic biological treatment

COD, BOD, and NH,*

Based on microbial activity for organic matter degra-
dation and nitrogen conversion; effective removal of

Low operating cost and easy implementation, but
sensitive to organic loading fluctuations and environ-
mental conditions

Biofloc Technology

water quality stabilization

Heterotrophic microorganisms assimilate inorganic
nitrogen and form biological flocs, contributing to

Water-saving and nutrient recycling, but difficult to
control floc density

Constructed wetland

Combines sedimentation, adsorption, and biodegra-
dation by plants and microorganisms; effective for
TSS, nitrogen, and phosphorus removal

Low cost and environmentally friendly, but requires
large land area

Recirculating Aquaculture System (RAS)

quality

Integrates mechanical filtration, biological treatment,
and water recirculation to maintain stable water

Reduces water exchange and improves environmen-
tal control, but requires high initial investment

Polymer membrane-based MBR

Combines biological treatment with membrane sepa-
ration, achieving high removal of COD, NH,*, and TSS

Produces high-quality effluent, but membrane fouling
remains significant

Nano TiO, modified ceramic membrane

refractory pollutants

Integrates membrane filtration and photocatalysis,
enhancing removal of COD, TSS, microorganisms, and

Good fouling resistance and chemical durability, but
requires high investment cost and UV irradiation
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such as temperature, pH, and salinity, leading to fluctua-
tions in performance. Moreover, constructed wetlands
typically require a long start-up period before reaching
stable and optimal treatment efficiency. If not properly
designed and managed, these systems may also create
favorable conditions for mosquito breeding. Furthermore,
constructed wetlands are generally less effective in treat-
ing wastewater with very high pollutant concentrations or
toxic compounds, and therefore may require pre-treatment
or combination with other treatment technologies.

3.2.2 Biofloc technology

Biofloc technology is a new biological approach that
is effective in aquaculture, based on the principle of sus-
pended activated sludge (Banu et al., 2011). In Vietnam,
this technology has been applied in several localities with
promising results, supporting further development and
broader adoption. Microorganisms in the biofloc system
compete with pathogens in the water, helping reduce dis-
ease and improve yields. When an external carbon source
is added, heterotrophic bacteria combine with excess sus-
pended organic matter and algae to form floc. These floc
particles are rich in protein and serve as a preferred met-
abolic food source for shrimp (Ahmed & Ambinakudige,
2024). Various factors, such as the C:N ratio, TSS, DO, pH,
stocking density, biofloc dosage, and light, affect the effi-
ciency and sustainability of biofloc technology. This meth-
od is effective, cost-saving, and easy to operate. However,
it also has some limitations: High initial investment cost:
farmers need to have a good understanding of the tech-
nology; the aeration system must operate continuously,
otherwise, dissolved oxygen levels in the pond drop rapidly,
leading to shrimp mortality or biofloc die-off, which endan-
gers shrimp health; at high stocking densities, especially in
the late stages of shrimp growth, waste accumulation can
exceed assimilation capacity. This reduces biofloc efficien-
cy, degrades water quality, and increases risk.

3.2.3 Microalgae and HRAP systems

Microalgae are tiny photosynthetic organisms capa-
ble of assimilating nutrients in aquaculture environments
(Huang et al., 2022). They offer a cost-effective and prac-
tical biological method for aquaculture wastewater, in-
cluding that from shrimp farms. Microalgae are used not
only for wastewater purification but also to synthesize in-
creased amounts of protein, lipids, and natural pigments
to replace aquaculture feed and enhance animal immunity
(Dinesh Kumar et al., 2016). However, selecting suitable
microalgae species requires careful consideration, as pol-
lutant removal efficiency depends heavily on species and
environmental conditions. Microalgae technology is an
advanced, eco-friendly technology that offers multiple ben-
efits (Zhao et al., 2025). It helps absorb excess nutrients
such as nitrogen and phosphorus while releasing dissolved
oxygen via photosynthesis, improving water quality and
pond stability. Some microalgae species secrete substanc-
es that inhibit pathogenic bacteria, helping reduce disease
risk. The biomass after treatment can be used as fertilizer,
animal feed, or bioproducts, increasing the economic value
of the farming system. However, the efficiency depends on

light and temperature conditions, that treatment efficiency
may decrease during bad weather. Farmers require basic
technical knowledge, and initial investment costs in ponds,
aeration, and lighting can be relatively high.

Managing shrimp farm wastewater by algal pond
systems is effective, profitable, and a green technology
(Razaviarani et al., 2023). Algae are maintained at high den-
sities and harvested to process valuable products such as
biofuel. Algal growth helps absorb excess nutrients in pol-
luted water, which contributes to water purification before
reusing or discharging it into the environment (Rodriguez
Leal et al., 2023). A study by Soka University, Japan, us-
ing simulated aquaculture wastewater, showed that HRAP
could remove 100% of ammonium, nitrate, phosphate,
and over 80% of organic matter. Another report found Ar-
throspira sp. Similarly, Arthrospira sp. was also reported to
PCC7413 is effective, removing 84.9% + 1.9% ammonia by
Arthrospira sp. Concentrations drop to as low as 4.9 mg/L
during treatment by Nostoc sp. and PCC7413, achieved
within 24 hours. In an integrated farming study involv-
ing shrimp, clams, and aquatic plants in Romania, algae
demonstrated a higher efficiency in removing pollutants. In
an integrated farming study involving shrimp, clams, and
aquatic plants in Romania, algal-based treatment systems
achieved pollutant removal efficiencies of 29%, 79%, 76%,
and 99% for COD, suspended solids, total nitrogen, and to-
tal phosphorus, respectively; however, the original study
did not specify the exact algal species used.

3.2.4 Recirculating aquaculture systems (RAS)

In RAS systems, shrimp are cultured in ponds or tanks
equipped with agitators and aerators suited to their growth.
Shrimp ponds or tanks collect waste, which is pumped into
external mechanical and biological filtration systems for
treatment (Chen et al., 2024). The system continuously fil-
ters solids like feces, uneaten feed, molted shrimp shells,
dead algae, and suspended organic matter in pond water,
which are continuously filtered and treated separately in
the recirculation tanks. After removing harmful substances,
water is biologically treated and recirculated to the shrimp
ponds. Continuous waste removal, combined with benefi-
cial microbes, keeps pond water clean. Toxic gases (NH,,
NO,, and HZS) remain within safe limits, reducing disease,
allowing higher stocking densities, and improving yield.
The typical operating principle of the RAS farming system
is illustrated in Figure 1. The RAS consists of supplemen-
tary processes that allow wastewater to be reused for the
culture tanks). It is divided into two types: partial water ex-
change systems (10%-70% water recirculated per day) and
full water recirculation systems (less than 10% water re-
placed per day). RAS includes shrimp culture tanks, settling
and mechanical filtration tanks, biological filtration tanks,
disinfection equipment, and water supply, drainage, and
aeration piping systems. Initially, wastewater is transferred
from culture tanks to filtration units. Solid particles settle
into a sludge collection pit. Water is then filtered through
materials such as sand, gravel, fabric, and mesh (Duong
et al., 2019). Large particles are retained and moved to the
sludge tank. After this stage, water still contains high con-
centrations of dissolved ammonia (NH,) and remains un-
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FIGURE 1: Diagram of the RAS system.

treated (Mohammadi et al., 2016). Aerobic, facultative, and
anaerobic bacteria in biological filters perform nitrification
and denitrification. These bacterial groups convert Nitro-
gen- and carbon-based compounds into non-toxic forms
(Vu et al., 2023). The treated water is pumped back to the
culture tanks. Aeration operates continuously to supply
sufficient oxygen for bacterial degradation. Disinfection is
crucial for eliminating pathogens and controlling microbes
to prevent disease in culture ponds. UV light or ozone can
be used during this stage.

Throughout the culture period, water circulates in a
closed system with no replacement, with only a small
amount of fresh water added to compensate for evapora-
tion losses (Hung et al., 2017). The filtration system must
operate continuously throughout the culture cycle (3-5
months), and aeration must be maintained daily; therefore,
a stable power supply for the water pumps is essential.
Among aquaculture wastewater treatment methods, RAS
is considered a superior solution due to its integration of
multiple outstanding advantages. Therefore, researching
and improving the RAS technology process to suit waste-
water from whiteleg shrimp farming, while adapting to Viet-
nam’s technical and economic conditions, is essential (Viet
Do et al., 2022).

Recirculating aquaculture system (RAS) technology
with low water exchange is currently applied on a limited
scale and is mainly implemented in research projects and
pilot models rather than in widespread commercial shrimp
farming. The main advantage of this technology lies in its
high treatment efficiency, allowing effective control of wa-
ter quality under intensive culture conditions. RAS operates
without the use of antibiotics or chemical additives, there-

by minimizing negative environmental impacts, creating a
safe growth environment for shrimp, and significantly re-
ducing the risk of disease outbreaks.

Despite these advantages, RAS technology also pre-
sents notable limitations. The most significant drawback
is the high initial investment cost, which is approximately
45-60% higher than that of conventional shrimp farming
systems. In addition, the operation of RAS requires skilled
personnel with professional expertise and appropriate
training to ensure stable system performance and effective
management. These factors currently limit the large-scale
adoption of RAS in shrimp farming practices.

In RAS, treated wastewater is not completely dis-
charged but is reused repeatedly within the same system.
This requires the effluent quality to achieve a high stand-
ard, not only ensuring the removal of organic matter, toxic
compounds, and pathogenic agents, but also maintaining
long-term stability to prevent pollutant accumulation dur-
ing recirculation.

To overcome these limitations, membrane-based treat-
ment technologies have attracted increasing attention
because of their ability to provide effective solid-liquid
separation and improve effluent quality under recirculating
conditions. Among available membrane materials, ceram-
ic membrane is considered particularly suitable for aqua-
culture applications due to its high mechanical strength,
chemical resistance, thermal stability, and tolerance to
harsh cleaning procedures, allowing stable long-term op-
eration in complex wastewater environments. In addition,
ceramic membranes exhibit superior durability compared
with polymeric membranes, making them more appropri-
ate for intensive and continuous operation in RAS.
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To further enhance treatment efficiency, recent studies
have focused on surface modification of ceramic mem-
branes using nano-Titanium dioxide. Under Ultraviolet light
irradiation, TiO, coated ceramic membranes can effectively
degrade various organic compounds, proteins, and antibi-
otics resistant to biodegradation, which are characteristic
pollutants in shrimp aquaculture wastewater. Moreover,
TiO, coating improves membrane hydrophilicity, thereby
reducing foulant accumulation and microbial attachment
on the membrane surface, which helps mitigate membrane
fouling one of the major operational challenges in recir-
culating systems. With these combined advantages, TiO,
modified ceramic membranes not only improve pollutant
removal efficiency but also extend operational cycles, re-
duce maintenance requirements, and enhance the overall
sustainability of RAS operation.

3.3 Advanced membrane based treatment for
shrimp wastewater

3.3.1 Ceramic membrane technology in wastewater tre-
atment

In recent years, several innovative technologies have
been increasingly applied to mitigate the impact of pollu-
tion caused by shrimp farming on surface water bodies,
including the RAS. Among these, membrane filtration tech-
niques have shown significant promise in enhancing treat-
ment efficiency and enabling water reuse (Do, Bui, & Vu,
2023; Duong et al., 2020). In particular, ceramic membranes
have attracted attention due to their superior properties
compared to conventional polymer membranes, such as
greater mechanical, thermal, and chemical stability, result-
ing in extended lifespan and improved fouling resistance
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(Ayode Otitoju et al., 2020). However, membrane fouling re-
mains a significant challenge (Do & Chu, 2022). To address
this, modifying ceramic membranes with photocatalytic
nanomaterials has attracted considerable interest, aimed
at enhancing both pollutant removal efficiency and anti-
fouling performance (Pereira et al., 2011). Titanium dioxide
(Ti0,), owing to its high quantum yield, chemical stability,
and cost-effectiveness, is widely used as a coating to en-
hance photocatalytic activity (Dharma et al., 2022; Radeka
etal., 2014).

3.3.2 Nano TiO, modified ceramic membranes

In the context of increasing water pollution, TiO, pho-
tocatalysis has emerged as an effective solution due to its
ability to generate highly oxidative hydroxyl (+OH) and su-
peroxide (0,*) radicals, capable of degrading recalcitrant
organic pollutants (Hassaan et al., 2023).

Analysis of 4,500 scientific publications from 2019-
2024 using VOSviewer indicates two concurrent research
trends: improving photocatalytic materials and integrat-
ing them with physical treatment platforms, particularly
membrane technology (Figure 2). Doping TiO, with metal
or non-metal elements can improve its adsorption capac-
ity and thus enhance water treatment efficiency. Howev-
er, recovering dispersed TiO, powders from the reaction
medium is challenging, limiting reusability and increasing
operating costs. To overcome this, various support materi-
als have been used to immobilize TiO,, facilitating catalyst
recovery (Cruz Moreno et al., 2025). Effective substrates in-
clude ceramics, activated carbon, glass, composite, stain-
less steel, and zeolites. Among them, ceramics stand out
due to their low cost, natural abundance of clay, tunable
porosity, and excellent thermal, chemical, and mechanical
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FIGURE 2: Research trends on TiOl photocatalysis in water and wastewater treatment.
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stability (Morjéne et al., 2020; Zendehzaban et al., 2013).
Nano TiO, coated ceramic membranes have proven effec-
tive in degrading pollutants present in shrimp farm waste-
water, including organic compounds, antibiotics, and ni-
trogenous substances (2023; Shi et al., 2013).

Incorporating or coating TiO, onto ceramic membranes
allows simultaneous physical filtration and photocatalyt-
ic oxidation, forming photocatalytic membrane reactors
(PMRs). Under UV or visible light irradiation, the generated
electron-hole pairs (e/h*) trigger free radical reactions that
degrade organic compounds on the membrane surface, re-
duce fouling, and extend operational lifespan.

The effectiveness of TiO, modified ceramic membranes
in removing various pollutants has been demonstrated in
numerous studies. Table 6 summarizes representative re-
search on the performance of nano TiO,-coated ceramic
membranes for water and wastewater treatment.

From the table, it can be seen that TiO, modified ce-
ramic membranes have demonstrated broad applicability
in treating a variety of wastewater pollutants, including azo
dyes, proteins, oils, and recalcitrant organics. Their effec-
tiveness arises from the synergy between mechanical fil-
tration and photocatalytic degradation: physical retention
captures larger contaminants, while photocatalytic activity
generates hydroxyl and superoxide radicals under UV or
visible light, decomposing smaller or recalcitrant mole-
cules. This dual function not only enhances removal effi-
ciency but also mitigates membrane fouling and prolongs
operational lifespan.

Optimal performance depends on pore size, membrane
structure, and light exposure. Nano and ultrafiltration mem-
branes (1-50 nm) balance retention and photocatalytic
efficiency for dyes and proteins, whereas microfiltration
membranes handle larger particles and emulsified oils.
Doping TiO, with metals or non metals (Ag, Ni, N) further
improves antimicrobial activity, broadens light absorption,

and enhances pollutant degradation. Reported removal ef-
ficiencies are high..., >90% for dyes and proteins, 90-98.5%
for oils, and 99.9% bacterial inactivation.

Despite these advantages, challenges remain. Photo-
catalytic efficiency can be limited by high turbidity or sur-
face fouling, and thick TiO, coatings may reduce water flux.
Therefore, careful optimization of layer thickness, pore
size, and light accessibility is essential for practical appli-
cations. Overall, TiO, modified ceramic membranes offer
a promising, versatile solution for advanced wastewater
treatment, effectively combining filtration and photocataly-
sis for high removal efficiency and reduced fouling.

3.3.3 Integration of membrane bioreactor (MBR) systems
Ti0, modified

In conventional shrimp farming, water is typically
sourced and pretreated before being supplied to the cul-
ture ponds. In contrast, the proposed system (Figure 3)
integrates the shrimp pond with a wastewater treatment
unit designed to treat and recirculate the water, thus form-
ing a closed-loop system. The technological layout for the
recirculating wastewater treatment system using MBR and
nano TiO,-modified ceramic membranes is illustrated in
Figure 4.

Initially, wastewater from the shrimp pond is pumped
through a coarse screen to remove solid waste such as
shrimp remains and other debris (Figure 4). It then flows
into an equalization tank to regulate flow rate and ho-
mogenize water quality prior to treatment. The pretreated
water is sent to the primary treatment units using physic-
ochemical and biological methods. In the biological treat-
ment stage, the water passes through aerobic and anoxic
tanks to remove organic matter and nutrients. Following
biological treatment, activated sludge is separated by the
TiO,-modified ceramic membranes (Mozia et al., 2015).
To maximize photocatalytic performance, place the mem-

TABLE 6: Studies on TiO, nanoparticle modified ceramic membranes for wastewater treatment.

Membrane type Functionalization method

Target pollutants

Removal efficiency / Key

Operating conditions results

Ceramic membrane coated : Doping, coating, function-

Azo dyes (MB, RB5, CR,

pH ~8, UVA 365 nm MB: from 40.84% (retention)

with TiO, nanofibers alization DR80, AOQ, CYX) to 97.74% with UVA irra-
diation; optimal pore size
10-50 nm

Ceramic ultrafiltration (UF) - Proteins (BSA) Pore size 6-14 nm, UVA Retention 98-100% BSA;

TiO, membrane irradiation TiO,-Ag composite achieves
~100% under visible light

Ceramic microfiltration (MF) | — Proteins (BSA) Pore size 530 nm, UV-A Removal 70% BSA, high

TiO, membrane irradiation water flux 3000 LMH.bar !

Ceramic TiO, membrane Ag/TiO, nanofiber coating Bacteria, MB, TOC UV 100 mW/cm?2, 98 min E. coli 99.9%, MB 88%, TOC
99%; flux ~5 L/m2.bar

Al,0O, tubular membrane Coating Organic compounds, ink, UV light T W/m? Fouling-induced flux decline

coated with TiO,
orange)

dyes (humic acid, methyl

reduced to 27% (vs. 67%
without irradiation)

ALQ, / Ti substrate coated Coating / rod-like

with TiO, nanostructures vinphos)

Pesticides (Diuron, Chlorfen-

UV 10-300 W/m? Removal: Diuron 78%,
Chlorfenvinphos 68%; flux

~15L/m2bar

AlLO, membrane coated
with N-doped TiO, (N-TiO,)

Nitrogen doping

Organic compounds

Flux decline 12-50%, en-
hanced organic degradation

Pore size 200-800 nm,
visible light

Al,0, membrane coated
with TiO,/Ag/HAP

Combined coating

Bacteria (E. coli)

6-log removal (LRV 6) of E.
coli; flux decreased 20-25%

Light intensity 0.3 mW/cm?,
60 min
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brane module outside the biological reactor (Loddo et al.,
2025; Zheng et al., 2017).

Under UV light, the TiO, coating performs physical filtra-
tion and degrades refractory organic compounds such as
antibiotics used during shrimp farming and residual organ-
ics entirely removed in the bioreactor (Kabir et al., 2020).
Additionally, UV light also acts as a disinfectant. With the

integration of multiple treatment processes, the treated
water can be recycled back to the shrimp pond via an in-
termediate tank or discharged into the environment if regu-
latory standards are met (Kruse et al., 2020). Furthermore,
a supplementary step may be included in reintroducing es-
sential minerals before reusing (Xie et al., 2022). The sys-
tem - including pumps, aerators, mixers, sensors, and other
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control equipment - is managed by an automated panel.
This setup conserves water, reduces discharge volumes,
and maintains water quality suitable for shrimp farming.

3.3.4 Limitations and operational challenges TiO, modified

Despite their potential, TiO,-modified ceramic mem-
branes still face several limitations. Ceramic membranes
cost significantly more than conventional polymer mem-
branes.

Though resistant to corrosion and heat, eramic mem-
branes are brittle and prone to cracking. Damaged mem-
branes cannot be repaired and must be entirely replaced,
raising costs and causing system downtime. Thus, strict
mechanical safety protocols are required during transport,
installation, and operation to avoid impact and vibrations.
Although nano TiO, coatings enhance fouling resistance,
membrane clogging remains challenging, particularly in
shrimp farm wastewater rich in proteins and polysaccha-
rides (Nannou et al., 2025). A study integrating TiO, photo-
catalysis with ceramic membrane filtration showed prom-
ising results in reducing organic pollutants (EI Sharkawy et
al., 2023). However, regular cleaning was still required to
maintain filtration performance. Variations in influent flow
and pollutant load can destabilize the microbial commu-
nity, leading to shock loads and incomplete treatment, ac-
celerating membrane fouling and reducing lifespan. There-
fore, stable system performance requires precise influent
control, microbial support (through aeration, nutrients, or
probiotics), and regular membrane cleaning. TiO,-modi-
fied ceramic membranes are mainly limited to laboratory
or small-scale pilot models. High investment and mainte-
nance costs make it unsuitable for smallholder farmers
without technical or financial support.

3.3.5 Economic and operational feasibility of nano TiO, mo-
dified ceramic membrane systems

Economic feasibility is an important factor influencing
the practical adoption of advanced wastewater treatment
technologies in shrimp aquaculture because treatment
costs directly affect production efficiency and long-term
operational sustainability. Ceramic membrane systems
have attracted considerable attention because of their high
chemical resistance, thermal stability, and long operational
lifespan compared with polymeric membranes. However,
their initial investment cost remains relatively high due to
the expensive raw materials and manufacturing process-
es involved. In general, ceramic membranes may cost ap-
proximately 3-5 times more than conventional polymeric
membranes. While polymer membranes cost around 200-
1.000 USS/m? ceramic membranes (unmodified) range
from 1,000-5,000 US$/m?, representing a fivefold increase.
Additionally, the nano TiO, material and the surface mod-
ification process incur further costs (Davari et al., 2025;
Szymanski et al., 2018).. To harness the photocatalytic ca-
pability of TiO,, the system must be equipped with UV light
sources, increasing capital, energy, and maintenance costs
.although their service life can be significantly longer under
harsh wastewater conditions. Membrane fouling remains
one of the major operational challenges, particularly when
treating shrimp wastewater containing suspended solids,

organic matter, proteins, and microbial residues. Fouling
leads to permeate flux decline and increases the frequency
of chemical cleaning, thereby raising operational costs. In
membrane bioreactor systems, aeration is commonly ap-
plied to control fouling accumulation and may account for
a substantial proportion of total energy consumption.

For nano TiO, modified ceramic membranes, photocat-
alytic activity under ultraviolet irradiation improves mem-
brane surface hydrophilicity and promotes degradation
of organic pollutants, thereby reducing fouling intensity.
However, ultraviolet irradiation also introduces addition-
al energy demand. Depending on irradiation intensity and
operating duration, UV related energy consumption may
significantly increase total operating cost, particularly in
continuous treatment processes.

Compared with conventional biological treatment tech-
nologies such as constructed wetlands or biofloc systems,
membrane-based systems generally require higher capital
investment but provide superior effluent quality and great-
er potential for water reuse. This advantage is particularly
important because water reuse can reduce freshwater de-
mand and improve biosecurity in shrimp farming operations.

To improve economic applicability, hybrid treatment
systems combining biological pretreatment with mem-
brane separation have been increasingly recommended.
Biological pretreatment reduces pollutant loading before
membrane filtration, thereby extending membrane lifespan
and lowering cleaning frequency. Although the initial in-
stallation cost remains relatively high, long-term benefits
such as stable treatment efficiency, reduced environmental
discharge, and improved water reuse potential may partial-
ly offset the initial investment under practical production
conditions.

4. CONCLUSIONS

Vietnam's shrimp farming sector has significantly in-
creased productivity and economic value. However, it also
exerts considerable pressure on the environment due to in-
creasing pollution from pond effluents. Shrimp pond waste-
water contains high and variable loads of organic matter,
nutrients, and pathogenic microorganisms, necessitating
more efficient and stable treatment solutions. Combining
MBR technology with nano TiO,-modified ceramic mem-
branes has shown great potential in addressing these chal-
lenges. Its advantages, high pollutant removal efficiency,
antifouling properties, antibacterial action, and extended
membrane life, are well documented in worldwide studies.
Integrating biological treatment and advanced membrane
technology offers a promising pathway for shrimp waste-
water treatment. It builds on current technologies and
supports effective practices in shrimp aquaculture. This
provides both a scientific and practical basis for the subse-
quent phases of this research. Developing and evaluating
an MBR system using nano TiO,-modified ceramic mem-
branes for shrimp wastewater would be helpful to design a
model that integrates biological treatment with advanced
membrane filtration. TiO,-modified ceramic membranes
aim to enhance antibacterial properties, reduce fouling,
and extend system longevity.. Future studies should focus
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on optimizing hydraulic retention time, mixed liquor sus-
pended solids, and membrane operating pressure under
practical shrimp farming conditions to improve long-term
treatment efficiency and economic feasibility.
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