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Abstract The aquaculture industry is rapidly
developing, generating a high amount of wastewater.
Inland aquaculture effluents contain nutrients and
other substances that can cause eutrophication and
the emergence of resistive organisms if released into
the environment. Hence, aquaculture wastewater
should be treated appropriately for reuse in different
applications or safely released into the environment,
promoting a sustainable industry and a circular
economy. The current review provides insight into
aquaculture wastewater generation, constituents,

A. H. M. Kashem - P. Das (I<)) - S. Mehariya -

M. L. Thaher - S. Khan - M. Abduquadir - H. Al-Jabri
Algal Technology Program, Center for Sustainable
Development, College of Arts and Sciences, Qatar
University, 2713 Doha, Qatar

e-mail: probir.das@qu.edu.qa

A. H. M. Kashem - A. H. Hawari

Department of Civil and Architectural Engineering,
College of Engineering, Qatar University, 2713 Doha,
Qatar

H. Al-Jabri

Department of Biological and Environmental Sciences,
College of Arts and Sciences, Qatar University,

2713 Doha, Qatar

and treatment through various technologies. This
study’s treatment technologies could be classified as
physical, chemical, and biological. SWOT analysis
was conducted on each technology to provide an
in-depth understanding of the advantages and
drawbacks. Suggestions were also stated to shed
light on the importance of a sustainable aquaculture
industry and the means to transition toward a
circular economy.
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1 Introduction

Fish is considered an important ingredient in most
meals for human consumption. It contains all the
essential amino acids that promote healthy growth
and a better overall diet. In addition, fish consumption
prevents the development of various diseases such as
strokes, heartbreaks, depression, etc. (Ryu et al. 2021).
Due to economic and population growth, the con-
sumption of seafood rapidly increased (Naylor et al.
2021). Understandably, there is a continuous increase
in fish demand, a common trend between communi-
ties and continents worldwide, which makes aquacul-
ture the fastest-growing food production sector (Tran
et al. 2019). In fact, in 2020, the aquaculture industry
produced up to 50% of the world’s food (Hawrot-Paw
et al. 2020). The aquaculture industry is dominating
the traditional fishery method in production by 18.32
million tonnes, with an estimated US $250 billion
(Tacon 2020). The fast development and the increase
in fish production by the aquaculture industry forced
the captured fisheries to reach a plateau in terms of fish
production since 1995 (FAO 2023), as can be clearly
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illustrated in Fig. 1. Over 190 countries are contrib-
uting to producing aquatic species, including fish,
crustaceans, mollusks, and aquatic plants (Iber et al.
2021). Asia is responsible for almost 91% of global
aquaculture production, with an estimated 102.9 mil-
lion tonnes in 2017, while 95% of aquaculture pro-
duction is established in developing countries, with a
6.13% annual production increase (Tacon 2020). By
weight, the constituent of fish, aquatic plants, mol-
lusks, and crustaceans, are 47.7%, 28.4%, 15.4%, and
7.5%, respectively, while the remaining 1% includes
other species (Tacon 2020). The aquaculture industry
has an essential role in providing employment oppor-
tunities and developing the economy. Globally, the
industry provides either directly or indirectly 23 mil-
lion full-time jobs (Nasr-Allah et al. 2020). Ghana,
for example, developed a program to produce 91,000
tonnes of fish over 3 years (2018-2020), employ-
ing 86,177 people and enhancing its economic status
(Ragasa et al. 2022).

The cultivated fish in the aquaculture industry
could be classified as brackish water, freshwater, and
seawater species, and the global contribution of each
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Fig. 1 Aquaculture and capture fisheries production (Million tonnes) per year. The capture fisheries fish production has reached a

plateau since 1995 (FAO 2023)

species in terms of production is 9.06%, 43.22%, and
47.72%, respectively (Boyd et al. 2020). When trac-
ing the production of the top commonly cultivated
fish species, it is apparent that Asian countries lead
with more than 90% of the total global output, and the
production volumes are predicted to be doubled by
2050 (Stentiford et al. 2020).

Also, due to the high demand for fish supply
in China, the wastewater discharged from the
aquaculture facilities exceeded the land sewage
waste (Lang et al. 2020; Zhang et al. 2023a).
According to the study (Xu et al. 2020), in China,
the municipal wastewater discharge in 2015 was
53.5%10° m>, while the agricultural water usage was
39.22x10'% m? in 2013, which is approximately more
than 7 times the municipal wastewater discharge.
Furthermore, another study stated that in 2018,
35.86x10'° m> of water supply was used by the
aquaculture industry alone in China (Liu et al. 2021).
Hence, the rapid development of the aquaculture
industry and the continuously increasing production
have their drawbacks as challenges emerge,
hindering future sustainability. Land subsidence
(due to groundwater extraction, land use, and land
reclamation), excessive use of water resources, and
pollution of the surrounding water bodies are a few of
the challenges that are expected to escalate further by

2050 (Ahmed et al. 2019; Hung et al. 2023; Liu et al.
2023).

According to a study, fish meal and fish oil are
the most utilized nutritious and digestible feed
materials for fish cultivation; however, the overuse
of these two materials could result in economic
risks, forcing the production of lower-quality fish
(Zhang et al. 2020). Furthermore, with the rampant
growth of the aquaculture industry, the overuse of
traditional feeding has a noticeable contribution to
harmful gas emissions, such as greenhouse gasses or
GHGs, and huge loss of water resources (MacLeod
et al. 2020; Kurniawan et al. 2021a; Li et al. 2021).
These negative aspects result in environmental
impacts such as global warming, waste of energy,
waste of water resources, and the release of valuable
nutrients (Pulido-Rodriguez et al. 2021). In addition,
the aquaculture industry discharges an abundant
amount of wastewater, containing organic and
inorganic materials, pharmaceutical substances, and
a high amount of nutrients; if dealt with properly,
the wastewater can be treated, or the resources can
be recovered through various methods (Kurniawan
et al. 2021a). The aquaculture wastewater (AWW)
contains nitrogenous and phosphorous compounds,
along with high chemical oxygen demand (COD) and
other nutrients, which will result in eutrophication if
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discharged untreated to waterbodies (Ahmad et al.
2021). Furthermore, the discharge of AWW without
treatment will induce the growth of toxic algal
blooms unfavorable to aquatic life (Liu et al. 2019).
In addition, antibiotics are periodically added to
maintain the health of the cultivated fish. Even though
the concentration of the antibiotics is relatively low, it
promotes the development of bacteria with resistive
characteristics (Chen et al. 2020b); these emerging
bacteria will have an adverse effect on humans,
animals, and generally the natural ecosystem (Huang
et al. 2019). Consequently, the remediation of AWW
should receive more attention due to the related
adverse environmental impacts.

Multiple approaches were developed to treat the
aquaculture effluent and minimize the harmful effects
of the wastewater on the environment. Generally, the
methods could be classified as biological, physical,
and chemical treatments, and sometimes a treatment
can be classified as a combination of two methods,
like the physiochemical treatment. The biological
treatment utilizes living organisms such as algae (Al-
Jabri et al. 2020) and plants in aquaponics (Yanes
et al. 2020) to consume the nutrients in the wastewa-
ter. Physical treatment processes separate contaminants
in their original forms through physical processes. For
example, coagulation/flocculation is a physiochemical
treatment process that neutralizes the charge of col-
loidal or suspended contaminants, creating flocs that
precipitate with time and can be easily removed (Zhao

Fig. 2 Publication history 20
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culture wastewater treat- 18
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to the publication title. % 14
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et al. 2021). Adsorption is another example of a physi-
ochemical treatment where the soluble contaminants or
absorbates attach to the surface of the solid adsorbent
(Rashid et al. 2021). Chemical treatment is the process
of degrading the existing contaminants in the waste-
water and converting them to byproducts that are less
harmful to the environment. Chemical treatments usu-
ally revolve around the advanced oxidation process of
free radicals or reactive oxygen to degrade wastewater
contaminants, producing oxidized intermediates, car-
bon dioxide, water, and inorganic acids (Kanakaraju
et al. 2018). For more effective remediation, an inte-
gration of multiple treatment types could be utilized,
resulting in safer effluents to be discharged.

The rapid development of the aquaculture indus-
try and the continuous generation of AWW captured
the attention of researchers due to the consequential
harmful effect on the environment. The research in
the field of AWW is in increasing trend (Fig. 2), high-
lighting the importance of the matter and the neces-
sity for more efficient, economical, and environmen-
tally friendly treatment methods, leading to a more
sustainable aquaculture industry.

This review covers various processes of aqua-
culture, including fish production, AWW genera-
tion, and various treatment methodologies. Multi-
ple recent treatment studies were summarized, and
a SWOT analysis was conducted for each treatment
category, emphasizing the opportunities, challenges,
and fit-to-purpose applications. Suggestions and

2022 2023
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recommendations were included to promote a more
sustainable industry by adopting a circular economy
approach.

2 Land-based fish cultivation

Land-based fish cultivation is an intensive fish
farming system done on land. When talking about
wastewater generation and treatment, the focus is
more on the systems where the accumulation of
waste occurs, unlike fish rearing on river streams and
offshore areas with the continuous renewal of water.
Depending on the availability of technology and
initial capital cost, intensive fish cultivation systems
can generally be either by using tanks and ponds or
through a Recirculation aquaculture system (RAS).
More details about the two cultivation methods can
be found in the supplementary.

2.1 Tanks and ponds or traditional cultivation

The traditional fish cultivation using tanks and ponds
is a more economical approach that requires less
energy and skilled labor. Traditional aquaculture is
valued at US$ 2000 per tonne (Waite et al. 2014), and
the cultivated fish are confined in a specific volume
of water that is often not regularly changed. The gen-
eral size of the ponds ranges from 100 to 100,000 m2,
and the depth ranges between 1.2 and 1.5 m (Ngo
et al. 2017). In intensive cultivation, water usage
could be as high as 45 m*/kg of fish (Tal et al. 2009;
Verdegem et al. 2006). Additionally, under intensive
cultivation, the accumulation of fish waste (feces),

unutilized fish feed, and sometimes antibiotics will
increase the nutrient contents, forcing the growth
of undesired microbes and pathogens. Traditional
aquaculture requires large land and a high volume of
water (Lin and Wu 1996; Thomas et al. 2021). Also,
ammonia accumulation could be a major concern as
it can increase fish mortality, even at low concentra-
tions of 0.05-0.5 mg/L (Bernardi et al. 2018).

2.2 Recirculation aquaculture system (RAS) or
modern cultivation

RAS is the modern method to cultivate fish, but
the annual production cost using the RAS sys-
tem is expensive and ranges between US$ 2250 to
US$ 8800 per tonne (Waite et al. 2014). The typi-
cal energy consumption in RAS is in the range of
15-30 kWh/kg production of fish (Ayer and Tyed-
mers 2009; Badiola et al. 2017; d’Orbcastel et al.
2009; Martins et al. 2010). The main idea behind
RAS is the simultaneous cultivation of fish and
treating the wastewater, then recirculating the
treated to the fish tanks. Water usage in RAS could
be as low as 0.016 m*kg marine fish (Tal et al.
2009; Verdegem et al. 2006). The typical stocking
density in RAS is in the range of 70-120 kg/m?
with a feed conservation ratio of 0.8—1.1, and the
production rate could be up to 400-500 tonnes/year
(Ahmed and Turchini 2021). RAS is extremely effi-
cient in water conservation; the water recirculation
rate could be in the range of 90-99% (Dalsgaard
et al. 2013). The production rate could be up to
400-500 tonnes/year (Ahmed and Turchini 2021).

Table 1 Aquaculture
wastewater generated,

treated, and reused in Asia
different regions around
the world (Sato et al. 2013;
Kurniawan et al. 2021b)

Aquaculture wastewater (km>/year) Generation Treatment Reuse
133.12 42.17 144
North America 85 61.12 2.35
Latin America 29.75 5.31 0.55
Europe 52.44 34.86 1.38
The Soviet Union 27.84 20.16 0.99
Middle East and North Africa 22.64 11.9 3.69
Sub-Saharan Africa 3.71 3.3 0.06
Total 356.59 181.15 23.768
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3 Aquaculture wastewater generation
3.1 Statistics on aquaculture wastewater

Generally, a huge amount of fresh water is used
to cultivate fish. For instance, almost 50 m> of
fresh water is needed to produce 1 kg of tilapia
(Cardoso et al. 2021). According to the studies
(Sato et al. 2013; Kurniawan et al. 2021b), Asia is
considered the highest in terms of AWW generation,
as it generates almost 133,120 m’/year, which
contributes to 37.3% of the total AWW generation
(Table 1). In contrast, the region with the least
wastewater generation is Sub-Saharan Africa, which
is understandable as the region already suffers
from a lack of water resources (Hughes 2019).
Considering the latter probable cause, almost 90% of
the wastewater is treated with little reuse, indicating
the efforts exerted to protect the environment
and receiving water bodies against wastewater-
related problems in Sub-Saharan Africa. Most of
the treated water is used for irrigation or released
into the environment. The wastewater generated
from aquaculture in the US, Europe, The Soviet
Union, and the Middle East ranges from 22,640 to
85,000 m*/year.

3.2 Characteristics of aquaculture wastewater

Several substances exist in the cultivation ponds in
the aquaculture industry. Fish feed, medicine, and fish
excreta are some of the constituents that accumulate
in the cultivating water, then released as a part of the
wastewater discharge. The wastewater can be later
characterized by determining multiple parameters.
The concentration of COD, Total Ammonia Nitrogen
(TAN), and Total nitrogen (TN) could reach as high
as 1201, 101, and 359 mg/L, respectively (Chen et al.
2020a). Table 2 lists the characteristics of AWW
depending on the type of cultivated fish. Generally,
effluents from shrimp farms are considered the
richest in terms of nutrients when compared to
other species, as the concentration of TN and total
phosphorus (TP) of shrimp effluents could be as high
as 210 and 176.43 mg/L, respectively. Meanwhile, the
concentration of TN and TP in the effluent of other
species are in the range of 1.09-51.51 mg/L and
0.07-85 mg/L, respectively.

@ Springer

3.3 The impact of wastewater release on the
environment

Aquaculture indeed has an essential role in provid-
ing food resources and covering food demand while
improving the economy at the same time. However,
the effect of the industry on the environment should
be taken into consideration. Rearing fish requires the
addition of various substances, whether for feed or
to preserve the overall health of the fish, the added
constituents will not be completely absorbed and will
remain as contaminants in the water. It is reported
that about 8.6-52.2% of fish feed is considered waste
in the culturing water (Ballester-Molté et al. 2017).
Additionally, the excreta of the cultivated fish also
contributes to the contamination of the cultured water
(Dauda et al. 2019). Hence, releasing the contami-
nated water into the environment will lead to various
complications, as illustrated in Fig. 3.

3.3.1 Eutrophication

Eutrophication can occur in different types of water
bodies due to its pervasive attribute, forcing the deg-
radation of the water quality (Le Moal et al. 2019).
Eutrophication is primarily caused by the over-
growth of organic matter and microorganisms due to
the accumulation of contaminants, mainly nitrogen
and phosphorus (Ferreira et al. 2011; Le Moal et al.
2019). In general, almost 52-95% of nitrogen and
85% of phosphorus of the added feed in the fish rear-
ing pond are lost as excess or unconsumed feed, fish
excretion, and fish faces (Zhou et al. 2006). Multiple
complications can be developed due to eutrophication
like the reduction in oxygen content in water bodies,
which leads to the fatality of aquatic life, the propa-
gation of undesired algal blooms, and contributes to
the emission of greenhouse gasses (Wurtsbaugh et al.
2019; Li et al. 2021). A conservative projection sug-
gests that the yearly expenses caused by eutrophi-
cation are approximately $2.4 billion for streams
and lakes in the United States, $1 billion and $ 100
million for coastal waters in Europe and the United
States, where 37% of the latter cost caused by losses
related to commercial fisheries (Wurtsbaugh et al.
2019). The contaminants in the wastewater could
induce the rapid growth of aquatic microorganisms
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Fig. 3 The effect of aqua-
culture wastewater release
into the environment
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such as microalgae, cyanobacteria, dinoflagellates,
etc. (Jing et al. 2021). Among these microorganisms,
several cyanobacteria and dinoflagellates could pro-
duce several toxic substances, further contaminat-
ing the eutrophic waters (Carmichael 1992; Jia et al.
2014); these toxic substances could also enter the
aquatic food ecosystem (Wurtsbaugh et al. 2019). The
overgrowth of undesired algal blooms and cyanobac-
teria, especially on the surface of water bodies, will
obstruct the light from penetrating the water, causing
harm to the aquatic life and increasing the acidity of
the water due to the accumulation of dead algae and
plants—affecting the ecosystem (Cai et al. 2011; Zhu
et al. 2013; Jiang et al. 2017).

3.3.2 The emergence of resistive organisms

In the aquaculture industry, the use of synthetic
antibiotics is common, where these compounds can
kill pathogenic microorganisms and play an important
role in treating infectious diseases (Shao et al. 2021).
Antibiotics can be administered orally, sprinkled on
ponds, or by direct injection to prevent the disease
from spreading while promoting fish growth (Chen

organisms

et al. 2020b). It is reported that China uses up to 105
thousand tonnes of antibiotics for animal consumption,
equivalent to almost 50% of the amount of antibiotics
produced in China (Chen et al. 2020b). The global
consumption of antibiotics by the aquaculture industry
is estimated to be 10,259 tonnes in 2017, 57% of the
antibiotic consumption is attributed to the aquaculture
industries in China, and it is predicted that the global
consumption of antibiotics will increase by 33%
(13,600 tonnes) in 2030 (Schar et al. 2020). In a
typical aquaculture industry in China, commonly
known residual antibiotics could be detected within
the range of 13.6 and 102.8 ng/L, and due to the lack
of discharge standards, the majority of these residual
antibiotics end up being discharged in nearby rivers
(Zhang et al. 2023c). The accumulation of antibiotics
also contributes to the degradation of water quality. On
some occasions, several antibiotics, such as norfloxacin,
sulfadiazine, and many others, were reported to exist
at concentrations up to 7722 ng/L in fish ponds (Zou
et al. 2011). Analysis of water bodies where the
AWW is released revealed that they contain over-the-
counter (OTC) antibiotic-resistive bacteria, enforcing
the fact that OTC antibiotics are present in AWW in

@ Springer
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Fig. 4 Aquaculture waste-
water treatment classifica-
tion

Filtration

[ UV Disinfection

’ Physical

‘ Membranes Technology }

Coagulation and flocculation ’

Advanced oxidation method}

Chemical I

Adsorption J

Aquaculture
Wastewater
Treatment

Electrochemical treatment ]

[ Constructed wetlands

Biological

[ Rotating biological contactor ]

1 I

The use of microalgae

[ Trickling filters }

‘ Aquaponics Anaerobic digestion ]

most cases (Tendencia and de la Pefia 2001). A study
confirmed that resistive bacteria were detected in an
environment with residual antibiotics in concentrations
as low as 0.1 pg/mL, implying that the accumulation
of antibiotics will increase the emergence of resistive
microorganisms (Le et al. 2005). If resistive organisms,
such as bacteria, are transferred to the animal or human
body, it will lead to some health issues, such as the
development of various infections (Junaid et al. 2022).
According to a study, more than 700 thousand deaths
occur each year due to drug-resistant diseases caused
by resistive organisms, and the lack of mitigation plans
will increase the mortality to 10 million deaths per year
(Shao et al. 2021).

4 Aquaculture wastewater treatments

The aquaculture wastewater treatment method could
be generally classified as physical, chemical, and bio-
logical treatment (Fig. 4). The classification is based
on the methodology in which the contaminants are
separated, either by pure separation in their original
form, by assimilation, or by degradation and con-
version to other substances. Different studies were
summarized in Tables 3, 4, and 5, and SWOT anal-
yses were conducted for these treatment methods
in Tables 6, 7, and 8, accentuating the suitability of
the treatment methods depending on the desired out-
comes. The SWOT analysis also includes the typical

@ Springer

energy requirement, giving a perspective on the eco-
nomic state of each treatment method.

4.1 Physical treatments
4.1.1 Filtration and membrane technology

One of the conventional ways of treating wastewater
is the use of filters. The same concept is applied to
AWW, as the effluent goes through the small pores
of the filters, it leaves behind a supernatant free of
any contaminants larger than the pore size (Nora’aini
et al. 2005; Chen et al. 2015; Xu et al. 2021). How-
ever, filtration alone cannot remove the dissolved
contaminants, or at least not entirely. For that rea-
son, filtration processes, most of the time, are cou-
pled with other systems before or after the filtration
to achieve effective remediation. Catalytic Ozona-
tion is one of the Advanced Oxidation Processes,
which can remove 52.1% of organic matter, 75% of
total ammonia nitrogen, and 95.8% recovery of water
(Chen et al. 2015). In electrocoagulation, an electric
field is developed that releases metal cations and floc-
culates the pollutants while simultaneously degrading
microorganisms and removing color (Xu et al. 2021).
Sand filtration could also be used as a pretreatment of
the wastewater so that it can be suitable to be treated
using filters (Nora’aini et al. 2005). However, the
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filtration process has some major disadvantages that
revolve around the fouling of the membrane and the
high energy demand. Even though there are studies to
enhance the efficiency of the filters by reducing foul-
ing to a certain extent (Chen et al. 2015), membrane
fouling is almost inevitable, and the requirement of
backwashing cannot be avoided. Furthermore, filtra-
tion processes are always considered energy-intensive
regardless of the added enhancements.

The use of membrane technology or membrane bio-
reactor (MBR), which is a combination of physical
filtration and biological degradation, in treating
wastewater from aquaculture is becoming more
popular due to promising results in both laboratory
and on-site experiments. Membrane technology
has proven to be highly effective in removing small
contaminants such as organic compounds, viruses,
and harmful bacteria present in aquaculture wastewa-
ter (Teoh et al. 2021). The operation mechanism of
membranes can differ depending on their types and
configurations. Generally, membranes function as
separation device that removes unwanted substances
from water. They act as a selective barrier, allowing
certain molecules to pass through while blocking oth-
ers, while the biological treatment assimilates dis-
solved contaminants. This results in the separation
and degradation of contaminants from wastewater.
However, membrane technology often faces fouling
issues, where the membrane pores become clogged
over time due to the accumulation of unwanted sub-
stances on the membrane surface, leading to a decline
in flux (Zhou et al. 2021). Sharrer et al. (2007) exam-
ined how MBR can treat wastewater from rainbow
trout that is raised in an RAS. The study found that
MBR can eliminate up to 99.98% of total suspended
solids and 99.99% of total volatile solids in waste-
water. Additionally, it achieved outstanding removal
rates of up to 95.5% and 96.1% for total nitrogen and
phosphorus in the wastewater, respectively. Another
study showed that while treating wastewater, the aver-
age removal of Biological Oxygen Demand (BOD),
COD, TN, and TP using MBMBR can reach up to
94%, 92%, 74%, and 73% (Saidulu et al. 2021).

References
Ali et al. (2011)
Teoh et al. (2023)

ment of the treatment
process and the foul-
ing of the membrane

should be investi-

gated
large-scale treatment

Recommendation

The energy require-

The feasibility of
should be explored

reported contaminants

NH,*-N: 85%

Treatment efficiency
Up to almost 100%
removal of all

PO, ~—P: 95%,

Pressure: 6 bar, pH: 6
20 °C, feed temp:
60 °C. Effective are:
9.45 cm?

Optimum conditions

obtained from the
hatchery pond of
the Department of
Fisheries, catfish,
University Malaysia
Terengganu
Synthetic seawater fish ~ Permeate temp:
farm wastewater

Wastewater source
The wastewater

Dead and permeation
cell, polysulfone nano-
filtration membrane

Templated membrane
and intermediate
physical flushing

Material/strain

4.1.2 UV disinfection

The accumulation of fish feed and fish waste in the
rearing tanks increases the organic and inorganic
compounds, creating a favorable habitat for the

technology(MBR)
technology—direct
contact membrane

distillation

Table 3 (continued)
Treatment method

Membrane
Membrane
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Table 4 (continued)

I

Recommendation/  Reference
comment

treated water

Optimum conditions Treatment efficiency Application of

Wastewater source

Material/strain

Treatment method

Springer

Bhatt et al. (2023)

The economic

To be safely

More than 87% for

Changes

The combination of ~ Shrimp aquaculture

Electrochemical

feasibility and
the scaling up

released to the
environment

inorganic N, TDN,

and PO>~—P,

depending on the

wastewater

electrocoagulation

and

treatment

contaminant to be

removed

Purdue University
Aquaculture

of the treatment

76.2% for sCOD

electrooxidation
processes. Iron

process should be

explored

Laboratory, USA

or aluminum for
the anode, and

stainless steel for

the cathode

n.s. not specified

growth of microbes and pathogens (Liu et al. 2018).
The use of Ultraviolet (UV) irradiation can be intro-
duced as a disinfectant method, preventing microbial
growth and immobilizing the growth of harmful bac-
teria (Dahle et al. 2022), thereby preventing hindered
fish cultivation process through pathogenic diseases.
The common spectral bands of the UV are divided
into UVA, UVB, and UVC. Each one of the bands has
a specific wavelength of 400-315 nm, 315-280 nm,
and 280-100 nm, respectively (Braslavsky 2007).
Traditional UV lamps contain mercury which is a
toxic material. Hence, the UV LED emerged as an
alternative with additional advantages. Being mer-
cury-free, flexible in terms of size and irradiation
strength, and having a longer service life contributed
substantially to eliminating the use of UV mercury-
vapor lamps (Chen et al. 2017). When treating AWW,
it was revealed that using membrane filtration as a
complementary treatment to UV can remove bacterial
communities by almost 99%. Furthermore, membrane
filtration can remove 96% of the suspended solids,
allowing better transmittance of UV irradiation. How-
ever, the use of membrane filtration requires frequent
backflushing, and the cost of operation is consider-
ably high compared to the UV disinfection process
(Huyben et al. 2018). Another study developed a
combination of electro-chlorine/ultraviolet processes
to treat saline aquaculture wastewater. Under the opti-
mum conditions of 10 mA, pH of 8, and flow rate of
0.9 L/h, the study concluded that this process was
capable of degrading the antibiotics by 100%, remov-
ing ammonia nitrogen by 77%, and inactivating bacte-
rial growth by 100% (Lang et al. 2022).

4.2 Chemical treatment
4.2.1 Coagulation and flocculation

Coagulation and flocculation is a treatment method
where chemicals (i.e., coagulant) are added to cap-
ture the contaminants, such as organic solids or
suspended solids and color, producing sludge as
an end product (Kurniawan et al. 2020; Zhao et al.
2021). The coagulants can be classified under dif-
ferent categories: synthetic chemicals such as
organic (polyacrylamide) and inorganic (aluminum
sulfate), and natural or bioflocculant like chitosan
(Mohd Nasir et al. 2019). Bioflocculants are pre-
ferred as environmentally friendly alternatives to



985

Rev Environ Sci Biotechnol (2023) 22:969-1008

uoneoyrnd

I9)eM UT pOO3

SI JuQWIEan Y}
y3noy) uoAd
SQUQZ JUB)SISAT
-onolqnue jo
uorneSedoxd ay) jJo
YSLI © ST 2193 Jey))
(€200) Te 199D
paIofdxe 2q
PpInoys jusunear)
9} JO JUSUSSISSE

JIIou0J2-0uyd?) y

UOIBAIISAT I9jem

pue ‘ssof 1ojem

‘UOIB[NIIIOAX

Iayem Jo djel

AU} mouy 0}

(T200) 11T
uoneAn[nod ysy jo

sad£) 1oy30 Sunsay,

Pparpmis oq pnoys

9[eos Ia3Ie[ & uo

uonejuawoerdur

(L107) 'Te 30 Suery
puodysy

ay) 03 yoeq

PAIB[NOIIOAI 2

PINO2 IO UONEeSLIIT

10} pasn 9q p[nod

Iojem pajean YL

I9]eMI)SeM
anj[noenbe
Sunean ur
JUAIOINS 9q P[NOD
J19s1 £q spuepom
pa10nNsu0d Jo

(6107) 'Te 32 opriowr) uonejuawa[dwr ayJ,

suonuawr Apnjs oy,

J[qenyea SI [

Jo Anqiqrseay oy,

su

puodysy

) 01 yoeq pare|

-NOIIOAT 9 [[1M

I9JeM pajeal) Y}
ey} pasodoid sty

N2 G
Ul I91eM pajean
JO UOTB[NOIIOAI Y],

IorempunoId
Joj Surdreyoar
pue ‘voneosrdde
[eLIsnpur ‘aImno
-enbe ‘sosodind
[eUONBAIOAI ‘UoT)
-e311IT 10J pasn
9q 03 pasodoig

%TO'6L
som0IqNUY
‘%EELL AL

‘%S YL NL
‘%8'8S :D0L

%EV—8C
*doD ‘%¥9-9S

IN-_“ON ‘%S9-LS
N—_*ON ‘%6995

N-."HN ‘%TL-T9
:dL ‘%¥T-ST NL
%0T :dL ‘%9vS

INL ‘%618 :SSL

‘%S 19 :N—"HN

‘%0T :d—_¢"0d

‘%616 ® 4D
‘%S 0L :*aod

%¢6 :*dod

‘%88 :d0D ‘%001
:d—_¢"0d ‘%001
N-+"HN ‘%001

:N—_*ON ‘%05 :SS.L

s/ w/jouwn 06
Jo Ayisuap sy
® )M dIep pue

WS Joy gl
Jo douanbas y
‘ww ()¢ Jo IoAe]
pues e urejuod
SIopuIiA)

‘Do 6T :durd,

skep ¢80 :LIH
(W 00¥7) MD JO
*(doy wd (oG 91d
‘wro))0q wo (¢
QU0)$9[qqO2)
SI9AR] 921}
(W 057)
uonese ‘(. 057)
UONEIUdWIPAS

sAep $#1-85°0
‘LYH ‘Puepem
Po1oNISu0d [9ARI3
MO TBOT)IOA
S[eOS-wWNIpoW Y

skep ¢ Jo LIH
‘Kep/ur 70"t JO
eI MOY WD £,
pue ‘G ‘6 ‘0T JO
sypdop yim pues
pue ‘feooreyo
‘ToAeI3 Uy ‘[oArIS
JO s1ake] ‘W 79°()
Jo qdop ‘ ur £6°0
JO ®aIR Q0BJINS
MD Quaweanord
UOIIBIUWIPAS

(3 .65 .T o121

‘N uST ¥ o1€)
puod amjnoenby

'uIy) ‘(saproups

sn.123do421JA7)

sseq yInouwasre|

S9JBADND TR}
wirey gsy sy L

dreo yoerg

pue ‘dred IoA[TS

‘wrealq Jnous yjunjg

‘YsyIed [puuey)
‘wayshks SV

BLIOTIN ‘W]
[oreasay] ysyieD

sy ydororux
[eroynIR pue
(suvppu “A) suvipu
DLI2USIIDA FuIsn

saAydororu [eay

vo1pul

puup) pue ‘VoIUDIL
128 S1] ‘DIvqIVIP
vy [ popnoul
sjue[q ‘pue[omM
payonnsuod + puod
UoneISE 4 ue)

UONBIUSWIIPAS  PUB[IOM PIJONIISUO))

DUD]DSIS 24DASY
pue ‘snuvipd
sn.L0.40Y ‘vIjofiin]

pydK] ‘vo1pul PUUP) PUEB[IOM PAONISUOD)

(apupfo
DUIIUWUIO)) PUR
pUvILLD $15d2]010
-opg) sa)hydox
-ORIAl + puelom
PaloNNsSuod paseq
[eoorey) + uon

-BJUSWIPAS pUB[IoM PR)ONISUO)D)

spuepjom
PAONIISUOD UL
s9)Aydoronu uo
uone3NSaAUT

a[eos Qe

SAOUAIYY

UonNepuawWIoday

Iojem peaI],
Jo uoneorddy

Kouaroyjg
JuUIBAL],

SuoOnIpuO))
wnuwndQ

Q2INO0S IBMIISBA

Urens/[eroe N

POYIoW JUSILAL],

Ioyemalsem armynoenbe Jo sjuouean [eo1S0[01q SNOLIEA Jo ATewruing ¢ d[qe],

pringer

H's



Rev Environ Sci Biotechnol (2023) 22:969-1008

986

Ppassaippe 2q
pmoys Aiqrseay
OIWOU0I3 pue
juawaImbax
A310U0 A,
s[e1owt
KAeaY se yons
SIUQWILQ JIX0}
I0J I91eM pajean)
oy unsa) se
[1om se ‘paro[dxo

SL'L
:oneI (J:N) ‘sAep

§ Pue € LYH §/;W

frowrt 00001-009
:Kysudyur Y3
‘uonIpuod
umamoamﬁo EM 1M

(ss1ydu
snyouky10ouQ)
oI moqurex
SOJRAT[NO PUB

pudvw viuydpq
3ursn ssaoo1d uomn
-BAT)[NO AU} UY],
M dd ssers Sursn
MMV JO T [ Iean
03 (sypramyd sno
-D020IPWADE] pue
‘snyd.iounip snuisa

9q p[noys oe3e sAgd ‘uoneioe SV woiy -pauadg ‘s1p3na
(€200 oy Aq spuowd[d %0L=0S U/10T yim PalOI[I09 ST pjj2401yD) surens jusunesn
‘[€ 19 YIU[ezIon)  d1x0} Jo aeydn oy, su INL ‘%001 :dL Add ssei8 11 MMV UL 9211} JO 9sn Y], Je3[BOIDIA
(ds sropyooaN
pue “ds s12200
-oputavgy “ds
wmprydpiouop)
ssaooid surens 931y} pue
SNONUIUOD-TWS ©3S YY) OJul syue) Aemaoel
1O SNONUNUOD B PAsBI[AI 9q P[NOD skep 01 :LIH Sursn MMV 1 00T
10} pajonpuod I ASIMIAYIO ‘wd (g Jo ydop JO JuSWIeaI) I00P
9q pInoys ‘syue) ysy 9y} 03 ‘MMY JO T 081 Ieje)  -Ino QY[ I010BAI0Iq
[OJBasal IaULIN)  YOeq PJR[NOIIdAI ‘urens oea Jo ‘191eMpUNOI -ojoyd T 1 Sursn
‘Juoy st IYH 9q 0] 9jes sI 107 Jo wnnoour ysppoelq sosn uonIpuod I00pul
Jy} 1o uoneINp 19JeM PIJBaN] AY) %S°€6< ue ‘syue) Aemaorl jey) uLej ysy ue ul surens Jjus jusunear)
(€207) ‘T8 1 waysey] juounean ayJ, eyl pasodoid si iy dL ‘%S 0L< NL (W 1) T00T eide[n (8007 -IOIp JO SUIUAAIOS B3 [ROIOIA
b=
19Jem PJeal], Koudroyyg suonIpuo)) mo
SQOUQIRJY UOTJEPUSWIIOINY Jo uoneorddy juauIIeal], wnwndQ  90IN0S I9JBMIISBA urenS/[BLIDB  POYIOW JUSWIIRAL], g,

(ponunuod) ¢ dqel,

A's



987

Rev Environ Sci Biotechnol (2023) 22:969-1008

skep

eLIOSIN ‘wiIe] YsLy

syued pasn uoneoridde 0€ :LJH ‘porddns Kyis1oAmu() ey (N
o jo uoneordde oyroads ou yum s1 uonjerae ‘syuefd I93IN ‘UYsyIeD pawodf) K1010)
(0202) J[qewns e Jo “asnal J0J 9Jes SI %€ :dL ‘%EL pasn ay) jo ‘Io1eMI)SEM SuruwolA Suisn
e[o[un3Q pue IpLury uoneSnsoAur 9],  Iojem pajean} oyl :SSIL ‘%S8 IN-HN 3007 Y syue], armnoenby UONBIPIWAIOIAYJ souodenby
iU
%6L 10JEMA)SEM -uig vjjozy Sursn
(6107) e 10 yereg - su AL ‘%8 N-*HN - armnoenby UONRIPAWIOIAYJ soruodenby
jusunIeaI)
Quwres oy ur syued
odnnuw Sursn
Aq Kouaroyje (sar01p038 DUSIJ
juduIIRaI) AU} 18w G0 ‘T pue ‘sadissp.io piu
91e3nsaAul O, skep ‘90°T ‘L9°SY ‘€9 -10YyYo17 ‘VISajouL
palordxa $1 *LH ‘W31 are ‘d L ‘N—,*HN IS ‘vo1PNbY
9q pInoys JULDSIONY SN AY) ‘aod ‘SSL ‘oa vaowiod] ‘DIUYISD
QuIn UOT)URJRI %86—19 queldyoeajo3¢ ‘67’8 :HA ‘Do L'LT pja1ua)) syuerd
(0202) S1[NeIpAY 2onpal :dL ‘%86—€L :SSL puE MMV JOTGS :dway ‘Ioremalsem onenbe oAy Suisn
‘[e 30 weziN pYoN 03 Aem e Surdojorsg SU  ‘%86—6'€9 IN-HN  ‘Syue) re[nSueiooy aImnoenby UONBIPIWAIOIAYJ sotuodenby
ssa00i1d jusunean
oyl 1094 [Im
WS JuLIquIE AU
MOy pue ‘I00pIN0
10 Joopur 9q
[ITIRELGEL Y Pasn 219m SI0[0D
‘passaIppe 2q skep § :1H ‘(A/A) pue sonIsuAuI JYSI|
[[1A Juauniear) %T-ST 0D BUIYD ‘UBYNA\  JUSIQYIP ‘UTeNS Dup
9[eos-a31e| Do LE—€T dway, ‘A30[01QOIPAYH  -1U1Y0.0S D]]240]Y)
Y} Moy mouy %ST€6 ‘s wyrowr 00| Jo Qymmsuy pue Jygd uwnjodo
0} 3urnsaIoul :N—"HN ‘%Z¥'98 :Kysuyur Y3 ‘armynoenbe 3ursn pajean st juswiean
(€200) 'Te 9 °H 9q pnom i s INL ‘%LTT8 :D0L “qdd uwn[opn Ayisuop-ysry MMV JO TW 009 9e3[ROIOIA
19Jem PJeal], Koudroyyg suonIpuo))
SQOUQIRJY UOTJEPUSWIIOINY Jo uoneorddy juauIIeal], wnwndQ  90IN0S I9JBMIISBA urenS/[BLIDB  POYIOW JUSWIIRAL],

(panunuod) ¢ dqel,

pringer

A's



Rev Environ Sci Biotechnol (2023) 22:969-1008

988

uoniqryur Kue jo

%6'LL=€° ST -SL
‘%9°L8~T 6€ ‘SA

sKep 0¢ ' LIH
Do §¢ ‘wdr gy

J0)OBAI WAISAS
yoreq Jurouanbas
Ie[noIId 7T O] B Ul
PaIONPUOd sem qV

107eM dE) pUe ‘uelq

Qo1 ‘sjonpoidAq
K19ysy mer 3uisn

(1207) 10yD  110dar ou ST 219y ], SU ‘%8'¢8—'0¢ :dOD  ‘191em %([ Suippy S'U UONSITIP J1qOISRUY  UOISIFIP JIqOIdRUY
skep
6¢-LdH Do S€
:dway, ‘poreas
pue uoSonru ym
padind ‘sornoq (ssryfw
palojdxs wnIos sse[s snyouky40ou())
9q p[noys ssadoid Tw Qo€ ‘1:C JO noxn pue ‘(4vps urrey AIrep e uo
JUQUIIEaI) STy} orjel 9Jensqns 0y owpg) uowrfes uonsa3Ip 21qoIde
SuiAjdde jo wnnoout «(%6'¢ MMV T[98 Jo juanyge o
JUQWISSISSE %69—LS pue ‘g’z ‘¢’1)  Surudpony-Ayaeid woIJ ST WN[Noour
(€200 OTWIOU099 :dOD ‘%0¢—LT SUOIRIUIIUOD © WOIJ PIOJ[0d Y ‘sapoq Sursn
‘Te 30 Amypnoy) -ouyo9) AYJ, s'u 'SA ‘%0S—T¥ :SL SL 921yl sem a3pn[s ysy Y]  UONSITIP JIQOIBUY  UONSITIP JIqOIRUY
paresSnsaAur JIep oy} juerd
9q p[noys ur 3unerado ‘skep BUIYD ‘000Rq 93emas poysadip ©
BIUOWWE pUE 07 :L¥H “TWw 00§  WNI0JS SBAN[ND woly SI wn[noour
sjfes Aq uonsaSip {wnnoout “Ygsvy Jey) WaIsks SV oyl ‘(JdSv)
J1qOIoBUR JO %16 :SSA ‘%96 1§ 1103031 € WOIJ PIOJ[[0d Jojoeal yojeq Sur
(£107) Te 10 on'] uonIqIyuI Ay, s'u 'SSL ‘%L6 :dOD Do G¢ :dwo], sem o3pn[s ysy oyl  -ouonbas dIqoloeUy  UONSATIP JIqOISRUY
/3w 9 9A0qe
1dy a9 OQ ;W
palordxe 12d uerd g¢ jo
9q p[noys ssadoid 10JEMI)SEM Kysuap doxd ‘wd (vipanp snannds)
ay) Jo AyiqIsesy sosodand ) WoI sjudLNu Gz Jo yadop 1orep wealq eas
JIWOU0I9 Y], uonesLLI 10J A} qIosqe pue 'SKep ¢ pue 87 PeAYI[ID) SAIBANND
pauodoroq pnoys  pasn oq Ued I9JeM /013 0} 9[qe sem :sporrad y3moIn) Jey) SV Woij
(€200 jusuIeaI) AY) ) Jeyy pauon  jueld 9y} ‘IOAOMOH ‘syue) onserd pojeIouad 9snoyuaaIs sse[3
‘Te 39 1[ouroong Jo Aouaroyya Ay, -uow Apms oy J, ‘poyads JION T 0S D, 67 :dway, I19emoIsep  urjead eos Suimoln
19Jem PJeal], Koudroyyg SuoOnIpUO))
SOOUIROY UONRPUSWWOINY Jo uoneorddy JuQUIIBAI], wnwndQ  92IN0S I0JEMIISBA ureng/[eliofe]l  POYIOW JUSUIEI],

pringer

A's

(ponunuod) ¢ dqel,



989

Rev Environ Sci Biotechnol (2023) 22:969-1008

(€200

‘[€ 19 IUSeLINS pue

syue) ysy o}
JoBq PoYeINOIIdAI

JU8LT IO
BIIE Q0BJINS B IM

(9661) uosme| 9q p[nod Jajem %L°0€ :NV.L urw Joyemalsem I9)[y peaq Suneoy J1010BIU0D
pue If orjoIny parean ayJ, su 901G IMIN /T8 °9%] QeI mo[{ dmmynoenbe erdeyiy, ' im pauiquo)  [edrSojoiq Sunejoy
puoq ysy oy 0y €10} ;W 099¢ T
JoBq PoYeINOIIAI /W L0f pue [ 10 ;W (88
9q pInood Ioyem :peoj o1neIpAy ‘1 19)EMA)SEM Jo eoIe 9oryINg 1010BIU0D
(9007) 1ze1g pajean Ay, su %0p~:NVL wdy ‘Y4 /970:LJdH 2mmnoenbe eidefy, ‘sjuounyredwod ¢ [eo130[01q SUNRIOY
paje3nsaAur oq
pnoys sayoeordde (U 8% ¥ “T1) dwn
uonesnIw pue UOTIU)aI OI[NBIPAY
3ur33oro 193y pue ‘(wo 77 ‘81
Jo Kipiqissod ay L, ‘v1) WSRY 1yoIq
patordxa 4 09-8% Jo IH ‘(assedeq oueoregns
9q p[noys 19y pue ‘wo 7z—-81 pue ‘sqoo azrewr
) ur pAJeIAUAT sjuaLNuU Jo Y31y 1Y ‘sdrigopoom) erpawr
(0207)  1ewW [eIqOIOTW S} mejo %46 Jo  ‘sdiyo poom jo asn Ioyemalsem Sunyoed juazoyip
‘e Y1 3N JO UONRZLIO[RA A} su KoUQIoLy9 Juswieal], AL ‘D, gridway, amjnoenbe mey 3Juisn sI1A[Y SUIOLIY, SIO)Y SUIPOLL],
(Kep/,wy NV.L3 pasn a1am spoyjow
11 1°0-S0°0) I0JeMO)SEM SuIpa9y pue sjaIp
poyjow Surpaoy amynoenbe Jo  ysy JuIOI(T “ue)
oy uo Surpuado 90INOS PUE YSY  Yoed 0} pappe Iy
(Kep pareAn[nd Ay} -01q Se s[[eqoioeg
parofdxe oq uon /W NVLS 1T°0 BeoL Se ure) Yoed 1M PI[[Y 2qnd
pInoo ysy jo sadA)  -e[noIIdar snonun —G0°0) SI91p U0 Jo 1yStom Sae) 0) poppe sem  onse[d ‘1ojemeas Jo
(2200 I9U30 Suneanno -Uuod Ul ST IoJem Surpuadap :sejex yue) yoea ur ysy (eyeane snaedg) T 0ST UM pafy
‘e 10 sow[Q-Aopon) Jo 1099 oy, oy ‘ApnIS SIYI U] [BAOWURT BIUOWIUIY 0€ ‘Do 77 :dwo],  weolq oS peayiI)  SYue) sse[SIoqy XIS SI)Y SuIppLIL
BIOUQ[BA
(Kep/.w/ NVILS “eIpow 19)[y onsed
6—¢) uesonu (8 ¢'1) epLio[yo M pa[[y pue [eds
BIUOWIWE [€}0) pUe wnuowwe Jo -LIPUTAD ST JO)[Y
(%L'T9-¥E) NVL Y/ /W 1) ULIOY 3y} Ut pappe SuIppL oy,
pue ‘(9°¢6—1LT7) Surpeo] o1neIpAy SeM BIUOWIWIER ‘dwnd e e1A A[snon
Surpeo] o1neIpAH ‘(Do LT-91)Im) )Jes €S SUISN  -UNUOD PAJR[NIITOAI
“(%1S¥'LE) -e1odwo) Jurkrea )dd /¢ Jo Ayurpes  s1a9teMm U, "SINY
pasn arjerodwdy U/ew 80° | ) ‘ISyeMI)ISeM Sun[oLn JUSIYIP
(6102) SeM IoJeMma)sem Surkrea £q JO 9)eIMOY amjnoenbe XIS ()IM Sue)
‘[e 39 sow[Q-Aopon) aimynoenbe [ea1 ON su NV.L Jo [eaoway ‘197BM JO T 0CE onayuAs uy 7 QgE XIS 9eds 10[1d SI)[Y SuIpoLL],
19Jem PJeal], Kouaroyg SuoOnIpUO))
SOOUIROY UONRPUSWWOINY Jo uoneorddy JuQUIIBAI], wnwndQ  92IN0S I0JEMIISBA ureng/[eliofe]l  POYIOW JUSUIEI],

(panunuod) ¢ dqel,

pringer

A's



Rev Environ Sci Biotechnol (2023) 22:969-1008

990

paygroads jou “s'u

palordxa

9q prnoys ssadoxd
9y} jo Juowaainbar
A319u9 pue

dn-are0s oy,

$sa001d juouniean

Do §T :dwd,
*90uanbas yIep pue

WS joy gl ‘Keme

9y} Iepury p[noos wo 0T ‘14 0 BUIyD
‘uopyuerdooz pappe s/ wy[own ‘rey3url) ur puod
11 sa10ads pue 6'79 Jo ooueurwn]  eide[n [eIoIOWWOD
SJUBUILIBIUOD s (MST) A1 ® JO Wonoq
Ioyio Surpnpout SANIppe %L 9LNIL Slrep syl ur 0y o) Woly uaye)
‘uonnaduwod P99J & SB pasn oq ‘%6'78:dL YgJo IYH  odwes 10jemojsem
I IaIoyYM 03 pasodoud st ‘%8'96:d0D ‘onje1 o5ueyOXd PoIeUIOUOD B UO
pue Iojemalsem  ssewolq paonpoid ‘SOGV Ul ownjoA %0S "1¢ Paseq 1ojemolsem SwoIsAs
ammnoenbe mex oY) ‘JOAOMOH % €LNLL Jo winjoA "ySioy anayuAks Ay, (SOV) (SOgVv) 23pnys
Sursn pajonpuod ‘payroads jou sI ‘9% 1°GL:dL pue I9jouweIp RENTEIN I 0¥ pue (SOGV) Ie[nueld [er9)oRq
oq Apmis oy} 18y} Ioyesm pajear) oyl ‘%.1'96:d0D Iouur Jo wo ()] | ammynoenbe 1y s10joeaI —[e3e pue (SOV)
(Q€707) ‘Te 1@ Sueyz  popusWIWOdAISI)] o uonedrdde oy, ‘SOV U]  pue 9 [IIM SI0)oRIY onoyIuAks yojeq Surouanbos 93pnys renueid
19Jem PJeal], Koudroyyg SuoOnIpUO))
SOOUQIOJOY — UOIBPUSWIWOINY Jo uoneorddy JuQUIIBAI], wnwndQ  92IN0S I0JEMIISBA ureng/[eliofe]l  POYIOW JUSUIEI],

(ponunuod) ¢ dqel,

pringer

A's



Rev Environ Sci Biotechnol (2023) 22:969-1008

991

Table 6 SWOT analysis of various physical wastewater treatments

Physical treatments

Filtration

Strength

High-efficiency treatment
Low retention time

Opportunities

to be coupled with other treatments for cleaner treated water
The easy separation of grown biomass from wastewater

The production of high-quality treated water

UV disinfection

Strength

Producing high-quality treated water

The prevention of byproduct formation

Small size equipment, the requirement of small space

Lack of producing additional waste

Opportunities

The opportunity of coupling additional treatment methods for
higher quality production of treated water

The higher quality treated can increase its application range

Membrane technology (MBR)

Strength

Ability to remove a wide range of contaminants
Byproducts are not produced

The ability to control removing specific contaminants

Opportunities

The opportunity to synthesize a specific type of membrane with
selective permeation

The opportunity to commercialize the treatment process as there
is an increasing trend of membrane usage in water treatment
plants

TER: 5 MJ/m’ (Kashem et al. 2023)

Weaknesses

Fouling of the filters

High energy treatment process

Does not remove dissolved contaminants

Threats

Increasing the capital cost of aquaculture industries

The production of additional waste due to the accumulation of
used filters

TER: 3.6-360 MJ/m’> (Miklos et al. 2018)

Weaknesses

UV transmittance can be easily obstructed

There are some safety concerns

Might be high in terms of energy

Might be high in terms of cost

Threats

The worrying thought of using irradiation

The existence of other treatment methods that do not pose safety
problems

TER: 0.12-28.2 W/m® (Yuan and He 2015)

Weaknesses

Fouling of the membrane requires constant backflushing
Energy-intensive treatment method

The membranes may be damaged

Threats

Regulatory issues on the disposal of brine

The competition with other cheaper treatment methods

TER typical energy requirement

chemical coagulants (Ahmad et al. 2022a). Some
coagulants could be produced from bacteria such
as Serratia marcescens, but research on this type of
flocculant is still limited (Kurniawan et al. 2023b).
The factors that affect the coagulation/floccula-
tion process are pH, the dosage of coagulants/floc-
culants used, the intensity and duration of mix-
ing, temperature, and settling duration (Ang et al.
2020). A study was conducted to treat aquaculture
wastewater using bioflocculant, where the treat-
ment managed to decrease the turbidity by 84% and
remove suspended solids by 79% (Kurniawan et al.
2022). Another study was conducted using a natural

flocculant (chitosan) and was able to remove the
turbidity by 87.7% (Iber et al. 2023), which falls in
the same range as the bioflocculant used in the pre-
vious study. However, when using organic poly alu-
minum chloride, a chemical coagulant, the removal
efficiency of turbidity, TSS, and phosphorus was
over 97% (Heiderscheidt et al. 2020). The removal
efficiency can be increased when utilizing a suitable
coagulant in each specific circumstance. For exam-
ple, plant-based coagulants can remove up to 99%
of turbidity and TSS from aquaculture wastewater
(Alnawajha et al. 2022). Also, suspended solids can
be removed from other wastewater water sources,

@ Springer
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Table 7 SWOT analysis of various chemical wastewater treatments

Chemical treatments

Coagulation and flocculation

Strength

Simple in terms of operation

High efficiency in removing suspended solids and color
Low requirement of energy and cost

A good harvesting method

Opportunities

To be incorporated with biological treatment as an efficient
harvesting method that requires low energy

The utilization of waste materials as coagulants

A pretreatment step that removes solids and suspended materials
Advanced oxidation

Strength

The ability to degrade a wide range of contaminants with high
efficiency

Fast reaction rate, lower retention time

The requirement of a small footprint

Opportunities
The opportunity to degrade emerging contaminants and
microplastics

Can be coupled with other treatment methods for higher
treatment quality

Adsorption

Strength

High treatment efficiency

No issues with treating ammonia
Cheap and easy to operate

Low energy requirement

Opportunities

The opportunity to reduce the cost of the wastewater treatment
process

The opportunity to create a marketable adsorbent product

Electrodes

Strength

High efficiency in terms of treatment

Simple setup that can be controlled

The production of nitrogen

Opportunities

The cooperation of aquaculture with other facilities that require
nitrogen sources

Taking advantage of the salinity of the AWW

TER: 23.44-36.828 MJ/m’ (Rizvi et al. 2022)

Weaknesses

Cannot remove or degrade dissolved contaminants like nitrogen
and phosphorus

Mostly, the coagulants cannot be reclaimed after usage

Will be incorporated with the produced sludge

Threats

The toxicity of some coagulants

The residual coagulants can have negative impacts

The production of waste sludge, adds to the operational cost
TER: 12.96-540 MJ/m’ (Lin et al. 2021)

Weaknesses

The possibility of producing harmful byproducts

The use of chemical oxidants could be expensive and pose safety
risks

The need for constant monitoring
Threats
Challenges of using chemicals or the production of toxic materials

May not be economically justified as an AWW treatment method

The competition with other treatment methods that are cheaper
and more efficient

TER: N/A
Weaknesses
Adsorption alone is not enough for the treatment of wastewater

Some adsorbents may require preparation or enhancement before
usage
Threats

The reuse of adsorbent depends on the characteristics of the
wastewater

The wastewater characteristics may not be suitable for adsorption,
requiring chemicals to adjust the wastewater

TER: 29.99 MJ/m’ (Gerek et al. 2019)
Weaknesses

Difficult to implement on a large scale

The corrosion of the equipment

The production of ammonia

Threats

The cost of the treatment may not be justified

The possibility of incorporating rust in the treated water, which is
unacceptable

The exitance of a danger factor, as the treatment is highly
dependent on electricity

TER typical energy requirement, N/A not available

@ Springer
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Table 8 SWOT analysis of various biological wastewater treatments

Biological treatments

Constructed wetland

Strength

Low energy consumption

Moderate operation and maintenance costs

Sustainable, environmentally friendly, high-efficiency treatment

The provision of aesthetic values, and regeneration of natural
habitat

Opportunities

The opportunity to construct on-site, near the aquaculture
facility

The opportunity to grow specifically desired plants or to provide
a natural habitat to a certain organism

Microalgae technology

Strength

The requirement of sunlight for algal growth, which is available
for free, especially in the Gulf region

The salinity of the wastewater is not an obstacle, as algae can
grow in fresh, brackish, and saline water

The ability to absorb carbon from the atmosphere, causing a
negative carbon footprint

The assimilation of valuable nutrients that are supposed to be
wasted

Opportunities
The possibility of valorizing the produced biomass to different
types of products

Since the algae are capable of capturing carbon dioxide, it is
possible to utilize carbon emissions such as flue gas in the
treatment instead of being released to the environment

The opportunity to standardize the treatment method and
commercialize the produced biomass

Aquaponics

Strength

The production of high-value products

Source of revenue as most of the products have market demand

High in terms of production and quality, less utilization of water

Can be incorporated with fish cultivation

Opportunities

The availability of advanced technologies such as greenhouses
and automated devices

The opportunity to keep the nutrients in balance while
cultivating the fish

To create a process that provides a path to a circular economy
Anaerobic digestion

Strength

Simple technology and easy to implement

Requires a small area

The Production of methane gas

TER: 0.36 MJ/m’ (Brix 1999)

Weaknesses

The requirement of a large area

May be affected by climate conditions

longer treatment durations

Treatment depth is limited to the depth of the roots

Threats
The propagation of undesired organisms such as mosquitoes

The overaccumulation of waste and the generation of unpleasant
odors

TER: 0.64-5.68 MJ/m* (Kashem et al. 2023)
Weaknesses

Can be contaminated by other organisms
Affected by environmental conditions

High retention time

Depending on the algae strain, it could be difficult to implement
on a large scale

The energy requirement for algae harvesting is very high and may
not be economically justified

Threats

The general unacceptance of society or being untrusted as a
capable treatment method

The growth and accumulation of undesired organisms during the
treatment, like zooplankton and harmful bacteria

TER: N/A

Weaknesses

Can be affected by the environment such as the temperature
The possibility of being contaminated by pests

High in terms of cost

Requirement of highly skilled personnel

Threats

The instability of the market demand and the emergence of
cheaper alternatives

The rejection of society to consume produce that was grown using
contaminated water

TER: 2.16 MJ/m’ (Chen et al. 2020a)
Weaknesses

The produced methane is mixed with carbon dioxide

Can be inhibited by the existence of ammonia
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Table 8 (continued)

Biological treatments

Low operation and maintenance costs

0 .

Self-sustenance via bioenergy

Residual solids can be used for soil enhancement
Trickling filters

Strength

Can be operated in different ranges of organic and hydraulic
loading

The requirement of a relatively small area with high-efficiency
treatment

Opportunities

The opportunity to utilize waste aggregates

The opportunity to use the treated water for other purposes like
irrigation

Rotating biological contactor

Strength

Requires a relatively small land for operation

Relatively easy to construct and expand

Simple treatment process that can be easily controlled
Short hydraulic retention time, the production of high amount of
biomass

Opportunities
The opportunity to treat higher volumes in lower retention time

The opportunity to utilize waste materials such as plastic waste
as a biofilm surface

Requires high organic material, a lacking feature in aquaculture
Threats

Foaming occurrence

Over-acidification during the treatment

TER: 0.99 MJ/m’ (Arous et al. 2022)

Weaknesses

The requirement of continuous electrical energy and water flow

High in terms of cost

The requirement of skilled personnel for maintenance proposes

Threats

The unacceptance by society as it is an open treatment method.
The production of odor, attraction, and propagation of undesired
insects is highly possible

TER: 0.65 MJ/m® (Wagas et al. 2021b)

Weaknesses

Difficult to expand to a large scale

Operational failures are common such as structural failure or
corrosion

The wastewater requires sufficient primary treatment, tertiary
treatment is also required

Threats

The energy requirement may not be justified, as many mechanical
parts and electricity are involved

The wastewater’s salinity may hinder the quality of the mechanical
parts

TER typical energy requirement, N/A not available

such as palm oil mill effluent, by almost 100% when
using Moringa as a coagulant (Jethani and Hebbar
2021). Apart from some microalgal strains, sev-
eral bacteria (e.g., Serratia marcescens) (Kurni-
awan et al. 2022) and fungi (e.g., Aspergillus niger)
(Mohd Nasir et al. 2019) are capable of producing
bioflocculants to treat AWW. Bioflocculation could
also be used as a low-cost and low-energy harvest-
ing technique after the biological/microalgal AWW
treatment, with harvesting efficiencies of up to
100% (Alam et al. 2016). Furthermore, biofloccu-
lants could offer other post-treatment advantages,
such as reduced sludge generation and reusing of
the generated sludge (Kurniawan et al. 2020).
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4.2.2 Advanced oxidation method

The advanced oxidation process (AOP) utilizes
highly reactive oxidants such as hydroxyl radicals
to degrade the organic contaminants in aquaculture
wastewater (Kasprzyk-Hordern et al. 2003).
However, other reactive oxidants can be involved
in AOP, like hydroperoxyl, chlorine, ozonide anion,
oxide anion, and sulfate (Ribeiro et al. 2019). There
are several methods of attaining the radicals, like
the use of UV irradiation and Fenton oxidation,
some of which can be combined in the treatment
process. AOP can be used as a pretreatment
step for the bioremediation of wastewater; the
pretreatment assists in reducing the toxicity of the
wastewater while enhancing the biodegradability
of the organics (Barbosa et al. 2016). The use of
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AOP as a treatment method attracted the interest
of the research community; however, there are
limited applications of AOP in full-scale treatments
of AWW (Liu et al. 2020; Mousel et al. 2021).
Nonetheless, the application of AOP in aquaculture
wastewater treatment was explored. The removal
of some of the contaminants like ammonia,
phosphorus, and total organic carbon reached as
high as 100%, >99%, and 97.3%, respectively
(Virkutyte and Jegatheesan 2009; Gomes et al.
2020; Tan et al. 2021). In another study, the
wastewater collected from a seafood breeding
factory was treated using AOP, the removal
efficiency of ammonia and nitrite was over 96%,
while the removal of total phosphorus and COD
was 72% and 48% (Lang et al. 2020). In addition,
the use of hormones is common in the aquaculture
industry, and residual hormones can remain in
the released effluent (Cohen et al. 2017). A study
confirmed that up to 64.5% of the estrogen can be
degraded using AOP (Bennett et al. 2018). Another
recent study explored the degradation of antibiotics
using a solar-driven Fe(VI)/oxone process, where
the degradation of norfloxacin, which is the highest
in terms of concentration in the AWW, could reach
up 100% within a short period (Gong et al. 2023).

4.2.3 Adsorption

Adsorption is potentially effective in treating
aquaculture  wastewater. It involves capturing
unwanted substances in the wastewater (known
as adsorbate) by using an adsorbent material and
effectively separating the contaminants from the
wastewater. The adsorbent material typically
has a porous surface that allows the adsorbate
to accumulate on it. The interaction between the
adsorbate and the adsorbent is usually determined
by factors like Van der Waals forces, electrostatic
attraction, or covalent bonding. Among its benefits,
adsorption is relatively inexpensive, easy to manage,
and capable of resisting harmful chemicals (Cao
et al. 2016). The use of adsorption as a treatment
method for aquaculture wastewater was explored; the
removal efficiency of ammonium using smectite clays
was 93% (Zadinelo et al. 2015). More recent studies
reported a 100% removal efficiency of ammonia
using chitosan and an 85.3-99.6% removal efficiency
of phosphate using aluminum pillared bentonite

(Bernardi et al. 2018; Kumararaja et al. 2019). The
low-cost adsorbent can be found in abundance in
nature, as most of the adsorbent materials are derived
from agricultural waste and can remove toxic heavy
metals. Pine leaves, for instance, can remove 99%
of chromium, and coconut hast can adsorb Copper,
Lead, and iron by 92%, 94%, and 94%, respectively
(Lim and Aris 2014).

One of the common approaches for adsorption
treatment is the use of activated carbon, which
is made from carbonaceous material by adding
specific chemicals under extreme heat. Some of the
characteristics of activated carbon are that it has a
large porous surface area with high thermal stability
and low reactivity to pH fluctuation (Monsalvo et al.
2011). Due to the advantages of activated carbon,
such as endurance against toxic substances, simplicity
in terms of design, and highly porous and recyclable,
it is one of the suitable adsorbents for wastewater
treatment. However, commercial activated carbon is
considered an expensive material; recycling it will
further increase the cost. Otherwise, it needs to be
dumped as waste material in landfills (Mook et al.
2012). Nevertheless, the use of activated carbon in
aquaculture was explored, where a study managed
to remove 88-100% of four types of therapeutics
(Ahmad et al. 2022b). Other studies combined
activated carbon with biological treatment to enhance
the treatment process. For instance, a study combined
activated carbon with bacteria (Bacillus cereus) and
removed phosphate, magnesium, and ammonium
by 90.1%, 95.6, and 95.7%, respectively (Han et al.
2021). Another study that combined activated carbon
with bacteria (Olivibacter jilunii) was able to remove
96.1% of TP, 98% of COD, 100% of ammonia, and
97.4% of TN from eel aquaculture wastewater (Huang
et al. 2023).

4.2.4 Electrochemical treatment: the use
of electrodes

The wastewater treatment methods are in continuous
development, creating new technologies with
advanced features compared to traditional treatments.
Electrochemical treatment is an advanced method
that takes advantage of electricity to convert
nitrogenous compounds into nitrogen gas (Dash
and Chaudhari 2005). The setup is simply an anodic
and cathodic metal surface that is submerged in the
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wastewater; then, the nitrogenous compounds are
converted to nitrogen gas via electrolysis. Some
of the advantages of the electrochemical treatment
could be high removal efficiency, minimal sludge
production, and the small size of the operating
equipment (Li et al. 2009a). The treatment is
affected by several factors, such as pH, the electrode
material, the electric current, and the concentration
of nutrients in the wastewater (Mook et al. 2012).
One of the drawbacks of electrochemical treatment
is the production of ammonia instead of nitrogen
during the treatment process. To prevent ammonia
formation, sodium chloride could be added to the
AWW; the electrochemical process would then
produce hypochlorite ions, which in turn would react
with ammonia to produce nitrogen (Li et al. 2009b).
The electrochemical process could simultaneously
remove other organics from the AWW; the total
organic carbon and nitrite removal efficiency from an
AWW were 97.3% and 94.8%, respectively (Virkutyte
and Jegatheesan 2009). A recent study explored
the treatment of synthetic AWW and raw AWW
having total ammonia nitrogen as 20 and 15 mg/L,
respectively. The electrochemical treatment using
an iron single-atom electrode achieved a treatment
efficiency of >99% and 96.7% for synthetic and raw
aquaculture wastewater, respectively (Quan et al.
2023). Other studies followed a similar trend of high
treatment efficiency, as the total nitrogen and nitrite
removal exceeded 94% (Ruan et al. 2016; Kang et al.
2023).

4.3 Biological treatments
4.3.1 Constructed wetlands

Constructed wetlands are artificial lands engineered
to allow various forms of wastewater to flow through
them while consuming nutrients and capturing
suspended solids and organic materials. The wetlands
are usually constructed as mitigation steps in areas
with a history of urban or industrial development, such
as the deconstruction of buildings or the abandonment
of mining sites. However, the wetlands can be
intentionally constructed for wastewater remediation
when it is suitable for specific circumstances, like
the availability of land and the need for low-energy
treatment (Kadlec et al. 2000). The wastewater flow
in constructed wetlands can either be on the surface
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or the subsurface and depending on the availability
of land, the water movement can be vertical or
horizontal in the subsurface condition. The main
factors affecting the treatment are the vegetation,
the soil bed, and the existing microorganisms (Lin
et al. 2003). The constructed wetlands combine
three treatment mechanisms: physical, chemical, and
biological. Generally, the abiotic treatment processes,
such as sedimentation and filtration, require short
periods, while biotic processes like nitrification and
phosphorus removal take longer periods. Nutrients
such as nitrogen and phosphorus are assimilated by
the vegetation growing on the wetland along with
existing microorganisms, making the growing plant
a major factor in the treatment process. A previous
study on aquaculture wastewater treatment using
constructed wetland systems reported nitrogen
and phosphorus removals for up to 98% and 71%,
respectively, showing the potentiality of constructed
wetlands (Lin et al. 2002). Additionally, six
subsurface wetlands were used to treat aquaculture
wastewater. The wetlands volume and application
area were 5 m°> and 20x 1 m?, while the hydraulic
retention time and hydraulic loading rate were
4 days and 0.03 m/day, respectively. The treatment
efficiencies for nitrite, COD, BODs, and TSS were
in the range of 44.1-69.7%, 52.8-91.1%, 68.3-99%,
and 96.7-100%, respectively (Naylor et al. 2003).
Another study conducted to degrade antibiotics from
aquaculture wastewater determined that anaerobic
bacteria in the constructed wetland have a major
role in the degradation process, where specific
antibiotics like trimethoprim, sulfamethoxazole,
sulfamonomethoxine, sulfamethazine, and
sulfadiazine could be degraded by 89, 61, 20, 20,
and 12%, respectively (Deng et al. 2023). Some
advantages of constructed wetlands could be the
lower construction cost and operation/maintenance
requirement compared to other treatment methods
(Kadlec et al. 2000).

4.3.2 The use of microalgae

The use of microalgae to treat AWW could offer an
efficient, sustainable, and environmentally friendly
alternative to other treatment methods. Microalgae
bioremediation effectively removes the nutrients,
and the resulting biomass can be valorized into
useful products such as fish feed or bioenergy.
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Nevertheless, two major factors should be considered
during the treatment: the quality or characteristics of
the wastewater and the microalgae strain to be used
(Tejido-Nuiiez et al. 2019). For instance, when Tilapia
wastewater was treated using raceway tanks and
with three different types of microalgae in outdoor
conditions, total nitrogen, and total phosphorus
treatment efficiency was more than 70.5 and 93.5%,
respectively (Kashem et al. 2023). The existence of
ammonia is considered toxic, especially for fish;
however, it may not obstruct the microalgal treatment
process, as studies have proved that microalgae can
tolerate and assimilate ammonia nitrogen. Neochloris
sp., Heamatococcus sp., and Monoraphidium sp. were
able to treat AWW with high ammonia nitrogen with
a treatment efficiency of ~100, 99.3, and 99.75%,
respectively (Jiang et al. 2016; Ledda et al. 2016;
Valev et al. 2020). Several studies explored the use of
photobioreactors to treat AWW. The photobioreactors
offer more control in the system with a treatment
efficiency of TN and ammonia to be 50-70% and
93%, while the removal of TOC and TP was 82.27%
and 100%, respectively (Gorzelnik et al. 2023; He
et al. 2023). The existence of carbon dioxide (CO,)
is essential for the growth of microalgae. For that
reason, in some cases, symbiotic bioremediation by
associating bacteria with microalgae is approached.
In a symbiotic relationship, bacteria supply CO,
to microalgae, whereas microalgae supply oxygen
to bacteria. This exchange of benefits between
the two microorganisms provides more efficient
bioremediation, as almost 100% of phosphorous
can be removed and develops a more economical
wastewater treatment system (Lananan et al. 2014).
According to a study, a Life Cycle Assessment was
conducted on Pikeperch AWW treatment using
microalgal bacterial flocs. The study concluded that
the symbiotic bioremediation resulted in improved
resource recovery, less effect on the environment
by reducing the carbon footprint, and fewer chances
of eutrophication occurrences. Furthermore, the
generated microalgae-bacteria biomass was explored
for two applications: feed for shrimp and bioenergy
(biogas). It was concluded that the fish feed was more
sustainable, and more studies should be focused on
improving the mixing in the treatment system (Sfez
et al. 2015). Another study explored the feasibility
of the direct application of aquaculture wastewater in
rice cultivation by combining microalgae (Chlorella)

and biochar; the study revealed that the combination
managed to treat the wastewater and enhance the
physicochemical and biological attributes of the soil,
leading to enhanced rice yield (Zhang et al. 2023d).

4.3.3 Aquaponics

The idea of combining agriculture with aquaculture
was explored for many decades. The mutual benefit
between the two organisms—including some
intermediate organisms such as bacteria- helps in
developing an efficient and eco-friendly method
for treating AWW. The effluent from the fish tank
is transferred to the soilless plantation tanks; then,
the existing nutrients are assimilated via plant
roots. Studies showed that the number of seeds
used in each planting unit does not affect the rate
of treatment. Instead, the root structure helps in the
growth of the necessary bacteria, assimilating the
nutrients and achieving more efficient remediation
(Enduta et al. 2011). The wastewater effluent can
be from freshwater species like tilapia, where fruity
vegetables such as cucumbers can be grown. Also,
the effluent can be from seawater species such
as groupers, and the effluent can be used to grow
seaweed. A study was conducted using Azolla
Pinnata to treat AWW, and the treatment efficiency
of ammonia and TP was 78% and 79% (Farah et al.
2019). However, the aquaponics treatment can
be further optimized as a study used five aquatic
plants to treat AWW, in 5 L tanks with the addition
of 5 g of each plant, at 27.7 °C and a pH of 8.29,
while the hydraulic retention time was 14 days. The
study concluded that the treatment could reach up
to 98% removal of ammonia, TSS, and TP (Mohd
Nizam et al. 2020). Another study used 100 g of
Morning Glory (Ipomea asarifolia) with a higher
hydraulic retention time of 30 days; the removal of
ammonia, TSS, and TP were 85%, 73%, and 53%,
respectively (Kiridi and Ogunlela 2020). These
results indicate that increasing the retention time
and plant use amount does not necessarily enhance
the treatment process. While studying different
aquaponics systems, the results showed that the
husbandry of fish and plants growing together could
be more profitable than rearing fish alone (Estim
et al. 2019). Furthermore, by taking advantage of
additives, for example, biochar, the efficiency of the
water remediation can be increased, and the treated
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water can be recirculated back to the fish pond.
Also, the addition of biochar enhances the growth
rate of the plant along with the cultivated fish (Su
et al. 2020).

4.3.4 Anaerobic digestion

Anaerobic digestion is the natural degradation of
organic matter to biogas (mainly methane) via a
group of anaerobic microorganisms in the absence of
oxygen, where organic matter undergoes four main
stages of degradation (Mirzoyan et al. 2010). The use
of anaerobic digestion for the treatment of aquacul-
ture sludge was explored in different studies (Mir-
zoyan et al. 2008; Zhang et al. 2013, 2014), produc-
ing bioenergy in the form of methane and lowering
the sludge volume. In a study treated using In a 4 L
lab-scale anaerobic sequencing batch reactor, fish
sludge was treated at 35 °C with a hydraulic reten-
tion time of 20 days, COD, TSS, and VSS removal
efficiencies were 97, 96, and 91%, respectively, with
an average daily gas production of 0.013-0.022 g/L
TCOD (Luo et al. 2013). Another study explored the
utilization of rice bran and tap water to degrade raw
fishery byproducts using anaerobic digestion. The
treatment was conducted at 35 °C, HRT of 30 days,
and a mixing rate of 150 rpm, resulting in COD and
total solids removal in the range of 30.4-83.8% and
25.3-77.9%, respectively. The methane produc-
tion was in the range of 0.38-0.57 m*/kg VS (Choi
2021). In comparison with domestic and industrial
sludge, methane production using AWW is low due
to the lower amount of solid waste, especially if
the waste is derived from traditional fish cultiva-
tion methods (Choudhury et al. 2022). Furthermore,
anaerobic digestion may be inhibited by the existence
of ammonia (Yenigiin and Demirel 2013) and long-
chain fatty acids (Zonta et al. 2013) derived from fish
feed, which is available and sometimes in abundance
in AWW (Ebeling et al. 2006). Methane production
from the AWW primarily depends on its organic con-
tent and type. Depending on the wastewater source,
the typical range of methane production could be
50.8-1500 mL/g VS (Li et al. 2019b). A study vali-
dated that increasing the sludge organic content from
1.5 to 3.5% will increase the methane production in
anaerobic digestion, the highest methane production
was 519 mL/g Vs (Choudhury et al. 2023).
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4.3.5 Trickling filters

The trickling filter is a secondary biological
treatment method that utilizes microorganisms
to assimilate the nutrients. The usage of trickling
filters in AWW treatment is not new, as one of the
first studies was reported in 1974 (Liao and Mayo
1974). The design of a trickling filter is relatively
simple. It consists of a containment structure
that is usually made from bricks or sometimes
steel, a rotary distributor and a rotating arm that
distributes the wastewater evenly on top of the
containment structure, a porous media that is
usually gravel or sometimes plastic that provides
sufficient surface area for the microorganisms
to grow and consume the nutrient from the
wastewater. Atmospheric air penetrates through
the porous media, or air is sometimes supplied
underneath the reactor using a blower. This is an
important step to provide oxygen to the system and
for the aerobic degradation process to continue.
The wastewater starts to trickle down evenly by
the rotary arm over the porous media; the water
flows downwards during a pre-determined time,
allowing the wastewater to be treated until it
reaches a separating filter where the treated water
is collected and the produced carbon dioxide is
captured. Trickling filters could be advantageous
in terms of the simplicity of the design, minimal
management, and operational requirements.
However, some of the main disadvantages could
be the clogging of the media and the relatively low
volumetric treatment capacity of the reactor (Eding
et al. 2006). A recent study explored the treatment
of AWW via a trickling filter by utilizing different
media at incremental elevations and varying
hydraulic retention times. The study concluded that
the best media was large-size woodchips at a height
of 22 cm and a retention time of 60 h, resulting
in 94% treatment efficiency of all contaminants
(Ng’erechi et al. 2020). In another study, media
in the form of Leca, Kaldnes, Norton, and Finturf
artificial grass were used, resulting in Nitrite
removal efficiency of almost 100, 80, 60, and 40%,
respectively, indicating that the surface area of the
media and the hydraulic retention time has a major
role in the efficiency of the treatment (Lekang and
Kleppe 2000).
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4.3.6 Rotating biological contactor

The rotating biological contactor (RBC) was initially
introduced in the 1900s (Mathure and Patwardhan
2005). It is a biological process where several disks
are closely attached to a single horizontal shaft. The
shaft is in a continuous rotation, allowing the disks
to rotate while being fully or partially submerged
in wastewater. Biofilms are introduced in rotating
disks, allowing the microorganisms to degrade the
organic material as well as the dissolved nutrients.
The treatment efficiency is highly dependent on the
type of wastewater and organic loading, the rotational
speed, and the rotating supporting medium. The
relatively small usage of the land, simple process
and ease of control, low retention time, the provision
of high surface area, and the resilience against toxic
substrate are some of the advantages of this treatment
method (Cortez et al. 2008). However, one of the
major disadvantages of the treatment is membrane
fouling (Waqas et al. 2021a). For a recirculating
aquaculture system cultivating tilapia at 28 °C, an
RBC composed of three compartments was coupled
to treat the AWW. Compartments 1 and 2 had a
similar surface area of 4880 m?, while compartment
3 had a surface area of 3660 m>. The study achieved
a remediation efficiency of 0.43 g/m%day of ammonia
nitrogen at a rotating speed of 1 rpm and hydraulic
loading of 407 m>/m?. Still, the increase of dissolved
organics in the wastewater further decreased the
ammonia removal efficiency (Brazil 2006). Another
study combined the usage of a floating bead filter
with a surface area of 178 m? and a rotating biological
contactor with a surface area of 197 m? that rotates at
3 rpm to treat tilapia AWW. The study revealed that
the floating bead filter contribution to the treatment
was insignificant. However, the process was able to
remove on average 30.7% and 51.7% of TAN and
nitrite, respectively (Aurelio Jr and Lawson 1996;
Suriasni et al. 2023).

5 Towards a sustainable aquaculture industry

As mentioned, the aquaculture industry is witnessing
ongoing development, providing the essential need for
protein products to a fast-growing population (Stead
2019). This attracted attention to the significance
of aquaculture wastewater treatment and how the

environment should be protected from the release
of harmful effluents. Although there are various
ways and methods to treat aquaculture wastewater,
as mentioned in Sect. 4, rules and regulations
should support, from the beginning, the idea of safer
utilization and release of water (Engle and van Senten
2022). To be consistent with the rapid growth of the
aquaculture industry, a joint venture of academia,
government, and industry should be established for
the provision of standards and guidelines, promoting
sustainability to the aquaculture industry and
superiority to the environment (Stead 2019). For
the safe release of aquaculture wastewater, countries
should adopt regulations specifically tailored to the
aquaculture industry. For example, Taiwan developed
parameter standards such as pH being between 6 and
9, and TSS, BOD, and COD should be less than 30,
30, and 100 mg/L, respectively (Lin et al. 2010).
Also, in China, the discharge limits for suspended
solids, TP, TN, ammonia, BODs, and COD, are in
the range of 20-30, 0.5-3, 1.5-20, 15-30, 20-30,
50-120 mg/L, respectively (Zhang et al. 2016;
Zhou et al. 2018). If specific regulations do not
exist, following the standard of other wastewater
discharge sources, such as municipal wastewater, is
recommended as an adequate alternative.

Reducing water consumption is another
alternative for decreasing the impact of AWW on the
environment. RAS can achieve the optimized usage
and recirculation of water; however, the technology
curries various challenges, which, if properly dealt
with, will provide a transition toward sustainable
aquaculture. The inadequacy and complexity of
RAS, in terms of engineering and design, are some
of the major challenges (Badiola et al. 2012). Also,
sophisticated equipment, measuring sensors, and
systems for automatic control are embedded in RAS
(O’Shea et al. 2019). These challenges create an
economic burden, making it a deterrent to adopting
the technology (Murray et al. 2014). Adopting a
simple design with limited productivity is suggested
to overcome these challenges. Another hindrance is
that RAS is an energy-intensive process, where the
typical energy consumption can range between 15 and
30 kWh/kg of fish (Ayer and Tyedmers 2009; Martins
et al. 2010; Badiola et al. 2017). Consequently, this
will increase operational costs while harming the
environment (Badiola et al. 2018; O’Shea et al. 2019).
Using renewable energy, such as solar panels, could
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Fig. 5 Some of the main
pillars of a sustainable
aquaculture industry
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overcome this obstacle, reduce energy consumption,
and simultaneously make it cost-effective over the
long term (Fuller 2007; Badiola et al. 2018; Bergman
et al. 2020).

The coupling of bioremediation techniques with
RAS has the potential for more efficient resource
recovery, less consumption of energy during the treat-
ment process, and the production of various products
that can be valorized in different applications. When
considering these advantages, it is sensible to adopt
bioremediation technology for the transition toward
a more sustainable aquaculture industry and circular
bioeconomy. Treatment-wise, coupling bioremedia-
tion with RAS could achieve a treatment efficiency
of more than 96% for most contaminants (Li et al.
2019a). On the other hand, bioremediation is gener-
ally considered a sensitive treatment method that
could either crash during the process or be suscepti-
ble to further contamination by undesired organisms,
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which requires continuous monitoring of the treat-
ment process. More research should be devoted to
coupling bioremediation with RAS to optimize the
treatment and overcome challenges, leading to a more
sustainable aquaculture industry. Figure 5 depicts
some of the main pillars of a sustainable aquaculture
industry.

6 Conclusion

The aquaculture industry witnessed rapid development
in recent years, surpassing the traditional fishing industry
in production to address the high demand for fish protein
in the ever-growing population. However, aquaculture
imposes an environmental threat due to the increased
generation of wastewater and the overuse of resources.
This review explains the various techniques for treating
aquaculture wastewater and summarizes the outcomes
of the latest studies conducted using each technique.
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Constraints such as energy requirement, time, and effi-
ciency are highly influential in selecting suitable treat-
ment methods and the desired treatment outcomes. For
a more sustainable aquaculture industry, effluent stand-
ards and regulations should be established and followed,
ensuring the safe release and reuse of treated wastewater.
In addition, modernizing fish farming by RAS reduces
the environmental impact and water usage. However, the
hurdle is to overcome the cost and energy requirements.
Hence, further research and development are needed to
optimize and develop safer, less time-consuming, energy-
efficient, and higher treatment efficiency, ensuring a sus-
tainable industry and a circular economy.
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