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A B S T R A C T   

Global demand for fresh water is rising at a rapid rate and is struggling to keep pace with water requirements of 
increasing population. Against this scenario, the seafood industry including aquaculture routinely uses volu
minous amounts of fresh water and discharges large volumes of post-process wastewater as effluents. The 
presence of proteins, oil, carotenoids, minerals, and other compounds in the effluents make them high in bio
logical oxygen demand and chemical oxygen demand, and hence, responsible for significant environmental 
hazards. Therefore, appropriate treatments of the effluents are essential before they are discharged or disposed 
off to mitigate the environmental problems. Besides, there are good potentials to recover various ingredients 
from the effluents for uses as food additives, nutraceuticals, nutritional supplements, flavoring agents, fertilizers, 
plant bio-stimulants, animal and aqua feed. Recent developments in microbial technology, particularly, algal 
biotechnology has potentials for cost-effective and eco-friendly treatments of the effluents together with the 
recovery of various biomolecules. Cultivation of microalgae in the effluents provide single cell proteins (SCP) 
that can have applications as animal feed including feed for the rising aquaculture industry. The SCP is also 
sources of proteins, oils, carotenoids and other compounds. The rich contents of oil in SCP can be resource for 
biofuel. In addition, the treated wastewaters can also be used as fertilizer. Recent developments in effluent 
treatments have potentials to improve water security, protect the environment, support food and nutraceutical 
industries, and enhance seafood sustainability, thereby contributing an interesting value chain for a circular 
bioeconomy.   

1. Introduction 

The demand for food, water and energy is projected to increase 
rapidly to keep pace with the rise in global population. Food sustain
ability and safety are very much dependent on availability of fresh 
water. The two salient problems of modern food production systems are 
enormous use of fresh water, and the industry-associated environmental 
hazards. It has been estimated that agriculture and livestock production 
currently account for about 60 % of global fresh water withdrawals, with 
a current estimated consumption of roughly 7 600 m3water per year. 
Freshwater requirement for food and live stock production is projected 
to increase by 65 % within the next 30 years [1]. The processing of food 
results in release of voluminous amounts of wastewater, which are rich 
in various nutritionally valuable and other components. Callous 
discharge of wastewater without any treatment is responsible for serious 
environmental hazards. In addition, it has been estimated that about 
one-third of food produced globally, amounting to about 1.3 billion tons, 

is lost or wasted, which contain more than 50 % of biodegradable 
organic matter [2]. One of the measures for clean food production is 
proper treatment of wastes including effluents in order to address 
environmental pollution and also to avoid loss of food components. The 
recovery of resources from waste streams can reduce losses and improve 
the overall sustainability of food production from both economic and 
environmental points of view. This review is intended to point out the 
environmental problems associated with seafood processing wastewa
ters and also benefits of their valorization. Appropriate treatments result 
in environmental protection, conservation of water, recovery of valu
able ingredients, and also production of biofuel. The article also points 
out upcoming methods based on microbial biotechnology for valoriza
tion of seafood industry effluents towards a circular bioeconomy. 

1.1. The seafood industry 

The seafood industry comprises of both capture fisheries and 
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aquaculture to provide the consumer finfish and shellfish of choice. 
Global seafood production in the year 2018 was 178.5 million tons 
(MT). The marine seafood includes finfish (pollock, tuna, herring, 
mackerel, whiting, and others), crustaceans such as shrimp, krill, crab, 
and lobster, bivalves including mussels, oysters, clams, and scallops, 
cephalopods such as squid and cuttlefish. Aquaculture, with a produc
tion of 82.1 MT in 2018, has grown at an annual rate of 5.8 % during the 
period 2001− 2016. The major items of fresh water aquaculture include 
carp, tilapia and shellfish species, while mariculture of Atlantic salmon, 
sea bass, and sea bream is also common [3,4]. The industry processes 
about 78 % of total harvest into diverse products such as chilled, frozen, 
smoked, dried, fermented or marinated or other items. Chilled fish, 
finfish fillets and steaks, shrimp products and fish protein products such 
as squirmy (mechanically deboned, water washed, minced fish meat), 
are some of the popular consumer products, which are traded in diverse 
international markets [5]. Both capture fisheries and aquaculture have 
complementary roles in increasing seafood availability for nutrition and 
health gains [6]. 

All the seafood that is made available is not however, fully used. 
Discards, by-catch on board and wastage ashore contribute to enormous 
amounts of wastes. The processing discards, such as skins, heads, frames, 
viscera, fillet cut offs and others account up to 40 % of the raw material 
processed. The growing aquaculture operations contribute to additional 
quantities of offal. It has been estimated that about 8% of seafood pro
duction is wasted annually, with about 7.3 MT during the period 
1992–2001 [7]. Fishery wastes, unlike municipal wastes, have more 
proteins and other nitrogenous materials, responsible for rapid putre
faction. Grossly seafood wastes, on dry weight basis, have average 
contents of about 60 % proteins, 19 % fat and 21 % ash [8]. With the 
rising seafood industry, proportions of fishery wastes including effluents 
have increased posing rising global environmental concerns. Tradi
tionally, the practice of disposal of solid wastes encompasses dumping 
into land fill, its use in silage, fishmeal, and fertilizer or as component of 
aqua- and poultry feeds [9]. 

1.2. Water consumption by the seafood industry 

Water is the imperative component of fisheries sector. Fresh, 
brackish and saline surface waters provide fish habitats and are used for 
capture fishery, for cage and pen aquaculture as well as for the collection 
of fish fry or juveniles for aquaculture [10]. Aquaculture requires large 
volumes of fresh water varying with the production systems, such as 
re-circulating, semi-closed, and open water systems, cage systems, 
intensive, or semi-intensive, and also on the location of the farm, and the 
species being raised. Water in the farms is also lost due to evaporation. 
Generally, water requirements for farmed production per ton of fish 
range from 1.5 m3 for spiny lobster, 6 m3 for generic fish, and up to 48, 
782 m3 for sea-bass farmed in cages. sides, the indirect uses of water 
cover water required for diverse processing operations including farmed 
items, aqua feed production, and also for sanitation and hygienization of 
plant and equipments [11]. Table 1 gives direct and indirect consump
tions of water in the seafood industry. Be 

Water is essential for various pre-processing steps such as cleaning, 

beheading, filleting, scaling, peeling, cooking, icing and also for cold 
chain systems to overcome the perishable nature of captured fishery 
products at various stages of handling. Water is also required for storage 
and transportation of raw and processed products. Processing consumes 
large volumes of fresh water approximately an amount of 10–40 m3 per 
ton of raw material processed [12]. This amounts to approximately US $ 
22 as per current industrial water tariffs in India. Surimi production, 
which involves repeated washing of fish meat mince, uses more water 
than other operations such as canning, curing or freezing [5]. The 
amount of water required to produce a ton of marinated herring or 
peeled shrimp has been calculated to be 7,000–8,000 and 50,000 L, 
respectively [9] [13]. The process water generated during boiling, fil
leting, marination and other processes are continuously pumped out as 
effluents. One of the largest herring-processing factories in Europe with 
an annual production of about 50,000 tons releases approximately 1500 
m3 wastewater daily [14]. Fig. 1 shows generation of effluents during 
seafood processing. The consumption of water in fish processing in
dustry and discharge of high-strength post-processing wastewater are of 
great concern world-wide. Table 2 gives approximate volumes of 
wastewater generated by various seafood processing operations. In spite 
of large consumption of water, the cost-benefit aspects of water used by 
seafood industry including aquaculture have not received sufficient 
attention. It has been cautioned that the ‘seafood gap’ in the food-water 
nexus will become increasingly problematic as seafood consumption is 
growing globally and aquaculture is one of the fastest growing animal 
food sectors in the world [15]. This demands judicious approaches in the 
use of water. 

1.3. Characteristics of seafood industry wastewater 

The wastewater discharged by the seafood industry can be divided 
into two categories: high volume and low strength, and, low volume and 
high strength. The former includes discharges from aquaculture farms, 
water used for unloading, fluming, and wash down water, while the 
latter includes wastewater after different processing operations. The 
processing plant effluents can contain significant quantity of organic 
matter in the form of total suspended solids (TSS), fats, oils, and grease 
(FOG), excess nutrients (nitrogen and phosphorus), and proteins [12]. 
The proteins encompass myofibrillar proteins, collagen, gelatin, en
zymes, soluble peptides and volatile amines, which remain in soluble, 
colloidal or particulate forms. The TSS in the effluent sediments over 
time, clog pumps, and other equipments during their handling. FOG 
consists of the most objectionable components of the effluents, the 
decomposition of which generates unpleasant odors. Fish processing 
effluents generally are saline, as sodium chloride is frequently added to 
remove slime, blood and other substances and to improve the cleaning 
efficiency as well as water removal. Besides, detergents and disinfectants 
used during cleaning may also be present [16]. The wastewater from the 
canning of tuna has BOD, TSS and FOG of 7–20 mg/L, 4–17 mg/L, and 

Table 1 
Direct and indirect consumption of water in the fisheries sector.  

Water Direct consumption Indirect consumption. 

Used Biomass formation in wild 
and aquacultured seafood* 

Pre-processing and processing operations, 
transportation, storage of processed 
seafood items*** Feed production 

Lost Evaporation occurring 
during aquaculture** 

Process wastewater, water used for 
cleaning of plant, equipments, etc. mostly 
returned to the environment***  

* Comparatively negligible. 
** varies according to the location and area. 
*** varies according to operation. Fig. 1. Effluent generation during seafood processing.  
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2–13 mg/L, respectively [12]. Condensate and juices, the by-products of 
tuna canning industry, are rich in nitrogenous compounds, particularly, 
glutamic acid, and fat [17]. Other compounds include oil, pigments, 
and, minerals such as phosphate, sodium, calcium, chloride, sulfate and 
other salts. Effluents from cooking of snow crab contained significant 
amounts TSS [18]. The stickwater from processing of fish species 
including pollock, cod and salmon had approximately 6 % proteins, and 
0.6–13.9 % ash with calcium and potassium at 0 to 0.1 %, and 1.7–2.8 
%, respectively [19]. Marination of fresh and frozen herring in brine 
containing 6–10 % sodium chloride and 3–4 % acetic acid for 7 days 
resulted in the absorption of 33 % salt and 60 % acetic acid. The 
post-production brine had 6.4–7.3 % dry matter, 1.4–2.6 % protein and 
0.5–2.7 % fat [20]. Leucine, glutamic acid and glutamine were the 
dominating amino acids in the proteins, while calcium and magnesium 
were the main minerals in herring industry processing waters, while 
long chain n-3 PUFA represented up to 45 % of total fatty acids [21]. It 
was observed that as much as 15 % of the herring protein coming into 
the industry leached out into cooking waters and was treated as waste. 
The effluents may also contain significant levels of microorganisms 
including pathogens, which may cause diseases to wild stocks or aquatic 
operators [13]. Sivaraman et al. [22] observed that effluents from fish 
processing industries may contain Enterobacteriaceae, Staphylococcus 
aureus, fecal Streptococci and other microorganisms in appreciable 
amounts. During summer, pathogenic microorganisms can be higher. 
Being rich in nutrients, improperly stored effluent supports rapid bac
terial growth associated with obnoxious smell. Moreover, the possible 
presence of antibiotic resistant organisms may pose threat to public 
health safety 

The effluent generated from processes such as canning and marina
tion invariably contain 2–5 % (w/v) salt or sometimes, more [23]. 
Presence appreciable levels of salt can cause stress to microorganisms 
and can affect the treatment efficiency. The presence of nitrogen and 
phosphorus is among the most prevalent causes of water quality 
impairment, which make the effluents high in biochemical oxygen de
mand (BOD) and chemical oxygen demand (COD) values. These values 
are measures of substances that have an unfavorable influence on the 
oxygen balance [24]. BOD values are measured by the oxygen required 
for the oxidation of organic matter by the aerobic metabolism of the 
microbial flora. BOD is measured by diluting the wastewater with a 
nutrient (mineral salts) solution, saturated with air, storing the dilution 
in airtight bottles, and measuring the dissolved oxygen at periodic in
tervals. BOD is monitored for a five-day period and reported as BOD5. 
Due to the inconvenience of BOD5 determination, COD is also measured 
by chemical oxidation by permagnate or dichromate. The COD of an 

effluent is usually higher than the BOD5 because the number of com
pounds that can be chemically oxidized is greater than those that can be 
degraded biologically. BOD and COD values are generally measured as 
mg/L effluent produced from processing of one kg of fish [24]. 

The juices released during cooking of fishery products contain typi
cally 10–20 g COD/L [25]. Effluent from tuna processing had 1,570 
mg/L suspended matter, a COD of 11 100 mg/L and a BOD of 6,600 
mg/L [26]. The effluents from a Canadian seafood processing plant, 
which processes flat fish and salmon, had values (mg/L), 179–276 for 
BOD5, 458–1717 for COD, 27.2–1201 for TSS; and, 1.5–12.9 for NH3-N 
[27]. Cooking of jumbo squid (Dosidicus gigas) mantle muscle under 
simulating industrial procedures gave effluent having COD and BOD5 
varying from 27.4–118.5 and 11.3–26.7 g/L, respectively. The effluent 
consisted of 1 % total solids, 75 % of which represented crude protein. 
[28]. Table 3 gives BOD, COD, BOD to COD ratio, TSS and FOG values of 
some of seafood industry effluents. The success of effluent treatment is 
often related to BOD/COD ratio, lower the ratio, higher the biodegrad
ability of organic nutrients. Raquel et al., [29] observed that effluents 
from a seafood canning unit, having a BOD5/COD ratio of less than one 
exhibited a high biodegradability. 

1.4. Seafood-associated environmental hazards 

Food production has been recognized to cause between 20–30 % of 
total environmental hazards [30]. The seafood processing sector con
tributes serious organic pollution loads and high salinity to receiving 
waters The chemical parameters such as pH; BOD5; the COD, ammoni
acal nitrogen (NH3-N), nitrate nitrogen (NO3 -N), and phosphorus; and 
the physical parameters including odor, temperature, and color are 
considered important pollutant parameters of seafood effluents. The 
effluents may also contain portions of solid discards. The industry 
invariably dumps enormous amounts of solid wastes including by-catch 
in the sea or nearby land. Fish wastes degrade rapidly in warm tem
peratures. Anaerobic decomposition of organic matter leads to break
down of proteins and other nitrogenous compounds, releasing carbon 
dioxide, methane, amines, diamines, ammonia (NH3) and hydrogen 
sulphide (H2S). These gases contribute to climate changes and rise in 
ambient temperatures. Organic matter in the water may alter the color 
and odor of water and provide nutrients to microbial growth. Obnoxious 
odor associated with fish spoilage and also the odor emanated from 
drying, smoking and other heat processes are often major causes of air 
pollution and induce stress, nausea or sickness to the general public [8]. 

The gases formed during putrefaction of the discards contaminate 
and alter the receiving water body environments and reduce the level of 
dissolved oxygen. In addition, the high levels of NH3, chlorine, nitrogen 
and other gases, phosphorus based nutrients, and also detergents and 
disinfectants used for cleaning the processing facilities, may be toxic, 
posing threat to environmental safety and aquatic life [31]. For instance, 
the raw effluents from processing of salmon have shown acute toxicity 
[32]. Discharge of untreated seafood effluents to soil significantly en
hances moisture, salinity, electrical conductivity, and inorganic carbon. 
The effluents also had an impact on prokaryotic organisms in the soil 
[33]. Life cycle assessment (LCA) is a tool traditionally used to elucidate 
the environmental and ecological impacts of products or processes. A 
LCA based study on the environmental impacts showed that fish pro
cessing contributed to 0.079 kg SO2- eq (equivalent) acidification, 9.66 
kg CO2-eq. climate change, 0.02 kg PO4-eq. eutrophication-generic, 0,17 
kg 1.4 DCB-eq. human toxicity, and 0.0015 kg ethylene-eq. photo
chemical oxidation [34]. 

The environmental concerns associated with disposal of fish wastes 
into ocean waters include reduced oxygen levels in the seawaters at the 
ocean bottom; burial or smothering of living organisms; and introduc
tion of disease or non-native and invasive species to the ecosystem of the 
sea floor [35]. During rainy season, seepage of water through the landfill 
dump causes additional problems. Nutrients, suspended solids, disin
fectants and possible coliform bacteria from the seafood industry 

Table 2 
Approximate volumes of wastewater generated by seafood processing 
operations.  

Process Wastewater volume (m3) 

White fish filleting 5–11* 
Oily fish filleting 5–8* 
Grading 0.3–0.4 
Handling and storage of fish 10− 12 
Scaling of white fish 10–15 
Oily fish skinning 0.2–0.9 
Marine finfish 14.0 
Skinning of knobbed fish 17.0* 
Unloading fish for canning 2.0–5.0 
Precooking of fish to be canned 0.07–0.27 
Canning of sardine 9 (15*) 
Sterilization of cans 3.0–7.0 
Frozen fish thawing 5.0 
Filleting of un-gutted oily fish 1–2* 
Processing of tuna 3.0** 
Shrimp freezing 7.0 
Blue crab, mechanized plant 29–44 

The values are for one ton of raw material. 
Source: References [9]; *[12]; and **[82]. 
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effluents affect coastal water quality and hence human life, particularly 
in the coastal regions [36]. Hypoxia is a condition of low oxygen in the 
water than can kill fish and other aquatic animals. High level of BOD 
may cause hypoxia in a receiving environment, leading to anoxia, a 
condition characterized by an absence of oxygen supply to an organ or a 
tissue of living organisms. The high levels of nitrogen, phosphorus and 
FOG may lead to shortage of drinking water, eutrophication (growth of 
unwanted biota), biotic depletion, algal blooms, habitat destruction, 
water acidification, disease outbreaks and possible extensive siltation of 
corals [11] [37] [38]. 

1.4.1. Environmental hazards of aquaculture 
The rapid growth of aquaculture has raised questions concerning its 

environmental sustainability [11]. It is recognized that for normal 
breathing of the fish and hence their good health CO2 levels should be 
maintained at levels below 30 mg/L. During the course of farming op
erations, the concentrations of gases such as NH3 and CO2 increase 
affecting the survival rate of the fish population. High CO2 also de
creases the pH and enhances the toxicity. Besides, periodically dis
charged water from farms is often rich in organic materials, including 
unconsumed feed, fecal matter, shellfish drop-off, and other materials. 
For healthy aquaculture operations, routine environmental assessment 
incorporating impacts distinctive to farming is necessary. A study 
employing standardized methods making use of LCA with respect to 75 
seafood species-production systems made estimates of their impacts on 
six environmental parameters, namely, eutrophication, acidification, 
climate change, cumulative energy demand, land occupation and biotic 
depletion The data showed a positive relationship between overall 
production levels and environmental impacts. Inland pond culture had 
the greatest impact. Of the different finfish species farmed, carps and eel 
productions were more environmentally demanding, carp culture 
significantly contributing to eutrophication. Bivalves and seaweeds had 
low influence on the environment and even reduced eutrophication, as 
revealed by LCA analysis [11]. Intensive production systems of species 
such as rainbow trout in fresh water, sea-bass in sea cages, and turbot in 
an inland re-circulating system released substantial amounts of nitrogen 
and phosphorus that can be highly responsible for eutrophication; the 
bass cage system exhibiting the maximum potential. In the trout and 
sea-bass systems, feed conversion ratio was the major contributor to 
climate change and acidification impacts [39]. Effluents from Pacific 
white shrimp farm influenced density and type of plankton. As the 
nutrient concentrations increased with the farming period, diatom and 
Copepoda were replaced by cyanobacteria, protozoan, and rotifers [40]. 

Chemicals used in shrimp farming, such as antibiotics, organotin com
pounds, copper compounds, and others leave persistent, toxic residues 
in the waters. Effluents from salmon farm were characterized by 8–10 % 
total solids, 60–74 g/L COD, and, 10–15 /L of sodium [41]. Processing 
by freezing of farmed Pangasius released effluents having values of BOD, 
740; COD, 1020; TSS, 2050; phosphorus, 27; and nitrogen, 106 [31]. In 
the light of the above data, it is imperative that fisheries governance and 
development should take necessary steps for the protection of the 
environment, conservation of resources, biodiversity, among others to 
achieve food security, nutrition and trade [4]. The following discussion 
will concentrate on the regulatory standards required for treated efflu
ents, various processes for treatments and finally the potentials of algal 
biotechnology for effluent valorization. 

2. Treatment of seafood industry effluents 

2.1. Regulatory requirements 

The global concerns regarding seafood-associated environmental 
pollution have attracted attention of many national and international 
regulatory agencies [10–12]. These agencies insist that the effluents are 
subjected to appropriate treatments so that they can be safely discharged 
without being responsible for undue hazards to the environment. The 
regulatory agencies have, therefore, framed directives and regulations to 
control the environmental impacts of commercial fish processing. These 
directives specify the quality of effluents and maximum allowable levels 
of pollutants that may be present in the effluents before discharge by the 
industry. Recent times have witnessed increasingly stringent standards, 
particularly with respect to BOD, COD and TSS values. The Environ
mental, Health and Safety (EHS) Guidelines proposed by the Interna
tional Finance Corporation of the World Bank are technical reference 
documents with industry specific examples of Good International In
dustry Practices (GIIP). Community health and safety impacts of fish 
processing projects, discussed in the General EHS Guidelines, relate to 
processing fish and shellfish originating from sea, fresh water or by 
farming operations [42]. Every country has its own requirements for 
effluent quality. In the US the Environmental Protection Agency (EPA) 
promulgated the Seafood Processing Effluent Guidelines and Standards 
in 1974 and 1975. The Guidelines cover wastewater discharges from 
facilities that process seafood. The Guidelines and Standards are incor
porated into NPDES (National Pollutant Discharge Elimination System) 
permits [43]. The U.S. Clean Water Act (CWA) stipulates zero discharge 
of pollutants into the US waters and has also fixed quality standards for 

Table 3 
Characteristics of seafood processing effluents.  

Seafood/ 
Operations 

BOD COD Biodegradability 
Index (BOD/COD) 

TSS FOG References 

Canning of fish 52 116 0.45 5 6,160 [9]. 
Canning of tuna 15 –  4− 17 2− 13 [12] 
Shrimp freezing 130 –  210 17 [12] 
Shrimp canning 120 –  54 42 [12] 
Salmon 45− 51   20− 25 5− 7 [12] 
Catfish 6− 9 –  NA 4− 6 [12] 
White fish filleting 35 50 0.7 – – [12] 
Fish canning 52 116 0.45   [12] 
Oily fish filleting 50 85 0.69 – – [9] 
Flatfish, salmon 179–276 458–1717 0.16 to 0.37 27 to 120 – [27] 
Squid cooking juice 11.3− 26.7* 27.4–118.5 0.23 to 0.41 – – [28] 
Tuna 700 1,600 0.44 – – [83] 
Tuna 6600 11,000 0.60 1570 1450 [26] 
Fish, general – –   1500 [70] 
Aquaculture of Pangasius 740 1020 0.73 2050  [31] 
Fish, general – –  2200  [23] 
Fish processing 3,250 13,180 0.25 – – [62] 
Salmon farming – 60 to74**  82 to 102** – [41] 
Fishmeal 30,000 50,000 0.60 30,000 – [83] 

Values are given in mg/L **, g/L. 
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surface waters [36]. In the US, however, the state governments generally 
do not impose wastewater treatment technologies or equipments on the 
processor (Isdmond, A., personal communication, 2020). In Canada, the 
Fisheries and Oceans Canada is the federal lead for safeguarding waters 
and managing fisheries, oceans and freshwater resources to ensure 
healthy and sustainable aquatic ecosystems (https://www.dfo-mpo.gc. 
ca/index-eng.htm, accessed July 5, 2020). The EU Commission recom
mends pasteurization at 70 ◦C for 60 min to inactivate microorganisms 
that may be present in the treated waste before their discharge to avoid 
their environmental impacts [44]. In India, the Environment Protection 
Agency of the Government of India has prescribed maximum values 
(mg/L) of 10, 750, 750, 1, 10, and 25 for reactive phosphorus, chloride, 
sulfate, ammonia nitrogen, nitrate and total Kjeldahl nitrogen, respec
tively, for food industry effluents prior to their discharge [45].Recently, 
Shoushtarian and Negahban-Azar [46] made detailed examinations of 
monitoring parameters of water quality and treatment processes 
promulgated by as many as 70 regulatory agencies including the US 
EPA, International Organization for Standardization (ISO), Food and 
Agriculture Organization, World Health Organization, the individual 
States of the US, Canada, European Commission, and those of several 
other countries. These studies concluded that the many regulations and 
guidelines, although mainly human-health centered, are insufficient to 
control some of the potentially dangerous and emerging pollutants. 
Some of the important water quality parameters such as certain patho
gens, heavy metals, and salinity are included only in a small group of 
regulations and guidelines. Besides, there are also large discrepancies in 
country-wise guidelines when compared with each other. Specific 
treatment processes have been mentioned only in some of the regula
tions and guidelines [46]. 

Aquaculture, being a potential cause of environmental pollution, has 
attracted attention of regulatory agencies, who have fixed standards for 
effluents released during farming of finfish, crustaceans and mollusks. 
The Global Aquaculture Authority stipulates parameters for farm efflu
ents. These include pH, 6 to 9; TSS, 50 mg/L or less, soluble phosphorus, 
<5 mg/L; total NH3-N, <5 mg/L BOD5, <30; FOG, <7 mg, and salinity, 
<1ppt [47]. In the US, the National Pollutant Discharge Elimination 
System (NPDES) helps the US EPA to identify ways to decrease unnec
essary outflows from aquaculture systems on a case-by-case basis, 
particularly in larger farming operations [37]. The Aquaculture Activ
ities Regulations (AAR) under the Fisheries Act, Canada, requires op
erators of marine finfish farms to report on the results of benthic 
monitoring in accordance with the standards developed by the organi
zation. For finfish farms located over muddy or soft sediments, free 
sulfide is measured, which is used as an indicator of oxygen in the 
sediment that influences survival of different microbial species in the 
sediment. Sometimes visual periodical monitoring for the presence of 
Beggiatoa sp. or marine worms (class Polychaeta) are used as bio
markers of aquaculture impact (https://www.dfo-mpo.gc.ca/aquacult 
ure/management-gestion/aar-raa-eng.htm, accessed, August 7, 2020). 
Table 5 gives discharge limits proposed for fishery effluents 

2.2. Treatment procedures 

Increasingly stringent standards required by regulatory agencies, 
particularly in terms of BOD, COD and TSS values have resulted in 
innovative treatment procedures for effluent treatments. The selection 
of appropriate treatment depends essentially on the type of the effluent, 
its quality characteristics (BOD, COD, TSS, FOG, the BOD to COD ratio) 
and influent volume. The challenges of effluent treatment are linked to 
sustainable seafood processing, clean air and water conservation [48] 

The effluents are initially subjected to primary treatments such as 
screening and sedimentation Screening removes large particles (usually 
0.7 mm or larger particles including bones and shells). Pre-treatment of 
the wastewater with 0.8 mm sieve and a two stage flotation reduced the 
nitrogen load [14]. FOG can result in clogging, hindrance to sedimen
tation due to the formation of hydrophobic sludge along with lipids A 

decanter, used as physical pre-treatment unit, removed fats and allowed 
elimination of 40 % suspended solids [26]. Sludge removal system en
sures rapid removal of settled sludge with minimal sludge blanket 
disturbance [16]. Methods for treatment of fish wastewater may be 
grouped into physic-chemical, biological, membrane and other pro
cesses. These are briefly discussed below: 

2.2.1. Physicochemical methods 
Physicochemical methods available for treatment include neutrali

zation (pH adjustment), coagulation, flocculation, chemical precipita
tion, chemical oxidation such as ozonation, UV irradiation, 
halogenation, electrolysis, polymeric adsorption, granular activated 
carbon adsorption, dissolved air flotation (DAF), sludge treatments, and 
others [49]. Bactericidal agents such as chlorine, ozone (O3) and UV 
irradiation cause disinfection of the effluents. Ozonation or UV irradi
ation coupled with hydrogen peroxide (H2O2) treatment lead to more 
oxygen rich, less hydrophobic and more biodegradable, effluent-rich 
organic material [50] Coagulation, flocculation, flotation and emulsifi
cation are effective methods to reduce FOG and BOD values. Adjust
ments of the effluents to appropriate pH values remove charges on the 
colloidal particles, allowing them to settle during coagulation and 
flocculation. Coagulation of proteins can be effected by the addition of 
organic acids, non-toxic cationic or anionic polyelectrolytes to the sus
pension. Chitin and chitosan from wastes of shellfish can be used as 
flocculation agents. The distinctive advantages of these compounds, 
particularly chitosan, include their availability, biocompatibility, 
biodegradability, non-toxicity, antimicrobial properties, ability to 
chelate heavy metal ions, gel forming properties, ease of chemical 
modification, and high affinity to proteins [51]. Upstream flocculation 
using as low as 25–45 mg of food grade chitosan or complexes of chi
tosan with polysaccharides such as alginate, pectin and carrageenan per 
liter effluent have removed up to 86 % proteins from shrimp process 
waters, surimi washwater and fishmeal stickwater. The settled biomass 
is collected by suitable means such as membrane filtration and centri
fugation [52,53]. Flocculation and sedimentation of a protein-rich 
biomass from shrimp (Pandalus borealis) boiling water by food grade 
polysaccharides (carrageenan, alginate and carboxymethyl cellulose) as 
flocculants have been reported. recently [54]. Treatment of effluents 
with 150 mg chitosan per L at pH 6.0 reduced suspended solids by 97 %. 
The proximate composition of the coagulated solids was 27 % protein, 
51.7 % fat and 3.3 % ash. The treatment resulted in 45 % reduction in 
COD [55]. 

Dissolved air flotation (DAF) systems are popular to reduce sedi
mentation time for suspended solids, BOD, and FOG, within a few min of 
treatment. DAF involves injection of air under pressure into a recycle 
stream of clarified effluent. DAF is usually operated at pH 5.0 to reduce 
protein solubility. This recycle stream is then combined and mixed with 
incoming wastewater in an internal contact chamber where the dis
solved air comes out of solution in the form of micron-sized bubbles that 
attach to the contaminants. The bubbles and contaminants rise to the 
surface and form a floating bed of material that is removed by a surface 
skimmer. DAF may also be coupled with additional treatment facilities 
such as filtration, ion exchange, granular activated carbon adsorption, 
electro-coagulation, biological treatment processes, among others to 
improve discharge standards for the treated water [16]. DAF in combi
nation with coagulants and flocculants can remove up to 50 % of TSS 
and 80 % of FOG. DAF system can be started and shut down easily to 
accommodate fluctuations in seafood processing [49]. Application of 
DAF treatment partially reduced acute toxicity of finfish effluents [32]. 

2.2.2. Biological treatments 
Biological treatments use aerobic, anaerobic or facultative microor

ganisms including bacteria, fungi, and protozoa to degrade organic 
matter present in the effluents. The common aerobic processes are 
activated sludge systems, aerobic lagoons, trickling filters and rotating 
disc contactors. In the commonly used activated sludge treatment 
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system, the sludge consisting of an optimized, mixed flora of microor
ganisms degrades the organic materials in the wastewater in the pres
ence of excess dissolved oxygen and nutrients including nitrogenous 
compounds, so that no further oxygen demand is exerted by them. The 
treatment is highly useful to reduce soluble BOD5, fats and nutrients. 
Aerobic treatment methods are however, energy-intensive [24,56]. 
Anaerobic digestion (AD) has been identified as a potential green 
technology. The process involves (i) initial hydrolysis, liquefaction, and 
fermentation of the material in the absence of molecular oxygen, (ii) 
formation of hydrogen and acetic acid, and, finally, (iii) methane is 
produced from the reduction of carbon dioxide and acetate by hydrogen. 
The process parameters include hydraulic retention time (HRT), organic 
loading rate (OLR), carbon to nitrogen ratio, free NH3 concentration, 
pH, temperature, mixing, and pretreatment. Heat pasteurization may be 
used to inactivate pathogens in AD plants. Anaerobic systems can be 
modified as per requirements, which include fluidized bed reactor 
(FBR), anaerobic filter (AF), up-flow anaerobic sludge blanket reactor 
(UASBR), anaerobic biochemical reactor (ABR), anaerobic fluidized bed 
reactor (AFBR), up-flow anaerobic sludge fixed-film (UASFF) reactor, 
anaerobic baffled bioreactor (ABR), modified anaerobic baffled biore
actor (MABB), continuous stirred tank reactor (CSTR), expanded gran
ular sludge bed reactor (EGSBR), membrane anaerobic system (MAS), 
and the ultrasonic-assisted membrane anaerobic system (UAMAS). The 
advantages of anaerobic systems are low sludge yield, higher organic 
loading, production of methane-rich biogas, good process stability, 
lower nutrient requirements and lower operating costs [9,44,57]. 
Anaerobic processes such as Ultrasonic-assisted Membrane Anaerobic 
System (UASBR), AF and AFBR can achieve 80–90% removal of organic 
compounds, associated with gas production [58] 

Biological treatments, briefly mentioned above, have been employed 
for seafood processing wastewater. Aerobic processes are suitable for 
removal of organics from seafood wastewater. A laboratory-scale aero
bic continuous bioreactor treated high saline fish processing wastewater 
containing 2.5 % salt. An optimum biomass yield was obtained after 8 
days of treatment; the treated wastewater was free of offensive odor. The 
system can be used as a treatment option in small scale fish processing 
industries [23]. Choudhury et al. [56] observed that anaerobic treat
ment followed by aerobic treatment is ideal for the treatment of fish 
effluents. They also reported that up-flow anaerobic sludge blanket 
reactor (UASBR), anaerobic filter (AF) and anaerobic fluidized bed 
reactor (AFBR) can produce biogas together with up to 90 % removal of 
organic material. Corsino et al. [59] used an AD system that sustained 
simultaneous nitritation–denitritation at salinities up to 5%. Both COD 
and BOD removal efficiencies were over 90 %. An activated sludge 
process with partial nitrification in combination with anaerobic 
ammonium oxidation process was developed for the treatment of sea
food processing wastewater. At pH value of 7.7–8.2, and dissolved ox
ygen of 0.5 to 0.9 mg /L, the treatment resulted in 85 % reduction of 
COD and near complete removal of ammonium and nitrite [60]. 

Mesophilic anaerobic treatment of sludge from effluents of salmon 
farming in stirred tank reactors (CSTR) at 35 ◦C stabilized COD between 
36–55% with methane yields between 0.114 and 0.184 L/g. Dilution of 
the sludge with equal volumes of tap water gave a stable process without 
salt-induced inhibition [41]. Bio-electrochemical process is a green 
technique to produce electricity from wastewater. Jayashree et al. [61] 
treated seafood processing waste in an up-flow microbial fuel cell 
(MFC). At an organic loading rate of 0.6 g per day, the MFC accom
plished up to 95 % reduction of COD. Recently, a new technology, hy
drodynamic cavitation, was used to treat fish processing wastewater. In 
the process, an orifice plate was used in the reactor to generate a cavi
tation effect. The intensification of this technique was carried out with 
the help of H2O2 and titanium oxide. At 15 g/L of H2O2 about 70 % 
reduction of COD in 120 min of treatment was observed. The treatment 
increased biodegradability of the effluent [62]. 

2.2.3. Membrane processes 
Membrane-based separation processes (MBSPs) have emerged as 

novel tools to efficiently separate organic matter. MBSPs can also 
remove endotoxins, bacteria, viruses, and other pathogens from bio- 
wastes. Some of the major MBSPs are microfiltration (MF), ultrafiltra
tion (UF), nanofiltration (NF), microfiltration (MF), reverse osmosis 
(RO), and forward osmosis (FO). MF, UF, NF, RO, and FO methods as 
well as hybrid technologies have good prospects to provide clean water 
from wastewater streams at an affordable cost with minimum energy 
requirement. There are potentials for use of NF in water softening, 
wastewater treatment, vegetable oil and other industries [63]. Recently, 
hybrid RO/NF membranes have been successfully used for sewage and 
industrial wastewater treatments. FO is becoming more popular for 
wastewater treatment because it is less vulnerable to fouling, operates at 
normal pressure and utilizes osmotic gradients created by the high 
concentration solution across the membrane. Nano-materials-based 
treatments, however, are yet to reach full commercial potential due to 
current unreliability in terms of sensitivity and selectivity, higher cost, 
and field-level issues during operation. A wide framework of integrated 
membrane technology and its advantages in wastewater treatment, 
environmental benefits and recovery of high value compounds have 
been pointed out recently [43,64–66]. 

Membrane processes have been used for treatment of seafood pro
cessing wastewater. UF is plausible to recover significant quantities of 
proteins. Up to 96 % of the proteins of shrimp shell were dissolved by 
incubating them in dilute alkali for 2 h at 45 ◦C at a solid to solvent ratio 
of 1:2 (w/v). The dissolved proteins were recovered by UF [67]. UF 
recovered proteins and lipids up to 97 % and 90 %, respectively, from 
process waters of cuttlefish, shrimp, sardine, surimi and fishmeal in
dustries. However, due to the high concentration of suspended matter in 
these effluents, it is advisable microfiltration as a pre-treatment prior to 
UF to reduce the protein contents in the effluents. Fouling of the 
membrane can be controlled by caustic washing [68]. Protein and fat 
were removed from brine used for herring marination employing MF 
(polypropylene bag, 25 μm) and UF (ceramic membrane) [21]. The 
highest rejection coefficients for protein and fat contents were obtained 
by membrane having150 kDa cut-off. Gringer et al. [69] reported that 
UF of brine from herring processing through ceramic membrane reduced 
COD, TSS, and nitrogen contents. Retention values of up to 42 % COD, 
and 95 % TSS were recorded. 

2.2.4. Combination processes 
In most situations, a single procedure may not be effective for suc

cessful treatment of a particular effluent. Combinations of different 
processes can provide improved efficiency that may exhibit synergistic 
benefits with respect of quality, yield and costs. For example, an inte
grated system, which included a decanter to remove the fats and TSS, an 
anaerobic digester and an activated sludge aerated bio-reactor removed 
up to 95 % of the COD of tuna processing effluents with minimal energy 
consumption and sludge production, while individual processes were 
only partially successful to reduce the COD [26]. Supplementation of 
low quantities (0.2 %, w/v) of fungal lipase in up-flow anaerobic sludge 
blanket bioreactor (ASBR) reduced 91 % of COD of seafood wastewater 
containing 1500 mg oil and grease per L [70]. Recently, Mannacharaju 
et al. [71] observed that baffled moving bed biofilm reactor (BMBBR), 
up-flow anaerobic sludge blanket reactor (UASBR), fluidized immobi
lized cell carbon oxidation reactor (FICCOR), and chemoautotrophic 
activated carbon oxidation reactor (CAACOR) in series almost 
completely removed COD, proteins, lipids and FOG from fish processing 
wastewater 

Membrane processes can be integrated with conventional biological 
methods for better efficiency. An anaerobic membrane bioreactor,which 
has the advantages of AD and membrane filtration can yield effluents of 
high quality [72]. Membrane filtration of effluents initially treated to 
coagulation–flocculation–sedimentation, reclaimed water for reuse in 
industrial cooling systems [73]. Growth of salt tolerant bacteria in fish 
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processing wastewater containing 5.5 % salt followed by treatment of 
the bacteria-grown effluent in a membrane bioreactor (MBR) reduced 
COD up to 99 %. Nevertheless, salinity with increasing organic loading 
rate aggravated fouling that required more cleaning for a membrane in 
MBR [74]. Large amounts of biomass are currently lost per ton of pro
cessed herring, equivalent to ~9.2 kg proteins and ~4.1 kg fatty acids. 
Electro-flocculation followed by UF in series recovered up to 80 % 
proteins and fatty acids from the brine [69]. An economical membrane 
process for treatment of high saline fish processing effluents makes use 
of photosynthetic bacteria and membrane photo-bioreactor in combi
nation with heterogeneous. Fenton fluidized bed to remove 
non-biodegradable organic compounds. The membrane, fabricated by 
chemical grafting of nano-sheets exhibited enhanced hydrophilicity, 
better permeability and flux recovery. The COD and NH3-N removal 
efficiency of the system were 95 and 98 %, respectively [75]. Fish pro
cessing wastewater could be effectively treated in photo-bioreactors 
inoculated with microalgae from a lagoon containing aerobically 
treated swine slurry and with sludge from a membrane submerged 
bioreactor treating winery wastewater. The combination treatment 
reduced the hydraulic retention time from 10 to 5 days, with complete 
removal of NH3-N together with up to 70 % reduction of COD and 
phosphate [76]. 

2.2.5. Treatment of aquaculture effluents 
Sustainable aquaculture demands care to avoid the farm waters 

causing environmental hazards including loss of fish species and likely 
reduction of aquatic production [3,77]. Good practices need to be 
employed in pond construction, feed selection, proper feeding the 
fish/shellfish, erosion control, maintenance of moderate stocking den
sities, and the use of settling basins to improve the quality of effluents 
discharged [37]. Methods for removing waste within the aquaculture 
effluents include sedimentation, filtration, mechanical separation, 
chemical and biological treatments. The use of cleaner production 
technologies and the development of wastewater treatment plants could 
be applied to large farms and processing facilities to reduce water 
pollution [31]. Shrimp farmers need to reduce the use of chemicals and 
biological products to minimize risks to the environment and human 
health [78]. A recent, cost-effective, electrochemical oxidation (EO) 
process has potential to treat marine aquaculture wastewater for 
removal of multiple pollutants to meet regulatory requirements. The 
process makes uses flow of aquaculture effluents through EO reactor, 
when oxidation removes up to 90 % of NH3-N and nitrate nitrogen, 
phosphate and COD. The treatment enhances formation rate of chlorine 
and degradation rate of pollutants. The EO process has good bactericidal 
effect, which also removed antibiotics such as sulfadimidine and nor
floxacin [79]. Wet land systems are popular for treatment of wastewa
ters from seafood industry. There are two major types of wetlands, free 
water surface and surface flow. In both the systems BOD is decreased as 
organics are consumed by microorganisms; and ammonia is microbio
logically oxidized near the water surface. The resulting nitrate can be 
removed in anoxic metabolism deeper in the wetland. Three emergent 
plant species were planted in surface flow wetland, which were fed with 
seafood wastewater diluted with equal amounts of fresh water. Growth 
of the plants was associated with uptake of 1.4–2.3 g nitrogen/m2/d and 
0.17 to 0.29 g phosphorus/m2/d together with removal of BOD5, TSS, 
total nitrogen and phosphate, at average maximum removal efficiencies 
of 99, 90, 92 and 77 %, respectively. Treatment for 5 day resulted in 
meeting quality standards required for the discharged water [80]. Po
tential climate change and acidification impacts of aquaculture can be 
largely reduced by improved energy efficiency throughout production 
and value chain [39] It has been generally noted that compared with 
post-harvest processing operations, aquaculture is less responsible for 
environmental pollution as the farm effluents generally contain rela
tively lower nutrient loads [81]. Nevertheless, it is important that for 
aquaculture to remain sustainable future growth should not adversely 
affect natural biodiversity or place unacceptable demand on ecology 

[11], Apart from effluent treatment options, ideally, an effective and 
efficient approach for safe aquaculture would be to avoid pollution at 
the source. This requires cleaner production methods based on the 
principles of green and sustainable chemistry in such a way that treat
ment systems and water environments cope successfully with the chal
lenge of micro-pollutants globally [36]. Table 4 summarizes the 
different types of treatment options for wastewaters generated during 
finfish and shellfish processing and salient benefits of each treatment 

The above discussion suggests various treatment options for seafood 
effluents. The success of treatment may differ depending upon the na
ture of effluent and the process employed. For example, aquaculture 
effluents may require milder treatments against effluents released from 
fish canning operations. Physico-chemical methods can have only 
limited efficiency. Flocculation by food-grade polysaccharides is more 
feasible. There is potential to use chitin and chitossan for flocculation, 
considering their seafood origin, biocompatibility, user-friendly nature, 
and efficiency at low concentrations. DAF is a plausible technology. 

Table 4 
Some treatments for seafood processing wastewater and their benefits.  

Process Salient benefits References 

Dissolved air flotation (DAF) Major treatment process [49] 
Flocculation of effluents of shrimp, 

fishmeal and surimi processing by 
polysaccharides 

Recovered ≤86 % protein [54,52] 

Combo of sieving flotation and 
activated sludge 

Removed biological 
nitrogen 

[14] 

Integrated physico-chemical and 
biological processes 

Reduced COD and yielded 
gas Good treatment 

[152] 

Activated sludge, rotating biological 
contactor, trickling filter, lagoons 

Better efficiency [56]. 

Up-flow microbial fuel cell (MFC) Removal of COD with 
power 

[61] 

Aerobic granular sludge(AGS) for fish 
canning wastewater having salt up to 
5% 

AGS significantly removed. 
COD 

[59] 

Aerobic laboratory-scale bioreactor for 
saline waste water 

Optimum biomass removal 
in 8-day HRT 

[23] 

Bioreactors in series Removed COD up to 99 % [71] 
Anaerobic digestion (AD) with lipase Enhanced effluent quality [70] 
Waste-to-energy technology (DAF, AD, 

nitrification-denitrification, 
clarification) 

Reduced treatment cost by 
50 %, 40 % energy supply 

[82] 

DAF treatment of effluent Reduced toxicity [32] 
A ‘GEM’ system with screens, DAF, coa- 

gulation, flocculation, 
dechlorination 

Removed COD and FOG up 
to 99% 

[83]. 

Activated sludge process, partial 
denitri-fication system, anaerobic 
NH4

+ oxidation 

Near complete removal of 
ammonium and nitrite 

[60] 

Integrated system of AD and activated 
sludge aerated bio-reactor 

Removed up to 95 % of the 
COD of tuna processing 
water 

[26] 

Continuous stirred-tank reactor (CSTR) 
or membrane bioreactor (MBR), salt- 
tolerant bacteria 

MBR was better than CSTR. 
Removed 98 % organic 
carbon 

[74] 

Seaweed-associated bacteria Bacterial consortia 
treatment option 

[146] 

Photosynthetic bacteria-membrane 
photo-bioreactor (MPBR) with 
Fenton fluidized bed reactor 

Successful in seafood 
wastewater treatment. 

[75] 

Combination treatments Reduced HRT to 5 days, 
removal of NH3-N and 70% 
COD 

[76] 

Growth of R.sulfidophilum in settled 
undiluted and non-sterilized sardine 
effluent 

Reduced COD [140] 

Cultivation of Chlorella sp. in aerated 
effluent 

Treatment associated with 
algal biomass production 

[141] 
[135] 

Coupling of UF and enzyme treatment Nutritive protein product [104] 
Hydrodynamic cavitational reactor 

with biodegradability improvement 
Up to 71 % reduction in 
COD in presence of H2O2 

[62] 

Fenton reaction step after an activated 
sludge biological treatment 

Treated organic matter of 
fish canning wastewaters 

[153]  
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Biological treatments including the activated sludge treatment, how
ever, may have limitations due to the presence of salt and potential high 
pollutant loadings. Variations in characteristics of seafood effluents 
require standardization of AD processes on a case by case basis for risk 
assessment. Hydrodynamic cavitation, although feasible, requirements 
of considerable amounts of hydrogen peroxide for its use can influence 
the costs. Membrane processes are novel cost-effective technologies. 
Their commercial level applications may take time. There is good scope 
for designing processes that combine biological treatments with mem
brane processes for resource recovery and energy production (see Sec
tion 3.0) 

2.3. Examples of industrial scale effluent treatments 

Industrial level treatments of seafood processing wastewater have 
been reported from some parts of the world to prevent effluent-related 
environmental hazards. These plants have been designed taking into 
considerations the type of raw materials, their seasonal or batch to batch 
variations, proximate composition and freshness. A few examples may 
be pointed out. An effluent treatment unit in Ecuador, operated by 
EUROFISH for the last few years, is attached to a plant that daily pro
cesses roughly about 200 tons of tuna. The challenges in installation of 
the treatment plant included a need to accommodate both existing op
erations and the intended expansion with a provision to increase effluent 
production from 600 to 1300 m3/d and the high organic loading of the 
effluents, having a COD of about 8,000 mg/L. The treatment consisted of 
separation of effluent in the DAF system, further treatment of clarified 
water in a double nitrification-denitrification stage, anaerobic digestion 
of solids separated during the DAF process, and final clarification to 
ensure the treated wastewater meets regulatory requirements before it is 
discharged. Making use of approximately 1,300 m3/d of methane 
generated by the plant as energy source, the waste-to-energy technology 
helped reduction of wastewater treatment costs by 50 % and energy 
consumption by 35–40 % [82]. A full scale experience of one of the 
largest fish-processing factories in Germany with a yearly production 
capacity of about 50,000 tons herring and a maximum daily wastewater 
discharge of 1,500 m3 has been pointed out [14]. Another full scale 
treatment plant for seafood processing wastewater at the Ocean Gold 
Seafood plant, Westport, US, installed in collaboration with Clean Water 
Technology Inc. (www.cwt-global.com) has been in operation since 
2004. The system included an underground equalization tank, rotating 
drum screens and DAF facilities. The plant was able to almost 
completely remove salinity and provide chlorination - dechlorination to 
remove fecal coliform. Novel polyacrylamide flocculants used in the 
process enabled TSS and FOG removal even at high salinity [83]. A 

biodegradation system to treat the discharged concentrated liquid ef
fluents from a tuna-processing unit included a decanter, an anaerobic 
digester and an activated sludge aerated bio-reactor. The anaerobic 
system transformed 45 % of the dissolved COD into methane gas with a 
production of about 0.25 m3 methane per kg of degraded COD. The 
aerated treatment unit achieved 85 % reduction of COD Achour et al. 
[26]. There is scope for incorporation of membrane processes in com
mercial treatment plants. Ceramic membranes made from silicon car
bide have recently been certified for effluent treatment by the food 
industry [21]. 

2.4. Advantages of effluent treatment 

There are three major advantages of treatment of seafood industry 
wastewater, namely, (i).alleviation of effluent-related environmental 
hazards, (ii) conservation of water, and, (iii) isolation of commercially 
valuable ingredients. Increasing demands for freshwater have encour
aged use of treated water as a beneficial practice, especially in the 
agricultural sector, the largest water consumer worldwide. This appears 
possible with advancements in wastewater treatment technologies, 
which can now give water of almost any desired quality [84]. The po
tentials of seafood effluent treatments to improve water security, sus
tainability and resilience of water resources is much relevant in the face 
of the current scenario of global drinking water crisis [10,85]. The 
treated effluents from seafood sources, however, may not be directly 
used for seafood processing, essentially due to possible presence of un
acceptable levels of BOD, microorganisms, and chlorine. Nevertheless, it 
can be used for landscape irrigation, and also to replenish ground water 
basin, depending upon its pH and BOD value (which needs to be ideally 
less than10 per L), contents of trace elements and free chlorine. Such 
water can also be used for irrigation. For surface irrigation, the sodium 
and chloride levels need to be less than 3 and 4 mg/L, respectively [46]. 
In a study conducted at six fish processing plants, water from the 
freezing tunnel and cooling chamber was recycled after subjecting it to 
disinfection. This reduced the total average water consumption of the 
processing unit by 11 % and, if the effluents from the cooling tower 
purges were also to be reused for other administrative ends, the savings 
could be as high as 22 % [85]. A case study related to water minimizing 
and recycling opportunities in anchovy industry showed that both 
environmental benefits and economic advantages were achievable 
through effluent treatment. The consumption of water required by the 
fish thawing and gutting processes could be reduced by 65 % and 77 %, 
respectively, leading to total water saving of 45 %, with an annual total 
water saving of about 29,000 m3 [86]. A recent study showed that 
treatment of aquaculture wastewater with heterotrophic 

Table 5 
Discharge limits for BOD5, TSS and FOG) for some fishery effluents.  

Seafood 
BOD5 TSS FOG 

EPA WB EPA WB Wanga EPA WB Wanga 

Tuna 20.0 2.2 3.3 2.2 – 2.1 0.27 – 
Salmon 2.7 11 26 2.8 26 11 2.8 11 
Other finfish 1.2 4.7 3.1− 3.6 4.0 – 1.3− 43 0.85 – 
Crabs 0.3− 10.0 3.6 2.2− 19 3.3 – 0.6− 1.8 1.1  
King crab, Sea cucumbers, Snails, Skates – – – – 3.9 – – 0.42 
Flounder, Arrowtooth, Rockfish, Halibut, 

Red snapper, Pacific cod 
– – – – 12 – – 3.9 

Salmon   1.6  26 0.19  11 
Shrimp 63− 155 52 110− 320 22 210 17 4.6 19 
Clams, oysters, canned – 41 190 41 – 1.7 0.62 – 
Bottom fish – – 1.9  12 0.56 – 3.9 
Fishmeal/ waste Stream 3.9  7.0  3.7 1.4  1.4 
Effluents from aquaculture 30 (COD, 100) 30 – – – 
Seafood* 30 50 – 100 – 
Seafood** 25 25 – – – 

Monthly average values. 
Source: References [1], [24], [43]l a [45]; *[49]; **Fisheries and Oceans, Canada; -, not given. 
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microorganisms reduced requirement for water replacement by as high 
as 82 % [87]. By adopting best available technology, water consumption 
and wastewater generation could be reduced to 7 m3 per ton in the fish 
canning industry, with significant reductions in BOD, loads of nitrogen 
and phosphate together with reductions in energy consumption [12]. 

Cleaner production is defined as continuous application of an inte
grated preventive, environmental strategy applied to products, pro
cesses and service to reduce risks to humans and the environment [12]. 
It has been well recognized that cleaner production in seafood industry 
helps conservation of resources, reduction of wastes and elimination of 
toxic materials. Such measures in frozen fish installations helped 
reduction of up to 40 % wastes [88]. Imlementation of effluent treat
ment and recovery solutions are challenges facing the food processing 
industry including seafood industry, the success of which can satisfy the 
‘Water-Energy-Food –Nexus [89]. 

3. Resource recovery from effluents 

Seafood processing discards including waste streams are rich in 
valuable ingredients having potential applications in food, pharmaceu
tical and allied industries. Besides environmental protection, valoriza
tion of fishery wastes can be a key factor in conservation of marine 
resources and cost reduction of product development. Sustainability of 
seafood processing demands that seafood solid discards as well as 
wastewater be recognized as resources of various ingredients, water and 
energy [84,86] Treatment options of food process effluents aimed to 
control environmental hazards also open up opportunities to recover 
valuable bio-compounds that can have interesting applications in 
nutrition, healthcare, pharmaceutical and other industries Whereas both 
valorisation process and waste treatments presented similar impacts, a 
significant benefit can be achieved through valorisation of fish 
by-products [90]. However, unlike the effluents, solid wastes have 
attracted more attention as resources for diverse high-value bioactive 

ingredients such as fish oils, proteins and peptides, collagen, gelatin, 
enzymes, chitin, and minerals [91–93] Isolations of these compounds 
have been facilitated by developments in green technology and 
biotechnology. Some of the plausible techniques include microwave, 
ultrasound, super-critical fluid extraction, enzyme extraction, 
fermentation-dependent extraction, membrane-filtration and other 
techniques [94,95]. The biorefinery approach, as discussed in Section 4, 
integrates biomass conversion processes to recover useful ingredients 
and also produce fuel that may lead to zero discharge of both solid 
wastes and effluents. The US EPA [96], which focuses on recycling re
sources apart from treating waste products, noted that the high levels of 
nitrogen and phosphorus in wastewater could be used as nutrient re
sources for farming. Holistic secondary processing of the effluents can 
help recovery of nutrients, re-usable water and energy ultimately lead
ing to total utilization of the marine resources. 

In general, the seafood wastewaters can be sources of four categories 
of ingredients, namely nitrogenous compounds, lipids and lipid-derived 
compounds, polysaccharides and minerals. As depicted in Fig. 2, these 
compounds can have diverse applications, which include their uses as (i) 
food ingredients, (ii) ingredients for agro-industry, and (iii) production 
of bio-energy. These aspects will be discussed. 

3.1. Food ingredients 

Many ingredients useful for the food industry can be made available 
from seafood industry effluents. For recovery of these ingredients it is 
highly preferable to use effluents fresh from the industry; since the 
longer the detention time of fishery effluents, the greater the BOD and 
COD with corresponding reduced recovery of good quality products. 
Methods for the recovery of various ingredients, their properties and 
applications are discussed below: 

Fig. 2. Major classes of products recoverable from seafood industry effluents.  
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3.1.1. Proteins 
Protein scarcity especially in third world countries is a major prob

lem, associated with rise in demand for human and animal re
quirements. Therefore economically feasible processes are required to 
recover proteins from novel sources, which should meet food and 
environmental safety standards and also consumer acceptance [97]. 
Recovery of proteins (and also other bio-molecules) from effluents, 
however, can be difficult due to their relatively low concentrations. 
Recent developments in membrane technology coupled with floccula
tion can be highly beneficial in this respect. Upstream flocculation using 
food grade polysaccharides such as carrageenan, alginate and carboxy 
methylcellulose followed by dewatering techniques such as filtration, 
sedimentation and centrifugation recovered up to 77 % proteins from 
shrimp boiling waterrs [54]. Generation of large amounts of sludge 
during treatment of highly nitrogenous-wastewater contains significant 
amount of proteins, which can be recovered by initial disintegration of 
the sludge by alkali followed by ultra-sonication, precipitation and 
drying [98]. Membrane processes such as UF have been successful in 
recovering proteins from cuttlefish wastewater [99], alkali-treated 
shrimp shell [67], snow crab cooking effluents [18], surimi wash 
water [100], and. pre-salting brine used for marination of herring [21, 
66]. 

Proteins isolated from seafood processing effluents invariably retain 
their natural properties. Isolates obtained by acid and alkali treatments 
of fishmeal stickwater from processing of sardine had a chemical 
composition of 76 ± 4 and 16.9 ± 3.1 % protein, 12 ± 6.2 and 2.9 ± 1.9 
% fat, 7.9 ± 2 and 75.4 ± 2.6 % ash, respectively. The proteins were 
more water soluble than egg albumin and sodium caseinate. The isolates 
had also good Ca++, Mg++, P3− , K+ and essential amino acid contents 
[101] Freeze-dried stickwater of pollock, cod and salmon contained 
70.5–86% proteins and 10.6–13.9% ash, with variable amounts of lipids. 
Major proteins corresponded to molecular weights (kDa) of 198, 120, 
and 39, containing high levels of proline and hydroxyproline, indicative 
of connective tissues in the preparation. The proteins had more than 95 
% digestibility and their calculated protein efficiency ratios from amino 
acid analysis data ranged from 1.6 to 1.8 [19]. A functional concentrate 
from an industrial shrimp cooking juice had 11.6 % protein and also 
13.5 % crude fat and ash with predominance of Na ions [102]. 

Proteins recovered from effluents can have interesting applications. 
Proteins having molecular weights of 50 kDa recovered from herring 
industry wastewaters could function as natural emulsifying agents in 
food products. They also showed oaming capacity and stability at pH 10. 
The 50–10 kDa and 10–1 kDa peptide fractions showed good antioxidant 
activities [103]. Foaming and emulsifying properties of the proteins 
were improved or unaffected during their recovery by EF/UF membrane 
processes [69]. Isolates from effluents of cooked snow crab were 
composed of 59 % proteins, 38.6 % minerals, 27.3 % carbohydrates, 6.4 
% lipids, and also about 30 flavor compounds. The proteins had good 
solubility, water-holding, emulsion capacity, antioxidant activities. 
Essential amino acids (EAAs) made up 24.6 % of the total amino acids; 
particularly leucine and valine. The isolate has potential as an additive 
[18]. Hydrolysis of proteins from shrimp cooking effluent by enzymes 
such as Alcalase gave peptides in the range of 1–6 kDa having antioxi
dant and iron-binding capacities. Hydrolysis at 75 ◦C and pH of 9.0 gave 
hydrolyzates having EAAs that can satisfy the recommended daily 
needs. The bioactive peptide in the hydrolyzate had significant antiox
idant and ACE-inhibitory activities The peptides were of size 1355–502 
Da, with a predominance of glycine, proline, glutamine, aspartic acid 
and arginine [102]. Tonon et al. [104] prepared protein hydrolyzate 
from proteins of shrimp cooking water, by coupling UF and enzymatic 
hydrolysis under optimum conditions, namely,: temperature of 75 ◦C, 
pH of 9.0 and E/S ratio of 0.1 %. Bioactive peptides have also been 
prepared from proteins of cuttlefish effluents [99] and wash water of 
surimi processing [100]. UF through 4 kDa membrane isolated a peptide 
of lower than 1 kDa having potential antioxidant and hypotensive ac
tivities from saith proteins [105]. Similarly, UF and NF isolated peptides 

having 1–4 kDa from tuna dark muscle protein hydrolyzate. The peptide 
fractions can be used in human nutrition [106]. Proteins recovered from 
effluents can also be converted into aqueous dispersions for use as edible 
and biodegradable packaging [107,108]. These results suggest potential 
applications of proteins of seafood process effluents. 

3.1.2. Carotenoids 
Carotenoids protect cells from oxidative stress by quenching singlet 

oxygen. There has been considerable interest in dietary carotenoids for 
their ability to control incidences of some chronic diseases through their 
antioxidant action. Fluids from shrimp cooking can be concentrated by 
UF to isolate the carotenoid, astaxanthin, which mostly remains bound 
to 300 kDa proteins. Response surface analysis showed that astaxanthin 
can be extracted from the fraction using sunflower oil (3:1 v/v) at 40 ◦C. 
The shrimp astaxanthin has low thermal stability in oil at 60◦ and 70 ◦C 
[13,99] Free astaxanthin (cis and trans isomers) and derived esters, 
having antioxidant activities were detected in shrimp cooking juice 
[102]. 

3.1.3. Lipids 
Many finfish species are known for their good contents lipids rich in 

n-3 PUFA [109] Therefore, effluents of these fish also contain n-3 
PUFA-rich lipids. The stickwater from processing of fish such as pollock, 
cod and salmon had variable amounts of lipids [19]. Sardine stickwater 
was concentrated to get up to 18 % fat [101]. Lipids, particularly, n-3 
PUFA, can be extracted from the effluents by low temperature crystal
lization, enzymatic methods, urea complexation, alkaline hydrolysis, 
supercritical fluid extraction, molecular distillation, microwave-assisted 
extraction, among others [51,109]. High hydrostatic pressure extraction 
yielded 333 mg% n-3 PUFA from fish canning effluents. The extraction 
presented the lowest environmental impact and costs. The isolated lipids 
can have food, pharmaceutical and cosmetic applications [110]. Floc
culation by chitosan has recovered lipids up to 51.7 % [55]. In Sweden, 
the Nordic project NoVAqua (dealing with extraction of novel values 
from aqueous seafood side streams) developed a two-step method that 
recovered up to 99 % lipids (and also 98 % of proteins) from seafood 
processing effluents. Flotation and dehydration yielded a semi-solid 
biomass and a nutrient-rich liquid. Biomass from shrimp boiling water 
proved to be a useful ingredient as feed for salmon [111]. The water 
recycling system introduced in the gutting process yielded valuable fish 
oil/grease by-product [86]. 

3.1.4. Flavor compounds 
Flavor compounds can be divided into two categories: aroma com

pounds and taste compounds. Aroma compounds usually have molecu
lar weights less than 400 Da, such as ketones, and aldehydes are volatile 
in nature, whereas compounds responsible for taste are mostly water 
soluble, consisting of amino acids, organic acids and sugars [18,112]. 
The cooking juices of oysters are rich in volatile compounds like alco
hols, aldehydes, ketones, and alkanes. Their concentration by pervapo
ration resulted in enrichment of 1- octen-3-ol by a factor of 35 [113]. 
Flavor compounds from crab boiling juice have been concentrated by 
pervaporation [114]. A flavor concentrate rich in proteins and lipids was 
obtained from industrial shrimp cooking juice. The preparation con
tained glucose, glycerol, polyalcohols and acetate [102]. Solids present 
in squid cooking effluent could be recovered for use as flavor ingredients 
in squid-analog production. Sixty percent of the totals free amino acid 
contents, which imparts flavor to the shellfish, corresponded to glutamic 
acid, serine, glycine, arginine, alanine, leucine and lysine [28]. Sanchart 
et al. [17] employed a microbial process in which Candida and Lacto
bacillus sp., encapsulated in sodium alginate, converted glutamine 
present in tuna condensate to gamma-amino-butyric acid (GABA), with 
a productivity of 135 mg/l/hr. The GABA could be used as a flavoring 
agent or in animal feed. 

The process design and economic evaluation of membrane extraction 
was illustrated by a case study on concentration of shrimp aromas by 
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reverse osmosis [105]. In another study, flavoring compounds from 
shrimp cooking juice were concentrated initially by a pre-concentration 
step by NF to reduce volume by 10-fold followed by osmotic evapora
tion. The process gave a 52 % dry matter concentrate. The preparation 
could be used as flavor additive at 2.5 % level in foods [115]. Diafil
tration (DF) and electro-dialysis (ED) recovered flavor compounds from 
salted shrimp processing wastewater. The DF process removed about 93 
% of salt and recovered less than 50 % of free amino acids and nucleo
tides, while the ED process removed 85 % of salt and recovered more 
than 70 % of flavor compounds [116]. A two-step integrated membrane 
process, combining desalination by electro-dialysis and concentration 
by RO recovered volatile organic compounds from the cooking juices of 
shrimp and mussels [117]. A UF step followed by a RO treatment 
concentrated the flavor compounds of lobster cooking wastewater. The 
UF membrane with a cut-off: of 20 kDa retained proteins, whereas RO 
retained all dissolved solids of smaller size. The major flavor compounds 
were glutamic acid, glycine, arginine, uridine 5′-monophosphate, succ
ninic acid, and glucose [112]. Spray drying followed by freeze drying 
gave flavor additive from clam processing water, which contained 
glucose and amino acids such as glutamic acid, aspartic acid, glycine and 
alanine [118]. These flavor concentrates can be used to enhance natural 
aroma of selected foods. Table 6 gives summary of components 

recovered from effluents from different seafood sources by different 
processes 

3.2. Agro-industry applications 

Ingredients recovered from seafood processing effluents can have 
interesting agricultural applications, as pointed out below: 

3.2.1. Fish feed 
The sludge obtained from effluent treatment is a good source of 

proteins, which can be recovered through disintegration, alkali treat
ment followed by ultra-sonication, precipitation and drying. The process 
removed heavy metals and toxins such as aflatoxin B1, ochratoxin A. 
The proteins could be used as toxicologically safe animal feed having 
nutritional value comparable with that of commercial protein feeds 
[98]. Fermentation of seafood wastewater by Saccharomyces sp. and 
Lactobacillus plantarum in presence of molasses at 22 ◦C for 5–7 days 
gave a stable product that could be used as feed [119]. Ensilation of 
squid processing wastes for 14 days in presence of 3% formic acid 
resulted in hydrolysis of proteins and also lipids. The silage can be used 
as animal feed supplement [120]. The insoluble fraction from stickwater 
of fishmeal production from sardine can be recovered for use as feed/
food ingredients because of its nutritional value [101]. 

3.2.2. Fertilizer 
Fish processing wastewater, being rich in nutrients, has high po

tential for use as a liquid fertilizer in agriculture [23]. However, caution 
must be exercised in direct use of effluents to ensure that they contain 
pathogenic organisms within acceptable limits only [85]. Besides, 
commercial marketing of recovered nutrients as ‘green’ fertilizers also 
can be attempted. The organic components such as nitrogen, phos
phorus, and potassium are useful in fertilizing the soil when applied in 
limited concentrations. However, while using effluents, the impacts of 
soil prokaryotic community shifts over plant growth remain to be 
determined [33]. Sludge is in liquid form and can be used as a liquid 
fertilizer on cultivated land and meadows [72]. Salt-containing effluents 
have potential for salt-tolerant plant irrigation. Bio-solids isolated from 
wastewater has found applications as fertilizer in the U.S. and the U.K 
[84]). A Swedish project aimed to recover nutrients from seafood pro
cessing waters, entitled ‘Extracting Novel Values from Aqueous Seafood 
Side Streams” (‘NoVAqua’ in short) observed that the processing waters 
from the seafood industry contain valuable nutrients that can be 
recovered for use as food or in aquaculture feed [13]. 

3.2.3. Bio-stimulants 
Bio-stimulants are not fertilizers as they do not provide nutrients 

directly to plants, but can facilitate the acquisition of nutrients by sup
porting metabolic processes in soil and plants. Protein hydrolyzates can 
function as bio-stimulants for improvement of plant growth, chlorophyll 
synthesis and to abate the negative effects of abiotic stresses in vegeta
bles. The active ingredients in protein hydrolyzates include various 
proteins, peptides and free amino acids. Application of fish protein hy
drolyzates in horticultural practices has resulted in increased crop yields 
and better quality of fruit and vegetables compared to chemical fertil
izers. The EC and USDA have now provided framework for the regula
tion and use of bio-stimulants in Europe and the US, respectively [121]; 
http://www.cfish.ie/plant-biostimulants/, accessed July 2020). Table 7 
gives some applications of ingredients recovered from seafood process 
effluents. 

3.3. Bio-energy 

Global concerns of energy security have attracted interests in bio
logical materials as novel energy resources. Bioenergy, also termed as 
biofuels, mainly focus on biogas, bio-hydrogen, bioethanol, and bio
diesel. Biogas consists of CH4 (50–75 %), CO2 (25–50 %), 1–2 % of H2S, 

Table 6 
Components recovered from effluents from different seafood sources.  

Recovered 
component 

Effluent 
source 

Recovery process References 

Proteins, 
Bioactive 
peptides 

Shrimp 
boiling 
water 

Flocculation by carrageenan 
followed by sedimentation and 
centrifugation recovered 77 % 
proteins 

[54] 

Cuttlefish 
Ultra filtration. Hydrolysis of 
the proteins gave bioactive 
peptides 

[99] 

Fishmeal Ultrafiltration [68] 

Shrimp 
Ultrafiltration and enzymatic 
hydrolysis gave bioactive 
peptides 

[104] 

Surimi 
Regenerated cellulose 
membrane (10 kDa) [78] 

Shrimp 
UF of shrimp shell protein 
extract removed 96 % of 
proteins 

[67] 

Shrimp 

Centrifugal separator gave a 
functional concentrate rich in 
proteins and lipids. Protein 
hydrolysis gave bioactive 
peptides 

[102]- 

Sardine 
Centrifugation step followed by 
pH adjustment 

[101] 

Herring Electro-flocculation followed by 
UF in series 

[21,69,13] 

Carotenoids Herring 
Oil extraction [13] 
Ultra filtration [154] 

Lipids including 
omega-3 fatty 
acids 

Fish 
canning 

Conventional and pressurized 
extraction processes [110] 

Sardine Centrifugation step followed by 
pH adjustment 

[101] 

Fish, shrimp Flotation and dehydration [111] 

Flavor 
compounds 

Oyster Concentrated by pervaporation [113] 
Crab Concentrated by pervaporation [155] 

Tuna 
condensate 

A two-step microbial process 
using immobilized Candida 
rugosa and Lactobacillus futsaii 

[17] 

Mussel Centrifugation, electrodialysis 
and reverse osmosis 

[117] 

Jumbo 
squid 

Conventional processes [28] 

Shrimp 
Coupled nanofiltration and 
osmotic evaporation 

[115] 
[102]; 

Various 
seafood 

Membrane processes, reverse 
osmosis [105]  

Snow crab Membrane filtration [9,18]  
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H2, NH3 each and traces of oxygen and nitrogen. CH4, the major 
component of the biogas, has a calorific value of 39,800 kJ/ m3 Bio- 
hydrogen is a sustainable form of energy as it can be produced from 
organic waste through fermentation processes involving dark fermen
tation and photo-fermentation [122]. The sludge obtained after treat
ments of fishery effluents can be sources of fuel. Anaerobic digestion of 
fish waste and the fish sludge gave specific CH4 yields of 742 and 828 
CH4 m3 /ton substrate, respectively. The high concentrations of light 
metals together with high fat and protein contents in the sludge could be 
inhibitory to methanogenic bacteria. Co-digestion of fish sludge with a 
carbohydrate-rich residue from crop production could address this 
problem [123,124]. Vivekanand et al. [124] observed that anaerobic 
digestion of single substrate may be inefficient due reasons such as im
balances in the carbon-nitrogen ratio, high contents of lipids, metals, 
degree of biodegradability and other reasons. Co-digestion of fish ensi
lage, manure and whey synergistically improved CH4 yield to 470 L/kg, 
which was 84 % higher than the yields obtained from individual sub
strates. Co-digestion of effluents from Nile perch processing with 10 % of 
brewery wastewater enhanced CH4 yield to 66 %. Pretreatment of the 
wastewater with aerobic microbial cultures isolated from a fish waste 
stabilization pond enhanced methane yield to a maximum value of 76 % 
[125]. The anaerobic treatment of sludge from salmon smolt hatchery in 
a continuous stirred tank reactor at 35 ◦C significantly reduced TSS of 
wastewater. An ion-exchange column further improved quality of the 
effluent. Furthermore, the CH4 content in biogas was stabilized at 60.5 
%, with a CH4 yield of 0.14 to 0.15 per COD [72].The Up-flow Anaerobic 
Sludge Blanket Reactor (UASBR) can be modified for the treatment of 
industrial wastewater or high CH4 production [58]. Seafood processing 
wastewater was treated in an up-flow microbial fuel cell for simulta
neous power generation and wastewater treatment. A maximum power 
density of 105 mW m− 2 was achieved at an organic loading rate of 2.6 
g/d. The predominant bacterial communities of anode biofilm belonged 
to genera Stenotrophomonas [61]. Fluence [82] reported that use of 
waste-to-energy technology helped Eurofish reduce its wastewater 
treatment costs by 50 % and its energy consumption by 35–40 %. 
Anaerobic process has been adopted to produce biogas equivalent to 4 
GW of energy, employing approximately 8000 plants [44]. 

Fish oil can be source of bio-energy. Kato et al. [126] subjected fish 
oil to ozonation in presence of iron oxide and calcium phosphate as 
catalysts. The treated oil had properties suitable for use in diesel en
gines, such as comparable or higher heating value and density compared 
with commercial diesel fuel, lower flash and pour points. Yahyaee et al. 
[127] produced biodiesel employing trans-esterification reaction be
tween methanol and oil from fish waste. The octane and cetane numbers 
of the biofuel were influenced by the contents of oleic acid and other 
fatty acids including palmeitoleic, palmitic, stearic, linoleic and lino
lenic acids, present in the oil. 

4. Bio-refining of seafood processing effluents: the algal 
biorefinery approach 

Biotechnological processes offer an economic and versatile way to 
concentrate and transform resources from waste/wastewater into valu
able products [72]. ‘Biorefining’ is the sustainable processing of biomass 
into a spectrum of marketable products and energy. International En
ergy Agency Bioenergy defined biorefining as ‘sustainable processing of 
biomass into a spectrum of bio-based products (food, feed, chemicals, 
materials) and bio-energy [128]. Bioremediation, a part of the bio
refinery process, makes use of fast growing algae and also heterotrophic, 
photosynthetic bacteria, as well as terrestrial plants, which are allowed 
to grow in the waste when degradation of the components present in the 
wastes, thereby reducing their potentials to cause environmental haz
ards. Microalgae, which belong to the largest primary producers of ox
ygen in the ocean through their significant photosynthetic activity, have 
attracted increasing attention in this respect. Some of the major classes 
of marine microalgae include Chlorella, Spirulina, Dunaliella, diatoms, 
and cyanobacteria, commonly referred as blue green algae. Microalgal 
species can be grown under strictly phototrophic conditions (light and 
CO2) or in heterotrophic conditions or under both conditions The major 
advantages of cultivation of microalgae over land based crops are their 
high growth rate and also their high oil contents [129]. Traditionally, 
microalgae are cultivated in open ponds having large amounts of surface 
area for economical viability. The ponds must be maintained at low 
densities of the organism being cultivated in order to allow the light to 
penetrate into the system. Some of the open systems are shallow ponds, 
which may be unstirred or paddle-wheeled, slopping cascade, tubular or 
laminar reactors. Growth of microalgae under heterotrophic conditions 
in stirred tank bioreactors have shown to provide more biomass than 
under auto-phototrophic conditions [95]. Cultivation in 
photo-bioreactors under required stringent conditions also provide 
diverse range of extractible products such as β-carotene, phycocyanin, 
phycoerythrin and others. 

4.1. Algal-biotechnology for wastewater bioremediation 

The algae based bio-technology is a plausible method for utilization 
of food industry wastes including aquaculture effluents [130]. Micro
algae can effectively utilize wastewater nutrients for growth and 
biomass production, when grown in open ponds, thereby improing the 
environmental impacts of the currently used wastewater treatment 
methods [131]. Recently, Shahid et al. [132] recognized that microalgal 
cultivation in wastewater offered the highest atmospheric carbon fixa
tion rate (1.83 kg CO2/Kg biomass) and rapid biomass productivity 
(40–50 % higher than terrestrial crops) with almost complete removal of 
pollutants Further, this approach also gives a low-cost process for pro
duction of biomass rich in bioactive compounds [133]. In view of their 
digestive action, and photosynthetic activities aquatic green algae can 
accomplish degradation of organic contents, unused food, and excretory 
products together with removal of CO2, NH3-N, CO2, and H2S thereby 
providing environmentally safe effluents. Therefore, the phycor
emediation potentials of these organisms are reflected in the production 
of biomass, fixation of CO2, and extent of removal of pollutants. The 
purple phototrophic bacteria under anaerobic conditions coupled with 
infrared irradiation removed 63 % COD, 99 % NH3-N, and 88 % of 
phosphate from primary settled domestic wastewater. Almost all the 
COD removed was assimilated into biomass rather than oxidized to CO2. 
The productivity of biomass is 40–50%, higher than that of terrestrial 
crops [134]. Optimal growth of C. vulgaris resulted in the removal of up 
to 98.5 % and 90 % of TSS and nutrients, respectively. The biomass 
formed contained 107.2 ± 5.6 g⋅/L dry matter with a chlorophyll con
tent of 25.5 mg⋅/L [135]. It would be ideal to pasteurize the effluents 
before its use for algal cultivation to prevent putrefaction by contami
nant microorganisms and also to inactivate pathogens. 

The algal biomass can be used as whole cells or as sources of various 

Table 7 
Major potential food applications of recovered ingredients.  

Ingredients Function/bioactivities 

Proteins As food additives, modify gelling, water retention, and textural 
properties of restructured foods (sausages, fish balls, cutlets, 
nuggets, pate, patties, pastes, composite fillets, imitation 
products), among others 
Animal, aquaculture feed supplements 

Protein 
hydrolyzates 

As supplements provide nutritional values to food, health food 
for patients, sources of peptides having various bioactivities, 
which make them function as nutraceuticals 
Animal, aquaculture feed supplements 

Lipids Rich in n-3 PUFA, function as nutraceuticals for various benefits 
Carotenoids Coloring agents useful for food and aquaculture, antioxidants 
Flavoring 

additives 
Flavor enhancers of food formulations  
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bioactive compounds. The biomass has significant amounts of proteins, 
which are comparable to conventional vegetable proteins. The biomass 
of marine microalgae, Chlorella vulgaris, Tetraselmis suecica, Isochrysis 
galbana, D. tertiolecta and C. stigmatophora are considered single cell 
protein (SCP), due to their high (39–54%) protein contents. Peptides 
derived from algal proteins may possess one or more bioactivities anti
bacterial, antiviral, antifungal, antioxidative, anti-inflammatory, anti
tumor and other functions. Interestingly, stringent nitrogen limitations 
stimulate the organisms to produce more lipids ranging from 15–75% 
(on dry weight basis), depending upon the organism and cultivation 
conditions. The lipids have high contents of n-3 PUFA. Many species of 
microalgae are also good sources of carbohydrates, and pigments 
including chlorophylls, carotenoids and phycobiliproteins and minerals. 
Algal pigments have commercial value as natural colorants. Some 
strains of Dunaliella are well known for their β-carotene contents. 
Because of these bioactive compounds, microalgal biomass have found 
wide applications as sources of nutraceuticals (defined as a food or food 
product that provides health and medical benefits, including the pre
vention and treatment of disease), plant growth stimulants, animal 
feeds, food additives, cosmeceuticals, and drugs. Spirulina is considered 
as one of the greatest super-foods, a few species such as C. vulgaris are 
consumed in Europe. Many algal extracts and preparations are used in 
nutritional supplements and cosmetics, notably Dunaliella, Spirulina, 
Chlorella, and Haematococcus [95,136–138]. Microalgae are promising 
source of alternative carbon neutral biofuels including biomethane and 
biohydrogen [139]. 

4.2. Algal biotechnology for valorization of seafood industry effluents 

The algal biotechnology offers interesting options for treatment of 
seafood processing wastewaters. Microalgal production of SCP is an 
interesting method for the bioconversions of seafood processing efflu
ents into valuable compounds. Growth of microalgae has been estimated 
to consume water in a ratio 200–1000 kg water/kg of dry biomass [128]. 
This suggests comparable volumes of seafood industry effluents could be 
treated giving a yield one kilogram of microalgae as SCP. The growth of 
the purple bacterium Rhodovulum sulfidophilum in non-sterilized sardine 
processing wastewater caused significant reduction of COD [140]. Batch 
cultivation of Chlorella sp. in seafood processing water gave a biomass 
yield of 896 mg/L. Aeration reduced the amount of toxic unionized 
ammonia, while most of the nutrients were retained in the wastewater 
giving a higher daily biomass productivity of 77.7 mg/L and lipid pro
ductivity of 20.4 mg/L [141]. The algal SCP can be used to replace 
expensive soy meal and fishmeal in animal feeds. Further, the biomass 
can also be sources of bio-energy [127,140]. Smárason et al. [142] re
ported that up to 68 % of expensive fishmeal in a tilapia feed could be 
replaced with SCP for improved fish growth. 

Cultivation of oleaginous microorganisms in fish industry waste
water has potential for biofuel production [129,143]. Vadivel et al., 
[144] reported that biomass production by two fresh water microalgae 
species belonging to Scenedesmus in agricultural media supplemented 
with nitrogenous compounds resulted in high accumulation of neutral 
lipids composed of saturated, mono unsaturated and PUFA at 53, 24 and 
20 % (w/v), respectively. The trans-esterification of microalgal lipids 
with absolute ethanol medium in the presence of nickel/hydrogen 
catalyst and nickel–Schiff base chelate promoter provided biodiesel 
having required oxidation stability and cetane number [144]. Anaerobic 
digestion of the lipid-exhausted algae (Tetraselmis sp.) biomass gave 236 
mL CH4 /g VS added [145]. Bacillus sp., Brevibacterium sp. and Vibrio sp 
associated with seaweed (Ulva sp.) having a consortia of hydrolytic 
enzymes including cellulase, protease, and chitinase biodegraded sea
food wastes and effluents. Sugars released during the process can be 
utilized for ethanol fermentation by Saccharomyces cerevisiae [146]. 
The anaerobic growth of Chlorella sp. in seafood processing wastewater 
supports biogas production. Methane yield with 10–50% (v/v) of the 
algal biomass ranged between 131–193 ml CH4/g VS, with an average 

methane of 44 mL per g of the microalgae [147]. Commercial potentials 
of production of biofuel making use of algal growth depends on the size 
of the processing plant, type of fuel requirements, and characteristics of 
the fish waste [148]. These studies, in general, suggest that algae could 
be useful for bioremediation of seafood processing effluents and pro
duction of SCP as a resource material. Sustainable, effective, and eco
nomic processes for bioconversion processes related to seafood 
processing effluents requires integration of microalgal biology including 
strain selection, genetic engineering, reactor designs, among others. A 
guide towards conceptual positioning and planning of microalgal plants 
has been pointed out [128]. The algae-dependent effluent treatment also 
requires evaluation of nutrient dissipation by abiotic methods, LCA and 
techno-economic evaluation [131]. Fig. 3 summarizes potentials for 
commercial products that can be recovered from SCP generated by 
cultivation of microalgae in seafood effluents. 

4.3. Seafood effluents as feedstock towards circular bioeconomy 

Circular bioeconomy, which relies on the concepts of ‘reduce, reuse 
and re-cycle’ encompasses production of renewable biological resources 
from waste streams and conversion of these resources into value added 
products [149]. Efforts to minimize food waste are major challenges for 
a circular economy, which aims at maximizing the value of resources 
with a belief that virtually no unrecoverable waste occurs. The approach 
promises safe and nutritious food, food supplements, functional in
gredients, healthy animal feed, and bio-energy [150,151]. Wastewater 
treatment is a key platform in this respect. The use of seafood effluents as 
feedstock of resources helps recovery of nutrients and water for recy
cling, making significant contribution towards a successful circular 
bioeconomy. An interesting operational program towards this goal can 
be algal biotechnology, which makes use of algae-dependent biocon
version processes leading to production of algal biomass from the 
nutrient-rich effluents [73]. Secondary processing of the biomass into 
various material products and biofuel from a biorefinery angle can 
significantly contribute towards a circular economy in the realm of 
seafood processing. 

5. Conclusions 

In a world of stagnating oceanic resources and declining environ
mental quality, it is imperative that seafood processing needs to be 
sustainable, cost effective and safe for overall food security and envi
ronment protection. In this review we pointed out that the seafood in
dustry can do much in this regard. The industry including aquaculture 
releases voluminous amounts of wastewater, which can be detrimental 
to the environment, if discharged without any treatment. It is essential 
that the effluents are treated well to alleviate their adverse environ
mental impacts. It was pointed out that effective and economically 
viable treatments are now available, which are based on the principles of 
biotechnology, membrane technology, green chemistry and related 
disciplines. It is ideal that effluent treatment should be linked to 
resource recovery for economic viability of the industry. Recent de
velopments in algae based phyco-remediation from a biorefinery 
perspective can benefit significant reductions in environmental hazards, 
recovery of resources as food additives, nutraceuticals, animal feeds, 
agricultural products, and also biofuels. It is ideal to link the treatment 
and valorization processes. It is tempting to subject the effluents initially 
to membrane processes for recovery of resources such as protein, fol
lowd by its use for algal cultivation. Further a anaerobic treatments can 
make the effluents more environment savvy. These processes however, 
may depend on the nature of the effluents. Judicious applications of 
these options for commercial level treatments and valorization can lead 
to cleaner seafood production, conservation of water, reduction of 
wastes and lower emissions, eventually favoring a circular bioeconomy. 
Management of effluents can significantly help seafood industry realise 
objectives of safer environment, food security and nutrition towards 
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sustainable seafood production. 
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Guillén, Compositional properties and bioactive potential of waste material from 
shrimp cooking juice, LWT - Food Sci. Technol. 54 (2013) 87–94, https://doi.org/ 
10.1016/j.lwt.2013.05.038. 

[103] A. Taheri, K.H.S. Farvin, C. Jacobsen, C.P. Baron, Antioxidant activities and 
functional properties of protein and peptide fractions isolated from salted herring 
brine, Food Chem. 142 (2014) 318–326, https://doi.org/10.1016/j. 
foodchem.2013.06.113. 

[104] R.V. Tonon, B.A. dos Santos, C.C. Couto, C. Mellinger-Silva, A.I.S. Brígida, L.M. 
C. Cabral, Coupling of ultrafiltration and enzymatic hydrolysis aiming at 
valorizing shrimp wastewater, Food Chem. 198 (2016) 20–27, https://doi.org/ 
10.1016/j.foodchem.2015.11.094. 

[105] A. Chabeaud, L. Vandanjon, P. Bourseau, P. Jaouen, M. Chaplain-Derouiniot, 
F. Guerard, Performances of ultrafiltration membranes for fractionating a fish 
protein hydrolyzate: Application to the refining of bioactive peptidic fractions, 
Sep. Purif. Technol. 66 (2009) 463–471, https://doi.org/10.1016/j. 
seppur.2009.02.012. 

[106] S. Saidi, A. Deratani, M.-P. Belleville, R. Ben Amar, Production and fractionation 
of tuna by-product protein hydrolyzate by ultrafiltration and nanofiltration: 
Impact on interesting peptides fractions and nutritional properties, Food Res. Int. 
65 (2014) 453–461, https://doi.org/10.1016/j.foodres.2014.04.026. 

[107] P.K. Mishra, R.K. Gautam, V. Kumar, A.S. Kakatkar, S. Chatterjee, Synthesis of 
biodegradable films using gamma irradiation from fish waste, Waste Biomass 
Valorization (2020), https://doi.org/10.1007/s12649-020-01143-w. 

[108] V. Menon, Fish protein coating to enhance the shelf life of fishery products. Seaf. 
Sci., CRC Press, 2014, pp. 90–116, https://doi.org/10.1201/b17402-6. 

[109] V. Venugopal, Marine Products for Healthcare: Functional and Bioactive, 
Nutraceutical Compounds From the Ocean, CRC Press, Boca Raton, Fl, 2009. 

[110] A. Monteiro, D. Paquincha, F. Martins, R.P. Queirós, J.A. Saraiva, J. Švarc-Gajić, 
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