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Abstract: The increase in environmental consciousness and stricter regulations has motivated in-
dustries to seek sustainable technologies that allow valorising wastewaters, contributing to the
profitability of overall processes. Canning industry effluents, namely sardine cooking wastewater,
have a high organic matter load, containing proteins and lipids. Their untreated discharge has
a negative environmental impact and an economic cost. This work aims to design an integrated
process that creates value with the costly sardine cooking wastewater effluent. The research strategy
followed evaluates coagulation/flocculation technologies as pre-treatment of the sardine cooking
wastewater followed by reverse osmosis. Two different added-value products were obtained: a solid
fraction rich in proteins, lipids (above 20%), and aromas that might be used for feed/pet/aquaculture
applications and, from the processing of the resultant aqueous stream by reverse osmosis, a natural
flavouring additive, which can be applied in food/feed. Additionally, the permeate from reverse
osmosis presents a much lower organic load than the original raw material, which may be reused in
the overall process (e.g., as water for washings) or discharged at a lower cost, with environmental
benefits and economic savings.
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1. Introduction

Today, one of the world′s major problems is waste management, a global challenge
exacerbated by the amount and complexity of the domestic and industrial wastes generated.
The focus of current European Union law is on zero-emission production processes, and
the reduction of up to 50% agrofood wastes by 2030, which may be achieved by reducing
pollutant discharge from industrial operations and the reuse and valorisation of wastes
and effluents [1]. Another concern today is the massive use of water. Of these, the food
and beverage industries are one of the largest consumers. The seafood processing industry
plays a key role in water consumption, as 2% of all freshwater consumed in the food and
beverage industry [2] is used throughout the processing steps, such as washing, cooking,
freezing, disinfection and, floor cleaning.

In a very fragmented market, Portugal is the third-highest producer of canned seafood,
representing 8% (74,133 tonnes) of the world production of canned sardines, from which
the top 20 fish canning facilities produce around 44 thousand tonnes of canned products
each year [3,4]. The canning industry generates a large amount of wastewater, which is
particularly difficult to treat due to its high content of salts organic matter (lipids and
proteins) [5,6].
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To reduce the massive use of water and production of wastewater, while addressing
an environmental pollution issue, several strategies need to be considered involving the
processing of seafood wastewater by efficient, low-cost, and environmentally friendly
technologies. First, it is important to identify the added-value molecules present in the
wastewater to be valorised, by recovering those components for feed or food applications.
Then, the remaining wastewater should be treated to reduce its organic load and obtain
clean(er) water either to be reused in the overall process (the preferable option) or to
be discharged. The European Directive 98/83/EC allows water reuse in the industrial
process [7]. This approach brings further revenues to the seafood processing industries,
both from the added-value food components [2] and from the reduction of the wastewater
discharge costs.

Different methods can be used for the treatment of seafood wastewater, which can
be physical methods: centrifugation, coagulation/flocculation, dissolved air flotation
and activated carbon adsorption, membrane processes (microfiltration, ultrafiltration,
nanofiltration, reverse osmosis, and pervaporation), and biological treatments, as stand-
alone or integrated systems [6,8].

Membrane separation processes may efficiently recover high-value, sensitive com-
pounds, from seafood wastewater as these processes may operate under mild operating
conditions, for example, at mild temperatures. In particular, reverse osmosis may also
produce water from effluents, to be reused in the overall process and is suitable for pro-
cessing seafood wastewater. Since it involves the use of dense membranes, it is not prone
to intrapore fouling and may exhibit very high retention of small particles and solutes,
including monovalent ions present in the water, allowing for the production of quality
water that might be reused (depending on the feed concentration) [9,10].

Although the processing of wastewater by reverse osmosis may contribute to the prof-
itability of the overall process, several issues should be addressed, due to the complexity of
the wastewater. The most important issue is membrane fouling, due to the adsorption and
accumulation of fouling compounds on the membrane surface, which consequently reduces
efficiency and increases costs, ultimately compromising the efficiency of the process. For
these reasons, reverse osmosis combined with different pre-treatments has been reported,
including for the treatment of seafood wastewater [7,11,12].

Seafood wastewater may be processed by stand-alone coagulation–flocculation or
by an integrated process of coagulation–flocculation, used as pre-treatment, followed by
reverse osmosis.

In coagulation/flocculation operations, a coagulant agent is introduced to destabilise
the interaction between organic compounds, by reducing repulsive forces between particles.
The flocculant agent then binds the fine matter together for easier removal. The larger
particles are then filtered and clear wastewater is obtained. The processing of seafood
wastewaters by coagulation/flocculation for feed/food applications demands the use of
food-grade coagulants and flocculants [8]. The natural polymer chitosan is a suitable coag-
ulant [13] because, besides being harmless and biodegradable, it is a cationic polymer, so
its molecules bind to the negatively charged surface of particles and colloids through ionic
bonds or by hydrogen bridging. Flocculation is usually carried out with iron, aluminium
salts, or other non-food grade chemicals, which indeed are efficient for cleaning the water,
but would represent a limitation to this process, due to toxicity and health hazards posed
by inorganic flocculants. To avoid this problem, some polysaccharides such as carrageenan,
alginate, and carboxymethylcellulose can be used as food-grade coagulant/flocculant
agents [14,15].

The treatment and valorisation of sardine cooking wastewater were selected as a case
study in this work. The research strategy used considered the need for a pre-treatment of the
raw material, because sardine cooking wastewaters are very heterogeneous and complex
mixtures, with a high organic load. Therefore, a coagulation/flocculation pre-treatment was
implemented and optimised. Then, the resultant aqueous stream was processed by reverse
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osmosis, leading to a concentrate rich in aromas and an aqueous stream (the permeate)
with a much lower organic load than the original raw material.

Some studies with the aim of valorising seafood cooking wastewaters were reported in
the literature. Forghani et al. [2] recovered protein-enriched biomasses from shrimp boiling
wastewaters by a combination of flocculation and dissolved air flotation, with a protein
yield of 68–97%. Tremblay et al. [16,17] studied the concentration of aromatic fractions of
snow crab cooking wastewaters by reverse osmosis, obtaining an aromatic concentrate with
92% of the total dry residues (formed by lipid, proteins, and minerals). When processing
lobster cooking wastewaters by reverse osmosis, they obtained a fraction composed of
minerals (60.4%), proteins (30.0%), and desirable aroma compounds.

The overall aim was to optimise the integrated process comprising coagulation/
flocculation and reverse osmosis to valorise sardine cooking wastewaters obtaining two
added-value products and, simultaneously, treating and reducing the discharge of the
effluent with environmental and economic benefits. Following this approach is the aim to
produce: (i) a solid fraction with maximised content in protein, lipids, and flavours/aromas,
that results from the pre-treatment process, (ii) a reverse osmosis concentrate, with max-
imised content in flavours (namely achieving the highest possible concentration factor
in reverse osmosis), and (iii) a reverse osmosis permeate with a minimised COD value
(organic load).

2. Materials and Methods
2.1. Materials

The sardine cooking wastewater was kindly provided by A Poveira S.A. (Laúndos,
Portugal). This effluent is the result of steaming the fish for 7 min at 100 ◦C.

For the coagulation–flocculation step, two different combinations were tested. Chi-
tosan (HMW) from shrimp shells ≥75% (deacetylated) (Sigma-Aldrich, St.Louis, MO, USA)
was used as a coagulant. As flocculants, λ-carrageenan from the cell walls of the red algae
(Sigma-Aldrich, USA) and alginate from brown algae (Sigma-Aldrich, USA) were tested.
All coagulant/flocculant compounds used were food grade.

The membrane used during the reverse osmosis studies was a commercial seawater
reverse osmosis membrane FILMTECTM Flat Sheet SW30 HR (Dow Filmtec, Midland, MI,
USA). A polyester support web (nominal pore size of 120 µm), a microporous polysulfone
interlayer nominal pore size of (40 µm), and an ultra-thin polyamide barrier layer on the
top surface (nominal pore size of 0.2 µm) comprised this thin-film composite membrane.
The effective area of the membrane was 5.1 × 10−3 m2.

2.2. Experimental Procedure

At the moment of sampling the sardine cooking wastewater, at the outlet of cooking
chambers, skin acorn aqueous extract with antioxidant potential was added at 1% (v/v)
concentration. The wastewater was collected, transported, and stored at −20 ◦C until
processing. Figure 1 describes the flow of the experimental studies carried out in this work.

In order to produce valuable fractions from sardine cooking wastewater, coagula-
tion/flocculation pre-treatment was applied before reverse osmosis.

Each processing step of the integrated process of coagulation–flocculation and reverse
osmosis (see Figure 1) corresponds to different studies:

� In the feed preparation step, a study was performed encompassing the effect of
adding the acorn extract to the sardine cooking wastewater on the chemical char-
acteristics of the aroma profile (aiming for minimised oxidation of aromas, namely
aldehydes, and minimised formation of sulphur compounds off-flavours). The feed
preparation with the intended composition was selected.

� In the coagulation–flocculation step, studies were conducted aiming to determine
the effect of the concentration of the coagulant and the effects of the type and con-
centration of the flocculant on the chemical composition of the supernatant and solid
fraction (aiming at a clarification of the supernatant by maximised proteins′ and
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lipids′ recovery in the solid fraction). Twelve coagulant/flocculant combinations
were evaluated.

� In the reverse osmosis step, studies were performed aiming to assess the effect of
the feed source (aqueous fractions from each pre-treatment), when processed by
reverse osmosis, on the composition of the concentrates (in terms of aromas) and
of the permeates (in terms of COD, related to the organic load). The impact of the
pre-treatment process on the membrane performance (membrane permeance) was
also evaluated. For the four best coagulant/flocculant combinations, reverse osmosis
experiments were performed for the selection of the combination of coagulant and
flocculant concentrations, reaching the same final volumetric concentration factor of 3.
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2.2.1. Coagulation/Flocculation Pre-Treatment

The pH of sardine cooking wastewater was adjusted to pH 4 to decrease the charge of
organic matter, making it less water-soluble. Control tests were conducted with the three
polysaccharides, applied as coagulant and flocculants, using chitosan at a concentration of
100 mg/L and carrageenan and alginate at 10 mg/L in order to compare with the situations
where coagulant/flocculant combinations were tested. Two different combinations of
coagulant and flocculant were tested, chitosan-carrageenan (Chi/CA) and chitosan-alginate
(Chi/ALG). The different assays were performed in a 1.5 L jar using 1 L of the sample.
The setup of this pre-treatment is explained in Figure 2. Chitosan was tested in a range
from 100 to 600 mg/L. Both flocculants were tested in a range from 10 to 60 mg/L. The
procedure for all samples was, after adding chitosan, high stirring for 3 min at 500 rpm at
room temperature using a stirrer (OHS 100 digital, Velp Scientifica, Italy). In the last 10 s of
high stirring, the flocculant agent was added and the stirring velocity was brought down
to 40 rpm for 30 min. In the end, the sample was centrifugated (Marathon 22 KBR, Fischer
Scientific, Waltham, Massachusetts, USA) at 3800× g for 20 min before removing the solid
fraction from the supernatant. A sedimentation step was tested for both combinations (data
not shown), however, centrifugation was found to be the best approach due to the longer
operating time and larger installation area required by the sedimentation process.
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2.2.2. Reverse Osmosis

The reverse osmosis (RO) experiments for the selection of the best combination of
coagulant and flocculant concentrations were performed in a laboratory test unit. In a cross-
flow stainless steel test cell, a membrane area of 5.1 × 10−3 m2 was used under controlled
transmembrane pressure conditions (EVONIK METCell, Evonik, United Kingdom, see
Figure 3). A porous stainless-steel disc supported the membrane in this test cell. The feed
temperature was 40 ◦C, and the applied pressure was 40 bar, which was achieved with
a MET pre-assembled argon gas unit. The feed reservoir was filled with 600 mL of the
supernatant obtained after the coagulation–flocculation process.
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The protocol of the cleaning treatment, involving an alkaline step, was applied to
restore the initial permeability operation. The cleaning sequence comprised an initial
rinse of the membrane with water in total recirculation mode for 30 min, followed by
alkaline treatment with 6 g/L NaOH in total recirculation mode for 30 min. After these
stages, the membrane was rinsed with water until the neutralisation of the streams and
the water flux was determined to evaluate the efficiency of the cleaning procedure. The
membrane permeability after the cleaning procedure was restored (with at least 91%
permeability recovery).

The permeate flux was determined throughout the filtration time by collecting in-
stant permeate samples at different volumetric concentration factors. The permeate flux
expressed in L/(m2 h) was calculated by Equation (1):

J =
QP
A

(1)

where QP is the permeate flow rate (L/h) and A is the surface area of the membrane (m2).
The membrane hydraulic permeability of the membrane is given by Darcy′s relation [18]:

Lp =
QP

A× P
(2)

where Lp is the membrane hydraulic permeability (L.h−1.m−2.bar−1), QP is the permeate
flow rate (L/h), A is the surface area of the membrane (m2) and P is permeate pressure (bar).

The volumetric concentration factor (VCF) was calculated as the ratio of the initial
volume of feed divided by the retentate volume at each instant:

VCF =
Volumeinitial

Volumeretentate
(3)

2.3. Analytical Methods
2.3.1. Chemical Oxygen Demand (COD) Measurement

COD is the amount of oxygen required by a chemical oxidising agent (typically
chromic acid) to oxidise both organic and inorganic substances. COD was measured using
the Reactor Digestion Method. An LCK514 COD cuvette test 100–2000 mg/L O2 (Hach
Lange GMBH, Dusseldorf, Germany) was used and the absorbance was measured with a
HACH DR3900 Spectrophotometer (Hach Lange GMBH, Dusseldorf, Germany). For some
samples, a dilution was required and distilled water was used for that purpose.

2.3.2. Total Protein Content

The Lowry method was used to determine the protein content [19,20]. An aliquot
(0.2 mL) of the sample was mixed with 1 mL of an alkaline copper solution and left to react
for 10 min. Following the reaction, the mixture was supplied with 0.1 mL of Folin-Ciocalteu
reagent. Using a spectrophotometer (Genesys 50, Thermo Scientific, Waltham, MA, USA),
the absorbance was measured at 750 nm after 30 min. Protein content in the samples was
determined based on a calibration curve using a Bovine serum albumin (BSA) standard at
concentrations ranging from 40 to 400 µg/mL. Blank runs were carried out with distilled
water instead of the sample.
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2.3.3. Total Lipid Content

The total lipids were determined using the Bligh and Dyer method [21]. Succinctly, to
2.5 g of sample, 10 mL methanol and 5 mL chloroform were added. For 2 min, the mixture
was forcefully shaken. Next, 5 mL of chloroform was added to the mixture and it was
shaken again for 2 min. Distilled water (9 mL) was added and the mixture was vortexed
for 2 min. Centrifugation (2000 rpm for 10 min) was used to separate the two phases. The
chloroform layer was transferred to a glass vial. A second extraction was carried out with
10 mL of chloroform containing 10% (v/v) of methanol. The mixture was mixed for 2 min
before being centrifuged to separate the two phases. The two chloroform phases were
combined and evaporated. The lipid residue was weighed to determine the lipids content
of the sample.

2.3.4. SPME/GC-MS

To assess the concentration of aroma compounds in the various condensates collected,
gas chromatography analyses were undertaken. A Shimadzu gas chromatograph (GCMS-
QP2010, Shimadzu, Japan) equipped with a WAX column (30 m × 0.25 mm i.d. × 0.25 µm)
was used during the study. The carrier gas was Ultrapure helium at 1 mL/min. The
oven temperature was set at 60 ◦C (held for 4 min), then 2◦ C/min to 180◦ C. The injector
temperature was set at 200 ◦C, which was restricted by the SPME fibre manufacturer′s
recommended desorption temperature. The detector was adjusted to 220 ◦C, the ionisation
source at 200 ◦C, and the ionisation mode to electron impact with 70 eV electron energy. A
volume of 6 mL was then extracted with a CAR/PDMS fibre at 60 ◦C for 15 min. The time
of analyte desorption from the SPME fibre was fixed at 10 min. For 2 min, the injection
was conducted in the splitless mode. After that, until the end of the chromatographic
run, the split ratio was set at 1:20. For each parameter understudy, tests were performed
in triplicate.

3. Results
3.1. Characterisation of Sardine Cooking Wastewater

The sardine cooking wastewater varies depending on the overall output of the fish
canning industry. In order to obtain a representative dataset of wastewater characteristics,
several samples (six samplings taken at different times of the year) were collected and
analysed. Their characteristics are shown in Table 1.

Table 1. Characterisation of sardine cooking wastewaters.

Parameter

pH 6.5 ± 0.1
COD (mg/L) 28,080 ± 100
TSS (mg/L) 40,734.64 ± 2520.36
Total protein content (mg/mL) 25.38 ± 1.95
Total lipids content (%) 28.13 ± 2.84

Table 2 presents the aroma profile of the sardine cooking wastewaters, analysed by
GC-MS/SPME, comprised mainly of alcohols, aldehydes, and ketones. In minor diversity,
it comprises some alkenes, acids, and, in some samples, sulphur compounds. Our results
are similar to other studies that analysed the aroma profile of sardine wastewaters [22,23].
These principal classes are predicted as a result of the cooking process, which induces fatty
acids to thermally oxidise and decompose, resulting in the formation of several volatile
components. Secondary components such as aldehydes, ketones, and alcohols are formed
when hydroperoxides decompose due to lipid oxidation [24].
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Table 2. Aroma compounds identified in Sardine cooking wastewaters.

Aroma Compounds Area Ratio (%) * Concentration (ppm) *

Aldehydes

Hexanal 9.31%
Heptanal 2.15% 0.006
2-Hexenal, (E)- 4.36%
Octanal 1.28%
Nonanal 5.94%
2-Octenal, (E)- 2.99%
2,4-Heptadienal, (E,E)- 6.58%
2-Nonenal, (E)- 1.63% 0.011
2,6-Nonadienal, (E,Z)- 6.90% 0.044
2-Decenal, (E)- 0.90%
Alcohols

1-Penten-3-ol 6.02% 0.100
1-Octen-3-ol 13.69% 0.008
(5Z)-Octa-1,5-dien-3-ol 6.50%
2-Ethylhexanol 0.57%
1-Octanol 44.49%
Sulphur compounds

Trans-2-(2-Pentenyl)furan 3.52%
Ketones

2-Nonanone 3.38% 0.001
3,5-Octadien-2-one 8.47%
(3E,5E)-3,5-octadien-2-one 8.49%
2-Undecanone 0.60%
Acids

Hexanoic acid 6.71%
* Mean values of area ratio (%) for all compounds identified and concentration (ppm) of chemical markers.
Underlined compounds are off-flavours.

After analysing the aromas present in the different samples, some compounds were
identified as chemical markers of our raw material. Chemical markers were chosen based
on the major classes of compounds found in wastewaters that have different organoleptic
properties. 1-Penten-3-ol was the major compound in all samples obtained and is respon-
sible for the flavour of fresh marine products [22]. 2-penten-1-ol and 1-octen-3-ol were
important alcohols in the fresh sardine aroma profile [24,25]. The aldehydes were formed
by thermal oxidation and degradation of fatty acids during the cooking step, resulting in
the peculiar aroma of cooked fish; these three aromas, in particular, were identified in all
samplings [24]. 2-nonanone was the ketone present in all the samplings. These selected
markers will be used to compare the different fractions obtained in this study.

Effect of the Antioxidant Extract of Acorn

The effect of acorn extract addition, with antioxidant properties, on the aroma content
of sardine cooking wastewater was studied (Figure 4), in order to ensure a minimum
deterioration of aromas by oxidation.
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The results obtained prove that the addition of acorn extract is beneficial, avoiding
oxidation of the original aromas, and maintaining the aroma profile of the original samples.
The addition of the acorn extract led to a slight reduction in the formation of sulphur
compounds, markers of sample degradation, and prevented the oxidation/reduction of
aldehydes, which are responsible for the formation of off-flavours. However, this effect is
only advantageous when the extract is added at the time of effluent collection. The addition
of the extract 24 h after effluent collection, is too late and not effective (data not shown).

3.2. Pre-Treatment: Coagulation/Flocculation Process Pre-Treatment Selection Using Different
Combinations of Coagulant and Flocculant

The sardine cooking wastewater was submitted to coagulation/flocculation exper-
iments. The selection of this pre-treatment was motivated by the high investment and
energy cost for implementation at full scale of the traditional method, such as centrifugation
(analysis not shown).

Control tests using each of the coagulants/flocculants were carried out in order to
understand the effectiveness of each one when used independently. Two different combina-
tions of food-grade coagulant/flocculant-chitosan, coupled with carrageenan or alginate,
were also tested at different dosages. For these experiments, the pH of the raw wastewater
was adjusted to pH 4. At acidic pH, chitosan offers a cationic charge which contributes to
colloidal suspension instability and helps to decrease the charge of organic matter, making
it less water-soluble [26,27].

� Characterisation of protein and lipid recovery of the fractions obtained with the
application of chitosan, carrageenan and alginate used individually

To understand the potential for the clarification of supernatant and the effectiveness
of each polysaccharide tested, they were analysed separately and their capacity to recover
proteins and lipids was evaluated (Table 3).
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Table 3. Protein and lipid recovery obtained by the use of Coagulant or Flocculant applied individu-
ally. Analytical data are shown as mean ± SD (n = 3).

Polysaccharide Fraction Weight
Proportion (%)

Protein Recovery in
Solid Fraction (%)

Lipid Recovery
in Solid
Fraction (%)

Chitosan
(100 mg/L)

Solid F. 4.60
35.97 ± 2.1 56.02 ± 0.5Supernatant 95.40

Carrageenan
(10 mg/L)

Solid F. 4.35
41.77 ± 0.3 54.50 ± 4.0Supernatant 95.65

Alginate
(10 mg/L)

Solid F. 4.46
42.32 ± 0.8 40.22 ± 1.5Supernatant 95.54

In the combined coagulation–flocculation process, the coagulation step is described as
promoting the instability of the suspension, resulting in aggregation. Chitosan possesses
various inherent properties that make it an excellent coagulant, including a high cationic
charge density and long polymer chains. Charge neutralisation, adsorption, and precip-
itative coagulation are some of the mechanisms described for the action of chitosan [15].
Individually, chitosan shows better results in the recovery of lipids than proteins, compara-
tively with the use of flocculants.

To achieve the settling of large agglomerates from destabilised particles, flocculation is
necessary [15] and this is the role of carrageenan and alginate. The results obtained in the
control tests show that both flocculants lead to similar percentages of protein recovery and
are better than chitosan. However, in terms of lipids, carrageenan showed better results
than alginate.

In comparison, carrageenan shows good potential for the clarification of the super-
natant, similar to chitosan, requiring a lower concentration. However, several studies report
that the use of coagulant/flocculant combinations is significantly more effective [13,28,29].

� Characterisation of protein and lipid content of the fractions, for selection of the best
combination of coagulant and flocculant and their concentrations

In the first series of combination experiments, six coagulation–flocculation tests were
carried out to evaluate the effect of chitosan/carrageenan concentrations on the clarification
of supernatant, resulting in solid fractions with high values of protein and lipid recoveries.
To analyse the efficiency of each coagulation/flocculation process to recover nutrients from
the sardine cooking wastewater, the recovery of proteins and lipids in the solid fraction
was measured and compared to the supernatant fraction (Table 4).

Table 4. Protein and lipid recovery obtained by coagulation/flocculation using different Chi-
tosan/Carrageenan combinations. Analytical data are shown as mean ± SD (n = 3).

Treatment
(mg/L) Sample

Weight
Proportion
(%)

Protein
Content
(mg/mL)

Lipid
Content
(g/100 g)

Protein
Recovery in
Solid
Fraction (%)

Lipid
Recovery in

Solid
Fraction (%)

100/10 *
Solid F. 4.66 30.33 ± 2.84 25.26 ± 0.92 79 ± 1 64 ± 4Supernatant 95.34 5.44 ± 0.30 10.16 ± 1.73

200/20
Solid F. 10.41 21.19 ± 1.59 20.02 ± 2.50

77 ± 2 68 ± 3Supernatant 89.60 5.92 ± 0.55 9.08 ± 1.08

—300/30
Solid F. 6.34 24.70 ± 0.29 26.11 ± 0.44

73 ± 1 55 ± 2Supernatant 93.66 6.80 ± 0.29 10.63 ± 3.45

400/40
Solid F. 5.38 27.55 ± 1.86 18.99 ± 2.26

75 ± 1 65 ± 7Supernatant 94.62 6.47 ± 0.13 9.35 ± 2.17

500/50
Solid F. 10.39 16.83 ± 1.38 7.06 ± 1.21

73 ± 2 72 ± 4Supernatant 89.61 6.87 ± 0.39 7.77 ± 1.51

600/60
Solid F. 8.16 25.12 ± 2.30 16.78 ± 1.44 71 ± 2 82 ± 1Supernatant 91.84 7.28 ± 0.57 5.13 ± 0.06

Legend: * 100/10 mg/L means that the concentration of the combination used was 100 mg/L of chitosan and 10
mg/L of carrageenan. The other concentrations are represented in a similar way.
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All concentration values tested using this combination showed good results, with
a recovery of protein above 70% and lipids above 60%, in the solid fraction. The lowest
concentrations tested, 100/10 mg/L, led to the best result for proteins recovery and the
highest concentrations tested led to the highest recovery of lipids. Therefore, for the
chitosan/carrageenan system, these two combinations were considered the best choice,
allowing for high recovery and, simultaneously, a good clarification of the supernatant.
These results are in line with the Holland and Shahbaz study [28], where mussel cooking
wastewaters were processed. In that study, the use of chitosan alone was compared with a
combination of chitosan/carrageenan, leading to a 79% protein recovery with chitosan only
and 90% protein recovery with the chitosan/carrageenan combination. Forghani et al. [2]
concluded that carrageenan in the lowest concentration (0.45 g/L) tested was the most
efficient flocculant in terms of protein sedimentation (≤86% of proteins), in comparison
with alginate, when processing shrimp cooking wastewater.

As reported in the literature [13,28,29], the results obtained with the combination of chi-
tosan/carrageenan in the lower concentration range show higher efficiency than the results
obtained in the control trials (see Table 3), revealing that the use of the coagulant/flocculant
combination is advantageous.

Additionally, six coagulation–flocculation tests were performed to assess the influence
of chitosan/alginate concentration on the processing of the original samples. To assess the
effectiveness of the coagulation/flocculation method, the protein and lipid recovery were
determined (Table 5).

Table 5. Protein and lipid recovery obtained by coagulation/flocculation using different Chi-
tosan/Alginate combinations. Analytical data are shown as mean ± SD (n = 3).

Treatment
(mg/L) Sample

Weight
Proportion

(%)

Protein
Content
(mg/mL)

Lipid
Content
(g/100 g)

Protein
Recovery in

Solid
Fraction (%)

Lipid
Recovery in

Solid
Fraction (%)

100/10 *
Solid F. 8.56 22.49 ± 1.66 10.98 ± 1.37 78 ± 3 46 ± 2Supernatant 91.44 5.64 ± 0.76 11.37 ± 0.76

200/20
Solid F. 6.07 19.10 ± 0.27 7.44 ± 0.86

43 ± 6 49 ± 4Supernatant 93.93 14.51 ± 1.51 14.40 ± 1.62

300/30
Solid F. 5.27 34.99 ± 1.66 8.97 ± 3.84

34 ± 4 38 ± 5Supernatant 94.73 16.86 ± 0.95 17.52 ± 2.24

400/40
Solid F. 4.84 31.08 ± 0.59 24.65 ± 0.56

35 ± 2 42 ± 2Supernatant 95.16 16.62 ± 0.71 16.25 ± 0.63

500/50
Solid F. 4.46 49.37 ± 1.36 39.61 ± 1.51

41 ± 2 34 ± 1Supernatant 95.54 15.07 ± 0.51 14.36 ± 0.60

600/60
Solid F. 5.72 46.78 ± 1.00 24.65 ± 0.11

24 ± 3 44 ± 4Supernatant 94.28 19.27 ± 0.91 15.84 ± 3.73
Legend: * 100/10 mg/L means that the concentration of the combination used was 100 mg/L of chitosan and 10
mg/L of alginate. The other concentrations are represented in a similar way.

For the chitosan/alginate combinations, a good clarification of the supernatant is
achieved (confirmed visually). However, compared with the combinations with car-
rageenan, only for the lowest combination of concentrations (100/10) was it possible
to obtain a similar recovery of proteins. Regarding lipids, this combination achieved only
a lipid recovery of between 35–49%. Regarding the chitosan/alginate combination, the
combinations 100/10 and 500/50 mg/L were selected, due to the higher lipids and protein
percentage of recovery, in the first case, and the high protein and lipid content presented in
the solid fraction for 500/50 mg/L. Wibowo et al. [29] investigated the effect of chitosan-
alginate complexes on surimi wash wastewater recovery and found that at the lowest
concentration tested, 100/10 mg/L, higher protein recovery was obtained.
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� Characterisation of aroma content in the fractions obtained, for selection of the best
combination of coagulant and flocculant

After defining the best concentration for each combination of coagulant/flocculant, all
the fractions obtained were analysed by SPME/GC-MS. Figure 5 presents the results for
the chitosan/carrageenan combination.
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These results show that the flocculation/coagulation process not only recovers proteins
and lipids but aromas present in the original sample as well, probably due to the recognised
interactions between aromas and proteins in an aqueous solution [30]. For all samples in
both concentration ranges, the aroma content is higher in the solid fraction than in the
supernatant, which contributes to the clarification of the supernatant. Liang et al. [31]
concluded that chitosan could lead to an effective defatting and deodorisation of oyster
hydrolysates, presenting similar results in terms of the aroma content in the raw material
and the supernatant after flocculation. For the combination of chitosan/carrageenan the
range of concentrations tested does not show differences in the concentrations of aromas
that remained in the supernatant.

For the selected concentrations of chitosan/alginate, based on the (high) protein and
lipid recovery in the solid fraction, the aroma concentration in the supernatant and the
solid phase is presented in Figure 6.

As occurred with chitosan/carrageenan combinations, a significant portion of the
aroma content was removed from the supernatant along with proteins and lipids. However,
the alginate combinations using the lower concentration of coagulant/flocculant show a
higher concentration of aromas in the supernatant.

In terms of aroma content, the most concentrated supernatant are the ones obtained
with the lowest concentration of chitosan and alginate. However, the solid fraction with a
higher concentration of the marker 1-penten-3-ol is the fraction obtained with the highest
concentration of coagulant/flocculant.
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� Sterilisation of the solid fractions and characterisation of their aroma content

The solid fractions that result from the coagulation/flocculation processes are excel-
lent candidates as ingredients in feed applications, due to their high content of proteins
and lipids and their appealing aroma content. Additionally, the presence of chitosan
adds biological properties that could be of interest to include in pet food, as referred
by Hirano et al. [32] whose study shows an anticholesterol effect of chitosan in rabbits
and broilers.
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To obtain a safe quality ingredient, the effect of an additional sterilisation step on the
texture and aroma content of the solid fractions was evaluated (Figure 7). The choice of a
thermal method for sterilising this solid fraction was based on the fact that temperature
helps to promote the gelatinisation of the coagulant/flocculant present, improving the final
texture of the ingredient. Besides this, it allows for a safe product since a thermal treatment
will contribute to reducing the microbial load.
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After sterilisation, a large informal sensory panel evaluated the sensorial character-
istics (such as colour, smell, and texture) of the four solid fractions obtained. A colour
change was observed in all samples, which became darker. The fishy smell was present
in all combinations, but with different intensities. Some solid fractions present a slightly
smoky aroma, as is the case of the highest concentration of chitosan/carrageenan com-
bination. Among the four samples, the one obtained with the highest concentration of
chitosan/alginate combination provided the best attractive textural combination among
the four samples. Regarding both texture and smell, the chitosan/carrageenan combination
at the highest concentration tested proved to be the most suitable choice.

Regarding the effect of the thermal process on the aroma content, the aromas of the
chitosan/carrageenan combination at higher concentrations were analysed before and after
sterilisation (Figure 8).
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Figure 8. Effect of sterilisation on the concentration of aromas presents in the product obtained with
the chitosan/carrageenan combination at higher concentration.

As expected, the thermal method had some negative impact on the aroma content,
more extensive in the alcohol and aldehyde families. Due to the temperature effect, some
degradation of alcohols was observed, with the loss of 1-octen-3-ol and a decrease in the
concentration of the main aroma compound–1-penten-3-ol. The increase in the concen-
tration of heptanal and 2,6-nonadienal may be due to the impact of temperature on lipid
oxidation, resulting in an increased release of aldehydes [33]. In future studies, the impact
of non-thermal sterilisation methods should be evaluated, for example, by UV treatment.
However, the thermal processing shows a positive impact on the texture of the product
obtained, which largely compensates for the loss of some aromas.

� Characterisation of the supernatant obtained from the four coagulant/flocculant
selected combinations

At the end of the optimisation of the coagulation/flocculation process, these fractions
were analysed in order to understand the effect of this pre-treatment on the COD values of
the supernatants (Figure 9).
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The results obtained show that the supernatants still present relatively high levels of
natural organic matter. Nevertheless, it can be noticed that there is a decrease in COD of
around 25% in relation to the raw material for the chitosan/carrageenan combinations and
the lowest concentration for the carrageenan/alginate combination. These results show
that even the lowest values of COD obtained are largely above the maximum value of COD
allowed for discharge in a collector, for further treatment. It should be noticed that part of
this COD is due to the remaining presence of proteins, lipids, and aromas. Therefore, it was
decided to process these supernatants by reverse osmosis, which should allow for obtaining
a liquid concentrate enriched in organic matter, including aromas, and a permeate that
should easily comply with the actual legislation.

3.3. Aroma Recovery by Reverse Osmosis: Selection of the Best Coagulant/Flocculant Combination

A reverse osmosis concentration of the supernatants of two different coagulant/
flocculant combinations, at low and high concentrations, was conducted. The initial
volume of the feed was 0.6 L. For all combinations tested, a concentration factor of 3 was
reached after the reverse osmosis step. Figure 10 shows the permeance data (permeate
volume obtained divided by the driving force applied) plotted against the volumetric
concentration factor.
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This figure shows that with an increase in the concentration factor, the permeance
of the membrane reduces progressively. This is expected behaviour due to the increase
in the concentration of foulant compounds present in the solution [34,35]. The highest
permeance was recorded for the chitosan/carrageenan combination at the lowest concen-
tration (0.123–0.265 L/m2 h), and the lowest for the chitosan/alginate combination with
the highest concentration (0.071–0.188 L/m2 h). For chitosan/carrageenan, the processing
time required to achieve a volumetric concentration factor of 3 was 1 h shorter when using
the lowest concentration of coagulant/flocculant. The processing time required increases
significantly (4 h more) with the increase in concentration when using the chitosan/alginate
combination. The significant permeance decrease in the high range of alginate might be
explained by the fact that alginate, due to the preferential binding between calcium and
carboxylate groups of alginates, may form a gel layer network on the membrane surface in
the presence of calcium ions [36].

The protein and lipid content in all combinations were also studied (Figure 11). The
protein amount was higher in retentate, which was expected due to the retention of proteins
by the reverse osmosis membrane. However, the protein concentration factor achieved
in the retentates did not match the volumetric concentration factor of 3, which suggests
that part of the proteins are adsorbed to the membrane surface, contributing to the fouling
effect observed.
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The results obtained for the retention of lipids by reverse osmosis are more com-
plex to interpret. Except for the results obtained for Chitosan/Carrageenan, the results
obtained suggest high adsorption of lipids at the membrane surface. Actually, for the
Chitosan/Alginate combination, alginate might be bound to lipids, forming aggregates
that may adsorb to the membrane, forming a film.

The aromas recovered in the retentates of different coagulant/flocculant combina-
tions were analysed (Figure 12). 1-Penten-3-ol is still the main compound present in
all combinations.
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Figure 12. Aroma characterisation of the RO retentates for different coagulation/flocculation combinations.

Focusing on the obtained permeates, Figure 13 presents the values of COD obtained,
in order to evaluate the possibility of reusing the permeate as process water.
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Figure 13. Effect of integrated system of coagulation/flocculation followed by reverse osmosis on the
COD of the permeates.

It should be stressed that, in terms of COD content, all permeates obtained have rather
low COD levels, below 400 mg/L, which allows for the direct discharge of this stream
to a public wastewater collector system. Additionally, these permeates, due to the fact
that they do not present protein or lipid content and only a residual presence of aromas
(representing only 2% of the total area of aromas in the sample), can be considered for reuse
at the production site, namely for washing operations, leading to significant savings in
freshwater consumption.

At the end of the optimisation of the coagulation/flocculation process, we found
that the best combination was chitosan/carrageenan at the highest concentration tested
(60/600 mg/L). This combination leads to the highest recovery of lipid content from the
initial sample and a reduction of protein content above 70% in the coagulation/flocculation
process. It allows for producing a solid fraction with a high protein content (25.12 mg/mL)
and the best texture obtained. Also, the average permeance in the reverse osmosis process
for the chitosan/carrageenan at the highest concentration tested (60/600 mg/L) is higher
(0.169 L/m2.h.bar) than for the chitosan/alginate process in the high concentration range.
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Additionally, this combination allows for and leads to the permeate with the lowest COD
load (136 mg/L O2), allowing the reuse of water in other stages of the process.

4. Conclusions

The integrated Coagulation–Flocculation/Reverse Osmosis process proposed in this
paper has proven to be an efficient method for the valorisation of sardine cooking waters
produced by the canning industry. The implementation of this process allows for the
obtaining of two different products for use as ingredients in feed for pets and also for
aquaculture: a solid fraction rich in proteins and lipids (above 20% w/w) and a liquid
aroma concentrate, which can be applied as a natural flavouring for food or feed products.
Additionally, it avoids the generation of effluent with a high organic load and makes
possible the recovery of water for reuse in the production process.

The combination of chitosan as coagulant at a concentration of 600 mg/L and car-
rageenan as flocculant at a concentration of 60 mg/L was demonstrated to be the most
efficient for proteins and lipids recovery and, after the reverse osmosis step, it also re-
vealed better permeance to obtain water with quality to be reused in other steps of
canning processing.

The process proposed, allows for the production of two added-value products—a solid
fraction rich in proteins and lipids and a condensate rich in aroma compounds—combined
with the reuse of resulting clean(er) water.
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