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Abstract: This study pertains to the selection of the appropriate process parameters of lipid extraction
aimed at the valorization of sea-bass gutting and filleting side stream biomass. A comparative kinetic
study between an environmentally friendly polar (ethanol) and a conventional non-polar solvent
(hexane) was implemented to determine the effect of temperature, solvent to solid ratio and time,
providing insights in terms of the yield recovery and quality of omega-3 fatty acids. Maximum
recovery yield (43.8 and 34.0 g/100 g of dried gutting and filleting by-products, respectively) was
achieved within 10 min. In gutting by-products, ethanol achieved full lipid recovery at 35 ◦C and
a 50:1 ratio, while for hexane, the maximum yield was 83%. In the case of filleting side-streams,
hexane achieved exhaustive recovery at a 50:1 ratio and 20 ◦C compared with ethanol, where a higher
temperature (50 ◦C) was needed for exhaustive recovery to be achieved. Differences were attributed
to the diverse fatty acid profiles among the two by-products, with 27.3% and 40.8% polyunsaturated
fatty acids in viscera and fish frames, respectively. All extracts at 20 ◦C and 35 ◦C remained below
the oxidation limit set by the Codex Alimentarius Commission (peroxide value < 5 meqO2

/kgoil;
p-anisidine value < 20). Therefore, green solvents could assist conventional extraction, combining
high efficiency and an improved environmental impact.

Keywords: fatty acid recovery; solvent extraction; sea-bass side streams; valorization; fatty acid
composition; lipid oxidation; kinetic study

1. Introduction

Global demand for fish products has been characterized by about a 3% annual increase
over the last 60 years, reaching 20.5 kg per capita consumption in 2019. Aquaculture
and fisheries are rapidly expanding and rising as the major food sectors as a result of
technological advancements in the sector, as well as consumer preferences shifting toward
the consumption of fish products due to their high nutritional content. The yearly pro-
duction of aquatic animals was estimated at 180,000 tons in 2020 [1,2]. In particular, the
total annual production of European sea bass (Dicentrarchus labrax), which is classified as a
high-quality Mediterranean fish and mainly farmed in the Mediterranean Sea [3], increased
up to 4-fold in the last 20 years, reaching 245 ktons in 2020, which represented 3% of the
total world aquatic species [1]. Almost 54 ktons of European sea bass were cultured in
Greece, representing 17% of the global and 53% of the EU supply [4].

The increasing demand for high-quality fish products in conjunction with the expan-
sion of fish processing (evisceration, scaling and filleting) are resulting in the significant
production of fish side-stream biomass that is discarded or underutilized, mainly for the
production of fish meal and fertilizers. It is estimated that about one-third of the global fish
catch is wasted or lost annually. The main fish by-products, which are valuable sources of
omega-3 fatty acids, proteins, minerals and vitamins, comprise viscera (representing up
to 20% of the initial fish weight), bones (up to 15%), heads (up to 12%) and scales (up to
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5%) [1,2,5,6]. Fatty acid composition varies among the different parts of the side streams,
with mono-unsaturated fatty acids (MUFAs), and especially oleic acid (C18:1), representing
the dominant fatty acid. Sea-bass gut and liver exhibit the highest amount of MUFAs
compared with other by-products and fillets [7–9].

Fish-oil production constitutes an alternative for the valorization of fish residues, and
fish oil is one of the most important fish products, since it is a rich source of omega-3
polyunsaturated fatty acids (PUFAs), mainly docosahexaenoic acid (C22:6, DHA) and
eicosapentaenoic acid (C20:5, EPA), which are necessary bioactive compounds for human
nutrition [5,10]. Fish oil is mainly used in aquaculture as a feed additive (73%), in the food
industry (16%) and in the pharmaceutical industry, and it also appears in other applications
such as pet food and biofuels. In terms of human consumption, it constitutes about 2% of
the total fats and oils consumed worldwide. Fish-processing side streams contribute 48%
of the total fish-oil production, while the remaining 52% comes from whole fish that are
not intended for food purposes [1,6,10,11]. In terms of whole-fish species, oil production
mainly comes from small oily pelagic fish such as anchovy, herring, sand eel and capelin,
while viscera, heads and frames are the main side streams used for oil production and are
usually derived from salmon, tuna, mackerel and whitefish processing. The contribution of
by-products to oil production is expected to increase by up to 7% in the next decade, while
the use of whole fish is expected to slightly decrease. South America, especially Peru and
Chile, are the main producers worldwide, and Europe covers 21% of the production, which
corresponds to approximately 170 million tons [11–13].

Fish oil can be obtained through wet-reduction technology which involves three pro-
cesses, namely heating/cooking, pressing and centrifugation to separate the insoluble parts,
the water and the oily phase. Another commonly used industrial process includes heating
up to 90 ◦C followed by a one-step (using a tricanter) or a two-step separation process
(decanter and separator of the two liquid phases), which results in an extract of higher
quality in terms of oxidation level and concentration of free fatty acids [1,6,14]. However,
both heating and pressing can be detrimental to fish oils, which are rich in unsaturated
fatty acids. Apart from the aforementioned extraction methods, which are characterized
as physical processes, fish lipid extraction can also be achieved by biological/enzymatic
and chemical methods. Enzymatic production takes place either as autolysis, when the
enzymes come from endogenous enzymes from fish guts, or as hydrolysis, using external
enzymes from other sources. Autolysis is mainly used for fish silage production with the
simultaneous recovery of fatty acids. On the other hand, external enzymes during hydrol-
ysis constitute a low-cost alternative to oil production, leading to higher recovery yields
compared with wet reduction, a shorter time and a more controllable process compared
with autolysis [6,14,15]. Fish oil is usually extracted from fish tissues via the conventional
chemical procedure, using solvents. Lipids in fish tissues can be either easily extractable
or in interaction with proteins and polysaccharides as part of the membranes. Solvents
penetrate into the fish tissues, disrupt the interaction between the fatty acids and the other
components and dissolve the targeted compounds [14]. In the case of lipid recovery, the
most commonly used solvents are non-polar, the main one being hexane, which is used on
a large scale due to its high selectivity in non-polar compounds, its availability and its low
boiling point. The main concern regarding these solvents is the toxicity both for humans
and the environment, and the requirement for high temperatures, which can negatively
affect the heat-sensitive compounds (e.g., fatty acids) [5,14,16,17]. Based on a benchmark
of existing guides, the solvent selection guide (CHEM21) categorized the most common
solvents in the following categories: recommended/preferred, problematic, hazardous
and highly hazardous [18]. In this framework, environmentally friendly solvents have
been introduced as alternatives to recover bioactive compounds from animal and plant
tissues. Currently approved by the European Commission and the Food and Drug Admin-
istration (FDA) for use in the food sector, hexane has been questioned as hazardous and a
non-preferred solvent [19]. Organic green solvents mainly comprise ethanol, 1-propanol,
isopropyl alcohol and terpenes and are characterized by low toxicity, easy recyclability
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and high boiling points. The food industry would benefit from adopting environmentally
friendly solvents. Opting for the use of ethanol aligns with conscious practices, especially
if it is sourced sustainably. Compared with other solvents, ethanol is generally considered
safer, due to its relative non-toxicity, for use in food and pharmaceutical applications, and
it has been classed as generally recognized as safe (GRAS). Moreover, in terms of residual
removal, its residues are easier to remove, producing cleaner final products. Ethanol has
been used as a solvent during oil recovery from krill meal [20], shrimp by-products (Litope-
naeus vannamei) [21] and squid (Doryteuthis gahi) waste [22], showing it to be a promising
alternative to conventional lipid extraction.

The aim of this work was to study and compare the effect of a green solvent (ethanol)
with its conventional non-polar counterpart (hexane) on the extraction of fatty acids from
sea-bass filleting and gutting side streams as a means for efficient valorization. A kinetic
study was conducted, and the recovery of fatty acids was mathematically modelled as a
function of temperature, solvent to solid ratio and time for each solvent applied.

2. Materials and Methods
2.1. Raw Materials and Solvents
2.1.1. Raw Materials

Fresh sea bass (Dicentrarchus labrax) gutting and filleting (frames) side streams were
provided by SelectFISH S.A. (Ano Liosia, Athens, Greece), consisting of heads, skin, bones
and tails in the case of filleting by-products, and viscera (guts, liver, heart, stomach) in the
case of gutting by-products. The raw material was transferred to the laboratory of Food
Chemistry and Technology, stored at −40 ◦C and then lyophilized in a freeze-dryer (Christ
Alpha 1-4 LD Plus, Osterode am Harz, Germany) at P = 0.017 mbar and T = −57 ◦C for
48 h. The freeze-dried raw materials were milled for 10 s using a knife mill. Samples were
stored at −40 ◦C until oil extraction.

2.1.2. Solvents and Reagents

The solvents used for the analysis of the extracts were acetyl chloride (≥99.0%) from
Fluka, Sigma-Aldrich (Stockholm, Sweden). Methanol (≥99.9%), ethanol (≥99.9%), toluene
(≥99.0%), n-hexane for HPLC (≥95%), acetic acid glacial (100%) and chloroform (≥98.0%)
were obtained from Sigma-Aldrich (Steinheim, Germany). For the GC–MS analyses, a
FAME standard mixture (Supelco 37 Component fatty acid methyl esters mix, Sigma-
Aldrich, Steinheim, Germany) was used to quantify the fatty acids in the samples. In
addition, a C7–C30 alkane mixture (Sigma-Aldrich, Steinheim, Germany) was analyzed
for the determination of retention indices, while the extracted oil was diluted in 2,2,4-
trimethylpentane (Sigma-Aldrich, Steinheim, Germany) prior to GC–MS analysis.

2.2. Methods
2.2.1. Total Oil Content—Soxhlet

The total oil content of both filleting and gutting by-products was defined using
Soxhlet extraction for 8 h and hexane as a solvent, according to performed preliminary
trials. Then, the solvent was evaporated in a rotary vacuum evaporator (BUCHI 461, Buchi
Laboratotiums Technik AG, Flawil, Switzerland) at 45 ◦C. Hexane has been reported as a
common solvent for the determination of total lipids in fish and seafood products.

2.2.2. Conventional Extraction

Screening of solvents with different polarity index (P′) values, such as hexane (P′ = 0.1),
diethyl ether (P′ = 2.8), isopropyl alcohol (P′ = 3.9), ethanol (P′ = 4.3) and acetone (P′ = 5.1),
was conducted at 35 ◦C and a 50:1 solvent to solid ratio in order to select and compare one
polar and non-polar solvent for the kinetic study of fish-oil extraction. The results from
the preliminary study can be seen in Supplementary Figure S1. Conventional extraction
(CE) was carried out using ethanol and hexane at temperatures of 20, 35 and 50 ◦C for
up to 30 min at different liquid/solid ratios (10:1 mL/g–50:1 mL/g). The samples and
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solvent were placed in cylindrical, capped glass containers (
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5 cm × 8.5 cm) under constant
agitation (180 rpm). Aliquots were withdrawn from the suspensions at predetermined
time intervals, and the extraction yield was calculated. The mixtures of raw material (fish
by-products) and solvent were separated by filtration through Whatman No. 42 filter paper.
The solvent was removed from the recovered fish oil with a rotary vacuum evaporator.

2.2.3. Extraction Yield—Oil Recovery Determination

Oil recovery, expressed as % total fatty acid (FA) refers to the extractability (extrac-
tion yield), which is calculated as the percentage of the mass of extracted oil out of the
total lipid content in dried raw sea-bass by-products as determined by Soxhlet extraction
(Equation (1)).

oil recovery(%) =
mass of extracted oil (g)

Total lipid content in dried raw material (g)
× 100 (1)

2.2.4. Oil Quality Determination and Fatty Acid Analysis

Quality parameters of the extracted fish oil, namely the peroxide value (PV) and
p-anisidine value (p-AV), were determined according to AOCS official standards. Specif-
ically, the PV method was carried out according to AOCS method Cd 8–53 [23], and the
p-AV method according to AOCS method Cd 18–90 [24]. Fatty acid analysis was carried out
based on the method described by Semenoglou et al. [5] via the direct transesterification of
fatty acids (FAs) extracted from sea-bass by-products.

2.3. Mathematical Modeling

Oil recovery was modelled using a first-order fractional model (Equation (2)):

Yt = Yf

(
1 − e−k·t

)
(2)

where Yt is the extraction yield at extraction time t, Yf is the maximum extraction yield
achieved at each condition of temperature and ratio, t is the extraction time and k is the
extraction rate constant (min−1).

Mathematical model coefficients were calculated by applying non-linear regression
on the experimental data using the SPSS Statistics 19 software package (IBM Corporation,
Armonk, NY, USA).

2.4. Statistical Analysis

All experiments and analyses were carried out in duplicate. One- or two-way analysis
of variance (ANOVA) was carried out at a significance level of 95% to determine statisti-
cally significant differences using temperature and/or ratio as factors. Differences were
determined according to the Duncan test with STATISTICA 12.0 (StatSoft Inc., Tulsa, OK,
USA). Values were considered significant at p < 0.05.

3. Results and Discussion
3.1. Oil Content and Fatty Acid Composition of Raw Materials

The total lipid content of sea-bass filleting and gutting side streams was determined
via Soxhlet extraction with hexane as the solvent, as described in Section 2.2.1. The raw
materials were found to contain 43.8 ± 2.3 and 34.0 ± 0.2 g oil/100 g of dried gutting and
filleting by-products, respectively. The higher calculated oil content in the viscera (guts and
gills) compared with the head, bones and skin is in agreement with the results reported by
Munekata et al. [9].

The major fatty acids of the different raw materials, expressed as percentages of the
total fatty acid content, are presented in Table 1. Filleting and gutting side streams were
rich in both unsaturated (UFAs) and saturated fatty acids (SFAs). Monounsaturated fatty
acids represented 46% and 42% in the case of frames and viscera, respectively. Oleic acid
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(C18:1 n-9) was the major fatty acid (35–36%) in both types of side streams. The main
differences observed between the two raw materials were regarding the total amount
of SFAs and PUFAs. Guts were characterized by higher PUFA (41%) and lower SFA
content (17%) compared with fish frames, with almost equal SFA and PUFA concentrations
(26.9% and 27.3%, respectively). The dominant omega-3 fatty acids in both raw materials
were docosahexaenoic acid (DHA, C22:6 n-3) and eicosapentaenoic acid (EPA, C20:5 n-3).
DHA constituted 12.8 and 7.0% in the case of gutting and filleting by-products, and EPA
constituted 9.1 and 3.5%, respectively. These findings are in agreement with other studies
that reported similar fatty acid compositions in different parts of sea-bass products, apart
from linolenic acid (C18:3 n-3), which represented up to 3.3% in the aforementioned studies
and which was not detected in our study [9,25,26]. The fatty acid profile of fish species
varies with the seasonality, diet, age, salinity of water and conditions of growth (open sea
vs cultured) [27–29].

Table 1. Fatty acid composition expressed as the % of the total fatty acids of filleting and gutting
by-products.

Fatty Acids Filleting By-Products Gutting By-Products

C14:0 3.72 ± 0.13 2.41 ± 0.01
C16:0 18.7 ± 0.4 11.0 ± 0.5
C16:1 5.36 ± 0.14 3.31 ± 0.27
C18:0 3.00 ± 0.03 3.07 ± 0.16

C18:1 n-9 36.3 ± 0.9 34.8 ± 0.4
C18:2 n-6 16.1 ± 0.7 14.5 ± 0.2
C20:1 n-9 2.05 ± 0.15 1.89 ± 0.15

C20:2 0.25 ± 0.05 1.07 ± 0.01
C20:4 n-6 0.28 ± 0.03 1.21 ± 0.12
C20:5 n-3 3.54 ± 0.04 9.08 ± 0.31
C22:1 n-9 1.93 ± 0.37 1.27 ± 0.11
C22:6 n-3 7.04 ± 0.73 12.8 ± 0.3

SFA 26.9 ± 0.7 17.2 ± 0.7
MUFA 45.8 ± 1.6 42.0 ± 1.0
PUFA 27.3 ± 1.6 40.8 ± 1.2

Data are expressed as the mean value ± standard deviation.

3.2. Lipid Extraction Kinetics

Figures 1a–f and 2a–f present the kinetics of lipid extraction from gutting and filleting
tissues, respectively, expressed as the oil recovery as a function of extraction time for all
the examined parameters (temperature, solvent, and solvent to solid ratio). Oil recovery
significantly increased with time and reached equilibrium within the first 10 min. Oil
extraction consists of two different phases: the washing of the available lipids from the
surface, in which the recovery takes place rapidly, and another phase that includes the
diffusion of the bioactive molecules within the tissues, which occurs at a much slower rate
compared with the first phase [30,31]. Based on the results, it was evident that the washing
step was completed within the first 4 min of extraction.

Solvent polarity significantly affected the recovery of total oil within the different
by-products. In the case of viscera, ethanol (polar solvent) resulted in significantly higher
yields (p < 0.05) compared with hexane (non-polar solvent) at each temperature and liquid
to solid ratio. Ethanol as a solvent achieved near-exhaustive oil recovery at a ratio of 50:1,
both at 35 ◦C (96.4% of total fatty acids) and 50 ◦C (99.6%). The highest yield with the
use of the non-polar solvent was 83.6% at the highest temperature and ratio used. On the
other hand, in the case of filleting side streams, the use of hexane as a solvent was more
effective compared with ethanol, as exhaustive oil recovery was achieved after 20 min, even
at the lowest temperature (20 ◦C), using a ratio of 50:1. However, an increased temperature
(50 ◦C) was necessary for complete lipid recovery by the green polar solvent from these
side streams after 10 min at a ratio of 50:1. Although ethanol is classified as a polar solvent
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and is completely miscible in water, it effectively dissolves non-polar components such
as fatty acids due to the molecular structure exhibiting both non-polar (ethyl) and polar
(hydroxyl) properties [30].
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The differences observed in the total oil recovery from gutting and filleting by-products
with the two solvents could be explained based on the fatty acid composition of the raw
materials. As reported in Table 1, filleting side streams consisted of almost equal concentra-
tions of SFAs and PUFAs, while gutting side streams consisted of 41% PUFAs and only 17%
SFAs. Triacyclglycerols and, in general, the neutral (non-polar) lipids comprise the major
proportion of fatty acids in every fish tissue and are mainly found in muscle and adipose
tissues, followed by the phospholipids (polar lipids) of the cellular membranes at variable
concentrations, which strongly depend on the diet of the fish and the seasonality [29,32].
In general, phospholipids contain lower amounts of SFAs and higher amounts of PUFAs,
and especially omega-3 fatty acids (DHA, EPA), compared with triacylglycerols, which
are mainly characterized by SFAs and medium chain MUFAs [20,33]. Delgado et al. [33]
reported that there is an abundance of membranes in muscle cells and, consequently, an
abundance of phospholipids which contain high proportions of PUFAs. In this context,
Takahama et al. [34] tested about 40 different white-flesh fish species and concluded that the
phospholipid content in both liver and heart, which were part of our gutting side streams,
was up to 2-fold higher compared with the respective lipids in muscle. Regarding the heart,
phospholipids represented 9–58% of the total fatty acids, depending on the fish species,
while in the case of liver, they represented up to 50%. In another study, polar lipids repre-
sented about 13% of the total fatty acids in sea-bass viscera [32]. Similar results were also
reported, as the highest recovery yields were achieved from krill meal with the use of polar
solvents (ethanol or isopropanol) compared with hexane at a ratio of 12:1 [20]. Higher fatty
acid extractability with a polar solvent compared with a non-polar solvent has also been
reported in the case of different shrimp by-products (Penaeus vannamei and Procambarus
clarkia [35], Litopenaeus vannamei [21]). In addition, higher recovery was achieved using a
mixture of ethanol and hexane compared with using only the non-polar solvent, hexane, in
a ratio of 4:6 followed by layer separation [36].

Oil recovery from the different side streams was modelled using Equation (2), and the
maximum extraction yield achieved (Yf ) and rate constant (k) are presented in Tables 2 and 3,
respectively for the selected parameters (solvent, extraction temperature and solvent to
solid ratio). These kinetic results were used to calculate the predicted recovery for each
case, based on Equation (2), which are presented as continuous lines in Figures 1 and 2. The
model fitted well the experimental data, with coefficients of determination (R2) of higher
than 0.95.

Table 2. Maximum (final) oil concentration (Yf) for different by-products (side streams), solvents,
solvent to solid ratios and temperatures.

Yf (%) Filleting Side Streams

Temperature
(◦C)

Ethanol
10:1

Ethanol
30:1

Ethanol
50:1

Hexane
10:1

Hexane
30:1

Hexane
50:1

20 25.6 ± 0.6 aAx 58.6 ± 0.7 aAy 72.2 ± 1.6 aAz 59.1 ± 0.9 aBx 80.3 ± 1.7 aBy 95.5 ± 1.4 aBz

35 28.6 ± 0.9 bAx 67.2 ± 0.9 bAy 93.4 ± 2.3 bAz 66.4 ± 0.3 bBx 84.9 ± 0.9 bBy 96.2 ± 1.8 bBz

50 32.7 ± 0.8 cAx 84.3 ± 0.5 cAy 98.7 ± 0.7 cAz 72.9 ± 0.6 cBx 91.5 ± 1.1 cBy 97.2 ± 1.1 cBz

Yf (%) Gutting Side Streams

20 51.0 ± 0.5 aAx 75.6 ± 0.5 aAy 81.2 ± 0.8 aAz 30.5 ± 0.3 aBx 60.5 ± 0.2 aBy 73.1 ± 0.3 aBz

35 57.6 ± 0.7 bAx 87.4 ± 1.6 bAy 96.8 ± 0.5 bAz 40.1 ± 0.4 bBx 65.3 ± 0.2 bBy 76.2 ± 0.3 bBz

50 59.1 ± 1.2 cAx 92.5 ± 1.8 cAy 99.7 ± 1.1 cAz 45.1 ± 0.5 cBx 72.4 ± 0.4 cBy 82.6 ± 0.3 cBz

Data are expressed as the mean value ± standard deviation. Superscript letters a, b and c, indicate significant
differences (p < 0.05) between temperatures. Superscript letters A and B indicate significant differences (p < 0.05)
between solvents. Superscript letters x, y and z indicate significant differences (p < 0.05) between solvent to
solid ratio.

The maximum oil recovery corresponds to the final yield achieved at the end of the
extraction process. Regarding the effect of temperature, increasing temperature resulted in
higher recovery for all the different conditions. In general, the effect of temperature was
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more significant in the case of ethanol compared with hexane. However, opposite results
were observed at the ratio of 10:1, as the temperature increase from 20 to 50 ◦C raised the
maximum total fatty acid recovery, using hexane as a solvent, from 30.5% to 45.0% (47%
higher yield). The use of the highest temperature enhanced the maximum yield of oil
extracted with ethanol from filleting side streams by 27.3%, 43.9% and 36.7% at a ratio of
10:1, 30:1 and 50:1, respectively, compared with the lowest temperature. The respective
increase with hexane was equal to 23.3%, 13.9% and 1.8%. In terms of the viscera, the
highest temperature increased the yield with ethanol as the solvent by 15.9%, 22.3% and
22.7% at 10:1, 30:1 and 50:1, respectively, and by 19.7% and 12.9% with the use of hexane at
a ratio of 30:1 and 50:1. An increase in temperature leads to lower viscosity, which enhances
solvent penetration into the matrix, and to higher solute solubility to the solvent due to the
higher vapor pressure. However, heat-sensitive compounds, e.g., polyunsaturated fatty
acids, can be thermally degraded at relatively higher temperatures [5,37,38]. The positive
effect of temperature on oil yield has also been reported in the case of the recovery from
fish discards with ethanol as solvent at 90 ◦C (31 g oil per 100 g of dry material) compared
with 70 ◦C (13 goil/100 gd.m.) [39]. On the other hand, Iberahim and Tan [40] noticed an
increase in the recovery yield when the temperature was raised from 50 ◦C to 70 ◦C due to
the higher volatility and dissolving capacity of the solvent (mixture of hexane–isopropanol),
but even higher temperatures (up to 90 ◦C) reduced the oil yield because of the lower
solvent density.

Table 3. Rate constants (k) for the different by-products (side streams), solvents, solvent to solid ratios
and temperatures, based on Equation (2).

k (min−1) Filleting Side Streams

Temperature
(◦C)

Ethanol
10:1

Ethanol
30:1

Ethanol
50:1

Hexane
10:1

Hexane
30:1

Hexane
50:1

20 0.50 ± 0.06 xa 0.72 ± 0.06 xa 0.67 ± 0.09 xa 1.46 ± 0.36 xb 1.15 ± 0.27 xb 0.99 ± 0.13 xb

35 0.58 ± 0.11 ya 0.58 ± 0.04 ya 0.47 ± 0.06 ya 0.80 ± 0.03 yb 1.01 ± 0.10 yb 1.15 ± 0.24 yb

50 0.78 ± 0.13 xa 0.79 ± 0.03 xa 0.74 ± 0.04 xa 0.88 ± 0.06 xb 1.16 ± 0.17 xb 1.24 ± 0.17 xb

k (min−1) Gutting Side Streams

20 1.71 ± 0.14 xa 2.16 ± 0.16 xa 2.25 ± 0.24 xa 2.59 ± 0.18 xb 2.71 ± 0.14 xb 3.10 ± 0.23 xb

35 1.91 ± 0.21 ya 1.70 ± 0.18 ya 1.85 ± 0.08 ya 2.27 ± 0.17 yb 2.48 ± 0.13 yb 2.26 ± 0.10 yb

50 2.06 ± 0.25 xa 1.77 ± 0.30 xa 1.66 ± 0.14 xa 1.90 ± 0.19 xb 2.22 ± 0.15 xb 2.04 ± 0.11 xb

Data are expressed as mean value ± standard deviation. Superscript letters x and y indicate significant differences
(p < 0.05) between temperatures. Superscript letters a and b indicate significant differences (p < 0.05) between
the solvents.

Increasing the solvent to solid ratio enhanced the mass transfer phenomena since the
concentration gradient between the liquid and the solid phase became higher, which accel-
erated the diffusion. The increase in the ethanol to solid ratio from 10:1 to 50:1 enhanced
by 64.5–69.4% the maximum oil recovery from filleting side streams and 59.4–68.9% from
the gutting by-products. Comparing the highest (50:1) with the lowest (10:1) hexane to
sample ratios, these resulted in an 83.2–139.6% and 25.1–38.2% higher recovery in terms of
fish viscera and frames, respectively. A similar increase in yield was reported with krill
oil when the ratio of the ethanol-hexane solvent mixture was increased from 5:1 to 25:1, in
which the entire lipid recovery was obtained [36].

In terms of the rate constants, it can be concluded that the type of by-product signifi-
cantly affected this parameter (p < 0.05). The extraction rates from the viscera were higher
than the respective from the fish frames. The differences could be explained by the lower
particle size of the guts compared with the size of the frames. The bigger size of the raw
material demonstrates higher intracellular diffusion resistance. In addition, the use of the
non-polar solvent resulted in more intense oil recovery rates in comparison with the polar
solvent, apart from the extraction from gutting by-products at 50 ◦C and 10:1, in which
no statistically significant differences were observed between the different solvents. In
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terms of filleting by-products, using hexane, higher values of rate constants were obtained
(increase of 13–192%) compared with ethanol, while in the case of the gutting side streams,
the respective increase was up to 52%. According to the ANOVA analysis, solvent to solid
ratio did not significantly (at a confidence level of 95%) influence the rate constants. Even
though there are no similar studies that mathematically model the oil recovery from fish
tissues using conventional solvent extraction, some published studies have been carried
out on the extraction from plant tissue, demonstrating similar extraction curves. The
extraction rate constants with ethanol ranged from 0.03 to 0.14 min−1 depending on the
temperature (30–60 ◦C), moisture content (0–8.7%) and particle size (0.94–2.80 mm), in the
case of Jatropha curcas [30], and from 0.3 to 0.7 min−1 in the washing step of the extraction
from soybean depending on temperature [41].

3.3. Fatty Acid Composition of the Extracts

The extracted oil from the filleting and gutting side streams was rich in MUFAs,
representing 45.7–47.8% of the total fatty acids in both by-products. The filleting side
streams consisted of almost equal concentrations of SFAs and PUFAs, while the gutting
side streams consisted of less than 20% SFAs and were rich in PUFAs for both solvents.
In Figure 3, the total concentration of SFAs, MUFAs and PUFAs is presented for the two
by-products and the two solvents at the lowest temperature (20 ◦C) and solvent to solid
ratio (50:1) used. Since neither temperature nor ratio affected the fatty acid composition,
the data are not shown.
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Figure 3. Total SFA, MUFA and PUFA concentrations (expressed as the % of total fatty acids) of oil
extracted from gutting or filleting side streams with ethanol (EtOH) or hexane (HEX) at 50 ◦C and
a solvent to solid ratio of 50:1 (mean ± standard deviation). Different letters above the error bars
denote significant differences between the same FA group according to ANOVA followed by Duncan
test (at a 95% Confidence Level).

According to the results, apart from the differences observed between the different
by-products, the solvent selection influences the total amount of the recovered SFAs and
MUFAs. More precisely, in the case of the viscera, SFAs represented 18.5% and 19.9% of
the oil extracted with ethanol and hexane, respectively, while PUFAs represented 35.8%
and 32.3% of that extracted with the polar and the non-polar solvents, respectively. It has
been reported that non-polar solvents like hexane are more efficient for the recovery of tria-
cylglycerols while polar solvents are more efficient for phospholipid extraction [14,17,42].
Thus, the differences observed with the different solvents could also be explained based
on the aforementioned analysis of Section 3.2 relating to the lipid classes (phospholipid
and triacylglycerols) contained in fish tissues. A similar effect on the fatty acid profile of
extracts using ethanol compared with hexane as the solvent has also been reported in the
case of shrimp by-products [35], krill [36] and krill meal [20].
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3.4. Oxidation Level of the Extracts

Fish oils are rich in UFAs, and thus are highly prone to lipid oxidation. Therefore,
the peroxide value (PV) and the p-anisidine value (p-AV) were measured in order to
estimate the oxidation level in the different extracts. In Figure 4, all the different parameters
are presented for the different by-products, solvents and temperatures after 10 min of
extraction, when the maximum recovery was achieved (presented in Section 3.2). Since
no statistically significant differences were observed between the different ratios, only
the results of the highest ratio (50:1) are shown. In general, significant differences were
observed between the extracts from the gutting and the filleting side streams, with the
latter exhibiting lower values for the PV and p-AV. This may be attributed to the differences
in the fatty acid composition, since the rate of oxidation increases with increasing UFA
content in oil [5,43], and the filleting by-products consisted of 73.1% UFA, while the gutting
by-products consisted of 83.8% UFA. The hydrogen atoms near the double bonds of UFAs
are characterized by low dissociation, facilitating their removal and the production of free
radicals, which initiate the lipid oxidation [43].
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Figure 4. (a) Peroxide value (PV) and (b) p-anisidine value (p-AV) of oil extracted from gutting or
filleting side streams after 10 min of extraction with ethanol (E) or hexane (H) at 20, 35 or 50 ◦C and a
ratio of 50:1 (mean ± standard deviation). Different letters above the error bars denote significant
differences (at a confidence level of 95%) between the same by-product group according to an ANOVA
followed by a Duncan test.

Based on the results, within the extracts from the same raw material, both the type of
solvent and the temperature affected the oxidation level of the extracts expressed through
the primary and secondary oxidation products. Increasing the temperature led to higher
oxidation levels of oil, and the highest PVs were 7.7 and 12.9 meqO2

/kgoil in the case of
filleting and gutting side streams, respectively, and 9.2 and 11.8, respectively, in terms of
the p-AV. The higher temperature used during the extraction facilitates the aforementioned
abstraction of H atoms close to the double C-C bond of the UFAs due to the low energy
required [43]. Moreover, the use of hexane as the solvent raised the level of primary (PV)
and secondary (p-AV) oxidation products in the extracts, especially at 35 ◦C and 50 ◦C.
Peroxide values of extracts with hexane were up to two times higher than the respective
values with ethanol under the same conditions, while p-AVs were up to 45% higher. These
differences could be attributed to the protic character of ethanol compared with the non-
polar hexane and the effect of this on the free-radical chain reactions. The first step of
auto-oxidation includes the H abstraction and radical formation, and it has been reported
that electron transfer, and thus, radical generation, becomes much faster in non-polar
solvents than in aquatic or protic polar solvents (such as ethanol) [7,44]. During the final
termination step, aprotic solvents (such as hexane) could cause the formation of new



Separations 2024, 11, 101 12 of 14

radicals instead of stable products due to radical recombination, while protic solvents can
stabilize the oxidation products by providing the required protons [44]. It should be also
highlighted that the p-AV in all oil extracts was below the limit of 20, which is the maximum
recommended value by the Codex Alimentarius Commission for fish oils appropriate for
human consumption [45]. The respective limit in the case of PV is equal to 5 meqO2

/kgoil,
and all the extracts at 20 and 35 ◦C were below this value, except for the oil from gutting
by-products extracted with hexane at 35 ◦C. Although extraction using ethanol or hexane at
50 ◦C led to the highest yield values, these fish-oil extracts were more oxidized compared
with those extracted at lower temperatures; the PVs and p-anisidine values were above
the appropriate limits for human consumption. In order to select the optimum extraction
parameters, it is essential to take into account both the oil recovery yield and the oxidation
limits based on Codex Alimentarius. Thus, extraction using ethanol at a ratio of 50:1 and at
35 ◦C can be considered the optimum parameters, as almost 95% total oil recovery from fish
frames and viscera was achieved. Sinanoglou et al. [32] reported peroxide values between
2 and 4 meqO2

/kgoil for oil extracted with chloroform and methanol from sea-bass viscera.

4. Conclusions

This study underlines the effect of an environmentally friendly solvent on the efficient
recovery of bioactive compounds from fish side streams (viscera, fish frames), which could
be further used as ingredients in food systems. Sea-bass filleting and gutting by-products
are valuable fish oil sources (34.0 and 43.8 g oil/100 g, respectively), especially of omega-3
fatty acids, DHA and EPA (10.5 and 21.9% of the total fatty acids, respectively). To the best
of our knowledge, this is the first kinetic study regarding the conventional solvent recovery
of fatty acids for the valorization of fish discards, while simultaneously, a comparison of
a polar (ethanol) and a non-polar (hexane) solvent was carried out. Based on the results
obtained, the polarity of the solvent significantly affects the maximum oil recovery within
the two types of by-products due to their different fatty acid composition. Ethanol achieved
almost an exhaustive lipid recovery (>96%) at a ratio of 50:1 and at 35 ◦C and 50 ◦C in
the case of viscera and fish frames, respectively. The increase in both the temperature
and the solvent to solid ratio enhanced the maximum yield but did not significantly affect
the rate constant. Ethanolic extracts were characterized by higher PUFA and lower SFA
concentrations compared with extracts using hexane. The oil recovered with the polar
solvent was less oxidized compared with that with the non-polar solvent, especially the
extracts at 20 ◦C and 35 ◦C; however, all extracts were within the limits adopted for fish
oils regarding human consumption. The results highlighted that the use of green solvents
for fatty acid recovery is a suitable alternative method for the valorization of sea-bass
processing side-streams.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/separations11040101/s1, Figure S1: (a) Total oil recovery, (b) fatty acids
composition and (c) peroxide values of lipids extracted with different solvents from sea bass guts at
35 ◦C and 50:1 solvent to solid ratio.
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