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Abstract: Industrial logistics and unavoidable processing delays frequently hinder the valorization of aquaculture by-products into high-value lipids. The 
current study evaluated the feasibility of a solvent-free centrifugal extraction technique for the recovery of fish oil from European seabass (Dicentrarchus 
labrax) fillet by-products (head, skeleton, and internal organs), following a standard 48-hour cold storage delay typical in industrial processing. The by-products 
were homogenized with water at 50 °C and subsequently centrifuged at 4000 × g for 25 minutes. This solvent-free extraction technique yielded 8.12% free 
liquid oil, corresponding to a lipid recovery efficiency of 63.36%. Gas chromatography analysis demonstrated that the recovered oil contained substantial 
levels of docosahexaenoic acid (DHA) and total polyunsaturated fatty acids, representing a valuable nutritional profile. However, an accumulation of primary 
oxidation products was observed following the 48-hour pre-processing delay, with peroxide values exceeding permissible limits in both the solvent-free 
(27.99±3.99 meq O2/kg) and solvent-assisted (22.67±1.15 meq O2/kg) oils. Conversely, the free fatty acids (6.77±0.08% oleic acid) and p-anisidine value 
(4.29±0.26) remained within acceptable ranges. These findings demonstrate that while solvent-free centrifugation is effective for recovering PUFA-rich lipids, 
the inherently high pro-oxidant content of seabass by-products highlights the importance of immediate, on-site processing to prevent rapid oxidative 
degradation. Consequently, this study establishes critical logistical baselines for circular economy implementations in the seafood processing sector. 
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Öz: Endüstriyel lojistik ve kaçınılmaz işleme gecikmeleri, su ürünleri yetiştiriciliğinin yan ürünlerinin yüksek değerli lipitlere dönüştürülmesini sıklıkla 
engellemektedir. Bu çalışma, endüstriyel işlemede tipik olan standart 48 saatlik soğuk depolama gecikmesinin ardından, Avrupa levreği (Dicentrarchus labrax) 
fileto yan ürünlerinden (baş, iskelet ve iç organlar) balık yağı geri kazanımı için çözücü içermeyen santrifüj ekstraksiyon tekniğinin uygulanabilirliğini 
değerlendirmiştir. Yan ürünler 50°C’de su ile homojenleştirilmiş ve daha sonra 25 dakika boyunca 4000 × g’de santrifüjlenmiştir. Bu çözücü içermeyen 
ekstraksiyon tekniği, %8,12 oranında serbest sıvı yağ elde edilmesini sağlamış olup, bu da %63,36'lık bir lipit geri kazanım verimliliğine karşılık gelmektedir. 
Gaz kromatografisi analizi, geri kazanılan yağın önemli düzeyde dokosaheksaenoik asit (DHA) ve toplam çoklu doymamış yağ asitleri içerdiğini ve değerli bir 
besin profili sunduğunu göstermiştir. Ancak, 48 saatlik ön işleme gecikmesinin ardından birincil oksidasyon ürünlerinin birikimi gözlemlendi ve hem çözücü 
içermeyen (27,99±3,99 meq O2/kg) hem de çözücü destekli (22,67±1,15 meq O2/kg) yağlarda peroksit değerleri izin verilen sınırları aştı. Buna karşılık, serbest 
yağ asitleri (%6,77±0,08 oleik asit) ve p-anizidin değeri (4,29±0,26) kabul edilebilir aralıklarda kaldı. Bu bulgular, çözücü içermeyen santrifüjlemenin PUFA 
açısından zengin lipitlerin geri kazanılmasında etkili olduğunu gösterirken, levrek yan ürünlerinin doğası gereği yüksek pro-oksidan içeriği, hızlı oksidatif 
bozulmayı önlemek için yerinde, acil işlemenin önemini vurgulamaktadır. Sonuç olarak, bu çalışma, deniz ürünleri işleme sektöründe döngüsel ekonomi 
uygulamaları için kritik lojistik temelleri oluşturmaktadır. 

Anahtar kelimeler: Avrupa levreği, balık yağı ekstraksiyonu, yan ürünlerin değerlendirilmesi, santrifüj ekstraksiyonu, lipid oksidasyonu 

INTRODUCTION 

The aquaculture and seafood processing industries have 
significantly expanded the range of food and nutritional options 
available to individuals, influencing global consumption 
patterns. Typically, fish are processed into fillets, which 
generates a range of by-products, typically amounting to 40–
60% of the total yield (Dewita et al., 2021; Marsh and Bechtel, 
2012; Silovs, 2018). In the event of underutilisation, these by-
products represent a substantial waste burden with deleterious 
ecological impacts. Consequently, the management, 
environmental repercussions and economic losses associated 
with these manufacturing by-products are pressing issues for 

the seafood processing industry (Singh et al., 2019). Typically, 
by-products include heads, internal organs, skin, scales, shells 
and spines (Naghdi et al., 2024; Venugopal, 2022). The 
reprocessing of these aquatic side-streams has been shown to 
yield value-added products with substantial functional 
properties through various physical and chemical processes 
(Naghdi et al., 2024; Özyurt and Özkütük, 2019). The health-
benefiting components inherent in these tissues, such as chitin, 
vitamin A, omega-3 polyunsaturated fatty acids (EPA and 
DHA), and calcium, coupled with their bioactive and antioxidant 
characteristics, offer promising potential for the development of 
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marine nutraceutical and pharmaceutical applications (Khalid 
et al., 2019; Pateiro et al., 2020; Rahman et al., 2023; Shahidi 
et al., 2019). At present, the utilisation of fish by-products is 
predominantly confined to the production of fish meal, fish 
silage and crude fish oil, in addition to minor applications in pet 
food and fertilisers (Özyurt and Özkütük, 2019; Semenoglou et 
al., 2024). 

As Kalkan et al. (2025) demonstrate, traditional chemical-
based extraction methods give rise to significant environmental 
concerns and pose a question of safety. Conversely, many 
novel green technologies often require substantial investment, 
complex infrastructure, or prolonged processing times. In 
conclusion, the extraction route is critical for balancing lipid 
yield and quality, particularly regarding susceptibility to lipid 
oxidation (Rubio-Rodrigues et al., 2012). In this context, cold 
or water-assisted centrifugal extraction represents a viable, 
solvent-free mechanical phase-separation approach. 
However, the processing temperature remains a critical 
parameter; elevated temperatures may impede oil release by 
promoting compact protein networks (Hao et al., 2015), 
whereas lower temperatures may accelerate oxidation through 
active endogenous lipoxygenase enzymes (Liu et al., 2023). 

Although solvent-free centrifugal extraction is widely 
recognised as a highly efficient and environmentally friendly 
alternative, the majority of small-scale studies evaluate lipid 
recovery under ideal laboratory conditions, processing the raw 
material immediately after generation. Nevertheless, the 
capacity for instantaneous processing is seldom a practical 
possibility within the context of commercial seafood operations. 
It is often necessary to store by-products temporarily in cold 
storage facilities due to logistical constraints prior to their 
valorisation. In conventional industrial operations, fish by-
products are amassed, refrigerated, and conveyed to 
centralized rendering facilities, resulting in a logistical 
sequence that necessitates an inevitable holding period of 24 
to 48 hours (Cooney et al., 2023; Sajib et al., 2020; Wu et al., 
2022). For species such as European seabass (Dicentrarchus 
labrax), which are rich in blood and potent endogenous pro-
oxidants like haemoglobin (Richards and Hultin, 2002), this 
delay can rapidly initiate lipid peroxidation via autoxidation 
(Ghirmai et al., 2022; Wu et al., 2020). Consequently, 
significant knowledge gap remains regarding the practical 
performance and quality limitations of green mechanical 
extraction processes when subjected to the oxidative stress 
induced by standard industrial handling delays. 

Therefore, the primary objective of this study is to evaluate 
the applicability, recovery efficiency, and oxidative quality 
constraints of a solvent-free centrifugal extraction method 
applied to European seabass by-products following a standard 
48-hour cold storage delay. In order to contextualize this main 
objective, the lipid yield, fatty acid profile, and 
primary/secondary oxidation indices were systematically 
mapped and compared against a traditional solvent-assisted 
baseline. Ultimately, this study aims to establish evidence-
based logistical baselines for marine by-product valorisation 

and highlight the critical importance of minimising holding times 
to support circular economy sustainability. 

MATERIALS AND METHODS 

Chemicals and reagents 

All general chemicals and reagents (p-anisidine, TBA) 
used in this study were of analytical reagent grade. However, 
all solvents utilized for lipid extraction and Gas 
Chromatography (GC-FID) analyses (chloroform, methanol, n-
hexane) were strictly of HPLC or GC grade. All materials were 
purchased from well-known scientific suppliers including 
Merck, Sigma-Aldrich, and Carlo Erba. 

European seabass by-products 

The study utilizes by-products from the commercial filleting 
of aquaculture-sourced European seabass (Dicentrarchus 
labrax). The raw material-strictly comprising heads, frames, 
and viscera (excluding skin)-was obtained from fish with an 
approximate whole weight of 400-600 g, (Figure 1), processed 
in April 2024. To accurately reflect commercial rendering 
conditions, the approximately 10 kg of by-products were 
collected during a single visit from a single industrial 
processing batch, representing the combined anatomical 
offcuts of approximately 30-35 fish. The material was utilized 
'as received' in its natural, mixed industrial bulk proportion 
without artificially separating the anatomical fractions. 

 
Figure 1. By-products of seabass heads, frame and internal organs 
surviving post-filleting procedure 

Immediately after the commercial filleting process, the 
entire 10kg bulk batch was thoroughly mixed and homogenized 
to ensure uniform consistency prior to subsequent 
subsampling. The homogenized by-products were then packed 
with flake ice in styrofoam containers and transported to the 
Ege University Fish Processing Technology laboratory. Prior to 
extraction, the raw by-products were subjected to a standard 
pre-extraction cold storage condition (0-4°C) for 48 hours. This 
timeframe was not evaluated as an experimental variable, but 
rather applied as a fixed baseline to reflect the actual logistical 
delays commonly experienced in commercial supply chains, 
where immediate on-site processing is rarely an option. 
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Consequently, all subsequent extractions and lipid quality 
evaluations were performed exclusively under this realistic 
industrial holding condition. 

Oil extraction 

In this study, two distinct methodologies were applied to 
the recovery of fish oil from the European seabass by-products: 
a traditional solvent-assisted extraction (yielding solvent-
assisted oil, SAFO) and the targeted water-assisted centrifugal 
extraction (yielding solvent-free liquid oil, SFO). The solvent-
assisted extraction process was conducted in accordance with 
the established Bligh and Dyer (1959) protocol, employing a 
mixture of chloroform, methanol, and water as the extraction 
solution. The lipid fraction recovered via this chemical solvent 
method (SAFO) was utilised in two ways. Firstly, it was 
employed to quantitatively determine the total crude lipid 
content of the raw material. Secondly, it served as the 
comparative analytical baseline for all subsequent fatty acid 
profiling and lipid oxidation assays. To prevent any post-
extraction oxidative artifacts, all primary and secondary lipid 
oxidation analyses were performed immediately on the freshly 
recovered oils on the day of extraction. For the subsequent 
fatty acid profiling, the extracted lipid samples were sealed in 
airtight containers and stored at -18°C for 6 days prior to GC-
FID analysis. 

The solvent-free extraction of oil was achieved together 
with the adaptation of methodologies established by Glowacz-
Rozynska et al. (2016), reported to the principles of “water-
assisted centrifugal extraction” and by Abdollahi and Undeland 
(2020). The process conditions were selected based on prior 
literature and preliminary feasibility considerations to achieve 
phase separation while minimising thermal stress (Abdollahi 
and Undeland, 2020; Glowacz-Rozynska et al., 2016). These 
conditions were kept constant to enable a controlled 
comparison between extraction routes. The raw material that 
was stored in a refrigerator was mixed with water at a ratio of 
1:1 (w/v) at 50°C and agitated for 30 minutes using a 
mechanical laboratory stirrer (maximum torque 29.4N cm, 
Mtops MS3020 Korea) at 150rpm (Figure 2a). After mixing of 
30 minutes, the temperature of the mixture was reduced and 
recorded at 24.5°C. 

The mixture was subjected to centrifugation using a device 
(Hettich brand EBA 21 model, Germany) at 4000×g for 25 
minutes at ambient temperature, resulting in the separation of 
liquid oil (I), emulsion phase (II), supernatant (III), and solid 
residue (IV) phases (Figure 2b). Subsequently, the removal of 
solid fat, supernatant and solid residue phases involved mixing 
the liquid oil and a little amount of supernatant phases, which 
required subsequent centrifugation of the two liquid 
components at 4000×g for 25 minutes to achieve phase 
separation the second time (Figure 2c). Following the second 
centrifugation procedure, oil and a small amount of supernatant 
were obtained. The liquid oil obtained was carefully collected 
from the centrifuge tube with a pipette, without supernatant, 
and used as solvent-free fish oil. We applied a single, fixed 

centrifugation condition (4000×g for 25 min) rather than 
conducting a multi-parameter optimization. This specific 
combination was selected because it represents a well-
established and industrially scalable baseline for solvent-free 
marine lipid recovery. Since our primary objective was not to 
maximize extraction yield, but rather to measure the oxidative 
status of the lipids extracted after the 48-hour pre-processing 
delay, keeping the mechanical extraction parameters constant 
and practically viable was essential. 

 

 
Figure 2. (a) Mixing process of water and raw material, (b) the sample 

partitioned into four distinct phases upon first centrifugation: (I) 
solvent-free liquid oil, (II) emulsion phase, (III) aqueous 

phase/supernatant, and solid residue, (c) the sample partitioned into 
two distinct phases upon second centrifugation: (I) solvent-free liquid 

oil and (III) supernatant. Tubes were filled to approximately 85% of 
tube capacity and balanced before centrifugation. 

The physical segregation of the biomass post-
centrifugation yielded four distinct streams: liquid oil phase, 
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intermediate emulsion phase, aqueous phase/supernatant, 
and the heavy solid residue. To achieve full process 
transparency, the emulsion phase and solid residue were 
separately collected and analysed for moisture, ash (for the 
solid residue), and gravimetric crude oil according to AOAC 
and Bligh and Dyer (1959) protocols. 

Lipid yield and extraction efficiency 

The lipid yield of the solvent-free extraction was calculated 
as the ratio of the recovered solvent-free liquid oil mass (A) to 
the initial mass of the raw by-products (B) (Abdollahi and 
Undeland, 2020): 

Lipid Yield (%)=(A/B)×100 

The extraction efficiency, which specifically represents the 
proportion of oil successfully recovered relative to the absolute 
total crude lipid content of the raw material, was determined 
using the following formula. Here, C represents the total crude 
lipid mass quantified via the comparative solvent-assisted 
(Bligh and Dyer) method: 

Extraction Efficiency (%)=(A/C)×100 

Chemical composition analyses 

The chemical composition of the samples, including 
moisture and ash contents, was determined according to 
AOAC (2000) methods. Crude protein was assessed following 
AOAC (2006) procedure, while crude oil analysis was 
performed utilizing the Bligh and Dyer (1959) method. 

Fatty acids composition 

Fatty acid methyl esters (FAMEs) were prepared according 
to the method reported by Gumus et al. (2018). The FAMEs 
were analyzed using a Gas Chromatograph equipped with a 
Flame Ionization Detector (GC-FID). Separation was achieved 
using a fused silica capillary column (Supelco SP-2560, 100m 
length×0.25mm inner diameter, 0.2µm film thickness). Helium 
was used as the carrier gas. The injector and detector 
temperatures were maintained at 250°C and 260°C, 
respectively. The oven temperature program was initiated at 
140°C (held for 1 min), increased to 240°C at a heating rate of 
4°C/min, and maintained at 240°C for 5 min. An injection 
volume of 1 µL was utilized with a split ratio of 1:100. Fatty acids 
were identified by comparing their retention times with a 
commercial 37-component FAME standard mixture (Supelco, 
Sigma-Aldrich). Quantitative analysis was carried out using the 
area normalization method, expressing the area of each relevant 
peak as a percentage of the total FAME peak area. 
Consequently, absolute LOD/LOQ values in concentration units 
were not applicable; instead, an instrumental reporting threshold 
was applied, and fatty acid peaks constituting less than 0.01% of 
the total area were rigorously designated as “ND” (not detected). 

Fish oil quality and oxidation levels 

Primary and secondary oxidation parameters, along with 
hydrolytic degradation, were determined following established 
analytical protocols. Briefly, the peroxide value (PV) was 

measured according to AOCS Cd 8-53 (2003); 2.5g of oil was 
dissolved in an acetic acid:chloroform mixture (3:2, v/v) and 
reacted with saturated potassium iodide. The liberated iodine 
was titrated with 0.1 N sodium thiosulfate using 1% starch 
indicator, and results were expressed as meq O2/kg. The p-
anisidine value (p-AnV) was determined following AOCS Cd 
18-90 (1998) by dissolving 0.5g of oil in 25mL isooctane, 
reacting it with 1mL p-anisidine reagent, and reading the 
absorbance at 350 nm against a blank. The Total Oxidation 
(TOTOX) value was calculated as: TOTOX=2PV+p-AnV. 

Free fatty acids (FFAs) were evaluated according to AOCS 
Ca-5a-40 (1997) by dissolving 2g of oil in 30mL neutralized 
ethyl alcohol (boiled for 2 minutes) and titrating with 0.1N KOH 
using 1% phenolphthalein; results were expressed as % oleic 
acid. Thiobarbituric Acid Reactive Substances (TBARS) were 
quantified based on Wang et al. (2011). A 2g oil sample was 
homogenized in 10mL TCA (7.5%)-EDTA (0.1%) solution, 
shaken for 30 min, and filtered. The filtrate (5mL) was reacted 
with 5mL TBA reagent, incubated in a water bath at 90°C for 
40 min, cooled, and centrifuged. Absorbance was measured at 
532nm, and values were calculated using a malondialdehyde 
standard curve, expressed as mg malondialdehyde/kg. Finally, 
conjugated dienes (UV232) and trienes (UV270) were 
measured according to modified AOCS Ch5-91 (2006). A 0.5g 
sample was diluted to 50mL in n-hexane, and specific 
absorbances were recorded at 232nm and 270nm, 
respectively. The primary lipid oxidation state of the lipid 
containing fractions (emulsion, and solid residue) was 
monitored via peroxide value (PV), free fatty acids, p-Anisidine 
value, TBA, TOTOX and UV measurements. 

Colour measurement and refractive index (RI) 

25ml of SFO was placed in a transparent petri dish, and 
colour measurement was performed on a white background 
(L*=94.30, a*=0.0, b*=-1.20) using a colour measurement 
device (Dr. Lange Spectro-Pen) according to the Schubring 
(2003) method. 

The refractive index of SFO was determined using an Abbe 
bench refractometer (2WAJ model) according to the AOAC 
(2000) method at 25°C. 

Statistical analyses 

The extraction experiments were conducted using 
representative pooled biomass batches. To validate  
the technical precision and instrumental reliability of  
the analytical protocols, all chemical and chromatographic 
assays-including the fatty acid methyl ester (FAME) profiling 
via GC-FID and the lipid quality metrics (PV, FFA, and  
p-Anisidine value)-were executed in analytical triplicates  
(n=3). Because the replicates represent technical/analytical 
repetitions from a homogenized industrial batch rather than 
independent biological extractions, inferential statistics  
(e.g., ANOVA) were not applied. Results are reported  
purely descriptively as mean ± standard deviation (SD) to 
reflect the strict instrumental variance. Data processing and 
mean calculations were conducted using IBM SPSS Statistics 
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for Windows, Version 25.0 (IBM Corp., Armonk, NY, USA) and 
Microsoft Excel 2019. Fatty acid values falling below the 
established instrumental limit of detection (LOD) were 
rigorously designated as “ND” (not detected). 

RESULTS 

Analysis of chemical composition of European 
seabass by-products 

The chemical composition analysis of the European 
seabass by-products (n=3) revealed a moisture content of 
59.92±1.51%, crude protein content of 19.25±1.73%, crude oil 
content of 12.82±0.78%, and ash content of 7.10±1.09% 
(Table 1). 

Lipid yield and extraction efficiency 

The mass of the solvent-free liquid oil recovered from the 
European seabass by-products corresponded to a lipid yield of 
8.12±0.23% (based on the initial raw material weight). Relative 

to the total crude lipid content of the biomass (determined via 

the solvent-assisted baseline), this performance corresponds 

to an extraction efficiency of 63.36±0.81%. A sharp physical 

differentiation of the output phases provided an explicit 

mapping of the water-assisted centrifugal recovery 

performance (Table 1). The process successfully yielded 

8.12% of high-purity solvent-free liquid oil. Concurrently, the 

intermediate emulsion phase accounted for 5.00% of the total 

mass yield, retaining a moisture content of 41.57±3.09% and 

a crude fat content of 52.14±2.66%. The solid residue, 

representing 63.13±1.44% of the mass yield, concentrated the 

structural minerals (ash content of 8.29±1.76%) and retained 

tightly bound tissue oil (4.69±0.52%). Finally, the aqueous 

phase accounted for 120.61±2.07% of the mass distribution. 

Quantifying these mutually exclusive phases establishes a 

transparent mass balance framework, which is vital for 

evaluating the industrial scale-up feasibility of the solvent-free 

extraction method.

Table 1. Mass balance distribution and proximate composition of the fractions obtained after water-assisted centrifugal extraction of European 
seabass by-products 

Input Weight (g) per 100 g raw by-product Output (Recovered Fractions) Weight (g) per 100 g raw by-product 

Raw by-products 100 Liquid Oil 8.12±0.23 

Extraction medium (water) 100 Emulsion Phase 5.00±0.41 

  Aqueous Phase/ Supernatant 120.61±2.07 

  Solid residue 63.13±1.44 

Total- Input 200 Total- Output 196.86 

  Operational loss 3.14 

 Mass (g) Moisture (%) Crude protein (%) Ash (%) Crude oil (%) 

Raw by-product 100 59.92±1.51 19.25±1.73 7.10±1.09 12.82±0.78 

Liquid oil 8.12 0.40±0.03 ND ND ND 

Emulsion phase 5.00 41.57±3.09 4.91±0.97 0.66±0.13 52.14±2.66 

Solid residue 63.13 67.99±4.47 19.03±2.25 8.29±1.76 4.69±0.52 
Data are expressed as mean ± standard deviation of three analytical replicates (n=3) performed on the representative pooled samples. “ND” indicates not detected. 

Fatty acids composition 

According to the data presented in Table 2, the analysis 
revealed that the SAFO and SFO contained a high 
concentration of oleic acid (C18:1n-9c), with linoleic acid 
(C18:2n-6c) being the second most abundant fatty acid. 
Although EPA content was higher in SAFO (p<0.05), SFO 
samples exhibited higher concentrations of linolenic acid 
(C18:3n-3), DHA, and ∑PUFA (p<0.05). In addition, SFO was 
found to exhibit a reduced level of ∑SFA and ∑MUFA 
(p<0.05). 

Fish oil’s oxidation levels 

The primary and secondary lipid oxidation states, in 
conjunction with the hydrolytic degradation parameters of the 
recovered fractions, are documented in Table 3. The solvent-
free liquid oil (SFO) exhibited a higher peroxide value 
(27.99±3.99 meq O2/kg) compared to the solvent-assisted oil 
(SAFO) (22.67±1.15 meq O2/kg). The peroxide value (PV) of 
the emulsion phase (31.33±1.15 meq O2/kg) was found to be 
comparable to that of the free liquid oil. However, the total 
oxidation (TOTOX) score of the emulsion phase (128.74±1.86) 

was significantly higher, reaching more than twice the value 
observed in the free liquid oil (60.29±8.18) and SAFO 
(52.14±2.26) (p<0.05). This exponential increase was primarily 
driven by the p-anisidine value (p-AnV), which reached a 
substantially high level of 66.07±3.58 in the emulsion phase, 
compared to 4.29±0.26 in SFO and 6.81±0.09 in SAFO. 

The thiobarbituric acid (TBARS) analysis revealed that 
the malondialdehyde content in SFO (0.63±0.02 mg 
malondialdehyde/kg) was significantly lower than that of 
SAFO (3.06±0.33 mg malondialdehyde/kg) (p<0.05). 
Conjugated diene and triene values were comparable 
between SAFO and SFO but were markedly increased in the 
emulsion phase. The accumulation of free fatty acids (FFA) 
was found to be highest in SFO (6.77±0.08% oleic acid), 
followed by the emulsion phase (6.41±0.08%) and SAFO 
(5.56±0.21%) (p<0.05). 

Colour values and refractive index 

The physical quality parameters, specifically colour and 
refractive index, were evaluated exclusively for the solvent-free 
liquid oil (SFO). The solvent-assisted oil (SAFO) was employed 



Erdem and Demirtaş Erol, Ege Journal of Fisheries and Aquatic Sciences, 43(4), 341-350 (2026) 

346 

exclusively as an analytical baseline for quantitative yield and 
fatty acid profiling. The utilisation of aggressive organic 
solvents in co-extraction processes can non-selectively extract 
structural pigments and alter the natural physical state of the 
lipids. Consequently, a comparison of its physical properties 
with the targeted food-grade SFO would not provide 

technologically relevant insights. The L*, a*, and b* values of 
the recovery fish oil from European seabass (SFO) were 
measured at 77.04±2.52, -1.11±0.30 and 8.58±1.69, 
respectively. The a* parameter, which indicates redness 
(+)/greenness (-), has been given a negative value. The 
refractive index of SFO was found to be 1.473±0.001.

Table 2. Fatty acids compositions of Solvent-Assisted Fish Oil (SAFO) and Solvent-free Fish Oil (SFO) from European seabass by-products, and 
emulsion phase obtained during centrifuge extraction (fatty acids percentage of 100 g total edible lipid) 

 SAFO SFO Emulsion phase 

C14:0 1.828±0.002 1.785±0.013 1.813±0.01 

C16:0 14.392±0.003 13.470±0.02 14.790±0.02 

C17:0 0.055±0.001 0.061±0.001 0.089±0.005 

C18:0 3.141±0.002 3.124±0.012 2.889±0.01 

C20:0 0.297±0.001 0.377±0.013 0.334±0.004 

C21:0 0.144±0.002 0.238±0.002 0.957±0.006 

C22:0 0.279±0.002 0.287±0.002 0.279±0.004 

C24:0 0.038±0.001 0.027±0.001 0.028±0.003 

∑SFA 20.141±0.013 19.369±0.064 21.181±0.062 

C14:1 0.131±0.001 0.132±0.007 0.155±0.005 

C15:1 2.708±0.010 ND ND 

C16:1 2.018±0.014 2.779±0.018 2.727±0.01 

C17:1 0.143±0.003 0.153±0.003 0.157±0.005 

C18:1n-9c 39.008±0.012 37.245±0.022 39.726±0.016 

C24:1 0.524±0.005 0.667±0.011 0.040±0.001 

∑MUFA 44.532±0.045 40.977±0.061 42.805±0.036 

C18:2n-6c 23.257±0.013 25.664±0.028 24.583±0.030 

C18:3n-3 6.152±0.003 6.897±0.016 6.421±0.015 

C20:2 1.092±0.008 1.031±0.004 ND 

C20:3n-3 0.306±0.002 1.498±0.013 1.532±0.011 

C20:3n-6 1.498±0.002 0.283±0.001 0.253±0.003 

C22:2 1.128±0.002 1.474±0.014 0.874±0.009 

C20:5n-3 0.213±0.001 0.047±0.002 0.166±0.008 

C22:6n-3 1.653±0.003 2.752±0.013 1.588±0.012 

∑PUFA 35.299±0.033 39.931±0.091 35.428±0.091 

∑n3 8.32±0.09 11.19±0.04 9.71±0.05 

∑n6 24.76±0.01 25.96±0.03 24.85±0.03 

∑n3/∑n6 0.34±0.003 0.43±0.001 0.39±0.002 

∑PUFA/∑SFA 1.75±0.000 2.05±0.002 1.67±0.000 
Data are expressed as mean ± standard deviation of three analytical replicates (technical GC-FID injections) performed on the representative pooled samples. “ND” indicates not detected (relative peak area<0.01%). 

Table 3. Oxidation levels of SAFO, SFO, emulsion phase and solid residue from European seabass by-products 

 SAFO SFO Emulsion phase Solid residue 

Peroxide Value (meq O2/kg) 22.67±1.15b 27.99±3.99ab 31.33±1.15a 13.99±1.99c 

p-Anisidine Value 6.81±0.09b 4.29±0.26c 66.07±3.58a 6.94±0.18b 

TOTOX 52.14±2.26b 60.29±8.18b 128.74±1.86a 34.94±3.94c 

Thiobarbituric Acid (mg malondialdehyde/kg) 3.06±0.33b 0.63±0.02c 1.29±0.17c 5.16±0.95a 

Free Fatty Acids (% Oleic acid) 5.56±0.21c 6.77±0.08a 6.41±0.08b 2.34±0.08d 

Conjugated diene (UV232) 4.83±0.64b 5.53±0.64b 112.30±7.17a 2.30±0.69b 

Conjugated triene (UV270) 3.07±1.25b 4.46±0.85b 271.73±21.12a 0.43±0.12b 
Data are expressed as mean ± standard deviation of three analytical replicates (n=3) performed on the representative pooled samples. At the 0.05 level of significance, the presence of the same letter on the same line 
does not indicate any significant differences. 

DISCUSSION

The proximate composition of the European seabass by-
products-comprising approximately 60% moisture, 19% crude 
protein, 13% crude oil, and 7% ash- is highly consistent with 
previously reported values for marine processing side-streams. 
Specifically, comparable high protein (15-20%) and ash (6-9%) 

contents have been well-documented in recent studies 
characterizing seabass heads and frames, effectively reflecting 
the dense bone matrix and residual muscle tissues inherent to 
these specific fractions (Semenoglou et al., 2024; Simat et al., 
2020). While the total lipid amount of mixed seabass and 
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seabream by-products was reported at 10% (Simat et al., 
2020), the crude oil content can reach up to 29.9% when skin 
and specific visceral depots are fully included (Kaşıkçı, 2022). 
Furthermore, seasonal variations significantly influence the 
baseline moisture, protein, and fat distributions of the fish 
(Kalkan et al., 2025). The comparatively moderate crude oil 
content (12.82%) observed in the present raw material is 
primarily attributed to the strict exclusion of oil-rich seabass 
skin (Fuentes et al., 2007; Roy et al., 2022) during the 
commercial filleting process. 

The finding that the total lipid recovery efficiency in the 
solvent-free, water-assisted centrifugal extraction system 
remains at 63.36 per cent is directly related to the presence 
and structure of the intermediate emulsion phase formed within 
the system. During the application of a mild temperature of 
50°C and mechanical stirring, endogenous amphiphilic (both 
hydrophilic and hydrophobic) compounds-particularly cell 
membrane phospholipids and soluble muscle proteins-which 
are found in high concentrations in sea bass heads and internal 
organs, are released and behave like natural surfactants 
(Abdollahi and Undeland, 2020). These biomolecules rapidly 
migrate to the interface between the hydrophobic oil droplets 
and the polar aqueous phase, thereby stabilising oil-in-water 
(o/w) microdroplets and forming a rigid, viscoelastic film layer 
around them. The emulsification phenomenon physically traps 
a significant proportion of the released lipids, prevents the 
coalescence of droplets and, by counteracting the gravitational 
force generated by the centrifuge, prevents them from 
migrating into the free oil phase. This situation is considered to 
be one of the most fundamental thermodynamic bottlenecks 
encountered in green and solvent-free marine biorefineries 
(Sajib and Undeland, 2020). 

The physical limitations of the mechanical centrifugation 
method, which does not utilise organic solvents such as 
hexane, are also clearly evident in the compositional data of 
the heavy solid residue pellet. As anticipated, the solid residue 
has been found to contain a high ash content, indicative of 
concentrated structural bone minerals. However, it has also 
been observed to retain 4.69±0.52% residual fat. This finding 
demonstrates that a portion of the cellular and structural lipids 
remains chemically or physically tightly bound to the dense 
protein-bone matrix. It follows that they cannot be detached 
and removed from the matrix by mechanical centrifugation 
alone unless exposed to aggressive solvent systems such as 
Soxhlet or Bligh and Dyer (Glowacz-Rozynska et al., 2016; 
Özoğul et al., 2018). 

While the chemical solvent baseline (SAFO) achieved the 
maximum theoretical lipid extraction by completely solubilising 
all lipid classes, the 63.36% extraction efficiency of the water-
assisted method (SFO) aligns perfectly with the mechanical 
limitations reported in similar comparative studies. For 
instance, previous research comparing solvent-assisted and 
solvent-free extractions of marine by-products demonstrated 
that mechanical approaches inherently yield lower total lipid 
recoveries -typically ranging from 60% to 80%- primarily due to 

the aforementioned lipid trapping within the protein-rich 
emulsion layer (Abdollahi and Undeland, 2020; Glowacz-
Rozynska et al., 2016). Despite this quantitatively lower yield 
in comparison with solvent extraction, the targeted mechanical 
recovery successfully avoids toxic residues, thus positioning 
the recovered free oil as a practically viable lipid stream. 

The fatty acid profiles observed in this study align with the 
general trends documented for marine by-products, where 
oleic, linoleic, and palmitic acids predominate (Özoğul et al., 
2018). Notably, the solvent-free liquid oil (SFO) exhibited 
significantly lower SFA and higher PUFA contents-particularly 
DHA-compared to the traditional solvent-assisted baseline 
(SAFO). This compositional shift is highly consistent with 
previous studies comparing mechanical and chemical 
extraction methodologies. Aggressive solvent mixtures, such 
as the chloroform and methanol used in the Bligh and Dyer 
method, non-selectively extract the entire lipid spectrum, 
including tightly bound structural saturated lipids and polar 
phospholipids from cellular membranes. In contrast, mild 
water-assisted centrifugal extraction primarily targets and 
liberates the readily accessible neutral triacylglycerol pools, 
which are often naturally richer in highly unsaturated fatty acids 
(Glowacz-Rozynska et al., 2016; Rubio-Rodrigues et al., 
2012). 

While the mechanical selectivity of the solvent-free 
approach clearly favors the recovery of nutritionally valuable 
PUFAs from this specific biomass, broader generalizations 
regarding extraction efficiency should still be made  
with caution. The overall baseline fatty acid profile (e.g.,  
the high starting levels of oleic and linoleic acids) is 
fundamentally dictated by the biological origins of the raw 
material, particularly the specific diet and tissue composition of 
the farmed European seabass. Because our study utilized a 
single representative pooled batch, future studies 
encompassing multiple seasonal batches and strictly 
controlled aquaculture diets are recommended. This will help 
validate whether the distinct mechanical selectivity observed 
here (higher PUFA/lower SFA recovery) remains 
mathematically consistent across biologically variable raw 
material baselines. 

The elevated oxidative and hydrolytic degradation 
parameters observed in the recovered fractions are 
hypothesized to be a multifactorial phenomenon, strongly 
influenced by the aqueous extraction environment  
in combination with the raw material quality constraints. As 
supported by existing literature, during the water-assisted 
mechanical homogenization at 50°C, the rigorous shearing  
of blood-rich European seabass tissues-specifically the  
heads and internal organs-is highly likely to induce  
the extensive lysis of residual red blood cells. This hemolysis 
has been widely reported to accelerate the liberation of  
highly reactive endogenous pro-oxidants, such as met-
hemoglobin and free ionic iron, directly into the aqueous 
extraction medium (Maqsood et al., 2012; Wu et al., 2022). 
Although not directly quantified in the present study,  
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we postulate that when the highly unsaturated fatty acids 
(PUFAs) come into unshielded physical contact with these 
dissolved metallic catalysts in the slurry, the homolytic 
cleavage of lipid hydroperoxides into volatile and non-volatile 
secondary carbonyl compounds is significantly catalyzed 
(Sajib and Undeland, 2020). This literature-supported 
mechanism offers a highly plausible explanation for the elevated 
p-anisidine values observed across both the polar interfacial film 
of the emulsion layer and the hydrophobic free oil. 

Furthermore, the substantial accumulation of FFAs 
indicates that active post-mortem lipolysis, mediated by 
endogenous tissue lipases and phospholipases, significantly 
degraded the structural triacylglycerols during the standard 48-
hour cold storage delay prior to thermal inactivation at 50°C. 
These combined factors emphasize that while water-assisted 
extraction is a green alternative, the aqueous medium can act 
as a kinetic accelerator for oxidation when processing 
industrially delayed by-products. 

When evaluated in comparison with international 
benchmarks, the quality profiles of the recovered lipids present 
a nuanced scenario. According to the European Food Safety 
Authority (EFSA) guidelines, the peroxide value of crude fish 
oils intended for human consumption should ideally maintain a 
range between 3 and 20 meq O2/kg, the free fatty acidity 
should ideally be between 1% and 7%, the p-AnV between 4 
and 60, and the TOTOX value between 10 and 60 (EFSA, 
2010). In the present study, while the FFA accumulation and p-
AnV parameters of the SFO successfully remained within these 
permissible commercial thresholds, the primary PV  
scores explicitly exceeded the upper limits. The primary 
oxidative accumulation was further corroborated by 
spectrophotometric measurements of conjugated dienes 
(UV232) and trienes (UV270). These measurements 
demonstrated a strong alignment with PV trends and showed 
considerable increases, particularly within the intermediate 
emulsion layer. 

While specific secondary oxidation markers naturally 
fluctuate across the literature due to inherent raw material 
variability and diverse mechanical extraction parameters 
(Kerrihard et al., 2015; Wang et al., 2024), the collective 
empirical evidence delivers a critical operational reality. The 
pronounced oxidative metrics observed here highlight the 
compromised lipid stability associated with a 48-hour industrial 
handling period. These findings send a clear warning to the 
sector: the logistical timeframe overrides the environmental 
and physical merits of the solvent-free centrifugation process 
unless immediate, on-site processing facilities or targeted 
stabilization strategies are integrated into the supply chain 
(Secci and Parisi, 2016). 

With respect to the physical characteristics of the 
recovered SFO, the colour profile exhibited a high lightness 
value (L*: 77.04±2.52), a slight greenish tint (a*: -1.11±0.30), 
and a distinct yellowness component (b*: 8.58±1.69). In 
contrast to the pinkish-orange hues exhibited by salmon oils, 
attributable to the presence of astaxanthin, and the darker 

yellow shades present in herring oils (Abdollahi and Undeland, 
2020), the specific chromatic profile observed in this study is 
indicative of crude oils extracted from minimally processed fish 
viscera and heads. In such oils, natural structural pigments 
undergo partitioning into the lipid phase. The negative a* and 
positive b* coordinates correspond to the values reported for 
unrefined farmed marine lipids (Messina et al., 2021). 
Concurrently, the refractive index of the SFO (1.473±0.001) 
serves as a direct indicator of its high degree of unsaturation, 
confirming that despite the pronounced oxidative levels 
observed after the 48-hour handling delay, the core structural 
polyunsaturated fatty acids remained physically intact within 
the recovered liquid lipid matrix (Moradi et al., 2018; Rahman 
et al., 2023). 

CONCLUSION 

It is evident from the findings of this study that water-
assisted centrifugal extraction is a viable green technology for 
the recovery of acceptable quality, PUFA-rich lipids from 
European seabass by-products. Nevertheless, the overall 
oxidative success of this solvent-free biorefinery approach is 
contingent on the logistical history of the raw material. The 
findings indicate that a standard 48-hour delay in industrial cold 
storage may significantly compromise the oxidative and 
hydrolytic stability of the recovered oil, primarily due to the 
synergistic effects of the aqueous extraction medium and 
endogenous pro-oxidants (e.g., hemoglobin) released from 
degraded tissues. In order to achieve the objective of 
successful implementation of circular economy practices and 
the subsequent yield of viable marine lipids for human 
consumption, it is recommended that industrial applications 
consider the integration of on-site processing facilities, the 
minimisation of logistical holding times, the immediate freezing 
of raw by-products, or the implementation of antioxidant pre-
treatments prior to extraction. The identification of these quality 
constraints in the context of standard industrial delays provides 
a crucial baseline for the optimisation of future solvent-free 
valorisation protocols. 
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