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Abstract 

 

Driven by growing prevalence of chronic diseases and consumer’s health awareness, food 

supplements and nutraceuticals based on omega-3 polyunsaturated fatty acids (PUFAs) are 

extensively marketed nowadays. However, commercial omega-3 concentrates still present 

quality issues related to their purity, bioavailability, and easily-oxidizable nature, compelling 

the industry to seek for more efficient extraction, concentration and formulation methods. 

Technologies based on the use of supercritical CO2 (scCO2) are a promising alternative, 

replacing conventional organic solvents and providing milder conditions and an inert 

atmosphere, which reduce the risk of oxidation. The present review analyzes the latest advances 

on the use of scCO2 for processing omega-3 PUFAs, focusing on its application in biorefinery 

strategies for the valorization of fish by-products. Still, further research on process 

fundamentals is necessary in order to increase the omega-3 yield and purity while reducing the 

use of energy and auxiliary materials, especially in the transesterification and concentration 

steps.  
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1. Introduction 

Fatty acids are organic compounds, which are carboxylic acids with an aliphatic chain of 

variable length. Depending on the presence or absence of double covalent bonds between 

adjacent carbon atoms (e.g., unsaturations), fatty acids can be unsaturated or saturated, 

respectively. The former can be monounsaturated if they only present one double bond along 

its aliphatic chain, or polyunsaturated (PUFA) if they present two or more unsaturations [1]. 

PUFAs have important structural roles in phospholipid membranes and provide fluidity to 

triacylglycerol reserves. In addition, many serve as eicosanoid precursors (prostaglandins, 

prostacyclins, thromboxanes, and leukotrienes) with important biological functions [2].  

Since vertebrates lack the ∆12 and ∆15 fatty acid desaturases responsible for converting 

oleic acid (C18:1 ω-9) into linoleic acid (LA, C18:2 ω-6) and α-linolenic acid (ALA, C18:3 ω-
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3) [3], omega-6 and omega-3 PUFAs such as LA and ALA, respectively, are essential in the 

human diet [4]. Other omega-6 PUFAs as arachidonic acid (AA, C20:4 ω-6) can be synthesized 

by humans from LA, and omega-3 fatty acids, as eicosapentaenoic acid (EPA, C20:5 ω-3), 

docosapentaenoic acid (DPA, C22:5 ω-3) and docosahexaenoic acid (DHA, C22:6 ω-3), from 

ALA; however, the conversion of ALA into its longer-chain homologues is too low to cover 

the requirements of the human metabolism, especially in developmental or disease conditions; 

thus, EPA and DHA are considered as conditionally essential fatty acids [4]. 

EPA and DHA have been demonstrated to have a cardioprotective role through 

antiarrhythmic, blood-triglyceride-lowering, hypotensive, and antithrombotic effects [5]. 

Research has also shown anti-inflammatory effects including reduction of rheumatoid arthritis 

and Chron’s disease symptoms [6]. DHA consumption is specially related to reduced risk of 

developing mental illnesses such as depression, Alzheimer’s disease, and dementia, as well as 

certain forms of cancer [7–9]. Furthermore, the role of DHA in pre-natal, infant, child and 

adolescent development is well known [4]. 

In the last decades, growing prevalence of chronic diseases and increasing food and 

health awareness have expanded the global consumption of nutraceuticals, dietary supplements 

and functional foods formulated with omega-3 PUFAs. In Europe, omega-3 supplements are 

used by around 20 % of adult population [10], and in the USA, food products enriched with 

omega-3 PUFAs have been leading the functional food market in recent years [11]. However, 

commercial omega-3 PUFA concentrates present some inherent problems that must be 

addressed, such as their low oxidative stability [12] and the reduced bioavailability of the more 

common fatty acid ethyl ester (FAEE) form in contrast to the more natural and more easily 

absorbed mono- and diacylglycerides (MAGs and DAGs) and phospholipids [13]. In addition, 

traditional methods for production of omega-3 are also energy intensive and use organic 

solvents [14]. Therefore, future expansion on the omega-3 market should look for greener and 
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more sustainable alternatives in order to obtain highly-pure, less oxidized, and more 

bioavailable omega-3 concentrates.  

Abundant research has been made considering alternative methods for processing 

omega-3 from fish oil, such as enzymatic extraction, refining and concentration; membrane 

methods for fish oil refining; or low-temperature crystallization and liquid chromatography for 

omega-3 concentration [11]. Supercritical fluid (SCF) technologies have been also proposed 

for extraction, refining, enzymatic transesterification in supercritical fluid media, fractionation, 

chromatography, and particle formulation [11], mostly using supercritical carbon dioxide 

(scCO2) due to its unique properties as solvent. Like other SCFs, scCO2 presents liquid-like 

density and gas-like viscosity, diffusivity, and compressibility, which provide good and tunable 

solvent power as well as good mass transport properties [15]. In addition, scCO2 is safe (non-

toxic, and non-flammable) and presents accessible critical conditions (TC=31.1 ºC, pC=7.38 

MPa [16]). These mild critical conditions and the oxygen displacement make scCO2 the solvent 

of choice for processing of thermolabile and easily-oxidizable compounds, such as omega-3 

PUFAs, with lower risk of degradation. 

In 2010, our research group [11] reviewed different alternatives for fish oil processing, 

focusing on the use of scCO2 as an extracting solvent in the fish oil industry. More recently, 

Ciriminna et al. [10] made an overview of new methods for fish oil production, pointing at the 

development of SCF technologies as one of the milestones for omega-3 production at industrial 

scale. Further, Fiori et al. [17] presented a case study of a biorefinery aimed at the integral 

valorization of fish processing residues, obtaining omega-3 concentrates for the nutraceutical 

sector, fish protein destined to fish farming, and non-omega-3 FAEEs, used as biofuel. 

Nowadays, biorefinery strategies are the preferred alternative for food waste and 

biomass valorization. Following the sustainability principles of circular economy and the zero-

waste philosophy, several biorefineries have been proposed for the processing of foods and 
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natural products [18,19]. Based on these principles, a biorefinery for the valorization of fish by-

products could follow the scheme presented in Figure 1, where scCO2 processing of fish waste 

constitutes one of the key modules for obtaining omega-3 concentrates with high market value. 

Non-omega-3 lipids and glycerol can find applications in the food industry; MAG and DAG 

forms can be used as emulsifiers, and FAEE forms can be used as an energy source for 

combined heat and power plants [17]. Utilization of scCO2 provides a clean process and 

represents an alternative to carbon capture and storage, with the possibility of internal recycling 

by means of decompression and recompression cycles. 

Other sections of the biorefinery (not covered in this review) would deal with the fish 

protein and mineral fractions. Defatted fish meal rich in protein can be obtained as a solvent-

free feedstock for further valorization. The protein fraction can be extracted and hydrolyzed to 

obtain fish protein and fish protein hydrolysates with potential bioactive applications. 

Conventional methods for protein extraction and hydrolysis use strong acids and alkalis, which 

yield low-quality products and poor control of the process [20]. Alternative and more 

sustainable methods for fish protein extraction such as enzymatic hydrolysis [21], ultrasound 

assisted extraction [22], application of pulsed electric fields [23], and subcritical water 

extraction and hydrolysis [24] have been extensively investigated over the last years. The 

remaining mineral fraction is rich in calcium phosphates such as hydroxyapatite (HAp), which 

can find application in the medical field thanks to its biocompatibility [25,26]. The majority of 

HAp is currently produced by chemical synthesis [25]. However, natural by-products and 

biowastes such as fish bones and scales have been investigated as alternative HAp sources 

[27,28], with environmental and economic advantages. 

In the following sections, research dealing with fish oil extraction and omega-3 

production, concentration and formulation using scCO2 will be presented and discussed. The 

main goal of the work is to demonstrate the feasibility of biorefinery strategies for fish waste 
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valorization, focusing on the use of scCO2 as an alternative solvent for fish oil and omega-3 

processing. 

 

 

Figure 1. Proposed biorefinery strategy for fish waste valorization. Blue: Omega-3 processing using 

supercritical carbon dioxide (scCO2) and green: processing of protein and mineral fractions, not covered in this 

review. 

 

2. Sources of omega-3 polyunsaturated fatty acids: fish oil production 

The most important natural sources of omega-3 PUFAs are marine organisms such as fish, 

seafood, and algae, that feed directly or indirectly from marine phytoplankton, which is the 

primary producer of omega-3 PUFAs in the trophic chain. Fish is the most common source of 

omega-3 PUFAs in the human diet, and blue oily fishes such as those from Scombridae, 

Clupeidae and Salmonidae families contain the highest percentage of omega-3 [29]. 

Nevertheless, it is important to point out that some fish species may contain significant levels 

of toxic compounds such as methylmercury, polychlorinated biphenyls (PCBs), dioxins, heavy 

metals and other environmental pollutants, compromising the health benefits provided by 

omega-3 intake if contaminated fish is consumed in a frequent basis [5]. From this point of 
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view, small oily fish with short life cycles are preferred as source of omega-3 PUFAs since 

bioaccumulation of contaminants is minimized [30]. Besides, fish allergy is increasing among 

the population, with prevalence rates of self-reported fish allergy ranging from 0.2 to 2.29 % in 

the general population, although up to 8 % can be reached among fish processing workers [31]. 

Microalgae, seaweed and yeast have been raised as vegan and less polluted sources of omega-3 

PUFAs [32], although the lipid content, especially in seaweed, is generally lower compared to 

fish. 

Fish oil derived from blue fish contains around 20-30 %wt. of EPA and DHA [33], and 

is considered the primary source of omega-3 PUFAs. Fish oil is mostly used as fish feed in 

aquaculture, especially for carnivorous fish from the Salmonidae family. In recent years, fish 

oil usage in aquaculture increased by 4-6% per year [34]. On the other hand, the use of fish oil 

as a dietary supplement or nutraceutical is only around 5 % of total fish oil production, although 

it has been increasing even more rapidly than in aquaculture, at around 15% per year [34].  

Nowadays, fish oil is almost exclusively produced from small and oily species such as 

menhaden, sardine, sprat, herring and mackerel; and from the liver of lean fish, mainly cod [35]. 

These fishes or fish parts are often considered as unappetizing for human consumption and 

constitute a by-product in the fishery industry [34]. At industrial scale, fish oil is commonly 

obtained by wet pressing, an energy-intensive process that includes high-temperature boiling, 

centrifuging, and several drying steps [14]. Afterwards, wet-pressed fish oil is submitted to a 

refining process in order to remove fish oil impurities, consisting of several steps such as 

degumming to separate phospholipids, neutralization to eliminate FFAs, bleaching to adsorb 

pigments, peroxidation products and pollutants, and deodorization to remove odor compounds 

[11].  

Alternative processes for fish oil extraction include enzymatic methods using food-

grade proteases, ultrasound assisted extraction, microwave-assisted extraction, and 
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supercritical fluid extraction (SFE) [11]. Among them, SFE using scCO2 stands out as the most 

promising green extraction method [36]. 

2.1. Supercritical fluid extraction (SFE) of fish oil 

Over the last decade, extensive research has been done in the field of SFE of fish oil. Latest 

references deal with raw materials from different fish and seafood species, reporting variable 

yields depending on the nature of the raw material, the fish part, and the SFE conditions: from 

around 20 g oil/100 g (dry basis) in the case of hake [37,38] and tuna [39,40], up to 50 g/100 g 

for Indian mackerel [41–44], and 67 g oil/100 g raw material (dry basis) for African catfish [45]. 

Oils from sturgeon [46,47], common carp [48], striped weakfish [49], jumbo squid [38], sardine 

[50], orange roughy [38], yellow croaker [51], trout [52], salmon [38,53,54], sardine, and 

rendered fish meal [55] have been also obtained by SFE over the last decade (Table 1). Reported 

omega-3 PUFA contents in the extracted oil differ from 0.8 [38] up to 46 %wt [41], depending 

on the fatty acid profile of the original fish species and the fish part. Studies also showed that 

omega-3 PUFA content was not affected by the extraction method, since the fatty acid profile 

of scCO2-extracted fish oil was very similar to that obtained by Soxhlet extraction with hexane 

[37]. CO2 consumption varies from 0.03 [50] up to 2.75 kg CO2/g oil produced [38], depending 

mostly on the scale of operation. Small-scale equipment requires less CO2 to operate, although 

it is not useful for production purposes. In general, lower specific CO2 consumption have been 

observed in SFE of fish oil, compared to other oil extraction from vegetal sources or microalgae 

[56], which might be due to the higher accessibility of lipids in animal cells. 

Latest research on SFE of fish oil studies the influence of experimental variables 

affecting the extraction yield and the quality of the extract: pressure, temperature, extraction 

time, and solvent-to-feed ratio. Pretreatment of the raw material, which defines water content 

and particle size and shape, also exerts significant influence on the fish oil extraction process 

by SFE, as well as the use of cosolvents and mode of operation [36]. 
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Table 1. Literature survey on SFE of fish oil over the last decade. Extractor loading and oil yield are reported in dry basis. 

Raw material 

Scientific name 

Extraction conditions 
Oil yield 

(g/100 g) 

omega-3 content 

in oil (%) 

CO2 consumption 

(kg CO2/g oil) 
Ref. 

p (MPa) T (ºC) time (h) 
Extractor 

load (g) 

CO2 flow 

(kg/h) 
Cosolvent 

Sturgeon muscle 

Acipenser baeri 

25-35 

(opt. 31.6) 

n.d. 0.1-0.2 

(opt. 0.18) 

50 2-4 mL/min 

(opt. 3.5)  

- 26.8   [46,47] 

Common carp 

Cyprinus carpio 

20-40 

(opt. 40) 

40-60 

(opt. 60) 

0.5 static + 

3 dynamic 

20 0.194 - 51 (viscera) 

29 (fillets) 

8 (caviar) 

(graph.) 

5.12 

3.48 

3.45 

0.06 

0.10 

0.36 

[48] 

African catfish viscera 

Clarias gariepinus 

10-40 

(opt. 40) 

35-80 

(opt. 57.5) 

1-4 static 

(opt. 2.5) 

5 0.013-0.171 

(opt. 0.108) 

- 67.0  0.08 [45] 

Striped weakfish 

Cynoscion striatus 

20-30 

(opt. 25) 

30-60 

(opt. 45) 

2.5 5.5 0.238-0.720 

(opt. 0.720) 

- 18.2  1.8 [49] 

Jumbo squid liver 

Dosidicus gigas 

25 40 3 100 13.75 - 15 (graph) 28.4 2.75 [38] 

Rainbow sardine 

Dussumieria acuta 

15-35 

(opt. 35) 

40-60 

(opt. 60) 

0.33 static + 

0.66 dynamic 

0.5 0.011-0.017 - 44.8 34.5 0.03-0.05 [50] 

Orange roughy 

Hoplostethus atlanticus 

25 40 3 100 13.75 - 68 (graph) 0.8 0.61 [38] 

Yellow croaker muscle 

Larimichthys polyactis 

15-25 

(opt. 25) 

35-45 

(opt. 35) 

1.5 30 1.670 - 21.4 12.8-21.8 0.39 [51] 

Hake offcuts 

Merlucius capensis 

M. paradoxus 

25 40 3 100 13.75 - 18 (graph) 13.2 2.29 [37,38] 

Trout viscera, heads, and spines 

Oncorhynchus sp. 

50 60 until 

exhaustion 

80 (viscera) 

35 

0.6 - 79.0 (viscera) 

36.0 (heads) 

40.0 (spines) 

6.37 EPA + 6.02 DHA 

7.89 EPA +6.26 DHA 

8.75 EPA +7.30 DHA 

 [52] 

Short-bodied mackerel muscle, 

viscera, and skin 

Rastrelliger brachysoma 

25-35 

(opt. 35) 

50-60 

(opt. 60) 

3-6 

(opt. 6) 

10 0.108 - 21 (muscle) 

26 (viscera) 

44 (skin) 

(graph.) 

45.95 0.31 

0.25 

0.15 

[41] 
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Raw material 

Scientific name 

Extraction conditions 
Oil yield 

(g/100 g) 

omega-3 content 

in oil (%) 

CO2 consumption 

(kg CO2/g oil) 
Ref. 

p (MPa) T (ºC) time (h) 
Extractor 

load (g) 

CO2 flow 

(kg/h) 
Cosolvent 

Indian mackerel skin 

R. kanagurta 

20-35 

(opt. 35) 

45-75 

(opt. 75) 

3 2 0.075-0.110 

Continuous 

Cosolvent 

Soaking 

Pressure 

swing 

 

 

ethanol 

(0.019 kg/h) 

 

- 

53.2 (cosolvent) 

52.8 (soaking) 

52.3 (p swing) 

 

29.0 (continuous) 

30.7 (cosolvent) 

31.0 (soaking) 

31.8 (p swing) 

 

0.236-0.505 

0.093-0.168 

0.092-0.153 

0.056-0.105  

[42–44] 

Salmon 

Salmo salar 

25 40 3 100 13.75 - 45 (graph) 10 0.92 [38] 

Salmon processing waste 

S. salar 

15-35 

(opt. 35) 

40-80 

(opt. 80) 

2 5-8 0.18-0.48 

(opt. 0.18) 

- 41.0  0.11 [53] 

Atlantic salmon 

Different parts 

S. salar 

25 45 3 100 1.62 - 34.6-42.9 12.6-13.4 0.11-0.14 [54] 

Longtail Tuna head 

Thunnus tonggol 

20-40 

(opt. 40) 

45-65 

(opt. 65) 

2 2 0.052-0.157 

(opt. 0.157) 

- 35.6 36.6 0.44 [39] 

Tuna (3 species) 

head, skin and viscera 

T. tonggol, Euthynnus affinis, 

Auxis thazard 

40 65 2 2 0.126 ethanol 

(0.03 kg/h) 

35.6 (T. tonggol) 

28.4 (E. affinis) 

29.5 (A. thazard) 

24.1-27.9 0.35 

0.44 

0.43 

[40] 

Rendered fish meal 10-40 

(opt. 30) 

25-80 

(opt. 40) 

3 14 0.57 - 6.5 

(graph.) 

27.0-28.9 

(incl. PUFA) 

1.88 [55] 
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The extraction kinetics of fish oil from hake (Merluccius capensis-M. paradoxus) 

offcuts by SFE were reported in a previous work [37]. It was found that pressure positively 

affected extraction yield in the range 10-57.5 MPa, whereas temperature was maintained at 40 

ºC in order to avoid omega-3 deterioration. Optimal extraction conditions were 25 MPa, 40 ºC 

and 13.75 kg CO2/h, which yielded 10 g oil/100 g hake offcuts (dry basis) after 3 h of extraction 

(96.4 % of the total oil content). Only 100 g of raw material were loaded in the extractor, thus 

resulting in high solvent-to-feed ratios and CO2 consumption (up to 2.3 kg CO2/g oil). From 

these results, it is obvious that there is need for optimization of scCO2 usage.  

The water content of the raw material is also important in SFE of fish oil. Water in the 

sample acts as a barrier against CO2 diffusion, reduces contact between solvent and solute and 

the release of lipids contained in the cells. In addition, water is partially soluble in scCO2 despite 

its polarity (~10−3 molar fraction, in the usual conditions for fish oil SFE [57]), and its presence 

in the fluid phase can influence the solubility of oil in scCO2. At industrial scale, removing 

water from solid raw materials is always problematic due to the associated energy costs. Since 

omega-3 PUFAs are highly thermosensitive, freeze-drying is the technology of choice despite 

its high energy and time consumption, which can be compensated by the higher extraction yield 

and better quality of the extract. Figure 2 shows that the extraction yield was significantly 

improved when the water content of the raw material was reduced from 51.5 % to 17.8 % by 

freeze-drying; and coextracted water significantly decreased at 8.4 % initial moisture [37].  

The origin of the raw material and its particle size may also affect extraction yield due 

to internal mass transfer limitations and channeling phenomena. It has been reported that oil 

extraction was faster from hake muscle rather than from skin [37]. Regarding the extraction 

conditions, depressurization cycles (pressure swings) did not significantly improve the 

extraction yield in hake [37] and mackerel [42], probably because fish oil is not stored inside 

rigid structures that need to be broken in order to achieve extraction, unlike microalgae.  
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Figure 2. Effect of moisture of the raw material on the SFE extraction of hake. Solid symbols: oil yield; open 

symbols: amount of water extracted. Data taken from [37]. 

 

Mathematical modelling of the extraction process has been also investigated [53], 

finding the local adsorption equilibrium model proposed by Goto et al. [58] as the most suitable 

for the SFE of fish oil, since it addresses intra-particle diffusion and external mass transfer of 

SFE in a fixed solid bed. The presence of water in the raw material has been considered in 

extraction kinetic models, such as the one proposed by Dunford et al. [59], which incorporated 

a negative term to account for the interactions between oil and water in the supercritical phase. 

The Sovová’s model [60] has been also applied to SFE of fish oil from fish by-products of 

different nature [37,49,55]. The model proposed by Kandiah and Spiro [61], which assumes 

that internal mass transfer resistance is significant from the beginning of the process, has led to 

good results for the SFE of fish oil from hake offcuts [37]. 
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Compared to other extraction methods, similar or higher oil yields, and higher-quality 

extracts can be obtained by SFE. In a previous work, SFE of different fish by-products at mild 

conditions (25 MPa, 40 ºC) achieved similar or better yields compared to other extraction 

methods such as cold extraction, wet pressing, and enzymatic extraction [38]. Additionally, 

SFE prevented lipid oxidation, especially in fatty fish by-products such as salmon, and reduced 

the amount of certain pollutants [38]. The same trend was observed in the valorization of short 

mackerel by-products, where similar oil yield and significant reduction of pollutants (85-100% 

for mercury, 97-100% for cadmium, and 100 % for lead) were obtained by SFE (35 MPa, 60 

ºC) compared to Soxhlet extraction with petroleum ether [41]. Inorganic or polar 

organometallic forms of heavy metals (e.g. arsenobetaine and most Cd and Pb forms) are not 

extracted by SFE due to the low polarity of scCO2 [38,41]. However, non-polar organometallic 

forms such as arsenolipids [62] or methylmercury [63] present higher lipophilicity and may be 

partially coextracted with fish oil during SFE; thus, its presence in the raw material and the 

final products should be monitored.  

Compared to ammonia extraction, wet-pressing, and enzymatic extraction, SFE 

achieved the highest yield (97 % of oil extracted) and lowest acidity and peroxide values (0.8 

mg KOH/g and 2.52 mmol/kg, respectively) in the oil extraction from sturgeon muscle [47]. 

Besides, SFE-obtained oil showed better stability against oxidation during storage for 33 days 

at 4ºC than the other extraction methods, although some endogenous volatile compounds were 

co-extracted [47]. High acidity is a usual feature of crude fish oil without regard of the 

extraction method, and it can be linked to the co-extraction of FFA, other organic acids and 

water that enhances oil hydrolysis [37]. However, lower free fatty acid (FFA) content and 

peroxide value were found in the SFE-extracted oil from different tuna species, compared to 

Soxhlet extraction with hexane, and quality parameters remained acceptable even after 60 days 

of storage at 4 ºC [40]. 
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Claims on the phospholipid content are one of the latest trends among omega-3 dietary 

supplements. Marine phospholipids present functional properties as surfactants and emulsifiers, 

and are considered the next-generation omega-3 supplements due to their better absorption, 

higher bioavailability and better stability against oxidation [64]. In the case of SFE, the low 

polarity of scCO2 does not allow the extraction of these amphiphilic molecules, although the 

use of cosolvents such as ethanol can modify the solvent polarity and increase extraction yield 

and phospholipid content. Phospholipid-enriched fractions can be obtained by SFE following a 

2-step strategy: (1) fish deoling with neat scCO2, and (2) phospholipid extraction with scCO2 

and ethanol as an entrainer, obtaining phospholipid yields comparable to traditional methods 

using organic solvents [65]. The main drawback associated to the use of cosolvents is that 

downstream processing is required to remove the cosolvent from the extract, increasing the 

operational costs and the chances of omega-3 degradation, while traces might also remain in 

the raffinate.  

Nowadays, SFE is considered a mature technology able to replace traditional extraction 

processes in certain applications, such as hop extraction and coffee decaffeination [15]. Results 

presented in this review show that SFE of fish oil has achieved important development over the 

last decade. However, despite the benefits regarding product quality, industrial implementation 

is hindered by the high initial investment. The cost of an industrial SFE plant is somewhat larger 

than conventional technologies, making it easier for the fish oil industry to maintain the existing 

solvent extraction technology with hexane or petroleum ether, which is better-known and offers 

similar extraction yields. Nevertheless, some studies have pointed out that SFE of essential and 

specialty oils requires lower processing costs because of the higher quality of the product 

obtained [66]. The lower complexity of the process, with no need of organic solvent evaporation 

and recovery units might also compensate for the higher processing costs of lyophilization, 
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since scCO2-extracted fish oil can be perceived as a greener and more natural product, allowing 

for higher price tags.  

 

2.2. Supercritical refining of fish oil 

Supercritical fluid refining, together with membrane and enzymatic processes, is one of the 

most recently proposed alternatives to conventional oil refining using chemical products or high 

temperatures [11]. Several studies have taken advantage of the benefits of scCO2 as a green 

solvent in degumming and bleaching [67], and deacidification [68,69] of different seed oils. 

Supercritical refining can be also applied to fish oil in order to remove coextracted impurities 

such as FFAs, oxidation products, and endogenous volatile compounds. Based on phase 

equilibria measurements that show that FFAs are more soluble in scCO2 than fish oil 

triacylglycerides (TAGs) [70], the use of two or more separators connected in series has been 

proposed as a one-step strategy to refine fish oil immediately after SFE [37]. This way, a high-

quality oil is obtained in the first separator, and FFA and volatile compounds precipitate in the 

second separator at lower pressure. 

Thanks to the higher selectivity and lower intensity of the SFE process, compared to 

organic solvent extraction, scCO2-extracted fish oil requires less downstream processing, and 

FFAs, peroxides and odor compounds can be removed by simple fractionation methods [37]. 

The major challenge, however, is still the removal of toxic contaminants such as dioxins and 

PCBs that might be present in the raw material [71]. Jakobsson et al. [72] studied the semi-

continuous and simultaneous deacidification and removal of dioxins from cod liver oil using 

scCO2 and ethanol as co-solvent. The different polarities of FFAs and dioxins did not allow to 

remove both types of compounds simultaneously, although it was possible to separate dioxins 

from deacidified fish oil by using pure scCO2 at low pressure. In subsequent studies, the same 

authors implemented a countercurrent extraction column to improve dioxin removal up to 80 
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%, which were extracted together with 17 % of the initial oil loading [73]. A pilot countercurrent 

fractionation plant was also used by Catchpole et al. [74] to remove impurities such as 

peroxides, fatty acids and odor components from crude fish oils from different sources (orange 

roughy oil, deep sea shark liver oil, spiny dogfish oil and cod liver oil), by using scCO2 and 

ethanol as co-solvent (5 %wt.). SFE of fish oil was also coupled with adsorption on activated 

carbon to remove PCBs, polychlorinated dibenzo-p-dioxins (PCDDs), and polychlorinated 

dibenzofurans (PCDFs). The SFE process was able to effectively remove PCBs, and the 

adsorption method was more efficient for the removal of PCDDs and PCDFs [71,75].  

Nowadays, different supercritical refining technologies are developed industrially. 

Some producers have opted for obtaining the fish oil by conventional methods, with no need of 

freeze-drying, and then refine the extract by countercurrent extraction with scCO2 in order to 

remove FFAs, oxidation products and other coextracted impurities. This way, some of the 

advantages of scCO2 are maintained while reducing the energy costs linked to the pretreatment 

of the raw material. Supercritical fluid chromatography (SFC) is also used for fish oil refining 

and omega-3 PUFA concentration, and will be discussed in section 3.2.2. 

3. Production of omega-3 concentrates using scCO2 

Research on the structure of fish oil TAGs has shown that omega-3 PUFAs are mostly found 

in the sn-2 position of the glycerol backbone, where the sn-1,3 positions are occupied by 

medium-chain saturated and monounsaturated fatty acids such as palmitic acid and oleic acid, 

respectively [33]. In order to separate omega-3 PUFAs from the rest of the fatty acids and obtain 

the omega-3 PUFA concentrate, a proper strategy must be defined, which usually consists of a 

transesterification step followed by a suitable concentration method. Optionally, omega-3 

PUFA concentrates can be further modified in order to obtain structured omega-3 lipids (Fig. 

3).  
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Figure 3. Schematic of the strategy for the production of omega-3 PUFA concentrates from fish oil. 

 

3.1. Transesterification of fish oil in scCO2 

From an industrial point of view, transesterification (alcoholysis) with food grade alcohols such 

as ethanol or glycerol is the preferred pathway to separate fatty acids from the glycerol 

backbone in a TAG molecule. Hydrolysis reactions have been also investigated, although the 

produced free fatty acids may present irritant effects and low stability against oxidation [76]. 

In ethanolysis reactions, the final products are FAEEs and glycerol, whereas a mixture of 

MAGs will be obtained if glycerol is used as the acyl donor. Unreacted substrates and partial 

acylglycerides should be also considered in both cases.  

In the food industry, chemical catalysts such as strong acids and bases, as well as sodium 

or sodium/potassium alkylates are often used to catalyze alcoholysis of lipids, although the low 
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specificity of the catalysts is not compatible with the need for structured omega-3 PUFA 

concentrates, and many studies have shown that chemical transesterification negatively affects 

oxidative stability of fats and oils [1]. Enzyme-catalyzed alcoholysis emerges as a greener and 

much more specific alternative to chemical catalysts for processing of omega-3 PUFA. A great 

number of lipases are available for the food industry to prepare structured lipids with interesting 

properties, such as cocoa butter and human milk fat substitutes [1]. Lipases can also operate 

under mild conditions, which is preferable to avoid oxidation [11,77]. 

Enzymatic ethanolysis of fish oil has been widely studied as a simple method to obtain 

FAEEs at mild conditions. Reaction products can be subsequently fractionated by different 

methods in order to obtain omega-3 PUFA concentrates in FAEE form, which in turn can be 

formulated or further reacted with glycerol and a suitable lipase to obtain omega-3 acylglycerols 

(see section 3.3). 

Since omega-3 PUFAs are usually located in the sn-2 position, stereo- and 

regiospecificity of certain lipases can be exploited to selectively produce 2-MAGs enriched in 

EPA and DHA. In the case of fish oil ethanolysis by Lipozyme 435 from Candida antarctica, 

which acts as a sn-1,3-specific lipase at high ethanol concentrations, up to 24 % mol MAG, 

with 46 % being docosahexaenoyl glycerol, were obtained at 76:1 ethanol:oil (mol/mol), 30 ºC 

and 10 %wt. lipase [77].  

Other food-grade alcohols such as glycerol can be also used as acyl donors in enzymatic 

alcoholysis of fish oil [78,79]. This approach is particularly advantageous because the more 

bioavailable and stable 2-MAGs can be obtained in a one-step reaction, although it is limited 

by the poor miscibility of the substrates [78]. To overcome this drawback, organic solvents such 

as tertiary alcohols [77–81], and/or surfactant-stabilized emulsions [82] can be used in order to 

achieve homogeneous reaction systems.  
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A greener alternative is scCO2, which can replace organic solvents not only in lipid 

extraction, but also in enzymatic reactions. scCO2 improves the miscibility of the reactants and 

the mass transport properties of the reaction media, while not requiring complicated operations 

for solvent removal and reducing production costs [83]. Lipid oxidation can be also minimized 

using scCO2 as reaction media, as shown by the lower acidity and total oxidation (TOTOX) 

values of the reaction products obtained in scCO2, compared to organic (tert-pentanol) or 

solvent-free reaction media [84]. An additional advantage is that scCO2 physical properties can 

be tuned by adjusting pressure and temperature, in order to increase enantioselectivity of the 

lipase [85]. The use of enzymes as biocatalysts in scCO2 has been widely studied in the 

literature, as showed by previous reviews [86–89]. In the next subsections, some basic aspects 

of enzymatic reactions in scCO2 are presented and discussed: (1) the effects of scCO2 on the 

enzyme activity and stability, (2) the phase behavior of the reaction system, and (3) the kinetics 

of the enzymatic reaction. 

3.1.1. Enzyme activity and stability in scCO2 

Lipase behavior in scCO2 has been extensively studied in recent years, finding activity changes 

when enzymes are exposed to scCO2 at high pressures. In certain cases, scCO2 exposure 

promotes the total deactivation of enzymes, which is the basis of HPCD (High Pressure Carbon 

Dioxide) technology used to preserve the organoleptic quality of fruit juice and animal foods 

[90–95]. In the case of enzymatic reactions in scCO2, the aim is to preserve or even increase 

the catalytic activity of enzymes, which can be achieved by selecting proper biocatalysts and 

operating conditions. Our research group has demonstrated that several lipases, either in free or 

immobilized form, are active and stable in scCO2, and retain their catalytic activity after several 

cycles of utilization [96]. 

Free lipases are known to increase its residual activity after scCO2 treatment at mild 

conditions. Gießauf and Gamse [97] reported up to 860 % increase in catalytic activity of 
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porcine pancreas lipase after incubation in scCO2 at 75 ºC and 15 MPa, which was likely due 

to extraction of impurities from the enzyme preparation, given the nature of the lipase and the 

reported weight loss (about 4 %wt.) after scCO2 treatment. However, we have observed slight 

scCO2-induced activity enhancements in other commercial, more purified lipase preparations, 

such as Lipozyme CALB L from Candida antarctica (112  1 % residual activity after 

treatment at 15 MPa, 35ºC and 3 h), and Palatase 20000 L from Rhizomucor miehei (135 ± 2 % 

residual activity at 15 MPa, 50ºC and 1 h) [96]. Similar results were obtained by Liu et al. [98] 

for Lipozyme CALB L, with a maximum of 105 ± 4 % residual activity at 10 MPa, 40ºC and 

0.5 h. In these cases, changes in the conformational structure of the enzyme due to scCO2 

interactions with hydrophobic enzyme residues were the most likely explanation to activity 

changes, as corroborated by fluorescence emission spectrophotometry [96,98]. We also found 

a direct relationship between residual activity and fluorescence intensity maxima of the treated 

enzymes [96]. 

Commercial immobilized lipases from Mucor/Rhizomucor miehei (Lipozyme RM IM) 

and lipase B from Candida antarctica (Lipozyme/Novozym 435) are likely the most widely 

studied lipases for omega-3 PUFA modification due to their commercial availability and high 

catalytic activity. Our research group investigated the effect of scCO2 exposure at different 

conditions (35-70 ºC; 10-25 MPa; 1-6 h; 1-3 pressurization/depressurization cycles) on the 

residual activity of these lipases, finding no significant changes in most of the experiments [96]. 

A slight decrease in lipase activity was found at the highest temperature (70 ºC) and when 

increasing the number of pressurization/depressurization cycles from 1 to 3 (from 92 ± 2 % to 

88 ± 3 % of the initial activity for Lipozyme RM IM and from 82 ± 2 % to 78 ± 1 % of the 

initial activity for Lipozyme 435) [96]. These results are similar to those reported by Oliveira 

et al. [99] who observed that activity of Novozym 435 decreased from 96 % to 89.5 % when 

submitted to 1-5 pressurization/depressurization cycles at 27.6 MPa, 75ºC and 1 h.  
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Different mechanisms have been proposed to explain the activity changes of 

immobilized enzymes after scCO2 treatment. Pressure denaturation is not likely to happen at 

the usually mild treatment conditions [100], although the shape and surface of the support might 

be affected [99]. Formation of carbamates [101] and changes in enzyme structure due to scCO2-

enzyme interactions [98] have been also proposed. Extraction of essential water from the 

enzyme microenvironment, as a result of unfavorable partitioning between the support and the 

solvent, might also occur during depressurization [102,103]. For Lipoozyme RM IM and 

Lipozyme 435, this water stripping effect was assessed through the addition of water to the 

scCO2-treated biocatalysts. Results obtained (Fig. 4) showed that Lipozyme RM IM, with a 

hydrophilic support, was able to recover its initial activity when low quantities of water (0.5-1 

% wt. enzyme) were added [96]. This behavior was not observed on Lipozyme 435, possibly 

because its hydrophobic support did not allow the enzyme to recover its constitution water, nor 

its initial activity. Larger amounts of water lead to lower enzymatic activity due to displacement 

of the esterification reaction towards hydrolysis [96].  

 

 

Figure 4. Residual activities of Lipozyme RM IM (red squares) and Lipozyme 435 (blue circles) after scCO2 

treatment (15 MPa, 50 ºC, 3 h) and different amounts of added water. Solid symbols: untreated samples; open 

symbols: treated samples. Dashed lines indicate the residual activity of each treated lipase when no water was 

added. Adapted from [96]. 
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The results presented demonstrated that lipases are able to maintain and even increase 

their activity after exposure to scCO2, although operating parameters must be closely observed. 

In practice, pressure, temperature, reaction time, stirring speed, depressurization rate, and 

reutilization cycles must be considered in batch reactors [102]. Additionally, the water 

dependence of the catalyst and the accumulation of unreacted substrates, intermediaries, 

reaction products, and/or impurities that may deactivate the biocatalyst or block the reactor bed 

should be addressed when operating continuously [104]. 

 

3.1.2. Phase behavior of the reaction media 

As in any other chemical or biochemical process, phase behavior of the system is one of the 

basic aspects to be considered in fish oil alcoholysis in scCO2. Reliable experimental phase 

equilibrium data and suitable equations of state would help to predict miscibility regions at 

different substrate ratios and operating conditions, understand the reaction kinetics of the 

system, prevent catalyst deactivation or optimize solvent usage. 

Experimental data related with high-pressure phase equilibrium of ternary and higher 

systems comprising scCO2 and pure TAGs, other lipid derivatives and their mixtures has been 

extensively investigated [105]. Phase equilibria data of pseudo-ternary mixtures of CO2, 

ethanol, and edible oils is more scarcely reported and mainly focused on the oil solubility in 

scCO2 with ethanol as cosolvent [70,106]. These data might be useful for SFE applications, but 

the ethanol concentrations are too low for ethanolysis reactions in scCO2. Geana and Steiner 

[107] reported fluid phase equilibrium data for the pseudo-ternary system CO2 + ethanol + 

rapeseed oil in the temperature range 40-80 ºC and at pressures from 6 MPa to 12 MPa, 

satisfactorily correlating the phase behavior with the Peng-Robinson equation of state (PR EoS) 

[108] coupled with the conventional van der Waals mixing rules with two adjustable parameters 
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(vdW2). Ndiaye et al [109] studied the fluid phase equilibria of binary and ternary mixtures 

involving CO2, ethanol, soybean oil, castor oil, and their fatty acid ethyl esters. The pseudo-

ternary system CO2 + ethanol + castor oil was studied at fixed ethanol-to-oil ratios, temperatures 

ranging from 40 ºC to 70 ºC and pressures from 2.13 MPa to 27.13 MPa. Experimental data 

were correlated both with PR EoS vdW2 and the Statistical Associating Fluid Theory (SAFT) 

[110] with one binary interaction parameter. Hernández et al [111] investigated the phase 

behavior of the pseudo-ternary mixture CO2 + ethanol + sunflower oil at two different 

conditions of temperature and pressure (40 ºC and 13 MPa; 60 ºC and 20 MPa). A group 

contribution equation of state (GC EoS) [112] was used to correlate the experimental data, 

adopting two sets of TAG-alcohol interaction parameters for the Liquid + Liquid (L1+L2) and 

the Vapor + Liquid (V+L2) 2-phase regions. More recently, Dalmolin et al [113] studied the 

phase transitions in the system CO2 + ethanol + rapeseed oil, at temperatures in the range 40-

70 ºC and pressures up to 22.53 MPa. They found a 3-phase region with a Vapor + Liquid + 

Liquid (V+L1+L2) phase transition that occurred at higher pressures when increasing 

temperature, and satisfactorily explained their experimental results with the PR EoS vdW2 

model. 

Our research group recently presented experimental phase equilibria data of the pseudo-

ternary system fish oil + ethanol + CO2 at high pressures and temperatures typical of enzymatic 

reactions (T = 50-70 ºC and p = 10-30 MPa) [114], finding homogeneous and expanded-liquid 

regions that may enhance reaction rates. Experimental tie-lines were obtained by means of an 

analytical isothermal method with recirculation of the vapor phase. Results showed two 2-phase 

regions (L1+L2 and V+L2) at T = 50 ºC for both pressures investigated (10 MPa and 30 MPa). 

An additional V+L1 and a 3-phase region (V+L1+L2) were observed at T = 70 ºC and p = 10 

MPa (Fig. 5). Experimental data were correlated with the Peng-Robinson equation of state 

coupled with conventional two-parameter van der Waals mixing rules. The model successfully 
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explained the experimental results, although different sets of binary ethanol + fish oil 

interaction parameters were required to adequately represent the different types of phase 

equilibria. To give an idea of the importance of phase equilibria determination, the results 

obtained in this work were successfully employed to explain some particularities of the fish oil 

ethanolysis reaction kinetics that would allow to optimize solvent usage in a further upscaling 

of the process. 

 

 

Figure 5. Effect of temperature on the phase behaviour of the pseudo-ternary system CO2 (V) + ethanol (L1) + 

fish oil (L2) at 10 MPa. Data taken from [114]. 

 

3.1.3. Fish oil transesterification kinetics in scCO2 

The last basic aspect that is needed to demonstrate the industrial feasibility of enzymatic 

modification of fish oil in scCO2 is the study of the reaction kinetics. Together with phase 

equilibrium of the reaction system, reaction kinetics provide tools to understand the 

interrelationships between operating parameters, reactant concentrations, solvent (if any) and 

catalyst along reaction time. Adequate kinetic models allow to predict the effect of changing 
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these variables in order to maximize the reaction yield or avoid catalyst inhibition, and help in 

the optimization and scale-up of the process. Ideally, these models should have biochemical 

significance, and consider the effect of operating variables (pressure, temperature, solvent, etc.), 

reactant intermediaries and enzyme inactivation. 

In the literature, different immobilized lipases have been used to successfully conduct 

alcoholysis reactions in scCO2, such as Lipozyme RM IM from Rhizomucor miehei 

[84,115,116], Lipozyme/Novozyme 435 from Candida antarctica [117–122], and Lipozyme 

TL-IM from Thermomuces lanuginose [123,124]. Marty et al. [115] compared the esterification 

of oleic acid and ethanol in scCO2 and in hexane by an immobilized lipase from R. miehei 

(Lipozyme), finding higher initial reaction rates and lower ethanol inhibition in scCO2. In 

subsequent works, a Ping-Pong Bi-Bi mechanism was proposed as a good correlation between 

experimental data and kinetic curves [116]. Oliveira and Oliveria [121,122] studied the 

ethanolysis of palm kernel oil in scCO2 by Lipozyme IM from R. miehei and Novozym 435. 

The experiments were performed in a reactor vessel in the temperature range of 40-70°C and 

from 6 to 20 MPa using a water concentration of 0-10 %wt. and oil/ethanol molar ratios from 

1:3 to 1:10, finding that the initial reaction rate increased with pressure and the oil/ethanol molar 

ratio. A simple model based on the mass balances of the initial substrates (TAG and ethanol) 

and final products (FAEE and glycerol) was proposed, obtaining good fitting results although 

reaction intermediates (DAG and MAG) and ethanol inhibition were not considered [121]. 

Regarding fish oil modification in scCO2, the earlier publications investigated the 

ethanolysis of cod liver oil by Novozym 435 from C. antarctica in continuous and semi-

continuous mode [118–120]. The reaction products, fatty acid ethyl esters (FAEEs) were 

continuously extracted by the flowing supercritical phase; thus, CO2 flowrate and phase 

behavior of the system influenced the reaction rate and product composition [118–120]. Some 

years later, the transesterification of menhaden oil with excess ethanol in scCO2 was 
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investigated [123,124], finding that reaction rates were enhanced and ethanol inhibition was 

reduced in scCO2 when compared to organic solvent or solvent-free systems. An empirical 

kinetic model assuming reversible binary reactions at each transesterification step was proposed 

[124], obtaining good fitting results. The concentrations of all the species in the reaction system 

were considered in the model, except for glycerol due to the sn-1,3 specificity of the biocatalyst. 

Our research group has presented some kinetic results for the enzymatic ethanolysis of refined 

fish oil from tuna and sardine in scCO2, using Lipozyme RM IM as catalyst [84]. Reaction 

kinetics were correlated to an empirical kinetic model based on the mass-balance of each 

compound (TAG, ethanol, DAG, MAG, FAEE and glycerol), similar to the one proposed in 

[124]. The effect of temperature (50-80 ºC) on the kinetic rate constants was considered by 

introducing an Arrhenius-type dependence in the kinetic model, whereas the volume and energy 

of activation of the reaction accounted for the effect of pressure (7.5-30 MPa). The highest 

reaction rates were found at 70 ºC and 30 MPa, since higher temperatures promoted enzyme 

deactivation; pressure had an overall positive effect due to the increasing solubility of CO2 in 

the reaction mixture, which reduces viscosity and improves diffusion coefficients [84]. 

Recently, the ethanolysis of fish oil in scCO2 by Lipozyme 435 has been also presented, 

adopting the Ping-Pong Bi-Bi model to explain the kinetic data [117]. High ethanol 

concentrations were chosen to enhance catalyst selectivity, based on previous studies [77]. 

Reaction kinetics (Fig. 6) were similar to the observed when using tert-pentanol and solvent-

free media [77], with a rapid production of FAEEs and accumulation of reaction intermediaries 

in the early stages of the reaction (up to 24.1 % mol). The effect of initial phase equilibrium 

conditions on the reaction rate was also investigated, based on previous studies [81,114], 

finding much higher reaction rates when starting at homogeneous conditions, compared to 

expanded-liquid media [117]. Reaction kinetics also helped in the maximization of MAG 
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production with the lowest possible concentrations of DAG and glycerol, obtaining a more 

easily fractionable reaction product [117]. 

 

 

Figure 6. Time course of the ethanolysis of fish oil by Lipozyme 435 in scCO2. T = 50 ºC, p = 10 MPa, 76:1 

ethanol oil (mol/mol) and 10 %wt. enzyme. Lines represent the fitting of the Ping-Pong Bi-Bi kinetic model to 

the experimental data. Data taken from [77]. 

 

3.2. Concentration of omega-3 in scCO2 

The complex mixture obtained after fish oil transesterification must undergo a subsequent 

concentration step in order to separate the omega-3 PUFAs from the rest of the lipid fractions, 

ethanol and glycerol. The main properties of each fatty acid or fatty acid family, such as boiling 

and melting temperatures, molecular size and degree of unsaturation are considered in the 

separation of omega-3 PUFAs from other lipids. Industrially-developed technologies include 

molecular distillation, low-temperature crystallization, urea complexation, and liquid 

chromatography [64]. Table 2 summarizes the main features of these methods and compares 
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them to alternative methods using scCO2, such as supercritical fluid fractionation (SFF) and 

supercritical fluid chromatography (SFC). Furthermore, combined fractionation techniques can 

be applied, depending on the desired concentration and purity in the final product [64].  

Currently, molecular distillation is the most commonly applied process at industrial 

scale [125], although SFF and SFC offer much lower processing temperatures and higher 

selectivities, while maintaining high separation efficiency and very low risk of oxidation. 

3.2.1. Supercritical fluid fractionation (SFF) 

SFF of fish oil and omega-3 PUFA fractionation is known since the late 1970’s, when Dr. Kurt 

Zosel, patented SFF with supercritical ethane [126]. Some years later, different authors took 

advantage of the interesting features of scCO2 to fractionate fish oil [127–129], leading to the 

development of continuous counter-current SFF (CC-SFF) in multi-stage columns [130–132]. 

FAEE forms are preferred to feed the SFF process, since they present higher solubility in scCO2 

than pure TAGs, and omega-3 PUFAs can be more easily fractionated [133–135]. On the other 

hand, fractionation of omega-3 PUFAs in TAG form is not technically feasible, since solubility 

studies with Ropufa 30 oil at 28-50 ºC and 7.8 to 29.4 MPa [136] and menhaden oil at 40-70 

ºC and 13.6-27.2 MPa [137] resulted in distribution coefficients for omega-3 PUFAs close to 

1. 

In 2010, Rubio-Rodríguez et al. [11] discussed the prospects of SFF, aiming at 

production at large scale and the need for phase equilibria data and models to describe the 

process. These models have been provided in recent years: Maschietti and Pedacchia [138] 

developed a predictive model for CC-SFF of fish oil FAEEs, taking into account the main 

operating parameters (p, T, number of theoretical stages, reflux ratio and solvent-to-feed ratio); 

similarly, Fiori et al. [139] developed an Aspen Plus™ model for the CC-SFF of omega-3 

FAEEs from trout by-products, finding optimal operation conditions (T = 80 °C, p = 19.5 MPa, 

external reflux ratio = 0.92, and solvent to feed ratio = 63) and estimating operating and 
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investment cost as 2.30-2.50 €/kg concentrate and 2-15 €/kg concentrate, respectively; Pieck et 

al. [140] have recently developed a simplified equilibrium-stage model for CC-SFF of fish oil 

FAEEs that successfully correlates the effect of varying solvent-to-feed ratio on the yield and 

composition of the feed and raffinate, which in turn define the economic viability of the process 

[140]. 

Development of SFF modelling and favorable results of economic analysis should 

motivate the implementation of SFF plants at industrial scale. However, a recent review [141] 

showed that SFF is widely spread among leading research institutions, yet the actual number of 

industrial-scale CC-SFF applications is still low. The most likely reason is that competing 

processes such as molecular distillation are well known and readily available, whereas CC-SFF 

needs to be designed for each specific application [142], and phase equilibria and mathematical 

models to describe the CC-SFF process are not always available. 
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Table 2. Comparison of available industrial technologies for omega-3 PUFA concentration and supercritical alternatives (adapted from [64]). 

 
Molecular 

distillation 

Liquid 

chromatography 

Low-temperature 

crystallization 

Urea 

complexation 

Supercritical 

fluid 

fractionation 

Supercritical fluid 

chromatography 

Driving force Boiling point 
Chain length and 

degree of unsaturation 
Melting point Saturated fats Chain length 

Chain length and 

degree of unsaturation 

Operating T (ºC) 140 to 220 20 to 50 -70 to 0 -10 to 90 35 to 50 35 to 50 

Operating p (bar) 10-6 1 1 1 > 140 > 140 

Use of organic solvents No Possible Possible No No No 

Max EPA+DHA 

concentration (%) 
65-75 > 90 > 90 45-65 75-85 > 90 

Decontamination 

efficiency 
Very high High Low Low Medium Very high 

Mode of operation Continuous Semi-continuous Batch Batch Continuous Semi-continuous 

Risk of oxidation Low Very low Possible Possible Very low Very low 

Flexibility to adjust 

EPA/DHA final 

concentration 

Limited Very high Limited Low Limited Very high 

Capital investment Low High Low Low High High 
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3.2.2. Supercritical fluid chromatography (SFC) 

Supercritical fluid chromatography (SFC) is an attractive alternative to traditional techniques 

such as gas chromatography (GC) or high-performance liquid chromatography (HPLC) for 

analytical, preparative or production purposes [143]. SCFs can be used as a mobile phase with 

tunable properties thanks to pressure and temperature variations, together with packed or 

capillary columns filled with a suitable stationary phase. Materials such as octadecyl silane, 

aluminum oxide, or silica gels from different nature are mainly used as the column stationary 

phase, whereas scCO2 is the eluent solvent of choice due to its green characteristics. Co-solvents 

are often incorporated, most of the times with changing proportion over time [143]. The high 

selectivity of the mobile phase, combined with a suitable stationary phase, make SFC especially 

suitable for separation of omega-3 PUFAs. Since its invention [144,145], many studies have 

been published about SFC applied to fish oil derivatives, mainly FAEE, to obtain omega-3 

PUFAs with a high purity and recovery not only in the laboratory but also at large scale [11]. 

From the point of view of pharmaceutical and food industries, continuous SFC with simulated 

moving beds (SMB) [146] constitutes a very interesting technique, able to satisfy the growing 

demand for ultra-pure EPA and/or DHA products. SFC processes equipped with silica xerogel 

columns are already installed in pharmaceutical companies such as KD-Pharma, Solutex [64] 

or Beps Biopharm. SFC processes can be coupled with previous SFE of fish oil in order to 

remove coextracted FFAs, oxidation products and odor compounds and separate the different 

lipid fractions and fatty acid families, allowing to obtain omega-3 PUFA concentrates up to 90-

95 %wt., in FAEE or TAG form and with tailor-made EPA/DHA ratios [10]. 

Although less energy-intensive than other concentration techniques such as molecular 

distillation or SFF, industrial-scale SFC requires high initial investment and maintenance costs 

related to the specialized stationary phases. Since separation efficiency is inversely related to 

particle size of the column packing, special coating materials with 5-10 μm particle size are 
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recommended. However, these materials are extremely expensive at a production scale [65]. In 

addition, pressure drop across the column is also inversely dependent on particle size; thus, 

compromise solutions that result in decreased separation efficiency should be adopted. 

 

3.3. Production of structured omega-3 lipids 

The last stage in the production of omega-3 PUFA concentrates is the restructuration into the 

TAG form. This step can be considered as optional since omega-3 PUFA concentrates are also 

sold in FAEE form, although omega-3 structured lipids constitute one of the most important 

advances in the omega-3 industry in recent years due to the increased bioavailability and better 

oxidative stability of TAG forms with respect to FAEEs [10]. 

As in the case of fish oil transesterification, restructuration is commonly catalyzed by 

highly specific enzymes, such as CALB immobilized lipases. Kralovec et al. [147] described a 

continuous enzymatic reaction carried out in two steps: first, omega-3 FAEEs were converted 

to FFAs by CALB L in the presence of water; secondly, FFAs were esterified with glycerol by 

another lipase (CALB-FPX66). Vacuum conditions were used to remove ethanol from the 

system [147] and prevent omega-3 oxidation. This process could be easily implemented in 

scCO2 media, based on the discussion in section 3.1. Moreover, omega-3 enrichment in scCO2 

have been already reported for menhaden oil, using Lipozyme IM-60 as the catalyst [148]. The 

strategy involved two consecutive reactions: (1) production of free omega-3 PUFAs from 

menhaden oil by urea inclusion method, and (2) transesterification reaction of menhaden oil 

and free omega-3 PUFAs obtained in the previous step in scCO2. At optimal conditions (50 ºC, 

10.3 MPa, and 1:4 substrate ratio), omega-3 PUFA content of menhaden oil increased from 20 

%wt. to around 60 %wt [148], which was 40 % higher than in hexane at ambient pressure [148].  

Nowadays, investigation of novel biocatalysts for the production of omega-3 structured 

lipids is a leading trend in the biotechnological sector. In a recent work [149], Lipozyme TL 

Jo
ur

na
l P

re
-p

ro
of



35 

IM has been found as the most suitable among four commercial enzymes to produce 2-

monoacylglycerols from scCO2-extracted oil from salmon bones. Lipase A from C. antarctica 

(CAL-A) is also very promising for the concentration of omega-3 PUFA in MAG form since it 

presents high activity and is able to discriminate against omega-3 PUFAs due to its non-

regiospecificity and high fatty acid selectivity [150]. Ethanolysis of anchovy oil and microalgae 

oil (25-27 % omega-3 PUFAs) by CAL-A yielded MAGs with 90 % omega-3 PUFAs and 

FAEEs with application as biodiesel [150].  

 

4. Formulation of fish oil and omega-3 concentrates in scCO2 

The main goal in formulation of omega-3 PUFAs is to protect them against lipid oxidation 

during their shelf-life. Lipid oxidation involves the formation of lipid hydroperoxides and free 

radicals that decompose into low-molecular-weight volatile compounds responsible for rancid 

odors. Oxidation products may also present potentially cytotoxic, carcinogenic and mutagenic 

effects [151,152]; thus, their concentration in fish oil and omega-3 supplements is strictly 

regulated [153]. A secondary target of formulation of fish oil and omega-3 supplements is to 

increase consumer’s acceptance by masking the unpleasant taste and oily texture of bulk 

omega-3 supplements.  

Preventing lipid oxidation is not an easy task due to the complex mechanisms of lipid 

oxidation and the multiple factors associated, such as temperature, light exposure, oxygen 

concentration, presence of transition metals (e.g., iron and copper), the molecular form of the 

lipids, and the presentation of the product [154]. Oxidation products and volatile aroma 

compounds can be removed in the refining and concentration steps, but the more efficient 

strategy is to prevent their formation. As presented in this review, scCO2 technologies offer 

mild temperatures and inert atmosphere conditions, which are essential to avoid oxidative 
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degradation. The formulation step should follow the same rule, and at the same time ensure that 

non-oxidative conditions are maintained during shelf-life.  

Addition of antioxidants is a very common practice that serves to this purpose. Synthetic 

antioxidants, such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), 

propyl gallate and tertiary butyl hydroquinone (TBHQ) have been commonly used for the 

stabilization of omega-3 enriched foods [155]. Addition of ascorbic acid and its fatty acid esters 

(ascorbyl palmitate), in combination with metal chelators such as Ethylenediaminetetraacetic 

acid (EDTA) has been also reported at industrial scale [156]. However, consumer’s preference 

for additives from natural sources compels the industry to look for novel natural antioxidants 

such as natural polyphenols [157], tocopherols [158,159], carotenoids such as astaxanthin 

[160], or plant and herb extracts [161]. 

The formulation step defines the final presentation of the omega-3 PUFAs. 

Encapsulation in gelatin soft-gel capsules is currently the most common commercial 

presentation of omega-3 supplements. Fish gelatin is often used as encapsulating agent, which 

interrelates omega-3 processing with fish protein processing in the proposed biorefinery for fish 

waste valorization. Other alternatives are also commercially available, such as emulsions for 

milk beverages and mayonnaise, gel formulations, and microencapsulation [155]. 

Microencapsulation has been extensively investigated for incorporation of omega-3 

PUFAs in fortified foods [162]. Spray-drying is the most common method at industrial scale, 

although other non-thermal techniques have been proposed in recent years (Table 3), and some 

of them have also become commercial [163]. Among these novel alternatives, we can find 

microencapsulation processes based on the use of scCO2, such as Supercritical Anti Solvent 

(SAS), Supercritical Fluid Extraction of Emulsions (SFEE), Particles from Gas-Saturated 

Solutions (PGSS), and PGSS-drying. 
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The SAS and SFEE processes are based on the quick dissolution of scCO2 into an 

organic solution, causing the precipitation of solutes by antisolvent effect [164]. In the case of 

SFEE, the scale of the precipitator is reduced to an emulsion droplet, thus nanometric particles 

can be obtained [165]. However, considerable amounts of organic solvents and their associated 

drawbacks are incorporated into the process, requiring large CO2 flows to completely remove 

solvent traces, and therefore high gas consumption. 

Particles from gas-saturated solutions (PGSS) and PGSS-drying offer a more promising 

alternative for omega-3 encapsulation, since organic solvents are completely eliminated from 

the process. In addition, less gas is consumed since scCO2 dissolves into the liquid, to give an 

expanded gas-saturated solution with reduced viscosity [166]. In the PGSS process (Fig. 7), the 

gas-saturated solution is expanded through a nozzle into a spray-tower to a lower (usually 

atmospheric) pressure. The sudden vaporization of the dissolved CO2 provides a high 

atomization of the sprayed droplets, as well as solidification and precipitation of the particles 

due to the temperature decrease caused by the Joule-Thomson effect [167]. Solid particles are 

then separated from the gas by means of filters and/or a cyclone. Final product properties, such 

as particle size and morphology, can be controlled by adjusting the process parameters, such as 

scCO2 concentration in the liquid or molten polymer, nozzle geometry, and pre- and post-

expansion conditions. 
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Table 3. Examples of microencapsulation technologies applied to fish oil and omega-3 PUFA concentrates. 

Technologies 
Typical operating 

conditions 
Typical wall materials and antioxidants Solvent 

Particle 

size 

omega-3 

loading 

(%wt.) 

Ref. 

Spray drying Tinlet = 150-200 ºC; Toutlet = 70-

100 ºC 

p atm; Air or N2 atmosphere 

OSA-starch, methylcellulose (MC), hydroxypropyl MC, 

pectin, starch, gum Arabic, lecithin, whey protein isolate, fish 

protein hydrolysates 

Antioxidants: tocopherols, lycopene  

aqueous 50-200 μm 20-50 [168–171] 

Freeze drying T < 0ºC; vacuum conditions 

long processing time 

Na-caseinate, carbohydrates, resistant starch aqueous 30-100 μm 10 [172,173] 

Ultrasonic atomization RT; ultrasonic probe Ø1/32” 

40 kHz, 130 W,120 V, A = 55 

subsequent freeze-drying 

Chitosan, maltodextrin, whey protein isolate aqueous 0.8-15 μm 10-30 [174] 

Enzymatic gelation T = 37 ºC; 4-5 h 

subsequent freeze-drying 

Soluble wheat protein, whey protein isolate,  

Na-caseinate, isolated soy protein 

aqueous 30-60 μm 33 [175]  

Electrospinning RT; electric field: 20 kV Poly(vinyl alcohol), whey protein isolate, fish protein isolate 

Antioxidant: EDTA (100 ppm) 

aqueous 150-250 nm 5-10 [176] 

Coacervation T = 5-25 ºC; long processing 

time 

subsequent spray or freeze-

drying 

Simple: Hydroxypropyl MC 

Complex: Protein-polysaccharide mixtures 

(gelatin-gum Arabic, casein-pectin, pectin-whey protein) 

aqueous 30-250 μm 20-50 [163,177] 

Supercritical Antisolvent 

(SAS) process 

T = 60 ºC;  p = 15 MPa 

scCO2 atmosphere 

Hydroxypropyl methyl cellulose organic 60 μm 20-40 [178] 

Supercritical Fluid 

Extraction of Emulsions 

(SFEE) 

T = 40 ºC; p = 8.0 MPa  

scCO2 atmosphere 

Polycaprolactone organic 

(acetone) 

<100 nm 5-15 [165] 

Particles from Gas-

Saturated Solutions (PGSS)  

T = 40-60 ºC; p = 10-25 MPa 

Ønozzle = 200-400 µm 

scCO2 atmosphere 

PEG 6000-8000 

Solid lipid particles (SLP) 

Antioxidant: astaxanthin 

aqueous/ 

molten 

polymer/ 

lipid 

50-200 μm 15-50 [179–181] 

PGSS-drying Tinlet = 70-120 ºC; Toutlet = 30-50 

ºC 

p = 10-15 MPa; scCO2 

atmosphere 

Maltodextrine, OSA starch 

Antioxidant: Ascorbic acid (30 ppm) 

aqueous 30-60 μm 20-50 [182,183] Jo
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Figure 7. Schematic representation of the PGSS process. T0, p0: pre-expansion conditions (3-25 MPa, 40-60 ºC), 

Tspray, pspray: post-expansion conditions (0.1 MPa, RT).  

 

The PGSS process has been applied to microencapsulate FAEEs from menhaden oil 

into polyethylene glycol (PEG) 8000 [179], obtaining irregular particles with 16.7 % wt. FAEE 

and average particle size of 120 µm. Oil quality before and after PGSS process was measured 

through FFA determination, acid value, and peroxide value, finding no significant changes 

[179]. This process has been also applied to microencapsulate salmon oil with astaxanthin into 

PEG 6000 [180], obtaining up to 79.2 % encapsulation yield at 50 ºC, 25 MPa, 1:5 oil:polymer, 

and Ø400 μm nozzle. The average particle size was 166 μm and oxidative quality of the 

microparticles was not reported, although astaxanthin content was preserved after the PGSS 

process [180]. Important advances in this field can be achieved by the use of solid lipid particles 

(SLP) instead of PEG polymers, since hollow lipid micro- and nanoparticles with high oil 

loadings (up to 50 %wt.) and encapsulation efficiencies (up to 97.5 %wt.) can be obtained at 

57 ºC, 20 MPa and Ø50 μm nozzle [181]. 

Jo
ur

na
l P

re
-p

ro
of



40 

The PGSS-drying process is a modification of the PGSS process to allow processing 

aqueous solutions and dispersions (e.g., natural extracts, oil-in-water emulsions) [184]. PGSS-

drying typically operates at pressures from 10 to 15 MPa and temperatures between 100 and 

120 ºC in the static mixer, although residence time is short enough to avoid deterioration of the 

dissolved or dispersed bioactive compounds. Similar to classical PGSS, CO2 is intensively 

mixed with the aqueous solution or dispersion in a static mixer and, subsequently, the saturated 

mixture is expanded through a nozzle into the spray tower, which operates at low pressure. 

PGSS-drying can be used as an alternative to conventional spray-drying process, especially for 

processing of thermolabile compounds, since the intense and deep cooling caused by the Joule-

Thomson effect allows drying at lower temperatures. Nevertheless, conditions in the spray 

tower must be adequately controlled in order to ensure the complete drying of particles [185]. 

Again, phase equilibria can predict adequate drying conditions, since temperature in the spray 

tower and gas-to-product ratio (GPR) should be high enough to operate above the dew line of 

the carbon dioxide + water system [185]. 

Rubio-Rodríguez [182] reported the fish oil encapsulation into a maltodextrine coating 

using PGSS-drying, using cationic and anionic emulsifiers to obtain oil-in-water emulsions. 

Different operating parameters, such as emulsion formulation, nozzle geometry (wide and 

narrow), pre-expansion pressure (11-25.7 MPa), GPR (6-88) and expansion temperature (70-

119 ºC) were studied through 21 PGSS-drying runs. Spherical microparticles with fish oil 

loading up to 40 mg/g and encapsulation efficiencies (EE) up to 90 % were obtained, illustrating 

the ability of PGSS-drying to produce fish oil microcapsules with food-grade coatings from 

fish oil-in-water emulsions.  

In a recent work [183], a commercial omega-3 concentrate has been encapsulated into 

octenyl-succinic anhydride (OSA) starch and dried by PGSS-drying, obtaining microparticles 

with EE up to 98 % and omega-3 loading around 200 mg/g. Particle Size Distribution (PSD) 
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measurements and Scanning Electron Micrographs (Fig. 8) showed non-aggregated 

microspheres. Compared to other conventional methods such as spray-drying and freeze-

drying, PGSS-drying achieved higher or similar EE and better storage stability, with lower 

peroxide value (PV) and TBARS (thiobarbituric acid reactive substances) content after 28 days 

at 4 ºC. The addition of ascorbic acid, combined with the mild processing conditions of PGSS-

drying, yielded particles with a maximum PV of 2.5 meq O2/kg oil after 28 days at 4 ºC, 

although higher TBARS values were found [183].  

 

 

Figure 8. Scanning Electron Microscopy (SEM) magnification (3000 x) of omega-3 PUFA microparticles 

obtained by Particles from Gas-Saturated Solutions (PGSS) drying; 

carrier: octenyl-succinic anhydride (OSA) starch; omega-3 loading: 200 mg/g. 

 

This work demonstrated that PGSS-drying can be applied to obtain solid microparticles 

loaded with omega-3 PUFAs. However, the technology is still under development and further 

optimization is needed in order to achieve industrial-scale production. Different emulsification 
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methods (e.g. ultrasonic or high-pressure atomization), encapsulating materials (lecithin, 

caseinate, etc.), and/or addition of natural antioxidants (tocopherol, natural polyphenols, plant 

extracts) should be explored in order to reduce the omega-3 PUFA oxidation during 

emulsification and improve the stability of the PGSS-dried microparticles during their shelf 

life. 

 

Outlook and Conclusions 

The use of fish by-products as a source of omega-3 PUFAs has been rapidly and steadily 

increasing at around 15 % per year over the last decade [34]. Fish oil has become the most 

popular food supplement in USA and Europe, where it is used by around 20 % of adult 

population [10,11]. Therefore, production of human grade omega-3 concentrates constitutes a 

great opportunity for valorization of fish by-products, which are commonly used as low-value 

animal feed or disposed of as waste at high economic and environmental costs. 

Development of alternative extraction, purification, concentration, and stabilization 

methods based on the use of green technologies and the sustainability principles, avoiding the 

use of organic solvents and high temperatures, is needed in order to produce non-oxidized 

omega-3 supplements of higher purity and efficacy. These advancements would be highly 

beneficial for consumers and society, since experts estimate that an adequate daily intake of 

omega-3 could prevent 1.5 million cardiovascular disease-attributed hospitalizations over the 

next five years, in Europe only [38]. Nowadays, SFE is a mature technology with several 

industrial applications. Among them, fish oil extraction with supercritical carbon dioxide 

constitutes a good alternative to conventional extraction processes in the fish oil industry such 

as wet-pressing or solvent extraction, since SFE has shown similar or even higher extraction 

yields with no solvent residues and lower amounts of impurities, especially heavy metals. 

Moreover, the protein fraction left after SFE can still be used as animal feed or further valorized 
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as a source of valuable bioactive compounds, which adheres to the zero-waste principle of the 

biorefinery concept. 

Lipase-catalyzed transesterification of fish oil in scCO2 is an attractive alternative to 

produce omega-3 at mild and non-oxidative conditions. Enzymatic modification of fish oil in 

scCO2 provides enhanced reaction rates and even higher total conversion than solvent-free 

media, with the advantage of not using toxic organic solvents. However, kinetic models able to 

provide good predictions about yield and composition of the final products are needed. Enzyme 

stability and phase behavior of the reaction system must be considered as key parameters of the 

process, since they influence the reaction kinetics. Moreover, the former affects the viability of 

the process in continuous large-scale operation, and the latter is essential for downstream 

fractionation of the reaction products. 

Fish oil derivatives obtained by enzymatic transesterification with ethanol could be 

fractionated and purified by downstream SCF technologies, such as further enzymatic 

concentration, supercritical fluid fractionation, and supercritical fluid chromatography. More 

stable and bioavailable omega-3 derivatives can be obtained with the benefits of using mild 

temperatures and an inert atmosphere, whereas non-omega-3 fractions may still have use as 

emulsifying agents in the food industry or as biofuel. Nevertheless, correct process design, 

considering the phase equilibria of the mixtures involved and mathematical models that 

describe the process, is of utmost necessity in order to replace conventional competitors such 

as molecular distillation.  

Formulation of omega-3 into a stable form and protected from oxidation is one of the 

major challenges of the omega-3 industry. Encapsulation technologies using SCF such as 

Particles from Gas-Saturated Solutions (PGSS)-drying are capable of encapsulating high loads 

of omega-3 PUFAs at lower drying temperatures compared to spray drying and in an 

intrinsically inert atmosphere, which would avoid oxidative degradation during processing. 
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Furthermore, the technology is compatible with the use of natural antioxidants and plant 

extracts that actively protect the omega-3 PUFAs from oxidation while replacing synthetic 

antioxidants. 

The SCF technologies presented in this review can be integrated as one of the key 

modules of a fish waste biorefinery, constituting a green alternative to conventional omega-3 

processing. Further research should be focused on increasing omega-3 yield and purity while 

keeping operating costs at acceptable levels, which will make the process more economically 

competitive in spite of the high initial investment. Finally, the benefits of the scCO2-based 

process should be given more prominence among the omega-3 sector and consumers, since a 

better-quality product obtained through a greener process constitutes a clear commercial 

advantage against competing technologies. 
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