Hydrotropic Cloud Point Extraction of Lipids from Microalgae: a new Pathway for Biofuels Production.
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Abstract: The solubilization of fatty acids by small amphiphiles such as butyl ethylene glycol, butyl or pentyl diethylene glycol, hexyl triethylene glycol, also called hydrotropes, was demonstrated by the determination of their phase diagram. They were thus applied for the passive extraction at room temperature of lipids from Dunaliella salina microalgae. The extraction yield of the lipidic fraction (mainly coming from glycolipids), could reach up to 81%, depending of the nature of the hydrotrope and its concentration. In addition, their cloud point properties allow the easy separation of the organic fraction, and their low boiling points allow their recovery with a lower energetic cost than the energetic content of the solubilized lipids. They can also directly be used for the transesterification of the lipids to give the corresponding fatty esters, which may be used as biofuels.
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Highlights: Hydrotropes are able to solubilize fatty acids and to extract glycolipids from Dunaliella salina. They can be easily separated thanks to their cloud point and volatility, and used to produce their corresponding fatty esters as biofuels.
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1. Introduction
[bookmark: _Hlk84338368]According to the International Energy Agency (IEA), fossil fuels still cover up to 80% of the global energy consumption in the world nowadays, and despite energy efficiency improvements, the energy needs are likely to increase in the future due to societal transformations. Even if the part of renewable energy from solar, wind, and hydraulic systems can become dominant, the use of renewable fuels can constitute a more direct way to replace fossil ones, thanks to their high energy content and their storage facilities. Algae appear as a promising source of biofuels because of soilless cultivation and rapid growth of the population, leading to high amount of produced biomaterial. In fact, several types of fuels can be produced from microalgae depending on the process. Bio-oil can be produced by hydrothermal treatment or gasification, but such processes are costly in energy, require catalysts, and the resulting bio-oil is a complex mixture.1–4 Microalgae can also synthesize sugars which can be fermented to produce bioethanol, that may compete with second generation fuels from lignocellulosic material due to the absence of lignin.5 As other components, lipids can also be produced in high amount by the microalgae (up to 60 wt.% of the dried biomass), and can be transformed by transesterification to biodiesel, which has a higher volumic Gross Calorific Value than bioethanol (37.3 MJ.L-1 vs 23.4 MJ.L-1 respectively).6 The production and isolation of the lipids is thus the most studied pathway until now. However, no economically competitive process has yet been set up.7 Indeed, several problems still hamper the industrial production, and sometimes, Life Cycle Assessments (LCA) even lead to negative energy balance following the process used. These aspects were nicely pointed out in several critical reviews.8,9 For instance, Lam and Lee10 have identified four key energy hotspots for the biofuel production from microalgae, i.e. the nutrients sources, the photobioreactor design, the dewatering and biomass drying, and the lipid extraction step. Whereas the two first points concern their cultivation, the two last ones deal with the recovery of the lipid, the concern of this study.
Generally, microalgae must be first separated from water, either by filtration, centrifugation, or flocculation.11,12 All these techniques have already some drawbacks such as respectively filters clogging due to the small size of the microalgae (2-10 µm), the energy cost, or the use of salt additives. Afterwards, a drying step is usually performed before extracting the lipids with different solvent systems, even if direct transesterification under acidic,13,14 basic or enzymatic catalysts15 may be more advantageous. However, the extraction or transesterification can take a rather long time, requiring high temperatures or large solvent quantities. Many efforts have thus been devoted to favor the lipid release by cell disruption, but such techniques often require expensive or energy-costly assistance.16 These steps can reverse the balance between the energy stored in the recovered biodiesel and the one required for its production, which is defined as the Energy Output Ratio (EOR). It must be the highest as possible, but not lower than one (or slightly if a part of the energy comes from renewable sources like wind or solar). 
Facing these challenges, the concept of Hydrotropic Cloud Point Extraction (HCPE), illustrated for the first time by the extraction of piperine from pepper, may constitute a suitable process for the lipid extraction from microalgae.17 HCPE consists in solubilizing a hydrophobic compound in water by hydrotropes, then, heating the system above the cloud point of the hydrotropes, inducing their separation from the water phase together with the extract, followed by the distillation of the hydrotropes to recover the extract alone. More precisely, a hydrotrope historically refers to any compound which helps the solubilization of hydrophobic materials in water, but in the case of small volatile amphiphiles, they should rather be named solvo-surfactants.18 By analogy to surfactants, they are able to form aggregates to solubilize hydrophobic compounds, but at a much higher concentration, the so-called Minimum Hydrotropic Concentration (MHC). Concerning the cloud point, it is an almost specific behavior of alkyl polyethers. Indeed, their water-solubility decreases by increasing the temperature, so that they become insoluble above a precise temperature, i.e. the cloud point temperature, which is visually characterized by a cloudy appearance of the solution and a phase separation after standing. 
Based on these considerations, the application of the HCPE to microalgae (Figure 1) would exhibit several advantages: 
i) Good diffusion of the hydrotropes into the cells to extract the lipidic part thanks to their small size.19,20 In acidic condition, the lipids could be hydrolyzed in situ to get more easily soluble free fatty acids (FA), both steps occurring together.
ii) Easy separation of the organic part from the aqueous one by heating the solution above the cloud point temperature.16
iii) [bookmark: _Hlk84333782] Hydrotrope recovery by distillation. Analogously to reactive extraction with methanol,12 the hydrotrope itself may be used for the transesterification of the lipids, depending on its environmental cost and calorific value. 
iv) Potential reuse of the aqueous phase as cultivation media. It should contain sugars nutrients for the incomer microalgae, and if nitric acid is used for the hydrolysis of the lipids in the first step, it may also constitute the nitrogen nutrient after neutralization.

It should be noted that such an approach is related to the Cloud Point Extraction (CPE) developed by Smirnova et al. who used surfactant for in situ extraction of lipids.21 Some carotenes from Dunaliella were also extracted using non-ionic surfactants by Deive et al..22 The advantages of using hydrotropes instead of surfactants would lie on a better diffusion through the membrane cells, and an easier separation of the amphiphiles from the lipids thanks to their volatility, that will allow their recovery by distillation. Compared to direct extraction and transesterification of microalgae with methanol, it consists in a water-based extraction, so a less flammable system, a real problem at the industrial scale. Moreover, only a part of the solution (one phase among the two ones which separate after heating up above the cloud point) will have to be distilled, that would minimize the energetic cost.
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Figure 1. Principle of the Hydrotropic Cloud Point Extraction (HCPE) of Lipids from Microalgae.

The aim of this study is to demonstrate the feasibility of each step of the HCPE of lipids from microalgae at the laboratory scale. First, phase diagrams of fatty acids/hydrotropes mixtures have been built up to determine the best candidates within the hydrotropes and to settle the extraction conditions. Based on the solubility results, the energetic cost of the process is discussed. Then, as a proof of concept, application tests have been performed on Dunaliella salina microalgae, a well studied species for biodiesel production.23,24 









2. Material and methods
2.1. Hydrotropes synthesis
Ethylene glycol mono butyl ether (C4E1, > 99%) and diethylene glycol mono butyl ether (C4E2, > 99%) were purchased from Alfa Aesar and TCI chemicals respectively.
Diethylene glycol mono pentyl ether (C5E2) was synthesized as follow: in a flask equipped with a big magnetic stirrer and surrounded by an isobar addition funnel and a bubbler, potassium hydroxide (89%, 132.1 g, 2.1 mol) was solubilized in diethylene glycol (99% extra pure, Acros, 474 mL, 5.0 mol) under heating (110 °C), then 1-bromo-pentane (99%, Alfa Aesar, 248 mL, 2.0 mol) was added dropwise over 3 h (caution! generation of pentene as by-product) and reacted for 16 h at 110 °C. After cooling, the heterogeneous mixture was partitioned with water (2 L) and diethyl ether (0.5 L). The organic phase was collected and the solvent was evaporated. The resulting oil was diluted in ice-cold water (2 L) and extracted three times with pentane (3 x 0.5 L) to remove apolar by-products. After warming to room temperature, the aqueous phase was extracted with diethyl ether (2 x 0.5 L). The combined organic phases were washed with brine, dried over MgSO4, filtered, and solvent was evaporated. The product was distilled under vacuum (90-95 °C under 0.20 mbar). Purity was determined by GC-FID, and best estimated by cloud point at 20 wt.% in water. A first fraction (49 g, 0.28 mol, 14%) had a cloud point of 40.5 °C, a second one with GC-FID > 99.5% (112 g, 0.64 mol, 32%) had a cloud point of 42.2 °C, slightly above to the literature one (40.4 °C).25
Triethylene glycol mono hexyl ether (C6E3) was synthesized like C5E2 above with 3.0 mol of triethylene glycol (400 mL), 1.0 mol of KOH (89%, 62.9 g) and 1.0 mol of 1-bromo-hexane (140 mL). The product was distilled under vacuum (105-107 °C under 0.022 mbar). Purity was determined by GC-FID, and best estimated by cloud point at 30 wt.% in water. A first fraction (36.6 g, 0.16 mol, 16%) had a cloud point of 47.3 °C, and a second one (28.5 g, 0.12 mol, 12%) had a cloud point of 46.5 °C with GC-FID > 99.5%, that is quite close to the literature (45 °C).26

2.2. Hydrotropes/fatty acids phase diagrams elaboration
[bookmark: _Hlk86237293]5.0 ± 0.2 to 50.0 ± 0.2 mg of soybean fatty acids were weighted (Denver Instruments SI-234) in vials and completed to 1.000 or 4.000 grams according to the target concentration, with aqueous solutions composed of hydrotropes (5 to 40 wt.%) and nitric acid (0.1 wt.%). The cloud point was measured using a thermocouple probe (TFX 430 from Ebro) and determined by slow cooling on air after the vial was heated slightly upper the cloud point. Warm air was used to heat the whole surface of the vial while shaking the solution to have the most homogeneous temperature. The measure was repeated at least three times and the uncertainties were estimated to be 0.2 °C from 5 °C to 40 °C, 0.5 °C from 40 to 80 °C and 1 °C above 80 °C. The cloud point values were thus determined at several fatty acid-hydrotrope ratios and their isotherms calculated by origin® software, with smoothing of the curves.

2.3. Quantification of the amount of lipids in the microalgae
[bookmark: _Hlk84494607]Freeze-dried Dunaliella salina microalgae were provided from Monzon Biotech. The amount of remaining water was estimated using thermogravimetric analysis (TGA, see Supporting Information Figure SI-1). The weight loss due to evaporation before 120 °C can mostly be attributed to water, giving a maximal value of water content of 7 wt.%. This water amount was not taken into account for the mass concentration of microalgae during extraction and for the calculation of the lipid content, calculated on the weighted material. The content of lipids in the microalgae (500 mg) was determined by direct transesterification with 0.5 M HCl in methanol solution (Alfa Aesar, 10mL) in sealed tubes under microwaves irradiation (Biotage, initiator) using pentadecanoic acid as internal standard (20.0 ± 0.5 mg).27 The solution was then extracted by cyclohexane (10 mL), analyzed by GC-FID and compared with reference samples. Response factors were determined comparing methyl pentadecanoate with methyl oleate and FAME mix GLC-10 (Sigma Aldrich). A same behavior of the internal standard and of the extracted lipids was considered during the transesetrification reaction and the partition in cyclohexane phase used for analysis purpose.

2.4 Extraction yield determination with CiEj hydrotropes
Extractions were performed with 500 mg of dried microalgae in 10 mL of solution of hydrotropes in presence or not of 1 wt.% of nitric acid, with solubilized pentadecanoic acid as internal standard (20.0 ± 0.5 mg), in air-conditioned room (22 ± 1°C) using rotational stirrer (Intelli mixer RM-2L, Elmi) at 30 rpm. Kinetics were followed using parallel experiments. After centrifugation at 4500 rpm for 10 min, the liquid was separated from the microalgae using pipettes, and stood for 1 h in an oven at 80°C in a closed vial. The upper organic layer was separated using pipettes and diluted with 0.5 M methanolic HCl solution (10 mL) in a sealed tube, then heated for 2 h at 80 °C under microwave irradiation. FAMEs were extracted with 10 mL of cyclohexane and analyzed by GC-FID.

2.5 Yield of HCPE process with C5E2 and determination of the residual lipids
Same procedure as above was applied except that pentadecanoic acid standard was added in the upper organic layer obtained after cloud point separation, rather than at the beginning of the extraction. Concerning the determination of the residual lipids in the microalgae, they were washed with 10 mL of water for 2 h and separated by centrifugation, the procedure being repeated three time. To the microalgae was added pentadecanoic acid standard (20.0 ± 0.5 mg), diluted with 0.5 M methanolic HCl solution (10 mL) in a sealed tube, then heated for 2 h at 80 °C under microwave irradiation. FAMEs were extracted with 10 mL of cyclohexane and analyzed by GC-FID. Experiments were done in triplicate for the determination of the uncertainties.

2.6. HCPE with direct transesterification
Freeze dried Dunaliella salina (5.00 g) was extracted by 15 wt.% C5E2 solution (100 g) at 22 °C for 24 h using rotational stirring. After centrifugation at 4500 rpm and separation of the microalgae, the solution (83.86 g) was heated at 80°C for 1 h. The upper organic phase was collected (16.37 g) and para toluene sulfonic acid monohydrate (320 mg) was added. After heating at 80°C for 8 h under reduced pressure (40 mbar), the hydrotrope was distilled (65-70 °C under 5.10-2 mbar, 8.76 g, 58% recovered), and the fatty esters were purified through silica gel chromatography (80/20 PE/Et2O) to give an oily product (324 mg,  4.08 wt.% of the dried algae corrected of the pentyl diethylene glycol part).


3. Results and discussion
3.1. Solubilization of fatty acids in water by hydrotropes
The most common hydrotropes exhibiting cloud point (CP) temperatures are mono-alkyl ethylene glycols,25 even if some di-alkyl glycerols also have this property and can be suitable for HCPE.17 It is ascribed to higher entropy in the media and thus disruption of the hydrogen bonding network between water and the ethers functions. It is a reversible process, and the cloud point temperature depends on the alkyl polyether concentration, the presence of impurities, and above all, on the structure of the amphiphile. Only a narrow Hydrophilic Lipophilic Balance window induces a cloud point in the temperature range from 0 to 100 °C.25
[bookmark: _Hlk86237944]Butyl ethylene glycol C4E1 and butyl diethylene glycol C4E2 are cheap materials used for cleaning application. Noteworthy, they can potentially be bio-sourced from bio-butanol and bio-ethylene oxide, even if it is not a competitive production pathway at this time. Whereas C4E1 has cloud point values around 49-51 °C in the range of 16 to 45 wt.% in water, the addition of just one supplementary ethylene oxide lead to the fully soluble C4E2 whatever the temperature and the concentration. Nevertheless, since the presence of an apolar solute leads to a cloud point decrease, C4E2 was also selected for this study. Also, the higher the carbon number in the alkyl chain is, the lower the Minimum Hydrotropic Concentration (MHC) is, meaning that, with one more carbon in the alkyl chain, a lower amount of hydrotropes would be required to solubilize the target compounds. Since C5E1 presents a large non-miscibility domain from 5 to 65 wt.% in water, two ethylene oxides at least are needed to equilibrate the pentyl chain, and for instance, C5E2 exhibits cloud points between 40-45°C from 5 to 45 wt.%.25 In the same manner, a third ethylene unit is required to solubilize a hexyl hydrocarbon chain in water. Thus, the increase of the alkyl chain length requires to increase the ethylene oxide number. However, this is at the expense of the volatility of the hydrotropes (Table 1), which may be problematic for their recovery and that of their corresponding fatty esters when used for the transesterification. The study was thus limited herein to C4E1, C4E2, C5E2 and C6E3 hydrotropes.
As a model for the lipid fraction that could be extracted from microalgae, a mixture of free fatty acids from hydrolyzed soybean oil was used, even though it contains less palmitic and linolenic acids (Supporting Information, Table SI-5) than the lipids in Dunaliella salina. This would however not give strong differences as similar cloud points (< 0.2 °C) were observed for C4E1 solutions in presence of pure oleic acid and soybean oil in the same proportions. Also, 0.1 wt.% of nitric acid was added in water to mimic the acidic extraction media. This would also avoid the presence of small amount of soaps, which may have an influence on the cloud point, even if, once again, no significant differences were observed in the presence or not of nitric acid.
Microalgae cultivation generates generally between 0.5 to 2 g.L-1 of biomass, but it can reach more than 50 g.L-1 in case of heterotrophic cultures. Even though the amount of lipids can reach 50 wt.% of the dried biomass, lipids generally represent less than 1 wt.% of the growth media. Nevertheless, since pre-concentration steps can be used before extraction, the binary phase diagrams were built up to 5 wt.% of lipids, and less than 40 wt.% of hydrotrope (Figure 2). In the black areas, a part of the fatty acids was not solubilized whatever the temperature, meaning that the solution remains cloudy under stirring, whereas in the white areas, the solutions stays homogeneous and limpid. In between, the solutions are homogeneous below the cloud point temperature and cloudy upper.
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Figure 2. Cloud point isotherms of several binary mixtures of soybean fatty acids and alkyl ethylene glycols calculated from the pointed out experimental points (values given in Supporting Information, Table SI 1-4). 

In all cases, increasing the amount of fatty acid lowers the cloud point of the hydrotropic solution, and increasing the concentration of hydrotrope allows to solubilize more fatty acids. The relation is however not proportional and depends on the hydrotrope. For instance, a solution of 20 wt.% of C4E1 in water is able to solubilize 0.5 wt.% of soybean fatty acids at room temperature (25 °C), whereas by doubling the concentration of C4E1 (40 wt.%), the solubilized fatty acids increase by a factor 6 (3 wt.%). Interestingly, to solubilize such amount of fatty acid (3 wt.%), only half amount of C5E2 is required (20 wt.%) compared to C4E1, and even less for C6E3 (15 wt.%). The solubilizing capacity of C4E2 is between the one of C4E1 and C5E2, but its higher cloud point does not reflect a better ability to solubilize more products since the thermo sensitivity is higher. Indeed, a brutal loss of solubilizing capacity is observed when the cloud point is around 40 °C, since the solution became cloudy just by adding a bit more of fatty acid, and remained cloudy after cooling. However, it can allow to perform the extraction at higher temperature while keeping a homogeneous solution.
When the concentration of hydrotrope is higher, the cloud point decrease is less sensitive to the amount of fatty acid, especially for C5E2 and C6E3 which exhibit the largest miscibility domains. Only C6E3 solubilizes a fair amount of fatty acid (0.5 wt.%) at a low concentration of 5 wt.%, thus exhibiting a behavior between a hydrotrope and a surfactant.
The structure of the hydrotropes have thus a strong influence on the solubilization of the fatty acids. It should be kept in mind that the desired cloud point of the solution may be adjusted for a given concentration by mixing the hydrotropes together, or alternatively by adding short alcohols such as butanol, that lowers the cloud points. Also, it may not be mandatory to have a homogeneous system during the extraction of the lipids, because extractions can still occur while the excess of lipids is released.

3.2. Energy Output Ratio (EOR) of the HCPE process.
At this stage, one can wonder if the solubilizing capacity of the system will at least cover the minimal energetic cost of the HCPE process, i.e. the energy required for the phase separation of the extractive solution, and once separated, for the distillation of the hydrotrope part to recover it. An ideal system should give the maximal EOR. To get it, the following hypotheses were made: i) no loss of hydrotropes by absorption on the microalgae, ii) complete demixion of the system into a pure organic phase composed of the hydrotrope and the fatty acids (see § 3.3.5) and iii) use of adiabatic systems. Other approximations were made by considering that fatty acids have a same Gross Calorific Value as biodiesel. The case of a further esterification of the fatty acid with the hydrotrope was not considered, since the loss of the hydrotrope can be counter-balanced by the higher mass of the corresponding fatty ester, out of the energy required for the reaction and separation.
Two cases were considered for each hydrotrope: the solubilization of 1 and 5 wt.% of fatty acid (Table 1). The minimal amounts of hydrotropes required for these cases were determined thanks to the phase diagrams (Figure 2). 
For all cases, the EOR is higher than 1, but it does not take into account the energy required for the cultivation of the microalgae, the synthesis of the hydrotropes, and the distillation of the lipidic part. On another hand, the distillation of the hydrotropes would be done under reduced pressure to improve the EOR since it has a rather strong impact on it.
For all systems, it looks advantageous to extract concentrated solutions. Despite C6E3 has the highest boiling point, its higher solubilizing capacity allows to use a lower amount, thus overcoming this disadvantage. Also, the higher cloud point of C4E2 does not appear so impacting on its EOR, and the thermal cost can be minimized if the system is not cooled down before starting the distillation.









Table 1. Maximal Energy Output Ratios of the HCPE Process to extract 1 wt.% or 5 wt.% of Fatty Acids (Composition of Soybean) with several Hydrotropes at 20 °C, with the final Distillation of the Hydrotrope at atmospheric Pressure, based on 1 kg of hydrotropic Solution.

	
	1 wt.% of fatty acid
	5 wt.% of fatty acid 

	
	C4E1
	C4E2
	C5E2
	C6E3
	C4E1
	C4E2
	C5E2
	C6E3

	wt.% of hydrotrope required
for the solubilization at 20°C
	22.5
	17
	10
	7.5
	50
	27.5
	25
	20

	Cpl (kJ.kg-1.K-1)
	2.3
	2.2[28]
	2.3[29]
	2.3d
	2.3
	2.2[26]
	2.3[28]
	2.3d

	Boiling Point (°C) at 1 atm.
	171
	231
	255b
	321b
	171
	231
	255b
	321b

	H vaporization of CiEj (kJ.kg-1)
	478
	333b
	323b
	277 b
	478
	333b
	323b
	277 b

	T (CP + 10 °C) for phase separation 
	30
	50
	30
	30
	30
	60
	30
	30

	Energy required for the phase separation of 1 kg of solution, starting from 20 °Ca
	38 kJ
	115 kJ
	40 kJ
	40kJ
	32 kJ
	145 kJ
	37 kJ
	38 kJ

	Energy required to reach the b.p. of the
hydrotrope part, from 20 °C, under 1 atm.
	78 kJ
	83 kJ
	54 kJ
	52 kJ
	174 kJ
	134 kJ
	135 kJ
	138 kJ

	Energy required for the vaporisation of the hydrotrope part.
	107 kJ
	57 kJ
	32 kJ
	21 kJ
	239 kJ
	92 kJ
	81 kJ
	55 kJ

	Energy recovered by the lipid part c
	-------------- 402 kJ ----------
	------------- 2010 kJ ----------

	Maximal Energy Output Ratio
	1.8
	1.6
	3.2
	3.5
	4.5
	5.4
	7.9
	8.7


a The heat capacity of the system is approximated as the sum of the one of water (Cp = 4.18 kJ.kg-1.K-1) and the one of the hydrotrope at their respective ratio.
b Calculated from ACD/Labs Software V11.02 (© 1994-2019 ACD/Labs)
c Considered equal to biodiesel with 40.2 MJ.kg-1
d Undetermined, assumed to be close to the other ones

All the selected hydrotropes in this study may be suitable for the HCPE process of microalgae thanks to their good solubilization capacities towards fatty acids and their low volatility. The actual extraction of the lipids in their presence was checked below.



3.3. HCPE of Dunaliella salina 
3.3.1. Determination of initial fatty acid content
Extractions were performed at 80 or 120 °C in acidic methanol under microwave radiation, both for 2 or 8 h.27 The main identified lipids on the chromatograms were C16, C18:1, C18:2 and C18:3 (Supporting Information, Figure SI-1). The amount of lipids considered hereafter was calculated based on these four fatty esters only, which slightly underestimates the real lipid content. Almost the same amount of lipids was obtained, with an average value of 8.84 ± 0.10 wt.% of lipids per dry algae matter, which was thus used as initial amount for the calculation of the extraction rate. Such amount looked also as a good basis for the extraction tests.

3.3.2. Conditions of the extractions and fatty acids recovery rates
[bookmark: _Hlk84343259]For availability reasons, freeze-dried microalgae were used for the study. The freeze drying process should not strongly impact the structure of the polysaccharidic membranes, thus, same extraction behavior should be observed by using the hydrotropes directly in the cultivation media, and the drying step should not be required. Moreover, the extraction of the lipids from microalgae would probably increase their density and hydrophilicity, which would make their separation by centrifugation or decantation easier.
Extractions were performed with 500 mg of dried microalgae in 10 mL of solution at room temperature, that would lead to a maximal concentration of 0.44 wt.% of fatty acids in the solution. According to Figure 2, at least 20 wt.% of C4E1, 15 wt.% of C4E2, 10 wt.% of C5E2, and 5 wt.% of C6E3 are needed. For first tries, and because some hydrotropes can be adsorbed on the microalgae, the tests were performed with higher amounts, i.e. 25, 20, 15 and 7.5 wt.% respectively. The extractions were carried out in presence of 1 wt.% of nitric acid and kinetics were followed during 4 h.
After extraction, centrifugation was performed rather than filtration to avoid long filtration time due to clogging. Once separated, the systems were submitted to phase separation thanks to the cloud point phenomena (Figure 3). It is worth to note that, on a larger scale, centrifugation would not be mandatory because phase separation occurs after a simple decantation for 30 min. Even if some residual microalgae remained in suspension in the upper phase and could be collected, most of them stayed in the aqueous phase or at the interface after cloud point separation. 
In the case of C4E2, no hydrotrope separation occurred even after 24 h at 80 °C. Nevertheless, it could be induced by addition of 200 µL of heptane for analytic purpose. Once the upper organic layer was collected and transesterified with acidic methanol, FAMEs were extracted using cyclohexane and were then analyzed by GC-FID.

[image: ]
Figure 3. Visual Evolution of HCPE Process with C4E1 (25 wt.%) on Dunaliella salina Microalgae (500 mg/10 mL). 

By such a way, the extraction rate of fatty acids can reach up to 81% using 7.5 wt.% C6E3 solutions over 4 h (Figure 4). Prolonged extraction time up to seven days does not improve the extraction rate. On the other hand, most of the lipids are recovered as soon as 30 min. Noteworthy, C6E3 is more efficient to extract lipids from microalgae than the other tested hydrotropes, which can be attributed to a better physico-chemical affinity. Indeed, the lipophilicity of the hydrotrope increases with the hydrophobic tail length, as it has already been noticed concerning the reduction of the MHC. 

[image: ]
Figure 4. Extraction Rate of Fatty Acids from HCPE Process using 500 mg of freeze-dried Dunaliella salina with 10 mL Solution of 1 wt.% HNO3 and several Hydrotropes (25 wt.% of C4E1, 20 wt.% of C4E2, 15 wt.% of C5E2, and 7.5 wt.% of C6E3) at 25 °C.


3.3.3. Influence of nitric acid in HCPE process
[bookmark: _Hlk86163933][bookmark: _Hlk86163450]Though good extraction rates appeared at the very beginning, one can wondered whether the fatty acids were really coming from the hydrolysis of triacylglycerides. Indeed, Dunaliella species are known to contain a high amount of glycolipids.30 For instance, the lipidic fractions of two species from Dead Sea contain up to 55 mol.% of glycolipids, whereas triacylglycerides represent 21-25 mol% of it.30 The extraction by the hydrotropes would be easier, the glycolipids or phospholipids being amphiphilic, and would not require to be hydrolyzed for their extraction. The influence of nitric acid concentration on the extraction rate was thus investigated using 25 wt.% of C4E1 over 24 h of extraction. No significant difference using 0, 0.2, 1 or 2 wt.% of nitric acid were obtained on the extraction rate of fatty acids (respectively 68, 65, 65 and 62%). This suggests that the lipidic fraction of these harvested Dunaliella salina is mostly present under the form of glycolipids. This is supported by 1H NMR of the crude extract obtained only with acetone over 4 h at room temperature (Supporting Information Figure SI-2 up). The integration of the protons of the glycerol part is much lower than the bis-allylic one of the lipids (1.60 vs 2.00 respectively). In the case of an extraction with C4E1 for 24 h, in absence of nitric acid, and after separation of the organic phase and distillation of the hydrotrope at 70°C under 0.12 mbar, whereas the triacylglycerides and carotenes were not extracted or degraded, a broad signal in the region between 3.5-4.5 ppm can be ascribed to the glycosidic part of glycolipids since unacylated glycosides would have stayed in the aqueous phase (Supporting Information Figure SI-2 bottom). Once this crude product transesterified with acidic methanol and extracted with cyclohexane, only FAMEs were recovered with a weighted yield of 6.7 wt.% related to the dried microalgae. This is close to the theoretical value of 5.75 wt.% obtained from the initial amount of C16, C18:1, C18:2 and C18:3 (8.84 wt.%) corrected with the expected extraction rate (65%). 
Most of the fatty acids can thus be extracted by the hydrotropes without the need of acid if they are present under the form of glycolipids, like for species from the Dunaliella genus, that would minimize the use of additives.

3.3.4. Residual hydrotrope in the water phase
[bookmark: _Hlk84325126]The segregation of the hydrotrope from the water phase while heating (cloud point) is not complete due to its residual water-solubility, which depends on its hydrophilicity. For a viable process, it should at least be lower than the solubilized amount of lipids (1 – 5 wt.%). Such residual solubility in the water phase was simply determined by 1H NMR in DMSO-d6 for each hydrotrope, the protons of the hydrophobic tails being well separated from water. After the extractions were completed and the microalgae part was removed, solutions were maintained for 2 h at 80 °C to minimize their residual solubility (Table 2). 




Table 2. Residual Solubility in Water of several Hydrotropes after Extraction of 500 mg of freeze-dried Dunaliella salina in 10 mL of Solution and Cloud Point Separation at 80°C for 2 h. 

	Residual solubility
in water from: 
	C4E1
(25 wt.%)
	C4E2
(20 wt.%)
	C6E3
(7.5 wt.%)
	C5E2
(15 wt.%)

	mol.%
	1.24
	1.22a
	0.31
	0.15

	wt.%
	7.6
	10.0a
	2.95
	1.9


a 200 µL of heptane was added to induce phase separation.

The residual solubility of all hydrotropes is too high, especially for C4E1 and C4E2. However, a complete recovery of the hydrotropes would be possible by a further extraction of the water phase, that would not be too costly in energy.

3.3.5. Effect of the hydrotrope concentration in case of C5E2
[bookmark: _Hlk86162016]In view of the residual solubility in water, efficiency and volatility, C5E2 appears as a good compromise between C4E1 and C6E3. Since glycolipids are extracted in the case of Dunaliella salina, due to their amphiphilic nature, a lesser amount of C5E2 may be required to solubilize them compared with fatty acids. The effect of the concentration of C5E2 on the extraction was thus determined after a prolonged time of 24 h (Figure 5). Since the lower amount of hydrotrope may not be sufficient to solubilize the whole lipidic part, pentadecanoic acid was used as standard to quantify the solubilized lipids after extraction and phase separation, and before transesterification with methanol and extraction with cyclohexane for quantification. As a reminder, for the ratio of 500 mg of microalgae per 10 mL of hydrotropic solution, with a lipid content of 8.84 wt.%, the expected amount of fatty acids (if hydrolyzed) would be 0.44 wt.% in the solution, meaning that 10 wt.% of C5E2 would be sufficient to solubilize it according to Figure 1. The amounts of residual lipids in the microalgae after extractions were also determined using second extractions with acidic methanol, the same method as that used for the determination of their initial amount.
 
Figure 5. Effect of the Concentration of C5E2 Hydrotrope on the Extraction of Fatty Acids using HCPE Process on freeze-dried Dunaliella salina, (500 mg for 10 mL). Conditions: 1 wt.% HNO3, 22 °C, 24 h. 
[image: ] 
Considering the whole HCPE process, a rather low yield of 30% of the lipids could be extracted at this concentration. Lowering the C5E2 concentration to 7.5 wt.% drastically reduces the efficiency of the extraction, while it is moderately improved by increasing the C5E2 concentration, allowing to extract up to 48% of the lipids at 15 wt.%.
The amount of residual lipids in the microalgae stays noticeable, which may be due to a part of non-hydrolyzed triacylglycerides during the extraction. Also, after centrifugation, a part of the extractive solution (15-20 wt.%) remains with the microalgae, keeping same amount of extracted lipids and counted with the ones left in the microalgae. To avoid this discarded part, it may be possible to perform centrifugation under heating. As such, the cloud point phenomena will concern the whole of the extractive solution, that will release all the extracted lipids. It may also speed-up the phase separation thanks to their difference of density.
[bookmark: _Hlk86236193]A part of the lipids was not localized after quantification since the sums of extracted and residual lipids reach 62-69% of their initial amount. A first hypothesis would be the degradation of the unsaturated ones, the more sensitive towards autoxidation, but similar extraction yields were obtained based on palmitic acid only. It is more likely that a part of them remains in the water phase after cloud point separation, being at that time under the form of amphiphilic alkyl glycosides. 
[bookmark: _Hlk86235854]The extraction efficiencies may also be reduced either if a part of the hydrotrope is adsorbed onto the surface of the microalgae, lowering the available amount in solution, or if other compounds than lipids are preferentially solubilized. According to the first hypothesis, it is more advantageous to use microalgae with higher initial lipid content to minimize adsorption areas, while according to the second one, depending on the purification cost and market value of the co-extracted products, a valorization at least as basic biofuels (heat) can be envisaged.
Lastly, after three washings with water, extraction with acidic methanol then cyclohexane, no residual hydrotrope in microalgae was detected by GC, meaning that the hydrotrope does not strongly bind to microalgae.


3.4. HCPE process with direct transesterification
Direct transesterification with the hydrotropes can be achieved once the extraction and phase separation have been done. An extraction has thus been performed starting from 5 g of microalgae and 100 mL of 15 wt.% C5E2 solution, without acid to simplify as much as possible the system. After centrifugation, separation, heating to cloud point, the organic phase was collected, then heated at 80 °C under 40 mbar in presence of para-toluene sulfonic acid (2 wt.%) for the esterification reaction (this addition may not be necessary if the extraction is performed under acidic conditions). Then, the hydrotropes were distilled under higher vacuum (65-70°C at 5.10-2 mbar) allowing to recover 58% of their initial amount, the difference being probably lost in the distillation apparatus, the residual solubility in the demixed water phase, and in the residual extractive solution with the microalgae (17 wt.%). In order to quantify the esterified lipids, the resulting crude paste was purified through silica gel chromatography, giving 324 mg of fatty esters of pentyl diethylene glycol (1H NMR spectra in Supporting Information, Figure SI-3). Since the hydrotrope part represents around 37 wt.% of the average molecular weight of the fatty esters, 4.1 wt.% of a lipidic fraction was thus collected from the dried microalgae, that is a rather fair yield compared to the 8.8 wt.% calculated by GC after extraction with acidic methanol. 


4. Conclusion 
Short chain alkyl ethers are able to solubilize fatty acids in fair amount depending on the alkyl chain length. Whereas longer chains such hexyl allow to start solubilizing them at concentration as low as 5 wt.%, they require more ethylene oxides to become water-soluble and they are more difficult to separate by distillation. Thus, the best compromise has to be found between solubilization capacities, volatility of the hydrotropes, as well as their cloud point values, that may be tuned by mixing them together.
Thanks to the cloud point phenomenon, the organic content can be easily separated from the water-based extraction system. Noteworthy, the residual hydrotrope solubility in water is another key point to get a positive Energy Output Recovery, even if they can be recovered afterwards through another extraction with conventional solvents.
These hydrotropes are able to extract the glycolipidic fraction contained in Dunaliella salina, that is easier to solubilize than fatty acids. Since the Dunaliella genus is known to include species which are able to produce high amounts of glycolipids, the Hydrotropic Cloud Point Extraction process applied to these microalgae may constitute a viable pathway of biodiesel production, without the need of additional acid to get free fatty acids by in-situ hydrolysis. Direct transesterification of the lipids with the hydrotropes can be performed to get the corresponding fatty esters, for which their properties have to be studied for biodiesel application.
Dunaliella salina also presents the advantage to exhibit a thin membrane, easy to be crossed by the hydrotropes, but this HCPE process may also be applied to other microorganisms having a polysaccharidic thicker one such as Chlorella vulgaris.

Supporting Information
[bookmark: _GoBack]Contains tables of Cloud Point temperature of fatty acid/hydrotrope binary mixtures (Table SI-1-4), Thermogravimetric Analysis of Dunaliella salina (Figure SI-1), GC-chromatogram of Fatty acids composition of Dunaliella salina (Figure SI-2), comparative 1H NMR analysis of crude extract of Dunaliella salina with acetone and a hydrotropic solution of C4E1 (Figure SI-3), as well as 1H NMR analysis of fatty esters of Dunaliella salina obtained using the HCPE process with C5E2 followed by direct transesterification (Figure SI-4).
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