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Chapter 1

1. Introduction

The current practice of lipid production poses serious threats to the
environment. It drives major deforestation, accelerating climate change and
causing the loss of habitat for biodiversity."? Microalgae, photosynthetic
microorganisms, are gaining popularity as the next generation of lipid
feedstock. Not only they can accumulate lipids with high productivity, but also
they can be cultivated in seawater on non-arable land.>™ Even more, certain
microalgal species could synthesize essential fatty acids, such as omega-3 fatty
acids. These fatty acids hold huge health benefits and cannot be produced by
the human body.®

Commonly, the extraction of lipids from microalgae involves several processing
steps (Fig. 1).° Prior to the solvent extraction, cell disruption is necessary to
liberate lipids, which are located intracellularly. Typically, cell disruption is
performed by bead milling or homogenization.””%° Besides that, the presence
of moisture could negatively affect the extraction yield. Thus, dry biomass is
normally desired for lipid extraction. The drying can be done by spray drying or
freeze-drying.?*? The latter is advantageous to keep the lipids from thermal
degradation. During the solvent extraction, the lipids migrate to the organic
solvents due to their affinity, while the hydrophilic compounds are left in the
biomass matrix. After the extraction, the solvent is separated from the crude

lipids by distillation and further reused.

-=-0-u-f

Harvested biomass Cell disruption Drying Solvent extraction Distillation Algae lipid

Fig. 1. Schematic overview of conventional lipid extraction from microalgae

The sequential processes require different unit operations, which directly
contribute to the capital cost. Furthermore, the rigid cell wall of microalgae

and the high latent heat for water evaporation necessitate high energy inputs
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for cell disruption and drying.!® The high energy requirement would affect not
only the operational costs but also the process sustainability. Furthermore, the
typical organic solvents for lipid extraction, such as hexane and alcohols, are
still fossil-derived and flammable.'*?> Therefore, process development and

simplification are required to improve the process economy and sustainability.

Recently, the energy-intensive mechanical cell disruption was bypassed with
the use of neoteric solvents. lonic liquids and hydrophilic eutectic solvents
were reported to interact with the cell wall component, creating pores and
cracks in the cell wall of microalgae.'®!” Hydrophobic organic solvent, like
hexane, could then penetrate the permeabilized cell wall and solubilize the
lipids. Based on these facts, we hypothesized that the pretreatment steps,
especially the cell disruption step, could be avoided entirely if the hydrophobic
version of those solvents is used. Additionally, despite having some similarities,
eutectic solvents are argued to be better than ionic liquids in terms of

production cost and potential toxicity.!®%

Another advantage of the use of eutectic solvents is that they could stabilize
biomolecules.?>? This creates the possibility to improve the economy and
sustainability of the microalgae industries to employ the biorefinery concept.
This concept is a set of downstream processing that valorizes all the valuable
biomolecules into multiple products. For instance, pigments, proteins, and
carbohydrates could be used as ingredients for cosmetics and food/feed,
biostimulants, or substrates for biofuels fermentation.?*26 With this approach,
biomass underutilization would be avoided, and multiple products could

generate more added values.

2. Eutectic solvents

A eutectic system is a mixture with lower melting point than its parental
compounds. The depression of melting point can allow some mixtures that
started with solid or liquid material to be liquid at room temperature. Those

liquids could then be used as solvents, hence the term of eutectic solvents (ES).
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Thermodynamically, the depression of melting point of a eutectic system is

often described by this equation:

Inegp) = 20 (=)

R \T,, T

where x; is the molar fraction of compound i in the mixture, y; is the activity
coefficient of compound i in the mixture (y = 1 for ideal mixture), A,,h is the
fusion enthalpy of pure compound i in ) mol?, R is the ideal gas constant (8.314
Jmol*K?), T, and T are the melting point of pure compound i and the mixture

in K, respectively.

A sub-class of eutectic solvents, deep eutectic solvents (DES), has even lower
melting point than the ideal eutectic mixture.?” Fig. 2 illustrates solid-liquid
phase diagram of a (deep) eutectic solvent made of compound A and B. The
non-ideal eutectic behavior (y < 1) is often associated with the strong
interaction between the constituents, such as hydrogen bonding or other van
der Waals interactions. However, in the literature, the distinction between ES
and DES is unclear since the phase diagrams of the mixtures were not available.
Thus, both terms are used to refer the mixtures of Brgnsted or Lewis acids and
bases that exhibit depression of melting point.?’~%° Since it becomes the matter
of semantics, we use the term of eutectic solvents (ES) to also refer the sub-

class in this thesis.

Eutectic solvents are often considered analogous to ionic liquids. They both are
thermally stable, nonflammable, and have tailorable properties.8283031 The
properties of ionic liquids are determined by the cation and anion pairs,
whereas that of ES are determined by the composition of their acids and bases
constituents. However, in contrast to ionic liquids which are pure molten salts,
the ES are mixtures that can be simply prepared from the starting materials
without the need of complex purification steps.3? Furthermore, the ES are
often boasted to be greener than ionic liquids since they can be prepared from
various bio-derived and biodegradable compounds, such as amino acids,

sugars, polyols, terpenes, and organic acids.'®3%34
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Fig. 2. Phase diagram (solid-liquid equilibria) of eutectic mixture of compound A
and B. Red, blue, green lines represent ideal eutectic (y = 1), deep eutectic (y < 1),
and room temperature, respectively. Area below the room temperature indicate
liquid phase at room temperature. Tn, is melting point of the pure component, Te

is eutectic temperature, and xg is the eutectic composition of A and B.

Due to their advantages, ES have been actively researched in various fields,
including extraction of biomolecules and pre-treatment of lignocellulosic
material. 2028303135 | the field of lipid extraction from microalgae, ES have also
been applied to weaken the cell wall, which enhanced the lipid extraction from
undisrupted biomass.?”*®3” However, since the used ES were hydrophilic, other
organic solvents were still used to extract the lipids. That said, we hypothesized
that the integration of cell disruption and lipid extraction would be possible if

hydrophobic ES were used.

One of the biggest weaknesses of using ES as an extraction solvent is the lack
of vapor pressure. The low volatility suggests that the solvent regeneration
after extraction would be challenging since the solvent cannot be separated
from lipids via the normal solvent evaporation. Furthermore, hydrophobic ES
would have a strong affinity towards the lipids. On the one hand, the strong
affinity ensures the good solubilization of lipids and the extraction yield. On the

other hand, it also means the strong bonding between the lipids and the ES,
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which is not desired for solvent removal. Therefore, we proposed to use ES
with tuneable hydrophobicity, to facilitate both extraction and solvent

regeneration.

3. Aim and thesis outline
The goal of this thesis is to develop eutectic solvents with tuneable
hydrophobicity for lipid extraction as the basis of microalgae biorefinery.

Moreover, the research questions of the thesis were formulated as follow:

- What combinations make eutectic solvents with tuneable
hydrophobicity?

- How to regenerate the eutectic solvent?

- Can such eutectic solvent be used to extract lipid from intact
microalgae? What are the influencing parameters?

- Is the lipid extraction using such eutectic solvent mild for biorefinery?

To answer the research questions, the thesis was outlined as follows. In
Chapter 2, we screened the ES with semi-hydrophobic properties, which made
of imidazole and hexanoic acid. At low imidazole content, the mixture dissolved
lipids, whereas the mixture rejected lipids at high imidazole content. In Chapter
3, the solvent regeneration step was emphasized. Since imidazole could not
easily be removed from the ES, alternative auxiliaries were used to shift the
hydrophobicity instead of imidazole. The ES was then regenerated by
evaporating the volatile auxiliaries. In Chapter 4, we studied the lipid
extraction from fresh microalgae Nannochloropsis oceanica with the
imidazole/hexanoic acid ES. In Chapter 5, the separation of the algae lipid from
the solvents was studied. The process recyclability and scalability were also
evaluated. Furthermore, we made a step further for the biorefining, i.e., by
isolating the proteins and carbohydrates from the defatted biomass. Finally,
Chapter 6 reflects on the major findings and challenges in this thesis. An

outlook for further studies based on this work is also given.
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Chapter 2

Abstract

Despite the promising advantages of eutectic solvents, the application of these
solvents as an extraction solvent is still limited due to the challenging product
recovery. Previously, it was reported that lipid could be recovered from a
hydrophobic eutectic solvent with the principle of switchable hydrophobicity.
However, this method still involves additional chemicals, such as polymeric
amine, water, and CO;, which need to be removed later. In this study, we
proposed a different approach by shifting the hydrophobicity spectrum of
semi-hydrophobic solvent. Made of hydrophilic imidazole and hydrophobic
hexanoic acid, this combination showed tuneable hydrophobicity when the
composition was changed, shown by the change of dipolarity (r*) scale from
solvatochromic analysis. At low imidazole content, the solvent was able to
dissolve sunflower oil and algae oil, whereas, at high imidazole content, the
solvent showed high affinity towards water. By adding imidazole to the
solution of oil and the solvent, a phase split was induced between the oil-rich
upper phase and the solvent-rich lower phase. With this approach, ~75% of
recovery efficiency was achieved for the two oils, with the purity of ~100% for

sunflower oil and 86% for algae oil.
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Eutectic solvents with tuneable hydrophobicity

1. Introduction

Eutectic solvents, including “deep eutectic solvents” (DES), have been gaining
interest as alternative green solvents in the field of extraction of natural
compounds. This is due to the attractive advantages of these solvents, such as
low vapor pressure, high thermal stability, and high carrying capacity.'™
Moreover, a eutectic solvent can be cheaply and easily prepared by mixing
Brgnsted or Lewis acid and base (or “hydrogen bond donor” and “hydrogen
bond acceptor”).1>*> Furthermore, the properties of these solvents are
claimed to be designable.®® For example, if the mixture is made of bio-derived,
safe, and biodegradable compounds, then the solvent might also be benign

and sustainable.>%1°

These mixtures melt at lower temperatures than the parental constituents,
such that allows the mixtures to be liquid at room temperature, even if the
parental compounds are solids.!*™'®> The depression of melting point can be
found in not only “deep eutectic solvents”, but also normal, ideal mixtures.
Group of Coutinho®® proposed to specifically classify DES as mixtures which
exhibit further reduction of melting point when compared to ideal eutectic
mixture. In this study, we use the term of eutectic solvents to have wider

selection of mixtures, regardless the deviation of the melting point reduction.

Despite the advantages, the use of eutectic solvents still faces several
challenges, such as difficult product recovery and solvent regeneration.® This
is mainly because these solvents have low volatility. In the typical organic
solvent process, these two processes were done via distillation and solvent
condensation. However, applying distillation to eutectic solvents would
require a tremendous amount of energy. Therefore, other strategies need to

be developed to tackle this bottleneck in the near future.

One of the most promising techniques is switching the solvent hydrophobicity,
which approach was inspired by switchable solvents.’” Bravi and coworkers®®
have reported the use of a switchable-hydrophilicity eutectic solvent system,
based on the previously reported hydrophobic eutectic solvent octanoic

acid/dodecanoic acid (3:1).1° When this solvent is mixed with an aqueous

15
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solution of Jeffamine D-230, they form hydrophilic ionic liquid made of the
protonated amine and deprotonated acid (forward switching). Then, CO, or
acid could be used to protonate back the acid, thus, obtaining the hydrophobic
eutectic solvent (backward switching).® With this system, both hydrophilic and
hydrophobic biomolecules can be extracted and separated.'® However, this
approach involved two additional compounds (the amine and carbon dioxide

or acid) which later need to be removed further downstream.

In this study, we propose another approach to tune the hydrophobicity of a
semi-hydrophobic solvent, consisting of hydrophilic and hydrophobic
compounds. With this approach, the eutectic solvent can have a spectrum of
hydrophobicity, depending on the composition of the parental compounds.
Hence, at the hydrophobic state, the solvent can be used to dissolve
hydrophobic solutes, such as lipids. Afterwards, the lipid can be recovered by
adding an excess of the hydrophilic parental compound, making the overall
solvent hydrophilic. Here in this study, we use sunflower oil and culinary algae

oil as model lipids to demonstrate the principle.

To obtain the semi-hydrophobic solvent, a list of compounds was made based
on the reported parental compounds for hydrophilic and hydrophobic eutectic
solvents, such as C2 — C10 carboxylic acids, quaternary ammonium salts
(Aliquat® 336 — methyltrioctylammonium chloride and tetrabutylammonium
bromide), terpene DL-menthol, and heteroaromatics (imidazole and pyrazole).
These non-green compounds are used as a proof-of-principle of this current
strategy, which later can be applied on greener compounds with similar or
better performance. The hydrophobicity of each individual compound was
indicated by the partition in octanol/water system (log Kow) and the molar

solubility in water (log S).

Several combinations were made by pairing hydrophobic and hydrophilic
compounds, which were screened based on the miscibility with water and
dodecane. The combinations which dissolve both water and dodecane were
further characterized with polarity estimation and lipids solubility. The polarity

of eutectic solvents with different acid/base ratios was estimated by
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14,20-24

solvatochromic analysis. Imidazole/hexanoic acid combination was

further used to demonstrate the dissolution and recovery of the model oils.

2. Materials & Methods

2.1.Materials

The starting compounds of the eutectic solvents used in this study are listed in
Table 1. The logarithmic values of the octanol/water partition coefficient, log
Kow, and the logarithmic values of solubility in water (in mol L), log S, indicate
the hydrophobicity of the pure compounds. Model oils used in this study were
commercial sunflower oil (Jumbo Supermarkten B.V., The Netherlands) and
culinary algae oil (Corbion Biotech, Inc., United States). For solvatochromic

analysis, N, N-dimethyl-4-nitroaniline (98+%) was purchased from Alfa Aesar.

Table 1. List of chemicals used to prepare eutectic solvents and their properties
(data taken from PubChem??)

Supplier,
purity
Acetic (C2) acid Sigma- acid -0.17 1.22

] Aldrich,

)k 100%
OH

Aliquat® 336 Alfa base 6.74" -2.70
Aesar,
n.a.

Compounds Brgnsted- | Log Kow Log S

cr |

Butyric (C4) acid Sigma- acid 0.79 -0.17
@) Aldrich,
299%

OH

17
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Decanoic (C10) acid Sigma- acid 4.09 -3.45
o Aldrich,
/\/\/\/\)J\ e
OH
Hexanoic (C6) acid Sigma- acid 1.92 -1.05
o Aldrich,
/\/\)J\ -
OH
Imidazole Sigma- acid or -0.08 0.99
NH Aldrich, base
// >99%
/
DL-Menthol Sigma- acid or 3.20 -2.57
OH Aldrich, base
298%
Octanoic (C8) acid Acros acid 3.05 -2.26
o Organics,
/\/\/\)J\ 99%
OH
Pyrazole Sigma- base 0.26 -0.55
— Aldrich,
H >99%
A4
N
Tetrabutylammonium bromide (TBAB) Sigma- base 1.71" 0.27
Aldrich,
Br- 299%
£+ N

* Simulated by VCCLAB?®, http://www.vcclab.org

¥ Dissolved in 2M HCI %7

2.2.Preparation of the eutectic solvent
The eutectic solvents were made by mixing the proper combination of acids
and bases at 60 °C until clear homogeneous solutions were formed. No prior

purification step was performed. The mixtures which did not stay
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homogeneous for at least 24 hours were categorized as unstable. The stable

mixtures were then stored for no longer than one week for further use.

2.3.Dissolution of dodecane and water

The miscibility of dodecane and water in the eutectic solvents were used as
indicators of the solvent hydrophobicity. This fast analysis was done by adding
dodecane or water into the eutectic mixtures equivolume. Based on the final
volume and visual observation of each phase after mixing, the miscibility was
evaluated. The combinations which dissolve both dodecane and water were

further analyzed with solvatochromic analysis.

2.4.Solubility of model oils and water
The solubility of sunflower oil, algae oil, and water were determined in
imidazole/hexanoic acid mixture with different molar fraction of imidazole by

adding them dropwise until the solution became turbid.

2.5.Recovery of model oils

The recovery of sunflower oil and algae oil from imidazole/hexanoic acid was
done by adding a proper amount of imidazole. The addition of imidazole
induced a phase split, which was accelerated through centrifugation. The
recovered oil formed a top phase, while the hydrophilic mixture together with
the remaining oil formed the bottom phase.

The partition coefficient (K) and separation efficiency (1) of the lipid recovery

were calculated by using these equations, respectively:

c

k=2

Cs

Vo c
Eff=— 90
Vo co + Vs cs

where V is the total amount of the phase in gram, c is the total fatty acids
concentration in g/g, subscript O and S denote the oil-rich and solvent-rich

phase, respectively.
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2.6.Solvatochromic analysis
The solvatochromic analysis was performed to quantify the polarity of the
eutectic solvents that dissolve both dodecane and water. The quantitation was
based on Kamlet-Taft dipolarity scale (r*), which is normally based on the red-
shift of the absorption spectrum of N,N-diethyl-4-nitroaniline dissolved in the
solvent.'*2021 However, due to the difficulty in finding this dye commercially,
the analogue N.N-dimethyl-4-nitroaniline was used in this study instead.?#%° A
known amount of the dye was dissolved in the eutectic solvent with a
concentration of ~0.1 mg/mL before the spectrum measurement using a quartz
cuvette with 10 mm light path. The dipolarity scale (m*) was calculated with

the formula:

-1 -1
« _ "tsolvent — “‘cyclohexane

-1 _1-1
DMSO cyclohexane

where 4 is the UV/Vis wavelength [nm] at which maximum absorbance of the
dye occurred. The scale uses cyclohexane and dimethyl sulfoxide (DMSO) as

references with a value of 0 and 1, respectively.

2.7.Gas chromatography

The analysis of fatty acids was performed using GC-FID system (Agilent
Technologies) with H, as a carrier gas. Methylation was performed on the
samples (~5 mg) in advance by adding 3 mL of methanol & 5% H,SO,4 at 100 °C
for 1 hour. Then, the methylated products were extracted using hexane that
contained C15:0 methyl ester as an internal standard. The samples were then
run through Nukol™ column (30m x 0.53mm x 1.0um, Supelco) with a split ratio
of 0.1:1 and split flow of 3.55 mL/min. The oven temperature profile was 90 °C
to 200 °C at 44.08 °C/min and held for 7.5 minutes. In this study, the total

amount of fatty acids was assumed as the amount of lipid.

3. Results & Discussion
An outline of the results and discussion section is given below. First, the
potential parental compounds, as listed in Table 1, were combined, and

screened to obtain semi-hydrophobic eutectic solvents via miscibility with
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water and dodecane. Then, the polarity of selected mixtures with different
composition was quantified by solvatochromic analysis. One mixture with the
widest spectrum of dipolarity, imidazole/hexanoic acid, was further selected
to demonstrate the lipid recovery via changing the solvent composition. Hence,
the solubility of model oils was measured in the eutectic solvent with varying
imidazole concentration. Furthermore, the actual lipid recovery experiment
was performed by inducing phase split. In this part, the partition coefficient,
the separation efficiency, and the purity of recovered oils were evaluated.
Finally, we compared the basic energy requirement of this process to that of

the switchable eutectic solvent approach to evaluate the process feasibility.

3.1.Screening of semi-hydrophobic eutectic solvents

The potential semi-hydrophobic eutectic solvents were screened based on the
miscibility with water and dodecane. The miscibility was observed based on
the phase volume after being mixed with water or dodecane at 1:1 v/v. Each
combination was categorized into four groups: 1) dissolve only water, 2)
dissolve only dodecane, 3) dissolve both water and dodecane, and 4) dissolve
neither water nor dodecane. Additionally, in this study, we used the sum of log
S as a crude indicator of the mixture hydrophobicity, regardless of the
composition. This indicator may not properly function for other combinations
outside this study. It is also worth to mention that this indicator does not imply
any thermodynamic properties of the mixtures.

Table 2 shows the combinations of each group. As expected, combinations
which belong to Group 1 are made from hydrophilic acids and bases (sum log
S > 0.8), whereas Group 2 are generally combinations of two hydrophobic
compounds (sum log S < -2.8). Furthermore, all combinations of Aliquat® 336
always belong to Group 2 due to the long alkyl chains of the cation. Semi-
hydrophobic eutectic solvents, Group 3, are combinations of hydrophilic acids
and hydrophobic bases, or vice versa (-2.8 < sum log S < 0.8). Moreover, despite
the similar values of sum log S to Group 3, Group 4 showed little to no

miscibility with water and dodecane.
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Besides that, there were also unstable combinations, such as TBAB/decanoic
acid and DL-menthol/imidazole, which formed solids when mixed with water.
The solid formation indicated the alteration of solid-liquid equilibrium of the
eutectic combination. This alteration may be due to either the incorporation
of water in the overall supramolecular interaction or the change in the eutectic
mixture composition. Based on reported previous studies, the presence of
water in choline chloride/urea caused a further depression of melting
point.3%3! Therefore, it is more likely that the latter took place. Due to the large
difference in water affinity of the constituents, the hydrophilic TBAB and
imidazole leached to water. Hence, the effective molar ratio of TBAB or
imidazole in the non-aqueous phase decreased, resulting in less reduction of
the melting point and the solid formation. This leaching phenomenon may also
occur in other combinations, but with less obvious visual effect. In fact, several
cases of leaching have been reported in the mixtures based on
tetrabutylammonium chloride, and DL-menthol when combined with short

carboxylic acid.*?

Table 2. Combinations of characterized deep eutectic solvents in this study. The
group categories are 1) dissolve only water, 2) dissolve only dodecane, 3) dissolve
both water and dodecane, and 4) dissolve neither water nor dodecane

Group Base Acid sum log S Base:Acid ratio
2 Aliquat® 336 Decanoic acid -6.15 1:2
2 DL-Menthol Decanoic acid -6.02 1:2
2 Aliquat® 336 DL-Menthol -5.27 1:2
2 Aliquat® 336 Octanoic acid -4.96 1:2
2 DL-Menthol Octanoic acid -4.83 1:2
2 Pyrazole Decanoic acid -4.00 1:2
2 Aliquat® 336 Hexanoic acid -3.75 1:2
2 DL-Menthol Hexanoic acid -3.62 1:2
unstable  TBAB Decanoic acid -3.18 1:2
2 DL-Menthol Pyrazole -3.12 3:1
2 Aliquat® 336 Butyric acid -2.87 1:2
2 Pyrazole Octanoic acid -2.81 1:2
2 DL-Menthol Butyric acid -2.74 1:2
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solid Imidazole Decanoic acid -2.46 1:2
3 TBAB DL-Menthol -2.30 1:3
4 TBAB Octanoic acid -1.99 1:2
4 Aliquat® 336 Imidazole -1.71 1:1
3 Pyrazole Hexanoic acid -1.60 1:2

unstable  DL-Menthol Imidazole -1.58 3:1
2 Aliquat® 336 Acetic acid -1.48 1:2
3 DL-Menthol Acetic acid -1.35 1:2
3 Imidazole Octanoic acid -1.27 1:2
4 TBAB Hexanoic acid -0.78 1:2
3 Pyrazole Butyric acid -0.72 1:2
3 Imidazole Hexanoic acid -0.06 1:2
1 TBAB Butyric acid 0.10 1:2

solid Imidazole Pyrazole 0.44 1:1
3 Pyrazole Acetic acid 0.67 1:2
1 Imidazole Butyric acid 0.82 1:2
1 TBAB Imidazole 1.26 1:2
1 TBAB Acetic acid 1.49 1:2
1 Imidazole Acetic acid 2.21 1:2

3.2.Solvatochromic analysis of semi-hydrophobic eutectic solvent

The solvatochromic analysis was performed on the eutectic solvents in Group
3 to measure the solvent polarity with various compositions. Fig. 1 shows the
polarity scale of the eutectic solvents with various compositions. In general,
the polarity is heavily influenced by the nature of the parental compounds,
with stronger emphasis from the bases. The permanent charge of TBAB caused
a high dipolarity value, followed by the aromatic imidazole and pyrazole, and
lastly by DL-menthol, which is neutral. Besides that, the acids also influence the
mixture polarity to a lesser degree. For example, pyrazole/acetic acid has
higher dipolarity than pyrazole/butyric acid. Similarly, it can also be observed
between imidazole/hexanoic acid pair and imidazole/octanoic acid to a lower

extent. These findings agree with the previously reported results.142%%1

More importantly, this result confirms our hypothesis that the polarity of these
solvents is influenced by the composition of parental compounds. For example,

in the case of imidazole/hexanoic acid and pyrazole/hexanoic acid, the solvent
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polarity increases at lower concentrations of the hydrophobic acid. Hence, the
solvent hydrophobicity can be tuned by changing the constituent molar ratio,
which is the basic principle of polarity shifting proposed in this study. Among
the combinations, imidazole/hexanoic acid showed the largest change in
dipolarity value (Fig. 1), indicating the widest range for tuning the
hydrophobicity. Hence, this combination was used to demonstrate the lipid

recovery by this hydrophobicity shifting approach.
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Fig. 1. Dipolarity m* values of different compounds and semi-hydrophobic eutectic
solvents. Imidazole/hexanoic acid showed the largest change of dipolarity.

3.3.Solubility of model oils and water in imidazole/hexanoic acid eutectic
solvent

The eutectic solvent imidazole/hexanoic acid was further characterized by
measuring the solubility of sunflower oil, algae oil, and water in different
imidazole/hexanoic acid molar ratio (Fig. 2). Since imidazole is a polar and
hydrophilic compound, the increased presence of imidazole results in the
higher degree of solvent hydrophilicity. Thus, the model oils dissolved well in
the solvent with low imidazole content and became less soluble at higher
imidazole molar ratio. Sunflower oil generally dissolves better than algae oil in
the eutectic solvent. This solubility difference may be associated with the

different chemical composition of the oils (Table S1). On the other hand, the
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solubility of water is positively correlated to imidazole content and reaches
high miscibility (> 50%-weight) at 30%.
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Imidazole molar content

Fig. 2. Solubility of sunflower oil (circle), algae oil (square), and water (cross) in
imidazole/hexanoic acid with different molar content of imidazole.

Despite hexanoic acid being the dominant constituent, the solvent still has a
high affinity towards water at > 30% imidazole molar content. This might be
explained by the result of acid-base interaction between hexanoic acid and
imidazole (pKa = 4.88 and pKb = 7.05, for respective compounds). Unlike the
normally reported eutectic solvents that formed due to hydrogen
bonding,>'+333% this interaction produces the ionic liquid imidazolium
hexanoate.®® The formed ions could interact strongly with water, causing the
high affinity towards water. Furthermore, the presence of the permanent
charge of imidazolium hexanoate can also explain the rapid decline of lipid
solubility in the range of 10 — 30% imidazole molar content. Assuming the
spontaneous formation of imidazolium hexanoate at equimolar (1:1) ratio, the
mixture might very well be composed of imidazolium hexanoate and the
unreacted species. For example, at imidazole/hexanoic acid (1:3), which
equivalent to 25% imidazole content, all imidazole reacted with hexanoic acid
to form imidazolium hexanoate and unreacted hexanoic acid with 1:2 ratio.

The melting point of the imidazole and hexanoic acid combination at different
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ratios showed eutectic behavior, i.e., depressed melting point (phase diagram:
Fig. S1).

3.4.Recovery of model oils by phase split

The proposed strategy to shift the solvent hydrophobicity by adding imidazole
was then applied for the recovery of the model oils. This experiment began
with the model oils dissolved in imidazole/hexanoic acid (1:3) — 25% imidazole
molar content, resulting in a homogeneous solution (Fig. 3). The initial
concentration of sunflower oil and algae oil in the eutectic solvent is 0.55 and
0.28 g oil/g solvent, respectively. Then, excess of imidazole was added to the
system until reaching 40%, 50%, 60%, and 75% imidazole content. The high
imidazole concentrations induced phase split between the light lipid-rich phase
and the heavy solvent-rich phase (the interface is shown by the arrows). At
75% imidazole molar content (3:1), not all imidazole dissolved and remained
as white solids in the bottom part of the tube. This indicated that this system
was beyond saturation (phase diagram: Fig. S1). All formed phases were then
analyzed by gas chromatography to measure the total fatty acid content, which
further assumed to be the lipid content. Based on this analysis, partition
coefficient, recovery efficiency, and purity of the recovered product were
evaluated. The overview can be seen in Table 3.

“ b A ._\if‘*'—":— am'-!ll' ) | — V‘|7-/“’~ v T i

A

Fig. 3. Recovery of sunflower oil from eutectic solvent via induced phase split by
adding imidazole. The arrows show the interface between the recovered oil and
modified eutectic solvent. From left to right, the eutectic solvent contained 25%,
40%, 50%, 60%, and 75% imidazole molar content. The initial concentration of
sunflower oil is 0.55 g/g solvent.
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Table 3. Results overview of the lipid recovery experiment. ¢, and cg are the lipid
concentration in oil- and solvent-rich phase, respectively; V, and Vs are the total
mass of oil- and solvent-rich phase, respectively, K is the lipid partition coefficient
(co/cs), and Eff is the separation efficiency.

Sunflower oil
.y Vel ole Vs K o

40% 0.98 0.301 0.13 1.406 7.3 61
+0.03 +0.017 +0.00 +0.001 +0.1

50% 0.90 0.375 0.08 1.495 11.0 73
+0.12 +0.012 +0.00 +0.027 +1.4

60% 0.95 0.384 0.14 1.737 6.8 60
+0.00 +0.000 +0.00 +0.000 +0.0

75% 1.01 0.369 0.13 2.495 9.5 56
+0.00 +0.013 +0.07 +0.043 +5.3

Algae oil

e et Vold cleel Wl K ol

40% 0.75 0.110 0.11 1.296 7.9 38
+0.11 +0.011 +0.05 +0.009 +4.5

50% 0.82 0.176 0.05 1.413 17.0 67
+0.07 +0.005 +0.01 +0.012 +4.4

60% 0.85 0.183 0.03 1.627 27.7 75
+0.01 +0.042 +0.01 +0.022 +6.6

75% 0.86 0.206 0.03 2.352 27.9 71
+0.02 +0.017 +0.01 +0.001 +6.3

Partition coefficient

The partition coefficient is important to understand how the lipid distributed
in the light and heavy phase. With higher partition coefficients, the lipids are
less distributed and more likely to be found in the light phase. Fig. 4 shows the
partition of the oils between the light and heavy phase, based on the
concentration ratio. The partition of algae oil is positively correlated to
imidazole content, whereas that of sunflower oil remains relatively constant.
Moreover, generally, algae oil reached higher partitions than sunflower oil. The
highest obtained partition coefficient for sunflower and algae oil is 11 and 28,

respectively.
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Fig. 4. The partition coefficient of sunflower oil (circle) and algae oil (square)
between the oil-rich and solvent-rich phase.

The different behavior may be owed to the different nature of the two oils,
e.g., the difference in fatty acid profile (Table S1). The algae oil contains > 93%
monounsaturated fatty acid (MUFA) C18:1, whereas the most abundant fatty
acid in sunflower oil is polyunsaturated fatty acid (PUFA) C18:2 (58%). It is
known that the unsaturated bonds in fatty acids can interact with cations or
other aromatic compounds.®®3 Hence, the polar solvent may have a relatively
higher affinity towards PUFA than towards MUFA. This causes the relatively
better dissolution of sunflower oil than algae oil in the polar state of eutectic

solvent, which leads to a lower partition coefficient of sunflower oil.

Recovery efficiency

Besides the partition behavior, we also evaluated the recovery efficiency of the
model oils, which is based on the oil mass. Hence, the recovery is not only
determined by the partition equilibrium, but also by the amount of the formed
phases. Fig. 5 shows the recovery efficiency of the model oils, which is
influenced by the imidazole content. For sunflower oil, the maximum recovery
of 73% was achieved at 50% imidazole content, and it tends to decline at higher
imidazole content despite being not statistically significant. Whereas for algae
oil, the recovery resembles the trend of partitioning, which rises with higher
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amount of imidazole. The highest achieved efficiency for algae oil was 75% at

60% imidazole molar content.
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Fig. 5. The recovery efficiency of sunflower oil (circle) and algae (square) oil from
imidazole/hexanoic acid with the increasing amount of imidazole.

As mentioned before, the recovery is determined by the amount of the phase
formed. The added imidazole, which induced the phase split, in fact, created a
dilution effect on the heavy solvent phase. This dilution then reduces the
recovery efficiency since, with the increased amount of bottom phase, the
amount of unrecovered lipid is also increased. This may explain the declining
trend of sunflower oil at high imidazole content. The slightly declining trend
can also be observed in the case of algae oil. However, since less algae oil is
dissolved in the solvent-rich phase when compared to sunflower oil (> 2.5-fold

in partition coefficient), the dilution effect is not as obvious.

Purity of recovered oil

Furthermore, the concentration of total fatty acid in the oil-rich phase was
further assumed to represent the purity of recovered oil (Fig. 6). The overall
purity of the recovered oils was relatively high, with sunflower oil reached >
90%, and algae oil reached 75 — 86%. The possible impurities in the oil-rich
phase include eutectic solvent constituents, hexanoic acid, imidazole, and their
derivatives. Based on the gas chromatography analysis, the presence of
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hexanoic acid is in the range of 2 — 5%, which decreases with higher imidazole
content. Besides that, the remaining mass would be associated with several
possible compounds, such as imidazole, glycerol, the polar functional groups

of polar lipids, and vitamins.
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Fig. 6. The purity of the recovered sunflower oil (circle) and algae oil (square) based
on total fatty acids.

3.5.Eutectic solvent regeneration

Despite the little energy requirement for the lipid recovery, the regeneration
of the eutectic solvent to its initial ratio is not yet considered. One can simply
add hexanoic acid to readjust the molar composition, but that approach is not
sustainable since the eutectic solvent would accumulate along with the process
cycles, while fresh imidazole and hexanoic acid need to be continuously
supplied as makeup. Therefore, other techniques for the eutectic solvent

regeneration are still being explored in the future studies.

4. Conclusion

In this study, a new approach of lipid recovery from a semi-hydrophobic
eutectic solvent was developed by shifting the hydrophobicity spectrum. The
tuneable hydrophobicity of the eutectic solvent was achieved by changing the

compositional ratio. A solvent mixture which is composed of imidazole and
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hexanoic acid was shown to have this tuneable hydrophobicity, which
hydrophobicity reduced with higher imidazole. Therefore, this combination
was used to demonstrate the dissolution and recovery of sunflower and algae
oil. By adding imidazole, the solubility of the model oil decreased, which
induced a phase split between the upper oil-rich phase and the lower solvent-
rich phase. With this approach, about 75% of the oils can be recovered with
relatively high purity (which can reach > 90%). The recovery was also affected

by the natural composition of the model lipids.
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Supplementary Information

Phase diagram of imidazole/hexanoic acid

O DSC

Tlmz — — -=THxH][C]

100

Temperature [°C]
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0% 20% 40% 60% 80% 100%

Imidazole molar fraction

Fig. S1. Phase diagram of imidazole/hexanoic acid eutectic solvent. The circles
represent the DSC onset temperatures; the continued and dashed line represent
the model of ideal eutectic behavior of imidazole (Imz, continuous line) and
hexanoic acid (HxH, dashed line), respectively.

The melting temperatures were the onset temperatures measured by
differential scanning calorimeter (Perkin-Elmer DSC 8000 series). The
temperature profile was as follow: 1) fast heating from 20 °C to 90 °C (100 °C
/min), 2) hold at 90 °C for 10 min, 3) fast cooling from 90 °C to -90 °C (100 °C
/min), 4) scanning from -90 °C to 90 °C (10 °C /min), 5) fast cooling from 90 °C
to -90 °C (100 °C /min), 6) scanning from -90 °C to 90 °C (10 °C /min), 7) fast
cooling to 20 °C.

The ideal eutectic behavior was calculated with equation:

AmH( 1 1)
T, T

In(x;) = =

where x; is the liquid molar fraction of compound i, T is the apparent

temperature [K], T, and A,,H are the melting temperature and enthalpy of
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the pure compound i, respectively, and R is the universal gas constant. The

values of T;,, and A,,, H for imidazole are 363.7 Kand 12.5 kl/mol, respectively*’;
and those for hexanoic acid are 269.7 K and 16.98 kJ/mol, respectively4°,

Fatty acid composition of sunflower oil and algae oil g
Table S1. The fatty acid profile of the model oils used in this study _%

Fatty Acid [%] | Sunflower oil | Algae oil °

C12:0 0.00% 0.14%

C13:0 0.00% 0.00%

C14:0 0.10% 0.47%

C14:1 cis-9 0.00% 0.00%

C16:0 6.85% 1.77%

Cl6:1 0.17% 0.30%

C16:2 0.00% 0.00%

C16:3 0.00% 0.00%

C17:0 0.00% 0.00%

C18:0 3.16% 0.99%

C18:1 30.70% | 93.35%

C18:2 57.86% 1.69%

C18:3 0.00% 0.00%

C19:0 0.09% 0.19%

C20:0 0.24% 0.04%

C20:1 0.17% 1.07%

C20:2 0.00% 0.00%

C20:3 0.00% 0.00%

C20:4 0.00% 0.00%

C20:5 0.00% 0.00%

C22:0 0.65% 0.00%

C22:1 0.00% 0.00%

C24:0 0.00% | 0.00%

C22:6 0.00% 0.00%
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Chapter 3

Abstract

Due to the low volatility of eutectic solvents (ES), the recovery of lipids is
difficult. We developed a novel strategy to separate the dissolved sunflower
and algae oil from imidazole/hexanoic acid ES by using polar antisolvents
(water, methanol, and ethanol). The polarity and the amount of antisolvent
influenced the lipid solubility in ES. While water was the strongest antisolvent,
the alcohols were easier to evaporate, ensuring easy ES regeneration. By
adding small amounts of water and methanol, more than 90% of the lipids
were recovered in the form of high purity oils (>90%). In the case of ethanol, a
large amount of methanol was required, which diluted the solvent-rich phase
and solubilized more lipids in it. Based on three repeated cycles, > 90% of the

eutectic solvent could be regenerated.
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1. Introduction

For the common extraction of lipids from microalgae, energy-intensive cell
disruption methods and unsustainable solvents are used.'™ Recently, a
greener alternative of ionic liquid termed as eutectic solvents (ES, including
“deep eutectic solvents”) have been applied. ES have the capability to induce
pores or cracks in the algae cell wall, allowing the lipid extraction without
mechanical pre-treatment.* However, the used ES were hydrophilic, which are
not suitable for lipid extraction. In theory, with hydrophobic ES, it might be
possible to crack the cell wall and extract the lipids simultaneously. This would
simplify the extraction method and benefit the process economy. However,
unlike the organic molecular solvents, ES suffer from low volatility, suggesting
the challenging separation of lipids from ES.> Therefore, to avoid the
complicated separation further downstream, the ES should not be completely

hydrophobic.

In our previous work, we screened semi-hydrophobic ES and developed a lipid
recovery strategy by tuning the solvent polarity.® The ES with different ratios
imidazole and hexanoic acid could dissolve water (hydrophilic) or lipids
(hydrophobic). At high imidazole content, the solvent became hydrophilic and
rejected the dissolved lipids. However, this strategy is unsuitable for ES
regeneration since imidazole is strongly bound to hexanoic acid.” Therefore,

another strategy is needed for regeneration.

Antisolvents have been widely used to separate the target product from polar
ES. For example, the addition of water, alcohols, or acetone induced the
precipitation of phenolic compounds, lignin, cellulose, and insoluble protein
from ES.515 Typically, the target solute has a low, if not negligible, solubility in
the antisolvents, whereas the ES has a strong affinity towards the antisolvent.
Furthermore, the antisolvent can then be evaporated to regenerate the ES. In
general, the product recovery is directly proportional to the amount of
antisolvent. However, it is worth noting that the antisolvent amount directly

correlates to the energy required for antisolvent removal.
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It is then hypothesized that polar antisolvents could promote the hydrophilicity
of imidazole/hexanoic acid ES, consequently lowering the lipid solubility.
Furthermore, if the antisolvents have relatively high vapor pressure, ES could
also be easily regenerated. To the best of our knowledge, the use of ES and

antisolvents in the lipid extraction process is still limited.

This study aims to assess the feasibility of using antisolvents for recovery of
dissolved lipids and solvent regeneration. Water, methanol, and ethanol were
used to separate sunflower and algae oil from imidazole/hexanoic acid ES.
Afterwards, the ES was regenerated by evaporating the antisolvents before re-
used in three consecutive cycles. Based on the compositional analysis, the

antisolvent performance and the loss throughout the process were evaluated.

2. Materials and Methods

2.1.Materials

The materials which were used in this study were algae oil (Corbion Biotech,
Inc., United States), ethanol (Merck Millipore, absolute), hexanoic acid (Sigma-
Aldrich, 2 99%), imidazole (Sigma-Aldrich, = 99%), methanol (Merck Millipore,
pure), water (Milli-Q®, ultrapure), and sunflower oil (Jumbo Supermarkten BV,
The Netherlands).

2.2.Preparation of the eutectic solvent

In this study, the combination imidazole/hexanoic acid (molar ratio 1:3) was
used to represent the semi-hydrophobic ES. The ES was prepared by dissolving
the pre-weighed imidazole flakes in hexanoic acid at room temperature until a

clear homogeneous solution was obtained.

2.3.Lipid dissolution in eutectic solvent and recovery using antisolvents

Sunflower and algae oil were used as model lipids in this study. To measure the
effect of antisolvents, the lipid solubility was measured via cloud point
determination. This was performed by a continuous addition of the oils to the
ES which contained various concentration of water, methanol, and ethanol.
The experiment was performed at room temperature and stopped as soon as

the solution turned cloudy.

42



Lipid recovery from ES by polar antisolvents

Besides that, the lipid recovery by addition of antisolvent was also performed.
For this experiment, the initial ES solution contained sunflower oil (38 wt%) or
algae oil (31 wt%). Then, various amount of antisolvents were added to the
solutions at room temperature, which induced a phase split between the
recovered lipid and the solvent-rich phase. The mixtures were centrifuged at

4000 rcf before separated and stored for further analysis.

2.4.Evaporation of antisolvents and eutectic solvent regeneration

The antisolvents were evaporated from the solvent-rich phases using a
rotational vacuum concentrator at 8 mbar, 35 °C. The low evaporation
temperature was chosen to minimize the risk of undesired side reactions, such
as esterification. Unless stated, the evaporation occurred ~16 hours for the

alcohols-containing mixtures and 24 hours for water mixtures.

2.5.Gas chromatography analysis

All the analyses were performed using gas chromatography-flame ionization
detector (GC-FID) system (Agilent Technologies) with H, as a carrier gas. The
fatty acid analysis was performed based on the method described in our
previous work.® For analyses of methanol, ethanol, imidazole, and hexanoic
acid, the solvent-rich phases were diluted 10x in chloroform and run with DB-
FFAP column (part #122-3232, Agilent Technologies) with a split-ratio of 20:1
and a split-flow of 45.27 mL/min. The oven temperature profile was 45 °C to
80 °C with 6.30 °C/min, and to 220 °C with 26.24 °C/min and held for 3 minutes.

2.6. Partition coefficient and separation efficiency
The partition coefficient K and separation efficiency of the lipid recovery were

calculated by using these equations, respectively:

K = CO/CS
Vo c
Efficiency = — 090
Vo Co + VS Cg

where V is the total amount of the phase in gram, c is the total fatty acids
concentration in mg/mg, subscript O and S denote the oil-rich and solvent-rich

phase, respectively.
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3. Results and Discussions

Initially, we evaluated sunflower and algae oil solubility in the eutectic solvent
containing different concentrations of water, methanol, and ethanol. Next, the
dissolved lipids were recovered from ES mixtures with varying amount of
antisolvents. Furthermore, the antisolvents were evaporated from the solvent
mixtures to mimic the ES regeneration step. Finally, three repeated cycles of
dissolution of sunflower oil, recovery and solvent regeneration were

performed to analyze the mass composition and to identify potential losses.

3.1.Reduced lipids solubility in the eutectic solvent containing antisolvents

To enable the lipid separation from the solvent, the addition of antisolvents
should decrease the lipid solubility in the imidazole/hexanoic acid (1:3) ES.
Both the concentration and the polarity of antisolvents influenced the
solubility of sunflower and algae oil (Fig. 1). In general, lipids were less soluble
at higher antisolvent concentrations regardless the antisolvent. Water caused
the most substantial solubility reduction, followed by methanol and ethanol. It
is worth to note that water has limited solubility in the eutectic solvent (~0.4
g/g eutectic solvent), whereas the alcohols are completely miscible with the
solvent. Furthermore, it was known before that the algae oil has a lower
solubility in ES than sunflower oil. It is due to the different degree of fatty acid
saturation in the lipids, where algae oil contains > 90% C18:1 fatty acid and

sunflower oil is rich in C18:2 (> 56%).°
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Fig. 1. Solubility of sunflower oil (a) and algae oil (b) in the eutectic solvent with
various concentrations of water (circle), methanol (triangle), and ethanol (square).
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3.2.Lipid recovery from eutectic solvent extract using antisolvent

The pre-dissolved sunflower and algae oil (initial concentration: 38 and 34 w%,
respectively) were separated from the ES by adding various amounts of
antisolvents. This led to oversaturation and eventually induced phase split
between the oil-rich phase and the solvent mixture. The formation of phases
was further accelerated by centrifugation. Fig. 2 provides the visual
observation of mixtures treated with water and methanol. The increasing
amount of water and methanol are ordered from left to right in the pictures.
The location of oil-rich phase depends on the density of the formed phases (p
of ES, algae and sunflower oil are 0.98, 0.90 and 0.92 g mL?, respectively). The
water/ES mixtures were constantly denser than the oil-rich phase, whereas
density of alcohol/ES mixture depends on the alcohols’ concentration. Since
the alcohols (p = 0.79 g mL?) are much lighter than the lipids, the alcohol-rich

mixtures are lighter than the oils.
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Fig. 2. Phase separation between the recovered oil and solvent mixtures by adding
(a) water and (b) methanol, increasing concentrations ordered left to right. While
water/ES mixtures were consistently denser than the lipids, the concentration of
methanol determined the density of the solvent mixtures. Methanol-rich mixtures
were lighter than the lipids, whereas the mixtures with low methanol
concentrations were heavier.

Each phase was then analyzed to quantify the partition of the model oils at
equilibrium, K (Fig. 3a). A high partition coefficient means that the lipid is less
likely to be dissolved in the ES-rich phase, leading to a better separation. The
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partition coefficients linearly correlate to the amount of antisolvent added.
Moreover, the polarity of antisolvent also determines the sensitivity of K
towards the antisolvent amount (shown by the slope). For both model lipids,
water achieved the highest K with the steepest slope, closely followed by
methanol. As mentioned before, methanol is more soluble than water in ES.
This might imply that higher K values could be achieved at higher methanol
concentrations, whereas that from water reached the maximum considering
the limited solubility of water in ES. Moreover, ethanol, as expected, did not
give good partition since it did not induce enough polarity to reduce the lipid
solubility in the solvent phase. Besides that, K values of algae oil are higher
than that of sunflower oil. This implies that at the same antisolvent
concentration, the solvent phase dissolved more sunflower oil than algae oil.

This result is consistent with the antisolvent effect which was discussed above.

75 75
al) o a2)
: JAY
— é =y Do Methanol —
% 50 9 H .ﬁ ..... Oeee Ethanol %
§ Q A_A 0 zg ..... O Water g
A I SR m Rl L OB
0 % g %& In} 0 @ o
100% 100%
z & (A b1) EopABA b2) )
§ 80% O i O 80% s
S o &0 % 2
T 6% QA STE By Feg 0% T
S 40% i o o Pea., g 40% §
5 i 5
= 20% 20% %
o o
9 0% 0% 9

0 1 2 3 4 5 0 1 2 3 4 5
Antisolvents [g gES™] Antisolvents [g gES™]

Fig. 3. a) Partition coefficient K and b) separation efficiency of sunflower oil (1) and
algae oil (2) recovered by addition of water (circle), methanol (triangle), and
ethanol (square).
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Furthermore, from the fatty acid analysis, the separation efficiencies in the
lipid recovery step were calculated (Fig. 3b). The separation efficiency steeply
increases with amount of water and methanol until reaching about ~90%
recovery, then slowly increases until maximum was reached. As expected,
water gave the highest recovery for both model oils (efficiency of 96%), while
methanol reached the efficiency of 2 90%. Ethanol, however, performed poorly
at higher concentrations with the highest obtained efficiency of ~60%. Unlike
water and methanol, a much larger amount of ethanol was added to reduce
the lipid solubility, thus creating a dilution effect. The addition of ethanol
significantly increased the volume of solvent-rich phase, which consequently

increased the absolute amount of lipids dissolved in that phase.

Besides that, the purity of recovered oil was also evaluated (Fig. 4). Overall, the
purity the recovered oil was high, with the recovered algae oil being slightly
higher than the sunflower oil. While methanol reached the highest purity,
~100%, water and ethanol yielded a lower purity, 80 — 90%. The contradicting
nature of polar antisolvents and hydrophobic hexanoic acid influenced the
distribution of hexanoic acid. Water, being more polar than methanol, caused
extra leaching of hexanoic acid to the oil phase and ultimately lower the oil
purity. However, in the case of ethanol, ethanol itself is also a contaminant in
the oil phase. This might be due to the lower polarity of ethanol and its large
presence in the overall system, causing distribution of ethanol over the phases.
A quantitative analysis on the oil-rich phase can be found in Section 3.4.
Recycle of the eutectic solvent.

The presence of the contaminants may decrease the quality of the recovered
oil. The alcohols can easily be removed by evaporation. The presence of
hexanoic acid in the oil is less desired since it would give rancid, unpleasant
odor and increase the free fatty acid (FFA) content of the oil. High FFA lipids
are associated with lower food quality*®, health issues when consumed!’ and
lead to saponification problem in the biodiesel synthesis.®!° Therefore, lipid
deodorization and deacidification should be performed in the further

downstream steps.
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Fig. 4. Purity of recovered sunflower oil (a) and algae oil (b) with different
antisolvents. Mind the different scale of water and alcohols concentrations.

3.3.Eutectic solvent regeneration via antisolvent evaporation

The ease of eutectic solvent regeneration after the lipid separation step was
evaluated based on the evaporation kinetics. In this experiment, we performed
the evaporation of antisolvents at two different concentrations to mimic the
possible mixtures after the recovery step at 8 mbar and 35 °C. This low
temperature was chosen to avoid not only the evaporation of imidazole and
hexanoic acid, but the undesired esterification of both hexanoic acid and the

alcohols as well. This was also confirmed by gas chromatography analysis.

Fig. 5 shows the evaporation rate of water, methanol, and ethanol in the ES
solutions. The evaporation rate of the antisolvents follow the volatility of the
pure compounds, i.e., methanol and ethanol have much higher vapor
pressures than water (276, 135, and 42 mbar at 35 °C, respectively).?’
Additionally, the low water concentration in the solution and the possibility of
strong interactions between water molecules and eutectic solvent
components could further hamper the volatility of water, resulting in
problematic regeneration. Therefore, to ensure the easy regeneration step,
the use of methanol or ethanol is favorable. Furthermore, unlike the case with

water, complete removal of the alcohols is not necessary since the lipid
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solubility is less sensitive towards the presence of the alcohols than water (Fig.
1).
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Fig. 5. Evaporation kinetics of water (circle), methanol (triangle), and ethanol
(square) when mixed with imidazole/hexanoic acid (1:3) in low (open) and high
(closed) concentration. The exact concentrations of antisolvents (in g ges?) are
written inside brackets. 95% of water was removed after 600 minutes.

3.4.Recycle of the eutectic solvent

The final objective of this study is to investigate the feasibility of recycling the
eutectic solvent. In this experiment, we performed three repeated cycles of
lipid dissolution, recovery, and solvent regeneration using sunflower oil (Fig.
6a). This oil was chosen to simulate the worst-case scenario with lower
recovery since the ES has a higher affinity to sunflower oil than algae oil. In
each cycle, the extract was maintained to contain 38 w% of oil in the eutectic
solvent. Then, the lipid recovery was performed by adding methanol to reach
0.96 g/g eutectic solvent. This concentration was chosen for its high separation
efficiency with the least methanol amount. The mass composition of different
phase throughout the entire process can be seen in Table 1. Throughout the
cycles, no significant change in performance was observed. For example, the
remaining unrecovered sunflower oil in the solvent-rich phase was consistent
at ~5%.
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Fig. 6. a) Schematic process of the extraction cycle using imidazole/hexanoic acid
ES, b) Fraction of eutectic solvent regenerated in each process step in three cycles
(cycle 1 — white, cycle 2 — striped, cycle 3 — black).

Furthermore, a loss of hexanoic acid was observed after each step, reflected
by the increased molar ratio of imidazole to hexanoic acid (Table 1). It started
from 0.336 towards 0.408 MOlimidazole/ MO lhexanoic acia, Which is equivalent to (1:3)
and (2:5) molar composition, respectively. The losses occurred mainly during
the lipid recovery (phase split) step, at which a substantial fraction of hexanoic
acid migrated to the oil-rich phase. Whereas during the evaporation step, a
little amount of hexanoic acid evaporated despite the negligible vapor
pressure, which could be due to the prolonged evaporation time (16 h instead
of 3 h based on Fig. 5). The rising trend of imidazole molar ratio indicates the
declining hydrophobicity of the eutectic solvent, hence less capacity of lipid
dissolution.® To overcome this shortness, fresh hexanoic acid needs to be fed
as make-up for the loss. Furthermore, the loss can be minimized by shortening
the evaporation time and optimizing the condition (e.g., temperature) during
the lipid recovery step to reduce the migration of hexanoic acid further.
Despite the loss, > 90% eutectic solvent was regenerated after each step based

on the mass balance (Fig. 6b).
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Table 1. Relative composition of each phase (recovered oil, solvent-rich phase,
and regenerated ES) throughout the three extraction cycles

Hexanoic Imidazole  Methanol Sunflower mMOlimid. /
Run Phase . .
acid [w%] [w%] [w%] oil [w%] molHex.ac.
0 ES + Oil 52.1+0.7 10.3+0.1 0.0+£0.0 389+1.7 0.336
1 Recov. oil 55+0.1 0.2+£0.0 3.4+0.2 93.7+2.8 0.071
Solvent-rich 41.0+£04 84+0.1 47.6+£0.5 54+0.1 0.350
Regen. ES 75.7+0.3 15.7+0.2 0.0+x0.0 9.7+0.2 0.353
2 Recov. oil 7.3+£0.0 0.5+0.0 54+0.1 93.1+2.7 0.121
Solvent-rich 40.3+0.0 8.7+0.0 494126 48+0.3 0.369
Regen. ES 75.3+09 16.4+0.1 0.0+0.0 9.5+0.3 0.372
3 Recov. oil 6.1+0.2 0.4+0.1 6.2+1.2 100.9 £0.2 0.114
Solvent-rich 37.6+0.4 88+0.2 46.8+0.0 5.4+0.7 0.401
Regen. ES 66.7+0.6 15.9+0.0 0.0+0.9 11.1+1.0 0.408

4. Conclusion

The presence of the antisolvents water, methanol, and ethanol in
imidazole/hexanoic acid ES reduced the solubility of model lipids. The solubility
reduction positively correlated with the antisolvent polarity and amount. The
antisolvents were then applied to recover the dissolved sunflower and algae
oil in the ES, resulting in high purity oils with > 90% recovery. Furthermore, the
eutectic solvent can be regenerated via antisolvent evaporation. It was
observed that there was a small loss of hexanoic acid, which mainly occurred
during the phase split. Nevertheless, with this approach, > 90% of the solvent

can be regenerated.
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Abstract

Conventional lipid extraction from microalgae involves energy-intensive
pretreatments and the use of non-renewable organic solvents. Eutectic
solvents (ES), a new class of designer solvents, have been applied on
microalgae for extraction of lipids. However, in extractions used so far an
additional hydrophobic solvent was still needed due to the hydrophilicity of the
ES. In this work, we performed wet and dry extraction of lipids from intact
Nannochloropsis oceanica in a single-solvent step using ES with tuneable
hydrophobicity by the combination of imidazole and hexanoic acid. A total fatty
acid yield, comparable to the traditional chloroform/methanol method, was
obtained without cell-disruption pre-treatment. The effect of process
parameters on extraction yield, such as ES composition, temperature,
extraction time, solvent/biomass ratio, and water content, were investigated.
Interestingly, the wet biomass gave higher extraction yields than the dry
biomass. With wet biomass, > 80% lipids were extracted by the ES
imidazole/hexanoic acid (15:85) at 50 °C within 2 hours. Whereas, the
extraction yield of dry biomass was lower, reaching only 65% even after 12
hours under the same condition. Supplementation of water to the dry
extraction resulted in the same vyield as the wet extraction. This research
demonstrated that ES can be used to replace non-renewable organic solvents
without the need of using mechanical disruption and can directly be applied on

wet biomass.
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1. Introduction

The current lipid extraction process from microalgae involve complex
sequential process steps. Before having the crude lipid extract, the algae paste
(concentrated algae culture) needs to undergo mechanical cell disruption,
thermal drying, solvent extraction, and finally, solvent removal. Several of
these steps, such as cell disruption, drying, and solvent evaporation, are
energy-intensive.’ Furthermore, harmful organic solvents, such as hexane

and chloroform, are often used during the actual extraction step.*®

Alternative solvent-based technologies have been proposed to improve the
lipid extraction from microalgae. Supercritical fluid extraction (SFE) and the use
of bio-derived solvents, such as terpenes and dimethyl ether, can replace the
use of harmful solvents.?*® However, SFE operations need a complex setup for
the high pressure, and the bio-derived solvents are not yet largely available.
Additionally, ionic liquids have been applied for their capability of weakening
and permeabilizing the cell wall. Nevertheless, ionic liquids are associated with

toxicity and high cost due to the complex synthesis and purification.*’!

Eutectic solvents (ES) are often considered as alternatives for ionic liquids as
they exhibit similar benefits.#'*13 However, unlike ionic liquids, which are
purely salts made of cation and anion, ES are mixtures of compounds. The
characteristic property of these mixtures is that the mixture has a lower
melting point than its pure constituents.’* For example, Abbott et al.’®
discovered that choline chloride and urea (mp: 302 and 132 °C, consecutively)
could stay liquid when mixed with a 1:2 molar ratio. Furthermore, ES can be
prepared from various compounds, including amino acids, sugars and polyols,

and carboxylic acids.1®*°

Recently, various ES have been applied on microalgae for pretreatment before
the lipid extraction. Hydrophilic ES such as choline chloride/carboxylic acids
were used to weaken the cell wall of Chlorella sp., resulting in a 1.5-fold lipid
yield compared to untreated biomass.?’ Furthermore, a combination of ES and
microwave improved the extraction speed and final yield in Phaeodactylum

tricornutum.?* Additionally, a one-pot strategy has been developed to obtain
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biodiesel from Chlorella sp. and Chlorococcum sp. by performing ES
pretreatment, solvent extraction, and transesterification simultaneously at 90
°C.22 On the other hand, the use of a switchable ES system as extraction solvent
on disrupted Scenedesmus dimorphus was also reported.”® The octanoic
acid/dodecanoic acid ES is naturally hydrophobic but can become hydrophilic
when mixed with a dilute amine solution. The hydrophobicity can be reversed
by exposing the mixture to CO, or acid. With this approach, the extraction yield
of lipid was comparable to Bligh & Dyer method.?

Here we aim to integrate pretreatment and extraction using a single solvent of
semi-hydrophobic ES. In our recent study, the ES composed of
imidazole/hexanoic acid was shown to exhibit tailorable hydrophobicity, i.e.,
dissolves both water (hydrophilic) and sunflower oil (hydrophobic).?* The
tailorable hydrophobicity is important since the lipids and ES cannot be
separated by the solvent evaporation as ES lack of vapor pressure.’® Thus, in
their hydrophobic state, the ES can solubilize the algal lipid and the ES can be

separated from the dissolved lipids in their hydrophilic state.

In this study, we performed the direct extraction of lipid from microalgae using
the developed ES. Nannochloropsis oceanica was used as a model microalga
due to its ability to accumulate high amounts of lipid and omega-3 fatty acid.?>
27 Nitrogen limitation was implemented during the cultivation to ensure a high
lipid content (25 - 40% gra gowl). Besides that, its small size and strong,
multilayered cell wall complicate the conventional cell disruption step.?3°
Therefore, the avoidance of cell disruption would be beneficial for the
processing of this microalga. Furthermore, the effect of solvent hydrophobicity
(depending on the imidazole content), temperature, time, solvent loading, and

moisture content on the lipid extraction were investigated.

2. Materials & Methods
2.1.Microalgae biomass
Two batches of Nannochloropsis oceanica (culture provided by Necton,

Portugal) were cultivated:
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1) Batch 1: Pilot-scale 1500-L tubular photobioreactor (AlgaePARC,
Wageningen, The Netherlands); and

2) Batch 2: 10-L stirred tank photobioreactor (Wageningen University, The
Netherlands).

The growth medium was made of artificial seawater (NaCl 419.23 mM, Na,SO4
22.53 mM, CaCl;5.42 mM, K;S0O, 4.88 mM, and MgCl, 48.21 mM) enriched with
2 g LY NutriBloom Plus (Necton, Portugal) with modification (NaNOz 17.65 mM
and KH2PO4 0.73 mM). Air with 5% CO, was fed into the reactors as the carbon
source and pH regulator. The light source of the pilot reactor was natural light
in October — November 2020, while artificial light of 500 umol,, m?2 s was
continuously supplied to the stirred tank. Both reactors ran for ~2 months to

ensure the lipid accumulation due to nitrogen depletion.

The cultures were then harvested by centrifugation (dry weight ~30%) and
stored under darkness at 4 °C for a maximum of 10 days prior to the extraction.
The removal of moisture for preparation of dried biomass and quantification

of dry weight was performed by freeze-drying the harvested algal paste.

2.2.Materials and ES preparation

The materials used in this study were hexanoic acid (Sigma-Aldrich, = 99%),
imidazole (Sigma-Aldrich, > 99%), and water (Milli-Q®, ultrapure). The eutectic
solvent was prepared by dissolving the pre-weighed imidazole flakes in
hexanoic acid at room temperature until a clear homogenous solution was

obtained.

2.3.Lipid extraction from microalgae paste and analysis

Fresh or dried microalgal paste was directly subjected to the ES without prior
treatment. Unless stated, the default extraction condition was performed for
16 h, with S/B (solvent/biomass ratio) of 10 (mL ES/g dry weight) at 50 °C under
constant agitation. For fatty acid analysis of ES extract, the samples (50 pL)
were methylated and run on the gas chromatography with a flame ionization
detector (GC-FID) system following the method described in our previous

work.2* As for the control, the total FA from biomass was extracted using
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chloroform/methanol (4:5 v/v) and analysed by following the protocol

described by Remmers et al.3!

2.4.Extraction efficiency
Extraction efficiency (EE) was calculated using this formula:
fciV

SX x 100%
my Cx Cj,

EE =

where f is a correction factor for water-ES miscibility (for dry extraction, f =
1), CLS is the concentration of dissolved FA in the solvent phase [g/mL], Vs is the
amount of the solvent added [mL], my is the amount of added biomass [g], cx
is the dry weight content of the biomass [g/g] (cy = 1 for dried paste), and cj*
is the FA content in dried biomass [g/g].

For wet extraction, water from the biomass (~7/3 g gaw™) contributed to the
final solvent volume as water is soluble in the used ES.* The correction factor
f was used to take the water miscibility into account. Here we assumed that
the water/ES miscibility depended on imidazole content (solvent
hydrophobicity) and S/B ratio (Table 1). If the presence of water exceeded the
water solubility, it formed a 3™ bottom phase and did not participate in the

extract phase.

Table 1. Solubility of water in ES and the correction factor f used in this study

Imidazole [mol%] | S/B[mLgow?®] | 5 | 10 | 20 | 35 | 50 | Water solubility
[gges™ ™
0 11 (11111110 0.1
15 1.3(12)11]11 (10 0.3
25 f - J12]- - - 0.5
35 - 1.2 | - - - >1
50 - 1.2 | - - - >1

60



Lipid extraction from fresh microalgae using ES

3. Results & Discussion

An outline of the results and discussion is given below. Initially, the fatty acid
content of the cultivated biomass was analyzed following Bligh & Dyer method,
which served as control. Then, the ES extraction was performed on
undisrupted wet and dried biomass (Fig. 1). The effect of process parameters,
such as ES composition, temperature, time, and solvent loading, were
investigated. Finally, we also discussed the effect of moisture presence on

extraction performance.

ol ., o ‘-o cobl‘
13-08-201 03-08-20

Fig. 1. Direct extraction of lipid from intact microalga Nannochloropsis oceanica
with different conditions: hexanoic acid on wet (1) and dried biomass (3), and
imidazole/hexanoic acid (15:85 mol/mol) on wet (2) and dried biomass (4). The
extraction was performed at 50 °C.

3.1.Fatty acid profile of the cultivated strain

The cultivated biomass underwent nitrogen depletion to induce lipid
accumulation. The fatty acid profile of the biomass is shown in Table 2. Batch
1 biomass contained a higher amount of lipid than Batch 2 biomass due to the
prolonged nitrogen-starved period. The most obvious difference involved the
content of palmitic acid (C16:0), which differed by 2-fold. Furthermore, it was
observed that 86% and 71% of the total FA belonged to the neutral lipid
fraction for the different batches.
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Table 2. Fatty acid profile of the cultivated biomass when extracted using Bligh &
Dyer method

FA content [gra gow™]
. Batch 1 Batch 2
Fatty acid (FA) PL NL o PL NL o
fraction fraction fraction fraction

C12:0 0.0% 0.1% 0.1% 0.0% 0.1% 0.1%
C13:0 0.1% 0.0% 0.1% 0.1% 0.0% 0.1%
C14:0 0.4% 1.4% 1.7% 0.7% 1.1% 1.7%
C14:1 cis-9 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
C15:0 n.d. n.d. n.d. n.d. n.d. n.d.
C16:0 1.6% 14.1% 15.6% 2.2% 56% 7.8%
Ci16:1 0.9% 9.0% 9.9% 1.7% 5.7% 7.4%
C17:0 0.0% 0.1% 0.1% 0.0% 0.1% 0.1%
Ci6:3 0.0% 0.1% 0.1% 0.0% 0.1% 0.1%
C18:0 0.0% 0.3% 0.3% 0.0% 0.2% 0.2%
Cc18:1 0.2% 6.1% 6.3% 0.7% 47% 5.5%
C18:2 0.0% 0.2% 0.2% 0.1% 0.2% 0.4%
C18:3 0.1% 0.0% 0.1% 0.0% 0.1% 0.1%
C20:4 0.4% 06% 1.1% 0.7% 05% 1.3%
C20:5 1.6% 1.1% 2.6% 1.4% 0.6% 2.0%
Total FA 5.2% 33.1% 38.3% 7.7% 19.1% 26.8%

3.2.Effect of ES composition: imidazole content & hydrophobicity

According to the principle of 'like dissolves like', hydrophobic solvent is
required for lipid extraction. In our previous work, we showed that the
hydrophobicity of imidazole/hexanoic acid ES depends on the ES
composition.?* At low imidazole content, the solubility of sunflower oil in ES is
particularly high and decreases at higher imidazole content. Hence, it can also
be expected that the lipid extraction yield from microalgae would decrease at

higher imidazole content.

Fig. 2a shows the extraction efficiency (EE) of Batch 1 biomass at 35 °C with ES
with different imidazole content. For wet extraction, the highest EE was
achieved with pure hexanoic acid (the lowest imidazole content) and
decreased with imidazole content. On the other hand, the dry route reached a
maximum at 15 mol% imidazole, indicating a small amount of imidazole was

beneficial for the dry extraction. This benefit may be associated with the
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amphiprotic property of imidazole, which contributed to the overall solvent
basicity. The basicity is essential to intercept the intramolecular hydrogen
bonding in cellulose, effectively destabilizing the cell wall.>* Furthermore,
Medronho and coworkers® suggested that the presence of amphiphilic
compounds could solvate cellulose, increasing the aqueous solubility and

permeability of cellulose.®

80% 20%
9. a a) b)
60% ~a o 15%
r -
. 9] b
R e g a2
= 40% 8 10% J/ .-
" 1 O L
w e 5 R
AN N Y - ""’
20% | __o-- Wet o] © 5% &
----@---- Dry
0% 0%
0% 10% 20% 30% 40% 50% 60% 0% 10% 20% 30% 40% 50% 60%
Imidazole content in ES [mol%] Imidazole content in ES [mol%]

Fig. 2. a) EE from wet (open) and dry (filled) stressed N. oceanica Batch 1 using ES
with different imidazole content at 35 °C. b) Weight fraction of C20:5 (EPA)
extracted from wet (open) and dry (filled) biomass with the same condition as
above.

Moreover, wet extraction reached higher yields than dry extraction, except at
2 50 mol% imidazole. At the highest imidazole content, the ES became too
hydrophilic and had a stronger affinity towards water than to lipid. From this
result, it was concluded to continue with ES with imidazole molar content of
0% (i.e., hexanoic acid) and 15%.

Furthermore, it is expected that imidazole content also influences the
selectivity of unsaturated fatty acid. It is known that unsaturated bonds can
form m-1t interaction with aromatic compounds, including imidazole.3* In our
previous work, this ES was found to dissolve more sunflower oil (rich in C18:2)
than culinary algae oil (rich in C18:1).2* Fig. 2b shows the distribution of FA
C20:5 (eicosapentaenoic acid, EPA) in the different extracts. As expected, C20:5

content increased, reaching up to 2.5- and 1.5-fold for wet and dry extraction,
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respectively. This knowledge can be applied to produce lipid fraction with an
enriched content of omega-3 FA since this type of FA (C20:5) is desired for its

nutritional and biological value.

3.3.Effect of temperature

Moreover, the effect of temperature was also investigated. It is generally
known that molecules move faster at higher temperatures. This is favorable for
the extraction since high temperature enhances both mass transfer and lipid-
solvent (hydrophobic) interaction while lessening lipid-biomass interaction
(e.g., hydrogen bond and polar interaction). In this experiment, hexanoic acid
and ES with 15% imidazole were used to extract biomass from Batch 1 at
different temperatures (Fig. 3a). For the wet extraction, the yield increased
with higher temperature for both solvents, reaching EE = 100%. For the dry
extraction, as expected that ES with 15 mol% imidazole gave higher EE than
hexanoic acid. The effect of temperature in dry extraction was less extensive
than in wet extraction. Furthermore, extracted EPA content slightly decreased

with increasing temperature (data not shown), indicating lipid degradation.

120%
a
100% ) é ————— o
JETT
0 2
e B
X /]
= 60% —
i Y .
- 40% Y i.-.,.,l .................... [}
20% %
0%
20 30 40 50 60 70 &0 0 10 20 30 40 50
Temperature [°C] Extraction time [h]

Fig. 3. EE of hexanoic acid (square) and 15% imidazole ES (triangle) from wet
(open) and dried (filled) biomass under different conditions: a) different
temperature (Batch 1, 16 h), and different extraction time (Batch 2, 50 °C). The
beginning of steady state was approximately at 8 h.
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It is worth noting that despite the higher FA vyield, elevated extraction
temperature is not optimal for energy consumption and is associated with the
risk of product degradation. Degradation of lipid, such as lipid oxidation, is
accelerated at higher temperature.®® Besides that, protein from the biomass
may lose its three-dimensional structure and eventually its functionality, which

is not desired in multi-product biorefinery .33’

3.4.Effect of extraction time (kinetics)

Besides temperature, extraction time is also known to increase the extraction
yield until the maximum is achieved positively. With disrupted biomass, the
extraction rate is usually high as the solvent can easily access the lipid solute.
However, with undisrupted biomass, the rate can be slow as the solvent needs
to penetrate the cell matrix before reaching the lipid. The low extraction rate
is undesired since it means the overall process takes longer, and a larger
solvent/biomass range is required. Therefore, in this study, we also

investigated the extraction rate.

The effect of the extraction period on the extraction efficiency is shown in Fig
3b. The highest extraction rate was achieved in wet extraction of ES with 15
mol% imidazole, followed by dry extraction using the same solvent (the steady
state was achieved after approx. 2 and 4 hours, respectively). In comparison,
extraction using hexanoic acid reached a steady-state after approx. 8 hours for
both wet and dry extraction. This result agrees with our hypothesis that the
basicity of imidazole enhanced the solvent penetration. Despite the absence
of imidazole, hexanoic acid was still able to penetrate the cell wall even at a
lower extraction rate. In general, acids have been used to hydrolyze cellulose
and chemically disintegrate the cell wall of microalgae.?® Furthermore,
cellulose tends to be more water-soluble and permeable when ionized at low
or high pH.»

3.5.Effect of solvent to biomass ratio (S/B)
Effect of solvent loading on dry weight basis was investigated on biomass Batch
2 and shown in Fig. 4. At higher solvent loading, the overall system is more

diluted and thus creating a larger driving force, indicated by lower FA
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concentration but higher yield. For wet extraction, hexanoic acid reached
maximum efficiency at S/B = 20, whereas for the ES at S/B = 35. Meanwhile, at
a lower S/B ratio (5 — 10), the obtained EE was already > 80%, with extract
concentration > 8-fold larger than that of the highest S/B (50). The dry
extraction using the ES behaved similarly to the wet extraction. Unexpectedly,
for hexanoic acid extraction on dry biomass, the extraction yield did not

increase with the S/B ratio.

120% 5%
a) b)
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Fig. 4. Effect of solvent-to-biomass ratio (S/B, v/w) on EE (open, left y-axis) and ¢}
(closed, right y-axis). The extraction was performed at 50 °C on wet (a) and dry (b)
biomass Batch 2 using hexanoic acid (square) and ES with 15 mol% imidazole
(triangle) for 16 h.

The opposing trends between the yield and the extract concentration is a
classical trade-off in the field of extraction. On the one hand, a high S/B ratio
would be suitable for efficient extraction. On the other hand, the lower S/B
ratio would be desired for the lower solvent consumption, the smaller
extractor size, and the higher extract concentration. The last is particularly

important for further downstream processing — product-solvent separation.

3.6.Wet vs dry extraction
Moisture content is a topic of importance in the field of eutectic solvent. This
is because the solvent physicochemical properties are highly influenced by the

presence of water, even at a low concentration. For instance, the presence of

66



Lipid extraction from fresh microalgae using ES

water in ES is known to reduce the solvent viscosity, increases solvent polarity,
decreases the mixture melting point, and even disrupts the interaction
between ES parental compounds.®3° In the current case, water may influence
the lipid extraction by not only reducing viscosity on the one hand but also

increasing solvent polarity on the other hand.

The effect of water content on lipid extraction was also investigated. In this
experiment, the extraction was performed on dried biomass with water
supplementation. It was observed that water supplementation increased the
extraction yield, even reached the same EE as the extraction with wet biomass
(Fig. 5). It implied that the water-enhancement mechanism would work
regardless the water origin. Furthermore, EE remained relatively constant
regardless of the water content. This result showed that even a small amount

of water could influence the accessibility of lipid by the solvent.

120%
100%

80%

EE [%]

60% &

sw% O

20% - O 0%
0%

0% 5.5% 11% 22% Fresh
(22%)

Water content (mL water/mL solvent)

Fig. 5. Effect of water supplementation on lipid extraction from dried biomass
(Batch 2) using ES with 0 (clear) and 15 mol% (striped) imidazole. Fresh (22%)
indicates the extraction from wet algae paste.

Throughout the results in this study, the wet extraction consistently
outperformed the dry extraction if the imidazole content in the solvent was
kept low. This is a peculiar case since moisture is generally antagonistic in lipid

extraction. Interestingly, the presence of water improved the final equilibrium
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at the steady-state instead of the extraction rate in the initial hours (Fig 3b). It
implies that water did not significantly increase the mass transfer, which is
associated with the extraction rate. Moreover, the contradicting nature of
water and lipid could not explain the ameliorated equilibrium. These rationales
signal that a different mechanism occurred where water could participate and

improve the overall yield.

Different from the disrupted biomass, lipids in the intact cell are not readily
accessible by the solvent. First, the solvent needs to penetrate the cell wall,
which has a bilayer structure of the inner cellulosic wall and the outer
hydrophobic algaenan shell.224%4 Furthermore, prior to dissolution, the lipids
(especially the polar ones) must be disentangled from the neighboring
biomolecules. The lipids, particularly the polar lipids, are bound to other
biomolecules (i.e., proteins and carbohydrates) via electrostatic forces.?*
Since water would oppose the lipid dissolution and interaction with algaenan,
it is suspected that water played a role in the solvent-cellulose interaction and

disruption of lipid-biomolecules bonds.

Acid-base and electrostatic interactions, including hydrogen bonding, highly
depend on the solvent's nature.*>** The high polarity of water facilitates ion
dissociation and solvation, whereas hexanoic acid promotes ion association;*
the dielectric constants of water and hexanoic acid are 80 and 2.6,
respectively.®® This fact implies that water enhances the dissociation of
hexanoic acid and improves its acidity. Acidic environment (solvent)
destabilizes electrostatic forces, including the hydrogen bond within cellulose
structure or lipid-protein interactions, which led to higher extraction yield. In
the absence of water, the weak acidity of hexanoic acid alone might not be

sufficient to weaken the cell wall and liberate the lipid.

Additionally, the presence of water may also affect the extraction by inducing
lipolysis. In the presence of water, lipolytic enzymes and an acidic
environment, the lipids can be hydrolyzed and release free fatty acids. The
fatty acids are smaller molecules than the glycerides, which can diffuse and

dissolve better in the solvent. However, with the analytical method used in this
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study, it is impossible to detect the hydrolysis. The product quality can be
dramatically hampered if the hydrolysis indeed took place. Free FA is generally
undesired since it is associated with health risk for consumption and

saponification issue for biodiesel production.?¢8

Besides the chemical mechanism, water influenced the cellular structure. For
instance, during the freeze-drying, the cellular components underwent
physicochemical changes, such as the alteration of protein conformation and
the collapse of cytoplasm. The latter ultimately led to cell size reduction and
cell wall compression. Freeze-drying has been reported to induce damage to
the cell wall,* but it should improve the extraction from dried biomass, which
was not observed here. Based on the result within this study, we instead
proposed the opposite, which is the cell wall compaction increased the cell wall
strength. Giinther et al.*® reported the increase of required energy to
mechanically disrupt microalga Chlorella vulgaris when the cell was exposed to
medium with high osmolality. The high osmolality forced intracellular water to
escape from the cytoplasm, causing the decline of turgor pressure and

enhanced cell wall flexibility.>®

Finally, to dry or not to dry the biomass has been a long debate among
microalgae experts. On the one hand, drying is essential for significant volume
reduction, stable product quality, longer shelf-life, higher lipid extraction yield,
and lower solvent consumption. On the other hand, dehydration by
evaporation is energy-intensive, and simplifying unit operation reduces the
capital cost. Furthermore, if the drying is performed at a higher temperature,
there is always an increased risk of product degradation. Based on the obtained
results, we propose not to dry the biomass before the ES extraction. However,
when the starting biomass is already dried, water can be added externally to

facilitate high lipid extraction.

4. Conclusion
In this study, we performed lipid extraction from untreated microalgae

Nannochloropsis oceanica using eutectic solvent (ES) imidazole/hexanoic acid.
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Besides that, the effects of physicochemical parameters (i.e., ES composition,
temperature, extraction time, solvent/biomass ratio, and water content) on
the extraction yield were investigated. The extraction from wet algae paste
resulted in a higher yield than freeze-dried biomass, reaching a comparable
extraction efficiency to the benchmark (chloroform/methanol) method. The
imidazole content influenced ES hydrophobicity and thus solvent affinity
towards lipid. The temperature, extraction time, and S/B ratio positively
influenced the extraction yield. It was also found that the external water could
be supplemented during the dry extraction facilitating the same yield as the

wet extraction.
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Chapter 5

Abstract

Semi-hydrophobic eutectic solvents (ES) possess a great potential as lipid
extraction solvent from untreated microalgae. However, the low volatility of
these solvents and the unknown effects on other biomolecules (e.g., proteins,
carbohydrates) limit their application in microalgae biorefinery. In this work,
recovery of the extracted lipids was performed by addition of antisolvents and
the affecting parameters (i.e., antisolvent type, amount, temperature, ES
imidazole content and scalability) were studied. About 60% of the extracted
lipids could be recovered via selective precipitation of saturated and
monounsaturated fatty acids. Furthermore, based on 3 iterative extractions,
the solvents were demonstrated to be reusable with a consistent lipid yield
despite the accumulation of polyunsaturated fatty acid-rich lipids. Finally,
aqueous extraction of protein and carbohydrate from the defatted biomass
was feasible under alkaline condition. Based on the protein analysis, the
proposed ES process was not sufficiently mild to maintain the protein native
structure. On the other hand, opportunities are discussed to create new
functionalities for proteins and carbohydrates so that a multiproduct
biorefinery is feasible for ES.
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1. Introduction

Microalgae biorefinery is a set of downstream processing units aiming for the
complete valorization of microalgal biomass. Hence, an ideal biorefinery would
translate the various biomolecules to multiple products.*™ Moreover, the
biorefinery typically involves sequential process steps, i.e., harvesting, pre-
treatment, extraction, and fractionation.*> Besides being complex, these
processes are also often energy demanding.®™® Furthermore, non-renewable,
harmful solvents are often used for lipid extraction.’®!! Therefore, process
integrations and improvements are required to simplify and optimize the

biorefinery.

Eutectic solvents (including deep eutectic solvents, ES) are a novel class of
designer solvents that can be prepared by mixing the constituents with or
without heating. The distinctive characteristic of the solvents is that the
mixture has a lower melting point than the parental compounds, which allows
the solvents to be liquid, although the starting materials are solid.'>™**
Moreover, their non-flammability, tailorable properties, and cheap
preparation attract many researchers from various fields, including microalgae
processing. When applied as microalgae pre-treatment, ES have been reported
to weaken the cell wall, thus enhancing the extraction of various microalgal
components.’®1® Furthermore, in our previous work, we developed semi-
hydrophobic ES made of imidazole and hexanoic acid for lipid extraction from

fresh microalga Nannochloropsis oceanica (Chapter 4).

Despite the simplified process, the use of ES for microalgae biorefinery still
faces challenges. One of the major challenges is the non-volatility of the
solvent, which makes solvent-lipid separation and solvent regeneration
complex. Previously, we used polar antisolvents, such as water and methanol
to induce phase split between the ES and model lipids. Moreover, the ES was
successfully regenerated by evaporating the antisolvents (Chapter 3).
However, the model systems were highly simplified as the purified model lipids
would behave differently with the lipid extracts from the microalgae.
Additionally, the effect of the ES extraction on the other biomolecules from

microalgae was not investigated. This issue is essential for the functionality of
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the multi-products generated by the process. Therefore, this study aims to
evaluate the feasibility of microalgae biorefinery based on the semi-
hydrophobic ES.

In this study, the recovery of lipids extracted from N. oceanica was performed.
We investigated several factors affecting the recovery, i.e., antisolvent type,
amount, imidazole content and temperature. Cooling is commonly used in the
oleochemical industry to fractionate lipids based on their solubility and melting
point. Typically, before the refrigeration (also termed winterization), the lipids
are dissolved in alcohol, which is highly similar to the ES-methanol mixture.
Besides that, the recyclability of the solvent and the scalability of the extraction
and recovery were discussed. Furthermore, the process mildness was
evaluated. Mild processes should maintain the protein structure and
functionality, which highly correlates to the added value of this fraction.
Moreover, the remaining proteins and carbohydrates were isolated from the

defatted biomass.

2. Materials & Methods

2.1.Microalgae cultivation

Microalga Nannochloropsis oceanica (kindly provided by Necton, Portugal) was
cultivated in a 10-L stirred tank photobioreactor under constant illumination of
500 molyh m? s, The growth medium consisted of artificial seawater (NaCl
419.23 mM, Na,S0, 22.53 mM, CaCl; 5.42 mM, K;SO, 4.88 mM, and MgCl,
48.21 mM), supplemented with 2 g L' NutriBloom Plus (Necton, Portugal) with
modification (NaNOs 17.65 mM and KH,PO4 0.73 mM). The cultivation was
performed under nitrogen limitation to induce lipid accumulation. Air with 5%
CO; was continuously supplied as a carbon source and pH regulator. After 7
weeks of cultivation, the culture was centrifuged to obtain biomass paste
(32.4% dry weight) and stored under refrigeration for no longer than 2 weeks.
At the end of cultivation, the fatty acid content of the stressed biomass reached
32.4% gea ow ™.
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2.2.Chemicals & preparation of eutectic solvents
The materials used in this study were hexanoic acid (Sigma-Aldrich, > 99%),
imidazole (Sigma-Aldrich, > 99%), methanol (Merck Millipore, pure) and
water (Milli-Q®, ultrapure). The eutectic solvent imidazole/hexanoic acid (1:3)
was prepared by dissolving the pre-weighed imidazole flakes in hexanoic acid

at room temperature until a clear homogenous solution was obtained.

2.3.Lipid extraction, recovery, and solvent regeneration
The lipid extraction from the microalgae was performed following the method
described in Chapter 4. Algae paste was incubated with hexanoic acid or ES (10
mL gow?) for 16 h at 50 °C under constant agitation of 1500 rpm. The extracts
were then obtained as the supernatant of the mixtures. The extraction

efficiency (EE) was calculated with the equation:

_ fmg (cg —cp)
my Cx

EE

where f is the factor for water-solvent miscibility (= 1.1 & 1.2, for pure
hexanoic acid and 15 mol% imidazole solution), mg is the amount of solvent or
previously regenerated solvent [g], ¢ is the fatty acid concentration in the
extract [gra g7, ¢/ represents the fatty acid concentration in the previously
regenerated solvent [gra g1 (= O for the first extraction), my is the dry weight
of biomass [gow], and cy is the fatty acid content in the dried biomass [gea gow

1,

The extracted lipid was recovered by adding a proper amount of water or
methanol to the extract, which induced lipid precipitation. The precipitation
was further enhanced by lowering the temperature up to -20 °C. The
precipitates were separated from the methanol-rich solvent by centrifugation
at 4000 rcf at proper temperatures. Furthermore, the liquid phase was vacuum
evaporated for 5 h at 8 mbar, 40 °C to remove the methanol and thus

regenerate the solvent.
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Since the amount of precipitated lipid could not be easily quantified, the
efficiency of recovery () was calculated based on the remaining lipid dissolved

in the solvent, following equation:

_mgcg — (mg +my) ¢,

(1—c)mgcg

where mg is the amount of extract [g], cg is the fatty acid concentration in the
extract [g/g], my is the amount of methanol added [g], and ¢, is the

concentration of soluble fatty acids in the methanol-rich phase [g/g].

2.4.Design of Experiment

An optimal (custom) quadratic response surface design (OD-RSM) was
developed and implemented to predict the region of maximum response for
the investigated variables (i.e., imidazole content, antisolvent type and
amount, and temperature) under different process constraints (Table 1). The
experimental design approaches were developed and analyzed using the
Design-Expert 13 software suite (StatEase Inc., USA). In this study, the
imidazole molar content and the antisolvent type and amount were based on
the results of our previous studies for optimal extraction and lipid recovery
(Chapter 3 and 4). We did not use more methanol since methanol would
require more energy to evaporate. The temperature points were selected

based on the operational convenience.

Table 1. Variables of interest for the Design of Experiment

Variable Type LO.W Mid.dle High
point point point
Imidazole content [mol%] | Categorical 0 - 15
Amount of water [g ges'] | Numerical 0.01 0.1 0.3
Amount of methanol Numerical 0.2 0.4 1.5
(g ges™]
Temperature [°C] Numerical -20 3 22
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2.5.Scale-up experiment

In the scale-up experiment, the batch extraction and recovery were performed
in a 1-L stirred glass vessel. Temperature control was provided through a
temperature jacket outside the vessel, which was connected to a
thermoregulator. Most of the conditions were kept the same as the original
scale, e.g., solvent ratio, temperature, and incubation time. However, agitation
was lower for the extraction and higher for the recovery when compared to
the smaller scale. Prior to the lipid recovery step, the liquid extract was
separated from the defatted biomass by centrifugation (4000 rcf). Methanol
was added to the glass container (1.5 g methanol/g ES extract), and the
temperature was set at -20 °C. About 10 mL of suspension was sampled out of

the vessel after 16 hours of stabilized temperature and analyzed.

2.6.Analysis of fatty acids and solvent components
The fatty acids were quantified with gas chromatography coupled with a flame
ionization detector (GC-FID). The preparation of samples from biomass and the
hexanoic acid and ES extracts were described in our previous work (Chapter 4)
and Remmers et al.?° Furthermore, the solvent components were also analyzed
using GC-FID system with the previously developed protocol (Chapter 3).
Additionally, the water content present in the samples were determined with
Karl-Fischer titration (831 KF Coulometer, Metrohm).

2.7.Isolation and analysis of carbohydrates & protein

After the centrifugation of extraction mixtures, the defatted biomass was
obtained as the heavy phases. These suspensions were thoroughly mixed
before resuspended in the aqueous solution of NaOH 1 M to reach pH 4, 7, and
13. Afterwards, the mixtures were diluted with water to reach 5% biomass
(w/v). For the disruption of biomass, these mixtures were subjected to bead-
beating (Bertin Instruments, France) at 3 x 6000 rpm. For protein
determination, a DC protein assay kit (Bio-Rad, US) based on the Lowry
method?! was used with bovine serum albumin as standard. The carbohydrate
content was measured with the phenol-sulfuric acid method?? using glucose as

standard.
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3. Results and Discussion

The results and discussion section is outlined as follows. First, the recovery of
algal lipid by antisolvent addition was investigated. Then, three cycles of
repetitive extraction and a scale-up experiment were performed to
demonstrate the recyclability and scalability of the eutectic solvent.
Furthermore, we attempted to extract the proteins and carbohydrates for

obtaining multi-product fractions based on this ES process.

3.1.Lipid recovery by methanol-induced precipitation

Separation of the extracted lipid from the solvent is necessary for solvent
regeneration. In our previous work, it was found that the addition of water and
methanol could reduce the solubility of model lipids from imidazole/hexanoic
acid (1:3) (Chapter 3). Hence, it was hypothesized that the antisolvents would
induce the same effect on the microalgal lipid. To prove this hypothesis,
various amounts of water and methanol were added to hexanoic acid and ES
extracts of N. oceanica, which gave the highest extraction yields in the previous
study (Chapter 4). Moreover, the temperature is known to influence the lipid
solubility and induce phase transition of lipids.2 Therefore, we designed and

performed an experiment to investigate the effect of the mentioned factors.

Despite showing the most potent antisolvent activity in our previous study
(Chapter 3), the addition of water, unfortunately, did not induce lipid recovery
(data not shown). The hexanoic acid extract was already saturated with water
during the extraction step (water content = 10% w/w); thus, the added water
only formed another liquid phase. For the ES extract, the water content was
~20% w/w, while the saturation point is ~30% w/w.?* Thus, a small amount of
water could still be dissolved in the extract. However, the formation of the
lipid-rich phase was not observed. On the other hand, the addition of the larger
amount of water (i.e., beyond the saturation point) caused phase split between
the hydrophobic organic layer and the aqueous phase. The lipids remained in
the organic layer, whereas imidazole leached to the aqueous phase, increasing
the concentration of the dissolved lipids in the organic layer. Moreover, the
unsuccessful lipid recovery occurred regardless of the temperature, indicating

that the lipids could not be recovered by water addition.
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The contrast findings of the antisolvent activity of water in the different studies
can be explained by the different imidazole content. The presence of imidazole
was known to dramatically increase the solvent affinity towards water.?* In
previous work, the model lipids were recovered from ES with 25 mol%
imidazole (Chapter 3), whereas in this study, the imidazole content was < 15
mol%. Therefore, it could be concluded that hexanoic acid and the ES used in

this study were too hydrophobic to interact with water.

Fig. 1. Precipitation of lipids from the ES extract after addition of methanol at -20
°C.

On the other hand, methanol is fully miscible with both hexanoic acid and ES
regardless of the imidazole content, eliminating the risk of methanol forming
another phase. The addition of methanol was found to induce lipid
precipitation, especially at lower temperatures. The precipitates might contain
not only glycerides but also sterols and other unsaponifiables as those fractions
have been found in Nannochloropsis sp. and N. oceanica.’>?® Furthermore,
from the visual observation, the precipitate seemed to be less colored,
indicating the lower content of chlorophyll (Fig. 1). The recovery efficiency was
found to be dependent on the methanol amount and temperature (Fig. 2a).
The highest recovery (40% and 50% for hexanoic acid and ES extracts,
respectively) was achieved at the lowest temperature with the highest amount
of methanol (i.e., -20 °C and 1.5 g/g extract). The precipitation yield was

somewhat unsatisfactory compared to the previous work using model lipids
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(Chapter 3). It is worth noting that the initial lipid concentration in this study
was 10-fold lower compared with the previous study (Chapter 3). More

methanol might improve the recovery but would also require more energy to
evaporate.
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Fig. 2. a) Recovery efficiency 1 [%], b) soluble saturated fatty acids (SFA), and c)
soluble polyunsaturated fatty acids (PUFA) [% total FA] from hexanoic acid (left)
and imidazole/hexanoic acid (15:85) (right)
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The effect of temperature was more significant for the hexanoic acid extract
than for the ES extract. Typically, lower temperature benefits the recovery by
reducing the lipid solubility in the solvents and by allowing lipid crystallization.
Furthermore, the strength of hydrogen bonds increases at lower
temperatures.”’ It is then hypothesized that hexanoic acid could establish
stronger hydrogen bonds with methanol at low temperatures, weakening the
hydrophobic interaction between lipids and hexanoic acid. For the ES extract,
however, the presence of polar imidazole already decreased the hydrophobic
interaction. Therefore, higher recovery of lipids might be achieved at even
lower temperatures or with higher imidazole content in the ES. The first is
rather impractical for large-scale production; the latter gave a trade-off with
lower lipid extraction efficiency (Chapter 4).

Moreover, the profile of soluble fatty acids was also affected by temperature
and methanol content (Fig. 2b & c). Due to the difference in the degree of
saturation and thus melting point, lipids rich in saturated fatty acids (SFA)
solidified easier than lipids rich in unsaturated fatty acids. Thus, lower
temperatures could provide selectivity of lipid recovery. At low temperatures,
the concentration of dissolved SFA decreased, whereas the concentration of
PUFA (polyunsaturated fatty acids) increased as compensation for crystallized
SFA-rich lipid.

The selectivity of major unsaturated fatty acids was also influenced by the
presence of imidazole (Fig. 3). Compared to hexanoic acid extract, the ES
extract yielded higher dissolved PUFA (C20:4 and C20:5) content and reduced
content of MUFA (monounsaturated fatty acids, indicated by C16:1 and C18:1)
after the recovery. Furthermore, it has been known that imidazole within the
ES could establish mt-mt interactions with unsaturated bonds.?* This interaction
could explain why PUFA dissolved better than MUFA, thus, higher recovery of
MUFA.
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Fig. 3. Profile of soluble fatty acids in hexanoic acid (solid) and ES (striped) before
and after the lipid recovery at -20 °C (shown by darker and lighter colors,
respectively).

A deeper look at the fatty acid distribution and lipid classes gave a further hint
on the selectivity. Majority of PUFA in the biomass was detected in the polar
lipid (PL) fraction, whereas more than 75% of SFA and MUFA were present in
the neutral lipid fraction (Table 2). Polar solvents such as alcohols are able to
dissolve polar lipids. Thus, it is likely that polar lipids were not solidified even
at low temperatures. In this study, the fatty acid in the PL fraction was ~25%,
which was much higher than in the model lipids (> 10%, Chapter 3). The high
PL content may lead to the formation of micellar structures, which could
facilitate the dispersion of other lipid fractions in the methanol-rich phases,

making it more difficult to recover the lipids.

Besides the recovery conditions, several factors during the extraction
influenced the lipid-solvent separation, such as the lipid and water
concentrations in the extract. In the typical precipitation or crystallization
method, the solute concentration must be higher than the saturation or
solubility limit to cause the phase separation. Similarly, the higher initial lipid
concentration would cause the larger difference from the saturation, resulting
in the higher recovery. Moreover, like the lipid, the moisture from the wet
biomass was also dissolved during the extraction. The presence of water, an

antisolvent, would raise the recovery efficiency (Chapter 3). For instance, lower
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solvent-to-biomass ratios would increase both lipid and water content in the

extract, thus potentially lead to higher recovery.

Table 2. Composition of fatty acids (FA) in neutral- (NL) and polar lipid (PL)
fractions from biomass

FA content [gra gow™]

Fatty acids | NL fraction PL fraction Sum

C12:0 0.1% 00%  01%

C13:0 0.0% 01%  0.1%

C14:0 1.2% 06%  1.8%

Cla:lcis9| 0.0% 00%  0.0%

C15:0 - - -

C16:0 7.7% 24%  10.1%

C16:1 7.2% 19%  9.1%

C16:2 0.0% 00%  0.1%

C17:0 0.1% 00%  0.1%

C16:3 0.1% 00%  0.1% w0
C18:0 0.2% 00%  0.2% 2
Cc18:1 5.1% 08%  5.9% s
C18:2 0.3% 01%  0.4%

C18:3 0.1% 00%  0.1%

C20:4-n3 0.9% 09%  1.9%

€20:5-n3 0.8% 15%  2.3%

Total FA 23.8% 87%  32.4%

3.2.Iterative extraction

Solvent recyclability is an important issue since the process would be neither
economically feasible nor sustainable if the solvent is not reusable. Previously,
we successfully recycled the ES after the dissolution and recovery of model
lipids. The ES regeneration was performed by vacuum evaporating the
antisolvents (Chapter 3). However, as observed above, the lipid profile of the
model lipids differs from the extracted lipids from N. oceanica. Furthermore,
the lipid dissolution did not reflect the actual extraction from N. oceanica,
which also includes solvent penetration and lipids partitioning. Thus, in this

study, we performed three repeated extraction cycles.
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Throughout the cycles, the lipids accumulated due to the incomplete lipid
removal during recovery (Fig. 4). In accordance with the above finding, the
fatty acid profile also changed throughout the cycles with different solvents.
PUFA content increased more significantly in the ES than in hexanoic acid.
Interestingly, the increase was not only observed during the recovery (between
the extract and the regenerated solvent), but also during the second and third
extraction. Again, this could be associated with the ES affinity for unsaturated
FA. The unrecovered lipids might induce a positive feedback loop for the
extraction of PUFA. By the third iterations, the soluble PUFA content reached
2-fold of the initial extract.

BSFA OMUFA EPUFA

8%
6%
4%

2%

FA content [w/w]

0%

1 regen B 1
1 _regen B A3

Q (8] o Q Q o o Q )

© C w 0O o C o C w

+ + [J) + + + () + Q

x x - x x x — x hul

(] () | (] (] Q | (] |
I I~ I I I~ )

i o on i o on

Hexanoic acid Imidazole/hexanoic acid
(15:85)

Fig. 4. The fatty acid content in the solvent extracts and the regenerated

solvents throughout the different cycles.

Despite the accumulation of fatty acid, the extraction efficiencies remained
relatively constant, about 86% and 88% for hexanoic acid and 15 mol%-
imidazole ES, respectively (Fig. 5). The lipid accumulation in hexanoic acid and
ES phase should reduce the solvents’ carrying capacity and would eventually
saturate the solvents. However, the negligible reduction of lipid yield after

three cycles indicated that the carrying capacity of hexanoic acid and the ES
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was still far from saturated. This is plausible since the solubility of sunflower oil
and culinary algae oil from our previous study?* were > 10-fold larger than the
lipid concentration in the algae extract. However, it is expected that the
extraction efficiency would eventually diminish due to the accumulated lipids,

although the maximum cycle number is still unknown.

Efficiency [%]
0% 20% 40% 60% 80% 100%

1_Extraction

1_Recovery

1_Regeneration

2_Extraction

2_Recovery

2_Regeneration

3_Extraction

3_Recovery

3_Regeneration

O Hexanoic acid B Imidazole/hexanoic acid (15:85)

Fig. 5. The efficiency of lipid extraction, recovery, and solvent regeneration in
three cycles.

Nevertheless, since the yield was not much affected, one could propose to
reuse the solvent for several extractions before proceeding to the lipid
crystallization and methanol evaporation step. This strategy would obtain a
higher lipid concentration and reduce the energy consumption per amount of
lipid produced. However, it also leads to the accumulation of water due to the
moisture from the wet biomass. The high content of water would limit the
solubility of lipid, hence decreasing the extraction yield (Chapter 3). In this
work, water did not accumulate as 97% of water was removed during the

vacuum evaporation of methanol.

On the other hand, despite the higher lipid concentration, recovery efficiency

already started to decline during the three cycles (Fig. 5). Typically for
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crystallization or precipitation, a higher concentration (thus farther from the
saturation point) would cause higher recovery. However, this was not observed
as the unrecovered lipid are most likely to be PL. This might be due to the
higher solubility of PL in the methanol-rich phase, and the concentration after

three iterations were not above the solubility limit.

Besides that, about 70% of the solvents were regenerated within a single
iteration (Fig. 5). While a negligible amount of the solvents was intended for
analytics, the remaining losses mainly occurred during solid-liquid separation.
For instance, fractions of solvents were entrapped within the defatted biomass
and filled the porous space among the lipid solids. For the latter, instead of
centrifugation, vacuum filtration could be used to salvage more liquid solvent.
As for the one within the cell matrix, an additional extraction using another
solvent, such as alcohols, may be necessary to retrieve the ES or hexanoic acid
back.

3.3.Scale-up experiment

Scalability is an important issue for process design. Therefore, we performed a
scale-up experiment of lipid extraction and recovery. The solvent regeneration
was not scaled-up since methanol evaporation is a widely implemented
technology, i.e., via distillation. In this experiment, the solvent used was the ES
imidazole/hexanoic acid (15:85), and the working volume increased by larger
than 100-fold. While most conditions were kept constant, the agitation was
not the same in both scales due to the technical limitation of the available
facility.

For the extraction, the efficiency in the larger scale was slightly lower than in
the smaller scale (Table 3). This was expected since the lower mixing rate
reduced the cell-solvent contact and increased the risk of non-homogeneous
concentration gradient for the extraction;?® homogeneity is essential to ensure
a reliable scale-up process. Besides the agitation speed, the container
geometry could also heavily influence the mixing profile of the solvent.
Therefore, these two parameters are essential for scaling-up the lipid

extraction using the eutectic solvent.
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Table 3. Scale-up of eutectic solvent extraction and recovery

Parameters Smaller scale Larger scale
Extraction
Solvent volume [mL] 1.5 300
Biomass (dry weight) [g] 0.15 31.55
Temperature [°C] 50 50
Agitation [rpm] 1500 150
Extraction period [h] 16 16
FA concentration in extract [w%] 2.70 2.64
Extraction efficiency 1 0.92
Recovery
Extract volume [mL] 1 250
Methanol volume [mL] 2 500
Temperature [°C] -20 -20
Agitation [rpm] - <100 (low)
Recovery duration [h] 16 16
Concentration of remaining FA [w%] 0.48 0.55
Recovery efficiency 0.58 0.46

The lipid recovery of the larger scale was also lower than that of the smaller
scale (Table 3). Despite the same temperature and methanol content, the
concentration of remaining lipid dissolved was higher in the large scale.
Stirring, which was necessary to avoid uneven temperature profiles, might
influence the precipitation or crystallization process. Too harsh agitation would
damage the formed crystals, but too gentle agitation would induce less contact
between the lipid particles, making it difficult to form crystals.?® Besides the
agitation, the cooling rate in the larger volume was completely different from
the smaller scale. In contrast to the instantaneous cooling in the smaller scale,
the cooling in the larger scale was achieved gradually. Such difference would,
of course, cause the variation in the crystallization process since the
temperature profile determines the system saturation and thus the lipid

recovery.?
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3.4.0utlook for multi-product biorefinery

As a preliminary work of microalgae biorefinery, we also tried to valorize the
proteins and carbohydrates from N. oceanica. The proteins and carbohydrates
were possibly distributed in the solvent extracts and in the residual biomass,
which was separated via centrifugation at 4000 rcf. Fig. 6 provides a visual
observation of the heavy phases of each extraction mixture. While the ES heavy
phase was a suspension of cell aggregate in ES liquid extract, the heavy phase
of hexanoic acid was composed of a dark-colored gel-like structure and a
denser purée-like layer. The formed structures indicated the presence of
polymers or molecules with high molecular weight. When centrifuged at higher
acceleration (20000 rcf), the ES heavy phase remained the same, but the
hexanoic acid one was split into three major phases. The lightest phase was
liquid hexanoic acid extract, the middle phase being the cell-rich layer, and the
densest phase was an aqueous phase with an extra layer of cell debris. The
heavy phases from the slower centrifugation were homogenized before
further treatments.

a) b) =

Hexanoic acid
extract

—> Cell-rich layer
—> Aqueous phase

Gel-like

Purée-like
Cell debris

Cell aggregate

Fig. 6. The suspension of residual biomass which were defatted by hexanoic acid
(top) and imidazole/hexanoic acid ES (bottom). The suspensions were centrifuged
at 4000 rcf (in larger tubes) and at 20000 rcf (in smaller tubes).

The composition of biomolecules from the obtained fractions in the process is
shown in Table 3. Due to the nitrogen limitation, the major content of
microalgae was fatty acids (32%), followed by protein (25%), and carbohydrate
(12%). Interestingly, some proteins were also detected in the hexanoic acid and
ES extract. As hexanoic acid and the ES were both relatively hydrophobic, the
dissolved proteins should also be hydrophobic. From the total proteins, 20% of

the total proteins were found to be water-soluble, which was similarly
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reported in the literature.3®3! Hence, about 80% of the proteins were
hydrophobic, membrane-bound proteins. Due to the low economic value, little
attention has been given to these proteins. Till recently, Dai and coworkers*?
valorized the insoluble proteins from Chlorella protothecoides as foam

stabilizer.

Moreover, the major content of the defatted biomass were proteins and
carbohydrates (Table 3). The latter was most likely cell wall components and
storage polysaccharides called laminarin.3*34 The proteins could be hydrophilic
proteins or large proteins which could not pass the cell wall porosity. The
protein content of the defatted biomass (0.8 — 1.2%) was rather lower than the
reported protein content from defatted Nannochloropsis spp., which
contained about 3%.% The difference could be associated with the presence of
residual hexanoic acid and the ES (together with water), whereas in the

reported study, the biomass was thoroughly dried.

Table 3. Biochemical compositions of the obtained fractions

FA Protein Carbohydrate
Intact N. oceanica [mg gow™] 3242+36 248.6+13.7 116.4+309
Hexanoic acid extract [mg mL] 324+0.6 84+1.2 n.d.
ES extract [mg mL?] 27.7+0.5 12.2+2.1 n.d.
Hexanoic acid-defatted biomass n.d. 68.7+2.9 46.8 +13.7
(Mg gsusp™]
ES-defatted biomass [Mg gsusp™] n.d. 84.8+4.2 57.5+10.1

n.d. = not determined

Additionally, proteins and carbohydrates were isolated from the defatted
biomass. The extraction was performed by resuspending the defatted biomass
in aqueous solutions with different pH values using 1 M NaOH to reach pH 4,
7, and 13, with and without cell disruption. For protein extraction, both
alkalinity and cell disruption improved the extraction efficiency (Fig. 7a). It is
widely known that alkaline conditions drive proteins to be negatively charged

and enhanced their solubility. Additionally, at an extremely high pH value of
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13, hydrolysis of protein might occur, producing smaller peptides that tend to
dissolve easily. Moreover, the cell disruption opened the cell wall and liberated
the large proteins or protein aggregates. However, for carbohydrates, the pH
effect was only distinctive at the highest pH (Fig. 7b). Similar to proteins,
carbohydrates could also be ionized and hydrolyzed at such pH.

100% 100%
a) b)

80% 80%

Oundisrupted

60%

60% B disrupted

40% 40%

Protein extr. eff. [%]

20% 20%

Carbohydrate extr. eff. [%]
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i |
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o
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©
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pH4 pH7 pH 13 pH4 pH7 pH 13

Fig. 7. The extraction efficiency of protein (a) and carbohydrate (b) from the
defatted biomass.

The process mildness has been one of the central issues in multi-product
biorefinery as it guarantees low energy consumption and the quality of
biomolecules. In mild conditions, biomolecules, especially proteins, do not lose
their three-dimensional structure and thus the functionality.*®3” Therefore,
we also evaluated the quality of the solubilized proteins from the defatted
biomass and in the solvent extracts using SDS-PAGE. Based on the molecular
size, aggregation and hydrolysis could be evaluated. The analysis results
suggested that proteins strongly aggregated during the lipid extraction. Also,
protein hydrolysis indeed took place when extracted at pH 13, including the

hydrophobic proteins in the lipid extracts.

Despite being denatured, the obtained proteins could still be valorized. For
instance, gelatin, which is one of the most common food ingredients, is

obtained through the denaturation of collagen of vertebrates.? In this case,

96



ES-based multi-product extraction from microalgae

the peptides from protein hydrolysis might be valorized as amino acid
precursors or possess certain bioactivities, such as antimicrobial, antioxidative,
health-beneficial, etc.3¥* Moreover, the aggregation suggests that the
proteins could have a thickening or gelling property. Meanwhile, the obtained
carbohydrates might be used as filler in food/feed products or as a carbon

source for fermentation.

The protein denaturation indicated that the lipid extraction using the ES or
hexanoic acid was not a mild process. The loss of protein structure might be
due to the solvent property, which was acidic and amphiphilic. The latter
enabled the solvents to behave as a surfactant, exposing the hydrophobic
regions of proteins and causing them to aggregate. Even further, the solvent
molecules might also bind strongly to the proteins and somehow facilitate the
aggregation. Alternatively, the elevated temperature during the extraction
might be responsible for the denaturation as the temperature destabilized the
intramolecular hydrogen bonding of the proteins. A further investigation of
what caused the denaturation is required to develop a mild process based on

the used solvents.

4. Conclusion

This study was a preliminary feasibility study of microalgae biorefinery based
on semi-hydrophobic eutectic solvents. The lipids extracted in the semi-
hydrophobic solvents were recovered via precipitation after methanol
addition. The efficiency of recovery was proportional to imidazole and
methanol content and enhanced at lower temperatures, with a maximum
recovery of ~60%. The solvents were then regenerated and reused in three
extraction cycles. During the iterations, no significant reduction in the
extraction efficiency was observed regardless of the lipid accumulation.
Besides that, the scalability of the proposed process was feasible with a slight
lower efficiency and recovery. Moreover, for the other fractions, the
suspensions of defatted biomass contained proteins and carbohydrates.
However, the lipid extraction using the solvents was not sufficiently mild as the

proteins lost their native structure based on the protein analysis. Therefore,
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further investigations on the critical points discussed in this study are required

to develop a viable process.
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1. Introduction

With the threatening issues of climate change and biodiversity loss, there is an
urgent need to produce lipids in an environmental-harmless way. Compared to
oleaginous terrestrial plants (like oil palm), several microalgae exhibit higher
lipid productivity without the need for arable land.»? Therefore, there is
growing attention on microalgae as lipid feedstock. However, the current lipid
extraction methods from microalgae still involve series of energy-intensive
pretreatments and nonrenewable organic solvents.>” These concerns make
this process not only cost ineffective but unsustainable as well. Furthermore,
to avoid biomass underutilization, the biorefinery concept (i.e., valorization of

the entire valuable compounds from biomass) is necessary to be implemented.

Eutectic solvents (ES), including "deep eutectic solvents", hold great potential
as an extraction system for microalgae. Besides being virtually inflammable, ES
can be readily prepared from bio-derived and biodegradable compounds.
Several hydrophilic ES can form pores or cracks in the cell wall of various
microalgae, which enhanced the lipid extraction yield even without the cell
disruption step.®® The tailorable properties of ES may also open possibilities for
process integration. For instance, hydrophobic ES can be used to pretreat the
biomass and extract the lipids simultaneously. However, the low volatility of ES
complicates the process due to the challenging separation of lipids from the
solvent. Therefore, this thesis aimed to develop suitable ES for lipid extraction
from microalgae and further evaluate the feasibility of microalgae biorefinery.
In this chapter, the major breakthroughs and challenges are summarized.
Moreover, the future outlook on the ES application for microalgae biorefinery

is discussed.

2. Begin with the end in mind: altering ES hydrophobicity

To develop a functional solvent process, the focus should address the
extraction step and include solvent regeneration. Murphy's law of solvent
states that the best solvent in any process would be bad for the subsequent

step. This principle implies that while the strong affinity of hydrophobic ES
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towards the lipid solutes would benefit the extraction process, it would also
cause the separation of lipids from the ES practically impossible. Therefore, in
this thesis, we propose to use semi-hydrophobic ES, which were prepared by
pairing hydrophobic and hydrophilic compounds (Chapter 2). For instance, the
combination of imidazole and hexanoic acid dissolved model lipids and water.
The solvent hydrophobicity was found to decrease with increasing imidazole
concentration. Thus, by adding imidazole, model lipids could be recovered with
relatively high purity (> 85%). However, solvent regeneration via imidazole
removal is not straightforward with this approach due to the strong association

between imidazole and hexanoic acid.

Another approach shifting the solvent hydrophobicity is to use polar
antisolvents, e.g., water, methanol, and ethanol (Chapter 3). The presence of
antisolvents accentuated the ES hydrophilicity and thus reduced the solubility
of model lipids. This approach offered a significantly simpler method to
regenerate the ES, i.e., by evaporating the antisolvents. Since a large amount
of antisolvent can be loaded into the system, this approach reached higher
recovery (> 90%) and purity of the obtained lipids compared to the previous
method (Chapter 2). Considering the recovery yield and the ease of
regeneration, methanol was selected to be the best antisolvent.

3. ES on microalgae: lipids and beyond

Imidazole/hexanoic acid ES was found to extract lipid from undisrupted
Nannochloropsis oceanica, which confirmed the hypothesis of using ES as
'pretreatment’ and extraction solvent (Chapter 4). At low imidazole content (<
15 mol%), the extraction yield using ES at 50 °C was comparable to the
benchmark chloroform/methanol method. Interestingly, extraction on wet
algae gave higher yields than the dried biomass. This finding suggests that both
cell disruption and complete dehydration is unnecessary for the ES extraction,
simplifying the microalgae processing. Besides that, it also implies that water
enhanced the ES performance, contradicting the finding from Chapter 3.
Hence, it is hypothesized that water facilitates the ES penetration to the cell

matrix. However, the interaction between the solvent with the biomolecules
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and how ES penetrated the cell wall is still unknown. Moreover, since cell wall
structure is species-dependent, the ES penetration might be different between
microalgal species. Additionally, the extracted lipid might undergo undesired
reactions, such as hydrolysis, transesterification, or oxidation, which were

undetected with the used analytical method.

Initial feasibility study of microalgae biorefinery based on the developed ES
was performed in Chapter 5. The proposed biorefinery process is shown in Fig.
1, which was based on the Chapter 3 & 4. Solvent reusability and process
scalability were evaluated for lipid extraction. Unlike the model lipids, the
recovery of algal lipids with methanol reached a lower yield (~60%) even at low
temperature (-20 °C). The lower recovery was due to the lower starting
concentration of lipids; the concentration of model lipids was 10-fold higher
than the extracted algal lipids. Besides that, the different fatty acid distribution
between the algal extract and the model lipids might contribute to the lower
recovery as well as the ES had a higher affinity towards certain fatty acids.
Moreover, unlike the model lipids, which were mainly refined triacylglycerols
(TAG), the extract from the algae could also contain polar lipids (PL), sterols,
waxes, and pigments. These compounds might interact differently with the ES
and interfere the lipid recovery. Furthermore, despite the incomplete
recovery, the ES could be reused for the three extraction cycles with consistent
performance. Some losses of the solvents were observed during solid-liquid
separations (i.e., after the extraction and the lipid recovery). In scaling up, the
heterogeneity is a recurring issue for the extraction, while agitation and cooling
rate influenced the recovery.

Besides lipids, biomass contains proteins and carbohydrates, which remain
inside the defatted biomass after the ES extraction (Chapter 5). Based on the
protein analysis, the ES extraction was not mild since the proteins lost the
native conformations and aggregated. The denaturation might be caused by
the acidic and amphiphilic nature of the solvents, combined with the elevated
extraction temperature. Moreover, the proteins and carbohydrates were

isolated through aqueous extraction, which was enhanced by pH manipulation.
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However, despite giving the highest yield, the alkaline condition (i.e., pH 13)

hydrolyzed the remaining proteins.

MeOH (g)
Eutectic solvent

Solvent
regeneration

Fresh
microalgae Lipid

precipitation

== m w) Lipids (PUFA)
Imidazole/hexanoic acid

MeOH () Lipids
JfJ (saturated
‘ FA)

Aqueous extraction
Defatted Proteins & carbohydrates

- . biomass
Lipid extraction

Fig. 1. Schematic overview of the proposed biorefinery of Nannochloropsis
oceanica based on the imidazole/hexanoic acid eutectic solvent.

4. Challenges and Future perspectives

As mentioned above, applications of eutectic solvents on microalgae processes
are still relatively new. In this work, several relevant challenges for biorefinery
processing were discovered. Hence, we outline below the challenges to be

addressed and future perspectives on microalgae biorefinery based on ES.

In this thesis, we mainly focused on the semi-hydrophobic ES as the basis of
the microalgae biorefinery. This process, unfortunately, rendered the proteins
denatured, which is associated with compromised functionality (Chapter 5).
Arguably, the denatured proteins could also possess new functionalities, such
as a gelling agent or as amino acids precursor. Moreover, from the Lowry

analysis, some proteins were detected in the hexanoic acid and ES phase,
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which might indicate the isolation of hydrophobic proteins. If hydrophobic
proteins were indeed extracted, then this study would be the first to extract
hydrophobic proteins using ES. To date, little attention is given to this protein
fraction, although the majority of microalgal proteins are insoluble

).1% Recently, the insoluble proteins from microalga

(membrane-bound
Chlorella protothecoides were used as an emulsifier.X® However, it is clear that
this approach is not suitable to extract water-soluble proteins, like
phycobiliproteins, the main pigment-protein complex for as light absorber in
cyanobacteria, or Rubisco (Ribulose-1,5-biphosphate carboxylase oxygenase),
the responsible enzyme for carbon assimilation in all photosynthetic

organisms.

The protein denaturation might be caused by several factors, such as the
solvent chemical property, low water activity, high extraction temperature, or
their combinations. Depending on the triggering factors, strategies to improve
the proposed process to be milder should be developed. Therefore, it is

necessary to determine the actual cause of the denaturation.

Imidazole/hexanoic acid ES exhibited amphiphilicity (consisting of both
hydrophilic and hydrophobic moieties), which is like detergent, could promote
protein unfolding. Typically, the water-soluble proteins have a hydrophobic
core and hydrophilic surface. Thus, the presence of amphiphiles could
destabilize the protein structure and unfold the proteins.!! Besides that, the
high concentration of hexanoic acid, as a pure solvent or in ES, implies that the
system is highly acidic. At high acidity (or low pH values in aqueous solutions),
proteins are mostly positively charged and may change their conformation as
similar charges repel each other (the electrostatic interaction). Furthermore,
certain ions and compounds could also influence the surface charge of protein
by either promoting (kosmotrope) or breaking (chaotrope) the hydrogen
bonding network in water, Hofmeister effect.??3 Typically, the protein stability
is promoted by kosmotropic compounds or pairs of chaotropic cation and
kosmotropic anion or kosmotropic compounds.'* However, the categorization
of ES based on the Hoffmeister effect has not yet been widely researched

despite the extensive studies done on ionic liquids.’® In ionic liquids,
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415 while

imidazolium cations with shorter side chains tend to be chaotropic
carboxylate anion with longer alkyl chains became less kosmotropic.'®

Therefore, there is a chance that the used ES destabilized the proteins.

That said, in the situation where the native structure of water-soluble proteins
is desired, the use of hydrophilic ES could be beneficial. Not only they can
weaken the microalgae cell wall®, but they can stabilize proteins as well.1"°
For instance, lipase could remain stable at choline chloride/urea ES despite the
denaturing effect of urea.?’ Moreover, ES choline chloride/urea and choline
chloride/glycerol were reported to facilitate thermal refolding of lysozyme.?*
Hydrophilic ES have also been applied for protein extraction in an aqueous two-
phase system (ATPS). ATPS based on phosphate buffer and ES that made of
organic salts (choline chloride or betaine) and hydrogen bond donors (polyols,
sugars, or urea) were used to extract > 98% of bovine serum albumin (BSA).?%%
The ATPS was further improved to enhance back-extraction of the protein
(reaching 72% of efficiency) using a ternary ES tetramethylammonium

chloride/glycerol/urea.?*

Another approach would be implementing a biphasic system made of
hydrophobic and hydrophilic phases. Such a system would simultaneously
extract both hydrophobic and hydrophilic biomolecules without compromising
the functionality. For instance, the combination of the semi-hydrophobic ES
with salt or polymeric solution would form such a biphasic system. Thus, while
the ES could directly permeabilize the cell wall and extract the lipids, the water-
soluble components would migrate to the aqueous solution. Such a system was
implemented for the separation of both hydrophobic and hydrophilic bioactive
compounds from Ginkgo biloba leaves.”> The leaves contained flavonoids,
terpene trilactone, procyanidine — which are hydrophilic — and polyprenyl
acetate (hydrophobic). Using a biphasic system that was formed using three
different ES: choline chloride/lactic acid (hydrophilic), choline chloride/malonic
acid (hydrophilic), and methyltrioctylammonium chloride/octanol/octanoic
acid (hydrophobic) were used to separate those metabolites and reached ~80

— 95% of extraction efficiencies.?> However, to the furthest of our knowledge,
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the ES-based biphasic system has not yet been implemented for protein

extraction.

As mentioned before, solvent acidity is an important parameter that can affect
the protein charge and conformation. The use of a high concentration of
unbuffered acid should be avoided. However, ES are a mixture of pure
compounds where water is undesired. Thus, ES made of the less acidic
compound could greatly enhance the protein stability. For instance, instead of
using hexanoic acid as the Brgnsted acid, perhaps neutral hydrogen bond
donors such as menthol could be used. However, since the concept of acidity
in an aqueous solution would be different in the ES-rich environment, the

charge dynamic of the protein surface needs to be studied.

Besides that, the Hofmeister effect — ion-specific interaction — should be

considered.?%?’

For this purpose, further studies of how the solvent
components interact with each other, water, and proteins should be
understood. However, since the system is multicomponent, even the starting
ES are already a mixture, instead of pure salts like ionic liquids, studying this
system would be incredibly complex. Thus, it is important to implement a step-
by-step approach with a model system. Starting with possibly formed
kosmotropes and chaotropes in the ES, including their synergized effect, is

recommended. Then, continue with the concentration of water.

Low water activity could also denature proteins. The polar groups of ES
compete with proteins for water, while the latter requires hydration to
stabilize their hydrophilic surface.?” Moreover, without sufficient hydration,
the ES polar groups (e.g., hexanoate anion) would interact strongly with the
protein surface. Thus, at low water content, the hexanoate anion would be a
chaotropic anion — destabilizing proteins — despite the kosmotropic effect in
dilute aqueous solutions.?’ Furthermore, BSA and lysozyme were observed to
be partially folded in pure ES of choline chloride/glycerol. When the ES was
hydrated, the proteins retained their folded structure as in a phosphate buffer
saline.® Thus, the strategy to tackle would be to remove less water during the

harvesting or use one or more aqueous phases in the biphasic or ATPS system.
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The former would be economically attractive since less water removal would
require less energy during this step. The latter could also be achieved by

implementing ATPS or the biphasic system with a water-rich phase.

Protein denaturation may also be a thermal effect since hydrogen bond is
weakened at higher temperatures. The ES extraction was performed optimally
at 50 °C, and the lipid yield decreased at lower temperatures (Chapter 4). Thus,
it is a trade-off between the lipid yield and the protein native state since lower
temperature (< 35 °C) is necessary to ensure the latter. However, the actual
upper limit for temperature might not be 35 °C and should be the denaturation
temperature of the algal proteins with the presence of the ES. Thus, this upper
limit needs to be determined. For instance, differential scanning calorimetry
(DSC) could be used to study the thermal stability (Tm) of proteins.?

Simultaneously, the effect of heat for the ES extraction needs to be
investigated so that the extraction temperature could be lowered without
compromising the lipid yield. The lipid solubility in the ES with low imidazole
content was already high, indicating the high solvent carrying capacity, even at
room temperature. Thus, the higher temperature might improve the solvent
penetration and the segregation of lipids from other biomolecules. Besides
decreasing the ES viscosity?>™!, the high temperature could also weaken the
cell wall, which served as the main barrier for solvent penetration. Hence, if
the cell wall could be removed, disintegrated, or significantly weakened by
physical or mechanical energy input, the compromised lipid yield could be
compensated.®”3% Previously, microwave treatments were used to enhance
the cell wall-weakening effect of hydrophilic ES*®* and induce cell disruption
before the extraction with a switchable hydrophilicity ES.3* However, the
temperature could reach up to = 100 °C during the microwave treatment,

which would render the proteins denatured.®

Other milder external forces, such as acoustic or electric fields, may be applied
to reduce the cell wall integrity or to disrupt the cells. During ultrasonication,
high-frequency acoustic waves decompress the liquid and induce cavitation,

eventually collapsing and rupturing the cell wall.”3>3 The cell wall-weakening
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effect of the ES might also reduce the energy required to damage the cell wall.
However, it is not yet clear how the cavitation in the ES would work since
cavitation requires a pressure lower than the vapor pressure of ES, which are
relatively nonvolatile. Besides that, the propagation of the sound wave, the
optimal frequency and intensity, and the transmission of shear forces in the ES
media should be investigated. On the other hand, electroporation by pulsed
electric field (PEF) offers an alternative option to accelerate the solvent
penetration. PEF require media with high conductivity to ensure the
propagation of the electric field.”?”3 Thus, the ES, when mixed with water,
may give a beneficial effect due to the presence of ionic solutes with low
viscosity.3 Alternatively, a short mechanical cell disruption by the conventional
high-pressure homogenizer or bead milling technique could also be used.*
However, it is important to note that this additional treatment would increase
the energy demand and the production cost. It is worth noting that with this
extra treatment, the extraction time could be shortened. Currently, the lipid
extraction from the intact biomass took place > 8 hours. With the ruptured cell
wall, however, the lipids would be liberated and readily accessible for the

solvent.®?

In addition, several improvement points on lipid extraction are also discussed.
The operational parameters used in Chapter 5 were rather chosen arbitrarily
due to the lack of information and it is highly likely to cause a suboptimal
overall process. For instance, the solvent-to-biomass ratio of 10 mL gow™ was
used, resulting in a low lipid concentration and the low efficiency of lipid
recovery. To design an optimal biorefinery process, process modelling is a
powerful tool to predict the process outcome. In that regard, a combination of
experimental data and robust mathematical models could be a good starting
point. Our preliminary result using non-random two liquids (NRTL)
thermodynamic model showed that the model could describe well the

equilibria in the lipid extraction and precipitation.

Furthermore, in Chapter 5, the PUFA-rich polar lipid fraction remained
dissolved in the ES-rich fraction, with accumulation went on with the extraction

cycles. It is economically and technically important to obtain this PUFA-rich
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fraction since the fraction would have a high added value and eventually
decrease the yield of the next extraction cycle. Therefore, a strategy for this
lipid recovery is required. High performance liquid chromatography (HPLC)
techniques, both normal (polar stationary phase) and reverse phase (nonpolar
stationary phase), may be useful to separate the lipid fractions from the

solvent phase.*!

Besides that, the main advantage of designer solvents, including ES, is their
tailorable properties. In this thesis, we demonstrated that ES's physicochemical
properties, particularly hydrophobicity, were influenced by the nature of their
constituents and the composition (Chapter 2). Furthermore, additions of other
compounds, such as lipids or water, would definitely affect the system
property (Chapter 3). These insights were obtained through the empirical trial
and error method. With this approach, although the molecular interactions
could be deduced from the observable property, the exact interaction at the
molecular level remains unknown. For instance, theoretically, imidazole and
hexanoic acid could interact via several ways: 1) proton transfer, producing a
protic ionic liquid;*** 2) hydrogen bonding, which is typical for eutectic
solvents;** 3) formation of other complexes, such as homoassociation of
hexanoate anion and hexanoic acid;***®*” and 4) combinations of above. Each
of the mentioned interactions would implicate different lipid solubilization

mechanisms and even recovery strategies.

In contrast to the empirical approach, the mechanistic approach could predict
the observable macroscopic property based on the intermolecular forces.
Thus, besides having a higher chance of designing the task-specific solvent,
insight into the solvation mechanism could be acquired. Typically,
solvatochromism is used to experimentally determine the molecular property
of the ES, such as hydrogen bond donating and accepting capacity and
polarity.**>! On the other hand, the molecular interactions in the ES system
can also be simulated via computational chemistry modellings, such as

52,53

molecular dynamics and quantum chemical calculation.*>*> The latter,

particularly COSMO-RS (Conductor-like Screening Model for Realistic Solvents),

has been widely used in the field of ES.>¢-8

115

Chapter 6



Chapter 6

Computational chemistry like COSMO-RS is a powerful tool to study the
interaction of ES components with biomolecules, e.g., proteins®® and plant
secondary metabolites,>® and cytotoxicity.®* Moreover, COSMO-RS has been
used to develop biphasic eutectic solvents (hydrophilic: choline
chloride/hexafluoroispropanol; and hydrophobic: methyltrioctylammonium
chloride/menthol) for the extraction and separation of both polar and
nonpolar natural compounds from Artemisia annua leaves.®? Eventually, the
obtained knowledge might also be used to predict the interaction of the
solvents with more complex biomolecules, such as proteins and cell wall
components. This prediction would enable designing the task-specific ES which

suits the need of microalgae biorefinery.

Finally, solvent sustainability should not be taken for granted.®® Proper toxicity
studies and life cycle assessments still need to be performed. Currently, few
studies are available in the literature about the actual environmental impact
and toxicity of ES. One study reported that ES made of choline chloride/acetic
acid is more cytotoxic than the ionic liquid cholinium acetate.®* Ironically, ionic
liquids are more commonly associated with potential toxicity, whereas ES are
perceived as environmentally benign. Furthermore, not all ES components in
this thesis are categorized as renewables. While hexanoic acid is biodegradable
and can be produced via fermentation, imidazole, despite being
biodegradable, is currently fossil-derived and considered toxic for humans.
Hence, it is necessary to find more sustainable and safe alternatives. Therefore,
besides understanding the role of each component via COSMO-RS, having a
database of sustainable and naturally available compounds would be
advantageous for designing the task-specific green ES for microalgae

biorefinery.

5. Conclusion

This thesis demonstrated the use of a new type of ES, semi-hydrophobic ES
made of imidazole and hexanoic acid, for lipid extraction from microalgae
without biomass pretreatments. Furthermore, the dissolved lipids can be

recovered from the ES by the addition of methanol, which was later
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evaporated to regenerate the ES. We also performed a preliminary
investigation of the use of the ES for microalgae biorefining. The solvent
recyclability and scalability were feasible. However, despite the successful lipid
extraction, the process was not sufficiently mild to maintain the native
structure of proteins. Possible combinations of the ES chemical properties, the
high extraction temperature, and the low water content might cause
denaturation, which is undesired in the biorefinery context. Therefore, this
issue is extensively discussed and several perspectives for the process
improvement are suggested. The use of a biphasic system (hydrophobic and
hydrophilic ES) with less acidic constituents, lower extraction temperatures,
and the application of external physical fields might alleviate the problem and
even accelerate the extraction process. The lipid extraction can be improved
by recovering the PUFA-rich polar lipid fraction from the ES phase. Moreover,
the process parameters need to be optimized based on the process modelling
(i.e., equilibrium-based liquid-liquid extraction). Besides that, the need to
study the molecular interaction between the ES components, antisolvents, and
biomolecules are emphasized. Computational chemistry modelling, like
COSMO-RS, is an effective tool to understand the system's chemistry and
design and tailor the suitable ES for microalgae biorefinery. Last, green and

safe ES are pre-requisite to have a sustainable microalgae biorefinery.
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Summary

The common lipid extraction from microalgae involves sequential of energy-
intensive processes and the use of harmful organic solvents. Eutectic solvents
(ES), a novel class of designer solvents, hold a great potential as alternative
solvents. Not only they are easy to prepare and have tailorable properties, but
they are also able to permeabilize the cell wall of microalgae. However, the
lack of vapor pressure makes the solvent regeneration difficult. Therefore, in
this thesis, a semi-hydrophobic eutectic solvent was developed to extract lipids
from microalgae, with a viable solvent regeneration step. Moreover, a

preliminary biorefinery process was also explored.

In Chapter 2, we screened several semi-hydrophobic ES. The combination of
polar imidazole and nonpolar hexanoic acid showed tuneable hydrophobicity
depending on the composition. At low imidazole presence, the mixture
dissolved lipids and the lipid solubility decreased at higher imidazole content.
This principle was then applied to separate the ES from the dissolved lipids.
With this approach, about 75% of lipids could be recovered with a high purity
(> 85%).

Since retrieving imidazole from the altered ES was difficult, we explored other
auxiliaries which can also shift the ES hydrophobicity (Chapter 3). Polar
antisolvents, such as water, methanol, and ethanol, were observed to reduce
the lipid solubility in the ES. The reduction of lipid solubility increases with the
antisolvent polarity and amount. Furthermore, since the antisolvents were
(moderately) volatile, a large amount of antisolvents could be loaded to obtain
higher purity (up to 100%) and recovery (> 90%) when compared to the
previous approach. With this approach, more than 90% of ES could be
regenerated through evaporating the antisolvents. Methanol was selected as
the best antisolvent as it offered the ease of regeneration without sacrificing
the lipid recovery.

The novel ES was then applied to intact Nannochloropsis oceanica for lipid
extraction (Chapter 4). The yield of lipids extracted with the ES was comparable
to the standard Bligh & Dyer method using chloroform/methanol. The
extraction yield was found to benefit from the low imidazole content (0 — 15
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mol%; hydrophobic state), a high temperature, longer incubation time, and
high solvent-to-biomass ratio. Interestingly, the moisture from the wet
biomass enhanced the lipid extraction, which was found to decrease with
freeze-dried biomass. In addition, supplementation of water could reverse the
adverse effect of drying. This result implied that the disruption and drying of

biomass was not necessary to ensure the high lipid yield.

We also developed further the ES-based process towards microalgae
biorefinery (Chapter 5). First, the separation of algae lipid from the ES was
performed by addition of methanol at low temperature (-20 °C). With this
approach, 60% of the lipids could be recovered, which was significantly lower
than the finding in Chapter 3. Furthermore, the ES were reusable after three
iterative cycles without significant drop of extraction efficiency. Besides that,
the process was found to be scalable with slightly lower efficiency and
recovery. Furthermore, denatured proteins and carbohydrates could be

obtained from the defatted biomass through an aqueous extraction.

Several key findings and challenges from this thesis are summarized in Chapter
6. Besides that, some ideas for tackling the current drawbacks of the proposed
process are also discussed. Additionally, we include recommendations for
further research to gain understanding of molecular interactions between the
ES components and target molecules. Ultimately, task-specific ES for

biorefining could be tailored based on the obtained knowledge.
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