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Abstract

While lipid extraction from wet microalgae has attracted attention as an economical method for microalgal biofuel pro-
duction, few studies have focused the actual separation of extract phase from the emulsified extraction mixture. Here, a
novel approach which utilizes hydrophobic/oleophilic filter was developed for the efficient solvent recovery. The filter was
surface-modified by coating a functional polymer via initiated vapor deposition for the selective solvent permeability. While
acid-treated Chlorella sorokiniana HS1 and n-hexane was stirred for lipid extraction, tubular filter module was immersed
into the mixture for separation. The mixture was kept stirred during the separation to inhibit the buildup of cell debris on the
filter by inducing crossflow on the filter. Extract phase was separated directly from the raffinate phase with high separation
efficiency (> 98.3%) while maintaining permeation flux. The place-, space- and energy-efficient strategy reported here could

be a useful tool for the solvent extraction process.
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Introduction

Intracellular microalgal lipid, mainly composed of triacylg-
lyceride (TAG), can be converted to biofuel such as jet fuel
or biodiesel, a potential substitute for fossil fuels, via cata-
lytic processing [1, 2]. Microalgae outperform other biomass
for the biofuel production in terms of their high lipid content
[3], carbon fixation rate [4, 5]. For the commercialization of
microalgal biofuel, however, development of cost-efficient
lipid extraction process is required because the conventional
method accompanies the energy-intensive drying of wet
microalgae and the use of polar solvent, which requires the
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unfavorable high-temperature distillation for solvent recycle
[6, 7]. As an alternative, solvent extraction of lipid directly
from wet microalgae (wet lipid extraction) with the use of
non-polar solvent has been proposed [8]. To compensate for
the inefficiency of non-polar solvent in extracting lipid in
an aqueous medium, various cell disruption method before
extraction have been actively studied [9].

After wet lipid extraction, an emulsified mixture of
raffinate (aqueous phase and delipidated cells) and extract
(lipid-in-solvent) phase is produced [10]. For the further
processing of lipid to target biofuel, extract phase should
be recovered from the emulsified mixture via proper phase
separation method. However, few studies have reported the
actual recovery of the extract phase and most studies for
of wet lipid extraction have used the separation methods
just for the purpose of quantifying and analyzing the extract
[7, 11, 12]. The most commonly used methods for the sol-
vent recovery are sedimentation and centrifugation, both
of which exploit the density difference of the two phases.
Sedimentation is inevitably accompanied by long separa-
tion times since microalgae-derived surfactants inhibit the
spontaneous phase separation by gravity [13]. This method
of phase separation is inefficient and usually requires a large
floor space and considerable solvent holdup. Centrifugation
employs external gravitational force, and thus, emulsions
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can be separated more effectively quickly. However, from the
perspective of energy consumption, when judging the energy
consumption, centrifugation for mass production of lipid is
not cost-efficient for mass production of lipid [14]. There-
fore, the actual recovery of solvent for large-scale biofuels
production via the above methods is not an optimal choice.

Membrane separation is regarded as a simple but well-
established technology that is scalable, compatible with
continuous processes [15, 16], and widely applied to the
separation of various oil/water mixtures [17, 18]. Selective
oil/water separation relies on the surface energy differences
between the liquid phase and the membrane surface. For
effective separation, therefore, the surface energy of the
membrane surface must be carefully controlled. For this
purpose, we developed novel hydrophobic/oleophilic filter
by modifying the filter surface using an initiated chemical
vapor deposition (iCVD) process, a method of depositing
functional polymer films in the vapor phase with excep-
tional conformal coverage on the membrane surface [19].
iCVD surface modification imparts selective wettability to
a filter surface by applying a uniform conformal coating of
functional monomers while preserving the filter structure.
With this oil-permeating filter lipid-rich chloroform layer
was separated after microalgal lipid extraction with excel-
lent high rejection of water by dewetting and cell debris by
size exclusion, respectively [19, 20]. However, that method
was a gravity-driven and can only separate sublayer solvent
and cannot be operated continuously due to filter fouling by
cell debris.

This work aimed to develop an improved solvent recov-
ery method for the wet lipid extraction from microalgae to
complement the existing methods. This novel separation
system incorporated a hydrophobic/oleophilic filter and
was designed for continuous operation with low filter foul-
ing rate. The effect of solvent-to-feed ratio, impeller stirring
speed and filter pore size on the separation performance was
investigated. Lastly, the filter reusability after filter-cleaning
was also investigated.

Materials and methods
Materials

An aqueous suspension of Chlorella sorokiniana HS1
(<2 g/L) was supplied by Chloland (Republic of Korea) The
microalgal strain was cultivated in open-pond with 20 g/L
of fertilizer, Eco-sol (25-9-18, Hannong, Republic of Korea)
[21]. The suspension was concentrated in our lab via cen-
trifugation (up to 250 g/L), and then lyophilized. Total lipid
content, analyzed based on a Folch method in gravimetric
yield [22], was determined to be 14 + 1% (w/w dry cell).
n-Hexane (HPLC grade >99%, Merck, Germany) was used

@ Springer

as the solvent for lipid extraction. Sulfuric acid (98%, Sigma-
Aldrich, USA) was used as an acid catalyst for cell disrup-
tion. Oil-red O and methylene blue (Sigma-Aldrich, USA)
were used to stain solvent and aqueous phase, respectively,
for microscopic images. All of the chemicals in this study
were used as received without further purification.

A hydrophobic/oleophilic filter was prepared by coat-
ing the mesh surface with hydrophobic polymer monomer,
1H,1H,2H,2H-perfluorodecyl methacrylate (PFDMA, Jih-
yun Chem Co., Ltd., Republic of Korea). Stainless-use-steel
(SUS) meshes with pore sizes of 38, 20 and 10 pm (Nilaco,
Japan) were used as the substrate materials. The correspond-
ing monomer, and an initiator, tert-butyl peroxide (TBPO,
98%, Sigma Aldrich, USA), were injected at flow rates of
0.2 sccm and 0.4 sccm, respectively, into an iCVD cham-
ber (Daeki Hi-tech, Inc., Republic of Korea). The chamber
pressure and substrate temperature were set to 90 mTorr and
40 °C, respectively [23].

Methods
Microalgae cell disruption by acid hydrolysis

The lyophilized microalgal biomass was added to sulfuric
acid solutions having concentrations of 1 N, so the resulting
mixture had a biomass concentration of 50 g/L. The hydroly-
sis reaction was performed in an oil bath at 120 °C with stir-
ring at 300 rpm for 120 min. Samples were taken at 10-min
intervals and then quenched in an ice bath for analysis. To
determine the quantity of lipid that could be extracted from
the disrupted cell, the suspension was mixed with an equal
volume of hexane using a vortex mixer for 12 h at room
temperature (hexane-extractable lipid). After mixing, the
samples were centrifuged at 10,000g for 3 min to achieve
product separation. After centrifugation, the supernatant
solvent was placed on an aluminum weighing dish, and the
extract phase was evaporated by nitrogen purging. The dried
supernatant was considered to be the lipid product, and the
hexane-extractable lipid yield was calculated as follows:

Hexane-extractable lipid yield (%)

= ((W,=W,) X V) /(V, X W) X 100%,
where W, is the weight of the dish with the lipid, W, is the
weight of the empty dish, W is the weight of the total lipid

in the sample, V| is the volume of supernatant collected, and
V, is the volume of the total supernatant in the mixer.

Wet lipid extraction from disrupted microalgae

Solvent extraction was carried out in a 1.5-L cylindrical
vessel containing four radial baffles 1 cm in diameter and



Bioprocess and Biosystems Engineering (2019) 42:1447-1455

1449

equipped with an overhead stirrer (Daehan, Republic of
Korea) (Fig. 1). A 6-blade Teflon-coated impeller (width
4 cm, height 1 cm to 0.5 cm, bottom clearance 2 cm) was
used to stir the mixture. An external heating jacket fixed the
temperature (55 °C) of the mixture in the vessel. Extraction
was carried out without external pressurization. 500 mL of
disrupted cell suspension (50 g/L) and various volume of
hexane were placed in the vessel and stirred at 500 rpm.
5 mL of the emulsified mixture in the extraction vessel was
collected every 10 min, centrifuged at 10,000g for 3 min,
and the supernatant was dried to quantify the lipid extraction
yield based on total lipid and calculated in the same way as
hexane-extractable lipid yield was calculated.

In situ solvent recovery

To recover the extract phase directly from the mixture stirred
in the extraction vessel, hydrophobic/oleophilic pPPFDMA-
coated mesh filter was introduced into the extraction vessel.
To facilitate the immersion of the filter into the emulsified
mixture, a perforated tube was wrapped with one of the filter
meshes, The tube was cylindrical, 10 mm in diameter, and
included a rectangular pore 10 mm in width and 30 mm in
length (Fig. 1). The filter module was inserted from the top of
the mixer cap into the vessel and was oriented perpendicular to
the stirring direction. The separation process was started only
after the maximal lipid extraction yield had been achieved,
and external pressurization was not used for the separation.
The liquid components (filtrate), separated from the mixture,
flowed into the tube through the filter and pooled in the tube,
were siphoned out (Supplementary video 1, 2). The flow rate at
the pump output was assumed to be the flow rate of the filtrate
passing through the filter. To pump out the filtrate, a peristaltic

Fig.1 A schematic illustration
of wet lipid extraction from
microalgae and in situ solvent
recovery with the hydrophobic/
oleophilic filter. By mixing the

Disrupted microalgae
(wet)
Solvent

pump was used, and the separation performance such as sepa-
ration efficiency, recovered amount and permeation flux was
calculated as described in Sect. 2.6.

Analytical methods

The morphology of the filter was investigated using a field
emission scanning electron microscope (SU8230, Hitachi,
Japan) operated at 2 kV without a metal coating. The conduc-
tivity of the mixture was measured by a conductivity meter
(FiveGo, Mettler Toledo, USA). Optical microscopy images
of extraction mixture were collected using a microscope
(DM2500, Leica Microsystems, Germany). Mixture pressure
was measured by using digital pressure manometer (DAIHAN,
Republic of Korea). The contact angle of a liquid droplet on
the filter was measured by contact angle analyzer (Phoenix
150, SEO, Inc. Republic of Korea). The breakthrough pres-
sure of the aqueous phase on the filter was calculated by the
maximum height of the rejected aqueous phase until it passes
through the filter (Pyeakhrougn = PgH)- Solid components in the
filtrate were measured by filtering the filtrate by 0.2 pm pore
size of Teflon filter and weighing the residue. Separation effi-
ciency, recoverable amount, permeation flux was calculated
as follows:

Separation efficiency, 7 (%) = (1 — Ve / Vi) X% 100%,

Recovered amount (%) = Vi X n/V; X 100%,

Permeation flux (L/m*/h) = Vi, /(A X 1),
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where V., is the volume of permeated water in the filtrate,
Vi 1s the volume of filtrate recovered, V;is the total volume
of solvent, A is the filter area, and ¢ is recovery time.

The amount of water permeated in the liquid filtrate was
measured using the Karl Fischer method (ISO 760:2007).
When measuring the permeation flux and separation effi-
ciency, the filtrate was allowed to be recycled back into the
vessel. On the other hand, when determining the amount
of recovered solvent, the filtrate was continuously removed
without recycling.

Reuse of filter

After 5 h of separation experiment, the used filter was sepa-
rated from the tube and washed with a washing solution
(1 M NaOH +isopropyl alcohol, 1:1 v/v) by sonication for
10 min. After the sonication, the filters were dried in a ther-
mal oven at 70 °C for 1 h. The dried filters were reused, and
another run of separation was repeated. The reusability of
the filters was evaluated by measuring the average permea-
tion flux and average separation efficiency during a run of
the experiment.

Results and discussion
Extraction mixture characterization

To prepare the extraction mixture for solvent recovery, lipid
extraction from wet disrupted C. sorokiniana HS1 was car-
ried out. Before extraction, the cell was disrupted by acid
hydrolysis, which is a widely used method for cell disin-
tegration [9, 24, 25]. The effectiveness of acid treatment
at 120 °C for lipid extraction was tested by varying H,SO,
concentration (Fig. 2a). After acid treatment, suspension of
cell debris was mixed with hexane via vigorous vortex mixer
to determine how much lipid could be extracted (hexane-
extractable lipid) and hexane-extractable lipid yield was
used to find out whether enough cell disruption for lipid
extraction was achieved. The yields of hexane-extractable
lipid at each time increased with the increase in the H,SO,
concentration up to 1 N, and the yield increase became
saturated after 60 min (Fig. 2a). To achieve maximal lipid
extraction via acid treatment, the cells were treated with 1 N
H,SO, for 60 min.

Different volume ratios of hexane were added to the
disrupted cell suspension (e.g., 1.5, 1.0 and 0.5 v/v
hexane:biomass). The mixture was stirred at 500 rpm
for lipid extraction in the extraction vessel. As shown in
Fig. 2b, lipid extraction yields of three cases all reached
the hexane-extractable lipid yield (94% of total lipid).
The maximum lipid extraction yield was not affected
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Fig.2 Acid treatment of C. sorokiniana HS1 and lipid extraction. a
Hexane-extractable yield. Inset values represent the sulfuric acid con-
centration. Hexane and the aqueous suspension of the disrupted cell
(v/v=1) were mixed vigorously. b Lipid extraction yield when mix-
ing acid-treated microalgae (1 N of H,SO, for 60 min with the vari-
ous volume of hexane (hexane:biomass v/v=1.5, 1.0, and 0.5). Error
bars represent the standard deviation of triplicate experiments

by the amount of hexane used within the conducted
experimental conditions. Only the extraction speed was
affected by the solvent amount. The aqueous phase was
successfully dewetted on the various pore size of filters
(108 +2°) while the extract phase was completely wetted
(~0°). Breakthrough pressure of aqueous phase on the fil-
ter was 3.11 kPa for a 38-um filter, 6.33 kPa for a 20-um
filter, and more than 11.0 kPa for a 10-pm filter. Hexane
was continuous phase in (hexane:biomass v/v=1.5) and
(hexane:biomass v/v: 1.0) mixtures and dispersed phase in
(hexane:biomass v/v=0.5) mixture based on the conduc-
tivity measurement, and the mixture of (hexane:biomass
v/v=1.0) showed not only continuous hexane phase, but
a small portion of dispersed hexane droplet through the
microscopic observation (Supplementary Fig. 1).
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In situ solvent recovery

To find out whether the fabricated filter could successfully
block the raffinate phase while letting the extract phase pass
through within the designed separation system, separa-
tion experiments were carried out using (hexane:biomass
v/v=1.5, 1.0 and 0.5) mixture. We first maintained the lipid
extraction conditions (stirring speed was 500 rpm, and the
temperature was 55 °C) and recovered the filtrate by pump-
ing it out and then analyzed it. Although filter was fabricated
to be hydrophobic, aqueous phase could pass through the fil-
ter in the presence of force above a breakthrough pressure of
filter [26]. Pressure applied to the filter was hydrostatic pres-
sure and shear force by impeller stirring. Manometer showed
that in our filter location, the pressure samples on the filter
did not exceed the breakthrough pressure (0.29 +0.03 kPa
for 500 rpm and 0.51 +0.07 kPa for 1000 rpm).

In the current filter design, the purpose of the impeller
stirrer was not only to increase permeation flux, but also to
reduce the filter fouling rate caused by cell debris buildup
via fluid-shear, not dissimilar to a crossflow filtration process
[27]. If the separation were carried out effectively despite the
stirring designated for lipid extraction, our separation system
would be meaningful because extraction and phase separa-
tion could be carried out simultaneously in the continuous
process. Also, this system could be applied when a solvent
that has a higher density than water was used because mix-
ing makes the solvent keep contacting the filter. We first used
the 20 um pore size of the filter.

One of the main advantages of the proposed system is that
the solvent can be recovered continuously from the emulsion
phase at a high separation efficiency without the need for
external pressurization (Fig. 3). Although the permeation
flux of each samples slightly decreased with separation time
(183-173 L/m? h for (hexane:biomass v/v=1.5), 156-140 L/
m?/h for (hexane:biomass v/v=1.0) and 110-95 L/m?/h for
(hexane:biomass v/v=0.5), separation proceeded constantly
for 5 h or more (Fig. 3a). Permeation flux was lower with the
less use of hexane. Cell debris permeation was not detected
although individual cell size of C. sorokiniana HS1 is about
3-5 pum [28] which is smaller than the mesh pore size since
cells were disintegrated and aggregated each other after acid
treatment (Supplementary Fig. 1).

Based on microscopic images (Supplementary Fig. 1), the
oil droplet size of the (hexane:biomass v/v=0.5) mixture was
about 20 pm, and the mixture of (hexane:biomass v/v=0.25)
was about 2—10 pm. When low hexane:biomass ratio was
used (i.e., hexane:biomass v/v=0.25), no liquid was able
to permeate through the mesh filter (data not shown). Even
though both emulsions (hexane:biomass v/v=1.5 and 1.0)
had hexane as the continuous phase, the emulsion with
lower hexane:biomass ratio (i.e., hexane:biomass v/v=1.0)
also contained additional smaller oil droplets, and a lower
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Fig.3 Separation performance using PFDMA-coated filter. a Per-
meation flux, b recovered amount, ¢ separation efficiency. Separation
was carried out at 500 rpm and 55 °C. Filter pore size was 20 pm.
Error bars represent the standard deviation of triplicate experiments

permeate flux was observed. These results suggest that small
oil droplets may not be able to pass through the filter in the
current system. Therefore, finely divided oil droplets may
be unable to pass the filter spontaneously in our system.
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Further development of filter media is required for effective
emulsion separation in our system.

Recovered amount of solvent was 80.1% for
(hexane:biomass v/v=1.5), 72.9% for (hexane:biomass
v/v=1.0), and 43.6% for (hexane:biomass v/v=0.5) mixture
in a batch operation (Fig. 3b). The recoverable amount of
solvent was also lower with the less use of hexane. It may be
worth discussing in terms of net hexane unrecovered. Assum-
ing 1 L of wet algae was used, (hexane:biomass v/v=1.5)
mixture has unrecovered hexane of 0.3 L, (hexane:biomass
v/v=1.0) has 0.271 L, and (hexane:biomass v/v=0.5) has
0.282 L, which were similar in volume. Our hypothesis for
this observation is that the filtrate should be in the form of
free liquid (i.e., not bound or held up by cell debris). As the
ratio of cell debris:solvent increases, more of the solvent
would be bound to cell debris, therefore, become less likely
to wet the filter. Therefore, this may cause a reduction in the
permeation flux as well as the amount of recovered solvent.
To separate a much-concentrated sample using our separa-
tion system, more effective tools would be required such
as pressurization to drag the solvent held with cell debris.
During the 5 h of separation, separation efficiency was main-
tained above 98.3% (Fig. 3c¢).

Effects of stirring rate on permeation flux

Adding shear force on a filter surface is a commonly used
method for reducing filter fouling due to cell debris [29].
The effects of the stirring rate of the impeller on the per-
meation flux were investigated (Fig. 4). Separation of the
series of samples was carried out varying the stirring speed
from O to 750 rpm. At the stirring speed below 250 rpm, a
sharp decrease in the permeation flux was found in all three
samples. It appears that filter fouling has occurred at lower
stirring rate due to the reduction of agitation-derived shear
forces. This is apparent when observing the filter surfaces
after one batch of separation under SEM (Fig. 5), where
the filter pores were clogged by cell debris. Interestingly,
we also noted that even when operating at high stirring
speed (> 250 rpm), the wire mesh can still be covered by
cell residues. Therefore, it is likely that the filter perfor-
mance may be compromised with extended operation period
(>300 min), indicated by a slight decrease in permeation
flux and separation efficiency at time =300 min (Fig. 3).
Therefore, for long-term operations, a suitable filter-cleaning
procedure must be developed.

At the stirring speed above 500 rpm, the effects of the
stirring rate were different according to the hexane usage.
When the solvent was not dispersed phase (hexane:biomass
v/v=1.5 and 1.0) permeation flux was increased as the stir-
ring rate increased. It seems that higher agitation speed
would exert force to the solvent phase to move faster through
the filter. The observed phenomenon can be ascribed to the
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Separation was carried out at 55 °C. Filter pore size was 20 pm. Error
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fact that the increasing crossflow velocity near filter sur-
face results in a flux increase of permeated liquid phase
[30]. Conversely, when the solvent was dispersed phase
(hexane:biomass v/v=0.5), permeation flux was decreased
as the stirring rate increased. We reason these results like
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that higher agitation speed make dispersed solvent droplet
smaller, which can cause a decrease in the chance to contact
the filter [31] as in the previous case of (hexane:biomass
v/v=0.25). It would be crucial to find the optimal stirring
speed satisfying both lipid extraction yield and separation
performance in our separation system.

Effect of filter pore size on separation efficiency

To investigate the effect of filter pore size on the filtration
performance, the mixture of (hexane:biomass v/v=0.5) was
separated at 500 rpm by using filters with various pore sizes.
As shown in Fig. 6a, permeation flux was increased as fil-
ter pore size increased as expected. When the 38-pm filter
was used, the average permeation flux during separation was
122 L/m?/h, which was 11.6% higher than the filtration with
20 pm filter, with no cell debris permeation detected. When
the 10-pm filter was used, the separation was stopped after
240 min of separation due to cell clogging. Filter separa-
tion efficiency was increased as the filter pore size decreased
(Fig. 6b). Although permeation was stopped when using the
10-pm filter, the separation efficiency of filtrate during sepa-
ration was highest (99.2%).

On the other hand, the separation efficiency of the system
dropped to 94.8% when the 38-pm filter was used, despite
no cell debris penetration observed and the filtration pres-
sure remained under the breakthrough pressure. Although
(hexane:biomass v/v=0.5) mixture was an O/W emulsion
based on our microscopic image (Supplementary Fig. 1), it
is possible that the aqueous phase could be split by shear
into droplets smaller than the pore size and therefore able
to pass through the filter directly without coming in con-
tact with the hydrophobic mesh wire. The real-time mixture
stirred in the mixer could be a form of water-in-oil-in-water
emulsion in the exist of colloidal particles like cell debris
[32]. For accurate mechanism analysis, direct and precise
measurement methods are required.

Reusability test

As a method for long-term separation, filter washing was
carried out for the regeneration of separation performance.
The reusability of the PFDMA-coated filter was evaluated
by repeatedly measuring the average permeation flux and
the average separation efficiency during 5 h (1 run) (Fig. 7).
Mixture of (hexane:biomass v/v=0.5) and a washing
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between each cycle. Error bars represent the standard deviation of
triplicate experiments
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solution (the mixture of 1 M NaOH aqueous solution and
isopropyl alcohol (v/v=1)) was used. With the filter washing
between each experiment, average permeation flux and aver-
age separation efficiency were maintained. This procedure
was not an optimal filter cleaning method, but it was shown
that our filter could be used repeatedly without the decrease
in the filter performance despite the acidic and heat condi-
tion (1 N of H,SO, and 55 °C).

Conclusion

In this study, we successfully developed a separation system
for recovering lipid-containing solvent via the use of hydro-
phobic/oleophilic filter module. Our results demonstrated
that space- and energy-efficient system with the capacity of
continuous separation could be achieved along with a high
separation efficiency. By stirring the hexane and biomass
mixture, lipid extraction and solvent separation can occur
simultaneously in the process, indicating the possibility of
developing this system into a continuous process. We believe
that the in situ separation method described here could be
a promising candidate as a platform for mass production of
microalgal lipid.
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