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Abstract—A cross-linked hydrogel-coated membrane was fabricated to achieve simple but highly efficient separation
of bio-lipids directly from an aqueous microalgal culture medium. The membrane is composed of a stainless steel
membrane coated conformally with a cross-linked hydrogel, poly(2-hydroxyethyl methacrylate) (pHEMA), synthe-
sized by a photo-initiated chemical vapor deposition (piCVD) process. The pHEMA-coated membrane has hydro-
philicity and underwater-oleophobicity for efficient separation of a bio-lipid-in-hexane/water mixture by gravity. The
conformal pHEMA film-coated membrane enables extremely high oil rejection performance with intrusion pressure of
6.1 kPa and water permeation flux of 6.5x10° L m™ h™', with excellent separation efficiency greater than 98.0%.
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INTRODUCTION

Searching for alternative energy sources such as biomass, water,
wind, solar, and geothermal powers has drawn huge interest in an
efforts to replace the existing fossil fuels, which have many prob-
lems including unsustainability, unstable price variation, and envi-
ronmental pollution [1,2]. Among these energy sources, biomass
is regarded as a promising candidate energy source due to its high
potential capability of providing clean energy without generating any
critical environmental issues [3-5]. In particular, microalgal bio-
mass is advantageous for biofuel production on a large-scale due
to the high lipid content, rapid growth rate, and high biodiesel
productivity [6-8]. However, the production of microalgae-derived
biofuels are still suffers from the high production cost, which must
be reduced substantially by developing a simple but highly efficient
process for cost-competitive biofuel production from microalgal
biomass [9].

The whole process to obtain microalgal biofuel largely consists
of four key steps of cultivation, harvesting, extraction, and conver-
sion [10]. In particular, in the course of harvesting and extraction,
dewatering is a unique step required in microalgal biomass pro-
duction since microalgae are aquatic organisms and a huge amount
of water must be removed from the cultivated microalgae for the
production of microalgal biofuel [11]. Most importantly, the dewa-
tering step is one of the most energy-intensive processes, and is
responsible for about 40% of total production cost [12]. Therefore,
the dewatering cost must be scaled down substantially to make
microalgal biofuel production economically feasible. For harvest-
ing, a flocculation method using chemical coagulants has been
attempted due to its high efficiency; and the separation of biomass
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from culture medium using eco-friendly coagulant of rice starch
was reported recently [13]. However, to reduce the processing steps,
methods for direct extraction of bio-lipid from wet microalgal bio-
mass have been investigated intensively [14,15]. The usually em-
ployed method for wet extraction involves cell disruption of wet
microalgae mostly by solvent treatment, followed by solvent ex-
traction of bio-lipids released from the disrupted microalgal cells.
For efficient and eco-friendly biofuel production, pulsed electric
field pretreatment and bio-solvents were also investigated in bio-
lipid extraction [16,17]. However, consequently, the wet extraction
process generates a mixture of the extracted bio-lipid phase dis-
solved in an organic solvent and the aqueous culture medium with
the disrupted microalgal cell debris, and these components should
be separated from each other with minimum cost [10]. A floatation
method using density difference is generally used to separate the
lipid-in-organic solvent phase from the aqueous culture medium.
However, the floatation-based separation process must be operated
in a batch manner, and the method is extremely time-consuming
to induce phase separation. Most importantly, a huge amount of
lipid content might be lost in the floatation-based separation pro-
cess, which critically limits the application of this separation method
to mass production [18].

Membrane-based separation could provide a simple but power-
ful method for efficient collection of bio-lipids with minimal energy
input. The membrane-based separation of an oil/water mixture is
an eco-friendly, scalable method operable in a continuous manner
due to its high selectivity, short process time, energy efficiency, and
simplicity [19]. The membrane-based separation involves the selec-
tive permeation of one phase while blocking penetration of the
other phase to achieve separation of two phases in a mixture. In the
separation of a bio-lipid-containing solvent phase from an aqueous
culture medium, two possible routes can be considered: adapting a
water-permeating membrane and an oil-permeating membrane
while blocking the other phase [20-23]. Chloroform has been con-
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sidered as a lipid-extracting solvent due to its high extracting per-
formance, and a membrane-based separation of a lipid-containing
solvent phase had been demonstrated by using an oil-permeating
membrane [24]. However, recent reports have commonly indi-
cated that chloroform cannot be applied to large-scale lipid ex-
traction due to its high toxicity [25,26]. Instead, hexane is regarded
as one of the most promising solvent candidates for lipid extraction
due to its relatively low toxicity compared to chloroform, low affin-
ity to non-lipid contaminants, and high selectivity to neutral lipids
[27]. The prominent difference between hexane and chloroform is
the density; hexane is lighter and chloroform is heavier than water.
Therefore, water-penetrating membrane is more suitable to drain
water through the membrane by gravity-driven separation in hex-
ane-based extraction. Notably, gravity-driven separation does not
require any additional power for membrane-based separation. The
gravity-driven method can also be highly efficient as far as the
method allows high permeation flux through the membrane. Com-
pared to a water-permeating membrane, an oil-permeating mem-
brane meanwhile suffers from an unavoidable oil fouling problem
due to its intrinsic oleophilic nature, leading to low recyclability of
the membrane [28]. For efficient, gravity-driven oil phase separa-
tion, various methods have been attempted to fabricate water-per-
meating membranes, mostly involving surface modification of the
membrane to incorporate hydrophilic and hygroscopic properties
to the membrane [29-32]. However, most liquid phase-based sur-
face modification methods suffer from non-conformal surface cov-
erage and pore clogging, which significantly degrade the separation
performance of the membrane. Most importantly, for the fabrica-
tion of a water-permeating surface, hydrophilic and hygroscopic
surface modification is critical. However, the functionalities are
prone to damage by various solvents, especially water. For exam-
ple, the functionalities can be dissolved out, or excessively swollen,
which might substantially degrade the performance of the mem-
brane [33,34]. To mitigate this problem, the hydrophilic surface
functionalities must be stabilized. In this regard, it is necessary to
develop a versatile surface modification method to generate a hy-
drophilic surface with enhanced chemical and mechanical stabil-
ity, but the fabrication process itself must be simple and reliable.

In this work, we suggest a novel hydrophilic water-permeating
membrane with increased permeation flux for the separation of
lipids extracted in hexane from a microalgal culture medium to
satisfy the requirements for mass production of microalgal biofuel.
For this purpose, a porous steel-use-stainless (SUS) membrane
was coated conformally with a cross-linked hydrogel composed of
poly(2-hydroxyethyl methacrylate) (pHEMA). The polymer film was
synthesized directly on the SUS membrane in a simple, one-step
manner via photo-initiated chemical vapor deposition (piCVD) to
assign hydrophilic and underwater-oleophobic properties to the
membrane surface. In the piCVD process, the corresponding mono-
mer, 2-hydroxyethyl methacrylate (HEMA), decomposes into radical
species by UV irradiation (254 nm) to form a cross-linked pHEMA
by free radical polymerization without the use of a photo-initiator
[35]. The pHEMA film maintained the hydrophilic -OH function-
alities and the cross-linking network of the hydrophilic polymer
dramatically improved the chemical and mechanical stability of the
hydrogel film on the SUS membrane. The piCVD process provided
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a thin, uniform, and conformal polymer coating to preserve the
inherent porous structure of the membrane while imparting selec-
tive wettability onto the membrane, making the pHEMA-coated
SUS membrane highly water-absorbing and underwater-oleopho-
bic [36-38]. Simple and effective separation of the bio-lipid phase
from the aqueous culture medium was achieved by using the sur-
face-modified membrane. Separation of an olive oil-in-hexane and
water mixture as a model system using the hydrogel-coated mem-
brane was attempted, where the olive oil, mimicking the microalgal
bio-lipid, remained in the retentate phase while water permeated
rapidly and completely through the membrane. The separation per-
formance was estimated by the permeation flux, separation effi-
ciency, and intrusion pressure. Finally; the separation of a mixture of
real microalgal bio-lipids and a culture medium was also attempted
by the hydrogel-coated membrane. Furthermore, recyclability of
the membrane, which originated from its outstanding chemical and
mechanical stability was demonstrated. Application of the water-
permeating pHEMA-coated membrane with high separation per-
formance to the biomass separation process will greatly reduce the
lipid loss and process time, and promote mass production of mi-
croalgal biofuels with economic feasibility.

MATERIALS AND METHODS

1. Synthesis of pHEMA via piCVD

pHEMA was synthesized from its corresponding monomer,
HEMA (95%, TCI Chemicals) via piCVD process. Si wafers (Sil-
tron, Inc.), glass slides (Marienfeld, Inc.), and steel-use-stainless
(SUS) membrane with the mesh number of 1250 were used as the
substrate materials. Substrates were located in a piCVD chamber
(Daeki Hi-tech, Inc.). The substrate temperature was maintained in
the range of 25 to 35 °C. HEMA was heated up to 75 °C to vapor-
ize the monomer and introduced into the chamber at the flow rate
of 0.91 standard cubic centimeters per minute (sccm). The cham-
ber pressure was set to 90 mTorr and 254 nm of UV irradiation
(VL-6-L.C, Vilber Lourmat) with the light intensity of 400 uW cm™
was applied to the piCVD chamber through the quartz view port.
The total distance from the substrate to UV light source was 88
mm. All of the chemicals in this study were used as received with-
out further purification.
2. Characterization of pHEMA

FT-IR spectra were obtained by ALPHA FTIR (Bruker Optics).
The static WCAs and underwater OCAs were measured by a con-
tact angle analyzer (Phoenix 150, SEO, Inc.). The volume of an indi-
vidual droplet was 10 pL. For measuring underwater OCAs, 1,2-
dichloroethane (99.8%, Sigma Aldrich) was used. Thickness reduc-
tion was estimated by the ratio of the pHEMA film thickness before
and after soaking in DI water for 24 h. After soaking in DI water,
the pHEMA-coated Si wafer was dried in ambient condition for a
day. The film thickness was obtained by spectroscopic ellipsome-
try at an incident angle of 70°. The obtained data was fit to a Cau-
chy model (alpha SE, J.A. Woollam Co., Inc.). Surface image and
morphology were observed using field emission SEM (FE-SEM)
(SU5000, Hitachi) and atomic force microscopy (AFM) (XE-100,
Park system). The pore diameter and size distribution were meas-
ured by capillary flow porometer (CFP-1500AEL, Porous Materi-
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als Inc.). Galwick solution was used to fully wet on the membrane
and N, gas was used to burst the blocked pores by galwick solu-
tion. The swelling ratio of the cross-linked hydrogel-coated mem-
brane was obtained by measuring the mass of the membrane before
and after soaking the membrane in DI water for a designated time.
The swelling ratio was calculated using the following equation [39]:

Swelling ratio (%)=(M,—M,)/M,x100

where M, and M, were the mass of swelled and dried membrane,
respectively. The mass of swelled membrane was measured after
removing excessive water on the surface by filter paper. The sol-
vent resistance of pHEMA-coated membrane was determined by
measuring the WCAs after soaking in each solvent (Deionized
water, isopropyl alcohol (Duksan), hexane (Daejung), lipid-in-hex-
ane and culture medium) for 24 h. The solvent-treated samples were
rinsed with acetone (Duksan) and isopropyl alcohol, and then
dried for 30 min on a hot plate of 50 °C.
3. Model Mixture Separation Test

Before the separation test, the pHEMA-coated membrane was
fully soaked in DI water for 10 min. The water absorbed mem-
brane was placed between the two glass cylinders (diameter: 37.3
mm) sealed with a clamp to prevent leakage. The model mixture
consisted of 30 mL olive oil-in-hexane (1.35g L") and 70 mL water.
The olive oil-in-hexane phase was dyed with Oil red O (Sigma
Aldrich) for better visualization. The mixture was poured onto the
apparatus equipped with pHEMA-coated membrane. The perme-
ation flux (F) was calculated by measuring the time for a certain
amount of liquid to pass through the membrane with the equa-
tion below [40]:

\Y4
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where V is the volume of liquid passing through the membrane, S
is the area of the membrane, and t is the time for the liquid to pen-
etrate through the membrane. The intrusion pressure (P) of the
PHEMA-coated SUS membrane was estimated using the follow-
ing equation [41]:

P=gh .

where p is the density of oil, g is the acceleration of gravity, and
h,,. is the maximum height of the oil before oil leakage starts. To
calculate the separation efficiency, total lipid was obtained by mea-
suring the mass of olive oil before and after the separation. The
mass of glass tube was first measured and 5 mL of olive oil-in-hex-
ane was filled in each glass tube. The olive oil-in-hexane in glass
tube was heated up to 50 °C of water bath for 12h. The hexane
was vaporized away to leave olive oil only. More than three separate
samples were measured and averaged to determine the oil content.
The amount of water in olive oil-in-hexane before and after the
separation was measured by Karl Fischer method (ISO 760:2007)
to check the remaining water content in oil phase after the separa-
tion [42].
4. Microalgae Strain, Cultivation, Solvent Extraction and Remov-
ing Cell Debris

The microalgal strain Chlorella sorokiniana. HS1 (Chloland) was
cultivated by open-pond cultivation, containing 20 g L™ of water

soluble fertilizer (Eco-sol, 25-9-18, Hannong). The fertilizer con-
sisted of 25.0% of total nitrogen (N), 9.0% of phosphorous (P,Os),
18.0% of potassium (K,0), and micro nutrients: 250 ppm of iron
(Fe), 250 ppm of manganese (Mn), 500 ppm of boron (B), 75 ppm
of zinc (Zn), 75 ppm of copper (Cu), and 5 ppm of molybdenum
(Mo). The microalgae was concentrated using a centrifuge (Supra
22K, Hanil) at 4,000 rpm for 5 min and stored at —70 °C for 24 h.
To collect the dried samples, the frozen samples were dried by
freeze-drying (Ilshin) for up to three days. Prior to lipid extraction,
2N of sulfuric acid solution containing 10 g L™ of microalgae was
heated in an autoclave at 120 °C for 1h for cell disruption. After
cell disruption, hexane (98%, sigma Aldrich) was added at a vol-
ume ratio of 1:1 and solvent extraction was carried out at room
temperature for 12 h. The lipid-extracted cell debris were filtered
with a paper filter.
5. Bio-lipid Separation

Similar to the model mixture separation test method, the hex-
ane with bio-lipid was separated from culture medium by the sep-
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Fig. 1. (a) A schematic illustration of pHEMA synthesis via piCVD.
First, HEMA monomer was injected into the reactor (@).
The monomer was then adsorbed on the cooled substrate and
the self-initiated radical, HEMA*, was formed by UV irradia-
tion (). The collisions among HEMA* and HEMA occurred
cause free-radical polymerization on the surface of the mem-
brane ((3), and finally, the thin film pHEMA was coated on
the substrate (D). (b) A schematic image of pHEMA-coated
membrane for lipid-in-hexane separation from a culture me-
dium. The water phase, the microalgal culture medium, can
pass though the membrane while the oil phase, lipid-in-hex-
ane, was blocked by the membrane.
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aration apparatus with pHEMA-coated membrane. The bio-lipid
mixture consisted of 30 mL lipid-in-hexane and 70 mL culture
media. The permeation flux, intrusion pressure, total lipid, and
water content in oil phase were all measured as described above.
Before and after the separation, each lipid-in-hexane phase was
also analyzed by GC. In brief, about 10 mL of lipid-in-hexane was
transferred to a Teflon-sealed tube, followed by mixing vigorously
for 30, and then the hexane was dried through nitrogen purge.
2mL of chloroform-methanol mixture (2: 1, v/v) was added into
the dried lipid and mixed vigorously for 10 min. An additional
1 mL chloroform containing 0.5 mg heptadecanoic acid (C17:0) as
an internal standard and 300 pl sulfuric acid were added. The mix-
ture was heated at 100 °C for 20 min for complete transesterifica-
tion of extracted lipids into fatty acid methyl esters (FAMEs). The
organic phase was separated by adding 1 mL of DI water, then
recovered by centrifugation at 4,000 rpm for 10 min. The amount
of FAME was quantified by gas chromatography (Agilent 7890B
GC system, USA), using a capillary column with fused silica and a
flame-ionized detector (FID). Identifying each FAME peak was
based on a 37-component mixture of FAME standards (Supelco).
The recyclability of the membrane was checked by measuring the
permeation flux and the separation efficiency in each cycle. The
separation efficiency was determined by GC analysis. In each cycle,
the membrane was gently washed with DI water for a few seconds
and dried for 30 min in ambient condition before being reused.
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RESULTS AND DISCUSSION

1. Synthesis of pHEMA Polymeric Film Via piCVD

When a liquid mixture is poured on a membrane surface, the
heavier components in the mixture will sediment and contact the
membrane first. Therefore, choosing a heavier phase as the per-
meate phase is generally useful to permeate the heavier phase out
through the membrane by gravity. For the separation of the lipid-
containing hexane phase from the microalgae culture medium, we
fabricated a pHEMA-coated, water-permeating membrane via the
piCVD process. Vaporized HEMA was injected into a piCVD cham-
ber, and the injected monomers were adsorbed on the cooled sub-
strate. By UV irradiation at a peak wavelength of 254 nm, both
carbonyl groups in the adsorbed and vaporized HEMA decom-
pose into self-initiated radicals (HEMA”), triggering the free-radi-
cal polymerization of HEMA directly on the surface of the SUS
membrane (Fig. 1(a)) [35,43]. In this one-step manner, a cross-
linked pHEMA-coated SUS membrane was fabricated. This mem-
brane was then applied to the separation of a lipid-in-hexane phase
from a culture medium phase, where the culture medium phase
could be drained selectively through the membrane by a gravity-
driven method (Fig. 1(b)).

To confirm the polymerization of HEMA, the Fourier transform-
infrared (FT-IR) spectra of the monomer and the polymer synthe-
sized by piCVD were investigated (Fig. 2(a)). The broad peak at
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Fig. 2. (a) The FT-IR spectra of monomer, HEMA (top, black), and polymer, pHEMA (down, red). The yellow area represents the presence
of the hydroxyl group and the green shades correspond to the characteristic peaks for the vinyl group. (b) The time dependent water
contact angle variation of the pHEMA-coated surface deposited at a T, of 25, 27, 30, 33, 35 °C, respectively. (c) The thickness reduc-
tion of pHEMA-coated surface deposited at each T, after soaking in DI water for 24 hrs (left, column) and the piCVD deposition rate
vs the substrate temperature (right, line) (d) SEM images of SUS membrane before (left) and after (right) the coating of pHEMA via
piCVD. Each inset image shows an enlarged view of the corresponding left image. (¢) Cross-sectional SEM images of 550 nm-thick
PHEMA-coated membrane (left) and an enlarged view of the black square box (right).
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3,400 cm™" representing the hydroxyl group in HEMA was well
preserved in both FT-IR spectra, indicating that the hydroxyl group
was not damaged during the piCVD process [44]. On the other
hand, the peak intensities corresponding to the vinyl group at 1,634
cm™! (stretching) and 900 cm™ (bending) detected in the HEMA
spectrum decreased dramatically in the pHEMA spectrum, con-
firming the conversion of the HEMA monomer to pHEMA poly-
mer [45]. The FT-IR spectra demonstrated that the HEMA un-
derwent a free-radical polymerization to form pHEMA with min-
imal loss of the characteristic hydroxyl functionality through the
piCVD process.

To obtain a water-permeating membrane, we employed a water-
absorbing surface capable of permeating water efficiently. At the
same time, the absorbed water can form a thin, water skin layer at
the membrane surface, which can prevent the permeation of oil
through the water-absorbing membrane [46,47]. In addition, the
surface properties must survive the attack from organic solvents as
well as culture media containing various constituents. Moreover,
microalgal bio-lipid separation must be secured with reliable sepa-
ration performance. Due to its polar hydroxyl group, pHEMA is
highly hydrophilic and hygroscopic. For reliable membrane-based
separation, the solvent resistance of the hydrophilic polymer must
be ensured so that the polymer remains intact even with continu-
ous contact with various kinds of solvents. Cross-linking of the
polymer is an efficient way to prevent solvent-originated damage
[34,37]. It has been reported that in the course of self-initiated
photo-polymerization of HEMA by the piCVD method, the acti-
vated pendent carbonyl groups in the pHEMA polymer chain can
induce cross-linking of the pHEMA coating by producing dimeth-
acrylate cross-linking sites via transesterification or etherification,
which substantially stabilizes the piCVD pHEMA film against attack
by organic solvents [35,48,49].

The deposition condition was optimized to maximize the chem-
ical stability of the pHEMA while retaining maximum hydrophilic-
ity of the polymer. In the course of the optimization procedure,
the substrate temperature (T;) was found to be an important fac-
tor governing the hydrophilicity of the pHEMA [35]. By chang-
ing T, from 25 °C to 35 °C, the amount of adsorbed monomer on
the membrane surface could be controlled while maintaining all
the other process conditions the same [50]. The time dependent
variation of water contact angles (WCAs) on the pHEMA surfaces
at each T, condition was monitored (Fig. 2(b)). In all samples, the
WCA decreased with time, demonstrating that the pHEMA sur-
face absorbed water and became more hydrophilic. Interestingly,
the pHEMA surface deposited at a higher T, showed a rapid de-
crease in the WCA with the lapse of time, showing that the pHEMA
with the higher T, is more hygroscopic and hydrophilic. The
pHEMA surface with a T, above 30 °C showed a saturated WCA
at around 20° in 10 min. The WCA of the pHEMA surface with a
T, of 27°C also reached a WCA of 21° in 20 min, indicating that
the surface became sufficiently hydrophilic. On the other hand, the
pHEMA surface with a T, of 25 °C is less hydrophilic. Although a
decrease in the WCA was observed, the slow; linear WCA decrease
of this surface strongly indicates that the pHEMA deposited at
25°C was heavily cross-linked, which reduced the hydrophilicity
of the pHEMA surface. Fig. 2(c) shows the thickness reduction of

each pHEMA film after soaking the film in water for 24 h, demon-
strating the underwater stability of pHEMA. The thickness reduc-
tion of pHEMA with T; of 25 and 27 °C was less than 4.5%, while,
the thickness reduction of the polymer film deposited at above
30 °C was considerable, indicating that pHEMA with a T, below
27°C was well-crosslinked and provided long-term underwater
stability, which is critical for reliable membrane-based separation.
On the other hand, the pHEMA films deposited at above 30 °C
were prone to damage by water. The increased T, decreases the
amount of adsorbed monomer, which is directly related to a de-
crease in the surface concentration of the polymerization reaction,
and thus a reduction in the cross-linking reaction to form pHEMA
with a lower degree of cross-linking, consistent with a previous report
[35]. Analogously, the deposition rate was also decreased with in-
creased T, due to the decreased surface concentration of HEMA
monomer (Fig. 2(c)). Based on this analysis, we determined that
the pHEMA with a T, of 27 °C is the optimum surface with suffi-
cient hydrophilicity and excellent underwater stability, which are
important characteristics for membrane applications.

In the piCVD process, the pHEMA was synthesized from the
monomers adsorbed on the substrates, where the polymer film
grows from the substrates surface, leading to conformal coverage
of 550 nm-thick pHEMA on the SUS membrane. Therefore, the
porous membrane structure was well preserved, as shown in Fig,
2(d) and 2(e). The scanning electron microscopy (SEM) images
before and after the coating showed nearly an identical structure.
No apparent pore clogging or damage of the SUS membrane was
observed. The pore diameters of the membrane before and after
PHEMA coating were further measured by capillary flow porom-
eter. The mean pore diameters of bare and pHEMA-coated mem-
brane were 8.82 um and 8.72 um, respectively, demonstrating no
decrease in pore size after piCVD coating. The pore size distribu-
tion showed that 92.9% and 88.3% of the bare and pHEMA-coated
membrane, respectively, were in the range from 8 um to 9 um in
pore diameters (Fig. S1. in Supporting Information). In addition,
the pHEMA film on Si wafer showed a smooth surface morphol-
ogy with a root-mean-squared roughness (R,) of ca 3.2nm (Fig.
S2. in Supporting Information). The roughness is smaller than the
porous structure of the membrane, which is most likely due to the
planarization effect appeared in piCVD [51-53].

2. Wettability Analysis and Water Absorbing Property of the
pPHEMA-coated Membrane

To achieve oil/water separation, selective wettability is pivotally
important for membrane-based separation. First, the WCA of the
bare membrane was 93.1° while pHEMA-coated membrane became
completely wettable within 30's (Fig. 3(a)), due to its outstanding
hygroscopic property as well as the highly textured structure of the
SUS membrane. The oil contact angle (OCA) of the pHEMA-
coated membrane soaked in water was also measured to check the
underwater oil-repellency of the membrane surface. The apparent
underwater OCA of the pHEMA-coated membrane was 147.1°
(Fig. 3(b)), which suggests that the pHEMA-coated SUS mem-
brane is highly hydrophilic and underwater-oleophobic. Conse-
quently, water permeated through the membrane, while oil was
rejected from the membrane, due to the sharp contrast in the wet-
tability of water and oil on the membrane.

Korean J. Chem. Eng.(Vol. 35, No. 6)
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Fig. 3. (a) The water contact angles of SUS membrane before (left)
and after (right) the pHEMA coating via piCVD. (b) The un-
derwater oil contact angle of pHEMA-coated membrane. 1,2-
dichloroethane dyed with Oil red O was used for better visu-
alization. (c) The water uptake ratio of pHEMA-coated mem-
brane (top, red) and bare membrane (down, black). The blue-
shaded graph shows an enlarged view of the water uptake
ratio at 30 min.

The hygroscopic property of the pHEMA-coated membrane,
which is mainly responsible for the excellent water permeability
and underwater-oleophobicity, was measured quantitatively by
checking the swelling ratio of the pHEMA film. The pHEMA-coated
membrane absorbed water 2.5 times than the bare SUS mem-
brane and the swelling ratio was rapidly saturated within 10 min
(Fig. 3(c)). Since the bare SUS material is incapable of absorbing
water, about 3% of water uptake observed with the bare SUS mem-
brane is mainly ascribed to water entrapment in the membrane
pores due to the capillary effect. Considering this, at least 3 to 5%

of water uptake is due to the absorption from the pHEMA thin
film, corresponding to about 4.1-times the mass of pHEMA film
coated on the membrane, consistent with previous observations
[54]. It follows from the water uptake analysis that the pHEMA
film deposited on the SUS membrane was thin enough to preserve
the porous structure of the membrane, but it can also absorb a
sufficient amount of water to impart excellent hydrophilicity and
underwater-oleophobicity to the membrane surface.

To confirm the chemical stability against other solvents as well
as water, the WCA variation of the pHEMA-coated membrane was
monitored before and after treating the surface-modified mem-
brane with various kinds of solvents. For this purpose, the pHEMA-
coated membrane was soaked in various solvents such as deion-
ized water (DI water), isopropyl alcohol (IPA), hexane, microalgal
lipid-in-hexane, and a microalgal culture medium for 24 h. All the
WCAs of the 24 h-tested pHEMA-coated membrane became 0°
within 30 s regardless of the solvents that were used, which is prac-
tically the same as that of the pristine membrane, confirming the
outstanding chemical stability of the piCVD polymer film on the
SUS membrane (Fig. S3. in Supporting Information). The adhe-
sion of pHEMA polymeric film on SUS membrane was checked
by ultra-sonication treatment in isopropyl alcohol for 60 min. As
shown in Fig. S4. in Supporting Information, the optical micro-
scopic images of the membrane did not show any sign of delami-
nation and degradation before and after the ultra-sonication treat-
ment. The underwater oil contact angle was also maintained, which
confirms the strong adhesion onto the membrane. The excellent
chemical and mechanical stability of the pHEMA-coated mem-
brane is critical to achieve reliable, efficient bio-lipid separation.

3. Separation of Olive Qil-in-hexane from Water

The hydrophilic and underwater-oleophobic pHEMA-coated
membrane was applied to the separation of a model mixture to
check its separation performance. The model mixture was com-
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Fig. 4. (a) Photograph showing the experimental setup for the separation of olive oil-in-hexane and DI water by pHEMA-coated membrane.
(b) The permeation flux of DI water only and the olive oil-in-hexane/DI water mixture through the pHEMA-coated membrane. (c)
Photograph of intrusion pressure of olive oil-in-hexane on pHEMA-coated membrane. The maximum height was 100.4 cm. The olive
oil-in-hexane phase was dyed with Oil red O for better visualization. (d) The olive oil concentration in hexane before and after the sep-

aration, estimated by total lipid measurement.
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96.4 cm. (d) The separation efficiency of pHEMA-coated membrane obtained by GC analysis and total lipid measurement.

posed of olive oil-in-hexane (1.35g L") and DI water (30 v/v %,
and the oil phase was dyed with Oil red O) was poured onto the
apparatus equipped with the pHEMA-coated membrane. The olive
oil-in-hexane was rejected from the membrane and remained on
the membrane top while DI water completely passed through the
membrane instantly to achieve complete separation solely by gravity
(Fig. 4(a) and Supplementary Movie 1). The rapid but complete
separation achieved from the membrane confirms the uniform,
conformal coating of pHEMA that efficiently prevented oil leak-
age, while the pore size was well maintained to maximize the per-
meation flux. The average permeation flux of the pHEMA-coated
membrane was 1.5x10' L m ™ h™" for water and 1.1x10°L m > h™'
for the olive oil-in-hexane/DI water mixture (Fig. 4(b)), indicating
that the resistance against water permeation is extremely low and a
fast separation can be achieved just by the low-energy, gravity-
driven method. The high permeation flux of the pHEMA-coated
membrane is greatly advantageous for treating large amounts of
oil/water mixtures with minimal energy input [21,55].

The oil intrusion pressure is also a crucial factor in determin-
ing the separation performance of the membrane. The intrusion
pressure was obtained by measuring the maximum height of oil
before any oil leakage from the membrane starts. The maximum
height of olive oil-in-hexane was 100.4 cm and the estimated intru-
sion pressure was 6.4 kPa, which is considerably high compared to
a previous report (Fig. 4(c)) [56]. The excellent underwater oil-
repellency of the pHEMA thin film efficiently prevented oil leak-
age from the membrane.

To quantify the separation efficiency, the amount of oil leakage
into the water permeate phase was measured by a total lipid analy-
sis. The olive oil concentrations before and after the separation were
practically identical (Fig. 4(d)). In addition, the water content in
the oil phase was measured by the Karl Fischer method to check
the water content remains in the rejected oil phase after the sepa-
ration. The water content in the residual oil phase after the separa-

tion was extremely low, about 0.08%, which was close to the water
content (0.06%) in pristine olive oil-in-hexane (Fig. S5. in Support-
ing Information).

4. Separation of Lipid-in-hexane from Culture Media

Finally, the cross-linked pHEMA-coated SUS membrane was
employed to separate microalgal bio-lipids from a culture medium.
The bio-lipid separation was carried out in the same manner as
the model mixture separation described above. As expected, the
bio-lipids were also separated completely from the culture medium
using the pHEMA-coated membrane driven solely by gravity (Fig.
5(a)). The lipid-in-hexane phase was rejected from the membrane,
while the culture medium permeated through the membrane (Sup-
plementary Movie 2). The average permeation flux of the culture
medium through the pHEMA-coated membrane was 8.1x10° L
m~” h™" and the average permeation flux for the bio-lipid-in-hex-
ane/culture medium mixture was 6.5x10°L m > h™" (Fig. 5(b)),
which was also quite high for gravity-driven flux. The lipid-in-hex-
ane intrusion pressure of the membrane was 6.1 kPa, correspond-
ing to a height of 964 cm in the lipid-in-hexane column (Fig. 5(c)).
The separation efficiency was estimated by a gas chromatography
(GC) analysis and total lipid measurement. The average separa-
tion efficiency obtained by the GC analysis and the total lipid
measurement was 98.0% and 98.8%, respectively (Fig. 5(d)), con-
firming the excellent separation efficiency of the pHEMA-coated
membrane-based separation. The water content of lipid-in-hexane
before and after separation was obtained by the Karl Fischer method,
and both showed an extremely low value of 0.08%, confirming
the excellent separation efficiency (Fig. S6. in Supporting Informa-
tion).

Furthermore, the reusability of the pHEMA-coated membrane
was checked by measuring the separation efficiency and perme-
ation flux in each cycle. To realize a sustainable and effective bio-
lipid separation process, excellent membrane performance should
be retained for repeated use. The pHEMA-coated membrane showed
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Fig. 6. Permeation flux for lipid-in-hexane and culture medium mix-
ture (blue) and the separation efficiency (red) with respect to
the reuse cycle, obtained by GC analysis.

no significant degradation of permeation flux or separation effi-
ciency, as determined by the GC analysis, after five iterations of
reuse (Fig. 6), due to the improved mechanical chemical stability
of the cross-linked hydrogel-coated SUS membrane with excellent
hydrophilic and underwater-oleophobic properties.

CONCLUSION

A hydrogel-coated membrane was fabricated via piCVD in a
one-step manner and was used to separate microalgal bio-lipids
directly from the culture medium. The selective wettability of the
oil and water phase on the membrane, originating from the out-
standing hydrophilicity and underwater-oleophobicity of the cross-
linked pHEMA surface, led to complete separation of the bio-lipid
mixture with excellent separation performance and enlarged per-
meation flux, achieved solely by a low-energy, gravity-driven sepa-
ration method. Moreover, the mechanical durability of the SUS
membrane coupled with the chemical stability of the cross-linked
pHEMA thin film enabled repeated use of separation membrane
without sacrificing the separation performance. The scalable strat-
egy using the hydrophilic membrane for bio-lipid mixture separation
will be useful to reduce the total energy consumption in dewater-
ing processes.
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