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ARTICLE INFO ABSTRACT
Keywords: Biopolymer-based membranes are eco-friendly alternatives to petroleum-based membranes. However, bio-
Bio-based membrane polymers often require harsh membrane fabrication conditions due to their low solubilities, which are incom-

Ultrafiltration membrane
Poly(lactic acid)
Acetylated cellulose ether
Blending

patible with general non-solvent-induced phase separation (NIPS). Thus, establishing mild blending conditions
for NIPS membrane production is needed. This study developed ultrafiltration membranes by blending poly
(lactic acid) (PLA) and acetylated cellulose ether (ACE), both of which are derived from renewable resources,
using NIPS under mild conditions. We investigated the effects of PLA proportion on the structural, chemical, and
thermal properties of the blend membranes and assessed polymer miscibility using theoretical models. Results
indicated excellent miscibility with a single glass transition temperature. The 1:1 PL A/ACE membrane
demonstrated the lowest water contact angle of 45°, 35 % lower than that of the pure PLA membrane. Addi-
tionally, its pure water permeance was 179.4 LMH/bar, significantly higher than 103.4 LMH/bar of the pure PLA
membrane. Flux recovery ratio at pH = 4 was 69.5 for the blend membrane as compared to 70.6 for the PLA
membrane. At pH = 7, all membranes could be fully recovered via physical washing, even those fouled with
bovine serum albumin. This study successfully fabricates PLA/ACE-based membranes with outstanding prop-
erties under mild conditions.

To date, various bio-based polymers and their derivatives have been
developed as membrane materials, and their potentials to replace
petroleum-derived polymers have been demonstrated [11,12]. PHB, a
bio-based polymer produced via fermentation, has been reported as a
promising membrane material [13]. Villegas et al. prepared a PHB
pervaporation membrane via EIPS using chloroform as a solvent. In the
separation of methanol/MTBE mixtures, the PHB membrane with an
acrylic acid layer exhibited high selectivity for methanol and low flux
[13]. Moreover, PHBHV-based MF membranes were fabricated by TIPS
and NIPS using pore-forming agents. PHBHV membranes prepared using
PEG or EG demonstrated larger pore sizes relative to that of a pure
PHBHV membrane and a permeate flux of 135 or 480 LMH/bar,
respectively [14]. PVP and PEG with different molecular weights and
concentrations were incorporated as additives into PHBHV membranes
by EIPS using chloroform as the solvent. This study indicated that PVP
and PEG affected membrane permeability and pore formation [3].

1. Introduction

Membranes manufactured from biomass-derived polymers have
attracted significant attention as alternatives to petroleum-derived
polymer membranes [1-5] because COy emissions arising from the
excessive use of petrochemicals are continuously increasing, thereby
accelerating global warming [6,7]. Most polymeric membranes are
manufactured from petrochemicals, for example, polyethersulfone,
polysulfone, polyacrylonitrile, PVDF, polyimide, polyamide, and poly-
vinyl chloride [1], and exhibit significant favorable characteristics such
as high thermal and chemical stabilities, mechanical resilience, and
cost-effectiveness [8]. Bio-based polymers are promising alternatives to
petrochemicals for membrane preparation because of their C-neutral
natures and sustainabilities. Thus, developing membranes from bio-
polymers has garnered extensive research interest [3,9,10].
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Nomenclature (PDLLA) Poly(D, i-lactic acid)
(PTAT) Poly(tetramethylene adipate-co-terephthalate)
(PVDF) Polyvinylidene fluoride (DMF)  N,N-Dimethylformamide
(PHB)  Polyhydroxybutyrate (PEO)  Poly(ethylene oxide)
(EIPS) Evaporation-induced phase separation (DI) Deionized
(MTBE) Methyl tert-butyl ether (PBAT) Poly(butylene adipate terephthalate)
(PHBHV) Poly(hydroxybutyrate-co-hydroxyvalerate) (ACE)  Acetylated cellulose ether
(MF) Microfiltration (VIPS)  Vapor-induced phase separation
(TIPS) Thermally induced phase separation (PET) Poly(ethylene terephthalate)
(NIPS)  Non-solvent-induced phase separation (De) Apparent diffusion coefficient
(PEG) Poly(ethylene glycol) (3D) Three-dimensional
(EG) Ethylene glycol (SEM)  Scanning electron microscopy
(PVP) Polyvinylpyrrolidone (AFM)  Atomic force microscopy
(PBS) Poly(butylene succinate) (WCA) Water contact angle
(CA) Cellulose acetate (FTIR)  Fourier-transform infrared
(NMP)  1-Methyl-2-pyrrolidone (TGA)  Thermogravimetric analysis
(BSA) Bovine serum albumin (DSC) Differential scanning calorimetry
(PLA) Poly(lactic acid) (PWP)  Pure water permeance
(UF) Ultrafiltration (MWCO) Molecular weight cut-off
(PCL) Poly(caprolactone) (FRR) Flux recovery ratio
(PLLA)  Poly(i-lactic acid) (2D) Two-dimensional

Furthermore, to enhance the performances of PBS membranes in the
purification of raisin wastewater, Ghaffarian et al. prepared PBS/CA
membranes with different blend ratios using NMP as the solvent at
50 °C. At an optimum ratio, the membrane exhibited a sponge-like
structure, high thermal stability, high permeability owing to hydrophi-
licity, and high wastewater treatment performance [15].

PLA, economically produced from renewable resources, is one of the
most popular biopolymers, and research on the manufacture of PLA-
based membranes is being actively conducted. Moriya et al. studied a
hollow-fiber-type PLA UF membrane with a permeate flux of ~880
LMH/bar and BSA rejection of 80 % [9]. PCL/PLLA MF membranes were
manufactured for cell capturing, and high cell retention was obtained
after blending PCL and PLLA in 1,4-dioxane at 90 °C [16]. Despite its
advantages as a promising membrane material [17,18], PLA demon-
strates the limitations of low glass transition temperature (Tg), brittle-
ness (less than 10 % elongation at break), low toughness, low relative
hydrophobicity, and lack of reactive side chains [19,20].

Several methods have been developed to overcome the above-
mentioned disadvantages of PLA. Among them, blending PLA with
another polymer via a solution process is a simple modification method
[21]. Xiong et al. fabricated a PLA/PDLLA stereo-complex membrane
with high antifouling performance as compared to that of a pristine PLA
membrane. Moreover, the PLA/PDLLA membrane exhibited relatively
higher permeability and BSA rejection [10]. Liu et al. employed PTAT to
improve the hydrophilicities of PLA membranes and examined their
blend miscibilities. They discovered that PLA and PTAT were partially
miscible in the blend membrane [22]. Keawsupsak et al. focused on the
fabrication of PLA membranes blended with different polymers, such as
PBS, PBAT, and PHBV, using NIPS and investigated the filtration per-
formances of these membranes. PLA/PBS exhibited better miscibility
than that of PLA/PBAT, and PLA/PHBHV exhibited the best filtration
performance [23]. However, the components in the blend membranes
were partially miscible even after high-temperature stirring.

Miscibility between polymers is the most important factor in a
blending system. In the cases of blend membranes, miscibility is closely
related to membrane properties, for example, filtration performance,
morphologies, uniformity, and mechanical and thermal properties
[24-28]. Immiscibility in blend membranes can cause non-uniform
surfaces, defects, and inferior mechanical properties and separation
performances due to polymer phase separation [25,27,28]. Therefore, in
the cases of blend membranes, considering miscibility is crucial.

PLA, PCL, PHBHV, PBS, and cellulose derivatives have been used to
fabricate various types of membranes, and many studies have examined
the performances of these biopolymer-based membranes [11]. Never-
theless, in many cases, toxic solvents (e.g., chloroform and dichloro-
methane) [3,10,14,29] and high dissolution temperatures are required
because of the low solubilities of the biopolymers [16,18]. These harsh
conditions are not compatible with general NIPS. Therefore, establishing
mild blending conditions for NIPS membrane production is urgently
required.

Among cellulose derivatives, CA, triacetyl cellulose, ethyl cellulose,
carboxymethyl cellulose, and nitrocellulose have been used to fabricate
cellulose-derived membranes [12]. ACE is a promising cellulose-derived
material for membrane fabrication. Kim et al. prepared an ACE UF
membrane using various additives and investigated the membrane
fouling performances of these membranes relative to that of a PVDF
membrane [30]. According to Han et al. the ACE membrane presented
higher mechanical strength while maintaining its hydrophilicity as
compared to the cases of the membranes based on CA and cellulose
triacetate [31]. Jang et al. constructed a hollow-fiber-type dual-layer
ACE membrane by TIPS and NIPS via single-step spinning. Compared to
the PVDF membrane, the ACE membrane was more hydrophilic and
exhibited better antifouling properties [32]. Jayalakshmi et al. produced
CA graft materials (CA-g-(GMA-g-PEG)) and blended or incorporated
them with ACE, and the resulting membrane was used to remove metal
ions from aqueous solutions. The composite membrane exhibited
excellent chlorine stabilization, hydrophilicity, and antifouling proper-
ties [33,34]. Additionally, VIPS was employed to fabricate MF mem-
branes with pore sizes of 0.2-0.53 pm, and the molecular weights of the
additives were optimized. The resulting membranes exhibited high
water permeances and resistances against protein fouling when
compared with those of commercial CA membranes [35].

To the best of our knowledge, to date, research on the fabrication of
membranes by blending PLA and ACE has not been conducted.
Accordingly, in this study, PLA was blended with hydrophilic ACE at
mild temperature to achieve PLA/ACE membranes with low hydro-
phobicities and high Ty values. Miscibility of PLA and ACE was evalu-
ated using several techniques and theoretical models. Then, after
preparing the membranes with different blend compositions, their hy-
drophilicities, filtration performances, and antifouling properties were
assessed using BSA as a foulant.
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2. Material and methods
2.1. Materials

PLA (2003D) was procured from Natureworks (USA). ACE (Mecel-
lulose®) synthesized on a pilot scale was kindly supplied by Lotte Fine
Chemical (Ulsan, South Korea). DMF (>99.8 %, ACS reagent), non-
woven PET support (#884, 75 g/m? thickness: 0.087 mm, AWA Paper
Manufacturing Co. Ltd., Tokushima, Japan), citric acid monohydrate
(>99.0 %, ACS reagent), BSA (>98 %, heat shock fraction, pH = 7, and
molecular weight = 66,000 g/mol), PEG (average molecular weight =
35,000 g/mol), and PEO (average molecular weights = 100,000,
200,000, and 400,000 g/mol) were purchased from Sigma-Aldrich
(USA). Anhydrous sodium phosphate monobasic (NaHPO4, 98.0 %)
and anhydrous sodium phosphate dibasic (NagHPO4, 99.0 %) were
procured from Samchun (Korea). DI water was used in all experiments.

2.2. Characterization of the polymer dope solution

2.2.1. Viscosity and cloud point

Viscosity of each polymer dope solution was measured at 50 rpm
using a viscometer (DV-E viscometer, Brookfield Engineering, USA)
equipped with an HA-4 spindle (range: 400-80 K). During viscosity
measurements, the polymer dope solution was maintained at 50 °C.
Average of seven repeated measurements is reported. Cloud point of
each polymer solution was visually determined. DI water (100 pL) was
injected as a non-solvent into dope solutions with different polymer
concentrations (4, 8, 16, and 20 wt%) under stirring at 50 °C. Cloud
point was assigned when the polymer solution became turbid and the
turbidity persisted for at least 30 min. Thereafter, the proportion of each
component (namely, polymer, solvent, and non-solvent) was calculated,
and the ternary phase diagram was constructed.

2.2.2. Precipitation kinetics (De of the non-solvent)

De of the non-solvent (DI water) was determined using an optical
microscope (ECLIPSE E200, Nikon Instruments, Japan) equipped with a
digital camera (IMTcamCCDPro2, IMT Inc., Canada). A drop of the
polymer solution was placed between the optical glass and cover glass;
then, the non-solvent at 30 °C was dropwise put on the edge of the
polymer solution using a micropipette. When the non-solvent contacted
the polymer solution, polymer precipitation occurred, and the non-
solvent simultaneously diffused into the polymer solution. Diffusion
distance of the non-solvent, d (cm), was evaluated by the polymer pre-
cipitation length and measured every 30 s using i-Solution Lite at a
magnification of 4 x . De of the non-solvent was calculated using
equation (1) [36]:

d2

= — 1
4t )

De

where t (s) is the time interval.

2.3. Preparation of PLA/ACE membranes

Before all experiments, PLA and ACE were dried overnight at 80 °C in
a convection oven. Weights of the polymers were calculated according
to the desired polymer ratio, and polymers were dissolved in DMF in a
three-necked flask by heating at 50 °C. Compositions of the dope solu-
tions and corresponding sample codes are provided in Table 1. Each
dope solution was homogenized to form a clear solution and completely
degassed in a convection oven maintained at 50 °C for 4 h.

For membrane preparation, the polymer dope solution was cast to a
thickness of 250 pm on the non-woven PET support using a casting knife
(Baker, Imoto, Japan). Then, the cast sample was directly immersed in a
water bath at 30 °C. Thereafter, the fabricated membranes were stored
overnight in flowing water to remove remaining solvent. Finally, all the
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Table 1
Compositions of the PLA/ACE dope solutions.

Membrane Polymer Ratio (PLA:ACE) Polymer (wt%) Solvent (wt%)
PLA ACE DMF
Mio:0 10:0 16 0 84
Mo:1 9:1 14.4 1.6 84
My.3 7:3 11.2 4.8 84
Ms:s 5:5 8 8 84
Ms.; 3:7 4.8 11.2 84
M9 1:9 1.6 14.4 84
Mo:10 0:10 0 16 84

membranes were stored in a zipper bag with small quantity of DI water
followed by refrigeration.

2.4. Membrane characterization

2.4.1. Scanning electron microscopy (SEM) and atomic force microscopy
(AFM)

Morphologies of the blend membranes were analyzed by SEM
(MIRA3, TESCAN, Czech Republic) at an accelerating voltage of 10 kV.
Before analysis, the membranes were coated with Pt for 90 s at 15 mA
using a sputter coater (Q150T S, Quorum, UK). To investigate the cross-
sectional morphologies, the membranes were frozen and cut under
liquid No.

Topologies of the membranes were observed using AFM (Dimension
Icon, Bruker Co., Germany). Surface roughnesses of the membranes
were determined from 3D images with a scan size of 10 x 10 pm? in
tapping mode.

2.4.2. Water contact angle (WCA) and zeta potential

WCAs of the PLA/ACE membranes were measured using a drop
shape analysis system (DSA25 Basic, KRUSS, Germany); the sessile drop
method was used to determine the hydrophilicities/hydrophobicities of
these membranes. A 5 pL droplet of DI water was placed dropwise on
each membrane surface using a microsyringe. Images of the water
droplets were acquired every 30 s, and WCAs were evaluated at five
randomly chosen locations.

Membrane surface charges were analyzed using a solid surface
analyzer (SurPASS™ 3, Anton Paar, Austria) in tangential streaming-
potential measurement modes. Automatic titration was performed in
the pH range of 3-10 using 0.001 M NaCl (neutral), 0.05 M NaOH
(basic), and 0.05 M HCI (acidic) solutions; an adjustable gap cell of 20
mm x 10 mm was put between membrane samples, and a gap of 100 pm
was set between the sample surfaces. Zeta potentials were measured by
averaging the results of three measurements.

2.4.3. Fourier-transform infrared (FTIR) spectroscopy and Raman
spectroscopy

FTIR spectroscopy (Nicolet™ iS50, Thermo Scientific, USA) was
conducted to examine the chemical structures of the polymer blends.
Spectra were recorded in the wavelength range of 650-4000 cm ™' at
room temperature with 4 cm™! spectral resolution, and 32 scans were
performed to obtain each spectrum.

Raman analysis was conducted using a Raman spectrometer (Lab-
Ram Soleil, HORIBA, Japan) equipped with a 50 x ELWD objective
(Numerical aperture = 0.6 and Working distance = 11 mm), and the
spectrometer grating exhibited 1800 lines/mm (500 nm). Spectra were
acquired in the range of 200-4000 cm ™! with an acquisition time of 5 s,
and a single accumulation was performed for each sample. Raman
mapping was conducted at a wavenumber of 872.3 cm™! with an
acquisition time of 5 s and two accumulations to clearly distinguish the
representative peak of the C-O-C bonds present in the primary chain of
PLA. Images were obtained over an area of 20 x 20 pm? with a step size
of 2 pm, resulting in a total of 400 measurement points in a point-by-
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point mode. A 532 nm laser source was utilized, along with a neutral
density filter attenuated to 9.4 mW and a hole size of 100 pm. Before
analyses, calibration was performed with laser beams emitting at 532
and 785 nm using a Si substrate. LabSpec 6 was employed to operate the
mapping system, record the spectra, and process the data.

2.4.4. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

To investigate the thermal stability of the polymer, TGA was con-
ducted using a thermogravimeter (TG 209 F1 Libra, NETZSCH, Ger-
many) at a Ny flow rate of 250 mL/min. Approximately 5 mg of each
sample was placed in an Al,O3 crucible followed by heating from 25 to
100 °C at 10 °C/min rate, maintenance at 100 °C for 1 min, and heating
from 100 to 800 °C at 10 °C/min.

DSC (Discovery DSC 2500, TA instrument, USA) was performed at a
N3, gas flow rate of 50 mL/min to examine the miscibility of the polymer
blends and their thermal behaviors. The sample was put in an Al pan
followed by heating from 40 to 200 °C at a heating rate of 10 °C/min,
maintenance at 200 °C for 5 min, and cooling from 200 to 25 °C at 10 °C/
min. Finally, these steps were repeated (total two cycles).

Ty was determined as the midpoint between Topser and Teng during
the second heating cycle [37]. Using the DSC results, the crystallinity of
the blend membrane was calculated using equation (2), and the results
are presented in Table 2.

AH;

AH,W

X =

x 100 (%) @

where X, is the degree of crystallinity, AH; denotes the apparent
enthalpy of fusion obtained from the endothermic melting point area of
the DSC curve, AH} is the enthalpy of fusion of PLA with 100 % crys-
tallinity (93 J/g) [38], and W represents the weight fraction of PLA in
the blend.

2.5. Theoretical models for the blend system

Dependence of Tg on the polymer composition can be explained using
various theoretical models. Therefore, we compared the theoretical and
measured values using the Fox [39], Gordon-Taylor [40], and Kwei
equations [41], which are expressed as

1 w1 Wy

Fox : —= 3)
Tg.b Tg.l Tg,2
w1Tgq + korwo Ty
Gordon — Taylor : Ty, = —35~—— = &2 (©))
4 &b wy + kGTW2
T, k T,
Kwei : Ty, = 281 TwWalea |y 5)

wr + kKwW2

where Tgj, Tg1, and Ty are the Tg values (K) of the blend, homogeneous
polymer 1, and homogeneous polymer 2, respectively. w; and w, denote

Table 2
DSC results corresponding to the second heating cycle of all PLA/ACE
membranes.

Ty (°C) T (°C) AH; (J/8) X (%)
Mio:0 59.4 149.04 16.90 18.06
Mo: 59.9 153.52 1.05 1.25
My.3 63.9 N.D. N.D. N.D.
Ms:s 67.7 N.D. N.D. N.D.
My 102.1 N.D. N.D. N.D.
Mo 125.3 N.D. N.D. N.D.
Mo:10 137.7 N.D. N.D. N.D.

T, is the midpoint between Toneer and Tend, Trm denotes the melting temperature,
AHg is the measured enthalpy of fusion, and X, represents the crystallinity of the
system calculated using equation (2). N.D. means not detected.
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the weight fractions of each polymer component. kgr, kgw, and g are
adjustable parameters that can be fitted using the experimental data.
Values were statistically obtained via the best fit of non-linear least
squares regression and R-squared values using Python based on the T,
values of seven experiments.

2.6. Membrane filtration performance

2.6.1. Pure water permeance (PWP)

PWP of each blend membrane was evaluated using a cross-flow
filtration system (Fig. 1). All membranes were pre-compacted under 2
bar at room temperature for 2.5 h at a flow rate of 1 L/min to stabilize
them. After compaction, PWP of the membrane was measured for 1 h
under 1 bar. Permeate samples were acquired at constant time intervals,
and PWPs obtained from two measurements were averaged. PWP was
calculated as

Vv

PWP (LMH /bar) = A a2

(6)

where V (L) is the permeate volume, A (m?) represents the effective
membrane area, At (h) is the sampling time, and AP (bar) denotes the
hydraulic pressure applied to the membrane.

2.6.2. Molecular weight cut-off (MWCO)

MWCO was measured to determine the average pore sizes of the
membranes. Aqueous solutions of PEG and PEO with different molecular
weights (35, 100, 200, and 400 kDa) were separately prepared in DI
water at a concentration of 1 g/L. Polymer solutions were filtered in the
same way as that specified for calculating PWP; the cross-flow filtration
system was operated under 1 bar at a flow rate of 1 L/min. For each
membrane, three measurements were conducted. Rejections of PEG and
PEO (R) were evaluated using equation (7):

R (%) = (1 - &) x 100 )
G

where C; and C, are the concentrations of PEG and PEO in the feed
solution (1 g/L) and permeate, respectively. Calculated R values were
plotted against the molecular weight of the polymer, and the molecular
weight corresponding to 90 % rejection was determined as MWCO of the
membrane.

Based on PEG and PEO, the pore sizes of the membranes were
measured using the Stokes-Einstein equation [42]:

For PEO,

rq (cm) = (10.44 x 10710) M%7 ®

where ry (cm) is the Stokes-Einstein radius and M (g/mol) denotes the

Retentate

Membrane cell

Permeate

Pump

Fig. 1. Schematic of the cross-flow filtration system.
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molecular weight of the PEO sample used for determining MWCO.

2.6.3. Antifouling performance and permeance recovery

Antifouling performance was measured as follows: (1) membranes
were compacted using a buffer solution (10 mM citrate-phosphate and
sodium-phosphate with pH values of 4 and 7, respectively) under 2 bar
at a flow rate of 1 L/min for 2.5 h (2) After membrane stabilization, the
permeance of the buffer solution was evaluated under 1 bar for 1 h at a
flow rate of 1 L/min, and permeate samples were collected at constant
time intervals. (3) Then, permeance of a 1 g/L BSA solution (in citrate-
phosphate or sodium-phosphate buffer) was measured. (4) After filtra-
tion, the BSA-fouled membranes were washed with the buffer solution,
and permeance of the buffer was calculated again.

During step (3), BSA concentrations in the feed and permeate were
determined in triplicate by Bradford assay [43], and the permeate
samples were obtained after BSA filtration for 30 min. Absorbance peak
at 595 nm was monitored using a microplate spectrometer (Benchmark
Plus Microplate, Bio-Rad, USA). BSA rejection was calculated using
equation (7), where C¢ and C;, are the concentrations of BSA in the feed
and permeate, respectively.

To quantify the antifouling characteristics of the membranes, FRR
and flux decline ratio (R¢q) were evaluated as follows [44,45]:

F, Buffer.2

FRR(%) = x 100 9

Buffer,1

F uffer,l T F)
Rya(%) = (M) x 100 (10)

F, Buffer,1

where Fpyg.r1 and Fpygy.ro represent the fluxes of the first and second
buffer solutions, respectively, and Fpsy4 is the flux of the BSA solution.

Polymer
(wt%)
65

100
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2.7. Acid and base stability tests of the membranes

The stabilities of the bio-based membranes was examined using 10
mM HCI (pH = 2) and 10 mM NaOH (pH = 12) aqueous solutions. The
concentration of acid and base aqueous solution was performed ac-
cording to those used for the bio-based membranes reported in the
literature [35]. Membranes were cut to obtain with the same weight;
then, these membranes were separately stored in each solution for three
days at 20 °C, and the stabilities of the membranes were analyzed via
TGA after washing with DI water.

3. Results and discussion
3.1. Characterizations of the polymer blend dope solutions

3.1.1. Ternary phase diagrams and diffusion kinetics of the dope solutions

Fig. 2(a) shows the cloud points of the PLA/ACE solutions in DMF,
representing their thermodynamic behaviors. Blending PLA with ACE
shifted the cloud point to the polymer-solvent axis, indicating less stable
thermodynamic states of the PLA/ACE solutions. This behavior indicates
that only a small amount of non-solvent (i.e., water) can increase the
phase separation rate and induce polymer precipitation [46,47].
Quantities of water required to precipitate polymers in PLA/ACE solu-
tions were lower than those in the cases of pristine PLA and ACE solu-
tions. For Mg.;, My.3, Ms.5, Ms.7, and Mj.g, polymer precipitation was
induced using 3.9, 2.9, 3.4, 3.9, and 5.7 wt% water, respectively, and the
pristine PLA and ACE solutions required 6 and 22 wt% water, respec-
tively. Compared to the cases of pristine polymer solutions, a small
amount of water could separate the polymer from the blend solution,
which indicated low thermodynamic stability of the blend solution [48].

As shown in Fig. 2(b), despite the same total polymer concentrations
in all the blends (16 wt%), the viscosities of the solutions were

(b)

T : 5000 - Mioo Moy M3 Ms.s My; My Mg
3 . {g
M,. <
73 —~ 4000 -
Voo Mg Q ]
e Mg CA
g > 3000 -
1.9 >
.
e Moo 8
© 2000 - et
> S5
E R
X
1000 KR
e
2
SRR
5 0 oy

Solvent  Y—r—p—r—p—r—g—r—r—r—r—T"7"7 - 0 Non-Solvent
wt%) 0 5 10 15 20 25 30 35 (wt%)
@
(¢) % (d)
; 5 - "':;0:0 M1o 0 M. My Ms.5 M;.; M. Mo:10
- J —&— -1 - = (.13
X o ‘ ”ﬂ ‘ /"
g ~v—Ms.s 30s g\ V.
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Fig. 2. Characterizations of polymer blend solutions: (a) ternary phase diagram of the polymer blend solution system; (b) viscosities and appearances of the blend

solutions; (c) apparent diffusion coefficient of the non-solvent in polymer blend solutions; and (d) optical images obtained at 30, 60, and 90 s.
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significantly different. This can affect the variation in De of the non-
solvent, as depicted in Fig. 2(c) and (d). Fig. 2(c) shows the time-
dependent non-solvent diffusion rates for the polymer solutions with
different compositions, and Fig. 2(d) depicts the optical images obtained
during non-solvent diffusion at constant time intervals. During the
initial 30 s, De of the non-solvent was the highest for M1 (.o and gradually
decreased with an increase in the viscosities of the dope solutions (Fig. 2
().

Factors influencing the non-solvent diffusion rate were solvent-non-
solvent affinity and polymer solution viscosity [49]. In the PLA/ACE
solutions, the solvent used demonstrated high affinity to the non-solvent
[50]; thus, the dominant factor for the non-solvent diffusion rate was
considered to be viscosity (Fig. 2(c)), and the non-solvent diffusion rate
decreased with an increase in the viscosity, confirming that the differ-
ences between viscosities mainly affect the non-solvent diffusion rate.
Nevertheless, over time, the diffusion rate decreased for all the blend
solutions because of polymer precipitation [46]. As the viscosity of the
dope solution determines the non-solvent diffusion rate [46], it can also
impact membrane formation [51]. Relatively fast non-solvent diffusions
in Mjg.0 and Mg, contributed to the production of a finger-like pore
structure. In contrast, M7.3-Mg.19, which exhibited higher viscosities,
formed sponge-like structural matrices due to delayed demixing [46].
However, despite the low non-solvent diffusion rates in the blend solu-
tions, macrovoid growth was observed for Ms.; and Mj.g. Mg:10
demonstrated the slowest diffusion of the non-solvent, and a sponge-like
structure was generated owing to the highest viscosity of the corre-
sponding polymer solution.

3.2. Membrane characterization

3.2.1. Morphologies of the blend membranes

Cross-sectional morphologies of the blend membranes depend on the
compositions of these membranes and are also related to the complex
interaction between the thermodynamic and kinetic characteristics of
the polymer solution and non-solvent [52]. As shown in Fig. 3, the
pristine PLA membrane, M., exhibited a finger-like structure; how-
ever, after the addition of ACE, the membrane morphology changed to a

M10:0
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sponge-like structure because of delayed demixing. My.3 and Ms:5
exhibited a fully sponge-like cross-sections. Although the membranes
with other compositions exhibited sponge-like matrices, wide macro-
voids were observed for Ms.7, M1.9, and My.19. Macrovoid formation can
be caused by numerous factors including surface tension gradient,
concentration gradient, and diffusion of solvent from the polymer so-
lution [53].

3.2.2. Structural and thermal properties

Fig. 4 depicts the FTIR spectra and Raman mapping images of the
PLA/ACE membranes. Characteristic peaks of Mjg.o at 1087 and 1182
em™! in Fig. 4(a) are assigned to the symmetric and asymmetric
stretching vibrations of the C-O-C bond, respectively [54,55]. Intensities
of these absorption peaks weakened or these peaks disappeared after
ACE was blended with PLA. In the FTIR spectrum of M1, the peaks at
1054 and 1234 cm ™! correspond to the stretching vibrations of C-O and
C-O-C bonds in ACE [35,56]. C-O and C-O-C peak intensities decreased
after the blending of ACE with PLA. Furthermore, the peaks at 2946 and
2999 cm ™! are attributed to the symmetric and asymmetric vibrations of
C-H in the —~CH3 group, respectively [57,58]. Compared with those of the
pristine polymer membrane, the characteristic FTIR peaks of the blend
membranes are unclearly divided or merged due to changes in the
physical state, intra- and inter-H bondings, and ring strains [59]. Overall
FTIR and Raman spectra and spectral assignments of the other peaks that
are not specifically mentioned are shown in Fig. S3 and Table S1.

Raman spectral mapping can effectively indicate the phase mor-
phologies and compatibilities of the blended polymers [60]. For the
Raman mapping of the blend membranes, the peak at 872.3 cm™! cor-
responding to the C-O-C stretching vibrations of the COO™ bond in the
PLA amorphous phase was employed [57,58,61,62]. Fig. 4(b) depicts
the Raman mapping images of the blend membranes based on the peak
at 872.3 cm . In the images, the dark regions represent PLA-rich pha-
ses, whereas the bright regions denote ACE-rich phases. With an increase
in the ACE proportion, the number of PLA-rich domains decreased, and
each phase was evenly distributed in the other phase, indicating that
PLA and ACE were appropriately blended in the membrane. Fig. S4
shows the 2D Raman mapping images obtained at 1372.2 cm™!, and the

Fig. 3. Cross-sectional SEM images of the PLA/ACE membranes (magnification: 2000 x ).
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Fig. 4. FTIR spectra and Raman mapping images of the PLA/ACE membranes. (a) FTIR spectra in the range of 1000-3050 cm ™~ and specific peaks. (b) Raman 2D
mapping images of the blend membranes (from Moy, to M;j.g) at 872.3 em™Y; dark regions represent PLA-rich domains, whereas bright regions denote ACE-

rich domains.

cellulose ring structure peak is noticed in the ACE spectrum [63].

By analyzing the second cycle of DSC, the inherent thermal proper-
ties of a material can be determined without the influence of thermal
history [64]. Curve of M;q.o only demonstrated the T, and Ty, peaks of
PLA (Fig. 5), suggesting that PLA was semi-crystalline. In sharp contrast,
the curve of My.1¢ exhibited no T. or T, peaks and only demonstrated
the T; peak, confirming that ACE was an amorphous polymer as the
influence of the long side chains present in the cellulose backbone. In the
cases of blend membranes (My.;—-Mj.9), which contained both PLA and
ACE, intensities of the T, and Ty, peaks decreased or these peaks dis-
appeared. Moreover, the enthalpy of fusion (AHf) was substantially low
for Mg.; when compared with that for Mj.o. This was possibly because
the amorphous domain ACE suppressed the crystalline domain PLA [38,
65,66]. This effect was confirmed by calculating X, values of the blend
membranes using equation (2), and the results are provided in Table 2.
Although ACE was blended at a low ratio, X, of Mg,; was low (1 %). With
an increase in the ACE proportion, X, of the blend membrane decreased
to the extent such that the Ty, peak did not appear in the DSC curve. This
situation is typical for miscible blends composed of an amorphous
polymer with high Tg and a crystalline polymer with lower Tg [38]. T,
values of the blends were between those of M1¢.g and Mg.;9. When more
ACE was blended with PLA, T, increased because ACE exhibited more
polymer chain entanglement, thereby enhancing the thermal stability of
the blend system. In the second cooling step of DSC (Fig. S6), the cold

Exo —
/

Heat flow (W/g)

40 80 120 160 200
Temperature (°C)

Fig. 5. Second heating curves and T, values acquired via DSC.

crystallization temperature T, peak did not appear in the curves of any
of the blend membranes, which was also owing to the impact of ACE
[66].

3.2.3. Miscibility of the blend membrane components

3.2.3.1. Theoretical models for the miscibility of polymers in the blend
membranes. When the components in a blend polymer are not miscible
with each other, the polymer solution becomes turbid, and the T peaks
of each polymer appear in the thermal analysis curves [60]. Fig. S1
depicts the images of polymer blend solutions of PLA and
cellulose-derived polymers, where PLA and ACE solutions at all ratios
are transparent and homogeneous at 50 °C. Therefore, from the optical
perspective, ACE has higher miscibility with PLA than with other
cellulose-derived polymers. Additionally, Ty behaviors of the blend
compositions determined via DSC verified polymer miscibility [38,65,
671.

Fig. 6 shows T; of each polymer blend depending on the blend
compositions. Compared with the cases of the Fox and Gordon-Taylor
equations, a parameter related to the specific interactions of hydrogen
bonding (q) was introduced into the Kwei equation to consider the

W ace
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Fig. 6. Analysis of T, versus weight fraction of each polymer using the Fox,
Gordon-Taylor, and Kwei models.
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intermolecular interactions in a non-ideal (real) blend system (Table 3)
[68]. In the Gordon-Taylor equation, kgt related to the strength of the
interaction is 0.35, lower than 1, which indicates that PLA and ACE
exhibit weak interactions. Furthermore, the negative deviation of
experimental Ty relative to the theoretical curve shows that although
these polymers are miscible, they demonstrate a weak interaction [38].
After incorporating an additional fitting parameter (q) into the Kwei
equation, the Ty data appropriately fitted with the Kwei model. Q
derived from the Kwei equation exhibited a negative value, suggesting
weak inter-hydrogen bonding interactions between PLA and ACE. Thus,
miscibility cannot be derived from inter-hydrogen bonding. Polymer
miscibility is determined by multiple interactions [69]. Besides
hydrogen bonding, secondary interactions, such as ion-dipole, electron
donor-acceptor, and dipole-dipole interactions, can affect miscibility
[59,69]. Herein, a weak interaction between two polymers was
discovered via peak variations in the FTIR spectra; however, the factors
that lead to the high miscibility of the two polymers require further
analysis and research.

3.2.4. Surface properties of the blend membranes

To determine the effect of blending ACE on the hydrophobicities of
PLA membranes, WCAs of PLA/ACE membranes were measured at
constant time intervals, and the corresponding images are depicted in
Fig. S7. WCA of Mj .o was approximately 70.8° at 30 s (Fig. 7), implying
its relatively hydrophobic nature [70,71]. WCAs of the blend mem-
branes consisting of ACE and PLA in different ratios were low. WCA of
Mo.; was approximately 20 % lower than that of M; .0, whereas those of
My.3 and Ms.5 were approximately 26 and 35 % lower than that of M; .o,
respectively. However, WCA of Ms.; was similar to that of Mg.;, which
was 21 % lower than that of M1 ¢.g. M1.9 and Mg.19 showed similar WCAs,
which were higher than that of Ms.s. This could be related to the small
pore sizes of these membranes, as suggested by the data presented in
Table 4, because pore size is a dominant factor affecting WCAs [72].
WCA of My.;19 did not significantly decrease over time, which was
attributed to the small pore size and dense surface of this membrane, as
indicated by its lowest surface roughness of 4.84 nm [73].

Mjo.0 exhibited the highest root-mean-square roughness (Rq) of 15.5
nm; in contrast, the roughnesses of the blend membranes were lower
than that of Mj (.o, as can be observed in the case of Ms.5 (Fig. 8). With an
increase in the ACE proportion, the smoothnesses of the blend mem-
brane surfaces increased (Fig. S9). Both WCAs and roughness results
revealed that the low WCAs of the blend membranes were not due to low
roughness. This is because a surface roughness of 50 nm or less does not
affect the contact angle [74]. Overall low WCAs of the blend membrane
can be ascribed to the influence of ACE, a hydrophilic polymer. More-
over, the trend demonstrated by the static WCA results can be noticed in
the dynamic contact angle results shown in Fig. S8.

Zeta potential is one of the surface characteristics that can impact
membrane fouling performance [74,75]. All membranes predominantly
exhibit negatively charged surfaces in the pH range of 3-10 (Fig. 9). This
can cause electrostatic interactions of the membranes with the solutes in
feed depending on the pH conditions. Zeta potential of M;.o is lower
than that reported in the literature [76], which appears to be influenced
by the zeta potential measurement conditions [77]. Additionally, with
an increase in pH, the surface charge became extensively negative,
indicating an increase in the repulsion between BSA molecules. In
contrast, in the cases of Ms.;5 and My.10, the decreasing trend of zeta

Table 3
Parameters, k and ¢, and R? values for the Fox, Gordon-Taylor, and Kwei
models.

Model ke or kiw q R?

Fox - - 0.8030
Gordon-Taylor 0.35 - 0.9466
Kwei 1.00 —91.59 0.9790
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Fig. 7. Water contact angles of the PLA/ACE membranes at 0, 30, and 60 s.
Table 4

Molecular weight cut-off (MWCO) and pore size results of the PLA/ACE
membranes.

MWCO (kDa) Pore size (nm)

Moo 181 + 0.4 12.8 + 0.0
Mo:q 200 + 4.3 13.5+ 0.2
My.3 166 + 9.1 121+ 0.4
Ms:s 180 + 0.5 12.7 + 0.0
Ms.; 140 £ 7.0 11.0 + 0.3
Mi. 119 £ 16.9 10.0 +£ 0.8
Mo:10 101 + 2.0 9.0+0.1

potential was not considerable, and the surface charge appeared to
induce relatively weaker repulsion or attraction than that in the case of
Miozo.

3.3. Membrane performance

3.3.1. PWPs of the membranes

PWPs of the blend membranes were measured after compaction, and
the results are depicted in Fig. 10(a). All blend membranes had higher
water permeances than that of the pure PLA membrane possibly because
ACE increased the hydrophilicity of PLA. PWP increased with an in-
crease in the ACE content up to Ms.7; M3.; exhibited the highest PWP,
which was attributed to the several factors, including morphology,
thickness, pore size distribution, and number of pores, affecting PWP
[78-81]. Ms.7~Mq:19, which demonstrated high viscosities, exhibited
relatively high PWPs, which were ascribed to the increases in the
number of pores due to delayed phase separation caused by high vis-
cosities of these membranes [82]; contrarily, M;.9 and My.;9 demon-
strated low PWPs because the high viscosities of dope solutions induced
small pores and increased membrane thickness during membrane for-
mation [83,84]; moreover, these properties impacted the membrane
permeance [78,79].

Fig. 10(b) shows the MWCO profiles of the membranes, which reveal
that MWCO rapidly increases with an increase in the ACE content,
indicating that the pore size of the membrane gradually decreases with
an increase in the ACE content. Although the membrane pore sizes
calculated using equation (8) were not significantly different, they were
slightly small. These results imply that mixing ACE and PLA can lead to
high-performance membranes without considerably changing the pore
sizes.

3.3.2. Membrane fouling properties
Antifouling behaviors of the PLA/ACE membranes before and after
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Fig. 8. 3D AFM images of M¢.0, M55, and Mo.10. Abbreviations: R, average roughness (nm); Rq, root-mean-square roughness (nm); and Ryax, maximum peak-to-
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fouling with 1 g/L BSA at pH values of 4 and 7 based on the isoelectric
point of BSA (pI = 4.8) were compared using buffer solutions. Entire
permeance and recovery profiles are depicted in Fig. 11. At pH = 4.0, the
permeances of BSA for all membranes sharply decreased by 62-48 % as
compared to those of the buffer solutions owing to the adsorption of BSA
on the membrane surface via electrostatic attraction [10]. BSA is

(a)

300 =

250

200

150

100

50

Pure water permeance (LMH/bar)

M10:0 M9:1 M7:3 M5:5 M3:7 M1:9 M0:10

positively charged at pH = 4 [45], and all the membranes exhibit
negative surface charges (Fig. 9). Considering its strongest negative
surface charge, Mjg.9 was expected to demonstrate the largest per-
meance decline; however, Ms,5 and My.19 with weaker negative surface
charges exhibited relatively larger permeance reductions. The reason
could be related to pore clogging in the penetrating channels in the
membrane [85,86]. If the membrane pore size is larger than the foulant
size, the foulant can move into the pores, gradually reducing the effec-
tive pore size via adsorption or blockage of the pores, even for Ms.5 and
Mo:10 with more hydrophilic and smooth surfaces. MWCOs of all mem-
branes are higher than the molecular weight of BSA (66 kDa) (Table 4).
Therefore, BSA with size smaller than the pore sizes of the membranes is
adsorbed and deposits on the pore wall, thereby narrowing the pore
channel for water flow [86,87]. When BSA penetrates the pores, severe
fouling is speculated to occur in the membrane pore walls. Results also
indicated that the BSA rejection was 100 % at pH = 4 for all membranes.
Additionally, during BSA permeation, the permeances of Ms.5 and Mo.19
gradually decreased, whereas that of M. remained constant, resulting
in more pore blockage (Fig. 11(a)) [88].

Nevertheless, during second buffer permeation, the permeance and
FRR of Ms.5 were 96.8 LMH/bar and 69.5 %, respectively, which were
similar to those of Mjg.0 (62.6 LMH/bar and 70.6 %, respectively). In
contrast, the permeance and FRR of My.;o were 94.6 LMH/bar and 59.0
%, respectively, suggesting that the effect of pore blockage on the per-
formance of My.19 was higher than that on the performance of Ms:s.
Despite the highest Req (%) of Ms.5, permeance of Ms.5 was overall
higher than that of Mj.o.

At pH = 7.0, BSA was negatively charged and the permeance

(b)

100 =

Rejection (%)

10 100 1000
PEO (kDa)

Fig. 10. Membrane filtration performance: (a) pure water permeances (PWPs) of the blend membranes after compaction, as measured at 60 min under 1 bar, and (b)

molecular weight cut-offs of the membranes.
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Fig. 11. Fouling permeance profiles of M;¢.0, Ms.5, and Mo.10: (a) pH = 4.0 and (b) pH = 7.0.

reduction was lower than that at pH = 4.0 because of a negative
repulsive electrostatic interaction between BSA and the membrane [89].
According to Fig. 9, Mj0.0 demonstrated the strongest negative charge at
pH = 7, followed by My.19 and Ms.5. Consequently, the electrostatic
repulsive force between BSA and membrane surface was highest in the
case of M1¢.o, leading to the lowest R¢q (29.6 %); in contrast, R¢q of M.10
was 34.0, whereas that of Ms.5 was 42.0 %. Various factors, for instance,
hydrophilicity, surface characteristics, porosity, and pore size, can affect
membrane fouling by BSA [90]. Based on the abovementioned results,
surface charge plays a more dominant role than hydrophilicity and
surface roughness. During BSA permeation, although Ms.5 and My.19
exhibit higher Rgq (%) values than that of Mj.o, their permeances are
higher (107.8 and 123.2 LMH/bar, respectively) than that of M; .o (85.2
LMH/bar). BSA rejection at 30 min was lowest for Mjp.o (81.0 %),
whereas those for Ms.5 and My.19, which demonstrated smaller pore
sizes, were 86.0 and 86.8 %, respectively. Lower adsorption of BSA on
the negatively charged membranes at pH = 7 as compared to that at pH
= 4.0 was attributed to electrostatic repulsive force between BSA and
the membranes.

After the completion of BSA permeation, the BSA molecules adsorbed
on the membrane surface were washed with a buffer solution, which
loosened the membrane compaction [91]. Therefore, all membranes
exhibited slightly higher permeances (157.8, 231.7, and 253.2 LMH/bar
for Mj¢.0 to Mo:10) than those during the first buffer permeation (121.0,
185.8, and 186.6 LMH/bar for M; .9 to Mq.10).

Table 5 provides a comparison of the filtration performances of the
PLA/ACE membranes fabricated in this study with those of previously
reported PLA membranes, indicating that our study successfully pre-
pared UF membranes with high permeations under relatively mild
conditions.

3.4. Acid and base stabilities of the membranes

The stability experiments of the membranes were conducted after
immersion for three days under acidic and alkaline conditions (Table S3
and Fig. S10). Visual examination revealed that under acidic condition,
M0 slightly degraded, whereas the other blend membranes did not
degrade. Under basic condition, all the membranes weakened and
became thinner. Residual weight% at 500 °C (Rsgo (%)) significantly
decreased under both conditions, as implied by the deformation of the
membranes with respect to pH, which facilitated thermal decomposi-
tion. Abovementioned results confirmed that the biopolymer-based
membranes exhibited inferior acid and alkaline stabilities. Thus, this
issue must be overcome to promote the application of biopolymers in
membrane in the future.

4. Conclusion

Herein, we fabricated UF membranes by blending two biopolymers
(namely, PLA and ACE) derived from renewable resources via NIPS
under relatively mild conditions. PLA and ACE had excellent miscibility
in the solvent and a single Tg. The PLA/ACE membrane with a blend
ratio of 1:1 was hydrophilic and exhibited the lowest WCA of 45°, which
was 35 % lower than that of the pristine PLA membrane. The blend
membranes demonstrated different morphologies depending on the
polymer ratio, higher hydrophilicities than that of the PLA membrane,
and higher water permeances (155-287 LMH/bar), at least 1.5-fold that
of the PLA membrane. However, substantial BSA fouling occurred in the
blend membranes, which was ascribed to the smaller pore sizes and
relatively weak surface charges of these membranes. We believe that our
study provides a promising green alternative to petroleum-based

Table 5
Comparison of the performances of several PLA-based blend membranes.
Polymer Ratio Blending Preparation PWP (LMH/ Pore size Foulant Fouling Performance Type Ref.
conditions bar) (nm)
PLA/PLA-PEG-PLA 17:3 DMSO, 130 °C Wet 115 Not 1 g/L BSA at FRR: 81 % UF [29]
spinning specified pH=7.0 Rejection: 97.0 %
PDLA/PLLA 6:12 NMP, 80 °C NIPS 3325 120 1 g/L BSA at FRR: 100 %, UF [10]
pH=7.0 Rejection: 88.0 %
PLA/PBS, PLA/PBAT, 15:1, NMP, 90 °C NIPS 27.6,18.7, Not 1 g/L BSA at Rejection: 16.1, 5.7, Not [23]
and PLA/PHBV 15:2, and and 65.2 specified pH=7.0 and 78.7 % specified
15:4
PLA/ACE 5:5 DMF, 50 °C NIPS 179.4 12.7 1 g/LBSA at = FRR: 100 %, UF This
7.0 Rejection: 86.0 % study

10
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polymers for membrane manufacture. Moreover, not only the replace-
ment of petroleum-based polymers with bio-based polymers, but also
the application of eco-friendly solvents must be considered in the
fabrication of UF membranes. Many challenges are associated with the
application of biopolymer membranes, which need to be overcome.
Nevertheless, we believe that our research will contribute to the
advancement of biopolymer membrane research as it suggests numerous
ways to utilize biopolymers and potentials of biopolymers as membrane
materials.
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