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ABSTRACT: Poly(vinylidene fluoride) (PVDF) is a common and inexpensive polymeric material used for membrane fabrication,
but the inherent hydrophobicity of this polymer induces severe membranes fouling, which limits its applications and further
developments. Herein, we prepared superwettable PVDF membranes by selecting suitable polymer concentration and blending with
PVDF-graft-poly(ethylene glycol) methyl ether methacrylate (PVDF-g-PEGMA). This fascinating interfacial phenomenon causes
the contact angle of water droplets to drop from the initial value of over 70° to virtually 0° in 0.5 s for the best fabricated membrane.
The wetting properties of the membranes were studied by calculating the surface free energy by surface thermodynamic analysis, by
evaluating the peak height ratio from Raman spectra, and other surface characterization methods. The superwettability phenomenon
is the result of the synergetic effects of high surface free energy, the Wenzel model of wetting, and the crystalline phase of PVDF.
Besides superwettability, the PVDF/PVDF-g-PEGMA membranes show great improvements in flux performance, sodium alginate
(SA) rejection, and flux recovery upon fouling.

1. INTRODUCTION additives."”'* Several amphiphilic copolymers were synthe-
sized using atom transfer radical polymerization , an
d g fer radical polym (ATRP), and

Since the large-scale commercial production of membranes
was made possible through phase separation techniques,
membrane-based separation technologies have developed
rapidly and are currently used in many industrial sectors."”
Poly(vinylidene fluoride) (PVDEF) is a widely adopted
membrane material. While PVDF has robust and flexible
structures, its inherent hydrophobicity is the main obstacle for
its wider applicability. For example, poor surface wetting may
cause severe membrane fouling in the water- and wastewater-
treatment fields. As a result, the membranes’ service life would
be reduced, and the cost of the whole process would increase.
Therefore, much effort has been devoted to improving the
hydrophilicity of PVDF membranes.’

Numerous studies have been published focusing on
strategies to realize surface customization of PVDF mem-
branes; among the effective methods currently applied are
surface coating, surface grafting, and blending.7_11 Blending is
the most common method due to its simple operation,
achieved material stability, and adequate modification results.'”
Among the materials used for blending with PVDF,
amphiphilic copolymers have shown good compatibility with
the PVDF matrix and are deemed as successful blending
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then blended with membrane materials.'>">~"" Specifically,
PVDF-graft-poly(ethylene glycol) methyl ether methacrylate
(PVDF-g-PEGMA) is a derived amphiphilic copolymer
synthesized using ATRP, which was blended with PVDF to
enhance the hydrophilicity, flux, and antifouling performance
of PVDF membranes.'®"’

Theoretical models exist that allow the investigation and
description of the hydrophilic membrane surfaces, such as
those centered around surface tension.””~** Young proposed a
wetting model based on ideal surfaces, while wetting models
applicable on rough surfaces include the Wenzel model and the
Cassie model.”>** Each model has its own applicabilities and
limitations.”® When studying the physicochemical properties of
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the membrane surface, the extended DLVO (XDLVO) theory
can be apglied to determine interfacial tensions and free
energies.”””' These theories and models can provide a
rationalization for the wetting behavior of the membrane
surfaces, before and after modification or functionalization.
That being said, discussion of modified PVDF membranes’
wettability properties has been very limited in previous studies.
Moreover, the results of hydrophilic modifications for PVDF
membranes were generally limited to a small reduction in the
contact angle and an increase in water flux. Some recent
studies focused on the hydrophilic modification of the PVDF
membrane are listed in Table 1. In the previous study, we

flask was cooled to room temperature. Then, PEGMA (50
mL), DMDP (0.23 g), and CuCl (0.04 g) were added to the
flask. Immediately after the dosage, the reaction mixture was
bubbled with nitrogen for 30 min and stirred at 200 rpm. The
flask was sealed with a rubber septum, protecting the ATRP
from oxygen in the air.'” The conical flask was heated to 90 °C
in a silicone oil bath and stirred for 19 h.*° The resulting
copolymer mixture was sealed and stored at room temper-
ature,”***

2.3. Membrane Casting. The organic solvents, copoly-
mer, and the PVDF power were added to the flask based on
the composition listed in Table 2. Then, the casting solution

Table 1. Wettability Performances of Several Hydrophilic
Modified PVDF Membranes

modification CA variation  time
membrane ID method additive (deg) (s)
PVDE/PMAA®  in suit blending PMMA 84.8—75 300
PVDE-cl-PVP*®  cross-linking PVP 70—0 45
reaction
PVDF” graft GMA 48 static
PVDF%%-PEGMA blending PVDF-g- 73-33 180
19k PEGMA
PVDF-g- blending PVDEF-g- 69-20 35
PEGMA*! PEGMA
PVDF-g- graft PEGDMA 59-0 15
PEGDMA™

found that membranes with enhanced hydrophilicity were
fabricated by changing the polymer concentration in the
casting solution.”® Following this line of thought, two
superwettable modified PVDF membranes were successfully
fabricated using lower polymer concentration in this study, the
achieved outstanding improvement in wettability were studied
and the relevant effects accounting for this phenomenon were
investigated in details. In particular, chemical, physical, and
structural features were studied and their combined influence
on the surface wettability behavior was rationalized within the
Wenzel model of wetting. The performances of the membranes
were also evaluated under ultrafiltration conditions, allowing to
draw a connection between the surface physicochemical
characteristics to the membrane behavior when applied for
the filtration of contaminated aqueous streams.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. PVDF (M,, = 534 K), 1-
methyl-2-pyrrolidinone (NMP, 99.5%), 4-4'-dimethyl-2-2'-
dipyridyl (DMDP, 99.5%), PEGMA (500 g/mol), copper(I)
chloride (CuCl, >99.995%), silicone oil, N,N-dimethylaceta-
mide (DMAc, 99%), sodium alginate (SA, Halal grade), and
sodium chloride (NaCl, >99.0%) were purchased from Sigma-
Aldrich (St. Louis, MO). Diiodomethane (99%) was
purchased from Macklin (Shanghai, China). Glycerol
(99.7%) was purchased from VWR (PA). Formamide (99%)
and ethylene glycol (99%) were purchased from Kelong
(Chengdu, China). Deionized water was supplied by an
ultrapure water system from Ulupure (Chengdu, China) and
was optimized with a previously reported process.>

2.2. Synthesis of the Graft Copolymer PVDF-g-
PEGMA. As shown in previous studies, the synthesis steps of
PVDF-g-PEGMA were as follows: first, NMP (40 mL) and
PVDF (S g) were placed in a conical flask, and then heated to
50 °C, stirring until the polymer was completely dissolved. The

23451

Table 2. Composition of the Casting Solutions®

PVDF-g-

membrane PVDF DMAc NMP PEGMA PVDF-g-PEGMA/

ID (g) () () (g) PVDE wt/wt (%)
PVDF1 12 88 0 0
PVDF2 12 86.2 1.8 15
PVDF3 12 86.2 1.8 15

“PVDF1 is a pure PVDF membrane.

was stirred at 300 rpm at 60 °C until the chemicals were
completely dissolved. The casting solution was degassed for at
least 2 h until no bubbles were observed. Then, the solution
was cast as a thin film on a first-grade surface optical glass using
an 8-inch-wide doctor blade (Universal blade applicator, Paul
N. Gardner Company, Inc., Pompano Beach, FL) with a blade
gate height of 200 um. The glass was then soaked in deionized
water at room temperature for 48 h. Some of the fabricated
membranes were stored in 4 °C DI water, while the rest was
air-dried for 24 h. All of the membranes were cast in an air-
conditioned room with set values of both temperature and
humidity. The temperature was set to 25 °C while the
humidity was set to be ~45%.

2.4. Model Foulant. To evaluate the antifouling perform-
ance of the membrane, we used sodium alginate (SA) as a
model extracellular polymeric substance (EPS).*> The 2 g/L
SA stock solution was prepared using deionized water and
stored at 4 °C. In the fouling test, the SA stock solution was
diluted to 20 mg/L. The concentration of SA in permeate was
measured using the UV—vis spectrometer (Thermo Orion
Aquamate 8000) with a fixed wavelength of 220 nm.

2.5. Contact Angle Measurements and Surface
Tension Calculations. The contact angles of different liquids
on the surface of the membranes were observed with a KRUSS
DSA 25S measuring apparatus (KRUSS GmbH, Germany)
using the sessile drop method.’® The samples were vacuum-
dried for 24 h before measurement. For each experiment, the
dynamic contact angle of the probe liquid (2 #L) was recorded
by a video camera attached to the goniometer, which was set to
50 images per second. The images were taken starting from the
precise instant when droplets were placed on the sample
surface. Ten spots in different positions on each sample were
picked for this experiment, and the maximum and the
minimum values were discarded when taking the average value.

The physicochemical properties of the fabricated flat sheet
membranes, including the surface free energy, were calculated
using the results based on the XDLVO theory.”” According to
this theory, the surface tension parameters, y-", y?, 77, and 7,
of the membrane surface can be calculated by measuring the
contact angles using three probe liquids (1) with known surface

https://dx.doi.org/10.1021/acsomega.0c03429
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tension parameters (y;) and solving a set of three Young—
Dupré equations.

=7 (1)
r*=2r"y )

(1 + cos @)y, = 2(\/}/SLW;/1LW + \/7:71_ + \/7’5_71+) 3)

The subscripts | and s refer to the liquid and the membrane,
respectively. While y represents the total surface tension, y*" is
the Lifshitz—van der Waals components, y*? is the Lewis acid—
base components, and y* and y~ are the electron acceptor and
the electron donor components of the 7P parameter, that is,
the polar portion of the y. In this study, apolar liquid
diiodomethane, and polar liquids water, glycerol, formamide,
and ethylene glycol, were selected as test liquids to calculate
the surface free energy of the membranes. The calculation
procedures have been described in detail in previous
studies.”””” Two probe liquids, DI water (polar probe liquid)
and diiodomethane (apolar probe liquid), were always the
same for all of the samples. The third probe liquid was selected
among glycerol, ethylene glycol, and formamide based on the
suitability for each membrane surface. The surface tension
parameters of the probe liquids are listed in Table 3.

Table 3. Surface Tension Components (mJ/m?) at 20 °C
and Q, (77 /7{) of Probe Liquids Used in the Study

liquid n ™o " " Q
water 72.8 21.8 51 25.5 258.5 1
diiodomethane 50.8 50.8 0 = 0
glycerol 64 34 30 3.92 574 14.64
formamide 58 39 19 2.28 39.6 17.37
ethylene glycol 48 29 19 3 30.1 10.03

2.6. Membrane Characterization. X-ray photoelectron
spectroscopy (XPS, Axis Ultra, Kratos Analytical Ltd., UK.)
was used to probe the elemental composition of the membrane
surface. The range of the scanning electron binding energy was
0—1200 eV, and spectra with 1 eV scanning resolution were
obtained. Images of membrane morphologies were acquired
using field-emission scanning electron microscopy (FESEM,
JSM-7500F, JEOL Ltd., Tokyo, Japan). Samples were fractured
for cross-sectional imaging after being frozen in liquid nitrogen
for 3 min. The membrane samples were sputter-coated with a
~2 nm gold layer (Q1SOR-ES, Quorum, U.K.) before imaging
under an accelerating voltage of S kV. The spectra of Fourier-
transform infrared attenuated total reflectance (ATR-FTIR,
Alpha, Bruker) were collected over the range of 650—4000
cm™! with a resolution of 2 cm™ for 64 scans to characterize
the chemical bonds on the surface of the fabricated
membranes. The thickness of the membrane was measured
with an electronic digital micrometer (Marathon watch
company LTD, Canada). The surface roughness was
determined using atomic force microscopy (AFM, Multimode
8, Bruker, Germany); sample areas of S um X S um were
scanned for at least 2 times. Changes in the melting enthalpy of
the membranes as a function of temperature were analyzed
with a differential scanning calorimeter (DSC, TA Instruments
Q2000). Samgles were heated from 30 to 220 °C at a rate of
10 °C/min.”® Raman spectra (DXR2xi Raman Imaging
Microscope, Thermo Fisher) were acquired to identify the

characteristic bands of different crystalline phases of PVDF in
the fabricated membranes. The peak height ratio analysis of the
membrane was performed using a 455 nm laser with a step
length of 0.1 um on the surface of 5 ym X 5 ym samples.

The permeability and antifouling performance of the
membranes were measured through filtration experiments.””*"
The experiments were carried out with a dead-end filtration
system that included a filtration cell (200 mL; Amicon 8200,
Millipore) and a dispensing vessel (S L), at a constant pressure
of 0.07 MPa at room temperature. The circular membrane
samples had an effective area of 28.7 cm® The weight of the
filtrate was recorded every minute. The flux was computed as L
m~2 h™L. For each filtration experiment, the membrane was
measured using DI water, 10 mmol/L NaCl condition
solution, and SA model fouling solution in sequence. The
recovery flux was measured after the membrane was physically
cleaned for 1 min using a constant flow of DI water (2.7 L/
min) after the fouling test. The flux for DI water, SA feed
solution, and DI water in the recovery period was recorded as
Jwiy Jp and ]y, respectively. The permeability of the
membranes was measured for predetermined time or the
time needed to filter 4 L of the feed solution, if lower than a set
time. During the fouling test, the feed solution in the filtration
cell was stirred at 200 rpm to minimize the concentration
polarization. The flux recovery ratio (FRR), total flux decline
ratio (DR,), reversible flux decline ratio (DR,), and irreversible
flux decline ratio (DR;) were calculated with the following
equations using an average value from separate tests for each
membrane sample.***!

J
FRR = 22 x 100%

J (4)
)
DR, = |1 — | x 100%
wl (5)
DR, = [MJ X 100%
wl (6)
DR, = [@] x 100%
wl (7)

3. RESULTS AND DISCUSSION

3.1. Near-Surface Elemental Composition. The near-
surface elemental composition of the fabricated membranes
was investigated using XPS and the fitted C 1s regions were
analyzed by CasaXPS$ processing software (Casa Software Ltd.,
UK.). The results are shown in Figure 1. For PVDFI,
fabricated using pure PVDF without additive, the surface
composition consisted of carbon (54.47%), fluorine (44.96%),
and oxygen (0.58%). The small oxygen signal may be caused
by the absorption of H,O from the air.'” The elemental
compositions of PVDF2 and PVDF3 were similar, with oxygen
~13.0%, carbon ~61.5%, and fluorine ~25.5%. According to
the FTIR, which were analyzed later, the unreacted PEGMA
was totally washed out during the phase separation period. As
shown in Table 4, the oxygen contents in PVDF2 and PVDF3
were significantly higher than that of PVDF1. The oxygen
content derives from the additive PVDF-g-PEGMA. The
higher the oxygen composition on the membrane surface, the

https://dx.doi.org/10.1021/acsomega.0c03429
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Figure 1. XPS spectra and fitted C 1s regions for: (A) PVDF1, (B) PVDF2, and (C) PVDF3 membranes. (D) DSC results. PVDF1: pure PVDF in
NMP, PVDF2: PVDF-blended PVDF-g-PEGMA in DMAc, and PVDF3: PVDF-blended PVDF-g-PEGMA in NMP. The weight fractions of

PEGMA are indicated in each graph.

Table 4. Element Compositions on the Surface of the
Fabricated Membranes Used in the Study

element composition

membrane ID C (0] F
PVDF1 54.47 0.58 44.96
PVDE2 61.25 11.67 27.09
PVDE3 61.66 14.26 24.07

more amphiphilic copolymer PVDF-g-PEGMA was migrated
to the surface, leading to a more hydrophilic surface and
affecting the performances of the fabricated membranes like
antifouling. As for the fitted C 1s regions, the binding energies
at 288.3 eV for O—C=0 and 286.1 eV for C—O species in
PEGMA were present in PVDF2 and PVDF3 membranes,
indicating the successful blending of PVDF with PVDEF-g-
PEGMA, and hydrophilic PEGMA segments in PVDEF-g-
PEGMA migrated preferentially to the membrane surface.”

The fraction of PEGMA on the surface can be estimated
using eq 8, where Ay and Ag_c_q are the areas of the fitted
CF, (289.1 eV) and O—C=0 peaks, respectively. The weight
fraction of PEGMA (¢ppgma) was calculated using the
molecular weights of PEGMA and PVDF.

AO—C:O

XPEGMA _
Acp, + Ao_c=0

(8)

The results suggested that a larger quantity of PEGMA
segments migrated more effectively to the surface of the
membrane compared to previous studies.''”*”*" During the
phase separation periods, the hydrophilic PEGMA segments in
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PVDEF-g-PEGMA migrated to the interface between water and
polymer. As a result, the hydrophilic PEGMA segments tail-
ends to end up on the membrane surface, which can be
approved by the higher concentration of PVDF-g-PEGMA on
the memrbrane surfaces than in casting solutions. This
mechanism may be the result of a lower polymer concentration
used in this study, which decreased the viscosity of the casting
solution, thus reducing the exchange barrier between solvent
and nonsolvent. More hydrophilic segments on the surface
should increase the membrane wettability.

3.2. Crystalline Phase of PVDF. The crystalline phase of
the membranes was analyzed using ATR-FTIR, the crystallinity
was calculated using the results of DSC (Figure 1D), and the
distribution of PVDF crystalline phases was surveyed with
Raman analysis and subsequent estimation of the height ratio
between peaks at 844 cm™' and at 801 cm™'. The ATR-FTIR
spectra are shown in Figure 2B. The bands at 1638 and 1727
cm™' represent the C=C and the C=O stretching band,
respectively.”**” The existence of C=0 and the absence of
C=C in the spectra of PVDF2 and PVDEF3 indicates the
presence of reacted PEGMA segments, which in fact generated
C=0 bonds while breaking C=C bonds, and the removal of
unreacted PEGMA containing the C=C band during polymer
precipitation. This result also suggests that the PEGMA chains
were successfully grafted onto PVDEF.

ATR-FTIR spectra also provide an insight into the
crystalline phases of PVDF. PVDF has four crystalline phases,
a, B, v, and 8, which influence its material properties.‘w’41 The
a crystalline phase can be represented by the characteristic
absorption bands at 614, 764, 796, 855, and 976 cm™', while

https://dx.doi.org/10.1021/acsomega.0c03429
ACS Omega 2020, 5, 23450—23459
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Figure 2. Results of PVDF crystallization. (A) The peak height ratio between 844/801 cm™" bands from Raman analysis. (B) ATR-FTIR spectra.
(C) Schematic representation of a and f crystal phases of PVDF. PVDF1: pure PVDF in NMP, PVDF2: PVDF-blended PVDF-g-PEGMA in
DMAc, and PVDF3: PVDF-blended PVDF-g-PEGMA in NMP.

Rq=41.2+1.3nm Rq=63.0 + 6.5nm Rq=77.0 = 5.1nm

Figure 3. Characterization of the membrane surface and cross-section. PVDF1: pure PVDF in NMP, PVDF2: PVDF-blended PVDF-g-PEGMA in
DMAc, and PVDEF3: PVDF-blended PVDF-g-PEGMA in NMP. From top to bottom: AFM images, SEM micrographs of the surface, and SEM
micrographs of the cross-sections.

the bands associated with the f phase are located at 510 and those of the  phase; however, a y phase would be recognizable
840 cm™'; see Figure 2B. 27 Some characterlstlc absorption for the additional bands at 776, 812, and 833 cm™".*> However,
bands of the y phase at 512 and 840 cm™" are very similar to the characteristic bands of the y phase were absent from the
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Table S. Properties of Fabricated Membranes: Surface Pore Size; Thickness; Total Porosity; Pure Water Permeability
Coeflicient; Permeability Indices Following Conditioning, Fouling with Sodium Alginate, and Recovery Based on Physical

Cleaning

membrane D, D,y thickness porosity pure water permeability conditionin SA solution (LMH/ recovery (LMH/
ID (nm) (nm) (um) (%) (LMH/bar) (LMH/bar§ bar) bar
PVDF1“ 798.17 1743.23 246.8 78.34 1569.42 913.54 105.32 282.27
PVDF2 134.6 95.21 675.26 585.40 139.89 523.64
PVDF3 40.21 299.35 114.7 95.17 928.62 867.39 135.45 738.11

“Pores on PVDF1 are connected by cracks, D

ave

and D,,,, are the lengths of the cracks.

spectra obtained in this study, and all of the membranes
contained a and f crystalline phases of PVDF. The
temperature range of the solution can influence the formation
of the PVDF crystalline phases.*® The a phase can be obtained
at any temperature of melting crystallization. However, when
the solution crystallizes below 70 °C, the crystalline phase
produced by the solidification of the polymer is the f phase
rather than the y phase. This mechanism explains the presence
of the @ and f phases in the membranes.

As shown in Figure 1D, the melting enthalpy for PVDF],
PVDF2, and PVDF3 was 44.05, 36.90, and 51.52 ]/g,
respectively. The initial and end points of melting enthalpy
of all of the fabricated membranes were practically the same,
within the range of 145—164 °C; the peak point of pure PVDF
was 157.8 °C, while that of the PVDF/PVDF-g-PEGMA
membranes was 156.4 °C. The melting temperature of blended
membranes decreased when compared with PVDFL*" The
crystallinity of the fabricated membranes X, can be calculated
by dividing the measured melting enthalpy change (AH;) by
that of a perfect PVDF crystal AH{,*® as shown in eq 9. The
melting enthalpy of the perfect PVDF crystal is 105 J/g, as
reported by Nakagawa and Ishida.*’ Therefore, the crystal-
linities of fabricated membranes were 41.95, 35.14, and
49.07%, respectively.

Hy
L= —— X 100%
AHg 9)

Further information on crystallinity was collected with Raman
measurements. In Figure 2A, the band at 844 cm™ represents
the f crystalline phase of PVDF, while that at 801 cm™
represents the a crystalline phase. The peak height ratio, 844/
801 cm™!, intuitively provides an assessment of the distribution
of PVDF crystalline phases of the fabricated membranes. The
a phase was the dominating phase in the three fabricated
membranes. The percentage of the f phase was the highest in
PVDEF2, followed by PVDF3 and then PVDF1. The schematic
representation of o and f crystal phases of PVDF is reported in
Figure 2C. The f phase (TTT) molecules, with all-trans
conformation, have the strongest polarity, that is, its dipoles all
point in the same direction. The dipoles in the a phase
(TGTG) are arranged in a way that they compensate, so the
phase is overall nonpolar.”® The hydrophobicity of PVDF is
mainly caused by the polarity of C—F. We hypothesize that, in
the phase separation process, the C—F bonds pointed inward
due to their hydrophobicity, thus decreasing the hydro-
phobicity of the membrane surface. As a result, the larger
fraction of the f phase in PVDF2 and PVDF3 membranes
contributed to higher surface hydrophilicity for these
membranes.

3.3. Membrane Morphology. The surface and cross-
sectional morphologies of the membranes, as well as their
roughness, are shown in Figure 3. Table § listed the average

pore diameter (D,,.), maximum pore diameter (D),
thickness, and porosity of the membranes. The absolute
RMS surface roughness varied from 40 to 80 nm. These values
are larger than those of PVDF-based membranes in previous
studies.'® This result is rationalized as more PVDE-g-PEGMA
migrated to the membrane surface. This change caused
membranes with larger RMS roughness.lg’31 The PVDF1
membrane showed cracks at the surface. These cracks were of
different lengths and sizes on the surface of PVDF1, whereby
some cracks connected and became defects on the membrane
surface. The surface of PVDF2 and PVDF3 were more
uniform, showing that the blending with PVDF-g-PEGMA
improved the surface morphology; surface feature uniformity
of ultrafiltration membranes is often argued as a necessary
characteristic for enhanced performance, as it provides a
sharper molecular weight cutoff curve. The few visible pores on
the PVDF1 surface were connected by cracks, while the pores
of PVDF2 membranes were too small for observation under
the magnification of X100k and smaller than what may
influence the ultrafiltration performance. Furthermore, the
surface of PVDF3 membranes showed that regular spherulite
structures were because of the coexistence of NMP and PVDEF-
g-PEGMA in the castin% solution, which was in accordance
with previous studies."®'” The cross-sectional morphologies
revealed instead that all of the membranes had a dense top
layer and underlying macrovoids. The macrovoids of PVDF1
were significantly larger than those of PVDF2 and PVDEF3;
nevertheless, the overall porosity was higher for the blended
membranes. The detailed porosity data are summarized in
Table 5. The pore size and distribution, and the cross-section
morphologies have a great influence on pure water flux,
fouling, and the recovery test, which are described below.

3.4. Wettability, Contact Angles, and Surface Free
Energy. The wettability of solid surfaces is generally measured
by contact angle. The models to analyze such measurements
mainly include Young’s model, the Wenzel model, and the
Cassie model.”’ According to the Wenzel model of wetting,
chemically homogeneous rough surfaces increased the actual
contact area of the “solid—liquid”, making the surface to be
greater than the apparent geometric contact area. As a result,
the contact angle is reduced and the wetting of the membrane
was enhanced. Due to the relatively large surface roughness of
PVDF2 and PVDF3 surfaces, the Wenzel model is a better
model to analyze contact angle data for these samples. When a
water droplet falls on the membrane surface and fills the
grooves, the relationship between the actual contact angle, &',
of the rough surface and the intrinsic contact angle, 6, of the
analogous smooth surface is described by eq 10.

cos @ =r cos 6. (10)

Here, r represents the roughness factor of the membrane
surface and is estimated as the ratio of the actual surface area to
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PVDF3

loss

Figure 4. Images showing the change of the water contact angle in time on the surface of the membranes. (A) PVDF1: pure PVDF in NMP, (B)

PVDF2: PVDF-blended PVDF-g-PEGMA in DMAc, and (C) PVDF3: PVDF-blended PVDF-g-PEGMA in NMP.

Table 6. Details of the Surface Tensions of the Membranes Based on the XDLVO Theory

polar liquid AG, P A GSPAB (y")°os
PVDF1 glycerol —29.88 —20.17 0.76
ethylene glycol —19.43 —19.43 1.70
formamide —22.33 -22.33 1.64

PVDF2 glycerol —38.88 —11.08 -0.37¢
ethylene glycol —-5.50 —5.50 0.48
formamide —-8.01 —8.01 0.59
PVDF3 glycerol —42.95 20.62 -3.35
ethylene glycol —6.01 —6.01 0.53
formamide —-22.15 —22.15 1.62

(r)°s
2.20
0.22
0.57
4.22
0.06
0.21
7.60
0.07
0.57

J,AB

3.33
0.76
1.88
3.16
0.06
0.24
50.87
0.07
1.85

},LW

20.590

27.457

33.313

Y average

23.918 22.579S8S
21.351
22.470
30.619
27.518
27.699
84.182
33.385
35.163

27.60817

34.2741S5

“Negative value of (y*)** and (y7)°° is meaningless, indicating that the probe liquid was not suitable for the specific surface of interest.

A 1800
@ PVDFI @ PVDF2 @ PVDF3
1500
[
:1200
Recovery

600

300

0 120 240 360 480 600

Time (min)

ol R E=br, SR, ERRDR,
80 |- RS
KoL
(RS
9 5
S 308!
% 60| 53
) RS
8 R
= (RS <§§
o RR&L
: 5
2 af s
KL
KX
o%e%s
KK —
w} 7=
(RS ——
<K =
1R
. ol =
PVDF1 PVDF2
Membrane ID

Figure S. Membrane fouling behavior under filtration. (A) Measured permeate flux during the course of an experiment with varying feed solutions.
(B) Fouling indices related to sodium alginate fouling. PVDF1: pure PVDF in NMP, PVDF2: PVDF-blended PVDF-g-PEGMA in DMAg, and

PVDEF3: PVDF-blended PVDF-g-PEGMA in NMP.

the apparent contact area; therefore, r is >1. In this study, the
blended membranes have a hydrophilic surface and 0° < 6, <
90°. The high surface roughness may enhance its hydro-
philicity, allowing the actual contact angle to decline rapidly,
which is consistent with that observed in our study.’> By
changing the hydrophilicity and roughness of the membrane,
the contact angle can be regulated with the goal to improve the
membrane wettability.

The dynamic contact angle on the surface of the membranes
is summarized in Figure 4. The average change on PVDF1
samples was small, from 90.7 to 90.1° in 3 min. In contrast,
PVDF2 and PVDEF3 showed superwettability behavior, with
changes occurring rapidly. Specifically, the contact angles
changed from 76.4 to 23.2° in 1.2 s and the water completely

23456

diffused into the membrane in 1.5 s for PVDF2 samples.
Concerning PVDF3, the changes were even more rapid, from
71.6 to 22° in only 0.3 s, with total water infiltration in 0.5 s.
These values are the average of 10 separate experiments. One
of the reasons for this difference in wetting behavior is due to
the blending of hydrophobic PVDF with PVDF-g-PEGMA, as
more PEGMA segments were migrated to the surface of
PVDF3 than that of PVDF2.> Whereas, more PEGMA
segments contributed to a rougher surface of PVDF3.

More insight on this phenomenon was obtained by applying
the surface free energy theory, whose results are summarized in
Table 6. Please note that (y*)*° of PVDF2 and PVDF3
calculated from measurements using glycerol as a second polar
probe liquid was meaningless, suggesting that glycerol is not a
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suitable probe for these samples. The surface tensions
determined for the membranes were 22.58 mJ/m* (PVDF1),
27.61 mJ/m?* (PVDF2), and 34.27 mJ/m? (PVDE3). The
results were consistent with experimental contact angle
observations, suggesting that the wettability decreased in the
order PVDF3 > PVDF2 > PVDFI. The values of free surface
energy provide one more partial explanation of the wetting
behavior of the membranes and the superwettability of the
blended samples.

In summary, the modification with PVDF-g-PEGMA
copolymers that preferentially migrated toward the surface
and the increased polar # crystalline phase of PVDF with
preferred orientation increased the hydrophilicity of the
membranes.”* In addition, it has been proved that the solid
surface heterogeneity and roughness significantly affect the air
bubble/water droplet contact angle.”> " The high roughness
of the blended membranes further enhanced their hydro-
philicity, on the whole resulting in the high surface free energy
of the fabricated membranes, resulting in rapid water spread on
their surface and in the total water infiltration within the
membrane in less than 1.2 s.

3.5. Membrane Permeate Flux and Removal Effi-
ciency. The flux and the fouling behavior of the membranes
were tested under the constant pressure of 0.07 MPa (0.7 bar).
The values of membrane permeability are listed in Table 5,
while the filtration results are shown in Figure 5. All of the
membranes possessed a high water permeability, with PVDF1
showing the highest water flux at the beginning of the fouling
tests, which, however, dropped sharply within the first 2 h of
the compaction period. The high flux of PVDF1 is mainly
attributed to the numerous defective cracks observed on the
surface and to the large cross-sectional pores that allow easy
water transport across the membrane, which are shown in
Table 5 and Figure 3. The flux of PVDF2 and PVDF3 was
more stable compared to the pure PVDF1 membrane during
the initial filtration with pure water. After varying degrees of
flux decline during the subsequent conditioning and fouling
periods, all of the membranes reached a near-steady-state flux
value of approximately 100 L m™> h™". Please note that the SA
rejection rates of the membranes were 55.3 + 4.3% (PVDF1),
69.2 + 3.2% (PVDF2), and 82.9 + 3.2% (PVDE3).

Important differences in flux recovery were observed
following physical cleaning, the order of observed flux was
PVDF3 > PVDF2 >» PVDFI at the end of the fouling
experiments. The fouling indices shown in Figure 5B allow a
more direct comparison of the fouling behavior of the
membranes. High DR /DR, means relatively reversible fouling,
thus better antifouling properties can be represented by higher
values of FRR and DR /DR.’® FRR and DR,/DR, ratios
decreased in the order PVDF3 (79.53 and 76.02%) > PVDF2
(77.34 and 71.44%) > PVDF1 (17.99 and 12.08%).
Therefore, the blended membranes exhibited remarkably
better flux recovery performance compared to PVDF1. Overall,
PVDEF3 performed better than all of the other membranes, due
most likely to the best combination of the surface morphology
and porosity, overall porosity, and surface wetting behavior.
Also, higher wettability translated directly into higher the SA
rejection rates and flux recovery rates, indicating that the
hydrophilic segments at the membrane surface contributed
greatly to the enhancement of performance. The two fabricated
membranes with superwettability behavior had high water
permeability, a high FRR of nearly 80%, and remarkable
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antifouling performance, suggesting their potential in the
practical applications.

4. CONCLUSIONS

In summary, superwettability behavior was observed for
PVDF-based membranes blended with PVDF-g-PEGMA
copolymers. This behavior was the result of the synergetic
effect of the following factors: (i) the successful blending of
PVDF with amphiphilic copolymer PVDF-g-PEGMA; higher
content of PVDF-g-PEGMA on the surface improves the
hydrophilicity of the fabricated membranes. (ii) The
proportion of PVDF in the f crystalline phase increased on
the membrane surface, which reduced the hydrophobicity of
the surface. (iii) The higher surface roughness of the blended
membranes enlarged the actual contact area between water and
membrane significantly, which further increased the membrane
wettability according to the Wenzel model of wetting. (iv) The
blended membranes were characterized by high surface energy,
which promotes the interaction of water with the surface. The
factors (i) and (ii) combined and significantly increased the
wettability of the membranes. Macroscopically, these param-
eters result in the rapid wetting and uptake of water by the
membrane, with water droplets being completely flattened or
infiltrated within 0.5 s for the best fabricated membranes. The
two membranes with superwettability behavior showed high
performance in flux and antifouling experiments under
ultrafiltration conditions. Hydrophobicity is the current
bottleneck of PVDF membranes that limits their further
applications in water treatment processes. This study discusses
how a simple approach can be pursued to produce membranes
that are based on the same chemically and mechanically stable
PVDF chemistry, but with the added property of being
superwettable.
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