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ABSTRACT: A hydrophilic fouling-resistant poly(vinyl alcohol) (PVA) based polymer was synthesized by the etherification of PVA with

monochloroacetic acid under alkaline conditions, and the polymer, PVA–OCH2COONa, was subsequently applied to modify a poly(-

vinylidene fluoride) (PVDF) membrane to both enhance the hydrophilicity and provide fouling resistance. The successful etherifica-

tion was confirmed by 13C-NMR and attenuated total reflectance–Fourier transform infrared spectroscopy, whereas the synthesized

polymer was shown by differential scanning calorimetry analysis to have an improved thermal stability over PVA. The physicochemi-

cal properties of the surfaces of the modified PVDF membranes were investigated with various analytical tools, including field emis-

sion scanning electron microscopy, atomic force microscopy, and contact angle analysis. Fouling tests with bovine serum albumin

showed the PVA–OCH2COONa modified PVDF membrane to have both a higher pure water flux and a retarded decline in flux over

the filtration period compared with the PVA-coated PVDF membrane. This study demonstrated that the modification of PVDF mem-

branes with PVA–OCH2COONa could be an efficient method for enhancing their fouling resistance. VC 2014 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2015, 132, 41712.

KEYWORDS: crosslinking; grafting; membranes
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INTRODUCTION

Over the last few decades, membrane separation technology has

made significant contributions to various fields, such as in the

treatment of wastewater and drinking water and the food and

medical industries.1–3 The pressure-driven ultrafiltration (UF)

process has strengths in the areas of easy operation, low power

consumption, and high separation efficiency.4–6 In the drinking

water treatment industry, UF membranes with both high per-

meate flux and durability are required to handle large amounts

of water with a small footprint. Excellent fouling resistance is

also needed to prevent the performance loss of the membrane,

which occurs because of the attachment of retained particles

during operation over time.4,5 Several polymers, including poly-

imide,7 poly(ether imide),8 polysulfone,9 and poly(vinylidene

fluoride) (PVDF),10 have generally been used as membrane

materials.11,12

Among these materials, PVDF, which has a fluorine-containing

repeating unit of A(CH2CF2)nA, has been widely used in the

production of UF membranes because of its outstanding chemi-

cal resistance, good thermal stabilities, and excellent mechanical

strength.13–15 However, the applications of PVDF membranes

can sometimes be limited by PVDF’s vulnerability to fouling

and low permeate flux because of its intrinsic hydrophobic-

ity.16,17 Irreversible membrane fouling, caused by the deposition

and accumulation of feed components, such as suspended par-

ticles, impermeable dissolved solutes, or even solutes that are

normally permeable, on the membrane surface and within the

pores of the membrane reduces the operation life.18,19 Almost

all organic foulants in aqueous media tend to be hydrophobic;

thus, they cluster or group together to make colloidal or sus-

pended particles. The hydrophobic interaction that occurs

between foulants and membranes causes more severe fouling

problems on hydrophobic membranes than on hydrophilic

ones.20–23 Many studies have been carried out with various

methods, including surface coating, surface modification by

grafting hydrophilic monomers, and blending with hydrophilic

polymers in a casting solution, to improve the hydrophilicity

Additional Supporting Information may be found in the online version of this article.

VC 2014 Wiley Periodicals, Inc.
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and antifouling properties of the surfaces of conventional

hydrophobic membranes.24–27

Surface coating with hydrophilic polymers is a simple but effec-

tive method for membrane surface modification, and this

method has been applied extensively. Poly(vinyl alcohol) (PVA)

has good fouling resistance because this polymer has a hydro-

philic repeating unit of A(CH2CHOH)nA, which can be easily

crosslinked by treatment with glutaraldehyde (GA).28,29 Wang

et al.30 prepared a high-flux UF membrane using an electrospun

PVA scaffold support in conjunction with a PVA hydrogel coat-

ing and crosslinking. The electrospun scaffold fabricated by

96% hydrolyzed PVA with a high molecular weight was demon-

strated to have good mechanical performance with good tensile

strength and elongation. The results indicate that the size of the

hydrophilic chains connected by crosslinking points could be

controlled by the degree of crosslinking in the hydrogel. The

best result was reported for a GA/PVA repeat unit ratio of 0.06

to crosslink the top PVA layer. Na et al.31 also developed anti-

fouling PVA thin film composite membranes through heat treat-

ment followed by a crosslinking reaction and drying. An

increase in the concentration of PVA in the casting solution, a

dynamic coating time, the GA concentration and curing time,

and a decrease in the additive concentration were found to

bring about a decrease in the flux and an increase in the protein

rejection. The results from that study indicate that membranes

modified with a PVA hydrogel layer showed remarkably high

antifouling properties compared to unmodified membranes.

In this study, an anionic PVA-based polymer (PVA–OCH2-

COONa) was synthesized by the etherification of PVA with

monochloroacetic acid (MCA) under alkaline conditions, and

the synthesized polymer was characterized by attenuated total

reflectance (ATR)–Fourier transform infrared (FTIR) spectros-

copy and 13C-NMR for confirmation. Subsequently, the pre-

pared hydrophilic polymer was applied to a PVDF membrane.

The high affinity of the sodium carboxymethyl group to water

caused the permeate flux to increase and the ionic substances to

simply be removed; this made it suitable for reducing the foul-

ing of the membrane. The performances of the modified PVDF

membranes, including the morphology, hydrophilicity, rough-

ness, and protein fouling resistance, were systematically investi-

gated to evaluate the feasibility of PVA–OCH2COONa as a

modification material to confer fouling resistance.

EXPERIMENTAL

Materials

PVDF (Solef 1015, molecular weight 5 500,000 g/mol), pur-

chased from Solvay (Belgium), was used as the base material for

the UF membrane. Dimethyl acetamide, purchased from Sam-

chun (Korea), was used as the solvent. Poly(vinyl pyrrolidone)

(K30, molecular weight 5 40,000 g/mol), purchased from Wako

(Japan), was used as an additive. PVA (molecular

weight 5 88,000 g/mol) for the synthesis of the hydrophilic

ionic polymer was purchased from Acros Organics. 2-Propanol,

purchased from Samchun (Korea), was used as a reaction

medium. Sodium hydroxide (NaOH) and MCA were purchased

from Junsei (Japan). GA and hydrogen chloride (HCl) were

purchased from Kasei Chemicals (Japan) and Aldrich, respec-

tively, and were used for crosslinking reactions. Bovine serum

albumin (BSA; molecular weight 5 67,000 g/mol) was purchased

from Acros Organics. The deionized water used in the experi-

ments was produced with a Milli-Q system from Millipore.

Preparation of the Hydrophilic PVA–OCH2COONa

PVA–OCH2COONa was prepared and characterized with a pro-

cedure similar to that described in the literature.32,33 Figure 1

presents the synthesis pathways through the process of alkaliza-

tion and etherification. Briefly, 2 g of PVA in powder form was

dissolved in 200 mL of 2-propanol under mechanical stirring.

After 30 min, 30 mL of NaOH solution (0.05 mol) was added

to the reaction medium. The solution was stirred continuously

for 1 h, after which 0.05 mol of MCA was introduced, and the

reaction was left for an additional 2 h. The resulting PVA–

OCH2COONa was filtered and dried at 60�C in a vacuum oven.

Both NMR spectroscopy and ATR–FTIR spectroscopy were used

to evaluate the modification. The 13C-NMR spectrum was

obtained at 25�C in D2O with a Bruker Avance 500-MHz spec-

trometer. The ATR–FTIR spectrum was recorded on a Nicolet

5700 FTIR spectrometer at a resolution of 4 cm21 in the wave-

number range from 400 to 4000 cm21. Differential scanning

calorimetry (DSC) measurement was conducted with a DSC

Q1000 system under an N2 purge with a heating rate of 10�C/

min from 280 to 300�C.

Modification of the PVDF Membrane with

the PVA–OCH2COONa

PVDF flat-sheet membranes were prepared as support mem-

branes by a phase-inversion method. A casting solution was pre-

pared by the dissolution of 18 wt % PVDF polymer and 10 wt

% poly(vinyl pyrrolidone) additive in dimethyl acetamide. The

solution was mechanically stirred until the polymer was com-

pletely dissolved. The solution was then cast onto a polyester

nonwoven fabric with a flat-sheet membrane casting apparatus

with a gap of 250 lm. The cast film was immersed into a coag-

ulation bath at 25�C right after casting. The membranes were

kept in a circulation water bath overnight to remove residual

solvent, additives, and impurities. The modification of the

PVDF membranes was then conducted by the dip-coating

method. The PVDF membranes were dipped into an aqueous

solution containing GA (5 wt %) and HCl (0.5 wt %) in

Figure 1. Schematic illustration of the process for the etherification of PVA.
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deionized water, and the excess solution was removed by

squeezing with a soft rubbery roller after 1 min. The PVDF

membranes were then immersed in a solution of 0.1 wt %

PVA–OCH2COONa. After 1 min of reaction, the membranes

were dried in air for 1 h.

Membrane Surface Characterization

The structure and morphology of the control membrane and

modified membranes were characterized by field emission scan-

ning electron microscopy (FESEM) with a Tescan Mira 3 LMU

FEG operated at an acceleration voltage of 10 kV. The FESEM

samples were prepared by the vacuum sputtering of Pt onto the

dried samples at room temperature. The pore sizes of the mem-

branes were determined with a capillary flow porometer

(Porous Materials, Inc., CFP-1200-AE). The membranes were

first dipped in a wetting agent, Galwick. Nitrogen gas flow was

used to displace the liquid from the pores, and the pressure

required to empty the most constricted part of the pores was

measured. The mean flow pore size corresponded to the pore

size calculated at the pressure where the wet curve and the half

dry curve met. The water contact angles used to measure the

hydrophilic properties of the surface-modified membranes were

measured and calculated in static mode on an SEO Phoenix

300A at room temperature. One drop of water (3 lL) was deliv-

ered on the surface of the film with an automatic piston syringe

and then photographed. The reported contact angles were aver-

aged from at least triplicate three-time determinations carried

out at random locations. The surface morphologies of the con-

trol and modified membranes were imaged by atomic force

microscopy (AFM) with a Bruker Dimension Icon Nanoscope

V. We acquired the AFM images of 5-lm scans by scanning the

sample in air under ambient laboratory conditions. The surface

roughness was then assessed.

Pure Water Flux (J0) and BSA Fouling Experiments

UF experiments were carried out for the prepared membranes

in a batch-type, dead-end cell with a model 8200 instrument

from Amicon. The effective membrane area available for UF

was 28.26 cm2, with a diameter of 62 mm. After the membranes

were prepressured under 3 kgf/cm2 for 120 min, J0 was also

measured under fixed conditions until the steady-state flux was

obtained by the collection of the volume of the permeated water

under 1 kgf/cm2 per every 1 min. When the steady-state flux

was reached, a 20-ppm BSA solution was forced to permeate

through the membrane according to the same procedure dis-

cussed previously, and the flux was recorded as J.

RESULTS AND DISCUSSION

Characterization of the Hydrophilic PVA–OCH2COONa

A hydrophilic fouling-resistant PVA-based polymer was pre-

pared by the etherification of PVA with MCA under alkaline

conditions. Figure 2 shows the ATR–FTIR spectra of PVA–

OCH2COONa in comparison with PVA. PVA showed the char-

acteristic peaks of OAH, CH2, CH, and CAC bonds. A strong

and broad OAH stretching peak was observed in the region

3200 to 3300 cm21. Antisymmetric and symmetric stretching

bands of CH2 occurred at 2942 and 2905 cm21, respectively,

and a CH stretching vibration peak appeared at 2834 cm21.

The residual carbonyl bands at 1714 and 1566 cm21 of PVA

showed that the PVA was formed by the hydrolysis of poly(vinyl

acetate) during the manufacturing process. The symmetric

bending mode of CH2 was found at 1424 cm21. The bands at

about 1323 and 1240 cm21 were attributed to the wagging

Figure 2. ATR–FTIR absorption spectra of PVA and PVA–OCH2COONa.

[Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Figure 3. 13C-NMR spectra of PVA and PVA–OCH2COONa. [Color figure

can be viewed in the online issue, which is available at www.interscience.

wiley.com.]
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vibrations of CH2 and CH, respectively. The band at about

1084 cm21 was due to the CAO stretching vibration of the

ether group, whereas the band at 945 cm21 was related to the

syndiotactic structure of PVA. The bands at 833 and 652 cm21

were assigned to the CAC stretching vibrations and out-of-

plane OH bending, respectively.34 PVA–OCH2COONa, however,

showed distinct differences in the ATR–FTIR spectra. The band

ranging from 2800 to 3300 cm21 was similar to that found in

PVA, but its intensity decreased remarkably because of the

etherification. Significant absorption bands were observed at

1595 and 1410 cm21; this was attributed to the lone-pair elec-

trons of carboxylate and consequent resonance delocalization of

the p bond, which indicated the presence of symmetric and

asymmetric carboxylate anions (COO2).35 The bands around

1240 cm21 were assigned to the CAOAC ether group but may

have also overlapped with the CH vibration absorption. 13C-

NMR analysis provided additional evidence for the successful

modification of PVA–OCH2COONa. The 13C-NMR spectra of

PVA and the synthesized PVA–OCH2COONa are shown in Fig-

ure 3. In comparison with the spectrum of PVA in D2O solu-

tion, PVA–OCH2COONa was observed to have new peaks at d
about 60 and 175 ppm; these were assigned to the carbon atoms

attributed to the CAO and C@O groups, respectively. These

effects are cumulative, so the presence of more electronegative

groups resulted in more deshielding and, therefore, larger chem-

ical shifts. Electronegative groups decreased the electron density

around the carbons and provided less shielding (i.e., deshield-

ing); this caused the chemical shift to increase. The carbon

atom in a carbonyl group has a relatively low electron density

around it and, thus, is relatively deshielded. Consequently, it

has a higher chemical shift than most other types of carbons.

The DSC endothermic profiles showed the glass-transition tem-

perature (Tg) of PVA at 43.04�C, whereas that of PVA–OCH2-

COONa occurred at 44.81�C (Figure 4). DSC analysis indicated

that PVA–OCH2COONa, with a melting temperature (Tm) of

208.95�C, was more thermally stable than PVA, which melted at

107.59�C.

Figure 4. DSC thermograms of PVA and PVA–OCH2COONa. [Color fig-

ure can be viewed in the online issue, which is available at www.inter-

science.wiley.com.]

Figure 5. FESEM images of the membrane surfaces: (a) PVDF support membrane, (b) PVDF coated with PVA, (c) PVDF coated with PVA–OCH2-

COONa, and (d) cross section of the PVDF support membrane.
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Characterization of the Modified PVDF Membranes

FESEM images of the surfaces of the PVDF membrane and the

membranes modified with PVA and PVA–OCH2COONa under

50,0003 magnification are shown in Figure 5. The average pore

size was found to decrease significantly after modification of the

hydrophobic PVDF membrane. The PVDF control membrane

had an average pore size of 0.068 lm, whereas the PVA-modified

membrane and PVA–OCH2COONa-modified membrane had

average pore sizes of 0.043 and 0.049 lm, respectively. Figure 6

shows the pore size distribution of the membranes.

AFM surface analysis of the membranes was conducted with

dry samples. The average roughness (Ra) indicates the arithme-

tic average of the absolute values of the surface height devia-

tions from the center plane. As shown in Figure 7, the surface

of the PVDF membrane was originally quite rough and was

composed of mountainous peaks. The Ra of the PVDF mem-

brane was 26.7 6 0.5 nm. In contrast, the Ra values of the PVA-

modified and PVA–OCH2COONa-modified membranes were

16.4 6 0.2 and 14.1 6 0.2 nm, respectively. These results demon-

strate that the modified PVDF membranes became smoother

and had a lower roughness; this implied a thin layer of the

PVA, and PVA–OCH2COONa was formed on top of the mem-

brane. These results were consistent with the scanning electron

Figure 6. Pore size distributions: (a) PVDF support membrane, (b) PVDF

coated with PVA, and (c) PVDF coated with PVA–OCH2COONa.

Figure 7. AFM images of the membrane surfaces: (a) PVDF support

membrane, (b) PVDF coated with PVA, and (c) PVDF coated with PVA–

OCH2COONa [Ra (nm)]. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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microscopy (SEM) observations, and the smoothed surface

morphology was expected to improve the antifouling capabil-

ities of the PVDF membrane. However, the coating layer applied

in this study was thin enough not to show a discernible peak

pattern in ATR–FTIR spectroscopy compared with the bare

membrane (Supporting Information, Figure S1).

The surface hydrophilicity is one of the most important factors

in determining the antifouling properties of UF membranes.

Hydrophobic membranes have nonpolar groups and lower sur-

face free energy; this can prevent contact with water and can

push out the water molecules adjoining it.36 The hydrophilicity

of the membranes synthesized in this study was evaluated by

contact angle measurement, which has commonly been used to

assess the wettability and interfacial energy of the substrate

surfaces. Table I shows the contact angle values of the PVDF

membrane and the membranes modified with PVA and PVA–

OCH2COONa. The contact angle was observed to decrease sig-

nificantly after the modification of the hydrophobic PVDF. The

original PVDF membrane had an average contact angle of

60.51�; this decreased to 44.34� when the membrane was coated

with 0.1 wt % PVA–OCH2COONa. This phenomenon was

attributed to the hydrophilic nature of the hydroxyl groups and

the sodium carboxymethyl groups. The decrease in the contact

angle indicated the creation of a highly hydrophilic surface. The

contact angle of the membrane coated with PVA was slightly

higher than that of the membrane coated with PVA–OCH2-

COONa. This was likely due to the different water affinities of

the hydroxyl and sodium carboxymethyl groups.

DSC analysis was conducted to indicate that the difference

between the PVA and synthesized PVA–OCH2COONa. The

enhanced thermal stability shown in Figure 4 was not directly

related to the membrane performance.

Fouling of Membranes by BSA

The antifouling propensity of the virgin and modified mem-

branes was evaluated by the filtration of a 20-ppm BSA solution

through the membranes. J0 of the PVDF membrane was

1965 L/m2 h. However, the modification of the membrane with

the hydrophilic PVA and PVA–OCH2COONa led to declines in

J0 of the membranes by up to 155 and 200 L/m2 h. The decline

of J0 after surface modification was likely due to the pore size

change and additional coating layer; these caused additional

resistance for water molecules passing through the membrane,

as shown in Figures 5 and 6.36 Figure 8 shows the normalized

flux of the unmodified membrane and the membranes modified

with PVA and PVA–OCH2COONa. The normalized flux is the

ratio of the momentary BSA flux (J) divided by J0. The decline

of the flux in the unmodified membrane was clearly much

higher than those in the modified membranes. The fast decline

in the flux of the unmodified membrane was likely affected by

its larger pore size and its surface hydrophobicity. The fouling

of membranes with large pore sizes occurred easily because of

the higher concentration polarization and easy pore blocking,

and the hydrophobic nature of the PVDF membrane induced a

higher fouling tendency. In the case of the membrane modified

with PVA–OCH2COONa, fouling with BSA was shown to

decrease remarkably; this provided high permeate flux because

of the high hydrophilic affinity and reduced roughness. After

continuous operation for 120 min, the normalized flux (J/J0)

declined to 2% for the PVDF membrane, whereas it was still

sustained at 48% for the membrane modified with PVA–OCH2-

COONa. The PVA–OCH2COONa-coated membrane showed

both a high permeate flux and excellent antifouling compared

to the PVA-coated membrane because of the enhanced hydro-

philic and anionic nature of the attached functional group. The

surface of the membrane with the introduced hydrophilic

sodium methyl carboxyl groups was negatively charged, whereas

BSA, with an isoelectric point of pH 4.8, also had a negative

charge at neutral pH.30 The interaction between two likely

charged materials is repulsive. The BSA near the negatively

charged membrane surface was easily excluded by electrostatic

repulsion. Both the charge repulsion and enhanced

Table I. Contact Angles of the PVDF Support Membrane, PVDF Coated

with PVA, and PVDF Coated with PVA–OCH2COONa

Membrane Support (PVDF) PVA PVA–OCH2COONa

Contact angle (�) 60.51 47.50 44.34

Figure 8. Permeate fluxes and normalized fluxes of the membranes coated

with PVA and PVA–OCH2COONa versus the unmodified membrane. The

flux was measured at 1 kgf/cm2 with a 20-ppm BSA aqueous solution.

[Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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hydrophilicity of the PVA–OCH2COONa coated membrane

reduced the degree of protein adsorption to the membrane sur-

face. Therefore, the PVDF membrane could be most efficiently

modified through the coating of the surface with PVA–OCH2-

COONa to enhance its surface hydrophilicity and fouling resist-

ance. The rejection of 20-ppm BSA by the PVDF was negligible,

but PVA-coated and PVA–OCH2COONa membranes showed

rejections of about 21 and 39%, respectively.

CONCLUSIONS

A hydrophilic PVA–OCH2COONa polymer was successfully syn-

thesized through the etherification of PVA with chloroacetic

acid in alkaline medium, as confirmed by the ATR–FTIR and
13C-NMR spectra. Hydrophilically modified PVDF membranes

were prepared by the surface coating method with a crosslinking

agent. SEM and PMI confirmed that the modified PVDF mem-

branes had a reduced pore size, whereas contact angle measure-

ment indicated that the modified PVDF membranes had very

good hydrophilicity. The modified PVDF membrane was also

found to be smoother with lower roughness, as observed by

AFM. The introduction of sodium carboxymethyl groups into

PVA led to an increase in excellent antifouling properties

because of the high hydrophilicity and electronegativity of the

sodium carboxymethyl groups. We believe that the superior per-

formance of PVDF membranes coated with PVA–OCH2COONa

will have great potential for practical applications.
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