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ABSTRACT: In this study, asymmetric flat-sheet polyethersulfone (PES) nanofiltration (NF) membranes were prepared via immersion

precipitation phase inversion with the addition of polyvinylpyrrolidone (PVP). The effects of PVP with the molecular weights (MW)

from 17 to 1400 kDa and the concentration from 0 to 3.0 wt % on the morphologies and performances of PES membranes were sys-

tematically studied. The prepared membranes were characterized by SEM, AFM, ATR-FTIR, contact angle, membrane porosity, the

water flux, and the rejection measurement. The results indicated that the porosity and the hydrophilicity of PES NF membrane

increased with increasing PVP concentration, and the hydrophilicity of PES NF membrane also improved with increasing PVP MW.

The enhancements of the porosity and hydrophilicity resulted in the higher water flux of PES NF membrane. The rejection of Bor-

deaux S (MW 604.48 Da) for the prepared PES membrane was increased to above 90% with the low PVP concentration, but it

turned to decrease remarkably when the PVP concentration reached to a critical value which related to PVP MW. It was concluded

that the addition of a small amount of PVP could significantly increase the permeability of PES NF membrane and maintain its rejec-

tion of Bordeaux S above 90%. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43769.
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INTRODUCTION

Nanofiltration (NF) membranes with a weight cut-off (MWCO)

of 150 to 1000 Da are widely applied in water and wastewater

treatment, pharmaceutical and biotechnology, and food engi-

neering, because of their high flux and good selectivity, rela-

tively low operation pressure and investment.1 Currently, most

commercial NF polymer membranes are thin-film composite

membranes prepared via interfacial polymerization. Compared

with interfacial polymerization, immersion precipitation phase

inversion is a relatively convenient method to prepare asymmet-

ric polymer membranes.

Polyethersulfone (PES) is one of the most popular materials of

microfiltration (MF) and ultrafiltration (UF) membranes

because of its excellent chemical, thermal, mechanical stability,

and wide pH tolerance. Nevertheless, the hydrophobicity of PES

leads to severe membrane fouling in aqueous filtration proc-

esses. To improve the hydrophibility of PES membranes, many

modification methods were used which included the use of

additives, chemical treatments, grafting, and coating.2,3 Among

these methods, the addition of hydrophilic polymers, such as

polyvinylpyrrolidone (PVP) in the casting solution is the most

efficient way. The effects of PVP on the morphologies and per-

formances of PES UF4–9 and PES MF10,11 have been extensively

investigated. Mohtada and Subir12 made a brief overview about

the effect of PVP on membrane properties, and found inconsis-

tencies in the obtained results. Therefore, it was not straightfor-

ward to predict the effect of PVP on the morphology and

performance of the prepared membranes based on the previous

studies. And the studies of the influence of PVP on the
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morphology and performance of PES NF membrane were lim-

ited. Boussu13 studied the effects of polymer solvents on the

permeability and structure of PES NF membrane. The PES NF

membrane prepared with N-methyl-pyrrolidone (NMP) showed

a thinner top skin layer and a higher water flux. Ismail14 inves-

tigated the effect of PVP K30 concentration from 1 to 9 wt %

on the morphology and performance of PES NF membrane.

The results showed that the water flux linearly increased and

the salt rejection linearly decreased with increasing PVP K30

concentration. Zhang15 also studied the effect of PVP K30 con-

centration from 3 to 11 wt % on the performance of PES mem-

brane. When the concentration of PVP K30 was 7 wt % the

water flux increased to a maximum and then decreased. But the

rejection of PEG 1000 decreased with increasing PVP K30 con-

centration. However, when the PVP K30 concentration changed

from 3 to 11 wt %, the obtained PES membranes had MWCO

values above 1000 Da and actually belonged to the UF mem-

brane classification.

In the present study, the asymmetric PES NF membranes were

prepared with PVP as a hydrophilic additive. The PVP molecu-

lar weight (MW) and concentration were able to adjust the

thermodynamics and kinetics in the casting solution, which is

helpful to control the morphology and performance of PES

membrane.12 To improve the flux and rejection of the PES NF

membrane, the effects of the PVP MW from 17 to 1400 kDa

and the PVP concentration from 0 to 3.0 wt % on the mor-

phologies and performances of PES membranes were systemati-

cally investigated in this study.

EXPERIMENTAL

Materials

PES (Ultrason
VR

E6020P, BASF, MW 5 51 kDa) was dried at

120 8C for 5 h before using. Three kinds of PVP (PVP K17 with

MW 5 9 kDa, PVP K30 with MW 5 50 kDa, PVP K90 with

MW 5 1400 kDa) produced by BASF were used as hydrophilic

additives. The non-woven fabric support (Polyester, 05TH-

100H) was purchased from Shanghai (China) JinChun Com-

pany. Analytical grade NMP (XiLong Company, China) was

used as the polymer solvent. Pure water from a Millipore sys-

tem (Millipore, France) was used as the coagulation medium.

Analytical grade Bordeaux S (BeiJing J&K
VR

, China; MW 604.48

Da) was used for the rejection test.

Membrane Preparation

As listed in Table I, PES concentration in the casting solutions

was fixed at 27.0 wt % and the PVP concentration was adjusted

from 0 to 3.0 wt %. At first, PES and PVP were dissolved into

NMP by constant stirring for 12 h. Then, the casting solution

was placed in a vacuum oven at 40 8C for 6 h to remove the

bubbles completely. The degassed casting solution was cast on a

non-woven fabric support with a self-made casting knife. The

notch of the knife was 200 lm, and the casting speed was 30

mm�s21. The nascent membranes were immediately immersed

into the coagulation bath (pure water at a temperature of 20 6

1 8C) without any evaporation. After primary phase separation

and membrane formation, the membranes were stored in the

fresh pure water bath for 24 h to further remove the residual

solvent from the membrane. During the period of membrane

preparation, the room temperature was maintained at 20 6 1 8C

and the relative humidity was controlled at 40–60%. The viscos-

ities of the degassed casting solutions were measured using a

viscometer (Brookfield DV-2) at 20 6 1 8C.

Membrane Characterization

SEM. The cross sectional morphologies and the top skin layer

thickness of PES membranes were inspected by scanning elec-

tron microscope (SEM, ZEISS SIGMA, Germany). The dry

membrane samples were frozen in liquid nitrogen and snapped.

Then, the samples mounted on the sample stands were sput-

tered with a thin gold layer and viewed with the electron micro-

scope at 15.0 kV.

AFM. An atomic force microscope (AFM, Agilent MI5500) in

tapping mode was employed to analyze the morphology and

roughness of the membrane surface. Small squares of the pre-

pared membranes (approximately 1 cm2) were cut and glued

onto a glass substrate. The membrane surfaces were imaged at a

scan size of 2 lm 3 2 lm.

ATR-FTIR. The changes in membrane surface chemistry were

elucidated by attenuated total reflection flourier transformed

infrared spectroscopy (ATR-FTIR, Bruker VERTXE 70 spec-

trometer). Sixteen scans were taken at 4 cm21 resolution

between 4000 and 500 cm21. The OPUS 6.5 was used to record

the membrane spectra.

Contact Angle. The hydrophilicities of PES membranes were

evaluated using a contact angle goniometer (Beijing HARKE

SPCAX3, China). Two microlitres of water droplet from a

microsyringe was dropped onto a dry flat membrane surface at

room temperature. Five contact angles between water drop and

the membrane surface were measured to minimize the experi-

mental error.

Table I. Compositions of the Casting Solutions

Membrane
PES
(g)

PVP
K17 (g)

PVP
K30 (g)

PVP
K90 (g)

NMP
(g)

Blank 27 0 0 0 73

K17-1 27 0.3 0 0 72.7

K17-2 27 0.6 0 0 72.4

K17-3 27 0.9 0 0 72.1

K17-4 27 1.5 0 0 71.5

K17-5 27 3.0 0 0 70.0

K30-1 27 0 0.3 0 72.7

K30-2 27 0 0.6 0 72.4

K30-3 27 0 0.9 0 72.1

K30-4 27 0 1.5 0 71.5

K30-5 27 0 3.0 0 70.0

K90-1 27 0 0 0.3 72.7

K90-2 27 0 0 0.6 72.4

K90-3 27 0 0 0.9 72.1

K90-4 27 0 0 1.5 71.5

K90-5 27 0 0 3.0 70.0
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Membrane Porosity. The membrane porosity e (%) referred to

the ratio between the volume of membrane pores and the total

volume of the membrane. It was assumed that all the mem-

brane pores were completely filled with water. Therefore, the

membrane porosity could be calculated by the eq. (1)16:

e %ð Þ 5
m12m2ð Þ=qw

m12m2ð Þ=qw1m2=qp

(1)

where m1 (g) and m2 (g) were the weights of the wet and dry

membranes, respectively, qw was the density of pure water

(0.998 g cm23) and qp was the density of PES (1.37 g cm23).

Membrane Performances

The water flux and the rejection of Bordeaux S were measured by

a stirred dead-end membrane cell (Millipore XFUF07601) with

the effective membrane area 40 cm2. The membranes were pre-

pressurized under a pressure of 0.6 MPa for approximately 30

min to minimize the compaction effects. Then, the water fluxes

and rejections of prepared membranes were measured at 0.6 MPa

and 20 6 1 8C. The water flux was calculated by the eq. (2):

J5
V

A � Dt
(2)

where J was the water flux (L m22�h21), V was the volume of

permeate (L), A was the effective area of membrane (m2), and

Dt was the filtration time (h).

An aqueous solution containing 1 g L21 Bordeaux S was used for

the rejection test. The rejection (R) was calculated by the eq. (3):

Rð%Þ5 12
Cp

Cf

� �
3100% (3)

where Cp and Cf referred to the concentrations of Bordeaux S

in the permeate and feed, respectively, and were measured with

a UV-VIS spectrophotometer (SHIMADZU
VR

UV-1700, Japan).

RESULTS AND DISCUSSION

Viscosity of the Casting Solution

The casting solution viscosity played an important role in the

exchange between solvent and nonsolvent during the phase inver-

sion process, which affected the morphology and performance of

the final membrane. As shown in Figure 1, the casting solution vis-

cosity increased with the increasing PVP concentration and MW.

Especially, the casting solution with PVP K90 showed a more obvi-

ously increasing trend due to the huge MW of PVP K90.

SEM

As presented in Figures 2–4, all membranes showed a typically

asymmetric structure consisting of a dense skin layer on top

Figure 1. The viscosity of casting solution. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Cross-sectional structures of PES membranes prepared with different PVP K17 concentrations: (a) 0 wt %, (b) 0.3 wt %, (c) 1.5 wt %, (d) 3.0 wt %.
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and a porous sublayer with finger-like pores. When the PVP

concentration increased from 0.3 to 1.5 wt %, the numbers of

fine pores beneath the top skin layer and the finger-like pores

increased significantly compared with the pure PES membrane.

PVP was helpful to form the finger-like pores, performed as

excellent pore-forming additives. However, when the PVP con-

centration increased to 3.0 wt % the top skin layers of three

kinds of PES-PVP membranes became thick. The thickness

order of the top skin layers was PVP K90>PVP K30>PVP

K17, which was consistent with the order of PVP MWs. The

casting solution with the higher PVP concentration and MW

had the higher viscosity, which led to the delayed demixing in

the coagulation bath and the favored formation of a porous

substructure with a relatively thick skin layer.17

Figure 3. Cross-sectional SEM structures of PES membranes prepared with different PVP K30 concentrations: (a) 0.3 wt %, (b) 1.5 wt %, (c) 3.0 wt %.

Figure 4. Cross-sectional structures of PES membranes prepared with different PVP K90 concentrations: (a) 0.3 wt %, (b) 1.5 wt %, (c) 3.0 wt %.
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AFM

Figure 5 presented the surface AFM images of PES membranes

over a scan area of 2 lm 3 2 lm. The brightest areas indicated

the highest points of the membrane surfaces and the dark

regions indicated valleys or pores. The roughness parameters of

the membrane surfaces can be expressed in terms of the mean

roughness (Ra), the root mean square of Z data (Rq), and the

mean difference between the five highest peaks and five lowest

valleys (Rz).18

The roughness data and the contact angles were listed in Table II.

In contrast to the pure PES membrane, both the roughnesses

and contact angles of PES-PVP membranes decreased, which

probably resulted from the hydrophilicity of PVP. The membrane

surface properties, such as high hydrophilicity and low roughness,

were the dominant factors to reduce the membrane fouling.19

Therefore, the results in Table II indicated PES-PVP membranes

had the better antifouling property than the pure PES membrane.

Furthermore, PES-PVP membranes prepared with PVP K30 dem-

onstrated the smoothest surface, which might relate to the similar

MW between the PES and PVP K30.

ATR-FTIR

According to Figure 6, compared with the pure PES membrane,

PES-PVP membranes had a new significant peak at 1664 cm21

assigned to a primary amide stretch of PVP and the new absorp-

tion peaks at 1463 cm21 and 1438 cm21 assigned to the bending

vibrations of methylene of PVP. Because more PVP remained in

the final PES membranes while increasing PVP concentration

and MW, it was found that the absorption peak at 1664 cm21

intensified with increasing PVP concentration and MW.

Membrane Hydrophilicity

As shown in Figure 7, the contact angles of PES membranes

showed the same decreasing trend with increasing the PVP con-

centration and MW. Namely, PES membranes became more and

more hydrophilic while increasing the PVP concentration and

MW. It was also explained that more PVP remains in the final

PES membrane while increasing PVP concentration and MW,

which led to be more hydrophilic.

Membrane Porosity

As illustrated in Figure 8, the porosities of PES membranes

showed an increasing trend with increasing PVP concentration.

When the PVP concentration increased from 0 to 3.0 wt %, the

porosity of PES membrane increased from 60.7% to about 71%.

The porosity of the PES-PVP K90 membrane was lower than

the PES-PVP K30 membrane at the same PVP concentration.

Because PVP K90 had a higher MW than PVP K30, it more

Figure 5. Surface AFM images of PES membranes prepared: (a) without PVP, (b) with 0.6 wt % PVP K17, (c) with 0.6 wt % PVP K30, (d) with 0.6 wt

% PVP K90. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Roughness and Contact Angles of PES Membranes

Membrane

Roughness

Contact
angles

Ra
(nm)

Rq
(nm)

Rz
(nm)

PES without PVP 2.88 3.69 23.38 68.38

PES with 0.6 wt %
PVP K17

2.03 2.59 16.16 63.28

PES with 0.6 wt %
PVP K30

1.83 2.45 13.60 58.38

PES with 0.6 wt %
PVP K90

2.14 2.70 14.40 51.28
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easily blocked the void interconnection path and remained in

the final PES membrane.

Permeation and Rejection Properties

According to Figure 9, the water flux of the PES-PVP K90

membrane linearly increased with the increasing PVP K90 con-

centration, but the water flux of the PES-PVP K30 membrane

reached a maximum at 0.6 wt % and the water flux of the PES-

PVP K17 membrane closed to a maximum at 1.5 wt %. It was

well known that the water flux related to the membrane poros-

ity, hydrophilicity and the thickness of top skin layer. In this

study, the porosities and hydrophilicities of the PES membranes

were enhanced with increasing the PVP concentration, which

increased the water flux. But the top skin layer became thicker

with the increasing PVP concentration and MW, which

decreased the water flux. Although the PES-PVP K30 membrane

had the higher porosity and hydrophilicity than the PES-PVP

K17 membrane when the PVP concentration reached to 1.5 wt

%, the PES-PVP K30 membrane showed the lower water flux

due to its thicker top skin layer. In addition, the PES-PVP K90

series membranes showed the lowest water flux among three

kinds of PES-PVP membranes, because the PES-PVP K90 mem-

branes had the thickest top skin layer and more PVP K90

remained in the final membrane which blocked the void inter-

connection path and reduced the pore interconnectivity.20,21

Figure 6. FTIR spectra of PES membranes prepared with: (a) PVP K17,

(b) PVP K30, (c) PVP K90. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 7. Contact angles of PES membranes prepared with PVP.

Figure 8. Porosities of PES membranes prepared with PVP.
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According to Figure 10, the rejection of Bordeaux S increased

greatly from 46% to above 90% when the PVP concentration

arose from 0 to 0.3 wt % at a very low content. However, when

the PVP K17/PVP K30 concentration increased to 3.0 wt % and

the PVP K90 concentration increased to 1.5 wt %, the PES-PVP

membranes showed a lower rejection than the pure PES mem-

brane. It was explained that when the PVP concentration was

beyond a critical value the PES-PVP membrane tended to form

a thicker top skin layer with a more porous structure because of

the delayed demixing.

Many studies revealed that PES UF membranes with the higher

permeability were expected to have the lower rejection.13,22,23

Ismail14 also reported that PES NF membrane with the higher

flux had the lower rejection while increasing the PVP concentra-

tion. In this study, it was found that when the PVP K17/PVP

K30 concentration increased from 0.3 to 1.5 wt % or the PVP

K90 concentration increased from 0.3 to 0.9 wt % the water

flux of the PES-PVP membrane significantly increased without

reducing the rejection of Bordeaux S.

CONCLUSIONS

The PVP MW varied from 17 to 1400 kDa and the PVP con-

centration varied from 0 to 3.0 wt % in the casting solutions

exhibited significant effects on the morphologies and perform-

ances of PES NF membranes. Both the porosity and the hydro-

philicity of PES NF membrane increased with the increasing

PVP concentration. The hydrophilicity of PES NF membrane

was also enhanced with the higher PVP MW. Both the water

flux and the rejection of PES NF membrane were improved

with the addition of the low PVP concentration. However, the

rejection of PES membrane turned to decrease remarkably when

the PVP concentration was beyond a critical concentration

which related to PVP MW. It was found that PES NF mem-

branes could be prepared with a small amount of PVP to

remarkably increase the permeability without a reduction in

selectivity.
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