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ABSTRACT: A new kind of membrane formation polymer, cardo poly(arylene ether ketone) bearing hydrophilic hydroxyl groups (PEK-

OH) was synthesized from the biphenol monomer 2-(2-hydroxyethyl)-3, 3-bis (4-hydroxyphenyl)-isoindolin-1-one (PPH-OH), and 4,

40-difluorodiphenylketone. PEK-OH asymmetric ultrafiltration membranes were prepared using the immersion coagulation phase inver-

sion method. The PEK-OH membrane prepared using the optimized conditions exhibited a pure water flux of 516 6 18 L�m22�h21 and a

99.1 6 1.4% rejection of bovine serum albumin (BSA) at an operating pressure of 0.1 MPa. The contact angle of PEK-OH membrane was

66.0 6 2.4 lower than these of the PEK-C membrane (87.0 6 2.88, prepared from polymer PEK-C under the same membrane formation

condition as PEK-OH membrane) and the UE50 membrane (84.0 6 1.68, a commercial PES ultrafiltration membrane). The amount of

BSA protein adsorbed to the PEK-OH membrane under static condition was measured to be 3.12 lg�cm22, which was greatly lower than

that of 88.71 lg�cm22 and 74.40 lg�cm22 for the PEK-C and the UE50 ultrafiltration membranes, respectively. Under dynamic filtration

of BSA experiments, the PEK-OH ultrafiltration membrane showed a 78.3% water flux recovery ratio, while only a 39.7% for the PEK-C

membrane and 46.5% for UE50 membrane were detected in the first cycle. After three cycles of BSA and LYZ filtration, the flux recovery

ratio of PEK-OH ultrafiltration membrane changed to be stable at 75% and 73%, while that of PEK-C and UE50 ultrafiltration

membranes remained declining gradually. Thus, hydrophilic PEK-OH improves antifouling membrane property. VC 2015 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2016, 133, 42809.
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INTRODUCTION

Considerable interest in the synthesis of new polymeric materials

for the fabrication of membranes applied to separation processes

has been generated in recent years.1–4 In particular, the demand

for new materials having high selectivity, high permeability, and

chemical resistance has become enormous in the liquid and gas

separation fields. Polyetherketone (PEK) represents a class of

materials useful for the manufacture of membranes that combine

excellent thermal stability in the hot tea separation process and

pulp waste water, resistance to acid and base, and good solvent

tolerance in organic solvent nanofiltration.1,2 PEK membranes

have been widely used in liquid and gas separation technologies

and re-elevated temperature alkaline fuel cells due to good

mechanical and film-forming characteristics.3–5 However, because

of its intrinsic hydrophobic character, PEK membranes are easily

fouled by many solutes, including proteins, polysaccharides, and

humic substances.6 Fouling deteriorates the performance of mem-

branes due to longer filtration time and shortens membrane life

due to the harsh chemical agents required for cleaning.7,8 In bio-

technology and biomedical applications, biofouling may lead to

platelet adhesion, aggregation, and coagulation, which restrict the

application of PEK in blood-contacting environments. Therefore,

it is necessary to modify the PEK membrane to improve its hydro-

philicity and biocompatibility.9

Modification of PEK membranes with the view of increasing

hydrophilicity could be carried out on the membrane surface or

in the bulk material.10,11 Surface modification is considered as a

potential route to improve the hydrophilicity or charge pro-

perties of the membrane surface. Surface modification methods

include coating onto the membrane surface with hydrophilic

components 12–14 and grafting polymerization of hydrophilic mono-

mers that chemically attach to the membrane surface.15–22 Although

approaches like these have achieved much success in the improve-

ment of membrane properties, they present drawbacks. For

example, surface coatings may show low adhesive stability with

the substrate and surface grafting processes may be complicated.
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Chemical modifications of the parent polymer, such as amina-

tion,23,24 sulfonation,25,26 carboxylation,27,28 and chloromethyla-

tion,29,30 have been used to impart hydrophilicity to the

hydrophobic polymer. In contrast with post-modification of materi-

als, polymerization of modified monomers and copolymerization

with hydrophilic polymers represent strategies to control the molec-

ular structure and avoid above problems because of single-step fabri-

cation process.31–33

Phenolphthalein is a cardo bisphenol that contains a lactone

group in its structure. This lactone group provides a reactive site

with which to prepare various functional cardo bisphenols.

Phenolphthalein-based cardo polymers are synthesized by poly-

condensation of bisphenol compounds and aromatic difluoro,

dichloro, or dinitro compounds. We previously reported the syn-

thesis of a series of phenolphthalein-based cardo poly (arylene

ether sulfone) s containing different functionality, including phe-

nyl, amino, and amide groups.34–36 We also found that neutral

zwitterionic poly (arylene ether sulfone)s with carboxybetaine

groups or sulfobetaine groups had improved permeation and

antifouling abilities.37

In this study, we devised a simple and efficient route to synthesize

poly(arylene ether ketone) bearing hydrophilic hydroxyl groups

(PEK-OH). PEK-OH was synthesized from 2-(2-hydroxyethyl)-3,

3-bis (4-hydroxyphenyl)-isoindolin-1-one (PPH-OH), and 4, 40-
difluorodiphenylketone (DFDPK) using annucleophilic substitu-

tion polycondensation reaction. PEK-OH ultrafiltration mem-

branes were fabricated by phase inversion in a wet process. The

water flux, BSA rejection, hydrophilicity, morphology, and chemi-

cal composition of the prepared membranes were studied.

Furthermore, the antifouling capacity of the resultant membranes

was measured both in the static and dynamic protein fouling

experiments.

EXPERIMENTAL

Materials

Phenolphthalein was purchased from Beijing Chemical Reagent

Company and used without purification. 2-Aminoethanol, N-

methylpyrrolidone (NMP), dimethylsulfoxide (DMSO), dime-

thylformamide (DMF), and ethylene glycol monomethyl ether

(EGME) was purchased from Beijing Chemical Works and used as

received. 4,40-Difluorodiphenylketone (DFDPK) was purchased

from Changzhou Huashan Chemical Co. and dried at 608C for

24 h via vacuum oven before used. N, N-dimethylacetamide

(DMAc) was purchased from Xilong Chemical Co. and stirred

over CaH2 for 24 h, then distilled under reduced pressure, and

stored over 4 Å molecular sieves. Anhydrous potassium carbonate

(K2CO3) was dried at 1008C for 24 h before used. Poly(aryl ether

ketone) cardo (PEK-C) with a weight-average molecular (Mw) of

124,000 g mol21 was supplied by our group. Commercial PES

ultrafiltration membrane (UE50) was purchased from The

Specialty Membrane Company. Bovine serum albumin (BSA,

pI 5 4.8, Mw 5 67 kDa) and lysozyme (LYZ, pI 5 11.0–11.2,

Mw 5 14.4 kDa) were purchased from Sino-American Biotechnol-

ogy Co. Dextrans with different molecular weights (from 50,000

to 270,000 Da, Sigma) were used to characterize the molecular

weight cut-off (MWCO) of ultrafiltration membranes.All other

chemicals were reagent grade and used as received.

Synthesis of Cardo Poly(arylene ether ketone) Bearing

Hydroxyl Groups (PEK–OH)

The functional monomer PPH–OH was synthesized according

to our earlier reported procedure.38 As shown in Scheme 1, syn-

thesis of cardo poly (arylene ether ketone) containing hydroxyol

groups (PEK-OH) was accomplished by nucleophilic aromatic

substitution polycondensation of PPH-OH and DFDPK. The

typical procedure was as follows: to a flame dried 250 mL three-

necked round-bottomed flask equipped with a Dean-Stark trap,

mechanical stirrer and N2 inlet, were added PPH-OH

(10.8417 g, 0.03 mol), DFDPK (6.5460 g, 0.03 mol), anhydrous

potassium carbonate (10.3590 g, 0.075 mol), 150 mL DMAc and

100 mL cyclohexane. The reaction mixture was heated with stir-

ring at 1108C for 5 h. After cyclohexane and water had been

removed by azeotropic distillation, the temperature was raised

gradually and slowly to 1308C as well as kept at this tempera-

ture for 12 h to get a viscous solution. The mixture was cooled

to room temperature and diluted with DMAc. The solution was

centrifuged to remove inorganic salts. The filtrate was poured

into water to give white flakes of the product, which were

washed with hot water several times. The resulting product was

dried under vacuum at 1208C for 24 h. Yield: 98%.

Membranes Preparation

Dense Membranes. Dense membranes were prepared as follows:

the polymer was dissolved in DMAc to form a 5.0 wt % solu-

tion. Then the polymer solution was filtered and degassed. After

degassing, the viscous solution was cast onto a clean glass plate

and the solvent was slowly evaporated over 12 h at 608C. Resid-

ual solvent was thoroughly evaporated under vacuum for 24 h

at 1208C. Then the membrane was immersed into deionized

water and peeled off. Finally, the resulting dense membrane was

dried for another 24 h at 1208C under vacuum before use.

Asymmetric Flat Sheet Ultrafiltration Membranes. The asym-

metric flat sheet ultrafiltration membranes were prepared by the

immersion coagulation phase inversion method. Membranes

preparation steps were as follows: PEK-OH, DMAc, and ethyl-

ene glycol monomethyl ether (EGME) were dissolved at about

608C for 10 h with vigorous stirring until the homogenous poly-

mer solution was formed. After being filtered and degassed, the

casting solution was cast onto the non-woven fabrics using the

Scheme 1. Synthetic procedure of the polymer (PEK-OH). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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flat sheet membrane casting apparatus with a 190-mm blade and

was precipitated by immersing into 208C deionized water bath

for 20 min; in order to replace the residual solvent completely

by non-solvent water, the membrane was then immersed into

508C water bath for 24 h.

The membrane performances and morphologies with different

PEK-OH and EGME concentration were studied. The other spe-

cific preparation conditions were: (1) ambient humidity: 40%;

(2) environmental temperature 208C; (3) evaporation time: 3 s.

Measurements

The main functional groups of membrane were measured by

Fourier transform infrared spectroscopy (FT-IR) (Bio-Rad digi-

lab Division FST-80).Each spectrum was obtained in the region

of 4000–500 cm21 and collected by cumulating 32 scans at a

resolution of 4 cm21.

The proton nuclear magnetic resonance (1H NMR) spectra were

recorded in DMSO-d6 on a Varian Unity spectrometer at 300

MHz at 308C with tetramethylsilane as the internal.

Tensile measurements of the dense membranes were performed

with a mechanical tester Instron-1211 instrument (Instron Co.)

at a speed of 2 mm min21 at ambient humidity (approximately

30% relative humidity).

The surface and cross-section morphologies of flat sheet ultrafil-

tration membranes were observed using scanning electron

microscopy (SEM, XL 30 ESEM FEG, FEI Company). The

cross-section was obtained by fracturing the membranes in liq-

uid nitrogen. All the samples were sputtered with gold prior to

SEM measurement.

An atomic force microscopy (AFM, SPI3800N, Seiko instrumental)

was used to analyze the surface topography. The AFM images were

acquired in the tapping mode with silicone tip cantilevers. The root

mean square (RMS) was used to evaluate the surface roughness of

porous membranes based on 5.0 lm35.0 lm scan area, and the

images captured were compacted in 3D model and collected.

The static contact angles were recorded by the sessile drop

method, using a Drop Shape Analysis DSA10 (Kr€ussGmbh,

Germany) at ambient temperature. Water droplets (5 lL) were

dropped carefully on to the surface of membranes with a

micro-syringe. When the drop age was 10 s, the photo was

taken and the contact angle was determined using imaging soft-

ware. The resulting values were averages from measurements on

at least 10 different positions for each sample.

X-ray photoelectron spectroscopy (XPS, ESCALAB 280 system)

was used to analyze the surface compositions of membranes. Al/

Ka (hm 5 1486.6 eV) was used as the X-ray source and dwell time

and scanning was 100 ms and four times, respectively. The full

range data was collected by survey scan (0–1000 eV, step size: 1).

Narrow scan (step size:0.1) was conducted in the range of each

atoms including carbon (C, 279.5–294.5 eV), oxygen (O, 527.9–

542.9 eV) and nitrogen (N, 392.2–412.2 eV).

Molecular weight measurements were performed via gel perme-

ation chromatography/light scattering(GPC/LS) at 308C using

an HPLC 515 pump equipped with Wyatt Optilab DSP and

Wyatt DAWN EOS light scattering detectors. The separations

Figure 1. 1H NMR spectra of the monomer PPH and polymer PEK-OH

in DMSO-d6. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 2. FT-IR spectrum of PEK-OH. [Color figure can be viewed in the

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

Figure 3. Mechanical properties of PEK-OH. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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were achieved in HMW 6E columns with 0.1 M LiBr in NMP as

eluent at a flow rate of 1.0 mL�min21. Mw and Mn were cali-

brated with a polystyrene standard.

NDJ-1 type rotary viscometer (Yueping Scientific Instrument Co.

Shanghai, China) was used to measure the viscosity of solutions

at 258C, with different PEK-OH and additive concentrations.

Density of polymer was measured by a density analysis instrument

(Mettler Toledo, Switzerland). First, the temperature of surround-

ings was calculated by thermometer. Then, the weight of polymer in

the air and in assistant liquid was measured, respectively. Finally,

density of polymer was calculated by the instrument.

The membrane molecular weight cut off (MWCO)was carried

out by filtration of different molecular weight dextrans solu-

tions(from 50,000 to 270,000 Da) at same concentration. The

concentrations of dextrans in feed and permeation were meas-

ured through a total organic carbon analyzer(TOC-VCPH SHI-

MADZU).All the measurements were based on three samples

and adopt it average values.

The streaming potential measurement was done using an elec-

trokinetic analyzer (SurPASS, Anton Paar GmbH, Austria). A

pair of the prepared membranes having an area of 25–55mm2

were placed in the measuring cell. The membranes were sepa-

rated by a spacer that forms a streaming channel. The streaming

potential was detected by the Ag/Ag Cl electrodes. A back-

ground electrolyte of 10 mM KCl solution was used and the pH

was adjusted with 0.1M HCl and 0.1MNaOH. The zeta poten-

tial was obtained from the streaming potential using eq. (1).

n5
DE

DP

gj
ee0

(1)

where DE is the streaming potential, DP is the pressure drop

across the streaming channel, e0 is the vacuum permittivity, e is

the dielectric constant of the solution, g is the solution viscosity,

and j is the electrical conductivity of the bulk solution.

Membrane porosity and mean pore size were measured accord-

ing to its dry weight. The wet membranes were vacuum dried

at 608C for 24 h and measured the dry weight. The porosity of

membranes was calculated using the eq. (2).39

e5
Vm2Vp

Vm

3100 (2)

where e is the porosity of membrane, Vm is the bulk volume of

the membrane and Vp represents the polymer volume. Vm is

obtained by multiplying the membrane area by its thickness.

The volume occupied by the polymer (Vp) can be calculated by

Wm/qp, where Wm is the weight of the membrane and qp is the

density of polymer PEK-OH, PEK-C and has values of

1.248g�cm23and 1.231g�cm23, respectively.

The mean pore size (rm) (nm) was calculated by Guerout-

Elford-Ferry equation [eq. (3)] on the basis of pure water flux

and porosity data:40,41

rm5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:921:75eÞ8gd0Q

eADP

r
(3)

where g is the pure water viscosity (8.9 3 1024 Pa s), Q is the

volume of the permeation of pure water per unit time (m3�s21),

A (m2 is the effective area of membrane, d0 (m) is the thickness

of membrane and DP is the trans-membrane pressure

(100 kPa).

Protein Static Adsorption

The amount of protein adsorbed to thePEK-OH, PEK-C, and

UE50 asymmetric membranes were determined understatic expo-

sure experiments. Bovine serum albumin (BSA, pI 5 4.8, Mw 5 67

kDa) and lysozyme (LYZ, pI 5 11.0–11.2, Mw 5 14.4 kDa) were

chosen as model proteins for static adsorption. In a typical pro-

tein adsorption measurement, the membrane with 64 cm2 of sur-

face area was covered with 10 mL of 1 mg�mL21 protein solution

(pH 5 7.4, in 10 mmol phosphate-buffer). The protein solution

Figure 4. Contact angles images of PEK-OH, PEK-C and UE50 asymmetric membranes [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 5. XPS spectra and composition elements content of PEK-OH and

PEK-C membrane surface. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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was maintained at 258C for 24 h with interval waving to reach an

adsorption–desorption equilibrium. The amount of adsorbed

protein was determined by UV spectroscopy at 278 nm from the

concentration difference of before and after adsorption. The final

results were averaged from three measurements for each kind of

polymer membrane.

Membrane Performance

Flat sheet ultrafiltration membranes were tested using a cross-

flow filtration cell apparatus at 258C, and the effective area of the

membranes was 23.7 cm2. First, the membrane was pre-

compacted at 0.2MPa for 1 h. The pre-compaction process was

conducted to achieve membrane compaction before the main fil-

tration. Then the pressure decreased to 0.1MPa and all the ultra-

filtration experiments were carried out at this pressure. Protein

solution of 1000 ppm BSA used as standard solution for the rejec-

tion studies. The flux (F) could be calculated using the eq. (4).

F5
V

At
(4)

where V is the permeate volume (in L); A denotes the effective

membrane area (in m2; t is the testing time (in h). Protein

rejection ratio (R) is expressed as eq. (5).

Rð%Þ5 12
Cp

Cf

� �
3100 (5)

where Cp and Cf (mg�mL21) are the concentrations of the per-

meation and the feed, respectively. The protein concentration of

the permeation and feed were determined using a UV spectro-

photometer at 278 nm.

Fouling Evaluation of Membranes

1.0 mg�mL21 of BSA and LYZ solution were used as feed solutions

for the fouling studies. Each membrane was initially compacted

for 1 h at 0.2 MPa. Then the pressure was reduced to 0.1MPa and

ensured the same pressure of PEK-OH, PEK-C, and UE50 ultrafil-

tration membranes. The initial pure water flux, Fw1 was calcu-

lated according to eq. (4). The cell was then emptied and refilled

with BSA solution or LYZ solution. The steady state protein flux,

Fp after 3 h filtration was recorded. To evaluate the antifouling

property of PEK-OH, PEK-C, and UE50 membranes, the flux

decline rate was calculated by the following eq. (6).42

Rfd5 12
Fp

Fw1

� �
3100% (6)

The degree of irreversible flux loss caused by irreversible fouling

(Rir) and reversible flux loss caused by reversible fouling ratio

(Rr) is calculated using the following eqs. (7) and (8),

respectively.42

Rir5
Fw12Fw2

Fw1

� �
3100% (7)

Rr5
Fw22Fp

Fw1

� �
3100% (8)

Figure 6. Influence of solvent on the resultant membrane properties. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Influence of polymer concentration on the resultant membrane properties. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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The membranes after protein filtration were washed with deion-

ized water for 1 h. After cleaning, the pure water flux of the

membrane was measured (now denoted as Fw2). The operation

was repeated for three cycles. The permeation through the

membranes was measured every 10 min. To evaluate the anti-

fouling property of the both membranes, the flux recovery ratio

(FRR) is calculated using the following expression (9).42

FRR5
Fw2

Fw1

� �
3100% (9)

RESULTS AND DISCUSSION

Synthesis and Characterization of PEK-OH

Poly (arylene ether ketone) containing pendent hydroxyl groups

(PEK-OH) was synthesized through the SNAr polycondensation

of PPH-OH and DFDPK in the DMAc/K2CO3 system. And the

synthetic route is outlined in Scheme 1. The synthesized poly-

mer had good solubility and could be soluble in the common

polar aprotic solvents such as DMF, DMAc, DMSO, and NMP.

Gel permeation chromatography (GPC) demonstrated that a

high-molecular-weight polymer was obtained, with an Mn of

1.12 3 105 g�mol21, a Mw of 1.32 3 105 g�mol21, and a polydis-

persity of 1.18.

The chemical structure of the monomer PPH-OH and the syn-

thetic polymer PEK-OH were confirmed by 1H NMR spectros-

copy with DMSO-d6 as the solvent as depicted in Figure 1.

There are remarkable changes in the 1H NMR spectra of the

monomer PPH-OH and polymer PEK-OH. The spectrum of

PPH-OH showed signal peak at 9.60 ppm (H100), however, the

peak was disappearing in the spectrum of PEK-OH. Further-

more, compared with the spectrum of PPH-OH, new peaks

appear at 7.10 (H10) and 7.73 (H11) which correspond to the

protons in the aromatic ring combined with carbonyl group.

These indicated that the polymer PEK-OH was synthesized suc-

cessfully by polycondensation reaction.

Typical FT-IR spectrum of the synthetic polymer PEK-OH was

shown in Figure 2. For the polymer PEK-OH, characteristic adsorp-

tions at 1240 cm21 (Ar-O-Ar), 1678 cm21 (conjugated carbonyl),

1695 cm21(N-phthalimide carbonyl), and 3404 cm21(-OH) were

observed. In the curve, the peak of 1240 cm21(Ar-O-Ar) revealed

the combination between PPH-OH and DFDPK.37 It was suggested

that the polymer PEK-OH was successfully synthesized.

Mechanical Properties, Hydrophilicity, and Surface

Composition of PEK-OH Membrane

As shown in Figure 3, the mechanical properties of dense poly-

mer membranes were measured at room temperature and 30%

relative humidity. Hydrophilic PEK-OH had a tensile stress of

73.0 MPa, a Young’s modulus of 2.8 GPa, and an elongation at

break of 9.5%. PEK-OH has good mechanical properties due to

hydroxyl groups increasing the interaction between polymer

molecules by hydrogen bonding. In laboratory level, good

mechanical properties with tensile stress of 73–124 MPa, elonga-

tion at break of 9.7–12.8%, and tensile moduli of 2.2–2.8 GPa.

Comparing with the benchmark, the tensile stress and elonga-

tion at break of synthesized PEK-OH located in the lowest value

of the scope, however, the tensile moduli (2.8 GPa) of PEK-OH

lay on the highest value.43 Thus, the PEK-OH exhibited good

mechanical properties.

The static water contact angles of PEK-OH, PEK-C, and UE50

asymmetric membranes are shown in Figure 4. The contact

angle of PEK-OH membrane was 66.0 6 2.48 lower than these

Figure 8. Influence of non-solvent additive EGME concentration on the resultant membrane properties. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table I. Summary of Performance of PEK-OH, PEK-C, and UE50 Ultrafiltration Membranes

UF
membrane

Flux
(L�m22�h21) RBSA (%) RLYZ (%) Porosity (%) rm

PEK-OH 516 6 18 99.1 6 1.4 85.3 6 0.8 65.8 6 1.3 42.0 6 1.4

PEK-C 452 6 12 94.7 6 2.1 73.6 6 1.1 63.7 6 0.3 50.2 6 0.7

UE50 205 6 7 99.7 6 0.6 87.9 6 1.3 47.4 6 1.2 40.8 6 1.9
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of the PEK-C membrane (87.0 6 2.88) and the UE50 membrane

(84.0 6 1.68). This result indicated the hydrophilicity of PEK-

OH was better than that of PEK-C and UE50.

X-ray photoelectron spectroscopy (XPS) spectra were used to

analyze the surface composition of the PEK-OH membrane and

the changes in chemical composition comparing with PEK-C

membrane. Figure 5 showed the XPS spectra of PEK-OH mem-

brane surface revealed the contents of carbon (C), nitrogen (N),

and oxygen (O) elements were 80.96%, 3.61%, and 15.43%,

respectively. Comparing with the XPS spectrum of PEK-C

membrane surface, the sign of N element appeared on the XPS

spectrum of the PEK-OH membrane, which clearly demon-

strated that the hydrophilic side chain existed on the surface of

the PEK-OH membrane.

Preparation of an Asymmetric PEK-OH Membrane

Selection of Solvent and Non-solvent Additive. Predetermined

amount of PEK-OH was dissolved in common polar aprotic

solvents DMSO, NMP, DMF, and DMAc, respectively, to obtain

a polymer content of 16 wt % without non-solvent additives.

As seen from the Figure 6, the membrane prepared using

DMAc as solvent exhibited the highest flux, without signifi-

cantly sacrificing the rejection of BSA. The DMAc-based dope

solution showed the lowest viscosity, which resulted in fast

demixing. Therefore, it produced membranes with high porosity

and flux. DMAc was selected as the membrane formation sol-

vent in the next study.

In previous work, we found that the use of ethylene glycol

monomethyl ether (EGME), which has good water miscibility

and a high boiling point, as a non-solvent additive allowed us

to achieve excellent membrane performance.36 Therefore, EGME

was selected as the non-solvent additive.

Effect of Polymer and Non-Solvent Additive Concentration

on Membrane Performance. The membrane performance was

investigated under the PEK-OH concentrations of 14, 16, 18

and 20 wt %, respectively. As shown in Figure 7, when the

PEK-OH concentration increased from 14% to 20 wt %, the

pure water flux decreased from 893 to 441 L�m22�h21. Mean-

time, the BSA rejection increased from 98.2% to 99.7%, corre-

spondingly. Increasing the polymer content in the casting

system led to a higher concentration of polymer at the nascent

membrane interface with non-solvent, which yielded a denser

surface layer, with lower flux, and higher rejection.44 In Figure

7, the viscosity of the casting solution rose with the increasing

of polymer concentration. The mass transfer rate of the non-

solvent into the casting solution decreased due to the high vis-

cosity, which resulted in lower porosity, increased membrane

thickness (d0) and decreased mean pore size (rm).45–47

Figure 9. The MWCO curves of the PEK-OH, PEK-C, and UE50 by fil-

trating different molecular weight dextrans. [Color figure can be viewed

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

Figure 10. SEM surface (above) and cross-section (bottom) images showing morphologies of the PEK-OH, PEK-C, and UE50 ultrafiltration membrane.
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The polymer concentration was fixed at 18 wt % to get appro-

priate flux without obviously decreasing the rejection.

The effect of the non-solvent additive EGME on membrane per-

formance was also investigated. Different amount of EGME

with concentration of 0, 5, 10, 20, and 30 wt % was added to

the dope solution, respectively. As shown in Figure 8, when the

additive concentration increased from 0 to 30 wt %, the pure

water flux increases from 231 to 964L�m22�h21. However, the

rejection of BSA decreased from 99.4 to 98.1%. When instanta-

neous demixing occurs, the exchange rate of EGME and water

is fast because EGME has good affinity with water. A higher

concentration of EGME in the casting solution produced a

membrane with higher porosity. On the other hand, the viscos-

ity of the dope solution decreased from 3110 to 1985 mPa�s
when the EGME content increased. The low molecular weight

additive with intrinsic low viscosity would decrease the viscosity

of casting solution. The trend was consistent with that demon-

strated by several authors.48,49 A decrease in the viscosity of the

casting solution produced high porosity with a more polymer-

lean phase at the point of precipitation, a decreased membrane

thickness (d0), and an increased mean pore size (rm). An EGME

concentration of 10 wt % was selected based on the perform-

ance of the different membranes.

Membrane Anti-fouling Properties

Static Antifouling Properties. To investigate the anti-fouling

properties of the fabricated membrane, static protein adsorption

was conducted using BSA asa model protein. The PEK-OH

membranes prepared using a dope solution composition of 18.0

wt % PEK-OH/10.0 wt % EGME/72.0 wt % DMAc and water

as coagulant was used for study. One referenced PEK-C mem-

brane was prepared using the same dope composition and

membrane formation method.The performance of another com-

pared UE50 membrane was also measured at the same condi-

tion. The comprehensive performances of the three kinds of

membrane were listed in Table I. As seen from the Table I, the

flux of PEK-OH ultratiltration is higher than PEK-C and PES

membrane. There were two reasons about the phenomenon.

One was that hydrophilic membrane enhanced water spreadabil-

ity at same pressure. The other was that high porosity of mem-

brane enhanced the permeability. The hydrophilicity and

porosity of PEK-OH were higher than that of PEK-C and PES

membrane. The rejection of BSA and LYZ for PEK-OH and

PES membrane is similar and corresponds to the average pore

size. Therefore, the choice of PES membrane as reference was

appropriate. The MWCO curves of the three membranes are

shown in Figure 9. It is depicted from the Figure 9 that the

MWCO of PEK-OH, PEK-C and UE50 membrane is 165kDa,

245kDa, and 150kDa, respectively. This is in agreement with the

BSA and LYZ rejection of the three membranes. Figure 10

shows the surface and cross-sectional morphologies of the PEK-

OH, PEK-C, and UE50 flat sheet ultrafiltration membranes. The

surface of PEK-OH, PEK-C, and UE50 membrane exhibited the

similar morphology with typical closely packed nodules struc-

ture. And the cross-sections of the three membranes show dis-

tinct asymmetric structures: PEK-OH with a porous sublayer,

which consists of polymer matrix and a finger-like macrovoid;

however, hydrophobic PEK-C and PES membrane with a

porous sponge-like sublayer. In general, if the hydrophilicity of

polymer increases, usually a delayed demixing will happen and

lead to the formation of sponge-like structure. So the improved

hydrophilicity would not have been the only reason for the for-

mation of macrovoids. The viscosity of PEK-OH polymer solu-

tion with 2610 mPaS is lower than that of PEK-C polymer

solution with 2880 mPaS. Thus, in terms of kinetics the low vis-

cosity solution leads to the quick exchange between water and

solvent and generates finger-like structure.

The static adsorption of BSA and lysozyme on PEK-OH, PEK-

C, and UE50membrane with 64 cm2 of surface area were investi-

gated by exposing the studied membranes to a 1 mg�mL21 pro-

tein in phosphate-buffer solution at pH 7.4. The protein

concentrations in the solution, before (Ab) and after (Aa) the

static surface adsorption of the PEK-OH, PEK-C, and UE50

membrane are shown in Table II. According to the protein

Table II. Protein Static Adsorption on PEK-OH, PEK-C, and UE50 Ultrafiltration Membrane

BSA static adsoption LYZ static adsorption

UF membrane
Ab

(lg cm22)
Aa

(lg cm22)
Ac

(lg cm22)
Ab

(lg cm22)
Aa

(lg cm22)
Ac

(lg cm22)

PEK-OH 102.31 99.19 3.12 97.23 93.19 4.04

PEK-C 102.31 13.6 88.71 97.23 8.06 89.17

UE50 102.31 27.91 74.40 97.23 22.91 74.32

Figure 11. Zeta potentials of PEK-OH, PEK-C, and UE50 membranes at

pH 4.0–8.0. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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concentration in the solution before and after static surface

adsorption, the amount of protein adsorption (Ac) can be calcu-

lated. As seen from the Table II, the amount of BSA or LYZ

protein adsorbed to the PEK-OH membrane was lower than the

amount of protein adsorbed to the PEK-C and UE50 mem-

branes. The amount of lysozyme protein adsorbed to the mem-

brane surface was larger than that of BSA protein for the three

membranes, indicating having an effect of different charge pro-

teins adsorption on the membrane surface at pH 7.4 phosphate-

buffer solution. In order to explain better about the adsorption

of different charge proteins, the zeta potential of PEK-OH,

PEK-C, and UE50 membranes varied with pH in Figure 11. All

the membranes showed negative charge at between 4.0 and 8.0,

although this membrane has no charge groups. Similar phe-

nomena have been found, and it is ascribed to the specific

adsorption of electrolyte anions onto the membrane surface.50,51

Other explanation may be that the end group of polymer chain,

for example phenolic hydroxyl group, showed negative charge.

The amount of positive charge LYZ protein adsorbed on the

negative charge membrane surface was larger than that of nega-

tive charge. Thus, the antifouling ability of the PEK-OH mem-

brane is better than that of the PEK-C and UE50membrane.

Dynamic Antifouling Properties. To investigate the dynamic

antifouling properties of the fabricated membranes, three-cycle

filtration operations were conducted. The flux recovery curve

was used to evaluate the hydraulic cleaning efficiency and foul-

ing resistant abilities of the PEK-OH, PEK-C, and UE50

membranes. The initial flux values of the PEK-OH, PEK-C, and

PES membranes were 516 6 18 L�m22�h21, 452 6 12 L�m22�h21,

and 205.1 6 7 L�m22�h21 at 0.1 MPa. The flux and time-

dependence curves for these membranes are shown in Figure

12. In the first hour of the pure water permeation process, the

flux values were similar and decreased only because the mem-

branes were compacted at pressure. The fluxes decreased sharply

when the protein feed liquid took the place of pure water,

because of the internal deposition of protein in the pores of the

membranes and the formation of a filtration cake by the

adsorption and deposition of protein on the membrane surface.

Then, the ultrafiltration membrane was washed thoroughly and

passed through deionized water for 2 h. It was worth noting

that whether in BSA or LYZ solution filtration process, the

hydrophilic PEK-OH had a smallest decrease than that of the

hydrophobic PEK-C and UE50membrane. From the flux-time

dependent curves, it could be seen that the PEK-OH membrane

in BSA and LYZ filtration solution could achieve pure water

flux recovery ratios 75% and 70% after three cycles of filtration,

respectively. The flux recovery ratio of the new membrane

described here higher than PSf-CS blend ultrafiltration (56%).52

For the three kinds of membranes, a trend emerged that the

flux in LYZ solution decreased much more than that in BSA

solution. One reason was that when proteins entered into mem-

brane pore in filtration process, the amount of low molecular

weight LYZ was more than that of high molecular weight BSA.

And proteins entering into pores were not washed away by

hydraulic cleaning. Another was that the negative membrane

adsorbed larger amount of positive LYZ protein.

To study their antifouling properties in more detail, the reversi-

ble and irreversible flux decline rates of the PEK-OH, PEK-C,

and UE50 membranes were calculated. The results are presented

in Table III. The flux decline ratio included two parts: an irre-

versible and a reversible fouling ratio. The irreversible fouling

(Rir) value of the PEK-C membrane was higher than that of the

PEK-OH and UE50membrane and the flux decline occurred

because of irreversible fouling. Irreversible fouling was caused

by proteins entering into pores and not being washed away by

hydraulic cleaning. Reversible fouling was caused by deposition

and adsorption of proteins on the surface of the membrane.

Reversible fouling can be easily removed, mostly by simply

washing with water. The reversible fouling of the PEK-OH

membrane was about two times that of the PEK-C and UE50

membranes because of the presence of a hydration layer on the

PEK-OH membrane surface. Three-dimensional atomic force

microscopy images of the initial PEK-OH, PEK-C, and UE50

membranes, as well as the fouled membranes are presented in

Figure 12. The time-dependent flux in three cycles of PEK-OH, PEK-C,

and UE50 membranes in the 1.0 g L21 BSA or LYZ pH 7.4 phosphate-

buffer solution filtration process. [Color figure can be viewed in the

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

Table III. Summary of Antifouling Performance of PEK-OH, PEK-C, and UE50 Ultrafiltration Membranes

BSA filtration LYZ filtration

Membrane Rfd (%) FRR (%) Rr (%) Rir (%) Rfd (%) FRR (%) Rr (%) Rir (%)

PEK-OH 42.5 78.3 21.4 21.1 46.9 74.5 21.6 25.4

PEK-C 70.5 39.7 10.3 66.2 75.7 33.5 8.4 67.3

UE50 66.8 46.7 13.3 53.5 73.8 38.2 13.1 60.7
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Figure 13. In these images, bright areas represent high points or

nodules of the membrane surface and dark regions represent

the valleys or membrane pores. Before filtering the BSA or LYZ

solution, the roughness of the PEK-OH (a) membrane was sim-

ilar to that of the PEK-C (b) and UE50 (c) membrane. After fil-

tering the protein solution, all of these membranes were fouled

and the roughness of the membranes became large. However,

the roughness of LYZ-fouling surface was larger than that of

BSA-fouling surface for all the membranes. The positive charge

LYZ adsorbed easily on the negative charge membrane surface

because of the electrostatic attraction. It was obvious that the

roughness of the PEK-OH (d, g) membrane was lower than

that of the PEK-C (e, h) and UE50 (f, i) membranes. It identi-

fies that the hydrophilic surface of membrane plays a significant

role in improving the membrane antifouling capacity. The sur-

face of PEK-OH membrane can form a hydration layer which

holds large amount of free water on the PEK-OH surface.

Therefore, the fouling caused by protein molecules deposition

into the pores and surface of membranes is decreased due to its

hydration layer existing on the surface.53 This result indicated

that the hydrophilic PEK-OH membrane exhibited good anti-

fouling property.

CONCLUSIONS

An approach for a novel membrane formation polymer, poly

(arylene ether ketone) with pendent hydroxyl groups (PEK-OH)

was developed in this work. PEK-OH was synthesized from the

new biphenol monomer PPH-OH and DFDPK using an SNAr

polycondensation reaction. Ultrafiltration membrane that dis-

played high flux and good rejection was prepared using the

optimized conditions. The amount of BSA adsorbed to the

PEK-OH membrane was lower than the amount protein

adsorbed to the referenced PEK-C and UE50 membranes. Dur-

ing a pressure-driven filtration process, the PEK-OH ultrafiltra-

tion membrane showed a 78.3% water flux recovery ratio, while

only a 39.7% ratio and 46.5% were obtained with the PEK-C

and UE50 ultrafiltration membrane in the first cycle of BSA fil-

tration. However, the flux recovery ratio decreased separately

to 74.5, 33.5, and 38.2% for PEK-OH, PEK-C, and UE50

membrane during LYZ filtration. After three cycles of BSA and

LYZ filtration, the FRR of PEK-OH ultrafiltration membrane

changed slightly to 75% and 73%, while that of PEK-C

and UE50 ultrafiltration membranes remained declining gradu-

ally. This work demonstrated the successful usage of PEK-OH

as antifouling membrane material.

Figure 13. AFM three-dimension images of the PEK-OH (a,d,g), the PEK-C (b,e,h), and UE50 (c,f,i) membranes before (a,b,c) and after (d,e,f) BSA

fouling, (g,h,i) LYZ fouling. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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