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bstract

PVB ultrafiltration membranes were first prepared via the well-known phase inversion process, and then treated with HCl to improve their
ntifouling property. Water contact angle measurement indicated the remarkable increase of membrane surface hydrophilicity, X-ray photoelectron
pectroscopy (XPS) confirmed the hydrolysis of butyral groups within the membrane, and scanning electron micrograph (SEM) suggested that

cid-treated membranes preserved asymmetric structure. Ultrafiltration results showed that separation performance and antifouling property of
VB membranes were considerably affected by acid treating conditions. Prolonging treating time or increasing HCl concentration could increase
urface hydrophilicity effectively and thus render the membranes better antifouling property.

2006 Elsevier B.V. All rights reserved.
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. Introduction

As an environment-friendly, bio-compatible, and energy-
fficient separation technology, ultrafiltration has been widely
pplied for the recovery of bioproducts from aqueous solu-
ions. However, the serious fouling, caused by the adhesion or
eposition of biomolecules on the membrane surface and the
ntrapment or aggregation of biomolecules inside the pores,
rings a great loss of separation performance and becomes a
ottleneck for industrial application [1]. Many researches have
ndicated that membrane fouling was greatly related to the sur-
ace property, especially hydrophilicity; the common strategy
o suppress protein fouling was to effectively reduce protein
dsorption and deposition on the membrane through creating
ighly hydrophilic surface [2–6].

Most ultrafiltration membranes utilized nowadays are
ydrophobic, and many efforts have been devoted to the surface
odification with hydrophilic materials to enhance hydrophilic-
ty and consequently antifouling property of the membranes
7–12]. On the other hand, some hydrophilic membranes, such
s poly(vinyl alcohol) (PVA)-based membrane, have also been

∗ Corresponding author. Tel.: +86 22 27892143; fax: +86 22 27892143.
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repared to resist protein fouling [5,6,13–18]. PVA is a highly
ydrophilic, nontoxic, and biocompatible polymer with excel-
ent mechanical strength, thermal stability, and pH stability [19].
owever, in the phase inversion process of PVA membrane, the
iffusion of solvent and coagulant is much slower than that of
ydrophobic membranes, resulting in a much denser skin layer
nd an extremely lower flux [15,16]. Thus, PVA was rarely used
or the preparation of ultrafiltration membrane directly. In order
o improve the separation performance, hydrophobic groups can
e tentatively introduced to accelerate the diffusion of solvent
nd coagulant during PVA membrane preparation [18].

The introduction of butyral groups into PVA can be achieved
hrough an acid catalyzed reaction between PVA and butyralde-
yde. The reaction product poly(vinyl butyral) (PVB) contains
ydrophobic butyral groups and hydrophilic hydroxyl groups.
ince PVA is generally obtained from the hydrolysis of polyvinyl
cetate [20], there will also be a quite limited amount of residual
cetate groups in PVB molecules. Recently, PVB ultrafiltra-
ion membranes have been successfully prepared and membrane
reparation conditions have been discussed in detail [21–25].
he skin layer formation of PVB membrane from different sol-

ents was determined by the combination of the equilibrium
hermodynamics and membrane formation kinetics, whereas,
he sub-layer of the membrane was dominated by the diffusion
ate of solvent–nonsolvent [23].

mailto:zhyjiang@tju.edu.cn
dx.doi.org/10.1016/j.seppur.2006.09.006
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Based on the earlier studies, a further investigation will be
aken in this study on the antifouling property of PVB mem-
ranes, which is greatly dependent on the surface hydrophilicity.
ince the increase of hydroxyl groups will effectively increase

he hydrophilicity, we can thus imagine that converting some
utyral groups and acetate groups in PVB chains into hydroxyl
roups will surely improve the antifouling property of PVB
embranes.
In the present study, PVB membranes were prepared through

phase inversion method in a wet process, and the pristine
embranes were then treated with HCl solution under differ-

nt treating time and HCl concentration. Hydrophilicity of PVB
embranes was evaluated by contact angle measurement, sur-

ace and cross-section morphologies were observed by scanning
lectron microscope (SEM), and surface chemical composition
as analyzed by X-ray photoelectron spectroscopy (XPS). The

ffect of treating time and HCl concentration on separation
erformance and antifouling property of PVB membranes was
nvestigated through ultrafiltration experiments using bovine
erum albumin (BSA) as a model protein.

. Experimental

.1. Materials

PVB was kindly supplied by Huida Chemical Industry Co.
td. (Tianjin, China) with an average polymerization degree of
700. Vinyl butyral and vinyl alcohol parts of the polymer were
1 and 14 wt%, respectively. The residual vinyl acetate part was
wt%. N,N-dimethyl acetamide (DMA) was purchased from
amao Chemical Reagent Co. (Tianjin, China). Bovine serum

lbumin (BSA) was purchased from Institute of Hematology,
hinese Academic of Medical Sciences (Tianjin, China). All
ther chemicals were of analytical grade.

.2. Membrane preparation

PVB membranes were fabricated through an immersion-
recipitation method. Casting solution was prepared by dis-
olving PVB in DMA with rigorous stirring at 60 ◦C. Then the
olution was cast on a glass plate and immediately immersed
nto a deionized water bath with a temperature of 20 ± 1 ◦C.
ristine membranes were obtained within a few minutes and
ashed thoroughly with deionized water. The membranes were

hen post-treated by immersing into HCl solution for a given
ime.

.3. Characterization of membranes

The static contact angle was measured with a contact angle
oniometer (Erma Contact Angle Meter, Japan). Membranes
ere dried and pressured to obtain dense films before each mea-

urement in order to eliminate the effect of capillary penetration.

he surface and cross-sectional morphologies were observed by
EM (Philips XL30E scanning microscope). Membranes were
rozen in liquid nitrogen, broken, and sputtered with gold before
EM analysis. The porosity (ρ) of the membrane was also tested,
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hich was calculated by the following equation:

= W1 − W2

W1
(1)

here W1 and W2 were the weight of the wet and dry mem-
rane, respectively, which could be obtained by weighing a
iece of membrane before and after fully dried under vacuum.
he chemical composition of membrane surface was analyzed
y XPS (PHI-1600, USA) using Mg K� (1254 eV) as radia-
ion source (the take-off angle of the photoelectron was set at
0◦). Survey spectra were collected over a range of 0–1100 eV
nd high-resolution spectra of C1s were collected over a range
f 280–292 eV. The mechanical property was tested with a
aterial-testing machine (AXM350-10KN, Testometric Co.,
K). Prior to test, membranes were dried and cut into rectangle

trips with a dimension of 30 mm × 10 mm (length × width).
he stress–strain curve was obtained at an extension rate of
mm/min, from which the tensile strength, elastic modulus, and
aximum elongation of the membranes were determined.

.4. Ultrafiltration experiments

Ultrafiltration experiments were carried out using a dead-end
tirred cell filtration system (Model 8200, Millipore Co., USA)
onnected with a N2 gas cylinder and solution reservoir. The
perating pressure was maintained by N2 gas. All the ultrafiltra-
ion experiments were carried out at a stirring speed of 400 rpm
nd a temperature of 20 ± 1 ◦C.

After the membrane was fixed, the stirred cell and the solution
eservoir were filled with deionized water. The membrane was
rst pressurized under a high pressure of 150 kPa for 30 min, then

he pressure was reduced to the operating pressure of 100 kPa
nd the water flux (Jw1) was measured. After 30 min filtration,
he feed solution was switched to 1.0 mg/ml BSA phosphate
uffer saline (0.1 M, pH 7.0), and the BSA solution flux (Jp)
as measured. Finally, the cell and the solution reservoir were

ully emptied and refilled with deionized water. The membrane
as cleaned in the stirred cell with deionized water for 20 min,

nd the water flux (Jw2) was measured again.
The water flux of the membrane was calculated by the fol-

owing equation:

w = V

A �t
(2)

here V was the volume of permeated water (l), A the mem-
rane area (m2) and �t was the ultrafiltration time (h). The BSA
ejection ratio, R, was defined as follows:

(%) =
(

1 − Cp

Cf

)
× 100 (3)
here Cp and Cf (mg/ml) were BSA concentrations of permeate
nd feed solutions, respectively. The flux loss ratio (Rl) and the
ux recovery ratio (Rr) were introduced to describe the antifoul-

ng property of the membrane. Rl and Rr were defined by the
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Fig. 1. Schematic illustration of HCl catalyzed hydrolysis reaction of PVB.

ollowing equations:

l (%) =
(

1 − Jp

Jw1

)
× 100 (4)

r (%) = Jw2

Jw1
× 100 (5)

here Jw1 and Jp (l/m2 h) were the steady flux of water and
rotein solution for the fresh membrane, and Jw2 (l/m2 h) was
he steady water flux for the cleaned membrane.

. Results and discussion

.1. Characterization of acid-treated membranes

The separation performance of PVB membranes was greatly
nfluenced by membrane preparation conditions. It was found
hat PVB membranes had a lower water flux and a higher rejec-
ion ratio when PVB concentration was increased in the casting
olution or the coagulation temperature was increased [23]. In
ur study, we chose a PVB concentration of 13 wt% and a coag-
lation temperature of 20 ◦C for PVB membrane preparation,
nd an asymmetrical structure was successfully obtained. Acid
reatment was actualized with different treating time and HCl
oncentration. The hydrolysis reaction catalyzed by HCl was
chematically shown in Fig. 1.

Water contact angle was measured to evaluate the surface
ydrophilicity of PVB membranes. Fig. 2 presented the contact
ngle of the membranes with different treating time and HCl
oncentration, respectively. Each data in Fig. 2 was an average
f five readings. It could be seen that the control PVB mem-
rane had the highest contact angle, which indicated the lowest
ydrophilicity. The contact angle of acid-treated membranes was

ecreased with prolonged treating time or increased HCl con-
entration, suggesting that more butyral groups in PVB had been
eplaced by hydroxyl groups and the surface hydrophilicity was
ncreased correspondingly.

o
e
t
p

ig. 2. Contact angle of acid-treated PVB membranes as a function of acid
reating time and HCl concentration.

The surface and cross-sectional morphologies of control and
cid-treated PVB membranes were given in Fig. 3. The surface
orphology of the membrane after 12 h treatment in 1 M HCl
as similar to that of the control membrane. Meanwhile, all

he membranes exhibited the typical structure of ultrafiltration
embranes consisting of a top layer with a dense structure, an

ntermediate layer with a finger-like structure, and a bottom layer
ith fully developed macropores. There were no significant mor-
hological variations after acid treatment, which indicated that
Cl treatment did not remarkably alter the structure of PVB
embrane. The porosity of control and acid-treated PVB mem-

ranes was measured and the results were shown in Table 1.
ll the membranes had an approximate porosity between 84

nd 87%, which meant that acid treatment had no remarkable
nfluence on the porosity of PVB membrane.

Surface composition of control and acid-treated PVB mem-
ranes was analyzed by XPS to confirm the hydrolysis of butyral
roups. As shown in Fig. 4, the C1s peak in the spectra was com-
osed of an alkyl carbon peak (–C–C–), an ether carbon peak
–C–O–) and a carbonyl carbon peak [–(C O)–], which were
bserved at 284.5, 285.9 and 287.9 eV, respectively [26]. The
rea percent of each peak was calculated and a decrease of the
lkyl carbon peak from 67.4 to 59.8 mol% after 12 h HCl treat-
ent was observed, indicating the release of some butyral groups

nd the increase of hydroxyl groups. XPS results were consistent
ith the increased hydrophilicity of membrane surface observed
y water contact angle measurement. On the other hand, the
ecreased carbonyl carbon peak intensity from 5.6 to 3.8 mol%
as due to the hydrolysis of acetate groups at PVB chains [20].
The mechanical property of membranes was of great impor-

ance for practical application. Table 1 presented maximum
trength, elastic modulus, maximum elongation and thickness
f all the membranes. All the parameters of mechanical prop-

rty were slightly changed in a limited range, which indicated
hat acid treatment had no distinct influence on the mechanical
roperty of PVB membranes, and all the membranes could well
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ig. 3. Surface morphology of (a) control PVB membrane and (b) membrane
embrane, (d) membrane treated for 4 h in 0.2 M HCl and (e) membrane treate

eet the requirements for actual ultrafiltration in the present
ork.

.2. Effect of acid treating time on membrane separation

erformance and antifouling property

Even if PVB membranes were basically regarded as
ydrophilic membranes, the hydrophobic butyral groups would

p
k
6
6

able 1
orosity and mechanical property of acid-treated membranes with different treating t

embrane Treating time
(h)

HCl concentration
(mol/l)

Porosity (%) Young’
(MPa)

# 0 0 86.05 52.75
# 2 1.0 86.07 48.66
# 4 1.0 86.97 52.22
# 6 1.0 85.76 61.17
# 8 1.0 84.85 60.73
# 10 1.0 85.46 59.23
# 12 1.0 84.84 58.48
# 4 0.2 86.30 55.35
# 4 0.4 85.62 51.52
0# 4 0.6 85.80 55.71
1# 4 0.8 86.10 51.41
2# 4 1.0 86.97 52.22
d for 12 h in 1.0 M HCl; cross-sectional SEM morphology of (c) control PVB
12 h in 1.0 M HCl.

ause a great loss of antifouling property. As mentioned before,
t was anticipated that the antifouling property of PVB mem-
ranes could be improved through acid treatment.

Fig. 5 showed the effect of treating time on the separation

erformance of acid-treated membranes (HCl concentration was
ept at 1.0 M). When the treating time was prolonged from 0 to
h, the pure water flux of PVB membrane was dropped from
8.0 to 26.8 l/m2 h. However, it had a significant increase from

ime and HCl concentration

s modulus Maximum
elongation (%)

Maximum
strength (MPa)

Membrane
thickness (�m)

46.56 1.92 191
48.50 1.96 205
50.98 1.88 177
52.71 2.06 198
57.68 2.04 195
59.79 2.14 188
53.18 2.25 194
51.12 1.96 196
56.70 2.05 203
54.86 2.02 202
50.87 2.09 189
50.98 1.88 177
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Fig. 4. XPS spectra of C1s for control PVB membrane (a), membrane t

6.8 to 79.5 l/m2 h when the treating time was further prolonged
rom 6 to 12 h.

Water flux was related to the pore size in the skin layer
f membranes. In PVB membranes, hydrophobic interaction
xisted between PVB chains through butyral groups. After acid
reatment, some butyral groups at the membrane surface were

ydrolyzed, so that the hydrophobic interaction was reduced
nd PVB chains were undertaken structural rearrangement. The
welled chains around the pores in the skin layer resulted in a

ig. 5. Effect of acid treating time on the separation performance of acid-treated
embranes.
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for 4 h in 0.2 M HCl (b) and membrane treated for 12 h in 1.0 M HCl.

ecrease of pore size and correspondingly a flux decline. Mean-
hile, since PVA was highly hydrophilic, it was reasonable to

ssume that some of the chains could be dissolved in water and
all off from the membrane surface, leading to the appearance
f bigger pores in the skin layer, and the flux was consequently
ncreased. For a short acid treating time from 0 to 6 h, the for-

er effect was the dominant factor and the appearance of bigger
ores had slight influence on flux. However, when treating time
as further prolonged, more bigger pores appeared in the skin

ayer and the latter effect became dominant, thus the flux was
ncreased.

BSA was used as a model protein to investigate the separa-
ion performance and antifouling property of acid-treated PVB

embranes. The rejection ratio was declined from 68.0 to 23.2%
ithin the treating time range. Although the decrease of pore size
ould result in some increase of rejection ratio, the appearance
f bigger pores was the dominant factor which made the rejec-
ion ratio decrease. Along with the prolonged treating time, the
mount of bigger pores was increased and the rejection ratio was
urther decreased.

The flux decline during the ultrafiltration of BSA solution
Jp was smaller than Jw1) was usually attributed to membrane
ouling and concentration polarization. Considering the high

olecular weight of BSA and rigorous stirring near the mem-

rane surface, concentration polarization could be minimized;
t was thus assumed that the flux decline was mainly caused
y protein fouling in the present study. Flux loss ratio and flux
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Fig. 7. Effect of HCl concentration on the separation performance of acid-treated
membranes.
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ig. 6. Effect of acid treating time on the antifouling property of acid-treated
embranes.

ecovery ratio were employed to evaluate the antifouling prop-
rty of PVB membranes. A lower flux loss ratio meant a less
erious fouling, while a higher flux recovery ratio meant a better
ecycling ability.

Fig. 6 presented the effect of acid treating time on the mem-
rane antifouling property. The flux loss ratio was decreased
rom 45.5 to 34.3% and the flux recovery ratio was increased
rom 58.8 to 75.0% when treating time was prolonged from
to 6 h, which indicated that the antifouling property of PVB
embranes was gradually improved. The increased hydroxyl

roups after acid treatment would make the membrane sur-
ace more hydrophilic, and this PVA-like surface exhibited
xcellent protein resistance [27]. When the acid treating time
asted for longer than 6 h, a great number of bigger pores
ppeared in the skin layer; BSA molecules might be entrapped
nside these bigger pores and could not be removed only
hrough water cleaning, resulting in the drop of flux recov-
ry ratio. But the flux loss ratio changed slightly due to the
ubstantial improvement of hydrophilicity on the membrane
urface.

.3. Effect of HCl concentration on membrane separation
erformance and antifouling property

The effect of HCl concentration on the separation perfor-
ance of PVB membranes was shown in Fig. 7. The treating

ime for all HCl concentrations was 4 h. Pure water flux was
ecreased from 68.0 to 38.1 l/m2 h and BSA rejection ratio was
lso decreased from 68.0 to 38.8% with an increase of HCl
oncentration from 0 to 1.0 M. Swelling and leaving of the
ydrolyzed PVB polymer around the pores in the skin layer
f PVB membranes could also be used to explain the effect of
Cl concentration on the membrane performance.
Fig. 8 presented the antifouling property of PVB membranes

reated with different HCl concentration. Flux loss ratio was

ecreased from 45.5 to 38.1% and flux recovery ratio was
ncreased from 58.8 to 78.5% with an increase of HCl concen-
ration from 0 to 1.0 M. When the membranes were treated with
igher HCl concentration, the hydrolysis reaction was accel-

7
f
4
5

ig. 8. Effect of HCl concentration on the antifouling property of acid-treated
embranes.

rated, more butyral groups were released, and the membrane
urface became more hydrophilic, so that a better antifouling
roperty of membrane was achieved.

. Conclusions

In this study, PVB ultrafiltration membranes were success-
ully fabricated and the antifouling property of the membranes
as improved through acid treatment, as some of the butyral
roups at membrane surface were hydrolyzed and converted to
ydrophilic hydroxyl groups in the acid treatment. Ultrafiltration
xperiments indicated the improved antifouling property of the
VB membranes after acid treatment. When the treating time
as prolonged to 6 h at an HCl concentration of 1.0 mol/l, the
ux loss ratio of PVB membrane was decreased from 45.5 to
4.3% and the flux recovery ratio was increased from 58.8 to
5.0%; when the HCl concentration was increased to 1.0 mol/l
or a treating time of 4 h, the flux loss ratio was decreased from

5.5 to 38.1% and the flux recovery ratio was increased from
8.8 to 78.5%.
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