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Abstract−Composite nanofiltration (NF) membranes with enhanced structural stability were fabricated and used to
concentrate oligomeric proanthocyanidins (OPC) in ethanol solution. The composite NF membranes were prepared by
interfacial polymerization of piperazine (PIP) with trimesoyl chloride (TMC), upon the porous supports of polyether-
sulfone (PES) and polyvinyl formal (PVF) blend membranes. The active layers of composite NF membranes were cova-
lently linked to porous supports owing to hydroxyl groups of PVF upon support surface, which could participate in the
interfacial polymerization reaction. The pure water fluxes of the composite NF membranes reached 34.9 L/m2h, while
the rejections of Na2SO4 and orange GII were 92.7% and 98.4%, respectively. The enhanced structural stability of the
composite NF membranes were confirmed by long-term immersion experiment in ethanol. NF concentration process
was considered as a potential alternative to conventional evaporation concentration process for OPC concentration in
ethanol solution.

Keywords: Polyvinyl Formal (PVF), Composite Nanofiltration Membrane, Structural Stability, Oligomeric Proanthocy-
anidins (OPC), Concentration

INTRODUCTION

Nanofiltration (NF), which exhibits separation characteristics in
the intermediate range between reverse osmosis (RO) and ultrafil-
tration (UF), has gained worldwide interest because of advantages
such as low energy consumption, low operating cost and excep-
tional separation performance. The NF process has been widely
applied in sewage treatment, drinking water production, seawater
desalination and industrial substances separation [1-4]. Most com-
mercial NF membranes are thin film composite membranes fabri-
cated by interfacial polymerization, comprising thin active layers
that dominate membrane performance (permeability and selectiv-
ity) and porous support layers that provide the mechanical strength
of the composite membranes. The active layers formed by interfa-
cial polymerization are always physically adhered on the supports.
Although the composite NF membranes have exhibited good long-
term stability in aqueous feeds, the structural stability should be
reconsidered to enhance when the composite NF membranes are
applied into harsh conditions, such as feed solutions containing
ethanol which are enable swelling of active layers and supports
seriously. The different degree in swelling and the weak interac-
tions between these two layers would cause the peeling of active
layers from supports during long-time operation, seriously damag-
ing separation performance of composite NF membranes [5]. There-
fore, it is important to build a robust interface between active layers

and supports of composite NF membranes.
Several studies have tried some strategies to enhance the interfa-

cial adhesion of composite NF membranes [6-10]. Zhao et al. modi-
fied polyethersulfone (PES) supports with polydopamine “before”
carrying out interfacial polymerization to prepare composite NF
membranes. The interaction between the active layer and the sup-
port of the composite NF membrane was enhanced due to the bio-
adhesion of polydopamine [6]. Polyacrylonitrile (PAN) supports
were hydrolyzed to create carboxyl groups on surfaces, which were
then activated to enhance reactivity with amine groups, for prepar-
ing polyamide (PA) NF membranes with high separation perfor-
mance [10]. As a big challenge to increase the structural stability
of composite NF membranes, other facile methods deserve to be
explored for fabricating structural stable composite NF membranes.

Surface segregation has evolved as a facile and effective approach
to introduce hydrophilic groups onto UF membranes surface and
improve their hydrophilicity [11-15]. The introduction of functional
groups via surface segregation could react with active layers onto
the supports, which may be a facile approach capable of enhanc-
ing the structural stability of composite NF membranes. In this study,
polyethersulfone (PES) and polyvinyl formal (PVF) were blended
to prepare porous supports. PA active layers were formed by inter-
facial polymerization of piperazine (PIP) with trimesoyl chloride
(TMC). The hydroxyl groups of PVF were enriched on the sur-
face of the supports via surface segregation, which would react with
acid chloride groups of TMC molecules and form ester bonds during
interfacial polymerization. A schematic illustration for the forma-
tion of covalent bond of the composite NF membranes is presented
in Fig. 1. The structural stability of the composite NF membranes
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was further tested by long term immersion in ethanol.
Oligomeric proanthocyanidins (OPC) is a class of polyphenolic

biflavonoids found in fruits and vegetables. OPC mainly exists in
grape seeds and has been shown to protect against UV light-induced
carcinogenesis and prevent immune suppression [16-18]. Concen-
tration of OPC extract in ethanol solution is traditionally achieved
by evaporation, which consumes considerable energy. As an alter-
native, the prepared composite NF membranes were employed for
OPC concentration to allow the production of OPC at a lower cost.
The resultant composite NF membranes offer a viable and sustain-
able alternate for energy-intensive evaporation processes during
OPC concentration.

EXPERIMENTS

1. Materials
PES (6020P, Mw=29,000Da) was purchased from BASF Co. (Ger-

many). PVF (Mw=35 kDa) with an average acetalization degree of
80% was purchased from Tokyo Chemical Industry Co. (Japan).
Both PES and PVF were dried at 70 oC for 24h prior to use. Poly(eth-
ylene glycol) (PEG, Mw=2,000 Da) was purchased from Damao
Chemical Reagent Co. (Tianjin, China). N,N-dimethylformamide
(DMF), PIP, n-heptane and ethanol were obtained from Guangfu
Chemical Reagent Co. (Tianjin, China). TMC was purchased from
Alfa Co. (USA). Sodium sulfate, orange GII and Congo red were
purchased from J&K Scientific Ltd. (Beijing, China). OPC was pur-
chased from Baoen Biotechnology Co. Ltd. (Hebei, China). Water
used in all experiments was reverse osmosis water.
2. Preparation of PES-PVF Membranes and Composite NF Mem-
branes

PES-PVF blend membranes were used as supports, which were
prepared by non-solvent induced phase separation (NIPS). The
casting solutions were prepared by dissolving PES and PVF into
the organic solvent DMF at weight percentages of 10.0 and 6.0 wt%,
respectively. The hydrophilic PVF was used as both pore-forming
agent and modification agent. The pure PES membranes were pre-

pared with 16 wt% PES and 16 wt% PEG in casting solution, while
the hydrophilic PEG was used as pore forming. The detailed fabri-
cation of support membranes was described in our previous works
[11,19].

The composite NF membranes were prepared by interfacial po-
lymerization of PIP with TMC. The support membranes were first
immersed into aqueous solution of PIP. After being soaked for 30
min, excess solution on membrane surfaces was drained off by fil-
ter paper. Then the support membranes were immersed in TMC
solution in n-heptane for a certain time at 25 oC to form the active
layers by interfacial polymerization. After interfacial polymeriza-
tion reaction, the membranes were taken out from organic solu-
tion and dried in the air for 10min. Finally, the composite NF mem-
branes were stored in water until they were tested. The composite
NF membranes prepared with PES-PVF blend supports and pure
PES supports were named PA/PES-PVF and PA/PES composite
membranes, respectively.
3. Characterization of PES-PVF Membranes and Composite
NF Membranes

The surface compositions of PES-PVF membranes were char-
acterized by X-ray photoelectron spectroscopy (XPS, Perkin-Elmer
PHI 1600 ESCA) with a monochromatic Mg Kα source and a charge
neutralizer. To acquire thermal properties of the membranes, thermo
gravimetric analysis (TGA, NETZSCH-TG209 F3) was conducted
under nitrogen flow. Mechanical stabilities of the membranes were
measured by an electronic stretching machine (Xinke WDW 3020)
at a strain rate of 2 mm/min.

The surface morphologies of the composite NF membranes were
observed with field emission scanning electron microscopy (FESEM,
Nova Nanosem 430, FEI Co., USA). The membrane samples were
dried in vacuum freeze dryer, and coated with gold before FESEM
measurement.

Attenuated total reflection Flourier transformed infrared (ATR-
FTIR) spectra of the prepared membranes were measured using
an FTIR spectrometer (VERTEX 70, Bruker Co., Germany) equipped
with both horizontal attenuated total reflectance accessories. Scans

Fig. 1. Schematic illustration for the covalent linking between supports and interfacial polymerization layers of the composite nanofiltration
membranes.
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were accumulated with a resolution of 4 cm−1 for each spectrum
to investigate the functional groups on the membrane surfaces.

Contact angle goniometer (JC2000C Contact Angle Meter,
Powereach Co., Shanghai, China) was used to measure the static
contact angle of membranes at room temperature. At least six meas-
urements on one surface were performed and the data were aver-
aged to get a reliable value.
4. Separation Performance of Composite NF Membranes

The separation performance of the composite NF membranes
was evaluated using a filtration cell (model 8200, Millipore Co.,
USA) equipped with a nitrogen gas cylinder and solution reser-
voir. The filtration cell has an inner diameter of 62 mm, effective
area of 28.7cm2 and volume capacity of 200mL. All the experiments
were carried out at a stirring speed of 200 rpm and the feed side of
the system was driven by nitrogen gas. Each membrane was initially
compacted for about 30 min at 0.25 MPa to obtain a stable flux,
then the pressure was dropped to the operation pressure of 0.20MPa.
The permeated flux (J, L/m2h) was determined by measuring the
permeated solution and calculated by the following equation:

(1)

where V (L) is the volume of permeated solution during the exper-
iment, A (m2) is the membrane area, and Δt (h) is the operation
time.

The filtration test cell was filled with aqueous solutions of inor-
ganic salts or dyes to determine the rejections of the composite NF
membranes. The concentration of inorganic salts and dyes in feed
solutions was 1.0 and 0.1 g/L, respectively. The membrane rejec-
tion was characterized until the permeated fluxes and permeated
salt or dye concentrations reached stable values. The rejection (R)
was calculated by the following equation:

(2)

where CP and Cf are the inorganic salt or dye concentrations of the
permeated and the feed solutions, respectively. The concentration
of inorganic salts was measured by electrical conductivity (DDS-
11A, Shanghai Leichi Instrument Co., Shanghai, China). The con-
centration of dyes was determined by a UV-vis spectrophotome-
ter (Hitach UV-2800, Hitach Co., Japan). The wavelength of UV-
vis spectrophotometer was adjusted to the maximum adsorption
of dye solution in visible light range.
5. Structural Stability of Composite NF Membranes

The structural stability of the composite NF membranes was
examined by ethanol treatment. PA/PES-PVF and PA/PES com-
posite membranes were immersed in absolute ethanol for seven
days to let the membranes become fully swollen; then the treated
membranes were washed with an excess amount of water to remove
any remaining ethanol. The influence of the immersion time on
the water fluxes and rejection of the composite NF membranes
was investigated. The properties of the membranes before and after
ethanol treatment were measured through the aforementioned meth-
ods, and the stability of PA/PES-PVF and PA/PES composite mem-
branes was evaluated according to the extent of performance dete-
rioration after ethanol treatment.

Fluxes and rejections of orange GII by the prepared composite
NF membranes for feed solutions with different ethanol content in
water were examined to study the influence of ethanol on the per-
formance of PA/PES-PVF composite membranes.
6. Concentration Experiments of OPC in Ethanol Solution

OPC used in this study was extracted from grape seeds. 1.0 g/L
OPC content in ethanol solution with the initial feed volume of
200 mL was added into the cell for NF concentration. OPC con-
tent in the retained solution fraction (Cr) was calculated by the fol-
lowing equation:

(3)

where V0 and Vt are the volume of the initial feed and the perme-
ated solutions, respectively. C0 is the OPC content in the initial feed
solution, and Ct is the OPC content in the permeated solution at
operation time of t moment. OPC content in feed and permeated
solutions were analyzed with UV-vis spectrophotometer at a wave-
length of 500 nm.

RESULTS AND DISCUSSION

1. Characterization of PES-PVF Membranes
The porous supports of PES-PVF blend membranes were first

prepared. The theoretical value and XPS data of element contents
of PES-PVF membrane was calculated (Fig. S1 and Table S1 in sup-
porting information). The atomic ratio of O/S (8.92) in the mem-
brane surface measured by XPS was higher than theoretical value of
4.08, indicating PVF was enriched on the membrane surface. The
miscibility forecast of PES-PVF blend systems can be performed
by the solubility parameter [20]. The solubility parameter calculated
by group contribution theory for PES and PVF was 22.5 and 24.0
MPa1/2, which indicated PES and PVF were partly compatible in
theory [21] (Supporting information).

The thermal properties of the prepared PES-PVF membranes
were evaluated by TGA (Fig. S2 in supporting information). The
temperature at a 5% weight loss of PES-PVF membranes was 340.0 oC,
while that of PES membranes was 305.0 oC. The results indicated
the addition of PVF improved thermal stability of support mem-
branes. The typical stress-strain curves for PES membranes and
PES-PVF blend membranes were measured (Fig. S3 in support-
ing information); PES-PVF membranes had a better mechanical
strength than PES membranes.
2. Characterization of Composite NF Membranes

Composite NF membranes have dense, ultrathin active layers
upon porous supports, which lead to relatively high flux and low
molecular weight cut off [22]. In this work, PES-PVF blend mem-
branes were selected as supports, and the active layers were made
by interfacial polymerization of TMC and PIP. PVF possessed pore
formation and surface modification capabilities during the prepa-
ration of porous supports by NIPS method [11]. The water flux of
PES-PVF blend membranes was 160.5±5.3 L/m2h at pressure of
0.10 MPa.

ATR-FTIR spectra were first employed to analyze the functional
groups on the near-surface region of PES, PES-PVF, and PA/PES-
PVF composite membranes. In Fig. 2, beside typical bands of PES,

J = 
V

AΔt
---------

R = 1− 
Cp

Cf
------

⎝ ⎠
⎛ ⎞ 100%×

Cr = 
V0C0  − VtCt

V0  − Vt
----------------------------
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PES-PVF support membranes possessed additional peaks at 3,518
cm−1 and 1,732 cm−1, which corresponded to the stretching vibra-
tion of hydroxyl groups and the C=O stretching vibration in ester
bonds. Meanwhile, the spectra of PES-PVF support membranes
exhibited a strong absorption peak at 1,020cm−1, which was assigned
to the stretching vibration band of cycloaliphatic ethers. This stretch-
ing vibration band covered the absorption peak of aromatic ether
at 1,011cm−1 which belonged to PES. FTIR spectra verified the exis-
tence of PVF on the support membrane surfaces. Compared with
PES-PVF support membranes, PA/PES-PVF composite membranes
had additional peaks at 1,630 cm−1 (C=O stretching vibration in
amide bonds), indicating that the PA active layers were success-

fully formed onto PES-PVF support membrane surfaces. The ad-
sorption peak at 1,732 cm−1 of ester bonds between PA active lay-
ers and PES-PVF supports would coincide with non-hydrolyzed
esters of PVF.

The surface and cross-section morphologies of composite NF
membranes were observed by FESEM. Fig. 3 shows the SEM images
of the top surface and cross-section morphologies of PES-PVF and
PA/PES-PVF membranes. All the membranes displayed a typical
asymmetric membrane morphology consisting of dense skin layers
and porous support layers. There were observable pores on PES-
PVF blend membrane surfaces (Fig. 3(A1)) and the average pore
size was about 20±5 nm due to PVF as pore forming agent. After
interfacial polymerization, the membrane surfaces were dense with-
out observable pores, and dispersed with nodular structures (Fig.
3(B1)). Nodular structures on the surfaces of composite NF mem-
branes mainly resulted from the cross-linking of PIP and TMC mon-
omers. As shown in Fig. 3(B3), a dense PA active layer was observed
on the composite membrane after interfacial polymerization, which
was about 86 nm thick. It was difficult to distinguish the PA active
layer from the skin layer of support layer in PA/PES-PVF compos-
ite membrane, the modified support layer and the PA active layer
had good adhesion with each other.

Water contact angle was commonly used to assess the hydro-
philicity of membranes. In Fig. 4, the contact angle of PES-PVF
blend supports (60.5±1.2o) is smaller than that of PES supports
(68.1±2.1o), which was attributed to the enrichment of PVF on mem-
brane surfaces increasing hydrophilicity of PES-PVF supports [11].
The PA/PES-PVF composite membranes had lower water contact
angle compared with the supports due to the formation of hydro-
philic PA active layers during the interfacial polymerization reac-
tion. PA/PES and PA/PES-PVF composite membranes had nearly
same static water contact angles before ethanol treatment. After

Fig. 2. ATR-FTIR spectra of PES membrane, PES-PVF blend mem-
brane, and PA/PES-PVF composite membrane.

Fig. 3. SEM images of the top surface and cross-section morphologies of PES-PVF blend membranes (A1, A2 and A3) and PA/PES-PVF
composite membranes (B1, B2 and B3).
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immersing into ethanol for seven days, the water contact angle of
PA/PES composite membranes increased from 25.6±1.3 to 47.3±
1.9o. However, the water contact angle of PA/PES-PVF composite
membranes just slightly increased from 23.7±0.9 to 28.3±1.9o. This
indirectly revealed the structural stability of PA/PES-PVF compos-
ite membranes.
3. Effect of PIP and TMC Concentration on Membrane Perfor-
mance

The separation performance of composite NF membranes is de-
pendent on both preparation conditions and chemical structures
[23]. The appropriate concentration of PIP in aqueous phase and
TMC in organic phase for interfacial polymerization were investi-
gated. Fig. 5 presents the effect of PIP concentration on fluxes and
rejections of the composite NF membranes, while the TMC con-
centration was fixed at 0.20 wt% in organic phase and the interfa-
cial polymerization time was fixed at 1 min. It was seen that the
water fluxes decreased and the rejections increased continuously

with increasing PIP from 0.05 to 0.25 wt%. The increase of PIP con-
centration in aqueous phase would lead to more PIP content dif-
fusing into the water/oil interface and producing a dense active layer
during interfacial polymerization process. But excessively high con-
tent of PIP was likely to be sterically hindered from interf, and there-
fore did not increase the density of the PA active layer [24]. Ac-
cording to the results shown above, the PIP concentration was fixed
at 0.10 wt% in the following experiments.

Fig. 6 shows the effect of TMC concentration in organic phase
on fluxes and rejection of PA-PES/PVF composite membranes.
PIP concentration in aqueous solution was fixed at 0.10 wt% and
the interfacial polymerization time was fixed at 1 min. The mem-
brane performance was almost independent of the TMC concen-
tration in organic phase. The probable reason was that the con-
centration of 0.05 wt% TMC in organic phase was enough to par-
ticipate in the interfacial polymerization reaction. Both fluxes and
rejection of Na2SO4 and orange GII of PA/PES-PVF composite
membranes remained constant when further increasing the TMC
concentration in organic solution. Therefore, it could be concluded
that the PIP concentration in the aqueous phase played a domi-
nant factor in affecting the membrane performance.

Based on the experiment data, the separation performance of
PA/PES-PVF composite membranes was optimum, when the con-
centration of PIP was 0.10 wt% in aqueous phase and TMC was
0.05 wt% in organic phase, respectively. Water fluxes of PA/PES-
PVF composite membranes could reach 34.9±1.5 L/m2h at opera-
tion press of 0.20 MPa, the rejection ratio of Na2SO4 was 92.7%,
orange GII was 98.4%. Congo red was completely rejected by the
composite NF membranes. This optimum preparation condition
was used for the following experiments. Specially, the prepared
PA/PES-PVF composite membranes in this study exhibited con-
siderably high pure water fluxes and rejections, compared with other
reported composite NF membranes (Table S2 in supporting infor-
mation).

Fig. 4. Water contact angles of PES-PVF and PES memrbanes, PA/
PES-PVF and PA/PES composite membranes before and after
immersion in ethanol for 7 days.

Fig. 6. Effect of TMC concentration in organic phase on fluxes and
rejection of PA/PES-PVF composite membrane. PIP con-
centration in aqueous solution was fixed at 0.10 wt%. Inter-
facial polymerization reaction time was fixed at 1 min and
the temperature was fixed at 20 oC. The filtration operation
was carried out at a pressure of 0.20 MPa.

Fig. 5. Effect of PIP concentration in aqueous phase on fluxes and
rejection of PA/PES-PVF composite membrane. TMC con-
centration in organic solution was fixed at 0.2 wt%. Interfa-
cial polymerization reaction time was fixed at 1 min and the
temperature was fixed at 20 oC. The filtration operation was
carried out at a pressure of 0.20 MPa.
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4. Structural Stability of Composite NF Membranes
In the actual operation, the structural stability was closely related

to the lifespan of the composite membranes. To examine the struc-
tural stability of the composite NF membranes, PA/PES and PA/
PES-PVF composite membranes were immersed into ethanol. Fig.
7 gives water fluxes and orange GII rejection of the composite NF
membranes before and after immersing into ethanol for several
days. The separation performance of PA/PES composite membranes
seriously worsened. Water fluxes of PA/PES composite membranes
increased more 12-fold and rejection of orange GII was decreased
to 0.6%, after ethanol treatment for seven days. The swelling of the
PES supports by ethanol might have caused the active layers to be
detached from the supports, and resulted in higher water fluxes
and poorer rejections. This could be interpreted that there was only
physical adsorption between the active layers and PES supports.
Therefore, PA/PES composite membranes had poor structural sta-
bility.

However, the water flux and rejection of PA/PES-PVF compos-
ite membranes had a little variation after immersing into ethanol
for seven days. PA/PES-PVF composite membranes definitely had

better structural stability than that of PA/PES composite membranes.
The structural stability of PA/PES-PVF composite membranes might
be attributed to the presence of the covalent linkage between the
PA active layers and the supports. As explained before in Fig. 1,
PES-PVF blend supports had hydroxyl groups on the surfaces, which
could react with the carboxyl groups of TMC forming ester bonds
between the active layers and the supports. Compared with the other
modification methods in enhancing the structural stability of the
composite membranes, this method has the advantage of simple
production, which improve the structural stability just by blend-
ing method.
5. Separation Performance in Ethanol Solution

NF separation and concentration were gradually applied into
organic solutions and aqueous solutions containing organic sol-
utes. It was necessary to investigate the influence of organic con-
tent in water fluxes and rejections of composite NF membranes.
Fig. 8 shows the effect of ethanol content in water-ethanol mix-
tures (feed solution) on fluxes and rejections of PA/PES-PVF com-
posite membranes. It appears that both fluxes and rejections gen-
erally decreased with increasing ethanol content in water-ethanol
mixtures. The flux of mixture with water-ethanol volume ratio of
6 : 4 was about 52.8% of pure water flux. The flux of pure ethanol
was only 13.0% of pure water flux during NF operation. Viscosity
and polarity of the mixture have large influence on the fluxes and
rejections of composite NF membranes [25-27]. The viscosity of
ethanol was higher than of water, which resulted in a higher vis-
cous resistance against mass transport in both the active layers and
supports.

The rejection of orange GII by PA-PES/PVF composite mem-
branes in pure ethanol was only 67.6%, which was smaller than
that in water (98.4%). Components in aqueous solution might be
surrounded by a water shell that increased the effective size of the
component, but there was no such effect for components in etha-
nol, the effective size might be lower, which should had a negative
influence on the rejection. The rejection mechanism of NF mem-
branes in ethanol was mainly determined by the molecular size
(sieve effect) [28]. Therefore, the rejection of PA/PES-PVF com-

Fig. 8. The effect of ethanol concentration in feed solution on fluxes
and rejection of orange GII of PA/PES-PVF composite mem-
brane.

Fig. 7. The change of water fluxes and orange GII rejection for PA/
PES and PA/PES-PVF composite membranes after immer-
sion into pure ethanol. Orange GII concentrations in feed
solutions was 0.1 g/L.
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posite membranes in ethanol was smaller than that in water.
6. OPC Concentration in Ethanol Solution

Proanthocyanins of fruits and vegetables are potent free radical
scavengers and believed to be of great benefit to health. OPC mainly
exist in grape seeds, which have been shown to protect against UV
light-induced carcinogenesis and prevent immune suppression [16-
18]. Cyanidin and delphinidin are the basic structure units of grape
seeds OPC, whose structure formula is shown in Fig. 9(a). Fig. 9(b)
presents the conventional production process of OPC extracted
from grape seeds. Macroporous resins are used to adsorb the crude
OPC extraction and then eluted with water to remove the aque-
ous impurity. After washing by water, ethanol solution is used as
medium to extract the adsorbed OPC from resins. The OPC extract
in ethanol solution is concentrated and then dried by spray dry-
ing to obtain final OPC powder. Concentration of OPC extract in
ethanol solution is traditionally achieved by evaporation, which
consumes considerable energy. Hence there has been a need for
an alternative technology that is more efficient both in terms of
yield and energy consumption, in order to produce OPC at a lower
cost.

NF concentration process is operated at ordinary temperatures,

no phase transition, and low energy consumption [29]. NF mem-
brane separation processes might have an improved efficiency and
reduced operating cost in comparison with the traditional evapo-
ration concentration processes. The prepared PA/PES-PVF com-
posite membranes were used to concentrate the OPC ethanol so-
lution with the operation pressure at 0.20MPa. The initial feed solu-
tion contained 1.0 g/L OPC in ethanol solution (6 : 4 water/etha-
nol volume ratio). In the concentration processes, the rejection of
OPC by PA/PES-PVF composite membranes was as high as 99.8%.
There was nearly no loss of OPC during NF concentration pro-
cess. Meanwhile, the permeated ethanol solution could be reused
as medium to extract OPC from macroporous resin; this step fur-
ther improved efficiency and saved energy.

Photographs of OPC initial feed solution, retained and perme-
ated solutions are shown in Fig. 10; the retained solution was deep
purple, while the permeated solution was colorless. The perme-
ated fluxes decreased from 14.5 to 10.4 L/m2h after operation time
of 120 min due to concentration polarization and membrane foul-
ing. The permeated flux remained at about 10.4L/m2h in the sequen-
tial concentration process. After finishing the concentration experi-
ment, the volume of retained solution was about 1/20 of the ini-
tial feed solution, and the OPC content reached to 19.9 g/L in the
final ethanol solution. The high OPC content ethanol solution by
NF concentration could be directly dried by spray drying to obtain
final OPC powder.

Fig. 10. (a) Photographs of OPC initial feed solution (1), retained
(2) and permeated (3) solutions. (b) The permeated fluxes
and OPC content in ethanol solution as functions of oper-
ation time during NF process. The initial OPC content was
1.0 g/L in feed ethanol solution.

Fig. 9. (a) Structural formula of OPC. (b) The OPC extraction pro-
cess from grape seeds by the traditional evaporation and nano-
filtration concentration, respectively.
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CONCLUSIONS

PA/PES-PVF composite membranes were fabricated through
interfacial polymerization of PIP and TMC on PES-PVF blend mem-
branes. Hydroxyl groups of PVF, enriched on support membrane
surfaces via surface segregation, could react with TMC and form
ester bonds to chemically link active layers onto support membranes
during interfacial polymerization. The prepared PA/PES-PVF com-
posite membranes exhibited good structural stability after immers-
ing in ethanol due to the strong interactions between the active lay-
ers and the PES-PVF blend membranes. PA/PES-PVF composite
membranes were capable of concentrating OPC to a high content
in ethanol solution with advantages of low energy consumption
and solvent recycle, which had a potential to partially replace con-
ventional evaporation process. Meanwhile, the composite NF mem-
branes with enhanced structural stability would expand NF appli-
cation in rugged environment.
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NOMENCLATURE

OPC : oligomeric proanthocyanidins
PES : polyethersulfone
PVF : polyvinyl formal
PAN : polyacrylonitrile
PIP : piperazine
TMC : trimesoyl chloride 
PA : polyamide
PEG : poly(ethylene glycol)
DMF : N, N-dimethylformamide
NF : nanofiltration
UF : ultrafiltration
RO : reverse osmosis
NIPS : non-solvent induced phase separation
J : flux [L/(m2h)]
V : volume of permeated solution [L]
A : membrane area [m2]
Δt : operation time [h]
R : rejection ratio [%]
Cp : solute concentration of permeate solution
Cf : solute concentration of feed solution
Cr : OPC content in retained solution 
C0 : OPC content in initial feed solution
Ct : OPC content in permeated solution at operation time of t

moment

V0 : volume of initial feed solution
Vt : volume of permeated solution at operation time of t moment
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1. Surface Enrichment of PVF
XPS (Fig. S1) analysis was performed to indicate the surface

enrichment of PVF in the membrane. The atomic ratio was calcu-
lated and listed in Table S1. By the calculation, the theoretical atomic
ratio of O/S in PES-PVF blend membrane was 4.08. The surface
elemental mole percentages of the PES-PVF blend membranes
were determined by XPS and the atomic ratio of O/S was 8.92. The
surface atomic ratio of O/S was higher than the corresponding the-
oretical values, which indicated that PVF was enriched on the mem-
brane surface.
2. The Miscibility of PES-PVF

The miscibility forecast of polymer blend systems can be per-
formed by the solubility parameter (δ), which was calculated by

group contribution theory. The corresponding equation for the sol-
ubility parameter is

(1)

(2)

(3)

(4)

The solubility parameter calculated by group contribution theory
for PES and PVF were 22.5 and 24.0 MPa1/2, respectively [1]. When
|δ1−δ2|<1.0 MPa1/2, the polymer blends are completely miscible.
When 1.0<|δ1−δ2|<3.5-4.1 MPa1/2, the blends are partly compatible
[2]. Since δPES=22.5 MPa1/2, δPVF=24.0 MPa1/2, 1.0<|δPES−δPVF|=1.5<
3.5 MPa1/2, PES and PVF were partly compatible in theory. Mean-
while, the casting solution of PES-PVF was kept glassy, never delam-
inated, which showed the blending system was macroscopical full
miscibility.

δ = δ d
2

 + δ p
2

 + δ h
2

δd = 
Fdi∑

V
-----------

δp = 
FPi

2
∑
V

---------------

δh = 

Ehi∑
V

------------

Fig. S1. XPS spectrum of PES-PVF membrane.

Table S1. Theoretical value and XPS data of PES-PVF membrane
C (%) O (%) S (%) Atomic ratio of O/S

Theoretical valuea 74.24 20.69 5.07 4.08
XPS data 75.20 22.30 2.50 8.92

aThe theoretical value was calculated based on the composition of
PES-PVF membrane casting solution

Fig. S2. TGA curves of PES membranes and PES-PVF blend mem-
branes.
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3. Thermal and Mechanical Properties of PES-PVF Membrane
The thermal properties of the prepared composite NF membranes

were evaluated by TGA instruments (NETZSCH-TG209 F3) under
nitrogen flow. The TGA curves of PES membranes and PES-PVF
membranes were shown in Fig. S2. The temperature at a 5% weight
loss of PES-PVF membranes was 340.0 oC, while that of PES mem-
branes was 305.0 oC. The results indicated the addition of PVF im-
proved thermal stability.

Mechanical stabilities of the membranes were measured by an
electronic stretching machine at a strain rate of 2 mm/min. The

typical stress-strain curves for PES membranes and PES-PVF mem-
branes were plotted in Fig. S3 and the mechanical property data
and membrane thickness were presented in the table. The results
exhibited PES-PVF membranes had a better mechanical strength.
4. Comparison of NF Performance

The comparisons in flux and rejection between the prepared
membranes and ever reported/existed membranes were provided
in Table S2. For the prepared PA/PES-PVF composite membrane,
the water flux could be as high as 34.9 L/(m2h), at operation press
of 0.2 MPa, the rejection ratio of Na2SO4 was 92.7%, orange GII
was 98.4%. Congo red was completely rejected by the composite
membranes. Through these comparisons, PA/PES-PVF composite
membrane had considerably high pure water flux and permeation.

NOMENCLATURE

δ : the total solubility parameter [MPa1/2]
δd : contribution of dispersion forces to the solubility parameter

[MPa1/2]
δp : contribution of polar forces to the solubility parameter [MPa1/2]
δh : contribution of hydrogen bonding to the solubility parame-

ter [MPa1/2]
Fd : dispersion component of the molar attraction function [(MJ/

m3)1/2 mol−1]
Fp : polar component of the molar attraction function [(MJ/m3)1/2

mol−1]
Eh : contribution of the hydrogen bonding forces to the cohe-

sive energy [J/mol]
Vm : molar volume [cm3/mol]
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Fig. S3. Stress-strain curves of PES membranes and PES-PVF blend
membranes.

Table S2. The comparison of NF performance

Water flux Rejection Operating
pressure References

34.9±1.5 L/(m2h)
Na2SO4 92.7%
Orange GII 98.4%
Congo Red 99.9%

0.2 MPa This work

22.8 L/(m2h) Na2SO4 93.5%
Mg2O4 81.0% 0.2 MPa 0[3]

10.0 L/(m2h) Na2SO4 53.0%
MgSO4 91.0% 0.6 MPa 0[4]

5.0 L/(m2h)
Na2SO4 54.9%
MgSO4 52.3%
MgCl2 20.0%

0.6 MPa 0[5]

43.1 L/(m2h) K2SO4 97% 0.6 MPa 0[6]
36 L/(m2h) Direct red 99% 0.4 MPa 0[7]
36.6 L/(m2h) MgCl2 95% 0.1 MPa 0[8]

128.5 L/(m2h)
Brilliant blue 100%
Congo red 99.7%
Methyl orange 22.7%

0.4 MPa 0[9]

68.2 L/(m2h) Na2SO4 58.2%
MgSO4 85.1% 0.6 MPa [10]
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