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ABSTRACT: A novel and facile layer-by-layer (LbL) self-
assembly process driven by hydrophobic interaction and then
reinforced by hydrogen bond was developed to prepare ultrathin
membranes. Gelatin (GE) and tannic acid (TA) were alternately
deposited on polyacrylonitrile (PAN) ultrafiltration membranes
to obtain GE/TA membranes. The required number of
deposition cycles for acceptable permselectivity of membrane
was greatly reduced compared with that of the traditional LbL
self-assembly process and could be ascribed to the rapid growth
of membrane thickness and the integrity of the innermost gelatin
layer. Higher surface hydrophilicity and more appropriate free volume characteristics were obtained for GE/TA multilayer
membranes compared with pristine gelatin membrane. Moreover, the GE/TA multilayer membrane exhibited improved stability
even at high water content of 30 wt %. The membrane separation experiments with pervaporation dehydration of ethanol
aqueous solution as a model system demonstrated the GE/TA multilayer membrane achieved higher water permselectivity than
the pristine gelatin membrane. High operation stability was acquired in the long-term membrane separation test.
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■ INTRODUCTION

As a facile method to prepare ultrathin films with tunable
thickness, composition, structure, and permeability, layer-by-
layer (LbL) self-assembly has received considerable research
attention and exhibited prospective applications in realms such
as membrane-based separation,1,2 drug delivery,3,4 biosensors,5

and microreactors.6,7 The most deeply studied driving force for
LbL self-assembly is the electrostatic interaction between
oppositely charged species (mainly polyelectrolytes).8,9 In
each assembly step, a polyelectrolyte layer is adsorbed on the
charged substrate and reverses the surface charge so that in the
next assembly step a polyelectrolyte layer with opposite charge
can be adsorbed.10 With the development of LbL self-assembly
technique, diverse functions and properties are often demanded
for multilayer films, which require a broader range of
components beyond charged species. As a result, constructing
multilayer films on the basis of non-electrostatic interactions
such as hydrophobic interaction,11 hydrogen bond,12,13 and
metal−ligand coordination6,9 has gained more and more
attention.8

Hydrophobic interaction refers to the interaction formed
between hydrophobic groups in an aqueous environment under
enthalpy effect and entropy effect, which makes the hydro-

phobic groups cluster to reduce their exposure to water
molecules. Several researches have been carried out to
investigate the functions of hydrophobic interaction in LbL
self-assembly.14−17 Based on the experimental data and
theoretical models, Kotov15 confirmed that hydrophobic
interaction was one of the decisive factors for forming
polyelectrolyte multilayers. Furthermore, hydrophobic inter-
action can promote the assembly of weak polyelectrolytes and
increase the growth rate of film thickness.16 Nevertheless,
hydrophobic interaction was often studied as a subsidiary of
electrostatic attraction in most researches, and the LbL self-
assembly with hydrophobic interaction as the main driving
force was scarcely reported.
Tannic acid (TA) is a kind of natural polyphenol, which can

bind with proteins through the bifunctions of hydrophobic
interaction and hydrogen bond in “hand-glove” reaction
mode.18 First, driven by hydrophobic interactions, tannic acid
enters into the hydrophobic pocket formed by the side chains
of hydrophobic amino acids on protein. Then, the phenolic
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hydroxyl groups on tannic acid bind with polar groups on
protein chains through hydrogen bonds.18,19 It has been
revealed that proline-rich protein is more favorable for
interacting with tannic acid due to their propensity to form
hydrophobic interactions.20,21 Gelatin (GE) is a natural protein
rich in proline and 4-hydroxyproline,22 which can form strong
and multiple interactions with tannic acid and even precipitate
when blending with tannic acid. As a polyampholyte, gelatin is
an attractive polymer due to its high hydrophilicity, excellent
film-forming ability, and wide applications in tissue engineer-
ing,23 drug delivery,24 and membrane-based separation.25

In this study, gelatin and tannic acid were utilized to fabricate
ultrathin multilayer membrane on polyacrylonitrile (PAN)
ultrafiltration membrane via LbL self-assembly driven by
hydrophobic interaction and then reinforced by hydrogen
bond. It was envisioned that the multiple interactions and the
numerous binding sites could render membranes high stability.
The hydrophilicity and structure of the multilayer membranes
were extensively characterized. A series of separation experi-
ments were carried out using pervaporation dehydration of
ethanol aqueous solution as a model system to investigate the
effect of bilayer number and water content in feed solution on
the separation performance of multilayer membranes. The
operation stability of multilayer membrane was also testified in
a long-term membrane separation experiment.

■ MATERIALS AND METHODS
Materials. Gelatin from porcine skin (Type A, Bloom 300) was

supplied by Sigma-Aldrich (U.S.A.). The flat-sheet polyacrylonitrile
(PAN) ultrafiltration membrane with a molecular weight cut-off of
100 000 was received from Shanghai MegaVision Membrane
Engineering & Technology Co. Ltd. (Shanghai, China). Hydrochloric
acid (36−38 wt %) was purchased from Tianjin Kewei Ltd. (Tianjin,
China). Ethanol (≥99.7 wt %) and tannic acid (MW 1701.2 Da) were
received from Tianjin Guangfu Fine Chemical Research Institute
(Tianjin, China). All the reagents were of analytical grade and used
without further purification. Deionized water was used throughout the
experiments.
Preparation of GE/TA Multilayer Membranes. The multilayer

membranes were prepared via LbL self-assembly. First, the PAN
ultrafiltration membranes (10 cm × 10 cm) were soaked in deionized
water for 2 days to remove glycerin from the surfaces and then fully
dried. Meanwhile, gelatin and tannic acid were dissolved in water with
concentration of 2.5 mg/mL and then acidified to pH 4.0 utilizing 1 M
HCl solution.
In order to avoid the deposition of gelatin and tannic acid on the

polyester back side of PAN membrane, a single-side coated approach
was employed in the LbL self-assembly process.26,27 The schematic
diagram of the device utilized for membrane fabrication was shown in
Figure 1. The PAN membrane was placed between the two parts of
the device, and meanwhile, the two parts were fixed with a clamp to
achieve a good sealing. The following steps were performed to deposit
gelatin and tannic acid alternately (Figure 2). (a) Gelatin solution was
poured into the device and kept still for 5 min. After that, the
membrane was dried at room temperature without rinse. (b) Tannic

acid solution was poured into the device and kept still for 5 min. (c)
The membrane was rinsed with HCl solution (pH = 4.0) three times.
(d) Gelatin solution was poured into the device and kept still for 5
min. (e) The membrane was rinsed with HCl solution (pH = 4.0)
three times. Steps (b−e) were repeated up to the pre-determined
times. Subsequently, the membrane was taken out and dried at room
temperature. It should be pointed out that it was merely the first cycle
of GE deposition conducted without rinsing process, while all the
subsequent deposition steps of TA and GE were followed by rinsing
processes. All the membranes possessed a gelatin innermost layer,
because tannic acid will infiltrate into the nanopores of PAN
membrane when being employed as the innermost layer due to its
small molecular size. In addition, gelatin was chosen as the outermost
layer for all the membrane considering the considerable loss of tannic
acid on the membrane surface. The resultant membranes were
designated as (GE/TA)X, where X represented the bilayer number of
GE/TA, varying from 0.5 to 5.5. Thereinto, (GE/TA)0.5 referred to
the membrane just with one gelatin layer. For comparison, gelatin
control membrane possessing the similar thickness with (GE/TA)5.5
membrane was prepared via dip-coating method using the device in
Figure 1 (named as GE).

Membrane Characterizations. The morphology of membrane
surface was observed by field emission scanning electron microscope
(FESEM) (Nanosem 430) and atomic force microscope (AFM)
(CSPM 5000), respectively. The cross-section image of membrane was
also obtained by FESEM to measure the thickness of the active layer.
At least 10 measurements were taken and averaged for each
membrane. The surface hydrophilicity of membrane was evaluated
by measuring the static water contact angle at room temperature by a
contact angle goniometer (JC2000C Contact Angle Meter). Each
membrane should be measured at least six times at different locations
of the surface and average data was taken as the final result. Fourier
transform infrared (FT-IR) spectra of the membranes in the range
4000−500 cm−1 were recorded on a BRUKER Vertex 70 FT-IR
spectrometer equipped with a horizontal attenuated total reflectance
accessory. Measurements of positron annihilation spectroscopy (PAS)
using one high-purity Ge detector were taken in a 22Na slow positron
beamline at room temperature to probe the free volume characteristic
of membranes. The positrons implanted into the membrane will
annihilate upon encountering electrons in membrane, and release γ
photons centered at 511 keV during this process. The distribution of γ
photon counts at different photon energies represents the information
of cavities in the locations where positrons annihilate. The energy of

Figure 1. Schematic diagram of the device utilized for membrane fabrication.

Figure 2. Schematic representation of the fabrication process of
multilayer membranes.
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the implanted positrons could be continuously varied in the range of
0.18−20 keV, which corresponds to different positron implantation
depths. Therefore, the free volume properties at various depths of the
membrane can be acquired by implanting positrons with different
energies into membranes and detecting the released γ photons.
Membrane Separation Experiments. GE is a hydrophilic

polymer and has been utilized in many water-related membrane
processes such as pervaporation dehydration, gas dehumidification,
and ultrafiltration for water treatment. Pervaporation is an important
membrane process for the separation of liquid mixture with the
advantages of high efficiency, environment-benign, energy-saving, and
easy operation. In this study, the pervaporation dehydration of ethanol
aqueous solution was chosen as the model system to evaluate the
separation performance of GE/TA multilayer membranes.
Pervaporation experiments were conducted on the same equipment

as reported previously.25 The effective membrane area in contact with
feed was 25.6 cm2, and the permeate side of the membrane was kept at
low pressure (below 0.3 kPa) using a vacuum pump, while the flow
rate of feed was controlled at 60 L/h. After the steady state was
reached (about 1 h after start-up), the permeate was collected in the
cold trap immersed in liquid nitrogen and taken out at fixed intervals.
The weight of the permeate solution was measured withananalytical
balance. The compositions of feed and permeate solutions were
analyzed by gas chromatography (Agilent4890, U.S.A.) equipped with
a thermal conductivity detector (TCD) and a column packed with
GDX103 (Tianjin Chemical Reagent Co., China). The separation
performance of membrane was evaluated by permeation flux (J, g/(m2

h)), separation factor (α), and pervaporation separation index (PSI)
calculated via the following equations:
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W) or ethanol (with the subscript E) in the permeate and feed
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In addition, the permeance of individual components ((P/l)i, GPU)
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where Ji is the permeation flux of component i (g/(m2 h)), l is the
thickness of membrane (m), pi0 and pil are the partial pressures of
component i in the feed side and permeate side (Pa), and pil can be
calculated approximately as 0 for the high vacuum degree in the
permeate side. γi0 and xi0 are the activity coefficient and mole fraction
of component i in the feed liquid, respectively. pi0

sat is the saturated
vapor pressure of pure component i at operation temperature (Pa).
The permeation flux of water and ethanol should be transformed into
the volumes under standard temperature and pressure (STP): 1 kg of
water vapor at STP = 1.245 m3 (STP), 1 kg of ethanol vapor at STP =
0.487 m3 (STP).29

■ RESULTS AND DISCUSSION
Formation of the Multiple Interactions between

Gelatin and Tannic acid. The interactions between protein
and polyphenol have been investigated via experiment and
molecular modeling approaches in previous studies.30,31 On this
basis, we proposed the possible model of interactions between
gelatin (protein) and tannic acid (polyphenol) during the LbL
self-assembly process (as shown in Figure 3). Gelatin is
comprised of 18 kinds of amino acids such as proline, 4-
hydroxyproline, alanine, arginine, phenylalanine, and glycine.

Figure 3. Schematic presentation of the hydrophobic pocket of gelatin (a) with and (b) without tannic acid.
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The hydrophobic amino acid side chains on gelatin such as
aromatic ring, pyrrolidine ring, and aliphatic chain are prone to
concentrating to form a hydrophobic pocket (Figure 3a).32

Even though the exterior of the hydrophobic pocket comprises
of abundant hydrophilic amino acid side chains such as amino
group and carboxyl group, there are still some hydrophobic
groups on it. In the presence of tannic acid, the aromatic rings
of galloyl units on tannic acid attract the hydrophobic groups
on gelatin, and then, hydrophobic interactions were formed,
thus generating the complex structure of GE and TA.
Subsequently, abundant hydrogen bonds are formed between
phenolic hydroxyl groups on tannic acid and carbonyl groups
on gelatin molecular chains with phenolic hydroxyl groups
acting as H donors and carbonyl groups acting as H
acceptors,33 hence stabilizing the complex structure of GE
and TA (Figure 3b).18,19,34 In that case, more hydrophobic
groups are attracted into the hydrophobic pocket due to the
attraction of tannic acid. Consequently, the amount of the
hydrophobic groups on the exterior of hydrophobic pocket
decreases significantly.
Surface Morphology of GE/TA Multilayer Membranes.

The surface morphology of PAN membrane and (GE/TA)0.5

membrane was characterized by FESEM. There were abundant
nanopores distributing homogeneously on PAN membrane
surface (Figure 4a). After the deposition of the first gelatin
layer, no apparent nanopores were observed on the membrane
surface (Figure 4b), confirming the complete coverage for the
nanopores. Meanwhile, the surface morphology of GE/TA
multilayer membranes with different bilayer numbers was
characterized by AFM. The corresponding membrane surface
roughness Sq was measured via a program in the AFM image
processing toolbox and listed in Table 1. It should be pointed
out that the Sq value of the PAN membrane was unavailable due
to the nanopores on the membrane surface, which made the
membrane surface roughness beyond the detection limit of
AFM. After the deposition of first layer, the (GE/TA)0.5
membrane possessed a smooth surface (as shown in Figure
5a) with a surface roughness of 2.3 nm, further confirming the
complete coverage for PAN membrane. The reason was that
the first gelatin layer had not been rinsed with HCl solution,
and thus, the amount of gelatin deposited on PAN membrane
was much larger than that in the traditional LbL assembly
process, forming an integral gelatin layer. In comparison, the
nanopores on the substrate need a large number of bilayers to

Figure 4. SEM images of the surface morphologies of (a) PAN membrane and (b) (GE/TA)0.5 membrane.

Table 1. Surface Roughness of GE/TA Multilayer Membranes with Different Bilayer Numbers

membrane (GE/TA)0.5 (GE/TA)1 (GE/TA)1.5 (GE/TA)3 (GE/TA)3.5 (GE/TA)5 (GE/TA)5.5

Sq (nm) 2.3 3.5 2.2 4.1 2.1 6.1 2.4

Figure 5. AFM surface topographic images of membranes: (a) (GE/TA)0.5 membrane, (b) (GE/TA)3 membrane.
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be fully covered and form a defect-free layer in the traditional
LbL assembly process.35

It could be observed from Table 1 that all the membranes
possessing a tannic acid outermost layer exhibited higher
surface roughness than membranes with a gelatin outermost
layer. Figure 5b showed that there were abundant small
gibbosities distributing homogeneously on the tannic acid
outermost layer, which was caused by the self-association of
tannic acid molecules through the π−π interaction between
aromatic rings.20

Thickness of GE/TA Multilayer Membranes. The cross-
section images of GE/TA multilayer membranes and GE
membrane were characterized by FESEM to observe the
membrane morphology and measure the thickness of the active
layer. It was shown in Figure 6a−e that there was no apparent
boundary between the active layer and the support layer, which
could be ascribed to the infiltration of coating solution into the
nanopores of support layer. Figure 6f showed that the

membrane thickness exhibited a rapid growth12,13 and
increased from 43 nm to 171 nm with the bilayer number
increasing from 0.5 to 5.5. A similar result was also obtained in
the LbL self-assembly of epigallocatechin gallate (EGCG) with
gelatin (Type A).36 A common explanation for the rapid
growth of membrane thickness is the “in-and-out” diffusion
model. Some molecules involved in the assembly process may
not only be absorbed on the film surface but also diffuse into
the interior of the film, which can diffuse out of the film in the
subsequent deposition step, and then adsorb more molecules
on the film surface.10,37,38 The rapid growth of membrane
thickness indicated the multi-molecular layer deposition of
gelatin and tannic acid in each cycle. In the traditional LbL self-
assembly process, at least 50−60 deposition cycles are required
to achieve satisfactory permselectivity of membrane, which
makes the LbL self-assembly process time-consuming.35 In
order to simplify the LbL procedure, pressure enhanced
(dynamic deposition)39 and electric field enhanced40 strategies

Figure 6. SEM images of the cross-section morphologies of (a) (GE/TA)0.5 membrane, (b) (GE/TA)1.5 membrane, (c) (GE/TA)3.5 membrane, (d)
(GE/TA)5.5 membrane, (e) GE membrane, and (f) variation of thickness with the bilayer number of GE/TA multilayer membranes.
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have been employed to increase the thickness and compactness
of deposited layers, and then reduce the deposition cycles to
less than 10. In this study, the integral innermost gelatin layer
and the rapid growth of membrane thickness greatly reduced
the required deposition cycles without introducing the external
forces, thus greatly simplifying the membrane fabrication
procedure. It should be noted that the membrane thickness
was lower than most of the current membranes for separation,
which was favorable for obtaining low mass transfer resistance
and high permeation flux. Additionally, the thickness of GE
membrane was 163 nm, close to that of (GE/TA)5.5 membrane.
Therefore, the performance difference between these two
membranes can be entirely attributed to their inherent physical
and chemical properties.
Hydrophilicity of GE/TA Multilayer Membranes. The

hydrophilicity of the membrane surfaces with different bilayer
numbers was evaluated by measuring the static contact angle
with water as probe liquid. It was shown in Figure 7 that the

first gelatin layer ((GE/TA)0.5 membrane) exhibited a contact
angle of 73°, while the other gelatin layers possessed contact
angles in the range of 56−60°, demonstrating the increased
hydrophilicity of gelatin after self-assembly with tannic acid.
The similar variation tendency of hydrophilicity was also
reported in literatures with different proteins.41 The reason was
that the hydrophobic groups of tannic acid (such as aromatic
ring) interacted with the hydrophobic groups of gelatin (such
as the side chains of alanine, valine, leucine, and proline) by
forming hydrophobic interactions, leading to the decrease of
hydrophobic groups exposed on membrane surface and the
consequent increase of hydrophilicity.41,42 The GE membrane
possessed the same contact angle with (GE/TA)0.5 membrane
for the identical composition of the two membranes. In
addition, tannic acid layers displayed notably higher hydro-
philicity (with contact angles around 40 o) than gelatin layers
due to the abundant hydroxyl groups on tannic acid molecules
and the higher surface roughness of tannic acid layers compared
with gelatin layers. The alternate variation of contact angles
confirmed the LbL self-assembly process of gelatin and tannic
acid.
Chemical and Physical Structure of GE/TA Multilayer

Membranes. The FT-IR spectra of (GE/TA)5.5 and GE
membranes are depicted in Figure 8. The characteristic peak
around 3300 cm−1 in the spectrum of GE membrane could be

ascribed to the stretching vibration of −OH and −NH2. After
assembling gelatin with tannic acid, the peak was strengthened
and broadened due to the abundant phenolic hydroxyl groups
on tannic acid. The characteristic peak at 1729 cm−1 in the
spectrum of (GE/TA)5.5 membrane corresponded to the
stretching vibration of CO in ester group within a
conjugation system (the conjugation system between aromatic
ring and ester carbonyl group on tannic acid molecule),
confirming the successful introduction of tannic acid.
Compared the spectrum of (GE/TA)5.5 membrane with that
of GE membrane, it appeared that the absorption peak of the
carbonyl in amide bond shifted from 1630 cm−1 to 1650 cm−1,
verifying the existence of hydrogen bonds between gelatin and
tannic acid.43

To characterize the microstructure of (GE/TA)5.5 and GE
membranes, as well as establish the correlation between
membrane microstructure and separation performance, the
positron annihilation Doppler broadening energy spectra were
obtained and described with S parameter as a function of
positron energy. The S parameter is defined as the ratio of the
photon annihilation count within the range of 510.24−511.76
keV to that within the range of 504.2−517.8 keV. A decrease in
the S parameter suggests that the size or concentration of the
positron trapping cavities decreases, indicating the decreased
fractional free volume and increased membrane compactness.
The mean implantation depth of positrons with different
energy can be calculated utilizing the following empirical
equation,44

ρ
=

⎛
⎝⎜

⎞
⎠⎟R E

40
e

1.6

(6)

where Re represents the mean implantation depth (nm), ρ is
the target density (g/cm3), and E is the positron energy (keV).
According to the density of gelatin and the active layer
thickness of membranes, the position of interface between
active layer and support layer could be ascertained at the
positron energy of 3 keV. The S−E curves in Figure 9 revealed
that the active layer of (GE/TA)5.5 membrane possessed more
compact structure compared with that of GE membrane. The
result could be ascribed to the abundant hydrophobic
interaction sites and hydrogen bonds between gelatin and
tannic acid, which achieved the cross-linking for gelatin
molecules, hindered the mobility of gelatin chains,22 and then
decreased the fractional free volume of gelatin membrane.
Additionally, the (GE/TA)5.5 membrane exhibited an increased

Figure 7. Water contact angles on the surfaces of GE/TA multilayer
membranes with different bilayer numbers.

Figure 8. FT-IR spectra of (GE/TA)5.5 and GE membranes.
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compactness in the direction from interface to surface. By
contrast, the compactness of GE membrane was almost
homogeneous in the bulk but with slight increase near the
surface.
Pervaporation Performance of GE/TA Multilayer

Membranes. The pervaporation performance of GE/TA
multilayer membranes and GE membrane was evaluated with
90 wt % ethanol aqueous solution at 350 K and listed in Table
2. It was shown that the (GE/TA)0.5 membrane possessed a
separation factor of 103 due to the complete coverage for the
nanopores on PAN membrane. Because of the integrity of first
gelatin layer, together with the rapid growth of membrane
thickness, fewer cycles of deposition were adequate to achieve
high permselectivity toward water. It was revealed that the
separation factor and PSI value increased significantly, while the
permeation flux decreased with the bilayer number of GE/TA
multilayer membranes varying from 0.5 to 5.5. With the
increase of bilayer number, decreased fractional free volume
and increased thickness of membrane were obtained, both of
which increased the diffusion resistance of permeates, thus
leading to the decrease of permeation flux. It could be found in
Table 2 that the ethanol flux exhibited a more obvious decrease
with the bilayer number increasing than that of water flux due
to the larger size of ethanol molecule and the resultant greater
influence on its diffusion. As a result, the separation factor
displayed remarkable enhancement. It was displayed that the
(GE/TA)0.5 and GE membranes had similar separation factor
because both the active layers of the two membranes were pure
gelatin. The GE membrane possessed lower permeation flux
than (GE/TA)0.5 membrane due to its higher thickness. Except
for (GE/TA)0.5 membrane, the other GE/TA multilayer
membranes exhibited significantly elevated separation factor
compared with GE membrane. The mass transport of

molecules through membrane in pervaporation process is
based on solution−diffusion theory, and highly-selective
separation can be achieved using the differences of permeating
molecules in solution property and diffusion property.
Compared (GE/TA) membranes with GE membrane, the
increased surface hydrophilicity of GE layer favored the
preferential solution of water molecules from the water/ethanol
mixture. Meanwhile, the free volume characteristic of
membrane was tuned to form higher diffusion resistance for
the larger ethanol molecuels, which increased the diffusion
selectivity of water to ethanol. In conclusion, the permselec-
tivity of water was enhanced from both solution and diffusion
aspects. The pervaporation performance of (GE/TA)5.5 and GE
membranes were compared because they had the similar
thickness (as shown in Figure 6). It was demonstrated that the
(GE/TA)5.5 membrane had a 6.1-fold higher separation factor,
an only 10% decrease in permeation flux, and the consequent
5.4-fold high PSI value compared with GE membrane.
Figure 10 shows the effect of water content in feed solution

(in the range 5−30 wt %) on the pervaporation performance of
(GE/TA)5.5 and GE membranes at 350 K. It could be observed
from Figure 10a that both the permeation flux and water
content in permeate of (GE/TA)5.5 membrane continued to
increase with the water content in feed solution increasing. The
high pervaporation performance with the permeation flux of
2696 g/(m2 h) and the water content in permeate of 99.4 wt %
could be obtained when the water content in feed solution was
as high as 30 wt %. The water flux increased significantly, and
meanwhile, the ethanol flux decreased slightly with the increase
of water content in feed solution. For the GE membrane, a
continuously increased water content in permeate was acquired,
while the permeation flux increased at first and then decreased
at higher water content in feed solution. It was shown in Figure
10b that the ethanol flux and water flux of GE membrane
peaked at the points of 15 wt % and 20 wt %, respectively. It is
well known that the increased water content in feed solution
could elevate the partial pressure of water on the upstream side
of membrane, thus leading to the enhancement of driving force
for water and the reduction of driving force for ethanol.
Meanwhile, the presence of water molecules in membrane
would have significant impacts on the membrane structure. In
order to analyze the effects of water content in feed solution on
pervaporation performance, the permeance and selectivity were
calculated and shown in Figure 10, c and d, respectively. It
could be observed that the water permeance increased, while
the ethanol permeance almost kept constant for (GE/TA)5.5
membrane with the water content in feed solution varying from
5 wt % to 30 wt %. The result suggested that the plasticization
effect of water molecules swelled the membrane and imparted
the membrane with lower water diffusion resistance at higher
water content, leading to the significant enhancement of water
permeance. Nevertheless, the swelled membrane structure did
not promote the diffusion of ethanol. By contrast, both the

Figure 9. S parameter as a function of the positron energy for (GE/
TA)5.5 and GE membranes.

Table 2. Pervaporation Performance of GE/TA Multilayer Membranes and GE Membrane

membrane permeation flux (g/(m2 h)) separation factor water content in permeate (wt %) water flux (g/(m2 h)) ethanol flux (g/(m2 h)) PSI (105)

(GE/TA)0.5 1756 103 92.0 1615 141 1.81
(GE/TA)1.5 1646 296 97.1 1597 49 4.86
(GE/TA)3.5 1519 491 98.2 1492 27 7.44
(GE/TA)5.5 1336 658 98.7 1318 18 8.78
GE 1490 92 91.1 1357 133 1.36
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water permeance and ethanol permeance of GE membrane
increased at first with the increase of the water content in feed
solution, hinting a higher degree of swelling than (GE/TA)5.5
membrane, which led to a looser structure favoring the
diffusion of water and ethanol. In addition, the ethanol
permeance and water permeance of GE membrane began to
decline when the water content in feed solution was higher
than 15 wt % and 20 wt %, respectively. The possible
explanation was that the relaxation of polymer chains played a
more important role than the plasticization effect of water in
the structure of GE membrane at higher water content in feed
solution. It was revealed that higher water content in membrane
can facilitate the relaxation process, which can make the
membrane structure denser by the configurational rearrange-
ment of polymeric chains.45 The above results suggested that
the (GE/TA)5.5 membrane possessed higher stability than the
GE membrane when exposed to feed solutions with higher
water content.
In order to investigate the operation stability of the as-

prepared multilayer membrane, long-term pervaporation
experiment was conducted. Figure 11 showed the pervapora-
tion performance of the (GE/TA)5.5 membrane up to 120 h for
90 wt % ethanol aqueous solution at 350 K. During the entire
test, the permeation flux decreased slightly at first and then
remained almost constant, meanwhile the separation factor
fluctuated within a narrow range. The exhibited desirable
operation stability confirmed the structural stability of the GE/
TA multilayer membrane, and its potential application prospect
in pervaporation dehydration process.

■ CONCLUSIONS
A novel and facile approach to fabricating ultrathin membranes
was developed via LbL self-assembly process. Gelatin and
tannic acid were alternately deposited on PAN ultrafiltration
membranes driven by hydrophobic interactions between the
aromatic rings on tannic acid and the hydrophobic side chains
on gelatin, and then reinforced by numerous hydrogen bonds
between phenolic hydroxyl groups on tannic acid and carbonyl
groups on gelatin. During the LbL self-assembly process, the
rapid growth of membrane thickness and the integral innermost
layer were obtained, which contributed to decreasing the
required deposition cycles for satisfactory permselectivity of

Figure 10. Effect of water content in feed solution on the pervaporation performance of (GE/TA)5.5 and GE membranes: (a) permeation flux and
water content in permeate; (b) water flux and ethanol flux; (c) water permeance and ethanol permeance; (d) selectivity.

Figure 11. Long-term pervaporation performance of the (GE/TA)5.5
membrane.
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membrane, thus simplifying the membrane-fabrication proce-
dure. Hydrophobic interaction played the following three roles:
(1) enabling LbL self-assembly process; (2) decreasing the
hydrophobic groups on membrane surface, and then increasing
the hydrophilicity of gelatin membrane; (3) providing sufficient
interactions between adjacent layers together with hydrogen
bond, then tuning the free volume characteristics and increasing
the stability of gelatin membrane. Consequently, the GE/TA
multilayer membranes exhibited improved separation perform-
ance compared with pristine gelatin membrane. Enhanced
operation stability for GE/TA multilayer membranes was also
demonstrated with a long-term membrane separation experi-
ment. Considering the wide applicability of protein in
biomedical, membrane-based separation and so forth, this
type of LbL self-assembly provides a facile and eco-friendly
approach to fabricating protein-contained films with high
stability, tunable structure and properties.

■ AUTHOR INFORMATION
Corresponding Author
*Fax: +86 22 2350 0086. Tel: +86 22 2350 0086. E-mail:
zhyjiang@tju.edu.cn.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors gratefully acknowledge the financial support from
the National Science Fund for Distinguished Young Scholars
(21125627), the National Natural Science Fundation of China
(No. 21306131), Specialized Research Fund for the Doctoral
Program of Higher Education (20120032120009), Seed
Foundation of Tianjin University, and the Program of
Introducing Talents of Discipline to Universities (No. B06006).

■ REFERENCES
(1) Yin, M. J.; Qian, J. W.; An, Q. F.; Zhao, Q.; Gui, Z. L.; Li, J. J.
Membr. Sci. 2010, 358, 43−50.
(2) Li, J.; Zhang, G. J.; Ji, S. L.; Wang, N. X.; An, W. J. Membr. Sci.
2012, 415-416, 745−757.
(3) Chen, D. D.; Chen, J.; Wu, M. D.; Tian, H. Y.; Chen, X. S.; Sun,
J. Q. Langmuir 2013, 29, 8328−8334.
(4) Wu, Z. G.; Wu, Y. J.; He, W. P.; Lin, X. K.; Sun, J. M.; He, Q.
Angew. Chem., Int. Ed. 2013, 52, 7000−7003.
(5) Yu, C. M.; Wang, Y. D.; Wang, L.; Zhu, Z. K.; Bao, N.; Gu, H. Y.
Colloids Surf., B 2013, 103, 231−237.
(6) Wang, X. L.; Jiang, Z. Y.; Shi, J. F.; Liang, Y. P.; Zhang, C. H.;
Wu, H. ACS Appl. Mater. Interfaces 2012, 4, 3476−3483.
(7) Sakr, O. S.; Borchard, G. Biomacromolecules 2013, 14, 2117−
2135.
(8) Quinn, J. F.; Johnston, A. P. R.; Such, G. K.; Zelikin, A. N.;
Caruso, F. Chem. Soc. Rev. 2007, 36, 707−718.
(9) Zhang, G. J.; Ruan, Z. G.; Ji, S. L.; Liu, Z. Z. Langmuir 2010, 26,
4782−4789.
(10) Li, Y.; Wang, X.; Sun, J. Q. Chem. Soc. Rev. 2012, 41, 5998−
6009.
(11) Zhou, J.; Wang, B.; Tong, W. J.; Maltseva, E.; Zhang, G.;
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