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a b s t r a c t

Polyimide (PI) has been uniformly deposited and chemically crosslinked to form a hydrophilic and
robust coating layer wrapping the skeleton of the macroporous polyethersulfone (PES) substrate
membranes. PI is coated along all the exposed surfaces including the free surfaces and also the pore
walls of the PES membranes by atomic layer deposition. The PI-deposited PES membranes are immersed
in the excessive methanolic solution of ethylenediamine to initiate the crosslinking of PI chains. The
crosslinked PES membranes exhibit synergistically enhanced performances in multiple aspects. They
obtain enhanced hydrophilicity due to the formation of polar amide bonds. Control experiments on
smooth PI films deposited on nonporous substrates reveal that crosslinking progressively increases the
thickness of the PI films. Consequently, we are able to well control and tune the pore sizes by changing
the crosslinking durations. The selectivity is enhanced by larger amplitude than the reduction of
permeability as a result of reduced pore size and enhanced hydrophilicity after crosslinking. In addition,
crosslinking also efficiently improves the thermal and mechanical stability and corrosion resistance of
the PES membranes.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

With excellent thermal resistance, chemical stability and mechan-
ical strength, polyimide (PI) has emerged as a promising membrane
material in the application of membrane separation. A number of
synthetic methods including phase inversion, interfacial polymeriza-
tion and vapor deposition polymerization have been used to produce
PI membranes in the form of hollow fibers or flat sheets and they
exhibit good permeability and selectivity to molecules of gases and
organic solvents [1,2]. There are strong intra- and intermolecular
interactions, for example, hydrogen bonds, among PI segments.
Consequently, membranes derived from PI materials generally pos-
sess small pore sizes or even dense nonporous structures and thus
find applications typically in the fields such as gas separation,
pervaporation and nanofiltration [3–7]. Moreover, high temperature
up to 300–400 1C is frequently required for an imidization process to
enhance the thermal stability and solvent resistance of PI membranes
[3]. In addition, blending or compositing PI with other polymers is
also a popular approach to modify the performances of PI mem-
branes; however, these methods typically need complex procedures
and the composite membranes obtained from vapor polymerization

usually display a compact and dense bilayer structure rather than a
conformal layer on the surface of the substrate membrane [8–12].
Furthermore, massive consumption of PI or its precursors as well as
other organic solvents will be involved, which are considerably
expensive and not environmentally benign. Considering higher cost
of PI than many other membrane materials, like polyvinyldifluoride
and polysulfone, which reduces its popularity in large-scale applica-
tions, [5–8,13] it is of great significance to fabricate composite
membranes combining low quantity of PI precursors with cost-
efficient macroporous substrate membranes of high compatibility. In
this case, the pore sizes of the PI composite membranes can be
flexibly tuned in a broad range and ultimately to extend their
practical applications [3,14–16].

In our previous work, the route of depositing PI on PES
membranes utilizing atomic layer deposition (ALD) has been
reported [17]. The surface mean pore size of PES membranes has
successfully been decreased from 136 nm to 80 nm; consequently
the retention rate to monodispersed silica spheres with a diameter
of 23 nm increased by 60% whereas pure water flux reduces by
approximately 50%. In addition, the thermal stability and mechan-
ical strength both enhanced after the PI deposition, preliminarily
demonstrating the potential of tuning the performances of macro-
porous membranes by PI deposition [17]. However, longer reaction
time and larger amount of PI monomers are mandatory to further
decrease the pore size. Moreover, due to the hydrophobic nature of
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polyimide, the surface hydrophobicity of the membranes after ALD
deposition would be jeopardized as well.

In this study, to further tune the pore sizes and to improve the
surface hydrophilicity of the PI-deposited PES membranes, a simple
and effective treatment has been applied which only involves the
immersion of the membranes in the methanolic solution of ethyle-
nediamine to trigger the crosslinking of the deposited PI layer.
Moreover, the stability and the retention rate of the polyimide-
deposited PES composite membranes are expected to be progres-
sively enhanced after such a simple treatment of crosslinking.
Considering that ALD of PI is independent of the chemical nature
of the substrates, we expect that ALD of PI is suitable for the
functionalization and modification of many other materials given
that they are tolerant to the deposition temperature.

2. Experimental

2.1. Materials

Round chips of PES membranes (Φ¼25mm) with a nominal pore
size of 100 nm according to the manufacturer were purchased from
PALL and used as the substrate membranes. Pyromellitic dianhydride
(PMDA, 99.5%, J&K Scientific) was used as one of the precursors for
polyimide ALD process. Ethylenediamine (EDA, Z99.5%, Sigma-
Aldrich) was applied as both precursor and crosslinking agent in this
work. Methanol (99.5%), N, N-dimethylacetamide (DMAc, 98%) and Si
wafers were purchased from local suppliers. Monodispersed colloidal
silica nanospheres with a diameter of 12 nm were purchased from
Sigma-Aldrich with an initial concentration of 30%. The concentrated
silica solutions were diluted with deionized water for 2500 times in
the retention test. Bovine serum albumin (BSA) phosphate solution
with the purity higher than 98% was purchased from Sigma-Aldrich.

2.2. ALD of PI on PES membranes and crosslinking of PI by
ethylenediamine

Substrate PES membranes were first placed in the chamber of a
home-made ALD reactor. The chamber was heated to 160 1C and
pumped to �2 Torr. PMDA and EDA vapors were alternatively
pulsed into the reactor for the duration of 2.5 and 0.05 s with the
exposure time of 10 and 5 s, respectively to ensure the sufficient
adsorption and reaction between the precursors and the sub-
strates. Nitrogen with a flow rate of 50 sccmwas used to purge the
by-product and unabsorbed/unreacted precursors out of the
reactor. The purge time for PMDA and EDA was 40 and 15 s,
respectively. One ALD cycle can be described as PMDA pulse/
exposure/N2 purge/EDA pulse/exposure/N2 purge. After 1500 ALD
cycles, the PI-deposited membranes were immersed into 15 mL of
methanolic solution with 2 wt% EDA for crosslinking at the
temperature of 30 1C for 1 h, 6 h, 8 h, 11 h and 15 h, respectively.
The crosslinked membranes were immersed in water for 12 h to
remove the residual solvent and dried at 60 1C in air overnight. We
deposited PI on the smooth surface of Si wafers with the same ALD
process and then crosslinking for comparison with that deposited
on PES membranes.

2.3. Characterizations

The surface morphologies of membrane samples were examined
under a Hitachi S4800 field emission scanning electron microscope
(FESEM) operated at 5 kV. A thin layer of Pt/Pd alloy sputtering was
coated on the samples to avoid surface charging during SEM
observations. The distribution of the nitrogen element on the cross
section of different membrane samples was obtained from an energy
dispersive X-ray (EDX, Oxford INCA 350) microanalysis system

attached to the SEM. Surface pore size distribution and mean pore
size were determined by the software of Nano Measurer based on
SEM images and at least 60 pores on the surface were measured to
calculate the average diameter. A spectroscopic ellipsometer (Com-
plete EASEM-2000U, J. A. Woollam) with the wavelength range of
246.1–999.8 nm in an incidence angle of 651 was used to measure
the thickness of the PI films deposited on silicon wafer before and
after crosslinking. The thickness of initial SiO2 layer on Si wafer has
been subtracted. The average thickness of initial SiO2 layer has been
determined by spectroscopic ellipsometer as 2.5 nm. More than 10
spots on the surface of Si wafer were selected and the thickness was
correspondingly measured. The Fourier Transformation Infrared
(FTIR) spectra were obtained from a Nicolet 8700 FTIR spectrometer
in the mode of attenuated total reflection (ATR). Thermo gravimetric
analyses (TGA) and differential scanning calorimetry (DSC) were both
performed on a TA TG449F thermal analyzer in nitrogen atmosphere
with a heating rate of 10 1C/min. TGA measurement was carried out
at the temperature from 30 1C to 800 1C and DSC from 30 1C to
400 1C. A contact angle goniometer (Dropmeter A-100, Maist) was
applied to obtain the dynamic water contact angle. For each sample,
at least 3 sites were tested and the average water contact angle was
acquired. The corrosion resistance was compared on the basis of
residual mass of the membranes after immersing into the DMAc
solvent for 24 h. The residual mass was tested for 3 times and the
average value was reported. To test the mechanical stability of the
deposited and crosslinked membranes, we treated them with ultra-
sonication oscillation at the power of 120W for 30 min and then
checked the presence of cracks on their surfaces by SEM. The fouling
resistance of the original PES membranes and the crosslinked
membranes was compared by the extent of their static adsorption
of proteins. The membrane samples were placed separately into
10 mL of 0.5 g/L bovine serum albumin (BSA) phosphate solution
without agitation for 12 h at 25 1C. The concentrations of the BSA
solutions determined by UV–vis spectroscopy at 280 nm (NanoDrop
2000c, Thermo) before and after the adsorption were used to
calculate the value of protein adsorption.

2.4. Permeation performance of modified PES membranes

The pure water flux and the retention to 12-nm silica nanospheres
of the original, PI-deposited and crosslinked PES membranes were
performed on a stirred filtration cell (Amicon 8010, Millipore Co.,
Billerica, MA) at the pressure of 0.01MPa. The retention rates were
calculated by comparing the concentrations of Si element in the feed
and permeate solutions. An inductive coupled plasma emission
spectrometer (ICP, Optima 7000DV, Perkin-Elmer) was used to mea-
sure the Si element concentrations.

3. Results and discussion

3.1. Crosslinking of PI layers ALD-deposited on Si wafers

To have a direct understanding on the crosslinking behavior of
ALD-deposited PI thin layers, we first ALD-deposited PI layers on
nonporous, planar Si substrates and performed crosslinking treat-
ment on them. Such deposited PI films exhibited smooth surfaces
before and after crosslinking (Fig. S1) and their thickness can be
reliably determined by ellipsometry. The crosslinked PI films
gained increased thickness because of the incorporation of EDA
molecules into the PI chains. The increase in thickness can be used
to evaluate the degree of crosslinking of the PI films. As shown in
Fig. 1, the increase in film thickness was relatively faster before the
crosslinking duration reached 8 h and thereafter the thickness
increased very slightly. The thickness of the P film deposited on Si
substrate before crosslinking was 123 nm, and it was increased to
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139 nm, 148 nm, and 150 nm after crosslinking for 1 h, 8 h, and
15 h, respectively. The film gained 21% increase in thickness after
crosslinking for 8 h, which slowly increased to 21.5% after extend-
ing the crosslinking duration to 15 h. The PI networks became
progressively denser and exhibited larger resistance to the diffu-
sion of EDA to initiate further crosslinking with PI chains [18]. As a
result, the degree of crosslinking increased fast at early stage and
then levelled off until the saturation was obtained. Furthermore,
we found that the surface hydrophilicity of the crosslinked PI films
deposited on the Si substrates was generally enhanced with
crosslinking durations as revealed by the progressively reduced
water contact angles (Fig. 1b).

3.2. Conformation of ALD and chemical crosslinking of the PES
membranes

The PES membranes modification includes two steps: the mem-
brane was first placed in the ALD chamber for 1500 cycles of PI
deposition. Then the PI-deposited membranes were immersed into
the methanol solutions containing 2 wt% EDA to crosslink the
deposited PI. To investigate the influence on functional groups after
ALD and crosslinking, infrared analyses of the original PES mem-
brane, the PI-deposited membrane and the membranes being cross-
linked for different durations are measured and the spectra are
shown in Fig. 2. The peaks located at 1389 cm�1, 1714 cm�1, and
1773 cm�1 (marked with dot) can be designated to the imide C–N
bond, asymmetrical and symmetrical stretching vibration of CQO
bonds, respectively; [19] which suggests the generation of imide
bonds after the ALD deposition of polyimide. Moreover, the char-
acteristic peaks from the original PES membranes (marked with
asterisk), such as 1230 cm�1 (QC–O–CQ), 1573 cm�1 and 1480
cm�1 (the vibration of benzene skeleton) display a decrement in
intensity after ALD process. The decreased intensities are due to the

shielding effect of the additional coating layer on the PES substrate
membranes, confirming the successful deposition of PI layer on the
PES membranes [17]. After crosslinking with EDA for different
durations, the imide characteristic peaks centered at 1389 cm�1,
1714 cm�1 and 1773 cm�1 were progressively weakened on one
hand. Three new peaks (marked with circle) emerged on the other
hand. The peaks at the wavenumber of 1647 cm�1 and 1560 cm�1

were originated from the stretching vibration of amide CQO and
C–N bonds, respectively [20,21]. The broad peak in the region of
3100–3500 cm�1 should be ascribed to the stretching of N–H bonds
[22]. This observation was arising from the reactions between EDA
and PI chains during the crosslinking process, which turns imide
bonds to amide bonds. Additionally, the characteristic peak intensity
of amide bond increased along with the crosslinking time, in the
meantime the peak intensity corresponding to the imide bond
decreased.

3.3. Mechanism of EDA crosslinking of the ALD-deposited PI

The mechanism of ALD deposition of PI has been reported in
detail in our previous work; and here the mechanism of PI
deposition and crosslinking reactions has been illustrated in
Scheme 1 [17]. Methanol acts as a swell agent expanding the
polymer chains to stimulate the reactions between EDA and PI.
There is one amino group on both end of each EDA molecule.
Amino groups quickly react with imide bonds in the PI chains,
generating amide bonds. In some cases, the two amino groups on
one EDA molecule react with imide bonds from two different PI
chains, thus establishing the crosslinking of the two PI chains.
However, because of the excessive EDA involved in the cross-
linking reaction and the steric effect of the PI networks, some
portions of EDA molecules may link to PI chains with only one end,
leaving the –NH2 groups at the other end still unreacted and
dangling. The characteristic peaks of –NH2 groups (3300, 3353 and
3430 cm�1) were not visible in the FTIR spectra because their
amount was not adequate to be detected or the peak was over-
lapped by N–H peaks (3100–3500 cm�1) [23]. To further demon-
strate the insertion of EDA into the PI chains, we investigated the
weight change of the PI-deposited membranes being crosslinked
for different durations. We observed that the membrane gained
additional weight after crosslinking and the weight as-obtained
accelerated with prolonged duration of crosslinking. The gained
weights should be resulted from the combination of EDA mole-
cules into the PI chains during the crosslinking process. The
increasing rate of gained weights, for example, 0.45% and 3.6%
for the membrane being crosslinked for 6 h and 15 h (Fig. 3),
respectively, as the crosslinking process only occurred on the as-
deposited PI layer yet the main component of the composite

Fig. 1. The thickness increase (a) and water contact angles (b) of PI films deposited
on Si substrates as a function of crosslinking durations.

Fig. 2. FTIR spectra of original and modified PES membranes; inset shows the
enlarged peaks located around the wavenumber of 1560 cm�1.
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membrane was still PES substrate. Considering that PES can be
easily dissolved in DMAc whereas crosslinked PI is tolerant to
DMAc, [24,25] we further investigated the corrosion resistance of
the membranes after the crosslinking process by DMAc treatment.
To this end, both original PES membranes and membranes with
different crosslinking durations were immersed into pure DMAc
solvent. The original PES membrane was completely dissolved
while the PI-deposited PES membrane had 2.7 wt% remaining
weight due to the slight crosslinking established between EDA
and preformed PI chains in the ALD process. When a separated
crosslinking process with EDA was applied to the PI-deposited PES
membrane, there were much higher remaining weights which
kept increasing with prolonging crosslinking duration. For
instance, the residual weight percentage increased from 4.5 wt%
to 6.9 wt% as the crosslinking time extended from 1 h to 15 h. As
the residue was the crosslinked PI chains which cannot be
dissolved in DMAc, higher residual weights imply more PI chains
were stabilized and the crosslinking became stronger by degrees.
The results also suggest that crosslinking of PI can enhance the
corrosion resistance and longer crosslinking time would result in
better corrosion stability [26].

3.4. Morphology of PES membranes after ALD and crosslinking

We compared the surface morphology of PES membranes after PI
deposition and crosslinking treatment and the FESEM images are
shown in Fig. 4. Based on the SEM images we analyzed the surface
pore size distribution and the mean pore size. The pore size distribu-
tion is illustrated as insets in each SEM image and the plot of the
surface mean pore size as a function of the crosslinking duration is
shown in Fig. 3. A number of circular pores with a broad pore size
distribution ranging from 30 nm to 435 nm could be observed on the
surface of the original PES membranes (Fig. 4a). After 1500 cycles of

ALD deposition of polyimide (Fig. 4b), the pores shrink and the surface
mean pore size decreased from 136 nm to 110 nm, since ALD is able to
adjust the pore size of membranes by controlling the thickness of
deposition layer on the substrates [27–29]. The pores on the surface of
PI-deposited membranes became much smaller after crosslinking
process and it continuously decreased with the increasing crosslinking
time. For instance, the surface mean pore size reduced to 100 nm and
75 nm (Fig. 4c and d) for the membrane subjected to crosslinking for
1 h and 8 h, respectively. When the crosslinking time reached 15 h, the
surface average pore size minimized at the value of 66 nm (Fig. 3).
With extending duration of crosslinking, EDA molecules are progres-
sively incorporated into the deposited PI layer by forming amide
bonds, leading to continuously increased weight of the composite
membrane (Fig. 3). As a result, the thickness of the PI layer increases as
already demonstrated by the increase in thickness of the PI film
deposited on Si substrate (Section 3.1), and eventually the pore size of
the PES membranes decreases. It should be noted that the average
pore sizes we report here are based on the image analysis of the pores
on the membrane surface. These values are used here as a simple but
direct measure to demonstrate the change of the thickness of PI layer
with crosslinking durations and they do not necessarily represent the
effective pore sizes which determine the retention properties in
separation measurements. Such an evident shrinkage in pore sizes
with crosslinking durations should be ascribed to the volume expan-
sion of the PI layer during the crosslinking process. After long cross-
linking durations, for instance, 8 h or longer, the volume expansion
becomes more pronounced and wrinkles are generated in some local
areas on the membrane surface (Fig. 4d and e). The cross-sectional
images (Fig. 4f–h) display that the symmetric porous structure of the
original PES membrane was well-preserved. Consistently, EDX map-
ping along the cross section of both deposited and crosslinked
membrane did not detect selectively enrichment of nitrogen near
the membrane surface (Fig. S2). These findings suggest that the ALD
deposition and subsequent crosslinking occurs on all exposed surfaces
throughout the entire thickness of the membrane, including not only
the top surface of the membrane but also the pore wall of pores
accessible to ALD gaseous precursors. This is due to the separated
precursor exposure and self-limiting nature of the ALD process which
is in clear contrast to CVD technique producing only an additional
layer on the top surface of substrate membrane [30].

3.5. Surface hydrophilicity of PES membranes after crosslinking

The surface wettability is one of the important factors deter-
mining the performance of membranes. To further explore the
surface hydrophilicity of the membranes after crosslinking pro-
cess, the dynamic water contact angles (WCAs) of PI-deposited
and crosslinked membranes were measured and the original PES
membrane was used as reference. The plot illustrating the changes
of the WCA is shown in Fig. 5. The initial WCA of non-deposited

Scheme 1. The schematic diagram of the reactions involved in the ALD and crosslinking process.

Fig. 3. The average surface pore size and the mass gain of PES membranes with
changing crosslinking durations.
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PES membranes is 861, which suggest its relatively weak hydro-
philicity. After ALD deposition of PI, the surface of PES membranes
was progressively coated with a uniform and conformal layer of
polyimide. PI is known for stronger hydrophobicity than PES,
therefore the hydrophilicity of PES membranes surface weakened
after 1500 ALD cycles of PI and the initial WCA slightly increased
to 941. When the membranes were crosslinked after PI deposition,
polar bonds such as amide bonds with hydrophilic nature are
generated on the PI layer. Therefore, the membrane turned to be
hydrophilic and exhibited a lower WCA after crosslinking with
EDA. Moreover, more amide bonds were formed with longer
crosslinking durations, and consequently, the membrane showed
progressively increased water wettability as demonstrated by the

further reduced WCAs. For instance, the WCA of the membranes
with a crosslinking duration of 1 h immediately decreased to 731
and it continued reducing to 681 when the crosslinking time
reached 15 h. The membranes after crosslinking exhibited a gen-
erally lower WCA than both original PES membranes and PI-
deposited membranes, which implied the crosslinking with EDA
after ALD deposition of PI has successfully improved the surface
hydrophilicity of the PES membranes [31,32]. In contrast, we
notice that the hydrophilicity can be further enhanced if the PI
films are deposited on a smooth substrate. For the smooth PI film
deposited on nonporous, planar Si substrates, it exhibited a much
lower WCA down to 61º compared to the PI layer deposited on PES
membranes which had a porous and rough surface (Fig. 1b).

Fig. 4. The surface and cross-sectional SEM images of the original PES membrane (a, f), the PI-deposited membrane with a cycle number of 1500 (b, g), the PI-deposited
membranes after crosslinking for 1 h (c), 8 h (d), and 15 h (e, h). Insets show the surface pore size distribution of the corresponding membrane (a–e) are the surface image
and (f–h) are the cross-sectional image. Arrows in (d) and (e) highlight the presence of wrinkles.
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Crosslinking of the smooth PI films deposited on Si substrates
resulted in an even pronounced reduction in WCAs; for instance,
crosslinking with EDA for 15 h reduced the WCA to 45º and 68º for
the smooth PI film deposited on silicon substrates and the
wrinkled PI layers deposited on PES membranes, respectively.
Such a difference in WCAs on different substrates is due to the
chemical nature and surface topography/roughness of the sub-
strates as these factors also play an important role in determining
the hydrophilicity of a surface [33]. The adsorption to BSA of the
original PES membrane is 43 μg/cm2 whereas the adsorption of
the crosslinked membranes varied in the range of 30–39 μg/cm2

depending on the crosslinking durations. Such an improvement in
fouling resistance should be attributed to the enhanced hydro-
philicity of the crosslinked membranes [34].

3.6. Thermal and mechanical stability of the crosslinked PES
membranes

PI possesses a much higher glass transition temperature
(320 1C) than PES (230 1C), implying that an enhanced thermal
resistance of the PI-crosslinked PES membranes can be anticipated
[10]. TGA and DSC were carried out to investigate the thermal
property and the original PES membrane was used as reference.
The DSC traces at the temperature from 30 1C to 400 1C are shown
in Fig. 6a and the TGA curves in Fig. 6b. An evident baseline shift
around 230 1C indicating the glass transition of PES was found in
the DSC trace for both the pristine PES membrane and the PI-
deposited PES membranes. We note that these pronounced base-
line shifts should not be considered as peaks as PES is an
amorphous polymer and it does not show a peak because of
crystallization. In contrast, this shift slightly turned to higher
temperature at 236 1C of the membranes being crosslinked with
EDA for 1 h. Furthermore, the glass transition temperature con-
tinued to increase to 242 1C when the crosslinking time reached
15 h. This result indicates that the membranes with prolonged
crosslinking process display a better thermal resistance than both
original and PI-deposited membranes. We can see from the TGA
curves that both original and PI-deposited PES membranes lost
most of their weights in the temperature range of �450 to 600 1C,
whereas the membranes being crosslinked for 1 h or 15 h lost
weights mainly in the range of �550 to 620 1C, indicating that the
noticeable enhancement in thermal stability of the PES membrane
can be achieved by crosslinking with EDA even for a short
duration. In addition, according to the reversible nature of cross-
linking of PI by diamines, some EDA molecules incorporated into
the PI chains will be released under the thermal treatment during
the TGA tests [18,35]. However, unlike bulk PI materials, the PI
layers deposited on PES substrates are very thin in our work and
only a very limited amount of EDA molecules is incorporated into

the PI networks, which is demonstrated in Fig. 3 by the very slight
weight gain for the membranes after crosslinking. The released
amount of EDAwould be even less as we should not expect that all
incorporated EDA molecules will be completely released during
the fast TGA measurements. Therefore, no evident weight loss
originated from the release of EDA in the TGA curves could be
observed. The mechanical stability of the original PES membrane,
the PI-deposited, and the crosslinked membrane was compared as
well. After ultrasonication oscillation with a power of 120 W for
30 min, some cracks appeared in the original PES membrane
whereas both the deposited and the crosslinked membranes
maintained intact, as revealed by SEM examinations (Fig. S3). For
that reason, it can be concluded that the crosslinked membranes
exhibited an excellent mechanical stability comparing to the
original PES membranes.

To further investigate the thermal resistance of the modified
PES membranes, we challenged the membranes at high tempera-
tures and examined the change of the membrane morphology.
When heated at 230 ºC for 30 min, the pristine PES membrane lost
most of its original porosity owing to the melting of PES substrate
as shown in Fig. 7a. The loss of porosity can be directly observed
by the semi-transparent appearance of the heated membrane
whereas the pristine PES membrane possesses an opaque, milky
color arising from the presence of many pores larger than the
wavelength of visible light (inset in Fig. 7a). The deposited PES
membrane still exhibited a porous structure after the thermal
treatment and the opaque nature of the membrane was still
maintained although the color also changed to brown due to the
oxidation of PI in air at high temperature. However, comparing the
surface morphology of the deposited PES membrane before and
after thermal treatment (Fig. 4b vs Fig. 7b), we found that the
heated membrane showed a much less surface porosity, indicating
that severe thermal deformation also took place. For the

Fig. 5. WCAs of PES membranes subjected to PI deposition and subsequent
crosslinking with EDA for different durations.

Fig. 6. DSC traces (a) and TGA curves (b) of the original PES membrane, the PI-
deposited membrane and the deposited membranes being crosslinked for 1 h and
15 h, respectively.
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PI-deposited PES membrane being crosslinked for 15 h, the porous
nature of the membrane was maintained to a much larger degree
after thermal treatment, as can be concluded by the comparison of
the surface morphology before and after thermal treatment (Fig. 4f
vs Fig. 7c). Therefore, it can be established that the crosslinking of
polyimide has further improved the thermal stability of the PES
membrane in addition to the ALD deposition of PI.

3.7. The permeation performances of modified PES membranes

We then measured the pure water flux and retention of the PES
membranes before and after crosslinking for different durations.
Water flux of the original PES membranes was 3950 L/(m2 h bar)
and decreased to 2440 L/(m2 h bar) after ALD of PI for 1500 cycles.
As shown in Fig. 8, the water flux continuously declined with the
prolonging of crosslinking time. It decreased to 2220 L/(m2 h bar),
1670 L/(m2 h bar), and 850 L/(m2 h bar) after crosslinking for 1 h,
6 h, and 11 h. The flux minimized at 760 L/(m2 h bar) when the
crosslink time reached 15 h. Unlike the reduction tendency in
water flux, a significant improvement in retention performance of
the membrane with rising crosslinking time was observed. The PI-
deposited membranes displayed no obvious retention to 12-nm-
silica nanospheres with the retention rate of 3%, comparing to that
of the original PES membrane with the rate of only 0.8%. Interest-
ingly, the retention of membranes increased to 42% after cross-
linking for merely 1 h, and it would constantly increase with the
elongation of crosslinking time. As can be seen from Fig. 8, the
retention rate of the membranes increased from 50% to 92% as
crosslinking extended from 6 h to 11 h. Furthermore, when the
crosslinking time reached 15 h, the retention rate raised to as high
as 95%. We note that there was also an adsorption effect of silica
nanospheres on the membranes. However, our control experi-
ments revealed that the adsorption capacity to the 12-nm-silica
nanospheres of the PI-deposited membranes before and after
diamine crosslinking were similar. Therefore, the high retention
to silica nanospheres should be mainly attributed to the narrowing
of effective pore sizes after crosslinking. As stated above, the pore
size was reduced after crosslinking which led to the increase in

retention but drop in permeation on one hand. The hydrophilicity
of the membrane was enhanced, favoring a greater water flux on
the other hand. Therefore, the two factors synergistically result in
the exceptional increase in retention at acceptable expense of
permeability. Additionally, it has been noticed that some tiny
pores might be completely blocked by the expanded PI layers
during the crosslinking treatment and consequently the effective
numbers of pores which contributed to permeation will be
reduced, thus also accounted for the reduction in the permeability
of the crosslinked membranes. Comparing to the PI-deposited
membrane, a �32 times increment in retention at the expense of
about 70% decline in water flux was achieved after the chemical
crosslinking process for 15 h. It has been previously reported that
the deposition of PI using ALD technique is an effective method to
tune the filtration properties of PES membranes [17]. The PI-
deposited PES membranes with 3000 ALD cycles displayed a
retention rate of 60% towards the silica nanospheres with the
diameter of 23 nm. Considering the long time and great consump-
tion of PI for ALD process; however in this study, with the water
flux and retention differ with crosslinking time in a relatively
wider range, PI-deposition followed by chemical crosslinking can

Fig. 7. The surface SEM images of the original PES membrane (a), the deposited PES membrane (b), and the membrane crosslinked for 15 h (c) after thermal treatment at
230 1C for 30 min. Insets show the photographs of membranes before (white) and after (yellow) thermal treatment. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 8. Pure water flux and retention to 12-nm-silica nanospheres for membranes
being crosslinked for different durations.
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be utilized to decorate the PES membrane surface, which turn out
to be a simple method that could efficiently tune the separation
properties to meet the requirements of various applications.

4. Conclusions

A chemical crosslinking route was successfully applied to
synergistically improve the performances of PES membranes. A
uniform PI layer was first ALD-deposited along all the exposed
surfaces including pore walls of PES membranes. The PI-deposited
PES membranes were subsequently immersed in the excessive
methanolic solution of diamines to crosslink the PI chains. Control
experiments on smooth PI films deposited on nonporous and
planar substrates revealed that there was an evident increase in
film thickness after crosslinking because of the incorporation of
diamines into the PI network. Such a crosslinking treatment
upgraded the PES membranes in multiple aspects. First, the
retention of the PES membrane was remarkably enhanced by
reducing the pore sizes because of the volume expansion of the PI
layer. Second, the water wettability and fouling resistance of the
PES membranes were enhanced as a result of the formation of
hydrophilic amide bonds after crosslinking. Third, the thermal,
mechanical and corrosion stability of the membrane was evidently
improved due to the fixation of the PI chains by the crosslinking
reactions. Moreover, the retention/permeability and the wettabil-
ity of the PI-deposited membranes can be well tuned by changing
the durations of crosslinking.
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