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Porous polypropylene hollow fiber (PPHF) membranes are widely used in liquid purification. However, the hy-
drophobicity of polypropylene (PP) has limited its applications in water treatment. Herein, we demonstrate
that, for thefirst time, atomic layer deposition (ALD) is an effective strategy to conveniently upgrade the filtration
performances of PPHFmembranes. The chemical and morphological changes of the deposited PPHF membranes
are characterized by spectral, compositional, microscopic characterizations and protein adsorption measure-
ments. Al2O3 is distributed along the cross section of the PP hollow fibers, with decreasing concentration from
the outer surface to the inner surface. The pore size of the outer surface can be easily turned by altering the
ALD cycles. Interestingly, the hollow fibers become much more ductile after deposition as their elongation
at break is increased more than six times after deposition with 100 cycles. The deposited membranes show
simultaneously enhanced water permeance and retention after deposition with moderate ALD cycle numbers.
For instance, after 50 ALD cycles a 17% increase in water permeance and one-fold increase in BSA rejection are
observed. Moreover, the PP membranes exhibit improved fouling-resistance after ALD deposition.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

Polypropylene hollow fiber (PPHF) membranes have been used in
ultrafiltration (UF) and microfiltration (MF) for water treatment in a
number of fields, due to their brilliant mechanical properties, low cost,
good chemical resistance and thermal stability [1–4]. Compared to flat
sheet membranes, hollow fiber configuration are preferred due to its
highly effective filtration area per unit volume, simple module fabrica-
tion, no requirement of feed and permeance and less prone to fouling
or concentration polarization [5]. Recent studies have concentrated on
the hollow fiber form of PP membranes due to its aforementioned
advantages [6,7]. For example, PPHF membranes were applied in the
pervaporation separation of water/ethanol mixtures and the separation
of anionic dye aqueous solution, both exhibiting remarkable long-term
performance stability and anti-fouling performance [8,9].

However, PPHF membranes surface fouling remains an ongoing
challenge due to the hydrophobicity and leads to decline of water
permeance [10]. A variety of strategies have been applied to modify
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surface properties of PPHF membranes to improve their anti-fouling
properties [11–13]. For instance, surface graft polymerization is applied
to improve the anti-fouling and separation performances of the mem-
branes without undermining their bulk properties [14–16]. Surface
graft polymerization requires the existence of reactive groups on the
membrane surface, which is mainly generated from chemical treat-
ments, such as plasma deposition, UV irradiation, and γ-ray irradiation
[17–21]. Unfortunately, these treatments require harsh pretreatment
or complex synthesis procedure. In addition, the grafting reaction in
liquid solution is difficult to control, which may lead to blockage of
themembrane pores. More importantly, large volume of organic waste-
water was produced during these processes [22,23]. Therefore, it is
necessary to develop a green and simple processing alternative to
enhance the permeability and anti-fouling property of PPHFmembrane.

Atomic layer deposition (ALD) is usually applied to deposit confor-
mal and ultrathin films by the sequential surface reactions with atomic
level control on membranes to modify membrane surface property and
separation performance [24–26]. ALD can be operated at low tempera-
ture and is particularly appropriate for the porous polymer membranes
modificationwithout degrading the polymer [27–29]. Li et al. employed
ALD on track-etched polycarbonate (PCTE) membranes to tailor the
membrane pore size by altering the ALD cycles [30]. Jung et al. [31] ap-
plied to deposit Al2O3 on polypropylene separators to significantly
improve their wettability towards electrolytes and thermal stability of
the safety batteries. Previous work reported that ALD was certified to
ustry Press. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cjche.2017.10.008&domain=pdf
https://doi.org/10.1016/j.cjche.2017.10.008
mailto:yongwang@njtech.edu.cn
https://doi.org/10.1016/j.cjche.2017.10.008
http://www.sciencedirect.com/science/journal/10049541
www.elsevier.com/locate/cjche


696 X. Jia et al. / Chinese Journal of Chemical Engineering 26 (2018) 695–700
be significantly effective method to modify the polymeric membranes.
The membrane hydrophilicity of the most common membranes in-
cluding polytetrafluoroethylene [32], polyvinylidene fluoride [33],
and PP [34,35] were enhanced with subsequent ALD of metal oxide,
with simultaneous improvement to the water permeance and solute
retention. However, ALD technique has only been used to modify flat
sheet polymeric membranes so far [32–35]. The feasibility of the use
of ALD technique to improve the performance of hollow fiber mem-
brane configuration is highly interested.

In this work, we applied ALD technique to deposit a thin layer
of Al2O3 on commercial porous PPHF membranes to improve their
anti-fouling property, stability and separation performance. This is a
proof-of-concept work to demonstrate the possibility of upgrading the
performances of HF membranes by ALD. The ALD of Al2O3 is the most
extensively studied system in the ALD of different metal oxides, and it
has been shown that ALD of Al2O3 can be easily performed on different
substrates, enabling us to havemore references and comparisons in our
efforts to upgrade PPHF membranes by ALD. Therefore, Al2O3 is chosen
as a model oxide to deposit on PPHF membranes, and other metal
oxides are expected to be also applicable. To the best of our knowledge,
this work denotes the first successful application of ALD technique. By
controlling the ALD deposition parameters, we could retain the asym-
metrical structure of the Al2O3-modified PPHF membranes. In addition,
it is possible to prepare an appropriate Al2O3 deposition layer on porous
PPHF membranes with turning the thickness and morphology by con-
trolling the deposition cycles.

2. Experimental

2.1. Materials

PPHF membranes (outer diameter: 0.38 mm, inner diameter:
0.33 mm, wall thickness: 25 μm, mean pore size: 200 nm, Nanjing
O'Happure Membranes Co.) were applied as substrates for Al2O3 ALD
in present work. Trimethylaluminum (TMA, Metalorganic Center,
99.99%, Nanjing University) and Deionized water (H2O) were used as
oxygen supply for the Al2O3 ALD process, respectively. Ultrahigh purity
N2 (Tianhong Gas Company, 99.99%) was applied as the precursors
carrier and purging gas. Ethanol (99.7%, Yasheng Chemical Co. LTD)
was used as received. Silicon wafers (SY100W-01, Seyang Electronics)
were cleaned with ethanol and used to monitor the growth rate of
Al2O3 thickness during ALD process. Bovine serum albumin (BSA),
(Mw = 67 kDa, 97%, GM Corporation) solution was employed to assess
the discrimination and fouling resistance of both the pristine and the
modified PPHF membranes.

2.2. ALD of Al2O3 on PPHF membranes

Both the pristine membranes and silicon wafers were fixed in the
ALD reactor (Savannah S100, Cambridge Nano-Tech) under vacuum
(~26.66 Pa). The metal precursor (TMA) and oxidant precursor (H2O)
vapors were delivered into the reactor sequentially by the nitrogen
gas. Exposure mode was introduced in this work. In a typical ALD
cycle, pulse times of both precursors were 0.015 s. After each pulse of
precursors, to guarantee abundant precursor adsorption and diffusion,
5-s exposure time was used, and then the system was purged under
N2 for 30 s to wipe out the excess precursor as well as the byproducts
in the system. The reaction was repeated for different ALD cycles to
produce Al2O3-PPHFmembrane of different skin thickness as indicated.

2.3. Characterizations

The thicknesses and refractive indices of Al2O3 film on the Si wafer
were used a variable-angle spectroscopic ellipsometer (VASE, J. A.
Wollam Co.). To investigate the changes in chemical structure and to
confirm investigate the successful deposition of Al2O3 between the
pristine and the Al2O3-deposited PPHF membranes, Fourier Transform
Infrared (FTIR) spectra of the PPHF membranes were measured using
FTIR spectrometer in attenuated total reflection (ATR) mode (Nicolet
8700). The spectra were calculated within the wavenumber range of
500–4000 cm−1. The Energy Dispersive X-ray Spectrometer (EDS)
was used to detect the distribution of the cross-sectional and surface
elemental quantification of the membranes (EMAX X-act). The thermal
analyzer was implemented to analyze thermalgravimetric (TG) of
the PPHF membrane (NETZSCH TG209F1). A heating rate was set
at 10 °C·min−1 from 20 to 600 °C in O2 atmosphere. The surface mor-
phology of the PPHF membranes was inspected under a field emission
scanning microscope (FESEM, Hitachi S4800) operated at 5 kV. To
avoid electron charging, Au/Pd thin layer was sputtering-coated on
the sample surface prior to SEM observation. The electronic tensile
tester was applied to measure the mechanical properties of the PPHF
membranes (CMT-6203, Shenzhen Sans Test Machine Co.). The speci-
mens were used in the length of 50 mm. A tensile rate of the machine
was 20 mm·min−1. Static protein adsorption was performed to esti-
mate the anti-fouling properties of the Al2O3-deposited membranes
and the pristine membrane was used as reference. The protein adsorp-
tion quantity on themembrane surface wasmeasured by the decreased
the BSA concentration. The concentrations of the BSA solutions were
calculated using an ultraviolet (UV) spectrometer on the absorbance
at 280 nm (Thermo Fisher NanoDROP 2000C). The pristine and the
modified PPHF membranes were separately put into a test tube that
was filled with 7 ml of 0.5 g·L−1 BSA phosphate buffer. Both ends of
the PPHF membranes were not submerged into the solution. Then, the
glass tube was incubated in aqueous bath at 25 °C for 12 h. The adsorp-
tion quantity of BSA on the membrane surface was measured from the
declined BSA concentration. The following equation was used to obtain
the amount of the membranes surface absorption M (μg·cm−2)

M ¼ V Cp−C f
� �

=A ð1Þ

where V is the volume of BSA phosphate buffer (ml); Cp is the feed con-
centration of BSA solution, and Cf is the permeate concentration of BSA
solution; A is the external surface area of membranes (cm2).

2.4. Membrane performances

Thepurewater permeance of PPHFmembranes and retention of BSA
were measured in a homemade apparatus at room temperature. The
PPHF membranes with certain length were folded and their both ends
were fixed in a transparent hose by epoxy resin, and the hose housing
the PPHF membranes was connected to the homemade apparatus
as testing module. The PPHF membranes were prewetted in ethanol
for 1 min before the permeation test, then the membranes were
compacted at 1 0.1MPa for 10 min to acquire a stable flux, before mea-
suring the pure water permeance (PWP) at the same pressure. The fol-
lowing equation was used to obtain the 10PWP (L·m−2·MPa−1·h−1)
of the membranes:

PWP ¼ Q
AΔPt

ð2Þ

where Q is the net water permeability (L); A is the external surface
area (m2); ΔP is the transmembrane pressure (MPa); t is the operation
time (h).

The BSA solution was applied to measure the BSA retention of
pristine and the modified PPHF membranes; 0.5 g BSA was dissolved
in 1 L phosphate buffer solution. The concentrations of BSA solution in
both the feed and permeate were calculated by UV spectrometer. The
rejection R (%) of BSA was defined by following this equation:

R ¼ 1−
Cp

C f

� �
� 100% ð3Þ



Fig. 3. TGA curves of the pristine and the Al2O3-PPHF membranes. Inset shows the mass
change around 350—550 °C.
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where Cp (g·L−1) is the feed concentration of BSA solution; Cf (g·L−1) is
the permeate concentration of BSA solution.

3. Results and Discussion

3.1. Deposition of Al2O3 on the PPHF membranes

The formation of Al2O3 layer on the PPHFmembranes wasmeasured
by FTIR spectroscopy. In Fig. 1, the peaks of PP (2800—2960 cm−1, and
1500—1402 cm−1) were observed in all samples before and after the
Al2O3 deposition. No detectable new peaks could be observed for the
50-cycle deposition on the membrane. However, a new absorption
peak appeared around 650—700 cm−1 after 100 or more deposition cy-
cles, which can be attributed to the Al\\O bond [36]. It was viewed that
the peak intensity increasedwith the number of deposition cycles, since
themembranewith 400 deposition cycles demonstrated a considerably
stronger peak compared to the samples with 100 and 200 deposition
cycles, indicating that the quantity of Al2O3 increased with the incre-
ment of ALD deposition cycles. In addition, the peak intensity of PP
situated at 2800—2960 cm−1 reduced after the Al2O3 deposition, ascer-
taining the deposition of Al2O3 on the surface of the membranes which
diminished PP absorption peaks.
Fig. 1. (a) FTIR spectra of the pristine and Al2O3-PPHF membranes with varying
ALD deposition cycles. (b) shows the enlarged wavenumbers located around the
600–700 cm−1.
The EDS result shows the distribution of Al element on both sides of
themembrane surfaces and indicates the selective coverage of Al2O3 on
the membrane surfaces. In Fig. 2b and c, EDS mapping of the cross-
sectional samples verified that aluminawas also deposited in the interior
of the membranes. Signals of Al element dated from the Al2O3-PPHF
membrane were presented throughout the entire cross section with
200 deposition cycles, with the Al element density decreasing gradually
from the outer surface to the inner surface (Fig. 2b). The result was con-
firmed from the EDS mapping of the outer and inner surface of PPHF
Fig. 2. Cross section of PPHF with 200 ALD cycles (a, b). Inset shows the distribution of A
(Fig. S1). The gradient distribution of Al2O3 was due to the decreasing
surface pores with increasing ALD cycles, resulting in the decreased dif-
fusion of precursors through the membrane and into the inner regions
of the membrane.

TG analysis was applied to verify the Al2O3 layer successful deposi-
tion on the PPHF membranes. The residual mass of the pristine mem-
branes and the Al2O3-PPHF membranes were measured. As shown in
Fig. 3, the degradation of Al2O3-PPHF membranes occurred in three
steps. In the first step, Al2O3-PPHF membranes barely displayed any
mass change from 20 °C to 230 °C. In the second step, the membranes
started to degrade at the temperature higher than 230 °C until comple-
tion at 420 °C. In the third step, theAl2O3-PPHF exhibitedminor changes
to residual mass, suggesting that the PP components were completely
degraded before 600 °C. The residual mass of the pristine PPHF mem-
branes after pyrolysis at 600 °C was nearly negligible while the mem-
branes with 100 and 200 deposition cycles possessed a residual mass
rate of 0.87% and 2.35%, respectively. The increased residual mass of
the membranes subjected to ALD deposition cycles once again con-
firmed that Al2O3 was successfully deposited onto the membranes.
The per cycle of mean mass in the first 100 cycles, and 100—200 cycles
were determined to be 0.0087% and 0.0148%, respectively. The lower
mean mass uptake per cycle was due to the deposition of Al2O3 in the
inner region of the polymer matrix, which restricted the growth of the
deposited Al2O3. Continuous deposition of Al2O3 leads to surface depo-
sition of Al2O3 on the surface which can grow more rapidly than the
Al2O3 precursors in the polymer matrix [27,32]. Furthermore, the TGA
data revealed that both the pristine and Al2O3-PPHFmembranes exhib-
ited similar mass loss at 230 °C. So the Al2O3 layer retained the thermal
stability of the membranes.
l element across the membrane. (c) EDS mapping of the region highlighted in (b).



Fig. 5.Mechanical properties of the pristine and the Al2O3-PPHF membranes subjected to
100 and 200 ALD.
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3.2. Tailorability of PPHF membranes morphology

SEM was performed to inspect the outer surface morphology and
pore structure of the pristine and the Al2O3-PPHF membranes. The
outer surface of the pristine membranes exhibited a smooth net-like
structure without any noticeable particulates (Fig. 4a). Compared to
the pristine membrane, after 50 deposition cycles of Al2O3 (Fig. 4b),
there was no obvious change in the outer surface morphology. Never-
theless, as the number of ALD cycleswas increased, some small granules
appeared on the outer surface of themembranes (Fig. 4c). When ALD of
Al2O3 increased to 100 cycles, Al2O3 particulates with larger diameter
were observed. The outer surface of the membrane was gradually
covered by Al2O3 nanoparticles and became coarser after 200 and 300
deposition cycles of Al2O3 (Fig. 4d and e). The pores of the membranes
were almost completely blocked after 400 deposition cycles of Al2O3

since no pores can be observed at the samemagnification (Fig. 4f), indi-
cating the mean pore size of PPHF membranes can be controlled by
changing the ALD cycles. In Fig. 4, there were additional particulates
on the outer surface of the Al2O3-PPHF membranes, implying that the
growth of surface reaction mechanism followed the self-limiting of
ALD technique [29]. In addition to the pore sizes, the outer surface mor-
phologies and the shape of pores were retained. It was previously ob-
served that the Al2O3 grew conformably along the pore wall during
ALD [37,38]. As shown in Fig. S2, the growth of Al2O3 on silicon wafer
was linearly and the calculated growth rate was ~0.13 nm per cycle.
Therefore, the outer surface pore size of themembranes can beprecisely
tailored by controlling the ALD cycles.

3.3. Significantly upgrading of mechanical property of PPHF membranes

The mechanical properties of membranes are one of the significant
factors in membrane application processes. The membranes needed
sufficient mechanical strength to withstand membrane operating and
cleaning conditions. Fig. 5 shows the strain curves of pristine and the
Al2O3-PPHF membranes. The ultimate stress was determined to be
~2.0 MPa and ~1.9 MPa for PPHF membranes that underwent 100 and
200 ALD cycles, respectively, as compared to ~1.7 MPa of the pristine
membrane. Furthermore, themembranes exhibited significant increase
in elongation at break (Table S1), the maximum elongation of 100 and
200 Al2O3-PPHF membranes were increased to ~234.8% and ~233.4%,
respectively, which was superior to the pristine membrane (~37%).
After Al2O3 deposition, as we discussed before, there was a subsurface
nucleation stage during the ALD process, the high reactivity TMA
Fig. 4. SEM pictures of the pristine (a) and the Al2O3-deposited PPHF membranes with a depos
shown in (a).
precursors can infiltrate into PPHF, locating in the defect sites and
chain-end parts with\\CH3 [39]. Subsequently, the absorbed TMA will
react with water vapor and produce Al2O3 nucleation clusters or react
with polymer chains to form the C\\Al\\C bond [40]. Thus, themechan-
ical properties of theAl2O3-PPHFwere enhanced, and the ductility of the
Al2O3-deposited membranes was highly increased [41]. This result
could potentially play a part in improving the strength of Al2O3-PPHF
membranes.

3.4. Enhanced separation performances of Al2O3-PPHF membranes

Fig. 6 presents the permeance and the BSA retention of the PPHF
membranes with different ALD cycles. The permeance of the pristine
membrane was about 2438 L·m−2·h−1·MPa−1, and the BSA reten-
tion was ~15.6%. Maximum permeance of 2849 L·m−2·h−1·MPa−1

(increment of 17%) and one-fold increase in BSA rejection to 28%
were attained after 50 ALD cycles. Interestingly, both the permeability
and BSA retention were enhanced simultaneously with the increasing
ALD cycles. However, higher deposition cycles (N150 cycles) resulted
in a significant permeability loss. The permeance of Al2O3-PPHF
membranes were governed by the pore size and the surface hydro-
philicity [32]. Our previous work indicated that the permeability of
the porous membrane can be improved by increasing ALD cycles
ition cycle number of (b–f) 50, 100, 200, 300, 400. All pictures have the same scale bar as



Fig. 6. Permeance and BSA retention of the pristine membrane and Al2O3-PPHF
membranes with varying ALD cycles.

699X. Jia et al. / Chinese Journal of Chemical Engineering 26 (2018) 695–700
[33]. However, further increasing the ALD cycles led to lower mean
pore size of the Al2O3-PPHF membranes. Beyond 150 cycles, the reduc-
tion of the pore size offset the increase in membrane surface hydrophi-
licity, resulting in a lower permeance. On the other hand, the BSA
retention increased with the ALD deposition cycles due to the smaller
pore sizes. The BSA retention was increased to ~86.1% after the
300 cycles of ALD. The results were consistent with that of the other
works [30,33,35].

3.5. Improvement of fouling-resistance of the Al2O3- PPHF membranes

The static protein adsorption was performed using BSA solution to
estimate the anti-fouling property of Al2O3-PPHF membranes. Fig. 7
shows the BSA adsorption of the Al2O3-PPHF membranes under in-
creasing ALD cycles. The BSA adsorption of Al2O3-PPHF membranes
decreased under increasing number of ALD cycle. Our previous work
reported that the contact angle of Al2O3-PP flat membranes dropped
to 70° after 400 cycles [35]. BSA adsorption of 77 μg·cm−2 was ob-
served for the pristine membranes which can be contributed to the
strong hydrophobic surface interaction of proteins. After ALD deposi-
tion of Al2O3, there was a progressive reduction in BSA adsorption
with rising cycle numbers. A minimal BSA adsorption of 32 μg·cm−2

was obtained at ALD cycle of 400, indicating the anti-fouling property
of membranes was improved. Therefore, the anti-fouling property
of PPHF membranes can be improved by increasing the deposition
of Al2O3.
Fig. 7. Adsorption of BSA onto Al2O3-PPHF membranes with increasing ALD cycles.
4. Conclusions

In the present study, we have provided a green and simple method
to upgrade the performances of hydrophobic hollow fiber membranes
based on atomic layer deposition of metal oxides. Asymmetric pore
structure with tailorable pore size is successfully fabricated on the
PPHF membranes. The PPHF membranes surface has been modified
by producing a uniform coating of Al2O3 layer on the outer surface of
membrane. The mechanical properties (tensile strength and rate of
elongation) are increased after the Al2O3-deposited PPHF membranes.
Especially, the break of elongation of the PPHF membranes is signifi-
cantly improved from ~37% for the pristine membrane to ~235% after
100 cycles ALD deposition. The membrane permeance and rejection
can be tailored by controlling the ALD cycle. The water permeance
is increased and then decreased while the BSA retention keeps in-
creasing with rising ALD cycle numbers. That is, water permeance
and rejection are simultaneously enhanced at moderate ALD cycle
numbers. Modified the membrane surface by Al2O3 deposition is
endowed less adsorption of BSA. Based on the striking effects of Al2O3

deposition on PPHF membranes, the oxide-coated polymer hollow
fiber membranes exhibit enhanced separation performance and mem-
brane stability, we anticipate that the ALD could be used to deposit
other metal oxides with superior chemical stability, such as TiO2 or
ZrO2, on the PPHF or other hollow-fiber membranes to further enhance
their separation performances and also to broaden their applications
in different fields.

Supplementary Material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cjche.2017.10.008.
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