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a b s t r a c t

Construction of PVDF hollow fiber membranes with antifouling lumen surfaces is of great interest and
significance for many industrial applications because the inside-out filtration mode allows good control
over module hydrodynamics. For the first time, a zwitterionic polymer was immobilized on the lumen
surface of a PVDF hollow fiber membrane via thermal-induced graft copolymerization with an objective
to render the PVDF membrane antifouling. The graft copolymerization consists of two steps: ozone-
assisted surface pre-activation and grafting of sulfobetaine methacrylate (SBMA). The grafting density
and chain length were systematically optimized by manipulating the operational parameters, e.g. ozone
treatment and grafting duration. The resultant membranes were studied with respect to their structure,
morphology, ultrafiltration (UF) performance, while their fouling behaviors were evaluated by flux recov-
ery ratio and the resistance-in-series model. In comparison to the pristine one, the composite membranes
exhibited superior fouling resistance for a 2-h filtration of a 2.0 wt% bovine serum albumin (BSA) solu-
tion. Especially, the irreversible fouling-induced resistance was prominently reduced from 53% to 15%
due to the outstanding hydration capacity of the polySBMA polymer. Consequently, the flux recovery
ratio (FRR) increased significantly from 47% to 85%, suggesting the promising prospect of the
zwitterion-grafted PVDF hollow fiber membranes for their antifouling properties. Most importantly,
the improvement in antifouling was achieved without sacrificing flux or rejection efficiency. This work
may provide useful insights about lumen surface nano-structuring of the inner-selective hollow fiber
membranes.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Despite of various operational controls, fouling is still an inevi-
table issue hampering membrane applications in a variety of sep-
aration processes, e.g. ultrafiltration, nanofiltration and osmosis
processes [1–3]. The accumulated fouling layer would gradually
degrade separation capacities and consequently demand more
energy, higher clean-up frequency and more frequent replacement
of membranes [1–4]. Fouling on polyvinylidene fluoride (PVDF)
membranes has been particularly highlighted due to their ubiqui-
tous applications in various industries [5]. Regardless of their
excellent properties such as superior processability, mechanical
strength and chemical resistance, PVDF membranes are largely

incapacitated by their inherent nature of low surface energy and
hydrophobicity which accounts for easy adhesion of organic fou-
lants and microbes [5,6]. Design of non-fouling or low-fouling
PVDF membranes is imperative in order to prolong their life span
and reduce operational costs.

Surface hydrophilization of PVDF membranes were widely
studied in order to tackle fouling issues [5,6]. The increase in sur-
face hydrophilicity offers better fouling resistance as the formation
of a hydration layer on membrane surface would alleviate foulant
adsorption. It has been demonstrated that water molecules would
be attracted towards the hydrophilic surface to form a bonded
water layer which shields the membrane from foulant adhesion
[7–9]. Strong hydrogen-bonding interactions between the pendant
hydrophilic moieties and water clusters may facilitate this process.
To implement this mechanism, researchers have developed differ-
ent physical and chemical methods for surface modifications of
hydrophobic membranes, e.g. surface coating and grafting
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[5,6,10–16]. Surface grafting is considered to be an effective way
for construction of durable hydrophilic surfaces with its versatility
in chemical structure and geometry controls. In comparison to
bulky grafting [17,18], surface grafting makes it possible to modify
the surface of commercially available membranes, without sacri-
ficing the outstanding physical and chemical properties of PVDF
membranes [5,6]. Due to their chemically-inert nature, PVDFmem-
branes need to be pre-activated to introduce the reactive groups
onto their surfaces. Extensive studies have unveiled that the acti-
vation process lies on chemical initiators [19–21] or high-energy
radiation by different energy sources, e.g. UV [10], plasma
[12,22], electron beam [13] and ozone [14–16], etc.

Zwitterionic polymers, on the other hand, are a group of macro-
molecules that bear an equal number of homogenously distributed
anionic and cationic moieties [23,24]. Due to their electrostatically
induced hydration capacity, these polymers possess super-
hydrophilicity and strong resistance to nonspecific protein adsorp-
tion [25]. Construction of a zwitterionic layer on the surface of
PVDF membranes seems to be a promising strategy towards
antifouling. Various approaches have been explored to this end
[26]. Chemical-initiated atom transfer radical polymerization
(ATRP) was the mostly employed method. For example, Li et al.
[19] used azo-bis-isobutyrylnitrile (AIBN) as the initiator to graft
poly(sulfobetaine methacrylate) (polySBMA) on the surface of a flat
PVDF membrane via a physisorbed free radical polymerization
method. Meanwhile, Wang and his co-workers [20] successfully
grafted a zwitterionic polymer, poly(3-(methacryloylamino)
propyl-dimethyl- (3-sulfopropyl) ammonium hydroxide) (poly-
MPDSAH), onto the surface of a PVDF hollow fiber membrane via
a two-step polymerization. The membrane surface was chemically
pre-activated by grafting of the poly(2-hydroxyethylmethacrylate)
(polyHEMA).

Surface activation via different high-energy radiations were also
reported [12,15,22]. An examples was the atmospheric argon
plasma-induced surface copolymerization of polySBMA on a PVDF
membrane surface to achieve effective blood compatibility [12].
The plasma treatment was believed to generate free radicals which
could initiate the crosslinking reactions [11,12,22]. Another exam-
ple of SBMA grafting was due to the ozone-induced surface activa-
tion [15]. Peroxide groups were formed on the surface of the PVDF
membrane, which provided initiation sites for the subsequent

grafting of polyzwitterions. In addition, directly coating polyzwit-
terions on membrane surface was also investigated. Jiang and co-
workers [27,28] invented a universal coating method to attach
poly(carboxybetaine methacrylate) (polyCBMA) on both
hydrophobic and hydrophilic surfaces with the aid of dopamine.
A CBMA polymer with a catechol chain end was synthesized via
ATRP and mixed with dopamine to realize the direct attachment
of polyCBMA onto the surface in one step. Moreover, a
hydrophobic-driven self-assembling method was reported for an
effective zwitterion modification [29]. An amphiphilic diblock
copolymer with hydrophobic propylene oxide (PPO) and hydrophi-
lic SBMA blocks was synthesized. The PPO moiety acted as an
anchorage group to hook up this copolymer to the PVDF surface
via hydrophobic-hydrophobic interactions.

The aforementioned zwitterion-grafted PVDF membranes have
demonstrated excellent antifouling behaviors in various solutions.
The link between the zwitterionic layer and the substrate played
the key role for these successful polyzwitterion attachments. Since
ozone pretreatment is a very effective and facile method and to the
best of our knowledge, the ozone-induced zwitterion grafting has
not been reported to modify the lumen surface of hollow fiber
membranes, we are motivated to explore the feasibility of design-
ing antifouling PVDF hollow fiber membranes via an ozone-
assisted graft copolymerization of SBMA on the lumen surface.
Construction of PVDF membranes with an antifouling lumen sur-
face is of great interest and significance for many industrial appli-
cations because the inside-out filtration mode offers much more
uniform flow distribution and higher flow shear rate compared
to the outside-in mode. The inner-selective PVDF membrane could
be an alternative to the PES membrane in this type of configura-
tion. To lower the risks of interfering the bulky properties of the
PVDF hollow fibers during the grafting, key parameters for ozone
pre-treatment and grafting reaction would be systematically inves-
tigated in order to achieve the optimal grafting density and poly-
mer chain length. The morphology and ultrafiltration (UF)
performance of the resultant PVDF composite membranes would
be examined and their antifouling properties in a BSA solution
would be evaluated by the resistance-in-series model. This work
may provide useful insights for the modification of PVDF mem-
branes with an antifouling lumen surface for various liquid and
protein separations.

Nomenclature

SBMA sulfobetaine methacrylate
BSA bovine serum albumin
PVDF poly(vinylidene fluoride)
UV ultraviolet
ATRP atom transfer radical polymerization
AIBN azo-bis-isobutyrylnitrile
MPDSAH 3-(methacryloylamino) propyl-dimethyl- (3-

sulfopropyl) ammonium hydroxide
HEMA 2-hydroxyethylmethacrylate
CBMA carboxybetaine methacrylate
PPO propylene oxide
PES polyethersulfone
NMP N-methyl-2-pyrrolidone
PEO polyethylene oxide
PVP polyvinyl pyrrolidone
MWCO molecular weight cut-off (kDa)
PWP pure water permeability (L m�2 h�1 bar�1)
TMP transmembrane pressure (bar)
Q slope of the mass-time curve (kg h�1)

A effective inner surface area of membrane fibers in a
module (m2)

q permeate density (kg L�1)
TOC total organic carbon
R solute rejection (%)
Cf concentration of solute in feed solution (ppm)
Cp concentration of solute in permeate (ppm)
Jw,1 pure water flux of unfouled membrane (L m�2 h�1)
Jp permeation flux in BSA solution (L m�2 h�1)
Jw,2 pure water flux of fouled membrane (L m�2 h�1)
Rt total fouling-induced resistance (%)
Rir irreversible fouling-induced resistance (%)
Rr reversible fouling-induced resistance (%)
FRR flux recovery ratio (%)
FESEM field emission scanning electron microscope
AFM atomic force microscopy
XPS X-ray photoelectron spectroscopy
DI water de-ionised water
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