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A B S T R A C T

The emerging technology of pressure retarded osmosis (PRO) has been intensely studied over the past decades
due to its potential in harvesting salinity gradient energy, but membrane fouling can deteriorate the PRO per-
formance. To mitigate membrane fouling, the outer surface of the inner-selective thin-film composite (TFC)
polyetherimide (PEI) hollow fiber membrane was modified by depositing poly-(allylamine hydrochloride) (PAH)
and poly acrylic acid (PAA) polyelectrolytes. The results show that the outer surface of the modified membrane
had less pores exposed and was more negatively charged, which was beneficial for preventing the entrance and
adsorption of the negatively charged foulants into the membrane substrate. It was further proved that the
modified membrane was effective in reducing PRO fouling by organic macromolecules such as alginate and
bovine serum albumin, while maintaining the mechanical properties and intrinsic separation properties well.
Interestingly, after 200 ppm alginate was introduced to the feed water, the power density of the modified
membrane could be maintained constant at 16.2 W·m−2 at 15 bar while that of the non-modified membrane
reduced around 17% at the end of a 300-min testing period. The results suggest that the polyelectrolytes de-
position is a feasible strategy for adding anti-fouling property to PRO membranes.

1. Introduction

Renewable and clean sources of energy have drawn increasing at-
tention over the past few decades due to the depletion of fossil fuel
energy globally. Among various options, salinity gradient energy (SGE)
is proposed to be one of the sources of prospective renewable energy
that could be harnessed by the pressure retarded osmosis (PRO) tech-
nology upon the mixing of fresh water and salt water [1–5]. In the PRO
process, water diffuses spontaneously through a semipermeable mem-
brane, in a direction from a stream of low salinity (feed stream) to a
pressurized stream of high salinity (draw stream). The pressurized draw
stream with an increased amount of volume can drive a hydro-turbine
for energy production [6]. Theoretically, the estimated global storage of
osmotic energy can reach about 2 terawatts if major river water outfalls
and sea water are mixed, of which about 980 gigawatts can be har-
nessed [4,7].

Membrane is one of the critical elements for the PRO process. There
are two types of PRO membrane designs distinguished by their con-
figurations, i.e., flat sheet and hollow fiber [8–15]. The current module
design for flat sheet membranes faces challenges from spacers, as the

opening of the spacers shall be taken into consideration for both hy-
drodynamics and membrane deformation under high pressure [16–18].
As the hollow fiber membrane is self-supported and no spacers are
present in the module, the deformation induced by feed spacers would
not be a concern for hollow fibers. In addition, hollow fiber membranes
can be made into a membrane module with higher packing density,
thereby generating more energy based on the same sized membrane
module than the flat sheet counterpart [1,19,20].

PRO membranes are usually run in the active layer facing draw
solution (AL-DS) orientation. As compared with its counterpart, the
active layer facing feed solution (AL-FS) orientation, the AL-DS or-
ientation generally suffers from less internal concentration polarization
(ICP) effect, resulting in a higher water flux and thus higher power
density [21–23]. Nevertheless, membrane fouling is a major concern for
the operation in the orientation of the AL-DS in real applications. When
feed water contains organic matters, scaling precursors and/or other
potential foulants, the membrane water flux may significantly decrease
during the PRO operation, leading to the reduction in power density
[24–26]. The foulants with relatively small size (compared to the pores
on the membrane bottom surface) in the feed water could enter into the
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permeable membrane substrate, and their adsorption and deposition
within the support layer cause a significant rise in the structural para-
meter (i.e., reduce porosity and increase tortuosity), and a reduction of
water permeability [24–26]. Moreover, the membrane may suffer from
structure changes under high hydraulic pressure (even though the
changes are reversible for the mechanically stable membranes)
[11,15,27], which could result in increased solute back diffusion from
draw solution, thereby deteriorating the membrane further and redu-
cing the power density.

Different approaches have been proposed to control and alleviate
the adverse effect of fouling in PRO process, such as pretreatment of
feed water [28,29], chemical cleaning of fouled membrane [30], and
membrane surface modification with added anti-fouling properties
[31,32]. Among them, surface modification has the advantage of rela-
tively low cost and easier scale-up [4]. Recently, grafting or coating
with hydrophilic chemicals have been adopted to modify the PRO
hollow fiber membrane for anti-fouling purposes, such as hyper-bran-
ched polyglycerol (HPG), zwitterionic copolymers, poly (vinyl alcohol)
(PVA), 3-aminopropyltrimethoxysilane (APTMS) [31–37]. However,
the grafting methods also faced challenges from the increased salt
leakage [35], non-environmentally-friendly substances produced [37],
and complicated chemical synthesis steps that may not be suitable for
large-scale production [31,32,36].

Polyelectrolyte deposition has been adopted to develop a selective
layer for nanofiltration and reverse osmosis membranes [38,39] and to
coat membrane surface for controlling organic and bio-fouling [40,41].
In the polyelectrolyte deposition process, cationic and anionic poly-
electrolytes are deposited on the membrane surface in an alternate
sequence via electrostatic adsorption and form a nano-film on top of the
substrate [42,43]. This method has the advantage of simple preparation
procedures, environmentally friendly process and flexibility in chan-
ging surface properties such as wettability and zeta potential [44,45].
However, limited studies have been conducted to modify PRO mem-
branes using the polyelectrolyte deposition method. Unlike pressure-
driven membranes and forward osmosis membranes, where polyelec-
trolytes are usually deposited on the substrate to serve as the active skin
layer itself or coating the active layer to control fouling, the polyelec-
trolytes coated on the bottom surface of a PRO membrane will play a
different role. It is expected that this polyelectrolyte layer on the
membrane bottom surface has potential to mitigate fouling during PRO
operation through reduced pore blocking. In addition, well controlled
thickness/density of polyelectrolyte layer on the bottom surface may
induce minimal adverse effect on the intrinsic properties and mechan-
ical strength, which is important for maintaining the high performance
of the PRO membrane.

In this study, the anti-fouling property of a PRO membrane was
improved via polyelectrolytes deposition with two oppositely charged
polyelectrolytes - poly-(allylamine hydrochloride) and poly acrylic acid.
Specifically, the shell surface of a hollow fiber thin film composite
(TFC) PRO membrane was post-treated using polyelectrolytes, which
could potentially increase the charge density and hydrophilicity of the
membrane outer surface for better retaining the organic foulants in feed
water. The resultant membranes were characterized, and the anti-
fouling behavior was evaluated with model foulants.

2. Materials and methods

2.1. Chemicals and materials

Commercially available polymer, polyetherimide (PEI, Ultem 1000,
General Electric Plastics) was utilized as polymeric material and N-
Methyl-2-pyrrolidone (NMP;> 99.5% Merck) was adopted as the sol-
vent in fabrication of the hollow fiber support layer. Trimesoyl chloride
(TMC;> 99% Sigma-Aldrich) and m-Phenylenediamine (MPD; ≥99%
Sigma-Aldrich) were employed for the formation of solute rejection
layer. Sodium hydroxide (NaOH; Merck), poly-(allylamine

hydrochloride) (PAH; Molecular weight (Mw) ~120,000, Sigma-
Aldrich) and poly acrylic acid (PAA; Mw ~250,000, Sigma-Aldrich)
were adopted as modification chemicals. Dextran ((C6H10O5)n, Mw
6000 to 500,000 Dalton (Da), Sigma-Aldrich) was used in measurement
of molecular weight cut-off (MWCO) of the substrates. Sodium chloride
(NaCl; Merck) was adopted in the draw stream preparations. Bovine
serum albumin (BSA; Sigma-Aldrich, Mw ~66,000 Da) and sodium
alginate (Sigma-Aldrich) were utilized as the model protein foulant and
model polysaccharide foulant, respectively. A Milli-Q integral water
purification system was utilized to supply the deionized (DI) water.

2.2. Fabrication of hollow fiber thin film composite membranes

The PEI support layer was fabricated using dry-wet spinning
method, and the detailed method can be referred to our previous work
[15,46]. Based on the dimension measurement using microscope
(Keyence VHX 500F Digital Microscope), the average wall thickness of
the substrates was ~106 μm with inner and outer diameters of 398 μm
and 611 μm, respectively. Prior to the formation of selective layer, fif-
teen fibers were placed in a module of 20 cm effective length and ½
inch diameter and were sealed with epoxy. A polyamide solute rejection
skin was manufactured on the inner surface of the fiber by conducting
interfacial polymerization with two monomers: MPD and TMC [46,47].
Briefly, 1.0 wt% MPD solution was in contact with the lumen side of the
substrate for 30 min to thoroughly wet the surface. Subsequently, n-
hexane was used to rinse the lumen side to remove the excess MPD.
After that, 0.1% (wt/v) TMC in n-hexane was adopted to react with the
remaining MPD to synthesize an ultrathin skin. The unreacted chemical
residue inside the membrane module was rinsed thoroughly with pure
water.

2.3. Modification by polyelectrolytes deposition

The shell surface modification was conducted by exposing the shell
surface of the as-prepared TFC membrane or hollow fiber substrate to
the chemicals. The membrane was firstly soaked in a 0.04 g·L−1 NaOH
solution for 60 min in order to introduce negative charged group on the
membrane substrate [48]. Subsequently followed by soaking in pure
water for 5 min to rinse the remaining alkaline solution off membrane
surface. Then, the cationic PAH solution (1 g·L−1) was adopted to soak
the membrane for 60 min and subsequently DI water was to rinse off
the remaining chemicals for 5 min. The same procedure was repeated
for anionic PAA solution (1 g·L−1). After the modification with the
polyelectrolytes, the membrane was stored in a tank filled with pure
water prior to use. The membrane substrates before and after poly-
electrolytes deposition were named S-PEI and S-PEI-M, while the TFC
membranes before and after the modification were named TFC-PEI and
TFC-PEI-M, respectively.

2.4. Characterization of hollow fiber substrates

The morphology of the substrates was characterized via a field
emission scanning electron microscopy (FESEM, Joel JSM 7600F). The
membrane cross section was prepared by fracturing after the sample
was frozen in liquid nitrogen. The surface of membrane was coated with
a thin layer of platinum (~5 nm) prior to FESEM imaging.

The pure water permeability (PWP) and MWCO of the substrates
were evaluated with a reverse osmosis (RO) cross-flow system at
pressure of 1 bar. In the PWP tests, the permeate was collected at the
shell/lumen side with pure water pressurized on the opposite surface.
The PWP of the membrane substrate was calculated using Eq. (1):

=PWP ΔV
A ΔtΔPm (1)

where Am is the effective area of the lumen surface, ΔV is the volume of
the permeate generated during the time period of Δt, and ΔP is the
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