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ABSTRACT
The pressure-retarded osmosis (PRO) process is a green technique for power generation to
respond the world’s need of energy sustainability. In this study, we have developed the vital
component of the process, i.e. membrane, in the configuration of the outer-selective thin-film
composite (TFC) hollow fiber, which is more practical than other configurations in the real
applications. The support layer morphology and the formation of the selective polyamide layer
have been optimized for a good PRO performance. The results show that the bore fluid with
higher amount of the solvent N-methyl-2-pyrrolidone leads to full finger-like hollow fibers,
which provide higher flux but lower pressure tolerance. The addition of higher amount of
diethylene glycol into the dope solution, improves the pore formation and suppresses the
macrovoid formation, while properly lowering the take-up speed increases their wall thickness
and pressure tolerance. A simple alcohol-pre-wetting approach on the fiber support leads to a
smooth and thin polyamide layer, which is favorable for a high water flux and power density. Its
efficiency follows this order: n-propanol > ethanol > methanol > water. The n-propanol prewetted TFC membrane can tolerate 17 bar with a peak power density of 9.59 W/m2 at room
temperature, using 1 M NaCl solution as the draw solution and DI water as feed. This work
demonstrates the potential of outer-selective TFC hollow fiber membranes for energy conversion
via PRO process, provides useful database to fabricate suitable support morphology and raise a
simple technique to practically form a thin and smooth polyamide layer.
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1. Introduction
Energy is one of the imperative global issues because of the escalating demand but depleting
supplies of fossil fuels [1]. Moreover, the negative environmental impacts of their combustion
such as air and water pollution, and global warming emissions, have fostered scientists to explore
numerous sustainable alternative energy resources [2]. Wind and solar power are two of the
cleanest and most sustainable energy sources, as they produce no toxic pollution or global
warming emissions. Both are well established and part of our all day life.

Recently, the renewable osmotic energy produced from the pressure-retarded osmosis (PRO)
process has attracted great attention because of its huge energy potential (1750-2000 TWh/y) [3,
4], clean technique (zero carbon dioxide emission) [5-7] and high stability as compared to solar
or wind [5]. This process harvests energy by exploiting the osmotic pressure gradient as a driving
force across the membrane to induce water transport from the freshwater side towards the salty
water side. The pressure built up within the salty water chamber can be released to spin an
integrated turbine for electricity production [8].

One of the main barriers to commercialize the PRO process is the membrane because it is the
heart of the entire process [9]. Thus, the vital challenge of an efficient osmotic power generation
plant is the advancement of robust PRO membranes with (1) a strong and porous support to
tolerate high-pressure operations with low internal concentration polarization, (2) high water flux
and salt rejection to maximize power generation. To achieve these characteristics, thin film
composite (TFC) membranes consisting of a porous support fabricated by phase inversion and a
thin polyamide selective layer synthesized by interfacial polymerization, have been developed
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[10-17]. Common monomers used for interfacial polymerization are m-phenylene diamine and
trimesoyl chloride.

PRO membranes have two configurations; namely, flat-sheet and hollow fiber. Flat-sheet PRO
membranes were utilized by Statkraft to build the first osmotic power pilot in 2009 for concept
demonstration [18]. For practical applications, the hollow fiber configuration has attracted great
attention because it has high effective surface area per module volume, self-supporting capability
without spacers, and easier module assembly. During the past decade, PRO TFC hollow fiber
membranes have been developed in the manner where the thin selective layer is deposited on the
lumen side of the fibers [10, 13-15, 17].

Recently, PRO outer-selective hollow fiber membranes have attracted attention from both
academics and industries because of their (1) less fiber blockage propensity and smaller pressure
drop during actual PRO operations, (2) larger selective-layer area per module volume, (3) higher
ease to control fouling with the selective layer on the outside of the fiber, and (4) less possible
problems in the case of fiber collapse (outer selective-layer) than fiber bursting (inner selectivelayer) [19, 20]. However, it is more challenging to develop the former than the latter because of
two reasons. Firstly, although there are few studies on outer-selective PRO hollow fiber
membranes, it is still not completely clear how to provide strong mechanical property and low
internal concentration polarization by controlling the morphology. Table 1 summarizes the
performance data of outer-selective PRO hollow fiber membranes in literature in comparison
with the one in this study [19, 20]. Secondly, it is more complicated to deposit a defect-free
selective film on the outer surface than on the inner surface. In order to overcome this issue, Sun
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and Chung coated the fiber with the cushion layer of dopamine before the interfacial
polymerization [20]. Because of strong adhesion and covalent links among dopamine, the
polyimide support and the polyamide layer, the interaction between amine monomers and the
support surface was improved and led to a more homogeneous and uniform polyamide layer.
However, the instability of dopamine in the diamine solution made the process complicated.

Table 1. Pressure retarded osmosis (PRO) performance of outer-selective hollow fiber
membranes in the literature.
Membrane

Selective layer
fabrication

Operation condition

Power
density

Reference

PBI/POSS/PAN/PVP Dual-layer
Outer layer: PBI/POSS hollow fiber
Inner layer: PAN/PVP

Feed solution: 10 mM NaCl
Draw solution: 1 M NaCl
Applied pressure: 15 bar

5.10 W/m2 [19]

TFC Matrimid®

Interfacial
polymerization

Feed solution: DI water
Draw solution: 1 M NaCl
Applied pressure: 20 bar

7.63 W/m2 [20]

TFC Ultem®

Interfacial
polymerization

Feed solution: DI water
Draw solution: 1 M NaCl
Applied pressure: 17 bar

9.59 W/m2 This study

PBI: polybenzimidazole; POSS: polyhedral oligomeric silsesquioxane; PAN: polyacrylonitrile;
PVP: polyvinylpyrrolidone

This study aims to design outer-selective TFC hollow fiber membranes for PRO applications by
(1) studying the effects of different hollow fiber supports spun from various conditions on
transport properties; (2) exploring and optimizing the morphology and characteristics of hollow
fiber supports for outer-selective TFC hollow fiber membranes; and (3) improving the polyamide
layer with better water flux and PRO performance by pre-wetting the support with alcohols.
Although alcohol pre-wetting improves membrane’s wetting ability [21, 22], there is no in-depth
science for the selection of suitable alcohols and how different alcohols affect the fiber substrate
5

and subsequent formation of the polyamide layer. Polyetherimide Ultem® was employed as the
support material in this work because it has an excellent mechanical property for high-pressure
operations [12, 21, 23]. We believe this work may provide useful database for the fabrication of
suitable support morphology for power generation via PRO process as well as the improvement
of the polyamide layer for PRO membranes.

2. Experimental
2.1. Hollow fiber support fabrication
Ultem® hollow fiber supports were formed using a dry-jet wet spinning line via a non-solventinduced phase-inversion process as described elsewhere [24]. The detailed spinning conditions
are listed in Table 2.

2.2. Interfacial polymerization process and module preparation
To fabricate TFC membranes, the aqueous phase was a m-phenylene diamine solution (2 wt% in
water) and the organic phase was a trimesoyl chloride solution (0.15 v/v% in n-hexane). The
interfacial polymerization was carried one by one out on the outer surface of the Ultem® hollow
fiber substrates. Prior to this process, one end of the fibers were sealed with epoxy, pre-wetted
with alcohols in 20 s and then stabilized in DI water for 30 min. The fibers were consequently
dipped in the aqueous amine solution for 3 min at room temperature. After blotted with tissue
papers to remove the excess liquid on the outer surface, the fibers were immersed into the
trimesoyl chloride solution for 2 min to carry out interfacial polymerization. After that, the fibers
were immersed in n-hexane for 2 min to wash away excess monomers. Then, the fiber ends with
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epoxy were cut and the fibers were then kept in a 25:75 (vol %) glycerol/water solution
overnight, and finally dried in air.

The membrane modules were fabricated by loading 2-3 fibers into a 3/8-inch tubing associated
with two Swagelok® stainless steel male run tees at its ends. The effective length of the modules
was around 13.4 cm. Their ends were subsequently sealed with epoxy and cured at room
temperature for 24 h before tests.

Table 2. Spinning conditions of Ultem® hollow fiber supports
Spinning parameters

Fiber Code
HF-1

HF-2

HF-3

HF-4

Dope solution (wt%)

Ultem/DEG/
NMP
17/13/70

Ultem/DEG/
NMP
17/13/70

Ultem/DEG/ Ultem/DEG/
NMP
NMP
17/11/72
17/13/70

Bore fluid (wt%)

NMP:water
(90:10)

NMP:water
(95:5)

NMP:water
(90:10)

NMP:water
(90:10)

Dimensions of spinneret (mm)

0.6:0.9

0.6:0.9

0.6:0.9

0.6:0.9

External coagulant

Water

Water

Water

Water

Temperature (◦C)

Ambient

Ambient

Ambient

Ambient

Dope flow rate (ml/min)

6

6

6

6

Bore fluid flow rate (ml/min)

3

3

3

3

Air gap distance (cm)

1

1

1

1

Take-up speed (m/min)

36

36

36

30

DEG: diethylene glycol; NMP: N-methyl-2-pyrrolidone

2.3. Characterizations
2.3.1. Microscopy
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The morphology of supports and TFC membranes was recorded using a field emission scanning
electron microscope (FESEM, Quanta 200 or Nova Nano) and transmission electron microscopy
(TEM, Tecnai Twin). Before FESEM observation, the hollow fibers were fractured in liquid
nitrogen and then coated using a platinum/ iridium sputter coater. For TEM imaging, the hollow
fibers were embedded in epoxy resin and cut with a glass knife on a Leica UC6 ultramicrotome
at room temperature to give sections with a nominal thickness of 80 nm.

2.3.2. Positron annihilation spectroscopy (PAS)
The free volume of the selective layer and the mean depth profiles of the TFC membranes were
analyzed by doppler broadening energy spectroscopy using positron annihilation spectroscopy
(PAS), combined with a slow positron beam. The system employed 22Na isotope with the energy
of 50 mCi as a positron source. The hollow fiber samples were cut into a length of 2 cm and then
aligned closely along the vertical direction on an aluminum plate. The fibers were packed
alternatively into two layers to provide a seamless surface. A more detailed description of the
setup can be found elsewhere [25]. The correlation of the mean implantation depth (Z in nm) and
the incident positron energy (E in keV) was described by the following equation:
Z(E) =

40



E1.6

(1)

Where  is the density of the polymer material in g/cm3. The parameters S was often used to
characterize free volume of the polyamide layer and estimated from doppler broadening energy
spectroscopy results as the ratio of the central part of the PAS spectrum to the total spectrum
[26, 27].

2.3.3. Collapse pressure
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Collapse pressure tests were carried out for the supports using a lab-scale PRO setup, where a
high-pressure pump (Hydra-cell) was employed to recirculate DI water at the shell side of the
fibers at 0.2 Lmin-1. A peristaltic pump (Cole- Palmer) was used to flow DI water at 0.017 Lmin1

into the lumen side of the fibers. The tests were performed at room temperature. The collapse

pressure is defined as the pressure applied on the shell side at which the fiber was collapsed.

2.3.4. Sorption tests
The sorption tests of the supports in water and alcohols were carried out using the analogous flatsheet membranes fabricated from the similar dope solution of the hollow fibers. The pre-weighed
flat-sheet films were immersed into sorption solutions, which were kept in a closed bottle at
room temperature. The swollen films were then removed, absorbed with tissue paper to remove
surface liquid and then weighed in a closed environment. The degree of sorption of the supports
was determined by the equation:

𝐷𝑆 =

𝑊𝑠 −𝑊𝑜
𝑊𝑜

(2)

where Ws and Wo are the weights of the swollen and the dry films, respectively.

2.3.5. Pore structural properties of hollow fiber supports
Pore structural properties of hollow fiber supports, including pure water permeance, MWCO
(molecular weight cut-off), pore size, and pore size distribution were determined by using a labscale circulating filtration unit as previously described [28]. Since the selective layer is deposited
on the outer surface of the fibers, the feed solutions were provided from the outside, while the
permeate were achieved from their inside. The pure water permeance PWP (Lm-2bar-1h-1) was
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measured by circulating water into the module at a flow rate of 0.2 Lmin-1 under 1 bar and then
calculated using the equation:
𝑄

𝑃𝑊𝑃 = 𝑃×𝐴

(3)

𝑚

where Q is the water permeation volumetric flow rate (L/h), Am is the effective area (m2), and ΔP
is the transmembrane pressure drop (bar).

Pore size, pore size distribution, and MWCO of hollow fibers were estimated via solute
separation experiments with 200 mg/L neutral organic solutes (polyethyleglycol with different
molecular weights) by circulating the feed solutions through the modules at 1 bar. The system
was stabilized for 1 h before both collecting the feed and permeate. Concentrations of feed and
permeate were analyzed using a Shimazu total organic carbon analyzer. The solute rejection RT
(%) was determined using the equation:
𝑐𝑝

𝑅𝑇 (%) = (1 − 𝑐 )
𝑓

(4)

where cp and cf are the solute concentrations in the permeate and feed solutions, respectively.
The experiments were repeated 3 times and average values was recorded. From the relationship
between RT (%) and solute molecular weight, pore size, pore size distribution, and MWCO can
be calculated as previously described [28].

2.4. Reverse osmosis evaluation of the TFC membranes
Each TFC membrane was tested for its pure water permeance, A (Lm-2bar-1h-1) in the similar
method and equation for those of the supports. The feed of 200 mg/L NaCl at 0.2 Lmin-1 and 1
bar was employed to calculate the salt rejection using eq. 4. Accordingly, the salt permeance B
can be determined based on the equation:
10

1−𝑅𝑇
𝑅𝑇

1

= (𝑃−) 𝐵

(5)

where ΔP is the hydraulic pressure across the membrane while Δπ is the osmotic pressure
difference between the feed and permeate.

2.5. Forward osmosis (FO) performance
FO tests were performed using a lab-scale FO setup at room temperature. The draw solution of 1
M NaCl and the feed solution of DI water were recirculated counter-currently into the shell side
and lumen side with the flow rates of 0.2 and 0.017 Lmin-1, respectively. The water permeation
flux, (Jw, Lm-2h-1) was calculated from the following equation:
𝑣

𝐽𝑤 = 𝐴

𝑚𝑡

(6)

where Δv is the volume change of the feed solution over a predetermined time t (h) and Am (m2)
is the effective membrane area. The salt reverse flux, Js, in gm-2h-1, was calculated from the
following equation:
𝐽𝑠 =

(𝑐𝑡 𝑣𝑡 −𝑐𝑜 𝑣𝑜 )
𝐴𝑚 𝑡

(7)

where co and vo are the salt concentration and volume of the initial feed; and ct and vt are the salt
concentration and volume of the final feed, respectively. The reported data were the average
values of 3-time repeated experiments.

2.6. PRO performance
PRO tests were carried out with a lab-scale PRO setup, which were similar to that used for
collapse pressure tests. However, the shell side of the membranes was recirculated by the draw
solution (1 M NaCl). The power density is calculated by the following equation:
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𝑊 = 𝐽𝑤 𝑃

(8)

where ΔP is the hydraulic pressure difference across the membrane and Jw is the water
permeation flux.

3. Results and Discussion
3.1. Ultem® hollow fiber support characteristics
In order to explore the suitable morphology of hollow fiber supports for the development of
outer-selective TFC membranes, various spinning parameters have been investigated as listed in
Table 2. Among them, HF-1 is a control hollow fiber support while HF-2, HF-3 and HF-4 were
spun from dopes with different bore fluid compositions, dope formulas and take-up speeds.

Figures 1 compares the FESEM images of HF-1 and HF-2. HF-2 has a full finger-like structure
where macrovoids start from the inner surface to near the outer surface, while HF-1 has a mixed
sponge- and finger-like structure. As a result, HF-2 has an inhomogeneous inner surface
consisting of large pores with sizes matching the tip of finger-like macrovoids. These pores play
as transport channels for permeate across the hollow fibers and reduce internal concentration
polarization. In contrast, the inner surface of HF-1 has a fully cellular structure, which may
provide mechanical support during high pressure operations. In addition, the outer surface of HF2 is less smooth and has more pinholes than that of HF-1 due to the delayed demixing at the
inner surface using a higher NMP concentration as the bore fluid [29-31]. As displayed in Table
3, both hollow fiber supports have surface pore sizes smaller than < 50 nm and relatively narrow
pore size distributions with a mean pore diameter (µp) < 15 nm and a geometric standard
deviation (p) of about 1.65.
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Figure 1. Morphology of the hollow fiber supports used for fabricating the outer-selective PRO
membranes: (a) cross-section, (b) inner surface, and (c) outer surface

Table 3 shows that both HF-1 and HF-2 have high pure water permeance (PWP) of 524 and 952
Lm-2h-1/bar, respectively, while their corresponding collapse pressures are 15 and 11 bar. Since
the substrate morphology determines the transport and mechanical properties of the resultant
TFC membranes [13-17], these results indicate a trade-off existing between the PWP value of the
substrates and the operation pressure of the resultant PRO membranes. A support comprising a
full finger-like structure with a higher PWP may result in a PRO TFC membrane with a lower
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collapse pressure than that made from a support consisting of a mixed sponge- and finger-like
structure.
Table 3. Outer diameter, mean pore size, standard deviation, molecular weight cut-off (MWCO),
collapse pressure and pure water permeance (PWP) of Ultem® hollow fiber supports
Support

Outer
Wall
p
diameter thickness (nm)
(µm)
(nm)

p

MWCO
(kDa)

PWP
(Lm bar−1h−1)

Collapse
pressure
(bar)

−2

HF-1

468

87

8.0

1.64

52.6

524

15

HF-2

458

87

11.5

1.66

104.0

952

11

HF-3

468

87

5.9

1.77

35.9

131

18

HF-4

527

103

5.1

1.88

31.1

270

17

In order to tailor the support towards high pressure tolerance for PRO applications, dope formula
and take-up speed were further modified. A comparison between HF-1 and HF-3 in Figure 1
shows that they have similar morphology, outer diameters, inner and outer surface structures.
However, a higher magnification in Figure 2 indicates that HF-3 has more and thinner finger-like
macrovoids because of a smaller amount of diethylene glycol (DEG) in its dope formula. The
addition of ethylene glycol, diethylene glycol, polyethylene glycol or glycerol has been reported
to improve pore formation, suppress macrovoid formation and transfer the membrane
morphology from the finger-like to sponge-like structure [32-34]. As a result, HF-3 spun from a
smaller amount of DEG in its dope has a higher number of finger-like macrovoids with finer
macrovoid channels. Additionally, compared to HF-1, HF-4 has a similar morphology but a
larger outer diameter of 527 nm and a thicker fiber wall of 97 nm, due to a smaller elongational
stress applied on the nascent fiber because of using a lower take-up speed [35-38]. These
morphological changes render HF-3 and HF-4 to be mechanically stronger with higher collapse
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pressures of 18 and 17 bar, respectively (Table 3). Table 3 shows that the PWP values of HF-3
and HF-4 drop to 131 and 270 Lm-2h-1/bar, respectively, while their mean pore diameters (µp)
decrease to about 5.5 nm with geometric standard deviations (p) of about 1.80 because of less
porous top surface and overall structure. Compared to HF-1 and HF-2, HF-3 and HF-4 have
better surfaces for interfacial polymerization because of smaller mean pore diameters [39-41].

Figure 2. Detailed morphology of hollow fiber supports for preparing the outer-selective PRO
membranes

3.2. Outer selective TFC hollow fiber membranes
Figure 3 shows the FESEM surface images of PRO TFC membranes after conducting interfacial
polymerization on the ethanol-pre-wetted hollow fiber supports. A thin polyamide layer with
rough ridge-valley morphology was observed. Among these four hollow fibers, HF-1, HF-3 and
15

HF-4 have a smooth and homogeneous polyamide layer with a thickness of about 210 nm, while
HF-2 has a rougher and thicker polyamide layer with a thickness of about 245 nm. However, the
water permeance for HF-2 is the highest among these hollow fibers. The polyamide layer
morphology was then investigated in more details by TEM and the free volume was estimated by
PAS. The TEM images are shown as insets in Figure 3. They confirm that the polyamide layer of
the HF-2 TFC membrane is rougher than that of the HF-4 TFC membrane and their thicknesses
are consistent with those estimated from FESEM images.

Figure 3. (a) Outer surface and (b) outer edge morphology of outer-selective TFC hollow fiber
membranes prepared from different supports (FESEM images; insets are TEM images)

To compare the free volume and detailed structure of the polyamide layers formed on different
supports, PAS experiments, coupled with a monoenergetic slow positron beam, were performed.
Fig. 4 shows the S parameter versus positron incident energy (or mean depth) for the TFC
membranes, the patterns of which are consistent with previous studies for the TFC membranes
made of other support materials [27, 42]. It’s worth to note that this S parameter here is totally
16

different from another commonly used S parameter (structural parameter), which is related to the
effective diffusion length of the membrane. The S parameter of doppler broadening energy
spectroscopy is the ratio of the central part of the PAS spectrum to the total and directly related
to free volume in the membrane. The peak-like regions in the positron incident energy from 0.7
keV to 2.0 keV and from 7.0 keV to 12 keV correspond to the polyamide layer and the dense
skin of the Ultem® support, respectively. The S parameter is the highest for the polyamide layer
of the TFC HF-2 membrane, which indicates that its free volume is the highest. The largest free
volume justifies the highest water permeance and the lowest NaCl rejection of 46.2 % (a
corresponding salt permeance B of 5.3 Lm-2h-1) observed for this TFC HF-2 membrane under the
RO mode, as shown in Figure 5a. The S parameters of the polyamide layers are nearly similar
for other 3 TFC membranes.

Figure 4. S parameter (ratio of the central part of the PAS spectrum to the total) as a function of
position incident energy of TFC hollow fiber membranes prepared from different supports
17

For other 3 TFC membranes, their PWP values under the RO mode are in the order of HF-1 >
HF-4 > HF-3 which follows exactly the PWP order of their supports. Because their polyamide
layers have a similar structure and thickness, the PWP order of these TFC membranes is mainly
governed by the supports. FO experiments were also carried out using a cross-flow system under
the PRO mode. As shown in Figure 5b, the water flux follows the PWP order of HF-2 > HF-1 >
HF-4 > HF-3 in the range of 17.4 to 50.3 Lm-2h-1.

Figure 5. (a) Water permeance (A) and salt permeance (B) of outer-selective TFC hollow fiber
membranes, and (b) Water flux and salt reverse flux of outer-selective TFC hollow fiber
membranes.

The TFC membranes were further evaluated by high-pressure PRO experiments. As shown in
Figure 6, even though the initial water flux of the TFC HF-2 membrane is very high, it drops
rapidly under high pressures and nearly has a similar value with those of TFC HF-1 and HF-4
membranes at the applied pressure of 11 bar. The quick flux decrease of the TFC HF-2
membrane is due to two reasons. Firstly, its high salt permeance not only reduces the effective
18

osmotic driving force across the membrane but also induces server internal concentration
polarization. Secondly, since its polyamide layer was formed on large-sized pores (Figure 1), it
may be deformed under high pressures and become defective with worsen internal concentration
polarization and flux. In contrast, the other three TFC membranes exhibit a similar fluxdecreasing pattern with applied pressure.

Figure 6. PRO performance of outer-selective TFC hollow fiber membranes: (a) water flux and
(b) power density as a function of pressure

As implied from eq. 8, the power density is a product of pressure difference and flux obtained at
that pressure. Figure 6 shows that the TFC HF-2 membrane has a high initial water flux but a
low peak power density of 5.96 W/m2 because of the rapid flux decline with pressure and low
collapse pressure. The TFC HF-3 membrane has the lowest power density of 4.25 W/m2 due to
its smallest initial flux of 17.4 Lm-2h-1. Among the four TFC membranes, the TFC HF-4
membrane has the highest peak power density of 7.51 W/m2 because of its combination of high
pressure tolerance, reasonably high initial flux and low internal concentration polarization. In
conclusion, a desirable support (HF-4) for PRO membranes should have a mixed finger-like and
19

sponge-like structure (rather than the full finger-like structure of HF-2) and adequately large wall
thickness (as compared with that of HF-1) to provide strong mechanical strength while it should
have wider finger-like macrovoids (as compared to thinner ones of HF-3) to provide low
transport resistance. These properties can be achieved by lowering the solvent amount in the
bore fluid, decreasing the take-up speed and adding more amount of diethylene glycol into the
dope solution, respectively. Further optimizations on other spinning conditions such as air gap,
coagulant formation or temperature might be efficient to improve the performance to a higher
extent. Since the HF-4 support has resulted in the best PRO TFC membrane, it was chosen for
further investigation.

3.3. Enhancing PRO performance through alcohol pre-wetting on the support
In order to improve PRO performance, three types of alcohol pre-wetting were conducted on
hollow fiber substrates before interfacial polymerization. Table 4 summarizes the
physicochemical properties of these three alcohols, water and n-hexane as well as the substrate
material Ultem® [43-51]. Figure 7 shows FESEM images of the polyamide layer formed on the
HF-4 supports pre-wetted by water and different alcohols. The polyamide layer formed on the
water-pre-wetted support has a rough ridge-valley surface with a large thickness of 238 nm.
When the supports are pre-wetted by alcohols, the polyamide layers become thinner with smaller
nodules and smoother surfaces. The insets in Figure 7 show their TEM images and confirm that
the water-pre-wetted TFC membrane has a rougher polyamide layer than those of alcohol-prewetted TFC membranes. Because of the greater darkness, the TEM images also indicate that the
polyamide layer of the alcohol-pre-wetted TFC membranes has a higher density, which is
consistent with PAS observation. As shown in Figure 8, the S parameter curve is higher for the
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polyamide layer of the water-pre-wetted TFC membrane than those of alcohol-pre-wetted TFC
membranes, which indicates the former has a higher free volume or less dense structure than the
latter.

Table 4. Physicochemical properties of Ultem®, water, methanol, ethanol, n-propanol and nhexane
Solvent/
polymer

Molecular
weight
(g/mol)

Density
(g/cm3)
at 20 oC
[50]

Viscosity
x 103
(Pa.s)
[51]

Solubility
parameter
(MPa1/2)
[44]

Surface
tension
at 20oC
(mN/m)
[52, 53]

Water

18.02

0.998

0.890

47.9

72.8

Methanol
5wt%
Methanol/Water

32.04

0.793

0.547

29.6

22.7
63.5

Ethanol
5wt%
Ethanol/Water

46.07

0.790

1.140

26.5

22.1
56.4

n-Propanol
5wt%
Propanol/Water

60.10

0.804

1.950
[45]

24.5

23.7
42.5

n-Hexane

86.18

0.655
[43]

0.298
[43]

30.4 [49]

18.4

Ultem® 1000

39000

1.27 [47]

N.A

23.7 [46]
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Figure 7. (a) Outer surface and (b) outer-edge morphology of outer-selective TFC hollow fiber
membranes prepared from the HF-4 supports pre-wetted with water, methanol, ethanol and npropanol (FESEM images; insets are TEM images)

The benefits of pre-wetting the support with alcohols can be understood from two aspects.
Firstly, compared to water, alcohols have lower surface energy and closer solubility parameters
with Ultem®. As a result, alcohol pre-wetting facilitates substrate pores more accessible to the
aqueous solution and the m-phenylene diamine monomer would be more uniformly distributed
inside the support, leading to form a more homogeneous and thinner polyamide layer [39].
Secondly, alcohols may slightly swell up the substrate and reduce its pore sizes. As a
consequence, the transport of m-phenylene diamine toward trimesoyl chloride during interfacial
polymerization is less turbulent (i.e. less diffusive backward into pores of the support) and results
in a smoother polyamide layer [40].
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Figure 7b also shows that the polyamide thickness is in the order of water > methanol > ethanol
> n-propanol, which is in agreement with the trend of their S parameters (i.e., free volume) as
displayed in Figure 8. Since the solubility parameter is in the order of water > methanol >
ethanol > n-propanol  Ultem®, n-propanol has the best interaction with the Ultem® hollow
fiber. This explains why n-propanol pre-wetting produces the thinnest and smoothest polyamide
layer. To prove the interaction between Ultem® and water or alcohols, sorption tests were
carried out using Ultem® flat-sheet substrates. As shown in Figure 9a, the sorption data
absolutely follow the prediction from their solubility parameters. In addition, the sorption
amount of n-propanol after 17 days is almost equal to that after 7 days while those of methanol
and ethanol sorption increase 20 and 24 %, respectively. This implies that Ultem® absorbs npropanol faster than methanol and ethanol which make its equilibrium reach in a shorter time.
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Figure 8. S (ratio of the central part of the PAS spectrum to the total) parameter as a function of
position incident energy of TFC hollow fiber membranes prepared from the HF-4 supports prewetted with water and alcohols
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Figure 9. (a) Degree of sorption of the HF-4 fiber analogous flat-sheet supports in different
solvents at room temperature; (b) Water permeance (A) and salt permeance (B); and (c) Water
flux and salt reverse flux of outer-selective TFC hollow fiber membranes prepared from the HF4 supports pretreated with different solvents

Figures 9b and 9c compare A, B parameters and FO performance of these TFC membranes.
Consistent with SEM, TEM and PAS data, the water flux and water permeance (A) increase
while the salt reverse flux and salt permeance (B) slightly decrease in the order of pre-wetting
agents of water, methanol, ethanol and n-propanol. Since the n-propanol-pre-wetted TFC
membrane displays the best FO performance, it was tested under PRO for power generation. As
illustrated in Figure 10, its flux decreases 26 % to 20.3 Lm-2h-1 at the maximal pressure tolerance
of 17 bar. The obtained peak power density is 9.59 W/m2. It’s worth to note that the fibers do not
collapse at this pressure and hence the performance would be even higher. As shown in Table 1,
this performance surpasses other outer-selective PRO TFC hollow fibers made of Matrimid®
(5.10 W/m2) and polybenzimidazole hollow fibers made from phase inversion (7.63 W/m2) [19,
20] at almost similar operation conditions. Its better performance is attributed to its stronger
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support (higher collapse pressure than that of polybenzimidazole hollow fibers) and higher water
flux due to its smoother and thinner selective layer. Since Ultem® is cheaper than Matrimid®
and PBI, it may have greater potential for commercialization. Further works will focus on
fouling studies and long-term stability.

Figure 10. PRO performance of the outer-selective TFC hollow fiber membranes prepared from
n-propanol pre-wetted HF-4 support: water flux and power density as a function of pressure

4. Conclusion
In this study, we have demonstrated the potential of outer-selective TFC hollow fiber membranes
for energy conversion via PRO process. The desirable morphology of Ultem® hollow fiber
supports has been proposed and optimized by controlling the spinning parameters. A simple prewetting with alcohols has been applied for the support prior to the interfacial polymerization and
its effect on polyamide layer morphology has been investigated in-depth. The following
conclusions can be drawn based on this work:
(1) The support morphology with the mixed finger- and sponge-like structure is the most
convenient one with efficiently strong mechanical properties and low internal
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concentration polarization for a high pressure tolerance (17 bar) and low water flux drop
(~30 %).
(2) By using alcohols with solubility parameters closer to that of the support and lower
surface tension provides a more efficient pre-wetting so that m-phenylene diamine can be
distributed more uniformly. Its transport is then less turbulent leading to a thin and
smooth polyamide layer formation.
(3) The combination of moderate pressure tolerance and high initial flux, resulting from a
strong support and a thin and smooth selective layer, provided a higher power density
than previous reports in literature at similar operation conditions.
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Abbreviations
DEG

: diethylene glycol

FESEM : scanning electron microscope
FO

: forward osmosis

NMP

: N-methyl-pyrrolidone

MWCO : molecular weight cut-off
PAN

: polyacrylonitrile

PAS

: positron annihilation spectroscopy

PBI

: polybenzimidazole

POSS

: polyhedral oligomeric silsesquioxane

PVP

: polyvinylpyrrolidone

PWP

: pure water permeance

PRO

: pressure-retarded osmosis

RO

: reverse osmosis

TEM

: transmission electron microscope

TFC

: thin film composite

Nomenclatures

Am

: effective membrane area (m2)

cp

: solute concentration in the permeate (mg/L)

cf

: solute concentration in the feed (mg/L)
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co

: salt concentration the initial feed (mg/L)

ct

: salt concentration of the final feed (mg/L)

E

: incident positron energy (keV)

Js

: salt reverse flux (gm-2h-1)

Jw

: water permeation flux (Lm-2h-1)

Q

: water permeation volumetric flow rate (L/h)

RT

: solute rejection (%)

t

: time (s)

vo

: volume of the initial feed (L)

vt

: volume of the final feed (L)

W

: power density (W/m2)

Ws

: weight of swollen strips (mg)

Wo

: weight of dry strips (mg)

Z

: mean implantation depth (nm)

p

: mean pore size (nm)



: density of the polymer material (g/cm3)

p

: geometric standard deviation

ΔP

: transmembrane pressure drop (bar)

Δπ

: osmotic pressure difference (bar)
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