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Novel fabrication perspectives have been demonstrated to molecularly construct robust hollow fiber membrane supports
for high performance thin-film composite (TFC) pressure retarded osmosis (PRO) membranes. For the first time, we
found that the desirable hollow fiber supports should possess high stretch resistance and acceptable ductility. The
microstructure strength of the hollow fiber support may have more weights on overall robustness of the TFC PRO mem-
branes than the apparent cross-section morphology. Effectively manipulating the kinetics of phase inversion during spin-
ning by maneuvering bore fluid chemistry, and polymer solution composition is a promising method to tailor the
strength of hollow fiber supports. Prestabilization of the TFC membranes at elevated lumen pressures can significantly
improve their PRO performance. The newly developed TFC PRO hollow fiber membranes exhibit a power density as
high as 16.5 W/m2 and a very low specific reverse salt flux (Js/Jw) of 0.015 mol/L at a hydraulic pressure of 15 bar
using synthetic seawater brine (1.0 M NaCl) as the draw solution. VC 2014 American Institute of Chemical Engineers
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Introduction

The rapid growth in energy demand and the depletion of
fossil fuels have stimulated worldwide search for alternative
and sustainable power sources.1,2 Osmotic power harvested
from the mixing of water streams with different salinities is
an emerging renewable energy source with enormous poten-
tial.3,4 With up to 0.70–0.75 kWh of energy released when
1 m3 river water mixes with ocean, the global estimation of
this renewable energy is 1600 TWh/year.5,6 Much higher
energy can be generated if the high salinity retentate of
reverse osmosis (RO) plants is mixed with freshwater. Not
only can it potentially lower the overall energy consumption
for desalination, but also solve the problem of disposing RO
retentate.7 It is foreseen that osmotic energy has immense
potential and will make significant contributions to the
global power production.4–9

In principle, osmotic power can be generated via pressure
retarded osmosis (PRO) process where a semipermeable mem-
brane is placed between two solutions of different salinities.9,10

Driven by the chemical potential gradient, water spontaneously
permeates across the membrane from the feed of low-salinity
to the saltwater of high-salinity (which is referred to as the
draw solution thereafter). If the draw solution compartment
has a fixed volume, its hydraulic pressure would increase rap-
idly due to the large water inflow, thus drives the hydro-
turbine and produces electricity.8–11 Based on the prototype

PRO plant built by Statkraft, the power density of the PRO
membranes should be larger than 5 W/m2 in order to be com-
mercially viable.5,8,11 However, studies have demonstrated that
commercially available semipermeable membranes such as
conventional RO and forward osmosis (FO) membranes do
not performance well in pressurized PRO processes due to
severe internal concentration polarization (ICP) or weak mem-
brane strengths.12–17 Ideal membranes for high pressure PRO
processes should possess (1) a high water permeability in
order to have a high water flux, (2) robust mechanical strength
to withstand the complicated forces and stresses, (3) an effec-
tive salt rejection to maintain the osmotic driving force, and
(4) a low structure parameter to minimize the ICP.4,18–23

Several important advancements have been made in flat-
sheet and hollow fiber thin-film composite (TFC) membranes
for PRO processes.18–27 Zhang et al. and Li et al. improved
the stability and permeability of flat-sheet TFC PRO mem-
branes by modifying the physicochemical properties of the
supports and post-treating the polyamide selective layer.18,19

Han et al. developed novel flat-sheet TFC PRO membranes
that exhibited a power density of 12 W/m2 at 15 bar using
1 M NaCl and deionized (DI) water as feeds.20 Song et al.
fabricated flat-sheet TFC PRO membranes on nanofiber sup-
ports and showed a power density of 15.2 W/m2 at 15.2 bar
when 1.06 M NaCl and 0.9 mM NaCl were used as feeds.24

However, flat-sheet PRO membranes have several unavoid-
able shortcomings.25,28–32 They are easily deformed in high
pressure PRO processes due to membrane-spacer interactions
that may lead to severe salt leakage, structure parameter
enhancement, and hydraulic pressure loss in the feed flow
channel. Moreover, the shadow effects from the spacer in
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the feed channel further reduces the overall water flux and
power density.25,28 In contrast, the self-supported hollow
fiber membranes are of great interest due to the spacer-free
module fabrication. Not only could this minimize the mem-
brane deformation owing to membrane-spacer interactions,
but also eliminate the aforementioned extra energy loss in
the feed flow channel of flat-sheet modules.

For TFC PRO hollow fiber membranes, Han et al. recently
developed novel membranes that can withstand transmem-
brane pressures up to 16 bar and exhibit a peak power den-
sity as high as 14 W/m2 using synthetic seawater brine
(1.0 M NaCl) and DI water as feeds.21 Chou et al. also
reported one TFC PRO hollow fiber membrane that can
achieve a power density of 20.9 W/m2 at 15 bar using 1.0 M
NaCl as the draw solution, but their salt reverse flux is rela-
tively high.23 Zhang et al. invented another TFC PRO hol-
low fiber membrane which can produce a maximum power
density of 24.0 W/m2 at 20.0 bar with a very low ratio of
salt reverse flux to water flux (i.e., less than 1 g/L) using
1 M NaCl as the concentrated brine.22 Despite of these
impressive developments, the underlying fundamental sci-
ence and engineering for the fabrication of highly robust
TFC PRO hollow fiber membranes with superior perform-
ance have not been fully explored.

As a continuous effort in developing effective PRO mem-
branes, the objectives of this study are to investigate the under-
lying science of fabricating high performance TFC PRO
hollow fiber membranes with an inner selective layer and to
particularly focus on how to molecularly construct highly
robust hollow fiber supports. By manipulating the chemistry of
polymer solutions and the kinetics of phase inversion processes,
we would first design hollow fiber supports with different
micromorphology and mechanical strengths. After conducting
interfacial polymerization on these supports under the same
conditions and testing the resultant TFC PRO membranes by
various synthetic brines, we would aim to elucidate the rela-
tionship between the physicochemical properties of the hollow
fiber supports and the transporting properties, robustness, and
power density of the TFC PRO membranes. This fundamental
study may provide pertinent insights of design strategies of hol-
low fiber supports for the fabrication of highly robust TFC
PRO hollow fiber membranes for power generation.

Experimental

Materials and chemicals

Matrimid
VR

5218 purchased from Vantico was used as the
polymer to fabricate the hollow fiber membrane support.

N-methyl-2-pyrrolidone (NMP, >99.5%) and diethylene gly-
col (DEG, >99.0%) from Merck were utilized as the solvent
and pore former in the membrane fabrication, respectively.
A mixture of glycerol (Aik Moh Pains & Chemicals Pte.,
Singapore) and water (50/50 wt %) was used to post treat
the as-spun hollow fibers. Polyethylene oxide and polyethyl-
ene glycol with different molecule weights were purchased
from Sigma–Aldrich to characterize pore characteristics and
molecular weight cutoff (MWCO) of the hollow fiber sup-
ports. Trimesoyl chloride (TMC, >98%) and m-phenylenedi-
amine (MPD, >99%) were ordered from Sigma–Aldrich as
monomers for the interfacial polymerization reaction.
Sodium dodecyl sulphate (SDS, >97%, Fluka) and triethyl-
amine (TEA, >99%, Sigma–Aldrich) were used as additives,
whereas hexane (>99.9%, Fisher Chemicals) as the solvent
for the interfacial polymerization. Sodium chloride (NaCl)
was acquired from Merck and DI water was produced by a
Milli-Q unit (Millipore) with a resistivity of 15 MX cm.

Fabrication of hollow fiber membrane supports

To fabricate desirable hollow fiber supports for the inner
selective TFC PRO membranes, a spinning process consist-
ing of a single-layer spinneret and a dual-bath coagulation
technology was used to control the phase inversion and
membrane morphology during fiber formation. The detailed
experimental set up and spinning procedures were described
elsewhere.21,33 Table 1 summarizes the spinning parameters
for the hollow fiber supports. After phase inversion, the
membranes were soaked in a 50 wt % glycerol aqueous solu-
tion for 2 days and then dried in the air at room temperature
(about 23�C). For module fabrication, the hollow fiber mem-
branes were assembled into the module holder which con-
sists of two Swagelok stainless steel male run tees connected
by a perfluoroalkoxy tube with an effective length of
13.0 cm. Both ends were sealed with a slow cure epoxy resin
(KS Bond EP231, Bondtec).

Interfacial polymerization of TFC PRO hollow fiber
membranes

A polyamide selective skin was formed on the inner sur-
face of the hollow fiber supports via interfacial polymeriza-
tion between MPD and TMC.34 In a typical interfacial
polymerization, a 2 wt % MPD aqueous solution containing
0.5 wt % TEA and 0.1 wt % SDS was first fed into the
lumen of hollow fibers for 5 min. The residual droplets of
MPD were then removed by purging a sweeping air. A 0.15
wt % TMC hexane solution was subsequently brought into
contact with the MPD saturated membrane inner surface for

Table 1. Spinning Conditions of Hollow Fiber Membrane Supports

Spinning Parameter

Spinning Code

HF-1 HF-2 HF-3 HF-4

Polymer dope solution (wt %) 18/17/65 Matrimid/DEG/NMP 16.9/17/65.3/0.8 Marimid/DEG/NMP/H2O
Solubility parameter d (Mpa)1/2 23.1 23.3
Bore-fluid solution (wt %) H2O/NMP 70:30 H2O/NMP/EG 40:30:30 H2O/NMP 70:30 H2O/NMP 50:50
Solubility parameter d (Mpa)1/2 40.3 34.9 40.3 35.3
Polymer dope flow rate (mL/min) 0.6 1.15 1.5 1.5
Bore-fluid flow rate (mL/min) 0.3 0.71 0.75 0.75
Air-gap length (cm) 3.0 1.5 2.0 2.0
Take-up speed (m/min) 1.0 (free fall) 2.1 (free fall) 2.5 (free fall) 2.5 (free fall)
External coagulants IPA/water (60/40 wt %, d 5 33.2 (Mpa)1/2) then tap water (d 5 47.8 (Mpa)1/2) using dual bathes of coagulation
Spinneret dimension (mm) Single-layer spinneret (1.2-0.68-0.48)
Spinning temperature (�C) Ambient (23�C 6 2)
Post treatment 40/60 wt % glycerol/water for 2 days
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3 min, leading to the formation of the polyamide skin. The
resultant TFC hollow fiber membranes were rinsed with water
and then stored in DI water before further characterizations.

Membrane morphology, porosity, and mechanical
properties

Membrane morphology was observed by a field-emission
scanning electron microscope (FESEM JEOL JSM-6700LV).
Membrane porosity of the hollow fiber support was measured
using a standard protocol described in our previous studies.21,22

Fiber mechanical properties, such as tensile modulus, maxi-
mum tensile strength, and elongation at break were determined
by an Instron tensiometer (Model 5542, Instron Corp.) in
watery phase at room temperature. A constant elongation rate
of 10 mm/min with a starting gauge length of 25 mm was
applied. Each reported value was an average of at least 10
fibers.

Pure water permeability and pore characteristics of the
hollow fiber supports

Pure water permeability (PWP) of the fabricated hollow
fiber membrane support was measured using a lab-scale PRO
setup. As the hollow fiber supports have an inner selective
skin, the feed water was pumped into the lumen side and the
permeation water was collected from the shell side. The feed
water was kept at a constant flow rate of 0.1 L/min and the
applied pressure in the lumen was increased to predefined val-
ues. The PWP in L/(m2 h bar) (or LMH/bar) was calculated
using the equation

PWP 5
Q

AmDP
(1)

where Q is the water permeation volumetric flow rate (L/h),
Am is the effective filtration area (m2), and DP is the trans-
membrane pressure drop (bar).

The pore size, pore-size distribution, and MWCO of the
hollow fiber supports were measured by solute rejection
experiments using neutral solutes made of polyethylene oxide
or polyethylene glycol with a concentration of 200 ppm at
1 bar. The concentrations of the neutral solutes in the feed
and permeate were measured via a total organic carbon ana-
lyzer (TOC ASI-5000A, Shimadzu, Japan). The measured
feed (Cf) and permeate (Cp) concentrations were used to cal-
culate the effective solute rejection coefficient R (%) as

R5 12
Cp

Cf

� �
3100% (2)

The relationship between solute Stokes diameter (ds, nm)
and molecular weight (Mw, g/mol) of the neutral solutes can
be expressed as35,36

For PEG : ds533:46 3 10212 3 M0:557 (3)

For PEO : ds520:88 3 10212 3 M0:587 (4)

By plotting the solute rejection R vs. ds on a log-normal
probability paper, a straight line is yielded and the mean
effective pore-size mp (diameter) is found at R 5 50%, and
the geometric standard deviation rp is obtained as the ratio
of ds at R 5 84.13% and R 5 50%. Then, the pore-size distri-
bution of the membrane can be expressed as following

dRðdpÞ
ddp

5
1

dp lnrp

ffiffiffiffiffiffi
2p
p exp 2

ðln dp2ln lpÞ2

2ðln rpÞ2

" #
(5)

Mass transport characteristics of the TFC PRO hollow
fiber membranes

The intrinsic water permeability (A), salt rejection (R), and
salt permeability (B) of the TFC hollow fiber membranes
were characterized by testing the membranes under the RO
mode via a lab-scale circulating filtration apparatus. The water
permeability coefficient (A) was determined from the pure
water permeation fluxes under a transmembrane hydraulic
pressure of 1–2 bar. The salt rejection (Rs) to NaCl was
obtained by determining the conductivity of the permeate and
the feed solution using a feed of 200 ppm NaCl at 1 bar. The
salt permeability coefficient (B) was then determined accord-
ing to the solution-diffusion theory as follows18–22

12Rs

Rs

5
B

AðDP2DpÞ (6)

where DP and Dp are the pressure difference and osmotic
pressure difference across the membrane, respectively.

The membrane structure parameters S of the TFC mem-
branes were obtained via a method described in the previous
studies.21,22

PRO experiments

The setup for cross-flow PRO experiments has been
reported in our previous studies.21,22 Each TFC hollow fiber
membrane was first tested at zero hydraulic pressure
(DP 5 0) to evaluate its FO performance. Then, the hydraulic
pressure applied on the draw solution was increased to pre-
defined values. At each pressure, the PRO test was continued
for more than 30 min at room temperature (�23�C). The
flow rate at the shell side was kept at 0.2 L/min, whereas the
flow rate at the lumen side was kept at 0.1 L/min. A lower
feed flow rate in the lumen side was used to minimize the
pressure drop through the fiber. NaCl was used as the solute
to prepare the draw solution and feed solution, as listed in
Table 2. All the tests were carried out under the PRO mode,

Table 2. Summary of the Synthetic Water Sources for PRO Tests

Synthetic Water Source NaCl Concentration Osmotic Pressurea (bar)

Salt water (Draw solution) Seawater brine 1.0 M 49.2
Fresh water (Feed solution) Deionized water 0 0

River water 10 mM 0.49
Wastewater brine 40 mM 1.96

aThe osmotic pressure was calculated with the van’t Hoff equation.
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where the selective layer of the membrane faces the draw
solution. The water flux (Jw) was determined by measuring
the weight change of the feed solution, and the reverse sol-
ute flux (Js) was calculated via the change of conductivity
with time in feed water.

In terms of energy production in PRO, the apparent
osmotic power density (W) was calculated by the product of
the transmembrane hydraulic pressure difference (DP) and
the water permeation flux (Jw) across the membrane19–22

W5Jw3DP (7)

W is a major performance indicator in PRO processes
because it determines the required amount of membrane area
and the size of the PRO plant for a given capacity of energy
production.

Results and Discussion

Characteristics of the hollow fiber membrane supports

By using different polymer dope compositions and bore
fluid chemistry, asymmetric hollow fiber supports with a rela-
tively dense inner skin and a highly porous outer skin were
designed. Figure 1 shows the inner surface, outer surface, and
overall cross-section micrographs of the fabricated hollow
fiber supports. To exclude the influences from fiber dimension,

all hollow fiber supports were made to have a similar inner
diameter ranging from 520 to 540 mm (Table 3). As all bore
fluids have a high amount of nonsolvents, all inner surfaces
exhibit relatively dense skins. This morphology is favorable
for the formation of a less defective polyamide layer with a
good water permeability during interfacial polymerization.21–

23,37 However, the order of inner surface porosity seems to fol-
low HF-1<HF-2<HF-3<HF-4 due to the following factors:
(1) both HF-1 and HF-2 were spun from a dope with a higher
polymer content than that of HF-3 and HF-4 (18 vs. 16.9 wt
%); as a result, the former have tighter skins than the latter; (2)
HF-4 was spun from a bore fluid containing the highest NMP.
As the bore fluid has a relatively close solubility parameter
with the polymer solution as shown in Table 1, it results in
slightly delayed demixing and a relatively porous skin; (3)
similarly, the bore fluid of HF-2 has a relatively close solubil-
ity parameter with the spinning dope because it contains a
large percentage of ethylene glycol (EG) which is a viscous
nonvolvent. Because isopropyl alcohol (IPA)/water (60/40)
was used as the first external coagulant and has a faintly close
solubility parameter with the spinning dope, all outer surfaces
have disconnected large pores, which not only facilitates water
and salt transport as well as reduces the ICP in the support
layer, but also provides more robust mechanical strength than
fully connected surface pores under stresses. In addition, the
outer surface porosity follows the trend of HF-2 � HF-

Figure 1. SEM micrographs of different bulk and surface morphologies of the newly developed hollow fiber
supports.

Table 3. Summary of the Porous Properties and Dimension of the Hollow Fiber Supports

Membrane ID mp (nm) rp PWP [L/(m2 bar h)] MWCO (KDa) Porosity (%) Fiber OD/ID (mm)

HF-1 6.5 6 0.2 1.50 6 0.05 245.9 6 15.0 32.8 6 3.2 72.4 6 3.5 880/520
HF-2 6.4 6 0.5 1.36 6 0.01 253.9 6 54.6 25.3 6 3.8 75.5 6 2.4 860/540
HF-3 13.7 6 0.5 1.47 6 0.01 284.4 6 58.2 146.4 6 6.7 70.3 6 1.8 820/520
HF-4 14.8 6 0.9 1.43 6 0.04 605.4 6 38.8 157.3 6 6.7 80.5 6 2.7 840/520
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1<HF-4 � HF-3 because the first two fibers were spun from
a dope with a higher polymer content than the last two.

In addition, all hollow fibers show good concentricity but
different overall cross-section morphology, as illustrated in
Figure 2. When H2O/NMP 70:30 was used as the bore fluid,
small tear-shape macrovoids were produced in the middle of
the cross-section of HF-1 and short finger-like macrovoids
were formed in the inner cross-section of HF-3. In contrast,
HF-2 and HF-4 have a fully sponge-like cross-section struc-
ture. These discrepancies in cross-section morphology are due
to the fact that macrovoids are usually formed via instantane-
ous demixing between the polymer solution and bore fluid as
well as bore fluid intrusion from the lumen of hollow fibers,38

while sponge-like macrovoid-free morphology is often
resulted from delayed demixing. As H2O/NMP 70:30 is a
much stronger coagulant than H2O/NMP 50:50 and H2O/
NMP/EG 40:30:30 (i.e., solubility parameters of d 5 40.3 vs.
35.3 and 34.9 (Mpa)1/2, respectively), it results in membranes
with macrovoids. Microscopically, all hollow fibers possess a
porous open-cell structure across the membrane, which is
essential to reduce transport resistance and minimize ICP. A
relatively dense sponge-like layer can be observed beneath the
inner skin of all hollow fibers. The microstructure of this layer
plays an important role in determining the quality of the poly-
amide layer as well as the effectiveness of dissipating stresses
across the membrane under high pressures.21,22,27

Table 3 presents the basic characteristics of the as-spun hol-
low fiber supports including the mean pore size, PWP,
MWCO, and porosity. Figure 3 shows the pore-size distribution

Figure 2. SEM micrographs of the cross-section morphology of the newly developed hollow fiber supports.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Pore-size distribution of the newly developed
hollow fiber supports.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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curves of the fibers. HF-1 and HF-2 have narrow pore-size dis-
tributions and close mean pore sizes of 6.5 and 6.4 nm, respec-
tively; whereas HF-3 and HF-4 possess larger mean pore sizes
of about 13.7 and 14.8 nm, respectively, with broader pore-size
distributions. The MWCO follows a similar trend as their
mean pore sizes. These differences are mainly resulted from
dissimilar thermodynamics and kinetics during phase inversion
due to different dope compositions and bore fluid chemistry.
HF-1, HF-2, and HF-3 have similar overall porosity ranging
from 70.3 to 75.5%, whereas HF-4 has a relative larger poros-
ity of 80.5% because it was spun from a dope with lower poly-
mer content and a bore fluid with a high NMP percentage. As
a consequence, HF-4 shows a much larger PWP of 605 L/(m2

bar h) compared to other fibers [245.9–284.4 L/(m2 bar h)].
Due to the high pressure water flowing in the lumen, the

TFC hollow fiber membranes would be compacted and
expanded in PRO processes. As the mechanical stability of
the supports under pressures determines the robustness of the
final TFC PRO membranes,18–22 the PWP of the hollow fiber
supports at various transmembrane hydraulic pressures were
studied using the PRO setup. As shown in Figure 4, the
PWP of HF-1 and HF-3 rapidly decrease by 22 and 37%,
respectively, with an increase in transmembrane pressure to
16 bar due to membrane compaction. In contrast, HF-2 first
displays a slight reduction in PWP at low pressures (DP< 6
bar) and then the PWP increases by 17% at 16 bar. This
phenomenon is possibly due to membrane deformation such
as increased membrane surface area, reduced thickness and
defect formation under high pressures in the lumen because
the microstructure formed by the EG containing bore fluid is

less rigid. HF-4 was physically broken at 9 bar, while the
burst pressures of HF-1, HF-2, and HF-3 are larger than
16 bar (Table 4). Clearly, the mechanical stability and physi-
cal responses of hollow fiber supports can be tailored via
effectively controlling dope composition and phase inversion
conditions. In addition, hollow fiber membranes with a fully
sponge-like cross-section morphology do not always possess
better robustness than those containing small size macrovoids
as we originally thought.19–22 The strength of membrane
microstructure and the effectiveness of stress dissipation under
PRO pressures may have more weights on overall membrane
robustness than apparent cross-section morphology.

Table 4 summarizes the mechanical properties of the
newly developed hollow fiber supports in terms of tensile
modulus, tensile strength, and elongation at break. HF-3
shows the highest tensile modulus followed by HF-1 and
then HF-4 and HF-2. In terms of tensile strength and elonga-
tion at break, the hollow fiber support follows the orders of
HF-1>HF-3>HF-2>HF-4 and HF-2>HF-3>HF-4>HF-
1, respectively. The membrane toughness was estimated by
integrating the stress–strain curve. HF-2 has the largest
toughness and followed by HF-3 and HF-1 and then HF-4.
Consistent with the results from high pressure PRO tests,
HF-1, HF-2, and HF-3 have burst pressures greater than 16
bar, which is much larger than 9 bar of HF-4.

Characteristics of the TFC PRO hollow fiber
membranes

The water permeability A, salt rejection R, salt permeabil-
ity B, and membrane structure parameter S of the fresh and
stabilized TFC hollow fiber membranes are shown in Figure
5. The as-prepared TFC hollow fiber membranes have a
water permeability ranging from 1.7 to 1.9 LMH/bar with a
salt permeability of 0.15–0.48 LMH before stabilization.
Under no-pressure PRO tests (when DP 5 0), they have
water fluxes of 36.7–41.0 LMH and reverse salt fluxes of
10.2–11.0 gMH when 1 M NaCl is used as the draw solution
and DI water as the feed, as shown in Table 5. In addition,
they possess relative small structure parameters of lower
than 810 mm (Figure 5).

Subsequently, the fresh TFC hollow fiber membranes were
stabilized by progressively increasing the hydraulic pressure
in the lumen to certain values, and then the transporting
properties and structure parameters of the stabilized mem-
branes were retested under same conditions. Experiments
have shown that the precompression of TFC membranes can
stabilize membrane’s PRO performance,19–22,24 and the stabi-
lized pressures for TFC-HF1, TFC-HF2, TFC-HF3, and
TFC-HF4 were 16, 15, 15, and 6 bar for 30 min, respec-
tively. As shown in Figure 5, the water and salt permeability
of TFC-HF1 increase from 1.9 to 3.6 LMH/bar and from
0.48 to 0.73 LMH, respectively, after stabilization at 16 bar.
They are from 1.7 to 3.1 LMH/bar and 0.16 to 0.61 LMH,

Figure 4. Variations of the normalized PWP as a func-
tion of hydraulic pressure difference across
the newly developed hollow fiber supports.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 4. Summary of the Mechanical Properties of the Hollow Fiber Supports

Membrane ID
Tensile

Modulus (MPa)
Tensile

Strength (MPa)
Elongation at

Break (%)
Toughnessa

(3 106 J/m3) Burst Pressure (bar)

HF-1 299.6 6 24.3 10.4 6 1.0 22.0 6 2.6 2.0 6 0.3 >16
HF-2 148.3 6 23.1 6.9 6 0.5 51.0 6 2.9 2.9 6 0.4 >16
HF-3 326.1 6 24.5 7.8 6 0.4 36.2 6 3.1 2.3 6 0.8 >16
HF-4 190.4 6 30.4 6.7 6 0.4 34.8 6 4.5 1.9 6 0.7 �9

aToughness was calculated by taking the integral underneath the stress-strain curve.
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respectively, for TFC-HF2 and from 1.7 to 4.3 LMH/bar and
0.15 to 0.47 LMH, respectively, for TFC-HF3 after stabiliza-
tion at 15 bar, and from 1.9 to 9.0 LMH/bar and 0.24 to
25.7 LMH, respectively, for TFC-HF4 after stabilization at
6 bar. In summary, the stabilized TFC hollow fiber mem-
branes show great improvements in water flux with slightly
increases in reverse salt flux except TFC-HF4. In addition,
all stabilized membranes maintain good salt rejections of
larger than 80% except TFC-HF4 which decreases to 23%.
The dramatically increased salt permeability and decreased
salt rejection of TFC-HF4 suggest that the polyamide selec-
tive layer is significantly deformed. Furthermore, the struc-
ture parameters of all TFC hollow fiber membranes decrease

after the stabilization process. As membrane structure param-
eter is defined as S5 ts/e where t, s, and e are the thickness,
tortuosity, and porosity of the support layer, a lower S not
only indicates that the supporter layer becomes thinner, but
also implies that porosity increases and tortuosity decreases
because of the stretch around the hoop direction by the
applied hydraulic pressure in the lumen. A low S helps
reduce the ICP effects, thus the stabilized TFC hollow fiber
membranes may show improvements on power density.

Figure 6 shows the surface and cross-section morphology
of the stabilized TFC PRO hollow fiber membranes. A typi-
cal “ridge-and-valley” morphology with a layer thickness of
162.4–178.5 nm is formed on the lumen surface. The leaf-
like polyamide layers of TFC-HF3 and TFC-HF4 have a rel-
ative bigger leaf comparing to TFC-HF1 and TFC-HF2
because the supports of the former have larger pores than
the latter.34,37

PRO performance of the TFC hollow fiber membranes

The PRO performance of the newly developed TFC hol-
low fiber membranes were evaluated via a lab-scale PRO
setup using synthetic seawater brine (1 M NaCl) as the draw
solution, DI water, synthetic river water (10 mM NaCl), and
wastewater brine (40 mM NaCl) as the freshwater streams
(Table 2).

Figure 7 shows the water fluxes (Jw) at various hydraulic
pressures before and after stabilization, using synthetic sea-
water brine as the draw solution and DI water as the feed.
Before stabilization, the water flux of TFC-HF1 decreases

Figure 5. Transport properties of the developed TFC-HF1, TFC-HF2, THF-HF3, and TFC-HF4 membranes before
and after being stabilized at 16, 15, 15, and 6 bar in PRO, respectively.

(a) Water permeability (A) tested at 1 bar, (b) salt rejection (R) tested at 1 bar with a 200 ppm NaCl feed, (c) salt permeability

(B), and (d) structure parameter (S).

Table 5. FO Performance of the TFC Hollow Fiber Mem-

branes Before and After Stabilization

Membrane ID

FO Performance (PRO mode)

Water Flux (LMH)
Reverse Salt
Flux (gMH)

TFC-HF1 38.3 6 2.7 10.6 6 1.7

Stabilized @ 16 bar 42.8 6 3.0 15.5 6 3.2
TFC-HF2 36.7 6 2.3 10.4 6 2.4

Stabilized @ 15 bar 45.6 6 4.1 10.5 6 3.6
TFC-HF3 39.2 6 2.1 10.2 6 1.6

Stabilized @ 15 bar 48.2 6 3.2 10.5 6 3.2
TFC-HF4 41.0 6 2.4 11.0 6 3.3

Stabilized @ 6 bar 48.5 6 3.2 30.5 6 6.4

Draw solution: 1 M NaCl; feed solution: deionized water; Flow rate: lumen
side is 0.1 L/min; shell side is 0.2 L/min.
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with an increase in pressure before 9 bar and then maintains
almost the same value at 9–16 bar. The water flux of TFC-
HF2 displays a similar trend before 9 bar but increases at
higher pressures of 9–15 bar. For TFC-HF3, the water flux
first shows a reduction at low pressures of 0–6 bar, remains

the same value at 6–12 bar, and then slowly increases with
elevating pressure to 15 bar. The water flux of TFC-HF4
exhibits a similar trend at low pressures but experiments end
at 6 bar because of weak fiber properties. Figure 7 also
shows the water flux after stabilization which is very stable

Figure 6. Typical morphology of the stabilized TFC-PRO hollow fiber membranes.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Water flux (Jw) of the newly developed TFC hollow fiber membranes at various hydraulic pressure differ-
ences before and after stabilization.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and slowly decreases with increasing hydraulic pressure.
Interestingly, the stabilization process significantly increases
the water flux. However, different degrees of flux increments
are observed for different fibers. TFC-HF2 and TFC-HF3
have larger flux improvements than TFC-HF1 because their
support structures are more adjustable than the TFC-HF1
during the stabilization process. TFC-HF2 has a less rigid
structure because EG was used in its bore fluid, while TFC-
HF3 was spun from a dope with a lower polymer concentra-
tion. Because membrane power density is a product of water
flux and transmembrane hydraulic pressure, the power den-
sity of these TFC hollow fibers is almost proportional to
their water fluxes with a power density up to 13.7–16.5 W/
m2 at a hydraulic pressure of 15–16 bar, as illustrated in
Figure 8. Particularly, the TFC-HF3 membrane exhibits the
highest W of 16.5 W/m2 at 15 bar, which is attributed to its
overall superior mechanical properties (Table 4) and high
water flux (Figure 5 and Table 5).

Figure 9 shows the specific reverse salt flux (Js/Jw) as a
function of pressure before and after stabilization. A large
specific reverse salt flux is unacceptable because it will
directly reduce the driving force and elevate ICP, thus
greatly decreases the module’s productivity in real PRO
applications. TFC-HF1 shows a very small specific salt flux
of 0.28 g/L at 0 bar, then the specific salt flux slowly reaches
0.6 g/L at 9 bar and rapidly increases to 1.9 g/L (or 0.032
mol/L) at 16 bar. The specific salt flux of TFC-HF2 is rela-

tive small at low pressures, such as 0.23 and 0.37 g/L at
0 and 3 bar, respectively. Then, the specific salt flux
increases to 2.2 g/L (0.038 mol/L) at 15 bar. Interestingly,
TFC-HF3 always possesses a relative low specific salt flux
of less than 0.9 g/L (0.015 mol/L) in the whole pressure
range from 0 to 15 bar. The slow increment in salt flux with
pressure indicates the good membrane stability. To the best
of our knowledge, this PRO performance in terms of high
power density and low salt reverse flux outperforms most
PRO membranes reported in the literatures.3,13,21–23 TFC-
HF4 possesses the worst rejection stability with a specific
salt flux of 4.2 g/L (0.07 mol/L) only at 6 bar. In addition,
the specific salt fluxes of the stabilized TFC hollow fiber
membranes show minor changes comparing to those before
stabilization, which suggests that the selectivity of the poly-
amide layer is maintained and no significant defects are
formed even at high pressures. Clearly, stabilization enhan-
ces water permeability and decrease membrane structure
parameter of the TFC hollow fiber membranes without
accompanying severe salt leakage, resulting in high PRO
performance.

As the TFC hollow fibers with an inner selective layer
undergoes stretch in the radial direction in response to the
applied hydraulic pressure in the lumen, it affects the free
volume, permeability, and selectivity of the polyamide layer
as well as the support layer. When the hydraulic pressure is
low, the stretch is elastic and the membrane selectivity is not

Figure 8. Experimental power density (W) of the newly developed TFC hollow fiber membranes at various hydraulic
pressure differences before and after stabilization.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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affected. Once the pressure increases to a certain value, the
support layer may suffer dramatically physical changes and
the polyamide layer may detach from and/or rupture the sup-
port, resulting in a dramatically increase in reverse salt flux.
The stability of TFC hollow fiber membranes under pres-
sures is therefore strongly dependent on the robustness of
their supports. Figure 10 illustrates the stress–strain curves
of the developed hollow fibers and three distinct kinds of
fibers can be identified. One fiber that has high stretch resist-
ance (tensile stress) but low ductility (elongation at break) is
named as “strong fiber.” This type of fiber normally pos-
sesses high rigidity and is stable at low pressures and shows
a slow increase in salt reverse flux with elevated pressures.
However, the reverse salt flux will increase rapidly once the
applied pressure beyond a certain value (such as >9 bar for
TFC-HF1 in Figure 9). In contrast, one fiber that has high
ductility but relatively low stretch resistance is called “ductile
fiber.” The reverse salt flux of this fiber will increase signifi-
cantly with increasing lumen pressure even at a relative low
pressure (such as >3 bar for TFC-HF2 in Figure 9). The other
kind of fiber is the “tough fiber” which not only has a rela-
tively high stretch resistance but also a good ductility. The
reverse salt flux of the “tough fiber” can be maintained at a
relative low level even at high pressures (such as TFC-HF3 in
Figure 9). Fibers with poor tensile strength and ductility are
normally very weak and possess low burst pressures such as

9 bar for HF-4. A comparison among Figures 7–10 suggests
that a proper balance between the membrane stretch resistance
and ductility is very important for the overall stability of inner
selective TFC PRO hollow fiber membranes.

Figure 9. Specific salt flux (Js/Jw) of the newly developed TFC hollow fiber membranes at various hydraulic pres-
sure differences before and after stabilization.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. Typical stress–strain curves of the newly
developed hollow fibers.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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It seems that the TFC PRO hollow fiber membranes with
a fully sponge-like morphology do not always possess better
mechanical robustness than those with small macrovoids, the
overall membrane strength may not only depend on the over-
all cross-section morphology, but also rely on the micropoly-
mer network within the membrane. If the sponge-like layer
near the inner surface is strong enough to uniformly distrib-
ute the external forces from the lumen pressure and dissipate
the stresses, the small centered macrovoids may not play a
determining role to weaken the overall PRO performance.
An effective hollow fiber support with desirable microstruc-
ture for TFC PRO hollow fiber membranes can be obtained
by effectively controlling the phase inversion process, partic-
ularly the interactions between polymer solution and bore
fluid.

As the newly developed TFC-HF3 membranes have the
highest water flux and lowest reverse salt flux even at high
pressures. Their PRO performance were further evaluated
using synthetic seawater brine, and synthetic river water
(10 mM NaCl) and wastewater (40 mM NaCl) as feeds,
respectively. Figure 11 shows the water permeation flux and
power density at various hydraulic pressures. The water flux
decreases slightly with an increase in feed water salinity. As
a result, the power density drops from 16.5 to 14.4 and to
10.6 W/m2 at 15 bar when the feed water is changed from
DI water to the synthetic river water and wastewater brine,
respectively. These reductions are mainly attributed to the

combinative effects of the reduced osmotic pressure difference
and enhanced ICP effects due to higher salt concentrations in
feed water.20–23,39,40 Nevertheless, the newly developed TFC
PRO hollow fiber membranes have an encouraging power
density with an impressive low specific salt flux for PRO
power generation applications.41–45

Conclusions

By effectively controlling the phase separation process
during spinning, we have demonstrated the science and engi-
neering of fabricating robust hollow fiber supports for inner-
selective high performance TFC PRO membranes for
osmotic power generation. The following conclusions can be
further drawn from this work:

1. The newly developed TFC hollow fiber membranes dis-
play a power density as high as 16.5 and 14.4 W/m2 at
15 bar using DI water and synthetic river water as the
feeds, respectively, and synthetic seawater brine as the
salty water. Meanwhile, a very low specific reverse salt
flux of 0.9 g/L (or 0.015 mol/L) was achieved even at
15 bar.

2. The mechanical properties together with the membrane
morphology of the hollow fiber support play significant
roles in the robustness and PRO performance of the TFC
hollow fiber membranes. A robust hollow fiber support
for inner selective TFC PRO hollow fiber membranes

Figure 11. PRO performance of the stabilized TFC-HF3 hollow fiber membranes at various transmembrane hydrau-
lic pressures (1 M NaCl solution was used as the draw solution, 10 mM and 40 mM NaCl were used as
the feed water).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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may have both high stretch resistance and ductile
capacity. The microstructure strength of the hollow fiber
support and the effectiveness of stress dissipation under
pressures may determine the overall membrane robust-
ness more than the apparent cross-section morphology.
Effectively manipulating phase separation kinetics during
spinning using proper bore fluids and polymer solutions
is a promising strategy to maximize the strength of the
hollow fiber support.

3. Prestabilization of the inner selective TFC hollow fiber
membranes with high robustness not only can significantly
improve membrane water permeability and decrease
membrane structure parameter, but also enhance PRO per-
formance. The current study may have valuable implica-
tions for the fabrication of effective TFC PRO hollow
fiber membranes for osmotic power generation.
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Notation

A = water permeability, L/(m2 h bar)
B = salt permeability, L/(m2 h)

Cf = feed concentration, mol/L
Cp = permeate concentration, mol/L
C = salt concentration, mol/L
D = solute diffusion coefficient, m2/s
Js = reverse salt flux, g/(m2 h)
Jw = water flux, L/(m2 h)
W = power density in PRO, W/m

DP = pressure across the membrane, bar
Rs = solute rejection
St = membrane structural parameter, m
p = osmotic pressure, bar
r = geometric standard deviation

dp = pore diameter, nm
ds = solute diameter, nm
d = solubility parameter, d

LMH = L/m2�h
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