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For the first time, the effects of free volume in thin-film composite (TFC) membranes on membrane performance for for-
ward osmosis and pressure retarded osmosis (PRO) processes were studied in this work. To manipulate the free volume
in the TFC layer, a bulky monomer (i.e., p-xylylenediamine) was blended into the interfacial polymerization and metha-
nol immersion was conducted to swell up the TFC layer. Results from positron annihilation lifetime spectroscopy
(PALS) show that p-xylylenediamine blending and methanol induced swelling enlarge and broaden the free volume cav-
ity. In addition, the performance of TFC membranes consisting of different free volumes were examined in terms of
water flux, reverse salt flux, and power density under high pressure PRO operations. The TFC-B-5 membrane (i.e., a
TFC membrane made of blending monomers) with a moderate free volume shows the highest power density of 6.0 W/m2

at 9 bar in comparison of TFC membranes with other free volumes. After PRO operations, it is found that the free vol-
ume of TFC layers decreases due to high pressure compression, but membrane transport properties in terms of water
and salt permeability increase. Interestingly, the membrane performance in terms of resistance against high pressures
and power density stay the same. A slow positron beam was used to investigate the microstructure changes of the TFC
layer after PRO operations. Compaction in free volume occurs and the TFC layer becomes thinner under PRO tests but
no visible defects can be observed by both scanning electronic microscopy and PALS. VC 2013 American Institute of

Chemical Engineers AIChE J, 59: 4749–4761, 2013
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Introduction

Pressure retarded osmosis (PRO) is a membrane-based
technology that harvests the energy of mixing two solutions
from different salinity and converts it to electricity with the
aid of a semipermeable PRO membrane and a hydroturbine.
In addition, to utilize seawater and river water as the feed
pair, the PRO process can use highly concentrated reverse
osmosis (RO) retentate and recycled municipal wastewater
as the feed pair for power generation.1,2 By doing so, not
only can the environmental issue such as the disposal of RO
retentate be solved, but also produce much higher osmotic
energy. Therefore, the development of PRO membranes for
osmotic power generation will have repercussion effects on
the production of both clean energy and clean water.

Loeb et al. conducted the first exploitation of osmotic
power via PRO processes about 40 years ago.3,4 Most early
works on PRO was discontinued due to the absence of suita-

ble PRO membranes.5,6 The commercialization of forward
osmosis (FO) membranes by Hydration Technology Innova-
tions7 and the set up of a PRO pilot for power generation by
Statkraft8,9 revived R & D for both FO and PRO. To date,
significant advances on FO membranes10–21 and their appli-
cations for water reuse22–29 and osmotic power generation30–35

have been made. So far, PRO membranes made from the
thin-film composite (TFC) approach show the most promis-
ing results. The resultant TFC membranes consist of (1) an
ultrathin cross-linked polymer synthesized from interfacial
polymerization and (2) a porous substrate. The former acts
as the primary barrier to salt and is responsible for the water
flux across the membrane to generate power, whereas the lat-
ter provides the cushion for the TFC layer and the mechani-
cal support against the hydraulic pressure. However, most
TFC membranes for PRO suffer severe performance deterio-
ration due to irreversible deformation and damage on both
TFC and supporting layers caused by the high pressure at
the seawater side.35 As a result, most TFC membranes show
low power densities in actual PRO tests. Hence, a fundamen-
tal understanding of (1) membrane structural changes and (2)
membrane performance changes under high pressures is criti-
cal for further improvements of TFC membranes for PRO
processes.

Additional Supporting Information may be found in the online version of this
article.

Correspondence concerning this article should be addressed to: T. S. Chung, at
chencts@nus.edu.sg.

VC 2013 American Institute of Chemical Engineers

AIChE Journal 4749December 2013 Vol. 59, No. 12



As the TFC layer is the portion essentially responsible for
the transport properties of water and salt, its separation per-
formance can be closely estimated by its free volume, one of
the most important characteristics of thin films.36–41 The free
volume of the TFC layer may be possibly adjusted by vari-
ous means including (1) the employment of different amines
and acyl halides for the interfacial polymerization, (2) the
changes of reaction conditions such as monomer concentra-
tions, duration, temperature, solvent systems, and (3) physi-
cal and chemical post-treatments. As the osmotic power
generation is a product of water flux and transmembrane
pressure, and the water flux is strongly dependent on inher-
ent water and salt permeability across the membrane, by tun-
ing the free volume of the TFC layer, one may obtain a
PRO membrane with desired properties for PRO processes.
To the best of our knowledge, there is very limited informa-
tion available in the literature on the variation of free vol-
ume in TFC membranes and how the free volume influences
the membrane performance for PRO operations. Therefore,
the objective of this work is to investigate and present an in-
depth understanding of the relationship between the free vol-
ume in the TFC layer and membrane performance for
osmotic power generation.

A series of experiments is designed and carried out to
investigate the behavior and the respective effects of the
TFC layer in a PRO operation. First, the free volume of the
TFC layer is tuned with approaches such as blending with
bulky monomers and swelling with methanol, positron anni-
hilation lifetime spectroscopy (PALS) is then used to quanti-
tatively characterize the free volume changes. After that,
their respective effects on membrane FO and PRO perform-
ance would be measured and correlated. It is envisioned that
this fundamental study not only opens up new insights on
the relationship among free volume, structural change and
power density for TFC membranes under PRO operations,

but also provides useful strategies to design better PRO
membranes.

Experimental

Materials and chemicals

P84 copolyimide (referred to as polyimide (PI) thereafter)
(BTDA-TDI/MDI, copolyimide of 3, 30, 4, 40-benzophenone
tetracarboxylic dianhydride and 80% methylphenylene dia-
mine 1 20% methylene diamine) was purchased from HP
Polymer, Austria. The chemical structure is shown in Fig-
ure 1. The solvent N-methyl-2-pyrrolodinone (>99.5%) and
nonsolvent ethylene glycol (EG, 99.9%) were purchased
from Merck and VWR, respectively, and were used to pre-
pare the casting solutions. The deionized water used in
experiments was produced by a Milli-Q ultrapure water sys-
tem (Millipore). m-Phenylenediamine (MPD, >99%) and
1,3,5-benzenetricarbonyl trichloride (TMC, 98%) were pur-
chased from Sigma–Aldrich Chemical Co. p-Xylylenedi-
amine (>99%) was purchased from Tokyo Chemical
Industry. Hexane, methanol, and sodium chloride (NaCl)
were purchased from Merck. All chemicals were used as
received.

Fabrication of PI membranes

The PI membranes were prepared by the Loeb-Sourirajan
wet-phase inversion method. Prior to dope preparation, the
PI polymer was dried overnight at 90 6 5�C in a vacuum
oven (2 mbar) to remove moisture content. Four types of
casting solutions were prepared and designated to be PI-1 to
PI-4, as summarized in Table 1. The PI membranes were
prepared with a casting knife of 60 mm thickness. After
being peeled off from the casting glass plate, the resultant
membranes were rinsed with tap water for 6 h to remove the
residual solvent and EG.

Figure 1. Chemical structure of P84 copolyimide (referred to as PI) and monomers of TFC membranes.
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Fabrication of PI-TFC membranes and post-treatments

The TFC polyamide membrane was synthesized on top of the
PI porous membrane by interfacial polymerization using the fol-
lowing procedures: (1) the backside (i.e., porous side) of the PI
membrane was sealed to ensure only the top side of the substrate
being in contact with the solution; (2) the membrane substrate
was placed in an aqueous solution of 0.1 mol L21 MPD for 1.5
min except for the cases of TFC-B membranes. The TFC-B
membranes used blends of diamine monomers for interfacial
polymerization where 0.1 mol L21 of MPD was blended with p-
xylylenediamine in various ratios; (3) the excess diamine solu-
tion was poured off and the residual droplets on the substrate
were removed by a rubber roller; (4) the substrate was then
soaked in a hexane solution containing 0.2 wt % TMC for a 90-s
interfacial polymerization followed by a 10-min air dry. Finally,
the resultant membrane was washed thoroughly with deionized
water. Some of the TFC membranes (i.e., TFC-MeOH mem-
branes) were subjected to methanol swelling post-treatment
where the membranes were soaked in methanol for 12 h, washed
and stored in deionized water before tests.

Characterizations

Morphology, Porosity, and Mechanical Properties of
Porous Membranes. The morphology of membranes was
examined by scanning electronic microscopy (SEM JEOL
JSM-5600LV) and field emission scanning electronic micros-
copy (FESEM, JEOL JSM-6700F). Before SEM/FESEM tests,
samples were prepared in liquid nitrogen followed by plati-
num coating using a Jeol JFC-1100E ion sputtering device.

Membrane porosity was determined by testing the wet
membrane weight, m1 (g), and the dry membrane weight, m2

(g). The membrane porosity can be calculated from Eq. 1

e ¼ ðm12m2Þ4 qw

ðm12m2Þ4qw þ m24qp

3 100 (1)

where e, qw, and qp indicate the membrane porosity (%),
density of water (g/cm3), and density of polymer (g/cm3),
respectively.

Mechanical properties of membranes including the elonga-
tion at break, maximum tensile strength, and Young’s modulus
were measured at the constant elongation rate of 10 mm min21

with a starting gauge length of 50 mm by an Instron tensiome-
ter (Model 5542, Instron Corp.). Ten samples were tested to
minimize the experimental error and ensure the accuracy.

Water Transport Properties.

Jw5A Dp2DPð Þ (2)

The water permeation flux, Jw is given by Eq. 2, where A
is the water permeability coefficient of the membrane, Dp is
the osmotic pressure gradient across the membrane, and DP

is the hydraulic pressure difference. Similarly, the salt flux
across the membrane, Js, can be written as

JS5BDC (3)

where B is the salt permeability coefficient of the membrane,
DC is the concentration difference. In this work, A, B, and
salt rejection, Rs, were determined by testing the membranes
under the RO mode in dead-end tests. The dead-end filtration
setup with an effective membrane area of 7.06 cm2 has been
described clearly in our previous studies.13,15 The testing
temperature was at 24 6 1�C. A was obtained from the pure
water flux under a consistent pressure, DP, of 1.0 bar. The
salt rejection, Rs, was tested under a transmembrane pressure
of 1 bar using a 200 ppm NaCl feed solution based on con-
ductivity measurements by a conductivity meter (Schott
Instruments Gmbh, Germany). B, which is the intrinsic prop-
erty of a membrane to retain salt, was derived from the
solution-diffusion theory as follows5,6

B5A
12Rsð Þ DP2Dpð Þ

Rs

(4)

Determination of TFC membrane performance in FO tests.
FO experiments conducted in this work were similar to those
of our previous studies.19,20 The membrane module consists
of one water channel on each side of the membrane. No
spacer was used in the testing. Both draw solution (i.e., syn-
thetic RO retentate using NaCl solutions) and feed solution
(i.e., deionized water) flowed counter-currently through the
filtration cell and were recirculated during experiments. One
membrane orientation was tested at 24 6 1�C, with the selec-
tive layer against the draw solution (referred to as the PRO
mode).

The water permeation flux, Jw (L m22 h21, LMH), was
calculated from Eq. 5

Jw5
Dx
Dt

1

Am

(5)

where Dx (kg) is the absolute weight change of feed solu-
tion over a predetermined time Dt (h) during the FO tests
and Am (m2) is the effective membrane area.

The reverse salt flux, Js (g m22 h21, gMH) was deter-
mined from the salt concentration increment in the feed by
measuring the conductivity change when deionized water
was used as the feed solution

Js5
CtVtð Þ2 C0V0ð Þ

Dt

1

Am

(6)

where Ct (mol L21) and Vt (L) are the salt concentration and
the volume of the feed solution at time t, respectively; C0

Table 1. Compositions of PI Casting Solutions, the Porosity, PWP, and Mechanical Properties of As-Cast Membranes

Component (wt %) Mechanical Properties

Solution PI EG NMP
EG/PI Ratio

(wt/wt) Porosity
PWPa

(L m22 h21 bar1)
Elongation at

Break (%)
Tensile

Strength (MPa)
Young’s

Modulus (MPa)

PI-1 25 0 75 0 61 6 6 16 6 1 24 6 6 6.2 6 0.8 248 6 25
PI-2 22 5 73 0.23 65 6 7 155 6 14 13 6 4 4.2 6 0.4 194 6 13
PI-2 (MeOH)b – – – – – – 13 6 4 3.9 6 0.6 182 6 25
PI-3 21 10 69 0.48 66 6 10 227 6 13 10 6 2 3.8 6 0.4 163 6 7
PI-4 20 15 65 0.75 70 6 4 410 6 45 3 6 2 1.4 6 0.6 155 6 30

aThe PWP was tested at a constant pressure of 1 bar.
bThe PI-2 substrate was soaked in methanol for 12 h prior to tests.
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(mol L21) and V0 (L) are the initial salt concentration and
the volume of the feed solution, respectively.

Theoretically, the relationship between water flux and
driving force in a FO process under the PRO mode can be
described as Eq. 76,42

Jw5
1

Km
ln

ApD;m 2Jw1B

ApF;b 1B
(7)

where pD,m and pF,b are the osmotic pressures of the draw
solution at the membrane surface and the bulk feed solution,
respectively and Km denotes the solute resistivity.

Similarly, Eq. 8 is applied to the FO mode

Jw5
1

Km
ln

ApD;b 1B

ApF;m 1Jw1B
(8)

where pD,b is the osmotic pressure of the bulk draw solution
and pF,m is the osmotic pressure of the feed solution at the
membrane surface.

Determination of TFC membranes performance in PRO
tests. The PRO tests for osmotic power generation were
conducted on a lab-scale PRO setup using membrane mod-
ules as described in previous publications.34,35 Similar to FO
tests, model RO retentate (1 mol L21 NaCl) and deionized
water were used as draw and feed solutions, respectively.
TFC membranes were oriented in the PRO configuration for
all tests. Counter-current flows at 0.3 L/min were applied to
both the draw solution and the feed solution, and a constant
temperature of 24 6 1�C was maintained. The power density
is calculated by Eq. 9

W5JwDP (9)

where DP is the hydraulic pressure difference across the
membrane, and Jw is the water permeation flux that is deter-
mined either from experimental measurements in PRO tests,
or theoretical calculation as

Jw5A pD;b exp 2
Jw

k

� �
1

11 B
Jw

exp JwKmð Þ21½ �2DP

" #
(10)

where pD,b is the osmotic pressure of the bulk draw solution;
k refers to the mass transfer coefficient which has been
clearly described in many other publications.30,31

Positron annihilation lifetime spectroscopy. PALS was
used to characterize membranes and the details were
described elsewhere.36,37,43,44 The depth profile of membrane
cavity was detected by Doppler broadening energy spectra
(DBES) coupled with a slow positron beam. An HP Ge
detector at a counting rate of approximately 4800 cps was
used to record DBES, and the total number of counts for
each spectrum was 1.0 million. S and R parameters are two
important characteristic values to express DBES.38 Results
from the slow positron beam show the depth profile of mem-
brane cavity as a function of incident position energy
expressed in terms of depth (Eq. 11)

Z E1ð Þ5 40

q
E1:6

1 (11)

where Z is the depth (nm), q denotes the density of the poly-
mer (g/cm3), and E1 is the incident positron energy (keV).

The free volumes of polyamides membranes were probed
by detecting the c-rays (1.28 MeV) and the annihilation c-
rays (0.511 MeV) from the nuclear decay of a positron

emission from the 22Na positron source by the bulk PALS.
The 22Na isotope was used as the source of positrons and
sealed in Kapton

VR

films. Experiments were conducted in dif-
ferent incident positron energy. All data were analyzed into
lifetime using the PATFIT program.45

Results and Discussion

Preferential polyimide porous substrates for PRO TFC
membranes

As aforementioned, four types of PI porous substrates
with different surface morphologies and bulk porosities have
been prepared for the synthesis of TFC membranes. Experi-
ments were carried out to investigate (1) the substrates’ mor-
phology, pure water permeability (PWP), and mechanical
properties, (2) the TFC layers’ morphology, FO performance,
and free volume, (3) the TFC membranes’ PRO performance
at high pressures. We aim to reveal the relationship among
substrate morphology, free volume of TFC layers, FO and
PRO performance of TFC membranes, and to explore the
preferential substrate and monomer compositions for PRO
operations.

Morphology, PWP, and mechanical properties of porous
membranes. Figure 2 displays the SEM images of PI sub-
strates (from PI-1 to PI-4) cast from different solutions with
an increasing ratio of EG to PI, as shown in Table 1. Glycol
and its derivatives have been frequently used in the fabrica-
tion of asymmetric membranes.46–48 By adjusting the EG
amount in casting solutions, one may be able to manipulate
the thermodynamics and kinetics of membrane formation via
phase inversion as well as membrane morphology and poros-
ity.46 All four substrates show similar thicknesses and
sponge-like morphologies. As compared with the PI-1 sub-
strate, an increase in the EG/PI ratio results in an increase in
both surface and bulk porosities. Initially, the bottom surfa-
ces of PI-2 and PI-3 substrates become visibly porous,
whereas the top surfaces maintain relatively dense. With a
further increment in EG/PI ratio, as in the substrate PI-4,
large surface pores appear on its top surface with sizes of
hundred nanometers. In addition, different from other three
PI substrates, a fully porous structure can be observed just
beneath the top skin layer (Figure 2, PI-4-D). The PI-4 sub-
strate with this morphology possesses the highest porosity of
70.3% among the four substrates. Clearly, EG acts as the
pore-forming agent and causes the structure change. As a
result, the PWP of the four PI substrates vary accordingly as
listed in Table 1. The original PI-1 substrate has only a PWP
of 16 6 1 L m22 h21 bar21 (LMH/bar). This value is greatly
enhanced by factors of 9, 14, and 26 for substrates PI-2
(155 6 14 LMH/bar), PI-3 (227 6 13 LMH/bar), and PI-4
(410 6 45 LMH/bar), respectively. As PRO membranes
require a high water flux, substrates PI-2 to PI-4 with
enhanced water permeabilities may be preferred as the
porous substrates for the fabrication of TFC membranes.

Table 1 also summarizes the elongation at break, tensile
strength, and Young’s modulus of the four PI substrates.
These mechanical properties all decrease gradually with
increasing EG/PI ratio, which are attributed to the fact that
the mechanical properties of a membrane can be weakened
by lowering polymer concentration and increasing porosities.
Moreover, it has been reported that the incorporation of gly-
col additives may decrease the rigidity of polymer
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chains.47,48 As a result, the PI membrane with a higher EG/
PI ratio exhibits a lower mechanical strength.

Morphology and FO performance of TFC membranes.
Figure 3 illustrates the top skin morphologies of TFC mem-
branes fabricated on PI-1 to PI-4 porous substrates. The
SEM images confirm the formation of TFC layers over the
porous substrates. The TFC-PI-1 membrane has a top layer
fully covered by small globular and worm-like domains. The
domain sizes tend to widen for the TFC-PI-2 and TFC-PI-3
membranes, which may be due to the increased surface
porosity with an increase in EG/PI ratio and the vigorous
monomer migration during interfacial polymerization.17 Visi-
ble defects are formed on top of the TFC-PI-4 membrane.
This is due to the fact that the top surface of its porous sub-
strate consists of pores with sizes of hundreds of nanometers,
it is impossible to produce an intact and fully covered TFC
layer over the whole substrate’s surface. In other words, the
interfacial polymerization may take place inside the porous
substrate as the reaction reagents can penetrate into the bulk
membrane through the big pores and form a TFC layer as a
barrier within the PI substrate.19

Figure 4 presents the water fluxes and reverse salt fluxes
of four TFC-PI membranes in conventional cross-flow FO
tests where the TFC layer faced the draw solution. The TFC-
PI-1 membrane has the lowest water flux and a low reverse
salt flux because its substrate is not fully porous. By adjust-
ing the dope composition with higher EG/PI ratios, the water
fluxes of TFC-PI-2 and TFC-PI-3 membranes increase to
�33 L m22 h21 (LMH) from 9 L m22 h21 of the original
TFC-PI-1 membrane. Meanwhile, their reverse salt fluxes go
up to 5–6 g m22 h21 (gMH) which is considered to be rela-

tively low for osmosis membranes. Further increasing the
EG/PI ratio induces a sudden decrease in water flux and a
remarkable increase in reverse salt flux for the TFC-PI-4
membrane. It is possibly due to the fact that the TFC layer
within the TFC-PI-4 membrane is defective and tortuous.
There is an exacerbated internal concentration polarization
inside the porous membrane matrix, hence the membrane
performance deteriorates. In summary, TFC-PI-2 and TFC-
PI-3 membranes have the comparable FO performance as
compared with many other FO membranes reported else-
where.19 Taking into consideration that the PI-2 membrane
has stronger mechanical properties than PI-3 in the power
generation application where a high hydraulic pressure is
used, it is chosen as the membrane substrate for the fabrica-
tion of TFC membranes with various free volumes in the
subsequent studies.

Effects of free volume of TFC membranes

It is known that flux, permeability, and power density of
various membranes can be significantly enhanced by alcohol
treatments due to mechanisms such as solvent induced swel-
ling,49–51 removal of unreacted monomers, or thinning of the
dense-selective layer.34,52,53 The free volume of TFC mem-
branes can also be tailored by blending with bulky moieties
as monomers during the IP reaction.54,55 Therefore, three
TFC membranes were prepared and compared in order to
investigate the effects of free volume on FO and PRO per-
formance. They are (1) TFC-PI-2 membrane without any
treatments, (2) TFC-MeOH membrane (i.e., the TFC-PI-2
membrane with methanol treatment as referred to Fabrication
of PI-TFC membranes and post-treatments Section), and (3)

Figure 2. SEM morphologies of as-cast PI membranes.

(The membranes were cast on glass plates by using casting solutions of PI-1, PI-2, PI-3, and PI-4).
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Figure 3. SEM images of top TFC-PI morphologies.

(The TFC layers were polymerized on substrates of PI-1, PI-2, PI-3, and PI-4. The membranes were air-dried for 10 min after

interfacial polymerization).

Figure 4. (A) Water flux and (B) reverse salt flux as a function of TFC-PI membranes.

(Conventional FO tests where the TFC layer faces the draw solution using deionized water as the feed solution and 1 M NaCl as

the draw solution).
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TFC-B membranes (i.e., the TFC polyamide layer synthe-
sized from mixed diamine monomers of MPD and p-xylyle-
nediamine, as referred to Fabrication of PI-TFC membranes
and post-treatments Section). For easy comparison, the last
TFC membranes are denoted as “TFC-B-X” in which the
“X” represents the loading percentage (i.e., mole concentra-
tion, %) of p-xylylenediamine. For example, TFC-B-1 refers
to a TFC membrane made from a diamine mixture of 1 mol
% p-xylylenediamine and 99 mol % MPD.

Supporting Information Table S1 shows the X-ray photo-
electron spectroscopy (XPS) results of atomic ratios of [N]/
[C] for TFC and TFC-B membranes, through which the suc-
cessful incorporation of different ratios of p-xylylenediamine
into the cross-linked polyamide network (i.e., the TFC layer)
is verified. Thereafter, TFC layers with different degrees of
cross-linking and free volumes have been synthesized with
the aid of p-xylylenediamine. Supporting Information Figure
S2 compares their FO performance and top surface morphol-
ogies as a function of p-xylylenediamine. By incorporating a
small amount (i.e., 5%) of p-xylylenediamine into the TFC
layer, water flux is enhanced accompanying with an accepta-
ble reverse salt flux; however, a further increase in p-xylyle-
nediamine content (i.e., 50%) results in a drop in water flux
and a big jump in reverse salt flux. Hence, the TFC-B-5
membrane is chosen as the representative TFC membrane
made of mixed monomers in the subsequent study.

Free Volume of TFC Membranes Probed by PALS.
PALS is a powerful instrument capable of probing free vol-
ume of various polymers at the atomic level and providing
information of free volume size and distribution.56 However,
due to the quenching effect of polar C@O groups in polyi-
mides, it is almost impossible to obtain a practical PALS
spectrum pertaining to o-Ps for TFC membranes based on
polyimides substrates. Pure polyamide thin-film membranes
without the polyimide substrates were, therefore, carefully
prepared for more precise characterizations of free volume.
The synthesis procedures of pure polyamide thin-film mem-
branes are given in the Supporting Information. Table 2
summarizes the PALS results of these three polyamides
membranes, while Figure 5 presents their free volume radius
distributions calculated from the MELT program.57 The pris-
tine TFC membrane exhibits the smallest free volume radius
with the narrowest distribution. In the blending monomer
case, the TFC-B-5 membrane has a longer o-Ps lifetime and
a higher free volume radius of 2.55 Å. An increment of
approximately 4% in free volume radius is observed in the
TFC-B-5 membrane mostly due to the bulkier molecular size
of p-xylylenediamine, which interferes polymer chain pack-
ing and introduces a looser structure into the polyamide
cross-linking network. Moreover, the free volume size distri-
bution of the TFC-B-5 membrane is also broader, indicating
that the polyamide formed from a mixture of moieties with
different sizes of cross-linking cavities. Conversely, when
the pristine TFC membrane is treated by methanol, a swel-
ling effect is induced. The TFC-MeOH membrane shows

remarkable increases in s3 and I3, corresponding to the free
volume size and concentration, respectively. The free volume
radius of the TFC-MeOH membrane is enhanced by 20%
comparing to the pristine TFC membrane. In addition, a
bimodel lifetime distribution is found due to a new free vol-
ume (s3 �1.1 ns) has been created as a result of swelling.39

The PALS analyses indicate that (1) both blending and swel-
ling treatments induce free volume increments and (2) the
methanol induced swelling has a much bigger effect on free
volume enlargement than blending a bulky p-xylylenediamine
moiety into the TFC layer. As a result, the polyamide in the
TFC-MeOH membrane is much looser. It would create more
pathways for both water and salt transports across the mem-
brane and subsequently affect the FO and PRO performance.

Effects of Free Volume of TFC Membranes on FO Per-
formance. Table 3 summarizes the transport properties of
the three TFC membranes under RO condition. The pristine
membrane has the lowest water permeability, A, of 0.8
LMH/bar and salt permeability, B, of 0.10 LMH, whereas
the TFC-B-5 membrane has an increased A value of 1.0
LMH/bar and an increased B value of 0.18 LMH owing to
its bigger free volume size. The TFC-MeOH membrane
demonstrates the highest water permeability (1.6 LMH/bar)
and salt permeability (0.36 LMH). The intrinsic water per-
meability which is independent on dense layer thickness also
increases in the order of TFC<TFC-B-5<TFC-MeOH.
This result suggests that (1) the loose structure of cross-
linked polyamide layer and (2) the enlargements of free vol-
ume radius and its distribution may enhance the transport
properties. One drawback associated with a bigger free vol-
ume is the deterioration of salt rejection. The salt rejection
drops from 86% of the pristine membrane to 81% of the
TFC-B-5 membrane, then further to 79% of the TFC-MeOH
membrane due to the enlargements of free volume radius
and distribution. These results agree well with previous find-
ings that the water and salt transport is faster in dense mem-
brane films with a large free volume.40,41,58

Figure 6 illustrates the morphological changes of the TFC
membranes after the blending and methanol treatments. The

Table 2. o-Ps Lifetime, Intensity, and Free-Volume Radius of

the Three Polyamides Thin-Film Membranes

Membrane ID T3 (ns) I3 (%) Radius (Å)

TFC 1.60 6 0.02 8.91 6 0.25 2.45 6 0.02
TFC-B-5 1.69 6 0.02 7.32 6 0.21 2.55 6 0.02
TFC-MeOH 2.09 6 0.02 15.24 6 0.18 2.93 6 0.01

Figure 5. Free volume radius distributions of the three
polyamides thin-film membranes.

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

available at wileyonlinelibrary.com.]
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globular and worm-like domains on the original TFC mem-
brane were obviously bloated after the methanol treatment.
Clearly, swelling induced by methanol not only enlarges the
microscopic free volume size but also affects the macro-
scopic morphology of the TFC membrane. In the case of
blending treatment, the TFC layer becomes even flatter. This
is mainly attributed to the fact that the bulkier moiety of p-
xylylenediamine not only has a slower migration rate toward
the TMC solution but also has a lower reactivity toward the
interfacial polymerization. As a consequence, smaller
domains are formed on top of the PI substrates, as elucidated
by Li et al. on the formation mechanism of TFC
membranes.17

The FO performance, in terms of water flux and reverse
salt flux, are determined by the properties of both the selec-
tive layer and the porous substrate. As the TFC membranes
in Figure 6 were made from the same substrate, the differen-
ces in their FO performance arise mainly from their TFC
layers. As shown in Figure 6, the pristine TFC membrane
has the lowest water flux among these three membranes at
low draw solution concentrations (i.e., 0.5–1.0 M) but its
flux keeps increasing almost linearly with increasing draw
solution concentration and becomes the highest at the high

draw solution concentration of 2.0 M. On the contrary, the
TFC-MeOH membrane initially shows the highest water flux
at low draw solution concentrations, but appears to level off
quickly at a higher draw solution concentration of 2.0 M.
For the TFC-B-5 membrane, a moderate water flux between
the previous two cases is observed. The different relationship
between water flux and draw solution concentration may be
attributed to their different free volumes. The TFC-MeOH
membrane has the highest free volume radius in its selective
layer which facilitates both water and salt diffusivities and
permeabilities.40 As a result, it has the highest reverse salt
flux of about 15–20 gMH higher than the other two TFC
membranes at low draw solution concentrations. The gap
continuously increases to �30 gMH when the draw solution
concentration reaches 2.0 M. The high reverse salt flux not
only reduces the concentration gradient across the membrane
but also significantly subdues the effective driving force for
water transport through the membrane. Thus, the water flux
of the TFC-MeOH membrane at a high draw solution con-
centration is severely impaired by its high reverse salt leak-
age. This phenomenon is less pronounced for the TFC-B-5
membrane because it has a moderate increment in free vol-
ume size and a slightly higher reverse salt flux comparing to

Table 3. Transport Properties of the Three TFC Membranes

Membrane

Water Permeability
Coefficient, A

(L m22 h21 bar21)

Intrinsic Water
Permeabilitya

(L m21 h21 bar21)
Salt Permeability

Coefficientb, B (L m22 h21) Salt Rejectionb (%)

TFC 0.8 6 0.2 5.2 3 1028 0.1060.03 8664
TFC-B-5 1.0 6 0.4 5.6 31028 0.18 6 0.10 81 6 8
TFC-MeOH 1.6 6 0.2 8.2 3 1028 0.36 6 0.09 79 6 9
After PRO

process
TFC 0.9 6 0.2 5.2 3 1028 0.13 6 0.01 84 6 3
TFC-B-5 1.2 6 0.4 4.9 3 1028 0.26 6 0.06 80 6 2
TFC-MeOH 1.9 6 0.5 4.6 3 1028 0.63 6 0.17 72 6 10

aIntrinsic water permeability of the membrane is a product of water permeability and dense layer thickness (measured by PALS).
b200 ppm NaCl as the feed solution in RO tests under an applied pressure of 1 bar.

Figure 6. (A) Water flux and (B) reverse salt flux of TFC membranes under conventional FO tests using deionized
water as the feed and (C) morphologies of the original TFC membrane (middle), the TFC-MeOH mem-
brane (left), and the TFC-B-5 membrane without methanol treatment (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the TFC membrane. One may, therefore, conclude that the
increase in free volume promotes water flux in FO processes
while the free volume increment caused by mixed monomers
makes a less unfavorable impact on reverse salt flux than
that induced by methanol swelling.

Effects of Free Volume of TFC Membranes on High Pres-
sure PRO Processes. Figure 7 shows the burst pressure of
these three TFC membranes in high pressure PRO tests. The
burst pressure is defined as the point when the water flux
reversely flows through the membrane. Both the pristine
TFC and TFC-B-5 membranes have a burst pressure of 16
bar. Apparently, blending a small percentage (i.e., 5%) of
the bulky p-xylylenediamine moiety into the TFC layer does
not affect the burst pressure. However, the methanol treat-
ment deteriorates the mechanical strength and lowers the
burst pressure. Table 1 compares mechanical properties of
PI-2 substrates before and after methanol treatment. Clearly,
the tensile strength and Young’s modulus decrease slightly,
and lower the toughness of the swollen substrate. As a result,
the TFC-MeOH membrane has a burst pressure of 13 bar
(Figure 7) due to the weak mechanical properties of both the
TFC layer and the substrate.

Figure 8 compares the evolution of water flux, reverse salt
flux, and power density as a function of hydraulic pressure
across the membrane in high pressure PRO processes. For
all three TFC membranes, water flux declines with increas-
ing hydraulic pressures because of the reduction in effective
driving force (Dp-DP), while reverse salt flux increases and
power density reaches a maximum and then falls. The TFC
membrane has an initial water flux of 35.0 LMH and a
reverse salt flux of 7.1 gMH at 0 bar. The water flux slowly
goes down at low hydraulic pressures (0–6 bar) while the
reverse salt flux smoothly increases. When the pressure is
higher than 8 bar, the water flux progressively declines, and
the reverse salt flux soars up to more than 100 gMH. In the
case of the TFC-B-5 membrane, the water flux at 0 bar is
higher than that of the pristine one. At low pressures, the
water flux declines similarly to the pristine TFC membrane.
However, a sharper decrease is observed under high pres-

sures (i.e., 9–15 bar). Also, the reverse salt flux is higher
than that of the pristine membrane.

The TFC-MeOH membrane shows the worst PRO perform-
ance under pressures even though it possesses the highest
water flux of 43.7 LMH at 0 bar. As a result, the TFC-B-5
membrane holds the highest power density of 6.0 W/m2, fol-
lowed by the TFC membrane of 5.3 W/m2, while the TFC-
MeOH membrane has a lowest of 2.6 W/m2. The different
performance among these three membranes suggests that an
increase in free volume may facilitate water permeation and
improve PRO performance; however, a large increase in free
volume may also promote salt passage, impair the selectivity
of the TFC layer, and therefore, harm its PRO performance.
In addition, swollen membranes may suffer from low mechan-
ical strength as the swelling effect may result in the breakage
of the weakly crosslinked polyamide molecules, leading to a
low resistance to high pressures.

It has been brought to our attention that the high hydraulic
pressures used in PRO tests may have some adverse effects
on membranes, such as breakage/damage in the supporting
layer, delamination between the supporting layer and TFC
layer, or a deformed TFC polyamide structure.34,35 There-
fore, the transport properties of these three membranes are
retested after PRO operations in order to examine the effects
of high pressure. As shown in Table 3, the water permeabil-
ity of each TFC membrane increases but its corresponding
salt rejection reduces. However, no apparent damage and
delamination are observed in their FESEM images for both
TFC layer and substrate after PRO operations, as illustrated
in Figure 9. Figure 8 also reconfirm the reproducibility of
their PRO performance. As the variations of transport prop-
erties before and after PRO tests are products of structural
deformation, defect formation, and chain package in the TFC
layer, a slow positron beam is used to examine TFC mem-
branes comprising PI substrates before and after the high
pressure PRO tests.

Figure 10 shows the depth profiles of S parameter vs. posi-

tron incident energy for these three TFC membranes. There

are three factors affecting the S parameter in polymers: (1)

free-volume content (based on parapositronium (p-Ps) annihi-

lation), (2) free-volume size (based on the uncertainty princi-

ple), and (3) chemical composition. The sharp ramp at the

low positron energy range, which corresponds to the mem-

brane surface and near surface, is probably attributed to the

back diffusion and scattering of positronium.43,50 Once the S
parameter reaches the first peak of the TFC layer, it gradually

decreases which indicates a transition change from the poly-

amide TFC layer to the PI substrate due to the quenching

effect caused by the PI substrates. The VEPFIT fitting process

works well with a three-layer model, and Figure 10 also gives

the fitted thicknesses of TFC layers. The TFC layer thick-

nesses of the TFC, TFC-B-5, and TFC-MeOH membranes

drop from 69 6 21 to 58 6 10 nm, from 57 6 23 to 41 6 14

nm, and from 52 6 17 to 24 6 6, respectively, after high pres-

sure PRO tests. Consistent with permeability data, the TFC-

MeOH membrane has the highest thickness reduction possibly

due to the release of unreacted monomers during the methanol

treatment34,52,53 and imperfect chain recompaction during the

PRO tests. As a result, the tested TFC-MeOH membrane

shows the lowest intrinsic water permeability (Table 3)

regardless of the dense layer thickness.
In addition, S parameters of all TFC layers drop after

PRO operations. Clearly, all TFC layers obviously undergo

Figure 7. Burst pressures of the three TFC membranes
in high pressure PRO processes.

(The burst pressure is defined as the point when the

water flux flows reversely in high pressure PRO

processes).
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Figure 8. TFC membrane performance under high pressure PRO tests using deionized water as the feed solution
and 1 M NaCl as the draw solution.

(A, C, E) Water flux and reverse salt flux, and (B, D, F) power density as a function of hydraulic pressure difference. The red

dots are repeated data for the second run using the same membrane after PRO tests. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 9. SEM images of top morphology before and after high pressure PRO processes for the three TFC
membranes.
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compaction during high pressure tests. A compacted free
volume usually leads to a reduced permeability, but a
smaller thickness facilitates the mass transfer and enhances
water and salt permeabilities. Therefore, a thinner thickness
may be the major cause for the variations of water and salt
permeabilities after high pressure PRO tests. Imperfect chain
packing in the TFC layer may also play a role to enhance
water and salt permeabilities. Although the thinner TFC
layers and imperfect chain recompaction are inevitable in
PRO operations, they have limited adverse impact on mem-
brane performance in terms of resistance to high pressures
and power density.

Conclusions

We have molecularly designed TFC membranes with dif-
ferent free volumes and systematically studied the effects
of free volume on osmotic power generation. A balance on
(1) free volume, water flux, and reverse salt leakage of
TFC layers and (2) mechanical properties of porous sub-
strates is essential to design high-performance TFC mem-
branes for PRO operations. By using P84 as the substrate
material and monomers containing 5 mole % p-xylylenedi-
amine for interfacial polymerization, the newly developed
PRO TFC membrane displays a power density of 6.0 W/m2

at 9 bar. The following conclusions can also be drawn from
this work:

1. By adjusting the EG/PI ratio in casting solutions, one
can manipulate the porous substrates with different physico-
chemical properties in terms of morphology, PWP, and
mechanical properties, as well as TFC membranes with dif-
ferent morphology and FO performance.

2. The free volume of the TFC layer can be tailored by
(a) blending of a bulky p-xylylenediamine monomer for
interfacial polymerization and (b) conducting methanol treat-
ment to induce swelling. The former slightly enlarges the

free volume radius, whereas the latter greatly broadens the
free volume cavity.

3. An increment in free volume promotes water and salt
permeabilities as well as water and salt fluxes in FO proc-
esses; however, a large free volume enlargement may impair
the selectivity of the TFC layer and make adverse impact on
power generation.

4. The TFC layers become thinner and their free volume
decreases during high pressure PRO operations, while both
water and salt permeabilities increase but without compro-
mising the power density.
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