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ABSTRACT: Hydroxyl functionalized polytriazole-co-polyox-
adiazole (PTA−POD) copolymers have been synthesized and
cast as promising highly thermally stable, chemically resistant,
and antiorganic/biological fouling porous substrates for the
fabrication of thin-film composite (TFC) forward osmosis
(FO) membranes. The roles of PTA/POD ratios in the
membrane substrates, TFC layers, and FO membrane
performance have been investigated. This study demonstrates
that the substrate fabricated from the copolymer containing 40
mol % PTA is optimal for the TFC membranes. Compared to
the POD−TFC membrane, the 40 mol % PTA−TFC membrane exhibits a remarkable decrease in structural parameter (S) of
more than 3.3 times. In addition, the 40 mol % PTA−TFC membrane is characterized by high water fluxes of 24.9 LMH and
47.2 LMH using 1 M NaCl as the draw solution and DI water as the feed under FO and pressure retarded osmosis (PRO)
modes, respectively. Compared to a polysulfone (PSU) supported TFC-FO membrane under similar fabrication conditions, the
40% mol PTA−TFC membrane shows better FO performance and enhanced antifouling properties on the support (lower
protein binding propensity and improved bacterial inhibition). Moreover, the performance of the 40 mol % PTA supported
TFC-FO membrane can be improved to 37.5 LMH (FO mode)/78.4 LMH (PRO mode) and potentially higher by optimizing
the support morphology, the TFC formation, and the post-treatment process. Hence, the use of newly developed hydroxyl
functionalized polytriazole-co-polyoxadiazole copolymers may open up a new class of material for FO processes.
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■ INTRODUCTION

Global scarcity of freshwater and environmental impacts of
wastewater are becoming of great concern around the world.
Separations of freshwater from other contaminants by
membrane-based processes are proven technologies. Mem-
brane-based processes for water treatment and seawater
desalination can be classified into (i) pressure-driven
membrane processes including microfiltration (MF), ultra-
filtration (UF), nanofiltration (NF), and reverse osmosis
(RO);1−5 and (ii) osmotically driven membrane processes
such as forward osmosis (FO).6−8 While RO has dominated for
several decades as the state-of-the-art technology to remove
trace contaminants in desalination and wastewater treatment,
FO is an emerging technology in the same fields based on
osmotically driven membrane processes.6,9−16 Like RO,
semipermeable membranes are used in FO processes to
separate water from other contaminants. Comparing FO to
RO for water treatment, FO is a naturally driven process that
requires no or very low external hydraulic pressure. Hence, FO
exhibits many potential advantages such as low fouling

propensity,17 easy cleaning,17−19 low equipment costs,6 and
higher water recovery.20

Despite the aforementioned advantages, the lack of sufficient
membranes is one of the critical challenges that hinder the
development of FO technology. A huge research effort has been
focused on developing a new generation of FO membranes
with high performance and excellent stabilities. In general, a FO
membrane contains an asymmetric structure with a thin active
layer that plays as a contaminant rejection layer and a porous
support layer that provides the mechanical support to the thin
active layer. Various studies on the thin active layer have been
focused to increase the FO performance and fouling
resistance.21−27 Besides, the design of the porous support has
extensively been studied using a wide range of polymers (i.e.,
cellulose acetate, cellulose triacetate, poly(ether sulfone) (PES),
polysulfone (PSU), polyacrylonitrile (PAN), polybenzimida-
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zole (PBI), nylon-6,6; polyvinylidene fluoride (PVDF),
polyamide-imide, and their deviations) to achieve highly
porous FO membranes with minimal concentration polar-
ization.28−31 Despite increased efforts to investigate highly
stable FO membranes, most of the fabricated membranes do
not possess high thermal, chemical, and mechanical stabilities
which may limit the fields of applications and the lifetime of
membranes.
Among polymers for membrane fabrication, polyoxadiazoles

(PODs) have gained attention as promising stable membrane
materials32−34 because of their excellent thermal, oxidative, and
mechanical stability.35 However, this class of materials exhibits
high hydrophobicity which is an unfavorable property for the
fabrication of FO membranes. Another type of polyazoles−
polytriazoles (PTAs), which are more hydrophilic than PODs
but contain all aromatic and heterocyclic in their structure,
exhibits good thermal stability, chemical resistance, and tough
mechanical properties. Therefore, various studies have been
carried out to fabricate gas separation,36 membrane distil-
lation,33 and proton conductive37,38 membranes from PTAs. In
addition to their promising stabilities, POD and PTA
membranes may also play as good antifouling membranes in
water treatment applications due to the antibiofouling proper-
ties of oxadiazoles,39 and antifungal40−42 and antifouling43

properties of triazoles. Until now, the applications of PODs and
PTAs on membrane fabrication via the phase-inversion
technique are still limited due to their low solubility in
common casting solvents (i.e., N-methyl-2-pyrrolidone, dime-
thylformamide, dimethylacetamide) that reduces the polymer
processability. Furthermore, the lower hydrophilicity of PODs
and PTAs can be another reason that these polymers have not
been studied for fabricating FO membranes.
For the first time, in this paper, we introduce a new type of

polyazoles, hydroxyl functionalized polytriazole-co-polyoxadia-
zole (PTA−POD), as a potential material for fabricating FO
support membranes. Our strategy is to utilize the advanced
properties of POD and PTA polymers with the aid of the
hydroxyl modification to obtain hydrophilic PTA−POD
copolymers with good solubility in common organic solvents
while maintaining the high stabilities of POD and PTA. With
enhanced hydrophilicity and solubility, the newly synthesized
PTA−POD copolymers may become suitable materials for
fabricating stable FO support membranes. The objectives of
this study are to (i) investigate the effect of hydroxyl-

functionalized PTA content in the PTA−POD copolymer on
the morphology and transport properties of the flat-sheet
substrates via the phase-inversion process; (ii) study the effect
of hydroxyl-functionalized PTA content in TFC membrane
substrates on FO performance; (iii) examine the promising
properties of the hydroxyl-functionalized PTA substrate in
antifouling and FO performance by comparison to a conven-
tional PSU substrate under similar fabrication conditions; and
(iv) demonstrate the possibility of fabricating a high perform-
ance TFC FO membrane from the hydroxyl-functionalized
PTA substrate by turning substrate morphology, TFC
formation, and post-treatment conditions.

■ MATERIALS AND METHODS
Materials. Polyoxadiazole (POD) and hydroxyl functionalized

polytriazole-co-polyoxadiazole (PTA−POD) polymers (Figure 1) were
self-synthesized by polycondensation reactions44 and utilized as raw
materials for the fabrication of membrane supports using N-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich) as the solvent. A commercial
available polysulfone (PSU, UDEL P-3500) was received from Solvay
Advanced Polymers. Trimesoyl chloride (TMC), m-phenylenediamine
(MPD), ethyl acetate, and n-hexane were obtained from Sigma-Aldrich
and used for the synthesis of the thin film composite active layer
(TFC) by interfacial polymerization. Sodium chloride (NaCl) was
obtained from Merck (Germany). Isopropanol (IPA); polyethylene
glycol 400, 10 000, and 35 000 (PEG, Mw = 400 g mol−1, Mw =
10,000 g mol−1 and Mw = 35,000 g mol−1); and poly(ethylene oxide)
100 000, 300 000, and 600 000 (PEO, Mw = 100 000 g mol−1 and Mw
= 300 000 g mol−1) were purchased from Sigma-Aldrich. Fluorescein
isocyanate conjugated bovine serum albumin (BSA-FITC) and 2X
LIVE/DEAD BacLight bacterial viability stains were obtained from
Invitrogen.

Membrane Preparation. Asymmetric porous supports were
fabricated from different dope solutions containing POD, PTA−
POD, or PSU polymers by the conventional phase inversion method.
Homogeneous casting solutions with a polymer concentration of 18 wt
% in NMP were prepared from PSU and four types of copolymers
containing various PTA percentages under continuous stirring
conditions at 60 °C for 1 day. The porous supports were cast on a
glass plate using a 100 μm gap casting knife, followed by immediate
immersion in a water coagulant bath at room temperature. After
complete coagulation, the as-cast membranes were kept in a water bath
overnight for solvent removal.

Subsequently, the thin film composite layer (TFC) was deposited
onto the top of porous supports by interfacial polymerization (IP) to
form FO membranes. First, the supports were immersed in a 2 wt %
MPD monomer aqueous solution for 5 min. After that, they were

Figure 1. Molecular structures of (a) polyoxadiazole (POD) and (b) hydroxyl functionalized polytriazole-co-polyoxadiazole (PTA−POD).
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taken out from the solution followed by the removal of excess water
droplets from the surface by tissue papers. Then, the supports were
placed in frames so that only the top surfaces were exposed to the
reactant. A 0.1% (w/v) TMC solution in hexane without (IP-I) or with
the presence of 3% (v/v) ethyl acetate (IP-II) was poured onto the top
surface of the support for 1 min to form a thin polyamide film via the
polymerization reaction between MPD and TMC monomers. The
freshly prepared TFC membranes were dried in open air at room
temperature for 1 min and then rinsed with DI water several times to
remove the unreactants. The resultant membranes were stored in DI
water for further characterizations. All TFC membranes mentioned in
this study were fabricated using the IP-I method unless specified. Some
of the TFC-FO membranes were subjected to a post-treatment
method by prewetting the membranes in an IPA/water (50/50, v/v)
for 2 min.
Determinations of Pure Water Permeance (PWP), Molecular

Weight Cutoff (MWCO), Mean Effective Pore Size (μp), and
Pore Size Distribution of the Membrane Supports. The
membrane substrates were immobilized into a lab-scale dead-end
filtration setup to measure the pure water permeance (L m−2 h−1/bar)
and solute rejection at 5 bar under room temperature with an effective
membrane area of approximately 12.56 cm2. For the pure water
permeance, the experiments were carried out using DI water as a feed.
Subsequently, the mean effective pore size (μp), pore size distribution,
and molecular weight cutoff of the supports were determined by solute
separation experiments using aqueous feed solutions containing 100
ppm of various molecular weights of neutral solutes (PEG or PEO).
The solute rejection (R) was calculated from the concentrations of the
solute in the feed and permeate that were analyzed by a total organic
carbon (TOC) analyzer (TOC-VCSH, Shimadzu, Japan).
From the known molecular weight (M) of a neutral solute, its

Stokes diameter (ds) was calculated in the following equations.45,46

For PEG

= × ×−d M33.46 10s
12 0.557 (1)

and for PEO

= × ×−d M20.88 10s
12 0.587 (2)

From the solute rejection and diameter, the mean effective pore size
(μp), pore size distribution, and MWCO were determined by ignoring
interactions between solutes and membrane pores. The mean effective
pore size (μp) was determined at solute rejection R = 50%, and the
geometric standard deviation (σp) gives an idea of how broad the pore
size distribution is. It is defined as the ratio of ds at R = 84.13% over
that at R = 50%, analogously to the statistical description of
nonuniform particle systems.47 The MWCO is the molecular weight,
which is 90% rejected by the membrane (R = 90%). On the basis of μp
and σp, the pore size distribution of the membrane was conducted
using the following probability density function:
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Membrane Porosity (ε) and Contact Angle of the
Substrates. To determine the porosity (ε) of the membrane
substrates, the weights of the wet membranes without excess water
on the surface (m1) were first determined followed by overnight
vacuum-drying. The dried membranes were then reweighed (m2, g) to
determine the amount of absorbed water into the membrane pores
and the polymer weight. From the known densities of both water (ρw)
and polymers (ρp), the porosity of the membrane substrates ε was
then obtained as follows:

ε
ρ

ρ ρ
=

−
− +
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Prior to contact angle measurements, all membrane substrates were
freeze-dried to remove water. All contact angle (θ) measurements
were conducted using a Krüss Easydrop (Krüss GmbH, Germany) by

advancing a small water volume of 1 μL onto the top surface of
membrane substrates in the static mode at 23 ± 1 °C.

Morphology, Topology, and Interfacial Chemistry Charac-
terizations of the Membranes. The membrane morphologies were
observed under a field-emission scanning electron microscope
(FESEM). Before imaging, the membranes were freeze-dried, fractured
in liquid nitrogen, and then coated with iridium particles by an
Emitech K575X sputter coater (Quorum Technologies, U.K.) for 30 s
at 20 mA before imaging analyses. Subsequently, the membrane
surface and cross-section morphologies were obtained with either a
Quanta 600 FEG or a Nova NanoSEM 630 (FEI). Imaging was carried
out at an acceleration voltage of 4−5 kV with a working distance of 4−
9 mm.

Fourier transform infrared spectroscopy (FTIR) with the attenuated
total reflectance (ATR) mode was utilized to characterize membrane
surface chemistry. A PerkinElmer Spectrum 100 (PerkinElmer)
equipped with a universal ATR was used for the spectra scanning
over the range 400−1800 cm−1. Data were collected over 16 scans
with a resolution of 4 cm−1.

An atomic force microscope (AFM) was employed to examine the
surface topology of TFC membranes. A membrane area of 5 μm × 5
μm was visualized by an Agilent 5400 SPM microscope (Agilent
Technologies) under the tapping-mode in air with a silicon AFM
cantilever (Nanosensors, Switzerland). Furthermore, the quantitative
roughness was calculated using the Pico Image software in terms of
mean roughness (Ra) and root mean squared roughness (Rq).

Mass Transport Characteristics of TFC Membranes. The
membranes’ water permeance (A, L m−2 h−1 bar−1), salt rejection (Rs,
%), and salt flux (B, L m−2 h−1) were determined by using a lab-scale
dead-end filtration setup. The tests were carried out at 5 bar under
room temperature with an effective membrane area of approximately
12.56 cm2.

Rs values were determined by carrying out the tests using a 2000
ppm of NaCl solution as the feed under a rapid stirring condition (700
rpm). Rs was calculated with the following equation:
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‐
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Here Cf‑s and Cp‑s are the NaCl concentrations of the feed and the
permeate, respectively. They were determined by conductivity
measurements using a ProfiLine Cond 3310 conductivity (WTW,
Germany).

The B values of membranes were determined from the solution-
diffusion theory:
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Here, ΔP is the applied pressure and Δπ is the osmotic pressure
different across the membrane.

Evaluation of Forward Osmosis Performance. The perform-
ance of membranes was evaluated on a lab-scale cross-flow FO setup.
The temperatures of the feed and draw solutions were kept at 23 ± 1
°C. The system was operated with a draw solution and a feed solution
flowing countercurrently on each side of the membrane. The
membrane performance was tested under both PRO (the TFC layer
faced against the draw solution) and FO (the TFC layer faced against
the feed solution) modes at various draw solution concentrations.

Water flux (Jv, L m−2 h−1, abbreviated as LMH) and reverse salt flux
(Js, g m−2 h−1, abbreviated as gMH) of the TFC membranes were
measured using the following equations:

= Δ
Δ

J
V

A tv
eff (7)

and

=
Δ

Δ
J

C V
A t

( )
s

t t

eff (8)

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am508387d
ACS Appl. Mater. Interfaces 2015, 7, 3960−3973

3962

http://dx.doi.org/10.1021/am508387d


where ΔV (L) is the volume of water that has permeated across the
membrane in a predetermined time Δt (h) during the tests. Aeff is the
effective membrane surface area (m2). Ct and Vt are the salt
concentration (g/L) and the volume of the feed (L) at the end of
the tests, respectively. Conductivity of the feed was measured by a
ProfiLine Cond 3310 conductivity (WTW, Germany).
Determination of the Membrane Structural Parameter (S).

The membrane structural parameter (S) is an intrinsic membrane
property used to indicate the extent of internal concentration
polarization (ICP) which influences the FO performance of the
membranes. In the FO mode, the structural parameter is determined
using

π
π

=
+

+ +
S

D
J

A B

A J B
lns

v

D,b

F,m v (9)

where Ds is the diffusivity of the draw solute, πD,b is the bulk osmotic
pressure of the draw solution, and πF,m is the osmotic pressure at the
membrane surface on the feed side.
Organic Fouling Tests. Bovine serum albumin (BSA) was used as

a model organic foulant in this study. The adsorption propensities
between the foulant and 40 mol % PTA/PSU supports were
characterized by measuring the fluorescence intensity of the support
surfaces after exposing to the BSA-FITC solution (0.5 mg/mL) for 1
h. The BSA-FITC adsorbed supports were captured using an
epifluorescence optical microscope (Olympus BX61) with a filter at
495/520 nm. The surface density of the adsorbed BSA-FITC was
further quantified using ImageJ software.
Evaluation of the Antibacterial Property. The antibacterial and

biofouling resistance properties of 40 mol % PTA and PSU supports
were conducted using Pseudomonas aeruginosa PAO1. Cultures of
Pseudomonas aeruginosa PAO1 were grown in Luria Broth (Sigma) for
16 h, and then diluted with 0.85% w/v NaCl to an OD600nm of 0.06.
This corresponds to a cell concentration of approximately 1 × 108

cell/mL. The membranes to be tested were cut into dimensions of 1
cm × 1.5 cm with sterilized scissors, and individually immersed into 10
mL of diluted Pseudomonas aeruginosa PAO1 cell suspension. The cell
suspensions were incubated at 37 °C in an orbital incubator shaker for

24 h. After 24 h incubation, the cell suspensions were diluted by 2000-
fold with 0.85% w/v NaCl and stained with an equal volume of 2X
LIVE/DEAD BacLight bacterial viability stains for 10 min at 35 °C
prior to flow cytometry on Accuri C6 (BD Biosciences). The supports
were removed from the cell suspensions with sterilized forceps, placed
into individual tubes of 2 mL of 0.85% w/v NaCl, and ultrasonicated
for 3 min by a Q500 sonicator (Qsonica) at 25% amplitude to dislodge
the attached bacteria into the suspension. After ultrasonication, the
contents in the tubes were allowed to settle down for approximately 5
min. A 300 μL portion of supernatant was pipetted from each tube and
individually stained with 300 μL of 2X LIVE/DEAD BacLight bacterial
viability stains prior to flow cytometry. The adhered bacterial cells on
the support surfaces were observed under a FESEM after the cells were
fixed with a paraformaldehyde solution.

■ RESULTS AND DISCUSSION

Characterizations of the Porous Supports. The
morphology, pore sizes, and permeation characteristics of
asymmetric porous membranes are governed by the phase
diagram of the polymer−solvent−nonsolvent system chosen for
membrane manufacture and the path leading to phase
separation. When hydrophilic polymeric units are introduced
into a plain hydrophobic polyoxadiazole backbone, the phase
diagram is altered. As a result, the final membrane properties
such as morphology, topology, pore size, and hydrophilicity are
also changed. In this paper, the effect of hydroxyl-functionalized
PTA content on morphology and transport properties of the
resultant PTA−POD membrane supports were investigated
using four copolymers with various hydroxyl-functionalized
PTA content from 0 to 50 mol % and fabricated from a similar
casting solution condition containing a polymer (18 wt %) and
NMP (82 wt %). In principle, the four PTA−POD derivatives
have a similar number of monomers and only differ in their
hydroxyl-functionalized PTA content. The 0 mol % hydroxyl-
functionalized PTA based membrane support is presented as

Figure 2. FESEM micrographs of surfaces and cross section images of (a) POD, (b) 10 mol % PTA, (c) 40 mol % PTA, and (d) 50 mol % PTA
membrane substrates.
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the POD membrane. The X mol % PTA membranes shown in
this paper represent the membrane supports fabricated from
PTA−POD copolymers containing X mol % of hydroxyl
functionalized PTA.
Figure 2 shows the surface and cross-section morphologies of

all investigated POD and PTA−POD membrane substrates
with a thickness range 40−50 μm. All membranes are fully
porous and asymmetric, consisting of finger-like macrovoids
with interconnecting pores. The membrane thickness varies
with the content of hydroxyl-functional PTA despite using the
same height during the casting. The membrane as a whole
tends to be thinner when the copolymer has a higher content of
hydroxyl-functionalized PTA. This is due to the fact that the
POD polymer is much more hydrophobic than the PTA-
modified copolymers. Therefore, solutions made from the
former tend to phase separate faster than the latter and result in
a thicker membrane. In contrast, solutions of hydrophilic
copolymers are expected to tolerate higher water content
before they start to phase separate. Phase separation will only
start after large part of the solvent diffuses into the water bath,
leaving a denser and thinner porous membrane.

Figure 3 and Table 1 show the pore size characteristics of
these POD and PTA−POD substrates. The pore sizes and
MWCO of pure POD and PTA−POD membrane substrates
follow this order: POD > 10 mol % PTA > 40 mol % PTA >
50% PTA. Also, the pure water permeance values follow the
same trend (Figure 4). Since systems with more hydrophilic
copolymers are expected to tolerate higher water content
before starting phase separation, they have different phase
inversion paths and result in different pore sizes and permeance
values. An additional factor leading to different pore size
distributions as depicted in Figure 3 might be due to different
degrees of water-induced swelling because of different PTA−
OH content in these membranes. Hydrophilic copolymers

might suffer some extent of swelling in water and reduce their
effective pore sizes. The hydrophilicity of supports prepared
from different copolymers is compared in Figure 4. Increasing
the content of hydroxyl-functionalized PTA in the copolymer
leads to a decrease in water contact angle. The higher
hydrophilicity of the hydroxyl-functionalized triazole molecules
facilitates the stronger affinity between the membranes and
water. By adding 50 mol % PTA to the original POD polymer,
the contact angle of the resultant porous membrane decreases
from 110.3° to 83.7°.
The final aim of this study is to use the PTA−POD

membranes as substrates for TFC FO membranes. The PTA−
POD porous supports manufactured here have the following
characteristics, which have been considered as essential
requirements for successful forward osmosis membrane
supports:45,46,48,49 (1) high water permeance, (2) low water
contact angle, (3) relatively narrow pore size distributions, (4)
mean pore diameters (μp) in the range 9.4−20.9 nm, (5)
geometric standard deviations (σp) of approximately 1.5, and
(6) high porosity (66.8−74.4%).

Effect of the Hydroxyl-Functionalized PTA Content on
the Formation of the TFC Layers. Figure 5 shows the
polyamide morphology formed on the POD and PTA−POD
supports. Compared to the top surfaces of porous supports, the
top surfaces of TFC membranes are fully covered by a layer of
ridge-valley or globular structures, which indicate the successful
formation of polyamide layers via interfacial polymerization.
Figure 5 also shows that these TFC layers have different

roughnesses and thicknesses. The POD−TFC membrane has
the roughest surface with a larger globular structure, while the
50 mol % PTA−TFC one has the smoothest TFC layer. In
other words, an increase in hydroxyl-functionalized PTA

Figure 3. Pore size distribution of POD, 10 mol % PTA, 40 mol %
PTA, and 50 mol % PTA porous supports.

Table 1. Summary of Mean Effective Pore Diameter, Geometric Standard Deviation, MWCO, and Porosity of Substrates

POD−PTA substrate composition mean pore diameter μP (nm) geometric standard deviation σP MWCO (103 g/mol) porosity (%)

100% POD 20.9 1.56 257 66.8
10 mol % PTA 12.5 1.44 97 73.8
40 mol % PTA 12.2 1.47 97 76.5
50 mol % PTA 9.4 1.37 52 74.4

Figure 4. Comparison between pure water permeance (PWP) and
contact angle as a function of substrate materials.
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content in the substrates results in TFC membranes with a
smoother polyamide surface. The thickness of the TFC layer
also decreases with an increase in hydroxyl-functionalized PTA
content in the support. These phenomena result from
combinative effects of substrate’s pore size, hydrophilicity,
and hydrophobicity on the formation of TFC layers.50,51

Since the TFC layer was formed by interfacial polymerization
when introducing the organic TMC solution onto the top
surface of a porous support filled with aqueous MPD monomer,

a thin polyamide skin is immediately formed as TMC and MPD
monomers meet and react. Once the skin is formed, the
polymerization is stopped. As a result, the morphology of the
polyamide layer reflects the interface between the organic and
liquid phases at the moment when these two monomers react.
Because MPD must diffuse out from the substrate into the oil
phase and react with TMC, the substrate’s pore size and
hydrophilicity (or hydrophobicity) affect its diffusion path,
reaction rate, and the characteristics of the TFC layer. In

Figure 5. Morphology of FO membranes prepared with different supports: (a) POD-TFC, (b) 10 mol % PTA-TFC, (c) 40 mol % PTA-TFC, and
(d) 50 mol % PTA-TFC.

Figure 6. AFM images of FO membranes: (a) POD-TFC, (b) 10 mol % PTA-TFC, (c) 40 mol % PTA-TFC, and (d) 50 mol % PTA-TFC.
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general, a substrate with a small pore and pore size distribution
tends to form a flat interface and bring about a smooth TFC
skin, while a substrate with a large pore and pore size
distribution favors rapid mass transfer (i.e., both diffusion and
convection flows) and produces a rough polyamide layer.50 In
addition, hydrophobic substrates may induce the intrusion of
the organic phase into substrate pores;51 this is especially true
for the substrate made of the POD homopolymer. As a
consequence, the diffusion and convective paths of MPD and
TMC become complicated and result in a rough reactive
interface.
Figure 6 illustrates the AFM images of the membrane

surfaces, while Table 2 presents their mean roughness and root-
mean-squared roughness. The roughness of polyamide layers
decreases in the order POD−TFC > 10 mol % PTA−TFC > 40
mol % PTA−TFC > 50 mol % PTA−TFC. This decreasing
order is consistent with the observation in FESEM analyses.
Characterizations of the TFC FO Membranes. Figure 7

shows the ATR-FTIR spectra of the supports and the active
layers for all PTA−POD-based TFC membranes. The POD
support spectrum in Figure 7a displays the characteristics of
POD with the peaks at 1026 and 1074 cm−1.39,52 Besides the

presence of peaks corresponding to the POD, the spectra of
PTA−POD supports in Figure 7(b−d) exhibit an additional
triazole ring peak at 1518 cm−1.53This triazole ring peak
confirms the presence of PTA in the supports. Among the
investigated supports, the one with the highest PTA content
also has the triazole peak with the highest intensity, while
exhibiting oxadiazole peaks with the lowest intensity in the
ATR-FTIR spectrum.
When the active TFC layer was added, new characteristic

peaks of polyamide appear such as 1548 cm−1 (NH
bending vibration of amide), 1660 cm−1 (CO stretching
vibration of amide), and 1608 cm−1 (aromatic ring breathing of
amide).54 The results strongly indicate the successful
formations of TFC layers on top of the POD and PTA−
POD substrates.

Separation Properties. The separation properties of
POD−PTA-based TFC membranes, including water perme-
ance (A), salt rejection (Rs), and salt permeance (B), are
summarized in Table 2. Among the TFC membranes, the
POD−TFC has the largest water permeance of 1.983 L m−2

h−1 bar−1, which may be due to the larger surface area
associated with the rough TFC layer. Because of the smoother

Table 2. Transport Properties, Structural Parameters, and Surface Roughness of FO Membranes

surface roughness
(nm)

membrane composition water permeancea A (L m‑2 h‑1 bar‑1) salt rejectionb Rs (%) salt fluxb B (L m‑2 h‑1) Sc (μm) Rq Ra

POD−TFC 1.983 ± 0.018 87.9 ± 0.7 0.792 ± 0.052 797 75.9 60.6
10 mol % PTA−TFC 1.837 ± 0.083 89.5 ± 0.2 0.757 ± 0.024 336 63.6 51.3
40 mol % PTA−TFC 1.355 ± 0.017 93.5 ± 0.4 0.308 ± 0.053 236 57.3 46.1
50 mol % PTA−TFC 1.308 ± 0.036 94.0 ± 0.2 0.285 ± 0.015 630 42.3 33.9

aTested using DI water as feed. bTested using 2000 ppm of NaCl as feed; nanofiltration mode operation at 5 bar. cStructural parameters were
calculated on the basis of experiments under FO mode using 2 M NaCl as draw solution and DI water as feed.

Figure 7. FTIR spectra of different substrates and corresponding TFC-FO membranes: (a) POD substrate and its TFC membrane, (b) 10 mol %
PTA substrate and its TFC membrane, (c) 40 mol % PTA substrate and its TFC membrane, and (d) 50 mol % PTA substrate and its TFC
membrane.
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surfaces of TFC membranes with higher PTA content, the
water permeance values become lower with the lowest value of
1.308 L m−2 h−1 bar−1 corresponding to the 50 mol % PTA−
TFC membrane. On the contrary, the rejection toward NaCl
increases from 87.9% in the POD−TFC membrane to 94% in
the 50 mol % PTA−TFC membrane. The lower salt rejection

in the membranes with less content of hydroxyl-functionalized
PTA may be caused by (i) a less uniform dispersion of the
MPD solution on the hydrophobic POD substrate and (ii)
higher defect density of the TFC layer formed on the substrate
with large pore sizes and wider pore size distribution.

Figure 8. Comparison between (a) water fluxes and (b) reverse salt fluxes of membranes using supports with different PTA contents. DI water was
used as feed; 1.0 M NaCl was used as draw solution.

Figure 9. Water fluxes of TFC-FO membranes: (a) POD-TFC, (b) 10 mol % PTA-TFC, (c) 40 mol % PTA-TFC, and (d) 50 mol % PTA-TFC
under FO and PRO testing modes using different draw solution concentrations and DI water as feed.
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Evaluation of the FO Performance and Structural
Parameters of POD−PTA-Based TFC Membranes. The
fabricated TFC membranes with different supports were
characterized in a FO cross-flow setup, using DI water as
feed and various concentrations of NaCl solutions as draw
solutions.
Figure 8 compares their FO performance using 1 M NaCl as

the draw solution. The water fluxes in both PRO and FO
modes increase with an increase in hydroxyl-functionalized
PTA content in the supports from 0 to 40 mol %. Similar to the
decrease of water permeance with an increase in PTA content
from 40% to 50% under the pressurized filtration tests, the
water fluxes of the 50 mol % PTA−TFC membrane are lower
than those of the 40 mol % PTA−TFC membrane under both
FO and PRO modes. The increase of water flux with increasing
hydroxyl-functionalized PTA content from 0 to 40 mol % PTA
agrees with results published by Widjojo et al.,48 confirming the
enhancement of FO performance by using hydrophilic
polymers as supports for FO TFC membranes. Due to the
high hydrophilicity and the open cell finger-like porous
structure of the 40 mol % PTA substrate, its TFC membrane
possesses a good water permeance (1.355 L m−2 h−1/bar) and
salt rejection (93.5%) as well as high water fluxes of 24.9 and
47.2 LMH under FO and PRO modes, respectively, while its
reverse salt fluxes are of reasonable values (4.1 gMH and 8.2
gMH in FO and PRO modes, respectively).
Figure 9 displays the performance of TFC membranes as a

function of draw solute concentration under both PRO and FO
modes. Water fluxes increase with increasing draw solute
concentration for both testing modes. The fluxes level off at
higher NaCl concentrations because of more severe ICP effect
at higher draw solution concentrations.
Results from FO performance (i.e., water flux and salt flux)

and water permeance from NF experiments were used in eq 9
to calculate the structural parameter (S) of the porous support.
As illustrated in Table 2, the calculated S value decreases as the
content of hydroxyl-functionalized PTA in the substrates
increases from 0 to 40 mol %. This indicates a lower ICP
effect in FO experiments when the supports of the TFC
membranes are more hydrophilic (Figure 4) and have larger
porosity (Table 1). As the hydroxyl-functionalized PTA content
increases from 40 to 50 mol %, the S value increases from 236
to 630 μm. This increase in S value reflects a combination of
effects due to the decrease of porosity and formation of a
thicker sponge-like top layer as part of the support. Considering
the A, B, and S values of these TFC membranes, the membrane
made from the support consisting of 40 mol % hydroxyl-
functionalized PTA seems to be the most suitable for FO
applications.
Comparison between PSU-TFC and 40 mol % PTA-

TFC Membranes. Performance and fouling propensity of a
TFC-FO membrane are two pervasive factors that have been
focused during membrane designing for water treatment. Due
to the asymmetric structure of a TFC-FO membrane, the
membrane can be operated in two modes: (i) the FO mode
when the TFC selective layer faces the feed solution and (ii)
the PRO mode when the TFC selective layer faces the draw
solution. Despite the better membrane performance under the
PRO mode, the FO mode has been used in water treatment
due to the less fouling propensity and the easy cleaning process
of the fouled layer on the TFC layer surface caused by foulants
in the feed solution. As seawater and seawater RO brine
containing numerous organic compounds and microorganisms

have commonly been used as draw solutions, the fouling
potential of draw solutions on the support of TFC-FO
membranes is also a factor to be considered during material
designing of the membrane supports. In previous FO
membranes, PSU has frequently been used as the TFC-FO
membrane support. Hence, the newly synthesized polymer (40
mol % PTA) was cast as a support and compared to the PSU
support under similar fabrication conditions for TFC FO
membranes and then examined in terms of FO performance
and their organic/biofouling propensity.
Table 3 compares the FO performance of TFC-FO

membranes using PSU and 40 mol % PTA supports cast

from polymer/NMP (18/82, w/w) solutions with the same
initial casting knife height and then the same IP protocol. The
FO/PRO water fluxes of the 40 mol % PTA-TFC membrane
outperform the PSU-TFC membrane. It is caused by the higher
permeance of the TFC layer (Table 3) formed on the 40 mol %
PTA-TFC support surface which is more porous and has larger
surface pores (Figure 10) than those of the PSU support
surface. Compared to the 40 mol % PTA support, the PSU
support has narrower macrovoid sizes and shorter lengths. As a
result, the PSU support has a larger structure parameter (Table
3), which results in the more severe ICP effect and further
substantiates the lower performance of the PSU-TFC
membrane. This observation demonstrates that more efforts
in research may possibly produce a PTA-supported FO
membrane with better performance than the current developed
PSU-supported membranes in the literature.55

Organic fouling behavior of the support membranes (PSU
and 40 mol % PTA) was investigated by evaluating the protein
adsorption propensity onto the membrane surfaces. A labeled
protein, BSA-FITC, was used to quantitatively compare the
amounts of adsorbed protein between the two membrane
surfaces. Due to the fluorescence signal from the FITC dye in
BSA-FITC, fluorescence microscopy images of protein
adsorbed membranes could be captured and further quantita-
tively analyzed as shown in Figure 11. As clearly shown in
Figure 11, the fluorescence intensity on the 40 mol % PTA
membrane surface is much weaker (approximate 74% lower)
than that on the PSU membrane surface. The enhanced
antiorganic fouling effect of the 40 mol % PTA membrane is
due to the strong repulsive force between hydroxyl groups of
the polymer and BSA. It indicates the significance in antiorganic
fouling property of the 40 mol % PTA membrane compared to
the PSU membrane.
Bacterial growth in the presence of PSU and the 40 mol %

PTA supports was studied using Pseudomonas aeruginosa PAO1
bacteria. The comparison was done by two methods: (i)
observation of bacteria attachment to the membrane surfaces

Table 3. Comparison of FO/PRO Water Fluxes, Transport
Properties, and Structural Parameters between PSU-TFC
and 40 mol % PTA-TFC Membranes

membrane subtract PSU-TFC
40 mol % PTA-

TFC

FO water flux, Jv (L m−2 h−1) 3.2 ± 0.5 24.9 ± 1.3
PRO water flux, Jv (L m−2 h−1) 9.9 ± 0.6 47.2 ± 2.5
water permeance,
A (L m−2 h−1 bar−1)

0.726 ± 0.011 1.355 ± 0.017

salt rejection, Rs (%) 95.9 ± 0.4 93.5 ± 0.4
salt flux, B (L m2− h−1) 0.109 ± 0.021 0.308 ± 0.053
structural param, S (μm) 3438 236
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and (ii) growth inhibition of suspended + attached bacteria.
The bacterial fouling propensities on membranes surfaces can
be visualized from FESEM images in Figure 12. The FESEM
images show that more bacterial cells are attached to the PSU
support surface. However, the 40 mol % PTA support only has
a low amount of bacterial attachment, suggesting a potential
antibiofouling effect of the support. The low bacterial adhesion
for the 40 mol % PTA support may be due to two phenomena:
(i) the low bacterial adsorption caused by the hydrated
ultrathin layer on the support surface, which is formed by the
strong interaction between hydroxyl groups of the support and
water molecules, and (ii) a potential antibacterial activity of the
support that inhibits the growth of the bacteria. The result of
the total bacterial growth inhibition activity is presented in
Figure 12 as relative cell viability, defined as the percentage of
viable suspended and attached bacterial cells with the 40 mol %
PTA support sample relative to those with the PSU support
sample. In comparison, the viable bacterial cells of the 40 mol %

PTA support sample are only 11% of that of the PSU support
sample. It indicates the antibacterial activity of the PTA support
containing oxadiazole and triazole groups as expected.

Potential for Further Development of High Perform-
ance PTA-TFC FO Membranes. A polymer TFC-FO
membrane is usually constituted by an asymmetric polymer
support and a thin TFC selective layer. Many factors may affect
the membrane performance in FO process such as the selective
layer fabrication method (i.e., type of monomers, monomer
concentration, preparation time, or type of organic solvents),
the support material, the support fabrication method (i.e.,
polymer concentration, additives, type of solvents and non-
solvents and their ratios, casting thickness), and post-treatment.
The effect of the support material on the TFC-FO membrane
performance has been demonstrated in the previous section.
Herein, a preliminary study on the effects of the support
fabrication method, post-treatment, and selective layer
fabrication is demonstrated specifically for the TFC-FO
membranes based on 40 mol % PTA.
First, the effect of the support fabrication method was

studied by a comparison taking into account the FO
performance of the two 40 mol % PTA-TFC membranes
fabricated from two different support structures. The pristine
40 mol % PTA-TFC membrane (referred as the nonadditive
PTA-TFC membrane) contains a support fabricated from a
PTA/NMP (18/82, w/w) solution while the modified ones
(referred as the PEG-additive PTA-TFC membrane) consists a
support cast from a PTA/PEG/NMP (18/20/62, w/w/w)
solution. The differences in NaCl rejection between the
nonadditive PTA−TFC membrane and the PEG-additive
PTA-TFC membrane in Table 4 are attributed to the formation
of the TFC selective layers on the support top layers with
various surface pore sizes and porosities. The NaCl rejection
increased with the addition of PEG in the support layer casting
solution. This can be understood by taking into account the
differences in the morphology of the two support layers shown
in Figure 13. PEG as a casting solution additive for the support
layer manufacture alters interfacial tension and the phase
diagram promoting a more gradual, slower demixing, which
favors a sponge-like structure. Smaller surface pores and a
thicker sponge-like skin are seen at the top. They favor the
formation of a smoother selective TFC layer with fewer defects.
While the salt rejection is improved, the water permeance
under the pressurized filtration test is reduced, due to the lower
active surface area of the smoother selective TFC layer. Figure
3 shows that the bottom of PTA support prepared with PEG

Figure 10. Comparison of morphologies between PSU and 40 mol % PTA membranes before and after the interfacial polymerization (IP).

Figure 11. Fluorescence microscopy images of (a) the PSU and (b)
the 40 mol % PTA supports and (c) their relative fluorescent intensity
after 1 h exposure to BSA-FITC solution.
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additive has a more open structure, which may reduce the ICP
effect for the membrane coated by interfacial polymerization in
FO/PRO operations. As the result, enhanced FO performance
with higher FO/PRO fluxes and lower reverse salt fluxes is
observed in Table 4.
Second, the performance of the PEG-additive PTA-TFC

membrane with and without a post-treatment process was
investigated. With the post-treatment, the FO/PRO fluxes
could be enhanced, while the salt rejection decreases (Table 4),
but still remains acceptable for FO membrane: 97% NaCl
rejection (pressurized filtration test) and <10 gMH reverse salt
flux (FO/PRO tests).
Finally, two membranes with different IP methods were

compared. The original IP method is referred as IP-I. The
modified IP method (IP-II) corresponds to the addition of 3 wt
% ethyl acetate as cosolvent for the organic phase. Compared to
the IP-I method, the IP-II creates a rougher TFC layer with
larger ridge-and-valley structure (Figure 13), similar to a
previous study with polyamide supports.56 The larger surface
area of the TFC layer formed by the IP-II method leads to high
water permeance (1.893 LMH bar−1) compared to the
permeance of 1.101 LMH bar−1 for the membrane fabricated
by the IP-I method (Table 4). As a result, the membrane
performance can achieve up to 37.5/78.4 LMH under FO/
PRO modes, using 1 M NaCl as the draw solution.
Comparisons with Commercial and Some Reported

Flat-Sheet TFC-FO Membranes. Table 5 compares the FO/
PRO water flux, water permeance, and NaCl rejection of the 40
mol % PTA/PEG-additive-TFC membrane, fabricated by the
IP-II method in this study and various previously reported flat-

sheet TFC-FO membranes. It can be seen that the TFC-FO
membrane fabricated in this study surpasses the state-of-the-art
commercial membranes. Although this is the first generation of
developing lab-scale PTA-TFC membranes, their performance
is comparable to the best recently reported lab-scale flat-sheet
TFC membranes for FO.

■ CONCLUSIONS

For the first time, hydroxyl-functionalized polytriazole-co-
polyoxadiazole (PTA−POD) membranes were successfully
created and subsequently used as substrates for the fabrication
of FO membranes via interfacial polymerization. Four kinds of
PTA−POD membranes with various hydroxyl-functionalized
PTA content were demonstrated. The effects of hydroxyl-
functionalized PTA content on the morphology and transport
properties of the resultant substrates and the TFC membranes
were investigated. Among the fabricated TFC membranes, the
one prepared from 40 mol % PTA support shows the best FO
performance with high water fluxes of 24.9 LMH and 47.2
LMH using 1 M NaCl as the draw solution and DI water as the
feed under FO and PRO modes, respectively. Furthermore, the
40 mol % PTA support was less susceptible to fouling than the
PSU support, which is the commonly used support for TFC-
FO membrane. From the preliminary study on the possibilities
of enhancing the FO performance of the pristine 40 mol %
PTA-TFC membrane, a new 40 mol % PTA-TFC membrane
with higher water fluxes of 37.5/78.4 LMH under FO/PRO
modes was achieved. Further optimizations of the support
fabrication, TFC layer formation, and post-treatment processes
may result in 40 mol % PTA-FO membranes with even higher

Figure 12. Bacterial adhesion on (a) the PSU and (b) the 40 mol % PTA membranes and (c) growth inhibition of suspended + attached bacteria
after the membranes exposition to Pseudomonas aeruginosa PAO1 for 24 h.

Table 4. FO/PRO Performance and Transport Properties of 40 mol % PTA-TFC Membranes Fabricated under Different
Conditionsa

membrane
subtract

post-
treatment IP method

FO water flux
Jv (L m‑2 h‑1)

FO reverse salt
flux

Js (g m‑2 h‑1)

PRO water
flux

Jv (L m‑2 h‑1)

PRO reverse
salt flux

Js (g m‑2 h‑1)
water permeance
A (L m‑2 h‑1 bar‑1)

salt rejection
Rs (%)

salt flux
B (L m‑2 h‑1)

nonadditive no IP-I 24.9 ± 1.3 4.1 ± 1.5 47.2 ± 2.5 8.2 ± 2.4 1.355 ± 0.017 93.5 ± 0.4 0.308 ± 0.053
PEG-additive no IP-I 30.3 ± 1.2 2.9 ± 1.2 56.3 ± 1.8 5.5 ± 1.6 1.030 ± 0.083 97.3 ± 0.1 0.098 ± 0.003
PEG-additive yes IP-I 33.6 ± 1.8 4.4 ± 1.9 61.5 ± 1.3 8.2 ± 1.0 1.101 ± 0.017 97.0 ± 0.5 0.136 ± 0.025
PEG-additive yes IP-II 37.5 ± 1.3 5.5 ± 1.3 78.4 ± 2.3 12.3 ± 1.7 1.893 ± 0.029 96.8 ± 0.4 0.207 ± 0.023
aAll FO and PRO performances were tested using DI water as feed and 1.0 M NaCl as draw.
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FO performance. Clearly, POD−PTA can be used as a new
class of materials for TFC membranes with demonstrated
advantages of high stability, good FO performance, low organic
fouling, and antibacterial activity. In addition to the perform-
ance data reported here, POD and PTA are known for their
high temperature and oxidation stabilities. The newly
developed TFC membranes could be potentially used for

industrial applications in harsh conditions so far not addressed
by the currently available supports.
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Figure 13. FESEM micrographs of 40 mol % PTA membranes at different fabrication conditions: (a, b: top and middle rows) dope compositions
(nonadditive and PEG additive) and (b: last row) interfacial polymerization processes (IP-I and IP-II).

Table 5. Comparisons of FO/PRO Water Flux, Reverse Salt Flux, Water Permeance, and NaCl Rejection Rs Experimental Data
of Various Flat-Sheet TFC-FO Membranes

membrane
water flux Jv

FO/PRO (L m‑2 h‑1)
reverse salt flux Js

FO/PRO (g m‑2 h‑1) feed solution draw solution
water permeance
A (L m‑2 h‑1 bar‑1)

salt
rejection
Rs (%)

salt flux
B (L m‑2 h‑1) ref

40 mol % PTA/PEG additive
supported TFC (IP-II)

37.5/78.4 5.5/12.3 DI water 1.0 M NaCl 1.893 96.8 0.207 this
work

commercial HTI TFC,
no prewetteda

15/30.5 4/9.5 DI water 1.0 M NaCl 1.8 91.0 1.2 57

commercial HTI TFC,
prewetteda

15/33 7.5/17.5 DI water 1.0 M NaCl 2.45 90.5 1.65 57

Oasys TFC 23.2/− 7.8/− 0.5 mM NaCl 1.084 M NaCl − − − 58

PSU supported TFC 25.0/− −/− DI water 1.0 M NaCl 1.90 98.6 0.33 55

PES/sulfonated PSU
supported TFC

26.0/47.5 8.3/12.4 DI water 2.0 M NaCl 0.77 93.5 0.11 23

cellulose acetate propionate
containing high degree of
hydroxyl supported TFC

56.9/89.5 7.8/10.8 DI water 1.0 M NaCl − − − 59

sulfonated
polyphenylenesulfone
supported TFC

48/54 7.6/8.8 DI water 2.0 M NaCl 3.23 84.1 1.05 48

aData estimated from graphs.
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