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ABSTRACT: The poly(2-hydroxyethyl methacrylate) grafted titanium dioxide nanoparticles were synthesized and added to the substrate
of flat-sheet thin film composite forward osmosis (TFC-FO) membranes. The hydrophilicity of substrate was improved, which was
advantageous to enhance the water flux of TFC-FO membranes. The membranes containing a 3 wt % TiO,-PHEMA in the substrate
exhibited a finger-like structure combined with sponge-like structure, while those with lower or without TiO,-PHEMA content
showed fully finger-like structures. As for FO performance, the TFC-FO membranes with 3 wt % TiO,-PHEMA content achieved the
highest water flux of 42.8 LMH and 24.2 LMH against the DI water using 2M NaCl as the draw solution tested under the active layer
against draw solution (AL-DS) mode and active layer against feed solution (AL-FS) mode, respectively. It was proven that the hydro-
philic property of membrane substrates was a strong factor influencing the water flux in FO tests. Furthermore, the structural param-
eter was remarkably decreased with an increase of TiO,-PHEMA content in membrane substrate, indicating the reducing of internal

concentration polarization. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43719.
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INTRODUCTION

Water crisis is becoming a severe restriction for economy and soci-
ety development. To resolve the problem, membrane science and
technology shows great advantage in water treatment. And among
different membrane technologies, forward osmosis (FO) is a
promising technology for water purification and seawater/brack-
ish desalination."”> Compared to other pressure-driven membrane
processes, such as nanofiltration (NF) and reverse osmosis (RO),
FO process utilizes the osmotic pressure difference between the
feed and draw solution across a semipermeable membrane as the
driving force to persuade the pure water to flow through the
membrane from the feed to the draw solution.” The osmotic pres-
sures provided in FO can be significantly higher than hydraulic
pressures used in RO as the driving force, subsequently resulting
in a higher theoretical water flux.»> Moreover, FO also offers the
advantages of high rejections to a wide range of contaminants and
lower membrane-fouling propensities compared to traditional
pressure-driven membrane processes.”

FO membranes and process have made great progress in the last
decade. Thin film composite (TFC) membrane was considered to
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be the most efficient method for FO membrane preparation
because TFC membranes offer the possibility to optimize
membrane substrates and selective layers separately.”'® In order
to reduce internal concentration polarization (ICP), an ideal TFC
membrane for FO should consist of a highly porous, highly hydro-
philic, and low tortuosity substrate and a highly selective active
layer to improve salt rejection and minimize reverse solute diffu-
sion.'" On the other hand, researchers found that increasing the
membrane hydrophilicity is also an effective method to improve
pure water flux, as it promotes the wetting of all available pores
and reduce structural parameter.'>™" Physical blending is the
mostly used method because of its simplicity and mild modifica-
tion conditions. Adding hydrophilic additives such as polyvinyl-
pyrrolidone (PVP) and polyethylene glycol (PEG) into the casting
solution is a very common method."> However, during a long
time operation, these additives gradually leached out from mem-
branes, which could lead to membrane instability. Besides the
hydrophilic additives, hydrophilic polymers are also used to
improve membrane hydrophilicity. Wang et al. recently developed
substrates for TFC-FO membrane from blend polysulfone (PSf)
and sulfonated polysulfone (SPSf) to increase the hydrophilicity
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of the PSf substrates. The fabricated flat-sheet membranes show
water fluxes up to 47.5 LMH in the AL-DS mode using 2M NaCl
as the draw solution.'*

Among those hydrophilic materials, nanomaterials play a signifi-
cant role in environmental applications particularly to revolution-
ize century-old conventional water treatment processes due to the
great progress in nanotechnology.”>*' Among all kinds of nano-
particles, TiO, has obtained much attention because of its avail-
ability, stability, and promise for applications such as catalysis and
photocatalysis, battery, membrane, etc.'®*™** However, TiO,
nanoparticles often form agglomerates due to its large surface
area. Moreover, the bad compatibility between inorganic nanopar-
ticles and polymers would result in defects in membranes. To
resolve those problems, great efforts had been made by different
research groups.”>* Similarly, Zhu et al. modified SiO, nanopar-
ticles by grafting poly(2-hydroxyethyl methacrylate) (PHEMA)
onto it, and then dispersed into the casting solution. The resultant
membrane showed not only superior permeate performance but
also anti-fouling or antibacterial property than those without
$iO, nanoparticles.?®

Inspired by those research results, in this article, the TiO, nanopar-
ticles were modified and used as additive to improve the substrates
hydrophilicity to reduce ICP. In this approach, TiO, nanoparticles
were initially treated with 3-(trimethoxysilyl) propylmethacrylate
(MPS); then, PHEMA was grafted onto the surface by radical poly-
merization method. HEMA has abundant hydrophilic polymer
chains and hydroxyl groups which could increase both the particle
dispersibility and the hydrophilicity of the composite membrane.
By the blending of TiO,-g-PHEMA nanoparticles in PSf substrate,
the hydrophilicity of substrate was enhanced. Consequently, a sig-
nificant improvement in FO membrane performance was achieved
with great decrease in membrane structural parameter, indicating
the reducing of ICP.

EXPERIMENTAL

Materials

PSf (Udel-3500, Amoco, Alpharetta, Georgia) was dried at 110 °C
for 12 h prior to use. TiO, nanoparticles (anatase, mean pore size
25 nm, Shanghai, China) and trimesoyl chloride (TMC) were pur-
chased from Aladdin Industrial Corporation. MPS, HEMA, m-
phenylenediamine (MPD) and 2,2-azobis(isobutyronitrile) (AIBN)
were purchased from J&K Scientific Ltd, Beijing, China. Dimethyla-
cetamide (DMAc), N-methyl-2-pyrrolidone (NMP), n-hexane,
polyethylene glycol (PEG-400), absolute ethanol, and sodium chlo-
ride (NaCl) were purchased from Tianjin Kemiou Chemical Rea-
gent Co., Ltd, Tianjin, China. DI water was supplied by Kena
Science Technology Development Co., Ltd, Dalian, China.

Surface Modification of TiO, Nanoparticles

The surface modification of TiO, nanoparticles was conducted in
a mix-solution of absolute ethanol and water using the silane cou-
pling agent, MPS, similarly with a method in the previous work
by Rong et al.”” Briefly, 5 g of nano-TiO, was firstly dispersed in
108 mL of absolute ethanol, and into which 2.83 g of water, 1.70 g
of ammonia (25 wt %), and 2.52 g of MPS were added. The
mixture was firstly treated by ultrasonication and mechanically
stirred at room temperature for 1 h, and then moved to an oil

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

43719 (2 of 9)

Applied Polymer

SCIENCE

bath at 75°C for further reaction for another 1 h. At last, the
dispersion solution was stirred at room temperature for 22 h. The
dispersion was centrifuged and redispersed in ethanol to be
purified from free MPS for three cycles.

Into a three-necked round-bottom flask fitted with a condenser,
2.0 g of nano-TiO, particles modified by MPS coupling agent was
dispersed in 80 mL DMAc. The mixture was vacuumized for 30
min and then degassed with nitrogen for another 30 min. Then,
3.0 g of HEMA and 0.3 g of initiator AIBN were added into the
mixture under the atmosphere of nitrogen and followed by
degassing with nitrogen for 30 min. The free radical polymeriza-
tion of HEMA at the surface of nano-TiO, was performed at 70 °C
in the nitrogen atmosphere for 12 h. Then, the modified nanopar-
ticles (TiO,-PHEMA) were washed thoroughly with DMAc to
remove free HEMA and PHEMA or AIBN for three times, and
finally washed with absolute ethanol and dried in vacuum at 60 °C
for 24 h.

Characterization of TiO,-PHEMA Nanoparticles

The characterizations of modified and unmodified particles
were performed on a thermogravimetric analysis-differential scan-
ning calorimetry (TG-DSC) instruments-STA 449F3 from
NETZSCH. The samples were heated under nitrogen at a rate of
10°C/min, from 40°C to 700 °C and equilibrated at 40 °C for 10
min. In order to get a visual comparison between the modified
and unmodified nano-TiO,, sedimentation test was carried out.
Fourier transform infrared spectroscopy (ATR-FTIR, Equinox 55,
Germany) was used to characterize the formation of covalent
bonds during the modification process. For further analyze of the
dispersibility of modified TiO,, the particles were observed by
transmission electron microscopy (TEM, JEM-2100, Japan) in
ethanol solution and a scanning electron microscope (SEM,
JSM-7800F, Japan) in membrane matrix polymer.

Fabrication of PSf Membrane Substrates

The fabrication of membrane substrates were based on the classi-
cal non-solvent induced phase separation (NIPS) technique. The
composition of casting solution is presented in Table I. TiO,-
PHEMA nanoparticles were added into a three-neck flask contain-
ing a certain amount of NMP and PEG-400, and stirred at room
temperature to form a homogenous suspension under ultrasonic
for an hour. Then PSf was added into the flask under continuous
stirring. After all the materials were added, the mixture was trans-
ferred into an oil bath and stirred at 200 rpm for 24 h at 60 °C.
The obtained homogenous solution was vacuumized and left at
room temperature for 12 h to completely remove air bubbles.
Afterward, the membrane was cast on a glass plate with a thick-
ness of 150 pum, followed by immersion into a room temperature
water coagulation bath for phase inversion process to take place.
Then, the obtained membrane substrates were shook in DI water
before test and interfacial polymerization (IP). These substrate
membranes were hereafter coded as PSf, PSfl, PSf2, and PSf3,
depending on the TiO,-PHEMA loading in the casting dope.

Preparation of Polyamide Active Layer

The active layer of TFC FO membrane was prepared via IP process
using MPD and TMC on the surface of a pre-cast PSf substrate.”®
Briefly, 2 wt % MPD aqueous solutions were poured on top of the
flat sheet membrane substrates for 120 s. Then, the excess solution
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Table 1. Preparation Conditions of Substrates

pPSf PEG 400 NMP TiO>-PHEMA
Substrate (wt %) (wt %) (wt %) (wt %)
pPSf 16 6 78 0
PSfl 16 6 77 1
psf2 16 6 76 2
PSf3 16 6 75 3

on the membrane surface was carefully removed with a filter paper.
Subsequently, only the top surface of the substrate membrane was
brought into contact with a 0.15 wt % TMC/n-hexane solution for
90 s to allow the polymerization to be performed. The resultant
composite membranes were further processed at 80 °C for 8 min in
an oven to achieve the desired membrane performance. Then the
prepared TFC membranes were washed and stored in DI water
before RO/FO measurements. These composite membranes pre-
pared with different substrate as listed in Table I were labeled as
TFC, TFC-1, TFC-2, and TFC-3, separately.

Characterizations of Membranes

Morphology, Contact Angle, and Membrane Porosity. Attenuated
total reflectance transform infrared spectroscopy
(ATR-FTIR, Equinox 55, Germany) was used to analyze the
changes of functional groups on PSf support membrane and
composite TFC membranes.

Fourier

Field emission scanning electron microscopy (FESEM, JSM-7800F,
Japan) was performed to examine the morphologies of the sub-
strates and composite membranes. All membrane samples were
broken in liquid nitrogen and then sputtered with gold to produce
electric conductivity before examination.

To evaluate membrane surface hydrophilicity, water contact angle
was measured by a contact angle meter (JC2000C Contact Angle
Meter, Powereach, Shanghai, China). Before testing, the membrane
samples were dried at room temperature for 48 h. At least three meas-
urements for each membrane sample were evaluated to reduce error.

To characterize the substrate overall porosity, membranes sheets
(2.5 cm X 2.5 cm) were immersed in absolute ethanol, and
after 3 h ethanol-soaked substrates were taken out and carefully
removed excess ethanol on the surface with tissue paper. Then
the wet membranes were immediately weighed (w;, g), dried in
the oven at 50°C for 24 h, and re-weighed (w,, g). The mem-
brane thickness (I, pm) was measured by a thickness gauge
(Chengliang Tools Groups Co. Ltd., Chengdu, China). Then the
overall porosity was calculated using eq. (1) as follows'®*:
w1—w

o= PXA,XI W

where, p (g/cmS) is the ethanol density, A,, (m?) is the effective
membrane area.

Mechanical Strength. The bursting strength and tensile strength
of the substrates were tested to investigate the mechanical
strengths. The membrane disc was placed in the infiltration cell,
then increased the vertical water pressure gradually and recorded
the pressure which burst the membrane and taken as bursting
strength. Tensile strength was measured by XLW-500N material
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test-machine (Labthink, Jinan, China) at a loading velocity of
25 mm/min. The membranes were first cut into stripes with
10 mm width and an initial length of 30 mm. For each casting
condition at least three stripes were tested to obtain the average
values of tensile strength and extension at break.

Intrinsic Permeation Properties of TFC Membranes. A cross-flow
RO filtration test cell with an effective filtration area of 15.89 cm” was
used to evaluate the water permeability and selectivity of TFC mem-
branes. In all RO experiments, each membrane needs to be pre-
compacted under 0.8 MPa for 30 min to make sure the membrane
remained in a steady state. Then the pressure was lowered to 0.6 MPa
to test the performance of TFC membranes. Pure water flux
(J, L/m? h) and water permeability (A, L/m* h 0.1 MPa)*® of mem-
branes were evaluated using the following equations.

AV
ApnAt
]
A=
AP

where, AV (L), At (h), and AP (MPa) are the permeate volume,
duration, and applied pressure difference, respectively.

J (2)

3)

Salt rejection rate of membrane was measured using feed solution
containing 10 mM NaCl solution at 0.6 MPa. To calculate mem-
brane salt rejection rate R, the following equation was employed.
R="% %1000 (4)
Cr
where, Cr(mol/L) and C,, are the salt concentrations in the feed and
permeate solution, respectively. NaCl solution concentrations were
calculated by the electrical conductivity of the salt solution which
was measured by a conductivity meter (DDS-12DW, Shanghai
Bante Instruments, China). The salt permeability coefficient (B, L/
m” h),"* which is an intrinsic property of a membrane to hold salt, is
determined during RO experiment based on the solution-diffusion
theory. The salt permeability coefficient is calculated by
1—R B

"R A(AP—An) )

where, AP is the pressure difference, A is the water permeability,
and An (MPa) is the osmotic pressure difference across the
membrane.

Evaluation of FO Performance. The measurement of pure
water flux and reverse salt flux through the TFC FO membranes
was carried out using the lab-scale filtration unit with effective
membrane area of 10.0 cm”.’' Feed and draw solutions flowed
co-currently through the channels partitioned by FO membrane
at a same flow rate of 10 L/h. The FO performance was eval-
uated in both AL-DS mode and AL-FS mode with DI water and
2M NaCl were used as the feed and draw solution separately. A
digital weight balance was placed at the bottom of the feed
solution tank to precisely measure the water flux of the mem-
brane. And the salt concentration changes in the feed solution
were monitored with a conductivity meter. All measurements
were carried out at room temperature for at least three times
and the average values were reported. For each test, the aver-
aged flux was obtained during 30 min after running for 30 min
to make sure a steady state could be reached for each test.
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Figure 1. ATR-FTIR spectrum of TiO,, PHEMA, and TiO,-PHEMA.

The pure water flux, J, (L/m? h) and the reverse salt flux, J (g/m2 h)
were calculated from egs. (6) and (7) below:

AV
]v_ AtAm (6)
— A(CtVt)

where, C, t, A,,, and V are salt concentration of the feed solu-
tion, the measurement time, the effective membrane area, and
the volume, respectively.

In addition to J, and J,, the structure parameter (S, pm) is also
an important property of FO membranes that needs to be
evaluated. ICP depends greatly on the S value. According to the
model developed by Loeb et al,”® the FO water flux can be
calculated from the following equations for AL-DS and AL-FS
as expressed in egs. (8) and (9), respectively.*®

D Andraw7]v+B
=2 ||p 2Rdaw T 8
J S{“ Amgeat B } ®
D[ Amgay+B
=2 | Lldaw T 9
1= {nAnfeed-l-]v-i-B] ©)

where, D (m?/s) is the solute diffusion coefficient; Tga, and
Teed are the osmotic pressures of the draw solution and feed
solution, respectively. The membrane structural parameter S
which can be represented as follows™*:

S=Z—T (10)
&

where, €, 1, and [ are porosity, tortuosity, and thickness of the
membrane, respectively.

RESULTS AND DISCUSSION

Characteristics of Modified TiO, Nanoparticles

Figure 1 shows the ATR-FTIR spectra of TiO,, PHEMA, and TiO,-
PHEMA in the 5004000 cm™ ' region. Compared with TiO, and
PHEMA, the spectrum of TiO,-PHEMA showed some characteristic
absorption peaks at 3411 cm Y, 697 cm !, 1727 cm !, and
1161 cm™ ' which were attributed to stretching vibrations of the <OH
groups, Ti—O—Ti linkages in TiO, nanoparticles, stretching vibration
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Figure 2. TGA curves of TiO,, TiO,-MPS, and TiO,-PHEMA. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

of C=0 and C—0O—C associated with HEMA units, respectively.
Due to the linkage between TiO, and PHEMA, we saw a blue shift of
the characteristic peaks of —C=0 and C—O—C. The FTIR results
confirmed the presence of HEMA chains on the nano-TiO, surface.

TGA was performed on both modified and unmodified nanopar-
ticles to further characterize that HEMA chains were grafted on
the TiO, surface and to determine the weight amount of MPS or
HEMA on the nano-TiO, particles (Figure 2). No weight loss of
pure TiO, was observed when heated from 40 °C to 700 °C, and a
weight loss of 1.31% and 5.14% were obtained for the MPS-
modified TiO, and HEMA-modified TiO,, respectively, from
300°C to 500 °C. The TGA results also proved that HEMA chains
were grafted to the TiO, surface successfully.

Since NMP is the solvent used for membrane preparation in this
study, sedimentation test in NMP for visual comparison between
the unmodified nano-TiO, and the modified nano-TiO, was
essential (Figure 3). Clearly, both TiO, and TiO,-PHEMA could
be dispersed homogenously in NMP after ultrasonication for 1h
[Figure 3(A)]. After still standing for 24 h, the difference between
the nano-TiO, and TiO,-PHEMA [Figure 3(B)] was conspicuous

A B

Figure 3. Sedimentation experiment in NMP after ultrasonication for 1 h
(A) and still standing for 12 h (B): the left bottle is pure TiO, and the
right one is TiO,-PHEMA. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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TiO, ~ TiO,-PHEMA

Figure 4. TEM images for TiO, and TiO,-PHEMA.

Table II. Properties of Membrane Substrates

Membranes Overall porosity (%) Contact angle () Pure water flux (L/m? h)? BSA rejection (%)°
PSf 58.5+1.0 77.2+0.8 138.9+3.8 98.7+0.6
PSf1 62.5+0.9 73.7+x1.0 280.1+3.8 96.9+0.8
pPSf2 67.8+1.6 67.8+0.3 372.7+13.9 952+0.8
PSf3 60.2+2.7 63.0+1.8 440.6+15.0 89.9+0.3

2Pure water flux was tested in ultrafiltration mode at operating pressure of 0.1 MPa with DI water as feed solution.
bBovine serum albumin (BSA) rejection rate was determined in ultrafiltration mode at 0.1 MPa with 1 g/L BSA solution as feed solution.

Top surface

Bottom

Cross-section

PSf PSf1 PSf2 PSf3

Figure 5. FESEM images of substrates with different concentrations of TiO,-PHEMA for TFC fabrication: PSf, PSf1, PSf2, and PSf3.
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Figure 6. ATR-FTIR spectrum of substrates with different TiO,-PHEMA
loadings. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

in visual comparison. Sedimentation test illustrated that unmodi-
fied nano-TiO, settled down more rapidly than TiO,-PHEMA.
The results obviously showed that the graft of PHEMA chains
onto the surface can significantly improve the dispersibility of
nano-TiO, in the NMP solution.

Figure 4 represents the TEM images of the unmodified nano-
TiO, and TiO,-PHEMA nanoparticles dispersed in ethanol. It
could be seen that the unmodified TiO, nanoparticles aggre-
gated seriously and it was difficult to distinguish one particle
from the other. The dispersibility of TiO, nanoparticles was
greatly improved and large area aggregates were not observed
after surface modification. Therefore, the dispersibility of TiO,
in organic solution could be significantly improved.

Properties and Performance of Membrane Substrate
Membrane properties, such as hydrophilicity,
strength, morphology, and porosity could be influenced signifi-
cantly by blending a hydrophilic material into the casting solu-
tion. Table II presents the changes in the substrate properties
upon addition of TiO,-PHEMA nanoparticles at different
loadings. The addition of TiO,-PHEMA promoted to form a
thermodynamic unstable system, resulting in a quick phase sep-

mechanical

0 1 2 3
Content of TiO5-PHEMA

Figure 7. Mechanical strength of substrates made of different TiO,-
PHEMA loadings.

aration and increase of porosity. However, the content of nano-
particles was further increased to 3 wt %, due to the increase of
viscosity, a delayed demixing happened, and led to a sponge-
like structure and decrease of porosity. By increasing the con-
tent of nanoparticles from 0 to 3 wt %, the pure water flux of
substrate increased from 138.9 L/m? h to 440.6 L/m? h, record-
ing 217% improvement, and on the contrary, led to a decrease
in BSA rejection. The increase of overall porosity and mem-
brane hydrophilicity (water contact angle decreased from 77.2°
to 63.0°) were advantageous to the increase of water flux.
Moreover, the decrease of BSA rejection to 89.9% for PSf-3 was
mainly because of aggregation of nanoparticles at a higher
concentration.

Figure 5 shows the FESEM images of the cross-section, top and
bottom surfaces of PSf substrates prepared with various TiO,-
PHEMA nanoparticles loadings. The overall thickness of all the
substrates fabricated with different conditions was in the range
of 60-70 pum. From the SEM images, it could be clearly
observed that more nanoparticle agglomeration took place on
the top surface of membrane as the TiO,-PHEMA loading
increased. The cross-section of the pure PSf showed a typical

Figure 8. FESEM images of TFC-FO membrane with 2 wt % loading of TiO,-PHEMA in the support layer.
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strength declined. This could be explained by the aggregation of
TiO,-PHEMA which led to stress concentration within the

Evaluation of TFC-FO Membrane Intrinsic Permeation

Figure 8 displays the FESEM images of TFC-FO membrane on a
substrate comprising 2 wt % nanoparticles and the selective poly-
amide layer showed a typical morphology of ridge-and-valley.
From the images we can conclude that the PA layer was success-
fully introduced to the substrates. As shown in Figure 9, the influ-
ence of addition of the TiO,-PHEMA on the water flux and salt
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Figure 9. Water flux and salt rejection of TFC-FO membranes (test condi-
tions: 6.0 bar, 25°C and 10 mM NaCl aqueous solution as the feed).

morphology of finger-like macrovoids which was similar to
those literature reports made from PSf.*>* On the other hand,
when the content of TiO,-PHEMA increased to 3 wt % the
membrane substrate exhibited a structure consisting of sponge-
like and finger-like structures. This could be explained by the
delayed demixing induced by the TiO,-PHEMA which would
reduce the formation of macrovoid at higher content. Mean-
while, a lot of pores could be easily observed at the bottom sur-
face of membranes cast from solutions comprising 0 wt %
TiO,-PHEMA, while a trace of macrovoids could be found in
those membranes containing 3 wt % hydrophilic nanoparticles.

The existence of TiO,-PHEMA in membrane substrates was fur-
ther confirmed by ATR-FTIR spectrum, as shown in Figure 6.
Compared to the pure PSf substrate, all the nanocomposite
substrates showed absorbance peaks at around 1650-1700 cm ™'
and 3300 cm ™!, which indicated the existence of C=0 and —OH
groups, respectively.

Figure 7 summarizes mechanical strengths of these substrates.
Both bursting strength and tensile strength increased with the
content of nanoparticles in the substrates. This could be
explained that the addition of hydrophilic nanoparticles
changed the membrane morphology and resulted in a thicker
and denser skin. With a better mechanical strength, membranes
can easily maintain integrity during utilization. However, when
the loading of nanoparticles was increased to 3%, the tensile

rejection of those TFC films were tested. It is evident that the exis-
tence of hydrophilic nanoparticles in the substrates can greatly
enhance the water permeability of TFC membranes. Pure water
flux increased with the content of TiO,-PHEMA in the substrates
and reached to 14.47 L/m” h while 3 wt % of nanoparticles were
added which was about 2.43 times of the TFC membrane
(5.95 L/m” h). The increment of water permeability was mainly
attributed to the better hydrophilicity and higher porosity of the
nanocomposite substrates. From this study we could suggest that
optimizing membrane substrate could provide an effective
approach to enhance the permeability of the resultant TFC mem-
branes. Figure 9 also shows the NaCl rejections of the membranes.
In general, all TFC membranes possessed relatively high rejections.
On the other hand, the rejection declined from 94.3% (TFC) to
88.1% (TFC-3), and this could be explained that the high TiO,-
PHEMA loading of 3 wt % in the substrate may compromise the
integrity of polyamide rejection layer. This result is consistent
with the FESEM observation that some localized defects were
present in the PSf3 substrate. The B/A values of the various mem-
branes are tabulated in Table III. A lower ratio of B/A is generally
preferred for both RO and FO membrane processes. In the current
study, both TFC-1 and TFC-2 had relatively low B/A ratios, indi-
cating their superior separation properties.

Forward Osmosis Performance of TFC-FO Membranes

The FO water flux J, and solute flux J; of all TFC membranes
are presented in Figure 10 for 2M NaCl as draw solution and
DI water was used as the feed solution. As expected, greater
water flux in both AL-FS and AL-DS modes were observed by
increasing the content of TiO,-PHEMA in the substrates. The
TFC-3 has the highest water fluxes of 43.8 and 24.2 L/m* h for
AL-DS and AL-FS modes, respectively, by using a 2M NaCl as
the draw solution. However, the salt leakage were also increased

Table III. Comparison between the Permeation Properties of TFC Membranes Prepared in this Work and Commercial CTA Membranes

Water permeability

Salt permeability

Membranes A (L/m? h bar) B (L/m? h) B/A (kPa) References
TIFC 0.99+0.03 0.33+0.03 33.40+0.03 In this work
TFC-1 1.43+0.05 0.64 +0.03 4513+0.03 In this work
TFC-2 1.89+0.05 1.05+0.10 55.39+0.04 In this work
TFC-3 241+0.10 1.80+0.24 7460+0.10 In this work
HTI-CTA 0.67 0.40 59.7 37
HTI-w 0.33 0.15 455 38
HTl-nw 0.47 0.10 21.3 38

ol
Mk s

WWW.MATERIALSVIEWS.COM

43719 (7 of 9)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43719


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

I o WILEYONLINELIBRARY.COM/APP Applied Polymer

IENCE

50 reduced remarkably because of the severe ICP effect within the
45 |——AL-FS porous substrate which cannot be removed by changing opera-
tion conditions.
or Generally, it is well accepted that ideal membrane support mor-
. 35F phology should consist of a large portion of finger-like structure
N: 30| with a thin layer of sponge-like structure near the membrane top
3 surface to enhance water transport through the TFC-FO mem-
g 25 [ branes.”® But in this work we get a contrary conclusion that the
= 20t TFC-FO membranes with a sponge-like structure combined with
5l finger-like structure exhibits the highest water flux in FO tests as
compared to those with fully finger-like structure. It is easy to find
10+ $ ) . . . . that the porous and hydrophilic nature of our membrane sub-
0 1% 2% 3% strates plays a significant role in the performance enhancement.
Content of TiO5-PHEMA Table IV compares the performance and structural parameters
40 of membranes prepared in this work with the commercial cellu-
—— AL-FS lose triacetate or others’ work and the results are shown in
35 —e—AL-DS Table IV. Particularly, all the TFC-FO membranes fabricated in
= 30l this work have smaller structural parameters. This indicates that
“g L FO membranes fabricated on substrates with higher hydrophilic
8251 and porous nature can suffer a less severe ICP effect and achieve
s higher water fluxes.
= 20}
s 18] CONCLUSIONS
g 1ol In this work, systematic experiments were conducted to intro-
o duce the effects of different contents of hydrophilic TiO,-
5L @ PHEMA in the membrane substrates on the overall membrane

morphology and FO performance. It reveals a finding that the
TFC-FO membranes derived from substrates of sponge-like
structures with hydrophilic nature was also able to facilitate a
Figure 10. Pure water flux (Top) and reverse salt flux (Bottom) of TFC-  higher water flux in FO processes. The following conclusions
FO membranes in AL-FS and AL-DS tests with 2M NaCl solution as draw can be further drawn from this work:

0.00 1% 2% 3%
Content of TiOp-PHEMA

solution and DI water as feed solution.

1. Most hydrophilic TFC membrane substrate exhibited a com-

which was mainly due to decrease of the salt rejection. In com- bined structure morphology and the highest water flux of 43.8
parison of AL-DS and AL-FS data in Figure 10, the water fluxes and 24.2 LMH tested under AL-DS and AL-FS modes, respec-
in the AL-DS mode for all TFC-FO membranes are much tively, against DI water with 2M NaCl as the draw solution. On
higher than those of AL-FS mode. In the AL-DS mode, the ICP the contrary, the less hydrophilic membrane with a fully
was mainly caused by solute leakage, and all of the TFC mem- finger-like structure showed relative low water fluxes of 18.2
branes have relative higher rejection which would lead to less and 9.8 LMH tested under AL-DS and AL-FS modes, respec-
severe ICP. However, in the AL-FS mode, the water fluxes are tively, against DI water with 2M NaCl as the draw solution.

Table IV. Comparison of Performance and Structural Parameters of FO Membranes

Membranes Water flux, LMH AL-FS/AL-DS 52 (um) Feed-draw solution References
TFC 9.8+0.9/182+25 1347 =157 DI water—2M NaCl This work
TFC-1 16+0.9/24+1.2 774 =53 DI water—2M NaCl This work
TFC-2 21+1.2/398+0.9 589 +48 DI water—2M NaCl This work
TFC-3 242+12/43.8+1.6 53147 DI water—2M NaCl This work
HTI-nw 8.5/21.8 678 10 mM NaCl—-2M NaCl 38

HTI-w 12.1/22.9 1000 10 mM NaCl-2M NaCl 38

HTI-hw 18.3/35.9 1380 10 mM NaCl—-2M NaCl 38

TFC 14.0/33.9 782 DI water—2M NaCl 39
CAP-II-TFC 16.7/35.0 695 DI water—2M NaCl 15

@ Structural parameters were calculated based on experiments under the FO mode using 2M NaCl as the draw solution and DI water as the feed [eq. (9)].
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2.

The structural parameter S could also be decreased remark-
ably with an increase in TiO,-PHEMA content in membrane
substrates.
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NONMENCLATURE

maam~m0h<-g§>m>@_p@

Salt concentration in the feed (mol/L)

Salt concentration in the permeate volume (mol/L)
Salt concentration (mol/L)

Water permeability coefficient (L/m?* h bar)
Solute permeability coefficient (L/m* h)
Effective membrane area (m?)

Solute diffusion coefficient (m?/s)

Water flux (L/m” h)

Forward osmosis water flux (L/m? h)
Reverse salt flux (g/m2 h)

Solution density (g/cm?)

Hydraulic pressure (MPa)

Membrane thickness (m)

Membrane porosity (%)

Osmotic pressure (MPa)

Tortuosity (dimensionless)

Membrane structural parameter (m)

w;  Weight of wet membrane (g)
wy  Weight of fry membrane (g)
V' Water permeation volume (L)
t Operation time (h)

R Salt rejection (%)
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