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ABSTRACT: Thin film composites (TFCs) as forward osmosis (FO) membranes for seawater desalination application were prepared.
For this purpose, polyacrylonitrile (PAN) as a moderately hydrophilic polymer was used to fabricate support membranes via
nonsolvent-induced phase inversion. A selective thin polyamide (PA) film was then formed on the top of PAN membranes via interfa-
cial polymerization reaction of m-phenylenediamine and trimesoyl chloride (TMC). The effects of PAN solution concentration, sol-
vent mixture, and coagulation bath temperature on the morphology, water permeability, and FO performance of the membranes and
composites were studied. Support membranes based on low PAN concentrations (7 wt %), NMP as solvent and low coagulation bath
temperature (0°C) demonstrated lower thickness, thinner skin layer, more porosity, and higher water permeability. Meanwhile,
decreasing the PAN solution concentration lead to higher water permeance and flux and lower reverse salt flux, structural parameter,
and tortuosity for the final TFCs. Composites made in N,N-dimethylformamide presented lower permeance and flux for water and
salt and higher salt rejection, structural parameter, and tortuosity. FO assay of the composites showed lower water permeance values

in saline medium comparing to pure water. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44130.
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INTRODUCTION

Nowadays, one of the considerable global challenges is the lack
of access to clean and safe drinkable water. Depletion of drink-
able water resources has become a major financial and compli-
cated problem for governments."? Seawater desalination is a
solution to overcome this shortage. Reverse osmosis (RO) pro-
cess is the most economical desalination technique for that pur-
pose.>* However, this method suffers from some drawbacks
including (1) high hydraulic pressure as driving force for osmo-
sis resulting in high energy consumption, (2) environmental
problems associated with the discharge of concentrated brine,
and (3) costs for membrane replacement.’ Hence, forward
osmosis (FO) process has been developed as a promising alter-
native that can reject a wide range of pollutants and has benefits
of low hydraulic pressure and fouling tendency. In this process,
the osmotic pressure difference is used to drive water molecules
across a semipermeable membrane from a diluted feed solution
to a concentrated draw medium, while rejecting most solutes.*”
This driving force can be much greater than that for RO process
that leads to higher theoretical water flux for FO process.”®?

FO process like other techniques has its own challenges. The most
important concerns are (1) lack of an effective membrane with
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high water flux and salt rejection and (2) internal concentration
polarization (ICP) phenomenon due to the diffusion of solutes to
the selective layer through an unstirred support membrane of
composite.”'>!" More recently, many efforts have been made to
prepare effective FO membranes with high water permeance and
salt rejection besides low ICP, such as the fabrication of asymmet-

ric membranes.”!>!?

and thin film composite (TFC) mem-
branes."*™*® TFCs are constructed of a selective thin polyamide
(PA) film on a support membrane. The ideal composite for RO
application should have a thin, highly porous and hydrophilic
1718 ICP phenomenon can be wors-

ened when the support membrane is not fully wetted since the air

support with low tortuosity.

bubbles can block the water transport.® Thus, in this study, poly-
acrylonitrile (PAN) was chosen to fabricate support membrane
due to its moderate hydrophilicity comparing to other materials
such as polysulfone (PSf), polyethersulfone (PES), polyethylene
(PE), and polypropylene (PP).?® More recently, Klaysom et al.*!
have prepared PA/PAN composites for FO process, which focused
on tailoring the parameters of the interfacial polymerization pro-
cess. Zhang et al.,”* have also fabricated PA/PAN composite mem-
with
permeance for pressure retarded osmosis (PRO) process.

branes enhanced mechanical properties and water
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Table I. The Formulation of Different Solutions Used for Fabricating of Support Membranes

PAN concentration

Solvent mixture composition Coagulation bath

Support membrane (wt %) NMP (%) DMF (%) temperature (C)
S1 7 100 0 28
S2 10 100 0 23
S3 13 100 0 28
S4 16 100 0 23
S5 7 75 25 238
S6 7 25 75 23
S7 7 0 100 23
S8 7 100 0 0
S9 7 75 25 0
S10 7 25 75 0
S11 7 0 100 0

In this research, the effective parameters during the preparation
PAN membrane via nonsolvent-induced phase inversion were
optimized to reach support membranes with low thickness,
high porosity, and low tortuosity suitable for the fabrication
TFCs with high FO performance. For this purpose, the effects
of PAN solution concentration, solvent mixture and coagulation
bath temperature on the morphology of support membranes
and their water permeability were investigated. Later, a PA film
was formed on the top of support membranes through interfa-
cial polymerization reaction to fabricate composites. The struc-
ture and FO performance of the prepared TFC for seawater
desalination were studied.

EXPERIMENTAL

Materials

Industrial grade polyacrylonitrile (PAN, density =1.15 g/cm’,
molecular weight =80-100 kD) was purchased from Esfehan
Polyacryl Trading Private Company (Isfahan, Iran). N-methyl-2-
pyrrolidone (NMP) and N,N-dimethylformamide (DMF) were
supplied by Akkin Company (Turkey). m-Phenylenediamine
(MPD, >99%) and n-hexane (98%) were bought from Merck
(Germany). Trimesoyl chloride (TMC, 98.0%) and ethanol
(99.8%) were provided by Sigma-Aldrich (Germany). Deionized
water (DW) was obtained by a household RO water purifier.

Preparation of PAN Support Membranes

PAN support membranes were prepared via nonsolvent-induced
phase inversion procedure. Briefly, PAN was dissolved in solvent
(NMP, DMF or their mixtures) at 50°C. The solution was
allowed to be degassed overnight and then cast on a glass plate
with a thickness of 120 pm, the cast solution. The cast solution
was kept at room temperature for 60 s and then immersed in a
coagulant DW bath. After 30 min, the formed support mem-
brane was separated from the glass plate and transferred to
another DW bath and preserved at least one night before test-
ing. The formulations of PAN solutions and conditions used to
fabricate support membranes are collected in Table I.
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Preparation of PA/PAN Composites (TFCs)

PA/PAN composites were prepared through the formation of PA
film on the top surface (in contact to with glass plate) of sup-
port membranes via interfacial polymerization reaction of MPD
and TMC. For this purpose, the top surface of support mem-
branes was initially immersed in aqueous MPD solution (3.5
wt %) for 3 min.'>"> After removing the water droplets, they
were contacted with TMC solution in n-hexane (0.2 wt %) for
2 min.'® To complete the polymerization reaction, samples were
then heated in an oven at 60-70°C for 1, 2, or 3 min. Later,
membranes were posttreated through immersion in ethanol/dis-
tilled water mixture (1/1, v/v) for 5 min. Finally, the prepared
TFCs were rinsed with DW and kept in it until testing. The
composites were labeled based on their support membrane. For
example, composite TFC1 was prepared based on support mem-
brane S1.

Membrane Characterization

The thickness of wet support membranes was measured by a
digital micrometer (Mitutoyo, model 500-196-20, Japan). The
reported values are an average of five measurements at different
locations for each sample. The porosity of the support mem-
branes was determined via a gravimetric method.'"'>?* Briefly,
the wet samples were taped with tissue paper to remove extra
surface water and weighed before (m,, g) and after (m,, g) dry-
ing in a vacuum oven at 50°C for 1 day. The porosity (e, %)
was calculated according to eq. (1):

(rm —my/dy)
e= X100 (1)
(= ma o)+ ()
where, d,, and d, are the density of water (0.998 g/cm’) and
PAN (1.15 g/cm?), respectively. The reported values are an aver-

age of three measurements for each membrane.

Surface and cross-section of the support membranes and com-
posites were studied via scanning electron microscopy (SEM,
model VEGAII, Tescan, Czech Republic). Samples were dried at
room temperature for 24 h and fractured in liquid nitrogen.
They were then fixed on aluminum pins using double-sided

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44130


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

ARTICLE

(a)
Feed
Tank
Dlapiﬂ::.?m Membrane Needle
Module Valve
T |

O

Permeate
Stream
Diaphragm
Feed Pump NVElidle
Tank ave
Membrane

Module

Needle Dlapp'::‘agm Draw
Valve ump Solution
Tank

Figure 1. Scheme of laboratory-scale cross flow RO (a) and FO (b) sys-
tems used in this study. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

adhesive tape and sputter-coated with a thin gold layer for 4
min. Surface hydrophilicity of the support membranes and
composites was determined by measuring the contact angle of
water droplets (4 pL) using a contact angle measuring instru-
ment (model OCA 15 plus, Dataphysics Instruments, Germany).
Samples were dried in a vacuum oven at 50°C for 1 day prior
to measurements. The reported values are an average of five
measurements at different locations for each sample.

RO and FO Experiments

The intrinsic water permeability of support membranes (A,,pw)
were measured using a laboratory-scale cross flow RO filtration
unit?* [Figure 1(a)] using DW as feed flowed at room tempera-
ture (23 +=1°C) and 70 psi pressure. Each run was continued
for 2 h and the last half hour data was recorded. The A,, value
(L/m* h bar) was obtained from the volume of permeated water
according to eq. (2)”'*?:

Vmperm
SmXtXAp @

w

where, Vi, perm is the volume of permeated water (L) obtained
from its mass and density of water (0.998 g/cm’), S, is the
effective area of membrane (m?) in contact with feed, ¢ is the
permeation time (0.5 h), and Ap is the difference of hydraulic
pressures (bar) between two sides of sample.
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This RO filtration unit®* [Figure 1(a)] was also used to study
the RO performance of the composites using NaCl solution
(2 g/L) as feed flowed at room temperature (23 + 1°C) and 70
psi pressure. The water permeance for TFCs (A,,nac1) Was calcu-
lated according to eq. (2)”1*2° The salt rejection (R,) value (%)
was obtained using the concentrations of NaCl in the feed (C,p
g/L) and permeate (Cjperm, g/L) solutions, determined via con-
ductivity measurements, according to eq. (3)”'**":

C.
Ry=[1—=E ) %100 3
( Cor > ©)

The salt permeability (B;) value (L/m* h) was determined using
the obtained A, N, and R, values and osmotic pressure differ-
ence across the sample (Am) according to eq. (4)71013,
_ AyX(1—Ry)X(Ap—Am)

R,

B, (4)
The FO performance of TFCs was studied using a laboratory-scale
cross flow FO filtration unit** [Figure 1(b)]. The permeation cell
contained a rectangular channel on each side of the sample. Due to
using a sintered wire mesh laminate in draw solution channel, a
spacer was employed to prevent the contact between the surfaces of
ragged sintered wire mesh laminate and sample. DW and diluted
NaCl medium (3.5 wt %) as feed solution and concentrated NaCl
medium (1 and 2 mol/L) as draw solution were used.”* The flow
velocities of both streams were 0.75 L/min, which cocurrently
flowed through the channels at room temperature (23 = 1°C). The
initial volume of both solutions was 2 L. Due to low volume ratio
of the permeated water to draw solution (<2%), it was assumed
that NaCl concentration of the draw solution and consequently the
driving force did not change during FO assay. Water permeation
flux (J,,, L/m*h) was obtained according to eq. (5):

VW. m
W=t )

Salt reverse flux (J, g/m2 h) from draw solution to feed medi-

um was obtained according to eq. (6):

Cof X Vy—CoiX V;
S Xt

s (6)
where, C,; and C; (g/L) are the initial and final NaCl concen-
trations of the feed solution, respectively, determined by mea-
suring their conductivity, and V; and Vj (L) are respectively the
volumes of feed solution at the beginning and end of the assay.

Structural parameter (S, m) and tortuosity of membrane (1) of
composites were obtained according to eq. (7):

X1
S=kXDyac1= e (7)

where, Dy, is diffusion coefficient of NaCl in water that is 1.61 X
1077 m%/s or 5.80 X 10~° m*h at 22.5 * 1.5°C,” [ is the sample

thickness (m), € is the porosity of sample, and K is the solute diffu-
sion resistivity within the sample (m* h/L) obtained from eq. (8)'"'*:

ATED,;,‘FB )

1
K=—In (7 (8)
]w AnF,m+B+]w

where, np;, and mg,, are the osmotic pressures (bar) for the

bulk of draw solution and feed medium at the composite sur-
face, respectively.
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Table II. Thickness, Porosity, and Intrinsic Water Permeability of Support Membranes Obtained From RO Assay Using DW as Feed Solution With a

Flow Rate of 0.75 L/min at 70 psi and Room Temperature (23 £ 1°C)

Support membrane | at wet stage (um) e (%) A, pw (L/m? h bar)
S1 84.0+54 90.1+0.3 135+7
S2 92.5+7.3 85.0+0.1 108+5
S3 155+6 75.5+0.2 104 +5
S4 228+ 3 69.2+29 109+5
S5 69.0+8.2 89.6+0.8 111 +6
S6 71.0+92 89.9+13 98.0+5
S7 65.0+3.3 86.6+2.0 859+4
S8 68.0+4.2 87.8+14 120+ 6
S9 60.0+4.7 87.3x0.1 122 +6
S10 60.0+2.2 87.1+0.2 96.8+5
S11 540+76 86.4+0.2 1377

The sample codes are described in Table I.

RESULTS AND DISCUSSION

Synthesis and Characterization of Support Membranes

An ideal support membrane to manufacture TFC for FO desali-
nation should have a low thickness, high porosity with inter-
connectional pores, high wettability and low tortuosity.'**
These features provide a straight way for solutes to pass the
support membrane and reach the vicinity of the selective layer
in a short time. Low thickness of support membrane not only
reduces the potential ICP problem but also facilitates the forma-
tion of finger-like macro-voids that span whole this layer. These
macro-voids reduce the diffusion resistance of solutes and con-
sequently cause higher water flux.'> For this purpose, low con-
centrations of PAN solution, compared to other similar FO
membranes,'>'>?? and low casting thickness were considered in
this study to prepare PAN support membrane.

Appropriate hydrophilicity of support membrane can provide
sufficient wettability for continuousness distribution of water
molecules within the composite and subsequently reduces the
ICP phenomenon.'” The surface hydrophilicity of PAN mem-
branes was evaluated by measuring the water contact angle. The
water contact angle value for top surface of S1 was 44 = 2°,
which is lower in comparison with other polymers, e.g., PSf
(85°)'%, PES (77°)"!, cellulose acetate (72°)*’, dopamine-coated
PSf (54°)'°, and PSf containing 0.5% polyvinylpyrrolidone
(55°)%°. 1t shows the higher ability of PAN membrane for wet-
ting during FO process.

Effect of PAN Solution Concentration. PAN solutions with dif-
ferent concentrations (7-16 wt %) were cast to prepare support
membranes (S1-5S4). The thickness and porosity of the prepared
support membranes are collected in Table II. Lower PAN con-
centrations yielded thinner and more porous support mem-
branes, which is favorable for water flux for the final TFCs.

The cross-sectional morphology of the support membranes was
studied via SEM (Figure 2). S4 based on 16% PAN concentra-
tion showed a dense skin layer on top (in contact with glass
plate, max 1 pm) followed with finger-like pores (max 5 pm
internal diameter) and then narrow oblique channels (max
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30 pm internal diameter) with relatively thick walls (max 10 um)
in bulk. On the other hand, S1 based on 7% PAN concentration
demonstrated a thinner dense skin layer (max 0.2 pm), less num-
ber of finger-like pores and wider channels with thinner walls.
Thus, it can be concluded that using lower PAN concentrations
resulted in support membranes with thinner skin layer and more
porous structure. In general, higher PAN concentration leads to a
more viscous solution and consequently lower coagulation rate
(reduced mass transport rate during demixing of solvent and
nonsolvent and slower precipitation of polymer chains).'* Addi-
tionally, the polymer precipitation crosses the binodal curve at
higher concentrations in polymer/solvent/nonsolvent.'>*® These
phenomena yield a support membrane with thicker skin layer,
narrower channels, and thicker walls.'>*

Both S1 and S4 showed smooth top surfaces without any voids
or pores (Figure 3). This smooth top surface is more favorable
for producing a widespread PA film via interfacial polymeriza-
tion reaction.” Meanwhile, the back surface of S1 was more
rough and porous than that of S4. In fact, having a lower PAN
solution concentration brings out an open back surface with
larger pores for support membrane.”® In contrast, higher PAN
solution concentration results in more and smaller nuclei and
consequently a dense back surface will be formed.”® Observing
the open back surface for S1 indicated the spread of channels
through its whole thickness, which will facilitate the water per-
meation through it.

To compare the ability of these support membranes to permeate
the water molecules, their intrinsic water permeability was mea-
sured via a laboratory-scale RO filtration unit using DW as
feed. The results are collected in Table II. As expected, S1 with
lower PAN solution concentration displayed higher water per-
meability (A,,pw» 135 L/m? h bar) due to its lower thickness
and higher porosity. Meanwhile, S4 demonstrated partially
higher A,,pw value in comparison with S3 in spite of its higher
thickness and lower porosity. This can be attributed to its better
mechanical property arisen from higher polymer content that
reduces the compaction membrane structure during RO assay.
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Figure 2. SEM images for a cross-section of support membranes. The sample codes are described in Table I.
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Figure 3. SEM images of the top and back surface of support membranes.
The samples codes are described in Table I.

It is worth to mention that this test was repeated for S1 with
NaCl solution instead of DW, which resulted in similar water
permeability value. This showed, as expected, the PAN support
membranes are in ultrafiltration range and cannot desalinate
the seawater solely. Lower thickness, more porosity and open
back surface for support membrane will cause higher water flux
for the final TFCs. Therefore, casting solution with the low
PAN concentration (7 wt %) was chosen in continue.
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Figure 4. Water permeance and salt rejection for TFCI treated at 60—
70°C for different times. Values obtained from RO assay using NaCl solu-
tion (2 g/L) as feed solution with a flow rate of 0.75 L/min at 70 psi and
room temperature (23 * 1°C). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Effect of Solvent Mixture. NMP, DMF, and their mixtures were
used as water-miscible solvents to dissolve PAN for the prepara-
tion of support membranes. According to Table II, for both
coagulant bath temperatures (23 and 0°C), a slightly reduction
in thickness (max 11%) of support membranes were detected
by the incorporation of DMF in the solvent mixture. The
changes of porosity were also negligible (max 5% reduction),
especially at 0°C.

According to SEM images, for both coagulant bath tempera-
tures, using DMF in solvent mixture did not reform the general
morphology of support membranes. Meanwhile, increasing the
DMEF content in solvent mixture led to partially thicker skin
layer, as well as narrower channels with thicker walls in sub
layer. This observation is due to the more affinity of PAN for
DMF in comparison with NMP, which can be concluded from
similar Hildebrand solubility parameter (8) for PAN (12.4
calo*/cm"5) and DMF (12.1 cal0”’/cm"5) comparing to NMP
(11.2 cal0/cm’5) at 25°C.>° Because of this more affinity, the
extraction of DMF from PAN solution is more difficult, which
keeps out the binodal curve from the polymer-solvent axis in
polymer/solvent/nonsolvent ternary-phase diagram, widens the
single-phase region and increases the skin layer thickness.*®
Meanwhile, using DMF causes a higher amount of DW needed
to precipitate PAN and slower demixing of solvent and nonsol-
vent, which leads to a denser structure.”’ Due to low PAN con-
centration and consequently low viscosity of casting solutions,

Table III. Water Permeance, Salt Rejection, and Salt Permeability of TFCs
Obtained From RO Assay Using NaCl Solution (2 g/L) as Feed Solution With
a Flow Rate of 0.75 L/min at 70 psi and Room Temperature (23 * 1°C)

Composite  Apnaci (L/mZ hbar)  Rs (%) Bs (L/m? h)
TFC1 1.13+0.06 91.4+46 0.385
TFC2 0.750+0.038 97.1+49 0.071
TFC3 0.384 +0.019 98.5+4.9 0.020
TFC5 1.39+0.07 90.0x45 0.485
TFC6 1.26+0.06 95.0+4.8 0.209
TFC7 0.757 +0.038 979x49 0.052
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Figure 5. SEM images for cross-section and surface of composites.

we have still faced with finger-like pores formation.'> The top
surface of S7 was as smooth as that of SI and no evidence of
voids or pores was observed. Meanwhile, the back surface of S7
was more even and denser than that of S1. This observation
indicated that using DMF as the solvent resulted in a close
back surface.

According to Table II, for samples prepared at 23 °C, by increas-
ing the DMF content in the solvent mixture, an obvious
decrease in A, pw value for support membranes was detected.
Due to negligible changes of their porosity, this observation can
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be related to partially thicker skin layer, narrower channels,
thicker walls and closer back surface. Reduction of A,,pw value
as a result of porosity reduction®”** and increase of skin layer
thickness>* has been previously reported.

Effect of Coagulant Bath Temperature. DW with two different
temperatures (23 and 0°C) was used as nonsolvent in coagu-
lant bath. According to Table II, for all solvents, decreasing
the temperature of coagulant bath from 23 to 0°C slightly
decreased the thickness (max 15%) and porosity (max 3%) of
support membranes. According to SEM images, decreasing
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Table IV. Water Flux, Salt Flux, Structural Parameter, Tortuosity, and
Porosity Parameter of TFCs Obtained from FO Assay using DW and NaCl
Solution (1 mol/L) as Feed and Draw Solutions, Respectively, at Room
Temperature (23 *= 1°C)

Composite  J,, (L/Im? h) Js (g/m? h) Sum o«

TFC1 31.3+16 511+0.26 112 1.21
TFC2 21.0+1.0 507+0.25 165 151
TFC3 11.6 +0.58 7.05+0.35 260 1.26
TFC5 388=+19 534027 88.8 1.15
TFC6 325+16 4.30+0.22 121 1.83
TFC7 22811 3.88+0.19 132 1.76

the bath temperature did not change the general morphology
of support membranes, meanwhile, S8 displayed narrower
channels with thicker walls comparing to S1. The top surface
of S8 was as smooth as that of S1 with no voids or pores,
while, the back surface of S8 had slightly less number of
voids than SI.

According to Table II, decreasing the temperature from 23 to
0°C changed the A, pw value of support membranes, however,
this change has no trend. The partial decrease of A, pw value
for S8 comparing to SI is related to the partial decrease of the
internal diameter of channels, thickness of walls and porosity at
lower temperature (0 °C).

Synthesis and Characterization of TFCs

TFCs were prepared via the formation of a thin PA layer on top
surface of support membranes via interfacial polymerization of
MPD and TMC. These reagents are extremely reactive’ and can
make crosslinked (three-dimensional structure) PA film.** To
complete the interfacial polymerization reaction, the membranes
were heated at 60-70°C. This temperature region was chosen,
since the PAN support membranes will collapse at higher tem-
peratures and lose their porosity. Furthermore, thermal treat-
ment at more than 80°C facilitates the diffusion of monomers
within pores of the support membranes before polymerization
resulting in a less effective thickness for PA film and thus lower
water flux for the final composite.”****” The optimized time
for thermal treatment of TFCs was obtained through heating
TFCI1 at 60-70°C in an oven for 1, 2, or 3 min and measuring
their water permeance and salt rejection values by RO assay
(Figure 4). TFC1 treated for 2 min showed higher A, n.c and
R, values. Therefore, all samples were thermally treated for 2
min. The composites were further posttreated via immersion in
ethanol/DW mixture (1/1, v/v) for 5 min. Due to a high thick-
ness of S4 (227.5 pm), it was not used for preparing
composites.

The surface hydrophilicity of TFCs was also studied by measur-
ing the water contact angle. TFCl1 had a contact angle of
66 £ 3°, which showed higher hydrophobicity of PA film in
comparison with PAN membrane (44°). The contact angles for
aromatic PAs are higher than aliphatic ones. Similar contact
angle values were reported for TFCs with a similar composition
of PA film by Zhang et al. (64.5°)*? and Ghosh and Hoek (65—
700)-18
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Effect of PAN Solution Concentration. Primarily, the RO per-
formance of the TFCs was studied using NaCl solution (2 g/L)
as feed. The results are collected in Table III. TFCI based on S1
showed higher A, n.c1 value (1.13 L/m* h bar) comparing to
TFC2 and TFC3. Singh et al,”® showed that, in the course of
interfacial polymerization, the MPD can penetrate inside the
pores of support membrane and form PA deep inside the pores
yielding a less effective thickness of PA film for water perme-
ation. Higher PAN solution concentration leads to a less porous
and more compact skin layer for support layer, which can better
prevent the penetration of MPD during PA film formation and
thus larger salt rejection and lower salt permeability were
recorded for TFC3. This concept is in agreement with the SEM
images for cross-section and surface of TFC1 and TFC3 (Figure
5). According to Figure 5, TFC3 displayed a thicker PA layer
(1.4 pm) than TFCI1 (0.2 pm) with a rougher surface that is
typical for a high yield interfacial polymerization on the surface.
Huang et al.'” also indicated that the penetration of MPD can
change the local MPD/TMC ratio that not only decreases the
crosslinking density of the PA layer but increases the PA hydro-
philicity due to the generation of some carboxylic acid groups,
arisen from unreacted carboxyl chlorides moieties in TMC."”
They concluded that both of these phenomena facilitate the
water permeation through the selective layer.

To study the ability of TFCs for FO desalination, NaCl was used
to prepare draw solution due to its low cost, availability, high
water solubility, which leads to high osmosis pressure and low
fouling.>'° Meanwhile, our data will be comparable with other
reports. The results are collected in Table IV. FO water fluxes
had a trend similar to RO water permeability. TFCI, based on
S1 as the most porous support meme bare, showed higher J,
value (31.3 L/m* h) comparing to TFC2 and TFC 3 due to its
thinner PA film. These observations were similar to previously
reported results.’®?® Salt flux (5.1 g/m2 h) and structural
parameter (112.1 um) were also lower for TFCI1.

Effect of Solvent Mixture. According to Table III, increasing
the DMF content in solvent mixture resulted in lower A, na.ci
value for TFC. Higher R, value and lower B, values were also
detected for composites based on support membrane made

2
NaCl concentration (mol/L)
Figure 6. Water flux of TFC1 and TFC2 obtained from FO assay using

diluted NaCl medium (3.5 wt %) as feed and concentrated NaCl solutions
(1 and 2 mol/L) as draw at room temperature (23 = 1°C). [Color figure
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can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Table V. A Comparison of FO Performance of Recently Developed Flat Sheet TFCs

Polymers Feed solution Draw solution (mol/L) Ju (LIM? h) S (um) References
PA/PSf DW NaCl (1) 20.5 389 1z
PA/PSf DW NaCl (1) 25 312 12
PA/sulfonated PES DW NaCl (1) 20 324 i
PA/sulfonated PES NaCl (3.5 wt %) NaCl (2) 13.5 324 41
PA/PES nanofiber DW NaCl (1) 55 80 24
PA/PES nanofiber DW NaCl (1) 47 106 27
PA/modified PSf NaCl (3.5 wt %) NaCl (1) ~5 1,510 i@
PA/modified PSf NaCl (3.5 wt %) NaCl (2) ~7 1,510 16
PA/sulfonated PEK NaCl (3.5 wt %) NaCl (2) ~18 107 2
PA/PAN DW NaCl (1) 31.3 112.1 This work
PA/PAN NaCl (3.5 wt %) NaCl (2) 26.9 164.87 This work

from solvent mixtures with higher DMF content. It is related to
partially thicker skin layer for corresponding support mem-
branes, which can prevent the MPD penetration inside their
pores®®?” and thus better formation of PA film. SEM images

showed a thickness of 0.2 for PA layer of TFC7 (Figure 5).

According to Table IV, increasing the DMF content in solvent
mixture resulted in lower J,, and J; values for TFCs, which is in
agreement with RO results. Meanwhile, using DMF led to
higher S and t for composites. A similar observation has been
previously reported for PA/PSf composites.'> TFC5 with higher
J.» value displayed lower S and .

Saline FO Performance of Selected TFCs. The ICP phenome-
non in FO process is very low or negligible at low NaCl concen-
trations (<0.4 mol/L).>** Hence, the FO performance of two
composites (TFC1 and TFC2) was investigated using diluted
NaCl medium (3.5 wt %) as feed and concentrated NaCl solu-
tions (1 and 2 mol/L) as draw. Results are depicted in Figure 6.
For both composites, lower J,, values were obtained comparing
to that recorded for DW, which is attributed to higher osmosis
pressure of feed solution and consequently lower driving force.

In Table V, the FO performance of TFC1 is compared with that of
recently reported flat sheet composites. According to Table V, the
prepared PAN/PA composites had acceptable FO performance.
The low structural parameter value for TFC1 demonstrated the
low potential of ICP phenomenon for the prepared TFCs.

CONCLUSIONS

In this study, the effects of PAN solution concentration, solvent
mixture and coagulation bath temperature on morphology, RO
permeation and FO performance of TFCs were studied. Casting
solution with lower PAN concentrations resulted in support
membranes with thinner skin layer, more porous and higher
A,pw values. Using DMF in solvent mixture lead to support
membranes with partially thicker skin layer and narrower chan-
nels with thicker walls in sub layer as well as lower A, pw val-
ues. Decreasing the temperature of coagulant bath from 23 to
0°C slightly decreased the thickness (max 15%) and porosity
(max 3%) of support membranes, while did not change the
general morphology of support membranes. Decreasing the
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PAN solution concentration lead to higher A, .1 and J,, and
lower J, S, and 7 values for the final composites. TFCs based
on high DMF content in solvent mixture showed lower A, n.cr»
B, ], and J; and higher R,, S, and t values. Saline FO perfor-
mance of two composites (TFC1 and TFC2) using diluted NaCl
medium (3.5 wt %) and concentrated NaCl solutions (1 or
2 mol/L) as feed and draw solutions showed lower J,, values
comparing to that recorded for DW.

NOMENCLATURE

A,pw  intrinsic water permeability obtained from DW flux (L/m?
h bar)

AuNact  Water permeance obtained from NaCl solution flux (L/m?
h bar)

B, salt permeability (L/m h)

C; salt concentration (mol/L)

Drnaar diffusion coefficient of NaCl in the membrane substrate
(m?/s)

I reverse salt flux (g/m2 h)

T water flux (L/m?* h)

K solute diffusion resistivity within the porous layer (s/m)

l thickness (m)

m membrane weight (g)

€ porosity (%)

T osmotic pressure (bar)

p hydraulic pressure (bar)

R, solute rejection (%)

S membrane structural parameter (m)

S effective membrane surface area (m?)

t operation time interval (h)

\%4 volume of the feed or permeate (L)

p density of the polymer or water (g/cm’)

T tortuosity

SUBSCRIPTS

s solute

m membrane

b bulk solution

D draw solution side

F feed solution side
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