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ABSTRACT

Thin-film nanocomposite (TFN) forward osmosis membranes were prepared by incorporating hal-
loysite nanotubes (HNTs) into the polyamide layer which formed by the interfacial polymerization (IP)
reaction between the mixture of amines polyethylenimine (PEI): m-phenylenediamine (1:1) and trime-
soyl chloride on the surface of polysulfone substrate. The surface hydrophilicity of the membranes
was evaluated using contact angle goniometer. The surface morphological features of membranes
were determined using atomic force microscope and field emission scanning electron microscope. The
combined effect of using 1:1 mixture of amines with increased loading of HNTs into polyamide layer
altered the membrane morphology first from nodular structures to ridge valley structures. Due to the
presence of PEI during the IP process the resultant membranes experienced increased smoothness for
the loading of HNTs. The loading of 0.05 wt% of HNT termed as an optimized composition and this
membrane witnessed maximum flux of 44.6 L/m’h at the active layer facing draw solution mode with
relatively less reverse solute flux of 4.2 gMH. The TFN membranes exhibited stable flux during the
fouling tests and easy cleaning efficiency due to their smooth and hydrophilic surfaces.
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1. Introduction

Thin-film composite (TFC) membranes are widely used
in reverse osmosis and nanofiltration. In recent years, another
potential application of TFC membranes in forward osmosis
(FO) process was extensively explored. The major benefit of TFC
membrane over conventional cellulose triacetate membranes is
their flexibility in design as both the selective and support lay-
ers can be tailored for specific needs [1,2]. A TFC membrane
comprised of an aromatic polyamide thin film formed by the
interfacial polymerization (IP) process on top of an asymmetric
polymer membrane support layer. The substrate layer of the
TFC membrane decides flux and it should be porous with low
structural parameter to minimize the internal concentration
polarization (ICP) [1]. The structural properties of polyamide
(PA) layer will be greatly affected by the nature of monomers
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used during the IP reaction [3,4]. The other parameters such
as the concentration of monomers, reaction time and tempera-
ture will alter the performance of TFC membrane. Recently, the
incorporation of small quantities of nanomaterial into PA layer
has shown much improvement in FO performance of the mem-
branes [2,5-7]. The resultant membranes are generally called as
thin-film nanocomposite (TFN) membranes.

Halloysite nanotube (HNT) nanoclay is potential fillers
for polymeric membranes due to their large surface area,
high length-to-diameter (L/D) ratio and good physicochem-
ical properties [8]. HNTs are natural occurring clay particles
much cheaper than other nanosized materials [9]. It consists
of a 1:1 aluminosilicate layer with abundant Si-OH and
Al-OH groups, which provide strong hydrophilic nature to
HNTs. In addition, HNTs offer the benefits such as good sta-
bility, high rejection against organic solvents and ease of dis-
posal or reusability that are needed for membrane making
[10]. However, incorporation of neat HNTs into active PA
layer is a difficult task due to their agglomeration effect [11].
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Generally, a PA layer will be formed by IP reaction
between acyl chloride and an amine. m-Phenylenediamine
(MPD) and trimesoyl chloride (TMC) are most commonly
used monomers for IP reaction [12]. The nanomaterial can be
incorporated into PA layer either by dispersing in aqueous
(amine) phase or in organic (acyl chloride) phase. The selec-
tion of medium for the dispersion of nanomaterial is based on
their low agglomeration effect. The aqueous MPD is the most
frequently used phase for the dispersion of nanomaterial due
to their high affinity toward polar water groups. However,
most of the researchers experienced increased surface rough-
ness for the TEN FO membranes with the increased loading
of nanomaterial in PA layer via MPD solution [13-16]. The
increased roughness has an adverse effect on the antifouling
characteristics of the resultant membranes.

The different novel monomers have been explored to
improve the TFC membrane performance. Among them, the
replacing of the low molecular weight amines by polymeric
polyethylenimine (PEI) tend to have more hydrophilic sur-
faces, attain positive charge on the surface, show smoother
surfaces and high antifouling properties [17,18]. The lower
reactivity of PEI helps to manipulate the morphological fea-
tures and thickness of the resultant membrane surface by
altering the temperature and reaction time during the IP
process [19,20]. The macromolecular PEI having high amine
group density provides a large number of reactive sites
which favors the IP process [21]. Most importantly, the aque-
ous PEI solution has tendency to reduce the agglomeration
effect among the nanomaterial and to improve their disper-
sion propensity [22,23].

In current work, the mixture of MPD and PEI amines
were used for the coating of PA layer over polysulfone (PSF)
substrate using TMC as the other monomer for the IP reac-
tion. Further, the neat HNTs in various concentrations were
incorporated into PA layer of the membranes by dispersing
in the aqueous mixture of amines. The changes in morpho-
logical features of the TFN membranes by replacing of MPD
solution by the equal amount of PEI solution were evaluated.
Further, the combined effect of PEI and HNTs on the hydro-
philicity, FO flux and antifouling characteristics of the TFN
membranes were studied.

2. Experimental
2.1. Materials

PSF (molecular weight = 35,000 Da), polyethyleneimine
(50% in water), HNTs and polyethylene glycol (molecular
weight = 600) were purchased from Sigma-Aldrich Co. (USA)
MPD and TMC were purchased from Alfa-Aesar Co. (UK)
N-Methylpyrrolidone, N,N-dimethylformamide, sodium
chloride, gypsum (CaSO,. 2H,0) and ethanol were pur-
chased from Merck Co. (Germany). For all FO performance
experiments deionized (DI) water was used.

2.2. Preparation of TFC and TFN membranes
2.2.1. Preparation of PSF substrate layer

A two-step procedure was employed for the fabrication
of both TFC and TFN membranes. In the first step, the sub-
strate layer was fabricated by dissolving PSF (14.0 wt%) in

a mixture of solvents DMF:NMP (63.0:21.0 wt%) at 60°C
over 4 h using PEG (2.0 wt%) as a pore former additive.
The homogeneous solution was degassed at 40°C for 4 h
to remove the trapped air bubbles. The dope solution was
poured onto a glass plate and cast by using a casting knife
adjusted to the thickness of 150 pm. The glass plate was
immediately immersed into a coagulation bath containing
DI water containing 3.0 wt% of DMF at 25°C-26°C. After
20 min of the coagulation process, the coagulation bath
was replaced with fresh DI water, and the membrane was
allowed to stand for 24 h.

2.2.2. Preparation of polyamide layer

The top active PA layer was prepared by IP on the sur-
face of a PSF substrate layer. The desired amount of HNTs
(Table 1) was dispersed in the aqueous mixture of MPD
(1.0%, w/v) and PEI (1.0%, w/v) at 1:1 ratio and sonicated
for 30 min at 25°C-26°C followed by stirring for 30 min at
the same temperature. The aqueous mixture of amines with
HNTs was poured onto the top surface of the PSF substrate
which was held horizontally for 1 min to ensure the pene-
tration of amine solution into the pores of the substrate. The
excess amine solution was then drained off from the sub-
strate surface, and a rubber roller was used to remove the
residual droplets of amine solution. Now, 0.1% (w/v) of TMC
solution in n-hexane was poured onto the substrate surface.
The excess TMC solution was drained off from the surface
after 30 s and then the membrane was placed in an oven for
curing at 50°C for 20 min to favor the IP reaction between
PEI-TMC and MPD-TMC. Finally, the resulting membrane
was rinsed with n-hexane solution to remove traces of unre-
acted TMC and washed with DI water before further charac-
terization. A control TFC membrane (MO0) was prepared with
a similar procedure, but without adding any HNTs into the
amine mixture using the compositions presented in Table 1.

2.3. Membrane characterization

The transmission electron microscope (TEM) images of
the modified HNT were recorded using LVEM5 instrument
(Delong America). The surface morphology of the mem-
branes was recorded using Keysight 8500 field emission
scanning electron microscope (FESEM), and the imaging was
conducted with backscattering electrons mode to overcome
charging effect. The surface contact angles of the membranes
were recorded using optical contact angle and interface ten-
sion meter from USA KINO, model-SL.200KB. The surface
roughness parameters of the membranes were recorded using
atomic force microscope (AFM) instrument from Concept

Table 1
The polyamide layer compositions of the membranes

Membrane MPD  PEI  MPD:PEI TMC  HNT
(Wt%)  (Wt%) (Wt%)  (wt%)

MO 1.0 1.0 50:50 02 0

M1 1.0 1.0 50:50 02 0.01

M2 1.0 1.0 50:50 02 0.05

M3 1.0 1.0 50:50 02 0.1
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Scientific Instrument (Nano-Observer model), France, by
scanning the membrane surface over 5 x 5 um dimensions.

2.4. Determination of FO performance

FO experiments were conducted using a laboratory scale
fabricated FO setup. It comprised of polytetrafluoroethylene
cross-flow FO cell with outer dimensions of 12.7 x 10 x 8.3 cm
(Sterlitech, USA), two pumps to maintain feed and DS flow
(KNF, USA) and two flow meters (Blue-White Industries,
California, USA). The cross-flow velocity of DS and FS were
fixed at 0.8 L/min, and the temperature was maintained at
25°C + 0.5°C. The membrane flux was determined in two
different orientations of the membranes: active layer facing
the feed solution (FS) mode and active layer facing the draw
solution (DS) mode. The aqueous solutions of NaCl with 2 M
and 10 mM concentrations were used as DS and FS, respec-
tively. The water flux of the FO process, | (L/m*h), was calcu-
lated from the volume changes of the FS and DS using Eq. (1):

AV

]_AAt

)
where AV (L) is the volume change over a predetermined
time Af (h) and A is the effective membrane surface area (m?).

The reverse solute flux (RSF) is a measure of leakage of
NaCl to the FS during the FO process. To measure the RSF
value, the concentration of back diffused ions was measured
in terms of conductivity using a calibrated conductivity
meter (ORION STAR A-221 model, Thermo Scientific). The
RSF, ] (gMH), was determined based on the increased solute
concentration (NaCl) in the feed side measured based on the
conductivity measurements using Eq. (2):

_ACY,
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where C, (g/L) and V, (L) are the reverse solute concentration
and the volume of the FS, respectively, at an arbitrary time
t; AC, is the difference in salt concentrations of the FS at the
beginning and at the end and AV, is the difference in volume
of the FS at the beginning and at the end of measuring test,
respectively.

2.5. Fouling study of FO membranes

The fouling study was performed using sodium alginate
(as a model organic foulant) and gypsum (as a model inor-
ganic foulant) as a mixture of foulants. For both fouling and
baseline experiments 4 M solution of NaCl was used as the
DS. The FS for baseline experiment consists of a 10 mM solu-
tion of NaCl with zero concentrations of both alginate and
gypsum. For the fouling study, the FS was replaced with a
mixture of 10 mM NaCl, 200 mM alginate and 35 mM gyp-
sum. The protocol to perform the FO membrane fouling test
and cleaning experiments as follows. First, a fresh membrane
sample was placed in the membrane cell in FO mode and a
whole membrane system was stabilized with DI water on
both sides of the membrane at 25°C + 1°C for 30 min. The
baseline experiment was performed to obtain the initial mem-
brane flux (J ,) and the normalized water flux was calculated
based on the water flux decline. The fouling experiment was

started at a cross-flow rate of 0.8 L/min, and at a tempera-
ture of 25°C + 1°C. The corresponding changes in the weight
of the DS were recorded, and later converted into changes
in membrane flux. After the fouling trial, both sides of the
membrane sample were replaced with fresh DI water. The
cleaning experiment was carried out at higher cross-flow rate
of 1.2 L/min over 30 min. After membrane cleaning, baseline
experiment was started again to determine the membrane
flux (] ,), and the flux recovery ratio (FRR) was calculated
using Eq. (3):

FRR(%) = Lz 4100 ®)

wl

3. Results and discussion
3.1. Hydrophilicity of membranes

Generally, the lower contact angle of the membrane indi-
cates the higher hydrophilicity, since it has a reverse correla-
tion with hydrophilicity. Fig. 1 indicates the surface contact
angle values of the membranes and the control TFC mem-
brane showed highest contact angle of 56°. As shown, the
water contact angle values of the TFN membranes gradually
decrease with the increased loading of HNTs in the PA layer,
indicating that the incorporated HNTs containing more -OH
groups could enhance the hydrophilicity of the membrane
significantly, and contribute to a greater water flux.

3.2. Morphology of membranes
3.2.1. TEM and FESEM analysis

The TEM analysis of HNT sample is presented in Fig. 1,
and it revealed that the average diameter of the HNT was in
the range of 30-80 nm and the length of HNT varied in the
range of 50-380 nm with an average length of 110 nm. Hence,
the HNT sample selected for the study was suitable for PA
layer fabrication. The surface FESEM images of the mem-
branes are presented in Fig. 2. The replacing of MPD solu-
tion with 50% PEI solution during the IP process resulted in
more nodular structures on the membrane surface (Fig. 3(a)).

Fig. 1. The TEM image of HNT.
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Generally, using 100% MPD solution will favor the formation
of a ridge-valley structures on the TFC membrane surfaces as
observed by the previous researchers [14-16,24]. Hence, it is
worth stating that the membrane morphology changed from
ridge-valley structure to nodular structure by introducing PEI
during the IP process. The incorporation of HNTs resulted in
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Fig. 2. The contact angle values of membranes.

the further transformation of the membrane morphological
features. For the loading of 0.01 wt% of HNTs, ridge-valley
structures were formed on the TFN membrane surface along
with nodular structures (Fig. 3(b)). This is due to the com-
bined effect of HNTs and PEI present during the IP process.
With the increased loading of HNTs, the nodular structures
reduced and more ridge-valley structures were formed on
the membrane surfaces (Fig. 3(c)). This is due to the increased
reaction rate between MPD-TMC and PEI-TMC during the
IP process by loading HNTs [15,16]. From Fig. 3(d), the load-
ing of 0.1 wt% of HNTs resulted in the irregular distribution
of HNTs on the membrane surface due to the agglomeration
effect of HNTs at excess concentration. Thus, the loading of
about 0.05% HNT corresponds to the optimized loading of
HNTs into the PA layer.

3.2.2. AFM analysis

Fig. 3 represents the AFM images of TFC and TFN mem-
branes and all the membranes exhibited relatively smooth
membrane surfaces. The average roughness (R) values
of TFN membrane surfaces decreased compared with the

Nodular
structures

: Ridge-valley £
g y Y

structures

Fig. 3. FESEM images of (a) MO, (b) M1, (c) M2 and (d) M3 membranes.
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control TFC membrane (MO0) as a result of HNTs loading.
This is attributed to the additional contribution from HNTs
toward the improved IP process between both MPD-TMC
and PEI-TMC [15,25]. The slow reactivity between PEI and
TMC might increase in the presence of HNTs and by curing
the membranes at 50°C. This might result in the formation of
more PEI-TMC cross-linked amide structures on the mem-
brane surface. The formation of such PEI-TMC cross-linked
structures favored the formation of smooth membrane sur-
faces [3]. Further, the average roughness values of the mem-
branes are comparable with the contact angle values of the
membrane. M3 membrane loaded with highest HNTs exhib-
ited smooth membrane surface and witnessed least contact
angle value. Overall, the smooth membrane surfaces formed
by the loading of HNTs resulted in reduced contact angle val-
ues and contributed to the improved hydrophilicity.

3.3. Flux and reverse solute flux of membranes

The flux of the membranes was determined at both FO
and PRO modes and presented in Fig. 4. The HNTs incorpo-
rated membranes (M1-M3) showed higher flux than control

MO membrane at both orientations of the membranes. The
replacing of MPD solution with 50% of PEI solution might
improve the dispersion of HNTs in the selective layer.
Thus, the loading of hydrophilic HNTs created additional
nanopathways for the passage of water molecules [15,25-27].
Also, the excess -NH, groups of PEI macromolecules have
a high tendency to wet the membrane surface and to favor
the flux. However, a higher HNT concentration at 0.1 wt%
lead to a less improvement in flux compared with 0.05 wt%
loading. This might be due to the blockage of the water path-
ways by the excess HNTs due to the agglomeration effect as
evidenced from Fig. 2(d).

The leakage of salt back into FS has negative impact on
the overall FO performance of the membrane [28]. From
Fig. 5, all the membranes consisting of PEI in the PA layer
exhibited relatively lower RSF values. The M2 membrane
consisting of 0.05 wt% of HNTs witnessed least RSF value
with relatively high flux at both modes of operation. The
same membrane displayed more ridge-valley structures on
its surface as evidenced from FESEM study. The lowest RSF
value for M2 membrane might be due to more cross-linked
structures formed in the PA layer assisted by 0.05 wt% of

Fig. 4. AFM 3D images of (a) MO, (b) M2 and (c) M3 membranes.
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Fig. 5. Flux of the membranes at FO and PRO modes (test con-
ditions - feed solution: 10 mM NaCl, draw solution: 2 M NaCl
solution, cross-flow rate: 0.8 L/min and temperature: 25°C).

HNTs promoting resistance to the reverse salt leakage [29].
Hence, the incorporation of HNTs up to optimized composi-
tion favored the formation of membrane structures suitable
for high performance FO membranes.

3.4. Antifouling properties of the membranes

The flux change vs. time for the TFC and TFN mem-
branes during the baseline and fouling test is presented in
Fig. 6. Generally, a lower fouling curve compared with the
baseline always indicates severe fouling of the membrane
[30]. The observed initial flux declines for all the membranes
during the fouling test due to the severe ICP offered by the
membrane surface in the FO mode [31-33]. From Fig. 6, all
the membranes have superior flux stability during the base-
line study corresponding to the zero foulant concentration.
The replacing of FS with a foulant solution from DI water
resulted in the more flux reduction in the control MO mem-
brane corresponding to its least flux stability. However, M1-
M3 TFN membranes observed much higher flux stability
during the fouling test over control TFC (M0) membrane.
This is due to the smooth membrane surface formed in the
former with more hydrophilic surfaces. The less fouling pro-
pensity of TEN membranes also due to the combined effect of
—OH groups of HNTs and excess -NH, groups of PEI present
on the surfaces favoring the easy formation of the hydration
layer at the membrane surface.

FRR is generally employed to assess the cleaning effi-
ciency of the membranes. From Fig. 7, the M1-M4 mem-
branes exhibited higher FRR values over the control TFC
membrane signified their easy cleaning efficiencies after
fouling. An interaction force among the membrane surface
and the foulant are one of the critical factors governing mem-
brane fouling phenomena [34]. The abundant -OH and -NH,
groups present on the TFN membrane surfaces resulted in
easy wetting of the membranes. Thus, the TFN membrane
surfaces favored the weak binding of Ca*" bridged alginate
molecules present in the foulant solution. Though the fou-
lant solution had a high concentration of gypsum the mem-
branes experienced less scaling on the membrane surfaces.
This is due to most of the Ca*" ions were involved in bridging
with the -COOH groups of the alginate present in the fou-
lant solution [35]. Also, it is important to point out that the
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Fig. 6. The reverse salt flux of the membranes at FO and PRO modes
(test conditions — feed solution: 10 mM NaCl, draw solution: 2 M
NaCl solution, cross-flow rate: 0.8 L/min and temperature: 25°C).
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Fig. 8. The FRR values of the membranes.

FRR (%)

hydration layer present on the membrane surface resisted
the binding of Ca* ions.

4. Conclusions

TFN membranes were prepared by incorporation of
different concentrations of HNTs into the PA layer formed
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by interaction between mixture of amines (PEI:MPD) and
TMC on PSF substrate. The contact angle study revealed
the more hydrophilic nature of TFN membranes compared
with control TFC membrane due to additional contribution
from HNTs toward hydrophilicity. For the higher loading of
HNTs, membrane surface changed from nodular structure
to more ridge-valley structures. In the presence of PEI, the
HNT-TFN membrane surfaces attained reduced roughness
and also contributed to increased hydrophilicity. The load-
ing of 0.05 wt% HNTs was the optimized composition for
the loading of HNTs without any aggregation on the mem-
brane surface. This composition corresponds to the high flux
FO membrane with relatively less RSF. The TFN membranes
exhibited good flux stability during the fouling tests con-
ducted using a mixture of organic and inorganic foulants.
The FRR of membranes increased with increased loading
of HNTs attributed to their easy cleaning efficiency as pre-
sented in Fig. 8. Our study demonstrated the potentiality of
using a mixture of amines toward the preparation of efficient
TFN membranes for FO application.
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