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ABSTRACT

This work aims to optimize the coagulation time for developing high-performance thin film composite
polyamide reverse osmosis (TFC-PA-RO) membrane supported on nonwoven polyester fabric. A PA
layer was synthesized by interfacial polymerization on the surface of polysulfone (PS) membrane.
PS membrane was prepared by phase inversion technique. The effect of using two different types
of nonwoven polyester fabric as support for the prepared membranes on their performance was
investigated. The morphology of the prepared membranes was studied using scanning electron
microscope. The performance (water flux and salt rejection) of the prepared RO membranes at
different coagulation times (10, 30, 60, and 120 min) was compared with the standard RO membranes
in 10 g L' NaCl solution. The TFC-PA-RO membrane supported on nonwoven polyester and prepared
at a coagulation time of 30 min exhibited a maximum water flux of 47.6 L m™h™ and salt rejection of
98% at 55 bar. On the other hand, the standard seawater high-rejection flat sheet membrane showed a
maximum water flux of 27 L m™ h™ and salt rejection of 97.9%.
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1. Introduction

Desalination has become an important process for effective
water management; it can be seen as one of the most import-
ant solutions to overcome the increasing shortage in munic-
ipal water supply. About 54% of the global growth of water
desalination is expected to occur in the Middle East and North
Africa regions [1,2] and is expected to reach 110 million m* d~*
by 2030 [3,4]. Like other membrane separation processes,
reverse osmosis has the advantage of affecting the separa-
tion without the need for the creation of a second phase as
in distillation, absorption, etc. Thus, no thermal energy or

* Corresponding author.

separating agents are required, which makes the process eco-
nomically attractive [5]. RO plants are now the most com-
monly installed desalination systems in the world, account-
ing for ~75% of the newly built capacity, except for areas with
vast energy reserves or high-salinity feed water [6,7]. The
thin film composite polyamide reverse osmosis (TFC-PA-RO)
membrane offers many advantages such as high water mol-
ecule transport rate, excellent mechanical properties (under
high pressure of seawater desalination applications), and
relative stability over a wide range of pH [8]. TFC mem-
branes consist of an ultrathin selective surface layer on
a much thicker but much more permeable micro porous
support, which produces the mechanical strength. These
membranes are formed by the deposition of a PA layer via
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interfacial polymerization (IP) on a porous PS support [9].
The PS support membrane is prepared by the phase inver-
sion technique; this process involves the solidification (gela-
tion) of the casted polymer solution that determines the final
membrane morphology and the associated separation per-
formance. The polymer concentration and the additives have
a great effect on the support layer formation and the perfor-
mance of the fabricated TFC membranes. It was noted that
the morphology (i.e. structure, thickness, and surface charge)
and the performance (i.e. permeability and selectivity) of a
TFC membrane may be altered with the use of different sub-
strate properties [10-13].

The microporous PS membrane, which acts as a support
for the TFC membrane, should be smooth with high hydraulic
permeability. The thickness of the PS membrane must be
maintained as little as possible to decrease the resistance to
the permeate transport, and at the same time, the membrane
should stand a high operating pressure. Therefore, the
nonwoven polyester fabric that has a high tear and tensile
strength and chemical stability is used as a good mechanical
backing layer to support the PS membrane [14].

The main factors determining the membrane behavior
and performance in a filtration process are the structure, the
chemical composition, and the operating conditions [15,16].
Therefore, the coagulation time is one of the significant
parameters; it is considered as the time taken by the polymer
solution film after being immersed into the coagulation bath
till it reaches complete polymer solidification (including the
time of diffusion of solvent and nonsolvent across the interface
between the casting solution and the coagulation bath).

The focus of this study is to investigate the effect of the
coagulation time on the morphology and the performance
(salt rejection and water flux) of the TFC membranes
supported on a nonwoven polyester fabric in comparison
with the performance of the sseawater high-rejection
standard membrane.

2. Experimental work
2.1. Materials

Polysulfone (PS) pellets with molecular weight of 60,000,
M-Phenylenediamine (MPD) (99%), and 1,3,5-Benzenetricar-
bonyl trichloride (TMC) (98%) were supplied by Acros
Company, USA. N-Hexane (95%) was supplied by TEDIA
Company, USA and the N-Methylpyrrolidone (NMP) was
produced from Fisher Company, USA. Flat polyester non-
woven fabric PET/PBT (polyethyleneterephthalate — PET
blended with polybutyleneterephthalate — PBT) with a thick-
ness of 120 um (85 g m™) was purchased from Freudenberg
Filtration Technologies Company, Germany, and a flat poly-
ester (PET) spunbond nonwoven fabric with a thickness of
130 um (70 g m™) was purchased from Shouquang Huaya
International Trade Company, China (Mainland). Dow
Filmtech, SW30HR, as a Standard RO Flat Sheet Membrane,
was purchased from Sterlitech Company, USA.

2.2. Methods

The PS solution was prepared by dissolving the pellets
of PS (18 g) in NMP (72 mL) under vigorous stirring until

the complete dissolution was achieved. The solution was left
overnight to remove the air bubbles.

2.2.1. Preparation of PS membrane (without polyester
support)

The bubble-free solution of PS was spread on a glass plate
using an automatic film applicator (ZEHNTNER testing
instruments ZAA2300, Swiss) with a thickness of 250 pm.
The glass plate that was covered with the PS solution was
immersed in deionized water (DI) as a nonsolvent at room
temperature until the PS membrane was separated from the
glass plate. The PS membrane was washed and stored in DI
for the preparation of the TFC-PA membrane by the IP.

2.2.2. Preparation of PS supported on a nonwoven
polyester fabric

Two commercial nonwoven polyester fabrics of PET/
PBT and PET that differ in the thickness and the mechanical
properties were used. The PS membrane which was prepared
onto the polyester fabric without wetting with NMP was
separated from the fiber. The polyester fabric was attached to
a clean glass plate using a laboratory tape, wetted with NMP;
the excess of NMP was allowed to drain by keeping the glass
plate in a vertical position for 2 h. Pre-wetting process was
applied to prevent the intrusion of the polymer solution
inside the pores of the fabric and to keep the final thickness
of the membrane as fixed and homogeneous as possible.
Then, the casting solution was spread using an automatic
film applicator with a thickness of 150 pum over the polyester
nonwoven fabric. After spreading the casting solution over
the nonwoven fabric, the entire assembly was immediately
immersed in a bath containing DI (as a nonsolvent) at room
temperature. Phase inversion starts immediately, and the
precipitated PS with the polyester films was removed from
the water bath after various coagulation times (10, 30, 60,
and 120 min). The membranes were then washed and stored
in DI as shown in Fig. 1. The prepared PS membranes that
were supported on nonwoven polyester of PET/PBT and PET
were labeled as P1 and P2, respectively.

2.2.3. Preparation of TFC membranes

The PS, P1, and P2 membranes immersed in DI over-
night were removed from the water and positioned on
a plastic plate with a rubber gasket and a plastic frame
which was placed on top of it. Clips were used to hold the
plate-membrane-gasket frame stacked together. MPD aque-
ous solution (2% w/v) was poured into the frame and was
allowed to contact the support membrane for 2 min; then
the excess of MPD was allowed to drain. This contact time
allows the MPD solution to partially replace the DI water in
the pores of the porous PS support. Residual droplets of the
solution remaining on the top of the PS membrane surface
were removed by using a rubber roller to prevent the defect
formation onto the membrane surface. Afterward, TMC in
n-hexane organic solution (0.1% w/v) was poured into the
frame. After 1 min, the TMC/n-hexane solution was drained
from the frame, and the frame and the gasket were disassem-
bled. Then, the membranes were cured in an oven for 5 min
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at 75°C and were left overnight in a dried dark place. Finally,
the entire membrane sheets were immersed in DI water till
used. Fig. 2 shows the schematic diagram of the TFC mem-
brane preparation using typical IP technique, while Table 1
indicates the notations given to the prepared membranes.

2.2.4. Characterization and testing

The surface morphology of the prepared membranes
was studied using the scanning electron microscope (SEM)
(Joel JSM 5300, Japan). The performance of the membranes
was evaluated using a reverse osmosis system consisting
of a cross-flow stainless steel cell CF042, with hydra cell
pump (maximum pressure 69 bars) fitted with a pressure
gauge, a control valve through the rejection line, and a flow
meter F-550 (USA) to obtain a constant flow rate through the
membrane area (42 cm?). The different components of the
experimental setup are products of Sterlitech Corporation.

. y‘h polyester

@ (b)

The performance of each membrane was tested at different
operating pressures (35-60 bar).

3. Results and discussion

3.1. The effect of the nonwoven polyester fabric on the morphology
of PS membrane

SEM was used to investigate the morphological effect
of using polyester as a support for the PS membrane. By
immersing the PS solution in a nonsolvent, a phase sepa-
ration occurs and propagates from the top surface of the
wet film into the bulk. Fig. 3(a) shows the SEM image of a
smooth surface of PS membrane. In the coagulation bath,
the smooth surface layer of PS is formed due to outlet of
NMP solvent and the precipitation of polymer. Therefore,
the polymer concentration increases and becomes more
viscous. This process continues until the polymer becomes

Polysulfone supported with
Nonweowven Polyester Fabric

(c)

Fig. 1. Preparation steps of polysulfone membrane by the phase inversion technique on a nonwoven polyester fabric (a) casting the

solution on polyester, (b) coagulation, and (c) washing and storage.
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Fig. 2. Schematic diagram of interfacial polymerization technique for preparing the polyamide TFC membrane.
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Table 1
Notations for the prepared membranes

Entry Membrane type Notation
1 Thin film composite membrane without polyester TEFC

2 TFC supported on PET/PBT nonwoven polyester (P1) TFC1

3 TFEC supported only on PET nonwoven polyester (P2) TFC2

4 Standard flat sheet RO membrane (SW30HR) TFC-St

“il.888

3 *

lapm 8

Fig. 3. SEM images of the PS membrane without the polyester: (a) top surface, (b) cross section, and (c) bottom.

almost solid forming dense layer at the surface [14]. Fig. 3(b)
illustrates that the finger-like structure is produced as a result
of unrevealed stresses that are formed due to the difference
in the composition change of PS solution between the top
and bottom surfaces. At the bottom, a little solvent diffuses
out and little precipitant diffuses in; therefore, the bottom is
porous as shown in Fig. 3(c).

It is noted that the thickness of the PS solution decreases
after the immersion in DI, and this is attributed to the
exchange between the solvent and the nonsolvent. Therefore,
it is observed from the cross-sectional image that the PS
thickness has decreased from 250 um as the applicator was
adjusted to 64.4 pm after immersion in DI.

Fig. 4 indicates that the whole cross section of the PS
membrane is supported on nonwoven polyester fabric.
It is found that the PS thickness supported on nonwoven
polyester fabric has decreased from 150 (as the applicator was

adjusted) to 25 um after immersion in DI. Consequently, the
polyester fabric as a backing layer is considered to augment
the mechanical strength of PS.

Fig. 5 displays the bottom SEM images of the supported
membranes (P1 and P2). These images show that the polyester
fibers P2 are networked and overlapped with each other more
than P1. On the other hand, Fig. 5(a) presents white lumps of
PS onto the thinner polyester fibers of 4 um. These lumps
were formed due to the penetration and physical interactions
between PS and the fibers of polyester (PET/PBT) of P1.
Moreover, the polyester fibers P2 are smooth and thicker
than P1 with an average fiber diameter of 6 pm.

According to the data sheets, the nonwoven polyester
based on PET/PBT has higher mechanical strength
(200 N/5 cm), lower thickness (120 um), and weight of
85 g m™ compared with the polyester based on PET, which
has lower mechanical strength (120 N/5 cm), higher thickness

, 00 198 m
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Fig. 4. SEM images of the cross section of the PS membrane supported on nonwoven polyester P1.
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Fig. 5. SEM images of the bottom surface of the PS membranes supported on polyester (a) P1 and (b) P2.

(130 um), and weight of 70 g m™> Blending of PET/PBT offers
superior mechanical and thermal properties than using PET
alone [17]. As a result, the P1 is chosen to be examined at the
different coagulation times, and its optimum performance
condition will be compared with the performance of P2.

3.2. Effect of coagulation time on the morphology of the PS
membrane supported on nonwoven polyester fabric

The effect of the coagulation time on the top surface
topography of the prepared PS-supported membrane P1 is
shown in Fig. 6. At coagulation time of 10 and 30 min, the
images presented in Figs. 6(a) and (b) have few blocked pores
which are formed on the surface of the membranes due to
the presence of the air bubbles and they have disappeared
by increasing the coagulation time to 60 and 120 min. In
addition, the smooth surfaces shown in images Figs. 6(c)

and (d) are attributed to the complete solidification of the
polymer solution without surface defects.

As shown in Fig. 7, the cross section of the PS membranes
supported with P1 consists of a finger-like structure and
these fingers become narrow with macrovoid formation
with increase in coagulation time. When the polyester fabric
is wet with NMP, a barrier of the solvent film is formed on
the bottom and this greatly delays the nonsolvent diffusion
into the casting solution and consequently leads to a delayed
de-mixing. This delayed de-mixing is one of the main driv-
ing forces for macrovoid formation [18], and increasing the
coagulation time enhances the formation of macrovoids.
Also, increasing the coagulation time, for more than 30 min,
causes an increase in the thickness of the skin layer, which
forms a resistance for the flow of water inside the pores of
the membrane and consequently affects the performance of
the TFC membranes.

Fig. 6. SEM images of the surface of the PS supported on polyester P1 at different coagulation times of (a) 10 min, (b) 30 min,

(c) 60 min, and (d) 120 min.

Fig. 7. SEM images of the cross sections of the PS supported on polyester at different coagulation times (P1) (a) 10 min, (b) 30 min,
(c) 60 min, and (d) 120 min.
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Fig. 8 shows the bottom of the PS-supported membranes
(P1) with different coagulation times. At low coagulation
times of 10 and 30 min, the PS solution is partially wetted
and penetrated the bottom of the polyester fibers to form
the white lumps. On the other hand, the PS membrane has
fully coated the bottom surface of the polyester fibers at
coagulation times of 60 and 120 min [19].

Fig. 9 depicts the SEM image of the cross section of the
full layers of TFC RO membrane at coagulation time of
30 min. The TFC membrane consists of very thin PA layer
on PS membrane (with thickness of 25 um) supported on
nonwoven polyester fabric (with thickness of 120 pm). Also,
the fibers of the polyester are compacted and overlapped.
It is difficult technically to take SEM images of the full TFC
membrane layers at different coagulation times because the
cutting of the cross section affects the finger-like structure.

3.3. The effect of coagulation time on the performance of TFC1 RO
membranes

There is a large difference between the casting thickness
and the final membrane thickness. This implies that during
the membrane formation process, the boundary between the
nonsolvent bath and the casting solution moves downward,
as shown in Fig. 10. As the immersion process starts at T=0,
the solvent will diffuse out of the film and the nonsolvent will
diffuse in. This process will continue until the equilibrium is
reached at time T = f, and the membrane is formed [20].

The square of the boundary layer movement distance
(x?) is linearly proportional to coagulation time; therefore,
the diffusion kinetics in the phase inversion reaction is con-
formed to the Fickian Diffusion Law. Afterward, Kang et al.
derived the following Eq. (1):

X?=4xD, xt @

where X is the moved distance of the boundary layer (mm),
D, is the diffusion coefficient (mm? s™), and ¢ is the coagula-
tion time (s) [21]. This equation indicates that the coagulation
time will greatly affect the performance of the membranes
due to the change in the surface structure and the morphology
of the TFC membranes [18]. The performance of the prepared
TFC1 membranes was evaluated by measuring both the per-
meate flux (L m? h™) and the salt rejection (%) at different
coagulation times as shown in Fig. 11. The water flux has
decreased by increasing the coagulation time above 30 min.

Because the pores are the least mechanically stable regions of
a membrane and the macrovoid walls respond greatly to the
applied pressures, thus as the pressure is applied, the pore
walls become denser and the macrovoids become smaller,
resulting in an increase in the hydraulic resistance and a
decrease in the flux across the membrane.

On the other hand, the salt rejection has slightly
increased with increasing coagulation time, but the rejection
has sharply decreased beyond a coagulation time of 60 min
with increase in the flux. This may be due to the formation of
macrovoids, which cannot stand the high pressure and lead-
ing to an increase of the water and the salt transport across
the membrane. The highest performance for the prepared
TFC1 membrane is obtained at a coagulation time equal
to 30 min, which produces the best flux (47 L m? h™) and
rejection (98%).

3.4. Comparison between the performance of the prepared TFC
membranes and the TFC-St membranes

The P1 membrane was prepared at the optimum coagu-
lation time of 30 min. As shown in Figs. 12 and 13, the per-
formance of the prepared TFC1 RO membrane (47.6 Lm2h,
98%) is higher than the performance of the TFC2 (23.8 Lm=h",
92.6%), and these results confirm that using PET/PBT fabric
(P1 polyester) is better than PET alone (P2) as mentioned

Fig. 9. SEM image of the cross section of the full layers of TFC
membrane at coagulation time of 30 min.

Fig. 8. SEM images of the bottom surfaces of the PS membranes supported onto polyester (P1) with coagulation times of (a) 10 min,
(b) 30 min, (c) 60 min, and (d) 120 min.
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Fig. 10. Schematic representation of the immersion process of the membrane at different times.
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Fig. 11. The water flux and the salt rejection of the prepared TFC1
membrane versus coagulation time at 55 bar.
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Fig. 12. Salt rejection vs. operating pressure of TFC RO
membranes at 55 bar.

in section 3.1. In addition, the prepared TFC1 membrane
produces better performance than the TFC-St membrane
(27 L m™ h7, 97.9%). The TFC membrane (without nonwo-
ven polyester) produces the lowest performance (10 Lm?h,
97%) because the thickness of the prepared PS membrane has
a high resistance to the transport of water.

Pressure (bar)

Fig. 13. Water flux vs. operating pressure of TFC RO membranes
at 55 bar.

Also, it is observed that the water flux and the salt rejection
of the PA-RO membranes increase with increasing the oper-
ating pressure. As the pressure increases, the driving force
for the solvent transport increases; hence, more amount
of water can be transported through the membrane with
high salt rejection (i.e., the remaining (nonrejected) salt in
the permeate is fixed but the amount of water permeate
increases, so the permeate is diluted and the percent salt
rejection increases) [22].

4. Conclusions

The coagulation time had a great effect on the performance
of the TFC membranes, which were prepared by the IP of
MPD and TMC on the surface of the PS membrane supported
on nonwoven polyester fabric. SEM images revealed that the
pore characteristics are dependent on the coagulation time.
The optimum coagulation time was found to be 30 min. The
performance of TFC membranes was affected by the support
layers; the performance of TFC1 supported on PET/PBT
produced values of water flux of 47.6 L m? h and rejection
of 98%, which were high compared with the performance of
TFC2 membrane supported on PET (23.8 Lm2h, 92.6%), the
TFC-St (27 L m™ h, 98%), and the TFC without nonwoven
polyester (10 L m=h, 97%).
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