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ABSTRACT

The aim of this work is to investigate the effect of initial conditions and properties of a sup-
port layer on the performance and structure of a thin film composite (TFC) polyamide
membrane. For this purpose, four different polyethersulfone (PES) support layers were pre-
pared and the polyamide layer was coated by interfacial polymerization over these support
layers in wet and dry conditions. Surface properties and morphology as well as hydrophi-
licity of PES support membranes and TFC membranes were examined by atomic force
microscopy, field-emission scanning electron microscope, attenuated total reflectance-FTIR,
and contact angle analysis, respectively. The results showed that the initial conditions of the
support layer had an important role in the performance and surface properties of TFC
membranes. The TFC membrane, synthesized over a wet support membrane with larger
pore size and more hydrophilicity, had more water flux and lower salt rejection. The effect
of wet and dry conditions on the water flux was more significant when a less hydrophilic
support layer was used. It was found that the effect of support layer hydrophilicity is more
effective than its pore size in wet conditions on water flux of TFC membrane, while a
different trend was observed at dry conditions.

Keywords: Thin film composite (TFC); Wet and dry condition; Synthesis; Support layer
properties

1. Introduction

Aromatic polyamide (PA) membranes are the most
common thin film composite membranes (TFC) that
have been used in water desalination [1-4]. The TFC
polyamide membrane is composed of a non-woven

*Corresponding author.

fabric, a porous support layer, and a dense thin bar-
rier layer. The polyamide thin layer can be synthe-
sized via interfacial polymerization of trimesoyl
chloride (TMC) and m-phenylenediamine (MPD)
monomers on a porous layer which are usually pre-
pared by the phase inversion. The effect of support
layer properties on TFC membrane was investigated
by some researches [4-9].
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The pore size, pore distribution, surface properties,
and hydrophilicity of support layer affect the adsorp-
tion of monomers on the support surface, thus causing
the formation of a deeper polyamide layer into the
support pores [6,10-13]. Recently, some researchers
[14,15] have been studying the role of support layer
on the polyamide layer formation. The conventional
PSf (polysulfone) and hydrophobic PP (polypropylene)
supports were modified by plasma treatment with
hydrophilic materials and used as a sub layer for
interfacial polymerization of polyamide membrane by
Kim and Kim [10]. They observed that the water flux,
salt rejection, and chlorine resistance increased the
modified support layer. Ghosh and Hoek [11] reported
that the pore size, hydrophobicity, and surface proper-
ties of the support skin layer had an important effect
on the performance and surface roughness of the TFC
membrane. Singh et al. [12] investigated the effect of
pore size of the polysulfone (PSf) support layer on the
polyamide layer formation and TFC membrane perfor-
mance. Their results showed that the PSf with a large
pore size had the highest water and salt permeability.

Theresa et al. [14] synthesized different support
layers with nanoparticles and investigated the com-
paction properties of these support layers in the
reverse osmosis process. Tiraferri et al. [15] focused on
the effect of support layer structure on the TFC mem-
brane performance. They prepared various support
layers by changing the casting conditions. Their
results showed that the diameter, number, and shape
of finger-like macrovoids in the support layer can
change the water flux and membrane compaction of
the prepared TFC membrane. Also, Susanto and Ulb-
richt [16] investigated the performance and character-
istics of polyethersulfone (PES) membrane prepared
by the phase inversion method with PVP and PEG
additives. They indicated that the wet and dry PES
membranes had different separation performance.
Based on the Susanto and Ulbricht research, it seemed
that wet and dry conditions of the PES support layer
can be influenced by the characteristics and perfor-
mance of the polyamide TFC membranes.

In this study, various PES support layers contain-
ing PEG 600 and PVP k90 additives were initially pre-
pared by the phase inversion technique and
characterized by atomic force microscopy (AFM),
attenuated total reflectance (ATR), contact angle (CA),
and field-emission scanning electron microscope (FE-
SEM) analysis. Then, the TFC polyamide membranes
from trimesoyl chloride (TMC) and m-phenylenedi-
amine (MPD) monomers were fabricated over the wet
and dry PES support layer. Finally, the TFC
membranes were analyzed to evaluate their separation
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performance, hydrophilicity, surface properties, and
morphology.

2. Materials and methods
2.1. Materials

N,N-dimethylacetamide (DMAc), trimesoyl chloride
(TMC), m-phenylenediamine (MPD), n-hexane, sodium
chloride (NaCl), and poly(ethylene glycol) (PEG 600)
were purchased from Merck Co. Ltd (Darmstadt,
Germany). The polyvinyl pyrrolidone (PVP-K90) was
supplied by Fluka (Milwaukee, USA). Also, the used
commercial polyethersulfone (Ultrason E 6020 P) was
provided by BASF (Ludwigshafen, Germany).

2.2. Membrane preparation and synthesis

The four different support layers were prepared by
the phase inversion technique in the PES/hydrophilic
additive/DMAc/water system. The PES and hydro-
philic additives (PEG600 and PVP K90) were dis-
solved into the DMAc solvent. The solution was
mixed at room temperature over night until a homo-
geneous solution was obtained. Then, the PES solution
was degassed by a vacuum process for 2 h. This solu-
tion was cast on a polyester non-woven fabric sup-
ported by a glass plate with a 300 pm knife gape. The
glass plates were immediately immersed in a de-ion-
ized water bath at a temperature of 25°C. Then, the
formed PES porous support layer was washed and
stored in a water bath until used. There are two differ-
ent initial conditions for the PES porous support layer,
wet and dry. In wet conditions, the support layers
remain in the water. Also, the PES porous support
layer was dried at room temperature for 2d in dry
conditions.

The TFC membrane was prepared by interfacial
polymerization over the PES porous support layers
with wet and dry initial conditions. The PES mem-
brane that was taped to a glass plate was placed in an
aqueous solution of 2% (w/v) MPD for 2 min. The
excess solution was removed from the top surface of
the PES support layer by the rubber roller and was
placed in the dry air blower for 4 min. Then, it was
immersed in a solution of 0.1% (w/v) TMC in n-hexane
at 25°C for 1 min. The formed TFC membranes were
heated in an oven at 70°C for 6 min, washed and
stored in lightproof containers at 5°C until their use.
Table 1 presents the concentration of components and
experimental conditions that were used to fabricate
various polyamide TFC membranes and the nomen-
clature to define the membrane samples.
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Table 1
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The experimental conditions used to fabricate various polyamide TFC membranes

Membrane sample PES (wt %) PEG 600 (wt %) PVP K90 (wt %) DMAc (wt %) Initial condition
AW 20 - - 80 Wet
AD 20 - - 80 Dry
BW 15 5 - 80 Wet
BD 15 5 - 80 Dry
Ccw 15 - 5 80 Wet
CD 15 - 5 80 Dry
DW 15 2.5 2.5 80 Wet
DD 15 25 25 80 Dry

2.3. Membrane characterization

A cross-flow flat-sheet membrane module was
used for measuring the flux and salt rejection of the
TFC membranes. The filtration area, operating pres-
sure, and temperature are 35 cmz, 176.4 psi (~12 bar)
and 25°C, respectively. The same procedure was used
to determine the separation performance of PES por-
ous membrane at an operating pressure of 29.4 psi
(~2 bar). The details of the RO membrane setup used
in the experiments are presented elsewhere [17]. The
volumetric pure water flux, J,, was calculated using
the following equation:

v
]V:AXt ¢))

where v is the volume of the collected permeate (1), A
is the membrane area (m?), and f is the time duration
of the experiment (h). Salt rejection (R) of TFC mem-
branes was calculated by measuring the rejection of
2,000 ppm of NaCl which was analyzed with the con-
ductivity of the feed and product solutions using a
calibrated conductivity meter (DiST®4 (HI98304),
HANNA instruments®, Inc., Italy) as follows:

R:l—& 2)
Ct

Mean pore radius, p (um), could be experimentally
determined by the Guerout-Elford-Ferry equation
[18]:

a e x AP ®

o \/(2.9 —1.75¢) x 8ntQ
P

where 7 is the water viscosity (8.9 x 10™* Pa s), lis the
membrane thickness (m), Q is the volume of the per-
meate water per unit time (m® s D, and AP is the

operating pressure (0.2 MPa). The equilibrium water
content of the PES membrane before and after drying
at room temperature was calculated as follows:

Equilibrium water content (%) = % x 100 4)
d

where W,, and Wy are the wet and dry membrane
weights (g), respectively. The PES porous support
layer was separated from the polyester layer and
weighed (W;,) and dried for 24 h in the desiccators.
After completion of drying, the dried membrane was
weighed and the value was recorded as Wy4. Eq. (4)
was also used to determine the equilibrium water con-
tent in dry conditions. To obtain W, in dry conditions,
the PES membrane was placed in the water for 24 h
and weighed (W,,), and similarly Wy was measured to
the wet conditions.

The PES membrane porosity which has an impor-
tant role on permeation and separation performance
was determined as [19]:

Ww - Wd

Py XV ©

Porosity (&) =

where p,, and V are the density of pure water (kg/m")
and the membrane volume in the wet state (m?),
respectively.

The shrinkage of the PES porous support layer
was calculated by measuring the thickness of wet and
dry membranes by the following equation:

Sh% = <1—E> x 100 (6)
Ly

where L; and L, are the thickness of membrane after
and before drying, respectively. Furthermore, the
shrinkage of TFC membranes was characterized by
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measuring the thickness of the TFC membrane before
(Lp) and after (L) flux measurement tests which can
be calculated according to Eq. (6). All measurements
were repeated three times and the average values
were reported.

The presence of functional groups on the mem-
brane surfaces and the polyamide layer thickness were
detected by attenuated total reflection-Fourier trans-
form infrared spectroscopy (ATR-FTIR) analysis. The
ATR-FTIR instrument used consisted of a Nicolet
Nexus 670 spectrometer (Thermo-Nicolet, Instrument
Co., Madison, WI, USA), which coupled to a ZnSe
(n; =2.43) prism as an internal reflection element was
fixed at a 60° angle of incidence with 4 cm™" resolution
over a wave number range of 4,000-600 cm '. A
2 x 6 cm sample of the dried TFC membranes was
used in ATR analysis for detecting the presence of
functional groups on the membrane surfaces and the
polyamide layer thickness [20]. The top layer thickness
of the TFC membranes can be calculated by using the
IR absorbance peak at a wave number of 1,660 cm},
which shows the C-N polyamide band [17,20].

The cross-section pictures and surface morphology
of the PES porous support layer and TFC membranes
were analyzed by FESEM (Hitachi, model S-4160,
Japan). The sample of the cross section was prepared
by freezing and breaking the membrane sample in
liquid nitrogen. The membrane samples were dried
and stuck on a conducting sample holder with dou-
ble-sided copper tape. The prepared samples were
coated under vacuum with a ~10-20 nm thin layer of
Au by a sputtering system.

An AFM (NanoEducator, NT-MDT Co., Zeleno-
grad, Russia) with a spatial resolution of ~2 nm in z
direction was used to determine surface roughness
(RMS) and relative surface area (A) for the support
membranes and polyamide films. The instrument was
calibrated by standard samples (TGG1 and TGX1, NT-
MDT Co., Zelenograd, Russia). Dried membrane sam-
ples were fixed on a holder using double-side tape
and 10 pm x 10 um areas were scanned by semi-con-
tact mode in the air [21].

The water CA of the membrane surface was mea-
sured using an optical CA measurement system
(OCA-20, dataphysics GmbH, Filderstadt, Germany) at
25°C. Five microliter of de-ionized water was dropped
on the membrane surface by a micro-syringe. The CA
of several locations of the membrane surface was mea-
sured and the average of values was reported as CA
for one membrane sample.

Another parameter that can represent a film’s
hydrophilicity is the solid-liquid interfacial free
energy (—AGsy) [22]. The interfacial free energy can be
determined using;:
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where 6, A, and y, that equal to 72.8 m ]/ m? for pure
water at 25°C are the average CA, relative surface
area, and the liquid surface tension, respectively. In
the same CA, the smoother surface has higher interfa-
cial free energy and is more hydrophilic. The maxi-
mum of the interfacial free energy is 2y, as CA is 0°
and relative surface area (A) is 1 [20,23].

3. Results and discussion
3.1. PES porous layer
3.1.1. Support layer performance

The results of characterization tests on the PES
porous membranes are summarized in Table 2. As
shown in this table, the water flux in the wet condi-
tion was higher than dry condition. This is due to a
decrease in the pore size and water content of the
membrane after drying. Also, addition of PEG to the
membrane samples increased the water permeability
through the membrane for both wet and dry condi-
tions. The hydrophilic PEG additive increases the
number and size of macrovoids in the membrane
structure [24]; therefore, the water molecule can easily
pass through the membrane and the permeation flux
increases. In wet conditions, membrane sample C has
higher water flux than sample A due to the presence
of PVP in the membrane structure; however, a reverse
effect was observed after drying. There are different
results about PVP adding to the PES ultrafiltration
membrane in the literature [16,25]. For example, Sus-
anto and Ulbricht [16] reported that PVP increased the
water flux in wet condition and decreased the water
permeation after drying, but Miyano et al. [25]
observed that PVP decreased the water permeability.
The flux ratios between the wet and dry membranes
were 5.68, 5.8, 53.15 and 32.38 for membrane type A,
B, C, and D, respectively. These results show that PVP
as a hydrophilic additive had the highest effect on the
performance of the dried membrane. The absence of
impregnation may contribute to this very large
decrease in the flux after drying [16].

3.1.2. Support layer characterization

The CA of the support layer in membrane samples
of A, B, and C was 62.5°, 58.5° and 64.5°, respectively.
The membrane type B with PEG 600 as a hydrophilic
additive had higher CA than type A, because the CA
value is influenced not only by membrane material
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Table 2
The separation performance and surface properties of different PES porous support layers

RMS Flux Jy (wet)/ 1y L Sh  AG Water
Membrane sample CA (nm) (I/m*h) J,dry) (@m) (um) (%" (m]/m? content (%) Porosity
AW - - 413.56 5.68 37.34 86 1279 - 71.42 0.51
AD 625+22 123 +2 72.87 2542 75 93.19 44.76 0.21
BW - - 1,702.14 5.80 61.12 76 10.53 - 67.65 0.62
BD 645+2 803+12 29352 24.86 68 98.95 66.67 0.59
CwW - - 607.53 53.15 3494 107 2150 - 76.02 0.79
CD 585 +1.7 1012 +07 1143 9.06 84 99.06 51.24 0.28
DW - - 1,054.70 32.38 4446 86 1512 - 73.76 0.73
DD 60+05 952+09 3257 10.65 73 101.95 62.82 0.44

*L = thickness of porous film.
**Sh = Shrinkage.

but also by surface porosity [11,16,23]. Besides, the
solid-liquid interfacial free energy was used to evalu-
ate the relative hydrophilicity of membranes [23,26].
The results indicated that an addition of hydrophilic
PEG and PVP enhanced the interfacial free energy.
Similar results were observed by other researchers
[27,28].

The thickness of the membrane samples had a dif-
ferent behavior with PEG 600 and PVP K90. PEG 600
that has low molecular weight decreased final thick-
ness of the support membrane; in contrast, PVP K90
increased the membrane thickness [25]. Also, drying
of the PES membranes led to a decrease in the mem-
brane thickness and the highest shrinkage was
observed for membrane sample C. Decreasing the
membrane volume during the drying process affected
the membrane structure and reduced the pore volume.
It has been previously reported that shrinkage had an
effect on the membrane porosity [16,29]. As shown in
Table 2, membrane drying resulted in a decrease in
the average pore size for all PES membrane samples.
Therefore, a decline in the permeation flux after mem-
brane drying can be related to the membrane shrink-
age and decrease in the porosity (Table 2). It was
observed that the PES membranes with hydrophilic
additives had more porosity and water content than
those without additives, so addition of PEG and PVP
led to higher water flux. The significant reduction in
the porosity of membrane type C in dry condition
may be a reason for its low water flux.

The cross section FESEM images of the PES mem-
branes and the pore size (rp) are shown in Fig. 1 and
Table 2, respectively. It is found that the pore size of
the surface became bigger and the distance from the
top surface to the starting point of the macrovoid for-
mation became larger as PEG and PVP were added to
the PES membrane in the wet conditions. Increasing

the pore size by adding PEG 600 agrees with the
results reported by Idris et al. [24]. The pore size of
the type C membrane is decreased by adding the PVP
to PES membrane, which can be compared with the
findings of Miyano et al. [30]. They reported that the
pore size of PES, without any additive, deceases from
29.5 to 16.2 nm as the PVP is added to PES UF mem-
brane. Fig. 1 and Table 2 show that the thickness of
four PES membranes which were measured by a
micrometer is in order of B<D < A <C. Idris et al.
[24] showed that the asymmetric layer thickness
decreases as PEG is added to the casting solution.
Also, Miyano et al. [30] reported that adding PVP to
the PES UF membrane increased the final thickness of
the formed membrane. Also, the morphology of the
support membrane has a strong effect on the water
flux and compaction under pressure (shrinkage)
[14,15]. The macrovoids size and shape as well as the
thickness of support membranes changed when PEG
and PVP were added into the cast solution (Fig. 1).
The membranes containing PVP (type C and D) had
uniform finger-like macrovoids and a relatively dense
skin layer on the PES support membrane (Fig. 1(c)
and (d)). On the other hand, the PEG 600 decreased
the membrane thickness and cross sectional finger size
(Fig. 1(b)), which improves the water flux and com-
paction properties [24].

3.2. TFC membranes
3.2.1. Separation performance

As shown in Table 3, the separation performance
of formed TFC membranes significantly depends on
the type of support membrane and its initial condi-
tion. The water and salt permeability in the wet condi-
tion were higher than initial dry conditions in all
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Fig. 1. Cross section FESEM image of the PES support layers: (a) type A (PES 20%), (b) type B (PES 15%-PEG 5%), (c) type
C (PES 15%-PVP 5%), and (d) type D (PES 15%-PVP 2.5%-PEG 2.5%).

Table 3
The water flux, NaCl rejection, RMS roughness, CA, and interfacial free energy of the fabricated TFC membranes
Flux (1/m? h) Rejection (%) Contact angel RMS (nm) AG (m]/m?)

AD 3.011 85.791 56.4684 78.6127 100.219
AW 8.88836 82.313 57.8881 56.6458 102.727
BD 9.73302 86.2657 40.8002 67.7569 110.059
BW 12.4382 62.1556 40.0198 60.8562 117.905
CD 6.73 96.8459 59.6674 68.1266 101.335
CW 10.4854 76.2051 53.5886 53.6149 97.2309
DD 9.41748 85.3221 47.082 67.0132 104.166
DW 9.03569 83.6933 56.3128 56.3405 102.182

support membranes. The hydrophilic support layer
with large pore size has the highest water flux in both
wet and dry conditions. The water flux under wet and
dry conditions decreased in an order of
BW > AW > CW > DW and BD > DD > CD > AD. The
results of water flux in wet conditions show that the
pore size of the support layer was more effective than
hydrophilicity. In the same pore size, the TFC mem-
brane formed on the more hydrophilic support layer
had more water and salt permeability. In the wet con-
dition, the pore size had an important role in the poly-
amide formation over the support surface due to the
wet surface of the support layer. These results are in
good agreement with previous researches. It is
reported by Ghosh and Hoek [11] and Singh et al. [12]

that the support membrane with the largest pore size
produced a polyamide TFC membrane with the high-
est flux and low salt rejection.

The pore size of support layers decreased in the
dry condition which caused a significant reduction in
the water and salt permeability of the TFC mem-
branes. The hydrophilicity of the support layer is
more effective than pore size in the dry condition
(Table 3). A comparison between the salt rejection and
water flux of type A and B support layers clearly
shows that the TFC membrane that fabricated over the
hydrophilic support layer had better performance.
Furthermore, type B support layer had a larger pore
size than type C and D at nearly the same hydrophi-
licity which caused more water flux for the B type
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TFC membrane than the C and D types TFC mem-
branes at dry conditions.

The water flux of type A membrane formed on a
wet support was 8.98 1/m” h while this value for that
membrane formed on a dry support was 2.87 1/m* h.
This reduction in the water flux can be related to a
decrease in pore size as well as enhancement in the
hydrophilicity effect as the initial condition of support
layer was changed from wet to dry. The results of the
TFC membranes performance showed that the TFC
membrane formed over the dried support layer has
less water and salt permeability than wet conditions.
Kim and Kim [10] reported that increasing the hydro-
philicity of the support layer causes an improvement
in the performance of TFC membrane, which can be
concluded from comparing AD and CD performance
of the TFC membranes.

The common phenomenon which affects the mem-
brane permeability and causes compression of the
membrane structure is mechanical deformation of the
solid polymer under the transmembrane pressure dur-
ing the application of polymeric membranes [14,15].
Tiraferri et al. [15] showed that the diameter, number,
and shape of finger-like macrovoids in the support
layer can change the prepared TFC membrane water
flux. The TFC membranes have support with a dense
skin layer over finger-like macrovoids (e.g. support
membrane type C and D) exhibited lower water flux
than the membranes have support with a porous skin
layer over finger-like macrovoids (e.g. membrane sup-
port layer type B). The macrovoids diameter increased
as PVP was added to the PES support which
decreases the compaction resistance in the type D and
C. On the other hand, PEG increases the number of
macrovoids and decreases their diameter; therefore
the TFC membranes formed on the type B support
layer had a low compaction under the pressure as
showed in Table 4. The separation performance results
of the TFC membranes showed that the AD mem-
brane sample with the lowest shrinkage (3.33%) and
CW samples with highest shrinkage (50.47%) had
about 6.34 and 36.78% reduction in the water flux after
4 h, respectively.
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3.2.2. ATR analysis

The ATR analysis of the TFC polyamide mem-
branes formed at wet and dry conditions is shown in
Fig. 2. The peaks of C=0O stretch, C-N stretch, polyam-
ide aromatic ring breathing, and amide are observed
at wave numbers of 1,660, 1,609, 1,547, and 786 cm ™!,
respectively. The skeletal aliphatic C-C/aromatic
hydrogen bending and aliphatic C-H rocking of poly-
amide appeared at 1,200-900 cm™'. The C=O stretch-
ing of carboxylic acids in the polyamide TFC
membrane spectrum peak clearly appeared at
1,720 cm™!, which presents a pendant carboxylic acid
groups in the polyamide films [13,31]. When the acid
chloride group of an available branch reacts with an
amine group, a totally cross-linked structure of poly-
amide is formed on the support layer. Also, a linear
structure with a pendant carboxylic acid from the
hydrolysis of one acyl chloride group of the trimesoyl
chloride can remain in the polyamide structure
[3,32,33].

In order to investigate the cross-linking of the
polyamide synthesized on different support layers in
wet and dry conditions, the ratio of acid (<COOH)
content in the film at 1,720 cm™ ! relative to the amide
I (-(COONH-) band at 1,660 cm ' was used and the
results are shown in Table 4. Interfacial polymeriza-
tion between MPD and TMC occurs predominantly in
the organic phase due to the relatively low solubility
of TMC in water. If these acid chlorides can react with
more incoming MPD monomers, they will result in a
denser and more cross-linked film with a lower acid
content. In other words, the absorbance ratio of
(-COOH)/(-COONH-) in the polyamide layer film
can represent the degree of cross-linking [13].

Also, the thickness of polyamide layer formed over
the different support layer membranes were estimated
by the intensities of characteristic IR bands of polyam-
ide groups as shown in Table 4. The approximated
film thicknesses based on the absorbance values of the
1,660 cm™! band (amide C-N stretching band) are
between 150nm and 300nm. The maximum
penetration depth at 1,660 cm™"' is about 650 nm for

Table 4

The polyamide layer thickness, shrinkage, and (<COOH)/(-COONH-) ratio of the TFC membranes

Membrane sample AD AW BD BW CD CwW DD DW
Compaction (%) 3.33 22.48 15.44 29.82 32.53 50.47 22.60 27.33
L (um) 283.97 258.4 255 225.37 205.6 236.3 164.14 193.6
(-COOH)/(-COONH-) 0.0833 0.1744 0.214 0.128 0.081 0.138 0.072 0.149
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Fig. 2. ATR-FTIR spectrum of the fabricated TFC polyamide.

ATR-FTIR operation, which is more than polyamide
layer thickness; therefore ATR-FTIR is suitable to esti-
mate an accurate value of film thicknesses in all TFC
membranes.

The variation of film thickness, hydrophilicity, and
cross-linking of polyamide layer can change the water
flux and salt rejection of TFC membrane perfor-
mances. Generally, the water and salt permeability
decreased as the polyamide layer thickness or cross-
linking increased. Also, polymer films with higher
extents of cross-linking tend to be less hydrophilic
due to their limited ability to swell and absorb water
[23]. The CA and (-COOH/-COONH-) ratio results
confirmed this fact. As the thickness and cross-linking
increased simultaneously in the AD TFC membrane,
the water and salt rejection significantly decreased.

In the initial stages of the MPD-TMC polymeriza-
tion, MPD molecules diffuse from the water phase

into the organic side of the interface and react with
the TMC molecules which result in the production of
initial polyamide film with many pendant acid chlo-
rides [31,34]. The adsorbed MPD monomers over the
support layer pore surfaces can react with these acid
chlorides, resulting in a denser and more cross-linked
film [31]. The wet condition of support layer due to
increase pore size and decrease MPD concentration on
the pore is compared with dry conditions which
enhance acid content on the formed TFC membrane
(Table 4). Also, the hydrogen bonding between MPD
and hydrophilic bands of additive limit the diffusion
rate of MPD into the reaction zone. As the reaction
zone is near the surface which can occur in the hydro-
philic support layer, some TMC may diffuse into the
pores or support surface which forms a deep polyam-
ide within the pores creating a longer effective film
thickness for water permeation.
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Fig. 3. AFM images of the TFC membranes: (a) AD, (b) AW, (c) BD, (d) BW, (e) CD, (f) CW, (g) DD, and (h) DW.

3.2.3. Surface characterization

Table 3 and Fig. 3 show the surface roughness
(RMS) and the AFM image of TFC membranes in wet

and dry conditions. It can be seen from the AFM
images that the TFC composite membranes in the wet
condition were smoother than the dry condition and
thus it appears that the wet condition incorporates
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Fig. 4. FESEM images of the surface morphology of the fabricated TFC membranes: (a) AW, (b) AD, (c) BW, (d) BD,
(e) CW, (f) CD, (g) DW, and (h) DD.
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lower roughness to the membrane surface compared
to dry conditions. The surface roughness value of
membranes indicate the highest roughness for the AD
membrane sample and the lowest RMS value for the
CW and DW membranes. The higher roughness for
the membranes formed at dry conditions could be due
to a greater degree of cross-linking.

The FESEM images of the TFC membranes pre-
pared using interfacial polymerization on different
support membranes are shown in Fig. 4. The surface
morphology of the polyamide TFC membranes formed
on the PES support layer without additives in the wet
and dry conditions is shown in Fig. 4(a) and (b),
which also shows the surface morphology of the AW
TFC membrane changes from leaf-like to nodular mor-
phology in the dry condition. In the wet condition, the
formed TFC membranes exhibited more leaf-like folds
on its surface in all types of support membranes. The
DD and CD TFC membranes have approximately the
same surface morphology which appears similar to a
nodule. Also, the DD TFC membrane which has dif-
ferent morphology with other TFC membranes shows
a ridge-and-valley morphology. The hydrophilicity,
pore size, and initial condition of support can affect
the TFC membranes morphology and surface rough-
ness. The hydrophilicity and lager pore size of the
support membrane is due to MPD diffuse into the
pore and produces a smoother surface with leaf-like
morphology which is clearly observed in the BW TFC
membrane. Also, the support layer with small pore
size produced a TFC membrane with nodular mor-
phology, as shown in Fig. 4(f) and (h).

4. Conclusions

The performance results of support PES layers
indicated that the water flux of wet membranes is sig-
nificantly more than dry membranes because of the
higher pore size and porosity of wet membranes.
Besides, the PES support membrane without additives
had the lowest water flux decline and shrinkage from
wet to dry conditions comparing with the PES support
layer with PEG and PVP.

The prepared TFC membranes over PES support
layer show widely varying separation performance,
surface properties, and compaction ability. In dry con-
ditions, the hydrophilicity of the PES support layers is
more effective than pore size on TFC membrane per-
formance. The TFC membrane, was polymerized over
the dry support layer, has a thinner polyamide layer,
less hydrophilicity, rougher polyamide membrane,
and a greater degree of cross-linking. On other hand,
the fabricated TFC membranes over the wet support
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layer had more water flux, lower degree of
cross-linking, and less rough surface. Finally, it can be
concluded that the wet and dry conditions of support
layer had significant effects on the performance and
characterizations of TFC membranes and these param-
eters should be optimized to achieve the desired com-
posite membrane.
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