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ABSTRACT

Nanoporous polyethersulfone (PES) membranes were synthesized using lithium perchlorate (LiCIO,)
as an additive in the casting dope. Membranes were prepared through phase inversion method from
PES/polyethylene glycol (PEG)/LiClO, system using dimethylformamide (DMF) as the primary
solvent and water as secondary solvent. Effect of LiClIO, on the membrane performance was studied
by varying its composition from 0 wt% to 5 wt%. SEM studies indicated that the LiClO, blended
PES membranes possessed dense top surface and finger-like sub-layer. Atomic force microscopy
analysis clearly showed that the addition of LiClO, resulted in nano-structure membranes with small
surface pore size and low surface roughness. Contact angle measurements confirmed the enhanced
hydrophilicity of the composite membranes due to LiClO, inclusion. Pure water flux measurements
demonstrated high flux capabilities of LiClO, blended PES membranes as compared with pristine PES
membrane. Dye rejection performance studies using Congo red, Crystal violet and Methylene blue as
probe molecules, indicated a better dye removal efficiency of the LiClO, incorporated PES membrane.
Fouling analysis in terms of fouling recovery ratio exhibited the better anti-fouling ability of the PES
membranes due to LiClO, incorporation. Analysis on the obtained result showed that the 3 wt% LiCIO,
blended PES membrane possessed desirable characteristics among the synthesized PES/PEG/LiClO,
membrane series.
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1. Introduction

Increased demand for textile products has resulted
in tremendous growth of textile industries in India, espe-
cially in the last two decades. These industries produce
a large amount of dye polluted wastewater which has to
be effectively treated for safe discharge of the effluent.
Membrane separation is a more promising technology to
handle this issue with several advantages as compared with
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other conventional processes [1]. These advantages include
low investment, compact nature, low energy consump-
tion, room temperature operation and less pollution [2,3].
Polyethersulfone (PES) is one of the best starting materials for
polymeric membrane preparation for water and wastewater
treatment [4]. PES has many merits such as high chemical
resistance, wide range of pH tolerance, desirable mechani-
cal properties and ease of fabrication. PES has been used in
preparation of asymmetric ultrafiltration and nanofiltration
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membranes with different pore sizes and varying surface
geometry [5,6]. However, PES based membranes often suf-
fer from membrane fouling, when applied to water and
wastewater treatment, due to its high hydrophobic nature
[7]. Consequently, modification of PES membrane is a vital
step to improve its hydrophilic ability and thereby the
anti-fouling property of the membrane.

Inclusion of a hydrophilic additive to the casing solution
of the membrane system is a simple and effective method of
producing hydrophilic membranes with better anti-fouling
ability [8,9]. It has been reported that inclusion of inorganic
oxides/salts to PES membrane enhances the hydrophilicity of
the resulting PES blend system [10-12]. These additives create
a desirable membrane structure by preventing macrovoids
establishment, enhancing pore formation, extending pore
interconnectivity and introducing hydrophilicity [13]. The
enhanced anti-fouling effect of the resulting composite PES
membranes may be ascribed to the functional groups as well
as the hydrophilic characteristics of the inorganic particles
[14]. Studies also indicate that inclusion of small amounts of
hydrophilic polymeric molecules such as polyethylene glycol
(PEG), polyacrylic acid, polyvinylpyrrolidone and polyvinyl
alcohol to the casting dope ensures the uniform dispersion of
the inorganic modifier throughout the PES membrane matrix
as well as increase the modifier’s binding strength to the main
polymer chain [15-18]. In addition, these polymeric additives
greatly regulate the pore formation mechanism, thus
impacting the morphology of the resulting blend membranes
[19]. Among various polymeric additives mixed with PES
membranes, PEG is of special interest. In addition to uniform
particle dispersion, PEG increases the cast solution viscosity
and thus enhances better pore interconnectivity when added
in the optimum amount [19,20]. Also, the polyanionic nature
of PEG molecule helps in strong binding of the inorganic
additives (especially metals) to PES matrix [21].

Lithium salts have been used as an effective inorganic
additive for the polymeric membranes resulting in high flux
and enhanced rejection [22-24]. Incorporation of lithium bro-
mide (LiBr) in PES matrix with PEG as pore regulator increased
the separation performance of the membrane. Addition of LiBr
up to 2 wt% to PES increased the water permeation and pro-
tein rejection as compared with lithium chloride and lithium
fluoride [22]. Inclusion of LiClO, to polyvinylidene fluoride
(PVDF) using dimethylacetamide (DMAC) as the solvent pro-
duced membranes with uniform pore distribution, resulting
in high gas permeation fluxes [23]. Similarly surface modifica-
tion of PVDF using LiClO, as the additive and DMF as the sol-
vent resulted in membranes with increased number of smaller

Table 1
Composition and AFM characterization results of membranes
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pores (in several nanometers) ensuring high permeation
fluxes and better solute rejections [24].

The main objective of the present study is to modify
PES with LiClO, to develop novel hydrophilic nanoporous
membranes with better anti-fouling properties. A fixed
amount of low molecular weight PEG (PEG200) is to be
used as the binding agent for the LiClO, modifier and also
as a pore regulator. The concentration of LiClO, was varied
in the casting dope to study its effect in the performance
of the membranes. Morphology and structural analysis of
the pure and blended membranes were examined using
scanning electron microscopy and atomic force microscopy
techniques. Membrane properties such as equilibrium water
content, hydrophilicity and pure water flux were evaluated
for the pristine and composite PES membranes. Dye rejection
capacity of the neat and blended PES membranes was ana-
lyzed using in-house dye solutions. Fouling analysis for all
the prepared membranes was done through flux recovery
ratio method. The obtained results for the characterization
and performance analysis of the composite membranes were
compared with the features of the pristine PES membrane.

2. Materials and methods
2.1. Materials

Polyethersulfone (PES, Veradel 3200P) in powder form
was supplied by Solvay Specialities India Pvt. Ltd. (India)
and it was dried at 120°C for 8 h before being used. Lithium
perchlorate (99.99%) was acquired from Sigma-Aldrich Ltd.
(India). N,N-dimethylformamide (DME, 99%) solvent and
polyethylene glycol (M, = 200) were obtained from SRL
Chemicals Ltd. (India). Dyes such as Congo red (M, = 696.7),
Crystal violet (M, =407.9) and Methylene blue (M =319.9) in
powder form were obtained from local dyeing industries at
Tirupur, Tamil Nadu (India) as gift samples. The molecular
structures of all the dyes are presented in Table Al. Freshly
prepared deionized water was employed for the preparation
of gelation bath, dye solution preparation and membrane
storage. All the reagents used in the study were of analytical
grade and were applied as such in the experimental methods.

2.2. Membrane preparation

Asymmetric PES ultrafiltration membrane was prepared
via wet phase inversion method [25] using casting solution
containing PES, PEG200 and LiCIO, in DMF as solvent. The
composition of the various membranes prepared is shown
in Table 1. Preparation of the homogenous casting dope was

Membrane ID Membrane composition (wt %) Average pore  Surface Roughness (nm)

PES PEG LiCIO,  Solvent (DMF) size (nm) porosity (%) s S, S,
MO 18 0 0 82 21.8 15.4 19.8 24.6 193
M1 18 2 80 17.5 19.5 21.3 26.8 210
M2 18 2 1 79 25.6 249 28.3 33.8 329
M3 18 2 3 77 31.5 29.2 31.2 38.2 385
M4 18 2 5 75 85.7 40.8 56.4 65.1 491
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done by simultaneous mixing of all components in DMF
solvent through mechanical stirring for 8 h at room tempera-
ture. The solution was then allowed to stand for 2 h to remove
any air bubbles formed during mixing. Subsequently, the
solution was casted on a clean glass plate to a thickness of
200 um using a self-made film applicator. This spread film
was immediately admitted to the non-solvent water bath
at room temperature without any evaporation, to induce
wet phase inversion. After the displacement of the primary
solvent and membrane formation, the membranes were
moved to fresh water bath for 24 h to ensure complete phase
inversion. The prepared membrane sheet was then stored in
deionized water till usage.

2.3. Membrane characterization

Morphology of the top surface and the cross section of the
prepared membranes was investigated by scanning electron
microscopy (SEM) (Evo-18, Carl Zeiss, USA). The membrane
sample was cut into small pieces, dried using a filter paper,
snapped in liquid nitrogen (for 30 s) and sputtered with gold
before obtaining the SEM micrographs.

Surface roughness of the synthesized membranes was
measured by atomic force microscopy (AFM) (SPM CP-II,
Veeco Co., USA). Samples were cut into rectangular pieces of
10 mm by 10 mm and areas of 1 um x 1 um of each sample
was analyzed by tapping mode. Mean pore size of the mem-
brane surfaces was estimated from the AFM topographic
images using SPIP software (version 6.7.3).

Hydrophilicity of the pristine and composite membranes
surface was measured in terms of water contact angle. The
static contact angle on the membrane surface was obtained
using a goniometer (DGX Digidrop, France). The contact
angle of each membrane was evaluated by averaging the
static contact angles measured at four different positions on
the membrane sample’s surface.

Equilibrium water content (EWC) of the prepared
membranes was calculated by observing the water uptake
capacity of the respective membrane sample. Rectangular
cut of membrane sample (30 mm by 50 mm) was soaked in
deionized water for 24 h. The wet weight of the membrane
sample was then measured. Subsequently the wet sam-
ple was placed in a vacuum oven at 80°C for 24 h. The dry
weight of the membrane sample was then weighed until the
weight became constant. EWC of the membrane sample was
calculated using Eq. (1), where W (kg) and W, (kg) are the
wet and dry membrane weights, respectively, as given below:

EWC = (Ww_wd]x 100 1)
W,

d

2.4. Permeation and separation performance

Permeation and separation properties of membranes were
examined in a dead-end stirred cell filtration system. The
stirred cell (Amicon, Model 8400, Millipore, USA) houses flat
sheet membrane pieces with an effective area of 45.6 cm? The
feed side of the stirred cell was pressurized using nitrogen
gas. The schematic representation of the set-up is shown in

(2)

() m )

(1) - Nitrogen cylinder
(4) - Feed inlet
(7) - Permeate reservoir

(2) - Pressure transducer (3) - Ultrafiltration test cell
(5) - Membrane (6) - Magnetic stirrer

Fig. 1. Schematic representation of the dead-end filtration unit.

Fig. 1. Distilled water and dye solutions were used as feed
for evaluation of membrane performance. All membranes
were compacted for 2 h at 414 kPa to obtain steady-state flow.
Pure water flux (] ) as well as the dye permeate flux (J, /o
J\) Of all the membranes was measured at a transmembrane
pressure of 414 kPa using Eq. (2) as given below:

Q

I=an @

where | (L m?h™) is the permeate flux, Q (L) is the volume of
sample collected; A (m?) is the effective membrane area and
At (h) is the sampling time.

Dye rejection efficiencies of the prepared membranes
were estimated using Congo red, Crystal violet and
Methylene blue solutions as probe molecules. The feed
concentration for all dye solutions was taken as 0.1 g L.
Dye permeate was collected over defined time intervals in
graduated tubes and the tube contents were analyzed for dye
concentration. Solute rejection percentage (%SR) was calcu-
lated using Eq. (3) as follows:

o CP
% SR = —C—/ x100 3)

where C, and C, are the dye concentrations (g L) in the
permeate and feed streams, respectively. The dye concentration
in feed and permeate streams for all the dye solution
rejection tests was measured using a Ultraviolet—visible
spectrophotometer (UV-3600, Shimadzu Corp., USA) at their
respective peak absorption bands as specified in Table Al.

2.5. Fouling analysis

Fouling analysis for the pure and blend membranes was
carried out in the same setup used for the water flux and rejec-
tion tests. One “dye-cycle run’ for a given membrane consists
of 8 h of continuous dye solution filtration, followed with
cleaning of the membrane for 30 min in distilled water and
2 h of pure water permeation through it. After five dye-cycle
runs, the pure water flux of the fouled membrane (J ) was
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estimated and the flux recovery ratio was calculated using
Eq. (4). All experiments were performed at a transmembrane
pressure of 414 kPa.

Flux recovery ratio = []wf] x100 4)

w

Membrane fouling can be quantified by the resistance to
mass transport across the membrane. For a fouled membrane,
the resistance is due to the intrinsic membrane resistance (R )
as well as the fouling resistance (Rf). In general, the permeate
flux (J), through the membrane, may be described by Darcy’s
law as given in Eq. (5) [26] as follows:

_ AP

=k 5)

where AP, 1 and R, are the transmembrane pressure (Pa),
viscosity of the permeate (Pa s) and total resistance for mass
transport across the membrane (m™), respectively. The intrin-
sic membrane resistance of the membrane (R ) is commonly
obtained from initial pure water flux study (conducted on a
fresh membrane) and is calculated using Eq. (6) as given below:

AP

R =—"—
/),

m

(6)

Fouling resistance (R) caused by pore plugging and
irreversible adsorption of foulants on membrane pore wall is
calculated using Eq. (7) as given below:

AP
R, =|—[-R
/ (n]wf] " (7)

Normally, the total resistance (R,) for mass transport
includes the inherent hydraulic resistance of the membrane
(R,) and the resistance due to fouling (R).

3. Results and discussions

Addition of PEG to PES polymer chain influences the
pore formation during immersion precipitation process
owing to strong hydration and large excluded volume in
aqueous systems [27]. In order to prevent the strong effect of
PEG on pore size, a light molecular weight variant of 200 Da
at a low concentration of 2 wt% was included to the cast-
ing dope. This 2 wt% of PEG200 was reported to result in
desirable and optimum pore sizes by related research works
[22,27,28]. Hence in the current study, a 2 wt% of PEG200
was added as fixed amount to the casting dope. The effect of
LiClO, on various membrane attributes of PES/PEG200 blend
is discussed in the below section.

3.1. Scanning electron microscopy studies

SEM images of the top surface and cross sections of pure
and blend membranesareshowninFigs.2and 3. Allmembranes

exhibited asymmetric structure and consisted of a skin layer
and support layer. Visual comparison of the surface SEM
images of the membranes, as shown in Fig. 2 (and Fig. S1),
clearly indicated the formation of high nanoporous membrane
with large number of surface nanopores due to the addition of
PEG200 and LiClO,. This was due to the enhanced interfacial
tension between the two immiscible phases and reduced mass
transfer rate of the primary solvent at the surface which was
caused by the LiClO, addition. However, there was a slight
increase in pore size when the concentration of LiClO, was
increased from 3 wt% to 5 wt%. Enlargement in surface pore
size is due to agglomeration effect of the inorganic modifier
which was preferentially leached out during the phase inver-
sion resulting in larger pore size. Cross-section SEM images of
the membranes, as presented in Fig. 3 (and Fig. S2), exhibit the
typical asymmetric structure and the formation of finger-like
sub-layer due to LiClO, addition. Inclusion of LiCIO, increased
the length of microvoids and made the pore wall wider up to
3 wt %. This can be explained by the hydrophilic nature of the
LiCIO, which caused a faster solvent (DMF) and non-solvent
(water) exchange during the phase inversion, resulting in
broader finger-like channels with enhanced porosity. Increase
of modifier concentration from 3 wt% to 5 wt% resulted in the
collapse of the finger-like sub-layer. This was due to the dom-
inant viscous effect (than the hydrophilic effect) of the high
concentrations of LiClO, in the casting dope. This hindered the
polymer demixing rate during membrane formation resulting
in spongy support layer. The skin layer thickness of M5 mem-
brane (5 wt% LiClO,) was also very dense as compared with
other membranes. This was again due to the delayed demix-
ing of the solvent and non-solvent resulting in membrane
densification.

3.2. Atomic force microscopy studies

Average pore size of prepared membrane surfaces were
obtained from AFM images using SPIP software. Surface
pore analysis was done using the height profile study of two
dimensional AFM image obtained over 1um x Ium area of
each membrane (as shown in Fig. 4 [and Fig. S3]) and the
average values are reported in Table 1. The obtained values
clearly indicated that membranes with nano-sized pores were
obtained. A small decrease in pore size was observed in M1
membrane due to the pore constriction effect of PEG200.
Similar results have been reported by other researchers [22,28].
Increase in pore size from M2 to M4 membranes indicated
the pore dilation effect of the LiCIO, inclusion in the casting
dope. Addition of LiClO, caused interfacial stresses between
polymer and modifier which was released by the formation of
larger nanopores due to the shrinkage of organic phase during
the demixing process. Also, a drastic increase in the pore size
was seen when LiClO, concentration was increased from
3 wt% (M3) to 5 wt% (M4). Porosities of the prepared mem-
branes were measured through AFM images using the tech-
nique described elsewhere [29]. Increase in surface porosity
could be ascribed due to the increase in the number of pores as
well as increase in the pore size. The former effect was primar-
ily visualized up to 3 wt% of LiClO, while the latter effect was
predominant for LiClO, concentration above 3 wt%.

Surface roughness parameters of the membranes in
terms of the mean roughness (S,), the root mean square of
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EHT = 15.00 kV
WD =120 mm

Signal A = SE1
Mag = 12.00 KX

EHT=1500 kv
WD =12.0 mm

Signal A = SE1
Mag = 12,00 KX

Fig. 2. Surface SEM images of the membranes.

the surface roughness (S ) and the mean difference between
the highest peaks and lowest valleys (S) were calculated
from AFM images. As shown in Table 1, addition of PEG and
LiClO, to PES matrix, increased the surface roughness of the
resulting membranes. However the magnitude of roughness
increase in the blend membrane was very less as compared
with surface roughness of pristine PES membrane, indicating
the chances of minimal reversible fouling effect in the modi-
fied PES membranes.

3.3. Hydrophilicity, equilibrium water content and pure
water flux studies

Surface hydrophilicity studies are usually carried out by
contact angle measurements [30]. Low contact angle value of
a membrane surface indicates the pronounced hydrophilic-
ity in the membrane. As shown in Table 2, contact angles of
the membrane surface got decreased with increase in LiCIO,
concentration. Decrease in the contact angle clearly demon-
strated that a more hydrophilic surface was obtained due to
LiClO, addition. Attachment of the polar functional groups

EHT = 15,00 kV
WD =120mm

&
Signal A = SE1
Mag= 1200 KX

EHT =15.00 kv
WD =12.0 mm

Signal A= SE1
Mag = 12.00 KX

to the active sites of LiClO, molecules was seen as a plausible
cause for increase in surface wettability. It has been reported
that the membrane surfaces with enriched wettability would
reduce membrane fouling to a larger extent [31]. Hence the
prepared LiClO, blend membranes are expected to have
better anti-fouling abilities than the pristine PES membrane.

EWC studies showed a considerable rise in water uptake
capacity from 38.4% of the pristine PES membrane to a
maximum of 59.2% for the LiClO, doped PES membrane.
This indicated the dominant hydrophilic effect of LiClO,
which enhanced the porous nature in the composite PES
membranes. As evident from SEM images, the large size
macrovoids present in the support layer of the lithium
blend membranes attributed for the increased water uptake.
However the EWC of the PES/PEG/LiClO, blend membranes
had a sluggish increase when the LiClO, concentration
was varied from 3 wt% to 5 wt%. This was mainly because
of the collapse of the finger-like sub-layer and the forma-
tion of spongy support layer due to the delayed liquid -
liquid demixing. In general, the EWC for all LiClO, blend
membranes was higher than the pristine PES membrane.
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Signal A= SE1
Mag= 3.00KX

EHT = 15.00 kv'
WD=120mm

Signal A = SE1
Mag= 3.00KX

Fig. 3. Cross-section SEM images of the membranes.

Fig. 4. Surface AFM images of the membranes

The moderate increase in the EWC of the LiClO, doped PES
membranes was an indication of possible high permeate flux
through them without substantial loss on their mechanical
strength, as very high water uptake can lead to the loss of
mechanical stability.

Signal A = SE1
Mag= 3.00KX

EHT = 15.00 kv
WD =120 mm

Signal A = SE1
Mag= 3.00KX

Pure water fluxes for different prepared membranes
are depicted in Fig. 5. All of the modified PES membranes
recorded higher water flux as compared with unmodified
PES membrane. Maximum pure water flux of 219.3 Lm=?h!
was recorded by the M3 (3 wt% LiClO,) membrane which
was nearly five times as high as the water flux of pure PES
membrane. Increase in water flux with incremental amounts
of LiClO, was observed till 3 wt% concentration. This could
be explained by the pronounced hydrophilic effect of
LiClO, which resulted in slightly larger surface pores and
well-connected sub-layer. However, when the concentration
of LiClO, was more than 3 wt%, a decrease in water flux
was noted. This was due to the densification of the skin
layer and collapse of the finger-like support layer in spite
of the hydrophilic effect of the LiClO,. Results obtained for
pure water flux studies were in good agreement with the
inferences made from SEM analysis.

3.4. Dye rejection performance

Rejection characteristics of an asymmetric membrane are
controlled by various phenomena associated with active skin
layer [2]. Compacted pure and blend membranes were sub-
jected to dye removal studies using Congo red (CR), Crystal
violet (CV) and Methylene blue (MB) as test samples. The
obtained results are presented in Figs. 6 and 7. As shown
in Fig. 6, the dye rejection obtained by M3 membrane with
3 wt% LiClO, was highest among the synthesized membrane
series. Though the smallest surface pore sizes were observed
for MO and M1 membranes (pure PES and PES/PEG200
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Contact angle, equilibrium water content and fouling recovery ratio of membranes

Membrane ID Contact angle (°) Equilibrium water ~ Fouling recovery ratio (%)
content (%) Congo red Crystal violet Methylene blue
MO 55.8 38.4 75.1 79.3 81.4
M1 50.9 47.3 79.3 82.9 84.6
M2 45.8 51.1 88.1 90.5 93.4
M3 39.6 57.5 91.7 93.3 94.7
M4 36.2 59.2 86.5 89.8 93.0
240 180
] —=— Congo red
160 - —e— Crystal violet
200 —A— Methylene blue|
PR ¥ 7 140
= 160 o
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Fig. 5. Pure water flux of unmodified and modified PES
membranes.

100 4 B Congo red [ Crystal violet [l Methylene blue|

80+

60

40

Dye Rejection (%)

204

MO M1 M2 M3 M4
Membrane ID

Fig. 6. Dye rejection efficiencies of PES, PES/PEG and PES/PEG/
LiClIO, membranes.

membrane), the dye rejection ability of all of the LiClO,
doped membranes were higher. Adsorption of dye molecules
on the active sites of LiClO, particles present on the surface
was a secondary factor, in addition to size exclusion, for the
better dye rejection efficiencies of LiClO, blend membranes.
Similar results for dye adsorption capacity of lithium salts
have already been reported [32,33]. Uniform distribution and
non-agglomeration of the LiClO, particles in M3 membrane
contributed for its superior dye separation efficiencies. Dye
rejection efficiencies followed the order of CR > CV > MB.
Among the various dyes used, CR dye recorded the highest

T
Mo M1 M2 M3 M4
Membrane ID

Fig. 7. Dye permeate fluxes of PES, PES/PEG and PES/PEG/
LiClIO, membranes.

dye rejection of around 90% while the other dyes had a rejec-
tion efficiency of less than 90%. This observation could be
used to infer that the molecular weight cut-off for the LiClO,
blend membranes to be 700. Steric hindrance and adsorption
were identified as the major separation phenomena for the
PES/PEG200/LiClO, blend membrane systems.

Steady-state permeate fluxes obtained for the dye rejec-
tion studies are presented in Fig. 7. Variation of dye fluxes
obtained for the prepared membranes were similar to their
respective pure water flux trend. Dye fluxes followed the
order of MB > CV > CR for all membranes, which was the
reverse of the rejection efficiency pattern. All of the LiClO,
blend membranes had an improved solute flux than the
pristine PES and PES/PEG (0% LiClO,) membrane. Addition
of hydrophilic LiClIO, produced loose polymer entangle-
ments resulting in higher porosity and thereby high fluxes.
Consequently, the solute molecules were able to permeate
more easily through the membrane. Also, the hydrophobic
tail of the dyes interacted with the membranes while the
hydrophilic head was still available which resulted in the
high permeate flux for the LiClO, blend membranes. Highest
dye permeate fluxes was recorded for the M3 membrane for
all the dye solutions studied.

3.5. Fouling analysis

Fouling recovery ratio (FRR) of various dyes for all of
the prepared membranes were estimated and the results are
presented in Table 2. FRR can be viewed as the recycling
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ability of a membrane. High value of FRR denotes a better
anti-fouling nature of the membrane and hence an extended
durability of usage for the membrane. Obtained results
clearly indicated that all of the membranes containing
LiClO, possessed higher FRR as compared with membranes
in which LiClO, was absent. High FRR values for LiClO,
doped membranes can be explained through the concept
of surface pore size and hydrophilicity of the membranes.
Nano-size surface pore sites with size less than molecular
diameter of the dye molecules prevented them from enter-
ing the membrane and thereby reduced the pore block-
age. On the other hand, improved surface hydrophilicity
decreased the dye molecule bondage on the surface as well
as within the pore wall. Both these effects were compara-
tively strong for 3 wt% LiCIO, membrane while for other
prepared membranes one of these effects was less pro-
nounced. Thus, M3 membrane had the highest FRR for all
the dyes employed in the fouling studies. As seen in Table
2, for any given membrane, the FRR of MB dye was better
than the FRR of CV dye and CR dye due to less retention
of MB dye by the membrane as compared with CV and CR
dye retentions.

Fig. 8 illustrates the intrinsic membrane resistance (R, )
and the fouling resistances due to various dyes (R, R,
and R, ) for each of the prepared membrane. M3 membrane
with 3 wt% LiClO, possessed the lowest R value as well as
lowest dye fouling resistances of R, R;, and R, among
the synthesized membrane series. From the obtained resis-
tance values, it was understood that the intrinsic membrane
resistance (R ) was the controlling factor of mass transport
for membranes devoided of LiClO, (M0 and M1 membranes),
while for LiClO, incorporated membranes, both intrinsic
membrane resistance as well as the respective dye fouling
resistances decided the mass transport of the dye across the
membrane. For LiClO, doped membranes M2, M3 and M4,
the high value of R, as compared with their respective R is
due to maximum retention of CR dye as compared with M1
and M2 membranes. The retention was induced by the pore
size as well the dye adsorption on the added LiClO, modifier.

Analyzing the results of the membrane characterizations,
dye rejections and fouling studies, it was clear that the 3 wt%
LiCIO, composite membrane possessed better separation and

40 4

w
o
1

N
o
1

. . -1
Various membrane resistance (m™)
S
1

Mo M1 M2 M3 M4

Membrane ID

Fig. 8. Filtration resistances of the prepared membranes.

anti-fouling properties in comparison with the other synthe-
sized membranes.

4. Conclusion

High performance nanoporous PES membranes modified
with fixed amount of polyethylene glycol (PEG200) and vary-
ing amounts of lithium perchlorate (LiClO,) were reported
for the first time. Prepared membranes were characterized for
membrane morphology, surface hydrophilicity, water uptake,
porosity, pure water flux, dye rejections and fouling analy-
sis. SEM studies confirmed that inclusion of LiClO, resulted
in large number of surface pores with well-connected fin-
ger-like sub-layer. AFM studies on the prepared membranes
confirmed the formation of nano-size surface pores due to
LiClO, addition to PES. Moderate increase in surface poros-
ity and low increase in surface roughness with incremental
amount of LiClO, was reported in composite membranes.
Contact angle and water uptake measurements proved that
the LiClO, addition enhanced the hydrophilicity of result-
ing PES membranes. Performance analysis showed that the
pure water flux of the LiClO, blend membranes was greatly
enhanced to a maximum of five times as compared with
pristine PES membrane. Dye rejection studies using several
in-house dye solutions clearly exhibited the elevated rejection
capacity of the LiClO, blend membranes. Steric hindrance
and adsorption were identified as the dominant separation
mechanisms in the prepared LiClO, mixed PES membranes.
Fouling analysis indicated the excellent anti-fouling abil-
ity of the LiClO, doped PES membranes as compared with
pure PES membrane. A close analysis on the obtained results
revealed the better membrane characteristics of 3 wt% LiClO,
membrane among the synthesized series of the composite PES
membranes. Mass transport modeling along with detailed
study of adsorption kinetics for the prepared membranes is a
potential scope for future work. Performance of the prepared
LiClO, incorporated PES membranes towards real-time
industrial effluent treatment is to be subsequently carried
out as an extension of the current research work. Thus PES/
PEG200/LiClO, composite membrane seems to be a prom-
ising candidate for treatment of dye polluted wastewater,
ensuring high fluxes and improved rejection rates.

Symbols

Molecular weight

— Mean surface roughness

Root mean square of surface roughness

— Mean difference between the highest
peaks and lowest valleys

— Weight of dry membrane

— Weight of wet membrane

— Permeate flux

— Pure water flux (fresh membrane)

— Congo red dye permeate flux

— Crystal violet dye permeate flux

— Methylene blue dye permeate flux

Permeate volume through the membrane

— Effective surface area of the membrane

Sampling time

— Solute (dye) concentration in the permeate
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G — Solute (dye) concentration in the feed

o — Pure water flux through the fouled
membrane

AP — Transmembrane pressure

1 — Dynamic viscosity of permeate

R, — Total resistance for mass transport across
the membrane

R, — Intrinsic membrane resistance

R, — Fouling resistance of the membrane

R, — Congo red dye fouling resistance of the
membrane

Ry — Crystal violet dye fouling resistance of the
membrane

Row — Methylene blue dye fouling resistance of
the membrane

wt% — Weight percentage
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Appendix
Table A1l
Chemical structure and maximum absorption wavelength of dyes
Dye Maximum absorption wavelength (nm) Chemical structure
Congo red 495 NH, NH,
OO0
O:?:O O:?:o
ONa ONa
Crystal violet 590 Hac\rtrCHg
O
HSC\II\I O O 'I\I,CHa
CH3 CH3
Orange II 486 o
S-ONa
e
N=N
’
Methylene blue 665 HsC N CHg3
N
P jij[* “Z PN
HsC™ N S N" >CHs
H H

EHT = 15.00 kV Signal A = SE1 iyt VIT
GRIVEESITY
WD =12.0 mm Mag = 12.00 K X i

Fig. S1. Surface SEM image of M2 membrane.
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EHT = 15.00 kv Signal A = SE1
WD =12.0 mm Mag= 3.00 KX

Fig. S2. Cross-section SEM image of M2 membrane.

Fig. S3. Surface AFM image of M2 membrane.



