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This work explores the applicability of clay-polyelectrolyte based hybrid thin films to develop fouling
resistant membrane surfaces for wastewater treatment applications. Clay nanoplatelets were layered on
a commercial polyethersulfone membrane in conjunction with two oppositely charged polyelectrolytes
via the aqueous-based layer-by-layer (LbL) assembly technique. These hybrid nanostructured mem-
branes showed a high degree of fouling resistance as compared to other commercial membranes and the
pure polyelectrolyte multilayer (PEM) membranes, when tested against an electrocoagulation-treated
high strength wastewater. With the deposition of just 2.25 quadlayers, the clay-PEM (c-PEM) membranes
demonstrated good anti-fouling properties. On crosslinking the polyelectrolytes, the c-PEM hybrid
membranes showed higher reduction in the chemical oxygen demand (COD) value and enhanced fouling
resistance as compared to their uncrosslinked counterparts, the pure PEM membranes (both uncross
linked and crosslinked) and the bare membrane. However, the high fouling resistance of the c-PEM
membranes was attained at the cost of compromising the high initial flux value of the underlying
membrane. Several possible optimization strategies have therefore been suggested in this paper, which
can potentially increase the flux of the modified membranes. This work, for the first time, demonstrated
an attempt to evaluate the performance of clay-polyelectrolyte nanocomposite membranes against a real

wastewater effluent.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The shortage of drinkable water has been one of the most
pressing issues of the 21st century. The worldwide depletion in
fresh water resources has created the need to purify other sources
of water (like sea water) which are present in huge abundance.
While desalination has grown to be a big area, the recycling and
reuse of wastewater has also gained considerable attention. Var-
ious membrane based processes like ultrafiltration (UF), nanofil-
tration (NF) and reverse osmosis (RO) have been proposed and
used for treating many different types of water sources [1-3].
While membrane technology has witnessed tremendous devel-
opment over the past few decades, its application in many cases is
still challenged by the issue of membrane fouling. Fouling ac-
counts for a significant flux decline over a period of time that leads
to higher pressure requirements as well as higher costs involved in
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membrane cleaning, replacement etc. Several research efforts have
been directed towards mitigating membrane fouling like in-
troducing changes in the process [4], bulk modification [5] and
surface modification [6,7]. Surface modification techniques have
garnered considerable interest among researchers because of
economical merits and ease of processing. In this work, layer-by-
layer (LbL) assembly was explored as the surface modification
process. It is a thin film deposition technique which involves the
layering of polyelectrolytes [colloidal particles/nanomaterials via
secondary molecular interactions like ionic attraction, hydrogen
bonding, hydrophobic-hydrophobic interaction etc. [8]. LbL pro-
vides an effective way to tune the surface by manipulation of a
number of parameters in order to satisfy the application require-
ments [9]. It is of general consensus that changing the physico-
chemical properties of the membrane surface like increasing the
hydrophilicity and surface charge help in reducing the fouling
propensity of that membrane [10]. Polyelectrolyte multilayer
(PEM) membranes fabricated by the LbL assembly of polyelec-
trolytes on commercial membrane surfaces, therefore can well
satisfy the criteria for being an effective modification process re-
lated to water treatment applications.
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PEM membranes have been widely applied as high flux alter-
natives to commercial salt rejection membranes and have shown
their potential in removing many different types of ions [11-15].
However, most of these studies were confined to some simple ion-
rejection tests. While most of these studies have focused on the
aspects of ion rejection and ion selectivity, only a couple of studies
were done on real wastewater effluents [16,17]. Very recently we
published our work on extending the application of PEM mem-
branes to electrocoagulation-treated high-strength wastewater
effluent [18]. This work showed that PEM membranes are capable
of reducing the chemical oxygen demand (COD) value of the ef-
fluent to the same level as commercial RO membranes but with
much higher flux values. These membranes also exhibited superior
anti-fouling properties than commercial membranes, when tested
under dead end conditions. In this work, we focus on evaluating
the anti-fouling property of these membranes with a similar ef-
fluent under cross flow conditions.

In addition to the PEM membranes, the effect of introducing
nanomaterials within the LbL films was also studied. In previous
studies, nanomaterials like graphene [19,20], carbon nanotubes
[21,22] and clay [23-26] have been applied to fabricate or modify
membranes. Among the many different nanomaterials, clay is ea-
sily dispersible in water and therefore can be incorporated within
the LbL assembly without any additional functionalization. It is
cheap, easily available and imparts hydrophilicity to the surface. It
therefore suits the requirement of a typical surface modifier which
can be used for developing large scale anti-fouling membranes.
The use of clay within PEM films has been studied in great details
by Grunlan et al., to fabricate gas barrier films [27-29]. The in-
troduction of clay increased the tortuosity of the gas under con-
sideration [30, 31]. The application of the clay-PEM hybrid films to
water treatment membranes, has been comparatively rare. A
couple of studies reported depositing such films on UF membrane
surfaces to develop ion-rejecting membranes. Jungkyu et al., used
these hybrid films for salt rejection and the incorporation of clay
nanoplatelets rendered the membrane more chlorine resistant
[23]. Very recently, Kovacs et al. also worked on the spray as-
sembly of clay-polyelectrolyte quadlayers on polyethersulfone
membranes for fabricating desalination membranes with higher
flux than commercial RO membranes, albeit with equal salt re-
jection [24,25,30]. In fact, their work encompassed the tuning of
several factors to optimize the hybrid film structure as selective
layers for ion rejection and provides an excellent methodology to
identify the best suited system. However, the films developed by
them were only tested with a certain ion and under dead end
conditions which represent markedly different conditions than
testing a real effluent under tangential flow conditions. So far,
these clay-PEM modified membranes have not been used with any
wastewater effluent and thereby not evaluated based on their anti-
fouling property. However, Hang et al., developed a composite
clay-PES membrane whereby they attained higher fouling re-
sistance with the addition of clay [26]. With this background, we
believed it would be interesting to co-deposit clay nanoplatelets
with polyelectrolytes using LbL and evaluate the performance of
the modified membranes against the wastewater effluent.

In this work, the effluent from an Anaerobic Digestion (AD)
reactor was fed to an electrocoagulation (EC) unit. The EC step
served as a pretreatment stage for the membrane separation
process. Based on our knowledge about the nature of this effluent,
as reported in our previous publication [18], it contains humic
compounds which are responsible for the organic fouling. To
counter the fouling propensity of commercially available mem-
branes, a polyethersulfone membrane was chosen as the substrate
for the deposition of PEM films and clay-PEM nanocomposite
films. While the main focus of this work was evaluating the flux
and fouling behavior of the modified membranes, we have also

shown some results related to the COD removal capability of these
membranes. Poly allylamine hydrochloride (PAH) and poly acrylic
acid (PAA) were chosen as the polyelectrolytes and montmor-
illonite (MMT), as a member of the smectite group of clay mi-
nerals, was used to further modify the PEM membranes.

2. Experimental section
2.1. Materials

Poly (allylamine hydrochloride) (MW 900,000) and poly (ac-
rylic acid sodium salt) (MW 15,000, 35 wt% in water) were pro-
cured from Sigma Aldrich. Sodium-Montmorillonite (MMT-Na*)
clay (commercial name: Cloisite-Na*) was obtained from BYK
Additives Inc. (Gonzales, TX). 2-(N-Morpholino) ethanesulfonic
acid (MES) Buffer was also purchased from Sigma Aldrich. N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
was purchased from Fisher Scientific. The commercial membranes
NF 270 and BW 30 were purchased from Dow Filmtec (Midland,
MI). The polyethersulfone membranes (MWCO 10,000 UE-10, Tri
Sep) were provided by Sterlitech (Kent, WA). All aqueous solutions
were prepared using deionized (DI) water ( > 18.2 MQ) supplied
by a Barnstead Nanopure Diamond-UV purification unit equipped
with a UV source and a final 0.2 um filter. Unless specified other-
wise all procedures were carried out at room temperature.

2.2. Cross-flow filtration process setup

A CF 042 cross flow unit (Sterlitech, Kent, WA) with an effective
surface area of 42 cm? was employed as the membrane module.
The cross flow module has a rectangular geometry, the flow
channel being 3.62" in length, 1.8” in width and 0.09” in depth. A
positive displacement pump (Hydra-cell M03, Wanner Engineer-
ing, Minneapolis, MN) was used to deliver the feed from a conical
5-gallon feed tank. A variable speed drive (Emerson, St Louis, MO)
was attached to the pump which controlled its speed. A part of the
feed stream was directed back to the feed tank via a bypass valve.
A back-pressure regulator was used to control the transmembrane
pressure across the membrane module. The retentate stream was
recycled back to the feed tank and its flow rate was measured by a
Site Read Panel Mount Flowmeter (Blue-White, Huntington Beach,
CA). The permeate stream was also recycled back to the feed tank.
The temperature of the solution inside the feed tank was main-
tained at room temperature by a digital chiller (Polysciences,
Warrington, PA). All the components of the cross-flow setup were
obtained from Sterlitech (Kent, WA) and assembled in the lab. A
detailed diagram of the setup can be found in our previous pub-
lication [15], the only difference in this case being the recycling of
the permeate stream back to the feed tank.

2.3. Effluent characterization

The COD measurements are done following the standard pro-
cedure using COD kits purchased from HACH (Loveland, CO). All
the three types of kits (ultra-low range, low range and high range)
were employed based on the COD level of the sample. A HACH
reactor was used to digest the samples and the values were read
using a direct reading spectrophotometer.

2.4. Experimental protocols

2.4.1. Electrocoagulation (EC) protocol and preparation of the feed
solution for the membrane processes

AD effluent was obtained from the Anaerobic Digestion Re-
search and Education Center (ADREC) at Michigan State University.
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Table 1
Design specifications of the electro-
coagulation reactor.

Working volume (L) 40
Diameter of anode tube (cm)  29.2
Height of anode (cm) 75
Diameter of cathodes rod (cm) 6.35
Number of cathodes 4

Surface area of cathode (cm?) 6700

Appropriate dilution (16X) was conducted so as to make the final
Total Solids (TS) level of the effluent equal to ~0.22%. A column
reactor with working volume of 40 L was designed and applied to
conduct EC treatment. The key specifications for EC reactor are
listed in Table 1.

A total treatment time of 240 min with current level of 20 A
was adopted, the procedure being modified from what was used in
reported in our earlier publication [32]. Treated effluent was col-
lected and centrifuged at 230g for 10 min, the supernatant of
which was used as the feed for the membrane filtration experi-
ments. As the total volume of the solution required to do all the
experiments was significantly high, the EC reactor was operated in
multiple batches. The properties of the feed solution for the
membrane processes therefore varied to some degree from one
batch to another. The COD value of the feed varied between 100
and 220 mg L~ . The feed was alkaline in nature (pH 9.04) with a
Total Suspended Solids (TSS) value of around 17.6+0.8 mgL™!
and a  Total Dissolved Solids (TDS) value  of
133430 + 123.20 mg L.

2.4.2. Preparation of clay dispersion

MMT-Na* clay was added to DI water at a concentration of
1 mg mL~LIn order to properly exfoliate the clay nanoplatelets,
the dispersion was stirred for about an hour and then sonicated. A
500 W Tip Sonicator (QSonica, Newtown, CT) with a standard 1~
horn along an additional booster, was used to sonicate the clay
dispersion at 70% amplitude for 30 min. It was then left to being
stirred overnight. Prior to using it in the LbL assembly, the MMT-
Na™ dispersion was sonicated once more for 10 min under the
same sonication conditions as mentioned above.

2.4.3. LbL assembly protocol

Prior to LbL deposition, the membrane substrates were soaked
in DI water overnight. The permeate sides of the membranes were
covered with four alternate sheets of parafilm and aluminum foil
prior to the LbL process. The required portion of the membrane
was then cut out and used for the filtration experiments. This way,
we were able to prevent the deposition of polyelectrolytes on both
sides of the membrane. The LbL was carried out using Carl Zeiss
Slide Stainer which employs a robotic arm to move the sample to
different solution baths. For all polyelectrolytes, the concentration
was maintained at 1 mg mL~'. The pH of the PAH solution was
adjusted to 8.5 while the pH of PAA was adjusted to 3.5. The MMT-
Na™ solution was used without any pH adjustment. Two types of
coated membrane systems were considered for our experiments:
(1) Polyelectrolyte-based membranes (PEM membrane) and
(2) Polyelectrolyte-clay hybrid membranes (c-PEM membrane).
For the polyelectrolyte-based membranes, the usual bilayer type of
assembly was used. While, for the c-PEM membranes, the poly-
electrolyte and clay layers were deposited in the form of quad
layer assembly.

Bilayer assembly: [PAH/PAA],,; m=number of bilayers.

Quadlayer assembly: [PAH/PAA/PAH/MMT],; n=number of
quadlayers.

The dipping time in each polyelectrolyte solution was 10 min
followed by three consecutive DI water rinsing steps (2 min, 2 min

and 1 min respectively). The dipping time in MMT-Na™ solution
was 20 min, followed by three rinsing steps. For the c-PEM
membranes, the sample was sonicated in an ultrasonic bath so-
nicator, following the deposition of each quad layer. For the PEM
samples, the sonication was done after every bilayer.

2.4.4. Chemical cross-linking using EDC

The EDC solution was prepared in a 50 mM MES Buffer solution
at a concentration of 50 mg mL~! and pH of 5.5. Following the
deposition of the multilayers on its surface using the aforemen-
tioned LbL protocol, the modified membrane was dipped in the
EDC solution using the slide stainer for 60 min with continuous
agitation. The samples were then subject to three consecutive DI
water rinsing steps, each of them being of 15 min duration, and
then followed by 5 min of sonication.

2.4.5. Cross flow filtration protocol

All membranes to be tested were soaked in DI water overnight.
They were then compacted in the cross flow system for at least
12 h by just passing DI water across the membranes. Following the
compaction step, the membranes were tested against the EC ef-
fluent for 48 h under 5 bar transmembrane pressure and cross
flow velocity of 1 L min~!. The flow rate measurements were done
at time t=0,0.5,1,2,3,5,8,12,24,30,36 and 48 h for all membranes.
For each type of membrane, at least two replicates were tested.
After every experiment, the setup was cleaned thoroughly with DI
water for at least three times. For each experiment, the feed
samples and the permeate samples were analyzed for their COD
level and the rejection was calculated based on these values.

2.4.6. Measurement of film thickness

The thickness of the films was measured by Dektak Surface
Profiler. For measurement purposes, the films were deposited on
glass slides. Prior to LbL deposition, the bare glass slides were
treated with O, plasma for 20 min using a Harrick plasma cleaner
(Harrick Scientific Corporation, Broading Ossining, NY) at 30 W RF
power under 100 mTorr vacuum pressure. Measurements were
taken at minimum three different spots in each glass slide and for
each type of film, at least two replicates were tested.

3. Results and discussion
3.1. Performance of commercial membranes

Three commercial membranes were tested for their perfor-
mance in terms of solution flux and COD removal- a) a poly-
ethersulfone (PES) UF membrane, b) a NF membrane and c) a RO
membrane. The flux profiles of the commercial membranes are
shown in Fig. 1a. The PES membrane, with a MWCO of 10,000 had
the highest flow rate, as would be expected. Its flux profile was
that of a typical UF membrane wherein there was a drastic drop in
the value during the initial few hours, followed by progressively
lower flux declines for the rest of the time period. These mem-
branes usually have slightly hydrophobic surfaces and therefore
have high fouling propensities [7]. The NF 270 membrane is a
polypiperazinamide-based semi-aromatic NF membrane primarily
meant for removing small sugar molecules, divalent/multivalent
ions etc. The BW 30 membrane is a polyamide thin-film composite
RO membrane, primarily aimed at removing salts from brackish
water [15,33,34]. The flux trend of these membranes was in ac-
cordance with their MWCOs. All three membranes, under con-
sideration showed quite high fouling propensities. The PES
membrane, being the least hydrophilic one suffered the maximum
fouling, followed by NF 270 and BW 30. The fouling propensity
was quantitatively estimated as the ratio of the flux at that
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Fig. 1. Performance of the three commercial membranes as a function of time in
terms of (a)the solution flux and (b) the fouling propensity expressed as the ratio of
solution flux at that particular time to the initial flux of the membrane.

particular time (Js) to the initial flux (Jo). This profile can be seen in
Fig. 1b.

For the PES membranes, the COD reduction varied within a
range of 5-50% because of the broad pore size distribution of such
membranes. For the NF 270 and BW 30 membranes, the COD value
of the permeate streams dropped below the detection limit of the
COD Spectrophotometer, therefore indicating very low values.

The PES membrane was chosen as the substrate for further
modification because of its high initial flux. Modifying the surfaces
of NF 270 or BW 30 would have led to membranes with extremely
low fluxes. In the following sections of this paper, the performance
of the PES membrane, modified with PEM films and c-PEM hybrid
films have been discussed in great details.

3.2. Performance of PEM membranes

In our previous publication, the possibility of using PEM
membranes in conjunction with electrocoagulation to reduce the
COD level of a high-strength effluent was shown. These results
were obtained using a dead-end filtration setup whereby these
membranes also showed better anti-fouling properties than the
commercial membranes [18]. In this study, we focused specifically
on the anti-fouling property of such membranes under cross flow
conditions. Based on the results from our previous publication, the
PAH (pH 8.5)/PAA (pH 3.5) system with PAH as the outermost layer
was chosen. Unlike the previous work, till this stage, the poly-
electrolytes were not chemically crosslinked and we simply tested
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Fig. 2. Performance of PEM membranes as a function of time in terms of (a) the
solution flux and (b) the fouling propensity expressed as the ratio of solution flux at
that particular time to the initial flux of the membrane. PES (n BL) refers to PES
membrane modified with n number of bilayers where n=2.5, 4.5, 5.5 and 6.5.

this system with different number of bilayers (2.5, 4.5, 5.5, and
6.5). Once the most optimized system was identified, the effect of
crosslinking was studied on that particular system and this has
been discussed in the later sections of this manuscript. With in-
creasing number of bilayers, we assumed, there was increased
surface coverage. Given that the underlying PES substrate was
highly porous, a uniform coverage necessitated a certain minimum
number of bilayers. The results, as evident from Fig. 2, are in
agreement with our hypothesis. With the deposition of just
2.5 bilayers, the flux of the modified membrane remained practi-
cally unchanged from that of the underlying bare membrane. The
change was more obvious from 4.5 bilayers onwards. The flux data
of these membranes modified with different number of bilayers
are shown in Fig. 2a. The anti-fouling property of the modified
membranes improved with increasing the number of bilayers.
However, even after 6.5 bilayers the membranes still showed
significant fouling propensity as can be seen in Fig. 2b. Besides,
with the deposition of 6.5 bilayers, the flux of the modified
membrane had already dropped to a very low value (10% of that of
PES membrane). Without continuing to deposit additional bi-
layers, we resorted to modify the PEM membranes by in-
corporating clay nanoplatelets within the layers.

3.3. Performance of c-PEM membranes

The c-PEM hybrid films were formed by incorporating MMT-
Na™ clay nanoplatelets within the PEMs in a quadlayer fashion, as
described in the experimental section. PAH and PAA were used in
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Fig. 3. Performance of c-PEM membranes as a function of time in terms of (a) the
solution flux and (b) the fouling propensity expressed as the ratio of solution flux at
that particular time to the initial flux of the membranes. PES (n QD) refers to PES
membrane modified with n number of quadlayers where n=1.25, 2.25 and 3.25.

the same pH conditions as in the case of pure PEM films and they
were terminated with PAH as the outermost layer. Among the
types of clay (laponite, montmorillonite and vermiculite) com-
monly used in literature [35], montmorillonite was chosen for our
experiments as we speculated that, with its intermediate platelet
size, it would provide the optimum balance between high flux and
high removal. In the quadlayer assembly, the consecutive clay
layers are separated from each other by three alternately charged
polyelectrolyte layers. According to previous research findings, the
distance between the clay layers plays a very important role in the
performance of such films [36]. Several configurations have been
reported in literature like the usual bilayer configuration
[25,30,37], tri-layer [38], quad-layer (sometimes also referred to as
tetra-layer), hexa-layer and even octa-layer configurations [35].
Based on the results reported by Kovacs et al,, the quadlayer as-
sembly was chosen as it provides optimum spacing between the
individual clay layers as well as optimum percentage of clay in-
corporation within the hybrid films [30]. As evident from the flux
profile in Fig. 3a, with the deposition of each quadlayer, the flux
decreased considerably. However, the fouling propensity of the
quadlayer-coated c-PEM membranes was significantly better than
the bare membrane or even the PEM membranes. This can be seen
in Fig. 3b. With the deposition of 1.25 quadlayer (the 0.25 signifies
the outermost PAH layer) the fouling propensity of the membrane
showed a marked improvement. Moving from 1.25 to 2.25 qua-
dlayers, the anti-fouling property showed the most significant
improvement and with another additional quadlayer, it attained
perfection. However, with each quadlayer deposition there was a
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Fig. 4. Comparison in the performance of commercial membranes, PEM mem-
branes and c-PEM membranes as a function of time in terms of (a) the solution flux
and (b) the fouling propensity expressed as the ratio of solution flux at that par-
ticular time to the initial flux of the membranes. The membranes referred to as PES
(n BL) (n=2.5, 4.5 and 6.5) are the PEM membranes and ones referred to as PES (n
QD) (n=1.25, 2.25 and 3.25) are the ¢-PEM membranes.

significant drop in the flux and with just 3.25 quadlayers, the flux
of the c-PEM membrane dropped to 2.141/m?h from a value of
81.97 I/m? h for the bare PES membrane.

3.4. Overall picture

In this section we compare the results from all the different
membranes - the three commercial membranes, the PEM mem-
branes and the c-PEM membranes, as can be seen in Fig. 4. The
modification of the bare PES membrane inevitably caused a de-
crease in its initial flux, irrespective of being modified by PEMs or
c-PEM films, as can be seen in Fig. 4a. The c-PEM hybrid mem-
branes, when compared against the corresponding PEM mem-
branes with the same number of layers, showed lower fouling
propensity, albeit at the cost of lower initial flux. This can be seen
in Fig. 4b. For example, the 1.25 quadlayer system showed higher
fouling resistance but lower initial flux than 2.5 bilayer (both have
5 layers in total) system. The same was observed for the 2.25
quadlayer/4.5 bilayer (9 layers) and 3.25 quadlayer/6.5 bilayer (13
layers) systems. However, a closer look at Fig. 4 reveals that the
6.5-bilayer (13 layers) coated PEM membrane had the same initial
flux as the 2.25 quadlayer (9 layers) coated c-PEM membrane. But
after 48 h of testing, for the 6.5 bilayer system, the flux dropped to
around 60% of its initial value, while the 2.25 quadlayer system
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retained almost 90% of its initial flux. It means that a c-PEM
membrane does significantly better in retaining its flux when
compared against a pure PEM membrane with the same initial
flux. In other words, if we were to attain the same degree of
fouling resistance as 3.25 quadlayers, we would need even more
than 6.5 bilayers of PEMs (exact number not determined) and this
would lead to further lowering of the initial flux value beyond
what is currently offered by the 3.25 quadlayer system. The 2.25
quadlayer system also had very similar initial flux value as the
commercial RO membrane (BW 30) but its anti-fouling property is
much better than the latter. Inclusion of clay nanoplatelets within
the PEMs therefore proved to be advantageous in terms of flux and
number of layers required. The 3.25 quadlayer system showed the
best performance in terms of fouling resistance but it retained
only 2.6% of the initial flux of the bare membrane which therefore
doesn’t make it suitable for practical purposes.

The exact mechanism by which the addition of clay nanopla-
telets within the PEM films served to reduce the fouling tendency
of the membranes is not very well understood. While arguments
could be put in favor of enhanced surface charge, hydrophilicity
etc., some preliminary contact angle tests did not reveal any par-
ticularly discernible change. A detailed mechanistic study was
beyond the scope of this current publication, but will definitely be
looked into in our future studies.

The thickness data of the PEM film as well as the c-PEM hybrid
films are shown in Table 2. The trend of increase in thickness with
the increase in bilayers/quadlayers deposited on the surface is
quite expected and the flux profile can also be related quite well
with the thickness date. Although the 6.5 bilayer system had
higher thickness than the 2.25 and 3.25 quadlayer systems, as
shown before, its flux was equal to that of the 2.25 quadlayer
system and higher than the 3.25 quadlayer system. We believe,
this might be due to suppression of the polymer interdiffusion by
the clay nanoplatelets that leads to lower thickness values of the c-
PEM films. Then again, these nanoplatelets introduced a high de-
gree of tortuosity of pathway which explains the low solution flux
across the c-PEM membranes.

3.5. Effect of EDC cross-linking on the performance of membranes

The PEM membranes and the c-PEM membranes showed a
considerable reduction in the flux due to blocking of the pores of
the underlying membrane. The COD reduction was however, not
significantly improved as compared to the bare membrane (data
not explicitly shown). This necessitated the polyelectrolytes to be
crosslinked in order to limit the passage of some very fine, dis-
solved contaminants. Chemical crosslinking with EDC was pre-
ferred over thermal treatment due to the very apparent de-
formation of the underling substrate under high temperature.

3.5.1. Effect on flux and anti-fouling property

The effect of crosslinking was studied for PEM membranes as
well as c-PEM membranes. For the PEM membranes, the 5.5 bi-
layer system was chosen as it had almost similar anti-fouling

Table 2
The thickness values of the PEM films and c-PEM films.
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Fig. 5. Effect of cross-linking on the solution flux of (a) 5.5 bilayer PEM membrane
and (b) 2.25 quadlayer (c-PEM) membranes.

property as the 6.5 bilayer system with a slightly higher initial flux.
For the c-PEM membranes, the system comprising of 2.25 qua-
dlayers was chosen as the most optimum system as its flux was
much higher than the 3.25 quadlayers system and its fouling re-
sistance was very good. As expected, there was a drop in the flux
in both cases as can be seen from Fig. 5. The drop in flux was more
significant in case of the PEM membranes (~ 50%) compared to
the c-PEM membranes (~37%). This can be explained by the fact
that the presence of clay nanoplatelets limits the interdiffusion of
the polyelectrolytes to some extent and therefore limits the amine
groups of PAH and acid groups of PAA from reacting with each
other to the same extent, as in the case of just PEM membranes. It
was also interesting to note that for both the systems the flux
decline was reduced due to crosslinking, a phenomenon which has
not been studied till date. In fact, the anti-fouling property of the
crosslinked 2.25 quadlayer membrane was as good as that of the
uncrosslinked 3.25 quadlayer system, but with higher initial flux.
This, therefore opens up a new optimization strategy to improve
the anti-fouling property of polyelectrolyte-based membranes.

3.5.2. Effect on COD reduction

The main rationale behind crosslinking the multilayers was to
improve the COD reduction of the modified membrane. However,
on crosslinking the 5.5-bilayer modified membrane, there was no
significant change in rejection compared to its uncrosslinked
counterpart. On the other hand, the PES membrane modified with
2.25 quadlayers of PEM-clay hybrid films showed a significant
improvement, as is evident in Fig. 6. This result therefore provides
another justification to the use of c-PEM membranes over PEM
membranes. The clay nanoplatelets provided an additional barrier
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Fig. 6. Comparison in the COD reduction of the cross-linked 5.5 bilayer PEM
membrane and crosslinked 2.25 quadlayer c-PEM membrane.

to the passage of unwanted contaminants, as has been observed in
the case of ion rejection and gas barrier films. However, the re-
duction showed a declining trend, dropping to very low values
after 24 h, the cause(s) behind which are not exactly known to us.
One possible reason could be the phenomenon of concentration
polarization, which can be minimized by increasing the crossflow
rate and other hydrodynamic conditions [39]. These experiments
however gave us a fair indication that it is possible to get high COD
removal by crosslinking the 2.25 quadlayer system.

In summary, the addition of clay nanoplatelets within PEM
films proved to be advantageous in a number of ways. First, lesser
number of layers were required to modify the surface which im-
plied higher flux and lower processing times for film fabrication.
Secondly, although the primary focus of this work was on devel-
oping anti-fouling surfaces, it was found that a simple cross-link-
ing step enabled these films to reduce the COD level of the effluent
to very low values. In fact, due to the widely reported barrier
property of clay nanoplatelets, the c-PEM films were much more
efficient than the PEM films in terms of COD reduction. More work
remains to be done in the area of increasing the initial flux of these
membranes.

4. Conclusion and recommendations for future work

For the first time, nanostructured c-PEM hybrid films were used
to modify membranes for treating a real wastewater solution, as a
part of our continued efforts to integrate modified membranes
with the EC process to treat high-strength effluents. In comparison
to PEM membranes, these membranes required lesser number of
layers to acquire high fouling resistance and thereby was ad-
vantageous in terms of the initial flux. The membrane modified
with 2.25 quadlayers was the most optimum system among the
three c-PEM systems that were tried out. By crosslinking this
system, the fouling resistance was further enhanced with a slight
decrease in the initial flux. The COD reduction was also higher
than that of the underlying membrane and the crosslinked PEM
membranes. The initial flux was severely compromised because of
the deposition of the c-PEM quadlayers. However, this was simply
a proof-of-concept study and several manipulations to this type of
assembly are possible. Previously the Grunlan research group and
Hammond research group have performed some very detailed
analysis to identify the factors which affect the performance of the
hybrid membranes. However, since none of these films have been
used for designing anti-fouling membranes and tested under
tangential flow conditions, these results cannot be directly

applicable to such situations. A major factor which influences the
filtration performance is the amount of clay incorporated, which
can be varied by tweaking some process parameters. Based on our
understanding from previous literature, we have listed down some
of those parameters which can help tune the amount of clay
incorporated.

4.1. pH conditions of the polyelectrolytes

The weak polyelectrolytes like PAH and PAA have pH-depen-
dent ionization properties. Therefore the amount of clay in-
corporated within them can be varied, because at different pH
conditions [24], the charge density of the polyelectrolytes and the
number of functional groups available are very different.

4.2. Clay-PEM assembly configurations

In our experiments, we followed the quadlayer assembly based
on previous literature. However, some other configurations like
bilayer assembly, trilayer assembly or hexa/octa-layer assembly
might prove to be more beneficial for anti-fouling applications
[35,36]. By changing the clay-PEM configuration, the spacing be-
tween consecutive clay layers as well as the amount of clay within
the composite film can be tuned.

4.3. Type of polyelectrolytes

There are a number of commercially available polyelectrolytes
which can be used for LbL and therefore adds to the parameters
that one can look into in order to improve the results. Among the
weak polyelectrolytes, branched polyethylenimine (BPEI)/PAA also
represent a pH-tunable system like PAH/PAA and has in fact shown
high oxygen barrier properties [35]. It therefore seems to be the
next obvious choice of polyelectrolyte combination for future
experiments.

4.4. Type of clay

All our experiments were done with MMT clay. However, other
types of clay like laponite (LAP) and vermiculite (VMT) can be tried
out, as has been done by other researchers for gas-barrier [35] and
ion rejection [30]. Different clay types have varied properties like
platelet dimensions, inter-platelet distance, zeta potential etc. and
it is therefore needless to mention that the amount of clay in-
corporated within the PEM films will also be significantly different.

Apart from the above ideas, the LbL process can be shortened
by reducing the dipping time involved in the buildup of each in-
dividual layer. This has been explored by the Grunlan research
group [27] as well as our group [40]. While this strategy might be
effective in fabricating thinner films with high fluxes, it will also
make the resulting membranes more commercially lucrative.
Being able to raise the permeability of these c-PEM films would
open up the possibility of creating a new generation of surface-
modified membranes which have all the desired properties - high
permeability, high rejection as well as high anti-fouling property.
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