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Abstract

This work presents the enhancement of organic fouling resistance of nanocomposite anion
exchange membranes made from a commercial polyethylene anion exchange membrane and a
negative thin layer. This layer is composed of sulfonated poly (2,6-dimethyl-1,4-phenylene
oxide) (sPPO) and two nanomaterials of different geometry and composition, oxidized multi-
walled carbon nanotubes CNTs-COO™ (0.2% g-g* to 0.8% g-g™) or sulfonated iron oxide
nanoparticles Fe;03-S04* (0.2% g-g* to 0.6% g-g™). The novel nanocomposite membranes
showed a relevant improvement in fouling resistance caused by the modification of some
physicochemical characteristics of membrane surface such as charge, roughness and
hydrophilicity. The nanocomposite layer did not show a change in the membrane resistance. No
remarkable differences were detected when changing the nanomaterial during characterization
of nanocomposite membranes. The optimized loading of iron oxide nanoparticles and carbon
nanotubes at 0.4% and 0.6% improved membrane fouling resistance by 45% and 53%,
respectively. The improved fouling resistance of the best nanocomposite membranes AM-
0.6CNTs remained after 12 hours of operation. Energy savings between 49% and 60% were
also achieved.
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1. Introduction

Desalination is becoming essential for maintaining a supply of fresh water in countries
under water shortages. Electrodialysis (ED) is a technology used in fresh water
production from different sources, sharing 3.6% of the total desalination capacity in
2014 with an installed capacity of 2.5 million m3-day[1]. In ED, ionic components are
selectively transported through ion exchange membranes (IEMs) in the presence of an
electric field. When a potential is applied between two electrodes, anions are transported
towards the anode through positively charged anion exchange membranes (AEMs), and
cations are transported towards the cathode through negatively charged cation exchange
membranes (CEMSs) [2]. An advantage of ED over reverse osmosis (RO) is a higher
water recovery as ED is not limited by brine osmotic pressure [3,4]. Additionally, ED is
reported to be more economical than RO and thermal desalination technologies for the
treatment of water with total dissolved solids (TDS) below 5,000 mg-L[5].

Fouling is defined as one of the main limitations hindering a greater use of membrane
processes [6]. Fouling consists in the undesired attachment of living organism or non-
living substances to membrane surface or membrane structure [7]. This important issue
affects membrane desalination technologies such as RO [8], membrane distillation
[9,10] and ED [11,12]. Fouling affecting ion exchange membranes can be classified into
colloidal fouling, organic fouling, scaling and biofouling [7]. The nature and state of the
substance producing fouling or foulant determines the fouling classification. Colloidal
fouling is generated by non-dissolved suspended solids or colloids. Organic dissolved
substances cause organic fouling. Scaling is caused by dissolved salts and biofouling by
live organisms. Regarding organic fouling and ED, the organic salts that usually
produce fouling on IEMs are formed by a large anion that is a foulant for AEMs and a
small cation that passes through the CEMs [13]. Thus, because most organic foulants
are negatively charged, this phenomenon mainly affects AEMs [12], which makes
choosing AEMs with high fouling resistance essential [14]. AEMs are also reported to
be more susceptible to fouling by natural organic matter than CEMs [15]. Some
strategies for fouling prevention and mitigation of IEMs are the use of cleaning agents
[16], pretreatment of solutions [17-19], mechanical removal [20], control of the
hydrodynamic conditions [21], use of electrodialysis with reversal polarity [22,23] and
pulsed electric field [24,25]. Fouling is a widely studied issue in membrane development for
pressure driven desalination processes but they are only a few works about fouling resistant ion
exchange membranes. One of the most important strategies for fouling prevention in
membrane development is the modification of the membrane surface [7,26,27]. In the
particular case of IEMs, the modification of surface physicochemical characteristics can
include surface charge, hydrophobic/hydrophilic balance and roughness [7]. The
modification of surface charge promotes electrostatic repulsion between charged
foulants and membranes. The increase of membrane surface hydrophilicity avoids
hydrophobic interactions of foulants and the membrane surface [26]. Smooth surfaces
reduce the contact area for fouling attachment to the membrane surface [27]. Some
examples of membrane surface modification techniques for fouling mitigation in IEMs
involve the use of membrane sulfonating agents [26], layer by layer deposition [28]
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[29], immersion [30] or direct casting [31]. The use of nanomaterials plays a key role in
membrane surface modification of pressure driven desalination processes for fouling
and biofouling prevention and mitigation [6,32,33]. Carbon-based nanomaterials, in
particular carbon nanotubes, are attracting special attention due to their flexibility, good
mechanical properties, good electrical conductivity, easy scale-up, high purity and low
production cost [6,34-37]. However, only one work can be found in the literature
regarding the use of nanomaterials for fouling resistant IEMs. Particularly, carbon
nanotubes (CNTSs) for fouling resistant cation exchange membranes were used in [38].
This previous study reports very promising fouling resistant membranes for power
generation by reverse electrodialysis.

The authors of the present work support these previous findings in fouling resistant
nanocomposite IEMs and supplement them by comparing the performance of two
nanomaterials with a totally different geometry: 1) one-dimensional oxidized multi-
walled carbon nanotubes CNTs-COO™ (CNTs) and 2) zero-dimensional sulfonated iron
oxide nanoparticles Fe203-SO4% (NPs) in enhancing fouling resistance of AEMs. The
classification of nanomaterials into zero-dimensional and one-dimensional is based on
the number of dimensions that do not belong to the nanoscale range. Nanoparticles are
zero-dimensional nanomaterial as their only dimension, the diameter, belongs to the
nanoscale range. On the other hand, carbon nanotubes are a typical example of one-
dimensional nanomaterial as their diameters is usually in the nanoscale range, but not
their length. A complete classification of nanomaterials according to their dimensions
can be found elsewhere [39].

In our previous study [40] commercially available heterogeneous polyethylene AEMs
were modified by direct casting of a solution that combines Fe203-SO4? nanoparticles
with sulfonated poly (2,6-dimethyl-1,4-phenylene oxide) (sPPO). This coating
introduced a very thin negatively charged layer on the surface of the AEMs providing
them with monovalent selectivity. The most important findings of this previous work
were: 1) The monovalent selectivity of nanocomposite membranes remained steady
with long operation times in electrodialysis with bipolar membranes (up to 93 hours of
operation) and 2) the nanocomposite thin film was stable even when working with
strong acids and bases. This stability is highly desired in electrodialysis when working
with bipolar membranes [41].

The objective of this work is to evaluate effects produced by the introduction of this
negatively charged nanocomposite layer on the fouling resistance of polyethylene
AEMs. Two different nanocomposite layers were used: 1) sPPO and Fe203-SO4? (used
as nanocomposite film in our previous work) and 2) sPPO and CNTSs. Due to the nature
of the sPPO film, the functionalized nanomaterials, and direct casting (as the chosen
technique), the treatment provided the membrane surface with negative charges, high
hydrophilicity and a smooth surface that significantly improved membrane fouling
resistance. The hydrophilic character of sPPO, Fe203-S04% and CNTs-COO™ was
reported elsewhere [38,42-45]. The use of sPPO, Fe203-S04% and CNTs-COO™ allowed
a highly negative charge within a very thin layer. Thus, it improved conductivity and
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reduced the resistance of the negative layer that has been reported to contribute
significantly to the total resistance of the membrane in other studies about membrane
surface modification [30],[46].

2. Experimental
2.1. Materials

Commercial heterogeneous polyethylene AEMs (Ralex AM-PP) (Mega, Czech
Republic) were subjected to modification. Ralex AM-PP membranes are conventional
membranes for ED widely used in different electrodialysis processes [47-49]. Some of
the most attractive characteristics of AM-PP membranes are low price, long life cycle
and long-term stability at pH 0-14 which made them good candidates for our previous
study [40]. Poly (2,6-dimethyl-1,4-phenylene oxide) (PPO) (analytical standard grade),
chloroform (anhydrous, 99% wt), methanol (anhydrous, 99.8% wt), chlorosulfonic acid
(99% wit) and sulfuric acid (98% wt) were purchased from Sigma Aldrich (St. Louis,
USA). Dimethyl sulfoxide (DMSO) (ACS grade, 99.9% wt) was obtained from VWR
(Atlanta, USA). Iron (I11) oxide nanoparticles (@50 nm, Sigma Aldrich) were used as
received for sulfonation. Oxidized multi-walled carbon nanotubes with an outer
diameter of < 8 nm, a length of 10 um -30 um and a carboxy! group content of 3.86 %
wt were purchased from Cheap Tubes (Cambridge, USA) (purity 95% wt) and used as
received. Sodium dodecyl sulfate (SDS, Sigma Aldrich) was used as a model organic
foulant.

2.2. Surface modification of polyethylene anion exchange membrane

This work modifies the surface of a commercial polyethylene AEMs by a physical
coating [50] using sPPO and Fe203-S04% or sPPO and CNTs-COO". The modification
of polyethylene membranes was performed only in the layer facing the dilute
compartment, the one where the concentration of ions decreases. This was done for the
following reasons: 1) lower current efficiencies in the desalination process have been
reported when the modified surface was facing the concentrate compartment [51] and 2)
since negative charges of the membrane surface may attract Na* cations, only the side
that is in the opposite direction to the flux of cations in the cell (towards the cathode as
shown in Figure 1) was modified in order to avoid a loss of CI"/Na* permselectivity.

PPO and Fe20s3 sulfonation was carried out according to a procedure described in
[42,43]. The sulfonation of PPO was performed by using chloroform and methanol as
solvents and chlorosulfonic acid as the sulfonating agent. Fe2O3 powder nanoparticles
were sulfonated by contact with a concentrated solution of sulfuric acid followed by
calcination at 500 °C.

An exhaustive cleaning of the polyethylene membrane surface was done before surface
modification. The membrane was submerged in a solution 0.1 mol-LHCI, rinsed with
deionized water and submerged in a 0.1 mol-L™ NaOH solution. This procedure was
repeated at least three times. After the pretreatment, the membrane was dried at room
temperature. The modification of the membrane surface was done using a solvent-
evaporation technique [52]. A PPO and DMSO solution of 19% g-g* was mixed with
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different loadings of nanomaterials at 40 °C and continuously stirred for 24 hours. The
solution was then vibrated for 10 minutes for optimal dispersion of the nanomaterials.
After that, the solution was cast onto the commercial membrane using the doctor blade
method. The obtained nanocomposite membranes were dried in a vacuum oven at 60 °C
for 24 hours. The membranes were treated with 1 mol-L* HCI for 24 hours, rinsed in
deionized water and stored in a solution 0.5 mol-L* NaCl. Table 1 includes a summary
of the nanocomposite membranes obtained and the loading of nanomaterials used in this
work. The loadings and compositions of NPs coated membranes, AM-0.2NP, AM-
0.4NP and AM-0.6NP, are the same as the ones used in our previous work on
valorization of desalination brines into acids and bases by electrodialysis with bipolar
membranes [40].

Table 1. Summary of nanocomposite ion exchange membranes synthetized in this
work.

Loading of nanomaterial

Name Composition of the layer (% g-g%)
AM-0.2NP SPPO, Fe203-S04* 0.2
AM-0.4NP SPPO, Fe203-SO4* 0.4
AM-0.6NP SPPO, Fe203-S04* 0.6

AM-0.2CNTs SPPO, CNTs-COO 0.2
AM-0.4CNTs SPPO, CNTs-COO" 0.4
AM-0.6CNTs SPPO, CNTs-COO 0.6
AM-0.8CNTs SPPO, CNTs-COOr 0.8

*g nanomaterial - g* layer.
2.3. Membrane characterization
2.3.1. FTIR spectra analysis

The chemical composition of unmodified and nanocomposite AEMs was determined by
Digilab FTS7000 Fourier Transform Infrared Spectroscopy (FTIR) (Randolph, MA,
USA) equipped with a Digilab UMAG600 microscope. Spectra were scanned in a range
of 700 cm™ - 4000 cm™ at a resolution of 4 cm™. For each sample, the scan was repeated
20 times. Results were corrected using a spectrum of ambient air as a background.

2.3.2. Scanning electron microscopy (SEM) analysis

Surface and cross-sectional morphology was studied using a Hitachi SU8230 cold field
emission scanning electron microscope (CFE-SEM) (Tarrytown, NY, USA). Samples
were dried at 60 °C for at least 24 hours before testing.

2.3.3. AFM analysis

Keysight 5500 Molecular Imaging Atomic Force Microscope (AFM) (Keysight
Technologies, USA) was used to analyze surface morphology. An area of 50 um by 50
pm on each sample was scanned in the acoustic alternating current (AAC) mode using
silicon cantilevers (Budget Sensors, Bulgaria). Picoview 1.12 software from Keysight
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Technologies (formerly Agilent) was used to process scanned images and generate
morphological parameters.

2.3.4. Water contact angle

Dried samples were placed on a Ramé-Hart Model 250 goniometer (Succasunna, USA)
for contact angle measurement using deionized water. At least three measurements were
conducted for each sample.

2.3.5. Membrane resistance

Membrane resistance was measured using electrochemical impedance spectroscopy
(EIS) in a two-compartment cell experimental setup shown in Figure 1 with a 0.5
mol-L* NaCl solution. Oscillating voltages with an amplitude of 25 mV were applied
by means of a Vertex potentiostat-galvanostat (Ivium Technologies, Eindhoven,
Netherlands). Frequency of the impedance measurements ranged from 0.1 Hz to 1000
Hz. Membrane resistance was determined from the fitting of the response to the
equivalent circuit for ion exchange membranes with solutions reported in [53]. Because
of the fitting, a global parameter that includes membrane resistance and solution
resistance (Rwm+s) was obtained. This value was corrected by measuring the resistance of
the solution in a blank experiment without the membrane.

2.4. Evaluation of fouling resistance

The evaluation of the fouling resistance of unmodified and nanocomposite membranes
was performed by chronopotentiometry in the experimental setup shown in Figure 1.
The two-compartment cell was filled with a solution of 0.1 mol-L™* NaCl and 0.0018
mol-L* SDS as the model foulant. Each compartment has a volume of approximately
0.2 L. The experiments were run for 100 minutes. The modified surface of the
membrane was set facing the dilute compartment. The applied current density was 2
mA-cm being the effective area of the membrane 4.8 cm?. Fouling causes an increase
in membrane resistance and thus an increase in the voltage drop through the membrane
(AV). The fouling resistance of membranes was determined by measuring the evolution
of AV with time using Luggin capillaries. Polyethylene membranes (Ralex AM-PP) and
the best nanocomposite membrane were subjected to three 4-hour operation cycles with
the model fouling solution. Membranes were rinsed with deionized water between
cycles. The energy consumption during these cycles was calculated from the area of
AV-t curves using the trapezoidal rule.
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Figure 1. Scheme of the experimental setup used to determine membrane resistance and
fouling resistance.

3. Results and discussion

3.1. Surface membrane composition

Figure 2 shows the FTIR spectra of unmodified and nanocomposite AEMs. The
characteristic peak of C-H stretch in —CH2— and CHs— substitutes, corresponding to
polyethylene and polypropylene of the AM-PP membranes, were observed at 2,918 cm™
and 2,850 cm™ respectively [54]. The transmittance band at 1,170 cm™ was assigned to
the C-O-C stretch of sPPO [54]. The presence of the —SOsH substitute in the aromatic
ring of PPO was confirmed by a peak at 1,062 cm™ [42]. FTIR spectra confirmed the
success in coating the commercial membrane with the negatively charged thin film of
sPPO and nanomaterials.
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Figure 2. FTIR spectra of anion exchange membranes a) AM-0.8CNTs, b) AM-
0.6CNTs, ¢) AM-0.4CNTs, d) AM-0.2CNTs, e) AM-0.6NP, f) AM-0.4NP, g) AM-
0.2NP and h) Ralex AM-PP (unmodified membrane).

3. 2. Membrane morphology

Scanning electron microscopy (SEM) was used to observe the morphology of
unmodified and nanocomposite AEMs. Figure 3a shows SEM images of surface and
cross-section of Ralex AM-PP membranes, heterogeneous AEMs reinforced with
polypropylene fibers. It can be clearly seen in these images that the fibers are distributed
in the membrane matrix forming a uniform square grid parallel to its surface (Figure
3a.1). From the cross-section images (Figure 3a.3 and Figure 3b.3), it can be concluded
that there are two levels of fibers distributed homogeneously. This reinforcement
provides the membrane with a very good mechanical stability and robustness but also a
heterogeneous conductivity.

From the comparison of the SEM images for the unmodified membrane (Figure 3a) and
the nanocomposite membrane AM-0.2NP (Figure 3b), an improvement can be seen in
the surface homogeneity with membrane coating. This hypothesis was confirmed by
atomic force microscopy (AFM), as will be discussed later. Cross-section images
(Figure 3a.3 and Figure 3b.3) were used to determine the thickness of unmodified
membranes (485 um), and the thin film of nanocomposite membranes (19 um). These
results confirm the small contribution of the coating to the total thickness of the
membrane (increase below 4%).



Figure 3a.1 Surface of unmodified membrane
Ralex AM-PP at 1 mm Ralex AM-PP at 20 pm _ membrane Ralex AM-PP at 500 pm

F}gure 3a.3 Cross-section of unmodified

20.0pm-

Figure 3b.1 Surface of nanocomposite membrane  Figure 3b.2 Surface of nanocomposite membrane  Figure 3b.3 Cross-section of nanocomposite
AM-0.2NP at 1 mm AM-0.2NP at 20 pm membrane AM-0.2NP at 400 um
Figure 3. SEM images for unmodified membrane Ralex AM-PP a. 1-3 and nanocomposite membrane AM-0.2NP b. 1-3.
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3. 3. Membrane roughness

Modifications of membrane roughness with the coating, directly related to surface
homogeneity, were determined by AFM. The membrane characterization was
performed by means of three different morphological parameters displayed in Table 2 as
1) Sqg (root mean square height), which is the standard deviation of the height
distribution, also referred to as RMS surface roughness, 2) Sp (maximum peak height),
which is the height between the highest peak and the mean plane of the surface, and 3)
Sv (maximum pit height), which is defined as the depth between the mean plane of the
surface and the deepest valley.

Membranes Ralex AM-PP presents a rough surface with a Sq of 702 nm. This
roughness might be beneficial for the static adhesion between the commercial
membrane and the nanocomposite thin film as rough surfaces result in a higher contact
area [31]. The data presented in Table 2 and the 3D AFM images of Figure 4 confirm
the decrease of membrane surface roughness with the coating. Table 2 shows that all the
morphological parameters that describe surface roughness are significantly lower for
nanocomposite membranes than for the unmodified membrane, and thus, the membrane
roughness decreased with the nanocomposite layer. Nanocomposite membranes
modified with carbon nanotubes presented a surface slightly rougher than the ones
modified with iron oxide nanoparticles. Sq decreased 36% to 77% in the case of NPs,
and 28% to 58% when membranes are modified with CNTs. The incorporation of SPPO
and nanomaterials made the surface of the membrane smoother because the coating
might be accumulated in the valleys [31]. This is in agreement with the decreases in the
height of the highest peak and the depth of the deepest valley (Sp and Sv, respectively)
observed in the nanocomposite membranes. The apparent smoothness of the
nanocomposite membranes was also observed in the SEM images of Section 3.1.2.
Membrane morphology. A decrease of surface roughness was also reported when
modifying a commercial AEMs by casting [31]. On the contrary, the use of layer by
layer deposition [29] and immersion [55][46] has showed a significant increase of
membrane roughness, making the surface rougher when increasing the number of layers
[29] and the concentration of polymer [46].
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Figure 4. AFM 3D images of surface roughness for a) unmodified membranes AM-PP, b)
nanocomposite membranes AM-0.2NP and ¢) nanocomposite membranes AM-0.6CNTs

Table 2. Summary of morphological parameters of unmodified and nanocomposite membranes
expressed in nm.

Membrane (::1) (::1) (::1)
AM-PP 702 2410 2090
AM-0.2NP 297 917 930
AM-0.4NP 160 773 448
AM-0.6NP 256 953 1060
AM-0.2CNTs 317 1180 949
AM-0.4CNTs 301 2090 1080
AM-0.6CNTs 506 1700 1240
AM-0.8CNTs 373 2290 824

3. 4. Membrane hydrophilicity

One of the most important parameters regarding fouling phenomena and membrane
resistance in desalination processes is membrane hydrophilicity [7] [56] evaluated by
WCA measurements. The introduction of nanomaterials on membranes can modify its
physicochemical properties such as hydrophilicity [50]. Water contact angle
measurements of Ralex AM-PP membranes and nanocomposite membranes are
presented in Table 3. Figure 5 illustrates how the modification of the membrane surface
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showed a significant increase in membrane hydrophilicity and thus, a decrease in the
water contact angle. Ralex AM-PP membranes are very hydrophobic as they present a
water contact angle of 100.1°. These high values have also been reported in other
heterogeneous anion exchange membranes [29]. In the case of Ralex AM-PP
membranes, based on polyethylene and polypropylene, the high-water contact angle
might be due to the high presence of PP and PE on the surface, making the membrane
water contact angle very close to the water contact angle of pure PE and PP, 94° and
970, respectively [57]. A high content of polyethylene in the surface of heterogeneous
membrane has also been reported in [58].

The introduction of sPPO and Fe203-SO4% nanoparticles on the membrane surface
caused a decrease of 36°-39° in the water contact angle of nanocomposite membranes.
This decrease in water contact angle is probably due to the high hydrophilicity and the
large specific area of Fe203-S04% nanoparticles [42] and to the increase of functional
groups associated with the negative charge layer (sulfonic acid and sulfate groups)
[31,44]. In the case of membranes modified with CNTSs, the drop-in water contact angle
is even higher, 37°-42° and due to the increase of negatively charged carboxyl groups
on the surface of the CNTs [38] and sulfonic acid groups of sPPO. The WCA of the
membranes modified with CNTs (57.9°-62.9°) is in agreement with WCA reported for
nanocomposite cation exchange membranes made of sPPO and CNTs functionalized
with COO" for power generation by reverse electrodialysis (50.8°-75.9 for a loading
between 0.1% g-g* and 0.8% g-g™* CNTs [38]). The decrease of water contact angle in
all of the nanocomposite membranes is translated into a higher fouling resistance to be
discussed in Section 3.6. Membrane fouling resistance. The most hydrophilic
nanocomposite membranes were AM-0.4NP for iron oxide nanoparticles and AM-
0.6CNTs in the case of carbon nanotubes. These membranes also showed the best
fouling resistance as later discussed.

a) b)

WCA 100° WCA 66°

Figure 5. Water contact angle of a) a membrane Ralex AM-PP and b) a nanocomposite
membrane AM-0.6NP.
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Table 3. Summary of water contact angles of unmodified and nanocomposite anion
exchange membranes.

Contact
angle
decrease (°)

AM-PP 100.1+3.2 -

Contact
angle (°)

AM-0.2NP 63.7+3.4 36
AM-0.4NP 61.6+3.4 39
AM-0.6NP 65.8+0.9 34
AM-0.2CNTs 59.7+£6.3 40
AM-0.4CNTs 62.9+2.8 37
AM-0.6CNTs 57.9+2.3 42
AM-0.8CNTs 60.7+£5.0 39

3.5. Membrane electrical resistance

The energy consumption of an ED process is related to the resistance of the solutions
and IEMs [59]. Thus, membranes with low electric resistance are preferable for
operating with ED. Electric resistance of membranes depends on several factors such as
membrane thickness [60] and water content [56]. From the results presented in Table 4,
it can be concluded that the surface resistance of the modified AEMs in this work did
not change after the coating. This could be due to the following reasons: 1) the
thickness of the layer added to the membrane is very small (19 um, from SEM images
of Figure 3b) when compared to the thickness of the unmodified membrane (485 pum,
from SEM images of Figure 3a); 2) the introduction of nanomaterials allows a high
negative charge in a very thin layer. Although adding a new layer to the membrane
surface would theoretically increase membrane resistance, the resistance of this layer is
expected to decrease with increasing negative charge density and the resistance is not
expected to increase drastically [61], and 3) the negative layer is very hydrophilic.
Water content and membrane hydrophilicity also have an important impact on
membrane resistance. The ionic resistance of a membrane decreases dramatically when
increasing water content [56]. Thus, the increase in surface hydrophilicity after coating
the membrane (see Figure 5 and Table 3) supports the hypothesis of high sPPO and
functionalized nanoparticles’ layer hydrophilicity, thereby achieving high water affinity
of the layer and low electrical resistance. Additionally, the direct casting allows the
modification of only one of the two sides of the membranes, reducing by half the
potential resistance increase with the treatment (as only one layer is introduced on one
of the sides of the membrane surface, instead of both sides).

A significant increase of membrane hydrophilicity when using iron oxide nanoparticles
and carbon nanotubes has already been reported [38,42]. Thus, the contribution of the
negative layer to the total resistance of the membrane is very low and does not affect the
total ionic resistance of nanocomposite membranes. No significant changes regarding

13
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membrane resistance after modification by casting have been reported for
heterogeneous AEMs [58].

Finally, some differences in membrane resistance have been reported when adding a
negatively charged layer. The changes of membrane resistance ranged from slightly
positive increments in the case of modification by direct casting (0.93 Q-cm? to 1.1
Q-cm?[31]) and layer by layer deposition (4.47 Q-cm? to 4.81 Q-cm?[29]) to relevant
for immersion (from 2.5 Q-cm?to 5.0 Q-cm? [46]). Thus, the increase of membrane
resistance might also be highly influenced by the selected modification method.

Table 4. Membrane resistance for unmodified and nanocomposite anion exchange
membranes. A solution 0.5 mol-L* NaCl was used as electrolyte.

Surface
Membrane Resistance
(Q-cm?)
AM-PP (as r_eported <8
by supplier)

AM-PP 6.3+0.12
AM-0.2NP 6.1+0.04
AM-0.4NP 6.1+£0.04
AM-0.6NP 6.4+0.03

AM-0.2CNTs 6.2+0.01
AM-0.4CNTs 6.4+0.04
AM-0.6CNTs 6.8+0.02
AM-0.8CNTs 6.3+0.08

3.6. Membrane fouling resistance

Fouling is defined as one of the key problems for food processing and water treatment
[7]. Membrane modification can lead to very promising advantages regarding fouling
prevention such as less power consumption and a lower pretreatment cost [7]. The most
common method to estimate membrane stability against fouling is measuring the change
in the voltage drop across the membrane [62]. Figure 6 includes the evolution of AV for
all nanocomposite membranes and the Ralex AM-PP membrane. From this figure it can
be observed that all nanocomposite membranes have a better fouling resistance than the
unmodified membrane. Nanocomposite membranes modified with CNTs showed a
slightly better performance. To quantify the improvement in fouling resistance of
nanocomposite membranes, Table 5 includes the evolution of the voltage drop with time
as V-min*. Figure 7 shows the improvement of fouling resistance in % defined for each
of the nanocomposite membranes i as Improvementi in Eq. 1. AV Nanocomposite, is the slope

of the different nanocomposites AEMs presented in Table 5 and AV unmodified IS the slope
of the unmodified Ralex AM-PP membrane of Table 5.

AVNanocompositel-
- 100 Eqg. 1

Improvement; = <1 -
' AVUnmodified

14



390
391
392
393
394
395
396
397

398

399

The introduction of the negatively charged hydrophilic layer supposed an improvement
of fouling resistance that varied between 25% and 53% expressed as a decrease in the
slope of AV vs time. The optimum loadings of nanocomposite membranes were 0.4%
for Fe203-S04% nanoparticles and 0.6% for O-MWCNTs. These membranes also
showed the highest hydrophilicity (see Table 3). The decrease in performance after the
optimum dose of CNTs and NPs is probably due to the aggregation of nanomaterials in
the thin layer. A homogeneous dispersion of nanomaterials in the polymer matrix is
essential to transfer their properties to the nanocomposite layer [63].

a) 016
0,14 1
0,12
ol ¢ AM-PP
S
< 0,08 — AM-0.2NP
<
0,06 AM-0.4NP
0,04 X AM-0.6NP
0,02
0 . . . . .
0 1000 2000 3000 4000 5000 6000
Time (s)
b) 0,16
0,14 o
0,12 ,&"
4
0,1 ’,o*’ -y ®AM-PP
< 0,08 Y — AM-0.2CNTs
” L3¢ LA XXX
006 | go0®? Mx,\vxx X AM-0.4CNTs
0000028 LHLRREE XXX
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0 1000 2000 3000 4000 5000 6000
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Figure 6. Evolution of voltage drop across the membrane (AV) for different AEMS: a)
unmodified AM-PP, AM-0.2NP, AM-0.4NP and AM-0.6NP and b) unmodified AM-PP, AM-
0.2CNTs, AM-0.4CNTs, AM-0.6CNTs, and AM-0.8CNTs. Current density was 2 mA-cm™.
Solution 0.1 mol-L* NaCl and 0.0018 mol-L* SDS.
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Table 5. Slope of the evolution of the voltage drop with time for the different AEMs
shown in Figure 6.

Membrane slope (mV-min?)

AM-PP 1.04"
AM-0.2NP 0.78
AM-0.4NP 0.58
AM-0.6NP 0.68

AM-0.2CNTs 0.69
AM-0.4CNTs 0.69
AM-0.6CNTs 0.49
AM-0.8CNTs 0.65

“The slope was calculated using the data from 1000 seconds to 6000 seconds.
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Figure 7. Improvement of the fouling resistance of nanocomposite membranes.

Additional experiments were performed with the best nanocomposite membrane, AM-
0.6CNTs being compared to the unmodified Ralex AM-PP membrane. In these
experiments AM-PP and AM-0.6CNTs membranes were subjected to three 4-hour
cycles of operation. Figure 8 includes the results of these experiments, which show that
the difference in fouling resistance between the nanocomposite AM-0.6CNT
membranes and the Ralex AM-PP membranes remained almost constant, even after 12
hours of operation.

The main reason behind the improvement of this fouling resistance relies on the
modification of three characteristics of membrane surfaces with significant influence
over anti-fouling properties: membrane charge, surface roughness and hydrophilicity
[32]. SEM and AFM images (Figure 3 and Figure 4, respectively) verify the
improvement in the homogeneity of nanocomposite membranes. Nanocomposite
membranes, with smoother surfaces than commercial membranes as previously
presented had significantly lower fouling rates [64],[27]. The surface hydrophilicity of
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nanocomposite membranes was observed in the water contact angle measurements (as
shown in Table 3 and Figure 5). All of these modifications to membrane surface
physicochemical characteristics provided nanocomposite membranes with enhanced
antifouling properties in the presence of SDS as a model organic foulant. This fouling
resistance was probed to be maintained with time. It is noteworthy that two
nanomaterials, which are different in geometry and functionalization, can have such a
similar performance and improvement in a very close loading (0.2% g-g*-0.6% g-g*
for iron oxide nanoparticles and 0.2% g-g*-0.8% g-g* for CNTs). These similarities
were first observed during the characterization process and then confirmed in the
evaluation of the fouling resistance. Nanocomposite membranes using CNTs performed
slightly better in fouling resistance and surface hydrophilicity. This might be due to a
slightly higher loading of nanomaterials before the aggregation processes.

0,5
0,45 -
0,4 -
0,35
0,3 -
0,25 -
0,2 -
0,15 -
0,1 -
0,05

AV(V)

Time (h)

Figure 8. Evolution of voltage drop across the membrane (AV) for polyethylene membranes
AM-PP and nanocomposite membranes AM-0.6CNTSs during three 4-hour cycles of operation.

Current density was 2 mA-cm.

The energy consumption using the unmodified Ralex AM-PP membrane and the best
nanocomposite membranes AM-0.6CNTs was calculated from the area under the curves
of Figure 8. The energy consumption decreased by 59.7% in the first cycle, 57.5% in
the second and 48.5% in the third cycle. These promising results give an idea of the
potential energy savings of a process that uses nanocomposite membranes with fouling
resistant properties.
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4. Conclusions

This work presents the performance in terms of fouling resistance of novel
nanocomposite anion exchange membranes based on a polyethylene commercial anion
exchange membrane and a thin nanocomposite layer. This layer is composed of sPPO
and one nanomaterial: one-dimensional oxidized multi-walled carbon nanotubes CNTs-
COO- or zero-dimensional sulfonated iron oxide nanoparticles Fe203-SO4%, each with a
totally different geometry and composition. The introduction of this layer caused a
significant change in some physicochemical characteristics of the membrane surface
such as composition, hydrophilicity and roughness that led to an enhancement of their
fouling resistance. All the nanocomposite membranes showed a more hydrophilic and
homogeneous surface than the unmodified membranes. The two nanomaterials
presented similar performance, observed during the characterization process and then
confirmed in the evaluation of the fouling resistance when using similar loadings (0.2%
g-9-0.6% g-g* for NPs and 0.2% g-g*-0.8% g-g* for CNTs). However a slightly
better performance of nanocomposite membranes using CNTs was observed. It might
be due to the fact that CNTs allowed a slightly higher dose of nanomaterials before
aggregation. The modification of membrane surface properties was characterized by
SEM, FTIR, AMF and water contact angle measurement. The negatively charged layer,
with small thickness, high hydrophilicity and conductivity, did not present changes of
membrane resistance. The best load of NPs and CNTs was respectively 0.4% g-g™* and
0.6% g-g* improving fouling resistance by 45% and 53%. These membranes also
presented the highest hydrophilicity. The improved fouling resistance of the best
nanocomposite membrane AM-0.6CNT was stable during 12 hours of operation in
contact with the model foulant. Energy savings between 49% and 60% were achieved
due to the lower voltage drop during electrodialysis laboratory scale test. As there is a
very similar performance of both nanomaterials, an economic evaluation might be
decisive for the selection of the nanocomposite thin film. Further work should explore
and compare the effects of different nanomaterials on other transport properties of the
membranes, such as flux of ions and permselectivity.
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