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ABSTRACT

Nanocomposite membranes containing poly(m-phenylene isophthalamide) (PMIA) and
organically modified montmorillonite (OMMT) were prepared by a combination of solution
dispersion and wet-phase inversion methods, and the effects of OMMT addition on the
properties and performance of fabricated nanofiltration membranes were investigated. The
membranes were characterized by contact angle measurements, scanning electron micros-
copy (SEM), atomic force microscopy (AFM), thermogravimetric analysis, and zeta potential.
The performance of the membranes was elucidated by the removal of perfluorooctane
sulfonate (PFOS) at neutral pH. Increasing OMMT concentration improved the thermal stability
and hydrophilicity of the membranes. The permeation and rejection of PFOS were significantly
improved. The performance of fabricated nanofiltration membranes in removal of PFOS varied
depending on the solute and membrane properties as well as solution conditions. Finally,
a comparison between fabricated membranes and a commercial NF membrane (ESNA1-K1,
Hydecanme) proved that the OMMT addition is a convenient procedure for producing
nanocomposite membranes with superior properties and performance.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

as a persistent organic pollutant (Tang et al., 2006), its use is still
allowed in some industries, e.g., chrome plating in China. It has

In recent years, there has been increasing concern about the
global contamination of water environments caused by
the widespread use of perfluorinated compounds (PFCs). Potas-
sium perfluorooctane sulfonate (PFOS) is a typical PFC and has
a range of applications, e.g., in surfactants, fire retardants,
lubricants, and polymer additives (Moody et al., 2001; Giesy and
Kannan, 2001; Moody and Field, 2000). Although PFOS was listed

been reported that the concentrations of PFOS in surface waters
near industrial zones were as high as 5.7ug/L (Rattanaoudom et
al., 2012). Itis important to remove PFOS from such point sources
before discharge into the environment. However, PFOS is very
stable, and it is difficult to decompose in ambient environments
using conventional techniques, such as biological degradation,
oxidation, and reduction (Vecitis et al., 2009). Conventional
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treatment methods are inadequate and may even produce toxic
byproducts. The performance required of removal processes is
also becoming increasingly stringent. Membranes provide an
alternative method for effectively removing PFOS from waste-
water; they are cheap, simple to operate, and use less chemicals
(Baker, 2004).

Nanofiltration membranes are one of the most important
types of membrane for the removal of multivalent ions
and organic compounds (100-1000 Da), especially persistent
organic pollutants, from water and wastewater sources.
Research on improving nanofiltration properties has focused
on modification of membrane materials, in order to increase
the strength, heat resistance and so forth. Among various
inorganic fillers, e.g., zeolites (Gevers et al., 2005), inorganic
compounds (Rajesh et al., 2012; Fang and Duranceau, 2013;
Romanos et al., 2012; Pourjafar et al., 2012; Namvar-Mahboub
and Pakizeh, 2013; Gholami et al., 2014; Chen et al., 2014), and
ceramic oxides (Schmidt et al., 2014; Zhang et al., 2014; Pages
etal., 2013), layered silicates are of particular interest, because
they can be dispersed in polymeric matrices at the nanoscale.
The most-used clays in polymer-clay nanocomposites (PCNs)
are those containing smectite clay minerals, particularly
organomontmorillonite (OMMT). OMMT is a hydrophilic clay,
and its addition at low contents (<10 wt.%) can be useful for
producing PCNs with improved properties, and for enhancing
the hydrophilicity of the material (Rajesh et al., 2012; Gevers et
al., 2005; Schafer et al., 2004; Anadao et al., 2010).

Despite nanocomposite membranes’ potential for applica-
tion in the field of nanofiltration, only a few studies have been
devoted to these membranes (Anadao et al., 2010; Monticelli
et al, 2007). Poly(m-phenylene isophthalamide) (PMIA) is
widely used in membranes for various applications (Cheng
et al.,, 2000; Wang et al., 2013; Ren et al., 2010; Yu et al., 2013).
In this work, we prepared and characterized PMIA-based
nanocomposite membranes containing various concentra-
tions of commercially available OMMT, using a combination
of solution dispersion and wet-phase inversion methods. The
performance of fabricated membranes was evaluated in terms
of the permeation and rejection of solutions containing the
selected perfluorooctane sulfonate (PFOS) under different
solution conditions. Finally, the ability of these nanocompos-
ite membranes in the removal of PFOS was compared with a
commercial nanofiltration membrane, ESNA1-K1.

1. Experimental
1.1. Materials

Fibrous PMIA was obtained from the Yantai Spandex Co., Ltd.
(China); its chemical structure is shown in Fig. 1. The polymer
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Fig. 1 - Chemical structure of poly(m-phenylene
isophthalamide.

was dried for at least 5 hr at 80°C and then used to prepare a
polymer solution. Analytical grade N, N’-dimethylacetamide
(DMAC) and LiCl, used as the solvent and cosolvent, respectively,
were purchased from the Tianjin Fuchen Chemicals Reagent
Factory (China). OMMT clays were purchased from the Beijing
Eastwest Specialty Chemicals Co.; schematic drawings are shown
in Fig. 2. PFOS (99%) was purchased from AccuStandard, Inc.
(USA). A commercial composite polyamide nanofiltration
membrane, ESNA1-K1, was kindly supplied by Hydecanme, as a
flat sheet. Each experiment was carried out twice and double-
distilled water was used in all the experiments.

1.2. Feed

Nanofiltration was carried out with a solution containing
PFOS with a concentration of 100 pg/L and at solution pH
value of 7.0. Due to their pK,, perfluorooctane sulfonate (PFOS)
molecules are ionized and therefore negatively charged at
both neutral and acid solution pH values.

1.3. Preparation of pristine PMIA membrane

A casting solution containing PMIA (20 wt.%) dissolved in
DMAc was prepared by stirring for 8 hr at 5.0 Hz (300 r/min)
and 50°C. The solution was cast by spreading on a glass plate
substrate, using a laboratory-made casting knife, at a thickness
of 250 um. The substrate then was moved to a non-solvent
(water) bath for immersion precipitation at room temperature.
After primary phase separation and formation of the mem-
brane, it was stored in water for 24 hr to guarantee complete
phase separation. This allowed the water-soluble components
in the membrane to leach out. The rejection of NaCl and MgSO4
by the PMIA membrane were respectively about 27% and 48%,
with a feed concentration of 500 mg/L under 5.5 x 10° Pa.
According to the parameters provided for the commercial NF
membrane, under the same conditions, the rejection values of
the commercial membrane were greater than 92%.

1.4. Preparation of nanocomposite membranes

Nanocomposite membranes were prepared using a combination
of wet-phase inversion and solution dispersion techniques.
Dispersions with various OMMT contents (0.5%-5%) and 20 wt.%
PMIA in DMAc were prepared under vigorous mechanical stirring
for 8 hr at 50°C. First, one-quarter of the 20 wt.% PMIA was added,
and after solubilization, one-quarter of the total amount of
OMMT was added. This procedure was continued until both
additions were complete, as previously reported by Anadao et al.
The casting and immersion of the nanocomposite membranes
were performed using the same method as for the pristine PMIA
membrane.

1.5. Membrane characterization

The surface morphologies and thicknesses of the synthesized
membranes were examined using scanning electron microscopy
(SEM; SU8000, HITACHI) and atomic force microscopy (AFM,;
Digital Instruments, USA). The arithmetic average (R,) roughness
of the membranes was estimated from topographic images
of area 5 um x 5 pm. The static water contact angles of the
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Fig. 2 - Schematic drawings of montmorillonite in the presence of organic cations.

membrane surfaces were measured at room temperature using
a goniometer (NRL CA Goniometer, Rame-Hart, Inc.) equipped
with a video-capturing apparatus. The average contact angle
was determined from eight measurements for each sample. The
zeta potential was measured in a background aqueous solution
of KI (1 mol/L) containing mobility-monitoring particles. A plate
sample cell was used for all membrane samples. Thermogravi-
metric analysis (TGA; PL-TGA, UK) was performed in the range
of 40-750°C in an argon flow of 50 mL/min, at a heating rate of
10°C/min, with a sample mass of about 5 mg.

1.6. Membrane performance measurements

The prepared membranes were cut to the size needed for
fixing in the nanofiltration kit and initially pressurized
with distilled water at 10 x 10° Pa (145 psi) for 2 hr in order
to ensure a stable flux. Subsequently, the membranes were
subjected to the solute separation experiments whereby
different solutions, containing PFOS as well as co-existing
anions and Pb?*, were passed through the membrane shell
side. The permeation fluxes (F) of the membranes can be
calculated as:

F= Sxt @
where, F (L/(m%hr)) is the permeation flux of the membrane, ]
(L) is the total volume of permeate during the experiment, S
(m?) is the membrane effective area, and t (hr) denotes the

operating time. The solute rejection was calculated as:

R— <1— Cl) x 100% )
Co

where, ¢, and c, are the feed and permeate concentrations,

respectively.

In determination of the rejection of PFOS by nanofiltration
membranes, adsorption effects on the membrane surface
must be considered to avoid overestimation of the rejection
(Fang and Duranceau, 2013). Overestimation is important,
particularly for neutral compounds and ionizable compounds
under electrostatically neutral conditions. A longer operating
time was used to reach the saturated state. The required time for
membrane saturation depends on the feed concentration (Zhai et
al., 2014; Kimura et al., 2003). A higher feed concentration requires
a lower operating time to reach the saturated state (steady-state
condition) (Zhai et al., 2014). In this study, permeate samples
were collected every hour and the membrane was saturated after

5 hr. The rejection rate was reported for steady-state conditions.
PFOS removal experiments were performed using a 100 pg/L
PFOS solution. The rejection and permeation of the solutions
containing PFOS by PMIA and nanocomposite membranes
after operation for around 8 hr under neutral conditions were
calculated using Egs. (1) and (2).

2. Results and discussion

2.1. Effect of OMMT on the properties of nanocomposite
membranes

In order to investigate the effect of clay on the thermal
stability of the nanocomposite membranes, thermogravimet-
ric analysis was performed. The TGA curves related to virgin
PMIA and PMIA/OMMT membranes are shown in Fig. 3. With
increasing addition of OMMT, the onset and final tempera-
tures of degradation of the clay shifted to higher tempera-
tures. In nanocomposite membranes, the enhancementin the
thermal stability can be explained by the barrier properties of
the clay mineral layers, which restrict the diffusion of oxygen
molecules into the nanocomposites, and also by the compli-
cated effect of these layers being dispersed in the PMIA matrix
which delays volatilization (Schafer et al., 2004; Monticelli et
al., 2007).

The water contact angles were measured (Fig. 4), which are
indicative of the wettability of the prepared membranes. Virgin
PMIA membrane had the highest contact angle and the lowest
hydrophilicity. The water contact angle decreased significantly
with increasing OMMT concentration. The PMIA/OMMTs o mem-
brane exhibited the lowest water contact angle, indicating the
highest hydrophilicity. The significant changes in hydrophilic-
ities of the membranes prepared with OMMT can be ascribed to
the fact that the organically modified clay is hydrophilic and
carries hydrophilic polar ammonium moieties.

The zeta potential measurement data of virgin PMIA and
PMIA/OMMT nanocomposite membranes in neutral solution
are tabulated in Fig. 4. The data show a decrease in zeta
potential values (negative charge) of the membranes with
increasing OMMT concentration. Addition of OMMT to the
casting solution reduces the negative charge of the membrane.
This is probably because the electrostatic attraction between
the ammonium parts of OMMT and negative charges of the
membrane surface, which diminishes the negative charge of
the membrane surface.
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Fig. 3 - TGA curves of pristine PMIA and nanocomposite
membranes prepared with various concentrations of OMMT.
TGA: Thermogravimetric analysis; PMIA: poly(m-phenylene
isophthalamide); OMMT: organically modified
montmorillonite.

2.2. Effect of OMMT on the morphology of nanocomposite
membranes

The performance of membranes strongly depends on the surface,
sub-layer morphology, and top layer thickness and compactness
(Van der Bruggen et al., 1999; Lu et al., 2006; Nigam et al., 2004).
The influence of the concentration of OMMT as the additive on
the membrane morphology was investigated using SEM appara-
tus. There was no obvious difference in the surface morphology
of the nanocomposite membranes with different concentrations
of OMMT (Fig. 5a).

The variations in the cross-sectional morphology of the
membranes were mainly elucidated by SEM (Fig. 5b). The
virgin PMIA membrane showed a typical asymmetric struc-
ture composed of a thin skin layer and a porous bulk with a
finger-like structure. The addition of OMMT to the casting
solution resulted in membranes composed of thinner skin
layers and a more porous sublayer compared to the virgin
PMIA membrane. However, the addition of more than 4 wt.%
of OMMT resulted in denser skin layers with increased
thickness and sub-layers with lower porosities.

2.3. Effect of OMMT on the performance of nanocomposite
membranes in removal of PFOS

The results for the rejection and permeation of a solution
containing PFOS molecules using virgin PMIA and nanocom-
posite membranes, after the operating time of around 8 hr in
neutral condition (pH 7.0) and calculated using Egs. (1) and (2),
are depicted in Fig. 6. The operating pressure was 5.5 x 10° Pa
(79.75 psi). The rejection was improved with increasing
concentration of OMMT. The flux was significantly increased
with an increment in OMMT concentration from 0 to 4 wt.%,
then it was decreased as the concentration of OMMT reached
5%.

In neutral conditions, all PFOS molecules (pK, = -3.27) are
also dissociated to anionic form and are negatively charged,
as is the surface of the virgin PMIA membrane. The filtration
of PFOS is affected by two factors: first, the electrostatic
repulsion between negative charges on the membrane surface
and negative charges of the ionized PFOS molecules; and
second, the electrostatic attraction between the positive
charges of the ammonium ions of OMMT molecules and the
negative charges on ionized PFOS molecules. After saturation
of the membrane surface by solutes, the rejection of PFOS
molecules reaches a constant value and does not change over
time. The enhancement in OMMT concentration increases the
obstructive properties, attributed to the chemically bonded
silicate layers with high aspect ratios, which efficiently hinder
the diffusion of PFOS molecules into the nanocomposite
membranes (Van de Witte et al., 1996). According to SEM
images (Fig. 5b), by increasing the concentration of OMMT,
membranes are formed with denser and thinner skin layers,
higher porosity, and higher hydrophilicity (Fig. 4). Membranes
with these characteristics give higher permeation. It can be
found in Fig. 5b that the permeation is decreased when the
OMMT concentration in the casting solution is higher than
4 wt.%, so we conducted follow-up experiments at concen-
trations under 4 wt.%. Furthermore, the thickness of the skin
layer and the structures of the surface and sub-layer change,
causing a decrease in the permeability of the nanocomposite
membrane. Comparison of the results of the commercial
and fabricated membranes revealed that the performance
(permeation and rejection) of the commercial membrane was
lower compared to the nanocomposite membranes.
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Fig. 4 - Water contact angles (a) and zeta potentials (b) of pristine PMIA and nanocomposite membranes prepared with various
concentrations of OMMT. PMIA: poly(m-phenylene isophthalamide); OMMT: organically modified montmorillonite.
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Fig. 5 - (a) SEM and (b) cross section SEM images of surface textures of membranes. (1) pristine PMIA; (2) PMIA/OMMT, s;

flux; red line: rejecting of PFOS.

2.4. Effect of PFOS concentration on the performance of
nanocomposite membranes in removal of PFOS

The rejection and permeation results for the solution contain-
ing different PFOS concentrations, using a nanocomposite
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Fig. 6 — Effect of OMMT concentration on the rejection and
permeation of solution containing PFOS. OMMT: organically
modified montmorillonite; PFOS: perfluorooctane sulfonate.

membrane with 4 wt.% concentration of OMMT in neutral
conditions (pH 7.0), are depicted in Fig. 7. PFOS rejection
increased with increasing PFOS concentration at all
trans-membrane pressures. This is because as the initial
concentration of PFOS in water was increased, more PFOS
molecules were adsorbed on the membrane surface, causing
the pore size of the membranes to decrease, and strengthening
the screening effect of the membrane surface, resulting in the
enhancement of rejection.

2.5. Effect of co-existing anions on the performance of
nanocomposite membranes in removal of PFOS

The effect of co-existing anions is an important factor in
evaluating the applicability of OMMT nanofiltration mem-
branes in PFOS removal. Many anions, such as chloride (Cl°),
sulfate (SO37), and phosphate (PO3), are commonly found in
the hydrosphere, which may compete with PFOS on the
surface of the membranes. The effects of these anions on
PFOS removal with three different concentrations (0, 0.01, and
0.1 mmol/L) were examined, and the results are illustrated in
Fig. 8. The operating pressure was 5.5 x 10° Pa (79.75 psi). The
presence of phosphate (PO3") had the most significant effect
on the removal of PFOS. This can be attributed to the
increased electronegativity of the membrane surface, leading
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Fig. 7 - (a) Effect of PFOS concentration on the removal of PFOS and (b) flux decay rate F/F, in the presence of different PFOS
concentrations: F is flux at a given time; F, is the pure water flux. PFOS: perfluorooctane sulfonate.

to enhanced electrostatic repulsion between the membrane
surface and PFOS molecules. As we can see from Fig. 8, the
zeta potentials of the composite membranes in the presence
of various anionic additives were more negative, supporting
the effect of co-existing anions on PFOS rejection.

2.6. Effect of Pb>* on the performance of nanocomposite
membranes in removal of PFOS

To study the effect of heavy metal ions on PFOS rejection, lead
chloride (PbCly), which is typically present in water, was used to
provide background electrolyte lead ions. As we can see from
Fig. 9, the rejection of PFOS was increased with the enhancement
in Pb®* concentration at all trans-membrane pressures. The
improvement can be attributed to the complexation between
lead ions and PFOS molecules. We have previously found
that bridging can occur between Ca®* ions and the sulfonate
functional groups in PFOS molecules, and we have quantified the
calcium-bridging mechanism using DFT calculations (Zhao et al.,
2013). Further interactions between Pb®* ions and the sulfonate
functional groups in PFOS molecules are still under study. The

permeate flux decreases with increasing Pb®* concentration in
Fig. 9, indicating that more Pb** ions and sulfonate functional
groups from PFOS molecules precipitated on the membrane
surface, resulting in the pore blockage effect.

Fig. 10 shows two- and three-dimensional image profiles
of AFM images of the surfaces of membranes. In these images,
the brightest area represents the highest point on the membrane
surface, and the dark regions indicate valleys or membrane
pores. The surface morphologies of the membranes were
strongly influenced by the solution chemistry. The surface
roughness parameters of the membranes are presented in
Table 1. The roughness parameters of the membranes were
increased by co-existing lead ions.

3. Conclusions

Nanocomposite PMIA membranes were prepared by addition
of different concentrations of OMMT to the casting solution
and by a combination of solution dispersion and wet-phase
inversion methods. The layered clay had a significant effect
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Fig. 8 - Effect of co-existing anion concentration on the removal of PFOS (a) and zeta potentials (b) of pristine PMIA and
nanocomposite membranes. PFOS: perfluorooctane sulfonate; PMIA: poly(m-phenylene isophthalamide).
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Fig. 9 - Effect of Pb* concentration on the removal of PFOS and flux decay rate F/F, at different Pb>* concentrations. PFOS:

perfluorooctane sulfonate.

on the membrane formation mechanism, which was investi-
gated by SEM and AFM imaging. Addition of different
concentrations of OMMT to the casting solution resulted in
membranes with thinner skin layers. The data showed that
the addition of OMMT can significantly improve membrane
hydrophilicity and thermal resistance.

PFOS removal by the nanofiltration membranes was im-
proved through the incorporation of clay mineral platelets into
the PMIA membrane structure. The removal of PFOS by the
fabricated membranes involved electrostatic repulsion between
charged PFOS entities and similar charges on the membrane
surface. The dominant mechanism in the removal of PFOS

200 nm 8

0 25 5.0 um

depended on the solute and membrane properties. Our results
further reveal the remarkable potential of OMMT-modified
nanofiltration membranes for contaminant removal applica-
tions in water treatment.
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Table 1-Roughness parameters and contact angles of
and PFOS accumulation on

prepared membranes,
membrane surfaces in different experimental systems.

Feed system Ra (nm) Ry (MmM)  Rpax (Nm)
Pristine PMIA/OMMT, o 22.5 28.6 164
membrane
100 pg/L PFOS 30.2 38.1 202
100 pg/L PFOS +25 pg/L Pb** 34.8 43.1 205
100 pg/L PFOS +50 pg/L Pb** 33.2 40.6 227
100 pg/L PFOS +100 pg/L Pb?* 50.6 61.9 345.7

State Key Joint Laboratory of Environment Simulation and
Pollution Control (No. 12L02ESPC).
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