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ABSTRACT

Polyethersulfone (PES) ultrafiltration (UF) membranes modified with nanocomposite Fe,O,~trisodium
citrate (C;H,Na,O,2H,0) nanoparticles (FeTCNPs) were prepared via the wet phase inversion
method. The casting solution contained 15 wt% of PES and 1, 2, or 4 wt% of FeTCNPs in relation
to polymer. N,N-Dimethylformamide was applied as a solvent. The investigations were focused on
the influence of the nanomaterial concentration in the membrane matrix on the physicochemical and
transport properties of the fabricated membranes as well as their proneness to fouling. Membranes
were characterized using scanning electron microscopy and atomic force microscopy. The influence of
the modification on membranes hydrophilicity was determined based on water contact angle values. It
was found that the pure water flux in case of the membrane containing 2 wt% of FeTCNPs was higher
for ca. 12% compared with that measured for the unmodified membrane. Moreover, the permeate
flux decline during UF of bovine serum albumin solution was less severe in case of the membranes

modified with 1 and 2 wt% of FeTCNPs than in the absence of NPs in membrane matrix.
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1. Introduction

Polyethersulfone (PES) is a polymer widely used for
preparation of ultrafiltration (UF) and microfiltration mem-
branes applied for water and wastewater treatment and
reuse due to its excellent chemical, thermal, and mechanical
stability [1-3]. However, due to a relatively low hydrophilic-
ity of this polymer, the membranes made of PES suffer from
fouling, which is an undesired phenomenon in membrane
processes [1,4]. Fouling occurs when organic or inorganic
substances present in a feed are deposited on a membrane
surface and/or within membrane pores. Under such con-
ditions, microorganisms can additionally form a biofilm
leading to the occurrence of the so-called biofouling [4].

* Corresponding author.

Fouling causes a decrease of permeate flux and leads to a
shortening of a membrane lifetime. In many cases the pores
blockage is irreversible and the recovery of initial pro-
ductivity of a membrane is impossible [4]. Hence, various
membrane modifications aiming to mitigate fouling have
been proposed. Among numerous attempts, fabrication of
membranes by introduction of different fillers into the poly-
mer matrix, aimed at the enhancement of membrane hydro-
philicity is one of the main directions under development
[5,6]. Recently nanotechnology has created new possibil-
ities of membrane fabrication based on the application of
nanomaterials. The most often used nanomodifiers of PES
membranes are multi- or single-walled carbon nanotubes,
halloysite nanotubes, TiO, nanoparticles (NPs), silica (SiO,),
ALO, or copper and silver NPs. These nanomaterials have
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generally been used to improve anti(bio)fouling perfor-
mance via a good dispersion within a membrane matrix and
increase of its hydrophilicity [6].

Recently, the attention of researchers has turned to the
modification of polymeric membranes with Fe,O, NPs. These
nanomodifiers characterize with excellent thermal and chem-
ical stability and good magnetic properties [7], whereas,
membranes modified with Fe,O,-NPs have been reported
to exhibit higher permeate flux, improved separation prop-
erties, and superior fouling resistance compared with neat
polymeric membranes used in UF [8,9]. Huang et al. [7]
proposed a novel nanocomposite membrane made of poly-
vinylidene fluoride with addition of Fe,O, NPs, exhibiting
enhanced pure water flux (PWF), higher rejection, and better
fouling resistance as well as good compaction resistance abil-
ity. Another authors [10] applied a-Fe,0, NPs synthesized
by sol-gel method to enhance salt rejection by polysulfone
(PSF) membrane. They found a positive effect of a-Fe,0O,
NPs on membrane properties such as permeability, hydro-
philicity, porosity, and pore size. The PWF increased more
than three times compared with the neat PSF membrane.
In another work [11] Fe,O,/PSF nanocomposite membranes
were synthesized via three different methods, namely:
blending with polymeric matrices, deposition by photopo-
lymerization, and deposition by interfacial polymerization.
The research revealed that the addition of the NPs to all of
membranes led to an increase of permeate flux due to the
improvement of surface hydrophilicity and contributed to
the enhancement of separation properties. Mukherjee [12-14]
indicated that the incorporation of iron oxide NPs into the
polyacrylonitrile membrane could be effective in limitation
of the microbial contamination of water. Based on the subject
literature, it can be seen that a majority of publications on
polymeric membranes modified with iron oxide NPs refer to
the determination of the effectiveness of removal of metals,
for example, lead, copper, zinc, cadmium, nickel, and chro-
mium [15-21], as well as dyes [22,23] from water.

In most of literature reports, the enhancement of anti-
fouling properties of UF, nanofiltration, and reverse osmo-
sis membranes modified with iron oxide NPs is attributed to
their higher hydrophilicity and porosity [10,16,20,22,24-27].
However, some papers reveal utterly different results, namely
the permeation of pure water through the nanocomposite
membranes decrease as a result of pore blockage by accu-
mulated iron oxide NPs [12,18]. The above obstacle can
possibly be overcome by application of iron oxide NPs mod-
ified by materials, which increase their hydrophilicity. It was
reported [17] that a membrane fabricated from a casting dope
containing 18 wt% PES, 1 wt% polyvinylpyrrolidone, and
N,N-dimethylacetamide, modified with 0.01%-1% of Fe,O,
NPs covered with citrate groups exhibited an improvement
of hydrophilicity and water flux as well as high efficiency of
Cu(IT) removal [17]. Trisodium citrate was chosen due to its
anticoagulation properties.

In this work the investigations were focused on the
determination of the influence of the amount of iron oxide
NPs modified with trisodium citrate (FeTCNPs) on the
physicochemical characteristics, water permeability, and
antifouling properties of the UF PES membranes. The
casting dope was prepared using PES (15 wt%) dissolved
in N,N-dimethylformamide (DMF). The concentration of

FeTCNPs was in the range of 1-4 wt% in relation to poly-
mer. Membranes were characterized using microscopic
techniques, that is, scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Moreover, water contact
angle and porosity tests were conducted. The influence of
FeTCNPs on membranes fouling was evaluated using bovine
serum albumin (BSA) as a model foulant.

2. Experimental
2.1. Materials

PES (Ultrason E6020P) obtained from BASF SE, Germany
and N,N-DMF purchased from Avantor Performance Materials
Poland S.A. were used for preparation of membrane cast-
ing solution, whereas pure water (Elix 3, Millipore) was
used as a nonsolvent. Fe,O,~trisodium citrate nanoparticles
(FeTCNPs) were synthesized by chemical coprecipitation. All
reagents used in FeTCNPs preparation, that is, FeCL,-6H,O,
FeSO,7H,O, NaOH, CH,Na,0,2H,O, and acetone were
purchased from Avantor Performance Materials Poland S.A.,
Poland. BSA (Merck Millipore, Germany) in concentration of
1 g/L was applied as a model foulant.

2.2. Synthesis of FEFTCNPs

FeTCNPs were prepared using chemical coprecipitation.
Typically, 1.838 g of FeCl,-6H,0 and 0.945 g of FeSO,-7H,0
were dissolved in 150 mL of distilled water in a three-necked
flask (500 mL). The obtained transparent solution was
deaerated at nitrogen flow for 1 h. Thereafter, during rapid
magnetic stirring, 20 mL of NaOH (10 M) was added into
the solution within 30 min using a dropping funnel. After
proceeded rapid stirring for 1 h, the resultant black disper-
sion was heated to 90°C and kept at this temperature for
1 h. After cooling to room temperature, the dispersion was
subjected to magnetic separation with a magnet, and the
collected magnetic mud was then redispersed in a 200 mL
portion of trisodium citrate solution (0.3 M) and heated at
80°C for 1 h. The magnetic NPs were precipitated with ace-
tone to remove the excessive citrate groups adsorbed on the
nanomaterial, collected with a magnet, dried in an oven at
80°C, and next grinded using agate mortar.

The diameter of the obtained NPs assessed with the
use of transmission electron microscopy (TEM) was in the
range of 5-20 nm (Fig. 1).

2.3. Preparation of membranes

Both pure PES and PES/FeTCNPs membranes were pre-
pared by the wet phase inversion method. The casting solu-
tion for fabrication of the unmodified membrane (M1) with
polymer concentration of 15 wt% was obtained by dissolu-
tion of 8.38 g of PES in 50 mL of DMF. The homogeneous
casting dope, after degassing, was casted onto a glass plate
using automatic film applicator (Elcometer 4340, Elcometer
Ltd., UK) with the knife gap of 0.1 mm and subsequently
immersed in a pure water bath (20°C + 1°C) for 24 h to
complete the phase inversion process. The PES/FeTCNPs
membranes (M2, M3, and M4) were fabricated by addition
of 1, 2, or 4 wt% of FeTCNPs by weight of PES to previously
prepared polymer solution (15 wt% PES in DMF). In order to
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Fig. 1. TEM images of the prepared Fe,O,trisodium citrate
nanoparticles.

disperse FeTCNPs in a casting solution, a vigorous mechan-
ical stirring was applied. After degassing, the membranes
were casted using the automatic film applicator as described
earlier.

2.4. Characterization of membranes

Hydrophilic properties of the prepared membranes were
assessed based on water contact angle (6) measurements
performed with the use of a goniometer (Surface Energy
Evaluation System, Advex Instruments, Czech Republic).
The contact angle values were calculated as an average of at
least five measurements from five different membrane pieces.

The porosity of membranes was determined using grav-
imetric analysis and calculated on a basis of the following
equation:

(e =10 ) .

pP=
(e =4 ) 0+ 14,

x100% 1)

where m_ and m, are weights (g) of membrane samples
in the wet and the dry state, respectively; p_ is water den-
sity at 20°C (p, = 0.9982 g/cm?®), and p, is the PES density
(1.37 g/em?®). The given values were obtained from three
repeated measurements.

The topography of membranes surface was evaluated
with the application of NanoScope V Multimode 8 scanning
probe microscope (Bruker Corp., USA). The AFM measure-
ments were performed with the silicon nitride ScanAsyst-
Air probe in the ScanAsyst mode. The scanned area was
5 um x 5 um. Before analysis, the samples were soaked
in water and ethanol solutions and air-dried to keep the
surface unchanged.

Hitachi SU8020 Ultra-High Resolution Field Emission
Scanning Electron Microscope (UHR FE-SEM) was applied
for examination of membranes cross section. Before analysis,
the samples previously dewatered in ethanol-water solu-
tions were broken in liquid nitrogen and sputtered with
a 5 nm thick chromium layer (Q150T ES coater, Quorum
Technologies Ltd., UK). The images were collected in two
modes of measurement: secondary electrons (SE, accelerating
voltage: 5 kV) and backscattered electrons (BSE, 15 kV).

2.5. Membrane installation

The investigations were conducted in the laboratory scale
installation presented in Fig. 2. The feed was pumped from
the feed tank into a stainless steel membrane module using a
peristaltic pump. The module was equipped with a manom-
eter and a needle valve. The permeate flux was calculated
based on the volume of the solution passing through the
membrane during a fixed period of time. All experiments
were repeated at least twice. For the determination of PWF
the transmembrane pressure (TMP) was set at 0.05-0.15 MPa.
The membrane fouling experiments with BSA solution
were conducted at TMP = 0.1 MPa and the feed cross-flow
velocity (CFV) of 0.8 m/s. The temperature was maintained
at 20°C £ 1°C.

3. Results and discussion
3.1. Characterization of FETCNPs nanocomposite membranes

Table 1 presents selected properties of the fabricated
membranes. A slight increase of the porosity (69%—73%) with
the increasing concentration of FeTCNPs (1-4 wt%) incorpo-
rated within a membrane matrix was observed. That can be
explained in terms of the action of NPs, which are consid-
ered as pore forming agents [28]. In their work, Chen et al.
prepared membranes containing in situ generated SiO, NPs.
They proposed that upon generation, most of the SiO, NPs
were trapped in the upper part of a membrane. Subsequently,
a release of some of NPs could have occurred due to the
physical incompatibilities between polymeric and inorganic

d

Fig. 2. The schematic diagram of the membrane installation
used in the experiments (A - feed tank, B — peristaltic pump,
C — membrane module, and D — needle valve with manometer).
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Table 1
Selected properties of prepared membranes

Membrane M1 M2 M3 M4
Porosity (%) 69 71 72 73
Contact angle (°) 57 55 54 58

Permeability (L/m?h bar) 162 162 181 150

materials leading to a formation of a more loose skin layer of
the membrane. Furthermore, since SiO, NPs exhibited high
hydrophilicity, an enhanced transfer of the nanofiller from
the skin layer to the coagulation bath could also take place.
In such a case, the spaces previously occupied by the NPs
would turn into membrane pores with a size related to the
diameters of SiO, nanomaterial [28]. Similar explanation can
be used in case of the results presented in Table 1.

Water contact angle is a parameter describing hydro-
philicity of a membrane surface, and a decrease of contact
angle indicates on an increase of hydrophilicity. Table 1
shows that after incorporation of FeTCNPs in the membrane
structure, the changes in contact angle were not very signifi-
cant. The value of this parameter in case of the neat membrane
amounted to 57° and in case of the modified membranes it
ranged from 54° to 58°, being the lowest for M3.

The transport properties of the fabricated membranes
were evaluated based on water permeability (Table 1). The
analysis of the results revealed that the modification with
FeTCNPs had a noticeable influence on this parameter. In
case of the membrane containing 2 wt% of the nanofiller
(M3), the permeability increased for ca. 12% in compari-
son with the unmodified membrane (M1). When the lowest
amount of NPs was used (M2 membrane), no effect of the
modification on the permeate flux was observed. However,
when the content of FeTCNDPs within the membrane matrix
was the highest (M4), the permeability decreased compared
with the neat membrane by ca. 8%. The observed decrease
can be explained in terms of the entrapment of poorly dis-
persed FeTCNPs in the membrane associated with a too high
concentration of NPs [18] or surface pore blockage by the
NPs agglomerates, discussed later. The M4 membrane also
exhibited the highest contact angle, which could be another
reason for the observed flux decline. In case of M2 and M3
membranes, a slight improvement of hydrophilicity was
observed, which could contribute to the enhancement of
water permeability through membrane pores.

SEM images of the cross-sections of the unmodified
membrane and membranes modified with different concen-
trations of FeTCNPs are summarized in Fig. 4. The left col-
umn presents microphotographs collected in the SE mode,
while in the right column the SEM-BSE images are shown.
The membranes exhibited typically asymmetric structure
with a dense top layer, a porous sublayer with relatively
small finger-like pores, and a bottom layer consisting of fully
developed macropores with finger- or bubble-like shapes.
The formation of spongy structure in the sub- and bottom
layer also occurred.

The analysis of cross-sections of modified membranes
revealed the presence of large aggregates (ca. 6 pm) of
FeTCNPs in case of M3 (Figs. 3(g) and (h)) and M4 (Figs. 3(k)
and (1)), that is, ones containing the highest amount of the
nanofiller. For these two membranes also much smaller and

well dispersed agglomerates were visible (Figs. 3(e) and (f)
and (i) and (j)). The observation proved a nonhomogeneity
of the structure of the mixed matrix membranes. However,
despite this nonuniform distribution of NPs, the degree of
dispersion was sufficient to contribute to an improvement of

well dispersed FeTCNPs agglomerates

DI
SUB00O 15.0kV 6,0mm x1.00k LA100(U)

e
50,0um

well dispersed FeTCNPs agglomerates

large FeTCNPs aggregates

SUB00O 5.0KV 6.2mm x1.00K SE(UL) SUB00O 15.

well dispersed FeTCNPs agglomerates

0KV 6.5mm x1.00k LA100(U)

Fig. 3. SEM cross-section images of the unmodified membrane
M1 ((a) and (b)) and membranes modified with different
FeTCNPs concentration: M2 ((c) and (d)), M3 ((e)-(h)), M4
((i)—(1)). The images on the right side ((b), (d), (f), (h), (j), and (1))
were collected in the BSE mode in order to highlight FeTCNPs
incorporated within membrane matrix.
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the permeate flux during UF of water in case of M3 mem-
brane (Table 1). Nonetheless, in case of M4, the concentration
of these large aggregates was too high, which resulted in a
much larger number of formed hunks creating a barrier for
water filtration and led to the lowest permeability among all
studied membranes (Table 1). Furthermore, Figs. 3(k) and (1)
confirm the postulate that at the stage of the membrane for-
mation some NPs were removed from the polymer film and
the spaces previously occupied by the NPs turned into mem-
brane pores with a size related to the diameters of the nano-
material. The SEM analysis of the membrane skin layer also
proved this phenomenon. Based on the microphotographs
shown in Fig. 4, the presence of large holes in the mem-
brane surface was found. Some holes contained NPs that got
stuck in the membrane (Fig. 4(a)), while in case of other ones
NPs were not present (Fig. 4(b)). These “empty” imperfec-
tions were most probably formed as a result of destruction
of the membrane top layer by large FeTCNPs aggregates,
which were removed from the polymer film at the stage of
the membrane formation, either during the immersion in the
coagulation bath or, alternatively, during the casting of the
dope onto glass plate. The pores with large diameters formed
in this way could possibly increase the permeability, how-
ever, no increase of the PWF was observed in case of the M4
membrane (Table 1). A decrease of PWF was instead noted,
which suggested that the presence of the holes presented in
Fig. 4(b) was occasional, and the aggregates of NPs rather

Fig. 4. SEM images of the M4 membrane surface (a) hole formed
by large nanoparticles that got stuck in the membrane and
(b) hole formed by large FeTCNP aggregate removed from the
polymer film at the stage of membrane formation.

blocked the already formed pores, thus reduced the mem-
brane permeability.

The changes of surface morphology of nanocomposite
FeTCNPs/PES membranes and the unmodified M1 were also
characterized by AFM analysis and 3D images are presented
in Fig. 5. The unmodified membrane had a smooth surface
(Fig. 5(a)), while in case of modified membranes the presence
of NPs could be observed. On the surface of the membrane
containing 4 wt% of FeTCNPs (M4), numerous irregular,
large, and high (up to 400 nm) clusters of the nanomaterial
were present, covering a large area of the skin (Fig. 5(d)).
Membranes modified with lower amounts of FeTCNPs
(M2 and M3) exhibited the presence of much smaller

Fig. 5. AFM images of the unmodified M1 (a) and modified M2 (b), M3 (c), and M4 (d) membranes.



270 K. Szymarnski et al. / Desalination and Water Treatment 128 (2018) 265-271

mountain-like agglomerates with height of ca. 50-200 nm
(Figs. 5(b) and (c)). However, it should be stressed that the
agglomerates, in case of the M2 membrane, were definitely
smaller (Fig. 5(b)) than those observed for M3 membrane.
The obtained results could confirm the slight changes in the
surface hydrophilicity and PWF of the prepared membranes.
The M4 membrane had numerous and very large aggregates
of NPs on its surface, which blocked pores and thus reduced
the water flow through the membrane resulting in a deteri-
oration of its permeability. The topography of the surface of
M1 and M2 was relatively similar and the number of NPs in
case of M1 was very low, which explained the similar PWFs
achieved for these membranes (Table 1). When the amount of
NPs on the membrane surface increased (M3), but the aggre-
gates and agglomerates were well dispersed, the hydro-
philicity was the highest and the water permeability was
significantly enhanced (Table 1).

3.2. Membrane fouling studies

In order to determine the influence of the applied modifi-
cation on antifouling properties of the prepared membranes,
the BSA solution of concentration of 1 g/L was applied as a
model foulant. The change of normalized permeate fluxes
measured during UF of BSA solution through the unmodi-
fied M1 membrane and modified membranes is summarized
in Fig. 6.

No significant influence of the application of the FeTCNPs
at the concentration of 1 and 2 wt% on the improvement of
permeate flux during BSA UF was found, while in case of the
highest amount of NPs (4 wt%), the flux decline was much
more severe than in case of the unmodified M1 membrane.
The observed intensification of the membrane fouling in the
presence of M4 can be explained in terms of too high con-
centration of NPs, which affected the surface properties of
the membrane. As it can be seen in Fig. 5, the surface of this
membrane was densely covered with FeTCNPs. Comparing
this parameter with the slightly increased value of contact
angle (Table 1), it can be concluded that the reason for the
observed significant flux decline during UF of BSA increased
roughness of the surface and slightly decreased hydro-
philicity compared with M1. It is commonly accepted that
the increase of membrane hydrophilicity results in a better
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Fig. 6. The change of normalized permeate fluxes during
ultrafiltration of BSA solution (1 g/L) through the unmodified
(M1) and FeTCNPs-modified membranes (M2, M3, and M4).
Process parameters: TMP = 0.1 MPa, CFV = 0.8 m/s.

fouling resistance since most organic foulants, including
proteins such as BSA, exhibit hydrophobic nature [29,30].
Furthermore, the increase of surface roughness can sig-
nificantly change the nature of the membrane, so that an
enhanced deposition of organic molecules (e.g., BSA), vari-
ous particles or bacteria can occur [31,32]. The deposition can
take place especially between aggregates of the nanomate-
rial densely packed on the membrane surface (Fig. 5(d)). In
opposite, at two lowest concentrations of NPs, the surface
hydrophilicity was higher than that of M1 and the roughness
due to the presence of FeTCNPs on the surface was much
lower than in case of M4 (height of the NPs agglomerates:
ca. 50-200 vs 400 nm, respectively). As a result, a less severe
decline of permeate fluxes through M2 and M3 measured
during UF of BSA compared with M1 was observed.

4. Conclusions

The investigations on nanocomposite UF PES membranes
modified with FeTCNPs (1-4 wt%) were presented and
discussed. The physicochemical characteristics and prone-
ness of the fabricated membranes to fouling were examined.

The membrane containing 2 wt% of FeTCNPs (M3)
exhibited ca. 12% higher pure water permeability in compari-
son with that measured for the unmodified membrane. It was
attributed to the highest hydrophilicity of this membrane and
a scattered distribution of NPs on its surface. In opposite, the
membrane modified with 4 wt% of FeTCNPs (M4) was char-
acterized by the lowest permeability, which was explained in
terms of blockage of the membrane pores by the high amount
of NPs deposited on the M4 surface associated with a slight
increase of the water contact angle.

The permeate flux decline during UF of BSA solution
was less severe in case of membranes modified with 1 and
2 wt% of FeTCNPs than in the absence of NPs in the mem-
brane matrix. A significant decrease of the permeate flux in
case of the membrane with the highest concentration of the
nanofiller (M4) was attributed to the coverage of its surface
with numerous large, irregular NPs agglomerates, which
contributed to the enhanced deposition of BSA molecules.

The research revealed that incorporation of FeTCNPs
within PES membrane matrix had a limited influence on the
improvement of their hydrophilicity and water permeability
as well as antifouling properties.
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Symbols

m, ~— Weight of dry membrane samples, g
m., — Weightof wet membrane samples, g
P, —  Polymer (PES) density, g/cm®

P, —  Water density, g/cm®
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