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Abstract. Antimicrobial polyethersulfone ultrafiltration membranes containing zerovalent iron (Fe%) and
magnetite (FesO4) nanoparticles were synthesized via phase inversion method using polyethersulfone (PES)
as membrane material and nano-iron as nanoparticle materials. Zerovalent iron nanoparticles (nZV1) were
prepared by the reduction of iron ions with borohydride applying an inert atmosphere by using N, gases. The
magnetite nanoparticles (ZnMag) were prepared via co-precipitation method by adding a base to an aqueous
mixture of Fe*" and Fe** salts. The synthesized nanoparticles were characterized by scanning electron
microscopy, X-ray powder diffraction, and dynamic light scattering analysis. Moreover, the properties of the
synthesized membranes were characterized by scanning electron microscopy energy dispersive X-ray
spectroscopy and atomic force microscopy. The PES membranes containing the nZVI or nMag were
examined for antimicrobial characteristics. Moreover, amount of iron run away from the PES composite
membranes during the dead-end filtration were tested. The results showed that the permeation flux of the
composite membranes was higher than the pristine PES membrane. The membranes containing nano-iron
showed good antibacterial activity against gram-negative bacteria (Escherichia coli). The composite
membranes can be successfully used for the domestic wastewater filtration to reduce membrane biofouling.

Keywords: zerovalent iron nanoparticles; magnetite nanoparticles; polyethersulfone membrane; phase
inversion; antimicrobial membrane

1. Introduction

Nanotechnology is a thriving working area that includes a wide range of technologies which are
under development in nanoscale. It plays a huge role in the progress of innovative methods to
produce new products, to formulate new materials and chemicals (Mansoori, Bastami et al. 2008).
Nanoparticles are one of the new scientific research fields of nanotechnology due to potential
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applications in biomedical, optical, chemical, environmental, electronic fields and etc. (Abhilash
2010, Nikalje 2015, Lefevre, Bossa et al. 2016).

Magnetic nanoparticles are classified as nanoparticle materials of smaller then 100 nm. They
are generally formed such magnetic elements of iron, cobalt, chrome and their chemical
compounds like magnetite (FesO,), maghemite (Fe,Os), cobalt ferrite (Fe,CoO,), chromium
dioxide (Cr,O) (Yang, Liu et al. 2008). Several methods perform for preparing magnetic
nanoparticle such as co-precipitation (Ayyappan, Philip et al. 2009), thermal decomposition
(Hufschmid, Arami et al. 2015), micro-emulsion (Chen, Kong et al. 2015) and flame spray
synthesis (Grass, Athanassiou et al. 2007). An extensive diversity of applications has been
determined for magnetic nanoparticles which include medical diagnostics and treatments
(Rosenberger, Strauss et al. 2015), magnetic immunoassay (Sumin and Lim 2015), wastewater
treatment (Yu, Hao et al. 2015), drinking water treatment (Simeonidis, Kaprar et al. 2015),
chemistry (Iniyavan, Balaji et al. 2015), biomedical imaging (Colombo, Carregal-Romero et al.
2012) and genetic engineering (Cheng, Huang et al. 2014).

Nowadays, zerovalent iron (nZV1) and magnetite nanoparticles (nMag) have been studied and
used intensely because of increasing importance of magnetic nanoparticles. Various methods can
be used for the production of these nanoparticles, which includes two main methods. First method
is called top-down method such as vacuum sputtering (Li, Elliott et al. 2006) or the decomposition
of iron pentacarbonyl (Fe(CO)s) in organic solvents (Karlsson, Deppert et al. 2005); and the
second method is called bottom-up method such as chemical synthesis, for example through the
reaction of iron(Il) or iron(ll1) salts with sodium borohydride (Wang and Zhang 1997, Shi, Yi et
al. 2015). In the last few years, green chemistry synthesis for the production of nZVI has been
used and green tea leaves can be given as an example due to its high antioxidant capacities
(Chrysochoou, Johnston et al. 2012). (Machado, Pinto et al. 2013) compared the dried and non-
dried leaves for antioxidant capacities and they found that dried leaves produced extracts with
higher antioxidant capacities than non-dried leaves. The extracted compounds react with iron(l11)
in solution to form the nZVI. The extraction conditions were optimized by trying various
parameters such as temperature, contact time, and volume: mass ratio (Machado, Pinto et al.
2013). Zerovalent iron nanoparticles (nZVI) have been shown in the last couple of years to be
effective for environmental remediation of a large diversity of organic and inorganic contaminants
available in groundwater, wastewater and drinking water. Some examples contain nitrate (Cho,
Song et al. 2015), heavy metals (Zn, Cd, Ni, Cu and Cr) (Calderon and Fullana 2015), chlorinated
organic solvents (Yan, Lien et al. 2013) azo-dyes (Fan, Guo et al. 2009, Yu, Chen et al. 2014) and
waterborne estrogens (Jarosova, Filip et al. 2015).

One of the other important magnetic nanoparticle is magnetite (FesO,). Magnetite is accessible
as ferrimagnetic and super paramagnetic at room temperature. Super paramagnetic behavior of
iron oxide nanoparticles can be assignable to their size. When the size gets smaller than 20
nm, thermal fluctuations can change the direction of magnetization of the entire crystal (Teja and
Koh 2009). Several methods have been developed up to now for synthesis of magnetite
nanoparticles such as sol-gel (Sciancalepore, Rosa et al. 2014), thermal decomposition (Maity,
Kale et al. 2009),co-precipitation (Khalil 2015)and hydrothermal synthesis (Ahmadi, Masoudi et
al. 2013).Magnetite nanoparticles have several applications in the field of adsorption (Yao, Miao
et al. 2012), medicine (Adams, Rai et al. 2015), heavy metal cations removal (lwahori, Watanabe
et al. 2014), oil removal (Liang, Du et al. 2015)and bacteria removal from water (Kumar,
Sakthivel et al. 2015).

Membranes have been widely used in different industries such as medical, pharmaceutical,
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chemical, food and textile. In these days, membrane processes are also used intensively for
obtaining high-quality water for domestic and industrial demands, treatment and reuse of
wastewater and removal of toxic components as well as recovery of valuable components from
various industrial effluents (Suwal, Roblet et al. 2014, Bani-Melhem, Al-Qodah et al. 2015,
Yurtsever, Sahinkaya et al. 2015).

Nano sized metal particles are an important class of materials due to the unique physical and
chemical properties other than those from the bulk size metals. Different functional groups bring
dissimilar potential applications for membrane implementation (Jian 2007). Recently, many
studies have been focused on modification of membrane pores or surface with functional groups
with nanoparticles such as Ag, TiO,, Se, Cu, ZnO nanoparticles, and nanoscale zerovalent iron
(Lee, Kim et al. 2008, Akar, Asar et al. 2013, Ma, Yu et al. 2015, Al-Hobaib, El Ghoul et al.
2015, Rehan, Gzara et al. 2016). At the present time, metal nanoparticles blended in polymer films
or membranes have been shown great interest due to the many advantages (lkeda, Akamatsu et al.
2004, Pivin, Sendova-Vassileva et al. 2006, Weiming, Jun et al. 2015, Rajabi, Ghaem et al. 2015).

Polyethersulphone (PES) is widely used because of its inherently hydrophilic nature that
provides wetting properties of the membrane and completely resulting in fast filtration. It is the
most common ones used in microfiltration/ultrafiltration of wastewater and provides removal of
tiny particles, bacteria, viruses, and fungi making it a well-rounded membrane for applications
such as sample preparation and sterile filtration for aqueous solutions (Karode, Gupta et al. 2000,
Mocé-Llivina, Jofre et al. 2003, Basri, Ismail et al. 2011, Zodrow, Brunet et al. 2009, Rosas,
Collado et al. 2014).

In the current work, zerovalent iron (nZV1, Fe®) or magnetite (nMag, Fe;04) nanoparticles were
synthesized and used to prepare membranes with antibacterial performance for testing in the
domestic wastewater treatment. So far, several studies have been performed to prepare composite
membrane using different types of nanoparticles. Moreover, many researches presented in
literature highlighted toxicity studies of nZV1 (Lefevre, Bossa et al. 2016). However, to the best of
our knowledge, a limited number of satisfactorily studies are available on the comparison of
antibacterial activity of polyethersulfone composite membrane containing zerovalent iron or
magnetite nanoparticles in the literature. Thus, the zerovalent iron and magnetite nanoparticles
were synthesized and characterized by scanning electron microscopy (SEM), X-ray powder
diffraction (XRD), and particle size distribution (PSD) analysis. Also, the fabricated iron
nanocomposite membranes synthesized by a solution blending technique were characterized by
scanning electron microscopy energy-dispersive X-ray spectroscopy (SEM-EDX), atomic-force
microscopy (AFM), and pure water permeability analysis. The quantity of released iron ion to
permeate streams during filtration was also analyzed. Moreover, the antibacterial activities of the
nanocomposite membranes against Escherichia coli (E. coli) as the model gram-negative bacteria
were tested.

2. Experimental section
2.1 Reagents
Iron(Il) chloride hexahydrate (FeCl;.6H,O, Merck), iron(ll) sulfate heptahydrate

(FeS0O,.7H,O, Merck), sodium borohydride (NaBH,4, Merck), hexadecyltrimethylammonium
bromide (CigH4BrN, HTAB, Sigma), ethyl alcohol (C,HsOH, Merck) and sodium hydroxide
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(NaOH, Merck) were obtained in high purity and were used as received. Polyethersulfone(PES)
with a molecular weight of 58,000 g/mol (E 6020 P) was gently provided by BASF Company from
Turkey. N-methyl-2-pyrrolidione (NMP) was purchased from Sigma-Aldrich. Endo-agar used in
preparing plates for antimicrobial membrane filtration test was purchased from Merck. Endo agar
and nutrient agar plates were prepared according to Merck Microbiology Manual 12th Ed. E. coli
(ATCC25922) bacteria were obtained from our Biotechnology Research Laboratory for Science
and Technology (Mersin, Turkey). Distilled water used in all experiments was obtained with the
two-stage Millipore Direct-Q3UV purification system.

2.2 Synthesis of zerovalent iron nanopatrticles

The synthesis of nZVI particles were carried out in a batch reactor by the reduction of iron ions
with borohydride method with applying an inert atmosphere by using N, gas (Sun, Li et al. 2006).
The stock solution of FeCl;-6H,0 was prepared freshly with dissolved absolute ethanol to prevent
the oxidation of nZVI. The solutions of NaBH, and HTAB were prepared with ultra-pure water.

Theoretically, nZVI particles form by mixing equal volumes of 0,05 M FeCl;.6H,0 and 0,2 M
NaBH, according to following the reaction:

4Fe3+(aq) + BBH4- (aq) + 9H20 n— 4FeO(S) + 3H2803- (aq) + 12H+(aq) + 6H2 ©

The borohydride solution was slowly added at 1.0 rpm addition rate into the iron chloride with
a peristaltic pump (Longman BT-2j) at a vigorous stirring (~400 rpm). The iron nanoparticles were
harvested using a centrifuge (Sigma 3-30 K Cooler) at 13500 rpm. The synthesized iron particles
were then washed three times with absolute ethanol to prevent oxidation and dried at 70 C for 4
hours in a vacuum oven. The samples were stored in a vacuum medium.

2.3 Synthesis of magnetite nanoparticles

The magnetite nanoparticles were synthesized through the co-precipitation method by adding a
base to an aqueous mixture of Fe**and Fe?* salts (Tina, Pouliot et al. 2013).

Fe?* + 2Fe®* + 80H — Fe30, + 4H,0

At the production step 1.62 g of FeCl;.6H,0 and 1.39 g of FeSO,.7H,0 dissolved in 40 mL of
water. The 5 mL of NaOH (3 N) solution slowly added ferrous solution at 70°C during 30 min
time range. The black color magnetite was produced and precipitated in reaction medium. After
that 5 mL of NaOH (3 N) added in reaction medium. The magnetite nanoparticles were removed in
the supernatant after centrifuge process. In the next step, nanoparticles were washed five times
with ultra-pure water, centrifuged and nanoparticles were removed. The obtained magnetite
nanoparticles were dried at 65°C for 4 hours in a vacuum medium.

2.4 Characterization of zerovalent iron and magnetite nanoparticles

XRD analysis was undertaken using a Rigaku Smartlab model XRD at Cu-Ka radiation
(A=1.54 A). The XRD analysis of dried nZVI and magnetite samples were carried out continuous
scans from 10 to 1000 at 26 scan rate at 26 min ' in ambient air. The mean hydrodynamic
diameters of the iron nanoparticles were determined using DLS. Obtained fresh nZVI and
magnetite particles were dispersed in water with Sigma 3-30 K Cooling Centrifuged ultrasound
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Table 1 The casting solution composition of the synthesized membranes (composition in wt%.)

Membrane sample PES NMP Nano-iron

Pristine PES 14 86.00 0.00
PES/nZV1-0.25 14 85.75 0.25
PES/nZV1-0.50 14 85.50 0.50
PES/nzZV1-1.00 14 85.00 1.00
PES/nMag-0.25 14 85.75 0.25
PES/nMag-0.50 14 85.50 0.50
PES/nMag-1.00 14 85.00 1.00

equipment then hydrodynamic diameters of nanoparticles were measured at 25°C, using a Malvern
2000 Zetasizer Nano ZS90. Images of nZVI and magnetite nanoparticles were recorded with a
Zeiss Supra 55 SEM.

2.5 Synthesis of pristine PES membrane

Pristine PES membranes were synthesized by a wet phase inversion method. The PES beads
was dried in an oven at 80°C for 2 h. Casting solution was prepared by dissolving PES beads (14%
w/w) in NMP solvent. The composition of casting solution employed for the fabrication of
membrane is described in Table 1. The prepared solution was stirred vigorously at 60°C for 6 h
and then agitated at room temperature over night to obtain a clear homogenous solution.
Afterwards, the polymer solution was ultrasonicated 20 min to remove air bubbles from the
solutions. The bubble-free solution was cast onto a glass plate with a cast knife of about 200 xm
gap at 100 mm/s. The casting films were kept 10 s for evaporation, and the glass plate was
immediately immersed into a coagulation bath containing distilled water. After coagulation, PES
membranes were separated from the glass plate and membranes were stored in distilled water for 1
day to guarantee the complete phase inversion. Thickness of the prepared membranes was
measured by a digital micrometer as 160+20 xm.

2.6 Synthesis of nanoparticles blended composite PES membrane

Zerovalent iron and magnetite nanoparticles blended membranes were synthesized according to
the phase inversion method. In this method, the iron nanoparticles were added to the casting
solution. Different ratios of nZVI or nMag particles were dispersed in NMP solvent using an
ultrasonication bath for 30 min and PES beads were then added to this solution. Then, the casting
solutions of PES/nZVI or PES/nMag membranes were obtained in Section 2.5.

2.7 Characterization of composite membranes

The surface and cross-section morphology of the synthesized membranes were investigated by
SEM-EDX using a Zeiss/Supra 55 FE-SEM model operating at 10 kV. For the cross-section
image, the PES membranes were fractured after immersion in liquid nitrogen. All samples were
dried and coated under vacuum with a thin layer of platinum-palladium by a sputtering system.

The AFM analyses were performed on an AFM microscope (Park System XE-100 SPM). Small
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squares (0.5x0.5 mm) of dried samples were cut and fixed on a glass plate and 5 umx5 um areas
were scanned. At least three different locations were measured, and the average values of the
surface roughness (R,) were presented.

The filtration performance of the prepared membranes was measured by a dead-end membrane
module (Sterlitech HP4750 stirred cell) with a filtration area of 14.6 cm?” at a temperature of 25°C
and an operating pressure of 1.5 bar.

The permeation flux (J) was measured by collecting the filtered water in the determined
intervals and calculated using the following Eq. (1)

Vv
Ax At

where, J is permeate flux (L/m*h); V the volume of permeate pure water (L), A the effective area of
the membrane (m?), and At the permeation time (h).

The membrane porosity (g) was determined by gravimetric method, as defined in the following
Eq. (2) (Li, Xu et al. 2009, Vatanpour, Madaeni et al. 2012)

WW_Wd
E=———
Py X AXY

1)
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where, W,, is the weight of the wet membrane (g); W, the weight of the dry membrane (g); pwthe
density of pure water at room temperature (0.998 g/cm®); A the effective area of the membrane
(cm?), and | the membrane thickness (cm).

Furthermore, the mean pore radius (rp) on the basis of the pure water flux and porosity data was
determined using the filtration velocity method. According to the Guerout-Elford-Ferry equation, r,,
could be determined by the following Eqg. (3) (Li, Xu et al. 2009, Vatanpour, Madaeni et al. 2012)

. \/(2.9—1.755)877£Q
P ex Ax AP

Where r, is mean pore radius (nm); # water viscosity (8.9x10™Pa s); | the membrane thickness
(m); Q the volume of the permeate water per unit time (m®s); AP the operating pressure (0.15
MPa).

The amount of iron released from the membranes during the filtration test in the permeate
stream was also measured by an atomic absorption spectroscopy (AAS) (Agilent 7500CE, Japan).

@)

2.8 Microbial experimentation and antibacterial activity of membranes

The antibacterial activity of the composite membranes containing nZVI or nMag particles
against E. coli bacteria was carried out by agar diffusion method. Bacteria were grown aerobically
on agar plates at 37°C overnight. Nutrient and Endo agar cup plate methods were conducted to
determine antibacterial activity of the nZVI or nMag particles against the test pathogen E. coli. To
determine the inhibition effect of iron nanoparticles on E. coli growth, 10 mm diameters of iron
pellets were placed on the plates and were incubated at 37°C for 24 h. The zone of growth
inhibition around each pellet after the incubation period, confirms the antimicrobial activity of the
nZVI and nMag particle pellets (each pellets were 250 mg weight). However, 100 mL of E. coli
solution was filtered using dead-end filtration system and at the end of filtration, membrane was
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put on the agar in order to test antibacterial activity of composite membranes. The pristine PES
membrane was considered as the control sample.

3. Results and discussion
3.1 Characterization of zerovalent iron and magnetite nanoparticles

3.1.1 X-Ray diffraction (XRD)

The XRD pattern of nZVI and nMag samples is given in Figs. 1(a)-(b), respectively. Fig. 1(a)
indicates that the characteristic basic reflection of Fe’ state at 45.23° and no signals for iron oxides
at about 2 theta of 36°. This result showed that iron present in the sample was mainly in its
zerovalent state. As can be seen at Fig. 1(b), the basic reflection of Fe;O, appearing at 2 theta of
35.62°.
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Fig. 3 SEM images of (a) nZVI and (b) nMag particles

3.1.2 Particle size distribution (PSD)

Fig. 2 shows the PSD of the synthesized nZVI and nMag particles. The mean diameter of nZVI
was 13.71 nm (100%volume, standard deviation 1.49 nm), and also the mean diameter of nMag
was 21.26 nm (100%volume, standard deviation 2.29 nm). Thereby, the PSD results showed that
synthesized iron particles were of nanoscale diameter.

3.1.3 Scanning electron microscopy (SEM)

Typical SEM images of nZVI and nMag particles are shown in Figs. 3(a)-(b), respectively. Fig.
3(a) indicates the nZVI1, which formed chain-like structure. Also the Fig. 3(b) shows the image of
nMag, which formed bunch of grape-like structures.
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Table 2 Effect of nano-iron amount on the water flux, pore size, and porosity properties

Membrane sample Pure watgzr Me_an pore Porosity _ Released iron
flux (L/m“h) radius (nm) (%) in permeate (ug/L)
Pristine PES 58+2.7 20.2+0.2 56.83+3.15 -
PES/nZV1-0.25 110+3.2 27.5£0.1 60.99+4.32 90
PES/nZV1-0.50 160+5.4 33.3£0.2 64.20£3.78 102
PES/nZV1-1.00 189+6.2 34.60.1 68.94+2.86 122
PES/nMag-0.25 207+4.4 34.4£0.2 60.05+3.95 108
PES/nMag-0.50 24615.9 38.6+0.1 61.04£4.14 231
PES/nMag-1.00 305+6.7 40.9+0.2 63.32+5.32 396

3.2 Characterization of pristine PES and PES/nZVI or PES/nMag composite
membranes

The pure water flux, mean pore radius and porosity of the pristine and composite membranes
are presented in Table 2. The results indicated that pore size of the pristine PES membrane was
approximately in the range of ultrafiltration membranes (20.2+0.2 nm). It can be clearly seen that
the water flux, pore radius, and porosity of the composite membranes were higher than the pristine
membrane. So, it can be deduced that the blending of iron into the membranes had significant
effect on the membrane morphology. The porosity of nZVI membranes close to the porosity of
nMag membranes despite radius mean pore values of nZVI membranes were higher. Also, it can
be concluded that the composite membranes had higher flux and bigger pore size when compared
with the pristine PES membrane. As shown in Table 2, the composite membrane prepared with
0.25%wt. nZV1 had the lowest water flux whereas 1.0%wt. nMag had the highest flux. It can be
explained as the pore size of nMag membranes had greater than the pore size of nZVI membranes.
Furthermore, the amount of iron released during the filtration process was determined by the AAS
analysis (Table 2). nMag membranes released higher iron ion when compared with nzZVI
membranes.

Fig. 4 shows the morphologies of top-layer and cross-section of the membranes. Pristine
membrane had a dense skin layer (Figs. 4(a)-(h)). It can be clearly observed from the SEM images
that the iron nanoparticles are blended homogeneously in the polymer matrix. The nanoparticles
on the membrane surface increased with the increase of iron-nanoparticles amount (Figs. 4(b) to
(9)). The addition of nanoparticles also affected the structures of the cross-section (Figs. 4i to 4n).
However, nanocomposite membrane which has the finger-like structure demonstrated wider pore
size, which would enhance the extra permeation flux of the membrane when compared with
pristine PES membrane. Additionally, most of the nano-iron particles settled on the surface PES
membrane were as round shaped. But, the shape of the magnetite nanoparticles (Figs. 4e to 4g)
was homogeneous than the iron nanoparticles (Figs. 4(b) to (d)). As shown in Fig. 4(a), no
nanoparticles were observed on the pristine membrane and some nanoparticles were detected on
the surface of composite membranes (Figs. 4(b) to (g)). These observations were also supported
with the EDX analysis as shown in Fig. 5. These images proved that iron nanoparticles were
successfully penetrated in the polymer matrix (Figs. 5(a) to (e)). The iron peak was observed all of
the composite membranes.
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(@) Pristine PES

(b) PES/NZV1-0.25

(c) PESINZVI-0.50

(d) PES/nZVI-1.00 ] (k) PESINZVI-1.00
Fig. 4 SEM images from the surface and cross-section of the (a,h) pristine PES membrane, (b,i)
PES/nZV1-0.25, (c,j) PES/nZVI-0.50, (d,k) PES/nZVI1-1.0, (e,I) PES/nMag-0.25, (f,m) PES/nMag-0.50,
(9,n) PES/nMag-1.00
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(f) PES/NMag-0.50

(g) PES/NMag-1.00 (n) PES/nMag-1.00
Fig. 4 Continued

The AFM analysis was used to investigate the changes on surface morphology and roughness
of the composite membranes. The three-dimensional AFM topography images of the pristine,
PES/nzVI, and PES/nMag membranes are shown in Fig. 6. The roughness (R,) values of different
membranes are presented in Table 3. Nano-iron aggregates on the membrane surface cause an
increase in roughness which is beneficial for anti-biofouling performance (Rehan, Gzara et al.
2016). The AFM images of the composite membranes (Figs. 6(b) to (g)) indicate that the surface
roughness of these membranes was higher than the pristine PES membrane (Fig. 6(a)). It can be
seen that the iron concentration affected the surface roughness of the composite membrane. The
nZVI1 and nMag concentration increased from 0.25 to 1.0%wt., the R, value increased from
9.83+0.25 to 13.24+0.52nm and from 9.76+0.36 to 11.36+0.48 nm, respectively. The roughness
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Fig. 5 EDX images from the surface of the (a) pristine PES membrane, (b) PES/nZV1-0.25, (¢) PES/nZVI-
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Fig. 5 Continued

values of the membranes containing nZV1 were higher than nMag blended membranes because of
the more heterogeneous surface than nMag nanocomposite membranes. Similar results were
observed by (Toroghi, Raisi et al. 2014).

0 o
(a) Pristine PES (a) Pristine PES

00 00
(b) PES/NZVI-0.25 (e) PES/NMag-0.25

Fig. 6 AFM images from the surface of the (a) pristine PES membrane, (b) PES/nZV1-0.25, (¢c) PES/nZVI-
0.50, (d) PES/nZV1-1.00, (e) PES/nMag-0.25, (f) PES/nMag-0.50, (g) PES/nMag-1.00
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Fig. 6 Continued

Table 3 R values of different membranes

Membrane sample R4 (nm)

Pristine PES 7.64+0.29
PES/nZV1-0.25 9.83+0.25
PES/nZV1-0.50 12.78+0.31
PES/nZV1-1.00 13.24+0.52
PES/nMag-0.25 9.76+0.36
PES/nMag-0.50 10.52+0.53
PES/nMag-1.00 11.360.48

3.3 Antibacterial activity of pristine, nZVI and nMag composite PES membranes

Fig. 7 shows the agar disc diffusion test against E. coli. The nZVI pellets supplied satisfactory
antibacterial activity with inhibition zone of 24 mm; however, nMag particle pellets did not show
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Fig. 7 (a) Control sample, (b) inhibitory zones of the nZVI pellets, (c) inhibitory zones of the nMag pellets

any antimicrobial activity against E.coli (gram negative) (Fig. 7). nZVI nanoparticles successfully
inhibit E. coli growth on nutrient and endo agar media. This is supported by recent studies (Li,
Greden et al. 2010, Qiu, Fang et al. 2013, Jang, Lim et al. 2014). However, the nMag particles did
not show any activity against E.coli. There are many factors responsible for the antibacterial
activity of nZVI particles. The main mechanism might be via oxidative stress generated by
reactive oxygen species (ROS) (such as superoxide radicals (O%), hydroxyl radicals (-OH),
hydrogen peroxide (H,0,), and singlet oxygen (*O,) which can destroy the proteins and DNA in
bacteria (Sies 1997, Auffan, Achouak et al. 2008). Metallic iron (Fe°) created a source of ROS
leading to the inhibition of E.coli. (Kim, Kuk et al. 2007) reported that H,O, reacted with ferrous
irons via the Fenton reaction and produced hydroxyl radicals which are known to damage
biological macromolecules. Moreover, some authors have demonstrated that the small size of
nanoparticles can cause bactericidal effects. For example, (Lee, Im et al. 2008) proved that the
inhibition of Escherichia coli by zerovalent iron nanoparticles could be due to penetration of the
small particles (10-80 nm) into E. coli membranes.

Antibacterial activity of the membranes was tested by the agar diffusion method using E. coli.
In the present study, PES/iron nanocomposite membranes exhibit an interesting antibacterial
performance. The colonies of E. coli bacteria could not be detected in the clear zone directly
around the membrane samples. This clear zone indicates the antibacterial efficiency of these
membranes, while there was no clear zone for the control sample. The bacterial inhibition
indicated that released iron ion from the membranes diffused into the agar layer and prevented the
growth of microbial colonies in the agar medium. However, PES/nZVI blended membranes
showed better antibacterial activity when compared with PES/nMag composite membranes.
(Behera, Patra et al. 2012), reported that iron oxide (FesO,) nanoparticles showed better
bactericidal activity in Gram-positive bacteria as compared to Gram-negative bacteria. The
antibacterial activity of iron oxide nanoparticle enhanced moderate antimicrobial activity against
some pathogenic strains with zone of inhibition ranging from 9 to 22 mm (Behera, Patra et al.
2012).
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Damaged
E. coli

Membrane surface Nanoparticles

Fig. 8 Antibacterial draft map of the nanocomposite membrane

Table 4 Comparison of antibacterial activity for different membranes

Membrane Antibacterial agent Antibacterial efficiency References
PES Blending nZV1 and nMag MUChéisfhE's(jf;;Cgeth This study
PES Blending Cu®*-HNTSs 100% (bacteriostasis rate) gth :E’ égigg

O Blnding T pricles e AT capee f £ ool Darcr

Much less bacterial growth Kim, Lee et al. (2015)
on the surface

Much less bacterial growth Taurozzi, Arul
on the surface et al. (2008)

PVDF Fullerene (C60) nanoparticles

PS Silver nanoparticles

It is observed that very few bacteria were found in the membrane permeate when used
PES/nZVI composite membranes. However, some of the bacteria were alive when used PES/nMag
composite membranes. As a result, nZVI blended membranes fairly showed better antibacterial
activity performance than the nMag blended membranes.

The antibacterial mechanism of the PES/nZVI composite membranes, as shown in Fig. 8, could
be interpreted as follows: The loaded iron ions on membrane surfaces could absorb onto the
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surface of bacteria cells and further damage the cell membrane (Dan, Ni et al. 2005, Liu, Hsieh et
al. 2009, 0 zdemir, Limoncu et al. 2010).

The comparison of antibacterial activity of the membranes with other antibacterial agents
showed that PES/nZVI composite membranes also had good antibacterial property (Table 4).
Thus, the synthesized nanocomposite membranes will have a potential application to treat
wastewater containing E.coli for reducing biofouling

4. Conclusions

The nZVI1 and nMag particles were synthesized and blended with different concentration into
PES membranes via phase inversion method. XRD analysis of nZVI and nMag showed that the
basic reflection of Fe® and Fe;O, were observed. Moreover, PSD analysis demonstrated that the
size of nZV1 and nMag particles were 13.71 and 21.26 nm, respectively. SEM images showed that
chain-like structure and grape-like structures were obtained for nZVI and nMag particles,
respectively. The effects of nZVI and nMag particles amount when blended with PES membranes
were investigated by pure water flux, mean pore radius, porosity, and antibacterial activity. The
results showed that the water flux, pore radius, and porosity of the composite membranes were
higher than the pristine membrane. SEM images of membranes showed typical asymmetric
structure. AFM results demonstrated that the surface roughness (R,) increased with the increase in
nano-iron amount. All the PES/nZVI membranes showed better antibacterial activity than
PES/nMag composite membranes. The antibacterial test indicated that nZVI in the PES
membranes could be an effective way to control membrane bio-fouling. They would have a
potential application to reduce bacterial fouling at membrane treatment of wastewater.

The durability of the antibacterial activity of the nanoparticles and the prepared membranes are
important subject in order to control membrane fouling. Further investigation of the long-term
durability should be carried out to consider sustainability of this product and its economic
feasibility. Efforts should continue on the development of membranes which have long-term
antibacterial effects.
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