ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Modification of a hollow-fibre polyethersulfone
membrane using silver nanoparticles formed in situ
for biofouling prevention

i ") Check for updates ‘

Cite this: RSC Adv., 2018, 8, 14552

/‘%g*a

Jan Dolina,? Zuzanna Goncukova,® Marek Bobak®? and Lukas Dvorak (2

Biofouling represents a serious problem limiting the widespread application of membrane technology.
Therefore, the aim of this study was to develop and verify a new modification method based on the in
situ formation of silver nanoparticles and their incorporation into a membrane polymer to prevent
biofouling. The modification method consisted of soaking a commercial hollow-fibre polyethersulfone
membrane in a solution of silver ions, diffusion of ions into the membrane polymer, and their reduction
using ascorbic acid. Such a modified membrane displayed a lower tendency towards biofouling,
exhibiting an about 15% higher permeability compared to an unmodified membrane when filtering actual
wastewater treatment plant effluent. The modification also led to the formation of stable silver
nanoparticles (mostly in the range of 25-50 nm) homogenously distributed on the surface of the
hollow-fibres. This resulted in higher surface hydrophilicity (the water contact angle decreased from 91°
to 86°) contributing to the biofouling prevention. The modified membrane also showed high stability, as
only 2.1% of the total silver leached after 8 h of filtration. Moreover, no changes in the original
membrane cross-section structure or separation properties were observed. Besides the improved
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Accepted 4th April 2018 antibiofouling properties of the modified membrane, the main advantage of the developed method is its
simplicity, short reaction time, absence of high energy-consuming initiation, and the possibility to apply

DO 10.1039/c8ra02026d it on site, thus even with commercial membrane modules. It will increase the application potential of
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1. Introduction

Membrane bioreactors offer many advantages over current
wastewater treatment technologies, including high effluent
quality, a smaller footprint, and the possibility of wastewater
reclamation; as such, their popularity has increased over the
last two decades. However, membrane biofouling, which results
in a decrease in hydraulic performance and an increase in
operational costs, continues to be the most serious problem
limiting the widespread application of this technology."* Since
membrane biofouling is a complex problem influenced by
a range of different factors (and their combination), a number
of issues related to biofouling have already been intensively
studied.®*

To date, several methods of minimising membrane
biofouling have been developed. These include changes in
operational conditions (such as an increase in sludge retention
time, increase in hydraulic retention time, decrease in the food-
to-microorganism ratio, or wastewater characteristics), all of

“Institute for Nanomaterials, Advanced Technologies and Innovation, Technical
University of Liberec, Studentskd 2, 461 17 Liberec, Czech Republic. E-mail: lukas.
dvorak@tul.cz; Tel: +420 485 353 805

"Membrain s.r.o., Pod Vinici 87, 471 27 Straz pod Ralskem, Czech Republic

14552 | RSC Adv., 2018, 8, 14552-14560

membranes in the field of wastewater treatment.

which affect the biomass characteristics or production of
extracellular polymeric substances and, subsequently, interac-
tions with the membrane surface and biofouling.*” The ratio of
filtration time and flux to time of backpulse/backwashing,
including relaxation, also affects membrane biofouling.
However, while such methods have had a positive impact on
biofouling, they offer a partial improvement only. Hence, other
more effective approaches are needed, including modifications
to the original membrane surface or development and prepa-
ration of new membrane materials. Such approaches usually
result in an increase in the antimicrobial and hydrophilic
characteristics of the membrane surface, resulting in a reduc-
tion to mutual hydrophobic interactions between the
membrane and microorganisms, thereby mitigating
biofouling.®

Polyethersulfone (PES), a polymer material commonly used
for membrane preparation, exhibits high temperature, chem-
ical and dimensional stability. As PES is a polar material, it can
easily be modified. Several methods for surface modification of
PES membranes have been developed.®*® Since PES displays
hydrophobic characteristics with low surface energy, the main
goal of such modifications is to obtain a more polar surface,
thus reducing surface hydrophobicity. In general, current
methods of membrane surface modification can be divided into

This journal is © The Royal Society of Chemistry 2018
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six main groups. These include coating methods (formation of
thin layers subsequently fixed by noncovalent bonding to the
original membrane surface, e.g. ref. 11); blending methods (two
or more polymers mixed to obtain the required properties, e.g.
ref. 12 and 13); composite methods (a membrane prepared from
two or more materials differing in physical/chemical properties,
e.g. ref. 14); chemical methods (new functional groups directly
formed on the original membrane surface, e.g. ref. 15); grafting
methods (covalent bonding of suitable monomers or functional
groups to the membrane following initiation reactions, e.g. ref.
16 and 17) and combined methods.

Examples of combined methods include the exposure of
a commercial PES membrane to a sulfonation reaction, result-
ing in the formation of new functional groups, followed by
immersion in a titanium dioxide solution,'® and attachment of
graphene oxide after grafting allylamines to the surface of a PES
membrane by UV light.*

In most cases, the surface modification of PES membranes
makes use of organic compounds and differing process condi-
tions, often with energy-intensive initiation procedures. Often,
however, the processes result in partial blockage of the
membrane pores, resulting in lower hydraulic performance
together with difficulties in controlling the modification reac-
tions. As such, most processes for modifying PES membranes
tend to use inorganic substances, including titanium dioxide,
silicon particles, aluminium oxides or silver. As both silver ions
and silver nanoparticles have proven antibacterial properties,
modification of membranes using silver nanoparticles offers
a promising option for mitigating membrane biofouling.”® The
antimicrobial properties limit mutual interactions between the
microorganisms and the membrane surface while still
achieving long-term membrane permeability. Indeed, accord-
ing to Meng et al.,”* nanotechnology in general has great
potential for the modification and development of new
membranes.

The above compounds are usually incorporated into the
basic polymer (or mixture) prior to membrane preparation.
Although the addition of such compounds can result in the
required properties on the final membrane surface, the solution
used to modify the base polymer matrix may negatively affect
the ability to produce hollow-fibres when preparing the PES
membrane. For this reason, most studies have focused on the
modification or preparation of flat sheet membranes.

Hollow-fibres are the most frequently used membrane type
in membrane bioreactors. Their main advantage lies in their
very high packing density (surface-to-volume ratio)." The high
surface area allows the application of lower pressures to achieve
the required hydraulic performance, which also results in
a lower tendency towards biofouling and cake layer formation. A
further advantage of hollow-fibre membranes over flat sheet
membranes is the possibility of using intensive backpulse or
backflush cleaning processes, thereby allowing the cake layer to
be removed on a regular basis.*

As most current modification methods are time or/and
energy-consuming, the main goal of this study was to develop
a new modification method simple in use. The developed
method consisted of using silver nanoparticles formed in situ
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and their incorporation into the membrane polymer. Silver
nanoparticles were chosen in this study as they exhibit a strong
antimicrobial effect towards a broad spectrum of different
microorganisms (Gram-negative and Gram-positive). Moreover,
silver nanoparticles are more efficient than other nanoparticles
of transition metals and/or their oxides (e.g. CuO, TiO, or ZnO).
To date, most studies dealing with membrane modification
have also been conducted on flat sheet membranes; therefore,
the developed method was used to modify a commercially
available hollow-fibre membrane to verify its efficiency towards
the mitigation of membrane biofouling. Following modifica-
tion, changes in the filtration performance with demineralized
water and wastewater treatment plant effluent were evaluated.
Silver leaching was also accomplished during the filtration test.
Surface and cross-section morphology was characterized by
a scanning electron microscope, and surface roughness was
assessed by atomic force microscopy. Moreover, the amount of
silver on the surface of the modified membrane using an energy
dispersive X-ray detector, and the water contact angle to deter-
mine membrane hydrophilicity were also assessed.

2. Materials and methods

2.1. Membrane modification method

The developed modification method was based on the diffusion
and entrapment of silver in a polyethersulfone (PES) matrix. The
individual reagents including their optimal concentrations as
well as processing conditions were based on the results of
a number of previously performed experiments using PES
membranes.

The hollow-fibre membrane packed in a tube module
supplied by Membrane Solution LLC (USA) was first soaked in
a solution of 3.5% (wt) silver nitrate (AgNO;, Sigma-Aldrich),
which was circulated through the module for 4 h at room
temperature. The membrane was then intensively rinsed three
times with demineralised water. Reduction of silver ions, i.e. in
situ formation of silver nanoparticles, was conducted by soaking
the membrane in a 2% (wt) solution of ascorbic acid (CcHgOg;
Sigma-Aldrich) for 2 h. Following silver reduction, the
membrane was again rinsed intensively with demineralised
water and then heated for 2 h at 70 °C while recirculating the
warm demineralized water through the module. The modified
membrane was then immediately cooled with fresh deminer-
alised water to laboratory temperature (22-25 °C). The modified
membrane was subsequently stored in demineralised water for
later use.

The membrane used to verify the efficiency of the developed
modification method had an active membrane surface area of
0.7 m>. The hollow-fibres themselves were single capillary with
an internal diameter of 0.7 mm, an outer diameter of 1.3 mm,
and an out-in flow direction. The membrane had a molecular
weight cut-off of 100 kDa.

2.2. Filtration tests

Following modification, the filtration performance of the
modified membrane was tested against an unmodified
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(original) PES hollow-fibre membrane as a reference. Two
filtration tests were performed using an upgraded LabUnit M10
laboratory-scale cross-flow filtration unit provided by Alfa Laval
(Sweden). The filtration unit was equipped with KOBOLD
Messring GmbH digital flowmeters (accuracy of +2.5%; Ger-
many) and AHLBORN GmbH digital pressure sensors (accuracy
of +0.5%; Germany) for continuous data measurement and
recording. All of the filtration tests were performed at laboratory
temperature.

2.2.1. Test with demineralized water. In this test, flux with
demineralised water at transmembrane pressures (TMP)
ranging from 0.1 to 0.5 bar was assessed. Cross-flow volume
velocity was kept at approximately 1.0 L min~" throughout the
test. Before starting the test, the membranes were intensively
rinsed three times, always with 10 L of demineralised water. The
permeability of the membrane before and after modification
was then measured and compared with the reference
membrane to evaluate the influence of the modification
method on the membrane's hydraulic performance.

2.2.2. Test with wastewater treatment plant (WWTP)
effluent. For the second filtration test, effluent drawn from an
actual municipal WWTP was used as the feed for the filtration
unit. TMP was kept constant at 0.15 bar and the cross-flow
volume velocity was set at 0.9-1.1 L min ' throughout the
test. After 24 h of filtration, the membrane module was washed
out with permeate flowing in the opposite direction to filtration
to evaluate the impact of such cleaning on membrane perme-
ability. Washing of the membrane module took 10 minutes
under a cross-flow volume velocity of 2 L min~'. Suspended
solids in the feed were approximately 15 mg L™" in this test. In
total, the filtration test lasted 72 h.

To evaluate potential changes in the removal of the organic
compounds caused by modification of the membrane, chemical
oxygen demand (COD) was determined in the membrane
module feed (actual WWTP effluent) and permeate. The COD
concentration was measured in duplicate using the Hach-Lange
(Germany) cuvette test (LCK 414).

2.3. Silver leaching test

Samples for the evaluation of silver leaching were taken after 8 h
of the filtration test with demineralized water, which was per-
formed at a TMP of 0.5 bar and a cross-flow volume velocity of
approximately 1.0 L min~'. This corresponded to the total
volume of permeate of 1200 L per square meter of the
membrane.

The concentration of released silver was measured by
inductively coupled plasma atomic emission spectroscopy (ICP-
OES) using an Optima 2100 DV spectrophotometer (Perkin
Elmer, USA).

2.4. Surface and cross-section morphology

The samples used for the analysis of cross-section morphology
were cut with a fine razor blade, since breaking followed by
soaking in liquid nitrogen was not possible due to the very high
material stability of the hollow-fibres. After cutting, the samples
were relaxed for 2 h under ambient conditions and then placed
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into the holder of the scanning electron microscope (JEOL Ltd.,
Japan).

The surface morphology of the hollow-fibres was evaluated
followed by water evaporation and placing onto a standard pin
stub mount provided by Tescan (Czech Republic).

A Carl Zeiss ULTRA Plus scanning electron microscope
(SEM) (Carl Zeiss Microscopy GmbH, Germany) was employed
to visualise the membrane surface and cross-section
morphology at different magnifications. Before the SEM anal-
ysis, the membrane samples were first covered with a 2 nm layer
of platinum. The SEM analysis was undertaken under an
acceleration voltage of 2 kv. The SEM was equipped with
a secondary electron detector in order to analyse the chemical
composition of the membrane surface. The amount of silver on
the membrane surface was determined using a built-in energy
dispersive X-ray (EDX) detector (Oxford instruments, UK) with
no coating of samples by platinum to avoid the reduction of
chemical contrast.

Atomic force microscopy was used to assess membrane
surface roughness. First, the samples were fixed on a glass plate
and placed into the holder of a Nanowizard 3 microscope (JPK
Instruments, Germany). The samples were measured in contact
mode using a cantilever with a 1-2 nm sharp tip of a silicone
probe (SHOCONA-SS, Applied NanoStructures, Inc., USA) to
scan a 10 x 10 um portion of the membrane surface. Following
analysis, JPK data processing software provided by JPK Instru-
ments (Germany) was employed to calculate roughness
parameters. To minimise the influence of curvature, the surface
area analysed was set at 2 x 2 um. A three-dimensional struc-
tural profile of the membrane surface was also formed using
this JPK data processing software.

2.5. Water contact angle

The water contact angle, which provides information on the
surface wettability (i.e. hydrophobicity or hydrophilicity) of the
modified and unmodified membranes, was determined using
a See System E portable computer-based instrument (Advex
Instruments, Czech Republic). Measurements were carried out
at laboratory temperature and a relative humidity of 45%. A 2 pl
of demineralised water was carefully dropped onto the
membrane surface and, immediately after drop stabilisation,
the captured image (period of 0.2 s) was analysed and the
contact angle between the water and the membrane surface was
calculated. The measurement was conducted 10 times at
different sites on the membrane surface to minimise experi-
mental error.

3. Results and discussion

3.1. Membrane permeability

The first filtration test (with demineralized water) examined the
dependence of flux on TMP over a range of 0.1 to 0.5 bar for
a reference membrane and a membrane before modification
(identical membranes provided by the supplier). The results
showed only negligible differences in flux for the individual
membranes (Fig. 1A). As both of the tested membranes were

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02026d

Open Access Article. Published on 18 April 2018. Downloaded on 3/25/2026 2:43:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
A) 200
= Reference membrane y =324.61x
r R?=0.9985
# Membrane before modification
150 r
o L
< y = 304.36x
'7‘E 100 + R? = 0.9983
=,
x
=
w 50 r
0 1 1 1 1 1 1 1 1 1 1 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6
TMP [bar]

View Article Online

RSC Advances
B) 200
® Membrane before modification | y = 304,36x
B 2 e
Membrane after modification R®=0,9983
150 |
'."— L
= 296.97.
o y=290.97%
g 100 | R? = 0.9982
=,
x
=
w 50
0 1 1 1 1 1  § 1 1 1 1 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6
TMP [bar]

Fig. 1 Dependence of flux at different transmembrane pressures (TMP) for (A) a reference membrane and a membrane before modification
(identical membranes provided by the supplier), and (B) a membrane before modification and the same membrane after modification.

ultrafiltration membranes, both could be considered identical
in terms of their flow characteristics.

Unlike other methods currently applied for membrane
modification, modification through the in situ formation of
silver nanoparticles, as developed in this study, did not lead to
any change in flow characteristics (Fig. 1B). The average flux at
different TMPs before and after modification was basically the
same (Fig. 1B). In comparison, Rahimpour et al,* who syn-
thesised two types of PES membrane modified with titanium
dioxide nanoparticles (one prepared through entrapment and
the other by coating and UV irradiation), observed a lower initial
flux in the titanium dioxide entrapped membranes compared
with the initial flux of an untreated PES membrane. In further
tests, however, both membranes exhibited enhanced anti-
biofouling properties and long-term flux stability compared to
the neat PES membrane.*

In the second filtration test, actual effluent from a municipal
WWTP was used as a feed to demonstrate the efficiency of the
developed method to mitigate biofouling. While the absolute
permeability values for the reference membrane were slightly
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higher than the modified membrane (Fig. 2A), the normalised
permeability (K/K,) was higher for the modified membrane
(Fig. 2B). This disproportion could be explained by a slightly
different concentration of suspended solids in the feed used on
both membranes, as the feed comprised actual WWTP effluent.
In fact, the concentration of suspended solids throughout the
test with the reference membrane was 10.7 mg L™, compared to
a concentration of 15.0 mg L~ " during the test with the modified
membrane.

To better compare the permeability between these two
membranes, normalised permeability values (permeability [K/
K,] obtained 60 minutes after the stabilising process) against
the initial permeability of each membrane were plotted
(Fig. 2B). Following a sharp initial decrease in permeability
caused by unstable process conditions and the formation of
a filtration layer on the membrane surface, the permeability
increased in the modified membrane over time (Fig. 2). This
suggests that (a) the compounds responsible for the fouling
were not fixed to the surface, and (b) that the modified
membrane showed a lowered tendency towards biofouling

B) 150
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——Reference membrane
O 1 1 1 1 1 1 1 1 1 1 1

48 72
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Fig. 2 Permeability over time: (A) absolute values (K) for the modified and reference membranes, (B) normalised permeability (K/Ko), after

eliminating the influence of different feed characteristics.
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Fig. 3 Difference in permeability (dK/K,ef; in %) between the modified
membrane and a reference (unmodified) membrane during a filtration
test with WWTP effluent.

compared to the reference (unmodified) membrane. Moreover,
after membrane cleaning, i.e. following an intensive reversal
flow of permeate in the opposite direction to filtration in the
module performed after 24 h of testing, the modified
membrane displayed an increased recovery of permeability.

A rapid increase in permeability difference (dK/K..f) was also
shown by the modified membrane when comparing the
permeability difference to a reference membrane plotted over
time (Fig. 3). At the start of the experiment, the modified
membrane showed 5% lower permeability than the reference
membrane; however, after approximately 6 h, the difference in
permeability (dK/K..r) began to decrease rapidly and, after 12 h,
the permeability values were comparable. At this point, the
permeability values for the modified membrane were always
higher than those for the reference membrane. The greatest
difference in dK/K.,.s values (approximately 20%) was recorded
after 24 h, ie just before cleaning the membrane module.
During further phases of the test, dK/K;.¢ values for the modified
membrane were approximately 15% higher than those for the
reference membrane.

These results suggest that the modification of the membrane
through the developed in situ formation of silver nanoparticles

Fig. 4
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had no negative effect on membrane filtration performance. On
the contrary, both the permeability of the modified membrane
and its anti-biofouling properties improved due to the modifi-
cation procedure.

The separation properties of the membranes were evaluated
based on the retention of organic substances (expressed as
COD). The reference and modified membranes exhibited
comparable separation properties, with COD retention for the
reference membrane reaching 27.2% while the modified
membrane reached 30.5%. Retention of COD was caused by the
capture of suspended solids and soluble substances with
a molecular weight greater than 100 000 daltons (molecular
weight cut-off guaranteed by the supplier) on the membrane
surface.

3.2. Silver leaching

The membrane modified through the developed method also
showed high stability, with only 2.1% of the total amount of
silver leached after 8 h of testing, i.e. when passing 1200 L of
demineralized water through the square meter of the
membrane. As the main portion of the silver nanoparticles is
typically released during the first hours of filtration, the results
are in agreement with other studies.”*® For example, Biswas
et al*® modified a sulfonated PES membrane using silver
nanoparticles, and they also observed only 1.7% silver release to
the permeate after passing 180 L of water after 3 h of filtration.
Moreover, the release of silver in our study was lower than in
other published studies. For instance, Zhang et al.*” reported
3.7% of leached silver from a silver nanocomposite PES ultra-
filtration membrane after filtration of 6500 L per square meter
of membrane. A similar amount of silver leached, i.e. 4.3% of
the total amount of silver present on the sulfonated PES
membrane, was observed in a study by Biswas et al.*® following
filtration of 5000 L water per square meter of membrane.

3.3. Cross-section morphology

To evaluate possible changes caused by the modification
procedure, the cross-section morphology of the modified
(Fig. 4A) and reference membranes (Fig. 4B) under different
magnifications was examined using a SEM. Both images (Fig. 4A

e e

Cross-section morphology of (A) the modified membrane, and (B) the reference membrane; 500 x magnification.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02026d

Open Access Article. Published on 18 April 2018. Downloaded on 3/25/2026 2:43:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances

Fig. 5 Cross-section morphology of (A) the modified membrane, with silver nanoparticles clearly visible, and (B) the reference membrane;
10 000x magnification.

VD= 37mm  Sig

Fig. 6 Scanning electron microscopy images of the surface of (A) the modified membrane, and (B) the reference membrane; 10 000x
magnification.

Mref2

cps/eV

[y

Fig. 7 (A) Energy dispersive X-ray (EDX) spectra demonstrating the presence of silver on the surface of the modified membrane (red line); the
blue background represents the reference membrane. (B) Distribution of silver nanoparticles (Ag La) on the surface of the modified membrane;
200x magnification.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 1455214560 | 14557
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Table1 Mass and molar ratios of individual elements detected on the
membrane surface under energy dispersive X-ray (EDX)
spectrophotometry

Reference membrane Modified membrane

Mass Molar Mass Molar
Elements ratio [%] ratio [%] ratio [%] ratio [%]
Carbon (C) 69.74 77.57 67.77 77.84
Oxygen (0) 23.48 19.61 21.73 18.74
Sulphur (S) 6.78 2.82 6.87 2.95
Silver (Ag) — — 3.63 0.46

and B) showed a dense skin layer supported by a finger-like
structure, typical for ultrafiltration membranes. As such, there
was no evidence for any structural effects on the cross-section
morphology caused by the in situ formation of silver nano-
particles on the modified membrane.

Under higher magnification, the presence of silver nano-
particles on the surface and in the active surface layer of the
modified membrane was clearly visible (Fig. 5A). Furthermore,
compared with the reference membrane (Fig. 5B) there was
clear evidence of the presence of silver nanoparticles inside the
polymer matrix (from the surface up to the macrovoid structure)
of the modified membrane (Fig. 5A).

The performed modification resulted in the incorporation of
silver nanoparticles into the active membrane layer as well as
into the dense inner pore structure. As silver nanoparticles
exhibit hydrophilic properties, they can be beneficial for the
mitigation of biofouling also on the surface of membrane pores.

3.4. Surface morphology

When comparing the surface morphology of the modified and
reference membrane at a magnification of 10 000, white spots
on the surface of the modified membrane (Fig. 6A), and there
absence on the reference membrane (Fig. 6B), clearly indicated
the presence of silver nanoparticles. Moreover, the silver
nanoparticles were clearly distributed homogeneously on the
surface (apart from the inner pore structure, Fig. 5A), with no
agglomerates visible.

Comparison of EDX spectra for the reference and modified
membranes also clearly indicates the presence of silver on the
modified membrane (Fig. 7A; ratios of individual elements
[mass and molar ratios] shown in Table 1). The EDX analysis
confirmed that silver nanoparticles were homogeneously
distributed (Fig. 7B), with a mass ratio of silver of 3.6% on the
surface of the modified membrane.

The size of the silver nanoparticles present on the surface of
the modified membrane was also assessed as it has been shown
that the size of nanoparticles affects their antimicrobial
activity.”® The mean diameter of the silver nanoparticles detec-
ted on the modified membrane was 43 + 18 nm (n = 20).
According to Panacek et al.,*® smaller silver nanoparticles of
around 25 nm exhibit the strongest antimicrobial activity, while
large nanoparticles of around 50 nm have a reduced effect. This
is due to the higher surface/volume ratio of smaller silver
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nanoparticles facilitating the release of silver ions and/or
production of reactive oxygen species.” The particle size
distribution analysis performed in this study indicated that
approximately 10% of the silver nanoparticles had a diameter of
<25 nm, and only 15% of were larger than 50 nm. As most of the
nanoparticles ranged from 25-50 nm, the membrane could be
expected to display strong antimicrobial properties. This also
corresponds with the results of the filtration tests, where
a lowered tendency toward biofouling was observed in the
modified membrane.

In addition to the size of the silver nanoparticles, their
antimicrobial activity may also be influenced by their shape.*
In this study, the silver nanoparticles present on the surface of
the modified membrane were clearly spherical (Fig. 8).
According to Pal et al.,** spherical silver nanoparticles exhibit
average antimicrobial activity compared to truncated triangular
nanoparticles, which show strong activity, and rod-shaped
nanoparticles, which display an inferior antimicrobial effect.

3.5. Surface roughness

The surface of the modified membrane was ‘rougher’ than
that of the reference membrane, with the average roughness
(Ra) increasing from 4 nm for the reference (original) to
24 nm for the modified membrane (Fig. 9A and B; Table 2).
Furthermore, the peak-to-valley roughness (R, was much
higher in the modified membrane (modified - 150 nm;
reference - 29 nm). This increase in surface roughness for the
modified membrane was a direct consequence of the pres-
ence of silver nanoparticles. Although some researchers have
reported that membranes with low roughness exhibit greater
antifouling capabilities (e.g. ref. 7 and 8), the membranes
modified in our study through the developed method dis-
played a lower decline in permeability when filtering actual
WWTP effluent. Such a finding corresponds to the results of
Yan et al.,** who reported that membranes with increased
surface roughness were more permeable (higher flux) due to
their greater filtration area. Nevertheless, in our study, the

%

(4]
s *

Pa2=729nm

Fig. 8 Size of the silver nanoparticles present on the surface of the
modified membrane; 87 000x magnification.

This journal is © The Royal Society of Chemistry 2018
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Fig.9 Three-dimensional surface structure (roughness) of (A) the modified membrane, and (B) the reference membrane. Note: different scales
were used on the z axis for greater clarity. The brightest areas represent peaks on the membrane surface, while the dark areas indicate valleys or

pores.

Table 2 Surface roughness parameters for modified and reference
membranes

Modified Reference
Parameters membrane membrane
Average roughness R, [nm] 24 4
Peak-to-valley 150 29

roughness R, [nm]
Max. height [nm] 79 11
Max. depth [nm] -71 —18

antimicrobial properties and increasing hydrophilicity (see
Section 3.6) of the silver nanoparticles themselves more
likely mitigated biofouling than the increased surface
roughness caused by the silver nanoparticles.

3.6. Water contact angle

Following modification, the water contact angle decreased
from 91.6° in the reference membrane (illustrating the
hydrophobic nature of the basic PES polymer) to 86.1° in the
modified membrane (Table 3), thereby confirming a slight
increase in surface hydrophilicity. The observed changes
were a direct result of the presence of silver nanoparticles,
which are known to be hydrophilic. This finding is also in
agreement with other studies (e.g. ref. 32) where increased
hydrophilicity was also observed for silver-modified
membranes.

Table 3 Average water contact angles for modified and reference
membranes

Average water Standard

Membrane contact angle [°] deviation [°]
Modified 86.1 1.6
Reference 91.6 3.3

This journal is © The Royal Society of Chemistry 2018

4. Conclusions

A new modification method consisting of the in situ formation
of silver nanoparticles was developed and verified in this study.
The modification method was based on the diffusion of silver
ions, followed by their reduction and thermal stabilisation. To
verify the efficiency of the developed modification method,
a commercially available hollow-fibre PES ultrafiltration
membrane was used.

The developed modification method resulted in stable silver
nanoparticles firmly anchored to the membrane surface and in
the active layer (confirmed by SEM and EDX), leading to
a membrane with improved antibiofouling properties. SEM
analysis also confirmed no negative impact of the in situ
formation of silver nanoparticles on membrane cross-section
morphology. A decrease in the water contact angle indicated
that the modification method resulted in a more hydrophilic
character of the modified membrane surface than the reference
membrane. As a result, the modified membrane displayed an
approximately 15% higher permeability when filtering actual
effluent from a municipal wastewater treatment plant.

The simplicity of the developed method, the short reaction
time, and the ability to be performed on site resulting in a lower
tendency toward biofouling represent its great potential for real
application.
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