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ARTICLE INFO ABSTRACT

Keywords: Silver-containing antibacterial membranes are commonly used to control biofouling during bacteria filtration.
Antibacterial ultrafiltration membrane Unfortunately, fast and uncontrolled release of silver to water is a challenge since this causes mass accumulation
Silver xerogel of silver in water resources and insufficient long-term antimicrobial effect. To overcome these disadvantages, we
Antifouling propose to add AgCl-TiO, xerogels (0-0.8 wt%) in the polyacrylonitrile membranes. The long-term silver re-

Water treatment

. . taining of the membranes was evaluated by measuring the silver release under filtration of deionized water in
Sustained silver release

the absence and the presence of 1 M NaCl up to 5 days. The antibiofouling and the antibacterial efficacies were
determined by measuring the changes in antibacterial activity and DI water flux of the membranes at the end of
5 days of E. coli filtration. The 0.2 wt% AgCl-TiO, xerogel incorporated polyacrylonitrile membrane demon-
strated a constant ~1 pg of silver release/cm? per filtration cycle after a total filtration of 0.05 L/cm? with 1 M
NaCl solution. Additionally, it showed antibacterial efficacy and ~100% recovery of deionized water flux by
simple backwashing with water after having been used in many E. coli filtration cycles. Thus, this membrane
could potentially be used up to ~5.8 years for 8000 h a year for the filtration of high salinity water.

Statement of novelty: Silver-containing antibacterial membranes are commonly used to control biofouling during
bacteria filtration. Uncontrolled release of silver from the membrane causes massive silver accumulation in
water which in turn leads to contamination of water resources and threat to aquatic organisms. Although silver
release is strongly influenced by the salinity of water, the release data was collected through filtration of pure DI
water or tap water in literature. To overcome the shortcomings of the published studies, we propose to use AgCl-
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TiO, xerogels in membranes due to low solubility of AgCl in water and measure the release by filtering high-

salinity water.

1. Introduction

According to the recent report of World Health Organization (WHO,
2019) [11, it is estimated that in the following years, diarrhea will still
kill around 1 million people annually mostly children under the age of 5
as a result of unsafe drinking water. Diarrhea linked to water is mainly
caused by pathogenic microorganisms; thus, microbial control in water
is extremely important to prevent outbreaks of waterborne diseases.
Microbial safety is also an important issue in wastewater treatment
plants. Chemical disinfectants such as chlorine, chloramines and ozone
are commonly used to inactivate microorganisms. However, these
agents react with various constituents in water causing the formation of
harmful, carcinogenic disinfection byproducts (DBPs) [2]. Furthermore,
some pathogens develop resistance to chemical disinfectants and this
requires extremely high disinfectant dosage. More recently, several
natural and engineered antimicrobial nanomaterials including chitosan
[3], silver nanoparticles (nAg) [4], photocatalytic TiO, [5,6], fullerol
[71, aqueous fullerene nanoparticles (nC60) [8], and carbon nanotubes
(CNT) [9] have been proposed to replace conventional disinfectants.
Although the nanomaterials are not expected to produce harmful DBPs,
there are three important challenges for large scale use of these nano-
materials in water treatment. The first challenge is the stability of na-
noparticles in water. Commercial metal oxide nanoparticles, Fe;Os,
ZnO, NiO, SiO., TiO,, ZnO were found to aggregate quickly in water
[10,11] and the most effective dispersion of the particles was achieved
with ultrasonication [11]. The second challenge is the retention and
recycle of nanoparticles for reuse in continuous treatment cycles. It is
envisioned that the nanomaterials can be used for small decentralized
water systems. Third challenge is associated with the threat to aquatic
organisms such as crustaceans, algae and fish.

Membrane filtration is an advanced water treatment solution to
produce bacteria- free water. However, biofouling caused by the de-
position, growth and metabolism of bacterial cells or flocs on mem-
branes is considered as a major problem. The biofouling causes not only
lower sustainable flux but also more environmental footprint as a result
of frequent membrane cleaning with harsh chemicals. Strong biocides,
such as chlorine, ozone, hypochlorite, chlorinated phenolics, and non-
oxidative biocides like quaternary ammonium salts with high con-
centrations are commonly used to avoid/eliminate biofilm formation
[12]; however, this strategy can damage the membrane integrity, in-
crease operational cost and produce large waste streams. To overcome
these challenges, the membranes were functionalized with active anti-
microbial nanoparticles, such as silver, titania or silver-exchanged
zeolites [13]. Among these materials, silver nanoparticles have de-
monstrated significant antibacterial activity against numerous types of
bacteria [14]; hence, they are utilized in developing silver-containing
antibacterial membranes. Silver-containing antibacterial membranes
were mostly prepared in thin film composite structure and silver na-
noparticles were added during polymerization [15,16] or coating
[17-33] of the selective layer. Incorporation of nanoparticles during
interfacial condensation can adversely affect the polymer chemistry and
properties of the selective layer. On the other hand, employing surface
coating techniques requires charged or reactive groups on the surface
and in the absence of these groups, the surface needs to be first func-
tionalized through plasma [17,24,25] or wet chemistry [19,30]. Most of
the polymers used in membrane manufacturing do not carry charged
groups; hence, they require surface activation of the support membrane
and then incorporate nanoparticles on the modified surface in a selec-
tive layer, which increases the cost of the membrane production. In
addition, scale-up of surface modification and nanoparticle

incorporation raises many challenges, such as the necessity of changes
to current manufacturing processes, thus, rendering scale-up very dif-
ficult. In contrast, mixed matrix membranes, developed by dispersing
silver nanoparticles in polymer matrixes [19,28,34-37], have the ad-
vantages of low cost, ease of fabrication and high density of nano-
particles achievable through the cross section of the membranes [38].
The critical challenge in the preparation of silver-containing mixed
matrix membranes is to achieve the controlled release rate of silver
which results in long-term antimicrobial effect and no mass accumu-
lation of silver in water resources. In literature, only a few studies fo-
cused on controlling the release rate of silver ions from the membranes
[19,24,39] and the release was usually followed over a short period of
time [15,16,18,23,25,31,35,36]. Although silver release is strongly in-
fluenced by the salinity of water, the release data, published up until
now, was collected through filtration of pure DI water or tap water that
contained 0.05 M NacCl.

To overcome the shortcomings of the published studies, we propose
to use AgCl-TiO, xerogels in polyacrylonitrile (PAN) membranes in this
study. One may expect to have negligible silver release from AgCI-TiO,
xerogels due to low solubility of AgCl in DI water and NaCl containing
water. Thus, we claim that Ag could dissolve much more than AgCl in
the presence of chloride ions, since there is initially no Ag in the
membrane containing AgCl. Chloride ion in the solution does not react
with AgCl in the membrane; in other words, chloride ion does not
dissolve silver from AgCl nanoparticles. To prove our hypothesis, we
prepared PAN membranes using both AgCI-TiO, and Ag-TiO, xerogels.
The long-term silver retaining of these membranes were evaluated by
measuring the silver release under filtration of DI water in the absence
and the presence of 1 M NaCl up to 5 days. 1 M NaCl concentration was
selected considering the average chloride concentrations in high sali-
nity industrial wastewater streams, which changes between 35 and
70 g/L. [40] The antibiofouling and the antibacterial efficacies of the
membranes were determined by measuring the changes in antibacterial
activity and DI water flux at the end of 5 days of E. coli filtration. To the
best of our knowledge, this is the first study proposing the use of AgCl-
TiO, xerogels to control the silver release during water filtration in the
presence of excess chloride ions. In fact, for the first time, we demon-
strate the effect of an industrially relevant NaCl concentration (1 M) on
silver release (in other words, silver retaining in membrane), anti-
bacterial and antibiofouling efficacies of Ag and AgCl incorporated
mixed matrix membranes.

2. Materials and methods
2.1. Materials

Polyacrylonitrile (PAN) with a molecular weight of 150 kDa, di-
methyl sulfoxide (DMSO) and sodium chloride (NaCl) were purchased
from Sigma Aldrich. Agar, Mueller Hinton Broth, Nutrient Broth and
Peptone used for antibacterial tests were supplied by Sigma Aldrich. In
the synthesis of silver chloride containing titania (AgCl-TiO,) xerogels,
silver nitrate (99% purity, from Sigma-Aldrich Co., USA) was used as a
silver precursor. Tetrabutyl orthotitanate (TBOT) (99% purity, from
Sigma-Aldrich Co., USA), nitric acid (65% purity, from Sigma-Aldrich
Co., USA) and ethanol (99% purity, from Sigma-Aldrich Co., USA) were
used without further purification. Reagent-grade deionized water (DI)
was used in preparation of aqueous solutions (Arium 61316 water
purification system, Sartorius). Escherichia coli strain (ATCC25922)
used in all antibacterial tests was obtained from American Type Culture
Collection (ATCC).
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2.2. Methods

2.2.1. Preparation and characterization of Ag-TiO, and AgCl-TiO, xerogels

In this study, silver and silver chloride containing titania (Ag-TiO,
and AgCl-TiO,) xerogels with 29 wt% Ag and AgCl content were syn-
thesized by using a silver nitrate precursor through the sol-gel process
described in our previous works [39,41]. The synthesized xerogels were
characterized using X-ray diffraction (XRD) to confirm the structure.
Silver contents in Ag-TiO, and AgCI-TiO, xerogels were the same since
in the preparation of AgCl-TiO, xerogel, we first synthesized Ag-TiO,
xerogel and then this was followed by HCl acid treatment of this xerogel
to convert Ag into AgCl [39,41].

2.2.2. Preparation of PAN membranes

The membranes were prepared using dry/wet phase inversion
technique. Briefly, 1.2 g of PAN was dissolved in 10 mL of dimethyl
sulfoxide (DMSO) at room temperature with continuous stirring.
Following the PAN dissolution, the predetermined amounts of Ag-TiO,
or AgCl-TiO, xerogels (0.08, 0.2 and 0.8 wt%) were incorporated into
the casting solution. The solution was then cast on a glass support using
an automatic film applicator (Sheen, Automatic film applicator-1133N,
Kingston, England) at a speed of 100 mm/s. The wet thickness of the
membranes was adjusted to 150 um by using a four-sided applicator.
Immediately after casting, the membranes were placed into an en-
vironmental chamber (Siemens, Simatic OP7, Massa Martana, Italy) and
dried for 30 s at 25 °C and 40% relative humidity. Then, the films were
immersed in a water bath at room temperature and incubated 24 h. The
membranes prepared were coded as PAN- x% AgCl- TiO, or PAN- x%
Ag-TiO, where AgCl-TiO, and Ag-TiO, indicate the type of xerogel and
x% represent weight percentage of xerogel incorporated into the
membranes. The composition of PAN in all membranes was fixed at
12 wt%.

2.2.3. Characterization of membranes

The morphology of the membrane surface and cross-section was
examined using a scanning electron microscope (SEM) (FEI Quanta).
For the cross-section imaging, the membranes were freeze-fractured
under liquid nitrogen. Prior to SEM imaging, the membranes were
sputter-coated with a gold layer. The surface hydrophobicity/hydro-
philicity of the membranes was evaluated by measuring the contact
angle in optical tensiometer (Theta Lite, Attension Instruments). A
series of magnified pictures of the water droplets (~6 pL) on the top
surfaces of all the membranes were obtained by the optic tensiometer at
room temperature. Continuous images were recorded starting from the
initial contact of water droplet with membrane surface until the droplet
shape becomes stable. The measurements were taken from at least
seven different locations on each membrane to determine the experi-
mental uncertainty in the measurements. The mechanical testing was
conducted by following the ASTM D882 tensile and elongation test
standards. Briefly, membrane segments with 10 cm of length and 1 cm
of width were placed in between the tensile tester grips. A crosshead
speed range of 10 mm/min was applied with 30 kN grips using a uni-
versal testing machine (Instron).

Ultrafiltration experiments were carried out using a dead-end
stirred-cell filtration system (Amicon Stirred Ultrafiltration Cell, Model
8050 UF, Millipore Corp) with a cell capacity of 50 mL and an active
surface area of 13.4 cm?. After inserting membrane, the cell was filled
with 50 mL of DI water. Following the initial membrane compaction at
1.5 bar, the water flux was measured at 1 bar for each membrane by
recording the amount of water filtered as a function of filtration time.

2.2.4. Long-term silver release from membranes

The long-term silver release from the membranes was determined
under dynamic conditions. Briefly, the membranes were placed in the
module and the cell was filled with either 50 mL of DI water or 50 mL of
DI water with 1 M NaCl concentration. Following one-time compaction
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at 1.5 bar, the DI water (with or without 1 M NaCl) was filtered through
the membranes at 1 bar for 3 times a day, i.e. constituting one cycle,
during 5 days of filtration. At the end of each cycle, the membranes
were kept in 50 mL of DI water or 50 mL of DI water with 1 M NaCl
concentration under static conditions and the filtration was restarted
next day. The filtered water samples (50 mL) were collected during the
initial compaction, filtration and overnight storing in DI water or 1 M
NaCl containing DI water at the end of each cycle in separate tubes
during 5 days of filtration. The silver concentration in the permeate
samples was quantified using a 7500ce Series inductively coupled
plasma quadruple mass spectrometer (ICP-MS) (Tokyo, Japan) without
further dilution. For the ICP-MS analysis, the collected samples in tubes
were adjusted to contain 2% (w/v) nitric acid and filtered to remove
any impurities before the analysis. Prior to analyses, the calibration
curve was established using a silver standard. The used membranes
were kept for further evaluation of their antibacterial activity.

2.2.5. Biofouling resistance of membranes

In many studies in the literature, E. coli bacteria were used to
evaluate the biofouling resistance of the membranes; thus, we also used
E. coli as a model microorganism in this study. E. coli was cultured on
Mueller-Hinton agar at 37 °C to a mid-log phase. The bacteria colonies
were collected with a swab from the agar plate and dispersed into
0.1 wt% peptone water until the McFarland value reached 0.5, which
corresponds to 10® Colony Forming Units per milliliter (CFU/mL). The
bacteria solution (10° CFU/mL) was then re-suspended in 1 mM
phosphate buffer at pH 7.4 to obtain a feed solution with the bacterial
density of 10° CFU/mL. To evaluate biofouling resistance of the
membranes, first the DI water flux of the clean membranes at 1 bar was
measured. Then, 187 L/m? of bacteria containing mixture (10° CFU/
mL) (which corresponds to total volume of 250 mL bacteria solution)
was filtered and at the end, the membranes were taken out, reversed
and placed back into the dead-end filter for backwashing with 150 mL
of DI water at 1 bar. Following the backwash, the membranes were
reversed back again and the DI water flux was re-measured and the
decline in flux caused by biofouling was calculated from the difference
in water fluxes, measured before and after filtration using bacterial
mixture. The membranes after backwashing and water filtration were
dried, and several surface SEM images were taken (~20 images per
membrane). By counting the number of bacteria per unit area using
Image J analysis, the bactericidal ratio (%) was calculated by the fol-
lowing equation [42].

. . I\(u - Nm
Bacterial ratio (%) = | ———— | x 100
N,

where Np and N, are numbers of visual bacterial colonies counted on
the pristine and AgCl/TiO, xerogel containing membranes, respec-
tively. Before the SEM imaging, bacteria samples on the membrane
surface were fixed with 4% paraformaldehyde for 10 min and washed
with PBS buffer (1 x pH 7.4) three times with 7 min waiting period in
each wash. Then, gradual ethanol dehydration procedure was applied
in the following order: 35% Ethanol (1 X 15 min), 50% Ethanol
(1 X 15 min), 70% Ethanol (1 X 15 min), 80% Ethanol (1 X 15 min),
90% Ethanol (1 X 15 min), 95% Ethanol (2 X 15 min), 100% Ethanol
(3 X 20 min). After this, the samples were immersed in 2 mL hexam-
ethyldisilazane solution for 30 min and then left drying at room tem-
perature. The dried samples were mounted, and sputter-coated with
gold before the SEM analysis.

2.2.6. Antibacterial activity of membranes

A disk diffusion test which is a practical and quick approach was
used in order to determine the antibacterial activity of the membranes
[15,25,30]. The method is a qualitative visual test but it was already
applied and found suitable for evaluating the antibacterial activity of
AgCl/TiO, and Ag/TiO, xerogels used in this study [41]. In the disk
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diffusion tests, E. coli was cultured (10° CFU/mL, as described in
Section 2.2.5) and spread onto the Mueller-Hinton agar plate. Fol-
lowing the bacterial seeding, the fresh and used membranes (i.e. sub-
jected to 5 cycles of 1 M NaCl filtration), sterilized by ultraviolet ra-
diation for 15 min, were immediately placed in the middle of bacteria
seeded agar plates and incubated for 24 h at 37 °C to determine if there
was bacterial growth. At the end of the incubation, the diameter of clear
zones around the membranes free from the bacteria was observed.

2.2.7. Statistical analysis

Throughout this study, significant differences between groups of
experimental data were evaluated using ANOVA analysis by Tukey's
method with 95% confidence interval. The results were presented as
standard mean errors calculated from at least three independent ex-
periments. In each of these experiments, three replicates were per-
formed.

3. Results and discussion
3.1. Characterization of membranes

AgCl/TiO, and Ag/TiO, xerogels, used to prepare the xerogels
containing PAN membranes, were synthesized in the same way as re-
ported in our previous study [39]. Fig. 1 shows the XRD patterns of both
29 wt% AgCl/TiO, and 29 wt% Ag/TiO, xerogels which were analyzed
using X'Pert HighScore Plus software and JCPDS-International Centre
for Diffraction Data (ICDD) (Powder Diffraction File (PDF-2 Database)).
As seen in the figure, the major diffraction peaks located at 25.3°, 37.8°,
and 48.1° belong to anatase crystalline phase of TiO, while the major
diffraction peaks observed at 27.9°, 32.3° and 46.2° correspond to dif-
fraction peaks of AgCl crystalline phase in TiO,. Ag crystalline phase in
TiO5 had the peaks located at 38.3°, 44.6°, and 64.7°.

We confirmed the presence of Ag/TiO, or AgCl/TiO, xerogels in the
membranes and the chemical composition of these membranes by
running an energy-dispersive X-ray spectroscopy (EDX) analysis.
Fig. 2A-B show the distribution of silver on the membrane surface and
in the cross section, respectively. An increase in the atomic percentage
of Ti and Ag was observed with the increased xerogel loading,
(Fig. 2C-E). The surface and cross section morphology of the unloaded
and AgCl-TiO, xerogels loaded PAN membranes were characterized by
SEM (shown in Fig. 3).

All of the membranes demonstrated finger-like pores in the bulk
structure along with a thin dense skin layer on the surface of the
membrane. During phase inversion, a polymer rich skin layer was
formed due to the dragging of polymer molecules to the top surface via
solvent evaporation, which simultaneously created polymer lean
porous phase at the bottom of the membrane surface. The presence of
AgCl-TiO, xerogels did not cause any change in the classical finger-like
porous morphology of the unloaded PAN membranes regardless of the
xerogel concentration. In addition, xerogel particle agglomeration was
not observed either on the top and bottom surfaces or throughout the
cross section, as seen in Fig. 3M-O. This could be attributed to the small
crystallite sizes of Ag (< 5 nm) and AgCl (< 60 nm) stabilized by TiO,
in the xerogels [41]. The SEM images were analyzed using Image J
software to determine pore sizes on the surfaces, total and dense layer
thicknesses as described before [43]. The results given in Table 1
showed that xerogel addition had no significant influence on the total
or dense skin layer thicknesses of the membranes. Also, the difference
in the pore size of the pristine and 0.08% xerogel containing mem-
branes was found statistically insignificant (p > 0.05). On the other
hand, when the xerogel content was increased to 0.2%, the surface pore
size became larger (p < 0.05). This can be explained by the high
specific area and hydrophilic nature of the xerogels. Both properties
enhanced the penetration of water vapor into casting solution during
evaporation and resulted in an instantaneous demixing in the coagu-
lation bath, consequently, a more porous structure compared to the
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plain membrane. Adding 0.8 wt% xerogel made an opposite effect on
the mass transfer during the evaporation step. Accumulation of xerogels
close to the surface through evaporation and increased viscosity of
casting solution slowed down the exchange of solvent and nonsolvent
during coagulation and caused delayed precipitation which led to
smaller sized pores on the surface [44,45]. A similar trend was also
observed in the work of Li et al. [46]. The hydrophilicity of the mem-
branes was significantly improved as confirmed by the decrease in the
contact angle of bare PAN membrane from 70° to 45° through adding
0.8 wt% xerogel (Table 1). This can be explained by significant hy-
drophilic nature of the sol-gel made TiO, xerogels as reported in pre-
vious studies [47-49].

Atomic force microscopy (AFM) analyses results in Fig. 4 indicated
that the difference between the roughness of the PAN and 0.08 wt%
AgCl-TiO, xerogels containing PAN membranes are statistically insig-
nificant (p > 0.05). On the other hand, increasing xerogel loading to
0.8 wt% in the membranes reduced the surface roughness, which in
turn affected the antibiofouling performance of this membrane. The
decrease in roughness could be ascribed to the reaction between the
hydroxyl groups on the xerogels and nitrile group on the PAN through
hydrogen bonding and the covalent bonding between silver and NH and
C—N groups in PAN as suggested in another study [50,51].

The mechanical properties and pressure stability of the membranes
were also tested. The tensile test results represented in Fig. 5A indicated
that the tensile strength, elongation at break (%), and Young's modulus
values of the plain membrane did not change through xerogel addition.
This is an expected result since the xerogel content in the membranes is
very low compared to the loading levels used in other studies. For in-
stance, Li et al. [46], reported an increase in the tensile strength of the
polyethersulfone (PES) membrane from 3.21 MPa to 4.07 MPa while a
decrease in the elongation ratio from 15.62% to 11.37% but they added
5 wt% TiO; into the casting solution. The stability of the membranes
was tested at 3 bar and no defects were observed either visually or
under the microscope as shown by the SEM pictures in Fig. 5B through
E for the pristine and 0.2 wt% AgCl/TiO5 xerogel loaded membranes.
The filtration pressure could not be increased above 3 bar since the
recommended operating pressure for the dead-end filtration module
was 3 bar. Because the membranes prepared in this study are in the

29%Ag/TiO,
29%AgCl/TiO7
“ AgCl
>
a i ¥
B |
Tlpz = TiO,
Y \4
0 ! f
20 30 40 50 60 70 80

2-theta (%)

Fig. 1. XRD patterns of 29%Ag/TiO, and 29%AgCl/TiO,. Diffraction peaks for
Ag, AgCl and TiO, indicated on the figure were determined using JCPDS-
International Centre for Diffraction Data (ICDD), Powder Diffraction File (PDF-
2 Database), Newtown Square, Pennsylvania (2000). Reproduced with per-
mission from Ref. [39]. Copyright 2015 Elsevier.
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Fig. 2. (A) SEM back scattering images and (B) EDX scanning of AgCl-TiO, xerogels within the PAN-0.8 wt% of AgCl-TiO, membrane cross-section. EDX scanning of
AgCl-TiO, xerogels on the surfaces of (C) PAN-0.08 wt% of AgCl-TiO, (D) PAN-0.2 wt% of AgCl-TiO, (E) PAN-0.8 wt% of AgCl-TiO, membranes.

ultrafiltration (UF) category and UF process is typically operated in the
pressure range of 1-5 bar, the pressure resistance of the membranes was
found sufficient.

Fig. 6 shows the pure water permeability values of the bare and
mixed matrix membranes which have been found to be in the range of
typical ultrafiltration membranes [52]. Upon loading 0.2 wt% of AgCl-
TiO, xerogel in the matrix, the pure water permeability of the bare PAN
membrane was enhanced from ~200 L/m? h bar to 400 L/m? h bar as a
consequence of larger pore sizes and a more hydrophilic surface. In-
creasing xerogel content from 0.2 wt% to 0.8 wt% resulted in a sig-
nificant decrease in the permeability down to ~250 L/m? h bar (Fig. 6).
This result indicated that the pore size rather than hydrophilicity was
the controlling parameter for the water permeability. This conclusion
was reached since the most hydrophilic surface was obtained with
0.8 wt% xerogel loading while the largest pore size was detected on
0.2 wt% xerogel loaded PAN membrane (Table 1). The water flux of the
membranes after 3 days of long-incubation in the water bath did not
change suggesting that the polymer chain and membrane structure
were not altered due to the sorption of water.

3.2. Release studies

Silver-containing membranes have received considerable attention
since they have been shown to prevent biofouling by controlling the
growth of pathogenic microorganisms and their spoilage. It was de-
monstrated that the antimicrobial activity of the silver nanoparticles
(AgNPs) was solely due to Ag* release and most importantly, a con-
centration as low as 15 ug/L of Ag* was effective against E. coli bacteria
[53]. Thus, the controlled release of the silver ions from the membrane
to the aqueous environment is critical to obtain the desired con-
centrations necessary for preventing biofilm formation. High release
rates cause the accumulation of silver in the environment and also fast
depletion of silver from the membrane, which shortens the life of the
membrane. To the best of our knowledge, most studies have shown that
silver nanoparticles (AgNPs) incorporated membranes are prone to
uncontrollable silver release and a few studies have shown that this
release increases further in the presence of NaCl in aqueous solutions
[54]. We postulate that instead of AgNPs, the use of AgCl nanoparticles
(AgCl-NPs) could lower silver release in the presence of NaCl. This is
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Fig. 3. Surface and cross-section SEM images of the membranes. PAN control membranes (A) dense surface (top of the membrane) (B) porous surface (bottom of the
membrane) (C) cross-section. PAN-0.08 wt% of AgCl-TiO, (D) dense surface (E) porous surface (F) cross-section. PAN-0.2 wt% of AgCl-TiO, (G) dense surface (H)
porous surface (I) cross-section. PAN-0.8 wt% of AgCl-TiO, (J) dense surface (K) porous surface (L) cross-section. Surface images: 20000 X magnification. Cross-
section images: 2000 X magnification. EDX mapping of membranes (M) PAN-0.08 wt% of AgCl-TiO, (N) PAN-0.2 wt% of AgCl-TiO, (O) PAN-0.8 wt% of AgCl-TiO,.

because the equilibrium solubility product constants for dissolution of
AgCl are much lower than that of Ag. At 25 °C, the equilibrium con-
stants for the [AgCl,]~, [AgCl,] ™2 and [AgCl,] 3 complex formation
reactions shown in Egs. (2)-(4) are 4.47 X 10~° L/mol,
7.59 x 107° L%/mol?, 3.02 x 10~° L3/mol®, respectively while for
metallic silver in Cl~ containing water to form AgCluq is very
high, > 10° mol/L [54-56]

AgCly = Ag(;q) + Clig 6
AgCl(S) + Cl(;q) = AgClz‘( Q) @)
AgClyy + 2ClGg = AgC132<;q) )
AgCly + 3Clgg = Agle(a 0 4)

To prove our hypothesis of low solubility of AgCl-NPs as compared
to AgNPs in NaCl containing water, the amount of silver leached out
from the AgCl-TiO, and Ag-TiO, incorporated PAN membranes was
measured during the filtration of both DI water and DI water containing
1 M NaCl. Fig. 7 shows the silver release (ug/cmz) from each membrane
as a function of total volume filtered (L/m?).

The silver loss from AgCI-TiO, containing PAN membranes was
found to be less than that from Ag-TiO, containing PAN membranes
during filtration of both DI and NaCl containing DI water. This finding
is consistent with the dissolution chemistry given in Egs. (1)—(4). In the
presence of 1 M NaCl, the silver losses from the membranes containing
0.08%, 0.2% and 0.8% Ag-TiO xerogels were 4.7 and 3.6 times higher
than the losses from the corresponding membranes loaded with AgCl-
TiOs.xerogels This in fact proves our hypothesis that instead of using
Ag-TiO, xerogel in membranes, AgCl-TiO, usage resulted in much
lower silver loss even in the presence of excess Cl~ ions in water with
1 M NaCl concentration. One may expect lower silver release during
filtration of NaCl containing water since the presence of C1~ ions must
force the reaction (Eq. (1)) in reverse to decrease the solubility of AgCl.
However, our results showed that the presence of NaCl slightly in-
creased the solubility of AgCl due to the formation of silver complexes.
The results in Fig. 8A and B clearly indicate that using DI water for
testing for the long-term stability of silver-containing membranes leads
to misleading results.

For all the PAN membranes incorporated with AgCl-TiO, xerogels,
after an initial fast silver release, a plateau was reached during filtration
of 1 M NaCl solution (Fig. 7A-C). The initial fast silver release was
mainly controlled by mass transfer while in the plateau region the
chemical reaction equilibrium, shown in Egs. (1)-(4), controlled the
release rate. In contrast, there was no plateau observed when water was
filtered, which indicated that the dissolution chemical reaction

equilibria were not reached. In addition, NaCl filtration, that caused the
deposition of AgCl on the Ag-TiO, containing PAN membranes com-
plicated the dissolution behavior of silver nanoparticles. The amount of
silver loss increased with the increased xerogel content for both NaCl
solution and DI water filtration (Fig. 7A-F). A stepwise increase in the
release was observed, particularly at high Ag-TiO, contents (0.2 and
0.8 wt%), during the 1 M NaCl filtration (Fig. 7D-F). This stepwise
increase was due to the silver release which occurred during overnight
treatment of all the membranes in water and 1 M NaCl containing water
without stirring the contents [57]. Enhanced dissolution and release of
Ag™ ion from the silver nanoparticles in the presence of excess Cl~ ions
was also reported in the work of Levard et al. [54], and was in parallel
with our findings.

Our calculations indicated that regardless of xerogel loading,
9.85 wt% of the initial silver loading was lost from the PAN membranes
containing AgCl-TiO, xerogel at the end of 5 days of 1 M NaCl filtration
whereas silver loss from the PAN membranes containing 0.2 wt% and
0.8 wt% Ag-TiO, xerogel was 36.1 wt% (Fig. 8A). Previous studies in
literature measured the release of silver nanoparticles using DI water or
a very low concentration of Cl~ ions which did not represent the actual
conditions found in the industrial applications [19,23,30,35,36]. For
instance, Dankovich et al. [58], reported 132 pg/L of silver release from
the silver nanoparticles in paper films, corresponding to 3.4 wt% Ag
loss per liter, using 5.9 g/L NaCl as test solution while the silver loss
was 105 pg/L in the case of DI water usage. These results were reported
based on the total of 1 L of DI water or 5.9 g/L NaCl filtration for one
cycle and also no time for the release was specified. The NaCl con-
centration (5.9 g/L) used in this study was ~10 times smaller than 1 M
NaCl concentration (58.44 g/L) used in our study and it was much
lower than the typical values measured in wastewater streams [40]. To
mimic the harsh NaCl environment in high salinity wastewater streams
or in seawater, we utilized 1 M NaCl solution for filtration studies. Our
results demonstrated that using AgCl rather than Ag within a xerogel
matrix decreased silver release rate and also increased long-term use in
the presence of excess chlorine ions.

3.3. Anti-biofouling tests

The anti-biofouling property of the membranes was tested through
the filtration of E. coli solution (total of 187 L/m? E. coli solution fil-
tered). At the end of the bacterial filtration, the number of bacteria on
the membrane surface was determined using SEM and the water fluxes
were remeasured after backwashing with water. We utilized anti-ad-
hesion and antimicrobial approaches to impart biofouling resistance to
the membranes. We attempted to increase hydrophilic nature and re-
duce the roughness of the membranes through xerogel addition to

Table 1
Morphological properties and contact angle values of AgCl-TiO, incorporated PAN membranes. (a, b, and * p < 0.05).
Xerogel Surface Surface Dense-skin Total Contact
Contentin  Pore Size on Pore Size on Layer Thickness Angle
PAN the Dense the Porous Thickness (nm) ©)
Membranes Side (um) Side (um) (nm)
(wt %)
0 0.10 +0.08 0.42 £0.16 12.0 £0.7 103.0 1.1 70.0 +£2.8*
0.08 0.20 +£0.04 0.40 +0.12 11.0+0.4 102.3+0.4  57.5+1.4%*
0.2 0.30 £0.06*  0.69 +0.09” 10.8 1.0 102.7+1.2  49.8 +0.3*
0.8 0.11 £0.05*  0.25 +0.06" 12.1 £1.6 101.3+1.0  45.0+0.7*
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Fig. 4. AFM surface roughness images of membranes (A) PAN (B) PAN-0.08 wt% of AgCI-TiO, (C) PAN-0.2 wt% of AgCl-TiO, (D) PAN-0.8 wt% of AgCI-TiO,. (E)

Surface roughness values of membranes.

decrease initial adsorption or attachment of bacteria. These efforts aim
to prevent the accumulation of bacteria in the valleys of rough surfaces
[59] and attachment of E coli on hydrophobic surfaces [60]. Fig. 9
shows that the least number of bacteria accumulated on the 0.8 wt%
xerogel loaded PAN membrane which has the most smooth and hy-
drophilic surface among all the membranes prepared.

This result simply confirmed that the xerogel addition improved the

anti-adhesion properties of the PAN membrane. The 0.2 and 0.8 wt%
xerogel containing membranes showed almost 100% water flux re-
coveries after bacteria filtration (Fig. 10) although 0.8 wt% xerogel
addition resulted in a more anti-adhesive surface. This observation can
be explained by similar antibacterial activities of these two membranes
as shown in Fig. 11. The results in Figs. 9 through 11 allowed con-
cluding that controlling the surface roughness and hydrophilicity
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(A) —PAN —PAN-0.08 wt % of AgCI-TiO2
—PAN-0.2 wt % of AgCI-TiO2 PAN-0.8 wt % of AgCI-TiO2
7 -
6 o
~~ 5 7
i
A
=41
%, |
1 1
0 - L L L) L L) L)
0 2 4 6 8 10 12
Strain (%)
Xerogel Content in Tensile Strength Elongation at Break Young’s Modulus
PAN Membranes (MPa) (%) (MPa)
(wt. %)
0 6.04 1.3 11.21 £0.55 44.53 £2.1
0.08 54411 10.66 +0.47 43.98 3.4
0.2 5.43 £0.76 11.16 ¥1.5 43.24 1.5
0.8 5.13 £+0.98 11.20 £1.3 44.52 4.3

100 pm 100 pm

100 pm 100 pm

Fig. 5. (A) Stress and strain plot for PAN and xerogel incorporated PAN membranes. Cross section SEM images of (B) PAN (C) 0.2% AgCI-TiO, xerogels containing
PAN membranes. Surface SEM images of (D) PAN (E) 0.2% AgCI-TiO, xerogels containing PAN membranes taken after being exposed to 3 bar pressure resistance
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Pure Water Permeability
(L/m? h bar)
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0% 0.08% 0.20% 0.80%
Xerogel Amount (wt%)

Fig. 6. Pure water permeability of AgCl-TiO, xerogel incorporated PAN mem-
branes. *Represent the statistically significant difference (* p < 0.05).

prevented the early bacteria attachment and biofilm formation. On the
other hand, the antibacterial activity of the surfaces provided addi-
tional protection for an extended period through killing or suppressing
the activity of bacteria before they attached to the surface. Thus, the
combined action of antibiofouling and antibacterial efficacy of our
membranes prevented the accumulation of E coli on the surface re-
sulting in total flux recovery after bacteria filtration when the xerogel
loading levels were 0.2 and 0.8 wt%. 0.08 wt% xerogel loading was not
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sufficient to impart fully antibacterial surface (its bactericidal ratio was
58.7% as shown in Fig. 9), hence, backwashing with water could not
recover its initial flux.

In literature, most of the previous studies evaluated the anti-bio-
fouling property of the membranes under static conditions (no filtration
applied and only static incubation with bacteria) [61-64] and only a
few studies focused on the test under dynamic E. coli filtration condi-
tions [25,53]. For instance, Nisola et al. [65], filtered E. coli solution
(1 x 10° CFU/mL) through silver nanoparticle-loaded polyether-block-
polyamide copolymer (PEBA) coated on polysulfone support. At the end
of 30 h of filtration, they observed ~90% flux recovery after 5 h of
washing with DI water whereas we observed ~95% flux recovery after
filtering 10 times more concentrated E. coli solution (1 X 10° CFU/mL)
and backwashing in a shorter period of time (~30 min). It should be
noted that we observed a very high recovery, ~100%, even though we
used a dead-end filtration unit which is known to cause a thicker bac-
terial cake layer formation as compared to cross flow filtration units.
Based on this fact, we can expect that biofouling tendency of our
membranes would be much lower if the filtration was performed in a
cross-flow module. In another study, Yoosefi Booshehri et al. [31],
developed regenerative coating of silver nanoparticles/multi-walled
carbon nanotubes (Ag/MWNTs) on the surface of PAN hollow fiber
membranes. They reported that after the filtration of ~2000 L/m? of
bacterial solution (E. coli concentration of 2 x 10° CFU/mL) during
40 h, the water permeability dropped ~30% compared to the initial
permeability. They reported the silver loss as 25.6% at the end of 10 h
filtration (3 L of filtrate) and 56% at the end of 24 h filtration (7.2 L of

TiO,-nAg
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Fig. 7. Total amount of silver released from the PAN membranes containing (A) 0.08% AgCI-TiO, (B) 0.2% AgCI-TiO, (C) 0.8% AgCl-TiO, (D) 0.08% Ag-TiO, (E)
0.2% Ag-TiO, (F) 0.8% Ag-TiO, xerogels when water and 1 M NaCl solution was filtered.
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Fig. 8. Silver loss (wt%) from Ag-TiO, and AgCl-TiO, xerogels containing PAN membranes (A) when 1 M NaCl solution was filtered and (B) when water was filtered.

Xerogel Content in Surface Coverage Bactericidal Ratio
PAN Membranes by Bacteria (%)
(wt. %) (%)
0 80
0.08 33 58.7
0.2 12 85
0.8 8 90

Fig. 9. SEM images of bacterial fouling on membranes (A) PAN (B) 0.08% AgCl-TiO, xerogels containing PAN membranes (C) 0.2% AgCIl-TiO, xerogels containing
PAN membrane (D) 0.8% AgCIl-TiO,, xerogels containing PAN membrane. Images were taken after 5 cycles of bacteria solution filtration and 3 cycles of backwash.

filtrate). Although the remaining silver within the matrix initially
slowed down the bacterial growth due to very fast and high silver re-
lease, it is expected that the antibacterial effect of their membrane will
be for a short period. Our results demonstrated that during the filtration
of 1 M NaCl a constant silver release rate of ~2 pg/h was reached after

11

the seventh filtration cycle for the PAN membrane containing 0.2 wt%
of AgCl-TiO, xerogel. Based on this constant release rate (~2 ug/h), we
theoretically estimated that the lifetime of an ~1 m? of a membrane
could be 46,400 h corresponding to ~5.8 years for 8000 h of operation
a year in the presence of 1 M NaCl concentration. This is the lifetime of
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BInitial Water Flux @ Final Water Flux

6.8% £4.6

19.9% 3.4

9.2% £2.6

31.7% 4.5

0% 0.08%

0.20%
Xerogel Amount (wt%)

0.80%

Fig. 10. Water flux before and after bacteria solution filtration and backwash
cycles in PAN membranes incorporated with different amounts of AgCl-TiO,
xerogels (p < 0.05). The numbers on the bars represent the percent flux de-
cline.

0.2 wt% AgCl/TiO, xerogel loaded membrane where 1 m? of the
membrane contains 92.8 mg of AgCl. Most previous studies evaluated
the silver release using DI water or tap water as a release medium
[23,30,35,36] or under static conditions [19,66] making it difficult to
compare our results with the others. For instance, Li et al., (2019) [66]
reported a 0.31% Ag™ release per day from cellulose/silver composites
and they predicted that the Ag* could be completely released into DI
water in 323 days. The lifetime of this composite is expected to be
shorter under dynamic conditions and in the presence of high salinity
due to the faster release of metallic silver into NaCl than its release into
DI water. This drawback has been addressed in our study by in-
corporating AgCl instead of Ag in the membranes. We claim that Ag
could dissolve much more than AgCl in the presence of chloride ions
and we have proven this hypothesis as shown by the release profiles in
Fig. 7. To the best of our knowledge, no study in the literature measured
the release rate under dynamic conditions using such high salinity
water. Thus, a direct comparison of our lifetime estimation with other
studies is not possible. The durability of our membrane in terms of its

TiO,-Ag-0.08%

TiO,-Ag-0.2%

TiO,-Ag-0.8%
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antibacterial activity will be longer if the solution contains lower NaCl
concentration, such as 5.9 g/L, used in previous studies.

3.4. Long-term antibacterial activity of membranes

The antibacterial activities of the fresh and used membranes were
evaluated using disk diffusion test (Fig. 11).

Both unused and used membranes incorporated with AgCl-TiO,
xerogels showed significantly higher antibacterial activity than the
membranes with Ag-TiO, xerogels. We found that the antibacterial
activity of the membranes increased with the xerogel content.
Following the 5 cycles of 1 M Nacl filtration, the AgCI-TiO, loaded used
membranes demonstrated similar levels of antibacterial efficacy as their
fresh counterparts whereas the antibacterial efficacy of the used
membranes containing Ag-TiO, xerogels decreased. These findings can
be attributed to the significantly higher silver retaining capability of the
0.2 and 0.8 wt% of AgCl-TiO, xerogel loaded membranes (~90% of the
initial silver amount) as compared to the corresponding Ag-TiO, loaded
membranes (~46.5% of initial silver amount) at the end of 5 filtration
cycles of 1 M NaCl solution (Fig. 8A). The long term antibacterial ac-
tivity of the AgCl-TiO, xerogels loaded PAN membranes was mainly
due to the slow release rate of silver ions (Fig. 7) allowing continuously
the presence of a small amount of silver in bacteria suspension (~1 pg/
L, ~2.5 pg/L and ~10 pg/L for 0.08 wt%, 0.2 wt% and 0.8 wt% AgCl-
TiO, xerogels incorporated membranes respectively). The findings in
this study are also in agreement with the results reported in our pre-
vious studies indicating that the AgCl-TiO, xerogels, either in powder
form or incorporated in membrane structures, could be used several
times without losing antibacterial activity [39,41].

In the literature, there are reports on the antibacterial activity of
pure TiO, against bacteria usually when irradiated with near-UV light.
Most of the studies on TiO, are based on nano-TiO, particles which are
known to be photocatalytically active in near UV to the blue region of
visible light. Thus, the antibacterial mechanism on nano-TiO, proceeds
with the formation of radicals under the near UV and/or visible light
that kills bacteria [67-69]. The difference between this study and the
ones in the literature is the preparation method and also we did not use
UV or visible light when testing antibacterial activities of xerogel

TiO,-AgCl-0.08% TiO,-AgCl-0.2% TiO,-AgCl-0.8%

Unused
Membranes
Used
Membranes
Zone Diameter (mm)
TiO,-Ag-0.08% TiO,-Ag-0.2% TiO,-Ag-0.8% TiO,-AgCl- TiO,-AgCl- TiO,-AgCl-
0.08% 0.2% 0.8%
Unused 0.0 0.0 1.0 £0.3 43+0.3 5.1+0.4 7.2+0.3 7.3 +0.5
Membranes
Used 0.0 £0.0 1.8 £0.5 3.1£0.5 4.7 0.1 6.9 £0.13 7.0 +0.15
Membranes

Fig. 11. The antibacterial activity of prepared PAN membranes incorporated with various amounts of TiO,-nAg or TiO,-nAgCl (0.08, 0.2 and 0.8 wt%) particles
before and after 5 cycles of 1 M NacCl filtration against E. coli (1 X 10° CFU/mL).
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incorporated PAN membranes. In our previous studies, we showed that
TiO, xerogel without Ag or AgCl, prepared using the same procedure,
did not show any bacterial activity based on the viable cell counting
method [41]. Thus, the antibacterial activity reported in this study is
solely due to silver ion released from AgCl/TiO, and Ag/TiO, xerogels
incorporated PAN membranes.

4. Conclusion

We demonstrated that AgCl-TiO, xerogels in PAN membrane pro-
vided lower silver release into high-salinity water (1 M NaCl) as com-
pared to Ag-TiO, in the same membrane. In addition to slow silver ion
release, the AgCl-TiO, incorporated PAN membranes showed high
water permeability, enhanced anti-biofouling, and antibacterial ac-
tivity. The silver release from the 0.2% AgCl-TiO, in PAN membrane
stayed constant at ~1 pg/cm? after a total filtration of 0.05 L/cm? 1 M
NaCl solution and almost 90% of the initial silver loading was retained
in the membrane. Theoretical estimation suggests a potential long-term
use of 5.8 years for the 0.2% AgCl-TiO, loaded PAN membrane even in
the presence of a very high NaCl concentration. Following 5 cycles of E.
coli solution filtration through this membrane, ~100% of water flux
recovery was achieved after simple rinsing and also, antibacterial ac-
tivity of used membrane did not significantly change within the ex-
perimental uncertainty of this study. The promising features of our
membrane could further be tested in a larger scale cross flow filtration
unit. The ease of membrane manufacturing and the ability to control
the release rate of silver through adjusting the texture of AgCl-TiO,
xerogels may have important implications for preparing novel ultra-
filtration membranes with improved long-term biofouling resistance.
This work could lead to the development of new silver chloride con-
taining antibacterial membranes.
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