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Abstract

Bacterial contamination is one of the leading causes of water pollution. Antibacterial
polyurethane/cellulose acetate membranes modified by functionalized TiO, nanoparticles were
processed and studied. TiO2 nanoparticles were prepared and ultraviolet (UV) irradiated to activate
their photocatalytic activity against Escherichia coli (E. Coil) and Methicillin-resistant
Staphylococcus aureus (MRSA) bacteria. Functionalized TiO2 nanoparticles were incorporated in
flat-sheet mixed matrix membranes (MMMs). These membranes were characterized for their
different properties such as morphology, thermal stability, mechanical strength, surface
wettability, water retention, salt rejection, water flux, and their antibacterial performance against
E. Coil and MRSA was also tested. The activity of nanoparticles against MRSA and E. coli was
analyzed using three different concentrations, 0.5 wt%, 1.0 wt% and 1.5 wt% of nanoparticles and
0.5 wt% of TiOz nanoparticles showed maximum growth of bacteria. The maximum inhibition
was observed in membranes with maximum nanoparticles when compared with other membranes.
All these characteristics were strongly affected by increasing the concentration of TiO:
nanoparticles in the prepared membranes and the duration of their UV exposure. Hence, it was
proved from this analysis that these TiO> modified membranes exhibit substantial antibacterial
properties. The results are supporting the utilization of these materials for water purification

purposes.
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1. Introduction

Water is the basic necessity of life. By 2025, three billion people are anticipated to face severe
water scarcity, described as the single greatest threat to health, the environment, and global food
security (Hossain and Mahmud, 2019). Different causalities because of water-borne diseases like
dysentery, diarrhea, gastroenteritis, and nausea increase daily. Microbial contamination of water
is a severe threat to public health and must be treated to decrease casualties. Water treatment and
water recycling will thus play a steadily increasing role, with membrane technology constantly
gaining market share, applying from small to large scales, and retaining compounds with various
sizes. It has some inherent advantages, such as porosity, pore size, and hydrophilicity (Kumar et
al., 2013; Halder et al., 2020).

Novel high-performance polymeric membrane materials have gained much attention over the
last few decades for different industrial and commercial applications (Geise et al., 2010). The
membrane separation technique is closely related to its synthesis and material selectivity
concerning its usage (Vassolo and D6ll, 2005). There are numerous membrane processes for the
separation of the materials which depend upon pore size and diffusion through the membrane, like
microfiltration (MF), ultrafiltration (UF), reverse osmosis (RO), and electro-dialysis (ED)
(Shannon et al., 2010). These processes are used individually or with the traditional methods for
different industrial applications such as the food and beverage industry, pharmaceutical, paper,
textile industry, mineral processing, mining, battery, and many other industries. Another
significant usage of the membrane is binders for recycling rare metals, removing heavy metal ions
from industrial effluents (Water and Organization, 2004; Shannon et al., 2010). The chemical
processing industries are groomed with synthetic polymeric membranes in their physicochemical
properties, such as thermo-mechanical stability and resistance to pH in different solvents. For

industrial effluents, recovery of some valuable constituents is essential, so different filtration
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processes are used to separate those materials. Ultrafiltration and reverse osmosis are the most
feasible techniques used for filtration on an industrial scale due to their low maintenance and
running cost, high permeation, and attractive salt rejection (Organization, 1993). There are several

polymers available for the synthesis of the membranes.

The selection of the desired polymer is based upon the membrane type and end application
of the synthesized membrane. The most demanding polymers for the synthesis of a membrane are
cellulose acetate (CA), polyurethane (PU), polysulfone (PS), polyvinyl pyrrolidone (PVP) and
polyvinyldifloride (PVDF) (Nagaraju and Sastri, 1999; Shar et al., 2009; Majid et al., 2019).
Among these polymers, cellulose acetate is well known for membrane manufacturing due to its
low cost, superior film ability, attractive salt rejection, and hydrophilicity. Moreover, it possesses
high fouling resistance and significant compatibility with other polymers for blending, but it has
low mechanical strength and is susceptible to chlorine attack (Jacangelo et al., 1997; Azizullah et
al., 2011; Ahmad et al., 2016; Majid et al., 2016). The blending of polymers is a very convenient
way to manufacture different membranes for different applications. This technique allows to tailor
of the characteristics of the end product and can enhance its performance and efficiency (Geise et
al., 2010). The physicochemical behavior of the membranes can be improved by this blending
technique (Ahmadiannamini et al., 2017). There are various other polymers available to synthesize

the membranes concerning their end uses.

PU is the most widely used polymer in different industries due to its distinctive thermo-
mechanical properties. Its high flexibility, tensile strength, and resistance to harsh conditions
(temperature and pH) make it attractive for industrial usage (Gabriel et al., 2017; Ibrahim et al.,
2017). PU is composed of soft segments (polyether-polyols or polyester-polyols) and hard

segments (aromatic or aliphatic diisocyanates) in an alternating manner. PU membranes are mostly



heterogeneous, as the hard and soft segments are usually dispersed matrix form (Rahimpour et al.,
2012; Ahmad et al., 2015).

Nevertheless, cellulose acetate-based membranes need modifications concerning
hydrophilicity and hydrophobicity (Shannon et al., 2010). In the meantime, polyurethane possesses
high porosity, low weight/volume ratio, appreciable abrasion, and oil resistance. Hence, it can be
blended with cellulose acetate to get superior properties concerning thermo-mechanical behavior,

flux, salt rejection.

The incorporation of tasks specific nanoparticles can further enhance the performance of
polymeric membranes. TiO2 nanoparticles are used as an additive to increase hydrophilicity,
permeability, and antifouling properties of the membrane (Blake et al., 1999; Rahimpour et al.,
2012; Yuzer et ali., 2022; Chen et al., 2020) . These nanoparticles are preferred because of their
super-hydrophilic and photocatalytic effects. These nanoparticles can be used to inhibit bacteria
by utilizing their photocatalytic behavior with UV light (Yan et al., 2013). Photocatalysis provides
a hygienic environment for the water disinfection process (Ekey, 2013). The influence of TiO2
particles in altering the membrane properties was studied by several researchers (Kwak et al., 2001;
Li et al., 2007; Rahimpour et al., 2011; Arsuaga et al., 2013). In one of the previous studies,
researchers have highlighted this photocatalytic effect of TiO> nanoparticles for antibacterial and
antifouling properties of prepared membranes. These PVDF membranes were prepared using
sulfonated polyethersulfone (SPU/CA), TiO2 nanoparticles and polyvinylpyrrolidone (PVP) in the
casting solution (Mingliang et al., 2011). The membrane showed good antibacterial results when
exposed to UV light because of the photocatalytic property of TiO2 nanoparticles. In another study,
the antifouling properties of membranes were enhanced by adding TiO> nanoparticles into the
sulfonated polyethersulfone mixed matrix membranes. The contact angle analysis indicated

increased hydrophilicity of this membrane due to the addition of nanoparticles. It was also
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observed that the membrane prevented its fouling from different substances (Bagheri et al., 2013;
Abdullah et al., 2019). The functionalization of TiO> nanoparticles was done to avoid their
agglomeration in the membrane, impart anti-fouling properties, and ensure the proper distribution

of particles in the membrane.

Therefore, the present study aims to prepare antibacterial PU/CA membranes with hydrophilic
nature capable of inhibiting bacterial activity current in the water. TiO2 nanoparticles were
functionalized and incorporated in PU/CA mixed matrix membrane (MMMs) to achieve this
objective. Synthesis, characterization, and antibacterial testing of TiO2 nanoparticles were carried
out. The functionalized TiO; nanoparticles were then incorporated into PU/CA MMMs. The
prepared membranes were characterized for their antibacterial properties in addition to their
morphology, surface wettability, water retention, salt rejection, flux, thermal and mechanical

properties.

2. Materials and Methods

2.1 Materials

Titanium dioxide anatase (general purpose reagent) was obtained from DAEJUNG chemicals
& metals Co. Ltd., Korea. Chloroform and (3-Aminopropyl) trimethoxysilane (APTMS) were
acquired from Merck, Germany. Cellulose acetate (CA, My = 32,000), isophorone diisocyanate
(IPDI) My, = 222.28 g/mol, polyethylene glycol My = 3000 (PEG-3000), dibutyltin dilaurate
(DBTL), ethylene glycol (EG) My = 62 g/mol, epichlorohydrin (ECH) and ethyl acetate (EA) were
also supplied by Merck, Germany. E. coli gram-negative bacteria (ATTC25922), Methicillin-

Resistant StaphylococcusAreus (MRSA), gram-positive bacteria (ATCC25923), Mueller-Hinton



Agar (MHA), yeast extract, and tryptone (TB medium) were also used. All of these chemicals were

of analytical grade and were used without any further purification.
2.2.8ynthesis of TiO> nanoparticles

The liquid impregnation method was used for the synthesis of TiO2 nanoparticles. Titanium
dioxide anatase (3 g) was added in 150 mL of deionized water and magnetically stirred at 400 rpm
for 48 hours. The solution was then sonicated for 150 minutes. The solution was left for 12 hours
to settle down at ambient temperature and then placed in a drying oven (LVO- 2040, Lab Tech,
Korea) for 12 hours at 105 °C. The calcination of the resultant material was carried out in the

furnace at 400 °C for 6 hours. Finally, TiO; nanoparticles in powder form were obtained.
2.2.1. Functionalization of TiO2 nanoparticles

TiO2 nanoparticles (2g) were added in 100 mL chloroform and sonicated for 30 minutes.
After sonication, APTMS (6mL) was added to this solution and sonicated for another 5 hours to
achieve better dispersion of nanoparticles. The solution was magnetically stirred for 1 hour at 70
°C then centrifuged at 400 rpm for 30 minutes to remove excess solvent. The obtained residue was
then oven-dried for 12 hours at 80°C. FTIR later confirmed the presence of amine groups over the

particle surface.

2.2. Preparation of chain extended polyurethane (PU)

An assembly containing a thermometer, nitrogen gas inlet, mechanical stirrer, 4 necked-flask
(250 mL), condenser and rotamantle was used to synthesize polyurethane. Before injecting an
ingredient into the flask, the flask was rinsed with the proposed solvent (ethyl acetate) and
preheated at about 60-70°C. According to the adjusted molar ratio of IPDI: PEG: EG (2:1:1)
respectively, the chemicals were injected into the system systematically with nitrogen gas to
remove oxygen from the reaction vessel. PEG was melted and poured into the reaction vessel with

7



catalyst (DBTL, 1 wt. % of PEG) for 10 minutes before the addition of IPDI. The predetermined
amount of IPDI was added into the system by injection syringe followed by vigorous mechanical
stirring. Stabilization of temperature is significant in this process, so a condenser was attached to
the flask during the reaction. The process was exothermic, and the mechanical stirring had to be
vigorous throughout the reaction till the addition of the chain extender. The addition of THF
attained the controlled viscosity of the pre-polymer. The temperature was maintained at 80°C and
a clear transparent pre-polymer was obtained after 4 hours. According to the molar ratio of IPDI:
PEG: EG (2:1:1) respectively, the -NCO contents were not utilized during the reaction. Ethylene
glycol was added slowly to the reaction vessel, which acted as a chain extender for the synthesized
pre-polymer. After the addition of EG, gentle stirring was provided for 30 minutes. Finally, the
chain extended colorless PU was obtained and left in air-tight vials for 24 hours. After different
time intervals, samples were collected for FTIR to check the completion of the reaction by

identifying -NCO peaks.

2.3.Preparation of PU/CA blend membranes

A solution casting method was used to synthesize the Polyurethane (PU)/Cellulose acetate
(CA) composite membranes. Firstly, the CA was dissolved in ethyl acetate with mild heating, and
then PU was added to the solution. The temperature was kept constant at 70 °C with mild stirring
until a clear and homogeneous solution was observed after 4 hours. The prepared solution was
poured on a glass plate and kept in the oven at 40 °C. After 5 hours, the temperature was raised
from 40 °C to 75 °C. After 10 hours, a transparent membrane was obtained and peeled off the petri
plate using a sharp blade. The blend membranes were prepared in four different ratios of PU and
CA. The percentages for PU/CA blend were 90/10, 80/20, 70/30 and 60/40 named PC-1, PC-2,
PC-3, and PC-4, respectively. The thickness of all PU/CA membranes was in the range of 35-40

um. The obtained blend membranes were clear and transparent in appearance. PC-2 membrane
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was selected for further modification due to better permeation properties as mentioned in Table 3.
The results showed the optimum values of Flux and salt rejection for PC-2. In PC-1 the salt

rejection is compromised but flux value is high, and vice versa in PC-3 and PC-4 membrane.
2.4.Titania modified membranes

PC-2 membrane was modified by adding TiO: in five different concentrations, i.e., 0.5%,
0.75%, 1.0%, 1.25%, and 1.50% weight percent respectively, into the polymer solution of PU/CA
and ethyl acetate. The obtained solutions were then magnetically stirred for 3 hours at 55 °C to
obtain homogeneous solutions. These solutions were magnetically stirred overnight at room
temperature. Then the membrane was prepared using a thin film applicator and custom design tray
by solution casting and solvent evaporation technique. The casted membrane was immersed in
distilled water for precipitation and removal of solvent. Eventually, air drying was done under

ambient conditions to obtain modified blend membranes.
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Figure. 1. Indigenously fabricated lab scale RO plant

2.5.Characterizations

2.5.1. FTIR

Fourier transform infrared spectroscopy (FTIR; Perkin Elmer FTIR 100 Spectrometer,)
was performed before and after functionalization of particles. This was to confirm the presence of

silane moiety and fabricated TiO2 nanoparticles in reinforced PU/CA membranes.

2.5.2. XRD
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The X-Ray diffraction (XRD; STOE, Germany) was carried out to determine the purity

and phase of TiO; nanoparticles.
2.5.3. SEM Analysis

Scanning electron microscopy along energy dispersive spectroscopy (SEM/EDS; Joel JISM
6490A, Japan) was used to analyze the surface/shape/size of TiO> nanoparticles and morphology

of TiO2 nanoparticles reinforced PU/CA membranes.
2.5.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) of membranes was carried out by using TA instruments

SDT Q600 with simultaneous analyzer at a heating rate of 10 °C with nitrogen gas.
2.5.5. Water content

To check the water retention capacity of all membranes, they were soaked in water for 24
hours. Wet weight was calculated. The membranes were then oven dried (12 hours) and their dry

weight was calculated. Water swelling studies were conducted by using Eq.1:

§ =220 % 100 (Eq.1)

w

Where S is swelling ratio of membrane, Wy is wet weight of membrane and Wp is dry weight of

membrane.
2.5.6. Contact angle measurement

A sessile drop method-based drop shape analyzer (DSA 30, KRUSS Germany) was used
to determine the hydrophilicity of those membranes. I-shaped microsyringe was used to drop the
deionized water droplet (5 pL) carefully on the membrane surface. The built-in software
determined the contact angle of different membrane samples. The contact angles were measured

five times at five different points to obtain their average values to get the correct results.
11



2.5.7. Tensile strength study

A SHIMADZU AG-X plus series Universal testing machine was used to measure the
tensile strength of membranes. The length and width of samples between the jaws were 45mm and
25mm, respectively. The crosshead speed was 3 mm/min, and humidity was maintained at 25+2%.

All the measurements were taken roughly at room temperature.

2.5.8. Permeation study
2.5.8.1.Water flux (WF)
A pressure of 1.3 MPa was applied to the membranes for the calculation of water flux by

using the following Eq.2 [21]:

Ju= "%/, (Eq.2)
Where, Jy is the water flux (Lm2h™"), Q is the volumetric flowrate of permeate whereas, A is the
membrane area (m?).
2.5.8.2.Salt rejection

The percentage salt rejection was calculated with permeate and feed concentration by
applying Eq.3:
Cp
SR(%) = (1 — /Cf x 100 (Eq.3)
Where, Cp and Cr are permeate and feed concentrations, respectively.
2.5.9. Testing antibacterial activity of nanoparticles and membranes

To check antibacterial activity, 0.0075g, 0.015g and 0.0225g are consider from five
different concentrations of TiO nanoparticles. These nanoparticles were exposed to UV (intensity:
30W, wavelength: 320nm) for 30 minutes and then mixed in liquid nutrient agar (15 mL). Agar
was then poured into petri dishes and was allowed to cool. 10~ and 107 different dilutions of E.

coli (Escherichia coli) and MRSA (Methicillin-Resistant Staphylococcus Aureus) were prepared
12



and spread over the cooled agar plates containing different concentrations of TiO> nanoparticles.
These plates were then incubated at 37 °C for 24 hours. This step was further investigated by
exposing each of these above mentioned TiO> nanoparticles concentrations to three different
timings of UV exposure and then the impact of time was also compared. Unmodified PC-2
membrane was used as a control sample. At first step, dilutions were prepared. Inoculum of
bacteria were added in nutrient broth and were placed in incubator to allow bacteria to grow
properly. 1 ml from this broth was added in 9 ml of distilled water to form 107! dilution. From this
dilution, 1 ml was added into another 9ml of distilled water to form 107 dilution. This process was

repeated until 107 dilutions of each bacterium were obtained.

The enumeration was done by standard plate count given by Eq.4:

__ Number of colonies dilution factor

CFU =

(Eq.4)

Inoculum Size

This step was further investigated by exposing each membrane to three different timings of UV

exposure and then the impact of time was also compared.

3. Results and discussion

3.1.8tructural analysis

The functionalization of TiO; nanoparticles was verified by FTIR analysis. The spectrum
showed a peak at 1591 cm™! as presented in in Figure 2, which indicated the presence of amine
group over the surface of these nanoparticles, while no such peak was observed in non-
functionalized nanoparticles. These results are consistent with the literature (Ogi et al., 2002; Jwo
et al.,, 2005; Gupta et al., 2013). These results confirmed the efficient treatment of TiO>

nanoparticles (Wasim et al., 2017).
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Figure 2. FTIR spectra of pristine and functionalized TiO2 nanoparticles

In order to characterize different functional groups in membranes, FTIR is used as a key tool. The
FTIR spectrum analysis of membranes is shown in Figure 3. The FTIR spectrum of control
membrane showed strong peaks at 3650, 2899, 1673, 1593 and 1320. The T-1 membrane showed
peaks at 2889,1475,1384,1168 and 100. The T-2 membrane showed peaks at 3640, 2936, 1568,
1442, 1363, 1242, 1164 and 1000. The T-3 membrane showed peaks at 2920, 1477, 1381, 1254
and 1164. The T-4 membrane showed strong peaks at 3520, 2957, 1755, 1469, 1252 and 1093.
The T-5 membrane showed peaks at 3510, 2889, 1742, 1465, 1383, 1246 and 1085. When all
peaks of membranes were compared in the region of 1400 cm™ it can be seen that the control
membrane had no peaks. This may occur due to the addition of TiO» in other membranes

(Varshney et al., 2010).
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Figure 3. FTIR spectra with increasing concentration of TiO2 nanoparticles in modified PU/CA

membranes
3.2.Crystallinity analysis

Figure 4 presented XRD patterns that were employed to determine the crystal phase of TiO»
nanoparticles. The crystallite size of nanoparticles obtained in this sample was 41 nm. 91% anatase
phase was detected while only 12% brookite was present (Ba-Abbad et al., 2012). The TiO» anatase
structure was confirmed by the peak at 25° (Thamaphat et al., 2008). The strong diffraction
patterns at 25° and 48° also confirmed the anatase structure of these nanoparticles (Theivasanthi
and Alagar, 2013). Crystalline structure of particles was confirmed by intensity of XRD peaks
while broad diffraction peaks were also indicative of small crystallite size. This XRD pattern
agrees with JCPDS card no. 21-1272 (anatase TiO2) (Ahmad et al., 2017). The XRD peaks at

25.316°, 36.932°, 37.802°, 38.530°, 48.047°, 53.870°, 55.040°, 62.128°, 68.808°, 70.335° and
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75.021°can be attributed to the 101, 103, 004, 112, 200, 105, 211, 204, 116, 220 and 215 crystalline

structures of anatase synthesized TiO> nanoparticles respectively (Gupta et al., 2013).
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Figure 4. XRD pattern of pristine and functionalized TiO nanoparticles

3.3. Morphological analysis

The morphology of TiO> nanoparticles was observed via SEM technique as demonstrated in

Figure 5. The nanoparticle size was almost uniform; however, they were in agglomerated form at

certain sites. This incident could occur because the nanoparticles were not dispersed in liquid

before analysis and were used in powdered form. The average size of nanoparticles obtained was

around 64 nm which means they were in nanoscale and can be used further to embed them inside

polymer membrane.
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Figure 5. Micrographs (a, b) at various magnifications of TiO2 nanoparticles along with EDS

analysis (c)

The SEM images of all membranes showed difference in pores and overall morphology of
membranes when observed from the top and side view is presented in Figure 6. PU/CA control
membrane contained uniformly distributed pores. While in other images, with the addition of
nanoparticles, fewer pores were observed on the surface of these membranes. It can be noticed that
as the concentration of TiO; nanoparticles increased, porosity decreased subsequently. Average
pore size was measured ranging between 100-500 nm (Mingliang et al., 2011). The higher

concentration of nanoparticles in membranes resulted in agglomeration of particles.

Control T-1 T-2 T-3 T-4 T-5
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Figure 6. SEM micrographs with increasing concentration of control and TiO> modified

membranes

The membrane with 0.5% TiO; nanoparticles showed higher pore size. This could be
attributed to the inclusion of particles in polymeric membranes. During synthesis, these
nanoparticles in the casting solution may give more time to non-solvent and solvent solution to be
separated which may result higher membrane pore size (Gabriel et al., 2017). The average pore
sizes of control, T-1, T-2, T-3, T-4 and T-5 membranes were calculated through SEM and their
average values are given in Table 1. The T-5 membrane with 1.5% TiO; nanoparticles was not
porous and it was not able to calculate average pore size of this membrane. Thickness of the
fabricated membranes was found to be approximately similar in case of control membrane and T-
1 membrane. However, the membranes with higher concentration of nanoparticles (0.75% and
1.5%) were denser in comparison to other membranes and their thickness was also greater as
shown in Table 1. Other differences observed between control and modified membranes were the
finger like structure of micro voids. They were elongated across the width of membranes with

nanoparticles (Ahmad et al., 2017).

Table 1. Average pore size of control and TiO2 modified membranes

Membrane Type Membrane specs.  Average pore size

(nm)
Control Control (PC-2) 4700-5000
T-1 0.5% TiO2 + PC-2 1500-2500

18



T-2 0.75% TiO2 + PC-2 708-1647

T-3 1.0% TiO2 + PC-2 600-708
T-4 1.25% TiO2 + PC-2 550-651
T-5 1.5% TiO2 + PC-2 300-500

3.4.Thermal gravimetric analysis (TGA)

The membranes were subjected to TGA studies in order to investigate their thermal
degradation properties. The thermograms are shown in Figure 7. The major weight loss in T-1
membrane initiated at 290 °C and its degradation continued up to 476 °C, followed by a final
decomposition at 492 °C. The major weight loss occurred due to decomposition and splitting of
the main polymer chain. The major weight loss in T-2 started at 302 °C and its degradation
continued up to 483 °C. The major weight loss in T-3 initiated at 308 °C and its degradation
continued up to 495 °C, followed by a final decomposition at 490 °C. The major weight loss in T-
4 started at 325 °C and its degradation continued up to 505°C. The major weight loss in T-5 started
at 345 °C and its degradation continued up to 530°C. These behaviors are due to the addition of

TiO2 nanoparticles.
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Figure 7. Thermograms of control and TiO2 modified membranes

The TGA studies results are summarized in the Table 2. It was observed that in membrane with
highest concentration of nanoparticles (T-5), the stability is highest (305°C). This means by
increasing the concentration of nanoparticles, the polymer membrane became more stable.

However, prominent differences were observed in T-2 and T-5.

3.5.Water retention by membranes

Figure 8 shows the water retention profile of control and TiO> modified membranes. The
lowest % of water retention was showed by T-3. Maximum water retention was observed in the T-
5 membrane (Figure 7) that has the maximum percentage of incorporated nanoparticles. This
indicates that addition of TiO2 nanoparticles enhanced the hydrophilicity of the membrane. The
hydroxyl groups present on the surface of TiO; nanoparticles have high surface area that is

responsible for its high hydrophilicity. As the hydroxyl content of the membrane increased,
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hydrophilicity of the membrane also increased significantly (Mingliang et al., 2011; Munnawar et

al., 2017).
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Figure 8. Water retention profile of control and TiO2 modified membranes

3.6. Contact angle measurements

Contact angle measurements were conducted for measuring the hydrophilicity of membranes.
Increase in hydrophilicity with increasing concentration of TiO; nanoparticles was pragmatic as
seen in Figure 9. This may occur due to incorporation of hydrophilic TiO> nanoparticles in the
membrane. Thus, a visible decrease in contact angle values was recorded with increasing
concentration of nanoparticles as mentioned in Table 4 (Mingliang et al., 2011; Rahimpour et al.,

2011).
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Figure 9. Contact angle of control and TiO2 modified membranes
3.7.Mechanical testing

The mechanical properties were characterized to analyze the effect of nanoparticles on the
strength of membranes shown in Figure 10. The values of tensile strength and elongation of all
membranes including control sample are summarized in Table 2. The mechanical testing revealed
that as the concentration of nanoparticles increased, their resulting tensile strength and elongation
at break also increased. The T-1, T-2 and T-3 membranes showed an upsurge in their mechanical

strength and this trend continued until T-5 membrane, which showed maximum strength.
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Figure 10. UTS and elongation at break of control and TiO2 modified membranes

Table 2. Mechanical strength and thermal stability of control and TiO2 modified membranes

Membrane Tensile strength Elongation at TGA(°C)

(N/mm?) break (%)
Onset Offset

Temperature Temperature

°O) (°O)

Control 15.68+0.01 35.940.25 280 465
T-1 18.45+0.01 39.88+0.1 290 476
T-2 19.55+0.01 40.55+0.1 302 483
T-3 20.50+0.01 42.75+0.1 308 495

T-4 22.10+0.01 44.65+0.3 325 505




T-5 23.56+0.01 46.45+0.1 345 530

Membranes exhibited good mechanical strength supporting good compatibility of
nanoparticles with polymer matrix. This increase in mechanical strength occurred due to the
incorporation of nanoparticles that were responsible for creating higher interconnections between

the polymeric chains (Igbal et al., 2013).
3.8.Permeation analysis

The permeation results for PC-1, PC-2, PC-3 and PC-4 membranes have been shown in Table
3. PC-2 was selected for the modification with Titania nanoparticles because of its optimum values
of flux and salt rejection. In PC-1, Flux is high, but rejection is low enough, in PC-3 and PC-4 the

values for flux are too low.

The permeation properties of control and modified membranes are detailed in Table 4.
Indigenously fabricated permeation setup was used for this experiment as shown in Figure. 1. The

flux and salt rejection properties showed increasing trend as observed in Table 4.

Table 3. Permeation properties of PC-1, PC-2, PC-3 and PC-4 membranes.

Membrane Type Flux (L/h.m?) Salt Rejection (%)
PC-1 (PU: 90%, CA: 10%) 13.50 85+0.5
PC-2 (PU: 80%, CA: 20%) 10.98 90+0.5
PC-3 (PU: 80%, CA: 30%) 7.96 94+0.5
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PC—4 (PU: 60%, CA: 40%) 5.84 95+0.5

The control membrane exhibited the minimum value of salt rejection and maximum flux due
to porous structure of the membranes. The modified membranes showed the increasing trend for
both salt rejection and flux. The water flux was increased by increasing the concentration of
nanoparticles in the membrane due to hydrophilic nature of TiO». The salt rejection showed the
increasing behavior by increasing the concentration of nanoparticles. This increase may occur
because of decrease in pore size of these membranes. It was due to the structural changes in the
modified membranes. Other characterization techniques e.g. water content and contact angle also
proved that the addition of nanoparticles increased the hydrophilicity of the membrane (Arsuaga

etal., 2013; Ahmad et al., 2017).

Table 4. Various characteristics of control and TiO; modified membranes

Membrane Membrane Contact Salt Flux (L/h.m?)
Composition Angle Rejection
(%)
Control PC-2 (PU: 80%, CA: 81°+0.1 90+0.5 10.98
20%)
T-1 PC-2+0.25% TiO2 79°+0.1 93+0.5 11.02
T-2 PC-2+0.5% TiO: 78°+0.1 96+0.5 12.40
T-3 PC-2+0.75% TiO> 74°+0.1 97+0.5 12.98
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T-4 PC-2+1.00% TiO2 61°+0.1 97.5+0.5 13.95

T-5 PC-2+1.25% TiOz 55°+0.1 98+0.5 16.76

3.9.Antibacterial activity test

The activity of nanoparticles against MRSA and E. coli was analyzed by taking three
different concentrations of nanoparticles i.e., 0.5 wt%, 1.0 wt% and 1.5 wt%. Results showed that
the antibacterial activity increased by increasing concentration of nanoparticles. It can be seen in

Figure 11 that the plate with 0.5 wt% of TiO2 nanoparticles showed maximum growth of bacteria.

Almost whole agar plate was covered with bacterial growth as shown in Figure 11.

Ll S

Control

MRSA

E.coli

T T1 T2 T3 T4 T5
Figure 11. Images of bacterial activity against MRSA and E. coli

While this trend of bacterial growth was decreased in other two agar plates as the

concentration of nanoparticles was increased, the plate with maximum concentration of

nanoparticles showed minimum bacterial growth which is also consistent with another study

(Bashir et al., 2018).

The fabricated membranes with TiO nanoparticles exemplified the superlative properties

as observed in various characterizations used in this study. The antibacterial activity of fabricated

26



membranes was proven by the decrease in bacterial colonies on the agar plates, due to
photocatalytic bactericidal effect of TiO2 nanoparticles. The maximum inhibition was observed in
membrane with maximum nanoparticles when compared with other membranes, which are

observed by the values of colony forming unit count (cfu) as shown in Figure 12.

- IMRSA
__]EcoLl

0.0

Control T-1 T-2 T-3 T-4 T-5
Figure 12. Antibacterial activity of control and TiO2 nanoparticles modified membranes

Effect of time variation of UV exposure was also investigated, and maximum inhibition
was seen when membranes were exposed for 90 min as depicted in Figure 13. The duration of UV
exposure affected the antibacterial activity of membrane due to increased exposure of
nanoparticles to UV radiations. Titania (TiO2)-based nanocomposites subjected to light excitation
are remarkably effective in eliciting microbial death. The photocatalytic action triggers in UV
which may decreased expression of a large array of genes/proteins specific for regulatory,
signaling and growth functions in parallel with subsequent selective effects on ion homeostasis,

coenzyme-independent respiration and cell wall structure (Kubacka et al., 2014).
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Figure 13. Statistical analysis of bacterial effect in the presence of UV for TiO2 nanoparticles

modified PU/CA membranes

The evidence from the designed modified membranes that TiO> photocatalysis causes rapid
cell inactivation at regulatory and other signaling levels. The coenzyme independent respiratory
chains were also decreased because of this phenomenon. It also decreased assimilation and
transport of phosphorus and iron ions. This decreased the capacity for synthesis as well as
degradation of Fe-S clusters. These factors collectively contribute in the cell wall modification and
high biocidal performance of TiO: nanoparticles as also mentioned by Arribas et al.(Barbas
Arribas and Rojo Blanco, 2015). Hence, it was proved from this analysis that these TiO2 modified
membranes exhibit substantial antibacterial properties. The antibacterial performance of these
membranes directly depended on the concentration of nanoparticles and their subsequent UV

exposure.
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4. Conclusions

The inhibition of E. coli and MRSA by TiO» nanoparticles was confirmed. Functionalized TiO>
nanoparticles incorporated mixed matrix membranes were successfully synthesized for water
treatment. These antibacterial membranes showed good inhibition under UV irradiation. Their
antibacterial activity increased by increasing the duration of UV exposure. The characterization of
nanoparticles and membranes showed good results. Membrane properties such as hydrophilicity,
thermal stability, water flux and salt rejection and mechanical strength were enhanced by

increasing the concentration of TiO2 nanoparticles.
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