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ABSTRACT

In the present investigation, the preparation and characterization of polyamide/TiO,
as thin film nanocomposites (TEN) for brackish water desalination was investigated.
TiO, nanoparticles (NPs) were synthesized by a green method using thyme plant
extract as a reducing and capping agent. The TiO, NPs was successfully prepared in
pure crystalline anatase phase with 15 nm size, and —33.1 mV zeta potential. The
antimicrobial tests confirmed the antimicrobial activity of TiO, against gram-positive
and gram-negative bacteria. In addition, TiO, NPs showed a good photocatalytic
activity in degradation of methylene blue dye. TEN based on interfacial polymerization
was enhanced by embedding 5% of the greenly synthesized TiO, NPs within the
polyamide thin film active layer. The incorporation of TiO, NPs was confirmed by
SEM, atomic force microscope (AFM), surface wettability, and FTIR. Membranes
performance was investigated based on flux, salt rejection and fouling resistance. The
antifouling was examined using bovine serum albumin (BSA) as protein fouling by
dead-end cell filtration system at 2 bar. The results showed the TEN increased in
water flux by 40.9% and a slight decrease in NaCl rejection (6.3%) was observed, with
enhancement in antifouling properties. The flux recovery rate of the modified TEN
membranes after fouling with BSA solution was enhanced by 21.5% (from 61.7% for
TFC to 83.2% for TEN). Also, they demonstrated remarkable anti-biofouling behavior
against both bacterial strains.

Subjects Green Chemistry, Polymers, Biosynthesis, Natural Products

Keywords Polymeric nanocomposite membrane , TiO, nanoparticles, Antifouling,
Interfacial polymerization, Polyamide

INTRODUCTION

Water desalination is one of the most well-known methods in the world for meeting the
growing demand for clean water, and it is superior to traditional methods that remove
salts and minerals (Eveloy, Rodgers ¢» Qiu, 2015). Desalination has been utilized since
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ancient times, and it has evolved to remove salts and dissolved minerals to the World
Health Organization’s permissible limit of of potable water (500 ppm). Desalination
plants number and size are widely spread and annually increased, their global output

is expected to reach 192 million m?® per day by 2050 (Darre ¢ Toor, 2018). In 2010 the
increase rate was estimated to be 6.8% as an annual increase rate. From January 2019
to February 2020, 155 new desalination plants were installed worldwide and with an
additional capacity of 5.2 million m?/day (Eke et al., 2020). Due to its ability to produce
high-quality fresh water from a variety of water sources, such as seawater, and brackish
water, reverse osmosis (RO) technology has been widely used for the sustainable supply
of clean water by applying a reverse pressure greater than the osmotic pressure between
the contaminated water and the freshwater (Huang et al., 2013). The semi-permeable RO
membrane, which allows water to pass while rejecting other unwanted solutes, is essential
to RO by membrane technology. Thin-film composite (TFC) membranes, which generally
consist of an ultrathin active polyamide layer deposited on a porous polymer support
membrane, currently dominate commercial RO membranes with a hierarchical structure
(Zhang et al., 2020).

Interfacial polymerization has traditionally been used to establish Polyamide (PA)
active layers of RO membranes for water desalination (salt rejection) by reaction at the
top of porous substrates (usually polysulfone (PS) or PES) between two monomers,
which are M-phenylenediamine (MPD) in aqueous solution and trimesoyl chloride
(TMC) in organic solvents (Zhang et al., 2020). The formed layer typically has ridge
and valley structures, which help to increase surface roughness and thus fouling tendency.
However, PA membranes outperform cellulose acetate membranes in terms of permeability
and salt rejection. Their fouling predilection is a stumbling block to more practical
application. Furthermore, the development of efficient membranes to overcome the
limitation of the trade-off between permeability and rejection remains the primary research
focus (Song et al., 2016).

Preventing unwanted adsorption or adhesion patterns on the membrane’s surface is the
goal of reducing polymeric membrane fouling. Several methods for reducing membrane
fouling have been investigated. A hydrophilic modification of the membrane surface is
one of these methods. There are several methods for hydrophilic adjustment of membrane
surfaces. Within these methods, the incorporation of differing kinds of nanoparticles into
membrane materials has received a lot of attention in recent years (El-Aassar, 2015).

The distinguishable physical and chemical characteristics of metal and metal oxide
nanoparticles in comparison with their bulk particles have largely driven research into
nanoparticle synthesis for a variety of applications. Titanium dioxide (TiO,) nanoparticles
(NPs) have received a great deal of research interest in their importance in a variety
of applications such as photocatalysis, oxygen sensors, and antimicrobial coatings. TiO,
NPs have a hydrophilic surface and are chemically and physically stable. TiO, nanoparticles
are encouraging nanomaterials for organic—inorganic hybrid TFC membranes due to these
properties (Yang et al., 2011).

Madaeni & Ghaemi (2007) used TiO, NPs to minimize fouling in polymer membranes
by coating the surface to create a photocatalytic property and increase the hydrophilicity.
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Asadollahi et al. (2020) modified the polyamide membranes surface by coating it with
varying concentrations of TiO, NPs. When compared to pristine membrane, results
showed an increase in hydrophilicity and significantly better fouling resistance.

Khorshidi et al. (2018) incorporate TiO, NPs in a thin PA layer by the in-situ
polymerization on commercial PES substrate surface to enhance the thermal stability
and anti-biofouling. In the study, they used the biphasic solvothermal (BST) reaction for
the NPs synthesis. The thermal stability and anti-biofouling properties of the resulting
TFN membranes were improved.

Rajaeian et al. (2013) incorporated aminosilanized TiO; nanoparticles with the TEN
active layer, resulting in the development of a novel TFN nanofiltration membrane.
They used a polyethersulfone (PES) barrier coating on a porous -Al,O3 ceramic hollow
fiber membrane as a support. Water flux was increased compared to the pure polyamide
membrane with negligible rejection loss.

Kwak, Kim ¢ Kim (2001) used a self-assembly process to create hybrid reverse osmosis
(RO) membranes composed of aromatic polyamide thin films on a commercial polysulfone
support with TiO, NPs, with the purpose of solving biofouling problems. First, TiO, NPs
were synthesized using a sol-gel process. They demonstrated improved RO performance,
with increased water flux and biofouling resistance.

Moreover, Kim et al. (2016) prepared polyamide TFC membranes through interfacial
polymerization (IP), with TiO, NPs added both during and after the IP. Instead of an
organic TMC solution, TiO, NPs were synthesized and added to the aqueous MPD
solution. TiO, NPs greatly improved the hydrophilicity of the membranes, causing an
increase in water flux. Furthermore, a BSA fouling test revealed that TiO, NPs drastically
enhance the antifouling properties of both membranes.

In comparison between the preparation methods of the support substrate, the spin
coating and the traditional by-Kinfe casting, the spin coating process increased solvent
evaporation and reduced preparation time as well as may be reduced the hand person
error through casting according to Burmann et al. (2014). Jin et al. (2022) have used
silver nanoparticles to modify the PA layers via in situ chemical reduction. For live
Escherichia coli (E. coli) bacteria, the modified membrane has a high strong antibacterial
rate (99.99%). Water permeability and salt rejection are almost completely unaffected by
the Ag modification.

For the synthesis of different nanoparticles, green technology has been intensively
considered. Such approaches would provide steric stabilization of nanoparticles against
aggregation while eliminating the use of standard caustic and combustible reducing agents
like sodium borohydride (Goutam et al., 2018). Thus, generating less hazardous waste that
harms the environment (Hussain et al., 2016). TiO, NPs was previously synthesized using
flower and soybean extracts in a green synthesis process and used in photocatalytic
waste treatment applications (Kashale et al., 2017). Plants such as pomegranate peel
extract (Abu-Dalo et al., 2019a) and jatropha curcas L (Goutam et al., 2018) have recently
been studied for synthesis of TiO2 NPs. According to previous research, TiO, NPs
synthesized using green approach showed effective antibacterial properties (Sahaya et
al., 2014; Ahmad, Khatoon ¢ Sardar, 2014). Jakson et al. (2021), have used of antibacterial
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properties on the layer of a commercial (TFC) membrane using (Pennisetum purpureum)
leaves-derived cellulose nanocrystals (CNC). The results demonstrated strong bacterial
toxicity, inactivating 89% of attached E. coli cells under contact. A copper NPs and
poly (ethylene glycol)-modified thin-film composite polyamide membrane was created
by Ngo et al. (2022). The membrane permeability of changed membranes raised up to
40%, and they at the same had better antifouling properties against the Escherichia coli
bacteria. By attaching amine-functionalized nanodiamond (ND) particles, Karami et al.
(2022) provide an effective and expandable technique to minimize the fouling of (TFC)
membranes. Sodium alginate (SA) and bovine serum albumin (BSA) fouling tests revealed
that the ND layer significantly reduced membrane fouling. After 180 min of filtering, the
flow of the pure TFC membrane decreased by 42% (SA) and 21% (BSA), whereas the
permeability of the ND-modified membrane prepared by adding 1000 ppm ND particles
dropped only by 15% (SA) and 9% (BSA). The deactivation and death rate of Escherichia
coli (E. coli) bacteria cells improved with the incorporation of ND particles. By adding
chitosan-silver particles (CS-Ag) of various molecular weights, Armenddriz-Ontiveros et
al. (2022) developed modified thin film composite (TFC) membranes and assessed their
desalination and anti-biofouling properties. The results demonstrated a slight decrease in
salt rejection and a 56% improvement in flux. additionally, stronger bactericidal activity.

The most damaging cause of the PA membrane is fouling, so the membrane must be
developed while maintaining the selectivity and permeability trade-off by incorporating
environmentally friendly nanoparticles. Therefore, developing membranes with anti-
fouling/anti-biofouling performance is very significant for the practical application of the
membrane. TiO, is among the distinctive nanoparticles that have been used as polymer
functionalizing agents, TiO, NPs have been studied extensively in polymeric membranes
due to their chemical stability and antimicrobial properties. green synthesis using plant
extract as a reducing and stabilizing agent has been proven to be very effective in the
synthesis of a variety of nano-scaled particles including TiO, NPs (Hussain et al., 2016). A
green process is a clean approach, simple, reliable, and eco-friendly in which hazardous
byproduct is minimized due to the use of less toxic materials (Arabi ef al., 2020). Many
studies have also been conducted to explain TiO, nanoparticles’ effective antibacterial
activity when compared to chemically synthesized TiO,. But to the best of our knowledge,
no investigation was found for the impetrated TiO, Nps within the TFN matrix for water
desalination purposes.

In this study PES membrane was used as a support for TFC and TFN polyamide
membrane. The PES support membrane was prepared using a spin coater instead of using
the traditional casting method with a knife. The greenly prepared TiO, NPs were added
to the PA active layer to improve the membrane’s hydrophilicity and organic antifouling
performance. FTIR spectroscopy, scanning electron microscope (SEM), Atomic Force
Microscope (AFM), and surface wettability were used to characterize both TFC/TFN
membranes. The separation performance of the membranes was also evaluated and
compared. The antifouling was examined using bovine serum albumin (BSA) by dead-
end cell filtration unit at 2 bar. Thin film nanocomposite membranes were tested for
antimicrobial properties using gram-positive and gram-negative bacteria.
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MATERIALS & METHODS

Materials

Titanium tetra-isopropoxide (C;,H,504Ti) was used as a starting material (Sigma
Aldrich, Co. LLC, Germany). Aqueous plant extract of Thyme plant from Wadi Hassn,
which grows abundantly in mountainous areas of Jordan was used as a capping and
reducing agent (Ahmadi & Jafarizadeh-Malmiri, 2021) in TiO, NPs synthesis. According
to a previous study in Jordan for the same location, the thyme was of Thymus bovei,
with a preferable aromatic flavor and odor (Kherissat ¢ Al-Esawi, 2019). Thyme and

its constituents contain phenolic compounds such as thymol and carvacrol, which are
naturally antimicrobial and antioxidant sources used in veterinary medicine, agriculture,
food, and medicine. The polyethersulfone (PES) granule (Mw 58,000 g/mol, Goodfellow,
England), polyvinylpyrrolidone (PVP) (Mw 58,000 g/mol, Acros Organics, Germany) as
pore former and 1-methyl-2-pyrrolidinone (NMP) (Thermo, ACROS, USA) were used
to fabricate the PES substrate. Methylene blue (MB; Sigma-Aldrich, Inc., St. Louis, MO,
USA). Sodium Chloride (NaCl), Magnesium Chloride (MgCl,), and Calcium Chloride
(CaCly) were from (Sigma Aldrich, Darmstadt, Germany). M-phenylendiamin (MPD),
Trimesoyl Chloride (TMC) from Sigma Aldrich (St. Louis, MO, USA). n-hexane 96%
(Sigma Aldrich, Darmstadt, Germany) were used for PA thin film preparation. Bovine
serum albumin (BSA) from Sigma Aldrich (St. Louis, MO, USA) was used as a foulant in
the antifouling test.

Nutrient agar, meat extract, peptone, casein peptone, and soybean peptones were
purchased from Liofilchem (Roseto, Italy); nutrient broth (Oxoid, Mumbai, India), Sodium
chloride (extra pure, Lobachemie, Mumbai, India), D-glucose (JHD, Guangdong, China),
lecithin, and di-kaliumhydrogenphosphate from Riedel de- HaenAG Seelze-Hannover,
Germany; tryptone soya agar (casein soya bean digest medium) (Oxoid, Hampshire, UK);
Tween 80 (Polysorbate-80; ICI, London, UK); yeast extract agar (Mast Group, Merseyside,
UK); agar (Merck, Branchburg, NJ, USA); and tryptone powder (Bio Basic, Markham,
ON, Canada). Furthermore, Gram-negative Escherichia coli (E. coli) and Gram-positive
Staphylococcus aureus (S. aureus) bacteria ATCC no. 8739 and 25913, respectively, were
used.

Preparation of thyme plant extract

The thyme plants were washed several times with deionized water before air dried in a
clean environment for three days. The dried plant was ground into a fine powder using a
blender. To obtain a small size free of impurities, a sieve with a mesh number of 20 pm
was used. 3g of the powder was boiled in 100 mL of deionized water for 30 min using
the method described by Arabi et al. (2020). The resulting mixture was then filtered with
Whatman filter paper, and the extracted extracts were kept in the refrigerator at 4 °C to
preserve, avoid putrefaction and maintain the active ingredient properties for future use.

Synthesis of TiO, NPs

The titanium tetra-isopropoxide (C;,H,504Ti) was used as a precursor for titanium. A
mixture of 77% (v/v) deionized water and 7.7% (v/v) of the precursor, and 15% (v/v)
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aqueous extract, was added dropwise to a total volume of 100 ml. The solution was stirred
in reflux at 50 °C for 4 h. The produced solution was centrifuged at 5500 rpm for 20 min.
The product was dried for one hour at 60 °C. The final product has been calcined for

3 h at 500 °C to obtain the anatase crystal type, which has the highest photocatalytic and
antimicrobial activity among the crystal structures as mentioned by Ripolles-Avila et al.
(2019).

Preparation of substrate and thin film nanocomposite

The casting solution contained 18% of PES, 1% of PVP and 81% of NMP as a solvent at
60 °C with stirring for 24 h and then gas bubbles were removed by desiccator. Two steps in
a Spin-Coater were used to deposit the casting solution on the glass plate, with a spinning
speed of 200 rpm for 10 s and then 1500 rpm for 20 s, followed by the phase inversion
method of immersing the glass plate in DI water.

TFC and TFN membranes were achieved through interfacial polymerization (IP) on
fabricated PES membranes as support. Interfacial polymerization is a kind of growth
polymerization where such polymerization takes place at the interface of two immiscible
phases (usually two liquids), leading to a polymer that is transformed on the interface. To
begin the IP process, the PES membrane was placed in a frame and allowed to contact
with an aqueous solution containing MPD (2 wt/v%). After 2 min of retention on the
PES membrane surface, the aqueous solution was discarded. The same membrane surface
was then in contact with a pouring of 0.2 wt/v% TMC in an n-hexane solution to react
with the previous monomer MPD for 1 min, then the organic solution was removed. The
composite material membrane has been cured at 60 °C for 5 min until stored in RO water
for further use. The whole membrane refers to the thin film composite (TFC) membrane.
The fabrication for thin-film nanocomposite (TFN) membranes was the same as for TFC
membranes, except for introducing 5% TiO, nanoparticles into the aqueous solution using
an ultrasonic bath.

Analysis of the synthesized TiO, nanoparticles and the fabricated
membranes

Ultraviolet—visible spectroscopy (UV-VIS) (Double beam UV-2450; Shimadzu, Kyoto,
Japan) measurements were used to analyze the sample optical characteristics for the TiO,
NPs, Fourier-transform Infrared Spectroscopy (FTIR) (Bruker-Avance III, Billerica, USA)
was used for functional group characterization.

For the crystalline phases, Crystallinity and average crystalline size, the synthesized
TiO, were evaluated using X-ray Diffraction (XRD) (Rigaku Ultima IV, Rigaku company,
Tokyo, Japan). In addition, Debye Scherer relationship was used to calculate the average
crystallite diameters (D) as follows:

D= (k.1)/(B.cos(®)) (1)

where k is the 0.9 crystal shape factor, A is the X-ray diffraction wavelength of 0.15406 nm
depending on the X-ray source, 8 is the peak width at half maximum height, and O is the
Bragg diffraction angle.

Abu-Dalo et al. (2023), PeerJ Analytical Chemistry, DOl 10.7717/peerj-achem.26 6/34


https://peerj.com
http://dx.doi.org/10.7717/peerj-achem.26

PeerJ

Analyzing elemental composition was done using X-ray fluorescence (XRF) (+NEXQGC;
Rigaku, The Woodlands, TX, USA). The surface hydrophilicity of the blend membranes
was evaluated by a drop shape analyzer using a contact angle goniometer (Attension Theta
lit; Biolin Scientific, Stockholm, Sweden). A scanning electron microscope (SEM) was
used to examine the surface morphology of the nanoparticles and the membranes (Quanta
FEG 450, Netherland), in addition to atomic force microscopy (AFM) for topography of
membrane and roughness. dynamic light scattering (DLS; Theta Lite, USA) was used for
the size distribution and stability of the nanoparticles. Thermogravimetric analysis (TGA)
(Netzsch TG 209 F1 Iris) was used to confirm the purity of TiO,NPs prepared by green
approach and to investigate the effects of membranes modification on their decomposition
behavior, and the percentage of TiO,NPs within TFN membranes. The analysis was done
at a heating rate of 10 °C/min from room temperature to 800 °C.

The catalytic performance of TiO, nanoparticles was investigated using the Methylene
blue (MB) dye as a model pollutant and was used for the photocatalytic treatment of
polluted water and wastewater under the source of UV light source at 365 nm (UVP C-70G
chromate-Vue Cabinet, Ultraviolet Sources: 254 nm UV of 1290 wW/cm2 and 365 nm UV
of 2100 wW/cm2), and under sunlight simulator (Peccell’s sunlight simulator; PEC-L15,
Peccell Technologies, Inc., Yokohama, Japan) with a sunlight irradiance of 100 mW/cm2.
Antimicrobial efficiency was tested also against gram positive and gram-negative bacteria.

Membrane performance
Membrane filtration performance was tested in a dead-end filtration system (HP4750;
Sterlitech, Auburn, WA, USA) with a 14.6 cm? effective area. At first, the membrane was
cut and placed into the cell according to its size. The membrane was then compressed for
30 min at 2.5 bars with deionized water.

The permeation flow (Jy) is calculated at 2 bars using the equation:

Flux (Jo) = W /(A% AT) (2)

where W is the weight of the permeated solution in gram, A is the membrane surface area
(m?), and AT is the duration of the experiment (hour). All calculations were repeated
three times, and the average results were reported.

The feed solutions utilized to evaluate the membrane’s performance were 1000 ppm
NaCl, MgCl,, and CaCl, aqueous solutions and 2000 ppm NaCl to compare between the
TFC and TFN that simulate brackish water composition. The tests were carried out at
a pressure of 2 bar and a temperature of 25 °C. The concentration of the feed solutions
and the concentration of the permeate were used to determine the solute rejection. The
following equation was used to determine the rejection:

Rejection (%) = (Cp— Cp)/Cr % 100% (3)
where Cp and Cp are the feed solution and permeate concentrations, respectively.

Fouling resistance
The membrane’s antifouling properties were assessed utilizing conventional BSA as foulant.
Model foulants for the TFC and TEN were 0.5g/L BSA. The permeated flux was measured
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before, and after adding foulant over time. The flux of solution with BSA foulant (J,)
(kg/m? h) was calculated at 2 bars and for 90 min. The membranes were cleaned with
deionized water after filtering the BSA solution. After rinsing the membranes, they were
submerged in deionized water for 20 min. After that, the water flux of cleaned membranes
(Jw) was calculated. The following formula was used to determine the flux recovery (Fg)
(Wang et al., 2019):

Fr(%) = (Jw/Jo) %100 (4)

where the Jj is water flux before fouling, J,, is the water flux after fouling. The Eq. (5) was
used to calculate the total fouling ratio (R;):

R, = (1—Jp/Jo) ¥ 100% (5)

where the J, is the flux with fouling. The following Egs. (6) and (7) were used to define
and determine percent of reversible fouling (R,) and irreversible fouling (R;;).

Ry =(Uw—Jp)/Jo) %100 (6)
Rir = (o —Jw)/Jo) * 100. (7)

Antimicrobial activity

The antimicrobial property of NPs was investigated using the liquid medium method
against various pathogens bacteria including E. coli, and Staphylococcus aureus. (S. aureus)
the pathogens cells tested were prepared from a (0.5) McFarland turbidity standard (5 x
107 cell mL !). The testing was incubated at 37 °C for 24 h according to Khashan et al.
(2021).

The bacteria’s inhabitation rate was investigated by inoculating the broth with 0.2 mL of
bacterial strains after the addition of TiO,NPs at various doses of 100, 500, and 1000 ppm.
The optical density (O.D.) of the bacteria at a wavelength of 600 nm was used to estimate
its growth, while the inhibition ratios were calculated using Eq. (8).

Control OD — Tested OD
Inhibition of Efficiency(%) = (Contro cote ) *100% (8)
Control OD

where the control O.D is a result from bacteria without NPs and tested O.D is bacteria with

nanoparticles

The antimicrobial activity of the membranes was assessed using the standard “ISO
22196:2007 Plastics—Measurement of antibacterial activity on plastics surfaces” as
described in our paper previously (Alnairat et al., 2021).

Briefly, 13.0 g of nutrient broth in 1.0 L of DW was used. 28.0 g of nutrient agar was
mixed with 1.0 L of DW to make Plate Count agar. Lecithin and polyoxyethylene sorbitan
monooleate was used to prepare Soybean Casein Digest Broth (SCDLP broth).

Phosphate-buffered physiological saline was prepared by dissolving 8.5 g of NaCl in 1.0
L of DW and diluting 800 times. Autoclaving was used to sterilize all the media. Three TFN
samples were compared to sex specimens of TFC membranes with dimensions of (2.2 x
2.2) cm?.
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Half of the TFC was washed with 10.0 mL of SCDLP buffer. A dilution of 100 L was
taken and cultured on plate agar. The remaining pieces were washed with SCDLP, diluted,
cultured, and incubated in the same way.

The number of colonies from each dilution was counted after incubation. The following
equation was used to calculate the number of viable bacteria found:

N=(100xCxDxV)/A (9)

where N is the number of viable bacteria recovered per cm? of the tested membrane
samples. C: plate count average for duplicate or triplicate plates D: the counted plate
dilution factor V: the volume of SCDLP added to the samples (mL). When no colonies are
recovered in any of the agar plates for a dilution series, the colonies are counted as “V”
(where V is the amount of SCDLP added to the membrane in milliliters). The sterilization
ratio was calculated using the following (Eq. (10)):

R=(A—B)/Ax 100 (10)

where R denotes the sterilization ratio. A: the number of viable bacteria recovered per cm?

of the TFC membrane. B: the number of viable bacteria recovered per cm? of the treated
TFN membrane.

RESULTS AND DISCUSSION

The results and discussion section is arranged in two parts. The results and discussion
related to the preparation and characterization of TiO, NP are summarized first, while the
second part, summarized the features and performance of TFC and TFN.

Titanium oxide nanoparticles

Ultraviolet-visible spectroscopy (UV-VIS)

The absorption spectra of TiO, NPs were analyzed to further investigate the optical
properties and confirm the formation of TiO, NPs. Figure 1A shows the absorption
spectra of TiO, NPs, which displayed strong and prominent absorption peak at 260 nm.
This indicates that the TiO, nanoparticle suspension has a high absorption capacity for
ultraviolet light as reported by Gouda ¢ Aljaafari (2012). The band gap energy of a TiO,
NPs describes the amount of energy required to excite an electron from the valence band
to the conduction band. An accurate determination of the band gap energy is critical in
predicting the optical properties. In 1966, Tauc proposed using optical absorption spectra
to calculate the band gap energy. The Tauc technique assumes that the energy-dependent
absorption coefficient can be represented by the following (Eq. (11)) (Makula, Pacia ¢
Macyk, 2018).

(hv)'/? = B(hv — E;) (11)

where h denotes the Planck constant, v: the frequency of a photon, E,: the band gap energy,
a: absorption coefficient equals 2.302 * absorbance, and B: a constant equal to 1240. The
y factor varies according to the nature of the electron transition and is equal to 1/2 for
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Figure 1 Spectrum results of green TiO, NPs (A) UV-VIS absorption spectrum with (B) Tauc plot.
Full-size Gal DOI: 10.7717/peerjachem.26/fig-1

indirect transition band gaps and the result is shown in Fig. 1B. The energy band gap equals
3.17 eV confirm TiO, NPs formation, the literature value for anatase is estimated to be
between 3.10 and 3.20 eV (Ldpez & Gémez, 2012).

Fourier-transform infrared spectroscopy (FTIR)

Figure 2 illustrates the FTIR spectra of the synthesized TiO, NPs and the plant extract.
Ti-O stretching and Ti—O-Ti bridging stretching modes correspond to an absorption
peak between 500 and 700 cm™! as reported by Goutam et al. (2018). The Ti-O-Ti bond
is responsible for the observed peaks at 665 cm™~! and the peak appeared in the range
of 1600-1700 cm™! are ascribed to the -C =O-Ti bond from the residual of plant, and
the amount of anatase infiltrative cavities may boost the number of hydroxyl groups
that convert to hydroxyl radicals, increasing the rate of attack on organic compounds.
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FTIR spectra of the plant extract at 1640 cm™! is related to the C = C which is related
to the thymol and the stretching of H-bonded O-H groups in hydration water causes the
absorption band at 3300 cm™! (Ahmadi & Jafarizadeh-Malmiri, 2021).

X-ray diffraction (XRD) and X-ray fluorescence (XRF)

Figure 3 represents the synthesized TiO, NPs XRD patterns, which show sharp peaks at
25.53°, 38.1°, 48.23°, 54.15°, 62.94°, 68.28°, and 75.44°, which correspond to the anatase
phase’s (101),(004),(200),(105),(204),(220), and (2 1 5) planes, respectively
(JCPDS No. 01-071-1166) (32). The average crystallite size was calculated using Scherrer
equation (Kashale et al., 2017) to be around 8 nm, with sharp peaks indicating a strong
crystallinity of 92.15%.

Figure 4 shows the energy dispersive X-ray fluorescence (EDXRF) spectra for the
prepared TFC, TEN membranes and green TiO, NPs. The results of nanoparticles spectra
indicated the presence of Ti elements with Ti-K « and Ti-K B signals (4.51 keV and 4.93
keV, respectively) and showed a high concentration of Ti. Our results agree well with the
results published by Archana et al. (2010) and Murali et al. (2016).

Scanning electron microscope (SEM)

Figure 5 depicts SEM image for the prepared TiO, NPs. The result showed a spherical form
of the nanoparticles with a size distribution ranging from 7 to 5 nm. Also, SEM images
indicated the presence of irregular and aggregated particles in range of 100 nm.

Dynamic light scattering (DLS)
Surface charges of the TiO, NPs in DI water and size distribution are shown in Fig. 6. A
high positive or negative zeta potential causes flocculation and agglomeration resistance.
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If the zeta potential values of the particles are low, there is no strength to keep them from
colliding and flocculating (Alnairat et al., 2021). Zeta potential (¢) values of around +30
mV in TiO; NPs indicate that either negatively or positively charged colloidal particles
have reasonable dispersion stability (Ceballos-Chuc et al., 2022). A negative zeta potential
value of —33.1 mV was observed in Fig. 6A, which represents the strength of electrostatic
repulsion in dispersion between charged particles and solvent. A high zeta potential
represents good stability to molecules and particles of sufficient size that the solution or
dispersion will resist aggregation and close to 35 mV finding (Ceballos-Chuc et al., 2022).
Figure 6B shows peak at 18 nm, which is close to SEM image results and peak at 100 nm,
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also in consistence with the irregular aggregation shown in the SEM. It is well known that
DLS measures the hydrodynamic radius and that a small number of larger particles (which
could be aggregates or impurities) usually have a larger population of smaller particles. The
polydispersity index (PDI) was 0.3 signifies a homogeneous population while implying a
uniform sample in terms of particle size and suitable for the DLS test.

Thermogravimetric analysis (TGA)
TGA was used to confirm the purity of TiO, NPs prepared by green approach. The results
showed a weight loss in the temperature below 150 °C related to moisture trapped in the of
NPs sample (Kashale et al., 2017), as shown in Fig. 7. In addition, the reduction in weight
at temperature in the range of 250 to 670 °C. represents the decomposition of organic
compounds.

There was a small weight reduction, which is shown in the range of 500700 °C, possibly
due to the loss of residual carbon from the plant (Saranya et al., 2018). The residual was
equal to almost 95% of the total weight which indicated highly pure TiO, NPs.

Photocatalysis activity of TiO, NPs

A total of 25 mg of the prepared TiO, NPs was mixed with 10 mg of methylene blue in
100 mL of distilled water under a UV and other samples under one sun simulator. In a
dark room, the mixture solution (Fig. 8C) was constantly stirred. There was no change
in color intensity after 30 min. However, as shown in Figs. 8A and 8B there was a slight

Abu-Dalo et al. (2023), PeerJ Analytical Chemistry, DOl 10.7717/peerj-achem.26 13/34


https://peerj.com
https://doi.org/10.7717/peerjachem.26/fig-5
http://dx.doi.org/10.7717/peerj-achem.26

PeerJ

a Zeta Potential Distribution
BO0DOT: =+ ».+15:% & T6ia's o 5458 ¢+ t0isrn s 381 s i i s 5 i e v
+ . |
: [
500000F- <o SRR "n‘ .............................................
[ [ |
g4om00 ................................ Iq ........................ R :
c | : . .
3 r : [ : : :
§300000 .................... S § el i fofoooo 5 RS TR S
s : 2
3 I : [ :
200000 F -+ e e froferemommm b
+ : | | :
400000F: +++ =« vom s nniecaa SEREERETEE J,‘....‘.‘ ...........................................
3 /J \\ :
0 + 4 A -
-100 0 100 200

Apparent Zeta Potential (mV)

b Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

Figure 6 DLS (A) zetapotential and (B) size distribution of green TiO, NPs.
Full-size G4l DOL: 10.7717/peerjachem.26/fig-6

100 +

Mass Loss %
© (o) © «©
(o)) ~ (7] «©
L 1 1 1

©
(63}
]

(o}
B

o

200 400 600 800
Temperature (C)

Figure 7 TGA of greenly synthesized TiO, NPs.
Full-size G4 DOI: 10.7717/peerjachem.26/fig-7

Abu-Dalo et al. (2023), PeerJ Analytical Chemistry, DOl 10.7717/peerj-achem.26 14/34


https://peerj.com
https://doi.org/10.7717/peerjachem.26/fig-6
https://doi.org/10.7717/peerjachem.26/fig-7
http://dx.doi.org/10.7717/peerj-achem.26

PeerJ

1.8 1 a 1.8 . s b
UV-Light Source 3 Solar-Simulator :
1.6 164 1 sun=100mW/cm? 4
2 5
1.4 |1 —w8 Before Mix 1.4 4
2 ——Mix. in Dark ; —— MB Before Mix 6
315 ——Mix. in Dark
124 |3 —asomn . 129 |3 560 ’
5 ——45min 4 =30 min
] 6 ——60 > 5 45 ]
B0 |75 2104 | 5%mn
< 8§ =90 min 5 < 7 75 min 9
. 9 =105 m 8 w90 mi
08 10 —— 120 ::: 6 08 9 —105mn:||n 10
10 —— 120 min
0.6 0.6
0.4 4 0.4 4
0.2 0.2
0.0 T T T 0.0 T T T T
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

d 1—=— Under Sun Simulator
2 —e— Under UV

Ln(C/Cy)

2

20 40 60 8 100 120
Time (min)

Figure 8 UV after photodegradation activity of green TiO, NPs under (A) UV, (B) sun simulator, (C)
samples color after degradation under UV, and (D) rate constant.
Full-size &) DOI: 10.7717/peerjachem.26/fig-8

decrease in peak at the UV-VIS test at 664 nm due to equilibrium sorption and desorption.
The photodegradation result is very active under UV and the sun simulator due to MB
degradation of and a decrease in MB concentration caused by the photoactivity of TiO,
NPs and capacity the free radical’s capacity to oxidize organic MB. The rate of reaction was
calculated using the corresponding kinetic equation, (Ln (C,/Cy) = Kapp * t), where C,
denotes the concentration at time (¢), Cy denotes the concentration at time zero, and kapp
indicates the apparent rate constant (Haleem et al., 2020; Zahid et al., 2022). Figure 8D
depicts the graphical representation of the rate of reaction. The slopes of these plots were
used to calculate the values of kapp. Under the same set of reaction conditions, the apparent
rate of reaction for the reduction of MB under the sun simulator and UV was found to be
—0.00919 and —0.0164 min~!, respectively, which reflects the higher degradation rate of
MB under UV.

Features and performance of PES, TFC and TFN

Fourier-transform infrared spectroscopy (FTIR)

FTIR was used also to verify the introduced thin film and NPs onto the nanocomposite
membrane. Figure 9 shows PES, TFC, and TFN FTIR spectra. The PES and PA have
bonds around 3100 cm ™! for main aromatic C-H stretches, also at 1500 cm™! benzene
ring stretches, and the S =O bands (1300 and 1150 cm™!) can be noticed. The main
characteristic peaks for the PA was observed in TFC and TFN, absorption band at 3300
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cm™! correspond to the N-H stretching, the absorption band at 1480 cm™! for the N-H
bending, and at 1630 cm™! for the amide C =O stretching bond. An extra peak related to
Ti =0 NPs around 500 nm is shown in the TFN spectra, which confirm the incorporation
of the NPs within the PA polymer matrix (Ahmadi ¢ Jafarizadeh-Malmiri, 2021).

X-ray Diffraction (XRD) and X-ray Fluorescence (XRF)

Figure 10 shows the energy dispersive X-ray fluorescence (EDXRF) spectra for TFC, TFN
membranes. Based on qualitative comparison, the differences between TFC and TFN
membranes spectra was the presence of titanium (previously examined alone as powder;
Fig. 4), which confirmed the incorporating the TiO, NPs within the PA active layer.
Both spectra show Ti-K « and Ti-K f signals and non-indexed peaks in XRF patterns are
associated with membrane materials (PES and PA) as shown in Fig. 9, this contributed
to the successful fabrication of nanocomposite thin film membrane surfaces. The energy
peaks in both spectra were around 2.310 and 2.960 related to the distinctive S K & and Ar
K «a X-ray emission lines respectively; the presence of Ar K « in the spectra was attributed
to the amount of Ar in the atmosphere. The presence of S on the PES membrane could be
the cause of the measured S, according to an elemental analysis of PES (Chen et al., 2022).
It is worth mentioning that some elements such as hydrogen, carbon, and oxygen, cannot
be detected by XRF due to their weak fluorescent X-ray. However, polymers are organic
compounds containing mainly hydrocarbons, and an XRF cannot be used to analyze the
pure polymer (Algaheem e~ Alomair, 2020).

Scanning electron microscope (SEM)
SEM was used also to investigate the microstructure of the deposited thin film and the
effect of TiO; nanoparticles on the PA thin film microstructure and morphology.
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Figures 11A, 11B and 11C show the PES, TFC, and TFN PES top surface, respectively.
The tidy PES substrate membrane displayed the featureless, reasonably smooth shape of
the surface. The TFC surface displays a typical shape of the ridge-and-valley structure after
the interfacial polymerization reaction. Meanwhile, the topography of TFN with 5% TiO,
NPs indicated a reduction in the ridge-and-valley surface shape, due to filling the ridge and
valley with nanoparticles according to Asadollahi et al. (2020). An identical bottom SEM
images for the PES, TFC, and TFN membrane were clearly shown in Figs. 11D, 11E and 11F;
all images show the same porous structure with nearly the same pores and shape due to the
fact that all of them have the same substrate (PES) at the bottom surface and the other layers
(TEC and TEN) were only added on the top surface of PES. Membranes cross-sections of
PES, TFC, and TEN are depicted in (Figs. 11G, 11H and 11I). All membranes are expected
to have a characteristic asymmetrical structure. The active layers on top surface in the TFC
membranes are distinguished with high roughness in comparison to the PSF membrane
and TFN. All cross sections have a sponge-type structure of PES membrane support.

Thermogravimetric analysis (TGA)

TGA was used also to investigate the effects of membranes modification on their
decomposition behavior, and the percentage of TiO,NPs within TFN membranes. Figure 12
depicts the TGA characteristics of PES, TFC, and TFN membranes. The zone that appeared
below 400 °C is stable in all samples. The concentration and distribution of TiO, in the
polyamide thin film are probable to be the most significant factors that influence the
composite products’ properties. It is hypothesized that the inhomogeneous dispersion
of TiO, NPs at relatively high concentrations may be attributed to the disordering of
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Figure 11 SEM: top images of (A) PSE membrane, (B) TFC, and (C) TFN; Bottom images of (D) PES,
(E) TEGC, (F) TEN; cross-section images of (G) PES, (H) TFC, and (I) TFN.
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polyamide chains, thereby minimizing interfacial adhesion between NPs and the polyamide
network (Rajaeian et al., 2013).

The preliminary area in weight loss for all samples seemed to be below 100 °C, which
can be attributed to the evaporation of the residual organic solvent and adsorbed water in
composites after drying. After 400 °C, the TFN had less weight loss in the entire temperature
range, which can be attributed to the partial dehydroxylation of the TiO, NPs (Rajaeian et
al., 2013). The drop appears at around 500 °C, which is the decomposed heat of PES as the
main phase in the membranes. It can be seen that all PES, TFC, and TFN membranes go
through primary thermal degradation; at around 500 °C for PES and around 450 °C for TFC
and TFN, which could be attributed to the sulfonic group in polymer chains; furthermore,
another weight loss stage occurred above 600 °C, which corresponds to the main polymer
backbone splitting in the presence of the S =O group, which can be bonded with H,O,
causing the formation of intermolecular molecular hydrogen bonds (Kotp et al., 2017).
Weight reduction in the TFC and TEN is more constant below 600 °C, as demonstrated by
a reduction in mass loss slope associated with carbon molecule detachment above 600 °C.
TFN was found to be more stable above 600 °C due to the existence of TiO, NPs and
higher residual at 700 °C (Kotp et al., 2017). The apparent negative mass loss in the TGA
thermograph (mass gain above 100%), can be attributed to the fact that the precision and
accuracy of the TGA depend on different factors, such as the weight disturbances at the
beginning of heating, continuing weight oscillations, miscellaneous observations related to
disorders in gases, and erratic buoyancy disturbances. Thus, the first weight deviation of a
TG curve typically begins slightly but noticeably before the recorded temperature increases
(Czarnecki, 2015).

Atomic Force Microscope (AFM)

Figure 13 shows the AFM images topography of PES, TFC, and TEN. Table 1 summarizes
the average roughness (Ra). The results indicated that polymerized thin film composite
(105.8°) membrane has rougher morphologies compared with the PES support membrane
(13.5°). For TFC, a uniform distribution of ridge-to-valley morphology can be observed.
According to the roughness quantitative data, the TFC membrane has a rougher surface,
which is consistent with SEM observations and explains the higher rejection than TFN
(43.9°). The SEM and the AFM results are consistent with each other. The same profile of
the distribution of the TiO, NPs in the SEM images are shown in the AFM images. The
SEM showed that there was a good distribution of the nanoparticle’s aggregates, which
means it is in a poor dispersion, but with good distribution and with the homogenous
distribution of the aggregates shown from the AFM images.

Drop shape analyzer

The contact angles of the blend membranes’ surfaces were determined using the sessile
drop method. Figure 14 depicts the contact angles of the PES, TFC, and TFN membranes.
The PES composite support has the highest water contact angle of 91° so it has the lowest
hydrophilic surface when compared to other thin film polymerized membranes (TFC at
79°, and TFN of 72°) which can be attributed to the presence of strong hydrophilic polar
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Figure 13 AFM images of (A) PES support, (B) TFC, and (C) TEN.
Full-size 4 DOIL: 10.7717/peerjachem.26/fig-13

Table 1 Average roughness and contact angles parameters of PES, TFC, and TEN.

Membrane Average roughness Contact angle
(nm)

PES 13.5 88° £ 0.8

TFC 105.8 79° £ 1.9

TFN 43.9 72° £33

amide functional groups inserted onto the PES which increase the hydrophilicity of the PES
surface. Because TiO; nanoparticles are hydrophilic, incorporating NPs within the thin
film layer provides a slightly increase in the hydrophilicity of the TFN membrane compared
to TFC membrane. The contact angleis in consistence with the roughness results from the
AFM, the surface roughness decreased the contact angle for a droplet on a hydrophilic
surface and increased the contact angle for a droplet on a hydrophobic surface, according
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Figure 14 The contact angle of (A) PES, (B) TFC, and (C) TFN.
Full-size &l DOI: 10.7717/peerjachem.26/fig-14

to Wenzel’s equation (Wenzel, 1936), and led to an enhancement of polar interaction with
water droplets; thus, a reduction in water contact angle. The results were in consistence
with the results of Rajacian et al. (2013), which can be attributed to the filling of TiO, NPs
in the ridges and valleys; thus the membrane’s surface become smoother.

Membrane performance

The effect of using different salt and different concentrations

The rejection experiments were carried out using different salts (MgCl,, CaCl,, and NaCl)
at a concentration of 1,000 ppm to evaluate the PA membrane’s salt rejection capabilities
and they were almost the same in the range of 80-85% rejection (Fig. 15A). Different
theories (preferential sorption, electrical) can explain salt transport through a thin film
composite membrane (Bhattacharya & Ghosh, 2004). Water preferentially sorbs at the
membrane solution interface and then moves through the capillaries of the membrane via
viscous flow, with the flux being directly proportional to the effective pressure, according
to the preferential sorption theory. Ions move through membrane pores via convection,
diffusion, and the electric potential gradient, according to the electrical theory. From

a chemical point of view, the formation of -COOH functionality in the cross-linked
polyamide is essential for repelling salt and polar compounds. According to Dai et al.
(2002), and Joshi, Singh ¢ Bhattacharya (2011 ), the membranes reject high-valence anions
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and low-valence cations more than low-valence anions and high-valence cations. Finally,
the unexpected higher rejection of sodium chloride for the TFC membrane compared to
MgCl, and CaCl, is most likely due to diffusion-driven permeation. When the solution
reaches a high ionic strength, charge repulsion is screened and molecular size and diffusion
become the dominant ion rejection mechanisms which is in consistent with results for
Tajuddin et al. (2019); also, the unexpected increase of monovalent ion rejection than
divalent ions may be due to their larger hydrated ionic radii, the Mg?* and Ca?* ions have
high diffusivity of through the membrane according to Gallab et al. (2017). Figure 158
illustrates the effect of different NaCl concentrations. Increasing the salt concentration
decreases the rejection. Salt concentration has little effect on flux in the range of 0 to
2,000 ppm and has a greater impact in the range of 5,000 ppm. These findings revealed
differences in flux as NaCl concentration increased. Concentration polarization explains
the increase in flux values caused by an increase in flow velocities. The mass transfer effect
caused by concentration polarization is small at low salt concentrations and easily prevents
this effect by a water flow, resulting in no significant change in flux. This is what causes
the relatively large variances in flux found in high salt concentrations and small variances
in low-range salt concentrations. Our findings agree with those of Krieg et al. (2005) and
Koyuncu & Topacik (2003).

Flux and salt rejection

Figure 16 illustrates the flux and salt rejection of TFC and TFN membranes. The
hydrophilicity of the TEN increased with high TiO, NP concentration, but NaCl rejection
marginally decreased. The primary factor for immigrating TiO, nanoparticles on the
membrane surface relates to the presence of carboxyl and amide groups following
polycondensation which increases the hydrophilicity of the thin film consistently with
increasing contact angle. A slight decrease in salt rejection for TEN is assumed to be due to
defects formed at the interface of inorganic materials and polymer matrix because of high
loading, which is consistent with findings of Kim et al. (2016). With 5% wt TiO, NPs, flux
increased because of the hydrophilic nature of TiO, NPs, while salt rejection decreased
slightly due to the trade-off relationship between water flux and salt rejection (Huang et al.,
2013). After the filtration experiment, the mechanical strength of the membranes decreased
with critical concentration, resulting in easier peeling of the PA-TiO, layer from the PES
substrate. These findings could be explained by the fact that at high TiO, concentrations,
the interference of interfacial polymerization by TiO, nanoparticles becomes significant,
resulting in a lower degree of polymerization of PA (Lee et al., 2008; Huisman, Prdadanos ¢
Herndndez, 2000). TEN has higher reversible fouling by 31.15% and lowers irreversible of
16% compared to 28.53% and 38% for TFC. The recovery rate was also increased in TFN
upon addition of nanoparticles from 61.77% to 83.2%, while the total fouling ratio was
reduced from 66% to 47% due to improving the antifouling properties.

Antifouling performance
Water flux recovery after fouling with BSA solution was used to analyze the antifouling
performance of the pristine TFC and TEN. Figure 17 and Table 2 depict the results for
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pristine membrane, and TFN. The flux recovery value of a TFC membrane was only
61.77%, indicating its ability for antifouling properties. The flux recovery percentage of
the TFN membrane was 83.2%, which was related to a 5% TiO, membrane. Electrostatic
force (Coulomb force), hydrogen-bonding force, hydrophobic force (entropy effect), and
Van der Waals forces are the forces that cause proteins to adhere to solid surfaces in an
aqueous solution, the TFN demonstrated better antifouling properties due to dissociation
by the surface of negative membranes (Yang, Xu ¢ Dai, 2006). The strong electrostatic
repulsion force between both negatively charged BSA molecules and the membrane
surface improved antifouling effectiveness (Huisman, Prdadanos ¢ Herndndez, 2000). TEN
has higher reversible fouling by 31.15% and lowers irreversible of 16% compared to
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28.53% and 38% for TFC. The recovery rate was also increased in TEN upon addition of
nanoparticles from 61.77% to 83.2%, while the total fouling ratio was reduced from 66%
to 47% due to improving the antifouling properties.

Antibiofouling performance

Figure 18A shows the optical density of bacterial culture growths in the presence of TiO,
NPs in a plate reader at 600 nm. The optical density decreased as TiO, NP concentrations
increased in all types of tested patterns. The inhibition rate is shown in Fig. 15B and reaches
72% and 93.2% with 1,000 ppm TiO, NPs in E. coli and S. aureus respectively. The effect of
TiO, NPs against gram-negative bacteria was less than for gram- positive bacteria due to the
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Table 2 Antifouling analysis.

Parameter TFC TEN

Recovery Rate 61.77% 83.20%
Total Fouling Ratio 66.75% 47.94%
Reversible Fouling 28.53% 31.15%
Irreversible Fouling 38.22% 16.79%

difference in membrane structures of bacteria. This effect may be according to mechanism
of releasing the free radical according to Khorshidi et al. (2018). Or may be attributed to the
fact that metal oxide NPs have a positive charge whereas microorganisms have a negative
charge; this produces an electromagnetic attraction among microorganisms and metal
oxide NPs, resulting in oxidation and death of the microorganism (Khorshidi et al., 2018;
Khashan et al., 2021). The inhibition rate increases with increased NPs concentration, the
breakdown of the bacterial surface membrane by reactive oxygen species (ROS), especially
hydroxyl radicals (OH), which results in phospholipid peroxidation and ultimately cell
death, is the cause of the antibacterial action of TiO, NPs (Khashan et al., 2021). These
ROS can break down organic materials and stop cellular activity with higher activity in
gram-positive (Ripolles-Avila et al., 2019).

According to the results shown in Table 3, the antibiofouling activity of TFN membrane
against Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria was significant with
high sterilization ratio of 99.9% TFC has an antimicrobial effect after 24 h of incubation
and cultivation according to the nature of polyamide similar the result of Zhai et al. (2020)
and Khoo et al. (2021). This could be attributed to TiO, NPs’ major antibacterial activities.
The generation of reactive oxygen species (ROS) is thought to cause bacterial membrane
damage and, as a consequence, cell death (Al Mayyahi, 2018). TiO, affect the cell wall
and membrane by damaging DNA and ceasing their replication since bacteria is known
to have natural antioxidants and enzymatic antioxidant defense systems that inhibit lipid
peroxidation and the effects of ROS radicals. When OH2 " — and OH " are exceeded, a set of
redox reactions can lead to the death cell by the alteration of different essential structures
such as the cell wall and DNA (Ldpez de Dicastillo et al., 2020; Abu-Dalo et al., 2019b).
Table 4 shows previous research using TiO; with polyamide membranes, as well as recent
studies to solve the problem of fouling. The method of preparing nanoparticles differs
in this study, as does the use of a spin coater in the preparation of a thin film substrate
for the first time, when compared to traditional by-knife casting, the spin coating process
increased solvent evaporation and reduced coat production time as well as reduce the
hand person error through casting according to Burmann et al. (2014). When compared
to titanium prepared in various ways, we find that the properties are similar in terms of
increasing the flow of water and maintaining or slightly decreasing salt rejection. As shown
in Table 4, nanoparticles such as silver and copper have recently highly contributed to
improving fouling resistance by up to 90%.
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Table 3 Antibiofouling analysis.

Membrane

(E. coli) Bacteria
(ATCC no. 8739)

(S. aureus) Bacteria
(ATCC no. 25913)

TFC control

TFN after incubation (Treatment with TiO, NPs)
TEC after incubation (Effect of TFC)
Sterilization Ratio of TEN

16528 Bacteria/cm?
10 Bacteria/cm?
124 Bacteria/cm?
99.9%

206.6 Bacteria/cm?
10 Bacteria/cm?
41.3 Bacteria/cm?
99.9%
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Table 4 Previous studies compared the antimicrobial activity of polyamide and different sources of TiO, NPs with this study.

Reference

Materials

Method

Results

Kwak, Kim ¢ Kim (2001)

Khashan et al. (2021)

Lee et al. (2008)

Kim et al. (2016)

Yang et al. (2021)

Justino et al. (2021)

This Study

PA/TiO, NPs on polysul-
fone supports (commer-
cial)

TiO, NP particle sizes
ranged from 2 to 23 nm,
with spherical shapes

PA/TiO, NPs (commercial)

PA/TiO, NPs on polysul-
fone (PSF) ultrafiltration
(UF) support (commercial)

PA/alumina nanoparticles
(Al-NP) on polysulfone

PA/sulfonated
polyelectrolyte-silver
nanoparticle on
polysulfone (PSF) support

PA/Green TiO, NPs on
PES support

TiO, Synthesis by sol-gel
and IP for thin film

TiO, NPs synthesis by lig-
uid laser ablation in a sin-

gle step

PSF by PI via casting knife
and coated with poly-
dopamine/IP for thin film

different TiO, NPs incor-
poration methods/TiO,
Synthesis by sol-gel

membrane fabrication
method included a poly
(3-sulfopropyl methacry-
late potassium salt)-AgNPs
brushes grafting step

IP for thin film composite

PES prepared by spin
coater/thin film via IP

Water flux increased by 10%,
with no change in salt rejec-
tion at 2000 ppm NaCl. The
photocatalytic bactericidal ef-
ficiency of the TiO, hybrid
was noticeably higher.

The optimum activity of TiO,
NPs is found to be against E.
coli and S. aureus at 1000 ppm
with inhibition rates of 81%
and 90% respectively.

The flux increased with 5.0
wt% TiO, NPs, while MgSO,
(2000 ppm) rejection de-
creased sharply 95% at 5%
TiO,

Increased water flux by ten
times, improved antifouling
properties (BSA fouling test),
and rejections of 2000ppm
NaCl above 94% with 5-10%
NPs.

Increased flux did not affect
salt rejection, which remained
between 90 and 92.5%, and
high biofouling resistance,
which reduces BSA attach-
ment by 84%.

Rising membrane flux (40%)
and antifouling property at
the same time After 4 days
of immersion in Escherichia
coli bacterial solution, the
maintained flux ratio (anti-
biofouling property) signifi-
cantly increased.

Increased water flux by 41%
and slightly declined in NaCl
2000ppm rejection by 7%
with 5% NPs. Increasing
antifouling resistance with
BSA fouling test and reduced
BSA attachment by 22% with
higher antibiofouling com-
pared to TFC

CONCLUSIONS

Fouling has been identified as the primary cause of the membrane’s performance

degradation. This study created a hybrid TFN membrane with antifouling properties

using greenly synthesized TiO, NPs, in which TFN membranes were made using the
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phase inversion method, while the active layer polyamide was made using interfacial
polymerization.

In this study, TiO; nanoparticles was successfully prepared in pure crystalline anatase
phase with 10 nm size. Green synthesis method was used in which thyme plant extract
was used as both a reducing and capping agent in the production method. The prepared
TiO, nanoparticles were used as an antifouling agent and embedded successfully within
the polyamide thin film nanocomposite layer. The overall membrane performance was
enhanced; the water flux was increased up to 31.4 comparing with 22.3 (Kg/m? h) for
the membrane without the nanoparticles; slightly decrease in salt (NaCl) rejection was
observed from 83.2% to 77.6% but with enhancement in antifouling properties; an increase
in the recovery rate was also observed from 61.77% to 83.2%. In addition, TFN membranes
showed antibacterial activity against both bacterial strains, with a sterilizing ratio of 99.9%,
which improved membrane anti-biofouling behavior.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the Deanship of Research at Jordan University of Science and
Technology (No. 169/2021). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Deanship of Research at Jordan University of Science and Technology: No. 169/2021.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Muna A. Abu-Dalo conceived and designed the experiments, authored or reviewed
drafts of the article, funding reagents, materials and tools, and approved the final draft.

e Ayat Bozeya conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

e Zaid Sawalmeh performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.

e Borhan Albiss conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the article, tools, and approved the final draft.

e Nour Alnairat performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

e Rund Abu-Zurayk conceived and designed the experiments, authored or reviewed drafts
of the article, reagents and materials, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:
The raw data is available in the Supplemental Files.

Abu-Dalo et al. (2023), PeerJ Analytical Chemistry, DOl 10.7717/peerj-achem.26 28/34


https://peerj.com
http://dx.doi.org/10.7717/peerj-achem.26#supplemental-information
http://dx.doi.org/10.7717/peerj-achem.26

PeerJ

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj-achem.26#supplemental-information.

REFERENCES

Abu-Dalo M, Al-Mheidat IR, Al-Shurafat AW, Grinham C, Oyanedel-Craver V. 2019b.
Synthesis of silver nanoparticles using a modified Tollens’ method in conjunction
with phytochemicals and assessment of their antimicrobial activity. Peer] 7:e6413
DOI 10.7717/peerj.6413.

Abu-Dalo M, Jaradat A, Albiss BA, Al-Rawashdeh NAF. 2019a. Green synthesis of TiO,
NPs/pristine pomegranate peel extract nanocomposite and its antimicrobial activity
for water disinfection. Journal of Environmental Chemical Engineering 7(5):103370
DOI 10.1016/j.jece.2019.103370.

Ahmad R, Khatoon N, Sardar M. 2014. Antibacterial effect of green synthesized TiO,
nanoparticles. Advanced Science Letters 20(7-9):1616-1620
DOI 10.1166/as1.2014.5563.

Ahmadi O, Jafarizadeh-Malmiri H. 2021. Intensification process in thyme essen-
tial oil nanoemulsion preparation based on subcritical water as green solvent
and six different emulsifiers. Green Processing and Synthesis 10(1):430-439
DOI 10.1515/gps-2021-0040.

Al Mayyahi A. 2018. TiO; polyamide thin film nanocomposite reverses osmosis mem-
brane for water desalination. Membranes 8.3:66.

Alnairat N, Abu Dalo M, Abu-Zurayk R, Abu Mallouh S, Odeh F, Al Bawab A. 2021.
Green synthesis of silver nanoparticles as an effective antibiofouling material for
polyvinylidene fluoride (Pvdf) ultrafiltration membrane. Polymers 13(21):3683
DOI 10.3390/polym13213683.

Algaheem Y, Alomair AA. 2020. Microscopy and spectroscopy techniques for characteri-
zation of polymeric membranes. Membranes 10(2):33
DOI 10.3390/membranes10020033.

Arabi N, Kianvash A, Hajalilou A, Abouzari-Lotf E, Abbasi-Chianeh V. 2020. A facile
and green synthetic approach toward fabrication of Alcea- and thyme-stabilized
TiO, nanoparticles for photocatalytic applications. Arabian Journal of Chemistry
13(1):2132-2141 DOT 10.1016/j.arabjc.2018.03.014.

Archana PS, Jose R, Jin TM, Vijila C, Yusoff MM, Ramakrishna S. 2010. Structural
and electrical properties of Nb-doped anatase TiO, nanowires by electrospinning.
Arabian Journal of Chemistry 93(12):4096—4102.

Armendariz-Ontiveros MM, Madueno-Moreno JE, Alvarez-Sanchez J, Devora-Isiordia
GE, Sanchez-Duarte RG, Madera-Santana TJ. 2022. Modification of thin film
composite membrane by chitosan-silver particles to improve desalination and anti-
biofouling performance. Membranes 12.9:851.

Asadollahi M, Bastani D, Mousavi SA, Heydari H, Mousavi DV. 2020. Improvement of
performance and fouling resistance of polyamide reverse osmosis membranes using

Abu-Dalo et al. (2023), PeerJ Analytical Chemistry, DOl 10.7717/peerj-achem.26 29/34


https://peerj.com
http://dx.doi.org/10.7717/peerj-achem.26#supplemental-information
http://dx.doi.org/10.7717/peerj-achem.26#supplemental-information
http://dx.doi.org/10.7717/peerj.6413
http://dx.doi.org/10.1016/j.jece.2019.103370
http://dx.doi.org/10.1166/asl.2014.5563
http://dx.doi.org/10.1515/gps-2021-0040
http://dx.doi.org/10.3390/polym13213683
http://dx.doi.org/10.3390/membranes10020033
http://dx.doi.org/10.1016/j.arabjc.2018.03.014
http://dx.doi.org/10.7717/peerj-achem.26

PeerJ

acrylamide and TiO, nanoparticles under UV irradiation for water desalination.
Journal of Applied Polymer Science 137(11):48461 DOI 10.1002/app.48461.

Bhattacharya A, Ghosh P. 2004. Nanofiltration and reverse osmosis membranes: theory
and application in separation of electrolytes. Reviews in Chemical Engineering 20(1-
2):111-173.

Burmann P, Zornoza B, Téllez C, Coronas J. 2014. Mixed matrix membranes compris-
ing MOFs and porous silicate fillers prepared via spin coating for gas separation.
Chemical Engineering Science 107:66—75 DOI 10.1016/j.ces.2013.12.001.

Ceballos-Chuc MC, Ramos-Castillo CM, Rodriguez-Perez M, Ruiz-Gomez MA,
Rodriguez-Cattorno G, Villanueva-Cab J. 2022. Synergistic correlation in the
colloidal properties of TiO, nanoparticles and its impact on the photocatalytic
activity. Inorganics 10.9:125.

Chen X, Huang G, An C, Feng R, Wu Y, Huang C. 2022. Superwetting polyether-
sulfone membrane functionalized with ZrO2 nanoparticles for polycyclic aro-
matic hydrocarbon removal. Journal of Materials Science ¢ Technology 98:14-25
DOI 10.1016/j.jmst.2021.01.063.

Czarnecki J. 2015. Precision thermogravimetry. Journal of Thermal Analysis and
Calorimetry 120:139-147 DOT 10.1007/s10973-014-4384-0.

DaiY, Jian X, Zhang S, Guiver MD. 2002. Thin film composite (TFC) membranes
with improved thermal stability from sulfonated poly(phthalazinone ether
sulfone ketone) (SPPESK). Journal of Membrane Science 207(2):189-197
DOI 10.1016/50376-7388(02)00226-0.

Darre NC, Toor GC. 2018. Desalination of water: a review. Current Pollution Reports
4:104-111 DOI 10.1007/s40726-018-0085-9.

Eke J, Yusuf A, Giwa A, Sodiq A. 2020. The Global status of desalination: an assessment
of current desalination technologies, plants and capacity. Desalination 495:114633
DOI 10.1016/j.desal.2020.114633.

El-Aassar A Hameed MA. 2015. Improvement of reverse osmosis performance of
polyamide thin-film composite membranes using TiO, nanoparticles. Desalination
and Water Treatment 55(11):2939-2950.

Eveloy V, Rodgers P, Qiu L. 2015. Hybrid gas turbine-organic Rankine cycle for seawater
desalination by reverse osmosis in a hydrocarbon production facility. Energy
Conversion and Management 106:1134-1148 DOI 10.1016/j.enconman.2015.10.019.

Gallab AAS, Ali MEA, Shawky HA, Abdel-Mottaleb MSA. 2017. Effect of different salts
on mass transfer coefficient and inorganic fouling of TFC membranes. Journal of
Membrane Science & Technology 7(2):100175 DOI 10.4172/2155-9589.1000175.

Gouda M, Aljaafari Al 2012. Augmentation of multifunctional properties of cellulosic
cotton fabric using titanium dioxide nanoparticles. Advances in Nanoparticles
01(03):29-36 DOI 10.4236/anp.2012.13005.

Goutam SP, Saxena G, Singh V, Yadav AK, Bharagava RN, Thapa KB. 2018. Green
synthesis of TiO, nanoparticles using leaf extract of Jatropha curcas L. for photocat-
alytic degradation of tannery wastewater. Chemical Engineering Journal 336:386—-396
DOI 10.1016/j.cej.2017.12.029.

Abu-Dalo et al. (2023), PeerJ Analytical Chemistry, DOl 10.7717/peerj-achem.26 30/34


https://peerj.com
http://dx.doi.org/10.1002/app.48461
http://dx.doi.org/10.1016/j.ces.2013.12.001
http://dx.doi.org/10.1016/j.jmst.2021.01.063
http://dx.doi.org/10.1007/s10973-014-4384-0
http://dx.doi.org/10.1016/S0376-7388(02)00226-0
http://dx.doi.org/10.1007/s40726-018-0085-9
http://dx.doi.org/10.1016/j.desal.2020.114633
http://dx.doi.org/10.1016/j.enconman.2015.10.019
http://dx.doi.org/10.4172/2155-9589.1000175
http://dx.doi.org/10.4236/anp.2012.13005
http://dx.doi.org/10.1016/j.cej.2017.12.029
http://dx.doi.org/10.7717/peerj-achem.26

PeerJ

Haleem A, Syaal S, Ajmal M, Ambreen J, Rauf S, Ali N, Muhammad S, Shah A,

Zia M, Siddiq M. 2020. Silver and palladium nanoparticle embedded poly
(nisopropylacrylamide-co-2-acrylamido-2-methylpropane sulfonic acid) hybrid
microgel catalyst with pH and temperature dependent catalytic activity. Korean
Journal of Chemical Engineering 37:614—622 DOI 10.1007/s11814-020-0484-7.

Huang H, Qu X, Dong H, Zhang L, Chen H. 2013. Role of NaA zeolites in the interfacial
polymerization process towards a polyamide nanocomposite reverse osmosis
membrane. RSC Advances 3(22):8203-8207 DOI 10.1039/c3ra40960k.

Huisman IH, Pradanos P, Hernandez A. 2000. The effect of protein-protein and
protein-membrane interactions on membrane fouling in ultrafiltration. Journal of
Membrane Science 179(1-2):79-90 DOI 10.1016/S0376-7388(00)00501-9.

Hussain I, Singh NB, Singh A, Singh H, Singh SC. 2016. Green synthesis of nanoparticles
and its potential application. Biotechnology Letters 38(4):545-560
DOI 10.1007/510529-015-2026-7.

Jakson J, Camargos C, Noronha V, Paula A, Rezende C, De Faria A. 2021. Sustainable
cellulose nanocrystals for improved antimicrobial properties of thin film composite
membranes. ACS Sustainable Chemistry ¢ Engineering 9. 19:6534—6540.

Jin P, Mattelaer V, Yuan S, Bassyouni M, Simoens K, Zhang X, Ceyssens F, Bernaerts
K, Dewil R, Bruggen B. 2022. Hydrogel supported positively charged ultrathin
polyamide layer with antimicrobial properties via Ag modification. Separation and
Purification Technology 284:120295 DOI 10.1016/j.seppur.2021.120295.

Joshi RN, Singh K, Bhattacharya A. 2011. Approaches to prepare TFC polyamide
membranes by coating diamine during, and/or post formation of asymmetric
membranes and their performances. Brazilian Journal of Chemical Engineering
28(3):457—-465 DOI 10.1590/S0104-66322011000300011.

Justino NM, Vicentini DS, Ranjbari K, Bellier M, Nogueira DJ, Matias WG, Perreault
F. 2021. Nanoparticle-templated polyamide membranes for improved biofouling
resistance. Environmental Science: Nano 8(2):565-579.

Karami P, Aktij SA, Khorshidi B, Firouzjaei MD, Asad A, Elliott M, Rahimpour A,
Soares JBP, Sadrzadeh M. 2022. Nanodiamond-decorated thin film composite
membranes with antifouling and antibacterial properties. Desalination 522:115436
DOI 10.1016/j.desal.2021.115436.

Kashale AA, Ghule KA, Gattu KP, Ingole VH, Dhanayat SS, Sharma R, Ling YC, Chang
JY, Vadiyar MM, Ghule AV. 2017. Annealing atmosphere dependant properties of
biosynthesized TiO, anode for lithium ion battery application. Journal of Materials
Science: Materials in Electronics 28(2):1472—-1479.

Khashan KS, Sulaiman GM, Abdulameer FA, Albukhaty S, Ibrahem MA, Al-Muhimeed
T, AlObaid AA. 2021. Antibacterial activity of TiO, nanoparticles prepared by one-
step laser ablation in liquid. Applied Sciences 11(10):4623 DOI 10.3390/app11104623.

Kherissat F, Al-Esawi D. 2019. Checklist of Wadi Hassan flora, Northeastern Badia,
Jordan. Plant Diversity 41.3:166—-173.

Khoo YS, Seah MQ, Lau WJ, Liang YY, Karaman M, Giirsoy M, Meng J, Gao H,

Ismail AF. 2021. Environmentally friendly approach for the fabrication of

Abu-Dalo et al. (2023), PeerJ Analytical Chemistry, DOl 10.7717/peerj-achem.26 31/34


https://peerj.com
http://dx.doi.org/10.1007/s11814-020-0484-7
http://dx.doi.org/10.1039/c3ra40960k
http://dx.doi.org/10.1016/S0376-7388(00)00501-9
http://dx.doi.org/10.1007/s10529-015-2026-7
http://dx.doi.org/10.1016/j.seppur.2021.120295
http://dx.doi.org/10.1590/S0104-66322011000300011
http://dx.doi.org/10.1016/j.desal.2021.115436
http://dx.doi.org/10.3390/app11104623
http://dx.doi.org/10.7717/peerj-achem.26

PeerJ

polyamide thin film nanocomposite membrane with enhanced antifouling and
antibacterial properties. Separation and Purification Technology 260:118249
DOI 10.1016/j.seppur.2020.118249.

Khorshidi B, Biswas I, Ghosh T, Thundat T, Sadrzadeh M. 2018. Robust fabrication
of thin film polyamide-TiO, nanocomposite membranes with enhanced thermal
stability and anti-biofouling propensity. Scientific Reports 8(1):1-10.

Kim SJ, Lee PS, Bano S, Park YI, Nam SE, Lee KH. 2016. Effective incorporation of TiO,
nanoparticles into polyamide thin-film composite membranes. Journal of Applied
Polymer Science 133(18):43383.

Kotp YH, Shebl YA, El-Deab MS, El-Anadouli BE, Shawky HA. 2017. Performance
enhancement of PA-TFC RO membrane by using magnesium silicate nanoparticles.
Journal of Inorganic and Organometallic Polymers and Materials 27(1):201-214.

Koyuncu I, Topacik D. 2003. Effects of operating conditions on the salt rejection of
nanofiltration membranes in reactive dye/salt mixtures. Separation and Purification
Technology 33(3):283-294 DOI 10.1016/51383-5866(03)00088-1.

Krieg HM, Modise SJ, Keizer K, Neomagus HWJP. 2005. Salt rejection in nanofiltration
for single and binary salt mixtures in view of sulphate removal. Desalination
171(2):205-215 DOI 10.1016/j.desal.2004.05.005.

Kwak SY, Kim SH, Kim SS. 2001. Hybrid organic/inorganic reverse osmosis (RO)
membrane for bactericidal anti-fouling. 1. Preparation and characterization
of TiO, nanoparticle self-assembled aromatic polyamide thin-film-composite
(TFC) membrane. Environmental Science & Technology 35(11):2388-2394
DOI 10.1021/es0017099.

Lee HS, Im SJ, Kim JH, Kim HJ, Kim JP, Min BR. 2008. Polyamide thin-film nanofil-
tration membranes containing TiO, nanoparticles. Desalination 219(1-3):48-56
DOI 10.1016/j.desal.2007.06.003.

Lépez R, Gémez R. 2012. Band-gap energy estimation from diffuse reflectance mea-
surements on sol-gel and commercial TiO,: a comparative study. Journal of Sol-Gel
Science and Technology 61(1):1-7 DOI 10.1007/s10971-011-2582-9.

Lépez de Dicastillo CL, Correa MG, Martinez FB, Streitt C, Galotto MJ. 2020. Antimi-
crobial effect of titanium dioxide nanoparticles. In: Antimicrobial Resistance-A One
Health Perspective. London: IntechOpen DOI 10.5772/intechopen.90891.

Madaeni SS, Ghaemi N. 2007. Characterization of self-cleaning RO membranes coated
with TiO; particles under UV irradiation. Journal of Membrane Science 303(1-
2):221-233 DOI 10.1016/j.memsci.2007.07.017.

Makula P, Pacia M, Macyk W. 2018. How to correctly determine the band gap energy
of modified semiconductor photocatalysts based on UV-Vis spectra. The Journal of
Physical Chemistry Letters 9(23):6814—6817 DOI 10.1021/acs.jpclett.8b02892.

Murali M, Suganthi P, Athif P, Sadiq Bukhari A, Syed Mohamed HE, Basu H, Singhal
RK. 2016. Synthesis and characterization of TiO, nanoparticle and study of its im-
pact on aquatic organism. Journal: Advances in Applied Science Research 1(4):10-23.

Abu-Dalo et al. (2023), PeerJ Analytical Chemistry, DOl 10.7717/peerj-achem.26 32/34


https://peerj.com
http://dx.doi.org/10.1016/j.seppur.2020.118249
http://dx.doi.org/10.1016/S1383-5866(03)00088-1
http://dx.doi.org/10.1016/j.desal.2004.05.005
http://dx.doi.org/10.1021/es0017099
http://dx.doi.org/10.1016/j.desal.2007.06.003
http://dx.doi.org/10.1007/s10971-011-2582-9
http://dx.doi.org/10.5772/intechopen.90891
http://dx.doi.org/10.1016/j.memsci.2007.07.017
http://dx.doi.org/10.1021/acs.jpclett.8b02892
http://dx.doi.org/10.7717/peerj-achem.26

PeerJ

Ngo THA, Nguyen TD, Nguyen VD, Tran DT. 2022. Improvement in anti-biofouling
property of polyamide thin-film composite membranes by using copper nanoparti-
cles. Journal of Applied Polymer Science 139.32:52739.

Rajaeian B, Rahimpour A, Tade MO, Liu S. 2013. Fabrication and characterization of
polyamide thin film nanocomposite (TFN) nanofiltration membrane impregnated
with TiO; nanoparticles. Desalination 313:176—-188 DOI 10.1016/j.desal.2012.12.012.

Ripolles-Avila C, Martinez-Garcia M, Hascoét AS, Rodriguez-Jerez JJ. 2019. Bac-
tericidal efficacy of UV activated TiO, nanoparticles against Gram-positive and
Gram-negative bacteria on suspension. CyTA—Journal of Food 17(1):408—418
DOI 10.1080/19476337.2019.1590461.

Sahaya P, Kumar M, Francis AP, Devasena T. 2014. Biosynthesized and chemically
synthesized titania nanoparticles: comparative analysis of antibacterial activity.
Journal of Environmental Nanotechnology 3(3):73-81.

Saranya SKSKS, Padil VVT, Senan C, Pilankatta R, Saranya SKK, George B, Wactawek
S, Cernik M. 2018. Green synthesis of high temperature stable anatase tita-
nium dioxide nanoparticles using gum kondagogu: Characterization and solar
driven photocatalytic degradation of organic dye. Nanomaterials 8(12):1002
DOI 10.3390/nano8121002.

Song X, Zhou Q, Zhang T, Xu H, Wang Z. 2016. Pressure-assisted preparation of
graphene oxide quantum dot-incorporated reverse osmosis membranes: an-
tifouling and chlorine resistance potentials. Journal of Materials Chemistry A
4(43):16896-16905 DOT 10.1039/C6TA06636D.

Tajuddin MH, Yusof N, Abdullah N, Abidin MNZ, Salleh WNW, Ismail AF, Matsuura
T, Hairom NH, Misdan N. 2019. Incorporation of layered double hydroxide
nanofillers in polyamide nanofiltration membrane for high performance of
salts rejections. Journal of the Taiwan Institute of Chemical Engineers 97:1-11
DOI 10.1016/j.jtice.2019.01.021.

Wang W, Li Y, Wang W, Gao B, Wang Z. 2019. Palygorskite/silver nanoparticles
incorporated polyamide thin film nanocomposite membranes with enhanced water
permeating, antifouling and antimicrobial performance. Chemosphere 236:124396
DOI 10.1016/j.chemosphere.2019.124396.

Wenzel RN. 1936. Resistance of solid surfaces to wetting by water. Industrial & Engineer-
ing Chemistry 28(8):988-994 DOI 10.1021/ie50320a024.

Yang Q, Xu ZK, Dai ZW. 2006. Modulation of the adsorption and activity of protein/en-
zyme on the polypropylene microporous membrane surface by surface modification.
In: Déjardin P, ed. Proteins at solid-liquid interfaces. Principles and practice, Berlin,
Heidelberg: Springer, 127-298 DOI 10.1007/3-540-32658-8_11.

Yang S, GuJS, Yu HY, Zhou J, Li SF, Wu XM, Wang L. 2011. Polypropylene membrane
surface modification by RAFT grafting polymerization and TiO, photocatalysts im-
mobilization for phenol decomposition in a photocatalytic membrane reactor. Sepa-
ration and Purification Technology 83(1):157-165 DOI 10.1016/j.seppur.2011.09.030.

Yang Z, Takagi R, Zhang X, Yasui T, Zhang L, Matsuyama H. 2021. Engineering a dual-
functional sulfonated polyelectrolyte-silver nanoparticle complex on a polyamide

Abu-Dalo et al. (2023), PeerJ Analytical Chemistry, DOl 10.7717/peerj-achem.26 33/34


https://peerj.com
http://dx.doi.org/10.1016/j.desal.2012.12.012
http://dx.doi.org/10.1080/19476337.2019.1590461
http://dx.doi.org/10.3390/nano8121002
http://dx.doi.org/10.1039/C6TA06636D
http://dx.doi.org/10.1016/j.jtice.2019.01.021
http://dx.doi.org/10.1016/j.chemosphere.2019.124396
http://dx.doi.org/10.1021/ie50320a024
http://dx.doi.org/10.1007/3-540-32658-8_11
http://dx.doi.org/10.1016/j.seppur.2011.09.030
http://dx.doi.org/10.7717/peerj-achem.26

PeerJ

reverse osmosis membrane for robust biofouling mitigation. Journal of Membrane
Science 618:118757 DOI 10.1016/j.memsci.2020.118757.

Zahid S, Alzahrani AK, Kizilbash N, Ambreen J, Ajmal M, Farooqi ZH, Siddiq M. 2022.
Preparation of stimuli responsive microgel with silver nanoparticles for biosensing
and catalytic reduction of water pollutants. RSC Advances 12(51):33215-33228
DOI 10.1039/D2RA05475B.

Zhai X, Ye ], He Y, Ahmatjan Z, Zhang Y, Lin S, Wang C, Hu X, Meng J. 2020. Antibac-
terial thin film composite polyamide membranes prepared by sequential interfacial
polymerization. Macromolecular Materials and Engineering 305(7):1-10.

Zhang Z, Qin Y, Kang G, Yu H, Jin Y, Cao Y. 2020. Tailoring the internal void
structure of polyamide films to achieve highly permeable reverse osmosis
membranes for water desalination. Journal of Membrane Science 595:117518
DOI10.1016/j.memsci.2019.117518.

Abu-Dalo et al. (2023), PeerJ Analytical Chemistry, DOl 10.7717/peerj-achem.26 34/34


https://peerj.com
http://dx.doi.org/10.1016/j.memsci.2020.118757
http://dx.doi.org/10.1039/D2RA05475B
http://dx.doi.org/10.1016/j.memsci.2019.117518
http://dx.doi.org/10.7717/peerj-achem.26

