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ABSTRACT

Three distinct materials were synthesised, characterized, and tested as antibacterial
agents in this thesis. The ability of the synthesised materials to decontaminate polluted

water was also studied.

Firstly (in chapter 1), a novel compound ({[1,3-bis(2,4,5-trichlorophenoxy) propan-2-
yl] oxy}-3-(2,4,5-trichlorophenoxy) hexan-2-ol) (TPTH) was synthesized and
characterized. Biological evaluation of the compound was investigated by performing
an antimicrobial activity and cytotoxic assays. The compound displayed good
antimicrobial activity with minimum inhibition concentration detected as 0.02pg/mL,
0.08ug/mL and 0.15pg/mL against Methicillin Sensitive Staphylococcus Aureus
(MSSA), Methicillin Resistant Staphylococcus Aureus (MRSA) and Escherichia coli
(E. coli) respectively. Additionally, a well diffusion assay demonstrated that the zone
of inhibition of S. aureus, MRSA and E. coli was 24 mm, 22 mm and 18 mm
respectively. MTT assay results revealed that, at a range of effective anti-microbial

concentrations, TPTH is non-toxic against stem cells.

Secondly (in chapter 2), ethylenediamine-epichlorohydrin-trichlorophenol (EET)
crosslinked polymer was synthesized and characterized. EET exhibited substantial
antibacterial activity with inhibition zones of 38 and 64 mm against E. coli and S.
Aureus bacteria. Therefore, it was applied to treat methyl orange (MO) and rhodamine
B (RB) dyes containing synthetic aqueous solutions under varying operation
parameters. Notably, 10 and 15 mg of EET removed 98.72 % of MO at pH 8 and

92.45% of RB at pH 3. The EET demonstrated a fast adsorption rate and the adsorption



data fit well with the pseudo-second-order for both dyes, suggesting chemisorption.
Also, considering the correlation coefficient values, the experimental dataset fit

suitably with the Temkin equation for RB and Langmuir equation for MO.

Lastly (in chapter 3), novel Li doped ZnosNiosFe204 (LiI/ZNF) photosensitive catalyst
was prepared to degrade toxic antiseptic 2,4,5-trichlorophenol (TCP) and inhibit
bacteria. Characterization of Li/ZNF nanoparticles revealed it possesses a bandgap of
2.89 eV, exhibited a total pore volume of 0.298 cm?®/g with a crystallite size and percent
crystallinity of 16.9 nm and 76.8% respectively. Degradation of TCP (50 ppm) with
10 mg Li/ZNF under optimized conditions (pH 3, 4 mM H20> and 353 nm UV- light)
reached 80% after 6 h with a degradation rate constant of 0.0019 min™. The efficiency
of reusable Li/ZNF composite to degrade 50 ppm TCP decreased by 14% after the fifth
cycle. According to the antibacterial tests; 15 and 25 mg of Li/ZNF were sufficient to
completely inhibit both S. aureus and E. coli bacteria under UV and dark (without UV
light) conditions, respectively. The photocatalytic mechanism was established based
on the active radical quenching tests which revealed the contribution of *OH and "O2

radicals.

Keywords: Trichlorophenol; epichlorohydrin; antimicrobial; antiseptic; non-toxic;
dye adsorption; polymer; thermodynamic; ternary photocatalyst; degradation; Li-

doped Zn-Ni ferrites.



Oz

Bu tezde ii¢ farkli materyal sentezlenmis, karakterize edilmis ve antibakteriyel ajan
olarak test edilmistir. Sentezlenen malzemelerin Kirli suyu dekontamine edebilme

0zeligi de incelenmistir.

Ik olarak (1. boliimde), yeni bir madde ({[1,3-bis(2,4,5-triklorofenoksi) propan-2-
ilJoksi}-3-(2,4,5-triklorofenoksi) heksan-2-ol) (TPTH ), sentezlendi ve karakterize
edildi. Maddenin biyolojik degerlendirmesi, antimikrobiyal aktivite ve sitotoksik
testler yapilarak arastirildi. Metisiline Duyarli Staphylococcus Aureus (MSSA),
Metisiline Direngli Staphylococcus Aureus (MRSA) ve Escherichia coli'ye (E. coli)
kars1 iyi antimikrobiyal aktivite sergileyen bilesigin, sirast ile minimum inhibisyon
konsantrasyonlari 0.02pg/mL, 0.08ug/mL ve 0.15ug/mL olarak bulunmustur. EK
olarak, kuyu difiizyon analizi, S. aureus, MRSA ve E. coli'nin inhibisyon bélgesinin
sirasiyla 24 mm, 22 mm ve 18 mm oldugunu gostermistir. MTT analizi, bir dizi etkili
anti-mikrobiyal konsantrasyonda TPTH'min kok hiicrelere karsi toksik olmadigini

ortaya koydu.

Ikinci olarak (2. bélimde), etilendiamin-epiklorohidrin-triklorofenol (EET) capraz
bagli polimer sentezlendi ve karakterize edildi. EET, E. coli ve S. Aureus bakterilerine
kars1 38 ve 64 mm'lik inhibisyon bolgeleri ile nemli antibakteriyel aktivite sergiledi.
Bu nedenle, sentetik sulu ¢ozeltiler iceren metil oranj (MO) ve rodamin B (RB)
boyalarinin degisen calisma parametreleri altinda incelenmesi uygun bulunmustur.
Ozellikle, 10 ve 15 mg EET, pH 8'de MO'nun %98.72'sini ve pH 3'te RB'nin

%92.45'ni emmistir. EET, hizli bir adsorpsiyon grafigi gostermis ve adsorpsiyon



verileri, her iki boya i¢in yalanci ikinci derece kinetigine uydugu ve bu da ortamda
kimyasal absorpsiyon gerseklestigini gostermektedir. Ayrica, korelasyon katsayisi
degerleri dikkate alindiginda, deneysel veri seti, RB i¢in Temkin denklemine ve MO

i¢in Langmuir denklemine uymaktadir.

Son olarak (3. bolimde), toksik antiseptik 2,4,5-triklorofenol'ii (TCP) pargalamak ve
bakterileri inhibe etmek icin yeni Li katkili ZnosNiosFe20s (Li/ZNF) 15182 duyarlt
katalizor hazirlandi. Li/ZNF nanoparcaciklarinin karakterizasyonu, katalizoriin 2.89
eV'lik bir bant araligina sahip oldugunu, kristalit boyutu ve yilizde kristallik sirasiyla
16.9 nm ve %76.8 oldugu, 0.298 cm®/g toplam gdzenek hacmi sergiledigini ortaya
¢ikardi. Optimize edilmis kosullar altinda (pH 3, 4 mM H20> ve 353 nm UV 15181) 10
mg Li/ZNF ile TCP'nin (50 ppm) bozunmasi, 0,0019 dk™* bozunma orani sabiti ile 6
saatin sonunda %380'e ulasti. Yeniden kullanilabilir Li/ZNF kompozitinin 50 ppm
TCP'yi azaltma verimliligi, besinci dongiiden sonra %14 azaldi. Antibakteriyel testlere
gore; 15 ve 25 mg Li/ZNF, sirastyla UV ve karanlik (UV 15181 olmadan) kosullar
altinda hem S. aureus hem de E. coli bakterilerini tamamen inhibe etmek icin yeterli
bulunmustur. Fotokatalitik mekanizma, ‘OH ve ‘O radikallerinin katkisini ortaya

koyan aktif radikal sondiirme testleriyle incelenmistir.

Anahtar Kelimeler: Triklorofenol; epiklorohidrin; antimikrobiyal; antiseptik; toksik
olmayan; boya adsorpsiyonu; polimer; termodinamik; tcli fotokatalizor; bozulma; Li

katkili Zn-Ni ferritleri.
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Chapter 1

INTRODUCTION

The goal of this PhD project is to develop antimicrobial materials capable of
decontaminating hazardous antiseptic compounds such as 2,4,5-trichlorophenol (TCP)
and other contaminants in water. As a result, a number of procedures were used to
synthesize three different materials. The antibacterial and water decontamination

efficacy of the synthesized compounds were determined.

This thesis is divided into three parts. Part | describes and discusses the synthesis of
a novel compound ({[1,3-bis(2,4,5-trichlorophenoxy) propan-2-yl] oxy}-3-(2,4,5-
trichlorophenoxy) hexan-2-ol) (TPTH) by condensation reaction between (TCP) and
epichlorohydrin (ECH) then characterized by different techniques. Biological
evaluation of the new compound was investigated by performing an antimicrobial
activity and cytotoxic assays. Thermal instability of the starting compound (TCP) was

improved and analyzed by thermogravimetric analysis.

Part II focuses on the synthesis of ethylene diamine-epichlorohydrin-trichlorophenol
(EET) cross-linked polymer via a condensation polymerization technique. The EET
was characterized, its antimicrobial efficiency was investigated and then used to
adsorb methyl orange (MO) and rhodamine B (RB) dyes from water under varying

operation parameters.

Part 111 describes the synthesis of Li/ZnosNiosFe204 (Li/ZNF) via co-precipitation
1



and doping methods. Li/ZNF was characterized and its antibacterial activity was

examined under dark and UV-light individually via time-kill assay.
1.1 Antimicrobial materials

Recently, the number of infectious diseases caused by microorganisms increased
tremendously. Therefore, pathogens are very interesting nowadays because of their
ability to be modified and transformed into resistant pathogens against antimicrobial
materials [1]. Materials that possess antimicrobial activity have been investigated for
biomedical use to decrease the bacterial infection that are found in hospitals [2]. These
materials have the ability to inhibit or kill the microbes, however, some of them have
a poor inhibition activity against resistant microbes. In addition, they face difficulties
to work in dynamic environment [3]. Due to these reasons some antimicrobial
materials have been modified from natural or synthetic sources including polymers
(modified chitosan, heparin with calcium, polyacrylamides and polyacrylates with
tertiary or quaternary amine groups), quaternary ammonium molecules and metal
oxide compounds of organic and inorganic antimicrobial nanoparticles respectively
[1].

1.1.1 Antimicrobial small molecules

In general compounds with nitrogen, chlorine, fluorine, sulfide and phosphorus act as
antimicrobial agent such as streptomycins, sulphonamides, and penicillins [4].
Penicillin inhibits the cross linking activity in bacteria wall and prevents the formation
of new cell wall that leads to death [5]. A similar mechanism is shown by penicillin

derivatives such as cephalosporins, monobactams, and carbapenems [6]. In contrast,



quinolone kills bacteria by targeting DNA-topoisomerase complexes of
microorganisms [7].

1.1.1.1 Epichlorohydrin

Epichlorohydrin (ECH) (Figure 1) is an organic compound with a chlorine atom,
classified as a chiral molecule with epoxy ring and racemic mixture. It is evenly
soluble in water and soluble in polar organic solvents. Furthermore, it is an extremely
reactive electrophilic compound and was synthesized from glycerol [8]. Usually used

during the production of epoxy resins as a cross-linker with natural polymers.

Cl O

Figure 1: Structure of Epichlorohydrin (ECH)

1.1.1.2 Ethylenediamine

Ethylenediamine (EDA) (Figure 2) was synthesized in different ways like reacting
ethanolamine with ammonia and catalyst, or by aminolysis of ethylene dichloride with
ammonia. It has wide applications such as chelating agent, surfactant, fungicide and
insecticide [9]. Moreover, EDA and ethylenediamine tetraacetic acid (EDTA) were
used as cross-linker in the membrane and graphene oxide to increase the stability of
the membrane in aqueous solutions and chitosan to adsorb heavy metals respectively;
[10,11]. Furthermore, EDA was used in the backbone of the polymers such as
poly(dimethylamine-co-ethylenediamine-co-epichlorohydrin) to remove copper ions

from wastewater [12].



Figure 2: Structure of Ethylenediamine (EDA)

1.1.2 Antimicrobial polymers

Many different applications of polymers have been reported that include antimicrobial
activity [13]. Research articles revealed that, chitosan is a natural polymer with amine
groups that follows two different mechanisms to kill bacteria. Firstly, it forms a
positive charge on nitrogen which interacts with negative charge of bacteria cell wall
and prevents the transport of materials into the bacterial cell [14]. Secondly, chitosan
inhibits the synthesis of bacterial RNA via binding with the DNA of bacteria [15]. On
the other hand, polyhexamethylene biguanide is a synthetic antimicrobial polymer that
kills various microorganisms. It functions by disrupting bacterial cell wall which leads
to death [16]. 2-[(4-Fluorophenyl)amino]-2-oxoethyl-2-methylacrylate is another
synthetic polymer that is synthesized via free-radical copolymerization and due to the
high amount of fluorine content, this polymer has the ability to inhibit microbial
growth [17]. Lastly, ethyl and butyl acrylates were modified via copolymerization
using triclosan which has three chlorine atoms in one moiety. Therefore the
antimicrobial activity of these acrylate polymers is increased with higher amount of
triclosan groups [18]. These polymers function by inhibiting the enoylacyl carrier
protein reductase and deactivating fatty acid synthesis [19].

1.1.3 Antibacterial of nanoparticles

1.1.3.1 Spinel ferrite magnetic

Spinel ferrite magnetic nanoparticles are very interesting nowadays due to their wide

applications in nanoscience. Photocatalytic application is widely used to treat the



environment due to outstanding features such as super magnetic properties,
photochemical stability, electrical properties, narrow bandgap, inexpensive and
catalytic applications [20,21]. The structure of the spinel ferrite nanoparticles is
MFe>O4, where M is a metal cation. Here, oxygen can form two different cubic shapes,
tetrahedral and octahedral crystallographic sites (Figure 3) with metal and iron ions

respectively [22].

Figure 3: Tetrahedral and octahedral crystallographic sites

These nanoparticles are very attractive in biomedical applications due to magnetic
resonance imaging. This feature give them ability to be controlled via magnetic field
[23]. Moreover, doped ferrites nanoparticles are used as antimicrobial materials for
water purification because of their ability to affect dynamic bacteria growth by some
metal ions such as Cu, Zn, and Ag combined with nanoparticles. A simple way can be
applied to filter these nanoparticles by magnetic field after purification process [24].
The main mechanism of metal oxide nanoparticles to kill bacteria is to damage the cell

membrane of bacteria by electrostatic interaction [25].



1.2 Environmental pollutants

Pollutants in the environment have direct or indirect effects on living species such as
humans, animals, plants, and microorganisms. Carcinogens, such as chlorophenol
chemicals, are among the contaminants that have a direct influence on organisms. Dyes
and pathogens, on the other hand, are contaminants that can affect living organism in
both direct and indirect ways. Dyes at low concentrations in water can prevent sunlight
to reach the aquatic environment which inhibits the photosynthesis of marine algae
[26]. Additionally, they can be carcinogenic for organisms when the concentration
increases beyond the acceptable range. Pathogens have an indirect effect on the
environment because they have accessibility to potable water resources. Besides this
property, they cause sickness if they invade the body of the living organisms.

1.2.1 Chlorophenol compounds

The spread of irresistible infections is generally preventable by the utilization of
effective antiseptic agents. However, many antiseptic compounds have high toxicity
which limits their usage. As a result, while synthesis of a new antiseptic material is
critical, developing an effective and non-toxic antiseptic agent remains a significant

challenge.

Chlorophenol compounds (organochlorine compounds) are weak acids that were used
as antiseptic agents in the past. Studies conducted in the 1990s showed that
chlorophenol compounds such as o,m,p-chlorophenols, dichlorophenols,
trichlorophenols, tetrachlorophenols and pentachlorophenol have a devastating
antimicrobial activity against a range of microorganisms mainly by altering the K*/
Na* ratio of the bacterial cell [27-31]. These compounds are released into the

environment as a product of chemical and pharmaceutical industries or through the



degradation of pesticides such as chlorinated cyclohexanes and chlorobenzenes

[32,33].

2,4,5-Trichlorophenol (TCP) is one of the strongest antiseptics; it was investigated
further and shown to have high killing and inhibitory effect on the growth of bacteria
[28]. However, despite the effective killing of microorganisms, it’s application is very
limited due to its high carcinogenicity and listed by the Environmental Protection
Agency (EPA) as one of 31 high priority pollutants [28,30,34]. It was produced by
hydrolysis of 1,2,4,5-tetrachlorobenzene (TCB) in the presence of sodium hydroxide
and methanol [35,36]. Additionally, it was used to prepare polychlorinated dibenzo-p-

dioxins (PCDDs) via different mechanisms [37].

OH
Cl

Cl
Cl

Figure 4: Structure of 2,4,5-trichlorophenol

1.2.2 Dyes

The most common sources of coloured wastewater, which causes major environmental
concerns, are the paper, leather, and textile industries [38]. Generally, in different
industries; around 10000 positive and negative type of dyes are available and used.
The majority of these dyes are dumped into the environment following the production
process and then transported into water sources [26,39-43]. Methyl orange (MO) is an

anionic azo dye (has one azo linkage (-N=N-) in its structure), which generates two



distinct structures, each with its own colour (red and yellow), and has been utilized in
printing shops, pharmaceutical, food, and textile sectors due to resonance [44,45].
Studies showed that it is water-soluble, resistant to biodegradation, carcinogenic and
chemically stable [46,47]. While Rhodamine B (RB) a cationic dye usually appears in
two different forms as salt and lactone [48]. Because of its fluorescence, it has been
utilized as a tracking agent in the pharmaceutical industry, as well as in paper printing
and textiles [49,50]. A tiny amount of these dyes in water is affecting the aquatic
environment not just because of the toxicity, also the ability to inhibit light penetration
[26,41,42]. When humans or animals are exposed to fatal doses of dyes, they can

develop dermatitis, cancer, pulmonary infection, and even death [43,51,52].

=

Figure 5: Structure of a) Methyl orange and b) Rhodamine B

1.2.3 Pathogens

Water borne diseases caused by pathogenic bacteria are one of the global health
concerns in the 21% century and these pathogenic bacteria can be transmitted via
different liquid sources. Besides, many water sources such as pools, lakes and rivers
may get infected with saprophytic or pathogenic bacteria which can lead to various
environmental, industry or health-related problems. Moreover, the presence of

pathogens in water is a serious problem limiting the accessibility to potable water



resources. For instance, the use of untreated water from open sources such as rivers,

streams and dams can cause severe water-borne infections [53].

Pathogenic bacteria can be categorized into Gram-positive and Gram-negative species.
Particularly. Methicillin Sensitive Staphylococcus Aureus (MSSA) and Methicillin
Resistant Staphylococcus Aureus MRSA are Gram-positive bacteria which are
developed from Staphylococcus Aureus and very difficult to treat [54]. MSSA
produces Panton-Valentine leucocidin, this material is toxic and can destroy white
blood cells [55]. MRSA was found to be resistant to p-lactam antibiotics such as
penicillin, amoxicillin, oxacillin, methicillin and cephalosporin [56]. Escherichia coli
(E. coli) is a Gram-negative bacteria found in intestine and has killed more than two

million humans per year through both intraintestinal and extraintestinal diseases [57].
1.3 Treatment of contaminated water

The goal of water treatment is to increase the quality of the water. The methods used
to treat contaminated water are determined by the quality of the water supply, the

source of the water, the kind of pollutant, and the intended use of the treated water.

One of the most effective methods to remove pollutants from solutions is adsorption,
besides the non-selectivity feature; it is inexpensive nature and easy to use [58]. using
polymers as an adsorbent to remove dyes from wastewater has become favorable
because of their eco-friendly nature, renewability and reported superior performance
[59]. Chitosan is one of the most common natural polymer that has been used to extract
dyes from wastewater due to its non-toxicity, biological and chemical properties.
Munagapati et al. utilized chitosan beads to remove MO from aqueous solution by

bonding hydroxyl group from the dye with protonated amino groups on chitosan with



an uptake capacity of 73 mg/g [60]. Alginate beads were used to extract 0.08 mg/g of
RB dye from the solution by Kaushal and Tiwari [61]. Ethylenediamine-
epichlorohydrin cross-linked polymer was used to remove nitrite ion (11.7 mmol/g)
after preparing it via condensation polymerization method [62], and also the same
polymer was used to remove reactive brilliant red dye from wastewater and
demonstrated high removal efficiency which was ascribed to its hydrophilic and
hydrophobic groups [63]. Poly(dimethylamine-co-ethylenediamine-co-
epichlorohydrin) was used to remove copper ions from wastewater as a chelating agent
[12].

1.3.1 Water contaminated by bacteria

Water contaminated by bacteria can be treated in different ways using either
chlorination, ozonation, ultraviolet radiation (UV), catalysts or antimicrobial
compounds and polymers. Some of these methods consume time, need high cost and
might produce harmful products. Although the chlorination method is the simplest and
considered effective method, but chlorine can react with organic compounds in water
and form trichloromethane which is carcinogenic and mutagenic [64]. In contrast,
many drugs have been used as antimicrobial for both Gram-positive and Gram-
negative bacteria species such as penicillin and amoxicillin, they can inhibit the
transpeptidase that stimulates the last step in the cell wall biosynthesis of bacteria [65-
70]. Also, some polymers can inhibit or kill bacteria, polymers with hydrophobic
(chlorine, fluorine) and cationic groups (quaternary nitrogen functional group) and)
such as chitosan, chitosan derivatives, poly lysine. These polymeric materials have
reportedly exhibited antibacterial activities by disrupting the cell wall membrane of
the bacteria via charge or by the reaction with the protein in the membrane [71-73].

Also, various catalysts have been studied and reported to demonstrate effective
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antibacterial activities such as Ag/MgO, Cu/TiO2, and ZnO under dark and light-
activated conditions [74-76].

1.3.2 Water contaminated by TCP

Carcinogenic compounds like TCP can exist in water and accumulate in the lipid layer
of organisms even though it is slightly soluble [31]. Due to the carcinogenicity of TCP,
various technics have been applied to remove it from environment including liquid-
liquid extraction from wastewater by using hydrophobic ionic liquids [77]. Also, the
adsorption technique was used to remove it via montmorillonites material modified
with an organic surfactant, this material demonstrated a maximum adsorption capacity
of 368 mg/g at pH 4 [34]. Zheng et al. used chitosan to adsorb chlorophenol compound
with an uptake capacity of 0.22 mmol/Kg at pH 6.2 [78]. In addition, advanced
oxidation processes like photocatalysis can degrade chlorophenol compounds to a
permissible concentration [79]; TiO, was used to degrade TCP from 50 uM to 4 uM
within five hours under UV-light [80].

1.3.3 Water contaminated by dyes

Water contaminated by dyes have been treated via different techniques and varying
degrees of success have been achieved [81-83]. Ifebajo et al used 50 mg of
Co0O—CuFe204 to degrade 20 ppm of eriochrome black T (EBT) under sunlight within
90 min and achieved 99.4% degradation [84]. Mandal and Natarajan synthesized
Zn0O/ZnxFesxO4 viand used to adsorb (75%) acid blue 113 and (37%) orange Il within
6 h [85]. Other methods have been used to treat dye-contaminated water such as
reverse osmosis, photolysis, ion exchange, precipitation, electro-photocatalysis,
biological treatment, chemical oxidation, and adsorption [86,87]. Some nanoparticles
reported as photocatalytic degradation such as ZnFe,O4. ZnFe>O4 was used to degrade

acid orange 1l [88]. On the other hand, spinel ferrite nanoparticles were used as an
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adsorbent to remove pollutants. Among these nanoparticles, FesO4 modified with L-
arginine was used to remove 66.66 mg/g of reactive blue 19 from wastewater
suggested that the reactive blue 19 bound with the protonated amine groups of the
coted surface of Fe3O4 [89]. NiFe204 was used to adsorb 138.5 mg/g of methylene blue

and other heavy metals because of 3D interconnected porous structure [90].
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Chapter 2

ANTIMICROBIAL COMPOUND AND TOXICITY TEST

2.1 Introduction

Dissemination of infectious diseases such as bacteria is mostly preventable by using
effective antiseptic agents in healthcare systems like hospitals and the environment.
However, they have limited applications due to their potential toxicity. To improve

this feature, scientists face many challenges.

Chlorophenol compounds were used as antiseptic agents in the past. Studies conducted
in 1990s revealed their destructive antimicrobial activity against multiple
microorganisms mainly by altering the Na*/K* ratio of the bacterial cell [27,28].
Examples include o,m,p-chlorophenols, dichlorophenols, 2,4,5-trichlorophenols
(TCP), tetrachlorophenols and pentachlorophenols [29-31]. One of the strongest
antiseptics is TCP, which was shown to have high inhibitory effect on the growth of
bacteria. Despite the effective killing of microorganisms, the applications TCP are

very limited, because of its high toxicity [28,30].

Epichlorohydrin (ECH), is an organochlorine compound with an epoxy ring and exists
as a chiral molecule with a racemic mixture. It is soluble in polar organic solvents and
sparingly soluble in water. Furthermore, it is synthesized from glycerol and usually
used as a reactant in production of epoxy resins such as ECH with Bisphenol-S and A,

and as a cross-linker for polymeric compounds [8,91-95].
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Here, we describe the synthesis of a novel compound, {[1,3-bis(2,4,5-
trichlorophenoxy) propan-2-yl] oxy}-3-(2,4,5-trichlorophenoxy) hexan-2-ol (TPTH).
TCP was modified by using ECH in the presence of a triethylamine (TEA) as a base.
Following the chemical characterization of the compound by analytical and spectral
analysis, we performed assays to evaluate the antimicrobial activity and cytotoxicity

of the novel compound.
2.2 Methodology

2.2.1 Materials

TCP, ECH and diethyl ether (Sigma-Aldrich), triethylamine (TEA), Mueller Hinton
Broth (MHB) and dimethyl Sulfoxide (DMSO) (Merck), MacConkey agar (MCA)
(Himedia), Mannitol salt agar (MSA) (Neogen). Standard strains of Escherichia coli
(E. coli, ATCC 25922), Staphylococcus aureus (S. aureus, ATCC 29213) and
Methicillin-resistant Staphylococcus aureus (MRSA, NCTC 12493) were used in
Broth Microdilution test; Wharton's Jelly- Mesenchymal Stem Cells (WJ-MSCs) and
human Platelet Lysate (hPL) were obtained from cell therapy center (University of
Jordan), o-MEM media (Gibco, cat#22561-021), Penicillin-Streptomycin
(Gibco,cat#15140-122), L-glutamine (Gibco, cat#25030-024), MTT [3-[4,5-dimethyI-
2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide] (Bioworld, cat#42000092) were
used in toxicity test.

2.2.2 Instruments

{[1,3-bis(2,4,5-trichlorophenoxy)  propan-2-yl]  oxy}-3-(2,4,5-trichlorophenoxy)
hexan-2-ol (TPTH) was characterized by 'H and *C NMR (Nuclear magnetic
resonance spectroscopy): BRUKER, modal A197/32/EG, Type: Ascend, long hold
time S.N: Z123221/1003, Germany (Jordan University). Mass spectroscopy (MS):

Bruker APEX-IV (7 Tesla), syringe pump with a flow rate of 120 pl/min, Germany
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(Jordan University). Scanning electron microscope (SEM): FEITM.VERSA 3D, USA
(Jordan University). Fourier Transform Infrared Spectroscopy (FTIR) (PerkinElmer,
UK) (Eastern Mediterranean University). Ultraviolet—visible spectroscopy (UV-vis)
(T90p, PG Instruments Ltd, UK) (Eastern Mediterranean University). Thermo
gravimetric analysis (TGA) (HITACHI, STA7300, Japan) (Eastern Mediterranean
University). Tissue Culture Incubator (Memmert, Schwabach, Germany), Glomax
plate reader (Promega, Madison, W1, USA) (Jordan University).

2.2.3 Methods

2.2.3.1 Synthesis of TPTH

In a 50 mL round bottom flask, 2.50 mol of TCP was dissolved with 1.00 mol of ECH,
with a mole ratio of 2.5:1. Then, 1 mL of TEA was added as a base and the mixture
was stirred at 250 rpm for 5 h at 85°C. The product was formed; the base and the
unreacted liquids were removed by a vacuum oven at 50°C overnight. To purify the
compound, re-precipitation was performed by using diethyl ether as a solvent and
water as precipitating agent, this process was repeated three times. A red solid product
(TPTH, Figure 6) was collected and dried at 40°C overnight (percentage yield 88%)
[96].

2.2.3.2 Antimicrobial activity assays

2.2.3.2.1 Determination of minimum inhibitory concentrations (MICs)

Broth Micro dilution assay was performed using 1 x 102g TPTH in 1 x 10° L DMSO
as stock concentration to find MIC value. Afterwards S. aureus and MRSA were
spread in MSA, 0.4% oxacillin supplemented MSA individually, and E. coli in MCA,
the agars were incubated at 37°C overnight. MHB was used to prepare stock solutions

of different bacteria individually and adjusted by McFarland standard (0.5 McFarland
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=1.0x 10° CFU/mL). Finally, 1.0x10” CFU/mL of each bacteria solution was prepared

from the stock solutions.

96-well U- bottom micro-dilution plates were filled by 5 x 10 L of MHB individually
(first well didn’t include) . 1 x 10 L of TPTH solution (1 x 102 g/mL) was added into
the first well and followed by serial dilutions as follow, 5 x 107 L of the stock solution
(first well) was transferred to second well after mixing the solution in the second well
another 5 x 10° L was transferred to the third well and so on. Finally, 5 x 10° L of a
bacteria solution (100 x10° CFU/mL) was added individually to each well except
negative control wells (last two wells) to observe a contamination of media or
compound solutions, the last step was repeated for each bacteria species. In the end,
micro-plates were incubated at 37°C for 24 h under aerobic conditions. The MIC values
were calculated according to the last well without bacteria growth.

2.2.3.2.2 Determination of inhibition zones by agar well diffusion method

Agar well diffusion assay was performed by using standard strains of E. coli, S. aureus,
and MRSA to test the antimicrobial diffusion activity of the TPTH. The inoculation of
each bacteria strain with a concentration of 100 x 10° CFU/mL was done by using
sterile swabs. After the bacteria were inoculated into the MHA, two different holes
were made by using a circular sterile cutter with a 6.00 mm diameter. Afterwards, 5 x
10° L of TPTH stock solution (1 x 102 g/mL) and 5% DMSO (as a control) were added
into the holes individually for E. coli, S. aureus, and MRSA. Then, the agar plates
were incubated at 37°C for 24 h under aerobic conditions. The zone of inhibition was

measured in diameters [97].
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2.2.4 Toxicity assay

WJ-MSCs were cultured as an attached monolayer and maintained in a-MEM media
supplemented with 5% of hPL, 1% Penicillin-Streptomycin, and 2 x 10°M L-
glutamine. Cells were incubated in a 5% carbon dioxide Tissue Culture Incubator for

24 hat 37°C.

Cytotoxicity of TPTH was determined by MTT assay. WJ-MSCs were seeded into 96-
well plates (2 x 10° cells/well) and allowed to attach for 24 h, then treated with
different concentrations of TPTH compound (0.05 - 100) pug/mL and one left as a
control. 96-well plates were incubated at 37°C for 72 h in a 5% Carbon dioxide
incubator. After incubation, the old medium was replaced with 0.1 mL fresh medium
and 0.015 mL of MTT (5 mg/mL) was added to each well individually and the plates
were incubated for three hours at 37°C. Then, the process was stopped by adding 0.05
mL DMSO for each well and lift for 10 min, this process repeated four times and the
average was calculated. Optical density (O.D.) was measured at 570 nm using a

Glomax plate reader and percent viability was calculated as follow:

O.D.
(sample)

%Viability = x100% 1)

" (control)
2.3 Results and discussion

2.3.1 Reaction and synthesis mechanism of TPTH
{[1,3-bis(2,4,5-trichlorophenoxy)  propan-2-yl]  oxy}-3-(2,4,5-trichlorophenoxy)
hexan-2-ol (TPTH) was synthesized by condensation reaction and characterized. The

chemical equation and synthesis mechanism are shown in Figures 6 and 7.
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Figure 6: Chemical reaction for TPTH
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Figure 7: Suggested mechanism to prepare TPTH

2.3.2 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR of TPTH was analyzed to compare TPTH with ECH and TCP as shown in

Figure 8. The main peak of interest was for the hydroxyl group. It appeared at 3438.5
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cm® in TCP spectra (Figure 8a), however, it disappeared in TPTH peaks (Figure 8b)
because of the reaction with ECH [98]. Peaks of C=C in the chlorophenol ring
appeared between 1600-1450 cm™ (Figure 8a), these peaks overlapped in (Figure 8b)
because of three chlorophenoxyl rings in TPTH [99]. A new C-H and O-H peaks
formed in TPTH and appeared at 3000 and 3093 cm™ respectively. Peaks at 925 and
721 cm™ correlate with (C-O-C) epoxy and (C-Cl) in ECH spectra (Figure 8c) [100].
These peaks disappeared in the novel compound (TPTH) see (Figure 8b) due to the
reaction. A new C-O-C ether between ECH and TCP was appeared at 1029 cm™ in

Figure 8b [101].

T Y
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Figure 8: Fourier-transform infrared spectroscopy (FTIR) of a) TCP, b) TPTH and c)
ECH.

2.3.3 Ultraviolet-visible spectroscopy (UV-vis)
UV-vis spectroscopy of TPTH was analyzed and compared with TCP as shown in
(Figure 9). TCP possesses an absorption range between 312 to 200 nm (Figure 9a)

[98]. In comparison with TPTH, notably, the absorption of TPTH (Figure 9b) was
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increased and started from 392 nm. This increasing was happened due to the resonance
of double bonds (IT bonds) of three benzene rings inside the structure of the novel

compound (Figure 6).

200 300 400 500

wavelength(nm)

Figure 9: Ultraviolet-visible spectroscopy (UV-vis) of a) TCP and b) TPTH

2.3.4 Thermogravimetric analysis (TGA)

The thermal properties of TCP and TPTH were analyzed by TGA (Figure 10).
According to the TGA profiles, around 1.5% and 0.16% weight loss of TCP and TPTH
respectively occurred when the temperature increased to 100°C. After this temperature,
the weight loss sharply increased to 100% at 210°C of TCP. Decreasing in weight %
was due to the decomposition of TCP structure and the production of gases such as
hydrogen chloride gas, chlorine gas, carbon monoxide and carbon dioxide [102]. In
contrast, the novel compound (TPTH) has a high molecular weight (747 g/mol) with
nine C-CI bonds, an ether structure and three chlorophenol moieties (resonance, I1-
bonds) which lead to a more stable structure [103]. The notable mass loss was noticed
beyond 250°C and remained stable beyond 370°C demonstrating that. TPTH is

thermally stable when compared with the precursor material.
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Figure 10: TGA analysis of a) TPTH and b) TCP

2.3.5 Scanning electron microscope (SEM) and transmission electron microscopy
(TEM)

SEM and TEM were used to analyze the surface morphology of the novel compound
(TPTH). TPTH possesses a visible crystal surface morphology as shown in Figure 11a.
For TEM analysis, 7.47 x 10 g of TPTH was dissolved in acetonitrile solvent and
placed on a microscopic glass slide, then left for two days under vacuum to dry. Figure
11b illustrates spherical micelles with narrow size distribution (0.337 to 0.590 pm
diameter) and low aggregation of TPTH. From this result, TPTH can be dissolved
completely without forming a high aggregation. The same observation was noted by

Mosharraf and Nystrom when they studied the effect of particle size and shape [104].
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Figure 11: a) Scanning Electron Microscope (SEM micrograph,6000x) and b)
Transmission Electron Microscopy (TEM micrograph, 8000x) of the TPTH

2.3.6 Molecular ions mass spectroscopy (MS)

The ion spectrum of TPTH and its fragments were studied by MS in negative ion mode.
Figure 12 shows the molecular peak of the TPTH molecule at 747 m/z with 20.4
percent intensity and followed by an ion which appeared at 749 m/z with 15.3%
referring to TPTH with chlorine isotope, this molecular weight suitable with 50, 9 Cl,

23 H, and 27 C. The highest abundance molecular ion peak referred to two
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trichlorophenoxy ions at 392 m/z. Finally, one ion of trichlorophenoxy appeared at

196 m/z with 12.0% intensity [105].
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Figure 12: Mass spectroscopy (MS) of TPTH in negative ion mode with mass/charge
(M/2)

2.3.7 Nuclear magnetic resonance spectroscopy (*H-NMR and *C-NMR)

TPTH (C27H230sClg) characterized by using *C-NMR and *H-NMR (Figure 13 and
Table 1). From 3C-NMR notably, seven different types of carbon signal were
observed as follows: Precisely, presence of nine chlorinated olefinic carbons (& 118.6
ppm, 121.3 ppm, 153.4 ppm), six methines (6 115.9 ppm, 131.0 ppm), three
oxygenated olefinic carbons of the benzene rings (6 158.8 ppm), three oxygenated
methines (6 40.0 ppm, 63.8 ppm, 68.9 ppm), three oxygenated methylenes (5 46.14
ppm, 53.0 ppm, 53.0 ppm), two methylenes (6 59.13 ppm, 71.7 ppm), and one methyl
(8 11.9 ppm) are tabulated in Table 1. *H-NMR shows different types of protons
(Figure 13a) that are tabulated in Table 1. The main peak of interest was for singlet
hydrogen, three different peaks appeared at 6H 4.4, 6.9, and 7.7 for hydrogen of
hydroxyl group and two hydrogens of trichlorophenoxy rings respectively. Notably,

the hydrogen of the hydroxyl group became broadened due to hydrogen bonding.

24



,___
=

e
S

T 1 T T 1 T T 1 1 T 1 1
200 180 160 140 120 100 80 60 40 20 0 ppm

Figure 13: a) *H-NMR and b) *C-NMR of TPTH
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Table 1: *H and *3C (deuterated water) spectral data of TPTH (5 in ppm, J in Hz).
Code*  &c oH (Jin Hz)

1 46.14 4.1 (2H, d, J=5.35)

2 689 3.4(1H,m), 4.4 (1H,s)

3 400 4.01 (1H, m)
4 717 1.02 (2H, m)
5  59.13 1.16 (2H, m)

6 11.9 0.9 (3H,t,J=6.7)
1 53.0 3.7 (2H, d, J =6.25)
2 63.8 3.4 (1H, quintet, J =6.25)

3' 530 3.7 (2H, d, J =6.25)

1" 158.8 -
2\ 1186 -
3V 1310 7.7 (1H, s)
4\ 1213 -
5\ 1534 -
6" 1159 6.9 (1H,s)

*Code represents indicated element in Figure 5.
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2.3.8 Antimicrobial activity assays

Broth Micro dilution assay was used to determine the minimum inhibition
concentration (MIC) of TPTH. 0.02 and 0.08 ug/mL were the minimum concentrations
that inhibited the growth of S. aureus and MRSA bacteria respectively. In contrast, E.
coli bacterial needed 0.15 ug/mL to disrupt the growth. The performance of TPTH is
compared with reported triclosan (TCS) and benzalkonium chloride. MIC value of
TPTH is three times better than TCS (0.5 ug/mL) in the presence of E. coli [106]. On
the other hand, with S. aureus, TPTH is ten and twenty times effective than TCS (0.1

ug/mL) and benzalkonium chloride (0.5 ug/mL) respectively [107].

On the other hand, a well diffusion assay was used to determine the antimicrobial
activity of TPTH with bacteria that were mentioned before by measuring the zones of
the inhibition. Figure 14 shows the results of this inhibition with 18, 24, and 22 mm
inhibition zone with E. coli, S. aureus, and MRSA bacteria respectively. TPTH
possesses hydroxyl group and chlorine atoms which responsible for the antimicrobial
activities of this novel compound. Based on prior studies and the functional groups in
the TPTH, it can be deduced that chlorine atoms can oxidize the bacterial cell and
destroy the enzymes within the cell wall by interacting with the bacterial lipids,
resulting in death [108,109]. From these results, TPTH is considered a potential

antimicrobial compound.
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Figure 14: Well diffusion assay for TPTH (10 mg/mL and 50 pL) against; (a) S.
aureus on MSA (24.00 mm), (b) MRSA on MSA (22.00 mm) and (c) E. coli on
MHA (18.00 mm). Holes diameter: 6.00 mm. DMSO was used as a control (50 pL).
Incubation time was 24 h at 37°C

2.3.9 Toxicity assay

Stem cells were used to determine the toxicity effect of TPTH by calculating the
percent viability. Herein, different concentrations of TPTH (0.05 — 100 pg) were
mixed with a fixed concentration of stem cells individually. To calculate percent
viability of stem cells, one solution of these cells was left as control then plotted Vs

Log (conc. pg) as shown in Figure 15.

The effect of TPTH concentration is illustrated in Figure 15. As TPTH solution
concentration increased from 0.05-10 pg/mL, the percent viability stabilized at 97%.
Beyond 10 pug/mL, when the concentration of TPTH is increased to 50 and 100 pg/mL
the percent viability decreases sharply to 20%. This might be due to the dechlorination
process which consumed the oxygen that is necessary for cells to stay alive. A similar
result was observed by KARNS et al. with 0.1 mM of TCP [110]. However, TCP has
been established as a toxic compound for humans by causing apoptosis, oxidative
stress, and endoplasmic reticulum stress [111]. Also, the toxicity result of this novel
compound was compared with benzalkonium chloride and noticed that at 10 pg/mL of

benzalkonium chloride, % viability decreased to 20% [112]. Thus, from the MTT
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assay, the result suggests that TPTH concentration can be used until 10 pg/mL (which

is within MIC values of TPTH obtained in this study) without harm for human cells.
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Figure 15: %Variability of Stem Cells Vs Log (conc. in mg) of TPTH.
(Concentration of TPTH solutions were 0.05 to 100 ug, the concentration of stem
cells was 2x102 cells/well, the incubation time was 72 h at 37°C with 5% COx.
Concentration of MTT solution was 5 mg/mL and incubation time was 3 h at 37°C.
The concentration of DMSO to inhibit the reaction was 50 mL well and the duration
was 10 min)

2.4 Conclusion

Herein, {[1,3-bis(2,4,5-trichlorophenoxy) propan-2-yl] oxy}-3-(2,4,5-
trichlorophenoxy) hexan-2-ol (TPTH) was synthesized and characterized. TPTH is
thermally stable; the results demonstrate that less than 1% of TPTH was degraded
within the first 160°C, but around 98% degradation was observed at 370°C. The
performance of TPTH for the inhibition of different bacteria was investigated for the
killing of both Gram-positive (S. aureus and MRSA) and Gram-negative (E. coli).
0.02, 0.08, and 0.15 pg/mL of TPTH; and 18, 22, and 24 mm were the minimum
inhibition concentrations and inhibition zones against E. coli, MRSA, and S. aureus

respectively. Furthermore, MTT assay (toxicity test) showed 97% viability of stem
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cells until 10 pg/mL of TPTH concentration after 72 h, this range includes MIC values
of three different bacteria. Results herein show that TPTH is an alternative
antimicrobial material with low toxicity and sufficient thermal stability that can be

used for humans, animals, and the environment without risks or concerns.
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Chapter 3

ANTIBACTERIAL POLYMER AND DYE REMOVAL

3.1 Introduction

Water pollution emanating from textiles, paper and leather tanning industries is an
increasing environmental problem [38]. Globally, ~10 x 10° dyes are available and
used in different industries; the majority of these dyes remaines in the water after the
manufacturing processes and mix into water sources [26,39-43]. Azo dyes like methyl
orange (MO) is anionic and is often used in textiles, food industries, pharmaceutical
and printing shops [45]. Reports reveal that it is a carcinogenic, water-soluble,
chemically stable and resistant to biodegradation [46,47]. While rhodamine B (RB) a
cationic dye is a fluorescent-based xanthine dye, usually used as a tracking molecule
in pharmaceutical industries, paper printing and textile [49,50]. Reports show that it is
carcinogenic and neurotoxic. It causes respiratory and gastrointestinal tract irritation,
and reproductive toxicity in both humans and animals [113]. The presence of a tiny
amount of these dyes in water is unfavourable for the aquatic environment due to their
toxicity and ability to inhibit light penetration [26,41,42]. Exposure to a concentrated
dosage of the dyes is lethal and can trigger different diseases including cancer, lungs

infection and dermatitis [43,52].

Adsorption technique is widely used to remove dyes from solutions due to its
simplicity, the non-selectivity and inexpensive nature [58]. The use of polymers as an

adsorbent to extract dyes from wastewater has become favorable due to their eco-
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friendly nature (most of them), renewability and reported superior performance [59].
Among these polymers, chitosan has commonly been applied due to its non-toxic
nature, biological and chemical properties. Munagapati et al. employed chitosan beads
to extract 73 mg/g of MO from aqueous solution and suggested that the MO bound
with the hydroxyl and protonated amino groups on the surface of chitosan [60].
Kaushal and Tiwari [61] applied alginate beads to remove 0.08 mg/g of RB dye from
the aqueous solution. Ethylenediamine-epichlorohydrin cross-linked polymer was
prepared by condensation polymerization effectively adsorbed 11.7 mmol/g of nitrite
ions [62], and also demonstrated high removal efficiency reactive brilliant red dye
from wastewater which was ascribed to its hydrophilic and hydrophobic groups [63].
Poly(dimethylamine-co-ethylenediamine-co-epichlorohydrin) was used as a chelating
agent for copper ions from wastewater [12]. It is worthy to mention that polymeric
adsorbents have consistently demonstrated high performance in water treatment

considering these numerous reports [60-63].

Note that the presence of pathogens in water is another serious problem limiting the
accessibility to potable water resources. Even though the majority of the polymeric
adsorbents have demonstrated sufficient adsorptive capability, very few possess
antimicrobial activities. Like chitosan, chlorophenol compounds (like 2,4,5-
trichlorophenol, TCP) have been applied as antiseptic agents due to their devastating
antimicrobial activity [27]. However, they have limited application because of their

potential toxicity [30].

To design a polymeric material with sufficient adsorption efficiency and substantial
antimicrobial activity, ethylenediamine-epichlorohydrin-trichlorophenol (EET) cross-

linked polymer was prepared via a condensation polymerization technique. The
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physicochemical characters of the as-prepared EET were investigated and its
adsorptive behaviour in the presence of methyl orange and rhodamine B dyes was
established under varying conditions (pH, initial concentration, EET dosage and
temperature). Furthermore, thermodynamics, Langmuir, Temkin and Freundlich
adsorption isotherms, and adsorption kinetics of EET polymer were calculated. In the
addition, the inhibition growth of EET polymer was observed against E. coli and S.
Aureus bacteria. Also, the reusability tests of EET cross-linked polymer were studied

over five repeated reuse cycles.
3.2 Methodology

3.2.1 Materials

Methyl orange (MO, 327.33 g/mol) (BDH). Rhodamine B (RB, 479.02 g/mol), TCP,
chloroform, ECH, hydrochloric acid, EDA, ethanol and sodium chloride (Sigma-
Aldrich). Escherichia coli (E. coli, ATCC 25922), and Staphylococcus aureus (S.
aureus, ATCC 29213). Muller Hinton Agar (MHA), acetone and TEA (Merck).
Bacteria and MHA were used in the disk diffusion assay.

3.2.2 Instruments

Ethylenediamine-epichlorohydrin-trichlorophenol cross-linked polymer (EET) was
characterized by TGA (HITACHI, STA7300, Japan) and DSC (204 F1: NETZSCH,
Germany) (Jordan University), elemental analysis (EuroEA3000, UK) (Jordan
University), Scanning electron microscope (SEM): FEITM.VERSA 3D, USA (Jordan
University). Infrared absorption spectra (FTIR) (PerkinElmer, UK) (Jordan University).
MO and RB were analyzed by UV-vis spectroscopy (T90+ Ultraviolet-visible

spectrophotometer PG Instruments Ltd, UK) (Eastern Mediterranean University).
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3.2.3 Methods

3.2.3.1 Synthesis of cross-linked polymer (EET)

15.2 mmol of TCP was mixed with 235 and 50 pL of ECH and EDA respectively in a
50 mL round bottom flask, with 2:4:1 mol ratio. To allow this reaction to occur, 1 mL
of TEA was added to the mixture (as a base) and was stirred for 5 h at 250 rpm and
85°C. The cross-linked polymer was formed and precipitated by itself; TEA and
unreacted liquids were evaporated at 50°C by a vacuum oven overnight. Then
chloroform was used to remove unreacted compounds by washing. The products
(Figure 16) was filtered then washed more than once by water and last with acetone.
Finally, EET was dried at 40°C overnight (percentage yield 76.2%).

3.2.3.2 Adsorption experiments

100 mL beakers with 25 mL dye solutions (MO and RB) were used to perform all
adsorption trials at 200 rpm. Different adsorption parameters were investigated such
as adsorption dosage (10, 15 and 20 mg), initial concentration (10 - 100 mg/L), pH (2
— 9), effect of temperature (30, 40 and 50°C) and reaction time (0 — 24 h). The pH of
the solutions was adjusted by 1 x 10t mol. L of HCl and 1 x 10t mol. L* NaOH.
The average of duplicate trials was reported for each parameter. After adsorption, the
solution was filtered by filter paper, and the filtrate analyzed for residual RB and MO

concentrations by UV-vis spectroscopy at Amax 354 and 464 nm, respectively.

Linear equations were used to determine the concentrations of RB and MO absorbed
with R2>0.999 for both dyes. The uptake capacity at any time (q:) or equilibrium (qe)
(mg/g) and removal (%) of the polymer were calculated by the following equations:

[114]
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t - 2)
_G-C)NV

qe - m (3)

% Removal = w x100% 4)

i
where m is the mass of the adsorbent in (g), Ci and Ct (mg/L) is the initial concentration
of dye and the concentration of dye solution at any time respectively, V is the volume

of the solution in (L). The intake capacity at equilibrium, ge (mg/g).

To understand the adsorption mechanism, the zero-point charge (pHzc) of EET was
studied using a drift method as follows: initial pH (2 — 9) was adjusted by NaOH or
HCI. 10 mg of adsorbent was added individually for each pH and agitated at room
temperature for 24 h then pH final was measured for each solution and plotted vs initial
pH (Figure 16), zero-point charge of EET determined as 6.5 [115]. The absorption
results were examined with three different isotherm linear models (Langmuir, Temkin
and Freundlich) which have been described in detail elsewhere [116]. Furthermore,
the thermodynamic behaviour was examined at different temperatures (30, 40 and

50°C) considering the following equations [117]:

q
_ e 5
K. C. )
In(K )= ASj+[AFV] (6)
(K. ( R nRT
AG° = AH°-TAS’ (")
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Figure 16: Zero-point charge of EET cross linked polymer blue and orange are initial
and final pH respectively

3.2.3.3 Desorption and regeneration of cross-linked polymer

The desorption process of MO and RB dyes were performed using 0.01 g of cross-
linked polymer-loaded with RB and MO dyes individually in 25 mL of ethanol and 25
mL of 1 x 10t mol. L'* HCI, respectively. The EET-loaded dyes were horizontally
shaken for 24 h at 200 rpm and room temperature. Then the solutions were filtered and
the residual RB and MO concentrations were analyzed at Amax (354 and 286 nm)
respectively. Afterwards, distilled water was used to wash the cross-linked polymer
and dried at 40°C, then reuse cycles were successfully obtained under optimum
conditions.

3.2.3.4 Disc diffusion assay

Standard strains of E. coli and S. aureus were used to test the antibacterial activity of
EET cross-linked polymer by disc diffusion. The inoculation of each bacteria strain
with a 1 x 10 CFU/mL concentration was done by using sterile swabs. After the
bacteria were inoculated into the MHA, the empty discs and EET cross-linked polymer

discs were transferred on the agar plates for S. aureus and E. coli bacteria. Then, the
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agar plates were incubated at 37°C for 24 h under aerobic conditions. The zone of

inhibition was measured in diameters.
3.3 Results and discussion
3.3.1 Characterization of EET cross-linked polymer

EET cross-linked polymer was synthesized by condensation polymerization and

characterized by different methods, the chemical equation of this reaction shown in

Figure 17.
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Figure 17: Chemical reaction of EDA, ECH and TCP to form EET cross-linked
polymer

3.3.1.1 Thermogravimetric analysis and differential scanning calorimetry

The thermal properties of the EET were analyzed by TGA and DSC. Figure 18 shows

the results of a) TGA and b) DSC of the polymer. Figure 18b shows an endothermic
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peak for the EET. Glass transition (Tg) appeared at -24.7°C when the polymer changed
from solid-state to a rubbery state. Peaks between 20 and 200°C referred to as a change
in the polymer states (from rubbery state to liquid state), this change is accompanied
by a change in density (when the density changes, the mass will change). The main
peak of decomposition appeared between 273 to 400°C. This result was supported by
TGA (Figure 18a). Around 1% weight loss of polymer occurred when the temperature
increased to 195°C. Beyond 200°C, the weight loss gradually increased to 83% at 400°C
and stabilized at 86%. The decrease in mass% most probable was due to not only the
degradation of the backbone (N-C, C-C) bonds in the polymer but also, from the
branches (trichlorophenol, C-C, C-O and C-H bonds). The decomposition of
chlorophenol moieties will form gases such as CO, CO», Cl», and HCI [102]. It can be

concluded from these results that the compound is thermally stable.
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Figure 18: a) TGA and b) DSC of the EET cross-linked polymer
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3.3.1.2 Fourier-transform infrared spectroscopy (FT-IR)

Fourier Transform Infra-Red (FT-IR) was utilized to compare EET with EDA and
ECH molecules as shown in Figure 19. Peaks at 2860 and 2926 cm™ correlated with
C-H bonds in EDA Figure 193, these peaks overlapped and shifted to 2829 and 2948
cm? in the cross-linked polymer Figure 19b. The intensity of amine groups (N-H)
which appeared at 1591 cm™ (Figure 19a) decreased in Figure 19b due to the reaction
with ECH in the back bone of the polymer, branched with TCP and cross-linked. A

primary amine left in the product and appeared at 1600 cm™ (Figure 19b).

In the EET, new C—N peaks between EDA and ECH appeared at 1289 and 1249 cm™.
The band at 3294 cm™ (Figure 18b) referred to N-H and O-H groups [118]. Epoxy
group(C-0O-C) and C-Cl bond in ECH appeared at 925 and 721 cm™ Figure 19c¢ [100].
These peaks disappeared in the EET cross-linked polymer (Figure 19b), due to the
reaction. A new ether group (C-O-C) appeared at 1029 cm™ in Figure 19b as a branch
between ECH and TCP [101]. Figure 20 shows the FT-IR spectrum of cross-linked
polymer (EET) before (Figure 20b) and after adsorption of MO (Figure 20c) and RB
(Figure 20a) dyes. From Figure 20c, the peak at 1600 cm™ referred to amine (N-H)
group disappeared after adsorption of MO dye, also (S=0) from the dye appeared at
1122 cm™ [119]. Peaks between 1000 —~1100 cm™ changed because of the interaction
between the EET and MO dye molecules. On the other hand, the peaks around 1350
cm™ in Figure 20a became wider due to the chemical interaction between nitrogen in

the EET and oxygen in the carboxylate ion in RB dye molecules.
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Figure 19: FT-IR of a) EDA, b) EET cross-linked polymer and c) ECH
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Figure 20: FT-IR of a) polymer adsorbed RB dye, b) polymer before adsorption and
c) polymer adsorbed MO dye

3.3.1.3 Determination of the polymer composition

The polymer formations were examined by elemental analysis. The amount of TCP
that has been reacted can be specified via the percentage of chlorine in the cross-linked
polymer. Table 2 shows 8.18% of chlorine in the EET which is 2.18 x 10 mol of TCP

reacted with ECH as a branch on the backbone of the polymer. Also, 4.99% of nitrogen
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was found which indicated that all the amount of EDA had reacted with ECH in the

polymer.

Table 2: Elemental analysis of the EET cross-linked polymer.
Sample %C %Cl %N %H

EET 35 8.18 4.99 44.33

3.3.1.4 Scanning Electron Microscope (SEM)

The surface morphologies of EET before and after adsorption of RB and MO were
examined by SEM and shown in Figure 21a-c. The EET exhibited a rough surface with
visible pores of an average diameter of 2.86 um (Figure 21a) before adsorption. After
the adsorption process of MO dye (Figure 21b) and RB dye (Figure 21c), the surface
morphologies of EET showed that the majority of the pores were filled by the adsorbed
dyes. Comparatively, the surface morphology of EET containing MO dye exhibited a
less roughened topology than that of EET containing RB dye molecules. Noticeably,
EET-RB exhibited a little rough surface with some unoccupied pores which might be
attributed to the fact that RB is bulkier (479.02 g/mol) than MO dye (327.33 g/mol).
The observation is consistent with the Freundlich isotherm results which suggested

physisorption may contribute to RB adsorption.
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Figure 21: SEM micrograph (x6000) of a) polymer before adsorption, b) polymer
adsorbed MO dye and c) polymer adsorbed RB dye
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3.3.2 Effect of initial solution pH

The effect of pH on the adsorption of MO and RB by EET was investigated. 10 mg of
EET was immersed in 10 ppm MO and RB individually at 298 K for 24 h. Different
pH solutions were used (2 — 9) to achieve the highest adsorption amount of MO and
RB. Figure 22 shows that; MO can be adsorbed by the cross-linked polymer at all pH;
suggesting that both alkali and acidic solutions are suitable for the removal of methyl
orange dye molecules, and the maximum adsorption occurred at pH 8 with 97%

removal.

The pHpzc of EET was obtained as 6.5, which means at pH values higher than the pHpxc,
the surface of the EET will be negatively charged and vice versa [120]. The adsorption
of MO lower than 6.5 is attributed to electrostatic interaction between the positively
charged EET surface and the negatively charged sulphonic group of the MO. Above
6.5, MO adsorption may due to hydrophobic interaction or noncovalent n—7
interactions between aromatic rings of the dye and that of the trichlorophenol, which
is reflected in the FTIR spectra (Figure 22). A similar observation has been reported
elsewhere [121]. For RB, the highest removal at pH 3 with 70%; in the acidic medium,
the adsorption of RB happened due to the interaction between the protonated amino
group on the cross-linked polymer and the oxygen in carboxylic group on RB, n—=n
interactions or hydrophobic. EET cross-linked polymer exhibited a wide performance
until pH 8, at pH 9, RB removal decreased sharply which is attributed to the
electrostatic repulsion between the zwitterionic form of RB in solution and the

negative charge on the surface of EET [61,122,123].
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Figure 22: Effect of pH on a) MO and b) RB

3.3.3 Effect of adsorbent dosage

The effect of EET dosage is illustrated in Figure 23. % removal of RB increases from
65% to 80% and stabilize when the EET dosage increased from 10 to 20 mg. On the
other hand, only slight increases in the percent removal (92.5 to 94%) of MO was
noticed when the dosage increased from 10 to 20 mg. 10 and 15 mg EET dosage were

chosen for further tests in this research with MO and RB dyes respectively.
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Figure 23: Effect of dosage vs % Removal of a) MO (20 ppm, pH 8.0 £ 0.1) and b)
RB (10 ppm, pH 3.0 £ 0.1) at room temperature
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3.3.4 Effect of initial concentration

Figure 24 illustrate the effect of initial dye concentration (10-100 ppm) on the removal
of RB and MO dye solutions. When the concentration of RB increased from 10 to 100
ppm, the uptake capacity increased from 11.24 to 126.3 mg/g, while MO dye increased
from 22.74 to 240.71 mg/g. The driving force of the concentration was the main reason
for the increasing trend of the uptake capacity with increasing the initial dye
concentration [61]. A similar observation was noticed by Ifebajo and Oladipo [120],
they reported that a high concentration of rhodamine B dye facilitated a higher mass
transfer driving flux. Hence more RB species were transported from the aqueous

solution to the adsorbent surface, which resulted in a higher RB removal.
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Figure 24: Effect of concentration of dye solutions, a) MO (pH 8.0 £ 0.1) and b) RB
(pH 3.0 £ 0.1) vs intake capacity. Amount of polymer 10.0 mg, the volume of
solutions was 25 mL and conducted at a room temperature

3.3.5 Adsorption isotherm

Langmuir, Temkin and Freundlich models were applied on the adsorption
experimental results and tabulated in Table 3. Langmuir isotherm and Temkin model
described the adsorption process of MO and RB dyes onto the cross-linked polymer

respectively, where higher R? values were achieved. R? of MO is > 0.998 which reveals
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that the cross-linked polymer possessed active functional groups that distributed on
the surface with the same energy level and thus initiate a monolayer coverage of the
dye molecules via chemisorption mechanism [124]. On the other hand, RB fitted with
Temkin (R?=0.9990). According to the Temkin model, the adsorption energy
diminishes directly with the surface covering of EET polymer because of adsorbate-

adsorbent interaction (chemisorption system) [116,120,125,126].

Table 3: Adsorption isotherms parameters of MO and RB onto EET cross-linked
polymer.

Langmuir Freundlich Temkin
Dye 4G, = 1 RT
D g g koG toslg)toolk [} Jooe) @B finle)ente,)

2 2

qmax bL R KF n R bT KT R
MO 1449 0.56 0.9986 29.57 0.7 0.8687 110.1 4.1 0.9866

2

RB 1493 0.24 09770 4157 21 09911 437 1.0 0.9990

3.3.6 Effect of temperature and thermodynamic parameters

Three different temperatures (30, 40 and 50°C) were applied to examine the
performance of EET, and the thermodynamic parameters including free Gibbs energy
(AG°), enthalpy change (AH°) and entropy changes (AS°) were calculated. The
removal efficiencies of MO and RB decreased with increasing temperature which is
consistent with the data listed in Table 4, where the adsorption of MO and RB is noted

to be exothermic due to negative values of AH.

The negative value of AS° for RB adsorption at pH 3 indicates a decrease in the degree
of randomness of the RB dye molecule at the solid-liquid interface during the
adsorption process. The positive AS® value of MO denotes an increase in the degree of

randomness since heat is not transferred from the environment to the system (AH® is
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negative) which is isolated, therefore the entropy is considered as the main driving
force for adsorption. This value was expected since the MO molecule is anionic (has
a negative charge) and the dye solution is basic (pH = 8) with a negative charge,
leading to a significant repulsion between the negative charges of the solution and the
dye molecules which results in rising of AS® value (positive). Moreover, AG® for MO
IS negative at all temperatures, and for RB is negative within the temperature range

studied which revealed the spontaneity of the adsorption process [117,127].

Table 4: Thermodynamic parameters of the adsorption of MO and RB Dyes onto EET
cross-linked polymer.

AG° (kJ/mol) AH® AS°
303 K 313K 323 K (kJ/mol)  (I/mol.K)
(MO) i . i
9.849 9.884 9.918 8814 +3.417
% Removal 95.26 94.62 94.18
(RB) i . i
7.870 6.223 4576 57768 164.68
% Removal 93.56 85.21 77.90

3.3.7 Kinetics studies

Figure 25 shows the adsorption rate of MO and RB dyes when 10 and 15 mg of EET
were used to remove 50 ppm of the MO and RB dye solutions respectively. The
removal of the dyes was rapid where more than 50% was removed after 15 min for
MO and 50 min for RB dye. Note that MO removal rate reached equilibrium after 4 h
with more than 98% removal, while 91% of RB was removed after 12 h. The
experimental results were fitted into the pseudo-first-order and pseudo-second-order
kinetic models and obtained parameters are given in Table 5. Considering the
correlation coefficient and calculated ge, the pseudo-second-order model fits well with
the experimental results. Specifically, the correlation coefficient of the pseudo-second-

order model (R? of MO and RB > 0.99) is higher than that of the pseudo-first-order
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model (R? of MO > 0.97 and RB > 0.98). Also, the theoretical e values of pseudo-

second order are nearer to the experimental values, suggesting chemisorption.
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Figure 25: Effect of contact time on percent removal of a) MO dye solution (50 ppm,
pH 8.0, 10.0 mg) and b) RB dye solution (50 ppm, pH 3.0, 15.0 mg) at room
temperature

Table 5: Kinetic parameters of Methyl Orange and Rhodamine B Adsorption onto EET
polymer

15t Order 2"d Order
t 1 t
T e 2 || T~
ZFE In(qe_qt):In(qe)_ kl.t [th [kZ.qe} [qe] (quep)
dye
9 k R 9-9 9 k R® 0-9 M
(mg/g)  (min) (mg/g)  (mg/g) (g/mg.min) (mg/g)

RB 4388 0.0064 0.97 -33.17 80 3.11x10* 0.9985 2.95 77.05

MO 129.31 0.0396 0.982 5.9 133.33 5.53x10* 0.9957 9.92 123.41

3.3.8 Desorption and regeneration of cross-linked polymer

The desorption of the adsorbed dyes from the polymer was investigated by using 0.1
M HCI and ethanol as eluents for MO and RB dyes, respectively. Clearly from Figure
26a, more than 50% of MO was desorbed after 5 min from the EET which extended
to 98% after 45 min. Contrastingly, only 51% of RB dye was desorbed after 90 min as

presented in Figure 26b. The reuse of the desorbed EET was evaluated after thermal
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treatment at 40°C Table 6. EET maintained sufficiently high performance even after 5

recycle uses (98.72 — 98.65%) within 4 h.

In comparison, the removal efficiency for RB decreased from 92.45% to 47.39% after
consecutive reuse within 24 h. It is worthy to note that EET efficiency decreased by
45.1% after reused twice for RB adsorption, suggesting it has higher affinity and
remarkable adsorptive potential for MO, which may be due to its lower molecular
weight (327.3 g/mol) compared to the larger (479.02 g/mol) RB dye. The performance
of EET is compared with other reported polymeric adsorbents in the literature as
presented in Table 7. As noted, EET performance is superior; for instance, Bahrudin
et al. [128] reportedly applied polyaniline to remove MO dye and achieved 125 mg/g
at pH 6.5, likewise, Allouche et al. [129] reported that chitosan only achieved 29 mg/g
removal of MO from the aqueous solution at pH 3.0. EET efficiency is higher than the
modified Moroccan clay containing cetyltrimethylammonium bromide, which

removed 78.74 mg/g of RB dye at pH 7.

% Released

100 150

Time (min)

Figure 26: Releasing of a) MO from polymer by (0.1 M HCI) and b) RB from
polymer by ethanol
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Table 6: % Removal of MO and RB dye solutions by reuse the cross-linked polymer.

0, 0,
Number of Repetition % Removal of MO dye Yo Removal of RB dye

solution solution
1% 98.72 92.45
2 98.66 47.39
3 98.66 -
4 98.65 -
5t 98.65 -
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Table 7: Comparison of the adsorption capacities of various adsorbents towards methyl
orange and rhodamine b dyes.

Experimental q..

iy Refs
conditions (mglg)

Adsorbent

Activated carbons of corncob derived pH 7, 208 K 11.57  [130]

char wastes
Graphene oxide pH 3, 298 K 16.83 [131]
Chitosan pH 3, 298 K 29 [129]
MO

Chitosan intercalated montmorillonite  pH 2,328.2 K 123.46 [121]
Polyaniline oH65,303 125  [128]
. This

EET cross-linked polymer pH 8, 298 K 144.9
work
Paper industry waste sludge pH 2.4, 308 K 6.711 [132]

poly (ethylene terephthalate) fibers
grafted by 4-vinyl pyridine and 2- pH 12, 298 K 4528 [133]
methylpropenoic acid
Poly(cyclotriphosphazene-co-4,4'-
RB sulfonyldiphenol) Nanotubes
Modified Moroccan Clay with
Cetyltrimethylammonium Bromide
zinc oxide loaded activated carbon
(ZnO-AC)

EET cross-linked polymer pH 3, 298 K 149.3

pH1.2,2908 K  46.06 [134]

pH7,298K 7874 [135]

pH7,303K 12821 [136]

This
work

3.3.9 Disc diffusion assay

Disc diffusion method was used to determine antimicrobial activity with E. coli and S.
aureus bacteria by measuring the zones of the inhibition of EET cross-linked polymer.
Figure 27 shows the result of this inhibition with 39 and 64 mm inhibition zone with
E. coli and S. aureus bacteria. The antibacterial activities of EET are attributed to the
presence of chlorine atoms (from trichlorophenol), hydroxyl and amine groups (in the
backbone of the polymer). The protonated amino groups can interact electrostatically
with the Gram-negative bacteria strain and inhibit its growth. The chlorine can interact

with the bacterial lipids within the cell walls and destroys the enzymes, hence, making
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the bacteria cells to be oxidized, and results in death. From these results, EET is a

potential antimicrobial polymer with sufficient adsorption performance.

S. Aureus

Figure 27: Disk diffusion assay for a) E. coli and b) S. aureus bacteria

3.4 Conclusion

Herein, an ethylenediamine-epichlorohydrin-trichlorophenol cross-linked polymer
(EET) was synthesized and characterized. The performance of EET for the treatment
of dye-containing synthetic solutions was investigated for the removal of both anionic

dye (methyl orange) and cationic dye (rhodamine B).

98.72% and 92.45% of MO and RB dyes were adsorbed at pH 8 and 3 using 10 mg
and 15 mg of EET, respectively. Notably, more than 50 % of MO was adsorbed during
the first 15 min, which revealed that EET exhibited fast adsorption kinetically.
According to the Langmuir isotherm, the maximum uptake of MO and RB is 145 mg/g
and 149.3 mg/g under the optimum conditions. 98% of MO was desorbed by 0.1 M
HCI from the spent EET after 45 min, while only 51% of RB was desorbed within 90
min by ethanol. The regenerated EET maintained high removal efficiency (~98.65%)

after 5 recycling circles. Also, the toxicity of the prepared polymer was eliminated due
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to its insoluble property, and EET exhibited excellent antimicrobial activities against
E. coli and S. aureus with inhibition zones of 39 and 64 mm respectively via the disk
diffusion assay. Results herein show that EET is an alternative polymeric adsorbent

with antimicrobial functions for the treatment of dye contaminated industrial effluents.
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Chapter 4

ANTIBACTERIAL NANOPARTICLES AND PHENOLIC

DEGRADATION

4.1 Introduction

In agriculture, a lot of pesticides have been used to control pests and weeds. One of
the strongest pesticide that was used before is 2,4,5-trichlorophenol compound. It has
high killing and inhibitory effect on the growth of microorganisms [28]. However, it
has limited application due to its cytotoxicity effect [28,30,34]. Although it has low
solubility in water, it can spread easily into aquatic environment and accumulate in the

lipid part of organisms [31].

To remove TCP from aqueous water, different techniques were applied. Among these
techniques, adsorption method was used to remove it via montmorillonites material
modified with an organic surfactant. This modified material demonstrated a maximum
adsorption capacity of 368 mg/g at pH 4 [34]. Zheng et al. used chitosan to adsorb
chlorophenol compound with an uptake capacity of 0.22 mmol/kg at pH 6.2 [78]. In
addition, advanced oxidation processes like photocatalysis can degrade chlorophenol
compounds to a permissible concentration [79]; TiO2 was used to degrade TCP from

50 uM to 4 uM within five hours under UV-light [80].

Spinel ferrite magnetic nanoparticles are valuable nowadays due to their wide

applications in nanoscience. Photocatalytic application is widely used to treat the
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environment due to outstanding features such as super magnetic properties,
photochemical stability, electrical properties, narrow bandgap, inexpensive and
catalytic applications [20,21]. The structure of the spinel ferrite nanoparticles is
MFe>O4, where M is a metal cation. Here, oxygen can form two different cubic shapes,
tetrahedral and octahedral crystallographic sites with metal and iron ions, respectively
[22]. These nanoparticles such as ZnFe.O4 was reported for photodegradation of acid

orange |l via photocatalytic process [88].

On the other hand, spinel ferrite nanoparticles were used as an adsorbent to remove
pollutants. Among these nanoparticles, FesO4 modified with L-arginine was used to
remove 66.66 mg/g of reactive blue 19 from wastewater suggested that the reactive
blue 19 bound with the protonated amine groups of the coted surface of FezO4 [89].
NiFe>04 was used to adsorb 138.5 mg/g of methylene blue and other heavy metals
because of 3D interconnected porous structure [90]. Carbon nanotubes/CoFe204
developed by chitosan (hybrid material) was used to extract 42.48 mg/g of
tetrabromobisphenol A and 140.1 mg/g of Pb(Il) [137]. AgCoFe20s-graphene oxide
was used to remove 60.8 mg/g of lead from wastewater in which extraction depended
on the surface area and zeta potential of the compound [138]. Nickel zinc ferrite is
another type of ferrite nanomaterial with general formula NiyZni.yFe>Oa. It is soft
magnetic material with high resistivity and saturation magnetization. It has been used
in wide applications such as transformers and high-frequency inductance magnetic

cores [139].

On contrast, reports reveled that nickel-zinc-ferrite nanoparticles (Nio.5Zno.sFe204)
have been used as antibacterial agent with 0.25 mg/L and 0.125 mg/L as MIC values

against E. coli and S. aureus respectively [140].
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In this study, Li doped NigsZnosFe204 (Li/ZNF) photocatalyst was prepared by two-
steps to degrade TCP under UV irradiations. The photocatalytic behaviour of Li/ZNF
was investigated under different conditions and in the presence of different negative
ions as an interference. Furthermore, the antibacterial studies of the Li/ZNF was

evaluated against S. aureus and E. coli bacteria by time kill assay.
4.2 Methodology

4.2.1 Materials

Zinc (I1) sulfate heptahydrate (ZnSO4.7H20) was purchased from Analar Trada, nickel
(1) sulfate hexahydrate (NiSO4.6H20) was purchased from Alfa Aesar, lithium
carbonate (Li2CO3), iron (111) chloride hexahydrate (FeCl3.6H20), acetic acid, sodium
hydroxide (NaOH) and 2,4,5-trichlorophenol (TCP) were purchased from Sigma
Aldrich, hydrochloric acid (HCI, 35%), ethanol hydrogen peroxide (H202) and
potassium persulfate (K2S2Og) were purchased from Merch. Staphylococcus aureus (S.
aureus, ATCC 2921) and Escherichia coli (E. coli, ATCC 25922), Muller Hinton Agar
(MHA) and MacConkey agar (MCA), (Biomerieux, France)

4.2.2 Instruments

Li/ZnosNiosFe204 (LiI/ZNF) was characterized by X-ray diffractometer (XRD) Bruker
D8 (Bruker-AXS, Ettlingen, Germany) using a Cu Ka (A =1.54187 A) radiation at 40
kV and the crystalline phases were clarified using standard JCPDS files (Cyprus
International University). Infrared absorption spectra (FTIR) (PerkinElmer, UK)
(Eastern Mediterranean University). The pore size distribution and specific surface
area were quantified at - 196°C on an Autosorb analyzer (QuantaChrome, USA)
(Cyprus International University). The UV-vis diffuse reflectance spectra (DRS) were
obtained using a UV-2450 spectrometer (Shimadzu, Japan) via the standard Kubelka-

Munk method and from Tauc plots. The residual TCP concentration was determined
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by a double beam UV-Vis spectrophotometer (T80+, PG Instruments Ltd, UK)
(Cyprus International University).

4.2.3 Methods

4.2.3.1 Synthesis of NiosZnosFe204 (ZNF)

The NiosZnosFe204 (ZNF) nanoparticles were prepared by the co-precipitate method
as follow: 5.5 g of ZnSQO4.7H20 was dissolved with 6 g of NiSO4.6H>0 and 5.7 g of
FeClz.6H20 in 80 mL distilled water, the solution was stirred continuously at 250 rpm
until became homogeneous then 20 mL of acetic acid (0.3 M) was added to prevent
the aggregation. After that, the solution was transferred to an oil bath and heated at
80°C for 3 h with vigorously magnetically stirred (800 rpm). The solution was poured
into a petri dish then heated and dried at 80°C overnight. The solid product was formed
then transferred to a muffle furnace and calcined at 800°C for 2 h.

4.2.3.2 Synthesis of Li/ZNF composites

Li/ZNF composite was prepared by the hydrothermal route. This method was
performed using 5 g of ZNF in 50 mL of 0.1 M Li>COz. The solutions were stirred at
250 rpm for 45 min at R.T. After that the temperature was increased to 70°C and 30
mL of 75 mM NaOH was added dropwise into the suspension solution. After
continuously stirred for 1 h at 70°C, the suspension solution was filtered and washed
with water and 50% ethanol. Then, dried at 100°C for 24 h.
4.2.3.3 Photocatalytic activity evaluation
All photocatalytic degradation trials were performed at 200 rpm using a 100 mL beaker
containing 25 mL of TCP solutions. The effect of photocatalytic degradation of TCP
was tested by varying parameters such as pH (2 - 10), H202 and K>S,04 concentration
(4 — 7 mM), amount of photocatalytic (10 — 50 mg), reaction time (0- 6 h) were carried

out under UV fluorescent light with 353 nm wavelength except the first 30 min, the
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solutions were agitated in dark to establish adsorption-desorption equilibrium on the
surface of the composites. The pH of the solutions was adjusted by 0.1 M HCI/NaOH.
Results notified in this work are the average of duplicate trials. After the
photodegradation process, the nanoparticles were separated from the solution using an
external magnet, then the solution was filtered by filter paper and the filtrate analyze
for residual TCP concentration by UV-vis spectroscopy at the maximum wavelength
289 nm. The concentrations were resolved using a linear regression equation obtained
by plotting a calibration curve of TCP absorption over a range of concentrations with
R?=0.996. To investigate the stability and reusability of the Li/ZNF catalyst, the photo-
catalyst was separated from the solution by an external magnet at the end of the
experiment, and eluted by water then dried at 40°C then reused repeatedly. Additionally,
to emphasize the presence of reactive radical species (photo-generation holes (h"),
superoxide ("O2") and hydroxyl radical ("OH)) during the photo-catalytic process, (5
mM) of the scavenger coefficients were added into the solutions, the process has been
described elsewhere [141]. Furthermore, the interference of 50 ppm TCP individually
with different anions (0.1 M of NaCl (CI), KNOs (NOs), and Na,SOs (SO4%)) was

studied respectively. The degradation efficiency (%D) was calculated elsewhere [142].

(C -C
%D = L‘C—]xm()% (8)

i
Where C and C; are the concentration at equilibrium and initial respectively.
4.2.3.4 Antimicrobial Time-Kill assay
The antimicrobial activities of Li/ZNF nanocomposite were evaluated quantitatively by
time-Kkill assays. S. aureus and E. coli cultures were incubated overnight at 37°C in

MHA, and MCA respectively. Then, bacterial stock solutions were prepared in MHB
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and standardized by using the McFarland instrument (0.5 McFarland = 1 x 10°

CFU/mL).

Furthermore, sterilized flasks were filled with 50 mL of sterile saline solution.
Meanwhile, 50 pL from bacteria stock solutions were added individually to each
solution to end up with 1 x 108 CFU/mL as the initial concentration of bacterial cells.
Three different dosages (5, 15, and 25 mg) of nanocomposites were used to kill the
bacteria. Afterwards, the flasks were agitated at 200 rpm under two different cases;
under dark condition for 1 h and the UV fluorescent light (353 nm) for 6 h individually.
At different interval times, 10 puL was withdrawn from all samples (including the
control) and diluted three times in plates with 90 uL of MHB then plated on agar and
incubated for 24 h at 37°C. After that, the colonies were counted and concentrations of
bacteria (CFU/mL) were calculated then plotted vs Time (h).

(CFU/mL) = (number of colonies x dilution factor) / volume of culture plated 9)
4.3 Results and discussion

4.3.1 Characterization of Li/ZnosNiosFe204 (Li/ZNF)

4.3.1.1 Fourier-transform infrared spectroscopy (FT-IR)

Figure 28 shows the FTIR spectra of Li/ZNF before and after the photocatalytic
process. The bands in the fingerprint 567 and 483 cm™ referred to metal-oxygen
octahedral (Fe-O) and tetrahedral (Ni-O and Zn-O) respectively [84]. Peaks at 3400
and 1120 were assigned to hydroxyl group stretching and bending respectively [143].
These peaks disappeared after the photocatalytic process because of the degradation
of TCP. This result was supported by scavenger trapping experiment, hydroxyl group

and holes have a major impact in the enhancement of photocatalytic activity which
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leads to forming ("OH) that is required for the degradation mechanism of TCP. A

similar observation was noted by Ali et. al. [144].
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Figure 28: FTIR of Li/ZnosNiosFe204 before and after photo degradation process

4.3.1.2 Adsorption desorption isotherm of Li/ZNF by N2 (BET) and X-ray
diffraction (XRD) analysis

The adsorption-desorption of nitrogen and pore size distribution for Li/ZNF is
illustrated in Figure 29. Nitrogen uptake was at p/p°® >0.99, Li/ZNF possesses type |
and IV isotherm with H3 hysteresis with micro and mesoporous. As listed in Table 8,

Li/ZNF possesses 0.298 cm®/g pore volumes and 56.8 m?/g specific surface area.

The X-ray diffraction pattern of as-prepared ZNF and Li/ZNF are shown in Figure 29.
The XRD results illustrated that ZnosNiosFe20s and Li/ZnosNiosFe2Os possess a
cubic spinel structure with diffraction peaks 20 = 18.34°, 30.14°, 34.58° 35.58°,
43.18° 53.56° 57.16° 62.8° and 71.42° and reflection planes (111), (311), (220),

(222), (400), (422), (511), (440), (533) (JCPDS No. 08-0234) [145]. Notably, nickel
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and zinc ions formed octahedral and tetrahedral sites respectively due to the difference
in ionic radiuses; zinc ion possesses higher ionic radius (0.84 A) with sp® hybridization
orbital than nickel ion (0.74 A) [146]. Also, weak diffraction peaks appeared at 49.4",
and 33.1° were consistent with (220) and (111) of Li>O (JCPDS No. 12-0254), and the
peaks at 40.9°, 37.38" and 24.12" were indexed to (101), (011) and (020) of Li>COs3
(JCPDS No. 83-1454) [147]. As calculated % crystallinity (Table 8), Li/ZNF has

higher crystallinity of 76.8% than ZNF 66.8%.
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Figure 29: XRD pattern of ZNF and Li/ZNF nanoparticles
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Table 8: Textural and XRD characteristics of NZF and Li/NZF.

Surface area and pore volume XRD structural parameters
aSBET th chic dees D f5 X
Sample
(m?g) | (cm®g) | (cm’fg) | (cm%g) | (nm) | (hm?) | (%)
NZF 735 0.287 0.158 0.129 19.9 2.52 66.8
Li/NZF | 56.8 0.298 0.117 0.181 16.9 3.50 76.8

a: Brunauer-Emmett-Teller specific surface area obtained via nitrogen adsorption
isotherm at P/Po, = 0.05 — 0.35, b: Total pore volume measured at P/P, ~ 0.99, ¢ and
d: micro and mesopore volume, e: Average crystallite size calculated by Debye
Scherer’s formula, f: dislocation density calculated from & x 103=1/D?, and g: is %
crystallinity= lcrystatline peaks / (lcrystatline peaks lamorphous peaks).

4.3.2 Effects of initial pH on the performance of Li/ZNF
Effect of pH on TCP removal under UV light with Li/ZNF alone and with oxidants (4

mM of H>02 and K>S,0g) were investigated. When 50 ppm TCP solution pH was
varied within 2-10 in the presence of 25 mg of nanoparticle as shown in Figure 30.
The pH drift method revealed the zero-point charge (pHzc) of Li/ZNF as 7.2 [148].
When pH < pHzc, degradation of TCP was low at pH 2 (~10%) with H2O- because of

the low amount of TCP as an ionic species [34].

Beyond pH 2, the percent degradation of TCP was increased gradually from 2 to 3 and
stabilized (~32%) until pH 7. Notably, at pH 3; degradation of TCP was the highest
with H20> (~55%), due to the presence of *OH which include in the mechanism of
degradation, similar observation was reported by Azalok et al [149]. Furthermore, the
nanocomposite has a positive charge on the surface when pH lower than 7.2, and TCP
existed as unionized when the pH of the solution lower than pKa (6.8) of TCP,
therefore, dispersion interaction occurred [150]. However, when pH> pHz (alkaline

conditions) % removal of the pollutant was continued with ~32% until pH 10. Herein,
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the reason referred to the electrostatic repulsion that occurred between the negative

charge on the surface of nanocomposite and trichlorophenoxy ion [151].
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Figure 30: variation of solution pH on the performance of Li/ZNF to degradation

TCP (Reaction conditions; TCP concentration: 50 ppm, concentration of oxidants:
4mM, sample dosage: 25 mg, volume of TCP: 25 mL, reaction time: 6 h under UV)

4.3.3 Influence of variation in oxidant concentration

Figure 31 illustrates the effect of varying concentrations of oxidants (H.O. and
K2S20g) on the degradation of TCP by the nanocomposite. When the concentration of
H>02 was 4 mM, the degradation of TCP reached 55%, beyond 4 mM, the degradation
of TCP decreased to (33%) when the concentration increased to 7 mM due to the
formation of less reactive hydroperoxyl radical ("fOOH) that produced from the
reaction of excess amount of hydrogen peroxide with hydroxyl radical ("OH) that

generated before as shown in (equation 10) [152].

H,0, . +OH-00H+H,0 (10)

2 2(excess
In contrast, at 4 mM K>S>0s, the percent degradation of TCP reached 27%. However,

when the concentration of potassium persulfate increased to 5 and 6 mM, % removal
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of TCP was increased to 49%. Beyond 6 mM (7 mM K3S,0g), self-quenched occurred
between radicals ("SO4") and/or with the excess K2S20g (equation 11 and 12) that
caused decreasing in the percent degradation of TCP (19 %). Similarly, in the
degradation of tetracycline antibiotic (TC), authors reported that when the
concentration of K>S>Og increased to 6 mmol/L, percent degradation of TC revealed
98% within 120 min while 8 mmol/L reached 70% because of self-reaction [148].
Considering the results, 4 mM of H.O, was chosen as the appropriate concentration

and selected for further tests in this research.

SO;‘ +SO; —>SO42‘ (11)
SO0O*:S0 5502 +S O (12)
2 8 4 4 2 8
1.0 1
- [H,0,]
097 @ [K,S,04]
0.8 1
L\) 0.7
0
0.6 1
0.5 1
0.4 | ] 1 1 1 1
3 4 5 6 7 8

Concentration of oxidant (m M)

Figure 31: Variation of H20, and K2S20g concentrations (4 - 7 mM) on the
degradation of TCP (Reaction conditions; TCP concentration: 50 ppm, sample
dosage: 25 mg, volume of TCP: 25 mL, reaction time: 6 h under UV)

4.3.4 Influence of variation in Li/ZNF dosage
Figure 32 shows the effectiveness of nanocomposite dosage on the degradation of

TCP. The degradation efficiency of TCP decreased gradually with increasing Li/ZNF
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dosage from 10 mg (80%) to 50 mg (53%), due to the presence of high solution
turbidity and followed by light dispersion which affected the degradation efficiency

[149]. 10 mg is the optimum dosage that has been chosen for further tests.
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Figure 32: Effect of Li/ZNF dosage on degradation of TCP (Reaction conditions;
TCP concentration: 50 ppm, volume of TCP: 25 mL, [H202] = 4 mM, reaction time:
6 h under UV at pH 3)

4.3.5 Comparative performance of processes for degradation of TCP

Figure 33 illustrates the % adsorption and degradation of TCP under dark and UV light
conditions for 6 h by ZnosNiosFe204 and ZnosNiosFe.O4 doped with lithium. The
adsorption of TCP by ZNF was three times higher than Li/ZNF due to crystal size and
surface area. ZNF without doping has a higher crystal size (19.9 nm) and surface area
(73.5 m?/g) than ZNF doped by lithium (16.9 nm, 56.8 m?/g). A similar observation
was noted by Tsvetkov et al [153]. The authors reported that the crystal size of ZNF
(18.39 nm) was higher than ZNF doped by lanthanide ions (~14.8 nm). Jiang’s et al.
research [154] was based on the same property for adsorption of bovine serum albumin

(33 mg/g) by ZNF. However, the percent degradation of TCP under UV- light reached
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80% after 6 h with Li/ZNF which was almost twice the degradation with ZNF (45.5%).
As expected, the photoactivity of ZNF was improved by Li doping, lithium
nanoparticles deposited on ZNF acts as an electron reservoir, enhancing the electron-
hole separation, therefore, enhancing the photocatalytic performance. The same result
was reported by Albiter et al [155]. The authors reported that the degradation of
Rhodamine B dye reached 80% removal by TiO after 60 min. In contrast, the %
degradation increased to 95% by Ag-TiO. that was prepared from silver

acetylacetonate.
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Figure 33: Adsorption and degradation of TCP under dark and UV-light conditions
by Li/ZNF (Reaction conditions; TCP concentration: 50 ppm, volume of TCP: 25
mL, [H202] = 4 mM, reaction time: 6 h, at pH 3)

4.3.6 Degradation kinetics and radical trapping test
Figure 34 shows the degradation rate of TCP (No scavenger) with 10 mg

nanocomposite to remove 50 ppm of TCP in the presence of 4 mM H>O at pH 3. In
the dark mode, % removal of TCP reached 38%. However, this percentage increased
to 80% under UV the light within 330 min. Furthermore, first and second orders were

applied to determine the kinetic absorption and degradation of TCP with Li/ZNF and
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summarized in Table 9. From the results, kinetic absorption of TCP in the dark mode
was fitted with pseudo-second-order kinetic (R = 0.9993) with fast absorption and
absorption rate constant (K, = 0.0423 L.mg*min™). Also, the theoretical g is nearer
to the experimental value. However, the kinetic behaviour changed under UV-light
and fitted with pseudo-first-order kinetic (R? = 0.949) with slow degradation rate and

degradation rate constant (K1 = 0.0019).

Radical trapping test by scavenger coefficients (5 mM of t—~BuOH, BQ, and Na—Ox)
was studied for 330 min under UV- light. The degradation of TCP was remarkably
prevented by sodium oxalate then followed by 1,4-benzoquinone and finally by t-
butanol with 0.07, 35, and 50% TCP degradation in the presence of H.O respectively.
Therefore, *OH, and "O2" were not the dominant active species during the TCP
photocatalytic process. However, after the addition of sodium oxalate (as an efficient
hole scavenger, h*), Surprisingly, no photodegradation of TCP is observed (0.07%) in
60 min, illustrated that the photocatalytic degradation process was majorly
administered by photogenerated holes (h™). Similar results were reported by An et al
[156]. They used isopropanol (‘OH), gas bubbling (‘O2), and
ethylenediaminetetraacetic acid (EDTA) (h™) as scavenger coefficients. Notably,

scavenger holes had the majority to degradant TCP by Cu-TiO.—Cu.0 triple junction.
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Figure 34: Effect of different scavengers 5 mM (sodium oxalate (Na-Ox), 1,4-
benzoquinone (BQ), and tert-butanol (t-BuOH)) for reactive oxygen species (ROS)
capture during TCP degradation (TCP concentration: 50 ppm, 10 mg dosage ZNF, 4
mM H2Oz, pH 3, first 30 min
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Table 9: Degradation kinetics of TCP and correlation coefficients (R2) under different
processes [157].

Dark UV-light
Absorption Degradation
1
In(-—=)=Kt
Lt In(q,-q,)=In(g, )-k.t  1-X
K(min™) 0.004 0.0019
Order
R? 0.4844 0.949
ge(Mg/L) 59.5 -
Qe— (mg/L) 36.19 -
)= (erer) ~ (&)
ond q: k. q.* qe
K(L/mg.min) 0.0423
Order
R? 0.9993
Je(mg/L) 29.76
ge— qt(mg/L) 6.45

4.3.7 Effect of interferences on the degradation of TCP and reusability of Li/ZNF
Degradation of TCP alone and TCP in presence of anions interferences (0.1 mol. L™?)
such as (CI, SO4%, and NO3) were studied. Figure 35 illustrates the effect of anionic
on the degradation of 50 ppm TCP; inorganic anions can inhabit the surface activity
of the nanocomposites, reduce colloidal stability and surface contact between TCP and
Li/ZNF [158]. Because of these influences, degradation of TCP had been decreased
by 16% with chorine ion, followed by 30% with sulfate ion because these ions can
inhibit the active species such as holes (h*) and hydroxyl radical ("OH) (equations 13

and 14) as reported by Matthews and McEvoy [159].
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Cl'+'OH—>CI'+ OH (13)
Cl +h"->CI’ (14)

The lowest degradation was recorded in the presence of NO3z~ due to its quenching
effect (equations 15-18); nitrate ions can be activated by UV light to generate NO2~
ions which reacted with "OH radicals to produce less reactive nitrogen dioxide radicals

(NO?") that eventually decreased TCP degradation according to the following

equations:
NO; +hv - NO; +20, (15)
NO; + OH - NO;: +OH (16)
NO; +*OH - NO; +H* (17)
NO; +hv+H* - NO*+OH (18)

This is consistent with the study of Zaviska et al [160] who reported that the
degradation rate of phenol (0.027 min) decreased to 0.02 min* in the presence of

NO3™ ions.
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Figure 35: % degradation of TCP alone and with presence anionic species 0.1 M (CI-,
S04> and NO*), (TCP concentration: 50 ppm, 10 mg dosage, 25 mL volume, 4 mM
H202, pH 3, 6 h under UV light)
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Reusability and stability of the Li/ZNF photocatalyst were conducted via five reusable
cycles with 10 mg nanocomposite and 50 ppm TCP concentration (Figure 36). The
degradation efficiency for TCP decreased from 80% to 66% after five consecutive
reuse cycles within 6 h under UV- light, due to the decreasing of active sites of the
Li/ZNF as shown by FTIR (OH) groups were disappeared after the first treatment.
Similarly, the degradation efficiency of nitrobenzene by TiO2/Pr/Y,SiOs loaded on a
glass fibre filter was decreased from 95% to 75.9% after 6 reusable cycles because of

the decrease in the active sites on this material [161].
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Figure 36: Recyclability and stability experiments for Li/ZNF (Reaction conditions:
pH 3, 50 ppm TCP, 10 mg reusable dosage under UV for 6 h)

4.3.8 Probable photodegradation mechanism

Herein, the photodegradation mechanism of TCP with Photoresponse and
physicochemical properties of Li/ZNF under optimized conditions is proposed. The
bandgap energy of Li/ZNF is 2.89 eV meanwhile the potentials valence band (VB) and
conduction band (CB) were found 2.22 and -0.67 eV respectively according to the

following equations:
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Ecszjf_Ee_Ezg (19)

E.=E.+E, (20)
The absolute electron negativity () of Li/ZNF is 5.3 eV and the energy of free electron
Vs hydrogen (E®) is 4.5 eV. Herein, Li/ZNF is activated by UV-light (353 nm) and
photoexcited electrons transferred from the Evsg to the Ecs with the formation of photo-
generated electron—hole pairs (¢ /h*) which is oxidized and/or reduced the adsorbed
TCP and oxygen on the surface of Li/ZNF. Although the photo-generated holes (h™)
contributed dominantly during the degradation of TCP, *OH and "O;" also participated

moderately in the photodegradation mechanism of TCP.

Cl
Cl

l

Decompozition HEO

Figure 37: schematic illustration of the probable photocatalytic disinfection
mechanism of Li/ZNF / oxidant and UV system

Notably, the reduction potential of (O2/°0O2") is -0.33 eV Vs NHE is less than Ecp of
Li/ZNF (-0.67 eV), hence the electron that photogenerated at Ecg immediately reduced

adsorbed oxygen molecule to "O2” which degraded the TCP molecules that adsorbed
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on the surface of the composites. Moreover, Evs of Li/ZNF (2.22 eV) is more positive
than H2O/'OH (1.99 eV) and O2/H20 (1.23 eV) which induced the formation of *OH
radicals that can effectively degrade the TCP. The probable degradation pathway for
TCP is shown in Figure 37, where TCP molecules are decomposed by the h*, "OH, or
‘02" which is consistent with previous studies [162].

4.3.9 Antibacterial studies

Time kill assay was used to determine antibacterial activity with S. aureus (Gram-
positive) and E. coli (Gram-negative) bacteria by counting the number of colonies after
variable time under UV light condition and comparison with dark for 60 min. Various
amount of Li/ZNF (5, 15, and 25 mg) was used with 1 x 10° CFU/mL bacteria, a

control (without nanoparticle) was used to compare the results as shown in Figure 38.

Figure 38a illustrates 25 and 15 mg of the nanocomposite killed Gram-positive within
60 min. However, 5 mg needed 30 min more to eliminate the same amount of bacteria.
Significantly, the control’s bacteria solution was still observed until 180 min with 8.3
x 10* CFU/mL under UV light. On the other hand, surprisingly 5 and 15 mg
nanocomposite were needed to kill E. coli bacteria within 2 h under UV-light,
however, the same amount of bacteria was eliminated within 1 h by 25 mg of Li/ZNF

Figure 38b.

Considering various similar studies reported in the literature and the radical quenching
analysis of the Li/NZF; it can be assumed that the O™ and "OH radicals formed in the
system are capable of disrupting the bacteria cells then oxidized the protein and lipid
in the cell membrane of the bacteria which eventually caused death [147,163]. Bacteria
that were exposed to a different amount of nanoparticles without UV light (under dark

conditions) for one hour (Figure 38c-d) revealed the performance of Li/NZF without
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being activated by light. The blank concentration of S. aureus and E. coli decreased to
10.7 x 10* and 36 x 10* CFU/mL respectively. Herein, 25 mg nanocomposite killed
both S. aureus and E. coli under dark conditions. However, when the number of
composites decreased to 15 and 5 mg, the growth of S. aureus bacteria was inhibited
to 10 x10% and 17 x10® CFU/mL. Moreover, the growth of E. coli bacteria under the
same condition was decreased to 52 x10% and 55 x10° CFU/mL respectively, due to
the sensitivity of these bacteria to the Li/NZF which might be implied with Li* releases
during the bacteria inactivation process. The concentration of lithium can be harmful
if it reaches 10 mg/L [164], therefore, releasing lithium-ion from nanocomposite into
the solution with the maximum amount used to treat bacteria (25 mg) still in the safe
range (theoretical, 0.35mg/L). This result is in line with the study of Tian et al [147]
who reported that 700 pug/mL of 3mol% magnesium oxide doped with Li inhibit
similar bacteria used in this work within 24 h. The performance of Li/ZNF is compared

with other reported doped materials and presented in Table 10.

As tabulated Li/ZNF performance is superior compare to other reported similar
materials. For instance, Alotaibi et al [75] used TiO. doped by Cu to increase the
antibacterial effect of TiO, they successfully decreased E. coli bacteria from 4 x 10°
CFU/mL to 1.5 x 10° CFU/mL and 1.3 x 10® CFU/mL within 4 h under dark and UV-
light conditions respectively. Also, S. aureus bacterial was decreased from 4 x 10°
CFU/mL to 1.5 x 10° CFU/mL and 1 x 10> CFU/mL within same time and conditions
respectively. Likewise, X. Li et al [163] used Li/MgO under nitrogen calcination

which inhibits E. coli (99.6%) within 24 under UV.
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Figure 38: Time Kill assay of (1 x 10® CFU/mL) S. aureus and E. coli with (5, 15, 25
mg) Li/ZnosNiosFe204 a) S. aureus under UV light for 180 min, b) E. coli under UV-
light for 300 min, c) S. aureus comparison between dark and UV-light for 60 min,
and d) E. coli comparison between dark and UV-light for 60 min
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Table 10: Comparison of various metal doped antibacterial results.

Antibacterial 1mol%
Thin film Cu/TiO, S-GO-Sn0O; LI/MgO Li/ZngsNiosFe;04
material (Li/MgO)
100 600
amount 1 cm? 200pg/mL 500 pg /mL
pg/mL | pg/mL
E. coli
CFU/mL 4x10° 2.9x108 | 1x108 1x10° 1x10°
initial
. 1h
E. col
o 2h 4h
CFU/mL - - - (%inhibition)
1x10° | 1.5x10°
(Dark) 99.72%
2h 4h 24h 1h (%inhibition)
CFU/mL (visible) %inhibition
1.5x10° | 1.3x10° 99.6% 99.34%
(UV) 1.7x10° 92.4%
S. aureus
CFU/mL 4x10° - - 1x10° 1x10°8
initial
S.
aureus oh ah 1h
CFU/mL - - -
1x10° | 1.5x10° 0
(Dark)
S. aureus 24h
2h 4h 1h
CFU/mL - - %inhibition
1.7x10% | 1x10? 0
(UV) 90.2%
Reference [75] [165] [163] [147] This work
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4.4 Conclusion

Zinc nickel ferret nanoparticles were synthesized via co-precipitation reaction, then
doped with lithium to form Li/NiosZnosFe.O4 (LI/NZF) for photocatalytic 2,4,5-
trichlorophenol (TCP) and antibacterial application. XRD characteristics revealed the
doped nanoparticle possessed higher crystallinity (76.8%) than NZF (66.8%). In
contrast, NZF had a higher surface area (73.5 m?/g) than Li/NZF (56.8 m?/g).
Additionally, Li/NZF had bandgap energy 2.89 eV with conduction band (CB) -0.67

eV and valence band (VB) 2.22 eV.

Degradation of TCP under optimum conditions (pH 3, 4 mM H>Oz and 50 ppm TCP)
with 10 mg of Li/NZF reached 80% within 360 min under UV light with rate constant
0.0019 min’, this percentage decreased to 66% after five successful reusable cycles
and 64% with chlorine ion as an interference. Furthermore, Li/NZF showed nice
results as antibacterial with Staphylococcus aureus (S. aureus) and E. coli. Notably,
15 and 25 mg of the composite were enough to inhibit 1 x 10° CFU/mL of S. aureus
bacteria within 60 min under UV light and dark respectively. On contrast, 25 mg
inhibited 99.72% (under dark) and 99.34% (under UV light) of 1 X 10® CFU/mL of E.

coli within 60 min.
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Chapter 5

CONCLUSION AND RECOMMENDATION

In conclusion, three different products were synthesized, characterized and used as
antibacterial with different applications in this work. In chapter 1; {[1,3-bis(2,4,5-
trichlorophenoxy) propan-2-yl] oxy}-3-(2,4,5-trichlorophenoxy) hexan-2-ol (TPTH)
was synthesized and characterized. Around 98% of TPTH was decomposed at 370°C.
Notably, less than 1% of TPTH was decomposed during the first 160°C which revealed
that TPTH exhibited thermal stability. The performance of TPTH for the inhibition of
different bacteria was investigated for the killing of both Gram-positive (S. aureus and
MRSA) and Gram-negative (E. coli). 0.15, 0.08, and 0.02 pug/mL of TPTH were the
minimum inhibition concentrations against E. coli, MRSA, and S. aureus respectively.
Also, TPTH exhibited excellent antimicrobial activities against the bacteria mentioned
before with inhibition zones of 18, 22, and 24 mm respectively via the well diffusion
assay. Furthermore, MTT assay (toxicity test) showed 97% viability of stem cells until
10 pg/mL of TPTH concentration after 72 h, this range includes MIC values of three
different bacteria. Results herein show that TPTH is an alternative antimicrobial
material with low toxicity and thermal stability that can be used for humans, animals,

and the environment without risks or concerns.

Chapter 2 of this work includes an ethylenediamine-epichlorohydrin-trichlorophenol
cross-linked polymer (EET), this polymer was synthesized and characterized. The

performance of EET for the treatment of dye-containing synthetic solutions was
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investigated for the removal of both anionic dye (methyl orange) and cationic dye
(rhodamine B). 98.72% and 92.45% of MO and RB dyes were adsorbed at pH 8 and 3
using 10 mg and 15 mg of EET, respectively. Notably, more than 50 % of MO was
adsorbed during the first 15 min, which revealed that EET exhibited fast adsorption
kinetically. According to the Langmuir isotherm, the maximum uptake of MO and RB
is 145 mg/g and 149.3 mg/g under the optimum conditions. 98% of MO was desorbed
by 0.1 M HCI from the spent EET after 45 min, while only 51% of RB was desorbed
within 90 min by ethanol. The regenerated EET maintained high removal efficiency
(~98.65%) after 5 recycling circles. Also, the toxicity of the prepared polymer was
eliminated due to its insoluble property, and EET exhibited excellent antimicrobial
activities against E. coli and S. aureus with inhibition zones of 39 and 64 mm
respectively via the disk diffusion assay. Results herein show that EET is an alternative
polymeric adsorbent with antimicrobial functions for the treatment of dye

contaminated industrial effluents.

Finally, chapter 3 of this work exhibited antibacterial nanoparticles with phenolic
compound degradation. Herein, Zinc nickel ferret nanoparticles were synthesized via
co-precipitation reaction, then doped with lithium to form Li/NiosZnosFe204 (Li/NZF)
for photocatalytic 2,4,5-trichlorophenol (TCP) and antibacterial application. XRD
characteristics revealed the doped nanoparticle possessed higher crystallinity (76.8%)
than NZF (66.8%). In contrast, NZF had a higher surface area (73.5 m2/g) than Li/NZF
(56.8 m2/g). Additionally, Li/NZF had bandgap energy 2.89 eV with conduction band

(CB) -0.67 eV and valence band (VB) 2.22 eV.

Degradation of TCP under optimum conditions (pH 3, 4 mM H>0; and 50 ppm TCP)

with 10 mg of Li/NZF reached 80% within 360 min under UV light with rate constant
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0.0019 min, this percentage decreased to 66% after five successful reusable cycles
and 64% with chlorine ion as an interference. Furthermore, Li/NZF showed nice
results as antibacterial with Staphylococcus aureus (S. aureus) and E. coli. Notably,
15 and 25 mg of the composite were enough to inhibit 1 x 10° CFU/mL of S. aureus
bacteria within 60 min under UV light and dark respectively. On contrast, 25 mg
inhibited 99.72% (under dark) and 99.34% (under UV light) of 1 X 10® CFU/mL of E.

coli within 60 min.
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