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ABSTRACT

In this study, chitosan-grafted-trichlorovinylsilane (CT-g-VTCS) film is produced
and elucidated by X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), Scanning electron microscopy (SEM) and Energy dispersive X-ray (EDX).
The SEM micrograph of exhibited refine structure with rough surface. The CT—g—
VTCS antibacterial action was assayed using the agar diffusion and broth dilution
approach. Obtained results herein pointed out that CT—g—VTCS exhibited increased
water solubility (67 mg/mL) when compared with chitosan (CT) film (2.6 mg/mL).
CT-g-VTCS exhibited improved antibacterial action against S. aureus, E. coli, Kleb
spp., E. faecalis and Methicillin-resistant Staphylococcus aureus (MRSA) (minimum
inhibitory concentration (MIC) = 0.078 — 0.156 mg/mL and minimum bactericidal
concentration (MBC) = 12.5 — 3.12 mg/mL) higher than the precursor CT film.
Contrary to most quaternized chitosan derivatives, the CT-g—VTCS was processed via
a simple and easy route and showed comparatively high antibacterial efficiency.
Studies from the time-Kkill assessment revealed that 5 mg/mL CT—-g-VTCS exposed to
the bacteria cells is copious to give a ~0.08 logio reduction (>99.9% Kkill rate) within

24 h.

Vinyltrichlorosilanechitosan-graft-polyacrylamide (VCSCT-g-PAAmM) hydrogel was
also synthesized. From the results obtained, hydrogels with varying molar ratios of
VCSCT-g-PAAm all formed within 13 min. The incorporation of polyacrylamide onto
vinyltricholosilane—chitosan backbone enhanced the hydrogel physical and chemical
properties in terms of strength, swelling capacity, adsorptivity and antimicrobial

activity. The VCSCT-g-PAAmM hydrogel interacted with methylene blue (MB) dye



solution at different mass-liquid ratio, pH and temperature. The amount of MB dye
removal was estimated using UV-Vis spectrophotometer at an optical density of Amax=
665nm. The MB dye removal was most effective at pH 12 with about 98% removal at
50°C. The hydrogel was characterized by Fourier Transform Infrared Spectroscopy
(FTIR) and other physicochemical parameters. Experimental data obtained for the
adsorbent-MB dye pair suited the Langmuir, Freundlich and pH-dependent Langmiur-
Freundlich adsorption isotherms. Calculated values for AH° AS°, AG°® were -
2.72kJ/mol, 16.72J/mol K and 7.73kJ/mol correspondingly. Further studies revealed
high swelling ratio in basic solution with about 1,179% swellability. Investigations
showed that VCSCT-g-PAAmM hydrogel exhibited a high percentage Killing against S.
aureus and E. coli, more than 99.9% Kkill rate after 24 hr contact with S.aureus and
E.coli, this can contribute immensely in biomedical application and beneficial in waste

water treatment.

Keywords: Chitosan, Trichlorovinylsilane,  Antibacterial, ~ Adsorption,

Methylene blue.
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Bu ¢aligsmada, kitosan triklorovinilsilan asili kopolimer (CT-g-VTCS) filmi tretildi ve
X-1s1n1 kirmnimi (XRD), Fourier doniisiimii kizilotesi spektroskopisi (FTIR), Taramali
elektron mikroskopisi (SEM) ve Enerji dagitict x-151n1 (EDX) ile analiz edildi. CT-g-
VTCS' nin SEM mikrografisi, ¢ikint1 yiizeye sahip rafine bir yap1 gostermistir. CT-g-
VTCS’ nin antibakteriyel etkisi, agar diflizyonu ve sivi bakteri biiylime ortami
seyreltme yaklasgimi kullanilarak analiz edildi. Burada elde edilen sonuglar, CT-g-
VTCS' nin, ¢apraz baglh kitosan (CT) film (2.6 mg / mL) ile karsilastirildiginda
artirilmis suda ¢oziiniirliik (67 mg / mL) sergiledigine dikkat ¢ekmistir. Ayrica, CT-g-
VTCS tarafindan, S. aureus, E. coli, Kleb spp., E. faecalis ve Metisiline direngli
Staphylococcus aureus'a (MRSA) (minimum inhibitér konsantrasyon (MIC) = 0.078 -
0.156 mg / mL ve minimum bakterisidal konsantrasyon (MBC) =12.5 - 3.12 mg / mL)
kars1 oncii CT filme kiyasla gelistirilmis bir antibakteriyel etki sergiledigi goriilmiistiir.
Cogu kuaternize kitosan tiirevinin aksine, CT-g-VTCS basit ve kolay bir yolla Gretildi
ve nispeten yiiksek antibakteriyel verimlilik gosterdi. Bakterilerin zamana karsi
oldiirme degerlendirmesinden elde edilen sonuglar, bakteri hiicrelerine uygulanan 5
mg/ mL CT-g-VTCS' nin 24 saat icinde ~ 0.08 log10 azalma (>% 99.9 6ldiirme orant)

sagladigin1 ortaya koymustur.

Viniltriklorosilankitosan-poliakrilamid ~ asili  (VCSCT-g-PAAm)  hidrojel  de
sentezlenmistir. Elde edilen sonuglara goére, degisen molar oranlara sahip olan
VCSCT-g-PAAm hidrojellerin hepsinin 13 dakika iginde olustugu gozlemlenmistir.
Poliakrilamidin  viniltriklorosilan-kitosan omurgas1 {izerine dahil edilmesi,

mukavemet, sisme kapasitesi, adsorptivite ve antimikrobiyal aktivite agisindan



hidrojelin fiziksel ve kimyasal 6zelliklerini arttirdig1 goriilmiistiir. VCSCT-g-PAAM
hidrojeli, farkli kiitle-sivi orani, pH ve sicaklikta metilen mavisi (MB) boya ¢ozeltisi
ile etkilesime girdirilerek boya giderimi denenmistir. MB boya giderim miktari, Amax
= 665nm optik yogunlukta UV-Vis spektrofotometre kullanilarak tahmin edildi. MB
boyasmin giderimi en ¢ok %98’lik oranla pH 12'de 50 ° C’de ger¢eklesmistir.
Hidrojel, Fourier Doniisiimii Kizilotesi Spektroskopisi (FTIR) ve diger fizikokimyasal
parametreler ile karakterize edildi. Adsorban-MB boya cifti icin elde edilen deneysel
veriler, Langmuir, Freundlich ve pH'a baglh Langmiur-Freundlich adsorpsiyon
izotermlerine uygundur. AH®, AS°, AG® i¢in hesaplanan degerler sirasiyla -2.72kJ /
mol, 16.72]J / mol K ve 7.73kJ / mol olarak bulunmustur. Diger ¢alismalar, bazik
cOzeltide yaklasik % 1.179 sisebilirlik ile yiiksek sisme oranini ortaya c¢ikardi.
Aragtirmalar, VCSCT-g-PAAmM hidrojelinin Staphylococcus aureus (S.aureus) ve
Escherichia coli'ye (E.coli) karsi antibakteriyel aktivitesi oldugunu gosterdi, bu
bulgular biyomedikal uygulamalara son derece katkida bulunabilir ve atik su

arittminda faydali olabilir.

Anahtar Kelimeler: Kitosan, Triklorovinilsilan, Antibakteriyel, Adsorpsiyon,

Metilen mavisi
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Chapter 1

INTRODUCTION

In this study, trichlorovinylsilane (VTCS) was used to modify the surface of chitosan
(CT). VTCS is currently attracting increasing attention because of its high solubility
in water and organic solvents (Komata et al. 2016), and its oxidative chlorine with
rapid biocidal activity against a wide range of microbes (Shin et al. 2013). Also,
Sluszny et al. (2001) reported that the mechanical and thermal stability of a poly (vinyl
chloride)-based semi-IPN film was significantly improved after the introduction of

vinyl silane content.

Hence, considering the beneficial properties of the VTCS and chitosan, it is expected
that grafting VTCS onto chitosan backbone would result in film with enhanced water
solubility, mechanically stable and rapid antibacterial performance compared to the
non-modified CT. Unlike most reported quaternized chitosan derivatives, the
fabrication of Chitosan-g-poly(trichlorovinylsilane) polymer (CT-g-VTCS) is through
an easy and simple route. The incorporation of silicon into chitosan matrix will

provides some strength to the material.

The second objective of this study was to use trichlorovinylsilane grafted chitosan
(CT-g-VTCS) to crosslink acrylamide and produce a hydrogel with high

swelling/adsorption capacity and good antibacterial property. No information or work



using trichlorovinylsilane modified chitosan and acrylamide has been reported in the

literature.
1.1 Chitin and Chitosan
Chitosan, poly[B-(1 —4)-2-amino-2-deoxy-D-glucose] is the product obtained from the

N-deacetylation of chitin with a strong alkali. Figure 1 and 2 shows the structures of

chitin and chitosan respectively.

Figure 1: Structure of Chitin

OH - OH | OH
j_ -0 & 0 0
i ) 7
. n

Figure 2: Structure of Chitosan

Chitosan is a very well-known versatile biopolymer (Kaur and Dhillon 2014; Yilmaz
2004) with properties like biocompatibility, biodegradability, affinity towards toxic
and radioactive metals, being antibacterial, and remarkable affinity towards proteins
and enzymes (Casal et al. 2006). Affinity towards proteins had been used in vast
variety of applications. For example, it has been used in selective adsorption of some

proteins (Casal et al. 2006) from dairy products. On the other hand, chitosan has been



used as the antifouling agent against biofouling of proteins (Boributh et al.2009;

Correia et al. 2013) in some other applications.

Chitin, poly [B-(1=4)-2-acetamido-2-deoxy-D-glucose] is found in the exoskeleton of
insects and crutaceans and also in the cell wall of yeast and fungi (Yeul 2012). Chitin
is a hard, white, inelastic naturally abundant mucopolysacharide rich in nitrogen and a
by-product of fishery business only second to cellulose in terms of natural abundance

(Islam 2017).

Chitin and chitosan has similar structure to that of cellulose and consists of several
hundreds to more than thousand B-(1-4) linked D-glucose units (Bhuiyan 2014). The
hydroxyl group of the C-2 position in cellulose (Figure3) has been exchanged by an
acetamide group. The deacetylation of chitin is always never complete and there will

still remain some acetamide groups in chitosan (deacetylated chitin).

OH OH

OH
HD OH 5 0 HO ﬂﬁ,{]k—l
0 HO
H 0 _HD oH 0 _ OH
OH oH "

Figure 3: Structure of Cellulose

There is still about 5-8% of nitrogen contained in chitin and chitosan unlike in
cellulose, this presence of nitrogen makes chitin to carry acetylated amine group and
chitosan to have primary aliphatic amine groups thereby making them to exhibit
similar amines reactions (Kurita 2001). The presence of primary and secondary

hydroxyl group on each repeat unit and amine group on each deacetylated unit makes



chitosan more reactive than chitin. The presence of these reactive groups on chitosan

makes it subject to chemical modifications and the various uses to which it is put to.

The repeated treatment process of chitin using 40-45% NAOH at 160 °C results in
about 98% degree of deacetylation and never 100%. The degree of acetylation (DD)
ranges from 56-99% depending on the method employed. Chitosan with a DD of 85%
is usually used in most reactions because of its solubility in acetic acid (No and Meyers
1995).

1.1.1 Uses of Chitin and Chitosan

Chitosan and chitin has extensive uses in the field of biomedical engineering such as
tissue engineering, artificial kidney membrane, wound healing/wound dressing,
artificial skin, bone damage repair, articular cartilage, bio-artificial liver (BAL), nerve
repair, artificial tendon, burn treatment, blood anticoagulation, blood vessel tubes,
umbilical hernia treatment, absorbable sutures, drug delivery systems,
antimicrobial/antifungal, catheter manufacture (chitosan-heparin) and cancer
treatment (Islam, S et al. 2017). Chitosan based hydrogel has also shown a lot of

potential in heavy metal and dye removal in waste water treatment (Vinh et al. 2018).

Physicochemical properties of chitin and chitosan that enables its usefulness in
biomedical applications are DD, distribution of acetyl groups, molecular weight and
viscosity. These physicochemical characteristics of chitosan and chitin are tied to their
properties such as biocompatibility, antioxidant, hemostatic, mucoadhesion, analgesic,

anticholesterolic and biodegradability (Aranaz et al. 2009).



1.2 Trichlorovinylsilane, Properties and Uses

LT
Cl5Si CHz with a molecular weight of

VTCS has the structural formular
161.49¢. It has a vapour pressure of 60mmHg at 23°C, a boiling point of 90 °C and
melting point of -95°C. It is highly soluble in water, has a density of 1.27g/ml at 25 °C
and usually stored between 2-8 °C. Trichlorovinylsilane may react with lithium-tert-

butyl and 1,3-enynes to vyield isomeric silacyclobutanes and silacyclobutenes

respectively.
1.3 Grafting

Grafting has been the focus of much research of late, because it offers a method which
can impart an array of functional groups to a polymer backbone. The process of graft
co-polymerization can be initiated through a variety of ways, such as high energy
radiation, chemical treatment, photo irradiation etc. Grafting methods are broadly
organized into three groups (i) ionic polymerization (ii) free radical (iii) addition and

condensation polymerization.

(A) Free radical grafting: In free radical grafting through chemical process, the
initiators produce free radicals which are transferred to the substrate and reacts with
the monomer producing graft co-polymer (Bhattacharya and Misra 2004). Free
radicals can generally be generated through indirect or direct methods. A good
example of indirect generation of free radical is through the redox reaction of
R"™/H20,, persulphates (Misra et al. 1980 ; Prasanth and Tharanathan 2003).
Fe** + H,0, — Fe3*'+ OH™ + OH®
Fe?* 4+ —0,5 — 00 —S0; — Fe3* 4+ S02™ + S0;*

The active species from this decomposition of H,O2 and persulphate by Fe?* are OH*
and SO, . These active species can then react directly with the polymer backbone.

5



Polymer + SO,* — Polymer® + HSO,

Sometimes SO, ° reacts with water to produce OH® which in turn reacts with the
polymer backbone to produce free radicals on the polymer.

SO;* + H,0 - HSO, +OH°*
A general mechanism of free radical graft polymerization involves initiation (start),
propagation (growth/transfer) and termination (stop) of the polymer growing chain.
(i) Initiation: The first step of the initiation process involves the decomposition of the
initiator molecule into free radicals.

R, - 2R’
The second step of the initiation process is the activation of the monomer molecule by
the active radical leading to chain initiation.
R°"+ M - RM’
(i) Propagation: This stage involves propagation of the active polymer chain.
RM* +nM - R;M,,

The next step involves the transfer of the active site to another polymer chain.

RiM;, + LK - RM,L + K°
(iii) Termination: The final step involves the termination of the growing/grafted
polymer chain, it can be either through combination or disproportionation reaction.

RiM; + R;M;, - RiMy.m combination
R;M;, + R;M;, - R;M,, + R;M,, disproportionation

Graft copolymer that are randomly distributed can be synthesized through three routes
(1) grafting to (ii) grafting from (iii) grafting through (Gitty and Masha 2014). Fig 3

illustrates these routes.
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Figure 4: General Mechanism of Graft Polymerization.
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Fenton reagent (hydroxides and Fe?*) also produce free radicals in the form of OH*
which then reacts with the polymer backbone. Other examples of initiators that
produce free radicals are benzoyl peroxide (BPO) and azoisobutyronitrile (AIBN),

although their efficiency is low during grafting.

(B) lonic grafting: The useful initiators for ionic grafting are organometallic

compounds, sodium naphthalenide and alkali metal suspensions in a Lewis base liquid.



Carbonium ions are formed when alkyl aluminium reacts with the polymer backbone
in the halide form (ACI). A cationic mechanism is responsible for this reaction.
ACl + R;Al - A + R;AlCI™
At + M - AM*

Other cationic catalyst that can be used is BFs.

The reaction can also proceed through anionic mechanism. Methoxide of alkali metals
or sodium-ammonia forms alkoxide of polymer (PO-Na") this in turn reacts with the
monomer forming graft co-polymer (Bhattacharya and Misra 2004).
P—0OH 4+ NaOR - PO Na' + ROH

PO+ M —-POM™M~ - graftco — polymer
(C) Grafting by condensation and addition reactions: Addition and condensation
reactions grafting is not a popular method of grafting and hardly studied. An example
of graft condensation reaction is polyethylene glycol monmethyl ether on
poly(methacrylic acid-co-methyl methacrylate) (Negahi Shirazi et al 2011). The addition
reaction of hexamethylene di-isocyanate and 1, 2 diethyl alcohol is another example.
1.3.1 Antibacterial Polymers
Antibacterial polymers are a category of polymers that exhibit the ability to inhibit the
growth or Kill bacteria (Ikeda et al 1984). Polymers with antibacterial potency can be
grouped into nonstimulated and potential antibacterial polymers (Li et al. 2018).
Polymers that have nonstimulated antibacterial property possess inherent
configuration in their design that are effective against bacteria cells. Chitosan and
chitin falls under these category of natural biopolymer with inherent antibacterial

activity (Kong et al 2010).



Potential antibacterial polymers are classified as polymers that can be transformed into
efficient antibacterial agents when subjected to certain treatment, like subjection to
light (Li et al 2018). The crosslinking/grafting of one polymer with another is another
method for the synthesis of potential antibacterial polymer, for example photodynamic
poly(2-hydroxyethyl methacrylate-co-methyl methacrylate) P(HEMA-co-MAA)
copolymers crosslinked by porphyrin and photodynamic PHEMA-based hydrogel are
effective against bacteria cells (Parsons et al 2009; Halpenny et al. 2009) .

1.3.2 Antibacterial Activity of Chitosan and Chitosan Hydrogels

A growing number of research has been directed towards biomaterials asserting
antibacterial activity (Guler et al. 2016; Ozseker and Akkaya 2016; Gritsch et al.
2018). Amidst these biomaterials, chitosan (CT, the deacetylated derivative of chitin)
is generally used in biomedical and pharmaceutical applications (Gritsch et al. 2018;
Yan et al. 2019; Chylinsk et al. 2019), due to its appealing biological peculiarity such
as cytocompatibility, moderate biocidal activity and low toxicity (Chylinsk et al.
2019). Chitosan exact biocidal mechanisms are still unknown (Algahtani et al. 2019).
Nonetheless, the intracellular percolation is among the frequently reported theories in
that the protonated chitosan (amino groups at the C-2 position) at pH < 6.5
electrostatically binds to the negatively charged moieties on the microbe cells
(Algahtani et al. 2019; Kong et al. 2010; Rabea et al. 2003 ). Earlier studies disclosed
that the biocidal properties of chitosan are strongly dependent on its molecular weight,
charge density and degree of deacetylation (Chylinsk et al. 2019; Kong et al. 2010;
Rabea et al. 2003; Verlee et al. 2017). Likewise, it is important to mention that it is
difficult for chitosan to be directly dissolved in neutral water and alkaline pH due to
the linear aggregation of its chain molecules and the configuration to crystallinity

(Abureesh et al. 2016). Consequently, chitosan is ordinarily dissolved in dilute acids



(such as formic acid, acetic acid, etc.) and these acids carry high health hazard for
mammalian cells, therefore there is a serious restraint of its potential biomedical
utilizations. Thus, concerted study is being focused on improving the water solubility
and antimicrobial effects of chitosan, mainly by chemical functionalization of the
molecule (Rabea et al. 2003; Verlee et al. 2017; Abureesh et al. 2016; Bakshi et al.
2018; Chen et al. 2016). To overcome these impediment, researchers have focused
their attention on the fabrication of quaternary derivatives of chitosan. In comparison
with chitosan, the derivatives with quaternary ammonium groups manifested greater
antibacterial activity (Chen et al. 2016). Derivatives of chitosan that are water-soluble
has been reportedly synthesized through various schemes. Studies of Chen and
coworkers (Chen et al. 2016) for example, published that by inserting quaternary
ammonium compound onto the backbone of chitosan (N-substituted), improved its
water solubility (from ~2.6 to 113.3 mg/mL) and antibacterial action towards E. coli
(from ~6 to 15 mm); notwithstanding, biocompatibility property is compromised.
Again, Wen et al. (2015) and Guo et al. (2014) illustrated that the chemical alterations
of CT by quaternary phosphonium compounds through its NH2 groups enhanced its
water-solubility and charge density, which afterwards improved the antibacterial
activity. Contrary to the chitosan N-substituted derivatives, Dang and co-workers
(2018) examined the activity of N-acetylethylenediamine groups grafted to C-3,6-OH
of chitosan (AEDMCS) across six bacteria. The findings established AEDMCS
displayed reduced thermostability, permissible cytotoxicity and exigently greater
antibacterial activity than the pristine chitosan. Remarkably, the various steps involved
in the preparation of most CT derivatives as previously reported are time engrossing

and complex.
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Ye et al. (2016) also reported antibacterial activity of maleilated chitosan and thiol
derivatised hyaluronan hydrogel against Staphylococcus aureus (S. aureus) and E. coli
with killing percentage of 86.4+ 4.9% and 63.0£4.4% respectively. Ferfera-Harrar et
al (2014) incorporated Montmorillonite (MMT) into chitosan-g-poly(acrylamide) to
produce a superabsorbent polymer with swelling, thermal and antibacterial properties.
They established that the swelling equilibrium ratio in water increases with increasing
MMT loading until 5wt%. They also reported moderate antibacterial activity of the
superabsorbent hydrogel in acidic medium, where the sensitivity of E. coli was lower
when compared to S.aureus. Rohindra and co-workers (2004) investigated the activity
of crosslinked chitosan hydrogel with glutaraldehyde. They obtained a maximum
swelling ratio of about 950% under different temperature and pH. There was no report
on the antibacterial activity of the prepared hydrogel.

1.3.3 Waste Water Treatment and Dye Adsorption

It is estimated that over 280,000 tonnes per year of various dyes are discharged into
water bodies globally (Ogugbue and Sawidis 2011). A good percentage of these dyes
are not effectively treated before release into waste water (Gita et. al 2017). These dyes
poses a huge environmental challenge to the biodiversity and the usability of these
water bodies. Microbial contamination in water is on the increase due to exponential
growth in human population leading to increased production of sewage, medical and
industrial waste (Jabeen 2011). The need to rid water bodies of both textile effluent
(dyes) and microbial contamination is of utmost necessity as water is becoming a scare

commodity.

Various methods have been developed for the treatment of waste water, these include
physical water treatment, biological water treatment, chemical treatment, and sludge

treatment (online 2018). These methods are effective but they take time and usually
11



involve high energy demand leading to higher cost. An extensive review of the
advantages and disadvantages of these method has been published (Hameed 2009;
Salleh et. al 2011). Sorption technology which is a hybrid of physical and chemical
treatment method has gained prominence as a result of the low cost of operation and

its effectiveness (Bhatti et. al 2012; Bhatti and Safa 2012; Mittal et. al 2010 ).

Diverse techniques utilizing low-cost adsorbents have been successfully advanced for
dye removal (Daraei et. al 2013; Noreen et. al 2013). In recent years, hydrogel-based
materials have been widely studied because of their beneficial properties and have
been used in water treatment, bio-sensing, biomedical engineering, agriculture and
horticulture (soil water conservation and agro-chemical slow release), drug delivery,
and sanitary products (disposable diapers and female pads) (Puoci et. al 2008;
Kosemund et. al 2009). Hydrogels are polymeric materials with three dimensional
networks retaining a large quantity of water within their structures (Buenger et. al

2012; Holback et. al 2011).

Hydrogel made purely from synthetic materials and metal ions have their drawbacks,
this is due to their environmental impact and toxicity to living cells when used as
antibacterial agent (Grade et. al 20). Moreover nanoparticle based hydrogels
development has been restricted due to their physical and chemical instability (Li et.
al 2018). Formulation of antimicrobial hydrogel without the incorporation of heavy

metal nanoparticle is therefore imperative to overcome their cytotoxicity.

To address these drawbacks, researchers have focused their attention on the synthesis
of polysaccharide based hydrogel with high water retaining capacity and improved
antibacterial activity. Asgharzadehahmadi et al. (2013) prepared hydrogel based on
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polyacrylamide and carboxymethyl containing magnesium oxide nanoparticle with
antibacterial activity against Escherichia coli (E. coli) a gram negative food pathogenic
bacteria. They stated that the zone of inhibition against E.coli was three times less
without the addition of magnesium oxide nanoparticle. Ye etal (2016) also
synthesized a hydrogel with maleilated chitosan and thiol derivatised hyaluronan using
a facile one-pot approach via Michael addition reaction.

1.3.3.1 Adsorption Isotherms

1.3.3.1.1 Langmuir Isotherm

The Langmuir isotherm describes a monolayer sorption onto a homogenous surface

and is given by equation (1) (Langmuir 1916).

1 1 1

1oLy ®

de dm K1qmCe

The most important feature of the Langmuir isotherm R, known as the dimensionless
constant separation factor helps to foretell if an adsorption system is favorable or
unfavorable and is given by equation (2). Adsorption System is favorable when (0 <

Ri.< 1), Unfavorable (R.> 1), linear (R =1), irreversible (R =0),

1
T 1+ KL Co

)

R,

Where Ceis the (mg/dm?d) is the dye concentration at equilibrium in solution. ge (mg/g)
is the dye concentration onto the adsorbent. gm (mg/g) is the MB concentration onto
the adsorbent when monolayer forms. Co (mg/dm?®) is the initial dye concentration. K.
is the Langmuir constant (dm3/mg).
1.3.3.1.2 Freundlich Isotherm
The Freundlich isotherm describes adsorption on a surface that is heterogeneous with
an exponential distribution of active sites (Freundlich 1907). It is given by equation
(3).

Inq, = InKp + %lnCe (3)
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where Kr (dm3/mg) and n are Freundlich constants, derived from the plot of Inge versus
InCe. The variables Kr and 1/n are linked to adsorption capacity and the adsorption
intensity of the system. The size of the expression (1/n) offers an insight of the
favorability of the adsorbent/adsorbate systems (Levan and Vermeulen 1981).
1.3.3.1.3 Redlich-Peterson Isotherm

A mixture of the Langmuir and Freundlich isotherm represents the Redlich-Peterson
isotherm. The parameters on the numerator is from the Langmuir isotherm and
approaches the Henry region at infinite dilution (Davoundinejad and Gharbanian
2013). It is a three parameter isotherm incorporating Langmuir and Freundlich
equations, consequently the adsorption mechanism is a blend and monolayer
adsorption is not followed (Brouers and Al-Musawi 2015).

The expression for the model is as follows:

AC,
Qe = 1+8c? ()

Where A is Redlich-Peterson isotherm constant (dm?/g), B is constant (dm3mg), S is
exponent that lies between 0 and 1, Ce is equilibrium liquid-phase concentration of the
adsorbent (mg/dm?®), and e is equilibrium adsorbate loading on the adsorbent (mg/g).
The equation is reduced to the Freundlich equation at high liquid-phase concentration.

ac;™F

g = 2 ©)

e B

where A/B = Kr and (1-$) = 1/n for the Freundlich isotherm model.

When g = 1, this is reduced to Langmuir equation with b = B (Langmuir adsorption

constant ( dm®/mg which is connected to the energy of adsorption).

A = bgmi where gmi is Langmuir maximum adsorption capacity of the adsorbent (mg/g);

when f = 0, the Henry’s equation is obtained with 1/(1+b) denoting Henry’s constant.
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Redlich-Peterson isotherm can be expressed in the linear form as (Kiseler 1958):

n<= ginC,-inA (6)

de

Plotting In (Ce/ge) against In Ce allows the calculation of Redlich-Peterson constants,
with £ as slope and A intercept ( Ng et al. 2002, Wu et al. 2010).

1.3.3.1.4 Sips Isotherm

The Sips isotherm is a combined expression of Langmuir and Freundlich isotherms
which is given by the expression in (7). It represents a system in which one adsorbed
molecule likely fills more than one active site (Srenscek- Nazzal et al. 2015).

_ quSCfS

Qe = 1+Kscfs (7)
Where K is the model constant (dm3/mg), gm is the Sips maximum adsorption capacity
(mg/g), and g is the Sips exponent outlining heterogeneity. The linearized expression

of Sips isotherm is given as (8) :
Ks
B,InC, = —In (q—) + InK, 8)

The limitation of Freundlich model can be avoided by using this model which is
suitable for forecasting adsorption on heterogeneous surfaces when adsorbate
concentration is increased (Travis and Etnier 1981). This model is reduced to
Freundlich model at low adsorbate concentration and at high adsorbate concentration
the Langmuir model is predicted. The terms of Sips model isotherm are dependent on
changes in temperature, concentration and pH (Chen 2012; Elmorsi 2011; Foo and
Hammed 2009).

1.3.3.2 Adsorption Kinetics

Adsorption of MB dye onto VCS-CT-g-PAAmM hydrogel was performed by extracting,
taking the absorbance of the sample and analyzing the results at a given time interval

of 30, 60, 120, 240, 360, 1440 min. The kinetic experiments were performed with an
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initial MB dye concentration of 20 mg/dm® and at a temperature of 300 K. The

following equation was used in calculating the amount of dye adsorbed at time t.

_ (Co-Cp)v
M

t (9)
where Co (mg/dm®) and C: (mg/dm?q) are the initial and time t concentrations of dye
respectively. M (g) is the mass of hydrogel and V (dm?) is the volume of solution used.
1.3.3.2.1 Pseudo First Order (PFO)

This is the most extensively used kinetic model to predict dye adsorption onto

adsorbent. The kinetic model is represented by the following equation (10):

2= k(g - q0) (10)
where ki (mint) is the rate constant of the first order adsorption, q: (mg/g) adsorbed
amount at time t (min) and ge (Mg/g) adsorped amount at equilibrium. Applying
integration at these given conditions gt =0 att =0 and g: = g:at t =t gives the following

equation(11):

log(q. - qc) = log q. - (5=t (11)

2.303

The absorption rate k1 can be calculated from a plot of log(q. - q;) verses t.
1.3.3.2.2 Pseudo Second Order (PSO)
The second order kinetics can be represented by the following equation (Ho and

Mckay, 1999):

dq

T k,(qe - CIt)Z (12)

integrating the above equation under the following conditions gt=0att=0and g:=
gt at t =t gives equation (13).

t 1 t
— + = 13
¢ k20%  4qe ( )

The rate constant k> (g/mg min) and ge can be gotten from the intercept and slope

when a plot of t/q: verses t is made.
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1.3.3.2.3. Elovich Kinetic Model

The activation, deactivation energy, surface diffusion and mass of a system is predicted
by this model. An assumption is made that as the amount of adsorbed solute increases
the rate of adsorption of solute decreases exponentially (Kajjumba et al 2018). The

Elovich model equation is represented below:

d —

% = o exp Bat (14)
As gt =0, dgi/dt = o which is the initial adsorption rate (mg/g.min), and f is desorption
constant. The Elovich model can be linearized after integrating and applying the limits

for t (0, t) and qg: (0, qv).

1

qe =3[t + |5 n@p) (15)

As the system approaches equilibrium ¢ » /a3, therefore equation (15) changes into:

q: = %ln[aﬁ] + %lnt (16)

The type of adsorption on the heterogeneous surface of the adsorbent can be identified
by a plot of gragainst t, and tells if its chemisorption or not (Kajjumba et al. 2018).
1.3.3.2.4 Boyd Kinetic Model

Boyd model is useful in determining the rate controlling step or slow step in an
adsorption activity. The information obtained from the graph of Boyd plot gives an
indication of the kind of mechanism involved in the adsorption process. If the straight
line on the plot passes through the origin then the particle diffusion mechanism is
obtainable, but if the straight line doesn’t pass through the origin then the film diffusion
or bulk mass transport mechanism is obtainable (Elkady et. al 2016). The Boyd kinetic

model is represented by the expression in equation (17).

F=1- (%) exp(—B;) @17
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Where B is the function F that represents the fraction of adsorbed solute at different

times t.

_a
F=i (18)

Where gt (mg/g) is the amount adsorbed at time t and g, stands for the amount adsorbed

at infinite time. Replacing F = Z—t into equation 18, the expression is then written as:

B, = —0.4978 - In (1 -g—;) (19)

1.3.4 Chitosan Hydrogels in Dye Adsorption

Several chitosan hydrogels have been synthesized for the removal of various dyes and
heavy metals in waste water treatment. A number of studies have utilized the abundant
natural biopolymer CT in combination with other synthetic polymers. A study by Al-
Mubaddel et al. (2015) synthesized chitosan polyacrylonitrile (CS/PAN) hydrogel for
the adsorption of rhodamine B (RB) in aqueous solution, and had an adsorption
capacity of 21.90 mg/g. Peng and co-workers (2015) studied the adsorption capacity
of chitosan-halloysite nanotubes (HNTs/CS) hydrogel for the removal of methylene
blue (MB) and malachite green (MG) from waste water with an adsorption capacity
of 75.37 mg/g and 276.9 mg/g achieved respectively. Jin and Bai (2002) were able to
synthesize chitosan-poly(vinylalcohol) (PVA-CS) hydrogel and used it for the

adsorption studies of Pb?*, an adsorption capacity of 2 mg/g was obtained.

Another study carried out by Ma et al. (2017) used chitosan-polyacrylamide
(CS/PAM) hydrogel for the adsorption of Cd?*, Cu?* and Pb?*, an adsorption capacity
of 86, 99.4, 138.4 mg/g was recorded respectively. Chatterjee et al. (2009) synthesized
chitosan-cetyl trimethyl ammonium bromide (CTAB-CS) hydrogel and used it for the
adsorption of congo red, 352.5 mg/g was gotten as the adsorption capacity. Adsorption

study by Zhao and Mitomo (2008) using carboxylmethyl cellulose chitosan (CM
18



cellulose/CS) hydrogel to adsorb Cu?*, obtained 169.4 mg/g as the adsorption capacity
of the hydrogel. A sodium alginate-water soluble chitosan (NaAlg/WSC) hydrogel was
synthesized by You et al. (2015) and was used for the adsorption of heavy metals ions,

acidic and basic gas.
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Chapter 2

EXPERIMENTAL

2.1 Materials

All chemical reagents are analytical grade (> 98.5%), and distilled water was used in
all experiments as a solvent. Vinyltrichlorosilane, sodium bisulfite and chitosan with
a deacetylation degree of 85 % and molecular weight of 400,000 g/mol, acrylamide,
N’,N’ isomethylacrylamide, benzaldehyde, Methylene blue (MB) and ammonium
persulfite were purchased from Sigma—Aldrich (St. Louis, USA). All other solvents
such as acetone, acetic acid, hydrochloric acid, methanol and ethanol were purchased
from Merck (Darmstadt, Germany). Blood agar, Muller-Hinton Agar (MHA) and
Mueller-Hinton broth (MHB) were obtained from Merck. The E. coli (ATCC-CRM-
8739TM), Kleb spp. (ATCC 4352), E. faecalis (ATCC 29212), S. aureus (ATCC-

CRM-6538TM) and Methicillin-resistant S.aureus.

2.2 Grafting

2.2.1 Grafting of Trichlorovinylsilane onto Chitosan Backbone

The CT-g-VTCS derivatives were synthesized as shown in Figure4. The preparation
procedure contains two different pathways; specifically, the heterogeneous grafting of
excess VTCS onto chitosan backbone and the homogeneous grafting of VTCS onto N-
protected chitosan in the presence of sodium persulfate initiator. For details, 1 g CT
was firstly dispersed in 1% glacial acetic acid (100 mL) and stirred for 6 h at room
temperature to obtain a homogeneous solution. To ensure that VTCS reacts selectively
with the OH position of chitosan backbone, the NH> position was protected as
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described in (Gazi and Sayeh 2012). In order to protect amino groups, (1.0 g) sample
was placed in ethanol (10 mL) and 4 g benzaldehyde was introduced to this mixture.
The reaction was carried out for 12 h at room temperature. The product was filtered
and washed several times with ethanol and dried at 40°C overnight. To de-protect the
amine group of chitosan, 1.2 g of the product was wetted with 12.5 mL of water for
1 hand 50 mL of hydrochloric acid (0.5 M) was added to the mixture and stirred (500
rpm) at room temperature overnight. The product was filtered and washed several

times with acetone, ethanol, and water, respectively and dried at 40°C.

Afterwards, 1 mL of VTCS in ethanol/water solution (25 ml, v/v = 98/2) was prepared.
4 mL VTCS (0.2 mol/L) solution was then introduced into the N-protected chitosan
solution in the presence of a predetermined amount of sodium persulfate initiator
(Na2S20s) in a three-necked round bottom flask. The mixture was allowed to react for
12 h in the presence of nitrogen gas over an oil bath at 60 °C. Finally, the product was
casted on a petri dish; then precipitated in 3:2 ethanol-methanol mixture (200 mL) and
vacuum dried at 60 °C to obtain water-soluble CT-g-VTCS as shown in Figure5 (path
A). In contrast, a densely crosslinked chitosan-graft-poly(trichlorovinylsilane) was
obtained when an excess of VTCS (10 mL) was introduced into the CT solution. The
obtained product was then precipitated and purified as described above; then dried
overnight and named as CT-g-VTCSB (path B).

2.2.2 Grafting of Acrylamide onto Trichlorovinylsilane-Chitosan Backbone

4 g medium molecular weight chitosan was weighed into a bottle, 10 mL of
vinyltrichlorosilane was added and allowed to soak the chitosan for 3 days. After
complete soaking and interaction with chitosan, the bottle was opened and excess
fumes of VTCS allowed to escape. The VCS-CT was properly stored in a corked

container.
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50 mL 2.5% acetic acid was added into a conical flask containing 0.5 g of VCS-CT,
this was allowed to stir overnight until complete dissolution. 10 mL of the VCS-CT
solution was used in the preparation of the hydrogel by adding varying amount of
acrylamide (0.9 g, 0.7 g, 0.5 g, 0.3 g), 0.05g N’N-methylbisacrylamide (crosslinker)
and 0.05 g ammonium persulphate (initiator). The reaction was carried out at 70-80 °C

until gel was formed.

Finally, the product was washed several times with distilled water and acetone and
then dried at room temperature until constant weight was obtained.

2.2.3 Calculation of Percent Grafting

The percent grafting can be calculated for both homogenous and heterogeneous
reactions using the equation below.

] copolymer (g) — chitosan(g)
Grafting (%) = chitosan (9) x 100

2.3 Characterization

2.3.1 Fourier Transform Infrared Spectrophotometry (FTIR)

A Perkin-Elmer FTIR-8700 spectrophotometer was used to characterize the functional
groups in the samples in the range of 4000-500 cm™2.

2.3.2 X-ray Diffraction (XRD)

Powder XRD (X-ray diffraction) patterns were recorded using a D-8 Advance
diffractometer (Bruker-AXS, Germany) operated at 40 kV, 30 mA, step size of 2" and
Cu Ka radiation (A=1.5417 A). The crystalline phases of the samples were matched
and identified using standard JCPDS files. The nitrogen isotherms were determined at
—196 °C on an Autosorb analyzer (QuantaChrome, USA), and the specifc surface areas
and pores distribution were evaluated from the nitrogen isotherm using the Brunauer—
Emmett-Teller (BET) and Brunauer—Joyner—Halenda (BJH) equations, respectively.
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2.3.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)
Scanning electron microscopy (SEM, JEOL, Japan) fitted with an energy dispersive
X-ray (EDX) was utilized to characterize the morphology and the chemical

compositions of as-synthesized samples.
2.4 Solubility of CT-g-VTCS and CT

The solubility of dried CT and CT-g-VTCS in distilled water, acetic acid and
phosphate-buffered solution (pH 7.4) at room temperature was investigated. In brief,
0.1 g of each sample was suspended in 10 mL liquid media and stirred for 5 h at 25 °C.
The undissolved solids were then passed through a filter membrane of pore size
0.45 um and dried in the oven at 50 °C until constant weight was attained. The
solubility (S%) was calculated according to Eq.20 where w represents the weight of

undissolved sample (g):

0.1-w0.1
0.1

S% = x 100 (20)

2.5 Determination of Point of Zero Charge (PZC)

The salt addition method was used in measuring PZC as reported by Mahmood et al.
(2011). A weighed mass of hydrogel (0.025 g) and 0.01 M NaCl (25 mL) were mixed
in 250 mL flask. The pH of the mixtures were adjusted between 2, 3, 4, 5, 6, 7, 8, 9,
10 using 0.1 M HCI or 0.1 M NaOH. The flask were agitated on a shaker for 24 h ,
after which the final pH was measured. The ApH values is plotted against the initial
pH values. The initial pH at which ApH is zero was taken to be the PZC ( Mahmood

et al. 2011; Tan et. al 2008; Anderson and Rubin 1981).
2.6 Dye Adsorption Experiments
2.6.1 Preparation of Calibration Curve

The calibration curve for the adsorption test was made by dissolving pre-weighed

amount of MB in distilled water. 2, 4, 6, 8, 10, 20 and 100 mg/L were prepared from
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a stock solution of 250 mg/L concentration. The various concentrations of MB
solutions were adjusted to pH 9 and the absorbance reading of each concentration read
using a UV spectrophotometer. A graph of absorbance vs concentration (mg/L) was
then plotted and used to estimate the amount of MB adsorbed onto VCS-CT-g-PAAmM

hydrogel. The calibration curve is illustrated below.
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Figure 5: Calibration Curve of Methylene Blue for the Estimation of Dye Uptake by
Adsorbent.

2.6.2 Batch Adsorption Experiment.
Batch adsorption experiments were performed at a temperature range of 25-50 °C

using a set of 250 mL Erlenmeyer flask containing 0.025 g of adsorbent and 25 mL of
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MB solution of different initial concentrations (10-100 mg/L). The MB solution was
adjusted to varying pH range (2-12) using 1 M HCI and 1M NaOH solutions, this was
then shaken at an agitation speed of 205 rpm for 1,440 min. After equilibrium is
achieved, decantation and filtration were carried out and the equilibrium concentration
of the dye was determined using a UV-visible spectrophotometer at maximum
wavelength of 665nm. The percentage removal of MB dye and amount of dye adsorbed

were calculated using the following equations.

% Removal = (C"C;Ce) * 100 (21)

0

ge =2y (22)
where Co and Ce (mg/L) are the initial dye concentration and equilibrium dye
concentration at a given time:

- ge (mg/g) amount of MB dye in mg per gram of adsorbent.

- V (dm?®) volume of solution

- M (g) mass of hydrogel used

2.7 Swelling Studies of Hydrogel

Hydrogels (polyacrylamide and VCS-CT-g-PAAm with varying amounts of
acrylamide) were immersed in buffered solutions of pH 2, 7 and 9 with temperature
set at 25 °C was used to determine their swellability. The pH of the solutions was
adjusted using 0.1 M HCl and 0.1 M NaOH. 0.05 g of hydrogel was placed in a beaker
and filled with 50 mL of buffered solution and left for a specified time interval in other
to attain equilibrium swelling. The excess water was blotted out using a filter paper

before weighing. The swelling ratio was determined by the equation below,

Swelling % = [, 100 (23)
W,
0
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Where W, is the weight of swollen hydrogel at a given time, and Wp is the initial weight

of the samples. The test was carried out in triplicate to obtain obtain a mean value.
2.8 Antibacterial Susceptibility Tests

2.8.1 Preparation of Blood Agar (BA)

10 g of blood agar base powder was dissolved in 238 mL of distilled water in a 500
mL conical flask and mixed thoroughly with frequent agitation and heating until it
dissolved completely. The mixture was then autoclaved for 15 min at 121 °C and 776
mmHg. It was then allowed to cool down to 40 °C after which 12 mL of sterile blood
was added and mixed thoroughly before pouring into sterile petri dishes.

2.8.2 Preparation of Muller Hinton Agar (MHA)

9.5 g of MHA powder was dissolved in 250 mL distilled water and mixed thoroughly
with frequent agitation and heating until it dissolved completely. The mixture was
autoclaved for 15 min at 121°C and 776 mmHg. It was allowed to cool down to 50 °C
before pouring into sterile petri dishes.

2.8.3 Preparation of Muller Hinton Broth (MHB)

This media is used for the determination of minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC). 5.25 g of MHB dry powder is
dissolved in 250 mL distilled water and mixed thoroughly with frequent agitation until
completely dissolved. The mixture is autoclaved for 15 min at 121°C and 776 mmHg.
It was allowed to cool down then used for the antibacterial susceptibility test.

2.8.4 Antibacterial Susceptibility Test for CT-g-VTCS Film

E. faecalis, E. coli, Kleb spp., S. aureus and Methicillin-resistant S. aureus bacterial
strains were selected as the target microbes to evaluate the antibacterial properties of
the samples using the broth dilution and agar disk diffusion methods. The

microdilution method was used as described previously by Aleanizy et al. (2018) with
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some modification. The test microbes were grown for 20 h at 37 °C on Mueller—
Hinton Agar (MHA; BD Diagnostic Systems, Sparks, MD, USA) except for MRSA
strains, for which mannitol salt agar (MSA; BD Diagnostic Systems, Sparks, MD,
USA) supplemented with 4% cefoxitin was used. The turbidity of the suspension was
adjusted to 0.5 McFarland standard. Hundred microliters of the bacterial broth
suspension was inoculated into 96-well microtiter plates, containing different
concentrations of the samples (CT and CT-g-VTCS) serially diluted in cation-adjusted
Mueller—Hinton broth (CAMHB, pH adjusted to 5.9). The obtained suspensions were
incubated for 8 h at 37 °C. Then, 0.5 mL of the above solution was spread on an agar
plate and cultured at 37 °C overnight. Control experiments without the samples (CT
and CT-g-VTCS) were conducted in the same manner; and the bacterial growth was
measured periodically. Count of viable colonies was read and multiplied by a dilution
factor. Each experiment was performed in triplicate, and an average value was
obtained. The minimum inhibitory concentration (MIC) was recorded as the lowest
concentration of the samples where no visible growth was observed in the wells of the
microtiter plates. The inhibition rate (AR%) was calculated using Eg. (24); the
antibacterial activities of the CT and CT-g-VTCS were further tested through the agar
disk diffusion method and the zone of inhibition was measured:

* X, —h* X,

AR(%) = 2 x100 (24)

a*X,

where Xo and x; are the number of colony-forming units (CFU/mL) in the absence of
antibacterial agents and in the presence of antibacterial samples, respectively. The
bacterial liquid dilution factors without and with antibacterial samples are represented

by a and b, respectively.
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2.8.5 Antibacterial Susceptibility Test for VCS-CT-g-PAAmM Hydrogel

The target strains used in the antibacterial test were gram-positive S. aureus and gram
negative E. coli bacteria. The spread plate method was used as described previously
by Xin et al. (2016) with some modification. Freshly cultivated microbe were grown
on Mueller Hinton Agar (MHA; BD Diagnostic Systems, Sparks, MD, USA), for 20h
at 37°C. Bacterial solution was prepared and the suspension turbidity adjusted to 0.5
McFarland standard. A further dilution was made to give a final concentration of 1*10°

CFU.

Pre-weighed amount of the hydrogels were put into 6-well plates containing 5 mL of
bacterial suspension (1*10% CFU) , and kept for 2-24 h at 37 °C. At each time interval
10 uL of the bacterial suspension was removed from the well plates and serial dilution
was carried out and a final 20 uL was then spread unto a blood agar plate, which were
then incubated for 20 h at 37 °C and the grown colonies counted out. A test control
was also performed without the hydrogel samples. The experiments were carried out

in triplicate. The hydrogel killing percentage was calculated using the equation below.

Hydrogel klllmg (%) — [(Ncontrol —Nsample) * 100 (25)

Ncontrol

(Ncontrol @and Nsample are the the number of colony forming units at the end of the
incubation period on the blood agar plates of the control and hydrogel samples

respectively.)
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Chapter 3

RESULTS AND DISCUSSION

3.1 Grafting

The fabrication of CT-g-VTCS film with enhanced water solubility and improved
antibacterial action was successfully synthesized through free radical graft
polymerization as can be seen in the schematic pathway below (Figure 6). Path A gave

a water soluble chitosan derivative and path B gave a crosslinked chitosan derivative.

Path B Path A
1 4
a = \ )’
/&( I\S /f OH cHo <\'F ‘ \s/ﬁ h "
| 0 ------ 'n
(0 a c‘/ \r 0 i) @ C'/ \.’I \(J
Excess - " ¢
. a5, {
Hal o' M EtOH b '
ojl \M = Chitosan
J/Cl \ ﬁ N-protected \-J
5 S
1 / C
( \ a
‘ a A
. d o F HCl
T VA
: S, a0—si (deprotection)
O (]
0
0 0 p
{l 0 °
PN :
O —si—l ' ~q [ M,
i, “Q : Chitosan-graft-poly (vinyltrichlorosilane)
o Y water-soluble

Crosslinked Chitosan-graft-poly(vinyltrichlorosilane)
non-water soluble

Figure 6: Schematic Pathways for the Synthesis of Chitosan-Graft-Poly
(Trichlorovinylsilane) Derivatives.
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The evidence of grafting can be seen from the physical characteristics of the products
as while as spectrophotometric, imaging and constitutional characterization. The
grafted products from CT-g-VTCS film and VCSCT-g-PAAmM hydrogel can be seen
in Figure7 and Figure8 respectively and the clear distinction from the initial starting
materials can be observed from the images. The percentage grafting obtained was in

the range of 48-80 %.

Figure 7: Images of (a) Outer View of Water Soluble CT-g-VTCS Grafted Film (b)
Inner View of Water Soluble CT-g-VTCS Grafted Film (c) Water Insoluble CT-g-
VTCS
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Figure 8: Images of (a) Dry VCS-CT-g-PAAmM Hydrogel (b) Swollen/Wet VCS-CT-
g-PAAmM Hydrogel (¢) MB Adsorbed VCS-CT-g-PAAmM Hydrogel

3.1.1 Characterization of Grafted Vinyltrichlorosilane-Chitosan

3.1.1.1 Fourier Transform Infrared Spectrophotometry (FTIR)

The FTIR spectra of the samples are shown in Figure 8. The water insoluble product
obtained via path B (Figure 6) was not characterized due to its lower antibacterial
activity; hence, water-soluble CT-g-VTCS is discussed herein. The chitosan spectrum
shows typical characteristic peaks of polysaccharide (Gritech et al. 2018; Yan et al.
2019; Chylin’sk et al. 2019; Amad et al. 2016; Ahmad et al. 2019; Algahtani et al.
2019, Kong et al. 2010). The strong band in the region of 3288-3489 corresponds to
the N-H stretching and the intramolecular hydrogen bonds. The distinct peaks at 1642,
1356 and 1574 cm—1 confirmed the presence of residual N-acetyl groups (stretching
of amide I: C=0), (stretching of amide I1l1: C—N) and bending vibrations of amide 1I:
N-H) (Oladipo 2015) as well as the symmetric C—H absorption band at 2921.3 cm™.
Ahmad et al. (2016) and Ahmad et al. (2019) reported similar peaks for chitosan. In

the case of VTCS-m-CT, the amide I-I1l bands are obviously less affected except the
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slight reduction in the band at 1727.2 cm*. Notably, the band at 969.4 cm™ in the
VTCS-m-CT is attributed to Si—O-C-O= group which might be indicative of
interaction of O—H bending in the chitosan and the Si—Cl of the TVS (Sluszny et al
2001). Also, the obvious characteristic peaks at 572.7 and 698.2 cm™* are indicative of
Si—ClI (bend) and 3064-3020 cm™, indicating the availability of the Si-CH=CH2

group (Sluszny et al 20012; Komata et al. 2016).

C =0 stretching

Chitosan /
~N
Amide I/

O-H bending
Amide Il
CH stretching miee

stretching

CT-g-VTCS

Transmittance (%)

T — T T T 1 T
3500 3000 2500 2000 1500 1000 500

Wavenumber (em)

Figure 9: (a) FTIR Spectra of Chitosan and Prepared CT-g-VTCS Film

3.1.1.2 X-ray Diffraction (XRD)

XRD patterns of the samples are shown in Figure 10. The distinct chitosan peaks are
observed at 260=10.4° and 20=19.8° (Yusof 2019) which demonstrate the existence of
crystallinity in the CT sample. Although the intensities of these peaks decreased in the

XRD pattern of CT-g-VTCS. The interaction of VTCS with chitosan results in the
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appearance of peaks at 20 values 28.1° (111) and 47.3° (220), which correspond to
silicon peaks and are consistent with the reflections indexed in standard X-ray
diffraction powder patterns (JCPDS 77-0010). The sharpness of these peaks reflect the
crystalline nature of the CT-g-VTCS, and the XRD results are consistent with the
observed functional groups in the FTIR. The nitrogen adsorption isotherms results
indicated that the CT-g-VTCS exhibits type-1V isotherms according to the ITUPAC
(Oladipo et al. 2015); its BET specifc surface area (288 m? /g) is significantly higher

than that of CT (145 m2 /g). Also, the CT-g-VTCS pore size (2.95 nm) denotes the

presence of mesopores and it is larger than that of CT (2.15 nm).

Chitosan

20 (degrees)
Figure 10: XRD Pattern of Chitosan and Prepared CT-g-VTCS Film

3.1.1.3 SEM and EDX

The SEM and EDX of CT and CT-g-VTCS are represented in Figure 11. CT has a
smooth surface when compared with CT-g-VTCS which has a lump-like structures on
the surface. This dense rough surface of CT-g-VTSC is consistent with a two phase
morphology in graft and block copolymers. This morphology exhibited by CT-g-

VTCS supports the grafting of VTCS onto chitosan backbone. The increased
33



roughness of CT-g-VTCS likely contributed to its higher solubility in water as
molecules of water are able to navigate easily through the pores of the membrane.
Figure 11c shows that the EDX spectrum of CT contains elemental C, N and O, and
the N is attributed to the amine (—NHz) group of chitosan. The presence of elemental
Si and Cl is related to the VTCS in the EDX spectrum of the CT-g-VTCS. Also,
grafting of VTCS onto the CT led to a lower O content; notably, the C/O ratio in CT
is lower than that in CT-g-VTCS. This is attributed to the interaction of the C-6-OH
of the CT with the Si—Cl of the VTCS which is consistent with the FTIR and XRD

results.
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Figurell: (a-b) SEM Images (c-d) EDX Spectra of Chitosan and CT-g-VTCS
Respectively
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3.2 Water Solubility of CT-g-VTCSand CT

The focus of this research is not only to improve the antibacterial activity of chitosan
but also to enhance its water solubility. Therefore, the water solubility of CT, cross-
linked chitosang-g-poly(trichorovinylsilane) (CT-g-VTCSB) and CT-g-VTCS was
compared (Table X). The results show that the transmittance percentage of CT-g-
VTCSB, CT-g-VTCS and CT was 78, 99.6 and 55.8% in distilled water respectively.
Note that the solubility of CT in acetic acid is ~2.5 times higher than that of CT-g-
VTCS in acetic acid indicating that the CT-g-VTCS (18.1 mg/mL) had better solubility
at neutral pH condition than CT (5.5 mg/mL) and CT-g-VTCSB. The improved water
solubility of CT-g-VTCS is caused by the introduction of VTCS groups on the CT
backbone and intensely enhanced crystalline structures of CT-g-VTCS. Hence, CT-g-

VTCS can be directly applied in solutions like ointment used in medical fields.

Table 1: Water solubility and % Transmittance (in H20) of CT, CT-g-VTCS and CT-
g-VTCSB

Polymer Water mg/mL % Transmittance in water
CT 5.5 55.8

CT-g-VTCS 18.1 99.6

CT-g-VTCSB 6.2 78

3.3 Antibacterial Properties of CT-g-VTCS

To determine the efficacy of the synthesized CT-g-VTCS film against viable strains
of bacteria, the minimum inhibitory concentration (MIC) was evaluated. This is the
minimum concentration of the product that is needed to inhibit the growth of bacteria
colonies. The minimum bactericidal concentration (MBC) was also determined. This

is the minimum amount of product that is required to kill viable bacteria colonies.
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3.3.1 Minimum Inhibitory Concentration and Minimum Bactericidal
Concentration

The MICs of the CT-g-VTCS and CT in water and acetic acid were determined to
evaluate their antibacterial activities using the 96 micro well plate (Fig 12). Results in
Figure 13a and Table Z evidently indicated that CT-g-VTCS in water had lower MIC
values for S. aureus and E. coli than CT in acetic acid. The MICs of CT-g-VTCS in
the water against Kleb spp., E. faecalis and MRSA were slightly lower than that of CT
in acetic acid. Under the same conditions (in acetic acid), the MICs values showed that
the antimicrobial activity of CT-g-VTCS is analogous to CT against S. aureus and E.
faecalis. (0.156 mg/mL); however, the CT-g-VTCS exhibited less antibacterial
activity against E. coli, Kleb spp. and MRSA (0.313 mg/mL). This phenomenon might
be associated with the functional groups on the samples and the surface charge of the
bacteria strain (Li et al. 2019). In an acetic medium, the S. aureus carried more negative
charges than E. coli due to its lower isoelectric point; hence, the antibacterial activities
of CT and CT-g-VTCS were dominated by the interaction between the more negatively
charged S. aureus and the positively charged CT and CT-g-VTCS groups. These
results are in agreement with other reports where the chitosan and its derivatives
exhibited lesser antibacterial activity against gram-negative bacteria than gram-
positive bacteria strains (Bakshi et al. 2018; Chen et al. 2016; Yusof et al. 2019; Tabriz
et al. 2019; Li et al 2019). In contrast, the CT-g-VTCS activity is pronounced against
S. aureus (0.039 mg/ mL) and E. coli (0.078 mg/mL) in water than in acetic acid
(0.156-0.313 mg/mL). This may be attributed to the fact that the CT-g-VTCS was
more soluble in water and, thus, could easily interact with the bacteria. The MIC results
of the antibacterial property of CT-g-VTCS against each bacterium defer based on

their cell wall structure. MBC, the lowest concentration of the as-synthesized
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antibacterial agents that kills >99.9% of the initial bacterial inoculum was investigated
as described elsewhere (Abureesh et al. 2018; EI-Shahaw et al. 2018 30). The MBC
values of the CT-g-VTCS in water (3.12-12.5 mg/mL) were comparable to that in
acetic acid (3.33-18.5 mg/mL), whereas CT shows higher MBC values (20.2—
61.3 mg/mL) in the 24-h treatment process. The strong electron withdrawing group (—
Cl-) on the CT-g-VTCS strengthens the positive charge density of CT-g-VTCS and
subsequently reduces the charge density on the bacterial surface causing a decrease in
cell viability and death of the bacteria after 24 h. Furthermore, the time-kill test of CT-

g-VTCS against S. aureus and E. coli was studied.

Sa8ee!

Figure 12: Applications of Broth Microdilution Method (Left) and Yellowish
Growth of MRSA Strain on 4% Cefoxitin Supplemented MSA.
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Table 2: MIC Values of CT and CT-g-VTCS in Acetic Acid and Water

0.156 mg/mL 0.313 mg/mL 0.078 mg/mL

0.156 mg/mL 0.156 mg/mL 0.039 mg/mL

0.156 mg/mL 0.156 mg/mL 0.156 mg/mL

0.156 mg/mL 0.313 mg/mL 0.156 mg/mL

0.156 mg/mL 0.313 mg/mL 0.156 mg/mL
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Figure 13: (a) Minimum Inhibitory Concentration (MIC) (b) Minimum Bactericidal
Concentration (MBC) of CT-g-VTCS and CT Against 5 Bacterial Strains in Acetic
Acid and in Water.

3.3.2 Time-Kill Curve Study

The method for the kill study was reported previously (Blondeau et al. 2015). As
indicated in Figure 13a-b, the control experiments showed that the bacterial species
entered the rapid growth logarithmic phase after 2 h of adjusted phase and then entered
the stable growth phase after 5 h. Meanwhile, the incubation of the bacterial broths
with various concentrations of CT-g-VTCS significantly reduced bacterial growth
during 24 h test. Evidently, obtained results supported the bacteriostatic effect of CT-
g-VTCS, notably in the logarithmic growth phase. Specifically, exposure of
107 CFU/mL S. aureus to 0.325 mg/mL of CT-g-VTCS gave a 6.69 log10 reduction
(~72% kill) in viable cells after 4 h which increased to 8 log10 reductions (>82% kill)

by 24. When the CT-g-VTCS concentration was increased to 5 mg/mL, it gave 5.04
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(E. coli) and to 6.18 (S. aureus) log10 reduction by 24 h (88-93% kill) after 6 h.
Following 24 h of 5 mg/ mL CT-g-VTCS exposure, a ~0.08 log10 reduction (>99.9%

kill) was seen for both bacteria species.
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Figure 14: Time-kill Curve Analyses of the Antibacterial Activity of CT-g-VTCS
Against (a) S. aureus (b) E. coli in Comparison to Control Experiments

3.3.3 Zone of Inhibition

The results of antibacterial activities of CT and CT-g-VTCS using the agar disk
diffusion method are shown in Figure 15. The CT-g-VTCS produced inhibition zones
of 23 and 10.9 mm when exposed to 107 and 10° CFU/mL S. aureus, respectively. In
contrast, 20 mg/mL of CT revealed that the inhibition zone of the chitosan against S.

aureus was smaller than that of the CT-g-VTCS. This further confirmed the
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introduction of VTCS onto the chitosan backbone not only improved its water
solubility but also enhanced its antimicrobial activity. The presented results are in
agreement with other reports on the antibacterial activity of chitosan derivatives
against commonly studied bacteria strains (Gazi et al. 2012; Aleanizy et al. 2018;
Oladipo et al. 2015; Yusof et al. 2019; Tabriz et al. 2019; Li et al. 2019; Abureesh et
al. 2018; El-Shahawy et al. 2018; Blondeau et al. 2015; Pan et al. 2019; Cao et al.
2019; Bharathi et al. 2019; Merlusca et al. 2018; Yu et al. 2018). Table 3 shows the
MIC, MBC and inhibition zone diameters of chitosan and its derivatives against S.
aureus and E. coli. The CT-g-VTCS evidently demonstrated comparatively high
inhibitory effects on the investigated microorganisms; even though the exact
mechanisms by which CT-g-VTCS disrupts the bacterial cells remain unclear, its
improved antibacterial properties and water solubility make it a good candidate for use
in micro-gel cream, ointments and wound dressings. Considering the overall results,
the VTCS grafted chitosan prepared in this study exhibited improved antibacterial and

water solubility properties.
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Table 3: MICs, MBCs and Inhibition Zones of CT-g-VTCS and Reported Chitosan
derivatives

m.- Escherichia col I Staphylococous aureus “

Dosage Solublity MIC

[T 2V1CS Acetic acid - This study
0 Water 7 6.5 - ¥ 6.5 3 This study

‘ 'I:\' ‘I.
5 hetad D0 - 5 % - (g
0 kefexd 1 - - 5 - Yt

LW DIC.CNPs i Acetic acid - - - Htl - 18405 [Algghtani20us]

0 hefcwd - - 5 - - 05 [Braating
(7544 S ke W UK ng (i

Cobzltferite=CT 100 Acetic acid - - - 5 65 05 [HShahawy200)
(T/n0-pvP i Acetic acid - - B - - U [aruraraniih
210
10000

Water - - B - - 145 [Chen 2016]

=

W o Ve - - - - B0 (et
(iprofloxatin 0 Water o - - oy - - Control

CT: Chitosan

CT-MoSz: Chitosan — molybdenum disulfide nanocomposite

LMW.DIC.CNPs: Low molecular weight diclofenac sodium-loaded chitosan
nanoparticles

CTS-GA: Gallic acid-grafted chitosan

CS/ZnO-PVP: Chitosan/zinc oxide-polyvinylpyrrolidone

N-Q3CS: N—quaternary chitosan

Q3B3CS: N—quaternary ammonium-O-sulfobetaine-chitosan

Z: Inhibition zone (mm), MIC, MBC and dosage are in pg/mL.

—: Not reported

Average values of at least three experiments with a standard deviation of <3% are
presented.

A commercial drug (Ciprofloxacin) was used for the control test.
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Figure 15: Digital Images of S. aureus Colonies after Treatment with 20 mg/mL of
CT and CT-g-VTCS for 24 h Showing the Zone of Inhibition.

3.4 Characterization of VCSCT-g-PAAmM hydrogel

The synthesis of chitosan-poly(vinyldichlorosilane) graft polyacrylamide is illustrated
by the scheme below (Figure 16). An inter penetrating network (IPN) of PAAm and

VCS-CT is formed in the presence of APS and MBA as the crosslinker.
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Figure 16: Schematic Pathways for the Synthesis of Chitosan-
vinyltrichlorosilane—graft- Polyacrylamide Hydrogel Derivative.

3.4.1 FTIR Characterization of VCSCT-g-PAAmM Hydrogel

The FT-IR spectra of the hydrogels are shown in Figurel7. From the FTIR spectra of
VCSCT-g-PAAmM hydrogel (Figurel7b) and polyacrylamide hydrogel (Figurel7a),
there is a marked difference in the frequencies band. The characteristic peaks at 561.92
and 766.6cm™ on VCSCT-g-PAAm are indicative of Si-Cl (bend). The strong bands
in the region of 3288-3489cm™ in both spectra corresponds to the, N-H stretching and

the intramolecular hydrogen bonds. The distinct peaks at 1654 and 1608 cm™ on both
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spectra confirmed the presence of residual N-acetyl groups( stretching of amide
I:C=0) and (bending vibration of amide II:N-H); as while as the symmetric C-H

absorption band at 2929cm

149,56

—VL— 16092
165486 -

Traomnsmititonce
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Wavelength cm-1

Figure 17: FTIR Spectra of (a) Polyacrylamide Hydrogel (b) VCSCT-g-PAAM
Hydrogel

1608 \
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3.4.2 Effect of Gelation Time

Figure 18 shows the hydrogels with different molar ratios of PAAm and VTCS-m-CT
all formed within 15mins. As the amount of acrylamide decreases the gelation time
incresaes, which can be attributed to reduction in the available site of reaction on the

acrylamide chain.

Figure 18: Hydrogel Formation with Different Ratios of Vinyltrichlorosilane
Chitosan/Acrylamide Combination. Molar Ratio of Acrylamide Increases from Left
to Right 0:1, 1:3, 1:5, 1:7 and 1:9.

3.5 Dye Adsorption Parameters

3.5.1 Effect of Adsorbent Dosage

The adsorption efficiency of adsorbent dosage was studied using 0.025-0.075 g and 25
mL of 10 mg/L adsorbate at 25 °C and pH 12. As can be seen in Figurel9 the
adsorption efficiency of the adsorbent slightly increases with increase in dosage. This
can be attributed to the increased number of available active sites for adsorption on the
adsorbent (Anwar et. al 2010), although no significant increment was noticed after

0.075 g.
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Figure 19: Effect of Dosage on the Adsorption of MB Onto VCS-CT-G-Paam
Hydrogel

3.5.2 Effect of Concentration of Dye

The effect of initial MB concentration on the amount of dye adsorption and percentage
removal of dye was studied and can be seen in Figure20. Different concentrations of
MB were prepared ranging from 10-100 mg/L and the experiment was carried out at
25 °C, pH 12 and for 24 h. As the concentration of MB increases there is an enhanced
increase of the uptake of MB dye onto VCS-CT-g-PAAmM hydrogel (Figurel8b). This
can be attributed to increased collisions between the dye molecules as a result of bulk
density of the dye molecules thereby prevailing over any liquid to solid phase barrier.
Nevertheless, there was a gradual decrease in the percentage removal of dye
(Figurel8a), with complete adsorption been achieved at lower concentration. With the
increase in MB concentration , the adsorbent active sites bind to the dye molecules and
gets to a point of saturation where no dye molecules can be adsorbed(Olgun and Atar

2012).
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Figure 20: Effect of Initial Dye Concentration on the Adsorption of MB onto VCS-
CT-g-PAAmM Hydrogel

3.5.3 Effect of pH of Dye Solution

The effect of pH of the dye solution was studied and varied between 2-12. From the
results obtained the adsorption of MB increases as the pH increases as can be seen
from Figure21. The maximum adsorption occurred at pH 12, this is consistent with the
adsorption of acrylamide based hydrogel at higher pH as reported by other
researchers.Protonation of functional groups such as carboxyl and alcoholic groups
occurs at pH <3, this decreases the adsorption efficieny while deprotonation of these
functional groups occurs at pH > 8 and increases the adsorption efficiency (Al-qudah

et. al 2014).
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Figure 21: Effect of pH on the Adsorption of MB onto VCS-CT-g-PAAmM Hydrogel

3.5.4 Effect of Temperature

Temperature effect studies for the adsorption of MB onto VCS-CT-g-PAAmM was
performed at 25, 35 and 50 °C for 24 h using 25 mL of 20 mg/L adsorbate solution and
0.05 g of adsorbate at pH 12. There was a minimal increase in the adsorption of MB
as the temperature was increased signifying an endothermic process. The adsorption
capacity of MB increased from 9.753-9.777 mg/g onto the VCS-CT-g-PAAm hydrogel
at 25-50°C as seen from Figure 22. This can be ascribed to the increase in the kinetic
energy of the MB molecules giving them adequate energy to prevail over the bulk layer

and be adsorbed onto the crevice of the hydrogel network (Chen et. al 2011).
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Figure 22: Effect of Temperature on the Adsorption of MB onto VCS-CT-g-PAAM
Hydrogel.

3.6 Adsorption Isotherms

To fully understand the adsorption behaviour of the the prepared VCS-CT-g-PAAM
hydrogel, four adsoprtion isotherm models (Langmuir, Freudlich, Redlich-Peterson
and Sips) were used. The linearized forms of their equations are given in equations 4,
6, 9 and 11 respectively. The calculated values of each isotherm are presented in Table
4. Fig 23, 24, 25 and 26 illustrates the different isotherms of Langmuir, Freundlich,
Redlich-Peterson and Sips respectively. The obtained experimental data fitted well
into the four models, however the correlation coefficient for Langmuir (R?) 0.986 was
observed to best fits the data obtained as compared to other models. The RL values
(Figure25) obtained from Langmuir isotherm ranged from 0.703-0.283, indicating that

the monolayer adsorption of MB onto VCS-CT-g-PAAmM hydrogel was favourable.
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Table 4: Adsorption Isotherm Parameters for Adsorption of MB onto VCS-CT-g-

PAAmM hydrogel.

R? KL n = Ke Qm
(L/mg) (mg/g) | (mg/g)
Langmuir model 0.986 0.042 - 0.703- |- 93.45
0.283
Freundlich 0.978 - 1.42 - 1.21
model
Redlich-Peterson 0.888 - - - -
model
Sips 0.987 - - - -
0.12 -
y = 0.0422x + 0.0147
R? = 0.986

0.1 -
0.08 -
é’fo.oe 1
0.04 -
0.02 -

O T T T T 1

0 0.5 1 1.5 2 2.5

1/Ce

Figure 23: Langmuir Adsorption Isotherm with Plot of 1/ge vs 1/ceand R?0.986
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Figure 24: Freundlich Adsorption Isotherm with Plot of log ge vs log ce and R?0.9784
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Figure 25: Redlich-Peterson Adsorption Isotherm with Plot of log ce/ge vs log ce and
R20.8881
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Figure 26: Sips Adsorption Isotherm with Plot of log(1/ge) vs log ce and R?0.9784
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Figure 27: Separation Factor R. Versus the Initial MB Dye Concentration at 298K.
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3.7 Effect of Time and Adsorption Kinetics

The effect of contact time of the adsorbent with MB was studied and from Figure 28
it can be seen that ge increases with rise in contact time for the decolorization of MB
until equilibrium is achieved. The optimum time was attained at 1440 minutes
thereafter the percentage dye adsorption remained fairly constant. Amount of MB dye
removed was established to be 97%, this showed that VCS-CT-g-PAAmM hydrogel has

excellent dye adsorption capacity.
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Figure 28: Effect of Time on the Adsorption of MB onto VCS-CT-g-PAAmM
Hydrogel

The absorption kinetics was studied with a contact time range of 30-1440 minutes.
Four kinetic models (Pseudo first order (PFO), Pseudo second order (PSO), Elovich
model and Boyd model) were used to fit the experimental data and propose a
mechanism for the adsorption process. Figure 29, 30, 31 and 32 depicts the PFO, PSO,

Elovich and Boyd model respectively. The correlation coefficient (R?) as given in
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Table 5, shows that the experimental data best fits into PFO and PSO model, though

the RZof PSO was slightly higher than that of PFO.

Experimental data fitting into PFO, PSO model and negative value of AH® suggests
that the adsorption process is phyisorption which entails the physical interaction
between the ionic species of the adsorbent and MB. To get further information
regarding the mechanism of the sorption process, the experimental data was fitted into
Body kinetic model, from Figure32 it can be seen that the straight does not pass
through the origin therefore film diffusion or bulk mass transport mechanism was
suggested for the sorption process. This suggested sorption mechanism may be
attributed to electrostatic interaction between the VCS-CT-g-PAAmM hydrogel surface
and the cationic MB dye molecules (Elkady et al. 2016). A subjective comparison
between chitosan derivative hydrogels for the removal of dye pollutants and the

present study is presented in Table 6.
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Figure 29: Pseudo-first-order Kinetics for the Adsorption of MB onto VCS-CT-g-
PAAM Hydrogel
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Figure 30: Pseudo-second-order Kinetics for the Adsorption of MB onto VCS-CT-g-
PAAM Hydrogel.
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Figure 31: Elovich’s Kinetic Model for MB Adsorption onto VCS-CT-g-PAAmM
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Figure 32: Boyd Kinetic Model for MB Adsorption onto VCS-CT-g-PAAmM

Table 5: Kinetic constant for the sorption of MB onto Hydrogel

Kinetic Model Parameter Value
Pseudo first order model K1 (min) 0.0034
R? 0.998

ge (mg/Q) 96.29

Pseudo second order model | Kz(gmg™min) 0.672
R? 0.999

ge (mg/Q) 98.29

Elovich model B (g/mg) 0.702

R? 0.977

Boyd model R? 0.998

3.8 Thermodyniamc Parameters

The thermodynamics parameters, Gibbs free energy (AG?, enthalpy (AH®), entropy
(AS®) for the adsorption of MB onto VCS-CT-g-PAAm hydrogel were gotten using

the Vant Hoof plots as can be seen in Figure31 and the values displayed in Table 6.
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The negative values of AG°at all temperatures (25-50 °C) shows that the adsorption of
MB onto VCS-CT-g-PAAm hydrogel was a sponteneous process and
thermodynamically favourable reaction (Kolodynska et al 2012). The negative value
of AH° obtained from this studies -2.722 KJ/mol indicates that the adsorption process
is exothermic which is confirmed form Vant Hoff plot (Figure33). The positive values
of AS°at the measured temperatures shows increased randomness at the junction of the
liquid/solid adsorption process, indicating excellent affinity for the VCS-CT-g-PAAmM

hydrogel towards MB dye (Venkata Ramana et al. 2012).
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N
1
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Figure 33: Vant Hoff Plot of In kc vs 1/T Showing an Exothermic Process for
Adsorption of MB onto VCS-CT-g-PAAmM Hydrogel.

Table 6: Thermodynamic Parameters for Adsorption of MB onto Hydrogels

T (K) AG® (KJ/mol) AH® (KJ/mol) AS° (J/mol K)
298 -71.73 -2.72 16.72
308 -7.90 16.71
323 -10.19 23.02
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3.9 Swelling Studies of VCS-CT-g-PAAmM hydrogel

3.9.1 Effect of Time on Swelling Ratio
The effect of time on percentage swelling of the hydrogel was studied. The % swelling
was 1176% after 1440 minutes at pH 9 as can be seen in Figure 34. The VCS-CT-g-

PAAmM swells more than 11 times its normal size when inserted into agueous medium.
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Figure 34: Effect of Time on % Swelling at pH 9.

3.9.2 Effect of pH on Swelling Ratio

VCS-CT-g-PAAmM is pH sensitive and the swelling ratio increases as the pH increases.
The maximum swelling ratio was obtained at a pH of 9, this can be seen from Figure
(35), Figure (36) and Figure (37). The VCS-CT-g-PAAm has a higher swelling

percentage in basic medium as compared to acidic medium.
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Figure 36: Swelling Percentage vs pH VCS-CT-g-PAAM2
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Figure 37: Swelling Percentage vs pH VCS-CT-g-PAAM3

3.10 Effect of Monomer Ratio Concentration on Percentage Gelation

Tab. 7 show the effect of monomer ratio, i.e acrylamide. The percentage gelation (GP)

increases as the monomer concentration ratio changes and reaches a optimal value of

850% for a ratio of 0.1:0.9. The excess of monomer molecules on chitosan backbone

inhibits further gelation.

Table 7: Concentration of VCS-CT, AAm, Crosslinker, Initiator in relation to

gelation time, hydrogels weight and gelation percentage.

AAM MBA APS Gelation | Hydrogels
VCS- monomer | crosslinker | initiator Time weights | Gelation
Sample | CT(g) (@) (@) (%) (min) (%) %
A 0.1 0.9 0.05 0.05 2.5 0.95 850
B 0.1 0.7 0.05 0.05 3 0.81 710
C 0.1 0.5 0.05 0.05 7 0.675 575
D 0.1 0.3 0.05 0.05 9 0.444 344
E - 0.3 0.05 0.05 1 0.319 219
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3.11 Antibacterial studies of VCS-CT-g-PAAmM hydrogel

As can be seen in Figs. 38 and 39 the VCS-CT-g-PAAm hydrogel exhibited a high
percentage Kkilling against S. Aureus and E. Coli, more than 99.9% after 24 h. The
antibacterial activity of the hydrogel can be attributed to the presence of unsubstituted
cationic amino groups on VCS-CT-g-PAAmM which interacts with the bacterial cell
wall. These finding is in sync with other reports on chitosan derivative against gram

positive and gram negative bacteria ( Xin et. al 2016; Kumar et. al 2018).

Figure 38: Antibacterial Activity of Hydrogel Prepared by VCS-CT-g-PAAmM
Against E. coli after 8hr Contact (Left Dish: E.coli + Hydrogel. Right Dish: E.coli
Control)
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Figure 39: Antibacterial Activity of Hydrogel Prepared by VCS-CT-g-PAAmM
Against S. aureus after 8hr Contact (Left Dish: S.aureus + Hydrogel. Right Dish:
S.aureus Control)

3.12 Comparative Analysis of VCS-CT-g-PAAmM with Similar

Hydrogels

The comparative analysis of VCS-CT-g-PAAm against other corresponding hydrogels
showed similar trends in respective to adsorption capacity, pH, isotherm modelling
and kinetic modelling. VSC-CT-g-PAAm was found to possess a higher adsorption

capacity in comparison to other similar hydrogels (Table 8).
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Table 8: VCS-CT-g-PAAmM hydrogel adsorption kinetics and mechanism of
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NaAlg/l I’} 9.16

el
C

/I
e Crystal 28,60
WNTER Violet  mg/g
mylose

TN MB 65.31
mg/g

[0 MB 9345
g-PAAm mg/g

240 7.0
min

5h 8.0
3days 7.4-8
90min 8
24h 12

pollutants in comparison with other similar hydrogels
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concen-
tration
100 mg/L

80 mg/L

50 mg/L

70 mg/L
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Lang-
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lich

Lang-
muir
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muir

Lang-
muir

CS/PAN: Chitosan-graft-poly(acrylonitrile) hydrogel

NaAlg/lA: Sodium alginate-graft-icotonic acid hydrogel
PAA-AAM-amylose: Poly(acrylic acid)-polyacrylamide-graft-amylose hydrogel
FCBAC: Ficus carica bast activated carbon
VSC-CT-g-PAAmM: Chitosan-poly(vinyltrichlorosilane)-graft-polyacrylamide

hydrogel

RB: Rhodamine B

MB: Methylene blue
PFO: Pseudo first order

PSO: Pseudo second order
IPD: Inter particle diffusion
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Chapter 4

CONCLUSION

A water-soluble chitosan-g-poly (trichlorovinylsilane) (CT-g-VTCS) film was
successfully synthesized and its functional groups, surface morphology and crystalline
nature were confirmed by FTIR, SEM and X-ray diffraction analyses, respectively.
The results showed that CT-g-VTCS (MIC: 3978 pg/mL) exhibited potentially higher
antibacterial activity against S. aureus and E. coli cells compared to chitosan alone
(156 ng/mL), due to its larger surface area, presence of strong electron-withdrawing
group (—Cl-) and improved water solubility. The time-kill analysis indicated that the
exposure of 10° CFU/mL bacteria cells to 0.325 mg/mL of CT-g-VTCS gave a ~0.08
logio reduction (>99.9% kill rate). In addition, the inhibition zone of the CT-g-VTCS
(23 mm) against S. aureus was larger than that of chitosan (5.4 mm). Collectively,
results herein suggest the potential application of CT-g-VTCS as an efficient water-
soluble antibacterial agent, further necessitating future studies to verify its exact

reaction mechanism.

Prepared by VCS-CT-g-PAAmM hydrogels were successfully tested for their
swellability in acidic, basic and neutral medium. The hydrogels were found to exhibit
high swelling ratio in basic medium. The antibacterial test of the hydrogels showed
enhanced activity against S.aureus and E.coli. The adsorption studies for VCS-CT-g-
PAAmM hydrogel showed dependence on the pH medium of the MB dye used. The

thermodynamic study predicts that the adsorption process was exothermic. The
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experimental data fitted the Langmuir isotherm and the adsorption process followed a
pseudo second order Kinetics. The suggested mechanism for the sorption process was

film diffusion or bulk mass transport mechanism by Boyd kinetic model plot.

Importantly, VCS-CT-g-PAAmM hydrogel can adsorb MB dye from aqueous solution
and can find application in waste water treatment and has potential application in the

field of biomedical engineering.
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