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Chapter 1

Introduction

1.1 ENVIRONMENTAL IMPACT OF DYE IN HUMANS AND
AQUATIC LIFE

In a world increasingly threatened by environmental degradation, climate
change, and resource scarcity, wastewater treatment has emerged as a
crucial, yet often underestimated component of sustainable development.
As urban populations continue to expand and industrial activities
intensify, the generation of wastewater has reached unparalleled levels,
bringing considerable risks to public health, aquatic ecosystems, and
global freshwater resources. Wastewater can contain harmful pathogens,
chemicals, heavy metals, nutrients, and organic matter that, if released

untreated, have detrimental impacts on health and the environment (1).

The most important direct sources of water pollution are the textile,
tannery, and paper industries, which consume enormous amounts of water
and are responsible for contamination by discharging huge volumes of
wastewater into aquatic ecosystems. Their large scale production and
widespread applications have caused synthetic organic dyes to permeate
different compartments of water and soil environments (2). Dyes have
harmful effects on water bodies, as industrial waste is often discharged
into rivers and lakes, ultimately causing water pollution. Therefore, quick

preventive measures are needed to protect the environment from dye waste

3).
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The toxic and carcinogenic effects of untreated textile effluent are well
understood (4). Textile effluent, due to its dark colour, usually blocks
sunlight and hinders the life of aquatic organisms. The majority of dyes
used in the textile industry number approximately ten thousand, of which
azo dyes constitute the largest and most recalcitrant category on a
commercial scale. The release of these synthetic azo dyes into the

environment has detrimental effects on all forms of life.

Textile printing and dyeing processes include pretreatment of fabric,
dyeing with synthetic dyes, printing, and finishing steps, and each stage
leads to water contamination (5). These textile dyes, which are readily
soluble in water, negatively affect fragile ecosystems around industrial
areas and represent serious environmental problems (6). Among different
pollutants of aquatic ecosystems, dyes form a large and important group of
industrial chemicals, with over 700,000 tons of waste produced annually
(7). The discharge of textile wastewater containing high colour, suspended
solids, and dissolved organics represents a major industrial pollution

problem.

Textile wastewaters are usually mixtures of complex particulates,
processing assistants, salts, surfactants, acids, and alkalis that vary widely
in chemical composition, ranging from inorganic compounds to polymers
and organic products. Due to variations in pH, temperature, flow rate, and
pollutants, textile wastewater typically requires both physicochemical and
biological treatments to meet stringent effluent standards. Various
methods for removing organic dyes from water are categorised into
chemical, physical, and biological approaches. Physical methods include
adsorption, coagulation or flocculation, and filtration. Other available

2
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processes for dye wastewater treatment include chemical oxidation, foam
flotation, electrolysis, biodegradation, adsorption, chemical coagulation,
and photocatalysis. Among these methods, adsorption onto activated
carbon has proven to be one of the most effective and reliable
physicochemical treatment technologies (8).

Recent research on montmorillonite (MMT) and chitosan has focused on
developing advanced nanocomposite materials with enhanced functional
properties. Chitosan—-MMT nanocomposite hydrogels have been widely
studied for controlled fertilizer release. These systems help regulate
nutrient release, reducing leaching and minimising environmental
pollution. Beyond agriculture, chitosan-MMT nanocomposites are being
explored in food packaging as high-barrier materials to extend shelf life.
Also used in environmental remediation for heavy metal and pollutant
removal. It has wide applications in biomedical fields such as drug
delivery, tissue engineering, and biosensing (9-12) . In our work, in
addition to clay and chitosan, we also incorporate activated carbon, CTAB

and cinnamic acid, thus enhancing the existing properties.

1.2 CLAY

Clay minerals are essential hydrous aluminium silicate minerals, forming
sheet-like structures from weathered rocks, characterized by their fine
particle size, plasticity, and ability to hold water and ions, making them
vital in soils, sedimentary rocks, and numerous industrial applications like
ceramics, drilling, and environmental remediation due to their unique

chemical and structural properties (13).
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Clay minerals are paying a great deal of attention as potential adsorbents
because they possess a highly ordered layered structure, a high ion

exchange property, a low cost, and an increased abundance in nature

(14),(15).

Clay minerals are classified as Amorphous, Crystalline, three-layer type,

regular mixed layer types, and chain-structured type (16).

1.2.1 Main Types Of Clay Minerals

I Clay minerals

l

Layer silicates

Chain silicates

Sesquioxides

Other minerals

Palygorskite Carbonate
Sepiolite Sulfate
| | | l
1:1 type 2:1 type 2:1:1 type Crystalline Amorphous
Kaolinite Smectite Chlorite Metal oxides Allophane
Halloysite | | Vermiculite Metal hydroxides Imogolite
Mica Metal oxides
[ite Metal hydroxides

Fig.1.1 Types of Clay

» Kaolinite Group (1:1 Clays): It consists of an alumina octahedral
sheet and silica tetrahedral sheet, bonded by strong hydrogen bonds;
pure, non-swelling because of the absence of interlayer cations

(17),(18). The structural formula for kaolinite is Al4Si4010(OH)s. (16).

4
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Examples: Kaolinite, Halloysite

Smectite Group (2:1 Clays): It is composed of an octahedral sheet
sandwiched between two tetrahedral sheets therefore specified as 2:1
layer mineral (16). The layers are negatively charged, allowing
water/ion exchange, leading to significant swelling due to the presence
of cations between the layers (17),(19).

Examples: Montmorillonite (Bentonite), Nontronite, Saponite.

Ilite Group (2:1 Clays): It is a clay mineral mica. Illite is similar to
smectite but with potassium ions holding layers tightly therefore
having a 2:1 layer, also it prevents the entry of water molecules
between the layers making it less expandable (16), (17).

Examples: Illite, Glauconite.

Chlorite Group (2:1:1 Clays): A 2:1 layer with an additional
hydroxide sheet, giving it distinct properties (16).

Examples: Clinochlore, Sudoite

Vermiculite (2:1 Clay): It is a mica- type trioctahedral silicate clay
mineral. Each layeres are composed of octahedrally coordinated
cations sandwiched by tetrahedrally coordinated cations. High water

content and significant swelling capacity (20).

Serpentine Group (1:1 Clays): Similar structure to kaolinite but

magnesium-rich with several polymorphic phases (21).

Examples: Lizardite, Chrysotile (Asbestos).
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1.2.2 Physical Properties

Plasticity: Ability to deform permanently without cracking when wet,
due to water between thin, flexible mineral plates that bind them
together (22).

Dry Strength & Hardness: Becomes strong and hard as it dries or is
fired, retaining its moulded shape.

Shrinkage: Contracts significantly during drying and firing, requiring
careful management.

Texture: Determined by the fineness of its grains (particles <
0.004mm).

Porosity: Contains pore spaces, influencing water absorption and
density.

Fusing/Vitrification: Fuses into a glass-like, hard ceramic when fired

at high temperatures (e.g., in pottery) (23).

1.2.3 Chemical And Surface Properties

>

Small Particle Size: Tiny platelets (phyllosilicates) with large surface
area (24).

Cation Exchange Capacity (CEC): Ability to attract and hold positive
ions (cations), important for soil fertility and chemistry (25).

Swelling Potential: Can expand and contract with water
absorption/desorption.

Negative Surface Charge: Particles have a net negative charge,
influencing interactions with water and ions (26),(27).

Adsorption: High capacity to hold substances on its surface (23),(24).
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1.2.4 Montmorillonite Clay

Montmorillonite (MMT) is a natural clay with a silicate sheet structure of
approximately Inm thickness. Montmorillonite (MMT), can be effectively
used as nanocomposites due to their unique structure and properties (28).
MMT has potential adsorption properties for heavy metals because of its
high cation exchange capacity. Modification studies on the structure of
MMT were introduced to increase the MMT surface area and to generate
highly porous materials with improved absorptivity. On addition of water,
montmorillonite swells and expands considerably more than the other
clays (29). Exfoliation, grafting, surfactant treatment, and polymer
crosslinking were introduced as potential techniques to improve the
adsorptive properties of MMT. Despite all these attempts, further
developments and modifications of MMT structure are still needed to
adsorb metal ions potentially. Very recently, a composite of MMT with
graphene oxide was fabricated as a strong adsorbent for heavy metals. In
this composite, a crosslinking agent was used to implement the
combination of graphene oxide with the MMT clay. MMT was utilized to
boost the dispersibility of graphene oxide and also to enhance the
graphene oxide absorptivity. Thus, it is interesting to combine different
carbon sources in a composite structure with MMT and to investigate the

removal behavior of the resultant material (30,31).



Fig.1.2 Diagram of clay layers and sheets

1.3 CHITOSAN

Nowadays, scientific society is looking forward for biopolymers such as
chitosan for good properties in terms of biocompatibility, biodegradability
and versatility. They uses these ecofriendly materials due to the insight to
reduce the environmental impact that can cause by the regular raw

materials (32).

Chitosan is a cationic biopolymer synthesized from chitin, a natural
polymer found in the shells of crustaceans such as shrimp, crabs, and
lobsters (33). Chitin is the 2™ most abundant natural polymer after
cellulose. The exoskeleton of shrimp contains a considerable amount of
chitin (34). Chitosan and chitin are composed of varying amount of
(B1—4) linked residues of N-acetyl-2 amino-2-deoxy-D-glucose and 2-
amino-2-deoxy-D-glucose residues (35). Chitosan is a bio-product that is
produced from chitin by the partial deacetylation process ,also it is the
only polycation in nature. Moreover, chitosan is a renewable natural
alkaline polysaccharide which has no side effects on toxicity and also it

features good adsorption and moisturizing properties (36).
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Chitosan is non-soluble in water , organic solvents and aqueous bases
(37). But can easily modified by organic acids, surfactants and
polymers(38). The charge density of chitosan depends on degree of
acetylation and pH of the media(35) .Chitosan is naturally biodegradable,
eco-friendly, bioicompatible and non-toxic material, making it a potent
compound of interest (39). Also, it have high chelating ability towards
metal ions. There are many chitosan form for biomedical and
pharmaceutical applications (37). However, there are more new
applications of chitosan in biotechnology(40), wastewater treatment,
catalysis, and packaging, which are essential for the future. It should be
noted that the wide use of chitosan is due to the presence of hydroxyl and

amino groups ,suitable for chemical modifications (32).

Chitosan also contributes to agriculture field using it as coating for seeds,
enhancing the propertiesof plants, as plant growth-promoting agent(41)
and plant protector. Also used as a food additive, dietary fibre and
functional ingredient (32).

The adsorbent properties of chitosan removes heavy metal ions such as
Pb**, Hg**, and Cu?*, among others from waste water (32). It has a unique
chemical structure, which consists of primary amino and primary and
secondary hydroxyl functional groups , provides an excellent surface area
and a high capability for the uptake of heavy metals , dyes and other
contaminants. They exhibit a semi- crystalline structure due to strong intra
and intermolecular hydrogen bonding. Chitosan derivatives are produced
to enhance or improve their properties like solubility , biodegradability,

adsorption capacity, etc (35).
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Fig .1.3 Structure of Chitosan

1.4 ACTIVATED CARBON

Activated carbon is a porous carbonaceous material, it's applications in
water treatment and desalination is continually expanded (42). It is a
common term to describe carbon-based materials that consists of well
developed internal pore structure. The properties of AC like high surface
area, large porosity, wide spectrum of functional groups present in the
surface of AC and internal pore structure consisting of micro, meso and
macropores makes AC a multifunctional material which has many
applications in vast areas but mainly focused in the environmental field
(43). It is widely used for separation and purification. Recent development
of AC in fiber form shows increasing applications in various areas due to
its unique characteristics (44). Mainly manufacture of AC involves two
stages, the carbonization of carbonaceous precursor where most of
nanocarbon elements are eliminated and the other stage is activation of
resulting char (45). AC is also used as one main adsorbent for

desulfurization (46). Atoms that present in carbon structure that are not
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carbon but oxygen, nitrogen, hydrogen, sulfur and phosphorus are
heteroatoms; surface chemical heterogeneity plays a major role in
determining the chemical characteristics of activated carbon which is
related to the presence of these heteroatoms (47). Oxidative treatment of
AC with nitric acid significantly enhances the specific surface area of
activated wood carbon (48). The acidic character of AC surfaces and
oxygen containing surface groups are closely related and the chemical
nature of the carbon is affected by these groups which are mainly situated
in the outer surface or at the edges of the basal plane (47). The adsorption
process when we use activated carbon results from the interactions

between the carbon surface and the adsorbate (49).

A y Q
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(b) Graphite layers in activated carbon

a) Regularly arranged graphene layers h :
( ) g Y g g P y microstructure: turbostratic structure

Fig.1.4 Chemical Structure of AC

1.5 BIOPOLYMER CLAY NANOCOMPOSITE

Biopolymer-clay nanocomposites (PCNC) are hybrid materials whose
particles are integrated within an organic polymeric matrix. Mean
diameter of each particle of one compound is in nano-size range (1-1000
nm) (50). PCNC’s have a wide range of rising interest for many

applications like to afford materials with function for conductivity,

11
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membranes, corrosion protection and fire retardant behaviour. Most
interesting feature of biopolymer clay nanocomposites for many
applications like to afford materials with function for conductivity,
membranes, corrosion protection and fire retardant behaviour. Most
interesting feature of biopolymer clay nanocomposites is the variety of
options available in processing because of the dependence on the
characteristics of polymer and on the type of interacting mechanism with
clay (contains the possibility for preparing thin layers) (51). Their
structural or functional behaviour also makes them more interesting (52).
Nanocomposites formed by the intercalation of chitosan,a cationic natural
polymer, into Na® montmorillonite are bidimensional nanostructured
materials that contains anionic exchange sites (-NH3"X"). This is because
of the unique bilayer arrangement of the biopolymer when the amount of
intercalated chitosan exceeds the cation exchange capacity (CEC) of the
clay (53). PCNCs helps in the removal of heavy metals, dyes, detergents,
pesticides and others from contaminated water as it has adsorption
property. Adsorption is considered as the most effective technique for the
treatment of contaminated water due to its improved accessibility to
different adsorbents and also of the ease of operation and low investment
costs (54). As PCNC are based on the assembly between polymers and
layered nano-sized inorganic fillers, the synergistic interaction between
organic and inorganic phases might results rise in materials with new
properties (55). Natural biopolymers are filled with layered silicates to
enhance their desirable properties while maintaining their biodegradability
(56). Their increased mechanical strength, thixotropy, reduced gaseous
permeability and higher heat resistance are their advantageous properties
which give them a great interest (50). These are also used in material
packaging fields. Currently, biopolymers covers approximately 5-10%

12
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packaging (11). Nanocomposites obtained are characterized by chemical
and thermal analysis, X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy, scanning transmission electron microscopy (STEM)

and energy-dispersion X-ray analysis (EDX) techniques (52).

¢ ¢ == - \ | — :
s=—se——ma s — ” A % \
\ > { :g%. _.;.// '/ /—
’/‘ -4 ! e b >4 AL  —
Traditional Intercalated Exfoliated
microcomposite nancomposite nanocomposite

Fig.1.5 Classification of Polymer Clay Nanocomposite
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1.6 OBJECTIVES OF CURRENT STUDY

YV V V VY V

Modification of MMT clay using Cetyltrimethylammoniumbromide
(CTAB) and Cinnamic acid.

Modification of MMT clay using CTAB only.

Synthesis of chitosan-activated carbon composite.

Synthesis of CTAB-Cinnamic acid MMT-CS/AC nanocomposite.
Synthesis of CTAB MMT-CS/AC nanocomposite.

To analyse prepared nanocomposites using FT-IR and XRD
characterisation techniques.

To determine the adsorption capacity of the nanocomposites for
reactive dyes from wastewater and confirm this via UV-Visible

analysis.

14
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Materials and Methods

2.1 WORK PLAN

The main goals of our project were to prepare two types of biopolymer
clay nanocomposites using two different modified MMT clays, which are
MMT-CTAB Cinnamic acid CS/AC Nanocomposite and MMT-CTAB
CS/AC Nanocomposite. The nanocomposites were characterised using
FT-IR and XRD techniques. The dye adsorption capacity of the

nanocomposites is also determined by UV-Visible spectroscopy.

2.2 EXPERIMENTAL PROCEDURE
2.2.1 Materials Required

Sodium montmorillonite (MMT) clay, Cetyltrimethylammonium
bromide(CTAB), Cinnamic acid, Distilled water, Activated Carbon,
Chitosan, 0.1 M Acetic acid, 0.1M KOH.

2.2.2 Modification of MMT Clay Using CTAB and Cinnamic Acid

=  Weight of MMT Clay = 4g
»= Weight of CTAB = 20912¢g
=  Weight of Cinnamic acid =1.1852¢g

=  Total volume of distilled water = 800ml

15
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Fig.2.1 Preparation of Modified MMT-CTAB/Cinnamic acid Clay

Initially, 4g¢ MMT clay is mixed with 200 ml of distilled water for 30
minutes in a magnetic stirrer. To this, 2.912g CTAB, 1.1852¢g cinnamic
acid and 600 ml of distilled water are added and mixed for 48 hours in a

magnetic stirrer, then it is centrifuged and dried in an oven.

2.2.3 Modification of MMT Clay Using CTAB

= Weight of MMT clay = 4g
= Weight of CTAB = 2912g
= Total volume of distilled water = 800ml

16
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Fig.2.2 Preparation of MMT-CTAB Clay

In the initial stage, 4 g of MMT clay is mixed with 200 ml of distilled
water and stirred for 30 minutes in a magnetic stirrer. 2.912 g CTAB and
600 ml of distilled water are added to this and stirred for 48 hours in a

magnetic stirrer. It is then centrifuged and dried in an oven.

2.2.4 Delamination of Activated Carbon

= Weight of Activated carbon = 4¢g

=  Volume of Distilled water = 100ml

17
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Fig.2.3 Sedimented AC Fig.2.4 Oven Dried AC

About 4 g of AC was introduced into 100ml distilled water. The resultant
suspension was sonicated for an hour. After a sedimentation process of 48
hours, the portion of the supernatant was separated. The remaining
sediments of AC was oven dried and weighed. The amount of AC in the
supernatant portion was estimated from the difference between the starting
AC weight and the sedimented AC weight. The resultant AC was found to
be 4.43g.

2.2.5 Chitosan — Activated Carbon Composite

=  Weight of Chitosan = 0.1g
=  Weight of AC = lg

= (.1 M Acetic acid 100 ml

= (0.1 MKOH

18
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CS/AC nanocomposite was prepared as follows. Firstly, a CS polymer
solution was prepared by dispersing 0.1 g of CS in 100ml of 0.1 M acetic
acid. The resultant suspension was stirred for 8 hours using a magnetic
stirrer to disperse the chitosan completely. Partially protonated chitosan
was synthesized by setting the pH at 6.0, utilizing 0.1M KOH. 1g of the
delaminated AC was introduced to the CS solution. The blend was then
subjected to sonicate for an hour using Branson ultrasonic bath, and then

stirred for 8 hrs at 80 °C to graft CS on the surface of AC. The obtained

composite was centrifuged and oven-dried.

Fig.2.5 Dried CS-AC Composite

2.2.6 Preparation of Nanocomposite 1

Modified MMT (CTAB-Cinnamic acid) Clay CS-AC Nanocomposite

= Weight of modified clay (CTAB-cinnamic acid) =  0.5g
= Weight of CS/AC composite = 0.5g
= Total volume of distilled water = 50ml

19
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Fig 2.6 Sonicated CS/AC Composite and dried CS/AC Composite

Synthesis was initiated by mixing 0.5 g of modified clay and 0.5 g of
CS/AC composite into a beaker containing 50 ml of deionized water and

subjected to sonication for 1 hour. The nanocomposite is then centrifuged

and dried in an oven.

2.2.7 Preparation of Nanocomposite 2

Modified CTAB MMT Clay CS-AC Nanocomposite

=  Weight of modified CTAB-MMT clay = 0.5g
=  Weight of CS/AC composite = 0.5g
= Total Volume of distilled water = 50ml

20
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Fig. 2.7 Synthesized CTAB MMT-CS/AC Nanocomposite

The synthesis is conducted same as nanocomposite 1 by mixing 0.5g
CTAB modified clay and 0.5g of CS/AC composite into a beaker
containing 50ml of deionised water, this is sonicated for one hour. The

nanocomposite is then centrifuged and oven-dried.
2.3 CHARACTERISATION

The functional group characterisation and d-spacing between the clay
layers of biopolymer clay nanocomposite were investigated through FT-IR

and XRD analyses.

2.3.1 Characterisation using FT-IR

The newly prepared nanocomposites are subjected to FT-IR analysis.
Using infrared spectroscopy, the molecular vibrations are investigated.
Infrared light can only be absorbed by bonds that have varying dipole

moment during vibration. The samples of MMT-CS/AC nanocomposites,

modified and unmodified MMT clays, were characterised using FT-IR.

21
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The spectrum was obtained using KBr pellets in the 4000cm™ to 400cm™
range. Percent transmittance is plotted against wavenumber. Certain
groups inside the molecule produce characteristic absorption bands with
wavenumbers that fall within a particular range, regardless of the
composition. The wave numbers at which absorption is detected can be
used to identify the presence of functional groups. In the current study, the
intercalation of the modifiers in the clay was confirmed using infrared

data.

2.3.2 Characterisation using XRD

X-ray diffraction is a non-destructive analytical technique for identifying
and characterizing the crystalline structure of materials. The technique
relies of the principle of diffraction, which happens when the X-rays
interact with a crystalline material. The particular arrangement of atoms in
the crystal lattice causes the X-rays to scatter in specific directions, thus
producing a diffraction pattern that can be recorded and analyzed. X-ray
refraction uses the dual wave/particle duality of X-rays. This technique’s
primary use is the identification and characterization of substances
according to the pattern of their diffraction. XRD is a potent analytical
method for figuring out the interlayer spacing, phase composition and
crystalline structureof nanocomposites. The reflected X-ray intensity
plotted against 20 values in the XRD graph.

Where 0 is the angle at which the X-ray strikes the sample and n is the
order of reflection. Monochromatic X-ray wavelength is denoted by A,
while d represents the separation between two comparable planes. The d-
spacing can be calculated using Bragg’s equation. In the present study, the
intercalation of clay was assessed by utilizing XRD to determine the angle
of diffraction and d-spacing values.

22
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2.3.3 UV-Visible Analysis

In the electromagnetic spectrum's visible (VIS) and ultraviolet UV)
regions, which range from 200 to 800 nm, most organic compounds and
functional groups exhibit little to no light absorption, making absorption
spectroscopy ess effective in this area. However, insights can occasionally
be gained from these spectral regions. By integrating this information with
data obtained from infrared spectroscopy, significant structural insights
can be uncovered. This concept is derived from Beer-Lambert's Law.
When energy is absorbed by electrons in both bonded and unbonded
molecules, they transition to higher energy states, and there are four main
types of transitions: w -m *,0 =0 * n-0 * and n- © *. The hierarchy of
energy for these transitions is as follows: 0 -0 *>n-0 * > - t* > n- 7.
Absorption in the 200-260 nm range is attributed to the transitions, while
n- © * transitions are responsible for absorption in the 350-400 nm range.
Ultraviolet-visible spectroscopy was conducted within the 200 to 700 nm

range.

2.4 APPLICATION -DYE REMOVAL
2.4.1 Preparation of Dye Solution

In order to create a 10 ppm Alizarin Red dye solution, 10 mg of Alizarin
Red dye was first dissolved in 100 ml of distilled water to create a stock
solution with a 100 ppm concentration. The stock solution was then
utilized to make the required 10 ppm solution. Precisely, 10 ml of the 100
ppm dye solution was quantified and further diluted to a total volume of
100 ml with distilled water, creating a 10 ppm dye solution. To study
adsorption, 50 mg of each of the synthesized nanocomposites was

meticulously weighed and introduced into 50 ml of the prepared 10 ppm
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dye solution. The solution was left to react for a period of 45 minutes in

total to test the efficiency of nanocomposite dyes in dye removal.

Fig.2.8 Dye nanocomposite Fig.2.9 Sample for analysis

interaction

Monitoring of the process of adsorption was conducted via analysis of dye
solution samples utilizing UV-visible spectrophotometry every 15-minute
interval. This spectroscopic study assisted in the determination of the
reduction in dye concentration with time, thus evaluating the adsorption
capacity and efficiency of the nanocomposites in the removal of the dye

from the solution.
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Results and discussion

3.1 FT-IR SPECTROSCOPY ANALYSIS

The FT-IR spectrum of the pure Na'- MMT, CTAB-Cinnamic acid MMT
clay, CTAB -MMT Clay, MMT-CTAB Cinnamic CS/AC nanocomposite,
MMT-CTAB CS/AC Nanocomposite are analysed. The FT-IR absorption
bands were confirmed in every instance by analysing the characteristic

bands.

3.1.1 FT-IR spectrum of pure Na*-MMT clay

The FT-IR spectrum of pure Na"- MMT clay is shown in the Fig.3.1.

In pure Na*™-MMT clay, a broad band at 3455.11cm™ indicates the -OH
stretching of water molecules in the interlayer of the clay. The band at
3629.21 cm™ represents the -OH stretching of the Al-OH bond. The band
observed at 1637.36cm™ corresponds to the -OH bending vibration of the
Al-OH bond. The band observed at 1637.36cm™ corresponding to the -OH
bending vibration of water molecules in the interlayer of the clay. The
band identified at 1640.16cm™ represents the Si-O-Si stretching vibration
and the bands at 524.22cm™! and 463.92cm™! are identified as the Al-O-Si
and Si-O-Si bending vibrations respectively. The band observed at
916.01cm™ which belongs to the bending vibration of Al-OH.
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PURE MMT

(% Transmittance)

(Wavenumber cm™)

Fig.3.1 FT-IR of Pure Na*-MMT Clay

The vibrational frequencies of the peaks are listed in below table 3.1

Table 3.1 Vibrational frequencies of Pure Na™-MMT clay

Wavenumber (cm™) Vibration
3629.21 -OH stretching for Al-OH
3455.11 -OH stretching of water
1637.36 -OH bending of water
1640.16 Si-O-Si stretching
916.01 Al-OH bending
524.22 Al-O-Si bending
463.92 Si-O-Si bending
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3.1.2 FT-IR SPECTRUM OF MODIFIED CINNAMIC ACID - CTAB
-MMT CLAY

The FT-IR spectrum of cinnamic acid—-CTAB-MMT is shown in the
figure 3.2 . The characteristic bands observed in pure Na'—MMT clay
were also present in the cinnamic acid-CTAB-MMT composite. In this
study, FT-IR analysis was used to investigate the possible interactions

among the components of the CTAB-MMT composite.

The bands observed at 2919.98 cm™ and 2850.87 cm™ correspond to the
asymmetric and symmetric C—H stretching vibrations of the alkyl chains
of CTAB, confirming the presence of the organic surfactant within the
MMT clay layers. The bands at 3628.64 cm™ and 3015.53 cm™ are
attributed to O—-H stretching vibrations. The intensity of these bands
decreases in cinnamic acid-CTAB-MMT due to the replacement of

interlayer water molecules by the hydrophobic surfactant.

The band at 1636.45 cm™ is assigned to the H-O—H bending vibration of
absorbed water molecules. The band at 1011.50 cm™ corresponds to Si—
O-Si stretching vibrations. The bands at 448.44 cm™ and 517.08 cm™ are
attributed to Si—O-Si and Al-O-Si bending vibrations, respectively. The
band at 909.38 cm™ is assigned to the bending vibration of AI-OH groups.

Additionally, the band at 1705.49 cm™ corresponds to the C=0O stretching
vibration of the carboxylic acid group. The band at 1636.45 cm™ is also
associated with the C=C stretching vibration of cinnamic acid, while the
band at 1576.20 cm™ is attributed to aromatic ring stretching. The band at
1449.27 cm™ corresponds to in-plane O—H bending and C-O stretching

vibrations
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(% Transmittance)

=

(Wavenumber cm™)

Fig.3.2 FT-IR of Modified MMT clay 1

The vibrational frequencies of the peaks are listed in the table 3.2

Table 3.2 Vibrational frequencies of Modified MMT Clay 1

Wavenumber (cm™)

Vibration

3628.64 -OH stretching

1011.50 Si-O-Si stretching

2919.98 Asymmetric C-Hj stretching of CTAB
2850.87 Symmetric C-H; stretching of CTAB
1705.49 C=0 stretching of carboxylic acid
1636.45 H-O-H bending of absorbed water
517.08 Al-O-Si bending

448.44 Si-O-Si bending
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3.1.3 FT-IR SPECTRUM OF MODIFIED CTAB - MMT CLAY

The FT-IR spectrum of CTAB-MMT is shown in Figure 3.3. The
characteristic absorption bands of pure Na*-MMT clay were also observed
in the CTAB-modified MMT, indicating that the clay structure was
retained after modification. In this study, FT-IR analysis was employed to
investigate the possible interactions between CTAB and MMT in the
composite. The bands at 2916.20 cm™ and 2848.50 cm™* correspond to the
asymmetric and symmetric C—H stretching vibrations of the alkyl chains
of CTAB, confirming the successful incorporation of the organic
surfactant into the MMT interlayers. The bands observed at 3626.95 cm™
and 3017.01 cm™ are attributed to —OH stretching vibrations. A decrease
in the intensity of these bands in CTAB-MMT suggests that the
hydrophobic surfactant partially replaces the interlayer water molecules.
The band at 1634.81 cm™ is assigned to the H-O—H bending vibration of
adsorbed water. The strong absorption band at 1011.29 cm™ corresponds
to Si—O-Si stretching vibrations. The bands at 444.31 cm™, 417.30 cm ™,
and 518.29 cm™ are attributed to Si-O-Si and Al-O-Si bending
vibrations, while the band at 910.96 cm™ is associated with the bending

vibration of AI-OH groups.
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(% Transmittance)

CTAB MMT 2

(Wavenumber cm™)

Fig.3.3 FT-IR of Modified MMT Clay 2

The vibrational frequencies of the peaks are listed in below table 3.3

Table 3.3 Vibrational frequencies of Modified MMT Clay 2

Wavenumber (cm™) Vibration
3626.95 -OH stretching
1011.29 Si-O-Si stretching
2916.20 Asymmetric C-Hj3 stretching of CTAB
2848.50 Symmetric C-Hz stretching of CTAB
1634.81 H-O-H bending of absorbed water
518.29 Al-O-Si bending
44431 Si-O-Si bending
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3.1.4 FT-IR SPECTRUM OF CTAB-CINNAMIC ACID - CS/AC
NANOCOMPOSITE

The FT-IR spectrum of the MMT—CTAB-cinnamic acid—CS/AC
composite is presented in the figure 3.4. The characteristic absorption
bands of pristine Na™-MMT clay are also observed in the MMT—-CTAB-
cinnamic acid—CS/AC composite, indicating that the clay structure is
preserved after modification. FT-IR analysis was employed to investigate
the possible interactions among cinnamic acid, CTAB-modified MMT,
and the CS/AC composite. The absorption band at 3627.36 cm™
corresponds to the stretching vibrations of structural -OH groups of MMT
clay. The broad band observed at 3339.22 cm™ is attributed to O—H and
N-H stretching vibrations, arising from adsorbed water molecules and the
amino groups of chitosan. The bands at 2921.75 cm™ and 2850.26 cm™
are assigned to the asymmetric and symmetric stretching vibrations of —
CHo: groups, respectively, mainly originating from CTAB alkyl chains and
chitosan. The band at 1637.14 cm™ is attributed to C=C stretching
vibrations of the aromatic ring of cinnamic acid. The absorption band at
1547.21 cm™ corresponds to N-H bending vibrations (amide II) of
chitosan. The bands observed at 1467.05 cm™ and 1377.73 cm™ are
assigned to C—H bending vibrations. The characteristic band at 1003.88
cm! is associated with C—O—C stretching vibrations of chitosan, while the
band at 511.39 cm™ corresponds to Si—O—Al bending vibrations of the
MMT clay.
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[MMT CINNAMIC CS/AC|

(% Transmittance)

(Wavenumber cm™)

Fig.3.4 FT-IR of MMT- CS/AC Nanocomposite 1

The vibrational frequencies of the peaks are listed in below table 3.4

Table 3.4 Vibrational frequencies of MMT-CS/AC Nanocomposite 1

Wavenumber (cm™) Vibration
3627.36 -OH stretching for MMT Clay
333922 N-H stretching 'of amino group of
chitosan
2921.75 Asymmetric C-Hj3 stretching of CTAB
1637.14 C=C stretching of aromatic ring
1547.21 N-H bending vibrations of Chitosan
1467.05 C-H bending vibrations
1003.88 C—O-C stretching vibrations of chitosan
511.39 Si—O—Al bending vibrations
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3.1.5 FT-IR SPECTRUM OF CTAB-MMT CS/AC
NANOCOMPOSITE

The FT-IR spectrum of the MMT—-CTAB-CS/AC composite is presented
in the figure 3.5. Characteristic absorption bands of pure Na*-MMT clay
were also observed in the MMT—CTAB-CS/AC composite, indicating the
preservation of the clay structure after modification. In this study, FT-IR
analysis was employed to investigate the possible interactions between the
components of CTAB-modified MMT and the CS/AC composite. The
absorption band at 3623.31 cm™ corresponds to the O-H stretching
vibrations of MMT clay. The bands observed at 2921.04 cm™ and 2849.21
cm™' are attributed to the asymmetric and symmetric stretching vibrations
of the —CH. groups, respectively. The band at 1467.35 cm™ is assigned to
C-H bending vibrations. The -characteristic band at 1000.77 cm™
represents the C—O—C ring vibrations of chitosan, while the band observed
at 511.14 cm™ is associated with Si—-O—Al bending vibrations of MMT
clay.

33



Chapter 3

MMT CTAB CS/AC

(% Transmittance)

(Wavenumber cm™)

Fig.3.5 FT-IR of MMT- CS/AC Nanocomposite 2

The vibrational frequencies of the peaks are listed in the table 3.5

Table 3.5 Vibrational frequencies of MMT-CS/AC Nanocomposite 2

Wavenumber (cm™) Vibration
3623.31 -OH stretching for MMT Clay
2921.04 Asymmetric C-Hj3 stretching of CTAB
2849.21 symmetric C-H stretching of CTAB
1467.35 C—H bending vibrations
1000.77 C—O—C ring vibrations of chitosan
511.14 Si—O—Al bending vibrations
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3.2 XRD ANALYSIS

The degree of intercalation/exfoliation can be determined by observing the
position, shape and intensity of the XRD peak for MMT CS/AC
nanocomposites. We observed the change in (001) reflection peak in each

graph. The d-spacing were calculated by considering the (001) reflection.

3.2.1 XRD analysis of Pure Na*- MMT clay

PURE MMT

(Intensity a.u)

(Angle 20)

Fig.3.6 XRD of Pure Na*-MMT clay
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Table 3.6 d-spacing of Pure Na™-MMT clay

SAMPLE

ANGLE 20 (degree)

d-SPACING (A)

Pure MMT clay

7.081

12.47

3.2.2 XRD analysis of Modified clay (MMT+CTAB+Cinnamic acid)

CTAB cinnamic acid clay (Coupled TwoTheta/Theta)

Counts

4.308 ©

[1_SAIFXR-29283-250925-01(CTAB cinnamic acid clay)3-10.raw

T ¥ T
6 7

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fig.3.7 XRD of Modified MMT Clay 1

Table 3.7 d-spacing of Modified MMT clay 1

SAMPLE ANGLE 20 d-SPACING
(degree) (A)
MMT-CTAB/cinnamic 4.308 20.49266
clay
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3.2.3 XRD analysis of Modified MMT-CTAB clay

CTAB clay (Coupled TwoTheta/Theta)

1_SAIFXR-29283-250925-02(CTAB clay)3-10.raw

2
B
<

Counts

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fig.3.8 XRD of Modified MMT Clay 2

Table 3.8 d-spacing of Modified MMT clay 2

SAMPLE ANGLE 20 (degree) d-SPACING (A)

18.55908

MMT-CTAB clay 4.758
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3.2.4 XRD Analysis of MMT CTAB-Cinnamic CS/AC Nanocomposite

[MMT CINNAMIC CS/AC]

(Intensity a.u)

Angle 2©

Fig.3.9 XRD of MMT CTAB-Cinnamic CS/AC Nanocomposite

Table 3.9 d-spacing of MMT CTAB-Cinnamic CS/AC Nanocomposite

SAMPLE ANGLE 20 (degree) | d-SPACING (A)
MMT CTAB-Cinnamic 0.848 104.14450
CS/AC
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3.2.5 XRD Analysis of MMT CTAB- CS/AC Nanocomposite

MMT CTAB CS/AC

(Intensity a.u)

(Angle 20)

Fig.3.10 XRD of MMT CTAB CS/AC Nanocomposite

Table 3.10 d-spacing of MMT CTAB CS/AC Nanocomposite

SAMPLE ANGLE 20 (degree) | d-SPACING (A)

MMT CTAB CS/AC 0.843 104.70430

On comparing all the (001) reflection peaks of the pure clay, modified

clays and MMT CS/AC nanocomposites, table 3.11 is listed.
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Table 3.11 Comparison of d-spacing of Pure clay, modified clays and
MMT CS/AC nanocomposites.

SAMPLE ANGLE 20 (degree) d-SPACING (A)
Pure MMT clay 7.081 12.47
Modified clay 1 4.308 20.49266
Modified clay 2 4.758 18.55908

MMT CTAB-
Cinnamic CS/AC 0.848 104.14450
MMT CTAB CS/AC 0.843 104.70430

X-ray diffraction is the commonly used technique to calculate the
diffraction of nano clay. The d-spacing is calculated using the diffraction
peaks in the XRD patterns which is given by Bragg’s equation A = 2dsinf
where A is the wavelength, d corresponds to interplanar spacing and 0 is
the position of diffraction. During incorporation of nano clay into the
matrix, the polymer will force the platelets apart causing the diffraction

peaks to shift to a lower angle.

Table 3.11. displays the XRD patterns of pure Na*-MMT clay, modified
clays and MMT CS/AC nanocomposites. Here, by comparison with pure

MMT clay, the d-spacing of modified clay increases from 12.47A to
20.49A and 18.55A.

In modified clay 1, the d-spacing increased from 12.47A to 20.49A due to
intercalation of CTAB and Cinnamic acid into the clay layers. Thus, the

successful modification of clay with CTAB and cinnamic acid.
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In modified clay 2, the d-spacing increased from 12.27A to 18.55A due to
the intercalation of CTAB into the clay layers. Thereby, successful
intercalation of clay with CTAB. So, Modified clay 1 contains increased

d- spacing which shows the enhanced interlayer spacing.

In comparing the nanocomposites with their corresponding modified clay,
both the nanocomposites show a large increase in d-spacing. Comparing
MMT CTAB-Cinnamic acid CS/AC nanocomposite with the Modified
clay 1, the d-spacing values are 20.49A to 104.144A, there is a significant
increase in the d-spacing, which shows the exfoliation of the clay layers.

When comparing MMT CTAB-CS/AC nanocomposite with Modified clay
2 the d-spacing values are 18.55A to 104.704A. here also the d-spacing
values have an extensive increase, which shows the exfoliation of clay

layers.

3.3 EVALUATION OF DYE ADSORPTION EFFICIENCY

To assess the performance of the prepared nanocomposites in eliminating
dye contaminants from a solution, an adsorption efficiency test is
performed. The process starts with the preparation of a 10ppm dye
solution. The prepared nanocomposite is subsequently introduced into the
dye solution, mixed well, and left to incubate for 45 minutes, allowing the
nanocomposite to interact with dye molecules. The adsorption capacity of
the nanocomposite is determined via a UV-Visible spectrometer with
readings every 15 minutes to track the reduction in the concentration of
dye over time. Through a determination of the adsorption value recorded

by the spectrometer, the percentage of dye removal can be computed,
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showing the adsorption capacity of the nanocomposite and revealing its

use in wastewater treatment.

3.3.1 UV - Visible Spectrum Analysis of Dye Solution

@©
e
£
o
3
=
(Wavelenght nm)
Fig.3.11 UV Visible Spectrum of Dye solution
Table 3.12 UV Visible Analysis of Alizarin Red Dye Solution
SAMPLE WAVELENGTH ABSORBANCE
(nm)
Alizarin Red Dye 260 0.9407
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3.3.2 UV-Visible Spectrum Analysis of Dye Solution Treated with
MMT-CTAB Cinnamic acid CS/AC Nanocomposite

MMT CTAB CINNAMIC CS/AC
15 MIN

(Absorbance)

(Wavelength nm)

Fig.3.12 UV Visible spectrum of dye solution in MMT CTAB Cinnamic
CS/AC Nanocomposite for 15 Min
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MMT CTAB CINNAMIC CS/AC
30 MIN

(Absorbance)

(Wavelength nm)

Fig.3.13 UV Visible spectrum of dye solution in MMT CTAB Cinnamic
CS/AC Nanocomposite for 30 Min

MMT CTAB CINNAMIC CS/AC
45 MIN

(Absorbance)

(Wavelenght nm)

Fig.3.14 UV Visible spectrum of dye solution in MMT CTAB Cinnamic
CS/AC Nanocomposite for 45 Min
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Table 3.13 UV Visible Analysis of Dye solution in MMT-CTAB
Cinnamic CS/AC nanocomposite at different time intervals

Sample

Wavelength (nm)

Absorbance

MMT-CTAB
Cinnamic CS/AC for
15 Min

260

2.3646

MMT-CTAB
Cinnamic CS/AC For
30 Min

260

2.5375

MMT-CTAB
Cinnamic CS/AC For
45 Min

260

2.7794

3.3.3 UV -Visible Spectrum Analysis of Dye Solution Treated with
MMT -CTAB CS/AC Nanocomposite

(Absorbance)

MMT CTAB CS/AC
15 MIN

(Wavelength nm)

Fig. 3.15 UV Visible spectrum of dye solution in MMT CTAB CS/AC

Nanocomposite for 15 Min
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(Absorbance)

MMT CTAB CS/AC
30 MIN

(Wavelength nm)

Fig.3.16 UV Visible spectrum of dye solution in MMT CTAB CS/AC
Nanocomposite for 30 Min

MMT CTAB CS/AC
45 MIN

(Absorbance)

-

Fig.3.17 UV Visible spectrum of dye solution in MMT CTAB CS/AC
Nanocomposite for 45 Min

(Wavelength nm)
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Table 3.14 UV Visible Analysis of Dye solution in MMT-CTAB
CS/AC nanocomposite at different time intervals

Sample Wavelength (nm) Absorbance
MMT-CTAB CS/AC
for 15 Min 260 0.4180
MMT-CTAB CS/AC
For 30 Min 260 0.1093
MMT-CTAB CS/AC
For 45 Min 260 0.0537

In comparison of UV Data obtained for Dye and MMT CTAB Cinnamic
CS/AC and MMT-CTAB CS/AC nanocomposites is listed in tables 3.12,
3.13,3.14

The adsorption efficiency of the nanocomposites toward alizarin red dye
was evaluated by monitoring their absorbance at 260 nm using UV—-Vis
spectroscopy. The results clearly demonstrate the superior adsorption
capability of the prepared MMT—CTAB CS/AC nanocomposites.

The pure dye solution exhibited an absorbance of 0.9407 Abs. In contrast,
the MMT-CTAB CS/AC composite showed a progressive decrease in
absorbance over time, with values of 0.4180 Abs after 15 minutes, 0.1093
Abs after 30 minutes, and 0.0537 Abs after 45 minutes. This consistent
reduction in absorbance confirms the effective removal of dye from the
aqueous solution.

The remarkable adsorption performance can be attributed to the increased
interlayer spacing (d-spacing) within the MMT CS/AC nanocomposites.
The expansion of the clay layers enhances surface area and improves

interlayer accessibility, thereby providing more active sites for dye
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molecule interaction and adsorption. The gradual decrease in absorbance
over time further indicates continuous and efficient dye uptake.

In contrast, the MMT— CTAB Cinnamic acid CS/AC nanocomposite
displayed an increase in absorbance. This behaviour may be explained by
the relatively weak interaction between cinnamic acid and the MMT clay
layers. During stirring, partial leaching of cinnamic acid into the aqueous
medium likely occurred, contributing to the observed rise in absorbance.
This suggests reduced structural stability and lower adsorption efficiency

compared to the CTAB-modified composite.
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Conclusions

The MMT-CTAB-—cinnamic acid CS/AC nanocomposite and MMT-
CTAB CS/AC nanocomposite was successfully synthesized and
comprehensively characterized. The synthesis involved the preparation
of a separate CS/AC composite, modification of MMT clay using
CTAB—cinnamic acid, and modification of MMT using CTAB alone.
The modified MMT was subsequently incorporated into the CS/AC
composite, and the mixture was subjected to sonication to ensure
uniform dispersion and formation of a homogeneous nanocomposite. The
obtained nanocomposite exhibited an exfoliated clay structure, as
expected, providing a high surface area and increased availability of

active sites, thereby enhancing the adsorption capacity of the clay.

Fourier Transform Infrared (FTIR) spectroscopy revealed significant
interactions among the composite components. The characteristic
absorption bands corresponding to functional groups of MMT, chitosan,
cinnamic acid, CTAB, and activated carbon were carefully examined.
The presence of hydroxyl (-OH) and amide (—NH) stretching vibrations
confirmed the physical blending and successful incorporation of the
constituents. The absence of newly formed peaks indicated that no
chemical reactions occurred during synthesis, thereby maintaining the

structural integrity of the nanocomposite.
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X-ray diffraction (XRD) analysis confirmed the intercalation of MMT
within the polymer matrix. A noticeable increase in basal spacing and
partial exfoliation of MMT layers was observed in the CS/AC-MMT
nanocomposite, demonstrating effective insertion of polymer chains

between the clay galleries.

Overall, the characterization results confirm the successful fabrication of
both CS/AC-MMT-CTAB-cinnamic acid and CS/AC-MMT-CTAB
nanocomposites. The combined FTIR and XRD findings demonstrate
efficient incorporation of MMT into the polymer matrix, improved clay
dispersion, and enhanced structural compatibility among the composite

components.

The absorption efficiency of MMT-CTAB CS/AC Nanocomposite was
analyzed using UV-Visible spectroscopy at a wavelength of 260 nm. The
UV Visible analysis confirms the remarkable adsorption efficiency of
MMT-CTAB CS/AC nanocomposite in removing the Alizarin red dye
from aqueous solutions. The spectroscopy analysis of pure dye indicated
an absorbance of 0.9407 Abs, whereas the MMT-CTAB nanocomposite
showed an evident reduction in absorbance; here, the values are 0.4180
Abs in 15 mins, 0.1093 Abs in 30 mins and 0.0537 Abs in 45 mins. These
observed values highlight the stability and effectiveness of this
nanocomposite in dye removal. The enhanced absorption is due to the
increased d-spacing of nanocomposites, making it an exfoliated structure
with enhanced interlayer accessibility, surface exposure, porosity and
more active interaction sites. These structural characteristics contribute to

its exceptional adsorption capability.
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The UV—Visible spectroscopy analysis revealed that the MMT—-CTAB
Cinnamic Acid CS/AC nanocomposite exhibited comparatively lower
adsorption efficiency in the removal of Alizarin red dye from aqueous
solutions. Unlike the MMT-CTAB CS/AC nanocomposite, which
showed a significant reduction in absorbance over time, the MMT-
Cinnamic Acid—modified system demonstrated an increase in absorbance
values. The presence of cinnamic acid within the matrix appears to
interfere with the active adsorption sites, thereby reducing effective dye

interaction and limiting the overall removal efficiency.

The reduced performance of the MMT-CTAB Cinnamic acid CS/AC
nanocomposite can be attributed to the weak intermolecular forces
between cinnamic acid and the composite structure. Due to insufficient
binding strength, cinnamic acid molecules tend to leach out into the
aqueous medium during the stirring process. Once released, cinnamic
acid absorbs UV radiation, contributing to an apparent increase in
absorbance values and masking the actual dye removal efficiency.
Furthermore, the partial detachment of cinnamic acid may disrupt the
structural integrity and interlayer interactions of the nanocomposite,
decreasing porosity, surface accessibility, and the number of effective
active sites. These factors collectively confirm the inefficiency and
reduced stability of the MMT-CTAB Cinnamic acid CS/AC

nanocomposite for wastewater treatment applications.

The characterization studies confirmed the successful synthesis of MMT-
CTAB CS/AC Nanocomposite and MMT-CTAB Cinnamic CS/AC
Nanocomposite. The FT-IR and XRD analysis show the viable

incorporation of CTAB, Cinnamic acid, Chitosan and Activated carbon
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within the MMT clay layers. The UV-Visible spectroscopy indicated the
stability and efficiency of MMT-CTAB CS/AC Nanocomposite for dye
absorption. Based on our experimental results, it confirms that the MMT-
CTAB CS/AC Nanocomposite is a viable and efficient material for waste

water treatment applications.
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