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Abstract

Crystal Violet (CV) is a synthetic triphenylmethane dye that is widely used in biomedical staining,
printing, and textile processing. Because of its great chemical stability, CV is a persistent pollutant
in industrial effluent streams and is known to have hazardous and carcinogenic effects despite its
usefulness. To address this concern, this study focuses on the Green Synthesis of Manganese oxide
(MnATH-(O) NPs) utilizing anthocyanin (ATH) extract obtained from red cabbage, which serves
as a stabilizing, capping, and reducing agent. The physiochemical properties of the green
synthesized MnATH-(O) NPs were extensively analysed using multiple characterization
techniques. Powder X-ray diffraction was employed to confirm the crystalline phase and estimate
the average crystallite size, while Fourier Transform Infrared Spectroscopy (FTIR) was used to
identify the surface functional groups involved in nanoparticle stabilization. The characterization
results revealed that the synthesized material possessed a crystallite size of 20.3 nm, indicative of
high crystallinity and phase purity. Additionally, the measured surface charge of —34.7 mV
suggests strong electrostatic affinity toward positively charged azo dye molecules, supporting its
potential as an efficient adsorbent in wastewater treatment applications. Batch adsorption
experiments were conducted under varying conditions of initial dye concentration, contact time,
adsorbent dosage and pH to optimize dye removal efficiency, attaining a removal efficiency of
98.36% within 60 minutes. The adsorption kinetics were best described by pseudo-second-order
model demonstrating that the chemisorption was the predominant mechanism governing the
interaction between MnO nanoparticles. Additionally, the equilibrium data fitted well with
the Temkin isotherm model, suggesting multilayer adsorption on a heterogeneous surface. These
findings highlight the potential of green-synthesised MnO nanoparticles as an environmentally
friendly and highly effective adsorbent for the removal of cationic dyes. In addition to reducing
environmental effect, using an eco-friendly synthesis process improves surface characteristics that
are conducive to adsorption. Overall, this study shows a viable, affordable wastewater treatment

method that might be scaled up and used in actual effluent systems.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Over the past decades, The rapid growth of cities and factories have resulted in a notable rise in
environmental pollution, especially due to the release of toxic pollutants such as dyes, heavy
metals, volatile organic compounds, etc., into water bodies. Among various pollutants, synthetic
dyes emerged as the most persistent and hazardous contaminant released from textile, leather,
paper, printing and cosmetic industries, thus causing adverse impact on the ecosystem [1]. Among
the synthetic dyes, crystal violet (CV) dye, a photo-stable azo dye, consists of hexamethyl
pararosaniline chloride molecules. CV dye is extremely harmful to animals, exhibiting mutagenic
and carcinogenic properties due to its aromatic structure[2], [3], which is resistant to environmental
degradation, resulting in respiratory issues, skin and digestive tract irritation, liver, kidney
damage and renal failure [4], [5]. The cationic CV dye in water impedes sunlight penetration,
hindering the photosynthesis of aquatic plants and hence promoting bacterial proliferation.
Consequently, the removal of these cationic azo dyes is critically important for safeguarding
ecological balance. As of today, numerous methods for the elimination of these contaminants are
reported in the literature, including precipitation, chemical oxidation, photodegradation,
coagulation-flocculation, ultra and nanofiltration, membrane filtration, electrolysis, and biological
processes. Nonetheless, their practical application remains constrained by specific limitations
inherent to traditional methods for azo dye removal, including (i) considerable operational costs
due to elevated energy demands, (ii) prolonged duration, (iii) necessity for substantial chemical
quantities, (iv) production of detrimental secondary pollutants such as sludge and novel hazardous
compounds, (v) insufficient dye removal leading to contaminated influents, and (vi) prohibited
effectiveness.

In recent years, adsorption has come into focus as a promising technique for wastewater treatment,
owing to its simplicity, versatility, effectiveness, and cost-efficiency. The adsorptive removal of
pollutants depends on the solid-liquid intermolecular attraction between the adsorbate and the
adsorbent, facilitating the transfer of pollutants from the aqueous solution to the adsorbent’s
surface. Currently, a diverse array of substances serves as adsorbents, including carbon-based

compounds, biosorbents, silicon-based materials, zeolites, organic polymers, natural clays, metal



hydroxides, and agricultural wastes, for the removal of dyes, metals, pesticides, and phenolic
compounds from water sources [6]. The practical application of these materials remains limited
due to high costs, insufficient adsorption capacities, and difficulties in their reuse and regeneration.
Recently, transition metal oxides (TMOs) have attracted significant attention owing to their
compositional diversity, high surface area to volume ratio, non-toxic, enhanced reactivity, and
prospective applications across various fields (sensing, wastewater treatment, energy storage, etc)
(Table 1.1). The synthesis of MONPs can be achieved through various top-down and bottom-up
methodologies, including sol-gel, hydrothermal, microwave irradiation, laser ablation, and
chemical reduction techniques. Conventional methods exhibit limitations related to the use of
hazardous precursors, high costs, time consumption, energy intensity, and the generation of toxic
byproducts, which pose significant challenges to sustainability and environmental safety. To
address this issue, researchers have chosen a more environmentally friendly approach that
eliminates the need for toxic chemicals and energy-intensive methods. Researchers have explored
various bioresources for green synthesis, including plant components such as leaves, bark, roots,
stems, seeds, flowers, fruits, and tubers, microorganisms like algae, fungi, and bacteria. Plant-
derived bioresources are preferred due to their rich content of bioactive compounds, including
alkaloids, flavonoids, terpenoids, and triterpenoids, which function as natural capping and
reducing agents in nanoparticle synthesis. Plant extracts containing bioactive compounds,
particularly anthocyanins (ATH), have shown significant potential in the biosynthesis of
nanoparticles (NPs) among various natural sources [6].

ATH is prevalent in RC and serves dual roles as both reducing and capping agents, Consequently,
its antioxidant qualities enhance the stability and performance of nanoparticles [7]. The process
involves phytochemicals in the extract mediating the reduction of manganese ions to manganese
oxide, which produces nanoparticles with controlled size and shape. Red cabbage’s high ATH
content, affordability, and availability make it a good choice for this use [8]. RC is the source of
ATH extract, which has a high concentration of several phytochemicals and minerals, including
Vitamin C and K, B-carotene, minerals, fibers, total polyphenols, and glucosinolates. ATHs
represent the glycosylated derivatives of anthocyanidins (aglycones) [9]. The ATH extract
contains key functional groups, specifically hydroxyl (-OH) and methoxy (-OCHs) groups, which
are attached to phenolic rings and play a significant role in its antioxidant properties. ATH includes

glycosidic bonds that link sugars such as glucose or galactose to aglycones, thereby improving



their solubility and stability in aqueous environments. The inclusion of carbonyl (C=0) groups in
the core structure enhances the electron configuration [10]. ATH derived from RC exhibits strong
reducing properties and the ability to chelate metal ions, making it highly effective in the synthesis
of nanoparticles. The use of RC extract is consistent with green chemistry principles, as it removes
the need for hazardous chemicals and reduces the overall environmental impact of the synthesis
process. ATH extracted from RC demonstrates significant versatility and effectiveness, offering
potential for the synthesis of MnO nanoparticles with enhanced photocatalytic properties.

This study presents Anthocyanin mediated synthesis of manganese oxides (MnATH-(O) NPs) for
applications in wastewater treatment. The physiochemical properties of the synthesized material
were analysed using Powder X-ray Diffraction (PXRD), Fourier Transform Infrared Spectroscopy
(FTIR), Field Emission-Scanning Electron Microscopy with Energy Dispersive X-ray
Spectroscopy (FESEM with EDX), analysis, and Dynamic Light Scattering (DLS). The results
indicate that the synthesized material has a crystallite size of 20.3 nm, suggesting high purity and
crystallinity. The synthesized material exhibits a negative surface charge of -34.7 mV, indicating
effectiveness in the adsorption of cationic azo dyes. The synthesized materials were subsequently
employed as adsorbents for the effective removal of CV dye from wastewater, attaining a removal
efficiency of 98.36% within 60 minutes. Adsorption studies were conducted by varying parameters
such as contact time, initial dye concentration, adsorbent dosage, pH, and temperature. The
adsorption mechanism was elucidated using the pseudo-second order kinetic model, indicating the
chemical adsorption of CV dye onto the MnATH-(O) NPs surface. The non-homogeneous and
multilayer adsorption type is, to our knowledge, the most efficient, demonstrating a maximum
uptake capacity of 49.039 mg g! for CV dye on MnATH-(O) NPs. This synthesis method is
regarded as environmentally sustainable within the framework of environmental remediation,

particularly concerning waste management protocols.



Table 1.1: Reported Applications of Bio-synthesized MONPs

MONPs Biological Parts Application | References
methods

ZnO NPs Fungus Culture filtrate of the Antimicrobial,

endophytic fungus Antioxidant, [11]

Alternaria tenuissima Anticancer

and
Photocatalytic
activity
ZnO and CuO Plant Leaf extract of Aloe Water [12]
NPs barbadensis Treatment

Ag NPs Animal Extract from animal Water [13]

fur (Goat) treatment
Zn0O, CuO and Plant Leaves of Cassia Water [14]
Fe>O3 NPs fistula treatment
ZnO- CuO NCs Plant Leaves of kei apple Water [15]

Dovyalis caffra treatment
NiO NPs and Plant Leaf extract of P. Water [16]
CuNiO NCs dodecandra L'Herit treatment
Cu and CuO E-waste Waste printed circuit Antibacterial [17]
NPs boards (WPCBs) and

Photocatalytic
activity




CHAPTER 2

EXPERIMENTAL SECTION

2. REAGENTS AND METHOD

2.1 Chemicals required

The chemical reagents required in this synthesis, Manganese(Il) acetate tetrahydrate
(Mn(CHsCOO)2-4H20) and Sodium hydroxide (NaOH), ( > 99 % purity), were obtained from
MERCK. To extract ATH, red cabbage was purchased from a Delhi, India, local market.
Anhydrous ethanol (EtOH) and hydrochloric acid (HCI), were obtained from Thermo Fisher
Scientific. Crystal violet (CV) (Hexamethyl pararosaniline chloride (C2sH30CIN3)) was purchased

from CDH chemicals. and all the experiments were conducted using deionized water (DI).

2.2 METHODOLOGY
2.2.1. Preparation of Anthocyanin Extract (ATH)

ATH was extracted from RC (Brassica oleracea var. capitata) via a process analogous to that

documented in the literature , employing pure ethanol as the solvent [18].

2.2.2 Chemical Synthesis of Manganese Oxide Nanoparticles (MnO NPs)

A cost-efficient co-precipitation technique was utilized to produce MnO nanoparticles from the
precursor (Mn(CHsCOO):'4H-0) and NaOH, as illustrated in Figure 2.2.2. 1 g of
(Mn(CHsCOO):-4H-0) was introduced during the synthesis procedure. A beaker with 50 mL of
distilled water was constantly swirled for 15 minutes at room temperature. By gradually adding
1.5 M NaOH solution, the mixture's pH was kept at 9. The resulting mixture was then stirred at
450 rpm for four hours at room temperature. After that, the dark precipitate was filtered and
cleaned using distilled water and a 1:1 ethanol solvent. After that, the product was dried in an oven
for 24 hours at 60 °C. Using a mortar and pestle, the dry product was further grounded into a fine

powder before being calcined in a muffle furnace for two hours at 450°C.



2.2.3 Synthesis of Manganese oxide MnATH-(O) NPs

The green synthesis of MnATH-(O) NPs was conducted utilising ATH extract, as illustrated in
Figure 2.2.1. Initially, 1 g of (Mn(CHsCOQO).-4H20) was agitated for 15 minutes at room
temperature after dissolving in 50 millilitres of distilled water. Five millilitres of ATH solution
were then added, and the mixture was agitated for half an hour. At this point, the colour of the
solution turned brown. To keep the pH of the solution at 9, 1.5 M NaOH solution was added
dropwise. The mixture was then shaken for four hours. A 1:1 mixture of distilled water and ethanol
was then used to filter and rinse the brown precipitate. After being dried for 24 hours at 60 °C, the

final product was calcined for two hours at 450 °C in a muffle furnace.

‘ . i Mn(CH1COO)z'4H20 | ‘/ ‘/

Stir and add e
Stir ATH extract Filter =~
—_— ;

NaOH, pH=9

Dry at 60°C

Wash Calcination

: . Stir, 4 hours 0 5 2 hours at
0 : 450 °C MnO NPs

De-ionised water o o

Figure 2.2.1 Synthesis of MnO NPs with ATH Extract

) Mn(CH,COO)z"4H.0 / /

B
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—
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- ~

Calcination

Figure 2.2.2: Synthesis of MnO NPs

2.3 ADSORPTION STUDIES
Adsorption studies were conducted under dark conditions. A number of batch adsorption
experiments were performed with varying parameters such as temperature (313.15k - 333.15k),

pH (3- 11), initial concentration of CV dye (10 mg L! -50 mg L), contact time (0 - 60 minutes),



different adsorbent dosage (50 mg — 200 mg). Constant volume of solution was taken at regular
intervals of time. Then the samples were centrifuged at 4000 rpm, for 10 minutes. Then the
absorbance spectrum was recorded using a Shimadzul900i UV-vis spectrophotometer at Amax=

579. The equilibrium dye uptake capacity, qe (mg g™ '), was calculated using:

Ci—Ce
qe="Crexv (1)

Here, CV dye’s initial and equilibrium concentrations are indicated as Ci and C. (mg L™"). The
adsorbent mass is stated as W (mg), whereas V denotes the dye solution's volume (mL). The

following expression was used to determine the removal effectiveness for CV dye:

i

%removal = % * 100 ?2)

The rate-determining step and completion time for the adsorption process were also determined
using kinetic models. The following equation was used to calculate the dye absorption capacity at

time t.

=Lty 3)

Where, W and V stand for the mass of adsorbent (mg) and the volume of the solution (mL),
respectively, and g for the quantity of dye adsorbed at time t (mg g™!), Ci and C: for the initial and

final dye concentrations (mg L™).

2.4.CHARACTERIZATION TECHNIQUES

2.4.1. PXRD Analysis

Using PXRD, the synthesized nanomaterials structural identification and compositional
characterization were evolved. The PXRD patterns of MnATH-(O) NPs are displayed in the Figure
3. One method for figuring out the crystal structure of powdered materials is PXRD. A standard
digital X-ray diffractometer is depicted in Figure 2.4.1. X-rays are typically produced using
revolving anodes, sealed tubes, and synchrotron radiation sources. XRD analysis can be used to
study materials like metals, ceramics, polymers, and semiconductors. The method can be applied
to characterize new materials, identify unfamiliar materials, and track the quality of materials while

they are being manufactured. Crystals scatter X-rays in a characteristic way, which allows for a



structural investigation in XRD analysis. A number of the samples macro and microstructural

characteristics can be gleaned from, including:

* Peak Position: Phase structure, chemical composition, macro stresses, and lattice parameters are
all analyzed using curves.

* Peak Shape: Contributes to sample broadening (micro strains and crystallite size)

D=0.94)1/p Cos b (2)
Here, the average crystallinity is D,
the wavelength is in A,
FWHM is B (in radian) and

0 indicates the degree of diffraction.

Figure 2.4.1 Digital X-Ray Diffractometer
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2.4.2. Fourier Transform Infrared Spectroscopy (FTIR)

An analytical method called FTIR analysis makes use of infrared light to determine and measure
the chemical makeup of a material. A digital FTIR spectrophotometer is depicted in Figure 2.4.2.
The interaction between a sample and an infrared light beam is measured by FTIR analysis. The
spectrum reveals the functional groups present in the samples as well as details about their
chemical makeup. Because of this, no two substances have identical infrared spectra. In this sense,
an infrared spectrum might serve as a fingerprint for identification. IR spectroscopy can be used
to qualitatively analyze a variety of materials. IR is typically divided into three regions: near-IR

(400-10 cm!), mid-IR (4000-400 cm!), and far-IR (14000-4000 cm™).

Figure 2.4.2 Digital FTIR Spectrophotometer
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 CHARACTERIZATION

3.1.1 XRD Analysis
The PXRD results for Manganese oxide are displayed in Figure 3.1.1. The hexagonal P6smc space

group is represented by the peaks at 20 angles of 36.6° and 42.5°. The hkl values of (111) and
(200) can be applied to the reflection planes.

—— MnATH-(0) NPs|

Intensity (arb. units)

1 I 1
20 30 40 50 60 70 80
20 (degrees)

Figure 3.1.1. PXRD pattern of synthesized MnO NPs and MnATH-(O) NPs

The crystallite size of synthesized MnO NPs were calculated by Debye-Scherer formula given
below equation (2).

D=0.94A/p Cos 8 2)
In this case, the wavelength is in A, the FWHM is B (in radians), the average crystallinity is D,
and the degree of diffraction is indicated by 0. The average crystallographic size (D) of the MnO

NPs s was determined to be 32.28 and 20.3 nm, respectively, using the Scherrer equation.
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Phyto-fabricated metal oxide MnO NPs and MnATH-(O) NPs powder X-ray diffraction (PXRD)
data are displayed in Figure 3.1.1.

3.1.2. FT-IR Analysis

The FTIR spectra of MnO NPs and MnATH-(O) NPs that were phyto-nanofabricated are shown
in Figure 3.1.2 illustrates the stretching vibration of the O-H groups of water present as moisture,
Hydroxyl Peaks 3400 cm™ indicates the existence of OH groups that are surface-bound. Metal-
oxygen (M-O) connections are confirmed to be present in the produced nanoparticles by the
existence of bands in the 500—750 cm™ provide strong indication of effective manganese oxide
production. Hydroxyl Peaks 3400 cm™ indicates the existence of OH groups that are surface-
bound. Peaks of water 1630 cm™ Frequently found in materials that are synthesized or kept in
aqueous media.

Using a zeta potential analysis, the surface charge of the synthesized MnO NPs was also calculated

and found to be -34.7 mV, indicating that MnATH-(O) NPs has a negative surface charge.

—— MnO NPs

% Transmittance (%)

—— MnATH-(0) NPs

1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 50Q
Wavenumber (cm™)

Figure 3.1.2. FTIR spectrum of synthesized MnO NPs and MnATH-(O) NPs



3.2.BATCH ADSORPTION EXPERIMENTS

It was investigated that how well synthesized MnATH-(O) NPs worked as adsorbent to remove
cationic CV dye from aqueous solutions. MnATH-(O) NPs adsorptive efficacy for the uptake of
Crystal violet (CV) dye was assessed in preliminary studies using 100 mg adsorbent (MnATH-(O)
NPs) in 100 ml of dye solution containing 20 mg L-!, Stirred under absence of light, a particular
quantity of solution were taken out at regular intervals of 2 minutes. Then the solution were
centrifuged at 4000 rpm for 10 minutes, at Amax= 579 nm Using a UV visible spectrophotometer,
the residual solution's concentration was determined. the results demonstrated an impressive

removal efficiency in just 30 minutes. MnATH-(O) NPs were found to exhibit selective removal

of cationic dyes.
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(e)pH of CV Dye Solution
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Removal Efficiency (%)
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Figure 3.2.1 (a) UV Visible spectra of adsorption of CV dye using MnATH-(O) NPs, (b)
influence of contact time on removal efficiency, (c¢) influence of initial dye concentration on
adsorption capacity, (d) effect of adsorbent dosage on removal efficiency, (e) influence of

pH on CV dye solution for removal efficiency

3.2.1.Impact of Contact time

In adsorption investigations involving the interaction of an adsorbent with a dye solution,
experimental time is a crucial influencing aspect since it offers essential insights into the
equilibrium state. The adsorption investigation examined the correlation between the percentage
of CV sequestered over a 150-minute interval and the trial duration. For 60 minutes in the dark,
100 mg of adsorbent was agitated in 100 mL of A 20 mg L! dose of CV dye solution with a pH
of 3 in order to conduct the adsorption investigations. A Shimadzul900i UV-vis
spectrophotometer was used to record the absorbance spectra at Amax= 579 nm after a set amount
of solution was taken out at regular intervals of 15 minutes and centrifuged for 10 minutes at 4000
rpm. Using MnATH-(O) NPs as an adsorbent, Figure 3.2.1 shows the UV-visible spectra of CV
dye over a wavelength range of 400-700 nm. The percentage elimination plotted against reaction
time is shown in Figure 3.2.1. With 94.38% of the dye adsorbed in 30 minutes, the plot shows a
sharp increase in the dye removal percentage was noted until 60 minutes, at which point the
percentage removal efficiency peaked at 98.36%. The dye removal efficiency remained nearly
constant after 60 minutes, showing that the saturation level had been reached, with no discernible
rise. The presence of adsorption sites on the surface of NPs may help to explain these facts. First,

there are a lot of open spots on the adsorbent surface where CV dye molecules can be adsorbed,
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which leads to a high removal efficiency. Less adsorption sites are available on the adsorbent's

surface as the experimental duration evolves, and as a result, the removal effectiveness decreases.

3.2.2 Impact of Initial CV concentration

By mixing 100 mg of adsorbent in 100 ml of aqueous solution of dye with different concentrations
from 10 mg L! to 50 mg L! at pH 3 in the dark for 60 minutes. It was also possible to examine
the impact of initial CV dye concentration on the adsorption capacity of MnATH-(O) NPs (Figure
3.2.1.¢). It was shown that as the concentration of dye solution rose from 10 mg L! to 50 mg L,
the adsorbent's adsorption capacity improved from 9.100 mg g! to 49.039 mg g'! This occurs as a
result of a larger mass transfer of CV dye molecules from the CV dye solution to the MnATH-(O).
surface as a result of more frequent contacts between the molecules of the dye and the MnATH-
(O) NPs surface at higher dye concentrations. CV dye molecules are more likely to separate from
the solution phase and adsorb onto the surface of nanomaterials as a result of the rise in molecular
collisions. Thus, it can be concluded that when the dye concentration rises from 10 mg L' to 50

mg L', MnATH-(O) NPs adsorption capability increases.

3.2.3. Impact of adsorbent dosage

To Study impact on adsorption using different doses of MnATH-(O) The influence of adsorbent
amount on the effectiveness of CV dye removal was examined using NPs (50 mg, 100 mg, 150
mg, and 200 mg) in a 100 ml solution of CV dye.. The initial reaction duration (150 minutes) and
CV dye concentration (20 mg L!) were all maintained at the same levels. In 150 minutes with 50
mg of adsorbent present, the removal effectiveness of MnATH-(O) NPs only reached 62.79%, as
shown in Figure 3.2.1(d). It could be explained by the fact that there are less adsorption sites
available for the uptake of CV dye from solution. Due to the abundance of active adsorption sites
available for adsorption, a removal efficiency of over 98.90% was attained when the adsorbent
dosage was increased to 100 mg, 150 mg, and 200 mg. Thus, it may be concluded that the ideal
adsorbent dosage for CV dye uptake is 100 mg.

3.2.4 Impact of pH on CV dye solution
The adsorption mechanism of CV dye is significantly impacted by pH. 100 mL of a 20 mg L!

aqueous solution of CV dye with pH values ranging from 3 to 9 was used to investigate the effect
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of pH on the adsorption of CV dye by 100 mg of MnATH-(O) NPs. The mixture was stirred for
60 minutes in the dark, the predetermined volume of solution was taken out every fixed interval
of time 15 minutes. After that, the solutions were centrifuged for ten minutes at 4000 rpm. The
absorbance was then estimated at Amax = 579 nm using a Shimadzul900i UV-vis

spectrophotometer. As the pH was raised from 3 to 9, the removal effectiveness of MnATH-(O)
NPs rapidly decreased, going from 91.58% to 83.78% (Figure 3.2.1.e).

3.3. ADSORPTION KINETICS

The mechanics behind the adsorption process and the rate of adsorption are clearly understood
thanks to adsorption kinetic studies. Adsorption tests utilizing 100 mg MnATH-(O) NPs in CV
dye solution with a 20 mg L'! concentration were conducted in the dark for 150 minutes. By fitting
experimental data to various kinetic models, such as the pseudo-first-order (PFO), pseudo-second-
order (PSO), and Intraparticle Diffusion (IPD) models, the adsorption kinetics for CV adsorption
on MnATH-(O) NPs were determined.

3.3.1. Lagergren pseudo-first-order (PFO) Adsorption Kinetics Model
This mechanism is commonly described by the Lagergren PFO model, Since the adsorption of
solute from a liquid solution is a reversible interaction between the adsorbent and CV dye
molecules. The variation in CV adsorption at time (t) directly affects the pace and concentration
of CV dye elimination. The following represents the PFO model's linear regression:

In(q. — q;) = Inq, — k;t C))
Here, q, and q; (in mg g!), represent the adsorbent's dye absorption capacity at equilibrium and
at a certain time t (in minutes), respectively. The symbol for the adsorption process's rate constant
is k; (min!). k1 and ge can be found using the slope and intercept of the linear plot of Inge —qt

vs t.

3.3.2. Pseudo-second-order (PSQO) Adsorption Kinetics Model
This model states that the quantity of active adsorption sites on the surface of MnATH-(O) NPs
as well as the concentration of CV dye ions both affect the rate of adsorption. The surface

adsorption process, which includes chemisorption and describes the extraction of the adsorbate
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from a solution by physicochemical interactions between the two phases, is the step that determines

the rate in this model. The following is a description of linear regression:

= ot 3)

@ k2q.r  qe

With,
h = kiq.* (6)

At time t, an adsorbent's capacity to absorb CV dye is shown by g, (mg g!). cation's equilibrium
rate constant is expressed as k, ( min!). q, represents the equilibrium dye adsorption capacity

(mg g!). The initial adsorption rate (mg g™! min™') is denoted by h.

3.3.3 Intraparticle Diffusion (IPD) Adsorption Kinetics Model

The diffusion mechanism is clarified using the IPD model, which takes into account the creation
of several layers according to Vanderwaal's forces, which is crucial for the growth of the physical
adsorption process. The physical properties of the adsorbent, the dye solution's starting
concentration, temperature, and rotation speed in batch mode are some of the factors that

frequently affect the ID. The ID equation that Weber and Morris presented is as follows:
1
qe = kiqt2 +C (7

Here, q; (mg g_l), indicates the adsorbent's ability to adsorb CV dye at time k;; (g mg™' min''?),
indicates the intraparticle diffusion rate coefficient, and C stands for the boundary layer's thickness.
The slope of the q; vs t*/?plot can be used to calculate the k;; values for each adsorbate (CV
dye) concentration. As the adsorbate concentration rises, these values are seen to rise as well.

Lower R? values of 0.94908 imply that IPD has no discernible effect on MnATH-(O) NPs ability
to adsorb CV dye. However, the adsorption process might be controlled by a multi-step mechanism

because there is not an intersection at the origin.
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The adsorption kinetics plots are shown in Figure 3.3.1, and the estimated parameter values derived
from the linear regressions of the previously described adsorption kinetic models are displayed in
(Table 3.3.1.c) The experimental data was found to have a good correlation with the PSO model,
having R?= 0.9995, indicating that the rate of CV adsorption by the MnATH-(O) NPs was mostly
influenced by chemical adsorption. The parametric value of h was calculated using equation (6)

and found to be 1.5675 mg g*! min’!.
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Table 3.3.1. List of calculated parametric values for adsorption kinetics model for CV dye

adsorption by MnATH-(O) NPs

Kinetic Models Linear Plot Parametric Values
Pseudo 1%t order In(q. — q,) vst R? 0.91148
In(q. — q;) = Inq, — kit k= 0.1043 min’!
q.= 72667 mg g’!
Pseudo 2" order t oS ¢ R?=0.9995
t_ 1 .t q k, =0.00377 min"
a ka2 4q. h =1.5765 mg g''min’!
q. =20.4498 mg g'!
Intraparticle diffusion model q.vsty) R?=0.94908
q: = kigtyz + C kiq = 0.63347 g mg-'min -2
C=15.2486

3.4 ADSORPTION ISOTHERM

Studies of Adsorption Isotherms In order to better understand the adsorption mechanism, provide
specific information about the interactions between the adsorbent and adsorbate while evaluating
the maximal dye adsorption capacity. The adsorption isotherms were examined using a CV dye
solution containing concentrations between 10 and 50 mg L' and 100 mg of adsorbent. The
experimental results were analysed using three distinct isotherm models: the Langmuir,

Freundlich, and Temkin models.

3.4.1. Langmuir Adsorption Isotherm Model

Langmuir's proposed model seeks to explain the saturated adsorption of adsorbate by the adsorbent
in a monolayer manner on the homogenous surfaces of adsorbed materials. As a result, the
molecules of the adsorbent don't interact with one another. The Langmuir model's linear regression
is indicated by Equation (8):

C. 1 Ce

de K19max 9max

@®)
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Where, the equilibrium CV concentration is denoted by C, (mg L™') and the saturation adsorption
capacity by q, (mg g!), respectively. However, K; (L mg™') and ¢4, (mg g!), stand for the
Langmuir constant and maximal CV uptake capacity, respectively.

Another significant factor that shows the adsorption model's favorability and acceptability is the
dimensionless separation factor (R;). The adsorption process's validity is validated by the
separation factor value. R;= 0 indicates an irreversible reaction, O<R; indicates a favourable

reaction and R; =1 indicates a linear plot. These values have the following relationship:

1
R, = 1+k.C; ®)

The initial concentration of the CV solution is represented as mg L! by C;, while the Langmuir

constant is represented as K;, (L mg™).

3.4.2.Freundlich Adsorption Isotherm Model

According to the Freundlich adsorption isotherm model, adsorbate adsorption is non-ideal, occurs
on a heterogeneous multilayer surface of the adsorbent (multilayer adsorption), and energies are
distributed exponentially or non-uniformly to the active adsorption sites. The Freundlich isotherm

model's linear regression is shown as
lnqezanf+nilnCe (10)
f
Here, g, (mg g"), Kr [(mg g') (L mg")"™], ng, and C, (mg L), respectively, represent the

adsorption capacity at equilibrium, Freundlich adsorption coefficient, adsorbate adsorption

capability (heterogenic adsorption intensity), and CV concentration at equilibrium.

3.4.3. Temkin Adsorption Isotherm Model

The adsorption model that explains how the heat of adsorption affects the amount of surface
covered is the Temkin isotherm. Because of the attractive or repulsive interactions between the
adsorbed species, the heat of adsorption reduces as surface coverage rises. The Temkin adsorption

isotherm model's linear regression is shown as

q. = BlnA; + BInC, 11
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=% (12)

The adsorption capacity at equilibrium, heat of adsorption constant, Temkin isotherm equilibrium
constant, CV concentration at equilibrium, universal gas constant (8.314 J K-'mol!), absolute
temperature, and the Temkin isotherm constant are represented by the following variables: , g,
(mg g™, B (Jmol!), Ar,C, (mg L"), R (J K''mol!), T (K), and b (mg L")

The slope and intercept of the plot of g, against In C, are At and B, respectively.
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Figure 3.4.1 The graphs showing the linear connections between the Temkin, Freundlich,

and Langmuir isotherm model
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Table 3.4.1 Compilation of adsorption isotherm parametric values for several mathematical

models
Isotherm Models Linear Plot Slope and intercept Parametric Values
Langmuir Model Ce Slope = ——=0.03715 R*=10.10611
—Us Ce p 9max )
Ce__ 1 | G e . R,=0.01110
Qe KkiGmax  Gmax Intercept = G2 ) k, = 4.4544 L mg’
=0.00834 Gmax = 26.9179 mg ¢!
Freundlich Model Inge vs InCe  Slope = L — 027549 R?=0.04205
ne
1 K =27.0725 (m,
Ing, =InKf + —InC, Intercept = In Kf = ! (mg
Tlf g-l) (L mg-l)l/n
3.29852 mg g’
Temkin Model ge vsIn C, Slope =9.93515 R?=0.09713
ge = BlnA; + Bln C, J/mol Ar =24.8584%10°°
Intercept = B In Ay Lg!

=31.92359 mg g

3.5.ADSORPTION THERMODYNAMICS

The thermodynamic factors explain the adsorption reaction's feasibility, spontaneity, and heat
change, and they also evaluate the adsorption process spontaneity. To investigate the
thermodynamics of the adsorption process, adsorption tests were conducted at four distinct
temperatures: 313.15 K, 323.15 K, and 333.15 K. The entropy change (AS°, J mol! K'') was
computed by substituting the values of experimental adsorption data, the enthalpy change (AH®,
kJ mol!"), and the change in Gibbs free energy (AG®, kJ mol™). The slope and intercept of the

linear plot of the enthalpy and entropy change yield the numerical values of In (%) vs% or

e

InK, vs% , respectively (Figure 3.6.1). Equations (13) and (14) explain how these values relate to

one another.

() == Gr) + (%) (3)

K, = - (30) + (%) (14)
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K.=2 (15)

Here, (AH, kJ mol!) and (AS’, J mol! K1), respectively, stand for the enthalpy and entropy change,

whereas Kc represents the thermodynamic equilibrium constant (L g!), which equivalent to %,

e

The universal gas constant is represented by . R (8.314 x 103 kJ mol! K!) and T(K) represents
the temperature of the sorption system.

The following equation predicts the change in Gibbs free energy (AG’, kJ mol!) and the viability
of the adsorption process:

AG° = —RT In K, (16)

Here, AG°, R, T, and InK, stand for the change in temperature (K), the universal gas constant (kJ
mol! K-1), the thermodynamic equilibrium constant, and the Gibbs free energy (kJ mol™!).
The MnATH-(O) NPs surface CV adsorption was endothermic, as demonstrated by the AH® value
(+39.0313 kJ mol!"). Furthermore, as the reaction mixture's temperature rose, the negative values
of AG?® also rose (Table 3.5.1). This implies that the procedure is viable and thermodynamically
stable, and that the rate of CV dye adsorption is high at higher temperatures. Nonetheless, the
elevated spontaneity at the CV dye solution- interface was shown by the positive AS® value (+
146.2133 J mol™! K'') Additionally, the spontaneity of the process is confirmed by the presence of
a negative AG°value, whilst the positive connection between AG° and temperature suggests that

the rate of adsorption rises as temperature rises.

3.6 .
(a) Plot of Van't Hoff Equation (b)Effect of Temperature on Adsorption Capacity
—~ 19.44
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Figure 3.5.1 The Vant Hoff equation plot (In K vs 1/T) and the effect of temperature on

adsorption capacity have been presented.



24

Table 3.5.1. Thermodynamic parametric values for CV dye adsorption by MnATH-(O) NPs

Temperature (K) qe (mg gh) AH® (kJ mol)  AS° (J mol'K') AG°(kJ mol

).
313.15 19.531 39.0313 146.2133 -9.302
323.15 19.577 -9.886

333.15 19.679 -10.951
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CHAPTER 4

CONCLUSIONS AND FUTURE PROSPECTS

4.1 CONCLUSIONS

This study investigates the intriguing fabrication and application of MnATH-(O) NPs for the
adsorption of crystal violet (CV) dye utilizing ATH extract. Significant properties of the MnATH-
(O) NPs include their irregular shape, increased surface area, improved surface charge. These
properties stood in sharp contrast to those of MnO NPs produced using the chemical co-
precipitation technique.

This Anthocyanin mediated synthesis of manganese oxides (MnATH-(O) NPs) for applications in
wastewater treatment. The physiochemical properties of the synthesized material were analysed
using PXRD, FTIR, FESEM with EDX, The results indicate that the synthesized material has a
crystallite size of 20.3 nm.It was investigated that how well synthesized MnATH-(O) NPs worked
as adsorbent to remove cationic CV dye from aqueous solutions. Crystal violet (CV) dye was
assessed in preliminary studies using 100 mg adsorbent (MnATH-(O) NPs) in 100 ml of dye
solution containing 20 mg L!, under absence of light, at neutral pH, at Amax= 579 nm, the results
demonstrated an impressive removal efficiency with 94.38% of the dye adsorbed in just 30 minutes,
the plot shows a sharp increase in the dye removal percentage was noted until 60 minutes, at which
point the percentage removal efficiency peaked at 98.36%.

In conclusion, the Manganese oxide nanoparticles have been successfully synthesized by Green
approach and used for the adsorption of CV dye. Since it leaves no hazardous traces and has several

positive environmental impacts. This is a sustainable step towards the environment.

4.2 FUTURE PROSPECTS

The degradation of CV dye using green-synthesized MnO NPs has a bright future because it
provides an environmentally responsible and sustainable way to address water contamination.
MONPs can be produced in a green synthesis using algae, fungi, bacteria, and plant extracts. This
technique minimizes the negative effects on the environment and cuts down on the use of
dangerous chemicals. It has been shown that MONPs such as iron oxide, titanium dioxide, and

zinc oxide significantly accelerate the degradation of CV dye. These nanoparticles high surface
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area to volume ratio contributes to both their improved reactivity and photocatalytic activity. When
dye molecules are exposed to light, nanoparticles catalyse the oxidation process, resulting in
reactive oxygen species. Using green-synthesised metal oxide nanoparticles to decompose CV dye
is an economical, highly effective, and low-toxicity method. This approach can potentially be
scaled up for use in industrial settings. This method can be used to effectively purify water that
has been contaminated water by CV dye and other contaminants. It is also a sustainable and
environmentally beneficial option that supports the objectives of circular economies and

sustainable development. This brings us one step closer to a world free of pollution.
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