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Abstract

Zinc Oxide nanoparticles (ZnO NPs) have incited a lot of interest among the researchers
across the globe due to its unique and diverse properties. In the present study ZnO NPs
were synthesized via simple chemical precipitation route from zinc sulphate solution
using alkali (sodium hydroxide) as precursors for precipitation. ZnO NPs was also
synthesized via green route using Mimusops elengi (Spanish cherry) leaf extract at room
temperature. A part of the green synthesized nanoparticle was calcined at 250°C. NPs
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS) and Thermal gravimetric/Differential thermal
analysis (TG/DTA). Flake-like morphology of the NPs was confirmed from FESEM
micrographs. Average crystallite size as calculated by using Scherrer’s equation was in
the range of 30.38nm to 32.59 nm. Dye removal efficiency of the NPs synthesized in
different routes were studied and compared using methylene blue as a model dye.
Maximum removal of 99.2% was obtained for calcined green synthesized NPs followed
by green synthesized NPs i.e., 82.1% and 63.8% for NPs synthesized in chemical route
after 120 mins of contact time using 10g/L dose, 30 ppm initial dye concentration and
pH 7.

Keywords: Nanoparticles, Zinc Oxide, Chemical precipitation, green synthesis, FTIR,
XRD, FESEM, EDS, TG/DTA, Adsorption, Dye removal.
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Chapter 1
INTRODUCTION
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Chapter 1

1.1 Nanotechnology

Nanotechnology is evolving as a state of art technology which has the potential to spark
a new revolution in every field of science.[1] Nanotechnology can be identified as one
of the challenging fields of recent research. It has become immensely popular among
the researchers during the last few decades especially because of the unique, unusual
and fascinating properties of nano sized particles, which can be used in a variety of
applications, as opposed to their bulk counterparts. This technology incorporates
'research and technology ' development at the atomic, molecular or macromolecular
levels. It deals with nanoparticles that are atomic or molecular aggregates characterized
by the scale of approximately 1 to 100 nm in at least one dimension [2,3]. In accordance
to the British Standards Institution [4], the definitions for the different relevant scientific
terms that are being used are:

e Nanoscale: Approximate scale range of 1 to 1000 nm size.

e Nanoscience: It is the science that deals with the study of material at atomic,
molecular and macromolecular scales and understanding their size and other
structure-dependent properties and how the properties are different from those
at bulk scale.

e Nanotechnology: It is a technology that involves design, characterization,
production and application of structures, devices and systems by manipulating
the size and shape of material on nanoscale dimension.

e Nanomaterial: Material with at least one dimension on the nanoscale (<100nm).

e Nano-object: Material possessing one or more dimensions at nanoscale level.

e Nanoparticle (NPs): Nano-object with three external nanoscale dimensions.
Nanorod or nanoplate are the more convenient terms to be used in place of
nanoparticle when the longest and the shortest axes lengths of a nano-object are
different.

e Nanofiber: When two similar exterior dimensions are on nanoscale and a third

larger dimension is present in a nanomaterial, it is called nanofiber.

Observation and manipulation of nanoscale materials have been made accessible since
1931, when Knoll and Ruska invented the electron microscope. The famous lecture
(“There's Plenty of Room at the Bottom”) by Richard P. Feynman in 1959 [5] had
greatly inspired upcoming research.

Nanotechnology has provided numerous innovative solutions in different fields of
material science, biomedical, optics and electronics [6]. Nanotechnology provides a
fundamental understanding of phenomena and materials at the nanoscale to create and
use structures, devices, and systems that have novel properties and functions because of
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their small and/or intermediate size. It has encouraged researchers and technologists to
work in the field of nanotechnology from multidisciplinary directions, viz. Engineering,
Biology, Physics and Chemistry. The application of active nanostructures and nano
systems may bring significant changes in industry, agriculture, medicine, quality of life
and most importantly the environment [7].

1.2 Classification of Nanomaterials

Nanomaterials (NM) can be both naturally occurred or man-made i.e., engineered
nanomaterials. Based on the chemical composition engineered NMs can be classified
broadly in three major groups:

e inorganic materials; such as metal NPs and quantum dots (QDs)

e organic NMs; such as carbon-based materials

o mixed organic— inorganic NMs, for example, gold NPs functionalized with

cyclodextrins.

However, in general, five major groups are distinguished [8]:

e carbon NMs,

o metal oxide nanoparticles,

e zero-valence metal NPs,

e Quantum Dots

e dendrimers.

1.2.1 Metal Oxide Nanoparticles

Among different nanomaterials metal-oxide NPs are most important from their usage
frequency [9]. In spite of long-term presence in the bulk form, nano-sized forms of
titanium dioxide, alumina and iron oxides have entered the market recently and are
being used in different consumer products. Zinc oxide (ZnO) and TiO2 are widely
exploited due to their photolytic properties [10]. Nanoparticles like alumina (A1203)
derivatives are applied in materials science (e.g., polymer composites and core—shell
NPs for different applications, including catalysis [11], or to improve the mechanical
characteristics of different materials), for example, use of A1203 NPs up to maximum
replacement level of 2.0% in cement mortar produces concrete with improved split
tensile strength [12].

ZnO also finds extensive applications in sunscreens, cosmetics and bottle coatings
because of their ultraviolet blocking capability [13,14]. Other relevant metal-oxide NPs
are based on cerium dioxide (CeO2,) chromium dioxide (CrO2) molybdenum trioxide
(Mo0O3), bismuth trioxide (Bi203) and binary oxides {e.g., lithium-cobalt dioxide
(LiCo0O2) or indium-tin oxide (InSnO)} [15,16]. CeO2 is finding major uses as a
combustion catalyst in diesel fuels to improve emission quality [17], and in solar cells,
gas sensors, oxygen pumps, and metallurgical and glass or ceramic applications.
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1.3 Different synthesis methods for Metal Oxide Nanoparticles
synthesis

There are different synthesis routes available for synthesis of metal oxide nanoparticles.
They can be mainly classified into three main types, viz.:

e Chemical synthesis.

o Physical synthesis.

o Biological synthesis.

A graphical representation of different available synthesis routes is shown below:

Metal Oxide NPs
synthesis

éhemical Synthesis \

* Gas Phase
* Gas condensation method
* Pyrolysis

*Liquid Phase
* Sol-gel processing
* Solvothermal method
* Hydrothermal method
« Colloidal method
* Precipitation method
* Oil microemulsion method

. )

(Physical Synthesis

* High energy ball milling
« Laser ablation
* Solid, physical and chemical vapour deposition

-

(Biological Synthesis (Green synthesis)

* Plant mediated
* Microbe mediated

-

Figure 1. Different synthesis routes of Metal oxide NPs
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Based on the starting phase of synthesis these routes can further be grouped into two
methods:
= Top-down approach: Here bulk material is used as starting material for
nanoparticle synthesis. These bulk materials are further processed to reduce its
size up to nano size via different physical, chemical and mechanical processes.
E.g. Mechanical milling (Ball milling, Mechanochemical method), Laser
ablation, Sputtering.

= Bottom-up approach: Here the synthesis starts from atoms and molecules. E.g.,
Solid state methods (Physical vapour deposition Chemical vapour deposition),
Liquid state synthesis methods (Sol gel methods Chemical reduction
Hydrothermal method Solvothermal method), Gas phase methods (Spray
pyrolysis Laser ablation Flame pyrolysis), Biological or green synthesis methods
(Bacteria Fungus Yeast Algae Plant extract) and other methods like
Electrodeposition process Microwave technique Supercritical fluid precipitation
process Ultrasound technique.[18]

Mechanical
‘milling
Laser ablation
Sputtering

Solid state methods
Liquid state
synthesis methods
Gas phase methods
Biological methods

Figure 2: Top down and bottom-up approach

However, nanoparticles manufactured by physical methods usually require more control
to obtain the desired shape and size [19]. Chemical parameters (e.g., pH, temperature,
synthesis) can produce NPs with different desired properties. Size, shape and crystal
structure of NPs, as well as composition (single or complex), determine their mobility,
chemical and physical properties in different systems. Despite the fact that the majority
of NPs are produced by physical methods such as arc discharge, evaporation, laser
ablation, among others, chemical methods have demonstrated to be more effective in
controlling size and shape [20]. Physical processes require high vacuum and they are
energy consuming. Chemical methods such as precipitation, co-precipitation,
solvothermal, sol-gel, sonochemical, spray pyrolysis, hydrothermal, and
electrodeposition processes [21-25] have an advantage of being cost effective and they
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are mass-production oriented. In contrast, their disadvantage lies in their uncongenial
nature to the environment.

On other hand greener approaches are environmentally friendly and also easy to
synthesis methods. Biosynthesis of nanoparticles using plant-based extracts is one such
promising method. Indeed, this biosynthesis approach has been proved to be effective
in the synthesis of metal oxide nanoparticles [26-28].

Zinc oxide nanoparticles like other metal oxide NPs can be synthesized via many of the
above-mentioned synthesis routes. Looking at the above-mentioned advantages and
disadvantages, precipitation method under chemical synthesis and plant mediated
method under bio synthesis (green synthesis) are chosen as economic, scalable and
sustainable options to synthesize Zinc Oxide NPs for the present study.

1.3.1 Precipitation method

This is a kind of wet chemical process or liquid phase synthesis.[29] This is a cost
effective, scalable method without involving complicated equipment. In this method
nanoparticles are precipitated in a controlled manner from precursors (mostly inorganic
nitrate, chloride, sulphate, etc. salts that are dissolved in water or any other suitable
medium to form a homogeneous solution with clusters of ions) by chemical
reduction. After precipitation, the solid mass is collected, washed and gradually dried
by heating to the boiling point of the medium.

Zn salt
solution/precipitation
agent solution

Addition of
precipitation
precursor

Filtering and
washing

Zno
nanoparticles

Characterization

Figure 3: Graphical representation of Precipitation method
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The three main steps involved in this synthesis method are:
¢ chemical reaction
¢ nucleation
e crystal growth.

Growth o
o -
090 z
o
icles 0
aae B Small nanoparticles 3
29 9% o
2295 9% =
2359 o
09, e
:a 9597 o
@ 9.

LT 00 g
Precursors o
Growth Q

(9
00

Large nanoparticles

Figure 4: Steps involved in Precipitation synthesis

The crystal growth and their aggregation depend on many factors like the concentration
of salt, temperature, the actual pH and the rate of pH change.

1.3.2 Plant mediated (green synthesis) method

This method comes under the biological synthesis method. Here degradation and
metabolization of chemical substances are done by environmentally friendly biological
processes. Here plants or plant parts are used to synthesise the NPs. In this case plant
part (e.g., leaf) extracts are used as precursors instead of chemical agents. The green
synthesis method employing biological plant extracts is one of the more extensively
acknowledged routine due to its several advantages, such as requiring no additional
chemicals, simple, environmentally friendly, inexpensive and reliable method. [30-39].
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Chapter 2
LITERATURE REVIEW
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Chapter 2

Given the possible technological usage of these substances, metal oxide nanoparticles
represent a domain of materials chemistry that is of great interest. Research on creating
synthetic routes to such nanostructures has been heavily influenced by the effects of
these materials on industries like pharmaceutical, information technology, catalysis,
energy storage, and sensing. In this review, advancements in traditional techniques to
metal oxide nanoparticles as well as ventures into greener, gentler synthetic procedures
were discussed. These novel methods could enable the energy-efficient synthesis of a
wide range of metal oxide nanoparticles, whose resulting attributes can be exploited for
usage in a variety of technologically significant domains. This is because the final
particle structure and morphology are intimately linked to the synthetic pathway chosen.
Additionally, we will give some examples of cutting-edge characterisation technologies
that are assisting us in comprehending these structure-property-function correlations in
metal oxides with such tiny size dimensions.

The surface, optical, thermal, and electrical properties of metal and metal oxide
nanoparticles are among the many physicochemical traits that set them apart from their
original bulk counterparts. Reducing or oxidising/precipitating agents are used while
synthesising metal and metal oxide nanoparticles accordingly. [40]

AgNPs are gaining popularity due to their extensive use in a variety of products,
including antimicrobial agents, food packaging materials, food storage containers,
fabrics, room sprays, detergents, shampoo, soap, toothpaste, paint, waste water
treatment and so on.[41]

Copper nanoparticles (Cu NP) are widely used in a variety of commercial applications,
including antimicrobial agents, catalysts, gas sensors, electronics, batteries, heat transfer
fluids etc. [42]

TiO2 nanoparticles are among the most widely used nanoparticles, with applications
including cosmetic and skin care products, antibacterial and cleaning air products,
paints, and organic matter decomposition in wastewater.[43] Several other nanoparticles
are used in various industries to improve the quality of products and services. For
example, Cerium dioxide nanoparticles (CeO2 NP) are primarily used in the automotive
and semiconductor industries.

The citrate method is a traditional technique for creating gold nanoparticles. It is a very
common technique; however, it once had a lot of problems, such stability and dispersity.

It's also known as the Turkevich approach. As time passed, new techniques for
synthesis emerged. By using new techniques, the method of regulating the synthesis's
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circumstances have produced outcomes that are better controlled in terms of size. [44]

The noble metal-incorporated materials are created using modified hydrothermal
processes. Clusters of colloidal nanocrystals are typically produced by solvothermal
techniques. This synthesis technique makes use of non-aqueous solutions. The benefit
that is present on both the hydrothermal and sol-gel methods will be present in the
product that is synthesized utilizing this process. [45-47]

Zinc oxide is an important functionalized metal oxide material due to its distinctive
physical and chemical properties such as high chemical stability, high electrochemical
coupling coefficient, broad range of radiation absorption, and high photostability. There
are numerous methods for producing ZnO NPs, including vapor deposition,
precipitation in water solution, hydrothermal synthesis, the sol-gel process, precipitation
from microemulsions, and mechanochemical processes. This inspires the production of
particles with varying shape, size, and spatial structure. [48] Controlled precipitation is
a popular method for synthesising zinc oxide NPs because it yields NPs with repeatable
properties.

Precipitated zinc oxide has also been reported to be obtained from aqueous solutions of
zinc chloride and zinc acetate [49]. The concentration of the reagents, the rate of
substrate addition, and the reaction temperature were all controlled parameters in this
process. Zinc oxide with a monomodal particle size distribution and a high surface area
was created.

A controlled precipitation method was reported by Hong et. el [50]. The process of
precipitating zinc oxide was carried out using zinc acetate (Zn(CH3COO);-H20) and
ammonium carbonate (NH4)2COs. These solutions were dosed into a vigorously mixed
aqueous solution of poly(ethylene glycol) with an average molecular mass of 10,000.
The resulting precipitate was calcined by two different methods. In the first, calcination
at 450°C for 3 h produced ZnO labelled as “powder A”. In the second process,
calcination took place following heterogeneous azeotropic distillation of the precursor;
the resulting zinc oxide was labelled as “powder B”. Structural testing (XRD) and
morphological analysis (TEM) showed that powder A contained particles with a
diameter of 40 nm, while powder B contained particles with a diameter of 30 nm.
Heterogeneous azeotropic distillation completely reduces the occurrence of
agglomerates and decreases the ZnO particle size.

Kumari et al., (2015) studied influence of nitrogen doping on structural and optical
properties of ZnO nano particles. Un-doped and N doped ZnO nano particles were
synthesized by using chemical precipitation method. [51]

As reported by Ahmed et al., (2017) Mn-doped ZnO nano- powders have been
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successfully prepared by a solid-state reaction route. [52]

The synthesis of ZnO nanoparticles in Sol-Gel route was explained by Rochman et al.,
(2017). The process parameters used were pH variation (in increasing order of 7to 12)
in steps of 1 by using two principal reactions method to produce compound oxide, such
as hydrolysis and condensation by considering Sodium hydroxide as an agent. Research
reveals that the pH of the sol-gel will increase have a linear relation with the
agglomeration of particle. [53]

The biological method of producing nanoparticles, also known as green synthesis or
biosynthesis, employs microorganisms such as algae, fungi, yeast, bacterial, and plant
extracts as the reducing agent. [54] Silver NPs were green synthesised (of size approx.
26 nm) successfully using Nigella sativa (black seed) aqueous extract and adsorption
capacity for Indigo Carmine Dye Removal was studied. [55]

Datta et al. (2017) research investigated the potential of Parthenium hysterophorus leaf
extracts for the extraction of zinc oxide nanoparticles with antimicrobial properties.
Aqueous, methanolic, and ethanolic solutions were used to extract nanoparticles. UV-
Vis spectroscopy was used to characterise the synthesised nanoparticles, with the
maximum absorbance peak at 400 nm. The particles were spherical and cylindrical in
shape, according to SEM and TEM analysis, with an average particle size ranging from
16 to 45 nm. [56]

Synthesis of zinc oxide nanoparticles (ZnO) by thermal method (under microwave
irradiation) using tomato aqueous extract as a non-toxic and environmentally friendly
reducing agent was investigated Sutradhar et al., (2016). They concluded that
microwave-assisted green chemistry was used to create ZnO NPs. A simple method for
producing large amounts of ZnO NPs with well-defined dimensions has been reported,
using tomato extract as a reducing agent. This eliminated the need for toxic chemicals
in nanoparticle production. The synthesis was carried out using a thermal process as
well as microwave irradiation at various power levels, and the synthesised nanoparticles
were successfully used to prepare nano-composites for photovoltaic applications. [57]

Though different synthesis methods and applications op ZnO NPs have been reported
in the literature, but most of them were energy consuming. Also, very few studies were
reported for the application of ZnO NPs in dye removal. These facts inspired the author
to carry out the present study.
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Chapter 3
MATERIALS AND METHODS
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Chapter 3

3.1 MATERIALS AND EQUIPMENT USED
3.1.1 Chemicals

e Zinc Sulphate (ZnS0O,4.7H,0, GR, India)
e Sodium Hydroxide (NaOH, GR, India)

e Ethanol (CH;CH,OH, GR, India)

e Methylene blue (CiHisCIN;S, GR, India)

3.1.2 Plant

General name: Spanish cherry

Scientific name: Mimusops elengi

Type of tree: Medium sized Evergreen

Source of collection: Jadavpur University campus

Figure 5: Spanish cherry (Mimusops elengi)

3.1.3 Apparatus

e Weighing Machine (Sartorius, Germany, 0.0001-220gm)
e Magnetic stirrer (Remi, India)

e Centrifuge machine (Tarsons, India)

e Hot air oven (G.B. Enterprise, India)

e Tube furnace (K. Furnace, India)

e Ultrabath Sonicator (PUS, India)
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3.2 METHODOLOGY

ZnO NPs was synthesized by three routes viz. chemical precipitation method, green
synthesis and calcination of green synthesized nanoparticles using zinc sulphate as
precursors. The synthesized NPs were characterized in terms of XRD, FTIR, FESEM
& EDS, and DGA/DTA. Methylene blue was taken as a model dye to evaluate the
efficiency of synthesized ZnO NPs. The dye-removal capacity of ZnO NPs was
measured using UV-Vis Spectroscopy and denoted by percent dye removal capacity of
the synthesized ZnO NPs.

3.2.1 SYNTHESIS OF ZINC OXIDE NANOPARTICLES

3.2.1.1 Chemical route

3.2.1.1.1 Preparation of Precursors:

Zinc Sulphate heptahydrate (ZnSO4.7 H20) was taken as the precursor.

e Molecular weight of ZnSO047 HaO is: (6538 + 32.065 + 15.9994*4 +
7%(1.00794*2 + 15.9994)) =287.54956 grams.

e To prepare 0.1M solution of ZnSO4.7 H>0, 28.755 grams of ZnS04.7 H20O (S)
were weighed and dissolved in distilled (deionized) water. The solution was
stirred with a stirring rod until it completely dissolved.

e The solution was then diluted with distilled water to get the final volume of
1000ml. Prepared zinc sulphate solution was kept in a glass container for further
use.

Sodium Hydroxide (NaOH) solution acted as the precipitating agent in the synthesis of
NPs. O.1N NaOH solution was prepared as follows.

1. Molecular weight of NaOH is (23+16+1) =40 grams.

2. 40 grams of sodium hydroxide pellets were weighed and dissolved in distilled
(deionized) water. The solid was stirred with a stirring rod until it completely
dissolved.

3. The solution was then diluted with distilled water to get the final volume of
1000ml and stirred again to get homogeneous. Prepared sodium hydroxide
solution was kept in a glass container for further use.

3.2.1.1.2 Synthesis of nanoparticles:

e ZnSOs solution was taken in a 500 mL Erlenmeyer flask and was placed on a
magnetic stirrer.
e NaOH solution was added dropwise in controlled manner in the ZnSOj4 solution
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and stirred at 900 rpm using magnetic stirrer.

The experiment was carried at room temperature (30+2 °C)

White precipitation occurred at around pH 8.2.

After the precipitation settled over time, supernatant solution was discarded and
the precipitate was collected and washed repeatedly with distilled water to
remove any traces of alkali.

The solution containing ZnO NPs was centrifuged and the NPs was collected.
Collected ZnO NPs was dried in hot air oven.

The resultant powder was collected and stored in desiccator for use in further
study.

The chemical reaction involved here is:

ZnS04 + NaOH = ZnO 1l + Na,S0O, + H,0

....Equation 1

3.2.1.2 Green route

3.2.1.2.1 Preparation of Precursors:

For green synthesis, Mimusops elengi leaf extract (along with small amounts of NaOH
(0.1 N)) was used as precipitating agent.

Mimusops elengi (Spanish cherry) leaves were collected and washed with
distilled water many times to remove any surface dirt.

Then the leaves were air dried followed by hot air oven-dried.

Those dried leaves were boiled to extract all the phytochemicals (that would act
as reducing agents).

The extract was filtered using Whatman 42 filter paper and kept in for further
use.

3.2.1.2.2 Synthesis of nanoparticles:

ZnSO4 solution (prepared as above) was taken in a 500 ml Erlenmeyer flask and
was placed on a magnetic stirrer.

Prepare leaf extract was added dropwise in a controlled manner in the ZnSO4
solution and stirred at 900 rpm.

A small amount of 0.1N NaOH was also added to the solution.

The experiment was carried out at room temperature (30+2 °C)

The solution turned into brownish from colourless.

Brownish white precipitate was formed at around pH 8.

After the precipitation settled over time, supernatant solution was discarded and
the precipitate was collected and washed repeatedly with distilled water to
remove any traces of alkali.
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o The solution containing ZnO NPs was centrifuged and the NPs was collected.
o A part of it was dried in hot air oven and the other part was calcined in a tube
furnace (JAY CRUCIBLES, India) at 250°C for 10 mins.

o The resultant powder was stored and used for further study.

Figure 6. Synthesized ZnO NPs and dry leaf powder

3.2.2 DYE REMOVAL STUDY

3.2.2.1 Preparation of Methylene blue dye:

Methylene blue was taken as a model dye for the current study. A 100 ppm dye solution
was prepared. 100mg of Methylene blue was weighed and added to 600ml distilled
water and stirred. More distilled water was added to the solution and stirred to make a
final solution volume of 1000ml.

This 100 ppm stock solution was further diluted to 50ppm which was diluted further to
get 40ppm, 30ppm, 20ppm and 10ppm solution of dye.

3.2.2.2 Equilibrium Study:

100 ml of 30 ppm dye solution was taken in a 500 ml Erlenmeyer flask and 500 mg of
ZnO NPs (Dose 5g/L) was added to the solution and kept for 24h. After that the solution
was centrifuged and the supernatant was collected and analysed in UV-vis
spectrophotometer.

The used adsorbent was collected for FESEM study.
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Figure7: ZnO NPs (chemical route) Figure 8 : ZnO NPs (green route)
before and after before and after
adsorption of dye adsorption of dye

3.2.2.3 Kinetic study:

To carryout kinetic study, required amount of model dye solution was taken in an
Erlenmeyer flask and desired dose of ZnO NPs was added. The flask was placed on a
magnetic stirrer to agitate the solution throughout the experiment at 1000 rpm.

Samples were taken at different time interval viz. 5, 10, 15, 30, 45, 60,75, 90,105, 120
mins and centrifuged to get the supernatant. Absorbance of those samples was measured
by UV-Vis spectroscopy and respective concentrations were calculated using
calibration curve. Those data were used to find out % dye removal capacity of ZnO NPs.

The procedure was carried out for different combinations of dose, contact time and
initial dye concentration (in ppm) for a fixed pH value (pH 7).
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Figure 9: Visual representation of dye
removal study
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Chapter 4
CHARACTERIZATION OF MATERIALS
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Chapter 4

The following characterization techniques were undertaken to understand the compound
nature, morphology and purity of synthesized nanoparticles. The prepared sample was
sonicated and characterized by using XRD, FTIR, FESEM & EDS and TGA/DTA.

4.1 XRD

X-Ray Diffraction is an important non-destructive technique in the characterization of
nanoparticles. It is a rapid analytical technique that can provide information about
crystalline nature, structure, and average size and is primarily used for the phase
identification of crystalline materials.

The basis for X-ray diffraction analysis (XRD) is crystals' ability to diffract X-rays in a
characteristic manner. Since a crystalline structure is periodic in nature, scattered
radiation from these planes will be constructive or destructive. By analyzing the peak
position in the diffraction pattern (using standard databases like Joint Committee on
Powder Diffraction Standards or JCPDS) lattice parameters can be calculated and
qualitative phase analysis can be done [59].

The geometrical interpretation of XRD phenomena is given by Bragg's law (by W.L.
Bragg, 1913):

2Dy sinf = nA
....Equation 2

where, Dy = Lattice spacing(nm)
0= Diffracted beam angle (in degree)
n= order of diffraction.

From XRD data crystallite size can be calculated by using Debye Scherrer equation.

Crystallite size, d = kA/fcos@

where, d is the dimension(measured) of the particle in the direction perpendicular
to the reflecting plane
k= Scherrer constant (crystallite shape factor with approximate value of 0.95),
A= wavelength of the used X-ray beam (1.54184 A or 0.154184nm),
= Full width at half maximum (FWHM) of the peak in radian, and
0= Bragg diffraction angle.
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The XRD analysis for the present study was carried out in SmartLabSE (Rigaku
Corporation, Japan) XRD machine. Scan parameters for the analysis were set to-

20 range: 20-80°; Step: 0.01°; Scan Speed: 0.4°/ min;

Figure 10: SmartLab SE XRD set up

4.2 FTIR spectroscopy

Fourier Transform Infrared (FTIR) spectrometer, based on infrared spectroscopy, is an
instrument for the characterization of unknown materials. During FTIR spectroscopy IR
radiation is transmitted through the sample. The sample absorbs part of the infrared
radiation, but some of it also passes through (transmitted). As a result, a spectrum is
created that exhibits molecular absorption and transmission. Infrared spectroscopy
probes the molecular vibrations. These vibrations are generally classified as stretching,
bending, scissoring, rocking and twisting. Absorption bands corresponding to stretching
have more amplitude than bending vibration. Identification of various functional groups
can be done by these characteristic infrared absorption bands. The presence or absence
of various chemical groups in a chemical structure can be confirmed using these
absorption frequencies [58].

FTIR analysis in the present study was carried out in IRPrestige-21(Shimadzu, Japan).
For FTIR analysis sample was mixed with KBr and a pellet was made by using hydraulic
press. For baseline correction of the spectrum a KBr pellet was taken as a reference
material. FTIR operation was carried out in 4000400 cm™! wavenumber range, in the
absorbance mode. The absorbance data was transformed in to percentage transmittance
using Beer-Lambert law.
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Figure 11: IRPrestige-21 FTIR Machine set up

4.3 FESEM & EDS

Field emission scanning electron microscope (FESEM) is used to investigate the
morphology (e.g., particle sizes and shapes), metallographic details, imperfections, and
topology of nanocrystalline powders and bulk materials. A field-emission cathode in
the electron gun of a scanning electron microscope provides narrower probing beams at
low as well as high electron energy, resulting in both improved spatial resolution and
minimized sample charging and damage. EDS (Energy dispersive spectroscopy)
technique detects the chemical characterization and the elemental compositions of the
sample in submicron scale.

The FESEM & EDS analysis for the present study was carried out in Inspect F50 (FEIL
USA) FESEM machine. Gold coating was used for sample preparation for FESEM &
EDS.

Figure 12: FESEM & EDS set up
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4.4 TGA/DTA

Thermal gravimetric analysis (TGA) is a thermal analysis technique that measures
changes in physical and chemical properties of materials as a function of increasing
temperature (with constant heating rate) or time (with constant temperature and/or
constant mass loss). TGA is done to determine specific properties of materials that
display mass loss or gain owing to decomposition, oxidation, or volatile loss (such as
moisture). In a TGA curve, the y-axis represents the percentage of mass loss and the x-
axis represents temperature (or time, and most of the time a direct heating rate).

This technique has been used to characterize different metal oxide nanoparticles
including ZnO NPs.

In DTA, the differential temperature change between the specimen and reference for a
fixed amount of heat input is measured. Here, AT signal is referred to as the DTA signal.
a-alumina is used as reference material in DTA. TGA-DTA techniques are preferably
performed all together, in order to determine the range of thermal characteristics with a
single sample run.

DTA is an important characterization tool to determine
e heat change measurements and whether the process and endothermic or
exothermic.
e decomposition behaviour in various atmospheres.

The TGA/DTA analysis for the present study was carried out in EXSTAR 6000
TG/DTA 630(Seiko Instruments Inc., Japan) machine.

A

Figure 13: TG/DTA set up
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4.5 UV Vis Spectrophotometer

Ultraviolet-visible (UV-Vis) spectroscopy is one of the most popular analytical
techniques which is used to measure the maximum absorbance of a particle at a
particular wavelength. Light is passed through a sample and the transmittance of light
by a sample is measured. From the transmittance (T), the absorbance can be calculated
as,

A= —log(T)
....Equation 3

UV spectroscopy obeys the Beer-Lambert law, which states that: when a beam of
monochromatic light is passed through a solution of an absorbing substance, the rate of
decrease of intensity of radiation with thickness of the absorbing solution is proportional
to the incident radiation as well as the concentration of the solution.

The expression of Beer-Lambert law is-
A = log (I/1) = E.C.L

....Equation 4

Where, A = Absorbance
Io = Intensity of light incident upon sample cell
I = Intensity of light leaving sample cell
C = Molar concentration of solute
L = Length of sample cell (cm.)
E = Molar absorptivity

In the present study dye solution before and after adsorption (by ZnO NPs) was
measured in UV Vis spectrophotometer (Shimadzu, UV 1800, Japan). The solution was
centrifuged and supernatant was collected and subjected to UV analysis.

Figure 14: UV Vis set up
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Chapter 5
RESULTS AND DISCUSSION
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Chapter 5

5.3 CHARACTERIZATIONS ZNO NPs
Results of different characterization of ZnO NPs are discussed below.
5.3.1 XRD

XRD plots of synthesized ZnO NPs (Chemical, Green and Green Calcined) are shown
in Figure 15-17. Presence of sharp peaks in the XRD plots indicated the crystalline
nature of the synthesized compounds. The peaks, as observed in above XRD plots, was
compared with available standards. It was found that peaks were in good agreement with
the standard JCPDS card No. 36-1451. The peaks and its equivalent planes are shown
in Table 1. The planes (100), (002), (101), (102), (110), (103), (112) and (202)
corresponded to the hexagonal wurtzite structured ZnO crystals.

Zn,» (0]

wurtzite

In XRD of chemically synthesized ZnO NPs, two peaks at 40.7°C and 59.4°C
corresponding to Zn(OH), (JCPDS card No. 76-1778) were observed. This showed that
the synthesized nanoparticles contained some traces of unreacted zinc hydroxide as

impurities.
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Figure 15: XRD of ZnO (chemical synthesized)
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Figure 16: XRD of ZnO (green synthesized)
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Figure 77: XRD of ZnO (green synthesized calcined)

The average crystallite size of synthesized ZnO NPs was calculated using Scherrer
equation (7able 1). The average crystallite size for ZnO NPs synthesized via chemical
route was 32.59nm whereas for green synthesized route the average crystallite size was
calculated as 32.12nm. On the other hand, crystallite size reduced to 30.38nm after
calcination of green synthesized ZnO NPs
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Table 1: Crystalline size from XRD data

ZnO Chemical

Angle,20(deg) hkl FWHM (deg) (B) Size(nm)

32.94 100 0.54 28.28557

34.95 002 0.88 17.45023

38.75 101 0.35 44.36229

50.05 102 0.36 44.90277

58.5 103 0.53 31.67551

68.7 112 0.51 34.78723

78.9 202 0.71 26.71692
Average 32.59721 nm

ZnO Green

32.77 100 0.35 43.62151

34.6 002 0.71 21.60777

37.25 101 0.37 41.77561

45.3 102 0.54 29.39182

58.5 103 0.53 31.67551

68.75 112 0.72 24.6483
Average 32.12009 nm

ZnO Green Calcined

32.83 100 0.35 43.62823

34.61 002 0.54 28.41099

37.35 101 0.36 42.94869

45.36 102 0.53 29.95293

58.52 103 0.89 18.86479

68.78 112 0.96 18.48954
Average 30.38253 nm

5.3.2 FTIR

FTIR of synthesized ZnO NPs synthesized via chemical and green route and dried
Mimusops elengi leaves powder is shown in Figure 18-20. The absorbance bands of
synthesized ZnO NPs, as observed in FTIR analysis are given in Table 2. The bands,
observed between 880 and 650 cm™!, could be due to the bending vibrational modes
(wagging, twisting, and rocking) of coordinated water molecules.

The FTIR of plant extract (Figure 20) showed a broad peak range at 2994-3809 cm™!
which indicated the presence of various biological compounds like O-H, NH», H3CO,
HO-C=0 and C=H aromatic stretching bonds of the various bioactive compounds. The
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peak at 2060cm™! corresponds to N=C=S stretching vibrations which could involve the
thiamine based bioactive compounds. Comparing FTIR of leaf extract and green
synthesized ZnO NPs, it might be inferred that the broad peak present in leaf became
smaller and shifted towards lower wavenumbers 3400 cm™! (NH, O-H stretching) after
the synthesis of nanoparticles. Further it is noteworthy, that the phytochemicals like
alkaloids, phenolic compounds and terpenoids etc. acted as reducing as well as
stabilizing agent in synthesis of ZnO NPs.
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Figure 18: FTIR of ZnO NPs (chemical route)
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Figurel9: FTIR of ZnO NPs (Green route)
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Figure 20: FTIR of dry leaf powder

Table 2: FTIR functional groups

Chemical precipitation

Green synthesis

Dept. of Metallurgical and Material Engineering, Jadavpur University

method

method

Peaks observed for ZnO NPs spectra

Wavenumber(cm™)
403,417,426,436,455, 494
1406
1572
2307
3420

403,417,426,436,444,455,467
1410
1572
2301
3458

Assignments
Stretching of Zn-O
O-H bending vibration
C=C stretching
0O=C=0 stretching
H-O-H stretching vibration

Stretching of Zn-O
Phenolic O-H vibration
Alkaloid C—N stretching
0O=C=0 stretching
H-O-H stretching vibration
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5.3.3 FESEM & EDS

The particle size and surface morphology of the synthesized NPs powder were examined
using scanning electron microscope. SEM images of the synthesized ZnO NPs
(chemical, green and green calcined) samples before and after adsorption of dye is
depicted in Figure 21-23.

From the FESEM micrographs of the ZnO NPs it was observed that flake-like ZnO NPs
was formed. Comparing FESEM images of NPs synthesised in different routes before
and after adsorption (Figure 21, Figure 22 and Figure 23), it was evident that, after
adsorption of dye particles, the available sites on the surfaces of nanoparticles were
greatly reduced. Moreover, in green synthesised ZnO NPs the surface morphology was
seemed to be more uniform in nature providing more adsorption sites than that of NPs
synthesized in chemical route. Surface morphology further improved by calcination
which was evident from dye removal data where maximum adsorption occurred for
calcined ZnO NPs synthesized in green route.

uondiospe 10y I uondiospe a10jog I

I uondiospe 10y . uondiospe a10jog

Figure 21: FESEM images of ZnO NPs Figure 22: FESEM images of ZnO
(chemical precipitation NPs (green synthesis
method) method)
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Figure 23: FESEM images of ZnO NPs (green calcined) at
a) Sumscale and  b) Ium scale

Along with FESEM, EDS of synthesised NPs was also carried out to find the chemical
characterization and elemental compositions of the samples. EDS analysis of the
samples (chemical and green route) is shown in Figure 24-25.

The EDS spectrum of synthesized ZnO NPs (chemical route) (Figure 24) showed peaks
of zinc (65.83%) and oxygen (26.94 %) elements which indicated that it contained ZnO
with few peaks of sulphur (7.23%) as impurities.

EDS spectrum of green synthesized ZnO NPs (Figure 25) depicted three peaks,
identified as zinc 80.34 % and oxygen 19.64 %, total 100 %, confirming ZnO NPs
structure was composed of zinc and oxygen. The absence of any extra peak in EDS
confirmed the formation of pure ZnO NPs in green route synthesis.
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Figure 24: EDS of ZnO (Chemical route)
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Figure 25: EDS of ZnO (Green route)

534 TGA/DTA

The sonicated sample was given for TGA/DTA analysis of the synthesised ZnO NPs
(Chemical route). The plot is given in Figure 26. TGA plot can be analysed to get
following information:

e The first weight loss of 17.50% in the temperature range 25°C -250°C can
be assigned to desorption of chemically adsorbed water molecules on the
ZnO NPs surfaces.
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e Weight loss at around 250°C -300°C causing approximately 12.20 % loss
in weight can be attributed to the loss of the other organic residues present
in the sample. [60]

e 14.70% weight loss occurred at 700°C -780°C range. This weightlessness
may be due to the decomposition of precursor used in the synthesis.

e No more weight loss is observed above 780°C, i.e., no decomposition or
reaction occurs above this temperature point.

DTA plot can be analyzed to get following information:

e Two endothermic peaks can be found around 270°C and 780°C which are
accompanied by weight losses. This endothermic effect may be the
consequences of three processes: i) evaporation of adsorbed water molecules
from the surface of ZnO NPs, ii) removal of organic contents and impurities
from the lattice of the samples, and iii) conversion of Zn(OH). into ZnO.
[61].

e The peak (not sharp peak) observed around 40°C is due to the transition of
ZnO nanoparticles.

e Exothermic peak observed in the range of 150°C to 200°C appears due to
thermal lattice vibration.[62]

e Exothermic peak observed 700°C may appear due to combustion of resultant
organics and by the crystallization of the ZnO powder.[62]
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Figure 26: TGA/DTA plot of ZnO NPs (Chemical)
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5.4 APPLICATION OF ZNO NPs IN DYE REMOVAL

5.4.1 Preparation of calibration curve

To observe dye removal efficiency of ZnO NPs, absorbance data obtained from UV
Vis spectroscopy for methylene blue dye was used. Amax for methylene was
measured at 664nm. A calibration curve (Figure 27) was done using absorbance
data of known concentrations (10, 20, 30, 40 and 50ppm). All the removal
experiments were carried out in duplicate and the average value of each result was
used for accuracy of the results.

Callibration curve y =0.1952x +0.274
R%=0.9975
12
10 ‘/l
8 s
c
©
2 6 “"/
[e]
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2
0
0 10 20 30 40 50 60

Concentration (ppm)

Figure 27: Calibration curve

Y-intercept and slope of the calibration line was noted and used to determine
concentrations from absorbance data.

To determine the dye removal capacity of synthesized ZnO NPs, percentage removal
was calculated using the following equation:

_(Co—C
% Removal = c x 100

o

where, Co is the initial concentration of MB dye in ppm
C. is the concentration of MB dye solution after adsorption in ppm.

Dependence of dye removal capacity (by synthesized ZnO NPs) on various factors like
adsorbent dose, contact time and initial dye concentration (in ppm) were studied. Also,
it was found from pH study (at pH 3, pH 5 and pH 7) that effect of pH is negligible in
dye removal capacity. In fact, on acidic pH removal capacity decreased a little bit.
Therefore, pH 7 had been chosen for further studies.
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5.2.2. Adsorbent dose vs Removal

Figure 28 depicts the effect of adsorbent dose on the dye removal at an initial
concentration of dye i.e., 30 ppm, contact time (120 mins) and pH 7. NPs dose used was
varied from 1g/L-10g/L. It is observed that removal capacity of ZnO NPs increased with
increasing NPs dose for all three synthesized ZnO NPs. Removal efficiency of about
61.54 %, 80.05% and 97.45% respectively was obtained at maximum NPs dose of 10g/L
synthesized in chemical route, green synthesis and calcination of green synthesized NPs.
The reason might be due to number of available adsorption sites increased with
increasing adsorbent dose.

Concentration =30 ppm, Time=60 mins, pH7  Dose vs Removal
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Figure 28: Adsorbent dose vs Removal

5.2.3. Initial dye concentration vs Removal

Effect of initial dye concentration on its removal can be observed in Figure 29. Initial
dye concentration was varied from 10-50 ppm at a particular nanoparticle dose i.e.,
10g/L, contact time (60 mins) and pH 7. Dye removal capacity of NPs decreased as
initial concentration of dye increased. As evident from figure removal efficiency of
73.46%, 91.34% and 100% was obtained for NPs synthesized in chemical route, green
synthesis and calcination of green synthesized NPs respectively at 10 ppm initial dye
concentration. Removal efficiency on the other hand reduced to 34.25%, 56.78% and
80% respectively for initial dye concentration of 50 ppm. As dye concentration
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increased available sites got exhausted and no further adsorption could occur at the
particular dose.

Dose =10g/I, Time=60 min, pH 7 Concentration vs removal
120 | | |
100
X 80 |
S 6o
o
E \\
2 40 <
20
0
0 10 20 30 40 50 60
Initial Dye Concentration (ppm)
—@—Chemical —&—Green Green Calcined

Figure 29: Initial dye concentration vs Removal

5.2.4. Contact time vs Removal

As shown in Figure 30, for a fixed nanoparticle dose of 10 g/L and initial dye
concentration of 30ppm, removal of dye increased with increase in contact time.
Removal efficiency of 61.54%, 80.05% and 97.45% was obtained at 60 mins of contact
time for NPs synthesized in chemical route, green synthesis and calcination of green
synthesized NPs respectively. This increased to 63.8%, 82.1% and 99.2% after 120 mins
of contact time for NPs synthesized in chemical route, green synthesis and calcination
of green synthesized NPs respectively. The resultant equilibrium time was found to be
90 mins. This might be attributed to the fact that attachment of more dye particles
became available for binding on nanoparticles surface. But after a certain time,
equilibrium was reached as with increase in time all available adsorption sites were
occupied by the dye particles.
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Dose=10g/|, Concentration 30 ppm, pH 7 Time vs Removal
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Figure 30: Contact Time vs Removal

From the above results, it is evident that green synthesized NPs as well as green
synthesized NPs after calcination was more efficient in removal of dye from synthetic
solution than chemically synthesized ZnO NPs. Phytochemicals, flavonoids, alkaloids
etc. present in leaf extract (also confirmed in FTIR) provides an added advantage that
helps in complete reduction of Zn(OH): into ZnO. These phytochemicals might further
take part in adsorption process thereby enhancing removal efficiency. On the other hand,
in chemical precipitation few impurities, unreacted Zn(OH)», agglomerations were
present which reduced its available adsorption sites. Since, the chemical precipitation
method was carried out at room temperature, that might have some effect on the exposed
surface area of NPs.

Calcined green synthesized NPs was seen to have more dye removal capacity (i.e., more
available adsorption sites) than non- calcined green synthesized or chemically
synthesized NPs. This might be due to the fact that after calcination the orientation of
NPs became more regular with flake like structure thereby exposing more available
adsorption site.
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Chapter 6

CONCLUSION

The following conclusions can be drawn.

1.

Dye removal capacity of ZnO NPs was examined in the present study. Methylene
blue was used as model dye.

Zinc oxide nanoparticles were synthesized by three route viz. chemical route, green
chemistry and calcined of green synthesized nanoparticles.

. XRD analysis of synthesized ZnO NPs showed sharp peaks corresponding to planes

100), (002), (101), (102), (110), (103), (112) and (202) confors the pure hexagonal
wurtzite crystal structures of ZnO. Average crystallite size (calculated by Scherrer’s
equation) of ZnO NPs synthesized in chemical precipitation route was found to be
32.59 nm and that for green synthesized and green calcined were 32.12nm and
30.38 nm respectively.

The vibrational properties of the ZnO NPs were confirmed by FTIR. In FTIR
spectrum of green synthesized ZnO, the presence of phytochemical group was also
confirmed.

FESEM images revealed flake-like structure of synthesized NPs whereas EDS
confirmed the chemical composition of ZnO as pure in green synthesized NPs and
with few impurities of sulphur in chemically synthesized NPs.

The effect of adsorbent dose, initial dye concentration and contact time on the
efficiency of removal of dye by ZnO NPs (prepared via and green chemistry) was
investigated.

For a fixed nanoparticle dose of 10 g/L and initial dye concentration of 30ppm,
removal of dye increased with increase in contact time. Removal efficiency of
61.54%, 80.05% and 97.45% was obtained at 60 mins of contact Dye removal
capacity of green synthesized ZnO NPs was more than its chemical counterpart.
One cause might be the presence of organic functional groups as confirmed by
FTIR. Calcination improved the dye removal capacity further (might be due to more
uniformity in particle orientation and modification in functional groups present in
Zn0O NPs).

Zinc oxide nanoparticles had been proved to an efficient material to remove
methylene blue dye from synthetic solution.
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FUTURE SCOPE

Application in real field textile industry wastewater will be conducted. The synthesized
nanoparticle can be further characterized by TEM analysis for direct measurement of
nanoparticle size, grain size, size distribution, and morphology. BET analysis can be
performed to get specific surface area and porosity distribution of the synthesized NPs.
Further, adsorption modelling can predict the adsorption isotherm for the kinetic study and
adsorption capacity of produced nanoparticles. Also, Response Surface Methodology
(RSM) can be applied to get relations between experimental and theoretical parameters
related to dye removal study.
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