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Silver nanoparticles (AgNPs) were synthesized via green synthesis using a new herbal plant Kalanchoe pinnata
(known as life plant) leaves. Effects of physicochemical parameters like temperature, pH and concentration on
AgNPs were examined, and the absorption spectra were observed due to strong surface plasmon resonance. The
crystalline nature and stability of AgNPs were confirmed by XRD pattern and zeta potential, respectively. The
morphology of AgNPs was studied using FESEM and HRTEM. AgNPs showed antibacterial activity against the

gram-negative E. Coli bacteria and photocatalytic activity in the degradation of rhodamine B dye with a reaction

rate constant of 0.042 min~ ..

1. Introduction

Nowadays, nanotechnology plays a vital role in technology and
development. There is increased progress in nanotechnology due to the
small size (1-100 nm) and unique properties of metallic nanoparticles
(NPs), having a higher surface-to-volume ratio, which differentiates
them from their bulk properties [1,2]. Metal nanoparticles [3,4] are
used in different branches of health and medicine [5,6], photonics [7],
sensors [8], and catalyst [9]. The unique optical, electrical, chemical
and physical properties depend on the morphology of nanoparticles
[10,11], which are further used in various applications, mainly in drug
delivery [12,13].

Silver nanoparticles (AgNPs) synthesis was carried out using chem-
ical [14-16] and physical approaches like laser or UV-irradiation [17],
microwave irradiation [18], electrochemical reduction [19] and ther-
mal decomposition [20]. It has been found that chemical-based silver
nanoparticles are expensive, require high energy consumption [21], and
hazardous to animal cells, humans and the environment [22]. To over-
come these effects, green synthesis is considered an effective way to
reduce the production cost, energy efficiency [23-25], and reduce toxic
chemical compounds [26-28]. AgNPs were bio-synthesised with
different biomasses like plant extracts [29-32], bacteria, fungi [33,34],
algae [35] and other microorganisms [36-38]. To vanquish complicated
cell sculpture procedure, synthesis of AgNPs using aqueous leaves
extract is preferred [23,27,39]. AgNPs are used in nanotechnology due

* Corresponding author.
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! Both the authors contributed equally.
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to their antioxidant [40-42] antiproliferative [43], antidiabetic [44],
antimycotic [45] and anticancer [28,46] properties. AgNPs have good
application in water treatment [47], sensors [10,48], treat infections in
open wounds [49], mosquito larvicidal [50], and household appliances
[51-53].

Various medical plants were used for the synthesis of AgNPs
[54-56]. Kalanchoe pinnata (Bryophyllum pinnatum), commonly known
as patherchat or patharkuchi is a medical plant that belongs to the family
of Crassulaceae [57] and has been long used in ayurvedic medicine from
ancient times. The plant grows in countries like India, Hawaii, Tropical
Africa, and Australian continents. Different parts of the plant are used in
treatment like stems, leaves, roots, and flowers. The plant leaves contain
other properties like antiviral, antimicrobial, anti-inflammatory [58],
antitumor, antidiabetic [59], antilithic [60,61], wound healing [62],
which is due to the presence of molecular groups in the plant-like al-
kaloids, phenols and flavonoids, ete.

Dye released from major textile industries and other factories causes
severe environmental problems [63,64]. Green technology plays a
crucial role in solving this problem by reducing cost and is ecological
[65-67]. Synthesized AgNPs are more reactive to the chemical com-
pound because of a higher surface to volume ratio [68] and are used for
dye degradation following a photocatalytic reduction under UV-
irradiation [69,70]. Rhodamine B (RhB) is a harmful dye to humans,
causing harm to the skin and itching in the eyes, and detrimental to
aquatic life. Therefore, in the present study, we have used a specific
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ABSTRACT

Green synthesis is a novel way to synthesizing nanoparticles by using different biological
masses. Silver nanoparticles (AgNPs) were synthesized via green synthesis using new and
different herbal plant like Kalanchoe pinnata and Abutilon theophrasti leaves. The variation of
physical parameters like temperature, pH, and concentration on the emergence and stability of
nanoparticles was examined. The absorption of synthesized AgNPs was observed due to the
strong surface plasmon resonance (SPR), whereas the crystalline nature was confirmed by XRD
pattern. The morphology of AgNPs was studied using FESEM and HRTEM. Zeta potential
strongly supported the high stability of silver nanoparticles. AgNPs showed antibacterial
activities against the gram-negative E. Coli bacteria. Synthesised AgNPs showed the excellent

photocatalytic activity in wastage water treatment in different Dye degradation.
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CHAPTER 1
INTRODUCTION

1.1 INTRODUCTION

In materials science, Nanotechnology is the most growing and active research area. The idea of
modern nanotechnology originated from Richard Feynman, a Nobel Laureate in Physics in
1959. This concept was initially introduced during a lecture titled “There’s Plenty of Room at
the Bottom” presented by Richard Feynman introducing the matter at atomic level. The
following idea originates new ways of thinking and exploring the matter at atomic level. That’s
why he is considered as the father of modern Technology [1]. Nanomaterials have been long

used by Indian medicine System even before term “nano” introduced [2].

Nano is most fascinating area of research with incredible applications in different parts of
science and medicine [3]. The development in altering and exploring properties of
nanomaterials by changing their shape and morphology. In recent years impressive
development in fabrication, synthesis and methodologies of nanomaterials. This field is
emerging day by day rapidly. Nanoparticles plays a very vital role in nanotechnology [4].
Nanoscience has successfully created nanomaterials (NMs) with size less than or equal to 100
nm [5]. They exhibit novel and improved mechanical, optical and electronic properties because
of its very small size [6], [7]. Many inert metals like silver also distinctive properties when it is

downsized to the nanoscale [8].

1.2 LITERATURE REVIEW

1.2.1 Metallic nanoparticles

Nanotechnology can be subdivision of science and engineering keen to materials. Nano-science
deals with the study of the phenomena at 1-100 nm particle size and nanomaterials ranging one
dimension less than 100 nm [9]. Since the past decade a separate class of materials derived from
nanomaterials as nanoparticles. Most fascinating are metal nanoparticles. Due to their high
conductivity, they have received a great scientific interest as compared to metal oxides
nanoparticles. Metal-metal chemical bond is not represented in metal nanoparticles and it

isolated particles between 1-100 nm size. Metal nanoparticles (NPs) have extraordinary

1



different properties as compared to their bulk metal that mostly contains a degenerated density
of energy states and a large surface-volume ratio along with nm scale sizes. Therefore, they
show high chemical activity and specificity as compared to bulk metals so that they are
attractive to use as catalysts. The high SA:V along with size effects gives metal nanoparticles

distinctively unique properties from those of bulk metal [10].

In past two decades, nanoparticles exhibit many fascinating applications in variety fields like
conductors, electronics, sensors, medicine, catalysis, optical and biological devices etc [11],
[12] because of their unique properties, which vary from molecular or bulk materials.
Researchers also have achieved decent awareness in nanomaterials due to their applications in
medicine and unique properties [13]. AgNPs properties depends on the distinct shape and
nanoparticle size, surrounding media, and their fabrication method [14]. So, Researchers and
Scientists are more interested in targeting fabrication of metal nanoparticles. Desired shape and

size of MNs allow exploring its applications in various fields.

1.3 METHODS FOR NANOPARTICLES SYNTHESIS

The top-down synthesis method of NMs initiates from a suitable starting material via sputtering,
mechanical grinding etc. while second method synthesis smaller entities such as atoms and
molecules are joined with each other and fabricated into NMs with processes like chemical
methods and biological methods [15]. The small particles form a complex cluster by oxidation/
reduction, nucleation and growth processes. Imperfections are introduced by a top-down so,
bottom-up approach is most preferable approach for synthesis. NMs properties also depends on

synthesis methods [16].

1.3.1 Physical Methods

These methods include evaporation of the material followed by controlled condensation,
pyrolysis and laser ablation. In this method nanoparticles are critically affected by parameters
like time of drilling, medium and initial method [14]. It is typical representation of top-down
method [17]. This method is restricted to presence of chemical agents in the solution for AgNPs
production. This method advantages are, uniform NPs distribution and no solvent
contamination in thin films. Its main limitations are expensive equipment and lower production
rate compared to chemical methods. The additional handicap includes the high energy

consumptions.



1.3.2 Chemical Methods

The second route consists of sol-gel technique which is used to synthesis nanoparticles in liquid
phase or colloidal solution. this method is a representation of bottom-up approach [18]. This
process contains nanomaterials as subclass of colloids, which has dimensions in the nano range.
The formed nanomaterials may be nanoparticles, fibres or nanoplates. The main advantage of
this method are simple technique, low temperature synthesis, formation of variety particles in
terms of shape and size, large quantities can be produced [19]. However, it has some
disadvantages including toxic chemicals and hazardous reaction by-products.

1.3.3 Biological Synthesis

Green synthesis is becoming an emerging route actively participating in the progress in the
fields of science & industry [20]. Living cells are very complicated systems with hundreds of

molecules containing various functional groups which easily helps in reduction of metal ions.

)|

Biological
Synthesis & =

1

Bacteria

! 4

Figure 1.1. Different biomasses used in Biological synthesis

Therefore, this method need more research to elaborate a specific process directly reasonable
for growth of nanoparticles. So, biological organisms such as microorganism [21], plant
extracts and biomasses can be good option for nanoparticles synthesis. It is simple, inexpensive,
economic, environmentally friendly and toxic free [22]. This method is like a revolution in

nanoparticles’s world [12].

Researchers in biological systems increased due to its excellent features in a variety of

organisms in our eco-system like viruses, bacteria, yeast, fungi [23] and different parts of plants

3



[24] have ability to form inorganic materials [25]. It is a non-toxic, high yield, fast, energy
saving process among the other methods. Many microorganisms were frequently used in
nanoparticles fabrication [26]. Both unicellular and multicellular organism produce metallic
NPs but separation of tiny produced particles from cell debris is complicated and the capping
and matrix proteins can influence the properties of NPs. The plant parts are mainly in sundried

form and considered as a best solution to above problems for NPs synthesis.

The plant extract contains all the necessary chemical constituents like reducing and stabilizing
agent. A plant leaves is a mixture of complex structures, each compound can perform multiple
roles, acting as green chemical agents. The use of single multifunctional agent is always more
advantageous and easier to deal from unwanted toxic parts during synthesis process. The main
advantage of plants over microorganisms is that they are easily available and don’t need any

special conditions for storage and care as needed in the case of microorganisms.

1.4 DESCRIPTION OF PLANTS

India has a rich diversity of plants with different and unique medicinal properties. In present
study mainly two plants leave Kalanchoe pinnata and Abutilon theophrasti were used in the
AgNPs synthesis [27]-[29]. Kalanchoe pinnata (Bryophyllum pinnatum), commonly known as
patherchat or patharkuchi is a medical plant that belongs to Crassulaceae family [30] and used
in ayurvedic medicine from ancient times. The plant grows in countries like India, Hawalii,
Tropical Africa, and Australian continents. Different parts of the plant are used in treatment
like stems, leaves, roots, and flowers. The plant leaves contain other properties like antiviral,
antimicrobial, anti-inflammatory [31], antitumor, antidiabetic [32], antilithic [33], [34], wound
healing [35], which is because of molecular groups present in plant-like alkaloids, phenols and
flavonoids, etc. Using the green synthesis method, AgNPs can be synthesized using various
entities like plants [36]-[40], microorganisms [26], and enzymes [25]. Silver shows
antimicrobial and catalytic properties [41], synthesized AgNPs enhances those properties to a
higher extent making AgNPs very practical and valuable in the medical field and wastewater
management [42]-[45]. Current study includes AgNPs synthesis with help of plant leaves of
Abutilon theophrasti. It is an ethnomedicinal weed plant mainly cultivated for oil and fibre [46].
The leaves, stem, roots, and seeds of the plant exhibit properties like anti-inflammatory,

carminative, etc., used to treat rheumatic pains, sprains and dysentery [47].



1.5 SILVER NANOPARTICLES PROPERTIES (AgNPs)
Various properties of AgNPs are:
e Surface area to volume ratio:

It has a significant effect on the nanoparticle properties. If they have a large surface area per
unit volume then they are more chemically reactive related with the bigger particles. Materials

are found to be inert in bulk form and are reactive when change into nanoscale form.
e Optical and electronic properties

These properties are interconnected as the incident photons interact with electrons and show

collective excitations, this is known as localized surface plasma resonance (LSPR) [48].

The peak wavelength of the LSPR spectrum is dependent upon the interparticle spacing, size
and shape of the nanoparticles. These electronic and optical properties of nanoparticles are very

useful in optical filters and sensors.
e Magnetic properties

This property is depending on the uneven electronic distribution of nanoparticles. They are used
in wide range of disciplines, such as homogenous catalysis, heterogeneous, biomedicine,

magnetic fluids, data storage magnetic resonance imaging (MRI).
e Quantum confinement effect

This property of nanoparticles is used in several technologies such as sensors, memory
applications and electronics etc. The quantum confinement effect is analysed when the size of

the particle is too short to be coordinate to the wavelength of the electron.

1.6 ANTIBACTERIAL ACTIVITY OF AgNPs

The proper mechanism of antimicrobial effect of AgNPs on bacteria is a topic of debate [49].
Various different theories are given explaining AgNPs action on bacteria causing antibacterial
effect. When AgNPs penetrates cell, they have the ability to alter the physiochemical properties
by interacting with the cellular structure and cell’s biomolecules, changing cell’s structure and
causing malfunctioning in normal physiological properties such as respiration and permeability
of the cell. Further, AgNPs interact with biomolecules of cells forming various oxygen and

nitro species that cause stress in the cell's DNA and eventually leading to cell’s death [49,50].



The particles can also destroy the DNA by acting on the soft bases, due to which cell dies. The
nanoparticles can modulate the signal transduction in bacteria. Phosphorylation of protein
substrates in bacteria is a well-established fact that influences bacterial signal transduction. But
it not sufficient to understand and to establish the claims. Inorganic nanomaterials studied in
current researches shown the superior antimicrobial activity which extended its medicinal use.
[51]. Silver is a good metal of choice to kill microbes efficiently. Silver nanoparticles is a
growing field in with promising antibacterial activity recently known that acts on both

extracellularly as well as intracellularly.

1.7 PHOTOCATALYTIC ACTIVITY OF AgNPs IN DYE DEGRADATION

The textile dyeing industry has generated massive pollution problem as it is chemically
intensive industries with number one pollutant of water. Only 80 percent of the dyestuffs stay
on the fabric and rest go down the trench. The liberation of waste waters having harmful dyes
is the reason for serious damage to aquatic life, directly by photosynthesis and oxygenation.
these compounds are toxic and discard to natural degradation like light, acid, base and oxygen
due to this the color of the dye becomes permanent. Azo dyes in majority are water-soluble and
body can easily absorb them through inhalation, skin contact and swallowing due to this these
dyes are the cause of mutagen and cancer. Azo dyes are harmful to aquatic environment [52,53].
Green technology plays a crucial role in solving this problem by reducing cost and is ecological
[54]-[56]. Synthesized AgNPs are more reactive to the chemical compound because of a higher
surface-volume ratio [57] so, used in dye degradation following a photocatalytic reduction
under UV-irradiation [58,59]. Rhodamine B (RhB) is a harmful dye to humans, causing harm

to the skin and itching in the eyes, and detrimental to aquatic life.

The oxidative reduction technique is an effective method in degradation of such harmful dyes
[60]. Nanomaterials like TiO2 require UV light for their activation [61]; however, AgNPs
exhibit strong absorption under natural light, and their high reactivity and selectivity enhance
their photocatalytic activity [62]. In recent studies, photocatalytic degradation of MO is done
using AgNPs [59]. Therefore, in the present study, we have used a specific plant (Kalanchoe
pinnata, Abutilon theophrasti) leaves extract to synthesize AgNPs at various physicochemical
parameters. The developed AgNPs were used to degrade industrial dye, RhB under UV-
irradiation and antibacterial activities against gram-negative bacterial strain and further, AgNPs

were used to degrade MO dye which can be further used for water treatment.



1.8 AIM AND SCOPE OF STUDY
e Eco-friendly biosynthesis of AgNPs using plant leaves extract controlled by
physicochemical parameters.
e Analysing the morphology of the developed AgNPs by different characterization
techniques.
e Examining remarkable antimicrobial properties of the Synthesized nanoparticles against
E. coli gram-negative bacterial strains.

e Investigating the photocatalytic behaviour of AgNPs in Dye degradation.



CHAPTER 2

MATERIALS AND METHODS

2.1 CHEMICALS

Silver nitrate and sodium hydroxide were procured from Aldrich Chem. Co. and the obtained
chemicals were utilized without further processing. 8.5 mg of Silver salt (AgNO3) is mixed in
50 mL of ultrapure (UP) water to make 1 mM salt solution. For 2 mM, 3mM and, 4 mM the
salt added is 17, 25.5 and 34 mg respectively. For 0.1 M sodium hydroxide (NaOH), 40 mg was
added in 100 mL UP water.

2.2 LEAF EXTRACT
2.2.1 Kalanchoe pinnata extract

Fresh green Kalanchoe pinnata (Bryophyllum pinnatum) leaves were obtained from the DTU
campus. To remove visible dust and impurity leaves were washed from tap water and later with
UP water. Leaves of Kalanchoe pinnata were oven dried and crushed in powder form and 2 g

of it was boiled in 50 mL UP water.
2.2.2 Abutilon theophrasti extract

Fresh Abutilon theophrasti leaves were obtained from the DTU campus. To remove visible dust
and impurity leaves were washed from tap water and later with UP water. 5 g Abutilon
theophrasti leaves were chopped and boiled in 50 mL UP water. Whatman filter paper is used

for filtration and stored in refrigerator.
2.3 AgNPs SYNTHESIS

45 mL AgNOsz was stirred and 5 mL extract solution was dropped wise using burette. The
reaction temperature for Kalanchoe pinnata was kept at 60 °C and for Abutilon theophrasti the
reaction take place at room temperature. For different concentration of silver salt and plant ratio

similar process was repeated. Fig. 2.1 represents the schematic diagram of AgNPs synthesis.
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2.4 SAMPLE FOR CATALYSIS
2.4.1 For RhB dye

4.8 mg of RhB (C2sH31CIN203) dye was added in 10 mL of UP water to make a 10 1M solution.
5 ml synthesised AgNPs (Kalanchoe pinnata) were mixed with 25 mL of RhB dye solution and

stirred for the next 5 min to achieve an equilibrium state.

Dried and
Crushed

Boiled and
Filtered

e

g

Plant Extract
added to AgNOs3

After 60
Minutes

Plant
Extract

Plant Extract
added to AgNO3

8| Boiled and
9 Filtered .

After 40
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>

.
m

N,

Plant
Extract

Plant
Extract

Figure 2.1. Diagrammatical representation of synthesised AgNPs using Kalanchoe pinnata
(a) and Abutilon theophrasti (b)

The dye solution was then transferred into two glass vials, and one of them is stored in a dark

room and another is illuminated using UV-light of 8 W and 254 nm (1.2 mW cm)
2.4.2 For MO dye

3.7 mg of MO (C14H14N3NaOsS) is added in 100 mL UP water to make a 100 uM concentration
solution. 5 mL synthesised AgNPs (Abutilon theophrasti) were mixed with 45 mL MO solution



and stirred for 30 min till equilibrium state achieved, later solution is transferred into two vials

stored in dark and under natural light (sunlight).
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CHAPTER 3

CHARACTERIZATION TECHNIQUES

3.1 UV/VIS/NIR SPECTROCOPY
AgNPs absorption spectra were recorded using Perkin Elmer Lambda 750
spectrometer shown in Fig. 3. The observations were taken in the range 250 nm
to 800 nm.

Figure 3.1 Perkin Elmer Lambda 750 spectrometer

3.2 X-RAY DIFFRACTION

XRD pattern for thin film was recorded by BRUKER-D8 advanced. Fig. 3.2
shows the XRD machine. The particle size is estimated using Scherer’s relation
D = 0.9 MpB cos6 corresponding to (111) peak. Here, D, A and B represents
particle size, wavelength and FWHM (full width at half maximum) and 6

represents Bragg’s angle.

Figure 3.2 BRUKER-D8 advanced to record XRD pattern.
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3.3 FESEM AND HRTEM
AgNPs shape and size was calculated using FESEM AND HRTEM. FESEM
analysis was done using JEOL JSM-7610F Plus and HRTEM using TALOS

accelerating at a voltage of 200 kV. Images of both instruments are shown in Figs.
(3.3,3.9)

Figure 3.3 JEOL JSM-7610F Plus for FESEM

S FEI

Figure 3.4 HRTEM using TALOS
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3.4 ZETA POTENTIAL
The size and zeta potential value of synthesised AgNPs in colloidal solution is
analysed using Malvern Panalytical Zetasizer (Nano series ZS). Fig. 3.5 shows the

device used for analysis

Figure 3.5 Malvern Panalytical Zetasizer (Nano series ZS).
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CHAPTER 4

RESULT AND DISCUSSION

AgNPs emergence and morphology of AgNPs synthesized by Kalanchoe pinnata (Bryophyllum
pinnatum) depend on environmental factors like reaction time, temperature, pH, concentration,
etc. AgNPs, plant extract and silver salt absorption spectra for both plants is shown in Fig 4.1(a,

b). A strong band observed at around 430 nm corresponds to the strong SPR of AgNPs.

(a)

Plant Extract
—— AgNPs
——AgNO3

o
o

Absorbance
o
S

300 400 500 600 700
Wavelength (nm)

b
12 ) —— AgNoO,
—— AgNPs
—— Plant Extract

0.6 |

Absorption

0.3

L . 1 I =]
300 400 500 600 700

Wavelength (nm)

Figure 4.1. Absorption spectra of leaves extract, silver salt, and AgNPs synthesized using

Kalanchoe pinnata (a) and Abutilon theophrasti (b) leaves extract in an aqueous medium.
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41 EFFECT OF SILVER SALT AND PLANT LREAF EXTRACT
CONCENTRACTIONS ON AgNPs EMERGENCE

The emergence of AgNPs was studied at different silver salt concentrations and plant extract
ratio as shown in Fig. 4.2(a, b). With the increase of the emergence rate of AgNPs, aggregation
of nanoparticles was also increased with time, particularly at a higher concentration of precursor

salt; hence optimization of concentration is also essential.

0.8

S
<]
S
L]

(@)

Wavelength (nm)
a
3

IS
k3
S

0.6

[
1 2 3 4
Silver Nitrate concetration

—1 mM
—2 mM
—3 mM
4 mM

0.4

Absorbance

0.2

300 400 500 600 700
Wavelength (nm)

b —— Plant Extract
(b) .5

1.2 06

Absorbance

0.3

0.0

09 300 400 500 600 700

8 Wavelength (nm)

c

S —1:10
S 06 —2:10
(7} ‘

o —3:10
< —4:10

03

300 400 500 600 700
Wavelength (nm)

0.0

Figure 4.2. The absorption spectra of AgNPs at various silver salt concentrations (a) and with
varying ratios of plant extract concentrations (b). Inset of (a) demonstrated the shift in band
maximum with the concentration of silver salt at a constant amount of pant extract and (b) the

absorption spectrum of plant extract.
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4.2 AgNPs FORMATION AT DIFFERENT REACTION TIMES
4.2.1 Using Kalanchoe pinnata

When extract was mixed with 1 mM silver salt solution, solution colour initially changes pale
yellow to dark brown, shown in Fig. 10(a). Solution colour change indicates AgNPs formation
[63]. The plant leaves contain many bio-molecule such as flavonoids, phenols, quinines, etc.,
which acting as reducing and capping agents. They are accountable in reduction of Ag* to Ag°
NPs. Solution’s maximum colour change occurs within 60 min and no further change in color
observed even after 24 h, suggests AgNPs stability. Synthesized AgNPs (Bryophyllum
pinnatum) absorption spectra are shown in Fig. 10(b). Thus, the AgNPs absorption maximum
lies between 420-450 nm and a rise in intensity suggests an enrichment in the AgNPs formation

with time.

Plant AgNO: Initially 10min 20min 30min  45min 60 min
Extract
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Figure 4.3. The color of the Kalanchoe pinnata leaves extract, silver salt, and formation of
AgNPs in water with reaction time (a) and the absorption spectra of AgNPs at various reaction

time intervals (b). Inset of (b) shows the increase in absorption intensity with reaction time.
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4.2.2 Using Abutilon theophrasti

AgNPs emergence is first confirmed by observing color change at different reaction time, 5 mL
extract was dropped in 45 mL silver salt. With time solution’s colour was changed from pale
yellow to dark brown suggesting AgNPs emergence, shown in Fig. 4.4(a) [12]. AgNPs
formation initiated after 5 min and vigorously increases up to 40 min. The flavonoids and
teraponids present in plant cause Ag* reduction to AgNPs [64]. Over time, a sharp SPR band
was observed, and the peak intensity also increases with time [65]. Fig. 11(b) show absorption

maximum peak at 439 nm.
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Figure 4.4. Color change in silver slat plant extract solution with time (a) and absorption spectra
of AgNPs at various reaction time intervals. Inset (b) shows the shift in peak of absorption

maximum as a function of time.
4.3 EFFECT OF pH ON AgNPs FORMATION

4.3.1 Using Kalanchoe pinnata

pH plays key part in changing shape, size, stability and AgNPs morphology [66,67]. In some

cases, with the increase in pH, the particle size decrease [68]. While in other cases, the size of
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AgNPs increases with increasing pH, this is due to higher accumulation at lower pH (< 5) and
lower accumulation at higher pH (6 to 12). This happens because of functional groups present
in different plants for nucleation [69]. Biomolecules have some electrical charges that were
changed with a change in pH, which might change the properties of capping and stabilizing
agents [70]. At different pH AgNPs absorption spectra is shown in Fig.4.5(a), indicating
increase in absorption intensity with rising pH. At pH 5, absorption maximum is at 424 nm,
with increasing pH from 5-12, SPR peak shifted from 420 to 440 nm, resulting in increase of
the size of AgNPs due to a change in the net charge of biomolecules from positive to negative,
initiating intense repulsion between the negatively charged ions. The results (Fig. 4.6 (a))

indicate that basic pH is further suitable for AgNPs synthesis [12].
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Figure 4.5. Absorption spectra of AgNPs in water at various pH using Kalanchoe pinnata (a)
and Abutilon theophrasti (b) leaves. Inset shows the shift in band maximum as a function of
pH.
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4.3.2 Using Abutilon theophrasti

At a highly acidic pH, the biomolecules present in the extract are inactivated and lead to no
absorption peak [71]. At very high basic pH, silver nanoparticles agglomerates and were
unstable [72]. Therefore, the absorption spectrum of AgNPs was recorded for pH between 6-
12 pH shown in Fig. 12 (b). SPR peak at pH 6 is at 432 nm having an intensity/absorbance of
0.5. On rising pH from 6 to 12, the SPR peak shifts to 444 nm, and the intensity increases to
0.8, a similar effect was observed in the previous study [73]. The results indicate that basic pH
is further suitable for AgNPs synthesis.

4.4 AgNPs formation at different reaction temperatures

4.4.1 Using Kalanchoe pinnata

Temperature is a very prominent parameter for determining the morphology of synthesized
AgNPs [74]. Fig. 13 (a) shows AgNPs absorption spectra at 10 °C to 60 °C in the interval of 10
°C. With the rise in temperature, the reaction rate increases, designate AgQNPs emergence due
to the increase in the reduction of Ag* into Ag® [75]. With the increasing temperature, the band
maximum shows a blue shift from 440-420 nm due to localization of SPR. It implies AgNPs
size decreases with a rise in temperature. With increasing the temperature, the molecules
present in the extract solution get higher kinetic energy, resulting in a faster reduction process,
indicating no further growth in the size of NPs. Thus, at higher temperatures, small particles

with uniform size distribution were formed [20].

4.4.2 Using Abutilon theophrasti

Temperature is a dominating parameter responsible for shape, size, and AgNPs morphology.
Fig. 13 (b) shows temperature effect in the range 10 °C to 60 °C on silver nanoparticle synthesis.
With temperature increase, SPR peak intensity increases, and wavelength shifts from 440 nm
to 433 nm, i.e., a blue shift occurs, designate AgNPs size decrease [20,76]. This may be because
the faster consumption of reactant and the complete reduction of silver nitrate also occurs fast,

causing faster color change [77].
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Figure 4.6. The absorption spectra of AgNPs in water at various temperatures using Kalanchoe
pinnata (a) and Abutilon theophrasti (b) leaves. Inset shows the shift in band maximum as a

function of temperature.

4.5 XRD PATTERN OF AgNPs

Fig. 14 illustrated the XRD pattern of AgNPs (AgNPs thin film coated on glass substrate) and
indicated the crystalline structure. The estimated particle size using Scherer’s relation

corresponding to (111) peak is examined.
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Figure 4.7. X-ray diffraction pattern of synthesized AgNPs using Kalanchoe pinnata (a) and
Abutilon theophrasti (b) leaves.

4.5.1 Using Kalanchoe pinnata

There are four major reflection peaks at 260 value of 38.26°, 44.47°, 64.71°, and 76.85°, which
are index as (111), (200), (220), and (311) planes. (JCPDS, file No. 04-0783) [78,79]. The

particle size estimated comes out to 36.9 nm.
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4.5.2 Using Abutilon theophrasti

The XRD pattern of synthesized AgNPs and four major reflection peaks can be observed for
(111), (200), (220), and (311) planes at 26 equal to 38.28°, 44.28°, 64.4°, 77.34° respectively
(JCPDS, file No. 04-0783) [80]. The particle size estimated comes out to 36.4 nm.

4.6 AgNPs MOROPOLOGY

AgNPs shape and size were examined using FESEM and HRTEM. An aqueous solution of
AgNPs was first allowed to settle on a quartz thin film and then FESEM images were taken, as
shown in Fig. 4.8. For HRTEM images (Fig. 4.9), the AgNPs solution was sonicated and
centrifuged, and AgNPs were coated on copper grid. A broad size distribution of nanoparticles
was observed and agreed with the observed absorption and Zetasizer [81]. The shape of AgNPs
observed from FESEM is spherical, which is in agreement with HRTEM results. Further, EDX
analysis (Table 1) confirms the maximum presence of silver. In addition to Ag, Si, and O's
existence is due to the use of the substrate, whereas Au is due to the gold coating over the thin
film required for FESEM and EDX, as given in Fig. S1 of appendence.

Figure 4.8 FESEM images of AgNPs thin film synthesized using Kalanchoe pinnata leaves.
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Figure 4.9. HRTEM images of AgNPs synthesized using Kalanchoe pinnata leaves extract at
different magnifications.

Table 1: EDX analysis parameters of AgNPs recorded in thin-film.

Constituent Weight % Atomic %
C 4.93 21.65

@) 111 36.58

Si 0.9 1.69

Au 2.37 0.63

Ag 80.7 39.45

4.7 ZETA POTENTIAL FOR SILVER NANOPARTICLES
4.7.1 Using Kalanchoe pinnata

Zeta potential affects the suspension stability and particle morphology [82]. It is the

measurement of immensity and type of surface charges corresponding to double layer all over
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the particles with high positive/negative values of zeta potential; accordingly, + 30 mV is
considered a more stable colloidal solution due to electrostatic attraction/repulsion among the
particles [83]. It is related to particle size and environmental factors like pH, ionic strength, and
the type of ions present in suspension [84]. Fig. 4.10 (a) illustrates the particle size distribution
and the highest intensity appeared for 37.8 nm and 43.8 nm NPs. Thus, the average distribution
of AgNPs in colloidal solution is about 40.8 nm and the value of zeta potential is -26.7 mV,

denoting higher AgNPs stability and colloidal dispersion. The detail of zeta potential is shown
in Fig. S2 of appendence.

4.7.2 Using Abutilon theophrasti

The magnitude of zeta potential is -27 mV making the colloidal solution highly stable.

Calculated average AgNPs size from zeta potential is 36 nm, as shown in Fig. 4.10(b).
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Figure 4.10. Particle size distribution for AgNPs synthesized using Kalanchoe pinnata (a) and

Abutilon theophrasti (b) leaves extract.
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4.8 AgNPs CATALYATIC ACTIVITY

AgNPs photocatalytic behaviour was examined with two hazardous dyes RhB and MO. For
RhB the initial colour of dye-AgNPs solution was pink and for MO it was golden-orange. The

initial absorption peak observed for RhB and MO were at 556 nm and 464 nm, respectively.

4.8.1 RhB degradation under UV irradiation

RhB was stored in dark and under UV lamp, the change in colour was observed from pink to
colourless under UV irradiation as shown in Fig. 18. Change in colour from amber (bright
luminescence) to nearly colourless (nearly zero luminescence) under UV irradiation (Fig. S3 of
appendence). Fig. 19 and Fig. 20 show the absorption spectra of RhB dye in dark conditions
and under UV irradiation with time. Absorption spectra of the dye shows sharp band at 556 nm
corresponds to the n-m transitions (C=N, C=0 groups) [69]. In presence of AgNPs, the
absorption intensity decreases. As time passes, the absorption intensity decreases
monotonically and becomes minimal within the time of 150 min under dark conditions.
Decrease in absorption intensity of dye under the dark conditions is illustrated in Fig. 19 and
UV-irradiation in Fig. 20. Under UV irradiation, the absorption intensity decreases quite fast
by the AgNPs and is reduced entirely in 45 min. Thus, in the dark, the dye degradation process
was relatively slow and took more time than dye degradation under UV irradiation. More
electrons are available to oxygen from AgNPs under UV irradiation, increasing the reaction
process [85]. Apart from decreasing the absorption intensity of the lowest band in the dark and
UV irradiation, intermediate absorption band that arises at around 400 nm is significantly
affected. Under UV-irradiation, the 414 nm band is pronounced with the passes of time and
shifts toward blue (from 434 nm to 414 nm), which is considered to be the SPR band of AgNPs
catalysts [86,87], shown in Fig. S4 of appendence. Percentage of dye degradation calculated
using [(Co-Ct)/Co]x100 is about 87 % and 83 % in the dark (150 min) and under UV-irradiation
(45 min), respectively. The term C; and Co represent concentration after time t and initial

concentration.

The reaction rate constant k for dye degradation by AgNPs was estimated with In(C/C,)
= - kt [87], as shown in Fig. 21, indicating that the dye degradation follows pseudo 1% order
Kinetics. The k value in the dark is 0.013 min* and under UV-irradiation is 0.042 min, The
photocatalytic reduction of dye was observed due to the excitation of SPR in AgNPs [88]. With
UV-irradiation, the electron present in valence band will move from conduction band, making

a hole (h*ve) at the lower band and electron (ecs) in the upper band [89]. Excited electrons
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available at AgNPs surfaces interact with oxygen molecules and produce super-oxygen ions
(.0?) and hydroxy! radicals (.OH) [89]. The nanoparticles and radical ions react with dye and
degrade it into smaller constituents and in CO2 and H.O [68,69,92-95].

UV-Irradiation
After 45 minutes
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Figure 4.11. Change in colour of RhB dye (10 uM) dissolved in water in the presence of AgNPs

with doses of UV-light irradiations.
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Figure 4.12. The absorption spectra of RhB dye in water in the presence of AgNPs at different

time intervals in the dark.
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Figure 4.13. The absorption spectra of RhB dye in water in the presence of AgNPs at different

time intervals under UV irradiation.
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Figure 4.14. Plots of C/Co against reaction time for reducing RhB dye in the presence of AgNPs

in the dark and under UV light.

4.8.2 MO degradation under Sunlight

The absorption maximum of MO is observed at 464 nm, and gradually decreasing when

irradiated with sunlight. In dark, 25.4% of the dye is degraded in 35 min and whereas under
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sunlight, nearly 74 % of the dye is degraded in the same reaction time and AgNPs concentration.
The color change from orange to colourless under sunlight and light orange in dark shown in
Fig.22. Absorption spectra of MO in dark and under sunlight are shown in Fig. 23 (a, b). The k
value for dark is 0.0084/min, and under sunlight is 0.0366/min as shown in Fig 24. AgNPs
photocatalytic activity in sunlight is due to excitation of SPR. The Ag conduction electron gets
excited and captured by oxygen molecules which produce hydroxyl radicals and are responsible
for MO dye degradation [94].

(a) Observation under sunlight

After 35 minutes

(b) Observation in dark

After 35 minutes

>

Figure 4.15. Change in color of the dye MO, after degradation under sunlight (a) and dark

conditions (b).
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Figure 4.16. Absorption spectra of MO dye solution in water at different reaction times in the

presence of AgNPs under dark conditions (a) and sunlight (b).

29



—a— Sunlight
—e— Dark

In (C{/Cq)

09 F —=—k=0.0365 min'1

—e—k =0.0083 min]

1.2 |

_1 .5 1 1 1
0 10 20 30 40

Time (min)

Figure 4.17. Plots of In (C+/Co) against reaction time for reducing MO dye in the presence of

AgNPs in the dark and under sunlight.

4.9 ANTIBACTERIAL ACTIVITY OF AgNPs

Bryophyllum pinnatum is known as an herbal plant with leaves having antibacterial properties
[95,96]. Plant extract of Bryophyllum pinnatum contains photochemical such as flavonoids,
polyphenols, terpenoids, alkaloids, and organic acids and are responsible for the biological
activity of plant such as antimicrobial and antibacterial. They form complex free radical species
with cell membranes affecting the overall functioning of bacterial cells [97,98]. AgNPs
synthesized using Bryophyllum pinnatum leaves extract increases antibacterial properties; this
is also due to their smaller size and reactivity. For antibacterial activity of AgNPs disk diffusion
method was used against gram-negative bacteria [99]. Fig. 4.18 shows the antibacterial
activities of AgNPs along with the leaves extract and silver salt. Antibacterial property of

AgNPs are demonstrated by diameter of the zone of inhibition [51], proceeding 36 h in
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incubation at 37 °C. The zone of inhibition for gram-negative (E. coli) is shown in Table 2. It
can be seen that a higher zone of inhibition was observed for AgNPs against E. coli (gram-
negative) bacteria compared to neat plant extract or silver nitrate. Water was taken as standard
and silver salt was taken as control in antibacterial study. The AgNPs antibacterial activity is
better than AgNO3z and plant extract due to AgNPs smaller size. Smaller AgNPs can penetrate
through a more extensive range of bacterial cells, causing a more extensive zone of inhibition
of AgNPs. Note that the bacteria are cultured by giving appropriate conditions overnight and
were diluted to 1.0 x 10~7 colony. Negative charges present on surface of cell membrane of
bacteria and positive charges of Ag®, there is an electrostatic attraction between them, resulting
in penetration of the cell membrane. When AgNPs penetrate the cell, they have the ability to
alter physical and chemical properties by interacting with cellular structure and biomolecules
of the cell, causing malfunctioning in normal physiological properties such as respiration and
permeability of the cell. Further, AgNPs interact with biomolecules of cells forming various

oxygen and nitro species that cause stress in the cell's DNA and leads to cell’s death [49,50].

Figure 4.18 Zone of inhibition of E-coli bacteria treated with Kalanchoe pinnata leaves

extract (a), silver nitrate (b), and AgNPs (c).
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Table 2: Zone of inhibition for plant extract, AgNOs and AgNPs treated with E. coli bacterial

strain.
S. No. Sample Name Zone of Inhibition (mm)
1 Plant Extract 7.88
2 AgNOs 8.80
3 AgNPs 11.90
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CHAPTER 5

CONCLUSION

AgNPs were synthesized by an eco-friendly and convenient green process using the herbal plant
Kalanchoe pinnata and Abutilon theophrasti leaves extracts. pH, temperature, concentrations
and reaction time effect were studied, confirming the alkaline pH and high temperature were
highly suitable for AgNPs synthesis. A strong SPR band occurs with a maximum between 420
nm to 440 nm. The XRD, TEM, and SEM results. XRD analysis indicates the crystalline nature
of AgNPs, whereas the significant value of zeta potential has proven their high stability. The
shape of AgNPs is nearly spherical. The comparison of photocatalyst degradation of RhB dye
under UV-light and dark revealed that dye is degraded faster under UV-irradiation using
Kalanchoe pinnata AgNPs. About 83 % dye was degraded in 45 min under UV-irradiation with
a rate constant (k) of 0.042 min' and 87 % in the dark in 150 min with a k of 0.013 min™. The
value of k is nearly three times higher for dye degradation under UV irradiation than dye
degradation in the dark. The AgNPs (Abutilon theophrasti) are used to degrade MO dye. The k
value for dark is 0.0084/min, and under sunlight is 0.0366/min, the reduction rate of dye is
higher under sunlight using AgNPs (Abutilon theophrasti). The bio-synthesized AgNPs
(Kalanchoe pinnata) reveal enhanced antibacterial activities against E. coli bacterial strains.
Thus, dye degradation with eco-friendly AgNPs is highly beneficial for industrial applications

and its antibacterial activities for medical applications.
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APPENDICES
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Figure S1.EDX spectrum of AgNPs, demonstrating the presence/formation AgNPs.
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Figure S3. Change in colour of RhB dye (10 uM) dissolved in water in the presence of AgNPs
with doses of UV-light irradiations taken in visible light (a). The colour of the dye solution

changed from amber (bright luminescence) to nearly colourless (nearly zero luminescence)

under UV irradiation (b).
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Figure S4. The absorption spectrum of initial dye, AgNPs, and final degraded dye under UV
irradiation.
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Silver nanoparticles (AgNPs) were synthesized via green synthesis using a new herbal plant Kalanchoe pinnata
(known as life plant) leaves. Effects of physicochemical parameters like temperature, pH and concentration on
AgNPs were examined, and the absorption spectra were observed due to strong surface plasmon resonance. The
crystalline nature and stability of AgNPs were confirmed by XRD pattern and zeta potential, respectively. The
morphology of AgNPs was studied using FESEM and HRTEM. AgNPs showed antibacterial activity against the

gram-negative E. Coli bacteria and photocatalytic activity in the degradation of rhodamine B dye with a reaction

rate constant of 0.042 min

1. Introduction

Nowadays, nanotechnology plays a vital role in technology and
development. There is increased progress in nanotechnology due to the
small size (1-100 nm) and unique properties of metallic nanoparticles
(NPs), having a higher surface-to-volume ratio, which differentiates
them from their bulk properties [1,2]. Metal nanoparticles [3,4] are
used in different branches of health and medicine [5,61, photonies [7],
sensors [8], and catalyst [9]. The unique optical, electrical, chemical
and physical properties depend on the morphology of nanoparticles
[10.11], which are further used in various applications, mainly in drug
delivery [12,13].

Silver nanoparticles (AgNPs) synthesis was carried out using chem-
ical [14-16] and physical approaches like laser or UV-irradiation [17],
microwave irradiation [18], electrochemical reduction [19] and ther-
mal decomposition [20]. It has been found that chemical-based silver
nanoparticles are expensive, require high energy consumption [21], and
hazardous to animal cells, humans and the environment [22]. To over-
come these effects, green synthesis is considered an effective way to
reduce the production cost, energy efficiency [23-25], and reduce toxic
chemical compounds [26-28]. AgNPs were bio-synthesised with
different biomasses like plant extracts [29-32], bacteria, fungi [33,34],
algae [35] and other microorganisms [36-38]. To vanquish complicated
cell sculpture procedure, synthesis of AgNPs using aqueous leaves
extract is preferred [23,27,39]. AgNPs are used in nanotechnology due
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E-mail address: msmehata@gmail.com (M.S. Mehata).
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to their antioxidant [40-42] antiproliferative [43], antidiabetic [44],
antimycotic [45] and anticancer [28,46] properties. AgNPs have good
application in water treatment [47], sensors [10,48], treat infections in
open wounds [49], mosquito larvicidal [50], and household appliances
[51-53].

Various medical plants were used for the synthesis of AgNPs
[54-56]. Kalanchoe pinnata (Bryophyllum pinnatum), commonly known
as patherchat or patharkuchi is a medical plant that belongs to the family
of Crassulaceae [57] and has been long used in ayurvedic medicine from
ancient times. The plant grows in countries like India, Hawaii, Tropical
Africa, and Australian continents. Different parts of the plant are used in
treatment like stems, leaves, roots, and flowers. The plant leaves contain
other properties like antiviral, antimicrobial, anti-inflammatory [58],
antitumor, antidiabetic [59], antilithic [60,61], wound healing [62],
which is due to the presence of molecular groups in the plant-like al-
kaloids, phenols and flavonoids, ete.

Dye released from major textile industries and other factories causes
severe environmental problems [63,64]. Green technology plays a
crucial role in solving this problem by reducing cost and is ecological
[65-67]. Synthesized AgNPs are more reactive to the chemical com-
pound because of a higher surface to volume ratio [68] and are used for
dye degradation following a photocatalytic reduction under UV-
irradiation [69,70]. Rhodamine B (RhB) is a harmful dye to humans,
causing harm to the skin and itching in the eyes, and detrimental to
aquatic life. Therefore, in the present study, we have used a specific
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Fig. 1. Schematic representation of synth 1 silver particles using Kalanchoe pii leaves extract.
plant Kalanchoe pinnata leaves extract, to synthesize AgNPs at various
physicochemical parameters. The developed AgNPs were used to
degrade industrial dye, RhB under UV-irradiation, and antibacterial
activities against gram-negative bacterial strain [71]. 1.0
Plant Extract
2. Materials and methods AgNPs
0.8 ——AgNO3
2.1. Chemicals
[
5 2 . 2 2 g 0.6
Silver nitrate and sodium hydroxide were procured from Aldrich ©
Chem. Co. and the obtained chemicals were utilized without further g
processing. Ultrapure water (H,O Adrona B30/integrity-+, resistivity 204
18.2 MQ cm) was used throughout the study. <
2.1.1. Silver nitrate solution 0.2
17 mg of AgNO; was mixed with 100 mL of ultrapure (UP) water to
produce 1 mM of silver nitrate solution. For 2 mM, 3 mM and 4 mM 0.0 . -
silver nitrate solution 34 mg, 51 mg and 68 mg were added, respectively. : 300 400 500 600 700
Wavelength (nm)

2.2. Preparation of leaves extract

Garden-fresh Kalanchoe pinnata (Bryophyllum pinnatum) leaves were
obtained from the Delhi Technological University campus, which was
firstly washed with tap water and further brushed up using the UP water
twice; further, leaves were dried and then grinded. 2 g of Kalanchoe
pinnata powder is dissolved in 50 mL of UP water. The solution was
boiled at 60 °C for 15 min before filtered through Whatman filter paper
and stored in a cold and dry place for future use.

2.3. AgNPs synthesis using plant leaves extracts
5 mL of plant extract solution was mixed with 45 mL (1 mM) silver

salt at 60 °C and stirred for 20 min. On adding plant extract, the colour
change was observed. Fig. 1 demonstrates a schematic diagram of
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Fig. 2. The absorption spectra of leaves extract, silver salt, and AgNPs syn-

h d using Kalanch leaves extract in an aqueous medium.

synthesized silver nanoparticles.

2.4. Samples for catalysis

4.8 mg of RhB (CygH31CIN;03) dye was added in 10 mL of UP water
to make a 10 pM solution. Further, a certain amount of AgNPs (5 mL)
was mixed with 25 mL of RhB dye solution (10 uM concertation) and
stirred for the next 5 min to achieve an equilibrium state. The dye so-
lution was then transferred into two glass vials, and one of them is stored
in a dark room and another is illuminated using UV-light of 8 W and 254
nm (1.2 mW em 2). In both experiments, the amount of AgNPs in the
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Fig. 3. The absorption spectra of AgNPs at different concentrations of silver salt
(a) and with varying ratios of plant extract concentrations (b). Inset of (a)
demonstrated the shift in band maximum with the concentration of silver salt at
a constant amount of plant extract and (b) the absorption spectrum of
plant extract.

dye solution was kept the same.
3. Characterization techniques

For the measurement of absorption spectra, a Perkin Elmer UV/VIS/
NIR spectrometer (Lambda 750) was used. The AgNPs dispersed
(colloidal AgNPs) in water coated on a glass substrate by a drop-casting
method and a thin film was prepared to measure the X-ray diffracto-
gram. X-ray diffractogram of the thin film was recorded by BRUKER-DS8
advanced. Zeta potential was recorded using Zetasizer Nano Series ZS
particle size and zeta potential Analyzer (Malvern Panalytical). FESEM
analysis was done using JEOL JSM-7610F Plus and TEM using TALOS
accelerating at a voltage of 200 kv.

4. Results and discussion
The formation and morphology of silver nanoparticles synthesized
by Kalanchoe pinnata (Bryophyllum pinnatum) depend on environmental

factors like reaction time, temperature, pH, concentration, ete. Fig. 2
shows the absorption spectra of AgNPs, plant extract and silver salt. A
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Fig. 4. The colour of the Kalanchoe pinnata leaves extract, silver salt, and for-
mation of AgNPs (change in colour) in the water with reaction time (a) and the
absorption spectra of AgNPs at different reaction time intervals (b). Inset of (b)
shows the increase in absorption intensity with reaction time.

strong band observed at around 430 nm corresponds to the strong sur-
face plasmon resonance (SPR) of the silver nanoparticles. The average
particle size of the AgNPs determined using the Mie relation [72] D =
hug/np comes out to be 38 nm. Where 5 (1.39 x 10 5 m sec’!) denotes
bulk silver electron’s fermi velocity, h Planck’s constant and  is FWHM
(full width at half maximum).
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Fig. 5. The absorption spectra of AgNPs in the water at various pH. Inset shows
the shift in band maximum as a function of pH.
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Fig. 6. The absorption spectra of AgNPs in water at various temperatures. Inset
shows the shift in band maximum as a function of temperature.

4.1. Effect of silver salt and plant leaves extract concentrations on AgNPs
emergence

The emergence of AgNPs was studied at different silver nitrate con-
centrations (1 mM, 2 mM, 3 mM and 4 mM) and plant extract ratio (1:10,
2:10, 3:10, 4:10) as shown in Fig. 3(a,b). With the increase of the
emergence rate of AgNPs, aggregation of nanoparticles was also
increased with time, particularly at a higher concentration of precursor
salt; hence optimization of concentration is also essential

4.2. AgNPs formation at different reaction times

When aqueous plant extract was added to 1 mM solution of silver
salt, the colour of the solution initially changes light yellow to pale
yellow at last into dark brown within an hour, as shown in Fig. 4(a). The
colour change of the solution indicates the formation of AgNPs [30]. The
plant leaves contain many bio-molecule such as flavonoids, phenols,
quinines, etc., which act as reducing and capping agents in the formation
and stability of AgNPs. They are accountable for the reduction of Ag" to
Ag® NPs. The maximum colour change of solution occurs within 60 min
and no further change in colour observed even after 24 h, indicating the
stability of AgNPs. The UV-visible absorption spectra of AgNPs syn-
thesized from Bryophyllum pinnatum leaves are shown in Fig. 4b. Thus,
the absorption maximum of AgNPs lies between 420 nm and 450 nm and
a rise in intensity suggests an enrichment in the AgNPs formation with
time.

4.3. Effect of pH on AgNPs formation

pH has a crucial role in changing the shape, size, stability and
morphology of AgNPs [73,74]. In some cases, with the increase in pH,
the particle size decrease [75]. While in other cases, the size of AgNPs
increases with increasing pH, this is due to higher accumulation at lower
pH (<5) and lower accumulation at higher pH (6 to 12). This happens
due to the existence of particular functional groups in different plants for
nucleation [76]. Biomolecules have some electrical charges that were
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Fig. 7. X-ray diffraction pattern of synthesized AgNPs using Kalanchoe pinnata
leaves extract.

changed with a change in pH, which might change the properties of
capping and stabilizing agents [77]. Fig. 5 shows the absorption spectra
of AgNPs at different pH. The absorption intensity increases mono-
tonically with increasing pH. At pH 5, the absorption maximum is at
424 nm, with increasing pH from 5 to 12, the absorption maximum
shifted from 420 to 440 nm, resulting in the increase of the size of AgNPs
due to a change in the net charge of biomolecules from positive to
negative, initiating intense repulsion between the negatively charged
ions. The results (Fig. 5) indicate that basic pH is further suitable for
AgNPs synthesis [6].

4.4. AgNPs formation at different reaction temperatures

Temperature is a very prominent parameter for determining the
morphology of synthesized AgNPs [73]. Fig. 6 shows the absorption
spectra of AgNPs at various temperatures from 10 °C to 60 °Cin the
interval of 10 °C. With the rise in temperature, the reaction rate in-
creases, indicating an increase in the formation of AgNPs due to the
increase in the reduction of Ag" into Ag® [79]. With the increasing
temperature, the band maximum shows a blue shift from 440 nm to 420
nm due to the localization of SPR. It implies that the size of NPs de-
creases with an increase in temperature. With increasing the tempera-
ture, the molecules present in the extract solution get higher kinetic
energy, resulting in a faster reduction process, indicating no further
growth in the size of NPs. Thus, at higher temperatures, small particles
with uniform size distribution were formed [12].

4.5. XRD pattern of synthesized AgNPs

Fig. 7 illustrated the XRD pattern of AgNPs (a thin film of AgNPs
coated on glass substrate) and indicated the crystalline structure. There
are four major reflection peaks at 20 value of 38.26°, 44.47°, 64.71°, and
76.85°, which are index as (11 1), (200), (220), and (31 1) planes of the
cubic structure of AgNPs (JCPDS, file No. 04-0783) [80,81]. The particle
size estimated using Debye-Scherer’s relation D = 0.9 A/ cos0 corre-
sponding to (111) peak comes out to 36.9 nm. Here, D represents par-
ticle size, X represents wavelength and p denotes FWHM (full width at
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Fig. 8. FESEM images of AgNPs thin film synthesized using Kalanchoe pinnata leaves extract.

half maximum) and 0 represents Bragg's angle.
4.6. Morphology of silver nanoparticles

The size and shape of synthesized AgNPs were analyzed using FESEM
and HRTEM. An aqueous solution of AgNPs was first allowed to settle on
a quartz thin film and then FESEM images were taken, as shownin Fig. 8.
For HRTEM images (Fig. 9), the AgNPs solution was sonicated and
centrifuged, and AgNPs were coated on a copper grid. The broad size
distribution of silver nanoparticles was observed and agreed with the
observed absorption and Zetasizer [32]. The shape of AgNPs observed
from FESEM is spherical, which is in agreement with HRTEM results.
Further, EDX analysis (Table 1) confirms the maximum presence of sil-
ver. In addition to Ag, Si, and O's existence is due to the use of the
substrate, whereas Au is due to the gold coating over the thin film
required for FESEM and EDX, as given in Fig. SI of supplementary
materials (SM).

4.7. Zeta potential for silver nanoparticles

Zeta potential affects the suspension stability and particle
morphology [83]. It is the measurement of immensity and type of sur-
face charges corresponding to double layer all over the particles with
high positive/negative values of zeta potential; accordingly, 30 mV is
considered a more stable colloidal solution due to electrostatic attrac-
tion/repulsion among the particles [84]. It is related to particle size and
environmental factors like pH, ionic strength, and the type of ions pre-
sent in suspension [85]. Fig. 10 illustrates the particle size distribution
and the highest intensity appeared for 37.8 nm and 43.8 nm NPs. Thus,
the average distribution of AgNPs in colloidal solution is about 40.8 nm
and the value of zeta potential is —26.7 mV, indicating higher stability of
AgNPs and colloidal dispersion. The details of zeta potential are shown
in Fig. S2 of SM.

5. Photocatalytic activity of AgNPs

The photocatalytic behaviour of the AgNPs was examined with the
most common laser dye, RhB. The colour of the dye solution is changed
from pink to colourless with UV irradiation, as shown in Fig. 11. The
colour of the dye solution changed from amber (bright luminescence) to
nearly colourless (nearly zero luminescence) under UV irradiation
(Fig. 53 of SM). Figs. 12 and 13 show the absorption spectra of RhB dye
in dark conditions and under UV irradiation as a function of time. The
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absorption spectrum of the dye shows a sharp band at 556 nm corre-
sponds to the n-r transitions (C=N, C=0 groups) [69]. In the presence of
AgNPs, the absorption intensity decreases. As time passes, the absorp-
tion intensity decreases monotonically and becomes minimal within the
time of 150 min under dark conditions. The decrease in absorption in-
tensity of the dye under the dark conditions is illustrated in Fig. 12 and
UV-irradiation in Fig. 13. Under UV irradiation, the absorption intensity
of the dye decreases quite fast by the AgNPs and is reduced entirely in
45 min. Thus, in the dark, the dye degradation process was relatively
slow and took more time than dye degradation under UV irradiation.
More electrons are available to oxygen from AgNPs under UV irradia-
tion, increasing the reaction process [86]. Apart from decreasing the
absorption intensity of the lowest band both in the dark and under UV
irradiation, the intermediate absorption band that arises at around 400
nm is significantly affected. Under UV-irradiation, the 414 nm band is
pronounced with the passes of time and shifts toward blue (from 434 nm
to 414 nm), which is considered to be the SPR band of AgNPs catalysts
[87,88], as shown in Fig. 54 of SM. The percentage of dye degradation
calculated using [(Cy-C;)/Co] x 100 is about 87% and 83% in the dark
(150 min) and under UV-irradiation (45 min), respectively. The term C,
and C, represent concentration after time t and initial concentration,
respectively.

The reaction rate constant k for dye degradation by AgNPs was
estimated with In(C/C,) = - kt [88], as shown in Fig. 14, indicating that
the dye degradation follows pseudo 1st order kinetics. The k value in the
dark is 0.013 min~' and under UV-irradiation is 0.042 min . The
photocatalytic reduction of dye was observed due to the excitation of
SPR in AgNPs [89]. With UV-irradiation, the electron present in the
valence band will move towards the conduction band, making a hole
(h'yp) at the lower band and electron (e'cs) in the upper band [90].
Excited electrons available at AgNPs surfaces interact with oxygen
molecules and produce super-oxygen ions (.0%") and hydroxyl radicals
(.OH) [90]. The nanoparticles and radical ions react with dye and
degrade it into smaller constituents and in CO, and H,0 [68,69,91-94].

6. Antibacterial activity of AGNPs

Bryophyllum pinnatum is known as an herbal plant with leaves having
antibacterial properties [95,96]. Plant extract of Bryophyllum pinnatum
contains photochemical such as flavonoids, polyphenols, terpenoids,
alkaloids, and organic acids and are responsible for the biological ac-
tivity of plant such as antimicrobial and antibacterial. They form com-
plex free radical species with cell membranes affecting the overall
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Fig. 9. HRTEM images of AgNPs synthesized using Kalanchoe pinnata leaves
extract at different magnifications.
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Table 1
EDX analysis parameters of AgNPs recorded in thin-film.
Constituent Weight % Atomic %
C 4.93 21.65
o 11.10 36.58
Si 0.90 1.69
Au 237 0.63
Ag 80.70 39.45
8.0
X 60
£
g
o 40
-~
=
Ll
2.0
0.0
nEggETN e e Ao es
fesIXsHE9eade838¢%

Size (nm)

Fig. 10. Particle size distribution for AgNPs synthesized using Kalanchoe pin-
nata leaves extract.

functioning of bacterial cells [5,97]. AgNPs synthesized using Bryo-
phyllum pinnatum leaves extract increases antibacterial properties; this is
also due to their smaller size and reactivity. The disk diffusion method
was used to examine the antibacterial activity of AgNPs against gram-
negative bacteria [98]. Fig. 15 shows the antibacterial activities of
AgNPs along with the leaves extract and silver salt. The diameter of the
zone of inhibition demonstrates the antibacterial property of AgNPs
[99], proceeding 36 h in incubation at 37 °C. The zone of inhibition for
gram-negative (E. coli) is shown in Table 2. It can be seen that a higher
zone of inhibition was observed for AgNPs against E. coli (gram-negative)
bacteria compared to neat plant extract or silver nitrate. Water was
taken as standard and silver salt was taken as a control in the antibac-
terial study. The antibacterial activity of AgNPs was better than AgNO3
and plant extract because of the smaller size of AgNPs. Smaller AgNPs
can penetrate through a more extensive range of bacterial cells, causing
a more extensive zone of inhibition of AgNPs. Note that the bacteria are
cultured by giving appropriate conditions overnight and were diluted to
1.0 x 107 colony. Due to the presence of negative charges on the sur-
face of the cell membrane of bacteria and positive charges like Ag',
there is an electrostatic attraction between them, resulting in penetra-
tion of the cell membrane. When AgNPs penetrate the cell, they can alter
the physical and chemical properties by interacting with the cellular
structure and biomolecules of the cell, causing malfunctioning in normal
physiological properties such as respiration and permeability of the cell.
Further, AgNPs interact with biomolecules of cells forming various ox-
ygen and nitro species that cause stress in the cell’'s DNA and finally lead
to the death of the cell [100,101].

7. Conclusion

AgNPs were synthesized by an eco-friendly and convenient green
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Fig. 11. Change in colour of RhB dye (10 uM) dissolved in water in the presence of AgNPs with doses of UV-light irradiations.
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Fig. 12. The absorption spectra of RhB dye in water in the presence of AgNPs at

different time intervals in the dark.
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Fig. 13. The absorption spectra of RhB dye in water in the presence of AgNPs at
different time intervals under UV imradiation.

process using the herbal plant Kalanchoe pinnata leaves extract. Effect of
various parameters like pH, temperature, reactants concentrations and
reaction time were studied, confirming the alkaline pH and high tem-
perature were more suitable for the synthesis of AgNPs. A strong SPR
band occurs with a maximum between 420 nm and 440 nm. The average
size of AgNPs estimated from the absorption spectrum is 38 nm and
resembles the XRD, TEM, and SEM results. XRD analysis indicates the
crystalline nature of AgNPs, whereas the significant value of zeta

54
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Fig. 14. Plots of C/C, against reaction time for reducing RhB dye in the
presence of AgNPs in the dark and under UV light.

Fig. 15. Zone of inhibition of E-coli bacteria treated with Kalanchoe pinnata
leaves extract (a), silver nitrate (b), and AgNPs (c).

Table 2

Zone of inhibition for plant extract, AgNO; and AgNPs treated with E. coli
bacterial strain.

S. No. Sample Name Zone of Inhibition (mm)
1 Plant Extract 7.88

2 AgNO3 8.80

3 AgNPs 11.90
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potential has proven their high stability. The shape of AgNPs is nearly
spherical. The comparison of photocatalyst degradation of RhB dye
under UV-light and dark revealed that dye is degraded faster under UV-
irradiation. About 83% dye was degraded in 45 min under UV-
irradiation with a rate constant (k) of 0.042 min ! and 87% in the
dark in 150 min with a k of 0.013 min . The value of k is nearly three
times higher for dye degradation under UV irradiation than dye degra-
dation in the dark. The bio-synthesized AgNPs reveal enhanced anti-
bacterial activities against E. coli bacterial strains. Thus, dye degradation
with eco-friendly AgNPs is highly beneficial for industrial applications
and its antibacterial activities for medical applications.
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