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Abstract

B in absence of light.

Colloidal Silver nano-particles were grown at room temperature using leaf extract of Ocimum tenuiflorum. The silver
nanoparticles suspended in the solution were found to be stable for over a period of 2 months. Structural, optical and
photo catalytic behavior of the suspended silver (Ag) nano-particles (NPs) was characterized. From TEM analysis the
size of the silver nanoparticles was estimated to be 25-30 nm. Our findings suggest that the ratio between the molar-
ity of AQNO3 and the volume of leaf extract does not have any role in controlling the size of the Ag nano-particles.
These green synthesized Ag nano-particles exhibit degradation of the carcinogenic organic pollutant sulforhodamine
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Introduction

The emergence of nanotechnology and nano-medicine
has opened an arena for research on bio-compactible
materials with therapeutic potential. Silver is widely
used in anti-microbial medicines, and in anti-biotic coat-
ings on surgical equipment [1]. Silver exhibits the high-
est thermal and electrical conductivity among all known
metals. Biological activity of silver has been attributed
to the Ag" ion [2] The advancements in the field of
nano-science resulted in development of Silver nano-
particles (Ag-NPs) which exhibit unique physical and
chemical properties [3]. The chemical stability, ability to
exhibit localized surface plasma resonance, photo-cata-
lytic activity and high conductivity resulted in renewed
research interest on this material [3—5]. With the advent
of new research tools and techniques Ag-NPs have dem-
onstrated their applications in opto-electronic devices,
food industry, cosmetics and antifungal effects and have
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eventually improved the tumor-killing properties of anti-
cancer drugs [6-9].

Compared to physical and chemical methods that are
trending the green route stands at advantage in being
less dependent on requirements of solvents, capping
agents and reducing agents [10-12]. Ocimum tenuiflo-
rum also called the “Queen of the Herbs” is widely used
in Indian Ayurveda for its diverse healing properties [11].
The leaves of Ocimum tenuiflorum contain a diversity of
ingredients that have biological activity, including sapo-
nins, flavonoids, triterpenoids, and tannins [10-12]. It
is well established that the biological activity of AgNPs
is governed by factors like surface chemistry, size, size
distribution, shape, particle morphology, particle com-
position, coating/capping, agglomeration and the type of
reducing agents used for the synthesis of AgNPs [13-15].
The use of Ocimum tenuiflorum leaf extract for the pro-
duction of Ag-NPs has not been reconnoitered exten-
sively [16, 17]. The use of the medicinal plant extract also
opens up the possibility of synthesizing bio-compactible
Ag-NPs that may find diverse applications [18—20].

Sulforhodamine B is a carcinogenic dye which is used
by scientists as a classical aromatic pollutant to study
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non-enzymatic oxidative degradation as well as adsorp-
tion in waste water [21-24]. In this paper, we report on
the efficacy of the biosynthetic resource-Ocimum ten-
uiflorum extract for the bio-reduction of silver metal
to silver nano-particles and their efficacy in catalytic
degradation of the pollutants sulforhodamine B. This
investigation may provide basis for the understanding
of mechanism of use of Ocimum tenuiflorum extract for
synthesis of nanostructures and use of these nano-struc-
tures for pollutant removal from industrial waste water
[25].

Materials and methods

Synthesis of silver nano suspension

Fresh leaves of Ocimum tenuiflorum were weighed to
0.205 g, and thoroughly washed in distilled water to
remove any fungal or dust residuals. They were then
finely chopped and mixed in 100 ml of distilled water
which was boiled for 1 h. The liquid extract was collected
by filtering the cooled mixture using filter paper. To study
the effect of the volume of the leaf extract on the size and
stability of Ag nano-particles, the molarity of AgNO; was
kept constant at 1 mM and the nano-fluid suspension
was prepared in three different ratios by varying the vol-
ume of leaf extract. In effect the molar ratio of leaf extract
to AgNO; was fixed as 1:1, 1:5 and 1:8. Nano-fluids so
synthesized were labeled as 1S1, 1S5 and 1S8 respec-
tively. Another set of samples in the 1:1 and 1:5 ratio were
also prepared where the molarity of the leaf extract was
kept constant at 3 mM. The nano-fluids so synthesized
were labeled as 3S1 and 3S5.Using these nano-fluids the
effect leaf extract and molarity of AgNO; on the size and
stability of the suspended Ag nano-particle was studied.
Other than the AgNO, precursor solution only the leaf
extract was used for growth of Nano-particles by us sig-
nifying the biosynthetic route optimized herein. No other
synthetic chemicals or compounds were used for process
optimization.

Characterization of nano-particles

Structural characterization was conducted using X-ray
diffraction analysis. Selective area electron diffraction
pattern was used to characterize the crystal structure of
the synthesized Ag nano-particles. Transmission Elec-
tron Microscopy (TEM) was used to determine the size
and shape of the nano-particles. Optical absorption
studies of the synthesized nano-fluids was conducted
to confirm the formation of silver nano-particles using
UV-VIS spectrophotometer (UV 1800 Shimadzu) in the
wavelength region of 400-800 nm. To quantify the con-
centration of the synthesized Ag nano-particles induc-
tively coupled mass spectrometry (ICP-MS) analysis
was conducted using Thermo Fischer Scientific iCAP
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RQ instrument. FTIR measurements were carried out to
identify the possible biomolecules responsible for cap-
ping and efficient stabilization of the Ag nanoparticles
synthesized by the Ocimum tenuiflorum leaf extract. The
colloidal Ag NP solution was diluted in potassium bro-
mide (in the ratio 1:50) and the FT-IR instrument was
operated in diffuse reflectance mode (DRS-800). Spectra
were collected from 400 to 4000 cm ™! at a resolution of
4 cm™'. Functional groups were identified using refer-
ence spectra.

Photo-catalytic degradation of Rhodamine dye
The photo-catalytic activities of the synthesized nano-
particles were studied by the photo-degradation of RhB
dye in an aqueous solution under direct sunlight. In
each experiment 2.5 ml of the prepared nano-particle
suspension was mixed with 15 ml of Rhodamine dye
of 20 pumol/L and kept under direct sunlight. Optical
absorption studies of the mixture were carried out at reg-
ular intervals of time to study the degradation of the dye.
To measure the rate constants of the photo-catalytic
degradation reaction RhB of different molarities of
5 pmol/L, 10 pmol/L, 15 umol/L, 20 pmol/L, 25 umol/L,
30 umol/L and 40 pmol/L were prepared and their degra-
dation under direct solar irradiation was also studied. For
this Ag nano-particles which had exhibited maximum
degradation efficiency in the previous study were used.
The degradation studies were carried out under direct
sunlight irradiation (Chengannur: 9.3183°N, 76.611°E;
March 2019).

Result and discussion

XRD studies

Figure 1 represents the X-ray diffraction spectrum for a
thin film grown by drop cast technique using the sam-
ple 1S5. The planes (111), (202), (311) and (331) could
be indexed from the data corresponding to the diffrac-
tion peaks at 20=38.9°, 66.3°, 79.2° and 81.7° respec-
tively. The peaks were identified using the JCPDS file No.
04-0783, corresponding to the face centered cubic crystal
structure.

TEM analysis of sample 1S5

The nano-fluid sample 1S5 which showed the highest sta-
bility and efficiency in dye degradation was subjected to
TEM analysis to understand the structure and morphol-
ogy of the formed Ag nano-particles. Figure 2a shows the
SEAD pattern for the samples. The presence of diffuse
rings overlaid with distinct spots is very evident. This is
an indication of the presence of crystalline component
to an otherwise amorphous material in the nano-fluid
1S1. Up-to three rings could be clearly indexed to the
(111), (202) and (311) planes corresponding to the FCC
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Fig. 1 X-ray diffraction data for a drop cast thin film grown using the
Ag nano-particle

crystal structure of Ag. The inset in Fig. 2a shows the
orthogonal lattice spacing measured from the SEAD pat-
tern. The diffraction pattern in Fig. 2b focuses on a single
grain and shows the d-spacing is of ~0.26 nm. Figure 2¢
shows spherical shape of the Ag-NPs obtained through
the green route, i.e. reduction of AgNO; by the contents
of the leaf extract in the leaf broth. They nano-particles
possess nicely faceted morphology as seen. There appears
to be more or less homogenous distribution in size of
the nano-particles. Inset in Fig. 2c shows the histogram
depicting the average particle size distribution in the
aqueous solution. Maximum number of Ag-NPs is found
to be having a size in the range ~ 25-30 nm.

FTIR analysis

The results of FTIR analysis conducted on the sample
1S5 show different stretches of bonds as shown in Fig. 3
which could be used to identify various functional groups
responsible for the bio-reduction of Ag* ions and capping
and/or stabilization of the Ag nanoparticles. The FTIR
spectra shows absorption bands at 3623, 2695, 2145,
1767, 1401 and 795 cm™! indicating presence of capping
agent with the nanoparticles. The broad absorption band
at 3623 cm™! corresponds to O—H stretching vibration
indicating the presence of amide. The band at 2695 cm ™
arising from C-H stretching of aromatic compound were
observed. The band at 1767 cm™! corresponds to C-N
and C-C stretching indicating the presence of proteins.
The band at 1401 cm™! could be assigned to the N-H
stretch vibration present in the amide linkages of the pro-
teins. The band at 795 cm ™" was assigned to the C=CH,
stretch vibrations.
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Inductively coupled mass spectrometry (ICP-MS) analysis
ICP-MS analysis was conducted on the sample 1S5 in
order to quantify its concentration. Based on the results
of the analysis the concentration of silver in the sample
was found to be 33.81 mg/L.

Optical absorption studies
The formation of the Ag-NPs was monitored by physi-
cal observation of change in color of the transparent
AgNO; ion solution which when mixed with the leaf
extract turned orange-red. Metal nano-particles have
free electrons, which gives Surface Plasmon Resonance
(SPR) absorption band due to the combined vibration
of electrons of metal nano-particles in resonance with
light wave. The Time dependence of optical absorption
of the prepared Ag nano-particles was studied using UV—
VIS spectroscopy. The spectra for sample 1S5 are given
in Fig. 4 which showed maximum stability. The sample
showed absorbance peak at 422.5 nm due to surface Plas-
mon resonance effect which confirms the formation of
Ag nano-particles. The spectra were recorded at different
time intervals from 2 to 67 days. The intensity of absorp-
tion band increases with time with slight shift in surface
Plasmon resonance from 422.5 to 432.5 nm.

A useful mathematical equation which relates diameter
of the nano spheres to their surface plasmon resonance
wavelength (Agpr) for silver particles is given by

Jspr = 382.6 + 1.18d, 1)

where d,, is the average diameter of particles [20]. Using
relation 1, we estimated the size of the Ag nano-parti-
cles. The size of the nano-particles was calculated to be
47 nm, 37 nm and 45 nm for the samples 1S1, 1S5 and
1S8 respectively. The size of the Ag nano-particles for the
samples 3S1 and 3S5 were found to be 38 nm and 46 nm
respectively using the same relation.

Photo-catalytic activity of samples 151, 1S5 and 3S1

Among the different samples prepared the samples 1S1,
1S5 and 3S1 which exhibited greater stability were used
for the photo degradation studies of Rhodamine B dye
solution of molarity 20 pmol/L. Figure 5 shows the Time
dependence of optical absorption for the dye solution
mixed with the respective nano-fluids containing the
suspended Ag nano-particles when exposed to direct
sunlight. There is progressive decrease in intensity for
the absorption peak with time. It is observed that the
maximum absorption peak shifts towards the blue region
with respect to time and its intensity becomes very low
after 12 h of continuous solar irradiation for 1S5 and 3S1
samples. But for 1S1 sample the degradation is very small
which may be due to its lowest absorption of light as evi-
dent from the optical absorption spectra. The 1S5 sample
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shows the highest degradation among the three samples,
which may be due to its smaller particle size as evident
from the SPR peak which is blue shifted to ~422 nm rela-
tive to the other samples.

The kinetic studies of the RhB dye degradation process
play an important role in assessing the efficiency and fea-
sibility of treating dye from contaminated water and also
assessing the photo catalytic capability of the studied

catalyst. Therefore, the kinetic study of RhB dye deg-
radation under direct sunlight has been discussed here.
According to Langmuir-Hinshelwood (L-H) model, the
rate expression at low initial concentration is given by

dcC
r = —E = qppC (2)
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nano-particle colloidal solution at different time intervals

where k,,, is the apparent first order rate constant with
C=C, at t=0 representing the initial concentration of
the dye in the bulk after dark absorption and “t” is the
reaction time. [21] We have used the absorption results
of a concentration of 0.1 M/L of the RhB dye as a baseline
for rate determination. Table 1 compares the first order
rate constants obtained for the samples. Figure 6a repre-
sents the plot of (C/CO0) versus time for the samples 151,
1S5 and 3S1. It is evident from the plot that the sample
1S5 exhibits higher degradation efficacy relative to 3S1
and 1S1. Figure 6b shows the linear fit to the natural loga-
rithmic plot of (C/Co) versus time for the samples.
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Photo-catalytic activity of sample 1S5 for the degradation
of RhB of different concentrations

Figure 7 represents the time dependent optical absorp-
tion spectra demonstrating the photo catalytic deg-
radation of RhB dye at different RhB concentrations
of: 10 pmol/L, 15 umol/L, 20 pmol/L, 25 pmol/L and
30 pmol/L under direct sunlight illumination. The plots
of In (C,/C) versus time for photo degradation at these
concentrations under direct sunlight illumination are
shown in Fig. 8a. The linear fit between In (C,/C) and
irradiation time as shown in Fig. 8b supports the con-
clusion that the degradation follows first-order kinetics.
The values of regression coefficient (R?) of the experi-
mental trials were more than 0.99 indicating that the
degradation of RhB by the nano-particles followed an
apparent-first-order kinetics. Our results indicate that
the initial concentration of the dye plays a critical role
in controlling the degradation rate. Table 2 shows the
rate constant and R? values obtained from the linear fit
of the logarithmic plot of (C,/C) versus time for differ-
ent RhB dye concentrations of in the presence of nano-
fluid sample 1S5 under direct sunlight.

Under dark conditions the RhB dye in the nano-fluid
suspension did not undergo any degradation. When the
mixture of the dye and the nano-fluid suspension was
exposed to direct sunlight irradiation a photo-catalytic
degradation pathway may have been activated. The
photo-catalytic pathway can be summarized as follows:
the localized surface Plasmon resonance (LSPR) of Ag-
NPs can lead to very efficient absorption of light. The
de-phasing of the resonant oscillation of the conduc-
tion electrons generate hot electrons [22].The energies
of these hot electrons are ~4 eV for Ag nano-particles
[23]. These hot electrons may be trapped by oxygen to
form oxygen species.

e+ Oy — 02_

The Ag+ion and the newly formed oxygen species
further react with water to generate hydrogen peroxide
anions (HO2") and increased number of hydroxyl radi-
cals ("OH)[23]. The highly reactive oxidative species
oxidize the RhB in aqueous solution to produce CO,,
water and some simple mineral acids [28].

Oy~ + RhB — COy + Hy0 + acids

A clear decrease in absorbance along with a shift in
the position of the main absorbance peak is observed
for all of the RhB solution in the presence of the nano-
fluids containing the Ag nano-particles. This is sugges-
tive of a photo-degradation pathway which consists of
an initial N-de-ethylation step [23]. There is an increase
in photo-degradation rate with increasing RhB initial
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Table 1 Rate constant and R? values obtained from the linear fit
of the logarithmic plot of (Cy/C) versus time for different nano-
fluid samples used to degrade 20 uM/L Rhodamine B aqueous
solution

Sample name Rate constant*103 (min™") R?

151 0.103 0.854
1S5 0.94 0.933
3S5 0.675 0.953

concentration. This may be due to the increased photo-
sensitization process with increase in concentration of
dye. This process saturates when maximum number of
dye molecules are adsorbed onto the Ag-NP surface.

In Fig. 9, a comparison of the photo-catalytic decay
in terms of the decrease in peak absorbance of the
20 pumol/L dye solution mixed with sample 1S5 under

direct sunlight illumination and under focused halogen
light source is shown. It is apparent that under focused
light the rate of dye decay is much faster. The rate con-
stant for the degradation of 20 pmol/L concentration of

dye solution was found to be 3.02 x 10~ min™".

Degradation of sulforhodamine B

Figure 10 shows the optical absorbance of the sulforho-
damine B dye which is centered at~550 nm. Figure 10
also shows the time dependence of the optical absorb-
ance of the dye solution mixed with the nano-fluid sam-
ple 1S5 containing the suspended Ag nano-particles kept
in dark. The time dependence of the optical absorbance
of the dye solution mixed with the nano-fluid sample
1S5 after 1 h of exposure to direct sunlight is also repre-
sented in Fig. 10. It is evident that the nano-fluid causes
absorbance at~550 nm of the sulforhodamine B dye to
be quenched rapidly without exposure to sunlight. This
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Table 2 Rate constant and R? values obtained from the linear fit
of the logarithmic plot of (C,/C) versus time for different RhB dye
concentrations

RhB molarity Rate constant*10° (min™) R?

10 0.7591 0.9983
15 0.9024 0.97662
20 0.94 0.933
25 1.69 0.96808
30 243 0.94828

indicates that the sulforhodamine B dye can be removed
by the without the use of sunlight by the Ag nano-parti-
cles synthesized by our process.

Figure 11 represents the catalytic degradation of dif-
ferent molar concentrations of the sulforhodamine B
dye under dark condition by the Ag nano-particle col-
loidal solution. Our results show that the 0.1 pmol/L
solution of the sulforhodamine B dye solution under-
goes highest degradation relative to the other molar
concentrations tested by us. This proves that lower
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Fig. 9 Comparison of peak absorbance as a function of time for

20 pmol/L dye solution mixed with sample 155 under direct sunlight
illumination and under white light source of intensity 60 m\W/cm?
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concentration of the sulforhodamine B dye molecules
can be degraded in the dark by the Ag nano-particles
synthesized using technique reported in this work.

On exposure to sunlight the absorbance peak of the
mixture (dye + Ag nano-particle) is shifted to ~417 nm.
This is suggestive of a photo-degradation pathway
which consists of an initial N-de-ethylation step [23,
24]. The amount of sulforhodamine B dye adsorbed
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(Quq) by the Ag nano-particles at a time “t” may be esti-
mated using the relation

Co—C,
Qua = <°C> x V 3)

where C, and C, represent the concentration of the
dye at the initial time t=0 and at any measured time t
respectively, C is the concentration the of the adsorbent
and V is the volume of the solution in Litres [23]. During
the studies on Rhodamine dye we had observed that the
ratio between the molarity of AgNO3 and the volume of
leaf extract played an arbitrating role in photo catalytic
dye degradation efficacy. Hence to normalize this effect
we have used constant volume “V” in relation (3) for our
studies. It is observed that 93.67% of the initial dye con-
centration is removed after 3 h of exposure to direct sun-
light showing a very good adsorption capacity of the Ag
nano-particles for the removal of sulforhodamine B dye
in aqueous media. Our results prove that the green syn-
thezised Ag nano-particles can work as a catalyst both in
the presence and absence of light for removal of the pol-
lutant sulforhodamine B.

The Reactive Oxygen Species (ROS) study was under-
taken to formulate the mechanism of the dye degradation
in absence of light. Experiments by using Isopropanol as
a quencher for *OH and 1,4-benzoquinone as a quencher
for *O, species were conducted. Figure 12 represents
the optical absorbance for the mixture of dye with Ag
nano-particle along with the respective quenching agents
kept in dark. Our results indicate that a significant rela-
tionship exists between the presence of the *O, species

Benzoquinone
Dye+Nano Ag
Isopropanol

Absorbance (a.u)

| —

T T T T T T T T
300 400 500 600 700 800

Wavelength (nm)

Fig. 12 Optical absorbance for the mixture of dye with Ag
nano-particle kept in dark along with Isopropanol as a quencher
for *OH and 1,4-benzoquinone as a quencher for *O, species
respectively
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quencher and the degradation efficiency. The *OH spe-
cies quencher does not exhibit any significant contribu-
tion to the degradation of the sulforhodamine B dye in
dark.

Figure 13 presents the FTIR spectra of the sulforhoda-
mine B dye before and after subjecting it to degradation
in dark by the Ag nano-particles grown by us. A signifi-
cant change in the IR bands located in the 3250 cm™*
range to 3750 cm ™! is evident. The results support our
conclusion that the Ag nano-particles exhibit bleaching
of the sulforhodamine B dye in the absence of light.

Conclusions

We have optimized a green process sequence using leaf
extract of Ocimum tenuiflorum for the growth of Ag-
nanoparticles which can yield average particle size of
25-30 nm. Among the different nanoparticles grown by
us the sample with an average particle size of 25-30 nm
exhibited highest stability of over 2 months. Our find-
ings suggest that the ratio between the molarity of
AgNO3 and the volume of leaf extract does not have
any role in controlling the size of the Ag nano-particles.
The photo-catalytic activity of the green synthesized Ag-
NPs was evaluated by degrading the Rhodamine B dye.
We report that the ratio between the molarity of AgNO3
and the volume of leaf extract plays an arbitrating role
in photo catalytic dye degradation efficacy. We tested
the efficiency of degradation of RhB dye in the molar-
ity range of 10 pmol/L to 30 umol/L with the prepared
Ag-NPs. The rate constant was found to increases from
10 to 30 umol/L, which may be due to the increased
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Fig. 13 FTIR spectra recorded for the sulforhodamine B dye aqueous
solution before and after subjecting it to degradation by the Ag
nano-particles
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photosensitization process with increase in concentra-
tion of dye. The kinetics of the dye degradation by the
Ag-NPs, when studied under direct sunlight irradiation
was found to follow first-order kinetics. Our work dem-
onstrates that the carcinogenic dye sulforhodamine B can
be degraded by the green synthesized Ag nano-particle in
the absence of light.
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