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Abstract

The biosynthesis of metal oxide nanoparticles (NPs) using plant extract is green, rapid, attractive and cost-effective approach.
In the present study, we are reporting biosynthesis of ZrO, NPs as an efficient photocatalyst by using Ficus benghalensis
(F.B.) leaf extract as a capping agent for the first time. To determine its optical, structural and morphological properties,
the obtained ZrO, NPs were characterized by using UV-Vis, DRS, XRD, FT-IR, HR-TEM, FT-Raman and BET-surface
area. XRD pattern confirms that biosynthesized ZrO, NPs are crystalline in nature with monoclinic and tetragonal structure.
TEM images show that the obtained ZrO, NPs has spherical morphology with 15 nm in size which is good agreement with
XRD results. A decrease in the band gap of bulk ZrO, from 5.3 to 4.9 €V is observed due to the quantum size effect. The as-
synthesized ZrO, NPs have high specific surface area of 88 m?/g was obtained by BET analysis. The photocatalytic efficiency
of ZrO, NPs is evaluated for the photodegradation of methylene blue and methyl orange dyes as the target pollutants under
UV light irradiation. The different parameters like catalyst loading amount and pH have also been studied. It is observed that
photodegradation of methylene blue and methyl orange up to 91 and 69% within 240 min by using ZrO, catalyst. Moreover,
this green synthesis process provides a valuable alternative to orthodox multistep processes for the preparation of ZrO, NPs.

1 Introduction

In the era of nanotechnology, the demand of nanosize
materials increases day by day which is used to describe
the creation and utilization of materials with structural
features between those of atoms and bulk materials [1,
2]. ZrO, is widely used in various fields such as dental,
energy, gas sensors, fuel cells, refractory materials due
to its admirable properties [3—-5]. ZrO, nanomaterial has
attracted major research interest due to its unique opti-
cal, electrical, mechanical and biocompatible properties,
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it is a kind of p-type semiconductor which shows both
oxidizing and reducing ability due to its acidic and basic
nature [6, 7]. The wide band gap and the high negative
value of conduction band potential of ZrO, easily pro-
duces oxygen holes as a carrier of catalyst, hence gener-
ates interaction with active components [8—10]. The high
band gap energy and high stability of ZrO, nanoparticles
(NPs) make it good photocatalyst [11]. ZrO, NPs have
three crystal phases, that is, cubic (c-ZrO,), tetragonal
(t-ZrO,), and monoclinic (m-ZrO,), under normal atmos-
phere and different temperatures [12]. The m-ZrO, phase
is thermodynamically stable up to 1100 °C, t-ZrO, phase
exists in the temperature range of 1100-2370 °C, and the
cubic phase is found to stable above 2370 °C [13]. ZrO,
NPs were fabricated widely using several chemical and
physical methods such as hydrothermal, electrochemical,
laser ablation, microwave irradiation, and photochemical
because of its high growth rate [14, 15]. However, due to
negative impacts of chemical methods on the environment
and to fulfill the growing needs of environmental friendly
NPs, it is an urgent need to replace chemical preparation
methodology with clean, non-toxic and environmentally
friendly, green chemistry approaches [16]. Nowadays,
plant extract has been used as reducing and capping agent
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for the synthesis of NPs which could be advantageous over
microbial synthesis because there is no need of the elabo-
rated process of culturing, maintaining and recoiling the
cell culture [17]. Recently plant leaf extract of Nyctan-
thes arbor-tristis [18], Acalypha indica [19], Azadirachta
indica [20], Capsicum annuum, Allium cepa, Lycopersicon
esculentum [21] have been used for the synthesis of ZrO,
NPs. The synthesis of metal NPs using plant extract is
a combination of green chemistry and nanotechnology,
which eliminate hazardous chemicals for the synthesis of
metal NPs by reduction and also, the shape and size can be
controlled without toxic and harsh chemicals. In this study
we have biosynthesized ZrO, NPs by using Ficus bengha-
lensis (Banyan tree) leaf extract for the first time. There
are more than 800 species and around 2000 varieties of
F.B., which is a national tree of India. F.B. leaves contain
crude protein 9.63%, crude fibres 26.84%, CaO 2.53% and
Phosphorus 0.4% [22-24]. The biosynthesized ZrO, NPs
were characterized by diffuse reflectance spectroscopy
(DRS), transmission electron microscopy (TEM), X-ray
diffraction (XRD), and scanning electron microscopy with
energy dispersive X-ray (SEM-EDS). The biogenic ZrO,
NPs were used for the photocatalytic degradation of the
methylene blue (MB) and methyl orange (MO) dye.

2 Experimental details
2.1 Material and method

Fresh leaves of F.B. (banyan tree) were procured locally
from Shivaji University Campus, Kolhapur (India).
ZrOCl,-8H,0 was purchased from Spectrochem Pvt.
Ltd., Mumbai (India). Methylene blue and methyl orange
were purchased from Spectrochem Pvt. Ltd., Mumbai
(India). All the chemicals were of analytical grade and
used without further purification. Deionized water was
used throughout the experiment. All glassware used for
the preparation of ZrO, NPs was properly washed with
a soap solution followed by distilled water and dried in a
hot air oven.

2.2 Preparation of plant extract

The procured fresh leaves of F.B. were washed initially with
running tap water for several times followed by deionized
water to remove debris, other contamination and shade dried
to remove residual moisture. Then 5 g of dried leaves were
finely crushed and boiled in 100 mL of deionized water for
15 min until color changes to pale brown. After that leaf
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extract was filtered through Whatman filter paper No. 1. The
filtrate was kept in a refrigerator for further work.

2.3 Biosynthesis of ZrO, NPs

For biosynthesis of ZrO, NPs, 20 mL of leaf extract
was added dropwise into 20 mL of (0.1 M) aqueous
ZrOCl,-8H,0 solution with constant stirring using magnetic
stirrer. The resultant solution was evaporated up to dryness
in a microwave oven at 900 W for 15 min (20 s on—40 s
off cycle). The product obtained was grounded for 15 min.
using mortar pestle to form a fine powder. Then this powder
was calcinated at 500 °C for 3 h. in a temperature controlled
muffle furnace. A schematic representation of biosynthesis
of ZrO, NPs is shown in Fig. 1.

2.4 Characterization of ZrO, NPs

The morphology and particle size of synthesized ZrO, NPs
sample were investigated by a TEM (JEOL JEM 2100). The
elemental composition of synthesized ZrO, NPs obtained by
EDS attached to SEM (Carl-Zeiss), Model LEO 1430 VP,
Germany. Surface area and total pore volume were obtained
by using BET-surface area (Quantachrome NOVA1000e,
USA). The XRD pattern of ZrO, NPs was recorded by using
Panalytical Diffractometer with CuKa radiation. FT-Raman
spectrum was obtained using an FT-Raman (BRUKER
RFS 27) to determine different phases of ZrO, NPs. FT-IR
spectra were obtained using an FT-IR (FT/IR-4600 type A
D044761786). Diffuse reflectance spectrum (DRS) of ZrO,
NPs was obtained by using UV-Vis Spectrophotometer
(JASCO V-770).

2.5 Photocatalytic activity
The photocatalytic activity of ZrO, NPs was evaluated by

monitoring the degradation of MB and MO dyes under
UV light (365 nm). High-pressure mercury lamp (Philips
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Fig. 1 Schematic representation of biosynthesis of ZrO, NPs
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HPL-N, 250 W) was used as a UV source. The degradation
experiments were performed at room temperature in a photo-
chemical reactor. To estimate the best photocatalytic activity,
the quantity of photocatalyst was varied from 0.5 to 2.0 g/
dm?® in a dye solution. The effect of pH on the photocata-
lytic activity was also studied by varying pH of the solution
from 3 to 9 using HCI and NaOH (1 M) each. Typically,
in this photodegradation experiments the optimum quantity
(1.5 g/dm?) of photocatalyst was added in a photoreactor
containing 100 mL of dye solution. Before irradiation of
light, the dye solution was stirred for 30 min. in dark to
ensure adsorption—desorption equilibrium, then exposed to
UV light. During the course of irradiation sufficient amount
of aliquots were collected at a fixed time interval and cen-
trifuged to separate the photocatalyst. Then, the absorbance
of the supernatant was measured by using a using a UV-Vis
Spectrophotometer (Shimadzu Model—UV-3600).

The percentage degradation of dyes were calculated by
using the following formula,

Degradation (%) =

S =G 100
- )
0

where C,, and C, represent the initial concentration and con-
centration after time (t) of MB respectively.

3 Results and discussion
3.1 XRD analysis of ZrO, NPs
The formation of biosynthesized ZrO, NPs confirmed by
XRD as shown in Fig. 2. The prominent diffraction peaks

located at 26 =28.34°, 30.23°, 35.17°, 40.44°, 50.30°,
60.18°, 62.75° and 75.05° were indexed to the (111), (111),
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Fig.2 XRD pattern of ZrO, NPs

(200), (102), (220), (311), (222) and (400) diffraction planes
respectively, which is well agreed to JCPDS (Card No.
37-1484 and 42-1164) [25]. This indicates the synthesized
ZrO, NPs consist of both monoclinic and tetragonal phases.
The average crystallite size of ZrO, NPs was found to be
7 nm, calculated by using Scherrer’s equation,

_ 094
" BcosO @)

where A is the wavelength of the target CuKa radiation
(1.5406 A), 0 is Bragg’s diffraction angle, and 3 is full width
at half maximum (FWHM) in radian.

3.2 FT-Raman analysis of ZrO, NPs

Raman scattering is an effective technique to investigate the
crystallization, structure and defects in the group theory.
Figure 3 shows the FT-Raman spectrum of powder sample
of ZrO, calcined at 500 °C. The Raman spectrum indicates
bands at 150.59, 271.87, 319.03, 519.59 and 562.41 cm™!
that are characteristic bands of tetragonal ZrO, and FT-
Raman bands at 86.62 and 191.91 cm™' are exclusively
assigned to the monoclinic phase. The band at 466.45 and
639.70 cm™! are common for both phases but relatively
intensity is different [26, 27].

3.3 FT-IR analysis of ZrO, NPs

FT-IR analysis was performed to determine functional
groups present in F.B. leaf extract and biosynthesized ZrO,
NPs displayed in Fig. 4. The FT-IR spectrum of aqueous leaf
extract of F.B. indicates major absorption peaks at 3314,
1629, 1531, 1495 and 1184 cm™' respectively as shown in
Fig. 4a. The peak at 1629 cm™! belongs to C—H stretching
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Fig. 3 FT-Raman spectra of ZrO, NPs
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Fig.4 a FT-IR Spectrum of Ficus benghalensis leaf extract and b ZrO, NPs

vibration. The pattern of absorption in the region around
1531 and 1495 cm™! belongs to C=0 of stretching vibration
[28, 29]. Figure 4b shows the FT-IR spectrum of biosynthe-
sized ZrO,. The broad prominent peak located at 3274 cm™!
corresponds to O—H stretching vibration owing to moisture
absorbed on the sample surface. The peak located around
1594 cm™ related to vibration accruing due to C=0 stretch-
ing. The absorption peak between 784 and 1011 cm™! region
is characteristics of Zr—O—Zr vibrations, which confirms the
formation of crystalline ZrO, NPs [30, 31]. That indicates
the formation of ZrO, NPs possible involvements of car-
boxyl groups, amines, intermediate form of phenolic groups,
proteins and carbohydrates of F.B. leaf extract in the reduc-
tion processes for the synthesis of ZrO, NPs.
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Fig.5 a DRS spectrum of ZrO, and b Tauc plot of ZrO,
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3.4 UV-Vis diffuse reflectance spectra of ZrO, NPs

The UV-Vis diffuse reflectance spectrum of ZrO, NPs is
shown in Fig. 5a. DRS spectrum of the samples exhibited
strong absorption in the UV region around 240-350 nm due
to the charge transition from oxide species to zirconium cation
(O~ —Zr*") [32]. The band gap energy is important for the
photocatalytic activity because the energy of incident light
must be greater than or equal to the band gap energy is the
criteria to select the photocatalyst. Therefore, the optical band
gap with direct transition can be calculated from the following
equation.

(ahv) = A(hv — E)'/? (3)

25
(b)

35 4.0 45 5.0 55
Energy(hv)
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where o, h, A, and Eg are the absorption coefficient, fre-
quency, proportionality constant and band gap energy
respectively. The accurate band gap of ZrO, found to be
4.9 eV, which was obtained by plotting of (ahv)? versus pho-
ton energy (hv) as shown in Fig. 5b. The observed band gap
value is similar to the value reported in the literature [33].

3.5 EDS analysis and color mapping

EDS spectrum of biosynthesized ZrO, NPs was used to
investigate the elements presents in the sample as shown
in Fig. 6a. The spectrum consists of intense peaks of Zr at
2.2 eV and of O at 0.5 eV. The presence of intense peaks of
Zr and O in EDS spectra clearly indicates the formation and
composition of crystalline ZrO, NPs. No other peaks were
observed from EDS that confirm the high purity of the sam-
ple. The quantitative analysis of EDS revealed the atomic %
of Zr and O are 21.13 and 78.13% respectively. Figure 6b
shows the color mapping of ZrO, NPs.

3.6 TEMimages of ZrO, NPs

TEM analysis was carried out to get information about the
size and morphology of the ZrO,. Figure 7a, b shows TEM
images of ZrO, NPs with various magnifications. From
the TEM images, it is seen that particle size of ZrO, NPs
are in the range of 10-18 nm and spherical in shape. The
interplanar spacing (d) value 0.28 nm is observed from the
HR-TEM as shown in Fig. 7c. The selected area electron
diffraction pattern (SAED) of ZrO, NPs shown in Fig. 7d,
SAED pattern indicates that the particles are nanocrystal-
line in nature. The interplanar spacing (d) values obtained
from HR-TEM matches with the XRD results, which proves
the ZrO, NPs are monoclinic and tetragonal in structure.

In order to estimate the average particle size of ZrO, NPs,
histograms was drawn as shown in Fig. 8.

3.7 BET analysis of ZrO, NPs

Photocatalytic activity highly depends on the surface area
of the photocatalyst, as surface area increases photocatalytic
activity also increases. BET analysis gives the surface area
and total pore volume of the biosynthesized ZrO, NPs are
about 88 m?/g and 1.36 cc/g respectively, such high surface
area is responsible for enhancing the photocatalytic deg-
radation of dye [34]. The nitrogen adsorption—desorption
shows a hysteresis loop that is extremely equivalent to type
V isotherm as shown in Fig. 9. The average particle size was
estimated by assuming all the particles to have same spheri-
cal shape. The relation between the specific surface area and
the particle size of BET model is

6000

N (Sger X p) )

where Sppr is a surface area, p is solid density (for ZrO, is
5.68 g/mL) and d is particle size. The average particle size
of ZrO, NPs was calculated by this model is 15 nm, which
is good agreement with TEM results [35].

3.8 Plausible mechanism for the synthesis of ZrO,
NPs

The polyphenols present in the aqueous leaf extract bind the
surface of zirconium in zirconium chloride to activate the
complex formation with the bridge-like network between
—OH groups. The —OH groups from the polyphenols act as
a capping agent and also controls the size of ZrO, NPs. The
formation mechanism of the ZrO, NPs is shown in Fig. 10.

Fig.6 a EDS spectrum and b
color mapping of ZrO, NPs
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Fig.7 a, b TEM images with
different magnifications, ¢ HR-
TEM and d SAED pattern of
ZrO, NPs

Particle Size ~14.7 nm

Frequency
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Fig.8 Histogram of ZrO, NPs with size distribution

3.9 Photocatalytic activity of ZrO, NPs

The photocatalytic degradation of MB and MO dyes under
UV light with and without using ZrO, photocatalyst was
investigated. To know the photolysis we tested the photodeg-
radation of dyes without adding catalyst (in absence of ZrO,)
under UV light and we observed 7.36 and 3.73% degradation
efficiency of MB and MO dyes respectively within 240 min.
In the presence of ZrO, catalyst the degradation efficiency
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of MB (5 ppm) and MO (20 ppm) was found to be 91.22 and
69.23% respectively as shown in Fig. 11a, b. The compari-
sons of photodegradation efficiency of biosynthesized ZrO,
with previously reported ZrO, photocatalyst synthesized by
various methods for degradation of MB and MO dyes are
summarized in Table 1, that indicates the ZrO, NPs synthe-
sized by biogenic method, exhibited better degradation effi-
ciency (91%) and (69%) for the photodegradation of MB and
MO dyes under UV light irradiation within 240 min [36-38].

3.9.1 Effect of catalyst loading

For a commercial point of view, it is essential to find out
the optimum amount of catalyst, to avoid the excess use.
To examine the effect of catalyst loading on the rate of deg-
radation efficiency of MB (5 ppm) and MO (20 ppm) was
studied under UV light. Hence, amount of catalyst varied
from 0.5 to 2.0 g/dm? by keeping other parameters identical.
The result of this study is shown in Fig. 12. It is observed
that degradation efficiency of both MB and MO dyes initially
increases from 38 to 56 and 17 to 29% with an increase in the
amount of catalyst from 0.5 to 1.5 g/dm® within 60 min. The
degradation efficiency of MB and MO dyes were observed
higher with 1.5 g/dm® catalyst and then the further rate of
degradation efficiency of MB and MO dyes decreases from
56 to 43 and 29 to 19% as the catalyst amount increased from
1.5 to 2.0 g/dm?. Photocatalysis reaction depends upon the
concentration of reactant and active sites of the photocatalyst
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Fig. 10 Plausible mechanism for the formation mechanism of ZrO, NPs

surface. We observed that with increasing amount of catalyst
the rate of photocatalytic degradation reaction also improves
due to increasing the number of active sites on the photo-
catalyst [39]. However, above 1.5 g/dm® the rate of photo-
catalytic degradation reaction decreased, due to agglomera-
tion of the catalyst which results to decrease in the number

"Complex ¢

A 500°C-H,0

—

of active sites on the photocatalyst. Another factor for the
decrease in photocatalysis efficiency at high catalyst load-
ing is the turbidity of suspension, which is attributed to the
inhibition of photon absorption on the catalytic surface of
the catalyst, because of scattering light dominates at higher
catalyst loading [40, 41].
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Table 1 Comparison of the
catalytic performance of ZrO,
with some of the previously

Photocatalyst

Synthetic method

Degradation References

efficiency %

Dye Degradation time

various reported synthetic
methods for degradations of
MB and MO dyes

1. FS-ZrNTs
2. N-ZrO,
3. Zr0,
4.7r0,

Anodisation

Biogenic

Thermal decomposition MB
Polymer-assisted

MO 300 min 70 [36]
240 min 59 [37]
MB  24h 68 [38]
MB 240 min 91
MO 69

Present work

H (3.} [3,)
a o 3]
L L) L]

Photodegradation Efficiency (%)
H
o

0.5 1.0 1.5 2.0
Amount of Catalyst (g/dms)

Fig. 12 Effect of catalyst loading on the degradation of MB

3.9.2 Effect of pH

pH is an important parameter for the photocatalytic deg-
radation of wastewater because industrial effluent may be
complex in nature. This can affect the photocatalytic degra-
dation efficiency of MB and MO dyes, therefore the effect
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of pH need to be investigate. To study the effect of pH of the
dye solution on the degradation efficiency, the photocatalytic
degradation experiment were carried out at different values
of pH of MB and MO ranging from 3 to 9 at optimal catalyst
loading (1.5 g/dm?®), suspension with pH less than 3 were
not considered due to the dissolution of ZrO, as shown in
Fig. 13. It is observed that there was no significant change in
photocatalytic activity at pH 3, 5 and 9 almost showed simi-
lar degradation efficiency of both MB and MO. The effect
of pH depends on the point of zero charges of the catalyst.
If the pH of the solution is lower than the point of zero
charges, the ZrO, surface will be positively charged, which
is favorable for the adsorption. The maximum photodegrada-
tion 91.22 and 69.23% of MB and MO dyes was observed
at pH 7, which is below the zero point charge of the ZrO,
catalyst [42, 43].

3.9.3 Mechanism of photodegradation

The mechanism of photocatalytic degradation involves
adsorption of the MB and MO dye on the surface of ZrO,
catalyst, when exposed to UV light irradiation can be illus-
trated as follows.

ZrO, + hv — ZrO, (ecg”) + (hyg*) )



Journal of Materials Science: Materials in Electronics (2018) 29:14055-14064

100

80

60

40

20

Photodegradation Efficiency (%)

3 4 5 6 7 8 9
pH of the dye solution

Fig. 13 Effect of initial pH of MB on photodegradation

710, (hyg*) + H,0 — ZrO, + H" + OH’ (6)
710, (hyg*) + OH™ — ZrO, + OH @)
710, (ecy™) + 0, = Z10, + Oy 8)
0, +H' - H,0 ®
Dye + OH" — Degradation products 10)

It leads to the generation of electrons (e™) in the conduc-
tion band of ZrO,, which interact with the oxygen molecules
adsorbed on ZrO, to produce superoxide anion radicals
(TO,). The holes generated in the valence band of ZrO,
acts as an oxidizing agent and react with surface hydroxyl
groups to form highly reactive hydroxyl radicals (OH). The
highly reactive hydroxyl radicals (OH) reacts with a dye
adsorbed on ZrO, catalyst and lead to its degradation [44,
45]. The schematic representation of degradation process of
dye by using ZrO, NPs is shown in Fig. 14.

4 Conclusions

A biosynthesis of ZrO, NPs was achieved using Ficus
benghalensis leaf extract for efficient photocatalysis. The
monoclinic and tetragonal structure of the synthesized
ZrO, NPs are confirmed by XRD pattern. TEM analysis
shows that average particle size of ZrO, NPs are 15 nm.
The FT-IR results show the possible involvement of
groups in biochemical reactions are protein, polyphenols,
terpenoids, amines, and carboxylic acids. The FT-Raman
analysis shows the ZrO, consist of both monoclinic and
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Fig. 14 Schematic model for the mechanism of photodegradation

tetragonal phases. The DRS spectrum confirms that the
synthesized ZrO, has high absorbance with 4.9 eV band
gap. Biosynthesized ZrO, NPs consist high surface area
about 88 m?/g. The efficiency for the removal of MB and
MO is about 91 and 69%. Biosynthesized ZrO, shows
good photocatalytic activity than the ZrO, synthesized by
other methods.
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