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Abstract

A simple and easy green synthesis of silver nanoparticles (Ag NPs) was prepared using Sapindus emarginatus stem bark
extract and anchored over graphitic carbon nitride (g-C3N,4) surface. The synthesized materials characterized by UV-
Visible, XRD, FESEM, FETEM, FT-IR and Raman spectroscopy ensured the development of Ag NPs anchored over the
g-C3N, surface. The prepared catalyst was utilized for Methylene Blue (MB) dye degradation through visible light
photocatalysis. The optimization of operational parameters, like the effect of catalyst dosage, H,O, concentration and
slurry pH, was performed. The results exhibited that compared to pristine g-C3N,, photocatalytic efficacy was enhanced
two-fold in Ag@g-C3N,. Also, the prepared Ag@g-C;N, showed a faster catalytic MB dye reduction (25 s) in the presence
of NaBH,. The catalyst was recovered from the reaction solution by centrifugation and reused for five consecutive cycles.
The results showed that there was no significant loss in the efficiency of the catalyst. These results confirmed that the green

synthesized Ag@g-C3N, is likely advantageous for organic pollutants degradation.
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Introduction

Presence of toxic organic compound in water is a severe
threat to global human health. Photocatalytic mediated
degradation of those harmful recalcitrant organic com-
pound is becoming a promising treatment method [1].
Photocatalyst such as TiO,, ZnO, CdS, WO and C3N4 have
been employed for organic compounds degradation previ-
ously. Among them, graphitic carbon nitride (g-C3Ny)
mediated photocatalysis is gaining significant consideration
because it has narrow bandgap, low cost, high stability and
non-toxicity. However, due to its higher electron (¢™) and
hole (h™) recombination rate and lower utilization of
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visible light, limits it practical photocatalytic applications
[2]. These limitations can be overcome by anchoring with
noble metal nanoparticles such as Au, Pt, Pd and Ag, which
traps the photogenerated electron and also enhances the
visible light utilization [3]. Among these noble metals,
silver is gaining much attention due to facile synthesis,
tuning its size, shape and morphology, cost-effective when
compared to other noble metals and activate the catalyst
under visible region by its Localized Surface Plasmon
Resonance (LSPR) property [4-6]. Synthesis of silver
nanoparticles and anchoring over various semiconductor by
chemical reduction, photo deposition, Wet impregnation,
evaporation—condensation, laser ablation and biogenic
method were demonstrated previously [7-11].

Biogenic mediated preparation of Ag NPs with the help
of plant extracts has gained ample consideration than other
methods because the phytochemicals act as reducing and
stabilizing agents, easy availability and preparation, low
cost and low toxic [12-15]. Recently, Kumar et al. [16]
synthesized Ag@TiO, by using Rambutan peel extract and
utilized it for enhanced photocatalytic degradation of MB
dye. Likewise, Tahir et al. 2016 [17] developed Ag/TiO,
using Cestrum nocturnum leaf extract and used it for
enhanced photocatalytic MB Dye. Sohrabnezhad and Seifi
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[18] utilized Urtica dioica leaf extract for the synthesis of
Ag/ZnO to improve its photocatalytic activity towards MB
dye degradation under visible light. Similarly, Sorbiun
et al. 2018 [19] green synthesized Ag/ZnO using oak fruit
hull to increase its photocatalytic activity towards basic
violet 3 dye degradation. The green synthesis of Ag@g-
C;N, using plant extract and its application on photocat-
alytic degradation was limited [20, 21]. Hence the present
study was aimed to utilize the phytochemicals present in
the Sapindus emarginatus stem bark for the preparation of
Ag NPs, and it was anchored over the g-C3N, surface. The
prepared particles were utilized for enhanced photocat-
alytic and catalytic degradation of MB dye.

Materials and Methods
Materials

Analytical grade (AR) Melamine, silver nitrate, sodium
hydroxide, sulphuric acid, methylene blue, sodium boro-
hydride, and hydrogen peroxide were purchased from
Merck India Ltd and utilized. Double distilled water was
used for reagent preparation and experiment purposes.

Preparation of Bark Extract

Sapindus emarginatus stem bark was collected from IIT
Guwabhati campus and shade dried for 1 week. The bark
was grounded into a fine powder using a mechanical
grinder. For the preparation of aqueous bark extract, stem
bark powder of about 10 g was added with 100 ml of
double-distilled water and refluxed at 65 °C for half an
hour. The sample was cooled, filtered and preserved at
4 °C for further purpose.

Preparation of Pristine g-C3N,

By simple polymerization of melamine, g-C3;N, was pre-
pared by heating in a muffle furnace for 2 h at 550 °C with
a ramp increment of 5 °C min~' under Nitrogen condition.
The obtained yellow powder was ground well and exfoli-
ated by the ultra-sonication process [22].

Green Synthesis of Ag@g-C3N,

Sapindus emarginatus bark extract was utilized for the
formation of Ag NPs anchored over g-C3N4. In a typical
procedure, 500 mg of g-C3N, was added with 50 ml of
AgNOj; solution (100 ppm Ag) and sonicated for 30 min
for the dispersion of particles. The above solution was
mixed with 10 ml of bark extract as a reducing agent, and
the solution was stirred at 500 rpm for 2 h for the
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formation of Ag NPs. The resultant solution was dried at
120 °C in a hot air oven for 48 h and sintered at 450 °C for
2 h. The powder was cooled and grounded well and stored
for further usage.

Characterization Studies

The preliminary confirmation of silver NPs formation was
measured by using UV-Visible spectrophotometer (Shi-
madzu UV 1900). The diffused reflectance spectra of
pristine and Ag anchored g-C3N,4 was measured using UV-
Vis. NIR. Spectrophotometer (Varian, 5000). The crys-
talline structure and phase of the prepared particles were
measured using powder X-ray diffractometer (Rigaku,
SmartLab). The surface morphology, size and shape of NPs
were measured using FESEM (Zeiss, Sigma 300), and
high-resolution TEM image was obtained using FETEM
(JEOL, 2100F). The elemental mapping of Ag@g-C3Ny
was analyzed using EDX (Thermofisher) attached in the
FESEM. The functional group present in the plant extract
and prepared particles were analyzed using FTIR (Perk-
inElmer, Spectrum Two). The Raman scattering of pre-
pared samples was measured using Raman
Spectrophotometer (Horiba, LABRAMAN). The photolu-
minescence spectra were obtained using a spectrofluo-
rometer (JY Fluorolog—FL3-11) by exciting the sample at
360 nm.

Photocatalytic Activity

The prepared particles were tested for Methylene blue
(MB) dye degradation. For photocatalytic studies, 100 ml
of MB solution (10 ppm) was taken in 250 ml beaker and
mixed with 50 mg of prepared particles and sonicated for
30 min for dispersion of particles. The samples were then
exposed under 350 W Xenon lamp with 420 nm cutoff
filter with constant stirring. The samples were withdrawn at
constant intervals, and the catalyst was removed by cen-
trifugation. The resultant supernatant was examined by
spectrometry to estimate the degradation percentage of MB
dye.

Catalytic Dehydrogenation

The catalytic efficacy of the synthesized particles was
assessed by MB dye dehydrogenation reaction with the
existence of NaBH,. The catalytic reaction was performed
in a 3 cm cuvette by mixing 2 ml of MB dye (50 ppm)
along with 1 ml of NaBH, solution (0.1 M). To initiate the
catalytic reaction, 2.0 mg of the Ag@ g-C3N, was added
and mixed well. The absorbance was recorded with UV—
Vis. Spectrophotometer, after removing the catalyst from
the solution by centrifugation.
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Reuse and Recyclability Test

The reuse and recyclability test was performed up to five
successive cycles by recovering the catalyst from the
solution by centrifugation, washed and dried at 90 °C in a
hot air oven.

Results
Characterization Results

The development of Ag NPs with the help of bark extract
of Sapindus emarginatus was examined preliminary by
using UV-Vis. Spectroscopy. Figure la ensures the
development of Ag NPs by exhibiting a strong absorption
peak at 450 nm ascribed to surface Plasmon resonance
(SPR) properties of Ag NPs [23, 24]. The optical properties
of pristine g-C3N4 and Ag@ g-C3N,; was measured by
diffused reflectance spectra (Fig. 1b). Pristine g-C3N4
showed absorption edge at 460 nm ascribed to 2.7 eV of
optical bandgap energy.

In contrast, the Ag@g-C;N, exhibited extended wave-
length with redshift in the visible region due to the SPR
effect of nano-sized Ag anchored over the surface of
g-C3Ny4. The UV- Vis. Spectra confirm that Ag@g-C3Ny
can utilize visible light better than pristine [25].

Figure 2 illustrated the crystalline nature of pure g-C3N4
and green synthesized Ag@g-C3;N, were analyzed using
PXRD. From the result, it was clear that both the samples
exhibited hexagonal phase of g-C3;N, with a significant
peak at 27° allotted to (002) plane of aromatic interlayer

stacking segments and another minor peak at 13°
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Fig. 2 PXRD spectra of pristine g-C3N, and Ag@g-C3Ny

consigned to crystal (100) plane of tris-s-triazine. Com-
pared to pristine, Ag@g-C;N, (Fig. 2 inset) showed a shift
from 27.53° to 27.72°, which denoted a decrease in the
gallery distance between pristine g-C3;N4, and Ag@g-
C;3Ny. There were no diffraction peaks of Ag observed due
to lower loading percentage (1wt %) and well dispersion of
Ag NPs in the Ag@g-C;N, [26].

The structural, shape and morphological characteristic
of pristine and Ag@g-C;N, were obtained using FESEM
and FETEM analysis. The morphology of pristine g-C;N4
and Ag@g-C;N, was measured by FESEM (Fig. S1)
reveals that both the samples are irregular in shape with
strong agglomeration with other particles. There were not
many morphological modifications observed between the
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Fig. 1 UV-Visible absorption spectra of a plant extract and Ag Nps and b DRS spectra of pristine g-C3N, and Ag@g-C3Ny
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pristine and Ag@g-C3N, particles. Whereas, the FETEM
image of Ag@g-C3N, (Fig. 3) displayed the existence of
spherical Ag NPs with an average size of 16 nm, which
was uniformly anchored over the g-C3N, surface. The
TEM image (Fig. S2) of pristine g-C3N, confirmed that the
sheet-like structure was formed. The elemental mapping of
Ag@g-C3N, was illustrated in Fig. 4 ensures the existence
of silver beside with nitrogen, carbon and a small per-
centage of oxygen. The TEM image and EDX mapping
clearly display that Ag NPs was distributed uniformly on
the g-C;5N, surface.

The FTIR spectra of bark extract, pristine g-C3N,4 and
Ag@g-C;3Ny are illustrated in Fig S3. The FTIR spectra of
bark extract exhibit peak at 3330 cm™' and 2903 cm™'
corresponds to O—H bond stretching of the phenolic group
and C-H stretching of alkene bond respectively. The
intense peak at 1606 cm™' and 1033 cm™' were ascribed
to N=H and C-O of secondary amide and ether groups,
respectively [27, 28]. The FTIR peak of both pristine and
Ag anchored g-C3N, with similar peaks confirmed that
anchoring of Ag NPs did not alter the g-C;N, original
structure. The FTIR spectrum of gC3N,4 showed a broad
peak at 3000 cm™' to 3300 cm™' related to stretching
vibration of the N-H group. In contrast, many peaks situ-
ated in the range of 1200 cm ™" to 1650 cm ™" corresponded
to CN heterocycles, while the sharp peak at 808 cm™'
ascribed to s-triazine breathing mode [29]. From the FTIR
spectrum, it was clear that phytochemicals such as
polyphenols, flavonoids and other organic compounds play
a pivotal role in the synthesis of Ag NPs, which acts as
reducing, stabilizing and capping agents.

Raman spectra of g-C3;N, and Ag@g-C;N, (Fig. S4)
illustrated that pristine g-C3N, did not display a significant
Raman signal, whereas the Ag NPs anchored g-C;N,
showed a surface-enhanced Raman scattering spectrum.
The strong Raman spectral band seen at 1570 cm™'

Fig. 3 FE-TEM image of
Ag@g-C3Ny (Red circle
showing Ag NPs) and inset
showing particle size histogram
of Ag NPs (Color figure online)
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matches with vibrational stretching of C-N bond and peak
at 550 cm ™' relates to heptazine heterocyclic vibrational
stretch. The peak at 1240 cm™' denoted the CN hetero-
cyclic vibrational mode. The intensity of Raman spectra
was significantly enhanced in Ag@g-C3;N, due to the
transferring of charge between Ag and g-C;N, molecule
[26]. This result ensures that there is a strong interface
existed with g-C3N, and Ag NPs, which facilitate the
charge transfer between them.

The photoluminescence (PL) spectra of pristine and
Ag@g-C3N, was measured with an excitation at 360 nm to
study the transfer, migration and photogenerated e~ and h™
recombination rate. From Fig. 5, it was clear that the PL
intensity of Ag@g-C3N, was quenched notably than pris-
tine g-C3N4. The results suggested that Ag NPs acted as an
electron trap thereby it decreased the e~ and h™ recombi-
nation process leads to increased the formation of more
radicles leads to boosted photocatalytic efficiency of
Ag@g-C3Ny4 [30].

Photocatalytic Degradation of MB Dye

The photocatalytic efficacy of the prepared Ag@g-C;N,
was assessed towards MB dye degradation. The experi-
ments were executed with pristine, Ag@g-C;N,, and by
photolysis was shown in Fig. 6. The results reveal that
pristine g-C3Ny has less efficacy (42%) to degrade MB dye,
due to fast electron-hole recombination rate. Whereas,
Ag@g-C3N, showed a nearly two-fold increase in photo-
catalytic MB dye (99%) degradation exposed under visible
light for 1 h. The adsorption capacity of the catalyst was
performed under the dark condition. The results showed
that nearly 14% of dye was adsorbed over the catalyst
surface after 2 h contact between dye and the catalyst. The
increased photocatalytic activity of Ag@g-C3N, was due
to electron trapping ability of Ag NPs, in turn, reduces
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Fig. 4 EDX mapping of Ag@g-C3N4
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Fig. 5 Photoluminescence spectra of pristine g-C3N, and Ag@g-
C3N4

electron and hole rejoining rate, which increases the for-
mation of ROS [31]. Only negligible degradation of MB
dye observed when the dye was exposed under direct light
without any catalyst. Ag@g-C;N, has been selected to
optimize the reaction parameters since it showed higher
degradation towards MB dye.

Effect of Catalyst Concentration

To optimize the catalyst dosage on MB dye degradation,
the experiment was performed with different catalyst
concentration from 100 ppm to 1000 ppm. Figure 7 depicts
the influence of the different catalyst dosages on the
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Fig. 6 Photocatalytic degradation MB dye by photolysis, pristine
g-C3N, and Ag@g-C3N, under visible light irradiation (Catalyst
Conc: 50 mg/l, Dye Conc.: 10 ppm, Time: 60 min, pH:7)

percentage degradation of MB dye after 60 min exposed
under 350 W Xenon lamp. The results reveal that a gradual
increment in the efficiency of the MB dye degradation was
observed from 100 ppm to 500 ppm, and additional
increment in the catalyst dosage led to a reduction in the
degradation rate. The initial increment in dye degradation
because of increment in the active surface with increasing
catalyst dosage. Whereas, a decrease in the degradation
rate with further increment in catalyst concentration was
observed due to the screening effect of suspended particles
which hampers the light penetration [32].
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Fig. 7 Effect of various catalyst concentration on photocatalytic
degradation MB using Ag@g-C3N, (Dye Conc.: 10 ppm, Time:
60 min, pH:7)

Effect of Initial Slurry pH

To study the effect of initial slurry pH on dye degradation,
the testing was performed with different pH from 2 to 10
(Fig. 8). The results illustrated that there was a gradual
increment in the MB dye degradation seen when the pH of
the slurry was adjusted from acidic to alkaline. Under the
alkaline condition, the catalyst surface becomes more
positively charged, which attracts more dye molecules
towards it and thereby increasing the rate of degradation
under alkaline compared to the acidic condition [33].
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Fig. 8 Effect of pH on photocatalytic degradation MB using Ag@g-
C3N, (Catalyst Conc: 50 mg/l, Dye conc.: 10 ppm, Time: 45 min)
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Effect of H,0, Concentration

The effect of the oxidizing agent on MB dye degradation
was conducted with various concentration of H,O, ranging
from 0 mM to 5 mM. Figure 9 infers that the amount of
dye degradation was improved with increasing the perox-
ide dosage because H,O, was acting as electron scavenger
thereby sinking the e~ and h™* recombination rate which
increases the formation of more radicals in the reaction
system. Also, H,O, may dissociate photocatalytic into “°OH
radicals, thus enhancing the photocatalytic efficiency [34].

Possible Mechanism Of Photocatalytic
Degradation of MB Dye

The possible mechanism behind the photocatalytic MB dye
degradation using Ag@g-C;N, was illustrated in Fig. 10.
When the sample was irradiated with visible light, it acti-
vates the charge separation process, which leads to the
development of condition band e~ and h™ in the valance
band. The Ag NPs anchored over the g-C3N, traps the
conduction band electron decrease the e~ and h™ recom-
bination rate resulted in enhanced photocatalytic degrada-
tion which was observed with Ag@ g-C3N4 comparted to
pristine. The electron trapped by the Ag NPs reduces the
molecular O, into O, superoxide radical anion, and h* can
react directly with dye solution or split the water into °OH
radicals. These photogenerated radicals and h™ plays a vital
role in the degradation of MB dye [35].
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Fig. 9 Effect of H,O, concentration on photocatalytic degradation
MB using Ag@g-C;N,4 (Catalyst Conc: 50 mg/l, Dye Conc.:10 ppm,
Time: 30 min, pH: 7)
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Fig. 10 Possible Mechanism of
photocatalytic degradation MB
dye using Ag@g-C3;N4 under
visible light

MB dye

CO,+ H,0

Catalytic Reduction of MB Dye

The catalytic ability of Ag@g-C;N, was evaluated for the
reduction of MB dye with the existence of NaBH,. Fig-
ure 11 shows the fast reduction of MB to Leuco methylene
blue (LMB), which was observed within 25 s confirmed by
decreased in the intensity of adsorption peak at 664 nm. No
reduction in the adsorption peak of MB dye was observed
when the reaction is conducted with pristine g-C3;Ny4
[36, 37].

Recovery and Reuse of the Catalyst

The catalyst was recovered by centrifuging the sample at
6000 rpm, and the recovered catalyst was reused up to 5
successive cycles to check its photocatalytic and catalytic
efficiencies (Fig. 12). The results exhibited that the Ag@
g-C3N, showed improved photocatalytic degradation
(~ 84%) and catalytic reduction of MB (~ 94%) after
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Fig. 11 Catalytic reduction of MB dye by Ag@g-C3N, in the
presence of NaBH,
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Fig. 12 Reuse and recyclability of the Ag@g-C;N, towards photo-
catalytic and catalytic degradation of MB dye

five cycles which confirmed that the prepared particles
were effective and stable for the reduction and degradation
of MB dye. The stability of the Ag@ g-C;N, catalyst after
the 5™ cycle was verified using TEM (Fig. S5) and XRD
(Fig. S6) analysis. The results revealed that there is no
morphological, and crystalline changes observed even after
five cycles, which ensured that the catalyst is more
stable and can be reused several times.

Conclusion

A facile and simple biogenic mediated Ag NPs was pre-
pared and anchored over g-C3;N,4 using the aqueous stem
bark extract of Sapindus emarginatus. The phytochemicals
compound in the bark extracts act as reducing and stabi-
lizing agent for Ag NPs synthesis. The characterization
results ensured the anchoring of Ag NPs over the g-C5Ny
surface. The synthesized catalyst was utilized for the
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visible light active catalyst for MB dye degradation.
Compared to pristine, Ag@ g-C3N, showed better photo-
catalytic activity under visible region and good catalytic
reduction of MB dye. Addition of oxidizing agent (H,O,)
and alkaline slurry pH enhance the rate of photocatalytic
degradation. The prepared Ag@g-C;N, catalyst also
showed excellent stability and recyclability even after 5
successive cycles. This study provided an easy, and greener
method for the preparation of Ag anchored g-C;N4 for
efficient organic pollutants degradation.
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