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for the treatment of water using visible light from WLED.

INTRODUCTION

Industrial contaminants releasing continuously into the
waterbodies degrade the quality of water day by day and rend-
ering it toxic to human and environment. Textile industries
are the biggest global water polluter followed by paint, leather
and printing industries which discharge contaminated organic
dyes such as methylene blue, crystal violet, methyl orange, etc.
into the environment consistently [ 1]. This uncontrolled disposal
of dye into water is dangerous to human health and aquatic life
ecosystem as a whole. The consequences can be in the form of
various carcinogenic, mutagenic and skin diseases in living
beings [2-4].

Methylene blue is most commonly used in the industries
for colouring silk, wool, paper, cotton, etc. It poses a number
of dangers to human health, including those to the eyes, the
lungs, the digestive system, and the brain [2]. Therefore, removal
of methylene blue from industrial waste using different methods
becomes an important and necessary topic of investigation.
Methods that have been applied for this purpose includes mem-
brane separation, ultrafiltration, photocatalytic degradation,
electrocatalysis and adsorption process [5-9].
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Photocatalytic degradation of dyes by developing different
photoactive materials is one of the preferred technology among
the researchers as it provides the scope of harnessing abundant
solar energy which otherwise a solution to global energy crisis
[11-12]. Though abundant, use of solar light in photocatalytic
water treatment system has some limitations such as high
installation cost, large surface area, requirement of skill for
adjusting incidence direction and duration, efc. However, comb-
ination of artificial light sources with solar light may reduce
the limitations of photocatalytic water treatment system. White
light emitting diodes (WLEDs) can play a significant role in
replacing mercury vapour or xenon lamps as the light source due
to their lower cost and lower risk. Gogoi et al. [13] employed a
100 W light-emitting diode (LED) and found that gold nano-
particles supported on TiO, were an effective photocatalyst
for ethanol oxidation. When it comes to photodegradation,
employing visible light sources like WLEDs is more environmen-
tally friendly than using ultraviolet light [ 14]. Therefore, WLEDs
can be the future light source of photocatalytic water treatment.

Graphitic carbon nitride is the most stable allotrope of the
carbon nitrides and, being a semiconducting material, belongs
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to a broad category of photoactive substances. In literature, it is
reported that the carbon nitrides are capable of reducing carbon
dioxide [15-18], splitting water [15,19-23], degrading organic
pollutants such as dyes [24-27] under illumination in the visible
light range, as well as having a high sensitivity in sensing appli-
cations [26,28-31] and catalyzing organic reactions [32-35].
Graphitic carbon nitride is a metal free conjugated layered
polymer material composed of carbon and nitrogen as primary
elements. Various methods have been used for the synthesis
of graphitic carbon nitride and the most common are conden-
sation of appropriate nitrogen rich precursors such as urea,
melamine, dicyanamide, cyanamide, thiocyanates, efc. at high
calcination temperature of 400-600 °C.

Paul et al. [36] studied the effect of calcination temperature
on photodegradation of methylene blue dye for which graphitic
carbon nitride was synthesized from urea at different temper-
atures. They found graphitic carbon nitride synthesized at higher
temperature of 550 °C shows better photocatalytic activity towards
methylene blue degradation among the samples prepared in
the range of temperature from 350 to 750 °C. Actually conden-
sation synthesis of graphitic carbon nitride is only possible in
a small temperature range of 500 to 600 °C. Montigaud et al.
[37] also tried to synthesize graphitic carbon nitride at comp-
aratively low temperature using solvothermal condensation of
melamine with cyanuric chloride. Xie et al. [38] also synthesized
graphitic carbon nitride solvothermally from cyanuric chloride
and sodium amide in benzene by heating at 200 °C for 8-12 h.
Bai et al. [39] also synthesized crystallized graphitic carbon
nitride by the reaction of carbon tetrachloride and ammonium
chloride at 400 °C. Graphitic carbon nitride has interesting pro-
perties, but researchers are continously taking efforts to synth-
esize it at low temperature.

In this work, we have successfully synthesized g-CNN by
a simple one step solvothermal method at 180 °C. The morph-
ology, crystallinity, surface area, chemical and elemental compo-
sition of g-CNN were also investigated. The photodegradtion
ability of synthesized g-CNN was studied using methylene
blue dye in aqueous medium under WLEDs and compared with
bulk graphitic carbon nitride (BGCN), which was synthesized
at high calcination temperature and characterized well to carry
out the comparative studies.

EXPERIMENTAL

Cyanuric chloride, cyanamide, melamine, acetonitrile and
methylene blue were bought from Merck Specialities Pvt. Ltd.,
India and used as received. Distilled water and Whatman-40
filter paper was used for all the experiments. Photocatalytic
experimental setup was built in the laboratory for which five
20 W WLEDs and a 12 V adaptor were bought from the local
electrical market.

Synthesis of graphitic carbon nitride nanosphere (g-CNN)
and bulk graphitic carbon nitride (BGCN): In a typical syn-
thetic procedure, 7.5 mmol (1.383 g) cyanuric chloride and 7.5
mmol (0.347 g) cyanamide were dispersed in 30 mL aceto-
nitrile and stirred for 15 min. The mixture was then transferred
to a Teflon lined autoclave and heated to 180 °C for 14 h. After
the autoclave cooled to room temperature, yellow precipitate

was obtained which is filtered, washed many times with distilled
water and dried overnight for further use. For comparison bulk
graphitic carbon nitride was synthesized by following the
reported method [40]. Melamine (5 g) was placed in a muftle
furnace at 550 °C for 4 h. After cooling to room temperature
naturally, yellow coloured BGCN was obtained, ground into
powder using agate mortar. The as-prepared BGCN was charac-
terized and used further.

Photocatalysis experiments: The photocatalytic degra-
dation of aqueous methylene blue solution by g-CNN and BGCN
were carried out under a simple, low cost experimental set up
developed in our laboratory [41]. In brief, 30 mg of catalyst
was dispersed in 30 mL of 10~ M aqueous solution of methylene
blue dye and stirred in dark for 60 min to allow methylene
blue adsorption-desorption equilibrium on the g-CNN surface
after which the suspension was irradiated with WLEDs under
continuous magnetic stirring. The UV-visible spectroscopy was
used to track the progress of the photocatalytic degradation of
methylene blue in 2 mL aliquots of the samples at regular
intervals. To maintain a constant volume in the reaction, the
solution was added after the measurement was taken The photo-
catalysis experiment was carried out at three different pHs viz.
4.2, 6.7 and 11.3 of methylene blue solution. The effect on
degradation efficiency by varying catalyst amount and kinetics
were studied. A control experiment was also conducted to
observe the effect of light without the addition of a catalyst.

Recyclability studies: Two different procedures were used
to test the recyclability of catalyst. First, a photocatalytic degra-
dation for the first recycle was initiated by using the same experi-
mental conditions as the initial photocatalytic experiment between
methylene blue and fresh catalyst, which involved the addition
of a calculated amount of methylene blue dye from stock to
achieve the same absorbance as in the initial experiment. This
method was repeated for three recycles since, it reduces the chance
of catalyst lost during recovery. The second method involved
the collection of catalyst once each photodegradation cycle was
complete. The catalyst was left in the reaction beaker overnight
after each cycle to settle, then the supernatant solution was
decanted next day. Recovered catalyst was subsequently rinsed
in water, dried and recycled. To monitor the loss over time,
the dried catalyst was weighed after each cycle.

Characterization: The morphology and size of the samples
were analyzed by field emission scanning microscope (FESEM,
ZEISS Sigma-300). The elemental composition of the samples
were recorded by energy dispersive X-ray (EDX) attached to
FESEM. The powder X-ray diffraction pattern (PXRD) of the
samples are recorded from 5° to 80° (20) on a Rigaku Ultima
IV X-ray diffractometer with CuKo radiation (A = 1.54 A).
Fourier transformed infrared spectroscopy (FT-IR) spectra were
recorded on Shimadzu IR Affinity-1 in the range from 500 to
4000 cm™ with KBr pellets. The diffuse-reflectance UV-Vis-NIR
spectra were recorded using a Shimadzu UV-2600 spectro-
photometer in the range 200-1500 nm. UV 1800 spectrophoto-
meter (Shimadzu, Japan) was used for recording UV-visible
absorption of methylene blue solution from 200 to 800 nm.
The surface area of the sample was recorded in Quantachrome
Instruments, Model- NOVA 1000E.
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RESULTS AND DISCUSSION

FTIR studies: The FT-IR spectra of g-CNN and BGCN
shows similar adsorption bands are presented in Fig. 1. The
BGCN show peaks at 1558 and 1408 cm™ are attributed to
stretching vibrations of C=N. The peaks at 1319 and 1230 cm
of BGCN and 1454 and 1357 cm™ of g-CNN are assigned for
aromatic C-N stretching vibrations [42]. The peaks at 1730 and
1634 cm™ of g-CNN are due to stretching vibrations of C=0.
The characteristic peak at 804 cm™ of BGCN corresponds to the
breathing mode of triazine ring, whereas in g-CNN this peak
slightly shifted to 796 cm™ due to the incorporation of oxygen
moieties [43].
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Fig. 1. FT-IR spectra of g-CNN and BGCN

Morphological studies: The morphology of g-CNN and
BGCN were analyzed by FESEM. As evident from the FESEM
images, the g-CNNs are spherical in shape, Fig. 2a and BGCN
shows stacking of multiple layers, resulting a thick structure
(Fig. 2b). The PXRD patterns of g-CNN and BGCN are shown
in Fig. 3. Both BGCN and g-CNN show strong peaks at 27.4°
and 27.7°, respectively. These are the characteristic peak of
inter planar stacking of conjugated triazine layers and indexed
for graphitic material as (002) peak [44]. The slight shifting
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Fig. 3. PXRD patterns of g-CNN and BGCN

of (002) peak in g-CNN depicts denser packing and improved
order of stacking between the layers via ©-1 interactions [36].
BGCN shows alow angle peak at 13.2° originated from in planar
repeated triazine units indexed for (100) plane. This peak is
absent in the PXRD pattern of g-CNN suggests relative lower
polymerization degree of carbon nitrde than from calcination
synthesis at high temperature [45].

The EDX spectrum, Fig. 4a,b (inset: corresponding
elemental composition table), gives the elemental composition
of BGCN as C =60.84 %, N = 38.37 %, O =0.79 % and g-CNN
as C=25.89 %, N =38.33 %, O =35.78 %. The increase % of O
in g-CNN is also reflected in its FTIR spectrum, higher oxygen
functionalities could be observed like 1730 & 1634 cm’!, which
correspond to different carbonyl groups. This is due to the fact
that at lower temperature (180 °C), the carbon nitride polymeri-
zation is not complete and the structures formed have terminal
functional groups. As the synthesis is carried out under arieal
conditions oxygenated functional groups are inevitable. While
BGCN was prepared at higher temperature of 550 °C, at this
temperature the polymerization of the precursors/intermediates
(such as melamine, urea, thiourea, guanidine hydrochloride,
etc.) to form carbon nitride was completed to a greater degree,
leaving less percentage of terminal functional groups compared
to the g-CNN [46].

Fig. 2. FESEM images of (a) g-CNN and (b) BGCN
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Fig. 4. EDX spectrum of (a) BGCN and (b) g-CNN

UV-visible-DRS studies: The DRS spectra of g-CNN and
BGCN are shown in Fig. 5a and the corresponding energy
gap in the inset. Broader absorbance of g-CNN compared to
BGCN may also be related to the higher percentage of terminal
functional groups in g-CNN giving greater potential of g-CNN
as visible light driven photocatalyst [46]. The energy band gap
of g-CNN is smaller than BGCN, 2.43 and 2.72 eV respectively,
which is estimated from Tauc plot.

BET surface studies: The specific surface area of g-CNN
was determined by N, adsorption-desorption isotherm (Fig.
5b). The BET surface area of the g-CNN is found to be 23.31

(m?*/g) whichis 1.7 times higher than the bulk graphitic carbon
nitride synthesized by Praus ez al. [40]. In their study, the photo-
catalytic activity of bulk graphitic carbon nitride synthesized
by heating melamine at 550 °C for 4 h in the air and nitrogen
atmosphere was checked for which the specific surface area
of bulk graphitic carbon nitride was found to be 14 m*/g.
Photocatalytic studies: The photocatalytic activity of
g-CNN and BGCN towards photodegradation of methylene
blue dye was studied under the visible light irradiation of
WLEDs (100 W). As observed from Fig. 6a-b, g-CNN shows
better photocatalytic activity than BGCN. The g-CNN degrades
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Fig. 5. (a) UV-visible DRS spectra of g-CNN and BGCN, inset energy band gap of BGCN and g-CNN using Tauc’s plot, (b) N, adsorption-

desorption isotherm of g-CNN (inset: BET surface area)
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Fig. 6. UV-visible spectra of aqueous solution of methylene blue (10° M) at different time interval in presence of (a) g-CNN and (b) BGCN,
(c) Photocatalytic activity of degradation of methylene blue, C/C, vs. irradiation time plots, (d) The corresponding reaction kinetics
fitted —In (C/C,) vs. time plots, inset shift in An. of methylene blue during photodegradation

90.36% of methylene blue in 120 min while BGCN degrades
88.06% of methylene blue in 240 min under similar experi-
mental conditions. The photocatalytic degradation efficiency
was calculated using the following equation:

E=1-C x100%
CO

where C is the concentration of the solution at time t, C, is the
initial concentration of solution at zero time. The exponential
decay observed in the C/C, vs. time plot (Fig. 6¢), which indicates
that the photodegradtion of methylene blue by the catalysts
follow pseudo-first order reaction kinetics. The pseudo-first
order rate constant can be determined following the equation:

—ln£ =k, Xt
C,
where k; is the pseudo-first order rate constant and t is the
reaction time [36]. The rate constants for photocatalysis of
methylene blue by BGCN and g-CNN were 1.1 x 10 min™!
and 2.1 x 107 min, respectively, a 2.3 fold increase in

photcatalytic activity is observed, Fig. 6d (inset shift in Ay of
methylene blue during photodegradation).

Mechanism: As shown in Scheme-I, during the photo-
catalysis of methylene blue dye, light of suitable photon energy
i.e. higher than energy band gap of g-CNN falls over its surface,
electrons in the valence band get excited to conduction band
by absorbing light, generating holes in valence band and free
electrons in conduction band. These hole-electron generation
and associated charge separation plays the key role in the photo-
catalysis reaction. The holes with high oxidative potential either
direct oxidize the dye or react with OH to form hydroxyl radical
(*OH) that degrades dye molecules. The free electrons produced
are picked up by oxygen to generate super oxide radical anion
(*O2) which can also lead to photodegradation of methylene
blue molecules.

g-CNN + hv —— g-CNN + (h* +¢)
02 +e — .02_
h* + dye —— *Dye* (oxidation of dye)
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or h*+ OH"—— *OH electron transfer so as to improve the photocatalytic efficiency.

‘OH + dye —— Degradation of dye

The nanosphere of g-CNN provides more surface area,
resulting in increased density of active sites to adsorb more
numbers methylene blue molecules for the photodegradation,
confirmed by FESEM images and BET surface area measure-
ment of g-CNN. Smaller energy band gap of g-CNN (2.43 eV)
compared to BGCN (2.73 eV), calculated using Tauc’s plot
confirms the smooth transfer of electrons-holes between valence
and conduction band of g-CNN when exposed to visible light.
This electon-hole generation initiate the photoredox reaction
and methylene blue molecules that are adsorbed on the surface
of g-CNN undergo photodegradation. The XRD analysis revealed
that synthesis of the g-CNN at lower temperature reduces the
chance of high polymerization. On the other hand, BGCN which
was synthesized at high calcination temperature undergo high
polymerization degree of carbon nitride making the structure
excessively condensed into deformed multilayered, which
reduces the exposure of active sites in the material. This affect
the photocatalytic ability of BGCN adversely. High calcination
temperature in the synthesis also induce bulking and thermal
decomposition of polymeric material as well. The FTIR and
EDX analysis confirms the incorporation of oxygen funct-
ionalities in g-CNN can enhance the light absorption, which
is reflected in DRS spectrum of the sample also, accelerate the

Hence, the g-CNN synthesized at lower temperature shows
the superior photocatlytic activity as compared to BGCN that
synthesized at high calcination temperature.

It is observed that the photocatalytic degradation process
of pollutants got pronouncedly affected by pH of the solution.
Therefore, the photocatalytic activity of synthesized g-CNN
was further analyzed at three different pHs, acidic (pH =4.2),
near neutral (pH = 6.7) and basic (pH = 11.3) by adjusting the
dye solution with dil. solution of HCI and NaOH. Corres-
ponding UV-Vis spectra are shown in Fig. 7a-c.

It is observed that when the pH value of methylene blue
solution is set at 4.2 lesser than the neutral pH, the photoactivity
of g-CNN decreases whereas on increasing pH value from the
neutral in the basic range (pH = 11.3), arise in the photoactivity
of g-CNN is observed (Fig. 8a-b). The synthesized g-CNN
shows the highest degradation efficiency of 97.33% for the
methylene blue dye solution at pH 11.3, which is 1.4 times higher
than the degradation efficiency at the neutral pH condition.
This observation might be related to the adsorption behaviour
of methylene blue on the surface of g-CNN. At high pH value
the surface of g-CNN carries more negative charges and attracts
more methylene blue molecules which bears positive ion. More
the methylene blue molecules on g-CNN surface, more photo-
degradtion will occur. Another reason may be that at basic pH
condition OH™ can act as a capture agent for h*, which generates
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OH’. So an increase in pH reduces the recombination proba-
bility for photogenerated electrons and holes, which enhances
the photocatalytic activity [47]. The degradation efficiency and
apparent rate constant measured for the photocatalytic reactions
at three different pH conditions are presented in Table-1.

TABLE-1
DEGRADATION EFFICIENCY AND THE APPARENT
RATE CONSTANT (k) VALUES MEASURED
FOR THE PHOTOCATALYTIC REACTIONS
AT DIFFERENT pH CONDITIONS

pH value D‘eg.radation Apparent rat.e
efficiency (%) constant (k) (min™)
4.2 49.52 0.00688
6.7 90.36 0.02050
11.3 97.33 0.02855

Furthermore to investigate the effect of catalyst concen-
tration on the photocatalytic activity of g-CNN towards
methylene blue dye, the concentration of g-CNN was varied
from 10 to 70 mg per 30 mL of 10> M methylene blue solution
and related UV-Vis spectra are shown in Fig. 9a-d.

The photocatalytic activity was shown to increase from
10 mg to 50 mg of g-CNN, likely as a result of the higher concen-

tration of active sites on the catalyst surface. The phenomena
of light scattering may predominate at greater catalyst amounts,
such that increasing the amount of catalyst beyond 50 mg may
reduce activity by blocking the light path to reach the methy-
lene blue molecules. As shown in Fig. 10a-b, 50 mg/30 mL
concentration g-CNN showed highest degradation efficiency
of 92.4% with rate constant 0.02405 min™ in 120 min for
methylene blue dye solution. The percent degradation efficiency
and the apparent rate constant measured for the photocatalytic
reactions at different photocatalyst concentration are presented
in Table-2.

TABLE-2
DEGRADATION EFFICIENCY AND THE APPARENT
RATE CONSTANT (k) VALUES MEASURED FOR THE
PHOTOCATALYTIC REACTIONS AT DIFFERENT
PHOTOCATALYST CONCENTRATION

Catalyst conc. (mg/30 mL Degradation Apparent rate
of 10° M MB solution) efficiency (%) constant (k) (min™)
10 42.82 0.00535
30 90.36 0.02050
50 92.40 0.02405
70 76.79 0.14540

MB = Methylene blue
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Fig. 10.(a) Comparison of photocatalytic activity of g-CNN at different catalyst concentration, (b) —In (C/C,) vs. time plot for methylene blue
degradation with g-CNN at different catalyst concentration
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Fig. 11. Recyclability experiment of the photocatalytic degradation of methylene blue using g-CNN (a) 1" method (b) 2" method

Recyclability studies: Two methods were used to evaluate
the recyclable efficiency of g-CNN photocatalyst. The results
from the first method are represented in Fig. 11a. The photo-
catalytic activity of g-CNN showed just a minor reduction in
this case, from 90.36% with the catalyst to 84.58% methylene
blue photodegradation in the third recycling. This demonstrates
that after several cycles, g-CNN still maintains its high photo-
catalytic activity. The proportion of methylene blue degraded
was found to decrease with each cycle of the second approach
(Table-3), likely as a result of photocatalyst being lost during
the recovery process. While the initial cycle of catalyst was
able to degrade 90.36% of methylene blue in 120 min, the final
cycle only managed to degrade 40.86%. Nonetheless, further

TABLE-3
COMPARISON OF DEGRADATION OF METHYLENE
BLUE AT DIFFERENT CYCLES (SECOND METHOD)

Cycles of Recovered Degradation % Degradation
experiment A @F efficiency (%) R et
catalyst (mg) g-CNN
Fresh 30 90.36 3.012
Cycle 1 22 63.23 2.874
Cycle 2 14 40.86 2.724

cycles show essentially no change in the degradation rate per
milligramm of the catalyst as seen in the final column of Table-3.
Thus, in both techniques, the catalyst activity was stable through-
out the multiple cycles.

Conclusion

In summary, graphitic carbon nitride nanosphere (g-CNN)
was synthesized by following a simple solvothermal method
at low temperature (180 °C) using cyanuric chloride and cyana-
mide as precursors. The photocatalytic performance of as
synthesized g-CNN towards methylene blue degradation has
compared with BGCN synthesized at high calcination temper-
ature (550 °C) from melamine. An increase in the photocatalytic
activity by 2.3 fold was observed in case of g-CNN synthesized
at lower temperature. This was due to the more surface area
and smaller band gap of g-CNN where presence of oxygen

bearing groups can increase absorption of light compared to
BGCN. The photocatalytic activity of g-CNN was highest at
the basic pH condition of dye solution. This was attributed to
the high adsorption of positive charge bearing methylene blue
on more negative g-CNN surface. The percentage of methylene
blue degradation increases with the increase of g-CNN amount
from 10 mg to 50 mg but thereafter it decreases, which is due
to the hindrance in entering light in the reaction system. The
g-CNN photocatalytically degraded methylene blue upto 90.36
% within 120 min and can be repeated for atleast three cycles.
This study inferred that the g-CNN synthesized at lower tempe-
rature can be used as a potential material for degrading methylene
blue dye.
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