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Abstract: Graphene Quantum Dots (GQDs) are considered to be a new class of materials with
distinctive photoluminescence and low toxic level properties. Herein, we have reported the preparation
of GQDs at different pH (pH 5, 8, 10, and 14) from pyrocatechol. UV-Visible absorption and
normalized fluorescence spectra were applied to analyze the optical properties of GQDs at different pH.
DLS and AFM had been performed to study the mean particle size and the morphology of the GQDs.
Further, the photocatalytic behavior of the synthesized GQDs obtained at pH 10 was used in the
degradation of dyes viz. Methylene Blue and Methyl Orange under visible-light irradiation. The
influence of certain parameters such as pH of the GQD, contact time, a dosage of GQDs, and the kinetic
model was demonstrated. The plausible mechanism of degradation of the toxic dyes based on GQDs
under visible light illumination was discussed, too.
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photodegradation.
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1. Introduction

Dyes are a prime coloring agent in textile industries and also have multiple applications
viz. food additives, tanning, MRI imaging, etc. Fifteen percent of dyes are unwantedly
dispatched into surrounding water bodies during its production [1], leading to multiple cases
of mutagenic destruction in the biological food web system both directly and indirectly [2].
Unlike other organic compounds, their high solubility in agueous as well as organic solvents
makes them severely challenging to separate and degrade it under conventional wastewater and
sludge treatment process [3]. These dyes are highly responsible for the contamination of ground
and surface water, causing carcinogenic diseases among living organisms [4].

The rise of nanotechnology and its application in water treatment had been a boon, and
a large number of metal nanoparticles (NPs) were used in decolorizing the toxic effluent dyes
[5, 6]. CdS [7], CuO [8], Fe20s [9], ZnO [10], V20s [11], Au20s3 [12], Ag20 [13] are some of
the commonly used metal NPs in photocatalytic dye degradation. The semiconducting metal
oxides have ample bandgap to catalyze the photochemical degradation process, but most of
them have demerit of being carcinogenic [14]. It is well known that nano metal oxides doesn’t
solubilize in water either have proper dispersion in any solvent. Therefore a large amount of
these metal nanoparticles after several photocatalytic cycles are considered to be depleted
leftover. Although these metal NPs have the efficiency to work as photocatalyst, their lethal
effect on the living organisms can’t be underestimated [15]. The synthesis of these metal
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nanoparticles either requires high thermal energy, hydrothermal conditions, and controlled
chemical vapor deposition process, or their precursors are very expensive [16]. Graphene
Quantum Dots (GQD) emerged as a significant bio-compatible zero-dimensional substance
with its multiple usages in drug delivery [17], photovoltaics [18], electrochemical sensing [19],
bio-imaging [20], gene delivery [21], anti-cancer drugs [22] yet photocatalytic degradation of
dyes are exceedingly limited. In continuation of our previous synthesis works with the
synthesis of graphene oxide, graphene and GQDs [23-26], this paper aimed to develop GQDs
for the first time from pyrocatechol at 100° C. The synthesized GQDs have shown excellent
photocatalytic activity against the degradation of two toxic dyes, i.e., Methylene Blue and
Methyl Orange. These economical and energetically favorable synthesized GQDs in a mere
two hours can prove to be a promising candidate for the toxic dye scavenging.

2. Materials and Methods
2.1. Material characterization.

The absorption spectra of the GQDs and the dyes were obtained by Shimadzu 1800
UV-Vis spectrophotometer in the range of 190-800 nm. The steady-state photoluminescence
spectra were measured using fluorescence Perkin Elmer LS 55 fluorescence spectrometer. The
particle size distributions of the GQDs formed were obtained at four different pH viz. pH 5, 8,
10 and 14 using Nanotrac wave W3222 dynamic light scattering (DLS) at 25° C. Atomic Force
Microscopy (AFM) was done in Bruker MultiMode V8 to investigate the morphology of the
products on a glass substrate at room temperature.

2.2. Synthesis of graphene quantum dots GQDs.

In a typical synthesis process, a suspension of 3 gm Pyrocatechol crystals (Astron
Chemicals, India, analytical reagent grade) was heated around its melting range (100-105° C)
for 45 minutes. The ash - grey powder was transformed into pale black syrupy liquid upon heat
treatment. The molten liquid was kept for prolonging heating at a reduced temperature around
60° C for an hour. The syrupy liquid was cooled to room temperature prior to further
preparation procedure. 0.5 M standard sodium hydroxide (Merck Life Science Pvt. Ltd,
EMPLURA® grade) solution was prepared and injected dropwise on the molten brownish
resultant to adjust and obtain various independent pH. Collectively, four samples of different
pH at 5, 8, 10, 14 samples were prepared. The resultant brownish colored liquids were found
to be highly soluble in water.

2.3. Photochemical experimental setup.

The entire photocatalytic degradation of Methylene Blue and Methyl Orange was
carried out on a stirrer under commercial 40 W CFL lamp (Oreva) illuminations at room
temperature. 5 mg of Methyl Orange powder (Alfa Aesar®) was added in 500 ml of de-ionized
water and was fourfold diluted to make a dye solution of 1.909 x 10® mol/L. Similarly, the
solution of Methylene Blue (Merck Millipore™, Reag. Ph Eur. Grade) was freshly prepared
with a molar concentration of around 1.954 x 10 mol/L. 40 ml of dye solutions were taken
from the stock solutions in separate beakers, and 10 ml of the synthesized photocatalyst was
added to it. The solutions were stirred under the CFL lamp, and after an interval of every 30
minutes (until 120-minute spans), 5 ml of the dye solution was collected through a disposable
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syringe filter and stored for absorbance studies in UV — Vis spectrophotometer. The steady
kinetics of the reaction was briefly explained. The entire reaction process was done under a
rapid span of 120 minutes, and a comparative study was done among the photocatalytic
degradation of the three dyes, illustrating the role of the facile GQDs in photocatalytic
degradation.

3. Results and Discussion

The synthesis of GQD was performed upon heating pyrocatechol at around its melting
point (100 — 105° C) for a span of 45 minutes, and color change was observed from ash-grey
powder to pale black syrupy liquid. GQDs at different pH were prepared upon addition of 0.5
M sodium hydroxide solution, and all the different samples of GQDs at pH 5, 8 10, and 14
were highly soluble in an aqueous medium. The GQDs at all different pH showed a typical
sharp absorption peak in the ultraviolet region at 264 nm with a tail extending to the visible
range, as shown in Figure la. It may be attributed to some absorption shoulders for the n—m*
transition of the C=C bonds, n—n* transition of C=0 bonds and/or others. The UV—-Vis spectra
clearly indicated that on decreasing the pH, the absorption peaks become less intense, which
suggested the increase of distribution of particle sizes with the decrease of pH. At pH 10, the
intensity of the absorption peak was found to be maximum, which further decreased at pH 14.
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Figure 1. (a,b) UV-visible spectra and fluorescence spectra of GQDs at different pH, respectively.

Similarly, in Figure 1b, the fluorescence spectra were recorded for various pH oriented
GQDs. A strong peak in the fluorescence emission spectrum was recorded with maxima at 316
nm. Fluorescence spectra exhibited that the intensity of the peak was found to be more at pH
10 as compared to another pH. However, the intensity of the peak declined at pH 14. The
particle size distributions of the GQDs were carried out at 25 °C using dynamic light scattering
(DLS) at varying pH in Figure 2. It was found that at pH 5, the average particle size was around
1 nm, and the yield was 94%. In the case of pH 8, 70% of the GQDs were found to be around
0.9 nm in size. On further increasing the pH up to 10 of the solution, the yield of the
nanoparticles increases up to 83%, increasing the average particle size ~ 8 nm only. At pH 14,
75% of the particles had an average particle size of 4 nm. It may be attributed to the fact that
in case of lower pH, the presence of hydroxyl groups hindered the aggregation of the
nanoparticles. But on increasing the pH, the increasing number of hydroxyl groups gets adhered
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to the nanoparticles and hence increased the size of the nanoparticles. At pH 10 the average
particle size was greater, which indicated more aggregation of the carbon nanoparticles. Thus,
the pH of the solutions played an important role in the synthesis of GQDs with a size below 10
nm.
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Figure 2. Average particle size distribution histograms of GQDs at different pH.

In Figure 3, AFM showed the topographic images of well-dispersed GQDs at various
pH. The AFM images confirmed the formation of spherical-shaped GQDs, where the particle
sizes were below 10 nm in pH 10 (Figure 3c). The image clearly depicted that at alkaline pH
10 it was having uniform spherical shape whereas in case of pH 5 (Figure 3a) the spherical
GQDs agglomerated with one another to obtain the larger shape. It might be attributed that in
acidic medium, the particles get hindered by the proton-rich environment to retain smaller
shapes as quantum dots are highly reactive. Similarly, extreme alkalinity, i.e., pH 14, was not
ideal to have particle shape confined within the 10 nm range and had formed larger particles
(Figure 3d). Thus alkalinity was found to be the ideal condition to form GQDs.

Photocatalytic activity of the synthesized GQDs was studied in the degradation of two
dyes viz. methylene blue and methyl orange. Figure 4 showed the trend of gradual structural
decomposition of the two dyes, which was monitored by observing the color change at regular
time intervals up to 120 mins. Figure 4a showed that the absorption peaks at 543 nm for
methylene blue were decreased gradually with the increase of the exposure time, which
indicated the photocatalytic degradation reaction of methylene blue. As shown in Figure 4, the
degradation of methylene blue had started within 30 mins and completed almost after 120 mins.
Figure 4b showed that methyl orange is an azoic dye that resisted the degradation up to 60 min
but degraded completely within 120 min. Therefore, it can be concluded that the synthesized
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GQDs has the capability to degrade these two organic dyes and can be potentially used for the
degradation of other organic dyes and pollutants. In two hours, Methyl Orange had decolorized
to 52 percent but the mineralized product formation from Methylene Blue, around 79.4 percent
(Figure 4c & d). Thus the degradation of Methylene Blue was higher than Methyl Orange.
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Figure 3. AFM images of GQDs at various pH (a) pH 5 (b) pH 8 (c) pH 10 and (d) pH 14.
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Figure 4. Absorbance spectra of (a) Methylene Blue and (b) Methyl Orange. The relative content of (c)
Methylene Blue and (d) Methyl Orange during the photocatalytic degradation process.

The Langmuir — Hinshelwood model was applied on the kinetics of Methyl Orange and
Methylene Blue degradation over the entire experiment on visible light exposure as shown by
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Here, k is the pseudo-first-order rate constant as the concentration of the solvent is in
excess to that of the dye. The plot log (Co/C) versus irradiation time (where Co is the initial
concentration of the dye and C is the concentration of the dye in the reaction time) was found
out to be linear as shown in Figure 5, which suggested that photodegradation reactions followed
pseudo-first-order Kinetics. The apparent reaction rate constant (k) for Methylene Blue and
Methyl Orange was found to be 0.01133 min* and 0.00519 min™, respectively. The decreasing
order of the rate constants followed the order- Methylene Blue > Methyl Orange, which was
found to be consistent with the photocatalytic degradation results presented in (C/Co) versus
irradiation time (min) graph. In Figure 5, the pseudo-first-order kinetics had been shown, with
straight lines stretched to depict the k value.
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Figure 5. Pseudo 1% order kinetics of the two dyes photo-catalyzed by GQDs.

In Figure 6, a plausible mechanism of the photocatalysis of the two dyes undergoing on
the surface of GQDs had been illustrated. In photocatalytic degradation of the organic dyes,
the following steps might took place: surface adsorption of the dyes which was directly
proportional to the surface area and dispersion of the photocatalyst; the adsorption of visible
light by the dye, which promoted the dye to the excited state; the transfer of an electron from
the excited state to the conductive band of the photocatalyst and consequently the formation of
effective radicals from water or oxygen and the oxidation of the dye by the radicals.
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Figure 6. Plausible mechanism of the photocatalysis undergoing on the surface of the GQDs.
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The results showed that the GQDs, synthesized from heat treatment was effective in the

photocatalytic degradation of these two dyes. Therefore, it can be concluded that the
synthesized GQDs has the capability to degrade these two organic dyes and can be potentially
used for the degradation of other organic dyes and pollutants. In addition, GQD photocatalysis
may be envisaged as a method for the treatment of diluted wastewaters in the textile industries.

4. Conclusions

The synthesis of GQDs from pyrocatechol was highly successful, and thus, DLS and

AFM studies proved that GQDs at pH 10 had homogenous spherical shape at a size of ~ 8 nm.
The absorbance spectra were taken for both the dyes after the degradation process continued
for various time intervals and showed that Methyl Orange degraded to 52 % while Methylene
Blue degraded 79.4 % within two hours. The reaction rate constant (k) for Methyl Orange and
Methylene Blue was found to be 0.00519 min* and 0.01133 min™, respectively.
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