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The preparation of carbon quantum dots (CQDs) from agricultural waste sources stands out as a significant type
of biomass-based nanomaterials. This is primarily because of their minute size, exceptional water solubility, lack
of toxicity, and impressive stability. Here, carbon quantum dots (CQDs) were successfully prepared by a one-step
hydrothermal method using the waste from Avocado peels and only water as solvent. Physicochemical properties
of the CQDs were characterized by UV-vis, PL, FTIR, XRD, SEM, TEM, and HRTEM. The diameter of the CQDs

was found to satisfy the quantum size effect and this was also supported by the reduced graphitization. The CQDs
were used for the removal of methyl orange (MO), a common anionic dye, from an aqueous solution. The
effectiveness of MO removal was directly related to the pH and the amount of the nanomaterial used. Under
optimal experimental conditions, with a 7.5 mg catalyst dose, a 120-minute reaction time, and a pH of 10, the
maximum degradation of MO (78 %) was achieved.

1. Introduction

Quantum dots are semiconductor materials whose sizes in all three
dimensions are confined to the nanoscale regime. Usually, these prop-
erties are dominated by materials composed mainly of metallic ele-
ments, such as CdTe, CdS, ZnSe, PbSe, and PbS quantum dots [1-5].
Despite their wide applications, informed by their interesting size-
dependent properties, these types of metal-based QDs are associated
with disadvantages such as high toxicity, expensive nature, inconve-
nience with handling, and environmental unfriendliness [6].

Carbon quantum dots (CQDs) are regarded as 0-dimensional carbon-
based nanomaterials, comprised more of carbon whose sizes are be-
tween 2 and 5 nm. They can either be crystalline or amorphous struc-
tures, with sp? and sp® hybridized carbon atoms [7,8]. Since they were
first discovered in 2004, they have attracted wide research attention and
many intriguing studies due to their fascinating properties, including
ease of functionalization, high chemical stability, exceptional solubility,

environmental friendliness, and high photoluminescence compared to
the one-dimensional carbon nanomaterials such as carbon nanotubes
[9]. The exceptional qualities of these materials have rendered them
remarkable in numerous applications including medical diagnosis,
photodegradation, fluorescent sensors, optoelectronic devices, white
light emitting diodes (WLED), cellular labeling, and biosensing. This is
due to their intriguing features such as multicolor optical properties,
high solubility in water, excellent chemical stability, non-toxic nature,
and biocompatibility [8].

Although small organic molecules including urea, glucose, and
organic acids could serve as precursors to carbon dots [10], the CQDs
development from waste and cheap biomass offers a huge advantage.
Natural organic products, cellulose, and carbohydrate are the main
constituent of biomass [11]. Therefore, it is important to continue the
development of facile, cost-effective, and environmentally favourable
methods based on affordable precursor materials. The current study is
based on the use of natural biomass as a precursor to synthesize CQDs
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with stable physicochemical properties. Natural biomaterials are a bet-
ter choice over materials of inorganic, organic, or synthetic alternatives.
Research attention has been drawn to the CQDs preparation using
biomass precursors [12-14]. On the other hand, traditional chemical
and physical approaches are less acceptable compared to the green
method of synthesis. The hydrothermal technology, which utilises nat-
ural raw materials has gained much attention recently due to its envi-
ronmental friendliness and other highlighted benefits. Other studies
have focused on the doping of the CQDs using the minerals that are
present in natural biomaterials, which facilitate the insertion of het-
eroatoms as dopants without utilising any dopant precursors [15].

The increase in water contamination due to organic pollutants has
become a pressing global concern, posing significant threats to human
health, ecological stability, and biodiversity. Dyes, in particular, have
seen a sharp rise in water bodies. Human activities such as the discharge
of untreated effluents from industrial wastewater are the primary con-
tributors to the infiltration of dyes into aquatic environments. The
textile industries stand as a significant contributor to global dye pollu-
tion, consuming substantial amounts of fuel. Textile dyes, when released
into water bodies, drastically impair visual clarity, elevate biochemical
and chemical oxygen demands, disrupt natural photosynthesis, hinder
the growth of plants, and infiltrate the food chain. Azo dyes constitute
70% of all commercial dyes utilized in the textile industries across the
world [16] and Methyl orange (MO) is a common example. It is an
anionic dye whose widespread use has led to significant ecological issues
owing to its harmful effects and possible accumulation in living organ-
isms. Its health effects are due to its toxicity, carcinogenicity, mutage-
nicity, and teratogenicity [17].

Herein, we prepared CQDs from the hydrothermal treatment of av-
ocado peel waste and assessed its potential for the removal of MO under
UV light. Characterization techniques including UV-vis, PL, FTIR, XRD,
SEM, TEM, and HRTEM were used to establish the optical, structure, and
morphology of the nanomaterial. The experimental parameters such as
the effect of solution pH, catalyst dosage, and dye concentration were
used to evaluate the performance of the CQDs in the photodegradation
of the MO.

2. Experimental details
2.1. Chemicals, Materials, and methods

Avocado fruit was bought from a Fruit Supermarket store in the
Kingdom of Saudi Arabia and properly identified. Teflon-coated stain-
less-steel autoclave was used for carbonization. All other chemicals such
as methyl orange (MO) and sodium hydroxide (for pH adjustment) were
purchased from Sigma-Aldrich. These reagents were used without
further purification. Distilled water was used as solvent throughout the
experiment.

2.2. Characterization of carbon quantum dots

The diffraction patterns in the range of 20 = 20 — 80° was measured
using a Bruker D8 Advanced, which is equipped with a proportional
counter that uses Cu Ka radiation (k = 1.5405 A, nickel filter). TEM
analysis was carried out using TECNAI G2 (ACI) transmission electron
microscopy with an accelerating voltage of 200 kV and it was under-
taken to validate the morphology and size of the nanoparticles. Surface
morphologies were assessed with a scanning electron microscope using a
LYRA 3, TESCAN at 15-20 kV. UV-vis measurement was conducted on a
Cary 300 UV-vis spectrophotometer (Agilent technologies). Photo-
luminescence studies were on a Perkin Elmer LS 45 fluorescence spec-
trophotometer. The assessment of the functional group was by FTIR
spectroscopy measured in the 4000—400 em™? range using a Cary 670
FTIR spectrometer (Agilent Technologies).
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2.3. Development of carbon quantum dots derived from avocado peels

Briefly, the avocado peels were cut into pieces and ground with
distilled water to form a paste. This was transferred into a Teflon-lined
stainless steel mini-autoclave, tightly sealed, and was placed in a
furnace where the sample was heated at 180 °C for 24 h. Thereafter, the
obtained brown product was filtered using a 0.22 pm mixed cellulose
ester membrane to screen out larger particles. The supernatant was
freeze-dried for 48 h and the yield of the carbon dots was calculated
from the initial weight of the starting material (4 g of dry avocado peels)
and the final weight of the carbon dots (0. 592 g) was 14.81%. The dark
brown carbon quantum dots were stored in the fridge at 4 °C for
characterization.

2.4. Photocatalytic experiments

The investigation of the catalytic activity of the CQDs was conducted
using a photocatalytic reactor equipped with a 20 W lamp as the light
source. Initially, about 0.25 mg of the carbon dots were added to a 100
mL solution of MO dyes (1.2 x 10~° M). The mixture was kept in the
darkroom and stirred for about 30 min to achieve an absorption and
desorption equilibrium. Thereafter, the solution was irradiated with
light and their absorbance was monitored using a UV-vis spectropho-
tometer in a range of 250 — 750 nm. The percentage degradation of the
MO was computed from the following Eq. (1) [18].

% Degradation(%) = f% x 100 @)

0
3. Results and discussion
3.1. XRD studies

The diffraction pattern of the synthesized carbon QDs presented in
Fig. 1 shows the peaks at 20 = 24.5° and 42.8°, which correspond to the
(002) and (100) planes respectively of carbonaceous materials [19].
The (002) plane is ascribed to the arrangement of disordered carbon
atoms within the hexagonal graphite structure of carbon quantum dots,
leading to the formation of a turbostratic structure through interlayer
packing (JCPDS No. 26-1076) [20]. Hence, the carbon dots exhibit
mainly carbon framework consisting of a graphitic, and this structure
exhibits interlayer spacings of 0.38 nm and 0.21 nm, corresponding to
the (002) and (1 00) diffraction, respectively. [21]. Compared to the d-
spacing between the (002) planes of typical bulk graphite (~0.34 nm),
this is larger and is attributed to the amorphous nature of the carbon
structure. Hence, these two diffraction peaks are characteristic signature
peaks of carbon that indicate nanostructures made up of mainly densely
packed carbon and oxygen atoms [22].
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Fig. 1. XRD pattern of carbon QDs obtained from hydrothermal carbonization
of avocado peels.
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3.2. Morphological studies

The microscopic properties of the carbon dots were determined using
TEM analysis and are shown in Fig. 2. The results (Fig. 2a and b) indicate
that the particles are spherical, homogeneously monodispersed, and
with no form of aggregation. The estimated particle size is about 2.9 nm,
and the size distribution histogram (Fig. 2c) presents a narrow size
distribution of the carbon dots, which also attests to the size of the CQDs.
The HRTEM image (Fig. 2d) showed distinct lattice fringes with a lattice
spacing of 2.1 nm corresponding to the (100) of the lattice planes of
CQDs and implies high crystallinity of the synthesized quantum dots.
The QDs showed that the lattice spacing is approximately 0.23 nm and it
is due to the (1 00) plane characteristic of graphene. Similar morphology
of carbon dots has been reportedly obtained from green material [23].

The surface morphology of the CQDs was analysed using SEM tech-
nique, and Fig. 3 a and b present the SEM micrographs at lower and
higher magnification respectively. As shown in both images, the SEM
images reveal spherically shaped nanoparticles with distinct edges that
corroborate the TEM results. The EDX analysis with spectrum displayed
in Fig. 3c showed that carbon, oxygen, and nitrogen can be detected, and
the elemental mapping micrographs depict that these elements are
uniformly distributed. These correspond to the elemental composition
shown in the EDX results and confirm the effectiveness of the hydro-
thermal carbonization method.

3.3. Fourier transform infrared studies

The carbon skeleton of CQDs is often draped with several functional
groups due to the presence of different hybridizations [24], as displayed
in the IR spectrum of the CQDs (Fig. 4). The strong peak around 1635
em ™! could be attributed to the C = O stretch of a secondary amide.
Typical of all amides, this peak often appears in the 1680 to 1630 cm ™
range and has a companion peak around 1540 cm ™!, which is identified
here at 1534 cm ™. This peak is described as the in-plane N-H bending
vibration of the secondary amide and the range of its appearance is often
from 1570 to 1515 cm . [25,26]. The NH stretching vibrations intra-
molecularly bonded to the other molecules peak appear at 3278 cm ™%,
and it is followed by the stretching vibrations of -C-H around 2924 cm ™
[27]. The peak at 1382 cm! corresponds to the C-N stretching vibra-
tions of amide. It is important to highlight that the presence of these
functional groups is critical because they determine certain properties
exhibited by the quantum dots such as wettability and compatibility

Inorganic Chemistry Communications 160 (2024) 111866

with other materials since they improve the interaction between the
quantum dots and the substrate materials [28].

3.4. Optical studies

The UV-vis spectrum of the carbon quantum dots presented in
Fig. 5a, reveals a typical absorption spectrum of synthesized CQDs. The
main features are the absorption peaks around 285 nm, which could
correspond to the n—n* transition derived from the carbon core [29], and
a slight shoulder at 343 nm that corresponds to the n-n* transitions of
the sp2 hybridized carbon [10]. The n — n* band is based on the trapping
of the excited state energy on the surface of the CQDs [30]. This is
consistent with similar reports involving the development of CQDs
derived from biomass materials [31,32]. Fig. 5(b) shows the estimation
of the bandgap energy value of the CQDs, from the Tauc-plot method.
The band gap energy was found to be 3.4 eV, which is consistent with the
previous reports indicating that CQDs have bandgap energy values
within 1.5-3.5 eV range [33]. It is important to note that smaller size
results in larger band gap values and this implies that a higher energy is
needed to release electrons from the valence band of the nanomaterial to
the conduction band [34,35]. The energy shift effect usually created by
particle size is referred to as the quantum size effect.

The photophysical properties of carbon dots and the peak intensity
are dependent on the excitation wavelength. Hence, the optical behavior
of the carbon dots was further investigated using PL spectroscopy which
displays the excitation-dependent fluorescence emission peaks [36].
Emission spectra were recorded in water at different excitation wave-
lengths (Fig. 6). The strongest fluorescence emission wavelength was at
404 nm using the excitation wavelength of 350 nm. Variation in the
excitation wavelength from 350 to 500 nm resulted in a noticeable
decrease in intensity. A definitive property of quantum confinement in
carbon dots is observed in its size-dependent PL and this is exhibited as
excitation-dependent photoluminescence properties. The PL spectra are
commonly broad, extending from the visible to the near-infrared region
in accordance with the wavelength at which it was excited [37]. This
excitation dependence of the PL spectra of carbon dots has been reported
to be majorly due to the size differences rather than the difference in the
emissive trap sites on similarly sized particles [38]. The photo-
luminescence property of the brown-yellow carbon quantum dots was
confirmed by the blue coloration under UV light. It is observed that with
a further increase in Aex from 440 to 500 nm, the PL emission peaked at
~ 440 nm indicating a red shift from the 404 nm. The decrease in the

Fig. 2. TEM micrograph of carbon QD at (a) Low magnification, (b) high magnification, (c) Particle size distribution histogram, and the (d) High resolution

TEM image.
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Fig. 3. SEM images of carbon QD at (a) lower and (b) higher magnification; (c) EDX spectrum (inset); (d) elemental mapping showing, (c) C, O, and (d) N of CQDs

obtained from hydrothermal carbonization of avocado peels.
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Fig. 4. FTIR spectrum of CQDs prepared from hydrothermal carbonization of
Avocado peels waste.

peak intensity as well as the red shifting of the peaks are consistent with
previous reports. The phenomena have been ascribed to the variation of
the CQD’s size, the occurrence of different trap states, and presence of
different polyaromatic fluorophores that exist within the carbon skel-
eton [39,40]. In addition, larger particle sizes result to the delocalization
of m-electron in the sp? domain leading to the redshift of the emission
wavelength [41].

Quantum yield have been calculated using quinine sulphate (QS) in
0.1 M H3SO4 as a standard following an established procedure. It was
calculated in water as a reference, the fluorescence intensity of quinine
sulphate with the QY of 53 % in 0.1 mol L! HSO4 (n =1.33) at 350 nm
excitation. An absorbance plot of the quinine sulphate and the carbon
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Fig. 5. UV-vis absorption spectrum of carbon QDs obtained from a hydro-
thermal process using avocado peel waste.
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Fig. 6. Photoluminescence spectra of carbon quantum dots under excitation
wavelength of (a) 350 (b) 380 (c) 410 (d) 440 (e) 470 (f) 500 nm.

dots was analyzed using the following equation (2) [42].
D, = D, (Y./Y,)(A/A) (n,/n,)’ @

where: @ denotes the QY, subscripts s and u signifies the values for the
quinine sulphate (used as reference) and the carbon dots; Y represents
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emission peak integrated area, the absorbance at 350 nm is denoted by
A, and n (ns = 1.369, n, = 1.332) represents the refractive index. Note:
For this study, n,/ns was approximated to 1 [43,44].

3.5. Catalytic degradation of methyl orange using the CQDs

The functional groups on carbon QDs facilitate their photocatalytic
activity for the photo-enhanced degradation of organic dyes. Upon the
absorption of a photon, electrons which are in the HOMO (highest
occupied molecular orbital) are excited to the LUMO (lowest unoccu-
pied molecular orbital), thereby resulting in the generation of oxidative
holes in the HOMO and the reduction of electrons in the LUMO. Varia-
tions in intensities could be observed due to the presence of specific
groups like O or N atoms, the emergence of electronic fields that were
not in the original band structure, and an increase in bending bands on
the CQDs’ surface. Additionally, the presence of NH, COOH, and OH
groups increases the hole-electron pairs and enhances the photocatalytic
activity [45,46].

The catalytic efficiency of the CQDs was assessed by studying the
breakdown of methyl orange. The time-dependent degradation of
methyl orange over a 120 min reaction is presented in Fig. 7a. The
catalyst was able to achieve about 76% degradation of the MO dye
within the 120 min studied time without any co-catalyst (Fig. 7b).

The kinetics of the degradation process was investigated and the
pseudo-first order reaction kinetics obtained using equation (3) are
presented in Fig. 7c and d.

InC, — InC; = kt 3)

where, MO’s initial and final concentrations are represented by C, and C;
(mg/L) respectively, k is the reaction rate constant (rnin’l), and t is the
irradiation time (min).

The catalytic degradation of the MO was found to follow a pseudo-
first-order reaction kinetics, which is in agreement with other previous
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Fig. 7. Catalytic degradation of MO: (a) Absorption spectra showing the degradation of MO with time, (b) the degradation efficiency, (c) a plot of (C/Co) vs. time,

and (d) In(C/Cy) vs. time reaction.
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studies [47].The effect of different kinetic parameters, including the dye
concentration, photocatalyst dosage, and solution pH on the degrada-
tion rate of the dye molecules.

3.5.1. Effect of dye concentration on the degradation efficiency

To investigate the impact of MO’s initial concentration on the effi-
ciency of the CQD, a study was conducted under UV light. In this study,
the concentration of the CQDs (0.25 mg) was kept constant while the
amount of the MO (1.2 x 10 ~> M, 100 mL) was varied to double and
triple concentrations. The MO solutions were exposed to the light for a
120 min time and the absorption was measured at specific intervals
using an absorption spectrophotometer. The results presented in Fig. 8
show that more dye molecules were destroyed at lower concentration
and the increased concentration of the dye molecules would imply that a
longer reaction time would be required to achieve the same degradation
rate recorded at lower dye concentration.

3.5.2. Effect of pH on the degradation efficiency

The solution pH affects the degradation process of MO molecules
based on the charged functional groups that are present in the carbon
dots. In the synthesized nanomaterial, the study of the effect of pH
values on the rate of dye degradation was necessary. Therefore, a range
of solution pH 4, 7, and 10 representing acidic, neutral, and basic were
used while a fixed initial dye concentration (1.5 x 10 ~> M) and catalyst
dosage of 0.25 mg were maintained under the UV light irradiation. The
dye solution was irradiated by the UV light for 120 min, while aliquots
were taken at definite intervals and the adsorption was measured using
an absorption spectrophotometer. The percentage MO degradation at
the selected pH values was determined using Equation (1) and the re-
sults are presented in Fig. 9. The result shows an increase in the per-
centage degradation of MO with an increase in pH. The graph showed
that the highest percentage degradation was achieved at pH 10, which
showed an 84% efficiency, while pH 4 exhibited the lowest percentage
degradation of the catalyst with a degradation efficiency of 68%. This
indicates the significant effect that the solution pH has on the rate of
degradation rate and confirms the relationship that exists between the
MO solution pH and the photocatalyst’s surface potential [48].

Previous studies have attributed the effect of pH on the degradation
efficiency of dye molecules to the presence of hydroxyl radicals (OHe)
generated by the holes that are present in the valence band (hy;) due to
the excitation of electrons in the carbon QDs. Some hydroxyl radicals are
also generated by the reaction of OH- ions and H>0 molecules as shown
in Equations (4) and (5):

OH™ + hj,—OH" (C))

H,0 + hjy—~OH® + H* (5)

——2.0 mg MO
—x—4.0 mg MO
—o—6.0 mg MO

0 T T T T

.60 80 100 120
Time (min)

Fig. 8. The effects of MO dye concentration on the photodegradation activity of
the carbon QDs.
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Since OH" are very strong oxidizing radicals, they can attack and destroy
the azo group (N = N), which is responsible for the orange colour of the
MO molecule and this is responsible for the removal of MO from the
solution. Also, these radicals could target the aromatic structures present
in the dye as well, although the degradation process occurs after the dye
has been decolorized [49]. Furthermore, the influence of pH on the
photocatalytic process may be attributed to the following factors: a)
presence of comparatively high concentration of H' ions in the reaction
medium. The existence of these charged ions creates a competition be-
tween the H" ions and dye molecules seeking adsorption sites on the
surface of the quantum dots. In addition, the high mobility of the H ions
compared to the dye molecules further accentuates their ability for fast
binding to the negatively charged QDs. Hence, the number of vacant
sites available on the surface of the QDs for the adsorption of the dye
molecules is reduced. Furthermore, under low pH conditions, H' ions
form bonds with the azo group, thereby diminishing its electrophilic
nature. b) pH levels impact both dye and photon adsorption [50,51]. In
the environment of the basic solution, the functional groups acquire
more negative charges, which proves to be a valuable factor in the
transition of electrons during the MO degradation [48].

Studies conducted by Chaudhary et al., [52] reported the highest
removal of dye molecules at neutral pH 7. This outcome was attributed
to the reduction in the corresponding amount of H ions with increasing
pH of the reaction medium, which resulted in the higher adsorption
tendency of the MO molecules to the surface of the QDs.

3.5.3. Effect of the concentration of CQDs

To optimize the amount of applied CQDs, a constant dye concen-
tration (1.2 x 10~> M) was prepared at the optimal pH (10). This so-
lution was mixed with different concentrations of the CQDs and the
resulting mixture was irradiated with UV light for 120 min. This was
followed with the measurement of absorption rate at specific time in-
tervals using a spectrophotometer and Eqn 1 was used to calculate the
percentage degradation of the dye in each solution. The result is pre-
sented in Fig. 10, which shows that an increase in the number of cata-
lysts resulted to a decrease in the percentage degradation of the dye.
This is because the enhancement in the amount of carbon QDs could
increase its accumulation, which ultimately could reduce the percentage
of dye degradation.

3.5.4. Reusability studies

The reusability studies of the carbon QDs were conducted by
washing the photocatalyst thoroughly using distilled water and reusing
it for the degradation of methyl orange for four consecutive cycles
(Fig. 11). After the fourth cycle, the degradation of methyl orange
decreased from 78 to 70% within 480 min, indicating good reusability.

4. Conclusion

Cost-effective and environmentally friendly CQDs were synthesized
from naturally available avocado peels waste by hydrothermal route.
The optical, structural, and morphology of the carbon quantum dots
were characterized using techniques such as UV-vis, FTIR, XRD, SEM,
TEM, and HR-TEM. Spherical and homogenously dispersed uniform
morphology with a size of about 2.22 nm and maximum fluorescence at
404 nm were confirmed. The prepared CQDs were utilized for the
degradation of MO dye and up to 78% dye removal efficiency was
recorded. From these results, it is concluded that the Avocado peel-
derived CQDs, if modified, could be highly promising for the degrada-
tion of dye from aqueous solution.
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