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f a luminescent carbon material
from yogurt for the efficient photocatalytic
degradation of methylene blue
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Brigitte Vigolo, d Amira R. Khattab, i Ayman Nafady,g Imran Ali Halepoto,h

Matteo Tonezzer f and Zafar Hussain Ibupoto *b

The present study is focused on yogurt as a simple, inexpensive, abundant, and green source for the

preparation of luminescent carbon material for enhancing the photodegradation of methylene blue (MB).

It introduces an ecological and sustainable approach for the large-scale production of carbon material

using the direct thermal annealing of yogurt in a muffle furnace. The size of the as-prepared carbon

material is about 200–300 nm, with average particle size distribution of 355 nm. The material exhibits

clear luminescence under illumination with ultraviolet light. The synthesized carbon material shows an

outstanding degradation functionality of MB under the irradiation of ultraviolet (UV) light in aqueous

media. Various dye degradation parameters such as initial dye concentration, catalyst dose, pH of dye

solution, and scavenger effects have been investigated. The optimum MB concentration was found to be

2.3 � 10�5 M with a degradation efficiency of 94.8%. The degradation was highly enhanced at pH 11 with

a degradation efficiency of 98.11%. The degradation of MB under highly alkaline conditions was mainly

governed by the high amount of hydroxyl radicals. Furthermore, the scavenger study confirmed that the

hydroxyl radicals were mainly involved in the degradation process. The degradation kinetics of MB

followed first order kinetics with large values of rate constant. The reusability was also studied to ensure

the stability of the as-prepared carbon material during the degradation of MB. The preparation of carbon

materials with efficient photosensitivity for the degradation of organic dyes from yogurt shows a green

and innovative methodology. Therefore, it can be of great interest for future studies related to energy

and environmental applications.
1. Introduction

Recently, the synthesis of nanostructured materials based on
biomass assistance has received signicant attention by
researchers around the world. In this preparation, it is mainly
dependent on biomolecules that chemically react under mild
reaction conditions in the absence of toxic chemicals.1–3 In the
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biosynthesis, the plants and extracts, animals, microorganisms,
viruses, DNA, and proteins are widely used.4–12 The superiority
of biosynthesis to that of chemical and physical methods can be
described in terms of green aspects with no toxicity to our
environment, low cost in terms of use of pressure and energy
during synthesis, and the nanostructured materials have
excellent biocompatibility, stability, and homogeneity.2,13–16

Therefore, the biomediated preparation of nanostructured
materials is increasingly getting preference. Biosynthesis-based
nanostructured materials have been studied for various energy
conversion systems.2,5,7

Wastewater treatment is a very critical problem for a clean
environment. Wastewater from different industries such as
textiles, leather tanning, cosmetics, and food is associated with
a wide range of synthetic dyes. These dyes are the main water
pollution factors and a serious threat to the aquatic life and our
environment.17,18 Methylene blue is extensively used for dyeing
fabrics, but it causes prolonged toxic effects on the human
body. The most observed adverse effects of methylene blue on
human health are allergies, mental disorders, dermatitis,
cancer, and heart diseases.19,20 Therefore, it is highly important
RSC Adv., 2022, 12, 25549–25564 | 25549
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to develop low-cost, simple, and environment-friendly tech-
nologies that allow the efficient degradation of methylene blue.

Photocatalysis is considered to be a highly efficient technology
for the degradation of dyes compared to other methodologies,
including chemical, physical, and biological methods.21–25 For
this reason, photocatalysis is today dened as the most advanced
technology for the degradation of water-soluble synthetic
dyes.23,26 The semiconducting material titanium dioxide (TiO2)
has been widely used as a promising photocatalyst,27 and pho-
tocatalytic applications based on semiconducting materials have
received signicant attention ever since.28–31 On the other hand,
carbon materials such as carbon dots have proved to be excellent
for photocatalytic applications due to their advantageous features
such as unique internal and external sp2 and sp3 hybridized
carbon orbitals.32 Carbon dots exhibit numerous hydrophilic
functionalities including hydroxyl, carboxyl, and epoxide. These
properties of carbon dots enable them to be dispersed very well in
polar solvents.33 Furthermore, carbon dots exhibit attractive
physical and chemical characteristics such as signicant lumi-
nescence, chemical inertness, limited toxicity, outstanding
conductivity, and water solubility.34 Carbon dots are prepared
using both top-down and bottom-up techniques, including
carbonization or pyrolysis,35,36 chemical oxidation,37 arc
discharge,38 laser etching,39 microwave,40 and solvothermal/
hydrothermal methods.41,42 In recent times, the biosynthesis
method is extensively used to produce nanosized carbon mate-
rials; for this purpose, various biomasses have been used to
prepare carbonmaterials such as chest nuts,43 coriander,44 lemon
peel,45 cashew gum,46 honey,47 orange juice,48 orange peels,49

radish,50 egg,51 shrimp,52 pitahaya,53 milk,54 apple juice,55 stem of
Scheme 1 Scheme of the green and innovative carbon material synthes

25550 | RSC Adv., 2022, 12, 25549–25564
banana plant,56 pine apple peel,57 citric acid,58 corn and straw-
berry powder,59 rosemary leaves,60 and biomass (glucose, chitin,
and chitosan).61 These nanosized carbon materials have been
utilized for biological, energy conversion, and environmental
applications.35 The biosynthesis method is simple, inexpensive,
environment friendly, and highly desirable for the large-scale
production of carbon-based materials. Currently, carbon dots
are widely used for the degradation of synthetic dyes due to their
intense light absorption, strong light trapping capacity, and
minimal charge recombination rate of photogenerated electron–
hole pairs.62 An innovative, inexpensive, abundant, and envi-
ronment friendly source of materials such as yogurt has not been
reported so far in the existing scientic literature for the
production of luminescent carbon materials.

In this study, we prepared an innovative green carbonmaterial
by carbonizing yogurt produced at a local dairy as an inexpensive,
simple, and abundant source. The morphology, crystalline struc-
ture, and chemical and optical properties of the carbon material
were investigated. The green and innovative carbon material was
used to degrade methylene blue in an aqueous solution under the
irradiation of ultraviolet light. Various degradation parameters
were studied, such as the photocatalyst dose, initial dye concen-
tration, and pH of the dye solution.
2. Experimental section
2.1. Synthesis of luminescent green and innovative carbon
material

The yogurt was purchased in June from a local dairy shop located
close to the University of Sindh Jamshoro, Sindh, Pakistan. In the
is process.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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typical synthesis of yogurt, the bacteria ferment the lactose sugar
into lactic acid. Later, lactic acid makes the milk more acidic in
nature, which helps the proteins to coagulate. Yogurt is rich with
a variety of chemical compounds such as fat, protein, water, total
solids, and ash. The pH of yogurt was about 4. The yogurt was
more than 80% white, 1.5% greenish, and 8.86% yellowish and
a very coagulated densematerial. It was used in the carbonization
process without any pretreatment. A typical preparation process
of the luminescent carbon material from yogurt is described
below and is shown in Scheme 1. The synthesis process consisted
of two steps: (i) carbonization of yogurt and (ii) separation of the
product by ltration. Initially, 40 mL yogurt was transferred to
a 50 mL glass beaker, then carbonized at 200 �C for 2 h in
a muffle furnace with a ramp rate of 15 �C min�1. 3 g of the
product obtainedwas dispersed in deionizedwater and sonicated
for 40 min, and then ltered with a 0.2 mm lter membrane. The
ltrate was then centrifuged at 5000 rpm for 30 min to remove
the larger carbon particles. Finally, 0.5 g of a dark brown carbon
material was successfully obtained. The morphology of the
carbon material was studied by scanning electron microcopy
(JSM-5910, JEOL) at a voltage of 20 kV. Fourier transform infrared
spectroscopy was used to record different vibrational bands
(Tensor 27, Bruker Optics FT-IR), and powder X-ray diffraction
(Shimadzu-Model Kyoto, Japan) was used to investigate the
crystalline structure of the carbon material with Cu/Ka radiation
(l ¼ 1.5406 Å) at 45 kV and 45 mA.
2.2. Photocatalytic activity of the carbon material prepared
from yogurt

The photocatalytic activity of the carbon material was evaluated
for the degradation of the MB dye. Initially, different amounts
of the catalyst (5, 10, and 15 mg) were added to 50 mL of the MB
dye solution, and then stirred to form a homogeneous
suspension. Each mixture was stirred in the dark for 30 min
before establishing the adsorption–desorption equilibrium
between the photocatalyst and the dye solution. Then, each dye
solution with the photocatalyst was transferred to a homemade
UV light box and irradiated with UV light to activate the catalyst.
The homemade UV box consists of ve light-emitting diodes
(LEDs) with a wavelength of 365 nm and a power of 10 watts.
During irradiation with UV light, 1 mL of each dye solution was
taken at regular intervals and analyzed using a UV-vis spectro-
photometer (Lambda 365, PerkinElmer). The UV-visible
absorption spectra were recorded from 200 to 800 nm at
different time intervals. The optimal wavelength of 664 nm is
related to the intrinsic absorbance wavelength of the MB dye.

The photocatalytic degradation efficiency (% Cdeg) of the
carbon material was calculated using the following equation.

% Cdeg ¼ C0 � Ct

C0

� 100%; 0# t# 6 (1)

where Co and Ct are the MB concentration at the beginning and
aer reaching the adsorption–desorption equilibrium, respec-
tively. The photodegradation kinetics of the MB dye by means of
the carbon material was evaluated through the Langmuir–
Hinshelwood equation63 as follows.
© 2022 The Author(s). Published by the Royal Society of Chemistry
�ln
�
C0

Ct

�
¼ Kt; 0# t# 60 (2)

where Kt denotes the rate constant for the pseudo-rst order
model.

To understand the effect of pH on the degradation process,
we adjusted the pH of various MB solutions to 5, 7, 9, and 11.
The pH adjustment of the dye solutions was performed with
0.2 M NaOH and 0.2 M HCl solutions.

2.3. Radical scavenger experiment

Scavenging experiments were carried out to detect the main
reactive species during the photocatalytic decomposition of MB.
For this purpose, ascorbic acid (C6H8O6), ethylenediamine tet-
racetate acid disodium (EDTA-Na2), and sodium monohydrate
(NaBH4) scavengers were added to the MB solution, and the
corresponding absorbance spectra were collected. 60 mL of each
scavenger at a concentration of 10 mM was added to the MB
solution together with 15 mg of the photocatalyst. The experi-
ment was conducted for 210 min under illumination with UV
light.

The electrochemical active surface area (ECSA) experiment of
the as-prepared carbon material was performed with cyclic
voltammetry at different scan rates. For the electrochemical
experiments, we built a three-electrode cell of silver–silver
chloride (Ag/AgCl) lled with 3M KCl electrolytic solution as the
reference electrode, platinum wire as the counter electrode, and
modied glassy carbon electrode as the working electrode. The
cleaning of the glassy carbon electrode was done with 3 mm
alumina paste solution and silicon paper, followed by washing
with deionized water. The glassy carbon electrode was modied
with the 5 mg dispersed carbon material ink in the mixture of
deionized water and 50 mL of 5% Naon solution. Then, 10 mL
(0.2 mg) of carbon ink was drop casted on the (0.03 cm2) surface
area of glassy carbon electrode and dried with a blow of air at
room temperature. Electrochemical impedance spectroscopy
(EIS) was carried out with measurement conditions of 50 kHz to
0.1 Hz frequency, amplitude of 5 mV, and zero biasing poten-
tial. All the electrochemical measurements were done in 2.3 �
10�5 M solution of MB on a Versa potentiostat. The current
density was calculated by dividing the measured current with
the surface area of the glassy carbon electrode. The obtained EIS
spectrum was simulated with Z-view soware for the tted
equivalent circuit and estimated the charge transfer resistance.
The particle size distribution was calculated by dispersing 2 mg
of the carbon material in 20 mL of deionized water using
a Malvern Zetasizer Nano (zs).

3. Results and discussion
3.1. Structural characterization of the carbon material
prepared from yogurt

The morphology of the carbon material was investigated by
scanning electron microscopy (SEM), and the SEM images at
different magnications are shown in Fig. 1a and b. The SEM
images describe a structure consisting of large sheets (Fig. 1a)
composed of small particles, whereas those in Fig. 1b suggest
RSC Adv., 2022, 12, 25549–25564 | 25551
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Fig. 1 (a, b) SEM images of the green and innovative carbonmaterial at different magnifications, (c) FTIR spectrum of the carbonmaterial, (d) UV-
visible absorbance spectrum of the carbon material.
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that the material prepared from natural yogurt has graphitic
aspects typical of carbon dots. Furthermore, the SEM analysis
revealed a uniform size distribution of the carbon material.
FTIR analysis was performed to identify the presence of func-
tional groups on the surface of the carbon dots, as shown in
Fig. 1c. The presence of a large band at 3432 cm�1 was assigned
to hydroxyl groups (O–H) adsorbed on the surface, while the low
peak at 2926 cm�1 was attributed to the stretching vibration of
the C–H chemical bond. A very weak peak at 2504 cm�1 is
related to the stretching vibrational frequency of SH, while the
weak peak at 1746 cm�1 is attributed to the stretching vibra-
tional frequency of the C]O bond. The peak at 1639 cm�1

corresponds to the stretching vibration of C–O and the bending
mode of N–H,64 while the one at 1424 cm�1 is related to the
stretching frequency of the C–N, N–H, and –COO chemical
Fig. 2 XRD diffraction patterns of the carbon material obtained from
yogurt; the inset shows the luminescent aspects of the carbon
material.

25552 | RSC Adv., 2022, 12, 25549–25564
bonds. These observations conrm that reducing groups
including –OH, –NH2, and –COO are localized on the surface of
the carbon dots, in full agreement with various works reported
for uorescent carbon dots.65–68

The UV-visible spectrum of the aqueous solution of carbon
material is shown in Fig. 1d, where a slight shoulder at 340 nm
(3.6 eV) related to the n–p* transition of C]O is visible.69 Three
characteristic peaks in the 200–400 nm range are visible, at
233 nm, 281 nm, and 340 nm. The absorption bands at 233 and
281 nm come from the sp2 hybrid orbitals of aromatic carbon,
belonging to its p–p* transition.70 A broad absorption shoulder
at 340 nm is related to the C]O bond, revealing the n-p*
transition, in good agreement with the reported work.71,72 The
UV-visible spectroscopic analysis revealed that the prepared
material has characteristics similar to those of carbon dots re-
ported in previous works.71,72 The crystalline structure of the
material was also studied through the powder XRD technique,
and the obtained pattern is shown in Fig. 2, in which the XRD
diffraction peaks at 19.63�, 28.25�, 44.56�, 65.05�, and 70.06� are
visible. The peak at 19.63�, relative to the (001) planes is hardly
visible, while the one at 28.25�, relative to the (002) planes, is
sharper. Finally, the one at 44.56�, relative to the planes (101), is
clear and intense. The presence of these peaks conrms that the
material has crystalline characteristics corresponding to
graphite, which is entirely in agreement with the work reported
on carbon dots.73 The inset in Fig. 2 shows the camera image of
the luminescent carbon material obtained from yogurt. The
carbon material was poured into the quartz glass cuvette, then
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04749g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 8
:4

5:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the UV light was irradiated for 5 min, and a camera was used to
take the picture.

3.2. Photodegradation of methylene blue in an aqueous
solution under illumination with UV light using the carbon-
based material

The photocatalytic activity of the carbon-based material was
tested for the photodegradation of methylene blue in an
aqueous solution under illumination with UV light. Various
parameters were studied to evaluate the photocatalytic perfor-
mance of the prepared carbon-based material, such as the
initial dye concentration, photocatalyst amount, and pH of the
MB aqueous solution.

3.2.1. Effect of initial MB dye concentration and different
doses of the photocatalyst. To verify the performance of the
photocatalyst obtained from yogurt as a function of the dye
concentration, we tested it at two different MB dye concentra-
tions, namely 2.3 � 10�5 M and 0.7 � 10�5 M. Solutions with
different amounts of the carbon photocatalyst (5, 10, and 15mg)
were irradiated with UV light over time, and the absorption
spectra of the dye were compared with those before the pho-
tocatalysis process.

First, we studied the effect of different amounts of the pho-
tocatalyst (5, 10, and 15 mg) at a low concentration of MB (0.7 �
10�5 M) under UV light illumination for 140 min, collecting an
absorption spectrum every 20 min, as shown in Fig. 3. The
absorbance spectra of all the three solutions showed a decrease
in the MB peak over time and showed almost complete degra-
dation within 140 min. These results show that for a low
concentration of MB, i.e., 0.7 � 10�5 M, the carbon material
prepared from yogurt is exceptionally effective in degrading MB
in the aqueous solution. We then investigated the performance
Fig. 3 UV-visible absorbance spectra at an MB concentration of 0.7� 10
a catalyst dose of 5 mg, (b) a catalyst dose of 5 mg, (c) a catalyst dose o

© 2022 The Author(s). Published by the Royal Society of Chemistry
of various photocatalyst amounts (5, 10, and 15 mg) on a higher
concentration of MB dye (2.3 � 10�5 M), as shown in Fig. 4. In
this case, the peak decreases much more slowly. Furthermore,
the solution with 15 mg catalyst shows the highest degradation
efficiency with a value of 94.8%. This demonstrates that
increasing the amount of the catalyst signicantly affects the
photodegradation kinetics. However, the performance of 15 mg
carbon material has a slightly lower degradation efficiency than
it does on the lower concentration of MB. This could be
attributed to the fact that 2.3 � 10�5 M concentration could
shield the UV light during the process, limiting the number of
photons that reach the surface of the carbon material. This
would lead to a lower production of electron–hole pairs, low
amount of oxidizing radicals, and therefore, to a lower degra-
dation efficiency.

3.2.2. Effect of pH of the MB dye solution. The pH of the
dye solution is one of the critical factors in the degradation
efficiency.74 Using the MB solution at 2.3 � 10�5 M concentra-
tion, a more convincing test was considered, 15 mg photo-
catalyst were tested at different pH values (5, 7, 9 and 11) under
UV light for 160 min. We prepared 100 mL MB solution at
a concentration of 2.3 � 10�5 M, and then four solutions with
different pH values were obtained by adding an appropriate
amount of 0.2 M NaOH or HCl solution. The pH of the dye
solution increased to 6.5, 8.8, 10.9, and 12.4 aer degradation
for the initial pH values of 5, 7, 9, and 11, respectively, indi-
cating the enhancing effect of the photocatalytic reaction at
different pH values. 15 mg carbon material was added to each
solution at different pH values, and the solutions were stirred
for 160 min at room temperature, as shown in Fig. 5. The
highest percentage of dye removal was 98.4% for the dye solu-
tion with a pH of 11. This can be attributed to the high density
�5 M for the time interval of 140 min under the irradiation of UV light (a)
f 5 mg.

RSC Adv., 2022, 12, 25549–25564 | 25553
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Fig. 4 UV-visible absorbance spectra at an MB concentration of 2.3� 10�5 M for the time interval of 210 min under the irradiation of UV light (a)
a catalyst dose of 5 mg, (b) a catalyst dose of 10 mg, (c) a catalyst dose of 15 mg.
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of hydroxyl ions under higher alkaline conditions, which could
act as oxidizing radicals actively involved in the degradation
process. Moreover, a possible reason for the higher degradation
rate of MB under alkaline conditions is associated with the
Fig. 5 UV-visible absorbance spectra at an MB concentration of 2.3 � 1
160 min under the irradiation of UV light using a catalyst dose of 15 mg

25554 | RSC Adv., 2022, 12, 25549–25564
enhanced dissolving capability of unprotonated MB solution.75

Hydroxyl radicals are produced during photocatalysis via the
reaction of hydroxide ions with positively charged holes under
alkaline pH conditions.75 Hydroxyl radicals strongly support the
0�5 M at different pH values of the dye solution for the time interval of
(a) pH 5, (b) pH 7, (c) pH 9, (d) pH 11.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Evaluation of degradation kinetics (a) linear plot of the natural logarithm of concentrations such asC0 initial andCt after certain intervals of
time at an MB concentration of 0.7 � 10�5 M with various catalyst doses of 5, 10, and 15 mg for the time interval of 140 min, (b) linear plot of
natural logarithm of concentrations such as C0 initial and Ct after certain intervals of time at an MB concentration of 2.3 � 10�5 M with various
catalyst doses of 5, 10, and 15mg for the time interval of 210min, (c) linear plot of concentrations such asC0 initial and Ct after certain intervals of
time at an MB concentration of 0.7 � 10�5 M with various catalyst doses of 5, 10, and 15 mg for the time interval of 140 min, (d) linear plot of
concentrations such as C0 initial and Ct after certain intervals of time at an MB concentration of 2.3 � 10�5 M with various catalyst doses of 5, 10,
and 15 mg for the time interval of 140 min, (e) degradation efficiency of the MB concentration 0.7 � 10�5 M with various catalyst doses of 5, 10,
and 15 mg for the time interval of 140 min, (f) degradation efficiency of the MB concentration 2.3 � 10�5 M with various catalyst doses of 5, 10,
and 15 mg for the time interval of 210 min.
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degradation of MB through the oxidation of hydroxide ions on
the surface of the carbon-based material.76 Furthermore, it has
been found that the effectiveness of photocatalysis at different
pH values is strongly dependent on the nature of the photo-
catalytic material.77 However, at low pH, the relative concen-
tration of hydroxyl ions is lower; therefore, a lower degradation
rate is observed.

3.2.3. Kinetics study of methylene blue degradation. The
degradation kinetics of low and high concentration methylene
blue were studied with different amounts of the catalyst, as
reported in Fig. 6. From the rst order reaction kinetics, the
Table 1 Summary of the obtained results with the carbon material obta

Sample dose (mg) Dye conc Constant (K) Dye c

5 2.3 � 10�5 M 3.83 � 10�3 min�1 0.7 �
10 6.08 � 10�3 min�1

15 6.63 � 10�3 min�1

pH study
pH 11 2.3 � 10�5 M 7.10 � 10�3 min�1

pH 9 9.10 � 10�3 min�1

pH 7 1.06 � 10�2 min�1

pH 5 1.56 � 10�2 min�1

© 2022 The Author(s). Published by the Royal Society of Chemistry
value of the rate constant (K) can be estimated through the
equation ln(Ct/C0)¼ kt ln(Ct/C0)¼ kt. Here, Ct and C0 are the dye
concentration at a certain time “t” and at the beginning of the
reaction (initial concentration), respectively. The rate constant
values, reported in Table 1, show that the photodegradation rate
is faster at a low concentration of MB than at higher concen-
trations. The MB degradation rate using the carbon material
obtained from yogurt is comparable or higher than that of many
nanostructured materials reported in recent works.78 The
degradation efficiency using 15 mg of the carbon material is
higher (99.7%) at low MB concentrations, as shown in Fig. 5e,
ined from yogurt

onc Constant (K) Scavengers Constant (K)

10�5 M 1.19 � 10�2 min�1 EDTA 2.80644 � 10�4

1.80 � 10�2 min�1 C6H8O6 3.93772 � 10�4

2.57 � 10�2 min�1 NaBH4 3.45494 � 10�4

RSC Adv., 2022, 12, 25549–25564 | 25555

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04749g


Fig. 7 The evaluation of degradation kinetics (a) linear plot of the natural logarithm of concentrations such as C0 initial and Ct after certain
intervals of time at an MB concentration of 2.3 � 10�5 M with 15 mg for the time interval of 150 min for pH values 5, 7, 9, and 11, (b) linear plot of
concentrations such as C0 initial and Ct after certain intervals of time at an MB concentration of 2.3 � 10�5 M with catalyst dose of 15 mg for the
time interval of 150 min for pH values 5, 7, 9, and 11, (c) degradation efficiency of the MB concentration of 2.3 � 10�5 M with a catalyst dose of
15 mg for the time interval of 150 min for pH values 5, 7, 9, and 11.
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while it is lower but still good (94.8%) at higher concentrations,
as shown in Fig. 5f. These values indicate signicantly
enhanced photocatalytic properties of the carbon material
compared to previous works.79–81 Similarly, the study of MB
degradation kinetics was also carried out at various pH values of
the dye solution (at a concentration of 2.3 � 10�5 M). The
degradation kinetics at various pH values are shown in Table 1.
In an acidic environment, there is a larger amount of holes that
consequently accelerates the degradation kinetics. However, the
Scheme 2 The proposed reaction mechanism of MB adsorption onto lu

25556 | RSC Adv., 2022, 12, 25549–25564
degradation is relatively slow at low pH due to the possible
agglomeration of the carbon material (and therefore, the
decrease of the catalyst surface), which leads to the poor
absorption of UV photons. In addition, the high density of
cationic protons under acidic conditions creates a strong
repulsion between the molecules of MB itself, which can reduce
the interaction of MB with the catalyst surface, and therefore,
also the degradation of the dye. In an alkaline environment,
there is a high probability of generation of hydroxyl radicals
minescent carbon material prepared from yogurt.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparative analysis of the proposed study with the published results on the degradation of MB

Catalyst Dye % Removal Time (min) Light source Ref.

Bio-CDs Methylene blue 94.2% 45 Visible light 88
N-CQDs Methylene blue 97% 260 UV light 89
TiO2-CQDs Rhodamine-B 77% 150 Visible light 90
NCQDs Methylene blue 77% 90 Sun light 91
NCQDs/TiO2 Methylene blue 86.9% 420 Visible light 92
S,N-CQDs/TiO2 Acid red 88 77.2 180 Visible light 93
CDs/TiO2 Methylene blue 90% 120 Visible light 94
CQDs/Bi2MoO6 Rhodamine-B 97.1% 50 Solar light 95
Cl-CQDs Methylene blue 56% 240 Solar light 96
CQDs 2-Nitrophenol (2-NP) 80.79% 120 Sun light 97
CQDs Methyl orange 68.9% 120 Visible light 98
TiO2-MCDs Methylene blue 83% 120 Visible light 99
G-CDs Methyl violet 63.6% 90 Visible light 100
Luminescent carbon material Methylene blue 99.7% 140 UV light Present work

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 8
:4

5:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(HOcHOc), which greatly help to degrade the dye. Under highly
alkaline conditions, the surface of the carbon material can be
negatively charged and promote the adsorption of MB, leading
to more efficient photodegradation (Fig. 7).

3.2.4. Degradation mechanism of MB on the carbon
material. The degradation mechanism of MB on the carbon
material obtained from yogurt under UV light irradiation is
shown in Scheme 2. The irradiation with UV light can produce
radicals such as cOH and O�

2, which would be actively involved
in the degradation of MB, resulting in numerous intermediates
Fig. 8 Evaluation of the degradation kinetics (a) linear plot of the natu
intervals of time at an MB concentration of 2.3 � 10�5 M with 15 mg for t
linear plot of concentrations such as C0 initial and Ct after certain interval
15mg for the time interval of 210min in the presence of different scaveng
scavengers at an MB concentration of 2.3 � 10�5 M using a catalyst dos

© 2022 The Author(s). Published by the Royal Society of Chemistry
that eventually decompose into several nontoxic compounds
including SO3, NO2, NH2, CH4, H2O, and CO2. Existing literature
shows that the degradation of MB is accompanied by the
dissociation of the chromophoric structure and the decompo-
sition of homo- and heterolytic aromatic cycles of MB.82 The
carbon material is excited during UV light irradiation and as
a result, radicals might be produced, which contribute to the
degradation of the MB. This is possible due to the availability of
numerous electron–hole pairs with adequate energy of the
conduction or valence bands; consequently, a high ow of
ral logarithm of concentrations such as C0 initial and Ct after certain
he time interval of 210 min in the presence of different scavengers, (b)
s of time at an MB concentration of 2.3� 10�5 M with a catalyst dose of
ers, (c) degradation efficiency of MB under the environment of different
e of 15 mg under the irradiation of UV light.
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electrons and holes is possible due to their separation at the
time of MB degradation under UV light irradiation. Unfortu-
nately, when we tested the photocatalyst under natural sunlight,
we found that the degradation performance of MB is limited
compared to that achieved under UV light (Table 2).

3.2.5. Scavenger study. The kinetics of MB degradation was
also evaluated in the presence of various scavengers and the
reaction kinetics followed the pseudo-rst order mechanism, as
shown in Fig. 8a and b. The scavenger agents tested were
ascorbic acid, sodium borohydride, and ethylenediamine tet-
raacetate (EDTA). Active radicals such as superoxide radical ions
(cO2�), hydroxyl radicals (cOH), and photogenerated holes (h+)
have been found to be involved in the degradation process.
These selected scavengers are mainly linked to (cO2�) and
hydroxyl radicals (cOH),83 and the degradation of MB mainly
depends on the amount of these oxidizing species, as previously
reported in several studies.84,85 The degradation rate of MB was
greatly reduced using EDTA as a scavenger, revealing that
hydroxyl radicals play an important role in the degradation of
MB under alkaline conditions, as shown in Fig. 8c. For under-
standing the role as a carbon material toward the degradation
of MB, we have also studied the degradation of 2.3� 10�5 MMB
solution under the illumination of UV light without the use of
a photocatalyst, as shown in Fig. 9. The UV-visible absorption
spectra suggest a negligible effect on the dye degradation, as
conrmed from the low absorbance value, as shown in Fig. 9a.
The reaction kinetics was further studied, as shown in Fig. 9b
Fig. 9 (a) UV-visible absorbance spectra of the MB concentration of 2.3
210 min under the irradiation of UV light, (b, c) reaction kinetics with the

25558 | RSC Adv., 2022, 12, 25549–25564
and c, indicating that the UV light has limited effect on the
reaction rate. The degradation efficiency of MB was observed to
be about 6 to 7%, conrming that UV light itself has a negligible
effect on the dye degradation efficiency, as shown in Fig. 9d.
Therefore, the synthesis of potential photocatalysts is an
immediate need for the efficient wastewater treatment process
prior to the release of wastewater into the environment from
various industrial sectors. The stability of the as-prepared
carbon material was also evaluated aer three cycles, as
shown in Fig. 10. The initial dye degradation cycle is enclosed in
Fig. 10a. Fig. 10b and c are two reusability cycles for the pho-
todegradation of MB under the illumination of UV light, and it
can be seen that the prepared carbon material has signicant
effectiveness even aer three cycles, conrming the good
stability of the material. The relative degradation efficiencies of
three cycles are shown in Fig. 10d. The degradation efficiency of
cycle-1, cycle-2, and cycle-3 is 93.3%, 90.2%, and 88.3%,
respectively, which is acceptable for a low cost, earth abundant,
innovative, and green approach. Further, to strengthen the
performance of the as-prepared carbon material, we have
analyzed the carbon sample by electrochemical active surface
area studies and impedance spectroscopy, as shown in Fig. 11.
Both the electrochemical measurements were done according
to our previous work.86 The electrochemical active surface area
was calculated by cyclic voltammetry at various scan rates, as
shown in Fig. 11a. The linear tting of the current density of the
anode and cathode sides of the CV curves was carried out, and
� 10�5 M without the use of the photocatalyst for the time interval of
photocatalyst, (d) degradation efficiency without the photocatalyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 UV-visible absorbance spectra at an MB concentration of 2.3� 10�5 M for understanding the reusability of the carbonmaterial for a time
interval of 160 min under the irradiation of UV light using a catalyst dose of 15 mg (a) cycle-1, (b) cycle-2, (c) cycle-3, (d) % photodegradation
efficiency.
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the obtained slope value from the tting data was described as
the suggested value of the electrochemical active surface area
(ECSA), as shown in Fig. 11b. The obtained result of slope¼ 0.01
m cm�2 conrms that the active surface area of the carbon
material is signicant and evidently supported the efficient
Fig. 11 (a) Cyclic voltammetry curves at various scan rates in 2.3 � 10�5

rates, (c) EIS spectrum of the as-prepared carbon material in 2.3 � 10�5

© 2022 The Author(s). Published by the Royal Society of Chemistry
degradation performance of the carbon material toward the MB
degradation process. The EIS was also employed to determine
the charge transfer of the material, which could support the
performance of the as-prepared carbon material, as shown in
Fig. 11c. The EIS data was simulated and the equivalent circuit
M solution of MB, (b) linear fitting of the current density at various scan
M solution of MB.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04749g


Fig. 12 Particle size distribution of the as-prepared carbon material
from yogurt using a nanosizer.
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with well-dened circuit elements is shown in the inset of
Fig. 11c. The circuit elements such as solution resistance,
carbon material lm resistance, constant phase elements, and
theWarburg constants were determined. The estimated value of
charge transfer resistance of the carbon material was 50.115 K
ohms from the simulation, which is close to the value of the
reported photocatalyst.87 In addition, the semicircle arc of the
Nyquist plot is another evidence to estimate the material charge
transfer resistance value. The EIS study has veried that the as-
prepared carbon material from yogurt exhibits excellent
avenues of charge transfer during the reaction, which could
foster the reaction kinetics of MB degradation. Moreover, the
particle size distribution of the as-prepared carbonmaterial was
also measured, as shown in Fig. 12. The particle size distribu-
tion was experimentally obtained using a Zetasizer Nano (ZS),
and the average particle size was found to be 355 nm. However,
the relative concentration of small size particles was low
compared to the large particles in the sample. The particle size
distribution suggests that the prepared carbonmaterial exhibits
a nanosize; therefore, it is shown in the literature that the
material having nanosize has more surface area and, conse-
quently, enhanced photocatalytic activity.
4. Conclusion

In this study, we synthesized a luminescent carbon material
from yogurt through a green and innovative method of direct
combustion in a muffle furnace. The SEM images and XRD
patterns showed that the carbon material has similar
morphology and structure to those of carbon dots. The UV-
visible spectra conrmed that the carbon material exhibits
luminescent characteristics. The carbon material was found to
be highly active in the degradation of methylene blue under UV
light irradiation. Various aspects of the photocatalyst were
studied such as the catalyst dose, initial dye concentration, and
pH of the dye solution. Furthermore, under alkaline conditions,
MB was degraded even more efficiently. The scavenger studies
conrmed that the hydroxyl radicals are the potential species
for the efficient degradation of MB using the carbon material
prepared from yogurt. The reusability and particle size distri-
bution were also investigated. The production of luminescent
25560 | RSC Adv., 2022, 12, 25549–25564
carbon materials from innovative green natural resources such
as yogurt can be of great use for various photocatalytic
applications.
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