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Abstract
A simple and green method based on chemical fragmentation of wood charcoal is used to produce carbon 
quantum dots (CQDs). These CQDs are used to form a nanocomposite with synthesized titanium dioxide 
nanoparticles (TiO2/CQDs). The X-ray diffraction (XRD) analysis of this TiO2/CQDs nanocomposite has 
revealed that the presence of CQDs in these TiO2/CQDs does not affect the TiO2 NPs crystalline structure; 
while the characterization using scanning electron microscopy (SEM) analysis shows a porous structure 
of TiO2 NPs and TiO2/CQDs resulting from the aggregation of nanoparticles with a mean size of around 
25 nm and 30 nm for TiO2 NPs and TiO2/CQDs, respectively. Furthermore, a transmission electron mi-
croscopy (TEM) analysis displays particle size around 4 nm for CQDs. Besides, the reflectance study in 
the visible range shows that the presence of CQDs reduces the reflection of sunlight by TiO2 NPs in TiO2/
CQDs nanocomposite. Moreover, compared to TiO2 NPs, TiO2/CQDs have a higher rate for methylene blue 
(MB) photocatalytic degradation. Indeed, an efficiency of up to 100% within ten minutes of sun exposure 
for the degradation of 7.5 mg/L MB can be achieved using TiO2/CQDs in opposition to thirty minutes using 
TiO2NPs under the same conditions. This efficiency is obviously due to the reduction of the reflective prop-
erties of TiO2 NPs in the visible range by the presence of CQDs in the TiO2/CQDs nanocomposite. These 
results suggest that TiO2/CQDs could be used as heterogeneous photocatalyst for the degradation of similar 
compounds in water bodies under solar irradiation.

Keywords: Carbon Quantum Dots (CQDs); Fluorescent CQDs; Methylene Blue Photocatalytic Degradation; 
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INTRODUCTION 
Excessive use of chemicals, especially the 

high production of synthetic dyes from paper, 
cosmetics, food and textile industries has 
contributed to environmental pollution [1, 2]. The 
annual dye production is estimated to be about 

seven hundred thousand tons with approximately 
one hundred thousand types of dyes. Owing 
to their high consumption in various fields, a 
large quantity of these dyes is directly released 
into the water bodies without pretreatment [3]. 
However, even at low concentrations (< 1 ppm), 
dyes can seriously reduce the light penetration 

http://creativecommons.org/licenses/by/4.0/.
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in water environment and affect the process of 
photosynthesis in aquatic environments, leading 
therefore to a real threat to the aquatic ecosystem 
[2, 4]. In addition, dyes in water have toxic effects 
on human health due to their association with 
certain diseases such as allergies, tumors, cancer, 
and heart disease [5]. It is, therefore, of paramount 
importance to develop robust, cost-effective and 
efficient, environmentally friendly technologies 
for the degradation or removal of these dyes 
before their release into the environment. To 
meet these goals, several techniques such as 
chemical [6], physicochemical [7], and biological 
[8] methods have been used for the treatment 
of these dyes. In these methods, the application 
of advanced oxidation processes (AOPs) is one of 
the most effective processes to be implemented 
for the mineralization of organic compounds. In 
particular, Fenton reagents and photocatalytic 
systems can generate reactive radical species 
to discolor and degrade the dyes in a short time 
[9]. Unfortunately, the generated sludge requires 
post-treatment, thus leading to a high cost for its 
implementation.

In these past decades, photocatalytic 
systems based on nanomaterials have been the 
subject of intensive investigation [10-13]. The 
dimensional characteristic from 1 nm to 100 nm 
endows these materials with optical, magnetic, 
electronic and catalytic properties which cannot 
be obtained with their bulk counterpart [14]. 
Among these nanomaterials, semiconductor-
based nanoparticles such as titanium dioxide 
nanoparticles (TiO2 NPs) have been widely used 
for the removal of organic pollutants [15]. TiO2 
NPs are well known as one of the most promising 
photocatalysts for wastewater treatment because 
of their high capacity to fully oxidize organic 
pollutants, their high chemical stability and their 
low toxicity [16]. Nevertheless, due to their large 
energy bands (3.0, 3.1 and 3.2 eV depending on 
the type of phase), TiO2 NPs are only sensitive to 
energy radiation at least equivalent to ultraviolet 
(UV) radiation, reducing thus the application of 
TiO2 in solar systems for the degradation of organic 
pollutants. Indeed, the UV spectrum represents 
only around 5% of the total solar spectrum [17]. In 
order to overcome this limitation, many attempts 
such as metallic or non-metallic doping [18] and 
surface deposition of noble metals [19] were 
tested. In this purpose, carbon quantum dots 
(CQDs) are raising great interest. The presence 

of numerous functional groups such as alcohol, 
carboxylic and carbonyl groups on their surface 
endows CQDs with high aqueous solubility and 
binding capability with other reactive groups for 
surface passivation and functionalization [20, 
21]. Besides, CQDs possess unique properties 
such as high photon absorption efficiency, high 
biocompatibility, low toxicity, and excellent 
reservoir of free electrons and electron transfer 
properties due to their π-conjugated structure 
[22, 23]. These fascinating features give CQDs a 
wide application in various fields such as chemical 
detection, photocatalysis and electrocatalysis 
as the delocalized π-conjugated structure can 
induce rapid photogenerated charges separation 
and charges transfer. In addition, CQDs can 
transfer two or more low energy photons to a 
higher energy photon by sequentially absorbing 
longer wavelength photons, leading therefore to 
light emission at a wavelength shorter than the 
excitation wavelength [24]. Moreover, the light-
absorbing capacity of CQDs in nanocomposites 
facilitates photo transfer phenomena of excited 
electrons across their interfaces by allowing 
charge stabilization, separation and formation 
of long-lived holes at the surface [25, 26]. They 
are thus promising candidates as dopants in the 
manufacturing of photocatalysts. Studies on 
composite systems consisting of TiO2 NPs and 
carbon-based materials such as carbon nanotubes, 
fullerenes, graphenes and CQDs are still under 
intensive investigation. Several works have used 
diverse sources such as glucose in hydrothermal 
process [27], graphite rods in an electrochemical 
etching (oxidation) [28], γ-butyrolactone 
dehydration with concentrated sulphuric acid for 
their synthesis. All of these works have shown the 
sensibility of CQD/TiO2 nanocomposite to solar. 
However, those synthesized techniques using 
biomass as CQDs source are mainly involved in the 
chemical detection [29]. In addition, in the work 
of Wang et al. [30], CQDs prepared using citric 
acid as a carbon source via ammonium hydroxide 
(NH4OH) through high-temperature (200 °C) in 
hydrothermal method have allowed to obtain 
fluorescent CQDs. Such CQDs are loaded not only 
with alcohol, carboxylic and carbonyl groups on 
their surface but also with amine groups. 

In this current study, CQDs were synthesized by 
chemical fragmentation via NH4OH at relatively low 
temperature (50 °C) using green and economically 
abundant wood charcoal as carbon source. These 
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green CQDs were combined with synthesized 
TiO2 NPs to form TiO2/CQDs nanocomposites. The 
study of the photocatalytic performance for the 
methylene blue (MB) degradation has shown that 
TiO2/CQDs have higher rate than that of TiO2 NPs. 
This difference in the TiO2/CQDs photocatalytic 
properties is attributed to the reduction of the 
reflective properties of TiO2 NPs by CQDs in TiO2/
CQDs in the visible region. These TiO2/CQDs 
nanocomposite can thus serve as a photocatalyst 
for the degradation of similar structurally organic 
compounds with considerable efficiency in the 
water environment under solar irradiation. This 
ability of CQDs prepared by a green method to 
improve the photocatalytic properties of TiO2 
NPs by reducing the reflective properties of 
semiconductors could be an innovative approach 
to provide efficient photocatalysts.

MATERIALS AND METHODS
Reagents

All chemicals used in this study were of 
analytical grade and were used as received without 
any further purification. Titanium isopropoxide 
(C12H28O4Ti, 97 %) and potassium hydroxide (KOH, 
85 %) were purchased from Sigma Aldrich (St. 
Louis, MO, USA). Methylene blue (C16H18ClN3S, 
98 %) was purchased from Merck (Darmstadt, 
Germany). Ethanol (C2H5OH, 98 %), hydrochloric 
acid (HCl, 37 %) and acetone (C3H6O, 98 %) were 
supplied by Panreac quimica (Barcelona, Spain) 
and ammonium hydroxide (NH4OH, 28-30 %) was 
supplied by Honeywell Fluka (Buchs, Switzerland). 
Deionized (DI) water used throughout this study 
was obtained from the water purification system 
(Sichuan Zhuoyue Water Treatment Equipment 
Co., Ltd, Chengdu, China). It allows the acquisition 
of DI water with a resistivity of 18.25 MW•cm. The 
wood charcoal used to synthesize the CQDs was 
obtained from the local market (Abidjan, Ivory 
Coast).

Synthesis of CQDs, TiO2 NPs and TiO2/CQDs 
nanocomposites

The colloidal CQDs were obtained according 
to the procedure described in the literature [30]. 
In a typical synthesis procedure, 50 mL of 2.5 M 
NH4OH solution was prepared from commercial 
NH4OH by dilution in DI water. Then, 500 mg of 
powdered charcoal was added to this solution 
(previously brought to 50 °C in a water bath with 
magnetic stirring at 500 rpm in fume hood for 10 

min) followed by gently stirring at 50 °C for 12 h. 
The obtained solution was then cooled to room 
temperature and centrifuged at 4000 rpm for 5 
min using Tabletop High-Speed centrifuge (MRC 
Ltd., Holon, Israel) to remove the macro-particles. 
To the recovered supernatant, DI water was added 
to reach 25 mL. The newly obtained solution was 
once again heated at 50 °C in the water bath under 
stirring at 500 rpm for 10 min. To this solution, 17 
mL of 2.5 M NH4OH solution was added and the 
solution was filled with DI water to reach a final 
volume of 50 mL. The resulting solution was 
kept at 50 °C under gently stirring for another 
12 h. The obtained solution was cooled to room 
temperature and then centrifuged at 4000 rpm for 
5 min to finally obtain the colloidal CQDs.

For the synthesis of TiO2 NPs, the “sol-gel” 
process at moderate temperature as reported 
previously with slight modification, was used [31]. 
Firstly, 40 mL of Ti[OCH(CH3)2]4 was mixed with 
80 mL of ethanol under stirring (500 rpm) for 10 
min at room temperature (28 °C). Then, 80 mL of 
DI water previously adjusted at pH 9 using 0.1 N 
KOH was dropwisely added to the solution. The 
obtained solution was kept under stirring (500 
rpm) at room temperature until a white paste was 
obtained. This paste was then centrifuged and 
dried in an oven for 12 h at 100 °C and calcined in 
air at 400 °C for 3 h at a temperature rising rate of 
5 °C/min to obtain the TiO2 NPs.

The nanocomposites consisting of CQDs and 
TiO2 NPs (TiO2/CQDs) were synthesized according 
to the previously reported procedure [32]. Briefly, 
250 mg of previously synthesized TiO2 NPs were 
dispersed in 125 mL of ethanol under vortex 
agitation for 10 min. To this solution, 50 µL of the 
obtained colloidal solution of CQDs was added. 
This mixture was stirred at 500 rpm for 30 min 
at room temperature. The obtained solution was 
collected by centrifugation, washed three times 
with ethanol and oven dried at 100 °C for 3 h to 
finally obtain the TiO2/CQDs nanocomposites.

Characterization of the synthesized nanostructures
The X-ray diffraction (XRD) characterization 

of the different samples was performed using a 
diffractometer type Siemens D5005 (Simens AG, 
Munich, Germany) with a copper anticathode 
(λKα1=1.5406 Å). The angle of incidence (2Ɵ) 
varies from 5 to 90 °C. Moreover, the absorbance 
and the reflectance were measured using UV-
Vis spectrometer Flame-S-XR1 (Ocean Optics, 
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Largo, USA) while the fluorescence of CQDs was 
investigated with Qiwei WFH-204B portable UV 
lamp 254/365 nm (Hangzhou, China). However, 
the morphological characterization of TiO2 NPs 
and TiO2/CQDs was performed by scanning 
electron microscopy (SEM) with JSM-6010LA 
apparatus (JEOL Ltd., Tokyo, Japan) and CQDs were 
characterized by transmission electron microscopy 
(TEM) using a JEOL JEM-2010 apparatus (Tokyo, 
Japan).

Photocatalytic analysis
Determination of the degradation percentage of 
MB 

In order to take a maximum advantage of the 
solar irradiation, all photocatalytic experiments 
were carried out between 11:00 AM and 3:00 
PM and when there were no clouds in the sky. To 
analyze the photocatalytic properties of TiO2 and 
TiO2/CQDs nanostructures, 250 mg of TiO2 NPs 
(or TiO2/CQDs) was added in a beaker containing 
100 mL of 7.5 mg/L MB chosen as a model. 
After 30 min of shaking in the dark to reach the 
adsorption-desorption equilibrium [33], the 
mixture is irradiated with sunlight at different 
times (30, 60, 90, 120, 150, 180 min for TiO2 NPs 
and 10, 20, 30, 40, 50 min for TiO2/CQDs). Under 
supervision, samples were taken every 30 min and 
10 min for TiO2 NPs and TiO2/CQDs, respectively, 
for measurement after collection of the 
suspension by centrifugation. The concentration 
of residual MB in the centrifuged solution was 
analyzed by measuring the absorbance at 664 
nm (characteristic peak of MB). The degradation 
percentage of the dye in the presence of TiO2 NPs 
or TiO2/CQDs was then estimated using Equation 
(1):

0

0

%   100tC CD
C
−

= ×
     

   (1)

where C0 represents the initial MB dye 
concentration and Ct represents its concentration 
after solar irradiation at a time t.

Influence of the initial MB concentration on its 
degradation 

A series of experiments was conducted to study 
the effect of initial concentration of MB by varying 
its concentration (5 mg/L, 7.5 mg/L, 10 mg/L, 12.5 
mg/L and 15 mg/L). For this purpose, in 100 mL of 
each solution, 250 mg of TiO2 NPs (or TiO2/CQDs) 

was added. The resulting mixture was kept in the 
dark under stirring at 500 rpm for 30 min to reach 
the adsorption-desorption equilibrium. Once 
equilibrium is reached, the five beakers containing 
the different concentrations of MB were exposed 
to natural sunlight. Samples of 2 mL were taken 
every 30 min and centrifuged at 4000 rpm for 5 
min. The collected supernatant was measured 
with the UV-Vis spectrophotometer to evaluate 
the residual MB.

Influence of the catalyst mass on the MB 
degradation and kinetic study of MB degradation

The influence of the mass of TiO2 NPs for their 
ability to act as a photocatalyst for the degradation 
of MB was evaluated. In detail, 100 mg, 150 mg, 
200 mg, 250 mg, 300 mg, and 350 mg of TiO2 NPs 
were examined in 100 mL of 7.5 mg/L MB. After the 
adsorption-desorption equilibrium, the six beakers 
containing these different solutions were exposed 
to sunlight. Subsequently, 2 mL of the samples was 
taken every 30 min and centrifuged at 4000 rpm 
and then the residual MB was evaluated. 

The study of the photocatalytic reaction 
kinetics of the MB was performed using initial MB 
concentrations of 5 mg/L, 7.5 mg/L, 10 mg/L, 12.5 
mg/L, and 15 mg/L in a solution containing 250 
mg of TiO2 NPs. More Information can be found in 
Supplemental Materials. 

Influence of pH on the MB degradation 
To assess the effect of pH on the synthesized 

TiO2/CQDs and TiO2 NPs photocatalytic activity, 
a series of experiments was carried out, varying 
the pH of the solution from 2 to 13 (pH 2, 4, 7, 9, 
11 and 13). The solution was adjusted using 0.1 
N HCl or 0.1 N KOH. For each given pH, 250 mg 
of TiO2/CQDs or TiO2 NPs was dispersed in 100 mL 
of 7.5 mg/L MB. After reaching the adsorption-
desorption equilibrium, the six different solutions 
were exposed to sunlight for 2 h in the case of TiO2 
NPs and 40 min for TiO2/CQDs nanocomposite. 
Two milliliters of each solution were taken every 
15 min for TiO2 NPs and 5 min for TiO2/CQDs, and 
centrifuged at 4000 rpm. The collected supernatant 
was measured with the UV-Vis spectrometer to 
evaluate the residual MB.

RESULTS AND DISCUSSION
Characterization of the synthesized nanostructures

In order to know the features of the synthesized 
materials, the characterization with SEM and TEM 
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of the different samples, as well as the absorbance 
of CQDs and the reflectance of TiO2/CQDs were 
performed. Fig. 1a shows the TEM image of the 
synthesized materials from wood charcoal. In this 
figure, spherical and uniformly dispersed particles 
with a mean size of about 4 nm are observed, 
clearly indicating that carbon dots are obtained by 
the synthesis method. This assertion is confirmed 
by the absorption spectrum (Fig. 1b), which exhibits 
a characteristic intense peak of CQDs around 226 
nm with a shoulder around 270 nm. Indeed, the 
peak observed around 226 nm is attributed to 
the π-π* transition of the C=C bonds, while the 
shoulder around 270 nm is associated with n-π* 
transition of the C-O or C-N bonds, suggesting the 
synthesis of CQDs with terminals rich in carboxylic, 
carbonyl, amine and alcohol functional groups 

[30, 34]. In addition, under irradiation with 365 
nm wavelength of a UV lamp, these particles 
display green light (Inset of Fig. 1b), which may 
be the result of n-π* electronic transitions, thus 
corroborating that the synthesized materials are 
CQDs [25].

Besides, the morphology of TiO2 NPs and 
TiO2/CQDs was evaluated with SEM (Fig. 1c & 
Fig. 1d, respectively). The results show that these 
substrates are in nanoscale size with spherical 
forms. In general, porous structures from the 
aggregation of nanoparticles with size about 30 
nm and 25 nm of TiO2 NPs and TiO2/CQDs are 
obtained, respectively. These nanostructures 
lead to a sponge-like structure, especially in the 
case of TiO2/CQDs in which the pores are larger 
than those of TiO2 NPs. These resultants suggest 

 

Figure 1: a) TEM image and b) absorption spectrum of CQDs (inset, fluorescence image of CQDs under sunlight and 365 nm UV lamp), SEM 

images of c) TiO2 NPs and d) TiO2/CQDs. e) XRD spectra and f) reflectance spectra of TiO2 NPs (1) and TiO2/CQDs (2). 

   

Fig. 1. a) TEM image and b) absorption spectrum of CQDs (inset, fluorescence image of CQDs under sunlight and 365 nm UV lamp), 
SEM images of c) TiO2 NPs and d) TiO2/CQDs. e) XRD spectra and f) reflectance spectra of TiO2 NPs (1) and TiO2/CQDs (2).
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that the addition of CQDs helps to increase the 
porosity and the aggregation effect of TiO2 NPs 
in TiO2/CQDs. These different forms could play an 
important role in photocatalytic application. 

Moreover, in order to know the crystal structure 
of the synthesized particles, the TiO2 NPs and TiO2/
CQDs were characterized by XRD (Fig. 1e). The 
obtained diffraction patterns were compared with 
the data sheet (JCPDS card No. 028-1192). Both 
TiO2 NPs and TiO2/CQDs nanocomposite display 
obvious peaks at 2θ of 25.5°, 37.3°,  48.15°, 53.94°, 
55.14°, 62.88°, 68.86°, 70.36°, and 75.18° which 
can be assigned to the (101), (103), (200), (105), 
(211), (204), (116), (220), and (215) of the anatase 
TiO2, respectively. This result is in good agreement 
with the standard JCPDS data sheet and the 
literature [27]. The obtained TiO2/CQDs and TiO2 
NPs have similar profiles and typical spectrum 
of anatase structure. In addition, no diffraction 
peak shifts or peak intensity changes in TiO2/
CQDs peaks with respect to those of TiO2 NPs are 
observed, suggesting that the crystalline phase of 
TiO2 NPs is not affected by the presence of CQDs in 
the TiO2/CQDs nanocomposite [35]. These results 
indicate that CQDs are well deposited on the TiO2 
surface and not incorporated into the TiO2 crystal 
lattice [23]. This result may confirm the growth in 
size of the TiO2/CQDs particles compared to those 
of TiO2 NPs in the SEM images.

Furthermore, to demonstrate the effect 
of the synthesized CQDs in the TiO2/CQDs 
nanocomposites, the reflectances of TiO2 NPs and 
TiO2/CQDs were investigated in the UV-Vis range. 
As displayed in Fig. 1f, the reflectance of TiO2 NPs is 
higher than that of the TiO2/CQDs nanocomposite 
in the visible range. This low reflective property 
of TiO2/CQDs suggests that the coupling of TiO2 
NPs with CQDs leads to a significant reduction of 
the reflection of light rays by the TiO2 NPs in the 
visible region. This decrease in reflectance of this 
nanocomposite compared to that of TiO2 NPs may 
be attributed to chemical bonds between TiO2 
and CQDs [36]. This decrease in reflective activity 
of TiO2/CQDs suggests that the photocatalytic 
activity of TiO2/CQDs may be better than that of 
TiO2 under visible light irradiation [23].

Photocatalytic properties of synthesized 
nanostructures
Degradation of MB using the synthesized 
nanostructures as catalyst under solar irradiation 

In order to study the photocatalytic properties 
of the synthesized TiO2 NPs and TiO2/CQDs, the 
degradation of MB in an aqueous medium was 
examined (Fig. 2a). In this figure, it can be observed 
that the characteristic peak of MB in the presence 
of TiO2 NPs decreases rapidly during the first 30 
min of irradiation. Beyond 120 min of irradiation 

 
Figure 2: a) Degradation of 7.5 mg/L MB under sun exposure using TiO2 NPs (1) and TiO2/CQDs (2). Removed percentage of MB at different 

times with b) TiO2 NPs and c) TiO2/CQDs. d) MB (7.5 mg/L) degradation for different masses of TiO2NPs at different times. Effect of pH with e) 

TiO2 NPs and f) TiO2/CQDs on the degradation of 7.5 mg/L MB. 

   

Fig. 2. a) Degradation of 7.5 mg/L MB under sun exposure using TiO2 NPs (1) and TiO2/CQDs (2). Removed percentage of MB at differ-
ent times with b) TiO2 NPs and c) TiO2/CQDs. d) MB (7.5 mg/L) degradation for different masses of TiO2NPs at different times. Effect 

of pH with e) TiO2 NPs and f) TiO2/CQDs on the degradation of 7.5 mg/L MB.
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(Fig. S1a and Fig. S1b), the peak is not noticeable 
while in the presence of TiO2/CQDs, the same peak 
undergoes fast decrease within 10 min and totally 
disappears within 30 min. This disappearance 
of the peak indicates the complete degradation 
of MB by TiO2 NPs or TiO2/CQDs, suggesting 
that this TiO2 NPs and TiO2/CQDs are excellent 
photocatalysts agents for the degradation of MB 
in water environment [37]. However, TiO2/CQDs 
are the best photocatalysts as their associated 
time for the MB degradation is shorter than that 
of TiO2 NPs.

Influence of the initial MB concentration on the 
degradation rate of MB

To further demonstrate the influence of 
the initial concentration of MB on the rate 
of its degradation process, different initial 
concentrations of MB were assessed (Fig. 2b, 2c). 
The results in both cases (TiO2 NPs and TiO2/CQDs) 
show that the rate of degradation of MB decreases 
with the increase in the initial MB concentration. 
This decrease effect can be attributed to the 
formation of several layers of the adsorbed MB on 
the surface of TiO2 NPs and TiO2/CQDs for a high 
concentration of the dye, which make the TiO2 NPs 
and TiO2/CQDs sites inaccessible to the photons 
[38]. For higher MB concentration, the generation 
of ●OH radicals on the surface of the photocatalysts 
is therefore reduced after adsorption of these 
layers. A significant amount of sunlight is thus 
absorbed by the dye molecules themselves, 
shielding the hotspot on the photocatalysts.

Influence of the mass of TiO2 NPs on the rate of MB 
degradation

In order to determine the optimal mass of 
TiO2 NPs in the photocatalytic degradation of MB, 
experiments were performed in the presence of 
sunlight with different masses of TiO2 NPs (Fig. 2d). 
As displayed, in general, the addition of TiO2 NPs 
in the solution promptly leads to the removal of 
a large amount of MB in the first thirty minutes of 
irradiation, especially for a mass less than 250 mg 
of TiO2 NPs (with an optimum effect at 250 mg), 
where it is even possible to completely remove 
MB after 120 min of solar irradiation. However, 
for a mass higher than 250 mg, although there 
is a significant degradation, total degradation 
seems to be possible over a long period of solar 
irradiation. The presumed reason could be due to 
the turbidity of the solution, which increases with 

the increase of TiO2 mass, reducing therefore the 
efficiency of the catalytic reaction [39]. The rapid 
and total photocatalytic degradation of MB after 
120 min using 250 mg of TiO2 NPs, suggests that 
this mass corresponds to the optimal mass of TiO2 
NPs for which a maximum exposed surface is fully 
illuminated and a large number of photogenerated 
active species (●OH and h+) is produced in the 
medium, so this mass is used for the following 
experiments. This result is in good agreement with 
the literature [40, 41]. Indeed, no improvement 
in the rate of degradation is necessary with the 
increasing amount of TiO2 NPs above a certain 
value. This complete degradation of MB by TiO2 
NPs under sunlight irradiation suggests that 
TiO2 NPs is an excellent photocatalyst for the 
degradation of MB in water environment.

Influence of the pH on the rate of MB degradation 
To study the pH effect on the efficiency of MB 

degradation using TiO2 NPs and TiO2/CQDs as 
photocatalysts, different pH were evaluated (Figs. 
2e and 2f). From these figures, it can be observed 
that the rate of MB degradation increases with 
increasing pH in both cases. The best degradation 
(100%) is obtained with a pH 11 and beyond 
within 30 min and 10 min for TiO2 NPs and TiO2/
CQDs, respectively. As MB is cationic, it is obvious 
that its adsorption on the photocatalyst surface is 
less important in acidic media due to the repulsive 
forces between the positive catalyst surface and 
the MB molecules. However, in alkaline media, 
there is an attractive electrostatic interaction 
between the negative catalyst surface and the 
positive charge of the MB molecules, leading to 
an adsorption of MB on the catalyst surface. In 
addition, the presence of a large amount of OH¯ 
ions on the surface of the catalyst as well as in 
the reaction medium promotes the formation 
of ●OH radicals, which are widely known to be 
the main oxidizing species responsible for the 
MB degradation [37]. Furthermore, in the case 
of CQDs, the alkaline solution may also promote 
carboxylate ions and the availability of amine 
function which may play an additional role in CQDs 
efficiency effect. Therefore, pH 11 is selected for 
the rest of the experiments.

Kinetics of MB degradation 
In a photocatalytic study, the elaboration 

of kinetics associated with the reaction 
mechanism is based on the influence of the initial 
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concentration of the substrate on the rate of the 
reaction progress. Therefore, the study of the 
photocatalytic reaction kinetics of MB was carried 
out. The photodegradation kinetic constants of 
MB were determined using Equations (S1) and (S2) 
for pseudo-first (Fig. S2a and Fig. S2b) and pseudo-
second order (Fig. S2c and Fig. S2d) for TiO2 NPs and 
TiO2/CQDs, respectively. The velocity constants 
k1, and the different correlation coefficients R2 
of MB are given in Table 1. The results give R2 
values closer to 1 for pseudo-first-order compared 
with those of pseudo-second-order where R2 is 
relatively far to 1 in both cases, suggesting that 
the photocatalytic degradation of MB follows 
apparent first-order kinetics. Moreover, it should 
be noted that k1 decreases with an increase in MB 
concentration. This decrease is consistent with 
the MB shielding effect previously described. In 
addition, the k1 values for TiO2/CQDs are 4 to 10 
folds higher than those obtained with TiO2 NPs, 
confirming the excellent photocatalytic properties 
of TiO2/CQDs.

To better describe the phenomenon, the study 
of MB adsorption isotherms on TiO2 NPs and 
TiO2/CQDs was also performed using Langmuir-
Hinshelwood and Temkin isotherms which 
are widely used in photocatalytic studies (Fig. 
S2e-h). As summarized in Table 2, the Langmuir-
Hinshelwood kinetic model displays the best 
agreement for the degradation kinetics of MB 
(higher R2 and closer to 1), suggesting that the 
chemical transformation of MB takes place on the 
surface of the photocatalysts. Indeed, at least one 
of the steps of the reaction mechanism involves the 
adsorption of more reactants, and the adsorbed 

molecules undergo a bimolecular reaction at 
neighboring sites. This result is in good agreement 
with the literature in which the Langmuir-
Hinshelwood model is widely used to describe 
the experimental results in heterogeneous 
photocatalysis [42, 43]. However, Temkin kinetic 
model can also be considered as its correlation 
coefficient is also relatively close to one (R2 = 0.9). 
This behavior can explain the low degradation 
efficiency when the MB concentration increases. 
In fact, Temkin isotherm model assumes that the 
adsorption heat of all molecules decreases linearly 
with the increase in coverage of the adsorbent 
surface. Therefore, it can be accepted that the MB 
degradation follows both Langmuir-Hinshelwood 
and Temkin model on TiO2 NPs and TiO2/CQDs.

Application
In order to study the applicability of the 

synthesized TiO2 NPs and TiO2/CQDs photocatalysts 
in real samples, wastewater from the University 
Hospital Center of Cocody (UHCC) was examined. 
The spectrum of this UHCC wastewater indicates 
a wide band between 200-400 nm (Fig. S5a and 
Fig. S5b). The evolution over time of this peak, 
in the presence of the photocatalysts (TiO2 NPs 
or TiO2/CQDs), shows that only the shoulder of 
this wide band disappears, suggesting that the 
UHCC wastewater may contain non-degradable 
pollutants by TiO2 NPs and TiO2/CQDs such as 
ions as indicated by its conductivity. Moreover, 
discoloration of this wastewater occurs within 
50 min and 30 min for TiO2 NPs and TiO2/CQDs, 
respectively (Fig. S5a and Fig. S5b), indicating 
that these photocatalysts can be used for this 

Table 1: Kinetics parameters of MB degradation. 
 

Initial Concentration 
du MB (mg/L) 

Pseudo‐first order  Pseudo‐second order 
k1 (min‐1)  R2  R2 

TiO2 NPs  TiO2/CQDs  TiO2 NPs  TiO2/CQDs  TiO2 NPs  TiO2/CQDs 
5  0.0255  0.1053  0.9969  0.9777  0.8671  0.6716 
7.5  0.01395  0.1298  0.9888  0.9995  0.8669  0.8548 
10  0.01683  0.1443  0.9863 0.9659 0.8808 0.4185
12.5  0.01494  0.1169  0.9700  0.9772  0.8943  0.8184 
15  0.0153  0.0888  0.95833  0.9483  0.96615  0.7006 

 
   Table 2: Equilibrium parameters of the MB adsorption isotherms on TiO2 NPs and TiO2/CQDs. 

 

Models 
R2  kL‐H  Ln kt  B1 

a*  b*  a*  b* a* b* a* b*

Langmuir‐
Hinshewood  0.986  0.988  0.0168  0.1298  …….  ……  …….  …… 

Temkin  0.901  0.966  ……  ……..  ‐2.875  ‐12.624  ‐0.887  ‐0.208 
*a: TiO2 NPs and b: TiO2/CQDs 
 

Table 1. Kinetics parameters of MB degradation.

Table 2. Equilibrium parameters of the MB adsorption isotherms on TiO2 NPs and TiO2/CQDs.
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wastewater discoloration. Furthermore, the 
characteristic peak at 664 nm of MB in the UHCC 
wastewater contaminated with MB was studied in 
the presence of 250 mg of TiO2 NPs or TiO2/CQDs 
under irradiation of sunlight at room temperature 
(Fig. 3). As displayed, the peak at 664 nm decreases 
quickly for the first ten minutes of sun exposure 
in both cases. However, a fast MB degradation is 
noted in the case of TiO2/CQDs, confirming that 
TiO2/CQDs are more efficient than TiO2 NPs for the 
MB degradation in wastewater. This discoloration 
of the UHCC wastewater and degradation of an 
organic pollutant in wastewater in the presence 
of TiO2 NPs or TiO2/CQDs suggest that these 
nanostructures may be efficient photocatalysts 
for water bodies. Furthermore, the time required 
for the degradation of MB in the wastewater is 
slightly higher than that obtained in DI water for 
TiO2/CQDs. This difference is probably due to 
the possible competitive effect of the presence 
of additional compounds affecting the CQDs, as 
indicated by the absorbance peak around 245 nm 
(Fig. S1) and the conductivity of UHCC wastewater 
[44].

CONCLUSION
In this work, TiO2 NPs and TiO2/CQDs 

nanocomposites are synthesized. In particular, 
CQDs are synthesized using wood charcoal as 
carbon source. The study of their photocatalytic 
properties shows that the MB degradation follows 
apparent first-order kinetics, and both Langmuir-
Hinshelwood and Temkin model describes the MB 
degradation kinetics, indicating that the chemical 
transformation of MB takes place at the surface 
of the photocatalysts. Besides, TiO2/CQDs have 
exhibited the best photocatalytic degradation 
rate compared to TiO2 NPs and, its efficiency can 

reach 100 % within 10 min, whereas it may take 30 
min with TiO2 NPs for the total degradation of MB 
under sun exposure. This efficiency seems to be 
due to the reduction of the reflective properties 
of TiO2 NPs in the visible range by the synthesized 
CQDs in TiO2/CQDs nanocomposites. TiO2/CQDs 
could therefore be used as a photocatalyst for the 
degradation of organic compounds in the water 
environment under solar irradiation.
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