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One-pot hydrothermal synthesis of a carbon
quantum dot/CaFe,O4 hybrid nanocomposite for
carcinogenic Congo red dye degradation
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and Thamraa Alshahrani”

Semiconductor materials show a restricted degradation response to organic pollutants due to limited
photocatalytic activity under visible light. Therefore, researchers have devoted much attention to novel
and effective nanocomposite materials. For the first time, herein, a novel nano-sized semiconductor
calcium ferrite modified by carbon quantum dots (CaFe,O4/CQDs) photocatalyst is fabricated via simple
hydrothermal treatment for the degradation of aromatic dye using a visible light source. The crystalline
nature, structure, morphology, and optical parameters of each of the synthesized materials were
investigated using X-ray diffraction spectroscopy (XRD), Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM), and UV-visible spectroscopy. The nanocomposite exhibits excellent
photocatalytic performance (90% degradation) against Congo red (CR) dye. In addition, a mechanism for
CaFe,04/CQDs improving photocatalytic performance has been proposed. The CQDs in the CaFe,O4/
CQD nanocomposite are considered to act as an electron pool and transporter, as well as a strong
energy transfer material, during photocatalysis. CaFe,O4/CQDs appear to be a promising and cost-
effective nanocomposite for dye-contaminated water purification, according to the findings of this study.

1. Introduction

Natural resources like portable water have been directly affected
by the explosive increase in organic dyes over the last few
decades due to effluents from metal, pharmaceutical, cosmetic
and agricultural industries, as well as paper and textile
industries." Organic synthetic dyes are among the most
common pollutants, contributing up to 0.7 million tons of
annual global production. In all, existing dyes have a content of
50-70% azo dyes with double bonds (-N=N-) and the phenyl of
naphthyl groups that maintain the color of textile fabrics and
other materials.*® There are various types of azo dye, monoazo
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dyes such as methylene blue and methylene orange, diazo dyes
such as direct lake blue and Congo red, and direct black BN,
which is a poly-azo dye. All of these dyes are used in printing,
textiles, pigment, and paints.*® Moreover, azo dye is
a hazardous pollutant, and on decomposition, it produces
aromatic amines and various secondary by-products that
potentially cause mutation, toxicity, allergic reactions and
carcinogenic effects. Scientists have subsequently been
searching for ways to remove this lethal pollutant from water
that represents a serious threat to human health and the
environment.**®

Several methods have been employed to reduce high dye
concentrations in industrial effluents, including adsorption,*>**
flocculation, chemical oxidation, electrochemistry and
membrane filtration processes.**™” All types of physiochemical
processes have limitations due to the incomplete removal of
organic dyes, and their being time-consuming and high cost.*®
Besides these benefits, photocatalysis has attracted a lot of
attention because of its outstanding merits, such as economic
efficiency, stability, and ability to degrade a wide range of
contaminants. It is generally believed that the photo-
degradation mechanism of azo dyes destroys azo groups by the
oxidation and reduction process of photogenerated holes and
electrons.’ Moreover, the degradation of azo dye through
photocatalysis efficiently and rapidly remains a problem due to
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inadequate utilization of light and high recombination between
electrons and holes in the photocatalytic degradation of organic
dyes.”® The above problem has been altered for clarity by con-
structing a heterojunction between the separated electrons and
holes.”

One of the demands for mankind is the development of
materials that effectively illuminate organic dyes for a sustain-
able environment.*” Oxide-based metal photocatalysts have been
developed by scientists, and they are fixed on spinal ferrites
because of their high stability, enriched visible light conserva-
tion, reasonable bandgaps (approximately 1.75 eV), magnetic
properties, and controllable optical properties by replacing Fe**
with extra divalent ions.**** However, due to slow migration of
the charge carriers and rapid recombination of electrons and
holes, the photocatalytic process was not satisfactory. It is
possible to reduce this limitation of metal ferrites by construct-
ing a heterostructure of ferrite with a semiconductor.
Researchers improved the remarkable photocatalytic efficiency
of metal ferrites with carbon dots. For a few decades, a large
number of ferrite composites such as ZnFe,0,, CoFe,O4-carbon
quantum dots,*® carbon dots/ZnFe,0,, BaFe,0,/quantum dots,
CuFe,0,/Ti;C,, and zinc tungsten oxide/nickel ferrite®*>* have
been applied as photocatalysts for the degradation of toxic dye.
However, Z. Jiang et al reported that the synthesis of an
MgFe,0,/conjugated polyvinyl chloride nanocomposite for the
treatment of Cr(vi)-polluted water exhibited higher efficiency
under visible light.”® Kiani et al. studied an MgFe,0,~-MgTiO;
nanocomposite which exhibited higher photocatalytic efficiency

CaCl,.4H,0 +
Fe(NO;);.9H,0 + CQDs
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when employed for the mineralization of organic dyes such as
acid black and acid brown dyes under visible light.>* Shakir et al.
reported that the fabrication of an Mn, ¢Cu, ;Fe,0,/rGO nano-
composite exhibited a 77% photocatalytic degradation rate of
methylene blue (MB) under exposure to visible light irradiation.*
Xiao et al. reported that the chemical synthesis of an SnFe,0,/
BiFeO3; nanocomposite as a photocatalyst exhibited 100% effi-
ciency for the mineralization of malachite green dye in 60 min
under visible light irradiation.>> Hammouche et al. studied the
photocatalytic efficiency of undoped and nickel-doped zinc
ferrite (ZnFe,_,Ni,O,) nanocomposites showing 98% efficiency
for the degradation of methylene blue (MB) under exposure to
visible light irradiation in 58 min, synthesized through a hydro-
thermal approach.*® Within 1 h, Abraham et al. synthesized
zirconium ferrite doped for use in the mineralization of several
organic pollutants, including organic dyes (methyl orange,
methylene blue, methyl orange, and acid red 18), tetracycline,
and pesticides (acephate and 2,4-dichlorophenoxyacetic acid).**

Here, we present a facile one-pot hydrothermal synthesis of
a CaFe,0,/CQD nanocomposite that is highly efficient,
economical, and stable. The synthesized nanostructures were
characterized via different techniques to confirm the structure,
morphology, and optical properties. The main aims of this work
are: (1) the development of a novel binary carbon quantum dots/
CaFe,0, nanocomposite, (2) the study of its physical, chemical
and structural properties, and (3) determination of the potential
of nanomaterials for organic dyes.

Fig. 1 Schematic synthesis of the CaFe,O4/CQD nanocomposite.
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2. Experimental
2.1 Synthesis of CQDs

CQDs were fabricated via a one-step hydrothermal treatment, as
previously reported by Wu.* r-ascorbic acid (1.62 g), glycol (15
mL), and ultra-pure water (25 mL) were dissolved to form
a mixture. To obtain homogeneity, the mixture was magneti-
cally stirred for 30 min, transferred to a 100 mL Teflon-lined
autoclave and then heated at 180 °C for 90 minutes. The auto-
clave was naturally cooled to room temperature, and a yellowish
solution was found. The formed product was separated and
filtered with an ultra-filtration membrane (0.25 pum) to elimi-
nate side products and particles of huge size. Finally,
a yellowish solution comprising CQDs was saved (Fig. 1).

2.2 Synthesis of CaFe,0,/CQDs

In a typical fabrication procedure, 0.88 g of calcium chloride
dihydrate (CaCl,-2H,0) and 4.845 g of iron nitrate nanohydrate
(Fe(NOs);3-9H,0) were dissolved in 30 mL of ultra-pure water
under magnetic stirring until a consistent solution was ob-
tained. pH up to 12 was attained using sodium hydroxide
(NaOH) in 4 g of solution. The dark brown paste obtained and
the already-prepared yellowish CQD solution were shifted into
a 100 mL Teflon-lined autoclave and heated at 180 °C for 12 h.
Then, the autoclave was naturally cooled to room temperature.
Finally, the samples were washed three times with deionized
water and once with ethanol before drying at 70 °C overnight.
After drying, the sample was ground for 30 min and then
employed for calcination at 800 °C for 12 h and then allowed to
cool at room temperature. The synthesis scheme for composite
formation is depicted in Fig. 1. Simple CaFe,O, nanoparticles
were also fabricated for comparison purposes.

2.3 Photodegradation performance

A UV-visible spectrophotometer was used to analyze dye degra-
dation in aqueous media using the synthesized photocatalysts,
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Fig. 2 (a) XRD spectra and (b) FTIR spectra of as-synthesized catalysts.
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such as CaFe,0, and CaFe,0,/CQDs. Congo red (CR) was utilized
as an organic pollutant in this study for degradation under
visible light. The powder semiconductor nanocomposite (0.1 g)
was added to 100 mL of 10 ppm dye solution. Under visible light
irradiation, the resulting reaction mixture was placed in home-
made photo reactor (200 W tungsten lamp). The light source was
8 cm away from the beaker containing the mixture. To achieve
adsorption-desorption equilibrium, the mixture was constantly
agitated in a dark chamber for 30 min. The test suspension was
then exposed to visible light to begin the decomposition process.
After equal intervals of 0, 20, 40, 60, 80, 100, 120 or 140 min, 5 mL
of the mixture was removed and centrifuged to separate the
dispersed catalyst. The clear solution was used for UV-visible
spectroscopy (Shimadzu UV-2550). Eqn (1) was used to
compute the percentage degradation:

Degradation (%) = Cy — C/Cy x 100 (1)
C, denotes the initial concentration of the dye solution, while C
denotes the concentration of the dye solution at a regular time
interval (¢).

3. Physical characterization

The prepared sample was analyzed by X-ray diffraction (XRD)
using a Bruker D8 Advance Diffractometer (Cu K: = 1.5407: 20 =
20-80°, 1.5° per min scanning rate: 40 kV/35 mA) to investigate
the structural and phase identification. Chemical bonding and
functional analysis were studied using a Fourier infrared spec-
trometer (Bruker Tensor 27) in the 400-4000 cm™ ' range.
Scanning electron microscopy (SEM, FEI Nova NanoSEM 450)
was used to examine the surface morphology of the synthesized
sample. A Cary 60 Agilent (UV-vis spectrophotometer in the
range 200-800 nm) was used to examine optical parameter
qualities.

CaFe204 (b)
—— CQDs/CaFe204

2750 2200 1650 1100 550

Wavenumber (cm™)

3850 3300
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4. Results and discussion
4.1 X-ray diffraction (XRD)

XRD was used to characterize the phase structure of CaFe,O,
and CaFe,0,/CQDs, as shown in Fig. 2(a). The Miller indices
(220), (130), (310), (230), (040), (121), (330), (131), (420), (321),
(241), (520), (260), and (170) give a reflection of CaFe,0, (JCPDS
No. 00-019-0219) corresponding to the peaks at 25.7°, 26.9°,
30.5°, 31.8°, 33.5°, 35.6°, 38.7°, 40.4°, 42.8°, 45.5°, 49.4°, 52.6°,
55.9°, and 61.4°, respectively, confirming the orthorhombic
phase with Pnam space group. The distinct and sharp peaks
indicate great purity and crystallinity of the produced products,
with no extra peaks of dopant or impurity, indicating successful
CaFe,0, synthesis. However, in the CaFe,0,/CQDs, the addition
of a single typical peak of CQDs at about 26° can be seen, which
could be due to the low content and large dispersion of CQDs in
the sample. For the CaFe,0,/CQDs nanocomposite, the posi-
tions of the CaFe,O, diffraction peaks remain identical,
showing that the introduction of CQDs during synthesis had no
effect on the phase structure of CaFe,0,.
The Scherrer equation:

KA
L=
B cos

(2)

V 9.5mm x110k SE(U)

S4800 10.0kV 9.5mm x110k SE(U)
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4.2 Fourier transform infrared spectroscopy

When a molecule absorbs infrared radiation, chemical bonds
vibrate. These are malleable and flexible connections. FTIR
spectra of hydrothermally synthesized nanoparticles were
determined to be in the 4500-500 cm ' range at ambient
temperature, as shown in Fig. 2(b). Between 3096 and
3505 cm ™' (the O-H group stretching mode), there is a broad
absorption peak.*® The peaks at 1286 and 1502 cm ™' of this
spectrum show stretching of the C-O bond.*” The creation of
hydrogen bonds between water and silanol groups triggered
this. The absorption peaks 2877 and 2958 cm ™" were found to
be lower due to weaker stretching of C-H bonds. CaFe,0O,
nanoparticle spectra at 410 and 534 cm ™' show Ca-O and Fe-
O bonding, respectively.*® The 862.98 cm ™' peak was formed
by bending of the Fe-O-H bond,*® whereas the 709.80 cm ™"
peak was caused by stretching of the Fe-O bond.*® A change is
observed in the intensities of absorbance peaks by the
introduction of a tiny amount of CQDs. These results indicate
that CQDs modify the surface of CaFe,0, without affecting it.

4.3 Morphological analysis

The SEM pictures in Fig. 3(a—c) show the shape and crystalline
structure of CaFe,0, and CaFe,0,/CQDs materials. Fig. 3(a)
shows that CaFe,O, has a nanostructure with a diameter of
less than 10 nm, which is consistent with the diffraction

9.5mm x25.0k SE(U)

'500'm*n'

Fig. 3 Scanning electron microscopy (SEM) of the (a and b) CaFe,Oy4, (c) CaFe,O4/CQDs.
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Fig. 4 (a, c and e) Absorption spectra and (b, d and f) Tauc plots of CaFe,O,4, CQDs and CaFe,O4/CQDs, respectively.

peaks shown in the XRD pattern. CaFe,O, retains its original
form and size distribution after being treated using 5 nm

CQDs (Fig. 3(c)).

© 2023 The Author(s). Published by the Royal Society of Chemistry

4.4 UV-visible spectroscopy

In the UV spectra of CQDs, CaFe,O,, CaFe,0,/CQDs
(Fig. 4(a—c)), the strong absorption of CQDs in the UV region
(450 nm) is depicted in Fig. 4(a), while the Fe** ions at Td and

RSC Adv, 2023, 13, 14461-14471 | 14465
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Oh coordination sites display charge transfer spectra with
multiple peaks at 460 and 682 nm (Fig. 4(b)). The O and Ca>*
ions swap electrons when CaFe,O, develops in the Td and Oh
sites.** The UV-vis spectra of CaFe,0,/CQDs (Fig. 4(b)) revealed
the same peaks as of CaFe,O, with stronger adsorption. We
discovered that CQDs improve the light absorbing capacity,
enhancing electron and hole pair generation for a better pho-
tocatalytic process. The strength of the CQDs/CaFe,O, connec-
tion is shown by the intensity of the hump. The bandgap values
of the CaFe,0, and CaFe,0,/CQDs nanostructures calculated
from (ahv)2 vs. eV were 3.12 and 2.63 eV, respectively, as shown
in Fig. 4(c and d).** The sensitization effect of CQDs lowered the
bandgaps of the nanohybrids, allowing more electron-hole
pairs to be formed.

4.5 Photocatalytic activity

Visible-light irradiation was utilized for a photo-reduction
method in the experiment. An investigation on the photo-
reduction efficiency of these materials against CR dye was
carried out. The toxic nature of CR, which is widely used as a dye
additive in medicines and textiles, has resulted in a host of
environmental issues. Dye drainage into drinking water is the
most important consequence of textile dyeing. Hormone
imbalance, vomiting, and elevated blood pressure are just a few
of the unfavorable side effects that dyes can cause. To keep the
ecosystem healthy, the dye must be broken down. The dye and
nanocomposite were mixed together to begin the experiment,
and CR was adsorbed in 30 min on the surface of the catalysts.
Photocatalysis, according to our findings, is responsible for
a considerable reduction in CR absorption intensity.

To confirm that environmental light and a photocatalyst
cause deterioration, a control experiment was conducted. In the
first experiment, the dye solution was irradiated without the
addition of the photocatalyst, but in the second experiment, the
photocatalyst was introduced, but the light was turned off. Due
to dye adsorption on the photocatalyst, which was calibrated
prior to the final experiment, a minor decrease in absorbance
was noted in both of these tests. In the current investigation, it
was determined that deterioration was induced by the presence
of photocatalysts and exposure to light. As illustrated in
Fig. 5(a—c), the strength of dye and catalyst solution absorption
was employed to record photo-reduction utilizing the photo-
catalysts generated. The catalyst clearly demonstrates the
degradation of CR at its specified peak absorption wavelength
of 580 nm. The photocatalytic reaction shows degradation as
follows: CaFe,O, < CQDs < CaFe,0,/CQDs, as displayed in
Fig. 5(a—c). The long-term existence and stability of the dye in an
aqueous solution were confirmed by a test with a blank dye.
CaFe,0,/CQDs are more efficient than CaFe,0, at 13%, 44%,
and 90%, respectively, due to the narrowing of the bandgap.
After 140 min, the efficiency of CaFe,0,/CQDs drops to 10% due
to recombination. The photocatalytic degradation rate was
calculated using eqn (3) and (4) (ref. 40) given below:

C, = Cpe 3)

In(Cy/C,) = kt (4)

14466 | RSC Adv, 2023, 13, 14461-14471
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The starting concentration of dye is denoted by C, and that
after an interval of time to light exposure is denoted by C,, while
the rate constant is denoted by k. The coefficient of variation (k)
can be found on the graph of exposure time (¢) vs. In(Co/C,). k
values 0.01449 and 0.00659 min~' are found in CaFe,0, and
CaFe,0,/CQDs, respectively (Fig. 5(c and d)). The CaFe,0,/
CQDs nanocomposite shows a higher rate constant value than
CaFe,0,, as can be seen in Fig. 5(e).

4.6 Photodegradation mechanism

On the catalyst, photons with energy equal to or greater than the
bandgap excite electrons from the valence band (VB) into the
conduction band (CB), forming electron (e ~)-hole (h") pairs.

CaFe,0,/CQDs e~ +h* (5)

Hydroxyl radicals (OH") are generated when electron donors
(H,0) and OH ions interact with the produced holes. On the
other hand, oxygen molecules (O,) act as electron acceptors
while interacting with the electrons in the conduction band.
Such interactions within the compounds form hydrogen
peroxide (H,0,), superoxide radical anions such as hydroxyl
radicals (OH™), and hyperoxyl radicals (HO"). The obtained
(07), (OH"), and (HO") radicals react with the Congo red dye,
generating aromatic intermediates resulting in a colorless
mineralization variation.

Dye + (OH"), (0,7), (Hs) ntermedidie & hal product (6)

The photocatalytic destruction of Congo red utilized CaFe,O,/
CQDs nanoparticles. CaFe,0,/CQDs nanoparticles can be coated
with Congo red dye that is dissolved in water and adsorbed onto
the positive surface to generate a negative charge.

It is probable that the deionization state of the catalyst has
an effect on dye adsorption. When positive holes react with
essential hydroxyl ions, oxyl radicals are formed. In alkaline
media, the interaction of hydroxyl radicals with positive holes
can aid in photodegradation and photocatalytic amplification.
The existence of native point defects in CaFe,0,/CQDs resulted
in 90% photocatalytic efficiency. Negatively- and positively-
charged OH ions are deposited above and below this
threshold on the surfaces of CaFe,0,/CQDs. When the Congo
red surface and the catalyst are charged in different directions,
the photocatalytic interaction is improved, increasing effi-
ciency. If a positively charged particle is present on the surface,
O, can be changed to O’. Due to the fact that soaking the holes
decreases electron-hole recombination, more OH is produced.

As a result, the photocatalytic activity of both radical ions is
enhanced (O° and OH’). Congo red undergoes a color shift
during photocatalysis. As a result of dye degradation, a paler
tone may appear. The presence of light and catalysts both have
an effect on photodegradation. Fig. 7(a and b) illustrate two
alternative experimental setups for the photocatalytic degrada-
tion of a 100 mL aqueous Congo red dye solution: without solar
irradiation; with the catalyst exposed to sunlight. After 140 min

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in the light, the degradation rate increased to 90%. Despite the
fact that magnetic stirring was used for the same duration as
the light was present, the degradation of Congo red dye and the
CaFe,0, mixture was kept to a minimum (13%). When exposed

© 2023 The Author(s). Published by the Royal Society of Chemistry

to sunshine, CaFe,0,/CQDs are certainly responsible for the
degeneration of Congo red (curve CR without catalyst but with
solar light). A mixture of CaFe,O, and CQDs was shown to be an
effective nanocomposite for the degradation of Congo red.
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When CQDs were added to CaFe,0,, the photocatalytic activity 0, + H,0 —» HO, + OH™ (10)
was greatly boosted. The mechanism of the photodegradation
using CaFe,0,/CQDs is given below, HO," + H,0 — OH" + H,0, (11)
CaFe,0,/CQDs + hv — CaFe,0,4 (h*) +CQDs (e") (7) H,0, — 20H" (12)
e +0, > O (8) CR + OH"— Degradation of CR (13)
h+ OH  — OH’ 9
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We conducted trapping experiments in order to better
understand the catalytic process of CaFe,0,/CQDs with the aim
of reducing the efficiency from 89% to 68%, 45%, and 39%
depending on the use of p-benzoquinone (a scavenger of O,),
EDTA-2Na (a scavenger of h"), and tertiary-butanol (a scavenger
of OOH), as displayed in Fig. 6(a). In the photocatalytic degra-
dation of CR using the ‘OH scavenger, with the primary reac-
tants being ‘OH and the secondary reactants being "0, and h",
a significant reduction in photocatalytic efficiency was
observed, which could be attributed to the use of the "OH
scavenger. The ability of photocatalysts to be reused, as well as
their stability over time are essential characteristics. As
a consequence, the composite material underwent five cycles in
succession. It was later proven to be an efficient photocatalyst,
as can be seen in Fig. 6(b). Unfortunately, the efficiency of the
composite material diminished marginally after five cycles. In
addition, the XRD pattern of the composite material was
captured after five successive rounds, as shown in Fig. 6(c), in
order to explore the stability of the composite material and
determine its strength. All peaks connected to the composite
material in the XRD patterns showed a minor drop in intensity,
showing that the photocatalyst is stable and may be utilized in
the future.

5. Conclusions

In this work, a novel nanocomposite calcium ferrite modified by
carbon quantum dots (CaFe,0,/CQDs) was synthesized by
a one-pot hydrothermal method. Schemes for the synthesis of
CQDs and CaFe,0,/CQDs were discussed in detail. The phys-
ical, chemical and structural properties of CaFe,0,/CQDs were
studied via different characterization techniques. The modifi-
cation with CQDs reduced the bandgap from 3.12 eV (CaFe,0,)
to 2.63 eV (CaFe,0,/CQDs). The photocatalytic activity of the
nanocomposites against Congo red dye increased up to 90%
due to the CQDs. The efficient synthesis method, visible light-
driven photocatalytic behaviour, and lower bandgap led to the
conclusion that the CaFe,0,/CQDs nanocomposite is a suitable
choice to degrade carcinogenic Congo red dye for environ-
mental remediation.
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