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Abstract

Water contamination emerging from urban and industrial waste disposal is posing an alarming threat to human

and marine life. Hence, it is imperative to take a crucial approach to lowering the overall cost and time of wastewa-
ter treatment. The efficiency of heterogeneous photo Fenton green wastewater treatment processes relies mainly

on the morphology and surface interface properties of photocatalysts for harnessing maximum sunlight energy.

This research work reports for the first time the hydrothermal synthesis of ternary zinc ferrite coupled with carbon
quantum dots derived primarily from corncob biomass and supported over graphene oxide. The physiochemical
properties and microstructure of magnetic graphene oxide anchored over carbon quantum dots included Fourier
Transform Infrared Spectroscopy, Scanning Electron Microscope/Energy Dispersive X-ray, X-ray photoelectron spec-
troscopy, X-ray diffraction and Ultraviolet-Visible Spectroscopy. The effect of several factors on the photocatalytic
degradation of Rhodamine B (RhB) dye was studied and maximum degradation was attained at optimized conditions
of pH=4, catalyst concentration (20 mg/100 mL), oxidant dose (10 mM) and degradation time (60 min). Response
surface methodology was used to determine the optimization of various interacting parameters. The current research
focused on the utilization of waste corncob biomass as a potential candidate for the novel ternary nanocomposite
for effective treatment dye wastewater and reuse of treated dye water over wheat seeds germination.
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Introduction
Water comprises a significant proportion of the terres-
trial globe. Approximately 98% of the total water volume
consists of seawater, rendering it unsuitable for potable
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wastewater from industrial processes and diverse human
activities has led to significant and hazardous ecological
consequences. A concerning demographic is experienc-
ing daily hardships due to the lack of access to potable
water. The gross negligence exhibited by multiple indus-
trial units in releasing untreated wastewater into fresh-
water streams has presented significant risks to human
health [3].

Insufficient mineralization of contaminants emerged
as a prevalent issue when using traditional techniques,
including filtration, extraction, ultrafiltration, oxida-
tion, activated carbon adsorption, chemical oxida-
tion, electrolysis, and biological treatment. Continuous
investigation into the advancement of diverse oxidation
technologies has successfully addressed the limitations
associated with previous methods [4]. During the early
1980s, the potential use of advanced oxidation pro-
cesses (AOPs) for water treatment and purification was
unveiled. The hydroxyl radical, a potent oxidizing agent,
is used in wastewater treatment to facilitate the degra-
dation of intricate organic pollutants into less harmful
molecules [5]. Fenton reaction, sonolysis, heterogeneous
photocatalysis, ozone treatment, catalytic moist air oxi-
dation, and electrochemical oxidation represent a range
of advanced oxidation processes. Occasionally, these
systems exhibit collaborative behavior, resulting in the
generation of potent oxidizing radicals. These radicals
effectively target and neutralize waterborne pollutants,
transforming them into less harmful substances like car-
bon dioxide, water, and inorganic ions. Various semicon-
ductor photocatalysts, including binary or ternary metal
oxides supported on carbon-based materials, may be
used in advanced oxidation processes [6].

By harnessing the reactivity of hydroxyl radicals
("OH) generated through a Fenton reaction, the removal
efficiency of these contaminants can be significantly
enhanced compared to conventional physicochemical
and biological methods employed in wastewater treat-
ment [7]. The conventional Fenton reaction entails the
activation of hydrogen peroxide (H,O,) using ferrous ions
(Fe*™) to generate hydroxyl radicals (‘OH). However, the
efficiency of Fe?* regeneration is typically low [8]. Ultra-
violet (UV) radiation has been successfully employed in
the Fenton process to augment the recycling of Fe**/Fe3*
ions [9]. Nevertheless, several limitations exist regard-
ing the practical application of the homogeneous photo-
Fenton technique [10]. In the context of solar energy, it
is noteworthy that ultraviolet (UV) radiation constitutes
merely 5% of the total solar energy spectrum. Harness-
ing UV light necessitates an extremely acidic milieu and
yields the formation of iron sludge as a byproduct [11].
To overcome these challenges, the Vis-light/catalyst/
H,O, system underwent modifications to implement
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a heterogeneous photochemical approach to eliminate
organic pollutants. Scientists are, therefore, intrigued by
the prospect of developing visible light-assisted Fenton-
like catalysts [12, 13].

Semiconductors and magnetic materials, alongside
other materials, have been extensively investigated as
prospective photocatalysts. The metals and organic com-
pounds have also been successfully removed/extracted
from the wastewater samples [14—17]. A demand exists
for a material exhibiting optimal degradation efficiency,
yet no existing product in the market fulfills this require-
ment. Various types of materials, including nanoparticles
made of semiconductors and oxides, are currently being
investigated to enhance the efficiency of photocatalysis
[18, 19]. As an oxide-based material, ferrites are synthe-
sized for photocatalysis applications due to their mag-
netic properties, ability to utilize a wide range of the solar
spectrum, and electrical and optical characteristics [11].
Comparably, semiconductor materials, such as metal
oxide, exhibit substantial influence in photocatalysis. The
bandgap energies of these semiconductors can be altered
without altering the material composition by manipulat-
ing particle size and shape [20].

The kind of catalyst and its surface characteristics have
a big impact on the photocatalysis process. The main
prerequisites are the capacity to absorb a wide range of
sunlight, the efficient separation of charge carriers over
the catalyst’s surface, and the contribution of charges at
interfaces to redox processes making ferrites ideal can-
didates for wastewater treatment [21]. Investigating zinc
ferrite (ZnFe,O,) as a photocatalyst is motivated by its
reduced bandgap energy and enhanced magnetic prop-
erties compared to other ferrites [22]. Nevertheless, zinc
ferrites exhibit limitations that hinder their effectiveness,
such as rapid recombination of electron/hole pairs, sus-
ceptibility to photo-corrosion, and inferior photostabil-
ity [23]. The enhancement of ferrite performance was
achieved through the implementation of heterojunction
architectures, wherein they were integrated with addi-
tional semiconductor materials [24].

Heterogeneous photocatalysis, which uses semicon-
ductor materials based on metal oxides to break down
persistent pollutants, has gained popularity. Carbon
quantum dots, a novel carbon-based photocatalyst,
have arisen in traditional semiconductor materials.
Carbon quantum dots (CQDs) have gained significant
attention recently as an unknown category of nanoma-
terials with zero-dimensional characteristics [25]. They
are highly regarded as promising for interfacial regula-
tion due to their inherent properties of up-conversion
photoluminescence, exceptional electron-transfer capa-
bility, and favorable biocompatibility [26]. There are
several potential uses for CQDs in water purification
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and environmental remediation due to their remark-
able characteristics [27]. The most promising carbon
sources for the manufacture of water-soluble carbon
quantum dots have lately been found in natural waste
materials, particularly green waste [28]. Hydrother-
mal, chemical oxidation, solvothermal, carbonization,
and microwave-assisted synthesis are some of the most
popular methods for the facile synthesis of carbon
quantum dots (CQDs) from natural sources, accord-
ing to the literature. These methods are known for their
rapid synthesis processes and straightforward fabrica-
tion [29].

Another important challenge is discovering optimal
methods to enhance the synergistic interaction between
biomass carbon quantum dots electron transfer capa-
bility and super magnetic zinc ferrite’s crystal surface
properties. Conventional impregnation or adsorption
methods may cause carbon quantum dots to be hap-
hazardly attached. Some investigations have shown that
photoinduced electrons and holes from a photocatalyst
with strong redox capabilities may be spatially dispersed
across crystal surfaces when exposed to light [6]. Thus,
using a light-induced synthesis process like photo-dep-
osition to incorporate biomass carbon quantum dots as
electron acceptors onto zinc ferrite (ZFO) crystal sur-
faces is new and useful [30].

In addition, the fabrication of magnetic zinc ferrites-
based heterojunction photocatalysts can address the
recombination of photogenerated charges and enhance
the capabilities of separation and regeneration by utiliz-
ing an external magnetic field, thus making it suitable
for practical applications [31]. The primary constituents
of magnetic materials are ferrites (MnFe,O,, CoFe,O,,
ZnFe,0,), metal oxides (Fe;O,, Co30,, Mn;0,, y-Fe,O,),
and elemental metals (Fe%, Co) [26, 32].

Furthermore, optimizing the synergistic interac-
tion between the electron transfer capability of biomass
carbon quantum dots (CQDs) and the crystal surface
properties of zinc ferrite (ZnFe) presents a noteworthy
challenge that merits additional investigation. Utilizing
conventional impregnation or adsorption techniques may
lead to a haphazard dispersion and precarious attach-
ment of Carbon quantum dots. However, certain stud-
ies have indicated that a photocatalyst’s photoinduced
electrons and holes, possessing potent redox capabilities,
can be spatially distributed across distinct crystal planes
when exposed to light irradiation [30, 33, 34]. Graphene
oxide is a highly effective support material and electron
reservoir in ternary heterojunctions, as it can capture
electrons from metal oxides [35, 36]. The inhibition of
charge carrier recombination leads to an enhancement in
photo-response and an increase in the stability of hybrid
materials for their diverse range of applications [37].
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The current research investigation involves the syn-
thesis of carbon quantum dots/ ZnFe,O, anchored
on graphene oxide ternary heterojunction. The novel
nanocatalyst was synthesized for the first time, as far
as our current understanding goes, and its photocata-
lytic performance was evaluated for the degradation of
Rhodamine B dye when exposed to UV light. The pri-
mary focus was the advancement of a photocatalyst
that exhibited enhanced photocatalytic performance
when exposed to ultraviolet (UV) radiation. A variety
of analytical methods, including Scanning Electron
Microscopy with Energy Dispersive X-ray Spectroscopy
(SEM-EDS), X-ray Diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), Ultraviolet—Visible Spec-
troscopy (UV-Visible), and Fourier Transform Infrared
Spectroscopy (FT-IR), were employed to conduct a
comprehensive analysis of the composite material.
The composite material’s photocatalytic efficacy was
assessed by optimizing many parameters, such as cata-
lyst dosage, pH level, oxidant dose, reaction duration,
and initial dye concentration. The catalytic efficacy of
ternary Carbon quantum dots-zinc ferrite-graphene
oxide (CZG) nanocomposite was compared with its
binary counterparts, zinc ferrite-graphene oxide (ZQG)
and CQDs/Zinc ferrite (CZ). The present study has
shown a notable synergistic effect between carbon
quantum dots and magnetic graphene oxide catalysts,
resulting in a substantial improvement in the photo-
catalytic efficiency upon exposure to Ultraviolet radia-
tion. The toxicity analysis was also done by checking
the toxicity of treated dye wastewater by ternary CZG
composite on wheat seeds.

Experimental

Materials and reagents

Sodium Nitrate (NaNOg, >99%), Potassium Perman-
ganate (KMnO,,>99%), Iron Nitrate Nonahydrate
(Fe, (NO3)0.9H,0),>99%) Sulfuric Acid (H,SO,,
98%), Hydrogen Peroxide (H,0,, 35w/w %), ethanol
(CH;CH,OH, 95.6%), Zinc Nitrate Nonahydrate (Zn
(NO,),) and Acetic Acid were purchased from Sigma
Aldrich (USA). The dye Rhodamine B was procured from
the Fischer Scientific company. The graphite powder was
acquired from Scharlau (Spain). Iron nitrate Nonahydrate
(Fe (NO3),-9H,0, 98%) was received from Unichem.
Sodium Nitrate and potassium permanganate were
obtained from Merck, a reputable supplier of chemical
compounds. All the compounds utilized in the experi-
ment were of analytical grade, and no additional purifica-
tion procedures were conducted before their application.
During the research investigation, distilled water was
used to perform all chemical reactions.
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Synthesis of graphene oxide (GO) and carbon quantum
dots (CQDs)

GO was synthesized by the modified Hummers method
[38]. Carbon quantum dots (CQDs) were synthesized by
a method reported earlier [39]. The hydrothermal tech-
nique is used to synthesize supermagnetic ZnFe,O, nan-
oparticles [40].

Synthesis of binary nanocomposites

Hydrothermal treatment was employed to synthesize
the ZnFe,O,/Graphene oxide (ZG) binary composite as
reported [41]. Graphene dispersion was sonicated to get
a clear suspension. The slow addition of this cleared sus-
pension of GO was mixed in the solution of zinc ferrite.
Zinc ferrite-carbon quantum dots, a binary composite,
were prepared by the same method as graphene oxide/
ZnFe,O, formed [42].

Synthesis of ternary CQD/ ZnFe,0,/GO nanocomposite
(CZq)

In-situ hydrothermal method was prepared for the
novel ternary composite CZG. The graphene dispersion
was subjected to sonication to achieve a homogeneous
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and transparent suspension. The gradual introduction
of this clarified suspension of graphene oxide was com-
bined with the zinc ferrite solution. After some time, an
appropriate amount of Carbon quantum dots suspension
was added to the zinc ferrite solution under continuous
magnetic stirring. The above solution was autoclaved at
a specific temperature for several hours. After that, the
product was cooled down and dried in an oven. A sche-
matic description of ternary nanocomposite synthesis is
presented in Fig. 1

Characterization and equipment

Morphology, elemental analysis, and microstructure
of as-produced ternary CZG were characterized using
a scanning electron microscope with energy disper-
sive spectroscopy (EDS; FEI NOVA 450 NANOSEM).
Each powder sample was analyzed by XRD (operated
by Bruker D8 Advanced instruments) to determine its
crystalline properties throughout a range of 2 values,
from 5 to 80 degrees. Thermo Nicolet’s Fourier Trans-
form Infrared Spectrometer can detect the presence
of several functional groups on the surfaces of pro-
duced photocatalysts. The bandgap of the produced
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composites was determined by analyzing their absorp-
tion spectrum between 200 and 800 nm using a UV-
VIS spectrophotometer (Cecil CE 7200). The several
elemental states of surface groups were examined
via X-ray Photoelectron Spectroscopy (XPS system,
Escalab-250 Thermo scientific, Uk).

Analysis of photocatalytic pollutant degradation
Photocatalytic degradation of the cationic dye Rhoda-
mine B under UV light conditions was used to com-
pare the photocatalytic performance of hybrid ternary
and binary composites. The deterioration was carried
out under normal atmospheric conditions, with ultra-
violet light as the principal illumination source. Feasi-
bility degradation experiments were performed with
100 mL RhB dye solutions, with an initial dye concen-
tration of 10 ppm and a catalyst loading of 20 mg, with
pH 3, 7 and 9. Ultra-sonication of the fluid for about
15 min disseminated the nanoparticles. After letting
the suspension sample sit in the dark for approxi-
mately thirty minutes, we exposed it to sunlight. The
solution was continually agitated throughout the pro-
cedure to achieve absolute adsorption—desorption
equilibrium. An adsorption—desorption equilibrium
must first be established to attain efficient adsorption
of certain pollutants onto the surface of photocata-
lysts. The solution was left in the UV chamber while
continuously shaken in an orbital shaker. After regu-
larly centrifuging a 10 mL sample at 6000 rpm to sepa-
rate its components, the absorbance of the solution
may be determined. Using a double-beam spectropho-
tometer set to a wavelength of 554 nm, the concentra-
tion of RhB in the supernatant liquid was calculated. A
control experiment was performed without a catalyst
in each trial for the optimization of RhB degradation
with CZG catalysts. This control experiment further
confirmed the lack of any noticeable catalytic activity
under the influence of UV light or in the absence of a
catalyst. We used the formula mentioned in Eq. 1 to
compare the decline in activity of CZG, ZG, and CZ
catalysts.

A
0, 1 — —_—
% Degradation =1 g 100 (1)

The initial absorbance, denoted by (Ao), is described
by Eq. (1), and A is linked to absorbance measured
after irradiation of solution under ultraviolet light. For
this purpose, we used a solar power meter (SM206)
and a light meter (HS1010A). Under identically opti-
mized circumstances the photocatalyst was recycled
five times to test the catalyst’s photostability.
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Comprehensive characterization analysis of binary
(CZ, ZG) and ternary (CZG) nanocomposites
FT-IR analysis
The identification of functional groups on the catalyst
surface is done using the Fourier Transform Infrared
spectroscopy approach. Figure 2 shows the FTIR data
obtained for the samples. FT-IR spectra in the frequency
range of 4000 cm™ to 500 cm™" were used to character-
ize the surface functional groups of CQDs. O—H bonds
are readily visible in the Fourier Transform Infrared spec-
trum when the peak at 3420 cm™ is considered because
of its significant vibration frequency [43]. Furthermore,
the peak characteristics of the C-H, C=0, and C=C
groups correspondingly demonstrate the tunable fre-
quencies of 2900 cm™!, 1700 cm ™}, and 1625 cm™,
Additionally, a frequency of 1427 cm™' may be used
to detect C-N functional groups [44]. The GO-ZnFe,O,
spectra demonstrate that GO’s oxygen function group
peaks are significantly diminished or vanished, and new
bands for GO- ZnFe,O, emerged at around 544 cm™! and
423 cm™L. The tetrahedral Zn?* (Zn-O mode) stretching
vibration is responsible for the band at 544 cm™, while
the octahedral Fe** (Fe—O mode) stretching vibration is
responsible for the band at 500 cm™! [45].

XRD analysis

The crystalline size of the nanocrystal can be determined
by using XRD. The XRD patterns of binary and ternary
composites are shown in Fig. 3. Graphene oxide’s dis-
tinctive peaks at 206=10.3° and 13.2° corresponds to the
crystal planes (001) and (002), indicating that graph-
ite was successfully oxidized. The observed distinctive
peaks at 20 of 29.9°, 35.2°, 42.9°, 53.2°, 56.5°, and 64.2° are
assigned to the crystal planes of (220), (311), (400), (422),
(511), and (440) (JCPDS card No. 89-1010), and are
used to determine the cubic spinal structure of ZnFe,O,.
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Fig. 2 FTIR analysis of CZG, ZG and CZ nanocomposites
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Furthermore, both pure ZnFe in GO-ZnFe,O, are effec-
tively generated based on the high-intensity diffraction
peaks. ZnFe and ZG were found to have typical grain
sizes of 23.5 nm and 22.9 nm, respectively [46].

Carbon Quantum Dots crystal structures are seen in
the XRD patterns. Since the intense diffraction peak
value at 22.8° coincides with the interlamellar spacing of
the graphite structure, CQDs may be referred to as the
degree (002) planes of graphite [47]. Although the slightly
sharp peak reveals a less amorphous nature of carbon,
the peak at 19.2° with a d-spacing of 0.30 nm is attributed
to carbon. No other appearance of the CQD peak was
observed because of the low concentration and majorly
high distribution in the ternary sample. The drop in peak
intensity in the ternary CZG composite is associated with
metal ferrites confirming the presence of iron nitrate in
the composite as well as the incorporation of various
functional groups in the ternary hybrid [48]. The crystal-
lite size of binary and ternary nanocomposites is calcu-
lated using Debye Scherrer equation

D =KJ/Bcosb (2)

In Eq. (2), (D) is the nanoparticle’s crystallite size, is
the X-ray wavelength (0.154 nm and K is the Scher-
rer constant with a value of 0.94, and), is FWHM (full
width at half maximum), and the diffraction angle is
labelled as (0). The sheerer equation yielded crystallite
sizes of 27.8 nm, 24.65 nm, and 12.65 nm for CZG, ZG,
and CZ, respectively. The nonexistence of any additional
peak also corresponds to the purity of the synthesized
nanocomposite.

SEM-EDS analysis

Scanning electron microscopy was used for the deter-
mination of morphologies of nanoparticles. The spi-
nel cubic structure of zinc ferrite can be identified
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based on the information provided [49]. The SEM-
EDS images of binary and ternary nanocomposites
are shown in Fig. 4. The morphology of the ZnFe,O,
(ZnFe) particles transformed a cubic system to an
agglomerated random form as the concentration of
graphene oxide (GO) and carbon quantum dots was
increased. Assemblies of several entangled spheri-
cal-like nanostructures of quantum dots distributed
across stacked graphene sheets were seen in the ter-
nary hybrid formed when CQDs were combined
with ZnFe,O, and GO. The clustering phenomenon
observed in the zinc ferrite samples could be attributed
to the magnetic properties exhibited by the material.
Due to the inherent magnetic characteristics exhibited
by zinc ferrite, it is plausible for the particles to expe-
rience a decline in their colloidal stability, leading to
their mutual absorption and subsequent aggregation.
Composite formation was observed through a swift
morphological shift from cubic to randomly agglomer-
ated particles.

Elemental analysis of the prepared sample was taken
from EDS spectra. Zn, Fe, O, and C show composite
preparation in relative weight percentages.

XPS analysis

The chemical composition and the surface chemical
states of all binary and ternary nanocomposites were
analyzed using X-ray photoelectron spectroscopy (XPS).
The survey spectra of ZG, CZ, and CZG nanocompos-
ites are shown in Fig. 5. All of the samples displayed dis-
tinctive peaks at Cls (285.4 eV), Ols (530.2 eV), Fe2p3
(724.3 eV), Zn2p3 (1021.2) and peak Zn2p1 (1044.8 eV).
In the XPS spectra of the ternary CZG nanocomposite,
the significant relative peaks of Cls, Ols, Fe2p3, Zn2pl,
and Zn2p3 were observed to move towards the higher
binding energies. This suggests the successful combin-
ing of all components in the ternary heterostructures.
The distinctive Cls peak indexed at binding energy
(285.4 eV) is attributed to adventitious carbon. The peak
arising at binding energy 530.2 eV is related to Ols, sug-
gesting a normal oxygen signal in the hydroxyl group on
surface. The distinctive peaks of Zn2p3 and Zn2p1l were
found at binding energies of 1021.2 eV and 1044.8 eV,
respectively. These values show that Zn and Zn*' ions
were formed in the nanocomposites [42]. The binding
energies of 711 eV and 724.8 eV are related to Fe** sat-
ellite peaks corresponding to Fe2pl and Fe2p3 peaks
consequently indicating the presence of Fe** and Fe®*
oxidation states. The relative atomic percentages of Cls,
Ols, Fe2p3, and Zn2p3 in ternary CZG are 3.2%, 79.4%,
14.4%, and 3.0%. The relative atomic percentages of Cls,
Ols, Fe2p3, and Zn2p3 in binary CZ nanocomposite are
21.1%, 64.5%, 3.5%, 10.9% whereas these percentages in
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other binary (ZG) are 33.3%, 53.4%, 1.5%and 11.8% for  three components interacted leading to the final design
Cls, Ols, Fe2p3, and Zn2p3 respectively. Hence, Above  of ternary heterostructure and surface phenomena
all characterization techniques along with XPS can be occurring at the interface leading to the photodegrada-
utilized to attain a better understanding of how these tion process [50].
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Optical parameters

Band gap analysis

The optimization of light requirements is essential for
achieving successful photodegradation processes. This
optimization is critical for determining the optical char-
acteristics and bandgap of different photocatalysts, as
seen in Fig. 6. The energy bandgaps of binary and ternary
nanocomposites were calculated using the tauc plot [51].
The investigation focused on the optical absorption prop-
erties of the generated samples within the ultraviolet—vis-
ible (UV-vis) spectrum, spanning a wavelength range of

300 to 800 nm. Therefore, the findings from XRD and
FTIR support the effective synthesis of the ternary nano-
composite. Furthermore, it has been demonstrated by the
bandgap analysis that the ternary CZG exhibits a signifi-
cant degradation due to the efficient separation of elec-
tron-hole pairs [35]. The formula used to compute the
Tauc plot’s bandgap is shown below

(ehv)? = B(hv— Eg) (3)

The relationship between energy (in eV) and angular
velocity (h) is given by the equation Eg=hv. The absorp-
tion energy is calculated at (h) value, then projected
to=0. Bandgap energies of 2.7 eV, 3.2 eV, and 3.9 eV were
calculated for CZG, CZ, and ZG, respectively. The equa-
tion’s parameters («, B, and v) are the light frequency, the
proportionality constant, and the absorption coefficient,
respectively. Bandgap values imply that catalysts function
in the UV spectrum’s ultraviolet light range.

Point of zero charge

Determining a nanocomposite’s point of zero charges
(pHpzc) is crucial in assessing its photocatalytic activ-
ity. Comprehending the adsorption behavior of dyes is
of utmost importance in scientific research. Compos-
ite surfaces exhibit a net positive charge when the point
of zero charge (pzc) is surpassed by the solution pH.
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Conversely, when the pH exceeds the pzc, the compos-
ite surfaces acquire a negative charge [52]. The neutral
electrical charge of a composite material of magnetic
CZG was measured to be 3.33, as shown in Fig. 7. Due to
the cationic nature of RhB molecules, a negative charge
on the catalyst’s surface facilitates adsorption at pH lev-
els higher than the point of zero charge. Therefore, the
catalyst surface exhibits a strong electrostatic attraction
towards the cationic molecules of the RhB dye, resulting
in an enhanced degradation efficiency [53].

Effect of operational parameters for dye
degradation by ternary CZG

Effect of pH

The pH of the aqueous solution is a crucial determinant
of the photo-efficiency of the photocatalytic system
during the photodegradation process. The pH affects
the surface charge properties of photocatalysts, includ-
ing their point of zero charges (pHPZC) and organic
molecule adsorption capacity [54]. The study studied
the impact of pH on RhB photodegradation by varying
pH values from 2 to 9 while maintaining other param-
eters (catalyst dose: 20 mg/100 mL for CZG ternary,
30 mg/100 mL for binary CZ and ZG, initial dye con-
centration: 10 ppm, irradiation time: 60 min). The pH
of dye solutions was maintained using 0.1 M and 1 mM
sodium hydroxide hydrochloric acid solutions. Since
Rhodamine B is a cationic dye, it becomes positively
charged when dissociated in water. The pHpy value for
CZG was measured at pH 3.3. Lower pH values than
the pHpy result in a positively charged catalyst surface,
which electrostatically repels positively charged RHB
dye molecules. Active spots on the catalyst surface are
weak in acidic environments, reducing hydroxyl radi-
cal production and dye degradation [55]. According to
Fig. 8a, the ternary CZG exhibited 97% photocatalytic
degradation in an acidic medium at pH 4 under 60 min

10 FF Initial pH
—&— Final pH
8
=
=
= 6
Z
4
2 : Pzc=33
L v L) L] v
2 4 6 8 10
Initial pH

Fig. 7 Point of zero charge of ternary CZG
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of UV-light irradiation. Previously, our research group
reported Rhodamine B degradation by iron tungstate-
based nanocomposite in the acidic medium at pH 3
owing to the demonstration of a Fenton-like reaction
occurring in the dye solution [56]. At an acidic pH, the
solution becomes protonated. These protons may then
react with superoxide radicals to produce hydroxyl
radicals, which will eventually reduce the amount of
dye molecules. Similarly, utilizing CQD-based nano-
composites, Malitha and colleagues have proposed
that the ideal pH range for RhB and some other cati-
onic dye degradation is 4—6 [57]. Small pH variations
may have an impact on the RhB molecule’s ability to
bind to CQD-based nanocomposite surfaces, changing
the adsorption process and photocatalytic oxidation. In
another recent study, it was reported that using ferrite-
based nanocomposite RhB degradation efficiency was
10-40% in basic medium and enhanced to 99% at pH
3 [42, 58].

Both low and high pH values should result in a net
positive charge on the photocatalyst surface. Cationic
Rh B dye would bind to the surface of the catalyst more
quickly at higher pH levels because the zeta potential
decreases with rising pH [58]. Exposing the solution to
visible light will excite the electron, resulting in the for-
mation of electron/hole (e”/h™) pairs. The electron would
move from the valence band into the conduction band
as a result. The produced holes, either oxidize the Rh B
dye immediately, leading to mineralization to CO, and
H20, or react with OH to produce hydroxyl radical. One
possible mechanism by which a low pH value improves
photocatalytic degradation is by encouraging the adsorp-
tion of Rh B dye onto the photocatalyst outermost layer
[58]. Rapid degradation of the dye Rh B occurs at lower
pH levels because an increase in the creation of hydroxyl
radicals causes them to interact with holes, leading to the
production of even more hydroxyl radicals [59, 60]. Rho-
damine B is a cationic dye; yet, studies showed that it had
no impact on the alkalinity value when the alkalinity level
was high enough [61]. Moreover, at alkaline pH values
the degradation ability of ternary catalyst was reduced
as a result of sludge formation. This sludge was formed
because of the reaction of excess hydroxyl radicals and
ferrous ions. This sludge blocks the majority active sites
of catalyst hence, creating hindrance in charge transfer
among the three components [56]. According to Fig. 8a,
the ternary CZG exhibited 97% photocatalytic degrada-
tion in an acidic medium at pH 4 under 60 min of UV-
light irradiation. The ternary CZG at pH 4, binary ZG
at pH 5, and CZ at pH 6 degraded 97% 85% and 89%
under Ultraviolet light for about the same period sug-
gesting that ternary CZG has improved photocatalytic
degradation.
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Effect of catalyst dose

The quantity of catalyst utilized is crucial for assess-
ing photocatalytic performance and cost. Catalyst
loading and photodegradation efficiency were exam-
ined for 10 ppm RhB dye solution degradation at
10-80 mg/100 mL, with constant factors (pH=4) for
CZG ternary, 5 and 6 pH for binary ZG and CZ, optimum
catalyst dose, and 60 min irradiation. Photocatalyst dos-
ages (10 mg—100 mg/L) were studied to determine their
impact on degradation. The photodegradation efficiency
of CZG increased from 69 to 97% with a catalyst dosage
of 10 to 50 mg. The catalyst dosage increases the number
of active sites on its surface, leading to increased genera-
tion of hydroxyl and superoxide radicals [62]. Reduced
light transmission occurs as a result of scattering effects,
magnetic nanoparticle formation, and increased sus-
pension turbidity when the dose of the photocatalyst is
increased over the threshold [63]. The recommended
dose of the photocatalyst is 0.5 g/L, which is deter-
mined by several criteria including catalytic efficiency

and operating expenditures. Raise the temperature of the
Rh B dye bath to improve its oxidation. Elevated elec-
trons move into the conduction band from an optically
UV light source. An increase in reactive oxygen species
(ROS), or more precisely, the production of extra elec-
tron—hole pairs. The RhB dye was oxidized more quickly
when used in pairs [64, 65]. The magnetic ternary com-
posites showed improved photodegradation at 20 mg/
mL catalyst dosage and 30 mg/ 100 mL binary ZFO-GO
and CQDs- ZFO dose, as seen in Fig. 8b graph. Catalyst
doses beyond 20 mg showed a modest rise up to 97% but
decreased after 100 mg. Reduced degradation is caused
by light interception, preventing photons from reaching
adsorbed pollutants, and catalyst aggregation at larger
dosages, leading to an absence of active sites [66].

Effect of oxidant dose

The oxidant dose was adjusted by adjusting hydrogen
peroxide from 5 to 40 mM/100 mL in the dye solu-
tion after pH, while catalyst concentrations remained
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constant. Figure 8c shows a graph produced from
experimental data at predefined intervals. Initially,
the experiment was done without an oxidant, showing
minimal catalyst degradation.

The photocatalytic effectiveness of the catalyst was
enhanced when the oxidant concentration grew to a
certain degree. Hydroxyl radical (OH:) aids catalysts in
decomposing organic dyes more effectively. RhB break-
down often follows the addition of H,O,, which cap-
tures electrons for hydroxyl radical production [36].
The production of OH" radicals accelerates the break-
down of dye RhB by adsorbing it on the catalyst sur-
face. Additional active sites are created upon accepting
electrons from the conduction band, generating OH-, a
crucial dynamic species in degradation [67]. Increasing
the oxidant dose to 10 mM/100 mL decreases the pho-
tocatalytic activity of CZG. The optimal oxidant dos-
age for ZFO/GO and CQDs/ZFO was 10 mM/100 mL.
Furthermore, hydroxyl radicals contribute to charge
separation by removing electrons from the conduction
band. Hydroxyl radicals occur when hydrogen perox-
ide takes an electron from a superoxide radical. Below
the optimum threshold, H,O, acts as a limiting reagent
and the Fenton-like process causes deterioration to
occur. When the value is optimized, the photocatalyst
activates its active sites, resulting in remarkable dete-
rioration. The efficiency of H,O, breakdown decreases
as the chance of OH' generation increases under acidic
environments. Because radical scavenging is reduced,
the effectiveness of H,O, is enhanced by this delay
[68].

H,O0y + O; — HO™ + HO* + Oy (4)

HyO2 + ¢ (CB) - HO™ + HO- (5)

After reaching a specific threshold, the photocata-
lytic efficiency experiences a decline upon further aug-
mentation of the oxidant dosage. This phenomenon
can be attributed to the generation of hydrogen perox-
ide radicals, which exhibit lower reactivity compared
to hydroxyl radicals and effectively neutralize them
[69].

H,Oy + HO' — H>O + HOy 6)

HO; - + HO- — Hy,0 + O, (7)

Therefore, the investigation on degradation revealed
that the carbon quantum dots anchored on magnetic
graphene oxide exhibited the most optimal photocata-
lytic efficiency when subjected to an oxidant concen-
tration of 10 mM.
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Effect of initial dye concentration

The concentration of dye adsorbed on the catalyst surface
greatly affects dye degradation. The photodegradation
of RHB by CZG and other nanocomposites was stud-
ied with starting dye concentrations varying from 10 to
40 ppm while maintaining optimal parameters. At low
initial RhB load, maximal degradation occurred owing to
active site availability and dye molecule-hydroxyl radical
reaction on the catalyst surface; enhanced dye concentra-
tion leads to saturated active sites on the catalyst surface
due to enhanced dye molecule adsorption [70]. The cata-
lyst’s surface receives fewer photons, reducing hydroxyl
radical production for RhB molecule breakdown [71].
The graph of Fig. 8d shows the performance of all pho-
tocatalysts. Maximum degradation occurred for all cata-
lysts at 10 ppm Rhodamine B concentration. The ternary
CZG nanocomposite degraded over 97% at increased
RhB concentrations. This is because the ternary hetero-
junction has a larger surface area and can absorb more
RhB molecules. After dye molecules degrade on the
photocatalyst surface, additional dye molecules quickly
occupy the empty active sites [72]. Decreased hydroxyl
radical generation due to reduced light intensity at the
catalyst surface leads to less effective breakdown of Rho-
damine B molecules. The unique ternary magnetic CZG
photocatalyst improves RhB degradation even at larger
dye loading than conventional photocatalysts.

The dosage of a catalyst determines its limitations
for certain organic contaminants in wastewater, which
gradually reduces the degradation rate. Graphene oxide-
supported composites effectively degrade and avoid
agglomeration at increasing concentrations [73].

Effect of irradiation time

Photocatalytic reactions necessitate the utilization of
light energy, making light illumination conditions a criti-
cal factor influencing the performance of photocata-
lysts. The presented data illustrates the decomposition
efficiency of Rhodamine B in comparison to CZG, CZ,
and ZG under ultraviolet irradiation. The dye solutions
underwent light irradiation for approximately one hour
under ideal conditions for each catalyst. The modified
Rhodamine B solutions’ ultraviolet—visible absorption
spectra were obtained after 10 min of UV-irradiation in
the 250—-400 nm wavelength range.

The alterations in the dye solution’s spectral proper-
ties were observed by constructing a graph depicting
the absorbance values as a function of time. The degra-
dation trend increases over time, as illustrated in Figure
Fig. 9a. The dye colour exhibited a noticeable decrease
in intensity after 30 min of irradiation in the case of the
newly developed magnetic CZG. Furthermore, the dye
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Fig. 9 aTime parameter b UV-vis spectral scan of RhB degradation with time

completely degraded within approximately 60 min under
the same conditions. In contrast, the dye intensity gradu-
ally decreased for the ternary CZF and binary ZG and
CZ samples. Light irradiation induces a rapid decrease in
absorbance, which signifies the progressive degradation
of chromophore groups accountable for the manifesta-
tion of colour Fig. 9a. In addition, the data is subjected to
the application of kinetic models.

The ultraviolet—visible scan of the RhB dye over time
Fig. 9b demonstrates the deterioration of the RhB dye
over time when exposed to novel magnetic CZG nano-
composites. The UV-Vis absorption spectra indicate that
magnetic CZG exhibited enhanced rhodmine B (RhB)
removal.

Reaction kinetics

The degradation of rhodamine B was investigated by
fitting first and second-order kinetic models to avail-
able experimental data. The equations representing these
models are listed below [73]. The graph demonstrates
that the natural logarithm of the beginning concentration
divided by the concentration at time t, denoted as “In Co
/ Ct;” exhibits a linear relationship with the variable t. The
rate constant of a first-order reaction may be computed
by determining the slope of the corresponding graph. The
rate constant K, associated with a second-order reaction,
like K1, is proportional to the slope of the relationship
between “1 / Ct — 1 / Co” and time. The table includes
rate constants and their associated R? values. Thee first-
order kinetics matches the photocatalytic degrada-
tion process most compared to pseudo-one-order and

second-order models. This is because a higher value was
discovered for R2,

In Ct = K;t(Pseudo First order) (8)
In Co / Ct = Kjt(First order) 9)

1/Ct —1/ Co = Kst(Second order) (10)

“Co” denotes the concentration of the dye solution at
the start of time, and “Ct” represents the concentration
at the moment represented by “t” [74]. Reaction rate con-
stants are indicated by the letters “K”: “K,” for pseudo-
first-order reactions, “K,” for first-order responses, and
“Ky” for second-order processes.

As shown in Fig. 10, the time required to complete a
reaction is directly proportional to the natural logarithm
of the ratio of the initial concentrations (In(Co/Ct)). This
result is consistent with first-order kinetics for RhB pho-
todegradation by ternary nanocomposites. The apparent
first-order rate constant, given by the symbol k, corre-
sponds to the slope of the line depicting the concentra-
tion of Co/Ct as a function of time, as shown by linear
regression analysis. When considering the first-order
process, the rate constants k, are more effective than K;
and K; when UV light is present.

Reusability analysis and iron leaching

Under the optimal pH, catalyst dosage, oxidant concen-
tration, dye concentration, and irradiation duration, the
stability and reusability of the catalysts for CZG were
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Fig. 11 Reusability study by ternary CZF nanocomposite

studied. Magnets on the outside helped get the cata-
lysts out so they could be reused. Catalysts were washed,
dried in an oven, reweighed, and reused after being
extracted from reaction solutions. Degradation efficiency
was shown to drop from 95 to 68% after the 5th cycle
(Fig. 11).

Heterogeneous photocatalysts must be stable enough
for wastewater treatment without allowing metals to
leach from the solid into the liquid. Atomic absorption
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spectroscopy measurements of iron leaching were taken
after each experiment to evaluate catalyst stability. The
catalyst is stable and may be reused several times with-
out significantly degrading its photocatalytic efficacy
if the concentration of iron and zinc leaching (0.19 and
0.26 mg/L) is less than 0.32 mg/L. The measured iron
leaching was less than a tenth of the European Union
limit (2.0 mg/L) [50]. However, even this slow and steady
metal release may render the catalysts ineffective. After
repeated usage, the active sites on the catalyst’s surface
may get blocked or diminished, leading to a decline in
photocatalytic effectiveness. The catalysts’ structure and
performance may be affected by several factors [46].

Toxicity analysis

The Primary and secondary treated wastewater is used
for horticulture, landscape irrigation, and food crop
irrigation. Advanced oxidation techniques decompose
organic contaminants into carbon dioxide during tertiary
wastewater treatment. Therefore, the water may replace
surface groundwater. Due to environmental and socio-
economic considerations, treated wastewater and ultra-
violet light nanocomposites are used to grow food crops
[75]. Under UV light, magnetic nanocomposites must be
tested for pollutant degradation in dye-loaded wastewa-
ter treatment. The byproducts’ qualities determine the
outcome. To accomplish our goal, we used water treated
with Rhodamine B and carbon quantum dots anchored
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on magnetic graphene oxide on highly sensitive wheat
seedlings. A 10-mL solution of treated RhB dye was used
to immerse filter sheets and seeds, which were then cov-
ered with glass lids [76]. The Petri plates were incubated
at ambient temperature for 24 h. As seen in Fig. 7, wheat
seedlings germinated within two days. The seeds did not
blacken in RhB-treated wastewater. This shows that the
treated water by novel photocatalyst, is safe for agricul-
tural irrigation. Thus, treated water may be used for
irrigation under optimal circumstances [23]. Figure 12
shows wheat seed germination by treated dye water by
ternary CZG nanocomposite.

Radical scavenging experiment

Photocatalytic degradation involves the participation of
reactive species, including h+, e —, and hydroxyl radi-
cals. The use of radical scavenging species may accom-
plish the assessment of the efficacy of radicals involved
in degradation processes. Various radical scavengers
were used in this study, including Ethylene diamine tetra-
acetate (EDTA) for hole scavenging, Potassium dichro-
mate (K,Cr,0,) for electron scavenging, ascorbic acid for
superoxide radical scavenging, and Dimethyl sulfoxide
(DMSO) for OH radical scavenging. A concentration of
5 mM (mM) was used for each scavenger, and the experi-
ment was conducted under ultraviolet (UV) light under
the most favorable circumstances. The findings indicate
that adding DMSO significantly mitigated the deteriora-
tion of the dye solution. The use of DMSO in the GO/
ZFO/CQDs system decreased degradation from an initial
value of 85% to a final value of 29%. Likewise, the pres-
ence of electron and hole scavengers reduced degrada-
tion (Fig. 13).
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Fig. 12 Assessment of Toxicity analysis of treated RhB water by ternary CZG over wheat seed
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Proposed mechanism

The proposed mechanism for dye photodegradation
is based on holes and hydroxyl radicals, both of which
play significant roles in the process. Absorption of light
energy over the bandgap energy, according to current
understanding, results in the production of holes and
electrons, which assist in the deterioration process. The
breakdown process is sparked by reactive oxygen spe-
cies, of which electrons and holes are examples. Carbon
quantum dots anchored on magnetic graphene oxide
improve charge transfer, decreasing the bandgap of zinc
ferrite. As a result, UV light rapidly excites electrons in
the valence band of ZnFe, causing them to move into the
conduction band (CB). While the positively charged h*
atoms stay in the valence band, photoexcited electrons go
from the VB of zinc ferrite to the CB of Carbon quantum
dots. The recombination process is prolonged because
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graphene oxide induces the oxide holes to go nearer the
valence band (VB) of ZFO. Photogenerated holes acted
onto the H,0,, causing it to undergo reduction, produc-
ing a superoxide radical. Graphene oxide acts as a sink-
ing medium. Therefore, electrons and holes recombine
slowly. The following process may explain this. Figure 14
shows the proposed mechanism of RhB degradation by
novel ternary CZG.

ZFO/GO/CQDs+ hv

— ZFO (e”+h*)/GO/CQDs (e~ +h")

ZFO (e”+h")/GO/CQDs (e-+h+)

— ZFO (h")/GO/CQDs (e7)

GO/CQDs (e7)4+0,—0,~

ZFO (h*)+ OH™ —» ZFO+OH-

O, 7/ OH:-+RhB

— Intermediates — Degraded Products

Response surface methodology (RSM)

The response surface approach has been proven to be an
effective tool for optimizing a wide range of photocata-
lytic degradation process variables. This work investi-
gated methylene blue’s degradation rate by manipulating
many variables using the central composite design (CCD)
method. To maximize degradation, as measured by the
response variable, we used central composite design

uv-
Light
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to regulate and manipulate many relevant factors. This
included pH, catalyst dosage, and oxidant dose.

Analysis of variance (ANOVA)

The selected model strongly affects the optimized vari-
ables, as the fit summary graphic shows. The model’s
strong R? value reveals its impressive predictive power.
Using a quadratic model, it is found that numerous vari-
ables- pH, catalyst concentration, and oxidant—signifi-
cantly correlated with observed degradation as shown in
Table 1. Mathematical modeling in a second-order poly-
nomial equation was utilized to investigate the connec-
tion between the abovementioned factors and the rate at
which rhodamine B dye degrades. This equation may also
be written as:

k k k k

Y=8+Y Baxi+ Y Baxi+ Y, Y Pyxixi+e

i=1 i=1 i=1 i#j=1
(11)
Lack of fit and regression analysis helps determine
whether a model is suitable for a given dataset. The
p-value tells you how significant a certain variable is sta-
tistically. A model is deemed insignificant if its p-value
is more than 0.1000, whereas a p-value of less than 0.05
suggests statistical significance. The statistical model

Reduction

0,

reaction

H,0
Oxidation o
reaction OH" )
Rhodamine B
CO,+H,0

Fig. 14 Proposed mechanism of Dye RhB degradation using ternary CZG
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Table 1 ANOVA table for RhB degradation by ternary CZG

Source Sum of square Df F-value P-value

Model 12,553.35 9 1394.82 <0.0001 Significant
A-pH 2345.77 1 234577 <0.0001

B-Catalyst Dose 21.80 1 28.10 04038

C-Oxidant dose 67.10 1 67.10 05171

AB 167.53 1 167.53 0.0362

AC 143.74 1 143.74 0.0491

BC 133.39 1 13.39 0.5099

A2 6052.57 1 605257 <0.0001

B? 2595.85 1 2595.85 <0.0001

C? 2949.02 1 2949.02 <0.0001

Residual 286.78 10 28.68

Lack of fit 286.78 5 5736 Non-significant
Pure error 0.0000 5 0.0000

Cor total 12,840.13 19

Std. Dev 536 R 09777

Mean 64.08 Adjusted R? 09576

CV% 8.36 Predicted R? 0.8311

Press Adeq Precision 21.1282

is considered significant when the p-value is less than
0.0001.

The percentage decline is the dependent variable here,
and Y is the reaction. The variable to which the coef-
ficient B° is assigned and its associated value are both
known. Linearity coefficients are denoted by i, and
those of quadraticity by pii. The coefficient Bij represents
the interplay between two variables. In addition, x i and
x Bj signify the encoded values for the independent vari-
ables, whereas the symbol denotes random errors

Y=9700+1311% A 4+ 1.26%xB + 222 % C
—4.58 * AB — 4.24 x AC+ 1.29 +* BC — 20.49

* A%+ —13.42 % B> — 14.30 x C?
(12)

Y is the proportion of rhodamine B dye that has been
destroyed, whereas A, B, and C are the pH, catalyst con-
centration, and oxidant dosage, respectively. The vari-
ables AB, AC, and BC show the linear influence, whereas
the quadratic effect is demonstrated by the variables A%,
B2 and C%

A contour plot and a three-dimensional display illus-
trate the relationship between the two variables. The
experiment was conducted at a catalyst concentration of
10-30 mg per 100 mL and a pH range of 2—6. The deg-
radation rate rises when the pH varies from 2 to 9, peak-
ing at a pH of 4 before declining at higher pH values. In a
concentration range of 10-20 mg/100 mL, photocataly-
sis showed improved performance in the degradation of
rhodamine B. Increased surface area of the photocatalyst

allows for more sites for dye adsorption, which may
explain the observed improvement. Nanoparticle aggre-
gation, which leads to active site obstruction, becomes
more evident when catalyst concentration is raised. Con-
sequently, having a photocatalyst present slows down the
pace at which an object degrades when exposed to UV
radiation.

The oxidants were used at dosages ranging from 5 to
15 mM. Photocatalytic activity increased when the oxi-
dant concentration was increased to 10 mM. The experi-
ments lasted 60 min and used catalyst concentrations
ranging from 10 to 20 mg/100 mL. The degradation rate
was greatest at a concentration of 20 mg per 100 mL for
60 min. Figure 15 depicts a graphical representation of
their mutual interaction.

Conclusion

The dye rhodamine B breakdown process under UV
light is significantly aided by the nanocomposite CZG,
which possesses unique features. Hydrothermal syn-
thesis was used to synthesize the ternary carbon quan-
tum dots anchored on magnetic graphene oxide. When
exposed to UV light, the composite efficiently degrades
the rhodamine B dye. Degradation efficiencies of binary
and ternary nanocomposites were also compared, which
motivated the synthesis of ZG and CZ. Clearance effi-
ciency for RhB dye was as high as 97% after an hour after
being exposed to CZG. Characterization techniques
such as scanning electron microscopy with energy-dis-
persive X-ray spectroscopy, Fourier-transform infrared
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spectroscopy, X-ray diffraction, and ultraviolet—visible
diffuse reflectance spectroscopy were used to evaluate the
shape and crystal structure of the newly developed nano-
hybrid. This work formed a heterojunction between ZFO,
CQDs, and GO, contributing to increased photocatalytic
efficiency. There was little catalyst loss and effective dete-
rioration up to the fifth cycle in a series of five cycles used
to assess the photostability of the photocatalyst.
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