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ARTICLE INFO ABSTRACT
Keywords: This work aimed to investigate photocatalytic properties of GQDs@PEG@Mg-ZnFe;0O4 nano-
Mg-ZnFe;04 composite, composed of graphene quantum dots (GQDs), polyethylene glycol (PEG), and

Graphene quantum dots (GQDs)
Ternary nanocomposite
Methylene blue (MB)

Crystal violet (CV)
Photocatalytic degradation

Mg-ZnFe 0y, for the degradation of methylene blue (MB) and crystal violet (CV). This nano-
composite was synthesized using facile ultrasonics-assisted methodology. XRD analysis confirmed
the formation of the spinel structure of the Mg-ZnFe204 in the nanocomposite, whereas the
presence of GQDs and PEG was confirmed by Fourier transform infrared spectroscopy. Scanning
electron microscopy (SEM) revealed a reduction in agglomeration and particle size in the ternary
nanocomposite. The GQDs@PEG@Mg-ZnFe;0O4 nanocomposite demonstrates a remarkable
degradation efficiency of 98 % for CV and MB dyes in the presence of sunlight in 120 min,
indicating its potential as an efficient photocatalyst. Vibrating sample magnetometer (VSM)
analysis confirmed the superparamagnetic behavior of the GQDs@PEG@Mg-ZnFe;04 nano-
composite which enables magnetic recovery of the photocatalyst after the degradation process.
Overall, this study emphasizes the utilization of an environmentally friendly approach to effec-
tively eliminate organic pollutants from wastewater, addressing a crucial environmental concern.

1. Introduction

The increasing concern over environmental pollution caused by pollutants such as solid wastes and dyes has led to a growing
interest in the development of efficient and environment-friendly techniques for their removal [1-3]. Photocatalytic degradation has
emerged as a promising approach, utilizing light energy to drive chemical reactions that decompose the dyes into less harmful
products. Among various photocatalysts, zinc oxide (ZnO) and titanium dioxide (TiO3) have been widely studied and utilized for their
photocatalytic properties [4-7]. However, their limitations in terms of low efficiency, poor stability, and limited response to visible
light have led to the search for alternative photocatalysts with improved performance. Recently, ferrites have caught attraction as a
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photocatalyst due to their capability to absorb visible light. Additionally, their magnetic recoverability after the degradation process,
cost-effectiveness, and non-toxic nature make them superior in contrast to conventional photocatalysts [8]. Furthermore, the chemical
stability of ferrites enables their use in harsh conditions, further expanding their utility.

Among ferrites, Mg-ZnFe,04 has gained much attraction because of its high stability, facile synthesis, and diverse applications in
fields such as energy harvesting, sensors, catalysis, high frequency, and biomedical applications [9-11]. Mg-ZnFeO4 is a promising
ferrite with optimal potential for photocatalytic activity [12], which enables it to effectively generate and transfer electrons and holes,
leading to more efficient degradation of dyes.

GQDs are reported to have a tunable bandgap in the visible light spectrum [13]. When exposed to sunlight, GQDs have the dual
tendency to serve both as a source and acceptor of electrons. Qu et al. have explored the potential of GQDs in enhancing the pho-
tocatalytic performance of TiO, in GQDs/TiO2 nanocomposite, in contrast to pure TiO,. The enhanced photocatalytic activity from 51
% to 92 % in GQDs/TiO, nanocomposite was attributed to up-conversion properties of the GQDs, increased photogenerated
electron-hole separation and efficient visible light absorption [13]. Sarwar et al. have studied CuWO4/GQDs photocatalyst for visible
light degradation of phenol. Results revealed an enhancement in the photocatalytic activity from 19 % to 54 % for CuWO4 and
CuWO04/GQDs nanocomposite, respectively. This improvement in the photocatalytic activity was linked to the efficient charge transfer
(electrons) from CuWO4 to GQDs [14]. Khan et al. have explored the potential of photocatalyst GQD-0.1Fe-TiO»-300 in comparison to
pure 0.1Fe-TiO2-300 for decolorizing RB5 dye in textile wastewater. The addition of GQDs resulted in the photocatalytic decolor-
ization from 95 % to 97 % with no impact on seed germination of L. esculentum [15]. These studies indicate that incorporating GQDs
into magnesium-zinc ferrite can help in the amplification of Mg-ZnFe;04 photocatalytic performance.

Regardless of these properties, magnetic materials have a tendency to aggregate which adversely affects the degradation efficiency.
To prevent aggregation, researchers have utilized the incorporation of magnetic ferrite matrix into porous and layered materials. Tabit
et al. studied agglomeration tendency of CoFe;O4 nanoparticles by manipulating its structure with porous GO. The reduction in the
agglomeration of the particles was associated to the degradation efficiency of rhodamine B [16]. Yang et al. controlled the agglom-
eration of Fe3O4 nanoparticles by embedding it into a polymer matrix (PANI). Fe304/PANI nanocomposite showed a significant
improvement in photocatalytic activity due to less agglomeration and enhanced light absorption of sunlight [17]. Thus, performance of
a photocatalyst can be enhanced by combining the GQDs and a polymer with ferrites. In this work, we synthesized a ternary nano-
composite based on graphene quantum dots (GQDs), polyethylene glycol (PEG), and magnesium-zinc ferrites. The ternary nano-
composite possesses a unique combination of properties that provides a condensed approach to overcome these issues. GQDs improve
the conductivity of the ternary nanocomposite which facilitates better charge transfer for the photocatalytic process. Moreover, GQDs
are known to possess excellent visible light absorption, enabling more effective utilization of the solar spectrum. Whereas polyethylene
glycol in the nanocomposite acts as a stabilizing agent, reducing the agglomeration of the photocatalyst. The hydrophilic nature of PEG
helps in improving the water solubility of the nanocomposite which is particularly important for efficient degradation of water-soluble
dyes. The presence of PEG in the ternary nanocomposite results in better dispersion and improved photocatalytic activity.

This study investigates the photocatalytic degradation of widely used dyes, methylene blue and crystal violet, employing a ternary
GQDs@PEG@Mg-ZnFe204 nanocomposite. These are widely used dyes in textile and printing industries and cause environmental
pollution when discharged in wastewater. Ternary GQDs@PEG@Mg-ZnFe;04 nanocomposite was synthesized through a facile
sonication-assisted process, followed by comprehensive characterizations by various techniques, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), ultraviolet-visible spectrophotometry (UV-Vis), Fourier transform infrared spectroscopy (FTIR)
and vibrating sample magnetometry (VSM). The synthesized nanocomposite exhibited remarkable photocatalytic activity for the
degradation of both methylene blue and crystal violet under sunlight with efficient reaction kinetics. These findings hold significant
potential for the development of efficient and eco-friendly approaches to tackle dye removal from wastewater.

2. Experimental
2.1. Materials

Mg-ZnFe,04 was synthesized using the sol-gel method. All the precursors: Mg(NO3)206H20, Zn(NO3)206H20, Fe(NO3)309H20, and
CsHsO~ were purchased from Sigma Aldrich.

2.2. Synthesis

2.2.1. Graphene quantum dots (GQDs)
The synthesis of GQDs was performed through direct pyrolysis of CeHsOr. The complete method of the synthesis process is reported
elsewhere [18].

2.2.2. Mg-ZnFe;04

The sol-gel method was employed to synthesize Mg-ZnFe;04. A 0.5 M aqueous solution of Mg(NOg3)2e6H20 and a 0.5 M aqueous
solution of Zn(NO3)2e6H,0 were combined with a 2 M aqueous solution of Fe(NO3)309H,0 while stirring constantly. The chelating
agent (CsHsO-) was introduced in the above solution after 30 min of stirring. The solution was then kept at 90 °C with steady stirring for
~5h. A crimson gel was obtained which was subsequently dried at 150 °C. Finally, Mg-ZnFe;04 was acquired by the calcination of the
above product at 1000 °C in a muffle furnace for 4 h.
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Fig. 1. The synthesis of the ternary GQDs@PEG@Mg-ZnFe,04 nanocomposite.

2.2.3. GQDs@Mg-ZnFe;04 and PEG@Mg-ZnFe;04

The binary nanocomposite was synthesized using the ultrasonication method. 0.5 g of pre-synthesized Mg-ZnFe;04 was dissolved
in 20 ml of deionized water and subjected to sonication for 2 h separately. 5 ml of GQDs and PEG (200) solution were mixed in the
above solution separately and kept for further sonication (2 h). The resultant solutions were then dried at 100 °C in an oven to obtain
the final binary nanocomposite of GQDs@Mg-ZnFe;04 and PEG@Mg-ZnFe»04, respectively.

2.2.4. GQDs@PEG@Mg-ZnFez04

0.5 g of pre-synthesized Mg-ZnFe;04 was dissolved in 20 ml of deionized water and subjected to ultrasonication for 2 h. 5 ml of
GQDs and PEG solution were added in the above solution and kept for further sonication (2 h) before undergoing drying at 150 °C in an
oven, resulting in the formation of the GQDs@PEG@Mg-ZnFe»04 ternary nanocomposite. Fig. 1 presents a schematic of the overall
synthesis procedure of GQDs@PEG@Mg-ZnFe;04.

The structural properties were characterized using X-ray diffraction with a Cu-ka beam (Bourevestnik, DRON-8). The presence of
different vibrational bands in the synthesized nanocomposite was analyzed using FTIR spectra (Lamda 365). The morphological
properties were analyzed using scanning electron microscopy (SEM JEOL JSM-6390) and the magnetic properties were disclosed
through vibrating sample magnetometry (DXV-220, Dexing).

3. Results and discussions
3.1. X-ray diffraction (XRD)

The structural properties of as-synthesized samples were characterized by X-ray diffraction analysis at room temperature. The X-ray
diffractograms were obtained for all the samples: Mg-ZnFe;O4, GQDs@Mg-ZnFe;O4, PEG@Mg-ZnFe,04 and
GQDs@PEG@Mg-ZnFe,04 and illustrated in Fig. 1(A). The XRD patterns of Mg-ZnFe,;04 showed distinct peaks at (111), (220), (311),
(400), (422), (511), (440), and (533), indicating the cubic structure of the prepared sample. These peaks are in accordance with
JCPDS-22-1012. The relatively higher intensity of (220), (311), (440), and (511) peaks indicate the preferential growth along these
planes in all samples [19]. The absence of any secondary peak and high signal-to-noise ratio confirmed the purity and high crystallinity
in all the samples. A slight hump appeared at 20 ~20° in GQDs@Mg-ZnFe,04 which can be attributed to the unique (002) peak of
GQDs. The characteristic peak of GQDs indicates the presence of GQDs in Mg-ZnFe04, which is in accordance with the literature [18].
A decrease in the intensities of the Mg-ZnFe;O4 phase in PEG@Mg-ZnFe;0,4 was observed without any other characteristic peaks,
suggesting that PEG is dispersed randomly throughout the structure rather than forming a crystalline phase. Similarly,
GQDs@PEG@Mg-ZnFe,04 showed the peaks of GQDs and Mg-ZnFe;04 with the amorphous nature of PEG in the ternary composite
[20,21].

Williamson-Hall model was used to evaluate microstructural properties of the synthesized samples which relates broadening of the
diffraction peaks with the microstrain and crystallite size. The contribution to total peak broadening (f,,) due to crystallite size (5,)
and lattice microstrain (f;) is given as:
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Table 1
Structural parameters of Mg-ZnFe,04, GQDs@Mg-ZnFe,04, PEG@Mg-ZnFe,04 and GQDs@PEG@Mg-ZnFe,04 samples.
Samples € D (nm) a v d dx
(X107%) (A) &%) (A) )
Mg-ZnFe;04 2.11 43 8.436 600 2.543 4.78
GQDs@Mg-ZnFe;04 2.28 47 8.430 599 2.541 4.88
PEG@Mg-ZnFe;04 1.25 30 8.425 598 2.540 4.89
GQDs@PEG@Mg-ZnFe;04 1.58 10 8.418 596 2.538 4.91
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Fig. 2. (A) XRD pattern (B-E) WH plots (F) FTIR spectra of Mg-ZnFe,0,4, GQDs@Mg-ZnFe,0,4, PEG@Mg-ZnFe,04, and GQDs@PEG@Mg-ZnFe;04
nanocomposites.
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Magnesium

Fig. 3. SEM micrographs of (A) Mg-ZnFe;O4, (B) GQDs@Mg-ZnFe,04, (C) PEG@Mg-ZnFe;04, (D) GQDs@PEG@Mg-ZnFe 04 and (Di-Dvi)
Elemental mapping of ternary GQDs@PEG@Mg-ZnFe,04 nanocomposite.

The lattice spacing duq and its variation (Adyg), incident X-ray wavelength (1), crystallite shape factor (x), crystallite size (D), and
the angle of incidence of the X-ray beam (6) are the factors involved in the determination of microstructural properties of materials. By
analyzing the slope and intercept of the plot between /’i%” and 459, the microstrain and crystallite size can be derived, which are given
in Table 1. Fig. 2(B-E) depicts WH plots of Mg-ZnFe;04, GQDs@Mg-ZnFe;04, PEG@Mg-ZnFeyO4 and ternary
GQDs@PEG@Mg-ZnFe,04 nanocomposite, respectively.

The synthesized samples showed the average crystallite size (D) in the range of 10-43 nm. The highest D value was observed in
Mg-ZnFe,0, with a microstrain of ~1073. An increase in the crystallite size and microstrain was observed in binary
GQDs@Mg-ZnFe;04 nanocomposite, which can be attributed to the varied crystal growth dynamics upon the addition of GQDs,
leading to the enhancement of crystal growth. The incorporation of PEG in PEG@Mg-ZnFe»04 results in smaller crystallites due to the
growth-inhibiting properties of PEG. The decreased microstrain of PEG@Mg-ZnFey04 compared to Mg-ZnFe,04 might be due to the
stabilizing nature of PEG. In ternary GQDs@PEG@Mg-ZnFe,04 nanocomposites, the synergistic effect due to the addition of GQDs and
PEG leads to a significant reduction in the crystallite size and microstrain.

The lattice parameter (a), interplanar spacing (d), unit cell volume (V), and X-ray density (dx) was computed and presented in
Table 1. The lattice parameter (a) of Mg-ZnFe;04 showed a decreasing trend when compared to Mg-ZnFe;04 in the binary and ternary
nanocomposites. This decrease might be due to the interaction of GQDs and PEG molecules with Mg-ZnFe504. A similar trend was also
observed in cell volume and X-ray density.

3.2. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) was used to identify functional bonds; the data is shown in Fig. 2(F). FTIR spectra showed two
distinct vibrational bands: vo and vr at 430 cm™" and 565 cm ™! wavenumbers associated with metal ions vibrations at octahedral and
tetrahedral sites, respectively [19]. The tetrahedral and octahedral voids are additionally known as A-site and B-site, respectively. The
vo band showed lesser absorption due to weakly bonded Fe>" ions at the B-site compared to the A-site. Furthermore, the existence of
these vibrational bonds confirms the formation of the spinel structure of Mg-ZnFe504.

GQDs@Mg-ZnFe,0, showed vibrational bands at 1360 cm ™! and 3430 cm ™! indicating the presence of ~-COOH and O-H functional
groups in the GQDs, respectively. The spectra also exhibited vibration bands at 2950 cm ™! and 1350 cm™! which corresponds to the
stretching vibration of C-H and —-COOH, which suggests that the nanocomposite contains some incompletely carbonized CA (citric
acid) [22,23]. Furthermore, there is a vibration band at 1088 cm ™! that corresponds to the C-O-C group in the GQDs@Mg-ZnFes04.
The FTIR spectra of PEG@Mg-ZnFe,0,4 showed all the characteristic peaks of ferrites with an additional band of C-O-C at 1062 cm ™
as compared to Mg-ZnFeyO4 [24]. The FTIR spectrum of the ternary nanocomposite GQDs@PEG@Mg-ZnMg-ZnFe,04 displays
characteristic vibrational bands of the Mg-ZnFe;04, GQDs, and PEG, indicating the presence of all three components in the ternary
nanocomposite.

3.3. Scanning electron microscopy (SEM)

The morphological properties of all the samples were studied using a scanning electron microscope (SEM). The SEM images are
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Fig. 4. EDX spectrum of (A) Mg-ZnFe,04, (B) GQDs@Mg-ZnFe,04, (C) PEG@Mg-ZnFe,04, and (D) GQDs@PEG@Mg-ZnFe,04 nanocomposites.
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Fig. 5. KM-plots: (A) Mg-ZnFe,04 (B) GQDs@Mg-ZnFe,04 (C) PEG@Mg-ZnFe,;04 and (D) GQDs@PEG@Mg-ZnFe,04 nanocomposites.

shown in Fig. 3(A-D). The SEM micrograph of Mg-ZnFe;04 reveals the presence of large agglomerated particles, whereas, small
spherical-shaped bright graphene quantum dots can be seen on the surface of GQDs@Mg-ZnFe,04. The brightness of the GQDs is due
to their good electrical conductivity. Similarly, uniform decoration of the Mg-ZnFe,O4 particles with small spherical PEG particles is
evident in PEG@Mg-ZnFe;04. A reduction in particle size of Mg-ZnFe,O4 as compared to binary and pristine was observed on
GQDs@PEG@Mg-ZnFe;04 nanocomposite. This reduction in size in the ternary composite can be attributed to the homogeneous
dispersion of nanoparticles due to the presence of GQDs and PEG, which act as dispersants to prevent agglomeration. This is also in
accordance with XRD results.

Elemental mapping is a technique used to visualize the spatial distribution of elements in a material. In the case of a ternary
GQDs@PEG@Mg-ZnFe,04 nanocomposite, the elemental mapping would show the distribution of magnesium, zinc, and iron in the
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Fig. 6. (A-D) UV-visible absorption spectra of photodegradation of MB for Mg-ZnFe,O4, GQDs@Mg-ZnFe,04, PEG@Mg-ZnFe,04,
GQDs@PEG@Mg-ZnFe,04, nanocomposites and (E) degradation (%) for MB.

material as depicted in Fig. 3(Di-Dvi). The maps could be displayed in different colors, with each element assigned a specific color. By
analyzing the maps, we observed a homogeneous distribution of each element in the composite material. The homogeneous distri-

bution of elements in a material can lead to improved properties, such as improved electrical conductivity and increased thermal
stability.

3.4. Energy dispersive X-ray spectroscopy (EDX)
EDX (Energy-dispersive X-ray spectroscopy) is performed to determine the elemental composition of all as-synthesized samples and
their respective EDX spectrum. The results are shown in Fig. 4. EDX analysis depicts the presence of magnesium, zinc, iron, and oxygen

in Mg-ZnFe304, GQDs@Mg-ZnFe,04, PEG@Mg-ZnFe;04, and GQDs@PEG@Mg-ZnFe;04. Moreover, the increased concentration of
carbon in GQDs@Mg-ZnFe;04 and GQDs@PEG@Mg-ZnFe,04 is because of GQDs and PEG.

3.5. Diffuse reflectance spectroscopy (DRS)

The bandgap of the prepared samples was calculated from the Kubelka-Munk (KM) plot by using the following equation



S. Perveen et al. Heliyon 9 (2023) 21739

A) B)
0.6 0.6
——0min Mg-ZnFe,O,| ——0 min GQDs@Mg-ZnFe,0,|

S =30 min gy =30 min
S =60 min 3 = 60 min
8.0.4 —90min 5.0.4 —90min
[0 120 min [0 120 min
o o
g 3
202 202
[e] [e]
7] 7]
£Q £Q
< - = <€

0.0 0.0

400 500 600 700 400 500 600 700
C) Wavelength (nm) D) Wavelength (nm)
0.6 — 0 min PEG@Mg-ZnFe,0, 0:6 ——O0min  GQDs@PEG@Mg-ZnFe,0,
— ——30 min P =30 min
=S ——60 min 3 ——60 min
8 0.4—90 min 80.4|——90min
8 120 min 8 120 min
[ c
@ T
£02 £02;
2 2
Q o
= ~— < A
0.0} 0.0 m—

400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 7. (A-D) UV-visible absorption spectra of photodegradation of CV for Mg-ZnFe;O4, GQDs@Mg-ZnFe,04, PEG@Mg-ZnFe,04,
GQDs@PEG@Mg-ZnFe,0,4, nanocomposites and (E) degradation (%) for CV.

(F(R)hv)"=A (hv — E,) (2

Where F(R) represents the KM function, h is the Planck constant, v is the frequency of the incident photon, E; is bandgap and the
coefficient of absorption is A. n = 1/2 was used in all the samples as Mg-ZnFe,04 is an indirect semiconductor. Fig. 5(A-D) presents
KM-plot of Mg-ZnFe;04, GQDs@Mg-ZnFe;04, PEG@Mg-ZnFe,04 and GQDs@PEG@Mg-ZnFe,;04 nanocomposites. Mg-ZnFe;04 was
found to have a bandgap energy of 1.59 eV, whereas a reduction in bandgap energy was observed in binary GQDs@Mg-ZnFe204 and
PEG@Mg-ZnFe;04 nanocomposites. This decrease in the band gap energy might be the consequence of new electronic states in the
bandgap due to the addition of GQDs and PEG on the surface of Mg-ZnFeyO4. In contrast, the ternary GQDS@PEG@Mg-ZnFe,04
nanocomposites showed an increase in bandgap energy compared to the Mg-ZnFe;O4 and binary nanocomposites. This could be
attributed to the confinement of electrons and holes due to a reduction in the particle size upon the addition of graphene quantum dots
(GQDs) and PEG as evident in the SEM results. Additionally, charge transfer between the GQDs/PEG and the Mg-ZnFe;04 nano-
particles may result in electron occupation in lower-lying conduction band states. Moreover, the larger surface area of the ternary
nanocomposite can contribute to the widening of the bandgap due to a higher density of surface states in the band gap [19].
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Fig. 8. Plot of In (C/Cy) versus time for Mg-ZnFe;04, GQDs@Mg-ZnFe,0,4, PEG@Mg-ZnFe;04, GQDs@PEG@Mg-ZnFe,04, nanocomposites for (A)
MB and (B) CV respectively.

3.6. Photocatalytic properties

Mg-ZnFey04 is a promising material for photocatalytic applications due to its unique properties such as high surface area, strong
absorbance in visible light, and excellent stability. The effectiveness of Mg-ZnFey04 in degrading various organic dyes, including
methylene blue (MB) and crystal violet (CV) was studied through a photocatalytic mechanism using sunlight. Fig. 6(A-D) shows
UV-visible absorption spectra obtained at different times during the photodegradation process of MB using Mg-ZnFesOu,
GQDs@Mg-ZnFe;0,4, PEG@Mg-ZnFe 04 and GQDs@PEG@Mg-ZnFe;04 as photocatalyst. The results show a reduction in the MB
absorption spectra with degradation time in all the samples, indicating degradation of MB. The degradation efficiency was observed in
the following order: GQDs@PEG@Mg-ZnFe04 > GQDs@Mg-ZnFe;04 > PEG@Mg-ZnFeoO4 > Mg-ZnFep04. Fig. 6(E) presents
degradation (%) as a function of degradation times for all the synthesized samples. The degradation efficiency showed a gradual
increase, starting from 50 % for Mg-ZnFe;Oy4, progressing to ~60 % for the binary GQDs@Mg- ZnFe304 and PEG@Mg-ZnFe,04
nanocomposites and reaching to above 98 % in ternary GQDs@PEG@Mg- ZnFe,04 nanocomposite.

Fig. 7(A-D) shows the photodegradation of CV using Mg-ZnFe;04, GQDs@Mg-ZnFe,04 PEG@Mg-ZnFe,O4 and
GQDs@PEG@Mg-ZnFe;04 as photocatalyst. In all the samples, the results demonstrate a decrease in the CV absorption spectra with
the passage of time, demonstrating its degradation. The order of the degradation efficiency was found to be the same as for MB.
Furthermore, degradation (%) is shown in Fig. 7(E) at different degradation times for the prepared photocatalysts. The degradation
efficiency increased gradually, from 55 % for Mg-ZnFe504 to 65 % for GQDs@Mg-ZnFe,04 and PEG@Mg-ZnFe;04 nanocomposites,
and finally reaching above 97 % in ternary GQDs@PEG@Mg-ZnFe;04 nanocomposite.

The mechanism of photocatalytic degradation of Mg-ZnFe;O4 involves a series of steps. Firstly, the molecules of the dye are
absorbed onto the surface of the Mg-ZnFe,04 particles through electrostatic and/or van der Waals interactions. The irradiation of
sunlight leads to the transfer of electrons from the valence to the conduction band of Mg-ZnFe;04, creating electron-hole pairs on the
surface of these particles.

Mg — ZnFe,04 + hv (sunlight)— Mg — ZnFe; 04 (¢~ +h")

The excited electrons in the CB of the Mg-ZnFey04 react with adsorbed oxygen molecules and form superoxide radicals (O;)
whereas holes in the VB can oxidize the water molecules and result in the creation of hydroxyl radicals (OH*).

e +0,~ 0,
h"+H,0—-OH" +H"
0, +H"> HO,

HO, +e¢ - OH"

These active radicals react with the adsorbed dye molecules and lead to their degradation. The degraded products of the dye
molecules are further oxidized into smaller molecules such as carbon dioxide and water [25].

(HOQ, OH", 02’) + Dyes (Methylene Blue, Crystal Violet) —Degradation products

The absorption spectra of binary GQDs@Mg-ZnFe,04 and PEG@Mg-ZnFe;04 nanocomposites depict an augmented degradation
of dyes compared to Mg-ZnFe»04 due to enhanced surface area and narrow bandgap [26]. The simultaneous presence of GQDs and
PEG resulted in a significant reduction of particle size hence larger surface area which is a crucial factor in defining photocatalytic
properties. Furthermore, the ternary nanocomposite showed a wider bandgap due to the presence of electrons in the conduction band.
The enhanced electronic concentration in the conduction band promotes the formation of reactive oxygen species which results in the
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Fig. 9. (A) M — H curves of Mg-ZnFe;04, GQDs@Mg-ZnFe;04, PEG@Mg-ZnFe 04, GQDs@PEG@Mg-ZnFe,04 nanocomposites and (B) Recy-
clability plot of GQDs@PEG@Mg-ZnFe,0,4 nanocomposite for 10 cycles; the inset in this figure shows magnetic recovery (%).

improvement of the photocatalytic activity of the ternary nanocomposite.
The degradation kinetics of the synthesized photocatalysts were estimated by the Langmuir-Hinshelwood kinetic model:

C
In (a)) = K,t 3)

In the equation, K, represents the rate constant (min’l), Cp is the initial concentration (mg L’l), and C is the concentration of the dye
solution at time t (min). The results after fitting the model are shown in Fig. 8(A-B). The rate constants (K,) were found in the following
order: GQDs@PEG@Mg-ZnFe,04 > PEG@Mg-ZnFe,04 > GQDs@Mg-ZnFe;04 > Mg-ZnFe;04 photocatalyst. The highest rate con-
stant for MB and CV was calculated to be 0.035 min~! and 0.0258 min ", respectively, for the case when GQDs@PEG@Mg-ZnFez04
was used as the photocatalyst which is significantly higher than other photocatalysts. This indicates that the ternary nanocomposite
possesses favorable characteristics for faster degradation of MB and CV under visible light. This finding is also consistent with the
photocatalytic degradation result presented in Figs. 6 and 7.

3.7. Vibrating sample magnetometry (VSM)

VSM was used to study the magnetic behavior of the synthesized samples at room temperature with an applied magnetic field of +
5 kOe. Fig. 9(A) shows the hysteresis behavior of Mg-ZnFe,04, GQDs@Mg-ZnFe;O4, PEG@ Mg-ZnFey04 and
GQDs@PEG@Mg-ZnFe,04. The values of coercivity were calculated to be ~19 Oe for Mg-ZnFe;04, ~ 16 Oe for GQDs@Mg-ZnFe;04
and PEG@Mg-ZnFe,04 nanocomposites, and ~15 Oe GQDs@PEG@Mg-ZnFe;04 nanocomposite. All the samples showed super-
paramagnetic behavior indicating the presence of single magnetic domains. Mg-ZnFe;04, GQDs@Mg-ZnFe;04, PEG@Mg-ZnFe;04,
and GQDs@PEG@Mg-ZnFe;04 showed a saturation magnetization (Ms) of 40 emu/g, 31 emu/g, 26 emu/g and 30 emu/g, respec-
tively. In Mg-ZnFe,04, Fe®', and Zn?" ions are present at both A and B sites, while Mg?" ions are located only on the B-site. The
interaction between the tetrahedral and octahedral sub-lattices contributes to saturation magnetization. The lower saturation
magnetization in GQDs@Mg-ZnFe;04 and PEG@Mg-ZnFe,04 nanocomposites is because of nonmagnetic GQDs and PEG.

For ternary GQDs@PEG@Mg-ZnFe;04 nanocomposite, the obtained value of saturation magnetization is comparable with
GQDs@Mg-ZnFe;04 and it was found to be higher in contrast to PEG@Mg-ZnFe;04. The observed enhancement in the saturation
magnetization of ternary GQDs@PEG@Mg-ZnFe,04 nanocomposite, besides the non-magnetic nature of GQDs and PEG, can be
attributed to the fact that the simultaneous presence of GQDs, and PEG facilitates the redistribution of the Mg-ZnFe,;04 nanoparticles
within the nanocomposite, resulting in a more uniform dispersion of magnetic moments leading to enhanced magnetic interactions
[27]. This highlights the dual benefits of the synergistic effect of GQDs and PEG in enhancing both the magnetic properties and
photocatalytic activity of the nanocomposite. Furthermore, it’s worth noting that the ternary nanocomposite is magnetically sepa-
rable, which facilitates easy collection and separation from the treated solution. The recyclability and magnetic recoverability of the
GQDs@PEG@Mg-ZnFe;04 were tested for 10 cycles for MB degradation and shown in Fig. 9(B). The nanocomposite showed com-
parable degradation efficiency for 10 cycles with an average recovery of 98 % by weight. Similar results were also obtained for the CV
degradation for which the data is not shown here.

3.8. Evaluation of degraded products
To confirm the degradation of methylene blue and crystal violet, FTIR spectrum of the treated water was obtained and shown in
Fig. 10(A). The obtained spectrum corresponds to that of pure water. No characteristic peak of the CV or MB was observed in the

spectrum which is indicative of complete chemical degradation of the MB and CV in simpler compounds, such as carbon dioxide and
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Fig. 10. (A) FTIR spectra of degraded product, (B) XRD, (C) FTIR, and (D) M — H curves of ternary GQDs@PEG@Mg-ZnFe,04 nanocomposite after
degradation reaction.

water [28,29].

3.9. Testing of photocatalyst after the degradation process

The structural stability of GQDs@PEG@Mg-ZnFe,04 photocatalyst after the MB degradation process was investigated using XRD
and data is shown in Fig. 10(B). All the peaks corresponding to as synthesized ternary GQDs@PEG@Mg-ZnFe;04 nanocomposite can
be seen, indicating no impact of the degradation process on the crystalline quality of the GQDs@PEG@Mg-ZnFe204. The FTIR spectra
of GQDs@PEG@Mg-ZnFe,04 after the photocatalytic degradation of methylene blue and crystal violet were also obtained and shown
in Fig. 10(C). The existence of both v and vy vibrational bands corresponding to Mg-ZnFe,04 besides other vibrational bands related
to GQDs and PEG are present, indicating no significant effect of the photocatalytic activity on the constituents of the nanocomposite.
The morphology of GQDs@PEG@Mg-ZnFe,04 photocatalyst, after the degradation process was examined through SEM and EDX. The
micrographs, elemental composition, and elemental mapping are shown in Fig. 11(A-C). SEM micrographs showed similar structural
morphology as compared to Fig. 3(D). The EDX analysis and elemental mapping confirmed the consistent homogeneous distribution of
each element in the nanocomposite. These results indicate that the photocatalytic reaction did not induce significant morphological or
compositional change after the degradation. These results collectively confirm the structural and chemical stability of the synthesized
photocatalyst after the degradation process.

The magnetic property of GQDs@PEG@Mg-ZnFe,0,4 photocatalyst, after the MB photocatalytic reaction was also investigated and
shown in Fig. 10(D). The superparamagnetic behavior of the photocatalyst is evident with a saturation magnetization (M) of ~ 30
emu/g and coercivity of ~37 Oe. There is also a slight roughness in the data which can be attributed to the adsorption of the dyes on
the surface of the photocatalyst. The retention of magnetic nature demonstrates that ternary GQDs@PEG@Mg-ZnFe;04 nano-
composite is a potential photocatalyst for sustainable and cost-effective degradation of wastewater treatment.

4. Conclusion
In this study, the combination of XRD, FTIR, SEM, DRS, and VSM characterization techniques provided comprehensive insights into
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Fig. 11. (A) SEM micrograph, (B) EDX and (Ci-Cvi) Elemental mapping of ternary GQDs@PEG@Mg-ZnFe,0, nanocomposite after MB degrada-
tion reaction.

the structural, morphological, optical, and magnetic properties of the ternary GQDs@PEG@Mg-ZnFe;04 nanocomposite. The XRD
analysis confirmed the formation of the mixed spinel structure of the Mg-ZnFe;04 along with the amorphous phase of GQDs and PEG
without any impurity. The FTIR spectra confirmed Mg-ZnFe304, GQDs, and PEG presence in the nanocomposites. SEM micrographs
disclosed that the synergistic effect of GQDs and PEG in the ternary nanocomposite resulted in the reduction of particle size. The
bandgap study revealed excellent absorption ability of the nanocomposites in visible light which is beneficial for photocatalytic ap-
plications. The VSM analysis showed that the ternary GQDs@PEG@Mg-ZnFe;04 nanocomposite exhibited comparable magnetic
properties as compared to Mg-ZnFe;O4 which enabled magnetic recovery of ~98 % after the degradation process.
GQDs@PEG@Mg-ZnFe,04 nanocomposite proved to be an efficient photocatalyst for crystal violet (CV) and methylene blue (MB)
degradation due to the synergistic effect of GQDs and PEG. Furthermore, GQDs@PEG@Mg-ZnFe,04 nanocomposite was found to have
structural and magnetic nature stability after the degradation process which provides insights into the use of the
GQDs@PEG@Mg-ZnFe,04 nanocomposites for the removal of dyes from textile industry waste on commercial scale.
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