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In this study, copper nanosized ferrites substituted with magnesium ions were synthesized using the sol-gel
self-combustion method, with polyethylene glycol (Mw=2000) serving as both fuel and chelating agent. Structural
properties were investigated using X-ray diffraction. It was confirmed that all samples crystallized as cubic spinels
with space group Fd3m. Optical studies showed band gaps increasing from 1.51 eV for CuFe204 to 1.62 eV for
MgFe20s, suggesting modifications in electronic structure due to magnesium substitution. Photocatalytic studies
revealed that CuFe20O4 exhibited the most efficient degradation of Methylene Blue dye, with near-complete
degradation at 160 minutes. Magnesium-substituted samples (x =0.4 and x =0.6) also showed significant
degradation, though at a slower rate compared to pure CuFe2O4. Photocatalytic performance, particularly in
degrading Methylene Blue, was evaluated using various kinetic models such as First- and Second-Order Kinetics,
the Langmuir-Hinshelwood model, and the two-parameter Weibull distribution.
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Introduction

Copper ferrite (CuFe204), like other spinel ferrites, is
highly effective, particularly as a photocatalyst for
degrading organic dyes in aqueous solutions [1, 2].
However, pure copper ferrite undergoes a phase
transformation from cubic (Fd3m) to tetragonal (ls/amd)
[3] due to Jahn-Teller distortion [4] under varying external
conditions, such as elevated temperature [5] and pressure
[6], which can significantly alter its properties.

This phase transformation can be suppressed [7] by
substituting a portion of the copper ions with other ions,
such as magnesium. Spinel nanoparticles of copper
ferrites can be synthesized using various methods,
including self-organized high-temperature synthesis
(HTS) [8], deposition from a polymer matrix [9, 10],
citrate eco-composition [11], coprecipitation [12],
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hydrothermal crystallization [13], low-temperature
reactions [14], sol-gel processing [15], and microwave
synthesis [16]. These studies demonstrated that the
crystallite size, morphology, and phase composition of
CuFe;04 and substituted CuFe;O4 highly depend on the
synthesis method. However, achieving the desired
outcomes can be challenging, primarily because the
magnetic properties of the nanoparticles lead to a strong
tendency for aggregation [3], often resulting in suboptimal
results.

The sol-gel combustion method appears promising in
this study due to its simplicity and the ability to precisely
control the properties of the final product [17]. To further
enhance the process, citric acid—commonly used as a
chelating agent in synthesis — was substituted with
polyethylene glycol with molar weight Mw = 2000 (PEG-
2000). PEG-2000 offers several advantages, including
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improved particle dispersion and reduced aggregation,
leading to better control over particle size and morphology
[18]. Additionally, PEG helps to avoid unwanted side
reactions that can occur with citric acid. However, there is
limited information in the current literature regarding the
impact of using PEG-2000 instead of citric acid on the
elastic properties of the resulting nanoparticles, making
this a novel aspect of the study.

This study aims to investigate the influence of using
PEG-2000 as both a fuel and chelating agent on the
morphology, structural, and elastic properties of
magnesium ion-substituted copper ferrites synthesized via
the sol-gel autocombustion method. The substitution of
traditional chelating agents like citric acid with PEG-2000
is expected to offer enhanced control over nanoparticle
formation, reduce aggregation, and potentially improve
the material's overall performance. Understanding how
PEG-2000 affects these fundamental properties is critical
for optimizing the synthesis process and tailoring the
material for specific applications, such as photocatalysis
or magnetic devices.

I. Synthesis and characterization
techniques

The synthesis process began with the selection of
chemical precursors, including iron nitrate nonahydrate
(Fe(NO3)3-9H,0), copper nitrate trihydrate
(Cu(NO3), 3H,0), and magnesium nitrate hexahydrate
(Mg(NO3),-6H,0), all supplied by LobaChemi, India.
Additionally, polyethylene glycol (PEG 2000), obtained
from Carl Roth GmbH, Germany, acted as a chelating
agent. The use of PEG not only facilitated the uniform
distribution of the metal ions but also contributed to
controlling the size and morphology of the nanoparticles.

The nanoparticles were synthesized using the sol-gel
autocombustion technique, as described in detail in [18],
the metal nitrates were mixed in stoichiometric
proportions, ensuring the correct ratio of Mg?*, Cu?*, and
Fe** ions for the desired ferrite composition. The solid
precursors were dissolved in distilled water, and the
resulting solution was stirred continuously to achieve a
homogenous mixture.

Once the solution was fully mixed, it underwent a
drying process to remove the water content. The drying
was carried out under controlled conditions until all the
water had evaporated, leaving behind a gel-like substance
known as xerogel. This xerogel was then transferred to a
preheated oven set between 250°C and 300°C. At this
elevated temperature, the remaining moisture was
eliminated, and the xerogel spontaneously ignited. This
self-ignition marked the start of an exothermic combustion
reaction, which proceeded rapidly, resulting in the
formation of a lightweight, highly porous material.

For each sample, chemical composition and crystal
structure were determined using XRD measurements in a
PANalytical X’Pert Empyrean Series Bragg — Brentano
powder diffractometer (United Kingdom) with a radius of
240 mm using Cu Ka radiation (A=1.5418 A) in the
10-70° 26 range and a scan step of 0.013 for 2 s. The
attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectra were recorded in the 4000-300 cm™
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range on a Bruker VERTEX 70v Fourier transform
infrared spectrometer (Germany) with ATR. A resolution
of 4 cm—1 was used to obtain all the spectra. The room
temperature VSM measurements for all samples were
collected in LakeShore Model 7407 (United States)
vibrating sample magnetometer (VSM) with an oven
under an argon atmosphere (6 N). Optical and
photocatalytic studies were performed on the ULAB
108UV spectrophotometer (Ukraine).

I1. Results and discussion.

2.1. X-ray diffraction studies

Figure 1 presents the X-ray diffraction patterns of
magnesium-substituted copper nanoferrite  samples
synthesized using the sol-gel autocombustion method
[19], with PEG-2000 as fuel.
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Fig. 1. Experimental X-ray diffraction patterns of

magnesium-substituted copper ferrites synthesized by the

sol-gel autocombustion method using PEG-2000 as fuel.
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The characteristic peaks at 20 angles of 30.3°, 35.7°,
37.3°, 43.3°, 53.7°, 57.3°, and 62.9° correspond to the
(220), (311), (222), (400), (422), (333), and (440)
crystallographic planes, respectively. According to the
Joint Committee on Powder Diffraction Standards
(JCPDS) card numbers 25-0283 for CuFe;O4 and 36-0398
for MgFe204, these peaks are consistent with the cubic
spinel structure of the Fd3m space group [20- 22]. The
absence of additional peaks indicates that no impurity
phases are present. As the magnesium content increases,
the diffraction peaks become sharper and narrower,
suggesting an increase in particle size. This is likely due
to the catalytic effect of magnesium, which leads to a
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higher temperature during the synthesis process. The
variation in the lattice constant as a function of magnesium
ion content is depicted in Fig. 2.

e i m
< 8380

= —

era
© ©
w w
~ ~
o ©
L L

\

©
w
hy]
S
1
|

Lattice parameter

« ©
w w
-~ ~
o N

1

00 02 04 06 08 1.0

Mg?* concentration, x

Fig. 2. Dependence of the lattice constant on the
magnesium ion content.

As the magnesium content increases, the lattice
constant also increases. This is because copper ions, with
a smaller ionic radius (0.72 A), are replaced by
magnesium ions, which have a larger ionic radius
(0.78 A), consistent with Vegard's law [23]. Due to the
small particle size, approximately 10 nm, a noticeable
scattering of data points is expected.

Table 1 presents the main structural characteristics of
the synthesized ferrites.

The dislocation density can be calculated using the
Williamson and Smallman formula, § = 1/D? [24, 25],
while the number of unit cells per particle is determined
by the formula n = (n-D%/6V. As shown in table 1,
dislocation density is inversely proportional to particle
size, while the number of unit cells increases linearly with
particle size. This indicates that as particle size increases,
dislocation density decreases, suggesting an improvement
in particle crystallinity. This can be explained by the fact
that the surface-to-volume ratio increases as particle size
decreases. Since various defects, including dislocations,
tend to accumulate at the particle surface, smaller particles
experience a higher contribution from surface defects,

leading to increased dislocation density.

2.2. Optical Studies

The Tauc plot is a widely used method to estimate the
optical band gap (Eg) of semiconductors and insulating
materials from their UV-Vis absorption spectrum [26, 27].
This method is based on the Tauc relation, which connects
the absorption coefficient of a material to the photon
energy. The Tauc plot helps determine the energy of
electronic transitions from the valence band to the
conduction band, giving insight into the material's optical
properties.

The absorption coefficient (o) in semiconductors
describes how much light is absorbed as it passes through
the material. Near the absorption edge, the absorption
coefficient is related to the photon energy (hv) by the
equation

ahv = A(hv — Eg)n

where A is a constant, Eg is the optical band gap, and n is
an exponent that depends on the type of electronic
transition. For direct allowed transitions, n=1/2, while for
indirect allowed transitions, n=2. The exponent varies for
other types of transitions, such as forbidden transitions.

The Tauc relation allows for the graphical
determination of the optical band gap by plotting (ahv)"
against hv. The Tauc plot is typically represented as (ahv)"
vs hv.

In this plot, the linear region near the absorption edge
is extrapolated to the x-axis (where 0=0) to find the
intercept, corresponding to the optical band gap (Eg).

Figure 3 presents the plot of (ahv)? against hv for Cus-
xMgxFe,O4 nanoparticles, calculated from their UV-Vis
absorption data using Tauc’s equation.

2.3. Photocatalytic Studies

Photocatalytic degradation of organic dyes has gathered
significant attention as an efficient and environmentally
friendly approach for wastewater treatment. Among these
dyes, Methylene Blue (MB), commonly used in textile and
paper industries, poses a severe environmental

threat due to its toxicity and persistence in aquatic
ecosystems [29]. Nanostructured materials, particularly
spinel ferrites, have shown promise as photocatalysts for

Table 1.

Structural and morphological characteristics of magnesium-substituted copper ferrites synthesized by the sol-gel

autocombustion method using PEG-2000 as fuel.

. - The Density of
S Cubic Crystallites Lattice Lattice Cell X-Ray number of disloca-
ample phase, . constant a, . volume V, . elemen- .
% size D, nm am strain nm density tary cells, ;lgllgs/, f;
n-103 M

x=10.0 100 8 8.3710 0.017 586.6 5.437 0.38 0.0181
x=0.2 100 9 8.3747 0.012 587.3 5.411 0.59 0.0132
x=04 100 10 8.3740 0.014 587.2 5.412 0.97 0.0094
x=10.6 100 21 8.3789 0.003 588.2 5.403 7.76 0.0024
x=0.8 100 19 8.3801 0.005 588.5 5.400 6.20 0.0027
x=1.0 100 12 8.3729 0.011 586.9 5.414 1.70 0.0065
errors +0.1 +] +0.0001 +0.001 +0.1 +0.01 +0.01 +0.0001
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Fig. 3. Plots of (ahv)? against hv for Cu;-xMgxFe,O4 nanoparticles were calculated from their UV-Vis absorption
data using Tauc’s equation.

the degradation of such dyes under visible light irradiation
[30]. In this context, CuixMgxFe,O4 nanoparticles offer a
unique combination of magnetic and optical properties
that make them suitable for photocatalytic applications.
The substitution of copper with magnesium is expected to
enhance photocatalytic efficiency by tuning the band gap
and improving charge separation.

The photocatalytic activity of CuixMgxFe204
nanoparticles for Methylene Blue (MB) dye (fig. 4)
degradation was evaluated under visible light irradiation.

The experimental setup involved preparing an
aqueous solution of Methylene Blue with a concentration
of 10 mg/L. 0.15g of CuixMgxFe 04 nanoparticles and
3.5ml of H,O, were added to 100 mL of the dye solution,
and the mixture was magnetically stirred in the dark for 30
minutes to ensure adsorption-desorption equilibrium
between the catalyst and the dye molecules.

After this initial period, the reaction vessel was
exposed to visible light using a 150 W halogen lamp to
simulate solar light. The distance between the light source
and the solution was maintained at 10 cm. During the
photocatalytic reaction, 5 mL samples were withdrawn at
intervals (every 20 minutes) for up to 200 minutes.

The degradation of Methylene Blue was tracked by
recording the absorbance of the samples using a UV-Vis
spectrophotometer, with the absorbance intensity
measured at the characteristic wavelength of MB
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Fig. 4. Chemical structure of Methylene Blue.

(~665 nm). All experiments were carried out at room
temperature.

The photocatalytic degradation of Methylene Blue
(MB) under visible light in the presence of ferrite powder
and hydrogen peroxide (H,O;) involves a synergistic
process where both the photocatalyst and the oxidizing
agent contribute to the breakdown of the dye molecules.
Ferrite nanoparticles act as photocatalysts by absorbing
visible light and generating electron-hole pairs. H,O,
further enhances this process by serving as an additional
source of reactive oxygen species (ROS), such as hydroxyl
radicals (OH), which play a crucial role in oxidizing the
dye molecules.

In the experimental setup, when the ferrite
nanoparticles are exposed to visible light, they absorb
photons hv with energy greater than or equal to their band
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gap, creating electron-hole pairs:
Ferrite + hv - ecg + hijp
Here, ecp represents the excited electron in the
conduction band and hi5 is the hole in the valence band.
The electrons in the conduction band react with
dissolved oxygen to form superoxide radicalsO; :
0, +ecg = 05
The holes in the valence band can oxidize water
molecules or hydroxide ions (\(OH”-\)) to produce
hydroxyl radicals OH:
H,0 + h{y > OH + H*
OH™ + hjz —» OH
The introduction of H,O, enhances the production of
hydroxyl radicals. Hydrogen peroxide can decompose
through multiple pathways:
- Reduction by conduction band electrons:
H,0, + ez > OH +0OH™
- Reaction with superoxide radicals:

H,0,+0~ - OH + OH™ + 0,

The hydroxyl radicals OH and superoxide radicals 05
produced in these reactions attack the Methylene Blue

(MB) molecules, breaking them down into smaller, less
harmful products like water and various gases (fig. 5).

o,
VA N
cB ,. . MB
Natural Degradation
TLight > producis
vB_ + — OH
\ -
H,O

Fig. 5. Reaction mechanism of Methylene Blue
photodegradation over ferrite nanoparticles under natural
light irradiation.

Figure 6 particularly highlights systems with
magnesium substitution levels (x = 0.0), (x = 0.4), and
(x=0.6), showing the change in relative (C/Co)
concentration over the illumination period for all
photocatalyst systems. As illustrated in the figure 6, the
sample with no magnesium substitution (x=0.0), CuFe;04,
exhibits the most rapid degradation, reaching near-
complete degradation with a final (C/Cy) value of 0.05026
at 160 minutes, indicating its superior photocatalytic
efficiency.

On the other hand, samples with magnesium
substitution levels of (x=0.4) and (x=0.6) also demonstrate
excellent degradation capabilities. The (x=0.4) system
reaches a final degradation level with (C/Cy=0.2223) by
180 minutes, while the (x=0.6) system degrades to
(C/Cy=0.3267) by 160 minutes. These results reflect the
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— no light — no light
. CuFe,O, L 20 min S 0] Cu,6Mg, 4Fe,0 —— 20 min
8 40 min 8 40 min
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Fig. 6. Photocatalytic Degradation profiles of Methylene Blue (MB) for Cui.xMgxFe2O4 ferrites with x ranging from
0.0 to 1.0; (d) shows the C/Co as a function of irradiation time.
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impact of magnesium substitution on the photocatalytic
activity of the system, with moderate Mg levels still
promoting significant degradation, though at a slower rate
compared to pure CuFe;0s4.

In the context of heterogeneous catalysis, such as
those involving ferrites in the Fenton photoreaction,
magnesium substitution influences the surface and
electronic properties of the catalyst, affecting charge
carrier mobility and recombination rates. Mathematical
modeling is often employed to describe the kinetics of
such systems. Models such as the Langmuir-Hinshelwood
mechanism are widely used to interpret the photocatalytic
degradation of organic pollutants, as they account for
surface adsorption, reaction rate, and photon absorption.
In these ferrite systems, the degradation kinetics may also
be governed by factors like particle size, bandgap
modification due to doping, and the availability of active
sites.

2.3.1. First and Second-order kinetics fitting

The First-Order Kinetics Model (fig. 7) is the most
widely used model for photocatalytic degradation [31, 32],
assuming that the reaction rate is proportional to the dye
concentration.

In (%") = kt

Where Cy - initial concentration of the dye; C —
concentration of the dye at time t; k — first-order rate
constant (min™"); t — time.

If the reaction follows first-order kinetics, the plot will
be linear, and the slope will give the rate constant k.

Suppose the degradation does not fit first-order
kinetics. In that case, it is possible to test second-order
kinetics [31, 33] (fig. 7), which assumes the reaction rate
depends on the square of the dye concentration.

2= kt+—
c Co

Where Co - initial concentration of the dye; C -
concentration of the dye at time t; k - second-order rate

Photocatalytic Decomposition of CuFe204 Ferrite

Experimental Data
—— First-order fit (k1=0.8757 min-*)
--- Second-order fit (k2=0.0273 Lifmg-min))

101
h

0.8

0.6

Ct/Co

0.4

0.2

0.0

0 20 40 60 80 100 120 140 160
Time (min)

a

constant (L/mol-min); t - time.

To quantitatively compare the models, the following
statistical metrics were calculated to help assess the fit
quality (table 2): Sum of Squared Residuals (SSR) - this
measures the total squared difference between the
experimental data and the fitted model. The smaller the
SSR, the better the fit; R? (Coefficient of Determination)
is a standard measure of how well a model explains the
variability in the data. An R? value closer to 1 indicates a
better fit.

The First-order kinetics assumes that the degradation
rate depends linearly on the concentration of the reactant
(dye). This is common for reactions with sufficient
availability of the reactant and catalyst, and the reaction
progresses uniformly. In comparison, the Second-Order
Kkinetics implies that the reaction rate depends on the
square of the concentration. This is more typical in
systems where interactions between molecules (e.g.,
collisions) become essential.

Across all samples, the Second-Order Kinetics model
consistently provided a better fit to the experimental data,
suggesting that these photocatalytic reactions do not
follow simple first-order behavior. Instead, they are likely
run by second-order processes, where the rate depends on
the concentrations of multiple reactants or intermediates,
possibly due to surface interactions with the catalyst.

This analysis points to complex reaction mechanisms
for ferrite-based photocatalysts, where adsorption,
interactions between species, and catalyst surface effects
significantly influence the overall reaction rates.

2.3.2. Langmuir-Hinshelwood model

The Langmuir-Hinshelwood model [34, 35] is
commonly used to describe photocatalytic degradation
reactions when the adsorption of the reactants on the
photocatalyst surface plays a significant role. It combines
the concepts of adsorption and surface reaction, making it
highly relevant for systems where reactants (such as dyes
in solution) must adsorb onto the surface of a catalyst
before undergoing degradation.

According to this model, the reactant (dye molecules)
must first adsorb onto the surface of the photocatalyst.
After adsorption, the degradation reaction occurs on the

Photocatalytic Decomposition of MgFe204 Ferrite

1.00 ~ Experimental Data
N First-order fit (k1=0.0005 min~')

\\ === Second-order fit (k2=0.0005 L/(mg'min))
0.99 ™~

cyco
o
o
o

o 35 50 75 100 125 150 175
Time (min)

Fig. 7. Comparison of first-order and second-order kinetic model fittings for the photocatalytic degradation of
Methylene Blue for (a) CuFe;04 and (b) MgFe,O4 samples. The black crosses represent the experimental data
(relative concentration C/C0) obtained from absorbance measurements over time. Model fitting was performed
using the Python programming language, using the following libraries: Numpy for numerical calculations and array
manipulation; Pandas for data organization and manipulation; Matplotlib for plotting the experimental data and the
model fit; Scipy (curve_fit) for fitting the experimental data to the first-order and second-order kinetic models.
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Table 2.

Comparison of First-Order and Second-Order Kinetic model fittings for the photocatalytic degradation of
Methylene Blue on Cu;xMgxFe;0O4 ferrite nanoparticles.

Sample Statistical metric First-Order Model | Second-Order Model
CuFe:O. SSR (Sum of Squared Residuals) 1.4333 0.1523
2 R? (Coefticient of Determination) -0.5122 0.8393
SSR (Sum of Squared Residuals) 2.8845 0.3306
CuosMgoFe:04 R? (Coefticient of Determination) -1.4307 0.7214
SSR (Sum of Squared Residuals) 2.5036 0.2570
CuosMgoaFe:04 R? (Coefficient of Determination) -1.7581 0.7170
SSR (Sum of Squared Residuals) 1.7295 0.0967
CuoaMgo.Fe:04 R? (Coefficient of Determination) -1.6469 0.8188
SSR (Sum of Squared Residuals) 2.0713 0.0046
CuoaMgosFe:04 R? (Coefficient of Determination) -1.0121 0.8926
MeFe,0. SSR (Sum of Squared Residuals) 0.0012 0.0012
greaia R? (Coefficient of Determination) 0.7111 0.7583

catalyst surface, often initiated by light (in photocatalysis).
The degradation rate depends on the concentration of the
reactant adsorbed on the catalyst surface rather than in the
bulk solution.

The general form of the Langmuir-Hinshelwood
(fig. 8) model is [34]:

— krL-HKqdsC (24)
1+Kg4sC

Where r — reaction rate (rate of degradation of the
reactant); ki..n — intrinsic rate constant for the surface
reaction; Kags — adsorption equilibrium constant (how
strongly the reactant adsorbs onto the catalyst surface); C
— concentration of the reactant (e.g., dye) in the solution.

The experimental photocatalytic degradation data
were successfully fitted (table 3) to the Langmuir-
Hinshelwood (L-H) model, widely used to describe
heterogeneous  catalytic  processes. The  model
demonstrated an adequate representation of the
photocatalytic kinetics in each case, showing the
relationship between reaction rates and adsorption
equilibrium constants.

CuosMgo2Fe;04 and CugsMgosFe,O4 samples have
the highest reaction rate and adsorption constant,
indicating that the Mg substitution enhances the overall
photocatalytic performance. The strong adsorption
capacity combined with faster degradation of pollutants
highlights the potential of Mg-substituted ferrites in
photocatalytic applications.

Adding magnesium ions to the ferrite structure
significantly improves the adsorption of reactants and the
photocatalytic reaction rates. Among the tested materials,
Cuo sMgo2Fe;04 and CupsMgosFe204samples stand out as
the most efficient photocatalyst, indicating that the
substitution of copper by magnesium enhances
photocatalytic properties, likely due to changes in surface
properties and the electronic structure of the ferrite.

2.3.3. Weibull distribution model

The two-parameter Weibull distribution model [36] is
commonly used to describe the kinetics of complex
processes where the degradation (i.e., investigated
process) does not follow simple exponential decay (as in
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first-order kinetics). In photocatalytic degradation, the
Weibull model can account for different reaction stages,
such as an initial rapid phase followed by a slower one.

The general form of the Weibull distribution model
(fig. 9) for degradation processes is:

C(2) = Coexp (=(kt)™)

Where C(t) is the concentration of the reactant (e.g.,
dye) at time t; Co is the initial concentration (at t=0); K is
the rate constant (min™'), controlling the speed of the
reaction; m is the shape parameter, which controls the
curve shape and describes how the reaction progresses
over time.

The Weibull model is beneficial for systems where
simple first- or second-order kinetics do not apply, often
due to complexities in the degradation mechanism. For
instance, several processes (adsorption, diffusion,
chemical reaction, etc.) might coincide in photocatalysis,
leading to deviations from simpler kinetic models. The
model parameters (table 3) — k (rate constant) and m
(shape parameter) — allowed for a detailed comparison of
the degradation processes among different compositions.
The shape parameter m provided an understanding of how
the degradation rate evolves, whether it accelerates or
remains relatively constant.

If m=1: The reaction follows first-order kinetics
(simple exponential decay).

If m>1: The reaction proceeds more slowly at first
and then speeds up over time (accelerating process).

If m<1: The reaction starts fast but slows down over
time (decelerating process).

Mg-substituted copper ferrites exhibit accelerated
photocatalytic degradation, increasing the degradation
rate as more Mg is substituted into the system.
Cuo.6Mgo4Fe04 and CuopsMgo2Fe204 show the highest
degradation rates, making them highly effective
photocatalysts. In contrast, pure MgFe,O, demonstrates a
much slower and more constant degradation process,
indicating that Cu substitution significantly enhances
photocatalytic activity.
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Langmuir-Hinshelwood Model Fit for CuFe204 Photocatalyst Langmuir-Hinshelwood Model Fit for Cu0.4Mg0.6Fe204 Photocatalyst
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Fig. 8. Fitting the experimental photocatalytic degradation data of Methylene Blue on (a) CuFe;04 and (b)
Cup4MgosFe204 samples to the Langmuir-Hinshelwood model. The blue points represent the experimental data
(relative concentration (C/Cy)) obtained from absorbance measurements over time, and the red line represents the
Langmuir-Hinshelwood model fit. Model fitting was performed using the Python programming language, using the
following libraries: Numpy for numerical calculations and array manipulation; Pandas for data organization and
manipulation; Matplotlib for plotting the experimental data and the model fit; Scipy (curve_fit) for nonlinear curve
fitting to optimize the kinetic parameters.

Table 3.

Fitting the experimental photocatalytic degradation data of Methylene Blue on Cui-xMgxFe2O4 ferrite nanoparticles
to the Langmuir-Hinshelwood and Weibull distribution models.

Langmuir-Hinshelwood model Weibull distribution model
Reaction rate Adsorption
Sample equilibrium Rate constant, k Shape
constant, .-
e constant, (min™) parameter, m
Ki-H, min
Kads
CuFe,04 0.2203 21.1474 1.11-102 2.0413
CuopsMgo2Fe 04 0.3583 58.1879 8.37-1073 3.0658
Cuop.sMgo4Fer04 0.2317 44.4870 7.42-103 3.3658
Cup.sMgocFer04 0.3455 84.7790 6.36-107 2.2654
Cup.oMgosFerO4 0.1531 40.1872 4.21-10° 2.0125
MgFe O4 0.0200 42.3600 4.54-10* 0.9525
Weibull Distribution Maodel Fit for CuFe:0a4 Photocatalyst Weibull Distribution Model Fit for Cuo.sMgo.sFe204 Photocatalyst
1.0 X Experimental Data (C/Co) 1.0F % %  Experimental Data (C/Co)
—— Weibull Fit (Co=0.8895, k=1.1089¢-02, m=2.0413) —— Weibull Fit (Co=0.9335, k=6.3601e-03, m=2.2654)
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Fig. 9. F Fitting the experimental photocatalytic degradation data of Methylene Blue on (a) CuFe;O, and (b)
Cuo.4MgosFe>04 samples to the Weibull distribution model. The blue points represent the experimental data
(relative concentration C/C0) obtained from absorbance measurements over time, and the green line represents the
Weibull model fit. The Weibull model fitting was performed using the Python programming language, leveraging
the following libraries: Numpy for numerical calculations and array manipulation; Pandas for data organization and
manipulation; Matplotlib for plotting the experimental data and the Weibull model fit; Scipy (curve_fit) for
nonlinear curve fitting to optimize the parameters k and m of the Weibull model.
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Conclusions

In this study, a system of magnesium-substituted
copper ferrites was developed using the sol-gel
autocombustion method with polyethylene glycol (PEG-
2000) as fuel. The investigation focused on the effect of
replacing the chelating agent on the structural, elastic, and
magnetic properties of the material. All synthesized
systems were identified as single-phase cubic spinel with
the space group Fd3m, with no impurity phases detected.
It was demonstrated that using PEG-2000 as both fuel and
chelating agent led to a significant reduction in particle
size to 7-10 nm, in contrast to the traditional use of citric
acid, which typically produces particles of 25-40 nm.

With an increase in magnesium ion content, the lattice
constant increased due to substituting smaller ions with
larger ones. The dislocation density was inversely
proportional to the particle size, while the number of unit
cells showed a direct relationship. As particle size
increased, the dislocation density decreased, indicating
improved crystallinity. Conversely, a decrease in particle
size resulted in an increased surface-to-bulk ratio, leading
to a rise in dislocation density due to smaller particles'
more significant surface contribution.

The optical studies of ferrite samples reveal that the
band gaps, determined from Tauc plots, range from
1.51eV to 1.62 eV. This increase in the band gap is
observed as the composition shifts from CuFe,Os to
MgFe, 0., indicating that magnesium substitution leads to
a widening of the band gap. This trend suggests that the
ferrite's electronic structure is modified by replacing
copper ions with magnesium ions, resulting in reduced
electronic transition energies. The observed band gap
values indicate that all samples remain within the range
typical for semiconductors, making them suitable for
potential applications in photocatalysis.

The photocatalytic studies demonstrate that the
CuFe;04 sample exhibits the most efficient degradation of
Methylene Blue organic dye, achieving near-complete
degradation with a final (C/Cop) value of 0.05026 at 160
minutes. This indicates its superior photocatalytic
efficiency. Samples with magnesium substitution
(x =0.4) and (x = 0.6) also show significant degradation
capabilities, with (x = 0.4) reaching a (C/Co) value of
0.2223 by 180 minutes and (x = 0.6) reaching 0.3267 by
160 minutes.

These results indicate that magnesium substitution
still promotes photocatalytic activity but reduces the
degradation rate compared to pure CuFe;QO4. The findings
suggest that magnesium influences the surface and
electronic properties, impacting charge carrier mobility
and recombination rates, which are critical for efficient
photocatalysis.

The First-Order Kinetics model showed a poor fit
across all samples. In contrast, the Second-Order Kinetics
model provided a better fit, suggesting the reactions are
governed by second-order processes, likely due to surface
interactions with the catalyst. The Langmuir-Hinshelwood
(L-H) model well-represented the photocatalytic
degradation data, linking reaction rates to adsorption
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constants. Cuo.sMgo2Fe20. and Cug4Mgo sFe204 exhibited
the highest reaction rates and adsorption capacity,
indicating that Mg substitution enhances photocatalytic
performance by improving surface properties and
electronic structure.

The Weibull model further revealed that Mg
substitution accelerates degradation, with
Cuo.6Mgo4Fe 04 and Cuo.sMgo.2Fe204 showing the fastest
degradation rates, making them highly effective
photocatalysts. In contrast, pure MgFe,O4 showed slower,
constant degradation toward Methylene Blue organic dye,
highlighting the significant role of copper in boosting
photocatalytic activity.
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CTpyKTYypHI BIaCTHBOCTI IOCHIIKyBanucs merogamu X-mpomeneBoi mudpaxmii (XRD). Jlaxi mociimkeHHS
MATBEPAWIIN YTBOPEHHS KyOIYHOI INMiHENBHOI CTPYKTYPH 3 HPOCTOpOoBOIO rpymnor Fd3m mmst Beix 3paskis.
OnTHYHi TOCHTiPKEHHsI OKa3ajIH, 10 IHPHHA 3a00poHeHo1 30HH 30ibiryeTses Bix 1,51 eB s CuFe204 1o 1,62
eB w11 MgFe204, o Bka3ye Ha 3MiHH B €IEKTPOHHIH CTPYKTYpi BHACIITOK 3aMiIeHHs MarHieM. DoTokaTamiTHIHI
nocnijpkeHHs: mokasamy, mo unctuit CuFe20s HaitedexTuBHilne poskinanae GapBHUK METHIICHOBHH CHHIM,
3abe3neuyodn Maihke TIOBHY Jerpanamito 6apBHUKa 3a 160 XxBuinH. 3pa3ku i3 3aMileHHsIM MarHieM (x = 0.4ix =
0.6) TakoXk IPOAEMOHCTPYBAIH 3HAYHY (DOTOKATATITHYHY aKTUBHICTh, X0U 1 31 3HI)KEHOIO IIBUJIKICTIO MTOPIBHSHO
3 ynctuM CuFe204. Ouinka dorokaramiTHaHOT eeKTHBHOCTI MPOBOAMIIACS 3@ JOTMIOMOIOI0 Pi3HUX KiHETHYHHX
MOJeNiel, BKIIOYAIOYM KIHETHKY IIEpIIOro 1 JApyroro mopsiaky, Monenb JIleHrmropa-XiHIIensByia Ta
JIBOIIApaMeTPpUIHIN po3noain BeiOyna.

KuarouoBi caoBa: Hanodeput wminmi; dotokatamitnuna perpanaimis; MertuneHosuid cuHiil; Kinetnune
MopemoBaHHs; Mozens Jlenrmropa-XinmensByna; Mozens pos3nonity BeiiOyra.
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