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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 CuFe2O4 to 1.62 eV for 
MgFe2O4, suggesting modifications in electronic structure due to magnesium substitution. Photocatalytic studies 

revealed that CuFe2O4 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 (CuFe2O4), 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 (I4/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], 

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 

CuFe2O4 and substituted CuFe2O4 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)₃·9H₂O), copper nitrate trihydrate 

(Cu(NO₃)₂·3H₂O), and magnesium nitrate hexahydrate 

(Mg(NO₃)₂·6H₂O), 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 Mg²⁺, Cu²⁺, and 

Fe³⁺ 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 Kα radiation (λ = 1.5418 Å) in the  

10–70° 2θ 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−1 

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). 

II. 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. 

 

The characteristic peaks at 2θ 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 CuFe2O4 and 36-0398 

for MgFe2O4, 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. 
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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 Å), are replaced by 

magnesium ions, which have a larger ionic radius 

(0.78 Å), 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, δ = 1/D2 [24, 25], 

while the number of unit cells per particle is determined 

by the formula n = (π·D³)/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 (α) 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 (hν) by the 

equation  

 

 𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 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 (αhν)n 

against hν. The Tauc plot is typically represented as (αhν)n
 

vs hν. 

In this plot, the linear region near the absorption edge 

is extrapolated to the x-axis (where α=0) to find the 

intercept, corresponding to the optical band gap (Eg). 

Figure 3 presents the plot of (αhν)2
 against hν for Cu1-

xMgxFe2O4 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. 

Sample 

Cubic 

phase, 

% 

Crystallites 

size D, nm 

Lattice 

constant a, 

nm 

Lattice 

strain 

Cell 

volume V, 

nm 

X-Ray 

density 

The 

number of 

elemen-

tary cells, 

n·103 

Density of 

disloca-

tions, δ 

1018 /м2 

х = 0.0 100 8 8.3710 0.017 586.6 5.437 0.38 0.0181 

х = 0.2 100 9 8.3747 0.012 587.3 5.411 0.59 0.0132 

х = 0.4 100 10 8.3740 0.014 587.2 5.412 0.97 0.0094 

х = 0.6 100 21 8.3789 0.003 588.2 5.403 7.76 0.0024 

х = 0.8 100 19 8.3801 0.005 588.5 5.400 6.20 0.0027 

х = 1.0 100 12 8.3729 0.011 586.9 5.414 1.70 0.0065 

errors ±0.1 ±1 ±0.0001 ±0.001 ±0.1 ±0.01 ±0.01 ±0.0001 
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the degradation of such dyes under visible light irradiation 

[30]. In this context, Cu1-xMgxFe2O4 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 Cu1-xMgxFe2O4 

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 Cu1-xMgxFe2O4 nanoparticles and 

3.5ml of H2O2 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  

 
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 (H₂O₂) 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. H₂O₂ 
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 hν with energy greater than or equal to their band 
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Fig. 3. Plots of (αhν)2
 against hν for Cu1-xMgxFe2O4 nanoparticles were calculated from their UV-Vis absorption 

data using Tauc’s equation. 
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gap, creating electron-hole pairs: 

 

 𝐹𝑒𝑟𝑟𝑖𝑡𝑒 + ℎ𝑣 → 𝑒𝐶𝐵
− + ℎ𝑉𝐵

+     

 

Here, 𝑒𝐶𝐵
−  represents the excited electron in the 

conduction band and ℎ𝑉𝐵
+  is the hole in the valence band. 

The electrons in the conduction band react with 

dissolved oxygen to form superoxide radicals𝑂2
−: 

 

 𝑂2 + 𝑒𝐶𝐵
− → 𝑂2

−  

 

The holes in the valence band can oxidize water 

molecules or hydroxide ions (\(OH^-\)) to produce 

hydroxyl radicals 𝑂𝐻: 

 

𝐻2𝑂 + ℎ𝑉𝐵
+ → 𝑂𝐻 +𝐻+ 

 

𝑂𝐻− + ℎ𝑉𝐵
+ → 𝑂𝐻 

 

The introduction of H₂O₂ enhances the production of 

hydroxyl radicals. Hydrogen peroxide can decompose 

through multiple pathways: 

- Reduction by conduction band electrons: 

 

𝐻2𝑂2 + 𝑒𝐶𝐵
− → 𝑂𝐻 + 𝑂𝐻− 

 

- Reaction with superoxide radicals: 

 

 𝐻2𝑂2 + 𝑂− → 𝑂𝐻 + 𝑂𝐻− + 𝑂2   

 

The hydroxyl radicals 𝑂𝐻 and superoxide radicals 𝑂2
− 

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). 

 

 
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/C0) 

concentration over the illumination period for all 

photocatalyst systems. As illustrated in the figure 6, the 

sample with no magnesium substitution (x=0.0), CuFe2O4, 

exhibits the most rapid degradation, reaching near-

complete degradation with a final (C/C0) 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/C0=0.2223) by 

180 minutes, while the (x=0.6) system degrades to 

(C/C0=0.3267) by 160 minutes. These results reflect the 
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Fig. 6. Photocatalytic Degradation profiles of Methylene Blue (MB) for Cu1-xMgxFe2O4 ferrites with x ranging from 

0.0 to 1.0; (d) shows the C/C0 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 CuFe2O4. 

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. 

 

 ln (
𝐶0

𝐶
) = 𝑘𝑡  

 

Where C0 - initial concentration of the dye; C – 

concentration of the dye at time t; k – first-order rate 

constant (min⁻¹); 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. 

 

 
1

𝐶
= 𝑘𝑡 +

1

𝐶0
  

 

Where C0 - initial concentration of the dye; C - 

concentration of the dye at time t; k - second-order rate 

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; R2 (Coefficient of Determination) 

is a standard measure of how well a model explains the 

variability in the data. An R2 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 

kinetics 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 

      
a            b 

Fig. 7. Comparison of first-order and second-order kinetic model fittings for the photocatalytic degradation of 

Methylene Blue for (a) CuFe2O4 and (b) MgFe2O4 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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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]: 

 

 𝑟 =
𝑘𝐿−𝐻𝐾𝑎𝑑𝑠𝐶

1+𝐾𝑎𝑑𝑠𝐶
      (24) 

 

Where r – reaction rate (rate of degradation of the 

reactant); kL-H – intrinsic rate constant for the surface 

reaction; Kads – 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. 

Cu0.8Mg0.2Fe2O4 and Cu0.4Mg0.6Fe2O4 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, 

Cu0.8Mg0.2Fe2O4 and Cu0.4Mg0.6Fe2O4 samples 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 

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(𝑡) = 𝐶0exp(−(𝑘𝑡)
𝑚)  

 

Where C(t) is the concentration of the reactant (e.g., 

dye) at time t; C0 is the initial concentration (at t=0); k is 

the rate constant (min⁻¹), 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. 

Cu0.6Mg0.4Fe2O4 and Cu0.8Mg0.2Fe2O4 show the highest 

degradation rates, making them highly effective 

photocatalysts. In contrast, pure MgFe2O4 demonstrates a 

much slower and more constant degradation process, 

indicating that Cu substitution significantly enhances 

photocatalytic activity. 

Table 2.  

Comparison of First-Order and Second-Order Kinetic model fittings for the photocatalytic degradation of 

Methylene Blue on Cu1-xMgxFe2O4 ferrite nanoparticles. 

Sample Statistical metric First-Order Model Second-Order Model 

CuFe2O4 
SSR (Sum of Squared Residuals) 1.4333 0.1523 

R² (Coefficient of Determination) -0.5122 0.8393 

Cu0.8Mg0.2Fe2O4 
SSR (Sum of Squared Residuals) 2.8845 0.3306 

R² (Coefficient of Determination) -1.4307 0.7214 

Cu0.6Mg0.4Fe2O4 
SSR (Sum of Squared Residuals) 2.5036 0.2570 

R² (Coefficient of Determination) -1.7581 0.7170 

Cu0.4Mg0.6Fe2O4 
SSR (Sum of Squared Residuals) 1.7295 0.0967 

R² (Coefficient of Determination) -1.6469 0.8188 

Cu0.2Mg0.8Fe2O4 
SSR (Sum of Squared Residuals) 2.0713 0.0046 

R² (Coefficient of Determination) -1.0121 0.8926 

MgFe2O4 
SSR (Sum of Squared Residuals) 0.0012 0.0012 

R² (Coefficient of Determination) 0.7111 0.7583 
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Fig. 8. Fitting the experimental photocatalytic degradation data of Methylene Blue on (a) CuFe2O4 and (b) 

Cu0.4Mg0.6Fe2O4 samples to the Langmuir-Hinshelwood model. The blue points represent the experimental data 

(relative concentration (C/C0)) 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 Cu1-xMgxFe2O4 ferrite nanoparticles 

to the Langmuir-Hinshelwood and Weibull distribution models. 

Sample 

Langmuir-Hinshelwood model Weibull distribution model 

Reaction rate 

constant, 

kL-H, min-1 

Adsorption 

equilibrium 

constant, 

Kads 

Rate constant, k 

(min⁻¹) 
Shape 

parameter, m 

CuFe2O4 0.2203 21.1474 1.11·10-2 2.0413 

Cu0.8Mg0.2Fe2O4 0.3583 58.1879 8.37·10-3 3.0658 

Cu0.6Mg0.4Fe2O4 0.2317 44.4870 7.42·10-3 3.3658 

Cu0.4Mg0.6Fe2O4 0.3455 84.7790 6.36·10-3 2.2654 

Cu0.2Mg0.8Fe2O4 0.1531 40.1872 4.21·10-3 2.0125 

MgFe2O4 0.0200 42.3600 4.54·10-4 0.9525 

 

     
Fig. 9. F Fitting the experimental photocatalytic degradation data of Methylene Blue on (a) CuFe2O4 and (b) 

Cu0.4Mg0.6Fe2O4 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 

1.51 eV to 1.62 eV. This increase in the band gap is 

observed as the composition shifts from CuFe2O4 to 

MgFe2O4, 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 

CuFe2O4 sample exhibits the most efficient degradation of 

Methylene Blue organic dye, achieving near-complete 

degradation with a final (C/C0) 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/C0) 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 CuFe2O4. 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 

constants. Cu0.8Mg0.2Fe2O4 and Cu0.4Mg0.6Fe2O4 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 

Cu0.6Mg0.4Fe2O4 and Cu0.8Mg0.2Fe2O4 showing the fastest 

degradation rates, making them highly effective 

photocatalysts. In contrast, pure MgFe2O4 showed slower, 

constant degradation toward Methylene Blue organic dye, 

highlighting the significant role of copper in boosting 

photocatalytic activity. 
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Фотокаталітична деградація метиленового синього у водному 

середовищі з використанням заміщеного магнієм мідного фериту як 

магнітного каталізатора 

1Івано-Франківський національний медичний університет, м. Івано-Франківськ, Україна, yumazurenko@ifnmu.edu.ua; 
2Факультет фізики та прикладних комп’ютерних наук, університет AGH у Кракові, Краків, Польща; 
3Інститут металофізики ім. Г. В. Курдюмова НАН України, Київ, Україна, larysa.kaykan@gmail.com;  

4Івано-Франківський національний технічний університет нафти і газу, Івано-Франківськ, Україна, 

volodymyr.mokliak@nung.edu.ua;  
5Прикарпатський національний університет імені Василя Стефаника, Івано-Франківськ, Україна, 

m.l.petryshyn@pnu.edu.ua 

Нанорозмірний ферит міді, заміщений іонами магнію був синтезований за допомогою методу золь-

гель автоспалювання, використовуючи поліетиленгліколь (MW=2000) як паливо та хелатуючий агент. 

Структурні властивості досліджувалися методами Х-променевої дифракції (XRD). Дані дослідження 
підтвердили утворення кубічної шпінельної структури з просторовою групою Fd3m для всіх зразків. 

Оптичні дослідження показали, що ширина забороненої зони збільшується від 1,51 еВ для CuFe2O4 до 1,62 

еВ для MgFe2O4, що вказує на зміни в електронній структурі внаслідок заміщення магнієм. Фотокаталітичні 

дослідження показали, що чистий CuFe2O4 найефективніше розкладає барвник метиленовий синій, 
забезпечуючи майже повну деградацію барвника за 160 хвилин. Зразки із заміщенням магнієм (x = 0.4 і x = 

0.6) також продемонстрували значну фотокаталітичну активність, хоч і зі зниженою швидкістю порівняно 

з чистим CuFe2O4. Оцінка фотокаталітичної ефективності проводилася за допомогою різних кінетичних 

моделей, включаючи кінетику першого і другого порядку, модель Ленгмюра-Хіншельвуда та 
двопараметричний розподіл Вейбула.  

Ключові слова: Наноферит міді; Фотокаталітична деградація; Метиленовий синій; Кінетичне 

моделювання; Модель Ленгмюра-Хіншельвуда; Модель розподілу Вейбула. 
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