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A B S T R A C T   

The persistent presence of organic pollutants like dyes in water environment necessitates inno-
vative approaches for efficient degradation. In this research, we developed an advanced hybrid 
catalyst by combining metal oxides (Cu2O, Fe3O4) with UiO-66, serving as a heterogeneous 
Fenton catalyst for for efficient RB19 breakdown in water with H2O2. The control factors to the 
catalytic behavior were also quantified by machine learning. Experimental results show that the 
catalytic performance was much better than its individual components (P < 0.05 & non-zero 95% 
C.I). The improved catalytic efficiency was linked to the occurrence of active metal centers (Fe, 
Cu, and Zr), with Cu(I) from Cu2O playing a crucial role in promoting increased production of 
HO•. Also, UiO-66 served as a catalyst support, attracting pollutants to the reaction center, while 
magnetic Fe3O4 aids catalyst recovery. The optimal experimental parameters for best perfor-
mance were pH at 7, catalyst loading of 1.6 g/L, H2O2 strength of 0.16 M, and reaction tem-
perature of 25 ◦C. The catalyst can be magnetically separated and regenerated after five recycling 
times without significantly reducing catalytic activity. The reaction time and pH were ranked as 
the most influencing factors on catalytic efficiency via Random Forest and SHapley Additive 
exPlanations models. The findings show that developed catalyst is a suitable candidate to remove 
dyes in water by Fenton heterogeneous reaction.   
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1. Introduction 

Water contamination due to toxic organic compounds released from the production process and using dyes, pesticides, and anti-
biotics has been a severe environmental problem because water is crucial for living creatures [1–3]. Numerous methods like 
adsorption, advanced oxidation processes (AOPs, like photocatalysis, Fenton reaction), membrane filtration, osmosis, and biodegra-
dation are used to treat organic compounds in wastewater [4–9]. Among them, the advantage of AOPs in water treatment is that the 
reactants are relatively cheap, readily available, non-toxic, and easy to use [10]. Furthermore, the organic pollutants (OPs) can be 
converted to CO2, H2O, and inorganic ions, or partially decomposed to new biodegradable substances by hydroxyl radicals HO•

generated from the Fenton reaction [11]. 
In recent years, the Fenton catalyst system has been studied intensely and developed widely worldwide. This system not only 

involves the classical Fenton agent (H2O2/Fe2+) and the modified Fenton agent (H2O2/Fe3+) [12] but also utilizes the transition metal 
ions and their complexes in low oxidation states such as Cu(I), Cr(II) and Ti(III) to react with H2O2 to produce HO• radicals, collectively 
known as Fenton-like agents [13]. The Fenton catalysis method has the outstanding advantage of i) the ability to catalyze with high 
reaction kinetics based on the generated highly reactive hydroxyl radicals [14,15]; ii) being widely applied to treat various types of 
organic pollutants [16]; and iii) being environmentally friendly with less toxic by-products [17]. Nevertheless, the Fenton process does 
have certain drawbacks when it comes to treating organic matter. These include the limited pH range it operates optimally in (pH 3) 
and the significant volume of iron slurry, which poses challenges for recycling the homogeneous catalyst (Fe2+) [18]. However, when 
the solution pH is increased, most of the metal oxide nanoparticles will tend to accumulate on the material’s surface, reducing the 
surface area and hindering the reactants’ movement, thereby reducing the catalytic performance of OPs [19]. Therefore, recently the 
studies on heterogeneous Fenton, the nanoparticles will be fixed on different supports to limit their accumulation. Alumina, silica, 
zeolite, and activated carbon are reported as the most extensively usual catalyst supports [20–23]. 

Metal-organic frameworks (MOFs) are a distinct spongy matter category with various captivating attributes, including remarkable 
surface area, porosity, flexible functionality, and adjustable pore structures. Owing to these exceptional qualities, MOFs have garnered 
significant interest as excellent catalyst support, attracting considerable attention for their immense potential. UiO-66 comprises 
[Zr6O4(OH)4] clusters with 1,4-benzo dicarboxylic acid linkage rods among the numerous MOFs. This topic has undergone thorough 
investigation, primarily driven by its remarkable thermal and chemical stability exhibited in aqueous solutions as well as organic 
solvents [24,25]. There have been many studies on the application of UiO-66 and its-based composites in adsorption [26], photo-
catalysis [27], gas separation [28], and analytical electrochemistry [29]. To mitigate the generation of solid waste, such as iron 
precipitates, at low pH conditions, the incorporation of Fe3O4 and Cu2O oxides onto UiO-66 has been employed as a catalyst for 
Fenton-type reactions. This approach leverages the favourable oxidizing capacity of the catalyst while reducing the likelihood of metal 
precipitation [30–32]. Therefore, combining these two oxides is more and more meaningful in improving the catalytic ability for the 
breakdown of organic impurities in aquatic medium. 

In this study, we synthesized Cu2O/Fe3O4/UiO-66 composite and investigated its performance as a Fenton-like agent for degrading 
reactive blue 19 (RB19) in water. Two key assumptions guided our study: 1) the inclusion of Cu2O in the composite, with its low 
valence transition metal (Cu(I)), enhances the creation of exceptionally active hydroxyl radicals (HO•), which are crucial for pollutant 
degradation; 2) UiO-66 immobilizes nanoparticles and attracts pollutant molecules, while Fe3O4 acts as the primary catalytic agent and 
facilitates catalyst recovery and reuse. To assess the validity of these assumptions, statistical techniques were employed to judge the 
catalytic efficiency of the Fenton reaction. Also, the Random forest (RF) and the SHAP (SHapley Additive exPlanations) models were 
employed to quantify the impact of various experimental factors on the reaction performance. Furthermore, the study inspected the 
effect of trial conditions, such as pH, catalyst loading, RB19 and H2O2 strength, reaction temperature, and catalyst reusability, on the 
degradation of RB19 to pinpoint the optimum variables. 

2. Materials and methods 

2.1. Materials 

Benzene-1,4-dicarboxylic acid (H2BDC, C6H4(CO2H)2, 99%), zirconium(IV) chloride (ZrCl4, 98%), reactive blue 19 
(C22H16O11N2S3Na2, 50%), N,N′-dimethylformamide (DMF, C3H7NO, 99%), methanol (CH3OH, 99%), sodium hydroxide (NaOH, 
97%), ethanol (C2H5OH, 99%), iron(II) sulfate heptahydrate (FeSO4.7H2O, 99%), copper(II) sulfate pentahydrate (CuSO4.5H2O, 
98.0%), hydrochloric acid (HCl, 35%), iron(III) chloride hexahydrate (FeCl3.6H2O, 98%), and hydroperoxide (H2O2, 30%) were ac-
quired from Merck’s company (Germany). No additional purification was performed on the analytical reagents before use, and all 
experimental procedures utilized deionized water. 

2.2. Synthesis of catalyst 

2.2.1. UiO-66 
UiO-66 was fabricated via the hydrothermal method following the procedure outlined in a previous study [33]. A transparent 

solution was received by ultrasonically liquefying 0.317 g of ZrCl4 and 0.226 g of H2BDC in 30 mL of DMF solvent. This mixture was 
then moved into a hydrothermal reactor and subjected to thermal treatment at 120 ◦C for 36 h in an oven. Once it reached ambient 
temperature, the resulting white powder was isolated from the resolution through centrifugation, rinsed with ethanol, and dried 
overnight at 60 ◦C to acquire UiO-66. 
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2.2.2. Fe3O4 
Firstly, the mixture, including 2.6 g of FeCl3 and 1.2 g FeSO4 in NaOH/C2H5OH solution (5 g/100 mL) was swirled magnetically for 

2 h (60 ◦C) and then conveyed to a heat-resistant Teflon flask and maintained at 90 ◦C for 6 h. Upon reaching ambient temperature, the 
solid materials underwent several cycles of rinsing with C2H5OH and distilled water. Subsequently, they were dried at 60 ◦C for 8 h to 
obtain Fe3O4 powder. 

2.2.3. Cu2O nanoparticles 
Cu2O nanoparticles were prepared through a chemical reduction approach utilizing ascorbic acid as the reducing agent. Initially, 

10 g of CuSO4.5H2O was blended in 400 mL of distilled water. Subsequently, 0.8 g of ascorbic acid and 1.2 g of NaOH were added to the 
solution. The resulting product was obtained by centrifugation, followed by multiple rinses with water. Finally, it was dried at 60 ◦C 
under vacuum conditions in an oven for a day. 

2.2.4. Cu2O/Fe3O4/UiO-66 
A mixture of 0.24 g Fe3O4, 0.24 g Cu2O, 0.634 g ZrCl4, and 0.452 g H2BDC was placed into a 100 mL Teflon-lined. A volume of 60 

mL DMF was added, and ultrasound was employed to aid in the dissolution of the solids. The autoclaving machine was then warmed 
over 120 ◦C and kept for 36 h. Once the temperature has equilibrated to room level, a magnetic field separated the solid material from 
the solution. It was then cleaned several times (ethanol, DMF) and and subsequently evaporated at 60 ◦C for 24 h, forming Cu2O/ 
Fe3O4/UiO-66. 

2.3. Experimental procedure 

We assessed the catalytic degradation of RB19 by Cu2O/Fe3O4/UiO-66 in a 50 mL glass flask equipped by magnetic-induced 
stirring. The pH level of the RB19 was changed by either 0.1 M NaOH or 0.1 M HCl. An amount of 40 mg of the catalyst was com-
bined with the RB19 solution (25 mL, 100 mg/L) while being stirred continuously for 2 h to attain the sorption equipoise. Subse-
quently, 1 mL of 4 M H2O2 was introduced to initiate the Fenton-catalyzed reaction. The retrieval of the heterogeneous Fenton catalyst 
from the post-reaction solution is accomplished by employing an external magnetic field, enabling its subsequent reuse. We conducted 
optimization experiments for the Fenton catalyst under similar conditions, varying the pH from 3 to 9, the amount of catalyst used 
varied between 0.4 and 2.0 g/L, RB19 strength from 50 to 200 mg/L, H2O2 concentrations from 0.08 M to 0.2 M, and thermal condition 
ranging from 25 to 55 ◦C. 

The concentrations of RB19 at different reaction times were confirmed by the UV–Vis spectroscopy procedure (Cary 60, Agilent, 
USA) at 595 nm. All experiments were conducted in triple measurements. The efficiency of RB19 degradation by catalysts was 
evaluated using Eq. (1):  

Degradation efficiency (%) = (Co – Ct)/Co x 100%                                                                                                                          (1) 

where t (min) represents the reaction time, Co and Ct (mg/L) indicates the initial level and concentration of RB19 at any given time 
required for the reaction t, respectively. 

Following the reaction, Cu2O/Fe3O4/UiO-66 composite was isolated via filtration, cleansed with water and ethanol, and reclaimed 
for a fresh response following a 24-h drying period at 60 ◦C. This sequence of steps was iterated numerous times to assess the reus-
ability of Cu2O/Fe3O4/UiO-66 composite. 

2.4. Characterization 

The catalysts’ structure was characterized using various techniques. An FE-SEM working at an acceleration electrical force of 5.0 kV 
was employed to provide a detailed description. The crystal structure and phase purities were examined using a powder X-ray 
diffractometer (XRD) with CuKα radiation (λ = 0.15406 nm). The material underwent FTIR measurements to depict the existence of 
functional groups. Further, elemental analysis was conducted operating energy-dispersive X-ray (EDX) spectroscopy. The nitrogen 
adsorption/desorption isotherm was recorded using a volumetric adsorption analyzer system to determine the catalyst’s surface area, 
and the Brunauer-Emmett-Teller (BET) model evaluated its catalyst. Thermogravimetric analysis (TGA) was realized under atmo-
spheric pressure on a TG-DTA instrument, employing a rate of temperature rise of 10 ◦C per second, to investigate the catalyst’s 
thermal behavior. 

2.5. Statistics and machine learning 

The Shapiro-Wilk test is a statistical method used to assess whether a given sample of data follows a normal distribution. It ex-
amines the null hypothesis that the data are drawn from a normal distribution. If the calculated p-value is greater than the chosen 
specific level of 0.05, the null hypothesis will not be rejected. In that case, the data can be assumed to exhibit a normal distribution. The 
Shapiro-Wilk test is commonly implemented in statistical software such as R using the Shapiro test function. 

ANOVA (Analysis of Variance) compares means between two or more groups. The test’s purpose is to evaluate the null hypothesis - 
no significant difference among the means of the segments. If the ANOVA test indicates a significant difference, Tukey’s Honest 
Significant Difference (TukeyHSD) is typically conducted to determine which specific group means differ significantly. TukeyHSD 
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compares all possible pair-wise differences between group means. 
ML refers to a tool or “machine” which “learn” data to output useful things without being explicitly programmed. A typical ML 

project is gathering a dataset and algorithmically developing a statistical model that can address practical tasks [34]. ML, specifically 
supervised learning, differs from statistics in that it starts with a collection of input-output pairs rather than assumptions. Supervised 
learning aims to apply a learning algorithm to the training dataset to map inputs to outputs [35]. 

Here we used RF algorithm and SHAP method for driver analysis. RF is an ensemble ML algorithm of decision trees, selecting 
random subsets of features and samples to make predictions [36]. SHAP originated from Shapley values - based on game theory, which 
assigns a fair distribution of a cooperative gain or loss to each player in a game [37]. In the context of ML, the SHAP method assigns a 
contribution score to each input feature that reflects its impact on the model’s output [38]. These SHAP values were calculated using 
RF model, which maps the input variables (i.e., experimental conditions) to the output variable (C/Co). The SHAP method and RF were 
implemented using Python programming language with packages of “sklearn”, “RandomForestRegressor”, and “shap” [39]. 

3. Results and discussion 

3.1. Characterization of catalyst 

FE-SEM images were utilized to characterize the morphologies of the prepared materials (Fe3O4, Cu2O, UiO-66, and Cu2O/Fe3O4/ 
UiO-66). The UiO-66 particles displayed a hexagonal uniform shape with a size from 100 to 150 nm (Fig. 1a), similar to the public of 
Maite Perfecto-Irigaray et al. [40]. Fe3O4 particles had a spherical shape of 100–300 nm in diameter and agglomerated into clusters 
(Fig. 1b). Meanwhile, the Cu2O sample exhibited octahedral morphology with a scale covering between 100 and 200 nm (Fig. 1c). The 
FE-SEM image of Cu2O/Fe3O4/UiO-66 (Fig. 1d) revealed that the composite consisted of different shapes and sizes. To further identify 
the successful production of material (Cu2O/Fe3O4/UiO-66), the EDX analysis was used to detect the presence of elements in the 
prepared material. According to the EDX spectra shown in Fig. 1e, the composite contained the primary elements (C, O, Fe, Cu, and Zr) 
of the three individual components, indicating the existence of Cu2O, Fe3O4, and UiO-66 phases in the material. The EDX mapping of 
the as-prepared composite in Fig. 1f indicated the uniform diffusion of primary elements in the same region. The XRD analysis also 
supports this statement. According to Fig. 2a, the prominent peak at 6o and 9.7o shows the presence of UiO-66 in the material [41]; the 
narration of the presence of Fe3O4 corresponds to the characteristic peaks at 30.2o, 35.8o, 57.9o [42] and Cu2O corresponding to 36.6o 

and 42o [43]. The FTIR of individual components were recorded to verify the surface functional groups, and the result is depicted in 
Fig. 2b. In the FTIR results of two developed materials (Fe3O4/UiO-66 & Cu2O/Fe3O4/UiO-66), the highest point at 550 cm− 1 matched 
the vibrational elongation of Fe–O–Fe, indicating that Fe3O4 is existed in the composite [44]. The peak around 749 cm− 1 corresponds 
with the O–Zr–O vibration, and other undersized peaks found from 700 to 1200 cm− 1 were associated with the oscillations in aromatic 
rings of UiO-66 material [45]. Moreover, the clear apices at 1395, 1586, and 1654 cm− 1 can be credited to the occurrence of the 
UiO-66 carboxyl groups [46,47]. The richness of carboxyl groups will facilitate the immobilization of Fe3O4 and Cu2O nanoparticles on 
the UiO-66 surface through complexation and electrostatic interactions [4]. 

The porousness and outer surface of Cu2O/Fe3O4/UiO-66 were evaluated based on the nitrogen adsorption/desorption isotherm 
(Fig. 3a). Based on the testing results, it was found that the sample exhibited the type IV isotherm along with a hysteresis loop, within 
the relative pressure interval of 0.7–0.9. Based on these findings, it can be inferred that the catalyst possesses a mesoporous structure 
[48]. The surface area determined by the BET analysis yielded a value of 35.45 m2/g. This value is not as high as pure UiO-66 (1044.27 

Fig. 1. SEM images of UiO-66 (a), Fe3O4 (b), Cu2O (c) and Cu2O/Fe3O4/UiO-66 (d); EDX spectra (e) and elemental mapping of Cu2O/Fe3O4/UiO- 
66 (f). 
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m2/g) [29] because immobilized nanoparticles obscure the surface. The BJH method was further exerted to confirm the distribution of 
pore sizes within the catalyst. According to the pore size distributions curves depicted in Fig. 3b, the pores of Cu2O/Fe3O4/UiO-66 
distributed mainly in the range of 5.5–13.4 nm with the apex at 9.2 nm, which belongs to the range mesoporous [49]. 

TGA instrument also functioned at the range of 25–800 ◦C to evaluate the temperature resilience of the prepared Cu2O/Fe3O4/UiO- 
66 nanocomposite. As presented in Fig. 3c, the first weight loss stage, about 9.95% at temperatures below 150 ◦C can be credited to the 
vaporization, moisture absorbed on surfaces, and residual solvents in the material. The second decline of 6.74% in the range of 
253.52–434.19 ◦C can be related to the removal of DMF, which was used in the synthesis and washing of the product. The weight loss 
of the catalyst was about 36% at 450–600 ◦C, which aligned to the heat-based breakdown of the framework architecture of UiO-66 
because the linker-organic molecules in the structure were combusted [50]. After that, there was no appreciable change in mass as 
the temperature rose to 800 ◦C. Thus, the results indicated that Cu2O/Fe3O4/UiO-66 was thermally stable at temperatures below 
450 ◦C. 

Fig. 2. XRD (a) and FTIR (b) images of Fe3O4/UiO-66 and Cu2O/Fe3O4/UiO-66.  

Fig. 3. N2 adsorption–desorption isotherms (a); pore dimension dispersion (b); TGA isotherm curve (c) and magnetization curve of Cu2O/Fe3O4/ 
UiO-66 (d). 
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The presence of Fe3O4 particles within the composite structure imparts magnetic properties to the material, enabling convenient 
retrieval of the catalyst using an extrinsic magnetic field. The magnetic behavior of the Cu2O/Fe3O4/UiO-66 sample was investigated 
using a vibrating sample magnetometer, and the resulting magnetization curve is depicted in Fig. 3d. The value of complete 
magnetization calculated from the magnetization curve is 8.4 emu/g with a hysteresis loop, indicating that the material has good 
response strength at different magnetic fields. Although the saturation value of Cu2O/Fe3O4/UiO-66 is smaller than that of some other 
published ferromagnetic materials (69.69 emu/g of Fe3O4 nanoparticle [51], 15.53 emu/g of UiO-66/Fe3O4/GO [52]), an external 
magnet can easily collect the material after dispersing in an aqueous medium for 10 s. 

3.2. Fenton-like catalytic activity 

The catalytic capability of Cu2O/Fe3O4/UiO-66 composite was investigated by the degradation of RB19 from the Fenton reaction. 
According to Fig. 4a, the UV–Vis observation indicated the absorption band of RB19 at 595 nm. The intensity of this band decreased 
with increasing the time reaction and was almost absent later 90 min of the Fenton reaction system. To further research the Fenton 
reaction-mediated removal of RB19, in the immersing test, the catalyst was filtered out after 30 min of reaction with the existence of 
H2O2 and measured the concentration of RB19 at the time of reaction. Compared to the experiment using the catalyst in 90 min of the 
reaction (Fig. 4b), the decolorization of RB19 was stopped when separated the catalyst by an external magnet, indicating that Cu2O/ 
Fe3O4/UiO-66 was the heterogeneous catalyst in the Fenton system for breakdown of RB19. 

(treaction = 25 ◦C; Co = 100 mg/L; dose catalyst = 1.6 g/L, [H2O2] = 0.16 M; pH 7). 
Various materials (without catalyst, UiO-66, Fe3O4, Fe3O4/UiO-66, and Cu2O/Fe3O4/UiO-66) were subjected to batch experi-

mentations to estimate and compare their respective degradation efficiencies of RB19. As depicted in Fig. 4c, the concentration of 
RB19 did not change significantly in the absence of a catalyst, revealing the poor oxidation ability of H2O2 with RB19. In contrast, 
RB19 was rapidly degraded with the presence of the catalysts. For UiO-66, the concentration of RB19 decreased quickly in the initial 
stage of the reaction, reaching 27% within 15 min, and then remained almost unchanged. This proves that UiO-66 has relatively weak 
Fenton catalytic activity. Compared to UiO-66 and Fe3O4, the degradation efficiency of Fe3O4/UiO-66 decreased steadily during the 
survey period and reached 63% in 90 min, demonstrating that the presence of Fe3O4 in the material increased the catalytic perfor-
mance due to its strong Fenton oxidation capability. Morphology of Fe3O4 consists of heavily agglometated particles due to magnetic 
property in nature. Therfore it used alone shows very poor photocatalytic degradation. However as Fe3O4 nanoparticle was highly 
dispered on the UiO-66 matrix with large surface area the Fe3O4/UiO-66 presents the better catalytic activity toward the RB19 
degradation. The Cu2O/Fe3O4/UiO-66 possessed the highest catalytic activity with a degradation performance of 83.9% in 90 min 
thanks to the introduction of Cu2O. Moreover, the Fenton-like reaction rate constant (k, min− 1) was determined from the exponential 
decay model ln(Ct/Co) = -kt. The resulting plots of ln(Ct/Co) versus t for all samples were linear with coefficients of determination 
ranging from 0.70 to 0.99, demonstrating that the kinetic model well described the kinetics of the degradation of RB19 (Fig. 4d). The k 
value of Cu2O/Fe3O4/UiO-66 was calculated to be 0.0196 min− 1, which was higher than that of Fe3O4/UiO-66 (0.0112 min− 1), UiO-66 

Fig. 4. The UV–Vis spectra of RB19 in 90 min degradation (a); the immersing experiment (b); the Fenton catalytic degradation of RB19 in the 
presence of UiO-66, Fe3O4, Fe3O4/UiO-66, Cu2O/Fe3O4/UiO-66, and without the catalyst (c); linear fitting of the catalytic degradation (d); the 
comparision of RB19 removal efficiency between adsorption and degradation (e). 
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(0.0043 min− 1) and Fe3O4 (0.00257 min− 1). The above results indicated sufficient evidence for the highly effective Fenton-like ca-
pacity of Cu2O/Fe3O4/UiO-66 for RB19 degradation. 

The presence of Cu in the material is believed to boost the catalytic reaction rate compared to the rest of the materials. On the one 
hand, adding Cu2O in the composite provided more active sites for H2O2 decomposition, increasing the generation of reactive oxidants 
such as HO●, thereby enhancing the catalytic capacity [53]. In contradistinction, rising electron density when Fe combines with Cu on 
the UiO-66, makes the oxidation process more favourable. At the same time, the coordination of Cu and Fe in the Zr–O clusters of 
UiO-66 can expand the material’s pore size, facilitate mass transfer and increase the catalytic efficiency [54,55]. 

Fig. 4e illustrates the capacity to eliminate RB19 concerning the catalysts’ adsorption process, indicating that UiO-66 material 
exhibits superior catalytic efficiency attributable to its porous structure, expansive surface area, and the presence of functional groups 
within UiO-66. Compared to Fe3O4 and Fe3O4/UiO-66, Cu2O/Fe3O4/UiO-66 material obtained a higher ability to remove RB19 for 
both adsorption and Fenton catalysis thanks to the presence of Cu2O and Fe3O4 on the catalyst surface. Thus, Cu2O/Fe3O4/UiO-66 is 
considered an appropriate catalyst that can balance the adsorption and decomposition of RB19 in solution in the presence of H2O2 with 
the highest efficiency. 

The statistical methods employed in this study aimed to determine whether the catalytic systems, specifically C/Co of UiO-66, 
Fe3O4/UiO-66, and Cu2O/Fe3O4/UiO-66, had a significant impact on the degradation of reactive dye compared to random varia-
tions. The Shapiro test results inferred that the data was a Gaussian bell curve (p > 0.05). The findings revealed that all catalysts 
improved dye degradation compared to the control experiment (i.e., no catalyst), as depicted in Fig. 5. The comparison between UiO- 
66 and Fe3O4/UiO-66 betrayed no considerable discrepancy in the mean C/Co values (P > 0.05, and the Confidence interval (C.I.) at 
95% encompassed zero). In contrast, the analysis indicated significant differences in the mean C/Co values for other groups of catalysts. 
Specifically, the comparisons involving no catalyst with Cu2O/Fe3O4/UiO-66 and Fe3O4/UiO-66, as well as Cu2O/Fe3O4/UiO-66 with 
Fe3O4/UiO-66 and UiO-66, exhibited statistically significant disparities. The target catalyst, Cu2O/Fe3O4/UiO-66, demonstrated a 
substantial difference in C/Co compared to the case without any catalyst (p = 10− 6), with 95% C.I. deviating from zero. The results of 
the statistical tests strongly support the hypothesis that the developed catalyst, Cu2O/Fe3O4/UiO-66, outperformed the control catalyst 
in the degradation of the reactive dye. 

3.3. Effects of experimental conditions 

The trial conditions, including pH, dye concentration, catalyst dosage, temperature, and H2O2 concentration, significantly affect 
dye degradation [22]. Therefore, the degradation of RB19 by Cu2O/Fe3O4/UiO-66 under different experimental conditions was 
studied. In Fig. 6a, the time-dependent degradation of RB19 is presented, showcasing variations observed at different pH levels. 
Generally, the removal of RB19 was effective at low pH values, and the best performance was observed at pH 3. This is consistent with 
the knowledge that the Fenton reaction attains optimum degradation efficiency at a pH value of 3 [56]. Under an acidic environment, 
the increased removal efficiency of RB19 can be ascribed to the enhanced oxidation potential of HO• radicals and the more leaching of 
Cu, Zr, and Fe species [57]. The catalyst remained effective at pH 5 and 7 with RB19 removal efficiency of 86.0% and 83.9%, 
respectively. However, at a pH higher than 7, the degradation of RB19 was notably reduced. Due to the corrosive nature of low pH, 
which can harm the catalyst, a neutral pH was preferred for this study. Therefore, a pH value of 7 was selected for the subsequent 
experiments. 

The influence of varying catalyst levels on the decomposition of RB19 by Cu2O/Fe3O4/UiO-66 composite is shown in Fig. 6b. It was 
observed that the degradation rate of RB19 showed a direct correlation with the increasing dose of the catalyst. This can be explained 
by more reactive sites, promoting H2O2 decomposition reactions to generate more free radicals [58]. The RB19 removal efficiency was 
35.5% with the loading of 0.4 g/L and up to 83.5% when the dosage level was escalated to 1.6 g/L. However, when the amount of 
Cu2O/Fe3O4/UiO-66 added was raised to 2 g/L, the removal efficiency of RB19 was not further increased, presumably because of the 
scavenging of HO• radicals and the aggregation of particles [6]. The most favourable catalyst quantity, as per the findings, was 
identified as 1.6 g/L. 

Fig. 5. Results of ANOVA and Tukey HSD test between pair-wise groups (C/Co of UiO-66, Fe3O4/UiO-66, and Cu2O/Fe3O4/UiO-66) at 95% con-
fidence level. 
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To examine the impact of the original level, the RB19 concentration was altered in the span of 50–200 mg/L. The lower the initial 
concentration, the faster the degradation of RB19 occurred (Fig. 6c). The removal performance achieved 86.5%, 84.9%, 76.7%, and 
71.2% within 90 min of reaction when the initial RB19 concentrations were set at 50, 100, 150, and 200 mg/L, respectively. 

The impact of H2O2 level was inspected across 0.08–0.2 M (Fig. 6d). The degradation of RB19 depicted a gradual increase as the 
H2O2 strength rose from 0.08 to 0.16 M. The phenomenon can be explained by the increased generation of reactive oxidation groups, 
specifically hydroxyl radicals, resulting from higher exposure of the catalyst to H2O2.When the concentration of H2O2 increased from 
0.16 to 0.2 M, the breakdown of RB19 did not change much (83.4% for H2O2 0.16 M and 0.2 M) because the perhydroxyl radicals •OHH 
generated from H2O2 were paired with the hydroxyl radicals (Eqs. (2) and (3)), reducing the reactive radicals [56].  

H2O2 +
⋅OH → H2O + ⋅OHH                                                                                                                                                     (2)  

⋅OHH + ⋅OH → H2O + O2                                                                                                                                                         (3) 

The impact of varying reaction thermal conditions between 25 and 55 ◦C on the degradation of RB19 using Cu2O/Fe3O4/UiO-66 
was investigated. According to Fig. 6e, with the rising reaction temperature from 25 to 55 ◦C, the catalytic capacity gradually 
decreased from 83.9 to 79.8% due to the heat-related decomposition mechanism of H2O2 to O2 and H2O at intense thermal conditions 
[59]. Therefore, the suitable temperature for the Fenton degradation of RB19 was selected as 25 ◦C. 

3.4. Reusability of Cu2O/Fe3O4/UiO-66 

The study on the reusability of the Cu2O/Fe3O4/UiO-66 catalyst was carried out in five consecutive cycle reactions. The condition 

Fig. 6. The effect of pH (a); the dose of catalyst (b); the concentration of RB19 (b); the concentration of H2O2 (d); the temperature reaction (e) on 
RB19 hydroxylation; and the reusability (f) of Cu2O/Fe3O4/UiO-66 after degradation of RB19. 

Table 1 
The comparison of catalytic effectivity with the reaction conditions of catalysts.  

Catalyst Photocatalytic/Fenton K (min− 1) Co(mg/L)/dose of catalyst (g/L)/pH Refs. 

α-Fe2O3/WO3 Photocatalytic – 10/1/2 [61] 
AgBr/BiPO4/g-C3N4 Photocatalytic 0.0785 20/1/3 [62] 
g-C3N4 

BiPO4/g-C3N4 

Photocatalytic 
Photocatalytic 

0.0096 
0.0159 

20/1/3 
20/1/3 

[62] 
[62] 

La3+/S/TiO2 Photocatalytic – 25/1/- [63] 
Mg0.5Ni0.4Zn0.1Fe2O4 Photocatalytic 0.0734 25/0.3/5 [64] 
Mg0.5Zn0.5Fe2O4 Photocatalytic 0.0243 25/0.3/5 [64] 
Bentonite clay modified with Nb2O5 Photocatalytic with the presence of H2O2 – 30/0.5/3 [65] 
ZnO nanoparticle Photocatalytic – 10/0.21/- [66] 
Cu2O/Fe3O4/UiO-66 Fenton 0.0196 100/1.6/7 This study  
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reactions were set up as follows: loading of catalyst of 1.6 g/L, dye strength of 100 mg/L, pH of 7, H2O2 concentration of 0.16 M, and 
reaction temperature of 25 ◦C. Following each cycle, the catalyst underwent a washing step with distilled water, subsequent drying, 
and was then employed for the subsequent reaction. The efficacy of the removal process of RB19 dropped moderately with increasing 
the number of recycles (Fig. 6f). The degradation performance after five recycles reduced by about 13% compared to the first use. The 
decrease in the catalytic activity of Cu2O/Fe3O4/UiO-66 can be attributed to the drop of the agent during washing and the hardening of 
the reaction sites due to the binding of the intermediates [60]. However, after five consecutive runs, the prepared material maintained 
a high catalytic activity (70%). The results indicated that Cu2O/Fe3O4/UiO-66 has good reusability and stability and can be used for a 
long time. 

Table 1 compares different catalysts’ RB19 removal catalytic capacities with the respective reaction conditions. As seen in Table 1, 
the Cu2O/Fe3O4/UiO-66 catalyst has a relatively good removal of RB19 at neutral pH (pH 7) with a high concentration of RB19. While 
the remaining catalysts mainly perform at low pH. This is an advantage of the material that can perform RB19 removal in a friendly and 
less toxic environment. 

3.5. Influencing factors 

The consequence of different reaction variables, such as reaction time, pH value, reaction temperature, H2O2, and RB19 strengths, 
on the catalytic performance of RB19 through the Fenton reaction was examined. The SHAP values were utilized to determine the 
relative importance of these experimental factors in influencing the C/Co results. This consequence of data driven-ML model supports 
to explain the catalyst behavior and degradation processes based on data. 

A distinct color characterizes each parameter value, and the resulting SHAP value on the x-axis shows the contribution of the raw 
component. The reaction time and pH value were the highest-ranking features, continued by the concentration of H2O2, temperature 
reaction and initial concentration of RB19 (Fig. 7). In a study on the mechanism for enhancing heterogeneous Fenton reaction kinetics, 
Zhang et al. (2020) demonstrated that the reaction time significantly influences Fenton performance [67]. Longer reaction times 
generate more hydroxyl radicals, increasing catalytic efficiency. However, prolonged times can result in hydroxyl radical degradation 
through self-reactions or reactions with intermediates [56]. Additionally, extended reaction times may cause iron oxide precipitation, 
further reducing catalytic efficiency. Therefore, significant attention is devoted to determining the optimal reaction time for specific 
catalytic reactions aimed at degrading organic pollutants. The pH value significantly impacted the catalytic performance within the 
Fenton system following the reaction time. An elevated pH can reduce catalytic efficiency, likely due to the superior effectiveness of the 
reaction catalyst’s active sites under acidic conditions [68]. Modifications in pH can influence proton availability, as well as pro-
tonation or deprotonation steps, thereby affecting the rate of the reaction. 

Consequently, optimizing the pH value becomes crucial as it strongly influences the catalytic efficiency within the Fenton system. 
Compared with the time reaction and pH value, the impact of the remaining factors such as concentration of H2O2, temperature re-
action and initial concentration of RB19 did not significantly affect the catalytic performance. Utilizing SHAP, the model elucidated 
diverse reaction parameters’ impact on the Fenton system’s catalytic efficiency. This valuable insight aids researchers in compre-
hending influential factors and refining these parameters, enabling the community to optimize reaction conditions. By adjusting 
reactant concentration, catalyst type and concentration, pH level, temperature, and reaction time, the community can enhance the 
efficiency, selectivity, and overall performance of the Fenton reaction across diverse applications. 

3.6. Mechanism for Fenton-like reaction 

The RB19 breakdown by the Cu2O/Fe3O4/UiO-66 composite follows a proposed reaction mechanism that depends on the electron 
transfer happening at the active centers of Cu–Fe–Zr on the material (Fig. 8). The presence of Fe was the primary reagent for the 
production of HO• radical when Fe(II) reacts with H2O2. 

In the beginning, H2O2 adheres to the catalyst’s external surface and interacts with Fe(III) within the Fe3O4 framework, resulting in 

Fig. 7. SHAP plot indicates the impact of raw ingredients on catalytic performance.  
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the formation of Fe(II), HO2
● and H+ ions, as dispicted in Eq. (4) and Eq. (5). Consequently, Fe(II) further engages with H2O2, leading to 

the generation of hydroxyl radicals OH● (Eq. (6) and Eq. (7)). The presence of Cu in the structural material can contribute to the 
enhancement of the generation of free radicals [4,53,55].  

(FeIII –OH) + H2O2 → (FeIII –OH).(H2O2)                                                                                                                                    (4)  

(FeIII –OH).(H2O2)–OH→FeII + HO2
● + H2O                                                                                                                                (5)  

FeII + H2O2 → FeIII–OH + OH●                                                                                                                                                 (6)  

FeIII–OH + HO2
● →FeII + H2O + O2                                                                                                                                           (7)  

FeIII + CuI → CuII + FeII                                                                                                                                                           (8)  

CuI + H2O2 → CuII–OH + OH●                                                                                                                                                 (9)  

CuII–OH + H2O2 → (CuII. H2O2)–OH                                                                                                                                        (10)  

(CuII. H2O2)–OH → CuI + HO2
● + H2O2                                                                                                                                    (11)  

CuII–OH + HO2
● → CuI + H2O + O2                                                                                                                                        (12) 

So, Cu2O/Fe3O4/UiO-66 was a reservoir for Fe and Cu to release Fe(II) ions to trigger the cleavage of H2O2 molecules into OH● 

radicals (Eq. (8) and Eq. (9)). Alternatively, the Zr centre within the UiO-66 structure plays a crucial role as an electric charge bridge, 
facilitating electron transfer in a Fenton-like reaction system. It can receive electrons from O2

•-, thereby promoting the generation of O2 
[69]. Upon combining Fe3O4 nanoparticles with UiO-66, Fe(II) and Zr interactions can occur through the formation of Fe(II)–O–Zr(IV) 
bonds. These interactions make it easier for Fe3O4 to lose electrons, thus enhancing the reduction of H2O2 and generating OH● radicals 
[70,71]. The catalyst’s Zr centre, characterized by its high charge density, contributes to the interaction between Fe and Cu. This 
interaction facilitates substantial electron transfer between the Cu–Fe–Zr active centers on the catalyst, leading to increased pro-
duction of free radicals (Eq. (10) – Eq. (12)) [69]. When the catalyst decomposition occurs, HO2

● and OH● attack RB19 to form 
inorganic molecules such as H2O, CO2, and less toxic intermediates [72], as described in Eq. (13) and Eq. (14).  

HO2
● → H+ + O2

●-                                                                                                                                                                  (13)  

RB19 + OH● → CO2 + H2O + intermediate                                                                                                                              (14)  

4. Conclusion 

The research focuses on developing Cu2O/Fe3O4/UiO-66 materials as heterogeneous Fenton catalysts to break down RB19 in a 
watery solution in the presence of H2O2. The results show that Cu2O/Fe3O4/UiO-66 exhibits higher catalytic efficiency and reaction 
rate than UiO-66 and Fe3O4/UiO-66 for 90 min using reaction conditions (pH 7, reaction temperature 25 ◦C, H2O2 concentration 0.16 
M, catalyst dosage 1.6 g/L). ANOVA results demonstrated that Cu2O/Fe3O4/UiO-66 obtained exceptional catalytic properties 
compared with other materials (p = 10− 6). The experimental conditions leading to the best performance were pH 7, agent loading of 
1.6 g/L, H2O2 concentration of 0.16 M, and a reaction temperature of 25 ◦C. The developed composite prepared in this study is stable 
and reusable for up to five cycles. SHAP identified reaction time and pH as the most influential factors affecting catalytic efficiency. The 
system operates under environmentally friendly conditions with a neutral pH, making it suitable for degrading organic pollutants. 
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