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Abstract: ZnAlFe;_,Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08) spinel ferrites were successfully obtained for
the first time via a sol-gel autocombustion technique using citric acid as the combustion/chelating
agent. These materials were then employed as photocatalysts for the degradation of Evans Blue, con-
sidered herein as a model organic pollutant. The XRD and FTIR analysis confirmed the achievement
of pure spinel ferrite structures for all the materials. TEM analysis showed that the average particle
sizes decline from about 27 for the undoped material to 17 nm for samarium-doped materials, and the
magnetic characterization at room temperature indicated the paramagnetic conduct for the studied
samples. All the photocatalysts were active in Evans Blue photodegradation. The best photocatalytic
performances were observed for the ZnAlFe( 94Smg 9504 formulation and explained by the smallest
values calculated for lattice parameter, interplanar distance, and particle-size values. By adding H,O,
and applying the modelling and optimization of the photocatalytic process for the best material, the
half-life of the pollutant decreased significantly from 115 min to about 7 min (about 16-times), and
the colour-removal efficiency was almost 100%.

Keywords: aluminium-substituted zinc ferrite; samarium-doped spinel ferrite; H,O,/UV-Vis;
wastewater treatment; modelling and optimization of photocatalytic process

1. Introduction

Spinel ferrites (MFe;Os4—where M is a divalent cation) are a special category of
mixed iron oxides of great interest to the research community because of their unique
properties, from magnetic, electrical, electronic, dielectric, mechanical, optical, as well as
(photo)catalytic points of view [1,2]. Their properties are making spinel ferrites strong
candidates for a wide range of applications from microwave and electronic devices [2]
to hyperthermia, contrast agents for MRI applications, and drug delivery systems [3] or
catalytic [4], adsorption [5], and photocatalytic applications for wastewater treatment [6].

The characteristics of spinel ferrites strongly depend on their chemical composition,
phase purity, grain and/or crystallite size, or specific surface area. In order to fine-tune the
spinel ferrite properties for a specific application, several strategies have been implemented
to date: judicious selection of the synthesis method considering the targeted application [1],
variation in the sintering temperature and/or time [7], the substitution of divalent or iron
ions [8,9], doping [10], etc.

Spinel ferrites with zinc as a divalent cation are known as zinc spinel ferrites. ZnFe;O4
is one of the most representative compounds of the spinel ferrite class of materials, along
with CoFe;O4 and NiFe;Oy4 [11]. Because of its relatively narrow band gap (around
1.9 eV) [12,13], zinc ferrite was often proposed as a highly active photocatalyst for wastew-
ater purification by advanced oxidation of organic pollutants [13]. Thus, in their exhaustive
review, Sonu et al. [13] observed that the number of publications on ZnFe,O4 was con-
stantly growing from 2010 to 2020, and more than half of the studies proposed this material
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as an efficient photocatalyst for oxidative water-purification applications compared to only
24% for inductors, 14% for adsorption processes, and 9% for electronic devices, respectively.
Despite the encouraging photocatalytic behaviour of the pristine zinc ferrite, different
strategies were developed to enhance the performances of these materials, such as [9,14,15]
substitution, composite formation, and doping. In a previous work, we demonstrated
that the substitution of Fe cations with Al cations into Zinc ferrite clearly improved the
photodegradation efficiency of Orange I azo dye [9]. On the other hand, we previously
proved that the properties of Cobalt and Nickel ferrites can be significantly changed by
doping with rare-earth cations [4,16]. Thus, in this work, we propose, for the first time,
to simultaneously study the influence of substituting Fe cations with Al and of doping
the as-obtained ZnAlFeO,4 with a representative rare-earth element: samarium. Therefore,
in the present work, for the first time, ternary spinel ferrites with the general formula
ZnAlFe; _Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08), as highly efficient photocatalysts for Evans
Blue dye removal from synthetic wastewaters under UV-Vis light, are studied.

2. Results
2.1. Characterization of Photocatalysts
2.1.1. X-Ray Diffraction Analysis

XRD analysis was performed in order to disclose the structural features of the obtained
catalysts. The recorded XRD patterns for the powders are depicted in Figure 1, and the
chemical formulas, sample codes, and calculated data are given in Table 1. Close inspection
of the patterns shown in Figure 1 suggests that each of the observed peaks for each of the
studied materials closely resembles the typical patterns for zinc ferrite samples according
to JCPDS card No. 22-1012 [17,18]. As a result, the exclusive presence of the planes (220),
(311), (222), (400), (422), (511), (440), (620), and (533) in the diffraction patterns reveals that
all of the samples formed a pure cubic spinel structure free of any observable impurities.
This fact demonstrates that the selected preparation technique was successfully achieved
for, on one hand, the insertion of the aluminium cations in the zinc ferrite spinel matrix
and, on the other hand, the incorporation of Sm cations into the spinel structure of the
aluminium-substituted zinc ferrite.
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Figure 1. XRD patterns of ZnAlFe;_,Sm,O4 (x =0, 0.02, 0.04, 0.06, 0.08) photocatalysts compared to
the standard XRD pattern of ZnFe,O4 (JCPDS card No. 22-1012).
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Table 1. Calculated data for ZnAlFe;_,Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08) photocatalysts.
Photocatalyst o o - SgeT °

Chemical For}r,nula Code D (nm) ' a(A)? dapp (A)? d (nm) 2 (rzgfg) Viot ® (cc/g) Dypore * (nm)
ZnAlFeO4 ZFA 13.00 8.2403 1.8423 26.6 15.076 6.82 x 1072 31.7

ZnAlFeq 9gSmg 02Oy ZFASmO0.02 11.17 8.2501 1.8446 229 19.625 949 x 1072 21.5

ZnAlFeq 96Smg 04Oy ZFASm0.04 10.34 8.2457 1.8434 20.9 26.556 949 x 1072 15.3

ZnAlFeq94Smg 06Oy ZFASm0.06 10.26 8.2359 1.8410 17.3 28.239 9.20 x 1072 14.7

ZnAlFeq9,Smg g0y ZFASmO0.08 10.04 8.2525 1.8453 194 34.617 9.59 x 1072 11.8

1 Data from XRD; 2 Data from TEM; 3 Data from Nj sorption.

Despite the greater ionic radius of samarium cations (0.958 A) compared to Fe3*
(0.645 A), the similarity between the diffraction patterns of Sm-doped materials and those
corresponding to the zinc-aluminium ferrite one suggested that Sm3* may have replaced
Fe3* ions in the host spinel structure [19]. However, as a consequence of the inclusion of
the larger samarium cations in the spinel structure, the diffraction peaks in doped samples
are widened with increasing amounts of lanthanide. These findings are in close agreement
with our previous work on the rare-earth doping of spinel ferrites [4,16,20].

Deeper exploitation of the registered XRD patterns was achieved by determining
the crystallite sizes (D) using the Debye-Scherrer formula, the lattice parameter (a), and
the interplanar distance (d), according to Laue and Bragg’s equations for cubic lattices
using the relations presented in previous works [4,20]. These data are given in Table 1.
One may observe that the crystallite sizes decrease regularly with the samarium content
increasing; doping the ZFA sample with samarium led to a decrease. This fact indicates that
the replacement of Fe>* with larger Sm3* cations obstructs the growth of crystallites. Such
behaviour is often reported on doping spinels with rare-earth cations [4,16,20,21]. Both
lattice parameters and interplanar distances are higher for Sm-containing materials, except
for the ZFASmO0.06 sample, but no direct correlation between rare-earth concentration and
these values can be observed. This fact suggests that increasing samarium concentration
leads to the redistribution of the Zn, Fe, and Al cations between the tetrahedral and
octahedral sites [21,22].

2.1.2. Fourier-Transform Infrared Spectroscopy Analysis

FTIR spectroscopy was employed to identify the metal-oxygen bonds once the ferrite
structure was obtained in order to confirm the XRD findings. Further, this technique was
used to estimate the presence of combustion by-products in the samples. In this respect, the
spectra were registered in a wavenumber range of 400-4000 cm !, as shown in Figure 2.
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Figure 2. FTIR spectra of ZnAlFe;_,Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08) photocatalysts.
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First, the fingerprint bands for metal oxides are clearly observed in a range of
700-400 cm~!. Thus, the band observed in the 621-626 cm ™! range is usually attributed
to the stretching vibration of the metal-oxygen bond in the tetrahedral positions of the
spinel structure, whereas the band observed at 468-486 cm ! is assigned to the stretching
vibration of the metal-oxygen bond in the octahedral sites of the spinel matrix [23,24]. It is
important to note that all the samples containing samarium cations show a slight increase
in the wavenumber value for both tetrahedral and octahedral vibrations compared to the
ZFA sample. These observations are consistent with previous works on rare-earth-doped
ferrites [25,26] and indicate perturbations occurring in the Fe-O, Zn-O and Al-O bonds,
respectively, as well as cation migration between the two types of sites, due to the replace-
ment of small amounts of iron cations by bulkier samarium cations [27]. It is worth noting
that these observations are in very close agreement with the XRD discussion.

Second, the weak bands in the 2931-1374 cm ! range are due to the presence of very
small amounts of combustion by-products and can be assigned as follows [28,29]: the bands
in the 2931-2862 cm~! range are ascribed to antisymmetric and symmetric -CH,~ group
vibrations resulting from the citric acid combustion, the bands in the 2394-1497 cm ! range
are most probably due to the water and CO, absorbed by the samples from the atmosphere,
and the bands around 1380 cm ! indicate the presence of nitrate ions from the metallic
salts used during synthesis.

2.1.3. Transmission Electron Microscopy

Representative TEM micrographs and grain-size distributions for the materials un-
der study are shown in Figure 3. Table 1 lists the average particle sizes, as measured by
analysing more than 100 grains from at least five different TEM images, for each photocata-
lyst. For the five materials under study, the TEM micrographs demonstrate the nanometric
nature of grains, a narrow grain-size distribution, and a low degree of agglomeration. The
average particle sizes fall from about 27, for the undoped material, to 17 nm with an increase
in samarium content. Nevertheless, it is important to note that the average grain sizes are
not directly correlated with the rare-earth concentration, the ZFASm0.06 presenting the
smallest particles. It should also be noted that the distributions of the particle sizes are
narrowed when Sm ions replace Fe ions, except for the material most loaded in samarium.

2.1.4. Magnetic Properties

The magnetic properties of the studied materials were evaluated at room temperature
by registering the hysteresis cycles (Figure 4).

The shapes of the loops from Figure 4 are in close agreement with previous findings
on zinc ferrite materials studied at room temperature and indicate the paramagnetic
comportment with zero remanent magnetization and zero intrinsic coercivity (see insert in
Figure 4) for all the photocatalysts [30,31]. According to the literature, the paramagnetic
nature of zinc ferrite materials is usually explained by the arrangement of the cations within
the tetrahedral and octahedral sites close to the ideal normal spinel structure [31]. One
may observe that the replacement of half of the iron cations with non-magnetic aluminium
cations and paramagnetic samarium cations does not interfere with the paramagnetic
behaviour of the original zinc ferrite. Nevertheless, a slight decrease in magnetization is
observed with increasing samarium content.
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Figure 3. Representative TEM micrographs (left) and particle-size distributions (right) of
ZnAlFe;_SmyOy (x =0, 0.02, 0.04, 0.06, 0.08) photocatalysts.
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Figure 4. Hysteresis loops recorded at room temperature for ZnAlFe;_,Sm, O, (x = 0, 0.02, 0.04, 0.06,
0.08) photocatalysts.
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2.1.5. Textural Properties

The nitrogen adsorption—desorption isotherms and the corresponding pore-size distri-
bution are depicted in Figure 5, and the calculated data are provided in Table 1.
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Figure 5. Nj-sorption isotherms (a) and corresponding pore-size distributions (b) for

ZnAlFe;_,SmyOy (x =0, 0.02, 0.04, 0.06, 0.08) photocatalysts.
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According to IUPAC classification [32], the registered nitrogen adsorption-desorption
isotherms are of type IVa, characterizing mesoporous adsorbent materials. All isotherms
are accompanied by a H1-type hysteresis loop, meaning that the adsorption occurs in
pores larger than 4 nm and the characterized material exhibits a narrow range of uniform
ink-bottle-like mesopores [33]. As can be observed, the condensation in mesopores occurs
at high relative pressures (P/Pg = 0.8-1), indicating that the mesopores are large in size.

It should be mentioned that the capillary condensation shifts to lower relative pressures
as the Sm quantity increases. Thus, by applying the BJH (Barret-Joyner-Halenda) theory,
pore-size distributions were found and drawn, allowing for estimation of the mean pore
diameter for each characterized sample. As expected, the ZFA pore diameters decrease as
the Sm quantity increases in doped ferrite samples, from 31.7 nm to 11.8 nm, respectively.
Additionally, an inverse trend for the BET (Brunauer-Emmett-Teller) specific surface area
was observed starting from 15.076 m? /g for the ZFA sample, increasing up to 34.617 m?/g
for ZFASmO0.08, respectively. This finding could be explained by the larger Sm ion diameter
compared to the other containing elements of ZFA. The Sm doping led to an increase in
ZFA pore volume, but no trend was observed with the increasing Sm dosage.

2.1.6. Optical Properties

By drawing the Tauc plots resulting from the UV-Vis DR spectra, the optical band gap
values were obtained using the Kubelka-Munk function (see Section 3.2. Photocatalyst char-
acterization). As observed from Figure 6a,b the direct band gap energies were found to be
about 2.1-2.2 eV, while the indirect band gap energies of 1.8-1.85 eV. As observed, the band
gap energies for the Sm-doped samples did not change in comparison with the ZFA sample
(undoped), meaning that all samples will be photoactivated at the same wavelength.
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Figure 6. Direct band gap transition (a) and indirect band gap transition (b) in ZnAlFe;_,Sm,Oy4
(x=0,0.02,0.04, 0.06, 0.08) photocatalysts.
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2.2. Photocatalytic Properties
2.2.1. Photocatalytic Activity under UV-Vis Light

The photocatalytic activity of ZnAlFe;_Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08) materials
was evaluated in photodegradation processes of Evans Blue (EB) dye under UV-Vis light
at room temperature. Evans blue (C34H4NgNasO1454) was selected as the model organic
pollutant, on one hand, due to its wide range of applications from the diagnostic tools in
biomedicine to colouring agent for cotton and silk fibres in the textile industry and, on the
other hand, owing to its high toxicity for lung, liver, intestine, and kidney function [34,35].

Figure 7a—e show the modifications of the UV-Vis spectra of EB in the presence of the
studied photocatalysts at a regular time interval from 0 to 240 min. Several observations can
be seen by close inspection of Figure 7a—e. First, one may observe that, in the 300-800 nm
range, EB registered UV-Vis spectra are characterized by two adsorption peaks: one broad
peak located at 606 nm and another peak around 320 nm, in close agreement with the
literature [36]. Second, with reaction time, both EB peaks became weaker, which shows
that all of the investigated photocatalysts are attacking the pollutant molecule. Third, after
4 h of the photocatalytic process, the colour removal was (almost) complete for some of the
samarium-containing samples, as compared to the ZFA sample. For comparison purposes,
Figure 7f shows the colour-removal efficiency registered after 1 h of the photocatalytic pro-
cess for all samples. One may note all materials doped with samarium ions are significantly
more active as photocatalysts than the undoped zinc aluminium ferrite sample. Among the
materials with Sm, the ZFASm0.06 is the most active by far. The photocatalytic behaviours
of the samples can be easily correlated with lattice parameters, interplanar distance, and
particle-size values (see Table 1). Furthermore, XRD and FTIR analysis indicated that
the insertion of samarium into the spinel structure led to the redistribution of the cations
between tetrahedral and octahedral sites. The most suitable cation arrangement from a
photocatalytic performance standpoint was, most probably, for x = 0.06.

2.2.2. Kinetics of the Photodegradation Process under UV-Vis Light

Based on the registered UV-Vis spectra, kinetics studies of EB photodegradation under
UV-Vis light were performed. Thus, Figure 8 illustrates the kinetics data related to the
photodegradation of EB dye in aqueous solutions under UV-Vis light, in the absence of a
catalyst (photolysis) and in the presence of catalysts (ZnAlFe;_SmxO4 (x =0, 0.02, 0.04,
0.06, 0.08)). For the experiments with photocatalytic materials, one should mention that
before irradiation, the suspension was magnetically stirred for 30 min to ensure adsorption—
desorption equilibrium. Thus, it is important to observe the adsorption effect of EB onto
the surface of the catalyst for all studied materials. The adsorption capacity of the materials
seems very sensitive to the samarium presence in the samples and strongly influences the
dye-removal performances. Throughout the reaction time, the photocatalytic activity of the
zinc-aluminium ferrite was enhanced by doping with samarium. Nevertheless, the best
photocatalyst was proven to be ZFASm0.06. From Figure 8, it is also important to note that
without a catalyst, the photodegradation of the EB dye is practically negligible.

By means of nonlinear regression techniques, the experimental data were fitted to
the pseudo-first-order (PFO) kinetic model. The goodness of fit was ascertained by the
chi-square test (x?-value). The PFO equation can be expressed as:

C=Cye ™ 1)

where Cj designates the initial EB dye concentration (~10 mg/L), k —pseudo-first-order
reaction rate constant (min~!), and t —irradiation time (min). The fitted parameters of the
PFO model are listed in Table 2.
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Figure 7. Spectral response of EB during photodegradation in the presence of samples (a) ZnAlFeOy4 (ZFA),
(b) ZnAlFe0_938m0.0204 (ZFASI’IIOOZ), (C) ZnAlFe0496Sm0_O4O4 (ZFASmOO4), (d) ZnAlFe0A94Sm0_OﬁO4
(ZFASmMO0.06), (e) ZnAlFe( 9,Smg 9gsO4 (ZFASmMO.08), and (f) colour-removal efficiency after 1 h of pho-
tocatalytic reaction, in the presence of ZnAlFe;_,Sm, Oy (x =0, 0.02, 0.04, 0.06, 0.08) photocatalysts.
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Figure 8. Kinetics of EB dye concentration decay versus irradiation time recorded during photolysis
and photocatalysis processes under UV-Vis light; ZnAlFe;_,Sm,O4 (x = 0, 0.02, 0.04, 0.06, 0.08) were
used as photocatalysts; solid and dashed lines provide predictions according to PFO kinetic model;
experimental conditions: catalyst dosage = 0.75 g/L; T=25+1°C.

Table 2. Kinetic parameters for EB dye photodegradation under UV-Vis light in the presence of
catalytic materials ZnAlFe;_,SmyOy4 (x =0, 0.02, 0.04, 0.06, 0.08).

Photocatalyst Pseudo-First-Order 2 Test Val
Code Reaction Rate Constant, k (min—1) x--lest Value
na (photolysis) 4.886 x 1074 0.005
ZFA 8.983 x 1074 0.041
ZFASmO0.02 2275 x 1073 0.234
ZFASmO0.04 3.842 x 1073 0.058
ZFASm0.06 6.014 x 1073 0.154
ZFASmO0.08 2.945 x 1073 0.039

Consequently, analysing the pseudo-first-order reaction rate constants reported in
Table 2, one can see that for the experiments with photocatalytic material, the k values
were at least two-times higher as compared to the experiment without catalyst (photolysis).
More importantly, the k values for the samarium-doped photocatalysts were clearly higher
than for the undoped ZFA sample, demonstrating the positive impact of the Sm3* presence
in the spinel structure on the photocatalysts. On the other hand, among the samarium-
doped materials, as previously observed for the colour-removal efficiency after 1 h of
photocatalytic reaction, the most performant catalyst was the ZFASm0.06. This fact indicates
that, for our series of photocatalysts, lattice parameters, interplanar distances, and particle
sizes are playing a key role in the photocatalytic behaviour of the obtained materials, as
compared to the crystallite size.

2.2.3. Effect of Hydrogen Peroxide Addition and Catalyst Dose: Process Optimization

The intensification of the photocatalytic process (under UV-Vis light irradiation) was
carried out by adding hydrogen peroxide (H>O,) to the system and by varying the photo-
catalyst dose. In this regard, the best photocatalyst sample, ZFASmO0.06 (with formulation
ZnAlFe 94Sm 0604), was used in these experiments for EB photodegradation. Thus, herein,
we investigated the synergistic effect of two operating parameters (factors), i.e., the initial
concentration of the hydrogen peroxide ((HO;), M) in the system and the catalyst dose
(CatDose, g/L). For this purpose, we applied the design of experiments (DoE) and response
surface methodology (RSM) as the modelling-optimization tools. More details regarding
these methodologies (DoE and RSM) can be found in the following references [37,38].
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Hence, the simultaneous influence of both factors (H,O;) and CatDose) was inves-
tigated in a systematic fashion by using DoE and RSM. The purpose of this study was to
intensify the photocatalytic process by maximization of the colour-removal efficiency, Y
(the process response). In all experiments, the aqueous solutions of 10 mg/L EB dye (initial
concentration) were subjected to photodegradation at a temperature level of 25 £ 1 °C.

For each experimental trial, the process response Y (colour-removal efficiency) was
determined for an irradiation time equal to 60 min. The aim of the optimization was to
maximize the value of the colour-removal efficiency Y (%), which may be expressed as:

C
Y—(l—co> x 100 )
where C is the initial concentration of EB dye (10 mg/L) and C is the remaining concentra-
tion of EB dye determined after t = 60 min irradiation time.

For modelling purposes, both operating parameters ((CatDose) and (H,O,)) were scaled
into the coded variables x; and x, in order to compare their influence in the same dimensionless
scale. The mathematical relations used for coding factors are given elsewhere [37,38].

In this section, a central composite experimental design of the face-centred type was
adopted to conduct experiments (Table 3). According to Table 3, the operating parameters
(factors) are reported in actual values ((CatDose) and (H,05)) as well as in coded values (x;
and x,). The experimental design matrix (Table 3) included 11 experimental trials, where
both factors were changed simultaneously. As a result, the process response (Y, %) was
determined for each run (set of conditions). Note that the central assays (runs no.9 to 11)
were performed to estimate the reproducibility of the experiment.

Table 3. Central composite design of face-centred type employed for experimentation.

Catalyst Dose (g/L)

Colour-Removal Efficiency

Concentration of Hydrogen Peroxide, (Response), Determined after

Run (M = mol/L) 60 min Irradiation Time
Coded Actual Coded Actual Y (%)
X1 CatDose, g/L X [H,O,], M

1 -1 0.50 -1 0.00 29.55
2 +1 1.00 -1 0.00 50.79
3 -1 0.50 +1 0.10 91.44
4 +1 1.00 +1 0.10 92.41
5 -1 0.50 0 0.05 90.98
6 +1 1.00 0 0.05 88.99
7 0 0.75 -1 0.00 49.69
8 0 0.75 +1 0.10 95.44
9 0 0.75 0 0.05 92.81
10 0 0.75 0 0.05 93.75
11 0 0.75 0 0.05 93.01

Based on the data shown in Table 3, a mathematical model was built using multiple
regression techniques [37,38]. Finally, the multiple-regression model for estimated response
(Y) can be written in terms of coded variables (x; and x,) as follows:

Y =93.89 + 3.37x1 + 24.88x; — 5.07x1x; — 4.94x] — 22.37x3subjected to: —1 < x; < +1; (j=1,2) (3)

The obtained multiple-regression model (Equation (3)) was validated from a statistical
point of view by using analysis of variance (ANOVA) [37]. The statistical estimators
calculated by the ANOVA method are given in Table 4.



Catalysts 2023, 13, 266

12 0f 18

Table 4. Analysis of variance (ANOVA) for the multiple-regression model Y (x7, x2).

Source DF! SS 2 MS 3 F-value 4 P-value ® R2° Radjz 7
Model 5476.64 5 1095.33 71.50 0.0001 0.986 0.972
Residual 76.59 5 15.32
Total 5553.23 10

1 degree of freedom; 2 sum of squares; 3 mean square; # ratio between mean squares; > probability of randomness;

6 coefficient of determination; ” adjusted coefficient of determination.

According to ANOVA outcomes (Table 4), the F-value of 71.50 and a very small P-
value (0.0001) indicated a significant model from a statistical standpoint. In other words,
the model is adequate to estimate the process response in the valid region (region of
experimentation). Moreover, the value of the determination coefficient R? points out that the
model can explain more than 98% of data variation. Further, the adjusted coefficient Rzad]- is
close to R?, suggesting that the multiple-regression model implying main, interaction, and
quadratic effects offers good predictions. Figure 9 illustrates the goodness of fit between
the experimental data and model predictions. The data scattered around the bisector (45°
straight line) indicate a good accordance between the model and observations (Figure 9a). In
addition, Figure 9b highlights the normal plot of residuals. In fact, the residual designates
the difference between the experimental response and the model prediction (Y; — Y)).
Hence, this type of graph illustrates the departure of the residual errors from the normal
distribution. From Figure 9b, one can see that the residuals are located in the vicinity of the
straight line underlining a normal distribution.
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Figure 9. Agreement between experimental data and model predictions: (a) parity plot and
(b) normal plot of residuals.

By using the substitution technique, the final empirical model in terms of actual factors
was developed, which can be expressed as:

Y = —23.17 4 152.4 x CatDose + 1696.5 x [HyO,]—405.5 x CatDose x
[H,0,]—79.1 x CatDose®—8948.5 x [HyO,]*subjected to : 4)
0.5 < CatDose < 1.0 (g/L); 0 < [H20;] < 0.10M

This empirical model (Equation (4)) was applied for simulation to detail the 3D
response surface diagram and 2D contour-lines map in order to reveal the mutual effect of
factors on the process response (Figure 10).
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Figure 10. Response surface 3D plot (a) and contour-lines 2D map (b) showing the mutual effect of
CatDose and (H,O,) factors on the estimated process response (Y, %).

As one can see from Figure 10, the main effects of CatDose and (H,O;) operating
parameters are positive with respect to the estimated process response (Y, %). In other
words, the greater the factors (CatDose and (H;O,)), the greater the estimated colour-
removal efficiency (Y, %). However, it should be noted that the main effect of (H,O5) is
stronger than the main effect of the CatDose factor. The quadratic effects of both factors
induce curvature features on the response surface, pointing out an optimal zone (maximum)
on the plateau. In addition, there is a discernible interaction effect between both operating
parameters CatDose and (H,O;). In accordance with this interaction effect, the influence
of the CatDose factor on the estimated response is more evident at low concentrations of
hydrogen peroxide.

The graphical analysis of the response surface (Figure 10) indicated an extreme point
(a local maximum) inside the valid region. To determine exactly the coordinates of the
optimal point, we used the classical approach [39]. According to this, we located, firstly, the
stationary point (xs = [x7 x»]7) by vanishing the first derivatives of the objective function (Y)
in relation to the decision variables (x; and x,—coded values). Consequently, a system of
two algebraic equations resulted, which was solved analytically to establish the stationary
point, that is,

Y
{ oL —3.37—5.07x; — 9.88x; = 0 )

gTYZ = 24.88 —5.07x; — 44.74x, = 0

Hence, the established stationary point is equal to x5 = [0.059 0.549]" (in terms of
coded variables). In order to confirm that the stationary point (xs) is a point of maximum,
we performed the second partial derivative test based on the Hessian matrix (H) [39].
Generally, if det(H) > 0 and (92Y /9x;2) < 0, then the stationary point is a point of maximum.
If det(H) > 0 and (92Y/9x12) > 0, then the stationary point is a point of minimum. Instead, if
det(H) < 0, then the stationary point is a saddle point (i.e., a point of inflection or minimax).
Otherwise, for det(H) = 0, the second derivative test is inconclusive [39]. In our particular
case, the Hessian matrix (H) can be written as:

?*Y  |-9.88 507
H)ij = Smom — ‘—5.07 —44.74‘ ©)
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where det(H) = 416.3; hence, the optimal point (xg = [0.059 0.549]")is a point of maximum
since det(H) > 0 and (82Y/9x;2) < 0. By converting the coded variables into the actual
factors, the optimal point (xs = [0.059 0.549]T) can be written as CatDose = 0.765 g/L
and (H,O,) = 0.077 M. Subsequently, the experimental validation (confirmation run)
was carried out under these established optimal conditions (CatDose = 0.765 g/L and
(Hy0,) = 0.077 M). Under these optimal conditions, the colour-removal efficiency (deter-
mined at 60 min irradiation time) was equal to Y =100.82 (estimated value by model) and
Y = 98.83% (experimental value). The difference (Y-Y) of 1.99% was assigned to the residual
error (between the model and experiment).

In addition, under the determined optimal conditions, we recorded the full kinetics of
photo-degradation of EB dye (Figure 11). Results revealed a significant PFO rate constant
(k=1.020 x 107! min~!) for these optimal conditions if compared with a similar system
(k = 6.014 x 1073 min~!) that did not contain hydrogen peroxide as a booster.

Adsorption
109 ¥
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Figure 11. Kinetics of photocatalytic degradation (UV-Vis light) of EB dye recorded under optimal
conditions in the presence of ZnAlFe(94Sm 0sO4 (sample ZFASmMO.06); experimental conditions:
CatDose = 0.765 g/L, (HyO,) =0.077 M, and T=25 +1 °C.

By using the term, the half-life of reaction (v = In2/k), the process was evidently
intensified after optimization. Thus, the half-life of the reaction decreased significantly
from 115 min to about 7 min, which corresponds to a process intensification of about 16-fold.
It should be mentioned here that after an irradiation time of 240 min (UV-Vis light), the
final colour-removal efficiency was equal to 99.9% (Figure 11).

For modelling and optimization purposes, the scientific computations were carried
out by using the Design-Expert and Matlab software packages.

3. Materials and Methods
3.1. Photocatalyst Synthesis

Zinc ferrite nanoparticles substituted with aluminium and doped with samarium
cations with the formula ZnAlFe;_,SmO4 (x = 0.02, 0.04, 0.06, 0.08) were obtained via
the sol-gel autocombustion technique using citric acid as fuel. Likewise, the undoped
ZnAlFeOy (x = 0) sample was prepared for comparison. Analytical reagent-graded zinc ni-
trate (Zn(NOj3),-6H,0), aluminium nitrate (A1(NOj3)3-9H,0), iron nitrate (Fe(NO3)3-9H,0),
and samarium nitrate (Sm(NO3)3-6H0) and citric acid (C¢HgOy-HyO) were used, as pur-
chased from Sigma-Aldrich, to obtain the ferrite samples. First, stoichiometric mixtures of
the metal nitrate solutions were prepared. Second, each sample of the metal nitrate com-
bination was mixed with a solution of citric acid in a 1:1 molar ratio of combustion agent
to metallic cations. The mixtures were heated at 80 °C in a water bath to produce viscous
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gels. In order to provoke self-ignition, the gels were progressively heated up to 350 °C in a
sand bath. The resulting powders underwent two stages of thermal treatment, including
pre-sinterization at 500 °C for five hours and sinterization at 700 °C for five hours.

The obtained samples were denoted as ZFA, ZFASm0.02, ZFASm0.04, ZFASm0.06, and
ZFASm0.08, respectively, after the cation initials present in the system and the samarium
content. For a better understanding, a synthesis flowchart is provided in Scheme 1.

"0/
"o
Stirring and heating B Heat up to 350°C D
at 80°C
o
\ “e 4,

o powder

sclf—combustmn Presintering 500°C
Sintering 700°C

* ZFA: ZnAlFeO,
+ ZFASm0.02: ZnAlFe, 5Sm, ()
) «  ZFASmMO0.04: ZnAlFe, ,.Sm,
solution « ZFASmO0.06: ZnAIFe, o,Smg 00,
* ZFASmO0.08: I.n.\IFq, 925m, “,(()‘

Scheme 1. A synthesis flowchart of ZnAlFe;_,Sm,Oy4 (x = 0, 0.02, 0.04, 0.06, 0.08) photocatalysts.

Sm(No,),

3.2. Photocatalyst Characterization

Structural characterization of the ferrites heated at 7000 C was performed by recording
the powder X-ray diffraction (XRD) patterns on a Rigaku Miniflex 600 diffractometer
(Rigaku Corporation, Tokio, Japan) using CuK« emission in a 20 range 20-80°, with a
scanning step of 0.01° and a recording rate of 1°/min.

The formation of spinel structure at 7000 C was observed by infrared spectroscopy
using a Bruker Vertex 70 FTIR spectrometer (Ettlingen, Germany) using the KBr pellets
technique, at room temperature, with a resolution of 2 cm~!. The spectra were recorded in
a range of 4000400 cm !

The morphology and microstructure of photocatalysts were investigated using a Trans-
mission Electron Microscope (TEM) Hitachi High-Tech HT7700 (Hitachi High Technologies
Corporation, Tokyo, Japan), operated in high-contrast mode at 100 kV accelerating voltage.
Samples were prepared by dispersion in acetone, ultrasonication for 30 min, drop casting
on 300 mesh, Ted Pella carbon-coated copper grids, and drying in a vacuum at 60 °C.

Magnetic measurements were performed on a (vibrating sample magnetometer) VSM
LakeShore 8607 system (Lake Shore Cryotronics, Westerville, OH, USA) at room tempera-
ture. The samples were demagnetized in the alternating field before the experiment.

Textural characteristics of the synthesized materials were determined by registering
nitrogen adsorption—desorption isotherms on an NOVA 2200e Quantachrome instrument
(Quantachrome instruments, Boynton Beach, FL, USA), working at Ny liquefaction temper-
ature of —196 °C. Before measurements, each sample was outgassed at room temperature
for two hours, for the purpose of emptying the pores from physically adsorbed molecules.
The obtained data allowed us to calculate the specific surface area by applying BET theory
(Brunauer-Emmet-Teller) for the isotherm region of P/Pj = 0.05-0.35. Moreover, the BJH
(Barrett-Joyner-Halenda) equation was used to draw the pore-size distributions, and the
total pore volume was calculated by considering the volume of nitrogen adsorbed on the
material’s surface at a relative pressure of 0.95 P/P,.

The optical behaviour of ZFA and Sm-doped ZFA samples was investigated through
DRS technique (Diffuse Reflectance Spectroscopy) by recording UV-Vis spectra on a Schi-
madzu UV-2450 spectrophotometer (Kyoto, Japan) equipped with an integrating sphere
to measure the reflectance of the solid sample. All samples were compacted into pellets
using MgO as white standard. The remission function of Kubelka-Munk was applied
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to registered optical absorption spectra, and direct and indirect band gap energies were
determined using Equation (7):

_(1-R® k  Ac
FR =" =575 @)
where k is the Kubelka-Munk absorption coefficient, S is the scattering coefficient, R is the

reflectance, c is the concentration of the absorbing species, and A is the absorbance.

3.3. Photocatalytic Activity Evaluation

The photodegradation under UV-Vis light of Evans Blue (T-1824) dye, as provided by
Sigma-Aldrich, was studied in this work.

A medium-pressure Hg lamp was placed in the centre of a cylindrical photoreactor
and used for the photodegradation of Evans Blue. In order to maintain the temperature
at 25 °C during the reaction, the lamp was placed inside a recirculating water jacket. For
a typical photocatalytic run, 600 mL of 10 mg L~! Evans Blue solution was placed in the
cylindrical photoreactor and then 0.45 g of spinel ferrite photocatalyst, in powder form,
was added under continuous stirring. After 30 min of magnetic stirring in the dark, to
achieve adsorption—-desorption equilibrium at a constant temperature, the suspension was
exposed to irradiation. This moment was considered as zero time for all photodegradation
experiments. Stirring was continued throughout the irradiation process to keep the mixture
suspended. At time intervals of 5, 10, 15, 30, 45, 60, 90, 120, 150, 180, 210, and 240 min,
analytical samples were extracted from the photoreactor in order to evaluate the change in
the concentration of each irradiated solution by measuring the absorbance in a range of
300-800 nm for Evans blue, using a Hitachi U-2910 Spectrophotometer (Hitachi High Tech-
nologies Corporation, Tokyo, Japan). The estimated absorbance of Evans Blue solutions at
606 nm was used to calculate the organic pollutant concentration. For comparison purposes,
an experiment without a photocatalyst was performed respecting the previous protocol.

4. Conclusions

In this study, the efficiency of zinc aluminium ferrite and samarium-doped zinc
aluminium ferrite, with the chemical formula ZnAlFe; ,Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08),
as photocatalysts for the degradation of a dangerous organic pollutant such as Evans Blue
was examined. The sol-gel autocombustion preparation technique successfully allowed
for the insertion of aluminium cations into the zinc ferrite spinel structure, as well as the
incorporation of Sm cations into the spinel unit cell of the aluminium-substituted zinc ferrite,
as proven by XRD and FTIR analysis. TEM analysis showed a decrease in particle sizes with
samarium doping, but no strict correlation between samarium content and grain sizes was
found. Magnetic characterization of the materials indicated the paramagnetic behaviour,
for all studied samples, with zero intrinsic coercivity and zero remanent magnetization.

The photodegradation of Evans Blue was successfully achieved by using the studied
photocatalysts. The samarium-doped photocatalysts were clearly more active than the un-
doped material, demonstrating the positive impact of Sm3* presence in the spinel structure
on the photocatalysts. The photocatalytic performances followed the same trend as the
lattice parameter, interplanar distance, and particle-size values. Thus, the sample with the
chemical formula ZnAlFe( 94Smg 0504 was the most active by far. The intensification of the
photocatalytic process was realized by adding hydrogen (H,O;) peroxide to the system
and by varying the best catalyst dose in the frame of the optimization procedure based
on a central composite experimental design of the face-centred type. The obtained results
revealed an increase in pseudo-first-order reaction rate constant of about 16-times using
hydrogen peroxide as a photodegradation reaction booster.
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