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Abstract

A Fe/CoFe;O4 nanocomposite was synthesized in one step by a hydrothermal method
by processing the created iron and cobalt hydroxocomplexes. For precise characteriza-
tion of the structure and morphology, X-ray diffraction (XRD), Fourier transform infrared
spectroscopy, scanning electron microscopy, and ultraviolet—visible diffuse reflectance
spectroscopy (UV-vis-DRS) were used. It was found that the obtained samples have a
pronounced spinel crystalline structure, with the presence of metallic iron. The crystal size
was determined by various methods and was 93-104 nm. The saturation magnetization,
determined from the hysteresis loop, was 189.24 Emu/g, and the force coefficient was
602 Oe. UV-vis-DRS studies showed a band gap of 2.1 eV. The photocatalytic degradation
of ibuprofen, streptocide, furacilin, methylene blue, and tetracycline was investigated
under the influence of UV radiation in the presence of a photocatalyst. It was confirmed
that the rate of degradation of pollutants obeys pseudo-first-order kinetics. Analysis of
the constant rate of reactions showed that in order of decreasing stability, pharmaceutical
drugs can be dissolved as follows: ibuprofen — streptocide — furatsilin — methylene blue
— tetracycline. It was found that the ratio of photocatalyst and hydrogen peroxide concen-
trations is important for the destruction of more stable pollutants. The effect of hydrogen
peroxide and catalyst concentrations is extremely strong. For unstable compounds, the
most influential factor is the duration of treatment.

Keywords: composite; saturation magnetization; coercive force; crystallites

1. Introduction

At present, the interest of scientists in the treatment of wastewater from pharmaceuti-
cals (PPs) is growing, as sustainable development requires a balance between economic
growth, environmental protection, and human health, and the pollution of water bodies
with PPs threatens all three. Active pharmaceutical ingredients (APIs) have recently been
identified as pollutants of increasing concern that are potentially hazardous to the environ-
ment and human health, but most are currently not subject to environmental regulation [1].
The stability and biological activity of these highly water-soluble contaminants, which
occur in micromolar concentrations, can lead to the development of resistance and other
health-related effects. Research into the impact of pharmaceuticals primarily focuses on
their prevalence in surface waters and hydrosphere pollution. Typically, drugs that are
widely used in medicine, persistent in aquatic environments, and ineffectively removed
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by water treatment systems are studied in detail [1]. The occurrence of pharmaceuticals in
an urban alluvial aquifer was investigated, and their risk to human health was assessed.
The results showed that 35 pharmaceuticals, including 6 transformation products, were
detected in all groundwater samples, and the concentrations ranged from low to pg/L [2].
A study [3] investigated the occurrence, distribution, and potential sources of 34 phar-
maceuticals and personal care products in water, sediment, aquatic organisms (fish and
shellfish), and fish feed from mariculture areas of the Pearl River Delta. Spectinomycin,
paracetamol, ciprofloxacin, norfloxacin, and ibuprofen were the most frequently detected
in feed. Ibuprofen and ketoprofen were widely detected in aquatic organisms, with average
concentrations of 562 and 267 ng/g wet weight, respectively.

Antimicrobial resistance in bacterial pathogens is a serious problem that leads to high
morbidity and mortality. Multidrug resistance of Gram-positive and Gram-negative bacte-
ria is difficult to treat and may even be untreatable with traditional drugs. For example,
ibuprofen is mentioned as being on the list of priority pharmaceutical contaminants [4];
tetracycline is also on the list of priority pollutants in Denmark, while ibuprofen, tetracy-
cline, and furatsilin are found in water bodies worldwide [5].

Although the concentration of pharmaceuticals decreases over time due to partial
destruction, filtration through aquifers, adsorption, and oxidation-reduction reactions, it is
necessary to develop effective wastewater treatment methods.

Standard treatment facilities do not completely remove pharmaceuticals because
they are stable and soluble, so additional methods are necessary. The development of
industrial wastewater treatment technologies is of great importance. Advanced oxidation
processes (AOPs), including ozonation, UV radiation, electrolysis, and photocatalysis,
play a key role [4,6]. AOPs generate various reactive species, including non-selective
OH radicals, which promote the degradation of a wide range of organic compounds.
The Fenton reaction is characterized by high mineralization efficiency and is inexpensive,
simple, and environmentally friendly [5,7]. The classic version of the Fenton process
requires the use of acidic solutions, which necessitates additional treatment. In addition,
homogeneous catalysis leads to secondary contamination with iron(II) and iron(III) cations,
which is unacceptable.

The use of the heterogeneous photo-Fenton process, which utilizes metal hydroxides,
oxides, and oxyhydroxides as catalysts, significantly expands the potential for water
treatment. Unlike homogeneous catalysis, heterogeneous catalysis is effective over a
wide pH range and reaches its maximum efficiency when used [6-11].

Currently, numerous studies are devoted to the development of new photocatalysts [12-14],
including ferrite ones, with high stability and activity for the degradation of pharmaceuti-
cals [10-12,15-17].

Ferrite-based composites typically exhibit excellent performance due to their multi-
functionality and magnetic separation capabilities [18,19]. These materials provide high
adsorption efficiency and fast kinetics for the removal of pollutants such as metal ions,
dyes, and pharmaceuticals [20-24].

Nanocomposites of spinel ferrites with carbon materials have been shown to exhibit
strong photocatalytic activity in the degradation of pollutants [25,26]. For example, nickel
ferrite-based composites have been studied for water purification from organic pollu-
tants [27]. They are effective in removing a wide range of pollutants that are present in
water, such as dyes such as methylene blue, rhodamine B, methyl orange, Congo red, and
antibiotics (tetracycline, oxytetracycline, ampicillin, and sulfamethoxazole).

Reference [28] describes the synthesis of nickel ferrite (NiFe) nanoparticles, nitrogen-
doped mesoporous carbon nanoflakes (NCF), and a novel nickel ferrite—carbon nanoflake
nanocomposite (NiFe@NCF) using a solvothermal method. The synthesized nanoparti-
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cles were used as a heterogeneous photocatalyst for the degradation of water pollutants:
ciprofloxacin (CIP) and levofloxacin (LEV). A total of 99.91% of LEV and 98.86% of CIP were
degraded within 50 and 70 min under visible-light irradiation using NiFe@NCF according
to pseudo-first-order kinetics. The increased efficiency of the nanocomposite is due to the
larger surface area, a decrease in the band gap (from 2.42 to 2.19 eV), a large number of
active centers, and the mobility of charge carriers.

The use of TiO,-CoFe;O4 and TiO,-CuFe;O4 composite films exhibited excellent
performance in the photocatalytic degradation of indigo carmine as a model dye at pH 3
under the action of UV and visible radiation [29].

An extremely efficient and highly adaptive photocatalyst, La-CuFe;,O4/g-C3Ny
(LCFO/CN), was obtained using the hydrothermal method [30].

The efficiency of the photocatalyst (lanthanum-doped copper ferrite/graphitic carbon
nitride composites) was tested using the dye rhodamine B (RhB). The composite’s degrada-
tion rate was 97.35% due to an increased surface area, an increased number of active sites,
and a decreased band gap compared to the components [31].

Ternary hybrid composites of Nig 5Zng sFe;O, /CeO, and Nig 57ng 5Fe,O4 /CeO, /multiwalled
carbon nanotube (MWCNT) nanocomposites exhibit excellent photocatalytic degradation
efficiency (93.5%) for the removal of rose bengal (RB) dye from wastewater under UV
radiation [32].

A detailed analysis of ferrites and their nanocomposites revealed the influence of
various parameters, such as substrate concentration, solution pH, photocatalyst amount,
photocatalyst surface area, metal and non-metal ion doping, light intensity, and irradiation
time, on the photocatalytic degradation of organic wastewater [33,34].

Despite a large number of review articles, little research has been devoted to the
degradation of pharmaceuticals. Therefore, the synthesis of new composite photocatalysts
and the study of their photocatalytic properties for the degradation of the aforementioned
pollutants are of paramount importance.

The aim of this study is to obtain a Fe/CoFe,O4 composite by coprecipitation and
hydrothermal treatment, as well as to investigate its physicochemical properties and photo-
catalytic activity in the degradation of pharmaceuticals with different chemical structures
but belonging to a group of pharmaceutically active compounds.

2. Materials and Methods

FeSO4 x 7H,0, CoSO4 x 7H,0, and sodium hydroxide were used in the experiments.
All substances were provided by Khimlaborreaktiv LLC (Ukraine) and were of a chemically
pure grade without additional purification. All solutions were prepared using distilled
water. FeSO,4 and CoSQO;, solutions were mixed with an iron to a cobalt cation molar ratio
of 2:1. A1 M NaOH solution was then slowly added to the resulting solution, and the pH
of the solution was adjusted to 12. In the next step, the resulting colloidal solution was
poured into a 300 mL Teflon beaker, which was then kept in a steel autoclave at 250 °C for 4 h.

The phase composition of the samples was studied using a DRON-2.0 diffractometer
with Co-K, radiation (JSC “Bourevestnik”, Saint Petersburg, Russia). The operating mode
of the X-ray source is 40 kV, 30 mA. The scanning angle range 26 is from 10 to 90°. A
JSM-6390LV scanning electron microscope (JEOL Ltd., Tokyo, Japan) was used to study the
morphology of the samples.

The magnetic properties of the samples were determined from the magnetic hysteresis
loop, obtained by vibration magnetometry. To study the absorption of electromagnetic
waves, samples were prepared in the form of films. The composite material was uniformly
mixed in polyvinyl alcohol with a loading of 20% by weight. Fourier transform infrared
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spectra were obtained in the wavenumber range of 4004000 cm ™!

spectrophotometer (Shelton, CT, USA) in KBr tablets at 25 °C.
Photocatalytic properties were obtained using a model of methylene blue, furatsilin,

using a Spectrum One

tetracycline, streptocide, and ibuprofen. Experiments on the catalytic decomposition of
MB were conducted in a glass vessel at 25 °C with constant shaking. A DKB 9 UV lamp
(Lisma, Saransk, Russia) with an effective spectral range of 180-275 nm was used as
the irradiation source. The UV radiation intensity was approximately 3 mW/cm?. The
lamp was positioned 10 cm above the solution. Before adding the catalyst, the maximum
absorbance of the model solution was measured using a UV-5800 PC spectrophotometer
(Metash Instruments, Shanghai, China). in the 200-900 nm range.

To assess the influence of selected factors, the method of central composite experimen-
tal design was used. The influence of parameters such as photocatalyst concentration (X;),
volume of H,O; (X»), and UV irradiation time (X3) on the degradation of methylene blue,
furatsilin, tetracycline, streptocide, and ibuprofen was determined. The core of the central
composite design was a full factorial experiment (FFE) of the n = 3 type.

The FFE plan was supplemented with a certain number of star points, the coordinates
of which depend on the adopted optimality principle. The total number of experiments
with this planning is determined by Formula (1):

N=2"+2n+ny 1)

where the terms are the number of FFEs (2"), star points (2n), and zero points (ng), respectively.
The natural and coded values of the levels for each factor are given in Table 1.

Table 1. Natural and coded values of factor levels.

Value
Fact N Di i
actor ame imension Maximum Minimum
X1 Photocatalyst mass mg/50 mL 0.075 0.025
X5 H>O; volume mL/50 mL 0.375 0.125
X3 Processing time min 30 10

A second-order regression model was used to describe the experimental data:

Yi = Bo+ Y Bixi + Y Biixi® + Y_Bipkixj + &, 2)

where B¢, ;, and (;j are coefficients for variables, and ¢ is a value that takes into account
the influence of random factors.

The analysis of the results of the response function calculation was carried out using
analysis of variance of the results.

The degree of decomposition of the pollutant was used as the response function.

(Co—Ci)
0

%X = 100%, 3)
where Cj is the initial concentration of the PP in the solution, and C; is the concentration at
time t.

Identification and determination of the pollutant concentration were performed by
spectrophotometric analysis.

Model calculation and subsequent optimization were performed using STATSGRAPH-
ICS 10.0. The resulting models were tested for adequacy using the Fisher exact test, analysis
of variance, and Pareto diagram analysis.
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3. Results and Discussion
3.1. Composite Characterization

Figure 1a shows the X-ray diffraction pattern of the sample, synthesized in a high-
pressure hydrothermal reactor. Very intense peaks of cobalt ferrite with a spinel structure
are observed along the (311) plane; the peak intensity is 2000 abs units, and there are also
small peaks corresponding to «-Fe.
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Figure 1. Composite characteristics of Fe/CoFey;Oy: (a) X-ray pattern of the Fe/CoFe,O4 composite;
(b) SEM image of nanoparticles of the Fe/CoFe,O, composite; (c¢) FT-IR spectra of nanoparticles of
the Fe/CoFe,O4 composite.

The X-ray diffraction data are in excellent agreement with the standard values for
CoFe,O4 (JCPDS 22-1086). An anomalous increase in the crystallinity of cobalt ferrite
powders obtained by hydrophase methods is observed, which is comparable with the
samples obtained by sintering [25,32]. The crystallite sizes determined by different methods
were Lz11 =937 A, Ly = 1041 A, and L = 1046 A. It should be noted that the crystallite sizes
are an order larger than those obtained by, for example, the plasma method [29,35]. The
crystal lattice parameter is a = 8.3901 A and corresponds to the lattice parameter of cobalt
ferrite. SEM images of the sample are shown in Figure 1c. It can be seen that the average
particle size is 90-100 nm without pronounced agglomeration, which coincides with the
calculated value of the crystallite size (Table 1) obtained from X-ray diffraction data. It
is important to note that particle aggregation is one of the most important technological
problems solved by liquid-phase technologies.

The IR Fourier spectra of the sample nanoparticles in the wavenumber range of
4000-400 cm ! are shown in Figure 1b. Absorption is observed at wavenumbers of 3447,
1651, and 1124. The wavenumber of 584 cm ! is characteristic and is related to vibrations
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of cations in tetrahedral positions in CoFe;Oy4 [30,36]. The origin of the 1124 cm ™! band
can be explained by the presence of sulfate groups, since the synthesis was carried out
from iron and cobalt sulfates. It is known that the formation of hydroxo complexes often
involves occlusion of the sulfate ion. A small peak at 1651 cm ™!, which corresponds to
vibrations of absorption of water adsorbed on the surface, corresponds to the X-ray phase
analysis data. The indistinct peak centered at 3447 cm~! is due to stretching of the O-H
bond in cobalt ferrite. The saturation magnetization of the sample is 189.24 Emu/g, which
is significantly higher than that observed for cobalt ferrite (Figure 2).

M, Emu/g
. 200
O
T
-10,000 -5000 5000 -10,000

-400

Figure 2. Magnetic hysteresis loop of the Fe/CoFe;O4 composite.

This is due to the presence of metallic iron and the formation of the Fe/CoFe,Oy
composite; i.e., the presence of a ferromagnet increases the magnetic properties. The
saturation magnetization value is significantly higher than the values given in [28,35]. The
coercive force is 602 Oe.

Table 2 shows the main properties of the obtained composite, which characterize it as
a promising material.

Table 2. Properties of the Fe/CoFe,O4 composite.

Parameters of the Sample

No. Indicator Explanation Value
1 Ls1, A Crystallite size on the 311 plane 937
2 Lgg1, A Crystallite size on the 441 plane 1041
3 LA Average crystallite size 1046
4 M Degree of microstrains 1.01 x 10~*
5 D, cm—2 Dislocation density on the 311 plane 10.45 x 1010
6 D, cm 2 Dislocation density on the 441 plane 9.21 x 101°
7 I e, Abs. un. Peak X-ray intensity 1209
8 a, A Crystal lattice parameter 8.3901
9 Eg, eV Gap width 2.1
10 Ms, Emu/g Saturation magnetization 189.24
11 Hg, Oe Coercive force 601

3.2. Investigation of the Photocatalytic Properties of the Composite

When studying the photocatalytic decomposition of pollutants, apparent rate con-
stants of the destruction reaction in the presence of a photocatalyst were obtained with
kinetic coefficients of linear regression for the zero, first, and second order of the reaction
(Table 3) [36].
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Table 3. Kinetic parameters for pollutant degradation.
Pollutant Methylene Blue Furacilin Tetracycline Streptocide Ibuprofen
Reaction Equation Reaction Reaction Reaction Reaction Reaction
Order Ratheaction Rate R? Rate R? Rate R? Rate R? Rate R?

Constant Constant Constant Constant Constant

Zero V=k 0.0163 0.59 0.065 0.953 0.085 0.77 0.042 0.92 0.0192 0.98

First V =k[C] 0.1282 0.99 0.0374 0.986 0.347 0.99 0.022 0.98 0.0187 0.99

Second V = k[C]? 5.1321 0.64 0.1436 0.886 0.3168 0.95 0.162 0.87 0.0428 0.844

The linear plot of InC/Cj versus t confirms a first-order reaction for PP degradation.
The correlation coefficient (R?) for the apparent first-order rate constant was close to unity.

Photocatalytic degradation occurs in pseudo-first order, and its kinetics can be ex-
pressed by the following integral relationship:

Ln(C/Co) = kt, @

where Cj is the initial PP concentration (mg/L), and t is the process time (min).

Analyzing the reaction rate constants given in Table 2, it is obvious that they can be
arranged in order of decreasing stability as follows: ibuprofen — streptocide — furacilin
— methylene blue — tetracycline. The most stable organic substance is ibuprofen, which
contains a benzene ring, a carboxyl group, and a butyl radical. The presence of the
benzene ring and the absence of reactive bonds makes ibuprofen and streptocide stable and
persistent organic substances. Methylene blue, which has a stable aromatic structure, the
heterocycle of which contains a sulfur atom and a cationic structure, is less stable and more
reactive. Tetracycline contains four aromatic rings and hydroxyl groups, amido groups, and
enol groups in its structure, which determines its lower stability and reactivity; however,
the formation of stable intermediate compounds complicates its destruction.

3.3. Experimental Design and Photocatalytic Activity Studies

The influence of parameters such as the mass of the photocatalyst (X;), the volume
of HyO; (X3), and the time of treatment with UV radiation (X3) on the degradation of
methylene blue (MB), furatsilin (F), tetracycline (TC), streptocide (S), and ibuprofen (IF)
was determined. The core of the central compositional design was a full factorial experiment
(FFE) of the type with n = 3. The degree of decomposition of the substance was used as the
response function.

The experiment plan consisted of 8 factor points, 6 star points, and 4 centrally repeated
points, amounting to a total of 18 experiments, as shown in Table 2. Replicas in the central
point allow us to estimate the error of the experiment and the adequacy of the model. The
results obtained at the central point make it possible to determine the experimental mean,
standard deviation, and variation of the coefficients. The response function, expressed in
percentages of degradation, for each combination of factors, is shown in Table 4.

Mathematical equations obtained for the quadratic regression model are shown in
Table 5.

Table 5 shows the pharmaceutical preparations under consideration in an order of
increasing chemical resistance from the point of view of their structure and the possibility
of formation of intermediates, as well as equations describing the degree of destruction of
pollutants. All quadratic models have a high correlation coefficient that is close to unity
(R? = 0.98-0.99), which confirms the accuracy and reproducibility of the experiments.
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Table 4. Plan of central composite rotatable design for three factors and its results.

No. Mphot V02 T Xmb, % Xfurac, %  Xibup, %  Xstrep, %  Xtetra, %
1 +1 +1 +1 98.14 98.68 73.19 90.56 76.90
2 —1 +1 +1 98.20 100.00 36.65 82.98 36.50
3 1 -1 +1 98.80 100.00 81.23 94.02 76.80
4 -1 -1 +1 99.36 81.54 58.32 83.72 63.10
5 +1 +1 -1 82.62 7841 27.22 69.02 48.58
6 -1 +1 -1 88.66 82.92 53.40 82.73 31.38
7 1 -1 -1 92.96 78.35 41.40 83.02 42.60
8 -1 -1 -1 96.23 61.51 81.23 94.02 39.50
9 1.68 0 0 92.30 91.36 55.20 83.57 65.94
10 —1.68 0 0 96.20 79.39 57.96 86.44 37.72
11 0 1.68 0 90.10 93.65 41.52 78.82 46.22
12 0 —1.68 0 98.30 77.07 71.64 91.20 57.44
13 0 0 1.68 99.80 99.29 66.27 89.73 71.30
14 0 0 —1.68 87.22 68.90 46.89 80.29 32.36
15 0 0 0 94.50 85.30 56.58 85.01 51.83
16 0 0 0 94.70 85.68 56.58 85.01 51.83
17 0 0 0 94.40 85.30 56.58 85.01 51.83
18 0 0 0 94.80 85.68 56.58 85.01 51.83
Table 5. Statistical models describing the influence of factors on the destruction of pollutants.
No. Pollutant Equation Intermediates Name
Epitetracycline (epimer at
X =51.83 + 8.92m_4 position C4) Isotetracycline, (4S,6S,12aS)—4-
— 3.48 Voo + 0.02 apo-tetracycline, (dimethylamino)—1,4,4a,5,5a,6,11,
1 Tetracycline Vino? +11.48t — 0.2 2 anhydrotetracycline, 12a-octahydro—3,6,10,12,12a-
+5.1myq Vipoo +4.22 myy epitetracycline, resistant, pentahydroxy—6-methyl—1,11-
t —3.05 Vipop t melanin-like polymers, organic dioxonaphthacene—2-carboxamide
acids [31,37]
X =94.58 — 1.2m,q — 0.03
2
muq~ — 2.45 Vo — 0.05 Leukomethylene blue, R (A .
2 MB Vipoo? +4.049 t — 0.29 2 sulfoxide derivatives of N 37 tﬁl.s @“f;fhylanﬁfo? q
— 0.28 m,q Vinoz + 1.08 phenothiazine [32,38] phenotitazin—oum chiorde.
muq t+2.01 Vipoo t
X = 85.47 + 3.56m,q + 0.014
2
m°,4q + 4.82 VHZOZ . .
3 Furatsili +0.008V 00> ﬁrgm"fural’ mtm.sOf“.rgl’ [(E)-[(5-nitrofuran—2-
ratstm +947t— 0472 — 525 ydrazone, Organic acids yl)methylidene]amino]urea
[33,39]
m,q Vo2 +0.525m 4 t
— 0.6 Vippop t
X =85.22 — 0.85m,4
— 0.054 mug2 — 3.68 Vinoo
4 Streptocide — 0.054 Vipop? +2.74 t Aniline, sulfamic acid [34,40] 4-aminobenzenesulfonamide
—0.14 2 — 0.68 myq Vo2
+532m,q t+2.63 Vipoo t
X =56.82 — 0.87m,q — 0.14
2
myq~ — 8.95 VH202 —0.176 _ 9 (A(D-
5 Tbuprofen Vino? +5.81 t — 0.218 12 Hydroxy- and (RS)=2-(4-(2

+ 3.63 myg VH202 +15.64
muq t+1.57 Vipoo t

carboxy-ibuprofen [35,41]

methylpropyl)phenyl)propanoic acid

Let us examine the influence of these factors on the degradation of methylene blue in

more detail. The dependence of the degree of degradation on the above factors during UV

treatment is adequately described by Equation (2) in Table 4. Figure 3a shows the Pareto
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diagram constructed for the absolute values of the calculated coefficients of Equation (2).
All the studied factors have a significantly smaller impact on the degree of degradation
than factor x3 (treatment time). Individual factors—photocatalyst mass and treatment
time—have opposite effects. The most influential factor is treatment time. In the case of
combined effects, the interaction of treatment time and peroxide concentration, as well as
treatment time and photocatalyst mass, positively influences the degree of degradation.

DV: Xus,%

DV: Xy, %

Voo * t _ 10.03842
Mphot I -7.87374
Moot 't ‘ 5.421623

th2 -1.92438

Mphot VH202 1-41624
V2022 }03‘ 2963
Mphot"2 jozﬁms
p=0.05

Standardized Effect Estimate (Absolute Value)
(a) (b)
DV: Xys,%

. > 102 Il > 100
=D M <99 B <98
2 ; 5 <g? 2 & [ <93
-2 -1 0 1 280 -2 -1 0 1 25
B <83 <78
Mphot <79 V202 <73

(0) (d)

Figure 3. Counter plots showing the parameters influencing the percentage of MB to be removed:
(a) Pareto chart to X; (b) X = f(Vh202, Mphot); (€) X = £(t, mphot); (d) X = £(t, Vioo2)-

Figure 3b shows that the response function isolines exhibit significant curvature,
with maximum values being observed at the minimum peroxide concentration and across
virtually the entire range of photocatalyst mass variations. Furthermore, high degradation
values correspond to combinations of 0.375 mL V(H,0O,) and 30 min, as well as 0.125 mL
V(H0,) and 10 min. As seen in Figure 3c, with a 30 min treatment, a high degradation rate
is achieved at a photocatalyst concentration of 0.025 g. Figure 3d shows a high degradation
rate at the maximum treatment time and minimum peroxide concentration.

Analyzing all the resulting equations, it can be concluded that the degradation process
of all pharmaceuticals (PPs) depends largely on the irradiation time of the solution, which
significantly influences removal efficiency. Moreover, as the stability of the PP increases,
the importance of irradiation time decreases, while the mass of the photocatalyst and the
amount of hydrogen peroxide become more significant. The irradiation time of the solution
indirectly influences the hydrolysis and dissociation of pollutants.
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The influence of factors on the degradation process of tetracycline is shown in Figure 4.
The influence of H,O; concentration in the studied range can be assessed using Figure 4,
in which it can be verified that when the concentration of H,O, increased in the reaction
mixture, the degree of destruction increased, but only at high photocatalyst concentrations.
However, it is clear from the graph that an increase in the concentration of hydrogen
peroxide in the range of 0.2-2 leads to a decrease in the degree of destruction when the
solution is treated for 10-20 min (Figure 4). The data presented in the Pareto diagram in
Figure 4d confirm the behavior of the HyO, concentration factor, since the linear effect X,
is significant and negative (reduces the response), and the quadratic double effect (X;X3) is
also negative, i.e., reduces the value of the response function.

DV: Xtetra,%
DV: Xtetra,%

Il > 80

<78
Il <68 I < 100
I <58 I <90
<48 [ <80
2|:|<38 - [J<70
[ <28 [ <60
<18 '2 '1 0 1 2-<50
<8 I <40
Mphot Il <30

DV: Xtetra,%
f T
- 8.534486
i 7.60608

25.0895

Moot - Viooo

Vo2
Mphot+t ] 7.068324
V202 *t J -5.09497
th2 :| 0.042256
Voo 2 j 0.042256
Mphot *2 :I 0.042256
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Figure 4. Counter plots showing the effects of parameters on the percent of tetracycline for removal:
(@) X = £(VH202, Mphot); (b) X = £(t, mppot); (€) X = £(t, VH202), (d) Pareto chart to X.

The effect of H,O, concentration on the rate of furatsilin destruction in the presence
of a photocatalyst is shown in Figure 5. It can be observed that the degree of destruction
initially increases with increasing photocatalyst concentration at —2-0 and then decreases
in the interval 1-2. Similar relationships were observed in the study of furatsilin destruction
using iron and nickel oxyhydroxides [42]. The initial increase is associated with the reaction
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of hydrogen peroxide with the photocatalyst with the formation of hydroxyl ions. With
an excess of oxidant, hydroxyl ions recombine with the formation of products with a
lower redox potential, which reduces the degree of destruction. A directly proportional
relationship is observed between the concentration of photocatalyst and hydrogen peroxide:
an increase in the photocatalyst content allows you to increase the peroxide concentration.
Therefore, to achieve a higher rate of furatsilin degradation, the concentration of HyO,
should be optimal.

DV: Xfur, % DV: Xfur, %

I > 100
Bl <98
B <88 |
2 -1 0 1 250 -2 -1 0 1 28
m = :ig [ <80
phot Moot —Ppe
(a) (b)

Vh202 - 27.86772
Mphot*V H202 - 232116
Mphot l 20.61253

Vhzo2* ¢ 265275
A2 2.2917
Mghot *t 2321167
Mphot*2 :lc.0752518
V2022 j d.045749
p=0.05
Standardized Effect Estimate (Absolute
(c) (d)

Figure 5. Counter plots showing the effects of parameters on the percent of furacilin for removal:
(@) X = f(Vi202, Mppot); (b) X = f(t, Mppot); (€) X = f(t, Vipoop) (d) Pareto chart to X.

Since the X = f(mphot, T) dependence for ibuprofen and streptocide has a saddle-
shaped surface, it can be assumed that there is a region of metastable equilibrium, where
an increase in the amount of photocatalysts can only increase the degree of destruction
with an increase in the processing time, and vice versa (Figures 6 and 7). That is, competing
trends are present, where maximum destruction depends on a combination of factors, and
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the optimal parameters correspond to specific regions on a single line. The maximum
degradation values observed at minimal peroxide concentrations, despite the change in
photocatalyst mass, can be explained by the radical scavenging effect. Excess H,O; inhibits
the degradation reaction, as some of the radicals are consumed in the reaction with the
peroxide rather than with the organic compound.

DV: Xoyern % DV: Xeep: %

V202 — i
(b)
DV: Xerep: %

. o0
V202 4 - 17 57671

8
>I rnphgt I . -7.43396
Moot * Vizoz | 1-4.52544
th2 1.24612
Mphot™2 | ‘-[.457658
| EEH
.0 B <50 A
20 -15 -10 -05 00 05 10 15 208 Vi202"2 :l g il
M phot Ly p=0.05
Standardized Effect Estimate (Absolute Value)
(©) (d)

Figure 6. Counter plots showing the effects of parameters on the percent of streptocide for removal:
(a) X = £(t, mppot); (b) X = £(t, Viz02) (€) X = f(VH202, Mphot); (d) Pareto chart to X.

As can be seen from Figures 6 and 7, the region of high X values for ibuprofen and
streptocide is significantly smaller than in Figures 3-5.
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Figure 7. Counter plots showing the effects of parameters on the percent of ibuprofen for removal:
(a) Pareto chart to X; (b) X = f(V202, Mphot); (€) X = f(t, mppot); (d) X =£(t, Vi202)-

4. Conclusions

Magnetic nanoparticles of the Fe/CoFe;O4 composite were synthesized by processing
coprecipitated hydroxides and through hydrothermal treatment. The average particle
size of the obtained samples, estimated by SEM microanalysis, was 90-100 nm. Magnetic
properties demonstrate high saturation magnetization values of 189.24 Emu/g. The Hc
value is approximately 602 Oersted. The results of studying Fe/CoFe,O4 nanocomposites
demonstrate their potential as a new type of highly efficient photocatalyst in the degrada-
tion of pharmaceuticals (PPs). The main kinetic parameters of the PP degradation process
were determined.

Experimental and statistical mathematical models were developed, and the largest
impact factors were established. Using a different method of planning an experiment with
variations in certain factors, it was possible to determine which are the most significant
influxes in the process of PP degradation. It was established that during the destruction of
more persistent pollutants, a consistent concentration of photocatalyst and water peroxide
is important. The impact of the concentrations of water peroxide and catalyst is extreme.
For more unstable PPs, the most important factor is the complexity of processing.
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In addition, analysis of variance showed consistency between experimental data and
theoretical values, so the mathematical models were found to be adequate.
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CIP Ciprofloxacin
LEV Levofloxacin
RhB Rhodamine B
MWCNTs  Multiwalled carbon nanotubes
RB Rose bengal
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