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Cobalt ferrite nanoparticles were synthesized from different parts of the Physalis plant. Characterization
techniques including XRD analysis and FTIR data confirmed the spinel structure of the synthesized ferrites.
According to the FTIR data, the spectra contain peaks corresponding to organic residues originating from the
reducing agent. The data of XRD analysis indicate an increase in the lattice parameter and crystallite size in the
order CoFe204—F < CoFe204—FH < CoFe204-H. According to the SEM observations, the CoFe204—H sample
demonstrates a lower degree of agglomeration coupled with significant porosity, whereas the CoFe2Os—FH and
CoFe204—F samples display more distinct lamellar structures. The inversion degree was calculated based on the
Mossbauer spectra of the samples. The use of the physalis fruitthusk extract results in the formation of
nanoparticles with an increased BET surface area (76 m?/g), whereas using of physalis fruit extract results in the
formation of an increased area of mesopores (46 m?/g). The adsorption properties and Fenton-like catalytic activity
of the synthesized samples have been investigated. The highest degree of Congo Red dye adsorption was observed
for the sample CoFe:O4+—FH while the lowest was for the sample CoFe2Os—H. FTIR spectra confirmed the
chemosorption of the dye molecules onto the ferrite surface. The adsorption is higher on the surface with a higher
degree of functionalization. The Fenton-like oxidation of Congo Red dye in the presence of H2O2 has been studied,
demonstrating the high catalytic activity of all samples in dye removal and hydrogen peroxide decomposition.
Amperometric I-t curve measurements were used to observe the changes in the interactions between hydrogen

peroxide and the ferrites.
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Introduction

The synthesis of nanoparticles using traditional
synthetic materials leads to the formation of toxic waste
and by-products that contribute significantly to
environmental pollution [1]. A reliable alternative to these
methods is «green synthesis» [2—6]. Such green methods
include synthesis using various parts of plants [6],
microorganisms [3], and biomaterials [7]. Green synthesis
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is less toxic and the synthesis products are safer, allowing
them to be widely used for various environmental and
biomedical applications [3]. It is known from the literature
that the synthesis of nanoparticles using plant extracts
makes nanoparticles biocompatible [7]. Namely, the
presence of such components as flavonoids,
carbohydrates, amino acids, polyphenols, carboxylic
acids, tannins, and vitamins in the natural extracts lets to
use them as reducing agents for nanoparticle synthesis [3].
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The substances contained in plant extracts participate in
redox reactions with metal salts and transform the latter
into NPs with a predetermined morphology and size
[3,8,9]. Moreover, these phytochemicals are not only
reducing agents but also have an enveloping effect similar
to surfactants, which prevent agglomeration of the
obtained nanoparticles. The above-mentioned number of
advantages in the formation of nanoparticles, as well as
economic benefits, are factors that influenced the choice
of the synthesis method [4].

The use of plant extracts [4] and biomaterials [9][10]
for the synthesis of spinel nanoparticles has increased
significantly in the last few years. For the synthesis of
spinels, the following substances have been used: ginger
root [11], honey [12,13], ginkgo biloba [5], aloe vera, okra
extract [14], seaweed [15], Cydonia oblonga [8], limonia
acidissima juice [16], jatropha-oil [17], sesame seed [18],
curd [10] and other. All these bio- and phytomaterials have
a unique composition and contain natural reducing agents.

Physalis is a perennial plant with a unique chemical
composition that does not require special care during
cultivation. This makes Physalis an ideal reductant for the
green synthesis of the nanoparticles [19-23]. Most species
of Physalis have a long history of use in folk medicine to
treat various diseases [24]. Recently, the biological
activities of extracts from different plant parts have been
reported, which include antioxidants [25], anticancer [23]
and anti-inflammatory [22]. The use of Physalis alkekengi
as a reducing agent for the synthesis of nanoparticles is
known [26], but it has not been used before for the
synthesis of spinel ferrites. Velmurugan et al. [27]
synthesized gold nanoparticles using Physalis minima
plant extract. Flavonoids, phenols, and polyphenols
contained in the extract were used as a reducing agent to
create gold nanoparticles [27].

In this study, cobalt ferrite nanoparticles were
synthesized using extracts of various parts of Physalis.
The choice of Physalis as a “green” fuel agent is due to its
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chemical composition. In particular, ascorbic acid, caffeic
acid, and terpenes (carotenes are tetraterpenes) are known
for their reducing ability [28], which allows Physalis to be
used not only as a fuel but also as a reducing agent.
Physalis fruits contain citric, malic, tartaric, succinic,
caffeic, ferulic, and sinapic acids; vitamin C;
carbohydrates; tannins; carotene; physalin and pectin. The
flowers of Physalis contain carotenoids: physalin A and
physalin B [19-21]. The presence of these substances,
together with the ease of cultivation, determine the choice
of Physalis as a “green” fuel agent in the formation of
spinel ferrite.

I. Experimental

1.1. Physalis extract preparations

The husk and fruits of physalis have been used to
obtain extracts. To prepare the extracts, the selected part
of physalis is mixed with distilled water in a ratio of 1:2,
then boiled for 10 minutes. This mixture is kept in a
thermos for 24 hours before filtering the extracts. The
filtered extracts are then stored in a refrigerator at 4°C. In
total, three varieties of extracts have been prepared: one
from the husk, one from both the fruit and husk, and one
solely from the fruit. These extracts have been employed
for the synthesis of nanoparticles.

1.2. Synthesis of CoFe204 NPs

Cobalt ferrite was synthesized through the ‘green’ sol-
gel method followed by auto-combustion using
Co(CH3COO0),'4H,O and Fe(NOs3);-9H,O reagents
(Fig. 1). First of all, a mixture of metal salts was dissolved
in 50 mL of distilled water. The solutions were mixed for
30 min at a temperature of 45°C. Then 50 mL of the
extract of Physalis husk (H), fruit+husk (FH), or fruit (F)
was added as eco-friendly fuel agent. The resulting
mixture was stirred at a constant temperature for 30 min.
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-
e

<m

Fig. 1. Schematic synthesis of CoFe>Os using the Physalis extracts.
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The solution was subsequently placed on a hot plate to
facilitate the formation of a sol. Following this, the
mixture was transformed into gel until auto-combustion of
the gel occurred. The obtained products CoFe,Os—H,
CoFe,04-FH, and CoFe,O4— F were ground in a mortar,
resulting in fine powders.

1.3. Characterization techniques

The X-ray diffraction analysis has been performed
using a Shimadzu XRD-7000 X-ray with Cuk,
monochromatic radiation source (A =1.5418 A). The
crystal  phases  were  identified using  the
Match! 3.0/FullProf software. FTIR analysis was
performed using a Nicolet Nexus 470 spectrometer
(Thermo Scientific) in the range of 4000400 cm™' with a
number of scans of 128 and a resolution of 4 cm™!. The
surface morphology of the samples was studied with a
REMMA-102-02 scanning electron microscope (JCS
SELMI, Ukraine) with an attachment for energy-
dispersive analysis (EDS). The accelerating voltage is
approximately 20.00 kV. The textural analysis has been
carried out using N, adsorption/desorption isotherms
obtained at 77 K using an automatic Quantachrome
sorption analyzer. The samples were degassed overnight
at 180°C before each measurement. The calculations of
surface area, pore volume, pore size distribution, and pore
diameter were performed using Quantachrome NovaWin
software (v.11.04). Mossbauer spectra were recorded
using an MSI1104Em spectrometer in transmission
geometry with a moving absorber and a °”Co(Cr) radiation
source. The isomeric shift was calibrated relative to o-Fe,
and the velocity resolution was approximately 0.01 mm/s
per channel. The resulting spectra had signal-to-noise
ratios exceeding 31. All measurements were conducted at
room temperature, and the spectra were analyzed using
UnivemMS 7.01 software.

1.4. The adsorption/catalytic experiments

The adsorption experiments were conducted using
batch mode. Congo Red dye as a model pollutant has been
used to examine the adsorption properties of ferrites.
20 mg of the adsorbent was inserted into 20 mL of a dye
solution at different concentrations (10, 20, 50, 75, and
100 mg/L). The mixture was shaken at 25°C for 24 hours
to reach adsorption equilibrium. Then magnet was used to
remove the adsorbent. Thereafter, the equilibrium
concentrations (Ce) of the dye within the solutions were
calculated by measuring the absorbance at a wavelength
of 500 nm, utilizing a ULAB-102UV spectrophotometer.
The adsorption capacity (mg/g) was calculated with the
following equation: qadgs = (Co—Ceq): V/m, where C, is the
initial concentration of the CR dye, mg/L; C. is an
equilibrium concentration of CR dye, mg/L; m is the
adsorbent mass, mg; V is the solution volume, L. The dye
removal (in %) was calculated by the formula:
Removal(%) = [(Co—Ceq)/Co]-100%.

The Fenton-like oxidation of CR was conducted by
placing 120 mg of the catalyst into 40 mL of a Congo Red
dye solution ([CR]o=10 mg/L). Then H,O, (20 mM) was
added to the solution after 30 minutes (the time for
reaching the adsorption equilibrium). The experiment was
also repeated without the adsorption equilibrium stage.
The experiment was also performed without the
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adsorption equilibrium stage to conclude the role of the
adsorption in the catalytic wet peroxide oxidation of CR.
The dye concentrations in the solutions were measured
with a ULAB-102UV spectrophotometer at 500 nm. The
residual concentration of H,O, was measured at a
wavelength of 470 nm by UV-vis spectrophotometry
using the metavanadate method.

1.5. Electrochemical tests

Amperometric I-t curves were obtained using an
electrochemical workstation galvanostat-potentiostat
Autolab PGSTATI12 Eco Chemie. The electrode cell
consisted of three electrodes: a saturated Ag/AgCl
electrode as the reference electrode, a Pt foil as the counter
electrode, and a working electrode (ferrite-coated FTO).
The working electrode was prepared using the ferrite
aqueous solution, which was coated on the FTO glass
(1.4 cm x 3 cm). After each coating, the electrode was
sintered at 90°C for 15 min. The solution of Congo Red
dye ([CR] = 10 mg/L) was used as an electrolyte.
Hydrogen peroxide solution ([H20,] = 20 mM) was used
as an activator of current transmission. H,O» solution was
added drop-wise at continuous stirring and I-t curves
were recorded.

II. Results and discussion

2.1. XRD analysis

The XRD patterns of CoFe,O,4 samples, synthesized
using different plant sources (Fig. 2a), confirm the
formation of a pure spinel phase. All samples are
identified as single-phase materials belonging to the Fd3m
space group. The sharp diffraction peaks indicate good
crystallinity of the samples.

Variations in the lattice parameter and crystallite sizes
are observed and are closely related to the type of extract.
The lattice parameters of the samples exhibit a clear trend,
increasing in the order
CoFe,0,—F < CoFe,0,—FH < CoFe,0,—H (Fig. 2b). The
CoFe,04—H sample demonstrates the highest lattice
parameter (8.371+0.002 A), while the CoFe,0,—F sample
has the lowest lattice parameter (8.339+0.006 A). This
variation can be attributed to the activity of the reductant
(fuel) used during the synthesis. A more active reductant
results in higher synthesis temperatures, which promote
thermal expansion of the crystal lattice and, consequently,
results in larger lattice parameters. The crystallite size
analysis (Fig. 2b) shows that the smallest crystallites are
formed in the CoFe,O4—F sample. This suggests that the
use of fruit extract as a reductant slows down crystal
growth, resulting in smaller crystallite sizes. Conversely,
the CoFe,O,—H sample exhibits the largest crystallite size,
which correlates with the higher synthesis temperature
caused by a more active reductant. Thus, higher synthesis
temperatures promote lattice expansion and crystallite
growth, while lower temperatures and less active
reductants result in smaller crystallites and more compact
structures.

2.2. Scanning Electron Microscopy (SEM) and
energy-dispersive spectroscopy (EDS).
Fig. 3a presents the surface morphology of CoFe,O4
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Fig. 2. (a) XRD patterns and (b) lattice constant and average crystallite size changes of cobalt ferrites, synthesized
using different parts of physalis (H is Physalis husk; FH is Physalis fruit+husk; F is Physalis fruit).

samples analyzed through scanning electron microscopy
(SEM) images. The samples tend to form agglomerated
particles; however, the CoFe,O4—H sample demonstrates
a lower degree of agglomeration coupled with significant
porosity. In contrast, the CoFe,O4—FH and CoFe,O4F
samples display more distinct lamellar structures.

The observed morphology underscores the influence
of the plant extract, which may serve not only as a
reducing agent and fuel but also as a surfactant that
mitigates particle adhesion during the synthesis process.
Energy-dispersive spectroscopy results, as shown in
Fig. 3b, prove the presence of iron, cobalt, and oxygen
chemical elements. The elemental composition, expressed
in weight percent and depicted in Table 1, aligns with the
theoretically predicted values.

2.3. Mossbauer spectroscopy

The spectra measured for materials synthesized using
Physalis husk (H) and Physalis fruit and husk (FH) exhibit
a central doublet and broadened sextets, indicating the
presence of both ferromagnetic and superparamagnetic
ferrite particles. At the same time spectra of material
synthesized using Physalis fruit (F) consist of symmetric
paramagnetic doublet only. The transition of particles to a
single-domain state results in thermal oscillation of the
magnetic moment between the easy magnetization axes.
Superparamagnetic relaxation is observed when the
average time between two magnetic moment flips (Neel
relaxation time, Tn) becomes shorter than the measurement
time, defined by the lifetime of the *’Fe nucleus in its
excited state (t=141.8 ns). The Neel time can be estimated

KepfV .
as TN=roexp( ‘;(fo ), where 1o=10°-10""sis the

characteristic relaxation time (intrinsic time scale of the
system that corresponds to the frequency of attempts for a
magnetic moment to flip between energy states and
depends on the material's magnetic anisotropy and the
gyromagnetic properties of the nanoparticles), K is an
effective magnetocrystalline anisotropy constant, V' is a
volume of a nanoparticle, 7 is a temperature. Higher
anisotropy leads to longer 1o, as it requires more energy to
overcome the energy barrier for magnetic moment
flipping but smaller particles exhibit faster relaxation
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(shorter To). As a result, the product K¢V is in the range

of (1.1-2.1)-102° J. The effective values of
magnetocrystalline anisotropy (Ke.r) depend on the
particles and for CoFe>O4 nanoparticles with an average
size¢ of 9 nm is 1.8-10* J/m® [29]. The values of
Ketr =(1-5)-10* J/m? were calculated for CoFe;O4in [30]
for ferrite particles with the sizes 5—6 nm. A close value
of 2.5:10* J/m*® was obtained by [31] for CoFe;Oq4
nanoparticles with a size of about 3 nm. Assuming
Ker =3-10* J/m® it can estimate the particle size that
corresponds to the transition from magnetically ordered
state to superparamagnetic in a range of 9—11 nm
(spherical particle approximation). Mdssbauer spectra of
the CoFe,O4—F sample consist of doublet only so there is
no particle fraction in which a magnetically ordered state
is possible at room temperature. The obtained value is in
good agreement with the results of the CoFe,O4—F ferrite
particle size estimation from XRD data.

The experimental spectra of CoFe>Os—H and
CoFe>04—FH samples (Fig. 4) were optimally fitted by a
superposition of four six-line magnetic subspectrums,
three of which correspond to Fe*" ions in tetrahedral A
positions and the fourth subspectrum corresponds to
octahedrally coordinated Fe*" ions. The number of used
sextet components was based on the calculations of
probabilities of various ion surroundings for Fe** in the
cobalt ferrite structure [32]. Each sextet component
represents Fe** ions placed in specific tetrahedral (A) or
octahedral (B) sites, where their hyperfine magnetic fields
are influenced by the surrounding cationic arrangement.
The association of Fe3* ions with tetrahedral sublattice
was done using criteria of respectively lower isomeric
shift values due to stronger covalence Fea—O bonds [8].
The spectrum of the CoFe,O4—F sample was described as
a symmetric doublet only (Fig. 4). The obtained results are
summarized in Table 2.

It is known that the ferrites with a spinel structure
(Fd3m) follow the general formula
(Me?",Fe**1.)a[Me?*,Fe’*,.,]804, where Me?* (in our case,
Co?) and Fe* cations occupy tetrahedral (A) and
octahedral (B) sites in the face-centered cubic lattice
formed by oxygen ions. The inversion degree (z)
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Fig. 3. (a) SEM images of CoFe>O4 NPs; (b) The EDS analysis of cobalt ferrites.
Table 1.
The element composition of CoFe;04, calculated from EDS analysis data
Sample at. %
Co Fe 0 Total
CoFe:0+—H 9.78 21.02 69.2 100
CoFe:0+~FH 11.95 19.47 68.58 100
CoFe:04+F 12.73 18.92 68.35 100
Table 2.

The Mossbauer spectra parameters of CoFe,Oy4 ferrites synthesized using different parts of physalis (H is Physalis
husk; FH is Physalis fruit and husk; F is Physalis fruit): Is is isomeric shift; Qs is quadrupole splitting; H is

hyperfine field; S is relative integral intensity; G is line width)

| Site | Is, mm/s Qs, mm/s H, kOe | S, % | G, mm/s

CoFe,O4—H

1 Al 0.26 -0.08 458.4 4.3 0.30

2 A2 0.30 -0.02 483.7 28.6 0.60

A3 0.26 -0.05 436.7 13.8 0.73

Bl 0.39 0.06 394.5 45.5 1.64

D 0.30 0.71 — 7.8 0.51

CoFe,Os4—FH

1 Al 0.34 -0.09 504.2 3.3 0.33

2 A2 0.27 0.01 468.0 19.7 0.56

A3 0.29 -0.01 486.8 14.7 0.49

3 Bl 0.38 -0.03 422.1 43.1 1.40

4 D 0.33 0.70 - 19.2 0.51
CoFe,O4—F

1] D | 0.33 | 0.78 | - | 100 | 0.57

represents the fraction of divalent cations located in the B
sites, and for bulk CoFe,O4 z is typically close to 1 [32].
For ferrite nanoparticles, the inversion degree is
influenced by surface energy, lattice strain, and synthesis
conditions. These factors lead to a partial redistribution of
Co?* and Fe’* ions, deviating from the inversion degree
observed in bulk material. The changes in z affect the
magnetic and catalytic properties of nanosized ferrites,
making their cation distribution highly dependent on
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particle size and preparation methods. The cation
distribution plays a crucial role in determining the
magnetic and catalytic properties of spinel ferrites, which
are influenced by synthesis conditions and subsequent
thermal treatments.

The inversion degree and distribution of Co?* ions
between tetrahedral (A) and octahedral (B) coordinated
sites were determined through a combination of
Moéssbauer spectra analysis and EDS data (Table 2)
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Fig. 5 The FTIR-ATR spectra of (a) CoFe,O4 samples and (b) the extracts of Physalis husk, fruit+husk, and fruit,
which were used as a “green” agent.

according to [32]. EDS data about Co/Fe molar ratios were
denoted as K1. Mossbauer data about the ratio between
tetrahedrally and octahedrally surrounded Fe*" ions
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Fig. 4. Mossbauer spectra of cobalt ferrites samples
synthesized using different parts of physalis (H is Physalis
husk; FH is Physalis fruit and husk; F is Physalis fruit).

(Fea/Feg) were denoted as K3. The solving of equations
(y+2)/(3-y-z)=K1 and (1-y)/(2-z)=K3 allows to calculate
inversion degree z for (Me*,Fe’"1)a[Me?",Fe’",]g04
structure. The values of the K1 parameter were determined
as 0.49, 0.65, and 0.71 for CoFe,Os—H, CoFe,Os—FH, and
CoFe,04—H, respectively. Unfortunately, the calculation
of the inversion degree is possible for CoFe,Os—H and
CoFe,04—FH samples only due paramagnetic nature of the
CoFe;04—F sample. The values of the K3 parameter were
calculated as 1.03 and 0.87 for CoFe>Os—H and CoFe;O4—
FH samples. Thus, the calculated cation distributions are
(Fe*")A[Co* 1.00Fe**1 00]804 and
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(C02+o,15Fe3+o,85)A[C02+o,85Fe3+1,15]1304 for CoFe>O4—H and
CoFe;0s—FH samples.

2.4. IR spectroscopy

Fig. 5a shows the FTIR spectra of the synthesized
CoFe;O4 samples. The tetrahedral M-O bond is
characterized by bands at 530 cm™!, 528 cm!, and
505 cm™! for samples FH, F, and H respectively. Force
constants for the tetrahedral site were calculated by the
formula K = 4m2c?v?p [8] and are listed in Table 3. The
band corresponding to the octahedral M—O bond is usually
placed at around 400 cm™!, which is beyond the limit of
detection for the instrument used. The presence of O—H
bonds is confirmed by the broad band in the range of
3600-3100 cm™ and correlates with the FTIR spectra for
the extracts used (Fig. 5b). The spectra of the CoFe,Os—H
and CoFe>Os—FH samples demonstrate the absorption
band at 2360-2333 cm™', which is attributed to the
presence of adsorbed CO». The region between 1250 cm™!
and 900 cm™' contains typical bands for phenolic
compounds, sugars, organic acids, and nitrogenous
substances, such as the vibration of C—-O, C-C, C-N, and
C-H bonds [33,34]. Furthermore, the region 1980—
1350 cm™ indicates vibrational stretching of double
bonds, which are characteristic of organic residues in the
samples. The umbrella mode at 1340-1070 cm™! indicates
the presence of —CHj3 functional groups and is related to
the stretching of C—C and C—O bonds. This indicates the
presence of biocomponent residues from the extract on the
surface of the synthesized nanoparticles. The band
between 1100 cm™' and 780 cm™' (Fig. 5b) can be
attributed to the C-O stretching in phenolic compounds,
the C—H deformation of the —CH3 and =CH, groups, and
to the anti-symmetrical —COO stretching of esters

[27,33,34].
Table 3.

IR absorption bands, corresponding to tetrahedral sites,
and force constants.

Parameters | CoFe,Os~H 001;%047 CoFe,04—F
vr, cm’! 505 530 528
4
Krx10%, 234 2.58 2.56
dynes/cm
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2.5. Surface area and pore volume

The nitrogen adsorption-desorption isotherms of
synthesized cobalt ferrites are presented in Figs. 6a—c.
These isotherms are indicative of mesoporous materials
because they exhibit a hysteresis loop that is categorized
as type IV, according to the IUPAC classification [35].
The surface area is increased in the row
SBET(COF62047F) = 62rn2/g SBET(COF62047H) =
=69 m*g<Sprr(CoFe;0+~FH)=76 m?/g (Table 4). The
pore size distribution and cumulative surface area of
CoFe;0s4, synthesized with various "green agents", are
depicted in Figs. 76d—f. The pore volume is highest for the
CoFe,04~FH sample (0.105 cm?/g), whereas for
CoFe;04—H and CoFe,O4—F samples it equals 0.079 and
0.100 cm’/g (Table 4). For the synthesized samples a
cardinal difference is observed in the values of the micro-
and mesopore areas. The mesopore area increases in the
row H-FH-F and is 17 m?%/g for CoFe>O4—H, 34 m?/g for
the sample CoFe>Os—FH, and 46 m?/g for CoFe,O4-F. The
micropore area increases in row F < FH < H and is 52 m%/g
for the sample CoFe;Os4—H, 42 m?%g for the sample
CoFe;04-FH, and 16 m?/g for the sample CoFe;O4—F. The
sample CoFe;O4—H is a microporous material, while the
samples CoFe,O4—F and CoFe,Os~FH have pronounced
mesoporosity. The pore radii, calculated by DFT method,
are increased in the row

CoFe>04—F (1.8 nm) < CoFe>04—H (1.9 nm) < CoFe,O4—
FH (2.4 nm) (Table 4).

2.6. Adsorption properties

The surface charge of ferrites was investigated by
measuring a point of zero charge (pHpzc) in an aqueous
solution. The point of zero charge (pHpzc) helps to predict
the ability of a surface to electrostatically attract or repel
ions and molecules depending on the nature of the
pollutant. Fig. 7 shows that the surface charge (pHpzc) of
cobalt ferrites largely depends on the nature of the
reducing agent. The point of zero charge (pHpzc) increases
in the order CoFe;04—FH < CoFe;04—H < CoFe,O4—F and
scales 7.74, 7.79, and 7.84, respectively.

Fig. 8a illustrates the adsorption isotherms of studied
cobalt ferrites towards the Congo Red dye as a model
pollutant [36,37]. Figs. 8b and 8c show linearized
adsorption isotherms according to Langmuir and
Freundlich models. The parameters of the
abovementioned adsorption models are listed in Table 5.
It can be seen that the adsorption capacity is increased in
the row
Jads(CoFe,0O4—H) = 18.42 mg/g < qaas(CoFe204—F) =
=31.85 mg/g < qaas(CoFe 0s—FH) = 38.46 mg/g
(Table 5). The same trend is observed for Langmuir
constant K, which is highest for the CoFe,Os—FH sample
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Fig. 6. (a—c) N, adsorption-desorption isotherms and (d—f) pore size distribution and cumulative surface area of
CoFe,04, synthesized with various "green agents".

Table 4.
The textural parameters of CoFe;>Qs, synthesized using various parts of Physalis.
Parameter Sample
CoFe,O4—H CoFe,O4—FH CoFe;O4—F
SseT, M%/g 69 76 62
Smeso, mz/g 17 34 46
Smicro, mz/g 52 42 16
V, ecm¥/g 0.079 0.105 0.100
Vmeso, cm3/g 0.025 0.051 0.078
Vmicro, cm’/g 0.054 0.054 0.022
Rprr, nm 1.9 2.4 1.8
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(K=0.21 L/mg) and the lowest for the CoFe,04—H sample
(K1=0.12 L/mg). Therefore, the presence of organic
species, originating from the extracts, on the CoFe,04
surface strengthens the interaction between the Congo red
dye molecules and the adsorbent surface. In addition,
Table 5 shows the values of the Freundlich constant Kp,
which are increased in the row

Kr(CoFe,04—H) = 9.3 (mg/g)(mg/L)" < Kr(CoFe 04—F) =

=9.13 (mg/g)(mg/L)" < Kr(CoFe,Os—FH) =

10.7 (mg/g)(mg/L)" (Table 5). The R? value for both
adsorption models indicates the best fitting for the
Langmuir model and, thus, the prevalence of
monomolecular interactions of CR dye molecules with
adsorbent surface. Fig. 8d demonstrates the adsorption
removal of dye from an aqueous. The highest degree of
dye removal was for sample CoFe,O4+~FH while the

(@ 12 (b) 12 (©) 12
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Fig. 7. Point of zero charges of CoFe,O4 samples, synthesized using the extracts of (a) husk (H),
(b) fruit+husk (FH), and (c) fruit (F) of Physalis.
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Fig. 8. Congo Red dye adsorption from the aqueous solutions using synthesized cobalt ferrites: (a) adsorption
isotherms; (b) Langmuir model; (¢) Freundlich model; (d) The FTIR-ATR spectra of CoFe,O4samples after
Congo red dye adsorption; (d) The percentage of CR dye removal (conditions: m (adsorbent) = 20 mg;

V (solution) =20 mL; Co(CR) = 10; 20; 50; 75; 100 mg/L; T = 298 K).

Table 5.
The parameters of Langmuir and Freundlich models.
Adsorption model
Langmuir Freundlich
Sample Qmax, ME/g R? K, L/mg Ry R? Kr, (mg/g)(mg/L)" n
CoFe:04-H 18.42 0.999 0.12 0.08 0.970 9.3 3.54
CoFe204+—FH 38.46 0.998 0.21 0.05 0.980 10.7 3.18
CoFe:04—F 31.85 0.996 0.20 0.05 0.953 9.13 3.31
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Fig. 9. The FTIR-ATR spectra of CoFe;O4samples after Congo red dye adsorption.

lowest was for sample CoFe,Os—H.

Figs. 9a—c show the FTIR spectra of the CoFe,O4
samples after the CR adsorption. It can be seen that the
bonds characteristic of the Congo Red dye molecule are
prominently observed on the surfaces of CoFe,Os—F and
CoFe;04—FH samples, while they are less pronounced on
the surface of CoFe,O4—H sample. The presence of dye
residues on the surface of the adsorbent indicates the
chemical nature of adsorption. A shift in the characteristic
absorption wave of the O—H bonds in the range of 3600—
3100 cm™ is observed, which may indicate their
participation in chemisorption. This is confirmed by the
increase of peak intensities at 1596 cm™ in the CoFe,Os—
F and CoFe;O4+FH spectra, which indicate the
deformation vibrations of water residues Owmom). The
region between 1360 cm™' and 829 cm™! contains typical
bands for phenolic compounds and nitrogenous
substances, such as the vibration of C—O, C—C, C-N, and
C-H bonds [33,34].

The broad absorption band 1363 — 829 cm™ for all
three samples indicates the vibrations that belong to the
aromatic —C=C- stretching vibration of the skeleton of the
Congo Red molecule. A pronounced band at 1041 cm™
signifies the S=O stretching vibration [38]. From the
analysis of the IR spectra, it can be seen that adsorption is
better on the surface of samples CoFe,O4—F and CoFe;O4—
FH than on the surface of the CoFe>Os—H sample. In the
sample CoFe>Os—H, not only is the adsorption capacity
not significantly manifested but residual CO; has also
been released, as evidenced by a decrease in the intensity
in the corresponding part of the spectrum. IR spectra and
percentage of the dye removal (Fig. 9¢ and Fig. 9d) show
that adsorption is better on the surface with a higher degree
of functionalization.

2.7. Fenton-like catalytic activity

The Fenton-like catalytic oxidation of Congo Red dye
in the presence of H,O; has been studied with and without
a pre-adsorption stage. Figs. 10a—c and 1la—c show
changes in the UV spectra of Congo Red solutions during
both cases. The kinetic curves of the catalytic
decomposition of Congo Red are presented in Figs. 10e
and 1le. The data were analyzed using a first-order
kinetics model (Figs. 10f and 11f), and the corresponding
rate constants for each catalyst were calculated (Figs. 10g
and 11g). It is clear that the catalytic activity of the
samples is almost the same. The percentage of dye
removal is presented in Figs. 10d and 11d. Fig. 10d shows
that approximately half of the dye was adsorbed during the
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first 30 minutes (Fig. 10d). Both catalytic experiments
were accompanied by the measurement of the residual
hydrogen peroxide at the end of the experiments (Figs. 10h
and 11h), and it was shown that in both cases the complete
depletion of H,O, was observed. Hydrogen peroxide
interacts with the catalyst due to Fenton-like mechanism
and undergoes decomposition to form hydroxyl ("OH)
radicals [39]. This process occurs when Co(II) ions act as
electron donors and hydrogen peroxide functions as an
electron acceptor. The decomposition is represented by
the following equation:

Co** + H,0, — Co* +'OH + OH .

The formed hydroxyl radicals subsequently attack the CR
dye molecules through a Fenton-like degradation
mechanism: CR dye + ‘OH — intermediates.

2.8. Electrochemical tests

The I-t response curve provides a quantitative
method for analyzing the electron transfer between ferrite
catalysts and hydrogen peroxide enabling the assessment
of catalytic efficiency and radical generation [40,41]. In
the experiment, a galvanostat—potentiostat Autolab
PGSTATI12 Eco Chemie was used for the measurements.
The setup included a three-electrode system (see
Section 2.4), which was allowed to reach equilibrium, and
hydrogen peroxide was introduced into the electrolyte
solution at the 100" second under continuous stirring [41].

Upon the catalytic decomposition of hydrogen

peroxide, free radicals were generated in the solution,
leading to a sudden increase in current on the I-t curve
(Fig. 12a). This current jump represents the electron
transfer between the ferrite catalysts and hydrogen
peroxide. By about 400" seconds, the system reached a
steady state, and the current value at this point was
recorded as the system's response. This value reflects the
overall catalytic activity and the efficiency of electron
transfer (Fig. 12b). Fig. 12b shows that current
transmission increases in the following order:
CoFe,04—F < CoFe;0s—FH < CoFe,O4—H. Fig. 12c shows
the correlation between the current jump and the catalytic
activity (taken from Fig. 10g). The catalytic activity after
reaching adsorption equilibrium increases with increasing
current jump.

The observed jumps in the electrochemical curves are
primarily attributed to the interactions between hydrogen
peroxide and the ferrite surface. In this context, the
analysis of FTIR spectra is helpful. As depicted in Fig. Sa,
the samples exhibit variations in the quantity of adsorbed
carbon dioxide. This variation may result from the
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Fig. 10. The activity of cobalt ferrites in the catalytic experiments, including adsorption pre-stage: (a-c) the changes
in UV—Vis spectra of CR solutions vs. time during the adsorption pre-stage; (d) the percentage of CR removal,
(e) the kinetic curves of the CR catalytic oxidation; (f) the first-order kinetics model; (g) the values of the rate

constants; (h) the H,O, decomposition (conditions: m (catalyst) = 120 mg;
V (solution) =40 mL; Co(CR) = 10 mg/L; T = 298 K; Co(H20,) =20 mM).

different amounts of surface cations, which could act as
Lewis acids [42], presented on the ferrite surfaces.
Considering that carbon dioxide could act as a Lewis base
[43], it can be concluded that the highest amount of acid
surface centers are presented in the sample CoFe,O4—H

(Fig. 5a). Thus the plausible mechanism of the current
jump (Fig. 12a) can be proposed. Hydrogen peroxide
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frequently functions as a Lewis base due to its ability to
donate electrons, attributed to the presence of lone
electron pairs on its oxygen atoms. This characteristic
enhances its interactions with ferrite surfaces, particularly
those rich in Lewis acid centers.

Additionally, the spinel structure provides greater
accessibility to octahedral sites that are occupied by Co?*



Mariia Liaskovska, Tetiana Tatarchuk, Volodymyr Kotsyubynsky

——[CR];=10 mg/L
(@)o030| CoFes04-H _!, ,.,i]f. "
——5 min
024 10 min
g 15 min
S 20 min
a 0.184 30 min
8 60 min
g 0.124 90 min
0.06
RN

001 T - r r — )
350 400 450 500 550 600 650
wavelength, nm

——[CR],=10 mg/L
() 30| CoFep04-F e
———5 min
g 0241 18 min
& Zﬂmin
8 o.184 60 min
8 90 min
0 4
< 0.12
0,06-\/‘\
004~ T T T T = 1
350 400 450 500 550 600 650
wavelength, nm
() 104

—e— CoFe,0,-F
CoFe,0,-H
—4— CoFe,0,-FH

20

Y0 15 30 45 60 75
time, min
(9) 0.03-
— 0.02-
£
S
<
0.01-
0.00

CoFeyO4—H CoFeyO4—FH CoFegOs—F

(g 30 CoFez04-FH —— [CR];=10 mg/L
—— 0 min
1 =5 min
] 0.24 ——10 min
E 15 min
o 0.18- 20 min
s 30 min
o 4 60 min
<012 90 min
0.06 |

001~ . . . i .
350 400 450 500 550 600 650
wavelength, nm

—
o
~—

=
o] o
o o
L !

o]
o
N

CR removal, %

199.28 ae

v
CoFep0y4-H CoFepO4—-FH CoFepO4-F

¢ CoFe,O4-F
CoFe,0,-H
4 CoFe,0,FH

60

50

30 40
time, min

10 20

99.87

0

CoFep04-H CoFepO4-FH CoFepO4—F

Fig. 11. The activity of cobalt ferrites in the catalytic experiments without adsorption pre-stage: (a-c) the changes in
UV-Vis spectra of CR solutions vs. time; (d) the removal of CR dye (in %); (e) the kinetic curves of the CR
catalytic oxidation; (f) the first-order kinetics model; (g) the values of the rate constants;

(h) the H>O, decomposition (conditions: m (catalyst) = 120 mg;

V (solution) =40 mL; Co(CR) = 10 mg/L; T =298 K; Co(H.02) =20 mM).

ions, which serve as Lewis acidic centers. These
observations are consistent with the cation distribution of
the analyzed samples. Notably, CoFe,Os—H demonstrates
the highest amount of Co?" ions within the B-sublattice
(the highest inversion degree), which corresponds to the
most significant increase in current observed in the I—t
curve, as illustrated in Fig. 12a. Organic residues on the
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surface of ferrite can also help break down hydrogen
peroxide molecules. This process can change the amount
of current carriers in the system and affect its electrical
properties. The radicals produced during this breakdown
can oxidize the organic residues. They compete with the
dye molecules, leading to similar catalytic activities
among the samples.
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Conclusions

Magnetic nanoparticles of cobalt spinel ferrite were
synthesized for the first time using biomaterial extracts of
different parts of Physalis. As a result of the synthesis,
spinel structure samples were obtained in all three cases,
which was confirmed by X-ray analysis and confirmed by
IR spectra. Using different parts of the plant bioreductant,
it is possible to control the crystallite size and lattice
parameter, the specific surface area, and the pore size of
the nanoparticles. The presence of extract residues on the
surface of the synthesized nanoparticles was confirmed by
IR spectroscopic analysis. The choice of reducing agent
(fuel) has a significant effect on the distribution of cations,
the lattice parameter, and, as a result, the adsorption and
catalytic properties. The adsorption capacity of the Congo
Red dye is increased in the order CoFe,O4—H < CoFe;O4—
F < CoFe,04—FH. The Fenton-like catalytic activity of all
three samples is notably high, although it is consistent
across the samples. Electrochemical tests showed the
significant increase in current observed in the -t curve for

the CoFe,O4—H sample, related to its highest inversion
degree (highest amount of Co?' ions within the B-
sublattice).
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HanowactnHkM (eputy KoOanbTy CHHTE30BaHI 3 Pi3HHUX YaCTHH €KCTpakTy ¢izaiicy. MeToan BH3HaYCHHS
XapaKTePHUCTHK, BKIIOYA0YH X-IIPOMEHEBHH aHali3 Ta gaHi [U-cnekrpockorii, MiATBepIMIN CTPYKTYpY LIITiHEeNi
CHUHTE30BaHUX (epHTiB. 3TigHO 3 AaHUMHU [Y, CIICKTPH MICTATH MIKH, IO BiAMOBIIAI0Th OPraHIYHUM 3aJIHIIKAM,
SIKI TTOXOMSTh BiJl «3€IE€HOT0» BiHOBHHUKA. JlaHI X-IPOMEHEBOro aHaNi3y CBiq4aTh Mo 30UIBIICHHS HapaMeTpa
rpaTku Ta posmipy kpuctamitiB y pagy: CoFe:Os—F < CoFe:04—FH < CoFe204—H. Bignosigao no ¢dotorpadiii
CEM, 3pa3ok CoFe204+—H nemoHCcTpye HIX4nil CTyHiHb arioMepariii B MO€AHAHHI 31 3HAYHOIO TIOPHUCTICTIO, TOAI
sik CoFe20s—FH ta CoFe204—F 3pasku 1eMOHCTPYIOTH OULIBII WiTKi MIACTHHYACTI CTPYKTypH. CTymiHb iHBepCii
pO3paxoByBali Ha OCHOBI MeccOayepiBchkuX crekTpiB 3pas3kiB. Jlani BET moka3syroTh, IO BHKOPHUCTAaHHS
EKCTPaKTy IUIONIB (hi3ayicy-HIyIIITHHHS HPU3BOAUTE O YTBOPSHHS HAHOYACTHHOK 31 30UIBLICHOIO IUIOIICO
nosepxui (76 M%/T), a BAKOPHCTaHHs €KCTPAKTY IUIOMIB (izaiicy NPU3BOIAUTE 10 YTBOPEHHS 36UIbLIIEHOT IO
Me3zonop (46 M%/r). [locaimkeHo aacopOuiiini Ta @eHTOH-NOAIOH] KaTaliTHYHI BIaCTHBOCTI CHHTE30BaHHX 3Pa3KiB.
HaiiBunmii crymninp BupaneHHs OapBauka Konro YepBoHoro crocrepiraBcs st 3paska CoFe2Os—FH, Toni sx
HaHmkuni s CoFe20s—H. [Y-ciekTpu migTBepANIN XeMoCcopOIifo MosIeKysl 6apBHUKA Ha MOBEPXHI (hepury.
AncopO1is BUIIa Ha MOBEPXHi 3 BUIIUM CTyIeHEM QyHKIioHaIbHOCTI. Jlocmimkeno DeHToH-o1i0He KaTamiTHIHE
oxucnenHs OapsHuka Konro YepBonoro y mpucytHocTi H202, M0 NmpomeMOHCTPYBaIoO BHCOKY KaTaliTUYHY
aKTHBHICTh YCIX 3pa3KiB IIOJO BHIAJICHHS OapBHHKA Ta PO3KIAJAHHSA MEPOKCHIY BOIHIO. AMIIEPOMETPHYHI
BUMIPIOBaHHSI KPUBOI [-T BUKOPHCTOBYBaJM [UISl CHOCTEPEKEHHS 3MIiH y B3a€MOJIi MiJK MEPOKCHIOM BOJHIO Ta
(bepuramu.

Kiwuosi cioBa: “senenuii” cunrtes; ¢Geput; aacopOuis; DeHTOH-MOAIOHA aKTHBHICTD; €IEKTPOXIMIUHUIA
TECT; OKHCHIOBaJIbHA JIerpaialtis.
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