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ABSTRACT

This work demonstrates the removal of cobalt-containing liquid waste recovered from spent lith-
ium-ion battery waste in the context of the synthesis of superparamagnetic particles and their
application for tetracycline photodegradation. First, the spent lithium-ion battery waste was
treated with H,SO,, glutaric acid and H,0O, to release heavy material from the graphite electrodes,
and then the post-acid leaching solution was used as a source of Co* ions in the wet co-precip-
itation synthesis of superparamagnetic co-doped iron oxide nanoparticles. Scanning electron
microscopy and transmission electron microscopy revealed the spherical morphology of nanopar-
ticles with a size of 15 + 4.80 nm. Fourier-transform infrared spectroscopy and X-ray diffraction
confirmed the formation of iron oxide doped with Co, while the particles obtained have a poly-
crystalline structure. Magnetometric measurements prove the superparamagnetic properties of
the obtained material with saturation magnetization (M) of about 91 emu/g. The band gap energy
estimated from Tauc plot for obtained nanoparticles is about 1.6 eV, while the flat band potential
calculated from Mott-Schottky’s plot is about —0.18 V vs. SHE. The experimental studies conducted
with UV-Vis show the highest efficacy in pH 7 degradation of tetracycline (TC) of about ~84.42%,
with the process undergoing first-order kinetics. The addition of H,O, improves the effectiveness
to reach about 92.2% TC degradation. It turned out that magnetic nanoparticles from waste bat-
tery waste have catalytic properties and can be considered efficient catalysts in various fields,
including environmental studies. The material obtained provides reuse for 5 operating cycles and
can be easily removed from aqueous media after effective treatment.
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1. Introduction

As an effect of climate policy targets and actions taken
to reduce the carbon footprint and the associated increased
production of hybrid and electric vehicles, the manufactur-
ing of energy storage devices, particularly Li-ion batteries
(LiBs), rapidly grew. It is connected with their higher effec-
tiveness. On the other hand, these types of spent batter-
ies contain many different metals, such as lithium, cobalt,
manganese, nickel, copper, or aluminum, as well as toxic
organic electrolytes [1-3].

Thus, the spent batteries are the source of both sec-
ondary critical metals and environmental pollutants [4].
Consequently, the hazardous waste that contains harmful
chemical substances and metal ions is also growing [5]. They
also increase the environmental burden due to the shorter
life span compared to other battery types [6]. In addition,
the trend related to electromobility and the widespread
use of hybrid and electric cars is relatively new. Therefore,
the amount of spent Li-ion batteries from the automotive
industry can be expected to increase dramatically only
over the next several years.

Due to their complex chemical composition, waste Li-ion
batteries should be collected selectively and subjected to
appropriate recycling processes [7,8]. Improper disposal of
battery waste can lead to the penetration of heavy metal ions
into the water and soil environment, thus creating a threat
to the health of humans and animals as well as the condi-
tion of plants. It has been shown that high levels of lithium
are toxic for both aquatic animals and humans [9]. In turn,
lithium released into the soil environment may contribute to
soil dispersion and aggregate swelling. It gets to the plants
through the soil and then goes to the organisms that con-
sume them [10-12]. In turn, a high level of nickel contributes
to homeostasis disruption [13]. Copper, which is included in
the food, affects the liver and gastric states [14,15]. Another
threat resulting from improper Li-ion batteries” improper
storage is their possible self-ignition and causing danger-
ous fires and explosions [16,17]. Thus, disposal and recy-
cling of spent LiBs remain a challenge, as most of them end
their life cycles in landfills and then contaminate soil and
water [18]. Moreover, in contrast to the growing demand for
LiBs, the actual recovery rate of spent batteries is low [9].

The currently used industrial technologies for recycling
waste LiBs focus mainly on recovering critical metals from
maintaining the current technological level, that is, lithium
and cobalt. Hydrometallurgical and/or pyrometallurgical
processes can recover these elements with prior mechani-
cal treatment [19]. The hydrometallurgical process, in com-
parison to the pyrometallurgical process, is characterized
by low energy consumption, and low CO, emission, while
it generates low pH solid and liquid by-products, which
require economically costly neutralization and further man-
agement [8]. Thus, the most frequently used reagents in the
hydrometallurgical recovery of metals from spent batter-
ies are leaching acids — inorganic and organic with reduc-
ing agents, in particular hydrogen peroxide and ascorbic
acid [20-22]. Especially organic aids are environmentally
friendly leaching agents in the case of Li and Co recovery
processes [23]. Organic acids dominate in the recovery of
Co, while the inorganic ones in Li. Organic acids require

a higher solid-to-liquid ratio than inorganic acids [24].
In turn, in the case of organics agents, only the leaching
kinetics has been widely explored [25], while other leach-
ing aids, as well as the application of organics agents like
formic, propionic, butyric, glycolic, gallic, and gluconic,
still need to be examined [26,27]. An alternative to hydro-
metallurgy and pyrometallurgy is biological processes that
use the potential of extremophilic microorganisms to live in
an acidic environment contaminated with metals [28]. The
advantage of waste LiBs bioleaching is the effects compa-
rable to chemical leaching and thermal processes, with less
environmental damage (elimination of pollutant emissions,
generation of additional solid waste or acid effluents).
However, due to the long reaction time, poor adaptability of
microbes, and rigorous leaching conditions, this method is
still the subject of laboratory research and requires detailed
optimization before being introduced into industrial prac-
tice [29]. Moreover, materials contained in spent Li-ion bat-
teries can also be regenerated in the so-called direct recy-
cling, where the obtained materials’ value is related to their
type [6,30].

As already mentioned, all spent battery recycling pro-
cesses generate secondary waste that requires further man-
agement [8]. In accordance with the principles of the circular
economy, the sustainable use of raw materials and their
recovery from waste is the basic task of modern economic
systems [31,32]. Therefore, in all technologies, including
recycling, it is important to manage all types of produced
waste, including secondary waste generated during the
processing of used materials, for example, in hydrometal-
lurgical processes the management of the obtained acidic,
polymetallic solutions. In the first place, metals are selec-
tively recovered from them, most often using chemical meth-
ods — precipitation, solvent extraction, or ion flotation [33].
Nevertheless, these processes still do not lead to the full
recovery of all metals, therefore, even after the selective sep-
aration of some elements, there is still a problem with the
management of the liquid residue containing various metals
and chemical compounds. Thus, the production of nanoma-
terials based on waste-derived compounds may provide a
practical and efficient solution to waste management issues,
in particular in the field of the LiBs recycling process [34].
This leads to a double benefit, on the one hand, waste-derived
nanoparticles will reduce the use of limited raw resources
and on the other hand provide environmentally friendly
physico-chemical technologies of nanoparticle synthesis [35].

Since the magnetic nanoparticles can be easily sepa-
rated from the solution under the external magnetic field,
they can be extensively studied as an effective adsorbent of
impurities from water, especially of pharmaceutical origin
[36-40]. The advantages of such an approach are simplicity
of the process and operation, long-term stability in the wide
pH range, low manufacturing costs, high efficiency and
environmental friendliness compared to other methods [41].

The great advantage of this technology is the possi-
bility of using various types of industrial waste, house-
hold waste, and agricultural waste. Depending on the
type, the magnetic nanoparticles enable the removal of
different pollutants from water, including substances
of pharmaceutical origin, dyes, and organic compounds
such as methyl blue, phenol, and phenanthrene [42,43].
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For example, carbon-based magnetic nanoparticles made
from rice husk waste can remove Cd(II) from water [44].
Sahib et al. [45], a graphene oxide-based magnetic adsor-
bent was applied to Alizarin Red S (ARS) dye removal,
Azam et al. [46], the graphene oxide-based adsorbent,
which was received from waste dry cell battery to Pb
removal from water, was proposed. Another interesting
study by Zou et al. [47] presented the spent LiBs-based
zeolite for heavy metal removal showing the potential
of spent battery waste material in environmental stud-
ies. Besides the magnetic separation, iron oxide-based
adsorbents also offer photocatalytic performance for their
semiconducting properties. Therefore, they are widely
used not only for removal but also photo-driven deg-
radation of contaminants in aquatic reservoirs [48], for
example, dyes like AR206 [49], Congo red [50], indigo
carmine [51]; pharmaceuticals like tetracycline (TC) [52],
tamoxifen [53], ceftriaxone and amoxicillin [54], levo-
floxacin [55], metronidazole [56], sulfathiazole [57]; or
other pollutants like pentachlorophenol [58], phenol [59].

In this article, we consider secondary battery waste as a
source of valuable metals that can be used as a source for
the synthesis of functional material, especially photocat-
alysts for wastewater treatment. Since the spent LiBs are a
challenge for the handling of materials, especially when it
comes to the secondary waste generated during acid leach-
ing, we demonstrate here their ease of use by providing
magnetic nanoparticles. Acid leaching solutions (ALS) from
LiBs treatment were used as a co-source during wet synthe-
sis of the superparamagnetic iron oxide-based nanoparticle.
Subsequently, the materials obtained were characterized to
determine the morphology, chemical composition, magnetic
and optical properties. In addition, nanoparticles have been
used to treat one of the most common water pollutants —
tetracycline (TC). It turned out that magnetic nanoparticles
from waste have catalytic properties and can be consid-
ered efficient catalysts in water treatment, in particular in
the case of antibiotics removal. And in this way, hazardous
solutions do not become useless and waste challenging to
process but constitute the raw material for further use. As
a consequence, the circulation of valuable materials may
be closed. The paper is organized as follows: In Section 2,
we briefly describe the materials and methods. Section 3
presented the experimental results, including acid leaching
of waste battery powder, morphology, chemical composi-
tion, and photodegradation, magnetic and optical proper-
ties studies, as well as the density functional theory (DFT)
calculation for tetracycline. Section 4 contains a discussion,
some concluding remarks, and some direction for future
development.

2. Materials, methods, and procedures
2.1. Materials

First, the stream of spent Li-ion battery (18650 type) was
discharged and dismantled mechanically to separate the
particular components following the procedure described
previously [21]. Then, the battery powder from spent anode
and cathode was washed several times with distilled water
to remove the electrolyte from the electrodes, filtered to

separate the residue from the solution and dried in 50°C
overnight. Next, the spent battery powder was subjected
to mineralization using the nitric acid HNO, 65% (POCH,
Poland) to determine the initial quantitative and qualitative
composition. For the leaching experiments, battery powder
was used without prior additional chemical and/or thermal
treatment. As a leaching agent, the sulfuric acid H,SO, with
96% analytical grade was used. Additionally, the reducing
agent — hydrogen peroxide H,0, with 30% analytical grade
(STANLAB, Lublin, Poland) was also dosed at the beginning
of the leaching process. In turn, next, the battery waste pow-
der was used as a dopant during the co-precipitation method.
The iron(Ill) chloride hexahydrate FeCl-6H,O (analytical
grade) was purchased from Warchem, Warsaw, Poland, and
iron(ll) chloride tetrahydrate FeCl-4H,0O for UV-Vis stud-
ies was supplied from Acros Organics (Geel, Belgium). The
cobalt(ll) sulfate(VI) heptahydrate CoSO,7H,O with ana-
lytical grade was also purchased from Warchem, Warsaw,
Poland. These salts were used for the synthesis of iron
oxide-based nanoparticles. 25% aqueous ammonia solu-
tion NH,(aq) that was applied to precipitate nanoparticles
from the iron salt-based solution was supplied from POCH,
Poland. The tetracycline C,,H,,N,O, used as a model pollut-
ant was purchased from Sigma-Aldrich, Berlin, Germany.

2.2. Methods

The morphology of obtained nanomaterials was studied
with Scanning Electron Microscope (SEM, Hitachi S-4800,
Japan) and Transmission Electron Microscope (TEM, JEM
1400-Flash, JEOL, Japan). Magnetic properties of nanomate-
rials were studied with a homemade vibrating sample mag-
netometer under the maximum applied field of 15 kOe at
room temperature. Fourier-transform infrared (FTIR) spectra
of samples were recorded by Nicolet iS10 FTIR Spectrometer,
Thermo Scientific (Massachusetts, USA). X-ray diffraction
was obtained by D8 Advance - Bruker AXS Gmbh (Karlsruhe,
Germany), CuKa radiation (A = 1.54056 A) with a step angle
of 0.030°, the scanning rate of 0.04285°/s, and 20 degrees in
the range of 15°-70°. The UV-Vis spectra were measured using
PerkinElmer Lambda 1050+ (Pro-environment, Poland), the
measurements were in a quartz cuvette of the length of the
optical beam 1 cm. The spectra were measured in the range
of wavelength 250-800 nm. As a UV-Vis light, the 280 W mer-
cury quartz lamp PLK-5 (POLAMFP, Warsaw, Poland, emission
spectrum ranging from 180 to 623 nm) with was used.

2.3. Acid leaching of waste battery powder

The first step was based on the acid leaching of the spent
battery waste. Here, the acid leaching was performed in
1.5 M sulfuric acid (96% analytical grade, STANLAB, Lublin,
Poland), as the reducing agents glutaric acid C,H,O, (5%
w/v) and hydrogen peroxide H,0, (30% analytical grade,
STANLAB, Lublin, Poland; 0.9% v/v) based on the acid leach-
ing procedure described by the study of Urbaniska [21], where
also the recovery rate of the particular metals was estimated.
The applied process conditions allowed for the effective
transfer of metals from the electrode powder into polymetal-
lic solutions with a low pH (approx. pH 1). Such solutions
can be used for further selective separation of individual
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metals, but still, in the end, they will require appropriate
neutralization due to the complex chemical composition
and acidic pH. Otherwise, in the event of improper manage-
ment, they constitute very hazardous waste for the soil and
water environment and for living organisms. The obtained
ALS was used in the following step as a source of cobalt ions,
where the acids were completely neutralized during the sub-
sequent co-precipitation technique. Therefore, not only the
cobalt was recovered, but also instead of the acidic product,
the salts were obtained, in particular chlorides and sulfates
that can be easily crystallized and removed from water.

The synthesis of iron-oxide-based nanoparticles as an
effective way of liquid battery waste management was per-
formed as follows. The precipitation was performed in the
100 mL glass beaker, where the 1.08 g of FeCl-6H,0O dis-
solved in 40 mL of distilled Milli-Q water. Then, the solu-
tion was stirred at 600 rpm until the dissolution of the salt,
and the 380 mg of FeCl,-4H,0 was added and continuously
stirred. Subsequently, 1 mL of the ALS was added drop-
wise, and the prepared solution was heated up to 70°C for
5 min. Next, the 25% NH,(aq) solution was added drop-
wise towards precipitation. It was added until pH 10.5 - 11,
and the suspension was intensively stirred at 1000 rpm for
15 min. Afterward, the obtained nanoparticles were collected
at the bottom of the beaker with a magnet and washed with
Milli-Q water several times until the neutral pH. The mass
of the final product was about 460 + 10 mg. Fig. 1 shows the
schematic diagram of the second life of the battery waste
— from harmful battery waste powder to the functional
material. The pink color of the post-acid leaching waste
solution is mainly caused by the presence of the Co*" ions.

BATTERY WASTE
POWDER Polymetallic post-leaching
from spent LIBs waste solution p
- Co doping
aqc'J ‘iﬁ mt * b during SPIONs
leaching = = synthesis

= |

Fe(ll) + Fe(ll) + ALS

H,S0, + H,0,
+ glutaric acid
T=90 °C, t=120 min
s/I=1/10

Magnetic
nanoparticles

3. Results
3.1. Morphology studies

The material obtained with co-precipitation in the pres-
ence of ALS in the bath was investigated with scanning elec-
tron microscopy (SEM) and transmission electron micros-
copy (TEM) to determine its morphology. SEM delivers
general information about the morphology, while the sam-
ples overlap each other due to the drying. Therefore, TEM
was used to determine the shape and size of nanoparticles.
Based on the SEM image presented in Fig. 2a the morphol-
ogy of superparamagnetic iron oxide-based nanoparti-
cles (SPIONs) resembles a grainy structure and spherical
shape similar to the morphology of the iron-oxide-based
nanoparticles presented in the literature [60,61]. The aver-
age diameter of nanoparticles is approximately 15 + 4.80 nm
(Fig. 2b).

3.2. Chemical composition studies

Before synthesizing iron oxide-based nanoparticles, the
ALS was measured with UV-Vis spectrometry to determine
the concentration of cobalt ions in the solution, Fig. 3a.
The set of reference solutions with different Co? content
was measured to determine these ions concentrations in
the ALS bath. The blue curve corresponds to the reference
solution of 0.045 M CoSO, solution. Based on the refer-
ence measurements, the concentration of Co* in the ALS
for synthesizing nanomaterials is approx. 0.05 M. As can
be seen, the spectrum for the ALS used for the synthesis,
before Fe(Il) and Fe(IlI) salts addition, has a similar shape

Magnetic separation

and photodegradation UV-vis studies

(I

, l‘L.i/

with and without
solar light

Fig. 1. Schematic diagram of the acid leaching solution use towards the second life of the battery waste.

Fig. 2. (a) Scanning electron microscopy image and (b) transmission electron microscopy image of the obtained nanoparticles.
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Fig. 3. (a) UV-Vis spectrum of acid leaching solution before and after the synthesis of nanostructures, (b) X-ray diffraction pat-
tern for as-synthesized nanoparticles, and (c) energy-dispersive X-ray spectrum for sample 1, and (d) maps presenting elements

(Fe, Co, O, and C) distribution.

to the curves presented elsewhere, revealing the broad-
band of about 500 nm [62]. Subsequently, the UV spectra
were measured after the synthesis of nanoparticles, where
the obtained material was separated magnetically from
the solution. It is seen that the absorbance of the cobalt
in post-synthesis ALS drastically drops, which confirms
the removal of Co* through its incorporation into the
nanoparticles. Obtained results are in good agreement
with the recorded energy-dispersive X-ray spectroscopy
(EDS) maps. Complementary to the EDS mapping, the
chemical composition was also investigated with the other
techniques. Obtained nanoparticles were characterized
in respect of crystallinity using the X-ray diffraction tech-
nique (XRD). As shown in Fig. 3b the diffractogram of iron
nanoparticles doped with cobalt is seen. The sample mainly
consists of the peaks at 30.22°, 35.57°, 43.25°, 53.54°, 58°, and
62.94° corresponding to the (220), (311), (400), (422), (511),
and (440) planes of a cubic spinel-type structure CoFe,O,
(JCPDS no. 79-1744). Similar results are presented in the
literature [63,64], while these peaks also may correspond
to the inversed spinel-space group Fd-3m of Fe,O, [65].

The crystallite size D was estimated using the Scherrer
formula [66]:

D =2K(p(cos6)) (1)

where the {3 stands for the full width-at-half-maximum
length of the reflection, O is the Bragg angle, A is the X-ray
wavelength, and k is a dimensionless shape factor (0.94).
The calculated size of crystallites is about 16.83 + 1.80 nm.
The result of TEM confirms the size from nanoparticles
obtained to calculate crystallites, which is similar to the
present of literature [67].

Complementary to the XRD analysis, the EDS spectrum
and the maps presenting the elemental composition of the
sample were recorded. The spectrum revealing the peaks for
iron, oxide, carbon, and oxygen, is demonstrated in Fig. 3c.
Following image in Fig. 3d shows the distribution of par-
ticular elements in the sample. As can be seen, the cobalt is
uniformly distributed in the all sample. The carbon mainly
comes from the carbon tape that was used to immobilize
particles for EDS analysis. Therefore, with EDS the deter-
mination of the organic compounds on the particles like
the glutaric acid from the ALS is not possible. Based on
the EDS analysis it can be concluded that the Co-dopant
consist below 0.5% by atomic ratio.
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The following step was FTIR analysis of the obtained
nanoparticles in the wavenumber range from 400 to
4,000 cm™. As can be seen in Fig. 4 the recorded spectrum
reveals several peaks. The first peaks between 500-650 nm
can be ascribed to the vibrations in the metal oxides, includ-
ing Fe-O and Co-O vibrations [68]. The peaks at 560 and
630 cm™ can be identified as the Fe-O vibrations of the
Fe,O, crystal lattice [69,70]. The peak of about 600 cm™ is
broad and looks like an overlapping of two peaks, where
the second peak at 570 cm™ can be ascribed to the Co-O
vibrations in the cobalt(Il, IIT) oxides [71]. This band can
be ascribed to the tetrahedral sites of Co, and the increase
of the wavelength of about 400 can be ascribed to the octa-
hedral sites, respectively [72,73]. It can also be attributed
to the Co-Fe mixed oxide, confirming the Co doping in
the iron oxide structure. The following range of 1,000-
1,800 cm™ reveals peaks that can be ascribed to the organic
compounds that were incorporated into the nanoparticles
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Fig. 4. Fourier-transform infrared spectrum for the obtained
nanoparticles.
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during synthesis from the ALS. The peaks from 1,000 to
1,400 cm™ are characteristic of the C-O vibrations in car-
boxylic acid [69]. The peak of about 1,630 cm™ is typical of
the C=0 bond [69]. The following broad peak between 3,000
and 350 cm™ comes from the O-H groups that also corre-
spond to the presence of carboxylic acid [74]. The presence
of these peaks confirms the incorporation of the organic
acids from ALS in the obtained material.

3.3. Magnetic and optical properties studies

The material obtained with co-precipitation was planned
to be used for the magnetic separation of water pollutants
and/or their photodegradation, so the magnetic proper-
ties were investigated. The measurements were performed
in the range from -10 to 10 kOe. Fig. 5a presents the hys-
teresis curve with a narrow loop (see inset). Based on the
shape of the magnetization curve, it can be concluded that
the obtained nanoparticles have a superparamagnetic char-
acter. The magnetization saturation M_ is about 91 emu/g.
The obtained M, is similar to the values of iron-oxide-based
nanoparticles [75,76]. The obtained results are promising for
using the material in the magnetic separation of the com-
pounds contaminating the water. The image in the curve
presents the as-synthesized material that is collected on a
magnet in distilled water. Then, the optical absorption spec-
tra were recorded with UV-Vis spectrometry, Fig. 5b, where
the optical band gap energy (E ) of the prepared nanoparti-
cles determined the transition of electrons from the valence
band (VB) to the conduction band (CB) was estimated
using the following formula:

ahv=E(hv-E,) @)

where a stands for the absorption coefficient of the mate-
rial, K is the frequency-independent material constant,
and exponent n depends on the nature of transition in the
semiconductor, that is, = % for allowed direct transition [77].

(b)
25 =
1.0
20+ g os
S~ {fos
N g .
g 1542 04
3 0.2
“-104 oo
> 300 400 500 600 700 800
L Wavelength (nm)
B,
54
0 T T T T T T
00 05 10 415 20 25 30 35 40
hv (eV)

Fig. 5. (a) Magnetization curve of the obtained nanoparticles and (b) Tauc plot, where the inset shows the UV-Vis spectrum of

nanoparticles’ suspension in water.
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Based on the spectrum, the Tauc plot was prepared
(presented in the inset of Fig. 5b). Literature shows that the
values for undoped Fe,O, can vary depending on the size
of nanoparticles from 11-40 nm [74,78]. The optical band
gap value calculated in this work is about 1.6 eV, which
is lower than the literature. At the same time, literature
refers to the band gap for co-doped iron oxide as about
1.33-1.46 eV [79,80].

3.4. DFT studies

The DFT was applied to explore the spectral and elec-
tronic properties of tetracycline, in particular, the highest
occupied molecular orbital (HOMO), lowest unoccupied
molecular orbital (LUMO), molecular electrostatic potential
(MEP), and natural bond orbital analysis (NBO) as well as
molecule optimization. The dipole moment of tetracycline
is 7.8549, while its total energy is —1,563.51 a.u. As can be
seen in Fig. 6a the total electron density of TC indicates the
electrophilic attract places. Fig. 6b and ¢ shows the HOMO
and LUMO of TC, respectively. Based on the presented
images it is seen, where TC undergoes the adsorption.

Complementary, the molecular electrostatic potential
was calculated using the following equation [81]:

s Zi _pe(r)dr
V(r)_ZA:|RA—r|_I —r| ®)

i

where Z, is a charge on nucleus A in the distance R,, p(r)
denotes electronic density at the point r.

The MEP obtained enables the visualization of both,
the charge distributions of tetracycline molecules and
charge-related properties of tetracycline molecules. The
MEP illustrates the electrophilic and nucleophilic attack
reactivity, and negative (red color) and positive (blue color)
regions, respectively. The negative regions are concentrated
around H atoms, while the positive regions are concen-
trated around the 0 atoms with a double bond. The neu-
tral region of the map is denoted by green color. In Fig. 6a
the MEP surface of tetracycline was presented. The atom’s
color were marked according to the charges in the Mulliken
type.

The frontier molecular orbitals (FMOs) of tetracycline
are also considered. In Fig. 6b and c, the highest occupied
molecular and lowest unoccupied molecular orbital are pre-
sented. It turned out that the HOMO with orbital number
117 has a value of —0.2303 eV, while the LUMO with orbital
number 118 has a value of —0.0344 eV. Having these two
molecular orbitals one can calculate the energy gap, namely
the HOMO-LUMO gap, which is considered an important
stability index [82]. In turn, in the case of low energy HOMO
nucleophiles are named hard nucleophiles [83], while the
larger the energy gap, the harder molecule, which is con-
nected with the stability of the molecule. In the case of tet-
racycline, the energy gap is quite low, that is, it is equal to
0.2647.

The electrostatic potential contour map for positive
and negative potentials is shown in Fig. 7. The atom’s color
were marked according to the charges in the Mulliken
type, similar to the molecular electrostatic potential.

To estimate the extent of internal charge transfers the
NBO analysis was conducted. The natural Lewis struc-
ture description is 98.257% of the total electron density.
Non-Lewis valance electrons are 1.753%, while non-Lewis
Rydberg electrons are about 0.172% (the percent of the total
non-Lewis electron is 1.580%). The selected second-order

(@)

(b)

99

Fig. 6. (a) Total electron density isosurface is mapped with the
molecular electrostatic potential of tetracycline, (b) the highest
occupied molecular orbital of tetracycline, and (c) the lowest
unoccupied molecular orbital of tetracycline.
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Fig. 7. Electrostatic potential contour of tetracycline.

perturbative estimates of donor-acceptor interactions are
shown in Table 1. For each donor (i) and acceptor (j), the sta-
bilization energy E(2) is estimated with following formula:

. \2
E(2)=AE, :qim )
e —e
where F(i,j) denotes diagonal Fock matrix elements with
the diagonal elements ¢, and ¢, and g, is donor orbital
occupancy. As the value of stabilization energy E(2)
increases, the intensity of the reaction between electron
donors and electron acceptors increases, that is, propen-
sity to donate electrons from electron donors to electron
acceptors increases. The stabilization energy is propor-
tional to the frequency of the hyperconjugation relations
between electron donors and acceptors. The strongest
interaction is for orbital NBO 74 localized on O, with the
adjacent RY*(H,,) bonds.

All numerical calculations have been prepared with
Gaussian 09 software, and next, visualize with GaussView
5.0 [84]. The structure of the considered molecule was opti-
mized using DFT with the commonly used exchange-correla-
tion functional Becke-3-parameter-Lee—Yang—Parr (B3LYP)
with the basis set with the default convergence criteria, with-
out any constraint on the geometry, that is, with 6-23G**(d, p)
[85-87]. The water was assumed as a solvent during
numerical computations.

3.5. Photodegradation studies

Obtained nanoparticles were subsequently used as a
photocatalyst degrading the tetracycline, one of the most
common antibiotic-based aqueous pollutants [88]. Eq. (5)
was used to calculate photodegradation efficiency.

%H = @ x100% )

0

where: %H - photodegradation efficiency (%), C, — initial
concentration of TC (here, 40 ppm), C — concentration of
TC after a period of time ¢ (ppm).

As can be seen in Fig. 8a, the absorbance of the 40 ppm
TC solution decreases over time, where the 20 mL of TC
solution was exposed on the 20 mg of magnetic particles
were used. Complementary to the studies after the UV-Vis
light exposition, the experiments without the light were
performed. The measurements were performed at neutral
pH. Therefore, the %H increasing in time shown in Fig. 8b
refers to photodegradation. Use photocatalytic degradation
to remove approx. 84.42% TC from the solution for 90 min,
which corresponds to the C, is about 6.23 + 0.71 ppm from
the initial 40 ppm of pollutant. That is much higher com-
paring to TC degradation itself [89]. Based on the experi-
mental results obtained for the TC degradation with the iron
oxide nanoparticles doped with cobalt, the effectiveness is
similar to the results presented in the literature showing the
promising properties of prepared material in the environ-
mental studies [89-91]. Additionally, pH,,. was measured
in 0.05 M and 0.1 M KNO, in different pH, where the ini-
tial pH ranged 4-12. The pH lower than 4 causes dissolu-
tion of nanoparticles, while in alkalic media over pH 12
the hydroxides form on the surface and particles can also
dissolve. Therefore, more acidic and more alkalic condi-
tions were not considered in measurement. Fig. 8c shows
similar values in both solutions indicating the value of
pH,,. ~7.2-7.6. Obtained values are similar to the results
presented in the literature, where the pH,,. is about 6.9
for y-Fe, O, [92], ~7 for Fe,O, [93], and ~7 for Fe,O, [89], 7-9
for ferrihydrates [54]. Then, the degradation of tetracycline
was performed in pH 6-9 for 90 min. The results show the
highest effectiveness of the process is in the pH 6-8 and the
drop of about 30% is observed in pH 9. In pH 6 TC occurs in
TCH, zwitterionic form and with the increase of pH it turns
mono TCH- and double TC* forms [94]. At alkali pH the
surface of obtained particles is negatively charged and the
drop of effectiveness is observed. It can be caused by elec-
trostatic repulsion between negatively charged molecules
of TC and the negatively charged surface of particles.

3.5.1. Photodegradation kinetics

The kinetic study of photodegradation molecules is very
useful in predicting the removal rate and modelling this pro-
cess. In this work tetracycline, photoassisted degradation
by Fe,O,@Co used linear models, first-order kinetic model,
and second-order kinetics model which were described
in Egs. (6) and (7) [95]:

h{go] =kt 6)

t
1€ =(k,C2) " +C;' )

where C, is the initial concentration of TC (ppm), C, - con-
centration of tetracycline in time (ppm), ¢ - time (min), k, is
a photodegradation pseudo-first-rate constants (min™), k,
stands for photodegradation pseudo-second-rate constant
(g/min'mg).

The experimental results are presented in Fig. 9 show-
ing the linearity only for the In(C/C) in the function of
time. The coefficient f for the pseudo-first-order is equal to
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Stabilization energies (E(2), in kcal/mol, Eq. (4)) between the selected orbitals obtained with the application of second-order

perturbation theory analysis of Fock matrix elements in NBO analysis

Donor NBO (i) Acceptor NBO (j) EQ) E()-E(i) F(i,j)
kcal/mol a.u. a.u.
BD( 1)O 1-C 14 RY*( 1)C 14 0.67 1.77 0.031
BD( 1)O 1-H 41 RY*( 1)C 14 2.03 1.66 0.052
BD( 1)O 2-C 16 RY*( 1)C 16 0.60 1.79 0.029
BD( 1)O 2-H 42 BD*( 1)C 16-C 20 3.56 1.10 0.056
BD( 1)O 3-C 18 RY*( 1)C 18 1.97 1.83 0.054
BD( 2)O 3-C 18 BD*( 1)O 4-H 50 1.37 0.80 0.030
BD( 1)O 4-C 19 BD*( 1)C 11-C 14 1.18 1.26 0.035
BD( 1)O 4-H 50 BD*( 1)C 19-C 23 4.38 1.42 0.071
BD( 1)O 5-C 22 BD*( 1)C 12-C 17 2.77 1.32 0.054
BD( 1)O 5-H 51 RY*( 1)C 22 1.96 1.66 0.051
BD( 1)O 6-C 21 BD*( 1)C 11-C 15 0.66 143 0.028
BD( 2)O 6-C 21 BD*( 1)N 9-C 15 3.00 0.71 0.041
BD( 1)O 7-C 29 BD*( 1)C 31-C 32 157 1.51 0.044
BD( 1)O 7-H 56 RY*( 1)C 29 1.97 1.65 0.051
BD( 1)O 8-C 30 BD* 1)N 10-H 54 1.21 1.47 0.038
BD( 2)O 8-C 30 BD*( 1)C 19-C 23 0.85 1.01 0.026
BD( )N 9-C 15 RY*( 3)C 27 0.57 1.30 0.025
BD( 1)N 9-C 15 RY*( 1)C 28 0.75 1.51 0.030
BD( 1)N 9-C 27 RY*( 2)C 28 0.54 1.57 0.026
BD( 1)N 9-C 28 RY*( 1)C 27 0.71 1.46 0.029
BD( 1)N 10-C 30 BD*( 1)O 8-C 30 0.73 1.37 0.028
BD( 1)N 10-H 54 RY*( 2)C 30 2.64 1.40 0.054
BD( 1)N 10-H 55 RY*( 1)C 30 1.03 1.31 0.033
BD( 1)C 11-C 13 RY*( 1)C 14 0.70 1.52 0.029
BD( 1)C 11-C 14 RY*( 2)O 1 0.84 1.87 0.036
BD( 1)C 11-C 15 RY*( 4)C 21 0.54 1.62 0.027
BD( 1)C 11-C 15 BD* 1)O 6-C 21 2.40 1.16 0.047
BD( 1)C 11-H 33 BD* 1)O 1-C 14 0.94 0.75 0.024
BD( 1)C 11-H 33 BD* 1)C 11-C 15 0.86 0.87 0.024
BD( 1)C 12-C 13 BD*( 1)C 13-H 35 0.85 1.04 0.027
BD( 1)C 12-C 16 RY*( 3)C 17 0.62 1.51 0.028
BD( 1)C 12-C 17 BD*( 1)O 2-C 16 1.95 0.88 0.037
BD( 1)C 12-C 17 BD*( 1)O 3-C 18 1.97 1.13 0.042
BD( 1)C 12-H 34 RY*( 1)C 17 0.54 143 0.025
BD( 1)C 13-H 35 BD*( 1)C 12-C 17 2.76 0.91 0.045
BD( 1)C 13-H 36 RY*( 1)C 12 0.74 1.54 0.030
BD( 1)C 14-C 18 BD*( 1)C 11-C 14 1.51 0.99 0.035
BD( 1)C 14-C 19 RY*( 3)C 23 1.20 1.51 0.038
BD( 1)C 14-C 19 BD*( 2)O 3-C 18 3.56 0.65 0.044
BD( 1)C 14-C 19 BD* 1)C 11-C 14 1.57 1.00 0.035
BD( 1)C 15-C 21 RY*( 1)N 9 0.58 1.59 0.027
CR( 1H)O 1 RY*( 1)C 14 2.61 19.88 0.204
CR( 1)O 2 RY*( 1)C 16 2.49 19.89 0.199
CR( 1)O 3 BD*( 1)C 14-C 18 0.64 19.23 0.101
CR( 1)O 4 RY*( 1)C 19 2.62 19.87 0.204
CR( 1)O 5 RY*( 2)C 22 0.94 19.87 0.122
CR( 1)O 6 BD*( 1)C 21-C 23 0.52 19.28 0.091
CR( 1)O 7 RY*( 1)C 29 2.27 19.87 0.190

Table 1 (Continued)
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Table 1
Donor NBO (i) Acceptor NBO (j) EQ) EG)-E(i) F(i,j)
kcal/mol a.u. a.u.

CR( 1)O 8 RY*( 1) C 30 7.20 19.49 0.336
CR( )N 9 RY*( 3)C 28 1.23 14.75 0.120
CR( 1)N 10 RY*( 1)H 55 0.67 14.76 0.089
CR( HC11 RY*( 2)C 13 1.00 10.83 0.093
CR( I)C 12 BD*( 1)C 17-C 22 0.79 10.69 0.083
CR( H)C 13 RY*( 1)C 11 0.78 11.04 0.083
CR( 1)C 32 BD*( 1)C 26-C 31 0.64 10.63 0.074
CR( 1)C 32 BD*( 1)C 31-H 52 0.59 10.52 0.071
LP( 1)O 1 RY*( 1)C 14 3.76 1.51 0.068
LP( 2)O 1 BD*( 1)C 17-C 18 0.73 0.73 0.021
LP( 1)O 2 BD*( 1)C 16-C 25 1.68 0.92 0.035
LP( 2)O 2 BD*( 1)C 11-C 13 0.50 0.64 0.016
LP( 1)O 3 RY*( 1)C 18 15.93 1.43 0.135
LP( 2)O 3 BD*( 1)C 17-C 18 17.23 0.72 0.101
LP( 1)O 4 RY*( 1)C 19 3.46 1.46 0.064
LP( 1)O 5 RY*( 1)C 22 3.19 1.46 0.061
LP( 2)O 5 BD*( 2)C 17-C 22 31.94 0.36 0.098
LP( 1)O 6 RY*( 1)C 21 15.72 1.42 0.134
LP( 2)O 6 BD*( 1)C 21-C 23 20.57 0.68 0.106
LP( 1)O 7 RY*( 1)C 29 3.26 1.46 0.062
LP( 2)O 7 BD*( 2)C 24-C 29 31.90 0.32 0.099
LP( 1)O 8 RY*( 1)C 30 15.32 131 0.127
BD*( 2)O 3-C 18 RY*( 2)O 3 0.56 1.20 0.088
BD*( 2)O 6-C 21 BD* 1)N 9-C 15 1.10 0.35 0.059
BD*( 2)O 8-C 30 RY*( 2)O 8 1.33 1.03 0.090
BD*( 2)C 17-C 22 RY*( 1)C 17 0.59 0.88 0.058

0.9902, while for the pseudo-second-order non-linear trend
is observed and fis 0.8929. Compared to the factors obtained
in the data the photodegradation of TC could be described
as pseudo-first-order. The result is similar to the kinetics
presented in the literature [96]. Table 2 compares different
materials proposed to photo-assisted degradation of TC,
whereas variables such as effectiveness, time, the dose of
adsorbent attitude to volume, and kinetic orders.

Based on the experimental results obtained in this
work the photodegradation undergoes the pseudo-first-
order kinetics which is in a good agreement with the data
presented in the literature for iron-oxide based nanoma-
terials and the other semiconducting nanostructures. The
contact time about 90 min leads to the effective treatment
reaching 84.42% effectiveness.

3.5.2. Reusability studies, operation in H,O

,0,, and proposed
mechanism of photodegradation

As the economical aspect of nanomaterials application
is an important issue, the reusability of particles was stud-
ies as follows. After the first cycle, nanoparticles were sep-
arated with magnet from the TC post-treated solution and
placed in the separate beaker, where they were sonicated
for 5 min in distilled water, then for 5 min in methanol, and

continuously in distilled water also for 5 min. Then, fresh
TC was prepared and the TC concentration was adjusted to
the initial value and exposed on the nanoparticles for 90 min
under the UV-Vis irradiation. The photocatalyst was stud-
ied for five cycles of operation in pH 7. After the treatment
photocatalyst was centrifuged and collected from the reac-
tion mixture. Fig. 10a shows that the performance efficiency
was not reduced significantly. It is important to highlight
that the Co was not released from the nanoparticles.

Following studies were performed in different experi-
mental conditions, in particular in presence of 3% solution of
H,0,, 0.01 M H;SO,, and 0.01 M HNO, to compare the effec-
tiveness of TC degradation in neutral pH. Measurements
were performed for the same dosage of adsorbent like
described above. Despite the application of strong acids,
the degradation of TC under UV-Vis irradiation is relatively
low comparing to the operation in water. This effect can be
caused by the surface degradation of nanoparticles in the
acidic media, especially when it comes to solutions with
pH lower than 4. Likewise expected, the highest effective-
ness of about ~92.2% was recorded for H,O, solution. Such
effect is caused by the generation of radicals that have an
oxidative properties and high reactivity [105,106].

Next, the flab band potential was determined using
Mott-Schottky analysis using electrochemical impedance
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Fig. 8. (a) UV-Vis spectra of 40 ppm tetracycline before and after treatment of magnetic nanoparticles, (b) H% after the treatment,

and (c) pHlDZC of obtained material.
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Fig. 9. (a) Linear fitting of the experimental results on the (initial concentration 40 ppm) tetracycline removal to the

pseudo-first-order model and (b) pseudo-second-order model.

spectroscopy (EIS) at 100 kHz. Measurements were per-
formed in three electrode system using glassy carbon elec-
trode 3 mm diameter (0.72 cm?) vs. reference electrode
AglAgClIKCI (saturated), and Pt wire as a counter electrode

in 0.1 M KCI using BioLogic electrochemical setup. The
flat band potential extrapolated from the curve is -0.18 V
(—4.36 eV) vs. SHE. Based on the Tauc plot where the band
gap energy was about 1.6 eV the edge of the valence band
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Table 2

Photodegradation effectiveness of tetracycline
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Adsorbent H%, contact time C, of tetracycline, mass of References
adsorbent (m_, ), adsorption kinetics
TiO,, 5P-TiO,, 12.5P-TiO,, and 20P-TiO,  H% = 58.02%, 85.50%, 99.16%, C,=29.93 ppm, m_, =1g/L, [97]
85.49% and 85.52%, t = 40.39 min quasi-first-order kinetics
Sr, sFe, .0, H% = 85%, t = 60 min C,=20 mg/L, m_, =30 pug/mL, [98]
V=1L, pseudo-first-order kinetics
CdS nanoparticles H% = 80%, t = 60 min C,=83 uM, m_, =10 mg/40 mL, [99]
first-order kinetics
10%-NiFe,O,/g-C,N, H% =94.5%, t =80 min Data [100]
CeO,/CBOC H% =79.50%, t =90 min CD =20 mg/L, m,, =35mg, [101]
pseudo-first-order kinetics
Ce (4 mol%)-CuO H% =83%, t =30 min, with H,0O,; C,=10 mg/L, m_, =10 mg/50 mL, [102]
H% =25%, t =30 min, without H,O, pseudo-second-order kinetics
Fe,O, H% =40%, t = 60 min C,=83 uM, m_, =10 mg/10 mL [103]
Zn0O and ZnO/y-Fe,O, composite H% = 68.28% and 88.52% t =210 min C,=30 ppm, m_, =15 mg/20 mL, [104]
first-order kinetics
Fe,O,-doped with Co from acid H% = 84.42%, t = 90 min C,=40 ppm, m_, =10 mg/10 mL, This work
leaching solution pseudo-first-order kinetic order
100 100
@® (b) b .
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X 2 I
I I
40 - 40 J
20+ 20 1 =
H,S0,| | HNO, H,0, H,0
0 - - v T : 0
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Fig. 10. (a) H% change with five cycles of operation and (b) in various conditions, in particular H,SO,, HNO,, and H,0,.
can be estimated around -5.96 eV. Positive slope of the - "
obtained Mott-Schottky plot suggests n-type psemicon- Co-doped Fe,0, +hv = ecy +hy, @
ductor, Fig. 11. Comparing to the energy diagram for bare
iron oxide-based nanoparticles [54], the position of CB and 4hyy +H,0 >0, +4H" (1D
VB for obtained co-doped nanoparticles is a bit lower in
eV scale [107,108]. h{; +OH_,, — OH; (111)
Formation of H,0, through the excitations of electrons
from valence band (VB) to conduction band (CB) can trig- 2e, +2H"+0, - H,0, (V)
ger photo-Fenton reaction [109,110]. The proposed mecha-
nism of TC degradation can undergo two pathways. First, e, +H,0, > OH +OH_, V)

holes and electrons are generated in the co-doped parti-
cles (1) and then, holes react in the valence band with the
particular molecules (2) and (3), where the most proba-
ble for the oxidation of adsorbed OH- ions with holes (3).
Electrons in conduction band also react within reactions
(4) and (5) [111,112].

Besides reactions (2)-(5) the reduction of Fe* ions (6)
and oxidation of Fe* ions in the co-doped iron oxide can

appear (7):

e, +Fe’” — Fe™ (VI)
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h{, +Fe* —Fe’ (VII)
Due to the high reactivity of radicals, they can lead to
the degradation of TC (8).

TC +OH" — intermediate molecules - CO, + H,O  (VIII)

Second mechanism is related directly with the H,O,
formation, where the reactive molecules though oxidation/
reduction of iron ions occur, in particular Fenton (9) and
photo-Fenton (10) reactions [113,114].

Fe** +H,0, - Fe’" + OH + OH" (IX)

Fe’* +H,0, + OH™ — Fe** + HOO" + H,0 X)

Based on the band structure of iron oxide type of
nanoparticles and the Tauc plot and Mott-Schottky plot the

Fig. 11. Mott-Schottky plot for obtained nanoparticles.
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proposed mechanism is drawn in Fig. 12. Obtained results
are similar to the literature [115], where generated carriers
play a crucial role in the TC degradation.

4. Discussion

Spent lithium-ion batteries are the source of many valu-
able metals, which achieve even higher metal content than
their natural counterparts [116]. The recovery of raw mate-
rials from waste batteries has not only an economic basis
related to the running out of natural resources but also an
ecological basis related to environmental pollution and
a negative impact on human health [117]. The most eco-
nomically efficient is recycling the LiBs cathodes [33]. The
leaching process plays a crucial role in hydrometallurgi-
cal recycling. Inorganic acids are efficient and fast-acting,
while characterized by poor selectivity, which translates into
leaching metallic impurities into the leaching solution [118].
The commonly used inorganic acids are hydrochloric acid
(HCI), phosphoric acid (H,PO,), sulfuric acid (H,SO,), and
nitric acid (HNO,) [116]. The organic acids enable selective
separation of impurities, while they entail high economic
costs in the case of large-scale recycling processes. In turn,
the alkaline leaching provides the ammonia selectivity and
retrievability characteristic [119]. By adding reducing agents,
for example, hydrogen peroxide (H,O,), the optimization
of the metals recovery is possible [120], while ascorbic acid
may contribute to more efficient cobalt recovery due to the
fact that enables the conversion of Co(III) to Co(II) [23]. The
inorganic acids are characterized by strong acidity and may
produce a large amount of poisonous and acidic waste gas,
for example, Cl,, NO_, SO, [121]. Thus, acid/alkaline leaching
is effective but requires the disposal of costly waste, which
contributes to the total cost recovery of the entire process.
As one of the examples of supporting the leaching process
in the interests of the environment and human health, pre-
liminary research on the use of ultrasound [122], micro-
waves [123,124], or selective leaching [125] is being carried
out. Future directions of LiBs recycling development should
include the development of green solvents that will replace
traditional acid/base leaching solutions as well as the scaling

. 8
:::

B °
TC intermediates j
&

CO, +H,0

Fig. 12. Scheme of energetic diagram of obtained nanoparticles and mechanism on photocatalytic degradation of tetracycline.
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up of the process. Another interesting solution to increase
the efficiency of LiBs recycling is connected with the appli-
cation of artificial intelligence (AI) [126]. Ruhatiya et al.
[127] neural networks were used to optimize the bioleaching
process to provide maximal metal recovery.

Magnetic particles are considered an efficient tool for the
remediation of wastewater [128,129]. The main issues con-
nected with the application of magnetic particles in environ-
mental studies are their stability and reusability, which are
associated with the type of admixture [130]. Das et al. [42]
polydopamine was applied to improve the stability of mag-
netic nanoparticles Fe,O,@PDA-ZIF-8. Also, other properties
of magnetic nanoparticles depend on the components from
which they were obtained. The magnetic banana leaf sheath
carbon-Fresh is characterized by higher magnetics satura-
tion and higher pseudo-first-order rate in comparison to the
magnetic banana leaf sheath carbon-dry [131]. Another fac-
tor, which influences the removal or degradation efficiency
is pH, while the surface charges vary at different pH [132].
Zhang et al. [133] was shown that magnetic nanoparticles
doped with polydopamine polymer are able to effectively
remove heavy metal ions and organic dyes, namely, meth-
ylene blue and tartrazine, from water. The experimental
research by the study of Chen et al. [134] indicated that iron
oxide-based magnetic particles demonstrated very rapid
absorption of the Cr(IV) and Ni(II), while the Ni(II) removal
is more efficient in the acidic range. The removal efficiency
of both heavy metal ions increases with increasing process
temperature. The iron oxide-based sulfonated magnetic
nanoparticles were also successfully applied to remove
cadmium and lead ions from water [51]. In turn, magnetic
SnO, nanoparticles were used for the photodegradation of
indigo carmine dye under a UV-Vis lamp [135].

The growing necessity to purify water from various
harmful substances forces the need to improve the exist-
ing methods [136]. Preliminary laboratory tests presented
above confirm that magnetic particles can effectively remove
or degrade various types of harmful substances, including
pharmaceutical-origin chemical compounds, heavy metal
ions, and dyes. In this paper, we concentrate on counter-
acting the effects of the release of antibiotics into aquatic
environments, in particular, eco-toxic tetracycline, which
is released into the water and causes the rapid develop-
ment of bacterial resistance. The polydopamine increases
tetracycline adsorption capacity in the case of Fe,O,@PDA-
ZIF-8 [42]. Karimi and Namazi [136] for the absorption of
the tetracycline and amoxicillin the Fe,O,@maltose-func-
tionalized triazine dendrimer in alginate (Alg/Fe,O,@C@
TD) was proposed. The nanocomposite based on microbial
cellulose (MC@nano-) can absorb 48.0% of tetracycline, that
is, 50 mg of tetracycline after 120 min, by extending the
time to 180 min efficiency increased to approx. 97.0% [137].
However, the extension of the process duration entails an
increase in economic costs. Thus, the iron oxide nanopar-
ticles doped with active carbon enable tetracycline deg-
radation [138]. The CuCoFe,O,@Chitosan (Ch) adsorbent
provides tetracycline removal with an efficiency of 82.16%
after four adsorption—desorption cycles [139]. Zhu et al.
[140] the magnetic nanoparticles of doped biochar were
applied to the degradation of tetracycline with the effi-
ciency of 99.0% after 24 min. Similar efficiency is ensured

by S-ZnFe,O, [141]. Kumar et al. [142] it was suggested that
including electron donors provide an increase in H,O, pro-
duction and tetracycline degradation rates in the case of
Ag/s-(Co,0,/NiFe,0,).

In Table 1, the photodegradation effectiveness of tetra-
cycline in the case of various magnetic nanoparticle-based
materials taking into account contact time, the mass of adsor-
bent, and adsorption kinetics were made. It turned out that
the results presented in our work are promising, offering the
fast and effective treatment of TC maintaining the magnetic
separation of the material from the solution. The superpara-
magnetic iron oxide (Fe,O,) nanoparticles were produced
based on battery waste and applied to the degradation of
the tetracycline. It turned out that the optimal tetracycline
effectiveness was approx. 84.42% with 90 min of process
duration, and 40 ppm of initial TC concentration. The results
obtained suggest that the application of battery waste-de-
rived superparamagnetic iron oxide (Fe,O,) nanoparti-
cles can be considered a low-cost and environmentally
friendly solution for removal of the antibiotic contaminants,
in particular, tetracycline in water treatment processes.

5. Conclusions

This work presents the application of the acid-leaching
solution to dope magnetic nanoparticles with cobalt. The
ALS was used as a source of Co(Il) ions during wet co-pre-
cipitation synthesis of the superparamagnetic iron oxide
nanoparticles. The UV-Vis spectrometry confirmed the
removal of Co* ions from the solution after synthesis. The
nanostructural particles are sized approx. 15.0 + 4.80 nm in
diameter and the band gap of about 1.6 eV reveal the super-
paramagnetic particles with the M_approx. 91 emu/g offer-
ing fast, simple, and cost-effective treatment of aqueous
contaminants. UV-Vis spectra of the ALS bath before and
after the use confirm the removal of Co?* ions from the bath
after synthesizing SPIONs. EDS mapping revealed the uni-
form distribution of Co in the whole sample, and the XRD
shows the spinel structure that can be ascribed to the iron
oxide-based material. The flat band potential of about -0.18 V
vs. SHE was estimated using Mott-Schottky plot. The posi-
tion of the edges of conduction band and valence band are
in the range where the formation of radicals under the irra-
diation appears improving the effectiveness of the TC deg-
radation. The TC elimination efficiency was approximately
84.42% for neutral pH without additional compounds, while
the effectiveness is reduced under the application of strong
oxidative acids like H,SO, and HNO,. Application of H,0,
improves the TC degradation for the generation of reactive
radicals in the solution during irradiation. To sum up, we
demonstrated effective, simple, and economical removal of
Co from ALS as an effective way to deal with secondary bat-
tery waste though the formation of functional nanoparticles
occurring photocatalytic properties. Proposed material has
a potential in environmental studies in the broad pH range
from 4 to 10 and it offers facile surface recovery and reuse.

Symbols
D — Crystallite size, nm
B — Full width-at-half-maximum length of the

reflection
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0 — Bragg angle, °

A — X-ray wavelength, nm

k — Dimensionless shape factor

E, — Optical band gap energy, eV

VB — Valence band, eV

CB — Conduction band, eV

o — Absorption coefficient of the material

K — Frequency-independent material constant

V(r) — Molecular electrostatic potential

ZA — Charge on nucleus A in the distance RA

r(r') — Electronic density at the point r

E@2) — Stabilization energy, kcal/mol

@) — Donor

Q) — Acceptor

F(i)j) — Diagonal Fock matrix elements with the

diagonal elements ¢, and e, au.

q, — Donor orbital occupancy

%H — Photodegradation efficiency

C, — Initial concentration of TC, ppm

C — Concentration of TC after a period of time

t, ppm

M, — Saturation magnetization, emu/g

t — Time, min

TC — Tetracycline

k, — Photodegradation pseudo-first-rate con-

stants, min™

k, — Photodegradation pseudo-second-rate

constant, g/min-mg

SHE — Saturated hydrogen electrode
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