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Different methods are used to remove toxic dyes and synthetic substances from wastewater, such as adsorption, decomposition,
photocatalysis, precipitation, coagulation, filtration, etc. Among the known removal methods, adsorption combined with the method
of magnetic separation is promising due to its ease of operation, high efficiency and low cost.

A literary review on the synthesis of ferrite spinels and the study of their photocatalytic and sorption properties is presented.
It has been established that in recent years, to further enhance the adsorption capacity of ferrite adsorbents in relation to chemical
pollutants, research has mainly focused on the following two points: synthesis of ferrite nanomaterials different in morphology to
increase the specific surface area, such as nanospheres, nanowires and nanostructures; synthesis of surface-modified ferrite composites,
such as polymer-coated ferrite nanocomposites.

The influence of the ratio of ferrite: carbon carrier on the photocatalytic and sorption properties of the formed composites has been
analyzed from the considered works. It is revealed that the chemical composition of ferrite spinel largely determines their ability to
sorption of heavy metals, in particular of dime and synthetic dyes (methylene blue), due to the high value of their specific surface area,
economy, high removal efficiency and the unique advantage of easy separation. magnetic field. The adsorption efficiency of ferrite
spinels and alkaline-activated paligorskite was compared on the example of a methyl blue dye.

The effect of pH of the investigated solutions on the adsorption capacity of magnetic nanocomposites in relation to copper ions,
as well as the dependence of the adsorption of methylene blue on the duration of contact with magnetic composites Fe,O,@C was
analyzed. It is established that the efficiency of adsorption by magnetic composites increases with increasing pH of adsorbate solutions
in all studied cases. It has been found that magnetic adsorbents have indisputable advantages over traditional ones not only due to
their high adsorption capacity, but also due to the possibility of their separation from the purified solutions by the method of magnetic
separation. Key words: composite, nanoparticles, sorption, ferrite, photocatalysis, spinel.
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Jns BUganeHHs TOKCHYHAX OapBHUKIB 1 CHHTETHYHUX PEUOBHH 31 CTIYHUX BOJ 3aCTOCOBYIOTHCS Pi3HI METOAH, TaKi SIK aJICOPOILIis,
po3kianaHHs, HOTOKATANi3, OCADKEHHS, Koarymswis, ¢inprpamis. Bitomum MeTonoM BHOaneHHs € afcopOLis, MOoeIHaHa 3 METOAOM
MarHiTHOTO po3zijeHHs. BoHa € epCcreKTHBHOIO 3aBISIKM MPOCTOTI 11 eKcIuTyaTallii, BUCOKiil e()eKTHBHOCTI i HU3bKiil BApTOCTI.

[IpencraBieHo JiTepaTypHU OIS, IPUCBSUCHUH CHHTE3Y (DePUTHHX LIITiHETIeH 1 JOCIiKEHHIO iX (oToKaTaliTHIHUX 1 COpOLili-
HUX BJIACTHBOCTECH. BCTaHOBIEHO, IO OCTaHHIMH POKAaMH JUIS TIOJAITBIIOTO ITiABUIIEHHS acOPOLiiHOl 31aTHOCTI (hEepUTHHX ancop-
OCHTIB L[0/10 XIMIYHKX 3a0pyIHIOBAYIB JOCIIKEHHS 31e0UIBIIOr0 30Cepe/KEHI Ha ABOX TAKMX MOMEHTaX: CHHTE3 Pi3HHX 3a MOP(O-
noriero GpepuUTHUX HaHOMaTepiatiB I 30UIBIICHHS MUTOMOI MOBEpXHI (HaHOC(EpH, HAHOIIPOBOJIOKU, HAHOCTEPIKHI 1 HAHOJIMCTH);
CHHTE3 MOIM(IKOBAaHNX Ha ITOBEPXHI (PEPUTHIX KOMITO3HTIB, TAKUX SIK HAHOKOMITO3UTH 3 TTOJIMEPHHUM ITOKPUTTSAM (EpHTY.

[IpoanaizoBaHo BIUIMB CHiBBiIHOUIEHHS (pepHUT-BYIIIEIEBOTO HOCIS Ha (POTOKATAIITHYHI Ta COPOLIHHI BIACTHBOCTI YTBOPIOBa-
HUX KOMITO3UTiB. BusiBieHO, 110 XiMiuHHH CKiaja GepuToBUX mIimiHeaeH 34e01IbIIoro BU3Ha4ae IXHIO 3[aTHICTh 10 COPOLl BAXKKHX
MeTaliB, 30KpeMa HOHIB KyIpyMy Ta CHHTETHYHHX OapBHUKIB (METHUIICHOBHIT CHHIH), 3aBISIKM BUCOKOMY 3HaUY€HHIO TUTOMOT IIOIII 1X
MIOBEPXHi, EKOHOMIYHOCTI, BUCOKIH €()eKTHBHOCTI BUIAJIECHHS 1 yHIKaJIbHIl IIepeBasi Jerkoro po3miIeHHs i/ BIUIMBOM 30BHIIIHBEOTO
MarHiTHOTO TOJIs.

IIpoBexeHo NOPiBHIHHS aacOPOLiiiHOI eheKTHBHOCTI (PEepUTOBUX LIMiHECH Ta JTy)KHO-aKTUBOBAHOI'O MAIUTOPCHKITY Ha MPUKIai
HOJIIOTaHTa — GapBHUKA METHICHOBOIO cuHbOro0. [IpoananizoBano BiutuB pH nocmimkyBaHUX PO3YHHIB Ha acOpOLiHy €EMHICTh Mar-
HITHUX HaHOKOMIIO3UTIB IO BiTHOIIEHHIO [0 HOHIB KYIPyMY, a TAKOXX 3QJICKHICT ancopOLii METHIICHOBOIO CHHBOTO BiJl TPHBAJIOCTI
KOHTaKTy 3 MarHiTHUMH Kommo3utamu Fe,0,@C. BeranoBneHno, mo edexkTuBHICTh aacopOIii MarHITHUMH KOMIO3UTAaMH 3POCTAE
npu 36inbmeHHi pH po34yuHIB agcopOaTiB B yciX JOCITIPKEHUX BUIAIKaX. 3’sSCOBAHO, IO MArHITHI aJcOPOSHTH MaloTh Oe3repeyHi
TepeBary nepe; TPaaulliiHUMHK 3aBJSIKH HE TUTBKU BHCOKIH acopOIiliHiii eMHOCTI, a i MOXKJIMBOCTI X BiIJIIICHHS BiJl OUHIIyBaHUX
PO3UHHIB METOZIOM MarHiTHOI cemapaiii. Krrouosi c106a: KOMIO3UT, HAHOYACTHHKH, COpOIis, (hepuT, (oToKaTai3, IITiHEIb.

Introduction. Today, there is a growing interest in
the studying and usage a new sorption materials. The
advantage of the latter is the ability of the adsorbent to
regenerate and work without the formation of sediment
[1], and the process of adsorption purification of water is
a simple and convenient method.

Many researchers are developing a series of new
adsorption materials and new methods of water puri-
fication. Different methods are used to remove toxic

dyes and synthetic substances from wastewater, such
as adsorption, decomposition, photocatalysis, precipita-
tion, coagulation and filtration, etc. [2—4]. Among them,
adsorption based on the method of magnetic separation
has been found to be excellent due to its ease of opera-
tion, high efficiency and low cost [5].

Spinel ferrite (SF) is one of the most famous classes
of magnetic materials. The general formula of spinel fer-
rites is MFe,O,. In this formula, M is a cation of a diva-
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lent metal such as Co*, Zn**, Ni**, Fe*", Mn*", Mg* etc.
[6-9]. Spinel ferrites have excellent properties due to
their structural properties, high electrical resistance, low
conductivity and low dielectric losses [10—12].

The exceptional properties of SFs make them prom-
ising materials for use as adsorbents [13—15], sensors
[16-19], magnetic devices [20], rechargeable batter-
ies [21], photocatalysts [22-23], etc. The usage of SFs
in water treatment as adsorbents for the purification
of toxic contaminants from the aquatic environment
is of particular interest. BF has been widely studied as
adsorbents because their unique physicochemical prop-
erties differ from their analogues. SFs can be made with
variable size and shape, versatility of the surface (easy to
operate with different ligands), high surface-to-volume
ratio and tuned magnetic properties. These wonderful
properties of SFs can guarantee their durability.

Investigation of photocatalytic properties. The
authors of [10] synthesized mixtures of ferrite nanoparti-
cles of various sizes, which were investigated for poten-
tial use as photocatalysts and biological catalysts. In
determining the practical and relevant structure-property
correlations, the authors used a combination of SQUID
and Mesbauer methods to explain this data to system-
atically correlate the size and composition of nanopar-
ticles with the observation of the magnetic behavior
of nanoparticles. In doing so, they found that superpara-
magnetism is only present in ultra-small nanoparticles
(<4,0 nm) with very low magnetic saturation values. The
presence of spin slopes, uncompensated surface spins
and magnetic anisotropy was observed for most sam-
ples; freezing temperatures and freezing temperatures
associated with these systems were also discussed.

Silica-modified cobalt ferrite magnetic nanostruc-
tured composite, the authors of [11], obtained by wet
chemical method. The silica-modified CoFe,O, com-
posite (CZFS) was studied in terms of its adsorp-
tion properties (with respect to MC and Mn* model
solutions) in comparison with CZF and CF samples
prepared without modification of silica and Zn** sil-
ica, respectively. A higher surface area of SBET =
59,8 m?/g CZFS (mesopores with D = 8,5 nm) com-
pared to CZF and CF together with a high {=-35,4 mV
leads to improved MS adsorption capacity compared
to CZF and CF. The adsorption of MS by CZFS (for
C,= 5-25 mg/dm’®) is well in line with the Langmuir
model, supporting an almost homogeneous CZFS
surface with predominantly equivalent sites for MS
adsorption. CZFS can be effectively used as an adsor-
bent of MS and Mn™ up to three cycles.

The authors of [18] found that cobalt ferrite nanopar-
ticles aggregated with schwertmannite (CNSh) is
a potential adsorbent for the removal of arsenic from
water. It has been found that arsenic sorption by CNSh
is strongly pH dependent. More than 95% of arsenic was
adsorbed at initial arsenic concentrations up to 200 g/dm?

with using a dosage of adsorbent of 1 g/dm® during
240 minutes. The percentage of adsorption gradually

decreased with increasing initial concentration of arse-
nic. Thermodynamic studies have shown that the pro-
cess of adsorption of arsenic is spontaneous and endo-
thermic with a value of H 5,3 kJ/mol, which confirms
the physicochemical process of adsorption.

It was found that the second-order pseudo-kinetic
model is in best agreement with the experimental data
for arsenic adsorption. The equilibrium study showed
the correspondence of the Langmuir isotherm model
and not the Freundlich isotherm model with an adsorp-
tion capacity of 10-11 g/g, indicating the adsorption
of the monolayer on the surface of the nano-adsorbent.
The spent adsorbents were recovered by NaOH solu-
tions, and the recovered adsorbents showed very good
adsorption efficiency. The prepared adsorbent can be
selected as an alternative to the existing one used to
remove arsenic.

Compared to other sorbents, nanoscale magnetic
materials have a high ability to adsorb Cu (II) ions
due to their large surface area, cost-effectiveness, high
removal efficiency, and the unique advantage of easy
separation under the influence of an external magnetic
field [24-26]. Magnetic nanoparticles attract close atten-
tion when removing heavy metals from wastewater [27],
such as arsenic, lead, mercury, chromium, cadmium
and copper, which are known to cause serious damage to
living organisms and the environment [28-29].

In recent years, to further enhance the adsorption
capacity of ferrite adsorbents in relation to chemical
pollutants, research has focused mainly on the following
two points: synthesis of various morphological ferrite
nanomaterials to increase the specific surface area, such
as nanospheres, nanowires, nanorods and nanostruc-
tures; synthesis of surface-modified ferrite composites,
such as polymer-coated ferrite nanocomposites. Here,
the polymer coating on the surface of the ferrite is used
to remove certain classes of contaminants, and the ferrite
nanoparticles are used to complete the magnetic separa-
tion. The authors of [30] synthesized modified polylysine
nanoparticles of Fe,O, and indicated that the adsorption
capacity of the modified adsorbent for the anionic dye
increased significantly.

Maine et al. chitosan-modified manganese ferrite
nanoparticles were synthesized and used for adsorp-
tion of Cu® ions from wastewater [31]. However, only
a few studies address the micro-mechanisms of the poly-
mer coating to change the microstructure of the ferrite
nanoparticles and the physical nature of the polymer
coating to enhance the adsorption capacity of the ferrite
nanoparticles.

The authors of [31] also studied the effect of pH
solution on the efficiency of the adsorption process.
pH is an important operating parameter in the adsorp-
tion process because it affects the solubility of metal
ions, the concentration of counterions on the func-
tional groups of the adsorbent and the degree of ioniza-
tion of the adsorbent during the reaction. Fig. 1 shows
the effect of solution pH on the efficiency of adsorption
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of Cu*"ions on magnetic nanoparticles at 27°C with ini-
tial concentrations of Cu?* 100 and 50 mg/dm?.

The adsorption efficiency increases with increasing
pH of the solution in all three cases. It is noteworthy
that the adsorption efficiency increases markedly with
an increase in the pH of the solution from 3,5, and then
gradually increases to a pH of 6,5, especially for a solu-
tion with an initial concentration of Cu?* 50 mg/dm? ions.
As shown in Fig. 1, the adsorption efficiency can reach
99,1% at the initial concentration of Cu* 50 mg/dm’
ions, pH 6,5 and contact duration of 3 hours. When
the pH is above 6,5, a blue precipitate of Cu(OH), is
formed, so no adsorption experiments were performed.

Methylene blue (MB) is the main dye used for histo-
logical, microbiological and tissue staining. When MB
is exposed to ultraviolet, water and many chemicals,
fading and decomposition are almost impossible due to
its complex aromatic structures and sufficient water sol-
ubility. Thus, much effort was devoted to the removal
of MB before discharge into the natural environment.

Adsorplion Efliciency (%5)

pH

Fig. 1. Effect of solution pH on the efficiency
of adsorption of Cu’* ions by magnetic nanocomposites,
with initial concentration of Cu** ions and contact
duration: a — 100 mg/dm?, 3 years; b — 50 mg/dm?,
3 years; ¢ — 50 mg/dm?®, 30 min [31]

The authors of [32] made magnetic beads-type carbon
nanospheres to remove methylene blue.

The adsorption properties of Fe,0,@C composites
were demonstrated by the choice of MS as a model
pollutant. To understand the kinetics of adsorption,
the effect of contact duration on the adsorption of MB by
the Fe,O,@C composite was first investigated by adding
10 mg of sample to 10 ml of MB solution (40-80 mg/dm?).
After shaking for a predetermined interval, the mag-
netic particles were separated by magnetic separation
and the corresponding concentrations of the dyes in
the solutions were measured by UV-visible spectrom-
etry. As can be seen in Fig. 2 a, the same tendency is
observed on the adsorption curves, and all samples
reach >90% of the adsorption capacity at equilibrium
for 30 min. The amount of adsorbed MB increased sig-
nificantly along with the initial concentration of MB,
which implies favorable adsorption even at high dye
concentration.

The graph of the dependence of t/Qt on the adsorp-
tion of MB at different initial concentrations was linear
(Fig. 2b). These results demonstrated that the pseu-
do-second order model exhibits kinetic properties well
(R>0,99) and indicates typical chemical adsorption.
Adsorption progressed when the MS molecules first
adsorbed the Fe,0,@C carbon shell and then diffused
into the cavity through the porous channel. MS was
adsorbed on the surface of Fe,0, by electrostatic gravity,
since MB is a cationic dye, and some carboxyl groups
derived from dehydrate trisodium citrate exist on the sur-
face of Fe,0,. This process is similar to the diffusion
of small molecules into cells through cell membranes.

Quote by others have proposed a photoelectron cat-
alytic oxidation method for the removal of MB using
SnO,/Fe,0, electrodes [33].

As can be seen in Fig. 3, the decrease in Cu** con-
tent at the cathode was more influenced by the current
density than the deterioration of the MC at the anode.
Initially, the removal rates of Cu® and MB increased
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Fig. 2. Influence of contact duration and initial MB concentration on MB adsorption by Fe,0 ,@C
composite (a) and pseudo-second order MB kinetics adsorption on Fe,0 @C composite (b) [32]
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Fig. 3. Effect of electric current density on the removal
of MC and Cu?* [33]

with increasing current density from 5 mA/cm? to
10 mA/cm?, reaching maximum removal rates of 97,57%
and 85,26% for Cu** and MB, respectively. However,
with a further increase in current density up to 20 mA/cm?,
the removal rate of both Cu®** and MB decreased dra-
matically, since the limiting current density for this pro-
cess is 20 mA/cm?. In addition, when the current density
exceeds 10 mA/cm?, the reduction of Cu?" at the cath-
ode is limited due to interference from adverse reac-
tions. Therefore, the removal rate of Cu®'is affected.
Therefore, 10 mA/cm? was chosen as the optimal current
density for the subsequent studies.

The authors of [34] found enhanced adsorption
removal of MB from an aqueous solution of alka-
line-activated paligorskite (PAL). Alkaline activation
was successfully introduced to enhance the adsorption
capacity of PAL with respect to MB. It was found that
metal ions in the crystalline PAL framework can be
selectively removed by controlling the concentration
of alkali solution. Interestingly, in addition to acid acti-
vation, the Si-O-M and Si-O-Si bonds were moderately
broken in the alkaline activation process, which led
to the creation of new adsorption centers. This effec-
tively increases the surface negative potential of PAL
and improves the adsorption properties for MB.

The PAL nanoparticle became shorter after alkaline
activation at a lower concentration (<5 mol/dm?®). The
rod-like morphology and specific surface area of BET
PAL practically disappeared, with activation of a higher
concentration of NaOH solution (5,0 mol/dm?), which

means that the pore structure was destroyed. Although
the specific surface area of the PAL activated by
5 mol/dm* NaOH solution is almost zero, it still has
a much better adsorption capacity than the untreated
PAL. From the above analysis, we can conclude that
the adsorption is primarily affected not by the specific
surface area, but by the interaction, such as electro-
static, complexing and hydrogen bonds. Activated PAL
can decolorize MB in solution (200 mmol/dm?®), which
is far superior to untreated PAL. Another invention is
that the PAL absorbed by MB exhibits higher stability
and can be used to produce Mayan blue pigment, which
provides a new approach to the sustainable usage
of PAL adsorbents.

Dyes are widely used as colorants in industries such
as textile, paper, food, printing, leather, plastic, phar-
maceutical, and the like. To date, pollution of surface
and groundwater by many species of dyes is a global envi-
ronmental problem and a threat to humans and aquatic
organisms [35]. Many treatments have been developed
and applied, including electrochemical methods, oxida-
tion or ozonation, membrane separation, photochemical
decomposition, reverse osmosis, flocculation, coagu-
lation, aerobic or anaerobic treatment and adsorption
[34-36] have been developed and applied worldwide.

Conclusions. A literary review on the synthesis
of ferrite spinels and the study of their photocatalytic
and sorption properties is presented. It has been estab-
lished that in recent years, to further enhance the adsorp-
tion capacity of ferrite adsorbents in relation to chemical
pollutants, research has mainly focused on the following
two points: synthesis of various morphological ferrite
nanomaterials to increase the specific surface area, such
as nanospheres, nanowires, nanorods, nanorods; synthe-
sis of surface-modified ferrite composites, such as poly-
mer-coated ferrite nanocomposites.

The influence of the ratio of ferrite: carbon carrier on
the photocatalytic and sorption properties of spinels has
been analyzed from the considered works. It is revealed
that the chemical composition of ferrite spinels largely
determines their ability to sorption of heavy metals, in
particular dime, and synthetic dyes (methylene blue), due
to the high value of their specific surface area, economy,
high removal efficiency and the unique advantage of easy
separation. magnetic field. A comparison of the sorp-
tion efficiency of ferrite spinels and alkaline-activated
paligorskite is made on the example of a pollutant-meth-
ylene blue dye.
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