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Abstract: In order to enhance the efficiency of heavy metal ion extraction from aqueous medium,
new nanocomposite magnetic sorbents were synthesized on the base of natural zeolite (Zt) and
nanoparticles of ZnFe;Oy4 (F). The composition, structure and physical-chemical properties of new
composites with 2% (Zt-2F), 8% (Zt-8F) and 16% (Zt-16F) of zinc ferrite were characterized by XRD,
BET adsorption-desorption of nitrogen, SEM with elemental mapping, TEM and magnetometry.
The sorption capacity of materials was assessed towards Cu* ions in aqueous solutions, for which
kinetic and equilibrium features of sorption were established. The maximal sorption capacity (amax,
mg/g) of the studied materials increased in the order: Zt (19.4) < Zt-2F (27.3) < Zt-8F (30.2) < Zt-
16F (32.8) < ZnFe;O4 (161.3). The kinetics of the sorption process followed a pseudo-second order
kinetic model. The sorption equilibrium at zinc ferrite was successfully described by the Langmuir
model, while the Freundlich model better fitted the sorption equilibrium on zeolite and composites.
The efficiency of Cu®* ion extraction from 320 mg/dm? aqueous solution was 63% for composite
Zt-16F and 100% for a sample of ZnFe;O,. It was established that the proposed composite sorbents
provide the operation of several cycles without regeneration, they can be easily recycled with 0.1 N
HCI solution and are capable of magnetic separation. The advantages of new composites and the
proposed method of synthesis allow recommending these materials as effective sorbents of heavy
metals from wastewater.

Keywords: zinc ferrite; nanoparticles; clinoptilolite; nanocomposite; sorption; copper ions; kinetics;

equilibrium; water treatment; magnetic separation

1. Introduction

Adsorption technology is the most widespread, universal and, therefore, highly de-
manded technology in industry and laboratory practice for the separation of substances
and mixtures, isolation of individual components and purification of industrial blends
and wastewaters [1-4]. The main goals for the development and application of the sorp-
tion method are related to increasing the sorbents’ selectivity and the efficiency of the
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components’ extraction, reducing the cost of production, possibilities of regeneration and
ways of sorbents disposal, and overall economic efficiency of the sorption process as a
whole. At the present stage of scientific and technological development, these problems
can be solved by increasing the involvement of renewable resources (such as natural or-
ganic and inorganic materials, man-made materials, industrial waste, etc.) to create new
sorption-active materials and improve waste-free production technologies [5-8]. As a trend,
the novel materials being created are composite and/or hybrid materials, both organo-
inorganic and inorganic-organic [9,10], which acquire new functionality during synthesis.
In thistrend, it is possibleto combine such properties as a developed surface and porosity
with outstanding physical and chemical activity, sorption and catalytic ability, electrical
and magnetic properties, biological activity, strength characteristics, stability in various
media, etc. [4,11-13].

In recent years, much attention has been paid to nanosized ferrites with a spinel
structure as possible magnetically controllable sorbents. Nanosized cobalt ferrite CoFe; Oy
proved to be an effective adsorbent of chromium (III) and cadmium (II) ions [14], phosphate
anions [15], arsenic [16], lead, zinc and a number of organic dyes (Congo red, malachite
green, eriochrome black, etc.) [17-19]. The maximal removal efficiencies for Pb%* (96%)
and Zn** (92%) ions, as well as for Congo red (99%) and malachite green (92.5%) was
reached in [20] by applying the nanosized CoFe,Oy as a sorbent. Similar behavior was
found in [21] for nanoparticles of mixed cobalt-zinc ferrites CoxZnj_4Fe;O4 having a
high sorption capacity for lead ions, in which the content of zinc determined the magne-
tocrystalline anisotropy and the superparamagnetic/ferromagnetic state of the particles.
Nanoparticles of manganese ferrite, MnFe,Oy, synthesized from low-grade manganese
ore [22], proved to be effective for the purification and recovery of strategically important
tungsten, molybdenum and rhenium from wastewater.

The use of various synthesis routes (hydrothermal, solvothermal, co-precipitation,
sol-gel, template, and electrospinning, etc.) makes it possible to form spinel-ferrite nanopar-
ticles with a variable size, porosity and morphology, and to successfully control their
physicochemical characteristics [23-27]. In addition, recently it became possible to synthe-
size ferrites from industrial wastes [28,29], which puts them into the category of renewable
resources. This, in turn, makes it possible to transfer, without restrictions, from purely
chemical laboratory synthesis methods to large-scale production of metal ferrites.

Among all metal ferrites, zinc ferrite should be noted especially for its extremely high
chemical stability, magnetic properties, non-toxicity for living organisms and environmen-
tal safety [24,29,30]. Materials based on zinc ferrite possess photocatalytic activity and
activity in Fenton reactions that allows using them as photoadsorbents and photocatalysts
for the treatment of various media and degradation of organic pollutants [12,30-32].In
addition, recent studies indicated a noticeable adsorption capacity of nanomaterials based
on ZnFe;Oy4, with respect to selenium ions (43.67 mg/g at pH 2.5) [28] and heavy metal
ions (49.42, 54.69 and 12.34 mg /¢ for Ni?*, Cd?* and Cr®* [23,33]) from the aquatic environ-
ment, which is important for solving the problem of wastewater treatment and converting
industrial waste into valuable materials for recycling.

To overcome the problem of agglomeration of nanoparticles and enhance the sorption
and catalytic characteristics of materials, it is applied by introducing the nanoparticles
of spinel-ferrites into polymer gels or into a composition of composites on the base of
various matrixes. Thus, stable PVP@MnFe,O4 nanoparticles with a high affinity for heavy
metal ions (Pb?*, Cd?*, Ni?*) were obtained in [34] by decorating manganese ferrite with
polyvinylpyrrolidone. In [35], CuFe,Oy4 particles were immobilized on the surface of
chitosan, and an effective adsorbent CuFe,O4@Chitosan and a catalyst for the decompo-
sition of antibiotics in an aqueous medium were obtained. The presence of ZnFe,O4 [36],
MnFe; Oy [37,38] and CoFe;Oy4 [39] nanoparticles in the composition of nanocomposites
with mineral matrixes (aluminosilicates, hydroxyapatite) caused a strong catalytic effect in
Fenton redox reactions, the photocatalytic degradation of organic pollutants and, moreover,
suppressed the growth of pathogenic microorganisms Staphylococcus aureus, Bacillus
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subtilis, Pseudomonas aeruginosa and Escherichia coli [37]. Nanocomposites based on a
carbon matrix (CNT, graphene oxide) and metal ferrites efficiently adsorb a wide range of
organic pollutants [40-43]. Sorption on such composites occurs due to both 7-7r interaction
between hexagonally arranged sp? hybridized carbon atoms of CNTs and the aromatic
backbone of dyes, and due to electrostatic interaction or hydrogen bonding between func-
tional groups of the sorbate molecule and CNT surface, thus contributing to their active
photocatalytic degradation.

For the applications of sorption processes to wastewater treatment, we consider it
promising to use composite materials based on a less expensive dispersion matrix, in which
the magnetic component of nanosized ferrite makes it possible to obtain a magnetically
controllable sorbent. Composite materials that combine a sorbent-carrier and a ferrite spinel
with magnetic properties can be selectively and efficiently isolated from aqueous solutions
using an external magnetic field.In our opinion, the most promising materials for the syn-
thesis of composites with the participation of nanosized spinel ferrites and their application
for industrial wastewater treatment are natural mineral sorbents: clays, flasks, zeolites,
zeolite-containing rocks, etc. The advantage of such materials is, first of all, their natural
origin, low cost, availability of extraction and processing, and substantial reserves [44—46].
Already in the natural state, aluminosilicates exhibit a noticeable ion-exchange and sorp-
tion capacity, and catalytic and molecular sieve properties [47-49]. Furthermore, using
various types of chemical [50,51], physical [52-54] and mechanical [55,56] modifications, a
purposeful transformation of the structure, composition and physicochemical properties of
aluminosilicates is carried out, creating new complex materials on their basis [37,47,57].

In recent years, water pollution with Cu (II) ions has become a serious environmental
problem worldwide due to the growing discharge of copper-containing wastewater [58,59].
The main sources contributing to the appearance of copper in wastewater are galvanic
production at machine-building and instrument-making enterprises, effluents from mining
and processing, and mine water from the mining copper industry [60,61]. Despite the fact
that copper is an essential element for the regulation of biological processes in all living
organisms (metabolism, nerve function, hemoglobin synthesis and bone development),
its excess above the permissible limits causes serious problems in the human body and
living beings [62,63]. Copper compounds lead to dysfunction of the central nervous system,
heart disease, anemia, liver damage andthey have a carcinogenic effect; therefore, they are
classified as environmentally hazardous compounds. Poisoning with a large amount of
copper leads to Wilson’s disease, wherean excess of copper is deposited in the brain tissues,
skin, liver and pancreas.

The purpose of this work was to produce and characterize new nanocomposite mag-
netically controllable sorbents based on natural zeolite and zinc ferrite nanoparticles, and to
establish the patterns of sorption of copper ions from an aqueous medium by the proposed
sorbents. For this, zinc ferrite nanoparticles were synthesized and introduced, in various
amounts, into a composite material based on natural aluminosilicate. The composition,
structure, and physicochemical and magnetic properties of the new composites were charac-
terized. The sorption characteristics of the materials were determined in aqueous solutions
containing copper ions. The possibility of regeneration of sorbents and their magnetic
extraction was shown.

2. Materials and Methods

Theobjectsof investigations included natural clinoptilolite-rich zeolite (Zeocem, Bystré,
Slovakia), having particle size < 50 um, and nano powder of zinc ferrite, synthesized by an
acitrate burning method, similar to that in [64].

2.1. Synthesis of ZnFe,O4Nanoparticles

For the synthesis of ZnFe;O4 nanoparticles, stoichiometric amounts of reagents of
analytical grade (Fe(NO3)3, Zn(NO3)2, 28% NH4OH, 1 M citric acid) were used. At the first
step, 27.64 g of iron (III) nitrate (chemically pure, KhCh TU 6-09-02-553-96, ]SC LenReaktiv,
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Saint Petersburg, Russia) and 10.16 g of zinc nitrate (chemically pure, HCh CAS 10196-18-
66 LLC “Spectrum-Chem”, Moscow, Russia) were dissolved in 100 cm? of distilled water
at ambient temperature under stirring for 5 min. Then, 10 cm® of NH4OH (analytical
grade, GOST 3760-79, JSC LenReaktiv, Saint Petersburg, Russia) was added at pH ~ 7
under stirring for the next 5 min. A brown precipitate of the mixture of zinc and iron
hydroxides formed (Equation (1)). Then, 35 cm? of the prepared 1 M citric acid solution
(chemically pure, GOST 3652-69, JSC LenReaktiv, Saint Petersburg, Russia) was added
to the reaction vessel and heated on a gas burner. Within 15 min there was a gradual
dissolution of the precipitate due to the formation of soluble citrate (Equation (2)). Further
heating of the mixture for the next 1.5 h caused water evaporation and self-ignition of the
gel-like iron—zinc citrate formed. As a result of combustion, a powder of ZnFe,O, formed
(Equation (3)).

The chemical reactions occurred during the synthesis can be expressed by the following
equations:

2 Fe(NO3)3 + ZH(NO3)Z + 8 NH4,OH =2 Pe(OH)3¢ + Zn(OH)2¢ +8 NH4NO3 (1)

2 Fe(OH)3 + ZH(OH)Z +4 C6H8O7_> FeQZn(C6H6O7)4 +8 Hzo (2)

FeZZn(C6H607)4 +18 02—> ZHF8204 +24 COz +12 HzO (3)

The precipitate obtained in the reaction (3) was washed with water, dried and finally
calcined at 600 °C in the mulffle furnace (SNOL 8.2/1100, AB Umega, Utena, Lithuania) for
1h.

2.2. Synthesis of ZnFeyOy/Zeolite Composite Materials

For the synthesis of a series of ZnFe;O4/zeolite composites, samples with 2, 8 and
16 mass % of ZnFe,Oy, the corresponding amounts of zeolite and zinc ferrite powder were
taken to prepare 5 g of each composite sample.The precursors were mixed, adding 1 mL of
ethanol dropwise and under continuous stirring for 10 min. The resulting paste was dried
in the air at room temperature and annealed at 500 °C for 1 h. The fabricated samples of the
composites were designated Zt-2F, Zt-8F and Zt-16F, which corresponded to the content of
2, 8 and 16 mass % of ZnFe;O4 nanopowder in the composite with zeolite (Zt).

2.3. Characterization Methods

The phase composition and the structure of the samples were determined from the
XRD-spectra recorded on the Ultima-IV (Rigaku, Tokyo, Japan) diffractometer with Cu-K«
radiation, D/Tex-Ultra detector and the range of imaging angles 26 = 3-65°.

The microimages of the samples of zeolite, zinc ferrite and composites were obtained
on a JSM-IT500 scanning electron microscope (JEOL, Tokyo, Japan), and the particle size
and shape were studied using transmission electron microscopy on a CarlZeiss LIBRA 120,
JEM-1400 microscope. The quantitative chemical composition of the samples, as well as
the elemental mapping of copper for samples of zinc ferrite and composites after Cu?*-
sorption, were determined by local X-ray spectral microanalysis using a scanning electron
microscope JSM-6380LV (JEOL, Tokyo, Japan) with an energy dispersive microanalysis
system INCA 250from “Oxford Instruments”, Abingdon, UK (EDS analysis).

The specific surface area and porosity of materials were assessed from the experimental
nitrogen sorption—desorption isotherms at —196 °C using a Quadra Sorb Quantachrome
Instruments unit, Boynton Beach, FL, USA. Prior the measurement, a charge of the sample
(150 mg) was outgassed at 100 °C for 4 h. The values of total pore volume and average pore
diameter were calculated by the DFT method at the Quantachrome Quadra Win Software
version 5.02.
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2.4. Adsorption Experiments

Adsorption ability of the studied materials was determined in relation to Cu®*-ions
at the pH of model aqueous solutions of CuSOy4 under static conditions by the batch
adsorption technique. The stock solutions of various concentrations were prepared from
CuSOy (analytical grade, JSC LenReaktiv, Saint Petersburg, Russia) and distilled water.
The pH of the solution was determined using a Yinkmik BLE-C600 instrument (Ji Nan
Runjie Electronic Technology Co., Ltd., Shandong, China). The pH values of solutions are
presented in Table S1 of Supplementary Materials.

For kinetic studies of adsorption, 200.0 mg of the sorbent was added into a flask with
20.0 cm? of 0.01 N CuSO; solution, and kept for 5, 10, 20, 40 and 60 min at 20 °C, periodically
shaking. The sorption experiments were carried out for two parallel samples. Afterwards,
the sorbent was filtered off and Cu®*-concentration in the filtrate was determined by the
photocolorimetric method [65-67] in the form of ammonia complexes. For this, 10 cm’
of 5% NH4OH was added to a 10 cm® aliquot of a solution containing Cu?* ions, filled
with distilled water until 25 cm® volume, and the resulting solution was photometrically
measured using a spectrophotometer KFK-3-01-“"ZOMZ” (JSC “ZOMZ”, Moscow, Russia)
at Amax = 660 nm.

The kinetic curves were used to determine the time of adsorption equilibrium es-
tablishment, as well as they were processed by pseudo-first and pseudo-second order
kinetic models [68,69]. To determine the most appropriate kinetic model, the mean
squared error (RMSE) and the quadratic coefficient of multiple regression (R?) were used as
statistical criteria.

The equilibrium of sorption was characterized by studying the experimental isotherms
of copper ion sorption by the investigated materials in the concentration range of
0.005-0.1 N CuSQy, at a sorbent—solution ratio of 1:100 and at t = 20 °C. To determine
the adsorption value, 200.0 mg of the adsorbent was added to a flask with 20.0 cm? of a
CuSO; solution of the appropriate concentration, periodically shaken, and kept for 30 min
to reach equilibrium. The sorption was carried out for two parallel samples. Then, the
sorbent was filtered off and the concentration of copper ions in the filtrate was determined
by the photocolorimetric method. The results were statistically processed using a Student’s
t-test for the confidence level « = 0.95.

The value of adsorption (7, mg/g) and the degree of water purification, R, %, were
determined by the formulas:

a =

(Cin - Ceﬁ*v * Mequ ) )
(Cin - Cin)

R,% =
Cin

* 100%, (5)
where Cj, and Ceq—initial and equilibrium solution concentration, mol-eqv/ dm5; Megqv—
molar mass of equivalent, g-eq/mol; V—volume of solution, dm?; andm—mass of
sorbent, g.

The possibility of spent sorbent recycling was studied using 0.1 N NaCl, NaOH and
HCl solutions for regeneration. A portion of the sorbent (200.0 mg) was placed in 20 cm?
of an appropriate electrolyte solution, left for 30 min, filtered and the amount of desorbed
copper (mg/g) was determined as Qges = Ceqy*V*Megy /m.

The possibility of regeneration of the spent sorbents was studied using 0.1 N NaCl,
NaOH and HCl solutions. In addition, in the absence of sorbent regeneration, the number
of adsorption cycles of sorption from 0.01 N CuSOy solution was also determined.

2.5. Assessment of Magnetic Properties

Magnetic properties of the sorbents and their ability for magnetic separation were
qualitatively studied using a neodymium magnet N42 (Shenzhen Wit Magnet Co., Ltd.,
Shenzhen, Guangdong, China) with a size of 30 x 10 mm (residual magnetic induction
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1.30-1.33 T, coercive force 12 kOe). The magnet was brought to the flask with equilibrium
solution and the sorbent and the ability of the suspension for separation was observed.

For quantitative characterization of magnetic properties, the magnetization curves
of the samples were studied using a Lakeshore 7407VSM vibrating magnetometer (Lake
Shore Cryotronics, Inc., Westerville, OH, USA) at room temperature in magnetic fields up
to 16 kOe. The powders were sealed in polyethylene capsules and laminated, to prevent
particle movement during measurements. The sample was fixed on the holder with a
Teflon tape. The signal from the holder, capsules and fum-tape was subtracted from the
signal to isolate the contribution of the samples. The results of magnetic measurements
were processed using the “Origin” software package version 9.0.

3. Results and Discussion
3.1. Characterization of the Structure and Compositions of Zeolite, ZnFe,O4 and Composites on
Their Base

According to X-ray diffraction analysis, the sample of zinc ferrite contains 99.0% of
ZnFe,04 (d =2.56,2.12,1.73,1.63,1.50 A, etc.) and 1.0% of hematite (2.71 A). The mineral
composition of the zeolite sample was mainly represented by clinoptilolite with a series of
reflections of 9.1, 8.0, 6.82, 3.98, 3.93,2.99 A, etc., as well as clay minerals including smectite
with a basal reflection (001) with interplanar distance d = 12.0 A and illite with a basal
reflection of 10.1 A, in addition ton on-clay minerals—quartz (d = 4.25, 3.34, 2.46, 2.28,
2.13,1.821.54 A, etc.), cristobalite (d = 4.04, 2.48 A, etc.), feldspars: albite and microcline
(d = 4.25,3.36,3.21 A, etc.) and opal (Figure 1).

The content of mineral phases in the zeolite sample was distributed as follows: clinop-
tilolite, 66.0%; smectite, 7.2%; illite, 6.6%; quartz, 1.7%; cristobalite, 5.0%; plagioclase
(albite), 4.4%; potassium feldspar, 3.8%; and opal, 5.3%. The opal content was obtained by
calculation after a full-profile XRD analysis of the diffraction pattern.

The diffraction patterns of composite samples are characterized by the presence of
reflections of both used precursors with a clear tendency for raising the intensity of zinc
ferrite bands with an increase in its content in the composite. At the same time, the main
reflections of clinoptilolite did not change their position and intensity, which indicated the
preservation of the zeolite structure in the course of composite manufacturing.

Figure 2 demonstrates the X-ray diffraction patterns of the zinc ferrite sample before
and after copper sorption. A new phase with the crystal structure of the mineral brochantite
(d = 6.46,5.39,3.91,3.20 A, etc.) appeared, apparently due to the presence of CuSOy from
the equilibrium solution (aqueous solution of CuSO;) in the sorbent phase after sorption.
The crystal structure of zinc ferrite, as well as the structure of clinoptilolite, did not change
after copper sorption.

According to Figure 3a, the synthesized sample of zinc ferrite was represented by
uniform flattened particles with clearly distinguishable facets, mostly less than 60 nm in
size, with a moderate agglomeration. Particles of 11-30 nm and 31-60 nm in size can be
distinguished as the main fractions of particles (Figure 3b).

The data on the chemical composition of the samples determined from the EDS-
analysis are summarized in Table 1. The value of the silicate modulus for the sample of
natural zeolite equals S5iO; /(Al,O3 + Fe;O3) = 6.06; that is an attribute of a highly siliceous
type. The primary exchangeable cations of zeolite are Ca?*, K* and Mg?* ions. The
introduction of zinc ferrite nanoparticles into the composite led to a regular redistribution
of its chemical composition in favor of an Fe;O3 and ZnO content increase.

Microphotographs of the samples of initial components were obtained in backscattered
electrons, which allowed to distinguish ferrite particles in the composites.

The micrograph of zeolite sample without the addition of ferrite (Figure 4a) showed
very large aggregates of zeolite crystallites. Due to the peculiarities of the crystal structure,
it forms flattened prismatic crystals (lamellae) [70]. Lamellas of nanoscopic thickness (ca.
40 nm) have a length in the range of 300 nm-1 pum, and a width in the range of 300-700 nm.
Such single crystals are connected face-to-face, forming dense aggregates, at the contact
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points of which extended intergranular cracks (the largest mineral mesopores arise with a
size of ca. 25-50 nm). Sometimes macropores (approx. 100 nm or 500 nm in size) can be
present among the lamella blocks (Figure S1a).

The micrographs of the pure zinc ferrite sample (Figures 4d and S1d) clearly testified
that it formed aggregates of lamellar crystallites. In a more detailed image of zinc ferrite
in secondary electrons (Figure 5), one can see that large aggregates are composed of
small flakes. Ferrite particles in the composites (Figure 4b,c) were clearly visible by their
characteristic increased brightness, having evenly distributed in the zeolite phase. The
change in the surface relief of resulting composites Zt-2F and Zt-16F (Figure S1b,c) was
most likely caused by the filling of the interparticle macro- and mesopores of the zeolite
phase by zinc ferrite particles.

—
[
~

3.98

—
—
—

—~
©))
=

—
N

H
o 4.06
.
a1
G
=
~
2

8.0
3223

—~
—_
~

— 334
2.81

Zt-2F

—
A

@)

Zt-8F
(2 : A\ N\ zZt-16F
I ; : "
e g 9
®) [ & i | ©
@) g | S 2 M
R N i = g
< l :
A
P F
I I I 1 I 1
10 20 30 40 50 60

CuKa, 2 Theta (°)

Figure 1. X-ray diffraction patterns of investigated samples of zinc ferrite (F), clinoptilolite (Zt) and
composites Zt-2F, Zt-8F and Zt-16F. Phase designation: 1—clinoptilolite, 2—ZnFe,O,, 3—smectite,
4—illite, 5—quartz, 6—cristobalite, 7—feldspars, 8—hematite.
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Figure 3. TEM-image of zinc ferrite (a) and histogram of particle size distribution (b).

Table 1. Chemical composition of zeolite, zinc ferrite and composites on their base.

Oxide Content, Mass.%

Sample Total
P si0O, ALO; MgO K, O  CaO  Fe,03  ZnO o

Zt 7878 1129  0.90 436 2.97 1.70 000  100.00

Zt2F 7430 1058 1.12 3.93 2.85 5.42 180 100.00

Zt-16F 5960 922 1.17 3.14 2.12 1703 773 100.00

F 1.16 0.00 0.00 0.00 000 6241 3643  100.00
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Figure 5. Micrograph of zinc ferrite in secondary electrons.

3.2. Characterization of Surface Morphology of Zeolite, Zinc Ferrite and Composites on their Base

Isotherms of nitrogen adsorption—desorption by investigated samples are given in
Figure 6.



AppliedChem 2023, 3

461

Vy,, €m3
120 -

100 A
80 A
60 -

40 A

20 A

0 T v T Ll T L T L T v 1

0 0.2 0.4 0.6 0.8 1
7t 2/ZnF-2 Z2/InF-8
«eeeee2/InF-16 — — =Znfe204 P/P,

dv/dD, cm3.g*nm™
0.014 - b

0.012 4
0.010 +
0.008 -
0.006 -
0.004 -

0.002 4

F

0.000 : : .
0 10 20 30 40 50 60 70 8 D, nm

Figure 6. Isotherms of nitrogen adsorption—desorption (a) and pore size distribution (b) of zeolite
(Zt), zinc ferrite (F) and composites Zt-2F, Zt-8F and Zt-16F.

The S-shaped view of the nitrogen adsorption—desorption isotherms (Figure 6a) for
the investigated samples and the presence of a hysteresis loop correspond to the adsorp-
tion isotherms of type IV in the IUPAC classification, thus indicating the occurrence of a
polymolecular adsorption in the mesopores of sorbents, which act as the main adsorption
pores of the given materials. The minor fraction of micropores present in the investigated
samples was marked by a slight rise of the initial section of the isotherms.

The hysteresis loop for the Zt sample was the widest in the whole range of relative
pressures, which testified to a broad size distribution of mesopores. For the sample of
zinc ferrite (F), the loop of hysteresis was shifted in the range of P/Py = 0.7-1, which can
be due to the presence of larger pores in the given sample. The isotherms of nitrogen
adsorption—desorption obtained for samples of composites had a similar view, but differed
from the one of the Zt sample by a narrower hysteresis loop, obviously due to a decrease in
the size and volume of mesopores by their filling with nanoparticles.

The pore size distribution presented in Figure 6b evidenced the presence of a number of
both narrow and larger mesopores in the phase of the studied samples. For the clinoptilolite
sample, mesopores were represented by the sizes of about 6, 12 and 16 nm in diameter and
larger (25 and 35-45 nm) pores. The mesopores of the zinc ferrite sample were represented
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by pores of 5, 20 and 35-40 nm in diameter. As a result of zeolite modification with 2, 8 and
16 mass % of zinc ferrite nanoparticles, the porosity of the composite material markedly
changed. By the increase in the content of the ZnFe,O, phase in the composite, the fraction
of mesopores with sizes near 16, 25, 35 nm declined in favor of an increasing proportion of
mesopores with diameters of 12-14, 19-21 and 30 nm. Moreover, the fraction of macropores
for composites Zt-2F and Zt-8F grew, as compared to the Zt sample.

The value of specific surface area, pore volume and pore diameter of the investigated
samples are summarized in Table 2.

Table 2. Specific surface area, pore volume and pore diameter of the samples of zeolite, zinc ferrite
and composites on their base.

Pore

Pore Volume, cm3/g Diameter,

Sample SpeT, m*/g Dayer, M

Vmeso Vmacro Vtutal

Zt 36 3.58 2.01 5.59 6.08
Zt-2F 29 3.09 1.74 4.83 6.08
Zt-8F 31 3.05 1.84 4.89 8.15
Zt-16F 29 2.98 1.66 4.64 7.03
F 26 2.18 1.46 3.64 5.88

As follows from Table 2, the total pore volume and the value of the specific surface area
of zinc ferrite was approximately 1.5 times lower than those of natural zeolite, which ac-
counted for its low porosity. The introduction of the zinc ferrite phase into the composition
of composite material on the base of zeolite caused a contraction of total pore volume and
specific surface of the material by 12-17%,when compared against the natural clinoptilolite,
apparently, due to obstructing the mesopores by modification and the formation of new big
pores with a diameter of more than 60 nm (Figure 6b). Figure 4a—c and Figure Sla—c clearly
illustrate the filling of pore space and gaps between zeolite aggregates by the particles of
the ferrite phase and leveling the relief of the surface.

Thus, the study of physical adsorption of nitrogen revealed a decline in the porosity
of the resulting composite material, which, apparently, might affect the intensity and extent
of sorption of other sorbates.

3.3. Kinetics of Cu®* Ions’ Sorption from Aqueous Solutions by Zeolite, Zinc Ferrite and
Composites on Their Base

The regularities of sorption kinetics are determined by the mechanism of sorption
uptake and the conditions of the process. The revealing of the kinetic features is necessary
to establish the extent of the process and the efficiency of sorption extraction of the sorbate.

The kinetic curves of Cu?* ions’ sorption by the samples of zeolite, zinc ferrite and
composites based on them are shown in Figure 7.

As follows from Figure 7, the sorption process at the specified sorbents developed
relatively quickly, leading to reaching the equilibrium in 5-10 min for the samples of Zt
and Zt-2F, and over 30-40 min for samples of composites Zt-8F, Zt-16F and zinc ferrite
(F),which is in agreement with the available data [70,71].

For zeolites, the process of ion-exchange uptake of cations from an external solution
typically proceeds rather quickly. For ferrites, the sorption process can be carried out
due to the contribution of both electrostatic interactions and redox or other chemical
reactions [34,71-73].
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Figure 7. Kinetic curves of Cu?* ions sorption by the samples of zeolite (Zt), zinc ferrite (F) and
composites Zt-2F, Zt-8F, Zt-16F from 0.01 N CuSOy solution.

It is noteworthy that throughout the entire range of the kinetic curve, the sorption
capacity of zinc ferrite sample was 2-2.5 times higher than the capacity of natural zeolite,
which indicated a high affinity of the zinc ferrite surface for copper ions. Apparently, the free
access of active sites, i.e., oxygen anions, at the developed surface of ferrite nanoparticles
contributed to the high adsorption of sorbate ions, although, in solutions with low pH, a
competitive adsorption of protons was noticeable [6,34,74].

The sorption capacity of zeolites is restricted by their ion exchange capacity, which,
for natural clinoptilolites, is in the order of 0.4-2.2 meqv/g [75,76]. For the studied sample
of clinoptilolite, the value of the exchange capacity was ~0.8 meqv/g [77],which provided
an equivalent extraction of copper cations in the amount of 25.6 mg/g and coincides with
the experimental adsorption value shown in Figure 7 for zeolite.

The introduction of 2% of the ZnFe,Oy4 phase into the composite caused a somewhat
lowering of its sorption capacity as compared to zeolite (Zt), apparently due to the blocking
of transport pores and the access to exchange cations within the zeolite phase. However,
a further increase in the content of the ferrite phase in the composition of composite to
8 and 16%, on the contrary, led to the incrementing sorption capacity of the composite
sorbent, despite the abatement of the porosity and specific surface area found in Section 3.2
(Figure 6).

This fact indicated a decisive contribution of the zinc ferrite phase to the process of Cu?*
sorption. Similar behavior was discovered for composite sorbents based on bentonite and
cobalt ferrite [72], for which a 15% addition of cobalt ferrite in the composite (0.85B/0.15CF)
was optimal and provided the highest value of heavy metal ion adsorption.

For the characterization of the mechanism of sorption extraction of copper ions from
aqueous solution by the investigated sorbents, experimental kinetic curves were described,
applying models of pseudo-first and pseudo-second order in the form of next kinetic
equations [68,69]:

kil
log(q, — q;) = logd. — 535 (6)

(3) "t (&) ™

where gt and ge—amounts of Cu?* ions (in mg/g of sorbent) sorbed by the moment of
time t and the moment of equilibrium, correspondingly; K;—rate constant of sorption of
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pseudo-first order (g-mg~!-min~!); K,—rate constant of sorption of pseudo-second order
(g-mg_l-min_l); V—volume od solution, dm3; m—mass of sorbent (g); and t—contact
time (min).

The linear approximation of the experimental data confirmed that the pseudo-second
order model described the kinetics of the process under study in the best way (R? = 0.99-1)
(Table 3). Therefore, the rate of adsorption of copper ions on the surface of the stud-
ied sorbents depended on the number of adsorption sites [1] and was controlled by the
contribution of the chemical reaction [2,74].

Table 3. Kinetic parameters of sorption of Cu?* ions by the samples of zeolite, zinc ferrite and
composites on their base.

Parameters of Pseudo-Second Order Model

Sample Equation
i 1 ez, Mg/g g.mglfff min-1 R? RMSE
7t y = 0.0354x + 0.0261 28.25 0.0480 0.9994 0.0192
F y = 0.0145x + 0.0271 68.97 0.0078 0.9993 0.0119
Zt-2F y = 0.0514x + 0.012 19.45 0.0560 1.0000 0.0024
Zt-8F y =0.0201x + 0.19 49.75 0.0021 0.9672 0.0767
Zt-16F y =0.0209x + 0.1237 47.85 0.0035 0.9972 0.0182

The values of the pseudo-second order rate constant calculated from the kinetic
equation for the samples Zt and Zt-2F were 67 times higher than for the sample F, and
more than 13-16 times higher than those for the composites Zt-8F and Zt-16F. This fact
testified to the lower rates of the sorption process, in the cases of the pure zinc ferrite
sample and the composites Zt-8F and Zt-16F, for which the chemical reaction controls the
overall sorption process.

The elemental mapping of the samples (Figures 8 and S2) after the adsorption of Cu?*
ions indicated a uniform distribution of copper on the surface of the samples.

Figure 8. Mapping of copper and sulfer in the sample of zinc ferrite after adsorption of Cu®* from
aqueous solution.

From the comparison of the elemental composition of the samples (Table 4) determined
from EDS-analysis, it may follow that, namely, the phase of zinc ferrite had a significant
contribution to the uptake of copper by the sample of composite Zt-16F. An enhanced
affinity for copper ions was also found in [73] for the sample of calcium ferrite.
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Table 4. Elemental composition of zeolite, zinc ferrite and composite Zt-16F after sorption
of Cu?*-ions.

S . Mass.%

ample Total
P Mg Al Si K Ca F Cu zZn O 2

ZtCu 051 619 3615 316 206 207 038 - 4948 100.00

Zt16F 048 472 2567 249 134 1351 074 825 4281 100.00
F - 043 152 - - 4174 115 2797 2719 100.00

As shown in [78,79], the surface of catalysts based on ZnFe,Oy4 possessed a dual nature
and exhibited the properties of both Lewis acids, due to the strong electron-withdrawing
properties of the Fe>* cation in octahedral positions, and Lewis bases, due to the oxygen
anions O?~ located at the nodes of the spinel crystal lattice. In addition, Zn?* ions occupying
tetrahedral positions in the lattice act as an activator of m-bonds that, along with the
acid-base nature of zinc ferrites, exhibited a serious catalytic effect in multicomponent
reactions [80]. Taking this into consideration, onemay assume that hydrated copper cations
are predominantly adsorbed on the surface of zinc ferrite due to electrostatic interaction
with oxygen anions, O%. A similar situation was also found in [74] by the investigation of
Zn** adsorption on the surface of MnFe,O, and CoFe,O, adsorbents.

The extent of sorption can be estimated from the adsorption isotherms discussed
below.

3.4. Isotherms of Cu?* Ions’ Sorption by Samples of Zeolite, Zinc Ferrite and Composites on
Their Base

The adsorption equilibrium in the system “sorbent-sorbate” and the sorption ca-
pacity of the sorbent were experimentally studied using the experimental isotherms of
copper ion sorption shown in Figure 9 and obtained at 40 min time of sorption
equilibrium establishment.

a, mg/g
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16F
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Figure 9. Isotherms of Cu?* sorption by sorbents based on zeolite (Zt), zinc ferrite (F) and composites
Zt-2F, Zt-8F, Zt-16F.

According to Figure 9, the experimental sorption isotherms have a convex character at
the initial stage of the process, indicating the predominance of “sorbent-sorbate” interac-
tions. The isotherm for the zinc ferrite sample (F) was much higher than the isotherms for
other samples, thus illustrating a higher affinity of this sorbent sample for Cu?* ions.This
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isotherm reached saturation at high concentrations and was similar in configuration to
isotherms of type I, according to the IUPAC classification.A similar type of isotherm
was also found in [74] for samples of MnFe,O4 and CoFe,O4 adsorbents, and in [31]
for ZnFe,O4@BC and MnFe,O,@BC composites based on zinc ferrite, manganese ferrite
and biochar.

Sorption isotherms for samples Zt, Zt-2F and Zt-8F were significantly lower than for
the sample F and differed in configuration from isotherms of type I, since the sorption
value (a, mg/g) did not reach its limiting value, but continuedrising, with an increase in
the concentration of the equilibrium solution. This can be caused by the occurrence of the
polymolecular adsorption due to “sorbate-sorbate”-type interactions. The limited value
of the exchange capacity of zeolite caused the lowest course of the sorption curve of Cu?*
ions for zeolite sorbent (Zt). However, in the region of higher concentrations, similarly
to the samples of composite sorbents, the superequivalent absorption of sorbate ions was
manifested for Zt.

In the range of medium and high concentrations of the equilibrium solution, the
sorption capacity of the studied sorbents differed markedly and decreased in the order:
F > Zt-16F > Zt-8F ~ Zt-2F > Zt. It is important to note that the obtained trend had
an inverse correlation with the value of the specific surface area Sggr, m?/ g Zt > Zt-
16F ~ Zt-8F ~ Zt-2F > F and the porosity of the samples, determined by the value of
low-temperature (physical) nitrogen adsorption (Table 2). Therefore, the sorption process
with the participation of zinc ferrite samples and composites containing the ferrite phase
differed from the physical adsorption and was implemented according to a different
mechanism, the contribution of which became stronger at higher content of the ferrite
phase [31,74]. In the case of the natural zeolite clinoptilolite, the mechanism of sorption of
copper ions was predominantly an ion-exchange.

The regularities of adsorption on homogeneous surfaces and in the case of porous
adsorbents are different, since the state of the surfaces is energetically not the same. Adsorp-
tion on a homogeneous solid surface is described by Langmuir’s theory of monomolecular
adsorption. Adsorption on a heterogeneous surface with varied affinities of active sites for
the sorbate and a nonlinear isotherm is described by the Freundlich model.

In order to characterizethe equilibrium of sorption, experimental isotherms were
approximated by the linear equations of the Langmuir (7) and Freundlich (8) adsorption
models in the following view:

1 1 1 1

g — 8
a Amax- KL Ceq Amax ®)
loga=1/nlogC + log K, 9)

where s—adsorption capacity of sorbent at equilibrium, amax—maximal adsorption (mg/g),
Ceq—equilibrium adsorbate concentration in solution (mg/dm?); K| —equilibrium constant
of Langmuir (dm3/mg), Kg—Freundlich equilibrium constant (dm3/mg), Cand 1/n—
constants of the Freundlich equation.

Experimental isotherms were plotted in the linear coordinates of Langmuir (1/a vs.
1/Ceq) and Freundlich (loga vs. logCeq) equations, linearized and subsequent parameters
of the linear equations (slope k and interceptb) were used to determine the corresponding
parameters of the Langmuir (amax and Kt) and Freundlich (n and Kf) equations, presented
in Table 5.
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Table 5. Equation parameters of the adsorption models of Langmuir and Freundlich determined for
copper ions’ sorption by investigated sorbents.

Langmuir Model Freundlich Model
Sample : : : :
Linear Equation R? Amax, Mg/g KL Linear Equation R? n Kp

Zt y = 0.0055x + 0.0515 0.4741 19.42 9.36 y =0.2429x + 1.2351 0.735 417 17.18
F y = 0.0039x + 0.0062 0.9928 161.3 1.59 y = 0.4435x + 1.9409 0.9118 2.25 87.28
Zt-2F y = 0.0052x + 0.0366 0.6191 27.32 7.04 y = 0.2564x + 1.3621 0.8703 3.9 23.02
Zt-8F y =0.0056x + 0.0331 0.9234 30.21 591 y =0.249x + 1.3825 0.9666 4.02 2413
Zt-16F y = 0.0048x + 0.0305 0.9329 32.79 6.35 y =0.2337x + 1.4239 0.9885 4.28 26.54

As follows from Table 5, the high values of the correlation coefficients and the nature
of the obtained isotherms with saturation (for F sample) evidenced that the Langmuir
model successfully described the sorption process on the sample of zinc ferrite (F), like that
found for composites based on metal ferrites [31,74].

The higher correlation coefficients of the Freundlich model were found for the sorption
isotherms on zeolite (Zt) and all samples of composites Zt-2F, Zt-8F and Zt-16F, which may
indicate the heterogeneous nature of the surface of these sorbents, as well as the possibility
of polymolecular sorption.

For all of the samples, the values of constant n of the Freundlich equation weren > 1,
indicating the favorable sorption conditions. The value of Kp was the highest for the ferrite
sample (F), specifying its greater affinity for the sorbate compared to zeolite (Zt).

However, the values of the sorption equilibrium constant Ky,, determined from the
Langmuir model, testified the higher energy of sorption interaction in case of zeolite and
composite samples, rather than in the case of sample F.

The sorption capacity of the resulting ZnFe,O4/zeolite composites can be compared
with other composite metal ferrite-based sorbents using the data of Table 6.

Table 6. Adsorption capacity of metal ferrite-based composites for heavy metals ions.

Metal Ferrite-Based Composite Type of Heavy Metal Ads,o rption Reference
Capacity, (mg/g)
. . Cr(III) 217.00
Cobalt—ferrite nanocomposite (CFNC) cda 303.00 [14]
. . As(1II) 49.05
Manganese ferrite nanoparticles (NPs) As(V) 2765 [16]
Cobalt—zinc ferrites NPs (CoxZn;_yFe,Oy) Pb 289.00 [21]
CoFe;O4 NPs Pb 275 [20]
Zn 390
MnFe,0, Zn 4545 [74]
Iron-nickel oxide Cr 30.00 [79]
Magnetic ferrite Cd 160.91 [81]
Ni 49.42
Mixed oxides and ferrites nanoparticles Cd 54.69 [33]
Cr 12.34
Amine-functionalized MgFe,;O4 Pb 322 [34]
Bentonite/CoFe, O, /hydroxyapatite Pb 66.0 [72]
Cu 4473 [82]
MK100, clinoptilolite metakaolin based Pb 247.14
geopolymer cd 74.36
Zn 30.52
Cr 21.84
) Cu 48.78 [83]
Fe3O4-hydroxyapatite Ni 2907
CuFe;0,@HAp Fe (1) 91.7 [84]
Al (II) 492
Pb 3.96
PVA-barium ferrite composite Cd 2.51 [85]

Cu 4.06
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Table 6. Cont.

Ad ti
Metal Ferrite-Based Composite Type of Heavy Metal s'orp ton Reference
Capacity, (mg/g)
Pb 4.67
PVA-nickel ferrite composite Cd 1.07 [85]
Cu 4.14
MnFe, O, /Chitosan Cu (1) 14.86 [86]
Pb (II) 15.36
Reduced graPhene oxide—cobalt ferrite As (V) 9792 (87]
nanocomposite, RGCF
R 1 effici
Rice Straw-CoFe;O; Fe, Mn, Cu, Cd, Zn, Ni, Pb emova: eticlency, s8]
R =20-55%
ickel ferri hyl cellul
Nicke ferrlte 'carboxymet yl cellulose Ni 47.84 [89]
composite (NiFCMC)
Nickel ferrite—carboxymethyl
cellulose-sodium alginate bio-composite Ni 60.24 [89]
(NiFCMC-Alg)
BiFeOj3/Nig 1 Fez9°4 nanocomposites Cr (VI) Removal efficiency, R = 75% [90]

The next section considers the effectivity of the studied samples of nanosorbents in
the water purification from heavy metal ions.

3.5. Effectiveness of Water Purification and Regeneration of Sorbents

The calculated values of the degree of water purification (R, %), indicating the extent
of Cu®* ion extraction from the model solution with 320 mg/dm? of copper ion content,
are shown in Figure 10.
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Figure 10. Degree of water purification from Cu?*-ions by samples of sorbents at varied sorption
times: F—zinc ferrite; Zt—zeolite; Zt-2F, Zt-8F and Zt-16F—composites based on zeolite with 2, 8 and
16% content of zinc ferrite.

It follows from Figure 10 that sorbents based on natural zeolite provided a high degree
of water purification (92-94%), regardless of the duration of the sorption process. The
sorbent based on zinc ferrite reached the highest efficiency at a sorption time of 40 min
and was able to provide 100% extraction of copper ions from the solution. Under given
conditions, the efficiency of purification of the model solution from copper ions by the
composite sorbents was significantly lower (2-3 times), apparently due to a decreased
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number of available pores for transport of sorbate to surface sites of the sorbent. Therefore,
to raise the efficiency of water purification, it is necessary to increase the amount of sorbent.
It was shown in [14] that the amount of 10-15 g/L of a magnetic composite sorbent based
on cobalt ferrite was insufficient to provide a high degree of purification, while 20 g/L
arrived at 100% purification.

To recommend the sorbents for practical use, the possibility of their regeneration
using a number of electrolyte solutions, e.g., 0.1 N NaCl, NaOH and HCI, was studied. It
was found that in case of the samples of zinc ferrite (F) and composites Zt-8F and Zt-16F,
solutions of 0.1 N sodium chloride and sodium hydroxide did not lead to desorption
of the sorbate and cannot be used to regenerate sorbents, in contrast to [71], where the
sorbent based on ferrite nanoparticles of various metals, except for manganese ferrite, was
successfully regenerated with 0.01 N NaOH.

In the case of using 0.1 N HCl solution as an eluent for the sample of zinc ferrite (F), a
complete desorption of adsorbed copper in an equivalent amount was found (Table S2).
This was consistent with [74], in which 0.1 M HCI solution was determined to be the
most effective for the regeneration of a sorbent based on MnFe;O4 and CoFe,O4, while
solutions of H,SO4 and HNOj3 manifested the least destructive effect on the sorbent. As for
the possibility of regeneration of another effective sorbent, clinoptilolite (Zt) and zeolites,
as representatives of inorganic ion-exchangers, can be regenerated easily with solutions
of high concentrations of acids (>1 M) or other electrolytes. In our case, regeneration of
the Zt sample with 0.1 N HCI resulted in desorption of 60% of the adsorbed amount of
copper ions.

In the absence of regeneration, as was experimentally determined for the samples of
zinc ferrite (F) and composites Zt-8F and Zt-16F, the sorption capacity gradually decreased
with each new operating cycle (Figure 11), but, nevertheless, allowed usingthe sorbents in
two to three sorption cycles.
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Figure 11. Sorption capacity of sorbents depending on number of sorption cycles from 0.01 N CuSOy4
solution.Note.F, Zt-8F, Zt-16F—without regeneration; Zt—2"9 cycle of sorption after regeneration by
0.1 N HCJ; Zt-8F—6th cycle after regeneration by 0.1 N HCI.

Figure 11 illustrated that sorbents based on zinc ferrite were able to successfully purify
the aqueous phase during two to three operating cycles without regeneration. Subsequently,
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it is recommended to restore the sorption capacity of sorbents by their regeneration with
0.1 N HCl solution. According to [14], another possible way to regenerate the sorbent based
on metal ferrites can be a mixture of ethanol/methanol (1:1), which made it possible to use
the sorbent for 4 cycles.

Among the samples of composite materials, the Zt-16F composite was the most effec-
tive in terms of the degree of water purification upon reaching the sorption equilibrium; its
capacity was only 30-35% lower than one for F and Zt sorbents. However, an indisputable
advantage of the new composite nanosorbents was their acquisition of magnetic properties
and a unique ability to be extracted after the completion of the adsorption cycle, which will
be discussed in the next section.

3.6. Magnetic Properties of the Sorbents

Considering the fact that materials based on zinc ferrite exhibit the properties of
magnetically soft materials, the behavior of nanosorbents based on zinc ferrite under the
action of an external magnetic field was experimentally studied (Figure 12).

vl
- '\‘;\t

Figure 12. Effect of Nd magnet on suspensions sorbent-0.01 N CuSOy solution: (a) zinc ferrite;
(b) composite Zt-16F; (c) zeolite.

Figure 12 clearly testifies the ability of zinc ferrite samples, as well as the Zt-16F
composite sorbent, for magnetic separation from the equilibrium solution under the ac-
tion of external magnetic field from the Nd magnet. Compared to natural zeolite and
other materials possessing no such activity, the acquisition of magnetic properties by
the ZnFe,O4/zeolite composite, owing to the zinc ferrite component, is an undoubted
advantage [7,91].

As follows from Figure 13, there was a linear dependence of the magnetic moment
on the magnetic field detected, for all of the samples studied, that is distinctive for small
concentrations of superparamagnetic particles. The magnetization of ZnFe; Oy in the field
of 16,000 Oe was about 2.5 emu/g. For the samples of composites, magnetization values
were significantly lower than for the F sample, nevertheless, tending to increase with the
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rising of the content of the zinc ferrite phase in the composite, and, as a result, imparting the
samples of composites Zt-8F and Zt-16F the ability for magnetic separation by an external
magnetic field.The magnetic activity of the samples significantly facilitates separation of
the spent sorbent for subsequent regeneration and reuse, and preventing its loss, which, by
these means, ensures the intensification and improvement of the sorption technology of
water purification.
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Figure 13. Magnetization curves of zinc ferrite and composites Zt-2F, Zt-8F and Zt-16F samples.

4. Conclusions

New nanocomposite materials with magnetic properties and enhanced sorption capac-
ity for copper ions were obtained on the base of natural zeolite and zinc ferrite nanoparticles,
applying the facile synthesis method. Using X-ray diffraction, SEM and BET nitrogen ad-
sorption/desorption methods, it was confirmed that the formation of composites occurred
due to changes in the morphology and porosity of the material. Nanoparticles of zinc
ferrite embedded the pore space of zeolite and caused a decrease inthe specific surface
area of composites and their ability for physical adsorption. However, the introduction
of 8 and 16 mass % of zinc ferrite phase into the composite improved the sorption ability
of the material for copper ions in aqueous medium, due to the implementation of both
ion-exchange (zeolite component) and chemisorption (zinc ferrite phase) mechanisms. The
sorption capacity of the composites for copper ions was more than 1.5 times higher than
the capacity of natural zeolite and increased from 19.42 for zeolite to 32.79 mg/g for the
Zt-16F composite.

The kinetic regularities of copper ions’ sorption by the studied materials were success-
fully described by the pseudo-second order model. The equilibrium of the sorption process
on the surface of zinc ferrite was adequately described by the Langmuir model, while, for
samples of zeolite and composites, the Freundlich model was more suitable.

The efficiency of water purification from copper ions by the developed composite
sorbents was quite high, but was inferior to zeolite and zinc ferrite. The limitation of
these studies is the applied sorbent/solution ratio, which was not further optimized. By
increasing the amount of sorbent, the removal efficiency can be increased to a higher degree.
However, the stated ability of these sorbents to operate in several cycles without regen-
eration, the possibility of successful regeneration and the magnetic properties are those



AppliedChem 2023, 3 472

important advantages that allow recommending ZnFe,O4/zeolite composite materials as
prospective sorbents of heavy metals.

In the future studies of such materials, attention will be paid to enhancing the magnetic
properties of composites by changing their composition, as well as to the multi-component
composition of real wastewaters, and assessment of the sorption efficiency of materials in
relation to other heavy metals.
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