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ABSTRACT The paper presents a methodology for the synthesis of iron complex with hydrazine hydrate
Fe(N2H,).Cl,. The Fe(N;H,),Cl, complex was investigated by X-ray phase analysis and scanning electron
microscopy. Upon hydrolysis, the Fe(N.H,), Cl, complex forms a composite sorbent, which is Fe;O, in a shell
of Fe(N2H,),Cl, complex. The composite sorbent can be used to treat wastewater from Cr(VI) ions and is
effective in the pH range of 2 to 12. Based on the adsorption and electrokinetic potential data, a conclusion
about the nature of the terminal groups of the adsorbent was made, a scheme of the structure of its electrical
double layer and the adsorption mechanism were proposed. Depending on the conditions, Cr(VI) can be ad-
sorbed on the composite sorbent or reduced to Cr(lll). The efficiency of the composite sorbent in the removal
of Cr(VI) ions was tested on a sample of real wastewater.

KEYWORDS Iron complex with hydrazine, magnetite sol, chromium adsorption, heavy metals, adsorption
isotherms.
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1. Introduction

The deterioration of drinking water quality is a global world problem that research groups around the world are work-
ing on [1-3]. There are many tasks to purify water from ecotoxicants of artificial and natural origin [4—6]. Technologies
such as adsorption purification [7-9], membrane purification [10-12] and reagent purification [13—15] are widely used.

Among the ecotoxicants of artificial origin, Cr(VI) compounds occupy a special place. Cr(VI) has a low maximum
permissible concentration (MPC) value in drinking water of 0.05 mg-L™" [16], so a high degree of wastewater is required.
The topic of extraction of chromium compounds from wastewater is wide presented, many adsorbents have been developed
[5,17-19]. Reagent technologies [20,21] are most often used for treatment of electroplating effluents from the main
amount of chromium. The main approach is to reduce Cr(VI) to less hazardous Cr(III) compounds (MPC in drinking
water — 0.5 mg-L ™! [16]) and its further precipitation in the form of sludge. For Cr(VI) reduction, Fe(II) salts are mainly
used, for example, rather cheap divalent iron sulfate [20].

Adsorption methods are one of the most promising for additional treatment, removal of residual concentrations of
Cr(VI) from wastewater [22]. Adsorptive water treatment can be regenerative (i.e., with extraction of the substance from
the adsorbent and its utilization) and destructive, in which the substances extracted from wastewater are stored in landfills
or destroyed together with the adsorbent. The efficiency of adsorptive treatment reaches 80 — 95 % and depends on the
chemical nature of the adsorbent [23].

Active carbons [24, 25], synthetic [26] and magnetic sorbents [27] are used as sorbents. Mineral sorbents include:
clays, gels [26, 28], oxide hydrates [29], nanoactivated complexes of natural zeolite and diatomite [30]. Composite
sorbents are a rather new type of adsorption materials. Modified montmorillonites are examples of composite sorbents
[31,32]. Modified and stabilized null-valent iron sols have been widely investigated [33]. This type of adsorbents can
be categorized as destructive because after adsorption, the adsorbent binds firmly to the adsorbate, forming interaction
products and, as a rule, is not regenerated. Due to this interaction, a high degree of water purification from ecotoxicants
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can be achieved. Surface-modified sols of highly dispersed particles can also be referred to composite sorbents [34-36].
Also composite sorbents based on magnetite [37] or nanoparticles of magnetite are often used for Cr(VI) adsorption [38].

Methods for the preparation of magnetite nanoparticles are fairly well studied [39—41], however, methods for the
preparation of composite sorbents using magnetite particles are constantly evolving, and each new composite usually
requires a new synthesis method.

The present work describes a method for the extraction of chromium (VI) compounds using hydrazine and iron com-
plexes. This type of compound was first described in 1908 by Franz and von Mayer [42] and the formula Fe[NoH4]>Cl,
was determined. In further studies of these compounds [43], it was found that the amount of hydrazine and chlorine
can be different and described compounds Fe[NoH4]2Cly in which hydrazine is in the protonated form. The present
work describes a simplified version of the synthesis of a compound of hydrazine with iron with the approximate formula
Fe(NoHy),.Cl,, which is a precursor for the synthesis of a composite sorbent. The presented composite sorbent is effective
for Cr(VI) removal from wastewater and allows to obtain chromium-iron concentrate of regular composition.

The aim of the work is to synthesize Fe(NyH,),Cl, complex, to synthesize a sol of FezOy4 particles in the shell from
Fe(NoHy),,Cl, complex, to apply the obtained sol for the extraction of Cr(VI) compounds from aqueous solutions.

2. Experimental part
2.1. Synthesis of composite sorbent

The first step of the synthesis was to obtain the compound Fe,(NyHy),Cl.. For this purpose, 6.19 g of iron (II)
chloride (p.a., “LenReaktiv”’) was first stirred with 25 mL of distilled water on a top-drive stirrer IKA RW 20 digital
(IKA-Werke, Germany) at a speed of 600 rpm until complete dissolution. Then 25 mL of ethyl alcohol (95 wt%, “Khim-
produktsiya’) and 2 mL of 10 % hydrochloric acid solution (puriss. spec., “Vekton”). In a separate beaker a hydrazine
hydrate solution was prepared by taking 50 mL of distilled water and adding 3.62 g of hydrazine hydrate (puriss. spec.,
imp. “Vekton”). Then at 600 rpm stirring was dosed hydrazine hydrate solution into ferric chloride solution for 45 min-
utes, after completion of dosing was stirred for another 15 minutes. The reaction produced a light green precipitate, which
turned light orange in air with time. The precipitate was filtered off, washed with three portions of ethyl alcohol and dried
at 75 °C for 1 hour in air atmosphere.

To obtain the composite sorbent, hydrolysis was carried out. For this purpose, 1 g of Fe[NoH4]>Cl; compound was
mixed with 14 mL of distilled water, stirred for 5 minutes until the formation of a dark gray precipitate. The mixture
was kept for 48 hours at a temperature of 15 — 25 °C. A composite sorbent sol with an iron concentration of 2 wt% was
obtained. If necessary, it is possible to centrifuge or magnetically separate the solution and precipitate and obtain the
composite sorbent in powder form, but as a sol the sorbent is more convenient to dispense in adsorption studies.

2.2. Characterization of the material

The morphology and chemical composition of the Fe[NyH,4]oClsy precipitate surface were investigated by scanning
electron microscopy (SEM) using a Carl Zeiss EVO 40 microscope (Carl Zeiss AG, Germany) with an accelerating voltage
of 20 kV on a V-shaped tungsten cathode. Tablets were prepared by pressing, after which the investigated surface was
ground using abrasive materials. The final surface treatment was performed using silicon carbide-based sanding paper
with a grain size of ~2 microns. The elemental composition of the surface was determined by energy dispersive X-ray
spectroscopy (EDS) using an INCA X-Act energy dispersive X-ray analyzer with an active detector area of 10 mm?
(Oxford Instruments plc, UK). Statistics were typed for one minute (lifetime 85 — 90 %) for each of five different points
in different compositional contrast areas.

The phase composition of the sample was determined by powder X-ray diffraction. The images were taken at room
temperature (298 K) on a D8 ADVANCE diffractometer (Bruker, Germany) (Cu-Ka radiation, 30 kV, 40 mA, position-
sensitive detector VENTEC-1, §-filter). The data were recorded over an angle range of 10 — 80 °C with a step of 0.021 °C
in 26 and a point exposure equal to 1135 s. The phase composition and crystal structure of the sample were determined
from X-ray diffraction data using the DIFFRAC.EVA V5.1 software package (Bruker AXS (2019), Bruker AXS GmbH,
Germany) and the International Center for Diffraction Data ICDD PDF4 Release (2020) database [44]. Structure refine-
ment was carried out by full-profile analysis using the TOPAS program [45]. The structure of Mn(NoH4)Cls [sp. gr. 12,
a=9.08(1)A; b=8.01(1) A; c = 4.29(1) A, B = 105.5(1), Z = 2°; PDF 04-016-1449] was taken as an initial model.

The electrokinetic potential of the composite sorbent was determined by a DelsaNanoC analyzer (Beckman Coulter,
USA) in the range of pH values from 2 to 12. The determination is based on the measurement of electrophoretic mobility
of particles using the Doppler effect. Depending on the nature of the particles and the dispersion medium, the zeta
potential (¢) is calculated from the electrophoretic mobility (1) using either the Smoluchowski or Hiickel equation. In
order to choose the right equation, the Henry function f(ka) is calculated independently and values between 1 and 1.5
are obtained [39]. The Smoluchowski equation (1) was chosen to calculate the electrokinetic potential because the value
of f(ka)is 1.43, which is closer to 1.5.
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where 1) is the viscosity of the medium, cSt; Uy is the linear velocity of the dispersed phase particles cm-s~'; ¢ is the
relative dielectric permittivity of the medium; ¢y is the electric constant; E is the electric field strength.

X-ray diffraction analysis of the precipitate formed during chromium extraction at optimum pH was performed on a
XRD 7000 diffractometer (Shimadzu, Japan) with Cu-K,, radiation in continuous scanning mode at a speed of 1°/min in
the range of angles 26 = 20 — 100°. The phase analysis was performed using the international ICDD PDF-2 file system
with built-in modules of automatic phase search and semi-quantitative analysis by the corundum number method.

The particle size of the composite sorbent was determined by dynamic light scattering on a Zetasizer Nano S90
(Malvern, UK), laser radiation source with a maximum of 632.8 nm. The sol was diluted 100 times with glycerol,
measurements were performed at 20 °C taking into account the solvent properties (viscosity 1412 mPa-s, refractive index
1.474), and the number of replicates was 3.

2.3. Adsorption study

To obtain the dependence of Cr(VI) adsorption on pH, model solutions containing 50 mg-L~! of chromium were
prepared by diluting the initial solution of potassium dichromate 1 mg-L~! (1.4145 g (p.a., “Reakhim”) per 500 mL of
distilled water):

(1) pH 1.0 — 2.5 with sulfuric acid solution (puriss., “UfaKhimProekt”);

(2) pH 3.5 — 6.3 by acetate buffer solution (1 M of NaOH (p.a., “UfaKhimProekt”) and 1 M of CH3COOH (puriss.,
“Nevinnomyssky Azot”));

(3) pH 7.0 by NaOH solution with addition of 1 M of NaNO3 (puriss., “UfaKhimProekt”);

(4) pH 8.0 — 10.0 by ammonia buffer solution (1 M of NH4OH (p.a., “Sigma Tec”) and 1 M of NH4Cl (puriss.,
“Vekton™));

(5) pH 12.0 with 1 M of NaOH solution.

The pH was monitored using an I-160 MI ionometer (Izmeritel’naya Tekhnika, Russia).

In adsorption study, 2.5 mL of composite sorbent was added to 20 mL of Cr(VI) solution with a certain pH value,
stirred for 2 hours on a rotary mixer RM-1L (SIA “ELMI”, Latvia). Then the solution and sorbent were separated by
filtration using a paper filter “Blue Ribbon” (“Melior XXI”).

The residual chromium concentration in the filtrate was measured by inductively coupled plasma atomic emission
spectrometry (ICP-AES) on a SpectroBlue spectrometer (Spectro Analytical Instruments, Germany). The degree of
chromium sorption (R, %) was calculated as the ratio of the difference between the initial (Cj, mg-dm_3) and equi-
librium (C., mg-dm ™) concentrations of chromium in solution to the initial concentration:

Co—C

R= 2 =100 %. 2

The amount of adsorbed chromium per 1 g of sorbent (equilibrium sorption capacity) — ¢ (mg-g~ '), was calculated by the
formula:

q= W - 1000, (3)

where V is the volume of solution, dm?>; m is the mass of sorbent, g.

To study the influence of temperature on the adsorption process, adsorption isotherms (dependences ¢ = f(C.)) were
obtained at temperatures of 293 K, 313 K and 333 K.

2.4. Removal of chromium from a real wastewater sample

As a real chromium-containing sample of wastewater, a water sample of JSC “Russian Chromium 1915” was taken
before the stage of reagent treatment — a solution with chromium concentration of 350 mg-L ™" and pH = 11.5. Wastewater
was filtered. 1 mL of 5 % sol of composite sorbent was added to 20 mL of filtrate, and stirred for 15 minutes. Sorbent
was separated by centrifuge OPn-8 (“TNK”Dastan”, Kyrgyz Republic) for 20 min at a speed of 7000 rpm. In the filtrate,
the content of total chromium was determined by ICP-AES method. In addition, we performed an experiment comparing
the efficiency of chromium removal by composite sorbent with chromium removal by treatment with iron (II) sulfate. For
this purpose, wastewater was filtered, 0.0993 g FeSO,4-7H50 (p.a., “JSC Reakhim”) was added to 20 mL of filtrate, and
stirred for 15 minutes. The solution and precipitate were separated by centrifugation. Chromium content was determined
in the filtrate. Similarly, the experiment was performed for pH = 5.4, adding a few drops of concentrated sulfuric acid to
the wastewater. The experimental conditions were similar to those described above. The only difference was that 2 mL
of sol or 0.1986 g FeSO,4-7H>0 was added. The content of hexavalent chromium in the wastewater after adsorption was
determined by spectrophotometric test with 1,5-diphenylcarbazide (p.a., sole proprietor S.A. Smirnova doing business as
“InterKhim”) [46].
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3. Results and discussion
3.1. Synthesis of iron complex with hydrazine hydrate
During the interaction between iron (II) chloride and hydrazine hydrate, the following chemical reaction took place:
FeCly 4+ 2NoH, - H,O = Fe[NyHy)oCly + Ho O,

and as a result Fe[NoH4]5Cly complex was formed, which was then filtered and washed with several portions of ethyl
alcohol. The X-ray diffraction of the complex (Fig. 1a) confirms that there is a single phase. When the solid/water ratio is
increased up to 1:14, the dissolution of Fe[NoH,]2Cls complex increases, and its hydrolysis occurs, which in the presence
of air oxygen leads to the formation of magnetite phase, the surface of which is completed by particles of Fe[NyH4]2Cls
complex:

3FC[N2H4}2C12 + 3H20 + 1/202 = F6304 + 6N2H5C12.

Thus, particles of composite sorbent with the ratio of magnetite/iron complex phases 1:3 are formed, which is confirmed
by X-ray studies (Fig. 1b). The system comes to a state of equilibrium and there is no further transformation of phases
with increasing exposure time, and this means that there are factors preventing hydrolysis, the main of which is the
formation of an electrical double layer (EDL). The synthesis scheme (Fig. 1c) shows the sequence of interactions prior to
the formation of EDL.

It is worth noting that in this variant of synthesis, the main stabilization of the sol occurs due to the high value of
the electrokinetic potential. A rather atypical picture is observed for the dependence of the electrokinetic potential on the
pH of the medium (Fig. 2a). The high positive charge of the surface is maintained up to pH 9, and after that the surface
sharply changes the sign of the charge and becomes negative, which indicates the rearrangement of the structure and the
formation of a new type of sol. The value of the electrokinetic potential indicates high mobility of sol particles, and in
this case the electrostatic stability factor plays a key role. The sign of the electrokinetic potential up to pH 9 suggest the
structure of two-phase particles: the outer layer consists of hydrazine complex, and the inner layer contains magnetite.
The high positive electrokinetic potential of the surface is due to complex iron ions or protonated hydrazine ions.

Protonating in acidic medium, hydrazine acquires a positive charge, which is compensated by chloride ion. Thus,
it can be considered that the composite sorbent is a sol of Fe304@Fe(NoHy),Cl,, particles. An important characteristic
of the composite sorbent is the particle size, because it is the particle size that is associated with the stability of the sol,
the specific surface area of the particles and the sorption characteristics. A rather narrow particle size distribution with a
maximum of 30.7 nm (Fig. 2b), obtained by dynamic light scattering, indirectly indicates the formation of particles with
a “core/shell” structure and that the process comes to equilibrium and no further particle enlargement occurs.

The absence of larger sized agglomerates is also noteworthy, although the particles have their own magnetic moment,
and no additional dispersion by ultrasound or high speed agitation was performed prior to particle size measurement.

3.2. Microscopic studies

The results of scanning electron microscopy examination of the sample of iron complex with hydrazine hydrate
(Fig. 3) show that the sample is homogeneous and crystalline. The surface of the sample appears inhomogeneous under
magnification, primarily due to topological contrast caused by grinding.

Light inclusions on the gray background should be attributed to compositional contrast. Its appearance is due to the
fact that the chemical composition locally deviates from the ideal Fe:Cl:N=1:2:4 ratio (Fig. 3a). The elemental maps
show that the distribution of iron and chlorine in the sample surface is generally homogeneous, but there are regions with
fluctuations in chemical composition. Using X-ray energy dispersive point analysis, it is shown that the iron content varies
between 11.47 — 16.29 at%, chlorine 24.63 — 35.00 at% and nitrogen 48.71 — 63.89 at% in different regions. Thus, iron
excess and deficiency regions of Fe(NoHy); 7Cl; g and Fe(N2H,4)2 sCls 1 are observed, respectively. That is, the exact
formula of the compound has not yet been established, so in general we use the record of the compound — Fe(NyHy),Cl,,.

3.3. Investigation of chromium adsorption by the composite sorbent sol

Studies of chromium adsorption from Cr(VI) solution depending on pH of the medium (Fig. 4) showed the efficiency
of the composite sorbent in the pH range from 2 to 12. The dependence of the degree of chromium adsorption on the
pH of the medium shows that in a wide range of pH almost all chromium (about 99.9 %) is adsorbed, which proves the
efficiency of the sorbent.

Decrease in adsorption at pH < 2 is most likely due to the decrease in the electrokinetic potential of the composite
sorbent and its dissolution.

To reveal the nature of the interaction of the composite sorbent with Cr(VI) ions, the dependence of adsorption on
temperature was investigated (Fig. 5a).

At 293 K, the isotherm comes to saturation and probably monolayer adsorption occurs. The maximum capacity of
the sorbent according to the graph is 385 mg-g~!. At temperatures above 313 K, the isotherm acquires an S-shaped
form, which indicates either multilayer adsorption or the occurrence of chemical interactions in parallel with adsorption
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FIG. 1. Validation of the composite sorbent and synthesis scheme. XRD patterns of (a) Fe[NoH4]>Clo
complex and (b) Fe304 @Fe(NyoHy),Cl, sample (@ is designation of the particle “core/shell”, to the
left of the symbol phase — core, to the right — shell). Experimental (blue dots) and calculated (red
curve) diffractograms, and difference curve (gray) of the sample. Vertical dashes correspond to Bragg
reflections of the compounds. Scheme of formation and structure of EDL of the sol at pH values < 9 (c)

interactions. The ultimate capacity of the composite sorbent in this case cannot be calculated from the linear dependence
(Fig. 5a), but it can be assumed that it will exceed 500 mg-g~*.

By plotting the linear dependence in Langmuir coordinates (Fig. 5b), it can be seen that at 293 K, the dependence has
a linear form, but as the temperature increases, the dependence deviates from linear (the correlation coefficient decreases),
which indicates multilayer adsorption or chemical interaction. That is, it is possible to assume the occurrence of at least
three variants of reactions:

(1) HCrO; + NoHy +3H' = Cr®" + Ny + 4H,0 (redox reaction with NoHy as the reducing agent);

(2) HCrOj + composite sorbent + 7TH = Cr** + Fe** + 4H,0 (redox reaction with Fe?T);

(3) NoH°t + HCrO,; =NyHsHCrO4 (ion exchange interaction).

Adsorption at 293 K is satisfactorily described by the Langmuir model, which means that monolayer adsorption
occurs at this temperature, and this corresponds to the ion-exchange interaction (variant 3). At temperatures 313 and
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FIG. 5. Adsorption isotherms of Cr(VI) on composite sorbent (a); linear dependence of C' — C'e/q for
composite sorbent (b); pH = 5.0, acetate buffer, stirring 2 hours

333 K (Fig. 5a) we observe S-shaped adsorption isotherms, which is characteristic of polymolecular adsorption on non-
porous sorbents, which may indirectly indicate the occurrence of chemisorption, i.e., in this case, variants 1 and 2 take
place.

3.4. Purification of a real water sample from chromium (VI)

Adsorption of chromium (VI) from waste water of JSC “Russian Chromium 1915 before the stage of reagent treat-
ment was carried out at temperature 290 K and pH = 5.4. The initial concentration of chromium in this water was
350 mg-L~!. After treatment with composite sorbent sol according to the procedure described in the experimental part,
we determined the content of total chromium by ICP-AES method in supernatant, it amounted to 0.087 mg-L ™!, which
is less than MPC for trivalent chromium in drinking water. Hexavalent chromium was not detected in the solution after
sorption (according to the test with 1,5-diphenylcarbazide).

X-ray phase analysis of the sorbent after adsorption of chromium showed the presence of FeO(OH) phases with
tetragonal and orthorhombic structure and Feq gCr; 2Oy (Fig. 6).

When the composite sorbent interacts with Cr(VI), iron passes into iron metahydroxide, and Cr(VI) — into Cr(IIl),
while forming a solid solution of substitution — in the compound Fe; §Cry 204 chromium replaces iron in its positions in
the spinel structure.

For comparison, tests were carried out with the currently used reagent for water purification from chromium (VI)
compounds — iron (II) sulfate [47], with the same molar concentration of iron as when using the composite sorbent sol.
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TABLE 1. Results of chromium removal from wastewater of JSC “Russian Chromium 1915” by two methods

Treatment pH | C¢, after treatment, mg-L_1 R, %
5.4 225.6 35.5
FeSO,~7H>0
11 53 98.5
. 5.4 0.084 99.98
Composite sorbent
11 26.4 92.5

According to the experimental data (Table 1), the composite sorbent sol is significantly superior to iron (II) sulfate in
acidic medium and less effective in strongly alkaline medium.

In addition, in the acidic environment, it is possible to reach the MPC value for trivalent chromium. Also an important
factor is that the product of chromium precipitation with composite sorbent is not contaminated with sulfur compounds,
and all chromium passes into the trivalent state, forming a compound of regular composition Fe; §Cr; 2Oy.

Thus, using the composite sorbent sol obtained by the proposed method it is possible to effectively remove Cr(VI)
from the wastewater of metallurgical companies. Also we have to remember that hydrazine is toxic substance (MPC is
0.01 mg-L~1) [16] and some quantity of hydrazine can penetrate to the aqua solution during working of sorbent. However,
this is not a problem if we treat the effluent, as hydrazine readily decomposes into nitrogen and water when it interacts
with oxygen [48], active chlorine or by the catalytic reaction in the presence of transition metals.

The proposed technological approach makes it possible to treat wastewater containing Cr(VI) to a residual concen-
tration of 0.084 mg-L_1 (with chromium remaining only in the form of Cr(IIl)), and to obtain a material of sufficiently
regular composition, predominantly containing compounds of Cr(III) and iron. This material can be used for production
of ferrochrome, chrome cast iron, metal flux or as a component in the production of ceramic products.

4. Conclusions

The paper presents a method of synthesis of Fe(NoHy),Cl, complex where x = 1.7 - 2.8, y = 1.8 — 2.1 and
subsequent formation of composite sorbent particles with a “core-shell” structure, in which the core is magnetite particles,
and the shell is represented by Fe(N2Hy4),Cl, complex, which forms the positive charge of the surface. Such a composite
sorbent allows the effective removal of Cr(VI) compounds from solutions in the pH range from 2 to 12. The Fe(NyHy),Cl,
complex was certified by XRD, SEM and EDS methods. Based on the specificity of the interaction between the sorbent
and Cr(VI) compounds, a scheme of the structure of its electrical double layer and adsorption mechanism is presented.
Depending on the conditions, Cr(VI) can either adsorb on the surface of the highly dispersed sorbent or be reduced to
Cr(IIl) by it. Purification of a sample of real wastewater by the obtained composite sorbent sol at room temperature in
adsorption mode was carried out, it was shown that it allows to completely purify wastewater from Cr(VI) and from Cr(III)
to concentrations below the MPC values in drinking water. At the same time, a high adsorption capacity of 385 mg-g~*
and an adsorption degree of 99.9 % are achieved. The sludge after sorption can be used to obtain commercial products
used in metallurgy as a substitute for ferrochrome. Comparison of wastewater treatment from chromium by composite
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sorbent sol with the classical method of treatment using ferrous sulfate at different pH values of the medium showed that
the sorbent Fe304 @Fe(NoHy),Cly is effective in acidic environment, and allows to reach the MPC value, and ferrous
sulfate is effective at pH = 11, but its use does not reach the MPC and sludge is obtained, not suitable for further use,
because it is heavily contaminated with sulfur compounds.

References

[1] Trevett A.F., Carter R.C. Targeting appropriate interventions to minimize deterioration of drinking-water quality in developing countries. J. Health
Popul Nutr, 2008, 26(2), P. 125-138.

[2] Danilov-Danilyan V.I. Global problem of fresh water deficit. Age of globalization, 2008, 1, P. 45-56. (in Russian)

[3] Lee E.J., Schwab K.J. Deficiencies in drinking water distribution systems in developing countries. J. Water Health., 2005, 3(2), P. 109-127.

[4] Tikhomirova E.I., Plotnikova O.A., Atamanova O.V., Istrashkina M. V., Koshelev A.V., Podolsky A.L. The use of multicomponent adsorption filters
in water purification systems and luminescent control of ecotoxicant content. Theoretical and Applied Ecology, 2019, 1, P. 73-81.

[S5] Schwarzenbach R.P., Egli T., Hofstetter T.B., von Gunten U., Wehrli B. Global water pollution and human health. Annual Review of Environment
and Resources, 2010, 35(1), P. 109-136.

[6] Chaturvedi A.D., PalD., Penta S., Kumar A. Ecotoxic heavy metals transformation by bacteria and fungi in aquatic ecosystem. World J. Microbiol.
Biotechnol., 2015, 31(10), P. 1595-1603.

[7] Kalyukova E.N., Ivanskaya N.N. Adsorption properties of some natural sorbents towards chromium (II) cations. Sorbtsionnye i Khromatografich-
eskie Protsessy, 2011, 11(4), P. 496-501. (in Russian)

[8] Zhao Z.M., Wang Z.F., Cheng M.Y., Zhang Y.J. Effects of the combinations of 6 materials on the improvements in contaminant removals from
surface water: purification mechanisms and adsorption kinetics. IOP Conf. Ser.: Earth Environ. Sci., 2019, 398(1), P. 012007.

[9] Ambaye T.G., Vaccari M., van Hullebusch E.D., Amrane A., Rtimi S. Mechanisms and adsorption capacities of biochar for the removal of organic
and inorganic pollutants from industrial wastewater. Int. J. Environ. Sci. Technol., 2021, 18(10), P. 3273-3294.

[10] Huang Y.-C., Koseoglu S.S. Separation of heavy metals from industrial waste streams by membrane separation technology. Waste Management,
1993, 13(5-7), P. 481-501.

[11] Chandrashekhar Nayak M., Isloor A.M., Inamuddin, Lakshmi B., Marwani H.M., Khan I. Polyphenylsulfone/multiwalled carbon nanotubes mixed
ultrafiltration membranes: Fabrication, characterization and removal of heavy metals Pb2+, Hg2+, and Cd?t from aqueous solutions. Arabian J.
Chem., 2020, 13(3), P. 4661-4672.

[12] Qdais H.A., Moussa H. Removal of heavy metals from wastewater by membrane processes: a comparative study. Desalination, 2004, 164(2),
P. 105-110.

[13] Pronina E.V., Akhmadullina F.Yu., Zakirov R.K., Pobedimskii D.G. Influence of the reagent pretreatment of wastewaters from chemical plants on
the efficiency of their biological treatment. Russ. J. Appl. Chem., 2009, 82(1), P. 143-147.

[14] Bolisetty S., Peydayesh M., Mezzenga R. Sustainable technologies for water purification from heavy metals: review and analysis. Chem. Soc. Rev.,
2019, 48(2), P. 463-487.

[15] Smart N.G., Carleson T.E., Elshani S., Wang Sh., Wai Ch.M. Extraction of toxic heavy metals using supercritical fluid carbon dioxide containing
organophosphorus reagents. Ind. Eng. Chem. Res., 1997, 36(5), P. 1819-1826.

[16] SanPiN 2.1.4.1074-01. Potable water. Hygienic requirements for the water quality of centralized drinking water supply systems. Quality control
(supersedes SanPiN 2.1.4.559-96). (in Russian)

[17] Rojas G., Silva J., Flores J.A., Rodriguez A., Ly M., Maldonado H. Adsorption of chromium onto cross-linked chitosan. Separation and Purifica-
tion Technology, 2005, 44(1), P. 31-36.

[18] Recillas S., Colén J., Casals E., Gonzdlez E., Puntes V., Sdnchez A., Font X. Chromium VI adsorption on cerium oxide nanoparticles and
morphology changes during the process. Journal of Hazardous Materials, 2010, 184(1-3), P. 425-431.

[19] Alvarez-Ayuso E., Garcia-Sanchez A., Querol X. Adsorption of Cr (VI) from synthetic solutions and electroplating wastewaters on amorphous
aluminium oxide. Journal of Hazardous Materials, 2007, 142(1-2), P. 191-198.

[20] El-Shahawi M.S., Al-Saidi H.M., Bashammakh A.S., Al-Sibaai A.A., Abdelfadeel M.A. Spectrofluorometric determination and chemical speci-
ation of trace concentrations of chromium (III & VI) species in water using the ion pairing reagent tetraphenyl-phosphonium bromide. Talanta,
2011, 84(1), P. 175-179.

[21] Khalturina T.I., Bobrik A.G., Churbakova O.V. Reagent treatment of chromium-containing wastewater. Proceedings of Irkutsk State Technical
University, 2014, 6(89), P. 128-134. (in Russian)

[22] Klimova O.V. Processes and apparatus design of wastewater treatment from chromium (VI) ions by carbon adsorbents: dis. — Ufa, 2016, 148 p. (in
Russian)

[23] Povarova L.V. Analysis of methods of oil-containing wastewater treatment. Science. Engineering. Technology (polytechnical bulletin), 2018, 1,
P. 189-205. (in Russian)

[24] Shaykimova A.K. New complex sorbents in the processes of additional treatment of chromium-containing wastewater. Proceedings of the “III
Youth Environmental Forum”, Kemerovo, 06-08 October 2015, P. 84—84. (in Russian)

[25] Nistratov A.V., Klushin V.N., Erofeeva V.B. Development of the process of chromium (VI) treatment of galvanic production wastewater by active
carbon on a peat polymer basis. Uspekhi v Khimii i Khimicheskoi Tekhnologii, 2012, 26(10 (139)), P. 94-98. (in Russian)

[26] Ecology. Reference book. Adsorbents alumogel, 2021 (https://ru-ecology.info/term/59686). (in Russian)

[27] Frolova L., Kharytonov M., Klimkina I., Kovrov O., Koveria A. Adsorption purification of waste water from chromium by ferrite manganese. E3S
Web of Conferences, 2020, 168, P. 00026.

[28] Raouf M.E.A., Maysour N.E., Farag R.K., Abdul-Raheim A.R.M. Wastewater treatment methodologies, review article. International Journal of
Environment & Agricultural Science, 2019, 3(1), P. 18.

[29] Stroganova Yu.l., Nagornov R.S., Lepilova A.M., Razgovorov P.B. Study of the surface state of aluminosilicate material during treatment with
organic acids and alkali. Proceedings of the X All-Russian Scientific and Practical Conference “Technologies and equipment for the chemical,
biotechnological and food industries”, Biysk, 24-26 May 2017, P. 304-307. (in Russian)

[30] Malkin P. Wastewater treatment from heavy metal ions using nanoactivated complexes of natural zeolite and diatomite. Nanotechnologies in
Construction, 2018, 10(2), P. 21-41.

[31] Keymirov M.A. Water purification of ions of heavy metals by montmorillonite modified with polyamine. Journal of Water Chemistry and Tech-
nology, 2018, 40(6), P. 320-326.



Composite sorbent based on FesO4 with Fe(NoHy), Cl, for the removal... 519

[32] Bhattacharyya K.G., Sen Gupta S. Influence of acid activation of kaolinite and montmorillonite on adsorptive removal of Cd (II) from water. Ind.
Eng. Chem. Res., 2007, 46(11), P. 3734-3742.

[33] Xiaomin N., Xiaobo S., Huagui Z., Dongen Z., Dandan Y., Qingbiao Z. Studies on the one-step preparation of iron nanoparticles in solution. J.
Cryst. Growth., 2005, 275(3—4), P. 548-553.

[34] Shapovalova O.E., Drozdov A.S., Bryushkova E.A., Morozov M.I., Vinogradov V.V. Room-temperature fabrication of magnetite-boehmite sol-gel
composites for heavy metal ions removal. Arabian J. Chem., 2020, 13(1), P. 1933-1944.

[35] Reddy D.H.K., Yun Y.-S. Spinel ferrite magnetic adsorbents: Alternative future materials for water purification? Coord. Chem. Rev., 2016, 315,
P.90-111.

[36] LiX., Sotto A., Li J., Van der Bruggen B. Progress and perspectives for synthesis of sustainable antifouling composite membranes containing in
situ generated nanoparticles. Journal of Membrane Science, 2017, 524, P. 502-528.

[37] Moges A., Nkambule T.T.I., Fito J. The application of GO-Fe3zO4 nanocomposite for chromium adsorption from tannery industry wastewater. J.
Environ. Manage., 2022, 305, P. 114369.

[38] Rajput S., Pittman C.U.,Jr., Mohan D. Magnetic magnetite (Fe30.4) nanoparticle synthesis and applications for lead (Pb2T) and chromium (Cr®)
removal from water. J. Colloid Interface Sci., 2016, 468, P. 334-346.

[39] Zhou Z.H., Wang J., Liu X. Chan H.S.O. Synthesis of Fe3O4 nanoparticles from emulsions. J. Mater. Chem., 2001, 11(6), P. 1704-1709.

[40] Iida H., Takayanagi K., Nakanishi T., Osaka T. Synthesis of Fe3O4 nanoparticles with various sizes and magnetic properties by controlled hydrol-
ysis. J. Colloid Interface Sci., 2007, 314(1), P. 274-280.

[41] Ahmadi S., Chia C.-H., Zakaria S., Saeedfar K., Asim N. Synthesis of Fe304 nanocrystals using hydrothermal approach. J. Magn. Magn. Mater.,
2012, 324(24), P. 4147-4150.

[42] Scoville A.N., Reiff W.M. Magnetic characterization of the linear chain polymer bis hydrazine ferrous chloride Fe(NoH4)2Cla. Inorg. Chim. Acta,
1983, 68, P. 57-61.

[43] Kumar N.R.S., Nethaji M., Patil K.C. Preparation, characterization, spectral and thermal analyses of (N2Hs)2MCly - 2H20 (M = Fe, Co, Ni and
Cu); crystal structure of the iron complex. Polyhedron, 1991, 10(3), P. 365-371.

[44] Gates-Rector S., Blanton T. The Powder Diffraction File: A Quality Materials Characterization Database. Powder Diffr., 2019, 34(4), P. 352-360.

[45] Coelho A.A. TOPAS and TOPAS-Academic: an optimization program integrating computer algebra and crystallographic objects written in C++.
J. Appl. Cryst., 2018, 51, P. 210-218.

[46] Ordinartsev D.P., Pechishcheva N.V., Estemirova S.Kh., Kim A.V., Shunyaev K.Yu. Removal of Cr(VI) from wastewater by modified montmoril-
lonite in combination with zero-valent iron. Hydrometallurgy, 2022, 208, P. 105813.

[47] Qin G., McGuire M.J., Blute N.K., Seidel C., Fong L. Hexavalent chromium removal by reduction with ferrous sulfate, coagulation, and filtration:
A pilot-scale study. Environ. Sci. Technol., 2005, 39(16), P. 6321-6327.

[48] Gaunt H., Wetton E.A.M. The reaction between hydrazine and oxygen in water. J. Appl. Chem., 1966, 16(6), P. 171-176.

Submitted 20 February 2024, revised 22 May 2024, accepted 19 June 2024

Information about the authors:

Denis P. Ordinartsev — Institute of Metallurgy of the Ural Branch of the Russian Academy of Sciences, 101, Amundsen
street, Yekaterinburg, 620016, Russia; ORCID 0000-0002-4216-4770; denis_ordinartsev@mail.ru

Nadezhda V. Pechishcheva — Institute of Metallurgy of the Ural Branch of the Russian Academy of Sciences, 101, Amund-
sen street, Yekaterinburg, 620016, Russia; Ural Federal University named after the First President of Russia B. N. Yeltsin,
19, Mira street, Yekaterinburg, 620002, Russia; ORCID 0000-0002-7281-1342; pechischeva@gmail.com

Svetlana Kh. Estemirova — Institute of Metallurgy of the Ural Branch of the Russian Academy of Sciences, 101, Amundsen
street, Yekaterinburg, 620016, Russia; ORCID 0000-0001-7039-1420; esvetal 00 @mail.ru

Angelina V. Kim —Institute of Metallurgy of the Ural Branch of the Russian Academy of Sciences, 101, Amundsen street,
Yekaterinburg, 620016, Russia; Ural Federal University named after the First President of Russia B. N. Yeltsin, 19, Mira
street, Yekaterinburg, 620002, Russia; ORCID 0000-0003-0610-1075; kim-angelina_95 @mail.ru

Evgenii V. Sterkhov — Institute of Metallurgy of the Ural Branch of the Russian Academy of Sciences, 101, Amundsen
street, Yekaterinburg, 620016, Russia; ORCID 0000-0002-4227-7740; ev.sterhov@mail.ru

Sofia A. Petrova — Institute of Metallurgy of the Ural Branch of the Russian Academy of Sciences, 101, Amundsen street,
Yekaterinburg, 620016, Russia; ORCID 0000-0002-9796-5794; danaus @mail.ru

Galina A. Shilenko — Ural Federal University named after the First President of Russia B.N. Yeltsin, 19, Mira street,
Yekaterinburg, 620002, Russia; ORCID 0000-0001-9856-4717; g_shilenko@mail.ru

Conflict of interest: the authors declare no conflict of interest.



