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Abstract. Obtaining and production of metals from natural raw materials causes a large amount of liquid, solid, and
gaseous wastes of various hazard classes that have a negative impact on the environment. In the production of titanium
dioxide from ilmenite concentrate, hydrolytic sulphuric acid is formed, which includes various metal cations, their main
part is iron (III) and titanium (IV) cations. Hydrolytic acid waste is sent to acid storage facilities, which have a high
environmental load. The article describes the technology of ion exchange wastewater treatment of acid storage facility
from iron (III) and titanium (IV) cations, which form compounds with sulphate ions and components of organic waste
in acidic environments. These compounds are subjected to dispersion and dust loss during the evaporation of a water
technogenic facility, especially in summer season. Sorption of complex iron (IIT) cations [FeSO4]" and titanyl cations
TiO?* from sulphuric acid solutions on cation exchange resins KU-2-8, Puromet MTS9580, and Puromet MTS9560
was studied. Sorption isotherms were obtained both for individual [FeSO4]" and TiO?** cations and in the joint presence.
The values of the equilibrium constants at a temperature of 298 K and the changes in the Gibbs energy are estimated.
The capacitive characteristics of the sorbent were determined for individual cations and in the joint presence.
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Introduction. Titantum production is a source of a large amount of liquid, solid, and gaseous
wastes [1-3]. Within the framework of industrial environmental control, enterprises monitor the at-
mosphere, soils, and water bodies to assess the negative impact of production on the environment
(EIA) [4, 5]. Currently, special attention is paid to the environmental safety of production and waste
disposal [6, 7]. The global trend is the use of industrial waste as an alternative secondary source for
obtaining valuable components [8-10].

Production waste is disposed of in an acid storage facility, the composition of which and the
volume of technogenic wastewater with low pH values have a significant impact on the state of the
environment [11, 12].

The most well-known large-scale waste of the titanium industry is hydrolytic sulphuric acid,
which contains a large amount of iron and titanium cations, which belongs to hazard class II and is
an extremely toxic substance, irritates the skin and causes pulmonary edema.

In a sulphuric acid solution, iron and titanium cations form chemical compounds characterized
by a high degree of toxicity. As the operating time of the acid storage facility increases and the amount
of fresh water that contributes to the dilution of hydrolytic sulphuric acid decreases, there is a
tendency for the water level in the storage facility to drop below the critical level, which leads to
the drying of the technogenic facility, and, as a result, to evaporation of sulphuric and sulphurous
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anhydrides, as well as dust formation of iron and titanium compounds. Chemical compounds of these
metals, characterized by a high degree of dispersity, belong to hazard class II and cause damage to
the upper respiratory tract [13]. An increase in ambient temperature in summer provokes intensive
evaporation of other toxic compounds that are not products of ilmenite processing. Compounds also
containing chlorine and fluorine of organic origin enter the atmosphere in the gaseous state [14].

In 2018, an environmental accident was recorded in one of the Russian towns associated with
the spread of sulphur dioxide, titanium chloride, and iron from a titanium acid storage facility, which
led to the evacuation of the town’s residents. The cause of the environmental catastrophe was
explained by the presence of more than 20 million m® of sulphuric acid wastewater containing at least
864,000 tons of commercial sulphuric acid [15].

The sulphuric acid aerosol formed in the atmosphere with the exhaust gases of titanium produc-
tion at the stages of raw materials decomposition falls out in the form of acid rain during drying and
calcination even at low atmospheric pressures. Suspended particles of iron and titanium compounds
contained in sulphuric acid vapour act as a seed phase, the degree of curvature of which, according
to the principle of isothermal distillation, determines the growth of droplets and the maturation of
acid precipitation.

Considering the concentration characteristics of acid storage facilities, wastewater with a pH
value much less than unity is a potential source of large-scale environmental problems at the regional
and federal levels.

The impact of acid storage facility water on the hydrosphere is assessed by monitoring surface
water bodies in the area of the waste disposal facility. When analysing the data on the composition
of pollutants presented for 2018, a significant excesses of the MPC for sulphate anions, chloride
anions, manganese, iron, and titanium was found in the vast majority of measurements. In some cases,
there are excesses of MPC for arsenic and lead.

It should be noted the inevitable processes associated with the neutralization of acid storage
facility water with alkaline process water, which leads to the precipitation of iron and titantum
hydroxides or their compounds in the form of basic salts. Getting into such conditions, metals accu-
mulate at the bottom of reservoirs.

The simplest way to reduce the acid load on the environment is to neutralize the acid storage
facility water with alkaline agents, which is economically feasible. The use of a more economical
neutralization component — calcium carbonate, or quicklime, can increase the pH of wastewater.
However, as a result, an amount of calcium sulphate that is practically insoluble in any media is
formed, equivalent to the spent acid. Thousands of tons of insoluble gypsum formed during neutrali-
zation of hydrolytic sulphuric acid will provoke the alienation of adjacent populated areas, so the
neutralization technology is not progressive, meeting the principles of “green chemistry”. That is why
the task of utilizing acidic water for ilmenite ore processing enterprises is extremely relevant, and the
solution of this problem will allow the enterprise to create a closed water cycle.

First of all, it is necessary to purify wastewater from iron and titanium, the compounds of which
form volatile components in the conditions of elevated ambient temperatures and discharges of or-
ganic waste into the acid storage facility. It is rational to use sulphuric acid purified from admixture
compounds in the main technology for mineral concentrate recovery, which, in turn, will significantly
increase the level of resource saving in production.

The main methods of purification of process waters of various composition from metals used on
an industrial scale are extraction [16, 17], sorption [18-21] (in particular, ion exchange [22, 23]), and
flotation [24, 25]. Membrane methods of wastewater treatment [26] and coagulation [27] are also
widely used.
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In [28, 29], titantum and iron extraction from acidic solutions of titanium production and ilmenite
processing was studied. Organophosphorus acids were used as extractants. The maximum degree of
extraction of titanium (IV) was 100 % when using D2ZEHPA and EHEHPA extractants; for iron, the
degree of extraction was 95.6 and 98.9 %, respectively. The extraction method of cleaning any pro-
duction facilities is the most effective; however, the use of organic extractants and solvents requires
special safety measures for the operations with flammable and explosive substances [30].

More comfortable and less aggressive in relation to the environment conditions for the
processing of technogenic facilities are provided by the use of sorption methods. The use of solid
regenerable sorption materials [31] eliminates the use of volatile solvents and ensures the selective
extraction of components, including from complex salt systems with high or low pH [32]. As sorption
materials, both natural economically available materials [33] and synthesized organic polymer resins
are used, which are capable of exhibiting greater selectivity with respect to individual components
[34, 35].

Determination of the thermodynamic parameters of the sorption of titanium (IV) and iron
(IIT) 1ons will make it possible to predict their extraction and purification of acid solutions, which
is the scientific basis for the development of a process for the recovery of aggressive components
of an acid storage facility and a condition for determining the parameters of sorption plants for
wastewater treatment from aggressive components with the associated extraction of valuable
metals [36, 37].

Methods. Investigation of the composition of acid storage facility water as a source of pollution.
To study the composition of the acid storage facility water, sampling was carried out at a temperature
0t 30-32 °C. The preparation of liquid samples before analysis consisted in the removal of suspended
particles by filtration using a vacuum filter, if necessary, additional filtration operations were
performed.

Analysis of the chemical composition, qualitative and quantitative determination of the sub-
stances contained were carried out using an inductively coupled plasma emission spectrometer
ICPE-9000 Shimadzu (Japan), providing for the necessary dilution of samples 100 and 1000 times.

The content of anions in water samples of the acid storage facility was analysed by chromatog-
raphy using an LC-20 Shimadzu liquid chromatograph (Japan). During the measurement, the studied
samples were diluted 1000 times with distilled water, after which they were subjected to compression
filtration to remove organic compounds on special filters (Strata C18-E). Determination of the con-
centrations of sulphate anions was carried out at a dilution of 20,000 times.

To determine nitrate ions and ammonium cations, an ATP-02 potentiometric automatic titrator
manufactured by NPK Akvilon (Russia) with ion-selective electrodes was used.

Preparation of sorption organic polymeric materials. The choice of cation exchange resin is due,
first of all, to the availability of ion exchange material in the domestic resin market, low cost, and
satisfactory efficiency of use. These criteria are met by the domestic cation exchange resin KU-2-8,
which is a strongly acidic gel-type resin obtained by sulphonation of a copolymer of styrene with
divinylbenzene, as well as cation exchange resins manufactured by Purolite Ltd: Puromet MTS9580
and Puromet MTS9560, the matrix of which is a macroporous polystyrene framework cross-linked
with divinylbenzene. The functional group of the MTS9560 cation exchange resin is represented by
phosphonic acid, while the MTS9580 cation exchange resin contains cation-selective chelate groups.

Before the studies, the cation exchange resins were converted into the H" form by immersion in
a sodium sulphate solution with a concentration of 2 mol/l for 24 h, decantation, and placement in a
solution of 2 N sulphuric acid for 2-3 h. After appropriate procedures, the ion exchange resin was
separated from the sulphuric acid solution and washed with distilled water until pH = 5.
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Sorption in static conditions. The sorption was carried out from acidic solutions, simulating the
composition of the process waters of the acid storage facility in the production of titanium dioxide.

Iron (III) salt solutions were prepared from chemically pure iron (I1I) sulphate; titanium (IV) salt
solutions were prepared from a 15 % solution of titanium sulphate (III). Titanium (I1I) sulphate solu-
tion was left in contact with air for a day, as a result of which the solution became colourless with the
formation of titanyl cations TiO*".

Quantitative content of individual components in model solutions: iron (II1) 0.6-107.6 mmol/l, tita-
nium (IV) in the form of titanyl — 0.4-215.7 mmol/l. When studying the sorption of iron (III) and titanium
(IV) in the joint presence, the ratio of metal concentrations was set equal to 5:1 (iron (I11) 5.8-591.1 mmol/1
and titanium (IV) 1.3-118.5 mmol/l) in accordance with their quantitative ratio in a real solution. The pH
value of the initial solutions was 0.3-0.5. The initial solutions were equilibrated with cation exchange
resins for 2-3 h until equilibrium was reached, which was proved by the results of kinetic studies with
constant stirring of 120 pumps/min at a temperature of 298 K.

To determine the optimal ratio of solid and liquid phases, experiments were carried out at s:1
equal to 1:1, 1:5, 1:10, and 1:25 for all selected cation exchange resins. According to experimental
data, the highest degree of extraction of iron (III) 43.5 % and titantum (IV) 94.9 % on the KU-2-8
cation exchange resin was achieved only at a phase ratio of 1:1, while the use of the cation exchange
resin MTS9580 provides a high degree of extraction (Fe 84.9 %; Ti 96.8 %) with an increase in the
phase ratio to 1:5, and the MTS9560 cation exchange resin (Fe 91.5 %; Ti 98.7 %) with a tenfold
increase in the liquid phase (s:1= 1:10).

The sorption value was determined by the method of variable concentrations at a constant ratio
of s:1

where C°, C* are the concentrations of iron (III) or titanium (IV) in the initial and equilibrium solu-
tion, respectively, mol/l; V' is the solution volume, 1; m, , is the mass of the cation exchange resin, kg.

Regeneration of cation exchange resins was carried out with a sulphuric acid solution with a concen-
tration of 2 N. The concentration of iron (III) and titanium (IV) in sulphuric acid solutions was determined
by titrimetric, photometric, and X-ray fluorescence methods on a PANalytical Epsilon 3 device
(Netherlands).

Discussion of the results. /nvestigation of the composition of acid storage facility water as a
source of pollution. According to the results of semi-quantitative analysis, the presence of the follow-
ing elements in the composition of hydrolytic sulphuric acid was revealed: Al, B, Ba, Ca, Cr, Cu, Fe,
K, Mg, Mn, Na, Ni, P, S, Sc, Sr, Ti, V, Z.

Quantitative content of elements in the acid storage facility water sample, mg/dm®: Al 4440;
Ca 1410; Fe 44400; K 1270; Mg 15700; Na 22500; S91100; T1 3250. The content of all elements
exceeds the MPC established for them.

The content of sulphate ions in the acid storage facility water sample, g/I: SO4*>~ 299.0; SO;"
(converted from ICPE) 273.3.

The content of nitrates and ammonium ions is not so significant compared to macrocomponents
and amounts to 23.7 and 10.1 mg/dm’, respectively.

Forms of existence of the iron ion (3+) in sulphuric acid solutions. To assess the forms of oc-
currence of iron cations (3+) and to establish the nature of sorption of ions by a certain type of cation
exchange resin, a thermodynamic estimation of the iron (3+) sulphate complexes content in a solution
of sulphuric acid was carried out. The formation of a complex iron ion of the first stage of coordina-
tion with the instability constant value Ky = 6.6:107 is expressed by the following equation [38]:

Fe' +S0; =[FeSO,] . (1)
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The total content of iron (III) in solution is the sum of iron (3+) cations and complex cations
[Fel, =[Fe*]+[FeSO,]".

In accordance with the reaction equation (1), the value of the instability constant is expressed:

[Fe™ |[SOL | YponYsor | Fe™ |[SO5]

[FeSO,]" Yireso, " [FeSO,]

'Y’

where IL is the ratio of the activity coefficients of the corresponding ions; in square brackets are the

equilibrium concentrations of ions.
After a series of mathematical transformations, the ratio of the content of complex cations to the total
content of iron (III) in solution is obtained:

[FesO,]” [ K,
[Fe], 1,[ SO} ]

in which the values of the activity coefficients are calculated according to the Debye equation with
the ionic strength of the solution from 0.8 to 1 mol/kg, corresponding to the ionic strength of a real
sulphuric acid solution.

Based on the estimation performed, it was found that the Fe*" ion is almost absent in the sulphuric
acid solution, while the proportion of [FeSO4]" complex cations is 99.9 %.

lon exchange extraction of complex cations [FeSO4]" in static conditions. Sorption isotherms of
[FeSO4]" complex cations on KU-2-8, MTS9580 and MT9560 cation exchange resins at the phase
ratio corresponding to the maximum degree of extraction of the component are shown in Fig.1, a.

The thermodynamic description of sorption isotherms was made based on a linearized mass ac-
tion law adapted to the ion exchange equation, with the assumption that the solid phase is ideal, and
also considering the significant dependence of the activity coefficients on the ion charge, and insig-
nificant dependence on its individual nature [39]. The ion exchange equation has the following form:

+1

b

[FeSO,]" +H-R=FeSO, - R+H";
mass action law:

K= q[FeSO4]+aH+ _ q[Feso4]*[H ]YH*

b

qH+a[FeSO4]+ (qoo - q[FeSO4]+ )[Feso4 ]+ ’Y[FeSO4]+

b 16 + +
0.8 f ]
on 12 —
=< 0.6 /. v _— /
Q <
304 / e £ 8 |
= =
e 4 i -
0.0 i 0 - |
0.01 0.02 0.03 0.04 0.05 200 400 600 800 1000 1200 1400
C, mol/l f()
* ] L) A3

Fig.1. [FeSO4]" sorption isotherms (a) and their linear forms () on cation exchange resins
1 —KU-2-8 (s:1 = 1:1); 2 — MTS9580 (s:1 = 1:5); 3 — MTS9560 (s:1 = 1:10)
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where K is the equilibrium constant; q. is the total capacity of the sorbent, mol’kg; a ., Ueeso,] is

the activity of the corresponding cation, mol/kg; . are the activity coefficients of the cor-

Vi Y[FeSO4]
responding cations.

The linear form of the mass action law is obtained after a series of mathematical transformations.
The activity coefficients of individual ions are expressed through the average ionic activity coeffi-
cients and are estimated on the basis of reference data at an ionic strength value 0f0.75 to 0.97 mol/kg:

I [H' 7o, )
Upreso,; 9= Koo [FeSO,] Yirso, )50,

Expression (2) has the form of a linear equation y =tgof(c) + b, where Lzb—)%:qw

0

1
and —=tga —

=K.
Kq, tgaq,,
Linear forms of sorption isotherms of the iron (III) complex ion, which are the dependence
+ 32
. [H :|YHZSO4 . .
of the concentration argument f(c)= T on the reciprocal of sorption
[FeSOLT ¥ (reso,), s0, Qieeso, 1

are shown in Fig.1, b.

The graphical solution of this equation determines the thermodynamic characteristics of sorption,
namely, the ion exchange equilibrium constant and the value of the change in the Gibbs energy, as
well as the value of the total capacity of organic polymeric materials presented in Table 1.

Table 1
Thermodynamic and capacitive characteristics of [FeSO4]* sorption on cation exchange resins
Catior;:s)i(flhange Approximation equation R? Qiim, mol/kg K —AGa9s, kJ/mol
KU-2-8 1/q = 0.0054f{c) + 8.0918 0.99 0.12+0.01 (1.25+0.06)-108 46.16+2.31
MTS9580 1/q=0.0277f(c) + 1.8284 —'— 0.54+0.03 66.01£3.30 10.38+0.52
MTS9560 1/q = 0.0064f(c) + 1.098 —'— 0.86+0.04 171.56+8.58 12.74+0.64

Based on the data from the table, it can be concluded that the MTS9560 cation exchange resin
has the highest capacity for complex iron (III) ions. The values of total capacity and limiting sorption
within a satisfactory error are consistent with each other for cation exchange resins MTS9560 and
MTS9580. However, less significant capacitance characteristics correspond to the KU-2-8 cation ex-
change resin.

Ion exchange extraction of TiO°" cations in static conditions. Sorption isotherms of titanyl ion
on cation exchange resins are shown in Fig.2, a.

The sorption isotherms were described using the linearized mass action law, modified to the ion
exchange equation:

TiO* +2R-H=TiO- R, +2H".

The expression for the ion exchange equilibrium constant is as follows:

2 +92.2
K = qTio“aW _ qTio“ [H ] Ty

qf—l*'a'l“io2+ (qoo - 2qTiOZ+ )2 ':T102+ :| yTiOZ+

2
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Fig.2. TiO** sorption isotherms on cation exchange resins (@) and their linear forms (b) on cation exchange resins
1 —KU-2-8 (s:1= 1:1); 2 — MTS9580 (s:1 = 1:5); 3 — MTS9560 (s:1 = 1:10)
the linear form of the expression is represented by the following equation:
+ 3/2
1 2 1 [H ]vH 50
2 4 (3)

=—+
1/2 . .

Qo> 9o K77Q, [T102+]q]T/i202+YTioso4

According to the linear graphical dependence of the concentration argument

H+ y3/2
f (c) = [T'O[“] ]]/ZHZSO“ of the isotherm on the reciprocal sorption shown in Fig.2, b, the Gibbs
1 d 10> Y Tioso,
constant and energy of ion exchange equilibrium, as well as the total capacity of the sorbents
presented in Table 2, were estimated.

Table 2
Thermodynamic and capacitive characteristics of TiO?* sorption on cation exchange resins
Cation exchange resin Approximation equation R q,,» mol’kg K —AGgs, kJ/mol
KU-2-8 1/q=0.0372f(c) + 2.8772 0.99 0.23+0.01 1495.53+74.78 18.10+0.91
MTS9580 1/q=0.0626f(c) + 0.935 ' 0.81+0.04 55.77£2.79 9.96+0.50
MTS9560 1/q=0.0017f(c) + 1.0242 —'— 0.89+0.04 (9.0740.45)-10* 28.27+1.41

It follows from Table 2 that the most effective cation exchange resin for titanium extraction in
the form of a titanyl ion is MTS9560.

lon exchange extraction of a mixture of titanium (IV) and iron (I1l) compounds. The characteristics
of the joint sorption of iron (III) and titanium (IV) on cation exchange resins were estimated, obtained
by linearization of sorption isotherms using a modification of the mass action law for complex iron
(IIT) cations (2) and oxotitanium (IV) cation (3) (Table 3).

Table 3

Thermodynamic and capacitance characteristics of joint sorption of [FeSO4]* and TiO?** on cation exchange resins

Cation exchange resin Cation Approximation equation R? Qiim, mol/kg
KU-2-8 [FeSO4]" 1/q=0.1233f{(c) + 0.3401 0.99 0.55+0.03
TiO* 1/q =0.0432f(c) + 10.783 == 0.10+0.01

F * 1/q=0.244 +1.322 —"— 1.29+0.
MTS9580 [ e'SO;] /q=0 9f(c) 3 9+0.06
TiO 1/q = 0.0082f(c) + 3.848 —"— 0.29+0.01

F i 1/q=0. +0.42 —"— 1.42+0.
MTS9560 [ e'SO;] /q = 0.066f(c) + 0.4209 0.07
TiO 1/q = 0.0024f(c) + 1.579 = 0.77£0.04
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With the joint sorption of titanyl and the iron (III) complex ion, an increase in the limiting ca-
pacity for iron (III) and a decrease in titanyl are observed on all cation exchange resins. This is obviously
due to the individual characteristics of specific ions in solution and their activity coefficients. The
oxotitanium cation in aqueous solutions tends to hydrolysis: TiO** + H,O = TiOOH"* + H". Partially
hydrolysed TiIOOH" ions, which have a lower charge compared to iron sulphate (III) cation, are less
competitive in the ion exchange process.

The cation exchange resin KU-2-8 has a lower sorption capacity, which is explained by the
peculiarity of its structure. Despite the common matrix of all tested polymer resins, which are the
basis of the styrene-divinylbenzene copolymer, Puromet MTS9580 and Puromet MTS9560 cation
exchange resins are macroporous ion exchangers with pore sizes exceeding the sizes of sorbed
ions. The Puromet MTS9560 ion exchange resin contains a bispicolylamine functional group
—H>N-CH>—CsHaN—, the nitrogen atoms, of which create an additional inductive effect on the sorbed
cations, while the Puromet MTS9580 ion exchange material contains functional groups that form the
stronger chelates with extractable cations, the greater the mass they have.

Thus, for ion exchange purification of acidic aqueous media containing iron and titanium ions,
it is preferable to use macroporous cation exchange resins with a spongy structure.

Conclusion. Chemical industry enterprises and, in particular, manufacturers of titanium products, as
a rule, are city-forming for any region, and it should be borne in mind that the receipt of income in
city budgets is ensured by the vigorous activity of enterprises, which is inextricably linked with a
significant amount of waste. Recovery of the process tank with hydrolytic sulphuric acid is possible
due to the phased extraction of accompanying macrocomponents, which will ensure consistent puri-
fication of the acid to the production standards established by the industry regulations of the enterprise
and will also allow the reuse of spent highly concentrated solutions of sulphuric acid in the main
process of titanium production.

Thus, there is a need to prevent a negative impact on the environment by applying measures for
the treatment of acid storage wastewater using modern organic polymeric materials.

The analysis of the acid storage facility waters as a source of environmental pollution was carried
out, and their chemical composition was determined. The main components contained in process
waters are identified: Al, Ca, Fe, K, Mg, Na, S, and Ti.

The sorption of iron (III) and titanium (IV) ions from sulphuric acid solutions with a pH value
of 0.3-0.5, corresponding to the process waters of the acid storage facility, was studied. The ion ex-
change resins KU-2-8, Puromet MTS9580, and Puromet MTS9560, which have a similar styrene-
divinylbenzene matrix, were used as the sorption material.

The results of thermodynamic estimation substantiate the existence of ionic forms of extractable
components from the sulphuric acid solution, which have [FeSO4]* and TiO*" composition.
The results of ion exchange extraction of both individual ions and their sum from solutions containing
0.10-10.55 mg/1 of iron (I1I), 0.03-2.47 mg/1 of titanium (IV), and 0.3-0.5 mol/l of sulphuric acid were
obtained.

The values of ion exchange equilibrium constants and Gibbs energy changes, which determine
the effective extraction of titanium and iron from process solutions, are estimated. Capacitive
characteristics of polymeric sorbents are determined. The Puromet MTS9560 cation exchange resin
has the highest capacity with respect to iron and titanium: for titanium, the sorption capacity was
0.89+0.04 mol/kg, for iron 0.86+0.04 mol/kg. With the joint presence of components, an increase
in the sorption of iron to 1.42+0.07 mol/kg and a slight decrease for titanium to 0.77+0.04 mol/kg
are observed.

The authors express their gratitude to the research centres “Issues of processing mineral
and technogenic resources” and “Ecosystem” of the Mining University for providing a laboratory
base for research.

Resin samples were provided by the Representative Office of Purolite Ltd in the CIS, Moscow.
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