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ABSTRACT

In the paper, the assessment of the impact of heavy metals on water objects, namely copper and chromium was
performed, and the methods for their neutralization were defined. A scientifically grounded method for the selec-
tion of natural zeolite for the purification of wastewater from heavy metals has been developed, provided that they
are jointly present. The physicochemical characteristics of two metals related to heavy metals are presented: cop-
per and chromium. The methods for determining the sorption capacity of natural zeolite for copper and chromium
compounds, as well as the methods of analytical control of the wastewater components were presented. The results
of the experimental studies on the combined adsorption of copper and chromium cations by natural zeolite under
static conditions were presented. The changes in the chemical composition of the zeolite surface as a result of
heavy metal sorption have been investigated. The influence of the nature of the ions and the pH of the adsorption
medium on the selectivity of the heavy metal ions extraction by zeolite was analyzed. A diagram of the composi-
tion of the solution, depending on the pH values, was constructed. The pH of the beginning of deposition of the
corresponding heavy metal hydroxides on the zeolite surface was calculated. While analyzing the results of ex-
perimental studies on the combined adsorption of copper and chromium ions, it was found that the copper ions are
significantly better adsorbed by the sorbent than the chromium ions. Despite the same concentration of the chro-
mium and copper ions in solution, Cu?* is extracted selectively. As can be seen from the results of experimental
studies, the concentration of copper on the surface of the sorbent increases from 0.628% mass at a concentration of
0.01 g/dm? to 47.380% mass at a concentration of 1 g/dm?. The studies on the static activity of clinoptilolite for the
copper and chromium ions indicate a simultaneous mechanism of the process, which involves ion exchange and
physical adsorption. The concentration of the chromium ions on the surface of the sorbent after adsorption depends
on the increase of the concentration of Cr’"in the original solution to a lesser extent. The results of the studies on
the combined adsorption of the Cu?*" and Cr*" ions indicate the possibility of their chromatographic separation,
which makes their further use possible.
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INTRODUCTION

Heavy metals (mercury, lead, cadmium, zinc,
copper, chromium, arsenic) belong to widely spread
and highly toxic contaminants. They are commonly
used in various industrial enterprises; therefore, de-
spite the treatment measures, the content of heavy
metal compounds in industrial wastewater is quite
high (Han et al. 2009). Large amounts of these com-
pounds enter the oceans (El Wahab et al. 2015).
In the areas contaminated by industrial waters,
their concentration in solutions and suspensions
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increases extremely (Sabadash et al. 2017, Ates et
al. 2016). These are emissions from the industrial
and domestic effluents, from the smoke and dust of
industrial plants, especially galvanic ones, with the
exhaust gases of internal combustion engines. Since
all heavy metals are highly toxic and MPC aver-
ages about 0,1 mg/l, it is advisable to use the sorp-
tion methods to clean up such effluents, which al-
low trace amounts of contamination to be extracted
(Wang et al. 2007, Kithome et al. 1999).

In the previous studies, the adsorption prop-
erties of the zeolite of the Transcarpathian field
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were studied, it is based on clinoptilolite, with
respect to Cu (II) and Cr (VI) ions (Sabadash et
al. 2018, Lee et al. 2016). It has been found that
the adsorption isotherm is s-shaped and belongs
to the II type of isotherm. After the formation of
the monomolecular adsorption layer, the adsorp-
tion is continued. This leads to the appearance
of a dimolecular layer. The combined adsorp-
tion of copper (II) and chromium (VI) ions in
an anionic form on natural zeolite was investi-
gated and its adsorption capacity during their co-
adsorption was determined. A significant differ-
ence in their sorption capacity was found, which
is much higher for the copper cations than for
the anionic form of chromium (Wang et al. 2019,
Liu et al. 2019).

In the wastewaters of the galvanic industries,
the chromium cation Cr*" from the chrome plat-
ing process is often found, so it is advisable to in-
vestigate the combined adsorption of copper and
chromium cations (Salih et al. 2019).

The purpose of the study was to investigate
the change in the elemental composition of the
zeolite surface as a result of sorption of a mixture
of heavy metal cations from wastewater.

MATERIALS AND METHODS

For the purpose of this study, samples of cop-
per sulfate CuSO, « SH,O weighing 3.93 g and
chromium nitrate Cr(NO,), — 4.58 g were intro-
duced into a 1L flask. The salts were dissolved
in distilled water. The contents were thoroughly
mixed until completely dissolved. The solution
was brought to a volume of 1 liter. In the prepared
solution, the ratio of mass amounts of copper and
chromium ions was 1: 1.

From the prepared solution, 6 samples were
taken with a volume of 2 ml, 10 ml, 20 ml, 40 ml,
80 ml and 120 ml, 160 ml, 200 ml, and added
to 200 ml volumetric flasks. The content of each
sample was brought to the mark with distilled wa-
ter and a sample of natural zeolite in the weight of
2 g was added to the container.

The content of each sample was mixed and
closed with a lid; then it was kept for three days
in a thermostat at 20+0.5°C. After three days,
the solution was filtered off and the zeolite was
dried to the constant weight. With the help of
X-ray fluorescence analyzer, the amount of the
adsorbed copper and chromium ions was deter-
mined (Dignos et al. 2019).

Energy-dispersive X-ray fluorescence ana-
lyzer “EXPERT 3L” is designed to determine the
mass fraction of elements with an atomic number
from 12 (magnesium) to 92 (uranium) in homo-
geneous monolithic samples. For the destina-
tion, the analyzer is a universal direct-indicating
device which, without changing calibration and
reconfiguration, determines the mass fraction (%)
of chemical elements in the samples of unknown
composition and arbitrary shape. Moreover, ac-
cording to the results from the determination of
the quantitative composition of the sample, the
analyzer automatically determines the concentra-
tion according to the existing government stan-
dards. The method of energy-dispersive X-ray
fluorescence analysis (XRF) of substances was
implemented in the analyzer. The advantage of
this method over others is the complete preserva-
tion of the object of analysis from damage. The
method allows to determine the composition of
the substance layer of the object, which is ana-
lyzed with a thickness of 10 pm (mMxm) to 1 mm,
depending on the density and composition of the
layer. The principle of the XRF action is the ex-
citation of atoms of the control object by an ex-
ternal source of ionizing radiation and subsequent
registration of the characteristic X-ray emission
of the atoms. The energy of the characteristic X-
ray emission is uniquely related to the structure of
the atomic level of a particular chemical element
(Esmaeili et al. 2019).

For a qualitative analysis, it is sufficient to
use the X-ray spectrometer to determine the ener-
gy of the characteristic X-ray emission lines from
the object and to identify the elements by their
value. Quantitative analysis is based on the state-
ment of proportionality between the intensity of
the element’s characteristic X-ray emission and
its content in the control object.

RESULTS AND DISCUSSION

As a result of the analysis of the adsorbed
zeolite on the X-ray fluorescence analyzer, the
data regarding on the amount of adsorbed heavy
metal ions were obtained (Table 1). The elemen-
tal composition of the zeolite surface is shown in
Figure 1.

Depending on the concentration of heavy
metal ions in solution, their concentration on
the surface of the sorbent changes (Hyvlud et al.
2019, Mahmoodi et al. 2019). While analyzing
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Table 1. Dependence of the amount of adsorbed heavy
metal cations by zeolite on their concentration in the
initial solution

The The amount of adsorbed

concentration of heavy metal ions, %

ions in the initial .

solution, kg/dm? Copper (Cu) Chromium (Cr)
0.01 0.628+0.019 0.459+0.016
0.05 29.026+0.159 2.966+0.061
0.1 28.631+0.158 2.740£0.046
0.2 35.591+0.383 2.047+0.051
0.4 43.728+0.360 2.123+0.048
0.6 37.096+0.286 2.377+0.052
0.8 41.604+0.181 1.840+0.040

1 47.380+0.255 1.679+0.036

the results of the experimental studies, the authors
found out that the copper ions are much better ad-
sorbed by the sorbent than the chromium ions.
Despite the same concentration of chromium and
copper ions in the solution, a selective extraction
of Cu?* occurs.

As can be seen from the results of experimen-
tal studies, the concentration of copper on the sur-
face of the sorbent increases from 0.628% mass
at a concentration of 0.01 g/dm? to 47.380% mass
at a concentration of 1 g/dm’. The concentration
of the chromium ions on the surface of the sor-
bent after adsorption depends on the increase in
the concentration of Cr*" in the initial solution to
a lesser extent.

The adsorption of ions on the surface of the
sorbent in contact with the solution is caused by

0,
v, %

the electrostatic interaction forces, but it is not
necessarily selective. There are several factors
that affect the ability of a sorbent to adsorb this
or that type of ions (Zasidko et al. 2019). The fol-
lowing is an analysis of these factors.

The size of the ion. If all the other factors
are the same, then basically an ion that is about
the size of the lattice ion which it replaces,
will be adsorbed.

Ion charge effect. If the other factors are the
same, the multi-charged ion will be more eas-
ily adsorbed than the single-charged, since the
adsorption force depends in part on the electro-
static interaction between the ion and the opposite
charged centers on the sorbent surface.

Concentration effect. If all the factors are
the same, the ion with higher concentration will
be adsorbed first. In addition, the adsorption ca-
pacity of any ion is directly proportional to its
concentration in the solution. In the experiment,
the radii of the metals are close in size and are
in one period. The atomic radius of the copper is
slightly larger than the chromium R Cr = 1.27A,
R Cu = 1.28A. According to Goldsmith and Paul-
ing, R Cr = 0.35...0,52 A, R Cu = 0.98 A. Ac-
cording to Belov and Bokij, R Cr(3+) = 0.64 A,
R Cu(2+) = 0.8 A (Salih et al. 2019). Therefore,
despite the fact that the charge of chromium ion is
higher, it is obvious that the radius of the atom is
crucial in the sorption process. This confirms the
better sorption of copper than chromium.

According to the Panet — Faience — Khan law,
if two or more ions are contained in a solution
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Fig. 1. Mass fraction of elements on the zeolite surface depending on
the initial concentration of Cr** and Cu** ions in solution
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and the other factors are the same, the ion which,
forms the compound with the least solubility with
one of the ions of the crystalline lattice of the sor-
bent, will be adsorbed first.

In our case, the solution contains the same
concentrations of the copper and chromium ions.
Since these compounds are formed by strong ac-
ids and weak bases, hydrolysis takes place in the
solution. The acid and insoluble hydroxides of the
corresponding metals are formed according to the
equation of reactions

CuSO, +2H,0 — Cu(OH), ¥ +H,SO, (1)
Cr(NO,), +3H,0 — Cr(OH), ¥ +3HNO, (2

According to the reference data, copper hy-
droxide has a much lower solubility than chro-
mium hydroxide. The solubility products of the
formed compounds are presented in table 2.

To display the phase composition of a two-
component solution of heavy metals, a diagram
was created in MEDUSA (Make Equilibrium
Diagram Using Sophisticated Algorithms) and
HYDRA (Hydrochemical Equilibrium Constant
Database) programs.

While analyzing the diagram, it can be seen
that soluble complexes are contained in the so-
lution in the pH range 0-3. At pH 3.7, insoluble
Cr,0, is formed. In the pH range 4-6, copper

Table 2. The solubility product of Cu(OH), and
Cr(OH), depending on the acidity of the medium

hydroxosulfates are formed, which are insolu-
ble compounds.

If the solubility of Cu(OH),, which is formed
by hydrolysis (1), is equal to 110! (Sabadash
et al. 2017), the concentration of Cu?' in the
solution at the beginning of the experiment is
0.016 mol/dm?, then, based on this, the pH of the
beginning of deposition of copper will be equal to

e Jor T = 5Py, =1:10"

S
H=14— pOH =14—| —1g | =
p p ( g Cu2+] 3

1019
=14—|-lg LRI P Y
0.016

where: SP — solubility product.

If the solubility of Cr(OH), which is formed
by hydrolysis (2) is 4.0-10°'5 (Wang et al. 2019),
the concentration of Cr** in the initial solution at
the beginning of the experiment is 0.019 mol/dm?,
then, based on this, pH of the beginning of depo-
sition of chromium will be equal

[ Jor | = SPor, =410

SP
H =14— pOH =14—| —1g3 =
d i ( e |J )
-15
14— —lg31/4 1071977
0.019

According to the calculated data, it is seen that

Compound Solubility product -lg(S) at fixed pH values, the copper will be more rap-
Cr(OH) 4.0-10-5 14.4 idly precipitated than chromium and, according
c OH3 1100 190 to the Panet-Faience-Khan law, it will be better

u(OH), ' adsorbed, which was established experimentally.
[NO; 1 .or = 58.00 mM [SO,% 1 or = 16.00 mM
[Cr3+] o = 19.00 mM [Cu?*]l.op = 16.00 mM
HY OH-
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Fig. 2. Logarithmic diagram of the composition of a two-component system depending on pH
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Obviously, this is the reason for selective re-
moval of copper from the two-component sys-
tem. In addition, this is confirmed by the previous
studies (Zasidko et al. 2019, Bolisetty et al. 2019).

During the experimental studies, a decrease in
the content of calcium, magnesium, iron and rare
earth metals on the surface of the sorbent was de-
tected. This is explained by the ion-exchange in-
teraction of hydrogen ions and heavy metals from
the studied solutions with zeolite. As a result,
these exchanged cations move from the surface
of the sorbent to the solution.

CONCLUSIONS

The conditions of precipitation of the hydrox-
ides of the corresponding metals were calculated
and a logarithmic diagram of the composition of
the two-component system depending on the pH
was constructed. In the research, the following
goals were achieved:

e The elemental composition of the surface of
the sorbent by X-ray fluorescence method af-
ter the adsorption of heavy metals from a two-
component system containing Cu** and Cr**
ions was investigated.

e The mechanism of sorption extraction of cop-
per and chromium from solution was theoreti-
cally substantiated.

e [t was established that the selectivity of metal
extraction is influenced by the radius of the el-
ement and the solubility of its hydroxides.
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