REDUCTION OF METAL
CATIONS CONTENT FROM
THE AQUEOUS SOLUTIONS
BY SORBENTS

IVETA PANDOVA!
MIROSLAV RIMAR!

1Technical University of Kosice, Department of Automotive and
Manufacturing Technologies, Faculty of Manufacturing
Technologies with a seat in Presov, Slovak Republic

DOI: 10.17973/MMS).2021_12_2021044

e-mail: iveta.pandova@tuke.sk

The article presents the results of research on reducing the
concentration of heavy metals, such as copper and nickel, on
natural zeolite in comparison with synthetic zeolite and
chemically treated natural zeolite. The reduction of the content
of specific types of heavy metals from aqueous solutions was
investigated by the method of sorption kinetics. The results
indicate the ability of natural zeolites to compete with synthetic
zeolites.
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1 INTRODUCTION

Various human activities, such as ore mining and processing,
surface treatment in the engineering industry and various other
activities, are sources of toxic metals in water. Metal elements,
in trace amounts that are often necessary, are toxic to living
organisms in larger quantities. The most toxic are metals that
have a high affinity for binding to the reactive groups of enzymes
contained in the cells of organisms [Skvarla 2000]. Such elements
are, for example, copper and nickel. In the case of copper,
especially soluble salts are toxic. Symptoms of poison are
stomach problems, with a high content of copper in the blood,
liver damage occurs. From a toxic point of view, nickel is
classified as a poison. Acute poison results in damage to the
digestive tract, blood vessels, kidneys, heart and central nervous
system [Abu Al-Rub 2004]. Current European Union legislation
effective from 01/01/2004 sets a European limit for Cu and Ni
ions for wastewater discharges of 1 mgll. According to BAT
limits, it is necessary to minimize the concentrations of heavy
metals in litres of wastewater to concentrations of 0.005 to 0.3
milligrams per litre.

Sources of heavy metals are as follows:

¢ industry - metallurgical, electrical, chemical, textile, tannery,
refinery, metallurgical, etc.

e agriculture — fertilizers

¢ transportation

Suitable techniques for reduction are:

e precipitation / sedimentation (or air flotation) / filtration (or
microfiltration or ultrafiltration)

e crystallization

¢ ion exchange

¢ nanofiltration (or reverse osmosis).

Recently, more and more sorbents have been used to reduce the
concentration of heavy metals.

2 THE SORBENTS UTILIZATION
PURIFICATION

Heavy metals can be removed in various amounts depending on
the dose of sorbent. Thus, for heavy metals, BAT means all of the
following:

® segregate waste water containing heavy metal compounds as
much as possible

e treat segregated wastewater streams at source before mixing
them with other streams and use techniques that allow
maximum recovery and, if necessary, allow further removal of
heavy metals in the final WWTP as a final treatment step,
followed by sludge treatment. Suitable techniques are:

¢ precipitation / sedimentation (or air flotation) / filtration (or
microfiltration or ultrafiltration)

e crystallization

¢ ion exchange

¢ nanofiltration (or reverse osmosis).

IN THE WASTEWATER

Based on the latest literature, technology that uses sorption on
natural and synthetic sorbents has a dominant position in the
water treatment process. It is advantageous if locally available,
economically undemanding natural materials and methods are
used [Macala 2009, 2017; Pandova 2018, Panda 2014, 2018a,b,
2019; Valicek 2016 and 2017, Balara 2018, Monkova 2013,
Gombar 2013, Murcinkova 2013, Bielousova 2017, Flimel 2018,
Krehel 2013, Flegner 2019, 2020; Mrkvica 2012, Pollak 2020,
Olejarova 2017, Rimar 2016, Zaborowski 2007, Michalik 2014,
Straka 2018a,b; Bozek 2021]. Such materials include natural
zeolites. Due to their chemical composition, natural zeolites are
inorganic, aluminosilicate cations. Zeolite as a carrier matrix is
also prerequisite to potentially meet the demanding criteria for
the production of new composite materials. Natural zeolites,
unlike amorphous organic ions, have a solid skeleton consisting
of polyoxides of silicon and aluminium, a sufficiently large
adsorption surface, are hydrophilic, polar, microporous, heat
and radiation almost resistant, affordable and have lower
abrasive properties than activated carbon, which makes them
predestines for more suitable hydrodynamic use in practice
[Alvarez 2003]. The application possibilities of natural zeolites
result from their specific physicochemical properties, which are
ion exchange, sorption and derived properties of molecular
sieves, dehydration and hydration possibilities, as well as the
silicate structure itself and micron dimensions of crystals with
very active specific surface area [Van Bekkum 2001, Bailey 1999,
Tomeczek 2001]. From the point of view of practical use,
clinoptilolite deposits are among the most interesting. Solid
state sorption is one of the latest water purification technologies
[Belyanovskaya 2020]. The gradual development and
improvement of the adsorbent preparation technology has
gradually increased their quality, in particular the sorption
capacity, the specific surface, the abrasion resistance, the
regeneration capacity or the selectivity in relation to certain
types of contaminants. The immobilization of heavy metal ions
from aqueous solutions on natural zeolitic tuff is a complex
process consisting of ion exchange and adsorption, likely to be
accompanied by precipitation of metal ion hydroxide complexes
on active sites of the particle surface. Itis necessary to know the
kinetic course of sorption to design the technological
arrangement of the purification process.

3 EXPERIMENTAL

This paper presents a laboratory experiment to determine the
sorption parameters of sorption of copper and nickel cations on
natural zeolite - clinoptilolite, which is a low-cost and
environmentally friendly sorption material. The natural zeolite
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was compared with the modified zeolite in ammonium form and
with the synthetic zeolite - Y-site. The kinetic course of sorption
was monitored on natural zeolite clinoptilolite, on itsammonium
modification and on synthetic zeolite Y-site. For experiments, we
used model samples with a content of copper ions 3,0 g - dm-3
and nickel ions 2.0 g - dm3. The experiments were performed at
the same time on all three sorbents weighing 50 g, at a
temperature of 22 °C. In our experiments, we used the method
of static sorption. At regular intervals, during the sorption, a
change in the concentration of copper and nickel cations in the
solutions was noted until the system reached equilibrium.
Analytical determinations of copper and nickel ion
concentrations were performed by spectrophotometry. The
samples of solution were taken up to equilibrium state at precise
time intervals. The cation concentration was determined on an
Optima DIGITAL COLORIMETER Model AC 114 photometric
analyser (Optima, Tokyo, Japan). It is necessary to know the
amount or mass of adsorbed material by weight of the
adsorbent, for the qualitative expression of adsorption. The
specific adsorption of the adsorbed component is defined by (1)
[Korkmaz 2012, Sabova 2010].

a:—_ Y (1)

The process of sorption of a chemical substance from solution to
solid matter can be expressed as a result of the reversible
reaction, sorption and desorption, which achieves the resulting
equilibrium between the concentrations of the chemical
substance in both phases. This process is generally studied by
evaluating the equilibrium concentration of a chemical
substance in the sorbent as a function of the total equilibrium
concentration in solution at a given temperature. The efficiency
of the sorption of soluble matters on the solid matrix to the
aqueous solution is most often expressed by the effective
distribution coefficient Kp, which is slope of a straight line of the
linear sorption isotherm, and which gives the share of the sorbed
amount of the substance in the solid phase (Cs) to its equilibrium
concentration in the solution (C;) during the equilibrium state
[Beausse 2004, Delle Site 2001]. This parameter is a quantitative
indicator of substance distribution between the solid and liquid
phases Kp = cs/c. [Korkmaz 2012]. The amount of the sorbed
substance per sorbent unit increases linearly with the increasing
concentration at low surface coverage, under three assumptions
that must be met. The sorption energy must be the same for all
sorption sites and it must be independent of the degree of
coverage; sorption should take place only at localized sorption
sites and without interaction between the sorbed molecules, the
sorption capacity being a one-layer coating [Roca 2017, Phan
2006].Assuming that the sorbed substance reaches the sorbent
surface by molecular diffusion through a boundary diffusion
layer, it is possible to express generally the concentration of the
sorbed substance c at a time t by the equation (2) [Pitter 1983].

Cc= A B /R (2)
L—g

where constants A, B, p are obtained from the measured values
of concentration for individual time intervals. We calculate them
according to the equations:

1= CO_ﬂ
C,—C

3)

r
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4 RESULTS AND DISCUTION

During the sorption process, at regular intervals, a change in the
concentration of copper and nickel cations in the solutions was
recorded until the system reached the equilibrium state. Copper
and nickel ion concentrations were determined photometrically
by the calibration curve method. The measured concentration
values are located in tables 1 and 3.

Table 1. Change in the concentration of Cu *? ions in the solution in
time intervals

Sorbente Clinoptilolite NHz* Y - site
clinoptilolite
Time c[g-dm®] c[g-dm®] clg-
[minutes] dm?3]
0 3.00 3.00 3.00
60 1.51 1.50 0.82
120 1.12 1.13 0.75
180 0.90 0.88 0.66
240 0.52 0.50 0.00
300 0.52 0.50 0.00
360 0.53

The amount of adsorbed Cu*? and Ni*? cations was calculated
according to formula (1). The calculated values as well as the
equilibrium concentrations are given in tables 2 and 4.

Table 2. Sorbed amounts of Cu*? on individual sorbents

Sorbente Clinoptilolite NHs*clinoptilolite | Y-site
colg-dm-3] 3.00 3.00 3.00
clg-dm3] 0.52 0.50 0.00
a[mg-g1] 12.40 12.51 15.00

Table 3. Change in the concentration of Ni*? ions in the solution in time
intervals

Sorbente Clinoptilolite NHz* Y-site
clinoptilolite
Time clg-dm3] c[g-dm3] clg:
[minutes] dm-3]
0 2.00 2.00 2.00
60 1.52 1.54 0.81
120 1.38 1.20 0.05
180 1.10 1.05 0.00
240 1.10 0.95 0.00
300 0.95
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Table 4. Sorbed amounts of Ni*? on individual sorbents

1
Sorbente Clinoptilolite NHz* Y-site 0,8
clinoptilolite 32
Co[g:dm-3] 2.00 2.00 2.00 g 06
.dm?3 °
c/[g-dm3] 1.10 0.95 0.00 6 0,4
a[mg-gl] 4.50 5.25 10.00 =
0,2
Based on the measurements of the decrease in cation 0
concentrations of both metal elements in the solutions in 0 100 200 300
|nd|V|FiuaI time periods, graphs expressing the kinetic course of Time [min.]
sorption were constructed.
3
Figure 4. Kinetic course of Ni*? sorption on clinoptilolite
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Figure 2. Kinetic course of Cu*? sorption on NHs* modification of
clinoptilolite Figure 6. The course of sorption of Ni*2 cations on the Y-site
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Figure 7. Dependence of the weight concentration c of cupric
cations in solution on the time
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Based on the measured values of Cu*2 concentration on natural
clinoptilolite, the values of concentration change over time were
calculated according to 2 to 5. From the measured and
calculated values, a graph was constructed, which is shown in

Figure 7.

Table 5. Temporal change of copper cations and calculated parameters

t [min.] Cm Cy o [min1]
0 3 3
60 1.51 1.12 0.0012
120 1.12 0.85 0.0013
180 0.90 0.22 0.0014
240 0.52 0.29 0.0010
300 0.52 0.29 0.0010

From the measured concentration values for individual time
intervals, the constants were calculated, which were then used
for the searched relationship ¢ = f (t). The searched relation
c = f(t) is according to the equation (2) with the use of the
calculated constants the following:

cv = 1,055 0,52 - 0,38e00012"t / 1,055 — 00012t (7)

A frequently used quantitative indicator of sorption is the
partition coefficient Kp, which is defined as the ratio of the
sorbed amount of the monitored cations in the fat matrix
(sorbent) to their concentration in the aqueous solution ¢, during
the equilibrium state. The importance of determining the
partition coefficients lies in the fact that they belong to the basic
input data in mathematical models of transport of monitored
substances in water [Novakova 2016]. According to the formula
Ko = ¢s / ¢r, we calculated the partition coefficients. The results
are shown in tables 5-7.

Table 6. Values of partition coefficients for Cu*? sorption

Sorbente Clinoptilolite NHz* Y-site
clinoptilolite

Cr 0.52 0.50 0.00

Cs 2.48 2.50 3.00

Ko 4.76 5.00 3.00

Table 7. Values of partition coefficients for Ni*2 sorption

Sorbente Clinoptilolite NHg* Y-site
clinoptilolite

Cr 1.10 0.95 0.00

Cs 0.90 1.05 2.00

Ko 0.82 1.105 2.00

5 CONCLUSION

The kinetic course of sorption of the natural zeolite clinoptilolite
was compared with the ammonium form and with the synthetic
zeolite y-site. On synthetic zeolite, sorption proceeded faster
and a zero concentration of copper and nickel ions in solution
was achieved with 100% efficiency. On clinoptilolite, 82% Cu?*
purification efficiency and 45% Ni*? efficiency were achieved.
Modification of clinoptilolite to the NH4* form caused a slight
improvement in potency to 52% with respect to Ni*2 and to 83%
with respect to Cu*2. From the kinetic dependences, we found
that the optimal time to stabilize the equilibrium in the sorption
system using natural zeolite is 240 minutes for copper cations
and 180 minutes for nickel cations. In the case of natural

clinoptilolite, we again observed a slight increase in
concentration after 360 minutes, which represents the onset of
desorption based on ion exchange. From the measured values of
the concentration of Cu*? cations in the model sample for
individual sorption time intervals, constants were calculated,
which were subsequently used for the sought relationship
c = f(t). It is clear from the figure that the kinetic course of the
concentration reduction in the solution was approximately the
same with the measured and calculated values. Sorption is a
promising and effective technology for removing metal ions
from aqueous solutions. This method has several advantages,
such as low operating costs, especially when using natural
sorbents, high efficiency in removing lower concentrations, ion
removal in a relatively short time. The acquired knowledge of
basic research on specific natural sorbents can provide
important information for technological processes of water
treatment.
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