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ABSTRACT

The article presents the results of the study on the process of copper electroevolution from the regeneration solu-
tions in one- and two-chamber electrolyzers at different concentrations of sulfuric acid and the solutions of copper
chlorides at different concentrations of hydrochloric acid — in a three-chamber electrolyzer. The conditions of
electrochemical recovery of heavy metals from acidic and saline solutions were determined. It was shown that the
most effective recovery of heavy metal cations from hydrochloric acid solutions occurs in three-chamber electro-
lyzers. On the basis of the results obtained, a technological scheme of a local plant for treatment of washing water

of galvanic industries was proposed.
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INTRODUCTION

Electrochemical methods are often used to
treat wastewater; they are the alternative to the ion
exchange and reagent treatment methods. They
enable to obtain valuable products through rela-
tively simple purification technologic schemes,
without the use of expensive and scarce chemical
reagents. The electrochemical wastewater treat-
ment is based on the processes of anodic oxida-
tion and cathodic reduction, electro-flocculation,
electro-coagulation and electro-dialysis. One of
the major disadvantages of these methods is the
high electric power consumption.

Electrodialysis on ion-exchange membranes
is one of the most effective and environmentally
friendly methods of natural waters desalination,
wastewater treatment, obtaining of ultra-pure wa-
ter, separation of electrolytes and non-electrolytes.
Its disadvantage is the concentration polarization,
which limits the current density [Mulder 1996].

For the processing of waste regeneration so-
lutions, electrodialysis is used mainly to form

acids and alkalis of saline solutions. [Goncharuk
2005; Ayala-Bribiesca 2007; Chkhenadze 2004].
However, acidic solutions of salts are formed in
acidic cationite regeneration and basic solutions
of salts are created in anionite regeneration; these
salts can complicate the electrodialysis process.
The efficiency of electrolysis of acidic or alkaline
regeneration solutions, compared with neutral
ones, in two-, three- and four-chamber electrolyz-
ers was assessed in papers [Shabliy et al. 2010(1);
Shabliy et al. 2010(2); Shabliy 2010; Goltvia-
nytska et al. 2011; Shabliy et al. 2011].

There are several technologies for the separa-
tion of the sulfuric acid from the waste regenera-
tion solutions of H-ionite filters and their subse-
quent use for the regeneration of the same filters
[Rohm et al. 2000; Ivakina et al. 1976; Hodges
et al. 2001; Teel 2004; Feyziev 1988; Dzhalilov
1987; Faiziiev et al. 1991].

The author [Obertas 2016] proposes a method
for electrochemical purification of water of the
pollutants, which are able to coagulate impuri-
ties due to the formation of closed galvanic pairs
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between them, by filtration through loading with
reductive-oxidative properties. The mechanisms
of active dissolution of metal and the influence of
these processes on water purification were shown.

In the paper [Skira et al. 2004], the regularity
of iron oxidation in electrolyzers with different
types of electrodes (flat and sharp) in a horizontal
position at different voltage was studied. The re-
sults showed that the effect of oxidation changes
significantly in the electrolyzer with a sharp anode
and tends to lowerat the decreasing distance be-
tween the electrodes. Therefore, better oxidation
conditions are provided in a electrolyzer with flat
electrodes located at the distance of 0.04—0.05 m.
At longer distances, resistance increases and elec-
tricity is converted to heat.

In the paper [Fylypchuk et al. 2014], the prin-
ciple of action and processes that occur during
the operation of the plants for electrochemical
waste water treatment using soluble and insolu-
ble electrodes were described. The hazardous fac-
tors arising from the operation of the plants and
measures and agents for their safe operation were
also analyzed.

The authors of the papers [Bairachnyi et al.
2012; Melnyk et al.] presented a method for ex-
tracting the metal ions from waste biologically ac-
tive water medium by passing through sorbents.
In the paper [Bairachnyi et al. 2012], the pre-
stage of electrochemical recovery of metal ions
was carried out, which envisaged the extraction
of copper ions to the concentration of 60 mg/dm?
with subsequent cation-exchange treatment to
the values of maximum permissible concentra-
tions (MPC) as well as extraction of silver ions
to the concentration of 4.5 mg/dm? with subse-
quent cation-exchange treatment to the values
of maximum permissible concentrations (MPC).
The parameters and results obtained are the ba-
sis for the development of technologies for the
electro-chemical extraction of copper and silver
from technological solutions for decontamination
of municipal water-circulation closed systems.

The treatment of galvanic wastewater by gal-
vanic coagulation on the example of wastewater
treatment containing chromium (VI) was pro-
posed in the paper [Vasylenko et al. 2014]. The
water stream to be purified is passed through a
filter consisting of a porous cathode (activated
carbon) and magnesium anode. As water passes
through the porous loading, the particles of the
anode substance — magnesium — come into con-
tact with the surface of the activated carbon and
discharge on it, and the electrochemical oxidation
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of magnesium occurs. At the same time, the cat-
ions of chromium in the solution move to the
cathode and discharge on it. The efficiency of the
wastewater treatment with use of the method pro-
posed reaches 98-99%.

It is known that the ions of heavy metals such
as copper, cadmium, lead and other next to hy-
drogen in activity line are easily recovered elec-
trochemically, even from acidic solutions. Metals
such as zinc and nickel are recovered from acidic
solutions only at high concentrations (higher than
90-100 g/dm®). If zinc is easily recovered in a
neutral medium, then nickel is recovered only
in weakly acidic medium (pH = 3-4) with high
current efficiency [Grytsenko et al. 2016]. There-
fore, the choice of conditions for the effective
removal of metals from waste regeneration so-
lutions by electro-extraction is an important and
urgent concern.

The objective of this work was to investigate
the process of electro evelution of copper from
regeneration solutions in electrolyzers of differ-
ent models.

MATERIALS AND METHODS

The authors used one-, two- and three-cham-
ber electrolyzers for the process of electrodialysis
(Fig. 1, 2, 3).

In the electrolysis processes, a 100 cm’ cell
in one-chamber electrolyzers was employed. A
12Cr18Ni10Ti stainless steel plate was used as the
cathode, and a ruthenium oxide coated titanium
plate was used as the anode. The area of the
electrodes SK = SA = 0.12 dm?. The electrolysis
was carried out at a current density of 1-10 A/dm?
at a voltage of 5-50 V.

In one-chamber electrolyzers, the electro
extraction of metals from copper sulfate solutions
was carried out at different concentrations of
sulfuric acid. The process was performed by
keeping the voltage at 5 V and recording the
change in current over time, or by maintaining
constant values of the current due to voltage
regulation. The voltage was also monitored in the
course of the electrolysis.

In addition to the current and voltage,
the residual metal content and acidity of the
solution were monitored at regular intervals
(15—-60 minutes).

The electrolysis of copper sulfate solutions
with different acidity of the solutions was carried
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Figure 1. One-chamber electrolyzer: Ct — cathode of 12Cr18Nil0Ti
stainless steel; An — ruthenium oxide coated titanium anode
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Figure 2. Two-chamber electrolyzer: Ct — cathode of 12Cr18Nil0Ti stainless steel;
An — ruthenium oxide coated titanium anode; A — anion-exchange membrane MA-41
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Figure 3. Three-chamber electrolyzer: Ct — cathode of 12Cr18Nil0Ti stainless steel; An — titanium anode
ruthenium oxide coated; A — anion-exchange membrane MA-41; C — cation exchange membrane MK-40
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out in two-chamber electrolyzers. The acidity was
adjusted with sulfuric acid. The working solutions
containing metal ions were placed in the cathode
region. A 0.05 N solution of sulfuric acid was
placed in the anode chamber to provide electrical
conductivity. The volume of the cathode and
anode chambers was 175 cm®.

The electrolysis was carried out at a voltage
of 25 V with constant control of the current. In
addition, the concentration of metal and acidity
in the catholyte was monitored, the acidity in the
anolyte was monitored with the same periodicity.

The electrolysis of copper chlorides was
carried out in three-chamber electrolyzers.
The acidity of the solutions was adjusted with
hydrochloric acid.

The working solutions were placed in the
cathode region, a 0.05 N solution of sulfuric
acid was placed in the anode region, a 0.05 N
solution of hydrochloric acid was placed in the
middle chamber. The electrolysis was carried out
at a voltage of 20 V at a constant density of the
current. In addition, the residual metal content
and the acidity in the catholyte,in the middle the
chamber, and anolyte were determined every
30 minutes.

The degree of removal of the metals from the
acidic solutions was calculated by means of the
formula:

Ci - Cr
Z = ( ) =100 % (1)
C;

where: C, — initial metal concentration, mg/dm’;
C —residual metal concentration, mg/dm’.

Current efficiency (E, %) was calculated as
the ratio of the actual amount of recovered metal
to the theoretically possible amount calculated
with Faraday’s law:

E="".100%
= 100% @

where: m_— the real amount of the recovered
metal, mg-eq;
m,— the real amount of recovered metal.

The amount of metal recovered for time t was
calculated by means of the formula:

mp = (C; — C;) - Vp, mg-eq (3)

where: C,— concentration of the metal in solution
before electrolysis;
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C - the residual concentration of the
metal in the solution after electrolysis for
time ¢.

The theoretically calculated quantity of
metal was determined with the formula:

mr= % -1 t, mg-eq 4)

where F— Faraday’s constant,
I — current,
t— time, hour.

RESULTS AND DISCUSSION

The authors conducted a number of studies on
the selection of copper in one-, two- and three-
chamber electrolyzers.

Acidic solutions of copper sulfate were used
in the electrochemical reduction of copper. More
specifically, the solutions containing 11.826 g/dm?
of copper ions and 204, 320 or 612 mg-eq/dm’
of sulfuric acid were employed. The electrolysis
was carried out at a voltage of 5 V (Table 1).
The electrolysis time was 6 hours. During this
time, the copper concentration decreased to
5-7 mg/dm?, and the acidity increased (depending
on the initial acid content) to 575-976 mg-eq/dm?
(2.8-4.8%). These concentrations were sufficient
to reuse the resulting acid to further regeneration
of the cationites.

More complicated is the problem of
processing a solution containing a mixture of
copper sulfate and sodium sulfate, which are
formed during the regeneration of the ionite with
sodium sulfate in the process of ion exchange.
When using one-chamber electrolyzer, a mixture
of sodium sulfate and sulfuric acid with traces of
copper is received. This solution should be post-
neutralized when reused. However, when using a
two-chamber electrolyzer, this problem is solved.

When a solution of copper sulfate and
sodium sulfate is placed in the cathode region
and a weak solution of sulfuric acid is placed
in the anode region, accumulation of a solution
of sulfuric acid occurs as a result of electrolysis
of the production of copper as a powder in the
anode region. The efficiency of the process (Table
2) depends on both the concentration of copper
ions in the regeneration solution and the acidity
in the anode region.

Generally, as a result of the electrolysis, the
concentration of copper ions in the solutions of
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Table 1. The influence of electrolysis time on the efficiency of recovery of copper ions from acidic solutions of
copper sulfate at a voltage of 5V* in one-chamber electrolyzer

. I, A C.2, mg/dm® A, mg-eq/dm? E, %
t, min

1] ] | 1 ] | Il 1] Il ]

0 - - - 11826.0 11826.0 11826.0 204 320 612 - - -
60 0.482 0.490 0.510 8304.0 8505.0 8610.0 315 424 713 64.0 571 53.1
120 0.490 0.495 0.515 45821 4674.0 47141 432 547 835 65.2 65.9 63.5
180 0.491 0.489 0.497 1260.7 1370.1 1520.4 537 | 647 | 936 | 57.1 56.9 | 54.1
240 0.178 0.185 0.193 201.3 332.0 450.2 571 680 | 970 | 50.2 | 47.4 | 46.7
300 0.061 0.057 0.075 59.4 50.6 120.3 574 | 681 975 | 39.7 | 413 | 37.1
360 0.031 0.021 0.042 213 21.2 60.1 575 | 681 974 10.2 12.0 12.2
420 0.022 0.015 0.030 6.7 6.4 12.4 575 682 975 5.8 8.8 7.2

* ] — the acidity of the initial solution 204 mg-eq/dm?;
I — the acidity of the initial solution 320 mg-eq/dm?;
III — the acidity of the initial solution 612 mg-eq/dm?®.

sodium sulfate was reduced to 0.9-4 mg/dm?. The
reuse of such solutions for cationite regeneration
is as effective as that of pure sodium sulfate
solutions. The highest recovery efficiency of
copper was observed in the first 3—4 hours, when
the copper concentration was high. As the copper
concentration in the cathode region decreases
and the acidity in the anode region increases, the
resistance of the system increases and the current
efficiency drops accordingly. As the initial acid
concentration in the anode region increases,
both the recovery rate of copper and its current
efficiency decrease. This is still explained by the
increasing resistance of the system. A similar trend
was observed in the electrolysis of acidic solutions.
However, in that case, the process went because
of the lack of a membrane at lower voltage. For
the same reason, the copper current efficiency was
significantly below — at 54-65% versus 8§9-99%
— when using the membrane. The main result of
using two-chamber electrolyzer is obtaining a
purified solution of sodium sulphate, reusable, and
a solution of sulfuric acid as a by-product.

Using the data from the complete factorial
experiment, the authors obtained the regression
equation for the processes of electro-extraction
of copper ions in a two-chamber electrolyzer,
depending on the acidity of the anolyte and the
time of electrolysis.

The equation obtained in the extraction of
copper has the following form:

y = exp(9,7467 — 1,2375 -t +
Q)
+ 0,0002451-K+ 0,00001812-K- 1)

A graphic imaging of the concentration
of copper ions on the acidity and time of the
electrolysis is represented in Figure 4.

As can be seen in Figure 4, the concentration
of copper in the electrolyte decreases with time of
the electrolysis and more effectively it decreases
with less acidity in the anolyte, which is caused
by the increase of the system resistance along
with acidity of the anolyte.

Asaresultofstudyingtheefficiency of cationite
regeneration from heavy metal ions, it can be seen

Table 2. The dependence of the efficiency of recovery of copper ions in a two-chamber cell (anion membrane
MA-41) on the time of electrolysis and acidity in the anode region at a voltage of 25 V

. I, A C.%, mg/dm? A, mg-eq/dm? E,%
t, min

Il I | Il 1 | Il 1 Il 1

0 - - - 13778.0 | 13778.0 | 13778.0 | 52.0 | 280.0 | 540.0 - - -
60 0.384 | 0.390 | 0.400 9278.0 9281.0 | 9291.0 | 143.8 | 371.8 | 631.6 | 98.68 97.12 94.95
120 | 0.385 | 0.395 | 0.401 4722.0 4746.0 | 4754.3 | 236.8 | 464.3 | 724.2 | 99.69 96.69 95.32
180 | 0.382 | 0.387 | 0.398 202.6 230.5 520.1 | 329.0 | 556.5 | 810.4 | 99.54 99.45 89.51
240 | 0.012 | 0.020 | 0.045 58.3 59.7 104.1 | 332.0 | 560.0 | 818.9 | 93.40 74.35 77.04
300 | 0.005 | 0.019 | 0.022 22.0 29.6 62.7 332.7 | 560.4 | 819.7 | 54.68 13.63 15.76
360 | 0.004 | 0.018 | 0.016 1.4 9.2 18.31 | 333.0 | 560.5 | 820.6 | 21.62 10.05 14.42
420 | 0.003 | 0.016 | 0.015 5.6 5.9 8.21 333.1 | 560.7 | 820.9 | 16.29 1.58 5.01
480 | 0.003 | 0.014 | 0.013 0.9 4.6 2.05 333.2 | 560.8 | 820.7 | 13.20 0.76 3.75
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Figure 4. Graphic imaging of the outcome of 2? type CFE at copper electroextraction
in two-chamber electrolyzer

that hydrochloric acid provides higher desorption
efficiency for metal ions in comparison with
sulfuric acid. However, the main disadvantage of
hydrochloric acid is the complexity of processing
waste regeneration solutions. In the presence of
chlorides, electrodes are rapidly destroyed in the
process of electrochemical recovery of heavy
metals. In addition, active chlorine releases on
the anode.

In the conducted studies, the authors first
used a three-chamber electrolyzer with ruthenium
oxide coated titanium anode and a stainless steel
cathode. The anode region was separated by the
MK-40cathode membrane, the cathode region
was separated by the MA-41 anionic membrane.
The working solutions with heavy metal chlorides
were placed in the cathode region, solution of
sulfuric acid was placed in the anode chamber,
while a weak solution of hydrochloric acid was
placed in the middle chamber. In the terms of such
electrolyzer, the recovery of the metals occurred
in the cathode chamber, oxygen released and pro-
tons formed in the anode chamber, hydrochloric
acid concentrated in the middle chamber due to
the diffusion of chloride anions from the cathode
region and protons from the anode region.

The results of the copper ions recovery in the
three-chamber electrolyzer are shown in Figure 5.

It is known that copper is easily separated
from aqueous solutions in the process of elec-
trolysis, since the influence of the competitive
process of hydrogen evolution on the cathode is
relatively low. As can be seen in Figure 5, bet-
ter results of copper separation were obtained
by increasing the concentration of hydrochloric
acid in chamber (II) from 75 to 2750 mg-eq/dm°.
The most effective copper separation occurred at
low concentrations of hydrochloric acid. As the
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initial HCl concentration increased, there was
a slight decrease in the copper current efficien-
cy. However, within 6 hours of the electrolysis,
the authors suceeded in reducing the concen-
tration of copper ions from 944 mg-eq/dm® to
25.984-51.97 mg-eq/dm?® in almost all cases. It is
obvious that the concentration of HCI affects both
the efficiency of copper extraction and the acid
concentration process.

It should be noted that the electrolysis pro-
cess was performed by changing the solutions
in the cathode chamber while extracting copper
without replacing the solutions of hydrochloric
acid in the chamber (II). However, if for the first
cycle the concentration of HCI in the chamber (II)
increased from 75 to 1620 mg-eq/dm® (by 1545
mg-eq/dm?), in the second stage it increased by
1360 mg-eq/dm’ and reached 3165 mg-eq/dm’; in
the third stage, the increase in acid concentration
was only 599 mg-eq/dm?. The acid concentration
reached only 3579 mg-eq/dm? (13 %).

The concentrating of the acid in chamber
(IT) occurred due to both copper chloride using
and excess hydrochloric acid. In the process of
electrolysis, in the recovery of copper cations
and hydrogen ions, a extra-equivalent amount
of chlorides from the cathode chamber through
the anion membrane migrates towards the
anode — chamber (II). The excess of protons
formed in the anode chamber upon the release
of oxygen moves through the cationic membrane
toward the cathode, i.e. into chamber (II), where
hydrochloric acid is accumulated. Further
migration of chlorides toward the anode and
protons toward the cathode is limited by the
cationic and anionic membranes, respectively.
This promotes the increase in the concentration
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Figure 5. Dependence of the residual concentration of copper ions in the cathode region on the time of copper
chloride electrolysis in a three-chamber electrolyzer (U =20 V) at the initial concentrations of copper ions
944 mg-eq/dm® (1; 2; 3; 4); 274 mg-eq/dm® (5) and hydrochloric acid 750 mg-eq/dm? (1), 1100 mg-eq/dm? (2),
1911 mg-eq/dm? (3), 2750 mg-eq/dm? (4) ), 70 mg-eq/dm? (5)

of hydrochloric acid in chamber (II), as well as
the electrochemical resistance of the system,
which is the reason for limiting the permissible
concentrations of HCI in chamber (II).

Further increase of the initial concentration of
hydrochloric acid to 2750 mg-eq/dm?® did not lead
to a significant accumulation of the acid in cham-
ber (II). In this case, after 6 hours of electrolysis,
the concentration of hydrochloric acid increased
only by 300 mg-eq/dm’. At low concentrations
of copper chloride (II) and hydrochloric acid fol-
lowing 6 hours of the electrolysis, a decrease in
the concentration of copper to 40 mg-eq/dm?* was
achieved, while the concentration of hydrochloric
acid increased by 535 mg-eq/dm? only (curve 5).

The dependence of the copper current effi-
ciency on the concentration of hydrochloric acid

120
100 w
80
60 -

E, %

40 -
20 -

is complex (Fig. 6). However, the total current ef-
ficiency decreased both with the increasing acid-
ity in the initial solutions and in chamber (II).

By reference to the quoted result and literature
data analysis, the basic technological schemes of
purification of water from heavy metal ions were
developed. In the case of the treatment of the
galvanic industries wastewater containing metal
cations, and solutions of sulfates of these metals
used as the electrolytes, it is advisable to use
local plants for washing water purification, the
technological scheme of which is shown in Fig. 7.

This technological scheme implies the
removal of heavy metal cations from water by
concentrating them on cationite, followed by the
electrochemical reduction to a metallic state in
two-chamber electrolyzer.

—o—1

-2

——4

0 T T

0 2 4

t, hour

Figure 6. Dependence of the copper current efficiency on the time of electrolysis of the copper chloride solution
in three-chamber electrolyzer (U =20 V):
1 - C(Cu*), = 944 mg-eq/dm’, C(HCI), , = 75 mg-eq/dm?;
2 - C(Cu*), = 944 mg-eq/dm’, C(HCI), , = 1100 mg-eq/dm?;
3 - C(Cu*), = 944 mg-eq/dm’, C(HCI), . = 1911 mg-eq/dm’;
4 — C(Cu*), = 944 mg-eq/dm’, C(HCI), . = 2750 mg-eq/dm’;

5 C(Cu)

init

=274 mg-eq/dm’, C(HCI), , = 70 mg-eq/dm’
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In this case, the water from the parts washing
bath consistently passes two cationic filters (4
and 8) filled with KU-2—-8 cationite in the Na*
form. When the washing water contains heavy
metal sulfates, heavy metal ions are retained on
the cationite and sodium sulfate remains in the
water. At its concentrations up to 500-700 mg/
dm?, water can be reused for the parts washing.
In order to prevent salinization, a portion of the
purified water is desalinated on a reverse osmosis
filter (12). At a concentration of copper in the
washing water at the level of 10 mg/dm® as a
result of a single filter cycle only 0.29% of the
volume of the wash water should be desalinated.
Therefore, it is advisable to switch the reverse
osmosis filter periodically as the washing water
mineralization increases. The reverse osmosis
concentrate will contain sodium sulfate. It should
mainly be applied to compensate for the loss of
sodium sulfate solution at cationite regeneration
and electrolytic purification.

The regeneration of cationite in the 1%
stage filter is performed after a decrease in the
concentration of heavy metal ions at the level of
10 mg/dm?. After regeneration, the 1 stage filter
is used to after-purification of the water in the
second stage, and the 2" stage filter is used in the
first — the main stage of purification of water from
copper ions.

When excess concentrate containing sodium
sulfate is formed, it can be electrochemically
processed into alkali and sulfuric acid [Trus et al.
2013(1); Trus et al. 2013(2)].

With the same method, it is possible to
concentrate the sulfuric acid formed during the
recovery of the regeneration solutions in elec-
trolyzer 14. Generally, these methods of the salts
processing allow to obtain sulfuric acid and alkali
with a concentration up to 40%, which allows
them to be used as chemical reagents.

CONCLUSION

1. The processes of electrolytic extraction of
copper from the solutions obtained after the
regeneration of ionites used in ion-exchange
purification of water contaminated with
copper ions were studied. Electroextraction
of metal from solutions of copper sulfates
in one- and two-chamber electrolyzers at
different concentrations of sulfuric acid and
from solutions of copper chlorides at different
concentrations of hydrochloric acid in a three-
chamber electrolyzer was carried out.

2. The dependence of the residual concentration
of copper ions on the acidity and time of
electrolysis was shown. The conditions of
electrochemical recovery of heavy metals from
acidic and saline solutions were determined.
The parameters pertaining to the extraction
processes of metals from the solutions of their
mixtures and conditions of the separation of
metals by regulating the acidity of solutions
were established. It was shown that the use
of three-chamber electrolyzers provides an

@

X<

—><[5>—L 3&.

KA 4LK5

Cu

NaOH

14

Figure 7. Schematic diagram of the extraction of heavy metal ions from the washing waters of the electroplating
cycle using sulfate electrolytes: 1 — parts washing bath; 2, 10, 11 — pumps; 3, 6 — sodium sulfate solution
tanks; 4, 8 — cation exchange filters (cationite KU-2—-8 in Na* form); 5 — the reservoir of the waste regeneration
solution; 7, 14 — electrolyzers; 9 — purified water tank; 12 — reverse osmosis filter; 13 — concentrate tank.
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effective recovery of heavy metal cations from
hydrochloric acid solutions simultaneously
obtaining hydrochloric acid.

3. A technological scheme of a local plant for
treatment of galvanic industry washing water
containing metal cations, and solutions of sul-
fates of these metals used as the electrolytes
was developed.
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