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Abstract: The utilization of modern automated control systems in copper cathode production offers the opportunity for remote access to
control and regulate the electrolytic process parameters. This, in turn, enhances production efficiency while reducing energy costs. The
significant parameters in copper electrolytic refining encompass the temperature and composition of the electrolyte, the circulation rate
of the electrolyte, the level of sludge, and the frequency of short circuits occurring between the electrodes and the current density. These
parameters directly impact the quantity and volume of cathode sludge. The occurrence of short circuits within the bath arises from the growth
of dendrites, necessitating the monitoring of voltage, composition, and temperature of the electrolyte. Regular analysis of the electrolyte's
composition and the accumulation of sludge volume at the bottom of the electrolyzer is also necessary. The intensification of the electrolysis
process primarily involves increasing the current density, reducing the electrode spacing, enhancing the quality of electrodes, improving the
electrolyte circulation system, and further mechanizing and automating the process and its auxiliary operations. These efforts contribute to
increased productivity. The objective of this study is to expand the capabilities of automated process control systems by incorporating sludge
level control sensors. This aims to mitigate irrecoverable losses resulting from dendritic sludge short circuits on the electrodes located in the
lower section of the electrolyzer, utilizing new software. A sludge level control method to prevent short circuits has been investigated, and
control software employing float-type level sensors has been developed. This measure is projected to decrease energy consumption by 15—20 %
and can be effectively implemented in the production of electrolytic copper at the copper smelting plant in Lao Cai, Vietnam.
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Annoranus: Vcrnonb30BaHue COBPEMEHHbBIX aBTOMAaTU3MPOBAHHBIX CUCTEM YIIPABJICHUS B MPOU3BOJICTBE KATOMHOW Meau obecreyn-
BaeT BO3MOXHOCTD yJIaJeHHOr0 JAOCTyIa K pecypcaMm [Jisi KOHTPOJISI U PEryJMpOBaHUS MapaMeTpaMu 3JIEKTPOJUTHUYECKOTO Mpoliec-
ca, 4TO ornpejesieT mokasareiu 3G (MeKTUBHOCTH TPOU3BOACTBA MPU CHUXEHUHU SHEPreTUIECKUX 3aTpaT. BaXHbBIMU mapameTpaMu
B 9JIEKTPOJUTUYECKOM padMHUPOBAHUM MEIU SIBJISIOTCS TEMIIEpaTypa U COCTaB 3JIEKTPOJIUTA, CKOPOCTh €ro MUPKYISIINK, YPOBEHD
ugaMa, 4acToTa 3aMblKaHU I MEXAY 3JIeKTPOIaMU U MJIOTHOCTh TOKA, KOTOPbIE HATIPSIMYIO BIUSIIOT HA KOJTUYECTBO U 00BEM KaTOMI-
HOTro ocajaka. Haanuue KOPOTKUX 3aMbIKaHUI Ha BaHHE 00YCJIaBIMBAETCS POCTOM AEHIPUTOB, UTO BJIeUeT 38 CO60I HEOOXOAMMOCTh
KOHTPOJIMPOBATh HATMIPSXKEHUE, COCTAB U TEMIIEPATYPY 2JEKTPOJIUTA U MEPUOANIECKH aHATU3UPOBATh COCTAB U HaKOIJIeHUEe 00bemMa
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LIJIAMOBOT'O 0CajKa Ha JHe 3JeKTpoiu3epa. MHTeHcuduKkauus npouecca 3J1eKTpoyin3a NPONCXOAUT B OCHOBHOM 3a CUET IMOBBIIIE-
HUS TJIOTHOCTU TOKA, CHUXKEHU ST MEXDJIEKTPOIHOTO PACCTOSTHUS, YIYUIIEHU ST KAYeCTBA 2JIEKTPOIOB, COBEPIICHCTBOBAHU ST CUCTEMBI
LUPKYJISIUAY JEKTPOJUTA NPU AajbHEH el MexaHU3allMY U aBTOMATU3allMKi CaMOTro Mpoliecca U ero BCOMOraTeJIbHbIX OoNepalui,
BEIYIINX K TTOBBIIICHUIO TTPOU3BONMTEIbHOCTH. Llebio TaHHO paGOTHI SIBJISIIOCH paciiupeHue GyHKIIMH aBTOMAaTU3UPOBAHHBIX CH-
cTeM ympaBiieHus TexHojorudeckumu mpoieccamu (ACY TII) 3a cueT BHeApEeHUST TaTYMKOB KOHTPOJ S YPOBHS LIJTaMOBOTO OCaaKa
JIJ151 CHUXEHM 1 0€3BO3BPAaTHBIX TOTEPh MPU HAJTMYUU 3aMbIKaHU i IEHIPUTHOTO OCafKa Ha 3JEKTPOABI B HUXHEH JOHHOI YacTH 2J1eK-
TpoJIM3epa ¢ UCMOIb30BaHUEM HOBOTO IMPOrpaMMHOT0 obecrieueHus. PaccMoTpeH crmocobd KOHTPOIISI yPOBHS IIJIAMOBOTO OcaiKa st
TMpenoTBpalleH s KOPOTKUX 3aMbIKaHUI U pazpaboTaHa MporpaMMa KOHTPOJIS IPU MOMOIIU AaTYMKOB YPOBHS MOMJIABKOBOTO TUTIA.
JlaHHOE MEepOTpUsITUE TP BHEAPEHU U TO3BOJUT CHU3UTH PACXO/ JMEKTPo3Hepruu Ha 15—20 %, 4TO MOXET ObITh MOJIE3HBIM AJI51 BHE-
NIPEHU S B 1IeXaX JIEKTPOJUTUUECKOTO MPOU3BOACTBA MEIN Ha MPEANPUATUY «MeaenaaBuIbHbIN 3aBoa» (T. Jlaokaii, ConnaarcTuue-
ckas Pecny6iuka BeeTHam).

KuroueBbie cj10Ba: KaToHAsI MElb, LIJIAMOBBIIl OCAI0K, JIEKTPOJIbI, 3aMbIKaHHE, TaTYUK, JJEKTPOJUT, CUCTEMA KOHTPOJIS, JIEKTPOJIH-
TUYecKoe pahuHUPOBAHME.
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Introduction

Improving the efficiency of energy-intensive metal-
lurgical production is of paramount importance for the
further development of sustainable mineral resource ope-
ration. On the other hand, excessive fascination with
new digital transformation techniques can only compli-
cate the objectives of energy efficiency of large-capacity
production [1; 2].

An analysis of the existing monitoring and control
systems used at copper cathode production facilities
indicates the insufficiency of the number of adjustab-
le parameters for the stable operation of electrolyzers
[3—5]. In order to achieve more effective control of the
production process, new functional control points with
additional sensors must be introduced. To some extent,
this applies to the existing copper cathode production
facilities, such as copper electrolytic production at the
copper smelting plant (Lao Cai, Socialist Republic of
Vietnam) [6; 7].

As part of the work performed, the problems of ex-
panding the functional properties of the automated
process control system (APCS) need to be addressed,
and appropriate adjustments made to the database
(DB) blocks. These blocks are produced by mathema-
tical models to control and optimize processes associ-
ated with the formation of sludge in the lower part of an
electrolytic cell. In this case, unit for matching indica-
tors of the temperature sensor, electrolyte level con-
troller and float regulator needs to be installed, taking
into account their mutual influence. The objective is
to compare the data obtained with standard parame-
ters, in order to identify anomalies in the process. The
aim of the solution is to adjust additional devices with-
in the existing parameterization, in order to achieve
optimum process conditions. In particular, a function

6

for early detection of electrode short-circuiting due
to various types of disturbances is needed, in order to
warn the operator of any deviation in time. It will also
facilitate faster data processing for a subsequent con-
trol action aimed at the destruction and elimination
of local dendrite accretion places, taking into account
their volume and number in the lower part of the bath.
As the sludge level increases due to the sludge particles
infiltrating the interelectrode distance, the electrolyte
concentration changes.

This work will address the problems of expanding
APCS functions by installing sludge level control sen-
sors, in order to reduce irretrievable losses by reducing
the number of dendritic sludge short-circuits on elec-
trodes in the bottom part of the electrolyzer, as well as
installing an additional electrolyte composition control
Sensor.

Adjustable process parameters
of copper electrolytic refining

Copper electrolytic production is a physicochemi-
cal process functioning at a large array of adjustable
parameters which the process depends on. It can be
characterized by a significant number of hidden pa-
rameters which affect the course of electrochemical
processes with the existing problems of adequate iden-
tification of different process stages [8—10]. The main
input parameters of this process include primarily: the
content of copper ions in the electrolyte; concentration
of sulfuric acid; and their correspondence to the output
parameters — determining productivity and current
efficiency [11—13]. Thus, the efficiency of electrolytic
refining of copper largely depends on the condition of
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electrolyzers (baths) with respect to sludge formation
in the upper and lower parts of the electrodes. While
dendritic short-circuits in the upper part of the cell can
be seen and recorded through a thermal imaging ca-
mera, deposits on electrodes in the lower part of the
bath represent a kind of “blackbox”.

During the process, the current changes of the fol-
lowing parameters need to be monitored and analyzed
(taking into account additional control conditions in the
standard APCS) in the whole volume of the electrolytic
cell [14—16]:

1) chemical analysis of the copper content in the
electrolyte and sulfuric acid;

2) current electrolyte temperature;

3) electrolyte circulation rate;

4) current intensity on the series;

5) current density on the electrodes;

6) voltage of the electrolysis cell;

7) sludge level under control through a float-type
submersible sensor;

8) concentration of chloride-ion in the electrolyte;

9) steam pressure and flow rate;

10) transfer and transportation of a part of the work-
ing electrolyte to the drain;

11) mixing of electrolyte after several circulation pe-
riods via feed and reserve tanks;

12) continuous estimated dosing of sulfuric acid and
copper sulfate additives through batchers;

13) dilution and change of electrolyte concentration
with spent flushing water and condensate when sulfuric
acid is added to electrolyte;

14) cathodic current density;

15) loading and setting of anodes after a given pe-
riod and time of their dissolution as a result of elec-
trolysis.

In addition, the analysis of the interrelation between
all operating parameters is necessary, in order to es-
tablish the necessity to specify and enter additional da-
ta such as the copper ions content and electrolyte and
sludge level.

All production control and monitoring systems
need to take into account the input process parameters
which provide a high quality and purity of the output
product — copper cathode. During electrolytic refin-
ing of copper, there are no functional relations between
the amount of the formed sludge on electrodes and the
sludge on the bottom of the bath — with the amount and
volume of dendritic accretions and short-circuits on the
electrodes, especially after their destruction. This can
lead to a change in the electrolyte concentration in the
bath. Known works [17—19] suggest many ways of deter-
mining he input parameter values for sustainable control

of the electrolysis process, but mostly using current plant
data (DB) [20—22].

In the course of the work, mathematical models were
obtained for several process scenarios at different stages
of the process during sludge formation at the bottom of
the electrolysis cell.

Scenario 1 — formation of accretion in the lower part
of the electrodes. This mechanism is related to the in-
gress of individual sludge particles to the lower part of
the electrode surface at the uncontrolled height of the
sludge when the dendritic accretion in the upper part of
the cathode is destroyed. The “roiling” of the electrolyte
causes changes in the electrolyte content, especially in
the lower part of the bath.

Scenario 2 — rise of the upper layers of the sludge
to the anode and cathode surface with the formation
of accretions between the electrodes. The reason lies
in the high turbulence of the electrolyte and the sludge
itself.

Scenario 3 — complete short circuit between the
electrodes when the sludge touches their lower parts.
The reason is that the height of the sludge layer in the
electrolysis cell is not controlled, and the amplitude of
the electrolyte and sludge movement is not taken into
account.

As a rule, according to the statistical data, at plants
producing cathode copper by the electrolytic method
for 24 hours, there can be up to 15—20 cases with diffe-
rent scenarios. Most frequent is the Ist scenario (up to
10 cases per day). Figures 1 and 2 show models for all
three scenarios.

The parametric analysis of the electrolysis process
helps to determine the relationship between electroly-
sis process input data (DB) (electrode spacing, current
intensity, current density, electrolyte resistance with re-
gard to copper ion concentration) and their influence on
electrolytic refining output indicators, such as current
efficiency and productivity [23; 24]. However, additional
control parameters of the process need to be taken into
account, for example, the sludge level on the bottom of
the bath and the pH index [25].

The construction of a mathematical model of the
parametrical analysis of the copper electrolytic refining
process (processes 1.1, 1.2 and 2 in Figure 3) was used
[26—28] as an auxiliary method to evaluate and ana-
lyze control actions in the case of a production situation
which may arise (according to the scenario) as per the
obtained block diagram.

The following designations were adopted for the
block diagram and calculated mathematical model of the
process: input parameters of the electrolyte composition
— sulfuric acid content Cy,50, = 150 g/L; concentration

7
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Fig. 1. Model of sludge formation and level change at medium (a) and high (b) electrolyte turbulence

Puc. 1. Mozenb 06pa3zoBaHus U UBMEHEHU I YPOBH S LIIJIAMOBOTO OCajiKa IMpU cpelHel (a) U BbICOKOH (b) TypOyJEeHTHOCTH

QJIEKTPOJIUTA

Fig. 2. Model of complete short-circuiting
of the electrodes when the sludge touches the lower part
of the electrodes

Puc. 2. Mopenb moJTHOTO 3aMbIKAHU S QJICKTPOOOB
IIpU KaCaHUHU ocagKa HUXHEU yacTu QJICKTPOIOB

of copper sulfate Cc 50 . = 279.78 g/L; copper content
Ccy = 50 g/L. At a given electrolyte composition the
following were obtained: current efficiency n'c, = 96 %
and productivity Pr*cu = 50 t/day; dp,, dc, — process
efficiency and current efficiency for electrolytic proces-
ses 1.1 and 1.2 respectively, which differ in value. In this
case the controls are current density (D) and circulation
rate (V).

There is a known mathematical model of the cop-
per electrolytic refining process [3] Within its frame-
work, multi-parameter mathematical models using
multiple regression analysis can be obtained [29—31].
Equation (1) can be applied to the adjustment of the
APCS and control of sludge, taking into account the

8

current efficiency value. Equation (2) can be applied
to productivity:

Ney = 885.52052 + 0.01869% + 0.01048D* —
—5.79232D + 1.43:10~*(Cy,50,)* —
—0.01231Cy,50, + 0.09-107(Cc,)* — 4.98-107°Ce,, +

+3.5:107%(Cyy,50,)° — 0.07688Ccys0,, (1)

Pre, = —122.6664 + 0.0145V — 2.4-107°D% +

+1.30096D + 3.6:10*(Cyy,50,)* — 0.09653Cy, 50, +
+4.4:107(Cep)* — 2.7-103C¢,, +
+2.1:107*(Ceys0,)* — 0.0436Ccys0,- )

Additional parameterization reflects the true va-
lues of the current efficiency and productivity,
taking into account the detected deviations with fur-
ther correction of the process mode through control
(see block diagram in Figure 3). The block diagram
is based on the mathematical model of the electroly-
tic refining process, and on the model of function-
al relations of the current values of control varia-
bles (current density D and circulation rate V). This
is achieved by a comparison of productivity values
(Prc,) and the current efficiency (n¢,), with preset
parameters of processes 1.1 and 1.2 with a delay fac-
tor. In contrast to the existing model, adjustments
were made according to the three assumed mecha-
nisms of sludge formation and dendritic accretions
on the electrodes.
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Fig. 3. Block diagram of the mathematical model for the parametric analysis of cathode copper electrolytic production

Puc. 3. Biok-cxemMa MaTreMaTH4eCcKOi MOJIEJIN MapaMeTPUUeCcKOro aHaau3a 3JeKTPOIUTUIYECKOro MpoOU3BOACTBA

KaToJHOW Meau

The dependence of the current density and resis-
tance on the electrode spacing can be obtained with
the help of the preset regime of control and monitor-
ing under conditions (1), and also (2) on the basis of
the completed mathematical model of the electrolytic
copper refining process and the block diagram (Fig. 4).
Data shows that the current density variation range is
within the rational limits D = 250+300 A/m?, and the
inter-electrode distance varies in the range of 0.045—
0.055 m.

When evaluating the effect of current density, it
was found that the rated productivity reaches an opti-
mum value when the control D is in the range of 260—
280 A/m? (Figure 5).

The introduction of additional input parameters for
the electrolysis process can be justified, based on the
performed parametric analysis.

The value of the copper ion content is also a very
important factor. As the Cu®?" concentration increases,
the current efficiency increases and the bath voltage
decreases as the precipitation level decreases. A high

copper concentration can increase current efficiency.
The copper concentration is usually maintained at
a level of 40—60 g/L in terms of the divalent copper
cation.

It should be noted that the content of sulfuric acid
significantly affects the current efficiency and power
consumption. As a rule, its level is maintained in the
range of Cy,50, = 100+150 g/L.

Temperature growth affects current efficiency
growth. However, with decreasing voltage in the bath,
the conductivity of the electrolyte increases. In the
temperature range of 20—70 °C there is a general ten-
dency towards an increase in dispersity. On the other
hand, the physical properties of the electrolyte deterio-
rate and the cathodic precipitate begins to dissolve.
Therefore, the temperature of the electrolyte is main-
tained at 50—60 °C, and its circulation in the baths is
carried out, in order to maintain a given temperature
therein. A further objective is to reduce the stratifi-
cation of the electrolyte due to different densities of
the CuSO,4 and H,SO, solutions and its components,

9
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Fig. 4. Influence of inter-electrode distance on current
density and resistance

Puc. 4. BiusHue MeXa31eKTPOIHOTO pacCTOSHU S
Ha MJIOTHOCTb TOKA U COMPOTHUBJIEHNE
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Fig. 5. Dependence of the process productivity on the current
density

Puc. 5. 3aBucuMOCTb MPOM3BOAUTEIBHOCTH MIpoIlecca
OT IJIOTHOCTH TOKa

while stabilizing the process of electrolyte mixing to
saturate the cathode layer with copper ions [4]. It fol-
lows from the data obtained that the rate of electro-
Iyte circulation should be kept constant at a level of
20 L/min.

Improving the monitoring
and control system for the electrolysis
process by introduction
of additional parameters

During copper electrolytic refining, the weights of
anodes and cathodes, anode residues, cathode scrap,
initial cathodes, and used reagents are controlled.
The volume of electrolyte removed from circulation
and the introduced volume of sulfuric acid are cal-
culated. The electrolyte level in the tank equipment
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is also determined, inter alia. It is most important
that the composition and temperature of the electro-
lyte be controlled, as well as the process of detecting
short circuits between the anodes and cathodes at the
calculated values of the electrolyte circulation rate.
There also needs to be additional control of the elect-
rolyte content and the sludge level on the bottom of
the bath.

Small-size analyzers (types MAK-1 and MAK-2)
are used to control the content of copper and acid in
the electrolyte. In order to determine the flow rate
of steam, water, and electrolyte, differential pressure
gauges with recorders are used, and the temperature
is measured with resistance thermometers. The use
of temperature sensors with remote control allows
for electrolyte temperature control [32; 33] to be fully
automated.

Various methods are used to detect and eliminate
short circuits resulting in a disturbance of normal elec-
trode current supply and a decrease in the current ef-
ficiency. Gaussmeters, thermal sensitive paints, and in-
frared sensors are used. Of great interest is the method
of short-circuit detection by means of a camera with an
infrared radiation sensor (thermal imager) installed on
an overhead crane serving electrolysis baths [34—37].
Using modern methods, labor costs for short-circuit
monitoring are reduced up to 30 %, when compared to
traditional monitoring systems. Current efficiency is in-
creased by 2 %.

Based on the above factors, software has been creat-
ed that allows for a more effective control of the process
characteristics of copper electrolysis. The working algo-
rithm of the software is shown in Figure 6.

The block diagram includes the following designa-
tions for the input data and controls transfer:

1 — process start (input of parameters to the data-
base);

2 — process duration check (1, min) and final timing
(when 48 hours are reached, the process is considered to
be completed);

3 — collection of the following current data from
Sensors:

— electrolyte temperature (¢, °C);

— voltage (U, V);

— sludge level (H;, m);

— electrolyte level (H,, m);

— concentration of sulfuric acid in the electrolyte
(Csto4, kg/mS);

4 — check of electrolyte temperature in the permissi-
ble range 7, < 85 °C;

5 — check of voltage between the electrodes with
the necessary value of U = 0.314 V; voltage has the
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Fig. 6. Block diagram of the software algorithm

Puc. 6. biok-cxema aiaroputMa padboTsl mporpaMMbl D9BM

function of response, which in practice is not regu-
lated;

6 — check of the slurry level within the permissible
limits Hy < 0.4 m (no short circuit in the lower part of
the electrode);

7 — check of the electrolyte level;

& — check of the concentration of sulfuric acid in the
electrolyte;

9 — beginning of scanning the cell surface (in the
bath) with a thermal imaging camera;

10 — detection of the zones of electrolyte overheating
(with short circuits); indicate the numbers of the cathode
and anode on the screen;

11 — elimination of short circuit and fixing the time
(timing);

12 — direct sludge to drain to the receiver;

13 — add electrolyte up to the set target level;

14 — add sulfuric acid to the electrolyte up to the tar-
get concentration value;

15 — displaying on the screen of the report about the
electrolysis parameters change process;

16 — completion of the electrolysis parameters ad-
justment process;

17 — stabilization of the process and reaching the
normal process mode;

18 — regulator of the overflow system for sludge re-
moval.

Figure 7 shows the diagram of digital automation of
the electrolysis bath for copper refining.

Figure 8 shows the screen shot of the developed soft-
ware for sludge and dendritic accretions control.

The electrode spacing, and therefore the voltage
setpoint, can be varied according to the changes oc-
curring on the electrolyzer. Additionally, if significant
deviations are detected, the ampere load can also be
changed.

As a result, in the course of studying the prob-
lems of the stable operation of electrolysis cells, a
system for monitoring and controlling the main pa-
rameters of the cathode copper production process
was created. The software consists of the following
products:

— BMXCPS3500 power supply unit;

— Modicon M580 P58 2040 processor module;

— BMXDDI 1602 digital input module, number of
digital inputs 16;

— BMXAMMO0600 analog input-output module,
number of digital inputs 8 in accordance with the algo-
rithm actions;

— BMXDDO 1602 digital output module, number of
analog inputs 16.

The software was developed in the Unity XL Pro
environment of Schneider Electric and is localized
for Russian use in the SE (System Electric) environ-
ment.

Additional process control functions via an APCS al-
low for more efficient and timely elimination of process
deviations. The increased frequency of cathode change
and sludge removal result in the reduction of economic
indicators of the process.

Conclusion

The intensification of the electrolysis process oc-
curs mainly due to an increase in current density va-
lue and an improvement in the electrolyte circulation
system operation for maintaining the constant copper
ions concentration at electrolyte stabilizing tempera-
ture.

The introduction of sludge level sensors for the
additional monitoring of the process will reduce ir-
retrievable losses of cathode copper in the absence
of short circuits of dendritic sludge on electrodes in
the lower part of the electrolyzer. Models of cathode
sludge formation and dendritic short-circuits on elec-
trodes have been built. An analysis of possible prob-
lems and deviations associated with sludge formation
allowed for a number of possible process scenarios to
be simulated.
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The control algorithm and software developed for
additional actions in the APCS system help energy losses
to be reduced (by 10—15 %) and current efficiency to be
increased (by 2 %).

This work can be usefully implemented in existing
APCS of copper electrolytic refining for the copper
smelting plant (Lao Cai, Socialist Republic of Viet-
nam).
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