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ABSTRACT

COPPER REMOVAL FROM REGENERATED PICKLING SOLUTIONS
OF STEEL PLANTS

Sütcü, Esra
Master of Science, Metalurgical and Materials Engineering
Supervisor: Prof. Dr. Abdullah Öztürk
Co-Supervisor: Assist. Prof. Dr. Metehan Erdoğan
January 2020, 87 pages

Pickling is a metal surface treatment technique, made by strong inorganic acids to
prepare metals for subsequent processes. The process generates a substantial amouınt
of waste acid because large amount of acid is spent during the process. The impact
of the waste acid to the environment is noticeable. The waste solution contains the
contaminants of the metal surface and it is also a source of valuable products, metal
salts and copper.
When the concentration of copper in the pickling solution exceeds the level of about
100 ppm, randomly plating of copper onto the steel strips which causes visual
incompatibility occur. Furthermore, efficiency of pickling decreases with the
increase of copper content. Due to their toxic nature, the treatment is mandatory.
The aim of this study is to develop an environmentally-friendly and cost-efficient
way for recovery of pickling solution using electrodeposition method. The work
consisted of reducing the copper content and to extend the lifetime of the pickling
solution by this way. By this process, it was also aimed to reduce the amount of
landfilled waste and utilize the needed chemicals.
v

The work was performed by gathering information from literature but also from
industry in Turkey. The work has been a collaboration between the Middle East
Technical University (METU), Borcelik and Borusan Technology Department and
R&D Co.
Within the scope of copper removal, effects of applied current density, treatable
copper concentration and electrolysis duration on copper deposition were studied.
Current density was determined as the most effective parameter.

Keywords: Pickling Process, Copper Electrodeposition, Electrochemical Treatment,
Current Density

vi

ÖZ

ÇELİK FABRİKALARINDAKİ REJENERE DEKAPAJ ÇÖZELTİSİNDEN
BAKIRIN GERİKAZANIMI

Sütcü, Esra
Yüksek Lisans, Metalurji ve Malzeme Mühendisliği
Tez Yöneticisi: Prof. Dr. Abdullah Öztürk
Ortak Tez Yöneticisi: Dr. Öğr. Üy. Metehan Erdoğan

Ocak 2020, 87 sayfa

Dekapaj, metalleri zorunlu şartlar için hazırlayan, inorganik asitlerle yapılan, bir
metal yüzey işleme tekniğidir. İşlem önemli ölçüde atık asit oluşturur, çünkü işlem
tamamlandığında büyük miktarda asit harcanır. Atık asidin çevreye etkisi belirgindir.
Atık çözelti, metal yüzeyin kirleticilerini içerir ve aynı zamanda değerli ürünlerin,
metal tuzlarının ve bakırın da kaynağıdır.
Dekapaj çözeltisindeki bakır konsantrasyonu 100 ppm seviyesini aştığında, çelik
şeritlerin üzerine rastgele bakır kaplanması meydana gelir ve bu da görsel
uyumsuzluğa neden olur. Ayrıca, bakır içeriğinin artması ile dekapaj verimi düşer.
Toksik yapıları nedeniyle çözeltinin temizlenmesi zorunludur.
Bu tez çalışmasının amacı, dekapaj çözeltisinin geri kazanımı için çevre dostu ve
düşük maliyetli bir elektrokaplama yöntemi geliştirmektir. Çalışma, bakır içeriğinin
azaltılmasından ve dekapaj çözeltisinin ömrünün bu şekilde uzatılmasından
oluşmaktadır. Bu uygulamayla, atık depolama alanlarındaki atık miktarının
azaltılması ve gerekli kimyasalların kullanılması hedeflenmiştir.
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Çalışma literatürden ve aynı zamanda Türkiye'deki sanayiden bilgi toplayarak
gerçekleştirilmiştir. Çalışma, Orta Doğu Teknik Üniversitesi (ODTÜ), Borçelik ve
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CHAPTER 1

1

1.1

INTRODUCTION

Production of Secondary Steel

Steel is one of the most recycled materials in the world. The recovery rate of the steel
is about 90% [1]. Therefore in most steel plants, the main raw material of steel is the
scrap steel [2]. As a result, the secondary steel industry is growing all over the world
[3].
During the production of secondary steel, firstly raw materials are melted in the
electrical arc furnaces. During melting, the temperature of the arc and molten steel
rises to 3500 and 1800oC, respectively. Then carbon, sulfur, and nitrogen in the
molten mixture are removed by a steel converter [2].
The steel scrap contains alloying elements and undesired metals which should be
transferred to the slag [1]. Undesired metals are needed to be extracted in the
electrical arc furnaces’ slag. These metals are called ‘tramp elements’. Other than
the alloying elements, according to thermodynamic analysis, the most important
tramp elements in the recycling of steel are copper and tin [4].
For a qualified steel production, the liquid steel is sent to the ladle station to get rid
of unwanted materials and to homogenize both the temperature and chemical
composition. After the ladle station, the liquid steel is cast in the continuous casting
machine or in the ingot casting area. By the cooling process; the steel solidifies in
the cast [2].
Currently, copper cannot be removed from steel in commercial processes [3]. The
source of the copper in the scrap is mostly copper wires and automobile motors [5].
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Turkey is the world’s ninth-largest steel exporter and exports steel to more than 200
countries [6]. Its steel production relies heavily on scrap which makes the Turkish
steel contain some amount of copper [7].

1.2

Treatment of Steel

The surface of the steel should be clean, smooth and flawless because of its purpose
of use and its corrosion resistance [8].
During manufacturing operations of steel, the corrosion resistance of the material
may decrease. Thus, a surface cleaning process is required to restore the quality [9].
There are chemical and mechanical cleaning methods for manufactured steel.
Superior results are expected from chemical treatments because of their ability to
reduce surface contamination risk [8].
The chemical treatment for the surface cleaning of a stainless steel manufacturing
includes electropolishing and pickling for the removal of oxide, iron and inorganic
contaminations without creating any damage on the surface.
Pickling is the most common chemical metal surface treatment technique. It is used
to get rid of oxides, stains, rust, scale, inorganic contaminants, and/or other
impurities that are coming from metals and alloys [8]. The pickling solution aims to
react with the oxides and/or other impurities together with the base metal and to give
metal salts as product [10]. Aggressive inorganic acid, such as sulphuric acid
(H2SO4), hydrochloric acid (HCl), the mixture of nitric acid (HNO3) and
hydrofluoric acid (HF) are used in the pickling process [11].
Pickling process can be applied in the way of immersing the metallic materials,
especially steel coils, into a pickling bath and make it pass through the pickling
solution [12]. In ordinary steel plants, pickle lines consist of four pickling tanks,
which are filled with pickling solutions. The pickling process starts from one end of
the line through the other end and the pickling solution counter flows according to
the strip as shown in Figure 1. Therefore, the acid concentration and the efficiency
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of the pickling tanks diminishes from the starting point of the pickling process to the
endpoint [13].

Figure 1. A Schematic diagram of a pickle line

1.3

Treatment of the Spent Pickling Solution

The efficiency of the pickling solution depends on the acid concentration,
temperature and free metal content of the bath [14]. When the pickling process is
done, the acid produces dissolved metal salts and after several processes, acid
neutralization occurs [8, 10]. The produced metals from the process depend on what
the treated metal object is [15]. When the concentration of acid decreases and the
free metal content of the bath increases, the acid becomes spent [16].
During the pickling process, a large amount of acid is spent [10] due to the chemical
reactions between the solution and the surface scales of the metal [17]. The spent
pickling solution contains valuable metals, metal salts and acid [18] such as iron,
chromium, lead, copper, nickel, and zinc together with the residual free acid or any
other metals depending on the pickled material [10]. Due to containing high
concentration of heavy metals and presence of strong acid, the spent pickling
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solution is classified as a hazardous material [19]. The strong regulations of acid and
metal disposal and environmental and economic aspects force steel plants to
regenerate the effluents and reuse them [20].
Regeneration is the recovery of waste pickling solution. It is a way of treatment of
strong acid and extraction of ferric oxide [21]. Pickling acid (HCl) consumes when
the iron chloride content of the solution is saturated. Both spent pickling solution and
iron chloride can be recovered by thermal decomposition of the solution into gaseous
HCl and iron oxide. In the regeneration process, iron chloride containing spent
pickling acid is sprayed directly into a heated reactor and fine powdered iron oxide
and gaseous form of HCl are formed [22, 23]. Recovery of the hydrochloric acid
solution by the regeneration process is cheap and provides iron oxide for future uses.
Waste gases from thermal decomposition are cleaned by rinsing water and this
reduces the pollution of waste gases [22].
At the end of the regeneration process, only some amount of copper in the solution
can be oxidized. Increased copper concentration in the pickling solution causes
deposition of copper on the metal in the following pickling processes [13]. Therefore,
despite the regeneration process, it is necessary to destroy the acid.

1.4

Aim of the Study

The aim of this study is to make an evaluation for preventing the copper deposition
problem of the pickling solution by keeping the copper level of regenerated pickling
solution below 100 ppm and to extend the lifetime of the pickling solution by
developing an environmentally-friendly method of electrodeposition. By this
process, it is also aimed to reduce the amount of landfilled wastes.
In order to design a process in this context, laboratory scale studies were carried out
to determine the optimum current density, electrolysis duration and treatable copper
concentration of the pickling solution by taking into consideration the amount of
removed copper. Originated from the laboratory scale data, pilot scale applications
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were performed to test the scale-up potential of the process, which produced
promising results at laboratory scale.
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CHAPTER 2

2

2.1

LITERATURE REVIEW

Oxidation of Copper

The spent pickling solution can no longer be used when it reaches saturation. The
saturated solution is filled with iron chloride. The iron chloride formation is shown
in equation (1)
FeO(s) + 2HCl(l)  FeCl2(aq) + H2O(l)

(1)

The spent HCl solution and iron chloride is decomposed into iron oxide and gaseous
HCl with the help of regeneration process as shown in equation (2). The regenerated
HCl is then condensed and fed to the pickling line to be reused [22].
2FeCl2(aq) + 2H2O(l) + ½ O2(g)  Fe2O3(s) + 4HCl(g)

(2)

The regeneration process only delays the disposal time of the solution because the
process removes the solution from impurities but copper ions are still present in the
solution [13].
From the Ellingham diagram, it is possible to obtain the equilibrium data of a metal
and its oxide. The diagram is plotted as standard Gibbs Energy of formation (∆Go)
for the oxidation reactions based on consumption of 1 mole of O2 versus temperature.
The slopes of the lines give the standard entropy change. The curves follow a linear
line as long as there is no phase change [24].
The Ellingham Diagram for copper and iron oxidations are given in Figure 2. The
equation (3) shows the copper oxide formation reaction. Ellingham Diagram shows
the stability of oxide forms of copper and iron as a function of temperature. Due to
the diagram, the lines closer to the top (Copper) are more noble and their oxides are
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unstable and more easily reduced. From top to bottom of the diagram, metals are
more reactive, unstable and it is harder to reduce the oxides [24, 25].
2Cu(s) + O2(g)  2CuO(s)

(3)

As can be seen in Figure 2, oxide forms of copper are above oxide forms of iron in
the corresponding Ellingham Diagram. Therefore, once in steel, it is not possible to
get rid of copper by oxidizing and sending to the slag phase because iron will get
oxidized before the required oxygen partial pressure for copper oxidation is
achieved.

Figure 2. Ellingham diagram for copper and iron oxidations
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2.2

Copper in the Pickling Solution

The reaction between a metal and an acid is called a redox reaction. But copper metal
has low interaction capacity to react with HCl. Therefore, it does not react with HCl
acid under normal circumstances because its reduction potential is higher than the
reduction potential of hydrogen. Reaction (4) shows the activity series of copper and
hydrogen, and their calculated potentials [26]. All of the reduction potentials are
given in Appendix A.
Cu(s) + 2H+(aq) → Cu+2(aq) + H2(g) E0= -0.34 V

(4)

The negative potential shows that copper cannot react with non-oxidizing acids such
as HCl. But as any other metals, oxidation of copper is possible. The oxidation
reaction takes place when the copper is exposed to air. There is no oxygen radical
exist in HCl to react with copper but a dilute HCl acid dissolves some amount of air
in it to form copper oxide. Reaction (3) shows the transformation of copper into
copper oxide.
Copper (II) oxide does react with HCl acid. Since metal oxides are basic substances,
reaction between copper (II) oxide and HCl acid results in formation of respective
salt and water which is non-redox but a neutralization reaction [27]. Reaction (5)
shows the transformation of copper (II) oxide into copper (II) chloride.
CuO(s) + 2HCl(l) → CuCl2(aq) + H2O(l)

(5)

When the oxidized copper is exposed to hydrochloric acid solution, a double
replacement reaction takes place and copper (II) oxide dissolves in the acid to form
copper (II) chloride solution [28].
ICP-MS analysis is the trustable way for the determination of copper ion
concentration of the solution. By this way, particles can be converted into first atoms,
then into ions by ICP source, and MS source determines the mass of the selected ions
[29]. Therefore, the technique measures the mass of the selected cation; copper [28].
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2.2.1

Effect of Copper on Regenerated Pickling Solution

Cementation is one of an important hydrometallurgical unit process [30]. It is the
extraction of a more noble metal from the electrowinning or electroplating solution
and precipitation onto a more electropositive or less noble metal. All of the
electronegativity values are given in Appendix B.
One of the most popular and spontaneous example of cementation is the precipitation
of copper on iron [30]. In the copper cementation reaction, exchange of electrons
between the dissolving iron and precipitating copper occurs. At the end of the
reaction, copper cements onto the surface of the iron [31].
There are two redox half reactions in the cementation process. One of them is the
spontaneous reduction of copper, contained in an electrolyte, which is more noble
than iron, and the other one is the oxidation of iron as given in equations (6) and (7)
[32].
Fe(s) → Fe+2(aq) + 2e-

(6)

Cu+2(aq) + 2e- → Cu(s)

(7)

The global cementation reaction of copper ions by iron is given in equation (8) where
the total cell potential is positive which makes the reaction spontaneous [33].
Fe0(s) + Cu+2(aq) ⇔ Cu0(s) + Fe+2(aq)

ΔE = +0.78 V

(8)

The strongest influential factor on copper cementation is initial copper ion
concentration of the solution [34]. When the copper ion concentration in the
regenerated pickling solution increases and exceeds the level of about 100 ppm, the
solution results in copper cementation problem onto the steel strip randomly with
varying severity in the following pickling processes [13].
Influence of temperature of the solution is non-negligible. Increasing temperature
has a positive effect on the cementation due to the decreasing viscosity and
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increasing bulk diffusivity of copper ions together with the mass transfer
coefficient [34].

2.3

Copper Removal Techniques

Heavy metal contamination has turned out to be a standout amongst the most genuine
ecological issues today. The problem is, heavy metals and heavy metal containing
fluids are not biodegradable and they have tendency to aggregate in living organisms
and most of them known as poisonous or carcinogenic which is accepted to be a risk
for human beings and other living cells [35].
Copper is one of the harmful heavy metal concern in treatment of industrial effluents.
Directly or indirectly discharging of copper containing fluid is widely encountered.
The treatment of the metal is of exceptional worry because of its unmanageability,
recalcitrance and persistence in the environment [36].
There are several treatment methods developed for metal recovery operations. These
methods include; chemical precipitation [37–41], ion exchange [41–44], solvent
extraction [45–50], membrane technology [15, 50, 51], acid swapping and
cementation [52], adsorption [50,53] and electrochemical treatment [54–58]. For a
cost-effective and environmental solution, electrodeposition method is a promising
technique for recovery of some metals from waste solutions using insoluble anodes
[52].
Electrodeposition is defined as the process of depositing a material onto a conducting
surface from a solution containing ions by passing a current through an
electrochemical cell from an external source [59]. The process is advantageous due
to its low cost, industrial scale and complex shape applicability and cleanliness [60].
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2.4

Cell Types in Electrochemistry

There are two types of electrochemical cells that follow faradaic current; galvanic
(voltaic) cell and electrolytic cells. A voltaic cell is a device that converts chemical
energy into electrical energy. The cell uses the energy, that is released from a
spontaneous redox reaction where Gibbs free energy change of the system is
negative, to produce electrical energy. The schematic view of the voltaic cell is
shown in Figure 3 (a). On the other hand, an electrolytic cell is a device that converts
electrical energy into chemical energy. The cell uses the electrical energy, which is
produced from an external source to produce a nonspontaneous redox reaction where
Gibbs free energy change of the system is positive. The schematic view of the
electrolytic cell is shown in Figure 3 (b). A cell used in electrodeposition is a kind
of electrolytic cell.
As a common feature, both of the cells have two conducting electrodes, one of them
is anode where oxidation reaction takes place and the other one is cathode where
reduction reaction takes place and the electron flow is from anode through cathode
[61].

Figure 3. Cell Types (a) galvanic and (b) electrolytic cell
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2.5

Electrodeposition

Electrodeposition is an electrolysis process that leads to deposition of a metal or an
alloy onto a conducting surface in an aqueous medium. The deposited metal depends
on the conducting surfaces and/or chemistry of the solution [59].
An electrolysis cell consists of conducting surfaces; anode and cathode, an
electrolyte and a power supply that generates current. Anode is the positive electrode,
which can be made up of either soluble or inert material, where oxidation reaction
takes place, and cathode is the negative electrode, where reduction reaction takes
place and electrodeposition occurs by the help of applied external current on the
system [62].
The mechanism of the process is by means of reduction of a metal cation (M+), to
prepare a metallic or metal-alloy film (M) on the cathode electrode [63]. The
schematic of electrodeposition process is shown in Figure 4. In the process, firstly,
positively charged particles form in the aqueous solution. Then, these particles are
transferred from bulk through the cathode surface by means of a mass transfer
mechanism. Finally, electrodes and particles interact and particles merge with
growing metal layers and irreversible entrapment occurs [64].

Figure 4. Schematic of electrodeposition process
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A general purpose of the electrolysis process is to recover metals from aqueous
solutions. It is also an economical and flexible method that can be applied on
complex shapes to produce a coating [65]. It is a multifaceted, valuable and clean
process and can be scaled up to industrial applications. Furthermore, the deposited
metal is pure and the amount can be controlled in the process by monitoring the
charge passed through the system [66].

2.5.1

Fundamentals of Electrodeposition

The theory of electrodeposition is based on the Faraday’s law. Faraday’s law gives
the quantitative amount of deposit, in grams (W), at the cathode (Eq. (9)) in the form
of relation between the total charge passing from the cell (Qc) (Eq.(10)) in coulombs
and the electrochemical equivalent of the metal (zc) (Eq.(11)).
𝑊 = η𝑒𝑓𝑓 x ∫ 𝑀 𝐼 𝜕𝑡⁄𝑛𝐹
𝑄𝑐 = ∫ 𝐼 𝜕𝑡
𝑧𝑐 = 𝑀⁄𝑛𝐹

(9)
(10)
(11)

where I is the current applied on the system in amperes, t is the application time in
seconds, M is the molecular weight of the depositing metal, n is the number of
reducing electrons, F is the Faraday constant that is 96,485.0 coulombs (amp-sec)
and η𝑒𝑓𝑓 is the current efficiency [61].

2.6

Polarization

In an electrochemical reaction, the Gibbs free energy change of the reaction must be
equal to the electrical energy produced by the system for a reversible case. The
equality case is not possible when the external electromotive force is larger than the
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capacity of the system. Equation (12) gives the minimum energy needed to operate
the system in joules [67].
0
𝑊 = 𝑧𝐹𝐸𝑐𝑒𝑙𝑙

(12)

where zF is the electrical charge in coulombs and E0cell is the formal potential in volts
[68].
The operating cell potential (Ecell) can be described with the help of Nernst equation
as shown in equation (13) [67].
𝐸𝑐𝑒𝑙𝑙 =

0
𝐸𝑐𝑒𝑙𝑙

𝑅𝑇 𝑀𝑜∗
+
𝑙𝑛
+∁
𝑧𝐹 𝑀𝑅∗

(13)

The potential is in the form of sum of the standard potential, the concentration term
and polarization factor; where E0cell is the formal potential (V), R is the gas constant
(8.314 J/mole.K), T is the absolute temperature (K), z is the number of electrons
transferred, F is the Faraday constant, 𝑀𝑂∗ and 𝑀𝑅∗ are bulk concentrations and C is
the polarization factor in the electrodeposition process.
For an irreversible case, the operating cell potential (E) is significantly different from
the equilibrium potential (Eeq). The extent of this new potential is known as
overpotential (η) in volts and the situation is termed as polarization. The
overpotential calculation is shown in equation (14) [69].
η = E - Eeq

(14)

The overpotential value is more negative for cathode and more positive for anode
overpotentials due to the increase in current density. The relation between current
and overpotential is exponential as represented in equation (15) and obeys Tafel
equation [70].
η = a + b logi

(15)

where a and b are constants bound up with current density, solution composition,
electrode material and temperature [67].
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The basic polarizations are concentration polarization (ηconc) and activation
polarization (ηact). The concentration polarization at the electrode surface depends
on the reactant consumption therefore the polarization is affected by the activity of
the ions at the electrode surface and bulk. It is possible to see the concentration
polarization in the case of hydrogen evolution due to the change in hydrogen
concentration at the electrode surface, which can also be named as ‘hydrogen
polarization’. In the case of polarization, it may also be important to overcome the
activation energy barrier of a reaction. This type of polarization is the activation
polarization. [58, 71].
To overcome the overpotential, the amount of current that must be applied on the
system is the summation of anodic and cathodic current densities that is shown in
the Butler-Volmer Equation as shown in equation (16).
𝑖 = 𝑖0 {𝑒𝑥𝑝 [

𝛼𝑎 𝑛𝐹𝜂
𝛼𝑐 𝑛𝐹𝜂
] − 𝑒𝑥𝑝 [−
]}
𝑅𝑇
𝑅𝑇

(16)

where i is the current density, i0 is the exchange current density, n is the number of
transferred electrons, 𝛼𝑎 is the anodic transfer coefficient and 𝛼𝑐 is the cathodic
transfer coefficient, F is the Faraday constant, η is the overpotential and R is the gas
constant [72].

2.7

Hydrogen Evolution

During the electrodeposition process, hydrogen evolution reaction (HER) takes place
on the cathode beside the deposition reaction. Therefore the hydrogen evolution
causes inefficiency during the process [73]. Equation (17) shows the discharge of
hydrogen in the acidic solution at the cathode [74]. Hydrogen is absorbed as H+
atoms by the cathode, but the atoms combine and H2 molecules are formed.
Hydrogen is desorbed from the cathode surface and diffuses from the electrolyte in
gaseous form [75].
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2𝐻 + + 2𝑒 − → 𝐻2

(17)

The higher the current density, the more the hydrogen evolution on the cathode [76].

2.8

2.8.1

Electrodeposition Parameters

Current Characteristics

Current density is one of the most important parameters in electrodeposition process
due to its impact upon the cost, deposition composition and mechanical properties of
the coating [65].
Metal deposition rate increases with increasing current density, but the increase is
logarithmic due to the undesired side reactions [17]. When the variables that affect
the current efficiency are compared, the effect of current density on current
efficiency is one of the most significant factors [77].
A process can be carried out by using direct, pulse and pulse reverse current methods
[65]. The aim of using different techniques is to enhance the incorporation and to
consolidate the deposition [64].

2.8.1.1

Direct Current (DC) Method

Direct current method is the oldest and conventional electrodeposition process
technique. The current is continuously applied on the system without any
interruption. The method is more simple and economic, and the technology that is
needed to apply DC is easier to find [65].
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2.8.1.2

Pulse Current (PC) Method

Pulse current method increases the mechanical properties, incorporation and
homogeneity when compared to DC method. The method controls the
microstructure, chemical composition and deposition morphology.
In the PC electrodeposition the current follows a periodic manner that moves
between a current and a zero current [65]. The current fluctuation with time
representation is shown in Figure 5.

Figure 5. The current fluctuation representation for pulse current electrodeposition

PC method depends on; on time (ton) and off time (toff) for pulse and the cathodic
current (Ic). The parameters determine the composition, thickness and morphology
of the deposit. By this technique, it is possible to increase the number of grains and
create finer grain sized deposition [78]. The average current (Iavg) that is applied on
system can be calculated by using equation (18) [64].
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𝐼𝑎𝑣𝑔 =

2.8.1.3

𝐼𝑐 × 𝑡𝑜𝑛 + (0) × 𝑡𝑜𝑓𝑓
𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓

(18)

Pulse Reverse Current (PRC) Method

Pulse reverse current method ensures uniform deposition, and empowers the particle
incorporation. The method has the advantage to deposit lower concentrated ions with
the result of satisfactory chemical composition and morphology. The method helps
lower the internal stress with respect to DC method. It is better to use the technique
for composite coatings [64].
The current efficiency of PRC method is not as much as the PC method. The
parameters of PRC method are time of pulse (ton), off time (toff), reverse time (trev),
height of peak (Ic), heigh of the reverse peak (Ia) and average current (Iavg). The
average current calculation is as shown in equation (19).
𝐼𝑎𝑣𝑔 =

𝐼𝑐 × 𝑡𝑜𝑛 − 𝐼𝑎 × 𝑡𝑟𝑒𝑣
𝑡𝑜𝑛 + 𝑡𝑟𝑒𝑣 + 𝑡𝑜𝑓𝑓

(19)

where Ia is the anodic current, Ic is the cathodic current, ton is the cathodic (forward)
time, trev is the anodic (reverse) time [78]. The current fluctuation with time
representation is shown in Figure 6.
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Figure 6. The current fluctuation representation for pulse reverse current
electrodeposition

2.8.2

Physicochemical Parameter

Structural and optical properties and quality of the deposit depend on the
physicochemical characteristics of the solution, such as conductivity, ion
concentration, pH and temperature. Therefore these are important parameters for
electrodeposition [79].
The quality of the deposition increases with increasing conductivity [79] and
arranging pH of the solution. These parameters affect the crystal and physical
structure of the coating [80].
Conductivity of solutions depends on the concentration of the solution. In other
words, higher concentration triggers the conductivity of electrolyte. The
characteristics of coatings are better when high conductive solutions are used
because conductivity is one of the main factor that effects the throwing power
together with the plating ability of the solution to produce a uniform coating [81].
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Ion concentration is another significant parameter for electrodeposition because the
deposition amount depends on the amount of ions that come through the cathode
[77]. Therefore, when the ion concentration increases, the amount of deposition
increases [82]. At the same time, when insoluble anodes are used, the ion
concentration in the electrolyte decreases when the ions reach the cathode surface so
the amount and rate of deposition decreases [83].
Number of positively charged particles run counter to the pH value, furthermore, low
pH value causes a decrease in current efficiency. There is some evidence that the
current efficiency of the coating and content of depositing material decreases with
decrease in pH value [80]. The decrease in pH results in a sharp decrease in amount
of deposition [82]. pH of the solution has great effects on the composition, growth
mechanism, grain orientation, microstructure, morphology and surface quality of the
deposit [80, 84, 85].
Temperature is a well-controlled and significant factor for electrodeposition. The
parameter has effects on both physical and mechanical properties [80, 86] and quality
of the deposit [79]. The effect of electrolyte temperature on the amount of deposit
differs with respect to the combination of electrolyte and the particles that deposit
[87].
There is some evidence that the deposition amount and current efficiency can
increase [88], decrease [89] or remain constant [90] with increasing temperature
[87].

2.9

2.9.1

Measurement Techniques

Softwares

Different software programs are available for the chemical equilibrium
determination, modelling, and simulations. Here, F*A*C*T and COMSOL
Multiphysics softwares are explained briefly.
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2.9.1.1

Facility for the Analysis of Chemical Thermodynamics (F*A*C*T)

F*A*C*T (Facility for the Analysis of Chemical Thermodynamics) is an online
database developed for thermochemical analysis and thermodynamic calculations. It
is initially created for chemical metallurgists and now it is used in the field of
chemical engineering, corrosion engineering, organic chemistry, geochemistry,
ceramics, electrochemistry, etc. The software enables researchers and engineers to
analyze chemical reactions with its reliable database [91].

2.9.1.2

COMSOL Multiphysics

COMSOL Multiphysics is a fast and efficient finite element modelling software that
involves every step of the workflow, starting from defining geometry to physics in
order to solve the problem and achieve trustable results, of a model [92]. It is possible
to simulate the experiments and prototypes, which is composed of more than one
physics phenomena, by making design and process optimizations with this software.
The software is designed to be utilized by engineers, scientists and researchers [93].
It is used in all fields of engineering, manufacturing and researches to simulate
designs, devices and processes [92].
It is possible to draw 1, 2 and 3D solid structures and/or import CAD and ECAD
files, make changes on them and repair by using the software. In order to model
extensive variety of physics phenomena, the software has predefined physics
interfaces [93].
The aim of using the software is to attempt hypothetical work without needing master
learning of numerical analysis [92].
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2.9.2

Characterization Techniques

2.9.2.1

Inductively Coupled Plasma – Mass Spectrometry (ICP-MS)

ICP-MS (Inductively Coupled Plasma - Mass Spectrometry) is a sensitive analytical
technique that is a rapid way of trace element determination. The system can detect
almost all elements, comprising certain non-metals, many of halogens, alkali and
alkaline earth elements, rare earth elements, transition metals and other metals and
metalloids, with high scanning speed. It has wide analytical range of measurements
up to ppt levels and it is possible to obtain isotopic information and make multielement characteristics by using the system.
The utilization areas of the system include environmental, geochemical,
semiconductor, clinical, nuclear, chemical, and metallurgical applications.
The system combines inductively coupled plasma with a mass spectrometer. This
serves the user to convert elements firstly into atoms and then into ions by ICP
source, and to separate and detect the mass of the ions by MS source. The sequence
of the process of the device is given in Figure 7.

Figure 7. Schematic sequence of ICP-MS process
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The system consists of different parts:


Sample introduction part: Sample is introduced to ICP in aerosol form.



Ion generation part: Aerosol sample passed into plasma, which is made up of
argon stream, and dried, decomposed, vaporised and atomized then ionized
by the removal of one electron from each atom with the effect of high
temperature of the plasma.



Plasma/vacuum interface part: Positively charged ions are extracted in.



Ion focussing part: The ions passed through the MS and photons and residual
neutral material separation of ions occurs.



Ion separation and measurement part: Each ion is detected and total mass is
stored.

The result of the ICP-MS analysis is given by a spectrum. The detected spectrum
on periodic table is given in Appendix C. The size of each peak of the spectrum
is directly proportional to the concentration of the element in the sample [29, 94].

2.9.2.2

X-Ray Fluorescence (XRF)

XRF is an analytical measurement device that does not have any destructive effects
during the tests and it is used to make elemental detection of a sample even if it is
solid, liquid, slurry or a powder form [95, 96]. It is also possible for the device to
measure the thickness of coatings [96].
The working principle of the device is that any type of sample absorbs the X-ray
fluorescent and the X-ray excites the energy level from 1 to 2 and the device
measures the emitted fluorescent, while the energy state is dropping from 2 to 1, to
analyze the quality and quantity of the elemental composition of the sample. The
emitted fluorescents produce characteristic X-rays that is unique for every element
[95]. The device can analyze wide variety of elements in ranges from weight percent
to sub-ppm levels [96].
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CHAPTER 3

3

EXPERIMENTAL METHOD

The laboratory scale applications were performed to determine the optimum current
density, electrolysis duration and treatable copper concentration of pickling solution
by taking into consideration the amount of removed copper.

3.1

Characteristics of Electrolyte

During the copper electrowinning from dilute solutions, the deposition morphology
differs in the presence of other metals [97]. Electrolytic copper extraction is less
effective when the amount of non-ferrous metal ions are higher in the solution [98].
Studies also showed that in the presence of iron, the deposited product consists of
metal oxides and hydroxides [17] and current efficiency during the copper
electrowinning decreases proportionally with the ferric ion concentration in the
solution [99, 100]. Therefore, regenerated pickling solution was used in this study
instead of spent pickling solution.
Regenerated pickling acid solution was collected from Borçelik steel plant located
in Bursa, Türkiye. The non-used pickling solution was composed of pure HCl
solution (37% HCl) and the regenerated pickling solution contained trace amounts
of copper and iron ions.
The characteristics of the effluent were determined by pH, conductivity and acidity
measurements. The characteristics are given in Table 1.
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Table 1. Characteristics of regenerated pickling solution
Characteristics of Effluent
pH
Conductivity (mS/cm)
Acidity (g/L)

Content
-0.5
~800
185

Color

Yellow

Odor

Purgent. Irritating (Strong)

For the characterization of the regenerated pickling solution, Thermo Scientific
Orion Star A215 Benchtop meter kit was used for both pH and conductivity
measurements.

3.2

Voltammetric Analysis

Before starting the systematic experiments, voltammetric analysis were performed
to determine the current density range and avoid side reactions for copper
electrodeposition from regenerated pickling solution of steel plants. Linear sweep
analysis showed that more negative potentials resulted in too much hydrogen
evolution at the cathode and chlorine evolution at the anode in a previous study
[101]. The side reactions affect the current efficiency of the system. Therefore, in
order to abstain from side reactions and enable copper reduction, optimum operating
voltage values for the electrochemical cell should be found.
The range of applied current density was determined by linear sweep voltammetry
(LSV). LSV was performed using a two-electrode setup by Gamry Instruments
Reference 3000. The working electrode was a copper foil and a graphite rod was
used as the counter and the reference electrode. The schematic view of voltammetric
cell is shown in Figure 8. The voltammetric response of electrodeposition of copper
between the anode and cathode in the regenerated pickling solution was recorded
during the analysis. The voltammograms were obtained from ‘Echem Analyst’
program.
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Figure 8. Schematic view of the voltammetry setup

3.3

Materials

A set of preliminary experiments were performed to select promising anode and
cathode materials to be tested in systematic experiments. During the selection of
electrode materials, ICP-MS analyses of the solution, precision scale measurements
and XRF analyses of the deposits were evaluated.
For the characterization of the pickling solution, Agilent 7700x ICP-MS equipment
was used for ICP-MS analysis. To determine the removed and therefore collected
copper amount, ICP-MS analysis was done on the pickling solution before and after
the electrolysis experiments.

27

Precision scale (Precisa 152A) measurements and XRF (Fischerscope X-Ray XDVSDD 604-447) analysis were done on the cathode to determine the collected copper
amount.
When the amount of collected copper, deposit composition and deposit morphology
were taken into consideration, copper and 304 stainless steel were selected as
cathode materials.
After performing electrolysis using possible anode materials, graphite was chosen
for being inert [52] in the hot (60oC) HCl based electrolyte.

3.3.1

Cathode Choice

For the industrial applications, utilization of collected copper is the second important
issue after the recovery of regenerated pickling solution. Therefore, copper [102]
was chosen as cathode material for an easier copper utilization. In this case, it was
not needed to separate the collected copper from the surface. However, it was found
that, working with copper cathodes needs close attention because the hot acid and
also its vapor can dissolve copper at a very fast rate when it is not cathodically
protected. In order not to introduce a new copper source into the solution from
outside, 304 stainless steel cathode [103, 104] was also studied as an alternative
material. Stainless steel had a much better resistance to the electrolyte when
compared to copper and collected copper could easily be peeled off from the passive
surface of this material.

3.3.2

Cathode Preparation

Before starting each experimental run, copper or 304 stainless steel cathode surfaces
were prepared to remove dust, oil and solid particles from the cathode surface. The
purpose of the treatment was to clean and activate the cathode surface for
electrodeposition process to enhance the efficiency of the process and the quality of
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the deposit [105]. The cathodes were first exposed to a soap cleaning. Then, hot
alkaline cleaning was performed and at last, a very short duration of acidic cleaning
was done to remove the oxide film from the surface. The alkaline cleaning was done
at 50oC in 0.5 M NaOH solution and the acidic cleaning was done by immersing the
cathode material into 50 v/v % HNO3 solution at room temperature. The cathodes
were rinsed in distilled water after each preparation step [106].
In order to be able determine the weight gain, copper cathodes were used in foil form
in laboratory scale experiments. The copper foils, to be used as cathode, were
weighted after the surface treatment. To maintain the deposition area at 5 cm2, 5 cm2
of the cathode surface area was dipped into the solution by hanging the cathode from
the Teflon lid of the beaker.
However, stainless steel was not available in foil form. Therefore, the weight gains
of stainless steel cathodes were examined by measuring the plating thickness using
X-Ray Fluorescence (XRF) because a very small weight change on a relatively heavy
stainless steel plate could not be measured precisely by weighting. To fix the
deposition area at 5 cm2, the cathode surface was masked by an adhesive
electroplating tape (3M Electroplating Tape 470) after the surface treatment and the
open area was exposed to the electrolyte. Using a tape for masking was not possible
for copper cathode because the gum from the tape could have left on the cathode
which would then change the result of weighting.

3.3.3

Anode Choice

The system has to be comprised of a suitable inert material, not to be dissolved or
consumed during the process, as anode [107, 108]. Literature review showed that it
was possible to use graphite [103] cermet [108], lead [108], titanium [102] and nickel
[109] as anode materials for electrodeposition.
Titanium, lead and graphite anodes were studied as anode candidates at the same
experimental conditions. The results of the experiments were characterized by ICP-
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MS and XRF. Results of ICP-MS and XRF analyses were evaluated and graphite
was chosen as anode material due to its insignificant dissolution.

3.3.4

Anode Preparation

Before starting each experimental run, to remove the dirt from the anode surface, the
graphite anode was cleaned with acetone. To fix the surface area and equalize it with
the cathode material, the anode material was masked. The masking was performed
by the electroplating tape given in section 3.3.2. The surface area of the anode
material was maintained at 5 cm2 similar to the cathodes.

3.4

Experimental Setup

Three different experimental set-ups were used in this study. The first one was
laboratory scale to study electrode reactions, electrode behaviors and collection
mechanism of copper.
The second set-up was a pilot scale set-up established at the department of
Metallurgical and Materials Engineering Department of METU to test a pilot scale
cell using about 200 liters of acid solution for each run.
The third set-up was another pilot scale set-up established at Borçelik Steel plant to
run the cell using about 1000 liters of solution for each run.

3.4.1

Laboratory Scale

The experimental setup used in this study is shown in Figure 9, which consisted of a
500 ml beaker used as a batch reactor to hold 300 ml solution. The electrodes were
cylindrical graphite anode and a thin foil of copper or a plate of stainless steel
cathode. Both anode and cathode had equal effective surface areas of 5 cm2. They
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were 4.5 cm apart from each other and the operating temperature was 60oC for all
experiments.

Figure 9. Schematic drawing of experimental setup

The beaker was cowered by a Teflon lid to keep the solution volume constant by
preventing vaporization during the experiments.
The desired current density was maintained constant during the experiments by
Agilent B2901A Precision Source to apply both direct and pulse currents. All of the
experiments were performed at 60°C, by a hot plate (Mtops HSD 180), employing a
contact thermometer and a magnetic stirrer, which simulated the temperature of the
acid used in the steel plant. After each experiment, the electrodes were dried and
cathode was examined. The solution samples were transferred to a leak-proof plastic
container after each run to perform ICP-MS analyses.
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3.4.2

Pilot Plant Scale

For the pilot applications, as a power source, Keysight Technologies N8754A was
used to apply direct current and Plating Electronics pe861DA-GD was used to apply
pulse current.

3.4.2.1

METU Pilot Plant

After performing the laboratory tests, it was decided to use graphite anode and 304
stainless steel and/or copper cathode for the pilot tests. By using these materials, at
first a pilot plant was installed in laboratory of Middle East Technical University.
The schematic view of the pilot plant is shown in Figure 10 (a) top and (b) side.
The pilot plant consisted of a collection tank and three tanks with a capacity of
approximately 100 liters. The electrolysis tank contained 25 liters of solution and a
total of about 200 liters of solution was passed through the electrolysis tank in each
run which ensured that the steady state was achieved during the tests.
For the pilot plant tests, two different electrode designs were laid out. The schematic
view of the electrode designs for the pilot plant scale is shown in Figure 11. The
designs involved flat graphite plate anodes and flat copper and/or 304 stainless steel
plate cathodes (a) and cylindrical graphite anodes and s-shaped copper and/or 304
stainless steel cathodes (b).
The total active cathode areas were 0.320 m2 for plate and 0.385 m2 for s-shape. The
total active area of anodes were 0.320 m2 for plate and 0.125 m2 for cylindrical
anodes. The ratio of active surface area of anode and cathode for Figure 11 (a) is
equal to 1 while the ratio is equal to 0.42 for Figure 11 (b). The plate design was
designated for easier operation and the s-shape design was designated to increase the
surface area of the cathode.
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Figure 10. Schematic view of METU pilot plant from (a) top and (b) side
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Figure 11. Schematic view of electrode design

3.4.2.2

Borçelik Pilot Plant

The pilot plant setup constructed at Borçelik is shown in Figure 12. The plant
consisted of a 1000 liters capacity feeding tank that contained the acid to be
electrolyzed, a heating tank to simulate the acid temperature of the steel plant, a 25
liter capacity electrolysis tank where electrodeposition process took place and a 1000
liters capacity collection tank to collect the electrolyzed acid. There were two pumps:
one of which was used to circulate the acid between the heaters and feeding tank and
the other one, was used to pump the acid from the collection tank when required.
The aim of using large feeding and collection tanks were to prolong the electrolysis
duration, and the flow rate of the solution was adjusted to 1 L/min.
The tests were performed with only plate anode-cathode design based on the
information obtained from METU pilot plant tests. In order to prevent the copper
contamination on the edges, corners and sides; the plate cathodes were framed by
coating with Teflon. By this way, it was also aimed to prevent the loss of
electrodeposited copper.
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Figure 12. Schematic drawing of pilot plant setup from (a) above and (b) sideway

3.5

Copper Removal Measurements

To determine the change in copper amount of the regenerated pickling solution, ICPMS analyses were performed on the solutions before and after each electrolysis
experiment. ICP-MS analysis gives results in weight concentration form. Therefore,
the amount of copper removal from the regenerated pickling solution was determined
in terms of the copper concentrations by equation (20).
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% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =

(𝐶𝑖 − 𝐶𝑓)
× 100
𝐶𝑖

(20)

where Ci and Cf are the initial and final concentrations in parts per million (ppm),
respectively.
Parts per million (ppm) is a weight to weight ratio to describe concentrations. It is
the mass of a contaminants per million units of total mass. In order to determine the
copper concentration, in ppm, in terms of grams, the following equation (21) must
be applied.
𝑊 = 𝐶 (𝑝𝑝𝑚) × 𝑉 (𝐿) × 𝜌 (𝑘𝑔⁄𝐿)

(21)

where W is the total weight of the contaminants, in the solution, in grams, C is the
concentration of the contaminant, in the solution, in ppm, V is the volume of the
solution in liters and ρ is the density of solution in kg/L as 1.2.
To determine the amount of copper that was deposited, analysis was done on the
cathode. Precision scale measurements were performed on copper cathodes, and
XRF analyses were performed on stainless steel cathodes. The amount of copper
deposited on copper cathodes were determined from the difference between the
initial and the final weights of the cathode. However, the amount of copper deposited
on the stainless steel cathodes were calculated according to the formula given in
equation (22).
𝑚 = 𝑡 × 𝐴 × ρ × 10−4

(22)

where m is the mass of the deposited copper in grams, t is the thickness of the
deposition determined by XRF measurements in microns (µm), A is the deposition
area in centimeters square and ρ is the density of copper in g/cm3 as 8.96.

3.6

Experimental Design

The operation variables were determined as initial copper concentration, current
density, electrolysis duration, and current type. For the determination of effect of
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initial copper concentration, 50, 100 and 200 A/m2 current densities were applied to
the solutions containing 85, 127 and 154 ppm initial copper concentrations. But, the
effect of current density, electrolysis duration and current type were studied by using
the levels shown in Table 2.
For the pulse current applications, 5 ms on time (ton) and 5 ms off time (toff) were
applied on the system. Therefore the average current densities were shown in Table
2 for the pulse current applications. The average current density (Iavg) that was
applied on the system was calculated by using equation (18).
The experimental route was obtained by the full factorial experiment design .
According to the full factorial experiment design, 18 experiments should be
performed per cathode material as given in Table 3.

Table 2. Independent variables and their levels
Independent Variables
Current Density (A/m2)
Electrolysis Duration (h)
Current type

Level 1
100
2
Direct Current

Level 2
150
4
Pulse Current

Level 3
200
6

After performing the experiments, the results were written to the chart and the graphs
and performed statistical analyses were created by the Minitab® software [110,111].
With the help of this software, results for the test conditions can be predicted without
performing any new experiments. pH and conductivity of the acid and the amount
and morphology of the deposition were determined as response variables.
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Table 3. Full factorial design of experiments

Run Order
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Current
Density
(A/m2)
200
200
200
150
150
100
100
150
100
100
150
200
100
150
150
200
200
100

Copper
Electrolysis Duration Concentration
(h)
(ppm)
6
DC
2
PC
4
PC
2
DC
2
PC
6
DC
2
DC
4
PC
6
PC
2
PC
6
DC
2
DC
4
PC
4
DC
6
PC
4
DC
6
PC
4
DC
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CHAPTER 4

4

4.1

RESULTS AND DISCUSSION

Determination of Current Density

Graphite anode and copper cathode were used in the initial experiments. Before
starting the experiments, linear sweep voltammetry analysis was performed on
copper containing regenerated pickling solution of the steel plant and corresponding
blank solution at 60 °C.
Figure 13 shows the linear sweep voltammogram of both of the solutions. From the
examination of the figure, potentials and corresponding current densities for the
electrode reactions could be picked up. As can be seen in Figure 13, there was an
anodic current before the voltage was applied because of the dissolution of copper
into the electrolyte in this extremely corrosive environment of blank solution. At
around -0.5 V potential difference between anode and cathode, the first cathodic
reaction started and gave a clear reduction peak at about -0.7 V in the case of
regenerated pickling solution. This peak was attributed to the reduction of Cu+2 to
Cu+. When the cathodic potential was further increased, a second reduction peak was
obtained at around -1.5 V, which was thought to be originated from the reduction of
Cu+ to solid Cu [101]. Potentials more negative than -1.5 V resulted in too much H2
evolution at the working electrode. Furthermore, it was observed that higher current
densities resulted in a fast and discontinuous powder deposition together with the
decreased efficiency due to the inevitable H2 evolution at the cathode and the Cl2
evolution at the anode [76].
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Figure 13. Linear sweep voltammetry of copper containing regenerated pickling
solution and corresponding blank solution at a scan rate of 25 mV/s using 1.5 cm2
electrode area

Therefore, it was decided to operate the electrochemical cell between -0.5 and -1.5
V to include both electrode reactions. Furthermore, it was aimed to obtain smooth
copper deposition at the cathode without too much H2 evolution. These voltages
corresponded to a current density range from 50 to 200 A/m2.
At this range, the electrode reactions were reduction of copper (equation (7)) and
hydrogen evolution (equation (17)) at the cathode, and evolution of oxygen at the
anode as given in equation (23).
𝐻2 𝑂(𝑙) = 1⁄2 𝑂2 (𝑔) + 2𝑒 − + 2𝐻 +
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(23)

4.2

4.2.1

Choice of Electrodes

Choice of Anode Material

At the beginning of the laboratory scale experiments, titanium, lead and graphite
were tested as anode materials and they were matched with copper and 304 stainless
steel cathodes. The electrolysis experiments were performed on regenerated pickling
solution at 60oC on equal active electrode areas. The cathode materials were
immersed into the solution while applying a constant voltage between anode and
cathode to prevent them from chemical attack. The electrolysis experiments were
performed at the same electrolysis duration (4 hours), current density (100 A/m2)
and initial copper concentration (145 ppm) for both cathodes against the three
different anode materials.
After the electrodeposition process, the deposited samples together with the
electrolytes were characterized. When ICP-MS analyses of the electrolyzed solutions
were examined, it was observed that both copper and stainless steel cathodes could
remove copper from the hot regenerated pickling solution.
From the analysis of ICP-MS results, the anode materials were sorted in terms of
copper removal from more to less as; titanium, lead and graphite for both of the
cathodes. For the copper cathode, the level of copper was reduced by 28.9 %, 26.2
% and 25.5 % when titanium, lead and graphite anodes were used, respectively. In
the case of stainless steel; copper level, calculated by the equation (20) was reduced
by 35.9 %, 31.0 % and 28.3 % when titanium, lead and graphite anodes were used,
respectively. The change in copper concentration in ppm for (a) copper and (b)
stainless steel cathode are shown in Figure 14.
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Figure 14. Change in copper removal for (a) copper and (b) stainless steel cathodes

From the visual examination of the cathodes, it was seen that brighter surfaces were
obtained from the experiments employing titanium anode as shown in Figure 15.

Figure 15. Visual examination of stainless steel cathodes used against (a) titanium,
(b) lead and (c) graphite anodes

The measured weights of deposited copper, by precision scale, were 10.8, 6.7 and
5.6 mg for titanium, lead and graphite anodes, respectively when copper was used as
cathode material. The results were 10.5, 9.5 and 9.2 mg with respect to the ICP-MS
analysis.
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The measured thicknesses by XRF were 1.345, 1.096 and 0.857 µm for titanium,
lead and graphite anodes, respectively when stainless steel was used as cathode
material. The thickness results were given by taking the average of randomly
selected 16 points from all over the cathode surface. Due to the thickness results the
weight of the copper deposited on the stainless steel surface was 6.03, 4.91 and 3.84
mg as for titanium, lead and graphite anodes, respectively calculated by the equation
(22). The results were 13.0, 11.2 and 10.2 mg with respect to the ICP-MS analysis.
When the precision scale and ICP-MS analysis results were compared for both of the
cathodes, the results were not the same but gave the similar relative tendency.
From the results, it was observed that more copper removal was obtained from the
experiments employing titanium anode and the efficiency of stainless steel cathode
was more than the copper cathode. However, it was observed that titanium and lead
anodes released large amounts of titanium and lead ions into the solution as shown
in Figure 16. The levels of titanium and lead increased from almost 0 to 700 and
2800 ppm for copper cathode experiments and 716 and 2600 ppm for stainless steel
cathode experiments when they were used as anodes in the corresponding
experiments.

Figure 16. Release of titanium and lead ions for the experiments carried out with
Titanium and Lead anodes using (a) copper and (b) stainless steel cathodes
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These results were in accordance with the studies which reported corrosion of lead
[112] and titanium [112–114] in concentrated HCl solutions at room temperature.
The corrosion rates were even higher in this study because these materials were used
as the anode of an electrochemical cell and their potentials were further increased.
This leads to metal contamination in the pickling solution, material loss from the
anode and efficiency decrease in the pickling process. Therefore, graphite was
selected as the best anode material in the electrochemical treatment of copper from
regenerated pickling solutions based on no detectable anode dissolution.
As a result, working with titanium and lead anodes were deemed unsuitable and it
was decided to use graphite anodes.

4.2.2

Choice of Cathode Material

The choice of cathode material was important to ensure a proper adhesion for
effective copper removal and its utilization. In order to test the adhesion behavior;
titanium, 304 stainless steel and copper were tested as cathode materials. It was
observed that when working with titanium cathode, the collected copper could not
hold onto the surface and could be returned to the solution and/or swept with a small
flow. At the same time, it was not a cost effective material selection.
The copper cathode was studied for an easier copper utilization because there is no
need for scrapping off the deposit from the electrode. When the electrodes are loaded
to a certain level, they can be melted together with the deposited copper. Copper is
prone to oxidation by hot acid and its vapor, so it was hard to manage the copper
cathode assembly. The cathode was protected by applying a constant voltage
between the electrodes while immersing it into the solution. After the cathode was
completely immersed in the solution, the selected constant current was applied. It
was observed that copper electrodes were severely corroded especially above the
electrolyte level by hydrochloric acid gas in 6 hours long experiments.
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For the above mentioned problems of copper cathode, stainless steel was also tested
as the cathode material because of its higher corrosion resistance. The thin chromium
oxide layer at the stainless steel surface provided adequate adhesion between the
deposit and the electrode which kept the deposit on the electrode under the influence
of the applied potential but prevented very good adhesion. Therefore, the deposit
could easily be peeled off from the electrode when it was taken out of the electrolyte.
It was easier to manage stainless steel cathode at the beginning of the electrolysis.
After some time of electrolysis, the stainless steel cathode was covered with copper
and the rest of the electrolysis can be considered as copper plating onto copper.
Therefore, the rest of the electrolysis experiments were the same as those with copper
cathodes except that there was no copper left outside the pickling solution to be
affected from the vapor of the acid. Utilization of the collected copper required a
secondary process to separate the copper from the stainless steel cathode. When the
deposit was separated from the surface, the stainless steel cathode could be used
again.
It was observed that deposition onto stainless steel and copper cathodes could be
successfully achieved and the collected copper adhered to the surface. Therefore,
priority was given to the stainless steel cathode due to easier maintenance.

4.3

Choice of Pickling Solution

For the study, it was possible to work on both spent pickling solution and regenerated
pickling solution. However the literature review results showed that working on
regenerated pickling solution is more efficient than working on spent pickling
solution due to the content of ferrous and non-ferrous metal ions [98–100].
The morphology of the deposition and current efficiency varies with the type of
pickling solution. In the presence of other metals, the morphology of the deposition
differs. The studies also showed that, during the copper electrowinning from dilute
solutions, the current efficiency decreases proportionally with increasing ferric ion
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concentration in the solution [97, 99, 100]. For this reason, working on regenerated
pickling solution instead of spent pickling solution is more efficient. Nevertheless,
removal of copper was studied on both of the solutions.
The comparison between the results of regenerated and spent pickling solutions are
shown in Figure 17. The tests were done under the same experimental conditions
(current densities of 50, 100, 150 and 200 A/m2 and electrolysis durations of 2, 4 and
6 hours) but with different current characteristics (direct and pulse current methods).
Since the impurities in the spent pickling solution were an obstacle to the collection
of copper, amount of the deposited copper was lower than regenerated pickling
solution tests.

Figure 17. Comparison of copper removal of regenerated and spent pickling solution
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These results were obtained using stainless steel cathode. When the other parameters
were kept constant, pulse current was more effective than direct current at the same
average current density. Therefore, pulse current was applied during removal of
copper from spent pickling solution and it was concluded that copper removal from
regenerated acid provided better results.

4.4

Effects of Electrolysis Parameters

The effects of initial copper concentration, current density and electrolysis duration
on copper removal were investigated. Effect of current density and electrolysis
duration was investigated by a full-factorial experiment design as given in Table 3.
The figures in the following sections are showing the main effects. For the
examination of ‘effect of initial copper concentration’, average of 9 experiments
were used for each point and all 27 results were used in the construction of each
line/curve of the plot [110, 111]. For the analysis of other electrolysis parameters,
the three current densities and electrolysis durations given in Table 2 were studied.
However, only one initial copper concentration, 127 ppm, was used. As a result, in
the construction of the figures showing the results of experiments, 3 data were
involved for each point and 9 data were involved in each line/curve of the plots. The
error bars in the following figures were used to indicate the uncertainty in ICP-MS
measurements. This choice of presentation was made to derive statistical conclusions
from small amount of copper collected from strong acidic solution containing very
low copper concentrations.

4.4.1

Effect of Initial Copper Concentration on Copper Removal

The main effect of initial copper concentration of regenerated pickling solution on
copper removal was examined only for the copper cathode and using direct current.
Direct current densities of 50, 100 and 200 A/m2 applied to the solutions containing
85, 127 and 154 ppm initial copper concentrations The results obtained by the ICP-
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MS analyses are given in Figure 18. As shown in Figure 18, as the copper
concentration in the solution increases, it is easier to collect copper from the solution
due to the increase in the copper ion activity. The error lines shown in Figure 18 is
the possible 5% error margin from ICP-MS measurements.

Figure 18. Main effect of initial copper concentration of the regenerated pickling
solution on copper removal

Removal of 1 mg/cm2 of copper corresponds to a decrease of approximately 14 ppm
in copper concentration of the regenerated pickling solution when the area of the
cathode and the volume (total weight) of the acid used in this study were taken into
consideration.
Despite immersion of the copper cathode into the solution by applying current on it,
the challenges pushed to repeat the experiments using stainless steel cathode. After
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this point, initial copper concentration of the electrolyte was fixed at 127 ppm. In
order to accelerate the copper deposition, pulse current method was also used.

4.4.2

Effect of Current Density and Current Characteristics on Copper
Removal

The main effect of current density of regenerated pickling solution on copper
removal was examined for both copper and stainless steel cathodes using direct and
pulse current methods. The experimental results that were obtained by the ICP-MS
analyses were evaluated for direct current method in Figure 19 (a) and pulse current
method in Figure 19 (b) using both copper and stainless steel cathodes.

Figure 19. Main effect of current density on copper removal by (a) direct current
method and (b) pulse current method for copper and stainless steel cathodes

In the graphs given in Figure 19, the effect of current density was studied for three
levels of current density and three levels of electrolysis duration using 127 ppm
initial copper concentration by direct and pulse current methods. Each point in the
graphs is obtained by averaging 3 experiments and each line is drawn by averaging
9 experiments conducted at different electrolysis durations according to Table 2.
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As it can be deduced from Figure 19, copper removal increased with increasing
current density. When the results of cathodes are compared, it was observed that the
amount of copper removal was higher for the stainless steel cathode regardless of the
current form used.
As can be seen, under the same experimental conditions, direct current method was
more efficient than pulse current method for copper cathode contrary to expectation.
The reason for this might be the difficulty of protecting the copper cathode from
dissolving in the pickling acid, especially when the solution was hot under of current
conditions. Therefore, the current was applied to the cathode before it was immersed
into the solution. However, current was switched off for short time durations during
the pulse current application. The pulse current probably could not compensate the
amount of dissolution of collected copper from the copper cathode. It was also
observed that pulse current method was more efficient than direct current method for
stainless steel cathode under the same experimental conditions. Regardless of the
type of the current method, dust formation was observed on the cathode surface as
the current density was increased.

4.4.3

Effect of Electrolysis Duration on Copper Removal

The main effect of electrolysis duration on copper removal was examined for both
copper and stainless steel cathodes and direct and pulse current methods.
Experimental results that were taken from the ICP-MS analyses were evaluated for
direct current method in Figure 20 (a) and pulse current method in Figure 20 (b) for
both copper and stainless steel cathodes. The effect of electrolysis duration was
examined for three levels of current densities and three levels of electrolysis
durations using 127 ppm initial copper concentration.
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Figure 20. Main effect of electrolysis duration on copper removal by (a) direct
current and (b) pulse current method for copper and stainless steel cathodes

As can be seen in Figure 20 (a), a greater amount of copper was removed by direct
current as a result of increasing electrolysis duration when stainless steel cathode
was used. But copper removal decreased after 4 hours of electrolysis due to the
copper dissolution problem when copper cathode was used. It is because copper
cathode can also be affected by the HCl vapor. Therefore, as the cathode could not
be protected from the acid vapor, dissolution occured with increasing electrolysis
duration.
As can be seen in Figure 20 (b), a greater amount of copper was removed as a result
of increasing electrolysis duration with pulse current application. When the results
of cathodes are compared, it was observed that the amount and rate of copper
removal of stainless steel was more than the copper cathode for both current
methods. It is because maintaining the stability and repeatability in the experiments
were much more difficult with the copper cathode due to the interaction of copper
by the HCl and its vapor.
It can be seen that copper removal using pulse current method was less effective than
that of direct current method when copper cathode was used because it is very
difficult to protect the copper cathode without dissolving in the hot pickling solution.
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However, pulse current method may become more effective than direct current
method when the steady state is achieved. The amount of copper removal for pulse
current method was more than the direct current method under the same experimental
conditions when stainless steel cathode was used. Regardless of the type of the
current method, dust formation was observed on the cathode surface as the duration
of the test was increased in the case of high current densities.

4.5

COMSOL Multiphysics Analyses

COMSOL Multiphysics modeling and analysis were performed for the pilot plant in
order to have an idea before the application. The applied current density on the
system was set as 150 A/m2 direct current. Total cathode area according to pilot was
0.32 m2. According to the solution shown in Figure 21, after 6 hours of electrolysis,
the majority of the deposition reached a thickness of 120 microns. The corners were
thicker than the surface due to the edge effect. The scale in Figure 21 is based on
100% current efficiency.

Figure 21. The results of COMSOL multiphysics solution of designed pilot plant
showing total electrode thickness change after 6-hours of electrolysis
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Using laboratory test results, the expected pilot scale results for regenerated pickling
solution were calculated for both copper and stainless steel cathodes, using direct
and pulse current methods and plate and s-shape cathodes. Laboratory tests were
performed on 5 cm2 active cathode area and 300 cm3 acid solution. It was planned to
use 25 liters electrolyte in the pilot plant. When the height of the electrodes were
considered as 10 cm, total active cathode area for the plate cathodes come out as
0.320 and for the s-shape as 0.385 m2. This means, in pilot plant application, the
active cathode area will be 640 times more for plate and 770 times more for the sshape than laboratory application. Therefore, the amount of collected copper from
the pilot plant will be 640 and 770 times more than the laboratory applications. While
copper was collected from 300 cm3 solution in the laboratory, the indicated amounts
will be collected from 192 and 231 liters of solution in the pilot.
Table 4 show the expected pilot results based on the laboratory results for both plate
and cylindrical anodes. The flow rate required to remove 25% of copper is calculated
by equation (24).
𝜗25 = 𝜗 ×

(% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙)
25

(24)

where 𝜗 is the calculated flow rate and (% removal) is the experimentally collected
copper percent (Cu amount) in the laboratory.
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Table 4. Table of pilot plant expectations based on laboratory studies
Laboratory Results

Pilot Expectation

Cylindrical
Plate Anodes
Anodes
Flow
Flow
Rate for
Rate for
Current Current Electrolysis Copper Flow 25% Cu Flow 25% Cu
Cathode Method Density Duration Removal Rate Removal Rate Removal
(Cu/SS) (DC/PC) (A/m2)

(h)

(%)

(L/h)

(L/h)

(L/h)

(L/h)

Cu
Cu

DC
DC

100

2

4.7

96

18.1

116

21.8

100

4

38.5

48

74.1

58

89.1

Cu

DC

100

6

18.9

32

24.2

39

29.1

Cu

DC

150

2

15.7

96

60.5

116

72.8

Cu

DC

150

4

24.4

48

46.9

58

56.4

Cu

DC

150

6

26.7

32

34.3

39

41.2

Cu

DC

200

2

19.7

96

75.6

116

90.9

Cu

DC

200

4

29.1

48

55.9

58

67.3

Cu

DC

200

6

18.1

32

23.2

39

27.9

Cu
Cu

PC
PC

100

2

13.3

96

51.0

116

61.4

100

4

24.2

48

46.5

58

56.0

Cu

PC

100

6

-2.3

32

-3.0

39

-3.6

Cu

PC

150

2

-23.4

96

-90.0

116

-108.3

Cu

PC

150

4

7.8

48

15.0

58

18.1

Cu

PC

150

6

60.2

32

77.0

39

92.6

Cu

PC

200

2

13.3

96

51.0

116

61.4

Cu

PC

200

4

21.9

48

42.0

58

50.5

Cu

PC

200

6

13.3

32

17.0

39

20.4
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Continued table of pilot plant expectations based on laboratory studies
Laboratory Results

Pilot Expectation

Cylindrical
Plate Anodes
Anodes
Flow
Flow
Rate for
Rate for
Current Current Electrolysis Copper Flow 25% Cu Flow 25% Cu
Cathode Method Density Duration Removal Rate Removal Rate Removal
(Cu/SS) (DC/PC) (A/m2)
SS

(h)

(%)

(L/h)

(L/h)

(L/h)

(L/h)

100

2

28.1

96

108.0

116

129.9

SS

DC
DC

100

4

32.8

48

63.0

58

75.8

SS

DC

100

6

56.3

32

72.0

39

86.6

SS

DC

150

2

15.6

96

60.0

116

72.2

SS

DC

150

4

46.9

48

90.1

58

108.3

SS

DC

150

6

55.7

32

70.0

39

84.2

SS

DC

200

2

31.3

96

120.0

116

144.4

SS

DC

200

4

37.5

48

72.0

58

86.6

SS

DC

200

6

58.6

32

75.0

39

90.2

SS

100

2

14.8

96

57.0

116

68.6

SS

PC
PC

100

4

53.9

48

105.5

58

124.5

SS

PC

100

6

64.8

32

83.0

39

99.9

SS

PC

150

2

26.6

96

102.0

116

122.7

SS

PC

150

4

60.2

48

115.5

58

139.0

SS

PC

150

6

69.5

32

89.0

39

107.1

SS

PC

200

2

30.5

96

117.0

116

140.8

SS

PC

200

4

62.5

48

120.0

58

144.4

SS

PC

200

6

75.8

32

97.0

39

116.7

When the plate electrodes were used; the required flow rate was found in average as
62 L/h and the corresponding value for cylindrical anodes was 75 L/h for 100, 150
and 200 A/m2 current density.
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4.5.1

Evaluation of METU Pilot Results

Laboratory tests showed that pulse current method is more efficient than direct
current method. Therefore, pilot tests were continued with pulse current method. In
the pilot tests, cathodes were protected by applying a constant voltage between
anodes and cathodes to solve the copper dissolution problem while immersing into
the solution. After the cathodes were completely covered by the solution, application
of pulse current was started. The electrolysis starts and copper content of the solution
decreases when it is possible to give the desired current value. The samples were
taken every 5 minutes during the electrolysis.
The first demonstrated pilot plant showed that, when the level of the electrolysis tank
changed, the results fluctuated. The level of the electrolyte was changing due to the
variations of input and output flow flow rates caused by changes in pressure heads
of the electrolyte. The fluctuations were mainly observed in the studies performed
by using copper cathodes due to the copper dissolution. Therefore, changes in
solution were investigated when there was no copper dissolution from electrodes.
Figure 22 compares the efficiency and fluctuation behavior of copper and stainless
steel cathodes at 100 A/m2 current density with time using pulse current method.
According to the study done with copper cathode; electrolysis started at 153 ppm
initial copper concentration and reached steady state condition nearly at 135 ppm. It
was determined that approximately 11.5% of the total copper of the solution could
be collected under these conditions.
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Figure 22. Change in copper content with time for a current density of 100 A/m2 with
plate copper and stainless steel cathodes

According to the study done with stainless steel cathode; electrolysis started at 151
ppm initial copper concentration and reached steady state condition nearly at 122
ppm. It was determined that approximately 18.9% of the total copper of the solution
could be removed under these conditions. When the two cathodes were compared, it
was observed that stainless steel cathodes were more efficient than copper cathodes
as in the laboratory tests.
As it was decided to use stainless steel cathode, in order to prove the effect of current
method in pilot plant, s-shape cathodes were also tested at the same current density
by pulse and direct current methods. Figure 23 shows the comparison of current
methods for collecting copper as a function of electrolysis duration for s-shape
stainless steel cathodes at 130 A/m2 current density.

57

Figure 23. Comparison of current method with respect to electrolysis duration for
s-shape stainless steel cathodes at 130 A/m2 current density

From the analysis of the study done using 130 A/m2 pulse current method, it can be
seen that the electrolysis started at 151 ppm initial copper concentration and reached
the steady state condition nearly at copper concentration of 120 ppm. Referring to
the conditions, it was determined that approximately 20.5% of total copper could be
removed from the system. On the other hand, the electrolysis started at 150 ppm
initial copper concentration and reached the steady state condition nearly at 126 ppm
copper concentration for direct current application. This corresponded to
approximately 16% copper removal. When the two methods are compared, it was
observed that pulse current method is more efficient than direct current method as in
the laboratory tests.
After deciding to use stainless steel cathode by employing pulse current method, in
order to see the effect of cathode shape, plate and s-shape stainless steel cathodes
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were used to remove copper by pulse current method at 130 A/m2 current density.
Figure 24 shows the comparison of cathode shape with respect to electrolysis
duration at 130 A/m2 current density.

Figure 24. Comparison of cathode shape with respect to electrolysis duration at 130
A/m2 current density

As can be seen in Figure 24, the electrolysis started at 151 ppm copper concentration
and reached the steady state condition nearly at copper concentration of 120 ppm for
s-shape cathodes. Referring to the conditions, it was determined that approximately
20.5% of total copper could be removed from the system. In the case of plates, the
electrolysis started at 145 ppm copper concentration and reached the steady state
condition nearly at copper concentration of 117 ppm. Therefore, approximately
19.2% of total copper could be removed from the solution. From the comparison of
different cathode shapes, it was observed that s-shape cathode can remove more
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copper than plate cathode. But the difference is negligible when the difficulty of
production and operation of s-shape cathode is taken into consideration.
In order to prove the effect of current density on copper removal, pilot plant was
operated at different current density values. The system was operated by pulse
current method at 100, 130 and 180 A/m2 avarage current densities. Figure 25 shows
the comparison of the effect of current density on stainless steel plate cathode.

Figure 25. Comparison of effect of current density on stainless steel plate cathode

As can be seen in Figure 25, initial copper concentration values were different in the
experiments. The steady state was achieved at 122, 117 and 109 ppm for the
experiments at 100, 130 and 180 A/m2 avarage current density, respectively. These
values corresponded to 18.9% copper recovery for the experiment at 100 A/m2,
19.2% for 130 A/m2 and 38.5% for 180 A/m2.
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When the effects of current densities are compared, it was observed that 180 A/m2
current density seemed more effective. But from the laboratory scale experiments it
was also observed that, copper removal increased with increasing initial copper
concentration and increasing current density resulted in side reactions therefore, the
optimum current density was found as 130 A/m2.

4.5.2

Evaluation of Borçelik Pilot Plant

As a result of the pilot tests conducted at METU, the possibility of copper removal
was proven. In order to maintain the study for a longer period and ensure steady
state, feeding and storage tanks with a capacity of 1000 liters were installed within
Borçelik and pilot tests were continued there.
The tests were started by using 100 A/m2 average pulse current density on plate
electrode design. The amount of copper in the solution with respect to electrolysis
duration is given in Figure 26. Copper concentration decreased from 182 to 141 ppm
which corresponded to about 22.6 % copper removal. The level was not enough but
close to the purpose of the study. It should be noted that the solution could be passed
from the electrolysis line once again, which would decrease the copper level close to
100 ppm level.
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Figure 26. Borçelik pilot test at 100 A/m2 pulse current density

After the operation at 100 A/m2 avarage pulse current density, the study was repeated
by using 130 A/m2 avarage pulse current density. The amount of copper in the
solution versus electrolysis time is given in Figure 27. The copper concentration of
the solution was reduced from 159 ppm to 126 ppm. This indicates that the collected
copper corresponds to about 21%. Although the result was less than that given in
Figure 26, the effect of initial copper concentration should also be considered due to
increased copper ion activity.
During this operation, approximately 865 liters of acid was passed through the line
for 12 hours, indicating a speed of 1.2 L/min. The electrode area was designed to
collect 25% copper when the flow rate is 1.0 L/min for the acid. If the result is
proportioned to the flow rate of 1 L/min, the efficiency would become 25% which
satisfies the expectation.
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Figure 27. Borçelik pilot test at 130 A/m2 pulse current density

In order to see that it is possible to decrease the copper level below 100 ppm when
the initial copper concentration is around 125 ppm, the operation was repeated at 130
A/m2 avarage pulse current density and 1 L/min flow rate with an initial copper
concentration of 127 ppm. The amount of copper in the solution with respect to
electrolysis time is given in Figure 28. The copper concentration was reduced from
127 to 80 ppm. This indicated 37% copper removal which meets the purpose of the
study and in that way, copper deposition on the steel strip during pickling problem
could be solved.
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Figure 28. Borçelik pilot test result from 127 ppm initial copper concentration
performed at 130 A/m2 pulse current density

Figure 29 is the copper plated stainless steel cathode after the pilot test result of
Figure 28. From the figure it can be seen that the corners were thicker than the surface
due to the edge effect as it was expected from the COMSOL Multiphysics results.

Figure 29. Copper plated stainless steel cathode
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In order to make the operation easier and converge to industrial application, it was
decided to continue by direct current method. Direct current application on Borçelik
Pilot Plant was performed at 150 A/m2 current density. This current density was
selected to yield identical copper removal efficiency with 130 A/m2 pulse current
density applications. The amount of copper in the solution as a function of
electrolysis time is given in Figure 30. The reduction in copper concentration was 33
% and the final copper concentration was measured as 93 ppm. Therefore, it was
concluded that direct current also satisfied the requirement.

Figure 30. Borçelik pilot test at 150 A/m2 direct current density

Finally, another experiment was conducted for 24 hours to measure the carrying
capacity of the cathodes. Direct current application was performed on the system
using 150 A/m2 current density. The amount of copper in the solution with respect
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to electrolysis time is given in Figure 31. ICP-MS analysis results were evaluated to
determine the carrying capacity of the cathodes. It was expected to see a sudden
increase in copper content from the ICP-MS results for the capacity determination.
However, such a jump was only seen at the minute of 550 and the jump recovered in
later measurements and was not encountered again. Results showed no significant
change in copper dissolution. The copper concentration was reduced from 128 to 81
ppm. This corresponded to about 37% copper removal or copper collection.
Therefore, carrying capacity of the cathodes was more than 24 hours.

Figure 31. Borçelik pilot test for 24-hours of electrolysis at 150 A/m2 direct current
density
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4.6

Evaluation of Acidity Change during Electrolysis

Electrolysis process was carried out to extend the lifetime of the pickling solution by
removing trace amounts of copper from the solution. However, the process should
not affect the properties of the acid adversely. During the laboratory and pilot tests,
pH and conductivity of the solutions were measured before and after the process.
There was not significant difference between two measurements of the pH and
conductivity results. Furthermore, the acidity measurements revealed even an
increase due to the anodic reaction of water electrolysis.
The change in conductivity of the acid for 24 hours electrolysis is shown in Figure
32.

Figure 32. Change in conductivity with respect to electrolysis duration
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4.7

Energy Consumption

In order to make the operation easier, it is decided to design the industrial process
with direct current application. When the direct current studies were evaluated, the
system can be operated at a current density of 150 A/m2. When considering Figure
31, the potential difference between anodes and cathodes was 7 V and the energy
required to collect copper was calculated as approximately 102 kWh/kg of collected
copper.
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CHAPTER 5

5

CONCLUSION

An electrochemical batch reactor was developed to recover copper from the pickling
solution of Borçelik steel plant. The spent pickling solution was composed of
hydrochloric acid solution containing iron ions together with trace amounts copper
and other ions. But the regenerated pickling solution contained trace amount of
copper and iron ions. Copper removal from regenerated acid gave better results,
therefore the studies were done with regenerated pickling solution of the steel plant.
A current density of 150 A/m2 for direct current and an average current density of
130 A/m2 for pulse current was selected to avoid too much H2 evolution at the
cathode, the possibility of Cl2 evolution at the anode and irregular copper deposition.
Graphite was chosen as the anode material, because it provided the best stability in
hot acidic solution. Copper and stainless steel were studied as cathode candidates
and stainless steel was preferred because it has much more resistance to the hot acid
and its vapor but the cathode must be protected from the acid vapor, regardless of its
material. Furthermore, stainless steel had a better copper collecting efficiency. It was
possible to peel off the collected copper easily from the stainless steel surface after
the experiments.
It was found that copper removal increased with increasing the initial copper
concentration, current density, and electrolysis duration. It was seen that there was
no significant change in the properties of the acid as tracked by pH and conductivity
measurements within the ranges of the parameters covered in this study.
Furthermore, the acidity measurements revealed an increase due to the anodic
reaction of water electrolysis.
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The copper removal efficiency, current efficiency and the energy consumption were
calculated as 36.7%, 3% and 102 kWh/kg, respectively.
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