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Abstract: Technology for copper coatings removing from spent parts made of dielectric by anodic dissolution without formation of 

secondary waste and with simultaneous copper deposition on the cathode is proposed. The kinetics regularities of copper electrodeposition 
and electrodissolution from pyrophosphate, tetrafluoroborate and mixed pyrophosphate-tetrafluoroborate electrolytes are studied. 
Electrochemical technologies for copper-containing waste treatment in pyrophosphate-tetrafluoroborate electrolytes to obtain marketable 
products are proposed. Technology of high-speed treatment to produce phosphorus-containing copper anodes and method of manufacturing 
of copper electrodes with mechanically strong and high electrochemically accessible surface area in the form of dendrite structures, that are 
well-coupled with substrate are proposed. 
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1. Introduction 
Metals extraction from metal-containing waste is essential for both 
direct neutralization (in the case of liquid waste), and minimization 
the need for more environmentally harmful hydrometallurgical 
production of metals from raw ores (in the case of solid waste). The 
possibility of payback of treatment processes implementation 
depends on the technology used. 

Electrochemical technologies are actively used for the 
processing of metal-containing wastes, including copper-containing, 
as they allow utilization of metals. However, blister copper is a 
product of processing, as a rule. Such copper requires additional 
processing. In the case of, for example, processing waste in the 
form of non-conductive material with copper layer in electrolytes 
having low throwing power, a large amount of waste is generated 
due to the rupture of the conductive sections of the copper layers. 

The aim of the work is to propose a method for processing 
copper-containing wastes, including copper coatings on a non-
conductive substrate, to obtain marketable products without 
secondary wastes. 

Copper coatings can be removed from non-conductive 
substrate by chemical etching in various solutions, for example, in 
solutions for etching printed circuit boards [1]. However, the 
secondary waste is obtained in the form of spent solutions. Copper 
wastes are processed by electrolysis in sulfate solutions [2]. 
However electrolyte has low throwing power, i.e., it badly 
distributes current along the electrode surface. When removing 
coatings from waste products with dielectric substrate, there is a 
large amount of solid waste due to the gaps in conductive areas of 
coating. 

For utilization of copper obtained by electrolysis in the 
process of waste processing, it is possible to use the process of 
electrodes manufacturing. Thus, for example, it is known that the 
copper anodes containing 0,035-0,07 % (mass) of phosphorus are 
soluble in sulfate electrolyte with virtually no sludge due to the 
formation of rather mechanically stable conductive film on the 
surface [3]. Pure copper is melted with ligature containing 
phosphorus for anode manufacturing [4]. Anodes can be obtained 
electrochemically in electrolytes containing phosphorus 
compounds. However, the coating requires annealing at 600-900 °C 
in an inert atmosphere [5], otherwise they are unstable or they have 
limited electrolysis performance [2]. 

Powders, as well as dendrite structures as elements of 
electrodes can be obtained in the process of electrolytic treatment of 
copper waste. The general disadvantage of electrodes with a porous 
developed surface [6, 7] when used in electrochemical processes, 
for example, metal electroextraction processes is reducing in their 
electrochemical active surface area due to the rapid overgrowing of 
micropores and macropores (under prolonged electrolysis), because 
in electrochemical processes significant accumulation of reaction 
products on the electrode occurs. In the process of  electroextraction 
without reducing its surface area a thicker metal layer may deposit 

on the electrode obtained by means of cathodic deposition of copper 
coatings in the form of spherolithes [8, 9]. However, micropores 
that are overgrown with metal still make significant contribution to 
the electrode surface area. Moreover, the productivity of the process 
of dendrite structures formation using widely accepted dilute sulfate 
electrolyte with addition of surfactant is not high enough. 
 

2. Research methodology 
Kinetic laws of anodic dissolution of copper and its cathodic 

deposition were investigated by the method of analysis of 
potentiodynamic voltammogramms using potentiostat PI-50.1. The 
potential scan rate was 50 mV/s, and a saturated silver chloride 
reference electrode was used. Long-term electrolysis was carried 
out using a DC power supply B5-43 under conditions of constant 
current and current steps, as well as at constant cell voltage. 

 
3. Results and discussion 
3.1. Electrochemical dissolution of copper and 
electrodeposition of phosphorus-containing copper in 
concentrated acid electrolyte 

Electrochemical recovery of copper-containing waste in the 
form of a coating on a non-conductive substrate is illustrated by the 
example of treatment of off-grade foiled dielectric where the 
thickness of a copper layer is 35 μm. The treatment occurs in 3 
stages. 

For electrochemical dissolution of the copper layer a 
pyrophosphate-tetrafluoroborate electrolyte containing 160-180 g/L 
Cu(BF4)2, 10-25 g/L Cu2P2O7, 30 g/L H3BO3, 90-120 g/L H4P2O7 
[10] was used at the stage I. Such electrolyte has high limit rate of 
both cathodic and anodic processes (what is inherent in 
tetrafluoroborate electrolyte) and a higher throwing power (what is 
inherent in pyrophosphate electrolyte). 

The high activity of copper layer dissolution in the region of 
waterline of foiled dielectric sheets immersed into the electrolyzer 
leads to a very rapid stripping of dielectric in this region and the 
termination of electrolysis. After protection of the waterline, it is 
possible to remove 70-80% of copper from the foil dielectric at 
constant current (Fig. 1 a). The anode potential sharply grows after 
disintegration  of conductive layer during dissolution process. When 
the voltage on the electrolyzer grows up to 10 V, the arcing at the 
contacts, heating of the electrode and the electrolyte is observed. In 
the process of copper dissolution at a constant voltage on 
electrolyzer the drop of current strength is observed with surface 
area decreasing of remaining copper layer (Fig. 2, curve 2). Current 
load, that spares copper layer waterline allows removing up to 80-
90% of copper (Fig. 1 b) in this case. Only specially created shunt 
allows to continue the electrolyzer work without breaking 
conductive layer (Fig. 2, curve 3) and make it possible to remove 
copper from surface made of dielectric (Fig. 1 c). 
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a b c 

Fig. 1. Photographs of the samples treated using constant current 
(а) and constant voltage on the electrolyzer (b, c) with protection 

waterline (а, b) and with special shunt (c) 
 
For this purpose, we protected the waterline with tightly 

leaned strip made of off-grade foil dielectric disposed with copper 
plated side to the treated surface of the waste or off-grade parts 
made of copper coated dielectric. 

 

 
Fig. 2. Amperage change over time when using power supply 

in regime of constant amperage (1) and the voltage at the 
electrolyzer (2, 3) with protection of the waterline (1, 2) and 

special shunt (3) 

 
Comparison of cathodic polarization curves obtained in 

tetrafluoroborate, pyrophosphate and mixed tetrafluoroborate-
pyrophosphate electrolytes (Fig. 3 a) indicate the greater copper 
ions overvoltage level in the presence of pyrophosphate ions in 
tetrafluoroborate solution and reducing in the value of limiting 
current of copper deposition. Anode polarization curves show 
higher polarizability of dissolution process compared to 
tetrafluoroborate electrolyte and the absence of anode passivation in 
the mixed electrolyte inherent pyrophosphate electrolyte (Fig. 3 b). 
In the tetrafluoroborate electrolyte, the working anodic current 
density is 200-300 mA/cm2. 

Increase in cathodic process polarizability in tetrafluoborate-
pyrophosphate electrolyte compared to tetrafluoborate is beneficial 
for throwing power of electrolyte and for the quality of the copper 
coatings: coatings obtained in the mixed electrolyte are more fine-
crystalline. Copper coating containing 0,04-0,06% phosphorus is 
obtained on the cathode at a current density of 100-200 mA/cm2 
[11]. 

 
3.2. Electrodissolution of phosphorus-containing copper 

anode in sulfate electrolyte 
It is known that phosphorus-containing copper anodes are 

better soluble in the electrolyte and lead to the formation of less 
amount of sludge. Therefore, the cathode with copper layer 
thickness of 2 mm (as a result of copper removing from 60 samples 
of foil dielectric) was anodically dissolved in sulfate electrolyte for 
copper electrodeposition. This anode was dissolved with the 
formation of dark-red film, and the electrolyte is not polluted by 
sludge from the anode, indicating the presence of phosphorus in the 
copper coatings obtained in mixed tetrafluoborate-pyrophosphate 

electrolyte. The anodic polarization curves, obtained in a standard 
sulfate electrolyte on a copper electrode and on phosphorus-
containing copper electrode, which was obtained in the mixed 
tetrafluoborate-pyrophosphate electrolyte, confirm the effectiveness 
of the introduction of phosphorus in the cathodic deposit. Curve 1 
in Fig. 4 shows limiting current density at which phosphorus anode 
dissolves more active by 2 times compared to curve 2 obtained on a 
copper electrode without phosphorus. 

 

 
a 

 
b 

Fig. 3. Cathodic (a) and anodic (b) polarization curves 
obtained in tetrafluoroborate (1), pyrophosphate-

tetrafluoroborate (2) and pyrophosphate (3) electrolytes  

 
Fig. 4. Anodic voltammogramms in sulfate electrolyte on 

copper electrode containing phosphorus (1) and not 
containing it (2) and photos of corresponding samples 

3.3. Electrochemical dissolution and electrodeposition of 
copper in dilute alkaline electrolyte 

The heating of the anode with increasing of resistance of a 
thin layer of remaining copper and significant increase of sludge 
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amount is observed at the last stage of copper dissolution from non-
conductive substrate at high current density. This adversely affects 
the quality of the cathodic deposit. It would be more reasonable to 
treat the remaining thin layer in the other electrolyte. The drag-out 
bath of the main electrolyte combine the operations of both cathodic 
extraction of metal ions from concentrate electrolyte and anodic 
dissolution of remaining copper layer from the foil dielectric. 

This stage of anodic treatment requires electrolysis 
conditions that are different compared to the conditions in the main 
bath: the current density in this bath should be much lower than the 
current density in the main electrolyte and the throwing power of 
electrolyte should be higher. Additionally, it is preferable to use 
drag-out bath to reduce the concentration of environmentally 
harmful anion (tetrafluoroborate) of main bath. The solution based 
on potassium pyrophosphate satisfies such conditions [12], because 
potassium cations bind tetrafluoroborate anions into insoluble 
potassium tetrafluoroborate precipitate and pyrophosphate 
electrolyte has good throwing power and it can be operated at low 
current density. 

Research of anodic dissolution of copper in the Hull cell 
showed that the secondary current distribution in the diluted 
pyrophosphate electrolyte is significantly better than the primary 
distribution on both cathode and anode (Fig. 5). Addition of 
potassium tetrafluoborate in pyrophosphate solution (modeling its 
addition with parts from the main electrolyte) leads to the 
improvement of throwing power (compare curves 2 and 3, 2' and 3') 
as a result of taking off the passivation difficulties of both cathodic 
and anodic processes at low current density. 

 

 
Fig. 5. Primary (1) and secondary (2-3) cathode (2, 3)  

and the anodic (2', 3') relative changes in mass m/mav of 
plates in Hull cell N in pyrophosphate (2, 2') electrolyte and 

with the addition of 0.05 M BF4
-(3, 3') 

 
 
Pyrophosphate solution composition provides copper 

deposition in long-time electrolysis in a form of fine-grained 
coating not contamining hydroxi-compounds at this processing 
stage II. Such coating does not require secondary processing and 
can be used as a compact coating. 

It is reasonable to use cathode with developed surface to 
increase the productivity of electrolysis in an electrolyte with a low 
concentration of metal ions. Such electrode with a hierarchically 
developed electrochemically accessible surface [13] can formed by 
cathodic deposition of the dendrite structure at a high speed at the 
first stage of copper waste treatment. The thickness of electrode can 
be increased at the second stage of treatment. 
 For the functionality of the electrolyzer that acts as the 
drag-out bath of the main electrolyte, 50-100 g/L of K4P2O7 was 
added there. Copper ions concentration is accumulated and 
maintained in the solution at a level of 2,5-3,5 g/L. The solution 
was periodically filtered for potassium tetrafluoroborate precipitate 
removal. This ensures reduction of terafluoroborate ion content in 
the drag-out bath, and thus it drops down to 20-40 times in the 
system of rinse baths. Potassium tetrafluoroborate can be used in 

the production of enamels, soldering fluxes for steel and nonferrous 
metals, etc. 
 

3.4. Last stage of chemical dissolution of copper 
remains from off-grade foil dielectric 

Isolated copper islands that cannot be removed 
electrochemically from the surface remain on the surface even 
under mild anodic treatment at stage II in pyrophosphate electrolyte. 
At this stage, it is required to use chemical etching. Etching in a 
solution containing 20-70 g/L  H4P2O7 and 2-6 g/L  H2O2 fits in the 
proposed scheme of foil dielectric treatment. The etching rate in this 
solution is not very high (about 2 mm/h), but the advantage of the 
solution is the possibility of utilization of spent solution in this 
scheme by precipitation  of insoluble pyrophosphate copper and 
dissolving it in a pyrophosphate excess in drag-out bath. 

Kinetics of accumulation of copper ions in the solution at 
periodic adjustment of the solution by hydrogen peroxide is shown 
in Figure 6. The spent solution is utilized in electrolyzers at the 
stages I and II. Lifetime of solution is determined by appearance of 
white thin layer on the treated foil dielectric sheets. 

With the appearance of insoluble copper compounds on 
the surface of parts corresponding to the accumulation of about 
30 g/L copper ions in a solution, the spent solution is utilized as 
both correcting solution for main electrolyte and the solution for 
drag-out bath for copper extraction. 

 
Fig. 6. Changing the etching rate with periodic addition  

of 0,2-1 g/L Н2О2 
 
3.5. Flowsheet of the off-grade foil dielectric treatment 
Flowsheet of the off-grade foil dielectric treatment is 

proposed as a result of study. The processing can be done in a large 
bath, that is divided into sections (Fig. 7). 

Stage I. At the first stage, the sheets of off-grade foil 
dielectric are treated anodically in concentrated acid pyrophosphate-
tetrafluoroborate electrolyte 1 at the current density of 200-300 
mA/cm2 until the cell voltage rises sharply. 

Stage II. After that the sheets are transferred without 
washing to electrolyzer 5 with dilute pyrophosphate solution, where 
they are treated anodically at a constant voltage corresponding to a 
current density of 20-30 mA/cm2 until the current falls sharply. 

Stage III. The remaining copper coating or copper traces 
on the surface of the dielectric are etched in sections 4 until they 
disappear. Than the sheets are washed in the drag-out bath 3, and 
after that they pass rinse bath, which is a cooling solution of the 
electrolyzer 1 simultaneously. 

A phosphorus-containing copper coating is obtained on 
the cathode of electrolyzer 1. Depending on the assigned task, it can 
be deposited onto different substrate. It can be copper sheet in the 
case of anode manufacturing, or it can be a wire billet in the case of 
manufacturing the electrode with a developed surface. 

An electrode with a developed surface is formed on the 
cathode of the electrolyzer 5, using either the original wire billet or 
the cathode of the electrolyzer 1 (to increasing the copper layer). 
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1 – electrolyzer; 2 - rinsing section; 3 – second drag-out 

bath; 4 – etching section; 5- drag-out bath-electrolyzer 
Fig. 7. Bath for treatment of the off-grade foil dielectric  
 
4. Conclusions 

Electrochemical technology for copper coatings removing from 
spent dielectric parts by anodic dissolution without the formation of 
secondary waste and with simultaneous deposition of copper on the 
cathode is proposed. 

The proposed method can reduce the amount of secondary 
waste (both hard and liquid) in the process of copper coating 
removing from spent parts made of dielectric by 2-100 times. 
Therefore there are no copper traces on the dielectric after 
treatment, and spent etching solution is utilized in the baths of main 
electrolyte and in the drag-out bath. Additionally, the cost of 
copper-containing waste water processing is reduced. It is because 
electrolytic copper removing in a drag-out bath is produced without 
costs for insoluble anodes, because the treated foil dielectric sheets 
are used as semi-soluble anodes, allowing combination of copper 
extraction process and target waste treatment. Chemical additional 
etching of copper coating residues is taken out in solution utilized at 
the first two stages of processing, thus decreasing the costs for  
adjustment, as the electrolyte is filled up with components from the 
used etch solution. The likeness of the electrolyte composition at 
the treatments stages allows to prevent secondary waste and 
minimizes the number of operations. 

Copper utilization from primary waste is carried out at the 
stages I and II. Copper ions removed from electrolyzer at the stage I 
on the part surface are recovered at the stage II. Spent solution of 
stage III is treated at the stages I and II. KBF4 is precipitated at the 
stage II. 

It is possible to obtain marketable products of waste processing 
on the cathode of electrolyzer: 1) phosphorus-containing copper 
anode improving the conditions of electrolysis when used in sulfate 
electrolyte; 2) electrode with an electrochemically-accessible 
developed surface allowing accumulation of solid products of 
electrolysis without a significant reduction of its surface area; 3) 
potassium tetrafluoroborate. 

The combination of waste treatment and copper utilization 
operations can save equipment in time and operation place, reduces 
the electricity and materials consumption. 

Thus, the proposed scheme has the following advantages over 
other schemes of electrochemical treatment of the off-grade foil 
dielectric: 

1) obtaining of the marketable products; 
2) complete utilization of solid and liquid waste; 
3) reduction of costs of electricity, chemicals and baths due to 

operation combination. 
The publication contains the results of studies conducted by 

President’s of Ukraine grant for competitive projects 
No. F70/18701 of the State Fund for Fundamental Research. 
 
 

References 
1. Fedulova A.A. Khimicheskiye protsessy v tekhnologii 

izgotovleniya pechatnykh plat (Chemical Processes in 
Manufacturing Technology of Printed Circuit Boards), 
Moskva, Radio i svyaz', 1981 (Fedulova, A.A., Ye.P. Kotov, 
E.R. Yavich). 

2. Patent 2122048 Russia, IPC C25C 7/02, C25D 3/38 (1995.01). 
Method of obtaining of copper phosphorus-containing 
electrolytic anodes / Zadiranov A.N., Potapov P.V.; applicant 
and patent holder Production association «Kvarta». – № 
98100780/02; appl. 14.01.1998; publ. 20.11.1998. 

3. Patent 20030029527  USA, I IPC C22C 009/00. Phosphorized 
copper anode for electroplating/ Yajima, Kenji; Kakimoto, 
Akihiro; Ikenoya, Hideyuki; applicant and patent holder 
Yajima, Kenji; Kakimoto, Akihiro; Ikenoya, Hideyuki. – № 
US 10/095,050; appl. 13.03.2001; publ. 13.02.2003. 

4. Fedot'yev N.P., Alabashev A.F. ect. Prikladnaya 
elektrokhimiya (Applied Electrochemistry), Moskva, 
Goskhimizdat, 1962. 

5. SU 4786375 Manufacture of self supporting members of 
copper containing phosphorus / Graydon, John W., Kirk 
Donald W; publ. 22.11.88 

6. Patent 2048610 Russia, IPC С25С1/00. Method for producing 
a highly porous sponge metal / Trjascyn I.P.; applicants and 
patent holders: LLP «ISAV», LLP «Industrial centre 
«Forvest». – № 93015325/02; appl. 23.03.1993; publ. 
20.11.1995. 

7. Patent 2150533 Russia, IPC С25В11/03, C25D11/00, 
C25D11/34. Method of formation of bulk-porous metal layer 
with open porosity on an electrically conductive substrate / 
Mirzoev R.Α.; Styrov M.I.; Kuznecov V.P.; Stepanova N.I.; 
Majorov A.I.; applicants and patent holders: Mirzoev R.Α.; 
Styrov M.I.; Kuznecov V.P.; Stepanova N.I.; Majorov A.I. – 
№ 99102515/02; appl. 08.02.1999; publ. 10.06.2000. 

8. Patent 1822391 SU, IPC B29B 7/82 (1990.01). Roll to roller 
machines for processing polymeric materials / Aleksandrovskij 
A.N., Klimkin E.V., Donchenko M.I. etc.; applicant and patent 
holder Small joint enterprise «Miko». – № 91 4899302; appl. 
08.01.1991; publ. 08.01.1991. 

9. Aleksandrovskij A.N. Features of cathodic deposition of 
capillary-porous coatings from copper sulfate sulfate 
electrolyte with surfactant additive, Himicheskoe i neftjanoe 
mashinostroeni, 12, 1990, 31 (Aleksandrovskij A.N., M.I. 
Donchenko, L.I. Bondarenko). 

10. Patent 90020 Ukraine, IPC C25F 5/00. Method of copper 
coating removing from dielectric /Trubnikova L.V., Bairachniy 
B.I., Maizelis A.A., Pershin N.A.; applicant and patent holder 
National Technical University “Kharkiv Polytechnic Institute” 
–№ a200804925; appl. 16.04.08; publ. 25.03.10, Bul.№ 6.–5 p. 

11. Patent 88513 Ukraine, IPC C25C 7/00, C25D 3/38, 
C25B 11/00, C25C 1/00, C25C 3/00, C25C 3/12, C25D 3/00. 
Method of manufagturing of phosphor-containing copper 
electrode / Trubnikova L. V., Bairachniy B.I., Maizelis A.A.; 
applicant and patent holder National Technical University 
“Kharkiv Polytechnic Institute” – № a200810529; appl. 
24.09.07; publ. 26.10.09, Bul. № 20. – 4 p. 

12. Patent 87730 Ukraine, IPC C25D 21/00, C25C 1/00. Method 
of metal removing from drag out bath of tetrafluoborate 
electrolytes /Trubnikova L. V., Bairachniy B.I., Maizelis A.A.; 
applicant and patent holder National Technical University 
“Kharkiv Polytechnic Institute” – № a200710528; appl. 
24.09.07; publ. 10.08.09, Bul. № 15. – 4 p. 

13. Patent 89563 Ukraine, IPC C 25 B 11/00, C 25 D 3/38. 
Method of manufagturing of copper electrode /Trubnikova L. 
V., Bairachniy B.I., Maizelis A.A., Pershin N.A.; applicant and 
patent holder National Technical University “Kharkiv 
Polytechnic Institute” – № a200804305; appl. 07.04.08; publ. 
10.02.10, Bul. № 3. – 4 p. 

 

363

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS." WEB ISSN 1314-507X; PRINT ISSN 1313-0226

YEAR XI, ISSUE 7, P.P. 360-363 (2017)




