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ELECTROLYSIS OF COPPER FORM STRIPPING SOLUTIONS
FOR ETCHING PRINTED CIRCUIT BOARDS

Abstract The article reviews the liquid extraction - electrolysis based etching solution regeneration process
for printed circuit boards.

It describes process conditions providing the electrolysis of copper from sulphate solutions that are formed at
the stage of stripping (re-extraction) of copper ions (1) from organic extractants.

Tests have been carried out in an industrial environment.

It shows that the electrolysis of copper proceeds generating high current efficiency where a stripping solution
contains 1.0 mol/I of sulfuric acid and 0.8 - 1.0 mol/I of copper ions (I1), the current density is 1.0 - 6.0 A/ dm? and
electrolyte is mixing. An analysis has been made of the composition of cathode copper obtained as a result of
electrolysis from the reference electrolyte and stripping solutions upon contact with organic extractants. It has been
found that the purity of cathode copper reaches 95 - 98% of the base substance. It has also been found that stripping
solutions progressively accumulates an insoluble precipitate comprising about 40% of lead, which may be attributed
to the mechanical destruction of the active anode layer composed of lead oxides (PbO). The study shows that it is
necessary to look for a anode material to replace lead dioxide anodes having poor stability in this process.

Keywords: printed circuit boards, etching, copper-ammonia solutions, copper-chloride solutions, regeneration,
extraction, stripping solutions, electrolysis, anode, cathode copper, current density, current efficiency.

Introduction

The operation of etching the copper layer from the non-conductor surface is the requisite stage in the
process of manufacturing printed circuit boards [1, 2]. At present, two types of etching solutions are
primarily used, i.e. those of hydrochloric acid or alkaline ammonium. And in both cases, the formulation
includes dichloride copper lending a distinct quality to the etching mechanism [3-5].

The dissolution process is driven by the interaction of metallic copper with ions of divalent copper
acting as an oxidizing agent for the solution, resulting in a gradual increase in the total content of copper
ions in the solution thus progressively slowing down the etching rate necessitating changing the solution.
In up-to-date processes it is essential to maintain the etching rate at the same level. It is achievable by the
fixed composition of the etching solution [6,7].

This can be done by using regeneration systems. The maximum desired effect has been produced by
the regeneration process based on the recovery of copper ions by extraction from an aqueous etching
solution [8-10]. Following the extraction stage, copper ions are re-extracting into the sulfate electrolyte
depositing metallic copper onto the electrolyzer cathode [11-13]. The reactions describing the entire
etching and regeneration process cycle are detailed in Table 1.
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Table 1- The etching and regeneration reactions using the method of liquid extraction & electrolysis
of copper-ammonia and copper-chloride based etching solutions

Item Operations Typical reactions for etching and regeneration
No. Copper ammonia solution Copper chloride solution
1 Etching a) CUlmet. + Cu(NH3)4Clo— 2Cu(NH3)2Cl; a) CUOmet. + CuCl2— 2CuCl;
6) 2Cu (NH3)Cl + 1/202 + 2NH4OH + | 6) 2CuCl + 1/202 + 2HCI — 2CuCl:z + H20.
2NH4Cl — 2Cu(NH3)4Cl2 + 3H20.
2 Extraction 2HR (org) + Cu(NH3)sClz + 2H20 — 2HR™(org) + CUCl2 — CUR2™(org)) + 2HCI
CURZ*(org.) + 2NH4Cl + 2NH4OH
3 Stripping CURZ*(org.) + H2S04 — CuSO4 + ZHR*(org.) CURZ**(org.) + H2S04 — CuSO4 + ZHR**(orgA)
4 Electrolysis a) cathode: CuSOs + 2e — CuC%at. + SO4%; a) cathode: CuSOs+ 2e — Cul%at. + SO4%;
b) anode: H20 - 2e — 1/20,T + 2H* b) anode: H20 - 2e — 1/20,T + 2H*
5 The resultant | Cu®met. — CuCcat Cumet. —> CuOcat
reaction is as
follows:

Legend: HR"(org) and HR™(org, - extractants, CuR2"(org) and CUR2™(org) - copper organic compounds, Cu®awn. — non-conductor
copper, Cu®ah. — cathode copper

It can be seen from the above-referenced reactions that the etching of copper and the regeneration of
etching solutions using the liquid extraction & electrolysis method looks balanced making all solutions
reusable and electrolytic copper the only by-product. In addition, it is evident that these etching solution
regeneration systems have the common stage of electrically depositing copper from sulfate stripping
solutions.

The process flow diagram of continuous regeneration of etching solutions for printed circuit boards is
shown in Figure 1.

Etching Copper-rich Copper-rich
solution extractant electrolyte
» » Electrodeposited
Extraction Stripping Electrolysis ———»
- - - copper
Copper- Copper- Copper-
depleted ammonia depleted depleted
solution extractant electrolyte

Figure 1 - Process flow diagram of continuous copper extraction and stripping followed by
the electrochemical deposition of copper

The stages of extraction and re-extraction (stripping) have covered in sufficient detail earlier [14],
while the features of copper electrolysis relating to this process have not been discussed.

Therefore, the purpose of this study was to examine the features of the cathode extraction of copper
from stripping solutions.

Test Technique

To simulate the regeneration process and to obtain re-extraction copper-enriched solutions, the plant
shown in Figure 2 was used.

The plant operates two ETs33F PTFE centrifugal extractors splitting the aqueous and organic phases
under the impact of centrifugal forces at a rotor speed of 2,700 rpm [15]. The extractors enable a
maximum of 15 I/h of the solution to be processed in a flow through mode.

The plant includes a copper etching tank and a solution stripping copper electrolysis bath. During the
test the plant was used in an industrial like environment. It was connected to a printed circuit board
etching machine, as it is difficult to produce the requisite amount of etching solutions in laboratory
conditions.

Polarization measurements were carried out in a three-electrode 50 cm?® electrochemical cell using an
IPC - Pro MF potentiostat/galvanostat. A copper plate with a 1 cm? surface was used as a working

— 7 —




News of the Academy of sciences of the Republic of Kazakhstan

electrode; a platinum plate — an auxiliary electrode; a saturated silver chloride electrode —a reference
electrode.

The obtained potential data were recalculated with respect to the reference hydrogen electrode (RHE).
Polarization curves were recorded in a potential & dynamic mode with a potential sweep rate of 10 mV/s.

The assay test of the sediment was carried out using a JEOL JSM-5610 LV scanning electron
microscope complete with an Oxford Instruments energy dispersive X-ray attachment. The dispersive
parameters of the sediment were determined by laser diffraction using an Analysette NanoTec laser
particle sizer.

To determine the concentration of copper (1) ions in the solution the complexometric titration method
was applied. A 0.1 N solution of Trilon B (EDTA) was used as the titrant [16].

1.2

11 2.2

2.1

1.1 — Copper-rich etching solution; 1.2 — Copper-depleted etching solution; 2.1 — Copper-rich extractant;
2.2 — Copper-depleted extractant; 3.1 — Copper-rich electrolyte; 3.2 — Copper-depleted electrolyte; 4 — Electrodeposited copper;
| — Etching bath; Il — Extractor 1; |11 — Extractor 2; IV — Electrolytic bath; VV — DS source

Figure 2 - The test plant setup for solution etching and regeneration of solutions is given below

The current efficiency in% (CE) of cathode copper was obtained from polarization measurements
using the formula:

CE= [(lcopper) /(lcopper+hydrogen)]' t '100%, (1)

where:

I coppe— current strength (A) applied to extract copper is expressed as the difference between the current
strength applied to extract both copper and hydrogen (lcopper+hydrogen) @and extract hydrogen (lnydrogen), t —
electrolysis time (h).

The current applied to extract hydrogen was obtained from polarization measurements in the
background electrolyte, i.e. a sulfuric acid solution. The current strength has been calculated by the
formula I = 1i-S, where: i is the current density (A/dm?); S is the working electrode surface, dm?

In preparative electrolysis the specimen mass was determined before and after the electrolysis process
while the current efficiency (CE) was measured gravimetrically:

CE = (Mp/my)-100% )

where:
mpr. — the weight of copper deposited on the specimen during electrolysis, r; m, — the calculated mass of
copper that is presumed to be deposited during electrolysisr.

m, = g-I't, where: g is the electrochemical copper equivalent, 1.186 g/(A-h).

To extract copper from copper-ammonia solutions, a DH-510A [17] (Deltaplast LLC (Russia))
extractant was used.

To extract copper from copper chloride solutions a MX-90 (firm SIGMA —Engineering AB (Sweden))
extractant was used.

The anodes contain lead-base lead dioxide.

Test Results and Discussion Findings

Since the entire regeneration cycle for etching solutions is a chain in interrelated processes, it was
essential to determine the parameters of copper extraction from stripping solutions and to set the process
parameters that are to be maintained at this stage.

—— 8 —
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During the polarization measurements of solutions with different acid content the permissible values
of current densities below the limit values at which dense copper deposits are formed were obtained
(Figure 3).

it A/dm?

16 1
14 1 K

12 - .
10 4 _
g | ,

[N SO L]
L
[ ]

Chasoqs mole/l

Figure 3 -The function of the limiting current density (iimit) of copper extraction
and a H2SO4 concentration in electrolyte The cathode potential is E = 220 mV (RHE)

It follows from the referenced data that solutions with a low content of sulfuric acid are more
suitable for the electrolysis of copper, as they allow for a more expanded range of current densities at
which compact copper deposits precipitate, which is well in accord with the literature data stating that
dense copper coatings can be obtained with a sulfuric acid content of about 0.4— 0.7 mol/I [18].

But conversely, it is known that re-extraction runs rapidly with a sulfuric acid concentration of about
2.0 mol/l [19]. To finally settle on the process parameter in question, the value of copper current
efficiency was determined as a function of sulfuric acid content in electrolyte. These data are reflected in
figure 4.

CE, %
94 -
92 -
90 -
88 -
86
84 -
82 -

80 T T T 1

0 1 2 3 4
Chasos, mole/l

Figure 4 - The function of copper CE and the H2SO4 concentration in electrolyte during the electrolysis of the solution
containing 0.50 mole/l of Cu?* ions and ic, A/dm?:1—-1,5;2 -2

It was found that the maximum value of CE is observable with a sulfuric acid content of about 1.0
mol/l which is the most suitable for copper re-extraction and electrolysis.

On the other hand, the efficiency of copper electrolysis is much related to the content of copper (11)
ions in a stripping solution. Figure 5 shows the relation between limiting current densities and the
concentration of copper ions in a solution.
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Figure 5 - The function of the limiting ix and the copper concentration
in a sulphate solution. C(H2S0a4) 1.0 mol/l, E=0 mV (RHE)

A growing content of copper (Il) ions in a stripping solution enables electrolysis in a wide range of
current densities, and the linear function indicates that the diffusion of discharging copper ions to the
cathode is critical. Stirring in electrolyte makes it possible to increase cathode current density by a factor
of 1.5.

The obtained value of the current efficiency showed that copper is efficiently extracted from
extraction solutions at the electrolyzer cathode reaching the limits of about 95-98% (Figure 6).

CE,%
100 -
95
90

85 1

80 T T T T ]
0 0.2 0.4 0.6 0.8 1

Cuzss mole/l

Figure 6 -The function of copper CE and a concentration of Cu?* ions
in a sulfuric acid solution C(H2SO4) 1 mole/l, E=220 mV (RHE)

Figure 7 - Shows the relation of copper current efficiency and cathode current density at various
concentrations of copper ions in a solution.

CE,%
100 A
90 - .\:\-u
80 T T T o2
70 - )
60 1 ¢ e
50 - "_J' ‘I.\.\'
40 - - S
30 e B S—
0 05 1 15 2 25 3 35
I, A/dm?

Figure 7 - The function of the copper CE and the cathode current density
at the concentration of copper ions in a solution, mol/I: 1- 0.08; 2- 0.39; 3-0.78

It was shown that while a high concentration of copper ions in a solution is maintained, the process
performs well in a wide range of current densities. In the tests where a solution was mixed with air,
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current densities increased by a factor of a 1.5-2 can be used. The referenced results imply that the
efficient electrolysis of copper requires a copper concentration in a stripping solution to be maintained at
about 0.8-1.0 mol/l with the content of sulfuric acid being about 1.0 mol/L.

An analysis was mode of the composition of cathode copper obtained as a result of electrolysis from
the reference electrolyte and stripping solutions upon contact with the organic extractants DX-510 A and
MX-90 (table 2).

Electrically deposited copper comes out to be fairly pure. A small inclusion of oxygen can be
attributed to partial deposit oxidation with ambient air oxygen. The inclusion of carbon can be accounted
for by carbon dioxide present in electrolyte as well as the stripping solution being contaminated with an
organic extractant.

Table 2 - The element composition of copper obtained from solutions containing 0.80 mol/I
of copper ions, 1.0 mol/I of sulfuric acid

Solution Element wt% in a deposit
Reference solution free of organic impurities [C]/[O]/[Cu] [0.11]/[2.67]/[97.22]
Stripping solution (using
MX-90) [CI/[O]/[Cu] [0.73] / [3.98] / [95.29]
Stripping solution
(using DX-510A) [C1/[O]/[Cu] [0.51]/[1.67]/[97.82]

When a reference plant is used to regenerate etching solutions, an insoluble precipitate is known to
gradually accumulate in a stripping solution. The composition of this substance has been determined to
find out what causes this phenomenon.

It was shown that the substance consists of amorphously structured inhomogeneous granules sized
between 10 um and 50 um. Some impurities in the composition were found and quantified by a
scanning electron microscope (Figure 8).

The deposit contains calcium, magnesium, aluminum, iron and zinc ions, which can be attributed to
the fact that tap water was used to prepare the etching solution. It was found that the insoluble precipitate
contains about 40% of lead. Lead can occur in a solution only as a result of mechanical destruction of the
active anode layer comprising lead oxides (PbO,). It is necessary to make allowance for the super high
sensitivity of PbO, anodes to cathodic polarization that may take place when the electrolyzer is shut
down. When powered off, the electrolyzer starts to function as a battery with the PbO, cathode, While
PbO, gets partially reduced and the electrode gets covered by less stable phase lead oxides of lower
valence [20-22].
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Figure 8 - The element distribution diagram for the insoluble precipitate in a stripping solution of sulfuric acid
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Therefore, it can be stated that it is undesirable to use low-wearing anodes with an active layer
containing lead oxides when copper is electrically deposited from stripping solutions in regeneration
processes using etching solutions for printed circuit boards where such application requires electrolysis
to be frequently stopped.

Conclusion

The tests have shown that the electric deposition of copper from stripping solutions in the
regeneration process based on the liquid extraction-electrolysis system should be carried out under the
following conditions:

a) the content of sulfuric acid etching solutions order is 1,0 mole/l; b) the content of copper (1) ions
is 0.8-1.0 mol/l; c) the working current density is 1.0-6.0 A/dm?; g) electrolyte mixing under these
conditions an electrolytic deposit containing 95-97% of copper is produced.

The study has been carried out under the financial sponsorship of the Russian Ministry of Education
and Science pursuant to Agreement No. 14.583.21.0068 dated November 22, 2017. The unique identifier
is RFMEFI58317X0068.
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BACIIA IVIATAJIAPBIH OHAEY PEDKCTPATUPJIEY EPITIHAIVIEPIHEH
MBIC 2JIEKTPOJIN3I EPITIHAVIEPAIH MBICTBIH 2JIEKTPOJIN3I

AnHoranusi. CyIlbl SKCTpaKOWs —3JICKTPOJIN3 TPUHIMII OOWBIHIIA XYMBIC XACAWTHIH Oacma IJiaTaxapblH
OHJIEY ePITIHAUICPIH pereHepanysiay TeXHOIOTHACH KapacThIPBUIIBL.

Opranukanslk —dKkcTpareHTTepaeH Mbic (1) wWOHmapelH  pedKCTpakmusuiay  OacKBIIBIHIA — TY3UIETiH
KYKIPTKBIIIKBUIIBl ~ CPITIHAUICPIHEH MBICTBIH  JJICKTPOXOMESUIBIK — JKOJMEH OelliHyiH KaMTamachl3 eTeTiH
TEXHOJIOTUSUIBIK PEKUMICP aHBIKTAJIIBL.

Toxipubeniep OHIIPICTIK MApTTap/aa KYPriziiii.

MBICTBIH 2MIeKTpoH3i peakcTparupiey epitinaicinae 1,0 Monb/n KykipT Keikpbuisl, 0,8 - 1,0 monb/n meic (1)
MOHAphl, TOK THIFBI3ABIFEL 1,0 — 6,0 A/nm? GonFanaa *oHE 3JIEKTPONMTTI apajacThipy Ke3iHIE OFaphl TOK
OOMBIHINA IIBIFBIMMEH JKYPETIHAIr KepceTiai. OpraHUKalbIK SKCTPArCHTTEPMEH OCEPIIECKEH PEdKCTparupiiey
epITIHAICPIHIH JK30HE MOJENBII SJICKTPOJIHUT OJIICKTPOJIM3IHEH KEWiH allbIHFaH KaTOATHl MBICTBHIH KYpaMbl
capanTanael. Herisri 3aT OOWBIHIIA KATOATHI MBICTHIH Ta3amblFbl 95-98 %-mer kypaiinel. CoHBIMEH KaTap,
peakcTparupney epitingicinne mamamern 40% KOpFachlHHaH TYPAaTbIH EpIMEHTIH TYHOAHBIH >KMHAJIATBHIHIBIFBI
aHbpIKTabI. Byt Kopracein okcuainer (PbO2) TyparhiH aHOATHIH OeliceH i KaOaThIHBIH MEXaHUKAIIBIK OY3bLTybIMEH
0alTaHBICTHI OOTYBI MYMKiH. BYJT TEXHOIOTHS YIIiH TYPaKTHUIBIFEI TOMEH OOJFaH KOPFACHIH OKCHUJIIHEH JKacalbIHFaH
aHOJTap bl AJIMACTHIPa aJlaThlH MaTePHANIBI 13/1€CTipy KEPEKTIri KopceTuIIi.

Tyiiin ce3nep: Oacmanel MaTamap, 6OHAEY, MBIC-AMMHAK epITIHAUIEepPi, MBIC-XJOPUATI epiTiHIIIep,
pereHepanus, SKCTPAKIUS, PEIKCTParupiey epiTiHaiIepi, dMEKTPOIN3, aHOd, KATOJAThl MBIC, TOK THIFBI3JIBIFBI, TOK
OOMBIHIIIA IIIBIFBIM.
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Poccuiicknii XUMHUKO-TEXHOIOTHYECKUT yauBepcureT uMm. [1.M1. Menaeneesa, Mocksa, Poccus;
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SJIEKTPOJIN3 ME/IM N3 PEDKCTPATUPYIOLIINX PACTBOPOB TPABJIEHUS IIEYATHBIX IIVIAT

AHHOTanusi. PaccMoTpeHa TeXHOJIOTHsI pereHepaliii pacTBOPOB TPABJICHUS MIEUATHBIX IUIAT, PAdOTAIOIIAs 110
MPUHIUITY KUIKOCTHAS SKCTPAKIHS — DIICKTPOIIU3.
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OmnpeneneHbl TEXHOJOTMYECKUE PEKUMBI, 00CCIEUUBAIOLINE DIICKTPOBBIICICHHE MEIU W3 CEPHOKUCIBIX
pacTBOpOB, 00pa3ylOLIMXCs HAa CTaANU pedKcTpakiyy noHoB (I1) Mean U3 opraHn4ecKux 3KCTPareHToB.

OKCHEepUMEHTHI IPOBOIMIIUCEH B IIPOMBIIIUIEHHBIX YCIOBHUSIX.

IToka3zaHo, 4YTO »AJEKTPOJU3 MeAU MPOTEKAaeT C BBICOKMM BBIXOAOM IO TOKYy MpH COIEpKaHUU B
peakcTparupyomieM pactsope 1,0 Mosb/n ceproit kucnotsl, 0,8 - 1,0 Mosbs/1 nonos (I1) menu, rutotHocTr Toka 1,0 —
6,0 A/nM? M TepeMelMBAHUM S3NEKTpoiuTa. I[IpoaHaJIM3UPOBAH COCTAB KATOJHOM MejM, MOIy4eHHOH mnpu
NIEKTPOJIN3E M3 MOJEIBHOIO BJICKTPOINTA M PEIKCTPArMpyIOMIMX PACTBOPOB, MOCIE KOHTAKTa C OPraHUYECKHMHU
SKCTpareHTaMHu. Y CTAHOBJICHO, YTO YHCTOTA KaTOAHOW Mean gocturaet 95 — 98 % mo ocHoBHOMY BemecTBy. BmecTe
¢ TeM OBUIO YCTaHOBJICHO, YTO B PE3KCTPArWpyIOUIEM pacTBOPE IPOUCXOAUT MOCTEHNEHHOE HAKOIICHHUE
HEPaCTBOPHMOTO OCagka, KOTOpBIH mpuMepHo Ha 40% COCTOMT W3 CBHHIA. JTO MOXET OBITH CBSI3aHO C
MEXaHMYECKHUM pa3pyLICHHEM aKTHBHOTO CJOS aHOjAa, cocrosiero u3 okcuaoB ceuma (PbO). IMokasana
HEOOXOAMMOCTh TIOMCKa MaTepHaia JUlsl aHOJOB, 3aMEHSIOLIMX aHOJbl M3 ABYOKHCH CBHHIIA, MalOYCTOMYHMBBHIX B
JAHHOM TEXHOJIOTHH.

KiaroueBrble cJ10Ba: IICYaTHEIC IUI1aThl, TPABJICHUEC, MEIHO-aMMUAYHbIC PACTBOPbI, MEAHO-XJIOPUIHBIC PACTBOPLI,
pereHeparysi, dKCTPaKIKsA, PEIKCTPArHPYyIOIUe PACTBOPHI, NMEKTPONIM3, aHOJ, KaToJIHAas Menb, IUIOTHOCTh TOKA,
BBIXO[ 11O TOKY.
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