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The corrosion of copper in aqueous solutions containing =5 X 10~ % mol/L sulphide and the ensuing accu-
mulation of corrosion product deposits (as chalcocite Cu,S) occurs non-uniformly indicating the occurrence of
microgalvanic coupling between net anodic and net cathodic surface locations. A series of novel electrochemical
experiments were designed to confirm the occurrence of this process and a series of analytical procedures used to

identify the chemical nature of the transported Cu species. Transport was found to occur as copper sulphide
complexes and clusters. It was also demonstrated that all the available sulphide was sequestered as deposited

Cu,S.

1. Introduction

The combination of mass transport and electrochemical/chemical
reactions [1] is important in a range of processes such as mineral
growth [2-5], mineral nutrient adsorption/digestion [6-9] and film
deposition [10-13]. The reaction paths and rates of such processes are
commonly dependent on the nature of the transported species which
are often difficult to define. The transport of trace metals (such as Cu,
Fe and Zn) in natural environments in the form of either organic sul-
phide complexes [14] or inorganic sulphide clusters [15] is a potential
source of toxicity. This transportability of organic sulphide complexes
has been utilized to grow chalcocite (a-Cu,S) films using aerosol-as-
sisted chemical vapour deposition [16].

When present in aqueous solutions sulphide destabilizes metals such
as Cu leading to corrosion and the deposition of sulphide films (chal-
cocite) [17-28]. Depending on the exposure conditions the distribution
of sulphide films on corroding Cu surfaces can be non-uniform. Pre-
viously, it has already been shown that areas covered with a relatively
thin Cu,S film acted as net anodes galvanically-coupled to areas cov-
ered with a thicker film acting as a net cathode [13], and that this
galvanic couple involved the transport of Cu from anodes to cathodes.
However, the transportable species was not identified.

A knowledge of transportable species is important to understand a
series of processes including mineralization, the control of sulphide film
growth for photovoltaics, and the corrosion of high-level nuclear waste
containers in Sweden, Finland and Canada [29-31]. Given that waste
containment is required for many thousands of years, the last applica-
tion is of particular interest.
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In previous experiments [13], we have confirmed that micro-
galvanic coupling of local anodes and cathodes can occur when
[SH™] =5 x 10 *mol/L. In one of these experiments a potential
cathode was prepared by exposing a Cu electrode to a 0.1 mol/L NaCl
solution containing 5 x 10~ *mol/L. NayS for 1211 h. This electrode
was then re-immersed in the same solution for a further 480 h galva-
nically-coupled to an uncorroded Cu specimen (for a total immersion
period of 1691 h). This arrangement mimicked the microgalvanic
coupling of areas covered by a thick Cu,S deposit, and hence potential
cathodes, with exposed Cu areas which could then act as preferential
anodes. The film formed on the potential cathode was 2—4 pm thick
compared to that formed on an uncoupled electrode exposed for the
same period (1691 h) which was ~700 nm thick.

That the separated electrodes were galvanically coupled was con-
firmed electrochemically, a coupled current density of ~0.1 uA/cm?
and a coupled potential of ~2-6 mV being measured with the pre-
corroded specimen acting as the net cathode. Analysis of the solution on
completion of the experiment detected 11 pg/L of dissolved Cu con-
firming the presence of transportable species. While microgalvanic
coupling was still occurring on the individual electrodes, this experi-
ment confirmed the occurrence of macrogalvanic coupling (i.e., the
coupling between the separated electrodes as opposed to microgalvanic
coupling between sites on the same electrode) with the thickened film
on the net cathode suggesting accumulation of Cu transported from the
net anode [13].

Despite this demonstration that galvanic coupling between sepa-
rated locations on a corroding surface could occur, this experiment did
not confirm that the accumulation of a thick deposit involved the
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Fig. 2. The thickness of the sulphide film formed on the net cathodes and net anodes after
exposure in sulphide solutions. (1) Net cathodes and net anodes with Cu transport be-
tween them [13]; and (2) Net cathodes and net anodes without Cu transport between
them. The red dashed line (A) represents the average film thickness measured on a spe-
cimen not galvanically coupled. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

transport of Cu species between coupled anodes and cathodes, and, if it
did, what the nature of the transported species was. In this paper we
confirm that galvanic coupling does involve transport of Cu from

246

Corrosion Science 131 (2018) 245-251

Fig 1. FIB cut cross sections of (a) the net cathode in experiment 1
after 1691 h immersion in 0.1 mol/L NaCl + 5 x 10~ % mol/L SH™
solution, and (b) the net anode after the final 480 h immersion in the
same solution.

Table 1
ICP-MS analyses of the dissolved and total Cu contents in the solution from experiment 3.

Sample Cu content (ug/L) Detect limit (ug/L)
dissolved metal 15.5 2
total metal 34 5

anodes to cathodes and identify the transportable species involved. All
experiments were performed in an Ar-purged anaerobic chamber to
avoid sulphide oxidation. To ensure consistency with previous studies
all experiments have been conducted in a 0.1 mol/L NaCl solution
containing 5 X 10~ % mol/L Na,S.

2. Materials and methods

Experiments were conducted using P-doped (30-100 ppm), O-free
copper (Cu-OF) provided by the Swedish Nuclear Fuel and Waste
Management Co. (SKB), Stockholm. Cu disk working electrodes (1 cm
in diameter) were cut from plate material. The disks were connected to
a stainless steel shaft and painted with a non-conductive lacquer to
prevent contact of the Cu/steel junction with the solution. The elec-
trodes were then heated (60 °C for 12 h) to promote adhesion of the
paint. The exposed flat surface was ground successively with 240, 600,
800, 1000, 1200 grade SiC paper, then polished to a mirror finish using
1um, 0.3pum, and, finally, 0.05pum Al,O3 suspensions. Prior to
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Fig. 3. UV spectrum of the solution from experiment 3. The insert shows the color dif-
ference between the background (blank) and experimental (sample) solutions.
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Fig. 4. Mass spectrum of a solution sample from experiment 3 compared to a background
spectrum. The insert shows the characteristic peaks (pink) for the Cu3S; cluster. The blue
spectra was shifted 250 intensity units in Fig. 4. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

experiments, electrodes were washed with Type [ water
(resistivity = 18.2 MQ2 cm, obtained from a Thermo Scientific
Barnstead Nanopure 7143 ultrapure water system), ultrasonically
cleaned using methanol (reagent grade), washed with Type I water, and
dried using ultra-pure Ar.

To ensure anoxic conditions, experiments were performed in an Ar-
purged anaerobic chamber (Canadian Vacuum Systems Ltd.), main-
tained at a positive pressure (2-4 mbar) by an MBraun glove box con-
trol system. The oxygen concentration in the chamber was analyzed
with an MBraun oxygen probe with a detection limit of 1.4 mg/m?>. The
anaerobic chamber was maintained at a total oxygen concentration <
4.2 mg/m?, which includes the oxygen in both air and vapor. The actual
oxygen content of the solution should be less than this value. Even
though there is a trace amount of oxygen present, copper sulphide is
more stable in sulphide solution than copper oxide based on thermo-
dynamic data (AG° = —101.46 kJ/mol for the conversion from Cu,O to
Cu,S in sulphide solutions at 298 K [32]: Cu,0 (s) + HS™ (aq) — Cu,S
(s) + OH™ (aq)) and available literature [33-36].

The 0.1 mol/L NaCl + 5 x 10~ * mol/L Na,S solution was prepared
with Type I water, reagent-grade sodium sulphide (Na,S-9H,0, 98.0%
assay) and sodium chloride (NaCl, 99.0% assay), to simulate the saline
groundwater conditions anticipated in a high level nuclear waste
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repository. The 0.1 mol/L Na,SO4 solution was prepared with Type I
water and reagent-grade sodium sulphate (Na;SO,4, 100.1% assay). The
bathocuproine disulfonate (Bcs) solutions were prepared with Type I
water and bathocuprionedisulfonic acid disodium salt purchased from
Sigma-Aldrich Co.

Electrodes were immersed in the sulphide solutions for various ex-
posure periods. A standard three-electrode cell with a Pt plate counter
electrode and a saturated calomel reference electrode (SCE) was used.
Prior to each experiment, electrodes were cathodically cleaned at
—1.6 V/SCE for 2 min and then at —1.15 V/SCE for 2 min. Six ex-
periments (Experiment 1-6) were carried out either under natural
corrosion conditions or under galvanically polarized conditions to
confirm the Cu transport phenomenon, to identify the transportable Cu
species and to determine the Cu transport mechanism. The experi-
mental details of each experiment are described below.

Since exposure periods were long, the [SH™ ] was monitored weekly
by measuring the pH as described previously [17] and SH™ added to
readjust the [SH™] to its original value. Experiments were performed at
25 = 2°C. Electrodes removed from solution for surface analyses were
rinsed with Type I water for 10 min and dried with cold Ar gas. Ana-
lyses were then performed after a minimum period of interim storage
(< 30 min). The surface and cross-sectional morphologies of corroded
specimens were observed using a Leo 1540 scanning electron micro-
scope (SEM) equipped with a focused ion beam (FIB) (Zeiss Nano
Technology Systems Division, Germany). The composition of films was
qualitatively analyzed by energy dispersive X-ray spectroscopy (EDS)
using a Leo 1540 FIB/SEM microscope (the oxygen detection limit is 1
at.%). Mass spectrometry (MS) analysis was performed using a Bruker
MicroOToF 11 mass spectrometer in a negative-ion mode. The Cu
content of solutions was analyzed using inductively coupled plasma
mass spectrometry (ICP-MS).

3. Results and discussion
3.1. Evidence for Cu transport

In experiment 1, a Cu electrode with a diameter of 1 cm was pre-
corroded in an electrochemical cell for 1211 h. This electrode was then
galvanically-coupled to an uncorroded Cu electrode located in a second
electrochemical cell, with the two cells connected through a KCl-satu-
rated agar salt bridge. The experiment was then continued for a further
480 h for a total immersion time of 1691 h. With one exception, this
experiment was identical in all aspects to that discussed above, and
described in reference 13. As opposed to the previous experiment, while
the pre-corroded electrode can act as a net cathode and the uncorroded
electrode as a net anode the transport of Cu between them is precluded
by the use of the salt bridge.

That these electrodes were galvanically coupled was demonstrated
electrochemically. The potential difference between the two electrodes
was 2-6 mV and the current density ~ 0.1 uA/cm? with the pre-cor-
roded electrode functioning as the net cathode, and the originally un-
corroded electrode as the net anode. Fig. 1 shows the FIB-cut cross
sections of the net cathode and net anode. The surface of the net
cathode was covered with a compact crystalline film, Fig. 1(a), with an
average thickness of ~ 740 nm. This was very similar to the thickness
of the film grown on a Cu specimen exposed for the full immersion
period, but not galvanically coupled and considerably lower than that
observed in the previous galvanically-coupled experiment [13], as
shown in Fig. 2. A similarly crystalline deposit was observed on the net
anode, Fig. 1(b), with a thickness between 800 and 900 nm which is
approximately twice as thick as that observed in the previous galvani-
cally-coupled experiment [13], Fig. 2. Due to the blocking effect of the
agar salt bridge on Cu transport, the anodic dissolution of the net anode
polarized by the net cathode led to Cu deposition on its surface, which
would account for ~850 nm thick sulphide film on the net anode ac-
cording to galvanic current density in Ref. 13. Consequently, the
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sulphide film formed on the net anode was thicker than that on the net
cathode, Fig. 1.

This rebalancing of accumulated Cu,S deposits confirmed that,
while microgalvanic corrosion could continue on the net cathode since
the cathodic protection provided by the coupled net anode was weak,
no large accumulation of Cu,S could occur in the absence of a transport
path for Cu species in the present experiment. These observations
clearly demonstrated that the very thick film accumulated on the net
cathode in the previous experiment [13], Fig. 2, could be attributed to
Cu transport from the net anode.

3.2. Determination of the transported Cu species

In anaerobic sulphide solutions, a number of species including Cu™*,
CuCl, ™, copper sulphide complexes [37,38] and clusters [15] could be
responsible for the transport of Cu.

3.2.1. Transport as Cu*

Experiment 2 was similar to experiment 1. In Experiment 2, both the
net anode and net cathode (pre-corroded for 1211 h in 0.1 mol/L NaCl
+ 5 x 10~ *mol/L Na,S solution) were placed and connected in the
same electrochemical cell without a salt bridge, but with a Pt electrode
included in the cell during the final 480 h immersion period when the
net cathode was galvanically-connected to the net anode. The distance
between the net cathode and net anode was 5 cm. The Pt electrode with
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Fig. 5. (a) and (b) SEM micrographs of copper sulphide deposited
with different sizes after the addition of a sulphide solution to the
CuCl,~ solution prepared in experiment 4. The insert in Fig. 5(b)
shows the EDS spectrum confirming the deposition of Cu,S.

a surface area of 9 cm? was placed between the net anode and net
cathode, i.e., in the transport pathway between them, and galvanosta-
tically polarized at a current density of 0.1 pA/cm®. On completion of
the experiment after 1691 h the Pt electrode was removed and ex-
amined by SEM and EDS. No films were detected on the Pt surface
confirming that Cu™ was not the species responsible for Cu transport
from the net anode to the net cathode. This experiment is further in-
terpreted below in the light of subsequent results.

3.2.2. Transport as Cu sulphide complexes

Geologic studies [37,38] have shown that three Cu sulphide com-
plexes could be present in natural environments, CuSH, Cu(SH),~ and
Cu,S(SH)»2~ and thermodynamic calculations show that the dominant
complex in 0.1 mol/L NaCl containing 5 x 10~ * mol/L Na,S will be Cu
(SH), ™, which presents at a concentration 7 orders of magnitude
greater than the dominant chloride complex, CuCl, ™, indicating that
the CuCl,~ content was negligible since the soluble Cu content was low
(Table 1). In addition, both laboratory and natural water studies [38]
using Fourier transform mass spectrometry have shown Cu and other
metal cations are present in the form of clusters or particles at con-
centrations up to ~ 600 nmol/L and 100-200 nm in size. The presence
of these species was shown to sequester > 90% of the sulphide in
natural environments.

To confirm the presence of Cu species in the solution experiment 1
was repeated (experiment 3), and after 240 h of exposure as a galvanic
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H4=199.2nm

H3=334.0nm

H2
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couple (i.e., halfway through the 480 h period of galvanic coupling)
bathocuproine disulfonate (Bcs), a selective chelating agent for Cu™
species [39] was added to a concentration of 1073 mol/L. Since the
formation constant for the Cu'(Bcs),> ~ complex (109 is considerably
larger than that of the Cu(SH),~ complex (10*78) and the [Bcs] was
double [SH™], this addition would be expected to extract soluble Cu™
as Cu'(Bes).> ™.

Corrosion Science 131 (2018) 245-251

Fig. 6. (a) SEM image and (b) FIB cut cross section of the Cu electrode
after 430 h immersion in the filtered solution from experiment 4.

257.8nm

249

Fig. 7. SEM image of Cu sample after 430 h immersion in the 0.1 mol/
L Na,SO, solution used in experiment 6. The inset shows the optical
image of the surface.

To confirm the identity of the complex formed after the addition of
Bes, a 3 mL sample of solution was extracted from the experimental
solution for UV spectroscopic analysis. Since Cu* species are unstable
in air, 1.5 mL of a 10 wt.% solution of the reducing agent NH,OH-HCl
was added to the sample, buffered with 3 mL of an NaCH3;COO solution
(pH = 5.5), to stabilize the Cu'(Bcs),>~ complex. A reference (blank)
solution containing 3mL10 °mol/L Bcs, 1.5mL of 10wt%
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Fig. 8. Logic map for the sequence of experiments performed to in-
vestigate Cu transport and sequestration.

Transport as Cu*? Transport as Cu sulfide

Transport as CuCl,?)

complex/cluster?

experiment 2 experiment 3

0@0

Cu transport mechanism,
experiments 4 and 5

Validation

experiment 6

NH,4OH'HCI solution and 3 mL of NaCH3COO solution was also pre-
pared. The colour difference between the sample and the blank solution
is shown in Fig. 3, indicating the presence of the Bcs complex in the
sample. The presence of this complex was confirmed by UV spectro-
scopy, the absorbance peak at a wavenumber of 490 nm [39-41] con-
firming its presence, Fig. 3. Consistent with thermodynamic calcula-
tions this confirmed the presence of soluble Cu(SH),~ complexes
subsequently converted to Cu'(Bcs),>~ complexes in the galvanically-
coupled experiment 3.

To detect whether Cu sulphide clusters were also present in the
solution from the galvanically-coupled experiment (experiment 3),
mass spectrometry (MS) was performed on a ten-fold diluted solution
sample. Fig. 4 shows the spectra obtained on a solution sample, and on
a background reference sample containing only 10~ *mol/L of Bcs.
When compared to a theoretical isotopic simulation for CusS; clusters
[15], the spectrum matched the theoretical peaks except for the peak at
288.8 m/z, Fig. 4. This peak was attributed to a contribution from Bcs.
No evidence of the formation of Cu,Sg clusters was observed in contrast
to published claims [15]. These results confirm the presence of CusS3
clusters in the galvanically-coupled experiment. Similar MS analyses
were performed on the same solution without the addition of Bes, and
showed that the intensities of characteristic MS peaks were similar to
those observed with the addition of Bes. This indicates that there was no
conversion between CusSs cluster and Cu'(Bes),®~ complexes in ex-
periment 3.

Table 1 shows that the concentration of dissolved Cu, determined by
ICP-MS was 15.5 ug/L. If HNO3 was added to redissolve the CusSs3
clusters, the concentration of Cu increased to 34 nug/L confirming both
complexes and clusters were present.

3.3. Cu transport mechanism and sulphide sequestration

While the above experiments confirm that Cu can be transported in
sulphide solutions predominantly in the form of Cu(SH),~ complexes
but also in particulate form, it remains to be demonstrated that, under

thermodynamic
calculation

the conditions when microgalvanic coupling occurred leading to the
uneven distribution of corrosion (i.e., at [SH™] = 5 X 10~ *mol/L
[13]), all the available sulphide was eventually consumed and that the
extent of corrosion was limited by the amount of available sulphide.
Previously we proposed that the transport of Cu from the corroding
anode could be in the form CuCl,~ since SH™ would be depleted by its
consumption in the corrosion process. However, as demonstrated by
thermodynamic calculations [37,38] such a species was unlikely to
have persisted once the bulk solution [SH™] was encountered, when
conversion to Cu(SH), ™ /CusS; would have occurred.

The following experiments were performed to demonstrate that Cu
(SH),~ species were eventually deposited as Cu,S in the process se-
questering all the available sulphide.

In experiment 4 a saturated solution of CuCl,~ was prepared by
galvanostatically oxidizing Cu at a current of 1 mA in anoxic 0.1 mol/L
NaCl for 27 h [42]. Cu dissolved in excess of the solubility limit was
precipitated as CuCl. Based on the electrochemical charge consumed
the amount of oxidized Cu was 1.01 x 10~ moles. The Cu electrode
was then removed and 0.11 g of Na,S-9H,0 added yielding a solution
with a [SH™] of 4.58 x 10~ % mol/L. Since the formation constant of
CuCl,™ (3 x 10%) [43] is much lower than that of Cu(SH),~ (10*7-'%)
[37] all the sulphide should have been consumed to form Cu(SH),™ /
CusS;3 or a deposit of Cu,S in the bottom of the cell, Fig. 5. This con-
version was accelerated by magnetically stirring the solution at 10 Hz.
The solution was filtered through Grade 1 filter paper with a pore size
of 11 ym, then a 0.2 ym Acrodix syringe filter, and finally a 20 nm
Whatman inorganic membrane filter. Since the size of CusS; clusters
were expected to be in the range 100-200 nm [38], these clusters and
any Cu,S deposited particles (commonly microns in size, Fig. 5) would
have been removed yielding a 0.1 mol/L NaCl solution containing only
Cu(SH),~ complexes. A clean Cu electrode was then placed in the fil-
tered solution for 430 h (experiment 5). The electrode was subsequently
removed and the surface and a FIB-cut cross section examined, Fig. 6.
The electrode surface was covered with a non-uniformly distributed
Cu,S film, Fig. 6(a) and the FIB-cut cross section showed the Cu surface



J. Chen et al.

to be roughened by corrosion and covered by a film 200 nm to 500 nm
thick, confirming a corrosive interaction between the Cu and the Cu
(SH),~ complexes yielding Cu,S.

To consume all the SH™ the following reaction would be required,

2Cu + 2Cu(SH);~ — 2CupS + 2SH™ + H,

with the excess SH™ being subsequently consumed by further reaction
with Cu to form Cu,S and H,. The need to oxidize additional Cu in order
to produce Cu,S explains why no deposition was observed in the ex-
periment with a Pt electrode (experiment 2).

The concern remained that, even though the mass and charge bal-
ance calculations indicated complete consumption of the SH™ by the
formation of Cu(SH), ™~ /CusS3/Cu,S some SH™ could remain adsorbed
on the high surface area of the Cu,S deposit. To check for this possi-
bility the deposit from experiment 4 was dried and then samples ex-
posed to either Type I H,O or a 0.1 mol/L Na,SO4 solution. After im-
mersion of clean Cu electrodes in these solutions for 430 h (experiment
6) no visible corrosion occurred, Fig. 7, demonstrating that no SH™
residue remained on the Cu,S deposits and confirming that all the
available SH™ had been consumed. That this observation demonstrated
the complete sequestration of the available SH™ is supported by our
previous study which showed that even trace levels of SH™ lead to
observable Cu corrosion and Cu,S deposition [44].

4. Conclusion

A galvanically-coupled experiment using pre-corroded and clean Cu
electrodes in a 0.1 mol/L NaCl solution containing 5 x 10~ * mol/L
SH™ confirmed that Cu transport occurred between net anodic and net
cathodic surface locations. This process was investigated in a sequence
of experiments following the logic map outlined in Fig. 8.

ICP-MS, UV spectroscopy and MS demonstrated that the Cu species
were present in solution and transported in the form of both solution
soluble Cu complexes, predominantly Cu(SH),~, and Cu3S3 clusters.

After stripping all the Cu complexes and clusters and deposited Cu,S
particles from solution the absence of visible corrosion on a Cu spe-
cimen subsequently exposed to the Type I H,O or 0.1 mol/L Na,SO4
solution confirmed all the available sulphide had been sequestered
during the corrosion process.
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