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The electrochemical behaviour of copper in aqueous potassium ethylxanthate (KEX) is studied by 
using potentiodynamic techniques at different sweep rates, complemented with SEM and EDAX. 
In NaC1 solutions a cuprous xanthate film is formed at low potentials, the initial stage of this 
reaction being the electroadsorption of KEX on copper competing with the adsorption of chloride 
ions and water. At low surface coverages for electroadsorbed KEX the electrodissolution of copper 
is partially inhibited as compared to plain NaC1 solutions. As the KEX monolayer is completed, a 
tri-dimensional cuprous xanthate film grows in the electrode surface. On subsequent increase of 
the applied potential a complex anodic layer is formed leading to copper passivity. Passivity 
breakdown promoted by either chloride ions or electro-oxidation of the organic film can be observed 
when the potential exceeds a certain critical value. 

1. Introduction 

Potassium ethylxanthate (KEX) is used as a 
flotation agent in the separation of sulphide 
metal-containing ores, such as CuzS, PbS, etc. 
[1, 2]. The strong specific adsorption of xanthate 
on mercury [3, 4] turns its surface hydrophobic 
through a film of product due to a reaction with 
oxygen and adsorbed xanthate [5-8]. These 
types of interactions were also studied for other 
metals and metal sulphides in an attempt to 
disentangle the mechanism of mineral flotation 
[2, 9-11] which presumably involves charge 
transfer reactions. 

Xanthate can adsorb on a clean metal surface 
through the formation of metal xanthate or 
dixanthogen by an oxidation process involving 
electron transfer and, in the presence of oxida- 
tion products, the adsorption of xanthate can 
occur by an ion-exchange reaction [12]. Never- 
theless, from the experimental data available at 
present the electrochemical mechanism of flota- 
tion can not be unambiguously established 
[12-14]. 

The electrochemical reactions related to 

mineral flotation are, to some extent, directly 
comparable to those associated with corrosion, 
corrosion inhibition and metal passivity. Thus, 
mineral flotation involves at least a cathodic 
reaction, namely the electroreduction of mol- 
ecular oxygen, and anodic processes concerning 
the electrooxidation of both metal and the sur- 
face active reagent. Therefore, the removal of 
dissolved oxygen eliminates the cathodic reac- 
tion, and the use of a clean metal surface should 
permit the study of the anodic process in rela- 
tively simpler conditions by means of conven- 
tional electrochemical techniques. 

The present work was undertaken to investi- 
gate the behaviour of clean copper electrodes in 
different aqueous solutions containing KEX, in 
the absence of molecular oxygen, in an attempt 
to distinguish the occurrence of competitive elec- 
troadsorption processes, the electroformation of 
new phases and their electroreduction at inter- 
faces exhibiting a great hydrophobicity. 

2. Experimental details 

Working electrodes were made of copper rods 
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axially embedded in Araldite holders to offer a 
flat disc-shaped area of  0.077 cm 2. The electrodes 
were successively polished with fine-grained 
emery paper and alumina paste of  1 #m, rinsed 
with acetone, and finally with twice-distilled 
water. A rotating disc electrode of exposed 
area 0.125cm 2 with the same pretreatment as 
described above was also used. The potential of 
the working electrode was measured against a 
saturated calomel electrode (SCE) which was 
connected to the cell through a Luggin-Haber  
capillary tip. The counter electrode was a large 
platinum plate placed in a separate compart-  
ment. 

Experiments were performed in a conventional 
cell at 25 ~ C. The following solutions were used: 
xM NaC1 + y M  KEX (0.1 < x < 4; 10 -6 
y < 10-2); 0.1 M Na2B4Ov (pH 9.0) + 0.2M 
NaC1 + y M KEX. Solutions were prepared 
from twice-distilled water and Analar chemicals, 
and deareated by bubbling purified nitrogen for 
3 h prior to the electrochemical measurements. 

Single (STPS) and repetitive triangular poten- 
tial sweeps (RTPS) were applied to the working 
electrode at different scan rates (v), where 
0.01Vs -I  < v < 0 .1Vs -1. Breakdown poten- 
tials (Eb) were measured through the poten- 
tiodynamic technique at v = 0.001 V s- 1. SEM 
micrographs of the films formed during the 
polarization of the electrode were pictured with 
a Philips 500 scanning electron microscope with 
an EDAX system. 

3. Results 

3.1. Currentwotential characteristics for copper 
in 0.1 M NaCl 

The apparent current density (j) versus potential 
(E) profiles for copper in 0.1 M NaCI, run 
between E~,o = - 0 . 5 0 V  and E~,a = 0.0V at 
1 mV s -l ,  show that the current changes from 
cathodic to anodic at ~ - 0 . 2 0  V. At potentials 
greater than - 0.1 V the anodic current increases 
rather abruptly due to the active dissolution of 
copper (Fig. 1). Otherwise, t h e j - E  profile run at 
0 .1Vs -1 from Esx = - I . 2 0 V  to Es,a = 0.0V 
shows a small peak (Ia) at ~ - 0 . 5 6 V  and an 
increase in anodic current at - 0 . 3 7 V  which 
presumably corresponds to a very small peak 
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Fig. 1. j-E profile for copper recorded in 0.1 M NaC1 at 
25~ and 0.001Vs -I between Es.c=-0.50V and 
E~ = -0.0V; oJ = 0r.p.m. 

(I 'a) preceding the active dissolution region 
(IIa). The reverse scan exhibits a cathodic peak 
(IIc) at ~ - 0 , 2 5 V  and two small plateaux 
(I'c and Tc) at - 0.50 and - 0.91 V, respectively 
(Fig. 2), and a rather rapid increase in the 
cathodic current beyond - 1.0 V. Voltammetric 
runs from Es,c = - 1.20 V to Es,~ increased step- 
wise along the successive potential cycles reveal 
that each pair of contributions, Ia/Ic and I 'a / I 'c ,  
is associated with one particular redox system at 
the copper surface level, whereas the electro- 
reduction of soluble copper species produced in 
the active dissolution region (IIa) occurs within 
the potential range of current peak IIc. The 
electrode rotation decreases the height of  peak 
IIc without changing the peak ratios Ia/Ic and 
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Fig. 2. STPS for copper recorded in 0.1M NaC1 at 25 ~ C and 
0.1Vs -J between E~,c =-1 .20V and E~,, =-0.20V; 
~0 = 1000r.p,m. 
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I'a/I'c. The increase in NaC1 concentration shifts 
the potentials of peaks Ia, I'a, Ic and I'c to more 
negative values without any appreciable change 
in the corresponding voltammetric charge. As 
previously observed on silver [15] the pair of  
contributions Ia/Ic and I 'a/I 'c are related to the 
electroformation and electroreduction of either 
CuC1 or (CuC1)~ at the submonolayer level on 
copper. The corresponding charges are esti- 
mated as q~ = 80/~Cm 2 and qra = 30/~Cm-2, 
respectively. At potentials more positive than 
- 0 . 2 V  the electrodissolution of copper yields 
both CuCIs complexes and CuCl(s). 

3.2. Current potential characteristics of copper 
in NaCl solutions containing KEX 

The j-E profiles of copper in 0.1 M NaC1 + 
y M  KEX (10 4 < y < 2 x 10 -3) run at v = 
0.001Vs-~ from Es,o = - 0 . 5 0 V  upwards 
change according to the concentration of KEX 
in the solution (Fig. 3a). For CKEX = 1 X 
10 4M,  the active dissolution starts rather 
abruptly as the potential exceeds - 0 . 1  V. Fur- 
thermore, the threshold potential for copper 
electrodissolution moves progressively to more 
positive values and a more extended passive 
region can be observed as the concentration of  
KEX increases. On the other hand, for CKEx > 
5 X 10-4M an anodic current hump in the 
- 0 . 2 0  to - 0 . 0 5  V range is noticed. This hump 
is followed by a small anodic peak preceding an 
abrupt current jump associated with pitting 
corrosion of copper when the potential exceeds 
a certain critical value (Eb). These results reveal 
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Fig. 3. (a) j E  profiles for copper recorded in 0.1 M NaC1 
at different CKE x at v = 0.001Vs -I  started from Es, o = 
-0 .50V;  co = 0r.p.m. CKEX: 10-4M ( - - ) ;  5 X 10-4M 
( ' " ) ; 2  x 1 0 - 3 M ( - - - ) ; 3  • 10-3M@ . ) . ( b ) j  Eprofiles 
for copper recorded in 0.1 M NaC1 at different values of 
%r,~, at v = 0.001Vs -~, started from E,.c = - 0 . 5 0 V ,  
co = 0r.p.m: CBT A = 10-3M ( - - ~ ;  3 x 10 3M ( - - ) .  
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Fig. 4. Plot of E b versus log CNaCJ at 25~ 0.001Vs -1, 
cKc x = l • l0 3M, co = 0r.p.m. 

protective characteristics of the passive layer 
formed on copper in the presence of KEX. For  
comparison, similar runs were made in 0.1 M 
NaC1 containing a well-known corrosion inhibi- 
tor for copper such as benzotriazol (BTA) 
(Fig. 3b). It can be seen that for comparable 
concentrations, the potential value associated 
with copper dissolution for BTA is nearly 0.6 V 
lower than that for KEX. 

The increase in CNaCl from 0.5 to 4M for a 
constant CKEX shifts E b in the negative direction 
according to a linear Eb versus log CN,Cl depen- 
dence, but the value of  Eb remains practically 
constant for NaC1 concentrations lower than 
0.5M (Fig. 4). The increase in co shifts Eb 
towards more positive potentials and also 
decreases the current in the passive region. 

The effect of the immersion time of copper 
into the KEX-containing solutions was studied 
by holding the electrode at - 0.50 V for different 
times (10s < t, < 900s) before running the 
j-E profiles at v = 0.001 V s -~. The coincidence 
ofj-E profiles resulting for different ta suggests 
a relatively fast adsorption interaction between 
the copper and KEX. 

Voltammograms for copper in 1.0 M NaC1 + 
1 x 10-3M KEX at v --- 0.1Vs -~ and co = 
1000r.p.m. run from Es,c = - 1.70V to E~,~ = 
0.25 V (Fig. 5) exhibit anodic peaks at - 0 . 6 5  V 
(Ilia) and - 0 . 5 0  V (IVa), the latter followed by 
an anodic limiting current (Va) in the - 0.40 to 
- 0 . 0 5  V range preceding the pitting corrosion 
range (IIa). A shoulder (Via) appears at the 
initial portion of  the electrodissolution process 
which is related to the anodic peak detected in 
the same potential range for j-E profiles at low 
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sweep rates (Fig. 3a). The reverse scan shows a 
relative increase in current due to pitting corro- 
sion of copper, a broad cathodic peak (IIc) at 
- 0 , 2 0 V  preceded by a hump (VIc), another 
broad complex cathodic peak (IIIc-IVc) at 
-1.080V, and a sharp cathodic peak (Vc) at 
-1 .450V overlapping the hydrogen evolution 
current. Runs made from E,,~ = - 1 . 7 0 V  to 
values of E,,~ increased stepwise show that peaks 
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Fig. 6. (a) RTPS for copper recorded in 0.1 M NaC1 + 
I x 10-~M K E X  at 25~C and 0 .1Vs  r between E,,c = 
- 1.70 V and E,., charged stepwise in the positive direction; 
(~ = 1000r.p.m. (b) Detail of  the RTPS showed in Fig. 6a. 
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Fig. 5. STPS for copper recorded in 1 M 
NaC1 + 1 x 10 3M K E X  at 25~ and 
0 .1Vs  t between E~,~ = - 1 . 7 0 V  and 
Es. ~ = 0.25V; e) = 1000r.p.m. 
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Fig. 7. RTPS for copper recorded in 0.1M NaCI + l • 
10 3 M K E X  at 25 ~' C and 0.1 V s -  L between Es, . = - 0.25 V 
and E~,~ charged stepwise in the negative direction; 
co = 1000r.p.m. 
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IIIa and IVa are related to current peaks IIIc- 
IVc (Fig. 6). The double-peak structure of peak 
IIIc-IVc can be resolved for low concentrations 
of KEX. From these runs one concludes that 
products formed in the potential range of Va are 
associated with the electroreduction process 
taking place in the potential range of peak Vc, 
whereas the products formed in the potential 
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range I Ia  are electroreduced in the potential 
range of  peak IIc. 

Vol tammograms recorded at 0 .1Vs 1 for 
E~,~ = 0.25 V and E~,~ increased stepwise within 
a potential range more positive than those of 
peaks IIIc  IVc (Fig. 7) show a gradual increas- 
ing passivity of  copper presumably caused by 
the formation of a surface layer. Passivity is 
gradually removed as E~,~ is set at potent ia ls  
more negative than that corresponding to the 
initiation of peak IVc. For  E~,~ = - 1.40 V the 
electroreduction scan exhibits only current  
peaks IIIc and IVc, whereas peak Vc is shown 
in the positive scan at 0.10V more positive 
than that observed when E~,~ = - 1 . 7 0 V .  This 
suggests that the electroreduction process 
related to peak Vc depends on the time the 
electrode is held in the potential region of  the 
hydrogen evolution region (HER). RTPS runs 
from - 0 . 2 5  to - 1 . 0 5 0 V  (Fig. 8) show a 
decrease in the heights of  peaks IIIa,  IVa, IIIc  
and IVc as compared to the first scan, and the 
potential of peak IVc moves in the positive direc- 
tion. However, after 5 min RTPS the change of  
E~x from - 1 . 0 5 0  to - -1 .70V reveals a large 
hysteresis in the vol tammogram between - 1.5 

0 .8  - -  

'~E 
U 

E 

"" 0 

c 

-0 .8  ~ ' 

-1.6 

-2./~ "'~; 

I I 

/ \  

s t 

. 4 ~ ' :  ; "  ''~ "= ' ' '~  . . . . . . . . . . . .  7 " " _ 

i S 
,, ;' 

n n 

- 1./, - 1 .0  - 0 . 6  - 02 
E/V(SCE) 

Fig. 8. j-E profile for copper recorded in 0.1M 
NaCI 4- 1 x 10-3M KEX at 25~ and 0.1Vs l after 
RTPS for 5 min between E~x = - 1.0 V and E,,~ = 0.25 V 
( - - ) .  Subsequent scan with E~,~ = -1.6V ( -). oJ = 
1000 r,p.m. 
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Fig. 9. Plots of qma versus log CKE X ( 0 )  and qEva versus 
log q~EX (A) at 25~ CN~C~ = 0.1M; v = 0.1Vs l; co = 
1000 r.p.m. 

and - 1.1 V, and peak Vc appears as a complex 
and relatively large peak at ~ -  1.4V. The 
subsequent anodic scan manifests a large increase 
in current which is presumably due to an increase 
in the electrode area. Therefore, as a consequence 
of the electroreduction process, passivity disap- 
pears and the electrodeposition of soluble copper 
species takes place in the H E R  potential range. 

An increase in co produces an increase in the 
current associated with peak Via and a decrease 
in the current contributions I Ia  and IIc, while 
peaks IIIa,  IVa, I I I c - IVc  and Va remain practi- 
cally unchanged. 

The charge density (q) related to peak I I Ia  
increases according to the concentration of 
K E X  up to 1 x 10-3M, but when the latter 
exceeds 10-3M it remains practically constant 
(qnla -~ 50/~Ccm 2) (Fig. 9). Conversely, qlva 
increases continuously with the concentration 
of KEX reaching, for 10-2M, the value of 
500#Ccm 2. In addition, as the concentration 
of KEX increases, the peak potentials Ema, E~w 
and Eva shift in the negative direction and the 
corrosion region (IIa) moves towards more 
positive potentials. Both Era, and E~v a change 
linearly with log CKEX and the corresponding 
slopes are 0.06 and 0.1 V per decade, respect- 
ively. As the concentration of NaC1 changes 
from 0.1 to 1 M, a small decrease in the height of  
peaks I I Ia  and IVa is observed, and simul- 
taneously peak Vc moves in the positive direc- 
tion (Fig. 10). 

The increase in pH moves the corrosion 
region (IIa) in the positive potential direction, 
turns shoulder Via into a well-defined peak, 
originates a broad peak within the potential 
range of peak Va, and manifests a cathodic 
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Fig. 10. STPS for copper recorded in xM NaC1 + 1 x 
10-3M KEX at 25~ and Vs -j between Es, c = -1.70V 
and Es.~ = 0.25V. Values of x: 0.1M ( ' " ) ;  1M ( ). 
co = 1000r.p.m. 

contribution at ~ - 0.70 V. The last two current 
contributions can be related to copper oxide 
electroformation and electroreduction, respect- 
ively. It  should be noticed, however, that at 
pH 11, for instance, the corresponding elec- 
troreduction charge becomes smaller than that 
observed for plain 0.1 M NaCl. 

Complementary voltammetric runs made with 
copper electrodes which had been previously 
heated in air show that thermally formed copper 
oxides can be electroreduced in the potential 

range where peak Vc (Fig. l l) is observed. 
Therefore, it is likely that peak Vc is to a great 
extent related to the electroreduction of a poorly 
hydrous copper oxide. 

The influence of KEX on the formation of 
copper oxides was also studied in borate-boric  
acid containing 0.2M NaC1 + y M  KEX 
(10 6 < y < 10-2) through voltammetric runs 
at 0.001Vs -L starting from - 1 . 0 0 V  up to Eb 
(Fig. 12). In the absence of KEX, anodic peaks 
at - 0 . 20 ,  0.0 and ~ 0.3 V can be observed. In 
this case the value Of Eb lies at ~ 0.75 V. The first 
peak can be associated with Cu20 electroforma- 
tion, and the remaining peaks correspond to 
an electro-oxidation yielding either CuO or 
Cu(OH)2. The presence of small amounts of  
KEX (less than 5 x 1 0 - 4 M )  produces a large 
increase in current in the potential range where 
the electroformation of Cu20 takes place. This 
suggests that in the presence of KEX the passive 
properties of the anodic layer are diminished 
and the attack of copper by chloride ions 
becomes more likely. Correspondingly, the peak 
potentials move towards more positive values 
and, finally, the passivity of copper can be 
restored in the 0.4V to E b range. Likewise, 
as the concentration of K E X  increases, Eb 
shifts slightly towards more positive potentials. 
On the other hand, for concentrations of  KEX 
greater than 5 x 10 .4 M the current in the entire 
region related to oxide electroformation 
decreases according to the concentration of 
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Fig. 11. STPS for copper recorded in 0.1 M 
NaC1 at 25 ~ C and 0.1 V s 1 between Es, a = 
0.20V and Es, c = - 1 . 8 5 V  for a copper 
wire heated in air for 3s ( - - ~  or 10s 
( ). 
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Fig. 12.j-E profiles for copper recorded in borax buffer + 
0.2M NaC1 + CKE x at 25~ and 0.001Vs ~ from Esx = 
--0.80V to E b. CKEX: 0 (------); 1 • 10 5 M  ( ); 1 • 
10-2M(...). 

KEX.  Simul taneous ly ,  a small  anodic  current  is 
observed at  potent ia l s  more  negat ive than 
- 0 . 4 V .  Fina l ly ,  for  10-3M < CKEX < 10-2M, 
two anodic  peaks,  one at - 0.63 V and another  at  
- 0.55 V, are observed,  whereas the peaks  associ- 

ated with the oxide fo rmat ion  become b r o a d  and 
poo r ly  defined at  po ten t ia l s  more  posi t ive than  
those observed  at  lower concen t ra t ions  o f  KEX.  
In this case a relatively large anodic  current  in the 

po ten t i a l  region preceding  Eb is recorded  and,  
s imul taneous ly ,  a yel low p r o d u c t  spills away  
f rom the e lec t rode  surface in to  the cell. The  
cur ren t  peaks  observed at  - 0.63 and  - 0.55 V 
are re la ted to the e l ec t ro fo rma t ion  o f  C u - K E X  
layers,  as detected in pla in  solut ion con ta in ing  
NaC1 + K E X .  The  e lec t ro -ox ida t ion  o f  these 
layers  occurs  s imul taneous ly  with copper  cor ro -  
sion f rom 0.4 V upwards  yielding Cu(II)  xan tha te  
and,  p robab ly ,  a cer ta in  a m o u n t  o f  d ixan thogen  
f rom the e lec t ro -ox ida t ion  o f  xan tha te  ion on 
the copper  surface [9]. 

3.3. S E M  observations and E D A X  data 

S E M  observa t ions  were carr ied out  on copper  
e lectrodes previous ly  e lec t roreduced  at  - 1.70 V 
in 0.1 M NaC1 + 10 3 M K E X  for  90 s and  la ter  
held at  a cons tan t  po ten t ia l  (Es) cover ing the 
po ten t ia l  range o f  peak  IVa,  region Va and  
region I Ia ,  for  the t ime t~. F o r  E~ = E~va and  
t~ = 30min ,  a crysta l l ine  and po rous  film is 

Fig. 13. (a, b) SEM micrographs of the copper surface after 
anodization at E~ = -0.55V for ts = 30rain. (c) SEM 
micrograph of the copper surface after anodization at 
E s = 0.2 V for t~ = 2 rain. Electrode surface polished with 
600 grade emery paper. 
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formed on the copper surface (Fig. 13a, b) whose 
EDAX spectrum shows strong copper and sul- 
phur signals. These results correspond to the 
Cu-KEX film. The same film is apparently also 
present for E~ set in the potential region Va, 
although in this case, for ts = 30 min, the sul- 
phur signal decreases. By setting Es within 
region IIa, the film reveals a non-homogeneous 
island structure made of large crystals (Fig. 13c). 
At islands, EDAX data indicate strong copper 
and chloride signals, whereas the remaining elec- 
trode area shows only a small sulphur signal, 
presumably associated with a residual Cu-KEX 
film. 

4. Discussion 

The first stage of copper electrodissolution in 
NaCl-containing solutions involves the elec- 
troformation of a submonolayer of adsorbed 
chloride ions in the - 0 . 5 5  to - 0 . 3 0 V  range 
preceding the active dissolution reaction [15]. 
These processes, however, are substantially 
changed when KEX is present in the solution. 
The present results confirm that the interaction 
of KEX molecules with copper, yielding a pro- 
tective layer at low potentials, is comparable 
to the interaction of other molecules acting as 
inhibitors for copper corrosion. The adsorp- 
tion of KEX on copper resembles that of benzo- 
triazol, imidozole and mercaptobenzimidazole, 
which are adsorbed on copper in the - 0 . 7 0  to 
- 0 . 1 0  V range. In these cases the adsorbed film 
is revealed by surface-enhanced Raman scatter- 
ing (SERS) and a.c. impedance measurements 
[16], In the presence of inhibitors either a partial 
or a complete displacement of chloride ions 
from the copper surface by the inhibitor can be 
observed depending whether weak or strong 
inhibitors, respectively, are considered [17]. 

The adsorption of KEX on solid surfaces is 
well known due to its use in mineral flotation 
[1, 2]. The reversible potential for Cu(l) xanthate 
formation (Er/10-3M KEX) is - 0 . 6 9 V  (SCE) 
[18]; it is therefore reasonable to assign peaks 
IIIa, IVa, IIIc and IVc to the electroformation 
and electroreduction of Cu(I) xanthate. The 
mechanism of formation of Cu(I) xanthate layer 
can be derived from the dependence of q.~, on 
the concentration of KEX. It is clear that qma 

increases according to the concentration of 
KEX up to 10-3M to reach 50/~C per apparent 
cm 2. This limiting apparent charge density value, 
which remains practically independent of the 
concentration of KEX, suggests that the elec- 
trochemical reaction occurs at either monolayer 
or submonolayer level, presumably through 
the electroadsorption of xanthate ion (X-)  
on copper at the early stage. The correspond- 
ing electroadsorption-electrodesorption process 
behaves as a relatively reversible process, and 
the fact that dEma/dlog CKEX = 0.06V per 
decade is consistent with a single electron 
exchange per X -  ion in the overall reaction: 

CU(S) -~- X -  = (CuX)a d "~ c (1) 

On the basis of Reaction 1 and a X -  to copper 
radii ratio (r x_/rcu ) of 4, the maximal apparent 
charge density expected for a compact mono- 
layer of X-  is 50 #C cm 2, a value which agrees 
with the experimental limiting value of qma. 
Likewise, the fast electroadsorption of KEX on 
copper is confirmed by the fact that no changes 
in t h e j - E  profiles are observed on increasing the 
adsorption time at any preset potential. Never- 
theless, for concentrations of KEX lower than 
10-3M, small and stable values of qma are 
attained which probably result from the occur- 
rence of a competitive adsorption among C1 ~- 
ion, water and X -  ion for copper sites. These 
processes can be formally represented according 
to the following reactions: 

Cu + X -  = Cu(X)ad + e (2) 

Cu + C1- = Cu(C1)ad + e (3) 

C u  + H 2 0  = C u ( H 2 0 ) a  d (4) 

Cu(H20)ad = C u ( O H ) a  d -F- H + + e (5) 

As the electroadsorption of X ion behaves as a 
reversible process, it is likely that at low con- 
centration of KEX the surface coverage by the 
X-  ion is lower than that required for a complete 
monolayer. Hence, the interaction between CI- 
ion and water with copper should be enhanced 
so that the electrodissolution of copper can be 
assisted through the reactions: 

Cu(Cl)a  d + e l -  = (CuC1)2 + e (6) 

(CuC1)~ = CuCI~- (aq) (7) 
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As reactions 6 and 7 proceed, the passivity of 
copper is gradually removed. Similarly, in the 
borax buffer containing both NaC1 and a low 
concentration of KEX, copper electrodissolu- 
tion is also favoured through Reactions 6 and 7, 
as the coverage of the copper surface by water 
molecules which are required for the oxide layer 
electroformation (Reactions 4 and 5) is substan- 
tially diminished due to X- ion adsorption. 
Otherwise, as the applied potential increases, 
this situation can be reversed because adsorbed 
xanthate can be displaced from the copper sur- 
face by water. Then, the passive oxide layer can 
be formed according to: 

( C u X ) a  d + H20 = C u ( H 2 0 ) a  d -~- X -  (8) 

C u ( H 2 0 ) a  d : C u ( O H ) a  d + H + + e 

(9) 

C u ( O U ) a  d --> oxide layer (10) 

On the other hand, for concentrations of KEX 
greater than 10 -3M, a complete monolayer of 
xanthate can be formed. The structure of the 
adsorbed layer may involve an interaction 
between the polar group of the molecule and the 
copper surface, so that the hydrophobic hydro-  
carbon chain points out towards the solution 
side, completely preventing a direct interaction 
of copper with either water or CI- ions. This fact 
favours the growth of a porous crystalline Cu(I) 
xanthate layer on the copper surface (Fig. 13a, 
b). However, at potentials more positive than 

- 0.40 V the formation of a Cu(II) xanthate film 
in pores of the Cu(I) xanthate layer becomes 
possible. The presence of peak Via and the 
observation of a broad current peak within 
region Va on increasing the pH of the solution 
suggests that copper oxides, presumably with a 
very low content of water, can also be simul- 
taneously formed with the copper-organic matrix 
layer leading to a non-homogeneous complex 
anodic film. At this stage the electroformation of 
copper xanthate can be written as follows: 

CuX + X- --+ (CuX2) + e (11) 

(CuX2) -+ Cu + CuX (12) 

According to the literature [1] cupric xanthate 
resulting from Reaction 11 is unstable and dis- 
proportionates as indicated by Reaction 12, yield- 

ing a fresh copper surface and Cu(I) xanthate at 
the solution side. The electroreduction of the 
oxide constituents in this complex layer due to 
the hydrophobicity of the electrode-solution 
interface is more difficult than in KEX-free sol- 
utions. Apparently, its electroreduction occurs 
simultaneously with the HER. The overall pro- 
cess results in a porous copper structure and, 
consequently, in an increase in the electrode 
area. 

The stability of the complex passive film 
formed at potentials more positive than - 0.4 V 
depends on the applied potential as well as the 
NaCt and KEX concentrations. Thus, at low 
NaC1 concentration, Eb becomes practically 
independent of concentration. Conversely, the 
increase in NaC1 concentration beyond 0.5 M, 
moves the potential of peak Vc more positive, 
and simultaneously Eb shifts in the negative 
direction shortening the passive domain (Fig. 4). 
These results can be explained with the aid of the 
j-E profiles recorded in borax buffer + NaCI 
solutions (Fig. 12). Thus, for borax buffer + 
0.1 M NaCI, the pitting of copper occurs at 
potentials more positive than those observed for 
the plain NaC1 solution and, for a concentration 
of KEX higher than 10 -3M, a clear anodic 
current associated with the electro-oxidation of 
the organic film is seen before Eb is reached. 
Besides, at potentials more positive than 0V, 
certain contributions due to the electro-oxidation 
of xanthate ions from solution to dixanthogen 
[18, 19] also occur, according to: 

2X- ~ X 2 + 2e (13) 

As the concentration of KEX increases at a 
constant low CN~c~, the electro-oxidation of the 
organic species occurs at more negative poten- 
tials. In the borax buffer the metal passivity is 
mainly due to the presence of a copper oxide 
film. The passivity breakdown is controlled by 
the C1- ions and Eb becomes practically inde- 
pendent of CKEX. Thus, two processes (electro- 
oxidation of the organic film and passivity 
breakdown) are clearly separated. Conversely, 
in plain chloride-containing solutions, passivity 
breakdown depends on the potential of organic 
species electro-oxidation and CN~C~. At low CN~C~ 
the E b value is fixed by the potential at which 
the electro-oxidation of xanthate species to 
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dixanthogen occurs, a value which obviously 
depends on CKEX and not on CNacl. As CNaCl 
increases, the breakdown of the passive film by 
chloride ions occurs at more negative potentials 
than that corresponding to the electro-oxidation 
of the organic species so that Eb becomes depen- 
dent on enact. The electro-oxidation process is 
then related to the oxidation of xanthate ions to 
dixanthogen and strong copper dissolution as 
Cu 2+ on the copper surface. In this case Cu 2+ 
ions react with xanthate in solution, resulting in 
non-adherent cupric xanthate formation. After 
breakdown the nucleation and growth of CuC1 
occurs, leading to localized base metal corro- 
sion. The presence of CuC1 islands on the elec- 
trode partially covered by the complex film 
suggests that localized corrosion is related to the 
nucleation and growth of  a salt of an aggressive 
anion at the passive film surface [20] as has 
already been observed for other metals in 
various aggressive environments [21]. 
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