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ABSTRACT

The reduction mechanism of metal chloride coordination ions is elucidated with elemental
and experimental study. Through the elemental study one can know that the galvanostatic step
method or chronopotential curves are very convenient to the determination of cathodic reduction
mechanism of metal chlorides. Through the variation of iz'/? with the concentration of Cl~ the
discharging species at the surface of cathode can be determined as well as the reaction mecha-
nism, cuprous chloride, zinc chloride and lead chloride are used as examples to illustrate the ele-
mental study. Their reaction mechanism can be expressed as.

(1) CuCl3" 5CuCl; +Cl™ is a fast preceding reaction, and CuCl; +e—>Cu+2Cl~ is a
discharging reaction with mass transfer determined step.

(2) ZnCl3 SZnCl; 4 Cl™ is a fast preceding reaction, and ZnCi,+ 2e—~Zn+ 2Cl~, one
step discharging with diffusion controlling step.

(3) PbCli~ 4+ 2e—>Pb-4Cl~ and PbCls + 2e—>Pb-+ 3Cl™, there is no preceding reaction
involved in the lead chloride case and the direct discharging step is also controlled by the diffu-

sion step.
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1 INTRODUCTION

Chlorinate hydrometallurgy is a special
good technology for extracting metals from
various complex and low grade minerals.
Metals can be obtained by electrowinning
from purified chloride solutions.

Aqueous solutions of chlorides are usu-
ally of good conductivity and high current ef-
ficiency, therefore low energy consumptions
in electrowinnings or electrolyses can be ex-
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pected.

As for the determination of reaction
mechanism in electrode processes, there are
still more difficulties. The first obstacle is
what species in variety of coordination chlo-
rides can directly discharge at the electrode.
Even the determination of electrochemical re-
action order is helpful but with some lim-
ittt

This paper elucidates the reduction
mechanism of metal- chlorides by galvanos-
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tatic step method. The equations for the de-
termination of electrode mechanism will be
given in the paper and the experimental ex-
amples for the use of the elemental study
will also be reported in the paper.

2 ELEMENTAL STUDY
2.1 Model for Electrode Reactions

Many of metallic ions in chloride solu-
tions are coordination ions. Those with high
or higher coordination mumber are rather
stable in energy but difficult to reduce direct-
ly at the electrode. The species reduced di-
rectly at the electrode are usually those coor-
dination ions with low coordination number,
which may be considered as a general rule.
Let MCI*—#*, or MCI, be a stable species,
and MCI1{&" 9+, or MCl;, be a direct reduced
species at the electrode. The reduction reac-

tion can be represented by .
k

MCLSMCL4+ (u— &)Cl- (1)

k——l
MCl;+ne—M-+6MCI1~ @)
The dissociate reaction (1)is the reac-
tion preceding charge transfer where p>5o.

2.2 Expressions for Concentration of MCl, at
Electrode Surface, Cuc (0, t), and
Transttwn Tune ©

The dissociate constant K for reaction

(1) iS;

k

K=—= CMClb . CETB/CMCIM (3
L
Let ka == ]C] (4)
ky =k C§° (5)
' = CMCI" ‘|— CMClb (6)

Its concentration and distribution of di-
rect discharge species MCl, with the distance
(z ) from the electrode and with reaction
time (¢ ) are represented by Cma, ( x, t)
and by Cuc, (0, ¢) at the surface of elec-

trode. Cwma (0, t) can be solved by Laplace
transform for the active diffusion equation
under conditions of galvanostatic stepsl?7,
and the concentration of coordination ions
far larger than the concentration of metallic
ions, thus the concentration of MCl; at the
surface of electrode can be expressed as;

; 41/2
MClz,(O, t) :ﬁ{co—%
wC&®
 wFDVK (ky+ k)72
X erf (ky+ky,)'/28"/2} )
where i, is current density under galvanos-

tatic condition, D is diffusion coefficient, ¢is
reaction time, erf( ) is error function, and
others are conventional signs. While
Cmc, (0, t) =0, then the transition time,
7 , can be obtained from equation (7);
. _ wFR'2DVEC
prt = —
2
um'/2C°
2K (ke + k)7
X erf[ (k, + ko) %7'2]  (8)

2.3 Determination of Mechanism of Electrode
Reaction

For an electrode process with fast pre-
2K (ks + ko)'/?
HI/ZC%FB

, the second term can be ignored, then
nFn'/2pV2C0
— €D

Equation (9) shows that i7'/? is indepen-
dent on i, and proportional to C°. Put equa-
tions (3) and (6) into (9), then a logarith-
mic equation can be obtained .

20,72

lg(nFn”zl)‘/?CMau 1D =

IgK — (u — 8)1glq-

ceding reaction, i.e. , <<C

ile/Z ==

(10)

If the velocities of preceding reaction
and the discharge reaction are not much dif-
ferent and i, is small, then ( k, + k,)!/2¢1/2
> 2, and erf| ( k, + k)27 ] =1 , there-
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fore equation (8) can be simplified as.
aFn/2pirece
2
2087 .
oKk + kyer (D
It means that ¢:7'/2is a linear function of i, .

If 7, — 0, then
(ik,rl/Z)l_*o _ nFﬂl/ZDl/ZCO
t 2
III/ZC%TJ)
2K (ka + ky)'/?
follow the example of equation (10) ob-
tained from equation ( 9), equation (14)
can be obtained
Z(ile/Z)i——o
lg[nFn”le/Z(:’MCr — 1] =
IgK — (un — NIgCqr- (14)
Making logarithm of equation(13) and
put equations (4) and (5) into it, and con-
sidering K << 1, thenk_; >> k; , one
can get,

S 12

(12)

Let B = 13)

1/2

1
= 1§ g T 5 (0 — DlgCar (15

IfK>>1, thenk_, <<k , and e-
guation (16) obtained instead of equation
(15):

1/2

n
IgB = lg KK + (u — 3)1gCa

IgB

(16)

For those with slow preceding transfer
reaction and large &, , [ (k. + k) 7'/% ]<<0. 1
is valid, and the error function erf [ (k, +
k,)'/27'/2 ] can be simply expressed by the
first term of its series, then equation (8)
can be simplified as equation (17):
nF /2200 o5
—2——(1 + K ) an

Put equations (3) and (6) into equa-
tion (17), then.
ut'/? = aFn'/?D"*Cye, /2 (18)
From equation (18) it can be seen that

is independent on 2, but proportional
to the concentration of MCl;, which is the
species of reducing directly at the surface of
electrode.

ikTI/z ==

ile/Z

Put equation (3) into equation (18),

then .
lg(—-——%ﬂl/2 =
aF1'/*D'*Cycr)
IgK — (un — d)IgCar (19)
From equations (10), (14) and (19)
one can see that by the measurement of the
variation of 7,7'/2 with Cq- and the concen-
tration of MCl,, which is the main species of
coordination compounds, is given, the speci-
es, MCl,, reducing directly at the surface of
the electrode can be determined and the elec-
trode mechanism as well.

2.4 Equations for Chronopotential Curves

In both very fast and very slow speeds
of the preceding transfer reaction, as equa-
tions (9) and (18) show that 37!/ is inde-
pendent on i; , which is the feature of simple
charge transfer and proportional to CMC'..+
CMCIo for the fast one, and to CMCla for the

slow one.
Under the condition of & <<
K (ks + ky)V? .
%%;_j)— and put equations(3), (6)
Ci

and (9) into equation (7), or under the
condition ( k, + k)22 < 0.1, i. e. (ka
+ ky)'/?tY2 < 0. 1 and put equations (3),
(6) and(18) into equation(7), the concen-
tration of the direct discharge species MCl; at
the surface of electrode can be expressed by
the transition time 1.
Cuicr, (0,8) = Cue, 772 — 82/7% (20)
For a reversible process with insoluble
product, put equation(20) into Nernst equa-
tion ;

RT /272

®z=¢>r<M01b/M)+ﬁln i 21

For an irreversible process, put equa-
tion (20) into Butler-Volmer equation ;

RT )
o= (Pmmcrm) +—In l_0+
d ankl

2>
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1/2 __41/2

e (22)

In the case of reactions with the same
order of discharge velocity and preceding
transfer velocity, €. 8. (k, + k) /2)1'/2 >
2, (ks + k)Y > 2 and erf[ (ky+ko)'/?
t'/2 ]~ 1, put equations (3), (6), (11)
and ( 13) into equation( 7) , the concentra-
tion of MCl; at the surface of electrode can

be expressed by 1;
.[1/2 _ t1/2
Cumci, (0,8) = Cuq, T2 LB

For a reversible process with insoluble
product, put equation(23) into Nernst equa-
tion .

(23)

RT '/ — /2

= g
2] q:)t(MCIa/M)_+_ aan 7z TB
For an irreversible process, put eque-

tion (23) into Butler-Volmer equation ;

(24)

(-pt=q)r(MCIb/M)+ %ln ;—(:
1/2 1/2

+ Ezm : i/z_ £

anl 1?4+ B

From the derivation above we can see

that the cathodic reduction of metallic coordi-
nation ions and their kinetic parameters can

be obtained by measuring chronopotential

(25)

curves.
3 EXPERIMENTAL STUDY
3.1 Experimental Equipment and Chemicals

The electrochemical measurement sys-
tem was composed of the standard direct cur-
rent resources type YZAV-1 and the func-
tion recorder type LZ-—204. A H type elec-
trolytic cell with a large P, auxiliary elec-
trode and a working electrode was used in
the measurement.
were high purity copper (99. 99%;), lead
and zinc with an area of 0. 006 cm? and pol-
ished to mirror smooth. All solutions for the

The working electrodes

experiments were made from analytical

reagents and twice distilled water. Nitrogen

was used to remove oxygen in the solution,

the electro- chemical measurements were

started after the deoxygen about 15~ 20min

in order to still the solution. The tempera-
ture was kept at 304 0. 02 'C by a super

thermostat type DL- 501. A saturated

calomel electrode was used as reference elec-
trode, and a Luggin capillary tube and a salt

bridge were also put between the working

electrode and reference electrode.

3.2 Results

The coordination ions of Cu( 1), Pb
(I) and Zn ( I ) were reduced with only
one wave on the chronopotential curves, as
shown in Fig. 1, and the transition time 1 de-
creases with the increase of current density
% . The plot of #1'/% against i, is shown in
Fig. 2, in which horizontal lines indicate
that #*1'/2 is independent on i,.

The linear relations of ¢, (electrode po-
Tl /2 tl /2

tential at time ¢) with 1g —— 77— were ob-
1

tained from the mathematic treatment of da-
ta on the basis of chronopotential curves of
Fig. 1 and the plot is shown in Fig. 2. The
slopes for Cu( 1), Pb (1 ) and Zn( 1)

are 0. 031, 0. 60 and 0. 059V respectively,

the intersection values are independent on

the current densities .

The electron number n of reduction for
Cu(I),Pb( 1 )andZn (1) can be ob-
tained from the slopes in Fig. 3, and they
are 1, 2 and 2 respectively.

The reductions of Cu( I ), Pb( I )and
Zn (I ) in chloride solution are with the
feature of simple charge transfer or the fast
preceding transfer reaction and with the fea-
ture of reversible electrode process, as indi-
cated by equation (20).

3.3  Discussion
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It is indicated by experimental data and
theoretical calculations that Cu ( I ), Pb
(I) and Zn( I ) ions in chloride solution
exist as different coordination ions. Accord-
ing to equilibrium calculations of coordina-
tion(341, in chloride solution of 2~ 5 mol -
L~ the main species of coordination for Cu
(1) is CuCl{—, for Pb( 1) is PbCl{~ and
PbCl;, and for Zn( I ) is ZnCl; . The ra-
tio of main species increases with the in-
crease of the chloride concentration. For ex-

—1.2} KLJ:;

—Lor
g
“—0.8¢ 2
2
2 —0.6F
=
—0. 4}
1
—0.21
I 1 1 1 4J
0 3 6 9
t/s
Fig. 1 Chronopotential curves(30 C)

1—12. 5, 8.4 Cu,Cl1,0. 01+4+HCI0. 1+NacCl3. 4
2—25. 0, 16. 8 PbCl,0. 01+HCI0. 1 +NaCl3. 4
3—25. 0, 16. 8 ZnCt;0. 014NaCl3. 5

80 [_"77

60+ 2
40t 3

i 1 i

0 10 20 30 40 50 60
4 /A em?

Fig. 2 Plot of ,7"/% & (30 C) under
the same solution as in Fig. 1

ample 92.7% of Cu( I ) exists as CuCls,
87.1% of Zn( I ) exists as ZnCl; , 43.
2% and 50. 3% of Pb( I ) exist as PbCl5~
and PbCl; respectively as the concentration
of Cl~ increases to 3. 5mol+L .

—1.2t 3
—1.0¢
g—o.s
3 2
2 0.6 o o000 oo 00
8
—0. 4} 1
—0.21
0 —0.5 —1.0 -—1.5
/g2
8 —m—

Tl/Z _ tl/Z
Fig. 3 Plot of o,-lg e

Under the same condition as in Fig. 1

Therefore the overall reactions for the reduc-
tions of Cu( 1), Pb(1I ) and Zn( 1 ) can
be expressed as;
CuCl{~ +e—>Cu +3CI™
PbCl1¢2), 4 2e—>Pb-+zCl™
where zis 3 and 4
and ZnCl; 4+ 2e—>Zn-+3Cl—
If the main species are expressed by
MCI{" '+ or MCl,, then the preceding trans-

fer reaction can be represented by :
k

MCLE ™+ < MCly+ (u—38)Cl™
k 1

k

or MCl, 5 MCly+ (n—38)CI~

L
Thus the reductions of Cu( I ), Pb
(I and Zn ( I ) in chloride solution fol-
lowed the model of reversible electrode pro-

cess and fast preceding transfer reaction, it
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is to say, equation(10),
S 1/2
‘g(wgzlgv‘sz“

=I1gK — (u—23)1gCq~
can be used for these reactions. Let f (1) =
1 24,12

1,,/1;1111/21)1/2()&“:l
n are determined in this study, D the diffu-
sion coefficert is either determined by our ex-
periment(®] or gotten from literature. A plot
of f (1) against IgCq- is shown in Fig. 4.
The value — (1 —8) can be determined by
the slopes of straight lines in Fig. 4. They
are —0.85, —0.95 and 0 for CuCl; , Zn-
Cl; and PbClF~~ respectively. That is to
say, u—0=1 for Cu(1I) and Zn(1 ),
and p—&=20 for Pb( 1 ). Thus, the fast
preceding transfer reactions for Cu ( I ) and
Zn (I ) are:; one ligand Cl— dissociated
from the main species and turned to be the
CuCl; and ZnCl, coordination species, by
which the discharge at the surface of elec-
trode would happen more easily. For the Pb
( I ) case, probably there is no preceding
transfer reaction and the PbCli~ or PbCly

0

—1) where i, 7, Cand

—0. 51

—1. 0,-

f(v)

—0.5¢

- 2- 0 1 1 1 1 1
0.2 0.4 0.6 0.8
18Cai-
Fig. 4 plot of f(1) against 1gCq
(Concentrations are in mol*L™ ')
1—0. 01CuCl1+-0. IHCl+ z NaCl+ (4. 5— z )Na-
C10,; 2— 0. 01PbCl, 4+ 0. 1HCI, NaCl + (4. 5
— z )NaClO,; 3— 0. 01ZnCl; + = NaCl + (4. 6
— z )NaClO,

directly discharged at the surface of elec-
trode.

4 CONCLUSIONS

(1) By the measurement of the relation
of transition time t with the concentration of
Cl™ the species that directly discharge at the
surface of electrode can be determined.

(2) The reduction of Cu( I ) and Zn
( I ) in chloride solution subject a fast pre-
ceding transfer reaction prior to discharge,
and their electrode processes follow the mod-
el of mass transfer controlling. Their dis-
charge of one step involves one electron for
Cu( I ) and two electrons for Pb( I ) and
Zn( I ). Their electrode reactions can be ex-
pressed by following equations:

CuClj~ —CuCl; +CI™
CuCl; +e—>Cu—+2Cl1—
PbCl{~ + 2e—=Pb+4Cl™
PbCly +2e—Pb+3C1~
ZnCly SZnClyg +Cl1™
and ZnClyg) +2e—>Zn—+2C1~
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