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A new numerical method is applied to the simultaneous diffusion equations describing the anodic process
of mercury in solutions in the presence of chloride ions. The terms corresponding to precipitation and
dissolution of mercury(I) chloride are included in the differential equations. It is found that the differential
equation for precipitate particles should be rewritten using the backward space difference method for successful

computation.

Kolthoff and Miller studied the anodic wave of
mercury in the presence of chloride ions.? They
observed that the diffusion current corrected for
residual current is proportional to the concentration
of chloride ions. They assumed that the concentration
of chloride ions at the surface of mercury electrode is
determined by the solubility product and by the
concentration of mercury(I) ions at the electrode
surface which is controlled by the electrode potential.
Based on this assumption they derived an equation of
the current-potential curve accompanying with
formation of slightly soluble mercury(I) chloride salt
as

_ RT . Keya _ ., , RT
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where E is the potential of dropping mercury
electrode, Cgo the concentration of chloride ion at the
electrode surface, ya the activity coefficient of
mercury(I) ion, K;, the solubility product of mercury-
(I) chloride, i the average current, ia the average
diffusion current, F the Faraday constant, and E° the
standard electrode potential of Hgs?*-Hg couple. The
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Fig. 1. Distance-concentration curves of chloride
ions. A solid line represents a conception considered
by Kolthoff and Miller. A dotted line represents a
conception proposed by this paper.

plot of log(ia—i) vs. E should be a straight line with a
reciprocal slope of —59.2 mV/unit at 25 °C. Their plot
produced a straight line, however, with a reciprocal
slope of —54 mV/unit, which did not agree with Eq. 1.

After their study, the method and its variations have
been generally used for analyzing anodic waves of
electrode mercury in the presence of depolarizers
which form slightly soluble mercury(I) compounds.
The conception proposed by Kolthoff and Miller is
that chloride ions are consumed only at the electrode
surface and ionic concentration at the electrode
surface can be determined by the solubility product and
the electrode potential. Figure 1 schematically shows
the concentration profile of chloride ions. A solid line
was drawn according to their conception. However,
chloride ions themselves do not receive any electro-
chemical change, but are consumed by the chemical
reaction with mercury(I) ions produced through the
electrochemical reaction. Hence the slope of
concentration profile of chloride ions at the surface
should be zero as illustrated by the dotted line in Fig.
1. These situations are not reflected in Eq. 1. The
equation is a rather crude approximation to the
phenomenon, which is waiting more detailed analy-
sis.

This study has two purposes. One is application of
a new numerical method,? and another is explicit
consideration of formation and dissolution of pre-
cipitate particles in the process. No direct treatment of
dissolution of precipitate particles has been found in
literature.

Theory

In the anodic process, mercury is dissolved into
solution as mercury(I) ions. When the concentration
product of mercury(I) and chloride ions exceeds the
solubility product, mercury(I) ions react with chloride
ions producing mercury(I) chloride precipitate par-
ticles. These reactions are written as follows:

Hgz?* + 2e-, 2)

2Hg

and
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ke
Hgz?+ + 2Cl- ==—== Hg:Cl;, (3)
kb

In Eq. 3, ks and ks are rate constants of formation and
dissolution, respectively, of the precipitate particles.
It is assumed that the effect of formation of
mercury(II) ions on the anodic current is negligible in
comparison with that of mercury(I) and chloride ions.
Further it is assumed that Reaction 3 is rapid and in
equilibrium. The solubility product is given by

K, = [Hg22* ][ Cl- 2 = ko[ Hg2Cl2]/ ke = ko*/ ks. 4)

Because the solubility of mercury(I) chloride is
constant under experimental conditions, the product
of the concentration and k. is replaced by another
constant kv* in Eq. 4.

In the following, subscripts A, B, and C denote,
respectively, mercury(I) ion, chloride ion, and
precipitate particle of mercury(I) chloride. Hence
their concentrations are expressed as Ca, Cs, and Cc,
respectively.

When precipitate particles exist in a volume
element considered, or the condition that CACs?=K, is
satisfied in the volume element, the simultaneous
equations governing concentrations of species appear-
ing in Reactions 2 and 3 are

dCa 02Ca 2 aCa
at M )T T DA w
— kiCACn? + kv*, (5)
aCp d2Cp 2 dCs
at s ar? )+ r B u) ar
— 2kCACg2 + 2kp*, (6)
e w2 kCAC— hor 7
at “or AR TR @
and
u=m/(4npr?), 8)

where Dy is the diffusion coefficient of species h, 7 the
distance from the center of the electrode mercury drop,
m the flow rate of mercury, and p the density of
mercury. It is assumed that diffusion of the
precipitate particles is negligible in comparison with
that of ions. The precipitate concentration is
expressed in formal concentration of the precipitate
substance, which is assumed to be dispersed homo-
geneously in the volume element. As usually does, it
is assumed that the center of mercury drop remains
fixed.

When the precipitate does not exist in a volume
element, that is CaCs2<Kj,, the simultaneous equa-
tions describing variation of concentrations are

dCa 32Ca aC

= T S i — ) 2A
o DA (T DAy 5 O
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and

aCs
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oar?

=DB(
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)+(%Dn—u) ar". (10)

Initial conditions are
Ca=0,Cs=C*s,and Cc=0(t=0,r>a). (11)
Boundary conditions are as follows:
Ca=Cao, (0Cs/9r)=0(t>0,r=0a), (12)
and
Ca=0,Ca=C*3, Cc=0(t>0,r=00), (13)

In the above, a is the radius of mercury drop, C*g the
concentration of chloride ions in bulk solution, and
Cao the concentration of mercury(I) ions at the surface
of mercury electrode. The potential of mercury
electrode dictates the value of Cao. The instantaneous
current, i, is given by

i = 2FDAS(3CA/ 87)r=a, (14)

where S is the surface area of mercury drop.

Because the reaction proceeds in the neighborhood
of electrode surface, numerical results most desired are
those in the proximity of electrode surface. For this
purpose, numerical integration of the differential
equations is carried out more efficiently using a
network, of which mesh is finer in near positions to
the electrode surface and becomes coarser with the
distance from the surface. Hence we introduce a
parameter given by

s£=1—1/{1+ (Hx)"}, (15)

where H and P are constants. In the previous report,?
the value of P is unity.

To facilitate calculation, we introduce the follow-
ing transformations:?

ya = Ca/Cao, y8 = Cg/ Cao,
yc = Cc/Cno, x = (r —a)/L,
da =Da/Da=1,ds =Dg/Da, T =Dat/L2,
U = Lur?/(Daa?), Ki = L2kiCao2/ Da,
and
Ky = kv*L2/C aoDa. (16)

In the above, L is the representative length and H a
constant. The maximum value of s is unity, where the
value of r is infinite. With these transformations, Eq.
5 becomes

A He() — seyeeene 908

aT ds?
2da x(x + 2a/L)
— ¢PY(P+1)/P
+2H(1—shenr{ —== (x+a/Ly

8
— 2dAH(P + 1)sP-1(1 — sP)vr} %
— Kryays? + K. (17)
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Derivation of Eq. 17 is carried out with the aid of
the Crank-Nicolson’s method® in a similar manner as
the previous report. Space and time coordinates are
expressed as

si=iAs, T; = jAT, x; = iAs/H{1 + ({As)P}VP,  (18)

and

ya(s,T) = yalss Tj) = ya,ij- (19)

When the value of As is 0.01, the value of i ranges from
0, corresponding to the electrode surface, to 100,
corresponding to infinite distance from the surface.
The backward space difference method and the
forward time difference method? are used in
conversion of differential equations to difference
equations.

In the case that 0<i<98, the derivatives correspond-
ing to both dya(s,T)/ds and 3%2ya(s, T)/3s? are expressed
as

9%y a(si, Tjs1) 1
( 952 = 24(Asy
+ 6ya,it1,j+1 — 20ya,i, 41 + 11y4,-1, j41)
+ (—yais8,; + a2, t 6ya,ie1,; — 20ya,i,;

{ (—=Ya,i+3,j+1 T YA ir2,j41

+1lyai-1)}, (20)
and
3ya(si, Tjs1) 1
s = 24hs {()’A,i+3,j+1 6y A, i+2,j+1
+ 18ya,ist,ja1 — 10y4,i,j41 — 3ya,i-1, j41)
+ (Ya,is3,j — 6ya,iv2,j T 18ya,iv1,j — 10ya,i,;
=3ya1)}, @1)

with concentrations at the nodes (:—1,7), (i),
(i+1,7), (i+2,7), (i1+3,5), (i—L,5+1), (¢,5+1), (+1,5+1),
(i+2,5+1), and (:+3,5+1).

For the point that =98, the outer nodes are ones
with 7 of 99 and 100. Therefore, the backward space
difference method was not applicable for conversion.
The centered space difference method was used for this
purpose. The derivatives are expressed as

2ya(ses, Tjn1) 1
as? T 24(As)
— 30ya,98,j+1 + 16y4,97,j41 — YA 06, j+1)
+ (—ya,100,; + 164,00, — 30ya,08,; + 16y4,07,;

{(—yA,loo,j+1 + 16ya,99,j+1

—yase)} (22)
and
3ya(ses, Tj+1) 1
( s = 2ahs {(—yA,mo,j+1 + 8y4,99,j+1
— 8ya,07,j41 1 Ya,96,j41) T (—Ya,100,; + 8ya,00,;
— 8yaom,; + yas6.5)}, (23)

with concentrations at nodes (96,3), (97,7), (98.7), (99.7),
(100,5), (96,5+1), (97,7+1), (98,5+1), (99,;+1), and
(100,j+1).
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For the point that i=99, the only outer node is a
node with ¢ of 100. Therefore, the forward space
difference method was used for this purpose. The
derivatives are expressed as

92y a(S99, Tj+1)
(T s = To4(asy
+ 6ya,08,j+1 T 4YA,97,j41 — VA,96,+1)
+ (11ya,100,j — 20ya,99,; + 6ya,08,; + 4ya,07,;
—yasei)}

{(ll)’A,l(lO,j+l — 20ya,99,j+1

(24)

and

9ya(ses, Tjs1) _ 1
( as T 24As

— 18ya,08,j+1 + 6ya,97,j+1 — YA, 96,j+1) T (374,100,
+ 10ya,09,; — 18ya,08,; + 6ya,07, — }’A.96.i)} . (25)

{(3ya,100, 741 + 10y4,09, 541

with concentrations at the nodes (96,5), (97.7), (98.7),
(99,7), (100,7), (96,7+1), (97,5+1), (98,5+1), (99,5+1), and
(100,5+1).

By using the Crank-Nicolson method, the chemical
kinetics term is reformulated as

Koyay? = Kf(yA,i,j+lyzs,i,j+1 + yA,i,jy%,i,j)/2- (26)

Because the right-hand side of Eq. 26 contains
square of yg,j+1, the value of ys at the next time
coordinate, it is difficult to perform numerical
computation without rewriting the term in linear
form with respect to ys+1. Linearization of the
chemical kinetics term was treated in the previous
report, where four methods were described. Larger
reaction rate prevents computing by use of these
methods because of truncation error. Considering
large values of precipitation reaction rate constant (kr)
and dissolution rate constant (kv) in the present
system, the procedure proposed by Morihara and
Cheng is applied to the present problem.?

By using the method of Morihara and Cheng, the
chemical kinetics term is reformulated as follows:

Ki(Yaij+1Yhi 0+ Yaiivhi)/2

= KY8,i,j+1Y8,i,j(YAi,j+1 T Va,ij)/ 2. (27)

When 0<:<98, introduction of Egs. 20, 21, and 27 to
Eq. 17 gives
(1 + 20Ea,i + 10Fa,i,j+1 + ATK(YB,i,j+1Y8,i,;/ 2)VAi j+1

= (—Eait Faijs1)(Yai+3,j+1 + Yaisa,j)

+ (4Ea,i — 6Fa,ijr1)(Ya,iv2, 41 + Yaivz,j)

+ (6Ea,i + 18F a,i js1) (YA, it1, 41 T Va,is1,))

+ (11Ea,i = 3F i js1)(YA,i-1,j41 T Ya,i-1,5)

+ (1 — 20E4,; + 10Fa,i, j+1

— ATKY8,i,j+1Y8.,i,j/ 2)Ya,i,j + ATKs, (28)
AT
Eai= S4As? dAHz{I - (s;)P}z(H'l)/P' (29)

and
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da

AT
xi+ aj+1/L

Fajjn= Toas [H{1 — (s)r}ervrr +

xi(xi+ 2a;,1/L) _ da el
2(xi+ aj1/L)2 Ui 2 HP + 1{1 — @)r}ve].

(30)
When =98, introduction of Egs. 22, 23, and 27 to Eq.
17 gives
(1 + 30Ea,08 + ATK(Y8,08,j+1Y8,98,;/ 2)Y A,98, j+1
= (—Ea,98 — Fa,8,j+1)(Ya,100,j+1 + Ya,100,;)
+ (16Ea,98 + 8Fa,98,j+1) (YA,99,j41 + YA,09,5)
+ (16Ea,08 — 8Fa,98,j41)(Ya,07,j41 + Ya,07,5)
+ (—Ea98 — 3Fa98,j+1) (V9,41 T Ya,0,))
+ (1 — 30Ea,08 — ATK(Y3,i,j+1V8,i,;/ 2)Va,i,j
+ ATKo. 31

When =99, introduction of Egs. 24, 25, and 27 to Eq.
17 gives

(1 + 20Ea,99 — 10F a, 99, j+1
+ ATK(Y8,99,+1Y8,99,;/ 2)Y A9, j+1
= (11Ea,99 + 3Fa,99,j41)(Ya,100,j41 + YA, 100,;)
+ (6EA,99 — 18Fa,99,j41)(Ya,08,j+1 + Ya,98,;)
+ (4Ea,98 + 6Fa,99,j+1)(Ya,97,j+41 + Ya07,5)
+ (—Eas9 — Fa,0,j+1)(Ya,9,/+41 T Ya,9,))
+ (1 — 20E 4,98 + 10F 4,99, j+1
— ATK1Ys,9,j+198,99,;/2)Ya,09,j + ATK. (32)

The equation concerning species B is transformed
as described below.

In the case that =0, the boundary condition
corresponding to (dys/ds)=,~=0 is expressed as

dCu(so, Tjr1)
( ds T 6(As)
— 9yB,2,j+1 + 2y8,3,j+1) = 0, (33)

(—11ys,0,j+1 + 18ys,1,j+1

with the concentration at nodes (0,5), (1,7), (2,7), (3,),
(0,51+1), (1,741), (2,5+1), and (3,5+1). The following
equation is obtained from Eq. 33.

¥8,0,j+1 = (18y8,1, 541 — 9yp,2, 41 + 2yp,3,4s1)/11  (34)

In the case that =1, the derivative corresponding to
dys/ds is expressed as

3yp(s1, Tjs1) 1
957 = "276(As)?
+ 159y8,2,j41 — 350y8,1,j+1 + 189y8,0,j+1
+ 30(As)y’s,0,j+1 + (—4ys,4,; + 6yn,3,j
+ 159y8,2,; — 350y8,1,; + 189ys,0,;
+ 30(As)y’s,0.)}, (35)

{ (—4ys,4,j+1 + 6yB,3,j+1

and

dys(s1, Tj+1) _ {
ds T 444(As)

(—4yB,4,541 + 9yB,3,j+1
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+ 63y8,2,j+1 + 175y8,1,j+1 — 24380, j+1

— 90(As)y’s,0,j+1) + (—4ys,4,; + 9y8,3,;

+ 63ys,2,; + 175y8,1,; — 243ys,0,;

— 90(As)y’s,0./)}, (36)

with the first differential term at the mercury electrode
surface (y’Bojs+1, ¥’Bo;) and with concentrations at
nodes (0,5), (Lj), (2), (3.1), (44), (0,j+1), (L,5+1),
(2,7+1), (3,5+1), and (4,5+1). Here values of y’s0/4+1 and
y’Bo; are zero because the chloride ions do not
receive any electrochemical change. Introduction of
Egs. 27, 35, and 36 to Eq. 6 gives

{1 + 700Eg,1/23 — 350Fg,1, j41/ 37
+ ATKYs,1,j(ya1 41+ Ya,1,;)/2}y8,1, i1
= (—8Eg,1/23 — 8F8,1,+1/37)(YB,4,j41 + V8.4, ;)
+ (12Es,1/23 + 18F8,1, 41/ 37)(¥V8,3,j41 + ¥8,3,;)
+ (318Ep,1/23 + 126Fp,1,+1/37)(¥B,2,j41 + VB.2,j)
+ (378Es,1/23 — 486Fs,1,+1/37)(¥8,0,j41 + ¥8,0,;)
+ (1 — 700E8,1/23 + 350Fs,1, j+1)V8,1,; + 2ATKs.
(37)
When 1<3, the equations concerning with species B
are transformed in much the same way as species A.
Equations correspoding to Eqs. 28, 31, and 32 are
given as follows:
1<:<98,
{1 4 20Es,; + 10F5, 11
+ ATKYs,i,j(Yaisr T Yais)/2}V8,i 41
= (—Es,i + FB,i,j+1)(VB,i+3,j41 + VB,i43,j)
+ (4Es,i — 6F,i,j41) (YB,is2, 541 T VB,i42,))
+ (6Es,; + 18F8,i j+1)(V5,i+1,j+1 T VB,is1,j)
+ (11Eg,i — 3FB,i,j+1)(VB,i-1,j+1 + VB,i-1,;)
+ (1 — 20Es,; — 10F3,i,j41)Vs,i,; + 2ATK». (38)
i=98,
{1 + 30Eg,08 + ATK(YB,98,;(Ya,98, j+1
+ Ya.98.;)/2} ¥p,08,j+1
= (—Es,98 — Fp,98,j+1)(¥8,100,j+1 + ¥B,100,;)
+ (16Ep,08 + 8Fp,98,j+1) (V8,9 j+1 + VB,99,5)
+ (16Es,08 — 8Fp,98,j+1)(¥B,97,j41 + ¥8,97,5)
+ (—Es,98 — 3Fp,98,j+1)(V8,9,j+1 T ¥B,96,;)
+ (1 — 30Es,58)5,.,; + 2ATKs. (39)

1=99,
{1 + 20Es,99 — 10FB,99,j+1 + ATK(Y8,99,;(YA,99,j+1
+ Ya09,7)/2}Y8,99,j41
= (11Eg,99 + 3FB,99,+1)(YA,100,j+1 + VB 100,5)
+ (6Ep,99 — 18Fp,99,j+1)(VB,98,j+1 T V5,98, ;)
+ (4EB,99 + 6F3,99,j+1)(Y8,97,j+1 + VB,97,;)
+ (—Esp,59 — Fp,09,j+1)(¥Y8,9,j+1 T V5,9,,)
+ (1 — 20EB,98 + 10FB,99,j+1)Ya,i,j + ATK». (40)
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In the volume element, where CACg2<Kj, is hold,
Eqgs. 5 and 6 are replaced by Egs. 9 and 10,
respectively. By neglecting chemical kinetics terms in
Eqs. 28, 31, 32, 37, 38, 39, and 40, the finite difference
equations are given as follows:
0<:<98,

(1 + 20EA,; + 10F A i, j+1)yA,i, j+1
= (—Eai+ Faijn1)(Yaiss j+1 + Ya,iss, j)
+ (4Ea,i — 6Fai, j+1)(Ya,is2, j+1 + Vaiv2,5)
+ (6Ea,i + 18F i, j+1)(YAi+1, j41 + Va,is1, )
+ (11Ea,i — 3F i, j+1)(YAi-1, j+1 + Va,i-1,j)
+ (1 + 20E4,; + 19F a,i, j+1)Y A, j- (41)

1=98,

—_
—

~+ 30EA,98)Y a,98,j+1

= (—Ea,8 — Fa,,j+1)(Ya,100,j+1 + Ya,100,/)

+ (16En,08 + 8Fa,08,j+1)(Y,99,j41 T Ya,9,5)

+ (16EA,08 — 8F a,08,j41)(Ya,97,j+1 + Ya,07,))

+ (—Ea,98 — 3Fa,98,j+1)(YA,0,j+1 T Ya,06,))

+ (1 — 30EA,98)Ya,08, - (42)

1=99,
(1 + 20E4,99 — 10F a,99,/41) YA, 99, j+1
= (11Ea,00 + 3F4,99,j41)(Y 4, 100,j41 + Y4, 100,;)
+ (6Ea,09 — 18Fa,99,j41)(Ya,98,j+1 + Ya,08,)
+ (4Ea,99 + 6F a,09,j41) (YA, 07,541 + Ya07,)
+ (—Ea9 — Fa99,+41)(Ya06,+1 T Ya,06,;)
+ (1 — 20E 4,98 + 10F A, 99, j+1)Y a,99, ;- (43)
=0,
¥8,0,41 = (18¥8,1,j41 — 9¥p,2,j41 + 2¥p,3,j51)/11.  (44)
=1,
(1 + 700Eg,1/23 — 350FB,1,j+1/37)ys,1,;
= (—8Eg,1/23 — 8F8,1,+1/37)(VB,4,j+1 + YB,4,5)
+ (12Eg,1/23 + 18Fg,1,j+1/37)(¥8,3,j+1 + ¥8,3,)
+ (318Ep,1/23 + 126F8,1, j+1/37)(¥Vs,2.j+1 + V8,2,5)
+ (378Epg,1/23 — 486Fs,1, j+1/37)(¥8,0,j+1 T ¥B,0,5)
+ (1 — 700Eg,1/23 + 350Fs,1,j+1)YB,1,;. (45)

1<:<98,
(1 + 20Es,; + 10Fs,i, j+1)YB,i, j+1
= (—Esp,;i+ Fg,i, j+1)(YB,i+3, j+1 T YB,i+3,j)
+ (4Es,i — 6FB,i, j+1)(YB.is2, j+1 T VB,i+2,))
+ (6Ep,; + 18Fs,i, j+1)(VB,is1, j+1 + VB,i+1,)
+ (11Eg,; — 3Fs,i, j+1)(VB,i-1, j+1 + YB,i-1,;)
+ (1 — 20Eg,; — 10FB,i, j+1)Yy8,i,;- (46)

1=98,
(1 + 30EB,98)Y 5,98, j+1
= (—Eg,98 — Fp,08,j+1)(¥8,100,j+1 T ¥B,100,j)
+ (16Ep,98 + 8FB,98,j+1)(¥B,99,j+1 T VB,99,5)
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+ (16Ep,98 — 8FB,98,j+1) (V8,97 j+1 + ¥B,97.j)
+ (—Es,s8 — 3FB,98,j+1)(YB,9,j+1 1 V8,%.))
+ (1 — 30Es,9)Y8,98,). (47)

1=99,
(1 + 20Ep,99 — 10F 5,99, j+1)¥ 3,99, j+1
= (11Eg,99 + 3F8,99,j+1)(Y8,100,j+1 + ¥B,100,;)
+ (6Ep,99 — 18FB,99,j+1)(¥p,08,/+1 + ¥B,98,;)
+ (4Es,9 + 6Fp,09,j41)(YB,07,j+1 + ¥B,97,5)
+ (—Eg,99 — Fp,99,j+1)(YB,96,j+1 + V5,9, ;)
+ (1 — 20Eg,98 + 10F B89, j+1)Y A,99, - (48)

In the above, the value of ya,+: is calculated by Egs.
28, 31, 32, and 41—43, and the value of ys,+1 by Egs.
34, 37—40, and 45—48.

Equation 7 concerning species C contains a fluid
flow term resulted from the growth of the mercury
drop, but no diffusion term. The surface of electrode
drop moves outward with time, and the solution
around the drop flows from the outer regions to the
surface of electrode. Hence concentrations at outer
nodes control future concentrations at inner nodes.
By this reason it is vital to use the backward space
difference method for reformulation of the equation.
This is contrary to other equations which contain
diffusion terms. In diffusion, concentrations of both
the inner and outer nodes are important factors
determining their future concentrations. Hence, all
the forward, centered, and backward space difference
methods can be used for reformulation of an equation
containing both the fluid flow and diffusion terms. In
this paper, backward space difference method is used
as shown in reformulation of Egs. 5 and 6.

For transformation of Eq. 7 to difference equation,
the derivatives are rewritten as shown below.

In the case that =1, the derivative corresponding to
dCc/dr is expressed as

ayc(s1, Tjs) 1

— )= Y {(-3yc_5'j+1 + 16yc,4, 41

— 36yc,3,j+1 T 48yc,2,j+1 — 25yc,1,j41) + (— 3yc,5,j41
+ 16yc,4,j+1 — 36yc,3,j41 + 48yc,2,je1 — 25yc,1,j+1)} ,
(49)

with the concentrations at the nodes (1,7), (2,7), (3.7),
4.7, (5,1), (1,7+1), (2,j+1), (3,5+1), (4,5+1), and (5,5+1).
When 1<i<98, the derivative is expressed as
dyc(si, Tjs1) _ 1
as 24 As
+ 18yc,is1,js1 — 10yc,ij+1 — 3yc,i-1, j+1)
+ (—=yc,i+a,j — 6yc,ivz,j T 18ycisr,; — 10yc,i;
- 3'yc,i-1j)} , (50)

{ (yc,i+3,j+1 — 6Yc,i+2,j+1

with the concentrations at the nodes (i—1,7), (,j),
(#+L5), (142,9), (i43,5), (i—l,5+1), (i,5+1), (i+1,5+1),
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(i+2,5+1), and (¢+3,5+1).

When a point has : of 98, the outer nodes are those
with 7 of 99 and 100. Therefore, application of the
backward space difference method is impossible. The
point is well distant from the electrode surface and the
moment of the surface does not cause any significant
effect. By this reason, the centered space difference
method was used for transformation. The derivative is
expressed with the concentrations at the nodes (96,j),
(97.7), (98,), (99,7), (100,7), (96,5+1), (97,5+1), (98,7+1),
(99,7+1), and (100,5+1).

dyc(ses, Tjm) 1
as T 244As
— 8yc,07,j41 t yc.96,j41) T (—Yc,100,; + 8yc,99,;
— 8ycer,; + yeses)}- (51)
For the point that =99, the only outer node is one
with ¢ of 100. Therefore, application of both the
centered and backward space difference methods are
impossible. The forward space difference method was
used for this purpose. The derivative is expressed with
the concentrations at the nodes (96,5), (97,7), (98.7),
(99,7), (100,j), (96,5+1), (97,5+1), (98,5+1), (99,5+1), and
(100,5+1).

dyc(ses, Tj+1)
( as = 24 As
— 18yc,98,j+1 + 6yc,97,j41 — Yc.96,5) + (3yc100,5
+ 10yc,00,; — 18yc,e8,; + 6yc,on,; — yc.96,5)} -
(52)
Introducing Eqs. 49—52 into Eq. 7, we have the

following equations:
=1,

{ (—yc,100,j41 + 8yc,99,j+1

{ (3yc,100,j+1 + 10yc,99, j+1

(1 + 25Pc1,j+1)¥c 1,41 = Pc,1,i01{(—3yc,5,41 + 16yc,4,j51
— 36yc,3,j+1 + 48yc2,+1) + (—3ycs,; + 16yc4,;
— 36yc,s,; T 48yc2; — 25yc1,)} t yeu,
+ ATK:ys1,j41Y8,1,; (YA 1,41 T Ya,1,;)/ 2 — ATK».
(53)
1<:i<98,

(1 + 10Pc,;, j+1)¥c,i,j+1 = Pc,i,j+1{(yc,i+3,j+1 — 6yc it j+1
+ 18yc,i+1,j+1 — 3yci-1,541) + (Vc,i+3; — 6yc,iv2,j
+ 18yci+1,; — 10ycij — 3yc,i-1,5)} + yc,ij
+ ATK:ys,i,j+1Y8,ii(Yaiq+1 T Yaij)/ 2 — ATKs.
(54)
1=98,
yc,98 j+1 = Pcos j+1{(—Yc,100,j+1 T 8yc,99,/+1
— 8yc97.j+1 + yc96,+1) + (—Yc,100,; + 8yc,09,j
— 8yc97,; T yc96.)} + vcs,j
+ ATK:yB,9s,j+198,98,j(VA,98,j+1 T Va,08,;)/ 2 — ATKp.
(55)
=99,

(1 — 10Pc,g9,j+1)Yc,99,j+1 = Pc,99, j+1{(3yc 100, j+1
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— 18yc,98,j+1 + 6yc,97,j+1 — Yc,9,/+1)

+ (3yc,100,; + 10yc,99,; — 18yc,98,; + 6yc,97,j

— yc,965)} + yco9,; + ATKiyg, 99,j+1Y8,99,; (Y A,99,j+1

+ Ya09,;)/2 — ATKs. (56)
ATH (1 — si)2Ujsaxi(xi + 2aj.1/L)

Pcijn1= . 5
Cht 24As(x; + ajs1/L)? (57)

The value of yc,j+1 is calculated with the aid of Egs.
53—56.

The numerical computation described in the
present method was programmed with the Gauss-
Seidel method and the successive over relaxation
method by using FORTRAN.

Converged values at JAT are usually used as initial
values for computation of values at (j+1)AT. This
practice was successful when the concentration of
chloride ions was lower than 1X10-4 mol dm-3, where
the difference between concentrations of mercury(I)
and chloride ions was moderate. It produced,
however, tremendous increase in the number of
repetitions when the difference between concentra-
tions of mercury(I) and chloride ions became large. It
was nearly prohibitive. Therefore a new procedure
was used instead of the practice described above. It
was by use of estimated values at (j+1)AT as initial
values for computation. The values at (j+1)AT are
estimated roughly with the assumption that the
converged values at (j+1)AT are situated on the
extension of the line connecting two points, ya,ij—1 and
ya,; The initial values at (j+1)AT are estimated with
the following equations:

Ya,i j#1 = R(Yaij — Yaij-1) T Y, (58)

where R is a constant ranging from 0.1 to 1.01.

Up to this point, consideration is confined solely to
the current corresponding to the observed current.
The residual current should be considered next.
Because the residual current is the current in the
absence of the chloride ion, the differential equation
to be used for calculation of the residue current is Eq.
9, of which difference equation forms are Eqgs. 41 —43.
Initial condition is

Ca=0(t=0, r>a). (59)
Boundary conditions are

Ca=Cao(t>0, r=a), (60)

Ca=0(t>0, r=o). (61)

The instantaneous anodic current in the absence of
chloride ions, i, is given by

ir = 2FDAS(aCA/aT)r=a. (62)

Kolthoff and Miller corrected the observed current for
residual current by

e =1 —ir. (63)
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The corrected current, i. is the current mainly caused
by precipitation reaction.

Results and Discussion

Any numerical method should be established by
comparison of calculated results with observed data.
The validity of the present method was examined
under various experimental conditions. The anodic
wave of mercury was measured in the presence of
chloride ions of various concentrations.

The value of diffusion coefficient of mercury(I) ions
for numerical computations was chosen so as to
minimize difference between calculated and observed
current.?  This procedure produces a value of
0.847X10-%5 cm2s~1. The value of diffusion coefficient
of chloride ions used is 2.03X10-5 cm2s-1.9

Figure 2 shows the plots of log(is—i) vs. E
constructed with observed data, where currents were
measured at the end of life of mercury drop. The plots
give straight lines. The slope of these lines ranges
from —45 to —52mV/unit. Experimental values of
the reciprocal slope do not agree with Eq. 1. The
half-wave potential shifts to anodic direction with
increase of ionic strength. This shift is explained as
follows: The concentration constant of the solubility
product increases with ionic strength, because activity
coefficients of ions decrease with ionic strength within
the limit of the experimental conditions. The shift of
half-wave potential is anodic direction as shown in
Eq. 1. The value of anodic current corrected for
residual current was proportional to the concentration
of chloride ions.

1.0 T

log (ly=ic) /4A)

030
E/V vs. SCE

025 035

Fig. 2. Effect of ionic strength on the anodic wave in
the solution of 0.5X10 ~3 mol dm~3 KCI and 0.005%
gelatin. Value of ionic strength: O, 0.05 M; A,0.1 M;
0, 0.2 M. The ionic strength is adjusted with potas-
sium nitrate.
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Figure 3 shows the effect of concentration of ethanol
added to the electrolyte. The concentration of ethanol
does not influence on the value of reciprocal slope.
However, the half-wave potential of anodic wave shifts
to more negative by 52mV with increase in the
concentration of ethanol from 0 to 40 vol%, because
the solubility product of mercury(I) chloride decrease
with increase of ethanol concentration. The plots of
log(ia—1t:) vs. E produce straight lines with slopes
ranging from —45 to —52 mV/unit.

Computation of the anodic current by the method
described in Theory was successful when the
concentration of chloride ions was within the range of
10-5 to 3X10~4 mol dm—3. Values of parameters used
are as follows: The value of L ranges from 10-5 to
10-2cm and 4T from 4.27X10-7 to 2.18X10-4s. The
rate constant of precipitate particle formation was
chosen as the value of CaCg? in each volume element
does not exceed the solubility product by as much as
10%. The computation failed, however, when the
concentration of chloride ions was over 3X10-4 mol
dm-3. The reason of failure is as follows: The anodic
wave caused by precipitation appears at the electrode
potential ranging from 0.25 to 0.30 V vs. SCE. The
concentration of mercury(I) ions in contact with
mercury electrode at 0.30 V vs. SCE is 2.1X10-2 mol
dm=3, which is far lower than that of chloride ions.
Remarkable imbalance between concentrations of
mercury(I) and chloride ions prevents successful
computation, even if it is performed with double
precision.

1.0 T

log {(i3=1; )/pA}

-20 .
0.2 0.3 0.4

E/V vs. SCE

Fig. 3. Effect of the concentration of ethyl alcohol
on the anodic wave in the solution containing
0.5X1073 mol dm=3 KCI, 0.05 mol dm—3 KNQs, and
0.005% gelatin. Concentration of ethyl alcohol: O,
0vol%; A, 20 vol%; O, 40 vol%. Filled symbols indi-
cate the half-wave potentials.
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Figure 4 shows the plots of log(ia—ic) vs. E
constructed with calculated and observed data. The
calculated data are consistent with the observed ones
in the case that the concentration of chloride ions is
1’X10-4 and 3X10—4 mol dm-3.

Figure 5 shows the plot of the corrected limiting
currents, 2, vs. concentration of chloride ions. The
current is proportional to the concentration. The
points corresponding to calculated and observed
limiting currents are on a straight line. The plot of
observed half-wave potential against the logarithm of
concentration of chloride ions produces another

1.0 T

tog iy = ic) /pA)

-2.0 .
02 03 04

E/V vs, SCE

Fig. 4. Plots of E against log (4—i) in the solution of
pH 1.93 containing 0.005% gelatin. Concentration of
chloride (X10~8 mol dm—3): (observed) O, 0.1; A, 0.2;

0, 0.3; (computed), ——, 0.1; ——, 0.2; —, 0.3.
04 T 2
[W7]
[&] —
%) <
. RS
2 10 \b
> =
N E
N
W
02 ! -2
-5.0 -4.0 -30

log((C!] / mol dm™3)

Fig. 5. Effectof chlorideionson the half-wave poten-
tial and the limiting current in the solution of pH
1.93 containing 0.01% gelatin. @, half-wave potential
computed; O, half-wave potential observed; A, limit-
ing current computed; A, limiting current observed.
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straight line. The value of slope of the straight line is
—59 mV/unit, and this value agrees with the theoret-
ical value given by Eq. 1. The calculated half-wave
potential values are on this line. It indicates that the
present method of the calculation reflects the
phenomena going on in the vicinity of dropping
mercury electrode. The value of the solubility product
was chosen for the computed points to be on straight
lines. A chosen value of solubility product of
mercury(I) chloride is 2.0X10-17 mol3dm-9.  After
making activity correction, the value of the activity
product is given as 4.04X10-18 mol® dm-?. This value
is about three times as large as ones given in a
standard literature.¥ It shows that the solubility of
fresh precipitate, whose age is within the life of

log (Ksp/ mol® am ®)

-18 -15 -12
O T T
-20 4
>
13
} -40} e/'/././‘—_‘_
5
X7)
60} -
_80 1
025 035 045

E, >/ V vs. SCE

Fig. 6. Relation between the half-wave potential and
the slope of logarithmic plot by the numerical
method. pH 1.93 and 10~* mol dm~2 sodium chlo-
ride. O, observed; ®, computed.

1.0

[Hg22+]/(H322+]0

o i
o] 5 10
(r-a),/10%cm
Fig. 7. Computed distance-concentration curves of

mercury(I) ions at about the half-wave potential in
the solution of 104 mol dm=3 chloride ions. The
value of log (Ksp): a solid line, —16.7; a dotted line,
—11.7. The inset shows a graph with an enlarged
abscissa.
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electrode mercury drop, is larger than that of more
aged precipitate.

Figure 6 shows the relation among the value of
solubility product, the slope of logarithmic plot, and
the half-wave potential of numerically-constructed
polarograms. The concentration of chloride ions was
kept at 104 mol dm=3. The value of slope is almost
constant when the half-wave potential is more
positive than 0.40 V, whereas the slope decreases to
approach to —59mV/unit when the half-wave
potential becomes more negative than 0.40 V vs. SCE.

Figure 7 shows numerically constructed concentra-
tion-distance curves of mercury(I) ions at about the
half-wave potential. The concentration of mercury(I)
ions at the surface of electrode is 5X10-4 mol dm-3
when a value of 2X10-12 mol8 dm-? is used for K;,, and
is 5X10-°moldm-3 when a value of 2X10-1" mol3
dm? is used. The concentration of chloride ions is
identical in the above two cases. It is found that the
concentration-distance curve is divided into two parts.
The interior and exterior curves correspond to the
regions with and without mercury(I) chloride pre-
cipitate particles, respectively. The precipitation
reaction proceeds in the interior region, but does not
in the exterior one. It is found that the position of
boundary between two regions approaches to the
surface of electrode with decrease of K. It indicates
that the thickness of layer, in which the precipitation
reaction proceeds, becomes small with decrease of K.
At the limit, it produces the concentration-distance
curve of chloride ions by Kolthoff and Miller, who
assumed that the precipitation reaction proceeds only
at the surface of electrode. Therefore the value of
slope becomes —59 mV/unit with the decrease of K;,
shown in Fig. 6.

Experimental

The chemicals used were of reagent grade. The
concentration of chloride ion in stock solutions was
calculated from amounts of sodium chloride or potassium
chloride dissolved. The salts were dried at 110—120°C for
2h. Oxygen in test solutions were expelled by bubbling
pure nitrogen for 50 min. The current of the anodic wave
was measured just before the detachment of mercury drop.
Measurements were carried out using a Hokuto Denko
Model HA 104 Potentio-Galvanostat with three electrodes
arrangement at 25 °C.

The dropping mercury electrode had the following
characteristics (in 0.1 mol dm=2 sodium perchlorate at zero
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applied potential vs. SCE and at a mercury head of 80.0 cm):
The flow rate of mercury (m), 2.08 mg s™; the drop time (t),
3.20 s; the capillary constant (m?3¢1%8), 1.978 mg2?3 s—112,

The numerical method described in the present paper was
performed by an IBM 4361-L03 computer in Shiga
Prefectural Junior College.

Conclusion

The anodic wave of mercury in the presence of
chloride ions was studied by a new numerical method.
The boundary condition, (8Cg/87)=—0, was used for
computation, because chloride ions do not participate
in the charge transfer at the electrode. The differential
equation for precipitate particles was transformed to
the difference equation with the backward space
difference method which was chosen to reflect the
relative motion of the solution around the electrode
mercury drop. It was found that the transformation
with the backward space difference method was vital
for successful computation.

The results of numerical method indicate that the
relations between the concentration of chloride ions
and the half-wave potential, and those between the
concentration of chloride ions and the limiting
current corrected for residual current are in fair
agreement with an equation derived by Kolthoff and
Miller. However, the computed value of reciprocal
slope of straight lines obtained by plotting log (ia—i.)
against E does not agree with their theory but fairly
agrees with observed data. Reason of this seems that
the rate of production of mercury(I) ions is controlled
both by the diffusion of chloride ions and by the
potential of mercury electrode.
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