 DETERMINATION OF THE CHARGE OF REACTING

PARTICLES IN THE PRESENCE OF CHEMICAL
EQUILIBRIA IN THE VOLUME OF THE SOLUTION

;
i

O. A, Petrii and B. B, Damaskin UDC 541.13

The method proposed by Frumkin and his co-workers for the determination of the charge of
a reacting particle in the presence of ¥, effects was extended to electrode processes con-
trolled by an electron transfer stage and complicated by the formation of ion pairs or by
complex-forming reactions in the volume of the solution. : :

In papers by Frumkin and his co-workers (1, 2] a method was proposed for determination of the charge ;
of a reacting particle from the dependence of the electrochemical reduction rate on the electrode potential
and the concentration of the supporting electrolyte in the presence of ¥, effects. In the light of certain rew ¢
experimental data [3-6] it seemed of interest to discuss the possibilities of this method under conditions
where ion pairs are formed between the reacting anion and the cations of the supporting electrolyte or
where complex~forming reactions occur with the anions of the supporting electrolyte. From the qualitative
standpoint the complications arising in the latter case were examined briefly in [1, 2].

As in [1, 2], we will compare the rates of addition of electrons to the particles being reduced in two
systems (I and II) satisfying the following conditions.

1. The adsorption of the anions of the supporting electrolyte I'y and the adsorption of the reacting
particles are small compared with the adsorption of the cations; [T Al lI‘CI , and the cations are surface-
inactive,

2. On passing from system I to system II the equation ¢ — (RT/nF) Inc = const is satisfied, where ¢
is the difference in the metal/ electrolyte potentials, n is the charge, and ¢ is the concentration of the sup-
porting electrolyte cations.

In addition, we will assume that there is no retardation of the chemical stages in the transformation
of one form of the reacting substance to another in the investigated processes. This condition is satisfied
when the rate of the discharge stage is small compared with the rate of the corresponding chemical stage,
Finally, we will assume that the field of the double layer does not have an effect on the equilibrium constant,

Let us first consider the case of the formation of ion pairs in the volume of the solution. et us sup-

pose that the anion A% with charge z forms ion pairs with the supporting electrolyte cations C* in the vol-
ume of the solution according to the equation

AI+C+== CAI+1’ (1)

a.nd that the A% anzions andzgxe cAZH particles then both take part in the electrochemical reduction reac-
tion. The sum [AZ] + [CAZH] remains constant with variation in the concentration of the salt CA in the solu-

tion. Therefore, denoting [AZ] + [CAZH] by Co and the concentrations [CAZ*] and [A%] by ¢, and c,, respec-
tively, we obtain _ : - _

(= e
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ctK’ ' @
where K = cc,/ ¢y is the equilibrium constant, ' '

If the condition ¢ = (RT/F) Inc = const, which approximately corresponds to ¢ — ¥x = const, is
satisfied, the current 1 passing in the circuit is equal to:

) +1
t=kc, exp[—_%}‘-] + ke, exp[—%‘{ =
,_CoC (z+1)p.F Ke, 2p.F
=k - : _z
CH K exp[ RT ]H“ +K °xP[ RT ] (4)

where ¥y is the potential at distance x from the interface (read from a point in the depth of the solution);
k', ky, ky', and k, are constants (formal reaction rate constants). As was shown in [1, 2],

= = const +I:TTln ¢ ‘ (5)
v ' ,
and, therefore,
o 2 BT e R (€
Ye+K etk M c+K ‘
and ,
. 6lgt) A ¢ ’

o-— nc),c, . . S L

This equation differs from that obtained in [1, 2] by the presence of the second term on the right side. With
sufficiently small ¢ and large K values this term can be neglected, and we arrive at the previously derived -
equation [1, 2]. T AR

It is easy to show that n* is equal in absolute value to the average charge of the particies being re--
duced in the solution. S L S I A

Equation (7) also holds in those cases where only the AZ particles or only the C particles are
subject to reduction, Thus, in the case of the formation of ion pairs between the investigated anion AZ and
the supporting electrolyte cations, the magnitude of n* for fairly large negative surface charges is deter- E
mined by the average charge of the. particles in the volume of the solution, irrespective of the nature of the
reacting particle. . ' B o

Az-H

For aqueous solutions of alkali-metal persulfates the second term on the right side of Eq. (7) can be
evaluated approximately by using the dissociation constants for NasO; and KSOj, which amount to 0.19 and
0.11, respectively [7]. With supporting electrolyte concentrations in the order of 1072 M this term can
amount to about 0.05 in the case of Nat and about 0.08 in the case of K*. These values are evidently rather
high, since the dissociation constants for NaS,0f and KS,Of should in all probability be greater than those
for NaSOj and KSO;. In practice [1,2] the n* values in the reduction of persulfate amount on the average
t0 1,78 in the LiCl + NaCl supporting electrolyte, 1.85 in NaF, 1.90 in KCl, and 1.93 in CsCl. Thus, the ob-
served departures of n* from 2 and their dependence on the nature of the supporting electrolyte cation can-
not be explained by the formation of ion pairs in the volume of the solution. As supposed in [1,2], these de-
viations are due to the fact that the condition II‘cl »|r A' is not satisfied sufficiently rigorously in the in-
vestigated range of surface charges. ' ' ) ‘

In order to extend Eq. (7) to surface charges where the condition Ircl > Ir sl breaks down, it is -
necessary to use the equation of the diffuse layer theory for the potential of the outer Helmholtz plane Y=~

= ’po:

S )
, o ' P (uyc‘) . (8
where € is the surface charge and A 'is a constant [81. Using 'this equation in place of Eq. (5), fqr the d.is-v .
charge of a doubly charged anion in the presence of equilibrium (1) we obtain: '

Yo =
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Fig. 1 ' Fig, 2
Fig.1. Dependence of the electrochemical reduction rate and n* values on the concentration of the salt
with constant surface charge under conditions where ion pairs are formed. The solid curves represent
calculation according to Eqs. (6) and (7) for z =—2, K =10~3 (1, 1) and K = 3 - 10" (2, 2'). The dashed
lires represent straight lines with gradients 1.1 and 1,45, The location of curves 1 and 2 and also the
Alogi, loge curves in all the subsequent figures on the ordinate axis was selected arbitrarily.

Fig. 2. Dependence of the electrochemical reduction rate and n* values on the concentration of the salt
. with constant surface charge, calculated by means of Egs. (13) and (14) with K =1.7 102 and » = 10
(1, 14,12, 2", 0.1 (3, 3'), and 0.01 (4, 4"),

n.,,(_a_“i)..h__i___i_, )

dlge Yédlc+er  c+K
and for the discharge of a singly charged anion '

e ¢

algi
TG T 0
dlgel , . Vidic+e?  c+K

‘The first term on the right side of Eq. (9) amounts to 1,85 when € ==5 uC/cm? and ¢ = 0.03 and 1.96 when
€ =—-10and ¢c = 0,01. During the discharge of a singly charged anion the sum of the first two terms on the
right side of Eq. (10) is equal to 1.93 when & = —5 uC/cm? and ¢ = 0,03 and 1.98 when € = ~10 and ¢ = -

=0.001. Thus, the breakdown of the condition ICcl > Iral is reflected significantly in the n* value when
lel< 10 uC fem? and e > 0.03 M, : ' o ; T

In addition, it is necessary to take account of the fact that with breakdown of the condition Ircl > Iral
the conditions ¢ — (RT/F)Inc = const and € = const are not identical and, consequently, n* #
algi dlgi g o T , R
(——a e ). = (‘*—‘7 ge )'_*- To detgrmine the error due to the difference in these quantities it is possible to

use the general equations

(5),(2),(2).(2), ma(2) - (2). (2)..

whglre u=logl;x=loge;y = ¢ ~¢,;and z = ¢ ~ (RT/F)Inc. As a result of algebraic rearrangements
wi .allowance for the equation of the theory of retarded discharge, in the case of the electrochemical re-
duction of the doubly charged anion we finally obtain; B PR ' LTy
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logi, pA/cm 6

n.=(81gt) L % . _¢
51?5(, BT o),e VATt O e+ K~

] —-—F-lnc
2RT 1 e
- [“_(2‘*'“)0'7 ) V4Aze+aa] [1 + 'VéA’c-}-e’]' (11)

where « is the transfer coefficient and C is the differ-
ential capacitance of the double layer. When ¢ = =5
uC/em? and ¢ = 0,03 the last term amounts to only
about 0,005 and can be practically neglected,

=7 = 2 ) Thus, the calculations show that the conditions

¢ —(RT/F)Inc =const and € =const or ¢ — ¥, =
Fig. 3. Experimental dependences of the elec- = const practically coincide for comparatively small
trochemical reduction rate of 10”3 N K,PtCl, negative surface charges, and consequently the differ-
on the concentration of KC1 (1-3) and CsCl (4,5) ence in n* from 2 during the discharge of the persul-
at a dropping mercury electrode with ¢ — RT/ fate anionis largely due to breakdown of the conditions
F)Inc = const, The logi values in solutions ITcl>»Iral. -

with the lowest concentrations of potassium and
cesium chlorides were recorded at ¢ =-1.1
(1,4), -1.2 (2,5), and -1.3 (3) V (sc.e.). The
dashed lines represent straight lines with gradi-
ents 1 and 2, -

The aqueous solutions of potassium ferricyanide
the dissociation constant of KFe(CN)Z™ is 0.064 [7].
When ¢ = 0.003 the second term in Eq. (7) amounts to
only about 0.04. Thus, in the reduction of ferricyan-
ide in aqueous solutions the n* values should be close
to 3, and this is observed in practice [1,2].

According to [4], during the reduction of persulfate anjons in ethylene glycol the n* values are equal
to about 1.1 in NaClO, and KC1 supporting electrolyte and about 1.45 in CsCl. This result can only be ex-
plained in terms of the formation of ion pairs in the volume of the solution., Using Eq. (7) we come to the
conclusion that the dissociation constant of the ion pairs NaS,Of and KS,0; in ethylere glycol must amount
to about 10~2 and the dissociation constant of CsS,0Of to about 3 - 10~3, The dependence of n* and Alogi on
log ¢ calculated by means of Egs. (6) and (7) for these K values is shown in Fig. 1. With increase in the
concentration of the supporting electrolyte the "charge" of the reacting particle changes from —2 to -1,
Thus, the dependence of log i on logc is nonlinear. However, the departures from linearity in the range of .
supporting electrolyte concentrations investigated in [4] are relatively small, and the experimental data can
to a first approximation be represented by straight lines with gradients 1.1 and 1.45 (the dashed lines in
Fig.1). Consequently, with sufficiently well-defined formation of fon pairs their dissociation constants can
evidently be evaluated from the dependence of the electrochemical reduction rate on the supporting elec-
trolyte concentration according to Eq. (7). It would be interesting to check this conclusion by independent
determinations of the dissociation constants for NaS,Oy and Csszo;,' in ethylene glycol. '

Let us now consider processes of electrochemical reduction of anions complicated by complexing re-
actions. Such electrode processes have been analyzed in a fair amount of detail in the literature but in the
absence of ¥, effects (for a review see [9]). The relations between the electrochemical reduction rate and
the electrolyte concentration observed in the presence of ¥, effects can be conveniently discussed for the
specific processes of reduction of K,PtCl, and KyCo(C,0,);, which were investigated experimentally in [2,3].

"In aqueous solutions of K,PtCl, the following equilibrium is established: A
| PtCli—+H,0==PtCLH,0-+Cl- ; o S 9

with K = [PtCl,H,07](C17)/ [PtC1{"] =1.7 - 1072 [10]. If it is assumed that the PtC1]~ and PtCLH,0" anions
are subject to discharge at the same time, for the reaction rate with alkali metal chlorides as supportipg
electrolyte and with ¢ — (RT/F)lnc = const we obtain the following equation:

' o0 F\ . Kee | :
ke poLo-Tonp () th ROl (T ) h gty @
from which ' : o | | |
K, 2 o |
=t Tte (19
=k T Kt S 14
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Fig. 4. Dependence of electrochemical re-
duction rate and n* values on the concen-
tration of the salt with constant surface
charge, calculated by means of Egs. (18)
and (19) with K =107% and » =1 (1, 1), 10
(2, 2'), 100 (3, 3"), and = (4, 4'),

Ay

- obge

Fig.s. Dependence of the electrochemical

reduction rate and n* values on the con-
centration of the salt with constant surface
charge, calculated by means of Eqgs. (18)
and (19) withK =1,75 « 105 and 5 =1

(1, 1Y, 10 (2, 2'), 100 (3, 31), and = (4, 4),
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~charged ions with a lower rate constant,

- For simultaneous reduction of Co(C204)§'f and C'o(‘CZO4)z- ~

where ¢, is the total concentration of PtCI3~ ang PtCLY,0
in the solution, and % =k, / k, is the ratio of the reduction
rate constants of the singly and doubly charged aniong,

g TR o e

The dependences of the reaction rate and p» Vaiues
on the concentration of the alkali-metal chloride, cajey-
lated by means of Eqs. (13) and (14) with K = 1.7 - 197 ad
with various » values, are shown in Fig, 2, Ag expecteq ||
with low chloride concentrations the slope of the relation. £
between logi and logc is equal to unity, and with an exces;
of chloride it becomes equal to 2. With intermedjate
chloride concentrations the dependence of the reaction rate
on ¢ is lower than observed in the discharge of singly
charged anions, although by stipulation the singly and
doubly charged anions discharge at the same time, Thig
effect is more clearly expressed the greater the ki/k,
ratio and is due to the transition from preferential dis-
charge of singly charged anions to discharge of doubly

The experimental data obtained during reduction of
K,PtCl, in potassium chloride and cesium chloride are '
given in Fig. 3. In potassium chloride the slope of the {n- - ¥
tial section of the curves is in fact less than unity, During
comparison of the curves in Figs, 2 and 3 it can clearly be
concluded that with potassium chloride as supporting dec-
trolyte ki /k, ~ 10. Thus, in order to explain the depen-
dence of therate of reduction of K,PtCl, in potassium
chloride supporting electrolyte on the concentration of the
salt there is no need to presuppose participation of un-
charged PtCl,(H,0), particles [2], Moreover, according
to the constant for the formation of PtCl,(H,0), [10], the
concentration of this complex even in the presence of 10
N potassium chloride is too small for it to be able to make
a significant contribution to the observed currents. The
dependence of the reduction rate on the cesium chloride
concentration can be explained if it is supposed that in this
case k;/k, < 1. The rate constant for the discharge of the
doubly charged anion becomes greater than the constant
for the singly charged anion as a result, probably, of spe-
cific adsorption of the Cs* cation on the mercury and the -
more clearly defined formation of ion pairs between thess
cations and the PtCI3" ions compared with PtCLH,0™
(within the limits of the double layer [11]).

Study of the electrochemical reduction of Co(C,0p)}
[3] led to the conclusion that it is necessary to take ac-
count of the following equilibrium: '

Co(C:0.)*~=Co(C,0)~+G:O.  + (13)

in X,C,0, with ¢ — (RT/F)Inc = const we obtain; -~

RT
- kz'CoC
2K¢

=k [Co (.Cv;OI:‘).z;].ex'p ( v )+ b (G0 (G0 Texp (E}}i)

[2Kx+c'], s ne
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from which

= 2K 3¢
2K+e Knte' 4D

where K is the constant of the equilibrium (15) and ¢, is
the total concentration of Co(C,0,)3" and Co(C,0,); in the
solution, According to Eq. (17), the n* value should change
from 1 at small concentrations to 3 at large concentrations
of K,C,0,, and with average concentrations of K,C,0, the
small n* value may be less than unity (depending on the B
value of %). ’

In practice the n* value in K,C,0, supporting elec-
trolyte is cloSe to 2 [3], Such a value can be obtained from
Eq. (17 for ¢ = 0.01, if K is of the order of 10 °-1077, ’
There are no published K values for the oxalate complex
- 1 of trivalent cobalt, and this makes it impossible to check

~J 2 - v e the validity of the obtained conclusion. It must only be
mentioned that the K value given above does not contradict
the results from investigation of the dependence of the re-
duction rate of the cobalt oxalate complexes in potassium ..
chloride supporting electrolytes onc, according to which

Fig. 6. Dependence of electrochemical re-
duction rate and n* values on the concen-
tration of the salt with constant surface
charge, calculated by means of Egs. (20) and
(21) with K =1,2 * 1072 and v =10 (1, 1",

100 (2, 2'), and = (3, 3). able with the discharge rate, This fact can be reflected
significantly in the interpretation of experimental data [3]
on the electrochemical reduction of Co(C,0,)3" anions.

In conclusion, let us consider the hydrogen evolution reaction in solutions of relatlvely weak acids on

the assumption of simultaneous slow discharge of H;,O+ ions and undissociated molecules of the amd HA or .

anions HA™ (in the case of a dlbasm acid) in CA or C,A supporting electrolytes. '

For simultaneous d1scharg'e of H:,O"' and HA in CA supportmg electrolytes w1th (p (RT/ F) lnc = const '

it is possible to write:

i=k.’[H,O*]exp(—-%§)+k,’[HA]— K::’ (-—x-i- ) o -

from which
o Kn—ct T S
TN Khe  Kwte ' A R a9

where c0 is the total concentration of H;O" and HA, K = [I-130+] [A"']/ [HA] is the constant of the equlhbrmm
H,O* + A= = HA +H,0, and n =k /k, is the ratio of the rate constants for the reduction of H;O* and HA..

For simultaneous discharge of H;O* and HA- in C,A supporting electrolytes with qo (RT/ F)lnc =
= const we obtain:

i=k,’ [H30+]exp (——;%If-) + k, [HA"]exp ( Z‘II," ) I;;:fc (—zﬁx;!'c’.) ) (20)
o | .
e ¢ 2(Kx—c*) ’ (21)

2K+¢ 2Kn+c?

11In fact, when K = 1077 the equilibrium concentrations of Co(C,0,)3" and Co(C,0); in 1073 K3C0(C,0,)3
solution are about 0.99 - 107% and about 10~%, respectively. If it is assumed that these concentratsions re-
main constant with the addition of potassium chloride, when ¢ = (RT/F)Inc =const, i =k;' +107° - ¢ +
+ky' +107% + ¢, and n* =1 +2¢2/(0.01n + ¢?), Since, evidently, » > 1, then n* =~ 1 when ¢ is of the order

of 10'2

27

n* =~ 1.1 {3].t Nevertheless, with such a low K the dis-:
sociation rate of the Co(C,0,)3~ complex can be compar-

;
!
i
¢




where c, is the total concentration of H;0% and HA™, K = [H,0*][A?"]/ [HA™] is the constant of the equilib-
rium H;O* + A2~ =HA™ + H,0, and x is the ratio of the rate constant for the reduction of H30* and HA-,

The results from calculation by means of Eqs. (18) and (19) for K =107% and K = 1.75 - 10”5 are given
in Figs. 4 and 5. The n* values vary from —1 for infinitely small ¢ values to zero for large ¢ values, reach.
ing values less than -1 in between, The latter corresponds to decrease in the concentration of H,0% fong
with increase in the supporting electrolyte concentration. Since the k; values can be obtained by studying the
discharge of hydrogen ions in solutions of a strong acid (e.g., HCI), with a knowledge of K and the experi-

‘ mental dependence of logi on logc it is possible then to obtain k,, i.e., to evaluate the contribution from un-

: dissociated molecules of the acid to the overall process. The K values used in the calculation examineq
above correspond to the equilibria HyO" + F~ == HF + H,0 and H;0* + CH;C00™ = CH,;COOH + H,0. Equa-
tions (18) and (19) may prove useful in the experimental investigation of these systems,

The results from calculation by means of Egs. (20) and (21) for K =1.2 + 1072, which corresponds to
the equilibrium H30+ + SO}' = HSO; + H,0, are shown in Fig. 6. In this case the n* value varies from -
to 1, reaching values close to —2 in between. Since k; is amenable to experimental determination, it is pos-
sible in principle to determine k, from the dependence of logi on logc with ¢ — (RT/F)lnc = const.

Summarizing, we arrive at the conclusion that the method proposed in [1,2] for determination of the

i “charge of the reacting particle can give valuable supplementary information durirng investigation of elec-

P trode processes complicated by the formation of ion pairs or by complexing reactions in the volume of the
i solution. The use of the relationship derived above is, however, limited to cases where it is possible to dis-
l' regard the slowness of the establishment of the chemical equilibria. Analysis of the effect of the concentra-
tion of the supporting electrolyte on processes controlled by slow chemical stages [12] in the presence of

¥, effects is a separate problem.

[ We express our gratitude to Academician A. N. Frumkin for valuable comments during the discus-
: sion of the conclusions of this work,
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