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TEMPERATURE-DEPENDENCE
OF ELECTROCHEMICAL KINETIC PARAMETERS:
ELECTRODE REACTION OF THE Zn(Hg)/Zn(I) SYSTEM*
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2—1 Hirosawa, Wako, Saitama, 351 Japan
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The electrochemical kinetic parameters of the p.m.E./Zn(II) electrode reaction in aqueous solutions
containing perchlorate, nitrate, chloride and bromide ions were measured at different temperatures
(5—50°C) by the modified square-wave polarographic technique. The Arrhenius activation para-
meters and thermodynamic quantities of the electrode reaction were determined from the tempera-
ture dependence of the rate constant and conditional potential, respectively. Empirical cor-
relations were observed between some pairs of kinetic and thermodynamic quantities.

Electrode reactions are influenced by temperature in a similar manner to conventional chemical
reactions, and the activation quantities determined from the temperature dependence of electro-
chemical kinetic parameters are useful adjuncts to the knowledge on the mechanism of electrode
reactions'*2. Since the pioneering work by Randles and Somerton® activation energies have been
reported for a number of electrode reaclions4'5; among those studies Blackledge and Hush®
determined the activation energies for electrode reactions of Zn(1l) ion at a dropping mercury
electrode (p.mM.E.) and observed a linear relationship between the enthalpy and entropy of
activation. The information on activation quantities available in the literature, however, does not
seem sufficient to make any mechanistic discussion.

This paper concerns the determination of kinetic parameters of the D.M.E.[Zn(IT)
electrode reaction in different supporting electrolyte solutions in the temperature
range from 5 to 50 °C at intervals of 5 °C. Activation and thermodynamic quantities
are determined from the temperature dependence of electrochemical kinetic para-
meters, and relationships between pairs of kinetic and thermodynamic quantities
are examined.

EXPERIMENTAL

The electrochemical kinetic parameters were determined by the modified square-wave polaro-
graphy”. The electrode potential of the p.m.E. was varied linearly with time at a rate of 0-2 to

* Presented at the J. Heyrovsky Memorial Congress on Polarography in Prague, 1980.
** Present address: Department of Metallurgy, Faculty of Engineering, Korea University,
1-700 Ogawa, Kodaira, Tokyo, 187 Japan.
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1434 Kang, Matsuda, Tamamushi ¢

0-5mVs~! and was modulated by a square-wave signal of amplitude AE= 5 mV and half-
period § = 3 ms by using a Potentiostat Model 361 (Fuso Seisakusho). The periodical component
of current at the moment of /2 was sampled and measured by using a Square Wave Unit Model
903 (Fuso Seisakusho). Conventional d.c. polarographic measurements were carried out in parallel
with the square-wave polarography.

The cell construction was similar to that described in the previous paper7. The glass capillary
tubing of the p.M.E. was immersed deeply into the electrolysis solution so that the temperature
of the mercury drop was equilibrated with the solution temperature. The drop time of the p.M.E.
was electromechanically controlled at 60 s by a Drop Controller Model 329 (Fuso Seisakusho)
and the flow rate of mercury was measured at each experimental temperature (m = 0-59 —
— 09 mg s~ ! in redistilled water at open circuit and at 25°C). The counter electrode was a bright
Pt-spiral placed in the electrolysis solution. The reference electrode was a saturated calomel
electrode at room temperature, this electrode being connected to the electrolysis solution by a salt
bridge. Temperature of the cell compartment containing the p.M.E., Pt-counter electrode, and
electrolysis solution was regulated with the accuracy of -£0-1°C by means of a water thermostat.

The solutions were prepared by using analytical reagent chemicals and redistilled water, the
molar concentration of Zn(II) was 0-2—1-0 mM and calibrated at each temperature. The dissolved
oxygen was expelled by passing nitrogen through and over the solution.

RESULTS

The diffusion-controlled limiting current and reversible half-wave potential El,,
were determined by the analysis of d.c. polarographic waves®. The electrochemical
rate parameter A% and cathodic transfer coefficient o, were obtained from square-

TasLe I

Kinetic parameters for the p.m.E./Zn(Il) electrode reaction in 1M-NaClO,4 solution containing
0-01M-HCIO,

Temp.  —Ei, —E> 109D, @ =a+ bl 2 103K¢

°C V vs S.CE. V vs S.C.E. cm? st B b TosTU2 emsT!
5 1:013 1-019 53 0-27 — 0-41 11
10 1-009 1-014 61 0-24 0-01 0-55 1-5
15 1-001 1-006 7-0 0-28 0-01 0-75 2:2
20 1-000 1-004 87 0-28 0-01 0-94 3-0
25 0-996 0-999 10-0 0-28 001 1-17 4-0
30 0-990 0-992 11-5 0-31 0-01 1-:50 54
35 0-986 0-988 13-3 0-29 - 1-77 67
40 0976 0-980 14-4 0-32 001 2:30 91
45 0-974 0-975 16-4 0-26 - 273 11-3
50 0-969 0-970 19-0 029 0-01 3-20 14-0
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wave polarograms by using the analytical method described earlier’-%; in this analysis
the electrode reaction was assumed to be a one-step two-electron transfer as repre-
sented by

Zn(1I1) + 2¢(Hg) = Zn(Hg) . (4)

Diffusion coefficient of Zn(II), Dy, was estimated from the diffusion-controlled
limiting current by the Tlkovi€ equation, and that of Zn(Hg), Dg, from the experi-
mental data reported by Bond and coworkers'®. Conditional potential E° and
conditional rate constant k® were calculated according to the following equations:

B = B, + RT jy Do )
2nF Dy
K = 20DG 2Dl @)

The cathodic transfer coefficient o, was analysed by assuming a linear function of
electrode potential as represented by®

w.=a+ b, (= ;—I;(E - Elp). (3.4

The results are presented in Tables I-V.
The activation energy of electrode reaction at the conditional potential is defined
by Eq. (5) in terms of the temperature dependence of conditional rate constant'':

Ut = R (a In kg)P' )

oT™!

The plot of In k? against T~' (Arrhenius plot) gave a reasonably good straight line
which indicates that the rate constant satisfies the Arrhenius-type equation

+

k2 = Aexp (— %) (6)

where A is the pre-exponential frequency factor.

Similarly the temperature dependence of diffusion coefficients can be represented
by the Arrhenius-type equation; the activation energy for diffusion of Zn(II) in solu-
tion was determined from the slope of In Dy vs T™* plot.

Besides the activation parameters mentioned above, the enthalpy and entropy
of the electrode reaction, AH® and AS®, were calculated from the temperature
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TasLE 1T
Kinetic parameters for the p.M../Zn(IT) electrode reaction in LiNO3 solutions

Temp.  —El; —E¥ 105 D, %=at bl 10 10%8
°C V s S.C.E. V uss.CE. em? st . —bi sT12  emsT!
IM-LiNO,

s 1010 1016 51 025 - 047 12
10 1-006 1011 60 025 - 061 17
15 1:000 1-005 7:0 026 001 0380 24
20 0-995 0-999 81 026 001 1:02 32
25 0991 0994 9-8 026 - 123 41
30 0-985 0988 10-8 027 - 150 52
35 0-980 0-983 119 027 - 198 72
40 0975 0977 13-8 028 - 2.45 95
45 0969 0970 155 029 - 302 122
50 0964 0965 17-9 028 - 365 157

2m-LiNO,

5 0999 1:006 46 022 - 037 09
10 0994 1-000 54 021 - 0-49 13
15 0-989 0994 65 0-21 - 0-62 17
20 0-984 0989 71 022 - 082 24
25 0979 0-983 85 023 - 101 32
30 0974 0978 97 024 — 131 44
35 0-969 0972 111 028 001 162 58
40 0-964 0967 12:5 024 ~ 1-90 71
45 0959 0-961 147 024 - 231 91
50 0954 0955 163 025 - 297 123

4m-LiNO,

5 0:976 0982 52 019 - 0-64 16
10 0-970 0-975 62 020 - 0-84 23
15 0-966 0971 72 019 - 1:06 31
20 0960 0-964 83 021 - 137 42
25 0954 0-957 97 021  —00I 193 63
30 0949 0952 108 022 —00l 231 80
35 0-944 0946 12:5 023 —001 277 102
40 0939 0-941 140 021 —001 349 134
45 0934 0935 157 021  —001 405 164
50 0928 0929 17-3 026 - 485 205
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TasLe II
(Continued)
Temp.  —Ei, —E% 105D, ae=a+ 6 28 1038
[od V vs S.C.E. V us S.C.E. em?s~1 __b_ sTU2 emsT!
a
6M-LiNO,
58 0-949 0-958 29 019 — 1-7 33
10 0-943 0-952 3-5 0-21 — 22 4-8
15 0-938 0-946 39 0-22 — 27 63
20 0-933 0941 4-6 0-21 — 33 81
25 0-927 0-934 53 023 — 42 109
30 0-922 0929 59 0-28 — 60 169
35 0-917 0-923 67 0-29 0-01 70 209
40 0912 0918 74 0-30 — 91 285
45 0-907 0912 87 0-33 —0-01 10-3 34-5
50 0902 0-907 94 0-50 — 11-5 422

dependence of the conditional potential E® according to the well-known relation-
ships:

A0

AH® — —nFE” + nFT % )
0

AS® = ”F% . (8)

These thermodynamic parameters, AH® and AS®, are conditional quantities and
do not refer to the standard state of the electrode reaction.

The activation and thermodynamic parameters mentioned above are summarized
in Table VI

DISCUSSION

The theory of electrode reaction'? gives approximate expression (9) for the pre-
exponential frequency factor 4

InAd=1InZ +Ink+ AS*/R, (9)
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TasLE II1
Kinetic parameters for the p.m.e./Zn(II) electrode reaction in NaNO; solutions

Temp.  —Ej,; —E% 108D, ae=a+ o 20 1038
°C Vouss.CE Vuss.CE cm?s™! ﬁ T osTU2 emsT!
1M-NaNO,

5 1-019 1-025 45 0-22 — 0-42 1-0
10 1-011 1-017 5-4 026 — 056 1-5
15 1-006 1-011 63 025 - 0-73 2'1
20 1-:003 1-008 72 0-24 — 0-96 2-8
25 0995 1-000 85 0-26 — 1-14 36
30 0-991 0-995 95 031 — 1-53 52
35 0-984 0-987 10-8 0-26 — 224 79
40 0-982 0-985 12-1 0-25 — 2:34 86
45 0-977 0979 14-0 027 — 272 10-6
50 0-971 0973 155 0-30 - 322 131
2M-NaNO,

5 1-010 1-017 45 0-22 — 0-34 08
10 1-004 1-010 55 0-22 — 0-46 1-2
15 0-999 1-004 63 0-23 — 0-60 1-7
20 0-994 0-999 76 024 — 078 23
25 0-990 0-994 8-6 0-25 — 0-98 31
30 0-985 0-989 95 0-25 —_ 1-28 4-2
35 0-980 0-983 10-6 0-24 — 155 54
40 0975 0-978 12:5 0-25 — 1-84 6-8
45 0-969 0-971 143 0-26 — 229 9-0
50 0-964 0-966 15-4 0-24 —0-01 2:68 10-8
44-NaNO,

5 0-992 1-001 42 022 0-01 0-48 1-1
10 0-986 0-993 4-9 0-21 — 0:66 16
15 0-982 0-998 56 0-22 0-01 0-82 22
20 0976 0-981 67 021 0-01 1-04 3-0
25 0-972 0977 7-4 0-20 - 1-30 3-8
30 0-967 0971 86 0-21 — 172 54
35 0-962 0-966 9-5 0-21 — 2:26 7-4
40 0-957 0960 11-0 0-20 —0-01 2:80 9-8
45 0-951 0-954 12:0 019 —0-01 329 119
50 0-947 0-950 135 0-24 —0-01 439 169
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where AS* is the entropy of activation, i« is the transmission coefficient whose value
is assumed equal to unity, and Z is the collision number for electrode reaction, being
about 10* cms™'. Under this approximation, the entropies of activation for the
Zn(11)/Zn(Hg) electrode reactions are calculated to be nearly 20—40 J mol ™! K™*
from the experimental values of A.

The electrochemical entropy of activation due to rearrangement of the outer
solvation spheres of reactants (outer—sphere rearrangement entropy) may be given

by the expression'?13,
ASE, _ 89n? 2.dnp 1 dg (10)
Kimol 'K~ (af10"%cm)\nd dT &2 dT/’

where a is the radius of the reactant, and ¢, and ny, are the relative permittivity and
refractive index (D-line), respectively, of the medium. For ASE, in aqueous solutions
at 25 °C we obtain

ASZ, 5-6n2

T il T i0-8 o (1)
Tmol ' K~* (a/1078 cm)
using the following numerical values: np, = 133 (25 °C), dnp/dT = —0-00014 K~*
(15-60°C), ¢, = 78:5 (25°C), and de,/dT = —0-344 (1060 °C). Equation (11)
shows that ASY, in aqueous solutions should be negative and may be about —20
to —30J mol™* K™ for a two-electron process (n = 2).

TabLE 1V
Kinetic parameters for the p.m.E./Zn(II) electrode reaction in 1M-K.Cl solution

Temp.  —E; —E% 105D, % =at b A2 10342
°C V 05 S.C.E. V s S.C.E. em?s™! ﬁg s712 omsT!
5 1-029 1-034 58 0-24 002 062 1-7
10 1-024 1-029 67 026 0-02 0-81 2:3
15 1-019 1-023 7-7 0-27 0-02 1-05 32
20 1-016 1-020 9-2 0-28 0-02 1-32 43
25 1-012 1-015 11:0 0-29 001 1-54 54
30 1-008 1-010 12-3 033 0-02 2:02 75
35 1-004 1-005 15-6 0-36 0-02 2-37 95
40 0-999 1-000 16-4 0-36 0-01 2:97 12-3
45 0-997 0997 18-6 036 0-02 3-16 13-7
50 0-994 0-993 21-7 0-35 0-02 3-52 16°1
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1t is important to note that the theoretical value of AS}, is opposite in its sign
to AS#* calculated from the experimental frequency factor. The difference between
ASE, and AS* suggests that the outer-sphere rearrangement is not the only process
which operates on the activation quantities of Zn(I11)/Zn(Hg) electrode reaction,
Instead of making further discussions on the mechanism of the electrode reaction,
we are going to examine some phenomenological relationships among the kinetic
and thermodynamic quantities.

In the field of electrode kinetics, a linear corrclation between the enthalpy and
entropy of activation, i.e. the isokinetic relationship, was observed first by Blackledge

TaBLE V

Kinetic parameters for the p.m.2.Zn(11) electrode reaction in iM-KBr solution

Temp. —El, —EY 109D, 28 10348
°C V us s.C.E. V vs 5.C.E. em?s™t . sTY2 emsT?
a
5 1-024 1-029 53 019 0-01 12 3.0
4-8¢
10 1-019 1:024 64 0-22 0-02 16 44
5.7
15 1-013 1-018 74 0-23 001 21 61
64°
20 1:009 1-013 88 0-24 0-02 28 8-8
7-5¢
25 1-005 1-008 101 0-25 0-02 35 11-8
8-6°
30 1-001 1-004 12:1 0-26 0-01 43 157
10-0°
35 0-996 0-997 132 0-46 0-04 58 224
11-2°
40 0-991 0-993 156 020 - 69 277
14-0°
45 0-989 0-990 16:9 021 - 84 350
14-6°
50 0981 0-981 182 0-34 - 10-1 435
1577

o, =a+ bl

“ Determined by normal pulse polarography.
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and Hush® by using the activation parameters measured by Randles and Somerton®.
One of the present authors (R.T.)* has re-examined the electrochemical isokinetic
relationship using 64 sets of data available in literature, and has demonstrated the
existence of an empirical correlation between U* and In A with a correlation coeffi-
cient. = 0-879 and isokinetic compensation temperature T, = 271 K. The activation
parameters for the D.M.E./Zn(H) electrode reactions determined in the present study
are compatible with the above-mentioned finding as shown in Fig. 1. Although the
isokinetic relationship appears to be useful information in considering the mechanism
of electrode reaction, we still have to doubt that the relationship may be spurious
and we shall not make further discussion on the physical significance of the rela-
tionship.

In aqueous solutions containing nitrate or perchlorate ions, the rate parameters
of the D.M.E./Zn(l]) electrode reaction were found first by Behr and Malyszko'*
and later by Jindal and coworkers'® to be influenced by the activity of water. This
finding suggests the existence of some correlations between pairs of the kinetic and
thermodynamic parameters in perchlorate and nitrate solutions. The statistical

TasLE VI

Activation and thermodynamic parameters for the p.m.E./Zn(II) electrode reaction in different
electrolyte solutions (5—50°C)

Activation parameter Thermodynamic parameter
Medium u* na Ug AH® AS?

kI mol ™! cms™! KkJ mol "4 KImol™!  Jmol ! K7!
1M-NaClO, 42-7 11-7 12:3 209 210
IM-LiNO; 423 116 20-5 211 221
2mM-LiNO5 43-1 11-6 2141 208 216
4M-LiNO, 42-8 12-1 20-1 206 226
6M-LiNO4 433 13-0 19-5 199 219
1M-NaNO, 42:6 11-6 204 212 221
2M-NaNO, 43-0 11-5 20-2 209 215
4M-NaNO; 44-4 12:4 19-6 206 214
1M-KCl 384 10-3 22:3 202 176
1M-KBr 44-8 136 209 207 198

20-4 + 0-6°

a Arrhenius activation energy for the diffusion of Zn(ID) ion. b Calculated from the D-values
determined by normal pulse polarography.
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analysis of the parameters in Table VI gave the result as represented by Fig. 2, where
a pair of parameters connected by a straight line exhibits a correlation with a cor-
relation coefficient given beside each line.

In conclusion, following observations can be made from the present study on the
variation of kinetic and thermodynamic parameters for D.M.E./Zn(IT) electrode re-
action with the composition of solution: /) Rearrangement of the outer solvation
spheres of reactants is not the only process which determines the entropy of activa-
tion. 2) The activation parameters, U* and In A4, satisfy the isokinetic relationship.
3) The variation of In k (corresponding to the Gibbs energy of activation) is more
strongly affected by the entropic term In 4 than by the enthalpic term U*. 4) In
perchlorate and nitrate solutions, significant correlations were observed for the fol-
lowing pairs of parameters: AG® vs AH®, In k) vs AG® (AH®), and In A vs AG®
(AHG). These correlations became less significant if the electrode reactions in halide
solutions were included in the analysis; this difference between the correlations
may be understood by considering the complexation of Zn(II) ion in halide solutions.

so ]

utiks mol”!
o
s

~
=3

|
° 10 20
In(A/cm s7)

Fic. 1 FiG. 2

Isokinetic (enthalpy-entropy) relationship
for the Zn(Hg)/Zn(Il) electrode reaction in
solutions of various compositions: solid
circles represent the values obtained in this
study, open circles the values given in litera-
ture, and the straight line represents the
isokinetic relationship* determined by using
all the data available in literature

Correlations between pairs of the kinetic and
thermodynamic parameters of the D.M.E.
/Zn(l) electrode reactions in perchlorate
and nitrate solutions. Figures beside each
line give the corresponding correlation
coefficients; figures in parenthesis are the
correlation coefficients calculated by in-
cluding the reactions in halide solutions
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