THE KINETICS OF OXIDATION-REDUCTION POTENTIALS. VI*

A. L. ROTINYAN

. The author, together with I.I.Appenin and V.G.Tkachenko [1], has studied the kineties .
of attainment of equilibrium oxidation-reduction potentials of the system Pt/Tl, (504)s,
T12804; "H2BO04KClgns o, HE2CloHg with hydrogen electrodes,

In this work, we obtained kinetic curves of two types: with an S-shaped part, and
vith a straight-line part replacing the S. The latter has already been the subject of prelim-
inary consideration [2]. :

In the present work,,botﬁ types of curve are considered quantitatively from a single
point of view, on the basis of the general mechanism of the process.

Upon inserting a hydrogenated platinum electrode into an oxidation-reduction system, at
the very first moment, & hydrogen electrode potential is produced on the platinum.

Then the oxidation-reduction system begins to impose its own potential upon the elee-
trode. As the potential of the system T1+++/T1+ lies in the region of high oxidative signifi-
cance, -4 loss of adsorbed hydrogen must take place from the electrode until its concentration
on the surface corresponds to-the equilibrium oxidation~-reduction potential.

In the work of:A. L,Rotinyana 1.1, Appenin,: and' V. @. Tkachenko" [1]D it was ansumed that
under the conditions of the experiment, the reaction:

TIHH + 2Hq, S5 T1+ + 20, ' 1)

would proceed rron lett to right, and that its kinetics would determine the attainment of
equilibrium,

The velocity of the overall reaction (1) can be limited by the velocity of supply of
trivalent thallium ions to the surface of the elevttrode, as well as by the velocity of the
chemical reaction- 1tselt. In actual experiments, it is possible to encounter cases where the
velooities of both these processes are of the same order.

The definite dependence of the speed of attainment of the potential: upon the 1ntensity
of mixing of the solution testifies to the influence of the diffusion of T1*** ions toward the
surface upon the kinetics of the reaction. On the other hand, the activity of the electrode 4.
itself has an influence upon the kinetics of the reaction.

These and other tacta'[QI‘testiry that under experimental conditions, diffusion is of
‘the same order as reaction velocity; therefore, in the general case, we divide the question con-
cerning:the kinetics of reaction into that concerning the commensurate velocities of diffusion
and-the'chemical reaction proper.

:In considering such cases, it:is convenient to utilize the method: suggested by Frank-
Kamenetsky [3] however, it 1is necessary to keep:in mind that, by:its very.nature, it automatic-
ally poatulates homogeneity of surface.

This method has: 1nte1y been utilized successfully by & number of authors (A.B.Zdanovsky,
(4], M. Tovbin [5], B.V.Drozdov [€]).

It has been most completely developed by Bov;Drozdov, who integrated the differential

* Fifth paper: Proc. Acad.: sei - USSR, 46 65, (1945).
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equation of the velocity which he had applied to thg system he studied; this was the hetero-
geneous reaction involving the interchange on the surface of nickel particles.

cutt + NI — Cu + NL¥F, @

In particular, B.V.Drozdov showed that on the basis of Frank-Kamenetsky's "ethOdBv.t
. B.V.
it was possible to obtein an equation, entirely analogous to the empirical equation of Dintsen
and Frost [7]: x '
k=%1n-f“~—5§

(3)
- X

for the self-retarding homogeneous reaction., The coefficient B, vhich 1s less than u:i:y”the
orresponds to the relative velocities of diffusion and reaction. B = 1 is the case w :séto
§::étics are determined purely by diffusion. The other extreme case, 3 = 0, correspon

purely chemical kinetiocs. 'Here x is the quantity of reacting material at time t, expressed
as a fraction of .umity. .

It .was.experimentally shown that within the limits of the investigation,  the: velocity

of reaction.(1):1s completely independent of the concentration of univelent thallium: ions:in
‘the solution,

.Consequently, ih'the.general case of reaction (1) ;we may write:the following expression
-for the velocity:
A . dC = o ! . . .

where Cy 18 the surface concentration of atoms of hydrogen adsorbed on the electrode at time t

Cri+++ 18 the concentration of T1*#+ on the surface of the electrode at time t;

Cy* 18 the anslogous concentration of

hydrogen. ions;
k17 and ko

are the velocity constants of .the direct and reverse reactions.

As the experiments showed

» the electrodes with which the measurements were made,could be
divided. '

into three types, according to their activity:

First type. Slightly active electrodes, on which the kinetics curve has an S~shaped
“twist, -

For such electrodes, the veloocity of resction is so smell that for- the.initial period Cy,
18 of the same order as

: Cri+++, and we cannot caloulate the velocity of reaction independent
of C
Hu

On the other hand, 'no matter h
&ssume, as was done 1
"the atoms

ow little the activity of the electrode, 1t:is 'n‘“u?:to |
n-the £iftn paper-[ﬂ],'that-the'velocity‘Ofﬂth°1r°“°t1°“vw4t§ rgsar 1t:enL
of ‘hydrogen 1s not of the second, but of the: first order. ‘Then (4) can be rewr s
e, _ . e - (5)

- EEH KiCHCT1+v+ - KQC§+-
Below it will be shown that

(6) holds for experiments where: (4) does:not hold; therefore, we
shall £7on now on utilize eq

uation: (6) instead of (4).

. ‘Second type, 'The electrodes are somewhat more active. For the first period of the re-
action, ‘the inequalit

Y Cy >Cr14++ holds, but later, the velocity of this P“rtLQ:DQ:::'::i:1
on the concentration of ‘trivalent thallium:ions on-the surface of the electrode; in
period, the inverse r

elation holda: O« Cplees and<the'velocity'Varies:as‘CH'tO:thO'firBt
power, : '

) ’ . im- d
“Third type,-'Electrodes'vory:aotlveu_tIn:the-rirst period, - this case is é::ﬁ?:ﬁﬁ:;he
“from the preceding only by-the greater-value of the velocity constant, while:in

) ta . ation of
period the velocity of reaction- depends only on'Cg, being proportional to'the 9°“°°nrr °
-adsorbed -hydrogen atoms raised: to:the second power.

‘ . g ing &
‘These characteristics of slectrode behavior make their appearance’upon rOBOhY ¢
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potential of f0.9'v,aat‘which.:according-to'mrshler's data- [8], -there begins the oxidation of:the
‘electrode with oxygen. Consequently, the-difference: in the aotivity of'the'electrodes:is apparent:
‘related ' to-the capacities of the different-electrodes-to:be oxidized:in'different-ways.

‘The:kineties:curves: for- the:electrodes of the:second and third-types are quantitatively
:ineluded :in-the:indicated: scheme- [2]o and:we'shall:therefore:1limit ourselves here-to a'review of
:the rirst oase.

‘AB: after a:very:short:interval of:time the velooity of reaction must: beaone equal -to:the -
veloeity of diffuston of the trivalent:-thallium:ions-to-the:surfece, we may:write:
D .
K1Cyalppt — KéCfﬁ- = (C = Cppedse)d - (6)

where C, 18 the . concentration of Tl+++ on. the outer aurtsce of the motionless layer of 1liquid
.adjoining the electrode, whose thickness is A; D.is the coefficient of diffdsion of the: trivaleht
:thallium . ions. .

"A8 the diffusion of Tl+++ proceeds with e finite velocity, Co must be somewhat less then
‘the-volume: concentration of trivalent thallium:ions Coy (5]. '

‘Determining Cpj+ss BY (6), we obtain

R oo+ KoCRs
c e . :
- Urlees RaCy +__R_ (7

Substituting (7) into (5), we obtain:
DCA .
BL-FQCH +.K1K2¢E.' + Cq v
_ oy - - KoCRY - : (8)
, X
- For the transition from the surface concentration of hydrogen ions to the easily measured
eleotrode potential, we shsll to the first approximation consider the capacity of the double

layer (€) .a8 1ndependent ol the potential.

Then from the equation°

dcy . € de
- Cw T (ah)
it 1s easy to obtain the approximate relation [2];
£ £ ' ' :
Z e (B - E) = = . . 9

o nF
which satisfactorily éxpresses the difference of the ﬁdtentials from their equilibrium value.
Here Ep is the equilibrium potential of the oxidation-reduction elaectrode, and E the

potential at any moment which corresponds to the given concentration of hydrogen atoms adsorbed
on the electrode.

Substituting (9) in (8),.we obtain:

Lo od -*D—n)\ Ag + szcgﬁm: K2CR40F 10)
dt . K1€ AE + R e ) i) * .

/

Equations (8) and (10) may be subjected to integration; however, in connection with the
indefiniteness of the value or.the potential at time t = 0, it is more convenient to ocarry out
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the. experimental verification of (10) in the following manner; let us write (10) fhus;

W KEA Bz CZ,
L LA, fj+0F

+ - = :
A8 DnF eAR KiCo = 0. (11)

At the moment of inserting the electrode in the solution; that is, at t =0, W = 0,
Consequently, from formula {(11):

Kgcfz nf
—_ - K:Co = 0,

that 1s, the curve must pass through the origin.
From (12) we obtain 0
( npP .
-k CfpoP (19)
Kl' eAEt =0 . .
In equation (11), the term -
Ko Cf ;RF
eAE
expresses the influence. of the reverse:-reaction.
If Ko < Ky, then (11) is converted into the approximate equation:
V4 ke
AE  DnF

where at t = 0, KsCo can only tend toward zero, without veing equal to zero, as, strictly
speaking, would be expected.

W —KiCo =0 ‘ ¢ . (14)

. Consequently, if we grant the justification of the shove equation, then the experimental
data plottins;g%- against W must lie on .straight lines; in this way, there are obtained three '

seotions of straight lines with diffeTent slopes, and mot a single straight line for all periods
of the reaction, . ,

In Figs. 1.and 2 are given those results from the work of Rotinyan, Appenin, and
Tkaphenko  [1] which-heve ssrved for testing equation (14). .an the.besis of the experimental
data, large soale curves of the kinetics.were drawn, by means of which the value of the deriva-
tive dE/dt was graphically determined. .In this way, there were obtainmed:values for the velocity
of establishment of:the potential.as a function of time. as depicted:in.Figs. 8. and 4.

‘In Figs. 5, 6, 7, 8, and 9 are presented the results of verification of formula (14).ac-
cording to the data of Figs. 1:and 2. : o

The straight lines of the different parts are constructed so that.there.is: no.break
_between ‘them, that is, the first part includes the data.up to the minimum of velocity, :the
-gecond from the minimum:to the maximum, and the third from: the maximum of velocity to the: end of
‘the .reaction. ;As can.be seen from Fig. 5:for:the first part, the.date of all the:curves of
Pig. 1 lie along a single straight line. The.angular:cosfficient '

‘KgM\e
DoF : . (15)

for the given part, is independent of the dilution, or more properly, of the. concentration of
trivalent thallium ions:in the solution.

The . independence of the anguler coefficient of the curve from the toncentration of
“Pl+++.ions follows directly from (15),.1f we consider that the capacity of the double. layer in
the given part is.not.a function of the concentration,. The latter may correspond to’'the actual
case if we essume that in the first second after: the introduction of the electrode:into:the

' . '
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Fig.1. . Influence of the dil

starting with a solution containing in mols per liter: Tlo (SQ4)3-1+1073; T1,804~0. 6251074,

rEh

initial solution
11 - diluted to twice volume
1II - to four times

IV ~ to eight times

V - to sixteen times

VI - to thirty-two times.

10 5

5 w0 %~ 20 i 30 min

ution on the speed of attainment of equilibrium potentials.

HoS04~0.174. Electrode No.3, dimensions 25°G° 0. lmm. Teamp. 259,

In the rig
25+ 6- 0, 1mm,
HoSQ4 0.
positive values
axis of abscissas the time,
solution.

11

Wthand corner is drawn the curve obtained with electrode No. 14, measuring
in a solution containing in mols per 1. Tlz(S0s)s
174 (curve from first series om.mxumnEmnnmv. “Along the axis of ordinates lie the
of the electrode potertial, in volts, on the hydrogen scale, Along the

in miputes, from the moment of inserting the electrode into the

Dependence of velocity of attainment of potentials on time.
Numbers of the curves

Fig. 3.

Curve constructed from the data of Fig. 1.
correspond to the mumbers of Fig. 1.

Along the ordinate axis is the
potential, in volts per minute; along
time, in minutes, from the moment of int
the solution.

velocity of establishment of the
the axis of abscissas, the
roducing the electrode into

—0.625°10 4, T1,50,-0.312°1074,

RV

09

'

a1 K : Lll\.\.\u\l\\_ul\\L\\._Wu

2 5 min

temperature on the velocity of attaiment of
equilibrium -potentials.

The solution contained in mols per liter Tl (S0 )5~2.50°1074,
T1,504-0. 625° 1074, H2804~0.174. Electrode No. 3, 25-6'0.1 mm,

Along the ordinate axis are the positive values of the electrode
potential, in volts, hydrogen scale; along axis of abscissas, the time,
in minutes, from moment of inserting electrode into. solution.

Fig. 2. Influence of the

W Vnun.
o8r

5

o6f

Fig. 4. Dependence of the velocity of establishment of the
potentials on time. .

The curves are constructed from the data of Fig. 2. The
numbers of the curves correspond to the numbers of Fig. 2.
Along the ordinate axis is the velocity of establishment of
the potential in volts per minute; along the axis of abscissas,
the time in minutes, from the moment of introducing the
electrode into the solution.
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solution, the double layer already possesses the structure of a plane condenser, while the
diffused part takes time to form.

For the second part, (equation (14) is also oontirmed fairly satisfactorily (Pig. 6).

Here the angular coefficlent of the curve is a funotion of the concentration of Tl+++
“ipns, Its value inoreases along with the increase in concentration of trivaleamt thallium
ions, a fact. which is related to the decrease in the diffusion of the double layer and the

result;nz inoreass .of its capacity. In this part, a8 18 obvious, the diffusion structure of
the double layer is manifested.

Fig. 7 shows that equation (14) also represents the third part of the curves of Fig. 1.
Only for curve VvV did the oulqulation fail to give a satisfactory result, The dependence of
the slope upon the conocentration of T1+++ ioms in this part is not manifested with sufficient
clarity. we must observe that the verification of equation (14).is justified up to the value
of potentiasls which depart from the equilibrium value by not more than 20 mv. Conasequently, .
the influence of the reverse reaction upon the kinetics:is insignificant.

The results obtained by<ut111z1ng the data in Fig. 2 are shown in Pigs., 8 and 9,

From.Fig. 8 it is clear that equation’ (14) .includes the first part of the ourves,  for
here, as hefore, the points of all the curves lie: vell on one.and the same straight line, .We
must suppose that the lack of dependemce of the slope upon the temperature.in the first part
18 determined.by the fact that the first portion of adsorbed hydrogen.atoms to react are ex-
tremely aotive:and demand:less energy of activation. :In'connection with:this, the increase'in
. the velocity constant:with temperature:is compemsated by the: corresponding:increase of the
‘coefficient of'dirfusion.,and'thetdoorease of A,

‘Por the second part of the ourves, equation: (14):is- Jnstifiod up-to & temperature of
259 (Pig.: 9).

‘The ourve obtained.by plotting WARE. azuinst W at:38° did not: give a straight.line,: which,
perhaps, :is - the result of a very sharp:rise: ln the:curve, and-the oonaequent impossibility of
obtaining definite:values of- the: velocity.

‘The slope here: increases with:the rise of temperature. This,:.apparently, might:be
‘explained by the failure of:the- veloeity constant %o-imcrease with the temperature to: a corres-
ponding ‘extent. .Im.actual fact,:in’ thiw - pisaehé  less active hydrogen: atoms:begin to.reaet,
and. consequently. the increase of the:constant:with rislug tomperature is expressed more
stroncly

The data on the:influence of temperature hﬂr'the third part.are. not given graphically;
’fron these:data, .we oan’ conclude.that equation' (14).is:justifiéd omly for the:curves.at 175 and
259, At a:lower temperature, the. kinetics curves for this part:are:apparently subordinated:to
:1aws of some other:kind. ' ‘ ‘

:It:18 possible-to:base certain:calculationd on the dependsnce of rthe'slope:upon’the: con-
:centration of trivalent thallium ions:and‘the- temperature. -However, ‘we have: refrained: from
making such:caloulations:because:we: consider:the:experimental date;of Figs. 1:and.2:insufficiently
precise:for:this. purpobe. -The:curves ohtained represent.averages: for:2+to: 8 parallel: experinonts.
:whose :reproducibility: in:certain cases: leaves something:toibe: dosired

On-the:basis of-what: bhas:been presented:ahove, .we: nay‘eonuider that:equation: (14) on- the '
‘whole :gives.a picture of -the phenomenon:in’the given:ddase af. attninnent ofiequilibrium oxidation-
.roduotion potentiuls. . _ p ; o )

,CONCLUSIONS

.We have.carried out.a.kinetics analysis of the:curves of:attainment of:equilibrium oxida-
‘tion+reduction potentials of the system:T1++%/T1+ on: hydrogen electrodes;:the: experimental '
‘values :were obtained:byBhe author together:with:Appenin, and Tkachenko. 'We have shown that:the
kinetics of attainment of equilibrium potentials: are conditioned.by the delayed-reaction which -
:involves:removal of the:surplus hydrogen atoms from the surface of the:electrode by the:trivalent
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-thallium.ions: T1+++ +: 2Hags. - (;_ Tl+ + 2Ht+..

.If:we assume that the Speed of the reaction.is of the same order as the speed of
diffusion of Tl+++ ions toward the surface of the: electrode, then the curve of the kinetics
.with an S~-shaped twist can be quantitatively accounted for.by the velocity.equation:

. dCH ' .

—= = KiCpCpy+++ = KaChy .

dt J

with the introduction of several.additional limiting assumptions, this equation also

‘ecorresponds to the curves with straight. line sections, sanalyzed.in previous papers.
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