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MECHANISM OF ELECTROREDUCTION OF -CHROMIC ION
- AT THE MERCURY CATHODE

by
M. E. McLain, Jr.

The wechaniom of reductinn for chromium (III) ion to chromium (II)

at the mercury cathode was studied in C.1M KNO3. Data obtained at

v varying temperature gnd solution composition from polarograms gave
values for AH¥, &8, and AF® which indicated that two mechanisms were
involved. At potentials more positive than the polarographic half-wave
potential the mechanism appeared to be simple electron transfer from
the electrode to the chromium (III) ion in solution. When the potential
was more negative than the half-wave potential electron exchange between
the reduced chromium ion near the electrode surface and a chromium (III)
ion in solution became appreciable. Values for the heat of activation
for the reduction of chromium (III) to chromium (II) in D.IM,KNOB for
the electron transfer and exchange reaction mechanisms were determined
to be 34.7 and 27.0 kecal mole‘l, respectively.
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MECHANISM OF ELECTROREDUCTION OF CHROMIC ION AT THE MERCURY CATHODE

by
Milton Eccles McLain, Jr.

I, INTRODUCTION

Mercurj cathode electrolysis is a well-known separations method in
analytical cﬁemistry for removing electroreducible ions from solufibn.‘
The removal of iron, nickel, and chromium by electrolyéis from stainless
steel-type wastes may be useful in developing a treatment process for
wastes resulting from the processing of nuclear fuels, - |

The mechanisms of electroreduction of iron and nickel are well
defined, but-basic information pertaining to the electroreduction of
chromium in solutions containing nitrate ion is inadequate for develop~

ing a waste treatment process.

I1, PURPOSE

The purpose of this study is to establish the mechanism of the
reduction of chromium (III) to chromium (II).

Chromium is the most difficult of the three alloy constituents =
iron, nickel, and chromium = to remove electrolytically. Defining a
mechanism for the electroreduction of chromium (III) in nitrate solution
at the mercury cathode would be of considerable help in developing an

electrolytic separation process.
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III, LITERATURE SURVEY

The mechanism for the reduction of chromium (III) to chromium (II)
at the mercury cathode was studied‘by ﬁéwis(zs). He concluded that in
pefchloric‘écid éoluiion, the rate-determining step involves the
tranéfer.of an é}ectron from the mercury electrode surface to a
chromiun (III) ion in solution. A study by Blving and Zemel(”), of
‘paraMéferé affecting the ihérmodYﬁémic values for the reduction in
perchloric acid, indicated that at low negétive potential the'mechaniSﬁ
seemed tolbe simple electron transfer.  However, with increasing nega-

tive potential, an electron exchange between the chromium (II) and the

‘chromium (III) ions appeared to enter into the mechanism.
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IV, THEORY
The rate of the electrode reaction:
oxidized + n & — reduced | (1)

is expressed by the current, i, at an applied potential, E. By conven-
tion, positive values of i are used for reduction and negative values l
for oxidation. The potential, E, is usually given in reference to the
normal hydrogen electrode.

An equation to represent the net rate of reaction has been developed

by Volmer(B): )
3
1= [ox|, exp (- é£1%}rixx;ﬂ3'_>
s .

- [Red], exp (- él%;dfrﬂl) (2)

where A is a proportionality constant;
[pi]o and‘[ﬁei]o are concentrations (actually activities) of the

oxidized and reduced species near the electrode surface;
#

AF1

and ZSFZ are the free energies of activation of the rate-

determining step for the reduction énd oxidation reactions,

respectively;

A and ol are the fractions of the total potential across the
electrode~solution interface that are effective.in the
reduction and oxidation;

7 is the Faraday constant;

n ls the number of Faradays per mole of ion reduced or oxidized;

R is the‘gas constant; - ™

T is the absolute temperature,

The first term on the right side of Equation (2) expresses the'rate
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of the reduction process, énd the second the rate of the oxidation
reaction. At equilibrium, both processes are considered to occur
simultaneously. The potentia; determines the relative rates of oxida-
tion and reduction. Equation (2) describes the relationship between
~current and potential, regardless Af the specific mechanism controlling
the reaction. When experimental data for current, potential, and
coﬁcentration are inserted in Equation (2), values of A, A&F:, AﬁF:,
{_ and ciéan be calculated. These quantities have meaning in selecting
a feasible mechanism.

The proportionality constant, A, in Equation (2) is not necessary
for the determination of the heat of activation, although some assump-
tions concerniﬁg this constant are necessary to calculate the entropy
and the free energy of activation. When the absoluté reaction rate
theory of Eyring(g) is extended to electrochemical pfocesses by
Kimball(zo), it may be used to clarify the significance of A. There is

some doubt whether Gurney's picture(16)

of the electron transfer process.
is accurapely described when A is evaluated by Eyring's theory. The
activated state in the adsorption and deso;ptidn mechanisms are possibly
more éccurately described by the Eyring treatment.

An activation step may be postulated reéardless of the mechanism
chosen for the electroreduction. Forlexample, an electron and an
‘oxidized ion may move along a potential energy surface until they reach
a saddle point (see Figure 1). Further motion along the reaction
coordinate results in reduction of the ion. The intermediate configura-
tion of the electron and the ion at this saddle point‘is the activated
sfate. The velocity with which these activated complexes cross the

saddle point or energy barrier from the oxidized to the reduced form
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can be expressed by —Kg—, where k is the Boltzmann constant, T the
absolute temperature, and h represents Planck's constant. This universal
frequency is dependent only qn‘temperature and is independent of thé
reactants and the type of mechanism for the reaction. Thus, from

Equation (2), the rate of reduction is given by:

rate of reduction = ){ —%— [Ox]o exp (- AF1 ;;Lng?‘ E ) (3)

where }{-is the fraction of the activated complexes yielding the reaction

product, and AﬁiF: is the free energy change involved in prqducing the
activated state. Thus, the term A in Equation (2) consists of a frequency
factor and a transmission coeficient, }<: The free energy of acfivation,

A F:, is the difference in free energy between the normel and activated
states of the ion. In the electron transfer mechanism this may be a

- particular configuration of an ion, its associated water mqleéules, and an
electron which may exist a small distance from the electrode surfaée. The

" activated state in the electron exchange mechanism is’probably an appropriate
spatial orient;tion of the oxidized and reduced ions relative to one another.
For the adsorption and deéorption mechanisms the activated state consists

of an ion adsorbed.on the electrode surface.

The choice of an electrode with a known geometry and surface allows
~the current-concentration relationships of Equation (2) to be derived, and
from these the determination of the thermpdynamic properties of the
activation roaction follows.. The polarographic method with the dropping
mercury electrode meets these requirements. In this study it was used
to examine the reduction of chromium (III) to thomium (11).

Bockris(z) summarized a number of theories which have been advanéed

to explain the details of electroreduction and oxidation. Three general
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categories are evident in which the rate—determining step: in the
mechanism is thought of es occurring before, during, or after the trahs-
fer of electrons from the electrode to the ion,

The Electron Transfer Mechanism: Gurney(16) Fowler(11), Butler(é)

(15)

and Grahame suggested that the rate~determining step in the reduction

of hydrogen ions is the transfer of electrons between the electrode and ,

(29)

the hydronium ion. Orlemann shohed that a similar mechanism
explained the experimental data obtained when iodate or bromate was
reduced at the drepping mercury electrode. The potential in the
electron transfer mechanism raises or lohers the energy level of the
electrons in the electrode relative to the level in the ions. This
enables electrons to transfer from levels of higher energy to those of
lower energy whether this is from the.electrode to the ions or vice versa,

Ing;Agggzggigg Mechagigm: A second possible mechanism has ge the
hate-determining step. the transfer of the ion from the solution across
the double layer to an adsorption position on the electrode surface.
This hechanism has been proposed hy Erdy-Gruz and Volmer(8), Frumkin(12),
Eyring, Glasstone, and Leidler(1o), Kimball, Glasstone, and Glassner(21),
and Kimball(zo) in connection with the reduction of the hydrogen ion,
Their treatments of’the theory differ, but there is agreement in assuming
that fhe double layer constitutes a potential barrier, which the hydrogen
ion must cross to be reduced, Figure 2 is a graphical representation of
such a potential barrier. The adsorption mechanism can be explained in
terms of Equation (2) as follows:

L)F: is the difference in free energy between the normal’ and

- activated states at zero potentig}. Increasing the negati;e

potential of the electrode does work on the positive ions in
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solution and elevates them to an activated or adsorbed state,
A_1s the fraction of the total applied potential used in this
process, In like manner, Z&F; and Cifﬁpply to the oxidation
of reduced ions.
Ihe Desorption Mechanism: Theories have been presented, which
assume the escape of adsorbed hydrogen atoms from the electrode surface
to bé the rate-determining step, Bowden and Rideal(S), Bowden(ﬁ),

(17), aﬁd Bockris and Ignatowicz(B) suggest various mechanisms

Heyrovsky
for this desorption process. The application of the general equation
(Equation (2)) is similar, except that the energy barrier exists for the
removal of ions from the electrode surface,

The Electron Exchange Mechanism: Another possible ﬁechanism, which
cannot occur Alone, but only concurrently with one of the previously
mentioned processes, is the reduction of a chromium (III) ion by a
chromium (II) ion. This électron exchange reaction becomes mére probable
as the potential increases and the concentration of chromium (II) ions
near the electrode becomes greater. This mechanism was mentioned by

(7)

Elving and Zemel in connection with the reduction of chromium (111)

to chromium (II) in perchloric acid.

/

Y, JHE POLAROGRAPHIC METHOD

Since the polarograph and its use have become commonplace in the
research laboratory, the description here will be brief. More detailed
descriptions of the method and apparatus used may be found in Kolthoff's

(22)

and Lingane's treatment .

Basically, the polarograph consists of a dropping mercury electrode,
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A (Figure 3), whose potential is varied by a potential divider circuit,
D. The droppihg mercury electrode (D.M.E.) is immersed in the cell, C,
containing the solution of the reducible ions in coﬁtact with a referepce
electrode, B, The negative potential of the D.M.E. is increased and the
current between the D.M.,E. and the reference electrode is measured gy
the galvanometer, G. In a recording instrument, the potential divider
is driven by a motor, and the galvanometer is repléced by a microampere
recorder, ;

| A typical gur;ent-voltage curve obtained by the polarographic
technique is shown in Figure 4. This curve is a tracing of the average
value of the current as it fluctuates with the dropping eléctrode. Until
a potential sufficient to reduce the ion is attained, a very small
increase in current with increasing potential is observed. This
"residual current® is due to impurities in the solution and to capaci-
tance effect at the solution=electrode interface. ’At more negative
potentials, electrolysis begins as some of the oxidized ion is reduced
at the mercury surface., In the case of the chromium (III) to chromium
(II) reduction, the reduction product diffuses back into the bulk of the
solution, A concentration gradient is established, which increéses as
the electrode potential becomes &ore negative. Soon, a point is reached
vhere the concentration df the oxidized ion at the D.M.E. surface becomes
negligible compared to the concentration in the body of the solution.
If a sufficient quantity of an indifferent electrolyte, e.g. potassium
nitrate, is present to lower the transference number of the reducible

ion to zero, a limiting or diffusion current is reached with increasing

potential at which the rate of reduction, indicated by the current, is
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controlled by the rate at' which the reducible ion can diffuse from the
body of solution; across the concentration gfédient, to the electrode
surfaée. .
Mﬁxima often occur in the current-voltage curves, These are

" thought to be due to a stirring phenomenon at the dropping electrode
(1,13)

surface They may be eliminated by increased dilution or the
addition of as little as 5 x 10-4 percent of a surface active agent

such as gelatin or methyl red. In this investigation, however, the

total absencé of surface active agents was necessary in several instances,
Therefore, the problem was eliminated by reducing the concentration of
chromium (III) to a point where the ﬁaximumldisappeared.

" An equation for the diffusion current has been derived by Ilkovic(19)
and MacGillavry and Ridea1(27) from Fick's law of diffusion. An explana=-
tion of their derivation is presented by Kolthoff and Lingane(zz). The
Ilkb&ic equation 1s:

14 = 607 n DY/2 n2/3 /6 ¢ | (4)
vwhere 13 is.theldiffusion curren£ in microamperes;
n is the number of electrons transferred per molecule;
D is the diffusion coefficient of the reducible substance
in square centimeters per second;
m is tpe mass of mercury flowing from the capillary in milligrams
ber second;
t is the drop time in seconds;
C 1§>the concentration of the reducible substance in millimoles per
A‘ liter.
Several.terms in the Ilkovic equation are often combined to give:

ig = KC (5)
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‘where K is the Ilkovic or diffusion current constant expressed in
microamperes per millimole\per liter.

The Ilkovic equation was checked experimentally by Kolthoff and
(22

- Lingane ) and proved accurate provided the drop time was from three to
six‘secondq, sufficient indifferent electrolyte was present to reduce the
transference number of the reducible ion to 0.0l or less, and a correction
was made for the residual current, ,

The Currggt-fotggt;al Relationship gg;_Revergible4Sz§tems: By
definition, the reactants in a reversible system are at equilibrium at
al]l times. Taking the electrolytic system:

M™ 4+ ne” — M(m - n)+ | T (e)
" to be at equilibrium; the net rate of the reaction is zero, since the

rates of reduction and oxidation are equal. Setting i equal to—zerp in

Equation (2) gives:

[:Mm+:]o exp <_ _C_k___}_i‘;___‘t_é’é_QZ_E__) >= I}[(m - n)*]ol ex_p (" '_Z'—A F* -R';,(, ,)(7)

RT /

or -

Fme # L

“_Mm:lo = axp (_ AF2 - AF;T ) exp (na?E (OL’ DZ )) (8)

pe(m = 0)7] RT \ RT |
. o . .

Converting to logarithms: [ﬁmf]

1 ) = e _ d o

AF1, -AF; + nIE(L+ ols = RT 1n AE,[(m — n)’:lo (9)

For a reversible reaction, the electrical work done in the reduction,
AnFE, plus the work done in the oxidation,o{’n FE, must equal the
total work done in the system. Therefore, the sum,<>(*¢7(; ﬁust be equal

to unity. Also, if the forward and reverse reactions pass through the

same activated state, as is necessary for a reversible process,
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3. 3.
OF) =8F _ AF° - _ o
ne” n_7 : , (10)
where E° is the potential for the reaction (Equation (6)) at unit activity.

Substituting into Equation (9):

L],

E=g° + Rl 1n . (11)
" Tnz (@ - n)r[ ~ .

/

Equation (11) was applied to polarography by Heyrovsky and Ilkovic(18):
i) = 1
E=E +_ELln(dc ‘ 12

where E1/2 is'the potenﬁial at which the curfent, i, is equal to one~half
the diffusion or limiting current, 1d,

(i3), and (i4)a &re the diffusion currents for the cathodic and -

anédic processes, respectively.
They assumed that the average rate of diffusion of ions to the mercﬁry
drop is proportional to the concentration gradient, and that the rates of
change of the surface concentrations are zero at a single potential.

It is obvious from Equation (12) that the half-wave potential, Eq/2s
is identical for reduction and oxidation in a reversible system. Even in
the absence of one of the species, correséonding to (id)c or (ig)a eqﬁal
to zero, Eq/g for the cther form is unchanged, Figure 5 illustrates this
principle for the reversiblé réduction and oxidation of metal ions.
Equation (12) has been verified by Stackelberg and Freyhold(ao) and
Lingane(26) in their studies of the reversible ferric-ferrous oxalate
system, Curve D in Figure 5 illustrates the result when an irreversible
system such as the chromium (III)-chromium (II) pair is electrolyzed.

The following section discusses this system,
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The Current-Potential Relationship for Irreversible Systems: At any

potential during the electrolysis of an irreversible systen, e.g. the
chromium (III)~chromium (II) pair, the ne£ current is the algebraic sum
of the reduction and oxidation currents. The potential at any point in
the solution is a function of ihe distance from the electrode, being a
maximum at the electrode surface. A schematic representation of this
effect is shown in Figure 6. The steepest portion of the potential
gradient is near the electrode surface. For each of the mechanisms
described in the previous section, the activated state eéists at a
distance, x, from the electrode. This varies with « , the fraction of
the potential required to produce the activated state. This distance
should be larger for the electron transfer mechanism than for adsorption
or desorption mechanisms and should be even greater for the electron
exchange process. The net :eaction réte, then, is a sum of all the
oxidation and reduction occurring from the electrode surface out to an
infinitely large distance, X. The net polarographic current at any

instant, ii, may be expressed by an equation similar to Eduation (2):

* . oL :
iy =of ¥ n7hy H I exp (— S = nJEx) E:r*“]x dx

/
- X AF* -aé/nj’E <+
/ n_7A{ f'{ kT _ exp (— X - ' )9 &Zr* o A (13)

where A, is the surface area of the drop at time t,
Z)F: is the free energy of activation of an ion at distance x from
the electrode surface,
E, is the potential at distance x, |
[§r++f]x and [§¥+€]x are the concentr#tions of chromium (III) and

chromium (II), respectively, at distance x.
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EIGURE 6

POTERTIAL GRADIENT NEAR ELECTRODE SURFACE
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The primed quantities refer to chromium (II) ion.

Integratioﬁ of Equation (13) gives§
% —
‘ _ KT AF + A nJE ++4
1y = nIMXH exp(‘ - < ) e+,

' %/ p o
- A K/_é;r_ exp(_ AF ;To(nJE) Erw_‘]o

where AF" is the average of all Z&F: from O to X,

(14)

E is the difference in potential between the electrode and the
body of the solution,
ol is the fraction of the potential effective in reducing the ion,
Er“‘]o and Elr“]o refer to the average values for chromium (III)
and chromium (II) in the surface layer. .
Primed terms again refer to chromium (II) oxidation., At increasing
negative values of E, the second term on the right side of Equation (14)
becomes negligible, and the current is essentially a reduction current.
Lewis(25) ﬁas shown this to b? true by the fact that chromium (II)
solutions give only a residual current at potentials correspondirng to

the rediuction of chromium (III) ion., Accerding to Heyrovsky and.Ilkovic(18):

[err+s] = ta”2 (15)

KCr**’

where i4 is the diffusion or limiting current,
KCr*’* is the Ilkovic constant for chromium (III) ion in this
particular system.

. Substituting this into kquation (14) we get at large negative values

of E:

_ nFAXK kT i AF* + X nFE -
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The value of Ay as a function of the mass of mercury flowing per second

from the capillary, m, and its density, d, may be expressed by:

/3 2/3 .
= =2m_ | t
Ay = 4 Ta

The Ilkovic constant may be written (Kolthoff and Lingane(22)):
1/2 2/3 1/2 1/6
+++ = L[LIT oFf—3n.. D t
forser = 4{IF) " 0 ) vt

Incorporating Equations (17) and (18) into Equation (16) we obtain:

it, ( )1/2 D1/2 KL o (_ A *O(R’T“;”?)ﬁd - 1)

12X

The average value of the current is given by:

t
. a
1=t-1 /mxitdt

max 0

where tpey is the drop time (hereafter called t), then:

-~

_-(l )1/2 /2 x/'(l‘i— exsz(-——dﬁAF* ’RT ek (ig -'i)

p1/2

Converting to logarithms:

L1/2 #
Ini= 1no77—}—<x i QF _oAnFE, g, (s - 1)
p1/2 h RT RT d
or
Ar’ RT t
E = - + In 0.77 L= Kx == - e
RT  oXno? ‘< h Ane¥ ig-1i

When 1 equals 1/2 iy, E equals E{/2 and:

AP R g1/2
.77 X
E1/2 "X nc~7 o 1n 0.7 1/2 /.(

So E may be given by:

- R .4
E=E/2 " SnF P -1

(17

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)
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(25)

The preceding derivation was presented by Lewis . A more exact

expression has been dérived by Koutecky(zk)‘from the equation
1, = 607 n 01/2 n2/3 £1/6 (1 + w=1/3 £1/6.01/2) (26)
_ where A is a constant given the value 34 by Koutecky,
| C is the concentration of reducible ion in millimoles pér liter,
which allows for expansion of thé mercury drop and curvature of its
surface. The only change produced in the expression as used by Lewis is
that the term "ln 0.77" is replaced by "ln 0.87". In the calculation of
the experimental data in this study, Koutecky's value of 34 was used.
Plots of'E vs 1n i for the polarograms obtained in this investi-

ig - 1
gation for chromium (III) reduction to chromium (II) in 0,10M potassium

nitrate often gave two straight lines intersecting at the half-wave
potential, This indicates two mechanisms are involved with a change in
mechanism occurring near the half-wave potential., The values of CXL
corresponding to eachvstage in the mechanism are calculated from the
slopes of the E vs ln.T—i—--plots. These values lie between zero and
. iy - . :
d
one, Other irreversible systems were found by Kolthoff and Lingane(22)
and Orlemann(z?) to fit Equation (25).
For convenience, Equation (24) can be written:
. __4AF &
127 Iy Ao
t1/

2 kT
where B equals 1n 0,87 —?755 /1ix — (using Koutecky's constant).
D

ln B _ (27)

Substituting AH*-TAS for ZKF*, Equation (26) becomes:

AR “Ag" R
E = - T = 8
V2= s [dng*ozn; ln _B7 (28)

If we assume'ZXH* to be temperature independent, this equation has

the form a + bT. Plotting E1/2 vs temperature enables one to determine
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values for "a", the intercept on the Eq/ axis at T equal zero, and "b",

the slope of this plot. The thermodynamic properties for the rate-

determining step may be expressed in terms of "a" and "b":

AH" = ~olna | | o (29)
As* =cnFb - R1n B | | (30)
AF* = An* - 1AS* , (31)

‘Similar expressions may be developed for the oxidation of the
chromium (II), but were not considered within the scope of this investi-
gation.

The experimentally determined values for zﬁBH*,szS*, £Q>F*, and
«_ are discussed in a later section in regard to the various suggested
mechanisms. The quantities are numerically the same regardless of the
mechanism, but the effect on the values with changing solution and
electrode surface conditions has significance in choosing a most reasonable

mechanism.

V1, EXPERIMENTAL WORK

Consideration of the foregoing theories of possible mechanisms leads
to the conclusion that investigation of the effect of temperature and
surface active agents may offer evidence favorable to a particular
mechanism, The study of temperature effect on the half-=wave potential
yields a value for the heat of activation., Changes in this value msay
permit the choice of’a "most reasonable" reaction path. |

Apparatus: Figure 7 is a photograph of the laboratory apparatus.
The equipment used included:

1. A Leeds and Northrup Electro=Chemograph, Type E. The recorder



FIGURE 7

LABORATORY APPARATUS USED IN POLAROGRAPHIC STUDY OF THE MECHANISHM
OF ELECTROREDUCTION OF CHROMIUM (III)
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3.

be

sensitivity used in these studies was 2 microamperes full scale.
The damping control on this polarograph was used at the first
position (minimum damping) without effecting the half-wave
potential or distorting the current-voltage curve. The polariz-
ing slidewire was calibrated against an Eppley Laboratories
standard cell using a Leeds and Northrup K=2 potentiometer.

A dropping mercury electrode was prepared by connecting a Fisher
Electropode capillary (approximately U.U5 millimeter bore
diameter) to a leveling bulb by a length of Tygon tube. The
drop time was regulated by adjusting the level of the mercury

in the bulb relative to the capillary tip. This difference was
L5.. centimeters in all experiments., The quantity m2/3 t1'/6

for this capillary was 2.00 + 0.0l milligrams®/3 seconds™1/2
over the range of temperature and potential examined.

The reference electrode was prepared by grinding calomel with
mercury and covering this mixture with saturated potassium
chloride containing solid potassium chloride. The reference
electrode temperature remained at 20 # 1°, The saturated calomel
reference electrode (S.C.E.) and bridge were shielded with
aluminum foil and grounded to eliminate errallic currents in the
cell circuit.

The polarographic cell was of the modified Carritt type(zs) to
permit rapid deaeration, yet exclude the diffusion of agar and
chloride ion into the area around the dropping mercury electrode.
Figure 8 shows the construction of the cell. The dimensions were:

diameter, 4 centimeters; height, 8 centimeters. The resistance
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of the cell assembly was measured with a Wheatstone bridge for
use in correcting the measured potential for ohmic drop.

5. The cell temperature was regulated to * 0,05 degree by a constant
temperature bath controlled by a Bronwill Scientific, Inc.
regulatof. Sodium chromate was added to the bath water and the
_stirrer grounded ﬁo minimize the pickup of extraneous currents
by the cell circuit,

Reagents: All reagents were prepared with reagent grade chemic#ls
and distilied water. The chromium (III) pitrate and potassium nitrate
were Baker Analyzed Reagent Grade. A 0.487M solution of chromium (III)
nitrate was used in preparing all chromium solutions, In all experiments
the chromium (III) concentration was 2.43 x 10'4& and the potassium
nitrate concentration 0.10M. Agar solutions were prepared by dissolving
an appropriate weight of Difco Bacto-Agar in hot water and heating on a
boiling water bath for one hour to insure complete hydrolysis. The
indifferent electrolyte was then added, the solution conled, an aliquot
of the chromium (III) nitrate stock solution added, and the solution
maae up to volume.

Experimental Procedure: The cell was filled with 2.43 x ID-QM
chromium (III) nitrate, 0,01M potassium nitrate solution and deaerated
by passing nitrogen (freed of oxygen by chromium (II) sulfate scrubbing)
into the cell through the salt bridge and fritted glass cylinder. Purge
time was fifteen minutes. The nitrogen flow was then changed to sweep
the solution surface and suction applied to the nitrogen inlet to fill
the bridge tube with cell solution. The dropping mercury electrode was

placed in the cell following cleaning with 9M nitric acid and distilled
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water, iﬁ that order, 'Threg polarograms we?e made each time the conditions
were variéd. The temperature was then adjﬁsted and/or the solution changed
and additional data taken, | | |

Accuracy and ;rgcggiog'gg‘ggggi The current was measured from the
polarograms with a standard deviation between the measurements of * 1%

including correction for the residual current. The values calculated for
e :
cm2/3 ¢1/6

system are given with their standard deviation in Table I. Each of-the

the Ilkovic constant, K = , for chromium (iII) jons in this
values is the average of three determinations at aga:«concéntrations
varying from zero to 0,005 pefcent by weight.’ The temperatures are also
averages of three values, |
_ The qiffus%on constant for the chromium (III) ion at 250, Dop#++s
calqulaped from the eqﬁatipﬁ:
K = 607 mp1/2

where K is the Ilkovic constant, was found to be 5.4 x 10’6 cm2_sec'1.

This is in good agreement with Lewis!' value(25) of 5.6 x 10-6‘ém2 sec™] ETI

in O;lM perchlofic acid and that of Lingane and Pecsock(26) who found
5.8 x 1070 cn? sec™l for the 0.5M sodium perchlorate system.
A potentials were measured against a saturated calomel electrode

at room temperature (20_3li°). The stability of this reference electrode
was checked pgriodidally by determining the half;wave potentiél for cadmium
reduction and was found to be constant within.theAprecision of the graphi-
cal measurement yﬁiéh was + 3 millivolts., )

Chromium {III) concentrations are precise to * 1% and agar to + 0.2%.
The drop time was constant at 4e52 * 0,04 seconds at =1,0 volt vs the

saturated calomel electrode. Cell temperature was controlled to * 0.05°.
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Potassium nitrate concentration was 0.10M *+ 0.1%.

The Current-Voltage Curves: Figure 9 shows typical current~voltage
curves obtained for the chromium (III)-chromium (II) reduction in 0.10M
potassium nitrate, These curves are tracings of the average of the )
current fluc£uations with the dropping electrode as recorded by the
polarograph. , _ |

‘Analysis of the QgLa_;_ The theories described in a preceding section

all predict the following current-voltage relationship:

= RT i
E E1/2'—- 1n id'i‘ . (32)

Using this equation, all polarograms were anealyzed by plotting the
potential vs the logarithm of i_. Figure 10 shows some typical results,

ig-1
Below 30. 0° a strict linear relationship was observed in accordance with

Equation (32)., At 30.0 and above, however, two straight lines, inter—

i
d"i

secting at log

equals zero, became apparent,

The half-wave potential, E1/2, was determined as the value of E at

.which the 1ogarithm of

id T wvas zero. Numerical values fer-E1/2, slopes
of the .straight line or lines, and the corresponding values of Ckiare
given in Table 2, In the cases where two straight iines were obtained,
E1/2 wag determined By their point of intersection with the logarithm
term equal zero line, Slope and cxivalues for the two lines were calcu;
lated separately. In Table 2, values for the line to the positive side
éf E1/2 are denoted by the subscfipt I, those on the negative side of
E1/2 by II. |

Values were obtained from:

A = - _2.303RT (33)
n & (slope)
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Potential Difference, 100 mv/division

A, No Agar, 25°, D. No Agar, 40°.

B.. 2.5 x 1073% Agar, 25°, E. 2.5 x 10 °% Agar, 40°. s

C. 5.0 x 10~2% Agar, 25°. F. 5.0 x 10°°% Agar, 40°.

EZIGURE 2
CURRENT-VOLTAGE CURVES FOR REDUCTION OF CHROMIUM (III) AT THE

DROPPING MERCURY ELECTRODE IN 0.10M POTASSIUM NITRATE AND VARYING

AGAR CONCENTRATIONS

7



IDO-145C5
. Page 4C

2.0 A :

1.0

)

(

i
id-i

Log
(]

Letters Refer to
FIGURE 9

I

+ . Potential Difference, 100 mv/division —

FIGURE 10
POTENTIAL VERSUS LOG (-i-gi_—i) FOR THE REDUCTION OF CHROMIUM (III)
IONS AT THE DROPPING MERCURY FLECTRODE IN 0.10M POTASSIUM NITRATE

AND VARYING AGAR CONCENTRATIONS.
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where o
. & ’
d log i ' - (34)

ig -1

slope =

The half-wave potentialyfqr a par?icu;ar agar concentration was
-plotted against temperature. The curves obtained were linear, Figure 11
shows this relationship for varying agar concentration. The slope of this
: plot corresponds to "b" in Equation (30) and the,inte?cept at 0°K to "a"
| in Equation (29). Therefore: B

AH* = - a0 F | o (35)

. 0.87 tV/2(x W
AS bo{n<7 =R 1ln >D1/2 Tl_ (36)

All values of "a", aﬁd thérefore LﬁH*, were calculated in reference
i to the normal hydrogen eleéfrode, N.H.E., which is =0,242 volt vs the
saturated calomel electrode. | .
The tranéﬁission coefficient, K, is assumed to be unity fbr all

| calcyléfions; - ' .

: .:The distance factor, X, of Equation'(14) was assumed to be 100 & in
caléulating ZXS* and‘élF*. This figure was chosen as a reasonable maximum
distance at vhich reduction might occur and also so that the data of this
study’would be comparable with those of Lewis(25) for the perchloric acid

1 for a factor

- # : , -1 -

system. The value of S will differ by 4.6 cal mole ' deg

of t?p error in thié assumption. Theréere; there is an uncertainty in
# 3

AF of 4L.6T or 13.5 keal mole'j-gt 25° for a deviation of X from 100 R

by a factor of ten.
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_ FIGURE 11 - ;
HALF-WAVE POTENTIALS FOR THE REDUCTION OF CHROMIUM (III) AT THE

DROPPING MERCURY ELECTRODE IN 0,10M POTASSIUM NITRATE AS A FUNCTION
OF TEMPERATURE AND AGAR CONCENTRATION.
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VII. RESULTS AND DISCUSSION
In the treatment of the experimental data in which log - i 1
. . B ld -

plotted against E, two straight lines were obtained which intersected at

the half-wave potential (log idi' T equals zero). The data obtained from
these plots (Table 2) show two values for X suggesting the existence of
two mechanisms for which the thermodynamic functions ZSH*,.KBS*, and AF"
were calculated and are shown in Table 3,

- Similar evidence for the existence of two mechanisms was obtained in
a perchloric acid system(7) and was explained by the postulation that, in
addition to electron transfer, electron exchange between the reduced form
hear the electrode surface and the oxidized form in the diffusion layer
became prominent at the half-wave potential. The application of this
hypothesis to the present investigation is supported by the fact that the
chromium (II) concentration at the electrode surface increases with
increasing negative potential until at ET/2 it 1s approximately equal to
the chromium (III) concentration.

In the present study, the effect of agar on the thermodynamic
functions for ségments 1 and II of the log Egi:_f vs E plots (Figurc 10)
was investigated in the hope that the information obtained would help in
the choice of reasonable mechanisms to explain the different slopes of the
two segments. A maximum agar concentration of 5.0 x 1073 weight percent
vwas chosen for the present investigation from data by other experimentj
ers(25) which indicated that the formation of a monomolecular layer of
agar on the mercury surface is completed at this concentration (Figure 12).

The elimination of maxima on polarograms obtained in this study following
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the addition of agar indicated that the ag#r was still adsorbed at
potentials corresponding to the reduction of chromium (III) to chromium
(11). An adsorbed layer of agar on the mercury electrode would alter the
mechaniém of reduction and cause a change in the heat of activation, if
the mecéanism involves adsorption or desorption of the chromium (III) or
chromium (II) ions.

The data in Table 3 indicate that the heat of activation for the
reduction of chromium (III) to chromium (II) did not change within experi=-
mental error over the range of agar concentration studied. It may be
concluded from the constancy of the values for the heat of activation,
with and without agar, that adsorption or desorption of chromium 1oné on
the mercury surface does not play a part in the mechanism of reduction.

A calculation of the thermodynamic values for the activation reaction
in the electron transfer mechanism may be made. When a chromium (III) ion
is reduced, the coordinated water sphere associated with this ion must
expand to that of the chromium (II) ion. In the electron transfer
mechanism, this expansion of the cobrdinated water sphere may be the
activation or rate-determining step. From a consideration of the energy
of a pa;tiole in a dielectric(25):

2
AF = E - ) (37)

2K
vhere q is the charge of an ion of radfus r in a medium with the dielectric
constant K, r* in this case refers to the radius of the chromium (II) ion.

Similarly, the entropy change is given by:

¥ _ _ AOFY - sﬁ(i_- 1) K
As at K2 \r T aT (38)

: o
For example, for the change from chromium (III) (r = 0.62 A) to chromium

¥*
(11) (r = 0.80 %) in an aqueous medium, AF" was calculated to be 5.5 kcal
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mole~! and A ¥ 105 cal mole™! deg™!. The heat of activation (AH" =
A F* + TAS¥) using these values was calculated to be about 37 kcal
mole” ! at 25°,

The average experimental value ofAZXH* at all agar concentrations
(Table 3) for the reduction of chromium (III) to chromium (II) at
potentials more positive than the half-wave potential was 34 kcal mole-1.
This is in good agreement with the theoretical value of 37 kcal mole-1
calculated from Equations (37) and (38) for an electron transfer process.

Numerical values for AS* and AF* are dependent on the rate theory
applied in the derivation of the equations describing the rate of reduction.
However, the effect of changing solution conditions on the values of Dg*
and AF" (Table 3) may be used in interpreting the mechanism,

With increasing agar concentrations AS* becomes more negative
(Table 3). This may be due to an increase in the distance X as the
electrode becomes more heavily coated with agar or to a more precise
degree of orientation required for transfer of the electron between the
partially covered electrode and the ion.

At the electrode, a potential gradient exists over an appreciable
distance from the electrode surface due to the quantum mechanical tunnel-
ing effect. Figure 6 shows a graphical picture of this gradient. The
compact portion of the double layer has been calculated(14) to be in the
order of 10 X thick and accounts for about 90 percent of the potential
drop, the diffuse portion extending out for sevéral hundred angstroms.

Applying Figure 6 to the experimental data for the reduction of
chromium (III) at potentials more positive than Eq/p, it is evident that

the chromium (III) ion is reduced at a point where the potential has
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dropped to 92 percépt (o = 0.92) of the value at the electrode surface

or at a distance of approximateiy lb R,"near the §uter s;rf;ce of the

compact double layer. Assuming this value to be correct for X in Equation
(28) the values of g andqélF* would be changed by +4.6 cal tole” ! de,g"1

and ~13.7 keal mole !, respectively.

The < value for segment II (Figure 10) is consistently smaller than
the o value for the electron transfer process (segment I), which occurs
at more positive potentials. Since the transfer coefficient, o( , was
defined. as £he fraction of the total potential difference between the
electrode and the boé& of the solution that was effective ih reducing the
ion, then by the exchange,

Cr*(II1) + Cr(II) &= 0Cr"(II) * Cr(IlI), |
a chromium (III) ion has beén effectively transported from position Cr to
Cr*, i.é., closer to the electrode, across a portion of the potential
gradient without_the use of the potential diffefence. Therefore, the
toﬁal process involving both electron transfer and exchange (segment II)
must have & lower transfer coefficient than one in which no exchanges
occur (segment I). Table 2 sﬁows the expected difference in the transfer
coefficients for the two‘reaction péths.

Figure 13 showéva comparison bétwéen the effect of agar on the
entropy of activation for the process occurring at potentials more
positivg fhan E1/2 and that occurring more negative than E1/2. The two
~ curves show an almost identical effect with increasing agar concentration
as would be expected if the electron exchange.pccurred concurrently with

electron transfer as the secondary mechanism. The heat of activation for

the'compos;te mechanism was not affected by agar adsorption .on the mercury
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FIGURE 13

ENTROPY OF ACTIVATION FOR THE REDUCTION OF CHROMIUM (III) IN
0.10M POTASSIUM NITRATE AS A FUNCTION OF AGAR CONCENTRATION
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surface (Table 3). Electrode surface changes would not be expected to
affect the exchange mechanism, and it has already been shown that the
presence of agar had no effect on the primary mechanism, electron transfer.
Thus, the dual mechanism hypothesis is in agreement with the experimental

data,

YIil, SUMMARY

The reductioﬁ of chromium (III) to chromiu@ (II) in 0.10M potassium
nitrate at potentials more positive than the half-wave potential proceeds
by a mechanism in which the transfer of an electron from the electrode to
an ion near the inner limit of the diffuse portioh of the double layer is
the rate-determining step. The chromium (III) ion is activated by the
expansion of its water sheath to the chromium (II) configuration.

At potentials more negative than the half-wave potential, the
increasing ratio of chromium (II) to chromium (III) ions in the diffuse
layer promotes an electron exchahge mechanism which is concurrent with
the electron transfer occurring nearer the electrode surface., A
chromium (II) ion reduces an incoming chromium (III) ion while it is
still in the vicinity of the electrode. This oxidized ion is then

re-reduced through electron transfer from the electrode.
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IABLE 1

Tne : - . f‘ for the : of Ghro . . t L o
in 0,10M Potassium Nitrate at Various Temperatures

K=___1d
. /3 t1/6
‘ : microamperes secondl/2 millimole™1
Temperature
—_-c ' liter~l miliigram=2/3
20.1 o . 1.41 + 1.6%
25.0 1.49 * 1.7%
30.0 ‘ 1.60 * 1.5%
'35.0. 1.70 # 2.6%

- 40.0 ' A 1.84 + 1.1%

All values of K are the average of three determinations.

Precisions are standard deviations.
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ZABLE 2

Reduction of Chromium (ITI) Ions at the Dropping Mercury Electrode in 0,10M
Potassium Nitrate ss & Function of Temperature and Agar Concentration

Temperature Agar, -E1/2 o o >,

o¢c - Weight Percent Volts vs S,.C.E ' avg, T 11
20,3 0 0,805 0,76  ==——= o
19.6 2.5 x 1673 0.806 0.8  emm=  —
20.5 5.0 x 103 0.808 0,79  ———  —
25,0 0 0,792 0.76  =———=  ————
25.0 2.5 x 1073 £.799 0.81  ==m= -
25.0 5.0 x 107 0.798 0,80  mmmm e
30.0 0 | 0.789 0.7, 0.82 0.66
29.9 2.5 x 10 ° 0.790 0.80 < m—m=  ———
30.1 5.0 x 1073 0.789 0.83 0,92 0.73
35.0 0 | 0.775 0.83  0.93 0.73
35.0 2.5 x 1073 0.775 0.82 0.9, 0.69
35,0 5.0 x 10=3 0.782 0.80 0.91 0.69
40.0 0 0.764 0.82  0.94 0.70
AD.D 2.5 x 1073 ‘ 0.764 0.81 0.91 0.70

39.9 5.0 x 1003 0.764 0.8, 0.94 0.7
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IABLE 3

Over the Renge 20° to 40° in D,10M Potassium Nitrate

* Agar, Meight Percent

_0o__ 25 x10  5.0x107
ng" (yolts vs N,H.E.) -1,673 -1.635 -1578
"H (mv/deg) 2.13 | 2.00 1.80
A H:vg (kcal/mole) 9.7  30.2- 289
AH;'(kéai/mole) | 34,7 . 35.1 | o 33;5
A H;I' (kéai/mole) 4 27.0 . 2644 26.2
AS.;soI (cal/(dég) .(molAe)_ +1.7 A -6.1
Asgson (cal/(deg) (mole):. -8.1 -12,0- - YW
AF3s0; (keal/mole) 342 '35.5' . 35.3

AngoH (kcal/mole) 29.4 30,0 | .'A3jt_.>.'5,',
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