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b From the variation of i,71/2/C
with T during the chronopotentiometric
reduction of riboflavin, the amount of
riboflavin adsorbed on the electrode,
I', is calculated. Values of
calculated using various theoretical models
are discussed, and these values are
compared to the one deduced from
electrocapillarity measurements.

r

the determination of the extent of
adsorption of riboflavin on a mercury
pool electrode. The various models
proposed to describe the chronopotentiometric electrolysis of both a diffusing
and an adsorbed species were used to
calculate the amount of riboflavin
adsorbed, and these results were compared to those obtained from measurements on electrocapillary curves.

A

of the electroactive
EXPERIMENTAL
species causes the value of the
chronopotentiometric constant, ~ , , T ~ / ~ / C , Chronopotentiometric measurements
to increase with decreasing transition
generally followed the previous practice
(3). Constant current was obtained
times. This increase in i0r1'*/C is
using a regulated 250-volt power supply
caused by the distribution of the current
and appropriate resistors. The merbetween electrolysis of the electrocury pool electrode was formed in a
active species diffusing t o the electrode,
Teflon cylinder, and was always
' ~
as l/&, and elecfor which T ~ varies
adjusted to the same height to maintain
trolysis of the electroactive species ada constant projected electrode area of
sorbed on the electrode, for which 7
3.08 sq. cm. The auxiliary electrode
varies as l/io, The relative contribution
was platinum foil, isolated in a comfrom the adsorbed species therefore
partment provided with a sintered-glass
disk. A saturated calomel electrode
increases as T approaches zero. Several
(S.C.E.)
was the reference electrode.
authors have considered the chronoTransition times were measured from
potentiometric measurement of adthe application of the current to the cell
sorption (1, 2, 18, 14, 18) but few
to a preset potential automatically,
measurements have been made by this
using an instrument consisting of a
technique. The adsorption of iodine
Hewlett-Packard 522B electronic counwas measured by Loren2 and Miihlberg
ter for time interval measurements and
(15) using heavily platinized electrodes,
a trigger circuit (9). Measurements
and by Landsberg and coworkers (13)
were made at room temperature, 24' i
'1 c.
using graphite electrodes. Munson (16)
Electrocapillary curves \yere determeasured the adsorption of CO on
mined using a dropping mercury elecplatinum. In all cases, because solid
trode (D.M.E.) by the drop time techelectrodes are employed, the actual
nique of Corbusier and Gierst (7). A
surface areas of the electrodes were unconventional polarographic capillary
certain, and the results deduced from
(Sargent) mas fused onto the vertical
chronopotentionietric
measurements
stand tube, and the whole assembly was
were not checked by alteinate methods
held immobile during a series of measureof measurement. This study deals with
ments, with the cell being removed and
replaced Care was also taken to keep
the assembly free of vibration: small
variations in the angle of the D.1I.E.
Table 1. Chronopotentiometric Data
capillary and vibrations can cause
for Reduction of Cadmium(l1)
erratic drop times and unreliable surface
tension measurements. Drop times of
Solution was 0.2M NaClO, and 3.21mM
S to 10 seconds were used.
cadmium(I1). Mercury pool electrode
area was 3.08 sq. cm.
DSORPTION

i"T11'*/C,

io, ma. per
sq. cm.
0.218
0.385
1 .oo
3.04
6.74
10.12

2

0

7, sec.
44.6
13.7
1.81
0.22
0.043
0.0196
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ma.-sec.1'2
_
____
sq. cm.-mM
0.454
0.444
0.419
0.444
0.436
0.441

RESULTS

Reduction of Cadmium(I1).
To
test the apparatus and determine the
experimental variation of transition
time data, especially at short transition times, the reduction of cadmium
(11) was carried out. The data in
Table I indicate no trend in ior112/C
for

transition times of 0.02 to 40 seconds;
a least squares analysis of a plot of
io~1'2/C
os. 7 - - l f 2shows a slope of 0.000 f
0.002 ma.-sec. per sq. cm.-mM,
Reduction of Riboflavin.
The
polarographic reduction of riboflavin
has been studied a t several different
pH's (6, 1 1 ) . A chronopotentiometric
reduction wave of riboflavin a t a
mercury pool electrode in a sulfatebisulfate buffer pH 2 is shown in Figure
1. Current and transition time data for
the reduction of riboflavin at several
different concentrations, given in Table
11, show that in all cases i,+/C
increases with decreasing T (increasing i).
Since oxide films are absent at mercury
electrodes, and the variation is too
large to ascribe to double layer capacity
effects, the increase in io+ "ic is most
probably due to the reduction of
riboflavin adsorbed on the electrode in
addition to that diffusing from the

II. Chronopotentiometric Data
for Reduction of Riboflavin
Solution was 0.5M NaHSO, and 1M
Table

Na2SO+. Mercury pool electrode area
was 3.08 sq. em.

aOT1l2/C,

ma.-sec.llt

io,

C,

mA1
0.800

0.400

0,200

ma. per
sq. cm.
0,0958
0,1400
0.1945
0.2641
0.3840
0.5380
1.051
0.0471
0,0670
0.0955
0.1395
0,1945
0.2660
0.3840
0,6450
0,0235
0.0347
0,0469
0.0676
0 ,095'4
0.1399
0.1940
0.2160
0.3820
0.5380
0,7450
1,054
1.580

sec.
14.91
6.51
3.75
2.07
1 10
0.686
0,299
17.78
S.34
4.79
a .30
1.33
0 ,845
0.519
0.273
21.82
11 .65
6.07
3.38
2.05
1.10
0.743
0.472
0.270
0.172
0.127
0.0982
0.0788
T,

sq. cm mx
0 462
0 447
0 471
0 475
0 503
0 557
0 718
0 497
0 490
0 523
0 539
0 561
0 611
0 692
0 843
0 519
0 <5'E
0 578
0 621
0 683
0 734
0 836
0 742
1 009
1 116
1 33
1 6.5
2 1s

bulk of the solution ( 2 ) . The calculation of the amount of substance adsorbed, r, from chronopotentiometric
data essentially involves extrapolation
of i - T data to zero T (or infinite i)
where the relative contribution of the
solution species to the transition time
becomes zero. The actual r calculated
however, depends upon the particular
model used for this extrapolation.
Different assumptior s concerning the
relative order of electrolysis of diffusing and adsorbed species, as well as
different adsorption isotherms assumed
in the treatment, kad to somewhat
different values of r. Several models
proposed for these calculations are discussed below.
THEORETICAL MODELS

Several theoretical nodels for chronopotentiometry involving adsorption of
the electroactive species were proposed
by Lorenz ( 1 4 ) ; modifications of
these were given by several other
authors. The numbering system below
generally corresponds to that given by
Lorenz.
1. Adsorbed Layer Electrolyzed
First. If the total current goes exclusively to electroiysis of the adsorbed layer, and after the adsorbed
layer is depleted, exclusively to the
diffusing substance until the transition
time, 7, is reached, the following
equation is obtained ( f 4 )

.

*or

nzF2nD
---C a
4
i,

+ nFr

(1)

A plot of io?us C z / i , results in a
straight line of intercept n F r . This
model was also suggwted by Laitinen
(19). Generally extrapolation by this
procedure, for a given set of i o- 7 data,
leads to the largest va ues of r.
2. Adsorbed Layer Electrolyzed
Last.
The total current here is
assumed to go exolusively to the
electrolysis of the diffusing species
first. After the usu:il transition time
for the diffusing yiccies, T ~ ,the adsorbed species ir elec kolyzed. During
the electrolysis of thfl adsorbed layer,
the dissolved speci:s continues to
diffuse t o the electrode, and the second
transition time, r2, is zttained when the
adsorbed layer is comp etely electrolyzed.
An inflection n 111 n i t necessarily be
observed between ther,e two transitions
Therefore, for a g veil amount of
adsorbed species the total transition
time is prolonged to a much greater
extent than if the adsorbed species is
electrolyzed firct (model 1) or simultaneously with the diffusing species
(models 3 and 4 ) . For a given set of
i, - T data, this model will lead to the
smallest values of r.
Lorenz (14) pel formed an approximate treatment for ihis model, using
the assumption that the current contributing to the elect-olysis of the dif-

species assumes that the fraction of
the applied current contributing to
both processes remains constant during
the electrolysis. The following equation
is obtained (14):
(7)

r is calculated from the intercept of
the line obtained by plotting i o r / C 21s.
Equation 7 has also been used to
correct chronopotentiometric data for
effects of oxide film reduction and
double layer charging as well as adsorption ( 2 ) .
4. Simultaneous Electrolysis of
Diffusing and Adsorbed SpeciesLinear Isotherm. Lorenz derived an
equation for simultaneous electrolysis
assuming that the amount of adsorbed species present during electrolysis was linearly related to the
concentration of the diffusing species a t
the electrode surface (14). Integration
of the final equation given by Lorenz
yields

+,

TIME

Figure 1. Chronopotentiogram for
reduction of 0.40mM riboflavin in
0.5M NaHS04 and 1M Na2S04 at
current density of 0.0435 ma. per
sq. cm.

fusing species during the electrolysis of
the adsorbed layer varies as t-1'2.
With this assumption, the following
equation was obtained 1

A plot of ( i o ~ ) 1us.1 2C/i,1/2 yields a
straight line of intercept ( n F r ) 1 ' 2 .
Since the equation relating the flux of
the diffusing species after the first
transition has been derived, the above
approximation is unnecessary. A more
rigorous derivation was given by Reinmuth (18)and h s o n (1)in different, but
equivalent, forms. The final equation
is (18)

where r1 is the first transition time, due
only to the diffusing species, and is
given by
rl

=
7

n2F2nDC2/4zO2

(4)

=

(5)

rl

+

T*

Equations 3, 4, and 5 may be combined
into a form somewhat more convenient
for computation, and yield
y =

5 arc cos ( 2 h / r - I ) - 2

jb(s -

b)l1/3

(6)

where y = io,x = i u Pa~=, n F n r , and
b = n2FZrC2D/4.
A plot of x us. y, extrapolated toy = 0,
yields 2 = b, allowing the determination
of D. I'sing this value for D,the value of
r for each x and y can be obtained.
3. Simultaneous Electrolysis of
Diffusing 2nd Adsorbed SpeciesConstant Current. A simple model
for the simultaneous electrolysis of the
adsorbed layer aiid the diffusing

where a = C(DT)1'2/r. Since Equation
8 is an implicit relation for r, its solution
is only possible by cbn iterative method,
after assuming a value of D. When
C ( D T ) ~>' ~> r, the term exp(a2) erfc(a)
approaches zero, and the equation may
be written as:

and r can be calculated from the
intercept of a plot of C~1'2 us. CZ/i,,.
Equation 9 was used by Munson (16)
for the determination of CO adsorbed on
platinum.
5. Other Models. Various other
models can be constructed based on
other isotherms-e.g., the Langmuir
isotherm. These generally lead to
difficulties in solution of Fick's equation. All models based on isotherms
assume that the rate of adsorption
and desorption is sufficiently rapid that
adsorption equilibrium is maintained
during the electrolysis, while models 1,
2, 3 only require that adsorption
equilibrium be established before the
electrolysis. One method of determining
the amount of adsorbed material independent of the theoretical model
used for extrapolation involves experimentally increasing the current
density, io,until the diffusion contribution becomes negligible and i O r becomes essentially constant. To calculate how short 7 must be t o bring
about this condition, we can use the
constant current model, model 3. As
will be demonstrated below, calculations
based on this model will be correct to
within a factor of 2 or 3. For the contribution of the diffusing species to be
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less than 10% of the adsorption contribution, we require that (Equation 7)
0.5nPC ( D i r ~ ) "<~ 0.1 nFr

and Gierat (7). The D.M.E. capillary
was standardized in 0.1M KNOI, in
which the interfacial tension between
water and mercury is 378.3 dynes per
cm. a t -0.011 volt us. S.C.E. (8). The
determination of r from electrocapillary
curves, based on Gibb's adsorption
equation is classical (17') and is based
on the equation

(10)

or, collecting constants and assuming a
diffusion coefficient, D, of 1.0 X 10+
sq. cm. per second
P < 35.8r/C seconds

(11)

where r is in moles per sq. cm. and C is
in moles per cubic centimtcer. Assuming a r of 1 X lou9 moles per sq. cm.
(about or slightly more than one monolayer of adsorbed material) for bulk
concentrations, C's of 1 and 10mM, T I S
of less than 1.3 msecond and 13 Wsecond,
respectively, must be used. Such short
transition times are inconvenient, and in
practice an extrapolation from somewhat
longer times will often be practiced.
DISCUSSION

Chronopotentiometric
Measurements.
Using the data for the
chronopotentiometric reduction of
riboflavin and the various theoretical
models discussed, values of r and D
were computed, and the results are
shown in Table 111. Data were
plotted according to the procedures
given in each model, and the calculations
performed on a Control Data Corp. 1604
computer. Equations 1, 2, 7, and 9
were treated by a linear least squares
analysis, obtaining D from the line
slopes and r from the intercepts. The
scatter of the data about the theoretical
equations to which they are being
fitted leads to somewhat different
values of D and r if the data are treated
differently. For example, if i O 2 ~ / Cis2
plotted against i,/Cz in model 1, so
that D is now obtained from the intercept and r from the slope, values of D
of 0.5, 0.6, and 0.4 X loe5 sq. cm. per
second, and values of r of 1.1,0.6, and 0.6
x 1 0 - 9 mole per sq. cm., for concentrations of riboflavin of 0.8, 0.4, and
0.2mJI, respectively, are obtained.
Similar, although somewhat smaller,
differences are obtained from variations
of data treatment in Equations 2,7, and
9.
Equation 3 was treated using the
extrapolation procedure described to
obtain D, and then averaging the values

Table 111.
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Figure 2. Electrocapillary curves for
NaHS04-1 M NazSOa buffer,

0.5M
PH 2

OmM riboflavin
0.058mM
3. 0.1 1mM
4. 0.22mM
5. 0.45mM
6. 0.89mM
1.
2.

of r obtained a t each concentration.
The approximation of Lorenz in model 2
leads to smaller values of D and slightly
larger values of I'. Alternately, the
values of D found with the approximate
model (Equation 2) in the more
rigorous one (Equation 3) yields values
of r of 0.6, 0.5, and 0.4 X loe9 mole per
sq. cm., for concentrations of 0.8, 0.4,
and 0.2mM, respectively. Equation 8
was solved, using values of D calculated
by the approximate model (Equation 9),
in a program employing an iterative
procedure similar to one previously
described (9). As expected, the values
of r calculated by model 1 are largest,
those calculated by model 2 are smallest,
and those calculated by models 3 and 4
are intermediate in magnitude.
Electrocapillarity Measurements.
Electrocapillary curves for solutions of
a bisulfate buffer, about p H 2, containing varying amounts of riboflavin
are shown in Figure 2 . The surface
tension was determined by the drop
time method, using the equation and
the conditions suggested by Corbusier

(r)

Amount of Riboflavin Adsorbed
and Diffusion Coefficient (D)
Calculated by Different Theoretical Models
r X 109 mole per sq. cm.
D X 106 sq. cm. per second
Ads. layer
electrolyzed Adsorbed layer electro- Simultaneouselectrolysis of adsorba
and diffusing species
first
lyzed last
hlodel 3
Model 4
hIodel4a
Model 1
Model 2
Model 2a
r
D
r
D
r
D
r
D
r
D
r
D
0 . 7 0 . 6 0 . 3 0.4 0 . 2 0 . 6 0 . 4 0 . 6 0 . 5 0 . 6 0 . 4 0.6
0 . 5 0 . 7 0 . 2 0.4 0 . 2 0.7 0 . 3 0 . 7 0 . 3 0.7 0 . 3 0 . 7
1.0 0 . 2
1.0
0.4
0.9
0 . 3 0 . 4 0 . 2 0 . 9 0 . 3 0 . 8 0.2
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where u is the electrode-solution interfacial tension, and p is the chemical
potential in solution of the adsorbed
substance. Equation 12 is based only on
thermodynamic assumptions; the activity coefficient of riboflavin is assumed to
be one. A plot of u against In C for
concentrations of riboflavin between
0.058 and 0.89mM a t a potential of
-0.011 volt us. S.C.E. (corresponding to
the foot of the chronopotentiometric
wave) was essentially linear, and from a
least squares calculation gave a r of
0.33 (10.04) X
mole per sq. cm.
By considering the size and shape of
the riboflavin molecule and assuming
various orientations of the molecule on
the electrode surface, assuming rotation
of the molecule and different orientations of the side chain, a monolayer conmole per sq.
sisting of about 0.2 X
cm. was calculated.
CONCLUSIONS

The value of r obtained from chronopotentiometric measurements is dependent upon the model chosen for
extrapolation. However r-values calculated by models 1 and 2 represent the
two extremes in possible values, and
those obtained by model 3 should be
within a factor of two or three of
values calculated by the other models.
The best fit of the data to a single
theoretical equation is probably not a
good criterion for e,tallishing which
model is most correct. For all of the
cases treated here, assuming r and D
as two adjustable parameters in fitting
the experimental data to the theoretical
equations, the standard deviations were
about the same. In general the value of
r obtained by chronopotentiometry
agreed nith that obtained by electrocapillarity measurements.
The polarographic reductioii wave of
riboflavin shows a pre-ware (4,I I ) ,
indicative of adsorption of the product
of the electrode reaction. According to
BrdiEka (4),adsorbed molecules are in a
lower free energy state than those in
solution, and hence are more difficult to
reduce than molecules in solution.
Under conditions where the product is
not adsorbed, polarographic post-waves
are obtained. Therefore, for reversible
electrode reactions, one expects the
diffucmg species to be electrolyzed first,

and then the adsorbed C3pecies. This will
not necessarily hold for irreversible
electrode reactions, where the adsorbed
molecule may react more rapidly than
the solution species. When only the
product of an electrode reaction is
adsorbed, polarographic pre-waves are
obtained, m c e the ret ersible reduction
of a substance to the adsorbed state
requires less energy than reduction to
the species in solution 1:4).
From polarographic studies, Brdi6ka
first assumed that only the product of
the electroreduction of riboflavin-i.e.,
leuco-riboflavin-was adsorbed. More
recent ax. polarographic studies (6)
present evidence for the adsorption of
both riboflavin and leuco-riboflavin.
Our studies support this idea; recent
studies using current reversal chronopotentiometry (10) also indicate adsorption of leuco-riboflavin. The appearance of a pre-wat e in this system
provides evidence that the leucoriboflavin is adsorbed more strongly
than the riboflavin itself. Under these
conditions the electrode reaction may
proceed by the reduetion of the diffusing riboflavin to form an adsorbed
layer of the leucoform. -4s this adsorbed layer Of lellco-riboflavin
is
formed, the adsorbed riboflavin is

desorbed and then reduced. If this
mechanism is correct, the behavior of
the system during chronopotentiometry
is intermediate between models 2 and 3.
No pre-wave was obtained on the
chronopotentiometric reduction waves.
We have no explanation for this effect.
The electrochemical reduction of riboflavm is complicated by the formation of
an intermediate free radical (semiquinone), and is being investigated
further.
The chronopotentiometric nieasurement of adsorption has the advantage of
being independent of the reversibility or
irreversibility of the electrode reaction.
Since several other possible effects can
cause increases of
with decreasing
7, particularly when solid electrodes are
employed (a),interpretation of such
increases as due solely to adsorption
should be made with caution, and
preferably independent methods of
measuring adsorption should also be
used.
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b The chronopotentiometric method is
a sensitive qualitathe indication of
adsorption. Quantitative determination of surface excess 3f Alizarin Red S
failed because of the current required
for the desorption of reduction product.
Using tris(ethy1enediamine) cobalt(ll1)
and (11) ions, three equations, representing different physical models for
the electrode reaction of the solution
phase and the surfa1:e excess, were
tested. All indicated a small amount
of adsorption, but no choice could b e
made among the models. Several
limitations on the quantitative study of
adsorption by chronopotentiometry are
pointed out.

resent an appreciable portion of the
entire electrolysis process (10).
Of the many possible theoretical
models that might be set up to describe
the simultaneous or sequential reduction
or oxidation of adsorbed and diffusing
phases, three are particularly amenable
to experimental investigation. The
first model (10, 16, 91) assumes the
additivity of transition times,

C

IT. = n F r
(2)
where I? is the surface concentration of
adsorbate in moles per square centimeter.
By adding r 0 to T d , as given by the
Sand equation for linear diffusion (ad),
we obtain
(nFC)*TD
(3)
I T = nFr
41

has been
used by only a fev workers for the
investigation of adsorFtion of reactants
(1-4, 10, 16, 17, 21). When short
transition times are used, it is particularly important to establish the
presence or absence of an adsorbed
phase, because even a fractional monolayer of adsorbed resctant can repHRONOPOTENTIOMETRY

7-

= 7,

+

Td

(1)

as would be observed if the adsorbed
phase were electrolyzed first in a time
r 0 , followed by the electrolysis of the
diffusing species to bring its surface concentration to zero in time T d . If I is the
applied current density, then

+

~

A plot of I T us. 111 should be linear, according to this model, with an intercept
nFI’ which can be used to determine
surface excess (10) and a slope proportional to C2D.
The second model (4, 16, 21) assumes
a simultaneous reaction of adsorbed and
diffusing phases in such a way that a
constant fraction of the applied current
goes to each phase during the entire
electrolysis. Thus
I = I,

+ Id

(4)

and

According to this model, a plot of IT us.
71’2 should be linear, with an intercept
of nFr and a slope proportional to

CD1I2.
The third model (16,167 requires that
the adsorbed layer be electrolyzed a t the
1 Present address, Ivorydale Technical
Center, The Procter and Gamble Co.,
Cincinnati 17, Ohio.
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