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A theoretical study of the potential-time response to sinusoidal current applied to static and dy
electrodes for regeneration processes is presented. Methods for determination of the rege
fraction, rate constant of the chemical reaction and heterogeneous kinetic parameters are pro|
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In our two previous papéer§ we have shown the importance of an alternating cur
chronopotentiometry as a tool for investigation of reaction mechanism. The AC ct
perturbation allows us to record the potential-time curve of the reoxidation pre
under conditions when the oxidized species is not depleted at the electrode surf
contrast to DC programmed curr&ittprovides an additional information on the ele
trode kinetics when both reduction and oxidation transition times can be used.

A sinusoidal current perturbatiolft) = I, sin (wt) is applied to various types o
electrodes — dropping mercury electrode (DME), static mercury drop electrode (SI
and a plane electrode. For a DME the more rigorous model of an expanding spl
considered assuming advantageously the existence of a blank perion(ref?). The
response of a static mercury drop electrode and a plane electrode can be derive
transformed DME equations.

Although the treatment described in this paper is valid for any number of cycl
the alternating current, it is more convenient to use only its first cycle since the tr
ion time of oxidized or reduced species is always reached during the first cycle (t
or after the current changes its sign, respectively).

The dependence of the potential-time curves and of the reduction and oxidatio
sition times on the homogeneous rate constant and on the regeneration fraction
cussed for different regeneration mechanisms.

* The author to whom correspondence should be addressed.
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Finally, we propose methods for determination of the regeneration fraction, the
constant of the chemical reaction, as well as kinetic parameters of the heteroge
reaction.

THEORETICAL

For a regeneration mechanism, represented by theArgnd B8)

K red
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kox
k
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wherek.qandk,, are the rate constants of forward and reverse react#fjnshe stoi-

chiometric coefficienta andb correspond to the cathodic and anodic reaction orie!
is the first-order rate constant of the chemical reaction and coeffroiemy have any
positive value. The associated boundary value problem is given by
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whered, is the operator corresponding to the expanding sphere
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andk,.qandk,, are given by8

ea= K x0T (E) - B2 ©)

o =K exp 0 E(ED ~EDIT ¥

whereE! is the formal potential of the electrode reaction khi the corresponding
rate constant. We assume that the charge transfer reaction remains rate-controllir
the wide range of potentials involvede( o’ = 1 —a) and that the stoichiometric
numberv = 1.

When an alternating current of the form
I(t) =1 sin(wt) (8)

is applied to a DME, the above problem may be solved by introducing the variab

=C +CAE
¢=Ce* (9)
9=Cg e B

and proceeding as in réf Thus, if we assume
D,=Dg =D (10)
we find that the surface concentrations of electroactive species are given by
Calol)

c. 1-aNpyet*? [(1 - p)S+pX (11)

Cg(rot)
Ca

= DNpyet?2 X a2

where
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2l

Nome = W (13
At) = A 2° (14)
t=t, +t (15
and the regeneration fractignis defined by
p= %t) . (16)

In Eq. @5), t; is a time delay prior to application of the current &whdX in Eqs (1)
and (2) are functional series defined in Appendix, E4%)E(A6).

For a static mercury drop electrofig,, is transformed tdNgype according to Eq.A13),
which becomes time-independent. Moreover,3ladX series in Eqs1(l) and @2) for
an SMDE are simplified to Eq#\l4) and @15 in Appendix.

Whenlg,and/orw in Eqg. @) take values corresponding @, — O at the electrode
surface before the current changes its sign, the reduction transitior gingereached.
At this moment the experiment is stoppéal avoid decomposition of supporting elex
trolyte. Thus, by settin@, = 0 in Eq. 1), we obtain

4z _ (L4 T)%NF ADYCE
A 2alh [(1-p)S+ PN,

a7

wherex = kt andX is a power series of the rate constant of the chemical reaction
asymptotic solution see Appendix, E41().

If the current density is not high enough to reaghthe depletion of species B at th
electrode surface takes place after the current changes its siggiaradways reached.
Under these conditions we obtain

Xi_ =0 19)

B
by settingCgz = 0 in Eqg. 12). Heretg is the value of for which the functional series

is equal to zero. Note thag does not depend on most of the experimental parame
(i-e. lo, C&, Ay), whereag , does.
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Since theX series included in Eq47) and (8) contains all information about the
rate of the chemical step of the electrode process, both reduction and oxidation
tion times depend on the kinetics of the chemical step and therefore may be us
determination of the homogeneous rate condtgaee Results and Discussion).

The general expression for the potential-time response can be obtained by inc
Egs (1) and (12) in Eq. @). Thus, we find

N D1/2
T Sin(e) €0 = (L - aNpyet? (1 - pis + pY -
— @0 (C)PL Ny etV2X (19
where
n =" € - E9) 0)
RT o/

Note, that according to Eql9), theE—t curves depend on the concentration of spec
A if Npyet?® (Eq. (L3) is fixed and the reaction ordeasandb are different from
unity.

For a reversible process, EQ9 is simplified to

RT, (C™® L - aNoyet??[(1 - p)S+ pXE

E®)=EZ+ _1In ()]
&
nF gi)NDMEt:UzXE
This equation may be written in the form
22D — aNpyet2 [(1 - p)S+ pX T
E(t) = El, + E;:rln E Nomet™ [(1 - p)S+ pX- ’ ©2)

ANpyet2X
whereE},, is the reversible polarographic half-wave potential giveld by

- RT. mad o2 0
1, =EY +——In T30 0. 23
Y275 TR T b R 9

As can be noted from Egq21)—(23), the E—t curves obtained for a reversible proce
depend orCy if Npye t2” is fixed and the reaction ordeasandb are not equal. Con-
versely, whera = b, Eq. 1) becomes concentration-independent.
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Totally Irreversible Process

The following two cases can be described:
1. At conditionl(t) > 0 @t < m), Eg. 9) is transformed to

: 2k (CR !
-0 4
EO =& + omFI NpyeDY? omFI 9% @4
where
- aNgyet2 [(1 - p)S+pXT
gC:@' NDME (25)

sin (wt)
2. At conditionl(t) < 0 (T < wt < 2m), Eq. 9) becomes

RT 2k, (CRP , RT

— 0 _
B =E (1-a)nF : NoveD¥2 (1 -a)nF NGa °6)
where
__—sin(wt) @7
EONDMEt”ZXép

Moreover, as follows from Eq49—-(21) and @4)—(27), the potential-time respons
obtained for this mechanism is always affected by the kinetics of the chemical si
does not depend on the degree of irreversibility of the charge transfer reaction,
both A and B species involved in the electrode process take part in the chemical

RESULTS AND DISCUSSION

Equations presented in this paper are valid for any value of the regeneration fpac

General Cases

1. Forp=0,m= 0 (see Eq.16)). The reaction scheme is simplified either to an |
mechanism (discussed in ffor to a charge transfer reaction (E processkfor0,x = 0
(Eqa. A9).

2. For 0 <p < 1, m < a/b and the regeneration of species A is only partial. As
example we can mention the regeneration half reaction for whicBb.5, in the reduc-
tion of oxygen on mercury in presence of catdfake
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3. The valuep = 1 corresponds to a total regeneration of specieiseAm= a/b,
refs>14and the response for this mechanism is influenced by tseries (Eq. X1)).
Detailed study of a catalytic mechanism wétks b = m = 1 is published in ref.

4. Forp > 1,h > a/b and the regeneration of A exceed its starting level. An illus
tive example is the reduction of iodine in the presence of iodate on a platinum
trode, wherep = 1.2 (refd%19,

The particular case® 3 and4 will be considered below.

Transition Times

As mentioned above, the transition time of the oxidized species is reache@hagnR) = 0.
For this condition, the value df,c 2 given by Eq. 13) must be higher than a fixe
minimum valueN,,, (ref) given by Eqgs 11), (13) and (4)

N o 2 O 1 29
.= D D = ,
mn WFAODMZCE an aHmax
whereH,.is the absolute maximum of the time functiontbfiefined as
tl/2
H=[(1-pS+pX 5 - 29
S

Note thatN,,, depends on both the regeneration fractoand the rate constait
(X series) as well as on the frequency of the alternating curé®iand X series).

When the current density is not high enough for the depletion of specigsi\,
always reached (after the current changes its sign) independently of the value
generation fractiop. This behaviour is of great advantage in practice since it allow
to work always under conditions at whith or 15 is reached. In this way, a relevat
kinetic information may be obtained from and 15 due to their dependence on tt
kinetics of the chemical step (see E43)(and (8)). Although botht, andtg can be
used for determining the rate constkmtf the chemical reaction, it is more convenie
to use the oxidation transition tintg. It is independent of most experimental pat
meters ie. |, Ci and electrode area) and of the regeneration fraction yalimecon-
trast toT,. In order to determine the rate consthritom t,, the regeneration fractior
value must be known, according to Efj7)

The rate constak can easily be found from Fig. 1. The theoretical curves have |
obtained under conditions when A is not depleted at the electrode surface. The fe
of the theoretical curves in Fig. 1 are identical to those found for a CEC ptothsg
coincide with curves obtained for CEC and EC mechanisms with an irreversible cl
cal step.
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Oncek is known, the regeneration fractiprcan be found from, using the theore-
tical curves in Fig. 2, for several valuespofThese curves were obtained from ELjr)(
when the transition time of species A is reached. Thus, we find

y A i L 30)
35 T@-p+pxiSe,
where
Hl + Ti ﬁjg (S)t:TA
= 0 31)

VNS (S)t:TA(e) '

It is interesting to note the different behaviour of curves plotted in Fig. g fod
andp = 1. Whenp < 1, Y(1/18)¥? increases Witr)(TA towards its asymptotic value
1/(1 - p), according to Eqs30) and Al11).

Conversely, fop > 1, Y(1,/1§)Y? increases continuously wimA, although its rise
for p > 1 is faster than fop = 1. Note that fop > 1, 1, exists only for those values o
p which satisfy the following condition (see (EQ))

(50
8 1 > %D . 32
p G,
1.0 T T T 25 _
T8 Y Q)Y
20 .
0.9 .
15 i
10 -
0.8 L |
1 5 7
2
0.7 . ! L 0
0 20 40 60 80
Xt=1,
Fic. 1 Fic. 2
CurvesTtg/tg vs Xt=1g deduced from Eq.18) Dependence ofY(t,/ Ti)l/2 on X=t, for an
fora DME;§=0,Q,=3 (1), ;=0 (9 SMDE from Eqgs 80) and @19, EtzTAz 0.2,

Qt:TA =2. Thep values are: 0.501f, 1.00 @),
1.20 ), 1.25 @)
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Hence, from Fig. 2 we can deduce for 1.25 thatr, exists for values(t:TA < 20, in
agreement with Eq.30Q).
Equation {7) can also be written in the form

nF A,DY2C}
W= A 33
where
_®
W)= (7 s (L= PIS*+PXs, - (34

Thus, by means of linear regressionJgf,) vs (nF A\DY2CR)/(2l,), it is possible to
determine the anodic reaction ord@eof the anodic reaction from the value of the sloy
according to EQ.33).

Potential-Time Response

Figure 3 shows the dependenceBsit curves on the rate constanffor a reversible
process, whemn, (Fig. 3a) andrg (Fig. 3b) are reached. This dependence is illustre
for a fixed value ofp = 0.5, since these curves are affecteklbgr anyp value. Note
that 1, increases wittk (Fig. 3a), whereasg decreases (Fig. 3b). its minimum valt

100 i . 250 . ‘
AE nAE
n
mv
mv 200 B
O -
150 i
-100 a 100 ]
50 4
-200 i
| I 1 1 0 1 L 1 1
0.0 0.5 1.0 15 2.0 0 1 2 3 ts 4

Fic. 3
The influence ofk on theE-t (AE = E(t) — Eg) curves at an SMDE for a reversible charge trans
reaction. Parameterp:= 0.5,w = 1 §% &= 0.1 §¥2 a=b = 1 andT = 298 K; fora: Ngype = 3.2 §2
k(shH:1.10%(1),1 2,33, 10@, 1.16(5), 1. 1d(6); b: Ngype= 0.7 $¥2 k (s3): 1. 102 (1),
1.10%2),5.10'3),1@,3(),106),1.16(7

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



1520 Alcaraz, Molina:

corresponds tavw according to Egqs1@) and All and it is independent g (as
follows from Eq. (8)).

In Fig. 4 we show the influence of concentration of electroactive spEgider a
reversible process wheag is reached antl,, t 2 (Eqg. (L3)) remains constant. As cal
be deduced from Eq2Q), these curves are shifted to more positive potentials v
growing Ci for a > b (Fig. 4a) whereas the opposite effect is observed fob (Fig. 4b).
The E—t curves are shown for a plane electrodeafer2,b = 1,p = 0.5 (ref8”13 in Fig. 4a
and for a plane electrode whar= 1,b = 2 andp = 1.2 (refd"!9 in Fig. 4b.

The influence ok is shown in Fig. 5 fop= 1,k=2 s a=2,b=1,C} = 1 mmol t%,

n = 2 anda = 0.5. From these curves and from E49)( (20) and @4)—(27) it
follows that the process becomes totally irreversiblédar 10#(mmol F1)~*2cm s™.
Under these conditions the potential-time response can be described R@ME(E7).

The influence of chemical kinetics is shown in Fig. 6 for irreversible charge tral
reaction andg. The influence ok is similar to that found for a reversible process (Fig. .
with the exception of a shouldatisappearing at high values lof{curve 6).

The effects exerted by the electrode curvature for both SMDE and DME are
appreciable when species A is depleted at the electrode surface. These effects
pronounced when oxidation transition timgis observed instead.

In this technique the double layer effect is less markable at low frequencies ¢
higher concentrations of electroactive species. For this reason the frequencies
alternating current considered in this paper are not higher than 2 Hz. Moreovel

250 T T T 300 T T T
nAE a nAE b
mV mv
200 | 1 200 4
150 =
100 -
100 + i
3 0 7
P 1
50 ~ i 2
1
-100 3 -
O L 1 1 1 1 L 1 L
0 1 2 3 4 0 1 2 3 4 5
t, s t, s
Fic. 4

The influence ofCEon the E-t curves at a plane electrode for a reversible charge transfer reac
Parametersk = 102s™, T = 298 K,Ca (mmol I'): 1.0 (1), 2.5 ), 5.0 (3). Conditions fora: p =
0.5,0=1.2 8%, Ngype= 0.5 §Y2 a=2,b=1; forb: p= 1.2, = 0.8 §%, Ngype= 1.5 s¥2 a =1,
b=2
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interesting to point out that these effects are lower when the electrode sphericl
creasesi.e, as the electrode radius becomes smaller.

Finally, it is also possible to determine the electrochemical kinetic paraneterd
kY from Eqgs R4)—(27) by means of linear regressioni(t) vsIn gc and/orE(t) vsin g
plots, although in the latter case the orblenust be known beforehand.

CONCLUSIONS

As shown above, the application of a sinusoidal current provides interesting inft
tions for the study of regeneration mechanisms. It allows us to work always 1
conditions where the reduction,) or oxidation {g) transition time is reached, in con
trast to other electrochemical techniques. Although both transition times can be
for determining the rate constant of the chemical step, it seems more convenient
the oxidation transition timeg since it is independent of the regeneration fract
values besides most experimental parameters, such as alternating current argpli
Moreover, once the homogeneous kinetic constant is known, it is possible to dete
the regeneration fraction and the anodic reaction order from the reduction tran
time. In this way the use of sinusoidal current, which provides the information gpbc
(besidest,), seems appropriate for the study of regeneration processes and for
guishing them from other mechanisms.

300 T T ' "4 3]
AE ° 1
200 | 6 4
mv
200 [ - AE
mv
100 | |
100 L i
1
2 |
0 ol |
3
4
-100 [~ A
° —100 | i
—-200 1 1 ! I | | 1 1
0 1 2 3 4 5 0 1 2 3 4
ts ts
Fic. 5 Fic. 6
Electrochemical reversibility effects on tlet Chemical rate constant effects on tlet

curves at a DME for a total regeneration of curves at an SMDE for a totally irreversibl
species Aife. p= 1); w = 0.8 §4, t; = 1 s, charge transfer step when= 0.5, = 1 s,
Npve 122 = 1.4 €8 D = 10%cn? s, §,= 0.1 56 Noype= 0.7 §¥2 D = 10%cn? s%, §,= 0.1 §*2
a=2b=1,n=20a=05k=2s,C{=1 a=b=1,a=05n=2K=10°cm s'and
mmol Y, T = 298 K. The values ok? in T = 298 K. The values df (s'); 102 (1), 10t
(mmol I ™2cm stare: 10* (2), 102 (2), 5. 10* (2),5.10% (3), 1 @), 3 (5), 10 (6)

(3), 10* (4), 10° (5)
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The influence of the homogeneous rate constant on reduction and oxidation 1
tion times is different. Thug, increases witlk, whereasg decreases to its minimun
valuetg = Ww.

APPENDIX

The SandX series for a DME, obtained for the expanding sphere electrode, are de
as

© _1yn o2+l
s=5€p) =3 (o) 2 e (A1)
n=0 ’
NN+l
X=XEBXD = xRN oy 113 WD) | #2)
jn

where Jy(§,8) may be considered as a particular casd; g€,p), for j = 0, whose
general expression is given by

JaER) = IRP®) - € IRB) + &2 IAP) (A3

0@ = e+ ° +L B *
,A@—%WHQ-%Q+M+5 18 (2 + 4n+5)(2 +4n + 7)

20 B .
+ 27(2j+4n+5)(zj+4n+7)(2j+4n+9)+"'% (A4
1 p°
J](,lrz(B)—4(j+2n+2)+8(j+2n+2)(j+2n+3)+
3 B - (A5)
32(+2n+2)(j+2n+3)(j+2n+4)
_ 1.0 1 p°
)= s 2@+ 20+ 5 T @ e 5@ rane T @O

Q, X, & andf3 are dimensionless parameters defined by relations
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Q=owt (A7)
X =kt (A8)
12
£= 72(5:? (A9)
B:tlit:ng‘z"Q P =t (A19

When the blank periot does not existt{ = 0) the response can be deduced from |
(12) and @2) by settingB = 1 in Eqs AL)—(A6).

The X series has an asymptotic solution, which may be obtained when the stead
approximation is applied. Thus, for large values(pthe X series is simplified to the
following expression

_ sin(wt)
X= ZXJJZ

(x=20 (A12)

which remains valid for any type of electrode such as DME, SMDE and static
plane electrode.
Conversely, for small values of the argument the following limit is obtained

limX=S. (A12
X—>0

As indicated above, th8 and X series have been deduced for a DME adopting
expanding sphere electrode model. Nevertheless, they allow us to deduce re
corresponding to a static spherical electrode (SMDE) and a planar electrode (PE)
following procedure:

Static Pherical Electrode
The response for a static electrode of akeaAyt?® can be found assumirig>> t (or

B = 0) in Egs A1)-(A6) and by substitutindNpye for Ngype in Egs (1), (12) and
(19—-(27), where
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2,
Nsmpe = nFAD”ZCE - (A13
The SandX series for an SMDE are then simplified to

I VMo i S WP
Ssmpe ;) (2n+1)! ngg 4(2n+2)E 2Pgns3(4n +5)

2+ 0 (A1
0

N G o S AN S
Xswpe = eXP(~X) ]Zn @+ 21t X Bgams 4G+ 2042 "

1
+ :
2P5:am3(d +4n+5)

I (A15)

OoOon.O

Regarding the transition times of oxidized and reduced species1Bgfof this
electrode is simplified to

1/20
s nF ADY2C3 |
2alg[(1 - p)S+ pX=r,

(A16)

whereas Eq.1@), corresponding tog, remains valid.
The conditionC,(r,,ta) = 0 is valid whenNgype is higher than a fixed minimurr
value given by

o 2, O 1

- = AL
"0 AFADYCH  akya, (A17)

see Egsi1) and @13, whereH,,,is the absolute maximum of thé&functionvstime
defined as

H=[(1-p)S+pX tY2 . (A18

Finally, Y in Eg. @0) is then given by

O,

Y O (A19
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and Eq. A16) may also be written in the form

where

_ nFADVZC
J(Tp) = o, (A20
I(Ta) =R (L - P)S+ PN, - (A2))

Plane Electrode

The response for this static electrode of akea At?® may be obtained from tha
deduced above for an SMDE by settihg 0 in Eqs Al4) and @15).

LIST OF SYMBOLS

a, b
At

Ao

Ca

Cs

EZ

E()

k

kred, kox

k2
Mg, d
n

p

Pi

r

cathodic and anodic reaction orders

time-dependent area for a DME € Aot 2°3)

electrode area fdg= 1s Qo = (4mY3(3mug/d)?d)

concentration of species A

concentration of species B

formal potential of the electrode reaction (in concentration scale)
time-dependent electrode potential

rate constant corresponding to the chemical step

electrode reaction rate constants for the reducing (cathodic) and the oxidizing (al
reactions, respectively

conditional rate constant of an electrode reaction

rate of flow and density of mercury

number of electrons transferred in the charge transfer step

regeneration fraction

20(1 +j/2)Ir (1 +))12)

distance from the center of the electrode

electrode radius at timtefor a DME o = Zt/3) or fixed electrode radius for an SMDE
time elapsed between the application of the alternating current and the potential n
rement

blank period used, optionally, only with non-stationary electrodes (DME)

=t1+t

cathodic and anodic transfer coefficients

=t/(t1+1) =Q/(Q1+ Q)

Euler gamma function

radius of DME forts= 1s (= (3nug/4md)*/d)

stoichiometric number for the electrode reaction

dimensionless parametdy £ 2(Dt)Y%ro)
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1526 Alcaraz, Molina:

%o = ¢/tY2for an SMDE andtl3t2for a DME

TA reduction transition time of species A

B oxidation transition time of species B

_ reduction transition time of species A for an E mechanism

3B oxidation transition time of species B for an E mechanism

X =kt

w angular fraquency of alternating currenif(#heref is the conventional frequency in Hz
Q =t

(O]} = iy

Other symbols have conventional meaning.
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