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Abstract—De polarograms of lead it (4 —x) M NaClO, + x M NaBr (pH 2, HCIO,) may be coinpii-
cated by the adsorption of peutral complex PbBr, on the surface of mercury electrode, The adsorption
follows Erumkin'sisotkerm. If{Br~] = 0.117 M, the adsorption parameters are Iy = 1.35 % 10~ molem ™%,

a=39{org=358x10%and f =117 x 1P or6.58 x 1P M~ for Cm=5% 10" Mand I » 10> M,

respectively.
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INTRODUCTION

Complexes of metal ions with surface-gctive in-
organic anions, OF OTganic compounds may be
strongly adsorbed on mercury clectrodes[1-16). The
adsorption of lead jons from chloride{3-8, 11},
bromidef3-5, %11, 16} E[3, &, an 0~
cyanate[3, 4, 11] media have been detected by a
varjety of technigues including double layer
capacity measurementsi6, 7, 14}, alternating current
[5, 11, 13}, direct current[5, 9, 10, 1214}, radio fre-
quencyld, 11}, square-wave[11] and pulse{11] polaro-
graphy, double step chronocoulometryi2, 3,7, 13,
chronopotentiometry[3, 10, 16] and chronoampeto-
metry[8], The dc polarograms of lead in the iodide
medium split into & main wave and a post-wave if
3x 10~ <Ph(D}<1x 107°M and 001 <0<
2 M[12-14}.
< _ Corresponding finear scan voltammograms exhibit
a sharp adsorption post-peak and a broad main
peakf14]. If {Po{Il)] = 4 x 10-¢M the main wave{12]
| and the main LSV peak{14] gradually develop in the
! concentration range of iodide between 001 and
{ 0.7M, but the further increasing of iodide concen-
tration causes the gradual disappearance of the main
wave, or peak. It has been shown that the structure
of the adsorption layer of a completely covered
surface does not depend on the jodide concentration
inside the range between 0.015 and 1 M[14}, The
Spiitng of (he de polarographic wave of Tead was
not observed in fluoride, chloride, bromide and

thiocyanate media. However, bromide and chioride -

concentration is egual, or higher than 10~ M7, 16},
The change of bromide concentration from 0.088
{ 1o 0.090 M causes the change of the lead surface
concentration from 3 x 107%° to 9 x 10~ mol em™?
if elsctrode potential is more positive than ~03Vus
see{16), In | M chloride medium, the surface concen+
tration of lead on mercury electrode changes from
0.5x 10" molcm™? to 4x 10" motem™? i the

("anions can induce very strong adsorption of lead if its
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electrode potential is changed from —02to —0.1V
vs sce (for [PH(ID}=10->M){7}. If PhD] =2 x
107 M and [C1"}= 1M, the change of Iy, from
1% 18- 10 6 x 10~ mel cm™? occurs between —0.3
and ~0.25V uvs sce[7]. Thesc effects have bccn]
interpreted as indicating the spontancous formation
of adsorbed crystalline bilayers of PbBr,{16] or
PbGéz[’?] o? the mercury surface.

= sesent communication it is shown that
the de polarogram of lead in bromide medium may,
also consist of a main wave and 2 post-wave if the
concentration of lead is high enough. The Bmiting
current of the main wave depends on the concen-
tration of bromide, baving the maximum when
{Br~]=0.15 M. The forms of the waves indicate the
adsorption of a certain PbBr, species. The de polaro-
grams of lead are simulated and compared with the
experimental results, The parametsrs of the adsorp-
tion isotherm of lead jons in bromide medium are
reported.

EXPERIMENTAL

All chemicals used, ie PH{NOs);, NaCl0, - H,; 0,
HCIO, (70%) and NaBr were of analytical grade
{*Merck” and *Ventron™}. Deionized waler obtained
by Millipore Milli-Q column deionizer was used for
solution perparation.

The sampled de polarographic measurements were
carried out by means of electrochemical analyser
BAS 100A (Bionalytical Systems) and the three elec-
trodes system consisting of an EG&G PARC model
303 static mercury drop working elecirode, a plat-
num wire as a counter electrode and a saturated
(NaClhAg/AgCl reference electrode. The drop time
was |s and the scan rate’ lmV/s. Supporting
clectrolytes were (4 — x) M NaClO, +» M NzBr +
0.01 M HCIO,(0 € x <4). The solutions were pre-
viously deareated by high purity nitrogen and kept
under nitrogen blanket thereafier.
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THE MODEL
A dc polarogram of the reaction scheme:
MM et ML MLy - -

N PR
P (ML, )

is calculated assuming that there is a large excess of
ligand, so that:

f=Clun . (83]
B Cliad(1+ 8), (2)
Ch, = KClu (Clu ) /(1 + B), 3

where

KI L0/ L./(C (Ctm)f)’
B= Z K{Clu)

and the mcamngs of other symbols are defined in the
Table 1. Besides, it is assumed that the redox reaction
is reversible, that the product P forms an amalgam,
that the complex ML, adsorbs at a surface of mercury
electrode and that its adsorption follows Frumkin's
isotherm:

B(Cury)s-o expla®) = /(1 — 8), “

where & = [, /. Finally it is assumed that the
stationary, planar diffusion model is applicable if the
static mercury drop is used as the working electrode
in the sampled-de polarography, so that the mass
transfer can be described by the system of partial
differential equations:

Chtgon Bt = D(ECrgyerf?), ()

3C, /81 = D(BCp [8x7), 1G))

with the following initial and boundary conditions:
el x 20 Cpo= Chuonr Cp=0,6 =0, (@
t20,x20C ,=Cl . Cu=Cunll+58) )
t >0, x = Cyia= Chiion Cr—0, (c}

x = 0: (Cyq)smg = (Cp)smo EXD(E), @
(Crpodzen= {1 + BY(BEY™! .

x (1 = 8) 'exp(—aB), ()
D(@Crunf0x)se = i{nFS + o 4O /dt, ()
D(ICs[Ox}yup = —i[nES,

where € mnF(E ~ E\3)/RT, b = K;(CE,,  and Ef
is the reversible half-wave potential of a simple redox
reaction M** + 2e¢~ = P. Equations (5} and (6) can.
be solved by the substitution ¥ = Cyu+ Cp. The
application of Laplace transforms and the modified
Nicholson and Olmstead method, as described pre-
viously{20}, yields a system of recursive formulae for
the degree of coverage of electrode surfzoe:

6y~ 1)(By — w;) = B, exp( — aB,) =0, (7)

whers

k=1
Oy z(ﬂdD)m(zrm)‘sC?&.m - z LS iv1— Skt
=}

y = (mdDYPQRIBBY (1 + B + exp(—¢)),
s}mjm — (J - 1)!.’2’

d is the tme increment, k=1,2,... . M, M =t,/d
and 1, is & mercury drop life-time. Equation (7) cen
be solved numerically for each k. The integral
equation for the de polarographic current can be
obtained by solving equation (6):

ifig= Wl'z((cr)x-u
M- .
4 Y G heaos(Suciss "'SH—f})/Ch.d.m’ @®)
fmd
where © (C)iaes= 84(B0)"'(1 — 6,) " exp{—~¢)
exp{—a6,), {<k<M and iy=nFS{D/nt )"
[
hgomc details of mathematical procedure are given
in the Appendix.

Table 1. List of symbels

Cu»CroCuts Cue,  concentrations of M3+, L, ML, and MLI™* respectively

Cutors Chror total concentrations of metal and ligand ions, respectively
C4, CP.Ch,Cl. bulk concentrations of M**, L=, ML* and MLI™", respectively
Clotr Cliot total bulk concentrations of metal and ligand jons, respectively
{Cu)imgs Onucws  comcentrations of M2+ and total metal at the clectrode surfuce
Cor{Chlymn product concentration in the solution and at the eiectrode surface
D diffusion coefficient
F Faraday constant
i iy current and Lmiting current of de polarographic wavc, respectively
ifnF§ normalized current density
K, K, stability constants of ML* and ML}~ complexﬁ raspecnvcly. in the solution
n - number of electrons
R gAas constant
0y electrode surface area
Iy drop life-time iz de polarography
v volume of the solution
B adsorption constant of the complex ML,
Py, surface concentration of the adsorbed complex ML,
I maximum sutface conccntrat:on of the

complex ML,
4 extent of surface coverage




RESULTS AND DISCUSSION

.Sampled de polarograms were recorded at a con-
stant jonic strength ((NaClO,}+ [NaBr] =4 M) and
acidity (pH 2). Four series of measurements were
performed in which the total concentration of lead
jons was kept at 5x 1075, [ x 10~ §x 107% and
1 x 10~* M. If the metal content was higher, precipi-
tation of PbBr, occurred. When [Pbl, = 0.0025 M
the solid phase appeared if [B] > 0.1 17 M. The solu-
bility product calculated {rom this experimental result
(Jog X, = —5.63) was in very good agreement with
the literature[17} value of —35.68. For this calcu-
lation, the distribution of all complex species in the
solution, based upon the recommended values of
their Formation constants {log K, = 1.48, log K, = 2.5,
log K, = 3.5, logK,=35, logKs= 2117, was
taken into consideration.

If the total metal concentration is 107*M, or
lower, only one wave, corresponding to a reversible
wwo-electron diffusion controlled process, appears
irrespective of the bromide level. However, if the lead
concentration is raised 1o 5 x 1074 M, two waves are
gradually formed by suceessive zdditions of bromide
jons {Fig. 1A). The first one never makes more than
42% of the total current while the second becomes
stecper as separation of the 1wo waves s more
pronounced. A single, but very steep wave appears in
0.032 M Br- (the third curve from the left in Fig. 1A).
The first sign of the separation of waves can be
noticed in 0.047M Br~ while in 0.063 M Br~ the
waves ate already well separated (curves 4 and 5 from
the left, Fig. 1A). Maximum separation occurs be-
tween 0.1 and 9.2 M Br-. After that the first wave
starts to diminish if the ligand concentration is
further increased, while the second one looses its
steepness. Finally, when {Br }> 1 M, only one wave
is obtained with the same slope as observed in the
pure perchlorate medium. If {Ph], = 0001 M the
first wave can make up to 80% of the total current
(Fig. 1B). Two waves are separated by a small
minimum. The second wave is very steep and exhibits
a pronounced maximum. If a ligand concentration
is constant, the limiting current of the first wave
depends linearly on the concentration of lead ions
between 5 x 1074 and 2.5 x 1073 M, but the second
wave is independent of it. These waves are obviously
a main wave and a post-wave caused by the adsorp-
tion of a certain complex PbBri~* species existing in
the limiting range of bromide concentrations. The
slope of the post-wave and the minimum separating
the two waves indicate the influence of strong lateral
attractions between the adsorbed species[18-20]. The
maximum on the post-wave probably belongs to the
class of maxima of the third kindf21}

Using the recommended values of the stability
constants{17] the distribution diagram of dissolved

dots) are plotied agafnst the logdrithms of bromide
concentrations, SIHRINE SIMIEFTY with_the percent-
age of PEEF; in the_solution begomes evident. Many
other adsorption dependent results, such as peak
heights in the square-wave voltammetry and differen-
tal p Tography, are connected with con-
centration of PhBr, in the same way. This 15 the
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PbBri~* complexes is obtained and presented in’
Fig. 2. When the heights of the first de wave (solid-
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Fig. 1. Sampled dc polarograms of 3 x i0-* moldm™?

(A) and | x H0-*moldm™* (B) solutions of Pb(I}} in the

system (4 — x) moldm ™ NaClO, + x moldm~*Br-, pH2

(HCI0,). Concentrations of Br™ are given in the legend.
SMDE; ty= Ls; AE=1mV s~

indication that the neutral complex PbBr, adsorbs
on the mercurcy electrode surface modified by the
adsorbed bromide ions. Assuming that the adsorp-
tion of PbBr, follows Frumkin's isotherm we have
tried to determine the parameters of the adsorption
isotherm by the simulation of de polarograms using
equations (7} and (8).

The faradaic response depends on three indepen-
dent parameters: I, § and a. It was assumed that
the maximum surface concentration of the adsorbed
complex I, does not change significantly in the
potential range inside which the de polarogram devel-
ops. Using recommended stability constants17],
f,=1s, T=298K and D =8.5x 10~ cm?s~{16),

V= Cosenogz

E’é = Q,,(,)D '!"T—L,N«c s -"@ CO\’a‘\If"E"

. o ‘
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Fig. 2. Theoretical distribution of relative concentrations

PLBr* C2 ., of PbBri~" complex species in the solution:

(@) Pb**, (1) PbBr*, (2) PbBr,, (3) PbBry, (4) PbBri~

and (5) PbBrl™; Clyu = 0000 mol dm~%; I= 4 moldm™

log K, = 1.48, log K= 2.5, log Ky = 3.5, log K, = 3.5 and

log K5 = 2.724}. Broken line: relative heights of the de main
wavss from the Fig. 1B.

these three parameters were changed undl satisfac-
tory agreement with experiments was achieved. The
dc polarograms are very sensitive 10 the change of
adsorption parameters, which enables their precise
determination if the applied model is correct. The
results are shown in the Fig. 3. For [Br }j=0.11TM
the parameters are [, =135 x 10 mol em™?,
a=39 {or g =358 x 10°) and § =1.17 x 10 M-
(for Cl e < 5 x 107* M), or f = 6.58 x 10° M-t (for
€% = | % 107 M), The maximum surface concen-
tration [, is somewhat higher than the geometri-
cally estimated limiting monolayer concentration of
bromide joms (1.1 x 10" molcm ™43, 16]). This thay
indicate that a more complex surface structure, con-
sisting partly of two Tayers of PbBry molecules, is
formed. We were not able to fit in all experimental
results with the single value of the surface stability
constant B. The simultations indicate that B decreases
as Cl . increases. This could be ascribed to the
sttractions inside the layer if we assume that in the
ordered structure the complex ions support each
other, while their bonds with the mercury surface
covered by initially adsorbed bromide jons become
weaker. However, it is hard to say anything about the
structure of the adsorbed layer solely on the basis of
dc poiarographic measurements{22}.

The dependence of theoretical dc polarograms on
total bulk concentrations of lead and bromide ions
are shown in Figs 4 and 5. The form of the wave
deppep_dds,_o;_u_ihc_concentralionu of_PbBr,_in_the sol-
Ston, which itself is a function of Cly and Chia-
Logarithmic analyses of $6ihe Characteristic waves

[are displayed in the Fig. 4B. If lead concentration is,

very low (curve 1, Fig. 4A), a single wave appears.
“The siope of a lower part of its logarithmic analysis
is equal to 29 mV/d.u. (curve 1, Fig. 4B), but the
stope of the upper part is higher (23 mV/du). Its
half-wave potential is shifted for ~8 mV from the
reversible E,. It is a post-wave. If the lead concen-
tration is increased (curve 2), the lower part of the
wave and its half-wave potential are shifted in the
negative direction, but the uppermost part is not

A
b2 /uA
E/V
0.2 -03 -04
1 }zA 8
E/V vs Ag/agll
' -03 ‘ 04 '
¢

E/V vs. Ag/AgCl

03 -0k

Fig. 3. The comparison between the experimental (fuil
line) end the theoretical (points} dec polarograms of
{x10*dm™? (A}, 516~ (B} and 1x 16~* mol dm™?
(C) lead in O.117 moldm~*Br~ (/ = 4 moldm™* NaClO.:

_experimental parameters as in the Fig. 1). Only (PbBr).e

assumed, log f =407 (A, B) and 3.82 (Cy =15

Dw8.Sx 10-%em?s~; a=3% [,=1L35x 10-* mol

cm-1. Stability constants of dissotved compicxes as in the
Fig. 2.

shifted proportionaily and the wave becomes steeper.
Its logarithmic analysis possesses two asymptotes
(29 mV/d.u. and 23 mV/d.u.) with 2 steep middle
part. Itis a post-wave influenced by the attractions in -
the adsorbed layer. The main wave develops in the
range 300 € (Chyull Lyem™! < 1500 (curves 3-3).
It may be separated from the postwave by very
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Fig. 4. {A) The dependence of the theoretical dc polarograms of isad in 0.117 mol dm ~? Br™ on the total

bulk concemtration of lead ions. Chye =1 x 16=* {1}, 3.5x 1074 {2), 4.5 % 107 (3) 5% 107 {4) and

I x 10~% moldm=3 (5. All parameters as in the Fig. 3. (B} Logarithmic analyses of the waves from the
Fig. 4A. Clo =1 % 107* (1), 3.5 % 107* (2) and 4.5 x 10~ mol dm=* (3).

narrow depression. The post-waves are very
steep. Theoretical dc polarograms shown in Fig. 5
were calculated assuming that the structure of the
adsorbed layer on compietely covered mercury sur-
face does not depend on bromide concentration in the
sofution. This hypothesis was made on the basis of
experimentally determined properties of the adsorbed
Pbi, layer on mercury surface{}4]. The gradual devel-
opment and the diminishment of the main wave can
be noticed.

i17ig

0.8
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02r

The similarity of Figs 1 and 5 confirms the hypoth-
esis that the observed changes of polarographic
response may be ascribed to the adsorption of PbBr,
complex. Some differences in detail, however, show
that the model cannot describe the fine structure of
the adsorption process. These differences may be
caused by negiecting the weak adsorption of ail other
complexes.

Presented results agree with previously described
phenomena observed in chloride{7] jodide]12-14, 16]

0.0

03

(E-EO/V

Fig. 5. The dependence of the theoretical de polarograms of 5 x 19-* mot dm™> Pb(I1) on the total bulk.
concentration of Br -~ jons, €3, . = 0.008 (1), 0.016 (2), 0.032 (3), 0.047 (4), 0:078 (5), 0190 (6), 0.296 (7).
0.364 (8), 0.552 (%), 0.774 (1), 1.14 {11}, 1.50 {12} and 4.0mol dm™* (13). All parameters as in Fig. 4.
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and bromide[]6] media. In each medium the con-
densed structure of the corresponding PbX, mol
ecules appears at the surface of mercury electrode.
It seerns that the nature of a certain structure depends
on the electrode potential. If the potential is more
positive than —~0.2V vs sce, the structure can be
described as a two-dimensiona] precipitate[7, 16],
de polarographic waves of lead develop between
0.25-0.45 V vs sce, depending on the ligand concen-
tration. In this potential range the formation of the
surface structure of Pbl,[12-14], or PbBr, can be
better deseribed as the adsorption which follows
Frumkin's isotherm.
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APPENDIX: THE DEVELOPMENT OF
EQUATIONS (7) AND (8)

If the veriable ¥ = Cy,,, + C, is introduced, equations
{5} and (6) transform to a pamai differential equation:

A¥ [0r = D(3™¥ [3xY), (Al
with initiai and boundary conditions: .
P=0x20:% = Ch,.. (g)
>0 xaw F—COf o e
x =0: D(O¥ jdx}, o= T, 40 /ds, )

¥ o= {B0)" (1 + B +exp(—e))B{l —6)"
x exp(—a®). (j)

Equation (Al) can be soived by Laplace transformations.
Notice that .‘f(dz?/dr) =50 (because & =0if r =0} and
that:

PGy = .S.""(.r&’&js“’}
=1 “"’(afar)J.' 8t — 1) 4.
The solution of equation (Al) reads: '
P s = Chhor = T (rD) 3D (81) J. e~ ?)*m dr. (A2)

By the method of numcncal integration[20], i can be
transformed to:

Piset = Cltug = 2y (nd D) =12

k-1
x [ek + 3OS i St-1):[- (A3)
imi

Equation 7 is obtained by the introducing of equation (A3)
inte condition {j}.

The solution of eguation (6) in Laplzce space reads
F(Cp) oo = (sD) ' #(i/nFS) whence Q(r!n F§) = A‘J"’2
s Y(C,,),_M's”’ and:

:/nFS—»(D,fn)if‘(a/ar)j (Cplymalt — 1)1 dr, (AD) '

Equation (8) is obtained by the method of numerical
integration of equation (A4). The increments of the product
concentration {Cy ), .q, are related 1o &, through conditions
(b, (d) and (e). -




