74.

15.
76.

77.

78.

79.

80.

81.

— 292 —

K. Tokuda and H. Matsuda, J. Electroanal. Chem., 1977, 82, 157-171;
1978, 90, 149-163; 1979, 95, 147-157.

R.G. Compton and G.R. Sealy, J. Electroanal. Chem., 1983, 145, 35-41.
D.E. Smith in "Electroanalytical Chemistry" ed. A.J. Bard, Dekker,
New York, 1966, 1, 1-155.

W.J. Albery et al., J. Chem. Soc. Faraday Trans I., 1971, 67, 2414~
241835 1978, 74, 1007-1019; 1979, 75, 1623-1634.

H.Y.Cheh et al., J. Electrochem. Soc., 1980, 127, 2153-2157, 2385-
2388;J. Electroanal. Chem., 1981, 124, 95-101; 1983, 144, 77-85.

S. Bruckenstein, M.I. Bellavance and B. Miller, J. Electrochem. Soc.,
1973, 120, 1351-1356.

C. Deslouis, C. Gabrielli, Ph. Sainte-Rose Fanchine and B. Tribollet,

J. Electrochem. Soc., 1982, 129, 107-118.

B. Tribollet and J. Newman, J. Electrochem. Soc., 1983, 130, 2016-2026.

— 293 —

DETERMINATION OF STABILITY CONSTANTS USING ASV TECHNIQUE
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ABSTRACT

The surface concentration effect of the metal ion during
the stripping step of ASV, in a complexing medium, is discussed
in terms of determination of stability constants, from the

results for Pb(II) + TETA system.

Subsequently stability constants of Cd(II) + carboxy-
phenyliminodiacetic acid, phenylmethyliminodiacetic acid,
pyridine-2,6-dicarboxylic acid and pyridine-2-carboxylic acid
have been determined and the values compared with those obtained

by other techniques.
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1. INTRODUCTION

Anodic stripping voltammetry is a very useful technique for the
determination of heavy metals in natural waters, due to its very low
detectioa 1imit1’2. From this point of view it is, in fact, the most
convenieat technique within the voltammetric methods, since during the
electrolysis step the metal is preconcentrated in the electrode,
before the anodic voltammetric step. However, this combination of
methods, responsible for the high sensitivity of the technique, can
introduce some limitations owing to the volume concentration of the

metal at the electrode surface during the stripping step, which is

higher than in the bulk solution. So if ligands are present in solution

together with metals, the high ratio CL/CM necessary for the applica-

tion of the voltammetric methods to labile complexes may not exist at

the electrode surface during the stripping step, even when this happens

in the tulk of the solution. This surface effect is discussed in this

paper ir terms of determination of stability constants.
2. EXPEF IMENTAL

Colutions were prepared from de-ionised water and reagent grade
chemicals (purity > 98%). The solutions of the metal in the presence
of the ligand were buffered at pH ~7.5 - 8.5. In the absence of the
ligand lead solutions were used at pH ~ 5.5 and cadmium solutions at

pH ~ 5-7 to prevent the hydrolysis of the metal ion3.

“he measurements wére done at 25.0°C in 0.10 M KNO3 for the

system Pb(II) + triethylenetetramine (TETA) and 0.10 M Na CIO4 for the
other systems. The pH of each solution in the cell was measured with

an erro- < 0.01 units of pH.

Dissolved oxygen was removed by bubbling purified nitrogen
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through the solutions.

The ASV voltamograms for the system Pb(II) + TETA were
obtained with a Tacussel PRG5 polarograph and for the other systems
with a PAR Model 174. The working electrode was a METRHOM EA-290
hanging mercury drop. The solutions were stirred during the deposi-
tion step with a teflon magnetic bar fitted to the internal bottom
diameter of the cell to prevent any lateral movement. The potential
applied during this step was E, = -0.700 V for the Pb(II) system

d

and E, = -0.900 V for the Cd(II) systems. Before the anodic scan

d

the solution was maintained unstirred for 30 sec.

The radius of the Hg drop was determined by weighing a fixed

number of drops in solutionms.

The average thickness of the diffusion layer — 6 - in the
solution during the deposition step, was calculated my measuring the
average value of the deposition current - Ed — in an uncomplexing

.4
solution :

§ = nFS pr CPb/ i

where n = 2, F = 96500 C, D, = 8.3 x 10 % ts, €. = 107N

b

S = surface area of the Hg drop.

The reproducibility of ASV results is largely affected by
exper:mental parameters and so it is very important to keep them
constant.

For the determination of the stability constants of cadmium
systens by ASV, the metal concentration in solution was kept constant
at (5-10) x 10_7M and CL/CM varied between 80 and 1000. The experi-—

mental parameters were:


http://convenie.it
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ro = 0.040 cm; =1.7 x 10-3cm; td = 15 - 180 s; scan rate = 10 mV/s.

3. RESULTS AND DISCUSSION

In order to study the influence of the surface effect in the
determ nation of the stability constants by ASV and how to avoid this
effect, the system Pb(II) + TETA has been chosen since this ligand
forms .1 very stable ML complex that behaves reversibly and is labile

within the time scale of the anodic stripping technique.
SURFACE -CONCENTRATION EFFECT
a) Qualitative interpretation

The surface concentration of the metal ion in the stripping
step has a significant influence in the peak parameters of the ASV

curve in a complexing medium where labile complexes are being formed.

A qualitative description of the shape of ASV curves should then
be given in terms of the metal ion volume concentration at the elec—

o . 5 5 o .
trode surface, CM’ which increases with the deposition time, td:

1) For very low £ values and high ligand concentrations,

o o o o o o ;
CL >> CM ,(CL ML|®) ~ CL and CL ~ CL' The subscript o refers to

the volume concentration at the surface and C represents the total

L

ligand concentration in the bulk solution.

In these conditions the DeFord-Hume's methods, applied to labile

and reversible systems, initially developed for DC polarography, could

P . M,. M+L_ " 6
also be applied to ASV, lp'/lp = 1 since Dy ~ DML
_ . M _ ML _ RT M, ML
AEp = Ep Ep = 1n ((1p /1P ) (1 + BML CL/aH)) (1)

where: i) M and M+L stand respectively for the uncomplexing and com-—

plexirg medium,ii) ip and Ep represent the current and the potential of
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the peak, 1iii) ay = 1+ B? [u] + Bg |H!2, iv) the other letters have

their usual meaning.

oo . o o .
2) Tor low dngSLtlon time where CL > CM but CL/CM is

significantly smaller than CL/CM’ the peak is shifted to more posi-
tive values because of the lower CL/Cﬁ ratio observed, and it is

broadened, due to the decrease of CL/C; ratio during the rising part

of the ASV voltagram (Fig. 1, curve 1).

3) For higher deposition times (Fig. 1, curve 2 and 3) where

Gy > Cps

the scme potential value with the increase of tyo while the peak in-

a shoulder of constant height can be noticed which remains at

creases and is shifted to potential values closer to the peak of the
non ccmplexed metal ion. The shoulder can be attributed to the re-
oxydation of M under the ML form; its constant height is due to the
saturation of L at the electrode surface, while the peak is due to
the reduction of the excess of the free metal ion (C; > CL). It is
important to note that in Fig. 1 the normalised height of the shoulder,
i;h = ish/td’ decreases when td increases because iSh is a constant

value

b) Quantitative interpretation

In order to quantify this surface effect we should be able to
deternine C; at each deposition time. The following equation
was ieduced for the hanging mercury drop electrode (HMDE) in re-
versisle conditions, in the absence of ligand, for a deposition
potential (Ed) on the plateau of the reduction wave and for scan

rates of the stripping step, in such a way that M(Hg) = const. inside

. 7
the mercury drop (v > 5 mV/s) :
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G312

iﬂd(yﬁ/mml

0.04

C.00

|
—500 /////’—400 /// ae 300
£ 3

Fig. 1 - Normalised ASV voltamograms of lead ion (CM= 1.00 x 10—6M in
the presence of TETA (CL= 0.98 x 10_4M) - curves 1, 2, 3
respectively, with ty = 1; 7; 25 mn -, and in its absence

- 4 -
curve /td.

. 7

R lshoulder

C
1
E—_E.—Xtd (2)

where Ty is the radius of the mercury drop, § is the thickness of
the diffusion layer, Dox and Dr are the diffusion coefficients of
the metal in solution and in the mercury, Cﬁ is the concentration at

the electrode surface for the peak potential, and K is a constant

value theoretically equal to 0.447.

From this equation and using typical parameters it is possible

to estimate that C;;/CM = 20 ty g4 being expressed in minutes. This
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means, therefore, that for a typical deposition time of 3 minutes the
metal concentration of the electrode surface can be 60 times as high

as the value of the bulk of the solution.

In order to see if expression (2) can be applied in a complex-—

ing medium where labile complexes are being formed, the validity of

the last expression was checked for the system Pb(II) + TETA6. Ex-

; . o
perimentally, one cannot directly measure C

M , but the critical

deposition time (tc) corresponding to Ca = C ~ can be determined
!

superimposing ish value on the plot of ip Vst for the metal

(cons]derlngb DN[L = DM), where iy, 1is the height of the shoulder
(Fig. 1). Taking into account this definition and assuming that

eq. (2) is still valid in the presence of ligands, we have, replacing

c® in eq. (2) by C and t by ¢t

M L d ¢
1 //%oxn
== ¥ OXL
CL/CM - -t (3)
r §
o
where Dox = DML = DM

In fact, a linear relationship between t. and the ratio
CL r 6/CM is obtained experimentally (Fig. 2), for different ligand

and m:tal concentrations, different radii of mercury drops and for

some 7alues of stirring rates (experimental conditions are given in

Table I).

The linearity observed proves that experimental parameters
affect, in a similar way,'C; valge in a complexing or uncomplexing
medium. In the complexing medium an experimental value K = 0.61 + 0.04
is found that is of the same order of magnitude as the theoretical

result obtained in the absence of ligand.
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Fig. 2 - Influence of the experimental parameters
6 (@), r (o) and CL/CM (a) on the critical
deposition time .- Experimental conditions

are given in Table I.

Table I

Velues of t¢ found for different values of the experimental
perameters ro,5 and LL/LM

Ty 8 CL/Cy te
(cm) (cm) (min)
0.055 1.2 x 1073 Y 6.2
0.044 1.2 x 1073 136 7.1
C.044 1.2 % 167 98 5.2
C.044 Lok 20 65 3.4
C.044 1.7 x 1572 98 3.8
0.044 2.3 x 1073 98 11.0
0.032 1.2 x 103 98 3.4
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The validity of expression (2) in the presence of the ligand
can also be observed if one compares the experimental values of the
peak potential (Ep) of the voltamograms obtained by ASV for several
deposition times, with the value calculated from DeFord Hume's

methods:

RT ¢}
Edyer, = Ey ~oF 1o 1+ By [LID) (4)

where the free concentration of the ligand at the electrode surface,
[ T " 2
iL| , is obtained from the mass balance equations of the total con-

centration of ligand and metal at the electrode surface (Ci = CL and

C; giv:n by eq. (2) with K = 0.61). A reasonable agreement within the
experinmental error (AE < 5 mV) (Table II), is observed for low values
of ty (CE > C;) when only one peak appears - see Fig. 1 —, and for

high values of td (C; <c?

L). For intermediate values (CL/C; between 1

and 0.2, for which the height and the potential of the shoulder are
close to the peak, the measurement of the peak potential has a big

error.

Table II - Experimental and calculated peak potentials Ep for

different deposition times

td(mn) C./C° E exp(V) E calc. (V) E exp - E calc.
L p v P po P T

M
(mv)
0.5 8 -0.410 =0.413 +3
1 4 -0.407 -0.411 +4
2 2 -0.402 -0.406 +4
7 0.5 -0.350 -0.324 -26
15 0«25 -0, 330 -0.318 -12
17.5 0.2 -0,326 ~0.317 -9
25 0.15 -0.320 -0.316 =4
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DETERMINATION OF STABILITY CONSTANTS BY ASV

It is important to develon new methods which allow the determi-
nation. of stability constants from techniques that could be used for

low metal concentration, as is generally the case in natural waters.

In this context ASV technique seems to be one of the best

; ) : -9
because it can detect metal concentration as low as 10 "M.

If the complexes are labile during the stripning step the peak
poten:ial should change with the ligand concentration for the same
depos:.tion time or with the deposition time for the same ligand con-
centrition. Depending on the CL/C; ratio, two cases should be con-

sideracd:
1) If CI >> Cﬁ (!ML!O << CL). The stability constant could be

obtained from equation 1 as was discussed in the previous section.

From eq. (2) it can be seen that this condition is only obtained

if CL,'CM > 1000, assuming C; < 5% C., and using typical experimental

L’

parameters (ro = 0.040 cm; § = 1.2 x 10—3cm, t, = 3 minutes,

d
D ~D_ ~10"> en?/s).
(0D. r
2) If CL > C; but |ML|0 is not negligible in comparison with C

the peak potential shifts to more positive values with the increase of

t., and a linear plot of Ep vs t is experimentally found for

d’ d

ty <t (Fig. 3). This could be anticipated from equation (4) if:
o o : . .
a) M7 << MLl (which is valid for ty < t, and strong

complexes).

b) CL ~ CL and C; given by equation (2).

Indeed, in these conditions one obtains a linear relationship

L,
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betweer: AEp and t

RT o RT
B w2
A P = oF In (B, .C. /o) +

D1/2 D1/2

1
ML L"H nF K ox r CM td/(6 Ro CL) (%)
H

medium is well buffered) the stability constant BML can be easily

. RT .
and from the intercept (AEp)td: o= 1n(%ﬂ?L/ag)(a;= a. if the

determined.

The extrapolation to ty= 0 signifies the elimination of the
surface effect, which is negligible from a ty value depending on the
ratio CL/CM'

The mean value of log Bymp, determined by this method for the

system Pb(II) + TETA from the experimental conditions of Table I and

Fig. 3 is log BML = 10.25 + .04 which is in good agreement, within

(mv]

Z&Ep

80 —

70 —

300 600 900

Fig. 3 - Change of AEp with t.y for t; <t
Experimental conditions:
R = 0.040 cm
(8) C_/Cy= 12255 C = 4.9 x 1o'4M; pH = 7.80; 6 = 1.2 x 10 em
(&) C /Cy= 3065 C = 4.9 x 10”4y pH = 7.81; 6 = 1.2 x 10 Jem
(4) ¢ le~ 98; C;=098x 10 %y; pH = 8.05; §

1.7 x 10 ~cm

L
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the experimental errors, with the value obtained by DC voltammetry

with a HMDE: log BML = 10.19 + .03.

Hence, from the study of Pb(II)+ TETA system we can conclude
that,in order to avoid the surface effect,the stability constants can

be determined by DeFord and Hume's method after extrapolation of Ep

This study was extended to other systems with Cd(II) and some
chelating groups of humic or fulvic acids found in natural waters:
carboxyphenyliminodiacetic, phenylmethyliminodiacetic, pyridine-2-
—carboxylic and pyridine-2,56-dicarboxylic acids. The stability constants
have also been determined using different analytical techniques besides
ASV like differential pulse polarography, normal pulse polarography

with reversed pulse mode and potentiometry.

The comparison of the values obtained by DPP and ASV is important
since in the first technique thereis only the reduction step whereas in
ASV bo-h reduction and oxidation steps occur; if the values obtained by
both t2chniques agree, it may be inferred that a slow step does not
exist in the electrochemical or in the chemical reaction during the elec-—
trode process, either in the deposition step or in the stripping one. On
the other hand, the comparison of the stability constants obtained by pH
titration and ASV is also important, since the first technique, which
needs 1igher concentration in solution, is generally more accurate and
precisz. Since voltammetric techniques use a high excess of ligand
(CL > 20 CM), complexed species with higher ratio of ligand to metal
ions might be formed compared with the ones formed in potentiometry.
However, in our systems the same species are found in the samples what-
ever tie technique used, except for the system Cd(II) + pyridine-2,6-

~dicarsoxylic in which under potentiometric conditions the ML and ML,
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species are formed whereas with ASV only the ML2 species have been ex—

perimeni:ally detected.

It was shown that the linearity of the Ep vs td plot should
be valid for small values of ‘td and for a system with one strong com-
plex fom, the slope being proportional to CM/CL for the same experi-

mental -conditions.

:f there are two strong complexes in solution, ML and ML,, AE

22 7P
becomes:
2 =2 s (L B, [L|®+ 8 I o
p nF ML MLZ‘)
where ILIO can be determined as a function of t from the mass
balance equations (assuming Cz = CL and C; given by equation (2)),

and so a curve is expressed from AEp vs td. However, replacing the

experimental parametersfor the values used in this work, and the
stability constants for the values obtained by potentiometry, one can
find that the calculated points (AEP, td), for small values of td’
fit a straight line withing the experimental errors. So one should

expect at least a rough linear relationship AEP Vs ty for all the

systems studied in this work, provided small £y values are used.

This behaviour has been found for the systems Pb(II) + TETA
and Cd(II) + carboxyphenyliminodiacetic acid. In the other systems
the slope increases for higher concentrations of ligand and a break
point is sometimes observed for small values of td (td < 3 mn), as
can be seen in Fig. 4 where two segments are obtained for td <1 min

and 1 <« td < 3 min.

This observation must be compared to the results of adsorption
studies on the Hg drop: it has been noticed9 that there is no adsorp-

tion for Pb(II) + TETA and Cd(II) + carboxyphenyliminodiacetic system
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but a strong evidence of adsbrption is observed with the complexes
Cd(II) and phenylmethyliminodiacetic, pyridinedicarboxylic and pyridine-
carboxylix acids. In fact, using the NPP technique with direct scan, it
has bezn noticed that for thé last three systems the polarograms pre-
sent a typical adsorétion maximum at the beginning cf the wavelo; this
effect being minimized with reverse pulse mode. This adsorption can be
anticinated due to the higher affinity of neutral species to the
mercury interface, since the ML species formed in system no. I (see
TableIII) is negatively charged, whereas the ML species formed with
systems nos. II and III and ML2 with the system IV have no charge. It
is then 1ikel§ that the difference between the plots Ep Vs ty in

Fig. 4, compared with those of simple labile Systems, is due to

adsorption problems.

‘J
3k
]
]
%

0.601 S-o____

| ] 1
1 2 3

ty (mn)

Fig. 4 - Changes in the.peak potential for small values of ty for

the system Cd(II) + phenylmethyliminodiacetic acid.

Cog = 5 % 107 "m Py
. =30 x 10_6M
. =50 x 10 —g
C, = 148 x 10_6M
CL =493 x 10 M
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From Table ITI it can be seen that in general DPP is more
affected by adsorption problems since the stability constants could
not be determined for the cadmium complexes with two of the ligands.
Howevar, the adsorption with these systems becomes more difficult in
RNPP Hecause an adequate initial potential can be used where the adsorp-
tion .s made difficult. Comparing the results obtained by pnotentiometry,
ASV and RNPP (Ed value in ASV being coincident with the Ei potential
of RNPP and equal to -0.9 V), it can be noticed from Table III that the
values obtained by the last two techniques are slightly higher
than potentiometric values, which can be considefed more accurate. This
can be due to the fact that the adsorption effects on the mercury may
not be completely eliminated in ASYV and RNPP techniques. The results
obtained with the first technique are closer to the potentiometric
values probably due to the lower concentration of the ligands used in
ASV.

Both to understand and to avoid the kind of adsorption present
in these systems, a study is being undertaken by RNPP and a.c. polar-
ograpty, analysing the effects of the initial potential, ligand con-
centration and drop time, as well as the pulse duration in the first

technique.

CONCLUSIONS

ASV technique can be used for the determination of stability
constants using DeFord-Hume's method with the peak potential of the com-
plexed form, if CL/CM > loob‘and deposition times are less than 3 min.,
for typical experimental parameters (rO = 0.04 cm; § = 1.2 x 10_3cm;

5 2 -1

D ~D_~10 "em” s ).
ox £ .

For lower CL/CM values the determination of stability constants
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Table (IT

Stability constants obtained by ASV, extrapolating

Ep fif td = 0, and by other analytical techniques,

at 25°C and 0.10 M NaClO4
System ASV pH titration NPP reverse DPP

scan
Cd(II)--
Carboxy-
phenyl-- §
imi 1 i
no- og By, 7.15 731 7.11 possible

diacet:.c
acid.
Phenyl-- log B, 7.0 6.16 8.3 adsorption
methyl-- II )
imino- log BMLQ 11.45 11.26 12.0 !
diacetic
acid
Pyridine log BML = 6.36 - !
dicar- III
boxylic log BMLZ 11.45 10.90 11.47 "
acid
Pyridine log B 4.6 4.36 4.8 4.5
car- Iv
b Lic
oxylic log BMLZ 8.4 7.99 9.0 8.3
acid

* Quasi-labile system with the reduction peaks of the free metal after
diss>ciation and of the complex itself very close to each other.
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involves a previous extrapolation of Ep vs t, curve for t, = 0 in

order to avoid the surface concentration effect. This extrapolation
can be done within the experimental errors since a linear relationship

should be expected between AEP and td for small values of td'

The stability constants calculated by ASV for the system
Pb(II, + TETA and Cd(II) + phenylmethyliminodiacetic acid agree with
those obtained by other techniques.

Deviations from the above mentioned linearity as well as the
higher values obtained for stability constants by ASV and RPP compared
with potentiometric ones, in the systems Cd(II) + benzyliminodiacetic,
pyrid:ne-2,6-dicarboxylic and pyridihe-2-carboxylic acids, might be
due to adsorption problems of the ligands or the complexes on the
mercury drop.
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