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The synergistic adsorptive accumulation of metal ions at the surface of mercury electrodes is
described. The basic thermodynamic relationships between the ionic species involved in the
synergistic adsorption are developed and analysed. The method is compared with the simple
anion-induced adsorption. The synergistic adsorption of uranyl ions in the system salicylic acid—
—tributylphosphate is reported.

The phenomenon of anion-induced adsorption of metal ions at a mercury electrode
surface has been recognized long ago!~3. It appears in the presence of compounds
which are surface active and form complexes with metal cations. Many organic
ligands form thermodynamically very stable complexes with metal ions and induce
their strong adsorption*~1°. The adsorptive accumulation can be applied as a pre-
concentration step of electroanalytical methods for the quantitative determination
of metal ions in traces. It is especially valuable in the cases when the amalgam forma-
tion cannot be used for the preconcentration*-5:7:%:19:12=15_The accumulation may
be combined with different voltammetric stripping techniques, such as linear
scan*5:9:13:15 alternating current?®, pulse®!!:4, differential pulse’-!°:!2 and square-
-wave voltammetry'3. :

Recently, an alternative method, named synergistic adsorptive accumulation, has
been proposed!*!5. It was applied to the concentration measurements of uranyl in
seawater samples. The method is based on principles of synergistic solvent extrac-
tions. The phenomenon of synergism is described as the manyfold enhancement of
the metal ion extraction from the aqueous phase to the organic phase by the system
of two ligands forming hydrophobic complex species'®~ 2. The first ligand forms
an uncharged chelate complex with the metal ion. The complex is partially hydrated
and moderately hydrophilic. The other ligand is hydrophobic and reacts with the
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complex ML, substituting all, or almost all water molecules from the coordinative
sphere of the metal ion. The mixed complex ML, L, is hydrophobic and get extracted
in the organic phase. The hydrophobic surface of the mercury drop electrode may
serve as a good replacement for the organic phase. If it is covered by the adsorbed
monolayer of the hydrophobic, neutral ligand, and if the chelating ligand is added
to the electrolyte, the mixed metal complex of highly hydrophobic characteristics can
be formed in the adsorption layer. In the adsorbed state, the metal ions remain to be
electroactive and respond well to the voltammetric excitation signals. The synergistic
effects were observed in solvent extractions of many metal ions, such as those of
uranium'’?~2%:25 plutonium, neptunium, thorium, americium, europium, copper??,
manganese?2, cadmium?3, calcium, thulium, curium?#, vanadium, cobalt, strontium,
nickel and neodymium'é. For this reason we believe that the synergistic adsorptive
accumulation method may obtain wide application.

In the present communication the basic thermodynamic relationships between the
ionic species involved in the synergistic adsorption will be analysed. The method will
be compared with the simple anion-induced adsorption. The experiments performed
with uranyl ions in the system salicylic acid-tributylphosphate will be also reported.

EXPERIMENTAL

The pulse polarographic and the linear scan voltammetric measurements were performed with
Princeton Applied Research (PAR) model 174/A polarographic analyzer connected to an HP
7045 A x-y recorder (Hewlett—-Packard). For the alternating current voltammetry the PAR 170
polarographic system was used. The pH of the solutions was measured with an MA-5723 pH-
-meter (Iskra). Measurements were performed in an EA 875-20 electroanalytical cell (Metrohm)
using a three-electrodes system. The working electrodes were either the dropping mercury elec-
trode, or the hanging mercury drop electrode. The reference was a saturated silver/silver chloride
electrode and a platinum wire was the auxiliary electrode.

All solutions were prepared from analytical grade chemicals. Supporting electrolytes were
prepared by dissolving appropriate amounts of salts in doubly distilled water. A stock solution
of the disodium salt of salicylic acid was prepared by dissolving the appropriate amounts of
salicylic acid (H,Sal) and NaOH. The tri-1-butyl phosphate (TBP) was purified by the con-
ventional method!* and dissolved in doubly distilled water to a concentration of 10~ 3 mol/dm?3.
Solution samples were prepared in volumetric flasks and equilibrated for about 12 hours at room
temperature. Prior to the measurements the solutions were deaerated in the polarographic cell
for 20 minutes with extra pure nitrogen. pH was adjusted with supra-pure perchloric or hydro-
chloric acids.

THEORETICAL

Simple Model

The model is developed under the following simplifying assumptions: (i) the electrode
surface is totally covered solely by the neutral, hydrophobic ligand B. (ii) the chelating
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ligand L neither adsorbs directly to the mercury surface, nor reacts with the adsorbed
ligand B, (iii) no complexes of the type MB," appear either in a solution, or at the
electrode surface, and (iv) the equilibrium is established and the concentrations of
M*, MLand L~ are uniform throughout the space (Eqs (42)—(A47), see Appendix).

The surface complexation reaction:
By + (ML),=o @ (BML),,, I
is defined by the equilibrium and the mass balance equations:
K, = vami/(78Cme.c=0) (1)
JemuYBrL + VB = VB,max - )

The assumption (iv) implies that cyy .-, = cy. The conversion factor fpy is
introduced in order to relate the surface concentration of the complex to the maximum
surface concentration of the ligand D. It is equal to?:

fBML = yB,max/YBML.max N (3)

The list of symbols is given. Combining Eqs (1) and (2) one obtains:

7BML = KzYB,maxC:iL/(l + fBMI.KZC:iL) . (4)

In a common case the concentration cyy, is defined by Eq. (44). If, however, ligand
L is in a large excess, it is defined by Eq. (47) and Eq. (4) reduces to:

_ * %) * * %
YBML = K1K273.maxCL,noxcM,tot/(1 + Ky ior + fBMLKIKZCL,toth,(ot) . (5)

If the chelate complex is rather strong, the condition 1 < K¢f ,,, may be satisfied
in the excess of the ligand L and Eq. (4) may be further reduced to:

7em = K2¥.macM ot/ (1 + K2Samicai ior) - (6)
Eq. (6) can be transformed to:

fBMLK2C:4,tot = }’BML/((VB,max/fBML) - YBML) . (7)

Common Solution

The assumptions (iii) and (iv) remain, but the surface activity of the chelating ligand
L is included in the consideration. The bulk concentrations of both ligands L and B
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are variables. The electrode surface is not totally covered by the adsorbed species.
The following interactions between the adsorbed and the dissolved ionic species
are considered:

a) the synergistic adsorption (Eq. (I)). Considering Eq. (1) and the condition (iv)
one obtains:

veme = KzCuuvs ; (8
b) the simple, anion-induced adsorption (Eq. (4-II)). Considering Eq. (48) and (iv):
ML = ArCyaYL S )

c) the partial solvation of the ligand L by the ligand B, regarded as the formation
of one-to-one complex BL at the electrode surface:

Lx=0 + Bads < (BL)ads (II)
YBL = Kact)’n . (10)

This reaction is assumed because of some experimental evidences that the chelating
ligand salicylic acid can be solvated by the neutral ligand tributylphosphate?’. The
surface concentrations yz and y, as well as the free electrode surface S* are defined
by the competitive adsorption equations:

Bacy = 78/S* (“)
Buet = ')’L/S* (12)
S* = Ymax — 7B = YL — YBL — VBML — ML - (13)

For the simplicity, the maximal surface concentrations of all adsorbed species are
assumed to be equal. The concentration cj is a variable and the concentrations
cwm+» Cr» and ¢y, are defined by Eqs (42)—(A4). The combination of Egs (8)—(13),
after several transformations, results in:

YB = ﬂBc;ymax/z (14)
L= ﬂLc:ymax/Z (15)
Z =1+ Bref(l + Arelys) + Boen(l + Kzef + Kaemy) - (16)

The surface concentration of the adsorbed complex BML is defined by Egs (8),
(14), and (16) straightforwardly.
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Synergistic Adsorptive Accumulation

The equilibrium conditions assumed in the preceding paragraphs can be established
only through the mass transfer. This process requires a certain time to be completed.
The time depends on the nature of the mass transfer: whether it is obtained solely
by the diffusion, or by the convection and the diffusion. At real electrodes the voltam-
metric measurements are frequently performed before the equilibrium is established.

Diffusion only. The adsorption—-time relationship will be developed assuming the
conditions which justify the application of Eq. (6): ¢f = cf o, and ¢y = 3y 4o
(see Eq. (A7) for K,cf ,,, > 1). These are the optimal experimental conditions.
The diffusion towards the spherical stationary electrode surface can be described
by the differential equation:

0(re.io)[0t = DO*(repg gor)/0r? . (17)

It has to be solved under the following initial and boundary conditions:

t=0,r 2 ry v = c:{,tov YemL = 0 (a)

t> 0,7 = 00! Cpp 100 = Cat.tor (v)

r = ro: D(0cy,100/0r)r=r, = dypmr/dt ()
SemiKalm totr=rp = )’BML/((?B,max/fBML) — VamL) > ()

where r, is the radius of the spherical electrode. The solution of Eq. (17) can be
obtained by the numerical integration?®-28, but here it is not important. The analy-
tical solution of Eq. (I7) can be obtained if the relationship between cy qor,,=r,
and ygp is approximated by the linear isotherm:

t > 0’ r= )’0: YBML = KZ‘yB,maxcM,lot,r='o . (e)

The approximation is justified if the total metal concentration is very low (see Eq.
(6) for K, famiem.tor.o=0 < 1). The solution of Eq. (17) under the condition (e) is
still rather involved?®:

‘))BML = KZ‘))B,maxc;l,tot(l - (1 - 42/'.0)_”2 ((1 - D1/2/r0y1) F(ylt”z) -
— (1 = D'2[roy,) F(y,t""?))), (18)
where:
v= (D'22) (1 + (1 = 4zfro)2)2 3 yy = (D2[2) (1 = (1 — 42[ro)/?)2 ;
z=Ky)pmx and F(ypt'?) = exp (yit)erfc(yt'’?) (i=1,2).
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If ry = oo, Eq. (18) reduces to:

'YBML = KZyB,maxc:i,tot(l - exp (Dtngyg,lznax) erfc ((DI)I/Z/KZVB,max)) L (19)

Eq. (19) is the solution of the differential equation for the semiinfinite, stationary
planar diffusion:

6cM,lot/at = D(asz,tot/axz) (20)

under the initial and boundary conditions (a)—(c) and (e).

Convection and diffusion. If the solution is stirred with a magnetic stirrer during
the accumulation period, the equilibrium conditions can be established earlier.
The stirring induces a formation of a diffusion layer of nonuniform thickness near
the surface of a mercury drop electrode. The adsorption depends on an average
diffusion layer thickness (8). Inside the layer, the concentration of the complex ML
is a linear function of a distance from the electrode surface:

a("M,tat/ax = (C:{,(ot - CM,to(.x=0)/(S (f)

and outside the layer it is constant: cy o155 = c,’f,l,m. The expression for the ad-
sorption-time relationship can be obtained if the conditions (¢) and (f) are combined
either with the condition (d), or with the condition (e). The combination (c), () and
(f) (the linear isotherm approximation) can be solved analytically and the solution
reads:

VBML = KZ’))B,maxc::],tot(l — eXp (_DI(S_IKZ_IYI;,IInax)) . (21)

The combination (c), (d), and (f) can be solved only numerically. The solution is
presented in Appendix.

Faradaic Reaction

The accumulation is followed by a voltammetric excitation signal by which the metal
ions from the adsorbed mixed complex are reduced. During the reduction, the condi-
tion (c) must be replaced by:

D(0cp,101/0%)x=0 = dypmi/dt + i[nFS . (9)

The condition describes the planar, stationary diffusion and applies to Eq. (20).
Here S stays for the electrode surface area.

The product of the redox reaction may either dissociate from the electrode surface,
or may stay adsorbed in the form of the mixed complex BPL, or in some other form.

\
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The differential equation:
0p 101/0t = Dp(0%cp,100/0x?) (22)

must be solved under the following initial and boundary conditions:
t=0,x20:¢cp =0 (h)
t>0,x— 00! cp 0. (i)
At the electrode surface either:
Dp(0cp 101/0%)g=0 = —i[nFS, )]
if the product does not adsorb, or:
Dp(0cp,101/0%)x=0 = dyppr/dt — i[nFS (k)
YL = KBpLYB,maxCP,tot,x=0 > (1

if it stays adsorbed as a mixed complex BPL and the initial bulk concentration
Ch.ior I8 Very low (condition (e)). Besides, a relationship between P and the ligand
L must be defined, similarly as in Eq. (A7). If the association and the dissociation
of the complexes ML and PL are very fast, the mass transfer of M and P must be
calculated by the consideration of all ionic species (Cy, ¢ and Cp 4oy), but if they are
very slow, only the complexes may be considered (cy and cpp). It is assumed that
the ligand L is in a large excess and its diffusion is neglected (cp c50 = €f 10r)-

Equations (20) and (22) are connected by the equations for a charge transfer.
If the redox reaction is reversible and the product adsorbs:

(BML),y, + ¢ = (BPL)q, (111)

YemL = VpeL €Xp (d) (m)

where: ¢; = 0o + In(K,K,/Kgp KpL), 0o = nF(E — E°)|RT, Kgp, and Kp_ are
stability constants of complexes BPL and PL (1 < Kcf ,, and 1 < Kp.cf ) and

E° is a standard potential of a simple redox reaction M* + e 2 P (here M™* is only
a symbol for any M"*, so the charge of the product P is omitted).

If the product does not adsorb, two reactions are possible:

(l) (BML)ads + € 2 Bud\' + PL (IV)
YBML = VB,maxCpL,x=0 €XP (0'2) > (”)
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where o, = 0o + In(K,K;[Kp.). The conditions (e) and (I) imply that y5 = Vg max-

(ii) (BML),yy + ¢ & By, + P + L~ (V)

YBML = YB,maxc:,totcP,x=0 exp (0'3) s (0)

Whel‘c 03 = 0y + ll‘l (KZKI)'
The reaction schemes (IV) and (V) are frequently irreversible because the reoxida-

tion of the ionic species P and PL can be significantly hindered by the monolayer
of the adsorbed ligand B. In that case, the conditions (m)—(0) must be replaced by:

i/"FS = kg, exp (—“10'1) (YBML — 7YBpL €XP (0'1)) (P)
i/"FS = kg, exp (—azo'z) ()’BML — ¥B,maxCpPL,x=0 €XP (0'2)) (‘1)
i/nFS = Kg3 €Xp (‘“3‘73) (7BML - YB,maxc:,totcP,x=0 exp (0'3)) ’ (")

where k;; and «; (i =1,2, 3) are the standard reaction rate constants and the transfer
coefficients of the reactions (III)—(V).

The solutions of Eqs (20) and (22) for the adsorption and the redox reaction of
simple, electroactive, surface-active substances are numerous?¢:28:30-4% They can
be applied to the synergistic adsorption if the proper parameters are included. The
solutions were obtained for the linear scan3?, the alternating current3!-32 and the
square-wave voltammetry33-34, as well as for the pulse?®:3%:3¢ and the differential
pulse polarography37-38. There are also several approximative solutions3°*4°. If the
adsorption of the reactant follows a non-linear isotherm, the solution can be ob-
tained only if the redox reaction is reversible and the product does not adsorb2¢-28-
30-32,35,37 1f the adsorptions of both the reactant and the product follow linear
isotherms, Eqs (20) and (22) can be solved for a quasireversible charge transfer, as
a general case?8:33:34.36.38

RESULTS AND DISCUSSION

The surface concentration of the synergistically adsorbed metal ions, ygyy, is @ com-
plex function of many parameters (see Eqs (8), (14), and (16)). However, under
optimal experimental conditions, which can be easily obtained, the relationship
between ygy, and the total metal bulk concentration cy; .., becomes rather simple
and resembles the Langmuirian type isotherm (see Eqs (5)—(7)). The hydrophobic
ligand B is usually adsorbed much stronger than the chelating ligand L. If B is
added in a proper concentration, it will cover the electrode surface totally, displacing
the ligand L. The chelate complexes ML are usually very stable. If the ligand L is
added to the electrolyte in not too large excess, it will complex almost all metal ions,

Collect. Czech. Chem. Commun. (Vol. 55) (1990)



Metal Ions Accumulation 911

leaving virtually no free metal ions M* (see Eqs (46) and (47)). The titration curves
cme — log (¢f 1o,) and ygur — log(cf ) are shown in Figs 1a and 1b. The curves
can be described by Eqs (4) and (44), but at their plateaus Eqs (46), (47), and (6)
apply and ygy, becomes independent of cf ,,,.

The firmness of the synergistic adsorption depends on the parameters fpy K,
and 7 max/fame (EQ. (7)). The maximal surface concentration of the ligand B ranges
between 1.107'° and 3. 10~ 1° mol/cm?. Therefrom, the values of K, can range from
107 —10* dm3/mol. The value of the K ,constant defines the total metal concentration
range in which the relationship between ygy, and cy ., can be approximated by
the linear Eq. (e). The linear approximation can be applied if K, fgppca.ior < 0°1,
i.e. if less than 10% of the surface is covered by the (BML),q, (see Egs (6) and (7)).
If K, = 107 dm®/mol, the condition is satisfied if ¢y ,,, < 1078 mol/dm?, but if
K, = 10* dm?/mol, the concentration range extends to cy ., < 10~° mol/dm3.
This is the basis for the application of the synergistic adsorption for the quantitative
determination of metal ion traces.

The ygy independence of c}'f,,o, in the range of a large chelating ligand excess is
the main difference between the synergistic and a simple, anion-induced adsorption.
The relationship between the surface concentration of the adsorbed complex ML
and metal and ligand bulk concentrations is expressed by Eq. (A410). This equation
can be transformed to:

fMLll(l + chlf,tot)_] c:l.lot = ?ML/((?m,L/fML) — Ymu) - (23)

// "
—_— . P N— : i 0
%% 6

] . —
loglL] ‘loglL]
FiG. 1

Normalized ionic species distribution in a solution (a) (cyy+/cpy, 0 (curve 1) and cyg/Ca o0
(curve 2)) and at an electrode surface (b) (Ppmp/Yg,max (Curves 1—35)). The electrode surface is
totally covered by the adsorbed species B and BML (Egs (4) and (44)). K| = 108 dm3/mol,
e =107 mol/dm , famL = 1. K, (dm3/mol) = 10* (1); 10° (2); 10° (3); 107 (4) and 10® (5)
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where y,, . is the maximal surface concentration of the ligand L. It is obvious that
the firmness of the simple, anion-induced adsorption depends on the ligand L con-
centration. The consequence is the displacement of the adsorbed complex (ML),q,
by the adsorbed ligand (L),q, in the range of the highest ligand concentrations?®.
Besides, the simple, anion-induced adsorption does not depend solely on the stability
of the adsorbed complex (4,), but on the ratio of the stabilities of the adsorbed and
the dissolved complexes (4,/K,). The synergistic adsorption constant K, is inde-
pendent of both K, and c{ ,,,. This difference can be seen in Figs 2a —2c. The nor-

100 - ' ~ —
~— -
! \\ 1 2 // i
% . //
| kY
40 e
r 7 \.\ ]
— T~
0. - ‘
.2 O
logIL]
100 —— — L T T T 100 e iR e
. jp— [ 54
2a T — ru

| ‘ i o ////" 7 :;’ V
T ‘ % ’ -

40 1a — 40 K
~.. e —
- />< - 4
2B, | , ‘
0 ——— — Q-———""" T
-2 - 2 _
loglL] log (L]

Fi1G, 2
Normalized ionic species distribution in a solution (@) (cgj+/chy, ¢ (curve 1) and ML/ 1ot
(curve 2)) and at an electrode surface for simple, anion-induced adsorption (b) (7 /7m 1 (curves
fa—3a) and y/y, L (curves 1b—3b)) and for synergistic adsorption (¢) (ygmr/¥g,max (CUTVES
1—5)). The electrode surface is totally covered for both types of adsorption. b: K; = 10 dm”/mol,
¥ tor = 1074 mol/dm®, fgy = 1. /e = 1, 4,/(dm3/mol) = 10* (1a, 1b); 10° (2a, 2b) and 10°
(3a. 3b). ¢: K,/(dm3/mol) = 10% (1); 10* (2); 10° (3); 10° (4) and 107 (5)
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malized distribution of a free metal ions M* and a rather weak complex ML in the
bulk of the solution is presented by Fig. 2a. The simple, anion-induced adsorption
of the complex ML is shown in Fig. 2b. The surface concentration y,, follows the
distribution curve of cy. in the solution and decreases as the ligand concentration
increases (e.g.: curves 1a and 2a). The displacement of (ML), by (L),q, is inversely
proportional to the stability of the adsorbed complex (compare curves Ta and 3a).
The synergistic adsorption of metal ions in the form of the surface complex (BML),
is shown in Fig. 2¢. The surface concentration ygy,. follows the distribution of the
dissolved complex ML and no displacement occurs. This fact enables the synergistic
adsorptive accumulation to be performed in the large excess of the chelating ligand
L without loosing the efficiency. However, if the excess is too large, the complication
may arise from the solvation of the ligand L by the adsorbed ligand B. This pos-
sibility can be explored by the application of Egs (8)—(16). The normalized surface
distribution of adsorbed species in the non-ideal case is shown in Fig. 3. The figure
displays the titration curve ygy, — log(cp) in the presence of a large excess of the
chelating ligand L. The surface activity of the ligand L and its possible interaction
with the adsorbed ligand B were taken into consideration. The parameters were
chosen arbitrarily. The ligand B displaces the ligand L from the electrode surface
because of much stronger adsorption. The synergistically adsorbed complex (BML),4,
follows the surface concentration of (B),y in the ratio defined by Eq. (8). The ad-
sorbed complex (BL),4, Occupies a part of the electrode surface and decreases the
efficiency of the adsorptive accumulation of metal ions. It is obvious that the optimal
experimental conditions require that Bz > B, and K3 — 0, i.e. that the ligands B
and L do not react significantly. Besides, the measurements must be done in a large
excess of both ligands. If the chelating ligand L is in a large excess and if its surface
activity is neglected (1 > Bycf , and 1 > Kacf ), Eqs (8), (14), and (16) may be
transformed to:

VB\'lL = KZC;,totﬁBczyR.max/(l + BBCI’;(" + ch;,tot)) > (24)

because ¢y = Cht or 0 Ymax = VB.max- If 1 < Bych, Eq. (24) turns to Eq. (6).

At real electrodes the amount of synergistically adsorbed metal ions depends on
the duration of the accumulation. The relationship between ygy, and the accumula-
tion time is rather complicated and depends on the nature of the mass transfer. If the
total metal concentration is very low and the mass transfer is obtained solely by
diffusion, the accumulation rate depends on the parameter D'/?K; 'yg ;.. (see Eq.
(19)). The function exp (x). erfc(x) tends to zero if the variable x tends to the
infinity. So, the adsorption equilibrium will be established earlier if the adsorption
is weaker (i.e. the product K,yg .., smaller). At spherical electrodes the accumulation
rate is higher due to the sphericity effects (see Eq. (18): the parameters y, and y,
depend on D'/?K3 'y} and on the ratio K,yg max/ro)- This rate can be significantly
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increased if the convection is introduced (the solution is stirred). The accumulation
time needed to approximate equilibrium within 5% of error (ygmyr = 095K ;75 max-
.Car.or) €an be calculated from Eq. (21). The condition is:

exp (_ Dtaccuma_ 1I<2 1‘))1; ;xax) = 005 (25)
and the solution reads:

taccum = —111 (005) D_I(SKZyB.max (26)

For parameters from Fig. 4, t,..... = 150 s what is rather long time and proves
that the voltammetric measurements which follow the adsorptive accumulation can
oftenly be made before the equilibrium with the bulk of the solution is established.
Besides, in the range of higher total metal concentrations, the accumulation rate
depends on ¢}y ,,,, as can be seen from Fig. 4.-The adsorption equilibrium is esta-
blished sooner if the ratio ¢y ,o,/¥s.max is higher. The results of voltammetric measure-

100 -~ — , e e T 100 __ _
b 8
4 1 / 6
\ 3 % | - 2.
N { :[. ’/v - 4
\ L / / / 4;//3—“
' i s s - J
/// e - I ! r}‘:i / e ,//’2"‘
- ) S 2 ! )~ I
0 9 ___——(—."“‘_—%——f’"— ' | - _‘Z - — — )
log (8] 0 30 bs 60
F1G. 3 FiG. 4
Dependence of the normalized ionic species Synergistic adsorptive accumulation of the
distribution at the electrode surface on the mixed complex (BML), 4 from the stirred
bulk concentration of the hydrophobic ligand solution. The dependence of fgamyYpmL/
B. The synergistic adsorption complicated 7B.max ON the accumulation time (Eq. (417)).
by the adsorption of the chelating ligand L (2D '8) = 4.107 3 cm/s, K378, max = 01 em,
(Eqs (8)_(16)) 1 7BML/7max’ 2 7BL/ymax’ cM tot/BML//B max (cm™ ]) is: 11; 255 310;
3 yB/ymax, 4 70 7max- K1 == 108 dm®/mol, 4 20; 5 30; 6 50; 7 100; 8 500

. o = - 1076 mol/dm?, ¢f ;o1 = 10~ * mol/
dm?, P = 107 dm?/mol, B = - 10% dm3/
mol, K, 5.10°dm3*/mol and K;=
= 10% dm3/mol
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ments performed with the constant accumulation time, but different total metal
concentrations should not be analysed according to the well known expression:

')’};N}L = (fBML/yB,max) + (KZ)’B,max)_l (C;‘d,tot)ul (27)

because the recorded ygy values do not belong to the same isotherm. However,
for electroanalytical purposes, when synergistic adsorptive accumulation is used for
the determination of metal ions in traces, one can neglect the dependence of the
accumulation rate on the total metal concentration. If ygy, depends linearly on
Chi.cor 10 the equilibrium, then similar linear relations exist during the accumulation
as well, but the proportionality factors depend on the accumulation time, as can
be seen from Egs (18), (19), or (21).

The lowest detection limit which can be achieved by the application of the syner-
gistic adsorptive accumulation depends on the intensity of the surface complexation
reaction (I), on the reversibility of redox reactions (III), (IV) and (V) and on the
characteristics of the applied voltammetric technique. The limit can be roughly
estimated for several simpler cases. If the reaction (III) is reversible and the linear
scan voltammetry is applied, the relationship between the LSV peak current and
the amount of the adsorbed reactant yp,,; reads®®:*°:

i, = n*F*Syg\v/(4RT), (28)

where v is the scan rate. Eq. (28) was developed under the assumption that during
the voltammetric measurement the contribution of the mass transfer could be
neglected. Assuming that the minimum peak current which can be confidently
detected equals 10 nA, the reactant surface concentration which is required for this
faradaic response can be estimated from Eq. (28). If S = 0-05cm? n =1 and
v =01V]/s, the required yJy,, equals 2.107'2mol/cm®. The total metal bulk
concentration which equilibrates this surface concentration can be calculated from
the linear isotherm:

ngL = KZ'yB,maxC}ti,tot (29)

If the surface complex is very stable, the product K,y m.x can be equal to 1 cm. In
that case the lowest metal concentration which can be detected is equal to 2.
. 10~° mol/dm>. This detection limit can be obtained only by the prolonged accumula-
tion from the stirred solution. There is no reason why the product K,yg ., could
not be higher than 1 cm. In the classical adsorption, the product By,.. is usually
lower than 1 cm (ref.*°), but the synergistic adsorptive accumulation is not a simple
adsorption, but the surface complexation reaction.

Similar detection limit can be obtained if the reactions (III)—(V) are totally ir-
reversible and the square-wave voltammetry is applied. The following relationship
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exists33:
i, = 500n*FSaaf AEyur, (30)

where a is the amplitude, f the frequency and AE the step increment of the SW
signal, while « is the transfer coefficient. For the standard parameters (S = 0-05 cm?,
n=1a=05a=00lV,f=100s"" and AE = 0-005 V) the faradaic response
i, = 10 nA can be obtained if ygy, = 16 . 107 '? mol/cm?, what is in the equilibrium
with ¢y o, = 16. 107° mol/dm?® if K,y max = 1 cm. If the redox reaction (I1I) is
quasireversible, the square-wave response may be 9 times higher and the detection
limit can be lowered to 2 . 10™'° mol/dm?. If the reactions (IV) and (V') are reversible,
the square-wave responses are 4 times higher than those of totally irreversible reac-
tions and the detection limit is 4 . 10™'° mol/dm?.

Very high ratio between the faradaic response and the reactant surface concentra-
tion exists in normal pulse polarography of totally irreversible redox reactions
(II1)—(V) (ref.?®):

i, = nFSypy/t, - (31)

If S=005cm? n=1 and t, = 0:05s, the response i, = 10 nA requires only
yame = 10713 mol/cm?. This surface concentration can not be obtained by the
corresponding equilibrium bulk concentration ¢y o, = 107'° mol/dm® (for
K,Y8.max = 1 cm) because the accumulation time is restricted to the drop life-time.
However, the detection limit can be lowered if the signal is applied to the hanging
mercury drop electrode (the normal pulse voltammetry) which enables the arbitrarily
long accumulation from the stirred solution'*. This technique can be recommended
for totally irreversible redox reactions (because a non-productive current substrac-
tion is avoided), while for the reversible and the quasireversible reactions the square-
-wave voltammetry should be the optimal choice.

System U(VI)-H,Sal-TBP

The redox reaction of uranyl ion in the presence of salicylic acid (H,Sal) and tributyl
phosphate (TBP) has been the subject of the previous communication'*. The forma-
tion of the adsorbed mixed complex (UO,(HSal),TBP(H,0)),q, has been demon-
strated. Its reduction is totally irreversible. The product UO; is electroinactive
under these conditions. Some additional evidences for this mechanism were obtained
by the pulse polarography and the linear scan and the alternating current voltam-
metries. The pulse polarogram of the redox couple UO3*/UO; in 0-7 mol/dm?
NaClO,, pH 3:6, is a reversible wave. It is displayed as curve 1 in Fig. 5. On the
addition of H,Sal to the electrolyte, two waves appear (curve 2). The first wave cor-
responds to the reduction of the dissolved UO; ", catalyzed by the disproportionation
of U(V) under the influence of H,Sal (ref.*'). The second wave has a form of a peak
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and corresponds to the reduction of the adsorbed complex (UO,(HSal),),s;. The
nature of the second wave can be prooved by the results of tensametric measurements
which are displayed in Fig. 6. Salicylic acid adsorbs only weakly (curve 2), but in the
presence of UO3™ ions (curve 3) its adsorption is much stronger. The very high peak
which appears at —0-28 V vs Ag/AgCl is of faradaic origine. Its maximal current
increases if the phase angle is decreased. Its potential corresponds well to the second
pulse polarographic wave. In the presence of TBP, pulse polarograms are marked
by an extensive maximum of capacitive nature (curve 3, Fig. 5). Its nature is proved
by the corresponding tensametric peak which appears on the curve 4 in Fig& 6.
The redox reaction of UO3*/UO; couple becomes irreversible if the electrode
surface is covered by the adsorbed TBP (ref.*?). It can be seen from the curve 3
in Fig. 5. After the minimum at —0-3 V vs Ag/AgCl, the faradaic response of UO3*
reduction developes, but it is totally irreversible. The presence of both H,Sal and
TBP, but without UO3*, causes in pulse polarography the development of a capaci-
tive peak at about —0-2 V (curve 4, Fig. 5). That peak appears also in the linear

[ospa

o1 0 S 03 -06 0z 0 -0
Vivs Ag/AgCl)

Vlvs Ag/AgCl)

FI1G. 5

The pulse polarograms of the systems: 1
UO%™*; 2U03* + H,Sal; 3U02" + TBP;
4 H,Sal + TBP; 5 UO2™* + H,Sal + TBP.
0-7 mol/dm?® NaClO,, pH 3-6. DME, t; =
=1s, t,=5Tms. [UO3*]=¢62.
. 1075 mol/dm3, [H,Sal] = 7-2.10™% mol/
/dm3, [TBP] = 2. 10~ * mol/dm? (where ap-
plies)

FIG. 6

Alternating current voltammograms of the
systems: 1 0-7 mol/dm® NaClO, (sup-
porting electrolyte, pH 3); 2 H,Sal; 3 UO% *
+ H,Sal; 4 TBP; 5 UO%* + H,Sal + TBP.
HMDE, f,.. =230Hz, a,., = 10mV,
Pa.c. = 90°, dE/dt = 20mV/s, [UO3*]=
=62.10"% mol/dms. Concentrations of
H,Sal and TBP as in Fig. 5
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scan and alternating current voltammetry and can be assigned to the solvation
of H,Sal by the adsorbed TBP (refs'*?7). Finally, if UO3" ions are added to the
solution of H,Sal and TBP, the synergistically adsorbed mixed complex (UO,(HSal),
.TBP(H,0)),4s appears at the electrode surface (curves 5, Figs 5 and 6). This complex
displaces complexes (UO,(HSal),),q, and (TBP.H,Sal),4 from the electrode surface.
The first complex is probably displaced by the adsorption of TBP which is immedia-
tely followed by the formation of a mixed, adsorbed complex. The evidence for the
displacement is a rather flat residual current between 0V and —0:4 V (curve 5,
Fig. 5) and the capacitance pit in this potential range (curve 5, Fig. 6). In the pulse
polarography (PP), the adsorbed mixed complex is reduced at —0-48 V vs Ag/AgCl,
giving rise to a sharp maximum which is followed by a heavily depressed limiting
current. These characteristics are in agreement with the theory of pulse polarography
of adsorbed reactants?8:3:3¢, The PP maximum current depends almost linearly on

T T T T
12 F
log I
500 T T T T
06 F 1
-Emﬂ. i )
mV
400 + n
0 t+ 4
300 + .
-02 r_ -4
. 1 1 1
; ; ! - 12 16 18
1 14 2 -log t
-log ¢ 9t
P
Fi1G. 7

Pulse polarography of UO%+ + H,Sal + TBP system. The dependence of the logarithms of
peak currents (a) and peak potentials (b) on the logarithms of pulse duration times. 6:2 . 10~ > mol/
/dm3 UO2* 4 7-2.10™* mol/dm3 H,Sal + 2.10™* mol/dm® TBP in 0-7 mol/dm3 NaClO,,
pH 3. DME, #4(s): 10'5; 21; 31:5; 42
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the mercury drop life-time (A log(i,)/A log (t5) = 0-91 + 0-02) what is rather unu-
sual, but agrees well with the results of berberine measurements36. The dependences
of the logarithms of PP maximum currents and of the potentials of PP maxima on
the logarithms of the pulse duration time are shown in Figs 7a and 7b. The rela-
tionships between log (i) and log (¢,) and E,,, and log(t,) are both linear with
the slopes —1 and 143 + 3 mV/d.u., respectively. According to the theory®®:*5, such
relationships indicate a totally irreversible charge transfer from the adsorbed state.
From the slope AE,,,/Alog(t,) the transfer coefficient of that reduction can be
calculated: o« = 041 + 0O-1.

Linear scan voltammograms of the synergistically adsorbed mixed complex
exhibit a very sharp cathodic peak at —0-35V vs Ag/AgCl. The peak current is
linearly proportional to the scan rate. The dependence of the uranyl peak currents
on the bulk concentrations of H,Sal and TBP are displayed in Figs 8a and 8b. The
voltammograms were recorded at the HMDE, but without any deliberate accumula-
tion prior to the scan. The results are in agreement with the theoretical predictions
(Figs 1b and 3).
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The linear scan voltammetry of the system UO3 *~H,Sal-TBP in 0-7 mol/dm>® NaClO,, pH 3-2.
The dependence of peak currents on the concentrations of H,Sal (a) and TBP (). [UO%"']
(mol dm™3): 162.107%,262.1075 36:2.10™%. [TBP] = 2. 10™* mol/dm? (a); [H,Sal] =
= 7-2.10”* mol/dm? (b). HMDE; no accumulation; Ej;, = —0-1 V vs Ag/AgCl; scan rate
—20mV/s
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APPENDIX

Equilibria in the Bulk of Solution

If only one complex species is formed:
M* + e 2 ML
the equilibrium and the mass balance equations are:
K, = cyf(cy+cf)
c::(*' + C;L = c:{,tot
cltﬂ, + ct = cl’f,tol

The ionic species distribution is defined by:

c:{L = (b - (b2 - 40:,10103,:.)!)”2)/2 >

. * * -
where: b = ¢f o, + C¥p o + K11

If a ligand is in a large excess:

* ok
CL = cL,tot

C::l* = c:{,tot/(l + ch:,tot)

* * % *
CmL = chL,toth,tot/(l + chL,tot) .

Simple, Anion-Induced Adsorption

(4-1)

(41)
(42)

(43)

(44)

(45)
(46)

(47)

A large excess of ligand is assumed. The electrode surface is assumed to be totally
covered by the adsorbed species. The surface complexation reaction3:26:

M::O + Lads 2 (ML)ads

is defined by the equilibrium and the mass balance equations:

Ay = )’ML/()’LCM +,x= 0)

L+ YMufML = YmoL s

(4-11)

(48)
(49)

where: fy = ym'L/ym_M,_. The equilibrium is established when the diffusion stops
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and cy+ 4-o = Cy+, defined by Eq. (46). The surface distribution is then defined by:
ML = Alvm,Lc:l,tot/(l + ch:,m + 'llfMLc::l,tot) (AIO)
yL = (1 + chl":,tot) vm,L/(l + ch:,tot + 'q'lfMLc::i,tot) . (AII)

It has been shown?S that the same relationship is obtained if the mechanism is
regarded as a competitive adsorption of L and ML.

Accumulation of the Mixed Complex at the Electrode Surface in the
Case of the Synergistic Adsorption from the Stirred Solution

The conditions (c) and (f) may be combined to:

D(C:‘l,tot - cM,tot,x=0)/5 = d'}’BML/dt . (AIZ)

If the condition (d) is introduced to Eq. (412), one obtains:

(Sl - YBML) (d}’BML/dt) - w(sl - ?BML) + zypmL = 0, (A13)

where S; = g max/foms Z2 = D(0K,fem) ! and @ = Dcyy o /8. By the substitution
y = (S; — y8m)/S:1 (Where y, = 1 for t = 0) Eq. (413) can be transformed to the
integral equation:

y* 4+ 257w + z) [ ydt = 2ztS7 + 1. (414)

For the purpose of numerical integration, the time is divided in finite increments d.
During one time increment the function y is constant:

k-1
Y2+ 2dS7 (o + z) y = 2zkdST' + 1 — 2dS7 (@ + 2) Y y; . (AL5)
i=1
The solution of Eq. (415) reads:
Vi = (=b + (b* — 4¢)'?))2, (A16)

where b = (ZdD/é) (C:{,(othMLYB—,::ax + (KZ‘VB,max)—l) and

1

k—
¢, = (2dD[8) k(K ¥g,max) * + 1 — b‘-zl Vi .

The normalized surface concentration is equal to:

fBML('YBML)k/)’B,max =1-y. (AI 7)

Collect. Czech. Chem. Commun. (Vol. 55) (1990)



922 Mlakar, Lovrié, Branica:

This study is a contribution to the joint project of the Institute of Applied Physical Chemistry,
Nuclear Research Center, Jiilich, and Center for Marine Research Zagreb, ‘“ Rudjer Boskovié
Institute Zagreb. Financial support by the International Bureau of KFA, Jiilich, within the frame
of the bilateral research agreement between S.F.R. Yugoslavia and F.R.G. is gratefully acknowledged.

In addition it was partially supported by the US National Science Foundation and Self-Manage-
ment Council for Scientific Research of S.R. Croatia through funds made available from the US-
Yugoslar Joint Board on Scientific and Technical Cooperation under the project JFP Nr 679.

LIST OF SYMBOLS

Crg+ cF . cfyL the bulk concentrations of M, L™ and ML

cB bulk concentration of ligand B

CM.tot Cp 1ot total concentrations of the metal and the product of its redox reaction

¥ tots CF,toe total bulk concentrations of the metal and the ligand L

CM*,x=0+ CML,x=05 Cp,x=0> CpL,x=0 concentrations of M™*, ML, P and PL at the electrode
surface

CM.tor.x=0+ M, tot,r=ro> CP,tot,x=0 total concentrations of the metal and the product at the
electrode surface

D, Dp diffusion coefficients

F Faraday constant

JemL» /ML conversion factors of the adsorbed complexes (BML), 4, and (ML), 4

i/nFS normalized current density

K, stability constant of the dissolved complex ML

K, stability constant of the adsorbed mixed complex (BML), 4,

K, stability constant of the adsorbed complex (BL),4

n number of electrons

o radius of the mercury drop electrode

S electrode surface area

Laccum adsorptive accumulation time

% transfer coefficient

Pg. By adsorption constants of the ligands B and L

J diffusion layer thickness

B> YL surface concentrations of the adsorbed ligands B and L

YBML- ’ML- ;L Surface concentrations of the adsorbed complexes (BML), 45, (ML), 4.
and (BL), 4,

7B.max- I'm.L> YBML,max* Ym,ML Maximum surface concentrations of the ligands B and L
and of the adsorbed complexes (BML), 4, and (ML), 4

Ymax maximum surface concentration, common for several adsorbed species
Ay stability constant of the adsorbed complex (ML), 4,
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