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ABSTRACT

The interaction of sodium octanoate, decanoate or dodecanoate with lead(II) has been
studied in aqueous solutions using potentiometry, electrical conductivity, turbidity and
ICP-OES measurements. These show an alkyl chain length dependence on .the
behaviour. At the lead(Il) concentration used (1.0 mM), relatively strong interactions
are observed with the decanoate and dodecanaote, leading to formation of the lead
carboxylates (soaps) as insoluble complexes. All techniques show 1:2
(metal:carboxylate) stoichiometry corresponding to charge neutralization. With sodium
octanoate and lead(Il), a rather weaker interaction is seen, and complexation is only
observed at metal:carboxylate ratios > 0.5. However, in contrast to our previous work
on octanoate and calcium(II) in aqueous solutions [1], precipitation does occur at higher
concentrations. This difference between the behaviour of the metal ions is probably due
to the more covalent nature of the bonds of the carboxylate with Pb** than with Ca®".
Association constants of the complexes have been determined from potentiometric
measurements and are consistent with data on solubility products. A comparison is
made of the effect of surfactant head group on the interactions with lead(Il) using two
surfactants with the same chain length: dodecanoate and dodecylsulfate. Differences in
their interactions with this metal ion in aqueous solutions are interpreted in terms of
greater covalency of the bond between the metal and the carboxylate than with the

sulfate group.

KEYWORDS: metal soaps; lead(II); long chain carboxylates; association constants;
carboxylate precipitation



1. INTRODUCTION

The interaction of metal ions with anionic surfactants in aqueous solutions is of both
theoretical [2-6] and practical [7, 8] importance. Over the last decades, there have been
a considerable number of scientific reports regarding the interaction between mono- or
higher valent ions and ionic surfactants, with particular attention to the phase separation
which occurs in these systems [9-11]. Precipitation of surfactants, as metal salts, can be
desirable in some applications (e.g., catalysis [12] and wastewater treatment [13, 14])
but can be also detrimental in others, including detergency, and enhanced oil recovery,
due to loss of surfactant activity [15].

Although these systems have been widely studied and reviewed [16-20], most of
the publications are relatively old. In addition, there is not much information about the
phase separation mechanism, or the structures of the solutions, which complicates the
development of models of such systems.

The study of lead(Il)-containing solutions is of particular interest due to its
industrial, environmental and biological impact. Lead salts are toxic, and human
exposure can result in the damage of the central nervous system, kidney, liver and
reproductive system, basic cellular processes and brain functions. The toxic symptoms
are anaemia, insomnia, headache, dizziness, irritability, weakness of muscles,
hallucination and renal damage [21], and there is interest in developing new methods for
removing this metal from the environment. This is a global problem, and low cost
routes, such as precipitation, are particularly important for remediation. The systems
discussed in this article may be relevant to this problem.

In general, unbuffered aqueous solutions of soluble lead (II) salts, such as the

nitrate, are slightly acidic [22]. The hydrolysis of Pb** may be written as



xXPH* +2yH,0 === Pb,(OH) " + yH,0" 1)

where Kj,; is the equilibrium constant for the i" hydrolysis, with the K}, ; value equal to
6.3x107® (in a solution with ionic strength zero), and the most prominent hydrolysed
species are Pby(OH),** and Pbg(OH)s™* [23].

The long chain carboxylates of divalent metal ions (metal soaps) are an
important group of compounds, which find applications as emulsifiers, paint driers,
grease thickeners, dispersant agents, etc [24-27]. They are also used in solvent
extraction procedures [28], and are starting to find interesting material applications in
metal-organic mesogen systems [29-31]. We have become particularly interested in the
interaction of lead(II) with alkanoates. This is relevant to corrosion inhibition [32-34],
but also plays an important role in areas as diverse as studies on the lipid organization in
human hair [35], and art conservation, where lead carboxylates have been shown to
slowly form through the reaction between lead pigments and drying oils in historic
paintings and other art works [36, 37]. In addition, long chain lead carboxylates show a
rich, and chain length dependent thermotropic phase behavior [38-42], and an
understanding of the driving forces for the precipitation of these systems from solution
is likely to be important for interpreting phase stability.

In this work we focus on the interaction in aqueous solutions at 25 °C between
lead(IT) ions and carboxylates with three different alkyl chain lengths (octanoate,
decanoate and dodecanoate). Our aim is to obtain a detailed insight into the mechanism
of their interaction by using conductimetric, potentiometric and turbidity techniques.
This complements our previous work on the precipitation of carboxylates by the more
ionic calcium(Il) ion [1]. The effects of metal ion hydration, covalent (hard/soft)

character and of surfactant alkyl chain length on the interaction process will be
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discussed. In addition, for the C;, (dodecanoate) chain, the effect of head group acidity
will be considered by comparison with the behaviour of the homologous surfactant: the

dodecylsulfate.

2. MATERIALS AND METHODS

2.1 Reagents and Sample preparation

Lead nitrate tetrahydrate (98 %) was purchased from Riedel-de Haén. Sodium
octanoate (99 %), sodium decanoate (98 %), sodium dodecanoate (99-100 %) were
purchased from Sigma. For the sake of simplicity these carboxylate surfactants
(CoH2p+1COONa) will be designated as C;€COONa; CoCOONa and C;;COONa,
respectively. All the experiments with sodium carboxylates have been carried out at
concentrations below their critical micelle concentration: 340 mM, 94 mM and 24 mM,
respectively [43]. Sodium dodecylsulfate (> 98 %) was purchased from Sigma. These
reagents were used as received, and all solutions were prepared using Millipore-Q

water. No control was made on the pH, which was the natural value for each solution.

2.2 Conductance measurements

Electrical conductance measurements were carried out with a Wayne-Kerr
model 4265 automatic LCR meter at 1 kHz, through recording of solution electrical
resistances, measured by a conductivity cell with a constant of 0.1178 cm™ (uncertainty
0.02 %) [44]. The cell constant was determined from electrical resistance
measurements with KCl (reagent grade, recrystallized, and dried) using the procedure
and data of Barthel et al [45]. Measurements were made at 25.00 (x0.02) °C in a

Thermo Scientific Phoenix II B5 thermostat bath. Solutions were always prepared



immediately before the experiments. In a typical experiment, 20 mL of lead(II) solution
(1 mM) was introduced in the conductivity cell; aliquots of the surfactant solution were
then added at 4 minute intervals from a Gilson Pipetman micropipette. The specific
conductance of the solution was measured after each addition and corresponds to the
average of three ionic conductances (uncertainty less than 0.2%), determined using
house-made software. The specific electrical conductance of the solutions, x, is
calculated from the experimental specific conductance, xex,, and corrected for the

specific conductance of water, Ko: k=Kexp—Ko.

2.3 Potentiometric Measurements

Potentiometric measurements were carried out with a pH Radiometer PHM 240.
The ion concentration present in solution was measured using a lead selective electrode
(WTW, Pb 500) and an Ag/AgCl reference electrode (Ingold). Calibration was carried
out before each set of measurements using freshly prepared lead(Il) standard solutions.
No ionic strength adjustment buffer has been added; however, the electrode shows a
Nernst-like response in the working concentration range.
The pH measurements were carried out with a combined glass/reference electrode
(Ingold U457-K7); the pH was measured on fresh solutions, and the electrode was
calibrated immediately before each experimental set of measurements using I[UPAC-
recommended pH 4 and 10 buffers.

In a typical experiment, aliquots of the surfactant solution were added, using a
Gilson Pipetman micropipette, to 20 mL of metal divalent solution. The electrode
potential was recorded after signal stabilisation, and all measurements were carried out

at 25.00 (20.02) °C.



2.4 Turbidity Measurements

Turbidity changes were studied by measuring the change in solution
transmittance at 550 nm with a Shimadzu UV-2450 spectrophotometer. In a typical
experiment, different amounts of surfactant were added to a 1 mM lead nitrate solution,

with continuous stirring for about five minutes before each measurement.

2.5 Inductively coupled plasma optical emission spectrometry (ICP-OES)

The ICP-OES analysis was performed using a Horiba Jobin-Yvon JY 2000
instrument. In a typical experiment, different amounts of sodium dodecylsulfate (from O
to 20 mM) were added to a 1 mM metal ion solution. Twenty samples were prepared in
the surfactant concentration range of interest. All samples were continuously stirred
during six hours and then left to equilibrate for twelve hours (in the samples where
flocculation occurs, a clear two phase separation can be observed). Aliquots for ICP-
OES analysis were taken from the supernatant after samples were centrifuged at 3500
rpm during 15 minutes. Solutions were pipetted into a polypropylene tube and
thoroughly mixed with an yttrium internal standard solution. They were then diluted
with 2 % (w/w) aqueous nitric acid (HNOj3, purum p.a. from Fluka) solution to obtain
the mecessary final analytical metal concentration. Before each set of measurements,
calibration was carried out using metal-containing standard solutions; an aqueous
solution of 2 % (w/w) HNO3 was used both as a blank and for rinsing the instrument
after the highest concentration standard solution measurement. Each sample was
injected in triplicate and the reported value corresponds to an average value of three

measurements.



3. RESULTS AND DISCUSSION

The interaction between divalent (or higher valent) metal ions and alkanoates in
aqueous solution generally leads to precipitation of metal carboxylates (metal soaps)
[26, 46, 47]. These interactions depend on the nature of the metal ion, the surfactant
chain length [48] and the bulk conditions (pH, temperature, etc). The effect of these

factors in the case of lead(II) will be discussed in the following sections.

3.1 Interaction between sodium alkanoates and lead(1l)

Fig. 1 shows the turbidity (as measured by optical transmittance) of a | mM Pb**
aqueous solution in the presence of varying concentrations of sodium carboxylates
(C,COONa, n = 7, 9 and 11). Upon adding CoCOONa or C;;COONa, the optical
transmittance of solutions sharply decreases as a consequence of the formation of an
insoluble complex. The minimum transmittance is reached for molar ratios (r =
[CnCOONa]/[Pb2+]) ca. 2 (see Table 1). Similar values are observed by electrical
conductivity (Fig. 2) and potentiometry (Fig. 3) with these two carboxylates. Electrical
conductivity is particularly valuable for the assessment of the effect of ionic [49, 50] or
non-ionic surfactants [51] on the structure of ionic solutions, because it follows
modifications of complex electrolyte solutions, resulting from changes in the size and
shape of moving particles and/or in the effective charge [52]. Since the specific
conductance is a measure of the overall 1on concentration in solution, the decrease in the
specific conductance up to r equals 1.9 and 2.0, respectively, upon addition of sodium
deca- and dodecanoates to 1 mM Pb** aqueous solutions indicates a strong (probably

mainly electrostatic) interaction between lead(Il) and the carboxylate. For molar ratios



greater than 2, the specific conductance of Pb**:C,COONa solutions increases through
the increase of the concentration of sodium carboxylates, since when all the Pb** has
been “consumed” by the complexation it can no longer affect the electrical properties of
the solutions. This behaviour has been confirmed by pH measurements, since the pH
values of carboxylate/Pb** mixtures for C;COONa, CoCOONa and C;;COONa at high
r (5.80, 6.47, 6.92, respectively) are in agreement with the pK, values for the hydrolysis

of these sodium salts (9.11, 9.1, and 8.7, respectively [53]).
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Fig. 1. Effect of the addition of sodium octanoate (0), sodium decanoate (©) and sodium
dodecanoate (A to 1 mM Pb** aqueous solution transmittance, at 25 °C. Inset figure

shows a zoom for low molar ratios.
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Fig. 2. Effect of Pb** 1 mM on the specific conductivity of sodium octanoate (O, n=7),

sodium decanoate (o, n=9) and sodium dodecanoate (An=11) at 25 °C.

Rather different behaviour is‘observed with the least hydrophobic alkanoate, the
sodium octanoate, in the presence of lead(Il) nitrate. The formation of insoluble
complexes only takes place at r values above 0.48 (+0.03), as seen by turbidity,
suggesting that a critical minimum concentration for interaction, the so-called critical
aggregation concentration (cac), is required (see inset Fig. 1). This is likely to be related
to-the higher solubility of this complex in water [54]. Furthermore, the minimum optical
transmittance is only reached at r = 2.3 (+0.1).

Similar results are observed by electrical conductance; that is, interaction
between lead(Il) and octanoate only occurs at r values greater than 0.48 (+0.02) (see
Fig. 2 inset). These interactions continue up to r = 2.45 (+0.04), corresponding to the
maximum interaction concentration, mic (b in Fig. 2). It should be noted that such

behavior has also been observed for solutions of trivalent metal ions with sodium
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dodecylsulfate [55, 56]. As with the other carboxylates, at higher molar ratios, the
electrical conductance of octanoate-lead(Il) solutions increases upon increasing sodium
octanoate concentration, since above the mic, sodium octanoate is in excess and the
neutral lead(Il) complexes do not contribute significantly to the overall ionic
conductivity. As was previously observed with calcium(Il),[1] these results show:that
although interactions between alkanoates and lead(Il) are probably driven by
electrostatic interactions through charge neutralization [26], and by changes in ion
hydration, the effect of the alkyl chain length cannot be neglected. However, Pb** is a
much softer Lewis acid than Ca®* [57], and there ds evidence from X-ray
crystallography [58, 59], and 27pp NMR spectroscopy [40, 60] that the lead(Il)
carboxylate bond has appreciable covalent character. This justifies the observation of
interactions between octanoate and lead(Il), whereas no interaction is observed for the
same carboxylate with the more ionic Ca® [1]. This is in agreement with stability data
on the metal acetates, where the stability constant for the 1:1 complex is higher with
Pb** than with Ca™ [61].

Turbidity (as given by minimum optical transmittance) and electrical
conductance also indicate an association stoichiometry of 2:1 between C,COO™ (n = 9
and 11) and lead(Il). For the C,COO™:Pb** association, the stoichiometry can be
calculated as the difference between the mic and cac, which also gives a value of 2,
consistent with charge neutralization. A summary of molar ratios at stoichiometric

interaction, as obtained for the different techniques, is given in Table 1.
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Table 1. Interaction stoichiometries for the interaction between sodium carboxylates

and lead(Il), as seen by different techniques.

[C,COO7/[Pb*']

Turbidity Conductivity Pb** selective electrode
Pb™*/C,COONa  1.80+0.10° 2.06+0.04" 2.35+0.05
Pb**/ CoCOONa 2.00 1.88+0.01 1.900.20
Pb**/ C;;COONa 2.00 2.03+0.01 2.08%0.05

* Value obtained by the difference between mic and cac — see textfor further details;

3.2 Modeling the Association Process

From the above discussion, it is reasonable to treat the interaction between
carboxylates and lead(Il) in terms of formation of a 2:1 complex. Assuming that the
association occurs in a two-step fashion, the following two equilibrium equations can be

presented:

Pb* + C,CO0" == Pb(C,COO)’ )
Pb(C,CO0)" + C,CO0" === Pb(C,COO), (3)

Equation (2) is written assuming that hydrolysed Pb** species can be neglected. This is
reasonable since at the experimental pH of 1 mM aqueous solutions of lead(Il) nitrate
(around 5), the only significant species present in solution is non-hydrolysed Pb** [23,

62, 63].
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For simplicity with these relatively dilute solutions we will use concentration
instead of activities for the ions in solution. The stability of the complexes Pb(C,CO0)*,

Pb(C,COO); can then be described in terms of the association constants, K; and Kj:

| Pb(C,c00)’ |
= _ @

[Pb™ ][ C,CO0 |

[ Pb(C,C00), |
2= + ~ (5)

| Po(c,c00)" |[c,co07]
Conservation of mass gives

[Po*] =[Pb*] [ Pb(€,c00)" |- Pb(C,CO0), | ©)
[c,co0™] =[¢,co0], -[ Pb(C,c00)" |-2x| Pb(C,C00), | 7)

where the subscripts f and T represent the free and total concentration of species.

Combination® of Egs. (4)—(7) gives, after some algebraic manipulations, the following

expressions:

2K, K, [Pb*][C,c00 ] + (1+k,[Pb* ])[c,c00 ] + [c,co0 ] =0 8)

T

and

[sz+]: |:Pb2+:|T

14K,[C,C00" ]+K,k,[C,C00™ | ®
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The [C,COO7]; value is estimated through an analytical solution of the real
solution of a second-degree equation, by using the using the quadratic formula.
Association constants, K; and K are obtained from a least-squares fit of Egs. (8) and (9)
to experimental free (non-complexed) concentration of Pb**. These values have been
obtained by potentiometric methods, using a lead(Il) ion selective electrode and results

are shown in Fig. 3.

1.0 1+ . : . : . : . :

[Pb*']/ mM

T T T T T T T T T T
0 1 2 3 4 5

[C,COONa] / mM

Fig. 3. Effect of sodium octanoate (0), decanoate (0) and dodecanoate (A in the Pb*

metal concentration of supernatant, at 25 °C. Solid lines are obtained by fitting the

experimental data to equations (8) and (9).

Before discussing the calculated association constants, a brief comment will be
made concerning Fig. 3. In general, the data in this figure are in agreement with the
behaviour seen by electrical conductivity and turbidity, and discussed in the previous

sections. From the potentiometric data, two observations are worth noting:
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a) for all carboxylates, the association with Pb** leads to a complex with a 2:1
stoichiometry (see Table 1), which is consistent with charge neutralization [58,
64];
b) potentiometry seems to be more sensitive to study the detailed interaction of
Pb** with C;COO™ than the other techniques.
Table 2 presents the first and second association constants for C,COO :Pb**
interactions, obtained by minimization of the root mean squared error (RMSE) between

calculated and observed values of free lead concentration.

Table 2. Association constants for systems Pb**:C,COONa.

K,/M'" K,/M!' KK,/M? RMSE/M

Pb**:C;COONa 15 5.0x10° 7.4x10° 4.1x107°
Pb’*:CoCOONa  1.4x10*  1.1x10*  1.5x10® 3.7x107°

Pb>*:C;;COONa 52x10° 3.4x10° 1.8x10’ 6.9x107°

(y,._;,.)z/n}

172
n

*RMSE:[

i=1

In all cases, the low root mean squared error (RMSE), between the calculated and the
observed values of free metal concentration, indicate that the proposed model fits the
experimental data very well.

It is interesting that K; for Pb**:C;COONa system is significantly lower than all
other equilibrium constants, possibly reflecting the difficulty in the formation of the
complex Pb(C;COO0)", which is consistent with the initial need for more surfactant to
induce the formation of precipitate. It is also worth noting that the smallest global
association constant (Ky = K;K>) is found with this system, in agreement with a weaker

interaction. Although direct comparison may be misleading, the trend of the global
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association constants is consistent with reported solubility products for lead(Il)
octanoate and decanoate [54]. K; and K, have the same order of magnitude in both the
Pb**:CyCOONa (10%), and Pb**:C;;COONa (10°) systems, while the global association
constant is an order of magnitude higher for decanoate system than for dodecanoate.
This is somewhat surprising, but may reflect complications in determination of the
constants arising from precipitation in the Pb**:C;;COONa system, such that caution is

needed with the absolute values of the association constants in this case.

3.3 Lead(Il) interactions with SDS

We have previously shown that the interaction between divalent or trivalent
metal ions and alkanoates in aqueous solutions is quite different from that observed with
sodium dodecylsulfate (SDS) [1, 50].- With SDS, the maximum interaction
concentration is not reached at charge neutralization, but at higher r values. This leads
to formation of a lamellar solid [65], which redissolves in excess surfactant due to
preferential hydrophobic ~interactions between the alkyl chains of the surfactant,
destabilizing the aggregates of dodecylsulfate (DS™)/metal ion. The fact that lead(Il)
alkanoates do not redissolve in the presence of excess alkanoate is in agreement with the
lead(IT)-carboxylate bond having some covalent character, and with the interaction also
being driven by weak interactions between the alkyl chains of the carboxylates.

We have extended these studies to obtain further insight into the importance of
head group/metal ion interactions by looking at the interaction between Pb** and SDS,
and comparing the behaviour with the dodecanoate. These both have twelve carbon
atom chains, but differ in having sulfate (R-OSO;") and carboxylate (R-COQO™) head
groups. This important difference will play a role on metal:surfactant interactions

related to their proton (and Lewis) acid strengths: sodium dodecanoate is the conjugate
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base salt of a weak acid while SDS is that of the corresponding strong acid [66]. These
acid-base properties are used in common cation ion-exchange processes, where strongly
acidic resins have sulfonic or sulfate acid groups while weakly acid ones use carboxylic
acid [14]. In agreement with this, DFT calculations have shown that the carboxylate
group acts as a stronger Lewis base than the sulfate one [67], consistent with
carboxylate binding more strongly with metal ions. Turbidity, electrical conductometry
and ICP data are presented below for Pb**:SDS system and compared with

Pb>*:C;;COONa.

3.3.1 Turbidity measurements

The effect of SDS on the optical transmittance of aqueous 1 mM Pb** solutions
is shown in Fig. 4. Relevant differences are observed from systems with C;;COONa.
Solution transmittance is only significantly affected for concentrations of SDS greater
than 0.52 mM. However, upon increasing SDS concentration, a sharp decrease in
transmittance is observed, due to continues formation of precipitate, which only stops
when the surfactant concentration is above 2.5 mM, and then remains constant until
about 7.5 mM SDS. The behaviour within this range is similar to that with dodecanoate,
although with the SDS systems, the formation of precipitate does not occur immediately

upon surfactant addition.
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Fig. 4. Effect of the addition of sodium dodecylsulfate on 1 mM Pb** aqueous solution

transmittance, at 25 °C. Dashed line represents de cmc of SDS.

Upon increasing the SDS concentration above the cmc, redissolution of the
precipitate is observed. For SDS concentrations greater than 27.3 mM, the mixed
Pb**:SDS solutions are completely free of precipitate and the transmittance is 100%.
With sodium dodecanoate or the other carboxylates, no redissolution of precipitate was
observed with excess surfactant, indicating that the carboxylate micelles are unable to
overcome the relatively strong lead(Il)-carboxylate head group interactions. Thus, the
redissolution of Pb**:DS™ aggregates possibly occurs due to preferential hydrophobic
interactions between the alkyl chains (and possibly hydration interactions), overcoming
the relatively weak lead(Il) sulfate interactions in the aggregates.

This important difference between systems with SDS and sodium dodecanoate
strongly supports the idea that the Pb**:C,;;COONa interaction is stronger than the

Pb>*:SDS one, probably because of a more covalent bond, and that hydrophobic
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interactions between the SDS alkyl chains favour redissolution. This may be relevant in

certain applications where it is necessary to redissolve lead(Il) surfactant precipitates.

3.3.2 Electrical conductivity and hydrolysis effect

The electrical conductivity of Pb**:SDS solutions was measured and showed
marked changes upon surfactant addition in the pre-micellar region, -indicating
alterations in the structure of solutions (Fig. 5).

In the absence of metal ions, the electrical conductivity of ‘aqueous SDS
solutions is characterized by linear behaviour with two different slopes, indicating the
concentration at which a pseudophase transition takes place between unimers and
micelles [49], with the transition points attributed to the surfactant critical micelle

concentration (cmc).

0.08

0.06

«/S.m’

0.04

0 : 3 I 6 : 9 : 12 : 15
[SDS]/ mM

Fig. 5. Effect of lead nitrate 1 mM on the specific conductance of aqueous SDS solution
at 25 °C. Solid lines show transition points corresponding to critical aggregation
concentration (cac), maximum interaction concentration (mic) and apparent critical

micelle concentration (cmc™).
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However, in the presence of Pb2+, the addition of SDS leads to several
modifications in the behaviour, and two further transition points can be detected (solid
lines of Fig. 5). The first corresponds to the SDS concentration at which a strong
interaction between Pb>" and dodecylsulfate occurs; above this concentration, insoluble
complexes are formed, as shown by optical transmittance measurements, and a slight
decrease in electrical conductivity is observed upon addition of further surfactant until
considerably higher concentrations. This solution electrical behaviour can be justified
by the formation of larger charged species and/or by the' charge collapse of ionic
species. Both explanations are in agreement with the formation of aggregates involving
Pb** and dodecylsulfate. The concentration at which aggregation takes place is called
the critical aggregation concentration (cac)-and has a value of 0.578 (+0.002) mM. This
value is also in agreement with optical transmittance results (r = 0.52). Further evidence
to support the onset of an interaction between Pb** and DS” is found with the
observation of a second transition point; at higher SDS concentrations, the shape of the
plot of k versus [SDS] is similar to that found in pure aqueous solutions, suggesting that
no more Pb** is available to induce the formation of Pb**/DS™ aggregates. Consequently,
SDS will be in-excess, and will behave in a similar way to that in the absence of
divalent salt. In other words, the SDS concentration at which all Pb* is totally
consumed can be defined by the maximum interaction concentration (mic), which has a
value of 2.64 (x0.03) mM.

The third transition point presented in Fig. 5 is related with the onset of SDS
micellization. On first analysis, the micellization of SDS, in the presence of Pb2+,
appears to occur at SDS concentrations above the normal surfactant cmc (8.3 mM) [56],

which cannot be justified thermodynamically. However, based on the previously
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discussed interaction between Pb** and dodecylsulfate ions, this complexation will
reduce the concentration of free surfactant ions and the critical micelle concentration of
SDS, in the presence of divalent ions, cmc’, will be determined by: cmc' = ecmc™ — mic
= 6.56 (+0.06) mM. As can be seen, the presence of Pb** leads to a cmc’ lower than the
cmc of SDS [68]. The presented data cannot be compared with that for sodium
dodecanoate, because, due to precipitation, it was not possible to study the effect of Pb**
on its cmc.

The differences in the conductimetric behaviour of the Pb2+:C11COONa and
Pb**:SDS systems provides evidence that the mechanism of Pb’*:surfactant interaction
1s also different. The fact that with C;;COONa, the interaction with Pb>* occurs
immediately after the addition of surfactant and, in the case of SDS, this only occurs
after the cac, shows that the binding capacity of dodecanoate is higher than that of SDS,
in agreement with the presence of a more covalent bond.

It worth noting that the conductimetric profile shown by Pb**:SDS is very
similar to those observed with trivalent ions and SDS [56, 69]. However, in contrast to
what is seen with other metal:SDS systems [49, 70], Pb>*:DS” interactions do not lead
to any significant alterations in pH. From Fig. 6, it is possible to see that that upon
increasing SDS concentration, pH increases continuously with no perceptible breaks.
Furthermore, it is interesting to note that in the Pb**:DS interaction zone, the addition
of SDS only slightly changes the pH from 5.05 (pH of 1 mM Pb(NO); aqueous

solution) to 5.39 (in mic).
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Fig. 6. Effect of the addition of sodium dodecylsulfate on the pH of 1 mM Pb(NOs),

solutions, at 25 °C.

3.3.3 ICP-OES measurements

As observed for system Pb2+:C11COONa, the addition of SDS to aqueous Pb** solution
leads to the formation of a white precipitate, that consequently removes the metal ions
from solution. The variation of Pb** concentration upon addition of SDS was followed
by ICP-OES; and experimental results are shown in Fig. 7.

In agreement with data shown in Fig. 5 and 6, ICP-OES measurements show that upon
increasing the SDS concentration, a decrease in Pb>* concentration occurs in three
different steps: a) an increase of SDS concentration up to around 0.25 mM leads to a
decrease in the free Pb>" of less than 3%; b) at higher SDS concentrations, a sharp
decrease of free Pb>* can be seen, with a Pb** removal of 90 % for a SDS concentration
of 2.7 mM, slightly above charge neutralization; and c) at SDS concentrations greater

than 6 mM, redissolution of the lead dodecylsulfate starts to be observed. This scenario
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clearly suggests a strongly cooperative 1:2 association, with the first association
constant significantly lower than the second one. To obtain a more quantitative insight
into the Pb**:DS” interaction, association constants were computed by using an
analogous procedure to that described in section 3.3. The following association
constants were computed by fitting experimental data to eqs. (8) and (9): K, = 7.9 M
and K, = 1.2 x 10° M_l, with a RMSE of 2.1 x 107 M. These results confirm our
hypothesis of a cooperative association process. It can be concluded from the overall
global constants that the surfactant head group has a influence on the stability of
complexes, with the dodecylsulfate-based complex having a lower stability (K, = 9.4 x
10° M) than the corresponding carboxylate (K, = 1.8 x 107), in agreement what was

found for other metal ion-based systems [70].
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Fig. 7. Effect of SDS on the Pb** metal concentration in the supernatant part at 25 °C,

determined by ICP-OES. Solid lines are obtained by fitting equations (8) and (9) to the

experimental data.
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4. CONCLUSIONS

Although the precipitation of long chain carboxylic acids from aqueous solutions
upon addition of the heavy metal lead(Il) ion has long been known and widely studied
[24,26,54], there is still only limited quantitative information on the driving force for
this process. This omission needs to be addressed as it is relevant to areas as diverse as
corrosion inhibition [32-34], and art conservation [36, 37]. In addition, information on
the phase separation mechanism and structures of the solutions will be important in the
development of models of such systems.

In this study, turbidity, electrical conductivity and potentiometry have been used
to obtain an insight into what drives the precipitation of long chain lead carboxylates
from aqueous solution. At the Pb** ion concentration used (1.0 mM), precipitation was
observed almost immediately upon addition of the decanoate and dodecanoate, while
with the sodium octanoate it‘only started when carboxylate:metal ratios were around
0.5. This is consistent. with reported low values of the solubility products of lead(II)
carbooxylates [54]. The importance of the presence of the long hydrocarbon chain in the
precipitation.can be seen by the fact that the stability constants for short chain lead(Il)
carboxylates are rather modest (the 1:1 complex of lead(Il) acetate has a value log K
1.93 [61]). However, complexation was more pronounced with long chain lead(II)
carboxylates than in our earlier studies with calcium(II), where the octanoate did not
precipitate [1]. This is likely to be associated with a more covalent nature of the metal
ligand bond in lead(IT) than with calcium(Il). Changing the surfactant head group from
carboxylate to the weaker Lewis base sulfate decreases the degree of coordination
between the surfactant and lead(I) and favours redissolution. Thus, precipitation in

lead(Il) surfactant based systems involves a fine balance between hydrophobic factors
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(probably mainly involving interchain van der Waal’s interactions), hydration effects
and metal carboxylate interactions. These effects can be controlled for specific
applications to lead(Il) chemistry, such as environmental remediation, art conservation

and corrosion protection.
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Figure Captions

Fig. 1. Effect of the addition of sodium octanoate (0), sodium decanoate (©) and sodium
dodecanoate (A to 1 mM Pb** aqueous solution transmittance, at 25 °C. Inset figure

shows a zoom for low molar ratios.

Fig. 2. Effect of Pb>* 1 mM on the specific conductivity of sodium octanoate (O, n=7),

sodium decanoate (o, n=9) and sodium dodecanoate (An=11) at 25°C

Fig. 3. Effect of sodium octanoate (0), decanoate (©) and dodecanoate (A in the Pb**

metal concentration of supernatant, at 25 °C. Solid lines are obtained by fitting the

experimental data to equations (8) and (9).

Fig. 4. Effect of the addition of sodium dodecylsulfate on 1 mM Pb** aqueous solution

transmittance, at 25 °C. Dashed line represents de cmc of SDS.

Fig. 5. Effect of lead nitrate’] mM on the specific conductance of aqueous SDS solution
at 25 °C. Solid lines show  transition points corresponding to critical aggregation
concentration (cac), maximum interaction concentration (mic) and apparent critical

micelle concentration (cmc®).

Fig. 6. Effect of the addition of sodium dodecylsulfate on the pH of 1 mM Pb(NOs3),

solutions, at 25 °C.
Fig. 7. Effect of SDS on the Pb** metal concentration in the supernatant part at 25 °C,

determined by ICP-OES. Solid lines are obtained by fitting equations (8) and (9) to the

experimental data.
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Highlights

e Lead carboxylate (soap) formation in aqueous solutions has been revisited;
e Lead soap precipitation mechanism depends strongly on alkyl chain length;
e The surfactant head group acidity affects the mechanism of soap formation;
e Stability constants depend on alkyl chain length and other factors;

e Covalency of metal-oxygen bonds plays an important role in the association process.
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