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Abstract

The equilibrium constants and molar absorptivities for the fast formation of a 1:3 complex between cadmium(II) (Cd(II)) and dithizonate
anion, in the presence of cationic and non-ionic surfactants, allowed a simple and fast spectrophotometric determination of total cadmium.
Indeed, the molar absorptivities of the Cd(II)–dithizone (Dz) complex formed in the presence of the neutral Triton X-100 and cationic
cetyltrimethylammonium bromide (CTAB) surfactants are almost twice the value observed in the standard method and the maxima of
absorption are shifted by about 40 nm when compared with the standard method. Clearly, the use of neutral and cationic surfactants promotes
a higher value of the molar absorptivities of the complex, resulting in an increase in the sensitivity of the method. Application of the method
to the desorption of Cd(II) ions from clays is illustrated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Micellar solutions help to incorporate selectively and,
therefore, increase the solubility of organic dyes[1,2]. This
compartmentalisation effect allowed the development of mi-
cellar chromatography[3], cloud point extraction[4] and
substantial rate increases in a variety of reactions[5]. Be-
sides, the increase of solubility permits the development
of analytical methods in which the use of organic solvents
and/or extraction steps are avoided. This last observation
prompted us to use micellar solutions in the spectrophoto-
metric method based on the reaction of cadmium and dithi-
zone (Dz), which under controlled conditions, forms a rose
colour that can be extracted with chloroform[6].

Cadmium, one of the most toxic non-radioactive element,
is insidious and exhibits latent toxicity, and appears in the
environment as a result of a variety of industrial processes.
Availability of Cd(II) in the environment depends on a va-
riety of factors which include pH, nature and concentration
of ligands and complexing ions, type of sorbents present,
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ageing of the substrate and residence time of the metal ion
at the surface and temperature[7].

Although inorganic complexation reactions reach equi-
librium quickly in natural waters, some sorption and des-
orption processes at surfaces are slower and sometimes
diffusion limited, reflecting differences in concentration
and chemistry of natural waters processes[7–9]. In this
sense, hydrated oxides of Al, Fe, Mn and aluminosilicates
such as clays are ubiquitous in the aqueous environment,
and their surface physicochemical properties affect and
control a variety of phenomena, including dissolution,
precipitation and sorption processes. Thus, kinetics and
thermodynamic parameters of the interaction of aqueous
solutions with mineral surfaces affect the composition, pH
buffering and quality of natural waters, the formation of
soil and the mobility of heavy metal contaminants[10–13].
It is important to remark that, due to the importance of the
interactions described above, typical operational procedures
for metal ion speciation in soils and sediments depend
heavily on the kinetics of the extraction procedure[7–9,
14–17].

Thus, the present work describes the complexation reac-
tion between cadmium(II) and dithizone in the presence of
neutral and cationic surfactants, such as Triton X-100 and
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cetyltrimethylammonium bromide (CTAB), respectively,
and illustrates how the method can be used to examine the
kinetics of desorption of Cd(II) from a montmorillonite clay.

2. Experimental section

2.1. Materials

A standard solution of cadmium (1 mg ml−1) was pre-
pared by dissolving≈1.0 g pure cadmium p.a. (Vetec) in
1000 ml water, containing 2% of concentrated HNO3 (nitric
acid 70% Carlo Erba). Calibration solutions were prepared
daily by appropriate dilution of metal stock solutions and all
the analytical procedures were done in a laminar flow hood
(TROX®-100 class).

Surfactants Triton X-100 (Sigma), sodium dodecylsul-
fate (SDS) (Sigma) and cetyltrimethylammonium bromide
(Aldrich) were the best available reagent grades and were pu-
rified as described elsewhere[5]. Surface tension versus con-
centration measurements showed no minima in all cases[5].

Doubly deionised water with conductivity less than
17.3�S cm, obtained from a NanopureTM Analytical Deion-
ization System (type D-4700) was used to prepare the
standard solutions and reagents. All vessels in contact with
samples or reagents were cleaned by soaking in 5.8 mol l−1

HNO3 (overnight) and rinsed repeatedly with deionised
water before use.

2.2. Instrumentation and methods

Spectrophotometric measurements were carried out at
25 ± 0.1◦C, in the water-jacketed cell compartments of
both HP-8453 diode array and Shimadzu UV-210A spec-
trophotometers, which were calibrated with NIST traceable
UV-Vis reference materials. Surface tension measurements
were carried out by use of a surface tensiometer based on
the drop weight method.

The pH was measured with a Beckman model�71 pH
meter. The glass electrode was calibrated against standard
buffers in a thermostatic stirred vessel at a temperature of
25.0± 0.1◦C. The pH of the buffers was adjusted to the
desired value with NaOH.

In all the desorption experiments, the Cd(II) concentration
was determined by mixing 1 ml of the filtered sample with
2 ml of 3 M NaOH and 2 ml of an aqueous solution of Triton
X-100 5% containing 3.0× 10−4 M dithizone. The final
volume was completed to 10 ml and the absorbance of the
samples were determined at 549 nm.

2.3. Desorption experiments

The desorption experiments were carried out after an
initial incubation time of 24 h in conditions similar to those
described above. The desorption was started by adding
25 ml of a background electrolyte consisting of 0.10 M

citrate buffer and the suspensions were kept at 25◦C in
the same thermostatic bath and conditions of the sorption
experiments. The citrate buffer effectively complexes all
the desorbed Cd(II) ion, preventing back adsorption of the
metal in the clay surface (see below). Samples collected at
different times were filtered through 0.45�m membranes
and the desorbed Cd(II) ions were determined as described
above.

3. Results and discussion

3.1. Complexation of Cd(II) and dithizone

It is well known that cadmium ions react with dithizone
to form a pink to red complex, which is insoluble in water
and soluble in chloroform. The stoichiometry of such a com-
plex corresponds to 1 mol of Cd(II) reacting with 2 mol of
dithizone[6]. The results obtained for the complex forma-
tion reaction between Cd(II) and dithizone, followed spec-
trophotometrically at constant concentration of total Cd(II)
and in the presence of cationic and non-ionic surfactants, in
the aqueous pseudophase, are given as a function of pH in
Fig. 1. Under the experimental conditions, dithizone and its
conjugate base should bind quantitatively to the micelle so
its deprotonation depends only on the acid dissociation con-
stant and deprotonating power in the micellar pseudophase.
Upon reaction, the hydrophobic Cd(II) dithizone complex
should be readily incorporated in the micellar phase. As can
be seen, the results show that the absorbance at 540 nm in-
creases as a function of pH, reaching a maximum at about
pH 13 for both Triton X-100 and CTAB. It is important
to remark that, for the quantitative complexation of Cd(II),
the pH in solution should be greater than 13, most proba-
bly dithizonate anion is the reactive species in the complex
formation reaction.
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Fig. 1. Absorbance of the cadmium dithizonate complex as a function of
pH in the presence of (�) 0.02 mol l−1 CTAB and (�) 1% Triton X-100.
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Fig. 2. Visible spectra obtained for samples containing (�) 1.04× 10−5,
(�) 0.83× 10−5, (�) 0.63× 10−5 and (�) 0.41× 10−5 mol l−1 Cd (II),
after attainment of equilibrium, in the presence of 6.0 × 10−5 mol l−1

dithizone at pH 13 and temperature 25◦C, CTAB.

When SDS was used as surfactant, the absorbance for
the reaction did not reach a similar plateau and the reaction

was not studied in detail due to the instability of the complex
formed. Experiments in the plateau region, for both CTAB
and Triton X-100 show that in the presence of an excess of
dithizone, the absorbance increases as a function of Cd(II)
concentration (Fig. 2) and, at fixed Cd(II), the absorbance
increases as a function of concentration of dithizone
(Fig. 3a). Indeed, as shown inTable 1, the molar absorptivi-
ties of the Cd(II) dithizone complex formed in the presence
of the neutral and cationic surfactant are almost twice the
value observed in sodium dodecyl sulfate and, the maxima
of absorption in Triton X-100 and CTAB are also shifted
by about 40 nm when compared with the standard method,
which gives a molar absorptivity of 58,600 l mol−1 cm−1

at 518 nm.
Clearly, the use of cationic or neutral surfactants promotes

a higher value of the molar absorptivities of the complex,

Table 1
Molar absorptivities, wavelengths of maximum absorption and limits of
detection for the Cd(II) determination with dithizone in the presence and
absence of surfactants

Wavelength
(nm)

Molar
absorptivity

Limit of detection
(mol l−1)

Triton X-100 549 78,350 2.6E−7
CTAB 549 82,500 4.0E−7
SDS 510 44,670 –
Standard method 518 58,600 6.0E−7

resulting in an increase in the sensitivity (lower limit of
detection) of the method.

Interactions of hydrophilic ions, e.g. OH−, with ionic mi-
celles are probably governed largely by Coulombic forces
and should, to a crude approximation, follow the exponen-
tial of the charge density at the micellar surface. As a result,
counterion concentrations at micellar surfaces are high and
fall sharply with distance[5]. Thus, if we make the simpli-
fying assumption that the indicator pKa is the same in wa-
ter and in the micelles, we can predict that addition of the
cationic surfactant should increase the concentration of hy-
drophilic anions, e.g. OH−, at surfaces of cationic micelles,
while addition of SDS obviously results in a negative charge
density at the micellar surface, and should decrease the con-
centration of OH− and pHapp [5]. Thus, SDS prevents the
formation of the dithizonate anion, while the formation of
the conjugated base of dithizone is favoured in cationic sur-
factants.

As expected, the increase of absorbance as a function of
the concentration of dithizone observed inFig. 3ais consis-
tent with the formation of the cadmium dithizonate complex
as shown inEq. (1), wheren indicates the stoichiometry of
the reaction.

OH -

Cd 2+ + n S C
N

N

N

N

H

H

C6H5

C6H5

Cd 2+
S C

N

N

N

N

C6H5

C6H5H
n

2-n

(1)

Using the data shown in Fig. 3a, for the variation of the
absorbance with the increase of the concentration of dithi-
zone, it was possible to study the equilibrium represented in
Eq. (2), where the parameters n and Keq are related to the
equilibrium concentrations of the different chemical species
involved in the reaction. From Eq. (1) it is possible to derive
Eq. (2),

log

(
Aint

Acom − Aint

)
= log Keq + n log[Dz]free (2)

where the slope and intercept allow the calculation of the
stoichiometry in relation to dithizone (n) and the equilib-
rium constant (Keq). The terms Aint and Acom refer to the
absorbances of solutions where Cd(II) has been either par-
tially or totally complexed by the Dz ligand, respectively.
Linear plots derived from the curves of Fig. 3a are presented
in Fig. 3b for the surfactants Triton X-100 and CTAB. It is
important to remark that while the determination of n is not
affected by the presence of micelles in solution, the equilib-
rium constant in Eq. (2) corresponds to an apparent equilib-
rium constant, including all the compartmentalisation effects
normally observed in micellar systems [5].

The data calculated from the plots shown in Fig. 3b are
contained in Table 2, showing that the stoichiometry of the
reaction is consistent with the reaction of 1 mol of cad-
mium(II) ion with 3 mol of the dithizonate anion. The ob-
served complex formation in the presence of micelles shows
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Fig. 3. (a) Absorbance of the cadmium dithizonate complex as a function of the concentration of dithizone in solutions containing (�) 4.29×10−6 mol l−1

Cd(II), in the presence of 0.02 mol l−1 CTAB and (�) 6.04×10−6 mol l−1 Cd (II) and 1% Triton X-100 and (b) logarithmic plot of the concentration ratio
of complexed and free Cd(II) ion as a function of the concentration of dithizone, in the presence of (�) 0.02 mol l−1 CTAB and (�) 1% Triton X-100.

a different complex formation than that observed in the tra-
ditional procedure, which is 1:2. Thus, the characteristic
physicochemical properties of the micellar interface promote
changes in both the sensitivity and the wavelength of maxi-
mum absorption, through the formation of a formally differ-

Table 2
Equilibrium parameters observed for the complexation of Cd(II) and
dithizone

Parameter log Keq n

Triton X-100 14.82 3.08
CTAB 15.45 3.02

ent cadmium dithizonate complex. Clearly, the increase in
equilibrium constant and the higher value of the molar ab-
sorptivities are the result of the change in the structure of the
complex. Thus, the micellar promoted increase in sensitiv-
ity of the method is not the result of a typical micellar effect
on molar absorptivities, but the result of the micelle favour-
ing the formation of a different complex between Cd(II) and
dithizone.

3.2. Desorption of Cd(II) from montmorillonite

As should be expected, the adsorption and desorption of
the metals depends strongly on the nature of the clay mineral
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Fig. 4. Desorption of Cd(II) at 25 ◦C and pH 7.0, in the presence of 0.1 mol l−1 citrate buffer from montmorillonite (�) samples.

and on the concentration of the chemical species present
in solution, which acting as complexants can promote des-
orption of the metal ion or enhancement in the adsorption
[7–9]. Since citric acid complexes Cd(II) with a reasonably
high stability constant (log K = 3.66 at 25 ◦C, µ = 0.1) the
decrease in free metal ion in solution and the capability of
the complexant to retain Cd(II) in solution allowed the study
of the desorption of Cd(II) from the clay’s surfaces [14–17].

Fig. 4 shows the desorption process of Cd(II) for mont-
morillonite. It can be seen that montmorillonite shows a fast
release of 70% of the sorbed Cd(II), followed by a slow
process that reaches equilibrium in around 400 min. Clearly,
the fast step of the observed kinetic behaviour must be the
desorption from the readily available sites on the surface of
montmorillonite, while the slow process must correspond
to the release of Cd(II) from sites on the interior of the
solid clay, via either a pore diffusion model or a homoge-
neous solid phase diffusion model. The desorption kinetics
are consistent with the physical data, since montmorillonite
has a highly microporous structure and has a large number
of Si sites exposed to the solution due to its interlayer ex-
pansion, which account for 97% of the available sites in the
montmorillonite clay [18].

4. Conclusions

The proposed method shows a good repeatibility and re-
covers the added Cd(II) quantitatively. The favourable equi-
librium constants and increased molar absorptivities of the
fast formation of the Cd(II) dithizonate complex, in the pres-
ence of cationic and non-ionic surfactants, result in a simple
and fast spectrophotometric method for the determination

of total cadmium that can be conveniently adapted to flow
or other in-line processes, besides being of general utility to
study desorption of Cd(II) ions from clays.
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