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INTRODUCTION

It is known that cadmium and lead are toxic ele�
ments that have detrimental effect on the environment
and human health. In particular, compounds of Cd(II)
and Pb(II) cause gastric diseases and diseases of the
nervous system and are mutagens [1]. Therefore, it is
necessary to control the content of these metals in nat�
ural and waste waters, food, and technological objects.
The maximum permissible concentrations (MPC) for
Cd(II) and Pb(II) in the natural waters are 1 and
30 µg/L, respectively [2]. The determination of these
elements in natural waters at the MPC level and lower
requires the use of highly sensitive methods of analysis
or sample preconcentration. The method of the sorp�
tion preconcentration allows the extraction of the ana�
lyzed elements from the large sample volume and their
separation from matrix components, thus enhancing
the sensitivity and selectivity of analysis [3]. Of prom�
ise is the use of chemically modified silica gels, which
combine the chemical selectivity of organic reagents
with the good dynamic and mechanical characteristics
of porous inorganic supports as a phase for the sorp�
tion preconcentration [3–5].

One of the simplest organic reagents that forms sta�
ble complexes with Cd(II) and Pb(II) (as well as with
other heavy metals) is sodium 2,3�dimercaptopro�
pane�1�sulfonate (Unithiol, UT) synthesized in 1950s
as an antidote for heavy metal poisoning [6]. It should
be noted that the regular cationic components of a
matrix, such as Сa2+, Mg2+, Al3+, Na+, and K+, do not
form complexes with UT [7]. The sulfo�group of

Unithiol is strongly acidic (pK1 < 1), and the thiol
groups are weakly acidic (pK2 = 8.6; pK3 = 10.6) [8]. In
acidic media, unithiol predominantly forms with
Cd(II) and Pb(II) complexes of the composition 1 : 1,
and in a neutral and weakly basic media, 1 : 2
(Scheme 1), with the stability constants determined
by pH�potentiometry, logβ1[Cd(UT)] = 16.2;
logβ2[Cd(UT)2] = 25.3; logβ1[Pb(UT)] = 16.4;
logβ2[Pb(UT)2] = 22.2 [9, 10].

Thus, Unithiol complexes of Cd(II) and Pb(II) in
neutral and weakly basic media have high negative
charge, which should facilitate their ion�exchange
adsorption.

The aim of the present work was the sorption pre�
concentration of Cd(II) and Pb(II) complexes with
unithiol on silica with immobilized trimethylammo�
nium bromide (SiO2�N(CH3)3

+Br–)  groups, their sub�
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sequent acidic elution and determination by flame
atomic�absorption spectrometry.

EXPERIMENTAL

A laboratory ion meter I�160M Antech (Belarus)
with a combined semi�microelectrode ESK�10614, a
peristaltic pump LAB�NP�1�20M (Russia), an
atomic�absorption spectrophotometer AAS�1N (Carl
Zeiss Jena, Germany) equipped with an acetylene
burner and a set of spectral lamps were used in this
work. The conditions of atomic�absorption determi�
nation of metals are presented in Table 1.

Unithiol, potassium chloride, potassium bromide,
sodium nitrate, potassium nitrate, potassium sulfate,
sodium acetate, potassium hydrogen phosphate, ferric
chloride, calcium chloride, and also sodium hydrox�
ide, conc. nitric acid, hydrochloric acid, and acetic
acid of analytical grade were used without additional
purification. Acetonitrile was dehydrated by distilla�
tion over calcium hydride according to [11]. The accu�
rate concentration of the unithiol solution was found
by iodometric titration [8]. Stock solutions of cad�
mium(II) and lead(II) were prepared by dissolving
nitrates of corresponding metals in distilled water with
the subsequent determination of accurate concentra�
tion by complexometric titration [12]. Solutions with

the concentration less than 1 µg/mL were prepared in
the day of use by the dilution of stock solutions. The
solutions of cadmium and lead for the calibration of
atomic�absorption spectrophotometer were prepared
by the dilution of the corresponding State Standard
Sample RM�23 (Bogatsky Physicochemical Institute,
National Academy of Sciences of Ukraine).

The modification of silica with anion�exchange
groups was performed according to the previously pro�
posed method for the modification of porous silicon
[13]. The starting organosilicon compound trimethyl�
(3�trimethoxysilylpropyl)ammonium iodide (TMAI)
was obtained from aminopropyltrimethoxysilane by
the Hoffman reaction (Scheme 2).

(CH3O)3Si NH2 (CH3O)3Si N+(CH3)3I−
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O
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Scheme 2.

Silica (Silica gel 60, Merck) with a particles size of
0.063–0.2 mm, pore volume 0.84 cm3/g, surface area
480–540 m2/g was used. Weighed 10 g of the silica gel
were calcined for 8 h at 450°С in air and mixed with
10 mmol of TMAI in 50 mL of acetonitrile. The reac�
tion mixture was heated in an oil bath for 15 h at 80°C
under argon, then silica was filtered and washed with
acetonitrile in a Soxhlet apparatus. To convert SiO2�
N(CH3)3

+I–  into the bromide form, it was washed with
a saturated solution of potassium bromide, then with
water to a negative reaction for halide ions, and after
that dried at 120°С in air.

The concentration of anion�exchange groups in
SiO2�N(CH3)3

+Br–  was determined by argentometric
titration with the potentiometric indication of the
equivalence point, which was 282 µmol/g.

The pH dependence of sorption of the metal ions
on SiO2�N(CH3)3

+Br– and the solution flow rate were
studied in the dynamic mode on a glass column with
the diameter 0.5 cm filled with 0.400 g of the sorbent
(the sorbent layer height was 3 cm). The solutions were

passed through the column using a peristaltic pump.
In the study of the conditions of the sorption of the
complexes, 50 mL of a solution containing 8 × 10–5 M
of a metal salt and 8 × 10–4 M of Unithiol (ratio SiO2�
N(CH3)3

+Br–  : UT : metal was 28 : 10 : 1) were passed
through the column. The concentration of metal ions
in the solutions passed through the column was deter�
mined by atomic�absorption spectrometry, recovery
(R) was calculated according to the formula:

where с is the concentration of metal ion in the solu�
tion before sorption, M; and [с] is the equilibrium
concentration of metal ion after sorption, M.

The desorption of metals from the sorbent surface
was studied as a function of concentration and eluent
(5 mL of nitric acid) flow rate. The desorption of metal
from the surface was calculated according to the for�
mula:

( [ ]) 100
,% ,

c c
R

c
− ×

=

Table 1. Conditions of atomic�absorption determination of
metals in the acetylene–air flame

Metal Cd(II) Pb(II)

Wavelength, nm 228.8 217.0

Spectral slit width, nm 0.5 0.2

Lamp current, mA 4.0 8.0

Acetylene flow, L/min 0.5 0.5

Air flow, L/min 4.0 4.0
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where с is the concentration of a metal ion passed into
the solution, M; ν is the amount of absorbed metal,
mol; and V is the volume of solution, L.

The dynamic volume capacity (DVC) before the
breakthrough and the total dynamic volume capacity
(TDVC) were determined by passing solutions with
pH 5, containing 8 × 10–5 M of a metal salt and
8 × 10–4 M of Unithiol, at a flow rate of 1.5 mL/min.
The 10�mL portions of the eluted solution were col�
lected and the concentration of metal ions was deter�
mined in the eluates by atomic�absorption spectrome�
try (AAS). The DVC was determined as the sum of the
amounts of metal ions adsorbed by the adsorbent prior
to their concentration at the column outlet will exceed
5% of the inlet concentration. TDVC corresponded to
the amount of metal ions bound by the sorbent at the
time when their concentration in the eluate became
equal to the concentration in solution prior to passing
through the adsorbent.

To determine the maximum preconcentration
coefficient for metal ions, samples of the volume from
50 mL to 1 L, containing 2 × 10–7 mol of a metal salt
and 2 × 10–6 mol of Unithiol, were passed at a flow rate
of 1.5 mL/min and pH 5. Then desorption of cad�
mium and lead was conducted with 5 mL of 0.1 M
nitric acid, and their concentrations were determined
by AAS.

To study the interference of the components of nat�
ural waters, they were added to solutions containing
2.8 × 10–5 M of a metal salt and 2.8 × 10–4 M of
Unithiol. Twenty five milliliters of such solution were
passed through the column with the sorbent, eluted

×
=

ν
desorp

100,% ,VR с with 5 mL of 0.1 M nitric acid, and metal concentra�
tion was determined by AAS.

RESULTS AND DISCUSSION

The dependences of the recovery of cadmium
and lead on pH are presented in Fig. 1. In the
pH range 3.5–7, lead and cadmium are virtually com�
pletely extracted by the sorbent, but in strongly acidic
and strongly basic media, their recovery significantly
decreases. Probably, this is associated with the decom�
position of Unithiol complexes of lead and cadmium
in the acidic medium because of the protonation of the
thiol groups of the ligand, and with the abstraction of
immobilized surface groups of the sorbent; and also
with the decomposition of Unithiol complexes
through the formation of metal hydroxides in the basic
medium. Therefore, pH value 5.0 ± 0.5 may be consid�
ered optimal for the extraction of cadmium and lead;
the subsequent experiments were performed at this pH
value.

Another parameter that determines the efficiency
of extraction of metal ions by the sorbent under
dynamic conditions is the flow rate of sample loading
to the column. The dependences of the recovery of
metal ions on this parameter are presented in Fig. 2.
The quantitative extraction of lead (R > 95%) occurs at
the sample loading flow rate less than 4 mL/min, and
of cadmium, less than 2.4 mL/min; therefore, in the
following experiments the solution flow rate was
2 mL/min for lead and 1.5 mL/min for cadmium. The
breakthrough of metal ions at high flow rates is, prob�
ably, associated with the limited diffusion rate of the
solution into the sorbent particles. However, carrying
out the experiment with the above loading flow rates
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Fig. 1. The pH dependence of the recovery of Unithiol
complexes of (1) Cd and (2) Pb at the solution flow rate
2 mL/min.
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Fig. 2. The dependence of the recovery of Unithiol com�
plexes of (1) Cd and (2) Pb on the solution flow rate
through the column at pH 5.
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allows the achievement of sufficiently high values of
DVC before the breakthrough, 2.1 mg/g (10 µmol/g)
for lead and 1.3 mg/g (12 µmol/g) for cadmium,
which indicates the strong retention of metal com�
plexes by the sorbent under these conditions. Here�
with the values of TDVC were 3.3 mg/g (16 µmol/g)
for lead and 2.7 mg/g (24 µmol/g) for cadmium,
which is correspondingly 17 and 12 times less than the
concentration of ion�exchange groups of the sorbent
(282 µmol/g). Probably, upon the conditions of the
experiment, free Unithiol present in the solution in a
tenfold excess compared to the metal ions is strongly
adsorbed by the ion�exchange groups of the sorbent
and is not displaced by the complex ions. The impuri�
ties present in Unithiol, for example, disulfide com�
pounds formed upon its oxidation, may have identical
properties.

Metal complexes with Unithiol were eluted from
the sorbent with 5 mL of 0.1 and 1 M solutions of nitric
acid, the plots of the dependences of the rate of metal
desorption on the eluent flow rate are presented in
Figs. 3 and 4. It can be seen that both eluents quanti�
tatively desorb cadmium and lead at the flow rate
lower than 3 mL/min. From here on desorption was
performed with a 0.1 M nitric acid solution at a flow
rate of 1.5 mL/min.

The plots of the recovery of metal ions vs.
sample volume are presented in Fig. 5. The quantita�
tive extraction of the metals (R > 95%) can be per�
formed from a sample of the volume not larger than
500 mL; consequently the sample may be concen�
trated 100�fold.

To assess the interfering effect of extraneous impu�
rities, model solutions were prepared that represented

the average concentrations of the macrocomponents
of natural waters [14]. To these solutions a constant
amount of Pb(II) and Cd(II) was added, and their
sorption–desorption was conducted under the previ�
ously determined optimal conditions. In Table 2 the
typical concentration ranges of the macrocomponents
in natural waters and their limiting concentration val�
ues at which the recovery of Pb(II) and Cd(II) is 95–
100% are presented. At high concentrations of the
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Fig. 4. The dependences of the desorption rate of Unithiol
complexes of (1) Cd and (2) Pb on the eluent (1 M solution
of nitric acid) flow rate.

100
0

20

40

60

80

100

200 300 400 500 600 700
V, mL

R, %

1

2

Fig. 5. The dependence of the recovery of Unithiol com�
plexes of (1) Cd and (2) Pb on the volume of solution con�
taining 2 × 10–7 mol of a metal salt and 2 × 10–6 mol of
Unithiol.

Fig. 3. The dependence of the desorption rate of Unithiol
complexes of (1) Cd and (2) Pb on the eluent (0.1 M solu�
tion of nitric acid) flow rate.
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macrocomponent, the recovery of at least one of the
metals became less than 95%. It can be seen that the
main macrocomponents do not interfere with the
determination of cadmium and lead. The influence of

iron(III) is probably associated with its ability to oxi�
dize Unithiol and form complexes with it. Subse�
quently the interference of iron was eliminated by
adding excess Unithiol.

Based on the study performed, a sorption–atomic�
absorption method of Pb(II) and Cd(II) determina�
tion in surface waters was proposed. The evaluation of
the performance characteristics of the method was
performed according to [15]. At the sample volume
500 mL, the limits of detection of Pb(II) and Cd(II)
calculated according to [16] are 2 and 0.3 µg/L,
respectively. The reproducibility of the results
(expressed as the relative standard deviation) of deter�
mining Pb(II) and Cd(II) at the MPC level 7.5 and
10%, respectively. The results of analysis of tap water
of the city of Kyiv are presented in Table 3. It can be
seen that the method is characterized by an acceptable
accuracy and precision.

The comparison of the characteristics of the devel�
oped method for Pb(II) and Cd(II) determination
with the published analogues (methods of concentra�
tion of the same elements on silica gels with the aim of
subsequent analysis by AAS were considered) demon�
strates, that the proposed method possesses the con�
centration coefficient and sorption capacity as good as
the analogues methods (Table 4). Herein the time of
analysis by the proposed method is shorter or compa�
rable with the results of most of the methods with high
concentration coefficients. The proposed method is
less labor�intensive, and the modified sorbent is easily
available. In addition, unlike most of the methods pro�
posed in the literature, the current method may be

Table 2. Influence of water macrocomponents on the de�
termination of lead and cadmium

Matrix 
component

Concentration 
in natural waters, 

mg/L [14]

Does not interfere 
with the determi�

nation, mg/L

Na+ + K+ 1–75 2000
Ca2+ 10–120 2000
Fe3+ 0.5–2 5

0.05–5 500

12–120 300

Cl– 3–100 2000

HPO2
4
−

SO2
4
−

Table 3. Results of analysis of tap water (City of Kyiv) by the
sorption–atomic�absorption method (n = 3, P = 0.95)

Element
c, µg/L

Added Found

Pb(II) 0 0*

Pb(II) 50 48 ± 9

Cd(II) 0 0*

Cd(II) 2 1.8 ± 0.5

* Lower than the limit of detection.

Table 4. Analytical characteristics of methods of sorption preconcentration of Pb(II) and Cd(II) on the surface of chemi�
cally modified silica gels

Modifier Analytes
 Sorption 
capacity, 
µmol/g

Sk
Time 

of analysis, h Literature

Trimethyl�(3�trimethoxysilylpropyl)am�
monium bromide

Pb(II)–Unithiol 16 100 2 Present work

Cd(II)–Unithiol 24 100 2

Methyl tricapryl ammonium chloride Cd(II) 20 75 2 [17]

4�Amino�2�mercaptopyrimidine Pb(II) 2.9 7.2 0.2 [18]

1�Methyl�3�butylimidazole bromide Pb(II) – 185 10 [19]

Trioxybenzoic acid Pb(II) 60 200 8 [20]

Cd(II) 53 200

Amido�triaminoantraquinone Pb(II) 500 100 0.3 [21]

Cd(II) 70

8�Hydroxyquinoline Pb(II) 100 150 20 [22]

Cd(II) 70 150

5,5'�Dithiobis(2�nitrobenzoic acid) Cd(II) – 150 2 [23]

Sk  is preconcentration coefficient;
“–” not specified.
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extended to the determination of other heavy metals
forming stable complexes with Unithiol.
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