
1. Introduction
Current methods of quantitative description of high-
temperature processes in graphite furnaces of semi-
closed electrothermal atomizers in atomic absorption 
(AA) spectroscopy are mainly based on thermodynamic 
[1-3] and kinetic [4-8] approaches.

Thermodynamic approach lies in the analysis of 
heterogeneous multi-component system behavior on 
the base of calculation of its full equilibrium chemical 
composition at a minimum of free Gibbs energy. This 
approach enables determination of chemical species 
and phase composition of samples at any particular 
temperature. The kinetic approaches consider 
atomization as a non-stationary process whose rate 
depends on concentration. Hence the atomization 
process can be approximated by kinetic equations. 
These equations make it possible to determine the 
dependence of the atomic absorption signal on time and 

draw conclusions on the process rate and mechanism of 
formation of free atoms.

Studies and description of atomization processes 
for direct AA analysis of solid samples in open-type 
atomizers have received little attention [9-11]. Several 
types of such atomizers are currently available [12], an 
open-type flame-furnace atomizer, however, appears 
to be the most suitable for the routine analyses. Such 
atomizers make it possible to avoid or at least simplify 
the sampling procedure, reduce the duration of analysis, 
and eliminate disassembling of the atomizer after each 
atomization cycle.

The purpose of this study was to determine the 
kinetic parameters of formation and transfer of volatile 
free atoms in atomization of solid samples in a combined 
open-type flame-furnace atomizer. Kinetic parameters 
can provide a reasonable basis for selection of chemical 
modifiers for solid samples of soils in determination of 
Pb and Cd by the AA technique.
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2. Theory
As a first approximation, atomization processes in AA 
spectrometry analysis of solid samples in the flame-
furnace atomizers can be presented by the kinetic 
scheme:

ZYX kk →→ 21                                           (1)

where X is the vapor-generating precursor (includes all 
possible analyte compounds in all sources of free atoms 
in the atomizer); Y is the atomic vapor; Z are the atoms 
dissipated from the analytical zone; k1 is the apparent 
rate constant of free-atom formation; k2 is the rate 
constant of dissipation (removal) of free atoms from the 
analytical zone.

Since the absorbance A(t) varies proportionally with 
the amount of atomic vapor, Scheme 1 can be described 
by a set of equations 

    
                                          (2)

where X(t) is the amount of atoms in the precursor at a 
time moment t.

An atomic absorption signal is formed at increased 
temperature of atomization in the cell. Therefore, 
apparent rate constant of free-atom formation, k1, is 
temperature- and, accordingly, time-dependent [13]:
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where k0 is the pre-exponential factor; Ea is the effective 
energy of the free atoms formation; R is the gas constant 
and T(t) is temperature function of time.

Atomization in the cell can be due to several 
simultaneous processes and, therefore, the apparent 
rate constant of formation of free atoms is a numerical 
characteristic of some overall rate.

The rate constant of dissipation, k2, can be measured 
experimentally. At a certain time the precursor of free 
atoms is exhausted (sample is completely evaporated in 
the flame) and the resonance signal is then influenced 
only by dissipation. In this case the second equation in 
system (2) is reduces to

    
                            (4)

It is quite obvious that these conditions are achieved 
at the end of the atomization process and, hence, the 
correct numerical value of the rate constant of dissipation 
of free atoms can be obtained when Eq. 4 is applied to 
the falling edge of the AA signal.

Dissipation of atomic vapor can include several 
processes such as concentration diffusion, thermal 
expansion, convection, etc. Since the signal generation 
zone is in the flame and flame temperature does not 
depend on time, the constant dissipation, k2, for flame-
furnace atomizer is also time-independent. 

The kinetic parameters were calculated from the 
system of Eq. 2 according to the method described by 
Rojas et al. [13].

On numerical differentiation and integration of the 
experimental signal we obtain

   
  

                         (5)

As it was shown by D. Rojas et al. [10], k1(t)=W(t). 
In view of Eq. 3, an expression for calculation of kinetic 
parameters of formation of free atoms in the combined 
flame-furnace atomizer can be written as

   
             (6)

Temperature function T(t) in Eq. 6 is unknown. It is 
difficult to take into account all processes involved in the 
formation of free atoms because some of them occur 
on the surface of the graphite rod and others occur 
in the flame. Therefore, in further calculations we will 
use the furnace temperature. The shape of functional 
dependence between the temperature of furnace and 
time for description of electrothermal atomization 
and calculation of physicochemical parameters of 
the processes proceeded during AA analysis was 
found experimentally. For this purpose the graphite 
rod of the atomizer was placed on the optical path 
of spectrophotometer and the emission signal was 
registered under conditions of the furnace heating 
similar to those in analysis of the ordinary samples. The 
resulting functional dependence can be expressed as

                                                                                    
                (7)

where Tfin – is the final steady-state temperature of the 
graphite rod; Tinit is the initial temperature of the rod; Δt 
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is the characteristic time of rod heating, i.e. the length of 
time required for heating of the graphite rod from Tinit to 
Tfin; .

To calculate ln(W(t)),  was determined from a 
cubic spline  fit of the experimental signal. The integral in 
Eq. 5 and ln(W(t)) in Eq. 6 were evaluated numerically. A 
plot of the logarithm of W(t) vs inverse of the temperature 
is a straight line with the slope and intercept 

R
Ea−  and 

ln(k0), respectively. 

3. Experimental Procedure

3.1. Apparatus
AA spectrophotometer was «Saturn-3» (Ukraine) 
equipped with flame-furnace atomizer and deuterium 
background corrector. The source of resonance radiation 
was hollow-cathode lamp LT-2 (Russia). Resonance 
signal was recorded and treated using personal 
computer IBM PC. Dosing unit for solid samples of soil 
was a patented device (dosing accuracy of 3%) from 
our Laboratory [14], aliquots of the standard solutions 
were applied by dosing unit UNIPIPETTE 2000 with an 
accuracy within ±0.4%. The structure of dry residue on 
the graphite rod after atomization was studied using 
electron microscope (JEOL JSM-820) equipped with a 
system for energy-dispersion X-ray microanalysis (Link 
AN10/85S). Fire gas was acetylene (Type B, second-
class quality, volume concentration 99.0 %).

3.2. Reagents
The reagents were analytical or higher grade. Standard 
solutions of Pb(II) and Cd(II) nitrates were prepared 
from the standard samples available from SKTB OP PCI 
NAN of Ukraine, Odessa. Standard solution of Pd(NO3)2 
was prepared by dissolving of Pd in nitrate acid.

3.3. Laboratory analyses
Absorbance of Pb and Cd was recorded at 283.3 nm and 
228.8 nm, respectively. Standard solutions of lead(II) 
(5 µL, 10 µg mL-1) and cadmium(II) (5 µL, 1 µg mL-1) 
were applied on the surface of graphite (type MPG-6) 
rod followed by drying at 373 K for 20 s. Pyrolysis was 
carried out for 20 s with a gradual temperature rise 
from 373 K to 873 K or 573 K for lead and cadmium, 
respectively. The heating program was then stopped. 
After that the gas burner with stoichiometric acetylene-air 
flame was placed under the graphite rod and atomization 
process was then carried out at a varied temperature in 
the range of 1473-1873 K with a temperature gradient 
100 K. Absorption signals were measured twice at 

each atomization temperature. Absorption impulse 
was recorded by personal computer in units of integral 
absorption, the signal was digitized and then treated 
with software package MathCad 14 to give apparent 
activation energy Ea, pre-exponential factor k0, and 
the rate constant k2 for dissipation of analyte from the 
analytical zone.

A similar procedure was used in analysis of the solid 
samples of soil. The sampling and preliminary treatment 
of soil was carried out as described elsewhere [15]. 
The samples were allowed to stand in air for drying 
and powdered in agate mortar until a granule size of of 
0.1–0.2 mm was achieved. Solid samples of 4 mg were 
applied directly on the surface of the graphite rod in the 
flame-furnace atomizer. In all cases absorbance of lead 
and cadmium was within 0.4 s. The samples of soil with 
high Pb and Cd content were first mixed with NH4Cl in 
the proportion 1:3 and then homogenized in the mortar. 
NH4Cl was used because of its very low non-selective 
absorbance. Measurements and recording of a signal 
data were carried out under similar conditions.

To decrease detection limit and improve repeatability 
of lead and cadmium AA determination in the soils 
in flame-furnace atomizers, chemical modifiers – 
solution of KHF2 or aqueous suspension CaCO3 (both 
10 mg mL-1) – were used. In studying the efficiency of 
these modifiers, an aliquot of aqueous KHF2 (20 µL) or 
suspension of CaCO3 were applied on the graphite rod 
and, after drying and cooling, a weighed sample of soil 
(4 mg) was measured out. Subsequent heating was 
carried out as with aqueous solutions described above. 
The results were used for determination of the kinetic 
parameters of free atom formation in the presence of 
modifiers. The efficiency of traditional modifier Pd(NO3)2 
was also tested.

The distribution of soil macro-components on the 
surface of the graphite rods was studied by X-ray 
spectroscopic analysis after four atomization cycles 
for the same sample. Chemical composition of the 
soil remaining on the surface of graphite rod, with and 
without modifier, was studied by analyzing the spectra of 
characteristic X-ray reflection.

4. Results and Discussion
The principles of the choice of chemical modifiers for 
open-type atomizers in atomic absorption analysis of 
solid samples differ from those for half-closed atomizers 
used for analysis of liquid samples. It is necessary to 
take into account the physical and chemical properties of 
the main matrix components. Therefore, the substances 
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that give out great amount of gaseous products on 
heating, favorable for matrix components removal in the 
form of volatile compounds and capable of preventing 
the analyte occlusion by sample particles were chosen 
as modifiers. Traditional chemical modifiers for Pb and 
Cd, for example, palladium(II) salts, are not effective in 
this case (Table 1).

It is clear from Table 1 that the presence of the 
chemical modifiers CaCO3 and KHF2 leads to a slight 
increase in the analytical signal and improvement 
in reproducibility of the results. At the same time 
“traditional” palladium nitrate modifier has no influence 
on the metrological characteristics. We investigated the 
kinetic parameters of lead and cadmium atomization 
from nitrate solutions (Table 2) and from soil samples 
in the presence of chemical modifiers CaCO3 and KHF2 
(Table 3).

Table 2 shows that Ea and k2 and hence dissipation 
rates of lead and cadmium from the analytical zone are 
independent of the rod temperature; their oscillations 
are apparently caused by measurement errors. It 
provides support for the suggestion that dissipation of 
Pb and Cd atoms takes place from the flame, with flame 
temperature being constant. Therefore the well-known 
phenomenon of increase in k2 with temperature is not 
observed here. At the same time, k0 differs by 2-4 orders 
of magnitude at different temperatures.

In addition to activation energy of the atom formation, 
Ea, which is the minimum additional energy needed 
for commencement of transition to the free state, 
pre-exponential factor, k0, is also responsible for the 
transition rate. According to Absolute Rate Theory [16], 
the rate of free-atom formation can be expressed as

 

where ΔS is the entropy of activation and K is the 
proportionality coefficient.

Entropy factor, exp(∆S/R), describes spatial 
orientation of the atoms and possibility of the internal 
redistribution of their energies between the degrees of 
freedom. If the degree of freedom of free-state transition 
is assumed to be translational, the transition will take 
place when translation energy is greater than or equal 
to Ea. Thus, entropy factor expresses the probability of 
formation of the activated state of the atoms with energy 

Ea along the transition. The entropy factor is the same 
in atomization from both the surface of the graphite rod 
and that of the pores in the interior of the rod.

It is likely that coefficient K is inversely proportional 
to the mean residence time of atoms in the bound state, 
i.e., in the source. Then, K (and, hence, k0) will be 
dependent on the mode of this state and the mechanism 
of transition in the free state, i.e., on the atomization 
mechanism as a whole.

Table 2 shows that in spite of somewhat lower 
activation energies Ea in atomization of lead (II) 
compounds, k0 for Pb and Cd differ by several orders of 
magnitude. This suggests that the rate of free cadmium 
atom formation is considerably higher than that of lead.

It should be noted that the effective energy of 
free cadmium atoms formation (Table 2) is close to 
233 kJ mol-1 as previously reported [17,18]. Activation 
energy for lead is significantly lower (240 kJ mol-1) 
than what has been reported by [18] and more close 
to 177 kJ mol-1 reported by [19]. It is important to stress 
that the kinetic parameters under consideration are 
averaged, i.e., atomization processes are not separated 
and described as an overall process. Therefore, it 
is difficult to draw conclusions on the atomization 
mechanism. Nevertheless, the above similarity of 
activation energies for cadmium suggests that a certain 
process is predominant. It seems plausible that this is 
desorption or evaporation. A comparative examination 
of our experimental conditions with those reported by 
Katskov [19] in which graphite affects the atomization of 
lead and its atomization involves several processes.

High-temperature atomization of Pb and Cd 
compounds in natural samples were studied by a similar 
procedure with black earth soils (Donetsk, Ukraine). The 
results are summarized in Table 3.

As shown in Tables 1 and 2, the formation of free lead 
and cadmium from the particles of soil is more difficult 
than that from aqueous nitrates: the difference in pre-
exponential factors in atomization of nitrate solutions 
and solid soils is several orders of magnitude. Since 
the macro-components of black earth soils are SiO2 
(67%), Al2O3 (13%), Fe2O3 (5%), and K2O (2%) [20], it 
might be expected that vaporization of Pb(II) and Cd(II) 
compounds will proceed from particles of low volatile 
aluminosilicates. This matrix will hinder the vaporization 
of the analytes. This is experimentally supported by 

Table 1. Influence of chemical modifiers on lead and cadmium analytical signal Ā and relative standard deviation Sr (n=5; P=0.95)

Chemical Modifier Ā Sr (%)
Pb Cd Pb Cd

without modifier 0.294 0.244 15 13
CaCO3 0.320 0.301 10 7.0
KHF2 0.316 0.284 9.1 5.0
Pd(NO3)2 0.296 0.243 16 15
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a substantial decrease in pre-exponential factor in 
atomization of solid samples of soil as compared to 
aqueous nitrates.

Taking into account the macro-composition of the 
soils it might be suggested that fluorinating agents 
and compounds which decompose with formation of 
large quantities of gaseous products can be efficient 
modifiers in this case. On this basis CaCO3 and KHF2 
were proposed as such modifiers.

Table 2 shows that these modifiers only slightly 
affect the activation energy, whereas pre-exponential 

factor, however, is changed sharply – by several orders 
of magnitude. In this case the pre-exponential factor 
(and therefore the rate of formation of free atoms) for 
cadmium is reduced, whereas in the case of that for 
lead it is increased by four orders of magnitude. This 
suggests that the presence of the modifiers changes 
the mechanism of free lead and cadmium formation in 
atomization of soil samples. The determining factors for 
cadmium can be desorption and diffusion of cadmium 
metal from the particles of soil, whereas the carbo-
thermal reduction of lead oxide on the graphite rod will 

Table 2. Kinetic parameters of free lead and cadmium atoms formation in standard solutions atomization

Analyte

Graphite rod 
temperature 

in atomization 
stage (К)

Apparent activation 
energy

Ea (kJ mol-1) 

Pre-exponential 
factor 
k0 (s

-1)

Rate constant of 
dissipation

k2 (s
-1)

Cd

1773
256 4.9×1014 3.45

272 4.1×1015 3.39

1673
254 3.6×1014 3.09

260 9.2×1014 2.72

1573
244 1.4×1014 3.47

257 1.0×1015 2.60

1473
293 2.4×1017 3.29

283 6.2×1016 2.96

Pb

1873
132 4.0×107 4.30

134 1.4×108 4.37

1773
125 7.2×106 3.99

131 1.7×107 4.76

1673
118 1.2×107 3.74

137 1.2×108 5.93

1573
150 4.0×108 3.91

137 1.9×108 5.22

Table 3. Kinetic parameters of free lead and cadmium atoms formation from black earth soils

Analyte
Chemical 
modifier

Apparent activation 
energy

Ea (kJ mol-1) 

Pre-exponential 
factor 
k0 (s

-1)

Rate constant of 
dissipation 

k2 (s
-1)

Cd

none 90 2.8×104 2.15

KHF2 49 2.8×102 2.69

CaCO3 38 2.0×102 2.05

Pb

none 104 1.8×103 3.73

KHF2 165 1.7×107 3.88

CaCO3 164 2.7×107 6.23
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be efficient in atomization of lead:

PbO(s) + С(s) → Pb(s) + CO(g) → Pb(g) + CO(g)

CdO(s) → Cd(l) + ½O2(g) → Cd(g) + ½O2(g)

The subscripts (s), (l) and (g) mean solid, liquid and 
gaseous state, respectively.

X-ray spectrometry analysis of graphite rod surface 
after atomization of soil samples supports the efficiency 
of the chemical modifiers proposed here. On completion 
of atomization with no chemical modifiers an increased 
intensity of spectral lines was detected for the soil macro-
components (for example Mg, Al, K, Si) as against 
that in the presence of the modifiers. It means that in 
the presence of chemical modifiers the soil sample is 
vaporized (and atomized) more completely (the spectral 
lines of soil macro-components are not intensive). 
Without chemical modifiers, part of soil sample remains 
on the graphite rod surface and more intensive spectral 
lines of soil macro-components are detected.

Electron micrographs (Fig. 1) show that chemical 
modifiers also affect the distribution of dry residue of the 
soil samples on the surface of the graphite rod. In the 
absence of modifiers atoms with atomic number more 
than 12 are uniformly distributed over the surface of 
graphite rod, their amount is greater than in the presence 
of modifiers, the dry residue fills the graphite pores. With 
the chemical modifiers, the surface purity of the rod is 
significantly higher than in the absence of modifiers: 
modest-sized aggregates – the residue of sample after 
atomization – were detected mainly at the edges of the 
graphite surface irregularities.

Thus, the use of chemical modifiers results in more 

complete vaporization of solid particles of soil from the 
surface of graphite rod into the analytical zone.

Based on the above findings, a shortcut procedure 
for determination of the weight fraction of Pb and Cd 
in the samples of soil in the presence of the chemical 
modifier, CaCO3 was developed. CaCO3 was taken as 
a modifier, since it was found to be more efficient than 
KHF2. The apparatus was graduated by the standard 
additions technique. Aliquots of CaCO3 suspension 
(20 µL, 10 mg mL-1) were first applied on the graphite 
rod in the flame-furnace atomizer, the rod was dried and 
aliquots of the standard lead(II) or cadmium(II) solution 
were then applied on the rod. After drying the weighed 
sample of soil (4 mg) was applied and the complete 
heating cycle was carried out once again.

The measurements were checked by comparison 
with those of the standard flame atomic absorption 
technique involving acid extraction procedure [21]. The 
standard technique includes aqua regia extraction and 
further flame atomic absorption determination of Pb and 
Cd. Aqua regia must also be added to the calibration 
solutions. Acetylene-air flame was used. The results are 
given in Table 4.

Maximum contaminant level for Pb in soil is 
20 mg kg-1 [22], while for Cd it is 0.1 mg kg-1 [23].

The results of the two methods agree reasonably 
with each other. Pb and Cd content of the soil 
considerably exceed the maximum contaminant level. 
The procedure developed here has the advantage of 
better reproducibility of analysis, with Sr being no more 
than 10%. Detection limit of Pb and Cd is considerably 
lower than their maximum contaminant levels (1 mg kg-1 
and 0.02 mg kg-1, respectively). The analysis proceeds 

Table 4. Weight fraction of Pb and Cd in soil (n=4; P=0.95)

Analyte

Direct measurement in flame-furnace 
atomizer; modifier – CaCO3

Standard procedure
(ISO 11047)

c  ± δ (mg kg-1) Sr (%)
analysis 
duration 
(hour) c  ± δ (mg kg-1) Sr (%)

analysis 
duration 
(hour)

Pb 120±13 6.3 0.25 93±27 18 3Cd 1.6±0.3 9.1 1.6±0.6 29

Figure 1. Graphite surface after atomization without modifiers (a), and in the presence of KHF2  (b) and CaCO3 (c)

b ca 
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for 15 min, whereas the acid extraction procedure 
requires several hours and can be complicated by the 
loss of volatile lead and cadmium compounds and 
contamination of samples.

5. Conclusions
Kinetic procedure of atomization in atomic absorption 
analysis of solid samples of soil in flame-furnace atomizer 
was developed. The procedure provides determination 
of the kinetic parameters of the formation of free atoms 
in atomizer, ascertaining a predominant atomization 
process, and a change in the mechanism caused by the 
presence of chemical modifiers. 

Efficient chemical modifiers - CaCO3 and KHF2 - 
were proposed for improvement in precision of atomic-
absorption determination of lead and cadmium in the 
solid samples of soil.

Precision express method of lead and cadmium 
determination in the solid samples of soil in the presence 
of chemical modifiers was developed. Time needed for 
analysis does not exceed 20 min. The relative standard 
deviation is within 10%.
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