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Abstract 

This paper reports determination of arsenic, antimony and selenium in different matrices using atomic 
absorption spectrometry, with atomisation in a graphite tube and with generation of hydrides. The actual 
state of atomic absorption spectrometry as the method of determining As, Sb and Se is described on the 
basis of literature data. The effects of interference in determinations by atomic absorption spectrometry, and 
the problems related to sample preparation to determinations (extraction, mineralisation, concentration) are 
discussed. The application of flow injection analysis in atomic absorption spectrometry with hydride gener-
ation is described. The effectiveness of atomic absorption spectrometry in speciation determinations of 
arsenic, antimony and selenium applied alone and in combination with chromatographic methods is shown. 

Keywords: atomic absorption spectrometry, hydride generation, graphite furnace, arsenic, antimony, 
selenium 

Introduction 

Compounds containing arsenic, antimony and sele-
nium occurring in trace amounts in various ecosystems 
have recently become a subject of close monitoring. Al-
though these elements rarely, even in a polluted environ-
ment, reach a level of toxic concentration, a small differ-
ence between their admissible and toxic doses absorbed 
by living organisms in view of their common presence 
means their presence requires careful control [1]. The 
contents of arsenic, antimony and selenium compounds 
can also be an element of the monitoring of the spread of 
pollution and can bring the information on an enhance - 
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ment of anthropopressure processes. Another important 
problem is determining the natural level of their pres-
ence implied by the hydrogeological conditions or - when 
anthropogenic changes cannot be excluded - a level of 
reference for the time of analysis. Results of such deter-
minations are often used as reference for studying the 
tendencies of processes taking place in the ecosystems 
and their dynamics. 

The total content of a given element does not give any 
information on the processes in which the element is in-
volved in a given ecosystem, so does not inform on its 
actual toxicity, migration, bioavailability or accumulation. 
Only identification of the forms in which the element 



 

 

occurs in the natural environment (speciation) either as 
specific chemical compounds (individual speciation) or 
groups or classes of compounds (operational speciation) 
permits drawing conclusions on the element's essential 
relations and effects [2]. 

One of many methods of determination of the total 
contents and speciation analysis of arsenic, antimony and 
selenium on the level of their environmental concentra-
tions is atomic absorption spectrometry (AAS). Particu-
larly advantageous is this method in combination with 
generation of hydrides as it enables isolation of the el-
ement determined from the environmental matrix, often 
complex and interfering - especially when atomization is 
performed in a graphite furnace. The method allows 
group speciation analysis possible to perform in routine 
procedures. The paper presents atomic absorption spec-
trometry as the method for determining arsenic, anti-
mony and selenium. Different methods of determination 
of arsenic, antimony and selenium and the achieved 
limits of determinability will be described in the second 
part of the paper (in preparation). 

Determination of Arsenic, Antimony 
and Selenium by Atomic Absorption 

Spectrometry with Generation of Hydrides 

Determination of Arsenic 

Determination of arsenic in environmental samples 
has become of growing interest to many authors. It has 
been established that the presence of transient metals 
such as nickel, cobalt and copper has considerable effect 
on determining arsenic by AAS with generation of hy-
drides [3, 4]. The interfering effect of these metals ap-
pears at their high concentrations (a few thousand 
µg/mL) [4], when arsenic occurred at 5 ng/mL, the influ-
ence of Cu, Co, Ni and Se was significant at their concen-
trations 2000, 30000, 200 and 200-fold higher than that of 
arsenic. The interfering influence of these metals could 
be reduced by the use of alkaline samples [4]. This influ-
ence becomes more pronounced when supports other 
than hydrochloric acid are used (e.g. acetic acid, citric 
acid, tartaric acid, acetate or citrate buffers), but be-
comes significant at concentrations of the interfering 
metals (Cu, Ni, Fe) above 10 µg/mL [5]. Since in environ-
mental samples the concentration of transient metals is 
even a few hundred times lower, their presence is not 
important for analytical determination of arsenic; it be-
comes important when the samples are metals or their 
alloys. 

In determinations of environmental samples the sub-
ject of concern of many authors was to find a method of 
the analyte preconcentration in order to achieve a limit 
of detection close to the analyte concentration in natural 
environment. 

Applying the cryogenic trap at the liquid nitrogen 
temperature after derivation by L-cysteine at room tem-
perature or on microwave heating, the limits of detection 
of arsenates (V), arsenates (III), MMAA (mono-
methyloarsenic acid) and DMAA (dimethyloarsenic 
acid) were 57, 30, 98 and 42 pg, respectively, i.e. close to 
50 pg/mL. Similar limits of detection of 19, 45, 61 pg were 

obtained for inorganic arsenic, MMAA and DMAA, re-
spectively, in a 1 mL sample, applying the liquid nitrogen 
trap and separating different forms of arsenic on the 
basis of their boiling temperatures. About 10% loss of 
arsenic compounds was found when the samples were 
stored at minus 20°C, so their freezing in liquid nitrogen 
was recommended [6]. The application of liquid nitrogen 
trap after derivation with potassium iodide (the use of 
ascorbic acid and tin (II) chloride for reduction of ar-
senates (V) gave poorer results) gave the limit of detec-
tion of arsenates (III) and (V) of an order of 0.25 ng/mL. 
The effect of interference of the following metal ions was 
studied: Ni, Be, Cr, Ag, Pb, Cu, Sn, Zr, Sb, Fe. The use of 
sodium borohydride at higher concentrations (5 mol/L) 
reduced the interference, which was greater for determi-
nations of As (III) than As (V) [7]. The use of microwave 
heating, cryogenic trap and citric acid for determination 
of As (III) and nitric acid for determination of inorganic 
arsenic, MMAA and DMAA, the limits of detection were 
in the range 20-60 pg/mL for the sample of 10 mL. This 
method was applied for samples of surface waters (river 
water) and reference materials [8]. 

The analyte pre-concentration by co-precipitation of 
arsenic compounds with lanthanide or hafnium hydrox-
ides on line enables routine determinations (about 30 
samples per hour) at the limit of detection of 3 pg/mL. 
The interferences caused by selenium and copper ap-
pearing at concentrations above 1 ng/mL and I µg/mL, 
respectively, and the necessity of optimisation of many 
elements of the reaction system can create some prob-
lems [9]. The use of the complex of molybdenum and 
tetraphenylphosphine chlorine as a precipitating agent 
leads to similar results in determinations of As (III) and 
As (V in model solutions and reference materials) by the 
methods HGaAS and NAA [10]. 

The pre-concentration of arsenic compounds (As (V), 
MMAA and DMAA) with the use of ion-exchangers 
(anionit, analyte washed out with phosphoric acid (V) at 
pH 2) enables determination of arsenic in natural water 
samples at the limit of detection 0.1-0.6 ng/mL, by the 
method of standard addition [11]. 

The detection limit of about 0.1 ng/mg was achieved 
in determination of total arsenic in solid samples, ap-
plying extraction by xanthogeniane in hydrochloric acid 
environment followed by extraction of copper and iron by 
thiourea. The same solution was used in determination of 
reference materials [12]. Another idea was extraction by 
the system methanol/chloroform, followed by wet min-
eralization by sulphuric (VI) acid and nitric (V) acid. 
This procedure was applied for determination of ar-
senobetaine (AsB) in reference materials [13]. In solid 
samples the determinations can be performed after pre-
liminary decomposition of the samples achieved by incin-
eration at 550°C and extraction by hydrochloric acid, 
high-pressure wet mineralization (hydrogen peroxide and 
nitric (V) acid at 300°C) or mineralization (hydrogen per-
oxide and nitric (V) acid) at microwave heating [14]. The 
best effects in determination of arsenic in reference ma-
terials were obtained with sample incineration (applied 
also in [15]) and, moreover, this method was free of inter-
ferences from nitrates (III) [16]. Mineralization of bio-
logical samples was carried out with nitric (V), chloric 
(VII) and sulphuric (VI) acids [17]. 
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The use of high-performance liquid chromatography 
(HPLC) for separation of arsenic compounds followed by 
selective detection by HGAAS, allows a direct speciation 
determination of arsenic in environmental samples. 
Analysis of solid samples was preceded by extraction of 
arsenic compounds by tripsin in an alkali environment 
(ammonium hydroxide), and after chromatographic sep-
aration the sample was mineralised on-line in a micro-
wave system by hydrogen peroxide and nitric (V) acid, 
then the cooled sample (water and ice bath) was subjec-
ted to HGAAS analysis. The limits of detection achieved 
were 0.6 ng/mL for total arsenic (the linearity range up to 
45 ng/mL) and 2.5; 5.3 and 3.3 for AsB, DMAA and 
MMAA, respectively, at linearity range 0-200 ng/mL [18]. 
The reaction system for generation of hydrides installed 
behind a column of chromatograph was applied in [19] 
for the izocratic conditions of separation of DMAA and 
gradient for separation of DMAA, MMAA and arsenates 
(V), which led to the limit of detection of 0.5 ng/mL in 
determinations of arsenic in samples of natural waters. 
The use of ionic chromatography (anion-exchange and 
exchange of ion pairs) in the HPLC system with HGAAS 
detection it was possible to separate AsB, DMAA, 
MMAA, arsenates (III), and arsenates (V) in different 
mobile phases. 

A comparison was made of the results obtained with-
out sample decomposition, with microwave mineraliz-
ation of the sample behind the column and in the system 
HPLC-ICPMS [20]. 

In determination of arsenicbetaine in marine food 
sample (fruit of the sea) the limit of detection was 
0.68-27.20 pg/mg for fresh sample extracted by the system 
methanol/water, with preliminary chromatographic sep-
aration (HPLC) and HGAAS detection. In this experi-
ment the eluate from the chromatographic column was 
subjected to mineralization with microwave heating, then 
it was cooled in ice bath and passed to the hydride gener-
ation chamber [21]. In determinations of As (III), As 
(V), MMAA and DMAA the most important is pH of 
the reaction environment. The effect related to the ana-
lytic signal dependence on pH is compensated for by an 
addition of L-cysteine in the reaction of reduction of As 
(V), MMAA and DMAA to sulphur-organic compounds 
of As (III), taking part in generation of hydrides. The 
effect has been used to determine arsenic in samples of 
urine with the use of a chromatographic (GC) separation 
of arsenic compounds and mineralization with microwave 
heating [22]. 

In discussion of works devoted to determination of 
arsenic by AAS with generation of hydrides, we cannot 
disregard the attempts made with the flow-injection sys-
tem (FLA), used instead of the flow system or the batch 
system - now of decreasing interest. Using the flow-injec-
tion system the limits of detection were much lower 0.04 
ng (0.1 ng/mL) than those achieved with the use of the 
flow system 4 ng (1 ng/mL) and the batch system 0.6 ng 
(0.06 ng/mL); moreover, at a small use of the sample 
volume 0.4 mL in FIA, 4 mL in the continuous system 
and 10 mL with the batch system [23]. The authors of this 
work provide a list of references concerning determina-
tion of arsenic in the injection systems for generation of 
hydrides in AAS. The detection limits reported by differ-
ent authors vary from 0.06 ng/mL to 0.15 ng/mL for 

samples of natural waters, 0.15-0.4 ng/mL for extracts 
from biological material samples or soil samples to the 
analysis rate of 20-220 samples per hour depending on 
the analytical system used [23]. The injection method, 
similarly to the flow method, permits carrying out the 
mineralization of the sample and reduction of As (V) to 
As (III) in the online system at the limit of detection of 
0.20 ng/mL with the use of potassium iodide and L-cys-
teine for the reduction of As (V) to As (III), achieving 
the determined amount of As (III) of 0.25 ng/ml [24]. 
Because of low use of the sample the injection method 
was successfully applied when the sample was prepared 
off-line, e.g. mineralised [16]. 

The speciation study by AAS can be performed direc-
tly using different condition in the reaction of hydride 
generation and arsenic compound reduction from (V) to 
(III) by different reagents. Determination of As (III) was 
performed in a medium with HCl at a very low concen-
tration (~ 0.03 mol/L) and total arsenic was determined 
after on-line reduction of As(V) to As(III) by potassium 
iodide. 

The performance of some on-line reduction systems 
in different temperatures (100 - 140°C) has been com-
pared and no interference from Cu, Ni, Co and Se has 
been detected. The detection limit in determination of 
the total contents of arsenic was 37 pg/mL, while for the 
selective determination of As(III) it was 111 pg/mL [25]. 
The authors of 5] applied the on-line reduction (80 s in 
a loop heated to 80°C) by potassium iodide for determi-
nation of the total content of arsenic reaching the limit of 
detection of 0.6 ng/mL. The determination of As (III) 
carried out at pH 6 in w citrate buffer ensured a similar 
detection limit. The reduction of As (V) to As (III) by L-
cysteine [26, 27] (in a few minutes) enables speciation 
determination of As (III) and As (V) in samples of natu-
ral waters (river, sewage and mineral), at the detection 
limit of 0.01 ng/mL [28]. Direct speciation determina-
tions in the flow-through systems can be also performed 
with injection sample supply [7, 8, 25, 29]. 

The AAS with generation of hydrides seems suitable 
for analysis of the majority of environmental samples, in 
combination with different methods of preconcentration 
[6, 7, 9-12, 30, 31], mineralization [13, 16], and separation 
[18-21]. An interesting idea was to replace the chemical 
generation of hydrides by their generation in elec-
trochemical reactor in the electrode reaction of As (III), 
which requires reduction of As (V) to As (III), by potass-
ium iodide or L-cysteine. Significant interferences from 
Ni, Cu, Co and Cr appear at their concentrations of 0.1 
mg/mL, but they do not affect determination of environ-
mental samples [32, 33]. Another proposition is a simpli-
fication of the construction of the hydride generation 
chamber so that hydrides are generated on a glass sinter 
to whose surface the sample and the reagents are sup-
plied and the hydrides are carried by the stream of car-
rier gas to the atomiser [34]. The analytical possibilities in 
the study of environmental samples are improved when 
the sample is not supplied as a solution but as a homo-
geneous slurry [23]. This method has been applied for 
determination of arsenic in tobacco leaves, reaching 
a relative standard deviation (RSD) of 7.6% and a good 
agreement with the values in certified reference materials 
[35]. The application of hydride concentration on the 
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walls of the graphite tube followed by atomization allows 
a detection limit of about 0.15 ng for 1 mL sample [36]. 

Another group of papers report results of determina-
tions of arsenic in different natural samples. Results of 
speciation analysis As(III)/ As (V) in water samples from 
Poznan lakes are given in [37], the total content of ar-
senic in surface waters from different areas in [38, 39] 
and underground waters in [40]. The detection limit 
achieved in the studies was 0.15 ng/mL, which permitted 
determination of arsenic in water environment. 

The use of AAS with hydride generation in routine 
determinations in commercial laboratories is described in 
the document ISO 11969 [41] in Polish translation 
PN-ISO 11969 [42]. The document recommends off-line 
As (V) reduction to As (III) by potassium iodide and 
mineralization by sulphuric (VI) acid and hydrogen per-
oxide. 

Determination of Antimony 

The presence of transition metals Fe, Co, Ni, Cu in 
the sample may affect the process of hydride generation 
when antimony is reduced by sodium borohydride and 
thus cause a decrease of the antimony analytical signal. 
However, the interferences appear at high concentrations 
of the metals, of an order of a few tens [43], much higher 
than the environmental concentrations. There is also 
a possibility of other interferences from the other metals 
forming hydrides, which can form binary systems in gas 
phase, but they can be reduced by using multielement 
standards [44]. 

The determination of antimony in solid samples is 
performed after mineralization (microwave heating [45]) 
or extraction of antimony compounds. Similar to deter-
mination of arsenic [12], good results are obtained after 
extraction with xantogenian, separation of Fe, Pb, Sn and 
other metals by extraction with cyclohexane in acid me-
dium, followed by reduction of Sb (V) to Sb (III) by 
potassium iodide in order to determine the total content 
of antimony at the detection limit of 20 ng/g sample [46]. 

The speciation analysis of antimony concerns mainly 
the separation of Sb (III) and Sb (V) compounds [45, 47]. 
For determination of total content of antimony, Sb (V) 
compounds are subjected to reduction by potassium iod-
ide [47], potassium iodide with addition of ascorbic acid 
[45] or L-cysteine [26, 28], and the determination pro-
cedure is performed in the presence of hydrochloric acid 
[47]. Determination of Sb (III) was performed in the 
presence of citric acid, whose concentration was opti-
mised (6% for the injection system and 4% for the con-
tinuous system), reaching a detection limit of 0.007 ng 
(25 y.L) for the injection system and 0.21 ng/mL for the 
continuous system [47]. The application of the injection 
system for determination of antimony has been discussed 
in [23]. Speciation determination was performed after 
pre-concentration of antimony compounds on ion-ex-
change columns (detection limit 1.5 pg/mL) and graphite 
cell walls (detection limit 5-20 pg/mL). When determining 
antimony directly from solid samples extracts, the de-
tection limit achieved was 0.08 ng/mL extract [23]. Re-
placement of a continuous system by injection supply of 
the sample means that much smaller volume of the 

sample is required for determination. In the examples 
illustrating the use of the injection system for determina-
tion of antimony in natural waters the detection limit 
varied from 2.1 to 0.06 ng/mL, depending on the volume 
of the injection loops (50-850 µl), with the precision of 
10.0-0.8%. 

Speciation analysis Sb (III)/Sb (V) has been made for 
water samples from Poznan lakes [37], while total con-
tent of antimony was determined in surface waters from 
different areas [38, 39] and underground waters [40]. 
A detection limit of 0.15 ng/mL permitted determina-
tions of antimony in natural water samples. 

Speciation analysis is facilitated when the sample is 
used not as a solution but as a slurry and hydrides are 
generated from the sample in this form [23, 45]. Accord-
ing to another proposition hydrides are generated on the 
surface of glass sinter and carried by a carrier gas to the 
atomiser [34]. The limit of detection can be further re-
duced by concentration of hydride on the walls of graph-
ite tube covered with zirconium at 500°C-750°C, or with 
Nb-Ta-W at 600°C-750°C, when the limit of detection 
can reach 0.010 ng for a 1 mL sample [36]. 

Determination of Selenium 

The recommended analytical conditions for routine 
determinations of selenium in commercial laboratories 
are given in the document ISO 9965 [47]. According to 
this document the reduction of Se (VI) to Se (IV) should 
be carried out by hydrochloric acid at a temperature be-
low 100°C, with mineralization by sulphuric (VI) acid and 
hydrogen peroxide. Similar to arsenic [4, 5, 25] and anti-
mony [43] determinations, some interferences from the 
transient metals Cu, Ni, Fe [48, 49] can appear when 
these metals occur in concentrations much higher than in 
ordinary environmental samples. In determinations of se-
lenium, interference can also be due to elements forming 
volatile hydrides such as As, Bi, Sb, Sn (similar to other 
elements determined by the method with generation of 
hydrides [44]). An approximate mechanism of the inter-
ference can be expressed as [50]: 

M + H2Se  MSe + H2        M = As, Bi, Sb, Sn. 

The disappearance of free atoms in the absorption 
chamber of the atomiser (quartz tube) is caused by 
a change in the character of the surface as a result of 
deposition of interfering substances on the walls. More-
over, bismuth is deposited in the tubes supplying the 
analyte also leading to interference related to the sample 
transportation - the loss of the element analysed as a re-
sult of distribution of hydrogen selenide. Interference in 
the periodic system is greater than in the flow-through 
system. However, it should be noted that the tolerance of 
particular interfering substances (a ± 10% change in peak 
height) varies, according to different authors, from 0.01 
- 800 µg/mL, so at concentrations higher than environ-
mental ones [50]. Moreover, interference can be compen-
sated for by multi-element calibration [44]. 

Low concentrations of selenium in environmental 
samples require a determination method with low limits 
of detection, which could be used (on- or off-line) after 
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preliminary concentration of the analyte. The application 
of aluminium microcolumn to concentrate the analyte 
washed out from the column to the system of hydride 
generation allows a 50-fold concentration of the analyte 
for samples of 25 mL volume and a detection limit of 
6 pg/mL. The use of this column and on-line reduction 
enables speciation determinations [51]. The concentra-
tion of hydrogen selenide in a cryogenic trap leads to 
detection limits below 2 pg/mL for a sample of 30 mL 
volume. Selenoorganic compounds are mineralised by 
disulfide peroxide in the presence of strong acid [52]. 
Using co-precipitation of selenium (IV) compounds with 
lanthanum hydroxide (like in determination of arsenic 
[9]) and solving the precipitate in hydrochloric acid to 
generate hydrides, the detection limit achieved was 
1 pg/mL for the sample volume of 6.7 mL. 

The procedure was used for determination of sele-
nium occurring at levels below 0.01 ng/mL in drinking 
waters [53]. The procedure was improved by on-line ad-
dition of the precipitating substance [54]. 

Selective determination of Se (IV), Se (VI) and Se 
(-II, 0) at a level of pg/mL [55] was achieved when ap-
plying analyte concentration and ion-exchangers. The 
same group of researchers proposed optimisation of the 
analyte concentration for determinations with hydride 
generation and proposed a procedure for determination 
of total selenium and selenium (IV) in samples of surface 
waters reaching the detection limit of 5 pg/mL [56]. The 
application of strong anionite in the system for hydride 
generation allowed getting the detection limit of 0.12 
pg/mL for a 10 mL sample. The system has been success-
fully used for analyses of natural water samples [57]. An-
other possible solution is concentration of selenium for-
med as a result of decomposition of selenowodoru on the 
walls of the graphite tube at 700°C. The detection limit 
obtained was 36 pg for a 2 mL sample. The method was 
applied for determination of selenium in selenosugars 
after their mineralization by disulfate peroxide [58]. Us-
ing a similar procedure of concentration in the graphite 
tube at 250°C, the obtained detection limit was 0.06 
pg/mL for a 1 mL sample. The method was validated for 
reference materials and then applied for determination 
of selenium in urine samples [59]. 

Determination of elements in solid environmental 
samples must be preceded by their mineralization or ex-
traction of a given element. Mineralization can be per-
formed by a combination of nitric (V) acid, sulphuric 
(VI) acid and hydrogen peroxide at microwave heating 
[49]. For decomposition and mineralization of organic 
tissues (fish) three procedures have been proposed: 
a) with magnesium nitrate and nitric (V) and hydrochlo 

ric acids, 
b) with sulphuric (VI) and hydrochloric (VII) acids and 

in a closed bomb with nitric (V) acid. 
The determinations were performed for reference 

materials and environmental samples for selenium con-
centrations at a level of 1 µg/g sample getting similar 
results for each method [60]. The reference materials 
made of clinical samples were mineralised by nitric (V) 
and sulphuric (VI) acids in a closed microwave heated 
system [61]. The microwave heating under reflux in the 
presence of a mixture of mineral acids and hydrogen per-
oxide has been discussed in [14]. The performance of the 

two methods (i.e. that with microwave heating and that 
with heating under reflux in determination of selenium) 
was compared in [14]. The determination of selenium 
was performed at its concentration below 0.5 µg/g 
sample. In analysis of biological samples a mixture of 
nitric (V), sulphur (V) and hydrochloric (VII) acids was 
applied for deep mineralization [17]. For extraction of 
selenium compounds from geological samples the follow-
ing two procedures were applied: heating at 110°C with 
nitric acid for 3.5 hours or extended (24h) heating with 
aqua regia in water bath. Moreover, the authors of [62] 
compared the effectiveness of procedures of selenium ex-
traction from geological samples by different mineral 
acids (nitric (V), sulphuric (VI) and hydrochloric and 
their mixtures. 

The separation of the speciation forms of selenium 
was performed using a liquid chromatograph HPLC and 
detection by AAS with hydride generation. Different se-
lenium compounds were separated on an anion-exchange 
column. For the compounds of Se (IV), Se (VI) and 
trimethylselenium the obtained detection limits were 1.4, 
2.2 and 1.2 ng [63]. The chromatographic separation of 
selenium compounds was reported in many works [51, 56, 
64]. In another approach the speciation determination of 
selenium (Se (IV), Se (VI) and organic selenium com-
pounds) was performed on the basis of different boiling 
points using a cryogenic trap [52] or on the basis of dif-
ferent kinetics of hydride formation for Se (IV) and Se 
(VI) compounds after mineralization of organic com-
pounds [17]. 

Similar to determinations of arsenic and antimony, 
many authors have used the injection system of sample 
supply [65]. With the use of sample concentration by co-
precipitation [53, 54] and ion-exchange [57] the 
achieved detection limit was 0.001 ng/mL and 0.12 
ng/mL, respectively. The content of selenium was also 
determined in human blood serum by the direct method 
at a detection limit of 1.2 ng/mL [66]. Different authors 
applying different methods of sample preconcentration 
reported having achieved the detection limit of 1-2 
pg/mL at a frequency of analysis of 33-50 samples per 
hour. In determination of selenium in biological and cli-
nical samples, (extracts after mineralization) the detec-
tion limit obtained was of an order of 1 ng/mL at a fre-
quency of analysis of 90 samples per hour. Table 1 pres-
ents the main analytical problems discussed in the hither-
to published reports, for different kinds of samples 
studied. 

Determination of Arsenic, Antimony 
and Selenium by Atomic Absorption 

Spectrometry with Atomization 
in Graphite Furnace 

Determination of Arsenic 

Absorption atomic spectrometry with atomization in 
graphite furnace allows determination of arsenic at 
a level of a few ng/mL. The detection limit in direct de-
terminations is ~2 ng/mL, the method requires optimisa-
tion (temperature programme and modifiers) taking into 
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regard the type of the sample [69]. In environmental 
samples the concentration of arsenic is often below the 
detection limit of a given analytical method, therefore, 
many authors are concerned with the techniques of 
sample preconcentration. Using for this purpose tionalid 
supported on polyacryl resin as a sorbent, the detection 
limits obtained were 0.02 ng/mL for As (III) and 0.3 
ng/mL for As (V). Moreover, taking advantage of the fact 
of selective absorption of As (III), speciation measure-
ments were performed in samples of river, well and mine 
water [70]. The preconcentration of arsenic compounds 
was also performed using sorption on polyuretane foam 
with dicarbaminiane, which gave a detection limit of 0.06 
ng/mL in determinations of water samples [71]. Another 
method of analyte preconcentration is based on ion-ex-
change, which has been used (in the hydride generation 
version) for speciation determinations of reference ma-
terials [72]. Other authors applied extraction of arsenic 
compounds in the form of molybdenium-arsenic acid by 
izobutylmethyl ketone (IBMK) and for determination of 
the organic phase they achieved the detection limit of 
0.58 ng/mL, for 1% absorption [73]. 

For determination of arsenic in solid state biological 
samples the method of extraction by chloroform and tet-
rahydrofurane was used, the organic phase was introduc-
ed in pulses to the graphite furnace. The characteristic 
mass of 26 pg arsenic in a 20 µL sample was obtained, 
which corresponds to the detection limit of ~ 1.3 ng/mL 
[74]. The solid samples were dissolved in hydrofluoric 
acid in a closed system heated by microwaves, and then 
by boric acid. The conditions of determination were opti-
mised using nickel, gallium and palladium salts as modi-
fiers. The detection limit obtained was 2 ng/mL [75]. 
Solid samples were also decomposed by a mixture of ni-
tric (V) acid and hydrochloric (VII) acid with the addi- 

tion of potassium iodide or hydrasine. After the interfer-
ence study and optimisation of analytical conditions the 
detection limit obtained was 0.30 ng/g sample [76]. The 
authors of [77] applied the decomposition by nitric acid 
(V) and potassium permanganate (VII), while those of 
[78] applied direct pulse introduction of slurry to 
a graphite furnace reaching the detection limit of 1 µg/g 
[78]. 

The speciation determination concerning mostly a dis-
cernment of As (III) and As (V) was performed after 
selective sorption of As (III) compounds on polyacryl 
resin [70], or sorption of the complex As (III)-DDTP 
(ammonium diethyldithiophosphate) on a gel column 
with the phase C-18, reaching the detection limit of 0.15 
ng/mL [79]. The authors of [80] applied selective reten-
tion of As (V) compounds in ion chromatography. The 
ion-exchanger was an organocyan system and in the spec-
trometric determinations a number of modifiers were 
used (Pd, Mo, Zr, W), they finally recommended the use 
of Pd+W+citric acid. The method was applied for analy-
sis of water samples. For selective determination of As 
(III) and As(V) the authors of [81] used extraction by 
ammonium butyldithiophosphate, obtaining the detec-
tion limit of 6 pg/mL for the two forms of arsenic. The 
above procedures were used to determine arsenic in 
natural waters [81]. 

Many authors have been concerned with interference 
from different elements or chemical compounds in dif-
ferent analytical systems in methods of arsenic determi-
nation [82]. Results of a study on interference from phos-
phates in thermal decomposition of arsenic compounds 
and molecular phosphorus (P2) in spectra have been dis-
cussed in [83]. It should be noted that the interference 
appears at concentrations of phosphates at a level of 
a few tens or a few hundreds µg/mL [84]. The authors of 
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[85] present a comprehensive study of all kinds of inter-
ference: those following from molecular absorption of 
As2, or related to the processes taking place in the 
atomiser, the effect of the surface (ordinary graphite, 
glassy graphite), the effects related to modification of the 
matrix (Ni, La), and the effect following from the use of 
a platform. A more detailed study on the effects related 
to molecular absorption (As4, As2) is presented in [86]. 
The interference related to the matrix can at least partly 
be controlled by the modifiers. Spectral interference due 
to molecular absorption can be eliminated by applying 
background correction [87] (a particular case based on 
the use of a deuterium lamp is described in [88]). The 
effectiveness of the background correction technique 
with a source of continuous radiation (deuterium or wolf-
ram lamp) and that based on the Zeeman effect has been 
compared in [89]. The latter was proved very effective in 
reducing interference due to aluminium and phosphorus. 
The effect of frequently used nickel and palladium modi-
fiers involves the formation of NiAs, NiAs2 and PdAs of 
the boiling points ~ 800°C (for the compounds with 
nickel) and ~ 900°C-1100°C for PdAs, in the phase of 
thermal mineralization. Similar compounds are formed 
with copper and cobalt, when these two are used as modi-
fiers. The inter-element bonds are formed at a slow 
(100°C/s) temperature increase [90]. The mechanism of 
the reaction of palladium was studied by mass spec-
trometry coupled with AAS, revealing the formation of 
PdnAsmOl, compounds undergoing decomposition to 
PdAs in the process of atomization and later to free As 
atoms As [91]. 

Determination of Antimony 

Determinations of antimony are also not free from 
interference similar in nature to those in determining ar-
senic discussed in [82, 83, 86, 88, 89, 91]. The spectral 
interferences due to the presence of P2 molecules are 
described in [83]. Interference related to the presence of 
iron and aluminium together with the methods of their 
elimination by background correction with a source of 
continuous radiation or based on the Zeeman effect are 
described and compared in [89]. The background correc-
tion with a source of continuous radiation does not elim-
inate the influence of titanium, aluminium and iron, 
which are, however, eliminated by the Zeeman effect 
based correction. A study of the optimisation of the ana-
lytical method (the temperature programme) is reported 
in [92]. 

The limits of detection offered by AAS with atom-
ization in a graphite furnace are of a few ng/mL, there-
fore often for determination of environmental samples 
the analyte must be pre-concentrated to decrease this 
limit. The use of extraction to polyuretane solid state 
with dithiocarbaminate the detection limits of 0.06 ng/mL 
were achieved and the method was applied for determi-
nation of antimony in water [71]. Selective determination 
of Sb (III) forming complex with lactic acid was possible 
after extraction by lactic acid and malachite green be-
cause Sb (V) did not undergo extraction, and the detec-
tion limit obtained was 0.01 ng [93]. Applying complexa-
tion    with     ammonium     pyrolidinodithiocarbaminate 

(APDC) on-line and elution with ethanol the detection 
limit was decreased to 0.021 ng/mL. Spectrophotometric 
analysis of one sample was performed parallel to pre-
concentration of the next sample to be studied, which 
shortened the time of analysis [94]. The determination 
based on selective pH-dependent sorption of Sb (III) and 
Sb (V) were carried out for the samples of water and 
snow reaching the detection limit of 30 pg/mL [95]. Using 
activated aluminium oxide as a sorbent and extraction by 
HC1, a concentration coefficient of 400 was obtained at 
80% recovery [96]. 

To analyse solid samples, the element studied should 
be first transferred to a liquid phase by extraction or min-
eralization of the sample. Another approach, based on 
pulse supply of slurry into the graphite furnace, applied 
to determination of Sb in soil and sediment samples led 
to a detection limit of 0.03 µg/g [78]. The pulse supply of 
slurry into the graphite furnace was also applied in deter-
minations of dust and volatile ashes mineralised by nitric 
acid (V) [97]. The results of antimony determination in 
a solid sample of wolfram oxide using direct atomization 
were compared with those obtained by the method in-
volving dissolution of the sample in ammonium hydrox-
ide with an addition of tartaric acid. The detection limits 
obtained were 0.1 and 1 mg/g sample, respectively [98]. 

Determination of Selenium 

The optimisation of the analytical method for deter-
mining selenium has been discussed in [69]. With the 
optimised temperature programme and optimum choice 
of a modifier the detection limit obtained was 1.5 ng/mL. 
Validation of the analytical procedure and a comparison 
of different methods of determination of selenium (AAS 
with atomization in the graphite furnace, AAS with hy-
dride generation and pre-concentration of hydrides in 
the graphite furnace) are presented in [99]. The par-
ameters of the analytical method, characterisation of the 
calibration and the influence of matrix have been dis-
cussed. For determination by AAS with atomization in 
the graphite furnace the detection limit was 1-2 ng/mL. 
A comparison of different methods of selenium determi-
nation (AAS with atomization in the graphite furnace, 
AAS with hydride generation and Inductively Coupled 
Plasma with emission detection and mass spectrometry) 
has been performed in the aspect of determination of 
biological samples [100]. The detection limit obtained for 
AAS with atomization in the graphite furnace was 14 
ng/mL, which was much better than for ICP-AES (76 
ng/mL) and slightly worse than for ICP-MS (6 ng/mL) 
and HGAAS (8 ng/mL). The detection limit of AAS with 
atomization in the graphite furnace and HGAAS ob-
tained for analysis of biological samples were 11 and 10 
ng/mL, respectively [101]. 

The detection limits of direct determinations, usually 
of an order of ng/mL, are often insufficient for determi-
nations of environmental samples, which means that it is 
necessary to apply preliminary concentrations of the 
analyte off- or on-line. When using sorption of Se (IV) 
complex with bizmuthiole on active carbon we could de-
termine Se (IV) and after reduction of Se (VI) by HCl 
we could also get the content of total selenium in samples 
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Table 2. A survey of references concerning particular analytical problems related to determination of arsenic, antimony and selenium by 
hydride generation atomic absorption spectrometry. 

 

 

of water and sediments [102]. Having performed extrac-
tion of the analyte to polyuretane solid phase with 
dithiocarbaminate and desorption by isobutyl-methyl 
ketone, for water samples the detection limit achieved 
was 0.08 ng/mL [71]. The application of ion-exchange 
(anionit) and pulse supply of slurry of the ionite to the 
graphic furnace led to the detection limit of 0.05 ng/mL 
at 100-fold concentration of natural water samples [103]. 
For analysis of solid state biological samples the method 
applied involved mineralization by nitric acid and micro-
wave heating, then extraction by diethylodithiocarbami-
nate solution in chloroform, which allowed determina-
tion of the organic phase at the detection limit of 2 ng/g 
for a sample of 2 g [104]. 

AAS with atomization in the graphite furnace has 
been used as a selective method for detection in 
chromatographic determinations. The application of sep-
aration of selenates (IV) and (VI) by ion chromatogra-
phy ensured the detection limit of 8 ng for Se (IV) and 11 
ng for Se (VI) in a sample of 100 µL [105]. 

A number of authors have been concerned with dif-
ferent kinds of interferences (due to the presence of spe-
cific elements, compounds and different analytical sys-
tems) affecting the method [82]. The problems with in-
terference caused by the presence of phosphates in ther-
mal decomposition of selenium compounds and molecu-
lar phosphorus (P2) in the spectra, have been discussed in 
[83]. Interference appears at the phosphate concentra-
tions of a few tens or a few hundred µg/mL. The use of 
background correction with a source of continuous radi-
ation does not eliminate the effect of phosphorus or iron, 
which can be removed on the background correction with 
the Zeeman effect [88]. The application of the Zeeman 
background correction in determining clinical samples is 
discussed in [106]. 

One of the most important problems in determination 
of selenium is the choice of a proper modifier for specific 
analyses. For direct determination of selenium in fruit 
juices the following modifiers have been considered 
Ni/Cu, Pd/Mg, Pt/Mg, Pt/Ni, Pt/Cu, choosing finally Pt/Ni 
one for which the detection limit obtained was 28 pg for 

a sample of 10 µL [107]. For determination of selenium 
in fly ash two modifiers were used: a cadmium-palladium 
one, reaching a detection limit of 7 ng/mL solution after 
mineralization by nitric (V) acid and hydrochloric (VII) 
acid [108] and a mercury-palladium one - reaching a de-
tection limit of 7.45 ng/mL solution [109]. The use of 
a palladium modifier (reduced by ascorbic acid) for de-
terminations of selenium in highly pure iron led to a de-
tection limit of 0.01 µg/g sample [110]. The mechanism of 
platinum and rhodium modifiers involving a formation of 
PtSe and RhSe of higher temperature of atomization was 
studied in [111]. The performance of palladium, nickel 
and copper as modifiers in determination of selenium 
was analysed in [112], whose authors finally recommen-
ded the use of thermally reduced palladium [113]. The 
performance of the metals Pd, Pt, Rh, Ru, Ir as modifiers 
was studied in [114] whose authors reported similar maxi-
mum temperatures of thermal mineralization of about 
1200°C when applying all the modifiers considered. In 
[115] the effect of the presence of magnesium, copper, 
nickel, palladium and Cu/Mg and Pd/Mg in determina-
tions of selenium in model samples was compared and 
the use of the system Pd/Mg was recommended. The stu-
dies of using different modifiers (Mg/Ni/Pd) for determi-
nation of selenium (arsenic and antimony) by graphite 
furnace atomic absorption spectrometry and atomic ab-
sorption spectrometry with hydride generation and in-
situ preconcentration in graphite tube were described 
[116]. The performance of palladium as a modifier was 
also studied by mass spectrometry in [91]. The results 
indicated the formation of palladium-selenium com-
pounds PdnSemOl], undergoing decomposition to PdSe 
and then to free Se atoms. Table 2 presents the main 
analytical problems discussed in the above quoted papers 
and the kinds of samples they refer to. 

Atomic absorption spectrometry has been widely used 
in determinations of arsenic, antimony and selenium. It 
seems rather complementary to than competing with 
other methods for determination of these elements, in 
particular those based on plasma generation (ICP or 
MIP). The possibility of speciation determination offered 
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by GFAAS (Table 2) and the method with hydride gen-
eration (Table 1) ensures a special position of this 
method among the other analytical methods, especially in 
determinations of environmental samples. Recently, 
a new approach to speciation determinations of arsenic 
antimony and selenium has been proposed, based on 
a combination of chromatographic techniques for separ-
ation of different species with their selective detection by 
AAS with hydride generation. This approach is very 
promising and will determine the direction of develop-
ment of both analytical equipment and methods. 

Summary 

This paper presents determinations of arsenic, anti-
mony and selenium by the method of atomic absorption 
spectrometry, with atomization in a graphite tube and 
with generation of hydrides. These experimental methods 
enable determination of the elements studied on a very 
low level of concentrations (ng/ml), which means that the 
majority of samples can be subjected to the measuring 
procedures without preliminary preparation. Thanks to 
the accessibility of atomic absorption spectrometry, it has 
been applied for determination of arsenic, antimony and 
selenium in a wide range of samples. 

The study reported has been financially supported by 
the State Committee for Scientific Research within the 
projects no. 4 T09A 061 22 and 6 P04G 075 21. 

References 

1. DOJLIDO J.R., Chemistry of surface waters, (in Polish) 
Wyd. Ekonomia i Srodowisko, 1995. 

2. MERIAN E., Metals and their compounds in the Environ 
ment, VCH, 1991. 

3. Aggett J., Boyes G., Analyst, 114(9), 1159, 1989. 
4. WICKSTROM T, LUND W, BYE R, Analyst, 120, 2695, 

1995. 
5. DRIEHAUS W., JEKEL M., Fresenius J Anal Chem 343, 

343, 1992. 
6. HOWARD A.G.,  COMBER S.D.W.,  Mikrochim Acta, 

109, 27, 1992. 
7. BURGUERA M, BURGUERA J.L., BRUNETTO M.R., 

Anal Chim Acta, 261, 105, 1991. 
8. GUO T, BAASNER J., TSALEV D.L, Anal Chim Acta, 

349, 313, 1997. 
9. NIELSEN S., SLOTH J.J, HANSEN E.H., Talanta, 43, 

867, 1996. 
 

10. ELTEREN J.T, HASELAGER N.G, DAS H.A., Anal 
Chim Acta, 252, 89, 1991. 

11. GOMEZ    M,     CAMARA    C,     PALACIOS     M.A, 
LOPEZ-GONZALVEZ A., Fresenius J Anal Chem 357, 
844, 1997. 

12. DONALDSON E.M., LEAVER M.E., Talanta, 35(4), 297, 
1988. 

13. OCHSENKUHN-PETROPULU    M,    VARSAMIS    J, 
PARISSAKIS G, Anal Chim Acta, 337, 323, 1997. 

14. SARASWATI R, VETTER T.W, WAITERS R.L., Ana 
lyst, 120(1), 95, 1995. 

15. YBANEZ N, CERVERA M.L, MONTORO R, Anal 
Chim Acta, 258, 61, 1992. 

 

16. DAMKROGER G, GROTE M., JANBEN E, Fresenius 
J Anal Chem, 357, 817, 1997. 

17. HERSHEY J.W, OOSTYK T.S, KELIHER P.N, J Assoc 
Anal Chem, 71, 1090, 1988. 

18. LAMBLE K.J, HILL S.J, Anal Chim Acta 334, 261, 1996. 
19. STUMMEYER J, HARAZIM B, WIPPERMANN T, 

Fresenius J Anal Chem, 354, 344, 1996. 
20. LE X-C, WILLIAM W,  CULLEN R, REIMER K.J, 

Talanta, 41(4), 495, 1994. 
21. VELEZ D, YBANEZ N, MONTORO R, JAAS, 12(1), 

91,1997. 
22. LE X.-C, CULLEN W.R., REIMER K.J, Anal Chim 

Acta, 285, 277, 1994. 
23. FANG   Z,   Flow   Injection   Atomic   Absorption   Spec 

trometry, Wiley, 1995. 
24. WELZ B, HE Y, SPERLING M, Talanta, 40(12), 1917, 

1993. 
25. NIELSEN S, HANSEN E.H, Anal Chim Acta 343, 5, 

1997. 
26. WELZ B, SUCMANOVA M, Analyst,  118(11), 1417, 

1993. 
27. WELZ B, SUCMANOVA M, Analyst,  118(11),  1425, 

1993. 
28. YIN X, HOFFMAN E, LUDKE C, Fresenius J Anal 

Chem, 355, 324, 1996. 
29. RUDE T.R, PUCHELT H, :Fresenius; J Anal Chem, 350, 

44,1994. 
30. HOWARD A.G, SALOU C, Anal Chim Acta, 333, 89, 

1996. 
31. BURGUERA J.L., BURGUERA M, RIVAS C, CAR- 

RERO P., Talanta 45, 531, 1998. 
32. SCHAUMLOFFEL D, NEIDHART B, Fresenius J Anal 

Chem, 354, 866, 1996. 
33. BURGUERA M, BURGUERA J.L, BRUNETTO M.R, 

Anal Chim Acta, 261, 105, 1991. 
34. NIELSEN S, SLOTH J.J, HANSEN E.H, Talanta, 43, 

867, 1996. 
 

35. MIERZWA J, ADELOJU S.B, DHINDSA H.S, Analyst, 
122, 539, 1997. 

36. HAUG H.O, LIAO Y.-P, Fresenius J Anal Chem, 356, 
435, 1996. 

37. SIEPAK J, NIEDZIELSKI P, II Conference "Flow Injec 
tion Analysis", (in Polish) Krakow 1998. 

38. NIEDZIELSKI P., SIEPAK J, Chemia Analityczna, 46, 
51, 2001. 

39. NIEDZIELSKI P, SIEPAK J, KOWALCZUK Z, Ar 
chives of Environmental Protection, 1, 73, 2000. 

40. SIEPAK  J,   NIEDZIELSKI   P,   Conference   "Modern 
methods of sample pretreatment and determination trace 
amounts of elements" (in Polish) Poznan 1998. 

41. Water quality - Determination of arsenic - Atomic absorp 
tion spectrometric method (hydride technique), ISO 11969, 
1996 

42. Water quality - Determination of arsenic - Atomic absorp 
tion spectrometric method (hydride technique), PN-ISO 
11969, 1996. 

43. AGTERDENBOS J, BAX D, Anal Chim Acta, 224, 129, 
1991 

44. HENRION G, HENRION R, HEBISCH R, BOEDEN 
B, Anal Chim Acta, 268, 115, 1992. 

45. RONDON  C,  BURGUERA J.L,  BRUNETTO  M.R, 
GALLIGNANI M, PETIT DE PENA Y, BURGUERA 
M, Fresenius J Anal Chem, 353, 133, 1995. 

46. DONALDSON E.M, Talanta, 37, 955, 1990. 

465Atomic Absorption ... 



 

 

47. CALLE GUNTINAS M.B., MADRID Y, CAMARA C, 
Anal Chim Acta, 252, 161, 1991. 

48. VIJAN P.N., LEUNG D, Anal Chim Acta, 120, 141, 1980. 
49. MIERZWA J, ADELOJU S.B., DHINDSA H.S., Analyst, 

122, 539, 1997. 
50. WELZ B, STAUUSS P., Spectrochim Acta, 48B, 951,1993. 
51. LARRAYA A., COBO-FERNANDEZ M.G, PALACIOS 

M.A., CAMARA C, Fresenius J Anal Chem 350, 667, 1994. 
52. ORNEMARK U., PETTERSSON J., OLIN A., Talanta 39, 

1089, 1992. 
53. TAO G., HANSEN E. H., Analyst, 119(2), 333, 1994. 
54. NIELSEN S., SLOTH J.J., HANSEN E.H., Analyst, 121(2), 

31, 1996. 
55. ORNEMARK U., OLIN A., Talanta, 41, 1675, 1994. 
56. ORNEMARK U., OLIN A., Talanta, 41, 1675, 1994. 
57. CARRERO P.E, TYSON J.F., Analyst, 122(9), 915, 1997. 
58. DE-QIANG Z, HAN-WEN S., LI-LI Y., Fresenius J Anal 

Chem 359, 492, 1997. 
59. TYSON J.F., SUNDIN N.G., HANNA CH.P, MCINTOSH 

S.A, Spectrochim Acta, 52B, 1773, 1997. 
60. HANSSON L., PETTERSSON J., OLIN A., Analyst, 114 

(4), 527, 1989. 
61. MAYER D., HAUBENWALLNER S., KOSMUS W, Anal 

Chim Acta, 268, 315, 1992. 
62. KULDVERE A., Analyst, 114 (2), 125, 1989. 
63. COBO-FERNANDEZ M.G., PALACIOS M.A., CHAK- 

RABORTI   D.,   QUEVAUVILLER   P.,   CAMARA   C, 
Fresenius J Anal Chem 351, 438, 1995. 

64. RUBIO R., PADRO A., RAURET G., Anal Chim Acta, 
353, 91, 1997. 

65. MOREDA-PINEIRO   J.,.    CERVERA   M.L,   DE   LA 
GUARDIA M., JAAS, 12, 1377, 1997. 

66. MCLAUGHLIN K., DADGAR D., SMYTH M.R., Analyst, 
115(3), 275, 1990. 

 

67. MURER   J.L.,   ABILDTREP   A.,    POULSEN   O.M., 
CHRISTENSEN J.M., Talanta, 39 (5), 469, 1992. 

68. MURER   A.J.L.,   ABILDTRUP   A.,   POULSEN   O.M., 
CHRISTENSEN J.M., Analyst, 117 (3), 677, 1992. 

69. BOZSAI G., SCHLEMMER G., GROBENSKI Z., Talanta 
37, 545, 1990. 

70. CHWASTOWSKA J.,  STERLINSKA E.,  ZMIJEWSKA 
W., DUDEK J., Chem Anal (Warsaw) 41, 45,1996. 

71. ARPADIAN S., VUCHKOVA L., KOSTADINOVA E., 
Analyst, 122 (3), 243, 1997. 

72. STURGEON R.E., SIU K.W.M., WILLIE S.N, BERMAN 
S.S.. Analyst, 11 (11), 1393, 1989. 

73. KANKE M, KUMAMARU T, SAKAI K, YAMAMOTO, 
Anal Chim Acta, 247, 13, 1991. 

74. HOVORKA  J,   MARSHALL  G.B..   Fresenius  J  Anal. 
Chem. 358, 635, 1997. 

75. GREY P., Analyst, 115 (2), 159, 1990. 
76. TSAI S-J.J, BAE Y-L, Analyst 118 (3), 297, 1993. 
77. RUSSEVA    E,    HAVEZOV    I,    SPIVAKOV    B:Y, 

SHKINEV V.M., Fresenius J Anal Chem, 315, 499,1983. 
78. LOPEZ-GARCIA I., SANCHEZ-MERLOS M., HARNAN- 

DEZ-CORDOBA M., Spectrochim Acta 52B, 437, 1997. 
79. POZEBON D, DRESSLER V.L, GOMES NETO J.A., 

CURTIUS A.J., Talanta, 45, 1167, 1998. 
80. RUSSEWA E, HAWEZOV I., DETCHEWA A, Fresenius 

J Anal Chem, 347, 320, 1993. 
81. CHAKRABORTI D, DE JONGHE W., ADAMS F., Anal 

Chim Acta, 120, 121, 1980. 
82. PIERCE, BROWN H.R., Anal Chem, 49(4), 1417, 1977. 
83. SAEED K., THOMASSEN Y., Anal Chim Acta, 130, 281, 

1981. 

 

84. NI Z, RAO Z, LI M, Anal Chim Acta, 334, 177, 1996. 
85. KORECKOVA J, FRECH W, LUNDBERG E, PER- 

SSON J.A, CEDERGREN A, Anal Chim Acta, 130, 267, 
1981. 

86. ROBINSON J. W., GARCIA R, HINDMAN G., SLEVIN 
P., Anal Chim Acta 69, 203, 1974. 

87. WALSH P.R, FASCHING L, DUCE R. A, Anal Chem, 
48 (7), 1014, 1976. 

88. MCCRUM M., PEILE R, BERCOWY G., Int Environ 
Tech, 8, 12, 1998. 

89. LETOURNEAU V.A, JOSHI B.M, BUTLER L.C, Atom 
Spectrosc 8(9-10), 145, 1987. 

90. HIRANO Y, YASUDA K, HIROKAWA K., Anal Scienc, 
10, 480, 1994. 

91. MATSUMOTO K, Anal Scienc, 9(4), 447, 1993. 
92. KOCH I., HARRINGTON CH.F., REIMER K.J., CUL- 

LEN W.R.. Talanta 44, 771, 1997. 
93. CALLE-GUNTINAS M.B, MADRID Y, CAMARA C, 

Anal Chem Acta, 247, 7, 1991. 
94. YAN X-P, MOL W.V, ADAMS F, Analyst, 121(8), 1061, 

1996. 
95. GARBOS S., BULSKA E, HULANICKI A, SHCHER- 

BININA N.I, SEDYKH EM, Anal Chem Acta, 342, 167, 
1997. 

96. SMICHOWSKI  P.,  GUNTINAS  M.B,   CAMARA  C, 
Fresenius J Anal Chem, 348, 380, 1994. 

97. CARNEIRO   M.C.,   CAMPOS   R.C,   CURTIUS   A.J, 
Talanta, 40(12), 1815,1993. 

98. HAVEZON   I,    JORDANOV    N,    ORTNER    H.M., 
Fresenius J Anal Chem, 339, 871, 1991. 

99. ALLABASHI  R,  RENDL J,  GRASSERBAUER  M, 
Fresenius J Anal Chem, 357, 1024, 1997. 

 

100. MESTEK   O,   SUCHANEK   M,   VODICKOVA   Z, 
ZEMANOVA B, ZIMA T, JAAS, 12(1), 85, 1997. 

101. OSTER O, PRELLWITZ W, Clin Chim Acta, 124, 227, 
1982. 

102. KUBOTA T, SUZUKI K, OKUTANI T, Talanta 42, 949, 
1995. 

103. KUBOTA T, OKUTANI T, Anal Chim Acta, 351, 319, 
1997. 

104. HOCQUELLET P., CANDILLIER M.P, Analyst, 116(5), 
505, 1991. 

105. KOLBL G, KALCHER K, IRGOLIC K.J, Anal Chim 
Acta, 284, 301, 1993. 

106. RADEMEYER C.J, RADZIUK B, ROMANOVA N, 
THOMASSEN Y, TITTARELLI P, JAAS,  12(1), 81, 
1997. 

107. LIU Y, GONG B, LI Z, XU Y, LIN T, Talanta, 43, 985, 
1996. 

108. GARCIA-OLALLA C, ROBLES L.C, ALEMANY M.T., 
ALLER A.J, Anal Chim Acta, 247, 19, 1991. 

109. GARCIA-OLALLA C, ALLER A.J, Anal Chim Acta 
259, 295, 1992. 

110. ASHINO T, TAKADA K, HIROKAWA K, Anal Chim 
Acta, 297, 443, 1994. 

111. KAGAKU B, HIRANO Y, YASUDA K, HIROKAWA 
K, Bunseki Kagaku, 43, 1993. 

 

112. BULSKA E, PYRZYNSKA K, Spectrochim Acta 52B, 
1238, 1997. 

113. GAMMELGAARD B, JONS O, JAAS 12(4), 465, 1997. 
114. VOLYNSKY A.B, KRIVAN V, JAAS, 12(3), 333, 1997. 
115. CARNRICK G.R, SLAVIN W, Modern graphite furnace 

AA, Amer Lab, Part 1-10, 1988, Part 2-2, 1989. 
116. NIEDZIELSKI P, SIEPAK M, SIEPAK J, Microchemi- 

cal Journal, 72, 137, 2002. 

466 Niedzielski P. et al.


