
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 17 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Environmental Analytical Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713640455

Speciation of Inorganic Arsenic and Selenium in Contaminated Ground
Water Samples—Distribution and Long-Term Stability of Species
Michael Rásslera; Bernhard Michalkea; Peter Schramela; Sigurd Schulte-hostedea; Antonius Kettrupa

a GSF National Research Centre for Environment and Health, Institute of Ecological Chemistry,
Neuherberg, Germany

To cite this Article Rássler, Michael , Michalke, Bernhard , Schramel, Peter , Schulte-hostede, Sigurd and Kettrup,
Antonius(1998) 'Speciation of Inorganic Arsenic and Selenium in Contaminated Ground Water Samples—Distribution
and Long-Term Stability of Species', International Journal of Environmental Analytical Chemistry, 72: 3, 195 — 203
To link to this Article: DOI: 10.1080/03067319808035890
URL: http://dx.doi.org/10.1080/03067319808035890

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713640455
http://dx.doi.org/10.1080/03067319808035890
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Inrern. 1. Environ. And.  Chem.. Vol. 7?(3). pp. 195-203 
Reprints available directly from the publisher 
Photocopying permitted by license only 

8 1998 OPA (Overseas Publishen Associalion) 
Amsterdam N.V. Published by license 

under the Gordon and Breach Science Publishen impnnl. 
Printed in Malaysia 

SPECIATION OF INORGANIC ARSENIC AND 
SELENIUM IN CONTAMINATED GROUND 
WATER SAMPLES - DISTRIBUTION AND 
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This paper presents the results of speciation studies of arsenic and selenium in contaminated ground 
water samples from Kelheim / Germany. Results are based on separation of ions by HPLC using a 
phosphate buffer. The separated species were collected in fractions and analysed element-specifically 
by HG-AAS. Dominating species were arsenate and selenate, while arsenite and selenite were less 
important. Long-term studies revealed that As (V), Se (IV) and Se (VI) remained stable for up to 12 
months, whereas oxidation of As (111) was observed after 3 months. 
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INTRODUCTION 

Arsenic and selenium may exhibit toxic effects on biota in ground water sam- 
ples['J1. If concentrations are high, humans may be affected. Arsenic is sup- 
posed to induce cancerr31. Elevated concentrations of selenium may lead to 
seleno~is[~]. It is well known, today, that toxicity of an element is determined by 
the chemical form in which it is present in the sample. According to Stoeppler & 
Schramel''], it is the aim of speciation analyses to reveal the identity and the 
quantity of different specific compounds or oxidation states of an element. In 
the case of arsenic, As (111) is more toxic than is As (V). Presence of As (111) 
in water samples interferes with drinking water preparation; it is not effec- 
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196 MICHAEL RASSLER ef al. 

tively removed by addition of iron hydroxides. Se (JY) is considered more dan- 
gerous to aquatic organisms than Se (VI) due to its higher solubility and 
bioavailabilty. Those species are reported to be of greatest concern, that are able 
to easily penetrate the cell membrane. Among others, free ions are likely to do 
so. Determination and quantification of these species is therefore prerequisite to 
risk assessment. 

In the present case, ground waters from Kelheim / Germany were analysed and 
arsenic and selenium species determined. The ground waters were characterized 
by very high concentrations of iron, manganese and sulfur due to leaching 
processes of pyrites, formerly used for production of sulfuric acid, and their oxi- 
dation products. Pyrites and oxidation products were deposited in the Kelheim 
region or were used as filling materials in road construction and railway embank- 
ments. Among other trace elements, pyrites and their oxidation products con- 
tained elevated concentrations of leachable arsenic and selenium that penetrated 
into ground water. High concentrations of interfering ions make direct IC deter- 
mination of As and Se in environmental samples almost impossible[61. For this 
reason, element-specific detection is mandatory in samples with an intricate 
matrix. In the present study, the ions were separated by HPLC based on phos- 
phate buffer e luent~[~-~I  with element-specific detection. For this purpose, 
HG-AAS was selected which is highly sensitive towards inorganic arsenic and 
selenium species. Besides determination and quantification of species in the 
ground water samples, we also examined the stability of species in acidified and 
non-acidified samples in a series of long-term studies that lasted for 6-12 
months. 

EXPERIMENTAL 

Sampling and Sample Storage 

Ground water samples were collected in the winter (series 1 and 2), spring 
(serie 3), summer (sene 4) and autumn (sene 5) season 1995 at different loca- 
tions at Kelheim, Lower Bavaria, Germany. The city of Kelheim is situated at the 
confluence of Altmuhl River and Danube River in the South East of Germany. 

Sampling points A, B, C and D were located at the grounds of a chemical plant 
where sulfuric acid was, and still is, produced. Point E was situated at the 
grounds of a cellulose producing plant that has been shut down, meanwhile. 
Sampling points G and F were located at the city centre of Kelheim. The six 
wells were selected since constantly elevated concentrations of arsenic and sele- 
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SPECIATION OF ARSENIC AND SELENIUM I97 

nium made long-term speciation studies possible. As will be shown later, con- 
centrations of selenium in some wells, however, were close to, or even below, the 
detection limit of the method depending on location and time of sampling. Samples 
were pumped with a delivery of 1 2  L/sec. To avoid contamination of tubing, the 
pumping system was conditioned with well water. The first 50 L of each sample 
were discarded. Samples were filled into 1 L PE bottles, acidified to pH I 2 with 
HCI and stored at 4 "C, protected from daylight. Filled bottles were immediately 
sealed to avoid exposure to air. While all samples of the winter, spring and sum- 
mer seasons were acidified, those being collected in autumn were stored 
non-acidified to study possible differences in species stability. A vacuum filtra- 
tion of samples through 0,45 pm filtration membranes was carried out prior to 
HPLC separation. 

Chromatographic separation of As and Se species 

Separation of species was carried out on a HPLC anion-exchange column, Ham- 
ilton PRP X-100, 250 x 4.1 mm. No guard column was used. The eluent con- 
sisted of 5 mM NH4H2P04 (Aldrich), 10 mM (NH&HPO, (Aldrich) and 
15 mM Na2S04 (Fluka) whose pH was adjusted to 5,9 with H3P04 (Merck). The 
flow rate was 1 mL/min, generated by a Beckman solvent delivery module 114. 
The following retention times were determined using an UV detector, BioRad 
uv/vis module 1706: As (111) 2.6 min, As (V) and Se (IV) 4.0 min, Se (VI) 11.1 
min. UV detection not being sufficiently sensitive in real samples, quantification 
of ions was carried out by HG-AAS (see below). For this purpose, the separated 
ions were collected in fractions (BioRad model 21 10 fraction collector). Five 
fractions were taken every 3 min. If present, As (111) was found in Fraction 1 (0- 
3 min), As (V) and/or Se (IV) in Fraction 2 (3-6 min) and Se (VI) in Fraction 4 
(9-12 min). Fractions 3 (6-9 min) and 5 (12-15 min) did not contain arsenic and 
selenium species. Thanks to element-specific detection by HG-AAS, coelution 
of As (V) and Se (IV) was not considered a drawback. 

Element-specific detection 

Analyses were carried out with a Perkin Elmer 3030B Atomic Absorption Spec- 
trometer equipped with a hydride generator MHS 20 at h = 193,7 nm (arsenic) 
and A= 196,O nm (selenium). For hydride generation, a solution of 3% 
NaBH4(Merck), stabilized by 1% NaOH (Merck) was used. Each fraction's vol- 
ume was extended to 10 mL by adding 7 mL 3% HC1 (Merck). Samples contain- 
ing Se (VI) were reduced to Se (IV) prior to analysis. Complete reduction was 
achieved as follows: Equal volumes (5  mL) of sample and 32% HCI (Merck) 
were mixed, filled in Nalgene tubes, sealed, and exposed to a water bath at 80 "C 
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198 MICHAEL RASSLER el al. 

for 1 h['O1. Purge I was 50 sec (As) or 20 sec (Se). Purge 11 was 40 sec (As and 
Se). Reaction time was 18 sec (As) or 12 sec (Se). Cell temperature was lo00 "C 
(As and Se). Excitation was based upon electrodless discharge lamps (Perkin 
Elmer). Concentration of As (111), As (V) and Se (IV) was evaluated on peak 
height signals. 

Speciation studies of arsenic and selenium 

After chromatographic separation of samples, filtrates were analysed for arsenic 
and selenium with HG-AAS. The sum of either arsenic or selenium species in the 
filtrates being in agreement with total As and Se concentrations in the ground 
water samples, indicated quantitative recovery. Speciation studies were subdi- 
vided into 3 series: 

Serie 1: A2 (arsenic and selenium) 

E2, F2, G2 (arsenic), 8 2 ,  C3 0 2  (selenium), 

Long-term study of 12 months with acidified samples. Analysis every 2 months. 

AI,  A3, A4 (arsenic and selenium) 

E l ,  E3, E4, F1, F3, F4, G I ,  G3, G4 (arsenic), B l ,  B3,B4, C1, C4,  D l  (selenium) 

Long-term study of 6 months with acidified samples. Analysis every 2 months. 

A5 (arsenic and selenium J 

E5, F5, G5 (arsenic), C5, DS (selenium) 

Long-term study of 6 months with non-acidified samples. Analysis every 2 months. 

Serie 2: 

Serie 3: 

Name of sample is given in bold letters. Each analysis was performed in triplicate. 
Detection limits of HG-AAS for arsenic and selenium were based on analyses 

of 10 blanks of HC1 suprapur 3%. The corresponding values were 0,6 pg/L (As) 
and 0,5 pg/L (Se) with t(f = 9, P = 95%. one-sided). A 100 pL sample loop was 
used for HPLC. Consequently, the limit of determination of the overall method 
was 6 pg/L for arsenic and 5 pg/L for selenium. 

RESULTS AND DISCUSSION 

Arsenic and selenium concentrations in the samples 

Arsenic speciation was carried out in wells A, E, F and G; selenium speciation in 
wells A, B, C and D. While arsenic concentration was sufficiently above the limit 
of determination in all samples, selenium speciation was not possible in samples 
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SPECIATION OF ARSENIC AND SELENIUM I99 

B5, D3 and D4 as selenium concentrations were nearby or below the limit of 
determination in these samples. 

Stability of As concentration 

Minimum and maximum values of arsenic concentrations measured within the 
analytical series (12 or 6 months, respectively) are given in the second column of 
Table I. Concentration means together with standard deviations are listed in the 
third column of Table I. 

A2 
E2 
F2 
G2 

A1 
A3 
A4 
E l  
E3 
E4 
F1 
F3 
F4 
G1 
G3 
G4 

A5 
E5 
F5 
G5 

56.7 I653  

1501 167 

68.1 1838 
26.7 I 4 1 ,O 

68,l 171,O 

65.3 172,4 

62,4 172,4 

253 I316 

1031 118 
159 I 179 

75,3 182.4 
1051115 

98,l 1106 

38.7 139.6 
39.6 143,6 

43 9 I 45,3 

55.3 l68,l 
139 I 144  

98,7 199.6 
25.3 133.8 

605 f 2.8 

157 f 6.4 

76.9 f 5.2 

35.2 f 5.0 

69,6 f 1,s 

67.7 f4.1 

67.2 f 5.0 

278 f 335 

108 f 8.0 

169 f 10 

79.1 f 3.6 

I l l  f5 .4  
101 f4 .4  

39.0 f 05 
41.5 f 2.2 

44.8 f 0.8 

62.9 f 6.7 
142 f 3.3 

99.2 f 0,4 
30.1 f 4.4 

102,7 f 3 5  

94.2 f 3.1 

93.2f4.9 

104.1 f 7.1 

101.7 f 3.2 
105.7 It 4.0 

101,3 f 4.0 

99 ,O f 8.2 

10 1.7 f 4 5  

96,3 f 2.9 

l04,O f 1 ,O 

93.3 f 2 5  
104.0 f 5.2 

106.3 f I5 
102.7 f 2.1 

94,7 f 5.1 

99.7 f I5 
105.0 f 2.6 
101.3 f 3,2 

101.3 f 7.4 

TABLE I Results of arsenic stability and speciation studies 

concentration Concentration Recovery (%) 

M i n  JMax. (pglL) Mean (pglL) As (Ill) + As ( V )  
Sample N Species 

6 As(V)  
6 

6 

6 As(V)  

As (111) I As (V) 

As (111) I As (V) 

3 As(V)  

3 As(V)  

3 As(V)  
3 

3 As(V)  
3 

3 As(V)  

3 As(V) 

3 As(V)  

3 As(V)  

3 As(V)  

3 As(V)  

As (111) I As (V) 

As (111) I As (V) 

3 As(V)  
3 As(V)  

3 As(V)  
3 As(V)  

Results show that total As concentrations were stable at least for up to one year 
in acidified samples and for up to 6 months in non-acidified samples. A total of 
20 samples were analysed. In neither sample, a considerable decrease in As con- 
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centration was observed. Consequently, adsorption to container surfaces was 
negligible and PE vessels proved to be suitable to storage of ground water samples 
for arsenic speciation. Moreover, no loss of arsenic was observed that could have 
been attributed to adsorption to, or coprecipitation with, iron or manganese oxy- 
hydroxides, even in non-acidified samples with iron concentrations > 600 pgL.  
This was even more striking as both iron and manganese oxyhydroxides are 
reported to serve as adsorbants to arsenic["]. Storage of our samples at 4°C was 
sufficient to preserve arsenic concentration. 

Distribution of As species 

Presence of species is shown in the last column of Table 1. Where both species 
were detected, the dominating one is printed in bold letters. 

Unique presence of As (V) 

According to observations of other a~thors [ '~* '~] ,  As (V) was the predominant 
species in our samples, too. While wells A and G showed a uniforme distribution 
of As (V) with quantitative recoveries of 102,8 f 4,2% (A) and 103,8 f 7,3% 
(G), distribution in wells E and F was more complex (cf Table I and see below). 
Predominance of As (V) is favoured thermodynamically and by higher ionic 
strength of the solution['41. 

Unique presence of As (III) 

Just 3 samples, E2, E4 and F2, contained As (111) as the only detectable species at 
the beginning of the analytical series. Recoveries in these samples were slightly 
lower than with samples only containing As (V). Concentrations of As (111) were 
not stable; slow but continous oxidation to As (V) was observed after 3 months. 
At the end of the 12 months term, part of As (V) had increased to about 30% in 
E2 and F2. These results showed that acidification of samples was not sufficient 
to stabilize As (111) for a longer range of time. Oxidation of As (111) was induced 
by traces of oxygen in the samples, although exposure to air had been minimized 
(cf "Sampling and Sample Storage"). Susceptibility of As (111) towards oxidation 
has also been described by other a~thors[ '~ ' '~] .  

Common presence of As (HI) and As (V) 

There was only one sample (El) where presence of both As (In) and As (V) at 
the beginning of the analytical sene was detected. In analogy to other samples 
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SPECIATION OF ARSENIC AND SELENIUM 20 1 

containing As (111), partial oxidation to As (V) was observed. In this case, how- 
ever, oxidation was faster. After 6 months, part of As (111) had dropped to about 
70% of its original value. An accelerating effect of As (V) on oxidation of 
As (III) could be assumed. 

Stability of Se concentration 

Minimum and maximum values of selenium concentrations measured within the 
analytical series (12 or 6 months, respectively) are given in the second column of 
Table 11. Concentration means together with standard deviations are listed in the 
third column of Table 11. 

TABLE I1 Results of selenirnu stability and speciation studies 

Concentration Concentration Recovery [%] 

MinJMax. [pglL] Mean [ l g l L ]  Se (N) + Se (Vl)  
Sample N Species 

A2 10.9 I 13.8 1 2 5  f 0.9 97,3 f 6.3 

B2 
c 3  
D2 

A1 
A3 
A4 
B1 
B3 
B4 
c 1  
c 4  
D1 

A5 

C5 
D5 

281 I 334 

61 J 166.7 

405 146.1 

10,7 I 14.2 

162 121.6 
14.3 I 19.9 

83,6 189.4 

41 9 I 445 
47.0 154.1 

49,8 152.7 

12.61 13.8 

-1- 

21 3 I 25,7 

17.3 I 19.0 
-1- 

308 f 19.0 
64.0 f 2,o 

42.4 f 2.1 

12.0 f 1.9 

17.9 f 3.2 
17.0 f 2.8 

86.0 f 3,O 

43.4 f I ,4 
5 I ,6 f 4,O 

51.4f 1.5 

13.1 f0.6 

13Jf  1.2 

23,O f 2.4 

182 f 0.9 
105 f I ,8 

98.0 f 2.9 

95.7 f 3.2 
943 f 6 9  

83,O f 8.0 

91 ,Of 2.6 
93,O f 4,6 

93,7 f 55 
91.3 f 4 5  
97.0 f 4.6 

90.1 f 6,O 

89,7 f 12.7 

93.3 f 8.7 

89.0 f I ,O 

92,7 f 4,7 
85.0 f 8.1 

6 Se(V1) 
6 Se(V1) 

6 Se(V1) 

6 Se (IV) I Se (VI) 

3 Se(V1) 

3 Se(V1) 

3 Se(V1) 

3 Se(V1) 
3 Se(V1) 

3 Se(V1) 

3 Se(V1) 

3 Se(V1) 
1 Se(V1) 

3 Se(V1) 

3 

1 Se(IV) 

Se (IV) I Se (VI) 

Results of long-term studies revealed that total selenium concentrations were 
stable at least for up to one year in acidified samples. With the exception of D1 
and D5, no depletion of selenium concentration was observed in acidified or 
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202 MICHAEL RASSLER et al. 

non-acidified samples. Depletion of selenium in D1 and D5 had to be attributed 
to adsorption to, or coprecipitation with, iron oxyhydr~xides['~]. Although being 
acidified, extremely high concentrations of dissolved iron (about 1800 pg/L] led 
to formation of precipitates in this sample. Adsorption of selenium on PE con- 
tainer walls has not been observed['']. Evaluation of selenium stability in 
non-acidified samples was difficult since based on a few results only. Just 2 sam- 
ples, (A5 and C5) contained stable Se concentrations sufficiently above the limit 
of determination. 

Distribution of Se species 

The presence of species is shown in the last column of Table 11. Where both spe- 
cies were detected, the dominating one is printed in bold letters. 

Unique presence of Se (VI) 

According to observations of other  author^^'"^^^, Se (VI) was the predominant 
species in our samples, too. Wells A and B showed a uniforme distribution of 
Se (VI) with recoveries of 91,8 f 7,0% (A) and 95,6 f 4,6% (B). In all cases, 
recoveries were < 100% indicating that minor traces of Se (IV) in these samples 
were present but were not amenable to analysis because of a lack of sensitivity of 
the method (Limit of determination 5 pg/L for selenium). 

Se (VI) turned out to be stable for at least 12 months in acidified samples and for at 
least 6 months in non-acidified samples being in agreement with literature[2o]. 

Unique presence of Se (IV) 

There was just one sample (D5) where Se (IV) was the only species detected. 
Se (IV) concentration was, however, not stable in this non-acidified sample and 
dropped from 105 pg/L to below the limit of determination within 2 months 
while no increase in Se (VI) concentration could be observed. Depletion of Se 
(IV) in this sample has already been reported and had been attributed to copre- 
cipitation due to formation of iron hydroxides. 

Common presence of Se (IV) and Se (VI) 

Both species could be detected in 2 samples ((25, D2). No indication of redox 
reactions was given as concentrations of both species remained almost constant. 
Verification of Se (IV) concentration, however, turned out to be difficult as it was 
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SPECIATION OF ARSENIC AND SELENIUM 203 

only slighty above the limit of determination (about 6 pg/L in each case). Nonethe- 
less, species stability of Se (IV) could be shown to last for 12 months (acidified 
sample) and 6 months (non-acidified sample), respectively. It can be assumed that 
Se (IV) tends to be more stable in ground water samples than is As (III) and that 
distribution of selenium species in ground water samples is more complex than that 
of arsenic. As mentioned above, common presence of Se (VI) and traces of Se (IV) 
is very likely in most samples analysed. For final conclusions on behaviour of sele- 
nium species in ground water samples, further investigations with an adequately 
improved sensitivity of the analytical method will be necessary. 
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