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Abstract We have developed a new method for the micro-
extraction and speciation of arsenite and arsenate species. It
is based on ionic liquid dispersive liquid liquid microex-
traction and electrothermal atomic absorption spectrometry.
Arsenite is chelated with ammonium pyrrolidinedithiocar-
bamate at pH 2 and then extracted into the fine droplets of 1-
butyl-3-methylimidazolium bis(trifluormethylsulfonyl) im-
ide which acts as the extractant. As(V) remains in the
aqueous phase and is then reduced to As(II). The concen-
tration of As(V) can be calculated as the difference between
total inorganic As and As(IlI). The pH values, chelating
reagent concentration, types and volumes of extraction and
dispersive solvent, and centrifugation time were optimized.
At an enrichment factor of 255, the limit of detection and the
relative standard deviation for six replicate determinations
of 1.0 ugL™" As(III) are 13 ngL ™" and 4.9 %, respectively.
The method was successfully applied to the determination
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of As(lll) and As(V) in spiked samples of natural water,
with relative recoveries in the range of 93.3-102.1 % and
94.5-101.1 %, respectively.
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Introduction

Inorganic arsenic is a known human carcinogen that can
induce skin, bladder, and liver tumours and the element
ranks first on the list of hazardous substances established
by the Agency for Toxic Substances and Disease Registry of
the US Environmental Protection Agency (EPA) [1-4]. Total
arsenic concentrations in natural waters range from less than
1 ugL™" to more than 5 mgL™', with arsenite and arsenate
generally being the most predominant species [5].

The current drinking standard set by the EPA and the
World Health Organization is 10 pgL™" [6, 7]. However,
even at 10 pgL " the risk of arsenic-induced cancer is still 1
in 500 [8]. Compared to the EPA’s general risk management
guideline for permissible skin cancer risk (1 in 10,000) and
the guideline for more dangerous, more often fatal internal
cancers (1 in 1,000,000), the current limit is an exception-
ally high value. Arsenic is thus by far the most critical
constituent in drinking water. Numerous debates have been
held, especially in the US, about lowering the drinking water
standard. To date, the limit has not been reduced, in part
because regulatory authorities are hampered by economic
reasons (with an estimated cost of 2.1 billion dollars per year
for lowering it to 2 ugL ™" in the US only), but also by a lack of
established analytical techniques to reliably determine arsenic
at such low concentrations. An As concentration of 3 ugL ™" is
currently regarded as Practical Quantitation Level and even at
that concentration the cancer risk is still 1 in 1,667 [8]. There is
thus an urgent need for analytical techniques capable of de-
termining arsenic in the sub ug L' range.
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Only a few analytical techniques, such as inductively
coupled plasma- mass spectrometry, are available to mea-
sure trace concentrations of As directly, otherwise separa-
tion and pre-concentration techniques must be used prior to
analysis. Several techniques have been employed to achieve
a separation and pre-concentration of arsenic species. The
liquid-liquid extraction is one of the oldest extraction and
pre-concentration techniques, but the method is time-
consuming and generally requires large quantities of organic
solvent [9]. An alternative technique, which consumes much
less solvent compared to liquid-liquid extraction, is solid
phase extraction but it can be relatively expensive and yields
a low enrichment factor [10]. Newer techniques include
solid-phase microextraction [11], cloud point extraction
[12, 13], liquid-phase microextraction [14], single drop micro-
extraction [15], and dispersive liquid-liquid microextraction
(DLLME) [16, 17]. Recently Han and Row reviewed newly
developed liquid-phase microextraction-based techniques in-
cluding their applications and limitations [18].

The DLLME method was developed in 2006, for the
extraction and pre-concentration of organic compounds in
water samples [19]. The DLLME method has been success-
fully applied for the determination of As(Ill) and As(V) in
water samples [16, 17]. However, the reported methods
were based on using a traditional organic solvent, typically
carbon tetrachloride, which is known as a toxic solvent and
has a high vapor pressure.

Ionic liquids (ILs) are organic salts including an or-
ganic cation with an anion. They have recently become
popular as they are environmentally friendly, especially
when compared with traditional organic solvents. Ionic
liquids have generally negligible vapour pressures, tun-
able viscosities and miscibilities with water and organic
solvents, and good thermal stability so are considered as
viable replacements for volatile organic solvents [20]. Ionic
liquids have received substantial attention in many fields of
chemistry [21-23], especially for total metal and metal speci-
ation analysis based on the different extraction techniques [20,
24-29]

The objective of the present study was to apply ionic liquid
1-butyl-3-methylimidazolium bis(trifluormethylsulfonyl) im-
ide [BMIM][NTTf,] as an extraction solvent for microextrac-
tion and speciation of As(II[) and As(V) in water samples
containing arsenic in concentrations lower than 10 pugL ™'
followed by ETAAS as a detection method.

Experimental
Instrumentation

The arsenic measurements were performed using an atomic
absorption spectrometer, Analytika Jena model ZEEnit
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600 s (www.analytik-jena.de) equipped with a graphite
furnace atomizer. An arsenic boosted discharge hollow
cathode lamp, Photron, Australia (www.photron.com.au/)
operated at 6 mA and an analytical wavelength of
193.7 nm with a spectral bandwidth of 0.8 nm was
used. The temperature and time program for the graph-
ite atomizer were given in Supplementary Material. The
pH was measured with a HACH pH-meter, model HQ40d
(www.hach.com). A centrifuge, Beckman USA, model
Avanti™ J-25 (www.beckmancoulter.com) was used to acceler-
ate the phase separation. A vortex model Genie 2™ (Bender and
Hobein AG, Switzerland) was used for mixing the reagents.

Reagents and solutions

Standard stock solutions (1,000 mgLfl) of As(II) and As
(V) were prepared by dissolving proper amounts of AsNaO,
and AsHNa,0,4-7H,0 (Sigma-Aldrich, Steinheim, Germany,
www.sigmaaldrich.com), respectively. Working solutions
were prepared daily by appropriate dilution of the standard
stock solutions with Milli-Q water (18.2 MQcm, Millipore,
France, www.millipore.com). A 0.020 gL' solution of am-
monium pyrrolidinedithiocarbamate (APDC, Sigma-Aldrich,
Steinheim, Germany, www.sigmaaldrich.com) chelating
reagent was prepared daily by dissolving an appropriate
amount of APDC in Milli-Q water. [BMIM][NTf;] (Merck,
Germany, www.merck.de) which was kindly provided by
Prof. Dr. A. Jess (University of Bayreuth, Germany). The
pH adjustment was made with a 0.1 molL™" nitric acid
(VWR, Germany, www.vwr.com) or ammonia solution
(VWR international, France, www.vwr.com) for acidic and
basic pH values, respectively. Methanol, acetone, and aceto-
nitrile were purchased from (Fisher Scientific, Leicestershire,
UK, www.fisher.co.uk). All water samples were filtered
through 0.2 um syringe filter (Sartorius Stedim Biotech, Ger-
many, www.sartorius.com) prior to analysis. A 5 pL mixture of
1,000 mgL ™" Pd(NOs), and 100 mgL™'Mg(NOs), (Merck,
Darmstadt, Germany, www.merck.de/de/index.html) was used
as a chemical modifier for each measurement by ETAAS.

Ionic liquid — dispersive liquid liquid microextraction
procedure

A total volume of 5.0 mL of Milli-Q water spiked with 5 pg
L' of As(IIl) containing 100 pL HNO; (0.1 molL™") and
0.25 mg APDC chelating reagent was placed in a 10 mL
polypropylene centrifuge tube with a conical bottom. This
mixture was shaken well for 30 s using a vortex. A mixture
of 50 uL [BMIM][NT£,] and 0.5 mL methanol was quickly
injected into the sample solution. The sample solution was
shaken and immersed in an ice bath for 5 min. During this
step, the complex of As(IIl) and APDC at pH 2.0 was
extracted into fine droplets of [BMIM][NTTf,]. The cloudy
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solution was then centrifuged for 5 min at 6,000 rpm. Then,
10 pL of the sedimented phase was removed and diluted
using methanol prior to ETAAS measurements. The extrac-
tion steps are illustrated in Fig. 1. For the determination of
As(V) in the samples, all arsenic in solution was reduced to
As(IIT) using a mixture of potassium iodide and sodium
thiosulfate [30] and then the described method was applied
for quantification of total As. As(V) was calculated by
subtracting the total As concentration from As(III).

Water samples collection

Tap water samples were collected from laboratory at Univer-
sity of Bayreuth (Upper Franconia, Germany) and four private
households around the town of Gunzenhausen (Middle Fran-
conia, Germany). The river water samples were collected from
the river Main in Bayreuth (Rotmain), at the water level gauge
Frauenkreuz/Griindlach, also in Upper Franconia. The river
samples were filtered through a 0.2 um syringe filter, collect-
ed in polyethylene bottles and stored at 4 °C prior to analysis.

Results and discussion

In the present work, [BMIM][NTf,] was used as an extrac-
tion solvent in DLLME combined with ETAAS for the
determination of arsenite and arsenate species in water sam-
ples. To achieve the highest extraction efficiency, several
parameters which influence complex formation and extrac-
tion were investigated and carefully optimized.

Selection of extractant and disperser solvent

Four ionic liquids including [BMIM][PF¢], [BMIM][NTT;],
[HMIM][BF4], and [OMIM][BF,4] was carefully chosen in
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preliminary study. For selection a suitable ionic liquid as
extractant in this method, some critical properties such as
low solubility in water, higher density than water, and ca-
pability for arsenic extraction were considered. Further-
more, the solvent needed to be in liquid form at the
selected experimental conditions. The water solubility and
the density of the selected ionic decreases in the order
[HMIM][BF4] > [OMIM][BF,] >> [BMIM][PF¢] >
[BMIM][NTf,] and [BMIM][NTf,] > [BMIM][PF¢] >
[HMIM][BF,4] > [OMIM][BF,], respectively [31, 32].
Therefore, [BMIM][NTf,] was selected according to the
above criteria in the subsequent experiments.

The disperser solvent in the DLLME method had to be
miscible in both extraction solvent and the aqueous phase.
Acetone, methanol, and acetonitrile were tested in the mix-
tures of 50 uL [BMIM][NTf,] and 0.5 mL of each disperser
solvent. Acetone and acetonitrile produced very low
amounts of sedimented phases and less absorbance intensity
in ETAAS compared to methanol, so methanol was selected
as a disperser solvent in the subsequent experiments.

Effect of amount of the extraction solvent and the disperser
solvent

In order to evaluate the effect of amount of ionic liquid as
extraction solvent, different volumes of IL [BMIM][NTT;]
were tested (Supplementary Material). The results show that
at low volume of IL, the sedimented phase was insufficient
to be removed for further analysis. The highest extraction
recovery and enrichment factor were obtained by using
50 uL of IL, as this volume was considered in the further
experiments.

The effect of the volume of methanol as disperser solvent
on the extraction recovery was studied in the range of 50 uL
to 1.0 mL (Fig. 2). When applying low volumes of methanol
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@ 6000 rpm for 5 min
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4
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Fig. 1 Schematic representation of different steps in IL-DLLME-ETAAS technique
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5.07 Table 1 Effect of inter-
fering ions on the lon Concentration Recovery
recovery of 1.0 ugL™ (mg L™ (%)
4.0+ arsenite
K" 2500 98.7
[+ +
g 3.0 Nei 2500 99.4
g Cl 2500 98.7
5 S04 2500 99.5
8 2.01 Ba2* 1000 99.1
< 2+
Ca 1000 103
1.0 Mg** 1000 101
cd* 5 93.4
Mn?* 5 92.0
00 T T T T T Z n2+ 5 93 9
0 200 400 600 800 1000 e ’
Co 2.5 91.3
Volume of methanol (uL) .
Cu 2.5 90.5
Fig. 2 Effect of the disperser solvent (methanol) volume on the NiZ* 2.5 91.5
absorbance. Extraction conditions: 5 mL Milli-Q water spiked with Pb2* 25 923
5 ugL71 of arsenite containing 0.25 mg APDC, pH 2 and 50 uL of IL P 05 90.2

(<0.4 mL), the cloudy state of the solution was not com-
pletely formed. At higher volumes of methanol (>0.7 mL),
the solubility of the complex in the aqueous phase increased,
and subsequently the extraction efficiency slightly de-
creased. Therefore, a volume of 0.5 mL of methanol was
selected for further experiments. Influence of how and in-
jection order of the IL and disperser solvent on extraction
efficiency was discussed in Supplementary Material.

Effect of pH and chelating reagent concentration

The pH of the aqueous phase plays an important role on the
metal-chelate complexation and subsequent extraction. The
extraction efficiency of arsenic species was investigated in
the pH range from 2 to 11. As shown in Fig. 3, at acidic pH
of 2-3, the maximum absorbance intensity for As(IIl) was
obtained while the absorbance signal for As(V) was negli-
gible at the entire pH range. This difference makes it

5.0

4.0 H -
@ —e—Arsenite
o
§ 3.04 —s—Arsenate
[y
o
3 2.04
22

1.0 1

0.0

1 3 5 7 9 11

pH

Fig. 3 Effect of sample solution pH on the absorbance (extraction
conditions: 5 mL Milli-Q spiked with 5 pgL ™" of arsenite or arsenate
containing 0.25 mg APDC, mix of 50 puL IL and 0.5 mL methanol)
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possible to extract only As(Ill) at low pH. Thus, pH 2 was
chosen as the optimum value to extract arsenite in further
experiments.

The effect of the APDC chelating reagent concentration
was also investigated in the range of 5-150 mgL™'. The
results showed the absorbance increased by increasing the
concentration of APDC up to 50 mgL ™" but did not increase
any further at higher concentrations. Thus, a concentration
of 50 mgL™" of APDC was selected in the subsequent
experiments.

Cooling and centrifugation time

Effect of centrifugation time and temperature on the recov-
ery of the analyte was investigated; the experiment was

Table 2 Analytical characteristics of the method for determination of
arsenic

Parameter Analytical feature

0.1-7.5
A =0.7911C + 0.0032

Linear range (ug L")
Regression equation

R’ 0.9996
Limit of detection® (ug L™") (30, n=6) 0.013
RSD (%) (n=6, 1.0 pgL™") 4.9
Enrichment factor” 255
Sample volume (mL) 5
Mean recovery (%) (n=6, 1.0 pgL™") 99.1

 Calculated on the basis of three times of the standard deviation for six
replicate determinations of 0.1 pgL™" arsenite

® Calculated as the slope ratio of two calibration graphs with and
without arsenite preconcentration



Speciation of arsenite and arsenate by electrothermal AAS 419
Table 3 Determination of arsenite and arsenate in tap and river water samples and relative recovery of spiked arsenic in water samples
Sample Spiked level (ug L") Analyzed® (ug L™ Relative recovery (%)
As(TIT) As(V) As(IIT) As(V) As(TIT) As(V)
Tap water” 0 0 <0.01 <0.01 - -
2.5 2.5 2.44+0.03 2.46+0.07 97.5 98.4
Tap water® 0 0 <0.01 1.77+0.04 - -
2.5 2.5 2.40+0.05 4.13+0.09 96.1 94.5
Tap water? 0 0 <0.01 1.38+0.03 - -
Tap water® 0 0 <0.01 1.92+0.04 - -
Tap water 0 0 <0.01 3.16+0.07 - -
River water® 0 0 <0.01 <0.01 - -
2.5 2.5 2.33+0.14 2.53+0.07 93.3 101.1
River water" 0 0 <0.01 2.01+0.04 - -
2.5 2.5 2.55+0.07 4.43+0.13 102.1 96.8

#Mean of three determinations = SD

Samples are from Germany: ° our laboratory at Bayreuth University; © a private household in Absberg; 4 a private household in Biichelberg; ¢ a

private household in Gunzenhausen;

gauge Frauenkreuz/Gruendlach

described in Supplementary Material. The experimental
results showed that the sedimented phase volume increased
by changing the centrifugation time from 2 to 5 min but it
was not increased more in the time exceeded 5 min. The
temperature had no significant effect on the sedimented
phase volume and the recovery of the analyte.

Effects of reducing reagents
In order to reduce As(V) completely to As(IIl), a mixture of

potassium iodide and sodium thiosulfate solution [30] was
used. Different volumes (10-500 pL) of the stock solutions

a private household in Theilenhofen; ¢ the river Rotmain in Bayreuth; " the river Main at the water level

of potassium iodide (2 %w/v) and sodium thiosulfate (1 %
w/v) were added to the sample solution. The results showed
that the absorbance signal increased as the quantities of
mixed reducing agent were increased up to 100 pL. Higher
volumes of reducing reagents caused a decrease in absor-
bance signal. Thus, 100 pL of each reducing reagent stock
solution was used in the respective experiments.

Effects of potential interferences

The effect of several potentially interfering ions on the
determination of arsenite at the concentration of 1.0 ugL™"

Table 4 Comparison of characteristic performance data obtained by the presented method and some other reported techniques for arsenic

determination

Method Enrichment LOD*pugL™") RSD  Recovery Sample Calibration Extraction solvent ~ Reference
factor (%) (%) volume (mL)  range (ugL™")
SPE-FI-HGAAS® 10 0.05 - - 20 - - [10]
MSPE € -ICP-MS - 0.00021 68 — 150 - - [34]
CPE‘-ETAAS 52.5 0.01 <5 - 10 0.02-0.35 - [13]
CPE-ETAAS 36 0.04 3 - 10 0.1-20 - [12]
HS-LPME®-ETAAS 150 0.045 8.6 - 2 0.045-4 AgDDC"Pyridine:  [14]
Benzyl alcohol
HS-SDMES®-ETAAS 70 0.1 35 - 20 up to 25 - [15]
DLLME-GFAAS 45 0.036 31 - 5 0.1-10 CCly [16]
DLLME-ETAAS 115 0.01 3.1 100 5 0.06-2 CCly [17]
IL-DLLME-ETAAS 125 0.002 49 99 5 0.01-3.8 CYPHOS IL101" [28]
IL-DLLME-ETAAS 255 0.013 49 99.1 5 0.1-7.5 [BMIM][NT] This work

*[imit of detection; ®solid phase extraction-flow injection-hydride generation; ¢ Magnetic solid phase extraction; ¢ cloud point extraction; © head-
space-liquid phase mmmmmm microextraction; "silver diethyldithiocarbamate; & headspace-single drop microextraction; " tetradecyl(trihexyl)-

phosphonium chloride ionic liquid
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was studied under the optimized conditions. The obtained
recoveries in the presence of various applied concentrations
of individual interference ions are given in Table 1. The
results showed that, the alkali and alkaline earth cations
including Na*, K, Mg®", Ca** and Ba®", and also common
anions such as chloride and sulfate did not affect the arsenite
recovery at the applied concentrations (recoveries 98.7—
103 %). The lowest recovery was found in the presence of
0.5 mgL ' Fe*" with 90.2 %. However, in the presence of
all other transition cations tested at concentrations up to at
least 2,500 pugL ™", arsenite recoveries ranged from 91.3 %
to 93.9 %.

Analytical figures of merit

The analytical characteristics of the method are listed in
Table 2. The enrichment factor was calculated as the slope
ratio of two calibration graphs with and without arsenite
preconcentration. The calibration graph was linear in the
range of 0.1-7.5 ugL ™", with a correlation coefficient (R?)
of 0.9996. The limit of detection (LOD) calculated on the
basis of three times the standard deviation for six replicate
determinations of 0.1 pgL™" arsenite and the relative stan-
dard deviations (RSDs) for six replicate determinations of
1.0 pgL™" arsenite was 0.013 ugL™" and 4.9 %, respective-
ly. In order to evaluate the accuracy of the presented meth-
od, a standard reference material NASS-6 for seawater
contains 1.43+0.12 ugL™" As was analysed. The amount
of total As in the reference material using the presented
method was 1.39+0.07 pgL™".

Analysis of natural water samples

Capability of the method for analysis of real samples was
investigated by applying of the method for determination of
arsenic species in some tap and river water samples (Table 3).
While neither tap nor river water from Bayreuth contained any
detectable traces of arsenic (<0.01 ugL ™), 2 ugL ™" of As(V)
was measured in the Main river water at the water level gauge
Frauenkreuz/Griindlach. The four tap water samples collected
in Middle Franconia contained arsenic concentrations be-
tween 1.4 and 3.2 ugL ™' As(V), while As(IIl) was below
detection limit. The corresponding central drinking water
wells tap the Middle Keuper Blasensandstein (Late Triassic)
have previously been reported to contain naturally high arse-
nic concentrations of several tens of pg L', which are prob-
ably derived from the Feuerletten Formation (Late Norian)
[33]. In a field study from Freiberg University in 2000, a
maximum of approximately 20 pgL ™" was determined in the
wells near Biichelberg and a maximum of 90 pugL™" in the
wells close to Theilenhofen. The water is treated to remove
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arsenic before discharge into the public water supply network
and currently meets the regulated 10 ugL ™" drinking water
standard. However, with our sensitive method we have been
able to show that not all arsenic is removed and the water
would have to be subject to further treatment if the drinking
water standard was lowered. Spiking the samples with As(IIT)
and As(V) standards yielded relative recoveries of 93 to
102 % for As(IIl) and 95 to 101 % for As(V), confirming that
the presented method is suitable for the determination of As
(IIT) and As(V) in environmental samples.

The method was compared to other reported pre-
concentration methods (Table 4). The presented method
has a very high enrichment factor, and low sample con-
sumption in comparison to some other reported methods.
In contrast to many previous studies, the ionic liquid as
extraction solvent is both safer and environmental friendly
as opposed to traditional volatile organic solvents. Overall,
this method is a powerful sample preparation technique and
can be used as a replacement of the traditional extraction
method for the routine inorganic As speciation analysis at
sub pg L™ levels in water samples.

Conclusions

A new microextraction method based on ionic liquid dis-
persive liquid liquid microextraction and electrothermal
atomic absorption spectrometry was developed for As(IIl)
and As(V) determination in water samples. The method is
simple, fast, sensitive and requires only low quantities of
sample. A high enrichment factor (255) and a low limit of
detection (0.013 pgL™") were obtained. Because the devel-
oped method is based on ionic liquid as extraction solvent
instead of the traditional organic solvents, it can be consid-
ered a “green” extraction technique for inorganic arsenic
speciation and pre-concentration. The method was also suc-
cessfully applied to the determination of trace amounts of
arsenite and arsenate species in water samples with an
arsenic concentration lower than 10 pgL ™.
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