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a b s t r a c t

A gas phase chemiluminescence (GPCL)-based method for trace measurement of arsenic has been recently
described for the measurement of arsenic in water. The principle is based on the reduction of inorganic As
to AsH3 at a controlled pH (the choice of pH governs whether only As(III) or all inorganic As is converted)
and the reaction of AsH3 with O3 to produce chemiluminescence (Idowu et al., Anal. Chem. 78 (2006)
7088–7097). The same general principle has also been used in postcolumn reaction detection of As, where
As species are separated chromatographically, then converted into inorganic As by passing through a UV
photochemical reactor followed by AsH3 generation and CL reaction with ozone (Idowu and Dasgupta,
Anal. Chem. 79 (2007) 9197–9204). In the present paper we describe the measurement of As in different
soil and dust samples by serial extraction with water, citric acid, sulfuric acid and nitric acid. We also
compare parallel measurements for total As by induction coupled plasma mass spectrometry (ICP–MS).
As(V) was the only species found in our samples. Because of chloride interference of isobaric ArCl+ ICP–MS
analyses could only be carried out by standard addition; these results were highly correlated with direct
GPCL and LC–GPCL results (r2 = 0.9935 and 1.0000, respectively). The limit of detection (LOD) in the extracts
was 0.36 �g/L by direct GPCL compared to 0.1 �g/L by ICP–MS. In sulfuric acid-based extracts, the LC–GPCL

method provided LODs inferior to those previously observed for water-based standards and were 2.6,
1.3, 6.7, and 6.4 �g/L for As(III), As(V), dimethylarsinic acid (DMA) and monomethylarsonic acid (MMA),
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. Introduction

Arsenic (As) is the 20th most abundant element in the earth’s
rust. Some forms of As are extremely toxic; As is designated as a
roup A carcinogen for humans [1–3]. The USEPA has set a maxi-
um contamination level (MCL) of As in drinking water of 10 �g/L

3]; similar limits exist through most of the world. Arsenic contam-
nation in groundwater and thence drinking water has been and
ontinues to be a major concern in eastern India and Bangladesh
4,5]. In many areas in the United States, groundwater contains

ore than 10 �g/L As [6,7]. Arsenic toxicity and health effects have
een extensively discussed and it has been linked to many dis-

ases and disorders [8–16]. Arsenic in water is usually inorganic,
resent as arsenite (As(III)) or arsenate (As(V)); organic forms such
s methylarsenite, methylarsenate, dimethylarsenite and dimethy-
arsenate also occasionally exist in traces [17]. It has been suggested
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E-mail address: dasgupta@uta.edu (P.K. Dasgupta).

q
s
i
c
a
A
t
i

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.06.037
© 2008 Elsevier B.V. All rights reserved.

18] that arsenic mutagenicity occurs because of the similarity of
he chemistries of arsenic and phosphorus (P). The actual situation
s likely to be much more complex. The simplistic mechanism above

ould not account for why As(III) is much more toxic compared to
s(V) and P is exclusively present in biological systems in the +5
xidation state. Moreover, As(V) toxicity appears to occur via its
eduction by reduced glutathione to As(III) [12].

Electrochemical techniques are relatively affordable and highly
ensitive. Various electrochemical measurement methods continue
o be developed [19–24]; however, few are in practical use. We had
eveloped one ourselves [25], only to discover that in real samples
here are too many problems and calibration must be onerously fre-
uent. Atomic spectrometry, typically combined with a front end
eparation technique, dominates present practice [17,26]. Paradox-
cally, countries which most need As measurement and speciation

an least afford such techniques. At the other extreme, “Field Kits”
re available for arsenic detection. These are based on reduction of
s to AsH3 that is then passed through a lead acetate-soaked filter

o remove any generated H2S, and then through a mercuric bromide
mpregnated filter. The latter turns yellow to brown depending on

http://www.sciencedirect.com/science/journal/00399140
mailto:dasgupta@uta.edu
dx.doi.org/10.1016/j.talanta.2008.06.037
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he level of As present. The ability of the kits to provide quantita-
ive data at the regulation limit of 10 �g/L is questionable at best
nd aside from reliability there are other problems related to leak-
ge of arsine from the generators, use of large sample volumes and
hemicals, and thence generation of large volumes of waste, some
f which includes lead and mercury [27,28]; others have pointed
o the valuable information that the kits have nevertheless yielded
29].

Inspired by the original work of Fujiwara et al. [30] and Fraser
t al. [31], in the last few years we developed a technique that pro-
ides a unique combination of sensitivity and affordability where
ub-�g/L LODs can be reached with 2–3 mL samples on equipment
osting <US$ 2500. In this technique, inorganic As can be speci-
ted into As(III) and As(V) without chromatographic separation.
queous As is reduced by NaBH4 to form AsH3. This reduction is
ighly pH dependent—at low pH (<1) both As(III) and As(V) are
educed while at pH 4–7 only As(III) is reduced. The liberated arsine
s reacted with ozone generated from ambient air in a reflective
nclosure atop a photosensor module (PSM). All liquid handling
s conducted by a fully automated syringe pump connected to a

ulti-port selector valve. Details appear in the original work [32];
s(III) can be determined at pH 4 and the solution can then be
trongly acidified and As(V) then determined, or As(III) and total
s can be separately determined at pH 4 and pH < 1, respectively,
btaining As(V) by difference. We will henceforth refer to this as
he gas phase chemiluminescence (GPCL) method. The GPCL tech-
ique has equivalent sensitivity for As(III) and As(V) but does not
espond well to organoarsenicals like dimethylarsinic acid (DMA)
nd monomethylarsonic acid (MMA). Arsenobetaine, which does
ot form a hydride, does not respond at all.

To speciate arsenic and use the same detection technique,
he following strategy was developed [33]: (i) ion exchange
hromatographic separation was first conducted using a bicar-
onate/carbonate and carbonate/hydroxide eluent; (ii) the column
ffluent was segmented with nitrogen bubbles to minimize disper-
ion; (iii) the stream was flowed through a photoreactor (PR) that
hotodecomposed and oxidized all arsenic species into inorganic
s(V); (iv) NaBH4 and acid were added in separate streams contin-
ously; (v) after ∼12 s in a flow through reactor the gaseous AsH3
nd H2/N2 was separated in a gas liquid separator; and (vi) the
sH3 entered the GPCL reactor where ozone was simultaneously

ntroduced and the emitted light measured. In the following, this
s referred to as the LC–PR–GPCL system.

In the context of ground water, arsenic content of soils is particu-
arly important. In the present paper we establish a scheme of serial
oil extraction with increasingly aggressive extractants and ana-
yze these by GPCL as well as LC–PR–GPCL techniques and compare
he results with those obtained by induction coupled plasma–mass
pectrometry (ICP–MS), considered by many to be the benchmark
easurement technique [34–37].

. Experimental

.1. Standards and reagents

Stock standards of 50 mg As/L were prepared. Inorganic As(III)
nd As(V) were prepared from As2O3 and Na2HAsO4·7H2O (J. T.
aker), respectively. Solutions of As(III) were prepared in 0.3 M
Cl and As(V) solutions were prepared in 1 mM HCl. MMA and

MA standard solutions were prepared from sodium monomethy-

arsonate sesquihydrate (97.3%, ChemService Inc.) and cacodylic
cid (98%, Aldrich), respectively, in water. Lower concentrations
ere prepared by dilutions with (18.2 M� cm) Milli-Q deionized
ater (DIW). Other reagents used for arsine generation included
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M sulfuric acid (EMD Chemicals Inc.) and 4% (w/v) NaBH4 (98%,
ldrich) in 0.5 M NaOH (EMD Chemicals) and 1 mM Na2EDTA (US
iochemicals). Chromatography used a step gradient from 4 mM
a2CO3–0.8 mM NaHCO3 (Eluent A) to 60 mM Na2CO3–30 mM
aOH (Eluent B). To minimize As(III) oxidation in the chromato-
raphic column under alkaline conditions, the DIW used for eluent
reparation was degassed by ultrasonication under vacuum for
5 min prior to use. The 115In isotope (95.7% natural abundance)
rom indium chloride (Strem Chemicals) was used as an internal
tandard for ICP–MS measurements; a stock solution of 1000 mg
n/L was used.

.2. Sample extraction

Two different strategies were used. One involved sequential
xtraction. This was performed by extracting ∼0.5 g of the soil
ample with 2 mL DIW in a 10 mL capacity centrifuge tube; the
ixture was shaken for 1 min, ultrasonicated for 30 min and then

entrifuged for 5 min at 2250 rpm. The supernatant was decanted
ff and labeled Extract 1A. The precipitate was re-suspended in a
resh 2 mL aliquot of DIW, and the process was repeated to obtain
xtract 1B. This process was repeated with two sequential extrac-
ions with 10 mM citric acid (Fluka, Extracts 2A and 2B), 1 M H2SO4
Extracts 3A and 3B) and 2 M HNO3 (VWR, Extracts 4A and 4B).
lank extract solutions were analyzed in an identical manner to the
ample extracts (including dilution—see below). Blank values were
ery small but were subtracted as applicable. At least three aliquots
f each soil/dust sample were taken and the results reported are in
erms of the mean and standard deviations of at least three analyses.
he original <2 mL decantate was diluted to 10 mL in a volumet-
ic flask prior to replicate analysis; occasionally, this was further
iluted 2× prior to analysis.

Arsenic in six selected samples (∼0.4–2 g each) was extracted
ith 7 mL 1 M H2SO4 (shake ∼1 min, ultrasonicate 30 min, cen-

rifuge 5 min and decant). A 5-mL aliquot of the supernatant was
iluted by DIW to 25 mL. A 5-mL aliquot of this diluted extract was
nalyzed with and without spiking with a 1 �g/L As(III) standard
o attain added levels of 0.0, 5.0, 10.0, and 15.0 �g/L added As in
he final solution which was made up to 50 mL. The spiking and
alibration standards were made in 20 mM H2SO4. The unspiked
nal diluted extract was analyzed in triplicate by GPCL. Another
liquot of this was brought to near-neutrality by addition of a cal-
ulated amount of NaOH and analyzed in triplicate by LC–PR–GPCL.
or ICP–MS both unspiked and spiked extracts were analyzed to
pply standard addition based quantitation; it was found early on
hat analysis of unspiked solutions alone do not lead to accurate
uantitation. Due to matrix-induced signal suppression, the aver-
ge recovery of a standard added to a typical sample extract was
5%.

.3. Analysis methods

Initial screening experiments with LC speciation showed that
one of our soil samples contained any As species other than As(V).
he direct GPCL method was thus conducted in strong acid medium,
hich determines total As only. For the GPCL apparatus, see the
etailed description in [32]. Briefly, to 3-mL sample delivered to
he reactor, 1 mL of 2 M H2SO4 was added. Following a syringe
ash, 0.5 mL of the NaBH4 reagent is next added at a high speed
1.04 mL/s) to induce rapid mixing. After 60 s, the reactor exit valve
s opened to allow the liberated arsine to proceed to the CL cell; the
eactor solution is purged simultaneously with 25 cm3/min of acti-
ated carbon filtered air. The PSM was operated at a control voltage
f 0.85 V and a secondary amplifier gain of 1250×.
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For a detailed description of the LC–PR–GPCL system, see Ref.
33]. For improved separation, in the present work different elu-
nts (see Section 2.1) and chromatographic protocol were used.
ach chromatographic cycle was 20 min; Eluent A was used for the
rst 6 min and switched to Eluent B for the next 8 min before being
witched to Eluent A again. Chromatographic conditions are given
n detail in Table S1 in supporting information (SI). The PSM was
perated with a control voltage of 0.85 V and a secondary amplifi-
ation of 1000×.

Quantification on an ICP–MS was performed on a single
uadrupole instrument of 0.7 amu mass resolution (X-Series II
CP–MS, equipped with a Peltier-cooled nebulizer, Thermo Fisher
cientific). Instrument operating condition and mass calibration
as optimized using a manufacturer recommended multi-element

tandard consisting of a total of 11 elements (As, Ba, Be, Bi, Ce, Co,
n, Li, Ni, Pb, U) at a concentration of 10 �g/L each in HCl. As previ-
usly stated, samples and standards were spiked with 10 �g/L In;

15In and 75As were monitored. As will be discussed later, because
f initial results, the use of both 115In as internal standard and a
hree-point (+5, +10, +15 �g/L As) standard addition protocol was
dopted for As analysis. Operational parameters for the ICP–MS are
hown in Table S2 (SI).

Owens Lake bed dust samples were also analyzed by ICP–optical
mission spectrometry (ICP–OES) and by established proton-
nduced X-ray emission (PIXE) analysis methods [38]. The dust
ample was further ground to a silt particle size (20–30 �m) and
hen pelletized to a 2.5-cm diameter disk against a glass surface.
IXE analysis for a thick target was performed on the samples in
acuum using a Van De Graff style accelerator (Elemental Analy-
is, Inc., Lexington, Kentucky, USA) run at 2.44 MeV. Samples were
rradiated using a 5/8-in. collimator for 10–12 min and the X-rays

easured by a Si–Li detector. The calculation of the elemental con-
entrations in PIXE is based on the X-ray intensity yield that is
roportional to specific analyte concentrations. These values are
etermined by a formula based on reference standards, in the
resent case the NIST SRM 2711, Montana II Soil, which was pel-

etized and analyzed under the same conditions during the same
un. The pre-pulverization of the samples is intended to reduce
ample inhomogeneity issues.

Sample analyzed by ICP–OES were first ground in a synthetic
orundum mortar and pestle to a size of ≤30 �m and digested
ith HNO3–H2O2 as per EPA Method 3050B [39]. For each batch

f samples prepared, method blanks and NIST SRM 2711 were also
repared to determine any impurities in the acids used and to check
he sample preparation method. The digest was analyzed using EPA

ethod 6010B [40] on a Leeman Labs direct reading Echelle grating
RE spectrometer. Instrumental operating conditions are listed in
able S3 (SI).

. Results and discussion

.1. Samples

We chose three classes of samples: (a) Soil samples supplied by
he United States Geological Survey (Denver, CO) that came from
arious parts of the United States as noted in Table S4 (SI). As
oted, half of these had no deliberate arsenic contamination and
alf had poultry farm litter applied to them. Roxarsone (3-nitro-
-hydroxyphenylarsonic acid) is widely used as a feed additive in

he broiler poultry industry to control coccidial intestinal parasites.
oultry farm litter is often applied to soil; it is known that the As
apidly degrades to the inorganic form [41]. The fate and the mobil-
ty of the arsenic is also of interest [42]. (b) Soil samples from fallow
ands in Murshidabad district in West Bengal, India, a region known

3

f
t
n
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o have arsenic contamination of groundwater [10], supplied by the
chool of Environmental Studies (Kolkata, India). (c) Owens Lake
ed dust. Owens Lake, in east-central California, once a thriving
ater body, dried up due to water diversions in the 1930s to accom-
odate the water needs of the growing city of Los Angeles. Its dry

urface is presently one of the most intense sources of dust in the
ntire Western Hemisphere, as a result of erosion, lack of vege-
ation, and high winds [43,44]. Storms can generate dust plumes
ith an aerosol loading of tens of mg/m3 [45] with peak arsenic

oncentrations of 0.4 �g/m3; dust collected in Owens valley mea-
ure 10–50 mg/kg As [46]. There is considerable concern over health
ffects of windblown dust from Owens lake; a “dustcam” contin-
ously broadcasts a live view [47]. Particle size distribution of our
amples is given Table S5 and elemental composition determined
y PIXE or ICP–OES is given in Table S6.

.2. Instrument performance and calibration data

.2.1. Gas phase chemiluminescence methods
The GPCL method provided statistically indistinguishable cal-

brations for As(III) and As(V). Either peak height or peak area
roduce essentially the same linear r2 value (0.9997 vs. 0.9995) for
he calibration curve, the simpler peak height based equation was
enceforth used for data evaluation (the uncertainties represent
5% confidence limits):

Peak height (mV) = (169.3 ± 1.1) [As, �g/L] + 91.0 ± 30.9,

r2 = 0.9997 (1)

igs. S1 and S2 in SI show the height and area based calibration
lots; uncertainties at each concentration are shown therein as
1 S.D. error bars. Fig. S3 (SI) shows output for triplicate analysis of
wens Lake sample OL3. Based on an S/N = 3 criterion, the LOD was
.36 �g/L. Spike recoveries on sample extracts were quantitative
ithin experimental error. Direct, rather than standard addition

ased quantitation was thence used.
The LC–PR–GPCL method also produced linear calibration

urves and quantitation was based on height:

Peak height (mV) = (5.855 ± 0.263) [As(III), �g/L] + 22.2 ± 12.3,

r2 = 0.9920 (2)

Peak height (mV) = (12.020 ± 0.210) [As(V), �g/L] + 32.5 ± 9.7,

r2 = 0.9988 (3)

Peak height (mV) = (2.339 ± 0.091) [As as DMA, �g/L] + 1.9 ± 4.2,

r2 = 0.9940 (4)

Peak height (mV) = (2.348 ± 0.062) [As as MMA, �g/L]

+5.7 ± 2.9, r2 = 0.9973 (5)

MA was, however, not detected in any of our samples. A detailed
alibration plot with uncertainties at each calibration point is
hown in Fig. S4 in SI. The (S/N = 3) LODs were 0.26, 0.13, 0.67 and
.64 ng As for As(III), As(V), DMA and MMA, respectively. A repre-
entative chromatogram is shown in Fig. S5. As with direct GPCL,
pike recoveries to sample extracts were quantitative and direct,
ather than standard addition based quantitation was used.
.2.2. Induction-coupled plasma mass spectrometry
Any type of mass spectrometry is susceptible to ionization inter-

erence that is matrix dependent. Dilution with a stable isotope
hat occurs only in trace quantities is the ideal solution but this is
ot possible for arsenic, a monoisotopic element. From early days
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f ICP–MS analysis of As, very many different ways of achieving
ood quantitation have been advocated for different matrices. In
easuring As, Sb, Sn, Bi, Se and Te in Steel, the dual use of 9Be

nd 103Rh was advocated to bracket the ionization potentials of the
nalytes of interest [48]. Addition of carbon as methanol or ammo-
ium carbonate was found to enhance 75As signals, which the use of

21Sb as internal standard did not adequately compensate for [49].
n electrothermal vaporization (ETV)–ICP–MS analysis of urine, the
imultaneous use of standard addition and 121Sb as internal stan-
ard was recommended [50]. For whole blood or urine others had
ecommended 69Ga [51] as an internal standard, yet others have
ecommended that 1–3% N2 be added to Ar, in which case 72Ge,
nd especially 115In or 130Te work well as internal standards for
rinalysis [52]. Unfortunately, for human urine as a matrix, still
ore recommendations for internal standards abound, e.g., dilu-

ion and use of 103Rh [53], 193Ir [54], etc. In other matrices such as
ine (both red and white) 115In has been successfully used [55]. For
igested nail samples and an Ar–N2 plasma, 130Te was successfully
sed [56]. For samples where acid extraction or digestion must be
sed, varying amounts of acid cause variations in the 75As signal
hat cannot be compensated for fully by using 45Sc, 89Y or 115In as
nternal standards; standard addition however leads to satisfactory
esults [57]. Obviously the recommendations on the best internal
tandard to use for As analysis are diverse, perhaps even bewilder-
ng. We initially tried the use of 238U; this was not very successful,
n part because many of our extracts contained this isotope in sig-
ificant concentrations. Preliminary scans of sample constituents
nd initial survey led us to settle on 115In. The respective calibration
urves were

Signal (counts/s) = (0.983 ± 0.001) [As(III)�g/L] + 0.399 ± 0.038,

r2 = 1.0000 (6)

Signal (counts/s) = (0.985 ± 0.050) [As(V), �g/L] + 3.740 ± 2.594,

r2 = 0.9922 (7)

Signal (counts/s) = (0.998 ± 0.004) [As as DMA, �g/L]

+0.702 ± 0.182, r2 = 1.0000 (8)

Signal (counts/s) = (0.902 ± 0.015) [As as MMA, �g/L]

+1.028 ± 0.394, r2 = 0.9994 (9)

In direct ICP–MS measurement of inorganic As, Narukawa et al.
58] have recently observed that both ICP–OES and ICP–MS mea-
urements produce a slight but discernible (4%) greater sensitivity
or As(V) compared to As(III). A similar statistically significant dif-
erence between As(III) and As(V) is not apparent in our data.

hether this was because of use of calibration standards in an
cidic matrix or the use of a particular internal standard or just sim-
ly different instrument/operating conditions is not known. There

s clearly lower response with MMA but the purity of this type of
standard cannot be assured. For inorganic As(III) and As(V), we
ooled all data and used a single calibration curve. The results with
eal sample extracts showed however that internal standard counts
aried significantly compared to standards (78–99%) and standard
ddition of As led to recoveries of 85% on the average. Since we could

ot assure uniform acidity in the extract due to various degrees of
eutralization by the sample and resulting different salinities, we
hose the standard addition approach for quantitation as recom-
ended by others [57]. We used a three point standard addition

pproach to assure data quality. Based on a S/N = 3, the LOD was
.1 �g/L.
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.2.3. Chloride interference in ICP–MS
In high chloride samples in an Argon plasma, variable back-

round and isobaric interference between 75As+ and 40Ar35Cl+

ause problems, this cannot be solved by adding a different As
sotope, even if one existed. However, the present samples are
ot extracted with HCl or NaCl solutions and chloride content of
xtracts are not particularly high. Matrix interference from chlo-
ide that forms ArCl+ was studied and is shown as Fig. S6. The
act that the y-intercept (the background signal count at m/z 75,
resumably due to ArCl+) does not increase systematically with

ncreasing chloride concentration is not obvious in the main plot,
his is shown in the inset. In fact even at 100 ppm chloride, the rise
n the background counts will only cause a 3% error in the quan-
itation of 5 �g/L As. But the more important issue and what is
bvious in Fig. S6 is that the arsenic calibration slope increases sys-
ematically in the presence of chloride. Presumably atomic As is
onized more efficiently by collision with ArCl+. Note that 100 ppm
hloride concentration in the final extract (the highest value stud-
ed here) is tantamount to a chloride concentration of 5 g/kg when
g sample is extracted to produce a final extract volume of 50 mL.
ajority of agricultural soil samples (non-brackish soil samples)

ave extractable chloride levels <2 g/kg [59]. The two Owens Lake
ust samples that were used for methods intercomparison did have
hloride at the 11–12 g/kg level but only 0.4 g amounts of these sam-
les were used for extraction and extract was diluted to 100 mL.
ig. S7 shows treats the 10-ppb standard as an unknown; a three
oint standard addition plot as practiced in the present work quan-
itates the unknown with a relative standard deviation of 8.6% for
–50 ppm chloride concentration and underestimates the actual
oncentration by ∼11%. The presence pf 100 ppm chloride how-
ver leads to a 26% overestimation. These limitations of the ICP–MS
easurements should be borne in mind when comparing results.

.3. Sequential extraction

Different extractants and extraction procedures for arsenic
xtraction from soil have been described in the literature
39,60–62]. It is not clear that there is any uniquely superior extrac-
ion procedure—after all, for geological purposes a total digestion

ay be most appropriate whereas for the purposes of measuring
ealth hazards of inhaled aerosol the amount that is likely to be
eadily bioavailable is of the greatest interest. Further, most aggres-
ive oxidative digestion procedures destroy original oxidation state
nformation. Microwave digestion is often used for exhaustive
xtraction, the USEPA recommends digestion with HNO3–H2O2
39].

Water, citric acid, sulfuric acid, nitric acid have all been used
or extracting As from soil samples. It has been noted that sulfu-
ic acid generally extracts much greater amounts than citric acid
60,63]. Fig. 1 shows the sequential extraction results of the three
ypes of samples; the absolute total amounts of arsenic measured
n the samples are shown under each bar (representing the total
xtracted in extracts A, B, etc., as appropriate). These results were all
btained with GPCL. Owens Lake dust samples consist essentially
f re-suspended material that used to constitute a lake. Perhaps
t is not surprising therefore that on average half of the arsenic
s readily extracted by water. There is very little As that remains
fter water extraction that is extractable by citric acid. What little
s measured in the citric acid extract may well be from the previous
xtractant in the liquid retained by the sediment. Similarly, there is

ery little arsenic left that is extractable by nitric acid that was not
lready extracted by sulfuric acid in these samples. In marked con-
rast, the fallow soils from Murshidabad examined (WB1–WB5) are
ain-washed well drained soils where the water-leachable arsenic
as apparently already leached and drained. In fact exclusively for
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pared in a sufficient volume to allow analyses by all three methods
(ICP–MS) by three point standard addition was examined.

Fig. 2 shows the result of the two present methods against the
ICP–MS data. Because blanks were repeatedly run and the results
already adjusted to zero, the regression lines were forced through
ig. 1. Fraction As extracted by sequential extraction. Half or more of the As in the
engal, India (middle group) contain only acid extractable As. The background soil
mounts extracted are given in mg/kg below each column. Sample details are given

B1, and in general to a major extent for the others, arsenic could
e extracted only with the oxidizing acid. The numbers below each
ar lists the total As extracted. The values for the WB samples are
ery similar to those reported by Roychowdhury et al. [64] for very
imilar samples. Note that the Owens Lake samples on the aver-
ge have 5–6× as much As compared to the samples from WB,
ndia and those have 1–2 orders of magnitude more As than the
ncontaminated background soils. Based on the results of repeated
xtractions with the same extractant (these data are not discussed
ere), extraction of these samples is likely incomplete and the total
s content may be much higher. The arsenic that is extracted comes
ut most readily in the sulfuric acid fraction. Even in the samples
here poultry litter was applied, only As(V) is seen; the same has

een observed by others [41,42]. A bar graph depicting the arsenic
ontent (Fig. S8) is given in SI. There is no universal agreement
n what the range of arsenic content in typical uncontaminated
oil is. While Smedley and Kinniburgh [65] suggest that a range of
–20 mg/kg is normal for well-aerated uncontaminated soils with

imited biological activities, others suggest a much lower “normal”
ange [66,67].

Despite reasonable efforts at homogenization, small aliquots
aken from solid samples are never completely homogeneous. This
ype of inhomogeneity was particularly apparent in the Owens
ake samples; arsenic concentrations determined in each extract
n replicate analysis of the same samples are shown in Fig. S9 in SI.
xcept for DIW as an extractant with the Owens Lake samples, the
mount of arsenic that is extracted by a particular extractant is not
ecessarily completed in the first extraction; both Figs. S8 and S9
how this.
.4. Method comparison

A subset of two samples from each class (OL3, OL6; WB4, WB5;
S3, GS6) was chosen for method intercomparison. Initial screening
y the LC method showed that As(V) was the only species present

F
m
p
i

s lake samples (left group) is water extractable while the soil samples from West
les from USGS also contain As only in a strong acid-extractable form. The absolute

n all the samples. For method intercomparison, the intrinsic vari-
bility of the arsenic content due to sample inhomogeneity cannot
e allowed to play a role. As such, only a sulfuric acid extract, pre-
ig. 2. Regression plots, ICP–MS vs. LC–PR–GPCL (circles) and ICP–MS vs. GPCL (dia-
onds). Horizontal error bars refer to the ICP–MS measurement, obtained by a three

oint standard addition method. The 1:1 correspondence line is fully coincidental
n this plot with the ICP–MS vs. LC–PR–GPCL regression line.
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ig. 3. A difference plot [65] shows no consistent bias for either of the GPCL methods
s. ICP–MS.

he origin. A paired t-test cannot take into account standard devi-
tions in the individual measurements which are substantial for
he ICP–MS measurements at the high end and for the GPCL mea-
urements at the low end. Still, the ICP–MS and the LC–PR–GPCL
ethods were indistinguishable at the p = 0.92 level while ICP–MS

nd the GPCL methods were indistinguishable at the p = 0.82 level.
he linear coefficients of determination are very high and the slopes
re indistinguishable from unity for ICP–MS vs. LC–PR–GPCL and
early so for ICP–MS vs. GPCL. Many believe that a difference plot
68] is of greater help to detect any consistent bias. Such a plot is
hown in Fig. 3 and indicates that there is no apparent bias of either

ethod relative to ICP–MS. With soil and dust samples, inherent

nhomogeneity is a greater source of uncertainty; this is shown in
ig. 4 for the Owens Lake dust samples where different aliquots
ere taken for analysis.

t
M
a
u

Fig. 4. Owens Lake dust sample arsenic content measure
ottom trace is from the unspiked sample (0.37, 0.45 and 0.70 mg/kg As as DMA,
s(III) and As(V), in soil, amounting to 41, 51 and 78 �g/L As in the extract, respec-

ively. The extract was then fortified to a level of 50 �g/L DMA and reanalyzed.

All of the above samples showed the presence of As(V) only.
ubstantial time had generally elapsed between sampling and anal-
sis and the samples were not stored in a manner that would have
revented microbial activity. Previously we had observed organic
s species to be present in stagnant surface water samples [33].
e procured a soil sample from a cultivated field and analyzed
his as soon as possible. DMA was present in this sample, but not
MA. A LC–PR–GPCL-based chromatogram of this sample, with

nd without added MMA is shown in Fig. 5. As analyzed, the
nspiked sample extract contained 41.1 ± 4.2, 50.8 ± 0.7, 0.0 ± 0.0

d in disparate aliquots by GPCL, PIXE and ICP–OES.
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nd 78.0 ± 0.7 �g/L As, respectively as DMA, As(III), MMA and As(V).
pon spiking with MMA to a level of 50 �g/L As, reanalysis yielded
2.1 ± 3.3, 48.3 ± 1.3, 51.6 ± 3.3, 78.1 ± 3.0 �g/L As for the same
espective species. The same samples were also analyzed by ICP–MS
or total As. The spiked and unspiked samples were respectively

easured to contain 172.4 ± 0.3 and 220.0 ± 1.7 �g/L As (based on
n ICP–MS calibration that contained equimolar amounts of all four
s species), compared to the chromatographic sum of 169.9 ± 4.4
nd 220.1 ± 5.7 �g/L As. In absolute amounts, the sample contained
.37 ± 0.04, 0.45 ± 0.01 and 0.70 ± 0.00 �g/g As abs DMA, As(III) and
s(V), respectively, clearly indicating the ability of the method to
peciate sub-ppm levels of As in soil.

. Conclusions

The gas phase chemiluminescence method for arsenic analysis
s an inexpensive affordable approach that is not only applica-
le to water, it is applicable to soil extracts and likely, a variety
f other sample types after appropriate extraction. Although the
eactor has to be manually washed afterwards, it is interesting to
ote that because the method intrinsically involves matrix isola-
ion, it is capable of handing mud or sediment samples directly.
he GPCL equipment costs ∼1% of that of ICP–MS and can reach an
OD within a factor of 4 of the large, expensive instrument. Unlike
CP–MS, there is no chloride interference issue and there are no
eeds for internal standards or standard addition based quanti-
ation. At a typical consumption rate for argon of 10+ L/min for a
ypical ICP-based spectrometer, the operating costs are also two
rders of magnitude lower. The GPCL technique can be used equally
ell with and without a chromatographic front end for speciation.

t is ironic that all speciation work on samples from South Asia,
here the problem is the most acute, has been carried out in fact

utside the affected countries. The GPCL technique can bring afford-
ble speciation to many laboratories. We had previously published
complete parts/vendor list [32] and reiterate herein the offer that
e will provide assistance to any nonprofit organization interested
n building GPCL analyzers for As.
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