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Arsenic is an element that is ubiquitous in the environment
and is known to form compounds with toxic, even
carcinogenic properties. Arsenic toxicity is a function of
its chemical form (species). Identification of arsenic species
is necessary to accurately determine the transformation
and fate of arsenicals as well as the actual risk posed by
arsenic contamination. We report X-ray absorption near-
edge structure (XANES) measurements of 16 biologically
important arsenic compounds. Solid and aqueous standards
were studied for differences in XANES spectral features,
white line positions, stability during exposure to the beam,
and stability between two beam exposures separated by
48 h. Samples containing As(III) (11870.0-11871.7 ( 0.5 eV)
and As(V) (11872.6-11875.3 ( 0.5 eV) were easily
distinguished by white line energies and could be further
subdivided into a total of seven groups. Valuable examples
include As(III)-sulfur compounds (11870.0 ( 0.5 eV),
arsenobetaine and arsenocholine (11872.6 ( 0.5 eV), and
a dimethyl arsinyl riboside (11873.3 ( 0.5 eV). A growing
number of environmental and biological studies use
X-ray absorption spectroscopy (XAS) results to complement
their more traditional analyses. Results provided here
are intended to help make XAS more accessible to new
users interested in the study of arsenic in the environment.

Introduction
Arsenic (As) is ubiquitous in the earth’s crust in a variety of
minerals including arsenopyrite (FeAsS), orpiment (As2S3),
and realgar (As4S4). It can then be released into the environ-
ment through natural weathering. Mining, industrial activi-
ties, and to a lesser extent, agricultural practices, are common
anthropogenic sources of arsenic compounds. Once intro-
duced, the chemical form of arsenic is altered by a variety
of biogeochemical processes (1-3).

The two most common soluble forms of inorganic arsenic
in environmental samples are arsenate (with arsenic in the
+5 oxidation state, i.e., As(V)) and arsenite (with arsenic in
the +3 oxidation state, i.e., As(III)). In aerobic environments
arsenate is thermodynamically predicted to occur as an
oxyanion (H2AsO4

- and/or HAsO4
2-), while arsenite (as

As(OH)3) dominates under reducing conditions (4-6). Or-
ganic arsenic compounds produced from the biotransfor-
mation of these inorganic arsenicals are widely distributed
in biological tissues and to a lesser extent in soils and water.
Figure 1 displays the chemical formula of 16 environmentally
important arsenic compounds. Each of these varies in toxicity
and potential for accumulation in organisms (1). It is therefore
important to identify these compounds in samples to better
understand and predict the risks they may present to human,
wildlife, and plant populations.

While much has been learned about the distribution of
inorganic and organic arsenic compounds in the environ-
ment, there are still a number of unanswered questions (see
Supporting Information). Inorganic arsenic species are
known to be converted to methylated arsenicals via bio-
chemical pathways (5, 7), and methylated compounds are
common in the terrestrial environment. The presence of
simple methylated compounds such as MMA(III and V)
(monomethylarsonous acid and monomethylarsonic acid),
DMA(III and V) (dimethylarsinous and dimethylarsinic acid),
TMAO (trimethylarsine oxide), or Tetra (tetramethylarsonium
ion) indicates metabolism of arsenic either by microbes or
more complex organisms (1, 8). Methylated arsenic com-
pounds formed or taken up by organisms occupying a lower
trophic level (e.g., mushrooms, algae, earthworms) are
thought to be the precursors for more complex organo-
arsenicals such as AB (arsenobetaine) or the arsenosugars
that have been identified in these organisms (1, 9, 10), but
the actual pathways of, for example, arsenobetaine synthesis
have yet to be elucidated. In some cases the presence of
more complex organoarsenicals in organisms occupying
higher trophic levels in the marine environment (e.g., fish)
might indicate accumulation from an outside source, most
likely through ingestion (1, 11). Conversely, some compounds
(e.g., TMAO) may result from catabolism of more complex
arsenicals (1).

Traditionally arsenic species are identified using time-
consuming, indirect methods, that determine the identity of
the compound through chemical manipulation. Pretreatment
can involve physical homogenization and drying of samples,
processes that may alter the chemical form of the arsenic.
Strong acid is used to determine the total amount of arsenic
in a sample but cannot distinguish particular arsenic species.
Extraction methods have therefore been designed to extract
only specific arsenic species (12). For example, water or
methanol/water is typically believed to extract the mobile
component of arsenic in the sample (12, 13), whereas
hydrogen peroxide extracts arsenic bound more tightly by
organic matter. Extraction methods using oxalic acid and
sodium dithionite are used to release arsenic bound by metal
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oxyhydrides, and diethyl ether removes arsenic bound by
lipids. Once extracted, arsenicals are commonly separated
using ion exchange, size exclusion, and reverse-phase high-
performance liquid chromatography (12). Different arsenic
compounds can be measured by element-specific detection
methods (e.g., atomic absorption spectrometry or inductively
coupled plasma mass spectroscopy) (12, 13). Although these
techniques have the advantage of low (i.e., parts per billion)
detection limits, they are often limited by incomplete
extraction; this is particularly true for biological samples from
the terrestrial environment (13). X-ray absorption spectro-
scopy (XAS) is a quick means of sample analysis that
minimizes sample manipulation, is indifferent to solution
or solid-phase samples, is element and oxidation state
specific, and is sensitive to parts per million (14, 15).

By convention, XAS is divided into two regions: X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS). XANES analysis focuses
on the absorption-edge region of the XAS spectrum from a
few electronvolts below an element’s K-edge to approximately
30 eV above the edge. The K-absorption edge (K-edge), or
ionization threshold, is defined as the energy required to
remove an electron in a 1s orbital and eject it into the
continuum. The white line energy is defined as the energy
required to transfer a 1s electron to a bound orbital below
the ionization threshold. Features identified in XANES

analysis reveal the most probable chemical environment
around the arsenic, through the identification of oxidation
state, and atom type and arrangement. Higher K-edge
energies generally indicate a higher oxidation state because
the greater positive charge of these compounds makes it
more difficult to photoionize the 1s electron. These data in
turn can be used to identify and quantify phases present in
a sample (16). The EXAFS part of the spectrum has a typical
range of 30 eV up to 1000 eV above the K-edge and provides
direct structural information (e.g., near-neighbor type,
distance, and coordination number).

In environmental and biological studies, XAS has been
used to study the interaction of metals with surfaces of major
mineral phases (6, 17-19), the oxidation state and coordina-
tion of metals to soils and proteins, and the local structural
environment of metals in living organisms (15). For the study
of arsenic, XAS has been used to examine arsenic speciation
in mine tailings (16, 20) and in arsenic-tolerant plants and
earthworms (21, 22). XANES is used to assign chemical
identity empirically (compare sample spectra to known
compounds) and not quantitatively through simple math-
ematical formula. Inappropriate comparisons of, for example,
pure crystalline structures to molecular structures in biologi-
cal samples may make it difficult to determine the composi-
tion and/or relative concentrations of the compounds present
in the sample of interest. To maximize the usefulness and

FIGURE 1. Chemical structures of 16 model arsenicals most relevant to biological systems. MMA(III), monomethylarsonous acid; DMA(III),
dimethylarsinous acid; Me2As, dimethylarsenic;, MeAs, monomethylarsenic; DMPS, 2,3-dimercapto-1-propane sulfonic acid; As(Glu)3,
arsenic glutathione; MMA(V), monomethylarsonic acid; DMA(V), dimethylarsinic acid; TMAO, trimethylarsine oxide; Tetra, tetramethyl
arsonium; AB, arsenobetaine; C2-AB, arsenobetaine 2; C3-AB, arsenobetaine 3; AC, arsenocholine; sugar A, a dimethylarsinyl riboside.
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accuracy of XAS for the identification of arsenic species within
biological samples, the scientific community needs the
spectral fingerprints of a comprehensive, expanded list of
model compounds. To this end we have studied 16 individual
organic and inorganic arsenic compounds (Figure 1) that
are frequently detected in a variety of organisms. We have
characterized their XANES for use as standards relevant to
samples taken from the environment.

Experimental Approach
Standards Preparation. Standards were classified as con-
taining arsenic in either the V or the III oxidation state. Starting
materials containing As(V) included arsenate (obtained as
KH2AsO4, Fluka reagent grade), monomethylarsonic acid
[MMA(V), Pfaltz and Bauer reagent grade], dimethylarsinic
acid [DMA(V), Aldrich reagent grade], trimethylarsine oxide
(TMAO, synthesized), tetramethylarsonium iodide (Tetra,
synthesized; 23), arsenobetaine (AB, synthesized; 24), arseno-
betaine 2 (C2-AB, synthesized; 11), arsenobetaine 3, (C3-AB,
synthesized; 11), arsenocholine (AC, synthesized; 24),
and (R)-2,3-dihydroxypropyl-5-deoxy-5-dimethylarsinyl-â-
D-riboside (sugar A, synthesized; 25). Starting materials
containing As(III) included arsenite (obtained as As2O3, Fluka
reagent grade), monomethylarsenic(III) diiodide (MMA(III),
synthesized; 26), dimethylarsenic(III) iodide (DMA(III), syn-
thesized; 27), dimethylarsenic 2,3-dimercapto-1-propane
sulfonic acid sodium salt (Me2AsDMPS, synthesized; 28),
monomethylarsenic DMPS (MeAsDMPS, synthesized; 28),
and arsenic glutathione (As(Glu)3, synthesized; 29). Synthe-
sized compounds were prepared by Drs. H. Sun and W. R.
Cullen using standard methodologies. All such compounds
were provided in a pure (>97%) state as determined by
nuclear magnetic resonance (NMR), elementary analysis (EA),
and mass spectroscopy (MS). Sugar A, DMA(III), and TMAO
were only available as aqueous solutions; the remaining
arsenic compounds were originally obtained as solids.

Both solid samples and aqueous solutions (dissolved in
distilled deionized H2O) of the arsenicals were analyzed. Solid
arsenic standards were mixed with silica and sealed into 3
mm deep wells of an aluminum sample holder with Kapton
tape on either side. Silica was chosen as a neutral material
for diluting standards (Table 1); however, biological matrixes
are predominantly water; therefore the XANES of the arsenic
compounds in aqueous solution are probably most relevant.
Aqueous preparations were absorbed into a piece of Kimwipe,
and then the saturated samples were mounted between two
strips of Kapton for XANES analysis (Table 1). During analysis,
samples prepared in this fashion were observed by camera
and did not leak. These samples were visually moist after
analysis. Aqueous arsenic standards mounted in the alu-
minum sample holder and/or a wet cell during an inde-
pendent beamtime session (Figure 2 open circles) had similar
XANES spectral shape to samples absorbed into Kimwipe.
Undiluted standards (arsenite, arsenate, DMA(V), MMA(V))
were mounted as a thin layer of powder between two pieces
of Kapton tape.

Spectroscopic Techniques. XANES and EXAFS spectra
were collected at the bending magnet beamline of the Pacific
Northwest Consortium Collaborative Access Team (PNC-
CAT), Sector 20 at the Advanced Photon Source (APS),
Argonne National Laboratory (30). A silicon (111) double-
crystal monochromator (bandwidth ∼ 5000 ∆E/E at 12 keV,
detuned to 85% of maximum intensity for harmonic rejection,
with 1 mm slits 51 m from the source) and a rhodium-coated
harmonic mirror for further planar rejection provided X-rays
for measurement. The monochromator was calibrated using
the first inflection point of the gold LIII absorption edge
(11919.7 eV; 31) for measurements at the arsenic K-edge
(11868 eV). A slit of 1 mm vertical by 4 mm horizontal was

used after the mirror to define the size of the X-ray beam
incident on upon the sample. Nitrogen-filled transmission
ionization chambers were present before and after the
samples for normalization to the incident intensity and
transmission measurements, respectively. Fluorescence data
for aqueous preparations were collected using a solid-state
Ge(Li) detector (Canberra model GL0055PS) or an argon-
filled fluorescence ionization chamber, and no self-absorp-
tion was observed for the compounds studied (32). Trans-
mission measurements were collected for the undiluted
samples, and some silica diluted samples using a nitrogen-
filled parallel plate transmission ion chamber. Typically, 5
scans were collected and averaged (0.5 eV step size over the
edge) before background removal and normalization-to-edge
jump. The program, WinXAS (33), was used for processing
the spectra.

TABLE 1. List of Arsenic Standards for Sample Comparisonsa

As
standard

solution
concn
(ppm)

solid
concn
(ppm) pH

arsenite 1000 102271 9.0
MMA(III) 50 7635 0.5
DMA(III) immiscible na 1.0
MeAsDMPS 10052 10408 4.0
Me2AsDMPS 9495 10056 5.0
As(Glu)3 10294 3766 na
arsenate 10408 10936 5.0
MMA(V) 870 10284 9.0
DMA(V) 968 10 643 6.5
TMAO 100 na na
Tetra 10540 10000 5.0
arsenobetaine 100 10009 2.0
arsenobetaine 2 ∼1000 10000 na
arsenobetaine 3 ∼1000 10000 na
arsenocholine 12128 10817 4.0
sugar A ∼100 na 4.5
a Acronyms are defined in terms of the starting material: arsenite,

As2O3; MMA(III), monomethylarsenic(III) diiodide; DMA(III), dimethyl-
arsinic(III) idodide; Me2As, dimethylarsenic; MeAs, monomethylarsenic;
DMPS, 2,3-dimercapto-1-propane sulfonic acid; As(Glu)3, arsenic gluta-
thione; arsenate, KH2AsO4; MMA(V), monomethylarsonic acid; DMA(V),
dimethylarsinic acid; TMAO, trimethylarsine oxide; Tetra, tetramethyl-
arsonium iodide; AB, arsenobetaine; C2-AB, arsenobetaine 2; C3-AB,
arsenobetaine 3; AC, arsenocholine; sugar A, a dimethylarsinyl riboside.
b Standards selected have the most relevance to biological systems.
Standards were prepared as aqueous solutions (diluted with distilled
deionized H2O) and as solids (mixed with silica). pH values correspond
to aqueous standards (na ) not available).

FIGURE 2. White line (peak of the absorption edge) energies for
arsenicals in aqueous arsenic solution analyzed during independent
sessions at the beamline. Generally, white line energies were
reproducible within 0.5 eV. DMA(III) was not reproducible. Session
5 DMA(III) and session 3 MMA(III) may have oxidized to DMA(V)
and MMA(V), respectively. The experiment testing both aqueous
and silica standards took place during session 2.
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Results and Discussion
Analysis of standards was conducted to determine (a) if solid
samples and aqueous solutions of the same arsenic com-
pound had similar white line energies and XANES spectral
features, (b) if standards suffered radiation-induced changes
due to beam exposure, and (c) if aqueous arsenic standards
were stable over a period of 48 h. XANES spectra for the
arsenic compounds analyzed are given in Figure 3. The white
line energy for arsenate was observed to be 3.6 eV greater
than that of arsenite. The greater positive charge of arsenate
causes the core electrons to be bound more tightly by the
nucleus; therefore, more energy is required to remove one
of these electrons. Generally for every electron lost there is
a 2-3 eV increase in observed white line energy (34). Group
1 compounds have lower white line energies than arsenite
due to the difference in electronegativities of oxygen and
sulfur. Core electrons of arsenic atoms in an As-S bond are
more easily photoionized than the 1s electrons of arsenic in
an As-O bond. For both arsenate and arsenite, peak height
for the silica mixture was lower than the aqueous preparation
(Figure 3). This result has been reported previously for the
sodium salts of arsenic versus those salts in solution (21). To
accurately fit and quantify the amount of arsenic compounds
in a sample, appropriate measurements for white line height
to post-edge height are needed and are usually obtained in
transmission mode. The XANES profile for solid arsenite,
both undiluted and mixed with silica, had a unique peak
feature at 11882.8 eV (Figure 3). Our studies examined solid
arsenite as arsenic trioxide (As2O3), and the observed peak
is attributed to the crystal structure. In comparison, solid
sodium arsenite XANES spectra do not have the observed
feature (6).

White Line Comparisons. A schematic of the mean white
line energy positions for the arsenic compounds is shown in
Figure 4. White line peak positions (in eV) were obtained
from the point where the first derivative of each averaged
near-edge spectrum crossed zero. Arsenic species with similar
white lines (<0.5 eV difference) were assigned to groups
(Figure 4), an example of which is group 4 (Figure 5). The
usefulness of using EXAFS for distinguishing arsenic species
with similar XANES spectra (e.g., AB, C2-AB, C3-AB, AC) is
currently being studied. White line positions did not dis-
tinguish between sulfur-containing arsenic(III) compounds
in our group 1. Data from a previous study indicated that
white line energy could not be used to distinguish between
FeAsS (arsenopyrite), and arsenian FeS2 or between AsS
(realgar) and As2S3 (orpiment) (18). The white line energies
we report for arsenite (11871.7 eV), arsenate (11875.3 eV),
and group 1 compounds (11870.0 eV) fall within the values
reported in the literature (Table 2). Spectra for a selection of
aqueous standards were replicated during an independent
session at APS (Figure 2). White line energy values for a given
arsenic compound generally varied by less than 0.5 eV
between beamtime sessions. DMA(III) (session 5) and MMA-
(III) (session 3) appear to have oxidized to DMA(V) and MMA-
(V), respectively (Figure 2).

To determine if white line energies for each arsenic
compound depended on the physical state of the samples,

FIGURE 3. XANES spectra for 14 aqueous (solid line) and 10 solid
mixed with silica (dotted line) arsenic compounds. Solid vertical
line ) arsenate white line position (11875.3 eV). Dotted vertical line
) arsenite white line position (11871.7 eV). Arrow indicates spectral
feature present in arsenite + silica sample but not in aqueous
arsenite samples.

FIGURE 4. Mean white line (peak of the absorption edge) energies
in eV for arsenical groups (Grp). Underlined standards had different
white lines for aqueous preparations and solid samples mixed with
silica. Asterisked (/) arsenicals were only available as aqueous
solutions. For all other arsenicals, white line energy was inde-
pendent of the phase. Dotted vertical lines represent pentavalent
species (except MMA(III)(s)), solid vertical lines represent trivalent
species. (s), solid mixed with silica; (aq), dissolved in distilled
deionized H2O; AB, arsenobetaine; C2, arsenobetaine 2; C3, arseno-
betaine 3.

FIGURE 5. XANES spectra of aqueous solutions of group 4 arsenic
standards could not be distinguished by their white line energies
(vertical dashed line ) 11872.6 eV). AC, arsenocholine; AB,
arsenobetaine; C3-AB, arsenobetaine 3; Tetra, tetramethyl arsonium.

VOL. 39, NO. 1, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 251



we compared XANES spectra of solid state and aqueous
standards. With the exception of MMA(III) and DMA(V),
arsenic standards had similar white line energy positions
when dissolved in water and when mixed with silica. MMA(III)
and DMA(V) had higher white line energies in the solid (i.e.,
mixed with silica) state than in the aqueous state (Figure 4).
One interpretation of this result is that the solid MMA(III)
standard may have oxidized during preparation. This in-
terpretation is consistent with the observation that the peak
position of the shifted MMA(III) solid mixed with silica
(11874.1 eV) corresponds to both the peak position for solid
MMA(V) mixed with silica and undiluted solid MMA(V).
Similar reasoning does not seem plausible for DMA(V) since
the arsenic is already present in the +5 oxidation state. Further
analysis revealed that the white line energies of undiluted
solid DMA(V) and aqueous DMA(V) match, both occurring
at a lower energy than the white line of solid DMA(V) in
silica. It is possible that this difference reflects how the
hydrogen-bonded dimer form of DMA(V) in solid phase (39)
is altered by bonding to silica. Further analysis using boron
nitride in place of silica may help to resolve this issue.

Beam Damage. Factors influencing beam damage include
arsenic sample species, concentration, preparation (e.g.,
state), analysis conditions (e.g., temperature, pressure), and
experimental parameters (e.g., beam flux level, run time).
Arsenic compounds studied here were examined at room
temperature and ambient pressure, as both solids and as
aqueous solutions, with exposure times from 30 to 50 min.
No alterations in XANES spectra, for solid or aqueous arsenic
preparations at high concentrations were observed. Several
other studies have reported no beam damage for aqueous
and salt standards of both sodium arsenate and sodium
arsenite as well as arsenic oxide, As2O5 (6), either using similar
experimental conditions or higher photon flux beams with
shorter scan time per sample (i.e., similar total number of
photons per time) (40).

At lower concentrations, damage attributed to total beam
exposure was observed for aqueous arsenic standards. An
increase in white line energy was the most commonly
observed form of beam damage. We found that for selected
aqueous arsenic standards at concentrations of 10000, 1000,
100, and 10 ppm over ∼1 h the arsenite (100 ppm) and
MMA(III) (10 ppm) spectra showed obvious shifts to higher
photon energies, consistent with oxidation to arsenate and
MMA(V), respectively (MMA, Figure 6).

Beam damage was also observed on the higher flux
undulator beamline. The arsenite spectrum developed a peak
feature consistent with oxidation to arsenate after only three
scans. Bostick et al. reported oxidation from beam exposure
(∼180 min) for arsenite adsorbed to PbS using a high flux
wiggler beamline (17). Their data indicated that the majority
of oxidation occurred as a result of exposure to the X-ray

source rather than atmospheric oxygen; in part because the
samples were stored in an anaerobic glovebox and had limited
exposure to an aerobic environment before analysis (17).
The literature suggests cooling samples to reduce the
destructive effects of the high energy X-rays (15). In our
studies, samples analyzed at -20 °C on the undulator
beamline experienced decreases in signal as well as beam
damage. The high energy of the undulator beam melted the
sample, which was hypothesized to flow (convection) to the
edge of the beam carrying the absorber with it. This loss of
signal was also observed in the study of proteins using a high
flux beamline (41).

Standard Stability. To determine the stability of arsenic
preparations over time, under ambient conditions, the same
aqueous arsenic standards were analyzed twice with 48 h
between analyses. Samples remained mounted in Kapton
tape between analyses. With the exception of Me2AsDMPS,
which appeared to oxidize over the intervening 48 h (Figure
7), no degradation of other aqueous preparations was
observed. The behavior of Me2AsDMPS may reflect both
oxidation during preparation (40) and lower stability under
these experimental conditions.

To understand the risks posed by arsenic contaminated
environments to human, wildlife, and plant populations, it
is important to understand how arsenic occurs, how it is
taken up, and how it is subsequently transformed and stored
or accumulated by organisms (8). Traditional speciation

TABLE 2. Summary of White Line Energies for Arsenate,
Arsenite, and Arsenic-Sulfur Compounds Reported in
Literature

white line energy (eV)

arsenite arsenate arsenic-sulfur ref

∼11871 ∼11874 ∼11869 (AsS) 17
11871 11874 11869 (AsS) 18
* 11875 11869 (As(Glu)3) 22
11872 11876 * 34
11872 11876 * 35
* * 36
∼11872 ∼11870 (AsS) 37
* * 38
11871 11870 (As(Glu)3) this paper

*, no data available. ∼, Data estimated from graph.

FIGURE 6. Oxidation of aqueous 10 ppm MMA(III) was marked by
the growth of a spectral feature (indicated by arrows) at 11874.2
eV over successive scans. This new feature has a similar white
line position to that of aqueous MMA(V) (11874.1 eV). Z ) scan
number.

FIGURE 7. Oxidation of Me2AsDMPS was marked by the appearance
of a spectral feature at 11872.9 eV (vertical dashed line) which was
not present during initial XANES analysis 48 h earlier. The original
Me2AsDMPS standard remained sealed in Kapton at room tem-
perature and ambient pressure for the intervening 48 h period.
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analysis can result in potentially erroneous and/or incomplete
identification of arsenic species. XAS identifies arsenic
compounds in situ, which circumvents the limitations of
sample preparation required with conventional methods,
but it is sensitive only in the ppm range. Combining XAS
with conventional analyses and the use of the most ap-
propriate standards available will provide a more accurate
and complete picture of arsenic speciation in the environ-
ment.
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