Arsenic Speciation in Soils and Sediments: How Matrix
Complexity Determines Most Appropriate Method Selection
Elizabeth Madonick

Brooks Applied Labs, 18804 North Creek Parkway, Suite 100, Bothell, WA 98011 USA

Introduction

Mobility and bioavailability of arsenic in soils and sediments are dictated by molecular form as well as matrix-specific
constituents that contribute to the physical, chemical, and mineralogical characteristics. Choosing the most appropriate
preparatory and analytical approach is critical to accurately identifying and quantifying the molecular forms of arsenic
present. Various arsenic species have different potential pH-dependent binding capacities depending on the varying
chemistries present at different sites (Figure 1); therefore, the reactivity of the extractant may result in biased results.
Furthermore, some analytical methods are more susceptible to interferences from elevated concentrations of common
soil and sediment constituents such as iron, manganese, sulfur, and organics, increasing the risk of inaccurate data.
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Figure 1 – Arsenite (AsO33-) is most easily desorbed from hydrous ferrous oxides at an acidic pH, while
arsenate (AsO43-) is most strongly adsorbed at pH < 11 (Dzomback and Morel, 1990).

Study Description
For this study, ten soil samples were selected to do a side-by-side comparison of inorganic arsenic speciation by two different methods.
The sum of the measured inorganic species was calculated as a percentage of the total arsenic values for these samples (Figure 2).

Discussion

Results
Results in mg/kg (dry)
As(III)

As(V)

Total Rec. As

Sample ID

IC-ICP-MS

HGAAS

IC-ICP-MS

EPA 1632

ICP-QQQ-MS

A

≤ 0.032

0.689

91.9

306

149

B

≤ 0.036

0.236

52.4

136

121

C

≤ 0.038

0.118

37.3

99.0

69.3

D

≤ 0.033

0.113

67.2

178

100

E

≤ 0.038

1.95

91.1

165

142

F

≤ 0.031

0.221

43.5

125

66.5

G

≤ 0.038

0.153

29.4

67.1

49.9

H

≤ 0.037

0.074

32.9

98.9

93.3

I

≤ 0.035

0.094

25.3

97.5

54.6

J

≤ 0.039

0.098

30.0

106

68.6

Table 1 – A summary of inorganic arsenic and total recoverable arsenic results by various methods is presented.

With this group of samples, the As(V) results generated by EPA Method 1632 are significantly greater than both the total
recoverable As and the As(V) results produced by the IC-ICP-MS method. Based on our knowledge and understanding of the
extractions used for both methods, there is reason to conclude that the 2M HCl extraction could have liberated
mineralogically-bound arsenic that is not typically mobilized under normal environmental conditions. In this case, the
IC-ICP-MS results more accurately represent the environmentally relevant extractable inorganic As. While this particular
group of samples does not illustrate all of the variable issues that can be experienced with As speciation analyses, the results
demonstrate the need to carefully select extraction and analytical methods that will meet your data quality objectives.

The two most important rules for speciation analysis are to avoid inducing
molecular conversion of the target species and to extract all of the target
species of interest. The pH of an extract affects the surface charge of iron
oxyhydroxides, which is a major factor that dictates protonation of arsenic
molecules and reactivity of the system, further affecting the solubility of
these arsenic species (Goldberg and Johnston, 2000). In a sulfur-driven
system under acidic conditions, reactions can take place that can induce
formation of thioarsenicals, and in general convolute the data because of
molecular conversion. Therefore, utilizing the appropriate extraction
whether it is acidic, basic, nonionic, or other is critical for effectively
desorbing most arsenic species from their solid substrates to bring them
into solution and make them available for analysis. For example,
hexafluoroarsenate will not be supported by any of the extraction
methods presented in this poster.
Furthermore, the ability to evaluate chromatographic data from multiple
extracts across the pH spectrum to characterize which molecular forms of
arsenic are going to be desorbed by each extract is critical for obtaining
reliable speciation data (Figure 3). Redox potential and reaction kinetics
determine distribution between arsenite and sulfur in geothermal vents,
mine sites, landfills, swamps, etc. In anaerobic conditions, oxyanions react
with free sulfide and form thioarsenicals, which would not be detected by
non-chromotographic methods.
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Figure 3 – A chromatogram from the IC-ICP-MS analysis of a sample with detectable
concentrations of thioarsenicals.

Potential Issues with the Application of EPA Method 1632 for Arsenic
Speciation of Soils and Sediments
The method was written and validated only for waters and tissues.
As(V) is determined by a calculation, which would be completed after
any molecular conversion had taken place.
This method is limited to the few arsenic species which can be purged
from solution and are reactive with sodium borohydride to produce
arsines.
Complex organic, sulfidic, and other arsenic species cannot be
quantified using this method. This may be particularly relevant
depending on conditions at the site being investigated. For example,
thioarsenicals may convert to As(III), creating false positives.
Alternatively, acidic conditions can induce the formation of
thioarsenicals in sulfur-rich samples.
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Figure 2 – The sums of the arsenic species measured are represented as a percentage of total recoverable
arsenic concentration (mg/kg dry)

Methods
EPA Method 1632 utilizes selective hydride generation to facilitate the reaction between arsenite [As(III)], arsenate [As(V)],
monomethylarsonic acid (MMAs), and dimethylarsinic acid (DMAs) with sodium borohydride to produce a volatile arsine
gas. The arsine (and other volatile arsenic species) are then purged from solution, cryogenically trapped, and detected
using an atomic absorption spectrophotometer (HG-CT-AAS). For soil samples, a phosphate-based acidic extraction is
analyzed for As(III), while a 2 M HCl solution (pH < 2) is analyzed for total inorganic As [As(III) + As(V)], MMAs and DMAs.
As(V) is determined as the difference between the total inorganic As and the As(III).
Brook Applied Labs’ method for the speciation of arsenic in soils involves two separate (acidic and basic) extractions with
analysis by ion chromatography coupled to inductively coupled plasma mass spectroscopy (IC-ICP-MS). With this method,
we directly measure and quantify As(III), As(V), MMAs, DMAs, as well as up to 14 additional species. Data from both extracts
are evaluated to determine the most appropriate extraction conditions based on the chemistry inherent within each
individual sample.

The reactivity of sodium borohydride lends itself to react with a
multitude of other compounds in solution which can be especially
problematic for samples with elevated concentrations of iron and
manganese. For example, the reaction between sodium borohydride
and iron can produce insoluble iron oxides, which can then induce
co-precipitation of arsenic.
If elevated concentrations of organic compounds are present, they can
also react with sodium borohydride to generate a plethora of side
reactions.

Conclusion
Soil and sediments have complex matrices that are highly variable
depending on specific site conditions. The chemistries present within these
types of samples will not only dictate the molecular forms of arsenic
present, but how those molecular forms will respond to different extraction
solutions. High biases, such as can be seen in data presented in Table 1, can
occur when molecular conversion of the target arsenic species takes place,
analytical interferences are present, or an inappropriate extraction solution
is used. Alternatively, low-biased data can also result from the reactive
chemistry that transpires when using the wrong extractant or analytical
method. Choosing the appropriate preparatory and analytical approach for
arsenic speciation analysis of soil and sediment samples is critical for
obtaining reliable data.
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