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a b s t r a c t

In order to preserve iron-rich samples for arsenic speciation analysis, mineral acids or EDTA are typically
added to prevent oxidation and precipitation of iron. However, when sul � de is present, and thioarsenates
([HAsVS� II

nO4� n]2� , n ¼ 1e 4) can form, these methods are unsuitable due to arsenic sul � de precipitation
or artifact speciation changes. Here, a new method based on separating the anionic arsenic species from
cationic iron in the presence of sul � de via solid phase extraction (SPE) has been investigated. Synthetic
solutions containing arsenite, arsenate, monothioarsenate, and trithioarsenate were passed through the
anion-exchange resin AG2-X8, after which the resin was washed, eluted, and speciation of each step
analyzed by IC-ICP-MS. Retention on the resin of 96.8 ± 0.2%, 98.8± 0.2%, and 99.6± 0.3% was found for
arsenate, monothioarsenate, and trithioarsenate, respectively. Cationic iron (90 mM Fe(II)) was not
retained (0.4 ± 0.2%). Uncharged arsenite passed through the resin in the absence of sul � de, while 47.3%
of arsenite were retained at tenfold sul � de excess via thiol groups binding to the organic resin structure.
Elution with 3 � 15 mL of 0.5 M salicylate, including a soak time, resulted in quantitative recovery of all
retained species. Stability of the retained species on the resin was tested with iron-rich, natural waters
from a Czech mineral spring. Arsenate, monothioarsenate, dithioarsenate, and trithioarsenate were
successfully separated from iron and recovered after 6 d. Thus, SPE presents a viable answer to the
problem of preserving arsenic in the presence of both iron and sul � de.

© 2016 Published by Elsevier Ltd.

1. Introduction

It is well documented that speciation is a key factor for
understanding the fate of arsenic in the environment. Over the
years, numerous studies have shown how the oxidation state of
arsenic controls not just its mobility in natural systems ( Ferguson
and Gavis, 1972; Campbell and Nordstrom, 2014 ), but also its
toxicity ( Styblo et al., 2000; Dopp et al., 2008; Hinrichsen et al.,
2014). In order to assess the potential impact of arsenic in the
environment, it is therefore imperative to measure the correct
arsenic speciation in natural samples. However, maintaining orig-
inal speciation in a sample during collection and storage can be
challenging, particularly in the presence of iron.

Iron has the potential to impair both the speciation and total
arsenic concentration of a sample. In less than 1 d, 0.3 mM arsenite
can be fully oxidized to arsenate in an unpreserved sample with
18 mM Fe(III) (Bednar et al., 2002). Furthermore, arsenite and

arsenate readily co-precipitate with, or adsorb on, iron oxy-
hydroxides depending on pH ( Dixit and Hering, 2003 ), which leads
to loss of total dissolved arsenic. To overcome these problems,
different preservation methods have been developed. Most of the
published methods are based on the addition of mineral acids, such
as HNO3, HCl, H2SO4, or H3PO4 to the sample ( Cherry et al., 1979;
Cheam and Agemian, 1980; Aggett and Kriegman, 1987; Edwards
et al., 1998; Hall et al., 1999; Daus et al., 2002 ). This approach is
used to decrease the pH to <2 in order to keep iron in solution,
which has been shown to preserve arsenic speciation in the pres-
ence of 300 mM Fe(II) for up to 6 weeks ( Aggett and Kriegman,
1987). However, the addition of mineral acids has also been re-
ported to change arsenic speciation and total concentrations. Rapid
oxidation of arsenite has been found in samples preserved with
HNO3 or HCl (Hall et al., 1999; Bednar et al., 2002 ), as a result of
photochemically-induced nitrate reduction or dichloro radical for-
mation ( Emett and Khoe, 2001 ), respectively. Other studies have
evaluated the use of EDTA to chelate iron, and thus avoid oxidation
and precipitation of iron oxyhydroxides ( Gallagher et al., 2001;
Bednar et al., 2002). Samples containing arsenite and arsenate* Corresponding author.
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were stable for up to 3 months when treated with EDTA and stored
in opaque polyethylene bottles ( Bednar et al., 2002).

Method development for arsenic preservation in iron-rich wa-
ters has focused on arsenite and arsenate so far. In sul � dic envi-
ronments, however, thioarsenates ([HAs VS� II

nO4� n]2� , n ¼1e4) can
also play a signi � cant role for arsenic speciation. Initially, thio-
arsenates were found in iron-free geothermal systems, represent-
ing up to 83% of total arsenic ( Planer-Friedrich et al., 2007; Planer-
Friedrich and Wilson, 2012; Ullrich et al., 2013 ). Despite the po-
tential formation of iron sul � des, thioarsenates have also been
shown to exist in iron-rich environments ( Suess et al., 2011; Stucker
et al., 2014). Furthermore, several laboratory studies on the
mobility of thioarsenates reported their occurrence in the presence
of nanohematite, goethite, ferrihydrite, mackinawite, and pyrite
(Suess and Planer-Friedrich, 2012; Burton et al., 2013; Couture et al.,
2013; Stucker et al., 2014 ). The reaction of free sul � de with arsenite
to form thioarsenates is kinetically favored over the formation of
iron sul � des. Therefore, thioarsenate formation will occur prior to
precipitation of any iron sul � des such as mackinawite, greigite, or
pyrite.

Preserving thioarsenates in a solution that contains iron and
sul� de presents a delicate task. Acidi � cation of such a sample
would lead to precipitation of arsenic sul � des (Smieja and Wilkin,
2003). Preservation with EDTA, as recommended by Bednar et al.
(2002) , was found to accelerate oxidation of arsenite, while also
causing artifact thioarsenate formation ( Suess et al., 2015). Flash-
freezing, which preserved thioarsenates in iron-free solutions for
up to 67 d ( Planer-Friedrich et al., 2007 ), leads to oxidation of Fe(II)
and precipitation of iron oxyhydroxides upon thawing the sample
prior to analysis. This promotes co-precipitation and adsorption of
arsenic, which renders it unsuitable for the preservation of iron-
rich samples. Overall, none of the established methods can pre-
serve arsenic speciation in the presence of sul � de and iron.

This lack of a suitable preservation method for sul � dic, iron-rich
waters can be addressed by applying solid phase extraction (SPE). It
has been shown that arsenite and arsenate can be separated using
SPE cartridges packed with aluminosilicate ( Meng et al., 2001 ), or
more commonly with anion-exchange resin according to Ficklin
(1983) . When a sample is passed through an anion-exchange
resin, anionic arsenate will be adsorbed, while uncharged arse-
nite will pass without interaction ( Kim, 2001; Yalcin and Le, 2001;
Bednar et al., 2002; Watts et al., 2010; Bennett et al., 2011; Sugar
et al., 2013). Most anion-exchange resins consist of a functional
group, such as a quarternary ammonium group, attached to a sty-
rene divinylbenzene copolymer lattice. In its original form the
positively charged functional group binds a counter ion such as
chloride or acetate. When a sample is applied to the resin, this
counter ion is replaced with an anionic compound from the sample.
The retained anionic compounds can be removed later from the
resin by applying an eluting agent. In order to elute arsenate from
an anion-exchange resin,1 M HCl ( Le et al., 2000), 6 M HCl (Jay et al.,
2004), 0.16 M HNO3 (Bednar et al., 2002), 1 M HNO3 (Watts et al.,
2010), or 2 M HNO 3 (Bennett et al., 2011 ) have been proposed.

The capability of SPE to retain anionic compounds on a resin can
be employed for the preservation of thioarsenates in sul � dic, iron-
rich waters. Under environmentally relevant conditions, thio-
arsenates occur as anionic species (Thilo et al., 1970 ) and can be
expected to adsorb to the anion-exchange resin. At the same time,
cationic iron should pass through the resin without interaction.
Thus, arsenic speciation changes are prevented by separating thi-
oarsenates on-site from iron. However, the main challenge consists
of eluting the retained thioarsenates for analysis without changing
speciation. Lord et al. (2012) used SPE to investigate arsenic
speciation of geothermal waters shown to contain thioarsenates
(Planer-Friedrich and Wilson, 2012; Ullrich et al., 2013 ). They

speculated that thioarsenates were retained on the anion-exchange
resin, but were unable to elute them for analysis. Elution with HCl
or HNO3, as previously presented for arsenate, will cause species
conversion and arsenic sul � de precipitation. Druschel et al. (2003)
studied SPE for the preservation of sulfate and thiosulfate in
geothermal waters and showed that 0.5 M KCl can elute sulfate and
thiosulfate without speciation changes, which might be transfer-
able to thioarsenates.

The aim of this study was to explore the potential of SPE to
preserve arsenic speciation in sul � dic, iron-rich waters. Based on
the hypothesis that thioarsenates can be separated on-site from
iron, this approach will prevent arsenic speciation changes and
arsenic adsorption on iron oxyhydroxides. After ensuring full
retention of the arsenic species on the anion-exchange resin, the
development of a species-conserving elution was a major focus.
Furthermore, the stability of the retained species on the resin was
investigated over time. The method developed in this study is
summarized in a detailed application protocol that demonstrates
the preservation of arsenic in the presence of sul � de and iron using
SPE.

2. Material & methods

2.1. Preparation of cartridges

Cartridges for SPE were prepared with 1 g of strongly basic
anion-exchange resin (AG2-X8, Cl-form, BioRad). A polyethylene
frit was inserted into a 6 mL polypropylene tube (Supelco, Sigma-
Aldrich), and a slurry of resin and deionized water (MQ,
18 MU cm) was poured into the tube. Excess water was removed by
applying vacuum at the tube outlet producing a compact resin bed.
No top frit was inserted to promote mixing with the applied solu-
tions. Prior to sample application the resin was conditioned with
12 mL of 0.1 M KOH ( � 85%, Sigma-Aldrich) or 12 mL of MQ water,
ensuring that the resin was fully equilibrated.

2.2. SPE procedure

During the � rst step of the SPE procedure, 250 mL of initial
sample solution was passed through the resin at a � ow rate of
1.7e 2.0 mL min � 1 (Fig. 1). A vacuum manifold was used to control
constant � ow during sample application. While applying the
sample at the top of the cartridge, the passage was collected at the
outlet of the tube. Hence, the passage contains the compounds not
retained by the resin. The second step consisted of quickly washing
the resin by applying 4 mL of MQ water to eliminate excess sample
solution from between the resin beads. When a natural sample was
applied, this step also removed any weakly bound matrix
compounds.

The third step of the SPE procedure constitutes the elution,
during which the retained compounds were removed from the
resin. Elution of the target sulfur and arsenic species was investi-
gated using 0.5 M and 3 M KCl ( � 99.8%, VWR), 0.1 M NaOH (50% w/
w, Sigma-Aldrich), 0.5 M sodium citrate (C 6H5Na3O7, � 99%, Sigma-
Aldrich), and 0.5 M sodium salicylate (C 7H5NaO3, � 99.5%, Sigma-
Aldrich). Since sodium salicylate yielded the best results it was
chosen for all further experiments. For the elution, 15 mL of 0.5 M
salicylate were applied to the resin in three increments of 5 mL
each, including 20 min soak time before eluting each increment.
These three increments were collected as one sample. Eluting with
15 mL salicylate in this way was repeated three times generating
eluates A, B, and C.

Synthetic sample solutions containing 31.2 mM ammonium
sulfate ([NH 4]2SO4, � 99.99%, Sigma-Aldrich), 46.8 mM sodium
thiosulfate (Na 2S2O3, � 99.99%, Sigma-Aldrich), 2.7 mM sodium
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arsenite (NaAsO2, � 90%, Sigma-Aldrich), 2.7 mM sodium arsenate
(Na2HAsO4 � 7 H2O, � 99.99%, Sigma-Aldrich), 2.7 mM mono-
thioarsenate (Na 3AsO3S � 7 H2O), or 5.7 mM trithioarsenate
(Na3AsOS3 � 8 H2O, both synthesized as stated in Suess et al.
(2009) ) were treated according to the described SPE procedure.
To investigate the applicability for iron-rich samples, 90 mM FeCl2
(� 99.0%, Sigma-Aldrich) was added to initial sample solutions of
5 mM monothioarsenate (with and without 4 mM NaCl) and a
mixture of arsenite, arsenate, monothioarsenate, trithioarsenate,
and sul� de. In the course of method development, a slightly
different elution was tested for the monothioarsenate solutions
with iron (1 h soak time with 15 mL instead of 3 � 20 min with
3 � 5 mL salicylate). All experiments were performed in triplicate,
and under anoxic conditions, when oxidation of thioarsenates or
Fe(II) was a concern. Aliquots of each step of the SPE procedure
were collected for total and species concentration analysis. Samples
for total analysis were stored at 4 � C after adding H 2O2 (30%, VWR)
and 7.25 M HNO3 (65%, Sigma-Aldrich) to a � nal concentration of
0.4% and 0.8%, respectively. Only H2O2 was added to the aliquots
from eluates A, B, and C to avoid precipitation of salicylic acid.
Samples for speciation were analyzed immediately as described in
section 2.4.

Considering potential interactions between arsenite and sul � de
during the sample application, an additional test was performed in
which 50 mL of 133.5 mM sodium sul � de (Na2S � 9 H2O, >98%,
Sigma-Aldrich) was passed through the resin, followed by 50 mL of
13.35 mM arsenite. The resin was washed and only the � rst elution,
step A, was performed with 1 � 15 mL of 0.5 M alkaline salicylate,
since the focus of this test was to investigate the sample application
process. Samples of each step were analyzed for arsenic speciation
and sul� de.

Potential reactions of arsenite with sul � de leading to artifacts in
the eluates were examined. Solutions containing 25.8 mM arsenite
and 2.8 mM sul � de were monitored over time in different matrices
of MQ water, 0.5 M salicylate (dissolved in MQ water, pH 6.5) or
0.5 M alkaline salicylate (dissolved in NaOH, pH 12.3). Samples for
arsenic speciation were collected after 0.25 h, 0.5 h,1 h, 2 h, 4 h, and

1 d.

2.3. Stability test with natural waters

The stability of the target species on the resin during storage
was tested with natural iron-rich waters from Frantiskovy Lazne,
Czech Republic, which are known to contain thioarsenates and
have been characterized in more detail in Suess et al. (2011). Waters
from the mineral spring Stepanka (pH 5.6, 186 mM Fe) were spiked
with 13.35 mM arsenite and 133.5 mM sul � de to generate a suf � cient
amount of each sulfur and arsenic species for method assessment. A
volume of each 250 mL of this initial sample solution was passed
through 9 cartridges. After the wash step the cartridges were dried
by applying vacuum and stored at 4 � C under exclusion of light.
Three cartridges each were eluted after 1, 2, and 6 d of storage using
3 � 15 mL of 0.5 M salicylate as previously described ( Fig. 1).

2.4. Analytical methods

The solutions derived from the SPE procedure (passage, wash,
eluate A, B, and C), and the initial sample solutions were analyzed
for sulfur and arsenic species, as well as total arsenic and iron.
Speciation of sulfur and arsenic was determined immediately
following a previously established method ( Planer-Friedrich et al.,
2007). Species were separated by ion chromatography (IC, IonPac
AG/AS16, ICS 3000 SP, Dionex) using gradient elution of
20e 100 mM NaOH at 1.2 mL min � 1, and detected by inductively
coupled plasma mass spectrometry (ICP-MS, XSeries2, Thermo
Scienti� c). Sulfur and arsenic species were determined in oxygen
mode at m/z ¼ 48 and 91, respectively. Sulfate, thiosulfate, arsenite,
and arsenate were quanti � ed via their respective calibration stan-
dards. Due to the lack of commercially available standards for thi-
oarsenates, these species were quanti � ed using the calibration of
arsenate. The validity of this approach has been discussed in Planer-
Friedrich et al. (2007) .

Preliminary tests on the IC-ICP-MS showed that salicylate in-
creases the signal intensity of the investigated sulfur and arsenic
species considerably. To account for this sensitivity change, cali-
bration solutions in salicylate were used for all samples. Moreover,
the high salt load of salicylate in the eluates was found to impair
chromatographic separation, rendering sample dilution necessary.
Taking into account both IC performance and detection limits, a
minimum tenfold dilution to 50 mM salicylate and a 25 mL injection
volume were chosen for the eluates. This means that the proposed
SPE procedure will allow detection of arsenic species >54 nM in a
sample, assuming an initial sample volume of 250 mL is applied and
eluted with 3 � 15 mL salicylate.

Solutions from the SPE procedure were also sampled for total
arsenic and iron determination. Samples were measured by ICP-MS
in oxygen mode for arsenic at m/z ¼ 91 and in kinetic energy
discrimination mode (KED, � 3 V) for iron at m/z ¼ 56. Besides
external calibration corrections every 10 to 15 samples, rhodium
was used to correct for internal instrument drift. Quality of analysis
was monitored with a certi � ed reference material (TM-DWS,
Environment Canada, National Water Research Institute).

Sul� de was determined photometrically by the methylene-blue
method in samples from the experiment considering arsenite-
sul� de interactions. Aliquots from the initial sul � de and arsenite
solutions, the respective passages, wash, and the one eluate A were
analyzed in triplicate using a microplate reader at 650 nm (In � nite
200 Pro, Tecan).

2.5. Retention and recovery calculations

The two parameters retention and recovery were used to assess

Fig. 1. SPE procedure including the 3 steps of (1) passing 250 mL of the initial solution
through AG2-X8 resin, (2) washing with 4 mL of MQ water, and (3) eluting with
3 � 15 mL 0.5 M salicylate.
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the ef � ciency of the proposed SPE procedure. Concentrations
derived from sample analysis were converted to molar amounts n,
based on the respective volumes of each step in the SPE procedure.
The retention was calculated according to equation (1), and dem-
onstrates how much of a given compound is adsorbed while the
initial solution passes the resin:

retention ¼
ninitial � npassage

n initial
� 100 % (1)

where n initial is the molar amount of a compound in the initial
sample solution, n passage is the molar amount of this compound
found in the passage, and their difference essentially constitutes
the amount retained on the resin during sample application.

The recovery indicates to what extent a retained compound is
removed from the resin during elution (Eq. (2)):

recovery ¼
neluate Aþ Bþ C

ninitial � npassage � nwash
� 100 % (2)

where n eluate Aþ Bþ C is the sum of the molar amounts in all three
eluates compared to the molar amount bound on the resin prior to
elution (n initial � npassage� nwash). This calculation inevitably com-
bines samples containing two different matrices. The initial solu-
tion is in MQ water, while the eluates are in salicylate, which was
found to increase the sensitivity of IC-ICP-MS. This would under-
estimate the target species in the initial solution based on the
calibration in salicylate. To account for the sensitivity change, the
initial sample was analyzed both in MQ water and salicylate matrix.
The initial in MQ water was used for calculating the retention, while
the initial in salicylate was used for calculating the recovery. For the
small concentrations in the passage and wash samples the sensi-
tivity change is negligible.

3. Results & discussion

3.1. Development of SPE procedure

In order to develop a preservation method for sulfur and arsenic
species in iron-rich waters, a number of different SPE procedures
were investigated. The results were evaluated with respect to (1)
retention of sulfur and arsenic species on the anion-exchange resin,
and (2) recovery of these target species through elution, and pa-
rameters were adjusted accordingly. Prior to detailed method
optimization, a number of preliminary tests were conducted, of
which the results are brie � y summarized in the following (data not
shown).

Conditioning the resin prior to sample application was � rst
conducted with 0.1 M KOH as suggested by Kaasalainen and
Stef�ansson (2011). However, for samples that also contained iron
this led to precipitation of iron oxyhydroxides visible on the resin
surface. Thus, the conditioning step was conducted using MQ water
instead of KOH to avoid high pH conditions between the resin
beads.

Several eluting agents were tested to achieve complete recovery
of the retained species. Druschel et al. (2003) reported the use of
0.5 M KCl to elute sulfate and thiosulfate from AG2-X8 resin. In
accordance with this, our results showed complete recovery for
sulfate, thiosulfate, and monothioarsenate, but not for tri-
thioarsenate. Even higher concentrations of up to 3 M KCl did not
elute trithioarsenate completely. Based on the established method
for thioarsenate detection by IC-ICP-MS ( Planer-Friedrich et al.,
2007), 0.1 M NaOH was tested as an alternative eluting agent, but
did not yield full recoveries. The possibility of using 0.5 M citrate for
the elution was also investigated. However, citrate was found to

negatively affect peak shape of arsenate in ion chromatography,
and was therefore excluded from further consideration. Finally,
0.5 M salicylate was found to yield complete recoveries, and was
used for all further experiments. A detailed description of the
optimized SPE procedure can be found in the supporting infor-
mation (SI-10).

3.2. Synthetic solutions without iron

3.2.1. Retention and recovery of individual sulfur and arsenic
species

First, the retention of sulfur and arsenic species on the anion-
exchange resin was investigated for each species individually in
solutions without iron. When the sample solution passed through
the resin, the applied sulfate, thiosulfate, arsenate, mono-
thioarsenate, and trithioarsenate were adsorbed completely,
yielding retention values of 100.0 ± 0.0%, 100.0± 0.0%, 96.8± 0.2%,
98.8 ± 0.2%, and 99.6± 0.3%, respectively (Table 1, speciation data in
SI-1, 2, 4, 5, 6). However, arsenite was found to pass the resin
without adsorbing (retention < 3.0 ± 0.6%, SI-3). Following the
sample application, the resin was washed with MQ water, which
did not remove any of the target species.

During the three elution steps A, B, and C, the retained sulfur
and arsenic species were recovered quantitatively. Recovery of the
sulfur species sulfate and thiosulfate was 101.5 ± 0.9% and
101.7 ± 2.2%, respectively. During the � rst elution step A, 95.5% of
the retained sulfate and 98.5% of the retained thiosulfate were
removed. Compared to the method of Druschel et al. (2003) using
KCl for the elution of sulfate and thiosulfate, salicylate delivered
similar recovery values, but provided the additional advantage of
simultaneous arsenic elution. The elution of the retained arsenate
and monothioarsenate removed the major share of these species
during the � rst elution step A (SI-4, 5, 7). However, for tri-
thioarsenate only 51.1% of the retained amount was recovered
during the � rst elution step A (SI-6 & SI-7). Conducting the second
and third elution steps B and C, as well as soaking the resin in sa-
licylate for 20 min prior to elution, led to satisfactory recovery of
trithioarsenate as well. Results from total arsenic and speciation
analysis were in good agreement ( <14% difference), taking into
account that two different methods were employed.

Considering the obtained retention and recovery values, the
anion-exchange resin AG2-X8 clearly shows a preferential
adsorption of trithioarsenate >> monothioarsenate > arsenate >
thiosulfate z sulfate >> arsenite. Arsenite does not interact with
the resin since it is present as an uncharged species. At the sample
pH of 6.6, arsenite was fully protonated (pK a1 ¼ 9.2), thus passed
through the resin and was collected in the passage. This must be
considered for most environments with pH values < 9, and the
passage analyzed accordingly to acquire complete arsenic
speciation.

3.2.2. Partial arsenite retention in mixtures with sul � de
Contrary to passing the resin without any adsorption in the

absence of sul� de, arsenite was found to be partially adsorbed in
the presence of sul � de. In preliminary tests, up to 60% retention
was found for arsenite in combination with sul � de. It has been
suggested recently that arsenite can bind to organic matter via thiol
groups (Hoffmann et al., 2012; Langner et al., 2012; Catrouillet et al.,
2015). Therefore, when a sul � dic solution is applied to the car-
tridge, sul � de may act as a bridge between the uncharged arsenite
and the organic structure of the resin. In order to study this hy-
pothesis, a 133.5 mM sul � de solution was passed through the resin
in a � rst step to provide potential binding sites for arsenite. The
sul� de solution presented a tenfold excess over the 13.35 mM
arsenite solution, which was applied during a second step. Out of
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the 6.0 mmol sulfur in the initially applied sul � de solution, 3.2 mmol
remained on the resin ( Fig. 2). Passing the arsenite solution through
the resin then resulted in 47.3% retention.

The results from this experiment have two major implications.
Firstly, SPE is widely used for species determination, assuming that
the arsenic in the passage equals the total amount of uncharged
arsenite, while the eluate holds only the charged pentavalent
arsenic species (Jay et al., 2004; Samanta and Clifford, 2006; Lord
et al., 2012). Based on this assumption, the passage and eluate are
normally analyzed only for total arsenic, inevitably leading to se-
vere underestimation of arsenite in sul � dic samples. Secondly,
eluting with 0.5 M salicylate produces a high ionic strength solution
containing both arsenite and sul � de, which is known to promote
the formation of thioarsenates ( Planer-Friedrich et al., 2008 ). This
effect must be considered in terms of potential artifacts forming in
the eluate prior to analysis.

3.2.3. Controlling artifact thioarsenate formation
To investigate the possible formation of artifact thioarsenates in

the eluate, a mixture of arsenite and sul � de in different matrices
was monitored over time ( Fig. 3). In MQ water, the formation of
thioarsenates showed an almost linear increase, yielding 78.6%
thioarsenates out of all detected arsenic species after 1 d. An even
faster thioarsenate formation was seen in 0.5 M salicylate. The
maximum of 86.4% thioarsenates was already reached after 4 h.
Here the high ionic strength of 0.5 M salicylate led to an accelerated
thioarsenate formation from arsenite and sul � de producing mainly
trithioarsenate (SI-8).

The observed reaction of arsenite with sul � de in salicylate
would pose a serious problem for the elution step of the SPE pro-
cedure, because a considerable amount of artifact thioarsenates
could form. In order to suppress this reaction, the salicylate was
alkalized. A previous study showed that thioarsenates only form
from arsenite and sul � de at an excess of SH� versus OH� in solution
(Planer-Friedrich et al., 2010 ). Thus, alkalization of the salicylate
will ensure excess of OH � over SH� and impede thioarsenate for-
mation. Indeed, when the salicylate was alkalized to pH 12.3, the
reaction evidently slowed down yielding only 1.7% thioarsenates
after 2 h ( Fig. 3). The ef� ciency of this approach can also be seen in
Fig. 2, where the alkaline salicylate was used for elution. The eluate
containing both arsenite and sul � de was analyzed within 2 h and
showed no thioarsenate formation. As evident from these results,
artifact thioarsenates can be excluded by immediate analysis of the
alkaline eluates. It must be noted that the extremely high pH during
elution may lead to a minor conversion of arsenite to arsenate (SI-
8). This can be addressed by adjusting the pH according to the
sul� de content of the sample solution. To ensure OH � excess for
samples containing less than 100 mM sul � de for example, a pH of 10
is suf� cient. At this pH, arsenite will neither convert to arsenate nor
react with sul � de to form thioarsenates.

The problem of artifact thioarsenates forming from arsenite and

sul� de could also be avoided by including another SPE cartridge
with mercapto-modi � ed silica prior to the anion-exchange resin
that will retain uncharged arsenite ( Howard et al., 1987 ). However,
it would require another elution for the additional cartridge, and
the retention of thioarsenates has yet to be tested on this resin.
Hence, the much simpler alkalization of salicylate was given pref-
erence as it was shown to effectively prevent artifact thioarsenate
formation.

3.3. Synthetic solutions with iron

3.3.1. Monothioarsenate& iron
To test the hypothesis that the anionic thioarsenates will be

retained on the anion-exchange-resin, while cationic iron will pass
through, a solution containing monothioarsenate and iron was
applied to the resin. Monothioarsenate was completely retained
(98.6 ± 0.5%) and all of the applied iron passed through, with
negligible retention of 0.4 ± 0.2% (Fig. 4). During elution, the
retained monothioarsenate was fully recovered with 104.3 ± 2.7%.
Thus, the separation of monothioarsenate and iron was achieved as
expected.

In an additional experiment, chloride was added to the initial
solution of monothioarsenate and iron to investigate the applica-
bility of the method for saline groundwater or even slightly
brackish water, where chloride concentrations typically lie in the
high mM to low mM range. In the presence of 4 mM chloride the
retention of monothioarsenate decreased slightly to 91.9 ± 2.1%,
likely due to the high load of competing anions (SI-9). Nevertheless,
all of the retained monothioarsenate was recovered (102.4 ± 2.0%).
This also demonstrates the possibility of employing the SPE method
for sampling waters with increased chloride concentrations, which
often poses serious problems for analysis.

Table 1
Retention and recovery values of individual sulfur and arsenic species in the absence
of iron (speciation analysis of target species by IC-ICP-MS and total arsenic analysis
by ICP-MS of 3 experimental replicates).

Retention [%] Recovery [%]

Species Total As Species Total As

Sulfate 100.0 ± 0.0 101.5 ± 0.9
Thiosulfate 100.0 ± 0.0 101.7 ± 2.2
Arsenite e 3.0 ± 0.6
Arsenate 96.8 ± 0.2 97.7 ± 0.3 95.5 ± 1.8 100.2 ± 1.2
Monothioarsenate 98.8 ± 0.2 97.1 ± 0.6 91.9 ± 2.0 105.9 ± 0.6
Trithioarsenate 99.6 ± 0.3 94.2 ± 0.8 89.7 ± 3.4 102.4 ± 1.6

Fig. 2. Molar amounts of sul � de and arsenic species after � rst passing a 133.5 mM
sul� de, then a 13.35 mM arsenite solution through AG2-X8 resin (one elution step with
15 mL alkaline salicylate was performed).
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By performing the SPE procedure, monothioarsenate was suc-
cessfully separated from iron. As a result, any potential iron oxy-
hydroxides cannot change the arsenic speciation once the sample
has been subjected to the SPE procedure. However, while passing
the sample solution through the resin, Fe(II) could potentially be
oxidized and provide sorption sites for arsenic, which is then no
longer retained on the resin. In the presence of 180 mM Fe(II), a 10%
decrease in arsenate retention was found for a similar resin
(Mondal et al., 2007 ). Bednar et al. (2002) suggested adding EDTA to
the initial sample to chelate iron before passing it through the resin.
Although this method satisfactorily preserved arsenite and arse-
nate, it is not suitable for sul � dic solutions containing thioarsenates
as it has been shown to not only induce arsenite oxidation but also
artifact thioarsenate formation ( Suess et al., 2015). Consequently,
potential oxidation of Fe(II) during sample passage must be limited
by working under anoxic conditions in the laboratory and using
gas-tight syringes in the � eld. Faster sample application could also
be considered ( Impellitteri, 2004 ), but complete retention of target
compounds should be veri � ed beforehand.

3.3.2. Arsenic mix& iron - considerations for small sample volumes
The SPE procedure shown in Fig. 1 was demonstrated to sepa-

rate thioarsenates from iron as hypothesized. The proposed elution
with 3 � 15 mL alkaline salicylate allowed quantitative detection of
thioarsenates despite high iron concentrations. In this form, the
developed SPE procedure can be used as a preservation method for
arsenic species in the presence of iron and sul � de. In addition to
that, further potentials of the presented SPE method were consid-
ered. The possibility to reduce the sample volume of 250 mL
applied to the resin was examined. It needs to be factored in that a
decrease in sample volume, and with that a decrease in the amount
of target species on the resin, will lead to lower concentrations in
the eluates. The ratio of sample versus eluate volume ultimately
determines satisfactory IC-ICP-MS detection of the target species.
Consequently, the volume and number of elution steps could be

reduced to increase enrichment of the target species in the eluate
and also expedite analysis.

Considering all these aspects, a modi � cation of the presented
SPE procedure was tested. A volume of only 50 mL of initial sample
was applied and eluted in four increments of 5 mL alkaline salic-
ylate, each including 20 min soak time. The four increments were
collected as one eluate and analyzed immediately. An initial sample
containing arsenite, arsenate, monothioarsenate, trithioarsenate,
sul� de, and iron was treated according to this modi � ed SPE pro-
cedure and all arsenic species were retained except for arsenite
(Fig. 5). Consequently, arsenite was collected together with iron in
the passage, which requires acidi � cation of such samples to keep
iron in solution ( Aggett and Kriegman, 1987 ). Since no arsenic
species other than arsenite was found in the passage, total arsenic
analysis is suf� cient. As previously discussed, a share of the applied
arsenite (31.4%) was also bound on the resin via sul � de.

Calculation of recovery values for the modi � ed elution had to be
based on the initial solution in MQ water in this case. Analysis of the
initial solution in alkaline salicylate was impossible, because mix-
ing the iron-rich initial sample with alkaline salicylate led to iron
oxyhydroxide precipitation. Therefore, recovery values of all spe-
cies are >100% here due to the increased sensitivity for the species
in the eluate. For arsenate and monothioarsenate the modi � ed
elution with 4 � 5 mL alkaline salicylate was complete and yielded
recoveries of 152.1% and 107.5%, respectively. For arsenate, the
oxidation of arsenite induced by the high pH salicylate (see section
3.2.3) may have also contributed to the high recovery value. As
discussed before, this can be easily avoided by using a slightly less
alkaline salicylate.

Trithioarsenate was not completely eluted during the modi � ed
elution procedure. In order to recover the trithioarsenate still
bound on the resin, a more forceful approach was chosen. The resin
material was emptied into a beaker and stirred in 5 mL 0.5 M

Fig. 3. Formation of thioarsenates in a solution with 25.8 mM arsenite and 2.8 mM
sul� de in MQ water, salicylate, and alkaline salicylate over time as percentage of the
sum of arsenic species.

Fig. 4. Molar amounts of arsenic species and total iron for each step of the SPE pro-
cedure applied to a 5 mM monothioarsenate solution with 90 mM Fe(II) (average of 3
experimental replicates).
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salicylate for 1 h (batch elution). Only total arsenic was measured in
the batch eluate since there was no species other than tri-
thioarsenate still bound on the resin. The batch elution completely
removed the amount of trithioarsenate remaining on the resin after
the � rst elution ( Fig. 5). Combining the results from � rst elution and
batch elution yielded a recovery of 115.4% for trithioarsenate, and a
recovery of 112.1% for all arsenic species summed up, demon-
strating complete elution. Again, the recovery values >100% are the
consequence of the increased IC-ICP-MS sensitivity of the eluted
arsenic species in salicylate compared to the initial solution in MQ
water.

The results from this test clearly showed that decreasing the
volume and number of elution steps must be considered carefully.
When only a small sample volume is applied to the resin, the
elution must be adjusted accordingly to ensure detection of the
eluted species. In general, controlled � ow-through elution, as
presented in Fig. 1, is recommended for SPE cartridges. However,
when only a limited sample volume can be applied to the resin,
batch elution could provide an alternative.

3.4. Stability of natural samples

Stability of the target species over time is a key factor for the
successful use of SPE on� eld samples. To investigate this aspect,
water from the iron-rich mineral spring Stepanka in Frantiskovy
Lazne (Czech Republic), known to contain various sulfur and
arsenic species and 186 mM Fe, was passed through the resin.
During sample application, arsenite was partially retained (33.2%)
on the anion-exchange resin via sul � de as previously discussed.
Back in the laboratory, cartridges were stored for 1, 2, and 6 d before
elution. In this case, sample volume was not limited and suf � cient
sample was applied to perform controlled � ow-through elution as
presented in Fig. 1.

For comparison over time, the amounts of each sulfur and
arsenic species in eluates A, B, and C were summed up. The sulfur
species showed good stability for storage up to 6 d, with sulfate
only slightly decreasing by 7.6% between day 1 and 2 ( Fig. 6).
Arsenic was also preserved well over time in terms of both total
amount and speciation. Arsenite, arsenate, monothioarsenate, and
dithioarsenate showed only small variations over the investigated
period within analytical uncertainty. The amount of trithioarsenate
eluted after 6 d demonstrated a decrease of 25.2% compared to day
1. The equivalent 0.13 mmol trithioarsenate were probably subject
to dethiolation, which might be indicated by the slight arsenate and
monothioarsenate increase on day 6.

To our knowledge, only one other preservation method has been
proposed for thioarsenates in sul � dic, iron-rich waters so far. In the
work of Suess et al. (2015), anoxic septum bottles were suggested
for sample storage, but showed even bigger limitations with
respect to trithioarsenate stability compared to the SPE method.
After only 3 d of storage a 34% decrease was found for tri-
thioarsenate in the presence of 90 mM Fe. Thus, SPE currently
presents the best available preservation method for arsenic species
in the presence of sul � de and iron. Despite the described decrease
in trithioarsenate, the SPE method achieved a consistent repro-
duction of arsenic speciation over 6 d. Furthermore, the total
arsenic amount remained stable over the entire investigated
period. Separation of thioarsenates from iron by SPE clearly pre-
vented any arsenic loss typically caused by adsorption on iron
oxyhydroxides, and allowed thioarsenate detection even after 6 d
of storage.

4. Conclusions

This work has shown the successful application of SPE to

preserve arsenic species in sul � dic, iron-rich waters. We accom-
plished the separation of thioarsenates from iron by adsorption on
an anion-exchange resin. Speciation changes or loss of total arsenic
normally caused by iron were thus excluded. Complete and species-
conserving elution of arsenate, monothioarsenate, dithioarsenate,
and trithioarsenate was achieved by repeated elution with 0.5 M
salicylate. Arsenite, which was not retained in the absence of sul-
� de, was found to be partially adsorbed on the resin in the presence
of sul� de. In this case, thiol groups acted as a bridge between the
organic structure of the resin and the uncharged arsenite, and
caused partial retention. This effect must be considered when SPE is
to be applied under sul � dic conditions. Furthermore, it was shown
that the combination of arsenite and sul � de in the high ionic
strength eluate can lead to artifact thioarsenate formation. These
speciation changes can be prevented by using alkaline salicylate for
the elution.

The proposed SPE method presents a promising alternative to
established methods like the addition of mineral acids or EDTA,
which may suffer from limitations such as arsenic sul � de precipi-
tation or arsenite oxidation. The method is inexpensive and the
prepared SPE cartridges can be easily transported even to remote
sampling points, making it a convenient � eld technique. Moreover,
the retained sulfur and arsenic species were found to be stable on
the resin for at least 6 d. To further exploit the potential of SPE, the
limitations and possibilities of batch elution should be considered.
This might allow a reduction in the required sample volume and
application time.

The SPE method presented here can serve as a basis for future
studies to investigate arsenic species in the presence of sulfur and
iron. In addition, the method has also been shown to work well
under increased chloride conditions, rendering application for sa-
line groundwater or even slightly brackish waters possible. Overall,
SPE provides the opportunity to investigate the role of thio-
arsenates in environments where they may have been previously

Fig. 5. Molar amounts of arsenic species for each step of the modi � ed SPE procedure
applied to a solution with arsenite, arsenate, monothioarsenate, trithioarsenate, and
90 mM Fe(II). Batch elution was performed after incomplete recovery by � ow-through
elution and analyzed for total arsenic.
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overlooked due to the lack of suitable preservation methods.
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