
RESEARCH ARTICLE

Optimized extraction of inorganic arsenic species from a foliose
lichen biomonitor

Eve M. Kroukamp1,2
& Taddese W. Godeto3,4

& Patricia B. C. Forbes1

Received: 28 February 2019 /Accepted: 25 July 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
To assess the two most toxicologically relevant species of As, namely arsenite (As(III)) and arsenate (As(V)), chromatographic
separations often require two separate chromatographic columns to address the co-elution of arsenobetaine (AsB) with As(III).
This issue is typically observed using conventional isocratic methods on anion exchange columns, increasing cost and analysis
time. Here, we optimize the extraction of inorganic As from a lichen air biomonitor and develop an isocratic method for the
chromatographic separation of five common As species on a PRP X-100 anion exchange column, resulting in the complete
baseline separation of all species under study. This method was then applied to lichen biomonitors from an urban and rural site to
demonstrate its use. In order of abundance, the various arsenic species in lichens from the urban site in South Africa were As(V) >
As(III) > AsB > dimethylarsinic acid (DMA) > monomethylarsonic acid (MMA), and As(V) > AsB > As(III) > DMA > MMA
for the rural site, where MMAwas present in extremely low, non-quantifiable concentrations in lichens from both sites. Total
concentrations of As were higher in samples from the urban site (6.43 ± 0.25 μg/g) than in those from the rural site (1.87 ± 0.05
μg/g), with an overall extraction efficiency of 19% and 40%, respectively. The optimized method utilized relatively inexpensive
solvents and is therefore low-cost and eco-friendly in comparison with conventional chromatographic techniques. This is the first
study which addresses the optimized extraction and characterization of As species in a South African lichen biomonitor of air
pollution.
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Introduction

The speciation of arsenic in biomonitors of air pollution poses
an interesting analytical challenge, where samples are often
complex, containing several different arsenic species. Such
speciation studies are of significance due to the high relative
abundance of toxic inorganic arsenic species attached to par-
ticulate matter in the air, in comparison with their methylated
counterparts (Chung et al. 2014). In some cases, this particu-
late matter has been reported to be As-enriched by 10–1000
times higher than continental crust concentrations (Johnson
and Braman 1975; Cullen and Reimer 1989). Organic arsenic
species, although generally of lower abundance in the atmo-
sphere, may arise from a number of different sources. These
include the production of volatile organo-As species through
microbe and yeast metabolism (Cullen and Reimer 1989;
Koch et al. 1999; Bentley and Chasteen 2002; Chung et al.
2014), the spraying of arsenic-containing pesticides such as
monosodium methyl arsonate (MSMA), or the use of arsenic-
based preservatives such as biocides composed of aryl- and
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alkyl-arsenicals in wood production (Cullen and Reimer
1989). Organic arsenic species, however, are not as of great
toxicological relevance as inorganic forms due to their lower
toxicity, where some species are regarded as non-toxic
(Machado et al. 2006). Since all arsenic species are not equal
in terms of their toxicity, studies evaluating the total arsenic
concentration would not be able to accurately reflect upon the
bioavailability and toxicity of airborne arsenic (Chakraborti
et al. 2013). As such, it is important to have an analytical
methodwhich can accurately differentiate between the various
chemical forms of arsenic in air.

Lichens are effective biomonitors of air pollution and have
been integrated into a number of regional and national air
pollution surveys where several arsenic species have been
found to be present in the thallus (Machado et al. 2006).
There is some uncertainty about the appropriateness of using
lichens as biomonitors of As species in the air due to their
ability to metabolize and methylate the various chemical
forms (Farinha et al. 2004; Mrak et al. 2008). On the other
hand, the ability of lichens to methylate As compounds may in
fact prove useful in biomonitoring studies in terms of under-
standing temporal variations in exposure to As; therefore, spe-
ciation of As in lichens is worthy of further investigation.

Given the great number of arsenic species present in nature,
sufficient resolution of peaks can be difficult to attain in chro-
matographic applications (Dembitsky and Rezanka 2003;
Quaghebeur and Rengel 2005). Moreover, there are a consid-
erable number of factors which can affect the equilibrium
between species, including improper sample handling and
storage, the introduction of acidic or basic solvents during
extraction, and other factors (Kroukamp et al. 2016). It is
therefore essential that the methods used in sampling, extrac-
tion, and separation ensure that the integrity of the original
chemical species remains intact so that meaningful informa-
tion can be gathered.

There is currently no consensus regarding the best extrac-
tion solvent for the various species of arsenic from plant and
plant- l ike mater ia ls , a l though many studies use
methanol:deionized water (MeOH:DIW; 1:1) which has prov-
en to be effective in extracting organo-arsenic compounds
(Koch et al. 1999; Zhang et al. 2002; Machado et al. 2006;
Bergqvist et al. 2014). Other studies, although few in number,
use dilute HNO3, such as that used on signalgrass (Brachiaria
brizantha) (Amaral et al. 2014), and some recent studies such
as those conducted on a hyperaccumulating fern (Pteris
vittata), rice seedlings, and tobacco leaf have employed the
use of ethanol:DIW (EtOH:DIW; 1:1) (Zhao et al. 2015).
Kuehnelt et al. (2000) found that DIW extracted As more
efficiently than the more commonly employed MeOH:DIW,
where these findings were attributed to the greater extraction
of inorganic forms of As and arsenoribose. Despite these
findings, summed extraction efficiencies of the various
identified As species using these methods are often

relatively poor. In the study by Kuehnelt et al. (2000) for
example, only 7–25% extraction yield was achieved for fruti-
cose lichens Alectoria ochroleuca and Usnea articulata, re-
spectively, and were based upon the separation and quantifi-
cation of 12 arseno compounds.

There is also no standardization when it comes to how
these species are extracted, where ultrasonic baths (Farinha
et al. 2004), mechanical shakers (Machado et al. 2006), and
microwave techniques (Quaghebeur et al. 2003) have all been
employed. The sample mass-to-volume of extractant matrix
has also not been extensively investigated, where masses are
often large (0.2–1 g) and the volume of the solvent can vary
greatly (15–50 mL/g) (Koch et al. 1999; Kuehnelt et al. 2000;
Farinha et al. 2004; Machado et al. 2006; Mrak et al. 2006,
2008; Farinha et al. 2009). The effective separation of arsenic
species in plant and plant-like materials is also a challenge,
where co-elution of species is commonplace in chromato-
graphic analyses (Kuehnelt et al. 2000; Mrak et al. 2006),
the most common of which is the co-elution of arsenobetaine
(AsB) and arsenite (As III) when using isocratic anion ex-
change methods. This issue has up until now been addressed
by using different analytical columns and mobile phases,
which could introduce additional analytical challenges, or by
including cation exchange chromatographic methods, thereby
increasing analysis time and cost. Gradient methods have also
been used (Watts et al. 2008; Alava et al. 2012), but are often
not the method of choice due to difficulties in controlling
species interconversions, changes in the chromatographic
baseline, hidden peaks due to the solvent gradient, and long
re-equilibration times. Since As(III) is often of key analytical
interest due to its high toxicity, the baseline separation of
As(III) from AsB using a single analytical run and an isocratic
method would be highly advantageous.

The critical assessment of these methods in the evaluation
of ultra-trace concentrations of arsenic species, such as often
found in lichen biomonitors, is crucial to understanding atmo-
spheric exposure levels and the relative toxicity of arseno
compounds in the air. Lichens have been extensively used in
monitoring arsenic air pollution; however, studies are often
limited to total As analysis (Mrak et al. 2007; Pisani et al.
2011). Few speciation studies characterizing As in lichens
are available (Koch et al. 1999; Farinha et al. 2004, 2009;
Machado et al. 2006; Mrak et al. 2008) and so methods ap-
praising this are still an area requiring further exploration.

In this work, the optimized extraction of inorganic forms of
As (As(III) and As(V)) and the subsequent separation and
semi-quantification of five common arsenic species in the li-
chen biomonitor, Parmotrema austrosinense (Zahlbr.) Hale,
using high-pressure liquid chromatography–inductively
coupled plasma mass spectrometry (HPLC-ICP-MS) was in-
vestigated. The extraction parameters were qualitatively opti-
mized for As(III) and As(V) due to their environmental rele-
vance, high toxicity, and species prevalence in atmospheric
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dusts (Machado et al. 2006). Consequently, less abundant
forms of As such as arsenosugars and cationic species were
not of interest and were therefore outside the scope of this
study. The development of an isocratic anion-exchange chro-
matographic method which could baseline separate and semi-
quantify AsB, As(III), monomethylarsonic acid (MMA),
dimethylarsinic acid (DMA), and As(V) was also investigat-
ed. Organic As species, MMA, and DMAwere evaluated as
they are the most common toxic organic forms of arsenic
found in lichen, fungi, and algae (Koch et al. 1999;
Machado et al. 2006) where MMA is more toxic than DMA
(Bissen and Frimmel 2000). Arsenobetaine was evaluated to
ensure that co-elution with As(III) was avoided, which would
otherwise skew the analytical results for this target inorganic
analyte.

The optimized method was thereafter applied to two sam-
pling sites within South Africa to evaluate the species of arse-
nic present in lichens at an urban and rural site. The intention
of this was to demonstrate the appropriateness of the proposed
method in the application to lichens as biomonitors of air
pollution, where observed differences could be tentatively
linked to site impacts. Such a study involving the characteri-
zation of arsenic species in the South African lichen biomon-
itor, P. austrosinense has not been published to date. The
method developed in this study is one of the few methods
which can demonstrate relatively high extraction yields for
the semi-quantitative data gained using simple solvents and
laboratory equipment. It is also the only published method,
which the authors are aware of, which has been able to base-
line resolve As(III) from AsB using an isocratic method on a
PRP X-100 anion exchange column. Furthermore, a relatively
simple and inexpensive mobile phase, without a large waste
footprint, makes the proposed method a cost-effective and
eco-friendly option.

Materials and methods

Sample collection

Bulk lichen, P. austrosinense, was collected for initial method
development from the Johannesburg Botanical Gardens
(JHB), South Africa (GPS coordinates, 26.159875 S,
27.99346 E) which is within 10 km of 6 major hospitals, 3
crematoria, and the city center. It is also between 15 and 40 km
of two major gold mines. Moreover, many residential house-
holds burn fossil fuels for cooking and heating purposes. This
site was chosen as the impacted urban site for this study since
As is often associated with the burning of fossil fuels, mining
of gold-bearing minerals, and crematoriums, the latter of
which can lead to highly localized As contamination
(USEPA 1998; Chakraborti et al. 2013). Samples were col-
lected in the same manner as has been done in previous work

(Kroukamp et al. 2017), being 100 m away from the main
road, between 2 and 4 m above ground level and from all
around the tree to prevent bias due to car emissions, soil con-
tamination, and the prevalent wind direction, respectively
(Monaci et al. 2012). As done previously (Kroukamp et al.
2017), a large representative sample of lichen material was
collected using plastic forceps and care was taken to prevent
extraneous (i.e., non-lichen materials such as bark) material
from being stored with the sample. Samples were then stored
in acid-washed polypropylene bottles.

Upon returning to the laboratory, the samples were further
cleaned of any remaining substratum under a magnifying
lamp and gently tapped to remove small particles of extrane-
ous material resulting from the cleaning procedure. Since As
in the atmosphere is considered to be completely contained
within the troposphere and solely present in the particulate
form (Farinha et al. 2004), the samples were not washed as
this would remove particulate As which had been deposited
on the surface of the lichens from the air. This approach sup-
ports that of Frati et al. (2005) who found that washing pro-
cedures had an effect on the metal content in lichens. Nitrile-
gloved hands were used to shred the sample into small pieces
to improve the homogeneity of the bulkmaterial, and fractions
from 1 to 4.699 mmwere collected from an Endecott sieve for
further processing. The whole mass of the cleaned sample
which was used for further analysis was 10 g. The sample
was not freeze-dried, oven-dried, or frozen in liquid nitrogen
since a past study found that these procedures may liberate
volatile elements, such as As, from the sample matrix
(Kroukamp et al. 2017). Instead, samples used for method
development were air-dried and stored in acid-washed poly-
propylene vials in a cool dark place until processing. On the
day of the analysis, the lichen samples were ground using a
porcelain pestle and mortar and sieved through an Endecott
420-μm sieve to ensure a homogenous particle distribution for
extraction. The initial stock samples used for method devel-
opment were stored for a total of 6 months from the beginning
to the end of the optimization process.

Once evaluated, the optimized extraction was applied to
freshly collected P. austrosinense lichen samples from the
urban site, JHB (as described above), and from a rural site in
the Waterberg Mountain area, South Africa (GPS coordinates,
24.4880278 S, 27.8137778 E), where potential sources of
pollution are primarily in the form of agriculture and livestock
farming. Samples were collected in the same manner as de-
scribed earlier.

Instrumentation

All analyses took place using a NexION® 300X ICP-MS
(PerkinElmer Inc. Shelton, CT). For chromatographic appli-
cations, the ICP-MS was coupled to a Flexar™ HPLC with
Chromera™ software. In order to ensure that the system was
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functioning properly prior to use, daily performance checks,
including nebulizer gas flow and torch alignment, were done
prior to analysis where the instrument was optimized for max-
imum sensitivity of In with robust plasma conditions such as
oxides (CeO/Ce) < 2.5% and doubly charged ions (Ce++/Ce) <
3%. After having met the daily performance requirements, the
following parameters were optimized on the ICP-MS to en-
sure that the As signal was maximized: RF power, torch align-
ment, nebulizer gas flow, plasma gas flow, auxiliary gas flow,
and torch sampling depth. The torch alignment and nebulizer
gas flows were subject to daily changes, as is normal for ICP-
MS, and will therefore not be mentioned; however, the other
optimized parameters for the study are shown in Table S1
(Supplementary Material).

All calibration standards and samples were prepared on the
day of analysis. As part of the method development for the
analysis of As species in lichens, m/z 75 and 77 were moni-
tored to check for the presence of 75ArCl+ interference on
75As+. Since no ArCl+ could be detected, the lichen samples
were analyzed in standard mode. The columnwas regenerated
after every 60 samples using mildly acidified MeOH and a
blank was run after every sample to ensure that there were no
memory effects or further species eluting from the column.

Optimization of extraction of arsenic from lichens

Preliminary investigations into the elution times of As(III)
and As(V)

Standards (100 ppb) of As(III) and As(V) were prepared from
stock solutions (1000 mg/L, Inorganic Ventures). Standards
were analyzed in triplicate, both independently and as a mix-
ture, using the system described in Tables S1 and S2
(Supplementary Material) to determine the elution times of
As(III) and As(V).

Choice of extraction technique and variation of injection
volume

To evaluate the most appropriate extraction technique (hot
plate/ultrasonic bath) and injection volume for the lichen sam-
ples, 0.01 g of homogenous pulverized sample was accurately
weighed on an analytical balance (XP205, Mettler Toledo)
into centrifuge tubes (Greiner Bio-one), extracted in triplicate
using either 5 mL of MeOH:DIW (1:1, AR methanol, MilliQ
18 MΩ/cm) or 5 mL of DIW for 1 h using either an ultrasonic
bath (Integral systems) or a magnetic stirrer (FMH instru-
ments, speed 5, room temperature, micromagnetic Teflon-
coated stirrer bars), and analyzed with the instrument and pa-
rameters described in Tables S1 and S2 (Supplementary
Material). In all cases, samples were quantitatively transferred
using 4 rinsings of 0.5 mL of water and filtered through pre-
wet (using 0.5-mL MeOH) PTFE syringe filters (0.45 μm,

Membrane solutions) prior to analysis. Injection volumes of
10, 50, 100, and 120 μL were evaluated to determine which
injection volume resulted in the best normalized (according to
the individual sample mass) signal-to-noise (S/N) ratios for
the As species without resulting in significant peak tailing.

Choice of extraction solvent

The sample to solvent ratio was decreased to improve detec-
tion limits, using the optimal injection volume from the pre-
vious step. For evaluation purposes, powdered lichen samples
(0.05 g) were extracted in triplicate using 1 mL of either de-
ionized water, EtOH:DIW (1:1, AR ethanol), MeOH:DIW
(1:1), or 1% HNO3 (65% Suprapur®, Merck in deionized
water), respectively. Extractions took place using either an
ultrasonic bath or a magnetic stirrer for a period of 1 h (tripli-
cate for each solvent using each of the extraction apparatus).
Peak positions for the arsenic species in each solvent were
confirmed through spiking of the pure solvent with As(III)
and As(V), both individually and as a mixture.

The chromatograms were normalized according to the in-
dividual sample mass to ensure that the results were not mass-
biased, and the S/N ratios were compared. The method with
the best S/N ratio for the inorganic arsenic species (As(III) and
As(V)) and which did not result in the interconversion of the
arsenic species was selected as the preferred extraction
technique.

Mass/volume extraction experiments

The optimized parameters from the previous step were used.
Each mass of the pulverized lichen material (0.01 g, 0.025 g,
0.05 g, 0.07 g) was extracted in different volumes of DIW (0.5
mL, 1 mL, 2 mL, 4 mL, 5 mL, 7 mL), using an ultrasonic bath
for 1 h.

Chromatograms were normalized according to mass and
volume and compared. The results with the best S/N ratio
for As(III) and As(V) were chosen for further method
development.

Extraction time-dependent study

The optimized parameters from the previous step were used.
The sample extraction time using an ultrasonic bath was opti-
mized by evaluating samples in triplicate at extraction times of
5, 10, 20, and 30 min, as well as 1, 2, 3, 5, 10, 15, 20, 24, and
29 h, and the S/N ratio was compared among the various
chromatograms. Temperature changes in the ultrasonic bath
were monitored to check the dependency of the extraction
yield upon the extraction temperature and to determine wheth-
er or not there were any observed interconversions of arsenic
species, which would indicate temperature dependence.
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Chromatograms were compared and the results with the
best S/N ratio for As(III) and As(V) chosen for further method
development.

Variation of the mobile phase composition to resolve arsenic
species

AlthoughAs(III) and As(V) are of primary interest due to their
toxicity and the fact that they are the most likely forms to be
found in airborne dust, this study also included the evaluation
of two moderately toxic methylated forms of As, namely
MMA and DMA, which have been found in some lichen
studies (Machado et al. 2006). Although considered to be
non-toxic, AsB was included in the analysis to ensure that
the method developed did not allow the co-elution of As(III)
with AsB as is commonly found in anion exchange speciation
methods.

With the extraction of the most toxicologically relevant
arsenic species (As(III) and As(V)) optimized, dilute mixed
standards of AsB (Sigma-Aldrich, Fluka ≥ 95%), MMA (pre-
pared from monosodium acid methane arsonate (Sigma-
Aldrich, Supelco 99.5%), DMA (prepared from Cacodylic
acid, Sigma-Aldrich ≥ 99.0%), As(III), and As(V) were fresh-
ly prepared and analyzed with the original mobile phase of
70:30 ammonium nitrate (50 mM, pH 8.6) and DIW
(Millipore, MilliQ, 18 MΩ cm-1). Despite being suitable for
the initial method development, where the focus was on im-
proving the extraction of As(III) and As(V) from the lichen
matrix, it was found that the 70:30 NH4NO3 (50 mM, pH
8.6):DIW solution resulted in the co-elution of AsB and
As(III) on the PRP X-100 column and caused salting of the
nebulizer and injector when analyzing a large number of sam-
ples. To address this issue, other mobile phases such as
NH4NO3 (50 mM, pH 8.6):NH4NO3 (80 mM, pH 8.6),
NH4HPO4 (8.0 mM, pH 6.2, Fluka TraceSELECT® ≥
99.999%):NH4NO3 (8.0 mM, pH 6.2), NH4NO3 (50 mM,
pH 8.6):(NH4)2CO3 (2 mM, pH 10 with 1% MeOH,
Promark Chemicals, AR), and NH4NO3 (50 mM, pH 8.6) in
1% MeOH:1% MeOH (Millipore, MilliQ) were all tested for
their suitability for the baseline separation of AsB and As(III)
at ratios of A:B 100:0, 90:10, 80:20, 70:30, 60:40, 50:50,
40:60, 30:70, 20:80, 10:90, and 0:100. A gradient method of
2 mM (NH4)2CO3, followed by 40 mM (NH4)2CO3 and
followed by 2 mM (NH4)2CO3, as recommended by Alava
et al. (2012) was also evaluated for its suitability.

Since lichens contain a number of arsenic species leading
to complex chromatograms, the resolution study utilized pure
individual andmixed standards of As(III), AsB, DMA,MMA,
and As(V). Standards were prepared in deionized water to
mimic the extraction solvent used in the extraction of the
samples. An argon humidifier was used in all studies to reduce
salt buildup at the nebulizer tip, thereby eliminating aspiration
issues over a large number of samples.

Analysis of lichen samples

The elution times of the individual As species were identified
through the use of freshly prepared standard solutions. The
optimized method of 0.07 g of unwashed, air-dried, powdered
sample was extracted using 7 mL of H2O (MilliQ) in an ultra-
sonic bath for 24 h. The ICP-MS conditions shown in
Table S1 (Supplementary Material) along with the optimized
mobile phase from the previous step were used for further
evaluations. To check elution times of the different arsenic
species in the lichen matrix, a mixed-species spike of
As(III), As(V), MMA, DMA, and AsB was added to the li-
chen matrix. Ten replicate samples each from the urban and
rural sites were prepared as described earlier, and the concen-
trations of As(III), As(V), MMA, DMA, and AsB were deter-
mined. A blank was run after every sample to ensure that there
were no further species eluting from the column and to check
for memory effects. A method blank was also prepared in the
same manner as the samples.

Total As concentration analysis

For total As determinations, powdered lichen samples were
prepared as reported previously (Kroukamp et al. 2017) where
0.1 g was weighed in triplicate and digested in a CEMMars 6
microwave digestion unit using 10 mL of HNO3 (65%,
Merck, Suprapur) and 1 mL of H2O2 (30%, Merck,
Suprapur) with a ramp time of 20 min to 180 °C and a hold
time of 20 min. This digestion method was a modification of
the Milestone Application Note for lichen digestions (HPR-
FO-55; Milestone 2014) where the volume of HNO3 was in-
creased to 10mL due to a lower acid volume limit on theMars
6 microwave digestion system as a result of 100-mL digestion
vessels being used. Water was not used to achieve the neces-
sary volume as this would dilute the acid and would likely
result in an incomplete sample digestion. Samples were fil-
tered through a quantitative filter paper (Merck, 0.22-μm
hardened ashless) and the filtrate was diluted to 50 mL using
deionized water.

Quality control (QC) standards for total arsenic analysis
included the BCR Reference Material no 482, trace elements
in Lichen (Pseudevernia furfuracea), and the Tea Leaf CRM,
INCT-TL-1 (Institute of Nuclear Chemistry and Technology),
and were prepared in the same manner as the samples.

Samples and the QC standards were analyzed with dilu-
tions of 1:10 and 1:5 and were also analyzed without any
dilution where the internal standard, ruthenium, was moni-
tored to determine whether or not there were any significant
matrix effects and was also used to compensate for long-term
drift. Samples were analyzed on the same day as the dilution
and no more than 72 h after the digestion had taken place.
Total arsenic concentrations were determined using a
PerkinElmer NexION® 300X ICP-MS with a collision gas
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(He) to manage any polyatomic interferences which may have
arisen from acid impurities. Adding a collision gas also had
the added benefit of providing collisional focusing of the ion
beam thereby improving analyte sensitivity (Tanner et al.
2002).

Data processing

All chromatogram signals from method development were
qualitatively evaluated by normalizing according to mass
and replotted using Microsoft excel. Data processing of chro-
matograms for the lichen samples was performed on
Chromera Chromatography software. In some cases, the soft-
ware did not permit the identification of a peak due to software
post-processing limitations. In such cases, the results were
considered to be outliers and due to this and other factors
discussed later, the data is regarded as semi-quantitative.

Results and discussion

Optimization of extraction of arsenic

Preliminary investigations into the elution times of As(III)
and As(V) for method development

The purpose of this study was to determine what the elution
times were for the toxic, inorganic forms of arsenic (As(III)
and As(V)) in a 70:30 50 mM NH4NO3:DIW mobile phase
(Table S2, Supplementary Material) using a PRP X-100 col-
umn at 0.6 mL/min in the absence of artifacts which could be
introduced by the lichen matrix. During the initial method
development for this study, As(III) and As(V) were found to
elute at approximately 3 min 45 s and 12 min 15 s,
respectively.

Choice of extraction technique and variation of injection
volume

The extraction method using an ultrasonic bath and an injec-
tion volume of 120μLwas found to have the best S/N ratio for
As(III) and As(V) when compared with magnetic stirring over
the same time period. The increased extraction using ultrason-
ic bath may be related to the elevated temperature in the ultra-
sonic bath (42 °C at 1 h) in comparison with the magnetic
stirring at ambient temperature. An injection volume of 120
μL was needed in order to achieve good S/N ratios for the As
species under study due to the low natural concentrations of
these As species in the lichen matrix. Despite the large injec-
tion volume, no significant tailing of the As(III) and As(V)
peaks was observed. Deionized water showed promise as the
extractant of choice as it resulted in the best S/N ratio for the
inorganic species (As(III) and As(V)), where MeOH:DIW 1:1

was found to give the best S/N ratio for the other species of
arsenic where this is likely due to MeOH facilitating the dis-
solution of organoarsenicals as further revealed in the next
section.

Choice of extraction solvent for further evaluations

Deionized water was found to be the most effective extraction
solvent for the inorganic As species since metal arsenites and
arsenates are both highly soluble in water (Magalhães 2002),
confirming our earlier findings in this study and those of
Kuehnelt et al. (2000) who had found that water exhibited
the best extraction efficiency in comparison with
MeOH:DIW (1:1) in the fruticose lichens, Alectoria
ochroleuca and Usnea articulata. The extraction solvent of
MeOH:DIW (1:1) provided a good but lower S/N ratio
(Table S3, Supplementary Material) of As(III) and As(V)
and higher S/N ratio for the unknown As species in the sam-
ples, thought to be organic arseno compounds due to the prev-
alence of organoarsenicals in lichens (Koch et al. 1999;
Machado et al. 2006), showing that this solvent is more suited
to the extraction of the unidentified organo-arsenic com-
pounds (Fig. 1).

Studies involving the use of EtOH:DIW as an extraction
solvent as recommended by Zhao et al. (2015) who analyzed
As in the hyperaccumulating fern (Pteris vittata), rice seed-
lings, and tobacco leaf showed some promise as an appropri-
ate extraction solvent. However, the poor S/N (Table S3,
Supplementary Material) and the appearance of an additional
peak (U4, Fig. 1) which was not found to be present in any of
the other extractions raised caution to the use of this solvent
for further method development. It is plausible that these ad-
ditional peaks resulted from impurities in the ethanol solvent
or were due to the improved extraction of an additional arsenic
species, although this hypothesis would need to be verified
through further experimentation. If an additional As species,
or many, are present, this would imply that EtOH is selective
to certain arsenicals but poor in its overall recovery of arsenic
species as observed by the poor S/N ratios in comparison with
the other extraction solvents; however, studies of this type will
not be covered in the scope of this study.

Our findings contrasted to those by Amaral et al. (2014)
who had recommended the use of 1% nitric acid as an appro-
priate extraction solvent, as we found that As(V) S/N ratio
(Table S3, Supplementary Material) increased dramatically
in the presence of 1% HNO3, the As(III) S/N ratio increased
slightly, and the organic species which were observed in the
other solvents were undetectable (Fig. 1). These results agreed
with the finding by Cullen and Reimer (1989), where the use
of 1% HNO3 as an extraction solvent compromised the integ-
rity of the various As species in the lichen matrix as it is a
strong oxidizer, making it unsuitable as an extraction solvent
in such applications. The observed vertical baseline shift
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between the other extraction solvents and HNO3 (Fig. 1) is
likely due to the evaluation taking place after the ICP-MS
components (nebulizer, torch, spray chamber) had to be
cleaned due to a salt crystallization on the various sample
introduction components of the ICP-MS. Conditions between
analyses were the same, taking place using the same mobile
phase, daily performance parameters, and analyte intensities
for the daily tuning solution; therefore, the results are valid.
Moreover, decisions regarding the suitability of the solvent
were based upon the S/N ratios and the integrity of the various
arsenic species and consequently vertical shifts are not of con-
sequence. The observed horizontal shift of As(V) in this ma-
trix (Fig. 1) is likely due to the change in the pH and ionic
strength of the solution as peak positions were confirmed
through spiking.

Mass/volume extraction experiments

It was found that 0.07 g of lichen sample extracted in 7 mL of
DIW in an ultrasonic bath yielded the best S/N ratios for the
mass-normalized intensities; therefore, these values were used
for further method development.

Effect of extraction time

The triplicate samples were normalized according to mass,
averaged for each extraction time, and replotted in Excel.
Based upon S/N ratio, an extraction time of 24 h yielded the
highest S/N ratio for the inorganic arsenic species of interest.
Since the relative abundance of the different peaks remained
very much the same over the 24 h extraction period (maxi-
mum temperature of ultrasonic bath, 57 °C), the extraction
procedure did not appear to affect the integrity of the arsenic
species present in the lichenmatrix. This confirms the findings
of Mrak et al. (2006) who found that at up to 90 °C, the
various forms of arsenic remained intact. At temperatures ex-
ceeding 90 °C, however, they noted a decrease in the AsB

concentration and an increase in trimethylarsine oxide
(TMAO).

It can be seen from Figure S1 (Supplementary Material) that
an increase in the time of extraction resulted in an increase in
temperature in the ultrasonic bath over the first 2 h, thereafter
the ultrasonic bath temperature stabilized at 57 °C. As such, the
observed improvement in extraction efficiency is in fact most
likely dominated by the length of time of extraction and not so
much due to the increase in temperature, as suggested in the
initial method development in earlier sections of this article. To
elaborate, extending the time of extraction would ensure ade-
quate dispersion of the sample slurry through continuous agita-
tion (Blasco et al. 2006), improving sample-to-extraction ma-
trix contact. Moreover, it would expose the sample to a higher
number of ultrasonic-generated imploding bubbles which are
known to result in high local pressures and temperatures (Kazi
et al. 2009). These findings are somewhat different from those
of Machado et al. (2006) in Parmelia caperata and Mrak et al.
(2006) in Hypogymnia physodes and Cladonia Rei, where an
increase in temperature was solely responsible for improved
extractability of As from lichens. Although temperature may
play a role in improved extraction of the lichen matrix in our
study, it is unlikely to be the only causative factor.

Variation of mobile phase composition to resolve arsenic
species

None of the tested ratios of mobile phases, NH4NO3 (50 mM,
pH 8.6):NH4NO3 (80 mM, pH 8.6) and NH4HPO4 (8.0 mM,
pH 6.2):NH4NO3 (8.0 mM, pH 6.2), were able to separate
AsB from As(III). The gradient method developed by Alava
et al. (2012) showed some degree of separation of these spe-
cies; however, this mobile phase caused blockages of the neb-
ulizer due to salt buildup after just a few samples. Although a
mobile phase of 30:70 NH4NO3 (50 mM, pH 8.6):NH4CO3 (2
mM, pH 10) + 1% MeOH gave a good separation of As
species, an elution time of 30 min was required for a complete
elution of all of the arsenic species and high throughput was
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limited by blockages and salt formation in the nebulizer and
injector after just a few samples.

It was found that the addition of MeOH (1%) to the DIW in
70:30 NH4NO3 (50 mM, pH 8.6):DIW resulted in a better
separation of AsB and As(III). Further optimizations involved
the adjustment of this ratio, where an end mobile phase com-
position of 17.5 mmol NH4NO3 in 1% MeOH at 0.6 mL/min
resulted in the complete baseline resolution between all five
target arsenic species (Fig. 2). This is the only published meth-
od that the authors are aware of which is able to baseline re-
solved these five arsenic species using an isocratic method on a
PRP X-100 anion exchange column. Attempts were made to
improve the method elution times by increasing the mobile
phase flow rate to 1mL/min. Although this improved the sharp-
ness of the MMA peak, AsB and As(III) were no longer base-
line resolved and so the flow rates were returned to 0.6 mL/min.

Analysis of lichen samples

During initial method validation using the lichen extracts, elu-
tion times of the AsB, As(III), and DMA were the same as
those observed in pure standards, as confirmed through spik-
ing. Spikes of MMA and As(V) eluted slightly earlier in com-
parison with spikes in water and are likely due to the change of
matrix, although the change could be effectively dealt with by
expanding the peak search window. In samples spiked with a
mixture of the five target arsenic species, peak positions were
similar to those observed in the single spikes of each species
into the lichen matrix. The method blank (Fig. S2,
Supplementary Material) was not found to contribute to the
As baseline when compared to a blank which had not been
through the sample preparation procedure.

Initial studies involving the bulk lichen material from the
urban site showed a change in species over an extended stor-
age time. At the start of method development, the S/N ratios
were highest for the inorganic arsenic species and by the end
of method development, S/N ratios were highest for the or-
ganic forms of arsenic. The storage of shredded (but not pul-
verized) lichens for a period of 6 months in a cool dark place
could have provided the lichens with the time and conditions
needed to metabolize and methylate the inorganic forms of As
initially found to be present in the sample. This finding

confirms the hypotheses of Farinha et al. (2004) and Mrak
et al. (2008) that lichens are actively involved in the metabo-
lism and biotransformation of arsenic species. Although some
may consider the biotransformation of arsenic by a biomonitor
as non-beneficial, such a process can be useful in providing
insight into how recent the impacts are, allowing changes in
arsenic contamination within an environment as a result of air
pollution to be determined.

Due to these effects, a new bulk lichen material sample was
collected from each site for the final method assessments.
Here, the elution times for MMA and As(V) were found to
have increased to 21 and 43 min, respectively, as a conse-
quence of column degradation over time. Despite this change
in elution times, the separation was proven to remain unaffect-
ed and the results allowed for an understanding of arsenic
speciation in lichens. As such, elution times for all species
were re-evaluated in water and the lichen matrix, and the op-
timized method run accordingly. Correlation coefficients for
AsB, As(III), DMA, MMA, and As(V) (n = 5 + blank) were
0.99999, 0.99990, 0.99998, 0.99999, and 0.99995, respec-
tively. As can be seen in Fig. 3, the repeatability of the devel-
oped method was excellent.

It can be seen from Figs. 3 and 4 that AsB and As(III) were
no longer baseline resolved, likely due to the elution of an
additional As species from the lichen, P austrosinense (Fig.
4, U1), just after AsB. Despite this, the most toxicologically
relevant form of As, As(III), was still sufficiently resolved for
semi-quantitation. Figure 3 shows that there were two addi-
tional unidentified As species in the urban site (U2 and U3) in
comparison with the rural site (Fig. 5). These are likely to be
other organo-arsenic species or arsenosugars as has been
found in studies by Koch et al. (1999) and may have resulted
from different sources of pollution such as the application of
pesticides in this park or nearby industrial activities, the vola-
tile metabolic products of different microbes in surrounding
soils (Huang et al. 2011), meteorological factors, or lichen
metabolic processes. Since the same lichen species was used
throughout the study, the latter scenario is less likely.
Concentrations of As(III) and As(V) were lower in the rural
site in comparison with those in the urban site, indicating
differences in ambient air quality (Table 1). Arsenobetaine
+U1 were found to be in high abundance in lichens from both
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sites, although concentrations for the urban site were higher
than in the rural site. Since lichens are the product of a sym-
biotic relationship between algae and fungi (Forbes et al.
2015), it is highly likely that AsB in these samples had arisen
from the fungal component, where many fungi are known to
possess high concentrations of this arseno compound
(Nearing et al. 2014a, b). Based upon the semi-quantitative
results, the summative As concentration of freshly collected
lichens from the urban and rural sites were 1.22 ± 0.50 μg/g
and 0.74 ± 0.06 μg/g, respectively. In order of abundance, the
various arsenic species in lichens from the urban site were
As(V) > As(III) > AsB+U1 > DMA > MMA and As(V) >
AsB+U1 > As(III) > DMA > MMA for the rural site, where
MMAwas present in extremely low, non-quantifiable concen-
trations in lichens from both sites.

Total arsenic analysis and recoveries from speciation analysis

A dilution factor of five was found to be most appropriate for
the lichen samples. Total recoveries for the lichen and tea leaf
samples were 104 and 121% for the lichen and tea leaf CRMs
respectively and were within the 95% confidence interval stip-
ulated on the CRM certificate. The internal standard

recoveries for all samples were well within the limits of
70—130% set by the USEPA (Keith 1996).

Since arsenic may enter the environment from gold mining
(Villaescusa and Bollinger 2008; Chakraborti et al. 2013),
crematoriums, medical waste incineration (USEPA 1998),
burning of fossil fuels (Garelick et al. 2005), and smelting
activities (Crecelius et al. 1974), it can be expected that urban
sites, such as JHB, would exhibit higher concentrations of
arsenic than rural site which does not have these activities.
This hypothesis agrees with the findings from our study where
the total concentrations of As were higher in samples from the
urban site (total, 6.43 ± 0.25 μg/g) than in those from the rural
site (1.87 ± 0.05 μg/g). The burning of fossil fuels, such as
coal, and the burning of pressure-treated wood for the cooking
of food and heat generation are believed to be the major con-
tributors to arsenic concentrations at the urban site. Cremation
services and gold mining are also likely sources of As air
pollution at this site, although probably minor contributors.
Sources of As at the rural site are likely to be predominantly
natural in origin, although neighboring farming activities may
also be a contributing factor.

The sum of the water-extractable concentrations of the
monitored As species was 19% and 40% of the total arsenic
concentration in lichens from the urban and rural sites,
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respectively (Table 1). The difference in the extraction yields
between sites can partly be contributed to the higher percent-
age of AsV (88% of the summed species concentrations) in
lichens from the rural site in comparison with that in the urban
site (81% of the summed species concentrations) which will
cause higher yields since As(V) is water-soluble. The rest of
the difference could be due to the high RSDs for AsB+U1
from the rural site resulting from the apparent higher concen-
tration of the unknown interfering As species eluting on the
tail end of AsB in lichen samples from this site. Since only
five As species were under investigation in the present study,
the extraction yields are an improvement on those reported by
Kuehnelt et al. (2000) who evaluated 12 As species in the
fruticose lichens, Alectoria ochroleuca and Usnea articulata,
with yields of 7% and 25%, respectively. Koch et al. (1999)
reported high extraction yields of As from the lichens, Bryoria
sp. and Alectoria sp.; however, most reported values were
below the LOD and LOQ, and the actual measurable recover-
ies accounted for only 0.625–10% of the total arsenic species.

In agreement with studies by Koch et al. (1999), Machado
et al. (2006), and Farinha et al. (2009), we found that the
As(III) and As(V) were the dominant As species in the freshly
collected lichen, P. austrosinense, from the urban impacted
site of our study. For the rural site, As(V) was the dominant
arsenic species; however, As(III) was found in low

concentrations in lichens from this site pointing to a different
source of As contamination. In agreement with the findings by
Farinha et al. (2009) and Koch et al. (1999), we too found
arsenate in all of our samples and this was considered to be
the main arsenic species. Our results contrasted to those of
Machado et al. (2006) who found that arsenite was the most
abundant As species at their sites, where the order of abun-
dance of As species in lichens from a background site of their
study was As (III) > As(V) > DMA > MMA and As(III) =
As(V) > DMA > MMA in discontinuously exposed
transplanted lichens which had been exposed to pollution for
a period of 2 months. This difference could be due to a differ-
ent lichen metabolic processes or rates, or different pollutant
sources, as the pollution sources for the study by Machado
et al. (2006) were a coal-fired power plant and industrial area,
respectively. The higher abundance of As(III) observed in
their study is counter to what one would expect, given that
the main emission by-product from coal combustion has been
found to be As(V) (Goodarzi and Huggins 2005; Shah et al.
2007). As such, the differences between two lichen species
metabolisms could be a major factor affecting the As species
observed, where the study by Machado et al. (2006) used the
foliose lichen Parmelia caperata. Moreover, the length of
storage time before processing could also be a factor since
As(V) usually converts to As(III) before it is methylated
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Table 1 Concentration of four of the five As species evaluated in this
study (AsB, As(III), DMA, As(V)) in lichens from an urban (n = 10) and
rural (n = 10) site as determined by HPLC-ICP-MS in comparison with
the total As concentrations in lichens from these sites. Results are shown

in μg/g (mean ± SD). The fifth As species under study, MMA, was not
included since it was below the method detection limits (MDL for MMA,
1.00E-04 μg/g)

Site AsB+U1 As(III) DMA As(V) Total As Summative
extraction
efficiency (%)

Urban site 8.11E-02 ± 1.13E-02 9.57E-02 ± 4.55E-03 5.59E-02 ± 4.37E-03 9.92E-01 ± 5.06E-01 6.43E+00 ± 2.52E-01 19

Rural site 2.91E-02 ± 1.26E-02 4.94E-02 ± 7.73E-03 1.58E-02 ± 6.87E-04 6.54E-01 ± 4.65E-02 1.87E+00 ± 5.46E-02 40

Calculated LOD 6.00E-05 6.00E-05 4.29E-05 2.14E-04 3.89E-04
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(Challenger 1945; Cullen 2014), although it is hard to draw
conclusions regarding this, since the storage period was not
mentioned in their study. It is also plausible that this lichen
species may be able to convert As(V) to As(III) more readily
than P. austrosinense following the mechanism proposed by
the Challenger pathway (Challenger 1945; Cullen 2014).

Conclusions

This study has shown that the total concentrations of As were
higher in lichen samples from the urban site (total, 6.43 ± 0.25
μg/g) than those from the rural site (1.87 ± 0.05 μg/g). In the
method development related to the extraction of inorganic As
species, the ultrasonic extraction of pulverized lichen material
over a period of 24 h using deionized water resulted in the
highest S/N ratio for the As(III) and As(V) species present.
Optimized chromatographic parameters included an injection
volume of 120 μL and a mobile phase of 17.5 mmol
NH4NO3 in 1% MeOH, pH 8.6 at 0.6 mL/min which resulted
in the complete baseline resolution of five target As species,
namely AsB, As(III), DMA,MMA, andAs(V), using a PRPX-
100 anion exchange column. This study confirmed that lichens
methylate inorganic arsenic species over an extended storage
time. As such, if a direct comparison of the lichen with the
environment is needed, fresh samples should be collected,
where metabolites can help to elucidate information regarding
how recent the impact is. Since lichens have a complex array of
arsenic species present in their thallus, it is possible that addi-
tional As speciesmay elute shortly after AsBwhich could affect
the baseline separation of AsB andAs(III). Nevertheless, mean-
ingful semi-quantitative toxicological information can still be
gathered in a relatively short time. Based upon the semi-
quantitative results, the summative As concentrations of freshly
collected lichens from the urban and rural sites in this prelimi-
nary study were 1.22 ± 0.50 μg/g and 0.74 ± 0.06 μg/g, respec-
tively. Consequently, the extraction efficiency of As species
from the lichen using the proposed method was 19% and
40% of the total arsenic concentration in lichens from the urban
and rural sites, respectively, demonstrating an improved extrac-
tion efficiency in comparison to other published methods. It
should be noted that more samples would need to be collected
in future studies and other factors affecting speciation, such as
meteorological data, should be included to further substantiate
these results. In order of abundance, the various arsenic species
in lichens from the urban site were As(V) > As(III) > AsB >
DMA>MMAandAs(V) >AsB >As(III) > DMA>MMA for
the rural site, where MMAwas present in extremely low, non-
quantifiable concentrations in lichens from both sites. These
differences in the speciation patterns between an urban and
rural site were likely reflective of the different sources. Future
studies could involve the adjustment of pH to determine wheth-
er or not a lower pH could help resolve AsB and As(III);

however, care should be taken to ensure that this does not
promote the interconversion of As species.
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