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Although acute intoxication has become rare, arsenic (As) is still a
dangerous pollution agent for industrial workers and people living
in the vicinity of emission sources. In humans, only inorganic As is
toxic; organic forms present in large amounts in the environment
are nontoxic. It is therefore important to be able to differentiate
one group from the other using appropriate speciation methods.
The authors review the present knowledge of the distribution of As
in humans and food products. The three steps of the speciation
methods (sample preparation, species separation, and detection)
are described. For liquid samples, a clean-up step (C,; cartridge
extraction, dilution, or freezing) is necessary to eliminate proteins
and salts from the matrix. For solid organic samples, the first step
consists of the digestion of tissues followed by solvent extraction
sometimes coupled with a C; extraction. The separation of As
species is accomplished by different high-performance liquid
chromatography (HPLC) methods (ion-exchange, ion-pairing, and
micellar liquid chromatography). The detection methods are
compatible with HPLC and are able to detect As species in the
microgram-per-liter range. Inductively coupled plasma (ICP)
atomic emission spectrometry is more frequently used, but suffers
from interference by organic solvents in the mobile phases. Atomic
absorption spectrometry methods give sensitivities of the same
order. ICP-mass spectrometry has the advantage of specificity and
can be 100- to 1000-fold more sensitive than previous methods.

Introduction

For many years, arsenic exposure has been associated with
various disease states (cancer, cardiovascular disease, neurolog-
ical syndromes). Numerous fatal intoxications have been
reported (1-4). Recently, fatalities due to arsenic have become
rare; drinking water, sometimes contaminated by inorganic
arsenical species of natural or industrial origin, is the principal
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source of these fatal intoxications (5-7). In some rare cases, sui-
cide by inorganic arsenicals is observed (8).

In most cases, arsenic exposure is evaluated by the total
arsenic concentration measurement in biological media. How-
ever, several studies provided proof that a unique consumption of
seafoods can give rise to an important increase in urinary total
arsenic within the 10 h of ingestion (9,10). This increased excre-
tion is without any consequence on health, because absorbed
arsenic is under organic forms without any toxic effect (9,11,12).
These facts demonstrate the absolute necessity of determining
individual concentrations of every arsenical species either in bio-
logical or in environmental media in order to differentiate toxic
from nontoxic species. This differentiation, called speciation, can
separate inorganic arsenic, namely arsenite (As[III]) and arse-
niate (As[V]), and its metabolites monomethylarsonic acid
(MMA) and dimethylarsinic acid (DMA) from nontoxic arsenicals
of marine food origin, namely arsenobetaine (Asbet) and arseno-
choline (Aschol).

In acute intoxications following the ingestion of large quanti-
ties of inorganic arsenicals, the major symptoms are gastroin-
testinal (nausea, vomiting, abdominal cramps, and diarrhea that
may be blood stained), sometimes followed by cardiovascular
collapse and death (8,13). If intoxication is not fatal, the patient
suffers from a central and peripheral neuropathy, hepatic failure
and vascular lesions giving rise to gangrene of the extremities,
and myocardial infarction (8,14). The lethal dose is probably
between 100 and 200 mg of arsenious acid for an adult indi-
vidual, although people have survived larger doses (15). This
dose varies with the arsenic species implicated. The 50% lethal
dose values (LD 50 for oral administration to mice, in milligrams
per kilogram) are as follows: arsin, 3; arsenite, 14; arseniate, 20;
MMA, 700-1800; DMA, 700-2600; Asbet and Aschol, > 10,000
(16). During the last decades, the diminution of acute intoxica-
tions by arsenic was originating from the very significant
decrease in the use and worldly production of arsenicals (77,000
tons in 1970 to 29,000 in 1980) (17). However, arsenic use is still
important in industry (smelting, glass making, and semicon-
ductor manufacture), agricultural and wood preservation, and
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numerous mining operations and industries (9,14,18). Arsenic,
being very ubiquitous, is distributed in every compartment of the
environment (air, water, and soil) as soon as it is emitted.
Therefore, it is a dangerous pollution agent for industrial workers
and inhabitants living in the vicinity of emitting sources.

Chronic intoxications are observed following continuous
exposure to even very low doses of inorganic arsenic during a few
years. Environmental arsenic exposure is associated with general
effects (chronic weakness, loss of weight, debility, loss of
appetite, anemia apparently due to bone marrow suppression,
chronic renal and liver damage, vascular effects such as gan-
grene, and myocardial infarction), dermatological manifesta-
tions (hyperpigmentation and hyperkeratosis), and effects on the
nervous system (paresthesis, muscle cramp, ataxia, and lack of
coordination) (13,15,19). After some years of exposure, arsenic
causes a skin cancer due to the ingestion of soluble inorganic
arsenicals, lung cancer due to inhalation (smelter workers), and
many other types of malignant neoplasms (tumors of stomach,
esophagus, and urinary bladder) (15,20-23).

Because of its ubiquity in the environment, arsenic is present
in biological media of animals and plants, even without any
intoxication or seafood consumption. Its normal concentrations
vary according to the medium concerned. In blood, total arsenic
varies from 1.5 to 2.5 ng/L (15). Buratti et al. (10) measured the
blood concentration in 148 normal individuals and found an
average value of 5.1 pg/L. Concentrations in hair vary from 0.25
to 0.88 pg/L (24); in urine, average concentrations are between
20 and 50 pg/L (11,24).

In toxicological analysis, the urine medium is most often used
as a proof of intoxication, because urinary excretion is the prin-
cipal form of arsenic elimination (9,10,15). Moreover, a good cor-
relation is observed between absorption and urinary excretion.
Blood serum is also used, especially to detect an accumulation
risk of arsenic species in patients with chronic renal diseases
with or without hemodialysis (25,26) and in occupationally
exposed people to inorganic arsenic in the workplace (9,14). As a
general rule, total urinary As concentration is used to prove
arsenic exposure, but the measurement of total As may not
always be appropriate for the biological monitoring of occupa-
tionally exposed workers. Indeed, numerous studies have shown
that total urinary arsenic can show an important rise within the
10 h following seafood ingestion (9,10). Moreover, these elevated
levels are without any consequence on health, because arsenic of
dietary origin is exclusively in organic, and therefore nontoxic,
forms (9,11,12).These observations are in favor of the selective
determination of every species present (that is, speciation of
arsenicals). The species of concern are the toxic inorganic As(III)
and As(V) species and their metabolites (MMA and DMA)
together with nontoxic organic species of dietary origin (Asbet
and Aschol).

Arsenic species of dietary origin are mainly found in marine
foods with high concentrations. Seaweeds used in human foods
(nori, wakame, kombu) have a content in total arsenic between
3 and 200 pg/g; content in crustaceans is situated between 10
and 100 pg/g. In fish, contents vary according to the species of
fish concerned (11,27); average concentrations vary between 5
and 100 pg/g (27,28), whereas elevated values of 100 to 250 pg/g
are found in the last species of the food chain such as the conger

or the dogfish (27-29). In flat fishes (plaice, sole, flet), mean
values are between 10 and 60 pg/g (27). Nevertheless, it has now
been demonstrated that these important concentrations in
seafood cause no damage to health, because 80-95% of arsenic is
in the organic form (Asbet, Aschol, arsenosugars, and arseno-
lipids) (11,12,29-31). Beauchemin et al. (29), in a study of
arsenic speciation in dogfish muscle, concluded that among the
949% of As extracted (35 pg/g of dry weight), 84% are arsenobe-
taine and 4% are As(III), As(V), MMA, and Aschol. The remaining
6% are other undetermined chemical species, probably lipid-
bound (arsenolipids) because of their solubility in chloroform.
Nevertheless, Goessler et al. (11), in a recent study, succeeded in
identifying an arseno-ribose dimethylarsinoriboside that
accounts for most of the arsenic present in a seaweed
(Hormosira bonskii). In a gastropod (Austrocochlea constricta)
that consumes the seaweed, total As (74.4 pg/g of dry weight) is
composed of several arsenical species, mainly arsenobetain
together with minor species, among which are As(V), DMA,
Aschol, arsenoribose, tetramethylarsonium, and As(III). On the
other hand, in another gastropod (Morula marginalba) which
consumes Austrocochlea constricta, 96% of total extracted As
(233 pg/g of dry weight) is arsenobetaine, and the remaining 4%
is arsenocholine. These results show that arsenobetaine is the
main end-product of the arsenic metabolism in the food chain
and that consumption of the last marine species of the food chain
is less hazardous for inorganic As absorption.

Because of its ubiquity, arsenic is naturally found in all waters,
with an average concentration approaching 1 to 2 pg/L (15). The
arsenic cycle within the groundwater compartment has impor-
tant implications in human toxicology (32). The weathering of
arsenic-bearing minerals is generally the most important source
of inorganic arsenic in groundwater (33). In surface water,
anthropogenic sources can add substantially to the arsenic con-
tent. Inorganic As comes from minerals, industrial discharges,
and insecticides; organic forms have their origin in industrial
discharges, insecticides, and biological actions on inorganic As
(phytoplankton). The As concentration in most drinking waters
seldom exceeds 10 pg/L, although values as high as 135 ug/L
have been found in India (33). For public health reasons, several
government and international organizations (34-37) have pre-
scribed a permissible total As concentration between 10 and
50 pg/L in potable water. Although all regulations relate only to
the total water amount of As, the speciation of As is important to
consider in differentiating toxic inorganic As from the nontoxic
organic species.

In humans, very few studies have been done on the urinary
speciation of As. Buratti et al. (10) showed, in a study of 148
normal subjects not exposed to As and without any As marine
absorption, that total urinary concentration is 17.2 pg/L, of
which 1.9 pg/L is inorganic (As[III] + As[V]), 1.9 pg/L is MMA,
2.1 pg/L is DMA, and the other part is undetermined forms. In
the same population, a few days following marine food con-
sumption, total As in urine reached 132.3 pg/L, whereas inor-
ganic As, MMA, and DMA were unchanged; only nontoxic
organic As was increased. Arbouine and Wilson (9), in an other
study on healthy volunteers, found that only inorganic As
remains constant following fish absorption. In contrast, Lowell
and Farmer (8) found that the total urinary As in workers chron-
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ically exposed to inorganic As is increased up to some hundreds
of micrograms per liter with the following distribution of the dif-
ferent species: As(V), 3.5%; As(III), 12.5%; MMA, 16%; DMA,
66.5%. The important increase in DMA compared with MMA is
the sign of a chronic intoxication by inorganic As (32). In
seafood, as well as in human, the species generally studied are
As(III), As(V), DMA, MMA, Asbet, and Aschol. Some other
methods determine tetramethylarsonium and arsenosugars pre-
sent in marine foods (11,31).

Therefore, As speciation appears a more and more important
analytical step in water analysis, food and agricultural areas, or in
human health (controls in the workplace or in patients with
chronic renal disease). In this review, the research was limited to
As speciation in human biological media, marine foods, and
drinking waters.

Experimental

General considerations of As speciation

Speciation is generally accomplished in three steps: sample
preparation, species separation, and detection. Sample prepara-
tions consist of the isolation of different species from the matrix,
sometimes with a preconcentration effect. Indeed, biological
samples are complex, and species to be analyzed are very diluted.
Sample preparation is a very critical step necessary to efficiently
solubilize the species without degradation. High-performance
liquid chromatography (HPLC) is the method of choice, because
solutes to be separated are neither volatile nor thermostable, and
gas chromatography (GC) is applicable only after derivatization.
Moreover, HPLC is easily coupled with several of the existing
methods of detection. The classical detectors in HPLC (ultravi-
olet—visible or electrochemical detectors) are not applied in
biology because of their poor selectivity and sensitivity for the
determination of species present at low levels in a complex
matrix. In these media, concentrations are at the nanogram-per-
gram level for solid samples (seafood) and the microgram-per-
liter level for liquid samples (serum, urine). The detection
methods generally used are those of the elementary analysis. The
most sensitive detection method is mass spectrometry (MS) with
a plasma source as the source of ionisation (inductively coupled
plasma, ICP). Nevertheless, ICP-MS is too expensive to acquire
and monitor to be present in most laboratories. For these rea-
sons, a number of works on speciation use less expensive detec-
tors such as ICP-atomic absorption spectrometry (ICP-AAS),
graphite furnace AAS (GFAAS), or quartz furnace AAS (QF-AAS).

Speciation in biological samples is always preceded by total
arsenic determination. The sample is dry-ashed (31,33) or
submitted to wet-ashing (34-36) or microwaves (27,37). With
dry-ashing, the organic matter is decomposed under the conju-
gate action of heat and magnesium nitrate MgOMg(NO;),
(32,33). In wet-ashing, the reagents are mixtures of strong acids
(HNO3-HCl0,4, HNO3-H,S0,) (35) with which Hy0, is some-
times associated (38,39). The detectors used are GFAAS (39-41),
hydride generation (HG)-GFAAS (27,38), HG-ICP-AES (34), and
ICP-MS (33,35,42). The general scheme of all the procedures
used for As speciation in biological media is given in Figure 1.
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Sample preparation for As speciation

This stage is very critical for several reasons; biological media
are very complex matrices with a high concentration of organic
matter and salts that can interfere with the determinations. They
contain very diluted As species; sample preparation should there-
fore ensure the extraction and concentration of the species
without denaturation, loss, or contamination.

Samples are either liquid (water, serum, urine, dialysate) or
solid (animal or vegetal tissues). In view of the elimination of these
matrices, various extraction—purification procedures (depending
of the liquid or solid nature of the sample) are available.

Pretreatment of liquid samples

Serum and urine have a high salt and organic material content,
and serious problems (lack of separation, peak splitting or broad-
ening, and dramatic shortening of the column life) appear if they
are directly injected into a HPLC system. The use of Cy5 cartridges
to partially clean-up the urine prior to injection into HPLC
columns greatly enhance the column life (52,53). However, some
speciation methods for As are limited to a simple fivefold or ten-
fold dilution followed by a filtration step (54,55). Other methods
use Cyg cartridges for urine purification, but the elimination of
salts is then incomplete and their high concentrations lead to
poor chromatographic separations (53,56). Indeed, Heitkemper
et al. (56), studying As speciation by ion exchange, observed peak
broadening, retention time shifts, and baseline modifications
when the samples were supplemented in sodium chloride.
Moreover, in HPLC-ICP-MS, chlorides greatly interfere by
forming a very intense peak caused by the polyatomic ion
40Ay35Cl+ with the same mass-to-charge ratio as the As isotope.
In this case, the chromatographic separation between the inter-
fering chlorides and other species is possible, provided a dilution
of urine is accomplished (53,57,58). The elimination of this inter-
ference is also possible with the use of a helium microwave
plasma (argon is then eliminated) (59) or hydride generation (60).
In a recent study, Lopez-Gonzalves et al. (61) proposed the purifi-
cation of As species from urine by freezing (-15°C) samples
diluted in absolute ethanol; at this temperature, salts and organic
compounds of high molecular weight are precipitated, and the
ethanol phase containing As species separates. After a further
washing of the precipitate by ethanol, dry extracts are injected in
the HPLC system consisting of a ion-exchange HPLC with HG-
AAS detection (HPLC-MO-HG-AAS). Under these conditions, all
interfering substances are eliminated (especially chlorides) as
well as the organic matrix responsible for column damage.

Pretreatment of solid samples

Pretreatment of solid biological samples is much more com-
plicated than for liquid samples and is generally accomplished in
two steps: extraction followed by purification. The extraction
step uses organic or hydro-organic solvents; in early methods,
methanol followed by ether purification was used (62).
Methanol-water (1:1) mixtures (63) and methanol-chloroform
(2:1) extractions followed by reextraction with the methanol-
water mixture were also used (29,46,51). The yield of extraction
by the methanol-chloroform mixture is 94%, but reextraction
with methanol-water decreases this yield to 88%. The difference
corresponds to 6% of As still present in chloroform and probably
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of lipidic nature (arsenolipids) (29). Another procedure which
must be emphasized is the extraction of arsenobetaine and
arsenocholine by ion-pairing with hexanitrodiphenylamine (64).
The enzymatic digestion of solid tissues has been proposed
(51,65); tissues were digested by trypsin in order to extract the
arsenic species, but the enzyme led to degradation of arsenobe-
tain and dimethylarsinic acid. Nevertheless, Lamble et al. (65),
with this method, recently found yields between 87 and 98%, but

the enzymatic digestion necessitates a 6-h incubation time that
makes this technique rather long. All these methods of extrac-
tion—purification have been applied to marine foods. For arseno-
sugars, a series of 5 reference materials (National Institute for
Environmental Studies number 6 mussel tissue; NIST 1566
oyster tissue; and NRCC, TORT-1, and CRM 525 mussel tissues)
have been used by Larsen (66) in an extraction using the ternary
mixture water—-methanol-chloroform. Alberti et al. (52) has

Initial sample
Solid sample (powder) Liquid sample: [
seafood serum, urine, water
v 3
Methanol
Total arsenic Methanol water Extraction
quantification Methanol chloroform
Enzymatic extraction .

Mineralization and detection:
AAS, HG AAS, ICP-AES
HG-ICP-AES, ICP-MS

Decantation E];(trallction ;’l" ithl

Centrifugation Purification | absolute ethano
C" cartridge Centrifugation
Dilution Decantation
Extraction with ether/phenol Dilution
L » Comparison of results « As
speciation
Separation Detection
HPLC or pHPLC ICP-AES, HG-ICP-AES
Ion pair QF-AAS, HG-QF-AAS
Ion exchange ICP-MS, HG-ICP-MS
Micellar liquid chromatography

Figure 1. General scheme used for arsenic speciation in environmental and biological samples.
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tested 3 extraction solvents (methanol-chloroform [1:1],
methanol, and water-methanol in various ratios) by their action
on a reference material (CRM 278 mussel tissue); the best mix-
ture was found to be the water—methanol mixture in different
ratios. The elimination of interfering substances and organic
matter in the raw extract is affected by a solid-liquid purification
on a Cyg preparative cartridge without any loss. Elmoll et al. (53)
compared 3 extraction methods applied to a ray extract: the
extract was simply centrifuged, the same extract was purified
through liquid-liquid extraction by an ether—phenol mixture,
and the third part was extracted on a Cg cartridge. The anion-
exchange chromatograms showed poor resolution of Asbet and
Aschol when the raw extract was only centrifuged. The
ether—phenol purification increased the resolution slightly but
incompletely. Finally, C;g separation gave the best results, but
the retention times were different than those for the standards,
probably because of the high content of salts in the extracts.
Therefore, the authors propose a 10- or 50-fold dilution of the
raw extracts to obtain sufficient peak resolution; nevertheless, a
very sensitive detector such as ICP-MS must then be used to
ensure the accurate determination of analytes.

One can conclude that solid sample pretreatment is a very
tedious step that must be studied with much care for every par-
ticular sample when marine foods are concerned (Table I).

Journal of Chromatographic Science, Vol. 37, September 1999

Separation of arsenic species

HPLC with classical columns or microcolumns is the most
frequent technique used for speciation. GC has been applied, but
As species must be derivatized before separation (67-69).
Capillary electrophoresis is an interesting recent technique, but
the sensitivity of the detectors associated with it (ultraviolet
[UV], conductimetry) is low, so that its application to speciation
is rare (70).

The polarity of organic and inorganic compounds makes them
amenable to both ion-exchange and reversed-phase separations.
There are generally 6 As species to be analyzed: As(III), As(V),
DMA, MMA, Asbet, and Aschol. Nevertheless, a number of
methods for As speciation in biological media or water samples
apply only to inorganic As determination (36,71). Other methods
include an additional determination of DMA and MMA
(10,57,72). Indeed, recent chromatographic speciation methods
applied to biological media allow the determination of 6 or even
more species, including the tetramethylarsonium ion and the
arsenosugars (11,40).

The physico-chemical properties of the principal species play
an important role in the liquid chromatographic (LC) separa-
tion; inorganic species and their methylated forms are polar
weak acids, Asbet is a weak acid with a permanent positive charge
on the As atom, and Aschol has the same positive charge

Table I. Procedures Used for Arsenic Extraction and Purification in Biological Samples
Side effect on the
Timeof rhrnn]a,tggga,phir
Certified Safiepbece Extraction procedure | Extraction yield (%) Purification procedure separation Reference
Materials (CRM)
Cod muscle CRM 422 methanol-water (1:1) 97,30 Cyg cartridge > 100 min | small resolution of Aschol and Asbet 44
Dogfish muscle DORM-1|  methanol-water (1:1) 95,64 Cyg cartridge > 100 min | small resolution of Aschol and Asbet 44
Mussel tissue CRM 278 methanol-water (1:1) 54,24 Cyg cartridge > 100 min | small resolution of Aschol and Asbet 44
Ray, sole methanol-water (1:1) — extraction with >120min |  decrease in resolution between 53
ether-phenol, Cyq Asbet and Aschol,
cartridge, dilution shifted retention times
Seaweed 30
Hormosira bonskii methanol-water (9:1) decrease in resolution 1
Gastropod centrifugation and >14h
Austrocochlea constricta | - methanol-water (9:1) 74 filtration decrease in resolution 1
Gastropod centrifugation and >14h
Morula maginalba methanol-water (9:1) 95 filtration decrease in resolution 11
Dogfish DORM-1 methanol- 94 with methanol- phenol ion-pair >100min | separation destroyed, Asbet eluted 29
chloroform-water chloroform; extraction and (extraction) for 2 peaks
decreaseto 88 by | vacuum distillation
methanol-water sublimation
extraction
Urine absolute ethanol at -15°C ~ 100 centrifugation and 2-5h | any difference with standard sample 61
evaporation of ethanol
CRM of fish (DORM-1) | enzymatic extraction by 87 centrifugation, filtration | > 6 h broadening of peak 65
CRM of fish (TORT-1) trypsin 98 centrifugation, filtration | > 6 h broadening of peak 65
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together with a primary alcohol function and a very low polarity
in comparison with the other solutes. All these properties are the
origin of difficulties in the choice of the chromatographic condi-
tions (column, pH, and composition of the mobile phase) what-
ever the separation mode (ion exchange, ion pairs). Table II
indicates that anionic As species (As[III], As[V], MMA, DMA) have
very different acidity constants. This is an advantage in the sepa-
ration of these solutes by ion-exchange or ion-pair partitioning.
As(III) has an elevated p/, value (9.2), so that it remains un-ion-
ized in the pH range generally allowed (pH 2-8) for the common
chromatographic stationary Cig bonded phases. In this pH
range, the anionic species As(V), DMA, and MMA are retained on
the column and well separated, whereas the As(III) un-ionized
species elutes in the dead volume. In the anion exchange mode
and in the same pH range of 2-8, As(IIl) is eluted with the same
retention time as Aschol (cationic) and Asbet (either a cationic or
a zwitterion, depending on the pH value). Morita et al. (73) suc-
ceeded in the resolution of 5 As species (As[III], As[V], DMA,
MMA, Asbet, and Aschol) on a Nucleosil-N(CH3), anion-
exchange column (Nagel, Hoerdt, France) using a neutral phos-
phate buffer as the mobile phase. At this neutral pH, Asbet and
As(ITI) both remain in their neutral form so that hydrophobic
interactions can be held and account for the differences in reten-
tion on this packing material. DMA elutes later than MMA,
showing the affinity of the methyl groups of the As species
towards the alkyl groups of the column packing.

In another connection, Demesmay et al. (74) separated the 6
principal As species using a gradient of pH 6.5 and 7.95 (Figure
2). The chromatographic separation shows that Aschol
(cationic), Asbet (zwitterion), and As(III) (neutral) are the first

Table II:. Formulas and pK_, of Principal Arsenic Species

Compound Formula pK.

Arsenious acid OH-As-OH

Asllll) | 9.2
OH

Arsenic acid (l)H 2.3

As(V) ~ 6.8

OH—As=0 6

OH

Monomethylarsonic (l)H 3.6

acid (MMA) O A=O 8.2
OH

Dimethylarsinic TH3 1.3

acid (DMA) 0=As—OH 6.2
b

Arsenobetaine CH?

(Asbey CH*—/Xs*-CHZ—C:O 22

CH? H
Arsenocholine C|H3
(Aschol) CH3—/T5+—CH2—CH2—OH -
CH;

! LJJL/J

Time (min)

Figure 2. Anion-exchange chromatography of 6 arsenic compounds in
step-gradient elution mode by HPLC-ICP-MS with an ion-echange
ploymer-based column. Peaks: 1, Aschol; 2, Ashet; 3, As(lll); 4, DMA; 5,
MMA; 6, As(V).

3

[ 1 1 1 1 1 1 I
0 2 4 6 8 10 12 14

Retention time (min)

Figure 3. Anion- and cation-pair chromatography of 7 arsenicals obtained
on a reversed-phase C;g column coupled with HPLC-MW-HG-AFS.
Peaks: 1, As(V); 2, As(lll); 3, Asbet; 4, MMA; 5, DMA; 6, Aschol; 7, TMA.
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eluted species; their separation is not attributed to an ion-
exchange phenomenon but rather to the introduction of an
organic modifier (acetonitrile) in the mobile phase, allowing the
separation of Asbet from Aschol. At neutral pH, in the ion-pairing
mode, un-ionized As(III) and Asbet (zwitterion) cannot give ion-
pairs and are eluted together in the void volume, whereas Aschol
is retained on the C;g column by hydrophobic interactions
(75,76). Nevertheless, Mingsheng and Norris (40) succeeded in
separating 7 arsenicals on a C;g phase by using elevated column
temperatures (70°C) and mixed (anionic and cationic) ion-pair
reagents (hexanesulfonate and tetraethylammonium hydroxide)
(Figure 3). Multiple modes of separation mechanisms are prob-
ably responsible for the excellent separation: ion-pairing, ion-
exchange, hydrophobic interactions with the C;5 moiety and
silanol groups. The entire separation of the totality of the As
species necessitate operation at alkaline pH values (> 9). This is
possible with a polymeric column or a stabilized bonded Ci4
silica column (STM OD-5, 100 pm). Nevertheless, the use of alka-
line mobile phases does not allow the separation of Aschol
(cationic) and Asbet (zwitterion), which elute in the solvent
front. Terasahde et al. (77) succeeded in the separation of the 6 As
solutes by on-line chromatography on an anionic column fol-
lowed by a cationic column (Figure 4). The polymeric anion
column was able to function over a pH range of 1-12. A gradient
pH program was used. A diluted carbonate solution of pH 9.3
first allowed the retention of As(III), As(V), DMA, MMA, and
Aschol on the anionic column while Asbet eluted in the void
volume; then, by increasing the carbonate concentration and
slightly decreasing the pH with nitric acid, the species were
eluted from the column. However, Aschol coeluted with DMA.

SO0
1 2
o0
" 3
@
g 2400
S
3
& 2000
2
2 ‘o
oD f s
o 6
)
O 1o
i)
L
R U
soo b= k U
o 15
Time (min)
Figure 4. Anion-exchange and cation-exchange chromatography of
6 arsenic species using HPLC-ICP-MS, a cation guard column, and an
anion column in step gradient elution mode. Peaks: 1, Asbet; 2, DMA; 3,
As(lll); 4, MMA; 5, As(V); 6, Aschol.
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Because Aschol has a cationic character, it was strongly retained
on the cation guard column coupled online with the anion
column. Aschol was eluted from the cation guard column with
nitric acid. With the ion-pair mode, all compounds were sepa-
rated at pH 9 on a unique column (33,42) (Figure 5). The sepa-
ration between Aschol and Asbet can be increased by the addition
of a counter-cation in the mobile phase (29,40).

The time of analysis can be reduced by using a gradient (78),
but the isocratic mode has the advantage of keeping the chro-
matographic system in a permanent equilibrium that is more
convenient for routine use. Indeed, this technique has a fast
kinetic of exchange and good efficacy (79).

Ton-pairing is based on the distribution of ion-pairs between
the aqueous mobile phase and the hydrophobe stationnary
phase: the nonpolar stationary phase can be a C;g bonded silica
(64,75,80,81) or a polymeric resin (42,53,76,82). The counter-ion
bears several alkyl chains. For the separation of the anionic
species, the counter-ion is a quaternary ammonium. The more
frequently used reagents are tetrabutylammonium phosphate
(TBAP) (33,42,83) and tetrabutylammonium hydroxide (TBAH)
(75,76,80). Tetraethylammonium hydroxide (TEAH) (40) and
tetraheptylammonium nitrate (THAN) (84) have also been used.
Larsen and Hansen (85) have used ammoniums with long alkyl
chains (Cg—Cy5) and the pyridinium ion.

For the separation of cationic species, the counter-ion is a long
alkyl chain sulfonate, such as hexanesulfonate (40) or butanesul-
fonate (85). The pH of the mobile phase varies between 4 (40) and
9 (33,42). The elution is made in the isocratic or gradient mode,
sometimes at elevated temperatures (70°C) to reduce the elution
time (40). The elution is effected between 6 and 13 min (Table
I1I). The separations are applied to urine (10,26,72), serum
(10,26,55), or tissue extracts of marine organisms (29,42,80,86)
(Table III). Ion-exchange separations are especially concerned
with ionized or ionizable species, although non-ionic species can
also be separated. Separations of all As species present in biolog-
ical media necessitate the use of 2 different columns, anionic and
cationic (77).

The increase in the column temperature increases the effi-
ciency of separation by increasing the kinetic of exchange, which
is very slow compared to ion-pair separations (65). Several types
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Figure 5. Anion-pair chromatography of 6 arsenic species using
HPLC-ICP-MS and a reversed-phase C;4 column. Peaks: 1, Aschol; 2,
Asbet; 3, As(lll); 4, DMA; 5, MMA: 6, As(V).
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Table I1I. Arsenic Speciation: Technical Characteristics of the Methods

Arsenosugar and
dimethyl arsinoylethanol

ion-exchange; mobile phase,
1.25mM tetramethylammonium,
5% methanol; pH 6.8

Species Time of
Sample
(in order of elution) Sample Technique Chromatographic conditions | separation
De , aﬁ}ﬁw HP*&&%E-&ES column, anion-exchange Nucleosil- 5 min 30 ng As(ll), — 73
MMA, DMA, As(V) Nh<Cth>a-10bN;86('§;wai)'e phase 19 ng MMA,
phosphate buffer (25mM); pH 7. 41 ngDM/-\,
30 ng As(V)
As(lll), DMA, fish tissue HPLC-HG-ICP-AES column, 10-pm anion-exchange resin 8 min 3.5 pg/L As(lll), 100 pL 89
MMA, As(V) Nucleosil and PRPX-100 D1.3 pg/L DMA
! (250 x 4.1-mm i.d.); mobile phase, ’ !
phosphate buffer; gradient, 3.8 Pg/l- MMA,
100 and 50mM; pH 5.75 9.2 ug/L As(V)
Aschol, Asbet, As(lll), mussel tissue, | HPLC-UV-HG-ICP-AES |  column, 10-im anion-exchange resin 15 min 0.23 pg/g Aschol, | 20 pL 44
: Hamilton PRPX-100 (250 x 4.1-mm i.d.);
DMA, MMA, As(V) dogfish muscle mobilephase, phoxphete bufer 0.28 pig/g Asbet,
cod-muscle gradient, 5 and 35mM; pH 6.0 0.30 pg/g DMA,
0.31 pg/g MMA,
0.30 pg/g As(V)
As(Il), DMA, water HPLC-HG-QFAAS column, 10-um anion-exchange resin 11 min 1.3 pg/| As (Ill), 100 pL 90
PRPX-100 (250 x 4.1-mm i.d.);
MMA, As(V) mobile phase, phosphate buffer; gradiient, 4.6 g1 DMA,
20 and 100mM; pH 6.0 3.8 pg/l MMA,
4.8 pg/l As(V)
As(lll), DMA, seafood HPLC-HG-QFAAS column, 101m anion-exchange resin 10 min 3 ng/g DMA, 100 pL 92
d PRPX-100 (250 x 4.1-mm i.d.);
MMA, AsV) (SheHﬂSh/ mobile phase, phosphate buffer; 2 ng/g MMA
sardine, tuna) gradient, 20 and 100mM;
28°C column temperature; pH 5.75
Asbet+As(1ll), DMA, river water HPLC-HG-GFAAS column, anion-exchange Elite AS-3 15min | 1.9 pg/L Asbet, | 100 pL 94
A il A et b L6y
PAPA P e 1.9 pg/L DMA,
1.6 pg/L MMA,
1.6 pg/L As(V),
1.9 pg/L Aschol,
1.6 pg/L pAPA
Asbet, DMA, As(lll), river water HPLC-ICP-MS cation column coupled online with anion 12 min 0.10 pg/L Asbet, | 100 L 77
MMA, As(V), Aschol column; mobile phase, gradient 0.08 pg/L DMA,
NaHCO;-Na,C03 (0.3, 2.5, and 10mM)
and HNO3 (4, 6, and 40mM) 0.10 pg/L As(lll),
0.19 pg/L MMA,
0.30 pg/L ASM,
0.24 pg/L Aschol
ASChO|, Asbet, AS(|||), Spring water HPLC-ICP-MS column, 10-um PRP-1 Hamilton 13 min 14 pg/L ASbet/ 50 PL 33
DMA, MMA, AS(V) (250 x 4.6-mm i.d.); mobile phase, 4mM 0.9 pg/L As(lIn),
' ! phosphate buffer-0.5 mM TBAP; pH 9.0 15 pg/L DMA
3.0 pg/l MMA,
2.6 pg/lL As(V),
1.4 pg/L Aschol
As(lll), Ashet, MMA, urine HPLC-ICP-MS column, 5-um anion-exchange 22 min — 100 pL 54
resin Adsorbsphere-NH2
DMA, AsV) (250 x 4.6-mm i.d.); mobile phase,
15mM NH,H,P0,-1.5mM
CH,COONH,; pH 5.7
(As(llN+As(V)+MMA), dog-fish HPLC-ICP-MS column, 5-pm cation-pairing C Pierce 6 min 1.5 pg/L Asbet 200 pL 29
(300 x 4.6-mm i.d.); mobile phase,
DMA, Asbet, Aschol 0.01M dodecylphosphate desodium-
5% methanol-2.5% acetic acid
Asbet, As(lll), As(V), urine HPLC-ICP-MS column, Intersil and Asaphipak 12 min 20 ng/L As(lll), 100 pL 91
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Table 11l continued

0.5mM TBAH and 5% methanol;
pH 7.0; anion-exchange column,
PRPX-100 (Hamilton); mobile phase,
phosphate buffer 8 mM; pH 7.0;
cation-pairing column PRP-1
(Hamilton); mobile phase, 5%
methanol-2.5% acetic acid and
50mM sodium dodecylsulphate; pH 2.5

Species Time of
Sample
(in order of elution) Sample lechnique Chromatographic conditions separation Detection imit | amount | Retference
p hn fograp dit at ef fir efe
As(lll), DMA, water HPLC-HG-ICP-MS column, 5-m C;g Vydac 201 0 min 150 ng/L As(V) | 200 pL 60
(250 x 4.6-mm i.d.); mobile phase,
MMA, As(V) 2mM TBAP-2mM ammonium acetate, 0.011 pg/L AS(IH)’
2% methanol; pH 5.9 0.018 Pg/L DMA,
0.029 pg/L MMA,
0.051 pg/L ASM
DMA, As(lll), urine HPLC-ICP-MS micellar liquid chromatography column 15 min 0.9 pg/L DMA, | 100 pL 72
Hamilton PRP-1 (150 x 4.1-mm i.d.);
MMA, As(V) mobile phase, 0.05M cetyltrimethylam- 3 pg/L Asll,
monium bromide-10% propanol, 3 Pg/l- MMA,
0.02M borate buffer; column 3 pg/ L As(V)
temperature, 40°C; pH 10.2
As(lll), DMA, MMA, arsenic animal pHPLC-ICP-MS mic(r105bgre 1CO|umndS)F)herikSJ(')|rb 3};pm Cis 10 min 0.1 pg/L As(lll), | 60 pL 112
. m " x T-mm i.d.); mobile phase,
As(V), para arsanilic feed addifives M TBAH0.5% methanol ot 526 0.1 pg/lL As(V),
acid (pASA) flow rate, 40 plL/min 0.1 pg/L PASA
lon-pairing (1): As(lll), | Serum, dialysate | HPLC-UV-HG-QFAAS (i;)g(—)pairi%g colurzr;, CmleP Bi}?rad 10 min TpgLDMA, | 100pL | 26,55
. x 4.6-mm i.d.); mobile phase,
DMA’ MMA, As(V); 10Mm TBAP-20mM phosphate buffer; 1.3 pll MMA
Catlon-EXChange (2): pH 6.0; cation exchange column, 1.5 pg/l— Asbet,
MMA, DMA, Asbet, cation exchange resin Dionex lonpac 1.4 pg/L Aschol
Aschol CS10 (250 x 4-mm i.d.); mobile phase,
100mM HCI-50mM NaH,P04
As(V), As(Ill), Asbet, urine, seaweed | HPLC-MW-HG-AFS column, 5-um C;; ODS 100 13 min — 20 pL 40
(300 x 3.9-mm i.d.); mobile phase,
MMA, DMA, Aschol, 10mM hexanesulfonate-TmM TEAH
TMA and 0.5% methanol; column
temperature, 70°C; pH 4.0
Aschol, Asbet, As(lll), fish, sediment HPLC-ICP-MS Hcolglmn, ; SP;)J(m] Sgi&rggxcza]nge feéi(fi‘) 10min | 0.5 pg/L Aschol, | 20 pL 74
amilton - x 4.1 mm i.d.);
DMA, MMA, As(V) mobile phase gradient A, 10mM 0.5 pg/ L Asbet,
(NH4)H,PO4- (NH4),HPO4 and 2% 0.5 pg/L As(lll),
CH,CN; pH 6.5; mobile phase gradient 1 Pg/l- DMA
B, 100Mm (NH4),HPO4; pH 7.95 1 Hg/l- MMA,
1.5 pg/l_ As(V)
As(lll), DMA, urine, wine, HPLCICP-MS column, Wescan anion-exchange 12 min 4.9 pg/L As(lll), | 100 pL 57
(250 x 4.1-mm i.d.); mobile phase,
MMA, As(V) club-soda 50mM carbonate buffer; pH 7.5 ;é pg//:: r\?\mi’
O ,
bpg/L As(V)
As(lll), DMA, urine HPLC-ICP-MS column, 5-im anion-exchange resin 10 min 146 pg/L As(lll), | 50 pL 56
MMA As(V) Adsorb0§phere-NHz (250 x 4.6-mm i.d.); 0.76 pg/L DMA,
! mobile phase, 30% methanol and
15mM (NH4),HPO4-1.5mM 0.72 pg/L MMA,
CHyCOONH; pH 5.75 1.82 pg/L As(V)
Aschol, Asbet, As(l1l), fish, mussel HPLC-ICP-MS column, 10-(51?1 Hakr)nliltoa PRP-1 (250 x 13 min 9 pglL Aschol, 6 | 20 pL 42
4.1-mm i.d.), mobile phase, 0.5mM
DMA, MMA, As(V) PTBA-4mM phosphate buffer; pH 9 F,L\g/lt; ?Shﬁ)P]g/(;_
Soe, ),
pg/L DMA, 22
g/l MMA, 25
pg/L As(V)
Asbet, As(Ill), DMA, dogfish HPLC-ICP-MS anion-pairing column, 10-gm RP-1 9 min T pg/L As(ll), 200 pL 80
MMA, As(V) (150 x 4.1-mm i.d.); mobile phase, 5 pg/L Asbet
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of stationary phases have been used: Cigz bonded silicas
(74,75,83,87) or polymeric phases (44,85,88,89) bearing
exchange sites of anionic type (quaternary ammoniums) (44, 59,
74) or cationic type (sulfonate) (77,80).

Compounds are eluted either by a phosphate (74,89,90), car-
bonate (57), or acetate (54) buffer. The pH values range between
2.5 (58,80) and 7.0 (73,91) for the classical bonded C;g columns
and between 9 (33,42) and 10 (72,74) for columns resistant to
alkaline pH. The addition of an organic modifier leads to a low-
ering of the hydrophobic interaction with improvement of the
chromatographic separation (73,74,76,87). The duration of the
analysis varies from 10 to more than 20 min (Table III).

Separations by ion-exchange have been applied to As specia-
tion in marine foods (44,53,92), serum (26,55), urine (56,57,
59,93), dialysis liquids, and water (33,60,94-96).

Cationic ion-exchange has been applied to several types of nat-
ural samples for the speciation of arsenical species in marine foods
(80,97), urine (26,55,98), and blood serum (26,55) (Table III).

A third mode of separation is micellar liquid chromatography
(MLC). MLC refers to the type of chromatography that uses sur-
factants in aqueous solutions well above their critical micelle
concentration as alternative mobile phases for reversed-phase
LC (RPLC). In addition to the number of compounds with a wide
range of polarities amenable to separations by RPLC, MLC
extends the analyte candidates to almost all hydrophobic and
many hydrophilic compounds, provided they can partition from
the micelles (72,79). MLC offers other advantages over RPLC,
such as the simultaneous separation of both ionic and non ionic
compounds, faster analysis times, and improved detection sensi-
tivity and selectivity (72). MLC stems from its unique 3-way equi-
librium mechanism in which micelles act as a pseudo-phase in
addition to the mobile and stationary phases. The presence of
micelles in the mobile phase improves the interactions of solutes
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Figure 6. Micellar liquid chromatography of 4 arsenic species using
HPLC-ICP-MS and a reversed-phase C;g column. Peaks: 1, DMA; 2,

As(lll); 3, MMA; 4, As(V).

with the stationary phase (79).The amount of organic solvent in
the mobile phase is then considerably decreased in this method;
that could be an advantage for ICP-MS determination. This
method also presents better separation power when the temper-
ature of the column is increased.

MLC was also studied by Ding et al. (72) for the separation of
4 arsenicals (As[III], As[V], DMA, MMA) as a function of pH, con-
centration of surfactant, and percent of organic solvent in the
mobile phase.The speciation of these compounds in urine (Figure
6) shows an incomplete separation of DMA and As(III), which are
eluted in the solvent front. Indeed, the method gives a fairly good
separation of chlorides from As species, which is an advantage in
ICP-MS. The main focus of this work (72) was to investigate the
use of MLC for direct injection of “dirty samples” and a better
compatibility with ICP-MS. With conventional hydroorganic
mobile phases, “dirty samples” such as body fluids usually have to
be deproteinized before chromatography to prevent protein pre-
cipitation in the column. However, the unique micelle aggregates
in MLC should dissolve proteins in the sample and cause them to
elute with the void volume without plugging the column. In
MLC, the possibility of direct sample introduction should greatly
simplify sample treatment and improve accuracy. In addition,
MLC should give better compatibility with ICP-MS than RPLC.
This is because MLC uses no or low concentrations of organic sol-
vents, whereas the high organic content in RPLC usually leads to
plasma instability, increased background, and carbon deposition
on the sampling cone of the ICP.

Detection of arsenic species

Generally, the detection systems used are those compatible
with liquid chromatography. Classical detectors such as UV and
electrochemistry (amperometry and coulometry) lack sensitivity
and selectivity, and their use is therefore limited, except for As
speciation in water (99) or in standard solutions during the
study of arsenical separations (75,76,100).

For speciation in biological media, the main detection systems
used are high frequency inductive plasma atomic emission spec-
trometry (ICP-AES), QF-AAS, ICP-MS. Atomic fluorescence
spectrometry is less frequently used. All detectors are directly
coupled to the LC system.

ICP-AES detection

ICP-AES detection is the most frequently used method. It has
the advantage of ease of use because of the similarity of flows at
the end of the chromatographic column and at the entrance in
the detector. The interface between both systems is easy to carry
out with a simple connection made of inert materials (PEEK or
polytrifluoro ethylene) to link the end of the column with the
entry of the nebulizer (78,83). Nevertheless, the ICP-AES system
allows only some little percentage (less than 5%) of organic sol-
vents, because they destabilize the ICP plasma and lead to ele-
vated background levels (78,101). Therefore, this detector is well
adapted to the speciation of As by LC (44,73,89), either by ion-
exchange, ion-pairing, or micellar chromatography. This tech-
nique has the advantage of sensitivity, with detection limits
generally above the levels commonly found in biological samples
(44,73,78,86), as well as the capacity of multielement analysis
with a high resolution power towards various spectral emission
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lines (83,102). Plasmas are either generated by direct current
(DCP) or inductively coupled plasma (ICP) (102).

The chromatographic liquid flows are compatible with those
(1 mL/min) generally used in ICP-AES. This coupling method
has been developed for As speciation with ion-exchange
(44,83,89,103) or ion-pair chromatography (104). The main diffi-
culty is generally the presence of organic solvents used in
reversed-phase separations. So, a very accurate and careful set-
ting of the various parameters of the equipment is necessary to
obtain a stable plasma. This coupling method is especially conve-
nient for As concentrations in the range of several micrograms
per gram in solid samples and micrograms per liter in liquids. To
increase the detection limits, some authors have proposed modi-
fications in the sampling system for introduction into the spec-
trometer. For example, La Freniere et al. (83) used a microcentric
nebulizer placed inside the torch (direct injection nebulizer, DIN)
instead of the conventional pneumatic nebulizer. The liquid
sample was introduced directly into the plasma through a capil-
lary, where it produced a mist of fine droplets. With this appa-
ratus, nearly 100% yields of nebulization are reached, and mobile
phases with 100% organic solvent can be used; thinner chro-
matographic peaks are therefore obtained because of the reduc-
tion of extra-column effects (reduction of the dead volume,
suppression of the nebulization chamber) (105). Absolute detec-
tion limits are reported to be one order of magnitude better when
compared with conventional pneumatic nebulizers (102,105).
This improvement in absolute detection limits can be explained
by the complete nebulization of the sample into the plasma; no
loss of analyte occurs. The absence of a spray chamber and a very
low dead volume make it a good candidate for coupling with
microcolumns (106). It has been found that the plasma has a
greater tolerance to solvents from the DIN. This can possibly be
attributed to the high linear velocity with which the aerosol
passes through the axial channel of the plasma. Nevertheless, this
type of nebulizer can be used only with liquid flows in the range
of 100 to 200 pL/min (105,106). Therefore, it necessitates separa-
tion on a microcolumn (microbore) (106) or a division of the
chromatographic effluent to obtain a compatibility of flows (105).

The sensitivity of ICP-AES can also be greatly improved with
the use of HG techniques because of a more efficient sample
introduction and matrix removal. Hydride generation consists of
transforming the organometallic molecules in volatile species by
sodium tetrahydroborate reduction. Compounds thus formed
are then separated from the liquid phase and conducted by an
inert gas flow inside the detection cell. This reaction leads to
lower detection limits first by separating solutes from the matrix
and secondly by increasing the efficiency of introduction into the
detector (44,89). Several As species can be determined by hydride
generation if selective reduction is employed by carefully con-
trolling the pH (89,94,96). However, a number of important
organoarsenicals (Asbet, Aschol) are “nonreducible” (i.e., they do
not form volatile hydrides, thus they are not detected by this
approach) (36,89). Therefore, decomposition of these species in a
form that is compatible with the HG generation technique is
required prior to analysis. Decomposition can be performed by a
number of methods including dry-ashing (41-43), wet digestion
(44-46), and photo-oxidation (104,107). With these methods,
Asbet and Aschol (as well as MMA and DMA) are converted into
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As(V). Nevertheless, these techniques are not adequate for online
measurement because of a very long reaction time for Asbet (sev-
eral hours). In order to improve these methods, UV degradation
of the As species in the presence of persulfate has been used for
the determination of Asbet, DMA, MMA, and As(V) by HPLC-HG-
ICP-AES (44,89) and other systems (26,55). Alberti et al. (44)
studied the photooxidation (shape of the photoreactor, irradia-
tion time, and power of the lamp were optimized) of Asbet and
Aschol in presence of persulphate at several concentrations; with
these conditions, the conversion of arsenicals into As(V) is total,
allowing their quantitation by HPLC-HG-ICP-AES. However,
this technique is not convenient because, following decomposi-
tion, the HG response of different arsenic species is not uniform
(65). The detection limits are in the nanogram-per-gram range,
but this coupling method has few utilizations because of its high
cost in comparison with HPLC-HG-QF-AAS, in which detection
limits are in the same range (Table III).

Detection by AAS

GFAAS is often preferred to flame AAS, because sensitivity is
clearly greater by a factor of 10 or 100 (108). Indeed, the coupling
of a separating technique such as HPLC with a sequential
detector is not easy. Two types of coupling have been developed.
The first method, online coupling, consist of utilization of the
automatic sampler of the spectrometer as a fraction collector.
Fractions are then injected in the furnace and analyzed. The res-
olution is good, but the time of analysis is elevated (108). In the
second method, indirect coupling, the chromatographic effluent
fractions are collected and periodically analyzed. This technique
is only applicable if the chromatographic peaks are wide enough,
because 30 to 60 s are necessary for every determination (108).
The sensitivity of this coupling is mainly dependent on the char-
acteristics of the oven and the chromatographic system used.
The detection limits are in the range of a few nanograms
(90,92,94) (Table III).

Presently, atomic absorption detection is more frequently car-
ried out with QF spectrometers (92,94). The entire system is an
online including: the HPLC system, a UV or microwave (MW)
digestion system, HG, and the detector (QF-AAS) (HPLC-UV-HG-
QF-AAS or HPLC-MW-HG-QF-AAS) (26,55,61,65). The hydride
generating techniques are identical to those previously described.
The benefit of prereduction of L-cysteine prior to analysis using
hydride generation techniques are well documented in the litera-
ture (65). Following prereduction, all As species are present in the
same oxidation state (As[III]), thus giving the same response for
HG. Sensitivity is increased, because the formation of hydrides
from As(III) is more efficient than from As(V). In addition, less
interference from transition metals such as Cu, Co, Ni, and Pd is
generally experienced (109). Lamble and Hill (65) used an online
system capable of both speciation and total As determination in
biological samples using microwave digestion and HG-AAS. In
order to achieve the latter, an L-cysteine prereduction was com-
bined with the initial potassium persulphate microwave diges-
tion. The system can also be adapted to determine the total
reducible As species in the sample. The prereduction step allows
increasing sensitivity, because hydride generation from trivalent
arsenicals has a relatively high yield. The detection limits of this
technique are in the nanogram-per-gram range (92).
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Detection by ICP-MS

ICP-MS is widely known as a powerful technique for trace ele-
ment analysis and is being increasingly used as a detector for
chromatographic determinations. The benefits of coupling
plasma MS detection with chromatographic separation include
element specificity, real-time chromatograms, the ability to sep-
arate interferences from peaks of interest, multielement capa-
bility, and low levels of detection (sub-nanogram for most
elements) (33,42,110). These features of ICP-MS are valuable
assets in the speciation of trace elements, where pretreatment
should minimized. Sample pretreatment and preconcentration
can lead to changes in the relative concentration of individual
species. ICP-MS is 100- to 1000-fold more sensitive than ICP-
AES (110).The greater sensitivity of plasma source MS detection
can often reduce or eliminate the need for a time-consuming
preconcentration and/or derivatization step.

ICP-MS is particularly interesting because of its ability to mea-
sure isotope ratios on eluting peaks with good precision (< 2%)
and accuracy (1%). Isotope dilution would decrease analysis time
in comparison with a calibration curve method and would help
compensate for matrix effects (111).

One problem associated with the determination of As using
ICP-MS is the polyatomic interference at m/z 75. The chloride
ion present in biological samples combines with the plasma gas
to form 40ArCl* (m/z = 75), which is detected together with As
species (m/z = 75), thus yielding inaccurate results. Chloride
could be separated chromatographically from As species present
in samples using ion exchange (57,58), ion pair (112), or MLC
(72), but the resolution is poor, and the chloride peak is intense,
because chloride concentrations in urine are approximately 105
times more concentrated than any of the As species present (57).
Hutton (113) has shown that a 5% chlorhydric acid solution
gives a peak equivalent to a solution containing 6 pg/L of As. In
another study, Heitkemper et al. (56) observed that the abun-
dance of the ArCl* ion is not only due to chloride concentration
but also to factors in relation to the equipment such as the
plasma sampling position and other concomitant elements.
From a practical point of view, several approaches have been pro-
posed for the elimination of this interference (see Sample prepa-
ration). The chromatographic separation is the best method but
is difficult to develop without completely changing the chro-
matographic system (53,57). Another method being investigated
involves the use of a helium microwave induced plasma as an
alternative ion source. By eliminating or reducing the argon
from the excitation source, ArCl* formation should be elimi-
nated or significantly reduced (56,59). Another problem is the
necessity of low concentrations of organic solvent (< 5%) in the
mobile phases. The introduction of organic solvents can destabi-
lize the ICP and lead to elevated background levels associated
with carbon deposition at the MS sampling cone (57,72,111).

Additionally, alternative ionization sources such as the He-Ar
mixed-gas ICP may be used to enhance the sensitivity of plasma
MS (57,58). The He-Ar mixed gas combines the familiar features
of an ICP with the benefits of the plasmas. Plasmas containing
He are generally thought to be more energetic than their Ar
counterparts because of the higher ionization energy and
metastable state energy of He. Higher plasma energies are

required to achieve better sensitivity with higher ionization
potential elements such as the halogens As and Se. The addition
of He to Ar plasmas has been shown to increase the sensitivity for
elements with higher ionization energies while maintaining
high sensitivity for the other elements (57).

The detection limits can be further lowered by the addition of
a postcolumn reaction such as hydride generation (60) or by
changing the nebulizer type to direct injection nebulizers (DIN)
(60), high-efficiency nebulizers (HEN) (106), or microcentric
nebulizers (MCN) (105). They lead to the possibility of coupling
HPLC with microbore columns (uHPLC-ICP-MS) (112,114).
HEN is a low-flow nebulizer with a small capillary and a spray
chamber. Compared with conventional pneumatic nebulizers,
HEN operates more efficiently at very low solution uptake rates.
A droplet-size distribution was found to be narrower than that
from a DIN operating at flow rates of less than 100 puL/min.
Possible drawbacks of the HEN, as with all low-flow nebulizers,
is the poor tolerance in nebulizing highly concentrated solu-
tions. A pHPLC-ICP-MS coupling was used for the speciation of
5 As species by Pergantis et al. (112).

An MCN is a low-flow concentric pneumatic nebulizer
designed to analyze low volume samples, a high concentration of
mineral acids, and samples containing high levels of dissolved
solids. The MCN itself includes a spray chamber endcap adapter
that allows the nebulizer to be connected to standard spray
chambers on most ICP-MS and ICP-AES instruments (114). This
nebulizer was used for speciation of arsenic in urine (72) and in
water (77) by HPLC-ICP-MS. The HPLC-ICP-MS technique is
very effective for the speciation of trace element toxics such as As
in various natural samples. The detection limits are in the range
of a few nanograms per liter. This technique was used with ion
exchange (56,57,74,80), ion pairs (33,42,80,112), and liquid
micellar chromatography (72). It was applied to As speciation in
various biological samples (Table III).

Conclusion

Arsenic speciation in biological samples (human or dietary) is
an important analytical problem because of the complex matrix
and low level of analyte concentrations. Proteins and salts are the
main matrix interferents either in the HPLC step or during the
detection. Many sample pretreatment methods have been pro-
posed, but each gives different results between samples and must
be adapted to each sample. The difficulty of the chromatographic
separation of As species originates in their very close physico-
chemical properties. It is therefore necessary to use special alka-
line-stable columns or monitor the online coupling of 2 different
columns. Ion-pair separations at pH 9.0 are of particular interest.

The ICP-MS detector is the most sensitive and specific, but
also has an increased cost. Because of the sensitivity, the precon-
centration step can be omitted. Indeed, the chloride ion gives a
spectral interference that could be eliminated by the use of a
helium plasma instead of argon. ICP-AES and AAS are sensitive
enough methods for biological media, and the sensitivity can be
further enhanced by HG.
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