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The potential of coupling anion-exchange high- INTRODUCTION
performance liquid chromatography, hydride
generation and atomic fluorescence spectrom- The toxicity and biochemical behaviour of arsenic
etry (HPLC-HG-AFS) for arsenic speciation is ~ species rely on their chemical form$. The
considered. The effects of hydrochloric acid and presence of these species in the environment is
sodium tetrahydroborate concentrations on sig- due to both natural and anthropogenic sources. The
nal-to-background ratio, as well as argon and toxic inorganic arsenic species (arsenite and
hydrogen flow rates, were investigated. Detec- arsenate) can be biomethylated by bacteria, fungi,
tion limits for arsenite, dimethylarsinic acid algae, invetebrates and man to yield monomethy-
(DMA), monomethylarsonic acid (MMA) and larsonic acid (MMA) and dimethylarsinic acid
arsenate were 0.17, 0.45, 0.30 and 0.p& %, (DMA), which are considered less toxic than the
respectively, using a 20wl loop. Linearity ranges  inorganic forms. Other organic compounds, such as
were 0.1-500ng for As(lll) and MMA (as arsenobetaine (AsB) and arsenocholine (AsC), and
arsenic), and 0.1-800 ng for DMA and As(V) tetramethylarsonium (M@s™) are believed to be
(as arsenic). Arsenobetaine (AsB) was also the most important organoarsenic compounds in
determined by introducing an on-line photo- marine invertebrates and fish. They are considered
oxidation step after the chromatographic sep- Virtually non-toxic and can be found in human urine
aration. In this case the limits of detection and because they are present in dietary sources.
linear ranges for the different species studied The speciation of arsenic compounds has been
were similar to the values obtained previously achieved with the use of hyphenated techniques,
for As(V). The technique was tested with a combining separation processes with a suitable
human urine reference material and a volun- detector. High-performance liquid chromatography
teer's sample.© 1998 John Wiley & Sons, Ltd.  (HPLC) is usually preferred as a separation
Appl. Organometal. Chen2, 439-447 (1998) technique rather than gas chromatography (GC)
because the latter requires a previous derivatization
Keywords: high-performance liquid chromato-  step to produce volatile substances, which is not
graphy; hydride generation; atomic fluorescence always feasible. The separation of arsenic species
spectrometry; photo-oxidation; ~ with HPLC has usually been accomplished with the
arsenic speciation; human urine use ofeit3h4e5r ion-exchange or ion-pair reverse-phase
Received 18 August 1997; accepted 19 December 1997 CO'””.‘”S-’ “HPLC has bee.n coupled with d'.fferem
atomic spectrometry techniques in order to improve
the sensitivity. Direct coupling between HPLC and
inductively coupled plasma atomic emission spec-
trometry (ICP-AES) provides limits of detection
for the different species of arsenic between 19 and
41 ng. Coupling HPLC directly with inductively
* Correspondence to: J. L. Gomez-Ariza, Departamento de.CoupIed plasma mass speqtromet_ry (|CP—_MS)
Quimica y Ciencia de los Materiales, Escuela Poliiea Superior, iImproves the absolute detection limits to between
Universidad de Huelva, Huelva, Spain. 50 and 300 pg although this coupling is susceptible
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to interferencefrom sampleswith high chloride
content,suchasurine or marinesamples.

Anotherapproaclhis basedn theintroductionof
a hydridegenerationHG) stepafterthe chromato-
graphicseparationwith conversionof the arsenic
compoundsénto volatile arsinesLimits of detection
betweerB.5and21.3p g~ * havebeenreportedor
the HPLC—HG-ICP-AB couplindg (usinga 100-
| sampleloop), andbetweenl.0 and4.7pugl~* for
HPLC-HG-AAS (with a50-ul loop). Theselevels
aresometimesiotlow enoughto detectthe arsenic
speciespresentin water or biological samples.
Better results are obtainedwith the HPLC-HG—
ICP-MS® coupling, with a limit of detectionfor
As(Ill) of 0.46pg1 "

There are also some non-reducible organic
compounds of arsenic, such as arsenobetaine
(AsB), that do not form volatile hydrides, and
which have been identified mainly in marine
organisms;! but alsoin humanurine, due to the
ingestionof marine products:? In orderto detect
them, different authors have proposed on-line
oxidation of thesecompounddasedon the useof
microwaveé? or ultraviole® radiationin the pre-
senceof an oxidantmedium.

Atomic fluorescencespectrometry (AFS) has
beenusedas analytical techniquesince 1964 and
numerougpapersasbeenfocusedntheuseof this
techniquebecauseof its flexibility in single- and
multi-elementaldeterminationsvith a wide variety
of light sources,atomizers,optical designsand
electronics** However, a lack of commercially
availablespectrometerbascausedhe application
of AFS to be restrictedin the field of element-
specific detectionfor chromatographyby interfa-
cing commercially available AAS or ICP-AES
spectrometerwith thechromatographGenerally a
remarkabledifference betweendetectionlimits is
peculiarto AFS, dependingon both the atomizer
andlight sourceselectedTheuseof cold vapouror
hydridegeneratiorallowsverylow detectiorlimits,
as do intense light sourcessuch as microwave-
excitedor radio-frequencyElectrodeles®ischarge
Lamp EDLs" availablefor As, Sb,Bi, Se,Te, Sn,
Pb and Hg. In addition, flame AFS with boosted-
dischargehollow-cathoddamps®” (BDHCLS) is
comparablevith ICP—AESfor manyelements.

Atomic fluorescencepectrometnhasbeenused
for the detection of arsenic hydrides in the
ultraviolet spectralregion, dueto the small back-
ground emissionproducedby the relatively cool
hydrogendiffusion flame. The techniquecan now
be usedfor arsenicspeciatiorby interfacingHPLC
with commercially available AFS spectrometers

© 1998JohnWiley & Sons,Ltd.

basedon the BDHCL.'® Woller et al.*® proposed
the use of ultrasonic nebulizationto convertthe
arsenicspeciesseparatedn the HPLC deviceinto
aerosols,which are introducedinto a hydrogen—
argonflame. With this approach detectionlimits
between20 to 50 ng were obtained(for a 250l
injection). Le et al.*® coupledion-pair HPLC with
AFSfor arsenicspeciatiorusinghydridegeneration
for sample introduction into the detector, and
applied the procedure to biological samples.
However, no data were provided about either
hydridegeneratioroptimizationor the performance
of the procedure.

In this paperwe proposethe use of a strong
anion-exchangehromatographiseparatiorior the
speciationof four arsenic compounds(arsenite,
arsenate,monomethylarsonatedimethylarsinate)
followed by hydride generationwith hydrochloric
acid (HCI) and sodiumtetrahydroboratéNaBH,)
gas-liquid separationof the volatile arsinesand
detectionby atomicfluorescencepectrometryn a
hydrogen—argon diffusion flame (HPLC-HG-
AFS). The effectsof hydrogenandargonflows on
thenetsignal-to-backgrountatio (SBR),aswell as
the effect of HCl andNaBH, concentrationsywere
investigated.Linear ranges,detection limits and
reproducibility are also reported. In order to
determinearsenobetainaye introducedan on-line
photo-oxidation step after the chromatographic
separationby addinga basicsolutionof potassium
persulphatein a reaction coil wrappedarounda
low-pressurenercurylampthatemitsUV radiation
(HPLC-UV-HG-AFS). The method has been
testedon a commerciallyophilized urine sample
andurine from a volunteer.

EXPERIMENTAL

Instrumentation

A SpectraPhysicsl000HPLC pumpanda six-port
7125 injection valve (Rheodyne CA, USA) were
usedin conjuction with a strong anion-exchange
column (Hamilton PRP X-100). A manually
controlled electrical valve made it possible to
perform a gradient program. Hydride generation
was carried out with a peristaltic pump (PS
Analytical, Kent, UK). Arsineswere detectedby
an AFS detector(PSA Excalibur: PS Analytical,
UK) equippedwith an arsenicboosted-discharge
hollow cathode lamp (Super lamp; Photron,
Victoria, Australia).Measurementwereperformed

Appl. OrganometalChem.12, 439-447(1998)
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Hamilton PRP-X100(250mm x 4.1mmi.d., 10 um particlesize)
1 potassiunphosphatdK ,HPO, andKH,PO,) adjustedto pH 5.75

Table 1 Instrumentalparametergor the HPLC-HG—-AFScoupling
HPLC parameters
Column
Mobile phase 10mmoll~ and60mmoll~
Injectedvolume 20pl
Flow rate 1mlmin~?t

Gradientelution

0to 2.1min: 10mmol |~ phosphate

2.1to0 6.1min: 60mmoll~ Phosphate

6.1to 12.0min: 20mmoll~
Photo-oxidation

phosphate

1

K2S,0g 2% (WNV) in 2% (wiv) NaOH;0.3ml min~*
UV source Low-pressurenercurylamp, 15W
HG parameters
Acid solution 1.5moll~* HCI or 8 m (with photo- oxidation)] ml min~

Reducingagent

1.5% (w/v) NaBH, in 1% (w/v) NaOH; 1 ml min -1

Main Ar flow rate 200mi min~?! at the gas—liquidseparatator
Auxiliary Ar fowrate ~ 100ml min~*
AFS parameters
Hydrogenflow rate 60m| min~?
Wavelengths 197.3nm, 193.7nm, 189.0nm
Bandwidth 20nm
Primarycurrent 27.5mA
Boostcurrent 35.0mA

at three resonancewavelengthsof arsenic, viz.
197.3, 193.7 and 189.0nm, with a spectral
bandpas®f 20nm. Argon wasusedas carriergas
in aglassgas—liquidseparatoandwasdriedwith a
hygroscopicmembranedrying tube (PermaPure
ProductsfFarmingdaleNJ, USA). Air Wasusedas
thedryinggasataflow rateof 2.5 min—*. A lateral
auxiliary flow of argonwasalso used,to improve
the separationThe signal output of the AFS was
recordered with either a potentiometer chart
recorder or a computer with chromatographic
software (Ezchrom: Scientific Software Ltd, CA,
USA). The optional on-line photo-oxidationstep
was performed with the aid of a low-pressure
mercury lamp (TNN 15/32,15W: HeraeusGer-
many). Optimal instrumentalparametersre given
in Table1l.

Reagents

Stockstandardsolutlonswerepreparedasfollows

A 1000mgl~* arsenitesolution was preparedby
dissolving 1.320g of arsenic tI‘IOXIde (Merck)
primary standardin NaOH (4gl~%) solution.

Arsenate, MMA and DMA solutions (each at
1000mgl 1) werepreparedby dissolvingin water
the appropriate amounts of Na,HAsO,; 7H,0
(Merck), CH3AsO(ONa)}-6H,0 (Carlo Erba) and
(CH3),AsHO, (Sigma), respectively. Arsenobe-
taine (AsB; (CHs)sAs" - CH,COO") wassupplied
by Dr Foulkes (University of Plymouth, UK).

© 1998JohnWiley & Sons,Ltd.

Deionizedwater (Elga Ltd, High Wycombe,UK)
wasusedto preparethe solutions.Working diluted
solutionswere prepareddaily.

Potassiumdihydrogen phosphateand dipotas-
sium hydrogenphosphategAldrich), hydrochloric
acid (Analar, BDH), potassiumpersulphate(Al-
drich), NaOH (Merck) and NaBH, (Aldrich) were
of analyticalgradeor better. The NaBH, solution
wasnotfiltered beforeuse,andwaspreparediaily.
Sampleswere filtered through a 0.45um PTFE
membrane (Minisart SRP 15: Sartorius AG,
Germany).

Procedure

Fortheanalysiof reduciblespeciesa 20l portion
of sample solution was injected into the HPLC
stronganion- exchangeolumn and subjectedto a
gradient of 10-60mmoll~* phosphatesolution,
following the gradientconditionsrecommendedy
Rubioetal.?°for thistypeof column.Samplesvere
filtered through a 0.45um PTFE filter. The
separationof the different arsenic speciestook
placesn Iessthanlo min, with amobile phaselow
rate of 1 ml min~*. The hydride generationof the
arsineswas carried out by adding1.5m HCI and
1.5% (w/v) NaBH, in 1.0% (w/v) NaOH with a
peristaltic pump, both at a 1 ml min~* flow rate.
The volatile arsines passedto the gas-liquid
separatorwhere an argon flow of 200ml min~*
carriedthemto the detector.Before the detection,

Appl. OrganometalChem.12, 439-447(1998)
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Figure 1 Operatingschemefor the HPLC-HG—AFScoupling.

the argon streamwas dried with a hygroscopic
membranedrying tube. A lateral flow of argonof

100mImin~* after the hydride generationim-

provedthetransporiof thearsinego the gas—liquid
separatorA flow of 60mlmin~* hydrogenwas
added at the gas-liquid separatorin order to

maintainthe argon—hydrogediffusion flame.Peak
heightsor peak areaswere consideredduring the
different experiments.The operating schemeis

shownin Fig. 1.

Optionally, for the analysisof arsenobetainea
photo-oxidation step was introduced after the
chromatographiseparationusinga similar device
to that describedby Rauret et al..® adding a
0.3mimin~t flow of a 2% (w/v) potassium
persulphatesolution [in 2% (w/v) NaOH] at the
outlet of the column. The different arsenicspecies
wereoxidizedto arsenatén an8 m Teflontube(i.d.
0.3mm) wrappedarounda low-pressuremercury
lamp thatemittedUV radiationat 254nm.

RESULTS AND DISCUSSION

Effects of HCI and NaBH,
concentrations on the SBR

The hydride generationstep was optimized by
changing the concentrationof HCI and NaBH,
while keepingthe otherparametergsonstantThese
fixed parameterswere 80mlmin~* hydrogen,
200mImin~* argon as principal carrier and
100ml min—* argon as auxiliary flow. The flow
ratesof HCl andNaBH, werekeptat 1 ml min—.
Optimizationof HCI concentrationwas carried

© 1998JohnWiley & Sons,Ltd.
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Figure 2 Effect of experimentalvariableson arsinegenera-
tion from a mixture of As(lll), DMA, MMA and As(V)
containing50 g1~ of each:(a) Influenceof HCI concentra-
tion; (b) influenceof NaBH, concentration.
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Figure 3 Effect of experimentalvariableson arsinegenera-
tion from a mixture of As(lll), DMA, MMA and As(V)
containing50 ug | ~* of each:(a) influenceof mainargonflow;
(b) influenceof auxiliary argonflow; (c) influenceof hydrogen
flow.

out up to the maximum value of 4moll~*
recommendedy the manufacturerdor inorganic
arsenicwith the AFS detector.Figure 2(a) shows

© 1998JohnWiley & Sons,Ltd.

the effectof differentconcentration®f HCI on the
signal-to-backgroundratio (SBR) for As(III)
DMA, MMA and As(V), each at a 50pugl™*
concentration(as As), when using a 1.5% (w/v)
NaBH;, [in 1% (w/v) NaOH] solution. The signal
for DMA decreaseswith the acidity and the
correspondingsignal of As(V) increases.The
response®f As(lll) and MMA show high values
of SBRfor HCI concentrationgrom 1 to 4 mol | 2.
Therefore, a compromise concentration of
1.5mol I-* HCl waschosen.

The sameexperimentwas performedwith the
NaBH, concentratlonwhlle maintaining the acid
concentratiorat 1.5mol =%, All NaBH, solutions
testedwere stabilizedin 1% (w/v) NaOH. Figure
2(b) showsthat DMA, MMA and As(V) have
higher SBR valueswhenthe NaBH, concentration
is increasedA valueof 1.5% (w/v) waschosenas
the optimal concentrationAt concentrationsibove
thisvalueaconsiderabléncreasen theflamenoise
wasobserved.

Effect of the argon flow rates on the
SBR

Gas-liquid separation of the arsines has an
importantinfluenceon the signal. Two argonflows
reachedthe gas-liquid separator:the main one
carried the arsines to the detector, while an
auxiliary flow of argonwasaddedafterthe hydride
generatiorstepin orderto obtainfasttransportation
of thearsinego the separatorieducingthe noiseof
the net signalandbaselineandthusimproving the
shapeof the [l)eaksFigure3(a) showsthata flow of
200mlI min~" gives the optimal SBR value when
keepinga fixed auxiliary flow of 100ml min—*

The auxiliary argonflow was optimizedfollow-
ing asimilar procedureFig. 3b), fixmq thevalueof
the main argonflow at 200ml min~. The back-
groundwasfound to increaseslightly with higher
rates,but the net signal decreasedharply.Hence,
the auxiliary flow waskeptat 100ml min~*

Effect of the hydrogen flow rate on
the SBR

Hydrogenwasfoundto be animportantsourceof
the background (Fig. 3c). Flow rates above
70ml min~* produceda significantincreasen the
backgroundwhile the net signalswere maintained
for the four speciesstudied thusloweringthe SBR
values.On the other hand, flow rateslower than
50ml min~! resultedin poor net signalsand also
madetheflameratherunstable Therefore aflow of

Appl. OrganometalChem.12, 439-447(1998)
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Figure 4 Chromatogranpbtainedwith the instrumentalconditionsdescribedin Table 1. Amount of eachcompoundinjected,

5ugl~?! (asAs).

60ml min—! was selectedas optimum. Figure 4

showsa typical chromatogranof the four species
studied(eachat a concentratiorof 5 gl asAs)

after optimization of the different variables.
Sensitivity was in general very high, although
lower responseswere obtained for DMA and
As(V), probablybecauseof the poor efficiency of

hydridegeneratiorfor thesetwo species.

Calibration graphs, precision and
limits of detection

Oneof themainadvantagesf usingAFSis thatthe
linear range for arsenic compoundscovers five
orders of magnitude. Therefore the Excalibur

Table 2 Precisionanddetectionlimits®

detector has four amplification ranges,allowing
detectionof absolutearsenicmassvaluesbetween
picogram and nanogram levels. Table 2 sum-
marizescalibration datain different rangesusing
peak areasand employing five points for each
calibration.Therelative standarddeviation(r.S.D)
for ten replicatesat the lower standardof each
calibration line are also given. Detection limits
were calculatedas 3 x standarddeviation (o, _ 1)
for ten replicates of known low concentration
(1 png 1~ standardsolution for eacharseniccom-
pound). Linearity was calculated with a least-
squaresfit, with square correlation coefficient
r?=0.99 or better. Linear behaviourwas found
between0.1 and 500ng (absolute As mass)for

Peakarealowest-standare.s.D.

Correlationcoefficient,r? (n=10)

Rangeof signalamplication Calibrationrange(ng) As(lll) DMA  MMA  As(V) As(lll) DMA MMA As(V)
1x1 100-500 0.9974 0.9968 0.9975 0.9999 3.2 59 33 50
1x5 10-100 0.9997 0.9991 0.9993 0.9992 3.8 52 33 35

10x 5 1-10 0.9998 0.9992 0.9998 0.9990 34 58 45 48

100x 5 0.1-1 0.9999 0.9999 0.9999 0.9999 4.2 62 31 62

LOD(ug ™Y =36y, _ 1 (slopefor lowestrangg 0.17 0.45 0.30 0.38

AbsoluteLOD (pg)= 30y, _ 1 (slopefor lowestrange) 3.4 8.9 6.0 7.5

2 Precisorwascalculatednjecting 10 timesthe loweststandardf eachcalibrationrange Limit of detectionwascalculatedasthree
timesthe standardieviation(3e, _ ;) of a1 ug|~* standardsolutionof eachspeciesnjected10timesin a20-ul loop, divided by the

slopeof the calibrationline for the lowestrange(0.1-1ng).

© 1998JohnWiley & Sons,Ltd.
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Table 3 Arsenicspeciedoundin urine samples.

Concentratiof (ng %)

Sample AsB As'" DMA MMA As’ Total As
Without photo-oxidation
Seronorm™ Urine, no. 009024 — n.dP 8.3+04 n.d. 99.5+2.1 107.8+25
Volunteer'ssample — n.d. 5.2+ 0.6 0.84+0.3 n.d. 6.0+ 0.9
With photo-oxidation
Seronorm™ Urine, no. 009024 87.3+ 2.6 n.d. 8.4+0.8 n.d. 97.2+2.6 192.9+6.0
Volunteer'ssample 35.2+15 n.d. 5.3+ 0.3 0.7+ 0.1 n.d. 41.2+1.9

& Eachvalueis the meanof threereplicatest standarddeviation.

b Not detected.

As(lll) and MMA, and between0.1 and 800ng

(absoluteAs mass¥or DMA andAs(V). Lossof the

linear behaviourwas found near the microgram
level dueto quorescencseIf -absorptiorprocesses,
asdescribedpreviously™*

On-line photo-oxidation

When the on-line photo-oxidationstepwas intro-
duced, it was necessaryto increase the HCI
concentrationto 8 moll~*"in order to counteract
the basicity imported by the persulphatesolution.
The limits of detection(LODs) and linear ranges
for all the speC|esstud|edunderthesecondltlons
(LOD 0.38ugl~?%, linear range 0.1-800ng) are
similar to those values previously obtained for

As(V), due to oxidation of all these speciesto
arsenate.

The arseniteand arsenobetaingeaks overlap
under these chromato%raphicconditions, as has
beenreportedelsewhere, becausarseniteremains
as a non-chargedspeciesand arsenobetainas a
zwitterion at the working pH (5.8). Therefore,it
was necessarnyto perform experimentswith and
without the photo-oxidationstepto distinguishthe
two species.

Analysis of urine samples

The HPLC-HG-AFSsystemwasusedto analysea
volunteer’surine sampleanda commerC|aIIyoph|-
lized urine sample which contained 100ug |~

0.20
As’
0.15 —
£
Ke)
>
0.10 —
DMA
0.06 I I
0.0 5.0 10.0
Time (min)

Figure 5 Chromatogranobtainedfor the Seronorm™ TraceElementUrine, batchno. 009024 following the conditionsdescribed

in Table1.
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Figure 6 Chromatogranobtainedfor the Seronorm™ Trace ElementUrine, batchno. 009024 introducingthe photo-oxidation

step,andfollowing the conditionsdescribedn Table1.

added arsenic of (Seronorm™ Trace Elements
Urine, batch 009024;NycomedPharmaAs, Nor-

way). The analytical data recommendedor this
material provide two different total arseniccon-
tents,dependingon the laboratoryinvolved in the
studyof thesample90 gl tand106ug |, using
HG—-AAS in both laboratories.With the method
proposedn this paper HPLC-HG-AFS without a
photo-oxidatiorstep thechromatograndepictedn

Fig. 5 was obtained,which showsthat As(V) and
DMA speciesare present.In the analysisof the
urine of avolunteer methylatedspeciesPMA and
MMA were also detected.Sampleswere filtered
over a 0.45um PTFE filter beforetheir analysis.
Quantitative results are given in Table 3. The
concentrationfound for total reducible arsenic
speciesn the referencematerialwas107.8ug |2

Of this total, 99.5ug |~ correspondso As(V) and
8.3ugl~* to DMA. This indicatesthat the sample
was spiked with an inorganic species,and DMA

representsan endogenoudgorm of arsenicin the
urine.Therewasthereforegoodagreemenbetween
theanalyticalrecommendeslalueandthevaluewe
obtaineddemonstratinghe accuracyandprecision
of thetechnique.

We thenanalysedhe samesamplesintroducing
the photo-oxidation step, with the purpose of
detecting the presenceof arsenobetainan the
referencematerial (Fig. 6) andin the volunteer’'s
sample Theresultsobtainedfor bothsampleshow

© 1998JohnWiley & Sons,Ltd.

that arsenobetainerepresentsthe main arsenic
speciespresentin humanurine. In this case,the
total arsenic value obtained for the reference
material (Table 3) is higher than the analytical
recommendedalue.

CONCLUSIONS

The HPLC-HG-AFSsystemprovidesa successful
methodfor the speciationand detectionof As(lIl),
DMA, MMA andAs(V), andit canbe extendedo
the analysisof arsenobetainwith the introduction
of an on-line photo-oxidationstep (HPLC-UV-
HG-AFS). The absolutedetectionlimits achieved
with this systemare favourably comparedwith
other atomic detectorssuchas ICP-MS or quartz
cuvetteatomicabsorptiornspectrometry QCAAS),
andit is quite useful for the analysisof environ-
mental samples.The linear range was also an
advantagefor determiningarsenicspeciesover a
widerangeof concentrationsThesensitivitycanbe
furtherimprovedby increasingthe samplevolume
injectedontothe column.Finally, the AFS detector
is relatively inexpensive compared with other
atomic spectrometrydetectorsand it is easyto
coupleit to the HPLC.
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