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The potential of coupling anion-exchange high-
performance liquid chromatography, hydride
generation and atomic fluorescence spectrom-
etry (HPLC–HG–AFS) for arsenic speciation is
considered. The effects of hydrochloric acid and
sodium tetrahydroborate concentrations on sig-
nal-to-background ratio, as well as argon and
hydrogen flow rates, were investigated. Detec-
tion limits for arsenite, dimethylarsinic acid
(DMA), monomethylarsonic acid (MMA) and
arsenate were 0.17, 0.45, 0.30 and 0.38mg lÿ1,
respectively, using a 20-ml loop. Linearity ranges
were 0.1–500 ng for As(III) and MMA (as
arsenic), and 0.1–800 ng for DMA and As(V)
(as arsenic). Arsenobetaine (AsB) was also
determined by introducing an on-line photo-
oxidation step after the chromatographic sep-
aration. In this case the limits of detection and
linear ranges for the different species studied
were similar to the values obtained previously
for As(V). The technique was tested with a
human urine reference material and a volun-
teer’s sample.# 1998 John Wiley & Sons, Ltd.
Appl. Organometal. Chem.12, 439–447 (1998)
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INTRODUCTION

The toxicity and biochemical behaviour of arsenic
species rely on their chemical forms.1,2 The
presence of these species in the environment is
due to both natural and anthropogenic sources. The
toxic inorganic arsenic species (arsenite and
arsenate) can be biomethylated by bacteria, fungi,
algae, invetebrates and man to yield monomethy-
larsonic acid (MMA) and dimethylarsinic acid
(DMA), which are considered less toxic than the
inorganic forms. Other organic compounds, such as
arsenobetaine (AsB) and arsenocholine (AsC), and
tetramethylarsonium (Me4As�) are believed to be
the most important organoarsenic compounds in
marine invertebrates and fish. They are considered
virtually non-toxic and can be found in human urine
because they are present in dietary sources.

The speciation of arsenic compounds has been
achieved with the use of hyphenated techniques,
combining separation processes with a suitable
detector. High-performance liquid chromatography
(HPLC) is usually preferred as a separation
technique rather than gas chromatography (GC)
because the latter requires a previous derivatization
step to produce volatile substances, which is not
always feasible. The separation of arsenic species
with HPLC has usually been accomplished with the
use of either ion-exchange or ion-pair reverse-phase
columns.3,4,5HPLC has been coupled with different
atomic spectrometry techniques in order to improve
the sensitivity. Direct coupling between HPLC and
inductively coupled plasma atomic emission spec-
trometry (ICP–AES)6 provides limits of detection
for the different species of arsenic between 19 and
41 ng. Coupling HPLC directly with inductively
coupled plasma mass spectrometry (ICP–MS)7

improves the absolute detection limits to between
50 and 300 pg although this coupling is susceptible
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to interferencefrom sampleswith high chloride
content,suchasurineor marinesamples.

Anotherapproachis basedin the introductionof
a hydridegeneration(HG) stepafter thechromato-
graphicseparation,with conversionof the arsenic
compoundsinto volatilearsines.Limits of detection
between3.5and21.3m g lÿ1 havebeenreportedfor
the HPLC–HG–ICP–AES coupling8 (usinga 100-
l sampleloop), andbetween1.0 and4.7mg lÿ1 for
HPLC–HG–AAS9 (with a50-ml loop).Theselevels
aresometimesnot low enoughto detectthearsenic
speciespresent in water or biological samples.
Better resultsare obtainedwith the HPLC–HG–
ICP–MS10 coupling, with a limit of detectionfor
As(III) of 0.46mg lÿ1.

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,11 but also in humanurine, due to the
ingestionof marineproducts.12 In order to detect
them, different authors have proposed on-line
oxidationof thesecompoundsbasedon the useof
microwave13 or ultraviolet8 radiation in the pre-
senceof anoxidantmedium.

Atomic fluorescencespectrometry(AFS) has
beenusedas analytical techniquesince1964 and
numerouspapershasbeenfocusedontheuseof this
techniquebecauseof its flexibility in single- and
multi-elementaldeterminationswith a wide variety
of light sources,atomizers,optical designsand
electronics.14 However, a lack of commercially
availablespectrometershascausedthe application
of AFS to be restrictedin the field of element-
specific detectionfor chromatographyby interfa-
cing commercially available AAS or ICP–AES
spectrometerswith thechromatograph.Generally,a
remarkabledifferencebetweendetectionlimits is
peculiar to AFS, dependingon both the atomizer
andlight sourceselected.Theuseof coldvapouror
hydridegenerationallowsverylow detectionlimits,
as do intense light sourcessuch as microwave-
excitedor radio-frequencyElectrodelessDischarge
LampEDLs15 availablefor As, Sb,Bi, Se,Te, Sn,
Pb and Hg. In addition,flame AFS with boosted-
dischargehollow-cathodelamps16,17 (BDHCLs) is
comparablewith ICP–AESfor manyelements.

Atomic fluorescencespectrometryhasbeenused
for the detection of arsenic hydrides in the
ultraviolet spectralregion,due to the small back-
ground emissionproducedby the relatively cool
hydrogendiffusion flame.The techniquecannow
beusedfor arsenicspeciationby interfacingHPLC
with commercially available AFS spectrometers

basedon the BDHCL.16 Woller et al.18 proposed
the use of ultrasonicnebulizationto convert the
arsenicspeciesseparatedin the HPLC deviceinto
aerosols,which are introducedinto a hydrogen–
argonflame. With this approach,detectionlimits
between20 to 50ng were obtained(for a 250-ml
injection). Le et al.19 coupledion-pair HPLC with
AFSfor arsenicspeciationusinghydridegeneration
for sample introduction into the detector, and
applied the procedure to biological samples.
However, no data were provided about either
hydridegenerationoptimizationor theperformance
of theprocedure.

In this paper we proposethe use of a strong
anion-exchangechromatographicseparationfor the
speciationof four arsenic compounds(arsenite,
arsenate,monomethylarsonate,dimethylarsinate)
followed by hydride generationwith hydrochloric
acid (HCl) and sodiumtetrahydroborate(NaBH4)
gas–liquid separationof the volatile arsinesand
detectionby atomicfluorescencespectrometryin a
hydrogen–argon diffusion flame (HPLC–HG–
AFS). The effectsof hydrogenandargonflows on
thenetsignal-to-backgroundratio (SBR),aswell as
the effect of HCl andNaBH4 concentrations,were
investigated.Linear ranges,detection limits and
reproducibility are also reported. In order to
determinearsenobetaine,we introducedan on-line
photo-oxidation step after the chromatographic
separation,by addinga basicsolutionof potassium
persulphatein a reaction coil wrappedarounda
low-pressuremercurylampthatemitsUV radiation
(HPLC–UV–HG–AFS). The method has been
testedon a commerciallyophilized urine sample
andurine from a volunteer.

EXPERIMENTAL

Instrumentation

A SpectraPhysics1000HPLCpumpandasix-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). Arsines were detectedby
an AFS detector(PSA Excalibur: PS Analytical,
UK) equippedwith an arsenicboosted-discharge
hollow cathode lamp (Super lamp; Photron,
Victoria,Australia).Measurementswereperformed
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at three resonancewavelengthsof arsenic, viz.
197.3, 193.7 and 189.0nm, with a spectral
bandpassof 20nm. Argon wasusedascarriergas
in aglassgas–liquidseparatorandwasdriedwith a
hygroscopicmembranedrying tube (PermaPure
Products,Farmingdale,NJ, USA). Air wasusedas
thedryinggasataflow rateof 2.5l minÿ1. A lateral
auxiliary flow of argonwasalsoused,to improve
the separation.The signal output of the AFS was
recordered with either a potentiometer chart
recorder or a computer with chromatographic
software(Ezchrom:Scientific SoftwareLtd, CA,
USA). The optional on-line photo-oxidationstep
was performed with the aid of a low-pressure
mercury lamp (TNN 15/32, 15W: Heraeus,Ger-
many).Optimal instrumentalparametersaregiven
in Table1.

Reagents

Stockstandardsolutionswerepreparedasfollows.
A 1000mglÿ1 arsenitesolution was preparedby
dissolving 1.320g of arsenic trioxide (Merck)
primary standard in NaOH (4 g lÿ1) solution.
Arsenate, MMA and DMA solutions (each at
1000mglÿ1) werepreparedby dissolvingin water
the appropriate amounts of Na2HAsO4�7H2O
(Merck), CH3AsO(ONa)2�6H2O (Carlo Erba) and
(CH3)2AsHO2 (Sigma), respectively. Arsenobe-
taine(AsB; (CH3)3As� � CH2COOÿ) wassupplied
by Dr Foulkes (University of Plymouth, UK).

Deionizedwater (Elga Ltd, High Wycombe,UK)
wasusedto preparethesolutions.Working diluted
solutionswereprepareddaily.

Potassiumdihydrogen phosphateand dipotas-
sium hydrogenphosphate(Aldrich), hydrochloric
acid (Analar, BDH), potassiumpersulphate(Al-
drich), NaOH (Merck) andNaBH4 (Aldrich) were
of analyticalgradeor better.The NaBH4 solution
wasnot filteredbeforeuse,andwasprepareddaily.
Sampleswere filtered through a 0.45-mm PTFE
membrane (Minisart SRP 15: Sartorius AG,
Germany).

Procedure

Fortheanalysisof reduciblespecies,a20ml portion
of samplesolution was injected into the HPLC
stronganion-exchangecolumn and subjectedto a
gradient of 10–60mmol lÿ1 phosphatesolution,
following thegradientconditionsrecommendedby
Rubioetal.20 for thistypeof column.Sampleswere
filtered through a 0.45-mm PTFE filter. The
separationof the different arsenic speciestook
placesin lessthan10min, with amobilephaseflow
rate of 1 ml minÿ1. The hydride generationof the
arsineswas carriedout by adding1.5M HCl and
1.5% (w/v) NaBH4 in 1.0% (w/v) NaOH with a
peristaltic pump, both at a 1 ml minÿ1 flow rate.
The volatile arsines passed to the gas–liquid
separatorwhere an argon flow of 200ml minÿ1

carriedthemto the detector.Before the detection,

Table 1 Instrumentalparametersfor theHPLC–HG–AFScoupling

HPLC parameters
Column Hamilton PRP-X100(250mm� 4.1mm i.d., 10mm particlesize)
Mobile phase 10mmol lÿ1 and60mmol lÿ1 potassiumphosphate(K2HPO4 andKH2PO4) adjustedto pH 5.75
Injectedvolume 20ml
Flow rate 1 ml minÿ1

Gradientelution 0 to 2.1min: 10mmol lÿ1 phosphate
2.1 to 6.1min: 60mmol lÿ1 phosphate
6.1 to 12.0min: 10mmol lÿ1 phosphate

Photo-oxidation
K2S2O8 2% (w/v) in 2% (w/v) NaOH;0.3ml minÿ1

UV source Low-pressuremercurylamp,15W
HG parameters

Acid solution 1.5mol lÿ1 HCl or 8 M (with photo-oxidation);l ml minÿ1

Reducingagent 1.5%(w/v) NaBH4 in 1% (w/v) NaOH;1 ml minÿ1.
Main Ar flow rate 200ml minÿ1 at thegas–liquidseparatator
Auxiliary Ar flow rate 100ml minÿ1

AFS parameters
Hydrogenflow rate 60ml minÿ1

Wavelengths 197.3nm, 193.7nm, 189.0nm
Bandwidth 20nm
Primarycurrent 27.5mA
Boostcurrent 35.0mA
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the argon stream was dried with a hygroscopic
membranedrying tube.A lateral flow of argonof
100ml minÿ1 after the hydride generation im-
provedthetransportof thearsinesto thegas–liquid
separator.A flow of 60ml minÿ1 hydrogenwas
added at the gas–liquid separator in order to
maintaintheargon–hydrogendiffusionflame.Peak
heightsor peakareaswere consideredduring the
different experiments.The operating schemeis
shownin Fig. 1.

Optionally, for the analysisof arsenobetaine,a
photo-oxidation step was introduced after the
chromatographicseparation,usinga similar device
to that described by Rauret et al.,8 adding a
0.3ml minÿ1 flow of a 2% (w/v) potassium
persulphatesolution [in 2% (w/v) NaOH] at the
outlet of the column.The different arsenicspecies
wereoxidizedto arsenatein an8 m Teflontube(i.d.
0.3mm) wrappedarounda low-pressuremercury
lamp that emittedUV radiationat 254nm.

RESULTS AND DISCUSSION

Effects of HCl and NaBH4
concentrations on the SBR

The hydride generationstep was optimized by
changing the concentrationof HCl and NaBH4
while keepingtheotherparametersconstant.These
fixed parameters were 80ml minÿ1 hydrogen,
200ml minÿ1 argon as principal carrier and
100ml minÿ1 argon as auxiliary flow. The flow
ratesof HCl andNaBH4 werekeptat 1 ml minÿ1.

Optimizationof HCl concentrationwas carried

Figure 1 Operatingschemefor the HPLC–HG–AFScoupling.

Figure 2 Effect of experimentalvariableson arsinegenera-
tion from a mixture of As(III), DMA, MMA and As(V)
containing50mg lÿ1 of each:(a) Influenceof HCl concentra-
tion; (b) influenceof NaBH4 concentration.
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out up to the maximum value of 4 mol lÿ1

recommendedby the manufacturersfor inorganic
arsenicwith the AFS detector.Figure 2(a) shows

theeffectof differentconcentrationsof HCl on the
signal-to-backgroundratio (SBR) for As(III),
DMA, MMA and As(V), each at a 50mg lÿ1

concentration(as As), when using a 1.5% (w/v)
NaBH4 [in 1% (w/v) NaOH] solution.The signal
for DMA decreaseswith the acidity and the
correspondingsignal of As(V) increases.The
responsesof As(III) and MMA show high values
of SBRfor HCl concentrationsfrom 1 to 4 mol lÿ1.
Therefore, a compromise concentration of
1.5mol lÿ1 HCl waschosen.

The sameexperimentwas performedwith the
NaBH4 concentrationwhile maintaining the acid
concentrationat 1.5mol lÿ1. All NaBH4 solutions
testedwere stabilizedin 1% (w/v) NaOH. Figure
2(b) shows that DMA, MMA and As(V) have
higherSBRvalueswhentheNaBH4 concentration
is increased.A valueof 1.5%(w/v) waschosenas
theoptimalconcentration.At concentrationsabove
thisvalueaconsiderableincreasein theflamenoise
wasobserved.

Effect of the argon ¯ow rates on the
SBR

Gas–liquid separation of the arsines has an
importantinfluenceon thesignal.Two argonflows
reachedthe gas–liquid separator:the main one
carried the arsines to the detector, while an
auxiliary flow of argonwasaddedafterthehydride
generationstepin orderto obtainfasttransportation
of thearsinesto theseparator,reducingthenoiseof
the net signalandbaselineandthusimproving the
shapeof thepeaks.Figure3(a)showsthataflow of
200ml minÿ1 gives the optimal SBR value when
keepinga fixed auxiliary flow of 100ml minÿ1.

The auxiliary argonflow wasoptimizedfollow-
ing asimilarprocedure(Fig.3b),fixing thevalueof
the main argon flow at 200ml minÿ1. The back-
groundwasfound to increaseslightly with higher
rates,but the net signaldecreasedsharply.Hence,
theauxiliary flow waskeptat 100ml minÿ1.

Effect of the hydrogen ¯ow rate on
the SBR

Hydrogenwasfound to be an importantsourceof
the background (Fig. 3c). Flow rates above
70ml minÿ1 produceda significantincreasein the
backgroundwhile the net signalsweremaintained
for thefour speciesstudied,thusloweringtheSBR
values.On the other hand,flow rateslower than
50ml minÿ1 resultedin poor net signalsand also
madetheflameratherunstable.Therefore,aflow of

Figure 3 Effect of experimentalvariableson arsinegenera-
tion from a mixture of As(III), DMA, MMA and As(V)
containing50mg lÿ1 of each:(a) influenceof mainargonflow;
(b) influenceof auxiliary argonflow; (c) influenceof hydrogen
flow.
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60ml minÿ1 was selectedas optimum. Figure 4
showsa typical chromatogramof the four species
studied(eachat a concentrationof 5mg lÿ1 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 efficiencyof
hydridegenerationfor thesetwo species.

Calibration graphs, precision and
limits of detection

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

detector has four amplification ranges,allowing
detectionof absolutearsenicmassvaluesbetween
picogram and nanogram levels. Table 2 sum-
marizescalibration data in different rangesusing
peak areasand employing five points for each
calibration.The relativestandarddeviation(R.S.D.)
for ten replicatesat the lower standardof each
calibration line are also given. Detection limits
were calculatedas 3� standarddeviation(sn ÿ 1)
for ten replicates of known low concentration
(1mg lÿ1 standardsolution for eacharseniccom-
pound). Linearity was calculated with a least-
squares fit, with square correlation coefficient
r2 = 0.99 or better. Linear behaviour was found
between0.1 and 500ng (absoluteAs mass) for

Figure 4 Chromatogramobtainedwith the instrumentalconditionsdescribedin Table 1. Amount of eachcompoundinjected,
5mg lÿ1 (asAs).

Table 2 Precisionanddetectionlimitsa

Correlationcoefficient,r2
Peakarealowest-standardR.S.D.

(n = 10)

Rangeof signalamplication Calibrationrange(ng) As(III) DMA MMA As(V) As(III) DMA MMA As(V)

1� 1 100–500 0.9974 0.9968 0.9975 0.9999 3.2 5.9 3.3 5.0
1� 5 10–100 0.9997 0.9991 0.9993 0.9992 3.8 5.2 3.3 3.5

10� 5 1–10 0.9998 0.9992 0.9998 0.9990 3.4 5.8 4.5 4.8
100� 5 0.1–1 0.9999 0.9999 0.9999 0.9999 4.2 6.2 3.1 6.2
LOD(mg lÿ1) = 3sn ÿ 1 (slopefor lowestrange) 0.17 0.45 0.30 0.38
AbsoluteLOD (pg)= 3sn ÿ 1 (slopefor lowestrange) 3.4 8.9 6.0 7.5

a Precisonwascalculatedinjecting10 timestheloweststandardof eachcalibrationrange.Limit of detectionwascalculatedasthree
timesthestandarddeviation(3sn ÿ 1) of a1mg lÿ1 standardsolutionof eachspeciesinjected10timesin a20-ml loop,dividedby the
slopeof thecalibrationline for the lowestrange(0.1–1ng).
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As(III) and MMA, and between0.1 and 800ng
(absoluteAs mass)for DMA andAs(V). Lossof the
linear behaviourwas found near the microgram
level dueto fluorescenceself-absorptionprocesses,
asdescribedpreviously.11

On-line photo-oxidation

When the on-line photo-oxidationstepwas intro-
duced, it was necessaryto increase the HCl
concentrationto 8 mol lÿ1 in order to counteract
the basicity importedby the persulphatesolution.
The limits of detection(LODs) and linear ranges
for all the speciesstudiedunder theseconditions
(LOD 0.38mg lÿ1, 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 arsenobetainepeaksoverlap
under these chromatographicconditions, as has
beenreportedelsewhere,8 becausearseniteremains
as a non-chargedspeciesand arsenobetaineas a
zwitterion at the working pH (5.8). Therefore,it
was necessaryto perform experimentswith and
without the photo-oxidationstepto distinguishthe
two species.

Analysis of urine samples

TheHPLC–HG–AFSsystemwasusedto analysea
volunteer’surinesampleanda commerciallyophi-
lized urine sample which contained 100mg lÿ1

Table 3 Arsenicspeciesfound in urine samples.

Concentrationa (mg lÿ1)

Sample AsB AsIII DMA MMA Asv Total As

Without photo-oxidation
SeronormTM Urine, no. 009024 — n.d.b 8.3� 0.4 n.d. 99.5� 2.1 107.8� 2.5
Volunteer’ssample — n.d. 5.2� 0.6 0.8� 0.3 n.d. 6.0� 0.9

With photo-oxidation
SeronormTM 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� 1.5 n.d. 5.3� 0.3 0.7� 0.1 n.d. 41.2� 1.9

a Eachvalueis themeanof threereplicates� standarddeviation.
b Not detected.

Figure 5 Chromatogramobtainedfor theSeronormTM TraceElementUrine,batchno.009024,following theconditionsdescribed
in Table1.
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added arsenic of (SeronormTM Trace Elements
Urine, batch009024;NycomedPharmaAs, Nor-
way). The analytical data recommendedfor this
material provide two different total arseniccon-
tents,dependingon the laboratoryinvolved in the
studyof thesample:90mg lÿ1 and106mg lÿ1, using
HG–AAS in both laboratories.With the method
proposedin this paper,HPLC–HG–AFS, without a
photo-oxidationstep,thechromatogramdepictedin
Fig. 5 wasobtained,which showsthat As(V) and
DMA speciesare present.In the analysisof the
urineof a volunteer,methylatedspecies,DMA and
MMA were also detected.Sampleswere filtered
over a 0.45mm PTFE filter before their analysis.
Quantitative results are given in Table 3. The
concentrationfound for total reducible arsenic
speciesin the referencematerialwas107.8mg lÿ1.
Of this total, 99.5mg lÿ1 correspondsto As(V) and
8.3mg lÿ1 to DMA. This indicatesthat the sample
was spiked with an inorganic species,and DMA
representsan endogenousform of arsenicin the
urine.Therewasthereforegoodagreementbetween
theanalyticalrecommendedvalueandthevaluewe
obtaineddemonstratingtheaccuracyandprecision
of the technique.

We thenanalysedthesamesamples,introducing
the photo-oxidation step, with the purpose of
detecting the presenceof arsenobetainein the
referencematerial (Fig. 6) and in the volunteer’s
sample.Theresultsobtainedfor bothsamplesshow

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
recommendedvalue.

CONCLUSIONS

TheHPLC–HG–AFSsystemprovidesa successful
methodfor thespeciationanddetectionof As(III),
DMA, MMA andAs(V), andit canbeextendedto
the analysisof arsenobetainewith the introduction
of an on-line photo-oxidationstep (HPLC–UV–
HG–AFS).The absolutedetectionlimits achieved
with this system are favourably comparedwith
other atomic detectorssuchas ICP–MS or quartz
cuvetteatomicabsorptionspectrometry(QCAAS),
and it is quite useful for the analysisof environ-
mental samples.The linear range was also an
advantagefor determiningarsenicspeciesover a
widerangeof concentrations.Thesensitivitycanbe
further improvedby increasingthesamplevolume
injectedontothecolumn.Finally, theAFSdetector
is relatively inexpensive compared with other
atomic spectrometrydetectorsand it is easy to
coupleit to theHPLC.
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