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Recent studies indicate the existence in natural
waters of ‘hidden’ arsenic which had previously
been undetected by the hydride generation tech-
nique. A speciation method for arsenic species
has been developed in which hidden arsenic was
classified into two fractions by their lability to
the photochemical degradation procedure: the
ultraviolet-labile fraction and the ultraviolet-
resistant fraction. The ultraviolet-labile fraction
was the major fraction of hidden arsenic and
comprised 15–45% and 4–26% of the total
arsenic in Uranouchi Inlet and Lake Biwa
(Japan), respectively. The highest concentration
of the ultraviolet-resistant fraction was observed
in Uranouchi Inlet during the summer, in which
dimethylarsinic acid increased in the water
column. We discuss the hidden arsenic fraction
as the key to explaining arsenic speciation in
natural waters. Copyright # 1999 John Wiley &
Sons, Ltd.
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INTRODUCTION

Chemical speciation is the determination of the
individual concentrations of the various forms of an
element that together make up the total concentra-
tion of that element. So far as arsenic species in

natural waters are concerned, the inorganic forms
(arsenate [AsO(OH)3; As(V)] and arsenite
[As(OH)3; As(III)]) and the methylated forms
(methylarsonic acid [CH3AsO(OH)2; MMAA(V)]
and dimethylarsinic acid [(CH3)2AsO(OH);
DMAA(V)]) have been reported to be the main
species.1–4The bulk of the total dissolved arsenic is
inorganic species in seawater1,2,6,7 and in fresh
water,8,9 whereas methylarsenicals are found to
comprise significant amounts in the surface
layers10–17 and above the sediment surface.16,17

The reported distributions suggest that the pre-
dominant form of methylarsenic is consistently
DMAA(V), followed by MMAA(V). The existence
of methylarsenic(III) species has also been demon-
strated in the environment.15–19 Several observa-
tions showed that methylarsenicals in surface
waters exhibit a seasonal cycle in which the
maximum concentrations of methylarsenicals ap-
pear during the summer.13,15–17Although there is
abundant evidence regarding methylarsenicals pro-
duced biologically in natural waters,2,20–22apparent
differences were observed in seasonal changes of
phytoplankton densities and methylarsenicals.

On the other hand, other organoarsenicals make
up the bulk of the arsenic stock in organisms.23,24

Arsenosugars are ubiquitous in algae25,26 and
arsenobetaine is the predominant form in marine
animals.27,28 Arsenosugars and arsenobetaine can-
not be detected with the conventional hydride
generation analyses29,30which have been applied to
natural water samples. These facts suggest the
presence of additional organoarsenicals other than
methylarsenicals in natural waters. Recently, two
research groups have revealed fractions of organo-
arsenicals which were converted to hydride-reac-
tive forms by ultraviolet irradiation31 or alkaline
digestion.32,33This ‘hidden’ or ‘refractory’ arsenic
can be expected to offer the key to link arsenic
speciation in natural waters and biological produc-
tion in organisms. The information on hidden
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arsenicin naturalwatersis limited andits identity
remainsunknown.

This paperdescribesthe speciationmethodfor
hiddenarsenicspeciesusingultraviolet irradiation
and microwave digestion. Arsenic determination
was performed by hydride generation atomic
absorptionspectrometry.We usedour speciation
method to estimate the arsenic composition in
naturalwaters.

EXPERIMENTAL

Sample collection and pretreatment

We collected surface water samples from two
euphoticregions:the southernbasinof Lake Biwa
(35° 06' N, 135° 56' E) and the deep part of
Uranouchi Inlet (33° 25' N, 133° 21' E), Japan.
Geographical data of the sampling sites are
describedin detail elsewhere.15,34

The samplingsite of Lake Biwa is in a dredged
area(depthca 12m) in thesouthernbasin,with an
average depth of 3.5m. Thermal stratification
occursfrom April to September,andthe dissolved
oxygenin the bottomlayer is extinguishedduring
the summer.Uranouchi Inlet is situated on the
central coastof Tosa Bay. The water column is
stratifiedasa resultof haloclineand/orthermocline
at a depthof 2–4m throughouttheyear.This inlet
leadsto theouterseathroughashallowmouthwith
a depthof 2–4m, andthe deeppart hasa depthof
10–20m. The salinity in UranouchiInlet is at the
samelevelsasthe outersea(26–34%),sincethere
is no river from which waterflows into Uranouchi
Inlet. The mean density of phytoplankton was
2.5� 10ÿ9 and5.7� 10ÿ9 cells/m3 at thesampling
site of Lake Biwa and Uranouchi Inlet, respec-
tively. In both regions, the concentration of
arsenicalsfollows an annual cycle whereby the
maximum concentrationsof methylarsenicalsap-
pear with correspondingdecreasesin the As(V)
level during thesummer.15,16

The sampleswere filtered with 0.45mm filters
(Millipore) immediately upon collection. Both
filtered and unfiltered sampleswere acidified to
pH 2 by the additionof 1 M hydrogenchloric acid,
andstoredin acid-washedpolypropylenebottlesat
5 °C in darkness.

Reagents

Stocksolutions(10ÿ2 M) for the identificationand

quantificationof arseniccompoundswereprepared
by dissolving the corresponding sodium salts
[CH3AsO3Na2 preparedby Quick’s method,35 and
NaAsO2,Na2HAsO4 and (CH3)2AsO2Na; Nacalai
Tesque],trimethylarsineoxide [(CH3)3AsO made
by Grignard synthesis] and arsenobetaine
[(CH3)3As�CH2CO2

ÿ; Trichemical Laboratory
Inc.] in 0.1M sodium hydroxide. These stock
solutions were standardized by using atomic
absorption spectrometry (Hitachi 180-70) and
inductively coupledplasmaatomicemissionspec-
trometry (ICP–AES;JapanJarrelAsh ICAP-500)
afterdecompositionto As(V). Theyweredilutedto
the desiredconcentrationsjust beforeuse.For the
microwave digestion, the digestion reagentwas
madeby dissolvingpotassiumpersulphate(Kanto
Chemical) in 0.15M sodium hydroxide (Merck).
Sodium borohydride(Kanto Chemical)was used
for hydride generation. A 3% (w/v) sodium
borohydridesolution,stabilizedin 10ÿ2 M sodium
hydroxide solution, was prepareddaily. Artificial
seawaterwas preparedaccordingto Lyman and
Fleming36 anddistilled waterwasusedthroughout.
Otherreagentswereof analyticalreagentgradeor
better.

Arsenic analysis

Inorganic and methylarsenicals
Analysis for inorganic and methylarsenicalswas
performedby modificationsof thehydridegenera-
tion method(CT–HG–AAS),usinga apparatusand
materials similar to those describedin previous
papers.19 In this technique,arsenicspecieswere
reducedto the correspondingarsineswith sodium
borohydride, trapped in a U-tube with liquid
nitrogen,andsequentiallyevolvedinto an electri-
cally heatedquartzT-tube which wasmountedin
the atomicabsorptionspectrometer.The detection
limits were 0.13–0.17nM and the reproducibility
was3–6%for inorganicandmethylarsenicalsfor a
samplesizeof 50ml.

Ultraviolet irradiation
Ultraviolet photolytic decompositionwas accom-
plishedby useof a 400W high-pressuremercury
lamp (Sigemi, AHH-400s) in a three-chamber
reactionvesselconstructedfrom quartz.Samples
were acidified to pH 2 by the addition of 1 M
hydrochloric acid and introduced into the outer
chamber,cappedwith natural rubbersepta.They
wereirradiatedby a 400W high-pressuremercury
lampmountedin thecentrechamber,with stirring.
A Pyrex filter was attached,if necessary,in the
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centrechamberof thevessel.This filter cut off the
light under a wavelengthof 280nm. During the
irradiation, cooling water at 25°C was circulated
into the middle chamberfrom a constant-tempera-
ture bath. Aliquots were taken at selectedtime
intervals.Analysisof thedigestatesfor arsenicwas
performedby CT–HG–AASasdescribedabove.

Total arsenic
Samplesolution (20ml) and the digestionreagent
(10ml) were introduced into a Teflon Beaker
loosely closed with a Teflon watchglass.Six
sampleswere placedsymmetricallyin the micro-
wave oven, and digestedat 500W for 10min.
Followingashortcool-downperiod,10-mlportions
of 5 M hydrochloric acid were added and the
beakerswere set on a hotplate at 100°C for
25min in order to decomposeexcesspersulphate
and remove chlorine. After cooling to room
temperature,the total arsenic concentrationwas
measuredasAs(V) by CT–HG–AAS.

RESULTS AND DISCUSSION

Photolysis of arsenicals in natural
waters

Figure 1 shows typical photoproductionof in-
organic and methylarsenicspeciesin ultraviolet-
irradiated samples. The water samples were
collected from surfacewaters in Uranouchi Inlet
on 30 April, 1997. Initially, both filtered and
unfilteredsamplescontainedonly inorganicarsenic
(9.3nM and11.5nM, respectively),andthemethy-
larsenicconcentrationwasbelow detectionlimits.
Inorganic and dimethylarsenicconcentrationsra-
pidly increasedimmediatelyafter irradiation, and
attainedequilibrium in 1–3h. The lake watersas
well asotherUranouchiwatersalsoshowedsimilar
speciation changes to those described above,
although they varied as to their increments in
arsenicconcentration.Our resultscoincidewith a
previousstudyin this respect:HowardandComber
showedthat irradiationof coastalseawaterfrom a
short-arcmercurylampgavelargeincreasesin the
measuredarsenicconcentration.31

Sampleswere adjustedto 0.01M hydrochloric
acid solutionsto maintainthe pH conditionduring
theirradiation.All samplesremainedwithin thepH
range 2.00–2.10,even after 48h of irradiation.
Howard and Comberreportedthat no increasein
dimethylarsenic occurred in acidified samples

(about 0.011M hydrochloric acid) during ultra-
violet irradiation.31 Underour conditions,suchan
inhibition effect was not observedbelow at least
0.1M. It seemsreasonableto supposethat this
differencewasdueto thewavelengthandintensity
of the light. In Fig. 1, dimethylarsenicgradually
decreasedbeyond4 h of irradiation by the high-
pressuremercury light, althoughno decreasewas
observedin Howard’sexperiment.Brockbanketal.
reportedthat methylarsenicwas demethylatedby
irradiation by 254nm ultraviolet light without a
digestionreagent.37

Microwave digestion for the
determination of total arsenic

The total arsenic bulk concentrationin natural
waters was determinedby microwave digestion
with addedpotassiumpersulphatecombinedwith

Figure 1 Effect of irradiation time with a 400W high-
pressuremercury lamp on arsenicspeciation.Sampleswere
collectedfrom surfacewaters(depth0 m) of the deeppart of
Uranouchi Inlet, on 30 April 1997.*, Inorganic arsenicin
filteredsamples;*, inorganicarsenicin unfilteredsamples;&,
dimethylarsenicin filtered samples;&, dimethylarsenicin
unfilteredsamples.Monomethylarsenicwas below the detec-
tion limit by CT–HG–AAS.
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CT–HG–AAS. Organoarsenicalsare decomposed
into As(V) by persulphate,andmicrowaveirradia-
tion speedstheoxidativedecompositionby its rapid
heatingability. Bright et al. havedemonstratedthe
relative efficacy of decompositionof microwave
digestionandotherdecompositionmethodsin pore
water.38 Le et al. providea detaileddiscussionof
factorsthat influencethedecompositionof organo-
arsenicals using microwave digestion.39 While
microwave irradiation with persulphateis often
used in the decompositionof an organic matrix,
additionsarenecessaryfor speciationmeasurement
by CT–HG–AAS.Whenthesolutionwasacidified
with hydrochloric acid for hydride generation,
chlorine was slowly formed by the persulphate
remaining in room temperature.This chlorine
interferedwith themeasurementof arsenicspecies
by CT–HG–AAS,since it oxidized arsinesin the
U-tube.To removethe remainingpersulphate,the
solutionwasheatedat100°C aftertheacidification
with hydrochloricacid. The digestionreagentwas
completelydecomposed,and the chlorine formed
waseliminatedby vaporization.

Therecoveryresultsobtainedby themicrowave
digestionmethodarepresentedin Table1. Micro-
wave heating was applied for 10min to each
sampleadjustedto 0–0.10M potassiumpersulphate
in 0.15M sodiumhydroxide.Thisdemonstratesthat
completedigestionwas achievedin the rangeof
0.03–0.10M potassiumpersulphate.If the persul-
phate concentrationwas higher than 0.10M, the
increasedviscosityof thesamplesolutionmadethe
arsenic measurementby CT–HG–AAS difficult.
Figure2 showsthe conversionsof arsenicspecies

upon decompositionof DMAA(V) and arsenobe-
tainein distilled waterby themicrowavedigestion
method.Thesecompoundsweredemethylatedstep
by step,and quantitativelyconvertedinto the end
product, As(V), over 6 min. When 300pmol
portions of MMAA(V), DMAA(V) and arseno-
betaine were spiked into 20ml portions of
UranouchiInlet waters,at least8 min of irradiation
wasrequiredfor the quantitativedecompositionof
the orgnoarsenicals.We thereforedecidedthat the
sample solution should be adjusted to 0.05M
potassiumpersulphatein 0.15M sodiumhydroxide
and irradiated for 10min. The blank value was
negligible comparedwith the detection limit of
CT–HG–AAS. Relative standarddeviationswere

Table 1 Effect of initial potassiumpersulphate concentration
on therecoveryof arseniccompoundsby microwavedigestion

Arsenateconcentration(nM)

K2S2O8 (M) DMAA(V) a Seawaterb Freshwaterb

0 0 12.3 7.0
0.005 2.2 13.9 7.4
0.010 4.8 14.7 8.5
0.025 6.0 16.0 8.5
0.030 6.1 18.0 8.7
0.040 6.1 18.0 8.9
0.050 6.0 18.7 8.7
0.060 5.8 19.1 8.9
0.075 5.9 18.3 9.0
0.100 6.1 18.7 8.8

a 6.0nM dimethylarsonicacid in distilled water.
b Sampleswerecollectedfrom surfacewaters(depth0 m) of the
southernbasinof Lake Biwa on 24 April 1997,and the deep
part of UranouchiInlet on 22 October1996.

Figure 2 Effect of digestiontime on the decompositionof
organoarsenicalswith microwave digestion, using 0.05M

potassium persulphate and 0.15M sodium hydroxide as
digestion reagents. (a) DMAA(V) in distilled water; (b)
arsenobetainein distilled water. *, Inorganic arsenic;~,
monomethylarsenic;&, dimethylarsenic.
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<4% for five measurementsof 1.0–10nM
DMAA(V) standardsolutions.At the approximate
detectionlimit of 0.2nM, the standarddeviations
were20%in distilled waterandartificial seawater.

Arsenic speciation in natural waters

Hidden arsenicis definedas the fraction that had
previouslybeenundetectedby hydride generation
atomic absorptionspectrometry.Our resultssug-
gest that hidden arsenic can be classified into
different fractions by their lability to the photo-
chemical degradationprocedure:the ultraviolet-
labile fractionandtheultraviolet-resistantfraction.
We estimatethe ultraviolet-labile fraction as the
increment in measurablearsenic concentration
beforeandafter the 2.5h of ultraviolet irradiation,
and the ultraviolet-resistantfraction as the differ-
ence in measurablearsenic after the ultraviolet
irradiationandthemicrowavedigestion.

Figure3 showsthemeasuredarsenicfractionsin
Uranouchi Inlet and Lake Biwa. UV-InorgAs,

UV-MMA and UV-DMA are the corresponding
inorganic,monomethyl-anddimethyl-arseniccon-
centrationsin the ultraviolet-labile fraction. The
observed results strongly suggest that hidden
arsenicexistsin both seawaterand in freshwater.
UranouchiInlet clearly showedhigher concentra-
tionsof hiddenarsenicthanLakeBiwa, in spiteof
the similar composition of the inorganic and
methylarsenicfractions.Thispatternwasconsistent
with thehigherdissolvedorganiccarbon(DOC) of
UranouchiInlet relativeto Lake Biwa. The values
of DOC were2–4mg C 1ÿ1 and<0.3mg C 1ÿ1 in
Uranouchi Inlet and Lake Biwa, respectively.
Between filtered and unfiltered samples, the
differencein hiddenarsenicwas significantcom-
paredwith that of inorganicandmethylarsenicals.
It is likely that thehiddenarsenicin the>0.45mm
sizefractionwasderivedfrom theorganoarsenicals
in biological organic detritus. Hanaoka et al.
reported that arsenobetainewas decomposedby
marine microorganismsin sinking particles from
the photic zone.40 Bright et al. suggestedthat

Figure 3 Meanconcentrationanddistributionof arsenicin naturalwaters.Sampleswerecollectedfrom surfacewaters(depth0 m)
of (a) thedeeppart of UranouchiInlet on 30 April 1997,and(b) the southernbasinof Lake Biwa on 24 April 1997.
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hiddenarsenicin interstitialwatersmightoccurin a
numberof formssuchasarsenicalstightly adsorbed
to organicmatter,or complexorganoarsenicals.38

In Fig 3, UV-InorgAs and UV-DMA were the

majorfractionsof hiddenarsenic,thoughlittle or no
UV-MMA was detected. The ultraviolet-labile
fractions comprised15–45% and 4–26% of the
total arsenicin Uranouchi Inlet and Lake Biwa,
respectively.It was reported that 25% and 18–
420%increasesin theconcentrationof total arsenic
were observedin coastalwaters31 and interstitial
waters,38 respectively,beforeand after ultraviolet
irradiation.

On 23 June, the highest concentrationof the
ultraviolet-resistant fraction was observed in
Uranouchi Inlet with the highestdimethylarsenic
concentrationand a lower concentrationof the
ultraviolet-labile fraction. It appears that the
increaseddimethylarsenicconcentrationwas due
to photodegradationof hidden arsenicby strong
sunlightin earlysummer.However,whenexposed
to the filtered light abovea wavelengthof 280nm
from a mercury lamp, both unfilteredsamples,of
seawaterandof freshwater,showedno significant
change in the arsenic speciation (Fig. 4). It is
evident that photoproduction of UV-InorgAs,
UV-MMA and UV-DMA occurred in response
only to theultravioletregionof 250–280nmwhena
high-pressuremercury lamp was used as an
illuminator. These results indicate that photo-
chemicaldegradationby sunlightrarelycontributes
to the productionof methylarseniccompoundsin
naturalwaters.Anotherpossibilityis to assumethat
dimethylarsenicwasproducedfrom theultraviolet-
labile fraction by additional biological processes
such as bacterial decomposition,although the
evidenceis not compelling.Clearly thereis much
to be learnedfrom further examinationof hidden
arsenicin naturalwaters.Furtheranalysesof other
watersamplesarein progress.
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