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Water and ‘soft” extractions (hydroxylammonium hydrochloride, ammonium oxalate and orthophos-
phoric acid) have been studied and applied to the determination of arsenic species (arsenite,
arsenate, monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA)) in three environmental
solid reference materials (river sediment, agricultural soil, sewage sludge) certified for their total
arsenic content. The analytical method used was ion exchange liquid chromatography coupled on-
line to atomic fluorescence spectroscopy through hydride generation. Very low detection limits for
arsenic were obtained, ranging from 0.02 to 0.04 mg kg ' for all species in all matrices studied.
Orthophosphoric acid is the best extractant for sediment (mixed origin) and sludge samples (recent
origin) but not for the old formation soil sample, from which arsenic is extracted well only by oxalate.
Both inorganic forms (As(III) and As(V)) are significant in all samples, As(V) species being
predominant. Moreover, organic forms are found in water extracts of all samples and are more
important in the sludge sample. These organic forms are also present in the ‘soft” extracts of sludge.
Microwave-assisted extraction appears to minimize the risk of a redox interconversion of inorganic
arsenic forms. This study points out the necessity of combining direct and sequential extraction
procedures to allow for initial arsenic speciation and to elucidate the different mineralogical phases-

species associations. Copyright © 2002 John Wiley & Sons, Ltd.
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INTRODUCTION

Arsenic is present at high concentration levels in soils and
sediments in a very large number of places in the world. This
is due to either its geochemical origin or to mining activities
and industrial production, mainly for agricultural uses as
insecticides, herbicides and fungicides.1 Moreover, contami-
nation may occur by disposal of industrial, municipal and
animal wastes. In non-contaminated soils the arsenic
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contents are in the 1 to 40mg kg ' range, but arsenic
concentrations higher than 20 g kg~ ! may be measured in old
industrial or mining sites.>™*

Arsenic toxicity is strictly correlated to its chemical forms,
inorganic arsenic species being the most toxic ones;
methylated species present intermediate toxicity and larger
biomolecules are non-toxic.’

Arsenite (As(Ill)), arsenate (As(V)), monomethylarsonic
acid (MMA) and dimethylarsinic acid (DMA) are the most
often encountered forms, and also the most often studied in
soils and sediments owing to their ability to dissolve in water
under environmental conditions. The existence of these
forms depends upon parameters such as redox potential,
pHC and the intensity of biogeochemical processes that affect
arsenic mobilization.” Many minerals containing arsenic (for
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example, arsenopyrite) may be present in soils without
immediate environmental risk because their water solubility
is very low, except in the long term in special conditions.®
Biogeochemical processes may, however, convert these
minerals to more mobile forms.

With direct speciation analysis in the solid phase still not
being possible, the first step of all procedures is an extraction
step, called hereafter a ‘soft’ extraction procedure, which
must separate the analytes from the matrix, eliminate or
reduce the interferences of other components and concen-
trate the analytes up to detectable concentration levels
without losses or contamination and also without changes
in speciation.’

Pantsar-Kallio and Manninen'® demonstrated that optimal
total arsenic extraction yields from soils were obtained in
very acidic (pH ~1) or alkaline (pH ~13) conditions and that
As(III) stability was lower at high pH values. Several authors
have already demonstrated that microwave-assisted ortho-
phosphoric acid extraction of arsenic species from soils and
sediments is efficient."’™ The most extensive study'® was
applied only to a spiked sediment sample ([As] =200mg
kg™ ).

Gomez-Ariza et al.** concluded that hydroxylammonium
hydrochloride solutions constitute a suitable reagent for
arsenic extraction and speciation in sediments with high
content of iron oxides.

Gleyzes et al."” elaborated a simplified arsenic-fractiona-
tion procedure and evaluated the so-called “arsenic fraction
extractable under moderately reducing and complexing
conditions” using an oxalate-oxalic acid solution.

In this study we compared water extraction and different
‘soft” microwave-assisted chemical extractions using
anion-exchange high-performance liquid chromatography
(HPLC), hyphenated through on-line hydride generation to
atomic fluorescence spectrometry (HG-AFS) as the analytical
method. The very high sensitivity of the detector for arsenic
determination'® makes it possible to investigate the effects of
variations of extractant concentration, even with samples
with a quite low total arsenic content.

Up to now, there has been no environmental solid certified
reference material (CRM) for arsenic speciation, therefore,
we analysed reference materials available world wide and
certified for their total arsenic content in order to allow
intercomparisons with other laboratories.

EXPERIMENTAL

Standard solutions and reagents
Arsenic standards used were of the highest purity available,
i.e. analytical grade, except for the orthophosphoric acid
extractant, which was Merck Suprapur.

Stock solutions ([As] = 1000 mg 1) of arsenic species were
prepared by dissolving NaAsO, (Merck), Na,HAsO,-7H,O
(Prolabo), CH3AsO(ONa),-6H,O (Carlo Erba), (CH3)>AsO,.
Na-3H,O (Stream  Chemicals) in water Milli-Q
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Gradient + A10 high-quality (18 MQ, TOC <4pug 1%
(Millipore). These standard solutions were stored at 4°C in
the dark and their stability frequently checked. Arsenite
solution was kept for 1 month only, to prevent eventual
transformation, instead of the 6 months for the others.
Intermediate standard solutions ([As]=10mg 1') were
prepared daily and used directly for the preparation of
appropriate working standard solutions. Working standard
solutions were tested every day in the quality control of the
analytical procedure.

Phosphate buffers used as HPLC mobile phases were
prepared from (NH4),HPO, (Merck) and NH,H,PO, (Carlo
Erba) aqueous solutions. The pH was adjusted by addition of
an aqueous NHj solution (Merck). The chromatographic
mobile phase was continuously filtered through a 0.45 pm
membrane.

A 25% m/v NaBH, (Fluka), stabilized with 1% m/v
NaOH (Merck) solution was prepared immediately prior to
the experiment.

H3;PO, was purchased from Merck, NH,OH-HCI from
Prolabo, and (COOH),-2H,O and (NH,;),Cr04-H,O from
Carlo Erba.

All containers were previously decontaminated by soak-
ing for several days in a 10% HNOj solution and rinsed with
ultra-pure water before use.

Apparatus

The HPLC system consisted of a Varian 5000 gradient
solvent delivery system equipped with a 100 pl injection loop
(Interchim) and a 25 cm x 4.1 mm i.d. (Hamilton, PRP-X100)
anion-exchange column at room temperature.

The outlet of the column was connected to an on-line
continuous flow hydride generation system, model ES120S
(Spectra France, Pau, France). A Labcraft peristaltic pump
was used for the successive additions of HCI and NaBH,
solutions.

The Excalibur atomic fluorescence detector manufac-
tured by PSAnalytical (10033) was equipped with a
boosted discharge hollow cathode lamp (Photron) and
the signal output was recorded with a computer using
Borwin chromatographic software (JMBS, Grenoble,
France). A supplementary hydrogen input, direct to the
argon-hydrogen diffusion flame, was added to the
original Excalibur design in order to stabilize the flame,
and thus to smooth the base-line signal, whereas in the
original PSA device the flame was supplied only by the
excess hydrogen produced during sodium borohydride
decomposition.'

The open focused microwave oven used in the extraction
step was a Prolabo Microdigest 301 system (power 0 to 200
W). The centrifugation was carried out with a Hettich
centrifuge, model Universal 16.

Analytical procedure
A 100 pl volume of standard solution (eventually diluted)
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Table 1. HPLC-HG-AFS experimental conditions and performance

HPLC procedure
Anion exchange column
Mobile phase

Injected volume
Flow rate
Gradient elution

HG-AFS procedure
Acid solution
Reducing agent

Hamilton PRP-X100 (250 mm x 4.1 mm i.d., 10 pm particle size)

Sol A: ammonium phosphate (NH;H,PO,/ (NH,),HPO,) 5 mmol 1 * pH 4.8
Sol B: ammonium phosphate (NH4H,PO,/ (NH,),HPO,) 30 mmol 1! pH 8.0
100 pl
1ml min~
0 to 4.1 min, Sol A

4.1 to 10.1 min, Sol B
10.1 to 20.0 min, Sol A

1

3.0 mol 174 0.35 ml min~!
2.5% (w/v) NaBH, in 1% (w/v) NaOH; 0.35 ml min~*

Main argon flow rate 100 ml min ™"
Auxiliary argon flow rate 300 ml min "
Hydrogen flow rate 30 ml min~"
Primary current 27.5 mA
Boost current 35.0 mA
Performance As(III) As(V) MMA DMA
Linearity range (ng As) 0.005-20 0.006-40 0.005-20 0.007-40
Reproducibility (%)* 5 4 4 5
Relative detection limit (ng (As) ml™%) 0.05 0.07 0.05 0.06
LODP in solid materials (mg (As) kg™ ")
Soil SRM 2709 0.02 0.03 0.02 0.02
Sediment CRM 320 0.02 0.02 0.02 0.02
Sludge CRM 007-040 0.04 0.04 0.04 0.04

@ Relative standard deviation of ten analyses.

P Calculated as three times standard deviation of 20 blanks/slope of calibration curve.

sample was injected into the HPLC system. The elution was
achieved with a gradient program established using two
ammonium phosphate buffers: (Sol A) 5 mM, pH 4.7 and (Sol
B) 30 mM, pH 8.0. From 0 to 4.1 min Sol A was pumped, then
Sol B from 4.1 to 10.1 min. Sol A was pumped again from 10.1
to 20.0min in order to equilibrate the column before the
following analysis.

This elution procedure has been optimized from previous
work,'"” with special attention being paid to obtaining the
elution of As(Ill) species out of the dead volume and
obtaining a good resolution between the different peaks.

HCI and NaBHj, solutions were continuously added to the
column effluent by the peristaltic pump via two successive
T-pieces, assuming the reduction of As(V) species to As(III)
and the generation of hydrides corresponding to As(III),
DMA and MMA. These volatile arsines were purged from
the liquid in a Spectra France gas-liquid separator by an
argon flux and carried to the detector via a Permapure
hygroscopic membrane drying tube. In these conditions the
four arsenic species were eluted in the order As(Ill), DMA,
MMA, As(V), with elution times of 2.9 min, 5.9 min, 8.7 min
and 12.8 min respectively.

Copyright © 2002 John Wiley & Sons, Ltd.

Analytical performances
General analytical performances are summarized in Table 1.
Further details are published elsewhere.'

Standard solutions
Linearity is good up to 200 pg 17" for the four arsenic species
considered.

Reproducibility test at the 5ug 17! level leads to RSD
values varying between 4 and 5%. Arsenic detection limits
evaluated following the IUPAC definition are between 5 and
7 pg (mass limit of detection (LOD)) or 0.05 and 0.07 pg 17!
(concentration LOD).

Environmental solids

Our experimental conditions led to an arsenic LOD in the
range 0.02 to 0.04 mg kg™ for all species in the three CRM
matrices considered. Compared with its Thomas et al.'> LOD
values, the improvement factor was from 40 to 80. This high
sensitivity allows one either to analyse samples with a low
arsenic content or to dilute arsenic-rich extracts in order to
minimize eventual matrix effects on the detection or even

during the chromatographic separation.'®

Appl. Organometal. Chem. 2002; 16: 347-354
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Samples and extractants

The three CRMs were chosen for their certified total arsenic
content, because they represent the various kinds of
environmental solids, and for their different origins.

The first is a soil (San Joaquim SRM 2709; NIST (USA),
NIST Gaithersburg) coming from an agricultural region of
California; its total arsenic content is 17.7 &+ 0.8 mg kg’l. The
second is an aerobic river sediment polluted by industrial
activities (CRM 320; BCR (EU), IRMM Geel) containing
76.7 + 3.4 mg kg~ '. The third is a digested sewage sludge
coming from a publicly owned sewage treatment works that
is representative of a residential area with industrial
influence (CRM 007-040; RT (USA), Promochem GmbH)
and contains 5.74 + 0.85 mg kg .

‘Soft’ extractants were selected in order to extract mobile
arsenic species from solid matrices without modifying them:
viz., water, hydroxylammonium hydrochloride (0.1 mol 171)
ammonium oxalate (0.2 mol 1™") and orthophosphoric acid
(0.3 mol 17%).

Extraction procedure

Water extraction

The water extraction was realized according to the AFNOR X
31-210 method. A mass of 0.5g of dry solid material was
mixed with 5ml of ultra-pure water in a polypropylene
centrifuge tube. The solution was degassed for 20 min with
an argon flow to eliminate oxygen. The tube was then shaken
for 24 h on a stirring table, centrifuged at 3400 rpm for 15 min
and the supernatant filtered through a 0.2 pm filter before
chromatographic analysis.

‘Soft” extractions

The extraction conditions applied to the three CRM were
based on those described by Thomas et al.,'* which were
found convenient in our laboratory after detailed investiga-
tions of the influence of sample mass/extractant volume
ratio and of microwave conditions.

A mass of ca 0.15 or 0.3 g of dry solid material was
introduced in a digestion tube with 25 or 50 ml of extracting
solution and submitted to microwave irradiation at 40 W for
20 min. After cooling, the mixture obtained was transferred
with the corresponding rinse water to a centrifuge tube.
After 20 min at 3400 rpm all the supernatant was diluted in a
50 or 100 ml flask and filtered through a 0.2 um filter before
chromatographic analysis. Secondary dilutions of the ex-
tracts before analysis by factors of 10 to 50, sometimes more,
were often used. The possibility of replacing centrifugation
by filtration, which requires a supplementary rinsing step of
the filter before dilution in a known volume, and thus
possible further evolution of arsenic speciation, has been
tested. Two results were the same, considering the reprodu-
cibility of the analytical method.

The overall extraction procedures were first tested by
treating standard solutions of the four arsenic species
considered, in order to test for any eventual inter-transfor-
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mations of species that might occur, especially between
As(IIl) and As(V). No arsenic species transformation was
detected, even when these solutions were stored over several
hours; the same conclusions have already been reached by
previous workers." This indicates that the arsenic species
considered are stable under the conditions of the various
‘soft’” extraction procedures applied to standard solutions
(i.e. not in the presence of natural solid extracts).

RESULTS AND DISCUSSION

All the yield values presented below are the ratios of total
extracted arsenic (evaluated as the sum of the various arsenic
species) to the certified values.

Water extraction

As expected, the percentages of total arsenic extracted by
water from the three CRMs studied are low, the best being
obtained when extracting sludge. This is probably due to the
recent origin of the sludge material compared with the other
two (which could have been exposed before, over a long
period, to various natural water extraction processes, e.g.
rain, watering, flooding or river flow).

Inorganic arsenic is present in both soil and sediment
extracts, with similar proportions of arsenite and arsenate in
the sediment, arsenate being preponderant in the soil extract.
The soil considered in this study was either a more oxidized
medium than the river sediment or had been modified
during the CRM preparation procedure.

In the sludge the four arsenic species are present, probably
due to a high content of organic matter able to favour the
conversion of inorganic arsenic into organic forms via
(bio)methylation processes.

Solid-water exchange of arsenic species

Known quantities of the four arsenic species were added
simultaneously to extraction flasks containing already
weighed amounts of the analysed solids at the same time
as the extracting water. This procedure does not allow a long
equilibration time (only over the 24 h of the test), and added
arsenic compounds should, of course, be more easily
extractable than compounds naturally present.” These
experiments were run in triplicate. Concentration incre-
ments were chosen so as to be of the same order of
magnitude as the concentrations obtained by the direct
extractions, on raw materials.

Total arsenic addition recoveries are rather low (30-42%),
whatever the material studied (Table 2).

Added As(IIl) recovery is in the range 25-30% for all
matrices; very little As(V) is recovered (less than 15%, and no
recovery at all for the sludge sample); MMA recovery from
soil and sediment is low (10-13%), but it reaches 65% for the
sludge sample; DMA is the only species that does not seem
to establish strong links with the solid matrices, water

Appl. Organometal. Chem. 2002; 16: 347-354
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Table 2. Water extraction of the three CRM and recovery of spiked arsenic species

Arsenic species in extracts (%)

TAE? (%) As(III) As(V) DMA MMA
Soil 0.6+0.1 0.07 (11) 0.40 (67) 0.03 (5) 0.10 (17)
Sediment 02401 0.08 (42) 0.09 (46) 0.02 (9) 0.01 (2)
Sludge 9.7+0.1 1.3 (13) 2.9 (30) 2.5 (26) 3 (31)

Addition recovery®

Soil 40+2 30 [4] 14 [8] 110 [4] 13 [4]
Sediment 30+2 29 [10] 10 [10] 80 [5] 10 [5]
Sludge 42+3 25 [10] nd [20] 90 [10] 65 [20]

? Total arsenic extracted (TAE) is the ratio of arsenic concentration extracted to the certified total arsenic concentration in the sample; relative percentage

of arsenic species to TAE in parentheses.

® These experiments were run in triplicate; addition value expressed in pg (As) kg ! (triplicate) in square brackets; nd: not determined.

extraction yields of added amounts being close to quantita-
tive (80-110%).

During the 24 h shaking involved in the water extraction
procedure, it is likely that most species added are adsorbed
onto samples, for example onto iron and/or aluminium
hydroxides contained in soil and sediment or organic matter
contained in sludge, either as introduced or following a
species conversion such as As(Il) = As(V). In these
approximately neutral conditions all arsenic species are
anionic except As(Ill), so the differences in behaviour
apparent in Table 2 cannot be explained on the basis of
charges alone. The exceptionally high mobility of DMA
implies that it is almost not sorbed by any of the three solid
matrices tested. The very low mobility of As(V) implies a
strong sorption. The well-known high affinity of As(V) for
iron and manganese oxides surfaces is a good explanation
for soil and sediment samples; the even stronger sorption by
the sludge sample is less easy to explain. A possible
hypothesis could be a reduction of As(V) to As(Ill) by the
organic-rich matrix followed by hydrophobic sorption of the
neutral As(III) species to the abundant solid organic matter.

‘Soft’” extractions

Three soft extractants were chosen from the literature and
from preliminary experiments as being able to dissolve the
better part of the arsenic species without modifying them:
viz.,, A (0.3 mol 1! orthophosphoric acid); B (0.1 mol 17!
hydroxylammonium hydrochloride); C (0.2 mol 17" di-
ammonium oxalate).

Efficiency of ‘soft” extractions as regards total arsenic
The total arsenic extraction yields obtained (Table 3) depend
upon both the nature of the extractant used and that of the
sample studied.

Total arsenic extraction yields of soil samples are low
using orthophosphoric acid or hydroxylamine extractants,
but the ammonium oxalate buffer (known to form complexes

Copyright © 2002 John Wiley & Sons, Ltd.

with the Fe(III) cation and to dissolve crystalline iron oxides
in classical sequential extraction schemes'>'*?) is much
more efficient (82 £ 3%). In this agricultural soil sample the
mineralogical matrix is probably of very ancient formation
and most of its components are weathered crystallized
minerals. It may be supposed that arsenic species in this
matrix are for the better part linked to (or even integrated in)
crystalline iron and manganese oxy-hydroxides.

The aerobic river sediment sample (BCR 320) also contains
manganese oxides (Mn 0.08%), together with soluble or non-
soluble iron compounds (Fe 4.5%); but arsenic species
appear to be much more weakly linked to the solid matrix
(probably sorbed to surfaces), as the three extractants
studied produce rather good yields. The efficiency of
phosphate ions in releasing arsenic from environmental
sediments is essentially based on the ion-exchange surface
reaction between phosphate and arsenate ions."

Hydroxylamine extraction of sediment BCR 320 sample
followed by HPLC-HG-atomic absorption spectroscopic
analysis of the extracts has been previously conducted by
Gomez-Ariza et al.,** who obtained a lower extraction yield
with a somewhat different extraction procedure (8 h, 95°C)
even after repetitive (five to eight) extractions.

This same reference material has also been studied by
Thomas et al.'? using extraction conditions very similar to
those used here (1 mol 1-* H3POy, instead of 0.3 mol 1Y), but

Table 3. ‘Soft’ extractions: total arsenic extraction yields
(percentage of total arsenic content of the solid) using A,Band C

Extracting solution A B C
Soil 37+3 1042 82+3
Sediment 94 +3 (54)° 73+2(67)°  80+2
Sludge 93+4 794+3 -

2 Ref. 12.

b Ref. 14.

Appl. Organometal. Chem. 2002; 16: 347-354
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Table 4. Influence of the nature of the extractant on the
determination of arsenic speciation in different matrices
(percentage of CRM total arsenic content)®

As(III) DMA MMA As(V)
Soil
A 2 (5) - - 38 (95)
B 2 (20) - - 8 (80)
C 34 - - 77 (96)
Sediment
A 7 (7) 89 (93)
3 (6)° 51 (94)°
B 17 (23) 56 (77)
3 (4)° 64 (96)¢
C 11 (14) 68 (86)
Sludge
A 21 (22) 44) 6 (6) 65 (66)
B 12 (15) 2 (3) 5 (6) 60 (75)

2 A: phosphoric acid (0.3 mol 1"); B: hydroxylammonium hydrochloride
(0.1 mol 17"); C: ammonium oxalate (0.2 mol 1%); relative percentage of
arsenic species to TAE given in parentheses.

P v (w) Ref. 12 values.

€ v (w) Ref. 14 values.

followed by an HPLC-inductively coupled plasma mass
spectrometric analysis of extracts. These authors obtained a
much lower phosphoric acid extraction yield, probably due
to working conditions too close to their quantification limits
and/or suffering from matrix interferences.

The efficiency of the extraction of arsenic from the sewage
sludge CRM is greatest efficient with orthophosphoric acid,
adequate with the hydroxylammonium hydrochloride solu-
tion, but arsenic is not extracted at all by the oxalate buffer
from this matrix. In this freshly formed organic-rich material
it may be reasonably supposed that the majority of the
arsenic species are linked to organic substances and none to
crystalline metal oxides.

Influence of the nature of extractant on arsenic
speciation

In the three environmental solid reference materials studied,
inorganic arsenic species (mainly arsenate), are the major
forms, methylated forms appearing only as minor compo-
nents in the sewage sludge sample.

The repartition of arsenic species evaluated with the ‘soft’
extractants tested (Table 4) is quite different from that
presented above using water extraction (Table 2). In
particular, noticeable percentages of methylated species are
found only in the sewage sludge extracts (10% of total arsenic
content) and none at all in those of soil and sediment
samples, whereas the proportions of MMA and DMA
measured in soil and sediment water extracts were not
negligible (0.1% and 0.02% of their total arsenic contents

Copyright © 2002 John Wiley & Sons, Ltd.
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Table 5. Influence of the extraction time on arsenic speciation of
sediment CRM (percentage of CRM total arsenic content)

Extractant Extraction time (min) As(III) (%) As(V) (%) TAE (%)

B 20 17 56 73
40 17 54 71

3° 647 67°
C 10 12 62 74
20 8 67 75
40 - 70 70

@ Ref. 14 results; extraction conditions: 8 h, 95°C, occasional shaking.

respectively). In fact, the increases in the extraction yields of
inorganic arsenic species from soil and sediment using
extractants A or B are so high (a factor of ca 20) that the
concentrations of the methylated forms of arsenic in the
solutions analysed (after suitable dilutions) become lower
than the detection limits.

Both extractants A and B dissolve the same amounts of
DMA (2-4% of total arsenic) and MMA (5-6% of total
arsenic) from the sludge sample.

Soil sample. The percentage of total arsenic extracted from the
soil sample as As(Ill) is very low (2-3%) for the three
extractants, whereas the percentage extracted as As(V) varies
widely (from 8% with hydroxylammonium hydrochloride to
77% with ammonium oxalate). It appears, therefore, that no
conversion of arsenic species occurs in any of these
extracting operations. The different extracting reagents
mobilize widely variable proportions of total arsenic.
Ammonium oxalate, well known to dissolve crystallized
iron and manganese (oxy)hydroxides, which contain quite a
large proportion of the arsenic content of this material, is the
best extracting reagent.

To recap, the As(Ill) content of this material may be
quite reliably evaluated to ca 2-3% of total arsenic; the
evaluation of the As(V) content, on the contrary, depends
greatly on the mineralogical phases dissolved during the
‘soft’ extraction.

Sediment sample. The same conclusions do not hold when
considering data obtained for the river sediment; the
percentage of As(Ill) determined varies from 7 to 17% of
total arsenic, whereas that of As(V) varies from 89 to 56%.
The occurrence of some redox interconversion of species in
the presence of natural solid extracts is necessary to explain
these data.

This same CRM has already been examined by two other
authors using slightly different extraction conditions and a
detailed examination of the results may afford better
understanding.

Comparing arsenic speciation evaluated following hy-

Appl. Organometal. Chem. 2002; 16: 347-354
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droxylamine extraction using both our fast microwave pro-
cedure and the procedure of Gomez Ariza et al.,"* who use
occasional shaking for 8 h at 95°C (Table 4), demonstrates
that our procedure extracts some more arsenic (73% of the
total instead of 67%) and that the proportion of As(Ill) is
much higher with our “fast’ procedure (17% instead of 3%).
Three possibilities must be considered, taking into account
both the reducing property of hydroxylamine and the
possible oxidation by atmospheric oxygen in the presence
of soil extracts:

e all the supplementary arsenic extracted with our
procedure is really As(Ill) dissolved due to the
efficiency of the microwave-assisted process;

e supplementary As(V) extracted in our procedure is
simultaneously reduced to As(Ill) by hydroxylamine
for the same reason;

e the lengthy Gomez Ariza et al.'* extraction procedure
allows a significant As(III) oxidation by atmospheric
oxygen.

Extraction by ammonium oxalate, which is also a reducing
agent, dissolves some more total arsenic with a lesser
proportion of As(III).

A comparison can also be made between arsenic specia-
tion in this same sediment determined following fast
microwave-assisted phosphoric acid extraction using either
0.3 mol 17! (this work) or 1.0 mol 17" acid concentrations."
The same proportions of As(III) and As(V) were found even
if the total arsenic extraction yield of the present work is
much higher (96% versus 54%).

It appears here that the conditions of extraction have a
non-negligible impact on the evaluation of inorganic arsenic
species initially present in this river sediment: the As(III)
content determined varies from 3 to 17% of total arsenic and
As(V) from 51 to 89%.

Sludge sample. More arsenic is extracted by phosphoric acid
than by hydroxylamine (96% and 79%) and the increase
concerns both As(Ill) and As(V). The proportions of MMA
(2% and 4%) and DMA (6% and 5%) do not vary much.
Considering the very high extraction yield obtained with
phosphoric acid, it may be concluded that there is no other
arsenic species present at a significant level in this sludge
sample.

Influence of extraction time on the determination of
arsenic speciation

Using hydroxylamine (extractant B), the total arsenic
extracted does not vary significantly with microwave
irradiation time; neither does As(IIl), which remains much
higher than that found in Ref. 14. This confirms that a
noticeable oxidation by atmospheric oxygen occurs during
the 8h of their extraction process, much more than the
reverse reduction by hydroxylamine. This oxidation appears
negligible during the 20-40min of our procedure. A

Copyright © 2002 John Wiley & Sons, Ltd.
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Figure 1. Stability of soil and sediment oxalate buffer (C) extracts
(relative percentage of arsenic species to total arsenic
extracted).

supplementary proof has been obtained by adding ascorbic
acid to the extracting solution; no modification of arsenic
speciation was evidenced.

The behaviour in the presence of oxalate is different. There
is a slight diminution of total arsenic extracted with
microwave irradiation time. Moreover, the As(IIl) content
decreases to zero. This indicates that the larger amounts of
iron and manganese oxides dissolved by this reactant induce
a much faster air oxidation of As(Ill) (perhaps involving a
catalytic process).

Stability of extracts

The stability of As(Ill) in the phosphoric acid extracts has
already been studied:'® neutralization or dilution ensure a
good stability for several hours.

Further experiments were performed in order to elucidate
the problem of As(Ill) stability during the conservation of
oxalate extracts of sediment and soil samples. Each extract
prepared was analysed from 30 to 250 min after the end of
extraction procedure. We can see in Fig. 1 that As(III)
oxidation to As(V) after extraction is a slow process (the rate
of which depends on the nature of the sample being
analysed). The relative As(Ill)/total extracted arsenic ratio
decreases from 14% to 5% (sediment) or from 4% to 2% (soil)
in 4h. Once again, extract dilution may slow down these
evolutions.

On the other hand, we do not observe any loss of arsenic
during these experiments. All this confirms the hypothesis
presented above, of the role played by some sample
constituents (dissolved during the extraction) probably
catalysing As(Ill) oxidation by dissolved oxygen.

CONCLUSIONS

The first and most important conclusion is that the
determination of the speciation of elements such as arsenic
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in environmental solids is still a very difficult task, because
extraction procedures need to be designed so as to allow:

e respect for the chemical nature of the various arsenic
species initially present in the solid;

o elucidation of their association with the various
mineralogical phases of the sample (fractionation).

This task will be completed by combining the type of
research work presented here together with others already
existing,"® which up to now have been separated in the
literature.

The four species studied here, As(Ill), As(V), MMA and
DMA, have all been found in the water extracts of all
samples. The organic forms are important only in the sludge
sample; both As(Ill) and As(V) are significant in all samples,
and As(V) predominates.

Several extraction procedures using different extractants
and different conditions have been considered and applied
to three CRMs of soil, sediment and sewage sludge.

Microwave-assisted extraction appears to be very con-
venient, owing to the rapidity of the procedure, which
moreover certainly minimizes the risks of redox interconver-
sion of inorganic arsenic forms. However, we cannot
ascertain from all these results that no oxidation at all of
genuine arsenic species took place during the 20 min of the
extraction step itself, and the As(IIl) concentrations reported
here should be considered as minimum values.

In the mineralogic matrix of an old formation soil sample,
extracted well only by oxalate, arsenic seems to be strongly
linked to a low reactive phase, such as metallic oxy-
hydroxides.

On the other hand, in freshly formed sewage sludge,
orthophosphoric acid extracts arsenic well, whether it is
linked to exchangeable forms or acid-soluble solids.

Finally, the sediment sample is extracted well with the
three “soft” extractants owing to its mixed origin.
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