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Abstract

A rapid and sensitive method for the on-line separation and pre-concentration of inorganic arsenic in water samples is described. The
analyte in the pentavalent oxidation state is reduced to its trivalent form withl-cysteine and the total inorganic arsenic is sorbed onto activated
alumina in the acid form in a mini-column coupled to a FI-HG AAS system. Afterwards, it is eluted with 3 mol l−1 HCl. An enrichment factor
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f 7 was obtained, allowing an analytical flow rate of about 28 determinations per hour. The limits of detection (3σ) and of quantificatio
10σ) were calculated as LOD = 0.15�g l−1 of As and LOQ = 0.5�g l−1 of As, respectively. Relative standard deviations (n= 10) less than 8%
ere obtained for different arsenic concentrations and the accuracy was verified by analysing certified reference materials. Differe
amples, such as mineral water, drinking water, river water and natural spring water were analyzed and good agreement was o
he values from spiked experiments.
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. Introduction

Arsenic is a ubiquitous specie in the environment and it
s a seriously toxic element for man, who is mainly exposed
ia drinking water and seafood. While organic species like
imethylarsenic acid (DMA) show a median lethal dose in
nimals of LD50 (DMA) = 1200 mg kg−1, and are considered
s non-toxic compounds, the inorganic forms arsenite and ar-
enate show LD50 = 4.5 mg kg−1 and LD50 = 14 mg kg−1, re-
pectively, and should be considered to be rather toxic. Most
f the international agencies established acceptable values for
rsenic in drinking water in the range of 0.005–0.050 mg l−1

1]. Consequently, there is an increasing interest in the devel-
pment of methodologies characterised by simplicity, speed
nd economy of reagents and materials aiming at the deter-
ination of arsenic in water.

∗ Corresponding author. Tel.: +55 1937 883 125; fax: +55 1937 883 023.
E-mail address:cadore@iqm.unicamp.br (S. Cadore).

Atomic absorption spectrometry (AAS) is a we
established and well-known technique that has been
for the determination of many elements using flame or e
trothermal atomization[2,3]. In 1969, Holak[4] used the
concept of hydride generation to determine arsenic by A
When the acidified sample containing arsenic was put in
tact with a reducing reagent, the volatile hydride AsH3 was
generated, providing an excellent tool to detect and qua
this element.

Considering the benefits obtained with this technique
development of a new analytical method employing FI-
AAS is of significant interest. Sometimes, however, the
centration of the analyte is very low, considering other spe
present in the sample, so a pre-concentration step is n
sary.

Pre-concentration techniques of trace metals, like s
tion of the analyte on solid materials, modified or not w
organic reagents have frequently been used. The metal
metal-complex is eluted from the solid material by a s
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able solvent and afterwards the determination of the metal is
performed.

The usual reactions for As pre-concentration make use
of organic reagents which are able to separate As(III) from
As(V), such as dithiocarbamate[5–7] and dithiophosphate
[8–11]compounds sorbed on solid materials.

Some inorganic materials, such as ion-exchange resins
[12], zeolites[1], and alumina[13,14]have also been used as
sorbent materials for ions from aqueous solutions. Sperling
et al.[13] in 1992 determined Cr(III) and Cr(VI) in water us-
ing FI-FAAS, after pre-concentration on activated alumina.
In 1994, Ebdon et al.[14] used activated alumina in the acid
form to pre-concentrate As, Cr, Se, and V before their deter-
mination by ICP-MS, with good pre-concentration factors.
Recently, Lin and Wu[15] evaluated the use of activated alu-
mina as a sorbent for arsenite and arsenate ions in a procedure
for the decontamination of water.

In the present work, an on-line pre-concentration method
employing activated alumina as sorbent for total inorganic
arsenic, followed by its determination by HG AAS was
developed. The method was applied to the determination of
inorganic arsenic in rivers, mines and natural spring waters
from Quadriĺatero Ferŕıfero, a mining region in Minas
Gerais, Brazil.
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staltic pump (Ismatec®, ICP High Precision Multichannel
Dispenser) introduced the sample and the reducing reagent
into carrier flows using a merging-zones manifold. Samples
and reagents were aspirated through Tygon tubes (Techni-
con) with appropriate flow rates for each solution. Sample
loop, reaction coil and transmission lines were prepared using
Teflon tubing (CPL, 0.8 mm i.d.). For the pre-concentration,
the total inorganic arsenic present in the sample is reduced
to As(III) with 0.1% (w/v) l-cysteine, which is then re-
tained in a glass column (φi = 3 mm; L= 35 mm) contain-
ing 70 mg of activated alumina (150 mesh) in the acid form
by the passage of a solution flowing at 3.2 ml min−1. After
2 min, the pre-concentrated species are eluted with 3 mol l−1

HCl (3.2 ml min−1) loading a 150�l loop, while a 1.0%
(m/v) sodium tetrahydroborate solution loads the other loop
(150�l) of the system. The time of the elution step is 8 s
and at the same time, the alumina is regenerated for the
next pre-concentration cycle. The arsine generated is car-
ried with N2 (flow rate = 90 ml min−1) to a quartz cell wound
with Ni–Cr wire where the atomization process occurs. The
temperature of the quartz cell needed for AsH3 atomiza-
tion was obtained and controlled with a Varivolt regula-
tor, connected to the Ni–Cr coil of the cell. The As was
measured with an atomic absorption spectrometer (Varian,
Model Gemini AA 12/1475) equipped with a hollow cath-
o ack-
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. Experimental

.1. Apparatus

The FI pre-concentration system coupled to HG AA
hown inFig. 1. In the FI-HG system, an eight-channel p

ig. 1. (a) FI-HG AAS pre-concentration system in the sorption po
3.2 ml min−1); (4) 1 mol l−1 HCl (2.8 ml min−1); (5) 1% (w/v) NaBH4 (
eaction coil (30 cm); (X) confluence point; (GLS) gas–liquid separat
njector–commutator in the elution position.
de lamp for arsenic as well a deuterium lamp for b
round correction under the following conditions: wa

ength, 193.7 nm; slit width, 0.5 nm; lamp current, 10 m
or the adjustment of the solution pH, a Hanna Ins
ents pH meter equipped with a combined electrode
tilized.

for the determination of As: (1) sample (3.2 ml min−1); (2) waste; (3) eluen
in−1); (6) H2O (2.8 ml min−1); (7) HG AAS system; (IC) injector; (B

) atomizer; (LB) optical path; (C) glass mini-column with sorbent ma
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2.2. Reagents

All reagents used in the experiments were of analyt-
ical grade. Deionized water (18.2 M�cm) obtained from
a Milli-Q water system (Bedford, MA, USA) was used
throughout.

The arsenic standard solution was prepared by dissolv-
ing 1.0000 g As2O3 (Carlo Erba) in 20% (w/v) NaOH
with the addition of two drops of phenolphthalein. This
solution was neutralised with 20% HCl (v/v), diluted to
a final volume of 1000 ml with 1 mol l−1 HCl solution,
and stored in a polyethylene bottle under refrigeration.
Adequate dilutions were made, whenever necessary, with
1 mol l−1 HCl.

Solutions of sodium tetrahydroborate were prepared by
dissolving NaBH4 powder (Nuclear) in 0.05 mol l−1 KOH
and stored in plastic bottles under refrigeration. This solu-
tion is stable for about 2 weeks with no loss of the observed
absorption signal.

Thel-cysteine used was from Synth and the alumina (acid
form) was purchased from Aldrich.

Solutions of interfering ions were prepared by the dis-
solution of appropriate salts or metals in acid or deionized
water.

The proposed methodology was applied to the determina-
tion of arsenic in certified reference materials (CRM-TMDW,
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3. Results and discussion

The flow system used in this study was previously de-
scribed and optimised for the determination of arsenic with-
out a pre-concentration step[12]. The replacement of the
sample loop by the glass column filled with alumina in its
acid form acting as sorbent material for arsenic required some
changes in these optimised parameters, as well as in the op-
timization of others, as described below.

3.1. Effect of eluent

Considering that the eluent may significantly influence the
determination of arsenic, this was the first parameter evalu-
ated. According to the literature,[13,14] HNO3, NH3, and
HCl can be used to elute arsenic from alumina. The effect
of base and acid on the proposed pre-concentration system
was verified and the experimental results obtained with HCl
showed this to be the most adequate. Varying the concentra-
tion of the acid solution from 1.0 to 5.0 mol l−1, good results
were obtained with concentrations above 1.5 mol l−1, as can
be seen inFig. 2. In order to guarantee the complete elution
of the analyte, a concentration of 3 mol l−1 HCl was selected
as eluent.
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race Metals in Drinking Water and NIST-SRM 1640, Tr
lements in Natural Water) as well as in other water sam

mineral water, mine water and river water).

.3. Sample preparation

All kinds of water were collected at Quadrilátero Ferŕıfero,
region with mining activities located in Minas Ger

tate, Brazil. After collection, the water was filte
hrough a 0.45�m membrane, acidified with 1 mol l−1 HCl,
nd stored in a refrigerator in polyethylene bottles u
se.

Mineral water was purchased in the local market, acid
ith 1 mol l−1 HCl and stored in a refrigerator before use
The certified reference water samples were appr

tely diluted according to their arsenic concentration an
liquots were treated with 0.1 g ofl-cysteine for 30 min. Af

erwards, the pH was adjusted to 5 with dilute NaOH,
olution was transferred to a 100.0 ml volumetric flask
he volume was completed with deionized water. The ars
ontent was determined after a pre-concentration step.

For the water samples from river, mines, or nat
pring water collected at the origin or from spring wa
iped to a roadside fountain, each replicate of adequate
me was treated with 0.1 g ofl-cysteine for 30 min. After
ards, the pH was adjusted to 5 with diluted NaOH, tra

erred to a 100.0 ml volumetric flask, and the arsenic
ent was determined after the pre-concentration step. S
amples were spiked to permit evaluating the analy
rocedure.
.2. Effect of flow rate and time of pre-concentration

The pre-concentration time was evaluated and it was
erved that a significant improvement in analytical sig
as obtained when the pre-concentration time was incre

rom 1 to 2 min. However, there was no change for tim
onger than 3 min, for different sample flow rates as the
mn used became saturated with the passage of the
le for longer times. If the dimensions of the column

he amount of solid phase are different, it is possible to
oncentrate the analyte for a longer time but analytical

ig. 2. Effect of eluent concentration for pre-concentration system
cid-activated alumina.
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quency will be prejudiced. After changing the flow rate from
2.8 to 3.6 ml min−1, a pre-concentration time of 2 min at
3.2 ml min−1 was chosen for continuing this study, which
allowed good detectability and analytical frequency.

3.3. Effect of flow rate and time of elution

The elution step depends on the time necessary to fill the
sampling loop (Fig. 1b) of the FI system, which is determined
by the flow rate of the eluent, and this was also evaluated. The
efficiency of elution may be evaluated considering either the
nature and concentration of the eluent, or the elution flow rate.
By changing this parameter from 2.8 to 3.6 ml min−1, better
analytical signals were obtained when the eluent (3 mol l−1

HCl) passed through the sample loop for 8 s at a flow rate
of 3.2 ml min−1. Under these conditions, an analytical fre-
quency of 28 injections per hour was obtained.

3.4. Effect of the amount of solid sorbent

In order to evaluate the amount of solid sorbent, different
sizes of the glass mini-column were evaluated using differ-
ent mass of alumina. When a 20 mm× 3 mm column was
used, retention of the analyte is low while with a column of
50 mm× 3 mm it was difficult to couple to the injector. A
column of 35 mm× 3 mm (that contains 70 mg of alumina)
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Fig. 3. Effect of pH on the sorption of As with acid-activated alumina.

l-Cysteine has been widely used as a pre-reductor for
the determination of arsenic by HG-AAS. Tsalev et al.[17]
described some advantages for its use: rapid and efficient
reduction compared to other pre-reductor systems, such as
KI–mineral acid and KI–ascorbic acid; stability of the re-
ducing solution, which may be stored for a long time; and
higher tolerance to interfering species. Preliminary stud-
ies usingl-cysteine in acidic medium showed that it re-
quired 30 min in order to guarantee the complete reduc-
tion of up to 5�g l−1 of As(V), being impossible to carry
this out on-line. Different concentrations ofl-cysteine were
evaluated, concluding that 0.1 g of reagent for 100.0 ml
of solution is enough for complete reduction of low con-
tents of As(V) if at least 30 min is allowed for complete
reduction.

Ascorbic acid does not reduce As(V) effectively, consid-
ering its low reduction power. On the other hand, I2 formed
by KI increases the background signal and may interfere in
the system due to its oxidant character. A mixture of potas-
sium iodide:ascorbic acid (KI:AscA) leads to a good results
since it reduces the I2 formed by KI. Solutions with differ-
ent proportions of KI:AscA (0.05:0.1%; 0.1:0.2%; 0.2:0.4%;
and 0.5:1.0%) were also tested, again using 30 min for the
completion of reaction[12].

However, considering the results obtained and the pre-
viously cited advantages ofl-cysteine[19], the use of this
r
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as shown to be adequate for the proposed system, le
o good analytical signals and enrichment factors and it
elected for the pre-concentration of arsenic.

.5. Effect of pH on the adsorption

The pH of the aqueous phase is an important fact
olute distribution with accentuated acid–base prope
s a result, the interaction between As and alumina
e affected, considering different surface modifications

ake place according to the pH[15]. The effect of pH on
iquid–solid extraction during the adsorption was investig
ndFig. 3 shows that the adsorption of arsenic was qua

ative in the range of pH 3.0–10.0. Considering that all
amples are stored in acid solutions, it was convenient to
t pH 5.0 for the remaining studies.

.6. Study of pre-reduction of As(V)

According to Tsalev and Zaprianov[16], arsenic level
n rivers and lakes are generally <10�g l−1 and the trivalen
pecies may represent up to 8% of the total arsenic. Fo
ironments with low aeration conditions, like groundwa
t may represent 50%. Thus, the presence of As(V) in a
rix, such as river water and mine water is obvious and
mportant to guarantee the reduction of the inorganic ars
sing adequate reagents. Alumina is not selective to A
r As(V), even with different pH values and, in this case,
se of a pre-reducing reagent is very important in orde
enerate arsine from As(III).
educing reagent was chosen.

.7. Interferences

While Dedina[18] classified the interferences in the h
ride generation technique into two groups, liquid-phas

erferences and gaseous-phase interferences, Hershe
eliher [19] described that arsenic is one of the hydr

orming elements less susceptible to interference. In ord
dentify species that could interfere in the determinatio
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Fig. 4. Interference effect of cations on the determination of As, using acid-
activated alumina.

arsenic using the proposed system concerning both the liquid
and gaseous phases, a study was carried out considering the
constituents and the ratios between arsenic and the foreign
ions present in natural and mineral water.

The concentration of arsenic was fixed as 2�g l−1 and
possible interferences were evaluated, using the following
concentrations: Cd (8�g l−1), V (16�g l−1), Co (14�g l−1),
Cr (20�g l−1), Cu (20�g l−1), Ba (36�g l−1), Mo
(16�g l−1), Ni (20�g l−1), Zn (26�g l−1), Al (160�g l−1),
Fe (300�g l−1), K (2000�g l−1), Mg (4800�g l−1), Na
(7000�g l−1), and Ca (18000�g l−1). The interference ef-
fect was evaluated considering the difference between the
absorbance for arsenic in the presence and in the absence of
the element studied.Fig. 4 shows that aluminium and iron
interfered significantly in the arsenic determination, but this
effect can be associated with the hydride-generation system,
not with the pre-concentration step[12] and it may be effi-
ciently overcome in the presence ofl-cysteine.

Hydride-forming elements were also evaluated as inter-
ferences for the proposed system and the experiments were
carried out considering two different concentrations, 1 and
2�g l−1, except for Pb (15 and 30�g l−1). The results ob-
tained showed that Pb, Sb(V), Sb(III), Sn, Bi, and Se(VI) did
not interfere at the concentrations evaluated and that the only
serious interfering species was Se(IV). According to the lit-
erature[20,21], there is a competition for NaBH, although
t step
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Table 1
Results obtained in the analyses of certified reference materials

Sample As concentration
certified (�g l−1)

As concentration
found (�g l−1)

CRM-TMDW 80.0± 0.4 83.0± 3.4
NIST-SRM 1640 26.7± 0.4 26.1± 2.4

and without the pre-concentration step were obtained and it
was possible to note an increase in the sensitivity. An en-
hancement factor of 7 was calculated considering the in-
crease of the analytical signal. The efficiency of the mini-
column was not affected even after 200 pre-concentration
runs.

The limit of detection (3σ) and the limit of quantification
(10σ) were calculated as 0.15�g l−1 of As and 0.5�g l−1 of
As, respectively, after pre-concentration. Relative standard
deviations less than 8% were obtained for different concen-
trations of arsenic.

The accuracy of the method was evaluated by analyzing
certified reference materials and the results are described in
Table 1, showing that the values obtained with the proposed
method were in agreement with the certified values consid-
ering a 95% confidence level. A matrix effect for the pro-
posed method was evaluated from the slopes obtained with
both analytical and analyte addition curves, and it was possi-
ble to conclude that it was not significant in the presence of
l-cysteine, eliminating the requirement of a more complex
sample preparation.

Samples of mineral water, mine water, river water, and nat-
ural spring water were analyzed. Using analyte addition and
recovery experiments, 96–106% recoveries were observed,
demonstrating the reliability of the proposed method.Table 2
shows the content of arsenic in the samples obtained with the
p ble to
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4
he interference may also occur during the atomization
esulting from the competition for hydrogen radicals. The
erference of selenium may be minimized with the addi
f small amounts of copper, avoiding the generation of H2Se
20]. If copper is already present in the water, the interfere
f selenium will be masked naturally.

The effects of some anionic species (Cl−, NO3
−, PO4

3−,
CO3

−, and SO4
2−) were studied at three different co

entrations, representing an excess of 100, 1000, and 1
imes, the concentration of arsenic (2�g l−1) but no interfer
nce was observed.

.8. Figures of merit and the determination of As in
ater samples

In order to calculate the enhancement factor for the
em using alumina as sorbent material, analytical curves
roposed method. Considering these results, it is possi
onclude that, in a general way, the cited region sampl
his study may have problems related to arsenic contam
ion. Although the mining activities have ended, the eff
f a long period of gold extraction still persists and may
source of diseases contamination for the local popul

able 2
esults obtained in the analyses of different kinds of water samples af
rsenic pre-concentration using alumina as sorbent (n= 3)

ater Arsenic found (�g l−1)

iped spring 1 4.9 ± 0.4
iped spring 2a 33.6± 2.3
pring source 1.3 ± 0.6
ineral 0.83± 0.03
rinking 2.02± 0.05
iver-point Aa 24.2± 4.5
iver-point Ba 37.4± 6.4
ine 1a 260 ± 5
ine 2 Aa 10.8± 0.6
ine 2 Ba 2262± 58
a Samples diluted before the analysis using the pre-concentration s
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due to the amount of arsenic that was liberated to the envi-
ronment. Waters from natural springs piped to roadsides (A
and B) and at their origin are generally used for consump-
tion, although the value found for spring B (33.6�g l−1) is
higher than that allowed by the appropriate Brazilian Agency
(ANVISA), which is 10�g l−1. Depending on their origin,
the waters showed different contents of arsenic. Waters from
a river, collected at two different points, and from the interior
of two mines showed high concentration levels and in these
cases, the pre-concentration step is not necessary. In order
to evaluate the performance of the method independently of
arsenic concentration in the samples, dilution was required in
some cases. On the other hand, the determination of arsenic
content in uncontaminated waters was successfully carried
out with the proposed method.

4. Conclusions

An efficient on-line system for arsenic pre-concentration
using activated acid alumina as the sorbent material coupled
to HG-AAS was developed and was shown to be fast (28
determinations h−1) and of low cost (one column may be
used for more than 200 cycles of pre-concentration, without
loss of efficiency).

Although the enrichment factor is lower than some de-
s scep
t ters,
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