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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.vagisteine 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 3hié0l. An enrichment factor
of 7 was obtained, allowing an analytical flow rate of about 28 determinations per hour. The limits of deteg}iand®f quantification
(100) were calculated as LOD = 0.1 1= of As and LOQ =0.5.g I of As, respectively. Relative standard deviations (i0) less than 8%
were obtained for different arsenic concentrations and the accuracy was verified by analysing certified reference materials. Different kinds of
samples, such as mineral water, drinking water, river water and natural spring water were analyzed and good agreement was obtained with
the values from spiked experiments.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Atomic absorption spectrometry (AAS) is a well-
established and well-known technique that has been used
Arsenic is a ubiquitous specie in the environment and it for the determination of many elements using flame or elec-
is a seriously toxic element for man, who is mainly exposed trothermal atomizatiori2,3]. In 1969, Holak[4] used the
via drinking water and seafood. While organic species like concept of hydride generation to determine arsenic by AAS.
dimethylarsenic acid (DMA) show a median lethal dose in When the acidified sample containing arsenic was put in con-
animals of LBy (DMA) = 1200 mg kg 1, and are considered  tact with a reducing reagent, the volatile hydride Askhs
as non-toxic compounds, the inorganic forms arsenite and ar-generated, providing an excellent tool to detect and quantify
senate show LEy=4.5mgkg ! and LDsp=14 mg kg1, re- this element.
spectively, and should be considered to be rather toxic. Most  Considering the benefits obtained with this technique, the
oftheinternational agencies established acceptable values fodevelopment of a new analytical method employing FI-HG
arsenic in drinking water in the range of 0.005-0.050mg|  AAS is of significant interest. Sometimes, however, the con-
[1]. Consequently, there is an increasing interest in the devel- centration of the analyte is very low, considering other species
opment of methodologies characterised by simplicity, speed present in the sample, so a pre-concentration step is neces-
and economy of reagents and materials aiming at the deter-sary.
mination of arsenic in water. Pre-concentration techniques of trace metals, like sorp-
tion of the analyte on solid materials, modified or not with
* Corresponding author. Tel.: +55 1937 883 125; fax: +55 1937 883 023. Organic reagents have frequently been used. The metal or the
E-mail addresscadore@igm.unicamp.br (S. Cadore). metal-complex is eluted from the solid material by a suit-
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able solvent and afterwards the determination of the metal isstaltic pump (Ismatét, ICP High Precision Multichannel

performed. Dispenser) introduced the sample and the reducing reagent
The usual reactions for As pre-concentration make useinto carrier flows using a merging-zones manifold. Samples
of organic reagents which are able to separate As(lll) from and reagents were aspirated through Tygon tubes (Techni-
As(V), such as dithiocarbamaf—7] and dithiophosphate  con) with appropriate flow rates for each solution. Sample
[8—11]compounds sorbed on solid materials. loop, reaction coil and transmission lines were prepared using
Some inorganic materials, such as ion-exchange resinsTeflon tubing (CPL, 0.8 mm i.d.). For the pre-concentration,
[12], zeoliteq1], and alumingd13,14]have also been used as  the total inorganic arsenic present in the sample is reduced
sorbent materials for ions from aqueous solutions. Sperlingto As(lll) with 0.1% (w/v) L-cysteine, which is then re-
etal.[13]in 1992 determined Cr(lll) and Cr(VI) in water us-  tained in a glass column {3 mm; L=35mm) contain-
ing FI-FAAS, after pre-concentration on activated alumina. ing 70 mg of activated alumina (150 mesh) in the acid form
In 1994, Ebdon et a[14] used activated aluminain the acid by the passage of a solution flowing at 3.2 ml minAfter
form to pre-concentrate As, Cr, Se, and V before their deter- 2 min, the pre-concentrated species are eluted with 3ol |
mination by ICP-MS, with good pre-concentration factors. HC| (3.2 mImin1) loading a 15QI loop, while a 1.0%
Recently, Lin and W{i15] evaluated the use of activated alu-  (m/v) sodium tetrahydroborate solution loads the other loop
mina as a sorbent for arsenite and arsenate ions in a procedurgl50ul) of the system. The time of the elution step is 8s
for the decontamination of water. and at the same time, the alumina is regenerated for the
In the present work, an on-line pre-concentration method next pre-concentration cycle. The arsine generated is car-
employing activated alumina as sorbent for total inorganic ried with N, (flow rate = 90 mI min?) to a quartz cell wound
arsenic, followed by its determination by HG AAS was with Ni-Cr wire where the atomization process occurs. The
developed. The method was applied to the determination oftemperature of the quartz cell needed for Asktomiza-
inorganic arsenic in rivers, mines and natural spring waters tion was obtained and controlled with a Varivolt regula-
from Quadribtero Ferifero, a mining region in Minas  tor, connected to the Ni—Cr coil of the cell. The As was

Gerais, Brazil. measured with an atomic absorption spectrometer (Varian,
Model Gemini AA 12/1475) equipped with a hollow cath-

2. Experimental ode lamp for arsenic as well a deuterium lamp for back-
ground correction under the following conditions: wave-

2.1. Apparatus length, 193.7 nm; slit width, 0.5 nm; lamp current, 10 mA.

For the adjustment of the solution pH, a Hanna Instru-
The FI pre-concentration system coupled to HG AAS is ments pH meter equipped with a combined electrode was
shown inFig. 1. In the FI-HG system, an eight-channel peri- utilized.
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Fig. 1. (a) FI-HG AAS pre-concentration system in the sorption position for the determination of As: (1) sample (3.2h if#h waste; (3) eluent
(3.2mImirr1); (4) 1mol -t HCI (2.8 mImirm1); (5) 1% (w/v) NaBH; (2.8 mimirr1); (6) H>O (2.8 mimirr1); (7) HG AAS system; (IC) injector; (B)
reaction coil (30 cm); (X) confluence point; (GLS) gas-liquid separator; (QC) atomizer; (LB) optical path; (C) glass mini-column with sorbent material. (b)
Injector—-commutator in the elution position.
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2.2. Reagents 3. Results and discussion

All reagents used in the experiments were of analyt- The flow system used in this study was previously de-
ical grade. Deionized water (18.2 Msn) obtained from scribed and optimised for the determination of arsenic with-
a Milli-Q water system (Bedford, MA, USA) was used out a pre-concentration stgf2]. The replacement of the
throughout. sample loop by the glass column filled with alumina in its

The arsenic standard solution was prepared by dissolv-acid form acting as sorbent material for arsenic required some
ing 1.0000g AsOs (Carlo Erba) in 20% (w/v) NaOH  changes in these optimised parameters, as well as in the op-
with the addition of two drops of phenolphthalein. This timization of others, as described below.
solution was neutralised with 20% HCI (v/v), diluted to
a final volume of 1000 ml with 1 motft HCI solution, 3.1. Effect of eluent
and stored in a polyethylene bottle under refrigeration.

Adequate dilutions were made, whenever necessary, with  Considering that the eluent may significantly influence the

1mol Ifl. HCI. . determination of arsenic, this was the first parameter evalu-
_ Solu_tlons of sodium tetrahydrobo_rate were prepared by ated. According to the literaturg]3,14] HNOs, NH3, and
dissolving NaBH powder (Nuclear) in 0.05 motf KOH HCI can be used to elute arsenic from alumina. The effect

a_nd _stored in plastic bottles und(_er refrigeration. This solu- of base and acid on the proposed pre-concentration system
tion is stable for about 2 weeks with no loss of the observed was verified and the experimental results obtained with HCI

absorption signal. _ ~ showed this to be the most adequate. Varying the concentra-
Ther-cysteine used was from Synth and the alumina (acid tion of the acid solution from 1.0 to 5.0 mo}, good results
form) was purchased from Aldrich. were obtained with concentrations above 1.5 mé) ks can

Solutions of interfering ions were prepared by the dis- be seen irFig. 2. In order to guarantee the complete elution
solution of appropriate salts or metals in acid or deionized of the analyte, a concentration of 3 motIHCI was selected

water. as eluent.
The proposed methodology was applied to the determina-

tion of arsenic in certified reference materials (CRM-TMDW, 3 5 Effect of flow rate and time of pre-concentration
Trace Metals in Drinking Water and NIST-SRM 1640, Trace

Elements in Natural Water) as well as in other water samples The pre-concentration time was evaluated and it was ob-

(mineral water, mine water and river water). served that a significant improvement in analytical signals
i was obtained when the pre-concentration time was increased

2.3. Sample preparation from 1 to 2min. However, there was no change for times

) . longer than 3 min, for different sample flow rates as the col-
Allkinds of water were collected at Quadiikro Ferifero, umn used became saturated with the passage of the sam-

a region with mining activities located in Minas Gerais e for longer times. If the dimensions of the column and
State, Brazil. After collection, the water was filtered ha amount of solid phase are different, it is possible to pre-

through a 0.4m membrane, acidified with 1 mott HC, _ concentrate the analyte for a longer time but analytical fre-
and stored in a refrigerator in polyethylene bottles until

use.

Mineral water was purchased in the local market, acidified 1004 .
with 1 molI=1 HCI and stored in a refrigerator before use. |

The certified reference water samples were appropri- .
ately diluted according to their arsenic concentration and the
aliquots were treated with 0.1 g ofcysteine for 30 min. Af-
terwards, the pH was adjusted to 5 with dilute NaOH, the
solution was transferred to a 100.0 ml volumetric flask and
the volume was completed with deionized water. The arsenic
content was determined after a pre-concentration step.

For the water samples from river, mines, or natural
spring water collected at the origin or from spring water
piped to a roadside fountain, each replicate of adequate vol-
ume was treated with 0.1 g afcysteine for 30 min. After-
wards, the pH was adjusted to 5 with diluted NaOH, trans- 0 T 1 2 5 E 3
ferred to a 100.0 ml volumetric flask, and the arsenic con- T mmm—
tent was determined after the pre-concentration step. Some

samples were spiked to permit evaluating the analytical ig. 2. Effect of eluent concentration for pre-concentration system using
procedure. acid-activated alumina.
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quency will be prejudiced. After changing the flow rate from
2.8 to 3.6 mIminl, a pre-concentration time of 2min at
3.2mlmin ! 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 minbetter
analytical signals were obtained when the eluent (3 mbl|
HCI) passed through the sample loop for 8s at a flow rate
of 3.2mImirm L. Under these conditions, an analytical fre-
quency of 28 injections per hour was obtained.

Fig. 3. Effect of pH on the sorption of As with acid-activated alumina.

3.4. Effect of the amount of solid sorbent

L-Cysteine has been widely used as a pre-reductor for

In order to evaluate the amount of solid sorbent, different L )
the determination of arsenic by HG-AAS. Tsalev et[al]

sizes of the glass mini-column were evaluated using differ- d hed q for | ) id and effici
ent mass of alumina. When a 20 ma8 mm column was escribed some advantages for its use: rapid and efficient

used, retention of the analyte is low while with a column of reduction compared to other pre-reductor systems, such as
50 mmx 3mm it was difficult to couple to the injector. A Kl—-mineral acid and Kl—-ascorbic acid; stability of the re-
column of 35 mmx 3mm (that contains 70 mg of alumina) ducing solution, which may be stored for a long time; and

was shown to be adequate for the proposed system, Ieading?igher tolerance to interfering species. Preliminary stud-

to good analytical signals and enrichment factors and it was es usmgL-c_yst_eme in acidic medium showed that it re-
selected for the pre-concentration of arsenic. quired 30 min in order to guarantee the complete reduc-

tion of up to 5ugl~—! of As(V), being impossible to carry
this out on-line. Different concentrations oftysteine were
evaluated, concluding that 0.1g of reagent for 100.0ml
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 hangfdrmed
by Kl increases the background signal and may interfere in

andFig. 3 shows that the adsorption of arsenic was quanti- the system .due to i.t S ox_idant.character. A mixture of potas-
tative in the range of pH 3.0-10.0. Considering that all the sium iodide:ascorbic acid (KI:AscA) leads to a good results

samples are stored in acid solutions, it was convenient to work SINc€ it reduces the; lformed by K. Solutions with differ-
at pH 5.0 for the remaining studies. 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
3.6. Study of pre-reduction of As(V completion of reactioffl2].
yorp W) However, considering the results obtained and the pre-
viously cited advantages afcysteine[19], the use of this
reducing reagent was chosen.

3.5. Effect of pH on the adsorption

The pH of the aqueous phase is an important factor in
solute distribution with accentuated acid—base properties.
As a result, the interaction between As and alumina may
be affected, considering different surface modifications that
take place according to the pH5]. The effect of pH on
liquid—solid extraction during the adsorption was investigated

According to Tsalev and Zapriandt6], arsenic levels
in rivers and lakes are generally <~ and the trivalent
species may represent up to 8% of the total arsenic. For en-
vironments with low aeration conditions, like groundwater, 3.7. Interferences
it may represent 50%. Thus, the presence of As(V) in a ma-
trix, such as river water and mine water is obvious and itis ~ While Dedina[18] classified the interferences in the hy-
important to guarantee the reduction of the inorganic arsenicdride generation technigue into two groups, liquid-phase in-
using adequate reagents. Alumina is not selective to As(lll) terferences and gaseous-phase interferences, Hershey and
or As(V), even with different pH values and, in this case, the Keliher [19] described that arsenic is one of the hydride-
use of a pre-reducing reagent is very important in order to forming elements less susceptible to interference. In order to
generate arsine from As(ll). identify species that could interfere in the determination of
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8 120 . Table 1

s 100 Results obtained in the analyses of certified reference materials
o

s g0l L| | | | | Sample As concentration As concentration
§ o certified (ug 1) found (ug 1)
5 e CRM-TMDW 80.0+0.4 83.0+34

N T '] B NIST-SRM 1640 26.20.4 26.1+2.4

S 204 H B H

£

o

=

0 Cd"V CoCr 'BaMoNi zn Al Fe Cu K MgNa Ca
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

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 1 OThe limit ofld(alt(etctéon (g‘}an?_aheflgmt Otquam'fl'f?t'?n
ions present in natural and mineral water. (100) were calculated as 0.1g1™" of As and 0.5:,91™" 0

The concentration of arsenic was fixed aggd~! and g\s, _ret_specltlvelyi,hafteSro/p re-concstnt_ratzn?. I?ff!fatlve tstandard
possible interferences were evaluated, using the following eviations less than cv were obtained for diterent concen-

S 1 1 1 trations of arsenic.
gnc(c;rg)t;agtllgq)s,. Cgu(ﬁg(lzoié\(f(llf Mg zla ggﬁé}f{;gl M)O’ Th_e accuracy of the method was evaluated by ana_lyzing
(161911, Ni (20pg1-1), Zn (26ug 1Y), Al (160ug 1Y), certified refergnce materials and the results_are described in
Fe (300ugl~Y), K (2000pgl—1), Mg (4800ugl~1), Na Table 1, show!ng that the valu_es obtalne_d_wnh the propos_ed
(7000ug 1Y), and Ca (1800Qg1-1). The interference ef- m_ethod were in agreement with the ce_rt|f|ed values consid-
fect was evaluated considering the difference between the®N9 @ 95% confidence level. A matrix effect for the pro-
absorbance for arsenic in the presence and in the absence osed method was evaluated from the slopes obtained with

the element studiedtig. 4 shows that aluminium and iron oth analytical and analyte addition curves, and it was possi-

interfered significantly in the arsenic determination, but this ble to conclude that it was not significant in the presence of

effect can be associated with the hydride-generation system,L'CySteme' eliminating the requirement of a more complex

not with the pre-concentration st¢p?] and it may be effi- sample preparat_lon. . .
ciently overcome in the presenceiotysteine. Samples of mineral water, mine water, river water, and nat-

Hydride-forming elements were also evaluated as inter- ural spring water were analyzed. Using analyte addition and

. R0 :
ferences for the proposed system and the experiments Wer%ecover); eipertlr:n entls, l?IGt lOf?h/o recovenzs Wi:_?ﬁglbsze rved,
carried out considering two different concentrations, 1 and emonstrating the reliabiiity ot th€ proposed methtable «

2ug -1 except for Pb (15 and aﬂgl_l). The results ob- shows the content of arsenic in the samples obtained with the

tained showed that Pb, Sb(V), Sb(lll), Sn, Bi, and Se(VI) did proposed method. Considering these results, it is possible to

not interfere at the concentrations evaluated and that the onlyconCIUde that, in a general way, the cited region sampled in

serious interfering species was Se(IV). According to the lit- t.h's study may have PFOb'em.S _rglated to arsenic contamina-
erature[20,21], there is a competition for NaBHalthough tion. Althoug_h the mining activities h_ave ended, the effects
the interference may also occur during the atomization stepOf a long perlpd of gold extraction still persists and may pe
resulting from the competition for hydrogen radicals. The in- a source of diseases contamination for the local population
terference of selenium may be minimized with the addition

of small amounts of copper, avoiding the generation gBél Table 2

[20]' If COpperis already presentin the water, the interference Results obtained in the analyses of different kinds of water samples after the

of selenium will be maSke_d n_atura”Y' 3 arsenic pre-concentration using alumina as sorbenB]
The effects of some anionic species{CNO3~, POy°~,

HCOs;~, and SQ?~) were studied at three different con-
centrations, representing an excess of 100, 1000, and 1000@
times, the concentration of arsenig(g 1-1) but no interfer-

Water Arsenic found (ugt?)

iped spring 1 49+ 04
iped spring 2 336+ 23

Spring source 13+06
ence was observed. Mineral 0.834+ 0.03
Drinking 2.02+ 0.05
. . L . River-point A2 242+ 45
3.8. Figures of merit and the determination of As in River-point B 3744 64
water samples Mine 12 260+ 5
Mine 2 A2 10.8+ 0.6
In order to calculate the enhancement factor for the sys- Mine 2 B 2262+ 58

tem using alumina as sorbent material, analytical curves with 2 Samples diluted before the analysis using the pre-concentration system.
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