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Abstract

The performance of conventional and low-flow nebulizer systems with liquid chromatography in differentiating four
arsenic species in urine was evaluated. Two low-flow (DIN and MCN) chamber assemblies and a conventional (CFN)
nebulizer-spray chamber assembly were compared in the hyphenation of anion-exchange microbore liquid chromatography
with inductively coupled plasma mass spectrometry. Under optimal analytical conditions, the detection limits of the four

21arsenic species were 0.2–0.6 ng ml for all the nebulizer systems tested. The chromatographic resolution was best in the
case of DIN due to its minimal off-column dead volume and superior transport efficiency. Four arsenic species were
determined in the certified reference materials NIST SRM 2670E and 2670N.
   2003 Elsevier B.V. All rights reserved.

Keywords: Low-flow nebulizers; Inductively coupled plasma mass spectrometry; Speciation; Nebulizers; Interfaces,
LC–ICP-MS; Arsenic

1 . Introduction buffers are introduced into the detector. In addition
to the lower flow-rate and small sample volume

The combination of a powerful separation tech- associated with microbore column separation, the
nique such as liquid chromatography (LC) with a transport efficiency of the analyte through the sample
selective detector such as inductively coupled plasma introduction systems into the ICP detector is also
mass spectrometry (ICP-MS) enables the speciation important in ensuring successful chromatographic
of arsenic compounds in various biological samples measurement. Several different low-flow nebulizers
[1]. Microbore LC provides the advantage over have been employed to provide finer primary
conventional LC separation techniques[2,3], that aerosols and higher solution transport rates, thus
significantly less undesired organic material and salt improving the sensitivity at a low sample uptake rate

[4].
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aerosols at a low flow-rate into ICP systems. How- comparison. The utility of the proposed method is
ever, according to Falk et al.[10], not only the demonstrated in determining the quantity of arsenic
overall analytical performance, such as the detection in certified urine samples.
limit and repeatability, of various nebulizers for
interfacing LC and ICP-MS may be different, but
also the transport behavior of different arsenic 2 . Experimental
species may be changed when a hydraulic high
pressure nebulizer (HHPN) was used. Additionally, 2 .1. ICP-MS device and conditions
separation on a column into the single species always
yields very low concentrations of arsenics to be The ICP-MS used was the Elan Model 5000
determined, so the selection of an appropriate nebul- (Perkin-Elmer Sciex, Thronhill, Ontario, Canada).
izer becomes very critical in interfacing chromato- The outer, auxiliary and nebulizer gas flow rates

21graphic separation and subsequent ICP determina- were set at 15, 0.6 and 0.8 l min , respectively. The
tion. plasma forward power was 1150 W. The sampling

DIN is the first low-flow nebulizer developed for position and the ion lenses for the optimum arsenic
interfacing low-flow LC columns with ICPs[11,12]. signal at m /z 75 were adjusted using a 10-ppb
Using a DIN as interface improves the analyte arsenous acid standard solution. Three different
transport efficiency by approximately 30-fold over nebulizers were utilized in this work; a cross-flow
that associated with a conventional pneumatic nebul- nebulizer (Perkin-Elmer), a direct injection nebulizer
izer, because of minimal off-column dead volume of (Micro-Neb 2000, Cetac Technologies, Omaha, NE,
the former and its better transport efficiency. How- USA) and a microconcentric nebulizer (MCN-100,
ever, incomplete analyte vaporization and solvent- Cetac Technologies, Omaha, NE, USA). The MCN
induced plasma cooling[13] are suspected to explain nebulizer was fitted to a Scott-type Ryton double-
why only a 2.5-fold improvement in detection limits pass spray chamber. The make-up gas selected for

21is observed. Unlike DIN, an MCN can provide a the direct injection nebulizer was 0.15 l min .
nebulization efficiency of approximately 50%[14].
However, MCN may suffer from the problems of 2 .2. Column preparation and chromatographic
long wash-out times and large dead volumes, be- separation
cause of the use of a spray chamber, possibly
resulting in an unsatisfactory chromatographic sepa- An LC pump (Hitachi L-6220, Japan) with a
ration with an unsatisfactory resolution. To the best metal-free on-line-injector (Rheodyne 9010, Cotati.,
of our knowledge, DIN and MCN-Scott spray CA, USA) equipped with a 5-ml polyetheretherketon
chamber assemblies have not yet been compared as (PEEK) sample loop was employed. The column
interfaces in amLC–ICP-MS system. The actual was connected to the nebulizer using PEEK tubing.
advantages of coupling DIN or MCN withmLC– The filtrate of urine samples was separated using a
ICP-MS must be clarified, since the inevitable sol- microbore column, which was packed with silica-
vent loading and off-column dead volume, resulting base anion-exchange resin (15031 mm I.D.,
from the use of DIN and MCN, respectively, may Nuceleosil SB 100-5; particle size 5mm). Chromato-
negate the inherent advantages of the analytical graphic separation was conducted at ambient tem-
system. perature. The flow-rate of the mobile phase was

21This work was aimed at evaluating the analytical adjusted at 100ml min .
characteristics of two low-flow nebulizers, namely The mobile phase for separating arsenic species
DIN and MCN, as interfaces in themLC–ICP-MS was comprised of 20 mM of monoammonium
system. In order to investigate the effect of off- dihydrogen phosphate acid and diammonium hydro-
column dead volume and transport efficiency on the gen phosphate buffer (Merck, Darmstadt, Germany).
separation efficiency of chromatograms, a conven- The pH was adjusted to 5.25 using dilute ammonia
tional nebulizer-spray assembly, such as cross-flow solution and nitric acid. Mobile phase solutions were
nebulizer and Scott spray chamber, was also used for degassed by sonication prior to use.
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21 21Stock standard solutions (1000mg ml ) of mLC within 11 min at a flow-rate of 100ml min .
arsenous acid, arsenic acid, monomethylarsonic acidFig. 1 gives the chromatograms of the four arsenic
(MMA) and dimethylarsinic acid (DMA) were pre- species of interest, where CFN and MCN coupled
pared by dissolving sodium arsenite, disodium hy- with a Scott spray chamber and DIN were, respec-
drogenarsenate, sodium dimethylarsenite and di- tively, used as interfaces for hyphenatingmLC
sodium monomethylarsenate (Chem Service, West separation and ICP-MS measurement. In the hyphe-
Chester, PA, USA), respectively, in 0.2% v/v sul- nation system in which ICP was coupled to a
furic acid and were stored in Pyrex bottles at 48C chromatographic separation, the off-column dead
until required. volume that resulted from the spray chamber and the

transfer line sometimes led to broadening of the
2 .3. Sample analysis resultant peaks[15].Thepeak shapes shown inFig. 1

indicate that the nebulizer-spray chamber assemblies
The urine samples were stored in polyethylene with larger dead volumes (CFN¯MCN.DIN) detri-

bottles at 48C in the dark. Prior to analysis, the urine mentally affect the shape of the resultant peaks. In
was diluted to 1:5 with water and filtered through a other words, band broadening, and thus loss of peak
0.45-mm filter. efficiency, might be attributed to the off-column

Calibration curves based on peak areas were dead volume and transport efficiency of different
calculated. Detection limits were estimated using nebulizer-spray chamber combinations.
peak area data, based on three times the standard The low-flow-rate nebulizers that provide finer
deviation of the baseline noise divided by the slope primary aerosols and higher transport rates through
of the calibration curves. the spray chamber cause a higher sensitivity than the

Two certified reference materials were used to test CFN-Scott spray chamber assembly[16]. As shown
the performance of the established analytical meth- inFig. 1, fully resolved chromatograms are observed
ods. NIST SRM 2670E and SRM 2670N urine were with MCN and DIN. These nebulizers were used for
obtained from the National Institute for Standards arsenic speciation in the following study.
and Technology (Gaithersburg, MD, USA).

3 .2. Analytical performance

3 . Results and discussion The performance of themLC–ICP-MS system
with DIN or MCN as an interface was investigated

The analytical performance of the LC–ICP system for arsenic speciation.Table 1 shows the results in
depends critically not only on the characteristics of terms of the linear dynamic range and detection
the LC separation, but also on the interface used in limits of four arsenic species. All calibration curves
the hyphenation ofmLC and ICP-MS system. A were linear with regression coefficients of 0.997 or
conventional cross-flow nebulizer (CFN) and a low- better. The precision based on three replicate in-

21flow microconcentric nebulizer (MCN) coupled with jections of 20 ng ml of each species and measure-
a Scott spray chamber and a direct injection nebul- ment of the peak areas was better than 4% RSD for
izer (DIN) were employed as interfaces to evaluate all analytes. The MCN showed better precision than
the effect of different nebulizer-spray chamber the DIN, which may be attributed to the lower
combinations on the chromatograms. Figures of solvent loading of the MCN. As to the detection
merit comparisons including detection limits and limits, there is little difference between MCN and
chromatographic separation were evaluated. DIN; but the MCN is seen to be slightly superior.

21The detection limits are between 0.2 and 0.6 ng ml
3 .1. Coupling of nebulizers with mLC–ICP-MS for both DIN and MCN. Since the injection volume

in the present work is very low (5ml), the detection
Using an aqueous 20 mM ammonium phosphate limits achievable are comparable to those obtained

solution at pH 5.25, the four arsenic species of with conventional nebulizers in which a larger
interest could be successfully separated with the injection volume is used[17,18].
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Fig. 1. The chromatograms obtained with use of different nebulizers as interface for the hyphenation of chromatographic separation and
ICP-MS.

13 .3. Real sample analysis interest and ArCl (m /z577) interference in a urine
sample (SRM 2750E). Obviously, no significant

1The potential interference of ArCl with As, interference can be seen in the determination of the
caused by an extremely high chloride content must desired arsenic species in the urine sample, although

1be checked by applying this hyphenation system to the ArCl peak appears somewhat close to the peak
identify the arsenic species in urine samples.Fig. 2 of arsenic acid.
shows the chromatogram of four arsenic species of The applicability of the establishedmLC–MCN-

T able 1
Analytical characteristics of proposedmLC–ICP-MS systems

As(III) DMA MMA As(V)

mLC–DIN-ICP-MS
Linearity (r-value) 0.9995 0.9995 0.9983 0.9980

21Detection limit (ng ml ) 0.4 0.3 0.4 0.6

mLC–MCN-ICP-MS
Linearity (r-value) 0.9998 0.9989 0.9988 0.9976

21Detection limit (ng ml ) 0.2 0.3 0.2 0.3
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Fig. 2. Chromatogram for the separation of four arsenic species in urine sample (SRM 2670N) using microconcentric nebulizer as interface.

2ICP-MS and mLC–MCN-ICP-MS systems to de- and quantifying Cl as MMA or As(V). Besides, a
termining arsenic species in urine samples was redox transformation between arsenous acid and
investigated.Table 2 shows the results obtained by arsenic acid during the handling of the sample and/
analyzing two standard urine samples, in which only or on-column oxidation/ reduction are also suspected
the total arsenic concentration is provided (NIST to cause inconsistency between reported values.
SRM 2670E and 2670 N). No certified concentration Table 2 may indicate that the proposed methods
of each individual arsenic species in the urine (mLC–MCN-ICP-MS andmLC–DIN-ICP-MS) can

21standards is available, so the analytical reliability of be used to analyze the ng ml level of arsenic
the proposed methods can only be validated either by species in urine samples.
comparing the total arsenic concentration obtained
by summing the respective arsenic species with that
certified in the standard, or by comparing the specia- 4 . Conclusion
tion data of the standard sample, which have been
reported in the literature. As shown in the table, the For purpose of establishing a miniaturized specia-
certified total arsenic concentration agrees quite tion technique, an anion-exchangemLC and ICP-MS
closely with the analytical results. The arsenic hyphenation system with different nebulizers as
speciation data seem to show substantial discrepan- interfaces was investigated for the differentiation of
cies, especially for the normal level sample (SRM four arsenic species in urine samples. Experimental
2670N) compared to the elevated one (SRM 2670E), results reveal that DIN and MCN yielded a higher
among different analytical laboratories. According to chromatographic resolution in arsenic speciation than
the literature[19], some of the discrepancies may be obtained using a conventional nebulizer system. DIN
partially explained by matrix-induced incomplete is the best among the nebulizer systems tested,
chromatographic resolution and/or misidentifying perhaps because of its minimal off-column dead
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T able 2
The analytical results of certified reference materials

21Samples Certified values Observed values (ng ml ) Sum
21(ng ml )

As(III) DMA MMA As(V)

SRM2670N 60 – – – –
aThis work 10.760.8 4863 3.2160.37 1.5760.21 6365

[20] ,4 4862 1864 ,4 102.3
[21] 1563 4862 9.563.0 2.960.7 97614
[22] 5364 4664 9.961.4 0.860.5 10966
[23] ,2.5 5262 16.060.6 ND 8463
[24] ND 4965 1163 ND 6067
[25] ND 4862 7.460.7 ND 5663
[26] ND 4862 9.860.3 1.360.2 5663

SRM2670E 4806100 – – – –
bThis work 11.660.7 4865 3.7761.31 427614 490613
aThis work 1462 4364 4.0160.38 426616 486612

[20] ,2 52610 1364 417664 482.2
[21] 1365 5263 1162 386651
[22] 4469 3569 5.063.6 4066153 4896154
[24] ND 4962 8.160.7 40368 487610
[25] 1563 4963 762 443620 514623
[26] ND 5264 1664 430656 487654

a
mLC–MCN-ICP-MS.

b
mLC–DIN-ICP-MS.
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