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INTRODUCTION

Hydride generation is a fre-
quently used technique for the
determination of elements such as
As, Se, Sb, and Sn by atomic spec-
trometry as it offers a convenient
route to their ultra-trace determina-
tion which would otherwise be
compromised by various problems
(1). Vapor generation enhances
transport efficiency to various atom-
ization cells, permits separation of
the analyte from potentially delete-
rious matrix components, is
amenable to automation, and can
be used to improve concentration
limits of detection (2). 

Although inductively coupled
plasma mass spectrometry (ICP-MS)
has proved to be a very powerful
technique for multielemental trace
analysis (3), elements having high
ionization potentials (Se, As, Hg)
suffer degraded detection limits 
as a consequence of their lower
degree of ionization in the Ar plasma.
Isobaric interferences commonly
associated with quadrupole-based
instruments arise due to the pres-
ence of argon-based polyatomic
ions of major species. These include
80Ar2

+, 40Ar38Ar+ and 40Ar36Ar+ which
interfere with the determination of
all of the major isotopes of Se,
namely 80Se, 78Se, and 76Se. Addi-
tionally, 40Ar35Cl+ and 40Ar37Cl+

interfere with 77Se and in the deter-
mination of monoisotopic 75As
when high concentrations of chlo-
ride are encountered in the sample.
Hydride generation (HG) sample
introduction for ICP-MS alleviates
some of these difficulties (LODs
enhanced 10-fold over solution neb-
ulization due to enhanced sample
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introduction efficiency as well as
simultaneous elimination of trouble-
some interferences) and accounts
for the sustained interest in meth-
ods development in this area of
research (4–8).

Use of electrothermal vaporiza-
tion (ETV) as a means of sample
introduction for ICP-MS presents
numerous attractive features (3, 9),
not the least of which are enhance-
ments in the detection limits by 
10–50-fold over solution nebuliza-
tion. Additionally, because the ETV
itself can be efficiently used for the
in situ concentration of some ele-
ments when sequestered as the
hydride (2, 10), relative detection
limits can theoretically be enhanced
orders of magnitude through their
concentration from large sample

volumes. Earlier studies have evalu-
ated this tandem source arrange-
ment for sequestration and
introduction of several hydride ele-
ments using a batch method of sam-
ple processing (11,12). Although
performance was enhanced, the
application of flow injection tech-
niques for automated sample pro-
cessing is appealing (13) and can
lead to further improvements in
detection power (4), faster sample
throughput, better precision,
reduced memory effects, repro-
ducible control of reaction parame-
ters and a potentially lower blank
due to the closed system operation.

Previous efforts to quantitate Se
in seawater utilizing continuous
introduction HG-ICP-MS proved dif-
ficult (14). The LOD was reagent-
blank limited, as it most often is
with Se HG techniques, and quanti-
tation of the steady-state signals was
hampered by the poor sensitivity of
the system (despite  high sample
introduction efficiency) because
the flux of analyte to the ICP was
low. It was anticipated that use of
in situ HG-ETV-ICP-MS would also
be similarly reagent-blank limited,
but with preconcentration in the
ETV and rapid introduction of the
analyte into the plasma as a plug,
the sensitivity of the measurement
process is enhanced and the preci-
sion of determination is improved.
Thus, the present work was under-
taken in an effort to characterize
the analytical performance of auto-
mated flow injection (FI) hydride
generation with in situ collection
of As and Se for ETV sample intro-
duction into the ICP-MS (i.e., FI-HG-
ETV-ICP-MS). Two NRCC seawater
certified  reference materials, NASS-
4 and NASS-5, were analyzed for
method validation.
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EXPERIMENTAL

Instrumentation

A Perkin Elmer FIASTM-400 flow
injection system fitted with a 5-port
valve was used for vapor genera-
tion. Operation of the FIAS pumps
and valve was achieved with use 
of a Perkin Elmer FIFU software
program run on a dedicated PC. 
A Perkin Elmer HGA®-600MS elec-
trothermal vaporizer fitted with an
AS-90 autosampler was interfaced
to a Perkin Elmer SCIEX ELAN®

5000 ICP-MS spectrometer (Con-
cord, Ontario, Canada) and was
operated under software control
from the host ELAN computer. Stan-
dard pyrolytic graphite-coated elec-
trographite tubes were used for all
experiments with vaporization of
the sample from the wall of the
tube. The HGA-600MS was housed
in a HEPA filtered cabinet to mini-
mize adventitious contamination
from the laboratory atmosphere. 
A 6-mm i.d. x 60-cm length of
Teflon® tubing served as a sample
transfer line between the ETV and
the base of the ICP torch.

Reagents

High-purity hydrochloric acid
was prepared in-house by sub-boil-
ing distillation of reagent grade
feedstock. A 1% (m/v) solution 
of NaBH4 was prepared by dissolu-
tion of the reagent (Anachemia Sci-
ence, Montreal, Quebec, Canada) in
18 MΩ/cm deionized water (DIW)
obtained from a NanoPure mixed
bed ion exchange system fed with
reverse osmosis domestic feed
water (Barnstead, Thermolyne,
Iowa, USA). A 1-mg/mL stock solu-
tion of Pd modifier was prepared by
dissolution of the high purity metal
(Johnson Matthey, Ward Hill, MA,
USA) in a minimum volume of
aqua regia followed by dilution
with DIW. An iridium chloride
stock solution (10 mg/mL) was pre-
pared from the metal (Johnson
Matthey). Stock solutions (1000
µg/mL) of As and Se were prepared
by dissolution of sodium arsenate

and sodium selenate, respectively
(BDH Chemical Co., U.K.).

NASS-4 and NASS-5 certified sea-
water reference materials were
obtained in-house from the NRCC
Institute for National Measurement
Standards.

Procedure

Figure 1 schematically illustrates
the configuration of the FIAS unit
for sample loading (panel A) and
vapor generation (panel B). Table I
summarizes the pertinent control

parameters for pumps and valve
position. The following pump tub-
ing was used to achieve the desired
volume flows of sample and
reagents during the (A) fill stage:
black/black for NaBH4 and 1 M HCl
(lines  a and b, 1.5 mL/min); red/red
for 1 M HCl (line c, 2.5 mL/min);
yellow/blue for sample loop fill (5.5
mL/min) and black/white for waste
(11 mL/min). As can been seen from
Table I, these flow rates were
reduced to 50% of the above values
during the vapor generation and 

Fig. 1. Schematic diagram of the FI manifold showing the valve position for 
(A) fill and (B) sample inject. RC: reaction coil; GLS: gas/liquid separator; W: waste.
Flow rates during fill step: (a) 1% NaBH4, 1.5 mL/min; (b) 1 M HCl, 1.5 mL/min;
(c) 1 M HCl, 2.5 mL/min; (W), 11 mL/min.

A

B
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collection phase (step 2). A Teflon
reaction coil (3 m long x 0.8 mm
i.d.) was inserted into the line prior
to the gas/liquid separator to ensure
sufficient time for reduction of both
As(III) and As(V) species to occur.
A 100-mL/min flow of He gas was
supplied by the FIAS unit to foster
transfer of the hydride from the
gas/liquid separator to the graphite
furnace. A Perkin Elmer flow injec-
tion THGA coupling kit (Part No.
B050-9549) was used to effect trans-
fer of the hydride from the gas/
liquid separator through a quartz
pipet tip into the preheated furnace.

For the measurement of As, 
samples were loaded into the AS-90
autosampler tubes and automati-
cally drawn into the FIAS system 
to fill a 0.5-mL Teflon sample loop
(Table I, step 1). As considerably
larger volumes of seawater were
required to quantitate the lower
concentrations of Se in these sam-
ples, they were delivered to the
FIAS system by manually placing
the autosampler uptake capillary

into10.0-mL volumes of sample and
initiating the FIAS program while
using a time of 650 s in the (A)
inject mode (Table I, step 2).

As software was not available to
synchronize the events controlling
hydride generation by the FIAS unit
with those of the heating program
of the HGA-600MS, the hydride
trapping sequence required manual
intervention. The quartz-tipped 
capillary line from the gas/liquid
separator was manually inserted
through the sample dosing hole 
of the HGA-600MS furnace at the
beginning of step 2 of the FIAS pro-
gram and remained in this position
until step 3 began, after which it
was manually removed. Prior to
this, the HGA-600MS program, sum-
marized in Table II, was manually
initiated, wherein a 15-µL volume of
a 30-µg/mL solution of Pd(II) was
dosed into the furnace, dried and
pyrolyzed at 1000°C. This high tem-
perature ensured the reduction of
the palladium to the metal as well
as enhanced the removal of any

chloride introduced with this solu-
tion. Following a brief cooling of
the furnace to 300°C, the quartz-
tipped capillary line was inserted,
as noted above. With the genera-
tion/collection step completed, 
the dosing hole of the furnace 
was automatically sealed with the
graphite probe in step 6 of the HGA
program and vaporization of the
sample ensued, followed by a cool-
ing step. The vaporized analyte was
directed to the ICP in an 850-mL/min
carrier flow of Ar gas. Data acquisi-
tion by the spectrometer was auto-
matically initiated with the start of
the vaporization step. Data files
were exported for evaluation with
in-house software. 

For some experiments, the
graphite tube was conditioned by
coating the surface with iridium, to
serve as a “permanent” modifier for
the collection of the hydrides
(15,16). This was achieved by
sequentially injecting100-µL
aliquots of a 1-µg/mL solution of
IrCl3 into the graphite tube, slowly
drying the sample and then heating
the tube to 2500°C for 5 seconds.
This procedure was repeated an
additional four times. For the col-
lection of AsH3 in an Ir-coated tube,
a simplified ETV program could be
used, similar to that summarized in
Table II, but without the need for
the first three steps.

Blanks, consisting of DIW, were
run through all procedures. Sam-
ples were analyzed against a simple
calibration curve prepared in DIW.
Transient signals were integrated in
all cases and, when Pd was used for
trapping, it served as a convenient
internal standard. 

RESULTS AND DISCUSSION

Optimization of Operating 
Conditions

The vapor generation/collection
system was briefly optimized with
respect to reagent concentrations
and flow rates, as well as the depo-
sition temperature and mass of Pd

TABLE I  
FIAS Vapor Generation Program

Pump Speed (rpm)

Step Time (s) P1 P2 Valve Remarks

1 30 100 80 Fill Pre-fill lines and loop

2 180* 50 40 Inject HG and in situ trapping

3 10 100 0 Inject Empty GLS, start HGA

*650 s for Se sampling.

TABLE II  
ETV Program for In Situ Trapping of AsH3 and SeH2

Step Temp Ramp Hold Internal Gas To Read Remarks
(°C) time (s) time (s) flow vent ICP

1 90 30 20 300 √ Pd sample dried

2 120 10 20 300 √
3 1000 10 5 300 √ Cl removal, Pd red’n

4 300 1 250* 20 √ Hydride trapping

5 300 1 15 300 √ Ar purge

6 300 1 1 0 √ √ Dosing hole sealed

7 2500 0 5 0 √ Sample vaporization

8 20 1 20 0 √ Cool-down

*730 s for Se sampling.
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used for trapping. The effects of these variables on perfor-
mance are well-established in the literature (10–12,
15–17), and the conditions selected and discussed above
(Procedure) reflect this. With ETV sample introduction,
however, the role of the reduced Pd modifier is two-fold:
to sequester the analyte hydride species and to serve as a
carrier for the analyte vaporized from the ETV to the ICP
(18). Figure 2 illustrates the effect of the amount of Pd on
the integrated signal response from 600 pg As using a
trapping temperature of 300°C. An optimum amount of
450 ng was selected for use; masses lower than this likely
resulted in inefficient collection of the hydride, whereas
larger masses contributed to space charge suppression of
the analyte signal (3,19) as well as larger blanks. Uggerud
and Lund (17) have recently reported on use of a similar
mass of Pd as being optimum for this purpose.

The reaction coil was used in this FIAS configuration
(Figure 1) to ensure sufficient time for complete reduc-
tion of As(V) species, as it is kinetically slower to form
AsH3 (1).

Figure 3 illustrates typical signals obtained for the gen-
eration/collection of 600 pg As on 450-ng reduced Pd.
Release of Pd and As from the heated tube surface occurs
simultaneously, indicative of the intimate interaction of
the analyte with the reduced Pd deposit (10). This serves
to enhance the efficiency of the Pd as a physical carrier 
of the analyte to the ICP (20). A similar, well-defined tran-
sient was also obtained for Se. By contrast, Figure 4 illus-
trates typical transients obtained when 250 pg As is
trapped on the surface of an Ir-coated tube. These data
were obtained when the modified tube was quite “fresh”,
having been used for fewer than 10 heating cycles. Inter-
action of the As with the coated surface appears to be
less specific than with Pd; the As species is released ear-
lier than the largest fraction of the Ir. As expected,
release of Ir is a continuous process which is enhanced
with temperature, reaching a near steady-state response
as the ETV temperature stabilizes. Although not evident
from Figure 4, release of As from the coated surface coin-
cides with the desorption of sufficient Ir to serve as a
physical carrier for the analyte to the ICP. The detection
system was deliberately compromised by the use of
OmniRangeTM for 191Ir so as to avoid signal saturation and
damage to the channeltron detector. This produces an
artifact in the recorded temporal evolution of the Ir signal
which makes it appear that there is no significant vapor-
ization of iridium occurring at times less than 2 seconds.
Comparison of Figures 3 and 4 shows that the peak-
height response for As is approximately 4-fold higher and
the half-width is narrower with the Ir-coated tube. This
feature is appealing as it should lead to improved detec-
tion power. Unfortunately, response from the iridium-
modified tube was time-dependent, in that sensitivity
decreased as the system was cycled through a greater

Fig. 2. Effect of mass of Pd on integrated response from 
600 pg As generated and collected as AsH3 at 300ºC.

Fig. 3. Signal transients for vaporization of 600 pg 75As and
450 ng 106Pd (OmniRange 6V).

Fig. 4. Signal profiles for vaporization of 250 pg 75As from 
an Ir-coated tube. OmniRange 6V used for 191Ir.
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number of firings, as illustrated in
Figure 5. This characteristic of “per-
manently modified” tubes has been
noted earlier (11). After about two
dozen cycles, response had fallen to
approximately 25% of its initial
value, and thereafter appears to
remain constant, although experi-
ments were not run long enough to
verify this. Literature pertaining to
the in situ collection of hydrides on
such modified tubes for use in AAS
suggests that they have a lifetime in
excess of 300 such cycles (16, 21).
This argues that the efficiency of
collection of the analyte hydride
does not change during the lifetime
of the tube, but rather the
efficiency of the process character-
izing transport of the analyte to the
ICP is compromised with age. This
occurs because the surface of the
tube gradually becomes depleted of
Ir with each heating cycle, making
fewer aerosol carriers available to
efficiently convey the analyte to the
torch (11,20). For this reason, all
subsequent characterization of the
system was based on use of Pd as
the hydride sequestration agent. It
should be noted that Uggerud and
Lund successfully utilized Ir as trap-
ping agent for AsH3 and SbH2 with
in situ ETV-ICP-MS detection, but
the Ir was separately dosed into the
furnace and reduced prior to each

cycle. In this manner, it functioned
similarly to Pd but displayed the
improved signal characteristics
noted in Figure 4.

Analytical Figures of Merit

Calibration could be achieved for
both analytes with use of simple
standards in DIW, thereby avoiding
the imprecise and lengthy proce-
dures involved with the method of
additions. Linearity of response in
the HG-ETV-ICP-MS will be deter-
mined by either one of two factors –
the inherent linearity of the detec-
tion system (typically 5–6 orders of
magnitude) or the constancy of the
collection efficiency of the analyte
on the (limited) surface area of the
reduced Pd. Linearity for As
extended beyond 2.5 ng (5 ng/mL),
well in excess of the As content of
the seawater samples analyzed.
Although not explicitly investi-
gated, the linearity of the Se is
expected to be at least as great if
not larger than that for As because
it has a higher affinity for the Pd
(10). As these analytes were simul-
taneously generated from the same
sample solution, the effect of a
mutual interference must be exam-
ined. Figure 6 shows the response
from a constant 600 pg mass of As
(0.5-mL sample of 1.2 ng/mL) as the
amount of Se present in the sample

solution is varied up to 250 ng/mL.
A systematic decrease in As
response is evident beyond 125
ng/mL Se, corresponding to 63 ng
of Se in the ETV. Competition for
sequestration of the analyte on
active sites of the Pd likely occurs,
and as the mass of Se becomes too
large, the efficiency of collection of
As decreases. It is to be noted that
collection efficiency is reduced, but
not significantly, probably because
the As continues to be collected via
an autocatalytic decomposition on
the Se metal which now completely
covers the surface of the Pd (10).
Similar experiments with As serving
as the interferent showed that there
is no change in the response from
200 pg Se due to the presence of 
12 ng As (higher masses were not
investigated). These studies confirm
that, for these samples, there is no
danger of mutual interference from
these elements during their simulta-
neous or sequential determination
using this approach.

Limits of detection were calcu-
lated from replicate measurements
of analytical blanks (3σb) carried
through the entire procedure.
Absolute LODs of 7 pg and 70 pg
were obtained for As and Se,
respectively, corresponding to 
concentration LODs of 14 pg/mL

Fig. 5. Variation of integrated response from 250 pg 75As as 
a function of age (number of heating cycles) of an Ir-coated
tube.

Fig. 6. Effect of increasing amount of Se (0.5-mL sample 
volume) co-generated with 600 pg As and sequestered 
on a 450-ng mass of reduced Pd.
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TABLE III
Analytical Results

Concentration (µg/L)
Sample This study (n) Certified value

As NASS-4 1.27 ± 0.03 (4) 1.26 ± 0.09

NASS-5 1.26 ± 0.03 (8) 1.27 ± 0.12

Se NASS-4 0.0179 ± 0.0018 (9) 0.018*

NASS-5 0.0177 ± 0.0019 (9) 0.018 ± 0.003

*Information value only.

and 7 pg/mL, respectively (based 
on 0.5- and 10-mL sample volumes).
It is tempting to suggest that further
enhancements in the relative LODs
could be achieved by increasing the
volume of sample solution
processed, but this would not be
the case (22); the LOD was reagent-
blank limited for both elements and
any increase in the volume of sam-
ple led to a corresponding elevation
in the magnitude of the resulting
blank. For As, the major source of
contamination arose from the Pd
reagent, which was estimated to be
present at 12 pg/mL. For Se, the
major contamination source was
the NaBH4 reductant, contributing
13 pg/mL.

It is well known that the preci-
sion of analysis with ETV sample
introduction is inferior to that
which can be achieved using flow
injection techniques (3, 9). Use of
internal standards to compensate
for variations in the heating rate of
the furnace influencing the release
of analytes as well as any variations
in their efficiency of transport to
the plasma is an attractive approach
for conveniently enhancing the 
precision of determination (23). In
the present case, palladium conve-
niently serves this purpose as a
reproducible mass is introduced
into the ETV in each cycle to trap
the analyte, and it is subject to all 
of the factors that impact on the
vaporization and transport
processes. Without accounting for
Pd as an internal standard, precision
of replicate measurement of Se was
19%. Normalizing analyte response
to that of the Pd permitted a preci-
sion of 10% RSD for Se at a concen-
tration of 20 pg/mL (n=9) to be
achieved. No significant enhance-
ment in measurement precision
was gained for As at the 1-ng/mL
level. These concentrations are 
relevant benchmarks as they corre-
spond to typical levels of these 
analytes in clean seawater samples.

Clearly, the choice of Pd as an inter-
nal standard has achieved the
desired effect in a convenient and
effective manner.

Sample throughput was 8/h for
As and 5/h for Se. This could be
somewhat improved if software had
been available to coordinate all of
the various instrument functions,
thereby permitting unattended
operation. Alternatively, if higher
concentrations of analyte were pre-
sent, smaller sample volumes could
be processed (for Se); alternatively,
pre-reduction of As(V) with L-cys-
teine (24) could eliminate the need
for the reaction coil, thereby fur-
ther enhancing throughput.

The efficiency of the hydride
generation/trapping process was
estimated by comparison of the
integrated response to that of the
same mass of As in aqueous stan-
dard pipetted into the furnace in
the presence of the same Pd modi-
fier. For As, this resulted in an esti-
mated overall efficiency of 50%,
that for Se was 80%. These figures
are somewhat lower than generally
reported for this technique (2) and
may be a consequence of the rela-
tively small mass of Pd (450 ng)
used to sequester the analytes. 
A larger amount would likely
enhance the collection efficiency,
but a compromise was established
between enhanced efficiency and
decreased response arising from
space charge effects as the mass of
Pd was increased (Figure 2).

Application

Total As and Se(IV) in samples of
NRCC NASS-4 and NASS-5 certified
seawater reference material were
determined in order to assess the
accuracy of the technique. Sample
volumes of 0.5 mL (delivered from
an injection loop) were used for As
and 10.0 mL (batch injection) for
Se. A calibration curve, prepared
from standards in DIW, was used for
quantitation of integrated response
and the 75As and 77Se isotopes were
measured. Results are summarized
in Table III, from which it is evident
that excellent agreement with
accepted values has been estab-
lished for these materials. 

CONCLUSION

The combination of FI-HG-ETV-
ICP-MS provides for an alternative
methodology for the ultra-trace
determination of As and Se and is
likely applicable to other hydride-
forming elements (11). Concentra-
tion detection limits are
comparable to the best reported
values in the literature utilizing
direct HG-ICP-MS (6, 7) but are
compromised by contamination
from reagents, thereby limiting 
any advantage which should 
accrue as a result of the in situ
preconcentration step. The inher-
ent advantage of this approach is
the elimination of isobaric interfer-
ence on these elements due to 
chloride. Additional studies are 
warranted as regards use of Ir as 
a nonpermanent modifier (17).
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FI allows for faster sample
throughput than comparable batch
systems (11), but the full potential
of this approach could not be real-
ized in this study due to lack of soft-
ware needed to coordinate the
various instrumental functions.
Manual intervention proved to be
labor-intensive. Additionally, elimi-
nation of the reaction coil by utiliz-
ing chemical pre-reduction (24) of
the As(V) should serve to enhance
throughput.
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