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ABSTRACT

The sample throughput capa-
bility for a commercial Inductively
Coupled Plasma Mass Spectrome-
ter (ICP-MS) Flow Injection (FI)
system is improved by a newly
developed flow injection control
software. Taking advantage of the
relative addressing mode recently
implemented in the software, the
autosampler probe can be moved
to the next sample position while
the previous sample is being mea-
sured by the ICP-MS. Combining
this approach with a slightly 
modified flow injection rapid
microsampling manifold, a
throughput of better than 160
samples per hour is achieved with
good precision. With a sample
volume of 200 µL, the detection
limits for selected elements meet
or exceed the detection limit
requirements of the United States
EPA Method 200.8. The sample
washout time is better than 10 s.
Very good agreement between the
certified values and the experi-
mental values using this approach
were obtained for both the semi-
quantitative and quantitative
modes of analysis.

INTRODUCTION

In the total analytical process,
sample preparation takes up the
bulk of the analysis time. In order 
to improve the sample throughput
in laboratories, it is imperative 
that attention is paid to the sample
preparation and presentation
aspects of the analytical process.
With modern analytical instrumenta-
tion, the total analytical measure-
ment time is on the order of a few
seconds to a few minutes. This
implies that if samples can be 
presented to the instrument in 
a manner such that there is very 

little idle instrumental time between
measurements, the sample through-
put could be significantly improved.

Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) is a very sen-
sitive elemental analysis technique
that lends itself to a wide variety of
sample types. One of the appeals 
of the technique is it’s simultaneous
nature. Flow injection (FI) analysis 
is a very versatile method of sample
introduction that has been used
extensively in ICP-MS. The advan-
tages of flow injection are well 
documented in the literature (1).

In this paper, we will present 
a flow injection approach that
allows the rapid on-line processing
of samples and hence a significant
improvement in the sample through-
put capabilities of FI–ICP-MS instru-
ments. Previous FI modes of
operation allowed the control of
individual parameters in the FI pro-
gram such that multiple actions, 

or parameter changes, could be
incorporated into a single FI step
(2). A new functionality that allows
relative addressing mode has
recently been made available and 
is exploited here to facilitate the
on-line manipulation of sample
introduction in ICP-MS. Using this
mode, the sampling probe is moved
to the next sampling position to
start processing the next sample at
the same time as the instrument is
analyzing the previous one. This
paradigm is illustrated in Figure 1
and compared with an approach
already reported in the literature
(2). As can be seen from the illustra-
tion, there is significant time saving
by processing the next sample as
the ICP-MS instrument is running
the previous sample. The manifold
configuration used by Denoyer et al.
(2) to implement the rapid FI
microsampling sequence (see Figure
1) was modified in order to fully
exploit this new capability. The FI

Fig. 1. Timesaving realized by using the quasi-simultaneous nature of the 
FI–ELAN software. The previous approach illustrated above is based on the work 
of Denoyer et al. (2).
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system was tested for sample
throughput, washout characteristics,
precision, accuracy, and detection
limits for environmentally significant
elements.

EXPERIMENTAL

Instrumentation and Software

A Perkin-Elmer FIAS™-400 flow
injection system was used with an
ELAN® 6000 ICP-MS (Perkin-Elmer
SCIEX, Concord, Ontario, Canada)
fitted with the cross-flow nebulizer
and the Ryton® spray chamber. The
FIAS-400 used the regular five-port
injection valve and a Perkin-Elmer
AS-91 autosampler providing ran-
dom access to sample positions.
The controlling software was the
ELAN 6000 software, version 2.1,
running on a Windows NT® 4.0
platform. As discussed earlier, this
version of the ELAN 6000 software
allows the user to program several
probe positions within a single
FIAS-400 program using relative 
or absolute addressing modes. In
absolute addressing mode, the
probe position is fixed and is inde-
pendent of the autosampler posi-
tion currently being sampled. This
mode is typically used for moving
the probe to the rinse station or to
a reagent used in on-line sample
processing. In relative addressing
mode, the sample probe position is

TABLE I 
ELAN 6000 Instrumental Settings and Data Processing Parameters

RF Power 1000 W
Gas Flow Rate:

Plasma 15 L/min
Auxiliary 0.8 L/min
Cross-Flow Nebulizer 0.85 L/min

Sampler/Skimmer Cones Nickel
Scan Mode Peak Hopping
Integration Time per Element 1 sec
Short Settling Time Enabled
Detector Mode Pulse Counting
Quadrupole Resolution Normal (0.6-0.8 amu at 10% peak height)
No. of Isotopes Simultaneously Monitored 4 to 6 
Auto Lens On

Transient Signal Processing Average Value, 5-points Smoothing

offset by one or several autosam-
pler positions with respect to a ref-
erence probe location, usually the
current sample position. This new
addressing mode is used in this
work to move the probe to the next
sample location during the execu-
tion of the FI steps in order to expe-
dite sample processing and improve
sample throughput.

The ELAN 6000 ICP-MS was
operated using the normal condi-
tions after optimization of the 
operational parameters. For all
quantitative and semi-quantitative
measurements, the spectrometer
was operated in single-point peak
hopping mode to enhance the total
integration time for each transient
replicate and maximize the signal-
to-background ratio. Typical instru-
ment settings used are shown 
in Table I.

FI Manifold and 
Control Program

The manifold used in this study
is shown in Figure 2. A derivation
line connecting the waste line with
the normally plugged valve port 5
was added to the basic injection
loop configuration. The utility of
this additional line becomes appar-
ent when the execution of the
rapid microsampling FI program 
of Figure 3 is closely examined.

In contrast to the rapid
microsampling program reported
earlier (2), the FI program devel-
oped in this work uses the Pre
Sample step as the sample loading
step. The system executes the Pre
Sample step before each sample
and does not repeat it for multiple
replicates of a single sample.
Although this stage is typically used
to rinse the autosampler transfer
line with the next sample, filling
the sample loop at this step allows
a more efficient timing of the FI
steps when performing measure-
ments in single replicate mode. The
sample is injected in step 1, where
the ICP-MS read is triggered. During
the read step, the sample probe
moves to the next autosampler
position. This probe movement is
programmed in the FI program
using relative addressing (“+1”) in
the autosampler location column
(“A/S Loc.”). At this stage, the
derivation line allows the transfer
line between the autosampler and
the FI manifold to be filled with the
next sample. When the FI program
is executed again to process the
next sample, the autosampler trans-
fer line is already rinsed with the
sample to be loaded. As a result, the
Pre Sample step needs to last just
long enough to fill the sample loop.
The Post Run step defines the
stand-by state of the FI accessory at
the end of the analytical sequence.
Upon repetition of this FI program,
samples are quickly moved in close
sequence through the manifold pro-
viding that:

(a) the probe does not stop 
at the rinse station between
samples;

(b) the samples are serially
located on the autosampler
tray;

(c) a single replicate is measured
for each sample.

(a) can be implemented without
degrading the analytical accuracy
when both major and trace
elements are present at similar lev-
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Fig. 2. Manifold used for rapid ICP-MS microsampling. The sample loading 
configuration is illustrated above.

els throughout the sample batch.
This scenario is typical in most rou-
tine analyses in geological and envi-
ronmental laboratories and should
not severely limit the scope of
application of this technique. How-
ever, a stop at the rinse station can
always be added to the FI program
if required. (b) and (c) are manda-
tory; hence, full random access to
samples and multiple replicate mea-
surements are not possible. As 

a direct consequence of (b), quality
control samples and standard solu-
tions should be inserted between
samples if quality control and
within-batch recalibration are
desired. In this approach, the first
two samples in any batch (before
instrument calibration) are duplicate
blanks, run through the system in
order to fill and properly rinse the
sample loop and all transfer lines.

The volume of sample injected as
well as the flows and instrumental
parameters were optimized to obtain
the best compromise between
instrumental response and sample
throughput. Pump 1 and Pump 2
were fitted with Tygon™ pump tub-
ings of 2.08 mm I.D. that generated 
a flow of approximately 17 mL/min
at 120 rpm. After establishing 
calibration functions, the certified
reference material, NIST 1643c, was
analyzed to validate the method. The
determination of selected elements
in United States EPA Method 200.8
were also carried out using the 
semiquantitative method.

RESULTS AND DISCUSSION

The rapid microsampling FI pro-
gram illustrated in Figure 3 is simple
and easy to adapt to specific applica-
tions. The optimal timing for each
step could vary and depends mostly
on the tubing dimensions between
the autosampler, FI manifold and
ICP-MS instrument. A simple opti-
mization in general allows the user
to determine the appropriate timing
and tubing lengths to generate excel-
lent sample throughput with mini-
mal carry-over.

Sample Throughput

Typical peaks produced using 
the FI-ICP-MS program are shown in
Figure 4. The peaks were sharp with
no tailing. The peak width at half
maximum is less than 2 seconds,
ensuring that a high sample through-
put can be achieved. The limiting
factor is the sample carry-over,
defined as the time the signal takes
to drop by three orders of magnitude.
This threshold value for sample
washout is sufficient for routine
analysis assuming that no large differ-
ences in elemental concentration
exists between consecutive samples.
Applying this rule, eight samples
were analyzed in less than three 
minutes, translating into a sample
throughput of better than 160 hr-1

with a measurement relative stan-
dard deviation of 2% or better. Total

Fig. 3. FIAS-400 program for rapid ICP-MS microsampling.
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analysis time for each blank measure-
ment was 20 seconds. Sample
throughput is improved by the rela-
tively high sample flow to the cross-
flow nebulizer which also improves
the spray chamber washout time and
accelerates the rinsing of the transfer
tubing.

Washout and Dispersion Factor

In order to evaluate the washout
characteristics of the system, a blank
solution was analyzed immediately
following the analysis of a 10-ppb
multielement standard. It was
observed that the blank signal was
steady and at the baseline in only 
10 seconds. This is consistent with
the microsampling nature of the pro-
tocol in which a relatively small
amount of sample is injected into 
the carrier stream. The short washout
time of the rapid microsampling sys-
tem compared to conventional solu-
tion nebulization was achieved by
continuously washing the sample
introduction system with a high flow
of carrier solution.

As there was no mixing coil in the
manifold and the transfer tubing to
the nebulizer was relatively short, the
dispersion coefficient of the sample
in the manifold was kept low. The
sample plug was transferred rapidly
to the ICP-MS instrument with mini-
mal dilution. We observed, as conse-
quence, a transient peak maximum
that was close to the steady state sig-
nal. Figure 5 shows typical transient
signals obtained with the 10-ppb stan-
dard solution.

Detection Limits

Detection limits obtained with this
rapid microsampling FI–ICP-MS were
excellent and very similar to those
obtained with conventional nebuliza-
tion. This is probably a consequence
of the low dispersion coefficient of
the sample when it was being run
through the manifold. In Table II,
detection limits for the two
approaches of sample introduction
are compared for four elements of
environmental significance. Although

Fig. 4. Transients recorded for a 10-ppb rhodium test solution using the 
FI–ICP-MS program of Figure 3.

Fig. 5. Transient for magnesium and cerium obtained from a 10-ppb test solution.
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copper exhibited a slightly higher
detection limit when the sample
was introduced via the FI system,
the value obtained was sufficient
for regulatory purposes. All other
elements gave very comparable
detection limits.

TABLE II
Limit of Detection for Cd, Pb, Tl
and Cu Measured Using a Cross-

Flow Nebulizer With Sample
Either Introduced Continuously
or Using a FI Manifold (in ppb)

Element FI Manifold Continuous 
Flow

Cd 0.01 0.02

Pb 0.06 0.06

Tl 0.008 0.007

Cu 0.15 0.08

Semi-Quantitative Analysis

The semi-quantitative analysis
mode is an extremely powerful 
feature, which allows the ICP-MS
analyst to rapidly scan a sample for
nearly three-quarter of the periodic
chart in a single analysis. The use of
a single multielement standard prior
to the analysis of the unknown can
improve the accuracy of the deter-
mination to within 10% accuracy
for most of the elements investigated.
The feasibility of semi-quantitative
analysis in rapid microsampling
analysis would therefore greatly
extend the scope of application 
for this technique. Table III shows
data obtained using the FI–ICP-MS
approach and the certified values
from a NIST 1643c water reference
material using a semi-quantitative
method. There was very good
agreement between the certified
values and the experimental values.

In semi-quantitative analysis
mode, it is important that the flow
rate of the sample is controlled 
so that the data acquisition time

matches the read time in the FI pro-
gram. As the signal is transitory, the
elemental response curve on which
the instrument semi-quantitative
calibration is based becomes a com-
plex function that includes the
instrumental response function con-
voluted with the transient signal
generated by the FI. It is therefore
mandatory to obtain a very repro-
ducible timing of the transient sig-
nal for the standard and sample
solutions.

TABLE III 
Semiquantitative Analysis 

of NIST 1643c Using 
FI-ICP-MS (in ppb)

Element FI-ICP-MS Certified 
Values

As 73.1 82.1 ± 1.2

Cu 19.4 22.3 ± 2.8
Ca 34163.02 36800 ± 1400

Mo 95.7 104.3 ± 1.9

Cd 10.2 12.2 ± 1

Ba 43.9 49.6 ± 3.1

Quantitative Analysis

The results shown in Table IV
for the NIST 1643c certified refer-
ence material were measured using
external multielement standard
solutions prepared in 1% nitric 
acid. The results obtained using 
the rapid microsampling FI method
were in good agreement with the
certified results. These results were
obtained in a single run, demon-
strating the multielement capability
of the FI system when coupled 
with a quadrupole-based ICP-MS
instrument.

The calibration plots for all the
elements tested were linear with
correlation coefficients better than
0.9999.

TABLE IV
Quantitative Analysis of 

Trace Elements in NIST 1643c
Using FI–ICP-MS (in ppb)

Element FI-ICP-MS Certified 
Values

Cu 23.3 (2.0)* 22.3 ± 2.8**

Cd 13.6 (0.2) 12.2 ± 1

Pb 37.4 (1.1) 35.3 ± 0.9

Ni 64.0 (1.2) 60.6 ± 7.3

Co 25.6 (0.5) 23.5 ± 0.8

* Standard deviation obtained over 
5 measurements.

** Acceptable ranges.

CONCLUSION

Rapid microsampling using
FI–ICP-MS provides a means for
automated high sample throughput.
The FI program developed for this
ICP-MS application is compatible
with both quantitative and semi-
quantitative analysis. The accuracy
for both analytical modes were
good. This application demonstrates
the rapid multielement analysis
capabilities and the precision 
that can be obtained from a quadru-
pole ICP-MS when coupled to a 
FI manifold.

REFERENCES

1. M. Hollenbach, J. Grobs, S.
Mamich, M. Kroft, and E.R.
Denoyer, J. Anal. At. Spectrom. 9,
927 (1994).

2. E.R. Denoyer, A. Stroh, and Q. Lu,
At. Spectrosc. 14, 55 (1993).



6SAAtomic Spectroscopy
Vol. 20(1), January/February 1999

# Visiting scientist from NRCN, PO Box
9001, Beer-Sheva, Israel;  
*Corresponding author. 

Stability Study of Isotope Ratio Measurements for
Uranium and Thorium by ICP-QMS

I. Thomas Platzner#, J. Sabine Becker,* and Hans-Joachim Dietze
Zentralabteilung für Chemische Analysen

Forschungszentrum Jülich GmbH
D-52425 Jülich, Germany

ABSTRACT

Uranium and thorium isotope
ratios were determined in 1 to 
10 µg/L solutions with an induc-
tively coupled plasma quadrupole
mass spectrometer (ICP-QMS).
The solutions used  235U/238U 
had isotopic abundance ratios 
ranging from 1 to 0.007 and 
a 230Th/232Th ratio of 0.2. The
analytical procedure comprised
several measurements of eight
aliquots (each 18 minutes dura-
tion) within a period of up to
about 20 hours. It was shown
that for 5 to 10 µg/L U solutions,
with ratios of 235U/238U as low as
0.07, relative external standard
deviations (RESDs) of 0.03–0.05%
can be achieved. RESDs of 0.07%
and 0.03%, respectively, were
obtained for 1 to 3 µg/L thorium
solutions. Uranium isotopic abun-
dances of the CCLU-500 labora-
tory standard, calculated from
measured and corrected ratios,
were in excellent agreement with
the accepted values. The RESD
results for U and Th isotope ratio
measurements are clearly com-
patible with single-collector 
thermal ionization mass spec-
trometry (TIMS). The advantages
and disadvantages of ICP-QMS vs.
TIMS and the applicability to iso-
tope dilution mass spectrometry
will be discussed briefly.

INTRODUCTION

The determination of precise 
isotope abundance ratios and con-
centrations of long-lived actinides 
at trace levels in environmental
samples (e.g., evidence and extent
of 236U contamination from radioac-
tive waste; geological samples for
dating, using the U-Pb method), 
and radioactive material from
nuclear reactors for recycling and
radioactive waste management, is
of growing interest. In recent years,
since the development and estab-
lishment of ICP-MS as an extremely
efficient and sensitive analytical
mass spectrometric technique, it
has been successfully applied for
the quantitative determination of
long-lived radionuclide ultratraces
and to a lesser extent for their 
isotopic abundance composition
(1–6).

TIMS with a multiple collector
ion detection system is generally
the method of choice for high pre-
cision (down to 0.002%) isotope
abundance ratio measurements
(7,8), whereas the precision achiev-
able with commercially available 
ICP-QMS is typically limited to
0.1–0.5%. In most cases, this preci-
sion is related to a single measure-
ment, i.e., an aliquot of a solution.
Therefore, it represents the relative
internal standard deviation (RSD) of
that aliquot isotope ratio determina-
tion. In this work, we determine
the relative external standard devia-
tion (RESD) of isotope ratio mea-
surements for a set of aliquots. This
procedure is well-defined in TIMS,
where the RESD of a set of aliquots
(usually 10 to 16) is acquired in a

time interval of several hours (up to
24 h). In some cases, the RESD
refers to a period of months or even
years, then regarded as the overall
or long-term stability of a system.
The ICP-MS technique has the
advantage of very fast measurement
capabilities compared to other iso-
tope ratio mass spectrometric tech-
niques. An ICP-QMS, besides being
very well suited for quantitative ele-
mental trace and ultratrace analysis,
is considered a noisy system; there-
fore, precision is limited by such
factors as drifts in ion signals,
instrumental noise and counting
statistics. Fundamental ICP-QMS
noise sources have been attributed
to (a) white noise, (b) 1/f noise, 
(c) line frequency and harmonics
noise, and (d) audio-frequency
noise (9). Nevertheless, Begley and
Sharp (10,11) and Liezers et al. (12)
demonstrated that a precision for
long-term measurements of lead
isotope ratios is possible down to
0.06% in quadrupole-based ICP-MS. 

For very low sample concentra-
tions, the double-focusing (DF) 
ICP-MS is capable of providing
improved precision in isotope ratio
measurements compared to short-
term measurements using ICP-QMS.
This was demonstrated by Kim et
al. (2) with measurements of pluto-
nium isotopic abundance ratios,
using a 20-ng/L Pu solution. In our
laboratory, using a DF-ICP-MS under
optimal experimental conditions,
we observed a precision of 0.07%
for a 10-µg/L uranium isotopic stan-
dard (235U/238U =0.99991) (13). It is
well known that the major preci-
sion-limiting factor is plasma insta-
bility. It has been shown that 
a multiple collector DF-ICP-MS has
the capability to cope with this
noise and to provide isotopic data
with the precision of TIMS (14).
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The aim of this work was to
study the stability of ICP-QMS for
precise isotope ratio determination
at prolonged durations.

EXPERIMENTAL

Instrumentation

A PE SCIEX ELAN® 6000 
quadrupole ICP-MS (Perkin-Elmer
SCIEX, Concord, Ontario, Canada),
equipped with the original cross-
flow nebulizer (CFN) and the
microconcentric nebulizer (MCN-
100, CETAC Technologies, Inc.,
Omaha, Nebraska, USA), was used
to measure isotopic abundance
ratios. The solution aspiration was
performed by a pulse-free peri-
staltic pump (Perimax 16, Spetec
GmbH, Erding, Germany). The
experimental parameters are 
summarized in Table I.

Standard Solutions

The following uranium and tho-
rium solutions were used:

(a) CCLU-500 laboratory standard
(16)

(b) NIST U-020 SRM 

(c) NIST-3164 spectroscopic ura-
nium, with natural isotopic
composition 

(d) Thorium solution comprising
≈20% of the isotopic refer-

ence material IRMM-060,
(99.85% 230Th and 0.15%
232Th) and ≈80% of the NIST-
3159 spectrometric solution
(natural, pure 232Th)

The element concentrations used
were 1, 5, and 10 µg/L (for U), and
1.25 and 3 µg/L (for Th), in a solu-
tion of 2% HNO3 (Suprapur, Merck,
Darmstadt) in Milli-Q™water
(R ≥18.2 MΩ).

Measurement Procedures

In this work, we considered as 
a sample the data acquisition of 
12 runs within a solution aliquot,
monitoring all isotopes for up to 
90 seconds in each run, i.e., 
a total of 18 minutes. 

In the case of the microconcen-
tric nebulizer, the aliquots com-
prised 10 µg/L of U x 18 min 
x 0.037 mL/min = 6.7 ng U. Using
the crossflow nebulizer, the 
consumption of uranium was 
18–180 ng for 1–10 µg/L solutions.
Between aliquot measure-ments, 
the instrument was flushed with 
a 2% HNO3 solution for a period of 
1 to 3 hours. The long-term overall
stability of the instrument was tested
for periods of up to 20 hours by
measuring eight aliquots, using 
an autosampler.

Except in the experiments with
the microcentric nebulizer, where
the preferred lower sample uptake
rates increased the mass bias factor,
the ICP-QMS was tuned to yield iso-
topic abundance ratios as close 
as possible to the certified (or
accepted) ratios. 

The instrumental sensitivities
achieved with these CFN and MCN-
nebulizers were as follows:

(a) For the CFN, using the condi-
tions described above, the
combined sensitivity for the
uranium isotopes was about 
40 MHz/ppm. The highest
achievable sensitivity for CFN
was 75 MHz/ppm. Figures 1
and 2 demonstrate the
235U/238U isotopic abundance
ratio and the combined sensi-
tivity as a function of RF
power and argon nebulizer
gas flow rate, respectively.

(b) For the MCN, the combined
sensitivity for the uranium 
isotopes was approximately 
28 MHz/ppm. The maximum
sensitivity observed for 
MCN-100 (at a solution 
uptake rate of 0.085 mL/min)
in quadrupole-based ICP-MS 
was 70 MHz/ppm (17).

RESULTS AND DISCUSSION

The CCLU-500 Laboratory 
Standard 

Table II summarizes the results
of isotope ratio determinations for
eight aliquots during a measure-
ment period of 16 hours. The mean
for each aliquot, the RSD values 
for the 234U/238U, 235U/238U, and
236U/238U ratios, the mean of the
means and their precision, i.e., the
RESDs, are presented. Under opti-
mum conditions, an RSD of about
0.1% for short-term and an RESD of
0.050% for long-term isotope ratio
measurements of 235U/238U was
observed. A repetition of the long-
term isotope ratio measurement of
uranium under nearly identical con-

TABLE I 
Instrumental Operating Parameters for the ELAN 6000 ICP-QMS

Instrumental CFN MCN

Rf power (W) 1250 1150

Sample uptake rate (mL/min) 1.00 0.037

For both nebulizer types:

Cylindrical lens potential (automatic setting) (V) 10.2

Nebulizer gas flow rate (L/min) 0.92

Auxiliary gas flow rate (L/min) 0.8

Coolant gas flow rate (L/min) 14

Dwell time (msec) 30

Detection system dead time, (calibrated), (ns) 53
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ditions (for a slightly different 
nebulizer gas flow rate) yielded a
235U/238U isotope ratio of 235U/238U
=0.9906 ± 0.0005, with an RESD 
of 0.051%.

Uranium isotope ratio values for
the CCLU-500 laboratory standard
have been established by calibra-
tion against the NIST-500 SRM by
Dietze (16). Using the correction
procedure (background, mass bias,

and molecular ion interference cor-
rection) for uranium isotope ratios
in Table III, the uranium isotope
abundancies for CCLU-500 were in
excellent agreement with the TIMS
values (see Table IV). 

Additional measurements per-
formed after retuning the ICP-QMS
for uranium isotope ratio measure-
ments using a 10-µg/L uranium
CCLU–500 solution produced a

235U/238U= ratio of 0.97896 with 
an RESD of 0.028%. Comparing 
this 235U/238U ratio with the
235U/238U ratio of 0.99576 from
Table II, it is demonstrated that 
the ratio (235U/238U = 0.97896),
obtained at a higher nebulizer gas
flow rate, is more clearly affected
by mass discrimination relative 
to the isotope ratio from Table II
(and to the accepted ratio of
0.99991). This is also consistent
with Figure 2, where the ratio at 
1 L/min is lower than at 0.92 L/min.
It is well known, that the accuracy
of the ratio determination in ICP-MS
is sensitive to minor changes of the
nebulizer gas flow rate (7). An
increased nebulizer gas flow rate
together with the pressure gradient
moves the lighter 235U atoms faster
through the ionization volume in
the torch. Therefore, increasing the
flow rate will decrease the lm/hm
ion ratio, (l-light, h-heavy mass) 
and consequently increase the mass
discrimination. The observations 
in Figure 2 for the nebulizer gas
flow rate range between 0.85 and 
1 L/min and are consistent with this
interpretation. This phenomenon 
is similar to the radial mass discrimi-
nation induced by coulombic forces
in the dense plasma ion beam. Rela-
tively high mass discrimination (of
about 2%) was observed using
micronebulization under optimum
conditions. The uranium isotope
ratio measured in the 10-µg/L
CCLU-500 solution using a micro-
concentric nebulizer (MCN-100)
was a 235U/238U ratio of 0.98020 
± 0.00054, i.e., RESD = 0.055%. The
isotope ratio measurements in a 
1-µg/L CCLU-500 solution using
CFN in a period of 19 hours yielded
235U/238U = 0.9919 ± 0.0008 with
an RESD of 0.088%. The analysis of
a 5-µg/L NIST U-020 SRM (235U/238U
= 0.02) and 10-µg/L NIST U-3164
natural uranium solution (235U/238U
= 0.0725) resulted in uranium iso-
tope ratios of 235U/238U = 0.0207712
± 0.000013 and 235U/238U =
0.007227 ± 0.000006, respectively.

Fig. 1. The 235U/238U isotope ratio (◆) and total U+ ion intensity (■) dependence on
RF power for a 10-µg/L CCLU-500 solution, at 0.92 L/min nebulizer gas flow rate.

Fig. 2. The 235U/238U isotope ratio (◆) and total U+ ion intensity (■) dependence on
nebulizer gas flow rate for a 10-µg/L CCLU-500 solution, at 1250 W RF power.
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The precision of these determina-
tions was 0.064% and 0.085%. A
slightly higher RESD was observed
for the natural uranium sample with
lower 235U abundance.

Table V summarizes the known
TIMS and ICP-MS isotope ratio mea-
surements of the NIST U-500 SRM
and the laboratory CCLU-500 stan-
dards. The RESD results for U iso-
tope ratio measurements in this
work by ICP-QMS are clearly com-
patible with single-collector ther-
mal ionization mass spectrometry,
(SC-TIMS). In comparison to TIMS,
ICP-MS requires much less sample
preparation in terms of analyte sep-
aration/purification. Nearly all ele-
ments can be determined; the ICP
ionization process is less limited by
the elemental ionization potential
and thereby provides a much
higher ionization efficiency.
Furthermore, using ICP-MS, the
sample throughput is significantly
higher; the required sample size is
reduced (especially if micronebuliz-
ers are used) (17); the instrumental
cost and the operational skill
requirements are lower relative to
TIMS. Therefore, the importance 
of ICP-MS in precise isotope ratio 
measurements at ultratrace levels 
is increasing. 

One of the drawbacks of ICP-
QMS is the higher background 
level when measuring high dynamic
range isotopic ratios. In modern
TIMS instruments, the background
is usually negligible. In double-
focusing sector field ICP-MS, the
background in the investigated
mass range (from 234 – 238 u) 
is very low (0.1 – 0.2 cps (22) vs 
5 cps in ICP-QMS). 

Although isotopic fractionation
is constant during an ICP-MS analy-
sis in comparison to its variable
nature in TIMS, it is much better
understood and more controllable
in the latter method (23). The 
ICP-QMS fractionation process, the
various instrumental tuning proce-
dures, and the instrumental drift

TABLE II 
Uranium Isotope Ratio Determinations vs. Time in a 10-µg/L Solution

of CCLU-500 laboratory standard, using a Crossflow Nebulizer

n T 234U/238U 235U/238U 236U/238U
(hours) (±1RSD) (±1RSD) (±1RSD)

1 0 0.011210 (±0.13 %) 0.99517 (±0.21 %) 0.002926 (±0.48 %)

2 1 0.011221 (±0.36 %) 0.99658 (±0.08 %) 0.002962 (±0.55 %)

3 3 0.011227 (±0.61 %) 0.99566 (±0.09 %) 0.002954 (±0.43 %)

4 6 0.011206 (±0.44 %) 0.99604 (±0.12 %) 0.002954 (±0.92 %)

5 9 0.011264 (±0.31 %) 0.99566 (±0.10 %) 0.002861 (±0.88 %)*

6 11 0.011231 (±0.42 %) 0.99562 (±0.11 %) 0.002942 (±0.60 %)

7 14 0.011221 (±0.44 %) 0.99507 (±0.14 %) 0.002951 (±0.49 %)

8 16 0.011226 (±0.44 %) 0.99632 (±0.11 %) 0.002947 (±0.63 %)

0.011226 ± 0.000176 0.99576 ± 0.00053 0.002948 ± 0.000011

(0.16 %) (0.050 %) (0.39 %)

*rejected

TABLE III
Background, Mass Interference and Mass Bias Corrections of 

CCLU-500 Uranium Isotopic Ratios

234U/238U 235U/238U 236U/238U

The grand means from Table II are: 0.011226 0.99576 0.002948

After background subtraction and 235UH+

correction at 236U+, using the measured value 
238UH+/238U+ ≈15 x10-6, we obtained: 0.011061 0.99576 0.002781

After isotopic bias correction, using the power 

equation (15), (235U/238U)tr/(235U/238U)obs= ε ∆m

where (235U/238U)tr=0.99991 (16) 

yielded ε=1.001387, we obtained: 0.011122 0.99991 0.002789

TABLE IV  
Comparison of CCLU-500 Isotopic Abundances with TIMS Results

Isotope Present work TIMS (16)
238U (49.657 ± 0.013)% (49.660 ± 0.02)%
235U (49.652 ± 0.013)% (49.658 ± 0.02)%
234U (0.552 ± 0.001)% (0.543 ± 0.03)%
236U (0.139 ± 0.001)% (0.139 ± 0.03)%
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TABLE V
Comparison of Isotope Ratio Data for NIST U-500 SRM and CCLU-500 Laboratory Standard 

Using TIMS and ICP-MS
234U/238U 235U/238U 236U/238U Sample size Notes

(± 1 RESD)* (± 1 RESD)* (± 1 RESD)*

1 Quad TIMS (0.1–0.3 %) 1000 ng (a)

2 Conventional (0.04%) 500–1000 ng (b)
SC-TIMS

3 Conventional 0.010449 1.001902 0.001541 500 ng (b)
MC-TIMS (0.17%) (0.035%) (0.73%)

4 Total 0.010424 0.999768 0.001523 100–200 ng (c)
Vaporization (0.086%) (0.007%) (0.45%)

MC-TIMS

5 MC-ICP-MS 0.010183 0.98174 0.001523 500–1000 ng (d)
(0.023%) (0.012%) (0.21%)

6a ICP-QMS 0.00979 0.94949 0.001557 100 ng (e)
(0.7%) (0.21%) (5%)

6b ICP-QMS 0.97570 250 ng (e)
(0.1%)

Certified 
NIST U-500 0.0101422 0.99970 0.001519

7 DF-ICP-MS 0.9992 (10 µg/L (f)
(0.07%) solution)

8a ICP-QMS 0.011226 0.99576 0.002948 180 ng (g)
crossflow neb (0.16%) (0.050%) (0.39%)

8b ICP-QMS 0.9919 18 ng** (g)
crossflow neb (0.088%)

8c ICP-QMS 0.97896 200 ng (g)
crossflow neb (0.028%)

9 ICP-QMS 0.98020 6.7 ng (g)
microconcentr. (0.055%)

nebulizer

Accepted  
CCLU-500 0.011122 0.99991 0.002789

* except for lines 1, 6a, 6b and 7, where the uncertainties are 1RSD. The precision in line 7 represents a measurement 
of 5 aliquots (10 runs per aliquot), each of 5 minutes duration with a 3-min. flushing period in between.

** 1 µg/L solution.
(a) Ref. (18).
(b) Ref.(8), p. 369-70. Conventional Single Collector (magnetic sector) TIMS: precision of 16 consecutive samples; 

Conventional Multiple Collector (magnetic sector) TIMS: precision of 15 consecutive samples.
(c) Ref. (19). Total Vaporization Multiple Collector (magnetic sector) TIMS: precision of 10 consecutive samples.
(d) Ref. (20). Multiple Collector (magnetic and electrostatic sector ICP-MS: precision of 6 samples.
(e) Ref (21). The averages quoted are for 10-12 runs of 1 min each; sample uptake rate: 1 mL/min.
(f) Ref (13). Double-Focusing (magnetic and electrostatic sector) ICP-MS, data acquired in the low resolution mode

of operation. The precision represents a measurement of 5 aliquots (10 runs per aliquot), each of 5-min. duration 
with a 3-min. flushing period.

(g) Present work.



11

Vol. 20(1), Jan/Feb 1999  

TABLE VI 
Isotope Ratio 

Determinations vs. Time 
in a 3-µg/L Thorium Solution, 
Using a Crossflow Nebulizer.

(Isotopic Composition
230Th:232Th ≈1:4)

n t (hours) 230Th/232Th ± 1SD

1 0 0.22369 ± 0.00020

2 2 0.22379 ± 0.00013

3 4 0.22374 ± 0.00007

4 6 0.22376 ± 0.00016

5 8 0.22381 ± 0.00025

6 10 0.22390 ± 0.00020

7 12 0.22377 ± 0.00025

8 14 0.22369 ± 0.00022

mean 0.22377 ± 0.00007

(0.031 %)

require, in general, much more 
frequent calibration against isotopic
standards in comparison to TIMS.

Thorium Solutions

Table VI and Figure 3 show the
results of thorium isotope ratio
measurements of a 230Th : 232Th
≈1:4 solution. The thorium sensitiv-
ity by ICP-QMS using CFN was 
52 MHz/ppm and the RESD for 
3-µg/L solutions was 0.031%, 
(Table VI) a result more typical of
TIMS than of ICP-QMS. A decrease
in the thorium concentration (from
3 to 1.25 µg/L) yielded an increase
in RESD (from 0.031% to 0.067%).
The isotopic reference material
IRMM-060, (99.85% 230Th and 0.15%
232Th) is an excellent spike choice
for thorium isotope dilution mea-
surements. Long-term isotope ratio 
measurements of thorium solutions
with 230Th/232Th isotope ratios
down to 10-4 using micronebuliza-
tion ICP-QMS and the application 
of flow injection isotope dilution
technique are described in the
work of Becker et al. (17).

CONCLUSION

It has been shown that the signal
drift and sources of noise in an 
ICP-QMS system can be reduced to
the extent that the technique can
favorably compare with TIMS (con-
sidered state-of-the-art) for isotope
ratio measurements. Two major fac-
tors contributing to the stability of
the system are the simplicity of the
ion optics and the apparent plasma
stability, which is usually expressed
by the short- and long-term ion cur-
rent stability tests. The results of
this study show that in ICP-QMS,
the inductively coupled plasma (as
demonstrated in long-term stability
measurements within a period of
up to 20 hours) is very stable. This
observation can also easily be
applied to isotope dilution analysis,
where one of the isotopes is the
analyte under study (i.e.,238U, or

232Th) and the other is the high-
enriched isotopic spike added
(233U, 234U, 235U, 236U, or 230Th). 
The application of high-efficiency
micronebulizers (e.g., DIHEN –
direct injection high-efficiency neb-
ulizer), which allows an increase in
sensitivity by a factor of 4–6 is of
great interest in comparison to the
conventional microconcentric neb-

ulizer in the sensitive isotope ratio
measurements of small amounts of
long-lived radionuclides (22).
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INTRODUCTION

The use of coal as an industrial
fuel and energy source increases
annually. In addition to health 
concerns about the increase of
volatile materials into the atmos-
phere, environmental pollution 
by trace elements, especially mer-
cury, is a problem. It is generally
accepted that a significant portion
of mercury present in coal is emit-
ted in stack gases during coal com-
bustion, because of the high
volatility of elemental mercury 
and mercury compounds.

The toxicity of mercury in the
environment has lead researchers
to develop rapid, simple, sensitive,
and accurate analytical techniques
for its determination. In recent
years, the need for establishing pro-
cedures for the determination of
mercury in materials such as water,
wastewater, coal, and geological
samples and sediments has been
discussed (1–3). The analytical
determination of mercury in such
matrices, in particular solid sam-
ples, presents some difficulties.
Areas of risk which must be consid-
ered include losses of the element
due to volatility, incomplete extrac-
tion of some chemical forms of
mercury present in the sample, and
possible contamination during sam-
ple manipulation. 

Many analytical procedures 
have been proposed for the deter-
mination of mercury in solid sam-
ples. The most commonly utilized
methods are neutron activation
analysis (4) and atomic absorption,
preceded by wet dissolution/
extraction, and collection of the
combustion fumes produced by

pyrolysis of the solid sample on
gold traps (5–8). All these methods
have some disadvantages.

Neutron activation analysis, even
if it can be considered as a “refer-
ence technique,” requires instru-
mentation that has limited
availability, is expensive, and usu-
ally involves sending samples to
central laboratories equipped with
high neutron flux sources.
However, a severe interference at
279.1 KeV due to the 75Se isotope
(the selenium content in coal is in
the range of 0.1–12 µg/g while the
Hg content is generally less than 0.3
µg/g) can produce inconsistent
results. 

Wet ashing procedures, followed
by analysis using cold vapor genera-
tion of atomic absorption, are rela-

tively inexpensive and can be
accomplished in many laboratories.
However, this generally requires
lengthy sample preparation steps.
The acid conditions used for disso-
lution of the samples are critical
because mercury losses can occur 
if the conditions are too strong,and
incomplete recovery of the differ-
ent chemical forms of mercury can
be observed (9). In any case, during
manipulation of the samples, conta-
mination can always occur. More-
over, despite the high sensitivity of
the techniques used to determine
mercury, dilution of the sample 
can lead to detection limits that in
some cases may not meet analytical
requirements. Some authors
reported interferences caused by
the volatile nitrogen oxides (nitro-
gen monoxide and nitrogen dioxide
have absorption bands at 253.63
nm and 253.85 nm, respectively,
which are near the mercury wave-
length of 253.65 nm) formed as
reduction products of nitric acid
during sample decomposition. The
interference is strongly dependent
on the type of sample and/or the
mercury concentration.

In order to increase sensitivity
and reduce error due to molecular
absorption often encountered, it is
also possible to collect the gases
produced during cold vapor genera-
tion on a gold trap, thus avoiding
spectral interferences and the need
to concentrate the samples (10).

The preconcentration technique
can also be applied to direct analy-
sis of environmental matrices. Solid
samples are burned in a furnace
under oxidative conditions and the
vapors produced are collected on 
a trap (generally gold or MnO2) or
in an adsorbing solution (11–15).
Although these techniques are very
sensitive, they are often very time-
consuming.

*Corresponding author.

Determination of Mercury in Coal Using 
FI-CVAAS and FI-CV-ICP-MS

M. Bettinelli, S. Spezia, and S. Roberti
ENEL S.p.A. DCO, Central Laboratory

Via Nino Bixio 39, 29100 Piacenza, Italy

ABSTRACT

FI-CVAAS and FI-CV-ICP-MS
methods for the determination 
of mercury in coals, after
microwave digestion of the sam-
ple, are evaluated. The accuracy
of the determination was verified
by analyzing certified reference
materials with different analyte
concentrations. The precision
values ranged from 5 to 15% for
mercury concentrations between
10 and 500 ng/g. The instrument
detection limits (IDL) were 
85 pg/mL Hg for FI-CVAAS and 
6 pg/mL for FI-CV-ICP-MS with
method detection limits (MDL) in
the order of 20 ng/g and 4 ng/g
Hg, respectively. The long-term
precision, determined from the
analysis of three different coal
samples over 15 working days,
was generally better than
15–20%. A comparison with
AMA-254 and NAA techniques
was made by analyzing some real
coal samples. 
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Recently McIntosh et al. (16,17)
developed a flow injection mercury
system (FIMS) that combines the
U.S. EPA-approved flow injection
technique with a built-in atomic
absorption spectrometer, optimized
for Hg determinations. The on-line
microwave digestion system, cou-
pled to a FIMS analyzer, greatly
reduces the time required for
extraction of the analyte. Since the
analytical system is closed, the pos-
sibility for sample contamination
and/or analyte loss are minimized.
According to the authors, the sys-
tem has proven to be very powerful
in terms of performance, productiv-
ity, and ease-of-use. 

Several interlaboratory compar-
isons were conducted to evaluate
the reliability of mercury measure-
ments in coal (18–20) with a resul-
tant average interlaboratory
repeatability of 27% and an overall
interlaboratory reproducibility of
50%. In view of these results, the
primary recommendation made by
the intercomparison sponsors was
to develop improved analytical
methods for mercury determination
in coal.

In Italy, chemical laboratories
located within power stations do
not routinely perform the determi-
nation of trace elements in fossil
fuels. For this reason, this activity
has been centralized to the Central
Laboratory of Piacenza (UML-PC)
which is equipped with different
analytical techniques. Since 1987,
UML-PC has performed trace ele-
ment characterization of all coals
imported by ENEL. The techniques
considered for the determination of
mercury in coal include FI-CVAAS,
FI-CV-ICP-MS, AMA, and NAA. 

This paper summarizes the
results obtained in applying
microwave heating to acid-solubi-
lize coal samples for subsequent
determination of mercury by FI-
CVAAS and FI-CV-ICP-MS.

The accuracy of the method was
checked by analyzing certified ref-
erence materials. A comparison of
data obtained using the proposed
method, the AMA-254 system and
neutron activation analysis (NAA)
on a series of real coal samples is
discussed.

EXPERIMENTAL

Reagents and Standard
Solutions

Nitric acid (65% w/v) Suprapur
(Merck, Darmstadt, FRG).

Hydrochloric acid (30% w/v)
Suprapur (Merck).

Deionized water (18 MΩ) pre-
pared with a Millipore purification
system.

Mercury standard solutions were
prepared from 1000 mg/L atomic
absorption standard diluted with
deionized water.

The sodium tetrahydroborate
solution (0.2% m/v) was prepared
by dissolving sodium tetrahydrobo-
rate powder in deionized water (2 g
in 1000 mL water) stabilized with
sodium hydroxide 0.05% m/v (500
mg NaOH in the same 1000-mL
solution).

Certified Reference Materials

In the present work, the follow-
ing reference materials were used:

1. National Institute of Standards
and Technology (NIST): Standard
Reference Materials SRM 1632a
Trace Elements in Coal and 
SRM 1630 Mercury in Coal.

2. Community Bureau of Reference
(BCR): 
CRM 180 Gas Coal, 
CRM 181 Coking Coal, and 
CRM 182 Steam Coal.

3. South Africa Bureau of Standards
(SARM): 
SARM 18 Coal (Witbank), 
SARM 19 Coal (O.F.S.), 
SARM 20 Coal (Sasolburg). 

Instrumentation

The determination of mercury 
by flow injection cold vapor atomic
absorption spectrometry (FI-CVAAS)
was performed using the Perkin-
Elmer FIAS™ 200 system (Perkin-
Elmer Corporation, Norwalk, CT
USA), equipped with a Perkin-Elmer
AS-90 autosampler, connected to 
an electrically heated quartz cell
installed on a Perkin-Elmer Model
2100 atomic absorption spectrome-
ter. A Perkin-Elmer mercury elec-
trodeless discharge lamp was used
as the line source. The mercury
absorbance was measured at 253.6
nm. The flow injection system con-
sists of a 4-port injection valve, two
peristaltic pumps and a glass gas-
liquid separator. A quartz cell with
a path-length of 160 mm and a
diameter of 7 mm was used as
atomizer. The cell was heated at
200°C to prevent condensation of
moisture. Tygon pump tubing was
used to deliver sample, reagents
and withdraw waste. Sample and
reagent flow rates, including the
concentrations of the reagents and
argon stripping gas, are given in
Table I. The flow injection program
used is shown in Table II. 

TABLE I
Instrumental Conditions for 

Hg Determination by FI-CVAAS

Wavelength 253.6 nm

Slit 0.7 nm

Sample volume injected 500 µL

Linearity 100 µg/L

Cell temperature 200oC

Carrier solution HCl 3% (w/v)

Carrier flow rate 10 mL/min

Reductant NaBH4 0.2% (w/v) 
in NaOH 0.05% (w/v)

Reductan flow rate 6 mL/min

Carrier gas Argon

Flow carrier gas (mL/min) 100 
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The FI-CV-ICPMS measurements
were performed using an ELAN®
5000 ICP-MS (Perkin-Elmer SCIEX,
Concord, Ontario, Canada),
equipped with a Perkin-Elmer
Model AS-90 autosampler and a
four-channel mass flow controller
to ensure gas flow stability. The
hydride determinations were car-
ried out by means of a Perkin-Elmer
Model FIAS 400 flow injection sys-
tem directly connected to the ICP-
MS quartz torch through a 500-mm
length of PTFE tubing. Operative
details are given in Table III.

The dissolution of the sample
was performed by means of a CEM
MDS-2100 microwave oven (CEM,
Indian Trail, NC, USA), equipped

with high-pressure PTFE closed ves-
sels according to the procedure
described by Bettinelli et al. (21).

The AMA-254 is a commercial
atomic absorption (AA) spectrome-
ter (Milestone, Sorisole Italy), dedi-
cated to the direct determination 
of Hg in solid media and has been
used in our laboratory since 1995
for the determination of mercury 
in several environmental matrices.
The operative conditions are
reported in Table IV. The weighed
sample (<350 mg) was placed in 
a nickel boat, automatically intro-
duced into a quartz tube, and then
thermally decomposed at a temper-
ature of 550oC in a flow of pure
oxygen. Mercury vapor was trapped
on a gold amalgamator. The trap was

then rapidly heated to release the Hg
which was measured at 253.65 nm.
An accuracy of better than ±10% and
a detection limit of 0.1 ng/g Hg were
obtained. Precision was in the range
of 1–12% RSD.

The analysis by means of neu-
tron activation (NAA) was
performed at the laboratory of the
University of Pavia with a Triga
Mark II reactor. After irradiation,
the neutron flux was 9.51 x 1012 n
cm–2 sec–1 with an irradiation time
of 10 h. The activity of the radionu-
clides was detected by an Ortec
spectrometer (Oak Ridge, TN USA),
equipped with a Ge(Li) detector. 

Two different conditions were
used for the determination of Hg
(see in the text) : the 279.1 KeV
line of the 202Hg isotope and the
77.6 KeV line of the 197Hg isotope.
The nuclear reactions are the fol-
lowing: 202Hg (n,γ)203Hg and 196Hg
(n, γ)197Hg. The decay time was ten
days and the counting time 10 000
seconds. The detection limit was
about 0.5 ng for the 202Hg isotope
and 0.6 ng for the 197Hg isotope.

Procedures

The determination of mercury by
means of cold vapor generation was
performed after extracting the ana-
lyte from the samples by acid treat-
ment in a microwave oven. Each
sample ( 200–250 mg ) was placed
in a PTFE vessel with 10 mL  aqua
regia and digested using the multi-
ple-stage heating program shown in
Table V. Once cooled, the samples
were filtered through a Millipore

TABLE II.  FIAS-200 Program

Step. N° Time / s Pump 1 Pump 2Valve positionRead

Prefill 15 Off On Fill
1 10 On On Fill
2 20 On On Inject Read

TABLE III 
Instrumental Conditions for Hg Determination by FI-CV-ICP-MS

Forward power 1000 W

Outer gas flow rate 15 L/min

Intermediate gas flow rate 1.0 L/min

Purge gas flow rate 1.05 L/min

Sampler cone Platinum

Skimmer cone Platinum

Data acquisition Multichannel analysis, one point per 
mass (peak hopping)

Dwell time 20 ms

No. of readings 60

Isotope 202 Hg

Sample volume injected 200 µL

Linearity 50 µg/L

Carrier solution HCl 3% (w/v)

Carrier flow rate 10 mL/min

Reductant solution NaBH4 0.2% (w/v) in NaOH 0.05% (w/v)

Reductan flow rate 6 mL/min

Carrier gas Argon

Carrier gas flow 100 mL/min

TABLE IV
Instrumental Operating 
Conditions of AMA 254

Light source Low pressure 
mercury lamp

Wavelenght 253.65 nm
Working range 0.05 - 500 ng Hg
Carrier gas Oxygen
Carrier gas

flow rate 200 mL/min
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membrane (0.45 µm) and quantita-
tively transferred into 50-mL
calibrated flasks. The final solutions
were analyzed by the FI-CVAAS and
FI-CV-ICP-MS apparatus. The instru-
mental parameters are described in
Tables I and III,  respectively. Appro-
priate batch blanks were prepared
with each set of samples. Typically,
four samples, one certified reference
material and one blank, were
digested in a single batch.

RESULTS AND DISCUSSION

The instrumental calibration was
performed using five points (1, 10,
20, 50, and 100 µg/L for FI-CV-ICP-
MS and 1, 10, 20, 30, and 50 µg/L 
for FI-CVAAS). During routine 
analysis, the calibration was
repeated every 10 samples.

Prior to beginning sample 
analysis, the instrument and 
method detection limits were mea-
sured. The instrument detection
limit (IDL) was calculated based on
3σ standard deviations of the deter-
mination of seven blank solutions
(18MΩ deionized water) which
were treated the same way as the
samples. The method detection 
limit (MDL) was evaluated by ana-
lyzing seven “blanks” (e.g., analyses
performed without any sample) on
three nonconsecutive days. An IDL
of 85 pg/mL Hg for FI-CVAAS and 6
pg/mL for FI-CV-ICP-MS and an MDL
of the order of 20 ng/g and 4 ng/g
Hg were determined, respectively.

The accuracy of the method was
verified by analyzing a series of cer-
tified coals and some real coal sam-
ples. Table VI summarizes the
results obtained from the analysis of
eight certified materials by FI-CV-
ICP-MS and FI-CVAAS. The good
agreement between the certified
values and the results obtained
using calibration with aqueous stan-
dard solutions suggests that the
hydride generation technicque is
quite independent from matrix
effects. For almost all samples, the
accuracy of both techniques was
higher than 90%, with a precision
better than 3–5 %. The poorest pre-
cision was obtained for the samples
having very low Hg content: BCR
182 (RSD 23 %) and SARM 18 (RSD
12%) . 

A standard reference material
(NIST 1632a) was analyzed to evalu-
ate the long-term precision of the
ICP-MS method. The results
obtained analyzing the sample 29
times on different working days ,
over one year, are shown in Figure 1.
A mean value of 140 ng/g Hg 
(minimum 110 ng/g , maximum
190 ng/g Hg) and a relative

standard deviation (RSD%) of 12.6%
confirm good long-term precision
of the method.

Comparison of the two analytical
techniques, FI-CV-ICP-MS and FI-
CVAAS, was also performed simulta-
neously by analyzing the solutions
obtained from the microwave acid
solubilization of the coal samples.

The agreement between the mer-
cury content determined by FI-CV-
ICP-MS and by FI-CVAAS is very
good (r = 0.9971; a = 1.7403 ±
0.9242; b = 0.9832 ± 0.0077 for 95
samples) as shown in Figure 2. The
t-paired tests gave satisfactory
results with | t | values below the
limit values for the 95% confidence
level [texp = 1.55 versus ttab = 1.96
(n–1) = 94 samples]. These results
confirm that the determination of
mercury, after acid solubilization of
the coal samples by microwave
digestion, can be easily performed
by both techniques without severe
interferences. The ICP-MS
technique gives a better detection
limit than AAS and can be used for
the simultaneous determination of
other hydride-forming elements.

TABLE V
Microwave Oven Dissolution 

Program With MLS 1200a

Step Power Time
n° Watt min

1 250 5
2 600 1
3 0 1
4 300 3
5 Vent. 1

a:250 mg sample in 10 mL aqua regia;
program for six samples.
Final volume: 50 mL

TABLE VI
Mercury Determination in Certified Reference Materials (CRM) 

by FI-CVAAS and FI-CV-ICP-MS

Coal Certified Found
(ng/g) (ng/g)

FI-CVAAS FI-CV-ICPMS

NIST 1630 130 ± 10 131 ± 8 131 ± 8

NIST 1632a 130 ± 30 142 ± 7 140 ± 8 

BCR 180 123 ± 8 128 ± 12 130 ± 13

BCR 181 138 ± 11 138 ± 10 137 ± 9

BCR 182 40 ± 7 38 ± 12 40 ± 9

SARM 18 [ 40 ] (*) 37 ± 5 35 ± 4

SARM 19 [ 200 ] (*) 230 ± 4 227 ± 2

SARM 20 250 ± 70 270 ± 6 267 ± 4

(*) : Non certified value
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Comparison With Other 
Techniques 

A systematic comparison of data
obtained from replicate analysis of
several coals by independent tech-
niques such as FI-CVAAS, AMA-254,
and NAA was performed.

Good correlation was observed
between the determinations made
with the FI-CVAAS and AMA-254 
(r = 0.9249; a = 5.1048 ± 4.8362; 

Fig. 1. Control chart for Hg determination in NIST SRM 1632a.

b = 0.1.0377 ± 0.0439 for 95 sam-
ples) as shown in Figure 3. In this
case, the t-paired tests gave accept-
able results with | t | values lower
than the limit values [texp = 1.90
versus ttab = 1.96  (n–1) = 94],
while the correlation between 
FI-CVAAS and NAA gave poorer
results (r = 0.45 64; a = 53.8247 ±
11.5439; b = 0.3126 ± 0.0628 for
n= 85 samples) as reported in Table
VII and Figure 4. The t-test showed

significant differences between the
results given by the two techniques
[texp = 3.12 versus ttab = 1.96 (n–1)
= 95]. 

NAA is generally considered 
a reference techinque for the 
determination of mercury in envi-
ronmental and industrial matrices
because it is capable of determina-
tions without pretreatment of the
sample. The advantages of NAA
include the reduction of potential
sources of error present in this
determination (analyte loss, sample
cross-contamination, matrix effects
due to the presence of other ele-
ments in several chemical forms).
In consideration of this, we were
extremely surprised with the poor
results obtained using this tech-
nique compared to FI-CV-ICP-MS
and AMA .

According to the work reported
by Blancard et al. (22), there are
two mercury isotopes that are com-
monly measured in NAA. The
shorter-lived isotope, 197Hg, which
has a half-life of 64h and emits 
a 77.4 KeV γ-ray, and the second
mercury isotope, 203Hg, which has 
a half-life of 46.6d and emits a 279.2
KeV γ-ray. A severe direct spectral
interference is caused by 75Se (t1/2 =
120d), which emits a 279.5 KeV 
γ-ray. This interference can be cor-
rected using the peak ratio correc-
tion method (typically the 264.7
KeV γ-ray emitted by 75Se ). How-
ever, in coal samples, the selenium
concentration is at least an order of
magnitude greater than that of mer-
cury. Our first series of Hg results
was obtained measuring the 202Hg
isotope and applying the peak ratio
correction method. Therefore, the
data are probably affected by very
large experimental uncertainties.
We checked the reliability of our
NAA results by re-analyzing a new
series of 35 coals using two differ-
ent analytical peaks ( at 279.1 KeV
for 203Hg and at 77.6 KeV for
197Hg). A severe interference at
279.1 KeV due to the 75Se isotope

Fig. 2. Correlation between the Hg content (ng/g) in coals as determined by 
FI-CVICPMS and FI-CVAAS.
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TABLE VII
Statistical Parameters for the Determination of Mercury 

Using Different Techniques

Technique FI-CV-ICP-MS NAA AMA
FI-CVAAS n = 95 n = 83 n = 95

r = 0.9725 r = 0.4564 r = 0.9249
a = 0.1292 ± 0.3614 a = 53.8247 ± 11.5439 a = 5.1048 ± 4.8362
b = 1.0143 ± 0.0394 b = 0.3126 ± 0.0628 b = 1.0377 ± 0.0439

FI-CV-ICPMS n = 35
r = 0.9544
a = 2.1538 ± 3.0674
b = 1.0064 ± 0.0075

n = number of samples
r = correlation coefficent
a = ± 95% c.i. = intercept of regression ± 95% confidence interval
a = ± 95% c.i.= slope of regression ± 95% confidence interval

was verified to be present in this
matrix and any mathematical cor-
rection (e.g., the ratio between the
peaks at 265 KeV and 279.6 KeV)
was not able to correct the results.
Because the selenium content in
coal is in the range of 0.1–12 µg/g,
while the Hg content is generally
less than 0.3 µg/g, inconsistent
results were obtained by NAA dur-
ing the first measurement series.
The new analysis performed
according to the instrumental con-
ditions described in the Experimen-
tal Section gave better results and
are in agreement with those using
FI-CV-ICP-MS [r = 0.9544; a =
2.1538 ± 3.0674; b = 1.0064 ±
0.0075 with texp = 1.88 versus 
ttab = 2.04 (n–1) = 34].

CONCLUSION

An accurate and reliable
microwave sample pretreatment
procedure for the determination of
mercury in coal by flow injection-
cold vapor- inductively coupled
plasma mass spectrometry is
described. A mercury detection
limit of 4 ng/g for solid samples
assures the possibility to accurately
determine the lowest analyte levels
present in some coals. Alternatively,
flow injection cold vapor atomic
absorption spectrometry can be
applied with a detection limit
slightly lower (20 ng/g Hg). This
procedure can easily be adopted in
chemical laboratories of power sta-
tions for quality control purpose.
The comparison with other refer-
ence techniques such as NAA or
AMA shows that FI-CVAAS and FI-
CV-ICP-MS can be suitable alterna-
tives to techniques specifically
adopted for mercury determination
because they are simple and accu-
rate. The solution obtained from
the microwave digestion system
can be used to determine other
hydride-forming elements such as
arsenic, selenium, and antimony.

Received October 8, 1998.

Fig. 3. Correlation between the Hg content (ng/g) in coals as determined by 
FI-CVAAS. and AMA-254.

Fig. 4. Correlation between the Hg content (ng/g) in coals as determind by
FI-CVAAS. and NAA.
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Determination of Antimony in River Water 
by Hydride Generation High-Resolution ICP-MS
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INTRODUCTION 

Antimony was determined by
inductively coupled plasma mass
spectrometry (ICP-MS) in samples
such as natural water (1–4), steels
(5), and gold and the platinum
group metals (6). The antimony
content in drinking water is regu-
lated to less than 5 µg/L in the USA
(7) and 2 µg/L in Japan (8).Water is 
a basic necessity for life and river
water is often the main source of
drinking water. Many articles
(2,9,10) discuss acute antimony poi-
soning which can result in vomit-
ting, diarrhea, chronic poisoning 
of the heart and liver, or kidney
malfunction. Therefore, the need
for a high-sensitivity technique for
the determination of antimony is
required. In this study, we used 
a hydride generation system with 
a mixing coil and a gas-liquid sepa-
rator which was closed with an
electromagnetic pinch valve. This
system was controlled using vari-
able-speed peristaltic pumps, elec-
tromagnetic relays, and a timer.
Hydride gas evolving in the coil was
separated from the solution in the
gas-liquid separator. A glass dehy-
dration trap was used to separate
the vapor which was generated
simultaneously with stibine. The
stibine was swept continuously into
the torch of an inductively coupled
plasma mass spectrometer.

EXPERIMENTAL

Instrumentation

A high-resolution inductively
coupled plasma mass spectrometer
was used (JMS PLASMAX2, Japan
Electron Optics Laboratory, Tokyo,
Japan), equipped with an automatic
operating program to control the

ABSTRACT

Total antimony in river water
was determined by inductively
coupled plasma mass spectrome-
try using the hydride generation
technique. Hydride generated in
a mixing coil was separated in a
gas-liquid separator, which was
sealed with an electromagnetic
pinch valve, and then swept con-
tinuously into the torch of an
inductively coupled plasm mass
spectrometer. The system was
controlled using variable-speed
peristaltic pumps, electromag-
netic relays, and a timer. Interfer-
ences with transition metals were
eliminated by using a Chelex-100
resin. The accuracies were within
certified values, verified using
biological and marine standard
reference materials, obtained
from the National Institute of Sci-
ence and Technology (NIST),
USA and the National Research
Coucil (NRC), Canada, respec-
tively. The recoveries, spiked
with 5 ng of antimony in 25 mL
of water, ranged from 92.5 to
96.1% for four measurements.
The detection limit (3 times sig-
nal-to-noise ratio) of antimony
was 0.69±0.01 ng/L.

instrument operations, data conver-
sion and storage. Two single-chan-
nel peristaltic pumps (SJ-1211H,
Atto Corporation, Tokyo, Japan)
were used to pump the sample
solution and sodium tetrahydrobo-
rate solution, respectively. The pro-
cedure for draining the waste
solution was controlled by an elec-
tromagnetic solenoid pinch valve
(Pinch Valve PK-305-NO, 13 W,
Takasago Electric Industries,
Nagoya, Japan). The operating con-
ditions of the spectrometer are
listed in Table I. The hydride gener-

ation system (11) and the setup of
the electric circuit (12) are
described in the literature. 

Reagents, Standards, 
and Sample

All reagents used were of analyti-
cal reagent grade. Hydrocholric
acid 20% (w/v) and ammomium
hydroxide 20% (w/v) were
purchased from Tama Chemicals
Company (TAMAPURE-AA-100,
Tokyo, Japan). 

TABLE I
Operating Conditions of ICP-MS

ICP-MS JMS-PLASMAX2

Plasma incident power 1.2 kW

Radio frequency 40.68 MHz

Mass resolution 10000

Frequency of filter 1000 Hz

Coolant gas flow rate 
(argon) 14.5 L/min

Auxiliary gas flow rate 
(argon) 0.9 L/min

Carrier gas flow rate 
(argon) 1.1 L/min

Carrier gas pressure 16 kPa

Sampling cone and 
skimmer cone Copper

Acceleration voltage 6.0 kV

Acceleration time 0 min

Magnetic field radius 310 mm

Magnetic field angle 40

Electric field radius 223 mm

Electric field angle 85

Sweep width 4000/2000 ppm

Sweep rate 3000/2000 ms

Repetition number 3

Accumulation 10

Main slit 70 mm

α– slit 0.76 mm

Collector slit 13 mm

Torch Normal MS torch* Corresponding author.
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A stock standard solution (1000
mg/L) of antimony was prepared by
dissolving 0.274 g of antimonyl
potassium tartrate hemihydrate in 
6 M hydrochloric acid and diluting
to 100 mL. 

Working calibration solutions
(up to 200 ng/L) of antimony were
prepared immediately before use in
1 M hydrochloric acid.

A 0.08% (w/v) sodium tetrahy-
droborate solution (Ventron Divi-
sion, Morton Thiokol, Tokyo,
Japan) was prepared in 0.03 M
potassium hydroxide and filtered
with a filter paper.

A 0.1 M potassium iodide solu-
tion was prepared by dissolving
16.6 g of potassium iodide together
with 10 g of sodium ascorbate in
100 mL of water and was stored 
in a refrigerator. 

A Chelex®-100 chelating ion
exchange resin (Bio-Rad Laborato-
ries, Richmond, CA, USA, 100–200
dry mesh, exchange capacity 500
meq/L) was loaded into a 350 x 10
mm Pyrex® glass column, 10 cm
high, with a glass frit resin support. 

The boiling chips (Funakoshi
Pharmaceuticals, Tokyo, Japan)
were made from Iwaki Code 7740
glass and were previously boiled
with 6 M nitric acid. 

All solutions were prepared with
Milli-Q™ water (Japan Millipore Lim-
ited, Tokyo, Japan).

Measurements

The timer was set at 70 seconds
to replace the sample solutions.
The flow rates of the sample and
sodium tetrahydroborate solutions
were set at 4 and 1.5 mL/min,
respectively. The flow rate of the
carrier gas was set at 1.1 L/min. 
A glass dehydration trap (18 mm
o.d., 210 mm long) was immersed
in an ice bath and connected
between the separating funnel and
the torch. The tube and separator
were washed by injecting water
with each pump alternately. Each

set of main and collector slit widths
was automatically regulated by the
auto-box. The torch position was
adjusted by the signal intensity of
bismuthine which was generated
by mixing 1 ng/mL bismuth acidic
solution with 0.08% (w/v) sodium
tetrahydroborate solution at a reso-
lution of 500. After increasing its
resolution to 10 000, the spectral
widths of naturally abundant 28Si,
12C16O and 14N2 were narrowed
by adjusting the voltages of the Q1

and Q2 lenses so that the resolving
power would be a maximum. The
position of antimony peak in the
magnetic field was adjusted at 
a sweep width of 4000 ppm and 
a sweep rate of 3000 ms by flowing
200 ng/L antimony solution with
0.08% (w/v) sodium tetrahydrobo-
rate solution. The position was
readjusted at a sweep width of
2000 ppm and a sweep rate of 
2000 ms. The waste in the separa-
tor was discarded from time to time
by opening the pinch valve. The
antimony content in samples was
determined by mixing the sample
solution and  sodium tetrahydrobo-
rate solution.

Decomposition of Reference
Materials

The biological standard
reference material SRM-1571,
Orchard Leaves (0.25 g), from the
National Institute of Science and
Technology (NIST, Gaithersburg,
MA, USA) was placed in a 100-mL
Kjeldahl flask. The material was
leached overnight with 5 mL of
concentrated nitric acid. The next
day, 0.5 mL of concentrated sulfuric
acid and 2 mL of 60% (w/v)
perchloric acid were added. The
flask was heated on an electric
heater (KRD-4S, 1.5 kW, Mitamura
Riken Kogyo, Tokyo, Japan). The
digestion was started at the lowest
temperature possible and contin-
ued until fuming of the perchloric
acid subsided. The digests, includ-
ing siliceous residues, were trans-
ferred manually with water into 
a 100-mL platinum dish. The con-

tents of the dish were evaporated
to approximately 2 mL by adding 
2 mL of 60% (w/v) perchloric acid
and 5 mL of 46% (w/v) hydrofluoric
acid. The contents were again 
evaporated to approximately 2 mL
by addition of 2 mL of 60% (w/v)
perchloric acid and 5 mL of 46%
(w/v) hydrofluoric acid and then
transferred into a 50-mL beaker
with water.

The pH of each solution was
adjusted to 3.5 in the beaker with 
1 M ammonia hydroxide solution.
The solution was passed to the col-
umn loaded with Chelex-100 at 
a flow rate of 1 mL/min. The resin
was washed twice with 10-mL
aliquots of water. 

The marine standard reference
material, PACS-1 Marine Sediment
(0.1 g), from the National Research
Council of Canada (NRC, Ottawa,
Canada), was placed in a 100-mL
Kjeldahl flask and allowed to stand
overnight after the addition of 3 mL
of concentrated nitric acid. The
flask was heated with 1 mL of 60%
(w/v) perchloric acid until the
fumes of perchloric acid subsided.
The digests, including siliceous
residues, were transferred with
water into a 100-mL platinum dish.
The residues were dissolved twice
by addition of 5 mL of 46% (w/v)
hydrofluoric acid. The procedure
followed from this point was the
same as that described for the
Orchard Leaves.

Pretreatment of River Water

The water (25 mL) was acidified
in a Kjeldahl flask with 3 mL of con-
centrated nitric acid, 1 mL of 9 M
sulfuric acid and 1 mL of 60% (w/v)
perchloric acid. The contents were
heated until the fumes of perchloric
acid subsided, and were then trans-
ferred into a 50-mL beaker with
water.

The pH of the solution was
adjusted to 3.5 in the beaker with 
1 M ammonium hydroxide solution.
Each solution was passed to the 
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column loaded with Chelex-100 
at a flow rate of 1 mL/min. The
resin was washed twice with 10-mL
aliquots of water. All effluents in
one sample were concentrated to
approximately 5 mL with the boil-
ing chips. The solution was then
transferred to a 25-mL volumetric
flask and 2 mL of 6 M hydrochloric
acid was added. The potassium
iodide solution (1 mL of 0.1 M) 
was added before antimony 
measurement.

RERULTS AND DISCUSSION

Effect of Interfering Ions 

The effect of interfering ions on
the determination of antimony was
investigated without using Chelex-
100 for separation. Table II shows
the concentration of interfering
ions permissible to remain within
5% error for the antimony determi-
nation. As can be seen, the transi-
tion metal ions affect the
determination of antimony seriously
without using any masking method
or separation technique, especially
from Co(II), Cu(II), and Ni(II).
These ions would be reduced with
sodium tetrahydroborate preferably
rather than with antimony. There-

fore, these ions were removed by
Chelex-100 separation. When the
pH value of the sample solution
was more than 3.5, the transition
metals were completely adsorbed
to the resin. Therefore, the metals
in the sample solutions were sepa-
rated with Chelex-100 after their
pH values were adjusted to 3.5 by
20% (w/v) ammonium hydroxide
solution. 

Effect of Concentration of Acids
on Intensity

Figure 1 shows the effect of
hydrochloric acid and sulfuric acid
concentrations on the intensities at
200 ng/L of antimony. The intensi-
ties in hydrochloric acid are higher
than those in sulfuric acid. The
intensities of hydrochloric acid
increased as the concentration was
increased. For the determination,
0.25 M hydrochloric acid was used.

Effect of Concentration of
Sodium Tetrahydroborate and
Sodium Hydroxide on Intensity

Figure 2 shows the effect of
sodium tetrahydroborate concentra-
tion on the intensities of 200 ng/L
of antimony. The intensities
increased and reached a maximum
as the concentration of sodium
tetrahydroborate was increased. 
For the determination, 0.08% (w/v)
sodium tetrahydoborate solution
was used. As shown in Figure 3, the
concentration of potassium hydrox-
ide solution also affected the sensi-
tivity of antimony in this system.
Therefore, 0.08% (w/v) sodium
tetrahydroborate solution in 0.03 M
potassium hydroxide was used for
the determination of antimony.

Fig. 1. Effect of molarities of hydrochloric acid and sulfuric
acid on the intensity of antimony (200 ng/L antimony,
0.08% (w/v) sodium tetrahydroborate, and 0.03 M potassium
hydroxide): (• ) HCl, (¶) H2SO4.

Fig. 2. Effect of concentration of sodium tetrahydroborate 
on the intensity of antimony (200 ng/L antimony, 0.25 M
hydrochloric acid, and 0.03 M potassium hydroxide).

TABLE II
Concentration (ng/mL) of 

Foreign Ions Permissible to
Remain within 5% Error for 
the Antimony Determination 

Sb (ng/L)
Ions 100 200

Cu(II) 4.2 4.3

Ni(II) 3.1 3.4

Fe(III) 10 9.8

Cd(II) 40 47

Cr(III) 3 3

Cr (VI) 0.1 0. 2

Zn(II) 55 54

Mg(II) 150 180

Mo(VI) 1 2
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Optimization of Flow Rates of
Sample Solution and Sodium
Tetrahydroborate Solution

Using the above optimization 
conditions, the effect of flow rate 
on sample solution and sodium
tetrahydroborate solution was
investigated (as shown in Figure 4).
The intensity increased when the
flow rate of both the sample and
sodium tetrahydroborate solutions
were increased. For the determina-
tion, a flow rate of 4 and 1.5 mL/min
for sample and sodium tetrahydrob-
orate was used, respectively. The

Fig. 3. Effect of concentration of potassium hydroxide 
on the intensity of antimony [200 ng/L antimony, 
0.25 M hydrochloric acid, and 0.08% (w/v) sodium 
tetrahydroborate].

Fig. 5. Effect of volume of 0.1 M potassium iodide on the
intensity of antimony [200 ng/L antimony, 0.08% (w/v)
sodium tetrahydroborate, and 0.03 M potassium hydroxide].

Fig. 6. Change of the intensity of 200 ng/L antimony with
time elapsed (in 0.25 M hydrochloric acid).

Fig. 4. Effect of flow rates of sample solution on the intensity
of antimony. The flow rate of sodium tetrahydroborate: 
(• ) 1.5 mL/min, (¶) 2.5 mL/min, (■) 4 mL/min.

higher flow rates of sample and
sodium tetrahydroborate are not
favorable, since larger amounts of
inorganic salts, such as sodium
chloride and boric acid, are intro-
duced into the vacuum system of
the instrument, even when the
dehydration trap is inserted.

Effect of Amount of Potassium
Iodide on Intensity

Figure 5 shows the effect of the
amount of potassium iodide on the
intensity of antimony. When 1 mL
of 0.1 M potassium iodide solution

was added to the 200-ng/L
antimony solution, a sufficiently
higher intensity was obtained.

Reduction in Antimony 
Concentration with Time

Figure 6 shows the reduction of
antimony concentration in 200 ng/L
antimony standard analyzed at dif-
ferent times. Due to the instability
of the 200 ng/L antimony standard,
all solutions were analyzed within
three days after preparation. 
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Determination of Antimony in
NIST and NRC Standard Refer-
ence Materials (SRM)

The materials were analyzed to
validate the accuracy of the proce-
dure. The certified value of Orchard
Leaves is based on the dry weight 
of the material, which was dried in
a hot-air oven at 85oC for 24 hours.
The Marine Sediment was not
dried. The results for SRM 1571 
and PACS-1 were 2.86 ± 0.08 and
169 ± 5.6 g/g, respectively, (shown
in Table III) were within the certi-
fied values. 

TABLE III
Antimony Results for Standard

Reference Materials (µg/g)

Concentration
SRM               Founda Certified

SRM1571 
Orchard 
Leavesb 286 ± 0.08 2.9 ± 0.3

PACS-1 
Marine 
Sediments 169 ± 5.6 171 ± 14

aMean of four determinations with 
standard deviation.

bDried in air in an oven at 85oC for 24 h 
(moisture content was 9.1%).

Analysis of River Water

The water samples were taken
from several sites along the River
Arakawa. As shown in Table IV, the
concentrations are in the 0.2 ng/mL
range. The higher concentrations of
antimony at Mitsumine and Kami-
nagatoro are from the dissolution 
of ores which were formerly pro-
duced at mines above Mitsumine.
The recoveries spiked with 5 ng 
of antimony in 25 mL of water
ranged from 92.5 to 96.1% for four
measurements. The detection limit
(3 times the signal-to-noise ratio) is
0.69 ± 0.01 ng/L.

CONCLUSION

In this study, the hydride gas
generated in a mixing coil was effi-
ciently separated from the solutions
in the gas-liquid separator, which
was closed electromagnetically
with a pinch valve. A glass dehydra-
tion trap was used to separate the
vapor which was generated simulta-
neously with stibine. The stibine
was swept continuously into the
torch of a high-resolution
inductively coupled plasma mass
spectrometer. Higher recoveries
and good detection limits were
obtained. The system could be used
to determine the total antimony in
river water. 

Received December 12, 1997.
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TABLE IV
Determination of Antimony in River Arakawa Water in Japana

Distance from Concentration
Location the mouth (km) (ng/mL)

Mitsumine 137.8 0.25 ± 0.04

Kami-nagatoro 110.6 0.25 ± 0.02

Kumagaya 76.4 0.21 ± 0.07

Urawa 37.0 0.19 ± 0.02

Toda 25.2 0.19 ± 0.01
aThe water was collected in April 1997. 
The values were the mean of two determinations with standard deviation.
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ABSTRACT

Characterization of a high-
purity antimony sample for its
trace and ultratrace level impuri-
ties has been carried out using
GD-QMS. Relative sensitivity fac-
tor (RSF) values generated from
the analysis of NIST standard ref-
erence materials (Low Alloy Steel
SRM 1761 and SRM 1762) were
used to compute the concentra-
tions. These RSF values were vali-
dated through the analysis of
NIST Low Alloy Steel SRM 1766.
The impurity levels determined
through GD-QMS were cross-vali-
dated with other solution-based
techniques, namely ICP-QMS,
ICP-OES, and GFAAS. Good agree-
ment was observed for many ele-
ments where interferences were
not noted.

INTRODUCTION

Purity assessment of microelec-
tronic materials, high-performance
alloys, ceramics and other advanced
materials has become crucial in
areas of high technology. Among
the various instrumental techniques
that have been developed in
response to the specific analysis
requirements, glow discharge mass
spectrometry (GD-MS) has many
attractive features. These include
freedom from chemical blanks and
minimal sample preparation for the
direct analysis of solids (metals and
alloys) (1–3). Reviews on the devel-
opment and the use of GD-MS have
been published (4–5). Responsive
to both metallic and non-metallic
elements, uniform sensitivity for
most elements, rapid qualitative
analysis of the periodic table, stable
ion-beam for quantitative analysis
and, above all, parts per billion lev-
els of detection limits are some of
the salient features. Analysis of high
purity metals (bulk solids, powders)
and semiconductor materials is fea-
sible without recourse to dissolu-
tion, thus avoiding the requirement
of very high purity reagents and 
the dilution of the sample solution.
This leads to poorer detection lim-
its, while using the solution-based
techniques like inductively coupled
plasma mass spectrometry (ICP-
MS), inductively coupled plasma
optical emission spectrometry 
(ICP-OES), and graphite furnace
atomic absorption spectroscopy
(GFAAS). Both high resolution
(using a magnetic sector MS) and
low resolution (using a quadrupole
analyzer) GD-MS systems are now
commercially available. High resolu-
tion GD-MS systems are very expen-
sive. Glow discharge quadrupole

*Corresponding author.
email: ja@cccm1.ernet.in

MS (GD-QMS) can be cost-effective
in many cases, but with the restric-
tion of low resolution, additional
precautions are necessary. Besides
bulk analysis, GD-QMS is also very
useful in obtaining depth profile
information of surfaces (6).

The disadvantages, especially
with GD-QMS, are the limited reso-
lution affecting the analysis of
monoisotopic elements which suf-
fer interferences, formation of
dimers, oxides, argides, as well as
other molecular ions formed due to
the presence of gaseous elements
like C, N, O and Cl which restrict
the choice of isotopes for quantita-
tive analysis. Nevertheless, the iden-
tification of potential interferences
pertaining to a given matrix enables
the rapid quantitation of many of
the elements in the periodic table
by semiquantitative and quantita-
tive analysis.

Another major difficulty in direct
analysis of solids is the lack of refer-
ence materials fully characterized
for a host of elements for use in 
GD-MS for generating the relative
sensitivity factor (RSF) values for
the elements pertaining to a given
matrix. However, as the RSF values
are relatively independent of the
matrix, standardless semiquantita-
tive analysis by GD-QMS is quite 
feasible (7). It has also been demon-
strated experimentally (8) that the
RSF values vary only within a factor
of 3 for different matrices. Thus,
RSF values generated for one matrix
can be adopted for another matrix,
but to improve the accuracy of val-
ues given by GD-MS, one should
determine accurate values for spe-
cific elements using different tech-
niques to assess the ‘true’ RSF value
for a given matrix.

This paper reports on the analy-
sis of an antimony metal sample
(nominally 5N) for its purity assess-
ment using GD-QMS. Cross-valida-
tion of the values obtained using
GD-QMS was carried out by wet
chemical analysis of the antimony
sample using ICP-MS, ICP-OES, and
GFAAS. The interferences caused 
by the molecular ions are identified
and the isotopes suitable for quanti-
tative analysis are indicated. 

EXPERIMENTAL

Instrumentation

A quadrupole GD-MS, Model
GQ230 (VG Elemental, U.K), was
used for the analysis. This instru-
ment is located in our Ultratrace
Analytical Laboratory, inside a class
200 clean room. The glow
discharge was operated in current
mode where the discharge voltage
was adjusted by changing the flow
rate of argon gas using a gas inlet
valve. The discharge gas was argon
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of 99.9995% in purity. The dual
detector system (Model No: 4870V,
Galileo Electro-Optics Corp., USA)
utilizes an electron multiplier for
ion counting for trace elements (ion
currents <3X10–13 amp) and a fara-
day cup for measurement of major
and minor elements (ion currents
>3X10–13 amp). The peak jump
mode is used for the data acquisi-
tion. A 10-mm flat sample holder
was used for the analysis. The GD
cell in the instrument is cryogeni-
cally cooled with liquid nitrogen in
order to minimize residual gas cont-
aminants and interferences caused
by C, N, O, and Cl.

Mass Calibration

A high-speed stainless steel (HSS)
containing the elements ranging
from carbon to tungsten as
constituents was chosen for the
mass calibration. A ‘bit’ of solder
metal was also included into the
HSS sample to add Sn (mid mass
range ~120 amu) and Pb (higher
mass ~208 amu) masses as well to
get a better linear mass calibration.
The peak width (∆M) was adjusted
to 0.8 amu for all the masses.

Collector Calibration

Collector calibration was done
on day-to-day basis, and the calibra-
tion factor was adjusted to be
3000±200 as recommended by the
manufacturer by adjusting the HT
voltage to the electron multiplier.
The Faraday cup and the electron
multiplier detectors were cross-cali-
brated by measuring the intensity at
mass 76 (40Ar 36Ar+). The collector
calibration was done with a mass
step of 0.01 amu with 120 points in
peak scan.

Operating Parameters 

Discharge voltage 1.15 KV
Discharge current 0.8 mA
Argon flow rate 49 cc/min
Temperature during 

discharge –167oC
Vacuum 6x10–7 mbar 

(at quadrupole region)
Resolution 300 (∆M/M)

PROCEDURE

Sample Preparation

The surface of the Sb sample 
was made flat using diamond cutter
wheels (Isomet, Low speed saw,
Buehler, USA), etched with 50%
sub-boiled HCl, and rinsed with
high purity water (>18MΩ resistiv-
ity). The sample was air-dried inside
a class 10 laminar flow clean bench.
The sample was inserted into the
system and kept in vacuum prior to
analysis to enable removal of atmos-
pheric contaminants. Since the 
Sb sample is brittle in nature, the
surface could not be made smooth
enough, so stable discharge could
only be obtained at a higher flow
rate of argon (49 cc/min.). The dis-
charge parameters were optimized
for 121Sb to obtain about 300K
(counts per second). The sample
was sputtered for 30 minutes as 
a surface cleaning measure. Prior to
the analysis, typical surface contam-
inants such as C, N, O, and Cl were
sequentially monitored until they
reached steady state by repeated
scanning over the mass range of
5–219 amu. Control of instrument
and data acquisition are handled by
Glo-Quad software. The analytical
measurements were carried out 
at a mass step of 0.01 amu with 
120 points in peak scan, but the
peak integration was carried out 
at 0.8 amu relative to the centre 
of the peak. Initially, using a single
scan for Faraday cup (major and
minor elements) and 20 scans for
electron multiplier (trace elements)
for every run. After preliminary
examination of the impurity levels
in the Sb sample, 50–100 scans
were used for electron multiplier to
improve the signal-to-noise ratio of
the elements to be determined at
ultratrace levels.

RESULTS AND DISCUSSION

Relative Sensitivity Factors

Due to the absence of a Sb 
standard, the ion-beam ratio 
(element/matrix) data on Sb were

corrected using RSF values on stan-
dard steel samples.

The RSF values were generated
by using the values for certified ele-
ments on Low Alloy Steel NIST SRM
1761 and SRM 1762 (as discs). The
mean RSF values are given in Table
I. These values were validated by
the analysis of NIST Low Alloy Steel
SRM 1766 sample (as disc) and the
results are given in Table II. The
computations of concentrations for
the elements in the antimony sam-
ple was carried out with the RSF
value as 8 for Sb with respect to Fe,
as given in the Glo-Quad manual.

Spectral Interferences During
GD-QMS Analysis

In GD-QMS, the sample matrix
decides to a considerable extent the
choice of isotopes useful for quanti-
tation due to various gaseous and
molecular ionic species that can be
formed.

Initially an air compressor was
used to operate the interlock. It
was observed that values for the
gaseous elements H, C, N, O, Cl,

TABLE I
RSF Values Generated From

NIST Samples

Element RSF RSF Average
1761 1762

B 0.781 0.548 0.664
Ti 0.454 0.400 0.427
V 0.525 0.476 0.501
Cr 1.507 1.681 1.594
Mn 1.384 1.334 1.359
Ni 1.366 1.621 1.494
Co 0.911 0.972 0.942
Cu 4.531 4.934 4.733
Zr 2.039 2.967 2.504
Nb 1.438 1.783 1.611
Mo 1.289 2.450 1.870
Sn 10.152 11.151 10.652
Ta 4.351 9.980 7.166

W -- -- 1.720a

aValue obtained using a High Speed
Steel sample.
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and related molecular ions were
very high, indicating contamination
by air. Then the air compressor was
replaced and the interlock was
operated using compressed argon
gas (3.5 bar) of 99.995% in purity.
This led to about ten-fold reduction
of all gaseous elements, which was
confirmed by analyzing a high
purity tantalum foil.

Matrix Interferences Due to
Antimony

Some of the dominant molecular
ionic species noted in the GD-QMS
spectrum of the Sb matrix are given

in Figure 1, and the interfering iso-
topes are listed in Table III. The
interferences from the Sb2+ (Figure
1a) ion species significantly affect
the determination of Ni through
60Ni and 62Ni. Hence, 58Ni was used
for quantitation. Molecular ionic
species formed by argides with the
matrix are interfering with the ele-
ments Se, Dy, Au, Hg, and Tl.  The
interferences due to molecular
ionic species 121Sb16O+ and
123Sb16O+ (shown in Figure 1b),
121Sb40Ar+ and 123Sb40Ar+ (shown in
Figure 1c) are affecting the determi-
nation of Ba and Dy, respectively.

TABLE II
Comparison of Values for 
NIST 1766 Low Alloy Steel 

Using GD-QMS

Element Certified aObserved
value value
(µg/g) (µg/g)

B 4 6
C 150 657
Al 120 178
Si 100 169
P 10 40
S 24 32
Ti 5 5
V 90 72
Cr 240 181
Mn 670 711
Fe 99.793% 99.699%
Co 20 15
Ni 220 162
Cu 150 166
As 35 73
Zr 10 9
Nb 30 45
Mo 35 39
Ag 5 5
Sn 10 19
Ta 100 122

Pb 30 39

aValues obtained by GD-QMS using
average RSF values given in Table I.

TABLE III
Spectral Interferences 

Due to Matrix

Inter-
ference m/e Analyte

Sb2+ 60.5, 61.5 60Ni+, 62Ni+

(SbAr)2
+ 80.5, 81.5 81Br+, 82Se+

SbC+ 133, 135 133Ba+, 135Ba+

SbN+ 135,137 135Ba+, 137Ba+

SbO+ 137, 139 137Ba+, 139Ba+

SbCl+ 156, 158, 160 Gd+

SbAr+ 161, 163 Dy+

SbAr2
+ 197, 199 197Au+, 199Hg+

SbAr2
+ 201,203 201Hg+, 203Tl+ Figures 1 a,b, c. Molecular ionic species observed in the GD-QM spectrum of Sb.
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Fig. 1 d.  Molecular ionic species observed in the GD-QM spectrum of Sb.

The Sb sample also seems to con-
tain C (453 µg/g), N (0.27%), O
(0.16%), and Cl (0.16%) as signifi-
cant impurities, and the possible
interferences due to them are listed
in Table IV. 

The isotopes 52Cr and 53Cr were
interfered with by 40Ar12C+ and by
the molecular ionic species of
40Ar12CH+ and 37Cl16O+. Mn appears
to be interfered due to the
presence of 40Ar14NH+. All isotopes
of Se are affected by the presence
of the isobaric species 37Cl2+,
40Ar36Ar+, 40Ar37Cl+, 40Ar38Ar+,
40Ar2

+, (123Sb40Ar)2
+. The dimers of

all gaseous elements and the  trimer
of argon can interfere with the ele-
ments shown in Table IV. The for-
mation of 40Ar14N+, 40Ar16O+ and
40Ar16OH+ molecular ionic species
cause the interferences to all iso-
topes of Fe.

Comparison of Results

The average of the RSF values,
listed in Table I, were used to esti-
mate the concentrations of impuri-
ties in high-purity Sb samples. For
the elements other than those in
the certified NIST SRMs, the semi-
quantitative RSF values for the Fe
matrix, given in the GloQuad Sys-
tem Manual, were used. The results
obtained by GD-QMS are given in
Table V. The elements (Co, Cu, Mo,
Pd, Cd, Ba, Ta, W, Hg, Tl, Bi) show
fairly good agreement with the val-
ues determined by ICP-QMS, ICP-
OES, and GFAAS. But the
discrepancies noted on the values
for Cr, Ni, Mn, Se, and Au are
mainly due to spectral
interferences. The value of 58Ni is
high compared to the ICP-QMS
value, which is  possibly due to
spectral interference of 58Fe. Inter-
ference at m/z 197 is attributed to
the species 121Sb40Ar36Ar+ (shown
in a Figure 1d). Thus, gold in the Sb
sample cannot be quantified accu-
rately by GD-QMS. The molecular
ionic species, 123Sb40Ar36Ar+,
121SbAr2

+ and 123SbAr2
+ (shown in

Figure 1d), interfere with the 199Hg,

TABLE IV
Spectral Interferences Due to Ar, C, N, O and Cl

Interference m/e Analyte Interference m/e Analyte

Ar4
+ 10 B+ ArN+ 54 Cr+, Fe+

Ar3
+ 13.3 C+ ArO+ 56 Fe+

N2
+ 28 Si+ ArOH+ 57 Fe+

N2H+ 29 Si+ ClO2
+ 67, 69 Zn+, Ga+

NO+ 30 Si+ Cl2+ 70 Zn+, Ge+

O2
+ 32 S+ ArCl+ 71,73, 75,77 Ga+, Ge+, Se+

ArC+ 52 Cr+ Ar3
+ 120 120Sn+

TABLE V
Impurity Levels in Sb Sample and Their Comparison

Element GD-QMS ICP-QMS GFAAS
(ng/g) (ng/g) (ng/g)

52,53Cr 3.6±0.3b 173± 5 --
55Mn 865±40 131±6 --
58Ni 1.3±0.1b 459±8 --
59Co 63±3 137±4 124±2
63Cu 9.2±0.2b 10.2±0.1b 10.7±0.6b,c

82Se 114±11 21±2 --
95Mo 89±3 141±6 --
104Pd 17±1 6±0.1 --
107Ag 122±5 29±2 --
112Cd 72±3 73±5 64±1
115In 9±2b 85±6 --
136Ba 152±5 130±5 --
181Ta 166±7 273±4 --
184W 15±1 20±1 --
195Pt 21±3 2±0.1 --
197Au 306±59 2±0.2 --
200Hg 3±0.6 3±0.1 --
205Tl 1±0.2 5±1 --
208Pb 177±12 503±6 432±4
209Bi 94±3 82±3 94±3

a±Standard deviation (n=4), bµg/g, cValue obtained by ICP-OES.



29

Vol. 20(1), Jan/Feb 1999  

201Hg, and 203Tl isotopes, respec-
tively. Hence, 200Hg and 205Tl were
used for the quantitation. The high
value for In is due to memory
effects of the GD cell which was
used for the determination of In
prior to Sb determination. Arsenic
could not be determined as it was
interfered with from the molecular
ion 40Ar35Cl. The differences noted
for the values of the elements Ag,
Pt, and Pb relative to other
techniques are possibly due to the
non-validity of the RSF values based
on Fe for the determination of these
elements in the Sb matrix.

The impurity levels of the ele-
ments obtained using GD-QMS,
which are not cross-validated by
other techniques, are 11B (146
ng/g), 47Ti (770 ng/g), 51V (120
ng/g), 64Zn (600 ng/g), 71Ga (834
ng/g), 90Zr (162 ng/g), 93Nb (10
ng/g), 103Rh (33 ng/g), 117Sn (339
ng/g), and 128Te (272 ng/g).

Based on this analysis, the anti-
mony sample is assessed to be only
of 4N+ purity (excluding of C, N, O
and Cl).

CONCLUSION

The procedure adopted here,
namely the use of RSF values gener-
ated on another matrix (Fe) for the
determination of antimony using
GD-QMS, has been found to be suit-
able. This has been shown by the
good inter-technique agreement of
the results where the molecular
ionic interferences were not noted.
A more reliable value on the RSF
value of Sb/Fe might help to obtain
better accuracy of the results.
While alternate isotopes could be
used to overcome the interferences
due to the different argides of anti-
mony, except for gold, the high val-
ues of the constituent elements C,
N, O, and Cl in the sample affect
reliable determination of many ele-
ments through the formation of sev-
eral types of molecular ions. In
samples of still higher purity where
above listed constituents would be
much lower, GD-QMS can be
applied for the reliable determina-
tion  of more number of elements.

Received October 8, 1998.
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INTRODUCTION

During the Cold War, the United
States and Russia produced large
quantities of plutonium for nuclear
weapons production. However,
since the end of the Cold War, large
amounts of plutonium have been
declared surplus to defense needs
in both the U.S. and the former
Soviet Union. The two main options
for disposing of this surplus pluto-
nium are using it as nuclear reactor
fuel to produce electricity, or mix-
ing it with radioactive waste and
burying it. Both alternatives will be
used, with at least some of this plu-
tonium being burned as a mixed
oxide (MOX) fuel in nuclear reac-
tors.

One of the problems associated
with using weapons-grade pluto-
nium as a nuclear fuel is that it 
contains approximately 1% of gal-
lium. Since gallium forms alloys
with many metals, it is uncertain
what effect this gallium will have
on nuclear fuels throughout their
burn. Rather than predict the out-
come, it is preferable to remove 
the gallium completely from the
plutonium before the latter is fabri-
cated into the final MOX fuel. One
approach to removing gallium is to
vaporize it as its suboxide, Ga2O,
which is formed by heating gallium
oxide, Ga2O3, in a stream of hydro-
gen.Above 500oC, gallium suboxide
can be sublimed from the oxide

mixture (1). Gallium suboxide dis-
proportionates at 700°C to gallium
and Ga2O3 (Scheme 1) (2), 
and these compounds will be dis-
persed onto the reactor surface. In
order to avoid gallium and Ga2O3

becoming coated on the reactor
surface, a copper coil collector can
be installed (3,4).Gallium collects
on this copper collector as a bead,
which can be readily removed as 

it drops from the coil. The reactions
that occur on the copper coil
involve reduction of the gallium
suboxide to the element (5),
followed by regeneration of the
copper from its oxide with hydro-
gen. For subsequent disposal of 
the gallium, it is important to know
whether the material that drops
from the collector is pure gallium,
or an alloy with copper. These reac-
tions that occur on the copper coil
are shown in Scheme 2.

Because of the hazardous 
nature of plutonium, initial work
must be done using a surrogate.
The accepted one for plutonium is
cerium. While cerium serves as an
effective surrogate for plutonium, 
it does cause a major obstacle for
gallium determination by optical
emission spectrometry (ICP-OES).
Each of gallium’s strongest five
emission lines has a cerium emis-
sion line either directly coincident
with it, or within 0.02 nm (Table I).
Since the cerium surrogate will
always be present in excess, these
wavelength overlaps lead to diffi-
culties in determining gallium in
this matrix.

TABLE I

Ga/Ce Interferences

Ga Ce Difference

294.364 294.367 0.003 

417.206 417.196 417.216 0.01

294.418 294.399 0.019

265.987 265.972 0.015

270.047 270.047 0.0*Corresponding author.

Determination of Gallium in a Cerium Surrogate and in
Drops from a Copper Collector by ICP as Model Studies

for the Removal of Gallium from Plutonium
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ABSTRACT

ICP has been found to be an
effective method for the determi-
nation of gallium oxide in the
presence of cerium oxide, if the
former is extracted with sodium
hydroxide prior to analysis. ICP
can also be used to analyze the
composition of gallium drops
that fall from a copper collector
placed in the path of gallium 
suboxide vapor. Details of these
methods are presented, and the
relevance of the study to the
extraction of gallium from
weapons-grade plutonium is
presented.

Ga2O3 + 2H2 → Ga2O + 2H2O
3Ga2O → 4Ga + Ga2O3

Scheme 1

Ga2O3 + 3Cu → 2Ga + 3CuO
Ga2O + Cu → 2Ga + CuO
CuO + H2→ Cu + H2O
Ga + Cu→ GaxCuy

Scheme 2
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Since we are analyzing mimetic
samples that initially contain only
1% Ga2O3 in CeO2, after removal 
of the large majority of the gallium,
the cerium emission lines
completely overlap any gallium
lines present in the residue.  We
have therefore developed a simple
extraction method to circumvent
this problem by using the ampho-
teric character of gallium.  This
method allows us to remove the
gallium from the residue for analy-
sis free of interference from cerium.

EXPERIMENTAL

Instrumentation

A Perkin-Elmer Plasma 400 ICP-
OES, equipped with a pneumatic
crossflow nebulizer, was used for 
all determinations. Data were col-
lected and processed on a 486
DX2/66 computer using Version
4.11 of the Plasma 400 software.
Calibration was performed using
blanks (4.4 wt% HNO3 or 1M
NaOH) and single-element
standards with concentrations of
100 µg/mL. The instrumental para-
meters are given in Table II.

TABLE II
Instrumental Parameters

RF Power 1 kW

Plasma gas flow 15 L/min

Nebulizer gas flow 0.8 L/min

Auxiliary gas flow 0.3 L/min

Viewing height 12 mm

Sample flow rate 1 mL/min

Signal processing Peak height
mode calculation

Number of replicates 3

Read delay 5–10 s

Rinse delay 30 s @ 4 L/min

Ga wavelength 417.206

Cu wavelength 221.458

Mixed samples containing Ga2O3

and CeO2 were prepared for analy-
sis by adding the powder to 1M
NaOH, agitating the mixture for 
5 min., then centrifuging for an
additional 5 min. The liquid was
decanted off, and submitted for
analysis. The samples containing 
Ga and Cu from the collector were
prepared by dissolving the beads 
in 5% (wt%) HNO3.

Reagents and Solutions

All reagents and standards were
purchased from Aldrich Chemical
Co. and Purified as noted. Nitric
acid (70% wt%) was redistilled.
Sodium hydroxide (97%) was dried
under vacuum (40oC and 0.3 mm
Hg), and stored and weighed in a
Vacuum Atmospheres glove box
under a nitrogen atmosphere. 
High purity water was produced 
by passing distilled water through 
a Milli-Q® deionizing system.

RESULTS AND DISCUSSION

In order to verify our base
extraction method for gallium and
to obtain preliminary data on the
kinetics of the extraction process,
two test samples were prepared.
The two samples were 1% Ga2O3 in
CeO2 and 100% Ga2O3, respectively,
and prepared at concentrations of
approximately 75 µg/mL. An
aliquot of the samples was analyzed
for gallium within a few minutes,
and a second aliquot was removed
after 72 hrs, and analyzed for addi-
tional extraction of gallium.  The
initial and final 1% samples showed
gallium concentrations of 0.72
µg/mL and 0.76 µg/mL respectively.
The two 100% samples showed gal-
lium concentrations of 76.86 µg/mL
and 76.73 µg/mL, respectively.
These tests show that our extrac-
tion method is effective for remov-
ing the gallium from cerium in
order that emission spectroscopy
can be used to measure gallium
concentrations without interference
from the cerium emission lines. It is

also apparent that the extraction of
gallium is rapid, with no lengthy
delay being required before sample
preparation for analysis.

This extraction and determina-
tion method has been used to 
determine gallium in 17 samples
prepared in a high-temperature 
furnace containing Ga2O3 and
CeO2, and a copper coil collector
under a flow of hydrogen. All sam-
ples initially contained 10% Ga2O3

in CeO2, and the samples for 
analysis were prepared at concen-
trations of approximately 1 mg/mL.
The results of these analyses are
shown in Table III. The wavelength
chosen for these measurements is
417.206 nm.  

The difficulty of determining gal-
lium in the presence of cerium is
that the emission lines of the two
elements are very close to each
other. These wavelengths shown 
in Table I are in order of decreasing
intensity (6,7). The two intense
lines are at 294.364 and 417.206
nm, but the former is too close to
the cerium line at 294.367 for it to
be useful for gallium determination.

These analytical data show that
this high-temperature method of
gallium removal from a cerium sur-
rogate is efficient, generally remov-
ing 99.5% of the gallium from the
sample. This process allows for the
removal of gallium, but not its effec-
tive collection, since the gallium is
dispersed over the walls of the
extraction apparatus. In an effort to
alleviate the need for frequent
cleaning or replacement of the
apparatus, we have developed 
a system to collect the gallium on 
a copper coil, and through reduc-
tion chemistry, recover pure gal-
lium. Several beads of the metal
which were collected as droppings
from the copper coil were analyzed
for both gallium and copper. These
results are presented in Table IV.
These data show that the beads that
form on the collector all have a
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compositon of approximately 70% copper and 30%
gallium, showing that the high affinity of gallium for
forming alloys leads to the presence of high concen-
trations of copper in the drops.

CONCLUSION

ICP is a useful technique for analyzing small
amounts of gallium oxide in the presence of a 
cerium oxide surrogate, and for obtaining gallium 
to copper ratios in the beads dropping off a copper
coil collector.
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20 1490 969.0 450.7 2.15

21 1653 1102 486.7 2.26



33SAAtomic Spectroscopy
Vol. 20(1), January/February 1999

INTRODUCTION

Graphite furnace determination
of  trace metals in difficult matrices
is often plagued by severe interfer-
ences (1-6). Techniques such as
standard addition and matrix modi-
fication employed to eliminate 
such problems are both cumber-
some and time consuming. The
introduction of the L'vov platform
(7-8) and later, the Stabilised Tem-
perature Platform Furnace (STPF)
concept by Slavin and 
co-workers (9) made trace metal
determination in difficult matrices
feasible (1, 3, 10). While the STPF
technology addresses non-spectral
interferences with the aid of chemi-
cal matrix modifiers, superior 
background correction facilities are
required for spectral interferences.
Zeeman background correction
offers a superior mode of  back-
ground correction for up to 2.0
absorbance units.

During the determination of
trace metals in biological tissues,
complete destruction of the 
tissues and organics is required 
to solubilize the metals. Previous
studies on the atomic absorption
analysis of biological materials 
have used open vessel, lengthy 
wet digestion procedures using 

for graphite furnace analysis. 
Most workers (16, 18–19) in rou-
tine and research laboratories have
used specialized microwave ovens
for the digestion of biological mate-
rial. Others (16, 20–22) have used
commercial, domestic brand
microwave ovens for similar work
with very good results.

Optimum recovery of an analyte
can be affected by the acid or acid
mixture used. Various acids and
acid mixtures are described in the
literature (11, 13, 21–23) for the
extraction of different elements in
both biological tissues and human
body fluids.

In this study, an analytical 
technique was developed for 
the microwave digestion of fish 
tissues (kidney, liver and flesh) 
barnacles, mud clams, and crab
muscles in a non-pressurized, semi-
closed digestion vessel. Cadmium,
copper, and lead were determined
directly using Zeeman background
corrected graphite furnace atomic
absorption spectrometry (ZGFAAS)
without the use of chemical matrix
modifiers. Zinc was determined 
by flame atomic absorption 
spectrometry.

EXPERIMENTAL

Instrumentation

The Perkin-Elmer dedicated
graphite furnace atomic absorption
spectrometer, Model 4100ZL, was
used throughout this study. This
system utilizes a pulsed magnetic
field at the graphite furnace in lon-
gitudinal orientation (paralell to the
optical path) and incorporates the

Determination of Cd, Cu, Pb, and Zn in Biological
Tissues Using Zeeman Graphite Furnace AAS After

Microwave Digestion in Non-Pressurized, Semi-Closed Vessel
B.T. Yaru*, D. Bainok, and G.M. Day** 
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ABSTRACT

Heavy metals (Cd, Cu, Pb, and
Zn) were determined in various
fish organs (flesh, kidney, and
liver), barnacles, mud clams, and
crab muscles using Zeeman
graphite furnace (Cd, Cu, Pb) and
flame (Zn) atomic absorption
spectroscopy after a simple, rapid
dissolution step using a regular
conventional (kitchen)
microwave. A simple HNO3-H2O2

digestion was used for the disso-
lution of tissue samples. Graphite
furnace determination of Cd, Cu,
and Pb was done using aqueous
calibration standards. No chemi-
cal matrix modifiers were used
during the analysis. Recovery
results for spiked external certi-
fied reference materials (NRC
Dorm-1 Dogfish Muscle, NRC
Dolt-2 Dogfish Liver/Kidney, and
CEC CRM278 Mussel Tissue)
were 101, 115, 96% for Cd; 116,
103, 108% for Cu; 106, 102, 108%
for Pb and 97, 106, 104% for Zn,
respectively.

The method is relatively quick
and easy to use for routine analy-
sis of environmental samples, pro-
cessing up to 100 samples per day.

hot-plates and heating blocks (3,
11–15). Conventional hot-plate
digestion procedures render the
samples to potential contamination
and loss of the analyte element
through volatilization. However,
microwave technology has
improved the quality of data as 
well as the efficiency in providing
that data (16–18). The technique
has also shortened the time
involved in preparation of digests
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Transversely Heated Graphite Atom-
izer, an improved design of STPF
technology. This enables rapid and
uniform heating over 
the entire graphite tube length. 

A commercial, domestic type
microwave oven of 650–750watt
power output was used throughout
the study for the digestion of bio-
logical materials.

Polycarbonate digestion vessels
of 120mL capacity, with caps 
were used. 

Reagents

Calibration standards were 
prepared from individual BDH
Spectrosol standard solutions, 
containing 1000 mg/L each of 
copper, cadmium, lead, and zinc.

Nitric acid and hydrogen 
peroxide solutions were of analyti-
cal grade. Both reagents were used
as the concentrated solutions, 65%
HNO3 and 30% H2O2.

Sample Preparation

Wet samples (2.0–4.0 g) of fish
organs (flesh, liver, and kidney),
barnacles, mud clams, and crab
muscles were transferred into 
pre-weighed 120 mL polycarbonate
vessels. The weights of the wet tis-
sues were recorded and the sam-
ples was dried in a vacuum oven
overnight at 80oC under pressure 
at 21–25 inches Hg. Overnight dry-
ing was sufficient to dry the tissues
to a constant weight. To the dried
samples, 5.0 mL of 65% HNO3 was
added, then left to digest until bub-
bling and frothing subsided. The
digestion vessel lid was screwed 
on tightly in a clockwise manner,
then unscrewed loosely in a single
full turn. This was done to allow
the release of pressure during diges-
tion. The sample/acid mixture was
digested in a commercial domestic
microwave oven (Goldstar Model
750W, power output) at 30%

power for 10 minutes and then
again at 20% power for another 
10 minutes after cooling. If the
digestion was incomplete, the 
program was repeated several times
until a clear to light yellow solution
was present. The solution was
cooled, then 1.0 mL of 30% H2O2

was added. The same microwave
program was used for the peroxide
digestion and the solution cooled in
the freezer. The digest was diluted
to volume by weight and shaken
thoroughly before analysis by
graphite furnace and flame atomic
absorption spectrometry.

Furnace Programs

Measurement of Cd, Cu, and Pb
was performed on a Perkin-Elmer
Model 4100ZL spectrophotometer,

equipped with a transversely
heated graphite atomizer (THGA)
and longitudinal Zeeman effect
background correction. Pyrolytic
coating of the THGA furnace tube 
is a standard feature on this instru-
ment. Hollow cathode lamps were
used for all three elements. Furnace
programs for each of the element is
given in Table I. 

Gas (Ar) flow was maintained 
at 250 mL per minute for all tem-
perature steps, except during atom-
ization where the gas flow was
stopped. Instrument performance
was checked through the use of
known aqueous standards (in-house
20.0 µg/L Cu/Pb; 2.0 µg/L Cd) and
certified reference material  NIST
NBS1643c (Trace Elements in

TABLE I
PE4100ZL Furnace Programs for Cd, Cu, and Pb

Parameter Temp. Time (sec) Gas Flow
(oC) Ramp Hold (mL/min)

Cadmium

Drying 1 120 1 20 250

Drying 2 130 5 25 250

Pyrolysis 300 10 20 250

Atomization 1200 0 5 0

Clean Out 2400 1 2 250

Copper

Drying 1 120 2 20 250

Drying 2 140 1 25 250

Pyrolysis 850 2 20 250

Atomization 1800 0 5 0

Clean Out 2400 1 2 250

Lead

Drying 1 120 1 20 250

Drying 2 140 5 25 250

Pyrolysis 500 10 20 250

Atomization 1500 0 5 0

Clean Out 2400 1 2 250
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Water). Performance of the furnace
program was also checked using
manually spiked biological tissue
samples. Zinc was determined by
flame AAS using a Perkin-Elmer
Model 5100 ZL AAS.

RESULTS

Metal Recovery / Microwave
Digestion

The efficiency of the microwave
digestion technique was tested by
digesting duplicate fish tissue sam-
ples and duplicate external certified
reference material (CRM). Some
fish tissue samples and external
CRMs were also spiked before the
digestion. Recovery results for met-
als from the digestion for NRC
Dorm-1 Dog Fish Muscle and CEC
CRM278 Mussel Tissue are listed 
in Table II. Recovery of the four
elements from Dorm-1 were
collated from results obtained over
12 months of routine analysis (see
Figure 1). Various CRMs and in-
house samples were spiked prior 
to digestion using the microwave
oven. The results are a mean of 
10 batches consisting of five repli-
cates of unspiked CRMs and five
replicates of spiked reference mate-
rials. The recoveries are also

expressed as a percent of the
expected concentrations (in paren-
theses). The recovery results from
the spiked samples and the CRMs
are listed in Table III. Overall recov-
ery results show that the optimum
recoveries can be obtained
efficiently.

The results of Cd, Cu, Pb and 
Zn recovered in NRC CRM Dorm-1
are shown in Figure 2. The certified
values of these elements and their
standard deviation are compared
with those obtained using the
microwave digestion procedure.
The precision (%RSD) of these
results is 6, 11, 23, and 6% for Cu,
Cd, Pb, and Zn, respectively. These
samples were digested within the
batches during routine analysis
using the method described above.
Recovery of the analytes in all certi-
fied reference materials shows that
some values fall outside the upper
and lower confidence limits. The
number of values from NRC CRM
Dorm-1 outside the upper and
lower confidence limits for all ele-
ments determined average <20% of
the total number of determinations.

These results also illustrate the
ease at which comparable results
can be obtained using this method.

Although digestion of liver samples
due to its fat content indicate a cer-
tain degree of difficulty, repeated
microwave digestion effectively sol-
ubilizes the sample material. The
NRC Dolt-2 Dogfish Liver sample
resulted in good recovery for Cd,
Cu, Pb, and Zn with acceptable pre-
cision (Table III).

Element Recovery-Zeeman
Graphite Furnace Analysis

Randomly selected digests were
spiked with a 40 µg/L Cu/Pb and 
4 µg/L Cd standard solution in 
a 1:1 dilution. The samples having 
a final concentration of 20 and 
2 g/L, respectively, were analyzed
using the furnace program listed 
in Table I. The recoveries resulted
in 100±4% (n=51) for Cd, 104±6%
(n=37) for Cu, and 98±5% (n=47)
for Pb. The recovery results from
aqueous, known standard solutions,
and the CRM NIST1643c (Trace 
Elements in Water), also were
good. The matrix interference 
was minimal for samples spiked 
in a range of concentrations. Sam-
ples spiked to maintain 25, 
50, and 75% of the original matrix
showed recoveries ranging from 
94 to 110% for Cd, Cu, and Pb.

TABLE II
Cadmium, Copper, Lead, and Zinc Concentrations in CRMs Using Microwave Digestion 

(Certified values for each element are in parentheses. All units are in mg/kg.)

Element CEC CRM278 NRC CRM Dorm-1 NIST 2704 Buffalo GBW09101 
Mussel Tissue Dogfish Muscle River Sediment Human Hair

Cd 0.35 ±0.04    n = 45 0.09±0.01       n = 79 3.3±0.1       n = 15 0.08±0.01      n = 12
(0.34 ±0.02) (0.086 ±0.012) (3.45±0.22) (0.095±0.012)

Cu 9.3 ±1.1        n = 30 5.2 ±0.3          n = 87 99.8±6.5     n = 25 21.3±2.3        n = 12
(9.60 ±0.16) (5.22 ±0.33) (98.6±5) (23.0±1.4)

Pb 1.91 ±0.21    n = 39 0.36 ±0.08      n = 65 151±8         n = 19 7.4±1.4          n = 12
(1.91 ±0.04) (0.40 ±0.12) (161±17) (7.2±0.7)

Zn 76 ±6            n = 45 21.4 ±1.3        n = 64 446±28       n = 12 205±24          n = 12

(76 ±2) (21.3 ±1.0) (438±12) (189)
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Fig. 1. Cadmium, copper, lead, and zinc results from CRM NRC Dorm-1 Dogfish Muscle. 
Solid line (           ) represents the certified mean.
Broken line  (–––––) on either side of the solid line represents the standard deviations of the certified mean. 
Y-axis is concentration in mg/Kg and the X-axis represents the number of determinations.

TABLE III
Trace Metal Recovery in CRMs Spiked Prior to Microwave Digestion. Recoveries are Expressed as Mean of

Percent and Range. Zinc Recovery is Calculated Against the Certified Value in each CRM

CRM Cd (mg/Kg) Cu (mg/Kg) Pb (mg/Kg) Zn (mg/Kg)
original    added    recovered       original  added  recovered   original   added   recovered     original   recovered

NRC Dorm 1 Dogfish Muscle

0.099 0.360 0.47±0.01 6.37 3.63 11.6±0.2 0.393 3.63 4.25±0.26 20.2 19.3±0.9
±0.004 (101) ±1.15 (116) ±0.089 (106) ±0.5 (95.6)

In-House Ref. Material Fish Muscle

0.020 0.337 0.37±0.01 2.19 3.63 5.15±0.25 0.136 1.36 1.46±0.07 29.1 23.0±2.3

±0.002 (103) ±0.43 (88.5) ±0.017 (97.9) ±2.3 (79.0)

NRC Dolt-2 Dogfish Liver

29.0 1.070 34.5±1.9 47.3 10.5 59.2±2.7 0.182 10.5 11.1±0.4 107 111.0±5.0

±3.5 (115) ±0.7 (102) ±0.010 (104) ±3 (103)

CEC CRM278 Mussel Tissue

0.362 0.770 1.09±0.14 14.9 7.7 24.3±2.4 1.89 7.7 8.63±0.90 81.1 84.9±3.2

±0.008 (96.2) ±0.4 (108) ±0.05 (90.0) ±1.2 (105)



37

Vol. 20(1), Jan/Feb 1999  

The detection limits for Cd, Cu,
and Pb were based on the detection
limits for aqueous standards (see
Table IV) and blanks. The detection
limits established for normal waters
are expressed as µg/L, while the
detection limits for biological mate-
rial is expressed as µg/g. Detection
limits for each element in biological
samples were calculated as three
time the standard deviation of aque-
ous sample blanks, processed dur-
ing routine analysis. The µg/L
values were then expressed as mass
of analyte in 0.20 g of dry sample.
Zinc detection limits are from flame 
AAS analysis expressed as mg/L and
mg/kg.

DISCUSSION

The difficulties associated with
the handling of bulky batches of
samples include lengthy turn-over
time for results, possible introduc-
tion of contamination, loss of
volatile analyte element, and there-

fore significant variability in the
results. The method described for
the digestion of biological samples
and the subsequent determination
of Cd, Cu, Pb, and Zn has been illus-
trated to be quick and convenient.

Compared with hot plate diges-
tion (2–3 days for digestion only)
and other microwave digestion pro-
cedures (Table V), this digestion
method enabled the processing of
up to 100 samples per working day.

Interference from residual
organic matter was observed as
insignificant. The digestion proce-
dure was found to be efficient in

destroying most organic matter and
therefore did not require the use of
matrix modifiers. The furnace pro-
grams were optimized according 
to the individual elements. Lower
pyrolysis temperatures were intro-
duced for all elements since loss of
analyte element was observed at
higher temperatures.

For a batch of 40 samples, diges-
tion and analysis of the samples for
the determination of all elements
could be performed in one working
day (6–8 hours).

TABLE IV
Detection Limits for Cd, Cu, Pb, and Zn in Biological Samples

Cadmium Copper Lead Zn
(µg/L) (µg/g)         (µg/L)    (µg/g)         (µg/L)  (µg/g)        (mg/L)  (mg/kg)

0.02 0.004 0.2 0.007 0.3 0.010 0.02 0.05

TABLE V
Comparison of Some Hot Plate and Microwave Digestion Procedures

(Previous hotplate method used by this laboratory and the new method are both described, 
in terms of efficiency and throughput, within text)

Samples Duration No. of
per batch of digestion samples per

Method working day                         Conditions Reference

Hotplate 30–40 6 days 3 Hotplate digests using Erlenmeyer flask in 14
HNO3/HClO4 at 100oC

Hotplate 80–100 3 days 13 Digestion in HNO3/HCLO4 using Pyrex‚ 13
Digestion Test Tubes. Test tubes placed in 
concrete heating block set at 80–100oC.

Hotplate 30–40 3 days 5 Hotplate digests using Erlenmeyer flask in 11
HNO3/HClO4 at 100oC

Microwave 12 70 minutes 98 Teflon pressure digestion bomb used with 19
commercial laboratory microwave. HNO3

and H2O2 used for digestion.

Microwave 30 60 minutes 285 Teflon pressure digestion bomb used with 18
conventional (kitchen) microwave. Initial 
digestion in microwave and then on hotplate. 
HNO3 and H2O2 used for digestion.

Microwave 45 80 minutes 320 HNO3 and H2O2 used for digestion of This study
sample in polycarbonate vials using 
a convention kitchen microwave oven.
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CONCLUSION

Based on the results of this
study, it can be concluded that
quality results can be obtained
safely and quickly with a minimum
number of steps for the digestion
procedure. The major advantage 
of our application is the increased
throughput in the processing of
the samples and the quality of 
data obtained on a consistent basis
throughout the year. Our laboratory
processes up to 8000 samples per
annum, which includes mostly
riverine and estuarine sediment 
and biological material (fish tissues,
barnacles, mud clams, and crabs).
Occasionally, we undertake occupa-
tional health studies involving the
analysis of human hair. The transi-
tion from hot-plate digestion to
microwave has improved the 
laboratory’s capabilities to handle 
a large number and a greater of
samples.

While the acid digestion mixture
varies with the nature of the sam-
ple, the procedure used for all
types are very similar. This simpli-
fies staff training and quality results
are achieved in little time from new
staff or University part-time
students, since the manipulative
skills required for the hot-plate
methods are eliminated.
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ABSTRACT

An automatic lab-made system
involving the use of flow injec-
tion analysis (FIA) was designed
and constructed for the determi-
nation of sodium, potassium, 
calcium, and magnesium in par-
enteral solutions by flame atomic
absorption and emission spec-
trometry. The system carries out
the necessary dilutions and 
addition of spectroscopic buffers
as well as data acquisition under
software control from a personal
computer. 

Good recoveries, precision
and stability were found, suggest-
ing its use for the automation 
of quality control of parenteral
solutions in the pharmaceutical
industry.

INTRODUCTION

The volume of solutions for 
parenteral injections represent 
a large number of the pharmaceuti-
cal products used in hospitals.
These pharmaceuticals are
solutions containing mainly salts 
of one or more of metals such as
sodium, potassium, calcium, and
magnesium, and may also contain
other substances such as dextrose.

The production of these medi-
cines in pharmaceutical laboratories
calls for very strict quality control,
because they are injected directly
into the blood stream at high vol-
umes. In addition, these pharma-
ceuticals have, due to their
therapeutical and technological 
criteria, very narrow tolerance lim-
its with regard to their concentra-
tion (typically ±5 % of nominal
concentration).

According to the current Phar-
macopeias, such as the United
States Pharmacopeia (1), the deter-
mination of sodium, potassium, 
calcium, and magnesium is
performed mostly using flame
atomic absorption spectroscopy
(AAS) and flame atomic emission
spectrometry (AES) (2).

However, the concentration 
of metal analytes in the samples can
be far above the analytical range of
some techniques. The sodium con-
centration, for instance, may be
over 3 g/L, while AAS analysis can
only be used to determine levels in
the mg/L range. The application of
conventional methodologies is also
very time-consuming, because they
require many sample dilution steps
and numerous glassware. This

results in increased cost, analysis
time, and uncertainty of the analyti-
cal results due to the possibility of
human error, and thus decreased
reliability. 

Considering the large number of
batches of pharmaceuticals and the
variety of formulations produced by
the pharmaceutical industry, labor
and cost factors are an extraordi-
nary challenge to quality control
laboratories. 

It would be advantageous to
include some degree of automation
(3,4) to reduce cost and increase
analytical speed and reliability.
However, commercial automatic or
automated systems are usually
expensive and often cannot be
afforded by small and medium-sized
laboratories.

Flow injection analysis (FIA) (5)
is currently a widely accepted tech-
nique for laboratory automation,*Corresponding author.

E-mail: mknochen@bilbo.edu.uy

and has been succesfully adapted
for use in conjunction with atomic
spectrometry (6,7). FIA is increas-
ingly employed for automation 
of pharmaceutical quality control
(8–15), although some of the work
carried out is not published in 
scientific journals because of the
reserved nature of industrial
research. 

In this work, the use of FIA was
explored for the automatic determi-
nation of sodium, potassium, cal-
cium, and magnesium in the quality
control of parenteral solutions. 
This approach, which we have pre-
viously applied to the quality con-
trol of hemodialysis concentrate
solutions (16,17), is demonstrated
for this purpose. A prototype of 
a computer-controlled FIA system,
capable of determining the four
metals, was constructed and several
manifolds were tested.

EXPERIMENTAL

Spectrometry

Atomic absorption and emission
measurements were carried out
using a Perkin-Elmer® Model 380
AAS (The Perkin-Elmer Corporation,
Norwalk, CT USA), equipped with 
a 10-cm burner for air-acetylene
flame. For atomic absorption mea-
surements, Photron (Narre Warren,
Australia) Na-K and Perkin-Elmer
Ca-Mg-Zn hollow cathode lamps
were used. Recordings were made
with a BBC Goerz-Metrawatt (Aus-
tria) SE-130 recorder.

Operating conditions were 
chosen as recommended by the
manufacturer. The operating wave-
lengths used were 589.0 nm  for
sodium, 766.5 nm for potassium,
422.7 nm for calcium, and 285.2
nm for magnesium.



40

FIA System

A Gilson® Minipuls 2 peristaltic
pump (Villiers le Bel, France) was
used as the main pump, and an
Ismatec MS-CA2/820 two-channel
cartridge peristaltic pump (Zürich,
Switzerland) was employed as the
auxilliary pump. Both pumps were
fitted with Tygon™ pump tubing.
The main pump was operated at
high speed to decrease the effect of
pulsation.

Injections were made with 
a lab-made two-section sliding-bar
injector, constructed of Perspex®
material (18), which was
electrically operated by 220 V sole-
noids. Polyethylene tubing (0.8 mm
ID) was used for all connections
and reactors. 

Several FIA systems were tested.
Since sodium has the highest con-
centrations in these types of solu-
tions, a high dilution rate is
necessary to reach the analytical
concentration range. For this pur-
pose, a split-flow system (Figure 1),
simple and double confluence dilu-
tion systems, and a zone sampling
system were tested. For potassium,
calcium, and magnesium, which are
susceptible to ionization interfer-
ence from sodium, a zone-merging
approach (Figure 2) was chosen to
permit the on-line addition of the
ionization buffer.

In all of the systems, the second
pump was used as the auxilliary
pump for automatically filling the
sample and reagent loops.

The aspiration rate of the spec-
trometer’s nebulizer was reduced
(approximately 1.5 mL/min) to

allow flow control from the peri-
staltic pump.

Hardware and Software

Data acquisition and system con-
trol was performed using a 386
IBM® compatible personal
computer running under MS-DOS®

system. The PC was fitted with a
12-bit analog to digital (A/D) inter-
face (RTX-03, Taiwan) and was
used for data acquisition. Minor
modifications were made in the
spectrometer electronics in order
to obtain an analog signal of  an
amplitude compatible with the A/D
card. Control of the injector sole-
noids and the auxilliary pump were
made using a lab-made optoisolated
triac power interface fed with 220
V AC and controlled from the PC
via the LPT2 parallel printer inter-
face. The complete system is
shown in Figure 3.

Fig. 1. FIA system for the determination of sodium 
by flame AES.
P1: main pump 
P2: auxilliary pump 
I1: injector 
R1: reactor, 100 cm x 0.8 mm ID polyethylene tubing
R2: reactor, 75 cm x 0.8 mm ID polyethylene tubing
C1: water, 2.6 mL/min 
C2: water,  10.3 mL/min
C3: water, 10.3 mL/min
Sp: 2.6 mL/min
S: sample or standard, 1.9 mL/min
W: waste
AES: spectrometer

Fig. 2. FIA system for the determination of potassium, 
calcium and magnesium. 
P1: main pump 
P2: auxilliary pump 
I1: injector 
L1: loop, 25 µL
L2: loop, 50 µL
R1: reactor, 100 cm x 0.8 mm ID polyethylene tubing
C1: water, 2.6 mL/min
C2: water, 2.6 mL/min
S: sample or standard, 1.9 mL/min.
Re: ionization buffer solution, 1.9 mL/min
W: waste
AAS/AES: spectrometer
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Fig. 3. General layout of the automatic system.
PC: Personal computer
LPT1, LPT2: parallel printer ports
A/D: 12-bits analog to digital interface
AAS/AES: spectrometer
PI: power interface
I: injector
L: lever
S: solenoid
P2: auxilliary pump

Fig. 4. Recorder trace of typical FIA determinations of
sodium. 
A = Calibration curve corresponding to 2-, 3- and 4-g/L 
standard solutions and unknown solution.
B = 30-minute stability test made with a 4-g/L sodium 
solution. 

Control software was custom-
written and compiled in Quick
BASIC 4.0 language. This program
manages the data acquisition from
the A/D card with  simultaneous
display of the peak form via the PC
monitor, the commutation of the
injector, and the operation of the
auxilliary pump, giving the appro-
priate timing to all functions. It also
allows saving of data to the disk in
ASCII format, as well as other main-
tenance functions, such as indepen-
dent testing of the injector
solenoids or the auxilliary pump.

Further processing of the FIA
peaks stored in ASCII format (such
as baseline correction and peak-
height measurement) was carried
out  by means of a chromatography
program (PeakSimple II, version
3.3, SRI Instruments Inc., Torrance,
CA USA).

Reagents and Solutions

Sodium and potassium chlorides,
calcium chloride dihydrate, magne-
sium chloride hexahydrate,
dextrose, and lactic acid were of
analytical grade. Calcium chloride
and magnesium chloride were
checked titrimetically for metals
content and found to be of 98%+
purity.

For recovery experiments, artifi-
cial model solutions were prepared.
These, and the analytical standard
solutions, were prepared from the
same reagents.

Ringer’s Injection USP

Sodium chloride: 8.2 – 9.0 g
(sodium: 3.23 – 3.54 g)

Potassium chloride: 0.285 – 0.315 g
(potasium: 0.149 – 0.165 g)

Calcium chloride (dihydrate): 
0.300 – 0.360 g 
(calcium: 0.082 – 0.098 g)

Water to bring to 1000-mL volume

Lactated Ringer’s and Dextrose
Injection USP

Sodium chloride and sodium
acetate (trihydrate)
(sodium: 2.085 – 3.15 g)

Potasium chloride: 0.270 – 0.330 g
(potasium: 0.142 – 0.173 g)

Calcium chloride (dihydrate): 0.180
– 0.220 g (calcium: 0.049 – 0.060 g)

Dextrose: 45.0 – 55.0 g 
(nominal 50.0 g)

Water to bring to 1000 mL volume

Balanced Electrolyte Solution

Sodium chloride: 5.00 g

Sodium acetate trihydrate: 0.750 g 

Sodium citrate dihydrate: 0.790 g
(total sodium: 3.11 g)

Potassium chloride: 0.75 g 
(potassium: 0.393 g)

Calcium chloride dihydrate: 0.370 g
(calcium: 0.10086 g)

A B
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Magnesium chloride hexahydrate:
0.310 g (magnesium 0.0567 g)

Water to bring to 1000-mL 
volume.

Evaluation of Proposed Systems

For each element, different mani-
folds were tested in preliminary
experiments. The one providing
best results was chosen.

The methodology was validated
by analyzing artificial solutions
whose concentrations were accu-
rately known. Ringer’s Injection
USP, Lactated Ringer’s and
Dextrose Injection USP, and
Balanced Electrolyte Solution were
chosen for this purpose.

Recovery and precision were the
main considerations in this work.
Also, long-term stability was evalu-
ated. 

RESULTS AND DISCUSSION

Table I summarizes the results
obtained when analyzing artificial
solutions by the proposed method.

For the determination of
sodium, it is necessary to obtain a
high dilution rate compatible with
maximum precision and analytical
speed. Parenteral solutions may
contain as much as 3 g/L sodium.
For AAS work using an air-acetylene
flame, concentration levels should
not exceed 1 mg/L if the linearity 
is to be found with a burner of 
10-cm length at the 589-nm analyti-
cal doublet line. Concentrations of
perhaps 2 mg/L would be accept-
able if a multi-point calibration
curve were constructed. This
means that a dilution equivalent 
to no less than 1500-fold would 
be necessary when analyzing, 
for instance, Lactated Ringer’s
Injection.

The attainment of such dilutions
with good precision is not an easy
task even with flow injection sys-
tems. Lack of reproducibility due to

mixing and pulsation of the peri-
staltic pump contributes to the lack
of precision. A nominal concentra-
tion of 3 g/L was chosen for the
experiments. This is equivalent to
the nominal concentration of a Lac-
tated Ringer’s Injection. 

A system involving flow splitting
is perhaps the most obvious
approach for attaining high dilution
rates. In this work, the system
depicted in Figure 1 was
constructed and tested.

Simple- and double-confluence
systems were also tested in order to
provide the required dilution. The
system finally chosen was the one
depicted in Figure 1. This involves a
double splitting, which was found
to be more dependable than a sin-
gle-splitting system with an equiva-
lent splitting rate for the high
dilution rates required.

For alkaline metals, usually AES
analysis attains better precision and
flatter baselines than AAS. Also, a
wider dynamic range can be found
at the expense of decreased linear-
ity. This led us to try both AAS and

TABLE I
Results for Na, K, Ca, and Mg in the Analysis of Artificial Samples

True Found Recovery RSD Analytical 
(g/L) (g/L) (%) (%) speed (h-1)

R Na 3.39 3.39 100.0 0.52 90
K 0.1582 0.1607 101.6 0.11 140
Ca 0.0548 0.0553 100.9 0.62 120

LRDa Na 3.00 2.96 98.9 0.24 90
K 0.1576 0.1605 101.8 0.22 140
Cab 0.0901 0.0905 100.4 1.51 120

BES Na 3.11 3.15 101.3 0.43 90
K 0.398 0.400 100.5 0.98 140
Cab 0.1015 0.1010 99.5 1.18 120

Mg 0.0372 0.0371 99.7 0.84 120

R = Ringer’s Injection USP 
LRD = Lactated Ringer’s and Dextrose Injection USP 
BES = Balanced Electrolyte Solution
aContaining 50 g/L dextrose.
bBurner rotated for decreased sensitivity.

OES for sodium determination. For
AAS measurements, the burner was
rotated about 45o to further reduce
the sensitivity. The results showed
a significant increase in precision
when optical emission was
employed. Thus, it was decided to
use optical emission for sodium and
potassium determination, resorting
to non-linear calibration curves
(second degree polynomials) when
necessary.

Since K, Ca, and Mg are present
at lower concentrations than
sodium, their determination by
atomic spectrometry is susceptible
to ionization interferences. It was
decided to use a zone-merging man-
ifold in order to allow the addition
of limited amounts of ionization
buffer. Although cesium or lithium
are usually employed for this pur-
pose, we chose a sodium solution
due to cost considerations and
obtained satisfactory results. 

Potassium determinations were
carried out by OES for the same rea-
sons as discussed for sodium.
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During the determination of cal-
cium, a positive interference caused
by glucose was found when work-
ing with an oxidizing flame. This
was avoided using a slightly reduc-
ing flame. The determination of this
metal in citrate-containing parenter-
als, such as Balanced Electrolyte
Solution, suffered from multiplica-
tive interference, presumably
caused by chelation of calcium by
citrate. This was cancelled by
replacing a mixed sodium (10 g/L)
and lanthanum (0.5 g/L) reagent
instead of the sodium ionization
buffer solution.

The decreased linearity of the
calibration curves found in optical
emission measurements was han-
dled by preparing the standard solu-
tions, bracketing the nominal
concentrations, and by using sec-
ond-degree polynomic calibration
models.

CONCLUSION

Flow injection analysis can be
used for the determination of
sodium, potassium, calcium, and
magnesium in parenteral solutions
resulting in considerable time-sav-
ings, analytical speed, and simplic-
ity of operation. Accuracy and
precision were found to be good
enough for this type of analysis.
The FIA approach provides automa-
tion in the analysis of samples,
which results in time- and cost-sav-
ings to small laboratories

Extension of this work of the
automatic determination of metals
in other pharmaceutical prepara-
tions, such as hemodialysis
solutions, is currently being carried
out in this laboratory.
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