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The CETAC ADX-500 Autodiluter System:
A Study of Dilution Performance
With the ELAN 6000 ICP-MS and ELAN Software

Thomas W. May and Ray H. Wiedmeyer

U.S. Geological Survey, Biological Resources Division

Columbia Environmental Research Center

4200 New Haven Road, Columbia, MO 65201 USA

INTRODUCTION

ICP-MS is a versatile analytical
tool having a wide variety of
research applications and routine
use in numerous application fields,
such as environmental analysis, geo-
chemistry, biological materials, and
semiconductor operations. While
the ICP-MS technique offers fast
multielement analysis, excellent
detection power, automation, and
flexibility, it poses special
challenges in areas such as sample
preparation, matrix induced space
charges, and spectral interferences
(1. The cones, lens, and detector
components of the ICP-MS are espe-
cially sensitive to undesirable
matrix components, such as exces-
sive ion concentrations (Al, Na, K,
Ca, Mg, Fe, etc.), high dissolved
solids, and carbon from
incompletely digested samples (2).
One of the easiest approaches to
reduce matrix component effects is
to employ sample dilution in
preparing samples for ICP-MS analy-
sis. By diluting samples, the analyst
can reduce exposure of the ICP-MS
components to undesirable matrix
constituents, thus also reducing the
frequency of instrumental mainte-
nance and service. Fortunately, the
superior detection limits and sensi-
tivity achievable with ICP-MS for
most elements allows for the rou-
tine use of sample dilution to allevi-
ate some of these matrix problems.

In various application fields,
especially environmental analysis,
samples are often of widely varying
matrix constituency and unknown
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ABSTRACT

The CETAC ADX-500 autodi-
luter system was tested with
ELAN® v 2.1 software and the
ELAN 6000 ICP-MS instrument
to determine on-line automated
dilution performance during
analysis of standard solutions con-
taining nine analytes representa-
tive of the mass spectral range
(mass 9 to mass 238). Two or
more dilution schemes were
tested for each of 5 test tube
designs. Dilution performance
was determined by comparison
of analyte concentration means
of diluted and non-diluted stan-
dards. Accurate dilutions resulted
with one syringe pump addition
of diluent in small diameter
round-bottomed (13 mm OD) or
conical-tipped (18 mm OD) tubes
and one or more syringe pump
additions in large diameter (28
mm OD) conical-tipped tubes.
Inadequate dilution mixing
which produced high analyte
concentration means was
observed for all dilutions
conducted in flat-bottomed tubes,
and for dilutions requiring multi-
ple syringe additions of diluent in
small diameter round-bottomed
and conical tipped tubes. Effec-
tive mixing of diluted solutions
was found to depend largely
upon tube diameter and liquid
depth: smaller tube diameters
and greater liquid depth resulted
in ineffective mixing, whereas
greater tube diameter and shal-
lower liquid depth facilitated
effective mixing. Two design
changes for the autodiluter were
suggested that would allow effec-
tive mixing to occur using any
dilution scheme and tube design.
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elemental composition. Such sam-
ples have to be diluted and scanned
on the ICP-MS (e.g., semi-quantita-
tive scan) to determine appropriate
dilution factors for the analytes of
interest in each sample. Just as
importantly, the results of the scan
help to identify analytes that are
appropriate to serve as internal
standards and samples suitable for
analytical duplicates, dilutions, and
spikes, in accordance with the
required quality control (QC) proto-
cols specified in U.S. Environmental
Protection Agency (EPA) Methods
200.8 and 6020 (3-4). After scan-
ning, the properly diluted samples
and associated QC samples can be
arranged in the autosampler trays in
preparation for the final quantita-
tive analysis run. Conventionally,
such predilution of samples is
accomplished by manual dilution
procedures, which can be time-con-
suming and tedious work that is
prone to human error as well as
sample contamination. Commonly
recognized errors associated with
manual dilution procedures include
incorrect sample/diluent volumes,
wrong pipette or pipette settings,
contaminated pipette tips, contami-
nated diluent, and calculation
errors.

On-line automated dilution for
ICP-MS has been previously
described using flow-injection
analysis ICP-MS (FIA-ICP-MS) (5).
FIA-ICP-MS allows for on-line dilu-
tion and reagent addition through
a 5- or 8-port switching valve and
associated injection loops. The



8-port valve configuration allows
for two injection loops, one for the
sample and a second for diluents,
with the dilution factor being
defined by the volumes of the injec-
tion loops. The major problem with
using FIA-ICP-MS for sample dilu-
tion is its lack of versatility, i.e, only
one dilution factor can be assigned
for all samples in the analytical run.
If some samples require further
dilution, this must be accomplished
in additional analytical runs by
changing injection loop volumes on
the FIA port valve. Recently, CETAC
(CETAC Technologies Inc., Omaha,
NE USA) introduced a uniquely
designed autodiluter unit, the ADX-
500, which is based on its ASX-500
autosampler. Perkin-Elmer SCIEX
Instruments (Concord, Ontario,
Canada) has incorporated this
autodiluter into version 2.1 of the
ELAN® software, enabling use of
the CETAC system by the ELAN
6000 ICP-MS. This ADX-500 autodi-
luter has the potential of bringing

a new level of simplicity and
automation to ELAN 6000 ICP-MS
analysis that can markedly reduce
sample setup time and error.
However, there is no existing
performance information on this
diluter system. It is the purpose of
this study to evaluate the dilution
performance of the CETAC ADX-
500 autodiluter system used in con-
junction with the ELAN 6000 ICP-MS
and associated ELAN software.

Description of Dilution Equip-
ment and Software Application

The ADX-500 autodiluter,
formerly the ADX-100, comprises
an L-shaped dilution device which
sits on top of the autosampler,
thus not appreciably increasing
the footprint of the autosampler.
The autosampler has two sampling
arm probes. The sample probe
introduces undiluted or diluted
sample to the peristaltic pump, as
would occur with any autosampler.
The dilution probe, however, is
connected to a 5-mL glass syringe
equipped with a plunger and

switching valve. When dilution is
called for, the dilution probe enters
the sample solution, withdraws a
calculated volume and places it in
an empty “dilution” tube, the posi-
tion of which is software specified.
A switching valve then changes to
allow diluent to be pumped on top
of the sample, the volume of which
is set by the software specified dilu-
tion factor. If the syringe pump
addition of diluent is the final one
for completing the dilution, the
dilution probe moves slowly
upward from the bottom of the
tube as it dispenses the diluent.
Any mixing of the sample and dilu-
ent must be accomplished by the
force of the liquid being dispensed
from the syringe pump accompa-
nied by this vertical (Cupward)
probe movement, as there is no
stirring-type action associated with
either probe. The dilution probe,
syringe plunger, switching valve,
and transfer line are all Teflon®
components. The sample contacts
only the transfer line, which can
contain up to 1.3 mL of undiluted
sample.

The ELAN v 2.1 software accom-
modates the autodiluter in the sam-
pling page of the method window
by introducing new fields: Dilution
Factor, Dilution to Volume (mL),
1st Dilution Position, and Probe
Purge Position (6). The software
allows for selection of the CETAC
ADX-500* autodiluter as well as a
variety of corresponding tube racks.
The new fields are activated when
the ADX-500 is selected as the sam-
pling device to be used. The “1st
Dilution Tube Position” refers to
the tube position in the autosam-
pler rack where the first dilution
will take place. Subsequent
dilutions use the next available tube
in sequence from this initial posi-
tion. Sequencing can be maintained
if different methods are loaded in

*Note: The ADX-500 appears in v 2.1 of the
ELAN software as the ASX-500/ADX-100.
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the batch page of the sample file by
placing “0” in the “1st Dilution
Tube Position” for all method files
called up subsequent to the starting
method file. The “Probe Purge Posi-
tion” refers to the autosampler tube
position where the autodiluter
probe, transfer line, and syringe are
flushed and filled with fresh diluent
prior to blank analysis. This flushing
or priming of diluter components
occurs whenever a method file
specifying the autodiluter is loaded
as the active method. When the
ELAN QC Checking features are
enabled, the Sample pane of the
method window contains one addi-
tional entry in the “Action” column
of the Upper Limit field: Wash for
X, dilute, and rerun current. For
this action to have priority over
other QC actions, “Sample Limits”
in the QC Action Controls pane of
the Method window must be set to
the highest priority (priority 1).
Samples that exceed the entered
upper limit for a particular analyte
mass (usually the highest calibra-
tion standard concentration for
each element) are diluted according
to the global dilution factor speci-
fied in the Sampling pane of the
method window. The sample will
continue to be sequentially diluted
with this dilution factor until the
concentration for each analyte falls
within the upper limits as indicated
in the sample pane of the method
window. Entries in the “Measure-
ment Action (*)” column of the
sample batch page of the sample
window for autosampler setup
include the options: Run Blank,
Standards, and Diluted Sample;

Run Diluted Sample; Run Blank and
Diluted Sample; and Run Standards
and Diluted Sample. These options
can be used to automatically predi-
lute samples for either semi-quanti-
tative or quantitative analysis. Thus,
samples can be prediluted if desired
and then, based on a QC check, fur-
ther serially diluted using a global
dilution factor until all analytes are
within specified upper concentra-
tion limits. However, predilution



cannot be used with samples desig-
nated as QC in the “Sample Type”
column of the batch page of the
sample file, i.e., QC spike, QC
duplicate, QC dilution, etc. A predi-
lution command for these samples
will be ignored and dilution will not
be performed. Because of the high
versatility of the ELAN software,
different method files can be loaded
in the same batch page of the sam-
ple window while maintaining
instrument calibration, which
allows the autodiluter to be turned
off where dilution is not desired
(e.g., for running Method 6020 QC
samples), and then turned back on
again, all while maintaining dilution
tube sequencing. Global dilution
factors may be varied on a sample
basis by assigning different methods
for the analysis of specific samples.

EXPERIMENTAL

Instrumention

All experimental runs were con-
ducted with an ELAN 6000 ICP-MS
equipped with a Gilson® peristaltic
pump (Model M312), a cyclonic
spray chamber, and a Meinhard®
TR-30-C3 nebulizer. Pump speed
was a constant 10 rpm, sample
flush delay 65 sec, read delay 30
sec, and wash 80 sec. Timing page
parameters were: 20 sweeps/read,
1 read/replicate, 3 replicates, peak
hopping mode, 50 msec dwell time,
1 sec total integration time. The
instrument’s tuning, pulse voltage,
analogue voltage, dual detector
calibration, and auto lens were all
optimized according to the manu-
facturer’s specifications (6). Nebu-
lizer gas flow was optimized to
result in Ba**/Ba* and CeO*/Ce*
<3%. Analytes were monitored that
were representative of low, mid,
and high masses: Be®, Al?7, V5! Nj%,
Zn()()’ As75, Mo%, CdlM, Tb159’ Pb208,
U?38. Internal standards, which
were metered into the sample line
via peristaltic pump included 50
ppb Ge (Be, AL, V, Ni, Zn, As), 10
ppb Rh (Mo, Cd), 10 ppb Tm (Tb),

and 10 ppb Bi (Pb, U). Three stan-
dards constituting the calibration
line for each analyte were made
from multiple element stocks (High
Purity Standards, Charleston, SC
USA) to final concentrations of 10
ppb, 20 ppb, and 40 ppb. Calibra-
tion verification was monitored
throughout analytical runs by use
of an independent calibration verifi-
cation standard (Claritas PPT, Spex
Industries, Metuchen, NJ USA) at

a concentration of 25 ppb. Test
solutions were delivered to the
ICP-MS by means of a CETAC
ADX-500 autodiluter system.

Autodiluter Testing Procedure

A major concern of diluter per-
formance was its solution mixing
capability, i.e., whether the action
or force of diluent being delivered
by the syringe pump was adequate
enough to properly mix the diluted
sample. The peculiar action of mov-
ing the autodiluter probe upward in
the tube as the final syringe pump
addition of diluent is dispensed was
presumably designed to facilitate
sample-diluent mixing. It was sus-
pected that this liquid mixing capa-
bility could be influenced by tube
geometry and by the number of
aliquots of diluent delivered by the
syringe pump. Thus, the diluter
tests were designed to investigate
different tube designs and dilution
schemes. Two multiple element
testing solutions containing the ana-
Iytes of interest were prepared at
concentrations of 25 ppb and 250
ppb. Each dilution test consisted
of ten analyses: five analyses of the
25 ppb solution (undiluted) and
five analyses of a 10X dilution of
the 250 ppb solution, with all analy-
ses conducted in a random fashion.
Each test focused on a specific tube
design and tested two different 10X
dilution schemes, one requiring
only one addition of diluent from
the syringe pump, and the second
requiring two or more additions of
diluent from the syringe pump.
Tube sizes and dilution schemes
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tested are indicated in Table I.

The tubes tested utilized three of
the four tray sizes available for the
ADX-500 autodiluter (tubes for tray
D, maximum tube diameter of

25 mm, were not tested). The dilu-
tion schemes tested required from
1 to 6 syringe pump additions of
diluent.

Statistical Testing

The data were analyzed as
a 2 X 11 factorial arrangement of
treatments (2 = concentration lev-
els of 25 ppb (undiluted) and 250
ppb (autodiluted 10X), and 11 =11
different dilution tests). For each
dilution test (treatment), means
were computed for each analyte for
the undiluted samples (n = 5) and
for the autodiluted samples (n = 5).
An overall concentration mean
(n = 5 analyses x 11 analytes) was
also computed for each of the undi-
luted and diluted samples in a dilu-
tion test. Concentration means for
undiluted and diluted samples in
each tube type and dilution scheme
were compared to determine signif-
icant differences. Mean differences
(HO: LSMEAN1 = LSMEAN2) were
ascertained using Fisher’s least sig-
nificant difference or LSD (7).

Results and Discussion

Opverall concentration means
are presented in Table II. Mean
percent differences were <4 for five
of the 11 dilution tests: 17 mm OD
RBPP, 0.5 mL to 5 mL; 18 mm OD
CTPP, 0.5 mL to 5 mL; and 28 mm
OD CTPP, all three dilution
schemes. For the remaining sixdilu-
tion tests, mean percent differences
ranged from 5 to 16, with the
means for autodiluted samples
always being high relative to those
for undiluted samples. Precision
measured by the overall average of
concentration mean relative stan-
dard deviations (%RSDs, n = 3 repli-
cates of 1 reading for each analyte)
were comparable, ranging from 2.4
to 3.5, except for dilution tests
where autodilution was involved



TABLE I
Tube Sizes and Dilution Schemes Used for Autodilutor Performance Tests

Approximate ADX-500
Tube Description Capacity (mL) Tray Dilution Schemes and Required Syringe
Pump Additions ()

17 mm OD round-bottomed

polypropylene (RBPP) 12 B 0.5 mL to 5.0 mL (1); 1.0 mL to 10.0 mL (2)
18 mm OD screw capped conical tipped
polypropylene (CTPP) 15 B 0.5 mL to 5.0 mL (1); 1.0 mL to 10.0 mL (2)
13 mm OD round-bottomed
polypropylene 8 A 0.5 mL to 5.0 mL (1); 0.7 mL to 7.0 mL (2)
13 mm OD mm flat-bottomed
polypropylene (FBPP) 7 A 0.5 mL to 5.0 mL (1); 0.7 mL to 7.0 mL (2)
28 mm OD screw capped conical tipped
polypropylene 50 E 0.5 mL to 5.0 mL (1); 1.0 mL to 10.0 mL (2); 3.0 mL to 30 mL (6)
TABLE II
Concentration Means (ppb) and RSDs From Autodilutor Performance Tests
Measured Measured Measured
Standard Conc Mean Conc RSD
Tube Type Used? Dilution Scheme MeanP % Diff Mean©
17 mm OD RBPP 25 ppb undiluted 25.64 <1 2.4
250 ppb 0.5 mL to 5 mL 25.58 2.7
25 ppb undiluted 24.81 11 29
250 ppb 1.0 mL to 10 mL 27.95 33
18 mm OD CTPP 25 ppb undiluted 2491 4 2.8
250 ppb 0.5 mL to 5 mL 25.00 3.0
25 ppb undiluted 24.74 9 2.9
250 ppb 1.0 mL to 10 mL 27.19 3.0
13 mm OD RBPP 25 ppb undiluted 25.23 16 2.9
250 ppb 0.5 mL to 5 mL 29.88 18.
25 ppb undiluted 25.64 5 3.1
250 ppb 0.7 mL to 7 mL 26.98 3.5
13 mm OD FBPP 25 ppb undiluted 24.96 13 2.8
250 ppb 0.5 mL to 5 mL 28.64 17.
25 ppb undiluted 25.33 12 3.1
250 ppb 0.7 mL to 7 mL 28.92 5.5
28 mm OD CTPP 25 ppb undiluted 25.29 <1 2.4
250 ppb 0.5 mL to 5 mL 25.32 2.7
25 ppb undiluted 25.34 <1 2.8
250 ppb 1.0 mL to 10 mL 25.51 3.0
25 ppb undiluted 26.03 <1 2.7
250 ppb 3.0 mL to 30 mL 25.89 29

@ 25 ppb and 250 ppb standard solutions prepared using standards from High Purity Standards, Charleston, SC USA.
b Concentration (ppb) mean computed from analyses X 11 analytes (n=55).
¢ Concentration RSDs (ppb) computed from 5 analyses X 11 (n=55).
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using 13 mm OD RBPP and 13 mm
OD FBPP tubes with 0.5 mL to 5 mL
dilution schemes. In these tests,
precision was considerably worse
(17 and 18 %RSD). Precision aver-
aged 5.5 and was ~2X to ~4X
higher (worse) for most masses
with autodilution involving the

13 mm OD FBPP tubes and the

0.7 mL to 7 mL dilution scheme.

Statistical testing results for ana-
lyte concentration means (Fisher’s
LSD) by individual mass and for all
masses in a specified tube and dilu-
tion scheme (overall means) are
presented in Table III. Overall
means and individual mass means
were significantly different (p =
0.0001 to 0.0007) for 6 of the 11
dilution tests. There was no signifi-
cant difference between overall
means and individual mass means
for the following dilution tests :

17 mm OD RBPP, 0.5 mL to 5 mL
dilution scheme; 18 mm OD CTPP,
0.5 mL to 5 mL; 28 mm OD CTPP,
all dilution schemes. The one
exception was for Zn® with the

18 mm OD CTPP tube and 0.5 mL
to 5 mL dilution scheme (p=0.002),
which was likely caused by contam-
ination of the 250 ppb stock solu-
tion for this analyte (Table IID).

It was suspected that significant
concentration mean differences in
6 out of 11 diluter tests were due to
inadequate sample-diluent mixing.
The syringe pumping speed of the
ADX-500 is factory preset, thus lig-
uid is pumped into any dilution
tube with the same force. This lig-
uid force plus the upward probe
movement during the final syringe
pump diluent addition were sup-
posed to completely mix the sam-
ple-diluent solution. However, tube
geometry and liquid column diame-
ter and depth can greatly influence
whether the liquid force and verti-
cal probe movement can produce
effective sample-diluent mixing.
Thus, the success of a dilution
scheme with the ADX-500 was
found to depend on tube geometry,
liquid column depth, and the num-

ber of syringe pump additions. For
example, dilution schemes with
one and two syringe pump
additions in flat-bottomed tubes
(FBPP) failed to produce statistically
equal mean concentrations for each
of the 11 masses tested (Table IID).
These results, combined with the
higher concentration mean RSDs
(17 and 5.5, Table II), suggested a
solution mixing problem, presum-
ably due to the original sample lig-
uid being inadequately flushed out
of the corner spaces at the tube
bottom by diluent from the syringe
pump addition. This resulted in
higher concentrations in the bot-
tom or lower portion of the tube
and corresponding elevated analyte
concentration means because the
sample probe draws liquid from the
bottom of the tube. To overcome
this problem, one simply has to use
round-bottomed tubes. However,
while single syringe pump additions
in either 17 mm OD RBPP or 18
mm OD CTPP tubes produced sta-
tistically equal means (Table IID),
two syringe pump additions in the
same tubes did not, again suggest-
ing a solution mixing problem. The
resulting concentration means were
always high (9% and 11%, Table ID),
indicating that a concentration gra-
dient was being formed similar to
that in the FBPP tubes, with higher
concentrations at the tube bottom
than at the top of the liquid
column. The liquid column depth
in these tubes was such that two
syringe pump additions of diluent
could not be adequately mixed
with the sample by liquid force and
autodiluter probe movement. To
confirm this hypothesis, two tests
were conducted with the 17 mm
OD RBPP tube. In the first test, the
1.0 mL to 10 mL dilution scheme
was repeated, which in the initial
test produced statistically unequal
concentration means (24.81 vs
27.95, 11% mean difference, Table
ID. However, once the 10X autodi-
lution was made on the 250 ppb
solution by the ADX-500, the run
was aborted and the resulting liquid
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column manually shaken. This
process was repeated for each of
five dilutions. Overall concentration
means (25 ppb vs 250 ppb diluted
10X) were virtually identical (25.34
ppb vs 25.46 ppb), confirming that
inadequate mixing was the source
of the initial concentration mean
difference. A second test involved
manually introducing an Ar gas
probe into the dilution tube follow-
ing the movement of the auto-
diluter probe. It was thought that
the constant stream of bubbles
would create eddy currents to facili-
tate mixing. As in the first test, the
overall concentration means were
virtually identical (25.34 ppb vs
25.53 ppb), suggesting that a con-
stant bubble stream was successful
in mixing the dilution solution in
the 17 mm RBPP tubes. In contrast,
all dilution schemes utilizing 1 to 6
syringe pump additions in 28 mm
OD CTPP tubes were adequately
mixed as evidenced by statistically
equal means (Table III). These
results indicate that increasing lig-
uid column diameter and shallow
depth greatly facilitate sample-
diluent mixing under the design
constraints of the ADX-500. Presum-
ably, the increased diameter allows
for greater turbulence and eddy
current mixing than can occur in
longer and narrower liquid
columns, and such increased turbu-
lence was visibly evident. Fifty-mL
tubes (28 mm OD), however, may
not be practical for routine use,
because the number of tubes that
can be accommodated in the
autosampler racks (n = 84) would
only suffice for smaller sample sets,
especially in light of Methods 200.8
and 6020 QC requirements.

In light of dilution test results,
several design changes can be sug-
gested for the ADX-500 autodiluter
system that will facilitate mixing of
the dilution tube solution, thereby
enabling the system to accommo-
date more tube types and dilution
schemes.
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TABLE III
Mean Comparison Statistics for ADX-500 Autodiluter Dilution Tests
Tube Type Dilution Scheme Be? AI27 V51 Nj00 Zn%6 As75

17 mm OD RBPP 0.5 mL to 5 mL 0.810b 0.333 0.938 0.786 0.446 0.834
1.0 mL to 10 mL 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

18 mm OD CTPP 0.5 mL to 5 mL 0.187 0.796 0.505 0.692 0.002 0.352
1.0 mL to 10 mL 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
13 mm OD RBPP 0.5 mL to 5 mL 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
0.7 mL to 7 mL 0.0001 0.0003 0.0001 0.0001 0.0001 0.0001
13 mm OD FBPP 0.5 mL to 5 mL 0.0003 0.0004 0.0002 0.0001 0.0001 0.0002
0.7 mL to 7 mL 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

28 mm OD CTPP 0.5 mL to 5 mL 0.936 0.868 0.692 0.228 0.507 0.600

1.0 mL to 10 mL 0.678 0.138 0.163 0.215 0.502 0.846

3.0 mL to 30 mL 0.782 0.433 0.850 0.577 0.157 0.400

Overall

Tube Type Dilution Scheme Mo?8 Ccqri4 Th159 Pb208 U238 Means?

17 mm OD RBPP 0.5 mL to 5 mL 0.352 0.355 0.702 0.445 0.888 0.837
1.0 mL to 10 mL 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

18 mm OD CTPP 0.5 mL to 5 mL 0.628 0.231 0.715 0.644 0.629 0.737
1.0 mL to 10 mL 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
13 mm OD RBPP 0.5 mL to 5 mL 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
0.7 mL to 7 mL 0.0001 0.0003 0.0132 0.0001 0.0001 0.0001
13 mm OD FBPP 0.5 mL to 5 mL 0.0001 0.0001 0.0006 0.0003 0.0007 0.0001
0.7 mL to 7 mL 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

28 mm OD CTPP 0.5 mL to 5 mL 0.935 0.346 0.682 0.942 0.404 0.918

1.0 mL to 10 mL 0.678 0.138 0.715 0.446 0.838 0.548

3.0 mL to 30 mL 0.782 0.433 0.868 0.513 0.558 0.613

@ Probability of > T (HO: LSMEAN1=LSMEAN2); n=55 (5 analyses X 11 analytes, 25 ppb);
n=55 (5 analyses X 11 analytes, 250 ppb autodiluted 10X).
b Probability of > T (HO: LSMEAN1=LSMEAN2); n=5 analyses 25 ppb; n=5 analyses 250 ppb autodiluted 10X).

One approach is to rapidly oscil-
late the autodiluter probe as it
remains in the solution after dilu-
tion by using the stepper motor
that controls sampling arm move-
ment (8). Such rapid probe action
effectively stirs the entire diluted
tube contents. Another possibility
is to incorporate a gas line into the
autodiluter probe design, such that
a stream of Ar bubbles would
emanate from the vicinity of the
probe tip while the syringe pump
additions of diluent were being

added. The manual addition of such
an Ar gas line was described above
and did result in effective mixing of
the diluted solution.

CONCLUSION

The CETAC ADX-500 autodiluter
system was investigated for its dilu-
tion performance with the ELAN
6000 ICP-MS and ELAN v 2.1 soft-
ware. New functionality in the
ELAN v 2.1 software supports the
autodilution system, allowing intel-
ligent on-line dilution during the
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analytical run. The testing of vari-
ous dilution schemes and tube
types indicated problems with ade-
quate mixing of diluted solutions.
Accurate dilution results were
achieved from dilutions using
single syringe pump additions in
17 mm OD round-bottomed tubes
and 18 mm OD conical-tipped
tubes. Dilutions requiring single or
multiple syringe pump additions in
flat-bottomed 13 mm OD diameter
tubes could not be effectively
mixed by the combination of liquid



force and vertical probe movement.
Ineffective mixing also occurred
with dilutions requiring multiple
syringe pump additions in 17 mm
OD round-bottomed tubes and 18
mm conical-tipped tubes. Good
dilution results were achieved in
50-mL conical-tipped tubes with
dilution schemes requiring 1 to 6
syringe pump additions. Given the
design constraints of the ADX-500
diluter, effective mixing was found
to depend largely upon tube diame-
ter and liquid depth: smaller tube
diameters and greater liquid depth
results in ineffective mixing,
whereas greater tube diameter and
shallower liquid depth enhances
effective mixing. In this study, inef-
fective mixing resulted in analyte
concentration means that were
high by 9% to 16%. Incorporation
of a stirring-type action in the
autodiluter probe movement or the
addition of Ar gas entrainment
could be used to improve mixing
performance in 13 mm OD, 17 mm
OD, and 18 mm OD tubes used for
testing in this study.

As a result of these findings, our
laboratory uses either 17 mm OD
RBPP or 18 mm CTPP tubes on a
routine basis with dilution schemes
that require only one syringe pump
addition of diluent. This combina-
tion gives the accuracy and preci-
sion required for predilution,
semiquantitative, and quantitative
analytical purposes. Each laboratory
should evaluate their data quality
needs and desired dilution schemes
for accuracy and precision before
using any autodilution system.

Received July 28, 1998.
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A Table of Polyatomic Interferences in ICP-MS
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Spectroscopic interferences are
probably the largest class of inter-
ferences in ICP-MS and are caused
by atomic or molecular ions that
have the same mass-to-charge as
analytes of interest. Current ICP-MS
instrumental software corrects for
all known atomic “isobaric” inter-
ferences, or those caused by over-
lapping isotopes of different
elements, but does not correct for
most polyatomic interferences.
Such interferences are caused by
polyatomic ions that are formed
from precursors having numerous

sources, such as the sample matrix,
reagents used for preparation,
plasma gases, and entrained atmos-
pheric gases.

A prior knowledge of polyatomic
interferences cited in the literature
for a particular analyte mass may be
helpful to the analyst for selecting
reagents and conditions that would
preclude or at least reduce the pos-
sibility of their formation. A good
perspective of known polyatomic
interferences is difficult because of
the number of affected masses, the

number of interferences themselves,
and the number of literature refer-
ences in which they are reported.
In a review of the ICP-MS literature,
reported polyatomic interferences
were consolidated to produce a
table that may serve as a useful tool
for the ICP-MS analyst. For quick
reference, the masses are arranged
in alphabetical order by elemental
symbol. This list of interferences is
not intended to be complete, but
does cover those more frequently
reported.

A Table of Polyatomic Interferences in ICP-MS

Isotope Abundance Interference Reference
107Ag 51.8 NZr1eO* ©)9
199Ag 48.2 927r100HY ©
Z7Al 100. 12C5N¥, BCHN*, MNZ spread, 'H'2CHN* ADA8Y29)
As 100. ASCI, ¥Co'0*, A3 SArHY, 38ArY7Cl*, °Ar*K, @OAHANCDHB3BH

43C31602, 23Na12C4°Ar, 12C51P1602+ (35)

197Au 100. 1812160+ )
ug 80.09 12C spread (18
1308, 0.106 98Ru'°0,* (32)
152Ba 0.101 100Ry 100, (32)
134 2.417 102Ry10Q,* (32
1368, 7.854 104Ry 100, 32)
20984 100. 1931160+ (32
79 Br 50.54 40A1‘39K+, 51P1603+, 387 +40A P+ 1922
8IBr 4946 52816031H+’ 40AI‘40AI‘1H+, 3581603+ (19)(22)
40Ca 96.97 4OAr* “(22)
42Ca 0.64 Y0Ar'H, 12)(22)
BCa 0.145 27A110* @D
4iCa 2.06 12C16Q,, 1N, 100", 285i100* 12)(22)(29)
46Ca 0.003 14N1602+, 32814N+ (22)
48Ca 0.19 55515N+ 34814N+ 528160+ (22)
1ocd 12,5 MK, 100 ©)
icd 12.8 SMo'°0*, 29Zr1°0H*, ¥K,'°0,'H* DG
112cd 241 40Cazl6oz7 40A1.21602’ 96Ru16o+ (6)(32)
13cq 12.22 9621'1601H+, 40C3216021H+, 40A1‘216021H+, %RU7O* (1)(6)(32)
icd 28.7 9BMo'°0*, %Ru'°O* (6)(32)
1ecd 7.49 100Ry 100+ 32)
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A Table of Polyatomic Interferences in ICP-MS (cont’d)

Isotope Abundance Interference Reference

SSCI 75.77 1601801H+’ 54SIH+, 3$C1+ (22)

57Cl1 24.23 30ArIH*, 39STH, 37CI* 22

%Co 100. #Cal®0r, PCa'90'H*, HMgPCIY, FAr*Nat, CArSOHY,  (5)EOIBANR(2NGH
40A1.19F+

SOCI. 435 545160+, 56A1‘14N+, SSCl15N+ 56814N+, SZSISO+, 358170+ (2)(15)(22)

>2Cr 83.76 SCI'OH?, 40Ar!2C*, 3°Ar!O*, 37CIPN* (M@(O(15)(18)
54SISO+, 365160+’ 38A1'14N+, 36A1'15N1H+, 35cl170+ (19)(22)(29)(35)

SSCr 9.51 57cl160+’ 38AI'15N+, 38AI'14N1H+, 36A1.l7o+7 56A1'1601H+, (1)(22)(29)(34)
35CI7OHT, 35C1I80O+ 56SI7O+ 40Ar13C+

S4Cr 2.38 57C11601H+, 40A1‘14N+, SSAI.ISNIH+’ 36AI‘180+, 58A1.16o+7 (2)(22)(29)(34)
36Ar17OH*. 37C1V7O* 19F2160+

133Cs 100. 101Ry 10, (32)

65Cu 691 511)1602+7 4°A1‘23Na+, 47Til60+7 23Na40Ca+’ 46Ca16()11_1+7 (2)(9)(19)(28)(29)
56A1.12C14N1H+ 14N12c37Cl+ léolzci$C1+

65Cu 30.9 OTi100%, 328100, H*, 0Ar>>Mg*, “°Cal®O'H*, °Ar'NL'HY,  (5)(A5)(A7DR1D(22)(29)(34)
32g33g+ 32616017+ 33816OZ+ 12C16037C I+, 12C18035C1+
51P160180+

163Dy 24.97 47§ m 100+ Q2738

166E1. 536 l()ONleO, lSOSmIGO (38)

167Ep 22.94 I5S1Ey 0O+ o))

1Ry 47.82 135BaloO* 2327

153Eu 52.2 137BaloO* (C)I61))

SiFe 5.82 SCIOH*, “OAr!4N, 38Ar'>NIH*, 3°Ar!80*, 38Ar00*, (15)(18)(22)(29(36)
36Ar17OIH*. 36S180+ 35CII8OH*. 37CI1170

50Fe 9166 40AI.160+’ 40Ca160+, 40AI’15N1H+, SSAI.180+’ 3BALI7TOIH 3)(22)(29)
37CI8OH*

57Fe 2.19 40AI'1601H+, 40C31601H+, 4°Ar17O+, SSAI‘ISOIH+, 38ALI9F+ (8)(9)(21)(22)(29)(34)

SSFe 0.33 40AI.180+’ 40Ar1701H+ (22)

69Ga 60.16 55C]160180+, 55C11702+7 57C11602+, ?>6Ar338+7 5381802+, (22)

34170180+ 56816017o+ 538365+

71Ga 39.84 55C11802+, 3>7Cl160180+7 57C117Oz+, 36AI‘35C1+, 368170180+’ 22
38 133G+

155Gd 14.8 B39Lalo0* ©)

57Gd 15.68 138BI9F+ 141pploQ+ 627

70Ge 20.51 40AI'14N160+, 3)5cl170180+7 57C116017O+, 5481802+’ 368160180+’ (22)(30)
5681702+’ 3>4SSGS+7 56AI‘34S+, 38AI‘328+, SSCIZ+

2Ge 27 .4 56AI.2+7 57C1170180+, 55C157C1+, 5681802+’ 3682+, 56Ar568+ (22)(28)

56F6160+ 40Ar1602+ 40Ca1602+ 40Ar328+

75Ge 7.76 56AI‘21H+, 37C11802+, 36A1‘57C1+, SSAI‘SSCI*', 40A1.SSS+ (22)

74Ge 36.56 40Ar34s+’ 36AI‘38AI‘+, 37C137C1+, 387 136G+ 22

70Ge 7.77 3OAr90A Lt BABATY, 0AL30St 22)

7THf 18.5 161pyloO* @7

1%Ho 100. 198 m'°0 @7
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A Table of Polyatomic Interferences in ICP-MS (cont’d)

Isotope Abundance Interference Reference

131 43 9°Ru'’O* 32

MK 93.08 3SArHY 22)(29)

R 0.01 4OAr+ 22

4R 6.91 YOArTH* 22

78Kr 0.35 BArOArt 22)

80Ky 2.27 40Ar,*, 328160+ 22)

82K ¢ 11.56 40AIAOAI'1H2+, 5481603+, 33816031H+ 22

83Kr 11.55 348160, 1H* 22)

84K1. 569 5651603+ (22)

75Lu 97.41 159Tb 100+ @3B

2iMg 78.7 12¢C,* 29

BMg 10.13 2, 'H* 29)

26Mg 11.17 12cl4N+’ 12C21H2+, 12cl5clH+ (29)

5SMn 100. W0AFLNIH*, K160+, 37CI180*, 90ArISN*, 38Ar170%, 3ArIBOH*  (2)(9)(11)(19)(22)(29)(34)
58M1601H+, 37cl17olH+’ 23N3325+, 36Arl9F+ (35)

94M0 93 59K2160+ (1 1)

9SMo 15.9 40AI‘39K160+, 79B1.16O+ an

9Mo 16.7 59K41K160+, T9Br!70O* an

97M0 96 40AI'21601H+, 40Ca216011_1+7 40A1‘41K160+, 81B1.160+ (6)(1 1)

%Mo 24.1 8IBrl70*, 41K, 0t ©AD

144Nd 23.80 Ru'®O,* 32

146Nd 17.19 BRu'O;* (32)

148Nd 576 lOORu1603+ (32)

150Nd 5.64 102Ru1603+ 32)

SSNi 67.77 BNa¥Cl*, ©Ar'80*, 9Ca'80*, ©°Cal?O'H*, 2Ca'®0*, 298i,*,  (9A6)(18)(19)(20)(22)(29)
40A1.17O 1H+ ZSNaSSCl+

SONi 26.16 4Cal®0*, BNa¥’Cl*, BCal®O'H* 3)(13)(26)(29)

OINi 1.25 44Cal®O'H*, $5Scl°0* X(25)

62Ni 366 46Ti160+’ 23N339K+, 46C3160+ (1)(9)(25)

%4INi 1.16 328160,*, 326+ 22)(29)

31p 100. 14N1601H+, 15N15N1H+’ 15N160+, 14N17O+, licl80+’ 12C1801H+ (3)(22)(29)

206pp 24.1 190pgloQ* (32

207ph 22.1 wiplog* (32

208pp 52.4 192plog+ 32

105pg 223 A0Ar%5Cut ©))]

103Rh 100. H0Ar3Cut (9(26)

101Ru 17.0 AO0ArOING, “INI37CI* )

SZS 95.02 1602+’ 14N180+, 15N17o+7 14N1701H+, 15N1601H+, 3ZS+ (9)(22)(29)
14N1601H2+

535 0.75 15N180+, 14N1801H+, 15N1701H+, 160170+’ 16021H+, 33s+’ 3ZSIH+ (22)(29)

545 421 15N1801H+, 160180+’ 1702+, 1601701H+, 54is+7 5381H+ (22)(29)

1218p 57.36 105pdleQo* 32
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Isotope Abundance Interference Reference
1238 47.6 9471100, €))
45g¢ 100. 12C16021H+, 285i1601H+, 29Si160+, 14N21601H+7 13cl602+ (2)(9)(22)(29)
74Se 0.87 S7CIB7CI, 39Ar38Ar, 38 Ar565+’ 40 (3igH (9(22)(35)
Se 9.02 HOAr3Art, SBArPAT* 2)A0)(22)(35)
7Se 7.58 HOAr7CIY, 0ArOATIHY, 38Ar,'HY, 12C1F1N160,* @(15)(19(22)(34%)
8se 23.52 HOAr3BArt, BAriCat (2)(24)(35)
805e 49.82 “0Ar,*, 328100, MANR2)
825e 9.19 12C3Clyt, 31810, 10Ar,'H,* OAD22)
i 92.21 NS, 12C10 QDE2)(29)
29Si 47 14N15N+, 14N21H+, 15C160+7 12C17O+, 12C1601H+ (22)(29)
SOSi 309 151\12+7 14N15N1H+, 14N16O+, 12C180+’ 13>C17o+7 15C1601H+, (22)(29)(51)
L2CUQIH, 14N21H2+, 12C1601H2+
144Sm 3.1 96Ru1603+ (32)
1478m 15.0 PRu'®O,* 32
1488 m 11.3 100Ru16Q,* (32)
1998m 13.8 10IRU16O,* 32
150Sm 7.4 102Ryu16Q,* (32)
1528m 26.7 104Ru100,* 32
12gn 0.97 %Ru'°O* 32
11580 0.34 PRu'°O* 32
llésn 14.53 100Ru160+ (32)
1780 7.68 101Ru°0* 32
118G, 24.23 1°2Ru160+, 102p16(y+ (32)
198 8.59 103Rh'O* (32
120G, 32.59 1°4Ru160+, 104pq160y+ (32)
12280 4.63 106pteO* 32
124Sn 5.79 108Pd160+ (32)
84Sy 0.56 368160,* 22)
868t 9.86 SRb!H* 627
1817 99.988 165Ho1°0* @7
159Tb 100. 13Nde0* @738
122T¢ 2.603 106pteO* 32
124Te 4.816 108p(leQ* 32
126Te 18.95 10pqleo* 32
128Te 31.69 %Ru'®0,* 32
130Te 33.80 9Ru'0,* 32
464 7.99 52514N", 14N1602+, 15N21()O+ 3)(22)(29)
47Ti 732 525141\11}1+7 305i1601H+, 52815N+’ 33N14N+’ 33814N+, 151\11602+7 (3)(9)(22)(29)(37)
14N16021H+, 12C'55Cl+7 51P160+
48Ti 7398 525160+, 548141\I+7 35515N+, 14N160180+, 14N17N2+, 12C4+, (3)(18)(19)(22)(29)
36A1.12C+
49Ti 546 525170+, 52816()1H+7 55C114N+, 54815N+7 535160+, 14N17021H+, (3)(22)(29)(37)

14N35C1+7 56A1.15C+7 36A1.12CIH+7 12C37C1+7 31pl8(y+
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A Table of Polyatomic Interferences in ICP-MS (cont’d)

Isotope Abundance Interference Reference
SOTi 5.25 525180+, 52817011_I+7 56A1.14N+7 SSCI15N+, 56814N+, 53sl7o+ (3)(22)(29)
348160+ 1H14N55cl+ 3481501H+
203Tl 295 187RCI6O+ 186wl601H+ (3)
19Tm 100. 153Eu'°0* @7
SOV 0.24 545160+, 56A1‘14N+, 35C115N+, 36514N+, 325180+, 338170+ (2)(22)(29)
SIV 9976 5451601H+, 35C1160+, 38A1‘15C+, 56A1.15N+, 56A1‘14N1H+, (2)(5)(14)(15)(19)(22)
57C114N+, 56815N+, 555180+, 54Sl7o+ (29)(35)
182y 26.41 166160+ o)
172Yb 21.9 ISGGd160+ (38)
175Yb 16.13 157Gd'o* @7
64Zn 4889 5251602+7 48’1“i160+7 51P16021H+, 48C3160+, SZSZ+, 31P160170+ (2)(9)(1 1)(15)(19)(22)(34)
5481602+, 36Ar14N2+ (35)
6()Zn 27.81 SOTi160+’ ?)481602+7 55516021H+, 325160180+’ 32sl7oz+7 (9)(1 1)(15)(22)
33816017o+7 52834S+, 3382+
67Zn 411 55C11602+, 3)38348+7 54516021H+’ 3281601801H+, 33834s+’ (1)(9)(1 1)(15)(22)
54816017O+, 558160180+, SZSI7OISO+, 3581702+, SSCl1602+ (35)
GSZn 18.57 5()51602+7 54816()180+7 40A1.14N2+7 SSCI160170+’ 3>4SZ+7 (1 1)(15)(22)
56A1.SZS+7 34SI7OZ+7 53817OISO+, 5281802+’ 3ZSSGS+ (35)
7OZn 0.62 SSCISSCI+7 40AI‘14N160+, 3)5(:1170180+7 57C116017O+, 54SISOZ+’ (9)(22)
568160180+, 56817Oz+, 3>4SSGS+7 56AI‘54S+, 38326+
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INTRODUCTION

The element lead is composed of
four naturally occurring stable iso-
topes: 2%4Pb, 29°pb, 297Pb, and 2°$Pb.
These isotopes, with the exception
of 2%4Pb, are products of radioactive
decay of either uranium or thorium.
The abundances of thorium and
uranium vary depending upon the
rock type and the geological area.
The 2%4Pb isotope in modern lead
remains constant at 1.4% in all sys-
tems regardless of the uranium and
thorium content since it is not a
product of radioactive decay and
has thus remained essentially
unchanged in concentration since
the earth’s creation (1-3).

Lead poisoning can in some
cases be traced back to a specific
route or source of exposure based
on the individual’s blood lead iso-
tope ratio. Lead is metabolized, dis-
tributed, stored, and excreted in
the human body as one isotopic
unit. Absorbed lead does not
change isotope ratios and the
various isotopes of lead are not frac-
tionated within the body. As such,
no one particular isotope of lead
has a greater affinity to a particular
area over another isotope of lead,
and no one isotope is preferentially
absorbed or excreted (4,5). Lead
isotope ratio measurement, corre-
lating body lead to possible external
sources of lead exposure, is
referred to as “lead fingerprinting.”
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ABSTRACT

Lead isotope ratios were mea-
sured with ICP-MS, using elec-
trothermal vaporization for
pottery, whole blood and leaded
gasoline from residents of a small
town in Mexico. Comparison was
made of the isotope ratios
Pb208/Pb204; Pb207/Pb204 and
Pb208/Pb204 in ceramic cook-
ware (pottery) and leaded gaso-
line and related whole blood
specimens. It is apparent from
the similarity of the two ratios
that the predominant source of
lead in this population is the
ceramicware used for cooking.

The isotopic content of lead intro-
duced to a human body will remain
constant over time, and will only
change if another source of lead is
introduced with differing lead iso-
topic content. In such a case, the
body’s new lead isotopic content
will be a combination or mixture of
the two lead sources. As a result of
the body’s treatment of lead as one
unit, all measurements of lead iso-
tope ratio from a blood specimen
can conceivably be correlated to an
outside source if the number of
lead sources are limited and little
lead mixing has occurred (6).

Lead has no known biological or
physiological purpose in the human
body. Nevertheless, lead is avidly
absorbed and accumulated (7-9).
The major pathways of lead expo-
sure in humans are ingestion,
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inhalation, and skin absorption (3).
The extent of an individual’s lead
exposure and bioabsorption
depends upon various factors such
as nutritional status and age. Lead
absorption in the body is
significantly enhanced in children,
if there is a calcium or iron
deficiency, or with high fat, low
mineral, low protein diets.
Additionally, lead readily crosses
the placental barrier and can cause
neurological and developmental
damage to a fetus. Lead is distrib-
uted within the body in three com-
partments: blood, bone, and soft
tissue. Of the body’s total lead bur-
den, between 90-95% is contained
in the bone with a half-life of
approximately twenty years. Of the
remaining lead, between 95-99%
of the lead is contained within

the porphyrin molecules of the
erythrocytes with a half life of
approximately 25 days, while only
about 1% is found in the plasma
where it is either bound to albumin
or available in free form for trans-
port to the soft tissues. Lead has
been linked to a number of disor-
ders and adverse health effects; the
most severe are evidenced in chil-
dren under the age of six. These
disorders include developmental
toxicity (includes mental, hearing,
and growth suppression), reduction
in vitamin D metabolism, reduction
in erythrocyte protoporphyrin pro-
duction, nervous system disorders,
disruption in hemoglobin synthesis,
and even death. Levels of lead in
blood at or above 10 ug/dL are of



concern for children, and levels of
40 pg/dL are considered elevated
for adults (7). In many cases the
source of exposure is unknown.
There is potential great value in
determining lead isotope ratios in
blood and corresponding environ-
mental samples. The correlation of
the isotope ratios between the
blood and the environmental sam-
ples could elucidate the source of
lead exposure, thus permitting the
individuals to eliminate or minimize
the activity leading to exposure.
There are, however, serious limita-
tions to this technique. For isotope
measurement (“lead fingerprinting”)
to be useful, potential sources of
lead exposure must be limited in
number and scope, and the lead
sources must be isotopically
distinct. If two or more sources of
lead internally (within the body)
or externally (in the environment)
area available, then mixed isotope
ratios result. Such mixed isotope
ratios generally provide no useful
information in identifying lead
source since they are then the aver-
age lead isotope ratio, and separa-
tion into the original isotope ratios
is difficult (10,11). Another impor-
tant factor is the accumulated lead
in bone. Long after a lead exposure
has ceased and blood lead levels
have dropped, a new stress on the
body (such as a bone break or preg-
nancy) could shift the equilibrium
such that the accumulated stores
of lead in the bones begin to be
released. This would elevate the
blood lead levels independent of

a current external source of expo-
sure. As such, the lead exposure
would be difficult to attribute to
any external source if the
demographics of the exposed per-
son had changed since the initial
exposure, such as a change in
employment, housing, or living
conditions (12).

The focus of this study was the
electrothermal vaporization induc-
tively coupled plasma mass spec-
trometry (ETV/ICP-MS)

determination of lead isotope ratios
in specimens from a specific village
in the Valley of Mexico, Mexico
City, where individuals were
known to have elevated blood lead
levels. Blood samples from twenty
women lactating and in puerperium
were collected for analysis. Addi-
tionally, each household providing
a blood specimen donated one
intact earthenware pottery that was
routinely used for cooking and serv-
ing food. The goal of the study was
the determination of possible lead
poisoning arising from the routine
use of the pottery. The 20 blood
specimens were analyzed for total
lead content by Zeeman graphite
furnace atomic absorption. Of those
20 specimens, only 16 specimens
yielded lead levels at or greater than
10 pg/dL. Isotope ratio analysis
using ETV/ICP-MS was conducted
on the sixteen elevated specimens.
The isotope ratios from each blood
analysis were compared to isotope
ratios from the earthenware pottery
specimen obtained from the same
household to determine if lead
exposure was likely to have been
caused from the use of the earthen-
ware. Additionally, both the blood
isotope ratios and the pottery
leachate isotope ratios were com-
pared to those of primeval lead to
estimate the type of lead in these
samples. As an additonal part of this
investigation, lead isotope ratios in
leaded gasoline were also analyzed
and isotope ratios determined.

The instrument used in this
investigation was a quadrupole
mass analyzer with an inductively
coupled plasma as an ion source.
An electrothermal vaporization unit
was used as the sample introduc-
tion system. A more recent
development for ICP-MS sample
introduction is electrothermal
vaporization, which has been
investigated since the early
1990’s. Several studies have been
conducted on the use electrother-
mal vaporization for the analysis of
aqueous samples in such industries
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as environmental, semiconductors,
and oceanography (13,14). How-
ever, very little research has been
conducted on the use of ETV analy-
sis on clinical specimens such as
blood matrices. The benefits of uti-
lizing ETV over standard nebuliza-
tion for an ICP-MS sample
introduction system are numerous.
One of the major shortcomings of
standard nebulization is that it suf-
fers from matrix interference prob-
lems due to the introduction of
bulk matrix to the plasma. Reduc-
ing these interferences sometimes
requires excessive sample handling
and pretreatment such acid diges-
tions or manual chemical separa-
tions. The standard nebulization
method also requires large quanti-
ties of sample solution to be contin-
ually nebulized for the duration of
a measurement. The use of ETV
reduces matrix interference prob-
lems by removing the matrix prior
to introducing the elemental com-
ponents to the plasma. This is
accomplished by a stepwise heat
treatment process on a small speci-
men volume. During heating, the
differing gas flow patterns within
the ETV sample treatment tube
(the graphite furnace) cause the
volatilized vapors of the matrix/sol-
vent to be driven off. Additionally,
reactive gases can be introduced
along with the inert carrier gas to
change the chemical environment
within the graphite furnace to fur-
ther remove interfering matrix. This
procedure allows complexation
products or combustion products
to be formed with interfering com-
ponents that would otherwise hin-
der the volatilization of the analyte
of interest.

The aqueous extracts from pot-
tery and whole blood specimens
were prepared identically. All speci-
mens were diluted with the same
matrix modifier at a 1:10 dilution.
All lead isotope ratios for the blood
and aqueous pottery leachates were
tabulated and compared with each
other. In addition, the lead isotope



ratios in the specimen were com-
pared to those of primeval lead to
determine the geological type and
probable source of the lead expo-
sure. Leaded gasoline was extracted
by vortexing equal volumes of gaso-
line and 1% (v/v) ultrapure nitric
acid/water. All isotope ratio values
were reported with respect to 2°4Pb
except the aqueous quality control
materials which were enriched only
with 2°Pb. Ratios are often
reported with respect to 2°4Pb
since 24Pb abundance remains
unchanged regardless of source.
Comparing the radiogenic isotopes
to the least abundant non-radiogenic
isotope produces large positive
isotope ratio values that are greatly
different among various sources
and easily reflects even slight
changes in the radioactive com-
position of those sources.

The use of ETV analysis has been
shown to be an effective, highly
sensitive, and useful method of sam-
ple introduction for clinical applica-
tions. The method permitted rapid,
simple, and uniform sample prepa-
ration for both blood and aqueous
matrices. The accuracy of the mea-
surements was good with minimal
deviation from the target values for
both blood and aqueous quality
control materials. However, several
factors resulted in the reduction of
precision for most measurements
when compared to standard nebu-
lization. The major factor contribut-
ing to lower precision was the
measurement of a short transient
signal as opposed to a steady-state
signal. The pottery specimens pro-
duced the least precise measure-
ments suggesting a matrix effect
from dissolved silica.

INSTRUMENTATION

Inductively Coupled Plasma
Mass Spectrometry/Electro-
thermal Vaporization

This investigation was conducted
to determine the applicability of
using electrothermal vaporization

(ETV) as an alternate sample intro-
duction technique for ICP-MS in the
measurement of both clinical and
environmental specimens for lead
isotope ratio measurements. Use of
ETV for isotopic measurements in
whole blood has not been
previously reported. In addition to
reduced sample preparation time,
the ETV analysis required only
microliter quantities of sample per
replicate; whereas, the standard
nebulization method required milli-
liter quantities per replicate. The
requirement for such low quantities
of sample permits the analysis of
solutions that would otherwise be
difficult to obtain in large quanti-
ties. Such samples include other
body fluids such as saliva, tears,

or cerebrospinal fluid.

The isotope ratio measurements
were performed on a PE SCIEX
ELAN® 5000 ICP-MS (Perkin-Elmer
SCIEX Instruments, Concord,
Ontario, Canada), interfaced with
a Perkin-Elmer HGA™-600MS elec-
trothermal vaporization system.
The ETV unit was used as a sample
introduction system in place of the
standard nebulizer and spray cham-
ber except when the instrument
was initially optimized. The ETV
system was selected for this study
because it is an a unique method
of measuring lead isotope ratios in
most matrices without requiring
the tedious and potentially contami-
nating steps of sample digestion.
The standard nebulizer method
delivers a constant flow of liquid
sample into the plasma for the dura-
tion of the measurement and is thus
referred to as a wet plasma analysis.
Since a dry plasma is not constantly
being cooled by a wet solvent, the
plasma burns hotter resulting in
more efficient ionization of analyte.
Additionally, a dry plasma results in
fewer chemical interferences which
in turn results in greater sensitivity.
The sample volumes required for an
ETV analysis were approximately
20 pL of a sample solution for each
injection; whereas, standard nebu-
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lization required a minimum of
10 mL of sample solution for each
analysis.

The ICP-MS instrument was ini-
tially optimized with the standard
cross flow nebulizer and spray
chamber using a 10 ug/L multiele-
ment solution containing lead. The
ELAN software was set to the graph-
ics mode and measurement parame-
ters were optimized for the four
lead isotopes. The solution was
continuously pumped through the
instrument for the duration of the
optimization period.

The ETV furnace program estab-
lished for this study was a modified
version of a blood lead furnace pro-
gram used in graphite furnace
atomic absorption and is shown in
Table I, which also lists lead isotope
measurement parameters (15).
These experimental conditions
ensured that the data acquisition by
the mass spectrometer would actu-
ally occur 1.5 seconds into the
volatilization step. All measurements
reported for the unknowns were an
average of three replicates. The sig-
nal was processed as an integrated
signal profile as opposed to a spec-
tral peak measurement (16).

Inductively Coupled Plasma
Optical Emission Spectroscopy

Analysis of total lead content in
nitric acid-based aqueous pottery
leachates were conducted on an
Instruments SA JY70+ Inductively
Coupled Plasma Optical Emission
Spectrometer (ICP-OES). Forward
power was set at 1000 W, with the
reflected power less than 5 W. The
power is supplied by an internal
40.68 MHz RF generator. The emis-
sion wavelength chosen for the
total lead measurement was
220.353 nm (19).

Reagents for Solution
Preparation

All water used in this study was
ultrapure polished water, purified
to 18 MQ/cm resistance. Concen-
trated ultrapure nitric acid (HNO3)



was obtained from G. Frederick
Smith (GFS USA). Triton® X-100
solution, (Baker Analyzed, Baker
Chemical Co. USA), was used in
both the HGA-600 autosampler
wash solution and the matrix modi-
fier diluent described in forthcom-
ing paragraphs. This surfactant
leads to improved reproducibility
between replicates and ensures
that all the analyte contained in an
aliquot of sample is deposited for
measurement. For blood lead analy-
ses, Triton X-100 solution in the
matrix modifier also acts to lyse the
red blood cells which is where lead
is bound at the porphyrin sites.

Aqueous Solution Preparation —
ICP-OES

Lead standard for the calibration
and quality control of the ICP-OES
was purchased from SPEX (SPEX
USA) and was a 1000-mg/L solution
of total lead. Several secondary stan-
dards were prepared in volumetric
flasks and used to obtain a standard
calibration curve and conduct a cal-
ibration check for the ICP-OES mea-
surement of total lead in the pottery
leachate samples. The calibration
curve consisted of a blank and the
three standards. A calibration
check was performed by measuring
a 500-mg/L lead standard solution.

Most of the values were outside
the linear range of the curve. Gen-
erally the linear range of ICP-OES
instruments spans up to five orders
of magnitude above the high stan-
dard in pg/L not to exceed approxi-
mately 1000 mg/L. Thus, any
specimen containing greater than
1000 mg/L would exceed the linear
range of the instrument, as was the
case of the pottery leachates. The
samples required dilution by 5000
in order to be measured on the
ICP-OES.

The 1:5000 dilutions on the
pottery leachates were conducted
by transferring 10 uL of the original
pottery leachate to 50-mL acid-
washed polypropylene tubes
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TABLE I
Optimized Experimental Parameters
ICP-MS Operating Conditions Additional Furnace Parameters
and Settings
Peak Hop Transient Sample Volume 20 uL
Forward Power 1040 W Injection Temperature 20°C
Nebulizer Gas Flow 1.050 bars Closure Delay -5 sec
Lens Settings: Read Delay 7.5 sec
B=83 Isotope ratio measurement parameters
P=61 206ph, 207ph 208ph with time factor of
S=15 1X and 2°‘Pb parameters with time
E=39 factor of 5X
Replicate
Element Time Factor Internal Std Time Dwell Time
208pp 1 No 470 ms 10 ms
207pp 1 No 470 ms 10 ms
206pp 1 No 470 ms 10 ms
204pp 5 Yes 2350 ms 50 ms

Sweeps/Reading = 1
Number of Replicates = 3

Readings/Replicate = 47
Points/Spectral Peak = 1

Total time of analysis for each replicate once ions reach quadrupole = 0.05 sec.

Total time of analysis once ions reach quadrupole = 0.15 sec.

Normal Resolution.

(Falcon-Kimberly Clark, USA) con-
taining ultrapure water. Sample
dilution was not done volumetri-
cally, consequently all total lead
analysis results were approximate
values.

Quality control material used for
the ICP-OES measurements of total
lead was established by measure-
ment of EPA reference sample
283-1, certified to contain
2.00 mg/L total lead.

Aqueous Solution Preparation —
ICP-MS

The aqueous quality control
material for isotope ratio analysis
included the standard reference
materials SRM 981 and SRM 982
obtained from The National Insti-
tute of Standards and Testing
(NIST). About 2 mg of each refer-
ence material was dissolved in ultra-
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pure nitric acid, and the resulting
solution diluted by weight to a con-
centration of about 2.5 mg/g.

The HGA-600 autosampler rinse
solution contained approximately
0.1% Triton X-100 and 0.1% HNO;.
Use of Triton X-100 in the rinse
solution provided for the complete
deposition of the sample aliquot
onto the L'vov platform. The
addition of HNO; was added to
reduce lead carryover into the
next specimen.

The matrix modifier was the
solution used to dilute all samples
to be analyzed by the ETV method.
The modifier contained 2% dibasic
ammonium phosphate (NH,),PO,
(Mallinckrodt, USA),2% HNOj;, and
5% Triton X-100. The purpose of
the matrix modifier was to stabilize
the analyte onto the platform while



permitting the highest possible
charring temperature to be applied
to the specimen without volatilizing
the analyte off. The benefit of
applying high char temperatures

to a specimen is more complete
removal of the matrix. This results
in reducing interferences and
releasing the matrix bound analytes
freeing them to be volatilized and,
consequently, measured. The elimi-
nation of matrix modification has
been shown to reduce sensitivity

in complex matrices in the field of
graphite furnace atomic absorption
spectroscopy. The choice of this
specific matrix modifier for this
study was based on the literature
for total blood lead measurement
using graphite furnace atomic
absorption spectroscopy (GFAAS).
It had been proven to be the ideal
composition for blood lead analysis,
producing excellent sensitivity and
minimal matrix interference or
background problems. Since the
ETV was essentially a graphite fur-
nace modified externally for the
ICP-MS, the same sample pretreat-
ment (matrix modifier) and temper-
ature program were used as for
conventional GFAAS. Matrix modi-
fier was used to dilute all specimens
at a 149 dilution. This dilution was
accomplished reproducibly by
using a calibrated automatic sample
dispenser.

Pottery-Aqueous Leachate
Preparation

Each pottery specimen has two
major components: the ceramic
(clay) pot itself and the glaze coat-
ing on the surface. It is possible
that the sources of lead in both
these media could have been differ-
ent. Thus sample preparation was
designed to sample lead from the
glaze only or from clay material
underlying the glaze. The most
likely human exposure from the
pots would have been from the
glaze, unless the pots were cracked.
To simulate normal use and
consumption, leaching solutions
were prepared rather than total

digestion of pottery pieces. Four
liters of a 5% HNOj; solution were
prepared in ultrapure water. The
pH of the solution was between
0-1 as measured by pH strips (EM
Reagents, USA). These pH strips
measure pH in increments of 1 pH
unit for the whole 0-14 pH scale.
Each ceramic container was
washed with isoclean detergent and
thoroughly rinsed with ultrapure
water to remove residual surface
lead. The pots were allowed to air
dry in a Class 100 clean room.
Approximately 50 mL of the HNO,
solution was delivered to each con-
tainer. The containers were
covered with plastic wrap between
timed samplings to prevent evapo-
ration and external lead contamina-
tion. Samples were collected at

1 hour, 6 hours, and at 24 hours
from each container.

Analysis

The specimens, both blood and
aqueous, were analyzed with the
same procedure. Lead ratios were
measured for blood specimens with
lead values greater than or equal to
10 ug/dL (N = 16). These
specimens were diluted with the
same matrix modification solution
at a 1:10 dilution. Lead isotope
ratios for the blood and aqueous
pottery leachates and gasoline
extracts were tabulated and com-
pared with each other to determine
statistical correlation. In addition,
the lead isotope ratios of the speci-
mens were compared to those of
primeval lead to determine the geo-
logical source of the lead exposure.
All isotope ratio values were
reported with respect to 2%Pb
except the aqueous quality control
materials which were enriched only
with 2°°Pb. Comparing the
radiogenic isotopes to the least
abundant non-radiogenic isotope
produces large positive isotope
ratio values that are greatly different
among various sources and easily
reflects even slight changes in the
radioactive composition of those
sources.
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RESULTS AND DISCUSSION

Analytical results were obtained
for whole blood lead isotope ratios
as well as those for the correspond-
ing cookware for that person.

A summary of these results is pre-
sented in Table II.

Accuracy of the measured iso-
tope ratios was evaluated with
replicate analysis of aqueous solu-
tions of SRM 981 and SRM 982, as
well as SRM 955a, Lead in Blood.
Table III shows the comparison of
lead isotope ratios obtained by our
ETV-ICP-MS system to certified val-
ues for these materials. Each mea-
surement reported was an average
of three replicates. These RSD’s are
approximately one order of magni-
tude greater than those obtained
from standard nebulization, indicat-
ing that precision is lower with the
ETV. The accuracy is, however,
adequate to compare isotope ratios
to elucidate the source of lead in
blood.

Each pottery leachate and blood
specimen had three separate mea-
surements for each isotope ratio
collected. The results indicated that
the RSD’s for the blood were com-
parable to the aqueous quality con-
trol materials when all results were
compared with respect to 2*4Pb.
Table IV is a summary of the analyti-
cal results for the aqueous leachates
of the pottery (cookware). The
accuracy of the blood results were
confirmed by the measurement of
blood pools with known lead iso-
tope ratios. The highest errors were
observed in the 2°8Pb/2%Pb ratio
measurements. These average
isotope ratios were compared to
the average isotope ratios obtained
for the Mexican blood specimens.
Both the pottery specimens and the
blood specimens were very close in
composition to primeval lead with
very little addition of radiogenic
lead, as illustrated in Figure 1. This
indicates that the lead source is
most likely a less radiogenic version
Non-Mississippi Valley type lead



(18). Additionally, the average iso-
tope ratios for both the blood and
the corresponding pottery arising
from the same household showed
a high degree of correlation, sug-
gesting that the lead exposure for
these subjects did in fact arise from
the use of these pots. Gasoline lead

has a very different isotope signa-
ture. Figure 2 illustrates the high
correlation between one hour
leachate lead isotope ratios and
those for corresponding blood lead
isotope ratios. These findings are
consistent with previously reported

TABLE II
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high correlations between paint
and water lead ratios and blood
lead ratios reported by Delves (19)
as well as reports of strong correla-
tion of elevated blood lead with use
of ceramic cookware (20) and
elevated blood leads in ceramic
workers in Mexico (21).

Mexican Blood Data Matched to the Pottery Specimen From the Same Household

All data listed are average isotope ratios. Pottery leachate data at 1 hr.

Pb206 /204Pb Pb207 /204Pb PbZOS /204Pb

Blood ID Pot ID Blood Pottery Blood Pottery Blood Pottery
96-07-01 3-1914 19.450 19.54 16.184 16.20 40.271 40.42
(15.4 pg/dL)

96-07-02 3-1802 19.423 19.31 16.281 16.01 41.22 39.41
(14.4 pg/dL)

96-07-03 3-1926 18.996 19.75 16.105 16.05 38.76 39.75
(22.4 pg/dL)

96-07-04 3-1762 19.046 19.28 16.108 16.62 39.63 41.12
(15.8 pg/dL)

96-07-05 3-3029 18.900 19.20 16.012 16.25 39.08 40.19
(12.2 pg/dL)

96-07-06 3-2502 19.455 19.10 16.130 16.47 39.88 40.54
(12.4 pg/dL)

96-07-08 3-1872 19.197 19.31 16.180 15.63 38.71 40.33
(13.4 pg/dL)

96-07-09 3-2347 19.315 20.12 16.041 16.58 39.38 41.66
(12.4 pg/dL)

96-07-10 3-2349 19.111 18.94 16.131 15.98 39.25 39.89
(16.2 pg/dL)

96-07-11 3-2442 18.686 18.78 15.620 16.54 39.02 39.57
(27.4 pg/dL)

96-07-12 3-3232 19.152 19.39 16.001 16.14 40.289 41.39
(32.0 pg/dL)

96-07-13 3-3020 19.431 19.54 16.130 16.18 39.64 41.11
(11.4 pg/dL)

96-07-14 3-3143 18.469 18.67 15.462 16.00 36.945 39.69
(72.8 pg/dL)

96-07-15 3-1841 19.084 19.24 15.825 15.75 38.88 38.76
(30.0 pg/dL)

96-07-17 3-2225 19.055 19.50 15.936 16.40 39.65 40.33
(15.4 pg/dL)

96-07-20 3-1827 19.086 18.87 16.060 16.00 38.71 38.77
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TABLE III

Accuracy of Isotope Ratio Measurements

(Pb206/Pb204) blood - (Pb206/Pb204) ceramic

lFllllll!ll e p T e s %A E

:t s b8t d ot b
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Specimen ID Number

Pool Isotope Ratio ~ Measured Target % Error
(ETV-ICP-MS)  Value
SRM 981 Pb204/Pb206 0.05777 0.05904 -2.2
SRM 981 Pb207/Pb206 0.90783 0.91464 -0.7
SRM 981 Pb208/Pb206 2.16246 2.1681 -0.2
SRM 982 Pb204/Pb206 0.02687 0.02722 -1.3
SRM 982 Pb207/Pb206 0.473 0.46707 +1.3
SRM 982 Pb208/Pb206 1.0158 1.00016 +1.6
SRM 955a3 Pb206/Pb204 18.523 17.8158 +4.0
Pb207/Pb204 15.545 15.0775 +3.1
Pb208/Pb204 37.767 37.021 +2.0
SRM 955a4 Pb206/Pb203 18.207 18.4706 -1.4
Pb207/Pb204 15.696 15.6539 +0.2
Pb208/Pb204 37.271 38.4004 -29
TABLE IV
Concentration in ppm (mg/L) of Various
Pottery Leachates Obtained by ICP-OES
Pot ID 1-h leach 6-h leach 24-h leach
Leach Blank A 0.0002
Leach Blank B 0.0003
3-1011 0.8 4.1 10.6
3-1762 24.6 215 24.3
3-1802 2,770 2,880 39,400
3.1827 45,400 49,200 73,100
3-1841 47,600 22,600 lost sample
3.1872 6,820 9,130 63,800
3-1914 15,000 23,800 50,700
3-1917 10,500 19,200 50,300
3-1926 25,800 32,200 49,200
3-2225 6,980 10,700 61,100
3-2347 13,200 lost sample lost sample
3-2349 1,370 934 8,410
3-2442 67,700 5,690 65,100
3-2484 105 985 997
3-2502 78,900 2,600 36,200
3-3020 1,200 lost sample lost sample
3-3029 1,140 1,700 9,030
3-3062 4,450 2,730 lost sample
3-3143 7,680 7,400 54,400
3-3232 2,890 5,580 lost sample

Fig. 1. Difference in Pb206/Pb204 ratios of blood
and corresponding ceramic cookware (16 data pairs).
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Fig. 2. Plot of Pb207/Pb204 for blood specimens
(square), ceramic cookware (circle), and leaded gaso-
line (bash) vs. Pb206/Pb204. The geochron (primeval
lead) is the solid line.




The Mexican blood isotope
ratios were more radiogenic than
primeval lead, and were tightly clus-
tered. Upon comparison of each
blood specimen to the 1-hour
leachate of the pottery obtained
from the same household, it was
observed that the isotopic content
of the bloods and the pottery
leachates were virtually identical.
The pots are the most likely source
of the lead in blood; however,
exposure to an additional source in
conjunction with the pottery can-
not be totally discounted.
Subsequent measurement of lead
isotope ratios from leaded gasoline
in typical use at the time of
sampling was done; the isotope
ratios measured for gasoline were
very different from those in blood
or ceramic.

CONCLUSION

In this study it was determined
that ETV is very effective for lead
isotope ratio measurements in both
blood and aqueous matrices. Sam-
ple volume and pretreatment are
minimal, permitting the analysis of
samples of limited quantities and
reducing the opportunity of sample
contamination resulting from exces-
sive sample handling. The sensitivi-
ties are enhanced such that low
concentration samples can be easily
quantified. The only disadvantage
noted was a slight decrease in pre-
cision of the measurements as com-
pared to conventional solution
nebulization.

Received July 1, 1998.
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[CP-MS Determination of Titanium and Zirconium in
Human Serum Using an Ultrasonic Nebulizer
With Desolvator Membrane
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INTRODUCTION

The measurement of titanium
ions in human blood serum is
important in the study of metallic
total joint replacement devices
made of TiAl6V4 material. Measure-
ment of Ti content using different
analytical techniques has been pre-
viously reported. Cantone et al. (1)
published an indicative value of 90
ng/mL titanium in human blood
serum, obtained by nuclear activa-
tion analysis. Skipor et al. (2)
reported 3 ng/mL for ‘normals’

(= humans without artificial
devices) using electrothermal
atomic absorption spectroscopy
(ETA-AAS), which has been
confirmed by Yu et al. (3) by means
of electrothermal vaporization -
inductively coupled plasma mass
spectrometry (ETA-AAS-ICP-MS).
Kunze et al. (4) dealt with the
problem of analyzing both ions and
particles present in the fluid envi-
ronment (normal blood serum) of a
fretting wear tester (5) by means of
inductively coupled plasma optical
emission spectrometry (ICP-OES).

The sensitivity of ICP-OES does
not satisfy the analysis of normal
blood serum samples, because of its
limit of quantification (LOQ) of 50
ng/mL for titanium (4).

In this report, we describe a
technique for the determination of
titanium in human serum after pres-
surized digestion according to
Kunze et al.(4), utilizing ICP-MS
with ultrasonic nebulization (USN)
and membrane desolvation. Zirco-

Corresponding author.
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ABSTRACT

A method is described for the
determination of titanium and
zirconium in human blood serum,
using ICP-MS coupled to an ultra-
sonic nebulizer and desolvating
membrane system to create a
“dry” aerosol. After total decom-
position of the serum matrix, iso-
baric interferences due to the
carbon and salt content in serum
are reduced. The limit of quantifi-
cation for titanium is 2.0 ng/mL
and is similar to that of ETA-AAS.
Significant differences in the mea-
sured titanium occurs due
to the absence of a digestion step
in case of ETA-AAS. After pressur-
ized digestion, particles 100 nm
in diameter are detectable.

nium has been determined in order
to demonstrate the accuracy of the
technique since the limits in blood
are well known (6). Skipor (2)
determined titanium by ETA-AAS.
And our ETA-AAS results show good
agreement (RSD <5%).

The incorporation of a micro-
porous Teflon® Membrane Desolva-
tor with the CETAC U-6000AT+
Ultrasonice Nebulizer (USN)
(CETAC Technologies, Omaha, NE
USA) adds a third desolvation stage.
It removes the solvent from the
aerosol stream by a counter flow
of Ar sweep gas. The dry aerosol is
transported to the ICP. A number
of potential problems, such as Cl-
related interferences, like >C37Cl*,
35CIMN* are reduced using the des-
olvator USN. 3°Ar'3C* as a potential
carbon-related interference on “Ti

164

can be estimated by the intensity at
mass 52 (“°Ar'2C*). Due to the low
carbon content, no correction of
the estimated Ti content at mass 49
has to be done. Phosphorus-related
interference due to 3'P8O* could
not be observed.

The use of the membrane desol-
vator eliminates the principal
source of oxygen and hydrogen
from the aerosol drastically, thus
reducing the formation of
polyatomic ions such as oxides,
hydroxides, and hydrides. Forma-
tion of polyatomic ions in ICP-MS
can cause interferences that
degrade detection limits or make
it impossible to determine some
elements, such as titanium. In addi-
tion to reducing oxide formation,
the use of the U-6000AT+ also sig-
nificantly improves detection limits
over other nebulizers by a factor
of 5.

Elimination of the solvent
through the use of the desolvating
membrane in conjunction with the
ultrasonic nebulizer reduces oxide
interferences and improves detec-
tion limits for a number of elements
by ICP-MS.

EXPERIMENTAL

Instrumentation

A PE SCIEX ELAN® 6000 induc-
tively coupled plasma mass spec-
trometer (Perkin-Elmer SCIEX
Instruments, Concord, Ontario,
Canada) was used, equipped with a
Perkin Elmer AS-91 autosampler
and a CETAC U-6000AT+ Ultrasonic
Nebulizer. The instrumental para-
meters are shown in Table I.



AAS Instrumental Parameters

For comparison purposes, the
direct measurement of the serum
samples was performed by
electrothermal Zeeman AAS accord-
ing to the method described by
Skipor (2). A Perkin-Elmer Model
Zeeman 3030 AAS and HGA™-600
sampling system were used with
the temperature/time programs as
described by Skipor (2). All samples
were diluted (1:1:1) with one part
sample, one part Ti spike in nitric
acid, and one part 0.3 % Triton®
X-100 solution. An injection volume
of 20 L into the GFAA graphite
tube was applied. A three-point cali-
bration curve was generated using
aliquots of 100 uL standard, 100 pL
Triton® X-100 solution, and 100 uL
serum. The final concentration of
titanium in the standards was 8, 16,
and 32 ng/mL. The correlation coef-
ficient of the standard curve was
0.99606.

Reagents

HNOj; was freshly distilled by use
of a sub-boiling still made of quartz

.

HF suprapure grade was
purchased from Merck (Darmstadt,
Germany).

Deionized water was obtained
using the Milli-Q™ water system
(Millipore, Bedford, MA USA)
15 MQ).

Pooled human blood serum was
obtained from self-donation.

TiCly in HCI (1000 mg/L Ti,
Merck), zirconium in aqueous solu-
tion (1000 mg/L Zr, Alfa, Morton
Thokol. Inc., Danvers, MA USA).

RhCl; in HCI (1000 mg/L, Kraft,
Duisburg, Germany).

Triton X-100 solution from
Kodak (Eastman Kodak, Rochester,
NY USA).

Procedure

The standards were digested in
stainless steel autoclaves [see Tolg
(8], according to the method
described by Kunze (4), using 2 mL
serum, 750 uL HNOj, and 250 uL
HF in 10-mL PTFE containers. The
autoclave was programmed accord-
ing to the following temperature/
time program:

TABLE I
Instrumental Parameters ICP-MS

Digestion: Pressurize digestion of serum with HNO;/HF according to Kunze (4).

Measured Isotopes “Ti , 2°Zr .
Internal standard: '3Rh, 5 ng/L

Calibration: Method of standard additions in human serum, simple linear.
Ti (ng/mL): 0.2/0.5/1.0/2.0/5.0/10.0, blank, matrix measured as sample
Zr (ng/mL) 2.0/5.0/10.0/20.0/50.0/100.0, blank, matrix measured as sample

Note: The calibration standards were prepared by spiking the stock standard
solution into the blank serum. The blank serum was obtained from patients

without prostheses by self donation.

Sample Uptake Rate
Carrier Gas

Sweep Gas

Desolvation Heating Temp
Desolvation Cooling Temp
Nebulizer Heating Temp
Ultrasonic Frequency

~1.0 mL/min
0.53 L/min
1.23 L/min
160°C
3°C
140°C
1.4 MHz
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80°C- 1h
120°C- 1h
150°C - 1h
180°C- 5h

After cooling to room tempera-
ture, each solution was placed in
a carefully rinsed polypropylene
autosampler tube. Then 100 puL of
1 mg/L Rh was added to each tube
as the internal standard. The sam-
ples were diluted to a final volume
of 20 mL with Milli-Q water. The
final concentration of HF in solu-
tion was 1.5% and the final concen-
tration of Rh was 5 ng/mL.

To prevent any contact with air
or other contaminants, the autosam-
pler was protected by a plastic
hood. A Heraeus™ clean bench
with filter, capable of providing
a class 10 environment, was used
during the handling of the samples
and the calibration standards.

The samples were then
measured for titanium and zirco-
nium by ICP-MS coupled with an
ultrasonic nebulizer with desolvat-
ing membrane using m/e 49 for Ti
and m/e 90 for Zr.

A simple linear calibration curve
was established using matrix-
matched standards.

RESULTS

Method Development and
Calibration Studies

The calibration solutions used
during this study contained the
same amount of blood serum as
the samples.

The calibration standards were
prepared by spiking stock solutions
into the serum matrix obtained
through self-donation. A calibration
curve for “Ti was established using
0.2,0.5, 1.0, 2.0, 5.0, and 10.0
ng/mL standards. An aliquot of the
unspiked serum matrix was used as
the calibration blank.



The calculation of the limit of
detection (LOD) and limit of quan-
tification (LOQ) was calculated
from matrix-matched calibration
curves, not as a function of blank
experiments, using a computer-
based PC program (9) for statistical
calculation of LOQ (9,10,11) and
LOD (9,10,11). According to this
method, the following results were
obtained for titanium:

Linearity of the curve: 0.9987
Limit of quantification

(P=95%) LOQ) : 2.0 ng/mL Ti
Limit of detection

(P=95%) (LOD) : 1.4 ng/mL Ti
Standard deviation

of the method: 0.2 ng/mL

For ?°Zr, a calibration was
established using 100, 50, 20, 10,
5, and 2 ng/mL Zr standard with
an unspiked aliquot of the matrix
serum as the blank. Using the same
calculation procedure described for
49Ti above, the following results
were obtained for *Zr:

Linearity of the curve: 0.9980
Limit of quantification

P=95%) (LOQ):  14.9 ng/mL Zr
Limit of detection

(P=95%) (LOD): 9.9 ng/mL Zr
Standard deviation

of the method: 1.4 ng/mL

Particles of titanium and
titanium-oxide were identified in
serum samples with a diameter of
100 nm during implant wear stud-
ies. Without using HF as reagent
and a pressurized digestion using
HNO; to disturb the matrix, the
total amount of titanium in serum
samples is not detectable. Graphite
Furnace AA performance is limited
as the particles are incompletely
atomized.

Wearing artificial devices
increases the content of titanium
in blood over time. This can be
seen at the levels of patient #1

Vol. 19(5), Sep./Oct. 1998
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TABLE II
ICP-MS Data for Ti and Zr- Levels in Serum Samples
Sample ID Ti (ng/mL) Zr (ng/mL)
Patient #1 687-4 wks 29 17
Patient #1 687-5 wks 62 20
Patient #2 686-6 wks 57 14
Patient #3 508-96 482 15
Patient #4 575-2 55 17
Life source L-S 1-991 22 20
Normal blood level for Zr (6) 12 - 28
TABLE III
Comparison of ICP-MS/AAS Data
Sample ID Ti (ng/mL) ICP-MS Ti (ng/mL) AAS
Patient #1 687-5 wks 62 15
Patient #3 508-96 482 320
life source (reference sample) 22 20
between 4 and 5 weeks after DISCUSSION

implantation (Table ID).

Patient #3 had visible
discoloration of his blood during
the revision of the hip prostheses.
The titanium analyses of this blood
sample compared to patient #1
shows a higher Ti-level (Table III).
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Since trace elements from bio-
logical matrices are liberated as
highly soluble nitrates using tem-
peratures exceeding the boiling
point of nitric acid (120°C), a
“closed digestion system” has to
be used (4). All samples and occur-
ring particles in the serum were
digested using the HF/HNO; mix-
ture. ICP-MS measurements for tita-
nium were carried out at “°Ti, while




zirconium was detected at *°Zr. To
reduce the influence of the matrix
on the sample results, the calibra-
tion standards were prepared in
human blood serum obtained
through self-donation of prostheses-
free patients. A large amount of
“blank serum” was digested and
used to match the sample matrix.
Due to the digestion process, the
amount of remaining carbon is
reduced to < 0.01 mg/L; therefore
sample digestion is a first step to
reducing interferences related to
carbon. Considering the serum
matrix specifically, interferences
can be classified as C-, Cl-, P-, or Mg-
related interferences. The dilution
of the samples is a second step
towards reducing the interferences.

As reported by Yu (3), chloride-
related interferences such as
12C37Cl and 3°CIYN* are reduced to
background levels using the ultra-
sonic nebulizer desolvator.

30Ar13C* as a potential carbon-
related interference on *“Ti can be
estimated by measuring the inten-
sity at mass 52 (“°Ar'2C*). Due to
the low carbon content of the sam-
ples after digestion, no correction
of the estimated Ti content at mass
49 had to be done. The desolvator
membrane produces a “dry”
aerosol. As a result, phosphorus-
related interferences due to 3'P80O*
were not observed. Matrix isobaric
interferences due to the carbon and
salt content in serum are reduced
to the background as could be seen
during measurements at mass 52
(40 AI'12C+).

The transducer of the USN is
made of quartz and has to be
replaced after 100 analyses. It is
possible that a transducer made of
ceramic, such as Al,O;, would pro-
vide better resistance to the 1% HF
in the digestion solution; however,
this was not tested.

The nebulizer chamber, also
made of quartz, showed no typical
HF loss of silicate. This was
evidenced by the absence of color
change in the quarts.

CONCLUSION

Measurement of titanium and
zirconium in human blood by ICP-
MS coupled to an ultrasonic nebu-
lizer and desolvating membrane
system after pressurized digestion
with HNO;/HF is reported. The dif-
ferences between the ETA-AAS and
ETA-ICP-MS data show the problem
of direct analysis of serum without
sample pretreatment. Particles in
the blood will not be determined,
and the reported levels are lower.
The zirconium measurement shows
good agreement with normal levels
in blood. Isobaric interferences due
to carbon, phosphorus, chloride,
and magnesium are reduced due to
dilution of the sample (factor 20)
and the dry aerosol of the ultrasonic
nebulizer.

The total amount of titanium
and zirconium reported results
from the particles in blood being
totally dissolved.

Received February 5, 1998.
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INTRODUCTION

The concentration of rare earth
elements (REEs) is not frequently
determined in human samples.
However, in vitro studies have
demonstrated that traces of other
elements have inhibitory as well as
stimulatory effects upon the crystal-
lization of urinary stones (1-3).

The presence of lanthanides in
urinary stones is probably due to
their ability to replace Ca** in a
specific and isomorphous manner.
The marked similarities between
lanthanides and Ca** as regards
their hard acid characteristics such
as ionic size, high degree of ionic
bonding, and donor affinities make
the replacement possible. Thus, the
determination of REEs in urinary
alculi is of great importance.

The determination of extremely
low concentrations of metal ions
requires powerful techniques, and
only few have sufficient sensitivity.
For trace REE determination in uri-
nary calculi, the application of tech-
niques such as instrumental neutral
activation analysis (INAA) involves
the use of sophisticated instruments
and materials (4-6).

Although inductively coupled
plasma optical emission spectrome-
try (ICP-OES) is the most widely
used technique in the determina-
tion of REE traces (7-11), the low
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ABSTRACT

Rare earth elements (REEs)
were determined in urinary
calculi by inductively coupled
plasma mass spectrometry
(ICP-MS). ICP-MS was chosen
because, unlike instrumental neu-
tron activation analysis (INAA), it
is a technique that can be devel-
oped in routine laboratories.
Fourteen REEs were determined
in eight urinary calculi of three
different types (oxalates, phos-
phates, and urates). Urinary cal-
culi were dissolved by a process
of acid digestion that permitted
the quantitative recovery of REEs
in any kind of matrix. A column
ionic exchange method was
applied for the separation of
majoritary elements in the case of
phosphate matrix. Validation of
the method was done by the stan-
dard addition method.

level of REE concentration in uri-
nary calculi is not compatible with
the detection limit of this
technique. In order to achieve accu-
rate, reliable, and sensitive results,
preconcentrations and separations
are needed when the analyte con-
centration in the original material
or in the prepared solution is too
low to be directly determined by
ICP-OES. However, preconcentra-
tion techniques are adequate for
determinations in liquid samples
though not in solid matrices such as
calculi. Within the last decade,
inductively coupled plasma mass
spectrometry (ICP-MS) has proved
ideally suitable as an alternative
approach for the determination of
REEs in various matrices. ICP-MS is
often used for the determination of
REEs because of its high sensitivity,
high selectivity, and high sample
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throughput (12-13). The aim of the
present work was to facilitate REE
determination in urinary calculi and
to provide information on the possi-
ble role of REEs in the etiology of
urolithiasis. Investigations were per-
formed using ICP-MS for the direct
determination of REEs in urinary
calculi.

EXPERIMENTAL

Instrumentation

The rare earth element concen-
trations were determined using
a PE SCIEX ELAN® 6000 ICP-MS
instrument (Perkin-Elmer SCIEX
Instruments, Concord, Ontario,
Canada). The samples were intro-
duced with a cross-flow nebulizer.
The operating conditions of the
ICP-MS instrumental paramenters
are listed in Table L.

Decomposition of the samples
was performed in a system
commercially available (Tecator
Digestor 20).

The ion-exchange apparatus con-
sisted of a 30 x 1 cm column fitted
with coarse glass frit and a 200-mL
reservoir for the eluent. The
column was packed with a 20-cm
long bed of 100-200 mesh Dowex
50 W-X8 cation exchange resin
pre-equilibrated with 1 mol/L
hydrochloric acid.

Reagents and Standard
Solutions

The Dowex® 50W-X8 resin was
used. The particle size was between
200 and 400 mesh. Before use, the
resin was activated with hydrochlo-
ric acid 1 mol/L.

REE standard solutions were pre-
pared by dissolving their respective
oxides in nitric acid 0.1 mol/L.



TABLE I
ICP-MS Instrumental
Operating Conditions

ICP-MS Instrument
RF power

Outer gas flow-rate
Auxiliary gas
flow rate

Nebulizer gas
flow rate

Sample
uptake rate

Nebulizer
Quantitative Mode

Quadrupole
scan mode

Dwell time
Sweeps/reading
Reading/replicate
No. of replicates
Isotope Measured

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

1.0 kW

15.0 L/min

0.80 L/min-

0.73 L/min

1.0 mL/min

Cross flow

Peak hopping

50 ms

20

1

3

(nm)

138.906
139.905
140.907
142.910
146.915
150.920
156.934
158.925
160.927
164.930
166.932
168.934
171.937
174.941

All other solvents and reagents

were of analytical-reagent grade

or better.

Procedure

Digestion Procedure

A 25-g dry sample was accurately
weighed and put into Pyrex® diges-
tion tubes and 25 mL of
concentrated nitric was added. The
air-condensers were fitted and the
tubes placed in the aluminum
block. The temperature was
increased to 60°C for
approximately 15 minutes. The
mixture was left standing overnight
at 60°C, and for 6 hr at 120°C. The
condensers were removed and the
volume reduced to 5-10 mL by heat-
ing at 120°C. Then 10 mL of con-
centrated perchloric acid (72%)
was added, the condensers
replaced, and the temperature of
the heating block gradually
increased to 210°C for 30 min. The
condensers were then removed and
the digest was kept at 210°C, with-
out vigorous boiling, until the vol-
ume reduced to about 2 mL. This
process was completed in less than
half an hour. The digest was then
transferred to a 25-mL volumetric
flask and diluted to volume with
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doubly distilled water. A total diges-
tion run (18 samples and 2 blanks)
took between 15 and 18 hr.

Ion-Exchange Procedure

The elution procedure for phos-
phate stones was as follows:

1. Load 25 mL of digested sample
solution (1 mol/L hydrochloric acid);

2. Elute with 50 mL of 2 mol/L
hydrochloric acid, followed by 50
mL of 2 mol/L nitric acid, discard-
ing both eluates;

3. Eluate with 75 mL of 8 mol/L
nitric acid, evaporate to dryness,
and leach with 25 mL of
1 mol/L hydrochloric acid for sub-
sequent REE determination.

The validation of the ion-
exchange method is shown in
Table II.

TABLE II
Recovery of REEs in the Ion Excange Process (n=6)

Element Added Found % Recovery
(ug/100 mL) (ug/100 mL)
La 30.00 29.26 £ 1.45 97.5
Ce 220.00 219.14 = 2.20 99.6
Pr 20.00 20.47 = 0.96 102.3
Nd 50.00 48.83 +1.74 97.6
Sm 8.00 8.03 +0.36 100.3
Eu 1.50 1.47 £0.08 98.0
Gd 10.00 10.27 £ 0.15 102.7
Tb 1.00 0.96 + 0.05 96.0
Dy 5.00 4.93 +0.09 98.6
Ho 1.00 0.97 + 0.06 97.0
Er 2.50 2.47 £ 0.06 98.8
Tm 0.50 0.48 + 0.04 96.0
Yb 3.00 2.95+0.09 98.3
Lu 0.50 0.49 +0.03 98.0
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Method Validation

The samples were taken from
three different matrices (phosphate,
oxalate, urates), different amounts
of standard REE solutions were
added, and then the REEs
determined. Recovery was between
98.2 and 99.8% for different REEs,
independent of the matrix. The
results obtained when this method
was applied to the determination of
Nd and Gd (in the three different
matrices) are shown in Table III.
Similar results were obtained for
the other REEs.

RESULTS AND DISCUSSION

In the process of sample dissolu-
tion it is fundamental to obtain a
representative solution of the origi-
nal sample. However, this is not the
only prerequisite when the solution
is to be nebulized. In such a case, it
is also necessary for the saline con-
tent values to be at levels compati-
ble with the requirements of the
pneumatic nebulization used in the
ICP-MS technique. The elimination
of organic matter during the attack
process and sample dissolution is
another factor to be considered
since it becomes necessary to make
important modifications to the
plasma operative parameters. In the
present study, the mineralization
with nitric and perchloric acids
(14) was suitable for any kind of
sample, including samples of an
inorganic nature, such as
phosphates and oxalates, as well as
those of an organic nature, such as
uric acid. With the exception of
phosphates, in all cases the matrix
decomposes and transforms into
volatile compounds, while the REEs
solubilize as nitrates.

REE determination in urinary cal-
culi can be performed directly by
ICP-MS with prior dissolution by
acid digestion. However, for calculi
with a matrix composed of phos-
phates, a separation of the matrix
becomes necessary in order to
decrease the salt content and to

prevent possible clogging of the
nebulizer. For this purpose, the
method described by Crock (15)
was adapted, using a Dowex 50W-
X8 cationic resin and elution with
hydrochloric and nitric acids pro-
vided good results. This methodol-
ogy permitted the quantitative
separation of the REEs from the
matrix. The assessment of the
degree of REE recovery for such
low concentration levels was per-
formed by means of synthetic solu-
tions where the REE concentration
level was reproduced after acid dis-
solution in the urinary calculi of a
phosphate matrix (Table II). The
recovery percentage in the diges-
tion process was obtained by the

standard addition method on sam-
ples representing the different
matrix types. The results obtained
in Table III show that recovery was
quantitative. Therefore, direct
determination of REEs can be per-
formed.

The results obtained for the
determination of REEs in human
urinary calculi samples are listed in
Table IV. In the urate and oxalate
samples, REEs were determined
directly after sample dissolution.
The phosphate samples were sub-
jected to matrix separation by ionic
exchange after dissolution and REEs
were subsequently determined.

TABLE III
Method Validation (x95% Conficence Interval, n=6)

Sample Element Base value  Quantity Quantity Recovery %
(ng/g) added (ng/g) found (ng/g)
30.00 90.59 99.2
Nd 61.33 60.00 119.75 98.7
120.00 180.96 99.8
Phosphate*
5.00 16.20 98.3
Gd 11.48 10.00 21.26 99.0
20.00 31.23 99.2
30.00 81.99 99.5
Nd 52.41 60.00 111.73 99.4
120.00 171.89 99.7
Oxalate®
5.00 11.68 99.0
Gd 6.80 10.00 16.51 98.3
20.00 26.53 99.0
10.00 27.05 99.1
Nd 17.30 20.00 37.11 99.5
30.00 47.06 99.5
Urate®
1.00 2.65 98.2
Gd 1.70 2.00 3.63 98.2
4.00 5.63 98.8

a In this case, the matrix was separated by ionic exchange prior to REE determination.

b REEs were directly determined after the dissolution process.
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Rare Earths Element Concentration (ng/g) of Eight Urinary Calculi, Obtained by ICP-MS
Samples 6, 7, and 8: Phosphates®

Samples 1 and 2: Urates?®

Samples 3, 4, and 5: Oxalates®

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8
La 7.42 4.59 17.90 15.59 22.38 73.35 99.04 68.87
Ce 30.52 11.75 30.42 57.87 135.57 218.32 297.16 215.25
Pr 6.47 2.43 47.85 61.10 62.27 18.92 24.06 16.29
Nd 17.30 5.71 52.41 63.70 118.35 61.33 78.84 47.10
Sm 5.00 0.65 38.62 26.08 53.32 10.00 12.42 591
Eu 0.36 0.18 1.60 2.63 4.91 2.03 2.15 1.26
Gd 1.73 0.90 6.80 9.56 20.79 11.48 13.99 8.83
Tb 0.12 0.11 1.35 1.17 2.43 1.35 1.57 0.81
Dy 0.83 0.10 7.34 5.95 10.68 7.05 8.12 4.53
Ho 0.10 n.d. 1.34 1.12 2.00 1.23 1.47 0.79
Er 0.65 0.21 4.10 2.90 5.76 3.69 4.48 2.33
Tm n.d. n.d. 0.68 0.41 0.81 0.51 0.66 0.31
Yb 0.45 0.23 2.86 1.83 3.72 3.31 4.12 1.99
Lu n.d. n.d. 0.63 0.76 1.62 0.55 0.66 0.34
a REEs were directly determined after the dissolution process.
b In this case, the matrix was separated by ionic exchange prior to REE determination.
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ment as, for example, would be
required with INAA. The results of
this work can be used as the basis
for further studies on some of the
phenomena involving the determi-
nation of rare earth elements.
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Optimization of an ICP-MS Assay for the Detection of
Trace Levels of Platinum in Peripheral Nerves
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INTRODUCTION

Platinum-based drugs are used
widely in the treatment of cancer
but their delivery to patients is lim-
ited by the onset of neurotoxicity
symptoms (1). It has been stated
that the most likely mechanism
underlying this peripheral nerve
damage involves the accumulation
of platinum within the peripheral
nervous system (2). To test this
hypothesis, we proposed to carry
out some studies on the relation-
ships between the physicochemical
properties, tissue accumulation,
and peripheral neurotoxicity of a
series of platinum analogues using
an animal model.

For these studies, an analytical
technique was required with suffi-
cient sensitivity to detect trace lev-
els of platinum in samples of
peripheral nerves weighing only
5 to 10 mg. Inductively coupled
plasma mass spectrometry (ICP-MS)
was chosen because of its superior
sensitivity compared to graphite
furnace atomic absorption
spectrometry or inductively cou-
pled plasma optical emission spec-
trometry for the detection of
platinum in tissues (3). This report
describes the optimization of an
ICP-MS assay for this application
and the effects of paraformaldehyde
perfusion on tissue levels of plat-
inum.

EXPERIMENTAL
Instrumentation

A Hewlett Packard® HP 4500
ICP-MS was used with a Babington
(v-groove) nebulizer and a Scott
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ABSTRACT

Platinum-based drugs are used
widely in the treatment of cancer
but cause peripheral neurotoxic-
ity, possibly due to the accumula-
tion of platinum in the peripheral
nervous system. An ICP-MS assay
was developed and validated for
the detection of trace levels of
platinum in samples of peripheral
nerve weighing only 5 to 10 mg.
Tissue samples were prepared for
analysis by closed vessel nitric
acid digestion in polypropylene
tubes. Suppression of platinum
counts occurring as a result of
the nitric acid digestion proce-
dure was accounted for by pro-
cessing the calibration standards
in exactly the same way as the
tissue samples. The precision
(6.4%), recovery (112 + 7.2%)
and reproducibility within (3.5%)
and between assays (13.9%) were
adequate. The limit of quantita-
tion was 5 pg of platinum per mg
of sciatic nerve. Paraformalde-
hyde perfusion may be associated
with alteration of the levels of
platinum in peripheral neurologi-
cal tissues, possibly due to
washout of platinum during the
fixation procedure.

double-pass spray chamber main-
tained at 2°C. The ICP-MS operating
parameters are shown in Table I.

Tissue Preparation

Female Wistar rats were anaes-
thetised with sodium pentobarbi-
tone at a dose of 90 mg/kg given by
intraperitoneal injection. Blood was
collected from the axillary artery
and tissues were removed using a
dissection microscope. Samples of
brain, spinal cord, dorsal root gan-
glia, sural nerve, sciatic nerve and
liver were collected, washed in
Milli-Q™ water, blotted dry and
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weighed. All procedures using live
animals were approved by the Uni-
versity of Auckland Animal Ethics
Committee.

The tissues were then left to
stand overnight at room tempera-
ture in closed 15-mL polypropylene
tubes with 1 mL of 70% nitric acid
(Riedel de Haen, Germany). The
following day, the tissues were
digested for 2 hrs at 90°C in a sand-
filled electric frying pan positioned
within a fumehood. The samples
were made to volume in 10-mL vol-
umetric flasks using Milli-Q water
and introduced into the ICP-MS.
Preparation details are outlined in
Figure 1.

Assay Validation

Standard solutions and quality
control samples were made from
a 1000-ug/mL platinum standard

TABLE I
Optimal Operating Conditions
Forward Power 1360 W
Reflected Power <5W
Coolant argon flow rate 15 L/min
Auxiliary gas flow rate nil
Nebuliser gas flow rate 1.3 L/min
Sample uptake rate 0.8 mL/min
Sampling depth 5.5 mm
Sample wash time 10 sec
Sampler (nickel) orifice 1 mm
Skimmer (nickel) orifice 0.4 mm
1st stage pressure 380 Pa
2nd stage pressure 3 Pa
3rd stage pressure 5x 10-4 Pa
Mass range 195 amu
Acquisition time 6 sec
Replicates 3

Total data acquisition time 18 sec




solution in 10% HCI (Spex Certi
Prep, USA). The limit of detection
was defined as three times the stan-
dard deviation of the platinum sig-
nal of a tissue blank. The limit of
quantitation was defined as ten
times the standard deviation of the
platinum signal of a tissue blank.
Precision was defined as the rela-
tive standard deviation of repeated
measurements of platinum concen-
trations in a spiked tissue sample.
Recovery was calculated by spiking
tissue with a known amount of plat-
inum and comparing the measured
and expected concentrations. The
assay variability was determined by
analysing a series of platinum
spiked tissues and calculating the
relative standard deviation with
(intra-assay) and between (inter-
assay) days.

Paraformaldehyde Perfusion

Six age-matched female Wistar
rats were treated with 2 mg/kg of
cisplatin by intra-peritoneal injec-
tion twice a week for two weeks.
Animals were anaesthetised with
sodium pentobarbitone and sacri-
ficed either by exsanguination or
cardiac perfusion with 4% para-
formaldehyde in 0.1M phosphate
buffer pH 7.4. Animals were per-
fused with paraformaldehyde by
inserting a needle into the left ven-
tricle of the heart and perfusing
60 mL of 0.9% NaCl followed by
60 mL of paraformaldehyde. Tissues
were removed and prepared for the
ICP-MS analysis as described in Fig-
ure 1. Tissues levels of platinum in
the paraformaldehyde treated and
control animals were compared
using a student #-test.

RESULTS AND
DISCUSSION

tissues dissected from female Wistar rats
using a dissecting microscope

Optimization of

&

Instrument Operating
Parameters

tissues washed with Milli Q water, blotted
dry, placed in 15 ml screw cap tubes and weighed

The optimal ICP-MS
operating conditions

&

in 1 ml of 70% HNO 3

tissues allowed to sit overnight at room
temperature in closed vessels

&

tissues digested at 90 °C
for 2 hrs in a closed vessel
in a fume hood

&

to volume with Milli Q water
using 10 ml volumetric flasks

samples allowed to cool and made

&

platinum analysed by
ICP-MS at 195 amu

are shown in Table I.
The plasma gas flow
rate was varied from 13
to 16 L/min at 1 L/min
increments and the
maximum signal from a
10-ng/mL standard solu-
tion of platinum was
found at a plasma gas
flow rate of 15 L/min.
The wash time between
samples was varied
from 10 to 60 seconds
but there was less than
0.03% carryover of plat-
inum with a 10-second
wash. The sample intro-
duction rate was varied
from 0.2 to 2.0 mL/min
with the maximum sig-
nal from a 10-ng/mL
solution of platinum

Fig. 1. Procedure for preparing peripheral
neurological tissues for ICP-MS analysis.

achieved at a rate of
0.8 mL/min.
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Calibration Curve

Matrix-free standard solutions of
platinum were made up in 1% nitric
acid at concentrations ranging from
0.05 to 1000 ng/mL. The standard
curves were linear over this range
of concentrations with an r? greater
than 0.98. Matrix-free quality con-
trol standards (2.5, 25, and 250
ng/mL) included in each analytical
run showed low levels of variability
between (% CV = 1%), and within
the assays (% CV = 4.7%) and ade-
quate accuracy (95%). Instrument
drift was corrected by running the
standard curve at the start and end
of each run.

Tissue Preparation

The procedure for preparing
samples of peripheral nerve for
analysis is shown in Figure 1 and
discussed in the methods section.
The digestions were carried out in
polypropylene screw-top tubes
with their caps in place because
open vessel digestions were associ-
ated with poorly reproducible
results. The effect of varying the
amount of tissue on platinum
counts was investigated by spiking
tissue samples weighing between
10 and 500 mg with 10 ng of plat-
inum and preparing them for analy-
sis. Tissue samples weighing over
300 mg were associated with sup-
pression of the platinum signal,
whereas samples weighing less than
300 mg showed no effect on the
platinum signal. The effect of vary-
ing the dilution of the tissue residue
was examined by spiking tissues
with 10 ng of platinum, preparing
them for analysis and diluting 1 mL
of the resuspended residue solution
by 3- to 40-fold with 1% nitric acid.
Dilution less than 20-fold had no
effect on the assay performance.

Matrix Effects

Potential matrix effects were
investigated by spiking tissue sam-
ples from control animals with
known amounts of platinum and
processing the sample as shown in



TABLE II
Performance of the Assay

Tissue Pt concentration Precision Recovery Intrassay variability Intrassay variability
(ng Pt/sciatic nerve) (%) %) (RSD) (RSD)
5 6.4 112+£7.2 13.9
50 3.5 114 £ 4.0 12.9
n=4
TABLE III
Effect of Paraformaldehyde Perfusion of Tissue Platinum Levels
Tissue Platinum Concentration: pg Pt/mg of Tissue (mean + standard error)
Brain Spinal Cord Dorsal Root Ganglia Sural Nerve Sciatic Nerve Liver
Control 235+11.3 70.6+11.9 312 £ 35.7 400 + 82.1 417 £ 67.5 1818 £ 520
n=3
Paraformaldehyde 24075 61.5+11.0 363 + 18.2 216 £57.2 234 + 40.3 908 + 210
n=3
P 0.97 0.60 0.27 0.14 0.08 0.18

Figure 1. The concentrations mea-
sured in these samples were consis-
tently lower than expected by
about 25% suggesting loss of plat-
inum or a matrix effect.

The suppression of platinum
counts in these samples occurred
during the digestion procedure
because digested tissues spiked
after the digestion procedure read
close to the nominal value. The
effect was not due to the presence
of tissue in the sample, because
tissue-free standard solutions
processed by nitric acid digestion
also read lower than expected by
about 25%, and the effect was not
corrected by a standard addition
procedure. Although the exact rea-
son for the suppression of platinum
counts has not been identified, the
effect was quite consistent from
sample to sample, was independent
of tissue weight up to 300 mg, and
was able to be accounted for by
processing the calibration standards
in the same way as tissue samples
using nitric acid digestion.

Assay Performance

The precision, accuracy, and
reproducibility of the assay were
adequate and are shown in Table II.
The limits of detection and quanti-
tation were determined according
to procedures and definitions stated
in the methods section. The limits
of detection and quantitation of
platinum in the final solution enter-
ing the ICP-MS were 17 pg/mL and
50 pg/mL respectively. These limits
did not change with the presence
of digested tissue in the analyte
and were not influenced by up to
300 mg of tissue in the sample.
Typical samples of sciatic nerve
weighed 20 mg and the limits of
detection and quantitation of plat-
inum in sciatic nerve were there-
fore 1.7 and 5.0 pg Pt/mg of tissue,
respectively.

Effects of Paraformaldehyde
Pretreatment

It would be convenient to be
able to use tissues from the same
animal for histological studies and
platinum analysis in studies of the
peripheral neurotoxicity of
platinum drugs. Histological studies
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require that the animal is given

a perfusion of paraformaldehyde
under terminal anaesthesia to fix
the tissues prior to their collection
and further processing. Therefore,
studies were carried out to deter-
mine whether paraformaldehyde
perfusion altered the tissue levels
of platinum in animals treated with
platinum-based drugs.

Six female Wistar rats were
treated with cisplatin given by
intraperitoneal injection at a dose
of 2 mg/kg twice a week for two
weeks. The animals were sacrificed
24 hours after the last dose of cis-
platin. Three animals received
paraformaldehyde perfusion under
terminal anaesthesia while the
other three did not receive this
procedure.

Tissues were collected and pre-
pared for analysis as shown in Fig-
ure 1. Platinum concentrations in
tissues from animals treated with
cisplatin were at least 5-fold greater
than the limit of quantitation of the
assay. The mean levels of platinum
(Table IID) in the sural nerves, sci-
atic nerves, and livers from animals



given a paraformaldehyde perfusion
were approximately 50% lower
than in animals not given the perfu-
sion, but these differences did not
reach conventional levels of statisti-
cal significance. Levels of platinum
in the brain, spinal cord, and dorsal
root ganglia were not affected by
paraformaldehyde perfusion.
Together, these results suggest that
paraformaldehyde perfusion may
alter the levels of platinum in
peripheral neurological tissues pos-
sibly due to washout of tissue plat-
inum during the fixation procedure.

CONCLUSION

A highly sensitive and reliable
ICP-MS assay has been developed
for the detection of platinum in the
peripheral nervous system of ani-
mals treated with platinum drugs.
This assay will be used in studies
of the relationships between the
physicochemical properties, tissue
accumulation, and peripheral neu-
rotoxicity of a series of platinum
analogues.

Received June 30, 1998.
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Determination of Total and Inorganic Mercury in
Whole Blood by On-Line Digestion With Flow Injection
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INTRODUCTION

Mercury concentration in whole
blood has been measured for many
years to monitor uptake of mercury
in humans after occupational and
environmental exposure. A review
of trace determination of mercury
has been published recently (1).
The most commonly used analytical
technique for mercury determina-
tion in biological samples is cold
vapor atomic absorption spectrom-
etry (CVAAS) (2-8), wherein the
biological sample first undergoes
oxidative digestion in order to con-
vert all chemical forms of Hg to
Hg?*, then Hg?* is reduced to ele-
mental Hg, and Hg® vapor is mea-
sured by absorbance at 253.7 nm.
It is important to be able to differ-
entiate among the various forms of
mercury in biological samples, par-
ticularly if the analytical results are
to be used in evaluating the effects
of dietary (primarily methyl) mer-
cury and other environmental
sources (primarily inorganic or ele-
mental) of mercury. The speciation
of mercury with CVAAS is accom-
plished by first measuring the total
(inorganic + organic) and then the
inorganic mercury concentrations,
the organic mercury fraction is esti-
mated by the difference in the two
measurements. In recent years,
on-line sample pretreatment in mer-
cury determination has been attrac-
tive to researchers (9-12) because
it overcomes the classic problems
associated with the mobility, volatil-
ity, and contamination of mercury

*Corresponding Author: Hui Ping Chen,
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Tel. (770) 488-7875
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ABSTRACT

This paper discusses the use
of a commercially available flow
injection system for the determi-
nation of total and inorganic mer-
cury in whole blood. The
procedures are simple, fast, and
fully automatic with very limited
sample manipulation and low
sample consumption. The detec-
tion limits were 0.14 and 0.45
mpug/L for total and inorganic
mercury measurements, respec-
tively. The relative standard devi-
ations (RSD) were about 10% for
total mercury and less than 7%
for inorganic mercury determina-
tion. The procedures are suitable
for epidemiological studies in
which large numbers of samples
are processed.

during off-line sample pretreatment
procedures, and it also speeds the
analysis. A system for on-line
microwave sample pretreatment
for the determination of mercury
in water and urine by flow injection
CVAAS was designed and evaluated
by Weiss et al. (12). This method
was successfully adopted and modi-
fied for the determination of total
mercury in whole blood by Guo
etal. (11).

In this study, we report the
adaptation of a flow injection mer-
cury system for the determination
of total mercury in whole blood
based on the methods of T. Guo
and J. Baasner (9, 10) with slight
modifications, as well as the condi-
tions used for blood inorganic mer-
cury measurement with the same
system.
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EXPERIMENTAL

Instrumentation

The Perkin-Elmer FIMS™-400
flow injection mercury system,
consisting of the FIAS™- 400 flow
injection analysis system and an
AS-91 autosampler, was used for
this study. A Maxidigest MX 350
microwave digester (Prolabo, Paris,
France) was connected to the FIAS-
400 system, and the microwave
power level was controlled by the
AA Winlab™ software. A Digital
Equipment Celebris® 466
computer was used for instrument
control. Figure 1 illustrates the
setup of FIMS-400 used in the study.

Reagents and Solutions

All solutions were made of
analytical reagent grade chemical
stock. Ultrapure water of approxi-
mately 18 MQ/cm (Milli-Q™ water
purification system) was used
throughout.

Sodium Tetrabydroborate Solution

0.05% sodium tetrahydroborate
in 0.05% NaOH: Weigh out 1.0 g
sodium tetrahydroborate and 1.0 g
NaOH, and dissolve in 2 L Ultrapure
water. Add 2.0 mL Dow Corning
DB-110A antifoam agent to 2 L
reduction solution and shake it.
This solution should be prepared
daily.

Potassium Permanganate
Solutions

(a) 0.05% (w/v): Dissolve 0.5 g
of potassium permanganate in 1 L
Ultrapure water.

() 0.2% (w/v): Dissolve 2.0 g
of potassium permanganate in 1 L
Ultrapure water. Make sure that the
potassium permanganate crystals
are dissolved completely. All solu-
tions should be stored in dark bot-
tles and prepared weekly.
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Fig. 1. Schematic of MHS-FIAS system with microwave digester.

Oxidation Reagent

Dissolve 4.71 g potassium bro-
mide and 1.32 g potassium bromate
in 500 mL Ultrapure water. Add
0.6 mL 100% Triton® X-100, mix
well.

Hydrochloric Acid Solution

3.0% (v/v): Add 30 mL concen-
trated HCI to several hundred mL
Ultrapure water, then make up to
1 L with more water.

Stannous Chloride Solution

1.1% (w/v): Dissolve 11.0 g
stannous chloride in 1 L 3% HCI
solution. Filter it through 5.0-um,
47-mm Cellulose Nitrate membrane.
Add 1.0 mL Dow Corning DB-110A
antifoam agent and shake. This solu-
tion should be prepared daily.

Triton Solution

0.12% (v/v): Dissolve 0.6 mL
100% Triton X-100 in 500 mL
Ultrapure water, mix well.

Calibration Standards

NIST SRM 3133 stock mercury
standard (1000 mg/L) was used to
prepare working mercury standards
(100 pg/L and 500 pg/L) by diluting
the stock standard with 1M HCI.

Quality Control Materials

We evaluated four pools of
bovine blood, all preserved with
EDTA as an anticoagulant. One
pool was unspiked, with a very low
level of mercury. The unspiked
blood is suitable for use as the base
blood from which the calibration
standards are prepared. The other
three pools were spiked either with
inorganic (mercuric) mercury chlo-
ride (COXEL and INOHG) or a mix-
ture of inorganic (mercuric
chloride) and organic (methyl
mercury iodide) inorganic mercury
(NIST SRM 966-2).

Total Mercury Measurement

A matrix-matched (whole blood
based) calibration method was used
in this study. Calibration solutions
at different mercury levels were
prepared by spiking bovine base
blood samples with appropriate
amounts of inorganic mercury (mer-
cury chloride) standard solutions.
The quality control pools were also
prepared by spiking the same
bovine base blood either with inor-
ganic (mercuric) mercury chloride
(COXEL and INOHG) or a mixture
of inorganic (mercuric chloride)
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and organic (methyl mercury
iodide) mercury (NIST SRM 966-2);
therefore the matrix of QC samples
was the same as that of the calibra-
tion solutions.

During sample preparation, the
oxidation reagent (KBr-KBrO;) was
pre-mixed with Triton X-100 solu-
tion; 2.00 mL of this mixture was
then dispensed into a 200-uL blood
sample. This is slightly different
from the Guo and Baasner method
(11) in which the Triton X-100 solu-
tion was added to the test tube first,
then the blood sample, followed by
dilution with water, the oxidation
reagent was added to the mixture
last. This modified procedure was
more efficient and apparently did
not affect the sensitivity of the
method. In addition, the modified
method required only a 200-uL
blood volume without losing its
sensitivity. This reduction in blood
sample consumption is one of the
advantages of this method.

Calibration Standard Solutions

Dispense 200 uL of bovine base
blood into each of a series of five
15-mL conical tubes. Dispense
2.00 mL of KBr-KBrOj; oxidation
reagent into the tubes. Dispense
0, 10, 20, and 40 uL of 100 ug/L
mercury working standard into the
first four tubes, respectively. Dis-
pense 20 yL of 500-ug/L mercury
working standard into the last tube.
Mix well. These solutions will have
mercury concentration at the levels
of 0.1, 5.1, 10.1, 20.1, and 50.1
ug/L, respectively, since the base
bovine blood has a total mercury
concentration of about 0.1 pg/L.

Quality Control (QC) and
Unknown Samples

Pipet 200 pL of QC material and
unknown specimen into 15 mL
tubes, add 2.00 mL of the same
oxidation reagent, and mix well.



The reduction solution for total
mercury measurement was 0.05%
NaBH; in 0.05% NaOH. Sodium
borohydride was used instead of
stannous chloride due to the more
rapid reduction of mercury in all
forms with this reagent. We then
added 1.0 mL of Dow Corning
DB-110A antifoam agent to each
liter of the solution.

FIMS and FIAS Parameters

FIMS and FIAS operating para-
meters for the measurement of total
mercury are presented in Tables I
and II, respectively.

Inorganic Mercury
Measurement

Microwave digestion was not
necessary for inorganic mercury
measurement. Therefore, a short
tube was used to replace the diges-
tion coil, thereby allowing the lig-
uid mixture to flow from the first
manifold directly to the second one
without going through the diges-
tion coil.

Stannous chloride is a weaker
reductant than sodium tetrahydrob-
orate. Apparently, SnCl, could
effectively reduce the inorganic
mercury compound of blood to
Hg® under the conditions
described. Note that the fluid sys-
tem components that come into
contact with the reductant should
be changed when switching the
reductant from NaBH; to SnCl,.

The use of KMnO,4 was necessary
to release inorganic mercury com-
pounds from blood proteins. The
concentration of KMnO, used
should be in accordance with the
concentration of the SnCl, solution.
By testing potassium permanganate
at the concentrations of 0.0%,
0.05%, 0.10%, 0.15%, and 0.20% we
found that the recovery of
inorganic mercury was improved
by increasing the KMnO, concen-
tration. With a SnCl, reductant con-
centration of 1.1%, the optimum
KMnO, concentration was 0.20%.

TABLE I
FIMS Parameter Setting

Parameter Total Hg Inorganic Hg
Wavelength 253.7 nm 253.7 nm
Slit Width 0.7 nm 0.7 nm
Signal Type AA AA
Signal Measurement Peak Height Peak Height
Smoothing Point 9 9
Microwave Power Level 20% NA
Read Time 35 sec 30 sec
Read Delay 0 6
BOC Time 5 5

TABLE II

FIAS 400 Parameter Setting: Total Mercury Measurement

Sample Volume: 500 uL, No Amalgam

Step Time Pump 1 Pump 2 Valve Read
(sec) Speed Speed Position Step
Prefill 5 120 90 Fill
1 7 120 90 Fill
2 40 0 920 Inject
3 35 0 20 Inject X
4 1 0 90 Fill

Permanganate concentrations
higher than 0.20% resulted in an
excess of KMnO,, which could
then clog the tubing, reaction cells,
and other components (10).

Calibration Standard Solutions

Dispense 200 uL of bovine base
blood into each of a series of five
15 mL conical tubes, then dispense
2.00 mL of 0.12% Triton X-100 solu-
tion into the tubes. Dispense 0, 10,
20, and 40 pL of 100 pg/L mercury
working standard into the first four
tubes, respectively. Dispense 20 uL
of 500 pg/L mercury working stan-
dard into the last tube. Mix well.
These solutions will have mercury
concentration of 0.1, 5.1, 10.1,
20.1, and 50.1pg/L, respectively.

Quality Control (QC) and
Unknown Samples

Pipet 200 pL of QC material or
unknown specimen into 15-mL
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tubes, add 2.00 mL of the same
Triton X-100 solution, and mix
well.

The reduction solution was
1.1% SnCl, in 3.0% HCI solution;
1.0 mL of antifoam agent was
added to each liter of the solution.

FIMS and FIAS Parameters

The FIMS and FIAS operating
parameters used in determination
of inorganic mercury are shown in
Tables I and III, respectively.
Microwave was not employed for
inorganic mercury measurement.



TABLE III
FIAS 400 Parameter Setting: Inorganic Mercury Measurement

Sample Volume: 500 puL, No Amalgam

Step Time Pump 1 Pump 2 Valve Read Step
(sec) Speed Speed Position
Prefill 5 100 120 Fill
1 8 100 120 Fill
2 5 0 120 Inject X
3 1 0 120 Fill
RESULTS AND DISCUSSION

Total Mercury Measurement

Three quality control pools were used for the evaluation of blood total
mercury determination method. The detection limit, based on three times the
standard deviation of 10 repeat measurements of a sample with low mercury
concentration (13), was 0.14 ug/L. The precision and accuracy of the method
is summarized in Table IV.

TABLE IV
Precision and Accuracy of Method: Total Mercury Measurement
QC Pool Target Mean #Run  RSD% 95% 99%
value (ug/L) Limits Limits
(ug/L)
NISTSRM  30.0 31.3 51 106  24.8-37.8 22.7-39.8
966-2
INOHG 10.0 9.94 42 9.19 8.15-11.7 7.59-12.3
COXEL 11.2 10.8 30 10.3 8.61-13.0 7.92-13.7

Inorganic Mercury Measurement

Two quality control pools were used for the evaluation of the blood inor-
ganic mercury determination method. The detection limit was 0.45 ug/L. The
precision and accuracy of the method is presented in Table V.

TABLE V
Precision and Accuracy of Method: Inorganic Mercury Measurement
QC Pool Target Mean #Run RSD% 95% 99%
value (mpg/L) Limits Limits
(ug/L)
NIST SRM  15.0 14.1 9 4.01 13.0-15.2 12.7-15.6
966-2
INOHG 10.0 9.86 42 6.19 8.66-11.1 8.28-11.4
CONCLUSION

In this paper we describe a fast, simple, and fully automatic procedure for
the determination of both total and inorganic mercury in whole blood sam-
ples using a flow injection system. The measurement process requires little
sample pretreatment and low sample and reagent consumption. The FIMS
system has high sensitivity and a desirable low detection limit for whole
blood mercury determination and is well suited to epidemiological studies in
which large numbers of samples are processed.
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Determination of Trace Indium in Geochemical Samples
Using Electrothermal Atomization/Laser-Excited Atomic
Fluorescence Spectrometry After a Solvent Extraction

S. Tao, J. Huang, W. Ma, L. Chen, and D. Chen
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Tsinghua University, Beijing 100084, P.R. China

INTRODUCTION

Laser-excited atomic
fluorescence spectrometry (LEAFS)
has been shown to be the most sen-
sitive atomic spectrometric tech-
nique (1-3). Theoretically, LEAFS
has the power of detecting even
one single atom of an analyte (4).
The realization of predicted detec-
tion limits in practical sample analy-
sis is often impossible due to the
following reasons: unstable laser
system, stray light problems,
ineffective atomizing system, back-
ground signal from the atomizer,
and scattering light of the laser by
sample matrices. In recent develop-
ments, electrothermal atomization
(ETA), using a graphite tube
furnace, a graphite rod, or a cup as
an atomizer, was adopted in LEAFS
(5-7). The characteristics of high
atomization efficiency and low
background radiation of these
atomizers proved to be excellent
for LEAFS. The detection limits at
a femtogram level have been
obtained by coupling LEAFS with
ETA (6) and the analytical charac-
teristics of this method have been
established. ETA/LEAFS has been
proved to be the most sensitive
method in determining trace metals
in samples consisting of simple
matrices, such as snow samples
from central Greenland (8), atmos-
pheric aerosol samples from a
North Arctic area (9), water from
the Great Lakes (10), and river
water samples (11). However,
when the method is applied to sam-
ples of complex matrices, such as
seawater, blood, rock and soil sam-
ples, the effects of sample matrices
on the analysis are significant and
a separation procedure has to be
employed prior to analysis.
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ABSTRACT

A laser-excited atomic fluores-
cence spectrometric procedure
for the determination of trace
indium in geochemical samples
was established by combining a
solvent extraction with potas-
sium iodide. The operating condi-
tions of the instruments were
optimized. By using a visible laser
at 410.2 nm as an exciting light
source and detecting indium
atomic fluorescence at 451.1 nm,
a detection limit of 0.2 pg of
indium was obtained. The effects
of sample matrices of rock and
sediment on the determination of
indium were investigated and the
results indicate that the existence
of bulk sample matrices not only
suppresses the atomization of
indium but also causes serious
background signal. Therefore, a
solvent extraction process was
adopted to separate the sample
matrix before the determination
of trace indium. The concentra-
tions of indium in some standard
samples determined by the pro-
posed method were in good
agreement with the certified values.

In this work, a laser-excited
atomic fluorescence spectrometric
procedure for the determination of
trace indium was established. The
operating conditions of the instru-
ments were optimized and a detec-
tion limit of 0.2 pg of indium was
obtained. In applying the
ETA/LEAFS method to determine
trace indium in some geochemical
samples, it was found that this type
of sample matrix influenced the
signal intensities. It suppressed the
atomization of indium and scattered
the exciting laser light which
causes background signals. There-
fore, a solvent extraction procedure
was developed to separate the sam-
ple matrix from indium before
analysis by ETA/LEAFS.

EXPERIMENTAL

Instrumentation

Figure 1 shows the schematic
of the atomic fluorescence
spectrometer constructed for this
work. It consists of an exciting laser
light source, an atomizer, atomic
fluorescence collecting optics,
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Fig. 1. Block diagram of the ETA/LEAFS set-up. 1, graphite rod atomizer;
2, 3, 4, 5, quarts lenses; 6, aperture. Operating conditions of the components

are listed in Table I.
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fluorescence detecting and data
processing units. The exciting
source is a tunable dye laser (Model
FL3002, Lambda Physik GmbH,
Goettigen, Germany) which is
pumped by a XeCl excimer laser
(Model EMG 202 MSC, Lambda
Physik GmbH). The laser dye used
in this experiment was a dioxane
solution of DPS which lases at a
wavelength range of 399-415 nm
with an output peak at 406 nm.
The atomizer was a laboratory-made
graphite rod atomizer (shown in
the inset in Figure 1) which is
heated by a graphite furnace power
supply (Model WF-1, Beijing Second
Optical Instrumental Factory,
Beijing, P.R. China). The atomizer
electrodes are water-cooled and the
graphite rod is purged with argon
gas at a flow rate of 0.5 L/min. Lab-
oratory-built optics (shown in Fig-
ure 1) are used to collect atomic
fluorescence at 90° to the excita-
tion laser beam and to shut out the
blackbody radiation from the atom-
izer. A monochromator (Model
WDG30, Beijing Optical Instrumen-
tal Factory, Beijing, P.R. China)

was used to separate atomic fluores-
cence from scattered laser light.
The atomic fluorescence radiation
is detected by a photo-multiplier
tube (PMT, Model 212UH, Hama-
matsu Photonics K.K., Shizuoka,
Japan) which is placed behind the
exit slit of the monochromator. The
atomic fluorescence signal is moni-
tored by a Tektronix® 2467 oscillo-
scope (Tektronix Inc., OR USA),
and at the same time the current
from the PMT is pre-amplified and
subsequently measured by a boxcar
averager (Model SR250, Stanford
Research System, Sunnyvale, CA
USA). The gate of the boxcar aver-
ager is turned on by the leading
edge of the pulse from a photodi-
ode which is placed behind the exit
window of the atomizer. A portion
of the exciting laser light is fed to
the photodiode during the excita-
tion period. The data from the box-
car averager were recorded and

processed by a computer. The opti-
mized operating conditions of the
instruments are listed in Table I.

Reagents

Water from a Milli-Q™ plus
reagent-grade water purification
system (Millipore Co., Molsheim,
France) was used throughout this
work. Indium standard solutions
were prepared by diluting an
indium stock solution [1000 mg/L
In(IID), National Institute of
Standards, State Bureau of Techni-
cal Supervision of China, Beijing]
with water. Hydrofluoric, nitric,
and sulfuric acids used in the sam-
ple preparation were of analytical-
reagent grade. A potassium iodide
solution of 3 mol/L used as an
extracting agent was prepared as
required. Analytical-reagent grade
ethyl ether was also used.

Sample Preparation

Indium concentrations
determined in standard geo-
chemical samples consisted of:
GBW07110, GBW07111,
GBWO07112 Rock Samples, and
GBWO07305, GBW07306 and
GBWO07310 Sediment Samples,
obtained from the National Institute
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of Standards, State Bureau of Tech-
nical Supervision of China. A sam-
ple solution was prepared by
dissolving a 0.25-g aliquot of a sam-
ple in 15 mL of a mixture of sulfuric
acid/nitric acid/hydrofluoric acid
(1:1:2, v/v) (all concentrated acid)
in a PTFE beaker. After the sample
was dissolved, the resulting solu-
tion was heated until the appear-
ance of white fumeS of SO;. After
cooling, 10 mL of water was added
and the solution heated appropri-
ately to dissolve the salts. The
solution was diluted with water

to 50 mL.

Analytical Procedure

One milliliter aliquot of the
sample solution and 1 mL of the
3 mol/L KI solution were added to
a 10 mL centrifuge tube. After the
solution was mixed, 1.0 mL of ethyl
ether was added. The tube was cov-
ered with a stopper and agitated for
10 minutes. After the two phases
were separated by centrifuging,
20 pL of the organic phase was
injected into the atomizer with
a micropipette and the atomic fluo-
rescence signal of indium was
determined under the operating
conditions given in Table L.

TABLE I
Instrument Operating Conditions

Lasers
XeCl Excimer Laser
Wavelength
Energy/ Pulse
Pulse Duration
Repetition Frequency

Dye Laser
Dye
‘Wavelength
Power

Spot Diameter in the Exciting Space
Height of Laser Spot Above Atomizer

Atomizer

Ash Current
Atomization Current
Aample Volume (max.)

Photomultiplier tube
High Voltage

EMG 202 MSC (Lambda Physik)
308 nm

400 mJ

28 ns

10 Hz

FL3200 (Lambda Physik)
DPS, 0.25 g/L in dioxane
410.2 nm

0.2 mW

3 mm

2 mm

Graphite Rod Atomizer (home-made)
80 A

220 A

20 uL

212 UH (Hamamatsu Photonics K. K.)
1200 V
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RESULTS AND DISCUSSION

Selection of Excitation/
Fluorescence Combination

A partial energy-level diagram of
an indium atom, pertinent to our
investigation, is presented in Figure
2. This diagram indicates possible
excitation/fluorescence combi-
nations which allow an effective
excitation and detection of indium
atomic fluorescence. However, tak-
ing into account the signal-to-noise
ratio in fluorescence detection,
only the combinations of non-reso-
nance fluorescence were used in
this work. There are two direct-line
fluorescence schemes which are
most attractive for trace indium
detection. The lower levels of these
two schemes are the same (5p 2P,),
but the upper levels are 6s %S, ,, and
5d 2Ds,,, respectively. For the exci-
tations, a visible light source of
410.2 nm and a UV light source of
303.9 nm are needed, respectively.
The theoretical analysis described
by N. Omenetto and H.G.C. Human
(12) indicates that the exciting effi-
ciencies for the two exciting transi-
tions are comparable. However, the
reported detection limits for these

two excitation/fluorescence combi-
nations are quite different. K. Dit-
trich and H. J. Stark (13) excited
indium atoms in a graphite tube
atomizer, using a 303.9-nm laser
(5p P, - 5d ?D5»), and then
detected indium atomic
fluorescence at 325.9 nm (5d D,
- 5p ?P)). They reported a detection
limit of 0.14 pg for indium. F.R.
Preli et al. (14) used the same type
of atomizer (Perkin-Elmer Model
HGA-500 graphite tube atomizer) as
K. Dittrich and H.J. Stark, but used
a different fluorescence scheme
(410.2 nm/451.1 nm) and obtained
a detection limit of 0.02 pg. From
experimental considerations, a visi-
ble laser is easier to operate and
stronger radiation can be obtained
than with a frequency-doubled UV
laser. Therefore, the 5p P, - 6s
28,2 - 5p ?P, combination was
adopted for our work using the
410.2-nm laser as the excitation
light source, which resulted in
indium atomic fluorescence detec-
tion at 451.1 nm.

The correct wavelength of
exciting laser light was obtained
by tuning the laser as follows: The

atomizer containing trace indium
metal was heated by passing an 80
A current and the maximum indium
atomic fluorescence at 451.1 nm
was searched by scanning the grat-
ing of the dye laser Model FL3002.

Optimization of Operating
Conditions of the Instruments

The operating conditions of
the instruments were optimized
and included temperature of the
graphite rod atomizer, laser power,
laser spot size, and height of the
laser-probed volume above the
graphite rod atomizer. The atomizer
temperature depends on the heat-
ing current of the power supply.
The relationship of indium atomic
fluorescence intensity with the
heating current of the atomizer is
shown in Figure 3. The atomization
behaviors of indium, either added
as indium(IID) chloride in aqueous
solution or as indium(II) iodide in
ethyl ether solution, were
essentially identical. The intensity
of the fluorescence signal reaches
a plateau when the heating current
is higher than 200 A. Thus, a heat-
ing current of 220 A was used for
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Fig. 2. Schematic diagram of partial energy levels of the

indium atom.

Fig. 3. Effect of atomization current on atomic fluorescence

intensity of indium added as indium(Ill) chloride in aqueous
solution(m), and as indiumI1l) iodide in ethyl ether solution (e ).
Conditions: indium, 10 pg; laser power, 0.2 mW; laser spot size,
3 mm; beight of laser-probed volume to atomizer, 2 mm.
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atomization in real sample analysis.

The effect of laser power on
indium atomic fluorescence inten-
sity is shown in Figure 4. The
indium atomic fluorescence is sensi-
tive to the exciting laser power.
The increase of laser power results
in a sharp increase in signal inten-
sity of indium atomic fluorescence.
Subsequently, the fluorescence
intensity saturated quickly when
the laser power was higher than
0.1 mW, which corresponds to a
peak power of ca. 4x103 W during
the lasing period. Because a direct-
line atomic fluorescence scheme
was used in this work and a mono-
chromator is employed to separate
atomic fluorescence from the scat-
tered laser light, the background
signal remained steady while the
exciting laser power was increased.
The laser power used in practical
sample analysis was 0.2 mW.

One of the advantages of the
graphite rod atomizer in ETA/LEAFS
is that the blackbody radiation area
and the fluorescence emission area
are separated in space. This permits
an efficient collection of atomic flu-
orescence by removing the black-
body radiation from the atomizer
through the optics shown in Figure
1. However, since the spatial tem-
perature above the graphite rod
decreases drastically, free atoms
being produced from the sample
only exist in a limited space above
the atomizer. In practice, intensive
atomic fluorescence is obtainable
only when the laser beam is
focused on a spatial point just
above the atomizer. The relation-
ship between the intensity of
indium atomic fluorescence and the
height of the laser-probed volume
above the atomizer is shown in Fig-
ure 5. To obtain the highest indium
atomic fluorescence, the laser beam
has to be focused on a spatial point
not higher than 3.5 mm above the
graphite rod. On the other hand,
the signal intensity of indium
atomic fluorescence is also depen-

dent on the volume size above the
atomizer probed by the laser beam.
At a certain height above the atom-
izer, a larger spot size may excite
more indium atoms and, in prac-
tice, resulted in more intensive
fluorescence. When the center

of laser-probed volume was 2 mm
above the atomizer, the spot size
of the laser beam was optimized to

be 3 mm from experimental results.
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Calibration, Detection Limit,
and Precision

The calibration curves for
indium(II) chloride in an aqueous
solution and indium(II) iodide in
an ethyl ether solution were
obtained by plotting the peak area
of indium atomic fluorescence vs.
the absolute amount of indium
introduced into the atomizer. They
are essentially identical in these
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FIG. 4. Effect of laser power on the signal intensity of indium atomic
fluorescence. Conditions: indium, 10 pg; atomization current, 220 A; laser
spot size, 3 mm; beight of laser-probed volume to atomizer, 2 mm.
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Fig. 5. Effect of exciting beight on indium atomic fluorescence intensity.
Conditions: indium, 10 pg; atomization current, 220 A; laser power, 0.2 mW;

laser spot size, 3 mm.
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two cases. The peak area was
found to be linear with the amount
of indium up to 20 pg in the tested
range. The detection limit is
defined as the amount of indium
which yields an atomic fluores-
cence signal equal to three times
of the standard deviation of a blank
sample. The detection limit
obtained was 0.2 pg for indium
chloride in an aqueous solution.
However, when indium was
extracted as indium iodide from
the sulfuric acid solution into ethyl
ether, the background noise level
was a little higher. The detection
limit for indium in the organic
phase was 0.3 pg. The relative
standard deviation was 6% for 2 pg
of indium in aqueous solution,
which is comparable to that
obtained by AAS using a graphite
tube as atomizer (15).

Determination of Indium in
Rock and Sediment Samples

Indium is one of the so-called
dispersed elements. Its concentra-
tion in earth’s crust is 0.1 pg/g and
it merely forms its own deposit
(16). This element usually coexists
as silicate with other matrix
elements such as iron or aluminum
in geochemical samples. In the
attempt to determine indium in
these samples using the established
ETA/LEAFS system, the influences
of sample matrices on the determi-
nation were investigated.

Figure 6 shows the ETA/LEAFS
signal profiles of directly injecting
the aqueous sample solutions of the
standard samples obtained from
sample preparation step. For com-
parison, the signal profile for a 0.5-
ug/L In(ID standard solution is also
shown in Figure 6. All signals from
the sample solutions are much
smaller than the expected values
except that from GBW07112,
which gives a much higher inten-
sity than the expected value. The
suppression of signals is mainly
attributable to insufficient atomiza-
tion of indium. On the other hand,
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Fig. 6. Signal profiles of indium atomic fluorescence from real sample
solutions and indium standard solution. The concentrations of indium
in the sample solutions are given in the brackets.

the higher signal intensity from
SBWO07112 is due to a strong scat-
tering of exciting laser light by the
bulk FeCl; from the sample solu-
tion, since the content of Fe,O;

in sample SBW07112 is higher,
appropximately 40%, while it is less
than 5% in other samples. There-
fore, direct determination of indium
in these samples by ETA/LEAFS is
difficult due to these matrix effects.
A solvent extraction procedure

was used before the determination,

in which indiumII) ions are
extracted as indium iodide into
ethyl ether and the bulk matrix
ions, such as iron{I), aluminumdII),
calcium(D), are left in the aqueous
phase. The analytical results for
these samples after extraction are
listed in Table II.

TABLE II
Analytical Results for Indium in Some Geochemical Samples
Sample Measureda Certified
(ug/g) (ug/g)
Rock sample
GBWO07110 0.102 = 0.003 0.11 £ 0.03
GBWO07111 0.078 = 0.005 0.08 + 0.04
GBWO07112 0.112 = 0.003 0.12 £ 0.04
Sediment sample
GBWO07305 0.127 £ 0.002 0.13 £0.03
GBW07306 0.147+0.001 0.14 £ 0.02
GBWO07310 0.060 + 0.002 0.067 + 0.015

a Mean * average deviation, triplicates.
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CONCLUSION

An ETA-LEAFS method was estab-
lished for trace indium determina-
tion. The method proved to be
sensitive for the determination of
indium in standard solutions and a
detection limit of 0.2 pg was
obtained. In the effort to apply the
proposed method to complex geo-
chemical samples, it was found that
bulk sample matrices interfere with
the determination. Therefore, a sep-
aration procedure was adopted by
extracting indium as indium iodide
into the organic phase before its
determination. The contents of
indium in some standard geochemi-
cal samples were determined by
combining the ETA-LEAFS
technique with solvent extraction.
The results obtained agree well
with the certified values.

Received February 25, 1998.
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