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GENERAL INTRODUCTION

Since 1980, inductively coupled plasma mass spectrometry (ICP-MS)
has emerged as an important technique for trace elemental analysis.
The origins of the technique can be traced to the development of the
ICP as an excitation source for atomic emission spectroscopy (AES) by
Fassel in the late 1960s (1-3). 1In 1975, Gray demonstrated that mass
spectra could be obtained from solutions introduced into a dc plasma
(4,5), and the first analytical mass spectra of the ICP were reported
by Houk in 1978 (6). Commercial application of ICP-MS followed when
SCIEX, Inc. from Canada introduced its instrument at the 1983
Pittsburgh Conference. Since that time ICP-MS has experienced rapid
growth as evidenced by five present manufacturers (SCIEX, Inc., VG
Isotopes, Seiko, Yokogawa, and Turner Scientific) and the installation
of approximately 600 instruments worldwide. Indeed, ICP-MS has been
recognized as one of the "hottest" areas in science (7). A brief
outline of the working principles of ICP-MS follows; further details
are available in a number of recent reviews (8-11).

The ICP is an excellent ion source, with 54 elements ionized with
an efficiency of greater than 90% (8). However, the ICP, usually
sustained in argon, operates at atmospheric pressure. A mass
spectrometer requires high vacuum (< 10~5 torr), so the "trick" that
makes the technique work involves overcoming this large pressure
differential. The solution is the use of a differentially pumped

interface to reduce the pressure in stages.



In most ICP-MS devices, the ICP torch is mounted horizontally, and
the plasma is immersed into a metal cone on the interface called the
sampler (Figure 1). The sampler is water-cooled and has a sampling
orifice (~ 1 mm diam.) drilled in its tip. Gas from the central
channel of the ICP flows through the orifice into the first stage of
the vacuum chamber. A mechanical pump maintains a pressure of ~ 1
torr in this stage. As the gas enters this region of reduced
pressure, a supersonic jet forms downstream from the sampling orifice.
The center of the jet flows through a second orifice (~ 1 mm diam.) in
another metal cone called the skimmer. Ions from the jet then enter
the high vacuum region (-~ 10-5 torr) of the mass spectrometer. A
series of ion lenses (metal cylinders and plates) biased at
appropriate voltages serve to focus and transmit the ions to the mass
spectrometer.

For ICP-MS a quadrupole usually serves as the mass analyzer. A
quadrupole consists of an array of four metal rods biased at rf and dc
voltages. Only ions of a selected mass to charge ratio (m/z) have a
stable path through the array; the others will strike the rods and be
lost (12). The selected ions are then focused onto a detector,
usually a Channeltron electron multiplier. This device is operated in
a pulse-counting mode so discrete pulses from individual ions can be
measured (13).

The detection limits obtainable by commercial ICP-MS devices range
from 0.005 ug L-1 to 0.05 ng L™l for over 60 elements; they are

particularly good for heavy elements such as the rare earths.
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Figure 1.
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ICP and sampling interface. (A) torch and load coil (RHV =
high voltage), (B) induction region of ICP, (C) solution
aerosol being injected into axial channel, (D) initial
radiation zone, (E) normal analytical zone, (F) sampler
cone with orifice in the tip, (G) skimmer cone, (H)
boundary layer of ICP gas deflected outside sampling
orifice, (I) expanding jet of gas sampled from ICP, and
(J) ion lens elements. Reproduced from reference (8) with

permission



Currently, ICP-MS exhibits the lowest detection limits of any
multielement technique. In addition, isotope ratios can be determined
with precisions of 0.2% to 1% relative standard deviation (RSD),
allowing the use of stable isotopes in tracer studies and isotope
dilution for elemental determinations. Thermal ionization mass
spectrometry (TIMS) has traditionally been used for these applications
because of the high precision (0.001% to 0.0l1%) obtained for isotope
ratios. Such precision permits use of small amounts of often very
expensive enriched stable isotopes since a slight change in the
natural abundance ratio can be measured. However, sample preparation
is complicated and sample throughput slow. ICP-MS can analyze ten or
more samples per hour because samples are introduced as solutions at
atmospheric pressure. Finally, the mass spectra in ICP-MS are
inherently very simple at higher mass (m/z > 80), with minimal overlap
interferences from other species. 1In contrast, atomic emission
spectra from ICP-AES are complicated from features due to complex
energy level structures of heavier elements. Weak emission lines and
the greater possibility of spectral overlap interferences hamper the
determination of these elements.

With these advantages there has been explosive growth in the
applications of ICP-MS. Recent applications include trace elemental
analysis of geological (14-27), environmental (28-39) and biological
and clinical samples (40-66). Furthermore, ICP-MS has been used as an

element-selective detector for chromatography (42-44, 67-71).



Since most samples are in solution form, nebulization is necessary
for sample introduction to the ICP. Pneumatic nebulizers (72-76) are
most commonly used for ICP-MS, but ultrasonic nebulizers (77-81) have
also been used as they offer approximately a ten fold increase in
sensitivity. Nonetheless, determination of a number of elements below
m/z = 80 is difficult or impossible because of spectral interferences
arising from argon, injected water, the sample matrix, or mineral
acids used for sample preparation. These interferences have been
extensively tabulated (82,83). Sample "memory effects", requiring
lengthy cleanout times (> 5 min) between samples, are a major obstacle
for determination of volatile elements such as I and Hg because of
large dead volumes from spray chambers and sample introduction lines
for these nebulizers. Finally, the low sample transport efficiency of
a pneumatic nebulizer (~ 1%) or an ultrasonic nebulizer (~ 10%) means
most of the sample is wasted. At least 5 to 10 mL of sample are
required for an accurate analysis, and this volume may not be
available in all applications, most notably biological and clinical

samples.

Explanation of dissertation format

The focus of this dissertation is the alleviation of some spectral
interferences below m/z = 80 and the reduction of sample memory. The
alternate format is used for this dissertation. Each section stands
independent of the others as a complete scientific manuscript with

accompanying tables, figures, and literature cited. References cited



in this general introduction and the summary are given after the
summary.

In the first section, a method for the determination of chlorine
isotope ratios is described. Samples are dissolved in D50 instead of
water; 36arp* at m/z = 38 is formed rather than the usual 36ArH+,
which interferes with 37c1¥,

In the second section, boron concentrations are determined for a
variety of biological samples by isotope dilution. A sample
preparation method is described which avoids boron contamination and
loss. sSamples are introduced to the ICP-MS with a direct injection
nebulizer (DIN) (84) which provides a much more rapid cleanout and a
lower background than a concentric pneumatic nebulizer.

Rnalytical figures of merit for an Ar-Xe plasma are described in
the third section. Introduction of xenon gas to the central channel
of the ICP attenuates ﬁz*, arH*, clo*, ArN*, Arot and other polyatomic
ions by two to three orders of magnitude. 1Ion signals can be measured
for si, K, V, Cr, and Fe with little or no background correction,
enabling accurate measurement of isotope ratios.

In the last section, fundamental measurements of the Ar-Xe plasma
are described. No significant change occurs to the electron density
(ng) or the excitation temperature (Tpyxc) when xenon is added.
However, a decrease in the ionization temperature (T;.,) is observed.
The same measurements are described for addition of krypton, another
noble gas used for comparison purposes. In this case addition of

krypton did not appreciably affect the above parameters. Furthermore,



krypton reduced the polyatomic ions listed above by only factors of 1
to 4. Also, a Cs matrix study was performed in an attempt to mimic
the effect of added xenon on analyte signal. Results indicate that
the main source of ion loss upon addition of xenon is primarily a
matrix effect, but the drop in Tj,, may explain the preferential loss

of interfering polyatomic ions versus analyte ions.



SECTION I.

ALLEVIATION OF POLYATOMIC ION INTERFERENCES FOR

DETERMINATION OF CHLORINE ISOTOPE RATIOS

BY INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY



INTRODUCTION

Inductively coupled plasma mass spectrometry (ICP-MS) is a fast
method for the determination of elemental concentrations and stable
isotope ratios in solutions (1-6). Determination of isotope ratios
for the intracellular electrolytes magnesium, potassium, and chlorine
is important for monitoring physiological function (7-10). The
determination of Mg is straightforward (11), but K requires major
modification of plasma operating conditions (12) or use of a
completely different plasma (13) or flame (14). Determination of Cl
is difficult for two reasons. First, the degree of ionization of Cl
is only ~ 0.1 - 1% in the plasma (15), so the sensitivity is lower
than for other elements. Second, the major polyatomic ion 36prpt
overlaps with 37c1*. cChlorine can be detected as the negative ion Cl1°
by ICP-MS, but the high background degrades detection limits (16,17).
A helium-supported ICP has been studied with ICP-MS for the detection
of chlorine in gaseous organic samples (18). However, the
introduction of water often destabilizes helium plasmas and causes
poor or erratic performance. Recently, a helium microwave-induced
plasma (MIP) coupled to a mass spectrometer has demonstrated a Cl
detection limit of 39 ug L1 for aqueous samples, but an isotope ratio
was not reported (19). Bromine is more readily measured and has been
proposed as a substitute for Cl in physiological experiments (20), but

a direct determination of Cl is also desirable.
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This paper describes a simple procedure which allows the
measurement of Cl isotope ratios using Cl*. The sample is dissolved
in 99.9% D50, so little nebulized water is injected into the plasma.
Because most of the hydrogen comes from the injected water, the
problematic polyatomic ion is now 36arD* at m/z = 38. The 36arn*

background decreases, which facilitates determination of 37¢c1.
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EXPERIMENTAL

Instrumentation

The ELAN Model 250 with upgraded ion optics (Perkin-Elmer SCIEX,
Thornhill, Ontario, Canada) was used. The cryopump and mass
gspectrometer electronics were cooled with an HX-150 recirculating
water chiller (Neslab Instruments, Portsmouth, NH). The water
temperature was set at 10 °C. The nebulizer gas flow rate was
regulated by a mass flow controller (Model 8200, Matheson Scientific,
East Rutherford, NJ). Samples were introduced to the nebulizer at a
rate of 0.5 mL min~1 by a Rainin minipuls 2 peristaltic pump (Rainin
Instrument Co., Woburn, MA). The continuous flow ultrasonic nebulizer
was operated at a forward power of 40-45 W (21,22). The wet aerosol
was desolvated with a heating chamber (200 °C) and a condenser (0 °C)
(22) and was transported to the plasma through Tygon tubing (~ 1 m

long).

Chemicals and sample preparation

The 99.9% D,0 was obtained from Cambridge Isotope Laboratories
(Woburn, MA). Lithium chloride from Fisher Scientific (Fair Lawn, NJ)
was uged as the source of chlorine. This compound was chosen because
the light Li* ion should cause less suppression of Cl* signal than a
heavier counter ion like K* or Na* (23,24). High purity deionized

water (resistance ~ 18 Mfl) was obtained from a Barnstead Nanopure-II
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system (Barnstead Co., Newton, MA). A 50 mg L1 cl1 solution was
prepared in D30. The LiCl used was dried in an oven at 250 ©C and
stored in a desiccator. An accurately weighed amount of LiCl was then

dissolved directly in 50.0 mL of D50.

Instrumental conditions

General instrumental and sampling conditions are given in Table I.
Isotope ratios were measured in a peak hopping mode, and spectra were
obtained by scanning, as described in Table I. Before each
experiment, the sample introduction system was kept as free from water
as possible in the following ways. The spray chamber of the nebulizer
and the desolvation system were dried with a heat gun. In addition,
the waste U-tube leading from the spray chamber and the condenser was
filled with D30. Operating conditions for the instrument were
adjusted to maximize the signal from 36art while nebulizing Dy0. This
procedure was employed because nebulization of aqueous standard
solutions during optimization of operating conditions would have

contaminated the sample introduction device with water.
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RESULTS AND DISCUSSION

Mass sgpectra

The background mass spectrum obtained during nebulization of D50
is shown in Figure 1. The major background ions in the given mass
range are 160,%, 36ar* and both 38ar* and 36arp* at m/z = 38. The
injection of D0 yields a peak at m/z = 34 which is from DO,*.

The magnitude of the background at m/z = 35 and 37 is shown in
Table II. Most of the background at m/z = 37 is probably from
residual 36armt. Hydrogen, water, or hydrocarbons in the argon and
water impurity in the D;0 are the likely sources of hydrogen.
Numerous polyatomic ions contribute to the background at m/z = 35;
these are probably 160l7op*, 170l70onu*, 180l6oh*, and 170180+,

A spectrum obtained during nebulization of the LiCl sample (50 mg
L1 in D;0) is shown in Figure 2. Both chlorine isotopes (m/z = 35
and 37) were clearly observed. The background peaks at m/z = 36 and
38 are suppressed by approximately 40% relative to the count rates
seen from the D,0 blank solution. The DO,* peak at m/z = 34 is about
the same intensity in Figures 1 and 2.

Deionized water was then introduced into the ICP. The count rate
at m/z = 37 was monitored in the multielement mode until a steady
value was reached. The nebulizer and desolvation system became
saturated with water in approximately 30 min. The background mass

spectrum from deionized water was then obtained (Figure 3). A



14

substantial peak from 36aArH* is readily apparent at m/z = 37. 1In
addition, the DO,* peak at m/z = 34 has been replaced by HOp* at m/z =
33. The count rates given in Table II show that injection of D50
rather than HyO reduces the background at m/z = 37 by almost a factor
of ten. The background at m/z = 35 is still modest when D50 is
nebulized; an increase of a factor of two is indicated. Thus, m/z =

35 remains fairly clear.

Isotope ratio measurements

Isotope ratio and sensitivity data for the 50 mg L1 solution of
Cl in D,0 are shown in Table III. These data were obtained using a
very short dwell time (1 ms) so more measurements could be taken in
the 1.0 s measurement time. Rapid measurements may help average out
fluctuations in the intensity of the ion beam (26,27). However, the
acquisition of twenty ratio measurements takes approximately 12
minutes due partly to a 4-ms computer overhead between hops.
Nonetheless, if samples containing Cl are sufficiently concentrated
(10~100 mg L’l), then the c1* signal is high enough for the remaining
background to be unimportant.

In this case, the precision for the ratio 3501/3701 was 0.21% RSD,
which was comparable to that expected from counting statistics based
on the total counts accumulated for each peak. Similar precision was
obtained when the experiment was repeated on a different day. The
close agreement between the experimental precision and that expected

from counting statistics is unusual. For ion count rates in the range
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105 to 106 counts s~1, the experimental precision for isotope ratios
measured with this particular instrument (and others like it) is
generally worse than the precision expected from counting statistics
by a factor of two to four (5,6,10,12,27,28,30). The fast peak
hopping (dwell time 1 ms) employed in the present work may help
improve precision, as indicated in other, preliminary measurements
with silver and zinc (27). The RSD in the isotope ratio (0.21%) was
much better than the RSD of 1.8% for the count rates for either 35c1*
or 37c1*. These latter RSDs are typical of the short-term precision
in the signal achievable by present ICP-MS devices at these count
rates. They are well above the counting statistical values of 0.1l% to
0.2% (not shown in Table III).

The determined value for the 3501/3701 ratio in Table III is about
9% below the accepted natural abundance ratio. Mass bias effects for
other isotopes 2 m/z units apart can cause determined ratios to
deviate from accepted values by 2-10% (2,4,30,31). The somewhat low
value for the ratio 35cl+/37cl+ may also have been caused by loss of
gain in the detector during measurement of 3501*, which was quite
possible at count rates approaching 108 counts s~1 (32,33). Plasma
operating conditions and ion lens voltages are known to influence
isotope ratio values (12), but no experiments with these parameters
were performed due to the limited amount of D30 available.

The detection limit (i.e., the solution concentration necessary to
yield a net signal equivalent to three times the standard deviation of

the background) was 20 ug L1 for chlorine using 35¢1*. This value is
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comparable to other detection limits reported for Cl as Cl™ from an Ar
ICP (16,17) or cl* from a He MIP (19). Typically( we cbserve ion
count rates of ~ 10® counts s~1 per mg L~! for a metal ion of medium
mass (m/z ~ 23 to 60) that would be expected to be nearly 100% ionized
in the ICP. Comparison of this value to the 35¢1* count rate in Table

II11 shows that Cl1 is of the order of 1% ionized, as expected (15).

Sample cleanout

Figure 4 shows a cleanout curve for the 50 mg L1 sample in D30.
The original signal for 3501+ (~ 800,000 counts 9‘1) decays to
approximately 4500 counts s~1 after ~ 2 min. This level corresponds
to about 0.5% of the original signal and is only several hundred
counts sl above the D,0 background at m/z = 35 in Table II. Elements
such as osmium, boron, and mercury that have forms that are volatile
at the temperature of the heating chamber (200 ©C) can suffer from
long memory or loss with the desolvation system employed (22), but
apparently this was not a problem for Cl in the present work.

This rapid cleanout of 35c1t is necessary due to the expense of
D50, and two simple measures greatly reduce sample memory. A fresh
length of Tygon tubing was installed between the desolvator and the
plasma, and the nebulizer spray chamber was soaked in concentrated
HpS04 for 24 h. The former provided an aerosol conduit free from
long-term sample memory, whereas the latter facilitated smooth

drainage of condensed droplets from the walls of the spray chamber.
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CONCLUSION

Sample dissolution in D50 can significantly reduce the 36pryt
interference and allow the measurement of the 3501/3701 ratio. The
precision of 0.2% RSD is at least as good as that obtained in ICP-MS
for other elements and approaches the 0.1% level desirable for
widespread application studies (10). A substantial amount of chlorine
(0.1 -~ 1 mg) is required, but most biological samples contain high
concentrations of this element. For example, the normal chlorine
content of human blood is ~ 100 mmol L-1 (34), from which a sample
volume of only 30 uL is necessary to provide 0.1 mg of Cl. As in most
present isotope tracer studies with ICP~MS, sample cleanup would
likely be desirable to remove the biological matrix (proteins, etc.)
and interfering metal ions such as Na* and K* (23,24). A blood sample
could be centrifuged and the resulting serum transferred to a cation
exchange column in the Li* form. The collected solution would be
evaporated to dryness and reconstituted in Dy0. Such refinements in
sample preparation should lead to a useful protocol for fast

measurement of Cl isotope ratios by ICP-MS.
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Table I. Operating conditions

ICP torch Ames Laboratory design (25)
Outer tube extended 30 mm from inner tubes
Forward power 1.25 kW

Argon flow rates (L min'l):

outer gas 13

auxiliary gas 0.2

aerosol gas 1.59
Sampling position 17 mm from load coil, on center
Sampler Nickel, 1.1 mm diam. orifice
Skimmer Nickel, 0.9 mm diam. orifice

Ion lens settings:

Bessel box barrel +5.4 V
Bessel box plate ~11.0 Vv
Einzel 1 and 3 -19.8 Vv
Einzel 2 -130 v
Bessel box stop -4.9V

Electron multiplier

voltage -3200 VvV
Operating pressures:

interface 1 torr

quadrupole chamber 3 x 1075 torr



Table I. (continued)
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Data acquisition

Low resolution setting

Measurements per peak spaced 0.1 m/z units about
peak top

3501/3701 ratio and background measurements:
multielement monitoring mode, three
measurements per peak, dwell time 1 ms at each
position with total measurement time of 1.0 s.

Cleanout study: multielement monitoring mode,
three measurements per peak, dwell time 20 ms
with total measurement time of 0.5 s.

Spectra: sequential monitoring mode, 10
measurements per peak with measurement time of

1.0 s.
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Table II. Background count rates

m/z = 35 m/z = 37
Blank mean mean
solution (counts s~1)@ RsD (%)P (counts s~1)a Rsp (%)P
D,0 3,900 2.6 5,900 2.8
H,0 2,100 2.3 57,300 3.4

AMeasurement time was 1.0 s.

brelative standard deviation of 20 measurements.
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Table III. Chlorine isotope ratio measurements®

35¢1 count rate
(counts a‘l)

mean RSD (%)

37¢1 count rate Det’‘d RSD (%) for
(counts 9’1) 3501/3701 35c1/37c1
mean RSD (%) mean RSD (%) count. stats

793,000 1.8

277,200 1.8 2,861 0.21 0.22

8Mean and RSD of 20 measurements are reported. Measurement time
was 1.0 s. Count rates are corrected for D,0 background. Accepted

natural ratio =

3.127 (29).
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SECTION II.

MEASUREMENT OF BORON CONCENTRATION AND ISOTOPE RATIOS IN

BIOLOGICAL SAMPLES BY INDUCTIVELY COUPLED PLASMA MASS

SPECTROMETRY WITH DIRECT INJECTION NEBULIZATION
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INTRODUCTION

Boron is an essential element for higher plants, and recent
evidence by Hunt and Nielsen supports its essentiality in animals
(1,2). Furthermore, dietary boron markedly reduces urinary excretion
of calcium and magnesium in postmenopausal women, suggesting a role
for boron in prevention of osteoporosis (3).

To establish dietary requirements of boron in animals and humans,
assessments of absorption, excretion, and tissue distribution of boron
are needed. Accurate measurement of stable isotope ratios of boron
and boron concentrations in biological samples are required because
there are no radioisotopes of boron that are suitable as metabolic
tracers and the natural abundance of stable isotopes of boron may
differ from sample to sample.

Improved methodology for preparing biological samples for boron
determination is necessary for several reasons. Boron concentrations
in some animal tissues and fluids (e.g., blood serum) are so low as to
be difficult to measure by existing methods. Samples can be readily
contaminated with boron during wet ashing with mineral acids,
particularly if borosilicate glassware is used. Hot mineral acids
also may cause loss of volatile boron compounds (4). Another
consideration is matrix~induced mass discrimination, which can be
substantial because of the proportionally large mass difference

between 108 and 11, Gregoire shows that this type of interference
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during ICP-MS measurements causes an increase in the measured ratio

11B/1°B in the presence of an abundant matrix component like sodium

(5). Finally, the intense peak from 12¢+ in biological samples can

complicate measurement of llg+, Therefore, separation of boron from
matrix components is advisable.

Methods for the determination of boron in biological samples
include neutron-capture prompt y-ray activation analysis (PGAA) (6,7),
neutron-activation mass spectrometry (NA-MS) (8), thermal ionization
mass spectrometry (TIMS) (9,10), inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) (11,12), and colorimetric (13) and
potentiometric (14) methods. TIMS is capable of isotope ratio
precisions between 0.2% and 0.3%. However, important disadvantages of
some of the methods (PGAA, NA-MS, TIMS) include long sample
preparation and analysis times and the limited availability of
instruments. Furthermore, the only method applicable for samples that
contain less than 300 ng of boron is NA-MS. ICP-MS has the advantage
of faster analysis times, less complicated sample preparation, and
high sensitivity (~ 1 ng g'1 detection limit) and selectivity. This
method has been used for the determination of boron isotope ratios in
geological samples that contained ~ 1 ug B with a precision of 0.7%
(5). Recent work by Gregoire shows that boron in fresh and saline
waters can be determined accurately by isotope dilution ICP-MS (15).

In the present work, conditions for separating boron from
biological matrices for analysis by ICP-MS using direct injection

nebulization (DIN) are reported. The DIN enables direct introduction
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of aqueous samples into the ICP and permits analysis of small sample
volumes (< 1 mL) at low concentrations of boron (< 30 ug L'l). Most
importantly, the DIN has a very low dead volume (~ 2 uL) and does not
require a spray chamber. These features greatly reduce boron memory,
which is a significant problem with conventional methodology for

sample introduction. Samples are analyzed in only 3-4 minutes.
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EXPERIMENTAL

Instrumentation

The ICP-MS used was the ELAN Model 250 with upgraded ion optics
(Perkin-Elmer SCIEX, Thornhill, Ontario, Canada). The DIN has been
described (16). The only modification was the substitution of Tefzel
tubing for the Teflon-lined stainless steel tubing in the gas
displacement pump. A Meinhard C3 concentric glass nebulizer with a
Scott~type double pass spray chamber and a SCIEX long torch were used
for the comparative boron cleanout study (i.e., for Figure 1 only).
In this case a Rainin minipuls 2 peristaltic pump (Rainin Instrument
Co., Woburn, MA) was used for solution uptake (2 mL min'l).

Instrument operating conditions with the DIN are listed in Table I.

Materials and reagents

National Institute of Standards and Technology (NIST) SRM 951
(isotopically analyzed boric acid) was used for instrument
calibration. Enriched boric acid (94.56% 1OB) for calibration and
isotope dilution was obtained from Eagle Picher (Quapaw, OK). Sodium
carbonate was reagent grade from Fisher Scientific (Fair Lawn, NJ).
Amberlite IRA-743 ion-exchange resin (20-50 mesh) from Rohm and Haas
(Philadelphia, PA) was used to separate boron from samples and to
remove residual boron from the sodium carbonate. Both nitric and

hydrochloric acids were Ultrex II grade from J. T. Baker
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(Phillipsburg, NJ). A 2% solution of this nitric acid was the carrier
stream from the gas displacement pump. Ammonium hydroxide was
isopiestically distilled (17) from Fisher reagent grade material, and
deionized water (resistance ~ 18 M{l) was obtained from a Barnstead
Nanopure-II system (Newton, MA). Acid-washed (6M HCl) and fired (800

O¢) 30-mL platinum crucibles were used for the fusions.

Preparation of columns and NasCO3 golutions
Ion-exchange columns were prepared by adding approximately 1 mL of
wet Amberlite IRA-743 resin to a 5-mL disposable polypropylene column
from Isolab, Inc. (Akron, OH). The resin was contained between the
polyethylene filter disks supplied with the columns. Before use each
column was washed with 10 mL of water, 5 mL of 3 N NH40H, 20 mL of
water, 10 mL of 1 M HCl, 5 mL of water, 10 mL of 1% HNO3 and 20 mL of
water. A 1 M NajyCO3 solution was prepared and 100-mL portions were

cleaned of boron impurities by passage through one of the Amberlite

columns. This cleaned Nap,CO3 was used for all fusions.

Sample preparation

Four different types of samples were analyzed for boron content.
Human blood plasma from healthy male volunteers was freshly separated
by centrifugation from formed elements. Samples were pooled and
stored in polyethylene at -20 °C. The other samples were reference
materials from NIST: SRM 909 Human Serum, SRM 1571 Orchard Leaves and

SRM 1548 Total Diet.
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Each sample of pooled human plasma (10.0 mL each, pipetted with a
Gilson Pipetman) was mixed with 10 mL of cleaned 1 M NajCO3 and 0.20
ug of enriched 10g in a separate platinum crucible. The mixture was
frozen in the crucible and lyophilized for 24 h at 37 ©C. Each
crucible was then placed over a Bunsen burner and a small flow of
oxygen was introduced from above while the dry, solid material within
decomposed to ash (18). Residue was fused by use of a Meeker burner
(~ 900 °c). Ashing and fusion took approximately 20 minutes. The
fused residue in the crucible was dissolved in 3 mL of water, and 1.5
mL of 6 M HCl were added to lower the pH (~ 8). The resultant
gsolution was added portionwise (~ 1.5 mL) to a separate column that
was subsequently washed with seven 5-mL portions of water. Five 2-mL
portions of 1% HNO3 were used to elute boron from the column into a
Falconware polystyrene tube (Becton-Dickinson, Linclon Park, NJ).
Each blank consisted of a composite of all reagents except the sample;
the same containers and procedures were used to prepare the blank.

Samples and blanks were then analyzed by ICP-MS. Solutions were
loaded in a 0.5-mL Tefzel sample loop with disposable 1-mL
polyethylene syringes (Becton-Dickinson) to avoid boron contamination.

The previous procedure also was used to prepare each biological
reference material except for the following modifications. The Human
Serum (SRM 909) was supplied as lyophilized material in sealed brown
glass vials accompanied by diluent water in separate, sealed glass
bottles. The diluent water was found to contain high concentrations

of boron (~ 150 ug L-1), so it was not used. The lyophilized material
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from one vial was transferred directly to a platinum crucible and
weighed accurately. The lyophilized material from a second vial was
split into two crucibles and weighed accurately. The mass of the
enriched 10B spike was 0.20 pug. The Orchard Leaves (SRM 1571) were
dried in a convection oven at 90 °C for 24 h, and accurately weighed
samples (~ 0.3 g) were spiked with 10.0 ug of enriched 105, Total
Diet (SRM 1548) was lyophilized as specified on the certificate in
order to determine moisture content (found: 1.494%). As specified,
the unlyophilized reference material (~ 0.5 g each time) was

accurately weighed and spiked with 1.00 pg of enriched 10g,

Isotope dilution analysis

Boron concentrations were calculated using the following equation:
c = MoK(Xg = YR)
W(YR - X)

where C is the boron concentration in micrograms per gram (or
micrograms per milliliter), Mg is the mass of the enriched 10g spike
in micrograms, K is the ratio of the natural and spike atomic weights,
X is the natural abundance of 1OB, Y is the natural abundance of 113,
Xg is the abundance of 10B in the spike, Y, is the abundance of 11B in
the spike, W is the sample weight or volume, and R is the measured
10B/lla ratio. Standard boron references (SRM 951 and Eagle Picher
enriched H31°BO3) were used to calibrate the response of the mass

spectrometer for 10g relative to that for 11B. The abundances
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measured were used in all calculations to correct for mass bias in the

instrument (19).
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RESULTS AND DISCUSSION

Boron cleanout study

Figure 1 compares the cleanout characteristics of the DIN with
those of a typical pneumatic nebulizer and spray chamber. Sensitivity
(~ 9 x 105 counts s~1 11B) for a 1.6 mg L™! B solution in 2% HNOj was
similar for the two nebulizers even though the solution uptake rate
for the DIN (100 uL min'l) was 20x less than that for the Meinhard
nebulizer. The rinse solution was 2% HNOj for both. The signal from
the Meinhard nebulizer fell by an order of magnitude in approximately
30 s, but afterwards it decayed very slowly, reaching 2% of the
original signal after a very long time interval (8 min). After
switching out the sample loop, the signal from the DIN fell by three
orders of magnitude in only 15 seconds. After 1 min the signal had
fallen to approximately 300 counts s~1, roughly 0.03% of the original
signal. The sample loop required only a 3-mL rinse with 2% HNO3, and
the next sample could then be loaded. Furthermore, the lower
background facilitates the measurement of low boron concentrations.
The rapid cleanout of the DIN may also prove useful in boron

determination by ICP-AES (20).

Boron recovery study

The boron recovery for the sample preparation procedure was

investigated for Na;CO; blanks and pooled human plasma. Two blanks



39

were spiked with 0.30 ug natural boron (SRM 951) and two were not.
All four blanks were carried through the procedure. The scolutions
were then analyzed and the results were compared with those from a 30
ug L~1 B standard in 2% HNO; that had not been put through the
procedure. The recovery was found to be 92%. Four plasma samples
were treated as the blanks and recovery was 77%. One possible
explanation for the lower recovery of boron from the plasma samples is
the effect of matrix components in the plasma during the ion-exchange
process. Recoveries of natural abundance boron standard solutions
spiked with varying amounts of enriched 105 ghowed that boron
volatilization during sample decomposition with Na;CO3 was negligible

and that recovery of boron standard from the resin was 80% to 95%.

Analysis of biological samples

Results for the analysis of pooled human blood plasma and SRM 909
Human Serum are given in Table II. The 10B/lls ratios for the blanks
are near the natural abundance ratio (0.2469) (21), so there is still
some boron contamination, probably from the Naj;CO3. The precision of
the isotope ratios in the spiked samples ranges from 1.0% to 1.5%.

The precision values are consistent with those expected from counting
statistics and should be adequate for boron isotope tracer studies.
The boron concentrations in the pooled plasma are reproducible (4 1 ug
L'l), but some variation in the split SRM 909 sample (#2) is apparent
(26 ug L™l vs. 34 ng L'l). Nonetheless, the determined boron

concentrations for SRM 909 #1 and #2-2 agree. Since SRM 909 is not
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certified for boron, this material might not be useful for
interlaboratory comparisons. A recent study by NA-MS reports a boron
value of 18 + 1 ug kg'l in platelet-poor human plasma (22), which is
in good agreement with all but one of the results in Table II. In the
present study, the mass of boron was roughly 0.2 pg in a 10-mL aliquot
of unspiked blood plasma that was eluted with 10 mL of 1% HNOj.
Inasmuch as less than 2 mL of eluent is needed to fill the 0.5 mL
sample loop of the DIN, the analytical procedure for boron in blood
plasma could be scaled down by a factor of at least five, requiring
about 2 mL of plasma for satisfactory results.

Results for the analysis of SRM 1571 Orchard Leaves and SRM 1548
Total Diet are given in Table III. Again, the isotope ratios for the
blanks indicate some boron contamination but the sample ratios are
more precise (0.4% to 0.6% RSD) because the boron signal is much
greater. The boron concentration in each sample is listed, with the
results for SRM 1571 giving a mean value of 35.5 + 2.2 ug g"1 boron
(95% confidence interval). This agrees well with the certified value
of 33 + 3 pug g'1 boron. The mean value of the six SRM 1548 samples is
2.53 + .05 ug g'l boron (95% confidence interval), which is in

excellent agreement with a reference value of 2.5 ug g"1 boron.
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CONCLUSION

The use of a DIN for sample introduction for ICP-MS facilitates
the rapid analysis of boron-containing solutions by drastic reduction
of sample memory and sample consumption. Sample preparation is still
necessary for removal of matrix components from biological samples,
but use of isotope dilution allows accurate boron determinations.
Applications of the technique will involve tracer studies in animals
and/or humans, which will be challenging since boron concentrations
are expected to be low. Further improvements in precision of isotope

ratio measurements would be helpful for studies involving serum

samples.
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Table I. Operating conditions

ICP torch Modified Sciex short torch:
Injector tube orifice diam. = 1.75
mm
6 mm o.d. x 4 mm i.d. quartz tee
attached at torch base.
Forward power 1.50 kW
Argon flow rates:
outer 14 L min~1
intermediate 1.4 L min~1

DIN nebulizer gas (argon):

pressure 100 psi

flow rate 0.5 L min~1

additional make-up 0.25 L min~1
Sampling position 20 mm from load coil, on center
Sample liquid flow rate 100 uL min~1
Sampler Copper, 1.1 mm diam. orifice
Skimmer Nickel, 0.9 mm diam. orifice

Ion lens settings:

Bessel box barrel +5.4 V
Bessel box plate lens -11.0 Vv
Einzel lenses 1 and 3 -19.8 Vv

Bessel box stop -4.8 Vv



Table I. (continued)
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Electron multiplier voltage
Operating pressures
interface
quadrupole chamber

Flow injection valve

Data acquisition

=-4000 v

1 torr

3 x 1075 torr

Rheodyne #9125 metal-free

0.5 mL sample loop constructed from
1/16" o.d. 0.5 mm i.d. Tefzel tubing
Multielement Monitoring Mode (peak
hopping)

Low resolution, 1 measurement per
peak

Measurement time = 2.0 s

Dwell time = 20 ms
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Table II. Analytical results for pooled human blood plasma and SRM
909 Human Serum

Net 11p B concentration
count rated Isotope ratio in original sample
Sample (counts s~1) 10B/llB (ug L1
blankP 925 0.2184€ --
Pooled #1 8,670 1.212 (1.3) 24 + 44
Pooled #2 8,100 1.211 (1.4) 24 + 4
Pooled #3 6,770 1.265 (1.3) 22 + 4
blank 740 0.2473 -
SRM 909 #1 9,760 2.548 (1.0) 26 + 4
SRM 909 #2-1 6,690 2.143 (1.5) 34 + 6
SRM 909 #2-2 5,350 2.477 (1.4) 26 + 6

8Mean of 20 measurements.
bMean of three blanks.
CMean of 20 measurements, %RSD in parentheses.

dUncertainty at 95% confidence interval.



47

Table III. Analytical results for SRM 1571 Orchard Leaves and SRM
1548 Total Diet
Net 1lg B concentration
count rate? Isotope ratio in original sample
Sample (counts a‘l) 1°B/118 (ng g'l)
blankP 340 0.234¢ -——
SRM 1571 #1 405,000 1.311 (0.5) 34.5 + .8d
SRM 1571 #2 414,700 1.310 (0.5) 34.9 + .8
SRM 1571 #3 475,400 1.221 (0.4) 37.2 + .6
blank 2,420 0.2169 —_———
SRM 1548 #1 205,400 1.106 (0.4) 2.59 4+ .03
SRM 1548 #2 228,100 1.098 (0.4) 2.53 + .03
SRM 1548 #3 236,500 1.126 (0.5) 2.49 + .04
SRM 1548 #4 219,100 1.094 (0.4) 2.50 + .03
SRM 1548 #5 225,100 1.145 (0.5) 2.49 + .04
SRM 1548 #6 219,100 1.123 (0.6) 2.55 + .04

8Mean of 20 measurements.

byean of three blanks.

CMean of 20 measurements, %RSD

duncertainty at 95% confidence interval.

in parentheses.
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Figure 1. Comparative cleanout study of the DIN and a Meinhard C3
pneumatic nebulizer with a Scott-type double pass spray
chamber. The sample was removed and cleanout began at
time = 0 min
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SECTION III.

AN ARGON-XENON PLASMA FOR ALLEVIATING

POLYATOMIC ION INTERFERENCES IN INDUCTIVELY

COUPLED PLASMA MASS SPECTROMETRY



50

INTRODUCTION

Inductively coupled plasma mass spectrometry (ICP-MS) is a
sensitive, accurate, and precise method for trace multielemental and
isotopic analysis of solutions (1-4). However, polyatomic ions
arising from argon, water, and mineral acids cause substantial
gspectral overlap for a number of elements, especially below m/z = 80
(5,6).

Techniques for correction or attenuation of these ions are quite
varied. The simplest approach is to subtract the background signal
from the analyte peak, but this procedure becomes difficult for
analyte signals just above the background. The count rates for
background ions can also vary with the chemical identity and
concentration of the sample matrix. Isotope ratios can be measured
for either analyte or interferent to help correct for spectral overlap
interferences (7), but unobstructed isotopes are not always available.
Oxide and hydroxide ions derived from injected water can be reduced by
desolvation (8,9) or, in some cases, by introducing the analyte as a
hydride (10). Electrothermal vaporization (ETV) was used by Gray and
co-workers to mitigate ArO* and AroH* for the determination of iron
isotope ratios (11). More drastic measures include use of a helium
plasma (12,13) to attenuate ions containing argon or a high resolution
mass spectrometer to resolve polyatomic ions and analyte ions of the

same nominal mass (14).
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Several other methods for attenuating polyatomic ions are related
to the present work. Rowan and Houk added xenon to a quadrupole
collision cell to remove Aro* (15). Evans and Ebdon introduced an
organic solvent or a molecular gas into the central channel of the ICP
to reduce Arcl* and Ar2+ for determination of arsenic and selenium
(16). Lam and Horlick (17), Lam and McLaren (18), and Lam, McLaren
and Gustavsson (19) added Np to the outer gas flow of an Ar ICP to
attenuate a number of background ions (Aro*, AroH*, ary*, clo*, and
ArCl*) by an order of magnitude. The general characteristics of
mixed~gas ICPs are described in a recent review (20).

In the present work, small amounts of xenon (10 mL min~! or 37 mL
min”l) are introduced into the central channel of the ICP. The count
rates from various polyatomic ions are reduced more extensively than
the count rates for analyte ions. The result is improved performance
for measurement of several important elements (Si, K, V, Cr, and Fe),

particularly for isotope ratio determinations.
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EXPERIMENTAL

Instrumentation

The inductively coupled plasma mass spectrometer used was the ELAN
Model 250 with upgraded ion optics (Perkin-Elmer SCIEX, Thornhill,
ontario, Canada). The argon in the aerosol gas flow was regulated by
a mass flow controller (Model 8200, Matheson Scientific, East
Rutherford, NJ). The continuous flow ultrasonic nebulizer was
operated at a forward power of 40-45 W (21,22) and a solution uptake
rate of 2.0 mL min~l. The wet aerosol was desolvated with a heating
chamber (200 ©c) and a condenser (0 ©C) (22). The resulting dry
aerosol was transported to the plasma through 0.95 cm i.d. Tygon

tubing (~ 1 m long).

Addition of xenon

The xenon used was of 99.995% purity (Air Products, Tamaqua, PA).
The xenon gas flow was controlled with a needle valve. The xenon was
conducted through a l1-m length of 0.32 cm i.d. Tygon tubing which was
connected to a glass tee attached to the base of the ICP torch. A
two-way switching valve was installed ahead of the needle valve so
that the xenon flow could be conveniently turned off. This also
facilitated measurement of the xenon flow rate with a soapfilm

flowmeter (Alltech Model 4074, Deerfield, IL).
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Solutions

Analyte solutions were prepared from 1000 mg Ll standards from
Fisher Scientific Co. (Fair Lawn, NJ). Ultrex IXI hydrochloric acid
from J. T. Baker (Phillipsburg, NJ) was used to prepare a 1% HCl
solution for the Clot interference study. High purity deionized water
(resistance ~ 18 M(l) was obtained from a Barnstead Nanopure-II system

(Newton, MA).

Instrumental conditions

General instrumental and sampling conditions are given in Table I.
Intensities and isotope ratios were measured by peak hopping; spectra
were obtained by scanning. A single set of experimental conditions
was used for the determination of Si, V, Cr, and Fe. The
determination of K required a higher xenon flow rate (37 mL min‘l) and
a change in the potential of the photon stop. The resolution setting
on the mass spectrometer was also increased to yield peaks ~ 0.5 amu
wide at the base. At low resolution a steady signal could not be
obtained at m/z = 41, perhaps due to overlap from the large Art peak

at m/z = 40.
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RESULTS AND DISCUSSION

Mass spectra

Figure 1 presents results for the silicon study. 1In the blank
spectrum (Figure 1A) the polyatomic ions Ny* and NoH* are below 200
counts s‘l, and NO* is under 1000 counts s~1 with xenon present.

Table II shows the extent of the signal reduction with and without
xenon in the ICP. The ions No%* and NyHY are attenuated by
approximately a factor of 300, while NO* is reduced by a factor of
1400. A 5 mg L-1 si solution gives well-resolved silicon peaks with a
sensitivity of 55,000 counts s~1 per ppm for 28g;+ (Figure 1B).
Comparison of the analyte count rates (Table III) to the background
count rates (Table II) shows that the ratio of residual background to
analyte signal for 1 mg L~1 si is 0.3% for 28si* and 1.4% for 29sit
when Xe is added. However, the remaining peak from No* is ~ 30% of
the net signal for 30si*. Finally, the background from O,* at m/z =
32 is of particular note. A large peak (~ 1 x 106 counts s'l) remains
even when xenon is added; a determination of sulfur at m/z = 32 is not
facilitated by addition of xenon.

Results from the potassium study are depicted in Figure 2.

Special experimental conditions were used for this element (Table I),
notably a higher xenon flow rate and higher resolution. The residual
background from ArH* at m/z = 41 is approximately 1300 counts g1

(Figure 2A). A 10 mg L™l K solution gives a net signal of 14,900
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counts s~1 at m/z = 41 (Figure 2B and Table III). Thus, the ArH* peak
still is a significant contribution (~ 9%) to the 10 mg -1 x signal.
The small background peak (~ 200 counts s‘l) at m/z = 39 in Figure 2A
is probably from trace potassium in the water. Since there is little
signal at m/z = 38 from 38ar*, 38arHt is not the culprit. The
addition of Xe and the use of higher resolution reduce the 40+ peak
to ~ 15,000 counts s~1. Thus, the contribution of 40ar+ to the
background at m/z = 39 or 41 was largely eliminated.

The low level of clot when xenon is added is shown in Figure 3.
The background for 1% HCl plus xenon shows five significant peaks in
this region. From Table II the 35010*/37c10+ ratio is about 3:1, as
expected from the natural abundances of the two chlorine isotopes.
The background at m/z = 52 is likely a combination of 40pr12¢+ ang
35c1ou*, the former probably arising from carbon-containing impurities
in the argon or the solvent. The peak at m/z = 54 is due to both
40pr14n* and 37clont. As shown in Tables II and III, residual
backgrounds at m/z = 51 to 53 are less than 1% of the signals obtained
for a solution containing V and Cr, each at 1 mg L1, However, the

54 is about 5% of the signal from S%cr*. The

background at m/z

background at m/z 53 is reduced by approximately a factor of 180,
but that of m/z = 54 drops by only a factor of 45. Nonetheless,
signals for the three chromium isotopes drop by only a factor of 7

(Table III) when Xe is added, much less than those of the background

peaks. The background ion at m/z = 46 (probably N02+) is also
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attenuated substantially when Xe is added, although this reduction is
hidden by the vertical scale in Figure 3B.

Results for iron are depicted in Figure 4. Addition of Xe
attenuates the background ions ArN* at m/z = 54 and Aro* at m/z = 56
by factors of 200 and 170, respectively, as shown in Table II. In
comparison, the S4pe*t signal from a 1 mg L™1 solution drops by only a
factor of 16. The trend for the 56Fe* signal is similar, but the
S6pet signal is 2.1 x 108 counts s~1 without Xe, and loss of detector
gain at this high count rate may preclude a valid comparison (24).
Figure 4A also shows that addition of xenon eliminates the common
background peaks at m/z = 57 and 58, which would facilitate

measurement of these minor isotopes of Fe.

Isotope ratios

The isotope ratios determined with added xenon are listed in Table
IV. The ratios 28Si/2gsi, 53Cr/520r, 54Cr/520r, and 56Fe/54Fe agree
well with the accepted natural abundance ratios. Thus, isotope ratios
could be measured for these elements at ~ ppm levels (the usual levels
used to obtain good precision) without background correction.
However, the ratio 285i/3osi differs markedly from the accepted value.
This deviation is likely caused by the substantial NO* peak remaining
at m/z = 30 relative to the signal from the minor isotope 30g3+,
Subtraction of the background signal at m/z = 30 does not improve the

28Si/3°Si ratio very much (20.82 versus the accepted 29.75).
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Correction for the background at m/z = 41 gives a 39K/41K ratio of

13.21, reasonably clogse to the accepted value of 13.86.

Detection limits

The detection limits (i.e., the solution concentration necessary
to yield a net signal equivalent to three times the standard deviation
of the background) for the five elements studied are listed in Table
V. The major isotope of each element was used. These estimated
detection limits are comparable to or slightly better than those
obgerved for these elements if no special steps are taken to attenuate

the polyatomic ions by addition of xenon.

Calibration curves

The linearity of calibration curves for Si, V, Cr, and Fe was
tested with the addition of xenon. In each case the major isotope of
each element was monitored. For Si, a series of six solutions from
0.01 mg L1 to 10 mg -1 yielded a calibration curve with a
correlation coefficient of 0.9994. Curves from another series of six
solutions containing 0.005 mg ™1 to 3 mg L1 v, cr, and Fe gave

correlation coefficients of 0.9985, 0.9989, and 0.9992, respectively.

Effect of xenon on Arcl* and ar,t
Further experiments were performed to determine whether added
xenon would reduce Arcl* and Ar,* and facilitate the determination of

75pg* and 80se*. Instrumental conditions were matched as closely as
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possible to those for Si, V, Cr, and Fe, as listed in Table I. A 1%
HCl solution was used for background measurements. Figure SA shows
that xenon addition eliminates Arcl* and reduces Ar,* by a factor of
3600 (Table II) to ~ 200 counts s~1. However, Figure 5B shows that
the nebulization of a 1% HCl solution containing As and Se under the
same conditions gives a very low sensitivity: 890 counts g~1 per ppm
for 75As* and 220 net counts s~1 per ppm for 80ge*. These signals are
approximately three orders of magnitude lower than those with argon
only (Table III).

This observation that the reduction factors for As* and se* are
much greater than those for other analyte ions leads to a tentative
explanation for the effect of added xenon. The first excited state of
the neutral xenon atom is 8.31 eV above the ground state (26); the
ionization energy of xenon is 12.1 eV. Both these values are ~ 3eV
below the corresponding values for Ar, so the addition of small
amounts of xenon would be expected to moderate ionization conditions
in an Ar ICP. Elements which have IEs below ~ 8 eV (i.e., the energy
corresponding to the first excited state of xenon) remain
substantially ionized, which is the case for Si, K, V, Cr, and Fe.
Elements which have an IE above ~ 8 eV such as As (IE = 9.81 eV) and
Se (IE = 9.75 eV) are not ionized efficiently with xenon present.
Most of the polyatomic species studied in this work have IEs at or
above 11 eV (except for NO, 9.27 eV) (27). These more energetic

polyatomic ions are attenuated greatly when xenon is added. The
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fundamental reasons for the effect of xenon on background and analyte

peaks are under investigation in our laboratory (28).

Effectg of Xe on plasma sgructure and background

When yttrium is added as a test element, addition of small doses
of xenon (10 or 37 mL min’l) causes little visible change in the
position of the red initial radiation zone or in the intensity of the
blue emission from the normal analytical zone (29). Thus, there is no
obvious, drastic change in the characteristics of the ICP when xenon
is added.

The background at m/z values devoid of ions is very low (< 5
counts 8'1) when xenon is added. An example is shown at m/z = 74 in
Figure 5A. Without xenon, the background is usually 30 counts s~! for
the operating conditions listed in Table I with this particular
instrument. With xenon present, Xet was a major background ion, the
signal at m/z = 136 (8.9% abundance) being 1.8 x 10 counts s~1. The
total count rate for all Xe* peaks was ~ 2 x 107 counts s~1. Thus,
"matrix" suppression (30) caused by Xe' is also a likely source of
loss of ions (28).

The Xe* peaks overlap or are adjacent to isotopes of Te, Cs, and
Ba, so xenon should not be added when determining these elements.
Polyatomic ions containing Xe, such as XeHt, Xeo*, Xear*, Naxe* (from

a 100 mg L~1 Na solution) or Xez+ were not observed.



60

A rigorous comparison of the performance of mixed-gas Ar-N; ICPs
(16-19) and the He microwave-induced plasma (MIP) (31) with that of
the Ar-Xe ICP is complicated by several factors. The various
investigators employ different nebulizers and desolvation methods, the
count rates for analyte and polyatomic ions are sensitive to plasma
operating conditions (particularly aerosol gas flow rate), and the
criteria chosen for evaluating the potential improvements also differ.
For these reasons, the relative merits of these schemes for reducing
polyatomic ion interferences will be compared only in general terms
and for those operating conditions that yield optimum performance.

Compared to the present work, addition of N, to the outer gas does
not reduce levels of Aro*, AroH'* and clo* as extensively. However,
analyte signals remain similar or can even be enhanced if the aerosol
gas flow rate is reoptimized after the N, is added. Addition of Ny
also attenuates metal oxide ions substantially. The one case that can
be compared fairly is that involving 56Fe* and 40arl6o*. with
addition of 8-20% N, into the outer gas, the background equivalent
concentration (BEC) for Fe at m/z = 56 is 7 ug L-! without desolvation
(17) and 0.6 ug L1 with desolvation (18). A pneumatic nebulizer was
used in both these studies. 1In the present work, the BEC for Fe at
m/z = 56 is 3 pug L-1; a more efficient ultrasonic nebulizer with
desolvation was used. The background (i.e., the "baseline" under all
the peaks) stays about the same when N, is added toAthe outer gas,

whereas addition of Xe reduces the background.



61

Incorporation of N; at a very low flow rate (30 mL min'l) into the
aerosol gas flow reduces In* signal by a factor of four. The ratio
(In* signal)/(polyatomic ion signal) is improved by factors of two to
200 for many species. Unfortunately, the effect of adding N, to the
aerosol gas on count rates for analyte ions of moderate to high
ionization energy is not reported, although the accuracy obtained for
As and Se at 100 ug L™l in 1% to 8% aqueous HCl is improved
substantially with Np present (16). Compared to Xe, modification of
the ICP with N; is attractive because analyte signals are higher and
N, is much less expensive. However, polyatomic ions containing N are
enhanced when Ny, is added (16-18), as expected from the initial ICP-MS
study with Ar-N; plasmas (32). Thus, addition of N, compromises
determination of Si and 54Fe. The Ar-Xe plasma described in the
present work is superior for applications involving these ions,
particularly for isotope ratio experiments where the sacrifice in sit
and Fet signal is not a big problem if sufficient amounts of these
elements are available.

Caruso and co-workers have reported the only MS experiments with a
He MIP into which the sample is introduced as an aqueous aerosol. N2+
and Ar' are major ions, and ArNt and Aro* are still observed. In
fact, N2+ is actually added to this plasma to suppress Krt and improve
the linear dynamic range. Addition of N; enhances the peaks from the
usual N-containing ions and also elevates the peak at m/z = 56,
presumably due to formation of N4+ (31). Although the concept of a He

plasma, either an MIP or an ICP (33), for MS is potentially
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attractive, a viable system for routine analysis of solutions has not

yet been demonstrated.
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CONCLUSION

The addition of small amounts of xenon into the central channel of
the ICP can greatly reduce the signal from various troublesome
polyatomic ions. However, substantial analyte signal remains only if
the analyte ionization energy is below the energy of the first excited
states of xenon. Clearly, fundamental studies need to be performed on
the effects of xenon introduction, including elucidation of any
changes in temperatures in the ICP or possible matrix effects caused

by the addition of Xet to the ion beam.
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Table I. Operating conditions

67

ICP torch

Forward power

Argon flow rates (L min‘l):
outer gas
auxiliary gas
aerosol gas

Xenon flow rates (mL min~1y):
For Si, V, Cr, Fe
For K

Sampling position

Sampler

Skimmer

Ions lens settings:
Besgsel box barrel
Bessel box plate lens
Einzel lenses 1 and 3
Einzel lens 2
Bessel box stop

Electron multiplier voltage

Ames Laboratory design (23)
Outer tube extended 30 mm from
middle tubes

1.25 kwd

13
0.23

1.55-1.608

10

37

22 mm from load coil?®, on center
Copper, 1.1 mm diam. orifice

Nickel, 0.9 mm diam. orifice

+5.4 V

-11.0 Vv

-19.8 v

-130 V

-5.8 Vv: 8i, V, Cr, Fe. -4.9 V: K.

-3.4 kvV: si, v, Cr, Fe. =-3.0 kV: K.
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Table I. (continued)

Operating pressures:

interface 1 torr
quadrupole chamber 3 x 1075
Spectral measurements: Sequential monitoring mode
For Si, V, Cr, Fe Low resolution, 10 measurements
per peak

Measurement time = 1.0 s

For K High resolution, 20 measurements
per peak
Measurement time = 0.25 s

All other measurements: Multielement monitoring mode

For Si, VvV, Cr, Fe (peak hopping)
Low resolution, 3 measurements per
peak
Dwell time = 10 ms
Total measurement time = 1.0 s

For K High resolution, 3 measurements
per peak
Dwell time = 10 ms

Total measurement time = 1.0 s

arypical values for these conditions. There was some variation
between experiments conducted on different days.
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Table II. Background count rates

Ar only Xe added

counts s~1 counts s~1 Reduction
m/z ion(s) mean? mean? factor
28 Nyt 50,600 165 300
29 HN,* 13,100 40 325
30 No* 1.1 x 106 780 1400
40 art throttledP 14,500€ ——
41 ArHt throttled® 1300¢ -—
51 35c10* 24,0004 140 170
52 arct,35ciont 8,6004 670 13
53 37¢c10t 7,9904 45 180
54 arnt,37cront 9,9704 230 45
54 ArN* 14,100 70 200
56 aro* 72,800 430 170
75 40p,35¢) + 890 7 125
80 40pr,*+ 726,000 200 3600

8Mean of 20 measurements.

brotal count rate above 3.2 x 106 counts 9'1; instrument
throttled or shutdown.

CHigher Xe flow rate and resolution were used (see Table I).

dcount rate obtained during introduction of 1% HCl.
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Table III. Net analyté count rates

Ar only Xe added

counts s~1 per counts s~1 per Reduction
ion(s) ppm? ppmd factor
28g3+ 550,000 55,000 10
29gi+ 18,600 2,870 6
30g;* throttlea® 2,640 -
39+ 510,000 19,700¢ 26
d1g+ throttledP 1,490°¢ -
S1ly+ 1.5x106 207,000 7
52¢pt 1.2x108 163,000 7
53¢cr* 129,000 18,500 7
Sdcpt 32,500 4,800 7
S4pet 139,000 8,800 16
56pe*t 2.1x108 139,000 15
75pg* 653,000 890 730
80ge+ 528,000 220 2400

AMean of 20 measurements.

bpotal count rate above 3.2 x 106 counts s“l; instrument
throttled or shutdown.

CHigher Xe flow rate and resolution were used (see Table I).
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Table IV. Isotope ratio measurements with Xe added

Solution
conc. Ratio Determined Ratio Accepted Ratio (25)
(mg L-1) Measured mean RSD(%)3

5 2853 /2953 19.10 0.8 19.75

5 2853 /30g; 20.82P 1.6 29.75

10 39,41k 13.21b 1.0 13.86

1 S3cr/52cr 0.1135 0.7 0.1134

1 54¢r/52¢r 0.0294 1.4 0.0282

1 56pe/54rFe 15.78 0.6 15.81

8Mean and relative standard deviation of 20 measurements.

bcount rates for 30si* and 41k* were corrected for contributions
from Not and ArH*.
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Table V. Estimated detection limits

Detection Limit

Element m/z (kg L™1)
Si 28 0.6

K 39 1

va 51 0.3
cra 52 2

Fed 56 0.3

a1n 1% HCl solution.
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SECTION IV.

TEMPERATURE AND ELECTRON DENSITY MEASUREMENTS

AND MATRIX EFFECT STUDIES OF AN ARGON-XENON

PLASMA FOR INDUCTIVELY COUPLED PLASMA

MASS SPECTROMETRY
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INTRODUCTION

Previous work by the authors demonstrates that addition of xenon
to the central channel of an argon inductively coupled plasma (ICP)
markedly reduces the count rates of various polyatomic ion
interferences (Np*, NoH*, NOot*, aru*, clo*, arc*, clow*, arn*, aro*)
observed in ICP-mass spectrometry (MS) (l1). Alleviation of these
interferences allows the measurement of atomic ion signals and isotope
ratios for Si, K, V, Cr, and Fe with little or no background
correction. These measurements are possible because the ion signals
for the interfering ions drop more sharply than those for the
analytes. A possible explanation for this effect is the focus of this
paper.

Temperatures and electron density (ng) are important fundamental
parameters of a plasma. Knowledge of these parameters may help
explain the effects of added xenon and provide insights on how to
improve the performance of the technique.

Two important plasma temperatures are the ionization temperature
(Tion) and the excitation temperature (Tgyc): Tjiopn describes the
extent of ion formation in the ICP. This temperature may be
determined via the Saha equation by measurement of the relative
intensities of atom and ion emission lines of a suitable species if ng
is also known (2-4). Tjo, can also be determined by ICP-MS, where the

count rate ratio from ions of two elements close in mass but far
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different in ionization energy (IE) (e.g., Ga and As) is measured;
Tion 18 again calculated by the Saha equation with a value of ng
(5,6). Tgxc describes the population density of electronically
excited states. In thermal equilibrium this population density
follows a Boltzmann distribution, so the emigssion intensity from a
higher energy level to a lower one is a function of the excitation
energy, the transition probability, and Tg,o (3, 7-9).

The electron density can be measured by a number of different
techniques (10). The Stark broadening method is common (11-14). A
spectral line is broadened due to the interaction of an emitting atom
with the static electric field generated by the surrounding ions and
electrons in the plasma. The Hﬁ line (486.13 nm) is used as it is a
strong line which exhibits substantial Stark broadening. Nonetheless,
contributions from instrumental and Doppler broadening must be
deconvoluted from the experimental line profile to obtain an accurate
Ng.

One other aspect for study is the so-called "matrix effect" in
ICP-MS. Generally, the analyte ion signal in ICP-MS is suppressed in
the presence of a matrix element (15-17). Various theories have been
set forth to explain this effect. These include diffusion effects in
the ICP (18), collisional and mass enrichment effects during ion
extraction (19,20), and space charge repulsions in the ion beam (21).
In any case, matrix interferences have been found to depend on ICP-MS
operating conditions and on the measured ionization energies of the

elements in question (22).
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This paper describes the measurement of temperatures and ng with
addition of xenon and krypton and introduction of a cesium matrix to
the ICP. Matrix effects induced by adding an inert gas (e.g., Xe) are
compared to those caused when an element of similar mass (Cs) is added
from a nebulized solution in sufficient quantity to yield similar
count rates for a particular analyte. Results are also described for
an analogous experiment with Kr and Rb. Finally, the effects of added

Xe and Kr on polyatomic ion and analyte ion signals are compared.
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EXPERIMENTAL

Instrumentation

The inductively coupled plasma mass spectrometer used was the ELAN
Model 250 with upgraded ion optics (Perkin-Elmer SCIEX, Thornhill,
Ontario, Canada). The center section of the shielding box surrounding
the ICP-MS interface was removed to allow optical emission
measurements from the ICP. As shown in Figure 1, the emission was
focused by a Pyrex lens (5 cm diam., £/2, magnification 1.6) onto the
entrance of a fiber optic cable from C. Technologies, Inc. (Short
Hills, NJ). The fiber optic cable was ~ 21 m long with a 600 um
diameter fused silica core surrounded by a doped fused silica
cladding. Emission from the cable was focused onto the entrance slit
of the monochromator described in Table I.

Sample solutions were introduced to the ICP by an ultrasonic
nebulizer (Model U-5000, Cetac Technologies, Inc., Omaha, NE) with a
solution uptake rate of 3.0 mL min~l. The heating chamber of the
desolvator was set at 140 °C, and the condenser was operated at 0 ©c.
The resulting dry aerosol was transported to the plasma through 0.48

cm i.d. Tygon tubing.

Operating conditions

Operating conditions for the monochromator and the ICP-MS device

are given in Tables I and II, respectively. Changes in certain
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parameters for different experiments are noted, specifically the
holographic grating for the monochromator, the exposure time and
number of integrations for the photodiode array, and the voltage on

the Channeltron electron multiplier of the ICP-MS instrument.

Addition of Xe and Kr
The xenon (Spectra Gases, Newark, NJ) and krypton (Air Products,
Tamaqua, PA) were specified to be 99.995% pure. The gases were
introduced and the flow rates measured as previously described (1),
except that each gas was conducted through a much thinner tube (~ 1 mm
i.d. Tygon, 1 m long). This facilitated rapid changing and purging of
each gas and much faster (30 s8) equilibration of the ion signal. As
shown in Figure 1, a 23 gauge needle (0.64 mm o.d.) was placed in one
end of the tubing, and the needle was inserted into a rubber septum
connected to a glass tee attached to the base of the ICP torch. To

switch from one gas to the other, the small 100-L tanks of Xe or Kr

were simply disconnected from the regulator.

Solutions

Analyte solutions were prepared from 1000 mg L1 standards from
Plasmachem Associates, Inc. (Bradley Beach, NJ). The Cs and Rb matrix
elements, also from Plasmachem, were prepared from the nitrates, so
clo* was avoided. A 100 mg L1 Fe solution for the Texc Study was
prepared from FeClj3:6H,0 from Fisher Scientific Co. (Fair Lawn, NJ).

Ultrex II hydrochloric acid from J. T. Baker (Phillipsburgh, NJ) was
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used to prepare a 1% HCl solution for the measurement of clot. High
purity deionized water (resistance ~ 18 M{l) was obtained from a

Barnstead Nanopure-II system (Newton, MA).

Electron density measurements

The electron density was measured via the Stark broadening method
using the Hp line at 486.13 nm (11-14). Emission was monitored from
the central channel of the ICP during ion extraction approximately 1
mm upstream of the tip of the sampler. The effective observation zone
was an area 13 um wide and 0.4 mm long centered just upstream of the
orifice. Distilled, doubly deionized water (DDW) was introduced to
the ICP to avoid any spectral interferences.

A window from 477 nm to 492 nm was monitored using a photodiode
array as a detector. The wavelength scale of the array was calibrated
by using the pixels corresponding to maximum intensity of the Ar I
emissgion lines at 487.63 nm and 488.79 nm. The width of each pixel
was calculated to be 0.01183 nm. First, a profile of the dark current
from the photodiode array was taken. Experimental Hﬁ profiles were
then taken at Xe and Kr flow rates of 0, 1, 2, 5, 10, and 20 mL min'l,
and each profile corrected for dark current was stored in the computer
described in Table I. Abel inversion was not performed on these
profiles, as previous work has shown that the full width at half
maximum of the Hﬂ emission from just in front of the sampler is not
significantly different from the center of the ICP versus a lateral

measurement (25). No self-reversal of the Hp line was observed.
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After collection of the experimental profiles, an instrumental
profile was collected to correct for instrumental broadening. This
profile was obtained with the Fe I 485.97 nm line emitted from an iron
hollow cathode lamp (Hamamatsu Photonics K.K., Japan) operated at a
current of 20 mA. Again, the profile was first corrected for dark
current.

The experimental and instrumental profiles were entered into a
computer program developed by Chan and Montaser (14). A Doppler
profile to correct for Doppler broadening was generated using a
translational temperature (Ti,sn) ©f 5000 K. The program determined
ng by least-squares curve fittings of the Hp line to the theoretical

Stark-broadened profiles.

Excitation temperature measurements

The excitation temperature was determined by measuring net
intensities for seven Fe I lines between 370 nm and 377 nm, as
described by Blades and Caughlin (26). All profiles were corrected
for dark current. The linear regression of ln(I(qu)3/gquq) versus
Eq (a Boltzmann plot) gives a slope of -(kT)'l, where I is the
emission intensity for each line, xqp is the wavelength, dq is the
degeneracy of the upper level, fpg is the oscillator strength, Eq is
the excitation energy, k is the Boltzmann constant (0.6952 cm'l/K),
and T is the excitation temperature. Wavelengths, the factor

(kqp)3/gquq, and the excitation energies are listed in Table III.
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Texc was calculated for the same xenon flow rates as for the ng

measurements.

Ionization temperature measurements

The ionization temperature was measured by MS with three
thermometric pairs of elements: Ga and As, In and Sb, and In and Pd.
The elements in each pair are close in mass but quite different in
ionization energy (IE). Therefore, ion transmission through the mass
spectrometer should be similar for the elements in each pair, giving
an accurate measurement of Tjon. Tjon measured via Pd/In was of
special interest as the IE of Pd (8.33 eV) is very close to the energy
of the first excited state of Xe (8.31 eV). Signals for elements with
IEs above the energy of this Xe state are lost drastically with
addition of Xe, as is the case for As and Se (1).

Solutions containing 2 mg L~! Ga and As and 1 mg L~! 1n, Pd, and
Sb were introduced to the ICP. The element of lower ionization energy
was used as the reference for isotope ratio measurements. The
following ratios were measured at previously listed Xe and Kr flow
rates: 71Ga/59Ga, 75As/69Ga, 121Sb/llsIn, and 1°5Pd/1151n. Data
acquisition parameters for the isotope ratio measurements are listed
in Table II. Relative standard deviations (RSDs) for the ratios
ranged from 0.2% to 5.0%, with worse precision due to signal loss at
higher Xe and Kr flow rates.

The measured ratios were corrected for differences in the molarity

and isotopic abundance of each element in solution, and the corrected
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ratios were entered into appropriate FORTRAN computer programs. These
programs are named TCALCAS, TCALCSB, and TCALCPD, the latter based on
the former two programs (28). In these programs partition functions
for the reference elements (Ga or In) and the thermometric elements
(As, Pd, or Sb) are calculated at an arbitrary starting temperature
(7000 K) (29,30). At a measured ng, the degree of ionization (a) is
calculated for the reference element via the Saha equation, and o for
the thermometric element is calculated by the relative degree of
ionization for the thermometric pair. A value of T;j,, is calculated
using a of the thermometric element in the Saha equation, and the
procedure is iterated until T;,, converges to within 0.1% of its
previous value. The random error estimated for the T;,, measurements

is ~ 0.4% RSD.

Matrix-matching study

For this study the ion signal from a 1.0 mg L~1 V solution with
addition of Xe or Kr was compared to the ion signal from the same
concentration of V with an added matrix element. To minimize mass
discrimination effects (31-34), Rb was chosen to mimic the effects of
Kr, and Cs was chosen for Xe. The electron multiplier voltage was
lowered considerably (~2900 V) so the ion signal for V would remain
near 1 x 106 counts s'l, avoiding loss of detector gain (35).

Matrix solutions contained 10, 30, 50, or 100 mg L™! of Rb or cs.
Solutions containing 100 mg L~1 Rb and Cs were checked for an elevated

background from clot at m/z = 51, but this amounted to only ~ 100
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counts 81, The electron density was also measured when 100 mg L1 cs
was introduced to the ICP.

Another experiment was performed to investigate any effects of a
matrix on T;,, measurements. Solutions containing 2 mg L~! Ga and As
and 1 mg -1 Pd, In, and Sb were prepared in 10, 30, 50, and 100
mg L-1 cs. The isotope ratios described previously were measured and
entered into the programs TCALCAS, TCALCSB, or TCALCPD with an

appropriate ng,.

Xe vs Kr study
Addition of xenon to the ICP was compared to addition of krypton
for reduction of interfering ion and analyte ion signal. Flow rates
for each gas were 0 and 10 mL min~l. Experimental conditions were
reproduced as close as possible to the previous xenon study (1).
However, due to the higher sensitivity obtained with the commercial

ultrasonic nebulizer used in this work, lower analyte concentrations

(0.5 mg At Si, 0.1 mg L1 v, Cr, and Fe) were used.
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RESULTS AND DISCUSSION

Electron density measurements

The ng values were measured in the gas directly in front of the
sampling orifice. With addition of xenon, ng ranged from 9.4 x 1014
cm~3 at 20 mL min~l Xe to 1.0 x 1015 em~3 at 2, 5, and 10 mL min~1 xe.
The bottom flow rates of O and 1 mL min~! Xe each yielded an ng of 9.9
x 1014 cm™3., The results for addition of krypton and introduction of
100 mg L~1 cs were also in the above range (9-10 x 1014 cm'3).
Therefore, n, varies at most by only ~ 5% from an overall mean value
of 9.9 x 1014 cm~3. The RSD of all measurements is +2.2%, so at 2¢
(95% confidence interval) the RSD is *+4.4%, indicating no substantial
change in ng in front of the sampler with addition of Xe, Kr, or Cs.
These ng values are quite close to various literature values

(14,25,26).

Plasma temperature measurements

Results for Tgoy. Measurements with addition of xenon are presented
in Table IV. A gradual increase (~ 200 K) in Tgy. with increasing Xe
flow rate is indicated, but this increase is well within the
uncertainties of the individual measurements, estimated from the
standard deviations of the slopes of the Boltzmann plots. The mean
value of Tgu- is ~ 4800 K, which is in good agreement with the value

reported by Blades (26) but approximately 1000 K lower than other
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literature values (3,7,11,36). Correlation coefficients for the plots
range from 0.9881 to 0.9931. Thus, addition of xenon does not greatly
affect Tgyc in the gas flowing into the sampler. This agrees with the
observation that the ICP does not change visibly when a small amount
of Xe (< 20 mL min'l) is added (1).

Variation in T, with addition of xenon is shown in Figure 2.

For the thermometric pairs 75As/696a and 121gp/1151, Tion drops by ~
400 K, the most noticeable reduction occurring with the addition of 1
to 2 mL min~! Xe. However, the Tijon for the pair 1°5Pd/1151n is
substantially higher than the other pairs, with a gradual rise in T;o,
observed at higher flow rates. This behavior may be due to the
proximity of the IE of Pd (8.33 eV) and the energy of the first
excited state of Xe (8.31 eV). Perhaps Penning ionization reactions
between excited Xe atoms and Pd produce enough Pd ions so the
105Pd/llsrn ion signal ratio and thus Tj,, remain relatively constant.
The ratio 69Ga/71Ga was also monitored over all Xe flow rates, and the
measured ratio was distributed evenly about the mean of 1.581 (RSD =
1.8%). This compares well with the natural abundance ratio of 1.532,
indicating no significant change in 69Ga/71Ga as Xe was added that
could bias Tjop-

Little change was observed in T;,, with addition of krypton, as
depicted in Figure 3. This experiment was performed on a different
day from Figure 2, and Tjo, is different with and without Kr. The
first excited state of Kr occurs at 9.91 eV, and since all the

elements in the pairs have IEs below this energy, the respective ion
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signal ratios and T;,,8 are not greatly affected. Figure 4 shows that
introduction of 10 to 30 mg L1 Cs causes a modest rise in Tion

(~ 100 K) but this increase levels off at higher Cs concentrations.

A Tiopn for the 105Pd/llsln ratio was not obtained as the measured

ratios were all above one.

Matrix-matching study

The ion signals for 1.0 mg L™l v with and without 1 mL min~! Xe
and with various concentrations of Cs are tabulated in Table V. The
signal suppression from addition of xenon is most closely matched at a
Cs concentration from 30 mg L~1 to 50 mg L™l ¢cs. As shown in Table
VI, the suppression of V signal by 2 mL min~! Kr is most closely
matched by 10 mg L1 Rb.

An attempt to match the total number of Kr or Xe ions with the
total number or Rb or Cs ions was not successful. A linear
calibration curve for the Rb and Cs matrix solutions could not be
obtained, despite the use of low detector voltages and the OmniRange
utility on the SCIEX ICP-MS device. A possible reason for this
behavior may be severe space charge effects on the extracted ion beam

at the higher Rb and Cs concentrations (21).

Xe vs Kr study
A comparison of polyatomic ion loss with addition of Kr or Xe is
presented in Table VII. Xenon clearly reduces these ions to a greater

extent; addition of Kr exhibits reduction factors of only 1 to 4 while
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addition of Xe shows reduction factors of 3 to 160. The count rates
of these ions and the reduction factors are lower than those of the
original xenon study (1), and this is most likely due to the different
ultrasonic nebulizer used and differences in experimental conditions.
However, the trend in reduction is similar, with the ions at m/z = 52
(Arct, 35c1oH*) and m/z = 54 (ArNt, 37cloH*) being the most difficult
to attenuate. The one striking anomaly is the much lower reduction
factor for NO* (60 in the present work vs. 1400) at m/z = 30; again,
different operating conditions are probably the cause.

Analyte ion signal with and without added Kr or Xe is presented in
Table VIII. Krypton reduces analyte signals by only a factor of
three, but reduction factors range from 15 to 60 with added Xe. These
reduction factors with Xe are greater than those reported previously
(1), but analyte ion signals per ppm are still substantial.
Furthermore, the polyatomic ion signals still drop more sharply than

that of the analytes, except for the ClOH* ions.
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CONCLUSION

Results provide evidence that signal loss for analytes of low IE
(< 8eV) when Xe or Kr is added to the ICP is largely due to a matrix
effect since this loss can be mimicked by introduction of enough
matrix element of similar mass. Krypton results show that matrix
effects also occur for polyatomic ions. Preferential loss of
polyatomic ions versus analyte ions may be caused by the lowered T;,,
induced by addition of Xe. Indeed, Kr does not appreciably change

Tion and attenuates polyatomic ion and analyte ion signals to a much

lesser degree.
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Table I. Instrumentation and operating conditions for AES

measurements

Monochromator (23)

Detector

Computer

Data acquisition

McPherson M2051, 1-m focal length.
holographic grating
1800 grooves mm~l for A > 430 nm
3600 grooves mm~1 for A\ < 430 nm
entrance slit width = 20 um
Princeton Applied Research, Model
1453 photodiode array,
unintensified, cooled to -15 ¢
Princeton Applied Research Model 1461
detector interface linked to DEC
11/34 computer
ng measurements
exposure time = 30 s
integrations: 1
Texc Measurements
exposure time = 10 s

integrations: 10
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Operating conditions for SCIEX ICP-MS

ICP torch

Forward power

Argon flow rates (L min'l)z
outer gas
auxiliary gas
aerosol gas

Sampling position

Sampler

Skimmer

Ion lens settings:
Bessel box barrel
Bessel box plate
Einzel 1 and 3
Einzel 2
Bessel box stop

Operating pressures
interface
quadrupole chamber

Electron multiplier voltage

Ames Laboratory design (24)
Outer tube extended 30 mm from
inner tubes

1.25 kW

13

0.2

1.40

20 mm from load coil, on center
orifice

Copper, 1.1 mm diam.

Copper, 0.9 mm diam. orifice
+5.4 V

-11.0 Vv

-19.8 V

-130 Vv

-4.9 Vv

1 torr

2 x 1075 torr
Tion Measurements: =2900 V
matrix study: -2900 V

Xe vs. Kr study: -3400 V
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Table II. (continued)

Data acquisition Meapuromeont time = 1.0 8
Dwell timo = 10 mso
Meapurements per peak: 3

Ragolution: low
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Table III. Fe I lines used for T,,. measurements (26)

Wavelength (nm) ()\qp)3/gquq (27) Eq (ecm~1)
371.994 1.38550 x 10~13 26875
372.256 9.82936 x 10”13 27560
373.487 2.55167 x 10~14 33695
373.713 1.93916 x 10~14 27167
375.823 5.30828 x 10-14 34329
376.379 8.25802 x 1014 34547

376.719 1.16964 x 10-13 34692
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Table IV. Tgyc measurements with addition of Xe

Xe flow rate

(mL min=1) Texe (K)2
0 4670 + 320
1 4710 + 350
2 4760 + 340
5 4780 + 320
10 4850 + 300
20 4880 + 270

aTexc derived from slope of regression line
of Boltzmann plot. Uncertainties are lo¢, estimated
from error in slope.
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Table V. Cs matrix-matching study

Count rate for 1.0 mg L1l v

Xe flow rate Cs conc.
(mL min~1) (mg L™1) (counts s~1)a
o] o] 1,540,000
1 - 138,500
- 10 359,800
- 30 155,300
- S0 112,600
- 100 43,100

8Mean of 20 measurements.
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Table VI. Rb matrix-matching study

Kr flow rate Rb conc. Count rate for 1.0 mg L-lv
(mL min~1) (mg L~1) (counts s~1)a
0 0 1,633,000
2 - 1,198,000
- 10 1,148,000
- 30 613,000
- 50 505,400
- 100 479,400

4Mean of 20 measurements.
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VII. Comparison of polyatomic ion loss for Kr and Xe addition

Counts s~1 Reduction

no added Counts s~1 Counts s~1 factor
m/z ion(s) Kr or Xed Kr addedP Xe added® «kr Xe
28 Nyt 837,700 288,300 5,200 3 160
29 NoHt 198,500 53,280 1,520 4 130
30 No* 57,970 16,240 980 3.5 60
51 35¢c10* 42,100¢ 27,300 1,900 1.5 22
s2  arct, 35cion*t 10,300€ 7,720 3,400 1.3 3
53 37c10* 14,100°¢ 9,140 630 1.5 22
54 arN*t, 37ciont 3,190°€ 3,140 1,120 1 3
54 Aarnt 2,350 750 40 3 60
56 aro* 21,500 7,860 190 3 110

AMean of 20 measurements.

byean of 20 measurements with 10 mL min~! Kr or 10 mL min~! Xe.

Ccount rate obtained during introduction of 1% HCl.
count rates were measured during introduction of DDW.

All other
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Comparison of net analyte count rates for Kr and Xe

addition

Counts s~1

per 0.1 ppm Counts s~1 Counts s~1 Reduction
no added per 0.1 ppm per 0.1 ppm factor
ion(s) Kr or Xe@ Kr addedP Xe addedP Kr Xe
28g;+ 485,000 164,000 8,140 3 60
29g3+ 21,800 8,380 430 2.6 50
30gi* 12,760 5,100 310 2.5 40
51y+ 312,500 112,000 16,460 3 19
52¢,t 192,000 67,800 12,900 3 15
53crt 21,900 7,700 1,430 3 15
S4cpt 5,290 1,850 260 3 20
S4pet 19,900 7,520 1,200 2.6 17
56pet 339,000 116,800 19,100 3 18
8Mean of 20 measurements.

bMean of

20 measurements with 10 mL min~} Kr or

10 mL min-1 Xe.
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Figure 1. Spatial arrangement of (A) sampler on ICP-MS interface,
(B) region viewed by monochromator, (C) ICP torch,
(D) glass tee for introduction of Xe or Kr, (E) lens,
(F) fiber optic. Distance from sampler to lens is ~24 cm
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SUMMARY

The primary goal of this work has been the development of new
techniques for the determination of hitherto "difficult" elements by
ICP-MS. The methods described all involve a new tract in sample
preparation and/or sample introduction but no changes in the operating
hardware of the ICP or the mass gpectrometer. More specifically,
these methods reduce sample analysis time and alleviate numerous
polyatomic ion interferences. Of course, less analysis time reduces
operating costs, but the widened capability of isotope ratio
measurements opens the door for new stable isotope tracer studies and
further applications of isotope dilution analysis.

Nonetheless, there is much room for improvement and further
research in these new techniques. For example, the chlorine method
requires 99.9% D30, a substance which presently costs approximately
fifty cents per milliliter. The expense of preparing a large number
of samples in D0 (~ 5 mL per sample) and having a sufficient volume
of D0 for cleanout of the ultrasonic nebulizer (usually ~ 3 mL)
between each sample would be considerable. However, use of the DIN
would easily reduce this problem (84). A large sample loop of 20 mL
could be installed in a separate flow injection valve ahead of the gas
displacement pump. A second flow injection valve ahead of the first
could be used for sample loading. Since the DIN operates at a low

sample flow rate (~ 120 uL min~l), the reservoir of D50 would last
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almost three hours. 1In addition, the sample volume need be only 0.1
to 1.0 mL, facilitating concentration of the analyte and enhanced
sensitivity. Furthermore, the low dead volume (~ 2 uL) of the
transfer line provides rapid sample cleanout (~ 15 8), so any last
vestiges of water should be easily removed with consequent lower
36prut,

Problems with the determination of boron in biological samples
point towards sample preparation. There is an elevated background due
to the NajCO3 blank, so a more dilute Na,;CO3 solution should reduce
this background as long as sufficient Na;CO; is still available to
prevent loss of boron during sample fusion. Since the boron content
is at ng g'1 levels in samples like human blood plasma, study of boron
preconcentration is also desirable. Variables for investigation
include ion~exchange resin volume and concentration and volume of HNO3
for boron elution.

Like D50, cost is a major consideration for use of xenon.
Depending upon availability, a 100~L tank of xenon currently costs
between $1500 and $2000. One possible approach to reduce xenon
consumption would be the use of cryogenic desolvation (85). This
technique uses a second condenser at -80 ©C after the first at -10 ©c.
Water loading into the ICP is reduced due to the lowered vapor
pressure of water. Therefore, the intensities of polyatomic ions like
HN,*, No*, ArH*, clo*, and aro* should be lower. Consequently, the

amount of xenon needed to reduce these ions should be less.
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In addition to the water-derived ions listed above, CO, impurity
in argon and CO, from the atmosphere is a troublesome interferent.
The ion CO,* interferes with 44ca*, the most abundant minor isotope of
calcium. Since C02+ is a high energy ion (I.E. = 13.7 eV), addition
of xenon should considerably reduce its intensity. Although the
signal from 44cat ghould also be reduced, the combination of the low
ionization energy of calcium (6.1 eV) and its abundance in many
samples should still yield substantial signal.

Other possible experiments include addition of xenon to the
auxiliary and/or outer gas of the ICP and to the make-up gas of the
DIN. The effects of xenon on background or analyte ion intensities
via the former gas flows is presently unknown. However, since no
desolvation of the aerosol is used with the DIN, the intensities of
water~derived polyatomic ions may be considerable. Xenon addition

could prove helpful in alleviating that problem.
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