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A discrete microsampling technique for multielement determination of trace elements by inductively coupled plasma
mass spectrometry has been investigated for analyses of samples containing large amounts of matrix elements. In the
technique, 100 pl of the sample solution was introduced into the plasma by using a six-way valve, and 10 elements were
detected in peak hopping mode during a single mass range scan. As a result, a transient peak profile of the signal for
each element was observed at each m/z position. The peak area measurement method was established for the quantitative
analysis. The optimization of instrumental conditions and matrix effects in multielement determination were investigated
in detail. The discrete microsampling technique was found to reduce some memory effects due to matrices in ICP-MS.
The present system was applied to the analyses of standard sediment sample and 30 elements at the ugg™" level were

successfully determined without matrix separation.

In recent years, inductively coupled plasma mass spec-
trometry (ICP-MS) has been becoming one of the most con-
venient analytical methods for the determination of trace ele-
ments in various kinds of sample."? ICP-MS provides many
excellent analytical features such as low detection limits at
the pgml~! level for many elements, wide dynamic range
of calibration curve (ng ml~!'—pgml~!), and multielement
detection capability. However, there is some difficulty in
introduction of the samples with a large amount of concomi-
tant salts,” which cause matrix effects, memory effects, and
clogging of a plasma torch and a sampling orifice to result
in instrumental drift, as well as signal suppression or en-
hancement. In conventional continuous nebulization, 2—
3 ml portion of the sample solution is generally introduced
into a plasma in one measurement, and thus a large amount of
concomitant salts is inevitably introduced into the ICP-MS
instrument. Common alternatives to avoid matrix effects are
dilution of samples or separation of analytes from matrices.
However, large dilution of the sample causes the difficulty
in the determination of analyte elements at the trace and ul-
tratrace levels, and further complicated sample pretreatment
involves some risks of contamination.

Flow injection (FI)-ICP-MS have been examined by many
works for the purpose of performing an on-line sample
pretreatment just before sample introduction.*—® Standard
addition,*® isotope dilution,® ion-exchange”® have been
adopted in flow injection technique for on-line procedures.
In addition, flow injection also helps to alleviate some of
the problems caused by matrix elements, because an injected
sample is substantially diluted in long tubing of a flow injec-
tion system by dispersion.*!?

Recently, the present authors also reported a preliminary

study on the discrete microsampling technique for multi-
element detection by ICP-MS'Y, where a small amount of
sample was discretely introduced into ICP-MS. By using
this technique, the instrument was not exposed to massive
amounts of matrix elements, even when highly concentrated
samples were analysed. In the present experiment, hence, si-
multaneous multielement determination of trace elements by
microsampling ICP-MS has been further investigated, along
with optimization of instrumental conditions and effect of
matrix elements. In addition, this system was applied to the
determination of 30 trace elements in the sediment standard
sample.

Experimental

Instrumentation.  The ICP-MS instrument used was model
SPQ 8000 from Seiko Instrument Co.(Tokyo, Japan). For discrete
microsampling introduction, the sample introduction system was
constructed by using a six-way valve (Teflon rotary valve Type 50,
Rheodyne, Cotati, CA, USA), a 100 pl sample loop and a peri-
staltic pump (Model Minipuls 2 ; Gilson, Villiers le Bel, France).
The six-way valve and the nebulizer was connected with a piece
of Teflon® tubing. The details of the introduction system were
described in the previous paper.!” The carrier solution was sup-
plied continuously to the nebulizer through the six-way valve by
the peristaltic pump (hereafter, the flow rate of the carrier solution is
defined as the “flow rate”) and 100 ul of the sample solution loaded
in a sample loop was led to the nebulizer by switching the valve
position of the six-way valve manually. Data accumulation was
carried out according to the program for a device of electrothermal
vaporization/ICP-MS (Seiko Instrument Co.). The instrumental
components and operational conditions of ICP-MS are summarized
in Table 1. An ICP-AES (inductively coupled plasma atomic emis-
sion spectrometry) instrument of model Plasma AtomComp MK 1I
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Table 1. Instrumental Components and Operating Condi-
tions of ICP-MS

Plasma conditions

RF frequency 27.12 MHz

Incident power 1.2kW

Coolant Ar gas 16 I min ™!

Auxiliary Ar gas 1.0 Imin™!

Carrier Ar gas 0.5 Imin~" (2.5 kgfcm™?)
Nebulizer Glass concentric type (Meinhard TR-30-A2)

Sampling conditions
Sampling cone
Skimmer cone
Sampling depth

Copper 1.1 mm¢
Copper 0.35 mm¢
9 mm from work coil

Peak hopping mode
10 ms

Data acquisition
Dwell time/peak
Number of isotopes/scan  6—10
Number of scans max. 500 times
Data acquisition time 85s

(Jarrell-Ash, Franklin, MA, USA) was used for the determination
of major elements in the sediment sample.

Chemicals.  High-purity water was prepared by a Millipore
Milli-Q water purification system (receptivity of 18 MQcm™';
Millipore Kogyo Co., Tokyo, Japan). Nitric acid, hydrofluoric
acid and perchloric acid of analytical regent grade were purchased
from Wako Pure Chemical Industries Ltd. (Osaka, Japan), and
lithium metaborate (LiBO;) of Suprapur® grade was from Merck
(Dortmund, Germany). The multielement standard solutions were
prepared by mixing aliquots of 1000 ug ml™! of the single-element
stock solutions for atomic absorption spectrometry in 0.1 M of ni-
tric acid solution (1 M=1 mol dm?). The acid concentration of the
carrier solution was adjusted to that of the standard solutions.

Sample Preparation. The sediment standard sample JLk-
1 (lake sediment) issued from the Geological Survey of Japan
(Tsukuba) was decomposed by two methods : alkali fusion and acid
digestion. In alkali fusion, ca. 0.2 g of the sample was decomposed
with ca. 0.3 g of LiBO; and diluted with 1 M HNOs to 100 ml.
In acid digestion, ca. 0.2 g of the sample was decomposed with
hydrofluoric, nitric, and perchloric acids, and finally diluted to 100
ml with water. The decomposed solutions were further diluted by
5-fold, after internal standard elements (In, Re, and Bi; 10 ng ml~!
each) were added to them.

Measurement Procedure. At most 10 elements (isotopes)
including internal standard elements were measured simultaneously
in one sample injection. In each measurement, two of In, Re, or Bi
were selected as the internal standard elements, depending on the
mass range of the analyte elements. Thirty elements in the sediment
sample were determined by four injections.

Results and Discussion

Dependence of Signal Intensities on the Flow Rate of
Carrier Solution and Nebulizer Gas Pressure.  In dis-
crete microsampling technique, the transient signals were
observed, and they were significantly influenced by the flow
rate of the carrier solution introduced into the six-way valve.
Thus, dependence of the signal profiles and intensities on the
flow rate of the carrier solution were investigated first. A
mixture of Ni, Ge, Mo, In, Ce, and Bi (100 ng ml~! each)

ICP-MS with Microsampling Technique

was used in the experiment. The signal profiles obtained by
the present microsampling system are shown in Fig. 1. As
is seen in Fig. 1, the broad signal profiles were observed at
the low flow rate of the carrier solution. On the other hand,
the signal profiles became sharper and higher at the higher
flow rate, although the maximum peaks were not always
observed at the highest flow rate. The effects of the flow
rates on signal peak areas and heights are summarized in
Fig. 2. The peak areas for all elements were diminished with
increasing the flow rate. Such effects have been well charac-
terized in flow injection atomic absorption spectrometry.'?
On the other hand, the signal peak heights showed different
behaviors, that is, maximum peak heights of the individual
elements were observed at the different flow rates. As the
compromised conditions for simultaneous multielement de-
tection in the present experiment, 1.0 mlmin~' of the flow
rate was chosen to obtain relatively large peak height inten-
sities for all elements as well as peak area intensities.

Nebulizer gas pressure for sample nebulization (uptake)
into the plasma also gives great influence on the profiles of
the transient signals in microsampling ICP-MS. Thus, the
effect of nebulizer gas pressure on the signal peak area and
peak height was investigated, where nebulizer gas pressure
was varied in the range of 2.0—2.8 kgfcm™2. The results
are shown in Fig. 3. As is seen in the figures, the peak
areas and heights of the transient signals showed similar
trends to each other. Both peak areas and heights of Bi
and In simply increased with the increase of nebulizer gas
pressure, while those of Ni, Ge, Mo, and Ce showed the
maximum intensities at the smaller nubulizer gas pressure.
The nebulizer gas pressure was set to be 2.4 kgfcm™2 as
the compromised conditions for a variety of the elements to
obtain appropriate signal intensities.

Coedo and Dorado' reported that the optimum nebulizer
gas flow rate was mass-dependent and that the heavier el-
ements had lower flow rate as an optimum. However, no
mass-dependent tendency was observed in this experiment.
First ionization energies of atoms and bond strengths of their
monoxide molecules are listed in Table 2. It is seen from
Fig. 2(b) and Table 2 that there is a tendency that the element
with large bond strength provides a maximum peak height at
the lower flow rate.

Matrix Effects in Microsampling ICP-MS.  The ef-
fects of matrix elements on the signal intensities are usually
prone to cause sensitivity suppression as well as polyatomic
interferences in ICP-MS measurement. The effect of the Na
concentration on the peak areas and heights was investigated
as an example. The signals of Ni, Ge, Mo, In, Ce, and Bi
(10 ngml~! each) were measured under the compromised
conditions of the flow rate and nebulizer gas pressure, as
mentioned above. Matrix effects of Na on all the elements
were almost the same in the microsampling nebulization.
The matrix effects obtained in continuous nebulization ICP-
MS were also investigated under the same experimental con-
ditions. Both peak areas and peak heights of signals were
suppressed with the increase of the Na concentration, and the
signal suppression in the discrete microsampling technique
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Signal profiles for Ni, Ge, Mo, In, Ce, and Bi observed by microsampling ICP-MS. Flow rate of the carrier solution : a) 0.5

mlmin~!, b) 0.75 mlmin~!, ¢) 1.0 mlmin~', d) 1.5 mlmin~!, e) 2.0 ml min~".

Table 2.

Ionization Energy of the Elements and Bond

Strength in Metal Monoxide (MO) Molecule'*

Element Ionization energy® Bond strength in MO molecule

kY mol ™! kI mol ™!
Ni 736.7 382.0
Ge 762.1 659.4
Mo 684.9 560.2
In 558.3 <320.1
Ce 527.8 797
Bi 755.4 337.2

a) First ionization energies of the elements (atoms) listed.

was quite similar to that in the continuous nebulization.

The stability of measurement was also investigated to eval-
uate the precision of the analysis by microsampling ICP-MS.
A measurement sequence of the test solution with 6 elements

(Ni, Ge, Mo, In, Ce, and Bi; 10 ngml~! each) with and
without matrix was performed as follows : The test solution
without matrix was first measured, the solution with matrix
was then measured 3 times, and the solution without matrix
was measured again. In the sequential measurement, the
matrix (Na) concentration was increased from Na 1 ugml~!
up to 100 ugml~!. The results in the case of In are shown
in Fig. 4. In the discrete microsampling measurement, the
signal peak areas of the In solution without matrix (Na 0
ug ml~!) were almost constant throughout the experiment,
even after Na 100 ug ml~! solution was introduced. On the
contrary, these values obtained by the continuous nebuliza-
tion method markedly varied and decreased with increase of
the Na concentration. The discrete microsampling technique
reduces some kinds of memory effect of matrices which sup-
press a measured signal, and so it is able to exclude the
instability of measurement due to concomitant salts. This
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Fig. 2. Dependence of peak areas and heights of the observed

signals on flow rate of the carrier solution. (a) peak area

measurement, (b) peak height measurement. @:Ni, A:Ge,
A:Mo, [1:In, B:Ce, v7:Bi.

fact suggests that the present discrete microsampling ICP-
MS is preferable to conventional ICP-MS with continuous
nebulization when the samples with large amounts of dis-
solved salts are analyzed.

Reproducibility in Analyte Signal Measurement. The
reproducibilities of the peak area and the height measure-
ments in discrete microsampling were investigated, where
100 pl of the analyte solution was injected 5-times. In this
experiment, the signal peak areas and the heights of 6 ele-
ments (Ni, Ge, Mo, In, Ce, and Bi; 100 ng ml~! each) were
measured simultaneously. The relative standard deviations
of this method are summarized in Table 3. It is noted that the
peak area method provided better precision for all elements
than the height method, because the measurement of a tran-

Table 3. Relative Standard Deviation (%) of Peak Area and
Peak Height Measurements by Microsampling ICP-MS

Element m/z Peak area” Peak height”
Ni 58 1.32 2.28
Ge 74 0.97 2.19
Mo 98 0.81 2.18
In 115 1.28 1.99
Ce 140 0.83 4.73
Bi 209 1.82 2.44

a) Estimated from 5-times measurements.
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Fig. 3. Dependence of peak areas and heights of the observed
signals on nebulizer gas pressure. (a) peak area measure-
ment, (b) peak height measurement. Flow rate of the carrier
solution: 1.0 mlmin~—'. @:Ni, A:Ge, A:Mo, (J:In, B:Ce,
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Fig. 4. Variation of signal intensities in sequential measure-
ments. (a) Peak area measurement by microsampling ICP-
MS. Flow rate of the carrier solution : 1.0 ml min—!, Neb-
ulizer gas pressure: 2.4 kgfcm™2. (b) Continuous nebu-
lization ICP-MS. Sample uptake rate: 0.7 mlmin~', Neb-
ulizer gas pressure : 2.5 kgf cm 2. Concentration of Na : @
Ougml™, Alpgml™, O5pgml~!, 7 10 uygml~', &
50 pugml~!, O 100 ugmi~*,
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Table 4. Detection Limits Obtained by Microsampling and Conventional ICP-MS (unit : ng mi~")

Element miz Present Conventional  Element mlz Present Conventional
system nebulization system nebulization

Li 7 18 1 Ag 107 0.06 0.007
Be 9 12 2 Cd 114 0.01 0.002
B 11 27 8 In 115 0.0008 0.0003
Na 23 03 0.08 Sn 120 0.02 0.03
Mg 24 0.6 0.1 Sb 121 0.02 0.01
Al 27 0.3 0.1 Te 130 0.09 0.01
Si 29 68 3 Cs 133 0.007 0.003
P 31 6 3 Ba 138 0.04 0.01
K 39 2 0.6 La 139 0.006 0.0007
Ca 44 3 0.3 Ce 140 0.006 0.0009
Sc 45 0.008 0.003 Pr 141 0.002 0.0003
Ti 48 0.1 0.07 Nd 146 0.01 0.004
\" 51 0.02 0.009 Sm 147 0.006 0.001
Cr 52 0.06 0.006 Eu 153 0.003 0.0004
Mn 55 0.01 0.004 Gd 157 0.01 0.001
Fe 57 2 0.6 Tb 159 0.002 0.0003
Co 59 0.005 0.005 Dy 163 0.006 0.0007
Ni 60 0.01 0.007 Ho 165 0.001 0.0003
Cu 63 0.3 0.03 Er 166 0.005 0.0007
Zn 64 0.08 0.03 Tm 169 0.001 0.0002
Ga 69 0.01 0.007 Yb 174 0.005 0.0009
Ge 74 0.01 0.002 Lu 175 0.002 0.0004
As 75 0.03 0.01 W 184 0.03 0.006
Se 78 0.5 0.07 Re 187 0.003 0.0005
Rb 85 0.01 0.004 Pt 195 0.01 0.003
Sr 88 0.008 0.001 Au 197 0.09 0.005
Y 89 0.001 0.0005 Hg 202 0.7 0.1
Zr 90 0.2 0.04 Pb 208 0.05 0.02
Mo 98 0.009 0.007 Bi 209 0.005 0.0007
Rh 103 0.0009 0.0003 Th 232 0.008 0.0008
Pd 105 0.01 0.001 U 238 0.005 0.003

sient signal inevitably deteriorates the signal-to-background
ratio. In consequence, the peak area method was adopted for
quantitative analysis in the following.

Detection Limit.  The detection limits obtained by the
discrete microsampling ICP-MS are summarized in Table 4.
These detection limits were estimated as the concentration
of the analyte elements corresponding to 30 (o: standard
deviation) of the background signal. In comparison, the
detection limits obtained by conventional ICP-MS are also
listed in Table 4. This shows that the detection limits obtained
by microsampling technique were worse by several times
than those obtained by the conventional method. Even so,
the detection limits obtained by microsampling ICP-MS are
sensitive enough to apply to trace analysis of various samples,
especially, with the highly concentrated matrix elements.

Determination of Trace Elements in Sediment Sam-
ple. The present microsampling ICP-MS system was
applied to the determination of trace elements in standard
sediment sample (JLk-1). The major constituents in the di-
gested sample solutions were measured by ICP-AES. Their
total concentrations were about 500 ugml~! in the alkali
fusion solutions and about 90 ugml~! in the acid digestion
solution. The trace elements were measured by ICP-MS,
where matrix effects were corrected by the internal stan-

dardization method.!® The results are summarized in Table 5
together with the reference values,'®!” where the values of
major elements obtained by ICP-AES are also added. Vana-
dium in the acid digestion solution and Sc in the alkali fusion
solution could not be determined because of the polyatomic
interferences caused by >C1'°0 and °Si'®0, respectively.
Zirconium was determined as 68.0 ugg~! for the acid di-
gestion sample solution, although it was 123 pgg~! for the
alkali fusion sample and the reference value is 140.6 ug g ~!.
This may be caused by incomplete decomposition of zircon
(ZrSi04) by acid digestion.'® It is known that zircon usu-
ally enriches heavy rare earth elements (REEs) rather than
light REEs.'"® Consequently, the observed values of heavy
REE:s in the acid digested sample were slightly lower than
those prepared by alkali fusion. In general, the observed val-
ues obtained by the different sample decomposition methods
were in good agreement with the reference values. It is seen
in Table 5 that 30 elements were determined by the present
microsampling ICP-MS. The concentrations of other ele-
ments were too low to be determined by the microsampling
technique, although the determination of Pb was not tried.

Conclusion

The discrete microsampling technique for inductively cou-
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ICP-MS with Microsampling Technique

Table 5. Analytical Results for Major Composition and Trace Elements in Standard Sediment JLk-1

Composition® Observed value® Reference Detection
Alkali fusion Acid digestion value® limit

SiO, 597 £1.1% — 57.50 + 0.928% 0.03%
AL O3 166 +04 170 +£0.1% 16.81 + 0.264 0.05
T-Fe;03 6.74 +0.14 691 +0.05 6.98 + 0.288 0.004
K>,O 28 +0.5 29 02 2.822 + 0.124 0.9
MgO 1.71 £0.01 1.76 £0.01 1.79 + 0.100 0.04
Na,O 1.06 +0.04 1.30 +0.09 1.03 + 0.087 0.03
TiO, 0.694 £ 0.008 0.541 4 0.012 0.663 £ 0.031 0.002
CaO 0.69 +0.01 0.69 +0.01 0.686 £ 0.033 0.01
MnO 0.265 £ 0.002 0.270 £ 0.002 0.265 + 0.017 0.001
P05 N.D.% 0.28 =+ 0.08 0.213 + 0.023 0.09
Ba 508 +16pugg™' 524 +7pgg™! 586 +55ugg™’ 0.1ugg™!
Rb 133 +3 139 +3 145.8 +£14.18 0.03
v 115 +3 - 118.71 +17.2 0.05
Zn 113 +1 119 +2 151.39 £20.94 02
Cr 66.6 +09 578 £09 74.15 +£11.3 0.2
Cu 63.7 +17.1 57.8 £09 609 =+ 4.1 0.8
Sr 63.1 £1.1 638 +1.38 71.75 +£14.577 0.02
Ni 320 +£0.1 295 £04 3486 + 4.14 0.03
Co 193 +04 173 +04 16.6 + 3.47 0.01
Th 182 +06 199 +£0.7 19.6 =+ 1.01 0.02
Cs 112 £06 121 £0.1 110 =+ 1.63 0.02
U 517 £0.27 4.51 +£0.10 3.69 + 0.65 0.01
Mo 1.83 +0.06 1.59 +£0.09 (2.05° 0.02
Sc - 146 £02 160 £ 1.2 0.02
Y 360 +£1.2 30.1 +0.38 408 =+ 5.1 0.003
Zr 123 +3 68.0 +£6.7 146 +15 0.5
La 357 +1.1 41.0 £0.7 413 £ 21 0.02
Ce 789 £20 86.6 +1.1 89.1 =+ 8.1 0.02
Pr 895 +0.31 9.81 £0.05 84 =+ 1.8 0.005
Nd 305 04 337 +£10 354 + 30 0.03
Sm 6.72 +0.32 730 £0.23 80 =+ 06 0.02
Eu 1.27 £0.06 131 £0.02 14 £ 0.1 0.008
Gd 620 +0.24 6.94 +0.17 49~6.6 0.03
Tb 0.972 + 0.067 0.964 + 0.029 13 £+ 0.1 0.005
Dy 579 £0.35 537 +£0.09 6.54 + 0.6 0.02
Ho 1.19 £0.08 1.03 £0.04 1.20, 1.52 0.003
Er 349 +0.16 297 +£0.12 35 +£ 04 0.01
Tm 0.537 + 0.014 0.455 £ 0.015 0.53,0.66 0.003
Yb 3.60 +£0.30 3.02 +£0.03 41 +£03 0.01
Lu 0.491 £ 0.027 0.449 £ 0.018 0.60 £ 0.07 0.005

a) The observed values of major composition (SiO,-—P,Os) were obtained by ICP-AES. b) Meanzts.d. (n=3).
reference values for SiO;—Mo were cited from Ref. 16 and others from Ref. 17. d) Not determined.

value.

pled plasma mass spectrometry was useful for the multiele-
ment determination of trace elements. This technique re-
duces memory effects due to concomitant salts in ICP-MS.
It was applied to the analysis of a sediment sample decom-
posed by alkali fusion and acid digestion. Consequently, 30
elements including rare earth elements could be determined;
analytical results for each sediment sample digested by both
the alkali fusion and the acid digestion agreed quite well with
each other and with their certified values. It is concluded that
the present technique is very useful for the analysis of the
solution with highly-concentrated salts as well as limited
amount of the samples.
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