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The theoretical calculation of the standard deviation in inductively coupled plasma mass spectrometry (ICP-MS)
was investigated. The theoretical dependence of the standard deviation on instrument parameters and element
concentration was examined. The connection between the standard deviation and the detection limit was
demonstrated. The theoretical results were compared with experimental data and showed good agreement. The
theory proposed may be used for the improvement of the detection limit in ICP-MS.

The method of inductively coupled plasma mass spectrometry
(ICP-MS) is widely used in the determination of trace
elements.! Study of the theoretical and practical aspects of
ICP-MS permits improvements of the instrument and method
parameters.!> The calculation of the standard deviation and
detection limit theoretically is useful for future developments
in ICP-MS analysis. In analytical practice, an empirical linear
approximation has been used for the characterization of the
connection between element concentration and standard
deviation:*®

Sc=a+bc (1)

where sc is the standard deviation of a single analytical
determination in units of concentration, ¢ is the element
concentration in units of concentration (ngml~! or others)
and a and b are coefficients (¢ in concentration units and b
dimensionless). In the theory of measurements a determines
the additive error and bc determines the multiplicative error.
In practical analysis, the standard deviation of the analytical
method is calculated by methods of mathematical statistics.31°
For the calculation of the detection limit Kaiser’s statistical
criterion can be used.” Different methods are used for the
calculation of the detection limit from experimental data. In
inductively coupled plasma atomic emission spectrometry
(ICP-AES), Boumans'! proposed the determination of the
detection limit by the ‘SBR-RSDB approach’ using the signal-
to-background ratio (SBR) and the relative standard deviation
of the background (RSDB) as the objective criteria for instru-
mental performance. Boumans!? also proposed an empirical
relationship for the connection between standard deviation
and detection limit:

se=(cn2k ™2+ 42?12 (2)

where ¢, is the detection limit in concentration units, k is a
numerical factor chosen according to the confidence level
desired and 4 is the instability coefficient of the apparatus,
otherwise this is the relative standard deviation (RSD) of a
strong signal which is determined by flicker noise.

The theoretical calculation of the standard deviation and
detection limit may be helpful for the improvement of practical
methods and for characterization of standard deviation and

tPresented at the 1996 Winter Conference on Plasma Spectro-
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detection limit. The theoretical calculation of the standard
deviation in ICP-MS was the aim of this work.

Theory

Prudnikov and co-workers'3'> showed the possibility of the

theoretical calculation of the standard deviation in AES and
AAS. This approach was based on classical papers concerning
the theoretical calculation of the SBR and detection limit in
AES and AAS.'%718 The theory allows one to examine the
noise in analytical chemistry, to propose practical methods for
the study of standard deviation and detection limit, and to
calculate theoretically the standard deviation and detection
limit in ICP-AES.'*"2! These investigations allow one to give
a mathematical description of the process of an analytical
measurement.>> They may be the basis for the theoretical
calculation of the standard deviation and the detection limit
in ICP-MS.

According to previous papers,'®?? five kinds of random
errors may be distinguished in different analytical systems.
These fluctuations depend on the system parameters and the
element concentration. Their values are proportional to the
power 0, 1/2, 1, 3/2 and 2 of the mentioned parameters. The
standard deviation of the analytical measurement may be
written in the following manner:

s=[sp12 4 (kg + 2R A51))Syc 4+ A28, 2 + ki S 33 + ko S, e*]Y?
(3)

where s is the instrumental value of the standard deviation in
arbitrary units (counts s~! or others), sy, is the blank fluctu-
ations (countss™ 1), k4 is the coefficient of shot noise if
produced by the detector (counts s™'), R is the coefficient of
correlation (cross-correlation) of the net and interfering signals,
S, is the instrumental sensitivity of the apparatus
(counts s" ! ng~!mL) and k, and k,, are the coefficients of the
non-linear noise. The first three terms on the right-hand side
characterize the measurements in the linear range of the
calibration function, whereas the following two terms deter-
mine the non-linearity in the analytical conditions. The term
including the correlation coefficient R concerns the correlation
fluctuations between the net and interfering signals. The non-
linear processes break the theoretical relationship between the
element concentration and the analytical signal. For a high
concentration and strong signal, non-linearity can occur during
the processes of nebulization, ionization and ion counting and
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processes in the mass spectrometer. For a small signal, the
non-linearity can be due to the matrix interferences.

For the theoretical calculation of the standard deviation in
ICP-MS, we do not consider the non-linearity in the calibration
function and ignore the correlation moment for the net and
interfering signals, because this moment plays a major role for
considerable matrix interferences. The examination of these
factors may be the subject of more detailed investigation.

The expression for the theoretical standard deviation in
ICP-MS taking into account the method theory' and the
theoretical eqn. (1) is given as

s=(sp>+ Sy + 428 )12 (4)

where s is the instrumental standard deviation in ICP-MS
(counts s™1), s, is the blank fluctuations (countss™ 1), S, is
the instrumental sensitivity of the ICP mass spectrometer
(counts s~ ! ng~ ! mL), c is the element concentration (ng ml~ ')
and 4 is the instability coefficient of the ICP mass spectrometer.
Eqn. (4) is a particular case of eqn. (3) and shows the general
principle of the theoretical calculation of the standard devi-
ation. The value of the standard deviation is the sum of blank
fluctuations and the shot and flicker noise of the useful net
signal. Taking into consideration also the co-correlation
between net and interfering signals, eqn. (4) may be rewritten
as

5=[sp> + (1 4+2RAs4;)S,c+ 4%S,*c*]'? (s)

The blank fluctuations in eqns. (4) and (5) include the
blank counts from the ion detector, the ICP source and mass
spectrometer and also the blank counts from spectral and
matrix interferences. For the blank standard deviation, we can
write a relationship without matrix interferences:

2_ 2 2
Sp1” =M1 .. T 71 1cp T ATy 1P (6)

where ny; ; 4 is the number of the blank ions from the ion
detector (counts s~') and n; \cp is the number of blank ions
from the ICP source and mass spectrometer (counts s !). The
blank fluctuations and the standard deviation also depend on
the measurement time as a power of a number sy =1 (z~/?).
We accept the measurement time constant for all theoretical
and experimental data as t=1 5. For a change in measurement
time, the results can be recalculated by use of the above-
mentioned equation.

The instrumental sensitivity of ICP-MS can be estimated
using the results of the calculations for the ICP-AES method:?!

Sy=6x10"a,T,FofB;/ATicp Vel 208 X 10° (7)

where 6 x 10?2 is Avogadro’s number, a, is the natural relative
abundance of various element isotopes, T is the introduced
sample temperature (K), F, is the solution flow rate
(mlmin~?'), « is nebulization efficiency, f is the ionization
efficiency, f; is the coefficient of the mass spectrometer pro-
cessing efficiency (or the ion use efficiency), 4 is the element
atomic mass, Ticp is the ICP source temperature (K), V, is
the nebulizer gas flow rate (mL min™1), nyj,0g is the number
of moles present or the change in the number of moles of gas
during the transition from the sample temperature to the
plasma temperature (for Ar this coefficient is equal to 1) and
10° is the coefficient for the recalculation of concentration
from g tong. Eqns. (4) and (5) have been considered for a
time registration of t=1 5. For any registration time, it is
necessary to apply the coefficient 1/t1/?. According to IUPAC
recommendations (Inf. Bull. No. 27, November 1972), Sy is
determined by the value of the first derivative of the calibration
function at a given concentration of an element, or Sy is the
slope of the calibration function. In practice, the instrumental
sensitivity may be determined like the value of an analytical
signal (V, in ICP-MS counts s ') for an element concentration
c=1(in gmL ™, or for ICP-MS more preferably in ng mL~!).
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According with this comment, we have in the denominator of
eqn. (7) the single element concentration 1 gmL ™!, and also
in the numerator of this equation the ion detector efficiency is
1 count s~ ! for a single ion.

Eqns. (4)-(7) represent the process of analytical
determinations by ICP-MS theoretically. These expressions
include the parameters of the apparatus, the sensitivity of
measurement, the blank fluctuations, the measured element
concentration and the standard deviation of a measurement.
These expressions are also connected with the detection limit
of the measurement. Taking into account the statistical Kaiser’s
criterion and the data in previous papers,?®?! one can write

Cm=kS, sy,

and for the 3s criterion (k is the confidence level coefficient)
we have

cm:3SV71Sb1 (8)

Using eqn. (8), we can include the detection limit in eqns. (4)
and (5):

s=[cn2S 2k "2+ (1 4+2RAc, Sk~ 1S, c+ 42822 (9)

Eqn. (9) includes all the parameters of the analytical method
of ICP-MS without the non-linear noise.

For practical use, the relative standard deviation (RSD =
s,) is more convenient than the absolute standard deviation.
The instrumental RSD is s, =5/S,¢, and for the calculation of
RSD in concentration units we have s,=s./c. The theoretical
relative standard deviation (s,) of the ICP-MS method can be
obtained from the eqn. (4):

8= (5p2S, " 2¢ T2+ 2R A5y, S, e 4+ A2 (10)

Eqn. (10) will be used for the calculation of the instrumental
RSD in ICP-MS. For the detection limit, one can use eqns.
(8) and (9).

Experimental

The experimental results utilize archived data. The experiments
were performed an Perkin-Elmer SCIEX (Thornhill, ON,
Canada) Elan 250 ICP-MS system. The conditions of the
measurements were as follows: plasma gas (argon) flow rate,
11.9 L min~!; rf power, 1.25 kW; nebulizer gas flow rate, 1
L min~!; auxiliary gas flow rate, 1.41 L min~!; and solution
flow rate, 1 mL min~!.

The standard deviations for the ICP-MS determinations of
89Y, 32Cr, 13°La, ¥2Nd, 14°Ce, *°Zr were measured experimen-
tally. The concentrations of these elements in solution were
0.1, 0.5, 1.0, 2.0, 5.0, 20.0 and 100.0 ng mL ! in a 2% solution
of HNOj;. Standard methods for calibration curve construction
were used. The computer-processed results for the standard
deviation values for above element concentrations were taken.
Table 1 gives the blank values and their fluctuations for the
listed elements. The experimental data for the standard devi-
ation of the ICP-MS determination of the listed elements are
given in Tables 2—-7.

The value of the blank count due to the ion detector is
n; 4. =20, the nebulization efficiency is «=0.02,""7! the tem-
perature of the sample is 7,=300 K, the temperature of the
ICP source is Ticp=38000 K!?*! and the number of moles
present for argon is ny,05=1. The other parameters for the
theoretical calculations are examined further.

Results and discussion

First we will calculate theoretically the minimum value of the
detection limit for ICP-MS with sample nebulization. We
apply the ICP-MS instrument parameters. To predict theoreti-
cally the blank count and the efficiency of ion use is difficult;
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Table 1 Blank value and standard deviation of the blank in ICP-MS

Experimental data/counts s~ !

Theoretical/counts s ™!

Blank value

Absolute standard

Absolute standard

Element 1 and 2 measured deviation of blank Blank value deviation of blank
8%y 1035; 984 26; 22 1000 32
S2Cr 592; 633 47, 37 600 25
139a 666; 669 45; 20 670 26
142Nd 60; 75 10; 15 65 8
140Ce 77; 81 12; 8 81 9
0Zr 2107; 1182 216; 23 1600 40

Table 2 Theoretical and experimental RSDs and detection limits for
89Y in ICP-MS

Table 5 Theoretical and experimental RSDs and detection limits for
142Nd in ICP-MS

RSD (%) RSD (%)
Concentration/ng mL ! Theoretical Experimental Concentration/ng mL ™! Theoretical Experimental
0.1 0.65 0.71 0.1 0.99 0.45
0.5 0.14 0.08 0.5 0.24 0.18
1.0 0.075 0.05 1.0 0.14 0.075
2.0 0.045 0.037 2.0 0.089 0.043
5.0 0.024 0.005 5.0 0.051 0.011
20.0 0.011 0.007 20.0 0.025 0.013
100.0 0.0068 0.008 100.0 0.011 0.01
Detection limit 0.2 0.2 Detection limit 0.27 0.25

Table 3 Theoretical and experimental RSDs and detection limits for
52Cr in ICP-MS

Table 6 Theoretical and experimental RSDs and detection limits for
140Ce in ICP-MS

RSD (%) RSD (%)
Concentration/ng mL ! Theoretical Experimental Concentration/ng mL ™! Theoretical Experimental
0.1 0.36 0.64 0.1 0.37 0.42
0.5 0.085 0.38 0.5 0.10 0.067
1.0 0.05 0.27 1.0 0.067 0.029
2.0 0.031 0.086 2.0 0.045 0.019
5.0 0.018 0.038 5.0 0.027 0.01
20.0 0.010 0.018 20.0 0.014 0.011
100.0 0.007 0.01 100.0 0.008 0.008
Detection limit 0.1 0.5 Detection limit 0.1 0.12

Table 4 Theoretical and experimental RSDs and detection limits for
139La in ICP-MS

Table 7 Theoretical and experimental RSDs and detection limits for
90Zr in ICP-MS

RSD (%) RSD (%)
Concentration/ng mL ! Theoretical Experimental Concentration/ng mL ™! Theoretical Experimental
0.1 0.84 >1.0 0.1 1.56 0.16
0.5 0.17 0.074 0.5 0.32 0.16
1.0 0.099 0.05 1.0 0.16 0.106
2.0 0.055 0.037 2.0 0.089 0.13
5.0 0.03 0.004 5.0 0.042 0.036
20.0 0.014 0.007 20.0 0.017 0.047
100.0 0.007 0.007 100.0 0.010 0.011
Detection limit 0.25 0.25 Detection limit 0.46 0.25

n 4 V 10-100, for example, for a mass spectrometer with a
medium resolving power up to 1000-2000. For the Perkin-
Elmer SCIEX Elan 250 the blank ion detector count is about
20, and we used this value for the calculation. The ionization
efficiency may be calculated theoretically.!>” The value for
many elements is approximately 0.5-1 for ICP. The most
difficult problem is the theoretical characterization of ion use
efficiency (f5;) (or the mass spectrometer processing efficiency).
We cannot calculate theoretically the loss of ions in the mass
spectrometer. This is a problem of theory in mass spec-
trometry.'™> We tried to estimate the efficiency of ion use with
the application of some general parameter in I[CP-MS. A large

loss of ions occurs at the sampler and skimmer. For plasma
diameters up to 15-20 mm and inner sampler and skimmer
diameters up to 0.8-1 mm, the coefficient of ion use is
<2x1073-5x 1073, Further, the intermediate nebulizing gas
(argon) is diluted by the outer argon flow, and for argon
intermediate flow rates up to 0.8—1 L min~! and outer argon
flow rates up to 10—15 L min~! the loss of ions can reach up
to 0.1-0.05. The loss of ions in the mass spectrometer must
also be considered. Tanner et al. have shown'? that losses
immediately after the skimmer based space charge are very
significant. For the product of all these coefficients of ion
losses, we can use the value ff;=1x10"* for the calculation
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of the standard deviation and detection limits in ICP-MS.
This coefficient is in keeping with literature data.!'> Then for
8%Y we have:

Sb1=4'5
S,=6x10% x300x 1 x0.02x 1074/89 x 8000 x 1000 x 1 x 10°
=5x10?
cn=3x4.5/5%x10>~2.5x10"2ngml '=25ng L~!

(11)

The theoretical results obtained for the detection limit in
ICP-MS correspond to the literature data for the instrument
used.!

In real measurement conditions, the blank ion count
increases owing to the influence of the ICP source and mass
spectrometer blank value. In this case the overall blank count
also increases and may reach a value much more than
100-1000. The maximum contribution for real samples with a
complicated composition make matrix interferences of a
different type.!> The experimental data in Table 1 for the
blank confirm this theoretical calculation. The pure theoretical
calculations of the detection limits give results which are lower
than those of measurements under real conditions. Because
we cannot predict theoretically the influence of different factors
in the determination of the real blank value, we use the real
conditions of the measurement. For the theoretical calculation
we take the real experimental results as the blank count, but
the value of the fluctuation of the blank is calculated
theoretically (see Table 1).

The theoretical calculation of the standard deviation in
ICP-MS was realized with the use of experimental and theoreti-
cal measurement parameters. For the theoretical calculations
we applied eqn. (10). All the necessary parameters for the
calculations are given above. The results of the theoretical
calculation are given in Tables 2-7. Good agreement between
the theoretical and experimental data is observed. The differ-
ences may be explained by the errors in the experimental
standard deviation calculation and the theoretical data calcu-
lation. The random error for the standard deviations of our
experiments may be equal to 0.5 of the values given in Tables
2-7 for the experimental data. According to the mathematical
statistics, the random error of RSD determination in our
experiments can be calculated using the equation: relative
random error of RSD=RSD!2.8° For concentrations near
the detection limit the value of this error is about 0.5. For Cr
we can see also the influence of the non-instrumental blank,
resulting from the presence of Cr in the solution and the other
systems of the mass spectrometer. The molecular ion overlap
can also increase the blank and RSD for Cr. In Tables 2-7
are also given the theoretical and experimental results of the
calculation of the detection limits of the ICP-MS method.
Using the Kaiser 3s criterion, the detection limits were deter-
mined like the concentration with the standard deviation s=
0.33 (see the data in Tables 2-7). The theoretical detection
limits are controlled also by eqn. (8). These results agree with
the limits of the experimental error of the detection limit
determination and the errors of the theoretical parameter
characterization.

Hence the proposed theory shows the possibility of the
theoretical study of the standard deviation and detection limit
in ICP-MS. One can demonstrate the viability of this theory
with Voigtman’s computer simulation program for analytical
instruments.?® First it is necessary to emphasize that this
theory gives a strict mathematical description of the process
of the analytical measurement in ICP-MS. Some problems
arise only because it is difficult to give the theoretical value of
some parameters of the analytical instrument and measure-
ment. In this case the theory requires some assumptions and
practical data.
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The combination of this theory with a computer simulation
program may be useful for the more precise and rapid charac-
terization of the possibility of instrumental improvements.
However, because the theory proposed in eqns. (4)—(10)
describes all the parameters of ICP-MS determination, it may
be used for the indication of means for the improvement of
the characteristics of the ICP-MS method. According to eqns.
(8) and (9), the detection limit in ICP-MS and any other
analytical method decreases with increase in the instrumental
sensitivity and decrease in the blank signal fluctuations. This
corresponds to a decrease in the noise of the trace element
concentration determinations. According to eqn. (7), the
instrumental sensitivity in ICP-MS may be increased by
improvements in the nebulization -efficiency, ionization
efficiency and ion use efficiency, and also the solution flow
rate. The application of the method of direct introduction of
the sample into the plasma' allows one to increase the absolute
detection limit more than 10-fold in comparison with the
sample nebulization method.?*=2” The theory permits the esti-
mation of this possibility exactly. A decrease in the blank
fluctuations and matrix interferences is the other way to
decrease the detection limit and improve the accuracy and
instrumental parameters in ICP-MS. This approach is also
widely used in practice.! Hence the theory shows a direct way
to improve the characteristics of the ICP-MS method.

The demonstration of the possibilities of the practical use
of this theory is also valuable. Practical methods for the
characterization of the standard deviation and detection limit
under conditions of real analysis of different samples were
given in a previous paper.?® With the theoretical eqns. (4)—(10)
and the practical standard deviations for minimum numbers
of samples, one can calculate the standard deviation for any
other concentration and the detection limit in real analysis.?°
This permits one to control the results of the analysis and the
operation of the equipment. The results in Tables 2-7
demonstrate these possibilities.

Under real analysis conditions non-instrumental errors play
an important role. In Fig. I and 2 the theoretical and exper-
imental results for real samples are shown, with application
of archive data for 3*Cr and ®’Y, respectively. The higher
values of RSD for the experimental data do have a place
within the theory, particularly for Cr and for trace concen-
trations (see also Table 3). We can see that the non-
instrumental errors are prevalent in the analysis of real
samples. For Cr the importance of the non-instrumental errors
is particularly clear. The proposed theory permits us to exam-
ine and study also the non-instrumental errors. The next step
in the progress of the theory may be the theoretical study of
non-instrumental errors and a search for ways to eliminate
the influence of different non-instrumental errors in ICP-MS
analysis.

RSD

001 W%\ﬂ

0.001

0.1 1 10 100 1000
Concentration (ppb)

Fig. 1 Theoretical and experimental RSDs for the determination of
32Cr in practical samples. Line, theory; x, experimental data.
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Fig. 2 Theoretical and experimental RSDs for the determination of
89Y in practical samples. Line, theory; x, experimental data.

Conclusions

The theoretical calculation of the standard deviation and
detection limit in ICP-MS has been presented and theoretical
expressions for the standard deviation in ICP-MS have been
proposed. These expressions include all the parameters of the
ICP-MS instrument, the sensitivity of measurements, the
blank fluctuations and the element concentration. The pro-
posed theory may be useful for the further development of
the instrumental and analytical characteristics of ICP-MS. A
comparison of theoretical and experimental results showed
good agreement. The proposed theory may be used in
practice for the characterization of the standard deviation
and detection limit in the analysis of different samples by
ICP-MS. The possibilities of using this theory for the
examination of non-instrumental errors in analysis have been
demonstrated.
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