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Abstract This paper presents the results of a series of studies aimed at investigating
the reference material (RM) of a multicomponent solution. An algorithm for estimat-
ing the uncertainty induced by the chemical element content in the RM is proposed
taking into account the mass of the measurand in each component of the mixture.
The results calculated according to the preparation procedure using the proposed
algorithm were confirmed by the Monte Carlo method, while the elemental content
in the mixture was confirmed via inductively coupled plasma optical emission spec-
troscopy. The applicability of weighted mean estimates for characterizing an RM of
a multicomponent solution is shown.
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1 Introduction

It is well-known that reference materials (RMs) perform the role of measurement
standards in chemistry. RMs of chemical element solutions have been widely used
in modern quantitative chemical analysis in constructing calibration dependences
of the output signals of, e.g., spectral measurement instruments on the amount of
substance. The ease-of-use of RM multicomponent solutions is characterized by the
versatility of modern instrumental methods of analysis, which allows calibration of
measurement instruments for simultaneous determination of several elements by one
or several signals.

2 Literature Review

Over the past eight years, the Ural Scientific Research Institute for Metrology
(UNIIM) has accumulated a repository of pure substances, comprising over 70 com-
pounds of 55 individual elements. Having undergone a full purity assessment, these
substances are candidates for comparison measurement standards [1]. Such compar-
ison measurement standards in international practice are called primary reference
materials [2], primary calibration substances (materials) [3], primary standards for
elemental determination [4], etc. The work [5] shows that high-purity materials may
act as the material realization of a mole unit in the International System of Units (SI);
their gravimetrically prepared solutions are primary calibration solutions and can be
used in a variety of methods for quantitative chemical analysis. Having a sufficiently
large collection of pure substances, it is reasonable to use their solutions (primary
calibration solution [5]) to characterize the RMs of element solutions (secondary
calibration solution [5]) using high-performance inductively-coupled plasma spec-
trometry with high precision [6]. In this case, considering that the relative expanded
uncertainty of a mass fraction of the basic component in a solution of comparison
measurement standard will be in the order of 0.05%, the relative expanded uncer-
tainty of this component mass fraction in the RM will be in the order of (0.1-0.5)%
depending on its stability or the assigned shelf life. Thus, a scheme for ensuring the
traceability of RMs of mono-element solutions can be implemented.

As for the production of an RM of a multicomponent solution, it is apparent
that the simplest way is to mix mono-element solutions with a well-known analyte
content. For the estimation of the uncertainty induced by the preparation method,
a method set out in ISO Guide 35: 2017 and based on the use of weighted-mean
estimates [7, 9.3.4] is proposed, where the content of a measured component in a
mixture is determined using the formulas:
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where

X; is the weighted mean of the content of the i-th component in the mixture;
x;;j is the content of the i-th component in the j-th component in the mixture;
w; is weight coefficients;

m  is the mass of the j-th component in the mixture.

ISO Guide 35: 2017 also offers a formula for estimating the standard uncer-
tainty due to characterization using the gravimetric preparation procedure of a binary
mixture [7, (13)], for the case when N = 2.

However, within the framework of the GUM methodology [8], the work [9] shows
that the square of the combined standard uncertainty of the output value x; can be
represented for an unlimited number of components (N < 0o) in general:

2

N N
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where

Uy, is the standard uncertainty of the content of the j-th component in the mixture;

um'j is the standard measurement uncertainty of the mass of the j-th component in

the mixture.

3 Materials and Methods

In order to test the proposed approach, a multicomponent RM was prepared, consist-
ing of a mix of solutions of chemical elements (V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd) in
amatrix of 5% nitric acid (blank). Mono-element solutions were gravimetrically pre-
pared from pure metals corrected for the air buoyancy in weighing the metal sample
intake and final solution. For the preparation of solutions, containers of high den-
sity polyethylene were used, purified using non-boiling distillation of nitric and
hydrofluoric acids and deionized water. The mass fraction of the main component in
the basic material was determined according to the scheme “100% minus combined
impurities” using the results of measurements by the mass spectrometry method
with inductively coupled plasma (ICP MS, PerkinElmer Inc. NexION 300D). For
the determination of gas-forming impurities (N, O, H), the reducing melting method
(CGHE, Eltra GmbH ELEMENTRAC ONH-p) was used. The evaluation of this
value and associated uncertainty was tested by the following formulas:
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where

u.(w) is the combined standard uncertainty of the content of the main component in
the starting material,

z; is the mass fraction of the i-th detected impurity;

n is the number of detected impurities;

y; is the detection limit established for the j-th impurity according to the 3o criterion;
r is the number of detection limits;

u(z;) is the standard measurement uncertainty of the j-th impurity;

u(y;) = y;/2 is the standard uncertainty caused by the establishment of a detection
limit in the j-th impurity.

When n + r = 91, the most complete assessment of purity in the characterization
of comparison standards is achieved.

The mass fractions of the target impurity components in each solution were deter-
mined in the same way using ICP MS and the mass fraction of the major component
according to the formula:

My - w- (% - l)

(1) )
Pn

(6)

X = Ksrap - Knomo Kevap - | wo +

where

Kiab> Knomo> Kevap are coefficients associated with temporal stability, homogeneity
and possible evaporation of the solution during the preparation process, respec-
tively (in the calculations they are taken to be equal to 1, and their uncertainties are
determined experimentally);

wp is the mass fraction of the main component in the form (in the example below,
the value is taken to be equal to O with the uncertainty expressed in the form of the
detection limit);

m, is the mass of the starting metal sample intake (pure metal);

m, is the mass of the solution;

w is the mass fraction of the main component in the starting material;

Pa» Pr, Pu are the densities of air, solution and starting material, respectively.

The characteristic budget of uncertainty for the analyte content in such a solution
is assembled in Table 1. It can be seen that the relative expanded uncertainty of the
element mass fraction in such a solution is lower than 0.05%.

The original data of the mixture preparation are presented in Table 2.
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Table 1 Uncertainty budget of the primary calibration solution preparation
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Source Value u Unit c uxc uxc

Description Symbol (%)

Mass fraction w 999.940 0.060 mg/g 1.0 x 6.0 x 12.7

in starting 1073 1075

material

Sample mass my 1.0019 0.0002 g 1.0 2.0 x 42.1

104

Solution mass my 1,000.901 0.002 g —1.0 x 1.5 x 0.3
1073 1076

Air density Pa 1.1336 0.0079 kg/m3 —8.7 x 6.9 x 1.5
104 106

Starting Pn 8,920 500 kg/m3 —14 x 7.1 x 1.5

material 108 1076

density

Solution or 1,017 5 kg/m? 1.1 x 5.5 x 1.2

density 10-6 10-6

Mass fraction wQ 0 5.0 x mg/g 1.0 5.0 x 10.5

in blank 1075 1075

Possible Khomo 1 1.0 x mg/g 1.0 1.0 x 2.1

solution 103 103

Inhomogeneity

Solution Kstab 1 3.3 x mg/g 1.0 33 x 7.0

stability* 1075 1075

Possible Kevap 1 1.0 x mg/g 1.0 1.0 x 21.1

evaporation 10~4 10~4

Mass fraction X 0.99995 mg/g * from evaporation weight loss

in solution measurement Nalgene

Combined u 0.00024 mg/g 125 PEHD bottles for 1 month

standard

uncertainty

Expanded U 0.00048 mg/g

uncertainty (k

=2,P=0.95)

For the estimation of the uncertainty of the mass fraction of the target components
in the mixture by formula (3), the standard mass measurement uncertainty was taken
to be 0.0005 g, and the uncertainties of the mass fractions of the components listed in
Table 3 were used. The values of the standard uncertainties of the main component
mass fractions in each of the solutions are taken to be equal to 0.1%, since such tasks
commonly imply the use of the so-called secondary calibration solutions, rather than
reference solutions.

4 Results

The proposed approach was validated using the Monte Carlo simulation (MMC) [10]
for 1 x 10° values of the content of each element having a normal distribution of input
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values, with the standard deviation being numerically equal to their total standard
uncertainty. The output value has a distribution close to normal with a coverage factor
of about 1.96, depending on the input data (Fig. 1).

Table 4 displays the results of calculations using formulas (1-3), the averaged
data obtained by MMC and the relative deviation of these assessments.

The comparison showed the compatibility of the obtained estimates and, conse-
quently, the correctness of the weighted means of the components in the mixture
and calculation of their standard uncertainty according to (1-3). At the same time,

i T9.5091 1002018

08 4

99.45 d 99.65 99.75 D985 99.95 10005 100,15 100,25 100.35 10045 100,55

Fig. 1 Distribution of the output value in the MMC simulation

Table 4 Processing results

Element | Formula (1-3) evaluation MMC evaluation Relative deviation of results
W (ppm) U (ppm) W (ppm) U(ppm) | 3W (%) 3U (%)

v 100.0054547 0.199945401 100.0055416 0.200302 —8.6885 x —0.17803086
1073

Cr 100.0369303 0.200243396 | 100.036775 0.2007786 | 0.000155208 —0.26656413

Mn 99.99020344 0.200158038 99.9901002 0.2008064 | 0.000103252 —0.32287893

Fe 99.99147791 0.200214825 99.9915292 0.2006416 | —5.1296 x —0.21270494
1075

Co 99.98240354 0.200156003 99.9822666 0.200768 0.000136962 —0.304828

Ni 100.0131538 0.200044727 | 100.0130788 0.2007424 | 7.50212 x —0.34754619
1073

Cu 100.0098578 0.199956752 | 100.0098408 0.200462 1.69785 x —0.25204201
1073

Zn 99.99087815 0.200161564 99.9908142 0.2007514 | 63952 x 1075 | —0.29381416

Cd 99.9895358 0.200160763 99.9895264 0.2005146 | 9.40462 x —0.17646446
1076
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it is shown that the most significant contribution to the uncertainty of certified val-
ues is made by the uncertainty associated with the mass fractions of the certified
components in their initial solutions (the relative contribution is more than 90%).
Thus, the uncertainty of the certified values is composed of uncertainties associ-
ated with the gravimetric preparation of pure substance solutions calculated by the
“100% minus combined impurities” scheme and those induced by the stability of
these solutions and the results of comparative measurements using high-performance
inductively coupled plasma optical emission spectroscopy (ICP OES, PerkinElmer
Inc. OPTIMA 7300DV).

Then, if the mass of mixture components is determined sufficiently accurately, in
order to avoid loss of precision of the final results, the sum of the impurity of the target
element in the components of the mixture should not significantly exceed the value of
the standard uncertainty of the target component content in the main solution. In this
case, the accuracy of determining the composition of the impurity is not significant.
Conversely, when the minimum accumulation of the target component impurities is
impossible to achieve, the uncertainty of the combined content of impurities must
not exceed ¥2 of the value of the standard uncertainty of the content of the target
component in its main solution.

Estimates of components received by the preparation procedure are confirmed by
measurements of these quantities by the ICP OES method (x;, L = 2) (Fig. 2).

100.40
100.30
100.20
100.10 . | - L 4

100.00 * | ® * * ® . ®

Mass fraction, ppm

99.90 : I +
99.80

99.70 -
Cr Mn Fe Co Ni Cu Zn Cd

@ gravimetric preparation  100.01 100.04  99.99 99.99 99.98 100.01 100.01 99.99 99.99
+ |CP OES 99.92 100.07 100.13 99.94 100.04 99.87 99.89 100.10 99.99

Fig. 2 Comparison of calculated data and ICP OES results
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5 Discussion and Conclusions

It is worth noting that the question remains what to consider as the RM certified
value: (1) the results obtained according to the preparation procedure; (2) the results
of ICP OES measurements; (3) their mean or weighted mean.

There exists a widespread opinion that the uncertainty of the certified RM value
cannot be better than the uncertainty associated with the measurement of this quantity,
which can be demonstrated by the producer of that RM. We believe the approach,
according to which the results of direct measurements, rather than the calculated
data, are taken into account in calculations, to be rather unreasonable. The thing is
that any additional knowledge about the measured (certified) value can bring the
researcher closer to more reliable estimates. Therefore, such information should
never be wasted.

It seems sensible to consider the final result to be the weighted mean of the
abovementioned estimates (x,) with weighting coefficients associated with their
standard uncertainties (#;) and the square of the combined standard uncertainty of
the quantity x, as a component of the uncertainty of the certified RM value due to
characterization:

L
X 1
DY DI 9
=1
L
u? = . (8)

This approach is generally similar to that used in the characterization of mono-
element RMs [11, 12], where the certified value is obtained as the weighted mean
of the results of gravimetric preparation of a solution from a high-purity compound
(with the established content of the main component) and those obtained using ICP
OES (the spectrometer being calibrated by four primary standards from a high-purity
compound with the established content of the main component).
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