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Abstract

Certified reference materials (CRMs) are indispensable tools in calibration, validation and quality control across
various fields, including chemical analysis, environmental monitoring and industrial production. Their proper
certification ensures metrological traceability and reliability of measurement results in laboratories around the
world. This study presents a new application of an established statistical test (equality of coefficients of variation)
to support the homogeneity assessment of multiparameter physicochemical CRMs. The method enables
statistically justified indirect inferences about the homogeneity of untested properties based on the behaviour of
tested ones, supporting more efficient and statistically defensible certification processes. The approach is
demonstrated using CRMs reproducing density, refractive index, surface tension, and kinematic viscosity. The
procedure is consistent with ISO 17034 and addresses gaps identified in ISO 33405 regarding the assessment of
homogeneity in multiparameter materials. By extending homogeneity assessment beyond conventional univariate
methods, this work contributes a practical and statistically reliable tool for CRM producers developing complex,
multiparameter materials.
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1. Introduction

The production of reference materials (RMs) is one of the key elements to ensure the
metrological traceability and the validity of test results in laboratories around the world. RMs
are used, among other standards, for calibration of measuring instruments, quality control of
test and measurement results, proficiency testing, and validation of measurement methods. The
certification process of a reference material consists of determining its metrological
characteristics and issuing a certificate, which contains information about the value of the
certified property with its associated uncertainty, as well as the validity date and metrological
traceability. The basic terminology and concepts related to RMs and their certification are
defined in the International Vocabulary of Metrology (VIM) [1], which provides a common
language for metrological concepts used throughout this study.

Producers of certified reference materials (CRMs) are obliged to follow the requirements of
ISO 17034 [2], which presents the general requirements for the competence of reference
material producers (RMP) and the consistent production of materials suitable for their intended
use. This standard ensures the reliability and global comparability of CRMs. ISO 33405 [3]
provides additional guidance on the characterization of RM and the assessment of homogeneity
and stability. However, while ISO 33405 allows for the evaluation of homogeneity of all
properties of interest by testing a limited number of selected properties, it does not specify
statistical tools for demonstrating the homogeneity of untested properties based on
measurements of related ones.
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This paper addresses this gap by applying a statistical test for the equality of coefficients of
variation proposed by Miller [4] in a novel context, which can guide CRM producers in
designing efficient homogeneity testing strategies. The proposed approach identifies groups of
properties within a single CRM that are sufficiently interrelated, allowing the homogeneity of
untested properties to be inferred from tested ones. The method also facilitates the evaluation
of statistical correlations between different CRMs for a given property. This enables predictive
homogeneity assessments for future production batches of similar materials, thereby
simplifying the certification process.

Multiparameter physicochemical CRMs can play a critical role in addressing current
challenges in instrument calibration. Several studies have demonstrated that the accuracy of
density measurements can be significantly affected by the physicochemical properties of the
sample. For instance, Furtado et al. [5] observed discrepancies in density readings of
viscoelastic samples measured with oscillation-type density meters, highlighting limitations of
standard calibration approaches for complex fluids. Moura et al. [6] investigated the effect of
surface tension on density measurements, while Furtado et al. [7] evaluated the robustness of
such instruments for non-Newtonian fluids. These works underscored the influence of multiple
interacting properties on measurement performance but did not explore the use of CRMs as a
potential solution.

The present study builds on these findings by proposing multiparameter CRMs that can be
widely used for device calibration in non-standard measuring ranges, such as high-viscosity
materials. In addition, these materials will enable quick and cost-effective calibration and
checking of automated systems equipped with multiple measuring sensors.

A detailed procedure for homogeneity assessment of candidate materials is presented as part
of the RM certification process. The proposed statistical approach offers an ISO-compliant and
practical tool for RMPs, filling a methodological gap in [3] and contributing to more efficient
production of reliable multiparameter CRMs. By enabling indirect assessment of homogeneity
across multiple physicochemical properties, this approach enhances CRM certification
practices.

2. Materials and methods
2.1. Batch preparation

Eight candidate materials were selected to cover a wide range of density values (from
approximately 600 to 1600 kg/m®) and to represent different levels of the other target
physicochemical properties. This selection was intended to ensure applicability of the materials
across a variety of calibration scenarios. The selected candidate materials are listed in Table 1,
together with their nominal values of a property of interest at a temperature of 20 °C. These
reference materials are candidate CRMs for four physicochemical properties: density, refractive
index, surface tension, and kinematic viscosity.

The following chemicals were used in this study:

1. Isooctane, EMSURE® ACS, Reag. Ph Eur, >99.5%, source: Supelco (Merck), cat. No.
1.04727.

Nonane, ReagentPlus®, 99%, source: Sigma-Aldrich (Merck), cat. No. N29406.
Cyclohexane, ACS reagent, >99 %, source: Sigma-Aldrich (Merck), cat. No. 179191.
Chlorobenzene, synthesis grade, source: Sigma-Aldrich (Merck), cat. No. 8.01791.
2,4-Dichlorotoluene, 99 %, source: Sigma-Aldrich (Merck), cat. No. 145009.
Tetrachloroethylene, analytical grade, pure p.a., source: Chempur, cat. No. 1127592009.
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7. OM-5 and OM-140 are mineral oils consisting primarily of unspecified base oil
(content < 99.997 %), registered under CAS No. 64742-54-7 and EC No. 265-157-1. Both
materials are derived from petroleum refining processes.

Table 1. Candidate materials.

Material Density Refractive index | Surface tension lililslg(lg;;llc
kg/m? - mN/m mm?/s
isooctane 692 1.391 18.8 -
nonane 718 1.406 22.7 -
cyclohexane 779 1.426 24.7 -
chlorobenzene 1106 1.525 33.0 -
2.,4-dichlorotoluene 1250 1.546 35.2 -
tetrachloroethylene 1623 1.506 30.6 -
OM-5 806 1.455 25.7 5
OM-140 892 1.482 32.0 130

The selection of materials was based on their coverage of a wide density range, from
approximately 0.6 kg/m? to 1.6 kg/m*. Additionally, two liquids with kinematic viscosities of
approximately 5 mm?*/s and 140 mm?/s were included, as these represent viscosity levels that,
based on practical experience, may pose challenges for viscosity correction algorithms in
oscillation-type density meters.

The stability of the measured physicochemical properties during use was prioritized over
nominal purity. Therefore, the liquids listed in points 1 to 6 above were stabilized as follows:
the original manufacturer’s bottles were opened and left loosely sealed for several days before
being packed into the target packages, allowing equilibration with the surrounding air.

The handling of the mineral oils differed slightly: the oils were filtered using a Biichner
funnel.

All materials were stored in amber glass bottles, in a light-free area under laboratory
conditions (temperature between 17 °C and 25 °C).

Afterwards, each RM was prepared as a batch of units. The candidate material was mixed,
divided and distributed from a 2.5 1 bottle into smaller units. The batch size was 60 units for
mineral oils (OM-5 and OM-140) and 50 units for other candidate materials.

The selection of appropriate packaging was very important because the packaging might
affect the stability of the RM. The packaging chosen and used in this analysis was 50 ml clear
glass vials (by La-Pha-Pack, item No. 20 09 0289) with rubber/PTFE septum lids with crimped
aluminum caps. The vials were washed with laboratory glassware detergent (a 1-4 % aqueous
solution of Trilux, by Analab). After rinsing the vials with tap water, they were rinsed three
times with ultrapure water and then dried at 80 °C under vacuum. Each vial contained 30 ml of
liquid.

2.2. Selection of samples

A representative set of vials, representing at least 10 % of a given batch, was selected for the
analysis of homogeneity between vials (as recommended in [3]). The selection of vials for each
batch was carried out as follows: a batch of vials arranged in packing order was divided into
equal parts, and then one vial was randomly selected from each part. Other possible procedures
for picking units from a batch are described in [3].

The minimum number of samples taken from each vial for between-unit homogeneity
analysis was estimated based on the statistical power analysis with a 95 % test significance, an
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intended power of 80 % and effect sizes anticipated from prior experience with similar
materials. Power calculations for ANOVA were made using a free statistical power analysis
program G*Power [8, 9].

For materials expected to show lower variability or better homogeneity (e.g., low-density
hydrocarbons), four samples per vial were taken to ensure sufficient sensitivity of the
homogeneity test.

For materials with a higher expected effect size, three samples per vial were determined to
be sufficient, particularly when the measurement time was a limiting factor.

The design ensured that the ANOVA used for within-unit homogeneity assessment met the
minimum requirement of five degrees of freedom for reliable estimation of variance
components [3].

To meet all these requirements, the following experimental parameters were established for
the measurements:

1. Number of units selected from the batch, a: Five units were analyzed for isooctane, nonane,
2.,4-dichlorotoluene, and tetrachloroethylene, whereas six units were examined for the
remaining candidate materials.

2. Number of samples per unit, b: In the case of the determination of density, viscosity, and
refractive index, three samples were drawn from each vial for materials with higher
expected variance, which was sufficient to achieve the desired statistical power
(cyclohexane, chlorobenzene, 2,4-dichlorotoluene and tetrachloroethylene), while also
reducing the total measurement time. For materials expected to show lower variability and
smaller effect sizes (isooctane, nonane, OM-5, OM-140), four samples per vial were taken
to ensure sufficient statistical sensitivity. In the case of surface tension measurements, the
entire vial content was used without further subsampling for all materials.

3. Number of replicate measurements per sample, n: Each sample was subjected to five
replicate measurements for viscosity, and ten replicates for density, refractive index, and
surface tension.

This approach ensured a balanced design, satisfying both statistical and practical
requirements. The sampling procedure is shown schematically in Figure 1 [10].

The analysis of between-unit homogeneity was intended to provide information on property
differences due to the inhomogeneity of the batch of material, but also on possible trends due
to the packaging process of the material into vials, which may be the cause of the
inhomogeneity. Therefore, vials were measured in a different order from the packaging order.
This approach enabled the identification of a possible trend related to the drift of the measuring
instrument during measurements and the application of an appropriate correction to eliminate
its influence on the measurement results, if such a trend was detected. The order of
measurements was determined randomly by mixing selected vials. If the measurement order
and packaging order were too similar, the mixing was repeated.
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Fig. 1. Sampling procedure for a between-unit and within-unit homogeneity study.
2.3. Experimental methodology

2.3.1. Measurement methods

The following methods were used to measure the property values:

- density was measured using an oscillation-type density meter (type DMA 5000 for all
candidates apart from n-nonane, OM-5 and OM-140, which were measured using type DMA
5001, by Anton Paar) [11, 12],

- refractive index was measured using a photoelectric refractometer operating at a wavelength
of 589 nm (sodium D-line) (type Abbemat Performance Plus 550, by Anton Paar),

- surface tension was measured using a force tensiometer with Du Noiiy ring and the Harkins-
Jordan corrections (type K100, by Kriiss) [6, 13],

- kinematic viscosity was measured using automatic kinematic viscometer (type SVM3001,
by Anton Paar).

All samples were measured at 20 °C and ambient pressure (0.10 MPa). The standard
uncertainty of temperature for the measuring instruments used was 2.9-107 °C for oscillation-
type density meters and for the automatic kinematic viscometer, 1.3-102 °C for the
photoelectric refractometer and 1.5-102 °C for the force tensiometer.

The measurements for the homogeneity analysis were carried out under repeatability
conditions: within one day, by one operator, and using one measuring instrument. This
approach, in line with the recommendations of [3], allows variability due to material
inhomogeneity to be isolated by eliminating the influence of external factors. As a result, the
sources of variability are limited to two effects: between-unit and within-unit inhomogeneity.
This enables the use of one-way or two-way ANOVA to assess the homogeneity of the CRM
in a statistically sound manner. Other sources of uncertainty, such as operator influence,
measurement method, or time-related effects, are considered at later stages of the certification
process, e.g. during material characterization.
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The diagram in Figure 1 shows the sampling procedure, which involves taking a set of a
units from a batch of material, then taking b samples from each unit and making n replicate
measurements of each sample. The sample size taken for each instrument was predetermined
by the dimensions of the measuring cell of the measuring instruments used and was 1.5 ml for
the oscillation-type density meters, 2 ml for the automatic kinematic viscometer, 1 ml for the
photoelectric refractometer and 30 ml for the force tensiometer.

All measurements were performed at the Central Office of Measures (GUM), which plays
the role of the National Metrology Institute in Poland. All measuring instruments used in this
study ensure traceability to the International System of Units (SI).

2.3.2. Data analysis methods

To identify potential trends in the data, a simple linear regression analysis was performed.
The significance of the resulting slope coefficient was assessed using a #-test, which enabled
evaluation of whether the observed variation was random or indicative of a systematic drift [3].

To correct for instrumental drift observed during the measurement series, a linear correction
was applied. All measurements were arranged chronologically and indexed with a time variable.
A linear regression was fitted to the dataset to estimate the drift slope. Each value was then
corrected by subtracting the estimated drift relative to the first measurement. This procedure
removed the systematic trend while preserving the internal variability of each sample.

To quantitatively assess the homogeneity of the material, analysis of variance (ANOVA)
methods were employed. For surface tension measurements, the entire material from each unit
was used without subdivision into smaller samples; thus, within-unit homogeneity estimation
was not applicable. In this case, the standard uncertainty associated with between-unit
homogeneity (uy,,) was estimated using the one-way ANOVA function available in Microsoft
Excel [3, 14].

For the remaining properties, multiple samples were taken from each unit, necessitating
analysis of within-unit homogeneity. A two-way nested ANOVA was applied to evaluate the
uncertainty components related to both between-unit (uy,,,) and within-unit homogeneity (i, ).
Specifically, this method was used to estimate uncertainty contributions for density, kinematic
viscosity, and refractive index [2, 15].

The law of propagation of uncertainty was used for the combination of measurement
uncertainty contributions associated with within-unit, u,,,, and between-unit homogeneity,
Upy, to determine the standard uncertainty associated with homogeneity, upom [3, 16].

A test of the equality of the coefficients of variation was performed to determine whether
different materials possess the same relative variability associated with heterogeneity for the
same physicochemical property. This test was also applied to determine whether different
physicochemical properties show the same relative variability associated with heterogeneity for
the same material. The null hypothesis was set, which assumes that the coefficients of variation
of normal populations are equal: Ho: CV; = -+ = CV}, = CV, where CV is the coefficient of
variation, defined as the ratio of the standard uncertainty associated with homogeneity, upom,
to the mean value, and k is the number of parameters compared. The null hypothesis was set
against the alternative hypothesis, which assumes that at least one relative variability differs
from the others.

The value of the test statistic was determined according to the approach presented by Miller
[4]. To estimate the degrees of freedom for each uncertainty, which is a combination of mean
squares coming from ANOVA, Satterthwaite’s Formula was applied [17].

The experimental value of the test statistics was related to the critical value y2, from the
x? table (a one-sided test variant) for a 95 % (or 99.7 %) confidence level. The rejection area
Ro was represented by the interval ( X2 +0).
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3. Result and discussion
3.1. Trend analysis

First of all, the results for individual units in the measurement order were analysed. To
confirm the random nature of the scatter in the measured property values, a statistical
significance analysis of the slope coefficient of the linear relationship fitted to the measurement
data was carried out.

The values of the calculated t-statistics obtained for each material and property are presented
in Table 2. The bold values in the table indicate cases where the t-statistic falls within the
rejection area, indicating a statistically significant drift of the measuring instrument.

Table 2. Summary of t-statistics from linear trend analysis of instrumental drift in physicochemical
measurements of candidate materials.

Material Density Refractive index | Surface tension Iililsl::;;t;c
isooctane 1.741 1.008 -1.874 -
nonane -0.641 4.147 -3.714 -
cyclohexane -1.345 -10.591 -3.462 -
chlorobenzene -1.032 0.518 - -
2,4-dichlorotoluene -2.856 -0.968 -0.613 -
tetrachloroethylene -1.792 -4.051 0.554 -
OM-5 0.020 0.193 -1.291 -0.489
OM-140 -1.417 1.804 0.051 1.353

In those cases where the test confirmed that the results did not show a trend related to the
drift of the measuring instrument, they could be subjected to further homogeneity analysis. The
existence of measurement drift generally results in an overestimation of the variance associated
with the variation in the results, so where drift existed, further analysis was more complex and
required the inclusion of an appropriate correction.

Figure 2 presents an example in which drift correction has been applied. This case refers to
refractive index measurements of a cyclohexane batch, where such drift was observed (see
Table 2). Figures 2a and 2b display the raw data plotted in measurement and packaging orders,
respectively. Figure 2a shows the uncorrected data in the order of measurement, where a clear
trend is visible across successive measurements. The significance of this trend was
demonstrated statistically. In Fig. 2b, the same uncorrected data are arranged in the packaging
order.

Figures 2c and 2d display corrected data in which the effect of instrument drift has been
eliminated by applying drift correction. Figure 2c¢ presents the corrected data in measurement
order, while Fig. 2d shows the same corrected dataset in packaging order. All plots use the same
vertical scale, enabling direct visual comparison. Comparing graphs 2b and 2d, it can be seen
that the scatter of results between the vials is reduced once the instrument drift has been
eliminated.

Similar corrections were applied in other cases where statistical analysis indicated a
significant trend. In the case of surface tension, a comparable but less pronounced trend was
observed relative to that found for the refractive index. No statistically significant trend was
detected for the remaining two physicochemical properties.

In addition to the instrumental drift, the data plotted in Fig. 2 reveal a consistent negative
slope within individual samples. This trend may indicate the material’s sensitivity to
environmental exposure during the measurement process. Based on this observation, it is
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reasonable to recommend that CRM should be stored in tightly sealed vials, protected from
external factors and used once, immediately after opening.

(a) Raw data — measuring order (c) Corrected data — measuring order
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Fig. 2. Trend analysis of a batch of cyclohexane as a CRM candidate for refractive index.
3.1. Homogeneity assessment

Table 3 shows the results of the homogeneity analysis obtained for the candidate materials
in question.

The uncertainty component associated with homogeneity, upom, is one of the elements
included in the estimation of the combined uncertainty assigned to the certified property value.
It was calculated by combining the uncertainty components associated with between-unit
homogeneity, uy,,, and within-unit homogeneity, u,,, [3].

Target uncertainty, u, represents the best measurement capability currently achieved for
single-parameter CRMs, produced by the Central Office of Measures.

The results obtained are generally promising, with a few exceptions. The surface tension
results for chlorobenzene and tetrachloroethylene are not good enough. Chlorobenzene
exhibited instability during the measurements, which prevented accurate determination. This
liquid is likely too sensitive to air humidity. Since the measurements were performed in an open
vessel, surface processes occurring at the liquid—air interface may have caused significant
changes in the measured surface tension.

For tetrachloroethylene, the results were more stable overall; however, the data exhibited
excessive scatter, resulting in a between-unit uncertainty exceeding the target value specified
for the CRM.

Also, the homogeneity of refractive index and viscosity for OM-5 is too high.

Although the tested substances are chemically pure or well-mixed liquids, homogeneity
remains a relative characteristic that depends on the sample size. Even in apparently
homogeneous materials, small-scale effects such as surface phenomena, local concentration
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gradients, or temperature fluctuations may cause measurable variability when small sample
intakes are used. Therefore, all homogeneity assessments in this study are valid within the
context of the applied measurement methods and sample intake volumes.

Table 3. Uncertainties associated with homogeneity.

Density Re.fractive Surf.ace Ki.nemfltic
index tension viscosity
kg/m? - mN/m mm?/s

Uy, | isooctane 1.3-107 4.8-107 1.9-1073 -
nonane 9.6:10* 6.1-107 1.5-10° -
cyclohexane 7.7-10* 1.8:10° 8.2:1073 -
chlorobenzene 1.6-1073 1.8-10¢ unstable -
2,4-dichlorotoluene 3.1-103 2.3-10° 3.1-102 -
tetrachloroethylene 1.6:10° 7.8-107 1.8-10 -

OM-5 8.4-103 1.5-107 1.4-107 9.5-103

OM-140 1.9-10* 2.4-10° 9.7-107 1.7-102
Uy, | isooctane 1.4-107 9.5:107 - -
nonane 8.6:10* 5.4-107 - -
cyclohexane 6.1-10* 1.5-10° - -
chlorobenzene 9.0-10* 1.4-10°¢ - -
2,4-dichlorotoluene 2.6-10°3 1.9-10° - -
tetrachloroethylene 2.5-10% 6.3-107 - -

OM-5 1.8-103 1.7-10° - 3.1-10*

OM-140 1.9-10% 7.4-107 - 2.2-10
Upom | iSOOCtane 1.9-107 1.1-10¢ 1.9-1073 -
nonane 1.3-103 8.1-107 1.5-103 -
cyclohexane 9.8-10* 2.3-10° 8.2:1073 -
chlorobenzene 1.8-1073 2.3-10¢ noncertified -
2.4-dichlorotoluene 4.1-1073 3.0-10°¢ 3.1-107 -
tetrachloroethylene 3.0-10° 1.0-10¢ noncertified -

OM-5 8.6-103 1.6-107 1.4-107 9.6-103

OM-140 2.7-10* 2.5-10¢ 9.7-107 2.7-107

Ugrg 2.5-107 1.5-107 5.0-102 0.1 %*

* Expressed as relative uncertainty. The target uncertainty for OM-5 equals 6.0-10-3 mm?/s, for OM-140 it equals
1.3:10" mm?/s.

3.1. Relative variability associated with heterogeneity

To investigate whether heterogeneity has the same contribution to different properties of the
same material and the same contribution to the same property of different materials, a statistical
test of the equality of the coefficients of variation was performed. For this purpose, the
uncertainties associated with homogeneity, uy,y,, were transformed into coefficients of
variation, CV. The calculated values of the coefficients of variation for each physicochemical
property of the tested materials, together with the estimated degrees of freedom, f, are presented
in Table 4.
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Table 4. Coefficients of variation and associated degrees of freedom for physicochemical properties across tested

materials.
Density Refractive index Surface tension Kvlirgs(lg?tgc

CV/% f CV/% f CV/% f CV/% f
isooctane 2.81-10* 9 7.68-107 10 1.01-10 1 - -
nonane 1.79-10* 11 5.79-10° 10 6.68-107 1 - -
cyclohexane 1.26-10+ 7 2.85-10* 5 3.33-107 3 - -
chlorobenzene 1.62-10* 7 1.51-10% 7 - - - -
2,4-dichlorotoluene 3.26:10* 7 1.92-10* 6 8.68-102 3 - -
tetrachloroethylene 1.83-104 8 6.66-107 5 - - 5 -
OM-5 1.06-1073 5 1.07-1073 5 5.33-107 4 1.87-10! 5
OM-140 3.04-10°° 7 1.67-10* 6 3.03-107 4 2.09-1072 10

Table 4 provides the basis for evaluating whether the relative contribution of heterogeneity
is consistent across properties and materials. The subsequent sections present two applications
of the equality test of coefficients of variation: first, to compare variability of a given property
across different materials, and second, to examine the consistency of variability across
properties within each material.

3.1.1. Relative variability associated with heterogeneity between materials

For each physicochemical property, the equality of coefficients of variation between the
candidate materials tested was assessed using statistical analysis. Table 5 shows the coefficients
of variation only for those liquids that formed statistically homogeneous groups, i.e., groups in
which the coefficients of variation were not significantly different from each other at the 95 %
or 99.7 % confidence level. The values of coefficients of variation for those materials that were
statistically different from all others for a given property and confidence level are not shown in
the table. This selective presentation facilitates the identification of materials with comparable
variability for specific physicochemical properties.

The statistical test showed that the coefficients of variation in density for isooctane, nonane,
cyclohexane, chlorobenzene, 2,4-dichlorotoluene and tetrachloroethylene are statistically
equal. These materials are characterized by the same amount of heterogeneity if it is evaluated
on the basis of density measurements.

Table 5. Coefficients of variation for physicochemical properties with statistically homogeneous groups of
candidate materials, at 95 % and 99.7 % confidence levels.

Physicochemical Density Refractive index | Refractive index | Surface tension
property

Confidence level 95 % 95 % 99.7 % 95 %
isooctane 2.81-10* 7.68-10° 7.68-10° 1.01-102
nonane 1.79-10* - 5.79-10° 6.68-1073
cyclohexane 1.26-10* 2.85-10* 2.85-10* 3.33-102
chlorobenzene 1.62-10* 1.51-10* 1.51-10* -
2,4-dichlorotoluene 3.26-10* 1.92-10* 1.92-10+ 8.68-1072
tetrachloroethylene 1.83-10* 6.66-10° 6.66-10° -
OM-5 - - - 5.33-102
OM-140 - 1.67-10* 1.67-10* 3.03-102
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In the case of refractive index, all liquids apart from OM-5 and nonane have equal
coefficients of variation with a 95 % confidence level. Nonane has the lowest value of
coefficients of variation, indicating the best homogeneity among the tested materials. However,
its value is very close to those of tetrachloroethylene and isooctane, suggesting that these
materials also exhibit similarly high levels of homogeneity for the refractive index. When the
confidence level is increased to 99.7 %, the test confirms the equality of coefficients of variation
for all materials except OM-5, which means that the same amount of heterogeneity
characterizes all of these materials.

All materials tested, except chlorobenzene and tetrachloroethylene, which were deemed
unsuitable for the production of surface tension CRMs, have the same amount of surface tension
heterogeneity with a 95 % confidence level.

Although OM-140 is outside of this group, it shows the best density homogeneity compared
to other liquids (see Table 4), making it an attractive candidate for a high-viscosity density
standard at this stage of the study.

3.1.2. Relative variability associated with heterogeneity between properties

The statistical test of equality of coefficients of variation was applied separately for each
material to test the equality of heterogeneities contributed by the different physicochemical
properties. Table 6 shows the coefficients of variation only for those liquids that formed groups
in which the coefficients of variation were not significantly different from each other at the
95 % or 99.7 % confidence level within individual materials. Coefficient of variation values for
those properties that were statistically different from the others at the given confidence levels
are not shown in the table.

Table 6. Coefficients of variation for physicochemical properties forming statistically homogeneous groups
within each material, at 95 % and 99.7 % confidence levels.

Material Confidence Density Re.fractive Surf.ace Ki.nemfltic

Level index tension viscosity
isooctane - - - - -
nonane - - - - -
cyclohexane 99.7 % 1.26-10* 2.85-10* , ;
chlorobenzene 95 % 1.62-10* 1.51-10* - -
2.,4-dichlorotoluene 95 % 3.26-10* 1.92-10* _ -
tetrachloroethylene 99.7 % 1.83-10* 6.66:107 - -
OM-5 99.7 % 1.06-1073 1.07-1073 - -

OM-5 99.7 % - - 5.33-107? 1.87-10

OM-140 95 % - - 3.03-1072 2.09-102

The test showed that the individual properties of each material have different degrees of
inhomogeneity. The variation in heterogeneity of surface tension and kinematic viscosity is
much greater than the variation in density and refractive index.

However, it is possible to find some relationships within certain materials. Test results show
that for chlorobenzene and 2,4-dichlorotoluene, the relative variation in density and refractive
index is statistically equal with a confidence level of 95 %. Also, the relative variability in
surface tension and kinematic viscosity for OM-140 is statistically the same with a 95 %
confidence level.

The increase in the confidence interval to 99.7 % reveals further similarities in the amount
of heterogeneity. Table 6 shows that cyclohexane, tetrachloroethylene and OM-5 have
consistent variability for density and refractive index. OM-5 has also the same amount of
heterogeneity for surface tension and kinematic viscosity.
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For other materials there is no such correspondence between properties.
4. Conclusions

This study presents an experimental scheme for the certification of liquid reference materials
reproducing up to four physicochemical properties. For each certified property, a separate chain
of metrological traceability is established. This distinguishes the produced materials from
chemical CRMs that reproduce chemical properties (in particular multi-element CRMs). In
addition, a statistical procedure is proposed that allows a probabilistic assessment of when
homogeneity can be considered independent of the type of material or certified property. These
findings can be useful for multidisciplinary proficiency testing studies that evaluate the
performance of laboratories across various disciplines by analyzing a common set of test
samples. In this case, an efficient way for the evaluation of sample homogeneity is of great
importance.

This study proposes and validates the use of a statistical test for the equality of coefficients
of wvariation as a tool to support the homogeneity assessment of multiparameter
physicochemical CRMs. The method enables the identification of groups of properties and
materials with statistically comparable variability, which allows for inference about the
homogeneity of untested properties based on related ones.

The results demonstrate that:

1. Certain groups of candidate materials exhibit statistically equal coefficients of variation for
specific physicochemical properties, such as density or refractive index, which suggests
similar degrees of heterogeneity.

2. Within individual materials, some physicochemical properties also show statistically equal
coefficients of variation, indicating consistent levels of heterogeneity in parameters such as
surface tension and kinematic viscosity.

3. The degree of heterogeneity varies significantly between different properties, with surface
tension and kinematic viscosity showing higher variability compared to density and
refractive index.

The developed approach facilitates predictive homogeneity assessments for future batches
of CRMs by providing statistical evidence of correlation both between materials and between
properties within a single material. This offers a promising strategy to optimize the certification
process, especially for multiparameter physicochemical CRMs.

The presented methodology can be applied in the context of ISO 17034 and ISO 33405
requirements and contributes to the development of efficient, reliable, and cost-effective
procedures for CRM production and certification. The novelty of this work lies in the way the
statistical tools, commonly used in the certification process of reference materials, are
integrated and applied to the certification of multiparameter physicochemical CRMs. The
statistically supported approach presented in this study demonstrates how to reliably assess the
homogeneity of multiple properties across materials, including unmeasured ones. It is based on
testing the equality of coefficients of variation, which allows CRM producers to make
statistically justified inferences about the homogeneity of untested properties based on tested
ones — an aspect not explicitly covered in current ISO standards. The proposed methodology
provides a practical, ISO-compliant tool that supports CRM producers in designing efficient
homogeneity tests and predicting homogeneity in future production batches.

5. Outlook

The homogeneity assessment presented in this study represents the first stage of the
certification process for the proposed multiparameter physicochemical CRMs. Future work will



Metrol. Meas. Syst., Vol. 33 (2026), No. 1
DOI: 10.24425/mms.2026.158363

address subsequent stages, including stability studies and full characterization and certification
of the materials. These forthcoming studies will provide further insights into the long-term
behavior, reliability and applicability of the developed CRMs.
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