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ABSTRACT

Air pollution is a critical global issue, with carbon monoxide (CO) and carbon dioxide
(CO2) playing significant roles in both environmental degradation and public health
risks. Accurate measurement of these gases is essential for air quality monitoring,
regulatory compliance, and climate change mitigation. However, achieving reliable
and internationally comparable measurements requires robust metrological
traceability, well-characterized reference materials, and standardized calibration

procedures.

This thesis focuses on the implementation of metrological traceability in air pollution
measurements through the development and certification of reference gas mixtures.
A Primary Reference Material (PRM) for CO2 and Certified Reference Materials
(CRMs) for both CO and CO2 were prepared using gravimetric methods, ensuring
direct traceability to the International System of Units (Sl). The study includes a
comprehensive evaluation of homogeneity, short- and long-term stability, and
measurement uncertainty, as well as an in-depth comparison of calibration methods,
including calibration curves, two-point bracketing, and single-point exact-match
calibration (SPEM).

The findings confirm that high-accuracy reference gas mixtures can be reliably
produced and maintained, significantly improving the quality and consistency of air
pollution measurements. The results also highlight key factors influencing gas mixture
stability, particularly the effects of adsorption and desorption on cylinder walls and
temperature variations during storage and transport. By strengthening metrological
capabilities in gas analysis, this research supports more precise environmental
assessments, enhances the reliability of pollution data, and contributes to the

development of evidence-based air quality policies.
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RESUMEN

La contaminacion del aire es un problema global critico, con el monoxido de carbono
(CO) y el dioxido de carbono (CO2) desempefiando roles significativos tanto en la
degradacion ambiental como en los riesgos para la salud publica. La medicién precisa
de estos gases es esencial para el monitoreo de la calidad del aire, el cumplimiento
de normativas y la mitigacion del cambio climatico. Sin embargo, lograr mediciones
confiables y comparables a nivel internacional requiere una trazabilidad metrologica
sélida, materiales de referencia bien caracterizados y procedimientos de calibracion

estandarizados.

Esta tesis se centra en la implementacion de la trazabilidad metrologica en las
mediciones de contaminacion del aire mediante el desarrollo y certificacion de
mezclas de gases de referencia. Se prepararon un Material de Referencia Primario
(PRM) para CO2 y Materiales de Referencia Certificados (CRMs) para CO y CO
utilizando métodos gravimétricos, lo que garantiza la trazabilidad directa al Sistema
Internacional de Unidades (SI). El estudio incluye una evaluacion exhaustiva de la
homogeneidad, la estabilidad a corto y largo plazo, y la incertidumbre de medicion,
asi como una comparacion detallada de los métodos de calibracion, incluyendo
curvas de calibracion, bracketing de dos puntos y calibracion exacta en un solo punto
(SPEM).

Los resultados confirman que las mezclas de gases de referencia de alta precision
pueden producirse y mantenerse de manera confiable, mejorando significativamente
la calidad y la consistencia de las mediciones de contaminacion del aire. Ademas, los
hallazgos destacan los factores clave que influyen en la estabilidad de las mezclas de
gases, en particular los efectos de adsorcion y desorcion en las paredes de los
cilindros y las variaciones de temperatura durante el almacenamiento y transporte. Al
fortalecer las capacidades metrolégicas en el analisis de gases, esta investigacion
respalda evaluaciones ambientales mas precisas, mejora la confiabilidad de los datos
sobre la contaminacion y contribuye al desarrollo de politicas de calidad del aire

basadas en evidencia.
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CHAPTER 1. INTRODUCTION

1.1. Climate Change and the Role of Carbon Dioxide and Carbon Monoxide

1.1.1. Climate change

Climate change is one of the most urgent global issues of the 21st century, driven
primarily by the increase in greenhouse gas (GHG) concentrations in the atmosphere.
Among these gases, carbon dioxide (CO2) and carbon monoxide (CO) play essential
roles in influencing the Earth's climate and atmospheric chemistry. Their presence and
accumulation are directly linked to anthropogenic activities, particularly the
combustion of fossil fuels, industrial emissions, and biomass burning ((World
Meteorological Organization [WMO], 2024)).

1.1.2. The Impact of CO2 on Climate Change

Carbon dioxide is the most significant anthropogenic GHG contributing to climate
change. Its concentration in the atmosphere has been rising at an alarming rate, with
2023 marking a record high of 420.0 ppm, an increase of approximately 151%
compared to pre-industrial levels, before the year 1750 (WMO, 2024). The primary
driver of this increase is the continued reliance on fossil fuels for energy production,
alongside land-use changes such as deforestation. CO2 is responsible for nearly 66%
of radiative forcing by long-lived GHGs, significantly impacting global temperatures
(WMO, 2024).

The consequences of rising CO: levels are profound. The warming of the atmosphere
has led to more frequent and intense heatwaves, disruptions in precipitation patterns,
and increased occurrences of extreme weather events. Additionally, the ocean
absorbs a substantial fraction of emitted CO,, leading to acidification, which adversely
affects marine ecosystems and biodiversity (Intergovernmental Panel on Climate
Change [IPCC], 2023; WMO, 2024).



1.1.3. The Role and Consequences of CO

While carbon monoxide is not a GHG itself, it plays an indirect role in climate change
by influencing the atmospheric concentrations of methane and tropospheric ozone,
both potent GHGs. CO is primarily emitted from incomplete combustion of fossil fuels,
biomass burning, and wildfires. In 2023, the world witnessed a significant rise in CO
levels, particularly due to extreme wildfire events in Canada and Australia, which
emitted substantial amounts of CO and CO: into the atmosphere (WMO, 2024).

Elevated CO levels also contribute to poor air quality, posing serious health risks such
as respiratory issues and cardiovascular diseases. Given its relatively short
atmospheric lifetime, CO serves as a valuable indicator of pollution from burning fuels
and biomass, making its monitoring crucial for both climate and air quality
management (WMO, 2024) .

1.1.4. The Need for Continuous Monitoring and Measurement

Accurate and continuous monitoring of CO2 and CO is essential for understanding
their long-term trends, evaluating the effectiveness of mitigation strategies, and
predicting future climate scenarios. Organizations such as the World Meteorological
Organization (WMO) and the Intergovernmental Panel on Climate Change (IPCC)
emphasize the need for robust observational networks to monitor the concentration
levels of these gases across different regions (IPCC, 2023; WMO, 2024).

Recent advancements in satellte measurements, monitoring stations, and
atmospheric modelling have improved our ability to quantify emissions and assess
their impact. However, significant challenges remain, particularly in identifying sources
and understanding the interactions between these gases and the Earth's climate
(IPCC, 2023).

In response to these challenges, there has been increasing emphasis on the
development and deployment of novel sensors and low-cost measurement techniques
aimed at addressing observational gaps in GHG monitoring (Bureau International des
Poids et Mesures [BIPM], 2023). Closing this gap is essential for advancing climate
science and requires an integrated GHG monitoring system. Such a system should

2



include not only traditional high-precision techniques, but also widely distributed low-
cost sensor networks and satellite observations. The scientific community is
encouraged to rapidly implement these systems in collaboration with key organizations
such as WMO. The inclusion of low-cost sensors can expand spatial coverage and
enable more accessible, decentralized environmental monitoring, which complements

and enhances traceable and high-accuracy measurements.

Addressing climate change requires a complex approach, including reducing
emissions, enhancing carbon sinks, and improving technological capabilities for
precise measurement and analysis. Accurate quantification of CO2 and CO emissions
is crucial for ensuring that the results of measurements are reliable and can guide
effective action. Trust in these measurements is essential for making informed
decisions and developing policies that can mitigate the impact of these gases on global

climate systems (Rolle et al., 2017; Brewer et al., 2019).

1.2. Metrological traceability and the International System of Units (Sl)

Metrological traceability is the property of a measurement result whereby the result
can be related to a reference through a documented unbroken chain of calibrations,
each contributing to the measurement uncertainty (JCGM, 2012). This chain is vital for
maintaining consistency, comparability, and accuracy across different measurement
systems globally. Traceability supports the harmonization of measurements
worldwide, enabling consistent, trustworthy results and promoting fair practices in

international trade and regulatory compliance.

Metrological traceability can be visualized as a pyramid. At the top lies the International
System of Units (Sl), the global reference framework for measurement standards. The
Sl provides a set of consistent definitions for seven fundamental quantities: the meter
(length), kilogram (mass), second (time), ampere (electric current), kelvin
(temperature), mole (amount of substance), and candela (luminous intensity) (BIPM,
2019). These units are the building blocks of all measurement activities, ensuring that
measurements across the world are based on universally accepted definitions. The
development and maintenance of the Sl are the responsibility of National Metrology



Institutes (NMIs), which ensure that measurement standards within their respective
countries are traceable to the S| (BIPM, 2019).

The Bureau International des Poids et Mesures (BIPM) plays a central role in
overseeing the Sl and ensuring that every NMI in the world work together to maintain
and promote consistent measurement standards. The BIPM is an intergovernmental
organization founded by the Meter Convention in 1875 and is tasked with ensuring the
global harmonization of measurement systems. Through the BIPM, the International
Committee for Weights and Measures (CIPM) and various technical committees such
as the Consultative Committee for Amount of Substance (CCQM), countries cooperate
to develop and enhance measurement standards, ensuring that measurement results

are equivalent and consistent across borders.

Below the SI, are the NMIs, which are responsible for the development, maintenance,
and dissemination of national measurement standards. Each NMI contributes to
ensuring that measurements performed in its country are traceable to the Sl through
various calibration steps (BIPM, 2019). This responsibility includes the creation of
Primary Reference Materials (PRMs) and Certified Reference Materials (CRMs),
which are critical components in chemical metrology. PRMs are developed using
primary measurement methods, which are the highest-level measurement techniques
with direct traceability to Sl units (BIPM, 2019).

The traceability chain operates by linking each level of measurement to the previous
one. For instance, a laboratory’s measurement results are traceable to the Sl through
secondary laboratories, which perform calibration using CRMs and PRMs. However,
as the number of steps in this chain increases, the measurement uncertainty also
increases (De Biévre & Taylor, 2003). This means that the more calibration steps are
involved, the more uncertainty is associated with the final measurement result. To
minimize uncertainty, it is crucial to develop PRMs and CRMs with the lowest possible
uncertainty. In this sense, NMIs must maintain the highest level of measurement

accuracy and precision (De Bievre & Taylor, 2003).

As the uncertainty increases with each calibration step, it becomes imperative for NMls

and laboratories to carefully manage and document the measurement uncertainty at

4



each stage of the calibration process. It is crucial that by the end of the process, both
analytical laboratories and the end user have a reasonable level of uncertainty that

ensures confidence in the reliability of their results (De Biévre & Taylor, 2003).

To verify the accuracy and competence of the NMis it is important their participation in
key comparisons, which are international interlaboratory measurement comparisons.
Key comparisons, organized by international bodies such as the CCQM, serve to
establish the degree of equivalence between NMIs, ensuring that their measurement

capabilities are globally recognized and comparable.

Through these activities, NMls play a critical role in maintaining global measurement
standards. The Mutual Recognition Arrangement (CIPM MRA), which is an agreement
between NMIs of participating countries, recognizes each other's calibration
certificates and measurement standards, facilitating the acceptance of measurement
results across borders (CIPM, 2003). This agreement ensures that a calibration
certificate issued by an NMI in one country is recognized and trusted internationally,

promoting consistency in global trade, scientific research, and regulatory frameworks.

1.3. Reference gas mixtures

1.3.1. Definition of a reference gas mixture

A reference gas mixture is a precisely prepared blend of gases, with known and
certified amount fractions, which is prepared for particular use and should have
characteristics such as homogeneity, stability, unit, associated uncertainty and
metrological traceability. These mixtures are usually used for the calibration and
validation of gas measurement instruments and essential in ensuring their accuracy,
reproducibility, and traceability (Stominska et al., 2010; JCGM, 2012).

Usually these mixtures are classified depending on the preparation process and their
value assignment. In this study we will be using the terms Primary Reference Materials
(PRMs) or Certified Reference Materials (CRMs).



1.3.2. Gas mixture primary reference material

A PRM is a calibration gas mixture prepared gravimetrically in accordance with the
International Standard ISO 6142-1 and validated against independent PRMs
according to the International Standard 1SO 6143 (International Organization for
Standardization [ISO], 2015; International Organization for Standardization [ISO],
2001). These mixtures are at the top of the traceability chain, providing the smallest
achievable uncertainties. The gravimetric preparation ensures accurate determination
of amount fractions by precisely weighing pure gases, liquids, or pre-mixed
components, converting their masses to amount of substances based on chemical
purity and atomic/molecular masses, and verifying the final mixture against
independent reference standards (International Organization for Standardization
[1ISO], 2015).

PRMs serve as the foundation for traceability in metrology, providing certified values
with the lowest possible uncertainties, as documented in their certificates. These
certificates include the gravimetric amount fraction value, associated uncertainty, and

an expiration date determined through stability studies.

1.3.3. Gas mixture certified reference material

A CRM is a reference material characterized by a metrologically valid procedure for
one or more specified properties, accompanied by a reference material certificate that
provides the value of the specified property, its associated uncertainty, and a statement
of metrological traceability. Uncertainties for such attributes may be expressed as
probabilities or confidence levels (International Organization for Standardization [ISO],
2016). A reference material (RM) is a substance that is sufficiently homogeneous and
stable concerning one or more specified properties and has been established as fit for
its intended use in a measurement process. The certified value is the assigned value
of the reference material, documented with an uncertainty statement and metrological
traceability, as specified in the reference material certificate (International Organization
for Standardization [ISO], 2016).

In the case of a gas mixture CRM, preparation is performed by introducing different

gases into a cylinder, typically by controlling their pressures, weighing them on an
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analytical balance, and then analysing the resulting mixture using an appropriate
instrument, such as a gas chromatograph. The assigned value is determined by
comparison against independent PRMs injected alongside the mixture. The value can
be assigned using methods such as a calibration curve of PRMs, two-point calibration
with bracketing, or single-point exact-match calibration (SPEM) (International
Organization for Standardization [ISO], 2017, ISO 12963).

1.4. Gravimetry

Gravimetry is a precise technique used for preparing primary reference gas mixtures,
crucial for ensuring traceability in gas metrology. NMIs commonly use gravimetric
methods to prepare high-accuracy gas mixtures by accurately weighing gas
components based on their mass, molar mass, and purity. The mass of each gas
component is determined by weighing cylinders before and after filling them with gas.
This method ensures that gas mixtures are traceable to the SI, providing reliable
standards for various applications such as emissions control and air quality monitoring
(Matsumoto, 2004; International Organization for Standardization [ISO], 2015).

Gravimetry is essential for producing reference gas mixtures with known compositions,
but its accuracy is limited by the smallest mass that can be measured. To overcome
this limitation, gravimetric techniques often involve multiple dilution steps to improve
precision. These dilution procedures ensure that the final gas mixture meets the
required uncertainty specifications, even for highly diluted mixtures (Milton et al.,
2011).

One challenge in gravimetric measurements is the buoyancy effect, which can cause
errors in mass determination. Changes in environmental factors such as temperature,
pressure, and humidity affect the buoyancy of gas cylinders, leading to inaccuracies.
To minimize this, gravimetric methods employ comparative weighing, where the
sample cylinder is weighed against a reference cylinder. This technique helps reduce
the impact of buoyancy variations and enhances the accuracy of mass measurements
(Milton et al., 2011; Amico di Meane et al., 2009; Alink & van der Veen, 2000).



For gas metrology to maintain reliable standards, traceability to the Sl unit of the mole
is crucial. Gravimetry provides a direct way to measure the amount of substance,
ensuring that results are traceable. This is achieved through precise weighing, careful
consideration of component purity, and verification against independent reference
mixtures. The accuracy of gravimetric methods makes them ideal for creating certified
reference materials used in calibration and metrological applications (De Biévre &
Taylor, 2003).

1.5. Methods for determining or checking the composition of reference gas

mixture

1.5.1. Calibration Curve

The calibration curve method, as described in ISO 6143:2001, is a multipoint
calibration technique used to establish the relationship between instrumental response
and the analyte content in calibration gas mixtures. This method requires selecting a
series of reference gas mixtures with known analyte amount fractions, ensuring that
the amount fraction range covers the expected values of the unknown sample in which
the analyte content has to be determined. The instrument's response to each
reference gas mixture is measured, generating a calibration function. The relationship
between instrument response and analyte amount fraction is modelled using
regression analysis, which can be linear, polynomial, or another non-linear approach,
depending on the system's response characteristics (International Organization for
Standardization [ISO], 2001). Advanced regression techniques are applied to account

for uncertainties in both the instrument response and the reference gas composition.

Once the calibration function is established, the uncertainty of the measurements is
calculated using statistical propagation methods, and the model undergoes validation
to ensure reliability before being used for sample analysis (International Organization
for Standardization [ISO], 2001).



1.5.2. Two-point calibration with bracketing — bracketing

The bracketing method, also referred to as two-point calibration with bracketing in ISO
12963:2017, is a simplified approach that requires only two calibration gas mixtures.
One mixture has a lower amount fraction of the analyte, while the other has a higher
amount fraction, effectively "bracketing" the unknown sample. The instrument's
response to both calibration gases is recorded, followed by the response of the
unknown sample. The analyte amount fraction in the unknown sample is then
determined through linear interpolation between the two reference points. This method
assumes a linear relationship between response and analyte content, and its accuracy

depends on the reliability of this assumption.

Uncertainty is evaluated by considering potential deviations from linearity and
variations between the two reference gases. Compared to the calibration curve
method, bracketing is faster and uses less PRMs. However, in gas analysis its
accuracy is lower than that of multipoint calibration, particularly when the system
shows non-linearity (International Organization for Standardization [ISO], 2017, ISO
12963).

1.5.3. Single-point exact-match calibration (SPEM)

The single-point exact-match calibration (SPEM) method, as described in ISO
12963:2017, is the simplest calibration technique and is used when the calibration gas
composition closely matches that of the unknown sample. The process begins with
selecting a calibration gas mixture whose analyte amount fraction is nearly identical to
the sample one. The instrument's response to the calibration gas is measured multiple
times to ensure stability. If the responses of the calibration gas and the unknown
sample are statistically indistinguishable, the sample's composition is assumed to be
the same as that of the calibration gas. This method avoids the need for regression or
interpolation, as the uncertainty of the calibration gas mixture is directly transferred to

the sample measurement.

Although SPEM is the fastest and most straightforward calibration method, its
applicability is limited to cases where a closely matching calibration gas is available.
When such a match is possible, SPEM provides highly accurate results with minimal
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calibration effort, making it particularly useful for high-precision applications requiring
rapid analysis (International Organization for Standardization [ISO], 2017, ISO 12963).

1.6. Gas chromatography

Gas chromatography (GC) was the method selected for the analysis of the prepared
gas mixtures in the present work. This analytical technique is used to separate and
analyse volatile compounds in a mixture. The sample is vaporized and transported
through a chromatographic column by an inert carrier gas, such as helium, nitrogen,
or hydrogen. The separation of the components occurs based on their differential
interactions with the stationary phase inside the column, leading to distinct retention
times. This technique is widely used in environmental analysis, petrochemical testing,

and food quality control.

Direct gas injection in GC is employed when working with gaseous samples, allowing
for the introduction of the sample without requiring a liquid phase. The injection is
typically performed using a gas sampling valve with a pressure regulator or a gas-tight
syringe, ensuring precise volume control. This method is particularly useful in
analysing permanent gases, volatile hydrocarbons, and atmospheric pollutants. It
eliminates the need for solvent extraction or derivatization, making it an efficient and
straightforward approach for analysing gas-phase samples (Skoog et al., 2021; Flores
et al., 2019b).

GC relies on various detectors to identify and quantify the separated components.

1.6.1. Thermal conductivity detector (TCD)

The TCD is a universal detector used in gas chromatography to measure changes in
the thermal conductivity of the carrier gas due to the presence of analytes. As different
compounds elute from the column, they alter the thermal conductivity of the carrier
gas, which is detected as a signal. This detector consists of an electrically heated
source, typically a fine wire made of platinum, gold, or tungsten, or a small thermistor.
The temperature of the heated element depends on the thermal conductivity of the

surrounding gas, and its electrical resistance changes accordingly. The TCD is non-
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destructive, allowing for sample recovery, making it ideal for detecting both organic
and inorganic gases, such as hydrogen, nitrogen, oxygen, and carbon dioxide (Skoog
et al., 2021).

Although the TCD has a wide dynamic range, typically spanning about five orders of
magnitude, and responds to a broad range of organic and inorganic species, it has a
relatively low sensitivity compared to other detectors. This lower sensitivity makes the
TCD more suitable for samples with higher analyte amount fractions, and it often
cannot be used effectively with capillary columns when sample quantities are very low.
The TCD’s main advantage lies in its simplicity and ability to detect changes in thermal
conductivity, but its limitations arise when the thermal conductivities of the carrier gas
and sample components are similar, leading to less reliable detection (Skoog et al.,
2021).

Helium and hydrogen, with thermal conductivities approximately six to ten times
greater than most organic compounds, cause significant decreases in the thermal
conductivity of the effluent when organic species are present. This results in an
increase in the temperature of the detector. However, thermal conductivity detection
is less effective when the thermal conductivities of the carrier gas and the sample
components are similar. Despite its limitations, the TCD’s non-destructive nature and
broad applicability to various types of gases make it a useful tool in many

chromatographic analyses (Skoog et al., 2021).

1.6.2. Flame ionization detector (FID)

The FID is a highly sensitive and widely used detector in gas chromatography,
particularly for analysing organic compounds. The FID works by combusting the
sample in a hydrogen-air flame, which produces ionized carbon species. These ions
generate an electrical current that is proportional to the number of carbon atoms in the

sample, enabling accurate quantification (Skoog et al., 2021).

The FID is especially effective for detecting hydrocarbons due to its high sensitivity,
wide linear dynamic range, and excellent stability. Functional groups such as carbonyl,
alcohol, halogen, and amine produce fewer ions (or none) in the flame, and the
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detector is insensitive to non-combustible gases like H20O, CO2, SOz, and NOy. Despite
this limitation, the FID remains a very useful detector for organic samples, including

those contaminated with water and nitrogen and sulphur oxides.

To enhance the FID's ability to detect gases like CO and CO», a methanizer can be
incorporated into the system. The methanizer is a catalytic reactor that converts CO
and COz into methane using a nickel catalyst at elevated temperatures, around 350°C.
Once converted to methane, these gases can be detected by the FID, improving its
sensitivity for these compounds. The methanizer is particularly useful in environmental
monitoring and industrial applications, where detecting trace levels of CO and CO: is
critical (Skoog et al., 2021).

1.7. Method validation

To make sure that the methodology is adequate to quantify the analytes in the gas
mixture, it is necessary to perform a method validation. Method validation is a
fundamental step in the development and application of calibration gas mixtures,
ensuring the reliability, accuracy, and reproducibility of measurement results. In gas
metrology, where traceability to international standards is required, validation provides

confidence in the measurement process by assessing key performance parameters.

1.7.1. Precision

Precision is the closeness of agreement between indications or measured quantity
values obtained by replicate measurements on the same or similar objects under
specified conditions. It is usually expressed numerically by measures of imprecision,
such as standard deviation, variance, or coefficient of variation under the specified

conditions of measurement (JCGM, 2012).

1.7.2. Accuracy

Accuracy is the closeness of agreement between a measured quantity value and a
true quantity value of a measurand (JCGM, 2012). In metrology, it is usually evaluated
with a normalised error (Formula 54) between the value being measured and the
certified value of the PRM. (Becerra, 2003).
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1.7.3. Selectivity

Selectivity ensures the method can accurately distinguish the target analyte from other
potential interferences. This is particularly important in gas mixtures where multiple

components may be present.

1.7.4. Range

Range is the measuring interval, a set of values of quantities of the same kind that can
be measured by a given measuring instrument or measuring system with specified

instrumental measurement uncertainty, under defined conditions (JCGM, 2012).

1.7.5. Linearity (Regression)

Linearity assesses whether the measurement response is proportional to the analyte
amount fraction across the calibration range. This is typically evaluated using
regression analysis, such as goodness-of-fit tests, where a calibration curve is fitted
to experimental data points. A key statistical metric for evaluating linearity is the
residual sum of weighted squared deviations, which quantifies the total deviation of
observed values from the fitted regression model, weighted by their uncertainty. A
residual sum of weighted squared deviation below 2 indicates a good fit of the data to
the regression model, ensuring accurate quantification across the calibration range

(International Organization for Standardization [ISO], 2015).

1.7.6. Robustness

Robustness determines the method’s ability to maintain its performance when small
variations in experimental conditions occur, such as temperature fluctuations, carrier

gas flow rate changes, or minor instrument adjustments.

1.7.7. Uncertainty

Uncertainty quantifies potential sources of error affecting the measurement, using
uncertainty propagation techniques. This includes contributions from calibration gas

preparation, instrumental response, and environmental factors.
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CHAPTER 2. JUSTIFICATION AND OBJECTIVES

2.1. Justification

The accurate measurement of CO and CO:z is crucial due to their significant impact on
both environmental and public health. CO is a toxic gas that poses serious health risks
even at low concentrations, while CO2 is a major contributor to climate change. At a
national level, ensuring the traceability of measurements for these gases is essential
to guarantee the reliability and comparability of data obtained from different monitoring
systems. Without proper traceability, measurement discrepancies can lead to incorrect
assessments of pollution levels, potentially hindering effective decision-making and

regulatory compliance (Almirén et al., 2024).

Implementing traceability in CO and CO2 measurements allows for the establishment
of standardized methods that improve accuracy, reproducibility, and long-term
monitoring reliability. This is particularly important for air quality control, industrial
emissions monitoring, and climate studies, where precise quantification is necessary

for developing mitigation strategies and policies.

To achieve this, the use of certified reference gas mixtures is essential. These mixtures
serve as reliable controls for environmental measurements, method validation, and
instrument calibration, all of which are fundamental to ensuring the accuracy, safety
and consistency of gas analysis. By ensuring that measurements are traceable to
recognized standards, authorities, researchers, and industry professionals can make
informed decisions that contribute to environmental protection, process safety, and

human health.

In the present work, CRM and a PRM with an amount fraction of 0.35 mol/mol of CO-
in N2 were prepared, alongside a CRM of CO with an amount fraction of 1500 ymol/mol
of CO in N2. These certified gas mixtures are designed to support environmental
monitoring and air quality assessment efforts in Uruguay. The 0.35 mol/mol CO
reference mixture serves as a reference standard for emissions control from different
sources, such as industrial chimneys and exhaust systems. Meanwhile, the 1500
pumol/mol CO mixture is intended for air quality applications, simulating realistic levels
of carbon monoxide pollution that, while not immediately lethal, pose health risks with
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prolonged exposure. Both mixtures were specifically requested by environmental
laboratories in Uruguay, which require accurate and traceable reference materials for
calibrating gas analysers, sensors, and atmospheric monitoring equipment. For these
mixtures, a relative expanded uncertainty of 2% was established for the CRMs and
1% for the PRM. These uncertainty levels were set more as targets to evaluate
feasibility and assess whether such precision could be achieved in practice. Feedback
from local buyers, particularly environmental laboratories in Uruguay, indicated that
these uncertainty levels were acceptable and considered fit for purpose within the

context of their routine monitoring activities.

2.2. General objective

e To develop a CRM with an amount fraction of 1500 pymol/mol of CO in N2 and a
CRM with an amount fraction of 0.35 mol/mol of CO2 in N2 in a 5-liter aluminium

cylinder.

e To develop a PRM with an amount fraction of 0.35 mol/mol of CO2 in N2 in a 5-liter

aluminium cylinder.

2.3. Specific objectives

e To develop a system for vacuuming cylinders and introducing gases into an

aluminium cylinder, while controlling both the mass and pressure within the system.

e To develop reference gas mixtures (CRM and PRM) with established metrological
traceability to ensure the accuracy and international comparability of the

measurements in our country.

e To develop and validate quantification methods using GC-TCD/FID for value

assignment and verification of the mixtures.

e To evaluate the uncertainty associated with the preparation of the gas mixtures.
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CHAPTER 3. METHODOLOGY

3.1.

3.2.

Materials

5-liter Luxfer® aluminium cylinders

Pressure regulators with a maximum pressure of 200 bar and DIN 1 connection
Direct injection to GC via 1/16” stainless steel tubing

Gas chromatograph Thermo Scientific TRACE 1300 with TCD and FID detectors
with methanizer

PC with Chromeleon 7 software, Thermo Fisher Scientific

Rt-Q-Bond PLOT chromatographic column (30 m, 0.53 mm ID, 20 ym)
ShinCarbon ST 100/120 chromatographic column (2 m, 1 mm ID, 1/16” OD)
250 pL and 500 uL loop

Filling and emptying station

Pfeiffer mechanical and turbomolecular pump

Mass comparator Mettler Toledo XPR10003SC

Balance Ohaus model RANGER™ 3000

Gas extraction hood

Leak detectors

PRMs from other NMIs

N2 (99.9999% mol/mol of purity), batch number: P0212:20200201105. Linde®
C02(99.9% mol/mol of purity), batch number: 407540-3. Linde®

Premixture CO 4% in N2, batch number: 304113031704, Praxair®

Nitrogen (99.99% mol/mol purity) for blanks, batch number: 305170-1. Linde®

Snoop®soapy solution for leak detection

Planning stage of a reference gas mixture

During the planning phase, calculations are performed to ensure the target

composition of the final gas mixture is achieved, based on the required masses of

each component to be added.
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The first step involves assessing the feasibility of preparing the gas mixture. This
includes evaluating potential safety risks, such as hazardous reactions between the
components, interactions with the cylinder materials, and ensuring the final pressure
does not exceed the cylinder's maximum working pressure. A risk analysis, based on
existing literature, must be conducted to assess the stability of the gas mixture and
identify any potential chemical reactions among its components (International
Organization for Standardization [ISO], 2015). For example, oxidizing gases could
corrode the cylinder's internal walls. Addressing these concerns helps minimize
hazards during the filling process and ensures the final mixture composition remains

stable over time.

The parent gases, which are the starting materials, should be pure gases of high purity
or pre-mixtures from high-purity gases to minimize the presence of impurities in the

final gas mixture.

The next step is calculating the target masses for each component in the mixture. This
calculation is performed using the ideal gas law, considering the target values of the
analytes in the final gas mixture, the molar masses of the parent gases, the cylinder
volume, and the working temperature (International Organization for Standardization
[1ISO], 2015). The method for calculating the target masses is the same, regardless of
whether the reference mixture is a Certified Reference Material (CRM) or a Primary

Reference Material (PRM). The formula used is as follows (Equation 1):

Y XMy
m.

=—° " xm 1
7Yl v x M, “ (1)

Where m,, is calculated as:

pFQXchl z
X M; 2
0= ZOXR X Tp a7 (2)

Being,

m;. mass added of parent gas j (mass to be introduced in the cylinder)
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Vi- amount-of-substance fraction of component k in the prepared mixture
M,: molar mass of component k

y;: amount-of-substance fraction of component i in the prepared mixture

Py o filling pressure of the final mixture
V.- cylinder volume

Zq: compressibility of the final mixture
R: |deal gas constant

Ty Filling temperature

The balance should have a maximum capacity suitable for weighing the mass of the
cylinders and a resolution sufficient to accurately measure even the smallest gas
mass. It is crucial to ensure that the calculated mass aligns with the balance's
tolerances. The balance used for weighing the cylinders (Ohaus model RANGER™
3000) can measure masses with an appropriate uncertainty for values above 25 g.
Therefore, if the calculated mass is below this threshold, the mixture planning must be
adjusted, either by modifying the composition or using a premixture (International
Organization for Standardization [ISO], 2015). Premixtures are intermediate-amount
fraction gas mixtures prepared from pure gas cylinders, using the same balance gas

intended for the final mixture.

3.3. Preparation of a gas reference mixture

3.3.1. Cylinder conditioning and emptying

For the preparation of all gas mixtures, aluminium cylinders manufactured by Luxfer®
(UK) were used, fitted with Rotarex® valves sourced from Rotarex® Brazil. These
cylinders underwent leak and safety testing to ensure proper performance, as they will
be subjected to high pressures during its use. Aluminium was selected due to its high
quality and proven compatibility with the gases used in this study (CO, CO2, and Ny),
ensuring no chemical reactions or material interactions occur, in accordance with ISO
16664 (International Organization for Standardization [ISO], 2017, ISO 16664).
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The aluminium cylinder which will contain the mixture is initially connected to the outlet
of the filling/emptying station to remove any residual gas (Figure 2). To do this, the
valves directing gas flow to the extraction hood are opened, and the purge valve is
used to completely empty the cylinder. The gas filling station setup is illustrated in the

valve diagram shown in Figure 1.
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Figure 1: Gas filling station valve diagram

Next, a nitrogen 6.0 cylinder (99.9999% purity) is connected to the inlet of the
filling/emptying station to fill the sample cylinder and clean it. First, the system lines
are purged by allowing low-pressure Nz to flow through all the system’s pipes multiple
times. The system is further purged by opening the purge valve while keeping the
extraction hood running. Once the system is clean, the sample cylinder is connected
to the station’s outlet, and the nitrogen flow is directed into it by opening the
appropriate valves. The cylinder is filled with approximately 30 g of gas, and to monitor

this, it is placed on a balance that is tared before the filling process begins.
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Figure 2: Aluminium cylinder connected to the gas emptying/filling station

After filling, the cylinder is disconnected from the station and placed in a homogenizer
(Figure 3), a rotating cylinder device, to ensure the nitrogen comes into contact with
the internal walls, removing any remaining impurities. After 30 minutes in the

homogenizer, the cylinder is reconnected to the station.
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Figure 3: Cylinder homogenizer

The cylinder is then emptied again by connecting it to the station’s outlet. To facilitate
this, a thermal blanket set to 40°C is wrapped around the cylinder (Figure 4), helping
achieve a higher vacuum level. The emptying process begins by turning on the
mechanical pump and slowly opening the cylinder valve, ensuring the pump’s pressure
does not exceed 30 mbar to prevent damage. Once the mechanical pump reaches a
pressure below 1 mbar, the turbomolecular pump is activated to achieve a deeper
vacuum. When the pressure drops below 1x10-° mbar, or after at least 12 hours under
vacuum, the cylinder valve is closed, and the cylinder is disconnected from the system,

ready to be filled with the gas mixture.

Finally, the entire system is purged with N2 6.0, leaving a small amount of gas in the

system to prevent air impurities from entering the station.
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Figure 4: Cylinder surrounded by thermal blanket connected to the filling/emptying
station to be emptied

3.3.2. Preparation of a gas mixture CRM

The whole preparation process of a CRM follows the scheme showed in Figure 5.

Conditioning and illi
g LSS Homogenization Value assignment

of the gas mixture using GC

evacuation of the cylinder using a
cylinder gas filling station

Figure 5: Preparation process of a CRM
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Gases are introduced into the cylinder in order of increasing pressure, meaning the
gas with the lowest pressure, i.e. the less component at the lowest amount fraction in
the final mixture, is added first, followed by gases with gradually higher pressures; the
balance gas or matrix gas will be the last to be introduced. Since gases naturally flow
from places of higher pressure to lower pressure, this method ensures a complete and
homogeneous mixture. Additionally, this approach facilitates corrections when the
added gas mass deviates from the target value, as controlling the exact mass entering

the cylinder is not always straightforward.

The process begins by connecting the parent gas, the pure gas used to start filling the
cylinder, to the inlet of the filling/emptying system. This gas is selected because it has
the lowest amount fraction in the final mixture. Any residual gas in the station is purged,
and the system is flushed with the pure gas to remove any traces of other gases that

could affect the composition of the CRM candidate.

Next, the sample cylinder is placed on a balance and connected to the system’s outlet.
The system is pressurized with the parent gas, ensuring it is slightly above the
intended filling pressure. To accurately monitor the mass of gas added, the balance
must be tared with all gas in the line up to the point just before the cylinder valve. The
cylinder is then filled while carefully monitoring the added mass on the balance to

ensure it does not exceed the target value.

Once the cylinder is filled, it is left to rest for at least one hour, as the gas introduction
process generates heat. In the preparation of a Primary Reference Material (PRM),
which will be discussed in section 3.3.3, at this stage, the cylinder would be weighed
using a mass comparator to precisely determine the amount of gas added, so that its
value can then be assigned. However, since this is a CRM preparation, the cylinder is

simply left to rest before proceeding with the next gas addition.

Before introducing the next gas, the station must be purged multiple times with the
incoming gas to prevent contamination. Additionally, since the cylinder now contains
pressurized gas, the pressure of the newly added gas must always be higher than the

current pressure inside the cylinder. Also, to ensure accurate mass measurement, the
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balance must again be tared just before opening the cylinder valve to introduce the
next gas.
A CO CRM with an amount fraction of 1500 pmol/mol in N2 and a CO2 CRM with an

amount fraction of 0.35 mol/mol in N2 were prepared using this methodology.

3.3.3. Preparation of a gas mixture PRM

The whole preparation process of a PRM follows the scheme showed in Figure 6.

b

|
|

Filling the
cylinder using a
gas filling
station

Homogenization Weighing the
of the gas cylinder on a assignment
mixture mass comparator using GC

Conditioning
and evacuation
of the cylinder

Figure 6: Preparation process of a PRM

This procedure is similar to that of a CRM. The gases are introduced into the cylinder
sequentially using the gas filling station, following an ascending order based on the
amount fraction that will be present of each gas in the final mixture. The main
difference is that at the beginning of the preparation and after each filling stage, the

cylinder undergoes several weighing cycles (Flores et al., 2019a).

Before starting the process, the empty cylinder is placed in the mass comparator room
for at least an hour to reach thermal equilibrium and prevent weight fluctuations due
to temperature differences (Figure 7). This room is maintained under controlled
conditions of temperature, humidity, and pressure and is protected from vibrations and

air currents to ensure measurement stability.
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Figure 7: Mass comparator room, where the cylinder is waiting to be weighed

Since gas cylinders are large objects that displace a significant volume of air, their
mass varies proportionally with temperature and humidity. To correct the buoyancy
effect caused by variations in atmospheric pressure, a comparative weighing is
performed against a reference cylinder of the same material and external volume
(International Organization for Standardization [ISO], 2015).

The reference cylinder is prepared similarly to a CRM but contains only nitrogen 5.0
and is not characterized. Its primary function is to reduce the corrections needed in
the weighing result of the sample cylinder. During each weighing cycle, the mass
difference between the two cylinders is determined, allowing for an accurate

calculation of the added mass.

The weighing procedure follows the substitution or Borda method, in which the sample
and reference cylinders are weighed alternately on a comparator balance (Alink & van
der Veen, 2000). The purpose of this method is to minimize any potential systematic
errors by repeatedly weighing the cylinder and its contents, alternating between a
reference cylinder and the sample cylinder (Becerra, 2003).
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The mass comparator used is a single-pan balance where the cylinders must be
placed in a below-balance weighing position (Figure 8). This type of manual mass
comparator requires careful centring of the loads, waiting for thermal and vibration
effects to subside, and monitoring the beam’s oscillations. As a result, achieving the
highest accuracy, with uncertainties below 1 mg, requires weighing cycles as long as
10 hours. However, measurements with uncertainties of 20 mg to 30 mg can be

obtained with shorter weighing cycles of approximately 1 hour (Milton et al., 2011).

Figure 8: Cylinder being place in a below-balance weighing position of the single-pan

balance

To ensure precise measurements within a narrow mass range, the mass difference
between the cylinders is compensated by adding or removing calibrated mass pieces
(Alink & van der Veen, 2000). These weights are placed on top of a cap positioned
above the cylinder. The goal is to minimize the mass difference between the sample
and reference cylinders. Depending on the stage of the preparation process, the
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weights may need to be placed on either the reference or the sample cylinder (Figure
9). The balance is tared at the beginning of every weighing cycle, with the cap

positioned on top of the below-balance weighing position to subtract its weight.

Figure 9: Weights placed on top of a cap positioned above the cylinder

Before and after each weighing cycle, a 1 g mass piece is used as a reference. This
mass is placed on the balance to verify and calibrate the system, ensuring that the
measurements taken throughout the process are accurate and consistent. The use of
a 1 g mass at both the beginning and end of each cycle serves to stabilize and verify
the accuracy of the balance, correcting for any drift that may occur during the weighing

process (Alink & van der Veen, 2000).

It is important to emphasize that traceability to the mole derives from the weighing
procedure itself, the analysis of the purity of the source gases, and knowledge of the
relative molecular masses (RMMs) of the components (International Organization for
Standardization [ISO], 2015). Therefore, the mass pieces used during the weighing
process or in the calibration of the balance must be traceable. Similarly, the
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instruments used to measure ambient temperature and pressure, which are necessary
for buoyancy correction, must also be traceable to national or international standards.
All of these physical quantities are calibrated by the Physical Metrology Department
of LATU.

A CO2 PRM with an amount fraction of 0.35 mol/mol in N2 was prepared using this

methodology (Figure 10).

Figure 10: PRM prepared in aluminium cylinder

3.4. Homogeneity evaluation

Ensuring the homogeneity of the gas mixture is a crucial step in the preparation
process, as any inhomogeneity can result in inaccurate measurements and
compromise the traceability of the CRM/PRM. After the final parent gas has been
added, and weighed in the case of a PRM, the cylinder must undergo homogenization
to achieve a uniform composition throughout (Dias & Costa, 2019; Almirén et al.,
2024).
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This homogenization is carried out by rolling the cylinder in a horizontal orientation
using a homogenizer instrument (Figure 3). The minimum homogenization duration
should be determined based on prior experimental knowledge. Density differences
between the gas components are particularly important to consider; when a
component has a significantly higher relative density than the balance gas, short rolling
times may not ensure complete (International Organization for Standardization [ISO],
2015). Moreover, re-homogenization may be necessary after prolonged storage to
maintain mixture integrity, as factors such as density differences, temperature
variations, adsorption, partial condensation, and chemical reactions can affect
homogeneity over time. Failure to do so may lead to compositional drift and variations
in the assigned value of the gas mixture (International Organization for Standardization
[1ISO], 2017, 1ISO 16664).

Since the gas mixture undergoes proper homogenization through rolling and is
composed of gases with similar densities that do not condense, inhomogeneity is not
expected to contribute to measurement uncertainty. Therefore, no additional

component related to inhomogeneity needs to be included in the uncertainty budget.

3.5. Long term stability evaluation

The long-term stability of a gas mixture is important to make sure its composition stays
the same over time. Several factors can impact stability, including adsorption onto the
cylinder walls, chemical reactions between components, leaks through seals, and
changes in pressure or temperature. Over time, these effects can slightly change the
amount fraction of some components, leading to variations from the original

composition (International Organization for Standardization [ISO], 2015).

To account for these possible changes, the uncertainty related to stability is included
in the overall uncertainty calculation. This helps measure any potential drift in
composition over time and ensures the mixture remains reliable. Stability studies
usually involve checking the mixture at different time intervals to track any changes,
often modelled as a slow drift in the amount fraction (Durbiano et al., 2024). If

significant changes are detected, adjustments may be needed, such as applying
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corrections or reducing the validity period or enlarging the uncertainty associated with
the mixture composition.
The gas mixtures were tested at various points throughout their lifespan and continue

to be monitored.

3.6. Evaluation of short-term stability

Short-term stability, also known as, transportation stability is a property of the material
referring to stability under expected transport conditions. For this, the behaviour of the
material and its property values are studied under (as a minimum) the intended
conditions for packaging and transport. The more restrictive the intended conditions
for transport are, the smaller is the range of conditions that should be included in the
transportation stability study (International Organization for Standardization [ISO],
2024). Factors such as temperature fluctuations, pressure changes, and exposure to
moisture can affect the stability of the reference gas mixtures (International
Organization for Standardization [ISO], 2017, ISO 16664).

If there is no prior experience with a specific material, a short-term stability study
should be conducted to determine suitable transport conditions. The study should
simulate the expected transport duration and conditions, including possible extreme
temperatures. Generally, the study period should match or slightly exceed the actual
transport time. For example, if transport is limited to 3 weeks, a 3 to 4 week short-term
stability study would be sufficient (International Organization for Standardization [ISO],
2024).

It is assumed in the ISO 33405 standard that transport conditions will usually be
sufficiently closely controlled that the effect of transport does not significantly affect the
property values and does not require an increase in uncertainty for certified values.
Transportation stability studies are therefore assumed to be designed primarily to
check for significant change rather than to provide an accurate quantitative estimate

of change (International Organization for Standardization [ISO], 2024).

If a reference gas mixture is found to be susceptible to instability under transport
conditions, adjustments such as selecting an appropriate cylinder treatment or
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maintaining the temperature within a controlled range may be necessary to preserve
its composition. The mixtures prepared in this work, 1500 pumol/mol of CO in N2 and
0.35 mol/mol of CO2 in N2 are both susceptible to temperature related effects that

could compromise their integrity during storage and transportation.

In the case of mixtures of CO2, adsorption onto cylinder walls is a well-documented
phenomenon, particularly if the cylinder has not undergone proper surface treatment
or has been exposed to humidity before filling. Variations in temperature can increase
desorption, which may lead to slight changes in the gas mixture composition over time
(Miller et al., 2015). Additionally, at high pressures, CO2 can partially condense if the
temperature drops significantly, leading to phase separation. Since obtaining pre-
treated cylinders is challenging, and the cylinders used in this work are aluminium
cylinders with no special treatment, maintaining a controlled temperature range during
transport is crucial to preserving the integrity of the mixture. Another important
precaution taken during gas mixture preparation is avoiding the use of Snoop® for leak
testing. Snoop® is only applied to the connections between the pressure regulators
and the direct injection system of the gas chromatograph, ensuring that it does not

interfere with the composition of the prepared mixture.

On the other hand, CO is a reactive gas and can slowly oxidize to CO2in the presence
of residual oxygen, a reaction that is accelerated by elevated temperatures. If trace
amounts oxygen are present in the cylinder or valve, prolonged exposure to high
temperatures during transport may accelerate this oxidation, leading to a reduction in
CO amount fraction over time. Furthermore, CO is known to weakly adsorb onto
cylinder walls, particularly when aluminium or untreated steel cylinders are used. As
with CO2, temperature increases can promote desorption, causing slight fluctuations

in the measured CO amount fraction immediately after transport.

For this reason, a short-term stability study was performed by placing the PRM of CO2
in N2 in a refrigerator at 4°C for two weeks. Afterward, it was analysed and then placed
in a stove at 35°C for two additional weeks, after which it was analysed again. In this
study, the thermal stability of CO> was evaluated experimentally, as it is more
susceptible to temperature effects such as adsorption, desorption, and condensation.
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However, extreme thermal stability tests were not conducted for CO, since only a
single reference standard was available, and it was not possible to prepare a second
cylinder due to the lack of pure CO. Exposing the standard to conditions that could
permanently change its composition would have made it unusable for future stability
checks. Since CO2 successfully passed the thermal stability test and is more
predisposed to temperature effects than CO, it is reasonable to assume that CO would
also remain stable within the same temperature range. However, due to the lack of
direct experimental tests on the thermal stability of CO, this conclusion is based on

theoretical considerations rather than experimental verification.

3.7. Value assignment of a reference gas mixture

3.7.1. CRM certification
3.7.1.1. CRM characterization

Characterization refers to the determination of the values of the relevant properties of
a reference material, as part of the production process (International Organization for
Standardization [ISO], 2024).

The I1ISO 33405 is intended mainly for the measurements performed to assign the
certified values for a material (y). It is important to note that a certified value shall be
a good estimate of the true value and not just the average of a population. The certified
value can be the same for many individual reference material units, if it is a batch, or
an individual value can be assigned to each unit (International Organization for
Standardization [ISO], 2024), such as the case of preparing a reference gas mixture

in a filling station with just one outlet for connecting the aluminium cylinder.

For certified values, the associated uncertainty of characterization (uchar) shall be
determined. The ISO 17034 standard requires a reference material producer to
provide evidence of the metrological traceability of the certified value to a stated
reference (International Organization for Standardization [ISO], 2016). This means
that, whatever the approach chosen, the metrological traceability of the certified values
shall be clearly defined. Traceability can only be achieved if the values that are
combined have been shown to provide valid estimates of the value of the measurand
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(as defined) within the claimed uncertainty and the results are traceable to the same
metrological reference. Ideally, the International System of Units (SI) is the preferred
metrological reference, but other internationally agreed references can be used.
Metrological traceability also applies to operationally defined measurands; it remains
essential to ensure traceability to defined metrological references by proper calibration

(International Organization for Standardization [ISO], 2016).

Characterization can be carried out using one or multiple methods across one or more
laboratories. One approach is characterization through a single reference
measurement procedure (JCGM, 2012) conducted in a single laboratory. Within this
category, one option is value transfer characterization, where a “secondary CRM” is
value assigned by directly comparing its results with those of an already characterized
and closely matched CRM (International Organization for Standardization [ISO],
2024).

When calibrating a candidate CRM, each measurement inherently compares it to
another CRM (the calibrator). In this study, the primary approach will be the calibration
curve method, using a set of PRMs with amount fractions both below and above the
candidate CRM (International Organization for Standardization [ISO], 2001).
Additionally, differences in the assigned value of the candidate CRM will be explored
using the bracketing technique and the SPEM method (International Organization for
Standardization [ISO], 2017, ISO 12963). In all three cases, it is essential that the
primary and secondary CRMs share the same gas balance to prevent matrix effects

from influencing the measurement instrument’s response.

3.7.1.2. CRM uncertainty evaluation

The uncertainty associated with the characterization value consists of a combination
of the uncertainty of the certified value of the PRM(s) used, the uncertainty of
calibration according to the chosen calibration model (which includes contribution due
to the selectivity of the technique) and the effect of repeatability on the results of the
candidate CRM. The calculated uncertainty should take account of the statistical
treatment used to obtain the assigned value (International Organization for
Standardization [ISO], 2024).
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3.7.1.3. Value assignment

Value assignment is the process of combining the results from the homogeneity and
stability assessment with the results from the characterization studies to determine the
assigned values and their uncertainties (International Organization for Standardization
[1ISO], 2024).

As previously stated, for gas reference mixtures prepared individually, there is no need
to include uncertainty components related to inhomogeneity or short-term stability.
These values are primarily informative and provide insights into the behaviour of the
prepared mixtures. The uncertainty budget for a gas mixture CRM will include the

characterization uncertainty component and the long-term stability component.

These values are then documented in a certificate, following the requirements of the
ISO 6141 standard, which specifies the minimum requirements for the contents of
certificates for homogeneous gas mixtures in gas cylinders intended for use as
reference gas mixtures (International Organization for Standardization [ISO], 2015,
ISO 6141).

3.7.2. PRM cetrtification
3.7.2.1. PRM characterization

PRMs are prepared by transferring pure gases, pure liquids, or gravimetrically
prepared mixtures of known composition quantitatively into a cylinder in which the
calibration gas will be contained. The traceability to the S| of amount fractions of these
mixtures arises from the correct execution of the determination of the added gas
masses, the conversion of the added masses to amounts of substance by knowledge
of their chemical purity and appropriate relative molecular masses, and the verification
of the final mixture against independent reference gas mixtures (International
Organization for Standardization [ISO], 2015).

The amount fractions of the components in the final mixture, y,, can be calculated
using Equation 3, according to the ISO 6142-1:2015 standard. In the formula x, ; is

the mole fraction of component k in parent gas or liquid j, x; ; is the mole fraction of
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component i in parent gas or liquid j, m; is the mass added of parent gas or liquid j,
and M; is the molar mass of component /i (International Organization for
Standardization [ISO], 2015).

r Xhe,j X M
J=1 a X"j XMl'

i=1"1

Vi =
r (T
J=1 q xi,j X Mi

i=1

(3)

Equation 3 provides a general approach for calculating the amount fractions of the
components in the mixture. However, considering that PRM prepared in this work is a
binary mixture, consisting only of CO2 and N2, the formula was simplified accordingly.
As a result, the amount fraction of CO2 was determined using Equation 4, while the

amount fraction of N2 was calculated using Equation 5.

[(xcoz,coz X mcoz) n (xCOZ,NZ X mNZ)]

Yeoz = Xcoz2,c02 X mcolzwco2 Xcoz,N2 X mNzMN2 XNz, N2 X Mp2 (4)
[( Mo, )+ ( My, )+ ( My, )]
(xNZ,NZ X mNZ)
YNz = Xco2,c02 X Mco2 xcofIIvIZZX My, Xnz,N2 X My, ©)
[( Mo, )+ ( My, ) + ( My, )]

In both Equations, y.o, and y,, represent the amount fractions of CO2> and Na,
respectively, in the final mixture. xco, c0, iS the mole fraction of carbon dioxide in the
pure CO2 cylinder, x¢p, n, iS the mole fraction of an impurity of carbon dioxide in the
pure N2 cylinder and xy, y, iS the mole fraction of nitrogen in the pure N2 cylinder.
Additionally, m.o, and m,, are the masses of CO> and N introduced into the
preparation cylinder, while M.,, and My, are the molar masses of CO2 and Ny,

respectively.
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To calculate each parameter from the Equations above, it is necessary to consider the

gravimetric calculations, the impurities in the gases, and the molar masses.

3.7.2.1.1. Gravimetry

The chosen weighing procedure used is known as the substitution or Borda method.
In this method, the reference cylinder and the sample cylinder are weighed
sequentially on a comparator balance. Since both cylinders are made of the same
material and have similar masses, the influence of laboratory air buoyancy on the
results is significantly reduced. To achieve high accuracy, the mass difference between
the reference and sample cylinders is compensated by adding or removing small mass
pieces. This approach allows precise measurements within a narrow mass range
(Alink & van der Veen, 2000; Sega et al., 2008).

The added masses of gases, m;, were calculated by determining the difference
between the results of consecutive weighing cycles, as expressed in Equation 6 (Alink
& van der Veen, 2000). In the first weighing cycle, w,, the mass difference between
the reference cylinder and the empty sample cylinder was measured. In the second
weighing cycle, w;, the mass difference between the reference and sample cylinder
containing the first added gas, CO2, was determined. In the final weighing cycle, w,,
the difference between the cylinders was computed, with the sample cylinder

containing both CO2 and the balance gas, Na.

mp=Wwp = Wi (6)

The result of each weighing cycle, w;, was calculated using Equation 7. In this
expression, e; is the calibration factor, g; is the reading of the sample cylinder, p; is
the reading of the reference cylinder, W is the total mass of mass pieces added to the
reference cylinder and M; is the total mass of mass pieces added to the sample
cylinder. p,; ; is the density of the air, ps is the density of the mass pieces, Vs ; is the

volume of the sample cylinder and V is the volume of the reference cylinder. The

calibration factor is used to convert the reading values into units of mass. This
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calibration is performed at the beginning and end of each weighing cycle by adding a

1 g mass piece to the reference cylinder (Alink & van der Veen, 2000).

pair,j

w; = e;(q; —p;) + (W — ;) (1 - ) + Pair,j(Vsj = Vi) (7)

N

The calculation of (qj - pj) and e; considered the sequence of the weighing process,
as detailed in Table 1. In this table, R is the reference cylinder, S the sample cylinder

and Q is the 1g calibration mass piece.

Table 1: Weighing process for the reference and sample cylinder.

Weighing number System Reading
0 R+W+Q mc,o
1 R+ W mc,1
2 S+M mc,2
3 R+W mc,3
4 S+M mc,4
5 R+W mc,s
6 S+M mc.6
7 R+W mc,7
8 R+W+Q mc.s

The term (qj — pj) was calculated using Equation 8 and e; using Equation 9 (Alink &

van der Veen, 2000).

1
(Qj - Pj) =% (ch,z +2me,+2meg —mey — 2me 3 — 2mes — mc,7) (8)

ZmQ

e- =
! (mc,o —Mcy +Mcg — mc,7)

The volume difference was calculated according to Alink et al. Both cylinders used are
the same at the start of the preparation process, but while preparing the gas mixture
the pressure in the sample cylinder increases from vacuum to over 100 bar. For an
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aluminium-alloy cylinder with an internal volume of 5 L and a pressure difference of
120 bar, the volume increases by (12 £ 1) cm? (Alink & van der Veen, 2000).

The density of the weights used was determined through their calibration certificate,
following the guidelines of the International Recommendation OIML R 111-1 for E2
stainless steel weights. Its assigned value was 7950 £ 0.02 kg/m?® (International
Organization of Legal Metrology [OIML], 2004).

The air density was calculated using Equation 10 based on Jones et al:

_PMqy My 10
Pair = 7RT _xv( _Ma)] ( )

In this Equation, P is the atmospheric pressure, T the thermodynamic temperature, x,,
the mole fraction of water vapour, M, the molar mass of dry air, M,, the molar mass of

water, R the molar gas constant, and Z the compressibility factor (Jones, 1978).

As a result, according to formula 6, the mass of CO, added to the cylinder was
calculated as the difference between the masses obtained in the second weighing
cycle and in the first weighing cycle. In the same way, the mass of N2 added to the
cylinder was determined as the difference in mass between the third and second

weighing cycle.

3.7.2.1.2. Burity of parent gases

The determination of the impurities present in the different gases is crucial, as they
have a direct impact in the composition of the gas mixture.

The level of purity assessment required depends on the number of impurities that
could be critical and/or significant to the final composition of the mixture. A critical
impurity is an impurity in the parent gas that is also present as a minor component in
the same mixture at low amount fractions. A significant impurity is an impurity that is
predicted to contribute more than 10 % to the target uncertainty (International
Organization for Standardization [ISO], 2019).
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For the most accurate results, traceable purity analysis results are preferred.
Regardless of the specific impurities present in the parent gases, a traceable purity
analysis ensures that all impurities are accurately quantified and properly considered
in the final mixture calculation. Performing a traceable purity analysis requires
calibrating the analyser using reference gas mixtures with defined uncertainties and
quantifying the impurities by direct comparison with these calibration mixtures,
following the methods described in ISO 6143 and ISO 12963 (International
Organization for Standardization [ISO], 2019).

However, quantifying every possible impurity in a pure gas requires multiple
instruments and different reference gas mixtures at amount fraction levels suitable for

each impurity, making the process complex and costly.

In the field of gas analysis, it is common to perform an indicative purity analysis when
full metrological traceability is not established or when the necessary resources for a
traceable purity analysis are not available. One typical example of indicative purity
analysis is relying on data from the “certificate of analysis” provided by the gas
manufacturer, even when metrological traceability is not explicitly stated. Any data
without established traceability must be considered indicative (International
Organization for Standardization [ISO], 2019).

When reporting the results of an indicative purity analysis, any potential bias in the
data must be accounted for by either including an appropriate uncertainty component
to reflect the possible bias or applying a correction for the bias. Gas manufacturers
often quantify the purity of their gases based on the analytical capabilities used for
purity assessment or by monitoring the production process. If an impurity is likely to
be present in the “pure” parent gas but is below the detection limit of the analytical
method, the detection limit is typically stated in the manufacturer’s specifications

(International Organization for Standardization [ISO], 2019; Mulyana et al., 2020).

In this case, the amount-of-substance fraction of the expected impurity, x;;, shall be

set equal to half of the value of the detection limit of the analytical method, Ljj, as

shown in Equation 11. The uncertainty associated with x;; is evaluated assuming a
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rectangular distribution with L;; being the upper limit of the rectangle, and zero the

lower limit (Equation 12).

Xy =2 (11)

g (12)

The amount fraction of the most abundant component was calculated by subtracting
the sum of all impurities in the parent gas from 1, as expressed in Equation 13. Its
uncertainty was determined using the law of propagation of uncertainty described in
GUM-6 (Joint Committee for Guides in Metrology [JCGM], 2020) (Equation 14).

Xij=1_ Z xij (13)

u?(wy;) = z u?(x;;) (14)

i=1,j#k

It is important that if an impurity is considered critical and/or significant, a purity
analysis with traceable results must be performed. Since nitrogen typically contains
carbon dioxide impurities, and the main component of the mixture is carbon dioxide, a
purity analysis was conducted using the table provided by the gas manufacturer to

confirm that the CO2 impurity is neither critical nor significant.

3.7.2.1.3. Molar masses

Molar masses are essential for converting mass fractions to amount fractions in gas
mixtures. The values of atomic weights used to calculate molar masses must be taken
from the latest IUPAC publications, as atomic weights and molecular masses depend
on isotopic composition and nuclide masses (International Organization for
Standardization [ISO], 2015).
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When determining atomic weights and molecular masses, two key factors must be
considered: whether the isotopic composition of an element in a specific material can
be measured and whether literature data are available for that element. If either
condition is met, these data should be used alongside the latest IUPAC values.
Otherwise, standard atomic weights from IUPAC should be used (International
Organization for Standardization [ISO], 2015; Aoki et al., 2019).

In this work, the data for calculating the molar masses and the associated uncertainties
for CO2 and N2 were calculated using the most recent atomic masses and isotopic
abundances reported by the IUPAC (Prohaska et al., 2022).

3.7.2.2. PRM verification

The composition of a calibration gas mixture shall be verified experimentally to
demonstrate that the composition of the calibration gas sampled from the cylinder is
consistent with the composition calculated from the gravimetric preparation process.
The verification is relevant to detect possible errors in the preparation process of the
individual gas mixture, the presence of any chemical reaction between the
components of the mixture or between any component and the cylinder. The
composition of a calibration gas mixture can only be considered traceable to the SlI

when it has been verified (International Organization for Standardization [ISO], 2015).

The verification of the composition of a calibration gas mixture may be achieved by
demonstrating consistency between the prepared mixture and appropriate reference
gas mixtures. This verification must be performed by analysing the prepared mixture
against independent reference mixtures. These reference standards must be prepared
separately, ensuring they are not derived from the same parent gases or produced
within the same batch, particularly in cases of simultaneous cylinder preparation, thus

assuring different traceability chains.

The verification process follows the same methodology outlined for gas mixture
calibration, in accordance with ISO 6142 when using a calibration curve, or ISO 12963
when assigning values through the two other validated procedures in this study:
bracketing and/or SPEM (International Organization for Standardization [ISO], 2001;
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International Organization for Standardization [ISO], 2017, ISO 12963). Additionally, it
is crucial to use reference gas mixtures with the same balance gas to minimize matrix
effects in the analysis. If mixtures with different matrices are used, the procedure must

undergo thorough validation.

The uncertainty calculation for verification considers the number and uncertainty of
standards used, process repeatability, and the number of repetitions of the verification.
It may also include method performance in previous analyses, proficiency testing
participation, and quality system monitoring to ensure reliability and corrective actions

when necessary (International Organization for Standardization [ISO], 2015).

The calibration mixture passes the verification if it passes the criterion:

|yk,prep - yk,verl =< 2\[112 (Yk,prep) + uZ(YIc,ver) (15)

In Equation 15, Yiprep represents the amount fraction obtained from the preparation
process, while Yiver denotes the amount fraction determined through verification by
measuring the mixture. The terms u? (yk‘prep) and uz(yk,ver) correspond to their

associated uncertainties, respectively.

3.7.2.3. PRM uncertainty evaluation

The combined standard uncertainty of the amount fraction of component k in the final
mixture shall be calculated using Equation 16 (International Organization for
Standardization [ISO], 2015).

1
uc(yk) = E\/uz (yk,prep) + u? (YR,ver) + (YR,prep - yk,ver)z (16)

Where uz(yk,m) is calculated according to the methodology used, and u? (yk,prep) is

calculated according to Equation 17.
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u(yk,prep) = \[uz (yk,grav) + uZ (yk,stab) (17)

The uncertainty computed from gravimetry u? (yk,gm,,) is calculated by the application

of the law of propagation of uncertainty to Equation 7 and is calculated according to

Equation 18.

q
dy
u? (Yk,grav) = z (al\;
i=1 t

2 r 2 r 4
) X uZ(Mi) + z <(§%> X ’LLZ (mj) + z Z ((5)2‘11{) X uz(xl-,j) (18)
j=1 N Y

j=1i=1

Finally, the expanded uncertainty is calculated multiplying w.(y,) by the coverage

factor, k = 2 (Equation 19). This uncertainty corresponds to the reported uncertainty in
the PRM certificate.

Ui) =k X uc(yi) (19)

3.8. Comparison of methods for determining the composition of reference gas

mixtures

3.8.1. Calibration curve method

The calibration of a measurement system based on input and output variable
measurements, along with their associated uncertainties, involves estimating
parameters that best describe the relationship between them. In this case, the
calibration of the gas chromatograph with FID/TCD detectors is done using PRMs,
and in this way, the parameters defining the calibration curve associated with this

system are estimated.

While there are mathematically straightforward algorithms when the input variable, in
this case, the amount-of-substance fraction of the PRMs, is considered “exact”
compared to the output variable, this assumption is not valid in several applications,
such as gas metrology (International Organization for Standardization [ISO], 2001). In
such scenarios, the mathematical algorithms become more complex, and specific

strategies exist based on the classification of the regression problem. Furthermore,
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the mathematical function describing the relationship between the variables is not

always linear; in fact, it is often a second-order polynomial.

As a consequence of adopting non-linear response models, advanced regression
techniques (errors in both variables) and uncertainty propagation, the main calculation

procedures can only be performed on a computer, using a specific program.

3.8.2. Bracketing method

The bracketing method, also known as two-point calibration, consists in reducing as
much as possible the interval over which the linearity of the calibration function is
assumed. This leads to use two reference materials having property values
surrounding as tightly as possible (or bracketing) the nominal value of the unknown
quantity. Because of the tight surrounding of each unknown quantity by two materials,
and because of the short period of time needed for this procedure (time to measure
the unknown quantity and the two standards), the bracketing technique usually yields
greater accuracy in determining the transformed value of an unknown quantity. The
unknown quantity and the two reference materials are measured together. The value
of the unknown quantity is estimated directly, based on a linear interpolation between
the values of the two standards (International Organization for Standardization [ISO],
1996).

Whereas the comparison methods described in ISO 6143 based on multipoint
calibration are in principle suitable for all applications in gas analysis for determining
the composition of calibration gas mixtures, in many cases simpler calibration methods
can be used. These methods typically require a smaller number of calibration gas
mixtures with a traceable composition (International Organization for Standardization
[1ISO], 2017, 1ISO 12963).

One- and two-point calibration of instruments is widely used in the gas industry and in
national metrology institutes. They often constitute fair compromise between costs and
efforts on one hand, and accuracy on the other (International Organization for
Standardization [ISO], 2017, ISO 12963). Although the bracketing technique can
significantly reduce uncertainty in many applications, gas analysis often involves
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nonlinear response models. Therefore, proper validation is essential to ensure its
applicability and to account for the necessary uncertainty components arising from

nonlinearity.

The procedure for performing the bracketing technique in gas analysis is described in
ISO 12963 — Gas Analysis — Comparison Methods for the Determination of the
Composition of Gas Mixtures Based on One- and Two-Point Calibration. (International
Organization for Standardization [ISO], 2017, ISO 12963).

The first step is to select two reference gas mixtures, with certified values x,,, and x,,,
within the range of the sample mixture for calibration, one above and one below the
sample mixture. Then, at least three replicate measurements are taken for each
calibration gas mixture. The mean response values of these replicates, y , and y_,
are calculated along with their respective standard uncertainties, u(jx1) and u(yr2).
Similarly, at least three replicate measurements of the sample are performed, and the

mean response, ys, is computed along with its standard uncertainty, u(yx).

It is assumed in general that the responses to the two bracketing gases are
uncorrelated. It is also assumed that the two bracketing gases are independent, i.e.
not derived from a common source (International Organization for Standardization
[1ISO], 2017, 1ISO 12963).

The value of the unknown, x,, is estimated using Equation 20, by assuming a straight-
line analysis function with a nonzero intercept that approximates the true calibration

function within the specified range.

X, = Vr2 X Xp1 = Yr1 X X2 + Xr2 — X1 X Y, (20)
Yr2 = Yr1 Vr2 = Vr1

To verify system stability, the measurements should be performed following the
sequence illustrated in Figure 11: first measuring the PRM with the lower value,
followed by the PRM with the higher value, then the sample, then repeating the PRM
with the higher value, and finally the PRM with the lower value. The same number of
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replicates should be used for each gas mixture; although Figure 11 shows only three

replicates per gas, this number can be adjusted.

PRM 1 PRM 1 PRM 1 PRM 2 PRM 2
PRM 2 Sample Sample Sample PRM 2
<] rep 3 <] rep 2 <] rep1l <:| rep 3
PRM 2 PRM 2 PRM 1 PRM 1 PRM 1

Figure 11: Sample and reference mixtures measurement sequence

The uncertainty associated with the amount fraction value of the sample mixture,
considered as unknown, is derived from the uncertainty of the calibration gas mixtures,
the uncertainty of the measurement responses and the contributions of the prediction
errors (Equation 21).

2 2 2
0xg

@) = (52) x00+ (52) x w0 +(32) )

2 2

0xg 5 0x, 5 5
+ <6xr2> X u®(x,,) + (ax”) X u®(x,1) + u?(4)

The analytical expressions for the sensitivity coefficients are calculated as follows:

axs) _ Xr2 T X1
Yr2 = YVr1

Xr2 — X1

ayr2> B (Vr2 = ¥r1)?

X (Vr1 = ¥s)

Xr2 — X1

N ()’rz - yrl)z % (ys B er)

) Ys = Vr1
0Xry Yr2 = Yr1

Yr2 — Vs
Yr2 = Yr1
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The estimation of the term u(A) can be calculated following two different approaches:
One of them is the performance evaluation of the measuring system and the other one
is an alternative approach to assessing the nonlinearity contribution based on GUM-6
(Joint Committee for Guides in Metrology [JCGM], 2020).

It is important to check whether the criterion in Equation 22 is fulfilled, where the
subscripts b and e denote the result for the unknown sample calculated using the
reference measurements taken at the beginning and at the end respectively
(International Organization for Standardization [ISO], 2017, ISO 12963).

|xs,b - xs,el

2 X \[uz (xs,b) + u?(xge)

=1 (22)

If the criterion is fulfilled, x, , is stated as the value and u(xslb) as the uncertainty of the

unknown composition of the mixture.

3.8.1.1. Performance evaluation of the measuring system

The performance evaluation aims at quantifying the effects of nonlinearity of the
analyser system on its performance when using bracketing. This evaluation shall be
performed at the time of implementing and validating the method and each time after
the system have been altered, maintained or replaced (International Organization for
Standardization [ISO], 2017, ISO 12963).

Nonlinearity of the measuring system would require a content-dependent correction
throughout the analytical range. To avoid such a correction, there are several
alternatives. In the ISO 12963 standard, a possible nonlinearity is treated according to
ISO 15796:2005, 5.3.4 (International Organization for Standardization [ISO], 2005), by
including the maximum possible deviation in the uncertainty budget of the reported

value.

First, select at least seven calibration gas mixtures covering the intended analytical

range and measure their response, y. If prior information on the analyser’s response
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function is available, this number may be reduced to five for quadratic and three for
linear systems. In this work, 5 PRM were selected since the analyser’s response was
already validated for the range of amount fractions under consideration, and its

response behaves like a second-order polynomial.

Using GLS regression, the best-available analysis function is tested. If the residual
sum of weighted squared deviations (SSD) is less than twice the number of calibration
points and <2, the system is linear, and u(4) is set to zero. The Goodness of Fit, I, of
a statistical model describes how well it fits into a set of observations (Maydeu-
Olivares & Garcia-Forero, 2010). The term u(4) represents the uncertainty contribution
due to zero-deviations and analyser nonlinearity (International Organization for
Standardization [ISO], 2017, ISO 12963).

If linearity is not confirmed, a second-order polynomial should be used for the fitting
and a reassessment carried out. If criteria are met, the system is slightly nonlinear,

and the uncertainty of u(4) should be assessed.

To calculate u(4), Equation 23 should be used:

A= (Bo+ P Xy+ P, Xxy?)—by—by Xy (23)

Being ,, 8,and g, the parameters of the second-order polynomial, and b, and b, the

parameters of the linear regression model used to approximate it.
The parameter u(A) would be the maximum absolute value calculated when using the

formula with yr1 and when using yr.

3.8.1.2. Nonlinearity contribution based on ISO/IEC Guide 98-3:2008

In this approach, it is necessary to calculate the true calibration function for the
analyser according to ISO 6143. The analytical range of interest will be specified by a
lower amount-of-substance fraction, x1, and an upper fraction, x2. Then, the lower and
upper responses will be computed, and the coefficients of the true analysis function
will be calculated using a second-order polynomial. Afterward, the coefficients of the
simplified analysis function will be calculated using linear regression (International
Organization for Standardization [ISO], 2017, ISO 12963).
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Then the bias between both regressions is calculated using the Equation 24:

5= F(y,) —F(y1) (24)
Y2 — V1
Where,
1 1
F()’) = (ﬁo - bo)y + E(,B1 - b1)y2 + §(,32)y3 (25)

The squared standard uncertainty of the average bias is calculated using Equation 26.

uz(g) _ G(y,) —G(y1) n H(y,) — H(y;)

2
Y2—W1 Y2—01 (26)
Where,
1, . 1
GQy) = gﬁz y® +Z X 2(By — b1)By*
1 _
+ 3 X 2 ((.30 —by—6)B2+ (B — b1)2)y3 (27)
+ (Bo—bo — 8)(Br — b)y? + (Bo — bo — g)zy
and
1 1
H(y) = yu?(bo) +3y°u?(by) + y*ulbo, by) + yu(Bo) + 3 7°u*(B1)
(28)

1 2 1
+ gysuz (B2) + y*u(By, B1) + §ysu(,30» B2) + §y4u(,31’,32)

Equations 25 and 27 are adapted to second-order polynomial regression.

Finally, Equation 29 is used to calculate u(4).

u(A) = ’52 + u2(4) (29)

3.8.3. SPEM method

Single-Point Exact-Match Calibration (SPEM) is a method used in analytical chemistry
and in general in calibration techniques where the calibration is based on a single
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reference point, and the goal is for the measured value to match exactly with a known
standard or reference value.

According to the ISO 12963 standard, the steps to check the composition of a gas
mixture are the following. First, a calibration gas mixture is selected such that the
measuring system produces, on this mixture, responses which are statistically
indistinguishable from those obtained on the unknown sample (International
Organization for Standardization [ISO], 2017, ISO 12963).

Then, at least three replicate measurements of the calibration gas mixture are carried
out and the mean response, y:, is calculated along with its standard uncertainty, u(y:).
Similarly, at least three replicate measurements of the sample are taken and the mean
response value, ys, and its standard uncertainty, u(ys) are calculated. Both
uncertainties are determined from the standard deviation of the measurements.

The sample mixture and the reference gas mixture are indistinguishable if they meet

the requirements of Equation 30.

|y — sl <
2 X Jut(y,) + uz(ys)

(30)

If the condition is fulfilled, then the amount fraction of the sample gas mixture, xg, is
calculated according to Equation 31, and its standard uncertainty, u(x,), as the square

root of the value obtained by applying Equation 32.

Y
Xg = Xp X " (31)
u? (xs) = u(x,) + ;— [12(ys) + 12(y,)] (32)

In an exact-match situation, the signal ratio for the measurements of the unknown and
the reference should ideally be unity, yielding to the “exact” match, x, = x,. If the

criterion is not met, the ISO 12963 standard recommends using an alternative
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calibration method, such as bracketing or a calibration curve (International
Organization for Standardization [ISO], 2017, ISO 12963).

To check system stability, the measurements of the reference gas mixture should be
repeated after measuring the sample mixture (International Organization for
Standardization [ISO], 2017, ISO 12963).

3.9. Software

3.9.1. XLGENLINE

The XLGENLINE 1.1 software, developed by the National Physical Laboratory (NPL),
the National Metrology Institute of the United Kingdom, allows us to perform regression
calculations using ordinary least squares (OLS) and generalized least squares (GLS)
methods with polynomial calibration curves. The ordinary least-squares regression is
a commonly used method for determining a calibration curve. This method has the
advantage that there are many software implementations available. However, implicit
in its use is the assumption that the values realized by the standards in the calibration
have negligible associated uncertainties relative to those of the measured responses
of the system. (Milton, Harris et al., 2006). In many applications, such as gas
metrology, this assumption is inappropriate. Ignoring the uncertainties associated with
the values realized by the standards can yield biased results and unreliable
uncertainties associated with estimates of quantities derived from the calibration
curve. Unlike ordinary least squares regression, the generalized least squares method
permits a valid treatment of calibration problems for which there are uncertainties
associated with measured values both of the stimulus and the corresponding response
of the measuring system, as well as correlations associated with pairs of such values
(Milton, Harris et al., 2006). Essentially, to determine the behaviour of a response
variable v as a function of a stimulus t, a model must be constructed involving
establishing the functional relationship h between v and t, which includes a set of
model parameters. The parameters a parameterize the range of possible response
behaviours, and the actual behaviour is specified by determining values for these

parameters based on measurement data (Milton, Guenther et al., 2006).
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The measurement data (x) includes the measured values of v and their corresponding
values of t (International Organization for Standardization [ISO], 2001). The
uncertainty matrices Uy, Uy, Ui, and Ut contain information about the uncertainties and
covariances associated with the measurements. The parameters of the analysis
function a can be estimated through generalized least squares analysis, which, for
measurement data with a Gaussian distribution, provides maximum likelihood

estimators.

The calculation of the parameter estimators depends on the classification of the
regression problem based on the behaviour of the variables. In gas metrology, two

common options are often used (Milton, Guenther et al., 2006).

a) Generalized Distance Regression (GDR) with negligible covariances, estimated

using the Deming method.

b) Generalized Gauss-Markov Regression (GGMR) with complete covariance

information, estimated through the minimization of the same expression.

Since the primary reference materials used for value assignment are obtained
independently, it can be assumed that there are no associated covariances. Therefore,
to obtain the parameter estimations, the XLGENLINE 1.1 software, which is based on
GDR can be used (Smith, 2010). Once the estimators of the model’s parameters a are
obtained, it is necessary to verify that the proposed model is adequate through
validation using a goodness-of-fit test. The selected model should have a goodness-

of-fit estimator (I, gamma) less than or equal to 2 to ensure adequacy.

After establishing and validating the model that relates the variables “v’ and “f’, the
model is then utilized to estimate a sample value “tsampie” from a problem value “Vsample,”
a process known as inverse evaluation or prediction. The amount-of-substance
fraction of the problem gas mixtures is determined by performing an inverse evaluation
of a regression model obtained through generalized least squares, constructed with
PRMs.

As an acceptance criterion, it must be verified that the normalised error, En, calculated
by using Equation 33, is less than or equal to 1, and that the percentage difference,

A%, between the value obtained with the inverse evaluation and the certified value
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calculated with Equation 34, is less than or equal to the relative expanded uncertainty,
UA(yO.

Criterion 1:

|Fpri — Xvatue. 1|

n = <1 33
(Ulg + (Zux value,IE)z) ( )
Criterion 2:
|A%]| < |UA%| (34)
Bearing in mind that:
A% = Xvatue. 1E — Frrm % 100 (35)
FPRM
Uy
Up% = x 100 (36)
PRM
UA =2 (ulz‘" + uazc value,IE) (37)
Being:

Xvawe. 1£: 1€ inverse evaluation of the value of x
Ux value, IE: the uncertainty associated with the inverse evaluation of the value of x
Frrm: @amount fraction value in the certificate of the PRM

Ur: expanded uncertainty of the certified value
The use of XLGENLINE v1.1 ensures reliable and standardized regression analysis in

gas metrology, providing robust uncertainty estimations and adherence to international

calibration guidelines.
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3.9.2. CCC Software

Calibration Curves Computing — CCC Software (Release 1.3), is a software,
developed in MATLAB environment, for the evaluation of instrument calibration curves,
and developed at the Istituto Nazionale di Ricerca Metrologica (INRiM) (Lecuna et al.,
2020).

The software determines estimates of the calibration curve parameters and their
associated covariance matrix, as well as estimates of values on the calibration curve
and their associated covariance matrix. The software can perform the following kinds
of regression:

- Ordinary least-squares regression (OLS)

- Weighted least-squares regression (WLS)

- Weighted total least-squares regression (WTLS)

3.9.3. GravCalc2

GravCalc2 is a software program designed by NPL to calculate the amount fraction
and uncertainty of all components in a gravimetrically prepared gas mixture, using the
method outlined in the International Standard ISO 6142 (Brown, 2009).

The ISO 6142 method determines the amount fraction and uncertainty of each
component given knowledge of:

- The mass of each component added to the mixture, and its uncertainty

- The purity of each component, and the uncertainty of the purity analysis

- The relative molar mass of each species, and its uncertainty
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CHAPTER 4. RESULTS AND DISCUSSION

4.1. Preparation and characterization of CO in N, CRM

4.1.1. Preparation of CO in N2 CRM
A mixture of CO in N2 was prepared with a target amount fraction of 1500 pmol/mol.

The CO mixture was prepared from a pre-mixture of CO at 0.04017 mol/mol in Na,
since using pure CO would have required a dilution. Additionally, this was the only CO
in N2 gas cylinder available at that moment, so the tests for preparing a CRM and
optimizing the filling station began with this gas. The N2 used for preparation was of

6.0 purity.

Initially, it was difficult to control the amount of gas entering the cylinder, resulting in
mixtures that deviated from the calculated molar fraction, either exceeding or below
the target value. To address this, the filling station was optimized by adding a pressure
regulator inside the system, connected to the station, to better control the balance gas.
Additionally, valves were installed near the cylinder valve for more precise gas flow
control, and the flexible hose connecting the system directly to the cylinder valve was
replaced with a 1/8” threaded pipeline. These modifications allowed for better

regulation of the gas entering the cylinder.

Figure 12 shows how the cylinder was initially connected using a flexible hose. At that
time, Luxfer® cylinders were not available, so a Catalina Cylinders® cylinder was used

for testing. Since the cylinder was not new, it had to be cleaned multiple times.

Figure 13 illustrates the upgrades made to the filling station, including the pressure
regulator for the balance gas, the new inlet and outlet valves near the cylinder for
improved gas flow control, and the new pipeline with greater sealing integrity, ensuring

more precise gas regulation and preventing leaks.
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Figure 13: Pressure regulator for the balance gas, the new inlet and outlet valves near
the cylinder, and new pipeline of 1/8”

The CO in N2 gas mixture was prepared in a Catalina cylinder before the system was

fully optimized. However, the resulting molar fraction was suitable for its intended use.
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The mixture was intended to serve as a reference gas mixture in a proficiency testing
scheme for the measurement of CO, with the aim of ensuring that national laboratories
accurately quantify this gas at amount fractions relevant to air quality monitoring.
Equation 1 was applied to calculate the required number of gases to introduce into the
cylinder to obtain the final mixture at the desired CO amount fraction. The conditions
were a cylinder pressure of 120 bar, a volume of 4.6 liters, and a working temperature
of 293 K.

At this stage in the CRM preparation, purity calculations were not necessary, as the
amount fraction would be determined through measurements using a GC-TCD/FID
(Figure 14) along with five PRMs.

The calculated amount of CO, using Equation 1, to be introduced into the cylinder was
22.1 g (4.18 bar), and 612.6 g (115.5 bar) of Na.

o Ll

"

!
L1LLTTL]

= i)
.
' $ i 4
- 3
. | 5

Figure 14: Gas chromatograph with TCD and FID detectors
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4 .1.2. Characterization of CO in N2, CRM

Due to the lack of pure CO, which is critical for the preparation of a PRM since its
purity must be determined for the amount fraction calculation, it was not possible to

produce a PRM of CO in N2. As a result, only a CRM of CO in N2 was prepared.

The method of characterization used was a calibration curve with 5 PRMs.

Four PRMs from the National Metrology Institute of the Netherlands (VSL) and one
PRM from the National Metrology Institute of Brazil (INMETRO) were used for the
mixture characterization (Botha et al., 2010). Their certificated values are shown in
table 2.

Table 2: PRMs from VSL and INMETRO used for characterization of the CO in N>

mixture
PRM code Am(omugflrrr]aotlz)tion Expandec(int:cr)llc/:renr;?\)inty, k=2
D887513 (VSL) 5.0x10* 1.0 x10©
D887492 (VSL) 1.0 x10°3 2.0 x10°®
D887607 (VSL) 1.5 x10°3 3.0 x10®
D887616 (VSL) 2.0 x10°3 4.0 x10°
M692238 (INMETRO) 2.5x103 9.0 x10

For the characterization of this gas mixture, a gas chromatograph with a FID detector

and a methanizer was used under the following conditions:

- Chromatographic column: Rt-Q-BOND PLOT 30m, 0.53mm ID, 20um
- Carrier gas: Helium 5.0 (99.999%)

- Loop: 500 pL

- Constant column temperature: 40 °C

- Retention time: (1.98 £ 0.01) min, GC run: 5 min.

- Software: Chromeleon 7. Thermo Fischer Scientific.

- Type of fit: GLS, second-order polynomial regression
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XLGENLINE VERSION 1.1 ANALYSIS
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Figure 15: Fitted curved of the characterization of the CO in N2 mixture, with the

measured data and their inverse evaluation

The characterization values obtained from the XLGENLINE v1.1 regression are the
following:
Amount fraction of CO = 1517.4 mol/mol

Characterization standard uncertainty = 2.4 mol/mol

The Figure 15 shows the calibration curve obtained.

The data for the method validation for the determination of CO in a CO in N2 gas
mixture in the measurement range of interest which contains the sample mixture

amount fraction, are shown in table 3.

The validation of the chromatographic method was conducted over two different days
of measurement. The entire range of PRMs, from 501x10-® mol/mol to 2471x10
mol/mol, was analysed. Six replicates were performed at each amount fraction level

to ensure statistical reliability across the calibration curve.
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Repeatability and intermediate precision were assessed by analysing the data
collected over the two measurement days, evaluating the consistency of the results

under the same operational conditions but at different times.

The accuracy of the method was confirmed by ensuring that the normalised error
between the amount fraction and its associated uncertainty, calculated via inverse
evaluation using the XLGENLINE v1.1 software, and the certified value of each PRM
remained below 1. Additionally, that the percentage difference, A%, between the value
obtained with the inverse evaluation and the certified value is less than or equal to the

relative expanded uncertainty of the difference, U,%.

Selectivity was evaluated by analysing the chromatographic resolution between
adjacent peaks and calculating the selectivity coefficient. This ensured the method's
ability to distinguish the target analyte from potential interferences or neighbouring

compounds in the matrix.

Linearity was confirmed by calculating the goodness-of-fit for the calibration curve,
with a linear regression model demonstrating the best correlation across the measured

amount fraction range.

Robustness was evaluated by introducing small variations in critical operational
parameters, specifically the carrier gas flow rate and the split ratio. These variations
did not significantly affect the retention times or peak shapes, and acceptable peak
asymmetry factors were consistently obtained, indicating the method’s resilience to

minor changes.
Lastly, the relative uncertainty of the calibration was demonstrably kept at or below

1.5%, as a predefined acceptance criterion to confirm the method's suitability for

accurate quantification.
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Table 3: Validation parameters of the CO in N2 measurement

Parameter Criteria Result
Repeatability. (n=6) RSD max day 1 = 0.25%
RSD <0.5 %
. RSD max day 2 = 0.33%
Precision
Intermediate precision: RSDp.int max = 0.72 %
RSDp.int < 1%
Max Enday 1 = 0.675
En<A1 Max En day 2 = 0.458
Accuracy 1A%)| < Uy %
|A%)| < |Uy %]| in every calibration point,
during both days.
Minimum resolution
Resolution 21,5 obtained, R=2.4
Selectivity
Selectivity = 1 Minimum selectivity
obtained, S=1.2
The calibration curve must be valid | (501 —2471)x10¢
Range .
for the working range. mol/mol
Linearity : fday1=1.2
(Regression) Goodness-of-fit test, <2 Iday2=0.9
Introduced modifications that do The modifications did not
not affect the accuracy or precision | affect the accuracy or
Robustness | of the method (carrier, split). precision of the method.
As<?2 Max As obtained = 2.0
Uy %
Day 1 Day 2
0,29% 0,36%
Uncertainty Uy% = 1.5% 0.21% | 020%
0,22% 0,21%
0,23% 0,30%
0,58% 0,74%

4.2.

4.2.1. Preparation of CO2 in N2 CRM

Preparation and characterization of CO; in N, CRM

A CO2 in N2 mixture was prepared with a target amount fraction of 0.35 mol/mol.




The CO2 in N2 mixture was prepared immediately after the system was optimized,
making the process more efficient. The mixture was prepared in an aluminium Luxfer®
cylinder. The CO2 mixture was prepared using pure industrial grade CO2 (99.9%) and
the N2 used for preparation was of 6.0 purity. This CO2, produced locally, is the highest
purity commercially available in the country, which is why it was chosen for the
preparation of the mixture.

The conditions were a cylinder pressure of 120 bar, a volume of 5 L, and a working

temperature of 295 K.

The calculated amount of CO», using Equation 1, to be introduced into the cylinder
was 378.7 g (42.2 bar), and 444.2 g (77.79 bar) of Na.

4.2.2. Characterization of CO2 in N2 CRM

The method of characterization used was a calibration curve with 5 PRMs and one
extra PRM as a quality control.

The PRMs of CO2 in N2 used for the characterization of the mixture were purchased
from the National Institute of Metrology of The Netherlands (VSL). Their certified

values are shown in table 4.

Table 4: PRMs from VSL used for characterization of the CO2 in N2 mixture

PRM code Am(onthg;t/:;iclz)tion Expandetzr:]JgﬁriréT;nty, k=2
D562955 0.05003 0.00005
D562939 0.09996 0.00010
D563094 0.20006 0.00020
D563020 0.30042 0.00030
5603670 0.40000 0.00040

For the characterization of this gas mixture, a gas chromatograph with a TCD detector

was used under the following conditions:

- Chromatographic column: ShinCarbonST 100/120 2m, 1mm ID, 1/16”0OD

- Carrier gas: Helium
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Loop: 250 pL

- Temperature program: 40 °C (3 min), ramp 8.3 °C/min to 140 °C (12 min)
- Retention time: 9.5 £ 0.5 min, GC run: 15 min.

- Software: Chromeleon 7. Thermo Fischer Scientific.

- Type of fit: GLS, second-order polynomial regression

XLGENLINE VERSION 1.1 ANALYSIS
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Figure 16: Fitted curved of the characterization of the CO:z in N2 mixture, with the

measured data and their inverse evaluation

The characterization values obtained from the XLGENLINE v1.1 regression are the

following:
Amount fraction of CO, = 0.35714 mol/mol

Characterization standard uncertainty = 0.00033 mol/mol
The Figure 16 shows the calibration curve obtained.

The data for the method validation for the determination of a CO2 in N2 gas mixture in

the range containing the sample mixture are shown in table 5.
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The validation of the chromatographic method for CO2 was conducted in a manner
similar to that used for CO validation, spanning two separate days of measurement.
The entire range of PRMs, from 2.0x10-* mol/mol to 4.0x10-" mol/mol, was analysed.
Six replicates were performed at each amount fraction level to ensure statistical

reliability across the calibration curve.

The evaluation of repeatability, intermediate precision, accuracy and selectivity was

carried out using the same procedures employed in the CO validation.

Linearity was confirmed by calculating the goodness-of-fit for the calibration curve,
with a second-order polynomial regression model providing the best correlation across

the evaluated amount fraction range.

Robustness was tested by comparing two loop volumes (2 mL vs. 250 yL), with no
significant effect on accuracy or precision. A t-student test comparison between 5 and
20 replicates showed equivalent results, confirming that 5 replicates are sufficient for
routine analysis. Initially, carryover was observed in the first replicate; therefore, it was
decided to discard that replicate and use only the subsequent five. However, after
method optimization, including the insertion of blank runs between samples, carryover

was eliminated, and all replicates could be used.
Uncertainty was also handled differently for CO,. Since the PRM at 2.0x103 mol/mol

was significantly lower than the other PRMs, the relative uncertainty criterion was

adapted accordingly.
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Table 5: Validation parameters of the CO:2 in N2 measurement

Parameter Criteria Result
Repeatability: (n=6) _
Amount fraction < 5x102 mol/mol, RSD max day 1 = 0.68%
< (0]
RSD_ 1 /O RSD max day2=017%
Amount fraction = 5x102 mol/mol,
RSD <0.3 % RSDp.int=1 %
Precision for 0.2x10-2 mol/mol
Intermediate precision:
Amount fraction < 5x102 mol/mol, | RSDpin< 0.2 %
RSDpint <1 % for the rest of the
Amount fraction = 5x102 mol/mol, | calibration points
RSDp.int < 0.3 %
Max Enday 1 =0.711
E, <1 Max En day 2 = 0.335
Accuracy o
0 |A%]| < [Uy%|
A% < [Uy%] in every calibration point,
during both days.
Minimum resolution
Resolution 21,5 obtained, R =26.3
Selectivity
Selectivity = 1 Minimum selectivity
obtained, S=5.8
The calibration curve must be valid | (2.0x103 — 4.0x10")
Range :
for the working range. mol/mol
Linearity , [day1=1.5
(Regression) Goodness-of-fit test, <2 I day 2 = 0.63

Robustness

Introduced modifications that do
not affect the accuracy or precision
of the method (loop, replicants).

As<2

The modifications did not
affect the accuracy or
precision of the method.

Max As obtained = 2.0

Uncertainty

Amount fraction < 5x102 mol/mol,
Uy% < 3%

Amount fraction = 5x102 mol/mol,
Uy% < 1%

U, %
Diay 1 Diay 2
1.850% 0.500%
0.110% 0,180%
0. 130% 0,081%

0, 102%
0,072%
0,092%

0,081%
0,0684%
0,103%
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4.3. Preparation and gravimetric uncertainty of CO; in N, PRM

4.3.1. Gravimetric preparation of CO2 in N2

A PRM of CO2 at 0.35 mol/mol in N2 was prepared, allowing for comparison with the

CRM of the same amount fraction.

The values obtained from the first weighing cycle, the one including the empty cylinder
and the reference cylinder, are shown in table 6. In the table, R is the reference
cylinder, S the sample cylinder, Q is the 1g calibration mass piece, Wis the total mass
of mass pieces added to the reference cylinder and M is the total mass of mass pieces

added to the sample cylinder.

Table 6: First weighing cycle

Measurement System Reading (g)
mc,o R+W+Q 8057.418
mc,1 R+ W 8056.427
mc,2 S+M 8056.860
mc,3 R+ W 8056.425
mc,4 S+M 8056.862
mc,s R+ W 8056.429
mc,6 S+M 8056.864
mc,7 R+ W 8056.428
mc,s R+W+Q 8057.432

The environmental conditions during the first weighing cycle were as follows: the initial
temperature was 20.6°C, relative humidity 54.1 %, and pressure 1014.0 hPa. Final
conditions were the same for temperature (20.6°C), with slight changes in humidity
(53.7%) and pressure (1014.0 hPa). Therefore, the average conditions throughout the
cycle were 20.6 °C for temperature, 53.9 % for humidity, and 1014.0 hPa for pressure.

The values obtained from the second weighing cycle, the one including the cylinder
filled only with CO2 and the reference cylinder, are shown in table 7. In the table, R is
the reference cylinder, S the sample cylinder, Q is the 1g calibration mass piece, W'is
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the total mass of mass pieces added to the reference cylinder and M is the total mass

of mass pieces added to the sample cylinder.

Table 7: Second weighing cycle

Measurement System Reading (g)
mc,o R+W+Q 8307.488
mc,1 R+ W 8306.484
mc,2 S+M 8306.683
mc,3 R+ W 8306.487
mc,4 S+M 8306.684
mc,s R+ W 8306.489
mc,6 S+M 8306.682
mc,7 R+ W 8306.485
mc,s R+W+Q 8307.489

The environmental conditions during the second weighing cycle were as follows: an
initial temperature of 20.4°C, relative humidity of 52.5 %, and pressure of 1005.0 hPa.
At the end of the cycle, the temperature was 20.6°C, humidity 52.9 %, and pressure
remained at 1005.0 hPa. Therefore, the average conditions throughout the cycle were
20.5°C for temperature, 52.7 % for humidity, and 1005.0 hPa for pressure.

The values obtained from the third weighing cycle, the one including the cylinder filled
with CO2 and N2, and the reference cylinder, are shown in table 8. In the table, R is
the reference cylinder, S the sample cylinder, Q is the 1g calibration mass piece, Wis
the total mass of mass pieces added to the reference cylinder and M is the total mass

of mass pieces added to the sample cylinder.
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Table 8: Third weighing cycle

Measurement System Reading (g)
mc,o R+W+Q 8714.419
mc,1 R+ W 8713.422
mc,2 S+M 8713.754
mc,3 R+ W 8713.421
mc.4 S+M 8713.753
mc,s R+ W 8713.421
mc,6 S+M 8713.754
mc,7 R+ W 8713.423
mc.s R+W+Q 8714.425

The environmental conditions during the third weighing cycle were as follows: an initial
temperature of 20.7°C, relative humidity of 53.4 %, and pressure of 1014.0 hPa. At the
end of the cycle, the temperature was 20.6°C, humidity 50.9 %, and pressure
remained at 1014.0 hPa. Therefore, the average conditions throughout the cycle were

20.7 °C for temperature, 52.2 % for humidity, and 1014.0 hPa for pressure.

The uncertainties associated with each parameter are calculated through uncertainty
propagation, in accordance with the Guide to the Expression of Uncertainty in
Measurement (GUM, ISO/IEC Guide 98-3), by deriving Equation 7 with respect to
each term and combining the results as appropriate. The uncertainty budget for each

weighing cycle is presented in tables 9, 10 and 11.

pair,j

w; = e;(q; —p;) + (W) — M;) (1 - ) + Pairj (Vs = Vi) (7)

N
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Table 9: Uncertainty budget for the first weighing cycle

Sensitivity

Probability

Standard

Uncertainty

Quantity | Estimate coefficient (cs) Cs value distribution | uncertainty | contribution Unit

e 1.0025 (91 — p1) 0.4348 Normal 2.9x10* 1.3x10* -

a1 8056.862 - - - - - g

12 8056.427 - - - - - g
(g1 —p1) 0.4348 e 1.0025 Normal 1.5x10°3 1.5x10°3 g

174 0 - - - - - g

M, 104.0 - - - - - g
W, —M,) -104.0 (1 - %) 0.99985 Normal 2.6x10° 2.6x10° g

S
W, — M)
Paira 1.1936 Ps -1.082 Normal 8.9x107 -9.6x107 kg/m3
+ (VS,l - VR)

Vs 1 5.012 - - - - - L

Ve 5.0 - - - - - L
(V1 —Ve) | 12x10° Pair,j 1.1936 | Rectangular | 5.0x10™ 6.0x10" L

G)
7950 p5> 1.96-x10‘ Normal 0.02 -3.9x10°° kg/m3
Ps (Wl - Ml) 3 g
(pair,l)
wy - - - - - 0.0016 g
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Table 10: Uncertainty budget for the second weighing cycle

Sensitivity

Probability

Standard

Uncertainty

Quantity | Estimate coefficient (cs) Cs value distribution uncertainty | contribution Unit
e, 0.9960 (g2 — p2) 0.1962 Normal 2.9x10* 5.6x10° -
q, 8306.683 - - - - - g
D2 8306.487 - - - - - g
(g2 — p2) 0.1962 e 0.9960 Normal 1.3x10°3 1.3x10°3 g
W, 250.0 - - - - - g
M, 0 - - - - - g
W, —M,) | 250.0 (1 - %) 0.99985 | Normal 1.2x10"* 1.2x10* g
S
W, — M,)
Pair2 1.1836 Ds 43.45 Normal 9.1x107 3.9x10% | kg/m?
+ (VS,Z - VR)
Vs, 5.012 - - - - - L
Ve 5.0 - - - - - L
(Vs, — Vi) | 12x10° Pair, 1.1836 | Rectangular |  5.0x10"* 5.9x10* L
G)
7950 pS) 4.7x10°3 Normal 0.02 9.4x10° kg/m3
Ps (Wz - Mz) g
Pair,2
w, - - - - - 0.0014 g
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Table 11: Uncertainty budget for the third weighing cycle

Sensitivity

Probability

Standard

Uncertainty

Quantity | Estimate coefficient (cs) Cs value distribution uncertainty | contribution Unit
es 1.0005 (g5 — p3) 0.3322 Normal 2.89x10* 9.6x10° -
qs 8713.754 - - - - - g
D3 8716.422 - - - - - g
(95 — ps) 0.3322 e 1.0005 Normal 6.05x10° 6.1x10* g
W3 O = = = = = g
M, 657.0 - - - - - g
Wy — M3) 657.0 (1 - %) 0.99985 Normal 1.19x104 1.2x10* g
S
(W3 — M3)
Pair3 1.1935 Ps 94.64 Normal 8.88x107 8.4x10° kg/m3
+ (VS,3 - VR)
Vs 5.012 - - - - - L
Vi 5.0 - - - - - L
(Vss — Vo) | 12x107 Pair,j 1.1935 | Rectangular | 5.00x10* 6.0x10* L
)
_) 1.24x10"
7950 Ps Normal 0.02 2.5x10* kg/m?3
pS (W3 _ M3) 2 g
Pair3
ws - - - - - 0.00090 g

The weighted mass of CO» was determined using Equation 6 with the weighing cycles

2 and 1, while the weighted mass of N> was determined using the same equation but

with the weighing cycles 3 and 2.

The combined uncertainty for the weighing process of CO, was determined as the

square root of the sum of the squared standard uncertainties for cycles 1 and 2. In the

same way, the uncertainty associated with the weighing process of N2 was calculated

as the sum of the squared standard uncertainties for cycles 2 and 3 (Alink & van der

Veen, 2000; Flores et al., 2019a).
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The determined masses and their associated standard uncertainties are shown in
table 12.

Table 12: Determined masses and their associated standard uncertainties

Mcoz (9) Ueigh (Mco2) (9) my; (9) Upeigh (My2) (9)

353.7067 0.0021 407.0757 0.0017

According to Alink et al., calculated uncertainties on numerous weighing cycles
typically vary between 0.7 mg and 1.5 mg. Additionally, tests under reproducibility
conditions for a comparator balance have shown that the results of weighing cycles
performed by six individuals on different days, using two pairs of sample and reference
cylinders, agree within 2 mg. Since we are using a manual mass comparator, which is
more difficult to handle and stabilize during measurements, a standard deviation of <
2 mg was chosen as a parameter to ensure reliability and consistency in the weighing

process, in accordance with the comparator’s control requirements.

The standard deviation for each weighing cycle was calculated from the differences
between consecutive readings: (m2— mj1), (m2- m3), (M4 — m3), (M4 - ms), (Me— M5),
and (ms — m7). The resulting standard deviations were 1.6 mg for the first cycle, 2.0

mg for the second cycle and 0.8 mg for the third cycle.

4.3.2. Purity assessment of CO2 and N>

The data from the certificate of analysis issued by the gas manufacturer is presented
in Table 13 for N2 and Table 14 for CO..
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Table 13: Impurities of the N2 6.0 according to the gas manufacturer

Component Specification (umol/mol)
Nitrogen >999999
Carbon dioxide <0.1
Hydrocarbons <0.1
Water <0.2
Carbon monoxide <0.1
Oxygen <0.5

Table 14: Impurities of the pure industrial CO2 according to the gas manufacturer

Component Specification (umol/mol)
Carbon dioxide >999000
Water <150

Based on the specification tables, the CO2 impurity in the nitrogen pure cylinder
appears to be small enough not to be considered critical. It is also unlikely to be

considered significant unless the target uncertainty for CO: is extremely low.

To quantify the effect of these impurities on the uncertainty of the prepared gas
mixtures, the impurity levels reported in the manufacturer's specifications were used
as the basis for estimation. In accordance with ISO 19229, when an impurity is below
the limit of detection of the analytical method, its molar fraction (International
Organization for Standardization [ISO], 2019), x;;, is conventionally calculated as the
half of the value of the limit of detection, L;; (Equation 11). The associated standard
uncertainty is then evaluated assuming a rectangular distribution with L;; being the
upper limit of the rectangle, and zero the lower limit (Formula 12) (Aoki et al., 2019;
Shehata et al., 2021).
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The molar fractions and associated uncertainties of N2 and CO» are shown in tables

15 and 16, respectively.

Table 15: Molar fractions and associated uncertainties of the N2 impurities

Component (pm;?)jmol) (pmucg;ier\ol)
Nitrogen 0.99999950 0.00000016
Carbon dioxide 0.000000050 0.000000029
Hydrocarbons 0.000000050 0.000000029
Water 0.000000100 0.000000058
Carbon monoxide 0.000000050 0.000000029
Oxygen 0.00000025 0.00000014

Table 16: Molar fractions and associated uncertainties of the CO:2 impurities

Xij u(xi)
Component
(nmol/mol) (umol/mol)
Carbon dioxide 0.999925 0.000043
Water 0.000075 0.000043

From this estimation, it can be concluded that the impurity of CO2 present in the pure
nitrogen cylinder is not considered a critical impurity. The mole fraction of 5x108
mol/mol is extremely small relative to the major component (0.35 mol/mol) in the
mixture and, therefore, does not contribute significantly to the overall composition.
Furthermore, it is concluded that the CO2 impurity is not significant, as its uncertainty

is much smaller than the target uncertainty of the mixture (1 % mol/mol).
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4.3.3. Calculation of molar masses

In addition to the purity of the components, appropriate relative atomic and/or
molecular masses must be used to convert the added masses into amounts of

substance.

The atomic weights of the elements C, O, and N were determined as the averages of
the atomic weight intervals, where a represents the lower limit and b the upper limit,
as provided by (Prohaska et al., 2022). The associated uncertainties were calculated
using a rectangular distribution, with a and b being the end points of the distribution.

Results are shown in Table 17.

Table 17: IUPAC atomic weights of elements and their uncertainties (numerically

equivalent to g/mol)

Atomic Standard
Element a b . )
weight uncertainty
N 14.00643 14.00728 14.00686 0.00025
O 15.99903 15.99977 15.99940 0.00021
C 12.0096 12.0116 12.01060 0.00058

The molar masses of CO2 and N2 were calculated using Equation 38 and their
associated uncertainties were determined using Equation 39. In both equations v,; is
the stoichometric coefficient for the element z, Z is the number of atoms present in all

components in the composition of the mixture, and A, the atomic weight of element z.

Z
Mi = z inAZ

z=1

Z

wA(M) = ) vir(4,)

z=1

(38)

(39)
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The molar masses calculated for both gases are shown in table 18.

Table 18: Molar masses and associated uncertainties

Mo, (g/mol) 44.00940 w(Meos) (g/mol) 0.00072

My, (g/mol) 28.01371 u(My,) (g/mol) 0.00049

4.3.4. Calculation of gravimetric uncertainty

The calculation of the sensitivity coefficients from Equation 21, i.e., the partial
derivates: (%)(Z%’j)(%) for each parameter are presented in table 19. The
calculations of these partial derivatives are provided below, in Equations from 40 to
53.

Table 19: Sensitivity coefficients from formula 21

Partial derivates | Values of derivates | Partial derivates | Values of derivates
Yco2 Yco2 YN2 YN2
9Yco2 0
<—a 1.14656E-08 ooz -0.229311112
Xco2,c02 0Xcoz,c02
9Yco2 0
(a 2.07301E-08 Yeoz -0.414602296
Xcoz,N2 0Xcoan2
ayCOZ aycoz
5 -0.643896324 ( ) 0.229294049
Mco2 0meo»
9Ycoz 0
( 0mN2> 3.2413E-11 (Gez) -0.00064826
N2
9Ycoz 0
(a Mcoz> -0.00158176 ( > L“’Z ) 0.000563271
co2
9Ycoz 0
5 MN2> -2.60506E-10 ( aa;wcoz 0.005210112
N2

The calculation of the amount fraction of CO2 and N2 was carried out using Equations
4 and 5, respectively, and their gravimetric uncertainty were determined using
Equations 21, with the sensitivity coefficients from above. The results are presented
in table 20.
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Table 20: Amount fractions and gravimetric uncertainties of CO2 and N2

Yco2 Ugrav (Vcoz) VN2 Ugraqv (n2)
(mol/mol) (mol/mol) (mol/mol) (mol/mol)
0.356104 0.000012 0.643896 0.000011
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Xc02,c02
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X X My Xco2,c02\ _ [(*co2,c02 n co
[(xm'm : mcoz) + (xcoz'ﬁ : mNZ) + ( NZ'NIEINZ )] X ( Meos ) [( Moy ) ( My, cor )y
N2 /
e: B e x X Mcopr Xcoz,N2 X Mp2 Xn2,nN2 X My2
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meos [( Mcoo My, N2
X x 2 Xcoz2,co2 X mcoz) n (xCOZ,NZ X mNZ)] % (xcoz,N12w+ xNZ,NZ)
m CO2,N ,
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amNZ [( MCOZ MNZ N2
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(63’602
0Mco,
[(xcoz,coz X mcoz) + (xcoz,zvz X mzvz) + (xzvz,zvz X mzvz)] % <_ Xco2,c02 X mcoz) _ [(xcoz,coz X mcoz) + (xcoz,zvz X mNZ)] % (_ Xco2,c02 X Mco2

Mcos ) (45)

_ Mco: My My, MZ,, Mo, Mpy>
- 2
[(xcoz,coz X mcoz) n (xcoz,zvz X mNZ) N (xNZ,NZ X mNZ)]
MCOZ MNZ MNZ

Xco2,c02 X Mco2 Xcoz2,N2 X My Xnz,n2 X Myz Xcoz,n2 X My2 Xco2,c02 X Mco2 Xcoz,N2 X My2 Xcoz, N2 XMpyz  Xnznz X My
T + 7 + o x (- - - T + W x (- . -~ ’
<aycoz> _ €02 N2 N2 Mg, co2 N2 My, My, (46)
OMy; [(xcoz,coz X mcoz) n (xCOZ,NZ X mNZ) n (xNZ,NZ X mNZ)]Z
Mco2 My, My,

Xco2,c02 X mcoz) n (Xcoz,Nz X mzvz) n (xNZ,NZ X mNZ)] % (mNZ) _ [(xNZ,NZ X mNZ) % (mNz)]

( 0Yn2 ): [( Mo, My, My, My, My, My, (47)
0Xn2 N2 [(xcoz,coz X mcoz) n (xCOZ,NZ X mNZ) n (xNZ,NZ X mNZ)]Z
Mco, My, My,
[(xcoz,coz X mcoz) n (xCOZ,NZ X mNZ) N (xNZ,NZ X mNZ)] % (xNZ,NZ) _ [(xNZ,NZ X mNZ) % (xCOZ,NZ + xNZ,NZ)]
(63’N2 ) _ Mco, My, My, My, My, My, (48)
omy, [(xcoz,coz X mcoz) n (xCOZ,NZ X mNZ) n (xNZ,NZ X mNZ)]Z
Mco, My, My,
[(xcoz,coz X mcoz) n (xCOZ,NZ X mNZ) (xNZ,NZ X mNZ)] % (_ XNz, N2 X mNZ) _ [(xNz,Nz X mNZ) % (_xCOZ,NZ X Mpyz — Xnznz X mNZ)]
<6yN2 ) _ Mco, My, My, M2, My, Mz, (49)
OMy;, [(xcoz,coz X mcoz) n (xCOZ,NZ X mlvz) n (xNZ,NZ X mNZ)]Z
MCOZ MNZ MNZ
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co2 N2 N2
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Mcoo My, My,
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2
( OYn2 ) _ My Mo,
- 2
Mo,
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YNz
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My,
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axcoz,zvz

>=[<
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4.3.5. Comparison of results obtained with software GravCalc2

Given that calculating the amount fraction of CO2 and N2, along with their associated
gravimetric uncertainties, according to ISO 6142 is a complex process involving many
calculations and steps, a software developed by the National Physical Laboratory
(NPL), the National Metrology Institute of the United Kingdom, was employed to
validate the results. The software, GravCalc2, is a Windows-based application
designed to calculate the amount fraction and uncertainty of all components in
gravimetrically prepared gas mixtures, following the method described in ISO 6142.
This program can be applied to any gas mixture (Brown, 2009). The results obtained
for the amount fraction and standard uncertainty of CO2 and N2, using GravCalc2

v2.3.1, are presented in Figure 17.

GraviCalc Version 2.3.1

Gravimetric composition of cylinder 3240816 241123

Date: 23/11/2024
Time: 11:50:26
Cperator: FL Mixture prepared by: FA

Lab book: FL

CUTPUTS

Component pmol/mol uncertainty % ufc
Jiop E43BE2.2359¢6 11.3532178% 0.002
Co2 356110.7603 T.775016597 0.002

Figure 17: Calculated data using software GravCalc2.

To determine whether the results show statistically insignificant differences, a
normalised error (Equation 54) was calculated between the values obtained using
GravCalc2 and those calculated manually. The values from both approaches are

presented in Table 21.
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Table 21: Comparison between GravCalc2 and manually calculated results

CO, N,
Amount fraction Standqrd Amount fraction Standgrd
Method uncertainty uncertainty
(mol/mol) (mol/mol) (mol/mol) (mol/mol)
Manual 0.356104 0.000012 0.643896 0.000011
calculation
GravCalc2 0.3561108 0.0000078 0.643862 0.000011

The normalised error calculated by applying Equation 54 was 0.24 for CO2 and 1.0 for
N2, thus proving that the results obtained from both approaches do not show a
statistically significant difference.

4.4. \Verification of CO, in N, PRM

To perform the verification of the PRM candidate, the calibration curve method was
used with five independent PRMs at proper CO2 amount fraction purchased from VSL.
The amount fractions and expanded uncertainties of the PRMs used are shown in
table 22.

Table 22: PRMs of CO:2 in N2 from VSL used for the calibration curve

PRM code Am(onthg;t/:rr]iclz)tion Expandetzr;JgﬁriréT;nty, k=2
D562955 0.05003 0.00005
D562939 0.09996 0.00010
D563094 0.20006 0.00020
D563020 0.30042 0.00030
5603670 0.40000 0.00040

The type of fit and polynomial used for this regression was the same as the one
validated for CO2 in N2 within this amount fraction range: GLS and a second-degree
polynomial. The I obtained was 0.65 and the calibration curve obtained from the
XLGENLINE v1.1 is shown in Figure 18.
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XLGENLINE VERSION 1.1 ANALYSIS
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Figure 18: Calibration curve obtained for the verification of the prepared PRM

candidate

The amount fraction and its standard uncertainty determined by the software was
0.35603 £ 0.00044 mol/mol (k = 1).

The gravimetric value of 0.356104 £ 0.000012 mol/mol (k = 1) has a significantly lower
uncertainty than the verification result of 0.35603 + 0.00044 mol/mol (k = 1), confirming
the higher precision and reliability of the gravimetric method. Also, both amount
fractions are very similar, so gravimetry results and verification are in good agreement
within their respective uncertainties. This consistency is further supported by the low

normalized error of 0.084, confirming the comparability between both results.

4.5. Homogeneity

The CO in N2 gas mixture, prepared when the cylinder homogenizer was first set up,
was rolled for approximately 8 hours to ensure uniform distribution of the CO gas within
the mixture. However, for the CO2 in N2 mixture, a homogeneity study was conducted
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(Dias, 2019). Given the viscosity of carbon dioxide at a molar fraction of 0.35 mol/mol,
homogeneity is a critical parameter to characterize.

The CO2 in N2 mixture was analysed using gas chromatography coupled with a
thermal conductivity detector after different homogenization times. The results
obtained are shown in Table 23. From these results, it can be concluded that after half
an hour of rolling, the mixture did not completely homogenize, and the obtained value

resulted from stratification of the gas mixture in the cylinder.

Table 23: Different homogenization times for a gas mixture of carbon dioxide in

nitrogen, of amount fraction equal to 0.35 mol/mol

Homogenization Amount fraction Standard uncertainty
time (h) (mol/mol) (mol/mol)
0.5 0.08554 0.00065
2 0.35398 0.00052
3 0.35714 0.00033
4 0.35644 0.00017
5 0.35710 0.00019
8 0.35803 0.00040

When a gas mixture contains components with different densities, stratification can
occur if the mixture is not properly homogenized. In such cases, the denser gas (in
this case, CO2) tends to accumulate at the bottom of the cylinder, while the lighter
component, N2, remains toward the top. If the gas sample is taken before complete
homogenization, particularly from the upper part of the cylinder, the sample may
contain a disproportionately high amount of N2 and an underrepresentation of COo.
This could explain the abnormally low amount fraction observed after only 0.5 h of
rolling (0.08554 mol/mol), despite the target value being approximately 0.35 mol/mol
(Figure 19).
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Homogeneity
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0,2750
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0,0750
04/09/2022  16/09/2022  28/09/2022  10/10/2022  22/10/2022

Measurement date

Figure 19: Homogeneity graph including all values

As the homogenization time increased, the molar fraction measurements stabilized,
indicating that stratification had been resolved and the mixture had become uniform.
To ensure selecting an optimal rolling time that guarantees the homogeneity of the
mixture, a boxplot graph was created, and the interquartile range (IQR) was
calculated. A boxplot graph is a graphical representation of the distribution of data. It
helps to visualize the spread of data points, the central tendency, and any potential
outliers. The boxplot displays the median, the first quartile, the third quartile, and the
minimum and maximum values, excluding outliers. An outlier is a data point that is
significantly different from the rest of the values in a dataset (Miller & Miller, 2000).
The IQR which is the difference between the third quartile and the first quartile. This
range captures the middle 50 % of the data, providing in this case, an indication of

how much variation exists in the rolling times that result in a homogeneous mixture.

The R Studio software and the script in Figure 20 were used for these calculations.
The script identified the first molar fraction value, 0.08554 mol/mol, as an outlier, and
the boxplot graph (Figure 21) also indicated it as an outlier. After discarding this data
point, the interquartile range was recalculated, and a new boxplot graph was
generated, showing that the molar fraction corresponding to 0.35398 mol/mol is also
an outlier (Figure 22).
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The molar fraction value corresponding to 2 h of homogenization was discarded, and
the outliers were checked again. By calculating the interquartile range, it was found
that the last molar fraction value is an outlier; however, when examining the boxplot
graph, it was observed that all molar fraction values are within the graph’s range
(Figure 23). The values obtained for 3, 4, 5 and 8 hours of rolling are showed in Figure
24.

# Datos
datos <- c(0.085537031, 0.353984318, 0.357144538, 0.356442414, 0.357101769, 0.358026617)

# Grafico de boxplot

boxplot(datos, horizontal = FaLsE, main = "Grafico de boxplot”, xlab = "Datos")
# sefalar

punto_sefialado =- 0.085537031

points(1l, punto_sefalado, col = "red”, pch = 20)

# Ccalculo del rango intercuartilico (IQR)

Ql =- quantile(datos, 0.253)
Q3 <- quantile(datos, 0.75)
IQR =<- Q3 - Ql

# Limites wvalores atipicos
Timite_inferdior =- g1 - 1.5 TR
Timite_superior =- Q3 + 1.5 IQR

# Identificacion wvalores atipicos

valores_atipicos_iqr =- datos[datos < limite_inferior datos > Timite_superior]
print({valores_atipicos_iqgr)

Figure 20: R Studio script for calculating the interquartile range

Boxplot graph
.-"_5-\. —
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E
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Figure 21: Boxplot graph for molar fraction values
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Figure 22: R studio script for outlier calculation, discarding the molar fraction value

corresponding to the half hour of homogenization
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Figure 23: Boxplot graph eliminating the amount fraction values corresponding to the

half hour and two hours of homogenization.

The difference in criteria may have been due to the limited amount of data available

for analysis. The interquartile range is a measure of dispersion based on quartiles in
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a dataset and does not take into account the distribution of data beyond those

quartiles.

Homogeneity
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09/09/2022 21/09/2022 03/10/2022

Measurement date

Figure 24: Values from 3, 4, 5 and 8 hours of rolling time.

To confirm that there is no statistically significant difference in the homogeneity of the
mixture when rolling the gas cylinder for at least 3 hours, the normalised error was
calculated between the molar fraction obtained at 3 hours and the different fractions
obtained at other rolling times: 4, 5, and 8 hours. Equation 54 was used for this
calculation, yielding the following normalised errors: En 3h-4n)= 0,942, En (3h-5n) = 0,056
and En 3nh - sn) = 0,847. Since all the normalised errors were less than 1, it can be
concluded that it is enough to roll the gas cylinder for 3 hours to obtain a homogeneous

mixture.

|xe1 — X2
E, (t1-t2) =

(54)
U)?,tl + U)?,tZ

As stated before, both gas mixtures underwent proper homogenization through rolling

and consist of gases with similar densities that do not condense. Consequently,
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inhomogeneity is not expected to impact measurement uncertainty, and no additional

uncertainty component needs to be included for this factor.

4.6. Long term stability evaluation

To calculate the uncertainty associated with the instability of the CO in N2 mixture, the

data from table 24 was used, as shown in Figure 25. The evaluation of this uncertainty

component (International Organization for Standardization [ISO Guide 35], 2017)

should be based on the uncertainty associated with predicting the change in value

between the first and last measurement. For a simple linear model applied to a

classical stability study with multiple points in time, the uncertainty associated with the

predicted change is given by Equation 55.

Table 24: Stability data for mixture of carbon monoxide in nitrogen, 1517 umol/mol

Time (weeks) Molar fraction Expanded
(mol/mol) uncertainty (mol/mol)
0 0.0015174 0.0000024
4 0.0015195 0.0000043
6 0.0015193 0.0000042
8 0.0015097 0.0000062
32 0.0015247 0.0000041
74 0.0015026 0.0000065

Uest = S(bl)(t)

(55)

In Equation 55, s(b1) is the standard error of the slope, calculated as in Equation 56,

and tis the time interval between the value assignment and the last monitoring.

s(by) =

(56)

In the equation above, s represents the residual standard error, calculated as the sum
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square of the residuals, divided by the degrees of freedom, n-2 (Equation 57), where

n is the number of data points.

Long term stability of CO in N, mixture
0,00154

0,00153

w1 |

0,00150

0,00149

Amount fraction (mol/mol)

0,00148
0,00147

Weeks

Figure 25: Values obtained from the long term stability evaluation of the CO in N2

mixture

2= 1 (Vi — by — byx)?

— (57)

Using these data, a standard uncertainty value of 8.4x10¢ mol/mol was obtained for

the instability.

Since, at the time of preparing the CO2 mixture, the only available data were the ones
associated to the above mentioned characterized mixture of CO in N2 and considering
that a CO in N2 mixture behaves similarly to a CO2 in N2 mixture in terms of reactivity
under controlled temperature and humidity conditions, the calculated instability
uncertainty for obtained for the mixture of CO in N2 was applied to the CO2 mixture.
Therefore, a stability uncertainty of 0.0020 mol/mol was preliminary associated to the

CO2 in N2 mixture.
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The CO2 gas mixture was then measured at 46, 64, and 111 weeks (Figure 26). The
previously estimated stability uncertainty was re-evaluated using the data obtained

from these measurements (Table 25), by applying Equation 58.

u(yk,stab) = b X tg (98)

This equation is less conservative than the one used before, since, instead of
considering the standard error of the slope, it directly uses the value of the slope
(International Organization for Standardization [ISO], 2015). In this way, the instability
of the mixture is directly related to the drift rate of component in the mixture, in this

case, CO..

Table 25: Stability data for mixture of carbon dioxide in nitrogen, 0.35 mol/mol

Amount fraction Expanded uncertainty
Time (weeks)
(mol/mol) (mol/mol)
0 0.35714 0.00066
46 0.35828 0.00072
64 0.35611 0.00070
111 0.35643 0.00072

Based on these data, the calculated uncertainty contribution for instability was 0.0010
mol/mol. This value is lower than the previously evaluated instability uncertainty of
0.0020 mol/mol. This reduction in instability uncertainty can be justified by considering
that the initial estimate of 0.0020 mol/mol was based on data from a CO in N2 mixture
at a much lower amount fraction, 1500 pmol/mol. Applying this uncertainty value to a
significantly higher amount fraction of CO2 in N2 mixture, 0.35 mol/mol, may have been

an overly conservative approach.

In summary, the long term instability uncertainty, u.,,, is 8.4x10 mol/mol for the CO

mixture and 0.0010 mol/mol for the CO» mixture.
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Long term stability of the CO, in N, mixture
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Figure 26: Values obtained from the long term stability evaluation of the CO2z in N2

mixture

4.7. Short-term stability evaluation

In order to carry out the short term stability evaluation, the cylinder containing a 0.35
mol/mol CO2 in N2 gas mixture was placed in a refrigerator at 4°C for two weeks. After
this period, it was returned to room temperature before analysis. The same procedure

was followed after storing the cylinder in a stove at 35°C for an additional two weeks.

In both cases, the measured values were compared to the initial value obtained before
temperature exposure. The cylinder was analysed by GC-TCD calibrated with the
PRMs purchased from VSL mentioned before (Table 22). The obtained data is
presented in Table 26 and Figure 27.
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Table 26: Short-term stability measurements

Measurement T Amount fraction | Standard uncertainty
emperature
date (mol/mol) (mol/mol)
02/09/2024 20 °C 0.35603 0.00044
30/10/2024 4°C 0.35512 0.00045
03/12/2024 35°C 0.35508 0.00037

Short-term stability of the CO, in N, mixture

0,3600

0,3580

0,3560

0,3540

0,3520

Amount fraction (mol/mol)

0,3500

209C

a0C

35¢9eC

Temperature

Figure 27: Short-term stability of the CO:z in N2 mixture

The results were analysed calculating the normalised error (Equation 54) between the

analytical amount fraction value of the gravimetrically prepared PRM measured at

20°C and the value obtained after the exposure to 4°C for two weeks, a second

normalised error between the measurements at 20°C and those taken after exposure

to 35°C, and a third normalised error comparing the values from the post 4°C and post

35°C analyses. Results are shown in table 27.
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Table 27: Comparison of the amount fractions after being exposed the sample at

different temperatures

Amount fraction (x) En
X200c-42C 0.719
X200c-350C 0.829
X3500_40C 0.039

Results show that there are no significant differences between the values measured
at the different temperatures. Therefore, it is concluded that the PRM of CO2 in N2
prepared can be exposed to a temperature range of 4°C to 35°C without altering its
assigned value. As a result, there is no need to include a component of short-term

instability in the certified value.
4.8. Certification of CRMs and PRM

4.8.1. Certification of CRMs

The expanded uncertainty for both mixtures was calculated using Equation 59,
according to the ISO 33405 standard (International Organization for Standardization
[ISO], 2024). The certification uncertainty was calculated using Equation 60 (95%

confidence level, k = 2).

Ucrm = ’ughar + u?tab (59)

Uckm = 2 X Ucppm (60)

The relevant values for the mixture of CO are reported below:
- Yehar,co = 1517.4 pmol/mol

- Uchar,co = 2.4 pmol/mol

- Ugeap,co = 8.4x10° mol/mol

- Ucgrm.co = 17x10° mol/mol
Therefore, the certified value for the CRM of CO in Nz is 1517 * 17 pmol/mol.
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The relevant values for the mixture of CO: are reported below:
Ychar,coz = 0.35714 mol/mol

Uchar,coz = 0.00033 mol/mol

Ustap,coz = 0.0010 mol/mol

Ucrm coz = 0.0022 mol/mol

Therefore, the certified value for the CRM of CO; in N3 is 0.3571 £ 0.0022 mol/mol.

The CRM of CO in N2 has a validity period of 18 months from the time of certification
and the CRM of CO2 in N2 has a validity period of 2 years and 2 months from the time

of its certification.

Considering that the uncertainty of certified reference materials should be as low as
possible, the objective was to ensure that both materials do not exceed 2% relative
expanded uncertainty, a requirement that is met for both mixtures.

The relative expanded uncertainty for the CO in N2 CRM is 1.2%, while for the CRM
of CO2in N2 is 0.61%.

4 .8.2. Certification of PRM of CO2 in N2

The uncertainty component associated with the preparation was calculated using

Equation 17. Hence, u was determined as 0,0010 mol/mol. Uncertainty

prep

components are shown in table 28.

Table 28: Uncertainty components of COz in N2 PRM

Uncertainty component Value (mol/mol)
Ugrav(Vcoz) 0.000012
Ustar (Vcoz) 0.0010
Uprep Vcoz) 0,0010
Uperir (Vcoz) 0.00044
u:(Ycoz) 0.00056
Uc(coz), k=2 0.0011
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Therefore, the certified value for the PRM of CO, in N, is 0.3561 £ 0.0011 mol/mol.

To confirm that the PRM is accurate and reliable, it must pass the verification from

Equation 15, mentioned above.

|yk,prep - yk,verl < 2\/u2 (YR,prep) + uZ(YIc,ver) (15)

The values obtained from the Equation are shown below:

|yk,prep - yk,verl = 0.000079 mol/mol

2\/u2 (yk,prep) + u2(yy er ) = 0.0022 mol/mol

According to the values from above, the verification criterion is passed and the gas

mixture prepared is appropriate to be used as a PRM.

It is important to highlight that the certification uncertainty determined for the PRM of
COs2 in N2 is half of the uncertainty obtained for the CRM of the same amount fraction
gas mixture, 0.35 mol/mol. This is because PRMs have a higher level of traceability to
the Sl units, utilizing standards with the best uncertainty and the shortest traceability

chain, whereas the value of a CRM is assigned by comparison against PRMs.

4.9. Bracketing method analysis

In addition to the analysis of the prepared CO and CO2 reference gas mixtures using
a calibration curve with VSL PRMs, other quantification techniques were also explored
for comparison purposes. Among them, the bracketing method was applied to a
different gas mixture to assess its accuracy and suitability for the verification of
reference mixtures. The following section presents the results obtained using this
technique, which offers an alternative to the calibration curve approach previously

described.
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Two PRMs of CO2 in N2 were selected to assign the value by analysis to a gas mixture

using the bracketing method. To validate the process, the unknown gas mixture was

also a PRM, allowing us to assess the accuracy of this estimation approach.

The selected PRMs are listed in Table 29 and were purchased from the National
Metrology Institute of Brazil (INMETRO).

Table 29: PRMs used for bracketing

Ref_erence PRM code Amount fraction, x Expandeduggcertainty,
mixture (mol/mol) (mol/mol)
1 M692264 0.06000 0.00027
2 M692252 0.11916 0.00039
Sample M692265 0.10010 0.00078

The two reference gas mixtures were measured five times, followed by five

measurements of the sample mixture, and then five additional measurements of the

reference gas mixtures, according to the sequence represented in Figure 11. The

measurement data is presented in Table 30, where the averages and their standard

uncertainties were calculated.

Table 30: Measurements obtained from the PRMs

Replicate m’;’g i}?:ifig? Ysample Replicate )?ID r,:al\:{ )]/C'ID rfglz
1 5.07 9.97 8.40 6 5.08 10.00

2 5.09 9.99 8.42 7 5.08 10.02

3 5.08 9.98 8.42 8 5.07 10.01

4 5.08 9.98 8.43 9 5.08 10.01

5 5.08 9.99 8.43 10 5.09 10.01

y 5.08 9.98 8.42 y 5.08 10.01
u(y) 0.0033 0.0035 0.0051 u(y) 0.0020 0.0036
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Using Equation 20, and data from tables 29 and 30, the amount fraction, x,, obtained
from the sample gas mixture was 0.1003 mol/mol. To calculate its associated

uncertainty is necessary to address the estimation of u(A).

1- u(4) using the performance evaluation of the measuring system:

Using the two PRMs for bracketing, the parameters of the best-fitting linear function
were determined using the XLGENLINE v1.1 software. The results are presented in
Table 31.

Table 31: Parameters of the linear regression

Parameter Value
b, -0.00139045
b, 0.01207736
u(by) 0.00035358
u(by) 4.98424E-05
u(by, by) -1.66657E-08

For the performance evaluation of the measuring system, six PRMs of CO2 in N2 were
measured within the analysis range, with six replicates for each, to assess the results.
As demonstrated in the validation of the method of analysis of CO2 in N2 using GC-
TCD/FID, the relationship within the measurement range of (0.002 to 0.40) mol/mol
follows a second-order polynomial behaviour. The regression was performed using the
XLGENLINE v1.1 software, confirming that the regression behaves as a second-order

polynomial with a I" value of 1.5 (Smith, 2010).

Since the XLGENLINE v1.1 software does not display the regression parameters for
a second-order polynomial, only indicating whether it is a good fit, another software,
Calibration Curves Computing (CCC Software), developed by the National Metrology
Institute of Italy (INRIM), was used. This allowed for obtaining the results shown in
Table 32 (Lecuna et al., 2020).
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Table 32: Parameters from second-order polynomial

Parameter Value Parameter Value Parameter Value
Bo 3.79864E-05 u(f3o) 1.61E-05 u(Bo,31) -2.88E-11
B1 1.19897E-02 u(31) 8.29E-06 u(3o,32) 9.51E-13
B2 1.02502E-05 u(32) 3.48E-07 u(31,82) -2.09E-12

From the data in Tables 31 and 32, and using Equation 23, the values obtained for A
are 0.0012 for the lower PRM, and 0.0016 for the upper PRM. Therefore, the value
of u(4) is 0.0016.

To ensure that the CCC software was being used correctly and to perform a validation
check, the values from clause D.4 Performance evaluation of the ISO 12963 standard
were entered, and the software's output was analysed. The results are presented in
Table 33. It was confirmed that the values are similar and within the same order of
magnitude. The minor differences between the results in the standard and those
generated by the CCC software are likely due to the different assumptions and

mathematical approaches that each method uses to get a result.

Additionally, since XLGENLINE for second-order polynomial regressions only
indicates whether the fit is acceptable or not, a comparison was made between the I
value provided by XLGENLINE using the data from the standard, the I value obtained
from the CCC software, and the I" value listed in the standard. The I" values were as
follows: 1.49 in the standard, 1.56 from CCC, and 1.46 from XLGENLINE. These

results suggest that the fit is comparable across the different software.
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Table 33: Comparison between data from the ISO 12963 standard and CCC software

ISO 12963:2017 standard CCC Software

a -3.7660E-03 -3.7933E-03

b 2.7387E-04 2.7389E-04

c 2.4027E-10 2.3910E-10
u(a) 1.7900E-03 1.7691E-03
u(b) 1.4270E-06 1.4278E-06
u(c) 6.2980E-11 6.3188E-11
¢ (a,b) -2.0070E-09 -1.9961E-10
¢ (a,c) 7.6110E-14 7.5923E-14
c (b,c) -8.0640E-17 -8.0908E-17

Below in this report, the values obtained from XLGENLINE and CCC Software are
compared.

2- u(4) using contribution based on ISO/IEC Guide 98-3:2008

Using the same values from tables 31 and 32, F(y1), F(y2), G(y1), G(y2), H(y1) and
H(y-) were calculated, using the initial and final values of y. The results are shown in
Table 34.

Table 34: Values of the different functions for the calculation of u(4)

Initial values
F(y1) F(y2) G(y1) G(y2) H(y1) H(y2)
0.0066 0.0133 4. 53E-08 9.06E-08 3.17E-07 4.26E-07
Final values
F(y1) F(y2) G(y1) G(y2) H(y1) H(y2)
0.0066 0.0133 4.62E-08 9.27E-08 3.17E-07 4.27E-07

From the table 34 it is possible to calculate §=0.0014, u(5)=0.00018 and u(A)=0.0014.

The results from the initial and final values are the same. Therefore, u(4) using this
method is 0.0014.
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Both approaches yielded similar results; however, the latter is considered more

accurate, so this value is chosen for the uncertainty evaluation.

The expressions for the sensitivity coefficients were calculated and expressed in table
35.

Table 35: Expression of the sensitivity coefficients for the uncertainty evaluation

Expression Value
0x,

(—) 0.01207736
dys

0x,

( ) -0.00822389
a%z

0xg

( ) -0.00385348
0Yr1

0x,

( ) 0.68093385
12

( ) 0.31906615
0x1

The uncertainty of the mixture, calculated using Equation 29, was then assessed as
0.0014 mol/mol.

To confirm whether the values chosen for value assignment by bracketing, i.e., using
only the initial value, are appropriate, it is necessary to verify that there is no
instrumental drift in the measurement. For this purpose, the calculated data for

Xsp » Xse» U(Xsp) @and u(xs,), as shown in Table 36, are considered.

Table 36: Amount fractions and standard uncertainties calculated from the beginning

of the analysis and at the end

x5 (mMol/mol) 0.1003 u(xsp) (mol/mol) 0.0014

Xs,e(mol/mol) 0.1001 u(xs,) (mol/mol) 0.0014

The value obtained from Equation 22 was 0.058, which is less than 1, confirming that
there is no drift. Therefore, the values used to assess the amount fraction and its
uncertainties should be those calculated using the data from the beginning of the
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analysis, x5, and u(x;,). So, the determined value using bracketing was: 0.1003 +
0.0028 mol/mol (k = 2).

Finally, since the sample mixture used was a PRM with a certified value of 0.10010
0.00078 mol/mol, a normalised error (Equation 54) analysis was performed using the
certified value and the value calculated from the bracketing method, 0.1003 £ 0.0028
mol/mol (with k = 2). The obtained E, value was 0.064, confirming that the bracketing

method is accurate.

4.10. SPEM method analysis

As with the bracketing method, the SPEM technique was also applied to a different
gas mixture to evaluate its potential for verifying reference gas amount fractions. The

following section presents the results obtained using this method.

For the SPEM analysis, five replicates of a PRM of CO2in N2 were measured, and
their mean response and standard uncertainty were calculated. After that, five
replicates of a gas mixture of CO2in N2 were measured, and the same values were
determined. The chosen gas mixture was also a PRM, allowing for accuracy
verification of the method. Additionally, five more replicates of the PRM used as the
reference gas mixture were measured after the sample mixture to check system
stability.

The certified value of the PRM used as reference was 0.09996 + 0.00010.

Results from the analysis are shown in table 37.
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Table 37: Amount fractions for five replicates of the initial and final PRM
measurements, and of the sample mixture measurement, obtained using the

bracketing method

Replicant yerm, 1(mol/mol) yerm, 1 (mol/mol) Ysample (Mol/mol)
1 8.52 8.41 8.39
2 8.42 8.43 8.41
3 8.40 8.44 8.41
4 8.39 8.43 8.42
5 8.39 8.43 8.42

Once the measurements are done, it is necessary to check if the reference gas mixture

and the sample mixture are indistinguishable. For that, Equation 30 was used.

Since the ISO 12963 standard states that the criterion should be fulfilled for the
measurements done before and after the sample measurement, the relevant results

are shown in table 38.

Table 38: Results obtained from PRMs and sample

PRM initial PRM final Sample
Yprom (Mol/mol) 8,42 8,43 8,41
U(YVprom) (Mol/mol) 0.023 0.0046 0.0068
Criterion value 0.31 1.0 -

Since criterion was fulfilled for measurements done before and after the sample
measurement, the determination of the amount fraction of the sample mixture was

performed using formula 31 and its uncertainty using Equation 32.
The determined value using SPEM for the gas mixture was 0.09978 £ 0.00058 (k = 2).

Since the sample mixture used was a PRM with a certified value of 0.10010 £ 0.00078
mol/mol, a normalised error (Equation 54) analysis was performed using the certified
value and the value calculated from SPEM. The obtained E, value was 0.33,
confirming that the SPEM method is accurate.
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4.11. Calibration curve analysis

To compare the uncertainty associated with different verification methods, a PRM of

CO2 in N2 purchased from INMETRO was analysed using the calibration curve

technique. This PRM is the same that was analysed using SPEM and bracketing

methods, mentioned above. It is important to clarify that this PRM is not the one

prepared in this work, but an independent standard used here as a sample to assess

the performance of the different verification methods.

The PRMs used for the calibration curve were all purchased from VSL, while the PRM

used as a sample was purchased from INMETRO, thus having two independent

traceability sources for the standards and the sample. The amount fractions and

expanded uncertainties of the PRMs from VSL are shown in Table 39.

Table 39: PRMs of CO2 in N2 from VSL used for the calibration curve

Amount fraction

Expanded uncertainty, k = 2

PRM code (mol/mol) (mol/mol)
D562955 0.05003 0.00005
D562939 0.09996 0.00010
D563094 0.20006 0.00020
D563020 0.30042 0.00030
5603670 0.40000 0.00040

The type of fit and polynomial used for this regression was the same as the one

validated for CO2 in N2 within this amount fraction range: GLS and a second-degree

polynomial. The [ obtained was 1.88 and the calibration curve is shown in Figure 28.
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Figure 28: Calibration curve obtained for the PRMs of VSL and the sample cylinder

The amount fraction with its standard uncertainty determined by the calibration curve
method was 0.10021 + 0.00018 mol/mol (k = 2).

Given the fact that the sample mixture used was a PRM with a certified value of
0.10010 = 0.00078 mol/mol, a normalised error analysis was performed using the
certified value and the value calculated from the calibration curve method. The

resulting En value of 0.137 confirms the accuracy of the measurement.

Table 40 shows the different values obtained from the characterization of the same

PRM using three types of calibration methods.
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Table 40: Results from different methods of characterization

Method Amza:}g:/:‘;iclz)tion Expandec(inl:(r;lc/:renr(t)?)inty, k=2
SPEM 0.09978 0.00058
Bracketing 0.1003 0.0028
Calibration curve 0.10021 0.00018

When comparing the expanded uncertainties determined for each of the methods
used, it is observed that the calibration curve method yields the lowest uncertainty
(Figure 29). This is advantageous, as additional uncertainty components, such as
those related to instability and preparation will be subsequently added. These
additional components will further increase the final uncertainty of the reference
mixture. It is important to remember that in metrology, minimizing uncertainty is
essential to ensure that appropriate values are maintained throughout the traceability
chain. For this reason, the calibration curve method is an effective approach for

achieving lower uncertainties in gas analysis.

Results from different methods of
characterization

0,1050
0,1035
0,1020
0,1005

0,0990

0,0975

Amount of fraction (mol/mol)

0,0960

0,0945
SPEM Bracketing Calibration curve

Characterization methods

Figure 29: Graph of the values obtained by the different methods of characterization
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However, since gases typically exhibit linear regressions, this method requires the use
of at least five reference gas mixtures. This involves obtaining five independent
standards and longer measurement time. In this regard, the SPEM method would be
the best option, as it allows for low uncertainties. However, its application requires a
reference mixture that is nearly identical to the sample being calibrated, strictly
meeting the criterion reported in Equation 22. If a suitable standard is available, this
method is ideal, as it significantly reduces measurement time by measuring just two
gas cylinders and it only requires one single standard. Otherwise, an additional
characterization method would be necessary, resulting in extra time and the use of

additional resources.

The bracketing method is effective when reference standards are very close in amount
fraction to the sample being characterized. However, if the analyte being calibrated is
already well studied and known to deviate from a linear relationship, this method
results in higher uncertainty compared to other approaches. Therefore, it is advisable
only when a well-established linear relationship exists within a measurement range

that covers the sample amount fraction.

In conclusion, selecting the most suitable calibration method for gas mixtures depends
on the available reference standards, the time available for analysis, and the intended
purpose of the calibration. It is essential to assess whether achieving the lowest
possible uncertainty is necessary or if a slightly higher uncertainty remains acceptable

for the client or end user.

4.12. Comparison of results between XLGENLINE and CCC software

For the calculation of amount fractions using calibration curves, the software most
commonly used was XLGENLINE v1.1. However, another software was used to

validate the calculations made by the first one.

XLGENLINE (Figure 30) is very user friendly as it works using an Excel spreadsheet.
It also allows for the inverse evaluation of results, uses polynomial regressions of order

2 or 3, and employs GLS. One of the most convenient aspects of the software is that
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it provides the result of the sample to be interpolated directly within the function,
without the need to solve for the regression that best fits. However, when dealing with
nonlinear regressions, it does not give you the parameters of the function and it only
provides the Root Mean Square Residual Error and the Maximum Absolute Weighted
Residual, which means that you can only determine whether the fit is good or not. On
the other hand, it provides the regression plot including the measured values, the fitted

data and the inverse function.

In contrast, CCC Software (Figure 31), which uses Weighted Total Least Squares
(WTLS), optimizes the estimates of both x and y, providing more accurate results in
cases where uncertainties are present in both variables. WTLS is more advanced as
it iterates through optimization processes to minimize errors in both variables, unlike
GLS, which focuses primarily on adjusting weights based on uncertainty in .
Therefore, CCC is better suited for situations where the uncertainty in x is significant,
as it allows for more precise estimations by adjusting both x and y values to minimize

the total error (Lecuna et al., 2020).

One of the advantages of CCC Software is that it always provides the parameters of
the fitted function, including the values of variances and covariances. However, while
CCC allows for performing the regression, it does not directly allow you to input the
value to be interpolated into the regression. This means that the interpolation step
must be done manually, which adds extra effort compared to XLGENLINE, where the

interpolation can be directly calculated, and the result is obtained in the same software.
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Advanced user instructions

Please refer to software documentation.
5

MEA SUR DATA DATA FOR INVERSE EVALUATION

6
7 x-values y-values y-values Uncertainties
8 associated
] with x-values with y-values with y-values
10| #HAERReRERR 1764082504 6646246519 2183185818 0,501 0,837
1| deHRHERERH 1137598912 5655886414  0,138395883 -0,201 0,577
12| FAERARRERR 1153405797 2,522137582  0,113831314
13| HeeRRERERR 0862302076 0,924507812  1,086768211
14| 9470098034 0,435358218 1,467893514 0,050281481
15| -B,999602588 0,016652810 1,316496320 0,095648405
16 |  -8,031010064 0637880668 -0,557383723 0832348464
17 | -7,397088728 0,326183628 0,628330560 0,294410816
18 2069314080 0127087415 -0,476943019  1,336181858
19 2020425400 0165042405 -2,278669454 0714324552
20
2
22 RESULTS
23
24 POLYNOMIAL FIT: OLS, DEGREE 1 INVERSE EVALUATION
25 xmin: -29,21410751 x-values Uncertainties y-values
26 xmax: 2,0804854 associated
27 ‘with x-values
28| Root mean square residual errar: 1257209554  -5,184B27529 2789295134 0,501
29 | Maximum absolute weighted residual: | 2220171551 -3,852107683 1938875787 -0.201
30
3
32 Gradient m: -0,300962069
33 | Uncertainty associated with m: 0,009848788
34| Intercept with y-axis c: -1,3503383
35 Uncertainty associated with c: 0117015536
36 Covariance associated with m and c: 0,001071881
37 | Intercept with x-axis x0: -4,519965929
38 Uncertainty associated with x0 0,257040804

DEGREE AND TYPE OF FIT

PROCESS

Pomomiceres
Type of fit: LS ACCESS ADVANCED GLS PARAMETERS |
ADVANCED GLS PARAMETERS HIDE ADVANCED GL S PARAMETERS |
i —
xmax: C ] CLEAR DATA AND RESULTS |
Tolerances
Parameter values: 1 CLEAR RESULTS ONLY |
Function values:
EVALUATE |
—
Uncertainties
associated
with y-values
0,837
0,577

C | retshestm | Tesshearig | Testshest [ ®
Figure 30: XLGENLINE v1.1 software
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Figure 31: CCC Software v.1.3

To compare the results obtained from both software programs, the data from Table 41
was used. This data was derived from measurements of different PRMs of CO2 in N2
and a sample mixture of the same gases with an unknown amount fraction and

associated uncertainty.
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Table 41: Data from a measurement of a sample mixture of CO:2 in N2 along with 6
PRMs

Standard uncertaint Measured response Standard
Amount fraction Y | values expressed as | uncertainty of the
of the amount :

(mol/mol) fraction (mol/mol) integrated area response

(PA*min) (PA*min)
2.000E-03 1.00E-06 0.1613 0.0011
5.003E-02 2.50E-05 4.1533 0.0013
9.996E-02 5.00E-05 8.2583 0.0043
2.001E-01 1.00E-04 16.4211 0.0069
3.004E-01 1.50E-04 24.5010 0.0048
0.400 0.0002 32.4229 0.0047

The unknown sample was measured along whit the PRMs in a GC-TCD and the
obtained area was 5,0133 mV*min with a standard uncertainty 0,000648537 mV*min.

Using XLGENLINE, the results were 0.060485 = 0.000055 mol/mol (k=2), as
highlighted in bold at the bottom of the inverse evaluation output (Figure 32), below
the x-values and their associated uncertainty. The uncertainty shown in the table
represents the standard uncertainty. As shown in the figure, the residual sum of
weighted squared deviations, which reflects the overall discrepancy between the
observed data and the fitted regression line, accounting for measurement uncertainty,
remains below 2. This value (1.498), also highlighted in bold, indicates a strong
agreement between the model and the data, supporting reliable quantification
throughout the calibration range. A second-degree polynomial was selected for the fit,

based on prior validation results for CO: indicating it as the most appropriate model.
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MEASUREMENT DATA DATA FOR INVERSE EVALUATION DEGREE AND TYPE OF FIT

6

T x-values Uncertainties y-values Uncertainties y-values Uncertainties Polynomial degree:
8 associated associated associated

9 with x-values with y-values with y-values Type of fit: GLS
10 2,000E-03 1,00E-06 01613 0,0011 01613 0,001085

11 5,003E-02 2 50E-05 41533 0,0013 41533 0,001330

12 9,996E-02 5,00E-05 82583 0,0043 82583 0,004317 ADVANCED GLS PARAMETERS
13 2,001E-01 1,00E-04 16,4211 0,0069 16,4211 0,006855

14 3,004E-01 1,50E-04 24 5010 0,0048 245010 0,004810 xmin: 0,0015
15 0,400 0,0002 3242292 0004766697 324229 0,004767 xmax: 0,45
16 Mixture 50133 0,000649

L

18 Tolerances

19 RESULTS Parameter values:

20 Function values:

2 POLYNOMIAL FIT: GLS, DEGREE 2 INVER SE EVALUATION

22 | xmin: 0,0015 x-values Uncertainties y-values Uncertainties

23| xmax: 045 associated associated

24 with x-values with y-values

25 | Rootmean square residual error: 1,603232 0,0019842 00000185 01613000 00010854

26 | Maximum absolute weighted residual: 1,498422 0,0500828  0,0000276 41532800 00013298

27 0,09986832  0,0000650 82583400 00043170

28 0,1999006  0,0001018 164211400 0,0068551

29 0,3003213  0,0001076 245009600 00045103

30 04001965 0,0001834 324229200 00047667

3 0,0604853 0,0000273 50133400 00006485

Figure 32: Results obtained from interpolating a mixture in XLGENLINE

Using the CCC software, the regression that best fits the data was determined, as
shown in Figure 33 and its graph in Figure 34. With these values and an R script, the
amount fraction and the uncertainty of the unknown mixture was calculated. The script

from the Figure 35 was used.

Developed in the framework of WP1l, EMRP Project NEWE4
Project financed by EURAMET

Data identifier:

Ordinary, weighted and weighted total least-sguares method

for fitting (fractional) polynomial curves to given data (x, y, Ux and Uy)
according to models la, 1b, 2a, 2b, 3a and 3b defined in Deliverable 1.1.4

Input data from File: C:‘\Users\Usuario\Decuments\Flopa\LATU\Validacién bracketing\CO2\Datos C02 ccc.xlsx

Experimental data x and y

8.1613 8.e020001
4.15328 8.e5083
8.25834 8.09996

16.42114 8.20006
24.50896 8.30042
32.42292 8.4

Regression Model: Model 3a
Fitted pelynomial curve: ¥y = a + b x + ¢ x"2

REGRESSION RESULTS:

a = 5.9530108318e-85 u{a) = 1.354215936e-85
b = 8.01199890247 u(b) = 7.383665169e-06
c = 1.851699204e-85 u{c) = 3.212213112e-87

Chi square/(n-p) = 1.9295

Figure 33: Regression results using CCC software
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Figure 34: Calibration curve using CCC software

File Edit Code View Plots Session Build Debug Profile Tools Help

o -ogl-lH B Go to fie/function ~ Addins *
© ] Untitied1* =["]  Environment History ~Connections Tutorial =0
H Osourceonsave | Q A~ *run | **| #source - = [ | 5 mport Datoset - | Ust - -
1 # Regression parameters lobal Envi t -
2 a < 5.953010318e-5 % Giooel Envronment ————
3 u_a <- 1.354215036e-5 u_b 7.383665169e-06 -
‘; b l‘]’ U-f;l;ggggqi;; p u_c 3.2122131122-07
ub < 7. 5169e-

6 C <- 1.051609204e-5 b 0.000648537
7 u_c < 3.212213112e-7 u_y 7.85012077102074e-06
8 x_val 5.01334
9 # x value y_interpolated 0.0604784374514256
10 x_val < 5.01334 # x value . Functions
11 u_x <- 0.000648537 # standard uncertainty of x value
1 regression_model  function (x)

13 # Regression function (3a model)
14 - regression_model <- function(x) {
15 return(a + b * x + € * xA2) =

) = Export ~

Files Plots Packages Help Viewer =0

18 # Calculation of y with an x = 5.01334
19 vy _interpolated <- regression_model(x_val)

21 # Uncertainty propagation for the calculation of the uncertainty in y
22 # uncertainty propagation: (dy/dx) * u_x

23 dy dx <- b + 2 * ¢ * x_val # Derivate of y with respect to x

24 u_y =<- dy_dx * u_x # Uncertainty iny

25

26 cat("el valor interpolado de y es:", y_interpolated, "\n")

27 cat("La incertidumbre asociada a y es:", u_y, "\n"}|

27:52 | (Top Level) = R Script ¢
Console  Terminal Jobs =0
e e
> -
> cat("El valor interpolado de y es:", y_interpolated, "\n")
el valor interpolado de y es: 0.06047844
> cat("La incertidumbre asociada a y es:”, u_y, "\n")
La incertidumbre asociada a y es: 7.850121e-06

Figure 35: R script for the determination of the amount fraction and uncertainty of the

unknown sample
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The calculated value using CCC software and the R studio script was 0.06047844
mol/mol with a standard uncertainty of 7.850121x106,

Table 42 shows values obtained from both software.

Table 42: Software comparison

. . Expanded
Software Amount fraction | Standard uncertainty uncertainty, k=2
(mol/mol) (mol/mol) (mol/mol)
XLGENLINE 0.060485 2.7289x10° 0,000055
CCC Software + | 4 n50478 7.85x10° 0,000016
R studio

To determine whether the results show statistically insignificant differences, a
normalised error was calculated between the values obtained using both software.
The calculated En value was 0.12, indicating that the results obtained with both

software are equivalent within their uncertainties.

113




CHAPTER 5. CONCLUSIONS

The system for vacuuming cylinders and introducing gases into aluminium cylinders
was successfully developed, achieving precise control over both mass and pressure,

which is crucial for ensuring precise preparation and accurate reference gas mixtures,

The reference gas mixtures, CRMs and PRM, were successfully developed with
metrological traceability, ensuring their accuracy and enabling international
comparability of measurements within the country. It is important to highlight that the
PRMs developed exhibit significantly lower uncertainty than CRM of the same amount
fraction and analyte, confirming that they are superior in the metrological chain for

achieving more precise and reliable measurements.

The quantification methods using GC-TCD/FID were successfully developed and
validated for value assignment and verification of the gas mixtures, ensuring reliable

and consistent results in gas mixture analysis.

The calibration methods used for the gas mixtures (calibration curve, bracketing, and
SPEM) were found to be effective, each with its advantages depending on the context.
The choice of the most suitable calibration method depends on the available reference
gas mixtures, the time available for determination, and the intended purpose of the

calibration.
The software used for uncertainty determination were validated against each other,

demonstrating that both XLGENLINE and CCC Software provide reliable and accurate

results.
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CHAPTER 6. PERSPECTIVES

The development of PRMs for gas mixtures holds significant promise for advancing
measurement capabilities across various sectors, particularly in environmental
monitoring, energy production, and industrial processes. A key aspect of these
developments is achieving greater precision and direct traceability in measurements,
especially for gases like CO. While the production of CO PRMs could not be achieved
in this particular work due to the unavailability of pure CO within the required
timeframe, developing this PRM remains essential to ensure greater accuracy in

applications such as air quality monitoring and emissions control.

Similarly, PRMs for CO are essential for both high-level and trace-level applications.
At elevated amount fractions, they are needed for the support of climate change and
greenhouse gas monitoring programs, enabling accurate and comparable data for
global emissions inventories. On the other hand, at lower amount fraction ranges, the
preparation of CO2 PRMs becomes more challenging due to the limitations in the purity
of commercially available CO2. Developing reliable PRMs at these levels is crucial for
ambient air monitoring and for calibrating instruments used in indoor air quality

assessments and sensitive analytical systems.

In addition, the use of PRMs in PT schemes is crucial to assess the performance of
laboratories and to ensure the comparability of measurement results across
institutions. This is particularly important in the context of air pollutant monitoring,
where reliable and traceable measurements are essential for regulatory compliance
and public health protection. The availability of well-characterized PRMs supports the
validation of analytical methods and reinforces national capabilities in environmental

measurement and control.

Another important area where the development of PRMs can contribute to global
progress is the hydrogen industry. As the world shifts toward renewable energy,
hydrogen plays a key role as a clean energy carrier. To safely and effectively use
hydrogen, it is important to have a solid metrological infrastructure in place.
Developing PRMs for hydrogen impurities is essential to ensure that hydrogen used
in applications like fuel cells and industrial processes meets the necessary purity
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standards. Accurate measurements of impurities will be crucial for ensuring the
reliability of hydrogen-based technologies and for safely calibrating sensors to detect
any potential leaks. This will also help standardize hydrogen production and use

across industries, making sure hydrogen can be used safely and efficiently.
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CHAPTER 7. APPENDIX

APPENDIX I: Published papers in international scientific journals.
APPENDIX II: Oral presentations at conferences or CCQM working group meetings.

APPENDIX IlI: Posters presented at conferences.
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Abstract

This paper details the activites carried out by the U hemical Metrolegy Department of LAT L in the development of 2 mational
proficiency esting (FT ) scheme aimed at ssse=sing the compeenoe of laboratories in adr quality parame ters analysis. [ this
PT scheme, environmentz] mordloring laborsiones wens requined o delermine the conceniration of e leme nts in quarte- grade
microfiber fillers and impinger solutions, aswell as o determine the amount fraction of 2 carbon monoxide in mirogen gas
mixture, within the mnge of (B0 to 1700} pmolfmol. The focus of the present paper is mainly devoied o ithe ssoond phase
of the test. which addmswx the peparation of the gas oylinder distribuied 1o each participant for measzrement. A detailed
description of this stape is provided, along with the evaluation of the mesults eported by participating laboratories. This test
provided an e ffective tool for participating laboraionie s o assess their nationz] technical compeerce, using their preferned

analysis methods,

Eeywards {ias metrology - Calibration gases - (3as mixhore preparation - Traceahbility in environmeniz] measus ments

Introduction

Carbon monoxide ({00) is a highly tmic gas, primarily
prodused by incomple e or ineficient combustion of carbon-
based fuels such 2= coal, wood and petrideum [1]. This gas
does not have a direct impact oo the Earth's emperatune,
us mothane and carbon dioxide do. However, it affects the
atmospheme s ability 10 wlfclean fom other pollutants [1].
Im Uruguay, OO0 stands out as one of the main & pollutznts,
with itz predominant sources idemtified in two significant
seciors: nesidentizl, mainly from wood burning, and
vehicular, including pascling and dizsz] whicles | 2]. Dw
bix its emvinonmental relevance, it is crucial for specialized
0 measune ment equipment weed in the country o provide
reliable mesults. To achieve thix, a ange of strate gies,

Gd Flomncaa Almandn
Fadrmirceg st org Uy
Chemscal Meirology Deperiment, Technological Latomiory
of Lirnguay {LATL ), Montevideo, Unipay
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Sirada diele Cacoe 91, 10035 Toring, ek

1 Anahviicel Chemistry Axa, Facully of Chemsiry,
Uniwemsidad de LaRepobfica, Monievideo, Lniguay

Peltlishial amling: 30 May 2024

including the otilization of certified meference materials,
instrument calibration and active participation in proficiency
esting (FT), must be implamented [ 3, 4]

As the Mational Metrology Institwie, the Technological
Laboratory of Uruguay (LATLU) plays a pivotal role in
providing tools to ensure the reliability., credibility and
quality of measnsrements raticewide. Comseque ntly, threugh
the Chemical Matrobogy Department. LATL has been a
powider of PT schemes sime 301 1, ensuring measumeme nts
quelity for national and regional laborainries.

PT schemes serve 2s a valuable guality assexsment iool
that evaluates participants" performance ageinst previously
established criteria through inter-laboratory comparisons
[3]. These schemes privide evidonce of the relishility of
mesulis from participating laboraiories, alkwing them to
demonsirabe their techmical competence and b identify
iszues in their methodologies. As a nesult, participants
gain recognition at hoth natiomal and international kevels,
meeting & fundamentz] reguine ment for accreditation wnder
the International Standerd [SOFTEC 17025 | 5).

The FT provider must document proceduns s i determine
aszigned values for measurands, considering metrological
traceability and measurement umoertzinty, mequired
o demonstrate the proficiency test’s suitability [3].

£ dpringer
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The International Vocabulary of Metrology (VIM) defines
metrological traocability as the property of a measuroment
result by which the result can be mlaked to a reference
through an unbroken and documented chain of calibra-
tions, cach contributing to the measurement uncortainty
[6]. Direct metrological traceability to the International
System of Units (SI) is obtained through primary methods,
which have the highest metrological hierarchy. In chomical
metrology, the applicable unit is the mole, and raccability
is achieved through primary methods such as gravimetry
[7], which can be applied for the realization of e lenenoe
gas mixtures in accordance with the International Standard
ISO 6142-1 [8]. This method is highly accurate and can
be e mployed for cortifying reference materials as well as
assigning meferenpoe values for proficiency e sting. Within
the framework of this PT schome, a gas mixture of CO
in nitrogen (N;) with 2 pominal amount fraction value of
1500 pmolmol was prepared. The metrological traocubil-
ity of the CO amount fraction value of this mixture was
established by wsing primary meforence materials produced
by other National Motrology Institukes.

Materials and methods
Gas mixture development

The gas mixture preparation plan aimed 2t achioving an
amount fraction of CO at 2 nominal value of 1500 pmol/
mol, starting from a pre-mixture of CO in N; with = nomi-
nal value of £0 % mol/mol and a high purity N; (6.0) as
balance gas. Preparation was carried out in an aluminum
cylinder with a 4.6 L internal volume and 2 working pres-
sure of 139 bar. It is noeworthy that this cylinder material
is compatible with both (O and N, ensuring noo-reactivity
with the contained gases [8, 9].

To determine the amount of mass to be added for cach
component in the cylinder. the idoal gas law equation, zloag
with the molar mass of the comesponding compounds, was
employed. The working temperature was maintained at
211 "°C

The cylinder intended for containing the mixture was
conditioned and evacuzied prior to usage. To achieve this, a
specialized filling and vacuum station was employed. This
station features 1 set of valves facilitating gas passage for
cylinder filling or purging. AddiGonally, it is equipped with
a mechanical pemp and a turbomolecular pump for efective
cylinder evacuation. To enhance imperity xmoval, a thermal
blanket set at 40 "C is applicd around the cylinder. ensuring
un improved vacuum (Fig. 1).

& Springer

Ag.2 Cylinder homogenirer egquipment

In accordance with the prescriptions of 1SO 6142-1
[8], the analyte gas CO was introdeced into the cylinder.
followed by the balance gas N;. The resulting mix hure was
then placed in a specialized equipment designed for cylinder
rotation, ensuring effective homogenization (Fig. 2) [10].
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Gas minture value assignment

The molar fracfon of & gas mixture, prepansd through par-
tial pressures, must be determined by analysis performed
on specific equipment, such as a gas chromatograph. This
eguipment should be properly calibrated using primary ref-
emenoe materials (PR Ms) of the same gass present in the gas
mixture, ensuring thet the assigned value is metmlogically
traceable 1o the 51 These PR Ms bold the highe st metrologi-
cal hierarchy, & their preparaton and value acxignment ane
comducted using the gravimetric method [8, 11, 12] and veri-
fied in accordance with 150 6143 standards [13].

The prepan:d mixture was imtrodsced inte 2 gas chro-
mabtograph with a fame ionization delector equipped with
u methantzer, and its value was assigned wsing 2 calibra-
tion curve determined by using PR Ms produced by the
Mational Metrology Instimte of the Netherlands (V51) and
the National Metrology Institute of Brazil (INMETRO).
Table 1 shews the refomnae standands used for calibration.

Selection of proficiency testing schame
and reference value

Thiz proficiency testing, focused on determining parameteTs
for air quality assssment. was developed in collaboration
with the Environmental Laboratory Division of DINA-
CEA—Ministry of the Emvironment of Uragusy. The aim
was b axsess the existing mnalytical capahilibes in the coun-
try, conceming the composition of the air. Participants wens
tasked with dotermining the conoontration of clements in
guartz microfiber fAlters and impinper solutions, Addibon-
ally, they were required i measure the molar fraction of 0
in a M; gas mixture within the ranpe of (300 o 1700} pmolf
mol. In the latter part of the test, three lzbomtories that ann
members of the Unupusyan Environmental Laborstories Net-
work (RLAU) participated. Measureme nts were performed
by the participants by uxing their routine echniques for
assessing (0 levels for air quality.

The implemented strategy for this FT follows a
soqquemntizl scheme and meets the requine ments of the TS0F
TBC 17043 |3, 14]. Afer measuring the gas mixture for

Table 1 Cadbralion primary rekemne melerials

the first time, the cylinder is xent to the frst labortory,
wheme the corresponding measumment is conducied.
Afier this initbal determination, the cylinder is returned
o the orgamizing laboratory., LATU, for a new analysis.
Once LATU completes its measurement, the cylinder
is transfermed to the second laboratory for forther
e termmination. This sequental patiern continue s, imolving
all participating laboratories, with the objective of
oblining a compre bensive assessment of the gas mixture
through multiple consecutive measure ments. This model
facilitates monitoring the stability of the mixtume over
time and aszeszing for any sgnificant changes in the gas

The gas mixtune used for this scheme was the first mix-
tum developed by the Chemical Metrology Department.,
= the stability study was based on bibliegraphy and in
the historical data from other carbon monmide gas mix-
tunzs in nitrogen. The strategy for selecting the refcrence
valug involved averaging every measurement performed
by LATL throughout the duration of the proficiency est-
ing [14].

Results and discussion
Reference value

Table I shows the amount fraction and uncertainty values
obtained 2t LATU during the PT schome; the measune ment
dates ame also reported. Figume 3 illustrabes these data
in @ graph. The mizmrce value and associated expanded
uncerainty &t 95 % confidence kevel for the 0D gas mixture
in Mywere 1516.5+9.7 pmol’maol. The rzference value was
calculated as the average of the four measurements, and
its umcertzinty was determined by combining the standard
unceraintes obizined ffom cach measurement, o, along
with a rectangular component, i, (Bg. 1) [1£]. The ltter
was considered o account for potential variations that may
have ocouwrmed on the difforent measuement days. The
combined uncertainty of the reference value was multiplied

Talbla 2 Results of the meesmements cerried ot al LATU during Lhe

PRM cylinder OO mmount fraction Expanded maer- FT scheme
(el mcil} lenky, & =2 fpmalf Dt Amowl rection Stanchnd wacer. Cylinder
mal} {pmalimel) tuinty umedmol)  psEm
DEATHI3 S0 1o P
DagTEa 0005 10 oMW 1374 24 1800
DagTew 15015 1 DHIVIOZT 13105 43 1400
DaETaIG 018 4D NIV 1513 432 1m0
Mgz 4mm a0 oM 10T 62 w0
£ Springsr
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Carbon mandde amount recion
(umoimal]
&
&

TORRSE RMOPAN FINSR0E  QUNLRen
B ol i Tl ek

Fig 3 Amouni Ircons oblained al LATL, in 4 doys of malysis

by a coverage facior of k=2 to determine the expanded
imeTizinty 2t apprmimaiely 95 % kevel of confide nee.

e = uL=+uzm (1

Laboratory performance evaluation

The performana evalmtion of participants was conducted
Luhg_lhe’z"-smz Eg-2) [14].

E

whene E represe nts the error (2., the diffessnce between the
valee mported by the labomtory and the relemnos valee),
gy the standard deviation of the FT (set @ 10 % of the nofior-
ence valwe) and iy ..y, the standand noeTixinty associabed
with the mifenence value.

A z" soore equal or less than 2 implies that the labors-
tory value is statistically comparahle to the mferenoe value,
considering the assumptions made in the evalmtion. A value
between 2 and 3 signals an alert mganding the obtained value
and warramts a study of the msults in case this sitsstion
mrepeais. A value equal or greater than 3 indicates a sigmifi-
cant orror in the measurement. requiring an examination of
potential error sources for come ction [14].

¥ —soome =

Table? Reportedvalues by participents in the PFT
Lahoratory Reporied value  Expor (pmoltmeal) b’ somnd

i pmodimal
1A 183 1663 1.1
1B 155 e 1.z
3 13m0 -2 3 K ]
5 1450 — % o4

£ fpringer

Table I presents the values mported by the thme
participating laboraiories identified by a pumerical code.
ensuring the confidentiality of the results. Laboratory 1
participaied using two different methods, while laboraiories
3 and 5 participated using only one techmique. The letter
accompanying each laboratory number indicates the
type of methodology wed. Letter A represents Fourier
transform infrared spectroscopy (FTIR), ketter B non-
dispersive infrared spectroscopy (NDIR) and letter C the
cleciroche mical method.

All lzhorztories obtained absolute z'-soones below
2, indicating good agmement between the conducted
measuremenis and the miErenoe value. Figure 4 displays
a graph constructed from the mporied msulis by the
laboratories. This representation visually illustrates how
all laboratories remained within the waming limits of the
graph, confirming their good performance. For the graph
construction, the warning limits wemne calculaied as the
relerena value + two times the denominator of the ='-scom,
which is the square root of the sum of the sguares of sy and
M- The action limits were determined as the moforenoe
vilue + three mes the denominator of the 2'-scone [14].

Conclusion

The e sults ohizined wveal 2 strong performance by the par-
ticipating labomtories in the proficiency testing, showcas-
ing their ability bo casry out precise measurements of 00
emissions. This reaffirms the significant coatribution of FT
schemes in preserving and enhancing the quality of emviron-
meniz]l measurements.

It is important to highlight that this PT ensures the reli-
ahility of nzsults published by laboratories but also guaran-
eos intemational comparahility in the measurement of this

(redived |

Carbon monoside gemaunt fraction

pL] 18 H 3 4 |- ] B v
N* Labsratory

s Nmlmeares sdlan meming Bden s dr e

Fig.4 Pariicipants" mporied vales
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Accraditation 2nd Quality Assucanos

gas component sinoe the reforenoe valee selecked is traceable
ta the SI.

This PT has provided valuable insights into the curnent
capabilities of environmental laboratorics in deswrmining
carbon monoxide levels. With ongoing participation in this
initiative, we anticipaie a collective imprwvement among
participants, thereby promoting 2 more accureis assessment
over time.
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APPENDIX I

Collaboration Project INTI-PTB (2025)

Seminar Presentation: The Role of LATU Supporting the Hydrogen Industry
Type of Participation: Invited Speaker

Organising Institution: INTI. Argentina

Geographic Scope: International

SURAMET SIM Projects on Hydrogen and Biogas (2024)

Seminar Presentation: The Role of LATU Supporting the Hydrogen Industry
Type of Participation: Invited Speaker

Organising Institution: INMETRO. Brazil.

Geographic Scope: Regional - Online

Gas Analysis Working Group - 48" Meeting (2023)
Type: Presentation about new developments at LATU
Organising Institution: LATU. Montevideo, Uruguay.

Geographic Scope: International

Gas Analysis Working Group - 46'" Meeting of the CCQM (2022)

Type: Presentation about development at LATU

Organising Institution: National Physical Laboratory (NPL). Teddington, United
Kingdom.

Geographic Scope: International

Gas Analysis Working Group - 39'" Meeting of the CCQM (2018)
Type: Introducing LATU Gas Laboratory
Organising Institution: Centro Nacional de Metrologia (CENAM). Queretaro, Mexico.

Geographic Scope: International
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APPENDIX I

Poster presentation at Congreso Uruguayo de Quimica Analitica - CUQA (2024)

Preparacion gravimétrica de mezcla gaseosa de _
dioxido de carbono s

ALMIRON, Florsnola’; DA BILVEIRA, Valsniina®; FERREIRA, Ellzabeth’; MEDINA, Marisia®
1 Dspartamnento de Eedrologia Guimbsa. Laboraioric Tesnokdgioo del Uruguay (LATUL Eondevideo, Uinuguay
* frsa Analitiea. Faoultad de Buimioa. Montevideo, Uruguay

INTRODUCCION

La contaminacion atmosférica e la princlpal causa del camblo climatico. En particular, en nuestro pats, log vehiculos automotorss son uno de
log mas Importantes emisoras de gases contaminantes como el mondsido da carbono y &l didxido da carbono. Para confrolar que los nivalss
emitides de estos gases a la atmasfera estén denfro de los limitss =8 daben tener equipos sspeclallzados en su medicion, que
emitan resultados precizos y conflables. Esfo 86 pusds lograr &l desarrcdlo de mezclas Qasesas de refersncla, para la callbrackon de
equipoe de analisls y para ol desarrolle de métodos de medicion Estas mezclas conflensn fracclonss de masa sxactamenis
conocidas de distintos gases, o cual permite brindar trazablibdad metrologlca @ o contaminantes atmosféricos. Las mezclas gassosas de
referencla pusden ser materiales de refersncla primarios (PRM) o matertales de referencla certificados (MRC). Los PRM 8e preparan ufilizando
matodios de medicion mlaamlonrltudunummatnnhﬂuﬁmmahmmmmrhmmtmmumha

una unldad dal Slstema Infemacional de Unidades (51). En eate caso, los PRM de mezclas ga L migdiants gr 13, que 88
una técnica trazable directaments al mol. Lmlﬂcmmmwmpuhmﬁmmmmmumcﬂmm
comparaciin con ko PRM.

OBJETIVO
Desamoliar un malerial de referencia primaric de mezcla gaseoea de didxido de carbono (COy) en nitrégeno, con el in de proporcionar medidss
precizas ¥ conflables de GOy en el pals.

METODOLOGIA

PPara |a preparacion de un PRM, g6 uillizan dos cllindros del mismo material y
volumsn. Uno de ellog actla coma cllindro de refarencla, misntras que & ofro,
a preparar, 8e llena con log gases componentss (gases padres). La masa
agregada de cada gas se detarmina como la diferencla de masa entre los
cliindros de musestra y de referencla de cada clclo de pesajs.

La trazabdiidad da estos PRM al 51 da las fracclonss de cantidad de sustancla
=6 logra @ fravés de la cormecta ejecuclon de tres pasos: la defsrminacion
praciaa de las masas agregadas, 1a converslon de estas masas a cantidades
de sustancia, conelderando su pureza quimica y las masas relativas atomicas
yio modaras, y |a verificaclon de ka mezcia final utilizando PRM Indespendlentss.

=
|
3
ES
a

RESULTADOS

S& prepand un materisl de referancia primario de 8,35 molimol de CO, en balance M,, en un cllndro de slaminko. Para
su preparacion, o cliindre 88 conecid a una esiacion de waclado y llenado de clindros donde primero se
acondiciond y lusgo Tue lienado con ambos gases. E] clindro fus pesado 6N UNa COMPAradora 08 Masss en sus tres
eiapas: vacio, luego del agregado de CO, y luego del agregado de Ny 58 calculd 1a fraccion de canbidad de sustancia
(.} 08 cada gas utlllzando la ecuacion 1, que Incluye ia fraccion molar de los componentss de la mezcia [x), sus
MaESE MOEres (M) ¥ |38 Mazas AQregacdas 08 CHLA g8 (m).

El valor determinado por |a scuacikon ee el valor cerfificado de la mezcla gassces primaria. Su Incerfidumbre asociada (0] 8s una combinacion
de la Incertidumbre de preparacion (U} junto a la de verificacion (v, ). La Incerfidumbre de preparacion es ralz de ka suma de los cuadrados
de la Incartidumbre graviméfrica y la incertidumbre por inestablildad.

REFERENCIAS

[1] international Organization for Standardization. (2015). Gas analys=ls
— Preparation of callbrafion gas mixtures — Part 1: Gravimetric
mathod for Class | mixtures 150 §142)

[2] Aalnk and &M H van der Vean 2000 Metrologla 37 &41
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Log resultados obisnidos la alta dal met
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fundamentales para la callbracion de equipos, k3 certificacion de
ealandares gassosos y |a valldackon de métodos analificos. Esta
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referencia primarios de mazclas gasensan.
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Poster presentation at Green Hydrogen Academic Workshop (2024)
Universidad Tecnoldgica del Uruguay (UTEC) and Universidad de la Republica

Fortalecimiento de la infraestructura metrologica para
impulsar la industria del hidrogeno

LATU

ALMIRCH, Flonenola; D4 BILVEIRA, Valentina; FAJARDO, §imone; GELABERT, Viotoria; FERREIRA, Eltzabetty
Depariamemnts de Matrologls Guimloa, Lahoratorio Teomologioo del Urugueay [LATU)

Jernads dcadEmcs

INTRODUCCION

Elunnlrlhthﬁcasdmmﬁnmﬁs e hidrogeno ha surgido como un candidalo prometedor
future mas limpio y eficiente. A medida que su demanda crece en diversos sectores, garantizar su calidad, seguridad y confiabilidad se vuelve
Eenuzi. Larzldzidelhd’ngemmmrusttlesm pmmummmmm yruhlﬂdelasneimsde

Edﬁaﬂukmc&hﬁd&ﬂrsﬂﬁmdlﬁuﬂaﬂdﬂmﬂemmd&hﬁmm sino también de una infraestruchura
metrlogica robusta. En este poster, presentamos dos estetegias inovadoras que el Departamenio de Mebmlogia Quimica del LATU
implementars, con el chietivo de fortalecer & marco metroltgico que respalds |a industria del hidrogens y asegurar su sostenibilidad a largo plazo.

OPTIMIZACION CELDA ELECTROLITICA

Algunos de los principales componentes de los electrolizadores modemos son bos electrocatalizadores
catodico y anddico, junto con la membrana de intercambio. Estos elementos forman en conunto ko que s
denamina conunic membrana-electrodo (MEA), una estruchma crucial que determina e rendimiento y la
eficiencia general del electrolizador. La MEA desempeiia un papel central tanto en la cinética de las reacciones
dmmmmmdmmdelmamdehmnhrma.bmalln‘pmdlmmmh
Hﬁmmadﬂptcsndemmdemymhmdﬂhdmwﬂhawﬂuam
rendimiento en |3 elecmlisis del agua, se caracterizaran distintos materiales comertiales v expermentales
para electodos mediante analisis ﬁsu:::lquu'rm ﬂdrﬁmmd&-mws!,mm‘:&mpla electronica de bamido,
microscopia electronica de transmision, analisis quimico, enfre offos) v electroquimico. La cuva de

izacion caracteristica de la MEA se defterminara en una configuracion de celda completa, ulizando una
cedda de prueba con control de temperatura. Aderrds, se estudiara la eficenda faradica a diferentes
densidades de comiente. midiendo el flujo y la pureza del hidrageno producido.

CUANTIFICACION DE IMPUREZAS

Dado el gran potencial de Uruguay para la produccion de hidrogeno verde mediante electralisis del agua, en
esta primera etapa se identificaran y cuantificaran las impurezas que pueden estar presentes en & hidrogeno
producido a raves de este proceso. La pureza del hidngeno es cucial, ya que induse pequenias cantidades
wmmmmmamwmmmmﬁmeym
sisternas de aplicacion. Laﬁnpurezasdaueq.lesemalmwd nitrégena, cxigeno, agua y ditwido de
carbono. umgammuﬁmummsnmlmmwmdegaamammm
conductividad térmica y un detector de ionizacon de Bama con metanizador. Ademas, se uilizara un segundo
mlmmdﬂmmmﬁmdmﬁmﬂd&munmﬂnmﬂmﬁemﬁmﬁm
aseg.mlasﬂxlldaddelhlﬂ'ngarnﬂmd mmmmmmmmﬁ
de interés, como metano, mondxido de carbono, hidrocarburos C2-C18, angon v helfio. Estos instrumentos
seran calivrados willizando mezclas demfmanbrmdnunmmdmeainmnbﬁmeslmm
establecidos en la norma 120 14667, garantzando asi |a confiablidad de |a cuantificacion.

CONCLUSIONES

H establecmienio de un marco metologico robusio denfo de k2
Tes

industriia del hidrogeno es esencial para su desarmolo sostenible.
Aangue existe un cosho inicial significativo  asociado con esta
infraestructura, ki inversion resulta altamente beneficiosa a kargo plazo.
Al optimizar &l proceso de produccion de hidrogeno, podemos lograr
mﬁ-&dﬂmhqﬂmdr&ﬂuﬁhﬁmﬁmdﬁ
sistema y reduce los desafics operativos. Ademas, al ulmi
Ehldudehsmglm el mantenimiento de los niveles de
|nmezzdaiudelnmanqﬁ:laemerﬂelamuidelas
celdas de combustible, minimzando la necesidad de reemplazos
frecuentess y reduciendo los cosios de manienimiento. A medida que
avanzames hacia b prowima fase, nuestro objefivo =& centrara en
cuantificar las impurezas restantes enumeradas en la noma (S0
14887, reforzando aln mMas nuesing COMPIOMISo de asegurar la mas
dlita calidad y fiabilidad en la produccion de hidrogeno.

Smolinka, T et al (2022) Bectrochemical Power 5
Fundamentals, Systems, and Applications - Hydrogen Production by
Water Electrolysis. Hlsewer, Amsterdam.

Arrhenius, K. et a (2020) Development and evaluation of a nowel
anahyser for 014887 Hydrogen Purity Analysis. Measurement Science
and Technology, 31(7), 075010.

Bacquart, T et a. (2018) Probabiity of ocourence of IS0 14887-2
contaminants in hydrogen: Principles and examples from  steam
methane refonming and elecirolysis (waler and chior-alkali) production
processes model. International Joumnal of Hydrogen Energy, 43(28),
1187211883
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Poster presentation at 1st CIPM STG-CENV Stakeholder Meeting (2024)

Organizing Institution: BIPM (online), France.

Traceable Carbon Monoxide Proficiency Testing Scheme

Florencia Almirdn, Valentina da Silveira, Simone Fajardo, Victoria Gelabert, Elizabeth Ferreira
Chemical Metrology Department, Technological Laboratory of Uruguay | )- Montevideo, Uruguay.

Carbon monoxide (CO) is a highly toxic gas that affects the  Gas MIXTURE PREPARATION
atmosphere’s ability to self-clean from other pollutants. In
Uruguay, CO is one of the main air contaminants,
highlighting the need for specialized CO measurement
equipment that provides reliable results. To achieve this, a
proficiency testing (PT) scheme was developed, involving the
measurement of a gas mixture of CO in nitrogen with a
nominal amount fraction value of 1500 pmol/mol.
The metrelogical traceability of the CO amount fraction PT SCHEME
value in this mixture was established using primary . L‘.‘lh

* .

Parent gases: CO in N, (4.0 % mol/mol) pre-mixture and N, (6.0}

Conditions: Aluminium cylinder, V=4.6 L, P =120 bar, T={21 % 1) 2C
Preparation: Gas filling and vacuum station, according to 150 6142-1
Homogenization: Cylinder homogenizer equipment

Value assignment: Calibration curve with PRMs, using GC-FID with methanizer

. . The three participating laboratories were tasked with measuring the molar fraction of CO in an
::;rrtemn: IS oy =S DTt [ el N, gas mixture within the range of 800 to 1700 pmol/mol. This PT follows the sequential

scheme shown on the left. This model facilitates the monitoring of the mixture's stability over
* . time and allows for the assessment of any significant changes in gas composition.

I LABORATORY PERFORMANCE EVALUATION
The performance evaluation of participants was conducted using the z'-score.
(u,.)- The latter was considered to account for potential et 1 [T aiie) (T i el (e w1 WD, il e (el 3200l &

varigtions that may have occurred on the different A L el e e T e
measurement days. All laboratories remained within the warning limits of the graph, confirming their

REFERENCE VALUE

The reference value was calculated as the average of the
four measurements, and its uncertainty was determined by
combining the standard uncertainties obtained from each
measurement (u,,..) along with a rectangular component

_ _ good performance. L
Uref value = _—
E = Error Reported value Error
Lab Z'-score|
The combined uncertainty of the reference value was |[FEINEFSNSEN E Gpy = standard deviation of the PT (umeol/mol) {uwmol/mol) ! !
multiplied by a coverage factor of k=2 (95% level of 02 + U e [10% of the reference value] 1A 1685 1685 11
confidence). U, ¢ alye = STNdard uncertainty of the ref value 1B 1699 1825 12

IE 1390
1450

Reference value: 1516.5 %9.2 pmol/mol. CONCLUSION

The results obtained demonstrate a strong performance by the
ot} {umol/mol) participating labs in the Proficiency Test (PT), showcasing their REFERENCES
07/09/2021 1517.4 24 ability to duct precise ts of CO emissit Almirén, F, Fajardo, S., Gelabert, V. et al. Carbon
06/10/2021 15195 43 This PT not only ensures the reliability of the labs' results but also [Rtee L UE ARl I LU L
21/10/2021 1519.3 42 guarantees international comparability in CO measurement, as the metrological traceability. Accred Qual Assur (2024).

. ! reference value is traceable to the SI. https://doi.org/10.1007/500769-024-01600-2
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Poster presentation at Workshop on Global and National GHG Monitoring Initiatives
(2024)
Organizing Institution: Korea Research Institute of Standards and Science - KRISS

(online)

The Role of LATU in Supporting the Hydrogen Industry

ALMIRON, Florsnals; DA JILVEIRA, Valentina; FERREIRA, Elzabeih
Chemiloal Betrology Depariment, Teohmologioal Laboratory of Uruguay (LATUL Montevides, Liruguay.

Lruguay has smbarked on It sacond snengy franaition,
towards reducing fosall fusl consumption
emisslons that
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Some of the main components of modam electrolyzers are the cathodic and anodic slectrocatalysts, along
with the sxchange membrane. Topethar, thess alements form the so-called membrane-alectrods assembly
) i) [MEA), a cruclal atructurs that determines the overall performance and efMclency of the slectrolyzer. The
- B MEA a central rode In both the kinetlce of the slectrochemical reactione and the transport of lons
through membrana, which directly iImpacts the efficlency of the water-splitting procass and the purty
of the pgensrated hydrogen. In order to evaluate thelr performance for water electrolysis. differsnt
commercial and experimantal slectrods matertals will be characterized through physicochemical [X-ray
diffraction, scanning electron microscopy, transmisalon eleciron microscopy, chemical, among others)
and electrochemical analysis. The characieristic polarization curve of the MEA will be detarmined In a
complste call configuration, wsing a temperature-conirolled test cell. Additionally, the Faradalc eMclency
at different curmant densities will ba studisd by measuring the fow and purity of the produced hydrogean.

In our Iniflal phase, we will evaluate the potentlal impurities In hydrogen production through Probon
Exchange Membrans (PEM) water electrolysls and chior-alkall membrans slscirolysls. Thess two methods
are the pregominant appreaches to hydrogen genseration in our country, making them the primary focus of
our research. The majer impurities that may be present include nitrogen, oxygen, water, and carbon
dioxide.
Our quantification strategy will Involve a gas chrematograph coupled with a thermal conductivity detector
_I" and a flama lonization detector, along with a methanizer. Additionally, we will uze a sscond Instrumant for
accurats water content determination. Lsing the gas chromatograph, we will also quantity other Impurities
of Interast, such ag methane, carbon monoxids, C2-C18 hydrocarbons, angon, and halium.
Theas Instruments will be callbrated wsing refersnce gas mixfures covering a range fhat alklgna with the
threahold values outiined In 150 14687, ensuring the rellabliity of the quantification.

CONCLUSION REFERENCES

The establizhment of a robust metrological framework within the hydrogen Smolinka, T. et al. [2022) Electrochemical Power Sources:
Indusiry I8 essemilal for Ite susislnable development. While thers k= & Fundamentals, Systems, and Icatlons - rogen
significant upfront cost asscclated with this Infrastructurs, the Investment pmmwmhmmnmﬁ
proves highly advantageous In the long term. By optimizing the hydrogen

production process, we can achieve high-purity gas, which directly enhances """ml el “:tr{mﬁfwul ’mmﬁld;:um

sific nd reduces I chal . Additionally, strict
mlm mﬂ L mﬂﬂmhwﬂh&wl —— HE'P‘HH Meazurement Science and Technology, 31(7). 075010,

limits sxtends the Mfespan of fusl cells, minimizing the need for frequent Sacquart, T et al [2018) Probablitty of occurmence of IS0
replacements and lowsring malnfenance costs. As we move forward Info the 'IJ-BBT-!IB::HHHHHH In nydrogen: Principles and a<amplas
naxt , our will focus on n the remalning | rittes  Trom & methane referming and electrolysis and
Iht-adm:;uma I!mm nmmf rﬂ:ﬁﬂm our m?mm to  chior-alkall) production processes  modsl. I'IE:ITHMU
ensuring the highest quality and rellabliity In hydrogen production. Joumnal of Hydrogen Energy, 43(26), 1187 2-11883.
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INTRODUCTION

In a world that seeks sustainable
energy solutions, hydmogen has
@5 a promising candidate

The fust sirategy is o oplimize the key components
of PEM and alkali elecirolyzers, to achiewe a high
degree of purity in the produced green hydrogen as
well as a high efficiency and long term cyclability of
the elecirolyzer materials.

Thesemndq:pmadustuquﬁfyhlmunhﬁln
locally produced hydrogen o ensure that they are
below the specified limits outlined in the 150 14687
siandard, llus preyenting Emraduerse effects on

fuel applications.

The dewelopment and optimization of
the hydrogen wvalue chain depend not
only on technological adwancements
but also on the robuwst underpinning of
meftrological nfrastructure. In this
we infroduce two fonward-
thinking strategies that the Chemical
Metrology Depariment of LATU will put
continues o grow across various info practice, both with #he aim of
seciors, ensuring its quality, safety,  strengthening the metrological
and reliability becomes essential. framework within the hydrogen industry.

emenged as a
fior the transition towards a cleaner  poster,

and more efficient energy future.
As the demand for hydrogen

ELECTROLYSIS CELL OPTIMIZATION

Some of the main components of the modern electrolyzers are the cathodic and anodic
electrocatalysts, together with the exchangs membrane These consttute the so-called ®2) ()
MMMNELMMEMWHW -

TEM, chemical, among others) and electrochemical analysis.

The characteristic polarizaton cwve of the MEA will be determined in a complete cell
configurabion, using a test cell. Additionally. the Faradaic efficiency at
different cisment densibies will be studied by measuring the flow and purity of the producad H,,.

H, IMPURITIES QUANTIFICATION

In our initial phase, we will assess the potential mpurities in hydrogen production via Proton
Exchange Membrane (PEM) water electrolysis and Chlor-alkali membrane electolysis. These
mmﬁhmmmmmnmmm
them the primary focus of our inwestigaion. The impurities that could be present inchude
Mitregen, Ouwygen, Water, and Carbon dioxide.
Our quantification strategy will include a Gas Chromatograph coupled with a thermal
iwity detector and a flame ionization detector. This sefup compeises three gas columns
for the analysis of Nitrogen, Oxygen. and Carbon dicxide. Additionally, we will use an FTIR
instrurment for accurate water content determination. These instruments will be calibrated
using a set of five reference gas mixtures of these gases, covering a range that aligns with the
150 14887 standard threshold walue, ensunng the reliability of the quantfication.

REFERENCES

) Bleciochemical Power Sources: Fundamentals,
Hydrogen Production by Waler Elecimolysis.

CONCLUSIONS

The establishment of a mbust metrological
framework within the hydrogen industy is
essential. While there is a significant upfront cost,
this inwesiment proves adwantageous in the long

Smolinka, T. et al. (202
Systems, and Applications -
Elsevier, Amsterdam

Amhenius, K. et al. :"IZI"I]} Development and evaluation of a novel analyser for

term. Optimizing the hydrogen production process
resufts in high-purity gas. enhancing efficiency.
Moreower, compliance with regulabons  and
maintaining impurity levels within limits extends fuel

cell lfespan. reducing the need for frequent
replacements.

As a next phase, owr objecihve will focus n
quantifying the remaining impuriies listed by the
150 14887 standard, reinforcing owr commitment to
hydrogen production quality and reliability.

iso 14687 Hydrogen Purity Analysis. Measurement Science and Technology,
31(7). 0750100

Bacguart, T et al. (2018) Probability of occumence of IS0 14887-2
contaminants in hydrogen: Principles and examples from sieam methane
reforming and electnodysis (water and chior-alkali) production processes model.
Intermational Jowmal of Hydrogen Energy, 43(26), 1187211883,
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Gas Analyser Calibration for Reliable Air
Pollutants Measurement and Minimization of waru /AL
Environmental Risk

Ay
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INTRODUCTION Calibration is the process of comparing the measurement values of an mstrument
Carbon dioxdide and carbon monoxide are against known reference values to characterise the emror in different readings.
substantially polluting gases that are ‘When calibrating a gas analyser, the reference values could be obtained using primary
released into the atmosphere mainly by reference materials of gas mixtures (PRMs]. These mictures are highly accurate well-
automotive wvehicles and by industry- characterized standards, which allow establishing direct traceability to the
related activities. The presence of these International System of Units {SI).

contaminants at high concentration levels )

contributes negatively to air quality, L One calibration strategy is to wse several calibration points. These

affecting human health and the future of
our planet.

Reliable measurement of air polhtants &
crucial for accurately asseszing  the
environmental impact, a5 obtaining an
inaccurate  result  can  lead o — OETAINED DATA
misinterpretations. One way to achieve
this, is by using gas analysers that were
calibrated against certified reference
materials of gas mictures to  ensure
metrological traceability.

In this study, a flue gas analyser was
calibrated in carbon dioxide and carbon
monoedide in the instrument measurement
range, quantifying the emmor with its
uncertainty at each calibration level.

points are typicalky chosen bo cover the intended operating range of the:
instrument or to target specfic areas of interest where accuracy i=
critical-

i

Erpaied ma mianly | gl

METHODOLOGY

Gas anahyser calibration was performed by using:

= 4 PRM: of Carbon Monoxide in Nitregen - {300 to 2000} ppm.

= 4 PRMz of Carbon Dioxide in Mitrogen - (0.2 to 20} % mol/mol.

Theze concentrations cowver the full span of the instrement's measurement capability
and encompass a range commaonty encounterad inenvironmeantal monitoring scenarios.
The gas anahyser was kept in the laboratory along with the PRMs for at least one hour
to achieve thermal equilibrium. The calibration procedure began with the PRM
containing the lowest amount fraction and after stabilizing its flow, ten measurements
were taken. This process was repeated for each PRM, increasing the amount of fraction.
Following PRMs measurement, a zero gas (nitrogen 5.0) was measured ten times.

RESULTS AND CONCLLUSIONS

The gas analyzer was calibrated using PRMs, establishing traceability to the 5l and ensuring reliable and accurate measurements. This
calibration process ensures the data quality in envirenmental monitoring, supports the development of effective mitigation strategies and
promotes the adoption of sustainable practices for environmental protection.

Accurate quantification of CO and C0: concentrations enables thorough

environmental impact assessments, facilitating informed decision-making

and policy formulation to protect ecosystems, public health and owverall ACKNOWLEDGES

ermvironmental well-being. LATL Chemical Metrology Department

Laboretario Teoncltgieo dal Unsgusy (LATU} — Av. iEslls 8201 — Tel (+583) 2801 2724 — Montevidea, Uruguay — weearlehe ong.uy
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Desarrollo de un material de referencia

certificado de didéxido de carbono en nitrégeno.

ALMIFS M, Aerenols (13; FERRE FA, Blzbet (13; MEDHA, Marisa 23
013 Cepartimends de Metralogia Sanmlea, Laberataris Teona B glos del Uniguay, Monds o &,
23 Areas Ganmlos analflen Ceparkamsnts Ecirdls Campe @ Faoulsd de Qomka. Unlberddad ds 1a Pepabllos. Mands ddss

La concentracicn de dicxdo de carbono en ka atmos Bra esta incrementando afo a ano, wendase
refigada en un aumente de b3 temperatwra de 3 fema, kb que s= conoce como CeEch
invemadero”. Por este mofivo, &= de suma importands que este gas pusda medirse de maners
precisa y confisble. Una foma de bograr esio, s mediante 2l desamollo de materales de
referercia cetificados [MRC) de mezclas gaseosas, para ks calirason de equipos de analisis
de calidad del sire. Esios contienen wna fraccion de cantidad d= masa exactamente conooida de
disfintos gases, y penmiten brindar razabiidad metologica a las medidones de contaminantss
ammhmEn&EuabaﬂsedﬁamlanFEdeMdemtimde
cantidad de masa igual a 35 Tmolimol, en balanoe nitndgens.

D esamolle de MRC de mezcla

La primer etapa en &l desamollo de un MRC d= mezcla gaseosa e ks planificacion. S= debe
EvElusr:

+Presion final de la mezda < Presion de trabajo ciindro.

¥ Presion de llenado < Presion de wapor dal punio de rocio.

+ Reacoones entre los componentes de la mezda.

¥ Reaccones de los gases con =l maternial del cilindro (IS0 18884 = 150 11114).

+Masa minima a agregar > 20 g (150 §142).

E=sfo= puntos minimizan pelgros ssocisdos al prooeso de Benado y previensn ekcis
significativos en la composicion de la mezcla.

El calculo de la cantidad de gas a agregar en &l clindro == realiza ufiizando la ey de ks gases

La segunda etapa es la de preparacidn. La mezda gaseosa fue preparada en un
calindro de ahmminis.

~Debe Empiarse mediant= el agregado de nitrogeno 8.0 y homogenszacion por al
mendos 30 minarbos.

=Sz conecta 3 ks estacion de Benadoiscisdo para hacere un vedo de al menos 12
horas, de mansra de mmoner las impursz a5 retenidas.

=52 llena primero con &l gas analito, dideddo de carbono, v luego con el gas balanos,
nitrageno. La canfdad agregads s= controla en & display de la balanza,

=La mezcla se homogensiza por § horas.

Punltlmsereﬁahamg'ﬁclm de valor, donde == imyectsn 3 un mhgahdegasﬁ
Thermo Sciendific modalo Trace 1300, con detector de conducividad térmica:

“Mezds gassosa preparada

& PRM de GO, en M. del Institrte Matonal dz Matrologia de ks Paises Bajos, VSL.

Lo= PRM {materiales de referencia primarnios) tienen b mayor jerarquia metrologica, dado que
son preparados mediante granimetna segin ba norma 190 6142 yverifcados segin ks norma 150
G143, y=on trazsbles directementz 3l Sisiema Inlemacional de Unidadses,

Metrologia de Gases;

*Incertidumbre en m’baswﬂ:lﬁ{ﬁtlmiuyrﬁpuﬁb}

~Funcicn matematica que describe la relatitn entre wariables no linsal

= U=o de sofware XLGEMNLINE wersion 1.1 para calculo de la fraccion de cantidad de masza e
Fraccion de cartided de sustarcia obtenida: (0, 2448 + 0,0027) maolimod
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