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Abstract: Carbon monoxide emissions in air are toxic and its monitoring is of great concern worldwide. The
monitoring activities should rely on traceable measurement results to the Sl units. To serve this monitoring purpose
in Saudi Arabia, a primary gas mixture (200 mmol/mol) of Carbon monoxide (CO) in nitrogen has been
gravimetrically prepared from pure CO and pure N2 in 5L aluminum gas cylinder based on 1SO 6142. From this
mixture, three diluted mixtures of concentrations 4.99, 7.49 and 10.01 mmol/mol were prepared also in 5L cylinders
and the uncertainty of these gravimetric preparations was calculated. The mole fractions of the three mixtures were
verified by GC-TCD in accordance with 1SO 6143 and the uncertainty of the chromatographic measurements was
calculated. The gravimetrically and chromatographically measured mole fractions together with their standard
uncertainties were found compatible indicating good quality of the produced primary gas mixtures. Long term
stability of the three gas mixtures was monitored along four years, and the results obtained showed very good
stability of the gas mixtures. The relative uncertainty of the GC analytical results was found 0.52%, 0.51% and
0.52% which is small enough and advantageous for the calibration of CO emission measuring equipment.

Keywords: CO; Na; weighing; GC-TCD; uncertainty; stability. © 2021ACG Publications. All rights reserved.

1. Introduction

Carbon monoxide gas is considered one of the dangerous toxic pollutants that exist in air as
emissions mainly from cars and vehicles and as a result, the CO monitoring has received great attention
worldwide and binding regulations have been developed to set the safe limits in air [1-4]. These
regulations are evaluated from time to time and therefore, environmental monitoring data that are
collected by measuring devices is very important for evaluation of the environmental situation in every
country. Since gas analysis is an important branch of chemical measurements and has crucial
environmental and health applications, it has become inevitable that measurement results are traceable to
the SI units and uncertainty of measurements is properly estimated to judge the traceability [5]. This
creates a strong need for primary gas mixtures produced by reliable methods to be used in the calibration
of CO gas measuring instruments through an unbroken chain of calibrations [6-8]. There are several
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methods for the preparation of gas mixtures, including gravimetric, barometric, volumetric and dynamic
[9-11]. The gravimetric method is the most widely used because it has high accuracy since a very small
mass of a gas component can be added into the cylinder with small uncertainty based on its molecular
weight [12]. Details of this method are described in 1SO 6142 [11] where the concentration of gas
mixtures as a mole fraction depends on the mass of the filled gas, the molar mass and purity of the parent
gases. The mass of each gas component added to the cylinder is to be calculated as the difference between
the mass of the cylinder before and after filling. Accuracy of the prepared gas mixture depends on the
accuracy of the weighing system, the filling device and quality of the cylinders used [12]. The gravimetric
method is characterized by its small uncertainties and direct traceability to the Sl units and the ability to
prepare gas mixtures with a large scale of configuration. Uncertainty associated with the certified value
must be evaluated accurately and all potential sources are taken into consideration to ensure reliability of
the gas mixture certification process. The weighing process, purity of gases, and the molecular weight of
each gas mixture component are the main sources of uncertainty. Other sources drawn from experience
can also be considered and it is strongly required that uncertainty should be neither overestimated nor
underestimated [13-15]. In Saudi Arabia, there is a need for locally produced CO gas mixtures traceable
to the Sl to support the CO emission monitoring. In this paper, a 200 mmol/mol primary gas mixture was
prepared gravimetrically from pure CO and pure N. From this mixture, three other mixtures of
concentrations, 4.99, 7.49 and 10.01 mmol/mol were prepared by dilution in 5L cylinders as calibrants of
CO measuring equipment. The uncertainties associated with these gravimetric preparations were
calculated and the prepared mixtures were then verified by a calibrated GC-TCD with good repeatability
of measurements. The gravimetric and chromatographic measured mole fractions (mmol/mol) and their
standard uncertainties were found compatible indicating the validity of the gas mixture CRM
certification.

2. Materials and Methods
2.1. Pure Gases

The CO (99.5%) and the N (99.9999%) pure gases were supplied by Linda, the Netherlands. The
aluminum alloy gas cylinders (5L) to be filled with gas mixtures were purchased from Air Liquide, the
Netherlands.

2.2. The Evacuation System

The evacuation system was manufactured and supplied by TUBITAK UME, Turkey. It was built
up with a Pfeiffer pumping station and a manufactured manifold with maximum of six cylinder-
connections by changing the existing valve locations.

2.3. The Gas Filling Apparatus

The gas filling apparatus model GFS1, was manufactured and supplied by TUBITAK UME,
Turkey. This system is able to fill the cylinders in accordance with 1ISO 6142. All gas flow lines are
electro-polished stainless steel and withstand pressure of 200 bars. It is connected with a turbomolecular
pump and is capable of evacuation of all lines from gases down to a vacuum of less than 1 x 10 mbar.

2.4. The Automatic Weighing System

The system shown in Figure S1 (see supporting information) was provided by TUBITAK UME,
Turkey for automatic weighing of the gas mixture cylinders in comparison with a reference cylinder. The
construction of the system was made from an anti-magnetic anodized aluminum material. The load
bearing areas were strengthened by static and dynamic structures and the entire system was covered with
unbreakable solid material. The system is equipped with a software capable to prepare gas mixtures
gravimetrically according to I1SO 6142.
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2.5. GC Conditions

Gravimetrically prepared gas mixtures were analyzed using Agilent Technologies 7890B GC
system equipped with TCD detector. An HP-Plot (19091P-S12 HP-AL/S) column (25 m x 320
mm x 8.0 u) was used for the measurements. The injector and detector temperatures were adjusted to
250 °C. The GC oven temperature started at 60°C (for 1 min) and was ramped to 80 °C at 20 °C/min then
to 200 °C at 30 °C/min and the hold time was 1.33 min. The total run time was 7 min. Helium gas as a
carrier has a flow rate of 2 mL/min and the reference gas flow was used as 45 mL/min.

2.6. The CO primary Gas Mixtures

Carbon monoxide and nitrogen do not react with each other when mixed together and
considerably lower concentrations of them are stable in aluminum cylinders [11]. A primary gas mixture
(M1) of CO, 200 mmol/mol was prepared in a 5L high pressure aluminum cylinder. From this mixture,
three gas mixtures (M2-M4) of mole fractions, xi, 5, 7.5 and 10 mmol/mol were gravimetrically diluted.
The target masses of CO and N, components required to prepare these mixtures were calculated
according to equation 1.

X; x Pg xVCyl X |\/|i

i = 1)
where RxT x Z,
mi  mass (g) of CO or N in the mixture
Xi intended mole fraction (mol/mol) of CO or N

pr  filling pressure (Pa) of the mixture

Ve volume (m?®) of the cylinder

Mi  the molar mass of CO (28.01 g/mol) and of nitrogen (N2) (28.012 g/mol)
R the gas constant (8,314 51 J/mol. K)

T  the temperature of filling in K

Zs  the compression factor of the mixture at T and pe

2.7. The Filling Process

Each cylinder was evacuated firstly to get rid of any possible adsorbed gas impurities on the inner
walls using the evacuation machine. Evacuation was continued for 24 h and the pressure was observed
until vacuum reached 1.2-1.5 x 107 mbar. The evacuated cylinder was disconnected from the vacuum

machine and after temperature equilibration, it was weighed empty against a reference empty cylinder of
the same type and mass using the automatic weighing comparator.

Before filling the gas cylinders, leaks were checked by pressurizing the gas filling system and
checking each connection by spraying a little bit of snoop. No bubbles were observed which means that
no leak was there. The pure nitrogen cylinder was connected to the gas filling system then opened gently
at 40 bar to flush the connecting tubing with a beam of nitrogen six times at vacuum pressure of 1 x 10®
bar to make the effect of contamination negligible. After that, flushing was made once with CO to ensure
that no N2 remains in the tubing connections. The first primary gas mixture (M1) cylinder to be filled was
connected to the other terminal of the gas filling system and was placed on a calibrated balance to
monitor the target mass of the delivered gas component. Then, the pure CO gas cylinder was connected to
the gas filling system instead of the N> cylinder and was opened at 35-40 bar. This pressure was remained
higher than the pressure in the primary mixture cylinder to prevent CO re-entering the transfer line. The
pure CO gas was allowed to transfer slowly to the primary mixture cylinder while watching the balance
until the target mass has been transferred. Mixture cylinder was then closed and the pure CO cylinder was
also closed then both cylinders were disconnected from the gas filling system. When temperature
equilibration was reached, the primary mixture cylinder was reweighed five times until constant mass.
Following to this, the pure nitrogen cylinder was connected to the filling system and opened gently at 40
bar and the connecting tubing was flushed four times then, the primary mixture cylinder was connected
again to the gas filling system. Cylinder was opened at 100-120 bar to deliver nitrogen slowly until the
target mass of nitrogen was complete. The filled primary mixture cylinder (M1) and the pure nitrogen
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cylinder were then closed and disconnected from the gas filling system. After temperature equilibration,
the primary mixture cylinder was reweighed 5 times until constant mass then homogenized by rolling for
8 hours. The same filling procedure was repeated using the filled primary mixture cylinder (M1) as source
of pure CO to fill each of the three diluted primary gas mixture (M2-M4). A schematic diagram of the
prepared gas mixtures is shown in Figure S2.

The actual mass of CO delivered in each cylinder was calculated by subtracting mass of the
empty cylinder from the mass of the cylinder plus CO. Meanwhile, the actual mass of N, was calculated
by subtracting mass of cylinder plus CO from the mass of cylinder plus mass of CO and N, and the
weighing results are recorded in Tablel. Contents of each of the prepared primary mixtures were
homogenized by rotating the cylinder using the homogenization system for eight hours.

Table 1. Weighing results of CO and N in the three primary gas mixtures (M2-M4)

Gas Mixture Mass of CO (g) Mass of N2 (g)
M2 (5 mmol/mol) 27.23 525.25
M3 (7.5 mmol/mol) 18.80 482.03
M4 (10 mmol/mol) 29.29 554.34

3. Results and Discussion
3.1 Calculation of the Mole Fractions of the Pure CO and N, Gases

The certificate of pure CO gas received from the manufacturer showed that the purity of CO is
99.5% and the impurities present in it are CO,, Hz, Oz, THC (CH4) and H,O in the limits: <1 ppm, <1
ppm, <1 ppm <3500 ppm and <5 ppm respectively. On the other hand, the manufacturer certificate of
pure N2 showed that the purity of N2 is 99.999% and the impurities present in it are CO, CO,, THC (CH.),
O and H;0 and their limits were <0.5 ppm, <0.5 ppm, <0.5 ppm <5 ppm and <2 ppm respectively. To
determine the concentration of these impurities, a low limit was set as 0 and the upper limit was set as the
value stated in the certificate. Then the assigned concentration of each impurity was calculated in ppm by
adding the lower limit and the upper limit then dividing by 2 [11]. The assigned concentration of each
impurity in ppm was divided by 1000000 to convert to mol/mol as shown in Tables 2 and 3. The mole
fraction of the pure CO and the pure N2 was then calculated using equation 2 in which n is the number of
impurities. n
mol fractiononof pure COorN, = 1—Zmol fractionof impurities  (2)

i=1

3.2 Calculation of the mole fractions in the primary gas mixtures (M1-M4)

The mol fraction of pure CO and N added in the primary gas mixture cylinders during the
gravimetric preparations was calculated using equation 3. The results obtained are shown in Table 3.

D X .m
D e — 3)
At in,A . Mi
X, = i=1
P mA
AZ:l 3 X M .
i A i
i=1
where
Xi : the mole fraction of the component i in the final mixture, i=1,...,n
P : the total number of the parent gases
n : the total number of the components in the final mixture
ma  : the mass of the CO or N determined by weighing, A=1,..., P
Mi  :the molar mass of the componenti,i=1,...,n

Xia :the mole fraction of the componenti,i=1,...,n, in parentgas A,A=1,..., P
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Table 2. The mole fraction of CO and N in the gravimetrically prepared primary gas mixtures

Primary gas mixture Gas component Mol fraction (mmol/mol)
M1 CO 199.39
N2 800.60
M2 Co 4.99
N2 995.01
M3 CO 7.49
N2 992.51
M4 CO 10.01
N2 989.99

3.3 Uncertainty of the Gravimetric Preparation of Gas Mixtures

The sources of uncertainty associated with the mole fraction of CO in the gravimetrically
prepared gas mixtures were identified and explained in the fish bone diagram shown in Figure 3. These
sources are: the mass of pure CO and N gases, the air bouncy effects and the residual nitrogen gas in the
evacuated cylinder, the molar mass of CO and N: gases, the purity of CO and N gases, and the mole of
CO and N; added to the final gas mixtures. An estimation of each of these uncertainty contributions has
been made and the combined standard uncertainty of the mole fraction of the prepared CO gas mixture
was calculated as explained below.

Gas cvlinder Mass of CO and N,
Balance
Buovancy effects
Calb Cert.
Residual gas Weighing
Conc. of CO

Manufacturer Molar mass of CO
Impurities

Molar mass of N,

Mole of CO and N, in M, PUritV of CO and N> Molar mass

Figure 3. Fish bone diagram showing the sources of uncertainty in the gravimetric preparations
3.3.1. The Mass of CO and N; gases

This source includes uncertainty of the weighing balance, calibration certificate of the balance,
and weighing. The balance uncertainty resulted from the resolution, incorrect zero point, drift, and the
position of the cylinder on the pan. This effect was evaluated by repeating the weighing of cylinder to be
filled with the gas mixture 3 times. The pooled standard deviation S, of the repeated weighings was
calculated using equation 4 in which ni.zis the number of measurements in each weighing process and si.3
is the standard deviation of each weighing process. The S, was divided by the square root of the number
of weighing processes (V3) to obtain the standard uncertainty of the balance according to equation 5.

:\/ (n,—1)s,+ (n,~1)s,+ (N3-1)s3
p

(1) + (0,-1) + (3-) (4)
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S
u =-FP

Balance ﬁ (5)

The calibration uncertainty of the weighing system was calculated using the function: u = 2.939 x
107 x R given in the calibration certificate where R can be substituted by the mass of the cylinder. The
combined standard uncertainty, Uc associated with the mass of CO and N: gases from the balance,
calibration certificate was calculated according to equations 6 and 7. The results obtained were 0.00008
and 0.000005 mg for CO and N respectively.

uc m (CO) = \/(U Balance )2 +(uCaIb.Cert )2 (6)

uc m (N 2) = \/ (U Balance)2 + (uCaIb.Cert )2 (7)

In addition, the weighing uncertainty was estimated by weighing the gas mixture cylinder (S) in
comparison to a reference cylinder (R) which is very close in mass in order to reduce the effect of air
buoyancy. The weighing sequence was S-R-S-R-S-R-S-R-S and the weighing results were denoted from
the first to the last weighing as: Co-C1-C,-Cs-Cs-Cs-Cs-C7-Cs. The weight differences were calculated as:
Co-C1, C2-Cy, C2-Cs, C4 -C3, C4-Cs, Cs-Cs, Ce-Cr, and Cg-Cr. The average of these 8 weighings was found
29515.75 mg and the standard deviation was 0.89 which was divided by V8 to obtain the standard
uncertainty of the weighing process as 0.315 mg.

3.3.2. The Gas Cylinder
3.3.2.1. Air Buoyancy

Although the gas mixture cylinder and the reference cylinder were chosen from the same batch,
there are slight differences in the volume of the two cylinders (5 L, 4.986 L). This volume difference can
give a mass difference between the two cylinders due to the variation in air density during the sequence
weighing and this is known as air bouncy [16]. The air density in the automatic balance room changes due
to the change in temperature, humidity and air pressure inside it [11]. These environmental conditions
were measured during weighing and used to calculate the air density according to equation 8.

~0.34848p - 0.009 (hr) x exp(0.061t) (8)
Pa = 27315 +1
where,
p : the density of air (kg/md)
p : the pressure (Pa)
t : the temperature (°C)

hr : the relative humidity (% RH)

In the weighing process, we noticed that the largest difference in air density (Ap) due to the
change in temperature, humidity and pressure was 0.011 kg/m3. This value was multiplied by the volume
difference between the mixture cylinder (Vs) and the reference cylinder (Vr) to obtain the uncertainty due
to air buoyancy, us using equation 9 [16]. The calculated value was found 0.00015 for which a
rectangular distribution was assumed and therefore it was divided by V3 to obtain the standard us
uncertainty, 0.00009 mg.

Ug = Ap, Vg —VR) )
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3.3.2.3. Residual Gas

Before use, the cylinder was purged with nitrogen gas and then evacuated at a pressure of 107
mbar. It is assumed that the residual nitrogen pressure after vacuum is 0.1 bar [11]. The mass of this
remaining residue can be calculated by multiplying 0.1 bar by volume of the cylinder (5L) and the density
of nitrogen (1.25 g/L). The calculated uncertainty value was found 0.625 mg which was assumed to have
a rectangular distribution, and therefore was divided by \3 to obtain the standard uncertainty as 3.29 mg.

3.3.3. Purity of CO and N,

The assigned concentration (mol/mol) of impurities in CO listed in Tables 3 and those in N listed
in Table 4 were divided by V3 to obtain their standard uncertainties. The uncertainty associated with the
purity of CO and N, gases was calculated by taking the square root of the summation of squares of the
uncertainties of these impurities according to Equations No. 10 and 11 respectively.

Table 3. Impurity uncertainties associated with pure CO gas

Gas Manufacturer Low High Assigned Conc Uncertainty
component specification limit limit  Conc (ppm)  (mol/mol) (mol/mol)
CO2 <1 ppm 0 1 0.5 0.0000005 0.0000003
Ho < lppm 0 1 0.5 0.0000005 0.0000003
02 <l ppm 0 1 0.5 0.0000005 0.0000003
THC (CH4) <3500 ppm 0 3500 1750 0.00175 0.001
H20 <5 ppm 0 5 2.5 0.0000025 0.000001
Table 4. Impurity uncertainties associated with pure N gas
Gas Manufacturer Low High Assigned Conc Uncertainty
component specification limit limit  Conc (ppm) (mol/mol) (mol/mol)
CO <0.5 ppm 0 0.5 0.25 0.00000025 0.00000014
CO; <0.5 ppm 0 0.5 0.25 0.00000025 0.00000014
THC (CH.,) < 0.5 ppm 0 0.5 0.25 0.00000025 0.00000014
0O, <5 ppm 0 5 2.5 0.0000025 0.0000014
H20 <2 ppm 0 2 1 0.000001 0.0000006

The obtained uncertainty values were found 0.001 mol/mol for CO and 0.0000016 mol/mol for N

Yimpurity co = \/(COZ)Z +(H2)2 +(02) %+ (CH4)?+ (H20)? (10)

Yimpurity N = ‘/(CO)2 + (€0)> + (CHa)*+ (02)%+ (H0)* (11)

3.3.4. Molar mass of CO and N

The atomic weights of C, O and N elements and their associated uncertainties issued by IUPAC
[17] are shown in Table 5. The molar uncertainty of CO (umco) was calculated by combining uncertainty
of C and O as shown in equation 12, and uncertainty of the molar mass of N2 (umn2) was calculated by
equation 13 [18]. The results obtained were found 0.0005 and 0.00014 g/mol respectively (Table 5).

Uy oo =V UC ) + WY (12)

Uy y, =\ 2X (N )’ (13)
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Table 5. IUPAC atomic weights of elements and their uncertainties

Element Atomic weight Uncertainty Standard uncertainty
C 12.0107 0.00080 0.00046
H 1.00794 0.00007 0.00004
o) 15.9994 0.00030 0.00017
N 14.00307 0.00017 0.00010

3.3.5. Moles of CO and N, Added to the Final Gas mixtures

Since the number of moles equals mass divided by molecular weight (n = m/M), the uncertainty
of the mole fraction of CO and N2 pure gases added to the final gas mixtures was influenced by the
uncertainty of the mass and molar mass of CO and N.. These uncertainties were calculated according to
equations 14 and 15 and the obtained values were 0.000004 and 0.000004 mol/mol for CO and N3
respectively.

2 2
_ UYmco UM
Umol of co =N of COJ [ meo J +[MCOJ (14)
2
u =nof N MZ + 2X UM ? 15
mol of N, 24/ | MmN, MN 19)

The combined standard uncertainty was calculated using equation 16 and was found 0.01
mmol/mol

2 (u > (Upurity P 2 (umolM, Y
Ug = nCO Um N Cyl N purlty N UM mass N 1 (16)
mass mcy| purity Molar mass mol M,

Table 6. Gravimetric uncertainty components of the mol fraction of M4 as an example

Source of uncertainty (X) u (x) Unit u(x)/X Uc
Balance 29.29 m 0.00002
Mass of CO 0.0005 g 0.00008
Cal. Cert 29.29 0.002 mg 0.00008
Balance 554.34 m 0.000001
Mass of N 0.0005 g 0.000005
Cal. Cert 554.34 0.003 mg 0.000005
Weighing 29515.75 0.315 mg 0.00001
Buoyancy
. effects 8018.75 0.0001 mg 0.00000001 0.0004
Gas cylinder X
Residual 8018.75 m
gas : 3.29 9 0.0004
Purity of CO 0.99825 0.001 mol/mol 0.001
Purity of N2 0.999996 0.000002 0.000002 0.001
Molar mass of CO 28.01 0.0005 g/mol 0.00002
Molar mass of N3 28.01 0.0001 g/mol 0.000005 0.000018
mole of CO 0.19939 0.000004 mol 0.00002
Mole of N> 0.80060 0.000004 mol 0.000005 0.000018
Uc 0.001
Conc. (mmol/mol) 10.0

uc X Conc (mmol/mol) 0.01
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All the calculated values were listed in Table 6 which shows a full uncertainty budget for gas
mixture 4 (M4) as an explanatory example. Uncertainty of the other two mixtures was estimated by the
same approach and the results are given in Table 9.

3.4. Verification of Primary Mixtures Concentration by GC-TCD

In order to verify the mole fractions of the three gravimetrically prepared gas mixtures (M2-M4),
they were measured by GC-TCD under the chromatographic conditions explained above [19]. To ensure
traceability of the measurement results to the Sl units, five CRMs produced by the Turkish Institute of
Metrology (UME) were used for calibration of the GC-TCD every day of measurement. Their
concentrations were selected as: 0.00075, 0.0025, 0.005, 0.0075 and 0.015 mol/mol to bracket the
concentrations of the prepared gas mixtures which are: 0.0049, 0.0075, and 0.01 mol/mol. In the analysis,
the CRMs (R) and the gas mixture samples (S) were injected in an ascending mole fraction order in the
following sequence: R-S-R-S-R-S-R-R. Figure 4(a) shows a typical GC-TCD chromatogram in which the
nitrogen peak appeared at retention time 2.65 min and the CO peak appeared at 5.17 min. Each CRM was
injected 5 times and the average peak areas were: 33.907, 113.915, 228.278, 341.595 and 518.345
respectively. They were plotted against the corresponding CRMs mole fractions to obtain the calibration
curve shown in Figure 4(b) which has a linear equation: y = 45104x + 1.3872 and R? equals 0.9999. Each
gas mixture sample was injected 10 times under reproducibility conditions and the obtained peak areas
together with mean are shown in Table 7. The standard uncertainty, u(yi) was calculated according to 1ISO
6143 using equation 17 in which y; is the mean and y;; is the individual determination. The RSD% was
also calculated and recorded in Table 7 [19]. One can note that the calculated RSD% is very small
indicating a good precision of the measurement results. To calculate the mol fraction of CO in each of the
three gas mixtures, the corresponding average peak area was substituted in the linear equation and the
obtained results were 4.98, 7.5 and 10 mmol/mol respectively.

1 10 2
ucy;) = > (Yij —Vi)
NG \/ o) (17)

‘TCZ 8, Back Signal DATA2S1TIER2 COSIBNOTERD]
= 600 -

y=45104x+ 13872
N, i R?=0.9999

w
[
=]

I
=2
=]

| co

Peak area
L
(=]
(=]

J \ I 0.000E+0@.000E-031.000E-036.000E-038.000E-03L.000E-021.200E-021.400E-02
' Concentration (mol/mol)

Figure 4. Typical GC-TCD chromatogram (a) and GC-TCD calibration curve (b)
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Table 7. Peak areas of CO in the three primary gas mixtures (M2-M4)

M2 M3 M4

226.88 341.69 454.86

226.93 341.78 454.74

226.92 341.87 454.84

226.97 341.78 454.88

Peak area 227.02 341.88 454.81

227.06 341.72 454.94

227.02 341.84 455.00

227.11 341.76 455.22

227.11 341.66 455.56

227.10 341.65 455.79

Mean 227.01 341.76 455.06
u(yi) 0.026 0.027 0.12
% RSD 0.011 0.008 0.026

3.5. Uncertainty of the Chromatographic Verification of the Mole Fractions of Gas Mixtures

Uncertainty of the GC measurement results was identified from four sources which are: mass of
CO (gravimetry), conc. of CRMs, peak area of the 5 CRMs used for calibration (PA) and peak area of the
gas mixture sample (PA Sample).

Table 8. Uncertainty components of the GC-TCD measurements of M4 as an example.

Source of uncertainty | X u(x) Unit u(X)/X
Mass of CO 29.29 0.00001 g 0.0000003
0.00075 0.0000008 0.001
0.0025 0.000003 0.001
CRM 0.004999 0.000005 mol/mol 0.001
0.0075 0.000008 0.001
0.01 0.00001 0.001
uc CRM 0.002
33.91 0.036 0.001
113.91 0.01 0.0001
Peak Area (R) 228.28 0.05 mm? 0.0002
341.60 0.056 0.0002
454.59 0.24 0.0005
uc PA (R) 0.0013
Peak Area (S) 455.06 0.12 mm? 0.0003
C (mmol/mol) 10.02
Uc 0.003
C x uc (mmol/mol) 0.03
Uexp (mmol/mol) 0.052
Uexp (%) 0.52
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The uncertainty of mass of CO was estimated as explained above, while uncertainty of CRMs
concentrations was calculated by dividing the expanded uncertainty given in each CRM certificate by 2.
Furthermore, uncertainty due to the peak area of each CRM and the peak area of the sample was
calculated by dividing the standard deviation of the mean of 10 measurement results by V10. The
combined standard uncertainty, uc was calculated using equation 18 for gas mixture (M4) as an
explanatory example [20-25] and the results are given in Table 8. Meanwhile, uncertainty of the other two
mixtures was estimated by the same approach and the results are given in Table 9 together with the mole
fractions.

2 2 2
u u u u 2
Uc = C(mol /mol) | |00 | | cam |, | __PACRM_ | | PASample (18)
m Cerm Peak Area Peak Area

Cco

Table 9. The mole fractions of the three mixtures and their uncertainties

Gas mixture Gravimetry (mmol/mol) GC-TCD (mmol/mol)

Mole fraction Uc Mole fraction Uc Ugexp U%
M2 4.99 0.005 4.98 0.013 0.026 0.52
M3 7.49 0.01 7.50 0.019 0.038 0.51
M4 10.00 0.01 10.00 0.026 0.052 0.52

3.6. Compatibility test of the Gravimetric and the GC-TCD Measurement Results

The mole fractions of the three gas mixtures and their standard uncertainties shown in Table 9
were tested for compatibility according to the criterion in equation 19 as required by ISO 6142 and 1SO
6143. They satisfy this criterion which confirms the good agreement between the gravimetric and the GC-
TCD measurements.

o ~Xoma| € 24U (g ) + U () (19)

3.7. Monitoring the Long Term Stability of the Prepared Gas Mixtures

Stability of each gas mixture was monitored along 4 years. In each year, the CO mole fraction
was measured 10 times in one run by the calibrated GC-TCD and the averages were plotted as shown in
Figures 5, 6 and 7. In each of these figures, the solid line represents the certified CO mole fraction and the
dashed lines represent the upper and lower limits of the expanded uncertainty. It can be noticed from the
figures that the measured concentrations of the prepared gas mixtures are stable within their certified

uncertainties along the four years.
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4. Conclusion

A certified reference material of CO gas in N, was prepared gravimetrically in three mole
fractions and was verified by GC-TCD and certified as 4.98, 7.5 and 10 mmol/mol. The results of both
methods and their standard uncertainties were found successfully compatible as required by 1SO 6142 and
ISO 6143. The relative expanded uncertainties of measurements were found 0.52%, 0.51% and 0.52%
respectively. These uncertainties were found small enough which makes the CRM very useful for
calibration of the CO emissions measuring equipment. The produced CRM showed very good long term
stability along four years and this qualifies its certification for validity of five years. It can be used by gas
testing laboratories for traceability provision to the Sl units and as PT samples for accredited laboratories.
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