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プレゼンテーションのノート
I am Nobuyuki Aoki from NMIJ. The NMIJ is one of Nmis. I am developing the primary standard gas mixtures for atmospheric O2/N2 and Ar/N2 observation in collaboration with Ishidoya. In this presentation, we will provide evaluation of an influence of the atmospheric minor components on the precise oxygen measurements.
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Here is outline of our presentation.
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プレゼンターのノート
プレゼンテーションのノート
In this presentation, we will talk about the following three contents.
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Background

* In atmospheric O, observation, small variation of O, molar fraction has been observed with the
precision of 1 umol/mol or less. The molar fraction should be measured using standard gas
mixtures with their standard uncertainties of less than 1 umol/mol, to directly compare each
laboratory’s data. However, the preparation technique under the uncertainty of 1 umol/mol was
not established.

* Tohjima et al. (2005) tried to develop standard gas mixtures for O, observation by a gravimetric
method. The reproducibility of O, molar fractions was 2.9 umol/mol.

* Four years ago, we succeeded in developing gravimetric O, standard gas mixtures with the
standard uncertainty of less than 1 pumol/mol (Aoki et al., 2019) and then conducted round robin

excise among AIST, NIES, TU, and SIO (Aoki et al., 2021). The results of the intercomparison
revealed the relationship in the O,/N, scales among the respective laboratories.
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プレゼンターのノート
プレゼンテーションのノート
In atmospheric oxygen observation, small variation of O2 concentration has been observed with the precision of 1 μmol/mol or less. The concentration should be measured using standard gases in which its standard uncertainty is less than 1 μmol/mol, to be able to directly compare each laboratory’s data. However, the preparation technique under the uncertainty of 1 μmol/mol was not established. This is important issue on atmospheric oxygen observation.
Eighteen years ago, Tohjima et al. (2005) tried to solve the issue and developed standard gases for O2 observation by a gravimetric method. The reproducibility determined from variability of O2 concentration was 2.9 μmol/mol.  The standard gas mixture was the most precise in that time, still, the uncertainty was more than 1μmol/mol.
Four years ago, we succeeded to develop primary oxygen standard gas mixtures with the standard uncertainty of less than 1 μmol/mol (Aoki et al., 2019) and then conducted round robin excise among AIST, NIES, TU, and SIO (Aoki et al., 2021). The results of the intercomparison revealed the relationship in the O2/N2 scales among the respective laboratories. 
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Objective

The previous standard gas mixtures only consisted of N,, O,, Ar,
and CO,, including no the atmospheric minor components such as
rare noble gases and so on.

As a result, influence of the minor components on the precise O,/N,
measurements 1s not clear yet.

Therefore, we developed the standard gas mixtures including the
minor components of Ne, He, Kr, Xe, and CH,, to understand the
influence on the precise O,/N, measurements.
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プレゼンターのノート
プレゼンテーションのノート
The standard gas mixtures which we developed only consisted of N2, O2, Ar, and CO2 and not included the atmospheric minor components such as rare noble gases and so on. As a results, influence of the minor components on the precise O2/N2 measurements is not unclear yet. Therefore, we developed the standard mixtures including the minor components of Ne, He, Kr, Xe, and CH4, to understand the influence on the precise O2/N2 measurements. 
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Outline

* Development of standard gas mixtures composed
of N,, O,, Ar, and CO..
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プレゼンターのノート
プレゼンテーションのノート
In this presentation, we will talk about the following three contents.
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Preparation of O, standard gas mixtures

CO,/Ar filling amount xk,j X m]

0, filling amount

N, filling amount
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Calculation formula of components
Ye = Z

Molar fractions of components were determined
from the following values;

masses of source gases (N,, O,, CO,/Ar)

2. molar masses of components in source gases

T
m;
Y x; X M,
i=17Ll] l

j=1
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プレゼンターのノート
プレゼンテーションのノート
Standard gases were prepared according to this procedure.
First, sample cylinder is vacuumed by turbo molecular pump
second,  these source gases are  filled into 10-L aluminum cylinder in order of CO2/Ar, oxygen, nitrogen.
The mass of each source gas was calculated from the difference in the cylinder mass before and after filling the source gases.
But it is difficult to measure absolute value of cylinder mass. So we measured mass of the sample cylinder by compared to nearly identical reference cylinder. This technique allows us to avoid deviating the cylinder by zero point shift, adsorption water effect, buoyancy effect and so on.
Last, molar fractions of components were calculated according to the following formula. This formula suggests that the molar fractions were determined from these values; mass of source gases, molar mass and molar fractions of components in source gases. The values are negligible because purity of source gases is high. 


Uncertainty budget table of the gravimetric standard mixtureg4/sT
(a conventional method)

Standard Sensitivit Uncertainty
Component Unit Value  uncertainty VY contribution
coefficient
g umol/mol
Mass of O, g 245 0.0037 6.76.E-04 2.5 Masses and molar masses of O,, N,, Ar, and
1 - 119938 0.0003 03 - CO, were determined based on the cylinder
Molar mass of O, g : : > >.17.E- : mass and IUPAC atomic  masses,
Mass of N, g 300 0.0037 2.04.E-04 0.75 respectively.
Molar mass of N, g 28.0134 0.00023 5.83.E-03 1.3 ‘
Mass of Ar g 14 0.0037 1.43.E-04 0.53
We improved the determination processes of
Molar mass of Ar g 39.948 0.00058 5.02.E-05 0.029 the cylinder mass and atomic mass.
Mass of CO, g 0.65 0.0037 1.30.E-04 0.48
Molar mass of CO, g 44.0095 0.00058 1.92.E-06 0.001

Molar fraction of O,

Standard uncertainty

209312 pmol/mol
3.5 umol/mol
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プレゼンターのノート
プレゼンテーションのノート
This table shows uncertainty contributions of respective uncertainty factors. As you can see, main factors is mass of O2 and molar mass of O2 and  N2 and then mass of N2, Ar and CO2 also contribute to  the uncertainty of O2 molar fraction. The results suggested we should improve determination process of cylinder mass and molar mass of components.
 Masses of O2, N2, Ar, and CO2 were determined using NMIJ weighing system. Molar masses of O2, N2, Ar, and CO2 were computed using IUPAC atomic masses.


Weighing procedure of cylinder in NMIJ

Specification of Mass comparator

Mass comparator ~ Mettler Toledo

XP26003L
Resolution 1 mg
Max 26 kg
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プレゼンターのノート
プレゼンテーションのノート
This slide shows weighing procedure of a cylinder using NMIJ system.
This is NMIJ weighing system which were composed of a mass comparator, an non-magnetic stainless steel arm, theta-stage and Z-stage. The table is specifications of the mass comparator in NMIJ system. 
Cylinder mass was determined by alternately weighing the sample and reference cylinders
First, a reference cylinder is weighed by lowering an arm. Second, the reference cylinder and a sample cylinder are exchanged by turning the arm. Last, the sample cylinder is weighed by lowering the arm.
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cylinders
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The cylinder mass readings deviated in proportion to the temperature
difference between the sample and reference cylinders rather than
water amount adsorbed on the cylinder surface.

Cylinder temp: Cylinder temp:
26 °C (Equilibrium) 34°C (Nonequlhbrlum)
: : J N
[11.123436 kg

The deviation is caused by up and down flow of air cooled or heated
by the sample cylinder.

We measured the cylinder mass after confirming that there
was no temperature difference between both cylinders. The
procedure have reduced standard uncertainty of the cylinder mass
from 2.6 mg to 0.8 mg.
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プレゼンターのノート
プレゼンテーションのノート
By carefully examined the weighing procedure, we found that the cylinder mass readings deviated in proportion to not water adsorption but the temperature difference between the sample and the reference rather than water adsorption. The deviation is caused according to up or down flows of ambient air cooled or heated by the sample cylinder. It is necessary to eliminate the temperature difference between the cylinders before measuring the cylinders. Long time required to accomplish the equilibrium of cylinder surface temperature after filling each source gas as shown in this figure. Therefore, nonequilibrium may have cause the lack of sufficient reproducibility of oxygen concentration.
We changed to weigh the cylinder after confirming to eliminate the temperature difference by measuring both cylinder temperatures using thermocouple. As the results, we became to weigh the cylinder mass with standard uncertainty of  less than 0.8 mg. 
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Atomic masses 1n pure N, and OZ oases

Isotope  Atomic mass®P

Isotope abundance

Isotopic ratio of source gas®

Atomic masses of N and O were

Atmosphere? Source gas® / ] _
determined by measuring precisely the

“N 14.0030740074(18) 0.996337(4)¢  0.996346(4) difference in isotope ratios from the
1 corresponding  atmospheric  values
SN 15.000108973(12) 0.003663(4)¢  0.003654(4) 8N =(=2.397 £ 0.001) %o using IRMS
160 15.9949146223(25) 0.9975684(9)f  0.9975887(9)
170 16.99913150(22) 0.0003836(8)  0.0003818(8)  8'70 = (—4.66 % 0.05) %o
130 17.9991604(9) 0.0020481(5)4 0.0020295(5) 3130 = (—9.075 £ 0.003) %o

Sources Atomic mass of nitrogen? Atomic mass of oxygen?

IUPAC 14.00686 +0.00043 15.99940  +0.00037 ' Uncertainties of the atomic masses were about 100 times

Source gases 14.006717 % 0.000004 15.999366 + 0.000001 ~ «———  lower than the previous uncertainties.

2 Numbers in the parentheses represent the standard uncertainty in the last digits.
b Atomic mass and the standard uncertainty as determined by De Laeter et al. (2003).
¢ Abundance of the isotope and the standard uncertainty as determined using calculations for the absolute 'SN/!“N ratio obtained by Junk and

Svec (1958).

4 Abundance of the isotope and the standard uncertainty were calculated using '70/'%0 = 12.08 %0 and '80/'°0 = 23.88 %o vs. the VSMOW as
determined by Barkan and Luz (2005). The absolute isotopic ratio for VSMOW and the standard uncertainty were determined by Li et al.
(1988) for '70/'°0 and Baertschi (1976) for 130/10.
¢ Isotopic ratio is defined as the difference in the corresponding atmospheric value (AIST reference air) measured using a mass spectrometer.
Numbers following the symbol + denote the standard uncertainty.
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プレゼンターのノート
プレゼンテーションのノート
This table shows atomic mass, isotope abundance and isotopic ratio. Molar mass of N and O had been calculated by IUPAC atomic mass value. In this study, Atomic weights of N and O were determined by measuring precisely the difference of isotope ratios from the corresponding atmospheric values using IRMS like this. As a result, standard uncertainty of atomic masses of nitrogen and oxygen were improved more than one hundred times like this.


Uncertainty budget table of the improved procedure
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| Standard ~ Sensitivity =~ -LCCTRINY
Component Unit Value . ) contribution
uncertainty coefficient
umol/mol
Mass of O, g 245 0.0011 6.76.E-04 0.74
Molar mass of O, g 31.998732  0.000002 5.17.E-03 0.01
Mass of N, g 800 0.0011 2.04.E-04 0.22
Molar mass of N, g 28.013434  0.000002 5.83.E-03 0.01
Mass of Ar g 14 0.0011 1.43.E-04 0.16
Molar mass of Ar g 39.94789 0.0000070 5.02.E-05 0.0004
Mass of CO, g 0.65 0.0011 1.30.E-04 0.14
1(\3481“ mass of 44.0095  0.00058 1.92.E-06 0.001
2

Molar fraction of O,

Standard uncertainty

209312 pmol/mol

0.8 umol/mol
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 Uncertainties of these masses were
reduced to less than 1 pmol/mol.

* Uncertainties of these molar masses
were negligible.

* Uncertainty of O, molar fraction was
less than 1 pumol/mol.
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プレゼンターのノート
プレゼンテーションのノート
As you can see, uncertainty factors of the standard gas mixture were improved like this table. Main factor of uncertainty was mass of O2 and its contribution was 0.74 μmol/mol. Molar mass of each source gas was negligible.
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プレゼンターのノート
プレゼンテーションのノート
In this presentation, we will talk about the following three contents.
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Overview of influence evaluation of minor components

* The standard gas mixtures with minor components were prepared using almost
the same technique for the previous gravimetric standard gas mixtures of pure N,,

O,, Ar, and CO,..

* Only the filling procedure was different from the preparation technique of the
standard gas mixtures without minor components.

* Four standard gas mixtures, of which O, molar fractions ranged from 0.2091
mol/mol to 0.2097 mol/mol, were prepared.

* The standard gas mixtures with and without minor components were measured
using three types of analyzers.

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) National Metrology Institute of Japan (NMIJ)


プレゼンターのノート
プレゼンテーションのノート
We have prepared standard gas mixtures containing minor components using this technique. The standard gas mixtures were prepared using almost the same techniques as the standard gas mixtures consisting of N2, O2, Ar, and CO2. Only the filling procedure was different from the preparation techniques of the standard gas mixtures only consisting of N2, O2, Ar, and CO2.
Int his study, Four standard gas mixtures were prepared with the mole fractions ranging from 0.2091 mol/mol to 0.2097 mol/mol.



Preparation procedure ZAIST

Standard gas mixture including Ne,He,Kr,CH,,and Xe

Pure CH, Pure N,

CH./N Rare noble gas Pure CO
42 (Ne, He, Kr, and Xe) 2
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+CO, + Ar I
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プレゼンターのノート
プレゼンテーションのノート
This is schematic diagram of the procedure to prepare the standard gas mixture including minor components, Ne, He, Kr, CH4 and Xe.
First, CH4/N2 mixture is prepared from pure CH4 and Pure N2. second rare noble gas, CH4, and CO2 mixture is prepared from CH4/N2 mixture, rare noble gas, and pure CO2. rae noble gas, Ch4, CO2, and Ar mixture was prepared from the prepared mixture and pure Ar. Last, the standard gas mixtures were prepared from the prepared mixture pure O2 and pure N2. this procedure is more complex than this standard gas mixture without minor components 



The standard gas mixtures including minor components e
Cylinder Gravimetric values (umol/mol)
No Date
€ A Y4 N
N, O, Ar CO, Ne He Kr CH, Xe
CPB16345 2021.10.7 780481.6 0.9 209686.8 £ 0.7 9364.7£0.7 438.66*0.04 19.27 £0.03 5.53%£0.03 1.20£0.01 1.942 £0.002 0.091 £0.001
CPCO00415 2021.9.30 780706.3+0.9 209484.5+0.8 9343.4%+0.7 437.66*0.04 19.23 £0.03 5.52%£0.03 1.20£0.01 1.938 £0.002 0.091 £0.001
CPB16315 2021.11.2 780991.2%+0.9 209210.2%0.7 93334%+0.6 437.20%0.04 19.21 £0.03 5.51%£0.03 1.20+0.01 1.936£0.002  0.091 £0.001
CPB16379 2021.10.12 781122.8+0.9 209110.0%0.7 9303.3+0.7 435.79%0.04 19.15%0.03 550+0.03 1.20%0.01 1.930£0.002  0.091=0.001
Atmosphere 780882.9 209339.1 93344 417.06 18.18 5.24 1.14 1.911 0.09
ﬁ

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)

The standard uncertainties were almost same as
those in the standard gas mixtures without the
minor components.

Numbers following the symbols * represents the standard uncertainty.

The molar fractions of the minor components were
slightly higher than atmospheric values.
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プレゼンテーションのノート
This table shows the standard gases including minor components which we prepared. Standard uncertainty of these components were almost same as those in our previously developed standard gas mixtures of N2, O2, Ar and CO2. The molar fractions of the minor components were slightly higher than atmospheric values. But we think that the difference is negligible on the precise oxygen measurements.
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Outline

* Influence of minor components on precise O,/N,
measurements
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Paramagnetic oxygen analyzer AT

Outline of analytical method

Paramagnetic oxygen analyzer
Instrument (Air liquid Japan POM-6E: this is similar
to OXYMAT 6E (SIEMENS, Germany))

Measured species 0,

Precision 0.7 umol/mol (O, molar fraction)

Flow rate of sample | 80 ml/min

Measurement value

/ yvimetric value
_ [(02/N2)sTp
5(02/1\]2) B 5{[(02/N2)ref]_ 1} * 106
N

0.2680761=0.2093391/0.7808943 (Aoki et al., 2019)

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)
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The paramagnetic analyzer for O, measurement
(Aoki & Shimosaka, Anal. Sci, 2018)
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プレゼンターのノート
プレゼンテーションのノート
This table shows outline of paramagnetic oxygen analyzer. Air liquid Japan POM-6E was used in this study. The analyzer is similar to oxymat 6E of SIEMENS. Measurement uncertainty of O2 molar fraction is 0.7 μmol/mol. This is a schematic diagram of a paramagnetic oxygen analyzer. The pressure difference is generated between B and C by the attraction of oxygen molecules to an alternating magnetic field.  the flow is caused by the pressure difference the flow rate is detected by This microflow sensor. We can know the O2 molar fraction because this flow rate is in proportion to the molar fraction of oxygen. Delta O2/N2 was calculated using this formula. Because only oxygen value was obtained from the measurement using this analyzer, the gravimetric value was used as this nitrogen value and this value which we measured was adopted for this reference value.


Mass spectrometer AT

Outline of analytical method

. Mass spectrometer
nstrument (Thermo Scientific Delta-V)

‘ HN4N, 1SN 4N, 160160,170160,
Measured species 18016() 36 Ar. 40A 1 12C160)160)

Precision 3.2 per meg (8('°0,/'“N,) ——

I:).c:} Sobemond valve @;ﬂ' Aimompleere 12 sl s

Simnlad aa Y ml ma

1
I | A— Y - A et

. 1L bt [ —
Flow rate of sample 3 ml/min r-ﬁ‘_:‘l. ] “av @ Mass spectrometer for O,/N, measurement

Iil AR @m i — (Ishidoya & Murayama,Zellus B, 2014)

D

Calculation method of 6 (O,/N,)

(160160/ 14N14N) 1+ 170160/160160+ 180160/160160 1+ 170160/1602 + 180160/160160
6(02/Nz) :{ 16160y / 1414 - 15 Ty /14y 14 ] /[ 15py 14y /14N 14 ] - 1} X 10°
(**00/ N™N) 1+ PNMN/MNN oD 1+ PNMN/MNN "
These values were calculated These values were calculated from These values were calculated using isotope ratio
form 8(1°O160/“N14N), the measurement values of natural air (Junk & Svec, 1958, Barkan &Luz,
(8(180160/160160)’ 8(170160/160160)’ 2005)

S(ISNT4N/IN4N))
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プレゼンテーションのノート
In the measurement of mass spectrometer, these species were measured using thermos Scientific Delta-V by Ishidoya. delta O2N2 was calculated from this formula. These value were directly obtained by the measurement of standard gas mixtures. This value was calculated using isotope ratio of natural air.  



Outline of analytical method

Inst ) GC/TCD
fstrumen (Hewlett-Packard HP5890)
Measured species N,, O, (including Ar)
Precision 5 per meg (8(0,/N,))
Flow rate of sample | 8 ml/min

Calculation method of § (O,/N,)

6(0,/N3) = 6{(0; + Ar/Ny)} X {([0,] + k[Ar])/[O2]}rer

corrected using the gravimetric values.

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)

Difference in Ar molar fractions in the standard gas mixtures from atmospheric Ar molar fraction were

(Tohjima, JGR, 2000)

: i
The GC-TCD for O,/N, measurement

National Metrology Institute of Japan (NMIJ)

oCIED
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プレゼンターのノート
プレゼンテーションのノート
The measurement using GC-TCD was performed by Tohjima.  In this measurement, nitrogen and oxygen values are directly obtained, although oxygen value include Ar value. 
The δ(O2/N2) values were calculated using this formula. the deviations of gravimetric Ar mole fraction form atmospheric Ar mole fraction were corrected using gravimetric values. 



Results measured using three types of analyzers

30 + Paramagnetic analyzer
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Gravimetric value of 8(N,/O,) (per rmeg)

There were significant differences in the O,/N, ratios
measured by the MS and GC/TCD between the standard
gas mixtures with and without minor components, while
there was not significant differences in those by the
paramagnetic analyzer.
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These figures were the measurement results of the  standard gas mixtures using paramagnetic analyzer, MS, and GC-TCD.. In case of paramagnetic analyzer, there is no difference between both standard gas mixtures with and with the minor components. However, in measurements of MS and GC-TCD, O2/N2 ration in the standard gas mixtures with minor components were slightly lower than those without minor components. Although we have discussed the difference, we still don’t understand what caused this difference.    
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Conclusion remark

* We prepared the standard gas mixtures including minor components of Ne, He, CH,, Kr and Xe
with the standard uncertainty of less than 1 pmol/mol.

* The molar fractions of minor components in the standard gas mixtures had slightly higher than
atmospheric values.

* The standard gas mixtures with or without minor components were measured using three types of
analyzers, a paramagnetic analyzer, a MS, and a GC-TCD, to understand influence of minor
components on precise O,/N, measurements.

» Although there were significant differences in the O,/N, ratios measured by the MS and GC/TCD
between the standard gas mixtures with and without minor components in a MS and a GC-TCD,
there was not significant differences in those by the paramagnetic analyzer.
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プレゼンターのノート
プレゼンテーションのノート
In concluding my presentation, we developed a preparation technique of standard mixtures by one step dilution for NMIJ CRM. Amount of CO2 adsorbed to inner surface of the 10L cylinder was estimated to correct the gravimetric values in the standard mixtures. NMIJ CRM which will be available in 2022 or 2023 have a plan to use in round robin exercise performed between observation institutes.
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