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NPL Report COEM 20 

Summary of Comparisons of Gas Standards between NPL and NIST 

A J Davenport, P A Holland, P T Woods and M J T Milton 

EXECUTIVE SUMMARY 

This report contains the results of the comparison of primary gas standards prepared by NPL 
and the National Institute of Standards and Technology (NIST). These include standards of 
carbon monoxide, carbon dioxide, nitrogen monoxide and propane all in nitrogen and 
propane in air. 

1. INTRODUCTION 

This report contains the results of the comparisons of primary gas standards carried out 
between NPL and the National Institute of Standards and Technology (NIST). 

2. RESULTS 
The results are presented in Figures l to 7. The value of each primary standard from NPL, or 
CRM from NIST, is given in terms of its nominal concentration together with its expanded 
uncertainty (expressed as a 95% confidence interval). The result of the analysis of each 
primary standard is shown with its associated uncertainty (expressed as a 95% confidence 
interval). The analytical values are presented in terms of the fractional deviation between the 
gravimetric value and the analytical value expressed as a percentage of the gravimetric value. 

Annex 1 is a refereed publication that incorporates some of the results included in this report. 
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Figure 1: Carbon Monoxide In Nitrogen 
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Figure 2: Carbon Monoxide In Nitrogen 
NPLINIST (ppm levels) 
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Table 1: Carbon Monoxide in Nitrogen NPWNIST 
Nominal Source Gravimemc Uncertainty Analytical Uncertainty Relative 
Value of Laboratory Amount Amount Dierence 
Standard Fraction m moYmol m moUmol Fraction m moYmol m moYmol % 

80 m moYmol CON2 NIST 77.6700 0.8000 77.3000 0.0500 -0.48 
80 m moYmol CO/N2 NPL 76.7900 0.0040 76.7800 0.0400 -0.01 
40 m moYmol CO/N2 NIST 38.9400 0.4000 38.9300 0.0400 -0.03 
20 m moYmol CON2 NIST 19.5600 0.2000 19.4600 0.0200 -0.51 
10 m mol/mol CON2 NIST 9.6000 0.1000 9.5900 0.0100 -0.10 
10 m mol/mol CON2 NPL 9.4490 0.0080 9.4510 0.0080 0.02 
5 m mol/mol CON2 NIST 4.6800 0.0470 4.6750 0.0080 -0.11 
2 m moVmol COIN2 NIST 2.3970 0.0024 2.3940 0.0030 -0.13 

Table 2: Carbon Monoxide in Nitrogen NPLINIST 
Nominal Value Source Gravimetric Uncertainty Analytical Uncertainty Relative 
of Standard Laboratory Amount Fraction Amount-~raction Difference 

p mol/mol p moYmol p moYmol pmoYmol '36 

1000 p m0Ym01 CON2 NIST 956.00 7.00 954.80 1 .W -0.13 
500 p moYm01 CO& NIST 475.00 4.00 475.20 0.50 0.04 
250 p m0Ym01 CONz NIST 243.60 2.40 242.40 0.40 -0.49 
100 p moYmol CON2 NIST 97.10 0.80 96.99 0.14 -0.11 
100 p. moYmol CON2 NIST 93.80 0.90 93.83 0.14 0.03 
50 p mol/mol CON2 NIST 44.90 0.50 44.86 0.09 -0.09 
10 U moYmol COB& NIST 9.62 0.09 9.64 0.04 0.21 



Figure 3: Carbon Dioxide In Nitrogen 
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Figure 4: Carbon Dioxide In Nitrogen 
NPLINIST (ppm levels) 
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Table 3: Carbon Dioxide in Nitrogen NPL/NIST 
Nominal Source Gravimemc Uncertainty Analytical Uncertainty Relahve 
Value of Laboratory Amount Amount Difference 
Standard Fraction m moUmol m moUmol Fraction m moUmol m moUmol % 

70 m moUmol C O D 2  NPL 7 1.0200 0.0400 71.1000 0.2000 0.11 
70 m moUmol C O D 2  NIST 71.0200 0.7000 71.2100 0.0600 0.27 
45 m moUmol COD2 NPL 44.7900 0.0300 44.7800 0.0300 -0.02 
40 m moUmol C O D 2  NIST 38.2460 0.0400 38.2300 0.0400 -0.04 
35 m moUmol C02/N2 NIST 35.0740 0.0350 35.0000 0.0600 -0.21 
30 m moUmol COD2 NIST 28.7200 0.0300 28.7400 0.0300 0.07 
25 m oUmol C02/N2 NIST 25.2000 0.0250 25.2400 0.0600 0.16 
20 mmoUm01 C02/I% NIST 18.8310 0.0220 18.8300 0.0340 -0.01 
15 m moUmol CO2/% NIST 14.5190 0.0160 14.5050 0.0180 -0.10 
10 m molfmol C 0 m  NIST 9.6450 0,0100 9.6430 0.0090 -0.02 
10 m mol/mol C O D 2  NIST 9.6450 0.0100 9.6380 0.0090 -0.07 
10 m moUmol C O D 2  NPL 9.8720 0.0080 9.8620 0.0100 -0.10 
5 m moUmol C O D 2  NIST 5.0620 0.0060 5.0610 0.0100 -0.01 
5 m moUmol CO,/N, NPL 5.0390 0.0050 5.0490 0.0160 0.20 

Table 4: Carbon Dioxide in Nitrogen NPLINIST 
Nominal Value Source Gravimetric Uncertainty Analytical Uncertainty Relative 
of Standard Laboratory Amount Fraction Amount Fraction Difference 

p moUmol p molfmol p moYmol pm0Um01 % 
1000 p. m0l/m01 C02/N2 NPL 958.30 0.90 958.20 0.90 -0.01 
50 U m0Um01 CCh/N? NPL 50.85 0.07 50.70 0.10 -0.29 



Figure 5: Nitric Oxide In Nitrogen 
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Table 5:  Nitric Oxide in Nitrogen NPL@IIST 
Nominal Value Source Gravimemc Uncertainty Analytical Uncertainty Relative 
of Standard Laboratory Amount Fraction Amount Fraction Difference 

p moVmol p moYm01 p moYmol p mol/mol % 

1000 p m0Um01 NON2 NPL 980.50 1 .OO 982 0.15 
250 p m0Um01 NON2 NPL 230.6 0.35 230.3 -0.13 
250 p moUmol NO& MST 235 3 235.4 0.4 0.17 
100 p m0Ym01 NON2 NIST 93 1.1 93.02 0.3 0.02 
100 p movmol NOIN NPL 91.16 0.2 91.3 0.15 
50p m0Um01 N0/N2 NPL 48.42 0.15 48.3 -0.25 
50p moYmol NON2 NIST 47.9 0.7 47.86 0.16 -0.08 
lop moUmol NON2 MST 9.95 0.16 9.93 0.1 -0.20 



Figure 6: Propane In Nitrogen NPLlNlST 
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Figure 7: Propane In Air NPLlNlST 
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Table 6: Propane in Air NPL/NZST 
No- Value Source Gravimetric Uncertainty Analytical Uncertainty Relative 
of Standard Laboratory Amount Fraction Amount Fraction Difference 

p moVm01 p mol/mol p moVmol pmol/mol % 

500 p m0Vm01 C3&/AIR NPL 474.42 0.50 473.00 -0.30 
100 p moYmol C3&/AIR NPL 95.08 0.10 95.10 0.02 
100 p moYm01 C3H8/AIR NIST 94.80 0.90 94.90 0.11 0.1 1 

50 p moVmol C3H$AIR NIST 48.60 0.40 49.03 0.06 0.88 
50 p moVmol C W A I R  NIST 48.60 0.40 48.99 0.06 0.80 
50 P m0l/m01 C3H$AIR NPL 48.32 0.05 48.10 -0.46 

10 v m0Vm01 C3H$AlR NIST 9.57 0.09 9.56 0.03 -0.10 

Table 7: Propane in Nitrogen NPLINIST 
Nominal Value Source Gravimetric Uncertainty Analytical Uncertainty Relative 
of Standard Laborabw  mount ~ra&on Amount Fraction Difference 

p moYm01 p moYmol p moYmol pmoVmol % 

10000 p moVm01 C3H$N2 NIST 9814.00 98.00 9811.00 9.00 -0.03 
10000 p m0Vm01 C3&M2 NPL 9617 8 9630 0.14 
1000 p m0Vm01 C m 2  NIST 973.7 9.7 971.1 0.9 -0.28 

500 p m0Ym01 C3EI$N2 NPL 492.54 0.5 493 0.09 

500 p m0Vm01 CJHs/N2 NIST 490.3 4.9 489.5 0.6 -0.16 
100 p m0Vm01 C3&H8/N2 NIST 98.5 0.99 95.47 0.15 -0.03 
100 p mol/mol C3&/N2 NF'L 97.18 0.1 97.3 0.12 
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ANNEX l 

Intercomparison of a Range of Primary Gas Standards of Carbon Monoxide in 
Nitrogen and Carbon Dioxide in Nitrogen Prepared by the National Institute of 

Standards and Technology and the National Physical Laboratory 



Reprinted from ENVIRONMENTAL SCIENCE & TECHNOLOGY, Vol. 25, 1991 
Copyright O 1991 by the American Chemical Society and reprinted by permission of the copyright owner. 

Intercomparison of a Range of Primary Gas Standards of Carbon Monoxide 
in Nitrogen and Carbon Dioxide in Nitrogen Prepared by the National 

- Institute of Standards and ~echnology~ and the National Physical Laboratory 
. * 

Ernest E. Hughes,',§ Arthur J. ~avenport ,~~ Peter T. ~ o o d s , ~ '  and Walter L. Zielinski, ~ r . ' - $  

2 Gas and Particulate Science Division, Center for Analytical Chemistry, National Institute of Standards and Technology, 
Gaithersburg, Maryland 20899, and Division of Quantum Metrology, National Physical Laboratory, Teddington, TWl l OLW, UK 

- I Measurements were carried out by the National Physical 
Laboratory (NPL) in the United Kingdom and the Na- 
tional Institute of Standards and Technology (NIST) in 

' the United States to intercompare the primary gravimetric 
gas standards developed by these two laboratories. These 
intercomparisons involved analyses of a set of CO and CO2 
NIST Standard Reference Materials by the NPL, and of 
a similar set of NPL primary standards by the NIST. In 
each case, the exact concentrations of the exchanged sets 
were unknown to the analyzing laboratory. The CO and 
CO? standards ranged in nominal concentration from 8% 
to 10 ppm and from 8% to 0.590, respectively. The 
analyses were carried out using primary gravimetric 
standards, which were independently produced by the two 

- -i laboratories. The  mean difference between the values 
assigned by the supplying laboratory and the values de- 

F* termined by the analyzing laboratory was less than 0.2% 
relative for both sets of CO and CO, standards. The results 
confirmed that standards produced by NPL and NIST 

" have a high degree of consistency, and that measurements 
obtained using these standards for measurements of levels 
of atmospheric CO and CO2 may be directly intercom- 
pared. 

Introduction 
" 

An increasing number of national laboratories around 
the world are preparing primary gas standards in order to 
provide a basis for ensuring the quality and intercom- 
parability of measurements of pollutant gases in ambient 

." 

'Present address: Food and Drug Administration, Division of 
Drug Analysis, 1114 Market St.. Room 1002, St. Louis, MO 63101. 
' Formerly, National Bureau of Standards. 

, I National Institute of Standards and Technology. 
5 Deceased. 
" National Physical Laboratory. 

air. These primary standards, prepared by absolute gra- 
vimetric methods, are used to accurately determine and 
certify the concentrations of certified gas mixtures. These 
are then used as reference standards for the calibration 
of instruments employed for monitoring atmospheric 
pollution and air quality, and for the development and 
evaluation of improved monitoring methods. Applications 
involving certified gas standards include measurements of 
pollutant gas emissions from stationary and mobile sources, 
assessments of air quality in urban and workplace envi- 
ronments, and quantitative evaluations of changes in the 
trace gas composition of the atmosphere. 

To ensure that such measurements are comparable 
throughout the world, it is necessary that gas standards 
prepared by different national laboratories agree with one 
another. One example where international uniformity is 
required is for measurements of gaseous pollutants pro- 
duced by vehicles and aircraft, since these generally are 
manufactured for the international market. The predom- 
inant gaseous pollutants emitted from these sources in- 
clude carbon monoxide, carbon dioxide, oxides of nitrogen 
and sulfur, and hydrocarbons. Reference standards for 
each of these gases are prepared a t  concentrations ranging 
from - 10% to several parts per million (ppm) in a balance 
gas of nitrogen or air. 

The National Institute of Standards and Technology 
(NIST), formerly the National Bureau of Standards, in the 
United States has been preparing a wide range of gas 
standards since the late 1960s. The National Physical 
Laboratory (NPL) in the United Kingdom has been en- 
gaged in a similar program since 1976. Both laboratories 
supply certified gas reference standards in order to provide 
the basis for measurement quality assurance and to dem- 
onstrate intercomparability of measurements made by 
industry and government organizations. These standards 
are certified by direct comparison to the primary gravi- 

0013-936X/91/0925-0671$02.50/0 Published 1991 by the Arner~can Chemical Society Environ. Sci. Technol., Vol. 25, NO. 4, 1991 671 
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( A )  NPL Analysis of Purity of Parent Gases 

component concn, ppmvD 

Carbon Monoxide 
methane 3 f 1.5 
ethane 0.1 f 0.05 
propane 0.07 k 0.035 
c02 0.5 f 0.025 
0 2  1 3  
NZ 74 f 23 
total impurity 79 f 23 
CO purityb 99.992 f 0.008 m01 % 

Nitrogen Balance Gas 
CO 10.03 
hydrocarbons 10.07 
NO, <0.2 
c02 10.03 
argon 50.5 
H20 50.1 
0 2  10 f 2 
total impurity 11 f 2 
N B  purityb 99.9989 rt 0.0011 m01 % 

(B) NIST Analysis of Purity of Carbon Dioxide Parent Gas 

componentc concn, m01 % 

Carbon Dioxide - 
N? 0.062 f 0.0024 
0 2  0.019 f 0.0008 

+.. H?O 0.013 f 0.002 
hydrocarbons <0.001 

-.,- CO, purityb 99.906 f 0.006 

"ppm by volume. *Purity determined by difference. 'The CO2 -- reagent was analyzed by mass spectrometry to identify its major 
impurities (nitrogen, oxygen, water vapor, and hydrocarbons), 
which were subsequently individually measured; the concentra- 

a tions of nitrogen, oxygen, and hydrocarbons were determined by 
gas chromatography, while that of the water vapor was determined 

.. with a coulometric analvzer. 

= metric standards that are independently prepared and 
maintained a t  the two laboratories. 

- -  To assess the agreement between the gravimetric 
standards of NIST and NPL, a series of blind intercom- 

" - parisons were carried out, involving the exchange of 
standards between the two laboratories. This report 
outlines the procedures used for the preparation of the 
gravimetric standards, describes the estimation of the total 
uncertainty assigned to the certified concentrations, dis- 

-- cusses the methodology associated with the intercompar- 
isons, and presents the results obtained from a range of 

- COIN2 and C02/N2 mixtures. 

-. Experimentai Section 
Preparat ion of Primary Gas Standards a t  NPL. 

- Primary gas standards are prepared a t  NPL in specially 
passivated, aluminurn alloy cylinders. These are evacuated 
before use, and impurities are monitored with an on-line 
mass spectrometer. The parent gases used to prepare the - gas mixtures are definitively analyzed for impurities by 
gas chromatographic and spectroscopic techniques. An 
example of the results obtained when analyzing the purity - 
of CO, CO2, and nitrogen is given in Table IA. 

A set of three or more gas mixtures having a nominal 
concentration of -10 m01 '3% is prepared by accurate, 
consecutive transfers of known weights of the parent gases 
into each cylinder. A dilution of - 10:l is then similarly 
made from one or more of the 10% mixtures to produce 

- a set of mixtures having nominal concentrations of 1 m01 

%, such that these mixtures are directly traceable to the 
parent 20% gravimetric standards. This process is re- 
peated using sequential dilutions of approximately 10:l 
to develop a hierarchy comprising sets of accurate stand- 
ards ranging in concentration from 10 m01 % down to a 
few ppm by mole. The sets of standards prepared at each 
dilution are repeatedly intercompared to demonstrate their 
internal consistency. Many such independent hierarchies 
of gas standards have been prepared for each gas mixture, 
with members of different hierarchies compared with those 
of similar concentration in other hierarchies to verify the 
self-consistency of the complete range of primary stand- 
ards. Whenever new gravimetric standards are prepared 
to replace depleted ones, a stringent protocol of inter- 
comparisons is followed to confirm that these new stand- 
ards are consistent with the existing ones. A more detailed 
description of this process for preparing NPL primary 
standards has been reported (l). 

Uncertainties i n  the  Preparation of NPL Primary 
Gas Standards. The principal sources of error associated 
with the gravimetric preparation of primary gas standards 
a t  NPL fall into two general categories. 

The first concerns uncertainties associated with the 
purity of the parent gases used to prepare the standards. 
Impurities in the parent gases would, if unaccounted for, 
give rise to systematic errors in the gravimetric concen- 
trations of the primary standards. Hence, careful analyses 
of the parent gases are carried out to minimize such errors. 
Data obtained on the levels of impurities in all the com- 
ponents are then used to make the necessary corrections 
to the molar concentrations of the prepared standards. 
The remaining uncertainties in this category are due to 
the imprecision of the analyses of the impurities in the 
parent gases. These are used to estimate the uncertainty 
in the purity value assigned to each of the parent gases. 

The second category is associated with the weighing 
procedures used during the preparation of the primary 
standards. These include the systematic uncertainty in 
the accuracy of the weights used, the statistical impreci- 
sions in the individual weighings, the repeatability of the 
weighing process, and the uncertainty of atmospheric 
bouyancy corrections. 

A more detailed analysis of these errors has been carried 
out (l). I t  is clear that the total uncertainty assigned to 
the concentration of different primary standards will be 
influenced by the purities of the parent gases and the 
number of dilutions used to prepare different standards. 
The total uncertainties in the NPL primary standards used 
in this intercomparison study, expressed at the 95% con- 
fidence level, are summarized in Tables I1 and 111. 

Preparation of Gas Standards a t  NIST. The meth- 
ods used for the preparation of gaseous primary gravl- 
metric standards a t  NIST are similar to those outlined 
above for NPL. The parent gases used to prepare the 
standards comprise a t  least one primary gas (e.g., CO or 
CO2) and a balance gas (nitrogen or air). Initially, defi- 
nitive analyses are carried out to determine the trace 
composition of each of the parent gases in order to de- 
termine their respective purities (see example for CO2 in 
Table 1B). The balance gas is also analyzed to determine 
whether it  contains any trace level of the primary gas of 
interest (e.g., CO or CO,). These analyses provide infor- 
mation that is needed to calculate the concentration of the 
standards on a molar basis. Since the primary standards 
are used in the certification analysis of NIST gaseous 
Standard Reference Materials (SRMs), the results of the 
analyses of the parent gases are used also to verify that 
trace gas impurities are not present a t  levels that may 
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: Table 11. NPL Analysis of NIST SRMs of Carbon Monoxide in  Nitrogen Using NPL Pr imary  Standardsa 

NIST SRM no. 2642 2641 2640 2639 2638 2637 
NIST sample no. 51-27-A 52-14-A 53-21-A 54-46-A 55-42-A 56-25-A 

NIST certified concnb 7.767 3.894 1.956 0.960 4679 pprn 2397 ppm 
(0.08) (0.04) (0.02) (0.010) (47 P P ~ )  (24 ppm) 

NPL resultb 7.730 3.893 1.946 0.959 4675 ppm 2394 pprn 
(0.005) (0.004) (0.002) (0.001) (8 ppm) (3 ppm) 

difference (NPL - NIST)b -0.037 -0.001 -0.010 4.00 1 -4 PPm -3 PPm 
, .-.- % difference -0.48 -0.03 -0.51 -0.10 -0.09 4.13 

NPL gravimetric uncertaintyb 0.004 0.003 0.0015 0.0008 4.3 ppm 2.2 ppm 

.- .. NPL analytical uncertaintyb 0.003 0.002 0.001 0.0005 6.9 ppm 2.6 ~ ~ r n  

NIST SRM no. 16m 168D 2686 1673 I679 1678 1 ~ 1 ' 1  
NIST sample no. 01-05-D 02-10-D 57-17-A 03-23-E 03-79-B 04-34-E 05-12-C 

NIST certified concnc 956 475 243.6 97.1 93.8 44.9 9.62 
(7) (4) (2.4) (0.8) (0.9) (0.5) (0.09) 

NPL result' 954.8 475.2 242.4 96.99 93.83 44.86 9.64 
(1.0) (0.5) (0.4) (0.14) (0.14) (0.09) (0.04) 

difference (NPL - N E T ) =  -1.2 +0.2 -1.2 -0.11 +0.03 -0.04 +0.02 
% difference -0.13 +0.04 -0.49 -0.11 +0.03 -0.09 +0.21 
NPL gravimetric uncertaint? 0.90 0.50 0.33 0.13 0.13 0.07 0.03 
NPL analytical uncertaintf 0.32 0.08 0.13 0.05 0.05 0.05 K02 

"Uncertainties (including those in parentheses) are expressed a t  the 95% confidence level. bValues are percent unless otherwise noted. 
C In ppm by mole. 

Table 111. NPL Analysis of NIST SRMs of Carbon Dioxide i n  Nitrogen Using NPL Pr imary  Standardsovb 

NIST SRM no. 
NIST sample no. 

NIST certified concn 

NPL result 

. .". difference (NPL - NIST) 
% difference 

. .- NPL gravimetric uncertainty 
NPL analytical uncertainty 

Uncertainties (including those in parentheses) are expressed a t  the 95% confidence level. bValues in percent. 

- affect the magnitude of an instrumental response to the 
primary gas during the SRM certification process. 

The primary standards are prepared with a pressure- 
vacuum manifold system by consecutive transfer of accu- 
rately weighed amounts of the parent gases into pre- 
weighed, evacuated, specially passivated new aluminum 

. - alloy cylinders. Set of three or more primary standards 
are prepared gravimetrically in this manner, at concen- 
trat~ons ranging from several percent down to 200-300 
ppm, such that a given set of standards brackets a specified 
concentration of interest. Primary standards down to 

-- several pprn are prepared from the higher concentration 
primary standards by accurate, consecutive dilutions, such 

- that the lower concentration standards are directly 
traceable to the higher concentration standards. In all 
cases, primary standards prepared within each concen- 
tration level and between concentration levels are analyzed 

. to verify that a high degree of consistency exists with 
respect to concentration. In some cases, larger sets of up 

- c  
to 20 standards are gravimetrically prepared to cover an 
entire range of concentrations of interest (e.g., C02/air 
standards covering a range from 300 to 400 pprn for global 
monitoring of atmospheric CO2).  In all cases, the sets of 
primary standards are intercompared by using a precise 

-- analytical method that has low instrumental noise and drift 
(e.g., nondispersive infrared analysis or gas chromatogra- 
phy). Consistent analytical data are obtained by carrying 
out repeated analyses within and between days, such that 
analytical imprecision is minimized and any observed in- 
strumental drift is corrected. Existing standards are in- 
cluded in these intercomparisons to verify that newly 

prepared standards demonstrate a consistent relationship 
with respect to concentration. 

In common with the NPL procedure, the molar con- 
centration assigned to a gravimetric primary standard 
prepared by NIST is calculated from the weights of the 
gases transferred into the cylinder and their respective 
molecular weights, corrected for the purity of the gases. 

Uncertainties in  the Preparation of NIST Primary 
Gas Standards. The random error associated with the 
preparation of the gravimetric standards can be estimated 
in two ways. One approach involves the summation of all 
systematic and statistical errors involved in the prepara- 
tion, as discussed earlier. These include systematic un- 
certainties and imprecisions in the analysis of the purity 
of the parent gases, systematic uncertainties in the accu- 
racy of the weights used, uncertainties in the estimates of 
buoyancy corrections during weighing, statistical impre- 
cisions in the weighings, and the repeatability of the 
weighing process. Another method used to estimate the 
total error associated with the preparation of the gravi- 
metric standards is to determine the standard error of the 
pooled differences between the gravimetric concentrations 
of the primary standards and their respective concentra- 
tions measured from a regression analysis of response data, 
developed from repeated analyses of the set of standards. 
This method, which includes both the random error of 
preparation of the gravimetric standards and the analytical 
imprecision of their intercomparisons, provides a more 
conservative estimate of the error associated with the 
preparation of the gravimetric standards. I t  represents a 
simple method for estimating the preparation error and 
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Table IV. NIST Analysis of NPL Primary Standards of Carbon Monoxide in Nitrogen Using NIST Primary Standardsa 

NPL cylinder no. 
235 78 56 169 

NPL gravimetric concn 7.679% 
(0.004 % ) 

NIST result 7.678% 
(0.017%) 

-- difference (NPL - NIST) -0.001 % 
% difference -0.01 
NIST gravimetric uncertainty 0.017% 

---- NIST analytical uncertainty 0.0002% 

958.3 pprn 
(0.9 ppm) 

958.2 pprn 
(0.9 ppm) 
-0.1 pprn 
-0.01 
0.8 pprn 
0.4 pprn 

50.85 pprn 
(0.07 ppm) 
50.7 pprn 
(0.1 ppm) 

+0.15 pprn 
+0.30 

0.09 pprn 
0.01 pprn 

2 .  a Uncertainties (including those in parentheses) are expressed at the 95% confidence level. 
. - 

- simultaneously provides a verification that all standards 
have been consistently prepared. When this method is 
used, numerous analyses are carried out to obtain an ac- 
curate measure of the instrumental response for each 
primary standard with respect to all other primary 

' 
standards in the set. The estimated uncertainty obtained 
from these analyses reflects the total of all random errors 
associated with the preparation of a set of gravimetric 
standards. Systematic errors are minimized by correcting 
the gravimetric concentration for the purity of the gases 

- and the presence of trace levels of the primary gas in the 
- balance gas. 

Another potential source of systematic error in primary 
- gravimetric standards can arise due to sorption of a small 

amount of the primary gas of interest by the internal wall 
., of the cylinder. The magnitude of this error is usually 

small for passivated aluminum cylinders, generally 
-- amounting to less than 0.2 ppm. Further, since the total 

uncertainty limit specified for most gas SRMs is in the 
order of 1 % (95 % confidence limit) rilative to their cer- 
tified concentrations, this error represents an insignificant 
contribution. This potential source of error must be 
considered, however, when primary standards are used for 
the certification of certain high-accuracy gas SRMs in the 
pprn range in which the total uncertainty limit is 0.1% 
(95% confidence limit) relative to their certified concen- 
trations (i.e., C02/air SRMs in the concentration range of 
300-400 ppm, but not for CO,/nitrogen SRMs in the 
concentration range of 0.5-4.0% used in the present study.) 

The uncertainties assigned to the NIST primary gra- 
vimetric standards that were used to analyze the NPL 
primary standards are given in Tables IV and V. 

Use of NIST Primary Standards for Certification 
of SRMs. The primary gravimetric standards prepared 
and maintained by NIST are used to certify the accuracy 
of the concentration of a wide variety of gas SRMs, which 
are subsequently employed as national reference standards 
by industry and by government laboratories. These SRMs 
are prepared in homogeneous batches by specialty gas 
companies in accordance with NIST technical specifica- 
tions. At NIST, all members of each batch are intercom- 
pared analytically to NIST primary gravimetric standards. 

The procedure used for certifying gas SRMs involves 
three categories of analysis: (a) intercomparative analyses 
of the primary gravimetric standards to be used, (b) ana- 
lytical comparisons of the primary standards with a cyl- 
inder selected a t  random from the batch (the "batch 
standardn), and (c) analytical comparison of the batch 

Table V. NIST Analysis of NPL Primary Standards of 
Carbon Dioxide in Nitrogen Using NIST Primary 
 standard^",^ 

NPL cylinder no. 

176 134 128 139 

NPL gravimetric 7.102 4.479 0.9872 0.5039 
concn (0.004) (0.003) (0.0008) (0.0005) 

NIST result 7.11 4.478 0.9862 0.5049 
. (0.020) (0.003) (0.0010) (0.0016) 

difference -0.008 +0.001 +0.0010 -0.0010 
(NPL - NIST) 

% difference -0.11 +0.02 +0.10 -0.20 
NIST gravimetric 0.013 0.002 0.0004 0.0013 

uncertainty 
NIST analytical 0.015 0.002 0.0009 0.0008 

uncertainty 

"Uncertainties (including those in parentheses) are expressed at 
the 95% confidence level. Values in percent. 

to verify the stability of the SRMs for periods of 2 years 
or more. 

The total uncertainty (95% confidence level) assigned 
to the certified concentrations of gas SRMs is determined 
by doubling the quadrature summation of three principal 
sources of error in the certification process, viz.: (i) the 
uncertainty associated with the preparation of the NIST 
primary standards, (ii) the imprecision in intercomparing 
the batch standard to the primary standards, and (iii) the 
imprecision in intercomparing the batch standard to the 
remaining cylinders in the batch. 

The total uncertainties of the certified concentrations 
of the SRMs used in this study are given in Tables I1 and 
III. It  should be noted that the actual estimate of the total 
uncertainty made by NIST is typically lower that reported 
by NIST on an SRM certificate. I t  has been a NIST 
convention to report conservatively a total uncertainty that 
is in the order of 1 % relative to the certified concentrations 
for most gas SRMs, and that is in the order of 0.1% for 
certain high-accuracy gas SRMs. Hence, the total un- 
certainties indicated for the high-accuracy CO, SRMs in 
Table I11 (SRMs 2619-2626) are nominally 0.1% relative 
to the certified concentrations, while those for all other 
SRMs listed in Tables I1 and I11 are nominally 1.0% 
relative. 

Further details on the procedures used for certifying gas 
SRMs and for estimating the total uncertainty in NIST 
primary standards and SRMs have been described earlier 
~ n \  

-.. standard with all remaining cylinde;s in the batch. Step \L). 

a is used to verify the stability and consistency of the Results and Discussion respective concentrations of the primary standards. Step 
b is used to determine the concentration of the batch Measurements of NIST SRMs at NPL. This study 
standard. Step c is used to determine the concentration involved definitive analyses of 13 samples of SRMs of CO 
of each of the remaining cylinders in the batch. Additional in nitrogen, ranging in CO concentration from 8% to 10 
analyses are carried out over time, prior to certification, ppm, and 10 samples of SRMs of COP in nitrogen, ranging 
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. Figure 1. NPL analysis of NIST SRMs. 

in CO, concentration from 7% to 0.57'0, using primary 
standards prepared a t  NPL. While the nominal concen- 
tration of each SRM is specified in the NIST SRM catalog, 

- the exact concentrations of the particular SRM cylinders 
submitted to NPL for this study were not specified. The 

. procedure adopted was to bracket the nominal concen- 
tration of each SRM sample (by about &2% of the relative 
value) by two or more NPL primary gravimetric standards. 
The gas mixtures were precisely intercompared by non- 
dispersive infrared (NDIR) analysis. Details of the - 
methodology and instrumentation used in the intercom- 

. - parison were similar to those outlined previously (1). 
However, it is appropriate to outline those aspects of the 
measurements that relate to the accuracy of the results. 

- - Several sources of uncertainty are present in the mea- 
surement procedure. One source of uncertainty in the 

- - analysis is due to the preparation of the NPL primary 
standards, as discussed earlier. Two additional sources of 

. uncertainty are due to statistical and systematic errors that 
arise from the NDIR measurements used to compare the 
NPL primary standards with the NIST SRM samples. 

Statistical uncertainties occur from NDIR analyzer noise 
and drift characteristics. The measurement procedure 
involves automatic data collection by a minicomputer 
system, whlch samples the NDIR signal numerous times 
within each measurement. This results in a small statis- 
tical uncertainty (typically, 10.1% of value at one standard 

- deviation). 
Systematic uncertainties can arise if nonlinearities are 

- present in the NDIR response. These errors, if unevalu- 
ated, can be significant, since a linear interpolation pro- 

_- cedure is generally employed at  NPL to derive the con- 
centration of an unknown gas sample from the bracketing 
primary standards. In this study, however, the magnitude 
of this type of uncertainty was evaluated at  all gas con- 
centrations by employing a five-point calibration method 

- to generate NDIR response curves. From these curves, 
values were derived to determine how close the concen- 

- tration of the bracketing standards had to be to the un- 
known gas mixture to reduce this uncertainty to 50.05% 

- of value. Clearly, the magn~tude of the bracketing con- 
centration range depends on the analyzer used and the 

.. concentrations of the gases being analyzed. Based on the 
results, the concentrations of the bracketing cylinders were 

,, chosen typically to be within f 2% of the value of the 
unknown. This was verified by comparing the NDIR re- 

-- sponses for a set of three NPL primary standards with 
their gravimetric values. No systematic differences were 
observed between measured and gravimetric values, in- 
dicating the absence of significant systematic differences 
due to the NDIR analyzers. 

- The concentrations determined for 13 NIST SRMs of 
CO/N02 and for 10 of C02/N2 are shown in Tables I1 and 

2 5  1 l 

2 5  100 1000 1 E4 l E 5  
NPL GRAVIMETRIC VALUE (ppm) 

Figure 2. NIST analysis of NPL standards. 

111, respectively. In each case, there is excellent agreement 
between the NPL measured value and the respective SRM 
certified value (Figure 1). The mean difference between 
these two values was less than 0.2% for the 13 COIN, 
SRMs, and less than 0.1% for the 10 C02/N2 SRMs. 
These results provide strong evidence that a high degree 
of consistency exists over a wide concentration range be- 
tween primary standards prepared by NPL and NIST 
primary standards used to certify SRMs. 

Measurements of N P L  Pr imary  Gravimetric  
Standards  a t  NIST. Primary NPL standards, ranging 
in nominal concentration from 8% to 50 ppm for CO in 
nitrogen and from 7% to 0.5% for CO, in nitrogen, were 
submitted as unknown concentrations to NIST: The exact 
NPL concentrations of these standards were previously 
determined at  NPL against the range of primary standards 
maintained by NPL. NIST employed both NDIR and gas 
chromatographic methods for analytically intercomparing 
the NIST primary gravimetric standards to the NPL 
primary standards. A set of four to six NIST primary 
standards was used in the analysis of each NPL primary 
gravimetric standard. The  concentration of each NPL 
standard was measured by comparing its instrumental 
response with the regression curve formed by comparing 
the gravimetric concentrations of the NIST primary 
standards against their respective instrumental responses. 

The results are summarized in Tables IV and V. Ex- 
cellent agreement was found for each NPL standard be- 
tween the NIST measured value and the NPL value 
(Figure 2). The mean difference between these two values 
was less than 0.2% relative for both sets of NPL primary 
standards. 

Conclusions 
A comprehensive set of measurements has been carried 

out to compare, for the first time, the primary gas stand- 
ards of the NIST in the United States and the NPL in the 
United Kingdom. The results confirm that a high degree 
of consistency exists between primary gravimetric stand- 
ards prepared by these two national standards laboratories 
for a wide range of concentrations of CO and CO, in ni- 
trogen. They further demonstrate that standards produced 
by NPL and NIST for these two important pollutant gases 
are equivalent, and that measurements made in the United 
Kingdom and the United States using reference standards 
from these two national laboratories may be directly in- 
tercompared. This study also supports the concept that 
gravimetry is an excellent technique that may be used by 
national laboratories for producing accurate primary gas 
standards, and that reference standards traceable to these 
types of primary standards can be used to provide pollu- 
tant gas measurements that can be intercompared on an 
international basis. 
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