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1. Introduction and background

During the autumn meeting in Pretoria (November 2013) the Working Group on Inorganic
Analysis (IAWG) of the Consultative Committee for Amount of Substance — Metrology in
Chemistry and Biology (CCQM) decided to perform this key comparison in conjunction with
the pilot study CCQM-P135.1 as a joint comparison with the Working Group on Electro-
chemical Analysis (EAWG) [1]. The intention was to improve and to verify the measurement
capabilities of the National Metrology Institutes (NMI) and Designated Institutes (DI) for the
determination of anionic impurities with a mass fraction of 1 png/g < w(A) <55 pg/g in a salt
matrix as a follow-up of the successful pilot study CCQM-P135 [2]. To address the issues en-
countered in CCQM-P135 with the largely scattered nitrate results, the analyte nitrate is ex-
clusively subject of the pilot study CCQM-P135.1 and instead of providing a solid salt, it was
decided to ship a sodium chloride solution. Additionally, this opened up the opportunity to
add lead nitrate in nitric acid to increase the nitrate mass fraction and to include the determi-
nation of the lead mass fraction and molar mass to the list of analytes.

Table I: Timetable of CCQM-K122.

5 November 2013 Proposal agreed by IAWG

December 2013  Call for participants, invitation circulated
7 April 2014  Further discussion of key comparison and pilot study
15 May 2014 Deadline for registration

28 August 2014 Beginning of homogeneity/stability measurements
September 2014  Shipment of the samples

30 March 2015 Original deadline for reporting of results

30 May 2015 Re-scheduled deadline for reporting of results

31 May 2015 End of homogeneity/stability measurements

18 November 2015 Presentation/discussion of preliminary results [3]
30 November 2015 Circulation of revised calculations/results

19 April 2016  Presentation/discussion of revised results [4]
March 2019  Circulation of first draft report

Traceability systems in elemental analysis [5] get their fundamental link to the SI via the pu-
rity determination of suitable metals or salts. The demonstration of this capability was ad-
dressed with CCQM-P62 (purity of Ni) [6], CCQM-P107 (purity of Zn) [7], and most recently
CCQM-P149 (purity of Zn) [8]. Additionally, it was the subject of the key comparison
CCQM-K72 [9] and pilot study CCQM-P107.1 (purity of Zn). The second link in the tracea-
bility chain — namely the preparation of primary solutions — was covered with CCQM-P46
(preparation of primary solutions of Cu, Mg and Rh) and CCQM-K143/P181 (Comparison of
Copper Calibration Solutions Prepared by NMIs/DIs). Linking all the measurements in the
field to this system is crucial and usually achieved through calibration solutions. Therefore,
key comparison CCQM-K8 and more recently CCQM-K87 and its connected pilot study
CCQM-P124 were conducted in 1999/2000 [10] and 2010/2011 [11], respectively. This key
comparison (CCQM-K122) and the connected pilot study (CCQM-P135.1) cover the purity
determination of a salt via respective measurements in a salt solution and represent therefore
an element of the fundamental link to the SI.

PTB, Germany 3/56 2020-03-26
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The two anions bromide and sulfate as well as the cation lead were chosen as the analytes in

the lower and sub-pug/g level.

Fourteen NMIs/DIs from thirteen countries registered for the key comparison and partici-

pated.
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Figure I: Finalised and ongoing CCQM key comparisons and pilot studies aim at demonstrat-
ing the participants’ ability to set up a traceability system in elemental analysis. CCQM-K 122
and CCQM-P135.1 represent an important part of it.
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2. The samples
2.1 Sample preparation

During preliminary studies three candidate salts were compared to each other. Sodium chlo-
ride EMSURE® for analysis > 99.5 % (argentometric), Lot # K45196204 404 from Merck
KGaA, Darmstadt, Germany, was chosen because of its negligible phosphate and lead content
as well as its relatively high bromide and nitrate content. From a 1 kg-batch of this NaCl ma-
terial 945 g were transferred into a thoroughly pre-cleaned and checked 5 L glass bottle (Du-
ran Group, borosilicate 3.3) on a balance. Using a 1 mL PE syringe approximately 0.32 g of a
lead solution in nitric acid (w(Pb) = 1000 pg/g, n(HNO3)/m = 0.15 mol/kg) prepared from
NIST SRM C2418 (Lot #880707) was added to the sodium chloride. Pure water (Milli-Q Ele-
ment A10, k< 0.066 uS/cm, w(TOC) <4 ng/g) was added to yield a total solution mass of
6300 g. The bottle was placed on a magnetic stirring plate and stirred at 800 min™! over night
to allow for complete dissolution of the salt and homogenization of all analytes. After 24 h the
GLA45 screw cap was replaced with a BOLA GL45 PTFE dispenser (Bohlender GmbH,
Griinsfeld, Germany) and the 5 L-bottle was turned upside down to place it on a PVC tripod
stand. The PTFE stopcock and its tip were rinsed with 200 mL of the sample solution. Subse-
quently, 31 consecutively numbered aliquots of > 170 g were filled directly into thoroughly
pre-cleaned, labelled, and weighed bottles (250 mL PFA, Kurabo, Japan). The bottles were
weighed again, closed with PFA screw-caps (with no additional gaskets), and wrapped in film
bags (165 um LDPE, 12 um Al, 12 um PET; A 40T, C. Waller, Eichstetten, Germany). Every
participant was provided with one bottle.

[
N (===
2) my — 5 L-bottle + stirrer + cap 8 g) Addition of Pb-stock solution into the
2 5 L-bottle
j_"\ b) Addition of m(NaCl) = 945 g sodium chloride
h) m; — 1 mL-syringe +
L ——— LA .
residue of Pb-stock solution
o c) m — 5 L-bottle + stirrer + cap + NaCl
g) Topping of the 5 L-bottle with water
to yield a solution mass of m, =6300 g
=——=——==— d)m, — | mL-syringe 2
) ’ i) ms— 5 L-bottle + stirrer + cap +
e) Loading of V= 0.34 mL Pb-stock sample solution
with wy(Pb) = 1000 pg/e 2 Woaa(Pb) = 0.051 pg/g and
=CF=——— f) m} — 1 mL-syringe +0.32 g Pb-stock wNaCl) =0.15 g/g

Figure 2: Preparation of the bulk sample solution as described in the text above. Meaning of
symbols see section 2.2.
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2.2 Properties of the sample

2.2.1 Mass fractions calculated from the preparation

The mass fraction of sodium chloride w(NaCl), of added lead wadd(Pb), and of added nitrate
wadd(NO37) was calculated from the preparation (see figure 2). The meaning of all symbols is
summarized in table 2.

Wadd(NO; ) =

() 25O (o~ A1080,) 125200

M(Pb)

(1 _ pair,i J
K/',i - N Pa)
1 _ pair,i
Pj

0.348444

Pa

kgm™

K
' bsg,0 '
K, s x| mg———=xm,
bsg,5

with je {NaCl, bsg, X, st} and ie {1,2,3,4,5}

-3
X D~ (0.252 kgog x 9 —2.0582 kg m3j

pair,[ =

with ie {1, 2, 3,4,5}

(273.15-1— 4 )
°C

(D)

2

3)

“4)

©)

Table 2: Meaning of symbols used in the calculation of the mass fraction of sodium chloride
w(NaCl), of added lead wadd(Pb), and of added nitrate wadd(NO3") according to equations (1) —

(5) and figure 2.
Symbol Unit Quantity/meaning
w(NaCl) g/g Mass fraction of NaCl in the final sample solution
Wadd(Pb) ng/'g Mass fraction of Pb in the final sample solution due to the
added lead stock solution
Wadd(NO3) ng/'g Mass fraction of nitrate in the final sample solution due to
the added lead stock solution

PTB, Germany
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Symbol Unit Quantity/meaning
m' g Balance reading (weight) of the empty 5 L-bottle + stirrer
0 + cap
m ]’ g Balance reading (weight) of the empty 5 L-bottle + stirrer
+ cap + approximately 945 g of NaCl
m 3’ g Balance reading of the 1 mL-syringe (+ teflon tube) filled
with approximately 0.34 mL of lead stock solution
m :1 g Balance reading of the 1 mL-syringe (+ teflon tube) after
dispensing the stock solution into the 5 L-bottle
m! g Balance reading of the 5 L-bottle + stirrer + cap + final
: sample solution
Knacl,1 g/g Air buoyancy correction factor of NaCl at time 1
Kbsg,i g/g Air buoyancy correction factor of borosilicate 3.3 glass at
the i time
Kxs g/g Air buoyancy correction factor of the final sample solu-
tion at time 5
Ksi3 g/g Air buoyancy correction factor of the lead stock solution
at time 3
M(E) g/mol | Molar mass of the element E
wst(Pb) ng/g Mass fraction of lead in the lead stock solution
XHNO:3) mol/kg | Amount content of nitric acid in the lead stock solution
Daii kg/m® | Density of the air at the i time
Peal kg/m® | Density of the calibration masses
o kg/m*® | Density of NaCl, borosilicate 3.3 glass, the final sample
solution, or the lead stock solution
Di hPa Air pressure at the i time
o 1 Relative humidity of the air at the i time
i °C Air temperature at the i time
i 1 i time

0 — time when the empty 5 L-bottle was weighed
1 — time when the solid NaCl was weighed inside the
5 L-bottle

3 — time when the 1 mL-syringe filled with 0.34 mL lead
stock solution was weighed

4 — time when the 1 mL-syringe with the residues of the
lead stock solution was weighed

5— time when the 5 L-bottle together with the approxi-
mately 6300 g of final sample solution was weighed

PTB, Germany 7/56 2020-03-26
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2.2.2 Samples sent to the participants

Each bottle contained at least 170 g of the sodium chloride solution with a mass fraction of
approximately 15 %. This corresponds to > 25 g of solid sodium chloride. Table 3 summa-
rizes all properties of the samples.

Table 3: Properties of the samples sent to the participants. Values were calculated from the

preparation data or directly measured. Uncertainties are expanded ones with a coverage factor
of k=2.

Property Value

Mass fraction of sodium chloride w(NaCl) = (0.150 002 = 0.000 084) g/g
Mass fraction of added nitrate wadd(NO37) = (0.502 5 + 0.003 2) pg/g
Mass fraction of added lead wadd(Pb) = (0.050 92 + 0.000 27) ng/g
Acidity pH~=5.1

Density ox=(1107.6 £ 5.0) kg/m* at = 21 °C

2.3 Homogeneity and stability

In accordance with ISO Guide 35 [12] the 6.3 kg-sample batch was checked for homogeneity
and stability. Altogether 4 bottles (sample number 02, 03, 14, and 19) were withdrawn from
the batch of bottles to perform homogeneity and stability measurements. All measurements
were carried out as described in [11] and [2] using ion chromatography and HR-ICP-MS. Ap-
plying one-way ANOVA, the between-bottle uncertainty usb due to homogeneity was calcu-
lated from the “difference” of the variances among and within the bottles measured (70 = ef-
fective number of subsamples, &£ = number of bottles, ni = number of subsamples per bottle):

2 2
S — S ...
2 _ 2 _ “among within
n
k
2
k Zni
— i=1
ny=—| D m—— (7)

1
k-1 i=1

Stability was monitored from 28 August 2014 to 31 May 2015. From n = 8 samples per ana-
lyte the stability related uncertainty uis was calculated applying a linear approach to describe
possible changes of the element mass fraction w over time ¢:

w=a,+a,-t ®)

No stability issues can be detected in case the slope a1 (calculated applying an OLS algo-
rithm) is insignificant compared to its standard deviation s(a1). Symbols: t = Student t-factor,
p = probability.

PTB, Germany 8/56 2020-03-26
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) nZl,wl Zt Zw

al i=1 i=1 (9)

$0(5)

2
uz(a1)= n5 with §* =

2
”Z ti2 - (Z L j
i=1 i=1

o Fat, )| (10)

|a1|<t(p:O.95,n—2)xs(a1) (11)

With an extended shelf life of 74 =276 d the complete time period from sample preparation to
the receipt of the last result was covered. This way a very conservative stability related uncer-
tainty uis was estimated:

Uy =T, X S(al) (12)

Since no evidence of any homogeneity or stability issue was found, no correction had to be
applied. The uncertainty uhomstab associated with this finding was calculated from the contribu-
tions due to homogeneity ubb and stability uis according to equations (6) and (12) using equa-
tion (13) and (14) with A denoting the particular analyte:

uhomstab V ubb + ults (13)

u
_ “"homstab
urel,homstab - ( 1 4)

W(A)

The relative uncertainty contributions due to homogeneity and stability rel,homstab did not ex-
ceed 1.1 % independent of the analyte. This value reflects the limits of the IC and ICP-MS
procedures applied rather than actual homogeneity or stability issues.
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3. Participants
Fourteen NMlIs and DIs from thirteen countries registered for and participated in CCQM-
K122. For more details refer to table 4. INMETRO reported technical problems with their

equipment and cancelled their participation [13].

Table 4: Participants of CCQM-K 122 in alphabetical order of their acronyms.

Institute/laboratory Country Contact
BAM —"Bundesanstalt fiir Materialforschung Germany Jochen Vogl
und -priifung
CENAM - Centro Nacional de Metrologia México Judith Velina Lara
Manzano
GUM - Central Office of Measures Poland Wladyslaw Kozlowski
INMETRO - National Institute of . Rodrigo C'f101ano de
Metrology, Quality and Technology Brazil Sena,. Janaina Marques
’ Rodrigues
INTI — Instituto Nacional de Tecnologia In- . . .
dustrial - QUIMICA Argentina Ariel Hernan Galli
KRISS — Korea Research Institute of Stand-  Republic of .
: Yong-Hyeon Yim
ards and Science Korea
) . Chao Jingbo,
NIM — National Institute of Metrology P. R. P.R. China Shi Naijic, Wang Qian,
China !
Tongxiang Ren
NIMT — National Institute of Metrology ) Nongluck
(Thailand) Thailand Tangpaisarnkul
NMIJ AIST — National Metrology Institute Toshihiro Suzuki,
Japan
of Japan Naoko Nonose
NRC - National Research Council Canada Canada Zoltan Mester,
Lu Yang
PTB — Physikalisch-Technische German Karin Rohker,
Bundesanstalt Y Olaf Rienitz
SMU - Slovak Institute of Metrology Slovakia Michal Méridssy
SYKE — Finnish Environment Institute Finland Teemu Naykki
TUBITAK UME - Ulusal Metroloji Turke Nilgiin Tokman,
Enstitiisii urkey Siileyman Z. Can

PTB, Germany
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4. Instructions to the participants

A technical protocol was sent to all participants of CCQM-K122 together with the sample
providing information about the approximate analyte contents, the sample handling and the
recommended weighing procedure to check for leaking bottles. Appendix A shows the tech-
nical protocol of CCQM-K122.

5. Reference materials, methods and instrumentation

Participants were free to use a method of their choice. A majority of the participants measured
the anions using ion chromatography. But also ICP-MS as well as GC/MS [14] were applied.
Lead and its isotopic composition were determined using ICP-MS. No digestion was neces-
sary, but in case of lead all participants separated the lead from the matrix. Different calibra-
tion strategies were used ranging from standard addition to exact matching IDMS.

Table 5: Reference materials (sources of traceability) as well as instrumentation, methods and
calibration strategies used as reported by the participants for the bromide and sulfate determi-
nation (IC = ion chromatography, EC = electrolytical conductivity, UV = ultraviolet, GC/MS
= gas chromatography mass spectrometry, IDMS = isotope dilution mass spectrometry, ICP-

MS = inductively coupled plasma mass spectrometry).

Reference material/source of traceability
Instrumentation/method/calibration strategy
Participant Br~ SO;”
NIST SRM 3184 NIST SRM 3181
CENAM IC/UV IC/EC
six-point standard addition six-point standard addition
NIST SRM 3184 NIST SRM 3181
GUM IC/UV IC/EC
standard addition standard addition
Merck EMSURE KBr Merck p.a. Na2SO4
INTI IC/EC IC/EC
six-point standard addition six-point standard addition
KRISS Br~ standard solution KRISS SOf standard solution
KRISS IC/EC IC/EC
five-point standard addition five-point standard addition
NIM BW3063 GBW (E) 080265
NIM IC/EC IC/EC
four-point standard addition four-point standard addition
NIST SRM 3184 NIST SRM 3181
NIMT HPLC/UV IC/EC
five-point standard addition five-point standard addition

PTB, Germany
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Reference material/source of traceability
Instrumentation/method/calibration strategy
Participant Br~ SO;
NMIJ CRM 3808-a NMIJ CRM 3803-a
NMI1J AIST IC/UV IC/EC
five-point standard addition five-point standard addition
NIST SRM 3184
NRC GC/MS not determined
quadruple IDMS
NIST SRM 3184 NIST SRM 3181
PTB IC/UV IC/EC
six-point standard addition six-point standard addition
Merck KBr suprapur SMU SO; CRM solution
SMU IC/EC and IC/UV IC/EC
five-point standard addition five-point standard addition
NIST SRM 3184 NIST SRM 3181
TUBITAK UME IC/EC and ICP-MS IC/EC
standard addition standard addition

PTB, Germany
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Table 6: Reference materials (sources of traceability) as well as instrumentation, methods and
calibration strategies used as reported by the participants for the determination of the lead
mass fraction and molar mass (IDMS = isotope dilution mass spectrometry, MC-ICP-MS =
multi collector inductively coupled plasma mass spectrometry, HR-ICP-MS = high resolution
inductively coupled plasma mass spectrometry, std-smp-brack = standard-sample-bracketing).

Reference material/source of traceability
Instrumentation/method/calibration strategy
Participant W(Pb) M( Pb)
BAM-Y 004 NIST SRM 981
BAM MC-ICP-MS MC-ICP-MS
double IDMS std-smp-brack
KRISS Pb standard solution NIST SRM 981
KRISS HR-ICP-MS MC-ICP-MS
double IDMS std-smp-brack
NIST SRM 981 NIST SRM 981
NIM MC-ICP-MS MC-ICP-MS
single IDMS std-smp-brack
E%HTJ gﬁ;ﬁ;g'a NIST SRM 981
NMI1J AIST MC-ICP-MS
MC-ICP-MS std-smp-brack
double IDMS P
NRC Pb-27668
NIST SRM 981 .
NRC MC-ICP-MS not determined
exact matching double IDMS
NIST SRM 981 NIST SRM 981
PTB MC-ICP-MS MC-ICP-MS
exact matching double IDMS std-smp-brack
NIST SRM 981 NIST SRM 981
SYKE Q-ICP-MS Q-ICP-MS
exact matching double IDMS std-smp-brack
TUBITAK UME HR-ICP-MS
HR-ICP-MS std-smp-brack
double IDMS P

PTB, Germany
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6. Results

The participants’ results as reported to the coordinating laboratory are shown in tables 714,
as well as in figures 3—10.

6.1 Bromide

SMU reported two bromide results. They determined bromide using IC/EC and IC/UV, re-
spectively. Both are shown in table 7 and figure 3, but the latter (IC/UV) was reported as an

information value only and does not contribute to the calculation of the KCRV.

Table 7: Bromide. Mass fractions wi(Br") and their associated combined and relative expanded
uncertainties uc(w:) and Urel(w:), resp., together with the coverage factor 4 as reported by the
participants in the order of increasing mass fraction values. SMU-1 determined using IC/EC,
SMU-2 determined using IC/UV.

PTB, Germany

Bromide
wi(Br)  ucd(wi) ki Ura(wi)

Participant

ng/g ng/g 1 Yo
KRISS 2.12 0.16 78 21
INTI 2.14 0.09 2 8.4
TUBITAK UME  2.82 0.12 2 8.2
SMU-1 2.94 0.36 2 25
NIMT 2.942 0.049 2 33
SMU-2 2.96 0.40 2 27
PTB 3.150 0.080 2 5.1
NIM 3.186 0.065 2 4.1
NRC 3.297 0.024 2 1.5
GUM 3.299 0.098 2 5.9
NMIJ AIST 3.35 0.11 2 6.6
CENAM 4.0 0.70 2 35

14/56
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Figure 3: Bromide mass fraction w(Br") as reported by the participants. Error bars denote the
combined uncertainty uc.(w(Br)) for a coverage factor of k=1 as reported. SMU-1 was deter-
mined using IC/EC, while SMU-2 was determined using IC/UV. The latter was only reported
as an information value.
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6.2 Sulfate

CENAM reported their sulfate result due to technical problems after the deadline. Since the
results were not known to the participants until then, during the IAWG autumn meeting in
Teddington it was agreed upon to include them both in the report and in the KCRV. NIMT
did not report their sulfate result [23].

Table 8 Sulfate. Mass fractions wi(SO4>") and their associated combined and relative expanded
uncertainties uc(w:) and Urel(w:), resp., together with the coverage factor 4 as reported by the

participants in the order of increasing mass fraction values.

PTB, Germany

Sulfate
wi(SO4*)  uc(wi) ki Ura(wi)

Participant

ng/g ng/g 1 %
CENAM 0.40 0.30 2 150
KRISS 0.54 0.04 78 20
PTB 0.780 0.039 2 10
INTI 0.81 0.11 2 27.2
NMIJ AIST 0.846 0.023 2 5.3
NIM 1.055 0.032 2 6.0
GUM 1.057 0.081 2 15.3
SMU 1.08 0.067 2 12
TUBITAK UME 1.3 0.15 2 23
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Figure 4: Sulfate mass fraction w(SO4>) as reported by the participants. Error bars denote the
combined uncertainty uc(w(SO4>)) for a coverage factor of k=1 as reported.

PTB, Germany 17/56 2020-03-26



CCQM-K122 — Final Report

6.3 Lead
6.3.1 Mass fraction of lead
Table 9: Lead. Mass fractions wi(Pb) and their associated combined and relative expanded un-

certainties uc(w:) and Urel(wi), resp., together with the coverage factor i as reported by the
participants in the order of increasing mass fraction values.

Lead
wi(Pb) uc(wi) ki Ura(wi)
Participant
ng/g ng/g 1 %
SYKE 0.04975 0.00033 2 1.3
TUBITAK UME 0.05053 0.00040 2 1.6
NRC 0.05056 0.00026 2 1.0
NIM 0.05070 0.00026 2 1.0
NMI1J AIST 0.050843 0.000031 2 0.12
BAM 0.050907 0.000031 2 0.12
PTB 0.050960 0.000358 2 14
KRISS 0.05124 0.00036 2.1 1.5
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Figure 5: Lead mass fraction w(Pb) as reported by the participants. Error bars denote the com-
bined uncertainty uc.(w(Pb)) for a coverage factor of k=1 as reported. The value for added
lead according to equation (2) suggests a very low lead blank in the original salt.
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6.3.2 Molar mass of lead

Table 10: Lead. Molar masses Mi(Pb) and their associated combined and relative expanded
uncertainties uc(M:) and Urel(M,), resp., together with the coverage factor ki as reported by the
participants in the order of increasing molar mass values.

Lead
M(Pb) u c(M) ki U rel(M i)
Participant
g/mol g/mol 1 %
NMIJ AIST 207.17920 0.00023 2 0.00022
PTB 207.179492  0.000080 2 0.000077
BAM 207.179544  0.000081 2 0.000077
NIM 207.1797 0.00010 2 0.00010
KRISS 207.17971 0.00028 2.39 0.00032
SYKE 207.1798 0.00094 2 0.00091
TUBITAK UME 207.1799 0.00065 2 0.00063
207.1805 —
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Figure 6: Molar mass of lead M(Pb) as reported by the participants. Error bars denote the
combined uncertainty uc(M(Pb)) for a coverage factor of k=1 as reported.
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6.3.3 Amount-of-substance fraction of 2**Pb

The amount-of-substance fraction x(***Pb) = n(***Pb)/n(Pb) is an intermediate result of the
calculation of the molar mass of lead and is usually determined using the according isotope

ratios: e.g. x(***Pb) = R2041208/(1 + R204/208 + R206/208 + R207/208).

Table 11: Lead. Amount-of-substance fractions xi(>***Pb) and their associated combined and
relative expanded uncertainties uc(xi) and Urel(x:), resp., together with the coverage factor 4: as
reported by the participants in the order of increasing amount fraction values.

Lead
xi(?**Pb) uc(x;) ki Urel(xi)
Participant
mol/mol mol/mol 1 %
TUBITAK UME 0.01281 0.000025 2 0.39
NMIJ AIST 0.0128427  0.0000023 2 0.036
BAM 0.0128459  0.0000042 2 0.065
PTB 0.0128479  0.0000043 2 0.066
KRISS 0.012849 0.000004 2 0.062
NIM 0.01286 0.000095 2 1.5
SYKE 0.01298 0.000080 2 1.2
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Figure 7: Amount-of-substance fraction of lead x(***Pb) as reported by the participants. Error
bars denote the combined uncertainty uc(x(>**Pb)) for a coverage factor of k = 1 as reported.
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6.3.4 Amount-of-substance fraction of 2°°Pb

The amount-of-substance fraction x(*?Pb) = n(*°°Pb)/n(Pb) is an intermediate result of the
calculation of the molar mass of lead and is usually determined using the according isotope
ratios: e.g. x(?**Pb) = R206/208/(1 + R204/208 + R206/208 + R207/208).

Table 12: Lead. Amount-of-substance fractions xi(>**°Pb) and their associated combined and
relative expanded uncertainties uc(xi) and Urel(x:), resp., together with the coverage factor 4: as
reported by the participants in the order of increasing amount fraction values.

Lead
xi(?*Pb) uc(x;) ki Urel(xi)
Participant
mol/mol mol/mol 1 %
NIM 0.27032 0.000040 2 0.030
KRISS 0.270324 0.000085 2.35 0.074
TUBITAK UME 0.27039 0.00023 2 0.17
BAM 0.270453 0.000028 2 0.021
PTB 0.270474 0.000028 2 0.021
NMIJ AIST 0.27066 0.000080 2 0.059
SYKE 0.2711 0.00065 2 0.5
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Figure 8: Amount-of-substance fraction of lead x(*°°Pb) as reported by the participants. Error
bars denote the combined uncertainty uc(x(*°°Pb)) for a coverage factor of k = 1 as reported.

PTB, Germany 21/56 2020-03-26



CCQM-K122 — Final Report

6.3.5 Amount-of-substance fraction of 2*’Pb

The amount-of-substance fraction x(**’Pb) = n(**’Pb)/n(Pb) is an intermediate result of the
calculation of the molar mass of lead and is usually determined using the according isotope

ratios: e.g. x(>**’Pb) = R207208/(1 + R204/208 + R206/208 + R207/208).

Table 13: Lead. Amount-of-substance fractions xi(>**’Pb) and their associated combined and
relative expanded uncertainties uc(xi) and Urel(x:), resp., together with the coverage factor 4: as
reported by the participants in the order of increasing amount fraction values.

Lead
xi?"Pb) uc(x;) ki Urel(xi)
Participant
mol/mol mol/mol 1 %
NMIJ AIST 0.203951 0.000026 2 0.025
TUBITAK UME 0.20400 0.00027 2 0.26
BAM 0.204010 0.000036 2 0.035
PTB 0.204012 0.000035 2 0.034
KRISS 0.204101 0.000038 2.45 0.046
NIM 0.20413 0.000060 2 0.059
SYKE 0.2043 0.00050 2 0.5
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Figure 9: Amount-of-substance fraction of lead x(**’Pb) as reported by the participants. Error
bars denote the combined uncertainty uc(x(**’Pb)) for a coverage factor of k = 1 as reported.
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6.3.6 Amount-of-substance fraction of 2*Pb

The amount-of-substance fraction x(***Pb) = n(***Pb)/n(Pb) is an intermediate result of the
calculation of the molar mass of lead and is usually determined using the according isotope
ratios: e.g. x(?*®Pb) = 1/(1 + R204/208 + R206/208 + R207/208).

Table 14: Lead. Amount-of-substance fractions xi(>***Pb) and their associated combined and
relative expanded uncertainties uc(xi) and Urel(x:), resp., together with the coverage factor 4: as
reported by the participants in the order of increasing amount fraction values.

Lead
x:(2"%Pb) uc(x;) ki Urel(xi)
Participant
mol/mol mol/mol 1 %
SYKE 0.5116 0.00075 2 0.3
NMIJ AIST 0.51255 0.000060 2 0.023
PTB 0.512666 0.000050 2 0.020
NIM 0.51269 0.000070 2 0.027
BAM 0.512691 0.000050 2 0.020
KRISS 0.512726 0.000078 2.55 0.039
TUBITAK UME 0.51281 0.00040 2 0.15
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Figure 10: Amount-of-substance fraction of lead x(*°*Pb) as reported by the participants. Er-
ror bars denote the combined uncertainty uc(x(>°*Pb)) for a coverage factor of k=1 as re-
ported.
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6.4 Reference value estimators based on the participants’ data

If no independent reference values are available, usually location estimators based on the par-
ticipants’ results are considered to be used as the reference values. Three of the most common
consensus values were calculated. Following a systematic approach proposed in [15], first the
data sets were checked for outliers. The Dixon test was chosen because of its suitability for
small data sets [17-20]. The lower and upper limit criteria were calculated from the reported
data (tables 7—14) considering the respective total numbers of participants N or submitted val-
ues. These limit criteria were compared to the according tolerated limits. The bromide, sul-
fate, molar mass of lead, and amount-of-substance fraction of 2°’Pb data sets seem to contain
no outliers while in case of the other four the Dixon test indicates the presence of outliers (ta-
ble 15). These data sets are all related to lead, but the data spread is extremely small and even
the formal outliers are consistent with the data sets within their limits of uncertainty.

Table 15: Results of Dixon test [17-20] applied to all data sets (Q = quantity; N = number of
participants/submitted values; red numbers indicate the possible presence of outliers).

calculated limit criteria Dixon
Q N lower upper allowed limit outlier(s)
w(Br') 11 0.569 0.377 0.576 no
w(SO7) 9 0206 0.289 0.512 no
w(Pb) 8 0.645 0.394 0.554 yes
M(Pb) 7 0.417 0.143 0.507 no
x(*Pb) 7 0.192 0.706 0.507 yes
x(*Pb) 7 0.005 0.564 0.507 yes
x(*"Pb) 7 0.140 0.487 0.507 no
x(™Pb) 7 0.785 0.069 0.507 yes

The outlier tests were intended to simply identify values worth discussing about. But since the
outliers detected by the Dixon test seem to be no real issues, no further actions were taken.

Subsequently, the data sets were checked for consistency using the chi-squared test proposed
in [15]. The uncertainty weighted means w, were calculated according to eq. (15)

w.

l

w :$ (15)

()

M-

I
T
<

M-

0
<

yielding chi-squared 5,2 according to eq. (16)

2, =i[wf‘w“] (16)

i=1 “(W,)
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In case the 95 percentile of y* with N-1 degrees of freedom ;s y_, (from [21]) is smaller

than y’_, the respective data set should be considered mutually inconsistent [15]. Five out of
the eight data sets did not pass the chi-squared test (table 16).

Table 16: Results of chi-squared test [15] applied to all data sets (Q = quantity, N = number of
participants). Values rounded to yield integer numbers.

Q N Xovs  Yaosna cgqus?;?é}i?
w(Br ) 11 239 18 no
w(S07) 9 134 16 no

w(Pb) 8 18 14 1o
MPb) 7 6 13 yes
x(*™*Pb) 7 7 13 yes
x(**Pb) 7 21 13 no
x(*"Pb) 7 15 13 no
x(**Pb) 7 7 13 yes

Nevertheless, the uncertainty weighted mean W, (eq. (15)) as well as the arithmetic mean W
(eq. (17)) and the median w_ (eq. (18) and eq. (19), respectively) were calculated along with

their associated uncertainties w(w,), u(w) and u(w, ), equations (20)—(23).

1 N

N 17)
_ 1
W =E(WN/2 +Wy,,) N even (18)
W = Wyanye NV 0dd (19)

In case of observed mutual inconsistency of certain data sets the uncertainty u(w,) associ-

ated with the uncertainty weighted mean was corrected for the observed dispersion according
to [15], equation (20).

=\ — /?,/jbs S 1 B
u(wu)—\/N_ILIZ; uz(Wi)J (20)

In case of consistent data sets u(w, ) was calculated using equation (21).
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u(,) = (Z - J @

u(iv) = \/;Z (w,—w)’ (22)

Nx(N-1)4<

u(i, )= %x1.483xmed(|wi—wm|) (23)

Please note that when carrying out eq. (18) and (19), respectively, the participants’ results wi
have to be arranged in the order of increasing values, while when carrying out equation (23)
the absolute deviations of the participants’ results from the median | w, —w,_ | have to be ar-

ranged in the order of increasing values.

Table 17 and figures 11-18 summarize all uncertainty weighted and arithmetic means as well
as the medians according to equations (17)—(23) from [15]. In all cases the values of the con-
sensus estimators agree with each other within their associated uncertainties. Please note that
in the figures 11-18 all uncertainties associated with the reported results as well as with the
consensus values are combined uncertainties with a coverage factor of £ = 1 following the
recommendations in [15]. This in turn means that the agreement of the consensus values is
even better when using the more usual coverage factor of £k = 2. As the median is least af-
fected by “outliers”, the medians were chosen as the key comparison reference values
(KCRYV). This was agreed upon during the IAWG spring meeting in 2016 [4].

PTB, Germany 26/56 2020-03-26



CCQM-K122 — Final Report

Table 17: Compilation of the three most common consensus values. The associated relative
expanded uncertainties were calculated using a coverage factor k from [16] according to e.g.
Urel(Wi) = ki X uc(wi)/wi. Numbers were rounded following the recommendations in [16]. Sub-
scripts and abbreviations have the following meanings: UWM = uncertainty weighted mean,

M = median, AM = arithmetic mean, A = analyte, i = type of estimator.

A i wi(A) uc(wi) ki Ura(wi)
ng/g ng/g 1 %
Br- M 3.15 0.12 2.23 8.2
AM 3.02 0.16 2.23 12
UWM 3.156 0.090 2.23 6.3
so; M 0.85 0.13 2.31 36
AM 0.874 0.094 2.31 25
UWM 0.860 0.060 2.31 16
Pb M 0.05077 0.00013 2.36 0.61
AM 0.05069 0.00016 2.36 0.73
UWM 0.050867 0.000034 2.36 0.16
A i MiA) uc(M;) ki Ure(M))
g/mol g/mol 1 %
Pb M 207.17970 0.00011 2.45 0.00013
AM 207.179621 0.000088 2.45 0.00010
UWM 207.179554 0.000047 2.45 0.000056
A i xi(A) uc(xi) ki Urel(xi)
mol/mol mol/mol 1 %
209pp M 0.0128479 0.0000036 2.45 0.069
AM 0.012862 0.000020 2.45 0.39
UWM 0.0128450 0.0000017 2.45 0.032
206py M 0.270453 0.000091 2.45 0.082
AM 0.27053 0.00010 2.45 0.094
UWM 0.270441 0.000032 2.45 0.029
27pp M 0.204012 0.000043 2.45 0.051
AM 0.204072 0.000045 2.45 0.053
UWM 0.204013 0.000025 2.45 0.030
28pp M 0.512690 0.000025 2.45 0.012
AM 0.51253 0.00016 2.45 0.076
UWM 0.512660 0.000026 2.45 0.013
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Figure 11: Bromide mass fraction w(Br") as reported by the participants. Error bars denote the
combined uncertainty uc(w(Br")) with a coverage factor of £ = 1. The dotted lines represent the
consensus values from table 17 while the dashed lines of the same color show their associated
combined uncertainties with £ = 1. Colors denote the different types of consensus values: red
= median, blue = arithmetic mean, green = uncertainty weighted mean.
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Figure 12: Sulfate mass fraction w(SO4%") as reported by the participants. Error bars denote
the combined uncertainty uc(w(SO4%)) with a coverage factor of k = 1. The dotted lines repre-
sent the consensus values from table 17 while the dashed lines of the same color show their
associated combined uncertainties with £ = 1. Colors denote the different types of consensus
values: red = median, blue = arithmetic mean, green = uncertainty weighted mean.
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Figure 13: Lead mass fraction w(Pb) as reported by the participants. Error bars denote the
combined uncertainty uc(w(Pb)) with a coverage factor of k£ = 1. The dotted lines represent the
consensus values from table 17 while the dashed lines of the same color show their associated
combined uncertainties with £ = 1. Colors denote the different types of consensus values: red
= median, blue = arithmetic mean, green = uncertainty weighted mean.
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Figure 14: Molar mass of lead M(Pb) as reported by the participants. Error bars denote the
combined uncertainty uc(M(Pb)) with a coverage factor of k£ = 1. The dotted lines represent the
consensus values from table 17 while the dashed lines of the same color show their associated
combined uncertainties with k£ = 1. Colors denote the different types of consensus values: red
= median, blue = arithmetic mean, green = uncertainty weighted mean.
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Figure 15: Amount fraction of lead-204 x(***Pb) as reported by the participants. Error bars de-
note the combined uncertainty uc(x(>***Pb)) with a coverage factor of k= 1. The dotted lines
represent the consensus values from table 17 while the dashed lines of the same color show
their associated combined uncertainties with £ = 1. Colors denote the different types of con-
sensus values: red = median, blue = arithmetic mean, green = uncertainty weighted mean.
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Figure 16: Amount fraction of lead-206 x(**°Pb) as reported by the participants. Error bars de-
note the combined uncertainty uc(x(*°°Pb)) with a coverage factor of k = 1. The dotted lines
represent the consensus values from table 17 while the dashed lines of the same color show
their associated combined uncertainties with £ = 1. Colors denote the different types of con-
sensus values: red = median, blue = arithmetic mean, green = uncertainty weighted mean.
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Figure 17: Amount fraction of lead-207 x(>**’Pb) as reported by the participants. Error bars de-
note the combined uncertainty uc(x(>**’Pb)) with a coverage factor of k= 1. The dotted lines
represent the consensus values from table 17 while the dashed lines of the same color show
their associated combined uncertainties with £ = 1. Colors denote the different types of con-
sensus values: red = median, blue = arithmetic mean, green = uncertainty weighted mean.
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Figure 18: Amount fraction of lead-208 x(***Pb) as reported by the participants. Error bars de-
note the combined uncertainty uc(x(***Pb)) with a coverage factor of k = 1. The dotted lines
represent the consensus values from table 17 while the dashed lines of the same color show
their associated combined uncertainties with £ = 1. Colors denote the different types of con-
sensus values: red = median, blue = arithmetic mean, green = uncertainty weighted mean.
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6.5 Key comparison reference values (KCRVs) and degrees of equivalence d;

As discussed in section 6.4, the medians were chosen as the KCRVs. Table 18 summarizes all
KCRVs.

Table 18: Key comparison reference values (KCRVs). The associated expanded uncertainties
were calculated using a coverage factor £ from [16]. Numbers were rounded following the

recommendations in [16]. Abbreviations denote the following: Q = quantity, [Q] = unit of Q,
A = analyte. The bromide KCRV was calculated without the IC/UV value reported by SMU.

Q [Q] A KCRV u(KCRV) k  UKCRV) Ul %
W ng/g Br 3.15 0.12 2.23 0.26 8.2
W ng/g 503 0.85 0.13 231 0.30 36
W ng/g Pb 0.05077 0.00013 236  0.00031  0.61
‘M gmol  Pb 20717970 000011 245  0.00027  0.00013 |

X mol/mol 204pp 0.0128479 0.0000036  2.45 0.0000089  0.069
X mol/mol 206pp, 0.270453 0.000091 2.45 0.00022 0.082
X mol/mol 207pp 0.204012 0.000043 2.45 0.00010 0.051
X mol/mol 208pp, 0.512690 0.000025 2.45 0.000064 0.012

In order to assess the individual performance of each participant, degrees of equivalence d; are
used. The degree of equivalence di (DoE) of an individual result w; is equal to its deviation
from the key comparison reference value wxcrv. This way, the concept of DoEs is the most
powerful tool to discuss the success of a comparison. Therefore, DoEs d; as well as their asso-
ciated expanded uncertainties U(d;) were calculated following [15] and [22] according to
equations (24) and (25). The so-called normalized errors En according to equation (26) are
smaller or equal to one in case a participant’s result cannot be distinguished from the KCRV
within the limits of uncertainties; meaning the result reported by a participant is satisfactory
[22]. All results were summarized in tables 19-26 and plotted in figures 19-26 using the me-
dian as the KCRV.

d, =W, = Wcry (24)

U(d,) =\JU*(w)) + U (Wecry) (25)
__ld]

En,i - U(dl) (26)

PTB, Germany 32/56 2020-03-26



CCQM-K122 — Final Report

Table 19: Bromide. Mass fractions wiBr’) and their associated expanded and relative ex-
panded uncertainties U(wi) and Urel(w:), resp., as reported by the participants in the order of
increasing mass fraction values. Degrees of equivalence d; and their associated expanded un-
certainty U(d:) according to equation (24) and (25). Normalized errors En; according to equa-
tion (26). SMU reported two results determined using IC/EC (SMU-1) and IC/UV (SMU-2),

the latter was excluded from the calculation of the KCRV.

Bromide

wkcrv(Br) = (3.15 £ 0.26) pg/g with k= 2.23

wi(Br) Uwi) Ura(w)) d; U(d;) En
Laboratory
ng/g ng/g % ng/g ng/g 1
KRISS 2.12 0.45 21 -1.03 0.52 1.98
INTI 2.14 0.18 8.4 -1.01 0.32 3.20
TUBITAK UME  2.82 0.23 8.2 -0.33 0.35 0.95
SMU-1 2.94 0.73 25 -0.21 0.77 0.27
NIMT 2.942 0.0979 3.3 -0.21 0.28 0.75
SMU-2 2.96 0.80 27 -0.19 0.84 0.23
PTB 3.15 0.16 5.1 0.00 0.31 0.00
NIM 3.186 0.13 4.1 0.04 0.29 0.12
NRC 3.297 0.048 1.5 0.15 0.26 0.56
GUM 3.299 0.196 5.9 0.15 0.33 0.46
NMIJ AIST 3.35 0.22 6.6 0.20 0.34 0.59
CENAM 4.0 1.4 35 0.85 1.42 0.60
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Table 20: Sulfate. Mass fractions W,.(SOi_) and their associated expanded and relative ex-

panded uncertainties U(w:) and Urel(w:), resp., as reported by the participants in the order of
increasing mass fraction values. Degrees of equivalence d; and their associated expanded un-
certainty U(d:) according to equation (24) and (25). Normalized errors En: according to equa-

tion (26).

Sulfate

Weery (SO2) = (0.85 + 0.30) pg/g with k= 2.31

w(SOy)  Umw)  Uwa(w) di U(dy) Ea
Laboratory
ng/g ng/g % ng/g ng/g 1
CENAM 0.40 0.60 150 -0.45 0.67 0.66
KRISS 0.54 0.11 20 -0.31 0.32 0.95
PTB 0.780 0.078 10 -0.07 0.31 0.21
INTI 0.81 0.22 27.2 -0.04 0.37 0.10
NMIJ AIST 0.846 0.045 53 0.00 0.30 0.00
NIM 1.055 0.064 6.0 0.21 0.31 0.68
GUM 1.057 0.162 15.3 0.21 0.34 0.62
SMU 1.08 0.13 12 0.23 0.33 0.71
TUBITAK UME 1.3 0.3 23 0.45 0.43 1.07
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Table 21: Lead. Mass fractions wi(Pb) and their associated expanded and relative expanded
uncertainties U(wi) and Urel(wi), resp., as reported by the participants in the order of increasing
mass fraction values. Degrees of equivalence d; and their associated expanded uncertainty
U(di) according to equation (24) and (25). Normalized errors En; according to equation (26).

Lead (mass fraction)

wicrv(Pb) = (0.05077 % 0.00031) pg/g with k= 2.36

wi(Pb) Uwi) Ura(w)) d; U(d;) En
Laboratory
ng/g ng/g % ng/g ng/g 1

SYKE 0.04975  0.00065 1.3 -0.00102  0.00072 1.42
TUBITAK UME  0.05053  0.00080 1.6 -0.00024  0.00086 0.28
NRC 0.05056  0.00052 1.0 -0.00021  0.00061 0.35
NIM 0.05070  0.00053 1.0 -0.00007  0.00061 0.12
NMIJ AIST 0.050843  0.000062  0.12 0.00007  0.00032 0.23
BAM 0.050907 0.000062  0.12 0.00014  0.00032 0.43
PTB 0.05096  0.00072 1.4 0.00019  0.00078 0.24
KRISS 0.05124  0.00076 1.5 0.00047  0.00082 0.57

Table 22: Lead. Molar masses Mi(Pb) and their associated expanded and relative expanded
uncertainties U(M;) and Urel(M,), resp., as reported by the participants in the order of increas-
ing mass fraction values. Degrees of equivalence d; and their associated expanded uncertainty
U(d;) according to equation (24) and (25). Normalized errors En: according to equation (26).

Lead (molar mass)

Micrv(Pb) = (207.17970 + 0.00027) g/mol with k = 2.45

Mi(Pb) u;) Ura(M,) d; Ud) En
Laboratory
g/mol g/mol % g/mol g/mol 1
NMIJ AIST 207.17920  0.00046  0.00022  -0.000500 0.000532 0.94
PTB 207.17949  0.00016 0.000077 -0.000208  0.000312 0.67
BAM 207.17954  0.00016 0.000077 -0.000156 0.000312 0.50
NIM 207.1797 0.0002  0.00010  0.000000  0.000335 0.00
KRISS 207.17971 0.00067  0.00032  0.000010  0.000722 0.01
SYKE 207.1798 0.00188  0.00091  0.000100  0.001899 0.05
TUBITAK UME 207.1799 0.0013  0.00063  0.000200  0.001327 0.15
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Table 23: Lead. Amount-of-substance fractions xi(>***Pb) and their associated expanded and
relative expanded uncertainties U(x:) and Ukel(x:), resp., as reported by the participants in the
order of increasing amount-of-substance fraction values. Degrees of equivalence d; and their
associated expanded uncertainty U(d;) according to equation (24) and (25). Normalized errors
En,i according to equation (26).

Lead (amount-of-substance fraction 2*“Pb)

xkcrv(2%Pb) = (0.0128479 + 0.0000089) mol/mol with & = 2.45

xi(3**Pb) U(xi) Ura(xi) di U(d) E,
Laboratory

mol/mol mol/mol % mol/mol mol/mol 1
TUBITAK UME 0.01281 0.00005 0.39 -0.0000379  0.0000508 0.75
NMIJ AIST 0.0128427 0.0000046  0.036  -0.0000052 0.0000100 0.52
BAM 0.0128459 0.0000084  0.065  -0.0000020 0.0000122 0.16
PTB 0.0128479  0.0000085  0.066 0.0000000  0.0000123 0.00
KRISS 0.012849  0.000008  0.062 0.0000011  0.0000119 0.10
NIM 0.01286 0.00019 1.5 0.0000121  0.0001902 0.06
SYKE 0.01298 0.00016 1.2 0.0001321  0.0001602 0.82

Table 24: Lead. Amount-of-substance fractions xi(*°*Pb) and their associated expanded and

relative expanded uncertainties U(x:) and Urel(x:), resp., as reported by the participants in the
order of increasing amount-of-substance fraction values. Degrees of equivalence d: and their
associated expanded uncertainty U(d;) according to equation (24) and (25). Normalized errors
En i according to equation (26).

Lead (amount-of-substance fraction 2*°Pb)

xkcrv(2°Pb) = (0.27045 + 0.00022) mol/mol with & = 2.45

xi(2*Pb) U(x:) Ura(xi) d; U(d) E,
Laboratory

mol/mol mol/mol % mol/mol mol/mol 1
NIM 0.27032 0.00008 0.030 -0.000133  0.000236 0.56
KRISS 0.270324  0.000200  0.074 -0.000129  0.000299 0.43
TUBITAK UME 0.27039 0.00046 0.17 -0.000063  0.000511 0.12
BAM 0.270453 0.000056  0.021 0.000000 0.000229  0.00
PTB 0.270474  0.000056  0.021 0.000021 0.000229  0.09
NMIJ AIST 0.27066 0.00016 0.059 0.000207 0.000273  0.76
SYKE 0.2711 0.0013 0.50 0.000647 0.001319 0.49
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Table 25: Lead. Amount-of-substance fractions xi(>**’Pb) and their associated expanded and
relative expanded uncertainties U(x:) and Ukel(x:), resp., as reported by the participants in the
order of increasing amount-of-substance fraction values. Degrees of equivalence d; and their
associated expanded uncertainty U(d;) according to equation (24) and (25). Normalized errors
En,i according to equation (26).

Lead (amount-of-substance fraction 2'’Pb)

xxkcrv(27Pb) = (0.20401 + 0.00010) mol/mol with & = 2.45

xi(*“’Pb) U(xi) Ura(xi) di U(d) E,
Laboratory

mol/mol mol/mol % mol/mol mol/mol 1
NMIJ AIST 0.203951 0.000052  0.025 -0.000061 0.000117  0.52
TUBITAK UME 0.20400 0.00053 0.26 -0.000012  0.000540 0.02
BAM 0.204010  0.000072  0.035 -0.000002  0.000127  0.01
PTB 0.204012  0.000070  0.034 0.000000 0.000126  0.00
KRISS 0.204101 0.000093 0.046 0.000089 0.000140 0.64
NIM 0.20413 0.00012 0.059 0.000118 0.000159 0.74
SYKE 0.2043 0.0010 0.50 0.000288 0.001005 0.29

Table 26: Lead. Amount-of-substance fractions xi(>**Pb) and their associated expanded and

relative expanded uncertainties U(x:) and Urel(x:), resp., as reported by the participants in the
order of increasing amount-of-substance fraction values. Degrees of equivalence d: and their
associated expanded uncertainty U(d;) according to equation (24) and (25). Normalized errors
En i according to equation (26).

Lead (amount-of-substance fraction 2*8Pb)

xkcrv(?%Pb) = (0.512690 = 0.000062) mol/mol with k = 2.45

xi(2*®Pb) U(x:) Ura(xi) d; U(d) E,
Laboratory

mol/mol mol/mol % mol/mol mol/mol 1
SYKE 0.5116 0.0015 0.30 -0.001090  0.001501 0.73
NMIJ AIST 0.51255 0.00012 0.023 -0.000140  0.000135 1.04
PTB 0.51267 0.00010 0.020 -0.000024  0.000118 0.20
NIM 0.51269 0.00014 0.027 0.000000 0.000153  0.00
BAM 0.51269 0.00010 0.020 0.000001 0.000118 0.01
KRISS 0.512726 ~ 0.000199  0.039 0.000036 0.000208 0.17
TUBITAK UME 0.51281 0.00079 0.15 0.000120 0.000792  0.15
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Figure 19: Bromide. Graphical representation of the equivalence statements — DoE-plot of
the data reported by the CCQM-K 122 participants according to table 19. KCRV calculated
without the SMU-2 (IC/UV) result which was only reported as an information value. The
black dots show the degree of equivalence di: (DoE), while the error bars denote the expanded
uncertainty associated with the degree of equivalence U(d;) according to eq. (25). Results en-
closing zero with their uncertainty interval are considered to be consistent with the KCRV.
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Figure 20: Sulfate. Graphical representation of the equivalence statements — DoE-plot of the
data reported by the CCQM-K122 participants according to table 20. The black dots show the
degree of equivalence di: (DoE), while the error bars denote the expanded uncertainty associ-

ated with the degree of equivalence U(d;) according to eq. (25). Results enclosing
their uncertainty interval are considered to be consistent with the KCRV.
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Figure 21: Lead — mass fraction. Graphical representation of the equivalence statements —
DoE-plot of the data reported by the CCQM-K 122 participants according to table 21. The
black dots show the degree of equivalence di (DoE), while the error bars denote the expanded
uncertainty associated with the degree of equivalence U(d;) according to eq. (25). Results en-
closing zero with their uncertainty interval are considered to be consistent with the KCRV.
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Figure 22: Lead — molar mass. Graphical representation of the equivalence statements —
DoE-plot of the data reported by the CCQM-K 122 participants according to table 22. The
black dots show the degree of equivalence di (DoE), while the error bars denote the expanded
uncertainty associated with the degree of equivalence U(d;) according to eq. (25). Results en-
closing zero with their uncertainty interval are considered to be consistent with the KCRV.
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Figure 23: Lead — amount-of-substance fraction of 2*4Pb. Graphical representation of the
equivalence statements — DoE-plot of the data reported by the CCQM-K 122 participants ac-
cording to table 23. The black dots show the degree of equivalence d; (DoE), while the error
bars denote the expanded uncertainty associated with the degree of equivalence U(d;) accord-

ing to eq. (25). Results enclosing zero with their uncertainty interval are considered to be con-
sistent with the KCRV.
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Figure 24: Lead — amount-of-substance fraction of 2°Pb. Graphical representation of the
equivalence statements — DoE-plot of the data reported by the CCQM-K 122 participants ac-
cording to table 24. The black dots show the degree of equivalence d; (DoE), while the error
bars denote the expanded uncertainty associated with the degree of equivalence U(d;) accord-
ing to eq. (25). Results enclosing zero with their uncertainty interval are considered to be con-
sistent with the KCRV.
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Figure 25: Lead — amount-of-substance fraction of 2°’Pb. Graphical representation of the
equivalence statements — DoE-plot of the data reported by the CCQM-K 122 participants ac-
cording to table 25. The black dots show the degree of equivalence di: (DoE), while the error
bars denote the expanded uncertainty associated with the degree of equivalence U(d;) accord-
ing to eq. (25). Results enclosing zero with their uncertainty interval are considered to be con-
sistent with the KCRV.
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Figure 26: Lead — amount-of-substance fraction of 2°®Pb. Graphical representation of the
equivalence statements — DoE-plot of the data reported by the CCQM-K 122 participants ac-
cording to table 26. The black dots show the degree of equivalence d; (DoE), while the error
bars denote the expanded uncertainty associated with the degree of equivalence U(d;) accord-
ing to eq. (25). Results enclosing zero with their uncertainty interval are considered to be con-
sistent with the KCRV.
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7. Discussion

Based on the assumption that the KCRV — in this case calculated as a consensus value in case
of all quantities from the participants’ data as the median — is the best possible representation
of the “true” value, DoEs were calculated. Using En = |di|/U(d;) < 1 as the criterion of satisfac-
tory or acceptable equivalence with the KCRV, between approximately 82 % of the bromide
results and 100 % of the lead molar mass results were at least satisfactory. Table 27 shows the
final highly successful outcome based on the DoEs.

Table 27: Summarized final outcome of CCQM-K 122 based on the DoEs. Nkcrv = number of
results used to calculate the KCRV; Nsat = number of results fulfilling the criterion £n =
|di|/U(d:) < 1 for equivalence with the KCRV.

NKCRV Nsat Nsat/ NkcrRV
Analyte Quantity

1 1 %

Bromide w 11 9 82
Sulfate w 9 8 &9
% 8 7 88
M 7 7 100
x(?*Pb) 7 7 100

Lead

x(?%°Pb) 7 7 100
x(*"’Pb) 7 7 100

x(*%*Pb) 7 6 86

Even though a slightly larger number of laboratories participated in CCQM-K122 compared
to CCQM-P135 the outcome in case of bromide and sulfate is even more successful. In case
of sulfate already a minor enlargement of the participants’ uncertainty would result in 100 %
successful results, see figure 20. In case of bromide, the two results not fulfilling £n < 1 were
determined using IC/EC (see table 5). This finding is in line with the outcome of CCQM-
P135 [2]: While ion chromatography with a UV detector seems to yield results unaffected by
the extreme chloride matrix, the integration of the bromide peak on the huge chloride tailing
seems to be at least difficult and may yield slightly biased results.

The determination of lead and its isotopic pattern is obviously a well-mastered and under-
stood task at least among the group of participants: Even though the 15 % sodium chloride
matrix and the lead content of approximately 50 ng/g can be considered highly demanding,
virtually all results of all quantities were satisfactory, so that the outcome has to be called
highly successful. The longstanding experience of the participants resulted in the chromato-
graphic matrix separation, followed by the use of sophisticated instruments like MC-ICP-MS
or HR-ICP-MS. Only one participant used a Q-ICP-MS. These results are consequently char-
acterized by a slightly larger uncertainty compared with the other results, but the results are
still really good on an absolute scale. All results and the KCRV are also in very good agree-
ment with the amount of added lead according to equation (2), at the same time suggesting a
very low blank and natural lead content in the sodium chloride used to prepare the key com-
parison samples (table 3 and figure 5).
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CMCs can be claimed for pg/g traces of bromide and sulfate in a salt solution like ocean wa-
ter or solutions with an even higher sodium chloride content. In case of bromide with its lim-
ited possibility of an acidic digestion with e.g. nitric acid due to its volatility, the ocean water
has to have a very low organic content (e.g. after microfiltration) or measurement techniques
virtually unaffected by losses like ID-GC-MS [14] have to be applied. Considering the large
uncertainties, the claims can be extended to trace contents in also solid sodium chloride (al-
though on a concentration level approximately 1/0.15 = 6.7 times higher), because the prepa-
ration of an aqueous solution from solid sodium chloride poses no particular problem except
for the dry mass determination. CCQM-P135 showed an average water content of less than
0.15 %. This is only 1/10 even of the smallest uncertainty reported, meaning that neglecting
the dry mass correction altogether would not change the result significantly. The claims con-
cerning anions in solid sodium chloride are especially important in case of purity determina-
tions performed on starting materials of mono-elemental solutions as primary/Sl-traceable ref-
erence standards.

In case of lead and its isotopic pattern, CMCs can be derived from this key comparison for the
ng/g range in a highly demanding sodium chloride matrix. The discussion above holds true
for the lead as well, so that not only ocean water but also solid sodium chloride is covered, be-
cause the preparation of a solution from the solid sodium chloride does not change the isotope
ratios. But in case of the mass fraction of lead, the dry mass correction of the solid sodium
chloride becomes a significant contribution at least for those participants who reported uncer-
tainties associated with the mass fraction well below 0.5 %. In those cases, the CMCs can
only be claimed with an increased uncertainty or when additional evidence demonstrates the
participant’s capability to properly determine the water content of a salt (preferrably NaCl)
and to correct for it.

Since matrices like fresh or tap water are significantly less complex, all possible claims dis-
cussed above make perfect sense in case of these matrices as well. The determination of chlo-
ride in tap and fresh water would also be a reasonable claim, because in these matrices, chlo-
ride is no longer part of the matrix but becomes a usual analyte. Chlorate, phosphate, and io-
dide are usually visible clearly separated in IC/EC chromatograms of sodium chloride solu-
tions [24] and should be quantifiable as well.

Taking into account the extremely demanding matrix and the relatively low trace contents of
the analyte anions and lead, the demonstrated performance of virtually all participants was

highly satisfactory.

Therefore, this key comparison was successfully completed.
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9. Inorganic Core Capabilities Summary Tables

Inorganic Core Capabilities
Summary table

CCQM Study: CCQM-K122

gas chromatography mass spectrometry (GC-MS)

Institute(s):
Method: Ion chromatography (IC) and
Analyte(s): Mass fractions of bromide, sulfate in an

aqueous NaCl solution (0.15 g/g)

NMIJ, TUBITAK, NIM, CENAM, GUM, NPLIL INTIL, NIMT, PTB, KRISS, SMU, NRC

Capabilities/Challenges Not tested Tested Specific challenges
encountered
Contamination control and correction INTI (all) NMIJ (all), Low analyte contents
All techniques and procedures employed to reduce po- TUBITAK (all),
t?ntial contamination of samplf‘:s as Wel.l as blank correc- NIM (all), CE-
tion procedures. The level of difficulty is greatest for an-
alytes that are environmentally ubiquitous and also pre- NAM (all)’
sent at very low concentrations in the sample. GUM (all),
NIMT (Br,
NO3'),
PTB (all),
KRISS (all),
SMU (all), NRC
(Br)
Digestion/dissolution of inorganic matrices NMLIJ (all),
All techniques and procedures used to bring a sample TUBITAK (all),
that .is primarily ir}organic i.n nature i1"1t0 solution suitable NIM (all), CE-
for liquid sample introduction to the ion chromatography
system. NAM (all),
GUM (all),
INTI (all),
NIMT (Br,
NOz'),
PTB (all),
KRISS (all),
SMU (all), NRC
(Br)
Calibration of analyte concentration NMIJ (all), Standard addition pro-
The preparation of calibration standards and the strategy TUBITAK (all), | cedure applied in
for instrument ca}ibration. Includes external calibration NIM (all), CE- most of the labs
and standard addition procedures as well as the use of an
internal standard. NAM (all),
GUM (all),
INTI (all),
NIMT (Br,
NO3'),
PTB (all),
KRISS (all),
SMU (all), NRC
(Br)
Signal detection NIMT (Br), NMIJ (all), Challenging matrix,
The detection and recording of the analyte signals. The TUBITAK (all), | low analyte signals
degree of Qifﬁculty increases for analytes present at low NIM (all),
concentrations.
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Capabilities/Challenges Not tested Tested Specific challenges
encountered
CENAM (all),
GUM (all),
INTI (all),
PTB (all),
KRISS (all),
SMU (all), NRC
(Br)
Peak integration NMIJ (all), TUBITAK (all), | Manual integration of-
Procedures used to determine peak areas. (e.g., high dif- | TNTI (all), NIM (all), CE- ten necessary due to
ﬁcult.y for small.peak. areas on <.:0mplex or elevated NIMT (Br) NAM (all), small p eak size
baselines, especially in case of incomplete peak separa-
tion.) GUM (all),
PTB (all),
KRISS (all),
SMU (all), NRC
(Br)
(Ion) chromatographic separation NIMT (Br) NMIJ (all), Separation of small
All efforts made to separate the analyte peak from other TUBITAK (all), | analyte peaks from
pea}(s. E.g. chgice of elueqt(s), isocratic/gradient elution, NIM (all), CE- huge matrix peak
design of gradient, separation column parameters, type .
of stationary phase, temperature, flow, ... NAM (all), challenging; separa-
GUM (all), tion difficult to de-
INTI (all), velop, NIM applied 2-
PTB (all), dimensional IC
KRISS (all),
SMU (all), NRC
(Br)
Dry mass correction NMIJ (all),
Choice and preparation/preconditioning of desiccant TUBITAK (all),
(dr}{ing agent), mass determination _(control of e_le_:ctro- NIM (all), CE-
static charges, air buoyancy correction), recognition of
“stability” NAM (all),
GUM (all),
INTI (all),
NIMT (Br,
NO}’),
PTB (all),
KRISS (all),
SMU (all), NRC
(Br)
Matrix removal SMU (SO4*)
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Inorganic Core Capabilities

CCQM Study: CCQM-K122

Summary Table

Institute(s): BAM, NRC (only mass fraction), KRISS, PTB, NIM, SYKE, NM1J, TUBITAK

Method: (ID)-ICP-MS

Analyte(s): Pb (mass fraction, molar mass and isotope amount fractions) in an aqueous NaCl solution

(0.15 g/g)
Capabilities/Challenges Not tested Tested Specific challenges encoun-
tered
Contamination control and correction BAM, NRC, | Relatively low lead concentra-
All techniques and procedures employed to reduce po- KRISS, tion in a challenging matrix
tential contamination of samples as well as blank cor- :
rection procedures. The level of difficulty is greatest for PTB, NIM, (0' 15 g/g NaCI)’ separation
analytes that are environmentally ubiquitous and also SYKE, from matrl?( .necessary’ clean
present at very low concentrations in the sample. NMIJ , room conditions reasonable,
TUBITAK | highly purified reagents neces-
sary
Digestion/dissolution of organic matrices
All techniques and procedures used to bring a sample not applicable
that is primarily organic in nature into solution suitable pp
for liquid sample introduction to the ICP.
Digestion/dissolution of inorganic matrices
All techniques and procedures used to bring a sample not applicable
that is primarily inorganic in nature into solution suita- pp
ble for liquid sample introduction to the ICP.
Volatile element containment
All techniques and procedures used to prevent the loss not applicable
of potentially volatile analyte elements during sample pp
treatment and storage.
Pre-concentration KRISS, BAM, PTB, | Pre-concentration achieved as
T echm’ql}esh and plrocedurez usej to i;lzcrecase thelc;mcen- NIM, TUBITAK a consequence of matrix sepa-
tration of the analyte introduced to the ICP. Includes :
evaporation, ion-exchange, extraction, precipitation SYKE, ration
procedures, but not vapor generation procedures. NMIJ
Vapor generation
Techniques such as hydride generation and cold vapor not appli cable
generation used to remove the analyte from the sample
as a gas for introduction into the ICP.
Matrix separation BAM, NRC, | 0.15 g/g NaCl excluded direct
Techniques and procedures used to isolate the analyte(s) KRISS, measurement, several different
from the sample matrix to avoid or reduce interferences PTB. NIM types ion exchan ge te chni ques
caused by the matrix. Includes ion-exchange, extraction, > ? yp .
precipitation procedures, but not vapor generation pro- SYKE, apphed, recovery needed to be
cedures. Techniques and procedures used to isolate the NM1J, checked
analyte(s) from the sample matrix to avoid or reduce in- TUBITAK
terferences caused by the matrix. Includes ion-exchange,
extraction, precipitation procedures, but not vapor gen-
eration procedures.
Spike equilibration with sample SYKE, TU- | spike added prior to matrix
Th? mix-ing and equilibration of the enriched isotopic BITAK, separation, time and/or heat
spike with the sample. NIM, PTB, | needed for equilibration
KRISS,
NRC
Signal detection BAM, NRC, relatively low Pb concentra-
The detection and rec.ording z?f the analyte isotope sig- NMIJ, TU- | KRISS, tion, especially 204py yielded
nals. The degree of difficulty increases for analytes pre- BITAK PTB. NIM low si gnal matrix separa-
sent at low concentrations, of low isotopic abundance, i ’ . > .
or that are poorly ionized, SYKE tlon/pre-concentr.atlon neces-
sary to get sufficiently large
signals
PTB, Germany 52/56

2020-03-26




CCQM-K122 — Final Report

Capabilities/Challenges Not tested Tested Specific challenges encoun-
tered
Memory effect BAM, NIM, Pb does not tend to cause a sig-
Any techniques used to avoid, remove or reduce the KRISS, SYKE, TU- nificant memory effect
carry-over of analyte between consecutively measured PTB BITAK
standards and/or samples. NMI’J NRC ’
Correction or removal of isobaric/polyatomic BAM, NRC, | 2%Pb had to be corrected for
interferences KRISS, 204Hg, Therefore, another Hg
Any techniques used to remove, reduce, or mathemati- PTB, NIM, isotope had to be included in
cally correct for interferences caused by mass overlap of SYKE the measurement. In case Pt
analyte isotopes with isobaric or polyatomic species. In- ’ ) 190416
cludes collision cell techniques, high resolution mass NMLJ, cone were used, the “"Pt'°0
spectrometry, or chemical separations. The relative con- TUBITAK level was checked.
centrations and sensitivities of the analyte isotopes and
the interfering species will affect the degree of difficulty.
Detector deadtime correction BAM, SYKE, TU- | In case a counting detector was
Measurement of, and correction for, ion detector dead- KRISS, BITAK, used (Q-ICP-MS or HR-ICP-
time. Importance increases in situations where high ion PTB NRC MS), the detector deadtime
t rates tered. > i
countrates are encountere NIM, was corrected. MC-ICP-MS
NMILJ usually use Faraday detector
that do not require a correction.
Mass bias/fractionation control and correc- BAM, NRC, | ICP sources cause a mass bias.
tion KRISS, This bias had to be corrected
Techniques used to determine, monitor, and correct for PTB, NIM, for with Tl or a suitable Pb ref-
mass bias/fractionation. SYKE, erence (e.g. NIST SRM 981).
NMIJ, In case of double IDMS tech-
TUBITAK niques (Pb mass fraction) the
mass bias correction is not nec-
essary.
Spike calibration BAM, NRC, | Double IDMS to calibrate the
Techniques used to determine the analyte concentration KRISS, spike during the measurement
in the enriched isotopic spike solution. PTB, NIM, or the spike was calibrated in
SYKE, an additional experiment
NMIJ,
TUBITAK
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PIB

Physikalisch-Technische Bundesanstalt
Physikalisch-Technische Bundesanstalt

Braunschweig und Berlin Braunschweig und Berlin

CCQM-K122 and CCQM-P135.1

“Anionic impurities and lead in salt solutions”

Technical Protocol

1. Introduction

This key comparison and the parallel pilot study are associated with the activities for setting
up a traceability system for elemental analysis. In order to establish the fundamental link to
the SI, usually pure metals are used as primary standards which were comprehensively inves-
tigated concerning all possible elemental impurities. In the case of alkali elements which are
extremely difficult to handle in elemental form often their chlorides are used for that purpose.
These salts need additionally to be characterised with respect to anionic impurities which are
usually present in contents around pg/g. The accurate determination of these anionic impuri-
ties was the subject of pilot study CCQM-P135. This key comparison and pilot study are fol-
low-ups to CCQM-P135. To overcome possible homogeneity issues with nitrate, the samples
are sodium chloride solutions instead of the solid salt. This was taken advantage of by adding
lead gravimetrically to facilitate the application of additional new CMC claims like the con-
tent of heavy metals and isotope ratios in seawater.

2. Samples

A 6.3 kg-batch of a sodium chloride solution in pure water was gravimetrically prepared at
PTB. A carefully selected, commercially available sodium chloride was used for its suffi-
ciently large bromide and sulfate as well as its virtually non-existent phosphate and lead con-
tent. During the preparation a certain amount of a primary lead nitrate solution was added.
The lead content should therefore be well-known from the preparation. The isotopic composi-
tion of the lead used to prepare the lead nitrate solution is unknown but close to the IUPAC
values. Since the lead nitrate solution contained nitric acid, both the nitrate and the nitric acid
elevated the nitrate content in the sample. The following table summarizes the resulting con-
tents (possible content ranges) and additional data (all contents are related to the solution):
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Analyte A/quantity w(A)
ne/g
bromide 0.8...8
sulfate 0.15...3
nitrate 03...1
lead 0.015...0.12

M(Pb) = Miupac(Pb)

w(NaCl) = 0.15 g/g

pH=5.1

p=(1107.6 £ 5.0) kg/m* at 21 °C

The solutions were filled in thoroughly cleaned, blank-checked, dried, labelled and weighed
250 mL-PFA bottles. Each bottle contains at least 170 g of the sample solution. Prior to seal-
ing the bottles in film bags, each bottle was weighed again to keep track of losses during ship-
ment and be able to distinguish between unavoidable losses due to evaporation (and correct
for them) and losses due to leaking bottles. The bottles were wrapped in tightly sealed film
bags (12 pm polyester, 12 um aluminium, 165 pm LDPE, type A 40 T, C. Waller, Eichstet-
ten, Germany).

Please weigh the bottle immediately after opening the film-bag. Please report this weight to-
gether with the relevant ambient conditions (air pressure, relative humidity and air tempera-
ture) back to PTB. Please use a balance with a resolution of at least 0.1 mg. The bottle with
cap and label should be in the range of 255 g to 272 g. In case you are not equipped to meas-
ure the ambient conditions, please send estimations. PTB will check whether the losses are in
the usual range of evaporation or whether the bottle was leaking. Evaporation losses will be
corrected for during the evaluations of the results. Leaking bottles will be replaced.

3. Sample handling

Before opening the film-bag, please be prepared to weigh the bottles and to measure the ambi-
ent conditions (air pressure, air temperature, and relative humidity of the air). Please weigh
the bottle immediately after opening the bag. Weigh them together with their screw-caps and
label.

4. Analysis

Please apply your most accurate methods of measurement, preferably primary methods. Note
that the relative expanded measurement uncertainties Urel associated with your results must
not exceed 50 % (sulfate and nitrate), 40 % (bromide) and 5 % (Pb) as already announced
during the last IJAWG meetings. You are asked to determine the following quantities:

e Mass fractions w of the anions bromide, sulfate (CCQM-K122) and nitrate (CCQM-
P135.1) in the sample solution expressed in pug/g.
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e Mass fraction w(Pb) of the element lead in the sample solution (CCQM-K122) ex-
pressed in pg/g.

e Molar mass of lead M(Pb) expressed in g/mol and the amount-of-substance fraction
x("Pb) of the lead isotopes 2°*Pb, 2°°Pb, 2’Pb, and 2®*Pb expressed in mol/mol (CCQM-
K122).

5. Reporting

Note that the reporting deadline has been changed. The new deadline for the submission of
results is 31 March 2015. Please send your report via E-mail.

Please report all your results in terms of a mass fraction w in pg/g, a molar mass M in g/mol,
and amount-of-substance fractions x in mol/mol.

Please report also the mass of the bottle (with cap and label) at the time before opening the
bottles for the first time together with the ambient conditions. Please use a balance with a res-
olution of at least 0.1 mg.

Please calculate uncertainties for all the results reported according to the GUM [1]. Please, re-
port also your sources of traceability along with a short description of the method(s) you used.
If you need further assistance or encounter any kind of problem, please contact Olaf Rienitz
and/or Karin Roehker.

Contact:
Dr. Olaf Rienitz Mrs. Karin Roehker

Physikalisch-Technische Bundesanstalt
Bundesallee 100

38116 Braunschweig

Germany

Fax +49-531-592-3015

Phone +49-531-592-3110 -3312

E-Mail olaf.rienitz@ptb.de karin.roehker@ptb.de
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