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Introduction @PTB

420
* Atmospheric CO, concentration a0
heavily increases ( > 400 umol/mol(%) e |
* Isotope ratios (R1is¢/12¢ & R1sg /16) help to discriminate E a60
natural from and anthropogenic sources :
* International realization of the VPDB scale (NBS-19) 20
1980 1990 2000 2010 2020
. Out Of StOCk GIobaIatmosphericCozzgﬁcnentrationm.
- Not traceable to the Sl 1st?

» Gravimetric Mixtures a e

R, =K, xR"

[1] World Meteorology Organization, Statement on the State of the Global Climate in 2018, WMO, 2019.

- " [2] National Oceanic and Atmospheric Administration, Global Monthly Mean CO,, Retrieved from
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Gravimetric Mixtures (l)

%
v

A B C D
Starting materials ‘m “H H“ m‘
A B A C
- DO O
11 (NN 1 Il AB AC AD
map + ™MpBa mayc + Mca “H B Q Q
BC
I?AB,Zz’] RAB’2z1 H‘\ ¢ Q
CD
AB AC
m‘ D

1 1 RXIZ RBZ RXI3 RB3 RX‘4 RB4
M - =K, xM : - : K; XM; x : - : + K, xM,x : - :
1% mABX(Rth_RXIB,z) rnBAX(RLnB,z_Rg,Z)] 2 ZX{mABX(RXqB,Z_RXI’Z) %AX(Rgtz_RXIB,z)]-% } ’ {mABX(RXIB,z_sz) %AX(Rgiz_RﬁB,z)] ! ! [mABX(RXquz_RXl,z) rnBAX(Rgtz_RXIB,z)]

1 1 R, Rt RY; Res R4 Rt
M - =K, xM : - : + Ky xMj;x : - : + Ky xM,x . - .
v mACX(Rle_RXICQ) %AX(R/TCJ_R(‘;)\J a ZX[mACX(Rch,z_Rxs) %AX(R?S_RX]C,})J ’ ’ [mAcX(Rﬁc,s_sz) mCAX(Rén,3_RX1c,3)J ) ) [mACX(RXICQ_R:}) n"CAX(Rgs_RXICQ)]

1 1 R, R Ris Ros R4 Ro4
- =K, xM : - : + Ky xM; x : - : +Kyx M, x : - :
mADX(RgA_RXIDA) %AX(RLHD,4_R§4)J ZX 2X[mADX(RX]D,4_RXI,4) %AX(RK;S_RX]D,S)] ' ’ [mADX(RXlDA_R/TA) n\)AX(Rg,zt_R/TDA)J ) ) [mADX(RXlDA_RXIA) nbAX(Rg,zt_RXIDA)]
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Gravimetric Mixtures (1) @PTB

1 1 R Rs R Res Rl Ras
M, x - =K, xM,x - - : + Ky xM; x : - : + K, xM, x : - !
1 Mg X( R - RX‘B,Z) LN X(RX‘B,Z - Rg‘z)] e {mAB X(RX‘B,Z - R::,z) LN X(Rlxan,z —Ris. )J e {mAB X(RX‘B,Z - R:,z) LN X(Rxl;z —Rs.2 )J e [mAB X( Ris. — R:,z) M X(erarjz - RX‘B,Z)J
! 1 RL. R R R Rl R4
M, x - =K, xM,x : - : +Ky;xM;x : - - + K, xM, x : - :
1 Myc X(R/lxn,z - R:A“CQ) Mea X(R:c,z - Rcmz)] T [mAC X(R/TC,} - R,T,z) Mea X(Rén,s - R/TC,})] T [mAC X(R:c,s - R,T,z,) Mea X(jos - R/Tc,z)] e [mAC X( Rics— R/T,s) Mea X(Rgs - R/r\"c,z)]
1 1 Ri, R, R Ros Rl Roa
M, x - =K, xM,x - - : + Ky XM, x : - : +K,x M, x - - .
1 Mo X(RSA - R/TDA) Mpa X(R/TDA - er)",zt)J e [mAD X(R:D,zt - R/T,zx) Mpa X(R;,s -Rbs )] T [mAD X(R.ITDA - RX‘A) Mha X(R,';4 -Rib.4 )] ) ) [mAD ><(RX]DA - R/TA) Mpa X(RSA - R/TDA)J

l

system of linear equations
solvable for K,, K; & K,

K =f(M,..,M,,m_,..m R ,..R)

AB?°""2 " DAY 2,A%°"2 " 4 AD
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Solving a Linear System

K, =2xK,+K,=2
K, +5xK;+2xK, =3
K, =3xK;+K, =1

 Cramer‘srule

* QR factorization

* Cholesky decomposition
* Gaussian Elimination
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SAB_2018,414 Supplementary-Material-Par

Generic Solving Routine (1) - GIMIiCK @PTB

E Mularm:M:s;afmey"'isom%srg:mpmagues Ni= 6 mcumimmm ‘ [ U p to N iSO = 12

§ = i : * Dynamic input mask

. owm Gravimetric Y P

S « Setsup system of linear
& . Isotope

v equations

18

;e MIIXEUFES
: Calculator for

2 * (Gaussian elimination
Z Measured ratios in mixtures [V/V] ( n O n = ite ra t ive ! )

23
24
25

mmo o ®®»

29 AB,2 AC3 AD,4 AE,5 AF,6
= ] ~ ~ h] |

;o K-factors
31
32 K -factors [{mol/mol)/(V/V)]
33 K=
34 Ks=
35 K=
36 Ks=
37 Ke=
38
H
40
Ll
42
43 L 1l = L L

Tilepage | Mg example | CO2 example | Validation - Mg | Generic Table| | Generic Table | | Hg example (unprotected) | CO2 example (unprotected) | Generic Table Il unprotected)

A. Stoll-Werian, L. Flierl, O. Rienitz, J. Noordmann, R. Kessel, A. Pramann, Spectrochim. Acta B 2019
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Generic Solving Routine (Il) @PTB

Generic expression

Nig R o 1 1
K XM, x - : =M, x -
2[ [mAYx<RrY, R) max(R R:;,)H | [mAYx(R;ﬂY, R max(R —Rry,j)]

G J N\ J
Y Y
o-terms ' ¥terms
alteri
> al X K2 a2 X K3 o aNiso_l X KNiSO 7/1
5 - |=x
©
v a( 1so 1) (leo ) X K2 a( 1so 1) (N1so ) X K3 o a( Niso_l)2 X KNiSO yNiSO_l
ie{2,3,..., ISO}
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Generic Solving Routine (lll) PTB

al X K2 0(2 X K3 o aNiso_1 X KNiSO 7/1
=X
a( Niso_1)2_( Niso_z) X K2 a( Niso_l)z_( Niso_3) X K3 o a( Niso_l)2 X K NiSO 7/Niso_1
several computational steps
o XK, o, xK; - aNiso—IXKNiSO 2
) X Ky oy XKy | 6 backward

substitution

» XKy, On, 1

0 iso

'B(N. -1)

150
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Advantages of Direct Methods @PTB

* Not effected by possible convergence issues or local minima

* Uncertainty propagation (GUM) is much more straightforward

» Propagation of variances M,
> Monte Carlo simulation > M,xD

N, =—M,p XM, xmy, X(Rzlf,z - Rzran,z)X(R/rxng o R/rxncg)x(RXlA - R§C,4)X(R11311,3(R1§1,4 o Rg;)"‘ R& X(R& - eran,s)_ Rgts X R1r3n,4 + Rgt4 g Rjran3)
—Myg XMy XMy, X(R/I;,z - R?B,z)X(R?g o R?CJ)X(R/TCA o R§4)X(R/T,3 X(R& o RICIT4)+ R/rxn,4 X(Rlcnﬁ o R1131§3)+ Rg; X RICHA - Rllan,4 X Rén3)
—Myp XMy, XMy X(Rzrxn,z - R/:nB,z)x(R:]A o R?c,4)x(R;nc,3 - Rg;)X(R/Tg X(RSA - ngf4)+ R/TA X(Rg; - er)n,s)_ ngts X RII;]A * Rgt4 X er)ns)
—Mye XMy XM, X(R/Tg - R/rxnc,3)x(R;r\n,4 - R?CA)X(RXIB,Z - R;an,z)(R;xng X(R«I:n,zx - R§4)+ R;r\n,4 X(Rg],z - Rglz) + R& X er)n,4 - Rén,4 X Rg]3)

D =m,; xm,. xm,; X(R{, = R, X (R, = R, X(R, =R, )X (RS, X R, xRY, + Ry, X RY, X Ry, + RYS X RY, X Ry, — R, X R, X RY, — Ry, X RY, X Ry, + Ry, xR, X RY,)
—-my; Xxm, . xmy, X(RY, = R,)X(RY; — R, X (R, — Ry )X (R, xR, X RY, + RY, X Ry, xR + RY, < RY, X RY, =R, X RY, X RY, = RY, X Ry, XRY + Ry, X R, xRY,)

+mAB XmAD X%A X(R/lr,z - R/r\nB,z)X(R:4 - R/ranA)x(R/Tc,s - F{:rts)x(_RX‘,z X Rl;s X Rgl,4 + RlAn,z X Rgt4 X R[?,s + R/rxn,s X joz X RE]A - R/rxn,s X Rg:4 X ngn,z - R/TA X Rg’,z X len,s + R/TA X ngns X R[r)nz)

+mAC X mAD X mBA X(R/:n,s - R/rxnc,s)x(RXIA - RXIDA)X(R/TBJ - Rgz)X(RXl,z X Rr:rts X R113n,4 - R/T,z X R:ﬁt4 X RI?,S - RlAn,s X Rén,z X er)n,4 + R/rxn,s X Rg:4 X ngn,z + R/:n,4 X Rénz X er)n,3 - R/rxn,4 X Réns X Rglz)
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Condition for Solvability @PTB

g o, N, -1
det(A) = : : : ~0
FiNg-17-(N-2)  FiNg 17N -3) KN 12
R™ m
ay:KiXMiX r:’l m B Rmv’I m
mAYX(RAY,j_RA,j) rnYAX(RY,j_RAY,j)

If det(A) =0
— No solution or countless

A B
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Preparation of Blends (l)

High-vacuum line
(p=1x10>Pa)

Set up from CF flanges
Custom-made gas vessels
Made from electropolished

stainless steel

(V=800mL, m

= 730g)

tare
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Preparation of Blends (Il) @PTB

. Heating and evacuating of gas containers (= 200°C, 24 h)

t t t
. Weighing against evacuated reference container Pair,0 Pair,1
. . O
. Cryogenically trapping amount of gas A (m,) o LA oO o B
O
. Weighing against evacuated reference container , -
Mg Mg A
. . (mis1)
. Cryogenically trapping amount of gas B (m;)
. Weighing against evacuated reference container I
. Calculating buoyancy corrected values of m, and my mk g mi Mo

L. Flierl, O. Rienitz, A. Pramann, Anal. Bioanal. Chem., accepted, 2020.

. Long-time measurement (= 4.5 h) of the blend and both

parent materials using IRMS
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First Blends

EPB

&

15t & 2" blend mixed from

gas A (x(*2C) = 0.9998(1) mol/mol) + gas B (x(*3C) = 0.993(1) mol/mol)

%\

&

12GaS A 13Gas B
C-CO, C-CO,
\/
+(0.81312 £ 0.00024) g i +(0.76526 = 0.00024) g

Rthe0 = (0.8791 + 0.0040) mol/mol
Rtheo = (0.0072 + 0.0021) mol/mol

Sl Traceability of CO, Isotope Ratios — PTB (13)

%;\

12G&S A 13Gras B
C-CO, C-CO,
\/
+ (0.92496 + 0.00040) g /N + (1.41272 £ 0.00031) g

RO — (14207 + 0.0067) mol/mol
= mol/mo
Rtheo (0.0093 + 0.0033) mol/mol

© PTB 2019



/(A/A))

m

45

In(R

/(A/A))

m
46

In(R

First Measurements of Blend #1

blend #1

-0.09660 T

-0.09680

-0.09700

-0.09720

-0.09740

-0.09760

-0.09780

-0.09800

-0.09820

T T T T T T T T T

1 1 1 1 1

* In(R} /(A/A))
of blend #1

-0.09840

2000 4000 6000 8000 10000
relative time /s

12000 14000

-4.10000

-4.10500 H

-4.11000

-4.11500

-4.12000

-4.12500

-4.13000

-4.13500

T T T T T

1 1 1 1 1

® In(Ri /(A/A))
of blend #1

-4.14000
0

6000 8000
relative time /s

2000 4000

10000

12000 14000

—
—

15/ (A/A

In(R

—~

15/ (A/A)

In(R

-7.10000

-7.15000

-7.20000

-7.25000

-7.30000

-7.35000

-7.40000
0

-6.10800

-6.11000

-6.11200

-6.11400

-6.11600

-6.11800

-6.12000

-6.12200

-6.12400

-6.12600

20 enriched material

1

1

T T T T T T

* (R} /(A/A))

of “C material

1 1 1 1 1

2000

4000

6000 8000 10000 12000 14000
relative time /s

T

1

1

® In(Rjg /(A/A))
of 2C material

1 1 1 1 1

2000

4000

6000 8000 10000 12000 14000
relative time /s
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/(A/A))

m
45

In(R

4.87600

4.87400

4.87200

4.87000

4.86800

4.86600

4.86400

-0.85600

-0.85800

-0.86000

-0.86200

-0.86400

-0.86600

-0.86800

-0.87000

-0.87200

3¢ enriched material

T Lemapaay)

of “C material

T

0 2000

1 1 1 1 1 1 1

4000 6000 8000 10000 12000 14000
relative time /s

® In(Ri /(A/A))
r of ¥C material

T

1 1 1 1 1 1 1

6000 8000 10000 14000

relative time /s

0 2000 4000 12000
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Isotope Equilibrium of Carbon Dioxide ()

After heating for 72 h at 250 ° C
-0.09040 : : : : : -3.95450
m
> In(Rjs /(A/A)
° ® In(Ry /(A/A))
-0.09045 s e ° 3.95500
-3.95550
-3.95600
-3.95650
Iy iy
-0.09065 |- o -3.95700
iy
-0.09070 : : : : : : : -3.95750
0 2000 4000 6000 8000 10000 12000 14000 16000

relative time /s

/(A/A))

m
46

In(R

After heating for 180 h at 250 ° C

-0.09030 e T T T T -3.95610
m
. > In(Rig /(A/A)

® In(Ryg /(A/A)) | 395620

-0.09035 -3.95630

-3.95640

= -0.09040 -3.95650
~
<

< -3.95660
EE

& 0.09045 3.956
T 009045 1, . . - -3.95670
Ao
- -3.95680
-0.09050 |- - -3.95690
L]
s - -3.95700
-0.09055 . L L L L L L -3.95710
0 2000 4000 6000 8000 10000 12000 14000 16000

relative time /s

1651216 + 18712018 —— 9161218

/(A/A))

m
46

In(R

/(A/A))

m

45

In(R

-0.08996
-0.08998
-0.09000
-0.09002
-0.09004
-0.09006
-0.09008
-0.09010

-0.09012
0

After heating for 600 h at 250 ° C

!

!

T T T

! ! !

& In(Ry /(A/A)
® In(Rys /(A/A)

)
) | 95540

! !

-3.95560

-3.95580

16/ (A/A))

In(R

-3.95600

1 -3.95620

-3.95640

2000

4000

16512¢16¢ 4 1851301805 — 16012018 4 16513¢18¢
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6000 8000 10000
relative time /s

12000 14000

16000

© PTB 2019



Isotope Equilibrium of Carbon Dioxide (lll) Bz PIB

before heating

-0.0970 -,

0.0973 |,

-0.0976 -

In(Ry; /(A/A))

-0.0979

-0.0982 -

vvvvvvvvvvvvvvv

® In(Ry/(A/A)) [

[a

1 1 1 1 1 1 1
2000 4000 6000 8000 10000 12000 14000

0
relative time /s

1100 |* ® In(Ry /(A/A)) ‘A
4116 F °
<4
~
=
~~ 4.123 |
ES
=
4

-4.130

4137 + * e

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ B

0 2000 4000 6000 8000 10000 12000 14000

relative time /s

In(Ry; /(A/A))

after heating for 85 min at 1800 ° C

-0.0897

-0.0897

-0.0898 -

-0.0898 -

-0.0899

vvvvvvvvvvvvvvv

(| ® In(R;/(A/A))

— linear regression

[_‘

0

1 1 1 1 1 1 1
2000 4000 6000 8000 10000 12000 14000
relative time /s

C

-3.955

-3.955

/(A/A))

m

In(R

| @ In(Rg/(A/A)

-3.956

— linear regression

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

0 2000 4000 6000 8000 10000 12000 14000

relative time /s

1 * Linear regression & extrapolationtot=0

R o =(0.913995 + 0.000016) A/A
R ,=(0.0191411 + 0.0000034) A/A
RE1e0= (0.8791 + 0.0040) mol/mol
R1€°= (0.0072 + 0.0021) mol/mol

{'* Calculating R,5, Ry; and Rl

R46=—3><K2><F§2§</1+2><K><I:245><F21/§+2><R8

| » Calculating all istopologue ratios and

uncertainties ‘

Monte Carlo Simulation
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Monte Carlo Simulation of all 11 K-factors @PTB

LY o0k LS o LS

» * Used made-up data set (R™, M, m) (from GIMiCK1)

08 5109515 Dons ~

K,/(mol/mol/A/A)

" Ky/(mol/mol/A/A) *Ky/(mol/mol/A/A)

. e * Added uncertainties from isotopologue ratio

derivation and mixing (e.g. u(m,))

Duss o ool

" Ky/(mol/mol/A/A) " Ky/(mol/mol/A/A)

kerrne * Monte Carlo Simulation with 20 000 runs

I(N 0.045 KQ 0.045 I(m

R,3=(0.0111980 + 0.0000091) mol/mol (0.081 %), (k =2 )

o TR 0 o 086t [ 08 51 osis

R/ mot/mol/A/A) " R molfmol/A/A) Koo/ (mol mol/A/A)

R, = (0.00037990 + 0.000000030) mol/mol (0.080 %), (k =2 )
R, = (0.0020052 + 0.0000016) mol/mol (0.081 %), (k =2 )

3 osis

" Kol jmol/A/A) " K/ (ol jmoljA/A)
[2] L. Flierl, O. Rienitz, R. Kessel, A. Pramann, Spectrochim. Acta B, in preparation
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Summary & Outlook

EPB

* Concept of gravimetric
mixtures

* Non-iterative calculation
of K-factors for N, ., = 4

e EXCEL® based tool
available

* First binary mixtures of
enriched/depleted CO,

=) Adapt math for isotope equilibrium

» Monte Carlo Module

» Further blends for studying
reproducibility & 20
enriched/depleted materials
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