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Sources and Sinks of Atmospheric Carbon Monoxide
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Sources and Sinks of Atmospheric Carbon Monoxide

Sources [103 Tg CO/y] (Zheng et al.,, 2019)
anthropogenic

(mainly combustion of fossil fuels and biofuels)
biomass burning

oceanic

biogenic

oxidation of methane

oxidation of hydrocarbons

total

Sinks (approx.)
oxidation by OH
soil uptake
stratosphere

Atmospheric Lifetime: months
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CO oxidation by OH

CO +0OH - CO, +H

H+ O, - HO,

HO, + NO —-OH + NO,
NO, + hv = NO + O
O+0, =0,

Net: CO + 20, — CO, +0O;
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Global Distribution of Carbon Monoxide Sources
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Carbon Monoxide Levels in the Atmosphere

CO mole fraction
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1995 2000

ppb

typical carbon monoxide mole fractions in various environments:

0.04 to 0.2 ppm natural background atmosphere level [1]

0.3 to 0.4 ppm yearly average at a kerbside station in CH [2]
0.5to 5 ppm average background level in homes [3]

6.9 ppm Air Quality Limit in CH (24h-average)

5to 15 ppm near properly adjusted gas stoves in homes [3]
9 ppm US 8-hour Air Quality Standard [3]

up to 16 ppm levels in a highway tunnel [4]

30 ppm threshold limit values at workplaces in Germany
> 30 ppm in homes near poorly adjusted stoves [3]

up to ~ 4'000 ppm  undiluted car exhaust [5]
16’000 — 37°000 ppm cigarette smoke [6]

[1] World Data Centre for Greenhouse Gases, https://gaw.kishou.go.jp

[2] Swiss National Air Pollution Monitoring Network, https://www.empa.ch/nabel

[3] https://www.epa.gov/indoor-air-quality-iag/what-average-level-carbon-
monoxide-homes

[4] Vollmer et al., 2007

[5] Bond et al., 2010

[6] Jaffe & Chavasse, 1999
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Rationale for CO Measurements in the Atmosphere

= (O is a good tracer for anthropogenic pollution and biomass burning

=  CO sources are known well => relative emission of other anthropogenic pollutants can

be estimated
=  COis an intermediate product of the VOC degradation on the way to CO,

=  CO causes adverse health effects under highly polluted conditions

Technical Paper 11
DEPARTMENT OF THE INTERIOR
BUREAU OF MINES
JOSEPH A HOLMES, Dikscron

THE USE OF MICE AND BIRDS FOR

DETECTING CARBON MONOXIDE
AFTER MINE FIRES AND EXPLOSIONS

U. S. Bureau of Mine
BY RECEIVED
e A
GEORGE A. BURRELL
Denver, Colorado

http://books.google.com/books?id=RCCWMcWoZtIC
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Techniques for Ambient Air in-situ CO Measurements

» Manometric Technique (e.g. Brenninkmeijer, 1993)
» Gas Chromatography (GC), followed by
- flame ionization detection (GC-FID) (e.g. Rasmussen & Khalil, 1981)
- HgO Reduction Detection (GC-RGD) (e.g. Novelli et al,, 1998; Gros et al., 1999)
Tunable Diode Laser Spectrometry (TDLAS) (e.g. Sachse et al., 1987)
Non-Dispersive Infrared Spectrometry (NDIR) (e.g. Parrish et al., 1994)
Vacuum Ultraviolet (UV) Fluorescence (e.g. Gerbig et al., 1999)
Quantum Cascade Laser Absorption Spectroscopy (QCL) (Baer et al., 2002; McManus et al., 2015)
Fourier-Transform Infrared Spectrometry (FTIR) (e.g. Griffith et al., 2012)

YV V VYV V V V

Cavity Ringdown Spectroscopy (CRDS) (e.g. Chen et al., 2013)
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Manometric Technigue

] 1= ||
An air sample is first passed through a series of —— ( PsT

chromatographic columns and cryogenic traps . = = Jre R[oor

to remove CO,, nitrogen oxides, water, and ) we H H t _ T
hydrocarbons. Flow over Schiitze reagent (1,0; | w = P L.T ©] v
on silica gel) quantitatively converts CO to CO,, A N ‘
RDT
CAS

which is collected cryogenically. ADT
The amount of CO-derived CO, is determined VENT < PP

i Fig. 2. The laboratory system for conversion and extraction of CO. MFC is a thermal sensor mass flow
manomet”ca”y. controller. ZAG is a generator of zero air, i.e., CO free air, consisting of a heated catalyst in the form of
platinum on an aluminium oxide carrier or Hopcalite. TMST is a molecular sieve trap (13X) used in

combination with the zero air generator. RDT's are Russian doll traps. SR is the Schiitze reactor. COT is the

1 1 1 i lass collecti , later replaced with a Russian doll . DF is a small dryi
This sample preparation proce_dure provides an Coing & Fscien of A g of P Tt 8 pesoreaie shioh presur rsauees (Pilips KE100R),

absolutg manometric technlque.for S 5t e cllotion ot PMST v wogt s Seve oy omaiing 9 Lof 1% o

determination of CO concentrations. S O T T e gl U P ding o porgo air o

rate of 0.5 to 1.0 L min™. ODP is an air- cooled oil diffusion pump. VRP is a two-stage rotary vacuum pump.
PRP is the air processing rotary pump. C is a bath for bringing the air at ambient temperatures. BGM is a
domestic bellows type gas meter. Couplings used are Cajon Ultratorr fittings and Viton glass ball-cup
connectors. For connecting air cylinders, Cajon VCR fittings are used. All valves are Viton o-ring valves
(Young and Glass Expansion) and a 5-mm Vacutap [Brenninkmeijer-and Louwers, 1985] for the small volume
(0.95 cm?) manometer. All liquid nitrogen traps are fitted with thermocouple based heater elements
[Brenninkmeijer and Hemmingsen, 1988] to prevent hardening of the downstream Viton seals and to prevent
lowering of the temperature of the Schiitze reagent.

Brenninkmeijer et al., 1993

martin.steinbacher@e ‘Efnpa —



Gas Chromatography

Packed and capillary celumns

gas flow
separation column

le

o
£
I
(%]
=
©

Liquid phase

Solid support

(a)

detector

0.25-mm-i.d.

1/8"-0.d.
Packed column

Inity to

ffi
stationary phase

increasing a

capillary or
WcoT

Figure 1.10. Schematic representation of (a) packed column and (b) capillary or open

tubular column.

McNair et al., Basics Gas Chromatography, 2019

95.°88

|0jA%-0 -
| 2
|
1014x-d ~w
£90°SE = w
E60° 7 -
lozuaqiAuI3
© :
c fenoL
a -
o
o &
N =
=
=1
rw | aue00s|
c
(%]
© L =
c AL ~ |ozuag
UALPRUO|YIRILS B
W UEILTIERETE
ueIdDH-U sse
o
m R LI \i .3
5 3 LS aueydayos|
O 1
19}
c .
st -
sue 68
o aydesi
[} URXAH-U ypgupge ]
br— ueuad|Ayia-g pun 'z, | N
+ LERUE Tege 3 _ o RO
b uBINgAYI3! s -1 HEE
(] uengAyiaw K uBxayopAy
> Iy
o uINg-7-|AyIRW-Z °* = .
o) e :.um.m e |\ auzlRg
usINg- | -JASN-T [
S [TELTER TN PETLEEE e P
m rin (R
s96°7s -
m uslpeIng-g'|ree zs = -
g ueluag-u hm_ |
@) 508705 - e = =
-+ alio e =
© . T —. T
m e ueuadopAy -
uaing-spas-as e A8 |
o 'g-st
+ UBINQOsEa9 v+ — = L suan
c EE IV INGOSE a1 ; ng
(@] ERENOY Cezi-ew o )
[} using-suesy
o oto-se 4
e DFHD |
] _
(7, ueng-u ﬁ
&2y b — ‘.,
T [
U3 e — =
uEINgos| =
- uadodd, o -
SRl 4E _
Tld
- uedoig |
= vs0°0c - 2
uayi3 _
. sLive
Ll T Soolt
;! =
| i
|
-
Q0°T = NBTL / Uiy Ut L0006 = SWTL pUT uTE 00070 - SWIL 3TEIS
5 = ISEIJO OIST a0t = UOT3enusyyy Ut e 0LT0 = pasds JaI8UD

Exsvsvsvnsnyaners T¥ UOTSISA srspsveessys UOTIEISYION 1835

=58 1pp
(31en 1) moav :adiy a03asdsa

UETIRA wykavsERE R




Gas Chromatography, cont'd

= CH, and CO, measured by flame ionization detection (FID)

= FID is best suited for compounds with C-H and C-C bonds

= Therefore, it requires that CO is first converted to CH,. A hydrogen-rich oxygenated carrier gas
over a hot nickel catalyst (NC) is typically used.

setup at Jungfraujoch sample chromatogram for CH, and CO at Jungfraujoch
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NDIR (Non-Dispersive Infrared Spectrometry)

= Infrared (IR) radiation from a stable source is first filtered and focused before passing through an
optical cell containing the sample. IR absorption is detected.

IR source detect signal and data
nEnn nEngm etector |[—— orocessing

= A reference signal is needed to compensate for matrix effects. This can be realized by means of
Gas Filter Correlation (GFC) or by selective removal of CO with a catalyst.

Advantage: inexpensive continuous measurements, moderate requirements in terms of operation and
maintenance.

Disadvantage: rather high instrumental noise, rather high detection limit (a few tens of ppb),
potential instrument drift.

> NDIR is most suitable for sites with elevated CO concentrations and less so at remote sites.

martin.steinbacher@ °EF'_“Pa —



NDIR (Non-Dispersive Infrared Spectrometry)

Gas Filter Correlation

gas filter

IR source
-l B0 0 NN [ N | Detector

= radiation from IR source passes through a gas filter altering
between CO and N,

= CO gas filter produces a reference beam, N, gas filter
produces a measure beam

L

commercially e.g. available through Thermo Fisher Scientific Inc., USA
https://www.thermofisher.com/

martin.steinbacher@empa.ch

White Cell

Filter

Flow
Sensor

IR Source-
! [

Analog Qutputs
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|
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Schematic of Thermo Scientific, model 48i

@ Empa



NDIR (Non-Dispersive Infrared Spectrometry)

Cross Flow Modulation

calibration !
zero gas

inlet | ‘
calibration | :
span gas s

inlet L flow sensor pressure
capillary = Sensor |
mist catcher @ ‘
’v‘ 1
sample o @ T !

inlet o .— MC ﬂ
filter ow sensor  orifice um
solenoid valve analyzer pump

~ @ TI exhaust
|
|

catalyzer filter buffer tank

Schematic of Horiba, APMA-370

= air flow toggles between sample and reference
= the reference is sample air with only CO removed by a catalyst

commercially e.g. available through Horiba Ltd, Japan
» both NDIR systems respond specifically to CO (theoretically) https://www.horiba.com/
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NDIR (Non-Dispersive Infrared Spectrometry)

= commercial NDIR instruments may show a significant zero drift of several ppb per hour
= as a consequence, frequent zeroing is needed to correct the data

| mﬂjﬂjjni

20 40

NDIR zero readings [ppb]
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Zellweger et al., 2009 date [yy-mm-dd]

» depending on instrument and laboratory conditions,
zeroing needs to be performed every few hours

Table 1. Recommended network compatibility of measurements

within the scope of WMO/GAW I @ o=

Component Network compatibility Extended Range in Range covered by
goal* network unpolluted the WMO scale
compatibility troposphere
goal? (approx. range for
2019)
CO: 0.1 ppm (NH) 0.2 ppm 380 - 450 ppm 250 - 520° ppm
0.05 ppm (SH)
CH. 2-ppb. Sppb- 1750-=2100-ppb 00-=5900-ppb.
[ co 2 ppb 5 ppb 30 - 300 ppb 30 - 500 ppb

martin.steinbacher@empa.ch

zero drift [ppb/h]

zero drift [ppb/h]
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Generation of CO-free air

Concentration

\0« e.g.
~  Sofnocat

@ _|’ heated
I’. | oxidation || * Ambient Air Zero Span Ambient Air

catalyst Time

converts CO — CO, filter

» caution: commercially available zero air generators are often not optimized for CO removal

martin.steinbacher@empa.ch #18 ‘Empa




Vacuum UV Resonance Fluorescence (VURF)

CO shows resonance fluorescence
(160-190 nm) when excited with UV (150 nm)

Advantage: fast (1s), precise, linear

Disadvantage: expensive, delicate optics,
maintenance intensive

commercially available through Aero-Laser GmbH, Germany
https://www.aero-laser.de

martin.steinbacher@

- photomultiplier

to pump-e——o-

inlet
fluorescence
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4
Ar/CO2 t Gerbig et al., 1999
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Laser Absorption Spectroscopy

w 0.25
<— Sample In —_—
§ Solenoid P . géo
o Valve (V1) N20
s Valve (v2) 0.20 o
o )
k) Solenoid
= Valve (v3)
r To Vacuum Pump
A g% § 0.15 4
23 —> =
5] S
=0 Restiictor s
EJ [ | [ | 2 010
| | | i <
T 1§ | | Focusing Lens
[2°% 0.05 -
L
< ’ HR Mirror ICOS Cell Sim Mirror 0.00 JL
LN2 Dewar LI S B L N LN S B e e B B L R B B S
2189.8 2190.0 2190.2 21904 2190.6
-1
Provencal et al., 2005 T Wavenumbers (cm”)

wavelength ~ 4.5 pm

CO is detected in the near to mid-infrared region
Initially, laser had to be cooled with liquid nitrogen, which is
unsuitable for long-term monitoring

martin.steinbacher@empa.ch 9 Empa R



Cavity-Enhanced Laser Absorption Spectroscopy

Off-axis integrated cavity output spectroscopy

Gas Outlet
(to vacuum pump)

; ,P é Lens

Gas Inlet

Hasor =~ O Detectort
0.0
v
£ HR mirrors (R~0.9999)
Control Data collection
electronics and analysis system

Hendriks et al., 2008

m

Absorption (%)

0.25

0.20

0.15

0.10

0.05

— H20
—CO
— N20

0.00

2189.8

* simultaneous, rapid measurements of several trace gases with

absorption features in the same wavelength range

= cryogenic free, measurement in the mid-infrared

martin.steinbacher@empa.ch

LI s e e e s e e e s e e e e s e e e e
T T T T T T T T

2190.0 2190.2 21904 2190.6
T Wavenumbers (cm’)

wavelength ~ 4.5 pm

commercially available through ABB-Los Gatos Research, USA

http://www.Igrinc.com/
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Cavity-Enhanced Laser Absorption Spectroscopy

Tunable Infrared Laser Direct Absorption Spectroscopy (TILDAS)

Mini Laser Trace Gas Monitor Dual Laser Trace Gas Monitor

= simultaneous, rapid measurements of several trace gases with
absorption features in the same wavelength range

= cryogenic free, measurement in the mid-infrared

= also produces and sells Dual QCL trace gas monitors which
allow for the simultaneous measurement of multiple species,
including NO, N20O, NO2, NH3, HONO, HNO3, CO, CH4, C2H4,
HCHO, CHOOH, SO2, COS, 03, HOOH and others

commercially available through Aerodyne Research Inc., USA
https://www.aerodyne.com/

martin.steinbacher@empa.ch #22 9 Empa



Cavity-Enhanced Laser Absorption Spectroscopy

Cavity Ringdown Spectroscopy

e — A 1

]
Gas |,
molecules

under test = - Cavity | Jo \- | | s I
E | s | | ith Sample
Detector | S |
{HA Ml" ¥, By dl % : Without Sample
| - § :
|
' "le Build-upy4€—— Ring-Down ——> 2 :
2 ©
(75 g |
2 : i 5
o] >
g I Build-up : Ring-Down Time (ps)
I =
Laser SN Laser
Shutoff e Shutoff

= simultaneous, rapid measurements of several trace gases
with absorption features in the same wavelength range

= cryogenic free, measurement in the near-infrared
= laser is shut off, the intensity of light reaching the detector commercially available through Picarro, Inc, USA

decreases or ”rings down” https://www.picarro.com/

martin.steinbacher@empa.ch 9 Errlr_)p.a‘




Fourier Transform Infrared (FTIR) Spectroscopy

N,O H,0
ml_f, 1 ﬁ_Tco2 CH, co,
o — =
ey 2 g 10 —
=as iy |
] NC
M‘ ﬂ 9A (o 1
CDM‘ §
Vacuum Pump - he— ‘E
<:| - . £ 05
Transfer Optics. =
&IR cube +
N
<1 |
e | 0.4-0.5SLPM = o e w
: >N ’h CELL + nlet1 [ cell intet 0.0 \J : : :
AT Ewetz [l cell Flow 2000 2500 3000 3500 4000
ol ®ii yy ol Inlet 3 I ceil Ecac Wavenumber / cm’”
& intet 4 s Dryer Bypass
e ..l }‘}\ = Fig. 1. The mid-infrared absorption spectrum of clean air in a 24 m
R VALVES cell. Red: undried air, blue: dried air. Positions of main absorption
Sensor
Pressure . .
Tt l:] Griffith et al., 2012

= FTIR measures over a broad wavelength range in the
infrared region.
* simultaneous measurements of several trace gases with

absorption features in the IR range. o
L] requires nitrogen as purge gas commercially available through Acoem Ecotech, Australia
https://www.ecotech.com/
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Other Manufacturers ...

e.g.

Miro Analytical — Direct laser absorption spectroscopy; https://miro-analytical.com/

Thermo Scientific — Mid-IR Absorption Spectroscopy; https://www.thermofisher.com/

Tiger Optics — Cavity Ringdown Spectroscopy; https://www.tigeroptics.com/

martin.steinbacher@empa.ch 9 Empa R



Calibration, Performance &
Comparison of Different

| Techniques
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Calibration with Zero Air and ppm-level Reference Gas

N jMFC,S
= _
Zero air

unit

vent

analyzer

requires only one cylinder

multi-point calibration is possible
consumption of reference gas is small
ppm-level standards are less prone to drifts

+ + + +

difficult to achieve very good accuracy / to reach
GAW compatibility goals
- direct traceability to GAW reference scale is not given

martin.steinbacher@e °EFT‘Pa —



Calibration with a Suite of Ambient Level Reference Gases

air inlet

1/16* Stalmless steel tublng

Vaolco Wolve 1/8%

Callorotlon 1

Calibration &

H
04 Torget Ehort Term

Round Rokln Cyl, 1

| Collbratlon 3 )ﬂ

| Calibration 4

5 Ro

urd Rokln Cyl, 2|

?{( R

TymFlex 1200 1744

auncl Rokin Cwl, 3|

o Flasks
—ff——— BC Instrumen t CFTIRY LEcEnD
= Spare !
=i = <——=> M1 7 SLFM
T Synflex 1300 L7+ PR, Diophragn Pump
| Cooled “Woter -tmp
@ Peristaltlc Punp

<

@ Mass FlowMeter

= Raln Guard

Fllter

+ allows direct traceability to GAW reference scale

+

maximum accuracy and compatibility with other stations

+ setup can usually also accommodate other tanks for quality control

- consumption of reference gas is higher
- ppb-level standards are prone to drifts

ICOS RI, 2020
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Propagation of the GAW Reference Scale

NOAA ESRL is the GAW Central Calibration Laboratory (CCL) for CO2, CH4, CO, ...
station operators

15 PRIMARY ST ANDARDS
laboratory
" ﬁ ﬁ ﬁ J standards

10 SECONDARY STANDARDS t
200 TC 420 PPMY CC2.

in-situ
standards

CMDL/CCG CMDL/CCG LAB OUTEIDE CCG
IN-3ITU AIRCRAFT FLASKS RESEARCHERS
STANDARDS NETWCRK FLASKS

TCWERS

For GOz EXPERIMENTAL GAS

CALIBRATION PRECISION; 0.014 pwmol/mol [ 1 =d of calibrations < & months apart).
precision for =325 approx. 0.1
precision for =425 approx. 0.25

Absolute Uncertainty; 0.1 pmelimel
Internal consistency [325428 pmolimol]; 004 pmel/mol  [2 sigma] [= 2 years]

https://gml.noaa.gov/ccl/airstandard.html

martin.stei
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Drifts in ppb-level CO reference standards
CO is high pressure cylinders is often subject to drift

Drifts in travelling E

standards at the World
Drifts in primary standards at CCL Calibration Centre for CO
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Performance & Comparison of Different Techniques
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Performance & Comparison of Different Techniques
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Graphical summary

100 - rough, qualitative sketch
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values are estimates and can vary depending on instrument
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Conclusions

= several analytical techniques are available for CO measurements in ambient air
= selection of measurement technique (and manufacturer) strongly relies on

« the (scientific) rationale of the measurements (also: duration of the
observations (long-term vs. campaign-like measurements), long-term stability
vs. short-term, precision))

« expected concentrations and its variability,

 capacities for operation and maintenance,

 available sample,

 availability/accessibility of reference gases,

 skills and expertise,

 available space, K your Colleg

« financial resources,
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