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Author’s response to AMT review - first stage (Respnse to reviewer
and short comments) Atmos. Meas. Tech. Discuss.,id®.5194/amt-
2017-412, 2017

“Preparation and analysis of zero gases for the mesarement of trace VOCs in air monitoring”
Jennifer Englert, Anja Claude, Alessia Demicheldefan Persijn, Annarita Baldan, Jianrong Li,
Christian Plass-Duelmer, Katja Michl, Erasmus TegsRina Wortman, Yousra Ghorafi, Maricarmen

Lecuna, Guido Sassi, Maria Paola Sassi, Dagmarskiabi

The authors are grateful to both reviewers forrttigie and effort in evaluating this manuscript dodtheir suggestions for
improvements. All points made by the reviewers adldressed on the following pages. We also thanishiogt comment
author for his useful note. We have combined thecidip responses to all comments in the followingn€&rning the

proposal to publish this work as a technical natedo no oppose but would like to leave this deciso the editor.

Referee #1
Comment 1:

Introduction: The part describing the principle eéveral methods for generation of hydrocarbon faéreshould be
removed. The presented methods are not completeeXample, “pressure swing” methods and use of cleaygen and
nitrogen to prepare clean air are not mentionedarcioal is by far not the only adsorbent used for pirification.
Furthermore, the information provided is essengiaéxtbook level and only vaguely connected tonteéhods tested here
and no information about the performance of théed#nt methods is provided, which greatly redutesusefulness of this
part for the reader. The explanations about thedrgmce of clean gases in general should be remabedpaper contains

no information about purifying gases other than o#ing non-methane VOC from air.
Response:

We followed the suggestion of referee #1 and remidkie part describing several methods for geneydtydrocarbon free
air. Instead we just listed the different princigplehich are applicable for atmospheric monitorirthvwome references for

the interested reader.

p.2 lines 8ff:*Commonly used purification technoieg in atmospheric monitoring include but are riptited to gas
purifiers based on inorganic media (e.g. Contd.e2808) or activated carbon (Van Osdell et #98; Sircar et al., 1996),
metal catalysts (Liotta, 2010; Heck et al., 2008 photocatalytical techniques (Debono et al, 26{i8ng et al., 2016) .”

We did not remove the explanations about the ingmoet of clean gases in general, as we think thisgsrtant information
for understanding the need of pure zero gaseshantesearch content of this paper. The reviewrdglig that no other gas
matrix than VOC-free zero air was tested for thapgr. But the method described for testing thisqpadd be applied for

other gas matrices like pure nitrogen as well a®foer target analytes.
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Comment 2:

The description of steps [1] to [4] (beginning oRPshould be clarified. A clear description (andtitiction) of “what was
done” and “what was determined” at this point wdllow to shorten the later (often indirect) expldnas of how data were
evaluated and what was found. For example, it i®rleexplained that (as far as | understand) step ancluded
measurements using different volumes of zero &is feeds to be explained right away (includingvtbkimes used, after
all this is the experiment chapter).

Response:

We agree and inserted a more detailed descripfisrhat was done in step 1 to 4. We moved the expian of the method

for determining internal blanks of the analysistegsfrom chapter 3.1 into this chapter (2.2).
p.4, lines 3ff:

“2.2 Experimental measurement setup and procedure
For comparability a common procedure was appliedth®y three labs. Sample volumes used were depermudethe
requirements of the different analysers. In gepesaimple volumes between 400 ml to 3000 ml werdiexppFor all

following steps a repetition of five consecutivéisuiwas recommended:

[1] In step 1, the in-house zero gas was meastuiredtly by the analysis systems to quantify its V@Gpurities.
Additionally all analysis systems were checked ifdernal blanks. Identification of internal blankse. system
artefacts, and discrimination of them from zero igagurities was done by measuring different samplemes of
the in-house zero gas. A proportional relationsifithe detector response with the sampled volunexpgcted for
impurities in the in-house zero gas, whereas forgg€lem internal blanks the detector responsepea®d to be
independent of the sample volume. The tested uséaero gas was used for the following stepseé#tperiment
(2to 4).

[2] In the next step the in-house zero gas fronp dtewas supplied to one specific purifier to quignthe VOC

impurities originating from the purifier itself.

[3] In the third step the efficiency of VOC remowdlthe tested purifier was checked by supplyingC mixture and

measuring the outcome of residual VOCs.

[4] In the last step the incoming VOC concentrationstep 3 was checked by supplying the same pagpa of VOC

mixture directly to the analysis system (no punfy).”

Comment 3:

The procedures used to generate (and as to deterthanquality, see comment 7) “in house zero aas lo be given in the

experimental section.

Response:



Information about in-house air is given in Sectimb5, line 6:

“For the in-house zero gas DWD used compresseddard (water content ~ 1000 umol/mol) ambient airified by a
palladium catalyst. VSL and INRIM used synthetic aylinders (grade 6.0, water content < 0.5 pmol/ntotal

hydrocarbons content < 0.05 pmol/mol). “

5 The quality can be further derived from the semairathouse zero air measurements in Table 1. Wedasldme words to the

results section 3, p.6 line 6ff;

“Before assessing the purifier efficiency, in-houseo gas quality and internal blanks were detegthiny step one of the
measurement procedure (Sect. 2.2.). The result¥$ar and DWD are shown in the first two columnsTiablel. In the
DWD in-house zero air all substances were belowd#tection limit, with exception for benzene (4pmuil), acetaldehyde
10 (124pmol/mol) and acetone (52pmol/mol). The obsérpeaks were independent of the sample volumes(ggaemental
Fig. Sland S2), and showed the characteristica @ftarnal blank and are not regarded as an impafithe DWD in-house
zero gas. For VSL, blank values were observed latel of 20-50 pmol/mol for several alkanes (Tablehe results are
consistent within the specification of the usedtkgtic air grade 6.0 allowing up to 50nmol/mol gfdhocarbons. This
highlights the need for further purification of comarcial cylinders to assure low impurities levais liigh quality zero air.

15 With the INRIM system, which focused on OVOCs omlg, blanks were observed in their in-house zerd gas

Further, we added a plot into the supplemental. Eig supplemental p.7):
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Figure S1.Peak areas for benzene, acetaldehyde and acetsaeret at two different sample volumes: 1590m| 29@iml
for benzene and 680ml and 1350ml for acetaldehpdeaaetone. All peaks observed in the directly meskin-house zero

20 air (filled symbols) are independent of the sanvyalleime. For acetaldehyde however, peaks observedniples of in-house



10

15

20

25

30

zero gas which was flushed through the platinuralgstt at an early stage of usage (empty circlesktaongly affected by

the sample volume.

Comment 4:

Subchapters 3.1and 3.2 should be moved to a suppterfhe typical reader of such a paper will notibierested in the
details of peak evaluation and DL determination &ndwledge of these details is not necessary tenstahd the results

presented here.
Response:

We agree and moved chapter 3 to the supplement.

Comment 5:

Table 1 should be removed. Its content is only irefiyectly connected to the subject of the papeat the information
presented has already been discussed in numerdiigations and textbooks.

Response:

We moved Table 1 into the supplement together ®ithtion 3. Even though it sums up textbook inforomatve think it

valuable to keep it in the supplement with Sec8on

Comment 6:

Table 2 should be moved to a supplement. The detdanits (as far as they are relevant) are obwdwom Table 3 (I
assume the <... indicates a concentration belowldweer detection limit, a footnote explaining tlglsould be added). If

concentrations are above the DL the DL has litdevance for the findings presented here.
Response:

We moved Table 2 to the supplement. In Table 3i¢iw Table 1 after this revision) the “<...” indeed aroncentrations

below the detection limit. This is already explaine the header of the table.

Comment 7:

Table 3 should be separated into 3 tables (NMHGp&m®es, OVOCS) which will avoid the many “empty’xés. The
“saved space” should be used to present the re$if@C concentrations for the use of “in-house zgas” as feed for the
gas purifier as well as the VOC level in the “in-lsell zero air without gas purifier. In my opinion,gtinformation is of

high interest for potential readers. What are tlesidual levels of VOC when using a “standard” congtion of clean air
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supply and a given gas purifier. A detail for TaBl¢and some other places in the paper), the nurmbsignificant digits

presented should be consistent with the accuradlyeofiiven data.
Response:

We separated Table 3 like suggested and insergethfibrmation about VOC concentrations in the inidm zero gas (stepl
of the experiments) and VOC impurities releasethieypurifiers (step 2 of the experiments). We ditiahange the digits of
the result data. As detection limits are in low pmol range for the measured compounds these areetults we obtained
from the raw data.

Comment 8:

The finding that catalysts have to be “cleaned” lmhming for some time is not new, this part shoutdnboved to a
supplement. A useful information (if available) Webhbe the time constant (if available) at which thiferent contaminants

are removed from the catalysts, which would beveeiéfor justifying the two hour conditioning tirased here.
Response:

We removed this information from the conclusiontaut left it in the experimental section. With tlogv time resolution of
the gas chromatography technique used for the empets of this paper we are unfortunately not ablgrovide the
requested time constant. Typically in two hoursgae two gas chromatography measurements takingairtount the time
needed for sample enrichment and analysis withraépa of the different VOCs on capillary columi@®, we just can give
the information that zero gas was sufficiently oldaelow detection limit) after two hours of fluagi and heating the
catalysts in this case. To specify the time corstamigh time resolution instrument like a PTR-M®uld be of an

advantage.

Comment 9:

Figure 6 and the detailed discussion of the resoitBigure 6 should be moved to the supplemental@neough as well as
memory effects and dependence of the efficienaysoffzents on humidity are nothing new. Moreoveseé#ms from Figure
7 that (even when averaging) giving a value focefficy for the adsorbent is arbitrary since theulesvill (least for some

of the < C5) depend on the duration of exposura feed with a given VOC level as well as the hystfrexposure to feeds
with different VOC levels. The low efficiency forsmgC5 HC and the high variability of efficiency forost C4 HC is

evident from Table 3.

Response:

We agree and moved Figures 6 and 7, and partg afisicussion to the supplement.

Comment 10:



All chromatograms should be moved to a supplenféoim the chromatograms | could not gain any impottasight

which is not already evident from Table 3.

We moved the chromatograms from Fig. 2-5 to thepkaupent.

5 Comment 11:

In the supplement the authors should provide limegression information for the results obtained s$tep [1] in chapter
2.2 (sampling of different volumes) for compountiere the peak areas are not below the DL. This alibw readers

interested in details to distinguish between “sgstdanks” and signals depending on sampled volume.
Response:

10 We added a respective plot for benzene, acetaléchiyd acetone to the supplemental (p.7)
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Figure S1.Peak areas for benzene, acetaldehyde and acetseevet at two different sample volumes: 1590ml 29@ml|

for benzene and 680ml and 1350ml for acetaldehpdenaetone. All peaks observed in the directly meskin-house zero

air (filled symbols) are independent of the sanvalieime. For acetaldehyde however, peaks observeamples of in-house
15 zero gas which was flushed through the platinuralgst at an early stage of usage (empty circlesstapngly affected by

the sample volume.

Comment 12:
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Conclusions: The first paragraph is mostly a sumnadrhe introduction. It also contains statemehtst ttannot be derived

from the results presented her (e.g. the importarfaaonitoring blanks). This paragraph should bmowed.
Response:

We have modified the conclusion; parts of the fwad paragraphs were removed or moved to the kstgpaph (underlined

below):
p.10, line 1ff;

“Two tested catalysts in this study were able tmaee a large range of different VOCs. High molecti@ans up to 50
nmol/mol were purified and residual concentratiaese below the detection limits of the systems galown to less than 1

pmol/mol for NMHCs.

The tested adsorption cartridge was not suitabtermove light NMHCs (€to C,). There was a breakthrough behaviour of
these compounds which was not constant. Also, V@@any effects were observed. To characterise thisets repetition
of measurements (> 5) would be of an advantage.éadewy it removed heavier VOCs, OVOCs and monoteapeAn
advantage of the adsorption cartridge is the lacklectricity. It could be a good alternative fgopdications where the
breakthrough of light VOCs is of no relevance. g disadvantage is the high influence of humiditytioa lifetime of this
kind of purifier. The tested model in this studysaanly adequate for use with very dry air up to imasn 1 pmol/mol
water content. With this awareness it is highlyoramended to enquire the maximum applicable watetect of the used

gas from the manufacturer of a purifier.

Finally, zero gas is often produced by compressibrambient air which constitutes a complex matrikhwresidual

humidity. The cleaning process to receive hightguréro gases is a challenge to any purifying systeis highly important

to_explicitly examine a gas purifier for its intestlapplication. Tests should be done at the giwenliions, e.g. the same

flow rates and the same gas matrix with specialgamn given target component concentrations anddiiymFor the tests,

measurement systems with adequate detection langsessential. Potential internal blanks have taldtected and well

characterised. Their long-term behaviour has tccdetrolled, especially for the enduring use in @irality monitoring

stations”.
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Referee #2
Comment 1:

In summary, the results presented are suitablestpublished in AMT but as a Technical Note aftaashlining the results
presented together with an Electronic Supplemené @xperiments conducted are tests with alreadylabla techniques
for purifying air and thus no clear innovative appach is presented which may merit a publicatioradsill paper. The
“introduction” should be condensed with finally laad to the research questions. The author team lghjustify their

selection of the used purifying techniques.
Response:

We now provide a supplement and the introductios e@ndensed. We removed the part describing serextidods for

generating hydrocarbon free air. Instead we jsgtdi the different principles with some refererfoeshe interested reader.

p.2 lines 8ff:“Commonly used purification technoieg in atmospheric monitoring include but are nptited to gas
purifiers based on inorganic media (e.g. Contd.e2808) or activated carbon (Van Osdell et 89@; Sircar et al., 1996),
metal catalysts (Liotta, 2010; Heck et al., 200®)@hotocatalytical techniques (Debono et al, 26ii8ng et al., 2016) .”

The research question we address is the applicaficuitable gas purifiers for ambient VOCs moriitg stations — a
respective line was added into the last paragrdpthe introduction, where the selection of purifyitechniques was

justified:
p.3 lines 1-3:

" In this study, three purifiers were selecteddsttheir removal efficiency of a defined amounVafCs to be applicable for
ambient air monitoring stations. An adsorption @dgie with an inorganic media was selected for st zero gas
production without the need of electricity. In ailuh, the commonly used catalytic technique withirgfmite lifespan has

been tested for two types of catalyst.”

Comment 2:
In the “experimental” part all commercial suppliecd materials should be listed.
Response:

The supplier of the adsorption cartridge did naeago have the trademark published. We added arkereferring to this
in p.3 line 6-7:

“...specified by the manufacturer (it was agreedtaogiublish the name and trademark).”

Comment 3:
Details of the analytical systems used in the arpants should be reported in the supplement, likely Table.

Response:
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We provided the requested table with informatiortftenused gas chromatography instruments in thelsognt (Table S1).

Comment 4:

The “data analytical details” chapter should be neoivto the supplement as well as Table 1 and Tabdestimmary of the

applied techniques is sufficient as part of the erpental/method section.
Response:

We moved chapter 3 together with Tablel 1and Besstpplement. In section 2, p.4, lines 1-2 we ddlde applied method

how detection limits were derived:

“Detection limits for all systems were determinesing IUPACs method based on the Neyman—Pearsorytbébypothesis
testing (IUPAC, 1995, Section S2 in the supplemént)

Comment 5:

The “results and discussion” part should focus twe performance of the purifying systems only. Aattid information
should be moved to the supplement. Figures 2 atahde skipped. Figures 4, 5 and 6 may also beskipr moved to the

supplement, Figure 7 should be moved to the sugpiem
Response:

We condensed the chapter and moved Figures 2adhe tsupplement.

Comment 6:

In the “conclusion” part of the paper please avaldplication of the abstract and focus on aspectsusf air purification

systems should consider.

Response:

We shortened the conclusion and focused on the pmaitis of the paper:
p.10, line 1ff:

“Two tested catalysts in this study were able tmoee a large range of different VOCs. High molecti@ns up to 50
nmol/mol were purified and residual concentratiaese below the detection limits of the systems galown to less than 1
pmol/mol for NMHCs.

The tested adsorption cartridge was not suitabtermove light NMHCs (¢to G,). There was a breakthrough behaviour of
these compounds which was not constant. Also, V@@amy effects were observed. To characterise th#sets repetition
of measurements (> 5) would be of an advantage.edery it removed heavier VOCs, OVOCs and monoterpeAn
advantage of the adsorption cartridge is the lacklectricity. It could be a good alternative fgopdications where the
breakthrough of light VOCs is of no relevance. g disadvantage is the high influence of humiditytioa lifetime of this

kind of purifier. The tested model in this studysmanly adequate for use with very dry air up to immasn 1 pmol/mol
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water content. With this awareness it is highlyoramended to enquire the maximum applicable watetect of the used

gas from the manufacturer of a purifier.

Finally, zero gas is often produced by compressibrambient air which constitutes a complex matrikhwesidual
humidity. The cleaning process to receive hightguréro gases is a challenge to any purifying sgsteis highly important
to explicitly examine a gas purifier for its intexdtlapplication. Tests should be done at the givswitions, e.g. the same
flow rates and the same gas matrix with specialdamn given target component concentrations andditymFor the tests,
measurement systems with adequate detection lemitsessential. Potential internal blanks have taldtected and well
characterised. Their long-term behaviour has tccdsetrolled, especially for the enduring use in @irality monitoring

stations”.

Short comment by Marta Doval Mifiarro

This paper presents the performance of severalpgai$iers to produce zero gas for measuring VOCs @hailability of

high purity and certified zero gases for atmosphemngasurements is one of the issues that has tadiéed in order to
achieve further reductions in measurement unceyaifihe information presented in this paper isiiesting and it moves
towards this direction; however, | miss in the tduction section a reference to previous work is fleld. There are not
many papers dealing with this topic so | find it eesary to cite the few of them in order to prop&dyntextualise the

manuscript of the authors. Some of the referenceiss:
Mifiarro et al. (2014) Zero gas reference standarisalytical Methods 8, 15, 3014-3022.

Haerri H.P (2009) Trace gas analysis for the evéilia of zero air generators. Accreditation and QtyaAssurance 14, 12,
647-654.

Response:

We inserted the references suggested. Thanksisoinportant suggestion.

10
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VOCsin air monitoring
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Christian Plass-Duelmer Katja Michf, Erasmus Tensilg Rina Wortman, Yousra Ghoraf

Maricarmen Lecuria Guido Saséj Maria Paola SassiDagmar Kubistih
!Deutscher Wetterdienst (DWD), Hohenpeissenberg382Germany

?|stituto Nazionale di Ricerca Metrologica (INRIMJorino, 10135, Italy

3V/SL - Dutch Metrology Institute, Delft, 2629 JA, therlands

*Politecnico di Torino (POLITO), Torino, 10135, Wal

Correspondence to: Dagmar Kubistin (dagmar.kubistin@dwd.de)

Abstract. Air quality observations are performed globallynonitor the status of the atmosphere, its levgdadfution and

to assess mitigation strategies. Regulations afutity monitoring programmes in various countdesnand high precision
measurements for harmful substances often at lagetconcentrations. These requirements can onhchieved by using
high quality calibration gases including high pygero gas. For volatile organic compound (VOC)esbations, zero gas is
defined being hydrocarbon free like purified aiitragen or helium and is essential for the charé&aton of the

measurement devices and procedures, for instruopemation as well as for calibrations. Two commadrand one self-built
gas purifiers were tested for their removal efficig of VOCs following a standardised procedure. Tdsted gas purifiers
included one adsorption cartridge with an inorgamiedia and two types of metal catalysts. A largegeaof VOCs was
investigated including the most abundant specipEdjly measured at air monitoring stations. Badlatysts were able to
remove a large range of VOCs whilst the tested rdism cartridge was not suitable to remove lightnpounds up to £

Memory effects occurred for the adsorption cargidghen exposed to higher concentration. This semiphasises the

importance to explicitly examine a gas purifier itsrintended application before applying in treddi
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1 Introduction

Volatile organic compounds (VOCSs) play an importan in atmospheric chemistry. They are key suizsa in the
tropospheric ozone and secondary organic aerosobton, affecting human health and climate. Maiarses of VOCs are
biogenic processes (e.g. plant metabolism) and@mbigenic activities (e.g. fossil fuel or industsalvents emissions). The
variety of VOCs is enhanced by subsequent oxidgifocesses. Main sink process is the oxidatiorhbydaytime cleaning
agent, the hydroxyl radical (OH). Thus, the aburganf VOCs alters the self-cleaning capacity ofatraosphere and the

removal of less reactive pollutants like carbon made and the greenhouse gas methane.

VOC concentrations in the background atmospheréyprieally at low levels of few pmol/mol up to someol/mol
demanding for measurement techniques with very ségisitivities e.g. gas chromatography systems (@ G)ate-of-the-art
proton-transfer-reaction mass spectrometers (PTIRR-Mi8§h quality zero gases are needed for detemgittieir background
signals and for performing system checks e.g. hlan@mory effect and leak detections. Additionatlgro gases are
essential for dynamic calibration methods since Mafibration standards are often generated eithg@ebmeation or
diffusion into a controlled zero gas stream (ISC&140, 2002 and 1ISO6145-8, 2005, Demichelis, 20A6)alternative is
the dynamic dilution of a highly concentrated statandard gas mixture with a zero gas stream usaws flow controllers
(1ISO6145-7, 2009). Besides, zero gases are apiplie¢tle operation of GC systems as carrier gas@t@umns and for
fuel gas of flame ionisation detectors. The nedigh purity zero gases is further driven by mstringent quality
objectives from the WMO GAW programme (WMO GAW Refpido. 171, 2007) or the ACTRIS network (Hoergealket
2015; ACTRIS, 2014 ). These networks aim to obsémedong-term trends of VOC concentrations inlihekground
atmosphereThough, few studies with a detailed charactewsatif the performance of gas purifiers have beenlgoted so
far (e.g.Mifarro et al., 2016; Haerri, 2009).

A high quality zero gas is defined by containingigmificant concentrations of the target componeatbe measured. In
particular for VOC measurements, the hydrocarbanpmunds of the zero gas have to be below the detelatit of the

instruments. The highest quality commercial zersegain gas cylinders (air, nitrogen or helium gr&de or higher) are
specified to contain below 10 to 100 nmol/mol tdtgdirocarbons. These levels far exceed the needttgl for a zero gas in
atmospheric background monitoring with concentregidown to some pmol/mol. To reduce the amountifraof VOCs,

different gas purification technologies are avd#dalPreparation has to be simple, fast and low-aodtapplicable at remote
unattended stations. Furthermore, the preferrethadels dependent on the VOCs present in the ghs faurified, the gas

matrix and maintenance interv&@ommonly used purification technologie@s atmospheric monitoring but are not

limited to gas purifiers based on inorganic mediay(Conte et al., 2008) or activated carbon (Van Osstedll., 1996; Sircar
et al., 1996), metal catalysts (Liotta, 2010; Hetll., 2009xnd;photocatalytical techniques (Debono et al, 2013artduet
al., 2016)and-“pressure swing” methads

In this study, three purifiers were selected to tesir removal efficiency of a defined amount dd¥sto be applicable for

ambient air monitoring stationAn adsorption cartridge with an inorganic medasvgelected for low-cost zero gas

production without the need of electricity. In atitth, the commonly used catalytic technique withirdimite lifespan has

been tested for two types of catalyst.
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2 Experimental

2.1 Tested purifiersand analytical methods
The tested commercial adsorption cartridge wascdbangnorganic media not being further specifiedtm® manufacturefit

was agreed not to publish the name and tradem@lkan dry air (CDA) was stated to be used asirthat gas with a

maximum flow rate of 50 slpm. No additional heatofghe purifier was required. The manufactureimséd the removal of
condensable organics below 1 pmol/mol without aogther specifications of those compounds. Maxinradoming
contaminant concentrations were indicated with hblimol. The lifetime was stated with one year ammal flow rate
with 1 pmol/mol inlet challenge of moisture. Themead purifier was a commercial catalyst with 3 %5palladium oxide
(manufacturer SAES Pure Gas, Model PS15-GC50-CDA-2)as specified for CDA with a maximum flow raté3 slpm.
Its operation temperature was 350 °C. Eliminatidnn@thane and NMHCs below 1000 pmol/mol was stdigdhe
manufacturer. Maximum inlet impurities were 2 pmul total hydrocarbons. At the rated flow of 3 sl@amd at rated
working temperature the manufacturer stated amitefiifespan of the catalyst without the need egeneration. The third
purifier was a home-made metal catalyst built by @erman Meteorological Service (Deutscher Wettaisti DWD). It
consisted of a stainless steel tubing (1 inch diamavith a length of 1 m filled with aluminium ade pellets with 0.5 %
platinum (Heraeus, Germany). The tubing was he@td®0 °C and was built in an aluminium profile fdbed with perlite
for thermal insulation. A stainless steel mesh (28) at the end of the tubing was used for partmietection of the

subsequent instruments.

The performance of the purifiers was tested by detg residual VOC concentrations in the zero gath vgas

chromatography (GC) systeni§able S1, supplemental informatiorPrior to GC analysis VOC fractions were pre-

concentrated either by adsorbent materials or ewinglly cooled glass beads. Subsequently, the V@&® thermally
desorbed from these traps and separated in oneooe oapillary columns of the GC. For detectionmigaionisation
detectors or mass spectrometers were deployed.dffifegent GC systems were used: two for non-methlaydrocarbons
(NMHCs) operated by DWD (Hoerger et al., 2015, 8lBsielmer et al., 2002) and the Dutch Metrologytitage (VSL),
one for monoterpenes by DWD (Hoerger et al., 2CdrE) three for oxygenated VOCs (OVOCs) by DWD, VS$id ghe
Istituto Nazionale di Ricerca Metrologica (INRIMDPémichelis et al.,2016). A large range of VOCs vimgestigated

including the most abundant species typically messat air monitoring stations as well as acetibai(see Tablel).

Detection limits for all systems were determinethgdUPACs method based on the Neyman—Pearsonytloédrypothesis
testing (IUPAC, 1995, Section S2 in the supplement)

2.2 Experimental measur ement setup and procedure

For comparability a common procedure was appliedth®y three lahsSample volumes used were dependent on the

requirements of the different analysers. In genesample volumes-between 400 ml to 3000 ml were applied. For all

following steps a-Rapetition offive consecutiveneasurementsrungass-runsrecommended

[1] In step 1tFhe in-house zero gas was measured directly barbé/sis systemsiith-this-testthe-labs to quantify
its VOC impurities. Additionally all analysis syste were checked for internal blank&hecked for-internal-blanks

dentification of internal blanks, i.e. system &itgs, and discrimination of them

from zero gas impurities was done by measuringeifit sample volumes of the in-house zero gasofgstional

relationship of the detector response with the $adhpolume is expected for impurities in the in-Bewero gas,
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(2]

(3]

(4]

whereas for GC system internal blanks the detgetgponse is expected to be independent of the savopime.

he sample-volumes used-were-dependent-on-thereetpnts of the different analyse n—generalmam

volumes-in-between400-mlto-3000-ml-were-appliee tested in-house zero gas was used for thewfioly steps

of the experiment (2 to 4).

In the next step the in-house zero gas from stepsl supplied téheone specifipurifierundertestBythis way it
wasto eCheelk-ed-forquantify th#OC impurities originating from thexamined-testepurifier itself.-by-rmeasuring

gh-the-testedoymifie As).

In the third step the-Determine-tofficiency of VOC removabf the tested purifier was checkby supplying a

measuring-/OC mixtureflowing-through-thetested-gas-purifier{(5-rur@)d measuring the outcome of residual
VOCs.

In the last step theVerify-thacoming VOC concentratiofor step 3 was checkdsy supplyingmeasurinrghe same
preparation oV OC mixturedirectlywithout-gaspurifier{(5+uns). to the arsb/system (no purifying).

After step four a repetition of steps one and tves wptional for the labs but is advisable to martiie status of the set-up.

A unified flow rate of 1 slpm was applied being hiit the specification of each purifier model. Theotcatalysts were

heated and flushed with zero gas for at least taardbefore starting the experiments. This was egad reduce VOC

impurities originating from the catalysts beingshéy installed. The experimental set-up is showRigure 1.

Gas purifier
| | Analyser:
In-house zero gas (air) —n—@ » GC instrument

Flow restriction

A 4
VOC mixture Vent with mass
flow meter

Figure 1. Experimental set-up for testing the purifier penfance.

Test mixtures with different VOC mole fractions weproduced by dynamic generation methods, e.gtiahlwf high

concentrated static VOC mixtures in cylinders (Fggll) or diffusion methods (Demichelis, 2016). Boling test mixtures

were supplied: NMHCs at 1.2, 5 and 50 nmol/mol, oterpenes at 1.2 nmol/mol, OVOCs from 10 to 70 rimol and

acetonitrile at 10 nmol/mol. For the in-house zgas DWD used compressed and dried (water contd®08 pmol/mol)

ambient air purified by a palladium catalyst. VShdaNRIM used synthetic air cylinders (grade 6.@&tav content < 0.5

25 umol/mol, total hydrocarbons content < 0.05 umoljmo
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3 Results and discussion

To ensure comparability between the participatiraugs the same measurement procedure describettin22 has been
applied. All GC chromatograms were analysed vigusleaks of VOCs in the chromatograms were intedray GC
software and mole fraction were subsequently detesanfor each single measurement and average maatoins and

standard deviations, respectively, were derivedefmmh measurements series (Tdde

Before assessing the purifier efficiencyhouse zero geguality and internablanks were determined by stagne of the

measurement procedure (Sect. 2.2he results for VSL and DWD are shown in the fivgd columns in Tablet. In the

DWD in-house zero air all substances were belovwd#tection limit, with exception for benzene (4phall), acetaldehyde

(124pmol/mol) and acetone (52pmol/mol). The obsémpeaks were independent of the sample volumes(ggeEemental

Fig. Sland S2), and showed the characteristica aftarnal blank and are not regarded as an impafithe DWD in-house

zero gas. For VSL, blank values were observedaia of 20-50 pmol/mol for several alkanes (TableFhisis The results

are consistenwithin the specification of the used synthetic@mde 6.90whichallowings up to 50nmol/mol of
hydrocarbonsThis-butalsehighleighgt-tsthe need fofurtherpurification of commercial cylinders—r-erderte-vield-a hig
guality zero-airto assure low impurities levels fiogh quality zero air. With the INRIM system, which focesd on OVOCs

only, -no blanks were observed in their in-house zero-gas.

Subsequently, VOC release of the purifier itselswhecked (step 2 in Sect 2.2). E.g. the platinatalygst showed
acetaldehyde impurities scaled with the samplemel(Fig.S1 and S3J1 By flushing the catalysts for two hours with aer

air (1l/min), the relevant impurities were below the detectionits.

After characterisation of the blank values and fmrrimpurities, the purifier efficiencies were dehined (step 3 in Sect.
2.2). In Table 1, the results of all labs are sumged. Both tested catalysts (palladium as welpkginum) removed

NMHCs and monoterpenes to concentrations belowd¢bection limits which were generally below 10 phall.

All tested OVOCs were removed to mole fractionsobell00 pmol/mol by the tested purifiers. Only tlad lof INRIM

detected residuals of methanol and acetone abevedetection limits of their system. These OVOCsgaeerally prone to
adsorption and desorption effects on surfacesanrstruments and therefore subject to high measmeuncertainties and
blank values. Consequently, detection limits angallg elevated as seen for the DWD and VSL syst€rable 1). For the
INRIM system, however, rather low detection limitere indicated and no blank values were reportexnieMheless, the
fact that for both types of purifiers and for vamyiinput concentrations (20-70 nmol/mol) similar lendractions for

methanol and acetone (Table 1) were detected byNMNRiplies the possibility that here system blamtsartefacts were
observed. Unfortunately, a repetition of the blankasurements was not performed at INRIM with tlelsup after this

experiment and no further conclusions can be drawn.

For the adsorption cartridge a breakthrough oftIMHCs (from G to G;) was observed by all testing labs (Table 1). At a
sample flow of 1 slpm ethane, ethene, propane, gm@pisobutane, ethyne, n-butane, trans-2-butebhetehe and 1,3-

butadiene were not efficiently removed.

Except for ethane, the removal efficiency is natgsistent for different input concentrations. Fdreste, propane, propene,
ethyne, trans-2-butene and 1-butene the 1.2 nmblfmpot was less efficiently purified compared twethigher inputs.
Several reasons are possible: First, these resdts produced by two different labs which tested same model of
cartridge but not the identical cartridge. The weotridges may show different behaviours. FurtheenBWD responsible
for the 1.2 nmol/mol experiment used a zero gaghertests which had a much higher humidity (watemtent ~ 1000
pmol/mol) than the test gas from VSL which camerfra commercial synthetic air cylinder (water cohte0.5 pmol/mol).

The humidity level has an impact on the purifidetime. The manufacturer of the adsorption cartridgated that the

5



humidity of the DWD zero gas would saturate thisdkof cartridge almost immediately (personal comiwation). It should

only be used with very dry air with at maximum 1 @limol water content. A closer look into the indiual results of the
measurements series of the VOC mixture runningutiindhe adsorption cartridge reveals another effdu breakthrough
behaviour is affected by the repetition of measeneisand changes with each iteration (Fig. S6enstipplement). This is

reflected in high standard deviations for some twutz®s in Table 1.

All Cs and heavier NMHCs, monoterpenes and acetonitrdeewemoved to values below the detection limitsthef

systems. For OVOCs, see the discussion of theysatasults above.



Table 1. Summarized results for the in-house zero gas (stEthe experiments) and for the purifier tesispdying zero air (step 2) and supplying a VOC mnigt(step 3). Mean values
of 5 subsequent measurements and absolute stas@dations (+ pmol/mol). The different amounts dD¥s the purifiers were supplied with are indicatedmol/mol. Testing labs
are specified. The detection limits of the meas@mnsystems are indicated in the case of zero merasmts (< detection limit). Residual amounts aktbeedetection limits of the
systems are marked in light grey. Values abovep6l/mol are marked in dark grey. N.a. = not anadys

Residual NM HCs[pmol/mol]:

Purifier: In-house zero gas (air) Adsorption cartridge Palladium catalyst Platinum catalyst
Testing lab: DWD VSL DWD VSL DWD VSL DWD

Supplied amount of

NM HCs [nmol/mol]: 0 0 0 12 0 5 50 0 12 0 5 50 0 12
ethane <3 <20 <3 1063 + 7 <20 4855+ 710 42715 +419 <3 <3 0< 2 <20 <20 <3 <3
ethene <7 <21 <7 967 £ 7 <21 997 + 231 7535+ 5p5 <7 <7 <21 21< <21 <7 <7
propane <2 26+ 11 <2 992 + 17 <10 2764 + 108 24513 + 1674 <2 2 < <10 <10 <10 <2 <2
propene <3 <11 <3 703 £ 93 <11 <11 26+4 <3 <3 <11 <11 <1} 3 < <3
isobutane <1 <10 <1 769 + 397 <10 3483 + 1264 2258 + 1p79 <1 <1 <10 <10 <10 <1 <1
ethyne <10 <15 <10 928 + 17 <15 278+ 78 2708 + 538 < 1(Q <1 15< <15 <15 <10 <10
n-butane <1 35+12 <1 675+ 411 <11 3475+ 649 1232 + 951 <1 1< <11 <11 <11 <1 <1
trans-2-butene <1 <4 <1 51 + 39 <4 <4 <4 <1 <1 111 <4 <4 <1 <1
1-butene <2 <4 <2 195 + 125 <4 <4 <4 <2 <2 10 + 1 <4 <4 <2 <2
isobutene n.a. <6 n.a. n.a. <6 <6 <6 n.a. n.a. <6 <6 <6 n.a n.g.
cis-2-butene <1 <3 <1 5+4 <3 <3 <3 <1 <1 <3 <3 <3 <1 <1
isopentane <1l 24+ 6 <1 69 <3 <3 <3 <1 <1 <3 <3 <3 <1l <1l
n-pentane <1 297 <1 <1 <8 <8 <8 <1 <1 <8 <8 <8 <1 <1
1,3-butadiene <1 <1 <1 <1 432 +43] 535+183 619+6] <1 <1 <5 <5 5 < <1 <1
trans-2-pentene <1 <1 <1 <1 <13 <13 <13 <1 <1 <13 <13 <13 <1 <1
1-pentene <1l <1l <1 <1l <3 <3 <3 <1 <1 <3 <3 <3 <1 <1
2-methylpentane <1l 21+4 <1 <1 <6 <6 <6 <1 <1l <6 <6 <6 <1 <1
n-hexane <1 <1 2+0.5 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
isoprene <2 <4 <2 <2 <4 <4 <4 <2 <2 <4 <4 <4 <2 <2
n-heptane <1l 49 + 22 <1 <1 <4 <4 <4 <1 <1 <4 <4 <4 <1 <1
benzene 4+2 <3 <2 <2 <3 <3 <3 <2 <2 <3 <3 <3 <2 <2
2-2-4-trimethylpentane) <1 <4 <1 <1 <4 <4 <4 <1 <1 <4 <4 <4 <1 <1
n-octane <1 <5 <1 <1 <5 <5 <5 <1 <1 <5 <5 <5 <1 <1
toluene <6 <4 <6 <6 <4 <4 <4 <6 <6 <4 <4 <4 <6 <6
ethylbenzene <5 <7 <5 <5 <7 <7 <7 <5 <5 <7 <7 <7 <5 <5
m-, p-, 0-xylene <5 <6 <5 <5 <6 <6 <6 <5 <5 <6 <6 <6 <5 <5
1-3-5-trimethylbenzeng <6 <10 <6 <6 <10 <10 <10 <6 <6 <10 <10 <10 <6 <6
1-2-4-trimethylbenzeng <2 <16 <2 <2 <16 <16 <16 <2 <2 <16 <16 <16 <2 <2
1-2-3-trimethylbenzend <2 n.a. <2 <2 n.a. n.a. n.a. <2 <2 n.a. n.a. n.a <2 <?
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Table 1. Continued for monoterpenes and OVOCs and acetenitr

Residual monoter penes[pmol/mol]:

Purifier: In-house zero| Adsorption cartridge Palladium catalyst Platinum catalyst
Testing lab: DWD DWD DWD DWD
Supplied amount of 2 v Ll v Le v s
m.terpenes
[nmol/mol]:
alpha-pinene <4 <4 <4 <4 <4 <4 <4
myrcene <3 <3 <3 <3 <3 <3 <3
3-carene <2 <2 <2 <2 <2 <2 <2
cis-ocimene <2 <2 <2 <2 <2 <2 <2
p-cymene <2 <2 <2 <2 <2 <2 <2
limonene <2 <2 <2 <2 <2 <2 <2
camphor <2 <2 <2 <2 <2 <2 <2
1,8-cineole <5 <5 <5 <5 <5 <5 <5
Residual OVOCs and acetonitrile [pmol/mol]:
Purifier: In-house zero gas (air) Adsorption cartridge Palladium catalyst Platinum catalyst
Testing lab: DWD VSL INRIM DWD VSL INRIM DWD VSL INRIM DWD

0 0 0 0 10 0 10 20to 70 0 10 0 10 0 20to 70 0 10
Supplied amount of
OVOCs [nmol/mol]:
methanol <77 <110 <3 <77 <77 <110 <11 n.a 67 £J]11 77< <77 <110 <110 n.a. 731 <77 <77
acetaldehyde 124 +19 < 110 n.a. <84 < 84 <110 <110 np. na. <84 <84 <110 <110 n.a. n.a. < 84 < 84
ethanol <26 <120 <11 <26 <26 <12(q <12 n.a <1j <26 26 < <120 <120 n.a. <11 <26 <26
acetone 52 + 15 <80 <11 <31 <31 < 80 < 8( n.al 57 )10 31< <31 <80 <80 n.a. 63 +9 <31 <31
MEK <2 <180 n.a. <2 <2 <180 <180 n.a. n.a. <2 <2 <180 18& n.a. n.a. <2 <2
methacrolein n.a. <110 n.a. n.a. n.a. <11p <1310 n.a. np.  na. n.a. <110 <110 n.a. n.a. n.a. n.a
acetonitrie <6 n.a. n.a. <6 <6 n.a. n.a. n.a, n.g < <$ na n.a. n.a. n.a. <6 <6
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4 Conclusions

Two tested catalysts in this study were able toonema large range of different VOCs. High mole fiats up to 50
nmol/mol were purified and residual concentratiaese below the detection limits of the systems galown to less than 1
pmol/mol for NMHCs:

The tested adsorption cartridge was not suitablertwove light NMHCs (€to G;). There was a breakthrough behaviour of
these compounds which was not constant. Also, V@@any effects were observed. To characterise thisets repetition

of measurements (> 5) would be of an advantage.éadewy it removed heavier VOCs, OVOCs and monoteapeAn
advantage of the adsorption cartridge is the lacklectricity. It could be a good alternative fgopdications where the
breakthrough of light VOCs is of no relevance. g bisadvantage is the high influence of humiditytoa lifetime of this
kind of purifier. The tested model in this studysaanly adequate for use with very dry air up to imasn 1 pmol/mol
water content. With this awareness it is highlyoramended to enquire the maximum applicable watetect of the used

gas from the manufacturer of a purifier.

Finally, zero gas is often produced by compressibrambient air which constitutes a complex matrikhwresidual

humidity. The cleaning process to receive hightgurero gases is a challenge to any purifying systeis highly important

to_explicitly examine a gas purifier for its intesulapplication. Tests should be done at the giwenlitions, e.g. the same

flow rates and the same gas matrix with specialgomn given target component concentrations anddiiymFor the tests,

measurement systems with adequate detection langsessential. Potential internal blanks have taldétected and well

characterisedTheir long-term behaviour has to be controlleshezially for the enduring use in air quality monitg

stations.
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