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Abstract. Air quality observations are performed globally to
monitor the status of the atmosphere and its level of pollu-
tion and to assess mitigation strategies. Regulations of air
quality monitoring programmes in various countries demand
high-precision measurements for harmful substances often
at low trace concentrations. These requirements can only be
achieved by using high-quality calibration gases including
high-purity zero gas. For volatile organic compound (VOC)
observations, zero gas is defined as being hydrocarbon-free
and can be, for example, purified air, nitrogen or helium. It
is essential for the characterisation of the measurement de-
vices and procedures, for instrument operation as well as for
calibrations. Two commercial and one self-built gas purifiers
were tested for their VOC removal efficiency following a
standardised procedure. The tested gas purifiers included one
adsorption cartridge with an inorganic media and two types
of metal catalysts. A large range of VOCs were investigated,
including the most abundant species typically measured at
air monitoring stations. Both catalysts were able to remove
a large range of VOCs whilst the tested adsorption cartridge
was not suitable to remove light compounds up to C4. Mem-
ory effects occurred for the adsorption cartridge when ex-
posed to higher concentration. This study emphasises the
importance of explicitly examining a gas purifier for its in-
tended application before applying it in the field.

1 Introduction

Volatile organic compounds (VOCs) play an important role
in atmospheric chemistry. They are key substances in the tro-
pospheric ozone and secondary organic aerosol formation,
affecting human health and climate. The main sources of
VOCs are biogenic processes (e.g. plant metabolism) and an-
thropogenic activities (e.g. fossil fuel or industrial solvents
emissions). The variety of VOCs is enhanced by subsequent
oxidation processes. The main sink process is the oxidation
by the daytime cleaning agent, the hydroxyl radical (OH).
Thus, the abundance of VOCs alters the self-cleaning capac-
ity of the atmosphere and the removal of less reactive pollu-
tants like carbon monoxide and the greenhouse gas methane.

VOC concentrations in the background atmosphere are
typically at low levels of a few pmol mol−1 up to some
nmol mol−1, demanding measurement techniques with very
high sensitivities, e.g. gas chromatography (GC) systems
or state-of-the-art proton-transfer-reaction mass spectrome-
ters (PTR-MS). High-quality zero gases are needed for de-
termining their background signals and for performing sys-
tem checks, e.g. blank, memory effect and leak detections.
Additionally, zero gases are essential for dynamic calibra-
tion methods since VOC calibration standards are often gen-
erated either by permeation or diffusion into a controlled zero
gas stream (ISO6145-10, 2002; ISO6145-8, 2005; Demiche-
lis et al., 2016). An alternative is the dynamic dilution of a
highly concentrated static standard gas mixture with a zero
gas stream using mass flow controllers (ISO6145-7, 2009).
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Besides, zero gases are applied for the operation of GC sys-
tems as carrier gas of GC columns and for fuel gas of flame
ionisation detectors. The need for high-purity zero gases is
further driven by more stringent quality objectives from the
WMO GAW programme (WMO, 2007) or the ACTRIS net-
work (Hoerger et al., 2015; ACTRIS, 2014). These networks
aim to observe the long-term trends of VOC concentrations
in the background atmosphere. Though, few studies with a
detailed characterisation of the performance of gas purifiers
have been conducted so far (e.g. Miñarro et al., 2016; Haerri,
2009).

A high-quality zero gas is defined by containing insignifi-
cant concentrations of the target components to be measured.
In particular for VOC measurements, the hydrocarbon com-
pounds of the zero gas have to be below the detection limit of
the instruments. The highest-quality commercial zero gases
in gas cylinders (air, nitrogen or helium grade 5.5 or higher)
are specified to contain below 10 to 100 nmol mol−1 total hy-
drocarbons. These levels far exceed the needed purity for a
zero gas in atmospheric background monitoring with con-
centrations down to some pmol mol−1. To reduce the amount
fraction of VOCs, different gas purification technologies are
available. Preparation has to be simple, fast, low cost and ap-
plicable at remote unattended stations. Furthermore, the pre-
ferred method is dependent on the VOCs present in the gas to
be purified, the gas matrix and maintenance interval. Com-
monly used purification technologies in atmospheric moni-
toring include, but are not limited to, gas purifiers based on
inorganic media (e.g. Conte et al., 2008) or activated car-
bon (Van Osdell et al., 1996; Sircar et al., 1996), metal cat-
alysts (Liotta, 2010; Heck et al., 2009) and photocatalytic
techniques (Debono et al., 2013; Huang et al., 2016).

In this study, three purifiers were selected to test their re-
moval efficiency of a defined amount of VOCs to be appli-
cable for ambient air monitoring stations. An adsorption car-
tridge with an inorganic media was selected for low-cost zero
gas production without the need for electricity. In addition,
the commonly used catalytic technique with an infinite lifes-
pan has been tested for two types of catalyst.

2 Experimental

2.1 Tested purifiers and analytical methods

The tested commercial adsorption cartridge was based on
inorganic media not being further specified by the manu-
facturer (it was agreed not to publish the name and trade-
mark). Clean dry air (CDA) was stated to be used as the
input gas with a maximum flow rate of 50 slpm. No ad-
ditional heating of the purifier was required. The manu-
facturer claimed the removal of condensable organics be-
low 1 pmol mol−1 without any further specifications of those
compounds. Maximal incoming contaminant concentrations
were indicated with 10 µmol mol−1. The lifetime was stated

to be 1 year at nominal flow rate with 1 µmol mol−1 in-
let challenge of moisture. The second purifier was a com-
mercial catalyst with 3–5 % palladium oxide (manufacturer
SAES Pure Gas, model PS15-GC50-CDA-2). It was speci-
fied for CDA with a maximum flow rate of 3 slpm. Its oper-
ation temperature was 350 ◦C. Elimination of methane and
NMHCs below 1000 pmol mol−1 was stated by the manufac-
turer. Maximum inlet impurities were 2 µmol mol−1 total hy-
drocarbons. At the rated flow of 3 slpm and at rated working
temperature the manufacturer stated an infinite lifespan of the
catalyst without the need of regeneration. The third purifier
was a home-made metal catalyst built by the German Mete-
orological Service (Deutscher Wetterdienst, DWD). It con-
sisted of a stainless steel tubing (1 in. diameter) with a length
of 1 m filled with aluminium oxide pellets with 0.5 % plat-
inum (Heraeus, Germany). The tubing was heated to 400 ◦C
and was built in an aluminium profile box filled with perlite
for thermal insulation. A stainless steel mesh (25 µm) at the
end of the tubing was used for particle protection of the sub-
sequent instruments.

The performance of the purifiers was tested by detect-
ing residual VOC concentrations in the zero gas with GC
systems (Table S1 in the Supplement). Prior to GC anal-
ysis VOC fractions were pre-concentrated by either adsor-
bent materials or cryogenically cooled glass beads. Subse-
quently, the VOCs were thermally desorbed from these traps
and separated into one or more capillary columns of the GC.
For detection, flame ionisation detectors or mass spectrom-
eters were deployed. Five different GC systems were used:
two for non-methane hydrocarbons (NMHCs) operated by
DWD (Hoerger et al., 2015; Plass-Duelmer et al., 2002) and
the Dutch Metrology Institute (VSL), one for monoterpenes
by DWD (Hoerger et al., 2015) and three for oxygenated
VOCs (OVOCs) by DWD, VSL and the Istituto Nazionale
di Ricerca Metrologica (INRIM) (Demichelis et al., 2016).
A large range of VOCs were investigated, including the most
abundant species typically measured at air monitoring sta-
tions as well as acetonitrile (see Table 1).

Detection limits for all systems were determined using the
IUPAC method based on the Neyman–Pearson theory of hy-
pothesis testing (IUPAC, 1995; Sect. S2 in the Supplement).

2.2 Experimental measurement set-up and procedure

For comparability, a common procedure was applied by the
three labs. Sample volumes used were dependent on the re-
quirements of the different analysers. In general, sample vol-
umes between 400 and 3000 mL were applied. For all fol-
lowing steps a repetition of five consecutive runs was recom-
mended:

1. In step 1, the in-house zero gas was measured directly
by the analysis systems to quantify its VOC impurities.
Additionally, all analysis systems were checked for in-
ternal blanks, i.e. system artefacts, and their discrimi-
nation from zero gas impurities was done by measuring
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different sample volumes of the in-house zero gas. A
proportional relationship of the detector response with
the sampled volume is expected for impurities in the in-
house zero gas, whereas for GC system internal blanks
the detector response is expected to be independent of
the sample volume. The tested in-house zero gas was
used for the following steps of the experiment (2 to 4).

2. In the next step the in-house zero gas from step 1 was
supplied to one specific purifier to quantify the VOC
impurities originating from the purifier itself.

3. In the third step the efficiency of VOC removal of the
tested purifier was checked by supplying a VOC mixture
and measuring the outcome of residual VOCs.

4. In the last step the incoming VOC concentration for
step 3 was checked by supplying the same preparation
of VOC mixture directly to the analysis system (no pu-
rifying).

After step four a repetition of steps one and two was optional
for the labs but is advisable to monitor the status of the set-
up.

A unified flow rate of 1 slpm was applied being within the
specification of each purifier model. The two catalysts were
heated and flushed with zero gas for at least 2 h before start-
ing the experiments. This was needed to reduce VOC impu-
rities originating from the catalysts being freshly installed.
The experimental set-up is shown in Fig. 1.

Test mixtures with different VOC mole fractions were
produced by dynamic generation methods, e.g. dilution of
high concentrated static VOC mixtures in cylinders (Fig. 1)
or diffusion methods (Demichelis et al., 2016). The fol-
lowing test mixtures were supplied: NMHCs at 1.2, 5 and
50 nmol mol−1; monoterpenes at 1.2 nmol mol−1; OVOCs
from 10 to 70 nmol mol−1; and acetonitrile at 10 nmol mol−1.
For the in-house zero gas DWD used compressed and dried
(water content ∼ 1000 µmol mol−1) ambient air purified by a
palladium catalyst. VSL and INRIM used synthetic air cylin-
ders (grade 6.0, water content < 0.5 µmol mol−1, total hydro-
carbons content < 0.05 µmol mol−1).

3 Results and discussion

To ensure comparability between the participating groups
the same measurement procedure described in Sect. 2.2 has
been applied. All gas chromatograms were analysed visu-
ally. Peaks of VOCs in the chromatograms were integrated
by GC software and mole fractions were subsequently deter-
mined for each single measurement and average mole frac-
tions and standard deviations, respectively, were derived for
each measurements series (Table 1).

Before assessing the purifier efficiency, in-house zero gas
quality and internal blanks were determined by step one
of the measurement procedure (Sect. 2.2). The results for
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Figure 1. Experimental set-up for testing the purifier performance.

VSL and DWD are shown in the first two columns in Ta-
ble 1. In the DWD in-house zero air all substances were
below the detection limit, with the exception of benzene
(4 pmol mol−1), acetaldehyde (124 pmol mol−1) and acetone
(52 pmol mol−1). The observed peaks were independent of
the sample volume (see Figs. S1 and S2 in the Supple-
ment), showed the characteristics of an internal blank and
are not regarded as an impurity of the DWD in-house zero
gas. For VSL, blank values were observed at a level of 20–
50 pmol mol−1 for several alkanes (Table 1). The results are
consistent with the specification of the used synthetic air
grade 6.0 allowing up to 50 nmol mol−1 of hydrocarbons.
This highlights the need for further purification of commer-
cial cylinders to assure low impurity levels for high-quality
zero air. With the INRIM system, which focused on OVOCs
only, no blanks were observed in their in-house zero gas.
Subsequently, VOC release of the purifier itself was checked
(step 2 in Sect. 2.2). For example, the platinum catalyst
showed acetaldehyde impurities scaled with the sample vol-
ume (Figs. S1 and S3). By flushing the catalysts for 2 h with
zero air (1 slpm), the relevant impurities were below the de-
tection limits.

After characterisation of the blank values and purifier im-
purities, the purifier efficiencies were determined (step 3
in Sect. 2.2). In Table 1, the results of all labs are sum-
marised. Both tested catalysts (palladium as well as plat-
inum) removed NMHCs and monoterpenes to concentra-
tions below the detection limits which were generally below
10 pmol mol−1.

All tested OVOCs were removed to mole fractions below
100 pmol mol−1 by the tested purifiers. Only the lab of IN-
RIM detected residuals of methanol and acetone above the
detection limits of their system. These OVOCs are generally
prone to adsorption and desorption effects on surfaces in the
instruments and therefore subject to high measurement un-
certainties and blank values. Consequently, detection limits
are usually elevated as seen for the DWD and VSL systems
(Table 1). For the INRIM system, however, rather low de-
tection limits were indicated and no blank values were re-
ported. Nevertheless, the fact that similar mole fractions for
methanol and acetone (Table 1) were detected by INRIM for
both types of purifiers and for varying input concentrations

(20–70 nmol mol−1) implies the possibility that here system
blanks or artefacts were observed. Unfortunately, a repetition
of the blank measurements was not performed at INRIM with
this set-up after this experiment and no further conclusions
can be drawn.

For the adsorption cartridge a breakthrough of light
NMHCs (from C2 to C4) was observed by all testing labs (Ta-
ble 1). At a sample flow of 1 slpm ethane, ethene, propane,
propene, isobutane, ethyne, n-butane, trans-2-butene, 1-
butene and 1,3-butadiene were not efficiently removed.

Except for ethane, the removal efficiency is not con-
sistent for different input concentrations. For ethene,
propane, propene, ethyne, trans-2-butene and 1-butene, the
1.2 nmol mol−1 input was less efficiently purified compared
to the higher inputs. Several reasons are possible: first, these
results were produced by two different labs which tested the
same model of cartridge but not the identical cartridge. The
two cartridges may show different behaviours. Furthermore,
DWD responsible for the 1.2 nmol mol−1 experiment used a
zero gas for the tests which had a much higher humidity (wa-
ter content ∼ 1000 µmol mol−1) than the test gas from VSL
which came from a commercial synthetic air cylinder (water
content < 0.5 µmol mol−1). The humidity level has an impact
on the purifier lifetime. The manufacturer of the adsorption
cartridge stated that the humidity of the DWD zero gas would
saturate this kind of cartridge almost immediately (personal
communication, 2017). It should only be used with very dry
air with at maximum 1 µmol mol−1 water content. A closer
look into the individual results of the measurements series of
the VOC mixture running through the adsorption cartridge
reveals another effect: the breakthrough behaviour is affected
by the repetition of measurements and changes with each it-
eration (Fig. S6). This is reflected in high standard deviations
for some substances in Table 1.

All C5 and heavier NMHCs, monoterpenes and acetoni-
trile were removed to values below the detection limits of
the systems. For OVOCs, see the discussion of the catalyst
results above.
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4 Conclusions

Two tested catalysts in this study were able to remove a
large range of different VOCs. High mole fractions up to
50 nmol mol−1 were purified and residual concentrations
were below the detection limits of the systems going down
to less than 1 pmol mol−1 for NMHCs.

The tested adsorption cartridge was not suitable to remove
light NMHCs (C2 to C4). There was a breakthrough be-
haviour of these compounds which was not constant. Also,
VOC memory effects were observed. To characterise these
effects, repetition of measurements (> 5) would be an ad-
vantage. However, it removed heavier VOCs, OVOCs and
monoterpenes. An advantage of the adsorption cartridge is
the lack of electricity. It could be a good alternative for ap-
plications where the breakthrough of light VOCs is of no rel-
evance. A big disadvantage is the high influence of humidity
on the lifetime of this kind of purifier. The tested model in
this study was only adequate for use with very dry air up to
maximum 1 µmol mol−1 water content. With this awareness
it is highly recommended to enquire about the maximum ap-
plicable water content of the used gas from the manufacturer
of a purifier.

Finally, zero gas is often produced by compression of am-
bient air, which constitutes a complex matrix with residual
humidity. The cleaning process to receive high-purity zero
gases is a challenge to any purifying system. It is highly im-
portant to explicitly examine a gas purifier for its intended
application. Tests should be done at the given conditions,
e.g. the same flow rates and the same gas matrix with special
focus on given target component concentrations and humid-
ity. For the tests, measurement systems with adequate detec-
tion limits are essential. Potential internal blanks have to be
detected and well characterised. Their long-term behaviour
has to be controlled, especially for the enduring use in air
quality monitoring stations.
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