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Abstract. A new solid-phase scrubber for use in conven-
tional ozone (O3) photometers was investigated as a means of
reducing interferences from other UV-absorbing species and
water vapor. It was found that when heated to 100-130°C, a
tubular graphite scrubber efficiently removed up to 500 ppb
ozone and ozone monitors using the heated graphite scrub-
ber were found to be less susceptible to interferences from
water vapor, mercury vapor, and aromatic volatile organic
compounds (VOCs) compared to conventional metal oxide
scrubbers. Ambient measurements from a graphite scrubber-
equipped photometer and a co-located Federal equivalent
method (FEM) ozone analyzer showed excellent agreement
over 38 days of measurements and indicated no loss in the
scrubber’s ability to remove ozone when operated at 130 °C.
The use of a heated graphite scrubber was found to reduce
the interference from mercury vapor to <3 % of that ob-
tained using a packed-bed Hopcalite scrubber. For a series
of substituted aromatic compounds (ranging in volatility and
absorption cross section at 253.7 nm), the graphite scrubber
was observed to consistently exhibit reduced levels of in-
terference, typically by factors of 2.5 to 20 less than with
Hopcalite. Conventional solid-phase scrubbers also exhibited
complex VOC adsorption and desorption characteristics that
were dependent upon the relative humidity (RH), volatility of
the VOC, and the available surface area of the scrubber. This
complex behavior involving humidity is avoided by use of a
heated graphite scrubber. These results suggest that heated
graphite scrubbers could be substituted in most ozone pho-
tometers as a means of reducing interferences from other
UV-absorbing species found in the atmosphere. This could
be particularly important in ozone monitoring for compli-
ance with the United States (U.S.) Clean Air Act or for use in

VOC-rich environments such as in smog chambers and mon-
itoring indoor air quality.

1 Introduction

Ozone (0O3) in the lower atmosphere is produced by a com-
plex set of photochemical reactions involving oxides of nitro-
gen and volatile organic compounds (VOCs). It is well estab-
lished that anthropogenic emissions of these precursors lead
to the production of elevated levels of ozone (Haagen-Smit
and Fox, 1954; Chameides and Walker, 1973). It also is rec-
ognized that high levels of ozone are deleterious to human
health (White et al., 1994; Weisel et al., 1995; Burnett et al.,
1997; U.S.-EPA, 2016) and lead to plant and crop damage
(Avnery et al., 2011; Emberson et al., 2003, 2009). For these
reasons, the Clean Air Act in the United States (U.S.) and
similar laws in other countries have set limits on ozone con-
centrations in ambient air. Enforcement of compliance with
the U.S. National Ambient Air Quality Standards (NAAQS)
requires monitoring of ozone concentrations at hundreds of
locations, especially during summer months when photo-
chemical ozone production is highest.

Currently, compliance monitoring of ozone is done almost
exclusively by the method of UV absorbance at 253.7 nm due
to the simplicity and reliability of this technique. However, it
has been shown that UV photometers suffer from positive
interferences from other trace gases that absorb at 253.7 nm
such as mercury (Hg) and VOCs (Huntzicker and Johnson,
1979; Grosjean and Harrison, 1985; Kleindienst et al., 1993;
Spicer et al., 2010). In addition, water vapor, which does not
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absorb at 253.7 nm, is also a significant interference in com-
mercial ozone analyzers (Meyer et al., 1991; Kleindienst et
al., 1993) due to its ability to change the transmission of
light through the absorbance cell (Wilson and Birks, 2006).
Field observations have noted possible interferences in con-
ventional UV-absorbance ozone monitors in very highly pol-
luted areas, such as Houston, TX (Olllison et al., 2013), and
Mexico City (Leston et al., 2005); however, other extensive
studies have not shown evidence of biases, even near urban
areas (Ryerson et al., 1998; Parrish and Fehsenfeld, 2000).
Average concentrations of interfering species found in out-
door air would normally be expected to cause errors of only
a few ppb at most, but this is well within measurement limits
of UV ozone photometers when averaged over the 1h time
frame typical for compliance monitoring. Since high levels
of interferences often coincide with high levels of ambient
outdoor ozone (Leston et al., 2005; Ollison et al., 2013), a
small, unpredictable bias would be difficult to discern and
could result in regions being in noncompliance with the EPA
ozone standard. The recent downward revision of the stan-
dard from 75 to 70 ppb (8 h average) is expected to increase
the number of U.S. counties being out of compliance from
224 to 241 (McCarthy and Lattanzio, 2016), making small
ppb-level interferences a more critical issue.

Other applications where interferences can play a signif-
icant role in biasing UV-absorption O3 measurements in-
clude chamber-type experiments and the monitoring of in-
door ozone. In the former, high VOC concentrations are typ-
ically used to enhance photochemistry (e.g., Leston et al.,
2005; Griffin et al., 1999) or to generate aerosols (e.g., Lee
et al., 2006), thus requiring accurate O3 concentrations to
be made in VOC-rich atmospheres. Indoor ozone concentra-
tions are typically 20-80 % of that measured outdoors (U.S.-
EPA, 2016); however, interfering species such as VOCs and
mercury can be at much higher concentrations indoors from
attached garages, cooking emissions, unvented heaters, the
use of paints, cleaners, and outgassing from building compo-
nents. This places even more stringent constraints on ozone
monitors to reduce biases in these indoor environments.

Ambient ozone UV-absorbance measurements are con-
ducted by observing the attenuation of transmission of the
mercury emission line at 253.7nm (near the maximum in
the ozone absorption spectrum) through an absorbance cell.
Relative light intensities are measured for a direct air sam-
ple (/) and an air sample where the ozone is removed by
some type of ozone scrubber (/,), and the ozone concentra-
tion is computed using the Beer—Lambert law. Ozone scrub-
bers are typically composed of manganese dioxide, charcoal,
Hopcalite, metal-oxide-coated screens, or heated silver wool
and play a key role in the degree to which interferences com-
promise the ozone readings in UV-absorption photometers.
For chemical species that absorb 253.7 nm light, the degree
of interference depends on the compound’s absorption cross
section, its ambient concentration, and the degree to which
the compound is removed by the scrubber. If not removed
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by the scrubber, its concentration remains constant between
I and I, measurements and cancels out in the Beer—Lambert
law. Thus the ideal scrubber would have two characteristics:
(1) it would quantitatively remove ozone and (2) it would not
remove other species that absorb at 253.7 nm or that other-
wise modify light transmission to the detector such as water
vapor. The metal oxide scrubbers used in conventional com-
mercially available ozone photometers do not fully meet the
second criterion, leading to errors in the Beer—Lambert law
calculation of ozone.

A further, less obvious problem with UV-absorbing
species is that they can desorb from the solid-phase scrubber
at later times, causing a negative absorbance (value of I, is
less than I in ozone-free air), thus imparting a negative bias
to the overall measurement. This desorption can be caused
by temperature or relative humidity (RH) changes within the
scrubber that alter the adsorption characteristics of a species
and allows it to be released back into the gas phase. Be-
cause UV-absorbing compounds and mercury are commonly
present to some degree in both indoor and outdoor air, these
interferences may be responsible in part for the baseline drift
that occurs in photometric ozone monitors (Birks et al., 2013;
Ollison et al., 2013). Therefore, development of a solid-phase
scrubber that effectively destroys ozone (> 99 % destruction)
but efficiently passes interfering species is desirable.

Table 1 provides a list of several atmospheric constituents
with known 253.7 nm absorption cross sections along with a
selectivity ratio (S), defined as the ratio of the ozone cross
section to that of the interfering compound at 253.7 nm.
Notable among these are VOCs that contain an aromatic
group. The absorption cross sections of these compounds
vary widely, but can be similar to that of ozone, depending on
the types of functional groups attached. Gaseous mercury is a
particularly strong interference because the electronic energy
levels of Hg atoms are resonant with the Hg emission line
used in most ozone monitors. The relative response of mer-
cury has been estimated at ~ 1 ppb O3/ppt Hg (Spicer et al.,
2010; Li et al., 2006). So even a few ppt of mercury vapor can
potentially cause substantial biases in ozone measurements.

In this study we present a means of greatly reducing the
interferences of mercury, UV-absorbing VOCs, and water va-
por in ozone measurements by replacing conventional metal
oxide internal ozone scrubbers with a heated graphite scrub-
ber (Birks et al., 2016). Carbon-based scrubbers have often
been used for removing ozone from air (Shields et al., 1999;
Lee and Davidson, 1999). However, these scrubbers also ef-
fectively remove many other compounds (such as VOCs and
water) by adsorption due to their large surface area (typically
500-3000 m? g~ ') and thus provide no significant advantage
over existing ozone scrubbers. On the other hand, carbon in
the form of graphite has a more ordered planar structure with
less surface area (often <20 m? g_l) and fewer sites avail-
able for adsorption of possible interfering compounds. We
show that a heated graphite scrubber composed of one or
more graphite tubes effectively destroys ozone while effi-
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Table 1. Properties of VOCs and other atmospheric species that are potential interferents in UV-absorption-based ozone measurements.

Interferent Ambient mixing 055 40 10~17 ¢cm? s, (25°C) S d,
(INT) ratio?, ppb molecule ™! mmHg ppbINT/ppb O3
Used in this study

p-Xylene 0.3-30 0.057 8.84 20.2
Phenol <0.02 0.16 0.350 7.1
p-Tolualdehyde <1 0.55 0.250 2.09
o-Nitrophenol <0.001 2.15 0.113 0.53
Mercury 0.0002-0.003 1860° 0.002 0.0005
Typical atmospheric constituents

NO, <100 0.001 741 1000
SO, 1-25 0.014 3000 77
Methanol <40 <0.00001 127 >10000
Acetone 0.2-9 0.0030 231 290
Formaldehyde 0.5-75 0.00029 3890 3960
Acetaldehyde 0.1-18 0.0015 902 590
1,3-Butadiene 0.1-6 <0.02 1840 >58
Trichloroethene <0.2 0.0041 69 265
2-Butanone 0.1-8 0.0031 90.6 370
Isoprene 0.1-5.5 0.0052 550 220
Octane 0.02-13 <0.0002 14.1 >5700
Methacrolein 0.02-1.7 0.00018 155 6400
Methyl vinyl ketone 0.2-1.5 0.00024 152 4790
Acetic acid 0.5-10 <0.0006 15.7 > 1900
«-Pinene <04 0.00054 4.75 2120
d-Limonene <0.1 0.015 1.55 77
Aromatics

Benzene 0.9-26 0.03 94.8 38
Toluene 0.05-39 0.039 284 29
o-Xylene 0.4-1 0.048 6.5 24
Ethylbenzene 0.08-16.5 0.052 9.6 22
Styrene (vinyl benzene) 0.06-3.1 1.3 6.4 0.88
1,3,5-Trimethylbenzene 0.03-4.2 0.037 248 31
m-Cresol < 0.004 0.108 0.11 10.6
Benzaldehyde 0.1-1 0.09 0.127 12.8
Naphthalene 0.01-0.1 1.07 0.08 1.07
Nitrobenzene 0.02-0.40 1.3 0.245 0.88

@ Typical concentration ranges reported in Finlayson-Pitts and Pitts (2000), Seila et al. (1989), Mahmoud et al. (2002),
Bernardo-Bricker et al. (1995), Delhomme et al. (2010), Davies (2003), Eiguren-Fernandez et al. (2004), Liu et al. (2002), Denis
et al. (2006). b Absorbance cross sections at 253.7 nm taken from Keller-Rudek et al. (2013) and the related web database
(http://www.uv-vis-spectral-atlas-mainz.org/). © Vapor pressures taken from http://pubchem.ncbi.nlm.nih.gov/. d Selectivity ratio,
S= 00, /0int> at 253.7 nm. To estimate the maximum response that a particular interferent could give in an ozone monitor, divide

the ambient mixing ratio by the selectivity ratio, S. ¢ From Birks et al. (2009).

ciently passing most UV-absorbing species and is relatively
insensitive to humidity changes. Our results suggest that re-
placement of conventional scrubbers in commercially avail-
able ozone photometers with heated graphite scrubbers could
increase their accuracy by reducing potential interferences.

www.atmos-meas-tech.net/10/2253/2017/

2 Experimental

Most experiments were carried out with modified FEM
2B Technologies single-beam Model 202 and dual-beam
Model 205 or Model 211 ozone monitors. Figure 1a shows
a diagram of a typical single-beam UV ozone photometer
such as the Model 202. Ambient air samples are drawn into
the instrument through an inlet via an air pump. A solenoid
valve alternately switches the gas sample directly into the
optical detection cell or through an ozone scrubber and then
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Figure 1. (a) Schematic diagram of a typical single-beam UV-absorbance monitor for ozone. (b) Schematic of the heated graphite scrubber
consisting of four graphite tubes contained within a temperature-controlled aluminum block.

into the detection cell. UV light from a low-pressure mer-
cury lamp passes through the detection cell and is detected
by a photodiode containing a built-in interference filter cen-
tered at 254 nm. The ozone concentration is calculated using
the Beer—Lambert law,

o 1 i I,
[03] = oL n( i ) )
where ¢ is the absorption cross section for ozone (1.15 x
10717 cm? molecule™ 1), L is the path of the detection cell, I,
is the lamp intensity at the detector in the absence of ozone,
and [ is the lamp intensity with ozone present. The path
length (L) is 15 cm for the 2B Technologies Model 202 and
Model 205 ozone monitors. The Model 205 (and Model 211)
analyzer differs in that it is a typical dual-beam instrument
containing two optical cells irradiated by the same lamp,
but with each cell equipped with its own photodiode. Two
three-way solenoid valves are switched to alternate passage
of ozone-scrubbed and un-scrubbed air through the two cells,
providing a simultaneous measurement of / and I,. These
analyzers were modified to locate the ozone scrubber out-
side of the instrument, allowing for easy exchange between
the different scrubbers tested. Mixtures of interfering com-
pounds in air were sampled into the ozone analyzers via an
overflow tee where excess air was vented through a second
scrubber to the atmosphere. All analyzers used were operat-
ing at manufacturer specifications.

Graphite scrubbers consisted of different combinations
of graphite tubes (1/4in o.d. and 1/8in i.d., Ohio Car-
bon Blank, EDM-AFS5 graphite) housed in a temperature-

ey

Atmos. Meas. Tech., 10, 2253-2269, 2017

controlled aluminum block. Tube lengths were either 7.6 cm
(3in) or 15.2 cm (6 in). Most results were obtained using four
7.6 cm tubes plumbed in parallel as shown in Fig. 1b. Us-
ing multiple tubes increased both surface area and residence
time while still maintaining high flow conductance. This
configuration was chosen because it quantitatively destroyed
(>99 %) ozone in the single-beam Model 202 Ozone Moni-
tor and fit within both Model 202 and 205 instruments. The
aluminum block was heated with a cartridge heater (Thermal
Corp., no. CPN20528), whose temperature could be varied
up to 160°C and controlled to within £2°C. The graphite
tubes were cleaned before use by heating at 300 °C for 12h
while purging with ultra-high purity (UHP) nitrogen and son-
ication for 20 min in dilute Micro-90 glass cleaner followed
by rinsing with distilled water and drying. Scrubbers consist-
ing of coarsely ground EDM-AFS5 graphite (~ 1-3 mm di-
ameter particles) were also tested and exhibited similar prop-
erties for both ozone destruction and the reduction of inter-
ferences. However, we present results from the tube scrub-
bers because their geometric surface area and residence times
were more easily characterized.

Other commercially available scrubbers were included in
this study for comparison. These include the conventional
packed-bed Hopcalite scrubber used in 2B Technologies an-
alyzers as well as manganese-oxide-coated screens from a
Thermo Electron Model 49C and a Teledyne Advanced Pol-
lution Instrumentation (API) Model 400E. We also tested
heated silver wool scrubbers similar to scrubbers used by
Horiba. It should be noted that although these various scrub-
bers were used within 2B Technologies analyzers, pressure
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and flow conditions were similar to those in the respective
commercial analyzers. However, small differences in operat-
ing conditions of the various commercial analyzers may al-
ter results in those instruments compared to those presented
here.

Dry air (<2 % relative humidity) was produced using a
zero air generator (Aadco, Model 737) or from cylinders of
zero grade air. Ozone—air mixtures and ozone-free air were
produced via an ozone calibrator — a Model 306 Ozone Cal-
ibration Source’" (2B Technologies). The Model 306 instru-
ment qualifies as an EPA transfer standard for ozone and can
produce known mixing ratios of ozone via UV photolysis of
air in the range between 0 and 1 ppm. Humidity was varied
by humidifying the source air for the Model 306. A mixing
tee was placed on the source line of the Model 306 with one
end pulling through a water bubbler and the other through a
drying tube (Drierite). Needle valves on each line allowed
for independent control over the source line between the
dry and humid air. Humidity was measured in the overflow
just downstream of the ozone monitor via a temperature—
humidity sensor (Omega, model HH311).

Mercury vapor was introduced to the ozone analyzer by
using a glass diffusion tube. A small amount of liquid mer-
cury was placed in a glass bulb, and vapor was allowed to dif-
fuse through a 20 cm long capillary tube (i.d. = 0.5 mm). At
the exit of the capillary tube, a small sweep flow of air (~ 5-
15 ccmin™!) purged the mercury vapor into the main airflow
(~3Lmin~!). Mercury concentrations were varied by im-
mersing the reservoir and capillary tube in an insulated water
bath and varying the temperature of the bath (0 to 60°C).
From bath temperature, flow rates, and the mercury vapor
pressure, estimated mercury vapor concentrations of 0.3 to
30 ppb were produced. Mercury interference measurements
were made relative to the 2B packed-bed Hopcalite scrubber.

Table 1 summarizes the absorption cross sections at
253.7 nm for a variety of atmospheric species including com-
pounds tested in this study. Test compounds were chosen be-
cause they are either common outdoor (p-xylene) or indoor
(phenol) pollutants or for comparison with previous studies
(Spicer et al., 2010). Typically, gas mixtures between 5 and
25 ppm were made in preconditioned gas cylinders by dilu-
tion of the pure compound in UHP nitrogen. These were fur-
ther diluted with zero grade air via mass flow controllers to
produce mixing ratios in the range of 0.01-1.4 ppm. Low-
volatility (o-nitrophenol) VOCs were added using diffusion
tubes in a similar way to that described for mercury above.
Sample purity was assessed using a gas chromatograph with
flame ionization and mass spectrometric detection (GC-FID-
MS). The VOC-air mixtures were sampled into ozone an-
alyzers equipped with different scrubbers from an overflow
tee. In some experiments, the VOC—air flow was simultane-
ously sampled into the inlet system of a gas chromatograph
equipped with a flame ionization detector (GC-FID). VOC
samples were pre-concentrated via a cooled (—5 °C) focus-
ing trap containing Tenax TA (typically 100-500 cm? of the
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VOC-air mixture) and then rapidly heated to inject as de-
scribed in Greenberg et al. (1994). Both GC systems were
calibrated with a National Institute of Science and Technol-
ogy certified primary standard of neohexane in nitrogen or a
secondary VOC standard containing isoprene and camphene.

3 Results and discussions

As mentioned previously, any species absorbing light at
253.7nm will be detected if its concentration is changed by
the ozone scrubber, and thus an ideal ozone scrubber would
remove all ozone but quantitatively pass interferents such as
water vapor and UV-absorbing species. The following sec-
tions test the graphite scrubber against this ideal, followed
by comparative tests with existing conventional scrubbers for
known interferences.

3.1 Ozone removal efficiency

It has long been known that ozone reacts with graphite (Hen-
nig, 1965; Tracz et al., 2003), causing loss of the carbon sur-
face (Razumovskii et al., 2007) with the assumed production
of CO and CO,. CO and CO; have been identified as the
primary products from reactions of ozone with carbon black
aerosols which are thought to be similar to graphitic carbon
(Stephens et al., 1989; Smith and Chughtai, 1996; Saathoff
et al., 1998). CO, CO;, and other possible low-volatility hy-
drocarbons which could be lost to the gas phase tend to
show negligible absorption at 253.7 nm (Table 1) compared
to ozone. A graphite scrubber is not catalytic (i.e., there is
actual loss of the scrubber carbon), but it can be estimated
that a typical 7.6 cm long graphite tube would require a con-
tinuous 200 ppb ozone exposure at a flow rate of 1 L min~!
for 213 days to lose 1 % of its carbon; at 100 °C oxidation by
ambient O, is also negligible (Entegris, 2015).

Initial tests of the graphite scrubber using four parallel
15.2 cm graphite tubes at room temperature showed nearly
complete removal of ozone up to 250 ppb in the Model 202;
however, the ozone removal efficiency degraded over sev-
eral hours as the graphite surface became oxidized. Heating
the graphite tubes to 100-130 °C resulted in complete recov-
ery of the graphite’s reactivity toward ozone, but large nega-
tive absorbances were observed in the ozone analyzers as the
temperature of the graphite scrubber exceeded 145 °C. This
was due to the emission of various volatile organic hydro-
carbons from the graphite tubes as verified by GC-MS. We
attribute this to either the thermal breakdown of the organic
binder contained in graphite that is added during manufac-
turing or to initiation of O, oxidation, although the latter is
not expected to be significant below about 350 °C (Entegris,
2015). Below 135 °C, emissions were greatly reduced and,
after completing the cleaning process described above, typ-
ically resulted in a small negative offset (~ —2 to —5 ppb)
that remained constant over time. The exact cause of this
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small residual negative offset is unclear, although it is likely
due to residual organics that are slowly released from the hot
graphite. As in the case of conventional ozone scrubbers, this
small offset can be incorporated into the calibration parame-
ters of the ozone analyzer.

We conclude that a tube configuration consisting of four
3.175mm (1/8in) i.d., 7.62cm (31in) long parallel graphite
tubes (Fig. 1b), which easily fit within the existing Model 202
Ozone Monitor enclosure, provides adequate (>98 %) ozone
destruction efficiency comparable with conventional scrub-
bers. This scrubber has an internal volume of 2.4 cm? and
a geometric surface area of 30.4 cm?, resulting in a resi-
dence time of 0.145s for a typical flow rate of 1 Lmin~".
At a temperature of 100 °C and pressure of 1 atm, on aver-
age each ozone molecule collides with the surface 1.85 x 10*
times while passing through the scrubber. Thus, assuming
rapid diffusion to the walls, a collisional reaction probabil-
ity y of ~1.7x 1073 is required to assure >99 % ozone
destruction. This is similar in magnitude to previously de-
termined probabilities of ozone uptake on fresh carbon soot
surfaces (Burkholder et al., 2015). The results discussed in
the remainder of this paper were observed with this scrub-
ber design, although the graphite surface area could be in-
creased if necessary. Figure 2 shows examples of calibration
plots where the ozone was varied and the graphite scrub-
ber was alternately replaced with a conventional packed-bed
Hopcalite scrubber. To test for reproducibility, four differ-
ent sets of graphite tubes were used within the heater. Slopes
of heated graphite vs. Hopcalite ozone measurements ranged
from 0.96 to 1.01 among the different sets for concentrations
up to 500 ppb of ozone. The overall average slope was 0.98.
All calibration plots were highly linear with R%>0.99, and
their slopes were invariant over the graphite scrubber tem-
perature range of 100-130°C.

3.2 Long-term reliability of the graphite scrubber

A primary concern with carbon-based scrubbers is that as the
surface of the solid-phase carbon oxidizes, it becomes less
reactive toward ozone. In principle, the carbon is oxidized to
CO and COy, which desorb to the gas phase and are swept
away in the case of a flowing analyzer. However, the oxida-
tion to CO and CO; in the presence of water vapor typically
occurs in several steps through various oxygenated interme-
diates (i.e., epoxides, alcohols, aldehydes, and ketones), and
it is likely that at least some of the carbon lost is in the form
of small oxygenated organics such as formaldehyde, ace-
tone, and acetaldehyde. These do not present a problem as
long as they do not absorb appreciably at 253.7 nm. Ellis and
Tometz (1972) were among the first to note that upon expo-
sure to high ozone concentrations, coconut charcoal becomes
less efficient at removing ozone as it oxidizes. This suggests
that oxygenated hydrocarbons on the graphite surface or oxy-
gen functionalities incorporated within the graphite structure
have slower ozone reaction rates. A loss in reactivity toward

Atmos. Meas. Tech., 10, 2253-2269, 2017

A. A. Turnipseed et al.: Graphite scrubber for reducing interferences in UV-absorbance O3 monitors

o]
4
500 | ’
’
o
- J /
£ 400 ,
s ’
5 300 o
2 d
2 200 ,
)
O 1] -4
0 4
100 200 300 400 500

O,, ppb (Hopcalite)

Figure 2. Plot of ozone measured with the graphite scrubber (at
100 °C) vs. that measured with the conventional Hopcalite scrub-
ber. The different symbols/colors represent different sets of graphite
tubes used within the heater during our reproducibility testing. Re-
sults were obtained using a 2B Technologies Model 202 single-
beam ozone analyzer. The dashed line drawn is the 1: 1 line.

ozone has also been observed for graphite at high (~ 0.5 %)
levels of ozone (Razumovskii et al., 2007). We also observed
this loss in ozone removal efficiency at room temperature and
found that heating the graphite scrubber remedies this prob-
lem. At elevated temperatures (100 °C), continuous exposure
of 150 ppb of ozone for 22 h in the single-beam Model 202
showed no loss of the graphite’s ability to destroy ozone.

However, incorporation of the graphite scrubber into a
dual-beam Model 205 led to unexpected complications. We
found that even at 100°C, it was necessary to reduce the
flow rate to the minimum required to flush the absorbance
cells in order to observe 100 % ozone removal. Furthermore,
overnight exposure (18 h) of the graphite tubes to 150 ppb of
O3 in the dual-beam Model 205 resulted in a 10 % loss of
the ozone removal efficiency. Exposure to higher ozone con-
centrations (300-700 ppb) in the dual-beam Model 205 re-
sulted in faster temporal decays which leveled off at ~ 85 %
ozone removal efficiency after 2 to 8 h. The graphite’s capac-
ity to destroy ozone could be restored by periodically heating
the graphite to 150 °C for 20-30 min or by removal of the
ozone exposure while continuing with normal analyzer oper-
ation for 3—6 h. Ellis and Tometz (1972) also had noted that
removal of charcoal from ozone exposure for several hours
resulted in a regeneration of the surface reactivity toward
ozone.

These observations suggest a competition between ozone
oxidizing the graphite surface (making less reactive species
at the surface) and loss of these oxidized carbon-containing
compounds to the gas phase (which presumably exposes new,
less oxidized surface area). This competition helps explain
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why the single-beam Model 202 is less susceptible to los-
ing reactivity toward ozone since the scrubber is only ex-
posed to ozone flow half of the time (during the /, measure-
ment). During the / measurement, there is no flow through
the scrubber, but oxidized compounds can still desorb and re-
generate the surface. In the dual-beam monitor, the graphite
is continuously exposed to a flow of ozone as it is always di-
rected to one of the two cells for an I, measurement. As a
result, the surface is being oxidized faster than the graphite
can regenerate. One also expects this competition to be de-
pendent upon the temperature of the scrubber and the flow
rate through it as well as the ozone concentration.

Therefore, before the graphite scrubber can be used in
long-term continuous monitoring, it is necessary to fully
understand its limitations in terms of its loss of ozone re-
moval efficiency. To further characterize the graphite scrub-
ber, we undertook extended ambient ozone measurements on
the 2B Technologies roof in Boulder, CO, during August and
September of 2015. A single-beam Model 202 was equipped
with our heated graphite scrubber (denoted as 202-G) and
sampled from the same Teflon inlet line as an FEM (Fed-
eral equivalent method) Model 205 dual-beam analyzer with
a conventional packed-bed Hopcalite scrubber (205-H). The
Model 205 was equipped with Nafion for humidity equili-
bration; however, Nafion was removed from the Model 202
graphite scrubber analyzer (humidity interference is dis-
cussed in Sect. 3.3). Calibrations were performed on both
instruments prior to and periodically throughout the compar-
ison with a Model 306 ozone calibrator. Although the 205-
H may be more susceptible to interfering compounds (de-
scribed in following section), the anticipated bias is <3 ppb.

We initially evaluated the graphite scrubber temperature
at 100 °C since we had observed no loss of ozone removal
efficiency during lab ozone exposure experiments with our
single-beam ozone instrument. Ambient measurements were
made from 8-24 August 2015. Ozone data was averaged to
5min from both instruments (205-H and 202-G) and com-
pared each day. The daily regression slopes were near unity
(0.99 + 0.02) for the first 12 days; however, on the 13th day,
comparisons showed that the 202-G analyzer underestimated
peak afternoon ambient ozone by ~ 8 % and the 202-G con-
tinued to drop over the next 3 days, yielding a regression
plot slope of ~0.85 versus the 205-H. This is shown in
Fig. 3c, where the slopes of the daily comparison between
the 202-G and 205-H are shown as a function of the cumu-
lative ozone exposure (in ppm h). The calibration of the 202-
G was rechecked and confirmed the scrubber only removed
86 £ 2 % of the ozone passing through it.

The graphite was regenerated by heating to 150 °C for
1h with no ozone present, and the calibration slope re-
turned to 1.01 £ 0.02. The 202-G was then returned to sam-
pling, but the graphite scrubber was maintained at 130°C —
the highest temperature without inducing significant VOC
emission from the graphite tubes as described in Sect. 3.1.
Post-regeneration, the analyzers were compared again from
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Figure 3. (a) Time series of 5 min averaged ozone concentrations
measured in Boulder, CO, on 26 September 2015. (b) Correla-
tion plot between the Model 202 (202-G, equipped with graphite
scrubber) and the FEM Model 205 (205-H, Hopcalite scrubber and
Nafion) for 26 September 2015. (c) Plot of the daily correlation plot
slope vs. cumulative ozone exposure for the 202-G analyzer. Each
point represents a single day. The graphite scrubber was initially
maintained at 100 °C, regenerated, and then operated at 130 °C (see
text for further explanation). Triangles represent calibration slopes
pre- and post-intercomparison.

24 August to 30 September 2015 (38 days). Figure 3a shows
a diurnal plot of the ozone measured by the two analyzers
on 26 September 2015, near the end of the intercompari-
son. It is clear from this plot and the regression plot of the
same data in Fig. 3b that there was excellent agreement be-
tween the two instruments. The daily intercomparison slope
vs. ozone exposure in Fig. 3c confirms there was no graphite
scrubber efficiency loss after 38 days (or 30 ppm h ozone ex-
posure). A recheck of the analyzer calibrations found them
to be within the uncertainty of the initial calibrations. Subse-
quent measurements using a dual-beam Model 211 equipped
with a heated graphite scrubber operating at 130 °C indicate
that there is also no loss in the ozone removal efficiency af-
ter exposure to 20 ppm h of ozone. Therefore, it appears the
graphite scrubber must be maintained at temperatures greater
than 100 °C for reliable long-term continuous monitoring. A
temperature of 130 °C appears to be optimal for maintaining
the balance between oxidation of the graphite by ozone and
the loss of oxidized carbon from the surfaces to regenerate
fresh carbon.
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3.3 Interference testing

As mentioned earlier, carbon-based scrubbers (typically
charcoal or activated carbon) remove ozone from air, but they
also effectively remove many other species such as VOCs
and water and thus would introduce interferences in ozone
measurements. However, the more ordered planar structure
of graphite and the greatly reduced surface area provide
fewer sites for adsorption of interfering species. The results
of our interference testing described below were performed
with the graphite scrubber heated to 100°C. Heating the
graphite scrubber to 130 °C (the more optimal temperature
found in our subsequent longevity testing described in the
previous section) would likely reduce adsorption of water,
mercury, and aromatic VOCs. Hence, these results can be
viewed as a conservative estimate of the expected behavior
of the graphite scrubber in reducing interferences in ozone
measurements.

3.3.1 Water vapor

Previous studies have shown that rapid humidity changes can
cause large apparent ozone absorptions (equivalent to tens
of ppb) in most commercial ozone analyzers (Kleindeinst et
al., 1993; Wilson and Birks, 2006; Spicer et al., 2010). Wil-
son and Birks (2006) explained this behavior as being due
to changes in the refractive index at the surface of the opti-
cal cell resulting from varying amounts of water vapor ad-
sorbed to cell walls. Initial experiments with a Model 202
analyzer equipped with a conventional Hopcalite scrubber,
but no Nafion tube, indicated large signal changes coincid-
ing with changes in humidity (Fig. 4, black dashed line).
A large positive interference was observed as humidity was
rapidly increased (uptake of water by the scrubber) and an
opposite negative interference seen upon changing from hu-
mid to drier air (release of water from the scrubber). Figure 4
(magenta line) confirms that placement of a Nafion tube at
the entrance to the optical cell to equilibrate the humidity
with surrounding air (same humidity for / and I,) effectively
eliminates the water vapor interference, as shown earlier by
Wilson and Birks (2006). A drawback of this approach is that
Nafion tubing is expensive, and the length of tubing required
to attain adequate equilibration can place limits on its use
in miniaturized analyzers or can introduce flow restrictions,
thus making it impractical in some applications.

The graphite scrubber proposed also mitigates artifacts
caused by changing water vapor concentrations. As seen in
Fig. 4, the initial large change in humidity does cause an ap-
parent absorption of ~ 10 ppb of O3 with the graphite scrub-
ber in line. It appears that some water is initially taken up
by the graphite, likely due to the somewhat porous nature
of the graphite structure. However, water content within the
graphite scrubber equilibrates within about 2 min and returns
to its original value, whereas the Hopcalite trap remains com-
promised for > 15 min. Subsequent removal of the high wa-
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Figure 4. Time series showing the response of a Model 202 ozone
analyzer to changes in relative humidity with no ozone present and
different scrubbers.

ter vapor concentration leads to a negative response as water
vapor desorbs from each scrubber. But again, the recovery
of the graphite scrubber is relatively rapid compared to the
Hopcalite, so although there is some water uptake, equilibra-
tion is rapid enough to exceed typical humidity changes and
30-60 min ozone averages will be relatively unaffected.

Variation of relative humidity did indicate a slight water
dependency in the graphite scrubber and exhibited some dif-
ferences between different graphite tubes. Figure 5 illustrates
this behavior, showing two different sets of graphite tubes
(four tubes in parallel, 7.6 cm long). Set #1 indicated about
a +2.5 ppb change from dry to near-saturated air; whereas
Set #2 was essentially independent of the humidity. Given
graphite’s hydrophobic nature, these differences are perplex-
ing but could be due to differing degrees of oxidation on the
graphite surface or on binders within the graphite, making the
surface slightly more hydrophilic. The graphite scrubber’s
low sensitivity to humidity was also confirmed in our ambi-
ent measurements (Sect. 3.2), where we observed no corre-
lation between ambient humidity changes and concentration
differences between the graphite-equipped Model 202-G and
the Hopcalite- and Nafion-equipped Model 205-H.

3.3.2 Mercury

Gaseous elemental mercury concentrations are typically
less than a few ppt in ambient air, but mercury poses a
problem in ozone photometers because typically the Hg
atomic absorption line is used as the photometer’s excita-
tion source (Hg line at 253.7 nm). Birks et al. (2009) esti-
mate that common ozone photometers could be 1860 times
more sensitive to elemental mercury than ozone (Selectiv-
ity = 1.86 ppb O3/ppt Hg) depending on how efficiently the
scrubber removes mercury. Recent measurements in our lab-
oratory showed that mercury absorbs ~ 1350 times more
strongly than ozone in the Model 202 Ozone Monitor using
the packed-bed Hopcalite scrubber (Birks, 2016, unpublished
data). There is also evidence suggesting that the efficiency of
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Figure 5. Humidity dependence of two different heated (100 °C)
graphite scrubbers as well as that of a Hopcalite scrubber. The
ozone analyzer was a 2B Technologies Model 202 single-beam in-
strument. Data points were 2 min averages obtained 15 min after a
change in relative humidity. Error bars are 1o of the 2 min average.
The experiment was conducted at 20 °C. Note that the step changes
in humidity were not as large as those shown in Fig. 4, thus leading
to smaller observed artifact signals for the Hopcalite scrubber.

mercury uptake in several conventional scrubbers may de-
pend on humidity (U.S.-EPA, 1999; Spicer et al., 2010), im-
plying that these may act as a temporary reservoir capable of
releasing mercury at later times following humidity changes.

In order to examine possible interferences due to ele-
mental mercury, varying concentrations of mercury vapor
were added to the Model 202 ozone monitor and responses
were monitored (in apparent ppb of ozone) while the vari-
ous graphite and conventional scrubbers were interchanged.
As we did not have an independent measurement of mercury
vapor concentrations, all measurements were made relative
to the conventional packed-bed Hopcalite scrubber used in
the 2B Technologies analyzers. For different levels of mer-
cury additions, Fig. 6 shows the apparent ozone measured by
the photometer as various scrubbers were alternated with the
packed-bed Hopcalite. Five different sets of graphite tubes (a
set is four tubes in parallel, each 7.6 cm long) were tested,
and the slopes of plots of apparent ozone concentration vs.
those obtained for the Hopcalite scrubber ranged from < 0.01
to 0.03 (median set is shown in Fig. 6). One set showed
no measurable response to mercury up to an apparent ozone
concentration of 2200 ppb for the Hopcalite scrubber. Noting
above our recent observation that mercury absorption is 1350
times stronger than ozone (or 1.35 ppb Oz/ppt Hg), this leads
to a response ratio of < 0.04 ppb O3/ppt Hg for the graphite
scrubber. Measurements made at 22 and 80 % RH exhibited
no differences (Fig. 6). In addition, measurements made with
and without Nafion tubing inserted before the optical cell
gave identical results, suggesting that mercury is neither lost
nor interacts significantly with Nafion.
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Figure 6. Apparent ozone measured in the Model 202 single-beam
ozone analyzer using different ozone scrubbers, relative to the stan-
dard Hopcalite scrubber, upon addition of mercury vapor to ozone-
free air. Slopes are given by the m values. The graphite scrubbers
were heated to 100 °C for these tests.

The heated silver wool scrubber exhibited the largest
mercury response, with a slope slightly greater than unity
compared to Hopcalite (Fig. 6). Silver is known to rapidly
form an amalgam with mercury (Dumarey et al., 1985),
which likely explains this large response. Previous studies
have shown that both the 2B Technologies Hopcalite scrub-
ber and heated silver wool scrubber remove mercury va-
por efficiently — reporting response ratios between 0.6 and
1.1 ppb O3/ppt Hg (Spicer et al., 2010; U.S.-EPA, 1999). We
report a response ratio of 1.49 ppb Oz/ppt Hg for the heated
silver wool, assuming 1.35 ppb O3/ppt Hg for the Hopcalite
scrubber — approximately 1/3 higher than the previous stud-
ies. The sensitivity to Hg depends on the width of the emis-
sion line of the lamp (Birks et al., 2009), which may vary
from instrument to instrument.

Both the Teledyne API and Thermo Electron scrubbers
used screens coated with MnO; and showed less interference
from mercury vapor compared to the packed-bed Hopcalite
scrubber (slopes of 0.18 and 0.065). This yields response ra-
tios of 0.24 and 0.09 ppb O3/ppt Hg for the Teledyne API and
Thermo Electron scrubbers, respectively. Smaller responses
are likely due to the large reduction in scrubber surface
area by use of the coated screens. Measurements made at
both high (> 80 %) and low (20 %) relative humidity showed
no significant differences, although the considerable scatter
in the data likely obscures any small humidity dependen-
cies. The interference of mercury in ozone photometers with
MnO;-based scrubbers has been the subject of several previ-
ous investigations. The U.S.-EPA (1999) reported response
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ratios in the range of 0.12 to 0.24 ppb O3/pptHg using a
Thermo Electron scrubber. This study also suggested a low-
ering of the response ratio with increasing humidity. Higher
response ratios (0.87 and 0.6 ppb O3/ppt Hg) have also been
reported in dry air (Li et al., 2006; Spicer et al., 2010). Spicer
et al. (2010) also reported that the response ratio decreased
by a factor of 2 when using humidified air (RH ~ 80 %),
which is closer to both our results and those of the EPA.
As will be shown for VOCs in the next section, it is likely
that even a small amount of water vapor can cause a signifi-
cant change in the adsorption properties of these solid-phase
scrubbers; thus, the higher response ratios determined in dry
air may not be applicable to sampling of ambient air. The use
of a heated graphite scrubber can reduce the interference in
ozone photometers from mercury vapor by a factor of > 30
over the packed-bed Hopcalite scrubber and by a factor of
> 2 over the best solid-phase scrubber.

This low response ratio is only matched by using the
gas-phase nitric oxide (NO) titration as a means of scrub-
bing ozone. In the recently introduced 2B Technologies
Model 211 Scrubberless Ozone Monitor ", gas-phase NO
titration eliminates the need for a solid-phase scrubber and
effectively eliminates interferences from both UV-absorbing
species and water vapor (Birks et al., 2013). However, a
source gas of NO is required, reducing the portability of the
instrument and adding long-term cost. The heated graphite
scrubber avoids these disadvantages.

In general, mercury is not expected to be a significant in-
terference in outdoor ambient air. Although there are some
elevated measurements of mercury vapor in urban areas of
Asia (up to ~3 ppt: Fang et al., 2004; Liu et al., 2002;
Kim and Kim, 2002), concentrations typically range from
0.2 (background) to 0.5 (urban) ppt (Obrist et al., 2008;
Weiss-Penzias et al., 2003; Denis et al., 2006). However,
gas-phase mercury can reach higher levels near industrial
or mining sources. Elevated mercury levels have also been
shown to be present for indoor air (Carpi and Chen, 2001;
Garetano et al., 2006). Because indoor ozone concentra-
tions are typically low (~ 20-80 % of outdoor air, U.S. EPA,
2016), mercury poses a larger potential problem for indoor
air quality monitoring of ozone. For example, Carpi and
Chen (2001) report indoor mercury concentrations of up to
520ngm™3 (~ 63 ppt). This would correspond to measured
absorbances equivalent to ~ 85 ppb O3 with the packed-bed
Hopcalite, ~ 6—15 ppb O3 with conventional MnO, screens,
and < 2.6 ppb O3 using the heated graphite.

3.3.3 Volatile organic compounds (VOCs)

Interferences from volatile organic compounds are more
complicated due to the wide variety of compounds and their
properties. There are many diverse atmospheric VOCs hav-
ing a wide range of 253.7nm absorption cross sections,
volatilities, and potential responses to humidity. Along with
the VOC absorption cross sections, Table 1 also lists room
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temperature vapor pressures as an indicator of volatility. Aro-
matic VOCs are the most important when discussing interfer-
ences in ozone monitors, since the conjugation between the
carbon—carbon double bonds both shifts the absorption spec-
trum to longer wavelengths and results in larger UV cross
sections. Addition of various functional groups (hydroxyl,
aldehyde, nitro, etc.) to the aromatic ring can further increase
the absorption cross section. Furthermore, substitutions often
result in lower volatility, making these species more likely to
be retained in a solid-phase scrubber.

Interferences from VOCs typically result from two dif-
ferent mechanisms: (1) adsorption of the compound by the
scrubber, resulting in a positive bias, and (2) subsequent later
desorption of that compound from the scrubber due to even-
tual elution and/or changes in temperature or humidity that
yield a negative bias. These two processes are complex func-
tions of environmental conditions (temperature and humid-
ity), volatility, and chemical properties of the specific VOC,
as well as the reactivity and surface area of the scrubber ma-
terial.

Past studies of VOC interferences have typically been of
three types: (1) measurement of total net ozone biases dur-
ing irradiation of simulated atmospheres in smog chambers
(Kleindeist et al., 1993; Leston et al., 2005), (2) simultaneous
atmospheric measurements by different analyzers using dif-
ferent measurement techniques (Ollison et al., 2013; Dunlea
et al., 2006), and (3) addition of selected VOCs to ozone ana-
lyzers to determine the interference from that particular VOC
(Grosjean and Harrison, 1985; Spicer et al., 2010). All of
these approaches contribute to our understanding of the sig-
nificance of VOC interferences in ozone monitors; however,
we have chosen the latter approach to initially evaluate our
heated graphite scrubber because it is a more direct approach
and reproducible signals can be easily quantified. We chose
p-xylene, phenol, p-tolualdehyde, and o-nitrophenol as test
VOCs since they have reported 253.7 nm absorption cross
sections ranging from 5 x 107'% (p-xylene) to 2.15 x 10~!7
(o-nitrophenol) cm? molecule™! (Keller-Rudek et al., 2013)
and vapor pressures (25 °C) of 0.11 to 8.8 mm Hg.

VOC interferences in dry air

Initial experiments examined VOC interferences in dry air
(RH<3 %) in the absence of ozone using a single-beam
Model 202 monitor equipped with the various scrubbers de-
scribed above. No Nafion tubing was installed upstream of
the optical cell in the monitor. VOC concentrations were
measured by sampling the same air stream into the inlet of
a GC-FID. Upon VOC addition, apparent ozone absorbances
were observed to reach steady values within the initial 2—
4 min with both the Hopcalite and MnO;-based scrubbers.
With the heated graphite scrubber, there was a rapid increase
in apparent ozone upon addition, followed by a decay to
steady values after 3 min. Average apparent ozone concen-
trations were obtained after 5 min of exposure and plotted
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Figure 7. Apparent ozone vs. VOC concentration in dry, ozone-free air for different scrubber types and four different VOCs of varying
absorption cross section at 253.7 nm. Data from two different sets of graphite tubes are shown (Set #1 and Set #2). Slopes are given in

Table 2.

vs. VOC concentrations measured with the GC-FID (Fig. 7).
There were no signs of surface saturation effects, as indi-
cated by the linearity of the apparent ozone with VOC con-
centration plots. For all the compounds tested, the heated
graphite scrubbers showed less apparent ozone. The slopes
of the plots in Fig. 7 are given in Table 2. In all cases, the
slopes were a factor of 2.5 to 20 less for the graphite scrubber
than for Hopcalite or the MnO; scrubbers, indicating greatly
reduced VOC uptake by the graphite. Data from two sets of
graphite tubes (four tubes in parallel) gave identical results
for both p-xylene and phenol; however, both p-tolualdehyde
and o-nitrophenol exhibited slightly different apparent ozone
values from these two different sets of graphite tubes. Re-
sponses for three other sets of graphite tubes were also tested
against the Hopcalite scrubber and gave absorbances within
the range of those shown in the figure. It remains unclear
why different tube sets show slightly different behavior, but,
again, it likely lies in the degree of graphite surface oxida-
tion.

In dry air both Hopcalite and MnO, scrubbers exhibited
similar responses for all the compounds tested. If the scrub-
bers remove 100 % of the VOC compound, then the slope of
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these plots should be the inverse of the selectivity ratio re-
ported in Table 1:

OVOC—254nm

1
3= Slope = (in ppb O3 /ppb VOC). 2)

003—-254nm

There is good agreement in the theoretical slope and that
observed for p-xylene (see Table 2), suggesting both Hop-
calite and MnO;-based scrubbers effectively scavenge all of
the p-xylene in dry air. However, the slopes for phenol, p-
tolualdehyde, and o-nitrophenol were all significantly higher
by factors of 1.4, 3.3, and 4.1, respectively, than those com-
puted from previously reported absorption cross sections. As
this would require >100 % removal by the scrubber, this
can only be explained either by errors in the previously re-
ported VOC cross sections or by an underestimation in the
VOC concentrations via the GC technique. Since the error
tends to decrease with volatility, the latter is more likely as
it becomes more difficult to quantitatively desorb the VOC
from the Tenax pre-concentration trap used in the GC. Fur-
thermore, if our o-nitrophenol concentrations were correct,
this suggests a 253.7 nm absorption cross section of nearly
9 x 10~!7 cm? molecule ™!, which seems inexplicably large.
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Table 2. Summary of results from tests of VOC interferences in dry air.

Volatile organic ~ Scrubber Slope, S48, previous
compound ppb O3/ppb,VOC  ppb VOC/ppb O3 results

p-Xylene 2B Hopcalite 0.056 = 0.004 17.9

Thermo Electron (MnO,) 0.051 £0.003 19.6

Teledyne API (MnO5.) 0.046 £ 0.005 21.7

Heated graphite 0.012 +0.001 83.3

Phenol 2B Hopcalite 0.21£0.01 4.76
Thermo Electron (MnO,) 0.18 +0.01 5.56 7.7-14.3b

Teledyne API (MnO») 0.20+0.01 5.00

Heated graphite 0.051 £ 0.004 19.6
p-Tolualdehyde 2B Hopcalite 1.71£0.25 0.58 0.0-2.0¢
Thermo Electron (MnO,) 1.57+£0.43 0.63 1.25¢

Teledyne API (MnO») 1.54+0.10 0.65

Heated graphite 0.08 £0.02 12.5

0.28 +0.06¢ 3.6
o-Nitrophenol 2B Hopcalite 7.7£0.5 0.13  0.55-0.91°¢
Thermo Electron (MnO») 8.0+0.3 0.13 0.45°¢

Teledyne API (MnO,) 7.4+0.3 0.14

Heated graphite 1.1£0.3 0.91

274024 0.37

4§ =1/ slope, measured selectivity ratio. b Zdanevitch (2002). © Spicer et al. (2010). d Results from two different sets of graphite

tubes.

We did not pursue a more accurate GC-FID VOC quanti-
tation, as the heated graphite scrubber can still be assessed
on a relative basis to the conventional scrubbers from the ra-
tios of the slopes in Fig. 7. Assuming that the packed-bed
Hopcalite scrubber exhibits the theoretical selectivity factor
based on absorption cross sections for each VOC tested (re-
ported in Table 1), selectivity ratios of 83, 28, > 12, and
> 1.5ppb VOC/ppb O3 were estimated for p-xylene, phe-
nol, p-tolualdehyde, and o-nitrophenol, respectively, for the
heated graphite scrubber. In other words, it would require
a p-xylene concentration of 83 ppb to produce a signal of
1ppb O3 in an analyzer using a heated graphite scrubber
compared to a concentration of 20 ppb for the Hopcalite or
MnO; scrubbers.

We observed less than a 10 % difference between the re-
sponse ratios obtained with the Hopcalite and the two MnO,
thin-film screen scrubbers for both p-tolualdehyde and o-
nitrophenol in dry air. Spicer et al. (2010) report values of 0.8
and 0.0 to 0.5 ppb O3/ppb p-tolualdehyde in dry air when us-
ing the MnO; and Hopcalite scrubbers, respectively, which
is a difference of >30%. They also report values of 2.2
and 1.1 to 1.8 ppb O3/ppb o-nitrophenol for the MnO, and
Hopcalite scrubbers. This leads to differences ranging from
20 % to a factor of 2, contrary to that observed in the current
study. However, concentration levels of interfering VOCs
were quite low in the Spicer et al. (2010) study, ranging
from 7.6 to 14 ppb, and their measured apparent ozone mix-
ing ratios were <15 ppb. At these levels, small signal drifts,
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or the typical precision of £1 to 2 ppb in the ozone analyz-
ers, impart significant uncertainty in the measured response
ratio. It should be noted that the value of 0.8 ppb Oz/ppb p-
tolualdehyde reported in Spicer et al. (2010) for the MnO,
scrubber is also above the maximum theoretical response
based on the reported absorption cross sections by a factor
of 1.7 (1/S = 0.48, Table 1).

Zdanevitch (2002) reported a higher response for phenol
and other VOCs studied with ozone present and suggested
that photochemical production of stronger-absorbing com-
pounds within the optical cell may be responsible. Our exper-
iments with p-tolualdehyde and p-xylene failed to show such
evidence for photochemical behavior. Absorbances recorded
with both ozone and VOCs present were equivalent to the
sum of the absorbances when these components were mea-
sured individually within the precision of the analyzer. This
supports calculations that suggest negligible photochemistry
can occur due to the low photon flux and short residence time
in the 2B Technologies Model 202.

VOC interferences in humid air

Even at low humidity levels, water vapor is adsorbed to some
extent by most of the conventional solid-phase scrubbers.
This changes the surface characteristics of the solid phase,
which, in turn, can alter the adsorption and desorption of
other compounds. This is also dependent upon the proper-
ties of the species of interest — especially the particular com-
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Figure 8. (a) Plot of the temporal behavior of the apparent ozone at 38 % RH as 1.2 ppm of p-xylene is added (+ = 5 min) and then removed
(t = 15 min) from ozone-free air for various scrubbers. Inset: temporal decay of the fractional apparent ozone ([O3]o = initial concentration)
as a function of relative humidity upon addition of ~ 1.3 ppm of p-xylene to a Model 202 analyzer equipped with a packed-bed Hopcalite
scrubber. (b) Temporal behavior of the apparent ozone at 75 % RH as ~ 90 ppb of p-tolualdehyde was added (r = 5 min) and then removed

(t = 30 min) for various scrubbers.

pound’s volatility. For the most volatile compound studied,
p-xylene, even low levels of humidity caused the observed
interference (apparent ozone) to decrease over time. Fig-
ure 8a shows the temporal behavior of the apparent ozone
absorption upon addition of ~ 1 ppm of p-xylene in moder-
ately humid ozone-free air with an analyzer equipped with
a conventional packed-bed Hopcalite scrubber and Nafion.

www.atmos-meas-tech.net/10/2253/2017/

There is an initial spike in the signal that then decays over
time. The inset of Fig. 8a shows how this decay varied as a
function of RH. In each case, p-xylene was added to generate
an apparent ozone signal of ~ 80 ppb in dry air. The humid-
ity was then changed within 20 seconds, and the absorbance
decay was recorded. The apparent ozone decay was faster at
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higher humidity, suggesting that the presence of water causes
less p-xylene to be retained in the scrubber.

However, even at these higher water vapor concentra-
tions, the scrubber still accumulated p-xylene. This is ap-
parent upon turning off the p-xylene source, as a large neg-
ative absorbance was then observed (Fig. 8a). p-Xylene was
now slowly desorbing from the scrubber material, thus ab-
sorbing more light during the I, measurement relative to
1. This slow emission was also humidity dependent — be-
coming faster at higher relative humidity (data not shown).
Scrubbers from the Thermo Electron and Teledyne API in-
struments show similar behavior, except that the time re-
sponse is much faster (<2 min, Fig. 8a), presumably due to
the lower surface area of scrubber material. In fact, these
scrubbers were observed to pass p-xylene nearly quantita-
tively, similar to the graphite scrubber after about 5 min as
long as RH> 10 %. These scrubbers also showed rapid re-
lease of the p-xylene once the VOC exposure was discontin-
ued. However, the equilibration is rapid enough that, even at
low humidity, the effect of xylenes on hourly averaged am-
bient ozone measurements is likely negligible with these low
surface area scrubbers.

VOC responses with the heated graphite scrubber tend to
be relatively insensitive to changes in relative humidity. Fig-
ure 9 shows a 1 ppm p-xylene addition to an ozone analyzer
initially equipped with a Hopcalite scrubber at low RH (9 %),
giving an apparent O3 concentration of 67 ppb. The Hop-
calite was then exchanged for a heated graphite scrubber,
and the relative humidity varied over the following 95 min
where there is little to no RH-driven change in the observed
absorbance. A plot of the averaged signal versus relative hu-
midity yields a slope of 0.018 ppb apparent O3/% RH, where
a humidity change from 20 to 80 % only alters the apparent
ozone signal from 1 ppm of p-xylene by +1 ppb.

As the VOC becomes less volatile, the advantages of the
heated graphite scrubber become more significant. Experi-
ments with p-tolualdehyde indicated that a small amount of
humidity (RH =22 %) did not alter the behavior from that
observed in dry air for any of the various scrubbers. However,
as RH increased to 75 %, the coated MnQ, screen scrub-
bers showed a large increase, followed by a slow decay over
20-30min (Fig. 8b) — a behavior akin to the packed-bed
Hopcalite—p-xylene exposure discussed previously. These
scrubbers also exhibited a larger negative absorbance when
the p-tolualdehyde flow was removed, indicating release
of adsorbed p-tolualdehyde post-exposure, similar to the
Hopcalite—p-xylene temporal profiles. For phenol, the selec-
tivity for both the Hopcalite and MnO» scrubbers remained
constant regardless of humidity (data not shown). Even at
RH =75 %, the Hopcalite and MnO» scrubbers behaved sim-
ilar to dry air, quantitatively removing phenol and showing
no decay in the apparent O3 absorbance over at least 10 min.
We did not examine the behavior of o-nitrophenol with hu-
midity, but presume it would be similar to that of phenol.
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tive humidity of the air was varied as designated by the red vertical
dashed lines.

Although the conventional MnO» scrubbers with low sur-
face area appear to be compatible with the more volatile aro-
matics like xylene, their propensity to have uptake and re-
emission of less volatile compounds dependent upon humid-
ity levels is problematic in estimating ozone monitor biases.
The selectivity ratio described above is now a function of hu-
midity which varies in time. The wide variety of different at-
mospheric VOCs and their varying properties suggest that it
will be nearly impossible to quantitatively model or estimate
whether these scrubbers are consuming or releasing com-
pounds, i.e., whether ozone monitors are biased negatively
or positively. For example, Spicer et al. (2010) reported a de-
crease in the percent response ratio for the MnO, scrubber
from 0.8 to 0.1 ppb p-tolualdehyde/ppb O3 going from dry to
humid air. This lowering of the p-tolualdehyde absorbance
with RH was also observed in this study but was dependent
upon exposure time such that a single selectivity ratio cannot
be used. In contrast to the conventional solid-phase scrub-
bers, VOC interferences observed with the heated graphite
scrubber are virtually insensitive to humidity changes for all
the compounds studied. Although the graphite scrubber does
retain a small fraction of the VOCs, the lack of a humidity
dependence makes potential ozone monitor biases easier to
predict.

4 Conclusions

A new solid-phase scrubber based on graphite for use in con-
ventional ozone photometers was investigated and found to
effectively remove ozone, while offering significant advan-
tages over current ozone scrubbers with regard to species
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that typically interfere in ozone measurements. When heated
to 100-130 °C, the graphite scrubber quantitatively removed
ozone up to 500 ppb — well above the concentration levels re-
quired for most ambient or indoor monitoring studies. After
2 weeks of ambient measurements in a single-beam instru-
ment, slow oxidation of the graphite surface reduced its abil-
ity to completely remove ozone when operated at the lower
end of the temperature range studied (< 100 °C). However,
when operated at 130 °C, no loss of ozone removal efficiency
was observed up to exposures of 30 ppm h over 38 days, and
agreement with a conventional FEM analyzer was excellent
throughout the time period. The higher temperature likely
facilitates removal of lower-reactivity oxidized species from
the graphite surface either by enhancing desorption or the re-
action rate with ozone. Therefore, long-term measurements
require continuous operation near the maximum of 130 °C or
periodic regeneration of the scrubber by heating it to 150 °C
for 20-30 min. These conditions appear to be valid for both
single-beam and dual-beam monitors.

The major advantage of the heated graphite scrubber is its
ability to pass many of the known atmospheric interferences
that plague conventional solid-phase ozone scrubbers. Elim-
ination of small biases of a few ppb of ozone can be criti-
cal in marginal compliance situations where ambient ozone
is near the NAAQS. Water effects on ozone measurements
(through refractive index changes in the optical cell) were
virtually eliminated by use of the graphite scrubber, thereby
eliminating the need for humidity equilibration using Nafion.
Gas-phase mercury interference was <3 % of a packed-bed
Hopcalite scrubber and at least a factor of 2 better than other
conventional MnO, coated-screen scrubbers. The graphite
scrubber was also observed to consistently exhibit smaller
interferences in dry air for a series of substituted aromatic
compounds ranging in volatility and extinction coefficient.
The apparent ozone absorptions measured with the graphite
scrubber were typically a factor of 2.5 to 20 smaller than
those with the conventional Hopcalite or MnO; scrubbers.
Our results suggest that to generate an absorbance equivalent
to 1 ppb of ozone would necessitate concentrations of 83 ppb
of p-xylene, 28 ppb of phenol, > 12 ppb of p-tolualdehyde,
> 1.5ppb of o-nitrophenol, or > 25 ppt of mercury vapor.
These are nearly 3 or more times greater than typical ambient
concentrations for any of these species (Table 1).

The small VOC interference observed with the graphite
scrubber was also insensitive to humidity level. Although
the conventional commercial solid-phase scrubbers tended to
remove all of the aromatic VOCs studied in dry air, these
scrubbers tended to show less interferences at higher hu-
midity levels (i.e., less aromatic compounds retained in the
scrubber). This lowering of the interference was tied to the
particular VOC'’s intrinsic volatility and the surface area of
the solid-phase scrubber. Low-volatility compounds (such as
phenol) were retained regardless of humidity level, whereas
compounds with higher volatility (p-xylene) were nearly
quantitatively passed by the scrubbers using coated screens
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with low surface area. For compounds that were interme-
diate in volatility, such as p-tolualdehyde, the conventional
commercial scrubbers quantitatively removed the VOC at
low humidity (<40 % RH), but the coated-screen scrubbers
showed a slow equilibration at high water vapor concentra-
tions (>70% RH, fequii ~30min.). These also released p-
tolualdehyde upon ending exposure to the compound. These
results strongly suggest that these scrubbers tend to accumu-
late VOCs under drier conditions (creating a positive bias
in ozone analyzers) and then subsequently rerelease them as
humidity is increased (creating the possibility of a negative
bias). This complex behavior involving humidity and volatil-
ity is avoided by use of the heated graphite scrubber.

Although more work is needed to determine whether
the graphite scrubber can replace conventional solid-phase
scrubbers for long-term compliance monitoring, both the
lab and field studies presented here suggest that the heated
graphite scrubber has the potential to provide more accu-
rate ozone concentration measurements by reducing con-
ventional photometer susceptibility to many common inter-
ferences. The operating characteristics (flow, pressure, etc.)
of the heated graphite scrubber are also compatible with
most conventional ozone monitors. Reducing interferences in
ozone measurements is especially important for ozone mon-
itoring in highly polluted regions or in applications where
high levels of VOCs or mercury exist, such as in smog cham-
ber experiments, indoor environments, or near areas of mer-
cury contamination. It may also prove to be important in
areas of marginal noncompliance with ambient ozone stan-
dards.

Data availability. Experimental data presented here are available
upon request to the authors (andrewt@twobtech.com).
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