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Highlights

* The loss degree of PAN signal in a TD-CIMS caused by NO is tested and
quantified.

* TD-CIMS is applicable for PAN measurement in urban areas with necessary
correction.

e The PAN formation efficiency in urban Hong Kong increased with NO>
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Abstract

Peroxyacetyl nitrate (PAN) is an important indicator of photochemical smog and has
adverse effects on human health and vegetation growth. A rapid and highly selective
technique of thermal dissociation—chemical ionization mass spectrometry (TD-CIMS)
was recently developed to measure the abundance of PAN in real time; however, it
may be subject to artifact in the presence of nitric oxide (NO). In this study, we tested
the interference of the PAN signal induced by NO, evaluated the performance of
TD-CIMS in an urban environment, and investigated the concentration and formation
of PAN in urban Hong Kong. NO caused a significant underestimation of the PAN
signal in TD-CIMS, with the underestimation increasing sharply with NO
concentration and decreasing slightly with PAN abundance. A formula was derived to

link the loss of PAN signal with the concentrations of NO and PAN, which can be

used for data correction in PAN measurements. The corrected PAN data from
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TD-CIMS were consistent with those from the commonly used gas chromatography
with electron capture detection, which confirms the utility of TD-CIMS in an urban
environment in which NO is abundant. In autumn of 2010, the hourly average PAN
mixing ratio varied from 0.06 ppbv to 5.17 ppbv, indicating the occurrence of
photochemical pollution in urban Hong Kong. The formation efficiency of PAN
during pollution episodes was as high as 3.9 to 5.9 ppbv per 100 ppbv ozone. PAN
levels showed a near-linear increase with NOx concentration, suggesting a control

policy of NOx reduction for PAN pollution.

Keywords TD-CIMS, Peroxyacetyl nitrate, Interference, Photochemical pollution,

Formation efficiency

1 Introduction

Peroxyacetyl nitrate (PAN), produced from photochemical reactions of volatile
organic compounds in the presence of NOx, is a major air pollutant in photochemical
smog and acts as an indicator of photochemical pollution [1]. Being a strong oxidant,
PAN affects human health, especially the eyes, skin, and respiratory system [2,3]. It
also has adverse effects on vegetation by damaging leaves, thereby suppressing
growth [4,5]. In addition, as one of the oxidation products of NOx, PAN contributes a
significant fraction of the total reactive odd nitrogen species in the boundary layer [6]
and affects nitrogen recycling and long-range transport [7,8]. Because of its

significant environmental effects, a number of studies have been conducted in
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America, Europe, and Asia to investigate the concentrations and variations of PAN, to
understand its origins and formation mechanisms, and finally to provide guidelines for
PAN pollution control [9-11].

The measurement of PAN is commonly conducted with gas chromatography with
electron capture detection (GC-ECD), which is a sensitive technique with relatively
high temporal resolution (normally 5 to 10 minutes) that has been well developed and
widely used in field studies on PAN in recent decades [12-14]. However, the ECD
signals of PAN suffer from potential interference from other molecules with high
electron affinity (e.g., halogenated hydrocarbons and organic nitrates) [14,15].
Furthermore, the great variability in PAN abundance, for example, in urban areas or
during aircraft measurement, has highlighted the urgent need for a faster analytical
technique [16]. With the wide use of mass spectrometry for on-line measurements of
air pollutants [17], thermal dissociation—chemical ionization mass spectrometry
(TD-CIMS) was recently developed by Slusher et al. to detect the concentrations of
PAN and other peroxy acyl nitrates with high selectivity and a very high temporal
resolution (as fast as several seconds) [18]. This technique has been successfully used
in several field campaigns on pollution transport at Mount Bachelor Observatory [19],
on eddy covariance flux above forests [20,21], and on PAN budget on a ponderosa
pine plantation [22]. An optimized TD-CIMS has been well characterized by internal
standard calibrations involving *C-labelled synthetic PAN and is capable of
simultaneously measuring the abundances of PAN, peroxypropionyl nitrate (PPN),

peroxyisobutyryl nitrate (PiBN), peroxy-n-butyryl nitrate (PnBN), peroxyacryloyl
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nitrate (APAN), peroxycrotonyl nitrate (CPAN), and peroxymethacryloyl nitrate
(MPAN) [15]. The fast mass spectrometry detection is particularly suitable for
aircraft- and vehicle-carried measurements [23]. Despite these advantages, significant
interference exists in PAN measurements due to the rapid reactions between the
thermal dissociated radicals or reagent ions and the ambient trace gases. Phillips et al.
(2013) has confirmed that peroxyacetic acid (PAA) interferes with PAN measurement
by TD-CIMS with an error of ~4% [24]. Regarding the more abundant nitric oxide
(NO) [15,18], determining the interference accurately requires careful testing and
evaluation.

Urban areas are often characterized by intensive emissions of anthropogenic NOy
and volatile organic compounds due to the great amount of human activity and
industrial production [25]. As a result, urban areas and their downwind regions are
prone to suffer from photochemical pollution [26]. In this study, both laboratory tests
and field measurements were conducted to quantify the underestimation in the PAN
signal from TD-CIMS caused by NO interference and to evaluate the performance of
TD-CIMS for PAN measurements in an urban environment with abundant NO. The
concentrations and variations of PAN and related trace gases in urban Hong Kong in
the autumn of 2010 are presented, and the formation efficiency of PAN during several

pollution episodes is investigated in detail.

2 Experiment and methods
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2.1 Laboratory and field measurements

The laboratory tests and field measurements were both conducted at an urban site in
Hong Kong. Detailed information on the measurement site is given in our previous
study [27]. Briefly, the site was situated at the Hong Kong Polytechnic University. To
the south is a harbor and a cross-harbor tunnel. Therefore, when a south wind
prevailed, a NOx-rich plume appeared with a larger fraction of NO.

The laboratory tests were carried out by manually inputting certain concentrations
of synthetic PAN with the addition of known concentrations of NO. The mixed gas
samples were measured with TD-CIMS and other nitrogen oxide analyzers. The field
measurements of PAN, related trace gases, and meteorological parameters began on
Oct. 15, 2010 and ended on Dec. 5, 2010 during a period of severe photochemical

pollution.

2.2 TD-CIMS configuration

The TD-CIMS deployed in this study was developed by the L. Gregory Huey group
[18]. It is based on soft and selective ion-molecule reactions between the thermally
dissociated products of the target compounds and the reagent ion, with the produced
ions (or cluster ions) detected by mass spectrometry. Figure 1 presents a schematic
diagram of the TD-CIMS used to measure the ambient PAN. lodide ions were
generated by passing a small flow of 0.3% CHzsl in nitrogen through an alpha source
(Po-210, 370 MBqg, NRD) and were used as the reagent ions. The counts of the

reagent ion cluster 1(H.O)" were monitored throughout the campaign and were
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normally in the range of 1.5-2.5x10° Hz. Air samples were drawn into the TD-CIMS
at a flow rate of 1.5 standard liter per minute (SLPM) through a Teflon tube (3/8”
outside diameter), with an additional flow of 7.7 SLPM to the exhaust tube. The last
part (15 cm in length) of the Teflon sampling inlet (before the flow tube) was heated
to 180 <C, leading to the complete thermo-decomposition of PAN (R1). The generated
acetylperoxy radical (CH3C(O)O>) reacted with I” in the flow tube at ~20 Torr. The
produced acetate ions (via R2) passed through a collisional dissociation chamber with
an axial electric field of ~25 V cm™ at <0.5 Torr and were then detected with a
quadruple mass spectrometer at 59 amu. Note that the same TD-CIMS was also used
to measure the sum of dinitrogen pentoxide and nitrate radical (N2Os+NQO3) at 62 amu
in this field campaign [27].
CH,C(0)O,NO, + M — CH,C(0)0, +NO,+ M (R1)

CH,C(0)0, + I” — CHyC(0)0™ + 10 (R2)
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Fig. 1 Schematic diagram of the TD-CIMS used for laboratory tests and field

exhaust

mechanical
pump

ultraviolet
lamp

acetone

measurements.



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

Figure 2 shows the signal peak of the mass-to-charge ratio at 59 amu, which was
well separated from the adjacent peaks. Note that the ion-molecule reaction products
of thermal dissociated peroxy radicals of APAN, PPN, MPAN/CPAN, and
PiBN/PnBN can also be detected at 71, 73, 85, and 87 amu, respectively; however,

they are not included in this study due to the lack of standard sources for calibration.
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Fig. 2 Mass spectra of ambient air by TD-CIMS in urban Hong Kong during daytime
and nighttime.

The background PAN signal at 59 amu was determined once per hour via addition
of a small flow of NO (1000 ppm, 5 sccm) to the sample flow. The NO titrated
acetylperoxy radicals and thus PAN. During the field measurement, the average
background signal of PAN was 67.5 38.4 Hz (mean =+ SD), which was very low
compared to the sample signal. The low background suggests that the measurement of
PAN by TD-CIMS was little influenced by PAA in ambient air.

In this study, the sensitivity of PAN measured by TD-CIMS was calibrated once per
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week by introducing diluted synthetic PAN in zero air. The PAN was synthesized
from a PAN calibrator (Meteorologie Consult GmbH) based on the reactions between
NO and the photolysis products of acetone in ultrapure air with a Pen-Ray lamp. The
concentrations of PAN introduced to the TD-CIMS were determined simultaneously
by a NOx analyzer equipped with a blue-light converter and a NOy analyzer equipped
with a molybdenum converter (42CY, Thermo Environmental Instruments (TEI)).
Figure 3 presents an example of PAN calibration conducted on the night of Nov. 14,
2010 with a reagent ion cluster I(H,0) of 1.5x10° Hz. Note that there was a
significant positive offset in the scatterplot of the 59 amu signal versus the PAN
concentration, which is mainly attributed to excess acetylperoxy radicals and the
reaction products with RO2 and HO: radicals in the calibration system. Therefore,
when sampling the synthetic PAN from photolytic source, relative signals of 59 amu
were used (i.e., deducting the “background” at zero PAN concentration). During the
field measurements in urban Hong Kong, the average (¥SD) sensitivity of TD-CIMS
for PAN was 3.5 £0.7 Hz/pptv. Based on this sensitivity and three times the SD of the
background signal, the typical detection limit of PAN over a 6-second average time
was estimated to be 33 pptv in an urban environment. It was noticed that the
temperature in the flow tube could apparently influence the effective rates of the
ion-molecule reactions and thus alter the sensitivity. To avoid significant variation in
the PAN sensitivity, for this study, two air conditioners were installed at the
measurement site to keep the room at a constant temperature, and the flow tube was

packed with insulation materials to reduce heat loss. However, the variation in the
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reagent ion cluster abundance during the measurement periods and the difference
from that during calibrations are sources of some uncertainty in the measurement data

[15].
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Fig. 3 Raw signal at 59 amu for PAN calibration in the night of Nov. 14, 2010. Insert

shows the calibration curve.

2.3 Ancillary instruments

Several other instruments were also used in this study. To evaluate the performance of
TD-CIMS in an urban environment, the ambient PAN concentration was
simultaneously determined with a commercially available GC-ECD PAN-Analyzer
(Meteorologie Consult GmbH). The detection limit of the GC-ECD analyzer was 50
pptv, with an uncertainty of 15%. A detailed introduction to GC-ECD PAN-Analyzer
can be seen in our previous study [28]. Ozone was analyzed by the UV photometric
method (49i, TEI). NO and NO- were measured using a chemiluminescence technique

(42i, TEI) coupled with a blue light converter (Air Quality Design) [29]. Solar
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radiation and the temperature were determined with a pyranometer (LI1-200, LI-COR)

and a temperature probe (41382VC/VF, M.R. YOUNG), respectively.

3 Results and discussion

3.1 Interference caused by NO and data correction

NO causes major interference in the measurement of ambient PAN in TD-CIMS. It
depletes the PAN signal at 59 amu (i.e., the signal of the acetate ion) due to the fast
reaction between acetylperoxy radicals and NO in the heated inlet and thus causes
underestimation of the measured PAN data [18]. To examine the degree of
interference of the PAN signal caused by NO, tests were conducted in the laboratory
by sampling a mixed gas of synthetic PAN in levels of 0.61 and 1.62 ppbv with
different concentrations of NO: 0, 5, 10, 20, 30, 60, 90, 120, and 150 ppbv.

The interference tests demonstrate the remarkable loss in the PAN signal by
TD-CIMS, which increased sharply with the NO concentration and decreased slightly
with the PAN abundance (as shown in Fig. 4). For 1.62 ppbv PAN, the loss of the
PAN signal increased to 23% when the NO concentration was 10 ppbv, and it reached
83% when the NO concentration was 50 ppbv. Note that the observed loss was higher
than that estimated by Slusher et al. [18]. Based on the test results, a formula (Eql) is
derived here to describe the quantitative relationship of the loss percentage with the

concentrations of NO and PAN in the sample flow (both in ppbv).

] i ( 404121 ®
Loss = 1— 0.98 X e (in([vol =3.85) +(1.65 +0.013 7 (1000 % [PAN])°4:% ) ) (Eq1)

11
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Fig. 4 The effect of NO and PAN concentration on signal loss at 59 amu.

During field measurements in urban Hong Kong, the NO concentration was very
high during late autumn, with an average mixing ratio of 21.6 ppbv. Consistent with
the laboratory tests, a remarkable loss (a sharp trough) in the PAN signal was
frequently observed during high-NO conditions in the morning. To evaluate the
performance of TD-CIMS in PAN measurements in an urban environment with
consideration of NO interference, the original PAN data from TD-CIMS were
corrected with Eql. The corrected PAN data were calculated with an iterative method,
that is, by repeatedly inputting the outputted PAN value until they were almost the
same (less than 1% difference in PAN concentration between two consecutive
calculations). After correction, the measured PAN concentrations from TD-CIMS
agreed well with those determined from the GC-ECD PAN Analyzer (slope = 0.98
and R? = 0.91 for the hourly average data; see Fig. 5). This agreement confirms that

the NO reaction was responsible for most of the interference in the PAN

12



235 measurements by TD-CIMS and that the derived formula can be used for data

236  correction.
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238  Fig. 5 Scatter plot of corrected PAN concentration by TD-CIMS versus that by

239  GC-ECD.

240 Overall, TD-CIMS is a reliable technique to determine the atmospheric PAN in an
241 urban environment with necessary correction. In addition, the field measurements of
242 PPN, APAN, MPAN/CPAN, and PiBN/PnBN by TD-CIMS are also believed to be
243  feasible in an urban atmosphere if standard sources are available.

244

245 3.2 Concentrations and variations

246  Figure 6 presents the time series of the PAN concentration measured by TD-CIMS
247  (after correction for the interference caused by NO, as with the data below), the
248  mixing ratios of related trace gases, and the meteorological parameters at the urban
249 area in Hong Kong between Oct. 15 and Dec. 5, 2010. As shown, the PAN

250  concentration in urban Hong Kong exhibited large variations, with a maximum hourly

13
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concentration of 5.17 ppbv and a minimum close to the detection limit. During the
50-day measurement period (excluding 11 Nov. due to a lack of data), there were 3
days in which the peak PAN concentration exceeded 4 ppbv and 14 days in which the
peak PAN concentration was above 2 ppbv. Generally, the PAN concentration peaks
appeared with elevated levels of ozone, moderately high levels of NO2, and low
concentrations of NO, in combination with intensive solar radiation and high
temperature (above 24 <C). During the entire sampling period, the average
concentration of PAN at this urban site was 0.90 ppbv, comparable to or slightly lower
than those at urban sites in Beijing, Seoul, and Los Angeles [11,30,31] but
substantially higher than that measured during the same season at a background site in
southeast Hong Kong [32]. The relatively high levels of PAN observed in this study
confirm the severe photochemical pollution during autumn in Hong Kong and suggest
that there is a potential hazard to human health and vegetation production from PAN

and other photochemical oxidants.
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Fig. 6 Time series of concentrations of PAN, O3z, NO, and NO, and meteorological
parameters of solar radiation and temperature for the field measurements.

The average diurnal profiles of PAN and other trace gases are shown in Fig. 7. As
depicted, PAN presents a broad concentration peak in the early afternoon, with a
maximum value of 1.46 ppbv at 14:00 local time. PAN reached a maximum at the
same time as ozone, because both were produced from photochemical reactions
involving volatile organic compounds and NOx. NO. and NO presented two
concentration peaks during the morning and late afternoon rush hours. When the NO
concentration peaks appeared, there were two valleys in the Oz concentration but not

in the PAN concentration.
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Fig. 7 Diurnal variation of PAN, Oz, NO, and NO for the field measurements. Error

bars represent half of the standard error.

3.3 Formation efficiency during pollution episodes

15
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Both PAN and ozone are produced from photochemical processes involving NOx and
VOCs. However, they have different precursor VOCs and production efficiencies. The
photochemical production efficiencies of PAN and ozone can be reflected in the
correlation between them. To understand the formation efficiency of PAN in urban
Hong Kong, scatterplots were drawn to show the relationship between PAN and ozone
during the daytime period (10:00 to 19:59 local time) for the 3 most polluted episodes
(Oct. 24, Nov. 22, and Dec. 2). As shown in Fig. 8, the PAN concentration exhibited a
very high correlation with the ozone mixing ratio (R? > 0.8). The slope of PAN versus
ozone was in the range of 0.039 to 0.059, indicating that 3.9 to 5.9 ppbv PAN was
produced when 100 ppbv ozone formed via photochemical reactions. Furthermore, the
PAN formation efficiency increased nearly linearly with the NO> level. During the
daytime of Oct. 24, Nov. 22, and Dec. 2, the relative formation efficiency of PAN was
3.9, 5.1, and 5.9 ppbv per 100 ppbv ozone, respectively, with concurrent average NOx
concentrations of 44.4, 60.4, and 67.1 ppbv, respectively. The PAN formation
efficiency in urban Hong Kong was comparable with those observed in urban and
suburban areas in China (e.g., Beijing, Lanzhou) [11,28,33] but significantly higher
than those observed at rural, coastal, and mountain sites [32,34,35]. The enhanced
PAN formation and PAN concentration caused by elevated levels of NOy in urban
areas emphasize the need to reduce NOx emissions to mitigate PAN pollution in Hong

Kong.

16



301

302

303

304

305

306

307

308

309

310

311

312

313

314

| | | | |

7 @ Oct/24 slope=0.039 R*=0.89 NO,=44.4 ppbv =
Nov/22 slope=0.051 RZ:O.86 NO,=60.4 ppbv

6~ 4 Dec/02 slope=0.059 R: 0.81 NO,=67.1 ppbv 1

>

PAN/ppbv

0 20 40 60 80 100 120
O,/ppbv

Fig. 8 Scatter plots of PAN versus ozone for three pollution episodes on Oct. 24, Nov.

22, and Dec. 2, 2010. The slope indicates the relative formation efficiency of PAN.

4 Summary and conclusions

Laboratory tests and field measurements of PAN were conducted to evaluate the
interference and performance of the recently developed TD-CIMS in an urban
environment and to understand the abundances and formation of PAN in urban Hong
Kong. The underestimation of PAN signals at 59 amu by TD-CIMS was examined by
adding known concentrations of NO to synthetic PAN. The loss of the PAN signal was
rather large in the presence of NO. For 1.62 ppbv PAN, when NO was 10 and 50 ppbv,
the loss reached 23% and 83%, respectively. According to the test results, a formula
was derived to quantify the relationship between the PAN signal loss and the

concentrations of NO and PAN, which can be used to correct the PAN data detected
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by TD-CIMS. After correction, the PAN data obtained from TD-CIMS agreed well
with those measured by GC-ECD, indicating that TD-CIMS is generally a reliable
technique with very high temporal resolution for PAN measurements in an urban
atmosphere. During field measurements in autumn of 2010, the average concentration
of PAN in urban Hong Kong was 0.91 ppbv, with a maximum hourly value of 5.17
ppbv. The moderately high concentrations of PAN demonstrate the presence of
photochemical pollution in the study area. The concentration peak of PAN usually
appeared in the early afternoon, corresponding to the ozone peaks. In the three severe
pollution episodes with peak PAN above 4 ppbv, the relative formation efficiency of
PAN was in the range of 3.9 — 5.9 ppbv per 100 ppbv ozone. The PAN formation
efficiency rose almost linearly with NOyx abundance, highlighting the need to control

NOx to mitigate PAN pollution in Hong Kong.
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