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We studied the oxidation of toluene, decane and car exhaust emissions.
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e Demonstrate and explain differences between the molecular
compositions of chlorine and OH oxidation products.
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State-of-the-art instrumentation including a Chemical lonisation Time-of-
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decane or car exhaust emissions were injected into the PACS-C3 chamber
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instrumentation. This has provided a comprehensive dataset demonstrating
the effects of chlorine oxidation in comparison with OH on VOC oxidation and
SOA formation.
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Instructions

Please limit the report to max 5 pages, you can include tables and figures. Please make sure to address any
comments made by the reviewers at the moment of the project evaluation (if applicable, in this case you
were informed beforehand). Please do not alter the layout of the document and keep it in Word version.
The report will be made available on the eurochamp.org website. Should any information be confidential or
not be made public, please inform us accordingly (in this case it will only be accessible by the European
Commission, the EUROCHAMP-2020 project partners, and the reviewers). Please include:

¢ Introduction and motivation

e Scientific objectives

¢ Reason for choosing the simulation chamber/ calibration facility
¢ Method and experimental set-up

» Data description

e Preliminary results and conclusions

¢ OQutcome and future studies

* References

Name of the PI: Sophie Haslett

Chamber name and location: PACS-C3, PSI, Switzerland

Campaign name and period: Chlorine oxidation campaign 01/04/2019 — 19/04/2019
Text:

EUROCHAMP-2020 - The European Distributed Infrastructure for Experimental Atmospheric Simulation
CNRS-LISA - Faculté des Sciences — 61 avenue du Général De Gaulle F-94010 Créteil CEDEX
http://www.eurochamp.org - follow us on Twitter https://twitter.com/EUROCHAMP2020



http://www.eurochamp.org/
https://twitter.com/EUROCHAMP2020
mailto:eurochamp2020@lisa.u-pec.fr

JNIsyrinn o el Syl
Shambers jur Inuesiyaidny ANlsuilsris Processes.
Towareds 2020 and D2y

EUROCHAMP
2020

The molecular composition of products formed from chlorine oxidation

Introduction and motivation

The chlorine radical can act as a powerful oxidant, reacting with some volatile organic compounds
(VOCs) such as toluene at a rate up to an order of magnitude faster than more prevalent oxidants
such as the hydroxy radical (OH) and ozone (Baker et al., 2016; Dhulipala et al., 2019). In the
atmosphere, natural chlorine concentrations are typically low. Recent measurement campaigns,
however, have shown that the concentration of particulate chloride in megacities including Beijing
(Le Breton et al., 2018) and Delhi (Gani et al., 2018) can be considerable, with concentrations
exceeding 100 pug m™ being observed in Delhi during the winter. This particulate chloride is formed
from gaseous chlorine compounds in the atmosphere. Under these conditions, chlorine oxidation is
likely to become a major oxidation pathway and therefore have a significant impact on the
composition of secondary organic aerosols (SOA) formed in the urban haze. Nevertheless, very few
controlled chamber experiments have been carried out to assess the chemical products of chlorine
oxidation (Wang and Hildebrandt Ruiz, 2018).

Chlorine radicals in the atmosphere can originate from nitryl chloride (CINO;), a compound that
builds up overnight from N,Os (itself a product of NO; and O3s) reacting at the surface of chlorine-
containing particles. The CINO, compound breaks apart photolytically at sunrise, which liberates the
chlorine radical. Therefore, chlorine oxidation follows a diurnal cycle, with a spike in oxidation
activity in the early mornings (e.g. Faxon & Allen 2013, Le Breton et al., 2018).

We carried out a field campaign over the winter of 2018-2019 in Delhi, during which we observed
high concentrations of CINO; and other chlorine-containing compounds. A diurnal cycle was
observed, with CINO; increasing during the night and decreasing at sunrise. A Time-of-Flight Mass
Spectrometer with a Filter Inlet for Gases and AEROsols (FIGAERO-CIMS) and an Extractive
ElectroSpray lonisation Mass Spectrometer (EESI-MS) were used to monitor these precursors and the
resulting SOA.

Using the PACS-C3 chamber, we simulated the Delhi atmosphere in a controlled environment to
identify differences between chlorine- and OH-initiated oxidation. The same instrumentation was
employed during these chamber experiments as were used in the field, with the addition of a
Volatility Tandem Differential Mobility Analyser (VTDMA) to analyse particle volatilty. The results will
help us both to identify the extent to which chlorine drives SOA formation in Delhi during the winter,
and improve the general understanding of chlorine oxidation.

Scientific objectives

The scientific objectives of this campaign include:

1. To demonstrate and explain differences in molecular composition between chlorine- and OH-
initiated oxidation products.

2. To explore other differences between the two oxidation pathways, including reaction rates
and the volatility properties of the products.

3. To establish that CINO; can be created from reacting ammonium chloride (NH4Cl) particles
with N,Os (created from the reaction of NO, and O3) in the chamber environment.

4. To use results from these experiments to inform the analysis of data from our field campaign
in Delhi, thereby establishing the extent to which chlorine oxidation controls the composition
of the urban Delhi haze.
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Reasons for choosing this simulation chamber

The PSI-SCACS is a 9 m? teflon chamber, suspended in a temperature-controlled enclosure. It was
designed to simulate the formation and growth of secondary organic aerosol particles under polluted
conditions. The chamber can be connected to a number of different monitoring instruments. Both
simple and complex SOA precursors, including combustion engine exhaust, can be injected into the
chamber. Previous experiments have shown the chamber to be valuable in monitoring
photochemistry based on OH and ozone (Platt et al., 2014; Platt et al., 2017), which will provide
valuable reference points for this campaign. The chamber can be operated at a range of
temperatures (0-40 °C), relative humidities (0-100%) and light conditions, making it possible to
simulate various atmospheric conditions closely. All of these properties make this chamber an ideal
choice for these experiments.

Method and experimental setup

We formed CINO; inside the chamber from the reaction between NH,4Cl seed particles and N,Os.
These were generated, respectively, from nebulising an NH4Cl solution and from the reaction
between N, and Os. The chamber was kept dark for up to an hour to allow CINO, to form. After this,
we added VOCs and switched on the UV lights in the chamber, photolysing CINO, to produce
chlorine radicals (Cl), which went on to oxidise the VOCs. We investigated three VOC types: toluene,
decane and VOCs from car exhaust emissions. For comparison, we investigated OH oxidation by
injecting nitrous acid (HONO) and using ammonium sulphate ((NH4)2S04) seed particles. Aerosol
particles and trace gases were sampled directly from the chamber by a suite of instrumentation (see
Table 1) including the FIGAERO-CIMS and the VTDMA.

Instrument Data

FIGAERO CIMS Molecular composition of gas- and particle-phase compounds

VTIDMA Aerosol volatility

Aerosol Mass Spectrometer Quantitative bulk aerosol composition (organics, sulphate,
nitrate, chloride, ammonium)

Extractive ElectroSpray Molecular composition of particle-phase compounds

lonisation Mass Spectrometer

Proton-Transfer-Reaction Composition of VOCs

Mass Spectrometer

Ozone monitor Ozone concentration

NO, monitor Concentration of NO and NO,

Scanning Mobility Particle Aerosol size distribution

Sizer

Table 1: Instrumentation used to monitor chamber contents.

Data description

Twelve experiments were carried out, with one oxidant and one precursor being used in each case. In
some cases, further VOCs or oxidants were introduced near the end of the experiment run. Data
from the FIGAERO-CIMS were successfully collected from the second day onwards. The experimental
schedule is shown in Table 2.

Date Oxidant Precursor Notes

2019-04-03 Nitrate campaign overrun
2019-04-04 Nitrate campaign overrun
2019-04-05 Testing CINO; generation
2019-04-06 Testing CINO; generation

2019-04-07 Chlorine Toluene Also testing CINO; generation
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2019-04-08 Chlorine Toluene
2019-04-09 Chlorine Toluene Car emissions included later in the day
2019-04-10 Chlorine Car exhaust
2019-04-11 Chlorine Car exhaust
2019-04-12 OH Car exhaust Alpha pinene included later in the day
2019-04-13 Chlorine Toluene
2019-04-14 Day for testing Cl production
2019-04-15 OH Toluene
2019-04-16 Chlorine Decane OH added later in the day
2019-04-17 Chlorine Decane
2019-04-18 OH Toluene
2019-04-19 CINO; generation tested at different relative humidities

Table 2: The experimental schedule.

The duration of this campaign was several days longer than originally planned. This was for a number
of reasons: two days were added as a result of the preceding NO3 oxidation campaing overrunning
due to delays in the arrival of our instruments at PSI. Secondly, two test experiment days were added
to ensure that we could sufficiently generate enough CINO; for our experiments. We continued work
on the campaign during the weekends, which increased the total number of chamber TNA days for
this campaign from 11 to 17.

Preliminary results and conclusions

Our method for generating CINO; in the chamber was successful. While the compound is thought to
be formed in the atmosphere from interaction between chlorine-containing particles and N,Os, this
is the first time, to our knowledge, that it has been successfully generated in this way in a laboratory
setting. The resulting CINO, behaved as it does in the atmosphere, building up in the dark and then
breaking apart photolytically when the UV lights were switched on. Figure 1 shows this process from
an experiment on 9" April. The CINO, production starts as soon as the O3 and NO; have been
injected into the chamber, creating N,Os. The decrease can be seen as soon as the UV lights are
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Figure 1: Key gas phase species measured by the FIGAERO-CIMS during the experiment on 9t April. The concentration of
CINO; can be seen rising after the injection of ozone, and falling again when the UV lights come on, due to photolysis.

Figure 2 shows the bulk aerosol composition, as measured by the Aerosol Mass Spectrometer (AMS)
for the same experiment on 9t April. Here, the organic aerosol concentrations start to increase
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dramatically when the lights come on, due to rapid oxidation of the toluene precursor by chlorine

radicals.
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Figure 2: AMS results from the experiment on 9t April. Traces show concentrations of organic aerosol (Org), nitrate (NO3),
sulfate (SO4), ammonium (NH4) and chloride (Chl). The chloride and ammonium traces show the presence of the NH ,C/

seed. This decreases as N;Os begins to form. When the chlorine radicals are liberated by the UV lights, there is a steep
increase in the concentration of organic aerosol.

Figure 3 shows the mass spectra of SOA formed from car exhaust emissions, from both chlorine- and
OH-initiated oxidation. Further analysis will show the similarities and differences between these
mass spectra in more detail. Some chlorine-containing products have been identified; for example,
C,CIH30; is present in the gas phase. This has been observed in previous studies (e.g. Le Breton et
al., 2018; Priestley et al., 2018) and was present in winter 2018-2019 during our field campaign in
Delhi. This suggests that certain compounds may be identifiable as tracers for chlorine oxidation.
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Figure 3: A comparison of the particulate mass spectra produced by chlorine oxidation and OH oxidation, as measured by
the FIGAERO-CIMS.
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Outcomes and future studies

While the analysis of this dataset is still in progress, early results suggest that it will provide a
significant and important insight into the properties of chlorine oxidation products. This study
highlights key differences between chlorine oxidation and the more typical OH oxidation pathway,
and represents one of the first attempts to study atmospherically-relevant chlorine oxidation in a
chamber. Early results from this study will be presented at an international conference (EAC,
Gothenburg, in August 2019) and a number of journal publications based on these results are in
progress. Furthermore, these results will contribute beneficially towards the interpretation of data
from our fieldwork campaign in Delhi.

References

Baker, A. K., Sauvage, C., Thorenz, U. R, van Velthoven, P., Oram, D. E., Zahn, A., Brenninkmeijer, C. A. M. and
Williams, J.: Evidence for strong, widespread chlorine radical chemistry associated with pollution outflow from
continental Asia, Sci. Reports., 6, 36821, https://doi.org/10.1038/srep36821, 2016.

Dhulipala, S. V., Bhandari, S. and Hildebrandt Ruiz, L.: Formation of oxidized organic compounds from Cl-
initiated oxidation of toluene, Atmos. Environ., https://doi.org/10.1016/j.atmosenv.2018.11.002, 2019.

Faxon, C. B. and Allen, D. T.: Chlorine chemistry in urban atmospheres: a review, Environ. Chem., 10, 3, 221-
233, https://doi.org/10.1071/EN13026, 2013.

Gani, S., Bhandari, S., Seraj, S., Wang, D. S, Patel, K., Soni, P., Arub, Z., Habib, G., Ruiz, L. H. and Apte, J. S.:
Submicron aerosol composition in the world's most polluted megacity: The Delhi Aerosol Supersite campaign,
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1066, 2018.

Le Breton, M., Hallquist, A. M., Pathak, R. K., Simpson, D., Wang, Y., Johansson, J., Zheng, J., Yang, Y., Shang, D.,
Wang, H., Liu, Q., Chan, C., Wang, T., Bannan, T. J., Priestley, M., Percival, C. J., Shallcross, D. E., Lu, K., Guo, S.,
Hu, M. and Hallquist, M.: Chlorine oxidation of VOCs at a semi-rural site in Beijing: significant chlorine liberation
from CINO2 and subsequent gas- and particle-phase CI-VOC production, Atmos. Chem. Phys., 18, 13013-13030,
https://doi.org/10.5194/acp-18-13013-2018, 2018.

Platt, S. M., El Haddad, I., Pieber, S. M., Huang, R.-J., Zardini, A. A., Clairotte, M., Suarez-Bertoa, R., Barmet, P.,
Pfaffenberger, L., Wolf, R., Slowik, J. G., Fullter, S. J., Kalberer, M., Chirico, R., Dommen, J., Astorga, C.,
Zimmermann, R., Marchand, N., Hellebust, M. S., Temime-Roussel, B., Baltensperger, U. and Prévot, A. S. H.:
Two-stroke scooters are a dominant source of air pollution in many cities, Nature Communications, 5, 3749,
https://doi.org/10.1038/ncomms4749, 2014.

Platt, S. M., El Haddad, I., Pieber, S. M., Zardina, A. A., Suarez-Bertoa, R., Clairotte, M., Daellenbach, K. R.,
Huang, R.-J,, Slowik, J. G., Hellebust, S., Temime-Roussel, B., Marchand, N., de Gouw, J., Jimenez, J. L., Hayes, P.
L., Robinson, A. L., Baltensperger, U., Astorga, C. and Prévot, A. S. H.: Gasoline cars produce more carbonaceous
particulate matter than modern filter-equipped diesel cars, Scientific Reports, 7, 4926, https://doi.org/10.1038,
2017.

Priestley, M., Le Breton, M., Bannan, T. J., Worrall, S. D., Bacak, A., Smedley, A. R. D., Reyes-Villegas, E., Mehra,
A, Allan, J., Webb, A. R, Shallcross, D. E., Coe, H. and Percival, C. J.: Observations of organic and inorganic
chlorinated compounds and their contribution to chlorine radical concentrations in an urban environment in
northern Europe during the wintertime, Atmos. Chem. Phys., 28, 13481-13493, https://doi.org/10.5194/acp-
18-13481-2018, 2018.

Wang, D. S. and Ruiz, L. H.: Chlorine-initiated oxidation of n-alkanes under high-Nox conditions: insights into
secondary organic aerosol composition and volatility using a FIGAERO-CIMS, Atmos. Chem. Phys., 18, 15535-
15553, https://doi.org/10.5194/acp-18-15535-2018, 2018.

EUROCHAMP-2020 - The European Distributed Infrastructure for Experimental Atmospheric Simulation
CNRS-LISA - Faculté des Sciences — 61 avenue du Général De Gaulle F-94010 Créteil CEDEX
http://www.eurochamp.org - follow us on Twitter https://twitter.com/EUROCHAMP2020



http://www.eurochamp.org/
https://twitter.com/EUROCHAMP2020

	The molecular composition of products formed from chlorine oxidation
	Introduction and motivation
	Scientific objectives
	Reasons for choosing this simulation chamber
	Method and experimental setup
	Data description
	Preliminary results and conclusions
	Outcomes and future studies
	References


