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Abstract

Particulate matter in the atmosphere is also one of the main components of air pollution.
The inclusion of aerosols in global climate models is still at its infancy due to large
uncertainties in particle properties, especially regarding organic aerosol of secondary origin.
Therefore, studies are needed to improve our knowledge of aerosol physicochemical and
optical properties that may help understand their impacts on both air quality and climate.
In this work, one of the aims is to develop a developed custom-designed incoherent
broadband cavity-enhanced absorption spectroscopy (IBBCEAS) instrument, and to apply
it to the in situ measurement of aerosol extinction near the ground surface in effort to
address the issue of missing data in the light detection and ranging (Lidar) blind zone in
the first hundreds of meters of the observation range. Combined measurements of aerosol
extinction at the same location using Lidar remote sensing at 355 nm and in situ IBBCEAS
operating in the UV spectral region around 370 nm showed results with a good correlation
(R? = 0.90) between the two measurement techniques, which provides a new strategy for
near-end Lidar calibration, using a ground-based compact and robust IBBCEAS located at
the Lidar measurement site to determine the vertical profile of the aerosol extinction

coefficient with a higher accuracy.

The nitrate radical is one of the important nitrogen inorganic species in the atmosphere,
and has been recognized for decades to play a key role in nocturnal chemistry. Its low
concentrations in the troposphere and its rapid photolysis in sunlight make it challenging
to detect. Kinetics and mechanistic studies on NOs-initiated oxidation of VOCs are also
much less abundant in the literature compared to OH radical chemistry, thus limiting the
understanding of NOs3 impact in atmospheric chemistry. This thesis aims to develop an
IBBCEAS instrument for detecting the NO3 on the simulation chamber CHARME, aiming
at investigating NO3 chemistry with biogenic VOCs. Chamber studies were performed to
validate the IBBCEAS instrument by following nitrate radical concentrations during its
production by reaction of NO, with O3z in the simulation chamber. Furthermore, the

reaction of guaiacol (2-methoxyphenol, a VOC emitted by biomass burning) with nitrate

XII



radicals was investigated in both LPCA simulation chambers (CHARME and LPCA-ONE).
The SOAs yield and products of NO; + guaiacol have been studied. The rate coefficient
determined using the relative rate method ((3.77 & 0.39) x 10-'! cm?® molecule™ s!) leads
to an atmospheric lifetime of about 53 s with respect to the oxidation of NO3 with guaiacol.
The formation of secondary organic aerosols from the reaction of guaiacol with nitrate
radicals was also observed. The SOAs yields were shown to be influenced by the initial
guaiacol concentration, leading to aerosol yields ranging from 0.01 to 0.21. A very good
agreement was observed between the experiments performed in both chambers which gives

confidence in the data obtained in this study.

Keywords: incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS);

aerosol extinction; nitrate radical; atmospheric simulation chamber; guaiacol; SOA yield.
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Résumé

Les radicaux nitrates jouent un role important dans la chimie troposphérique nocturne,
a la fois en tant qu'agent oxydant pour un grand nombre d'especes organiques et en tant que
voie d'élimination des NOx. En outre, les études sur les aérosols atmosphériques suscitent
un intérét croissant en raison de leur impact sur le climat, sur la qualité¢ de l'air et les

problémes de visibilité qu’ils engendrent.

Une bonne compréhension des processus physico-chimiques atmosphérique est
nécessaire pour lutter efficacement contre la pollution de 1’air et des expériences sont

réalisées en laboratoire, sur le terrain et sont associées a de la modélisation.

Dans ce travail de these, la constante de vitesse pour la réaction du guaiacol avec les
radicaux nitrate a été étudiée dans la chambre de simulation CHARME en utilisant la
méthode relative. Les expériences effectuées avec la méthode du pseudo-premier ordre ont
montré que celle-ci n'est applicable que pour les COV ayant une réactivité¢ avec NO3
modérée (knos < 1012 cm?® molécule! s). La constante de vitesse déterminée (Kgaiacol =
(3.77 £ 0.39) x 10'"" cm® molécule! s') a permis de calculer une durée de vie

atmosphérique de ~53 s pour ce compos¢ par rapport a sa réaction avec NOs3.

La formation d’AOS pour cette réaction a ét¢ étudi¢e dans deux chambres de simulation
atmosphérique (LPCA-ONE et CHARME) et un trés bon accord a été observé entre les
résultats obtenus dans les deux réacteurs. Les rendements en AOS sont compris entre 0,01
a 0,21 et les valeurs augmentent avec la concentration initiale en COV. Les données ont
¢été traitées par le modele de répartition gaz-particule a un produit développé par Pankow
et Odum et al. (1996). L'extrapolation a une charge atmosphérique particulaire de 5 pg m?
conduit a un rendement en AOS de ~2%, ce qui indique que la contribution de la réaction

entre le guaiacol et les radicaux NOs est mineure dans de nombreux environnements.

Des analyses ESI-LC-QToF-MS/MS ont été réalisées pour caractériser la composition
chimique des aérosols. Les nitro-aromatiques ont été identifiés comme les principaux
produits d'oxydation, confirmant des études antérieures sur les produits formés a partir de

la réaction en phase gazeuse des radicaux NOs3 avec les dérivés du guaiacol.
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Introduction

Introduction

Atmospheric chemistry is an important and complicated discipline for understanding
air pollution and its impacts, dealing with atmospheric chemical composition and
reactivity of its components, and the ways addressing the interactions of gas- and liquid-,
solid-, and mixed-phase particles with terrestrial surfaces. This branch of atmospheric
science focuses on chemical processes within the Earth’s atmosphere, including
photochemistry of gas compounds, formation and properties of airborne aerosol particles,

gas-particle interactions, etc. [1].

The main gas components constituting the Earth’s atmosphere are nitrogen (N,
78.08% in dry air) and oxygen (O2, 20.95%) [2]. Besides, hundreds of gas-phase
compounds called trace gases are present, like nitrogen dioxide (NO2), nitrogen
monoxide (NO), ozone (O3) and volatile organic compounds (VOCs). In spite of their
very low concentrations, they drive much of the atmosphere chemistry: one of the best
example is the hydroxyl radical (OH), responsible for many diurnal oxidation reactions
and known as important reaction chain initiators in most oxidation processes involving
organic compounds [3]. To better understand the atmospheric chemistry, it is required to
perform laboratory experiments, field campaigns and modelisation. Field measurements
are often used to evaluate model predictions or to help identify poorly represented
chemistry, while laboratory experiments provide an important bridge between field
measurements and models, and extend the basic (or fundamental) physics and chemistry
of the underlying mechanisms of phenomena observed in the field campaigns.

One of the important nitrogen inorganic species, the nitrate radical (NO3), has been
recognized for decades [4-6] to play a key role in nocturnal chemistry. However, its low
concentrations (from a few pptv to a few hundred pptv [7, 8]) in the troposphere and its
rapid photolysis in sunlight make it challenging to detect. Meanwhile, the nitrate radical
IS a strong oxidant, reacting with a wide variety of VOCs, including both saturated and

unsaturated [9]. Although unsaturated VOCs may be even more efficiently removed by
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NO3z at night than that with daytime OH chemistry [10], laboratory studies with nitrate
radicals have been much less undergone compared to that of hydroxyl radical, mainly due
to detection difficulties. Developing an efficient instrument for NO3 measurement is

therefore essential for the study of NO3 atmospheric chemistry.

Particulate matter (PM) in the atmosphere is also one of the main components of air
pollution. Atmospheric aerosols display a wide range of composition, size, shape, and
reactivity depending on their source and location. The inclusion of aerosols in global
climate models is still at its infancy due to large uncertainties in particle properties,
especially regarding organic aerosol of secondary origin. Therefore, studies are needed to
improve our knowledge of aerosol physicochemical and optical properties that may help

understand their impacts on both air quality and climate.
This thesis is divided into four chapters followed by a general conclusion and annexes.

The first introductory chapter presents a general overview of the context of the
present work, which concerns the measurement of aerosol extinction and NOs

concentrations in field measurements and in atmospheric simulation chambers.

The second chapter introduces and describes the experimental systems involved in the
present PhD work, including: (1) the instruments based on Incoherent Broad-Band Cavity
Enhanced Absorption Spectroscopy (IBBCEAS) dedicated to laboratory studies of NO3
radicals and field campaign measurement of aerosol extinction; (2) the simulation
chamber CHARME (CHamber for the Atmospheric Reactivity and the Metrology of the

Environment), in which some validation tests and kinetic experiments were performed.

In Chapter 3, the development of a custom-designed incoherent broadband cavity
enhanced absorption spectrometer and its application to in situ measurement of aerosol
extinction near the ground surface are described in an effort to address the issue of
missing data in the light detection and ranging (LIDAR) blind zone in the first hundreds
of meters of the observation range. Combined measurements of aerosol extinction at the
same location using LIDAR remote sensing at 355 nm and in situ IBBCEAS operating in
the UV spectral region around 370 nm showed results with a good correlation (R? = 0.90)

between the two measurement techniques. This Letter highlights a new strategy for near-
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end LIDAR calibration, using a ground-based compact and robust IBBCEAS located at
the LIDAR measurement site to determine the vertical profile of the aerosol extinction

coefficient with a higher accuracy.

The 4" chapter is dedicated to chamber studies in CHARME. An IBBCEAS setup
was developed and installed on the chamber to detect NO3 time-concentration profiles
during its production by NO: reaction with Os. The objective was to validate the
quantitative measurement of NOz concentration using IBBCEAS in a new simulation
chamber. In parallel, gas-phase oxidation of a biomass-burning compound (guaiacol or 2-
methoxyphenol) by NOgz radicals was investigated: determination of the rate constant,
product study and secondary organic aerosols (SOAs) formation in the presence of NOs

radicals.

Finally, the main results obtained during this thesis are resumed in a general
conclusion, and research perspectives are proposed. Only when we understand the
chemical and physical processes involving trace gases and aerosols, as well as their
interactions, will we be able to plan pollution control and energy usage strategies which

lead to environmentally sound practices on all scales.
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Chapter I General overview of atmospheric chemistry and

focus on NOs3 and aerosols

1 General overview of atmospheric chemistry

The chemistry of nitrogen oxides has been a central theme in atmospheric chemistry
since NO was identified as one of the ingredients necessary for producing photochemical
smog. Later, a free radical catalytic cycle involving NOx (NOx = NO + NO2) was
identified as one of the key mechanisms of photochemical ozone production in urban
areas (R1-2), and it was demonstrated that the same mechanism applied throughout the

global troposphere [1] .

NO, +hv——>NO+0O(°P)  A<400 nm (R1)
O(°P)+0,+M —0,+M (R2)

Appreciation of the importance of nitrogen oxides to atmospheric chemistry grew further
with the improvement of detection methods of trace gases and radicals. The Oz molecule
produced in R2 can be photolysed and produce the hydroxyl radical OH in the presence
of water vapor (R3-4) [2]:

O,+hv——0('D)+0,  1<310 nm (R3)
O('D)+H,0——2 OH (R4)

The OH radical is a key atmospheric oxidant and is known as the prevailing “detergent”
of the atmosphere from local to global scales, since it reacts with almost all VOCs, thus
cleaning the atmosphere of our planet. In this cleaning process, peroxy radicals RO are
formed that will convert back NO into NO: (reaction R5), thus sustaining the oxidant

capacity of the atmosphere.
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RO, + NO——RO+NO, (RS)

The NO3 radicals play an important role in the chemistry of the nighttime
troposphere, both as an oxidizing agent for a large number of organic species [3-6], and
as a route for the removal of NOx. Although it has a quite low concentration (from a few
pptv to a few hundred pptv), NO3 controls the oxidation and loss of many trace gases [4,
7], in particular terpenes and alkenes. In addition, NO3 also contribute to the formation
and growth of particles. Its ability to oxidize VOCs in the night may equal or even exceed
that of OH in the daytime [8, 9].

Taking into account the complicated synthesis and difficult detection of NOs radicals,
reactivity studies are not widespread, and many uncertainties remain on its Kkinetics,
chemical mechanisms and SOAs formation. Mechanistic studies are often limited to the
determination of total organic nitrates and SOAs yields without any detection or
quantification of individual nitrate species [10]. Thus, NOs chemistry remains much less
understood than OH chemistry, the main uncertainties relying on the difficulty of
identifying the organic nitrates products due to the lack of standards and the mechanisms

leading to their production.

Atmospheric aerosols play a central role in the processes related to climate change
and in air quality, which affects human health. There is an increasing interest in the
studies of atmospheric aerosols due to their impact on the climate, their chemical
heterogeneous reactions in the atmosphere, which particularly affect environmental air
quality, and the associated problems of visibility and health issues [11].

In the next sections, emphasis will be put on NO3 radicals and atmospheric aerosols
to present their chemistry, including sources and sinks, their reactions in the troposphere
and the detection techniques.

2 Importance of NOgz radicals in the troposphere
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As the results of the progress in the development of differential optical absorption
spectroscopy (DOAS) involving long-path absorption, it becomes possible since 1990s to

detect NOs radicals in the polluted atmosphere [12-14].
2.1 Sources and photolysis

Nocturnal radical chemistry, and in particular that of NO3 and nitrogen pentoxide
(N20s), impacts a number of key atmospheric phenomena, as shown in Fig.I-1 [15], and
the detailed reaction process will be present. Researches are made to understand the NO3
reactions with the atmospheric gases.

(™ ) 3 %
N02 N,Os N 05
~ NO,

stratosphere

cl
CINO, — CIN02<
NO,

NO\< syNo2 RO, KSOA
S

DM — -C=C-

Figure I-1 Schematic description of atmospheric processes involving NOsz radicals [15].
In stratosphere, NOs radicals are formed by the reaction of NO2 + Os, with a sequence
reaction with NO; to form N2Os in nocturnal, which works as a reservoir and can

decompose into NOs in the daytime.

As indicated in Fig.I-1, in the atmosphere, NOs radicals are formed from the O3

reaction with NO2 (R6), which has a sequence reversible reaction R7 to form N2Os.

NO, +O,——>NO, +0, (R6)
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NO, + NO, «“—N,O, (R7)

NO3 radicals strongly absorb radiations in the red region of 650-670 nm of the

electromagnetic spectrum (Fig.I-2).

2.5

| == NO, (Orphal et al, 2003. 294 K)

2.0

154

1.0

Cross section
(10" cm®/molecule)

0.5 4

0.0+

T T T
640 650 660 670 680
Wavelength/nm

Figure 1-2 Spectrum of NO3 from 640 nm to 680 nm [16].

Therefore, during the day, NOz is rapidly (t = 5 s) converted to NO2 (R8) or NO (R9)

by photolysis, maintaining its abundance at sub-pptv mixing ratios [17].
NO, +hv——NO, +O(*P) A<590 nm (R8)
NO, +hv——>NO+0, (R9)

At night, when there is no photolysis, NO3z accumulates and is available to react with
NO; to form N2Os (R7), which can also be hydrolyzed by contact with moist surfaces and
form nitric acid (HNO3) (reaction R10):

N,O, +H,0—>2HNO, (R10)

2.2 Reactions of NOz radicals in troposphere with VOCs
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The reactions of organics with NOs are important in the troposphere, many of which
are sufficiently fast to be important sinks of organics at night, often rivaling in magnitude
with the loss by reaction with OH during the day [4]. In addition, they could provide a
means of generating organic radicals [18, 19].

In general, NOgz reactions with hydrocarbons are similar to those of the OH radicals. It
abstracts an H-atom from saturated hydrocarbons (with k < 101® cm® molecule? s?)
(R11) and aldehydes (R12), and adds to unsaturated hydrocarbons (R13).

NO, +RH ——HNO, +R (R11)
NO, + RCHO——HNO, + RCO (R12)
NO, + RC =CR'——RC(ONG,)C(R) (R13)

In terms of atmospheric importance, the main organic species concerned by reactions
with NOs are alkenes (reaction rate magnitude 1012 cm3 molecule? s) and aldehydes
(reaction rate magnitude 104 cm® molecule! s). NOs radicals reactions with phenols
have been postulated to proceed by an overall H-atom abstraction process after initial
NOs radicals addition to the aromatic ring (NOs-radical ipso-addition to the substituent
OH site), through the intermediacy of a six-membered transition state (R14) [20].

OH /H“‘07 .
o . O

Ns
oS0 (R14)
‘ — + HNO3
=

+ NO,

2.3 Analytical techniques

Several conversion-based non direct or direct optical techniques are used to detect
NO3 radicals. These methods, including the principle, the setup, the process, and the

advantages / disadvantages, are described below.

2.3.1 Matrix isolation and electron spin resonance spectroscopy (MIESR)
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MI-ESR is the technique combined matrix isolation (MI) and electron spin resonance

(ESR) spectroscopy to measure the highly reactive radical.

Electron spin resonance spectroscopy is a method for studying molecules with
unpaired electrons [3, 21]. It is particularly useful for studying metal complexes or
organic radicals. The basic concepts of ESR is to excite the electron spins of the
molecules and then detect the transition of unpaired electrons in an external magnetic
field. In an ESR spectrometer, the sample is loaded in a high frequency resonant cavity in
a slowly varying, uniform magnetic field. When irradiated with microwave radiation at a
fixed frequency, the unpaired electrons undergo resonant transitions between spin ‘up’
and spin ‘down’ states in a particular magnetic field. The amplitude of the resonant peak
is determined by the concentration of the radical in the sample. Matrix isolation is to
separate the unstable molecules by the matrix liquid, and make it possible to detect stably

and safely.

LiQuip

STAINLESS WITROGEN

STEEL DEWAR

__UPPER
~ FLANGE

-I
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TO VACUUM
SYSTEM

_VACUUM
~ CHAMBER

COLD FINGER
B __— OFHC COPPER

Matrix | L4
crystal j
UL e N |
WATER VAPOR e
STAINLESS STEEL FRIT ﬁ Sample
s gas inlet

Figure 1-3 Schematic drawing of the cryosampler [22]. The air sample is pumping into

the cryosampler through the nozzle. The radicals were trapped on the copper cold finger

in polycrystalline D>O-ice matrix at a temperature of 77 K.
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The unpaired electrons in NOs radicals are highly reactive. The analysis of NO3
radicals concentrations by MIESR is carried out in two steps: in situ trapping of the NOs
radicals followed by laboratory determination of the trapped radical concentrations by
ESR. To collect a sample of ambient radicals, air is passed over a copper finger in a
cryosampler (Fig.I-3), which is cooled by liquid nitrogen and located in a stainless steel
vacuum chamber. The sampled air is introduced through a stainless steel nozzle. The
radicals are trapped from ambient air in a polycrystalline D>O matrix at a temperature of
77 K.

2.3.2 Chemical lonization Mass Spectrometry (CIMS)

CIMS is a versatile and well established technique used for measurement of
atmospheric trace gases [23, 24]. It is a non-optical, in situ method, based on a selective
ionization process resulting from a reaction between a reagent ion and the compound of
interest. In this technique, ionization of the gaseous analyte occurs via gas-phase ion-
molecule reactions and gives rise to a set of ions that could be detected by mass

spectrometry.

Measurement of the sum of NOs + N2Os in air using CIMS [25] includes three steps
(Fig.1-4):

1) CHsl was flowed over a #°Po source to generate I (R15). I is a very selective

reagent ion because it is unreactive with almost all atmospheric species.

2) lon-NOs reactions take place in a flow tube followed by a collisional dissociation
chamber (CDC). Because I reacts with both NO3z and N20Os (R16 and R17), the
technique could not differentiate between NOs and N20s, resulting the sum

results.
CH,l+e —™ 5| +CH, (R15)

I+ NO,——> NO_ + products (R16)

1=+ N,O;, —>NO_ +INO, (R17)

11
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3) the NOs  is generated and detected by the following mass spectrometry at 62 amu

(atomic mass unit).

A principal drawback of the CIMS method is that although 1~ is reasonably specific
for either NOs or N2Os, there is still background noise at the 62 amu. In some regions of
the atmosphere, there may be additional interferences from the active nitrogen
compounds, like HNOs, PAN, CIONO; and BrONO2, which could also generate NO3z™ by
reaction with 1" [26].

h CH3|/N2
lon Source E 3)
210pg } X

e Octopole ” Quadrupole
Ai l | | | | lon Guide Ma/ss Filter
ir |
Flow P
il e 1S =T
Channeltron
Heated Detector
Inlet Y 250 I/s 250 I/s
turbo turbo
Mechanical Drag pump pump
Pump < Pump l i
Mechanical
Pump

Figure 1-4 Schematic of CIMS for NOs radicals measurement [25].

2.3.3 Differential optical absorption spectroscopy

DOAS is a widely used optical technique for NOs detection in both remote and highly

polluted environments.

As shown in Fig.l-5, long-path DOAS instruments for tropospheric NO3 measurement
are composed of a light source, such as a xenon (Xe) arc lamp [27], and a coaxial
sending/receiving telescope which emits a collimated beam to an array of retro-reflectors
located at kilometer-scale away from the instrument [28] and the reflectors send the light

back to the telescope where the narrow-band absorptions of various trace gases along the

12
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light path are analyzed with a spectrograph-detector system. For NOs, the window of

wavelength range is between 610 and 680 nm.

— Z axis
Retro-reflector axis /
-

r =g | \ Focusing
ﬁu L— |
-
<«— 2L =241 km —> ! :/ %
I T
L
—

\\ \‘
L Hg lamp
I Recelvmg telescope | ‘/)
,,,,,,,,,, =2 Fiber Optic
2033
Spectrometer
e, | $2000 }
NO, Spectrometer

Figure 1-5 Instrumental setup of the DOAS system [29]. A Xe arc lamp radiation is
emitted towards the primary reflector where it is collimated and directed to an array of
retro-reflector, and then the radiation is reflected back to the primary reflector and

directed through the receiving telescope to a spectrometer via an optic fiber.

The advantages of DOAS lie in its ability to simultaneously measure multiple gaseous
species in open-path, such as NO2 and NOs without artifacts associated with wall losses
in the pathlength. Owing to its good sensitivity and high time solution, DOAS is
considered as an absolute analytical technique [30]. However, this technique needs a
large volume, and the result is the average value for the long optic path (hence low spatial

resolution).

2.3.4 Laser induced fluorescence (LIF)

LIF has proven to be an accurate, sensitive, and selective method for measurement of
trace atmospheric species, such as NOz and related nitrogen compounds using its strong
and highly accessible visible absorption bands [31-34] throughout the troposphere and

stratosphere.

13
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The LIF instrument used to detect NOz (and N2Os) is shown in Fig.1-6. Ambient air is
sampled through a heater tube to the optic cell. The laser source could be tuned around
662 nm where NOz has a strong absorption band to excite the NO3s radicals to an excited
electronic state, followed by the subsequent spontaneous emission of fluorescence. NOs
fluorescence was then collected within a spectral window of 700-750 nm by a collimating
lens and passed through a 750 nm short-pass filter and a 700 nm long-pass interference
filter to eliminate the unneeded fluorescence wavelength. The final filtered fluorescence,
being proportional to the NOs concentration, was focused onto the photomultiplier tube
(PMT), which will be detected.

b PMT
(a) P (b) B
Gas-excitation axis Excitation-detection axis - acusing fens i
, —700 nm longpass filters
Heater tube — i e 7
—— [Pump| —= 750 nm shortpass filter
“ i baﬂles L,_ ;:’ collimating lens
\ [Laser diods | W—ﬁ\\ /HI—L
= T r ‘

spherical
@I mirror Wl I__I_l
Figure 1-6 LIF instrument for NO3 measurement [35]: (a) Top view; (b) Right view.

This technique is highly selective. The utility of LIF for particular trace gas
measurements depends on the accessibility and intensity of electronic transitions in

regions where laser sources and the fluorescence yield [24] are available.

The LIF technique has the advantages of high sensitivity (=76 pptv in 60 s for NO3),
but its application in field campaign is limited due to its high cost, complexity of

instrument structure and bulky system.

2.3.5 Cavity ring-down spectroscopy (CRDS)

The principle to monitor NO3z radicals using CRDS is straightforward [36-39] as
shown in Fig.I-7. CRDS measures the loss rate of light intensity related to trace gas
absorption within an optical cavity. The ring-down cavity consists of a set of mirrors (M1

and M2) with high reflectivity forming a stable optical resonator. By measuring the

14
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change in cavity losses in the presence and absence of molecular sample, the absolute

sample concentration can be quantified [40].

Air
. Sample
NO 3 J

Titrant

662 nm
Pulsed 20 Hz, 3 mJ

Nd:YAG/Dye Laser

Mirror, | P \ IE
' urge
m Volumes To Pumps

Figure 1-7 Schematic of CRDS for NOs detection [41]. A laser was passed through a

beam splitter, collimated with the lens and injected into the cavity conducted by the
mirrors and a steel cell. Each of the signal beams transmitted the M1 and M2 to a

photomultiplier tube, and finally digitized by the computer.

A pulse laser beam is directed into the cavity, once the optical intensity builds up in
the cavity, the laser is then quickly turned off, allowing to establish a ring-down event in
the cavity. The subsequent exponential decay 7o of the light intensity from the cavity in
the absence of the absorber is characterized by a 1/e lifetimes, also known as the ring-
down time. When an absorber is present, the exponential decay time constant z is

reduced, providing an absolute measurement of optical extinction, as given in Eq.1:

o :a[A]zﬁ(l—ij (Eq.1)
C\7 7,

where o is the optical extinction coefficient, o is the absorption cross section

corresponding to the absorber, [A] is the concentration of the absorber, Ry is the ratio of

the total cavity length to the length where the absorber is present, c is the light speed,

and 7o are the exponential decay constants with and without the absorber in the cavity.

The CRDS technique has advantages of high sensitivity (1 pptv for NOz [42]), easy to
operate, and measurement results without the effect of pulsed laser fluctuation , however

this technique requires sophisticated optical elements.
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2.3.6 Incoherent broadband cavity enhanced absorption spectroscopy

CRDS instruments detect NOsz using its strong absorption at 662 nm with a single
wavelength, while IBBCEAS detects NOs using its characteristic absorption band across
a wider wavelength range [43]. Unlike CRDS method, IBBCEAS needs the calibration of
the mirror reflectivity. The mirror reflectivity may be determined by the following
methods [44-46]: (1) measuring light extinction by absorbing sample with known
concentration or Rayleigh extinction coefficient by molecules with known Rayleigh cross
sections [47]; (2) using an antireflection - coated optical substrate of known losses [48],
or (3) using step - scan phase shift cavity ring - down spectroscopy [49]. A typical
IBBCEAS setup is shown in Fig.I-8. IBBCEAS measurement is conducted by exciting a
high finesse optical cavity, formed by two mirrors with high reflectivity (R > 99%), with
an incoherent broadband light source. The light trapped inside the cavity increases its
average life time by a factor of 1/(1 - R()A)), corresponding to an effective absorption path
length of 11.8 km at 660 nm through the intracavity medium [49].

The detailed technique description will be given in Chapter II.

Sample Y Solenoid valve MFC

Filter — L D

- 3 [ ’\EJ i} A x
M Preheater I
LED . Inlet Spectrometer

L1 Corrugated pipe

Figure 1-8 Schematic of IBBCEAS for NOs radicals [50]. A LED was used as the light
source and the beam was collimated by a lens to the cavity formed by two mirrors. The
sample air was pumped into the cavity. The cavity output light was collimated by another

lens and coupled to the spectrometer with the fiber.

Overall, the limit of detection and advantages / disadvantages for the NO3 detection

techniques discussed above are overviewed in Tab.I-1. In this work, the instrument
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should be easily coupled to the simulation chamber, and it should be contineous
measurement. MIESR could measure multi species of gases, like RO2, NO2 and NOs, but
it’s off-line technique and harsh experiment condition limits its application. CIMS is a
on-line technique and has a fas response, but it could be interferrd by the other trace
gases, like HNO3, HO2NO. and CIONO>, and the results stand for the sum of NOs and
N20s. LIF is a contineous measuremt, but it has disadvantages of high cost, large volume
and complex calibration. DOAS is the classical technique with no-contact, open path
measurement, which has sensitive, on-line and high time-resolution advantages, but the
results are the integrated concentration in the long path length, which needs large volume.
Both CRDS and IBBCEAS are the optic techniques available to perform on-line and no-
sampling measurement, but CRDS has a narrow band, and a relatively higher requirement
for the optic components. Thus to couple the instrument to the chamber and to have an
on-line measuremt, the IBBCEAS technique is chosen to develop in the lab.

Table 1-1 Comparison of the discussed techniques for NO3 measurement.

Limit of detection

(integration time) Advantages Drawbacks

< 2 pptv [51] off-line; harsh experimental

MIESR (30 min) multi species of gas conditions (low temperature)
. . interferences from other
CIMS 12 p(qt\é)[zs] ?:S-Ig]r?éefast time trace gases; measurement of
P sum of NOsz + N20s
no sampling; direct large volume, integrated
DOAS 6.3 pptv [52] measurement; high concentration measurement
(300s) h . .
temporal resolution and so low spatial resolution
LIE 11 pptv [53] continuous large setup volume, high
(10 min) observation cost and complex calibration
no sampling; Narrow band, higher
CRDS ! ‘()f(t)\(l) [;;2] compact devices; requirement of optic

point measurement components
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1 pptv [54] and hence high calibration of mirror
IBBCEAS IOF()l ) spatial resolution reflectivity; Affected by
water vapor

2.4 Atmospheric concentrations

Many field campaigns described by previous researchers were conducted to measure

NO3z and/or N2Os (see Tab.I-2) in various environments (marine, forest and urban).

In the daytime, in marine regions NOs peaks 140 pptv most and averages dozens

pptv. In forest, it has an average of ~ 40 pptv. Indoor NOs has a value around several

pptv, and in urban air, it normally averages hundred pptv and higher values at polluted

conditions.

Table 1-2 Summary of NOs concentrations in different environments.

NO3

Environment Location/year Technique . Refs.
Concentration
Mace Head on the west LP - 5 ~ 25 npty Saiz - Lopez
coast of Ireland, 2002 DOAS PP et al. [55]
Roscoff, France in 2006 DOAS 70 pptv M§|h?5ag] et
Finokalia station on the
island of Crete in the LP- 1~38 pptv Vrekoussis et
Marine Mediterranean, 2001 - DOAS avg 5 pptv al. [6, 57, 58]
2003
Gulf of Maine MBL at
the University of New DIEI)DA:S 80 pptv Ar;br[%%? et
Hampshire , 2004 '
Izu - Oshima Island, Matsumoto et
2004 LIF 30 pptv al. [60]
Sumas Eagle Ridge site
in the eastern end of the McLaren et
Lower Fraser Valley, DOAS Max. 45 pptv al. [13]
2001
Forest Taunus Observatory,
at the summit of a Crowley et al.
mountain, Germany, CRDS 20 - 40 pptv [61]
2008
United States Forest CRDS Max. 12 pptv  Fry et al. [62]
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Service Manitou Forest
Observatory in Pike
National Forest, 2011

CRDS

German Taunus Sobanski et
. LP - Max. 200 pptv
mountains, 2011 DOAS al. [63]
) 200 pptv (low
CRDS .
N pollution) Stark et al.
Los Angeles, 2010 1-D 300 pptv (high [64]
model .
pollution)
A ground site near Brown et al.
Boulder, Colorado, 2001 CRDS Max. 100 pptv [65]
Denver - Boulder area Brown et al.
(Colorado, USA). 2004  DPOAS 90 pptv [66]
Houston, Texas, and Brown et al
along the U.S. Gulf CRDS 400 pptv [67] '
Coast 2006
Urban Air Pabstthum near Berlin, Geyer et al.
Germany, 2001 DOAS Max. 80 pptv [7]
The BT Tower 160 m Max. 800 pptv Benton et al
above street level in IBBCEAS NOs + N20s [68] '
central London, 2017 Avg. 30 pptv
Downwind Stone et al
of New York City, 2010- IBBCEAS  Avg. 18.9 pptv [69] '
2011
Avg. 102.5 pptv
Urban center of Hong- i day Wang et al.
Kong, 2010 TD - CIMS Avg. 71.3 pptv [26]
night
An office building in . Max. 58 pptv .
Indoor Denmark Calculation NOs + N,Os Nggaard [70]

3 Atmospheric chemistry of aerosols

An aerosol is a system of solid or liquid particles suspended in a mixture of gases.
The term aerosols covers a wide spectrum of small particles, like sea salt particles,

mineral dust, pollen, drops of sulphuric acid and many others [71].

Aerosol particles in the atmosphere have widely variable shapes (crystalline,
aggregate, fractal and amorphous [72]). Their dimensions are usually characterized by a

particle diameter, ranging in size over four orders of magnitude, from a few nanometers
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to around 100 um. Particle size is one of the most important parameters to describe the
behavior of aerosols, affecting their lifetime, physical and chemical properties. Based on
particle size distributions, different groups of atmospheric particles can be separated: a)
nucleation (Aitken) mode, b) accumulation mode, c¢) coarse mode:

a) Aerosol particles < 0.1 pm form the nucleation mode which are produced by
homogeneous and heterogeneous nucleation processes. They are generated from
gas-to-particle conversion (gas-to-particle conversion, GPC) in the troposphere or

during condensation of hot vapor in combustion processes.

b) Larger aerosol particles in the size range from 0.1 to 1 pm, mainly generated
through coagulation of small particles, could accumulate in the atmosphere
because their removal mechanisms are least efficient with a typical lifetime of
several days [73]. They are removed from the atmosphere mainly by wet

deposition.

c) The coarse mode contains particles with diameter > 1.0 um. These particles are
mostly emitted in the atmosphere during mechanical processes from both natural
and anthropogenic sources (like sea-salt particles from ocean surface, soil and
mineral dust, biological materials....). Due to their relatively large mass, they
have short atmospheric lifetimes (in the order of minutes) because of their rapid

sedimentation.

Particles in the nucleation mode constitute the majority of atmospheric particles
expressed in number. However, due to their small sizes, their contribution to the total
mass of aerosols is very small (around a few percent). The accumulation mode particles
usually account for a substantial part of aerosol mass and for most of the aerosol surface
area [74].

Atmospheric aerosol particles contribute significantly in the Earth radiation budget as
they scatter and absorb both shortwave solar radiations and longwave terrestrial
radiations [75]. The ability of aerosols to interact with radiation is dictated by their
optical properties, which depend on their physical and chemical characteristics, and on

the wavelength of the incident light. The main parameters in this respect are the
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scattering and absorption coefficient, which can be sumed as extinction coefficient, and
experessed as dextinction = Cabsoption + Gscattering [76]. Scattering is a process that conserves
the total amount of energy, but the direction in which the radiation propagates may be
altered. Absorption is a process that removes energy from the electromagnetic radiation
field, and converts it to another form. Extinction is the sum of scattering and absorption,
so it represents total effect of medium on radiation passing the medium. In the
atmosphere: aerosol particles can scatter and absorb solar and infrared radiation with
changing air temperature and the rates of photochemical reactions.

The aerosols also have great impacts on the formation of clouds and precipitations.
Meanwhile by chemical reactions they could affect the abundance and distribution of
atmospheric trace gases and oxidants. Moreover, aerosols are a major factor in reducing

air quality, and may adversely affect the environment and human health [77].

Due to the increasing anthropogenic emission of aerosols since the industrial
revolution [78], aerosols can also affect the global climate change. However, the effects
of aerosols on climate are not one-way, and are known with high uncertainties [79]. The
climate forcing by aerosols can be realized in two ways, basically in direct and indirect

radiative forcing:

a) Aerosol particles could reflect part of shortwave solar radiations back into space,
resulting a cooling effect on Earth’s atmosphere. Pure sulfates and nitrates [80,
81] reflect nearly all radiations they encounter, cooling the atmosphere, while
elemental carbon aerosols and dust particles has a warming influence on the

atmosphere.

b) Particles could also affect the radiative balance through the formation of cloud
droplets by condensation of water vapor onto hygroscopic particles (cloud
condensation nuclei, or ice nuclei) when the relative humidity exceeds the
saturation level, otherwise the homogeneous condensation of water vapor would

necessarily need a very large supersaturation without the particles [82].

3.1 Sources and sinks
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The sources of aerosols includes both natural and anthropogenic sources. A wide
variety of aerosol particles are produced through the combination of physical, chemical

and biological processes, based on which different sources could be distinguished.

Atmospheric aerosol particles may be emitted directly (primary sources) or formed in
the atmosphere from gaseous precursors (secondary sources). Primary particles directly
emitted in the atmosphere include carbonaceous aerosol (organic matter, black carbon),
industrial emissions, sea salt and mineral dust [82]. Secondary particles are formed by
nucleation and condensation of gaseous precursor, for which high concentrations of SO,

NHs, and VOCs have always been served as the precursors [83].

Based on the particle size and disposition, aerosols could be removed from the
atmosphere by different ways, two types of which are wet and dry depositions. Dry
depositions refers to the deposition of particles through the direct delivery of mass to the
surface (like gravitational settling, impaction, turbulent diffusion) [84]. Wet processes are
often referred to as rain-out and washout, as well as cloud deposition. Wet deposition is
the main sink of atmospheric particles, while dry deposition is less important on a global
scale [85].

3.2 Measurement techniques

To correctly evaluate the effects of aerosols on various issues such as human health,
air quality, and global climate, and ultimately establish effective control strategies, it is

vital to increase our understanding of the physical and chemical properties of aerosols.

Different techniques have been developed based on the measurement of number,
mass, morphology, chemical composition and optical properties of atmospheric particles.
Four of the commonly-used methods concerning different parameters of aerosols will be

discussed below.

Table 1-3 Methods to discuss for measurement of aerosols.
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Optic particle Differential mobility  Llght Detection

Technique counter analyzer And Ranging IBBCEAS
Particle Particle number, Aerosol scattering Aerosol extinction
Target g 7
number volume, mass coefficient coefficient

3.2.1 Optical particle counter (OPC)

Particle measurements by an OPC are based on the fact that when the particles pass
through a beam of light, some of the light is scattered [86]. Detection of this scattered
light is the basis of such instruments. Particle number can be determined simply by

counting the pulses of scattered light reaching the detector.

A typical OPC system is shown in Fig.l-9, containing three major sections in an OPC
(i) the airflow system; (ii) the optical system, and (iii) the electronics system.

The optical system allows measurement of a single particle by collecting the scattered
light by the particle. Each scattered light pulse corresponds to a particle count, and
electronics convert the pulse to the corresponding particle size and this will be added in

the appropriate size category to obtain particle concentration in a given size interval.

Detector

B Sensor housing

B Aperture limited sampling volume
B Light beam

B Oil sample

B Particles

B Particle shadow

T

[
o

Light source

Figure 1-9 Schematic of OPC laser system [87]. The diameters D and d stand for a
circular aperture and a spherical particle, respectively. The air flows through the sampling
area, and the light beam will be block by the particles, which results in that detector

output signal will be the response of particle size d.
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3.2.2 Differential mobility analysers (DMA)

Differential mobility analysers (DMA, also known as electrostatic classifiers) classify
particles according to their electrical mobility, which depends on gas properties, particle

charge, and the geometric size but is independent of other properties such as density [88].

The DMA (Fig.I-10) contains a hollow cylinder with a concentric rod in the center on
which a positive voltage is applied. Particles with higher mobilities will migrate to the
central rod before reaching the gap, while those with lower mobility will surpass the gap
and be extracted. The size of the extracted particles could be controlled by adjusting the

voltage on the center rod and the flow rate inside the DMA.

' » | Sample out

+—HT connection

Exhaust oute—__

|| Exit slit

Central rod
/

«——— Outer casing

\_/ ﬂnife edge
[ | =
\

Sheath airin ) —m: ~
L

Gauze

Figure 1-10 Schematic diagram of a DMA (http://www.cas.manchester.ac.uk/restools/

instruments/aerosol/differential/Schem DMA/). The sheath air is the main flow of free

particle. An electric field is placed between the central rod and outer casing. The particle
will be separated depending on its charge, the strength of the electric field and sheath

flow.

3.2.3 LIght Detection And Ranging (LIDAR)
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LIDAR (Fig.I-11) stands for Llght Detection And Ranging and is a differential
absorption system operating in the ultraviolet spectral region. It has widely been used for

remote sensing of the atmosphere.

LIDAR performs temporal and spatial resolved measurements of backscattered
photons. Light pulses are emitted into the atmosphere, where they are scattered at
different heights by particles. Backscattered photons are collected through a telescope for
detection. The strength of the received backscatter signal depends on the attenuation, due
to scattering and absorption processes of the light along its path. From the backscattered

signal, the backscatter and extinction coefficients can be derived together [89].

LIDAR PRINCIPLE

Clouds, aerosols and
plumes

= Backscattering
Photomultiplier E ’
‘5,
4 Emission,
- Scattering, Data
absorption Processing

Optical filter Acquisition board

Analog/digital
converter

Figure 1-11 Schematic diagram of a LIDAR system [90].

It should be noticed that there is an angle between the laser beam and telescope,
which results in the incomplete overlap in the near field of the instrument, leading to the

missing information in the area close to lidar, so called blind area.

3.2.4 Incoherent Broadband Cavity-enhanced absorption spectroscopy (IBBCEAS)
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Methods based on absorption spectroscopy are used to measure the aerosol extinction
coefficients. The detailed method to distinguish aerosol extinction from trace gas using

IBBCEAS measurements will be presented in Chapter I1.

For the thesis work, it is aimed to solve the lidar’s blind area problem to get the
aerosol extinction information in its blind area. And an optic technique will be introduced
to gain the in-situ aerosol extinction. And no measurement of aerosol extinction by

IBBCEAS near the ground surface in synergy with lidar has been previously reported.

4 Importance of field campaigns and chamber studies
A good understanding of atmospheric physical-chemistry is required to perform
laboratory experiments, field campaigns and modelisation.

Although it has been quite extensive chemical kinetics databases for gas phase and

heterogeneous reactions, like gas kinetic data evaluation of IUPAC (http://iupac.pole-

ether.fr/) and JPL (https://jpldataeval.jpl.nasa.gov/download.html), there are still many

gaps for the realistic and complex atmospheric chemistry. Laboratory studies supply a
good approach to isolate and focus on an individual chemical reaction between simple
components under relevant atmospheric conditions. And it also provides an effective
method to conduct kinetic and mechanism studies. Such studies do provide a highly
useful means of initially examining the emissions-air quality relationship under

controlled conditions.

In the atmosphere, concentrations of trace gases depends on the rates of their
chemical production and loss, as well as physical transport. Field measurements of
atmospheric composition provide essential data and information on source mechanism,
which can be used to test complement and accuracy of chemical mechanisms involved in

atmospheric models and support to improve the model.

As presented above, this work will focus on NO3 and aerosols. IBBCEAS instrument
can be used to multi-species measurement. Considering the sensitivity, cost, operation, it
can be used for several species, which will focus on NOz and aerosols in this work. To
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better understand the sources, distribution and sinks of NOz and aerosols, the atmospheric

concentrations are important to undertake a further study.

5 Thesis motivation

A thorough understanding and explanation of aerosol impact on light transmission in
the atmosphere requires knowledge of aerosol optical properties. As introduced above,
many techniques are devoted to detecting aerosol parameters. Lidar technique is a widely
used method for field measurement of aerosol extinction. However due to its geometric
structure, the missing information of aerosol extinction in its blind zone in the first
hundreds of meters of the observation range is inevitable. One of the main objectives of
this project involves the development of a portable IBBCEAS instrument for field
measurements of aerosol optical properties and to test its agreement with lidar
measurement results, in order to supply a potential solution for the missing information of

aerosol extinction in the lidar blind zone.

And the bibliographic review has introduced and highlighted the concentrations in
different environments and reactivities of NOz radicals, showing the challenge of
detection in the atmosphere and laboratory. Another objective of the thesis is to build up
an IBBCEAS system for laboratory studies of the NOz + VOCs reactions, which could be
used to simultaneously monitor the NO3z temporal profiles.
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Chapter Il Experimental platforms

In this chapter, the experimental systems involved in the present PhD work will be
introduced and discussed, including (1) instruments based on IBBCEAS dedicated to
laboratory studies and field campaign applications, (2) simulation chamber and

associated analytical instruments.

1 IBBCEAS technique

As optical methods being used for spectral absorption measurements, the IBBCEAS
technique is the most suitable method for chamber application: optical observation of

chemical reaction without sampling, non-invasive and in situ real time.

IBBCEAS was firstly introduced by Ruth's group in 2003 [1]. In this technique, an
incoherent broadband light beam is coupled into a cavity, formed by two mirrors with
high reflectivity, to probe absorption information of the target chemical species (gases
or/and aerosols), light leaking from the high optical finesse cavity is then dispersed with a
grating monochromator and detected by a sensitive photodiode array or charge-coupled
device (CCD) array. Concentration of the absorbers or/and aerosol extinction coefficients

could be retrieved by a least-square algorithm.
1.1 IBBCEAS for trace gas detection

A typical diagram of cavity enhanced spectroscopic method is shown in Fig.11-1. The
optical cavity with a length of d is formed by two mirrors with reflectivities R1 and Ry,

respectively. The input intensity of incoherent light to the cavity is represented by lin.

39



Chapter 11 Experimental platforms
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Figure 11-1 Light transmission in an optical cavity.

Assuming no light absorption by the cavity mirrors, the transmission of the cavity mirror
is then (1 - R). Considering that optical losses per pass through the cavity is L due to
absorption losses by absorbers, the light transmission factor inside the cavity is thus (1-
L). The total leaking light intensity from the cavity, I, can be expressed as the sum of

each individual light intensity leaked from the cavity [1]:

| =1, (0~ R)(I-L)A-R,)+
I, (1-R)(-L)R,A- )R, A~ L)AL-R,)
+...+
I, (1-R)A- )RR 1- L) (1-R,) (Eq.2)

+..-4

= 1,(1-R)A-R,)A- L)Y, RIRS (1~ L)

Since R< 1landL <1, according to the geometric progression, Eg.2 can be transformed

into the following equation [1]:

-1 (-R)A-LA-R) €3
1-RR,(-1)

When the cavity is empty (without any absorber), L = 0 and lo can be retrieved:

| _y @-R)A-R,)
0 in 1_ Rle

(Eq.4)
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Dividing Eq.4 by EQq.3, the single-pass loss (1-L) can be expressed as the difference
between the light intensity measured in a cavity filled with absorbers (1) and that without

the absorbers (lo):

(1-R)(I-R,)
l,_ " 1-RR, _1-RR,(1-L)
I (=R)(I-R)(I-L) (1-RR,)(1-L)
" 1-RR,(1-L)

which can be converted to

e o @ERR) T
(1LY +1 2R (1-L) TR
for which the roots are
s Y LIRRY 1 1L1-RR,
< L)_i\/4(| RR, j+R1R2 21 RR, (£

As 0 < L <1, the negative root is unrealistic.

Assuming the loss per pass only lies in the Lambert—Beer law, i.e. 1 - L = exp(-ad)
and R: = R2 = R, the absorption coefficient o, can be written in the following general

sl oL )| o

It should be noted that no approximation regarding of either a or R was made to

form:

derive Eq.6, which is thus applicable in the condition of a large absorption and a small
reflectivity. In case of a small loss per pass (L — 0), and a high reflectivity (R — 1), the

absorption coefficient in Eq. 6 can be approximated by [2]:

11

« za(TO—lj(l—R) (Eq.7)
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This equation Eq.7 implies an effective optical length Lesr = d/(1- R), increasing by a
factor of (1-R)* compared with the single pass length d, and it will be (1- (RiR2)%%)™
times d in case of a more common condition Ry # Ro. Moreover, the signal-to-noise ratio
(SNR) is increased by a maximum factor of [2(1-R)]"¥2 [3].

Compared to the minimum absorption that can be detected by conventional single

pass absorption spectroscopy (Eq.8) [1],

1 insing
a o - 1_ min,single E 8
min,single d [ onsmgle J ( q )
IBBCEAS technique has a minimum absorption coefficient of (Eq.8) approximating (lo -
D/lo = (lo - D/I:

Bin, IBBCEAS = 1(1- I""Bﬂj 1-R) (Eq.9)
d IO,IBBCEAS
Iminsingle @Nd Imin,1BBCEAS are the minimum detectable light intensities by absorption for
single pass spectroscopy and IBBCEAS. Assuming the same path length d, the IBBCEAS
detection limit would be lowered by a factor of (1-R)* due to the improvement of
effective length. An IBBCEAS cavity with a mirror reflectivity of 99.5% will correspond
to an enhancement factor of 200 compared to the single pass method.

1.2 Retrieval of trace gas concentrations and aerosol extinction coefficients

The IBBCEAS technique has been widely used for highly sensitive measurement of
trace gas concentrations and aerosol extinction. The main advantages of this method is its
capacity of simultaneous detection of multiple species using one single instrument

involving a broadband light.

The single pass loss was assumed to be caused by absorption of sampled absorber in
the discussion above. In fact, in addition to the gas absorption, the Rayleigh scattering by

the gas and the Mie scattering by the aerosol particles inside the cavity both contribute to
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the total light losses. Therefore, in order to accurately invert the concentration of the

absorber, it is vital to take the effects of Rayleigh nd Mie scatterings into account.

Let's consider an optical cavity of a length d and formed with two high reflectivity
(R(A)) mirrors. The cavity is continuously illuminated by a broadband light source Isource.
The light intensity lcavity inside the cavity depends on the losses due to mirror reflectivity
(R(A)), extinctions of gas aextgas(1) and aerosol aextaerosol(4) inside the cavity. The light

intensity lcavity can be expressed as Eq.10 [4, 5]:

Al iy (4) :C[_l—R(i)

dt d - aext,gas (ﬂ“) — Aoyt aerosol (l)j Icavity (/1) + Cks Isource (ﬁ“) (quo)

where c is the speed of light in vacuum and ks is an arbitrary constant to describe the
coupling efficiency of the light intensity into the cavity. The differential dt is the finite
time step of a single pass within the cavity, and the differential dlcavity Stands for the finite

light intensity step of a single pass within the cavity.

The intensity transmitted by the cavity I(1) is observed when Eq.10 has reached a steady
state between the source input and the cavity losses, which results in the differential equal
to zero. With dlcavity/dt = 0, the transmitted intensity 1(1) having a proportionality constant

(kc) to lcavity is given as [4]:

Kok, s (4)

C 'S " source

() =kelaam (1) =R 73

d ext,gas (

(Eq.11)

A)+a A)

ext,aerosol (
where the gas extinction coefficient aextgas(4) is the sum of gas absorption coefficient
oabsgas(4) and scattering coefficient ascatgas(4), and the aerosol extinction cextaerosol(4) 1S

the sum of aerosol absorption coefficient aansaerosol(4) and aerosol scattering coefficient

Oiscat,aerosol (i) .

When the cavity is empty (with only N2 inside the cavity), both the aerosol extinction
dextaerosol(4) and the air absorption aans.air(4) Will be zero. Because the Rayleigh scattering
cross section of air (78.1% N2 and 20.9% Oy) is close to that of N, air scattering

coefficient ascatair(4) can be considered as the same with that of gas ascatgas(4) and N2
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orayN2(4) [6], such that ascatgas(1) = ascatair(4) = oray,N2(4). And the reference intensity lo(4)
will be:

kK.l kK1 A
|0(/1): R c'\s source( ) — c'\s source( ) (quz)

A 1-R(A
d( )+ascat,gas(/1) d( )+aRay,N2(ﬁ“)

Combining Eqg.11 and Eqg.12, we can obtain Eq.13:

|0 (/1)_ I (ﬂ) — aabs,gas (ﬂ“)—i_aext,aerosol (ﬂ’) (Eq13)

1(4) :H?jm+aRay,N2 (1)

and a linear relationship to the sum of the trace gas and aerosol extinction coefficients

can be derived as (Eq.14) :

aabs,gas (i) + aext,aerosol (2‘) = Zi ai (/1)

=[1_R(l)+aRay,N2(i))[M] (Eq.14)

1(2)

The absorption of trace gas and extinction of aerosol are governed by the Lambert-
Beer’s Law [7]:

6Kabs,gas (Z’) + aext,aerosol Z n (ﬁ’) + P ) (Eq15)

where nj and o are the number concentration and the reference cross section for the it" gas
species, respectively. P(1), a polynomial offset varying from linear to fifth order, is used
to account for the sum of variation in spectral baseline Po(1) and aerosol extinction

Olext,aerosol (/1) .

Trace gas concentrations n; can be simultaneously quantified by fitting the right side
of EQ.15 to the right side (experimental data) of Eqg.14. Aerosol extinction aextaerosol(4)
will be retrieved by the difference of P(1) and spectral baseline Po(4), which are the
polynomial in Eq.15 when cavity is filled with sample and N2, respectively.

1.3 Development of two IBBCEAS systems for field and chamber measurements
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During my PhD work, two systems based on IBBCEAS have been developed for the

measurement of aerosol extinction and NOgz radical, respectively.
1.3.1 A portable IBBCEAS for field measurement of aerosol extinction

The development of this setup is based on previous works at the LPCA [8]. As shown
in Fig.ll-2, a light emitting diode (LED) (Nichia, NCSUO33AT), emitting ~250 mW
optical power in the UV spectral region around 365 nm, was used as broadband (350 -
400 nm) light source. The UV LED was mounted on a temperature controlled copper
plate to stabilize the optical intensity and LED spectral distribution. The temperature of
the copper plate was stabilized at 20C #0.01<C with the help of a temperature sensor
(Analog Device, AD590) and a single stage thermoelectric cooler (TEC, Supercool). A
laser diode controller (Stanford Research System, LDC501) was used to power both the
TEC and the UV LED. The optical cavity was formed with two high reflectivity mirrors
(Layertec GmbH) separated by a distance of ~182 cm. The mirrors had 25 mm in
diameter, 2 m radius of curvature and a reflectivity of ~99.97% between 340 and 370 nm
(as specified by the manufacturer). The light from the LED was directly focused into the
cavity with a UV lens (f = 75 mm). In order to avoid CCD saturation, a UV band-pass
filter (Semrock) was placed between the focusing lens and the cavity to block the light at
undesirable wavelengths (<364 nm and >378 nm). Light transmitted through the cavity
was collected using a second UV lens (f = 75 mm) into a multimode optical fiber (1000
pm in diameter with a numerical aperture of 0.22), and then transferred to a CCD
spectrometer (Oceanoptics, QE 65000) for spectral dispersion and absorption signal
measurement. The spectrometer was equipped with a 25 pm entrance slit, a 600
grooves/mm grating and a 2048 pixels linear CCD array, which allowed covering the
whole 290-480 nm wavelength range with a spectral resolution of 0.53 nm around 360

nm. The characterization and performances of the setup will be described in Chapter I11.
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Figure 11-2 Setup of IBBCEAS for field measurement. M1, M2, cavity mirrors; EV,
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electronic valve.

1.3.2 Open-path IBBCEAS in CHARME chamber for monitoring NO3z radicals

Another IBBCEAS system (Fig.I1-3) was designed and installed in an atmospheric
simulation chamber called CHARME (CHamber for the Atmospheric Reactivity and the
Metrology of the Environment) for NOz detection during study of NO3z oxidation of
VOCs.

A commercial high-power red LED (Thorlabs, M660L4) emitting around 660 nm
with 940 mW optical power was used as broadband light source for IBBCEAS. The red
LED was powered with a current driver (Thorblabs, LEDD18) at 1200 mA and mounted
on an @30.5 mm heat sink to stabilize the output optical intensity and spectral
distribution of the LED. High optical finesse cavity was composed of two mirrors facing
each other on the simulation chamber walls with a distance of 482 cm. The LED light
was focused into the center of the chamber cavity. The cavity mirrors had an estimated
reflectivity of >99.99% by vendor for the region of 620-680 nm (Layertec). In order to
avoid spectrometer saturation, a band-pass filter (Semrock, FF01-655/40-25) was placed
between the lens and the cavity mirror to pass the light of wavelength from 635 nm to
675 nm with > 93% transmission. The light beam (diameter ~20 mm) transmitted through
the cavity was first collected with a lens (f = 100 mm) into a single multimode optical
fiber (1000 um in diameter with a numerical aperture of 0.22), and then transferred to a

CCD spectrometer (Oceanoptics, QE Pro) for spectral dispersion and absorption signal
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measurement. The spectrograph was equipped with a 50 um entrance slit, a 600
grooves/mm grating and a 1024 pixels linear CCD array, which allowed covering the
whole 570-732 nm spectral range with a spectral resolution of 0.42 nm. The

characterization and performances of the setup will be described in Chapter IV.

m LED driver g Spectrometer

Fiber

LED Lens Filter CHARME Light receiver

Figure 11-3 Setup of IBBCEAS for chamber application. M1, M2: cavity mirrors.

2 The atmospheric simulation chamber CHARME

2.1 Description and features

Since it is tricky to separate the chemistry from the complex meteorology and
reaction processes in the atmosphere, an atmospheric simulation chamber is one of the
most direct tools to investigate the relationships between the formation and the evolution
of atmospheric compounds, by providing a relatively controllable environment and

focusing on the specific compounds of interest.

As mentioned in the previous section, such a chamber called CHARME (CHamber
for the Atmospheric Reactivity and the Metrology of the Environment) aiming at
studying atmospheric physical and chemical processes has been developed in the
Laboratoire de Physico-Chimie de I'Atmosphe&e (LPCA), Dunkirk, France in 2010 as
presented in Fig.11-4 (a).
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| Zero air injection line |
IBBCEAS
IBBCEAS
Quartz windows

(a)

NOx
analyzer
0, analyzer

Figure 11-4 Installation of CHARME: (a) Schematic of CHARME with main design; (b)
Irradiation systems and general view; (c) Mixing fans inside CHARME.

The 9.2 m® chamber reactor is made of stainless steel type 304 L to be chemically
inert, and it has a cylindrical shape with horizontal linear structure by the dimensions of
440 m x & 1.68 m. CHARME has an internal surface of 30-32 m? (with ports and
flanges).

The walls of CHARME consist of double layers allowing circulation of thermal fluids
to vary the chamber temperature between -20 and +50°C (available in the medium term),
and the rigid steel within 4~40 mm thickness allows the chamber to reach a vacuum
without deformation of the flange (pressure ranging from 0.4 mbar to 1 bar). The inner

surface of CHARME has been polished and electrochemically treated, which increase the
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light reflection inside the chamber and reduce the interaction between compounds and the
walls materials.

Four windows with dimension of & 25 cm %24 mm thickness, made of quartz shown
in Fig.11-4 (b), are installed on the longitudinal side of the chamber and used to introduce
the radiation into the chamber, which allows transmission of spectrum between 230 and
3600 nm. The irradiating emission spectrum of correctly-filtered lamps is shown in
Fig.11-5(a), which matches the solar spectrum well in the visible wavelength range. The
quartz material transmission is almost higher than 90% for the range of 230 ~ 2500 nm,
shown in Fig.11-5(b). Also the quartz material can withstand vacuum without deformation
or breakage. The irradiation source consists of 4 Xenon arc lamps (5 kW, SKY TRACER
5000). The light projectors have been adjusted and fixed at a proper distance (~ 0.7 m)
from the quartz windows and a proper height ( ~ 1.2 m) from the ground to directly point
at the windows, which is to have wide projected spots and get rid of the concentrated
warming effect on one point on the inner wall.
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Figure 11-5 (a) Comparison of solar and filtered xenon spectra; (b) Quartz material

transmission (https://www.vacom.de/en/downloads/vacom-product-cataloq).

To have a good homogeneity, four stainless steel fans are installed at the bottom of
the reactor, shown in Fig.ll-4 (c). The rotating speed of each fan (maximum of 330

revolutions per minute - RPM) can be controlled by the input power voltage.

Table I1-1 Characteristics of CHARME.

Charateristics

Material Electropolished 304 L stainless steel
Shape Cylindrical
Volume 9.2 m3(J 1.68 m x<L 4.40 m)
Surface-to-volume ratio 3.5m?
Irradiation 4 xenon arc lamps (5 kW)

Air source Air generator (Parker KA-1-MT8)
Agitation 4 fans (& 50 cm), RPM= 330
Temperature _ Indoor t.emperature (293 £1 K)

Medium term: -20 to + 50<C (double layer)
Pressure Evacuable, 0.4 mbar - 1 bar
Pumping system 110 mé/h, Cobra NC0100-0300B

2.2 Associated instruments

The instruments associated to the chamber to measure the gaseous and particulate
compounds are listed in Tab.llI-2 and their specific parameters are described in the

following sections.

Table 11-2 Analytical instruments associated to CHARME.

Instruments Target Range
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Temperature;

T/RH Sensor Relative Humidit -70C-180C
(Vaisala HUMICAP HMT330) (RH) y 0 - 100%
Os analyzer (photometry UV) i
(Thermo Scientific 49i) Os 0.5 ppbv - 200 ppmv
NOx analyzer (chemiluminescence
using a molybdenum convertor) NO, NO- 0.4 ppbv - 100 ppmv
(Thermo Scientific 42i)
Turbomatrix - GC (Autosystem VOCs
XL) - FID, off-line Organic Aerosols pptv - ppmv
Perkin Elmer (denuder / filter)
PTR-ToF-MS (lonicon 1000)
On-line VOCs pptv - ppmv
SMPS (CPC TSI 3775 - DMA 4 - 1000 nm
3082) Aerosols 10 - 3000 nm; 10*
CPC (TSI 3010) Particles/cm?
LC-MS (AglIGeéZOISC 1100 - MS Aerosols Chemical compositons

2.2.1 Gas-phase analysis

2.2.1.1 Proton Transfer Reaction-Time of Flight Mass Spectrometry (PTR-ToF-MS)
The PTR-ToF-MS (lonicon 1000) is used to monitor the VOC concentrations in
CHARME. The fundamental ionization process in a PTR-ToF-MS instrument can be

written as:
H,0'+R——>RH"+H,0 (R18)

During the reaction of protonated water (H3O*) with VOC molecule R (R18), a proton
H™ transfers from hydronium ion to R, leading to a protonated and ionized molecule RH*
and a neutral water molecule. This reaction is energetically possible for all VOCs, whose
proton affinity is higher than that of water (691 kJ/mol [10]). Then the VOCs
concentration in the sample could be theoretically calculated using Eq.16,
1 [RHY]

[VOCS]ppbv = [H3O+}

(Eq.16)

51



Chapter 11 Experimental platforms

where Kk is a reaction rate coefficient of R 18, t is the reaction time that the ions need to
pass the drift tube. Normally the value of k could be found in literature for many
substances (alternatively it also can be calculated or experimentally determined). The
Tof-MS analyzer will record the mass-to-charge (m/z) ratio and the abundance of various

ions.

2.2.1.2 Chemiluminescence NOx analyzer

Chemiluminescence [11] is the reference method recommended by the European
legislation [12] and the US EPA [13] to measure NOx atmospheric concentrations, and it
is a commonly used technique for the measurement of NO> in monitoring networks. It is
based on the reaction of nitric oxide (NO) with ozone which generates nitric dioxide
(NO., reaction R19) in an electronically excited state and it then falls back to the ground

state by emitting light (reaction R20):

NO +0,——>NO, +0, (R19)
NO, —— NO, +hv (R20)

In this process the emitted luminescence is proportional to the NO concentration. This
technique can also measure NO-, but it has first to be transformed into NO by a
molybdenum converter heated to about 325<C. The NO and sum of NO + NO:
concentrations are determined in the NO and NOx modes, and the concentration of NO-
could be deduced from the difference of the values from these two modes. A
photomultiplier tube installed on in the reaction chamber detects the luminescence

generated during this reaction.

Chemiluminescence has a sensitivity of ~ 0.40 ppbv within 1 min, its main drawback
is that NOy (HONO, HNOsz and other active nitrogen oxides) may introduce

interferences, as they may also be converted into NO by the molybdenum convertor.

2.2.1.3 Ozone analyzer

The Thermo Scientific™ Model 49i ozone analyzer uses UV photometric technology

to measure the concentrations of ozone in air from 0.05 ppbv to 200 ppmv.
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This instrument operates on the principle that Os molecules absorb UV light at a
wavelength of 254 nm. The air is pumped into the analyzer and split into two streams,
one flows through an ozone scrubber to reference cell, and the other one directly flows to
sample cell. The degree to which the UV light is absorbed is directly related to the ozone
concentration as described by the Beer-Lambert Law [14]:

1 _gate (Eq.17)

where « is the molecular absorption coefficient, (at 0<C and 1 atmosphere), L is the
length of cells (38 cm), C stands for ozone concentration in parts per million (ppmv), 1 is
the UV light intensity of the sample (with ozone) in the sample cell and I is the UV light
intensity of zero air in the reference cell. The UV light intensities of each cell are

measured by two photo-diode detectors, respectively.

2.2.1.4 GC-MS

Off-line analysis of VOCs sampled in the CHARME are performed with the coupling
Thermodesorber (ATD - 400, Perkin Elmer) - Gas Chromatograph (GC, Autosystem XL)
- Mass Spectrometer (MS) (Turbomass), Perkin Elmer.

The sampling and analyzing routine is:

1) The organic compounds are sampled on Tenax TA tubes at Q = 100 ml/min
during 30 - 120 min.

2) GC-MS program: The tubes are thermally desorbed by the ATD for 15 min at
300<C under helium stream and cryofocused in a trap cooled down to -30<C. The
trap is afterwards heated within a few seconds to 300<C allowing a fast injection
of the VOCs into the chromatographic column. They are then separated using the
following program: isotherm 5 min at 50C; 5<C min! step to 110<C; 45<C min*!
step to 250<C and hold at 250<C for 5 min (total programming of 25.1 min). The
qualitative analyses are performed by a mass spectrometer (quadrupole) .using the
TIC (Total lon Count) mode, and an acquisition of the masses between 33 and
500 amu (atomic mass units). The energy of the ionizing electrons is 70 eV which
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allows an identification of the detected compounds by comparison with those of
the NIST library (the National Institute of Standards and Technology, 2005 [15]).

2.2.1.5 Liquid chromatography-mass spectrometry (LC-MS)

To determine the chemical composition of SOAs, before analyzed by LC-MS
(Agilent LC 1100 - MS 6540) using the negative ionization mode (proton abstraction) the

aerosol samples are collected on treated quartz fiber filters.

The chromatographic column used in this work was a ZORBAX Extend-C18 (50 mm
long x 2.1 mmi. d., 1.8 pum pore size) one thermostated at 40 <C. The MS analysis allows
to access the molar mass of the identified products and the MS/MS (the first mass
analyzer is set to pass only precursor ions of a single m/z to the collision cell, and the
second MS is set to pass the product ions of a single m/z to the detector) analyses,
performed at three different energies (10 eV, 20 eV and 40 eV) permit to identify the

functional groups of the compounds and to propose chemical structures.
2.2.2 Particle-phase analysis

For the measurement of particles in CHARME, a Scanning Mobility Particle Sizer
(SMPS) consisting of a Differential Mobility Analyzer (Model 3081 Long DMA, TSI
Inc.) and a Condensation Particle Counter (CPC Model 3775, TSI Inc.) is used (Fig.Il-

6(a)).

As illustrated in Chapter I, the SMPS is based on the principle of the electrical
mobility, which is the ability of a charged particle to move in an electric field. As shown
in Fig.11-6(b) the reaction generated particles are sampled from the chamber with a short
conductive silicon line to reduce particles losses. The particles pass through an impactor
and into the electrostatic classifier where they are neutralized with a radioactive source.
Afterwards, particles are introduced with the sheath air into the DMA, which has an
electric field between the two rods in DMA. Due to the created electric field and
according to their electrical mobility, aerosols drift down the annular space between the
electrodes with a stable flow (to avoid uncertainties in the particle number concentration
and sizing). Consequently, positively charged particles move across the sheath flow

towards the central rod and then enter into the CPC, negatively charged ones are repelled
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to the wall and uncharged particles exit the DMA with excess air through the exhaust
flow [16]. In the particle counter, butanol vapor condensation takes place to grow
particles into droplets with optically detectable size. The CPC counts the number of
particles to provide a particle concentration value that is displayed as the number of
particles detected per cubic centimeter (#/cmq) of sample air.

N

Figure 11-6 The DMA and the CPC coupled to CHARME.

Throughout the experiments, the DMA was operated with an aerosol and sheath flows
of 0.3 and 3.0 L min%, respectively. Aerosol number concentration and size distribution,
are measured over a range of 10 to 680 nm diameter for every 120 s. Based on the
assumption that the particles are spherical, the aerosol instrument manager software
provides the volume (in nm® ¢cm) and mass concentration (in g m) if the aerosol

density is known.

3 Conclusion of the chapter

In this chapter, the development of two IBBCEAS systems has been described as well

as the simulation chamber CHARME with the associated instruments.

In brief, IBBCEAS instruments can be used both for field campaigns and laboratory
studies to measure trace gases concentrations (like NO2, HONO and NO3 radicals) and
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aerosol extinction. Results obtained with the develop setups are presented in Chapter 11
and IV.

The chamber CHARME has been employed to investigate the gas phase reaction of
guaiacol (2-methoxyphenol) with NO3z radicals (rate constant determination and study of

the formation of secondary organic aerosols). The results are shown in Chapter 1V.
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Chapter 111 Portable IBBCEAS instrument for field measurement

of aerosol extinction

LIDAR (Light detection and ranging) systems are widely used in different disciplines
ranging from physics, Earth study to archaeology, vehicle automation and forest survey.
In particular, in the field of atmospheric studies, LIDAR is a suitable tool for remote
sensing of optical characteristics of aerosol particles. But by reason of its geometric
structure, LIDAR has a blind range in the near field which causes the loss of information

in this area.

To compensate for the lack of LIDAR information in this blind range, IBBCEAS
technique has been introduced to perform complementary measurement in this LIDAR

blind area in the present PhD work.

1 Introduction and objectives

Due to the layering of the atmosphere, a large negative vertical gradient of aerosol
concentration is often observed between the Earth’s surface and the first kilometers of the
troposphere. Knowledge of the aerosol vertical distribution is crucial for meteorological
and atmospheric chemistry models, and thus for forecasting and warning air pollution

events.

Aerosol LIDAR systems are used for remote sensing of atmospheric aerosols through
the measurements of backscattered light from nanosecond laser pulses emitted into the
atmosphere. Atmospheric backscattering and extinction coefficients, which are correlated
to particle concentrations, are retrieved from the backscattering LIDAR signals. Various
LIDAR techniques have been developed to deduce spatial aerosol optical properties from
standard elastic backscatter LIDAR signal, such as multiangle LIDAR method [1],
stable near-end solution [2] or Fernald-Klett inversion method [3]. However, due to

incomplete geometric overlap between the laser emission beam and the field of view
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(FOV) of receiver telescope in the near range [4] (Fig.ll11-1), retrieval of aerosol optical
properties using LIDAR is restricted in the first lowest hundreds of meters of the
atmosphere [5]. The overlap factor # is a characteristic parameter describing the different
overlapping relation between the FOV of the telescope and the laser beam. When the
laser beam is out of the telescope's FOV, the overlap factor 7 is 0, where is called blind
region; when the beam is partially inside the FOV of the telescope, the overlap factor is

between 0 and 1; when the laser beam is completely contained in the FOV, 5 = 1.

This issue could be partially addressed by measuring the overlap function or adjusting
the alignment for near and far range measurements [6]. The measurement of aerosol
distributions near ground (r = 0) is, however, crucial because of various ground surface
emission sources (industries, traffic, fires, etc.) and their potential effects on human
health [7].

Cross section

Figure I11-1 Schematic diagram of LIDAR’s geometric overlap factor #. 8 and o are the
width transmitter angle and the receiver acceptance angle, respectively. do is the
separation distance between the two axes. The overlap factor # is related to the 6, a, do,
and the diameters of both cross sections of laser beam and telescope FOV at the same

distance.
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In the past decades, the LIDAR blind zone has been reduced from several kilometers
(micro pulse LIDAR, MPL) to a few hundreds of meters (approximately 200 m for
ALS300 LIDAR, Leosphere) [8] by enlarging the FOV with optimized optical design
(like enlarging the receiver angle o, reducing the distance between laser and receiver,
etc...), which almost reaches the instrumental limit. Considerable endeavors have been

conducted through experimental methods [9] or analytical approches [10, 11].

For the missing informations in the blind zone near the ground surface, indirect in situ
measurement of scattering or extinction coefficient would be supportive for extracting
aerosol optical parameter as well as for determination of the solution boundary value
from the near-end inversion method or for the correction of aerosol's optical depth in the
blind zone [2]. Nephelometer [12, 13] is the most commonly used instrument for the
measurement of aerosol concentrations using light scattering to provide supplementary

near ground data.

A new alternative optical method is proposed in the present PhD work to directly
measure aerosol extinction near the ground surface, instead of aerosol scattering. Optical
methods have been widely used to measure aerosol extinction, such as multi-axis
differential optical absorption spectroscopy (MAX-DOAS) [14, 15] for measurements
over long-path length, and cavity attenuated phase shift (CAPS) [16, 17], cavity ring-
down spectroscopy (CRDS) [18, 19] and incoherent broadband cavity enhanced
absorption spectroscopy (IBBCEAS) [18, 19] for local point measurements. To our
knowledge, using IBBCEAS to measure aerosol extinction near ground surface in

synergy with LIDAR remote sensing has been previously reported.

In the present work, a custom-designed IBBCEAS-based instrument coupled to a
broadband UV light emitting diode (LED) was developed for measuring aerosol

extinction over a relatively large spectral band (355-380 nm) with high spatial resolution.

The objective of the present work is to provide a new optical measurement method to
complete the missing information on aerosol extinction in the LIDAR blind range which
allows to use the aerosol extinction data measured by the method being located close to
the LIDAR measurement site, for near-end LIDAR calibration to compensate for

missing data in its blind zone, in particular near the ground face. Comparison of the
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IBBCEAS measured aerosol extinction was compared with that measured by LIDAR
remote sensing at the same location near ground surface to validate the proposed strategy
for further application to LIDAR measurement of aerosol extinction with calibration by
IBBCEAS measurement.

2 Description of the involved instruments

2.1 LIDAR system and measurements

The scanning LIDAR used in the present work is an ALS300 manufactured by the
LEOSPHERE Company (Fig.1l11-2). This LIDAR operates with a third harmonic of an
Nd-YAG laser at 355 nm wavelength. The energy pulse is about 16 mJ with a repetition
rate of 20 Hz, and the spatial resolution is 15 m along each beam. The theoretical
LIDAR blind distance for optimal near field overlap is about 250 m. In order to reduce
the blind distance, a geometrical form factor (GFF) has been deduced by using horizontal
profile measurements in a homogeneous clear atmosphere area before the start of the
measurements [20]. The GFF, deduced experimentally, has been applied in each profile
obtained during the burning period, to reduce the blind distance from 250 m to 105 m.
The LIDAR signal was inverted to derive aerosol extinction coefficients using the Klett—
Fernald method [21, 22]. At the beginning of the measurements, the Hamilton’s slant
LIDAR technique [23] was applied on single range-height indicator measurements (from
0<to 84<zenith angle with a step of 59 to deduce the aerosol optical thickness in the
blind zone. A sun photometer located in the close environment of the measurements site,

integrated in the international Aerosol Robotic Network (https://aeronet.gsfc.nasa.gov),

was used to constrain the LIDAR signal in order to determine the LIDAR ratio.
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Figure 111-2 LIDAR system installed in an atmospheric mobile unit.

2.2 IBBCEAS instrument

The IBBCEAS used in this campaign has been described in Section 1.3.1 of Chapter

Both aerosol and NO2 have absorption in the UV wavelength range [24]. In the
present work, a LED (Nichia, NCSUO33AT) was used as light source, with center
wavelength at ~365 nm. The main parameters of LED are listed in Tab.lllI-1. The
spectrum of LED is shown in Fig.l11-3(a) and the absorption cross section of NO; is
shown in Fig.111-3(b).

Table I11-1 Main parameters of LED

LED Full width at half
ower Forward Forward Peak maximum (EWHM)
P current/mA voltage/V wavelength/nm
mw /nm
190~310 700 3.2~4.4 365 9
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Figure 111-3 (a) Emission spectrum of the LED used (https://www.alldatasheet.com/
datasheet-pdf/pdf/240025/NICHIA/NCSUOQ33AT.html); (b) Absorption spectrum of NO-
from 350 nm to 380 nm [25].

To minimize the interference of ambient light, a UV band-pass filter (Semrock, FF01-
360/23-25) is placed between the LED and the cavity to block the light at undesirable

wavelength. The performance of the filter is shown in Fig.I11-4.
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Figure I11-4 Band-pass filter transmission. Transmission in the range of 320-1120 nm is
noise limited to be near or below 3x10-°%, and transmission in the wavelength of < 320
nm or > 1120 nm is near or below 3x<104%. (http://www.semrock.com/FilterDetails.
aspx?id=FF01-360/23-25)

64


https://www.alldatasheet.com/%20datasheet-pdf/pdf/240025/NICHIA/NCSU033AT.html
https://www.alldatasheet.com/%20datasheet-pdf/pdf/240025/NICHIA/NCSU033AT.html
http://www.semrock.com/FilterDetails.%20aspx?id=FF01-360/23-25
http://www.semrock.com/FilterDetails.%20aspx?id=FF01-360/23-25

Chapter 111 Portable IBBCEAS instrument for field measurement of aerosol extinction

QE 65000 spectrometer from Ocean Optics for spectral dispersion and absorption

signal measurement was used in this study. The main parameters are listed in Tab.Il1-2.

Table 111-2 Parameters for QE 65000 spectrometer.

Main parameter

Focal length 101 mm
Spectral range 290 - 480 nm
Resolution ~0.5nm
Entrance slit 25 m
CCD pixels 2048
Detector Hamamatsu S7031-1006
Dimensions (LXN>H) 185 mm >x115 mm %50 mm

3 Measurement details

3.1 Measurement by IBBCEAS

3.1.1 Calibration of the IBBCEAS instrument

As shown in Eq.14, cavity mirror reflectivity must be firstly determined over the
whole working wavelength range for accurate quantitative measurement. In the present
work, the mirror reflectivity R(L) was determined using a known concentration of NO2 by

rearranging Eqg.14 as follows:

(21 P o) Eq19)

where d is the cavity length (142 cm), nno2 is the number concentration of a reference
NO: cylinder (361 ppbv £10%), ono2(A) is the absorption cross section of NO» (5.42 x

101 c¢cm? molecule at 370 nm), arayn2(X) is the Rayleigh scattering coefficient,
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calculated as 6.02 <107 cm™* at 370 nm wavelength at 1 atm [26], lo(A) and I()) are the

measured light intensities when cavity is with N2 and with absorber, respectively.

Fig.111-5 (a) shows the original cavity output spectra of pure N2 and 361 ppbv NO: for
lo(A) and I(L), respectively, as well as the theoretical Rayleigh scattering coefficient.
Fig.1lI-5 (b) displays the reference absorption cross sections of NO; around 365 nm
reported by Burrows et al. [25], and also the experimentally determined mirror
reflectivity. Fig.Il1-5 (c) is the NO2 (361 ppbv) absorption spectrum being used to
determine the mirror reflectivity in Fig.l11-5 (b). Considering the wavelength where NO-
has large absorption band, the cavity shows high output intensity and the mirrors present
a fifth-order polynomial, therefore the working wavelength was confirmed from 364 nm
to 377 nm.
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Figure 111-5 (a) Cavity output spectra for pure N. and standard NO. mixture, and the
Rayleigh scattering coefficient for N2 [26]; (b) Absorption cross sections of NO- [25] and

the experimentally determined mirror reflectivity; (c) 361 ppbv NO> absorption spectrum.
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In the working wavelength region of 364-377 nm, the maximum mirror reflectivity
(~5% uncertainty) was found to be ~99.84% at 374.5 nm, leading to an effective optical
pathlength of ~ 860 m.

3.1.2 Performance characteristics

The measurement accuracy of an instrument system usually depends on calibration,
and the measurement precision may be improved by data averaging in case where white
noise is dominant. The acquisition time of the spectrum is determined by the integration
time and the number of averaging times. If the integration time is too long, the
acquisition time also increases, but the CCD is easily saturated; if the integration time is
too short, the measured spectral signal-to-noise ratio is very poor. In this case, the
maximum averaging number (or optimal averaging time), limited by the stability of the
LED emission and the stability of the CCD spectrometer system, can be determined by an
Allan variance analysis [27].

System stability of the developed instrument was characterized by means of the Allan
variance analysis. The optimal integration (averaging) time can be obtained using time
series IBBCEAS spectra of N> through Allan variance analysis. The cavity was flushed
with pure nitrogen and the cavity output intensity was recorded over 200 consecutive 2.4-
s spectra (i.e. 4 averaged spectra with a 600 ms integration time provided one spectral
data). Typical Allan variance analysis results (expressed in Allan deviation) by Origin is
shown in Fig.111-6, illustrating a maximum instrument stabilization time of 69.6 s by 600
ms integration time with averaging number of 116, which gives a measurement precision
(1o) of 1.5 ppbv for NO.. Considering the calculation and comparison with associated
instruments' time responses, the used averaging time was 60 s (leading to an averaging
number of 100).
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Figure 111-6 Allan variance plot as a function of averaging time. The optimum averaging
time was found to be 69.6 s with an estimate of the measurement precision of 1.5 ppbv
for NO2, corresponding to an optimum averaging number of 116 with 600 ms integration

time per spectrum.

The measurement precision of the IBBCEAS instrument was assessed by flushing N2
into the cavity. The time resolution for IBBCEAS was 1 min (600 ms integration time,
averaging 100 times). A time series of 200 data were recorded. The mean value of the
NO2 concentration for the data was 0.22 ppbv, indicating the instrumental accuracy.
Fig.l11-7 shows the distribution histogram of the estimated NO2 concentrations by the
IBBCEAS instrument, and the distribution histogram was fitted with a Gaussian model,
resulting in the measurement precision of 2.19 ppbv from the FWHM of the fit Gaussian

profile.
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Figure 111-7 Histogram showing the distribution of the estimated O ppbv NO:

concentrations by N2 flushing.

Based on Eq. 14, considering the uncertainties in the used NO. absorption cross
section [25] (5%), in the cavity length (1%), in Al/l (0.5%), in the factor of (1 - R) (5%),

uncertainty in the total measurement extinction were approximately estimated to be 5.2%.
3.1.3 Simultaneous measurement of aerosol extinction and NO; concentration in ambient air

As indicated in Eq.15, the knowledge of baseline variation over time is crucial for
accurately retrieving aerosol extinction aextaerosol (A) as both contributions are accounted
by a polynomial function P(A) determined from the slow variation feature in the

measured IBBCEAS spectrum.

In the current work, the spectral baseline Po(4) was regularly measured through the
following operation protocol (Fig.111-8 (c)): 6-min measurement with pure N2 (for
baseline Po(X)) and 24-min measurement with air sample (providing information on gas
absorption olapsgas, aerosol extinction oextaerosol and baseline Po(X)). Switching was
controlled with an electronic valve (Fig.111-8 (a) and Fig.l11-8 (b)). N2 or ambient air was

continuously sampled, at a flow rate of 2 L/min, to the IBBCEAS cavity working at
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atmospheric pressure. A case of one cycle to show the process to achieve aerosol

extinction oLextaerosol 1S given in Fig.111-8 (d).
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Figure 111-8 (a) and (b) The electronic valve in the experiment; (c) Working time
sequence of the valve in the experiment; (d) Process to retrieve the aerosol extinction
oextaerosol(A). In each 30-min cycle, the flow was switched between N and air. The system
baseline was retrieved by the difference between two successive N2 spectra. In N2 flow
sequence, four spectra of N2 were recorded, one of which was selected as reference
background intensity lo(A) (red dot in Fig.I11-8 (d)) and another spectrum (green dot in
Fig.111-8 (d)) was the sample intensity lo’(X), then based on Eq.15, the fitting result came
with nearly 0 ppbv NO2, and a baseline Po(X) was deduced from the IBBCEAS spectrum
of lo(A)/1o'(X), and this baseline Po(A) was regarded as stable in the following 24 min.
Thus in the following air flow, the aerosol extinction could be separated from the
polynomial P(L): dtextaerosol = P(L) - Po(R).
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A representative case of data retrieval is shown in Fig.Il1-9, depicting measured
(black circles) and fitted (red curve) IBBCEAS spectra of 10.8 ppbv NO: in air
containing aerosols. The acquisition time for each spectrum was 60 s (average of 100
spectra with an integration time of 600 ms per spectrum). Wavelength-dependent aerosol
extinction coefficients cext.aerosol (4) (0orange line) were deduced from the subtraction of
regularly measured Po(A) (dark green line) from the fitted polynomial function P()), as

shown in Eq.15.

Limit of detection (LoD) of the present IBBCEAS instrument was evaluated using the

following expression:

Limit of Detection =

[ N02 ]measured _ [ N02 ]measured (qul)
SNR (amax _amin)/SD

residual

where [NO2]measured 1S the measured NO2 concentration, the SNR stands for the signal-to-
noise ratio and was estimated by the ratio of the maximal absorption difference by

absorption of the measured NO: to the standard deviation of the residual [28].

Based on the standard deviation of the fit residual in Fig.I11-9, a minimum detectable
extinction coefficient of 4.3x<10° cm™ (corresponding to a minimum detectable NO-

concentration of 1.5 ppbv were deduced.

[NO, ] [NO, ]
NO — measured __ measured — 15 b
[NO:]ueo SNR (Cmax — Apin ) | SD PP

residual
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Figure 111-9 Typical data retrieval of NO2 (10.8 ppbv) and wavelength-dependent aerosol

extinction coefficients (1.05><107 cm™ at 370 nm) from a measured IBBCEAS spectrum

of ambient air.

3.1.4 Sampling site

An inter-comparison campaign was organized in the morning of September 14, 2018
in an urban and industrialized coastal area in Dunkirk (North France). Combined
measurements of aerosol extinction at the same location (as illustrated in Fig.111-10) near
ground surface were performed using LIDAR remote sensing and IBBCEAS in situ
monitoring. The LIDAR system was located in UMA (Unité&Mobile Atmosphé&ique)
situated at ground level about 0.4 km away from the building where a UV LED-
IBBCEAS system was installed (in an air-conditioned shelter) on the roof at ~14 m high.
The meteorology parameters were recorded during the measurement as shown in Fig.I11-
11. Measurement of aerosol extinction for the comparison was performed at 400 m away

from the LIDAR (outside its blind zone) at a zenith angle around 84<
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Figure 111-10 Schematic of combined measurements of aerosol extinction near ground

surface.
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Figure 111-11 Time series of meteorological parameters (such as temperature, relative
humidity, atmospheric pressure, solar radiation, wind speed and direction) during the
measurement period at the measurement site (9:30-11:30, 14 September 2018). During
the 2.5 hours measurement, the local temperature and pressure presents a relatively stable
condition without significant variation. The solar radiation has an increase around 10:15,
which may enhance vertical dispersion of aerosols which may "dilute” aerosols so that it
may decrease extinction coefficient, and the wind has a mild change from south to

southwest as RH decreased, which may bring the different air masses and aerosol

Sources.
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3.1.5 Potential interferences

Besides absorption from NO and aerosol particles in air sample, there are other
gaseous species exhibiting structured absorption features in the relevant wavelength
range (364-378 nm), such as HONO, CH-0, O3z, BrO, 10, OCIO and glyoxal.

(1) The typical concentration for CH2O and Os in the atmosphere are up to tens of
ppbv levels, but their low absorption cross sections (< 1022 cm? molecule® [29, 30],
compared to the cross sections of more than 10'*° cm? molecule™ for NO2, make their
absorption magnitudes (~101° cm™) lower than NO., and undetectable by the minimum

detectable extinction coefficient of the current IBBCEAS instrument (4.3x<10-° cm™).

(2) Although the absorption cross sections of BrO (~10*8 ¢cm? molecule* [31]), 10
(~10% cm? molecule [32]) and OCIO (~10t" cm? molecule™® [33]) are one or even two
orders higher than that of NO2 in this spectral region, their concentrations are only
several pptv for BrO and 10, tens of pptv for OCIO [34], nearly three orders of magnitude
lower than NO concentration in ambient air making their absorption magnitudes (~10-1°
cm for BrO and 10, ~10-° cm™® for OCIO) lower than the minimum detectable extinction
coefficient of the IBBCEAS, they are below the detection limit.

(3) Regarding glyoxal with a typical cross section of < 10-2° cm? molecule™® [35] in
this spectral region, as its concentration in urban areas ranges from 10 pptv to 1 ppbv, its
absorption (~1012-10-1° cm?) is about 10-100 times weaker than that of NO, and hence

can be ignored.

3.2 Intercomparison of results from the IBBCEAS and the LIDAR

The LIDAR-derived aerosol extinction coefficients and those simultaneously
measured by the UV LED-IBBCEAS (Fig.l11-9) are plotted in Fig.ll1-12 (a). The
measurements were carried out in the morning of 14 September 2018 from 9:30 to 11:30.

A good agreement with a correlation coefficient of R? = 0.90 (Fig.111-12 (b)) is
obtained between the aerosol extinctions measured using the two different techniques.
Both results have a consistent variation tendency during the sampling period.
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Figure 111-12 (a) Time-series measurements of aerosol extinctions by LIDAR (red) and
by UV LED-IBBCEAS (black); (b) Correlation plot of time-series measurement results.
Time resolutions for LIDAR and IBBCEAS measurements are 1.5 min and 1 min,

respectively. Time resolution for the correlation plot is 3 min.

Some discrepancies were however observed between 09:40 and 10:00. The strongest
fluctuations measured with LIDAR can be explained by the fact that its measurements
were performed over a 400-m open-path which could be significantly influenced by the
ambient meteorological conditions (RH, wind direction, wind speed, etc.), while the UV
LED-IBBCEAS sampled local air into its optical cavity for the measurement, which led

to more stable measurement conditions.

75



Chapter 111 Portable IBBCEAS instrument for field measurement of aerosol extinction

4 Conclusion

In conclusion, LED-based IBBCEAS operating around 370 nm wavelength has been
applied, for the first time, to address the issue of missing data in the LIDAR blind zone
(lowest hundreds of meters of the atmosphere). Combined measurements of aerosol
extinction coefficients have been performed using LIDAR remote sensing and
IBBCEAS in situ monitoring at the same location near ground surface. Good correlation
(R?=0.90) between the data obtained with these two different measurement techniques
was obtained. This work demonstrates the potential of using aerosol extinction data
measured by IBBCEAS located close to the LIDAR measurement site, for near-end
LIDAR calibration to compensate for missing data in its blind zone, in particular near
ground surface. It would be useful to refine LIDAR signal inversion and thus to improve
the reliability and accuracy of atmospheric aerosol data. The present work also shows the
interest of developing a low-cost, compact and robust IBBCEAS instrument (currently
not commercially available) for UV-borne measurements to determine the vertical profile

of the LIDAR ratio for near-end calibration.
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Chapter IV Laboratory studies of the reactions of VOCs with

nitrate radicals

Since the finding of the importance of nitrate radical in nocturnal chemistry, many
laboratory studies on the reactions of VOCs with NO3 have been carried out. Regarding
the determination of reaction rate constants, the relative rate method has been much
largely used in those studies, because direct, time-resolved detection of NOs has been
very challenging. Yet, since the relative rate method implies the use of reference
compounds with known nitrate rate constants, this increases the uncertainties in the rate

constant obtained.

In the following chapter, we present the results of laboratory studies using an
IBBCEAS instrument coupled to the environmental chamber CHARME. In the first part,
the kinetics of NO3z with guaiacol (2-methoxyphenol, 2MP) was investigated by using the
pseudo-first order method with an excess of 2-MP and tracking the NO3s concentrations
profiles. In a second part, the chemical mechanism for the reaction of guaiacol with NOs
was studied. Note that the results on guaiacol have been accepted for publication in the
journal Atmospheric Environment (Meng et al., 2020) and the corresponding parts are

reproduced in extenso in the present chapter.

1 Context of the study

Biomass combustion is a one of the major source of both gases and particulates in
many parts of the world. It is estimated to contribute approximately 10 - 50% of the total
organic fraction of aerosols [1], and it can be inferred that biomass combustion has a
direct influence on both ambient air quality and climate change [2]. Some earlier studies
showed that wood smoke exposure can lead to many adverse health effects, such as acute

respiratory infections, asthma, lung cancer and cataracts [3, 4].
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Natural wood consists of three basic polymers, cellulose, lignin, and hemicelluloses.
Lignin is estimated to account for 18 - 35% by mass [5] and methoxyphenols are emitted

from the pyrolysis of lignin.

The reactivity of methoxyphenols with hydroxyl radicals [6-9], chlorine atoms [10],
ozone [11] and nitrate radicals [12-14] has been investigated. The determination of the
rate coefficients for these reactions demonstrates the high reactivity of methoxyphenols
toward OH, Cl and NO3 and their low reactivity with Os. In the nocturnal atmosphere, the
nitrate radical is the dominant oxidant, and its reactivity with VOCs is similar to that of
OH during daytime [15]. Because of the fast diurnal photolysis of NOs, appreciable
[NOs] can only accumulate at night, with concentrations ranging from 5 <107 to 1 x10%°
molecules cm= [16, 17]. Based on literature data, a recent study [12] estimated the
lifetime of 13 ~ 174 s for methoxyphenols with respects to their reaction with NOs (for
[NOs] = 5 x 10% molecules cm™ [18]), the large range of lifetimes reflecting
disagreements in rate constants for the reaction of guaiacol with NOs. Complementary

investigations are thus clearly needed for this class of compounds.

2 Kinetics of the reaction of NOs radical with guaiacol

2.1 Experimental section

2.1.1 Experimental system

The experiments were performed in the dark in CHARME chamber at room

temperature (294 £2 K), atmospheric pressure and low relative humidity (RH < 2%).

Purified and dried air was introduced into the chamber using a generator (Parker
Zander KA-MT 1-8) connected to a compressor (SLM-S 7.5 - Renner SCROLLL.ine).
CHARME is coupled to a vacuum pump (Cobra NC0100-0300B), which allows to
reduce the pressure down to 0.4 mbar. The time required to evacuate and fill the reactor

was around 1 h.
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Guaiacol (2-methoxyphenol) was introduced into the simulation chamber under

vacuum (~ 0.04 mbar) and then NO3 was introduced.

2.1.2 Chemicals

The compounds used in this study, their manufacturer and stated purity were:
guaiacol (Alpha Aesar, 98 %), m-cresol (Merck Schuchardt, 99%), o-cresol (Merck
Schuchardt, 99%), p-cresol (Merck Schuchardt, 98%), water (VWR, > 99.9 %),

dioxygene (Praxair, 99.5 %) and nitrogen dioxide (Praxair, 99 %).
In this study, the NOs radicals were generated by two methods:
a) in situ formation of NOz from reactions (R18):
NO, +O,——> NGO, +0, (R18)

NO2 was injected first with a gas syringe and O3 generated using an ozone generator
(by Corona discharge in Oz, Model C-Lasky, C-010-DTI) was then introduced. The
injection of both gases were performed in a few seconds. The nitrogen dioxide and ozone
concentrations were measured with a chemiluminescence NOy analyzer (Thermo

Scientific, 42i) and a photometric ozone analyzer (Thermo Scientific, 49i), respectively.
b) thermal decomposition of dinitrogen pentoxide (N2Os) [19, 20]:

N20s was first synthesized in a vacuum line through the reaction of NO2 with an
excess of Oz according to the forward reaction of R19, which is followed by the reverse

reaction:
NO, + NO, «—N,O, (R19)

A setup presented in Fig.1V-1 (a) for N2Os has been installed and the process of
formation of N2Os is :

1) Prepare the ethanol bath (-80 ~ 85<€) in the dewar (Fig.IV-1 (b));

2) Vacuum the setup in Fig.IV-1 (a);
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3) Connect the NO- cylinder to the setup, and trap the NO: in a glass tube with the
ethanol bath in the form of white crystals, which correspond to nitrogen peroxide

(N20g4), if blue colour appears then nitric acid is formed;

4) To trap the N2Os move the ethanol bath to another trap and flush the first trap

with Os, which leads to the formation of N2Os and store the crystal products
(Fig.IV-1 (c)) in a refrigerator of T = -80<€.

Figure IV-1 Setups of N2Os formation: (a) Setups for the formation process; (b) Ethanol

bath in dewar vessel; (c) N2Os crystal in the trap.

2.1.3 Kinetic study methods

The rate constants for the reactions of NOs radical with guaiacol could be measured

using two methods: the pseudo-first order (absolute) method and the relative method.

2.1.3.1 Pseudo-first-order method

In the pseudo-first order method, NO3 was generated by the in situ method and its
decay was measured with the IBBCEAS setup mounted on the chamber. For these
experiments, guaiacol concentrations were in excess compared to those of nitrate radicals
(about a factor of 10 higher).

During this process, NOs, Oz and NO: are in equilibrium; therefore, the rate
coefficient can be obtained by fitting NOz temporal profiles using the Facsimile software

[21]. Besides the reactions R18 and R19, the relevant reactions are:
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guaiacol + NO, —— products (R36)
NO,+wall loss——loss (R37)
N,O;+wall loss——loss (R38)
O, +wall loss——loss (R39)
NO, +wall loss——loss (R40)

Under pseudo-first-order conditions, the rate of disappearance of NOz followed a

simple exponential rate law:
[Nog]t = [N03]0 xg ! (Eq.20)

where k£’ = kX [guaiacol] + k’iess Is the total radical decay caused by its wall loss (first-

order rate coefficient for NO3z removal in the absence of guaiacol) and its reaction with

guaiacol. Using Facsimile, the k and & ’i0ss would be fitted out.

2.1.3.2 Relative rate method

This method is based on the measurement of the loss of a reactant, guaiacol in this
study, relative to that of a reference compound in the presence of an oxidant [17, 22].
Ideally, the ratio of the rate constants between the reference and the reactant with the
same oxidant should be in the range of 0.2 ~ 5. NO3z was produced by the two methods

cited above.

In this study on the NOgz reaction with guaiacol, three reference compounds were
used: o-cresol, m-cresol, and p-cresol. Their rate constants with NOs (in units of cm?
molecule® s1) are: Ko-cresor = (1.40 £0.16) <1071 [23], Kin-cresor = (1.10 £0.13) x 101! [23]
and Ky.-cresor = (1.10 £0.13) %101 [23].

For both NO3z production methods, reactions between the VOCs and the NO3 radical

will take place simultaneously:

guaiacol + NO, —— products (R36)
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reference + NO, —— products (R41)

Preliminary tests have shown that the wall losses for guaiacol and reference VOCs
were not negligible. Thus, wall loss reactions need to be taken into account:

guaiacol / reference + wall loss——loss (R42)

Kinetic analysis of the reactions R36, R41 and R42 leads to the following relationship for

the relative rate method:

uaiacol k . reference
In [g ]o = guaiacol {In[ ]0 kllef '1} (Eq21)

[ guaiacol ], s K [reference],

reference

where Kguaiacol and Kreference are the rate constants for the reactions R36 and R41; kiess and
ket are the wall loss rate constants for guaiacol and reference in reactions R42;
[guaiacol]o, [guaiacol]: and [reference]o, [reference]: are the concentrations of guaiacol

and reference in the beginning and at any time t of the reaction, respectively.

Hence, by plotting In{[guaiacol]o/[guaiacol]:}-kiess () against In{[reference]o

I[reference]:}- krer (t), a straight line with the slope of Kguaiacol/Kreference Should be obtained.

2.2 Results and discussion

2.2.1 Specifications of IBBCEAS

An IBBCEAS system has been installed in CHARME, as described in Section 1.3.2
of Chapter Il. The mirror reflectivity was determined from Eq.14 by injection of NO:
(1295 ppbv) in zero air into the simulation chamber (shown in Fig.1V-2 (b)). The NO2
concentration was monitored by a chemiluminescence NOyx analyzer. The mirror

reflectivity R(A) was thus determined from Eq.14 and fitted by a fifth-order polynomial:

R=1-d x(nNOZGNOZ (A)-1(%) ~ Gy (/1)} (Eq.22)

o (2)=1(2)

where d is the chamber length (482 cm), nnoz is the number concentration of NO» (3.29 =

10 molecules cm™ at 1 atm and 18<€), ono2(}) is the absorption cross section of NO2
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(6.51 %102 cm? molecule at 660 nm and 1 atm), arayn2(R) is the Rayleigh scattering
coefficient, which is calculated as 5.62 <108 cm™ at 660 nm and 1 atm [24], lo(A) and

I(A) are the intensities when cavity is with zero air and with NOg, respectively.

Fig.IV-2 (a) shows the cross sections of NOz [25], NOz [26] and Rayleigh scattering
coefficient used in this work for the calibration of mirror reflectivity and concentration
retrieval, Fig.IV-2 (b) and (d) shows the mirror reflectivity determined for NO3
measurement around 660 nm in CHARME and the LED emission spectrum, respectively,
and Fig.IV-2 (c) is the NO2 (1295 ppbv) absorption characteristic determined in the
mirror reflectivity calculation in Fig.IV-2 (b). Normally, the working wavelength should
include the largest absorption band of NOs (660 nm — 665 nm). However in CHARME,
the calibration result showed the mirrors do not present a good fifth-order polynomial
between 660 nm and 665 nm, therefore to have the smooth mirror reflectivity, the fitting

wavelength was confirmed from 630 nm to 663 nm.

The maximum mirror reflectivity was 99.95% at ~650 nm, which led to an effective
optical absorption length of 9.14 km. The upper panel shows NO and NOs3 spectra in the
same region for comparison. Each spectrum was recorded with a total acquisition time of

15 s (integrated time of 600 ms <25 average times).
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Figure 1V-2 (a) NO2 [25] and NOs [26] absorption cross sections around 650 nm, and
Rayleigh scattering coefficient [24]; (b) Light intensities and mirror reflectivity; (c) 1295

ppbv NO; absorption characteristic; (d) LED emission spectrum.

A representative data retrieval is shown in Fig.I\V-3, depicting measured (black
circles) and fitted (magenta curve) IBBCEAS spectra of 445.5 ppbv NOz and 2.0 ppbv
NOs in the chamber sample.

12 4 Residual = Experimental a - Fitting a

Fitting a = NOg absorption + NO3 absorption + P(4)
10 4

O Experimental a
m— Fitting o

[o2)
1
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== NO3 absorption spectrum

= NO> absorption spectrum
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o
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Figure 1V-3 Typical data retrieval of NO2 (445.4 ppbv) and NOs (2.0 ppbv) from a
measured IBBCEAS spectrum of chamber sample.
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LoD for NO; of the IBBCEAS instrument coupled to CHARME was evaluated using
Eqg.19. And similarly LoD of NOz was retrieved. Based on the standard deviation of the
fit residual in Fig.IV-3, and SNR of 23.2 for NO2 and 81.5 for NOs, the detection limits
for NO2 and NOs were 19.2 ppbv and 24.5 pptv, respectively with an integration time of
15s.

An example showing NOs formation after successive additions of NO2 and Oz is
given in Fig.IV-4. Time series of NOs and NO2 were simultaneously measured by
IBBCEAS and chemiluminescence analyzer for 3.5 h after an initial injection of 2000
ppbv NO2. Then, after about 30 min for NO2 concentration stabilization, 1600 ppbv Os

were introduced to generate NOg in situ.

The concentrations of the different gaseous species were simulated using the
Facsimile software and these data were compared to those experimentally measured. The

corresponding reaction mechanism is shown in Tab.l1V-1:

Table 1V-1 Chemical reaction system used to simulate the temporal profiles of NOsz, NO,

O3 and N2Os concentrations with Facsimile.

Chemical reaction k (at 296 K) Units
3.33 <1077 ] 1
NO, +O,——> NGO, +0O, Alog k = £0.06 2 cm® molecule™ s
" 1.25%101? 3 1ol
NO, + NO, «—— N, O, AMogk=02° cm® molecule™ s
3.48 %1072 .
S
Alogk=+0.32
NO,+wall loss——>loss 1.48 %1072 st
N,O; +wall loss—>loss 2.17 x10°5P st
O,+wall loss——>loss 3.36 x105¢ st
NO, +wall loss——>loss 1.91 x<10°5¢ st

2 Recommended values at 296 K [27].
b Rate constants adjusted using the Facsimile software to match the experimental concentrations of NOs
and NO2. These constants depend on the chamber properties.

¢ Rate constants directly measured.
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The simulated concentration-time profile of NO: displays good agreement with
IBBCEAS measurements, while chemiluminescence NO, measurements rapidly disagree
after Oz addition. This was expected, as it is known that other nitrogen species (i.e. NOg,
N20s...) interfere in chemiluminescence analyzers [28]. Before the injection of ozone,
the correlation between the NO2 concentrations measured by IBBCEAS and
chemiluminescence is y = 1.077x — 180.0 with R? = 0.90 which validates the

measurements of NO. performed with the developed IBBCEAS as shown in Fig.l1V-5.

2500
: Og injection

£>2 .

% 2000 —

- 4 NOy by Chemiluminescense
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= 1500 - . 2%y
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Time
Figure 1V-4 NO- (upper panel) and NOs (lower panel) time profiles following injection
of 2000 ppbv NO2, ~30 min stabilization and injection of 1600 ppbv Oa.
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Figure 1VV-5 Correlation plot of NO2> measured by IBBCEAS vs. NO, measured by

chemiluminescence before Oz injection.

2.2.2 NO;3 + guaiacol kinetics using the pseudo-first order method

A first, preliminary experiment was carried out with initial concentrations of ~2200
ppbv NOz and ~1800 ppbv Oz, as shown in Fig.1V-6. NO2 was introduced in the chamber
by several injections and Os was flushed into the chamber after half an hour. By
simulation using Facsimile, the maximum of [NOs] was estimated after ~ 40 min,
consistent with the measurements. The experimental maximum [NOz] was observed ~ 40

min after the mixing of NO2 + Os.

450 ppbv guaiacol were then injected into the chamber and NO3z immediately falls
down to zero in ~2 min due to the fast reaction between guaiacol and NOg radical. This

extremely fast decay makes it impossible to retrieve the NOs + guaiacol rate constant.
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Figure 1V-6 Time series of NO2, Oz and NOs in experiment of NOs + guaiacol.

Thus, determining the rate constant of NOs + guaiacol by the pseudo-first order
method is not possible, due to the fast reaction. Attention should be taken when applying
this method for NOs + VOC rate constant determination, which appears to be more
applicable for less reactive VOCs having k values lower than that of NO3 + guaiacol (rate

constant magnitude 101! cm? molecule s).

One thought to slow down the reaction rate, is to reduce the initial concentration of
reactants. But due to the pseudo-first order method needs the concentration of one
reactant in excess, which is difficult to control. If trying to lower the initial concentration
of guaiacol, for the guaiacol injection needs some time to vapor in the chamber, during

this period NOs would have been totally consumed for the fast rate constant.

2.2.3 NOgz + guaiacol kinetics using the relative rate method

During the experimental study of the rate constant of NOs + guaiacol by relative rate
method, experiments were performed using two methods to produce NO3z radicals, by in

situ production and through N2Os decomposition.
In experiments with in situ NOs formation, the experiments followed the process:
1) Vacuum the chamber, and inject the guaiacol and reference VOCs with a syringe

with the similar estimated concentration:;
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2) Fill the chamber with zero air to atmospheric pressure;

3) after ~ 30 min wall losses for guaiacol and reference, inject the NO. with a gas

syringe, and introduce ozone by the Oz generator.
In experiments with N2Os decomposition method, the experiments process would be:
1) Vacuum chamber and then fill the chamber with zero air;
2) Inject the guaiacol and reference VOC:s;

3) Until the concentrations of guaiacol and reference were in stable wall loss, take
out the N2Os crystal trap out of the refrigerator and keep the trap in the ethanol
bath;

4) When NOg is needed, keep the indoor lights off, and take out the trap from the
ethanol bath, flush the N2Os trap with N> flow into the chamber.

Three isomers of cresol were used as reference compounds. The initial concentrations
of guaiacol and references were in the range of 20 ~ 200 ppbv. Fig.IV-7 displays the
decay losses of guaiacol vs. those of the reference compounds. The ratios Kguaiacol/Kreference
were derived from the linear-least square analysis which enables to obtain Kguaiacol.
Tab.lV-2 summarizes the data obtained. The quoted errors on the rate coefficients Kguaiacol
from each individual experiment were 2o Of Kguaiacol/Kreference USING the method

recommended by Brauers and Finlayson-Pitts [29].
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Figure IV-7 Plots of relative kinetics for NOs reaction with guaiacol using cresols as

references.

Table 1VV-2 Experimental rate constants for the reaction of NOs radicals with guaiacol at
294 £2 K.

Ref Kreference %< 10711 Kguaiacol <101

et. kguaiacoI/ kreference

compound  (cm® molecule? s?) (cm3 molecule s1)
m-cresol 1.10 +£0.13 3.55 £0.03 3.91 +0.46
o-cresol 1.40 +0.16 2.73 +0.07 3.82 +0.45
p-cresol 1.10 +0.10 2.91 +0.02 3.20 +£0.29

The rate constant for the reaction of guaiacol with NO3 radical determined with the
relative rate method using the three references are in good agreement, leading to an
average value of Kguaiacol = (3.77 % 0.39) x 10" cm® molecule! s. The observed
consistency between the Kquaiacol Obtained from the three references provides confidence

in the rate constant measured in this work.

The present value of (3.77 £0.39) <10 cm?® molecule st is about 40% higher than

a previous one obtained from the same lab: (2.69 £0.57) % 10* cm® molecule™ s [12].
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The reasons for the discrepancy is not known. Besides, our result disagrees with the
recent study of Yang et al. [13] who found (0.32 +0.14) <10 cm® molecule s. Yang
et al. used N2Os decomposition to generate NO3z and 2-methyl-2-butene as reference
compound. However, wall losses for both VOCs were neglected (which is especially
surprising for such a sticky compound as guaiacol) which may explain the disagreement.

3 SOAs formation from the gas-phase reaction of guaiacol with NO3 radicals

The formation of SOAs from guaiacol with respect to its reaction with OH has been
investigated in the literature [7, 8]. In most environments, atmospheric aerosol
concentrations of around 5 pg m can be found and in these atmospheric conditions, the
OH reactions of guaiacol contribute for a minor part to SOAs production. The objective
of this work was to study the reaction of guaiacol with NO3z radicals in order to
investigate its potential to form SOAs and discuss atmospheric implications of the
reaction of guaiacol with NOs radicals.

3.1 Experimental section

3.1.1 Experimental system and method

The experiments were conducted in two simulation chambers: LPCA-ONE and
CHARME. LPCA-ONE is a cubic, rigid PMMA (PolyMethyl Methcrylate) reactor with
volume of 8.0 m? (2 m x2 m %2 m) and a surface-to-volume ratio of 3 mL. It is equipped
with a Teflon fan (diameter 30 cm) located in the center of the lower face to ensure
homogeneous mixing of the reactants. Prior to each experiment, the reaction chamber
was flushed with purified air for about 12 h. More details about the LPCA-ONE can be
found in [30]. Note that these experiments with LPCA-ONE were performed by another
PhD student [30].

Guaiacol was introduced into the simulation chambers using an inlet system in which
measured amounts of the substances were gently heated (50 <C) in a small flow of

purified air.

95



Chapter 1V Laboratory studies of the reactions of VOCs with nitrate radicals

The experiments were performed with guaiacol initial concentrations in the range (84
- 537 ppbv). After allowing a few minutes for guaiacol mixing, NO (500 - 1500 ppbv)
and O3z (500 -1000 ppbv) or N2Os were then introduced (within a few seconds) into the
chambers. The concentration of guaiacol was recorded every 10 s with PTR-ToF-MS. Air
samples were collected through a heated (333 K) peek inlet tube with a flow of 50 mL
min-t into the PTR-ToF-MS drift tube and guaiacol was monitored from the peak at m/z
125.

Aerosol formation was followed with an SMPS using a 120 s scan time and a 16 s
delay between samples, providing a size distribution from 15 to 661 nm. The aerosol
mass concentration Mo was calculated assuming a density of 1.4 for the organic aerosol

(recommended value, [31]).

Preliminary experiments were performed to verify that guaiacol ozonolysis was
negligible in the experiments where NO3z was formed in-situ from NO2 + O3 (this was
expected as the rate constant for the ozone reaction with guaiacol is low (Kuaiacol+03) =

4x101° cm® molecule® s, [11]).

Background aerosol formation could occur from the reaction of nitrate radicals with
impurities in the purified air and/or with offgasing of compounds from the reactor walls.
To characterize this particle formation, purified air was left in the dark in the presence of
NOj3 for ~1 h. These test experiments yielded aerosol mass concentrations of 0.2 g m-3,
which is negligible compared to the SOAs mass concentrations observed from the

reaction of NO3 with guaiacol (between 7 and 547 g m3).

SOAs wall loss rates were determined by monitoring the aerosol mass concentrations
over a period of ~1 h at the end of each experiment. SOA wall losses are described by a
first order law, with a dependence on the aerosol size. The decay rates estimated in this
study were in the range 5 - 44% h. These values are within the range reported for other

chamber experiments [7, 8, 32-36].

To determine the chemical composition of SOAs, quartz fiber filters were sampled at
7.5 L min during 3 h (47 mm diameter Whatman 1851-047 QMA). Before the sample

collection, filters were fired at 500<C for 12 h, and were then stored in an aluminum foil
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< 4<C until analysis. For the experiments performed with higher initial concentrations of
guaiacol (2 ppmv), SOA masses and yields were not determined because a high fraction

of the particles was outside the measurement range of the SMPS.

The collected aerosols were analyzed by ESI-LC-QToF-MS/MS (Agilent LC 1100 -
MS 6540) using the negative ionization mode (proton abstraction). The chromatographic
column used was a ZORBAX Extend-C18 (50 mm long x 2.1 mm i.d., 1.8 pm pore size)
thermostated at 40<C. The MS analyses allow to access the molar mass of the identified
products and the MS/MS analyses, performed at three different energies (10 eV, 20 eV
and 40 eV) permit to identify the functional groups of the compounds and to propose

chemical structures.

The filters were ultrasonically extracted twice during 30 min in 5 mL of methanol.
The solution was then filtered (pore sizes 0.45 pm; PTFE Membrane, Whatman) and the
volume was gently reduced to 100 L under a flow of gaseous nitrogen. Finally, the
volume was diluted to 1 mL with ultrapure water in order to improve the separation of the
compounds during the chromatographic analysis. The mobile phase used is a mixture of
water (+0.1% formic acid) and acetonitrile (+5 mM ammonium formate); the gradient
varied from 90% water / 10% acetonitrile at the beginning of the analysis to 100%

acetonitrile at the end.

3.1.2 Chemicals

4-nitroguaiacol and 5-nitroguaiacol were both commercially available, so their
identification was confirmed by the correlation of the LC retention times and the mass

spectra recorded under the same chromatographic conditions.

The compounds used in this study, their manufacturer and stated purity were:
guaiacol (Alpha Aesar, 98 %), 4-nitroguaiacol (Acros Organics, 97 %), 5-nitroguaiacol
(TCI, 97 %), methanol (Aldrich, 99.9%), acetonitrile (VWR, > 99.9 %), water (VWR, >
99.9 %), sodium formate (VWR, > 99 %), formic acide (Acros Organics, 99 %),

dioxygene (Praxair, 99.5 %) and nitrogen dioxide (Praxair, 99 %).

3.2 Results and discussion
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3.2.1 SOA yields

A series of guaiacol/NOsz experiments were carried out in the dark, at atmospheric
pressure, room temperature (294 +2) K and low relative humidity (< 2 %). The initial
concentrations of NOz ([NOz]o), O3 ([Os]o) and guaiacol ([guaiacol]o), the guaiacol
reacted concentrations corrected for wall losses (A[guaiacol]), the organic aerosol mass
concentrations corrected for wall losses (Mo) and the overall SOA yields (Y defined
below) are summarized in Tab.IV-3. Guaiacol was totally consumed (within 15-60 min)
in all experiments, so the reacted concentrations A[guaiacol] correspond to [guaiacol]o

corrected for wall losses.

All experiments investigating SOA vyields were achieved without inorganic seed
aerosol and were conducted until the suspended aerosol mass (corrected for wall losses)

Mo was stable.

Typical time profiles of guaiacol and SOA mass concentrations are presented in
Fig.IV-8 together with time-dependent aerosol size distributions (experiment guaiacol
#10; initial conditions: guaiacol (276 ppbv; 1429 g m); NO; (750 ppbv) and O3 (500
ppbv)). The formation of particles started after about 45 min when almost all guaiacol has
reacted. The first aerosol size distributions were centered on a few tens of nm. Then,
particle number concentrations as well as SOA mass rapidly increased to reach a plateau
after ~ 2h reaction time, consistent with a slower reaction rate due to the total
consumption of the organic precursor. These observations suggest that the aerosol
formation is due to the NOs reaction with guaiacol as well as with its first and second (or
even further) generation products. The organic aerosol yield Y was experimentally
determined as the ratio of the SOA formed (Mo in g m3) to the reacted guaiacol
concentration (A[guaiacol] in ug m=) at the end of each experiment:
MO

Y-———0
A[guaiacol |

(Eq.23)
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Figure 1V-8 Typical concentration-time profiles obtained for guaiacol (PTR-ToF-MS)
and SOAs (SMPS; measured and corrected for wall losses). Experiment guaiacol#10
(initial mixing ratios: guaiacol (276 ppbv; 1429 g m3); NO2 (750 ppbv) and O3 (500
ppbv).

The uncertainty on the SOA vyield values can be estimated at about 30%, due to
statistical and possible systematic errors on Mo and A[guaiacol]. The results reported in
Tab.lV-2 indicate that the initial concentration of guaiacol influenced the aerosol mass
concentration formed: a higher guaiacol initial concentration led to higher SOA yields.

Furthermore, as the organic aerosol mass directly affects the gas/particle partitioning by
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acting as the medium into which oxidation products can be absorbed, higher SOA mass
leads to higher SOA yields.

Table IVV-3 Experimental conditions and results.

NO; formation

[guaiacol]e? A[guaiacol]® Mo®

d
=XpL (ppbv) NOl, [0 (md)  (gm?)
(ppbv)  (ppbv)
In LPCA-ONE
guaiacol #1 84 N2Os decomposition 436 13 0.03
guaiacol #2 158 N2Os decomposition 818 98 0.12
guaiacol #3 206 N2Os decomposition 1063 109 0.10
guaiacol #4 244 N2Os decomposition 1263 182 0.14
guaiacol #5 290 N2Os decomposition 1501 300 0.20
guaiacol #6 420 N2Os decomposition 2171 452 0.21
In CHARME
guaiacol #7 117 N2Os decomposition 604 7 0.01
guaiacol #8 218 785¢ 896 1130 92 0.08
guaiacol #9 228 535¢ 620" 1181 94 0.08
guaiacol #10 276 7509 500" 1429 170 0.12
guaiacol #11 288 1239¢ 798f 1492 314 0.21
guaiacol #12 537 1500¢ 1000" 2778 547 0.20

2 Initial guaiacol volume ratio.

b Reacted guaiacol concentration (guaiacol was totally consumed in all experiments and the guaiacol wall
losses were in the order of magnitude 10 or 10 s which were neglected, so the reacted concentrations
A[guaiacol] correspond to [guaiacol]o).

¢ Organic aerosol mass concentration (corrected for wall losses and assuming a particle density of 1.4
g/cm?3).

d Overall SOA yield (Y) calculated as the ratio of Mo to the total reacted guaiacol concentration.

¢ Initial NO2 volume ratio measured in the chamber (chemiluminescence NOx analyzer).

fInitial Os volume ratio measured in the chamber (photometric Os analyzer).

9 Initial injected NO2 volume ratio.

" Initial injected O3 volume ratio.

The aerosol growth curve, represented by a plot of Mo versus A[guaiacol] at the end
of the experiments is shown in Fig.IV-9. Each experiment is represented by a single data

point. The figure displays a linear correlation (R== 0.92), with a slope of 0.25. This latter
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value can be compared with the highest SOA yields determined for the reaction of
guaiacol with NOz (Y = 0.21; see Tab.IV-3) and seems to represent the high-limit aerosol
yield for this reaction. Extrapolation of the data shown in Fig.IV-9 suggests that the SOA
production would be negligible for guaiacol reacted concentrations lower than ~ 550 g
m-3 (=110 ppbv). This observation is corroborated by the results obtained for the less
concentrated experiments (guaiacol #1 and guaiacol #7 with initial guaiacol
concentrations of 436 g m= and 604 g m3, respectively) in which the aerosol mass

concentrations Mo were low (around 10 g m3).
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Figure 1V-9 Aerosol growth curve: SOA mass concentration (Mo) against the reacted
guaiacol concentration (A[guaiacol]) measured at the end of the experiments. Each data

point represents a separate experiment.

A widely-used semi-empirical model based on absorptive gas-particle partitioning of
semi-volatile products (Odum et al., 1996; Pankow, 1994a,b) allows to describe the SOA
yields. In this model, the SOA yield (YY) of a particular hydrocarbon (i) is given by:

aK .
V=S M, ——omi__ Eq.24
Z Tr KM (Eq.24)
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where ¢ is the mass-based stoichiometric coefficient of the semi-volatile product i and
Kom,i IS the gas-particle partitioning equilibrium constant. In this study, since no organic
aerosol seed was used, the total aerosol mass is equal to the mass of the SOAs formed.
Eq.24 can be fitted to the guaiacol experimental data to determine the values for «; and
Kom,i (see Fig.IV-10). The simulation of Y versus Mo with the one-product model is able
to satisfactorily reproduce the experimental data (R=2= 0.94). The two-products model
was not retained as it leads to high uncertainties on the values of ai and Kom,i (Sometimes
more than 100% error). The fitting parameters o and Kom corresponding to the one-
product semi-empirical model are 0.32 + 0.04 and (4.2 + 1.0) <103 m? gL, respectively.
Many studies on SOA Yyields from aromatic compounds have reported that the aerosol
yields data should be fitted assuming two hypothetical products [37, 38]. However, a
number of recent works have shown that the organic aerosol yields formed in aromatic
photo-oxidation systems could be well described by assuming only one hypothetical
product [7, 8, 32-34, 36, 39]. Although the organic aerosol-phase is often composed of
many oxidation products, the present simulation with the one-product model indicates
either that one semi-volatile organic compound is the major component of the condensed
phase or that the few organics present in SOAs have similar o and Kom,; values. In this
latter case, the obtained constants ¢ and Komi would not have any intrinsic physical

meaning but would rather represent mean values.
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Figure 1V-10 Yield curve (SOA vyield Y vs. the organic aerosol mass formed Mo) for
guaiacol/NOs experiments in LPCA-One (blue squares) and in CHARME (green circles).
The line represents the best fit to the data considering one semi-volatile major product.

The fitting parameters used are a = 0.32 + 0.04 and Kom = (4.2 £ 1.0) x10° m?3 g,

In their study on the reaction of guaiacol with OH performed under high NOx
conditions, Lauraguais et al. [8] reported a gas-particle partitioning equilibrium constant
Kom Of (4.7 £ 1.2) % 10° m? g, which is very close to the value determined in the
present study for the reaction of guaiacol with NOs. So, it can be assumed that the
products formed in the particle phase from the gas-phase oxidation of guaiacol with both
oxidants have probably similar chemical compositions, including nitrate compounds. In
contrast, the mass-based stoichiometric coefficient determined for the semi-volatile
products formed from the reaction of guaiacol with OH (« = 0.83) is more than twice the
value of o obtained for the reaction with NOs. This suggests that the reaction products
from guaiacol + OH are less volatile in general compared to those from guaiacol + NOs.

This lower volatility makes them prone to go readily into the condensed phase.

It is interesting to compare « (0.32) to the slope in Fig.IVV-10 (0.25). a represents the

total amount of the semi-volatile products formed both in the gas- and aerosol- phases,
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whereas Y corresponds to the semi-volatile products that have been formed in the particle
phase only. So, this suggests that about 80% of the low-volatile compounds formed in the

guaiacol reaction with NOgz radicals are transferred into the particle-phase.

3.2.2 SOA chemical composition

ESI-LC-QTOF-MS/MS analyses were performed to characterize the composition of
the SOAs formed from the gas-phase reaction of NOs with guaiacol. A typical
chromatogram is presented in Fig.IV-11. Once the molar mass of one product is
determined (by LC-QTOF-MS), the corresponding peak is fragmented using three energy
values (10 eV, 20 eV and 30 eV; MS/MS analysis). A higher energy value leads to a
greater fragmentation of the molecules which allows to identify the functional groups and

thus to assess the chemical structures of the compounds.

The compounds detected in the SOAs are listed in Tab.IV-4 (major compounds,
relative abundance > 4 %) and Tab.S1 (minor compounds, relative abundance < 2 %);
the indicated masses correspond to the [M—-H] product ions. The relative abundances
(expressed in %) were calculated from the ratio of the sum of the chromatographic peak
areas of the different isomers to the total chromatographic peak area of all the peaks. This
approach assumes that the mass spectrometer has the same response for every detected
chemical compound. The main compounds observed in the SOAs are nitrated aromatic
compounds (see Tab.IV-4): nitromethoxybenzenes (m/z = 152, 2 isomers, 9.3%);
nitrocatechol(s) (m/z = 154, 1 or 2 isomers (the peak width suggests the presence of two
isomers, but this hypothesis could not be confirmed), 18.0%); nitroguaiacols (m/z = 168,
4 isomers, 11.7%); dinitromethoxybenzene (m/z = 197, 2 isomers, 7.6%);
dinitrocatechols (m/z = 199, 3 isomers, 4.7%); dinitroguaiacols (m/z = 213, 6 isomers,
9.0%); dimeric compounds formed via the association of 1 nitroguaiacol and 1
nitrocatechol (m/z = 321, 12 isomers, 5.4%) or via the association of 2 nitroguaiacols
(m/z = 335, 5 isomers, 18.1 %), and 2 unidentified compounds (m/z = 531, 8.2% and m/z
= 584, 4.3%). So, this confirms that the oxidation products formed in the aerosols from
the reaction of NOs radicals with guaiacol are both first and second generation products,
as suggested by the data shown in Fig.IV-11. However, as more than ~75% of the SOA

mass is generated after complete depletion of guaiacol, it is highly probable that the
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aerosol products are formed through reactions in the gas-phase and/or in the condensed
phase (in the chamber or on the filter during the sampling). Additional experiments using
lower initial guaiacol concentrations would probably reduce potential reactions occurring
in the condensed phase. Figures S1-S8 (see Appendix I) display [M-H]* product ions
MS/MS spectra obtained at 20 eV for the major compounds identified in the SOAs (m/z
= 152, Fig.S1; m/z = 154, Fig.S2; m/z = 168, Fig.S3; m/z = 197, Fig.S4; m/z = 199,
Fig.S5; m/z = 213, Fig.S6; m/z = 321, Fig.S7 and m/z = 335, Fig.S8). The different
fragments allowed to propose consistent chemical structures for the oxidation products of
NO3z + guaiacol found in the particle phase.

600000 - COUNTS 168 335
154 ‘

|
500000 152

213
400000 l

198

300000

335

199|| | | 531 587
200000 i \

\

184 3 3

1eg|| | 321 335 502 |
A 321 (1351 J| | 335 A i

100000
| 184

2 v J | 307 . A
o it WL NJTU VSR WY bl Lasfugee )

- e e

25 45 6.5 85 105 125 145 16.5 185 MIN

Figure 1V-11 Chromatogram (ESI-LC-QToF-MS/MS analysis) of the SOAs formed from
the gas-phase reaction of guaiacol with NOs radicals. The compounds corresponding to
the labelled peaks are displayed in Tab.IV-4. The indicated masses correspond to the [M-

H]* product ions.

Table V-4 Major compounds observed in the SOAs (ESI-LC-QToF-MS/MS analyses)
formed from the gas-phase reaction of guaiacol with NOgz radicals. The main fragments
obtained by MS/MS analyses (see Fig.S1-S8 in Appendix 1) and the relative abundances

(R, in %) are also indicated.

Molecular . Brut e ¢ R
ion? Main fragments Eormula Name Structure (%)
46 [NO2] . RN
152 03[CHO]  C/HgNOy#  Nitromethoxybenzene Qj 9.3
122 [C7H602]_ NO,
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oH
69 [CsHO:] OH
154 95 [CsH30,] CeHsNO,¢ Nitrocatechol2 18.0
123 [C6H303]'
NO,
95 [CsHsO2] T o
168 123 [CeHsOs]  CiHeNOL® Nitroguaiacol @ 11.7
153 [CeH3NO4] NO,
(0]
76 [CstN]' L. -
197 109 [CHsN:OJ  CiHsN;O< D'”'tromfgloxybenze NOZ/(‘j 76
123 [CsHsNO2] NO,
OH
67 [C4H30] OH
199 95 [CsH30:] CeH3N,Og" Dinitrocatechol® 4.7
153 [C5H3NO4]' NO;
NO,
66 [CsNOT' L o.
213 78 [CsH20T C7HsN20¢° Dinitroguaiacol® /@ 9.0
198 [CoHaNOs] o,
~
153 [CsHaNOWJ- Association of 1 ? oo $
321 168 [C7HsNO4]”  CisHoN,Og”  nitroguaiacol and 1 E>/ 5.4
306 [C12HsN20s] nitrocatechol*?
NO, NO,
N ~
153 [CeHaNO4J - ? oo $
335 168 [C/HNOJ  CuaHuN:O" ﬁf&‘;ﬁgg;‘;ﬁ @ 18.1
320 [C15H6N305]'
NO; NO,
531 - - - - 8.2
587 - - - - 4.3

2 The indicated masses correspond to the [M—H] product ions.

® Probability given by the software between 98 and 100 %.

¢ Probability given by the software between 90 and 97 %.

9 Probability given by the software between 70 and 89%.

¢ Number of detected isomers.

f The drawn structure correspond to one isomer only.

9 The relative abundances (in %) were calculated from the ratio of the sum of the chromatographic areas of

the different isomers to the total chromatographic area of all the peaks.

The minor compounds detected in the aerosols are shown in Tab.S1.
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Among the major reaction products, 4-nitroguaiacol and 5-nitroguaiacol were clearly
identified by comparing their chromatographic retention times and their MS-MS spectra
to those of standards commercially available. The most abundant nitroguaiacol formed in
the particle phase was 4-nitroguaiacol (91.5%), in large excess compared to 5-
nitroguaiacol (5.4%) and 3-nitroguaiacol and/or 6-nitroguaiacol (3.1% for both; the

standards of these two isomers do not exist, so it was not possible to distinguish them).

The mechanism leading to the main oxidation products identified in the SOAs is
proposed in Fig.IV-12. It has been postulated by Atkinson et al., [40], that the NOs
radical initiated reaction of aromatic compounds may first proceed by an ipso-addition to
the OH substituent which forms a six-membered transition state intermediacy. A second
mechanism starts with the electrophilic addition of the nitrate radical on the aromatic
ring. These two ways lead to the formation of nitric acid and a phenoxy radical, which
then react with NO: to produce nitroguaiacol isomers. Similarly, the formation of
dinitroguaiacols and trinitroguaiacol can be explained by the reaction of nitroguaiacols
with NOz and NO..
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Figure 1V-12 Detailed chemical mechanism leading to the main products observed in the

SOAs formed from the gas-phase reaction of guaiacol with NOs radicals.

The initial oxidation steps starting from guaiacol and going to nitromethoxybenzenes
and nitrocatechols are not known, as indicated in Fig.IVV-12. Since the present gas-phase
chemistry knowledge of aromatic compounds is not able to address these issues, we
suggest that an oxidation chemistry could take place in the condensed phase and produce
the observed nitromethoxybenzenes and nitrocatechols. Investigations of the liquid-phase
guaiacol oxidation would be very useful to support this assumption. In their study on gas-
phase reaction products of NO3 + guaiacol, Yang et al. [13] also reported the presence of

nitroguaiacols (4-nitroguaiacol and 6-nitroguaiacol; 4-nitroguaiacol being the most

108



Chapter 1V Laboratory studies of the reactions of VOCs with nitrate radicals

abundant), dinitroguaiacol (4,6-dinitroguaiacol), catechol (1,2-dihydroxybenzene) and
nitromethoxybenzene in the products formed from the gas-phase of NOs reaction
guaiacol. They also identified catechols from the oxidation of creosol (4-methyl-
guaiacol) and syringol (6-methoxy-guaiacol). The formation of catechols was reported by
Zhang et al. (2016) as well, who studied the reaction of eugenol (4-allyl-guaiacol) and
ethyl-guaiacol with NOs radicals. The mechanism leading to catechols from guaiacol and

its derivatives was not explained in both previous articles.

The formation of nitrocatechols and dinitrocatechols can then result from the reaction
of NOs and NO with catechol and nitrocatechols, respectively. The compounds with
high molecular masses (m/z > 300) display 2 to 3 aromatic cycles; they can be produced
from the combination of phenoxy radicals formed from nitroguaiacol(s) and/or
nitrocatechol(s).

For the main identified products, one isomer was always more abundant than the

others (the corresponding relative abundances vary from 85 % to 99 %); see Tab.S2).

The oxidation products formed in the aerosols from the gas-phase reaction of guaiacol
with nitrate radicals can also be compared to those identified for the reaction of guaiacol
with hydroxyl radicals under high NOx conditions [41]. The ATR-FTIR analyses
performed by Ahmad et al. [41] also reveal the presence of 4-nitroguaiacol in the SOAs.
So, this observation suggests that the oxidation products generated in the particulate
phase, via the oxidation of guaiacol by NO3z or OH/NOXx reaction, are probably similar as
it has been previously postulated from the comparison of the gas-particle partitioning

equilibrium constants (Kom,i) obtained with both oxidants.

4 Conclusion

The rate constant for the reaction of guaiacol with nitrate radicals has been studied in
CHARME using relative rate method. The consistency of the data determined with three
reference VOCs, o-cresol, m-cresol and p-cresol provided confidence in the rate constant
presented in this work. The experiments carried out with guaiacol in excess (pseudo-first

order method) showed that this method is only applicable for VOCs having moderate
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NOs reactivity (knos lower than that (3.77 £0.39) < 10! cm?® molecule* s1), for the fast
reaction consumes the reactant too fast to get the time profiles. Determining the rate
constant of NOs + guaiacol by the pseudo-first order method is challenging, due to the
fast reaction. Attention should be taken when applying this method for NOs + VOC rate

constant determination.

The determined rate coefficient Kquaiacor allowed to calculate the atmospheric lifetime
of guaiacol with respect to its reaction with NO3 assuming a concentration of [NOz] =5 x
108 molecule cm® ([18]). We can estimate the contribution of NOg3 reaction to the loss of

guaiacol by applying the rate constant measured in this work.

e —1[NO ] (Eq.25)

kguaiacol
An atmospheric lifetime of about 53 s is obtained.

The formation of SOAs from the reaction of guaiacol with nitrate radicals has been
studied in two simulation chambers. The SOAs yields have been shown to be influenced
by the initial guaiacol concentration, which leads to aerosol yields ranging from 0.01 to
0.21. A very good agreement was observed between the experiments performed in both
chambers which gives confidence in the data obtained in this study. The aerosols data
have been fitted with the absorptive gas-particle partitioning model developed by Pankow
[42, 43] and Odum et al. [44] using the one-product model.

Aerosol organic carbon concentration is typically 5 pg m= in many environments,
though it can occasionally rise to 50 pg m=2 or more in highly polluted areas.
Extrapolating to a particle loading of 5 g m?® from the yield data (Fig.1V-10) gives a 2%
SOA vyield. Based on this result, one can infer that the contribution of the reaction
between guaiacol and NOs radicals to SOAs production under atmospheric conditions is
probably relatively minor. However, in polluted areas this reaction can be an important

source of secondary aerosols.

ESI-LC-QToF-MS/MS analyses were performed to characterize the chemical

composition of the aerosols. Nitro-aromatics compounds were identified as the main
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oxidation products, confirming previous studies [13, 14] on the products formed from the

gas-phase reaction of NOgz radicals with guaiacol derivatives.

A well-established tracer for primary biomass burning aerosols (BBA) is
levoglucosan (1,6-anhydro-p-anhydroglucose), which originates from the pyrolysis of
cellulose or hemicelluloses [45]. Several nitro-aromatic compounds were detected in
urban aerosols, and nitrocatechols as well as nitroguaiacols are recognized to be suitable
tracers for secondary BBA [46, 47]. Further research efforts on the reactivity of these
compounds would allow to measure their rate constants with the main oxidants and to
determine the corresponding lifetimes. To our knowledge, only a few data are available
in the literature concerning the atmospheric reactivity of nitro-aromatics [48, 49].
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Conclusions and perspectives

The aim of this thesis was to develop IBBCEAS instruments dedicated to the
measurement of aerosol extinction and NOz radicals, for field and laboratory

applications.

Aerosol extinction is an important optical property. In traditional LIDAR
measurement of aerosol extinction, a blind area exists in the near field due to the inherent
geometric structure of the LIDAR technique, resulting in the loss of remote sensing
information in this area. In the present work, a portable LED-based IBBCEAS operating
around 370 nm wavelength was developed in an effort to tackle the issue of missing data
in LIDAR’s blind zone. Combined in situ measurements of aerosol extinction coefficients
using LIDAR and IBBCEAS were performed at the same location near ground surface.
A good correlation (R? = 0.90) between the data arising from these two different
measurement techniques was obtained, demonstrating the potential of the use of an
IBBCEAS located close to the LIDAR measurement site, to record data in its LIDAR
blind zone, particularly near the ground surface. This work has been published in Optics
Letters, 2020, 45(7): 1611-1614.

The nitrate radical NOs is a crucial species for atmospheric chemistry, as during the
night it reacts with a number of VOCs, mainly unsaturated ones. The short NOs life time
(from a few seconds [1] to dozens of minutes [2]) as well as its low concentrations (from
a few pptv to a few hundred pptv) make atmospheric NOs measurement challenging.
Kinetics and mechanistic studies on NOs-initiated oxidation of VOCs are also much less
abundant in the literature compared to OH radical chemistry, thus limiting the
understanding of NOz impact in atmospheric chemistry. In the present work, an
IBBCEAS setup was developed and installed on the simulation chamber CHARME,
aiming at investigating NO3z chemistry with biogenic VOCs. Chamber studies were
performed to validate the IBBCEAS instrument by following nitrate radical
concentrations during its production by reaction of NO2 with Oz in the simulation
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chamber. Furthermore, the reaction of guaiacol (2-methoxyphenol, a VOC emitted by
biomass burning) with nitrate radicals was investigated in both LPCA simulation
chambers (CHARME and LPCA-ONE). The SOAs yield and products of NOz + guaiacol

have been studied.

The rate coefficient determined using the relative rate method ((3.77 +0.39) < 10!
cm® molecule® s1) leads to an atmospheric lifetime of about 53 s with respect to the
oxidation of NOs with guaiacol. The formation of secondary organic aerosols from the
reaction of guaiacol with nitrate radicals was also observed. The SOAs yields were
shown to be influenced by the initial guaiacol concentration, leading to aerosol yields
ranging from 0.01 to 0.21. A very good agreement was observed between the
experiments performed in both chambers which gives confidence in the data obtained in
this study. The aerosol data were fitted with the absorptive gas-particle partitioning
model developed by Pankow [1, 2] and Odum et al. [3] using the one-product model.
Aerosol organic carbon concentration is typically 5 pg m= in many environments, though
it can occasionally rise to 50 g m= or more in highly polluted areas. Extrapolating to a
particle loading of 5 pg m? from the yield data gives a 2% SOA vyield. Based on this
result, one can infer that the contribution of the reaction between guaiacol and NOs
radicals to SOAs production under atmospheric conditions is probably relatively minor.
However, in polluted areas this reaction can be an important source of secondary
aerosols. This work has been published in Atmospheric Environment, (2020) DOI:
10.1016/j.atmosenv.2020.117740.

The development of these two IBBCEAS setups offer large perspectives of future
research studies. The portable instrument designed for aerosol extinction measurements
will be extended to other species, like HONO and NO, measurement. Besides, NO>
measurement by the traditional chemiluminescence method is known to be subjected to
interferences from other N-containing species. The present IBBCEAS instrument will

enable accurate atmospheric measurements to be performed.

Due to the high reactivity of NO3 toward guaiacol, the absolute determination of the
rate constant is challenging. The IBBCEAS instrument installed on CHARME has been
applied for investigation of absolute determination of the rate constants of guaiacol with
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NO3 radicals. The fast reaction rate made it not applicable to track the NO3 concentration
time profiles for the reactive compound like guaiacol. Attention should be taken when
applying the absolute rate method for NO3 + VOCs rate constant determination, and less

reactive VOCs should be taken into consideration.

By the way, kinetic databases will be completed, structure-activity relationships could
be developed and explicit atmospheric chemistry models like GECKO-A could be
improved. Product and SOA formation studies will also be carried out on BVOCs coming

from combustion sources, for which literature data are scarce.
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R&umeé

Les radicaux NOs jouent un rde important dans la chimie de la troposphé&e nocturne, ala
fois en tant qu'agent oxydant pour un grand nombre d'esp€ees organiques et en tant que
voie d'@imination des NOXx. Bien qu'il ait une concentration atmosphé&ique assez faible
(de quelques pptv aquelques centaines de pptv), le radical nitrate contrde I'oxydation de
nombreux gaz traces, en particulier les terpenes et les alcenes. De plus, le NO3 peut
&jalement contribuer ala formation et a la croissance d’aé&osols organiques secondaires
(AOS).

Les é&udes sur réctivitédes radicaux nitrate avec les composé organiques volatils
(COV) ne sont pas tres répandues, et de nombreuses incertitudes subsistent sur les
constantes cinéiques, les mé&anismes réctionnels et la formation des AOS. Les éudes
se limitent souvent ala déermination des nitrates organiques totaux et des rendements en
AOS sans aucune déection ou quantification des espeees individuelles. Ainsi, la chimie

des NOs reste beaucoup moins connue que celle des OH.

Les aé&osols atmosphé&iques jouent un rde central dans les processus li& au
changement climatique et ala qualitéde l'air et ils affectent la santéhumaine. Les éudes
sur les a&osols atmosphé&iques suscitent un int&& croissant en raison de leur impact sur
le climat, de leurs réctions chimiques hé&&ogénes dans l'atmosphére, qui affectent
particuliéement la qualitéde I'air dans I'environnement, et des problémes de visibilitéet

de santéassociés.

Une bonne compréhension de la physico-chimie atmosphé&ique est néeessaire pour

raliser des exp&iences en laboratoire, des campagnes sur le terrain et des modé@isations.

Bien qu'il s'agisse de bases de données de ciné&ique chimique assez complées pour
les ré&ctions en phase gazeuse et hé&é&ogenes, comme |'éaluation des données cinéiques
des gaz d'IUPAC (http://iupac.pole-ether.fr/) et JPL (https://jpldataeval.jpl.nasa.gov/

download.html), il existe encore de nombreuses lacunes pour la chimie atmosphé&ique

réliste et complexe. Les é&udes en laboratoire fournissent une bonne approche pour
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isoler et se concentrer sur une réction chimique individuelle entre des composants
simples dans des conditions atmosphé&iques pertinentes. Et il fournit &jalement une
méhode efficace pour mener des éudes cinéiques et meéaniques. De telles &udes
fournissent un moyen tres utile d'examiner initialement la relation émissions-qualitéde

I'air dans des conditions contrdéss.

Dans l'atmosphére, les concentrations en gaz traces déendent des taux de production
et de perte de produits chimiques, ainsi que du transport physique. Les mesures sur le
terrain de la composition atmosphé&ique fournissent des données et des informations
essentielles sur le mé&anisme de la source, qui peuvent &re utilisé&s pour tester le
complément et la préision des méeanismes chimiques impliqgué& dans les modées

atmosphé&iques et aider aamd@iorer le modée.

Comme présentéci-dessus, ce travail se concentrera sur le radical NOs et les aé&osols.
L'instrument de spectroscopie d’absorption en cavité résonante par une source
incohé&ente large bande (en anglais, incoherent broadband cavity-enhanced absorption
spectroscopy, IBBCEAS) peut &re utilisépour la mesure multi-especes. Compte tenu de
la sensibilité du codi, du fonctionnement, il peut &re utilis€pour plusieurs espeees, qui
se concentreront sur le NOs et les aéosols dans ce travail. Pour mieux comprendre les
sources, la distribution et les puits de NOs et d'aé&osols, les concentrations

atmosphé&iques sont importantes pour entreprendre une éude plus approfondie.

Une compréhension et une explication de I'impact des a&osols sur la transmission de
la lumiere dans l'atmosphé&e nésessitent une connaissance des propriéés optiques des
agosols. Comme préenté ci-dessus, de nombreuses techniques sont consacrees ala
déection des paramétres des a&osols. La technique LIDAR est une méhode largement
utilisé pour la mesure sur le terrain de I'extinction des a&osols. Cependant, en raison de
sa structure gémmerique, des informations sont manquantes dans sa zone aveugle c’est a
dire entre le sol et les premiées centaines de métres d’altitude. L'un des principaux
objectifs de ce projet consiste adévelopper un instrument IBBCEAS portable pour les
mesures sur le terrain des propriéés optiques des a&osols et atester son accord avec les
résultats de mesure LIDAR, afin de fournir une solution potentielle pour les informations

manguantes d'extinction des a&osols dans la zone aveugle du LIDAR.
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Un autre objectif de la these est de construire un systéne IBBCEAS pour les éudes
en laboratoire des réactions NOs + COV, qui pourrait &re utilis€pour mesurer les profils

temporels de NOa.

i. Instrument IBBCEAS portable pour la mesure sur le terrain de I'extinction des
a&rosols

Pour compenser le manque d'informations LIDAR dans la zone aveugle, la technique
IBBCEAS a ééintroduite pour effectuer des mesures complénentaires (dans cette partie,

se rééer au Chapitre I11 pour les figures, tableaux et formules).

En raison d'un chevauchement gémérique incomplet entre le faisceau d'@mission
laser et le champ de vision (FOV) du téescope réeepteur dans la plage proche (Fig.I11-1),
la ré&upé&ation des propriéeés optiques des a&osols avec le LIDAR est limité dans les
premiéres centaines de meétres de l'atmosphere. Le facteur de recouvrement 1 est un
paramére caracté&istique deerivant la relation de recouvrement diffé&ente entre le FOV
du téescope et le faisceau laser. Lorsque le faisceau laser est hors du champ de vision du
télescope, le facteur de chevauchement 1 est &jal &0, outiest appel€zone aveugle; lorsque
le faisceau est partiellement al'inté&ieur du FOV du téescope, le facteur de recouvrement

est compris entre 0 et 1; lorsque le faisceau laser est compléement contenu dans le FOV,
n=1.

Une nouvelle mé&hode optique alternative est proposé dans le pré&ent travail de
doctorat pour mesurer directement I'extinction des a&osols prés de la surface du sol, au
lieu de la diffusion des a&osols. Un instrument déselopp&au LPCA basésur la technique
IBBCEAS couplé a une diode d&ectroluminescente UV (LED) alarge bande a &é
développé pour mesurer I'extinction des a&osols sur une bande spectrale relativement
large (355-380 nm) avec une résolution spatiale éeveée. Les données d’extinction des
aé&osols mesurées par IBBCEAS ont é&écomparés acelles obtenues avec le LIDAR au

méne endroit pres de la surface du sol.

i.1 Mesure par IBBCEAS
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i.1.1 Calibrage de I'instrument IBBCEAS

La Figure 111-5 (a) montre les spectres de N2 pur et de NO2 (361 ppbv ) pour lo (A) et |
(A), respectivement, ainsi que le coefficient de diffusion de Rayleigh théorique. La Figure
I11-5 (b) affiche les sections efficaces d'absorption de réf&ence de NO> autour de 365 nm
rapportées par Burrows et al. (1998), ainsi que la réflectivité du miroir déerminé&
exp&imentalement. La Figure IlI-5 (c) préente le spectre d'absorption de NO; (361

ppbv) utilisépour déerminer la réflectivitédu miroir sur la Figure I11-5 (b).

Dans la gamme de longueur d'onde de travail (364 - 377 nm), la réflectivitémaximale
du miroirs est de ~ 99,84% (incertitude ~ 5%) a374,5 nm, conduisant aune longueur de

trajet optique effective de ~ 860 m.

i.1.2 Caracté&istiques et performances

La stabilité de l'instrument développéa &é caract&isée au moyen de l'analyse de la
variance Allan. Le temps d'intégration optimal peut &re obtenu en utilisant les spectres
IBBCEAS de sé&ies chronologiques de N2 gr&e al'analyse de la variance Allan. La
cavitéa éé&balayé avec de I'azote pur et I'intensitéde sortie de la cavitéa é&éenregistré
sur 200 spectres conseeutifs de 2,4 s (c'est-adire 4 spectres moyenné avec un temps
d'intégration de 600 ms). Des résultats typiques de l'analyse de la variance d'Allan
(exprimé&s en €&art d'Allan) sont préentés sur la Figure 111-6. Le temps de stabilisation
maximal de l'instrument est de 69,6 s pour un temps d'int&ration de 600 ms avec un
nombre moyen de 116, ce qui donne une précision de mesure (16) de 1,5 ppbv pour le
NO,. Compte tenu du calcul et de la comparaison avec les réponses temporelles des
instruments associés, le temps moyen utilisééait de 60 s (conduisant aun nombre moyen
de 100).

La pre&ision de mesure de l'instrument IBBCEAS a é&é& é&alué avec N2 dans la
cavité La résolution temporelle pour ’IBBCEAS éait de 1 min (temps d'intégration de
600 ms, en moyenne 100 fois). Une sé&ie chronologique de 200 données a &éenregistree.
La valeur moyenne de la concentration de NO2 pour les données éait de 0,22 ppbv, ce
qui indique la preeision instrumentale. La Figure 111-7 montre [I'histogramme de

distribution des concentrations estimés de NO> par I'instrument IBBCEAS. Celui-ci a
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ée&ajustéavec un modéde gaussien, ce qui donne une preeision de mesure de 2,19 ppbv &

partir du FWHM du profil gaussien d'ajustement.

i.1.3 Mesure simultané de I'extinction des a&osols et de la concentration de NO»
dans I'air ambiant

Dans le travail actuel, la ligne de base spectrale Po(A) a été régulicrement mesurée a
travers le protocole d'opé&ation suivant (Fig.111-8 (c)): mesure de 6 minutes avec N2 pur
(pour la ligne de base Po())) suivi d’une mesure pendant 24 minutes avec &hantillon d'air
(fournissant des informations sur I'absorption de gaz cansgaz, I'extinction des a&osols oext,
agosols €t la ligne de base Po (A)). La commutation a été contrdlée avec une valve
dectronique (Fig.111-8 (a) et Fig.111-8 (b)). Le N2 ou l'air ambiant ont &&&hantillonné
en continu, aun débit de 2 L/min, vers la cavité IBBCEAS fonctionnant a pression
atmosphé&ique. Un cycle montrant le processus pour parvenir al'extinction de I'aéosol

Olext, agosols €St donnésur la Figure 111-8 (d).

Sur la base de I'éart type du reésidu dajustement (Figure 111-9), un coefficient
d'extinction minimum déectable de 4,3 % 10° cm™ correspondant aune concentration
déectable minimum de NO2 de 1,5 ppbv a éedéluit.

i.1.4 Site d'&hantillonnage

Une campagne d'inter-comparaison a éé&organisee dans la matiné du 14 septembre 2018
dans une zone c@iée urbaine et industrialisée &Dunkerque (Nord de la France). Des
mesures combineées de I'extinction des a&osols r&lisés (comme illustrésur la Figure I11-
10) pres de la surface du sol ont &é&effectuées al'aide de la t&éléection LIDAR et de la
surveillance in situ IBBCEAS. Le systéme LIDAR éait situédans 'UMA (UnitéMaobile
Atmosphé&ique) situé au niveau du sol aenviron 0,4 km du b&iment otiun systeéme UV
LED-IBBCEAS a &éinstallé(dans un abri climatisé sur le toit &a~ 14 m de hauteur. Les
paramétres mééorologiques ont &€ enregistrés pendant la p&iode de mesure comme

//////

du LIDAR (en dehors de sa zone aveugle) avec un angle zénithal d'environ 84 <
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i.1.5 Interfé&ences potentielles

Outre I'absorption du NO et des a&osols dans I'&hantillon dair, il existe d'autres
espeees gazeuses présentant des caractéistiques d'absorption structurées dans la gamme
de longueurs d'onde pertinente (364-378 nm), telles que HONO, CH.0, O3, BrO, 10,
OCIO et glyoxal. En raison de leur faible concentration et/ou de leur faible section

efficace d'absorption leurs extinctions sont indéectables par l'instrument IBBCEAS.

i.2 Comparaison des ré&ultats de I'|BBCEAS et du LIDAR

Les coefficients d'extinction des aé&osols dé&ivées du LIDAR et ceux mesurés
simultanément par la LED UV-IBBCEAS (Fig.I11-9) sont repré&enté& sur la Fig.111-12
(@). Les mesures ont é&éeffectuées dans la matiné du 14 septembre 2018 de 9h30 a
11h30.

Un bon accord (coefficient de corréation R? = 0,90 (Fig.111-12 (b)) est obtenu entre

les extinctions d'aéosols mesureéss al'aide des deux techniques.

Quelques &arts ont cependant &éobservé entre 09h40 et 10h00. Les fluctuations les
plus fortes mesurés avec LIDAR s'expliquent par le fait que ses mesures ont &é&
effectuees sur un trajet ouvert de 400 m qui pourrait &re significativement influencépar
les conditions mé&éorologiques ambiantes (HR, direction du vent, vitesse du vent, etc.),
tandis que le UV LED-IBBCEAS a &hantillonnél'air local dans sa cavitéoptique, ce qui

a conduit ades conditions de mesure plus stables.

i.3 Conclusion

En conclusion, la technique LED-IBBCEAS fonctionnant autour de 370 nm a &éudtilisée
pour la premiee fois pour réoudre le probleme des donné&s manquantes dans la zone
aveugle du LIDAR (les premieres centaines de méres de l'atmosphée). Des mesures
combinées des coefficients d'extinction des a&osols ont &é effectuees alaide de la
té@é&léection LIDAR et de ’'IBBCEAS. Une bonne corréation (R?> = 0,90) entre les
donné&s obtenues avec ces deux technigques a &e obtenue. Ce travail démontre le
potentiel de l'utilisation des données d'extinction des a&osols mesurés par IBBCEAS,

pour compenser celles manquantes dans la zone aveugle du LIDAR.
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ii. Etudes en laboratoire des réctions des COV avec les radicaux nitrate

Nous pré&entons ici les réultats d'é@udes en laboratoire utilisant un instrument IBBCEAS
couplé a la chambre de simulation atmosph&iqgue CHARME (CHamber for the
Atmospheric Reactivity and the Metrology of the Environment) pour la mesure du radical
NO:s.

Dans la premiée partie, la cinéique du NOsz avec le gaiacol (2-méhoxyphénol, 2MP)
a @éedudiee en utilisant la mé&hode du pseudo-premier ordre avec un exces de 2-MP et
en suivant les profils de concentrations de NOs. Dans une seconde partie, le mé&anisme
chimique de la réction du ga®col avec le NOs; a @€ é&udié(se rééer au Chapitre IV

pour les figures, tableaux et formules).

ii.1 Cinéique de la réction du radical NO3 avec le gaiacol

Les constantes de vitesse pour les réctions du radical NO3 avec le gaiacol peuvent &re
mesurees en utilisant deux méhodes: la mé&hode du pseudo-premier ordre et la mé&hode

relative.

Dans la mé&hode du pseudo-premier ordre, les concentrations en NOsz sont suivies par
un dispositif IBBCEAS montésur la chambre de simulation atmosph&ique CHARME.
Pour ces expé&iences, les concentrations en gaiacol sont en excés par rapport acelles en

radicaux nitrate (environ d’un facteur 10).

La méhode relative est basé sur la mesure de la perte d'un ré&ctif par rapport acelle
d'un composé de réé&ence. Idélement, le rapport des constantes de vitesse entre la
réf&ence et le ré&ctif devrait &re compris entre 0,2 &5. Le NO3z a &éproduit par deux
meéhodes : insitu par la réction entre Oz et NO- et via la dé&eomposition du N2Os.

Pour la mé&hode relative, trois composés de réf&ence ont &éutilisés : I'o-crésol, le m-

crésol et le p-crésol.

ii.1.1 Speifications d'IBBCEAS

La Fig.IV-2 (a) montre les profils de NO2, NO3 et le coefficient de diffusion de Rayleigh
utilisé&s dans ce travail pour I'éalonnage de la réflectivitédu miroir et la déermination
des concentrations en radical nitrate. Les Fig.IV-2 (b) et (d) montrent la réflectivitédu

miroir déerminée autour de 660 nm dans la chambre de simulation CHARME ainsi que
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le spectre d'é@nission des LED, respectivement. Sur la Fig. IV-2 (c) montre les
caracté&istiques d'absorption de NO2 (1295 ppbv) déerminés dans le calcul de la
réflectivitédu miroir de la Fig. V-2 (b).

La réflectivitémaximale du miroir est de 99,95% a~ 650 nm, ce qui a conduit &une
longueur d'absorption optique effective de 9,14 km. Le panneau sup€&ieur montre les
spectres NO2 et NO3 dans la méne ré&gion ades fins de comparaison. Chaque spectre a
ééenregistréavec un temps d'acquisition total de 15 s (temps intéréde 600 ms < 25).

Les limites de déection pour NO2 et NO3z de l'instrument IBBCEAS couplé a
CHARME ont &é& é&aluéss en utilisant I'Eq.19. Sur la base des €arts-types du résidu
d'ajustement (Figure 1V-3), et des rapports signal sur bruit (23,2 pour NO- et 81,5 pour
NO:s), celles-ci sont de 19,2 ppbv pour NO: et 24,5 pptv pour NOs, pour un temps
d'intéyration de 15 s.

Les concentrations des diffé&entes espeees gazeuses ont &ée simuless al'aide du
logiciel FACSIMILE et les données obtenues ont &é comparées a celles mesurees

exp&imentalement.

Avant I’ajout d’ozone, les profils temporels de concentration de NO2 simulés sont en
bon accord avec ceux mesuré par ’IBBCEAS (y = 1,077x - 180,0 avec R? = 0,90;
Figure 1V-5). En revanche, aprés I'ajout de Oz, celles obtenues par chimiluminescence
pré&entent en déaccord. Ce ré&ultat éait attendu car il est connu que d'autres espeees
azotés (par exemple NOs, N20s...) interféerent avec NO, dans les analyseurs par

chimiluminescence.

ii.1.2 Ciné&ique du NOs + gaiacol utilisant la mé&hode du pseudo-premier ordre

Une expé&ience pr&iminaire a éérealisee avec des concentrations initiales de ~ 2200
ppbv NO:z et ~ 1800 ppbv O3, comme le montre la Figure 1V-6. Par simulation (a&l'aide
du logiciel FASCIMILE), le maximum de [NO3] a &&estiméapres ~ 40 min, de ré&ction;

conformément aux mesures.

450 ppbv de gaiacol ont ensuite &€ inject& dans la chambre et le NO; a &é

rapidement totalement consommeé(en ~ 2 min) en raison de sa réaction avec le gaiacol, ce
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qui rend impossible la mesure de la constante de vitesse a partir du suivi des

concentrations en NOs.

Cela suggére que I’utilisation de 'IBBCEAS pour la déermination des constantes de
vitesse des ré&ctions NOz + COV doit &@re limite&e ades COV moins reactifs que le

gaiacol.

ii.1.3 Ciné&ique du NOs + gaiacol par la méhode relative

Trois isomé&es du créol ont &é utilisés comme composé& de r&é&ence. Les
concentrations initiales de gaiacol et les réf&ences se situaient entre 20 et 200 ppbv. La
Figure 1V-7 affiche la consommation du gaiacol par rapport acelles des composé& de
ré&ence. Le tableau IV-2 ré&sume les données obtenues. Les incertitudes indiquees pour
Kgacol COrrespondent & 2c sur la régression linéire et ne tiennent pas compte des

incertitudes sur Kraeence.

Les valeurs des constantes de vitesse pour la réction du ga™scol avec le radical NOs
déerminées par la méhode de la vitesse relative en utilisant les trois réf&ences sont en
bon accord et conduisent &une valeur moyenne de Kgaiacol = (3,77 £0,39) x 101! cm?

molé&ule? s1,

La valeur d&erminee dans ce travail est environ 40% plus éeves que celle mesuree
pré&élemment dans le mé&ne laboratoire: (2,69 +0,57) <101t cm?® moléule? s [2]. En
outre, ce résultat est en &alement en désaccord avec I'éude réente de Yang et al. (2016)
qui ont trouvéune valeur de (0,32 £0,14) % 101! cm® moléule? s pour la constante.
Yang et al.(2016) ont utiliséla dé&omposition de N2Os pour géné&er du NOs et du 2-
mehyl-2-buténe comme composéde réé&ence. Cependant, les pertes de paroi pour les
deux COV ont ééneéligeées (ce qui est particuliéement surprenant pour un composé

aussi collant que le gaiacol), ce qui peut expliquer le déaccord.

ii.2 Formation de AOS apartir de la réction en phase gazeuse du gaiacol avec les
radicaux NOs

L'objectif de ce travail éait d'@udier la formation d’AOS a partir de la réction du
gaiacol avec les radicaux NOs. Les expé&iences ont @&menees dans deux chambres de
simulation: LPCA-ONE et CHARME.
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LPCA-ONE est un récteur cubique rigide en PMMA (PolyMethyl Methcrylate) de 8,0
m3 (2 m x2 m x2 m; rapport surface/volume ~ 3 m?). Il est &uipé&d'un ventilateur en
Té&lon (diametre 30 cm) situ€au centre de la face infé&ieure pour assurer un méange
homogene des réctifs. Avant chaque expé&ience, la chambre de réction est balayé& par

de l'air purifiépendant environ 12 h.

Les expé&iences ont éérailisés avec des concentrations initiales en gaiacol de 84 a
537 ppbv. Aprés quelques minutes, le NO2 (500 - 1 500 ppbv) et I'Oz (500 - 1 000 ppbv)
ou du N20Os sont introduits. La concentration de gaiacol a &éenregistrée (m/Z 125) toutes
les 10 s avec le PTR-ToF-MS. Les ehantillons d'air ont &écollecté&s avec un débit de 50

ml mint atravers un tube en peek chauffé&(333 K).

La formation en aé&osols organiques secondaires a &€& suivie avec un SMPS en
utilisant un temps de balayage de 120 s et un déai de 16 s entre les &hantillons,
fournissant une distribution de taille entre 15 a661 nm. La concentration massique de

I'aé&osol Mg a &écalculé en supposant une densitéde 1,4 pour l'aéosol organique.

Des expé&iences pré&iminaires ont &ée effectuees pour vé&ifier que I'ozonolyse du
gaiacol éait néligeable dans les exp&iences oulle NO3 éait formeéin situ apartir de la
réction NO2 + O3 (cela éait attendu car la constante de vitesse pour la réction de

I'ozone avec le gaiacol est faible (Kgacol + 03) = 4x107° cm? mol&ule! s1)).
(9 )

Une formation d'a&osols pourrait se produire apartir de la réction des radicaux
nitrate avec des impureté& présents dans l'air purifiéet/ou avec le déjazage de composés
provenant des parois des récteurs. Pour caractériser cette formation de particules, de l'air
purifiéa é&é laissédans I'obscuritéen présence de NOs pendant ~ 1 h. Ces tests ont
conduit ades concentrations massiques en a&osols de 0,2 g m3, ce qui est néligeable
par rapport aux concentrations massiques en AOS observees apartir de la réction du

NOs avec le gaiacol (entre 7 et 547 g m3).

Les pertes des AOS sur les parois des 2 chambres ont &&déerminé en suivant les
concentrations massiques en a&osols sur une pé&iode d'environ 1 h ala fin de chaque

expé&ience. Celles-ci sont deéerites par une loi de premier ordre, avec une dépendance de
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la taille de I'a&osol; les valeurs obtenues varient entre 5 et 44% h; elles correspondent &

celles obtenues dans d'autres chambres.

Pour déerminer la composition chimique des AOS, des filtres en fibre de quartz ont
ééprdevé& a7,5 L min pendant 3 h. Pour ces expé&iences, les concentrations initiales
en gaiacol éaient de ~ 2 ppmv. Les a&osols collecté&s ont é&analysés par ESI-LC-

QToF-MS/MS en utilisant le mode d'ionisation néegative (abstraction de protons).

ii.2.1 Rendements en AOS

Une sé&ie d'expé&iences gaiacol/NO; a &€ rélisée dans l'obscurit€é a pression
atmosphé&ique, tempé&ature ambiante (294 £2) K et faible humiditérelative (<2%). Les
concentrations initiales en NOz ([NO:Jo), Os ([Os]o) et gaiacol ([gaiacol]o), les
concentrations consommess en gaiacol corrigées des pertes sur les parois (A[gaiacol]), les
concentrations massiques en a€osols organiques corrigees des pertes de paroi (Mo) et les
rendements globaux AOS sont résumé&s dans le tableau IV-3. Toutes les expé&iences ont
éérailiseéss sans particules d’ensemencement et ont @&menéss jusqu'ace que la masse

d'aé&osol formeée soit stable.

Les profils temporels typiques de concentrations massiques du gaiacol et des AOS
sont pré&enté& sur la Figure 1V-8 (expé&ience gamcol # 10; conditions initiales: gaiacol
(276 ppbv; 1429 g m=); NO2 (750 ppbv ) et O3 (500 ppbv)). La formation de particules
est observé environ 45 minutes aprés le début de la réction et atteint un plateau aprés
un temps de réction d'environ 2 h. Les rendements en AOS (Y) ont &é& déerminé&
exp&imentalement apartir du rapport entre la concentration massique en AOS obtenue
(Mo en g m3) et la concentration en gaiacol consommeé&(A [gaiacol] en pg m3) ala fin

de chaque expé&ience (K. 23) .

L'incertitude sur les valeurs des rendements des AOS peut &re estimé& aenviron
30%, en raison d'erreurs statistiques et systénatiques possibles sur Mo et A[gaiacol]. Les
résultats reporté& dans le tableau 1V-2 indiquent que la concentration initiale en gaiacol
influence les rendements : une concentration initiale plus éeveés en gaiacol entraine un

rendement en AOS plus devé
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Le tracé de Mo en fonction de A[gaiacol] obtenu ala fin des expé&iences est
repré&senté sur la Figure 1V-9. Celle-ci pré&ente une corrdation lin&ire (R==0,92), avec
une pente de 0,25. Cette derniée valeur peut &re comparé au rendement maximum en
AOS déerminé pour la réction du gaiacol avec NO3z (Ymax = 0,21; voir le tableau 1V-3)
et semble repré&enter la limite haute pour cette réction. L'extrapolation des donnéess
pré&entees sur la Figure 1V-9 suggére que la production d’AOS serait n&gligeable pour

des concentrations en gaiacol consomméss infé&ieures &~ 550 g m= (110 ppbv).

Un modéde semi-empirique basésur la réartition gaz-particules de produits semi-
volatils (Odum et al., 1996; Pankow, 1994a, b) permet de de&rire les rendements de AOS
obtenus (Eq.24).

ii.2.2 Composition chimique AOS

Des analyses ESI-LC-QTOF-MS/MS ont &ére&liseées pour caract&iser la composition
chimiques des AOS formé& apartir de la réction en phase gazeuse de NOs avec le
gaiacol. Un chromatogramme typique est pré&entésur la Figure 1V-11. Une fois la masse
molaire d'un produit déerminé (par LC-QTOF-MS), le pic correspondant est fragmenté
en utilisant trois valeurs d'éergie (10 eV, 20 eV et 30 eV; analyse MS/MS). Une valeur
éergéique plus evé conduit aune plus grande fragmentation des moléules ce qui
permet d'identifier les groupes fonctionnels et ainsi d'éaluer les structures chimiques des

COMpOSEs.

Les compos&s déecté&s dans les AOS sont listé&s dans les tableaux V-4 (composés
majeurs, abondance relative > 4%) et Tab.S1 (composé& mineurs, abondance relative <
2%). Les abondances relatives (exprimées en %) ont &écalculés apartir du rapport
entre les aires chromatographiques des diffé&ents isoméres et l'aire totale de tous les pics.
Cette approche suppose que le spectrométre de masse a la mé&ne réonse pour chaque
composé chimique déecté Les principaux composé observé dans les AOS sont les
composeés aromatiques nitrés (voir Tab.IV-4): nitromé&hoxybenzenes (m/z = 152, 2
isomeres, 9,3%); nitrocatéehol(s) (m/z = 154, 1 ou 2 isoméres (la largeur du pic suggere
la pré&ence de deux isomeéres, mais cette hypothése n'a pas pu é@re confirmee), 18,0%);
nitrogaiacols (m/z = 168, 4 isomees, 11,7%); dinitromé&hoxybenzene (m/z = 197, 2

isomeéres, 7,6%); dinitrocatéhols (m/z = 199, 3 isomeres, 4,7%); dinitrogaiacols (m/z =
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213, 6 isomeres, 9,0%); composes dimees formés via I'association de 1 nitroguaiacol et 1
nitrocatéehol (m/z = 321, 12 isomeres, 5,4%) ou via l'association de 2 nitroguaiacols (m/z
= 335, 5 isoméres, 18,1%), et 2 composé& non identifié&s (m/z = 531, 8,2% et m/z = 584,
4,3%). Ainsi, cela confirme que les produits d'oxydation formé dans les a&osols apartir
de la ré&ction des radicaux NO3 avec le gaiacol sont &la fois des produits de premiee et
de deuxiéne géné&ation, comme le suggerent les données pré&sentés sur la Figure 1V-11.
Cependant, comme plus de 75% de la masse de 1I’AOS est formé lorsque tout le gaiacol
est consommé il est fort probable que les produits observés en phase condensée
proviennent de 1’oxydation en phases gazeuse et/ou en particulaires des produits de
premige géné&ation. Des expé&iences supplémentaires utilisant des concentrations
initiales en gaiacol infé&ieures permettrait de réluire ces réctions secondaires. Les
Figures S1-S8 (voir annexe 1) pré&entent les spectres MS/MS obtenus &20 eV pour les
principaux composés identifiés dans les AOS (m/z = 152, Fig.S1; m/z = 154, Fig .S2; m/z
= 168, Figure S3; m/z = 197, Figure S4; m/z = 199, Figure S5; m/z = 213, Figure S6; m/z
= 321, Figure .S7 et m/z = 335, Figure S8). Les diffé&ents fragments ont permis de
proposer des structures chimiques cohé&entes pour les produits d'oxydation de la réction
NO3 + gaiacol observés dans la phase particulaire.

Le 4-nitrogaiacol et le 5-nitrogaiacol ont &éclairement identifi&s dans les AOS en
comparant leurs temps de réention chromatographique et leurs spectres MS-MS aceux
des standards disponibles dans le commerce. Le nitrogaiacol le plus abondant formédans
la phase particulaire é&ait le 4-nitroga'scol (91,5%), en grand excés par rapport au 5-
nitroga'®col (5,4%) et au 3-nitroga®col et/ou 6-nitroga®col (3,1% pour les deux; les
standarts de ces deux isomeé&es n'existent pas, il n'a donc pas &e possible de les

distinguer).

Le méanisme conduisant aux principaux produits d'oxydation identifié dans les
AOS est proposésur la Figure IV-12. 1l a @éésuggé&eépar Atkinson et al. (1992), que la
reaction entre le radical NOs et les composés phénoliques peut débuter par une addition
en ipso du substituant OH, conduisant a la formation d’un intermé&diaire stable avec un
cycle asix atomes. Une autre possibilité est 1’addition de NOs sur le cycle aromatique.

Ces deux voies conduisent &la formation d'acide nitrique et d'un radical phéoxy, qui
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regit ensuite avec le NO2 pour produire des isome&es du nitroguaiacol. De méne, la
formation de dinitrogaiacols et trinitrogaiacols peut &re expliqué par la réction des

nitrogaiacols et dinitrogaiacols avec NO3 puis NOx.

Les éapes d'oxydation initiales formant des nitromé&hoxybenzenes et nitrocatehols a
apartir du gaiacol et de NOs ne sont pas encore @ucidés, comme indiquésur la Figure
IV-12. Bant donnéque les connaissances actuelles sur la réctivitéchimique en phase
gazeuse des composes aromatiques ne permet pas d’identifier ce mécanisme, cela suggére
gu'une chimie d'oxydation pourrait avoir lieu dans la phase condensee et produire les
nitroméhoxybenzenes et nitrocaté&hols observes. Des éudes sur I'oxydation du gaiacol
en phase liquide seraient trés utiles pour &ayer cette hypothése. Dans leur é&ude sur les
produits de réction en phase gazeuse du NOs + gaiacol, Yang et al. (2016) ont également
signaléla préence de nitrogaiacols (4-nitrogaiacol et 6-nitrogaiacol; le 4-nitrogaiacol
éant le plus abondant), dinitrogaiacol (4,6-dinitrogaiacol), caté&hol (1,2-
dihydroxybenzene) et nitroméhoxybenzéne dans les produits formé& a partir de

I’oxydation en phase gazeuse du gaiacol par NOa.

La formation de nitrocaté&hols et de dinitrocaté&hols peut également réulter de la
réction de NOz puis NO2 avec le cateehol et les nitrocatéhols, respectivement. Les
composé&s amasse molé&ulaire devée (m/z> 300) pré&entent 2 &3 cycles aromatiques; ils
peuvent &@re produits apartir de l'association de radicaux phéoxy formé& apartir de

nitrogaiacol (s) et/ou nitrocatechol (s).

Pour les principaux produits identifiés, un isomere a toujours &éplus abondant que
les autres (les abondances relatives correspondantes varient entre 85% a 99%; voir
Tabh.S2).

Les produits d'oxydation formé en phase condensée apartir de la réction en phase
gazeuse du gaiacol avec des radicaux nitrate peuvent éalement &re comparé&s aceux
identifiés lors de la réction du gaiacol avec des radicaux hydroxyles dans des conditions
de NOx devé Les analyses ATR-FTIR ré&lisés par Ahmad et al. (2017) ré&éent
&jalement la présence de 4-nitrogaiacol dans les AOS. Ainsi, cette observation suggere
que les produits d'oxydation gén&é& en phase particulaire, via I'oxydation du gaiacol par

NOz ou OH/NOX, sont probablement similaires comme cela a éépré&ealemment postulé
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apartir de la comparaison des constantes de réoartition gaz-particules obtenus avec les

deux oxydants.

ii.3 Conclusion

La constante de vitesse pour la réction du gaiacol avec les radicaux nitrate a éeéudiee
dans CHARME en utilisant la mé&hode relative. Un bon accord a é&&obtenu en utilisant
trois COV de réfé&ence (l'o-crésol, le m-crésol et le p-crésol), ce qui donne une valeur

moyenne Kguaicol = (3,77 £0,39) %101 cm® molé&ule™ s2.

Les expé&iences r&lisés avec le gaiacol en excés (mé&hode du pseudo-premier ordre)
ont montréque cette mé&hode n'est pas applicable pour le guaiaicol qui pré&ente une
ractivitétrop devé avec NOs. D’autres COV moins réactifs avec cet oxydant seront

testés.

La constante de vitesse Kgaiacol déterminée dans cette éude a permis de calculer la
duré de vie atmosphé&ique du gaiacol par rapport asa réction avec le radical NOa.

Celle-ci est éjale &53 s, si on suppose une concentration en NOs de 5 %102 molé&ule cm
3

La formation de AOS apartir de la ré&ction du gaiacol avec des radicaux nitrate a &&
éudi& dans deux chambres de simulation. Il a &&dénontréque les rendements en AOS
sont influencé par la concentration initiale en gaicol, ce qui conduit &des rendements en
a&osols allant de 0,01 &0,21. Un tré bon accord a &é&observéentre les exp&iences
raliseées dans les deux chambres, ce qui valide les réultats obtenus dans cette &ude. Les
donnés sur les a&osols ont &€& ajustées avec le modée de répartition gaz-particules
développé par Pankow (1994) et Odum et al. (1996) en utilisant le moddée aun seul

produit.

Les concentrations atmosphé&iques en a&osols sont de ~ 5 g m dans de nombreux
environnements, bien qu'elle puisse parfois atteindre 50 g m-2 voire plus dans des zones
fortement polluéss. L'extrapolation &une charge particulaire de 5 g m® des valeurs de
rendement en a&osols obtenues dans cette &éude (Figure IVV-10) donne un rendement en
AQS de 2% pour la réction guaiacol + NOs. On peut donc conclure que la contribution &

la production d’AQOS de la réction entre le gaiacol et les radicaux NO3 est probablement
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relativement mineure dans de nombreux environnement. Cependant, dans les zones
polluées, cette réction peut é&re une source importante d'a&osols organiques

secondaires.

Des analyses ESI-LC-QToF-MS/MS ont &é ra&lisés pour caract&iser la
composition chimique des a&osols. Des composé nitro-aromatiques ont &é identifiés
comme les principaux produits d'oxydation, confirmant des éudes antéieures sur les
produits formé& apartir de la réction en phase gazeuse des radicaux NOz avec les

dé&iveés du gaiacol.

Le l&oglucosan (1,6-anhydro-B-anhydroglucose), qui provient de la pyrolyse de la
cellulose ou des hémicelluloses, est un traceur bien &abli des aé&osols primaires de
combustion de la biomasse (BB). Plusieurs composé nitro-aromatiques ont éédéecté&
dans les a&osols urbains, et les nitrocatéhols ainsi que les nitroguaiacols sont reconnus
comme des traceurs approprié pour le BB secondaire [2,3]. Des efforts de recherche
supplénentaires sur la réactivité de ces composé& permettraient de mesurer leurs
constantes de vitesse avec les principaux oxydants et de déerminer les durés de vie
correspondantes. A notre connaissance, seules quelques donneées sont disponibles dans la

litt&ature concernant la ré&ctivitéatmosphéique des nitro-aromatiques.

Mots clé& : spectroscopie d’absorption en cavitéréonante par une source incohé&ente
spectrale large bande (IBBCEAS); extinction d'a&osol; radical nitrate; chambre de

simulation atmosphé&ique; gaiacol; rendements en AOS.
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Appendix I Minor/major compounds observed in the SOAs and LC/MS/MS product

ion spectra for major compounds

Table S1 Minor compounds observed in the SOAs (ESI-LC-QToF-MS/MS analyses)
formed from the gas-phase reaction of guaiacol with NOs radicals. The relative

abundances (R, in %) are also indicated.

Mo_lecglar Main fragments Brut Name® Structuref R (%)°
ion Formula
OH
109 69 [CsHO2] CsHsO2° Catechol* OH <0.2
OH
Hydroxymethoxy- o~
- d
155 CrH:0 cyclohexenedione? o <0.2
(o]
OH
65 [C:HOT" ] X o
184 152 [CeHNOs  CrHeNOs? Hy(:{:;‘ﬂf:;‘t%’jy @/ 2.0
169 [C5H3N05]' pheny % no;
) ,  Trinitromethoxybe MO
42 - C7H4N30O7 nzene2 NOZ” 0.7
NO,
93 [CsHO:] NO, T o
258 153 [CeH3NO4]  C7H4N3Og®  Trinitroguaiacol® o <0.2
213 [CeHN207] © o,
OH OH
Association of 2 0O A
- C
307 CroHNOe™ - itrocatechols® Y; <02
NO; NO»
Association of 1 o o
] , Nitroguaiacol and 1 @00 q
351 C14H11N209 Hydroxymethoxy- | ® 0.2
phenylnitrate’ Noz % no,
N\,
Association of 1 ? oo ¥
366 - C1sHsN3O10” dinitroguaiacol and NOQ ﬁ; <0.2

1 nitrocatechol®
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CLHi N, Association of 1 ? 0o &
380 - MO0 hitroguaiacol and 1 /@ i; <0.2
dinitroguaiacol' ™ [ I,
153 [CeHsNOs" o \, \ 5, Associationof2 g™
488 168 [C/HeNO,] 2 ™™12 nitroguaiacoland 1 7 o o ¢ <0.2
319 [C13H7N20s] nitrocatechol** ';;2 ".'J;]
s
502 153 [CeH3NO4]"  Ca1H16N3O12  Association of 3 % e 4_c‘>\'"“o"‘ X 0.9
168 [C7HsNO4] ¢ nitroguaiacols’ J U '

2 The indicated masses correspond to the [M—H] product ions.
b Probability given by the software between 98 and 100 %.

¢ Probability given by the software between 90 and 97 %.

d Probability given by the software between 70 and 89 %.

¢ Number of detected isomers.

f The drawn structure correspond to one isomer only.

9 The relative abundances (in %) were calculated from the ratio of the sum of the chromatographic areas of

the different isomers to the total chromatographic area of all the peaks.
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Table S2 Major compounds observed in the SOAs (ESI-LC-QToF-MS/MS analyses)
formed from the gas-phase reaction of guaiacol with NOs radicals. Relative abundances

(isomers, in %) and retention times (RT, in min) of the different isomers.

Mqlecualar Name Isome_rsbRT Isomers (%)
ions (min)
. 8.82 99.0
152 Nitromethoxybenzene 9.56 10
154 Nitrocatechol 4.49 100.0
6.38 5.4 (5-Nitroguaiacol)
6.76 1.3 (3 or 6-Nitroguaiacol)
168 Nitroguaiacol 7.35 91.5 (4-Nitroguaiacol)
1.8(3o0r6-
8.12 Nitroguaiacol)
197 Dinitromethoxybenzen 10.86 2.4
e 11.16 97.6
. 8.03 97.2
199 Dinitrocatechol 8.97 58
8.31 96.5
9.43 0.1
. . 9.70 1.0
213 Dinitroguaiacol 10.39 18
8.99 0.4
10.17 0.3
9.94 7.6
10.30 1.2
11.41 1.0
11.59 28.0
Association of 1 Egg 100'25
321 nitro_guaiacol and 1 12:42 3:9
nitrocatechol 1259 g7
12.75 22.7
12.15 14.3
13.50 1.6
11.81 0.4
14.88 0.2
- 13.00 4.1
14.31 85.1
15.31 5.2

2 The indicated masses correspond to the [M—H] product ions.
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b Retention time (in Fig.1V-10).
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Figure S1 LC/MS/MS product ion spectra of m/z 152 compound: nitromethoxybenzene
at RT = 8.82 min (Fig.l1V-10).
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Figure S2 LC/MS/MS product ion spectra of m/z 154 compound: nitrocatechol at RT =
4.58 min (Fig.1V-10).
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300000 -counts

153.0068
OH 123.0088 [CEH3NO4]-
250000 o s 008
~
200000
95.141
NO, [C5H302]-
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100000
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‘oo 109.0281 137.0243 168.0302*
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Figure S3 LC/MS/MS product ion spectra of m/z 168 compound: nitroguaiacol at RT =
7.33 min (Fig.IV-10).
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Figure S4 LC/MS/MS product ion spectra of m/z 197 compound: dinitromethoxybenzene
at RT = 11.16 min (Fig.IV-10).
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250000 | counts

95.0141
OH [C5H302)-
200000 OH
NO;
150000 N02
100000
67.0191
[C4H30]-
50000 82.0061 . )
198.9996
[can202}- 111.0087  [ceh3oa). 153006
: [cen3noal.[CBH3N206]-
[C5H303]-
0

B e
OB
N o=’

€71
STt
LET
6€T
wT
€ST

Gl 8 8(m/z)
@ oM~

Figure S5 LC/MS/MS product ion spectra of m/z 199 compound: dinitrocatechol at RT =
8.03 min (Fig.IV-10).
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Figure S6 LC/MS/MS product ion spectra of m/z 213 compound: dinitroguaiacol at RT =
8.34 min (Fig.IV-10).
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120000 - counts
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Figure S7 LC/MS/MS product ion spectra of m/z 321 compound: association of 1
nitroguaiacol and 1 nitrocatechol at RT = 11.82 min (Fig.1V-10).

600000 | counts

N 153.0066
~~  [C6H3NO4]-
500000 o o} e ]
0—o0
400000 168.0298
[C7THENOA4]-
NO, NO,
300000 -+
200000 -
100000 123.0089 289.0102
82.0061 [COHN]- [C12H5N207]-
[C4H202]
0
PO NROER PR R, R, RRERERE R, ERE RNNNNNRNRN®
DU O RRNWORPNRNWREENNN®OO G oD Wwadoee o Mmz)
SRrPrRleoRludhocoowonoROoAdNneer &

Figure S8 LC/MS/MS product ion spectra of m/z 335 compound: association of 2
nitroguaiacols at RT = 14.26 min (Fig.1\VV-10).
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Abstract

Methoxyphenols are oxygenated aromatic compounds emitted by wood combustion
(consequently to the pyrolysis of lignin). The atmospheric reaction of nitrate radical (NO3)
with guaiacol (2-methoxyphenol), one of the principal representatives of this class of
compounds has been investigated in the dark at (294 +2) K, atmospheric pressure and low
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relative humidity (RH < 2 %). The formation of secondary organic aerosols (SOAS) has
been studied in two simulation chambers. The concentrations time profiles of guaiacol were
followed with a PTR-ToF-MS (Proton Transfer Mass Reaction — Time of Flight — Mass
Spectrometer) and those of SOAs by an SMPS (Scanning Mobility Particle Sizer). Aerosol
yields (Y) were calculated from the ratio of the suspended aerosol mass concentration
corrected for wall losses (Mo), to the total reacted guaiacol concentration assuming a
particle density of 1.4 g cm?®. The aerosol yield increases as the initial guaiacol
concentration rises, leading to yield values ranging from 0.01 to 0.21. A very good
agreement was observed between the experiments performed in both chambers which gives
confidence in the data obtained in this study. The organic aerosol formation can be
represented by a one-product gas/particle partitioning absorption model with a
stoichiometric coefficient o = 0.32 £ 0.04 and an equilibrium constant K = (4.2 £ 1.0) %10
3 m? g, The chemical composition of the aerosols formed was studied after sampling on
quartz fiber filter, ultrasonic extraction and analysis by ESI-LC-QToF-MS-MS
(ElectroSpray lonization - Liquid Chromatography - Quadrupole - Time of Flight —
Tandem Mass Spectrometry). The oxidation products observed in the condensed phase are
mostly nitro-aromatics; they display chemical structures with one, two and three aromatic
rings. A reaction mechanism leading to these products has been proposed. To our
knowledge, this work represents the first study on the SOAs formation from the reaction of

guaiacol with NOg radicals.

1. Introduction

During the last decades, air pollution has been a major issue and environmental
policies have been developed to reduce its impacts on climate and air quality (Gurjar et
al. 2010). Some field campaigns have shown that aromatic compounds represent about
20% of non-methane hydrocarbons in urban areas. These volatile organic compounds
(VOCs) contribute to the formation of photo-oxidants (Derwent et al., 1996; Derwent et
al., 1998) and Secondary Organic Aerosols (SOAs) (Calvert et al., 2002; Hallquist et al.,
2009) and may involve risks for human health (Hanson et al., 1996).
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The use of renewable energy is encouraged by environmental policies to help to
decrease the dependence to fossil fuels. Biomass burning is one of the major alternative
energy sources; nevertheless, it is well recognized that it also contributes to important
emissions of atmospheric aerosols (Fourtziou et al., 2017), VOCs (Bruns et al., 2017) and
have significant impacts on human health (Lighty et al., 2000; Sarigiannis 2015), regional
and global air quality (Lelieveld et al., 2001) and climate (Chen et al., 2010; Langmann et
al., 2009). Natural fires, human-initiated burning of vegetation and residential wood
combustion are included in the term of “biomass burning” (Hays et al., 2002; Mazzoleni

et al., 2007; McDonald et al., 2000; Schauer et al., 2001; Simpson et al., 2005).

The pyrolysis of lignin, one of the major components of wood, produces
methoxyphenols. The principal atmospheric representatives of this class of compounds
are guaiacol (2-methoxyphenol), syringol (2,6-dimethoxyphenol) and their derivatives
(Hays et al., 2002; Mazzoleni et al., 2007; McDonald et al., 2000; Schauer et al., 2001;
Simpson et al., 2005). They are semi-volatile compounds with high molecular weight and
are distributed between gas- and particle- phases.

The reactivity of methoxyphenols toward hydroxyl radicals (Coeur-Tourneur et al.,
2010a; Lauraguais et al., 2012, 2014a, 2015), chlorine atoms (Lauraguais et al., 2014b),
ozone (El Zein et al.., 2015) and nitrate radicals (Lauraguais et al., 2016; Yang et al.,
2016; Zang et al., 2016) has been investigated. The determination of the rate coefficients
for these reactions has demonstrated their high reactivity toward OH, Cl and NO3 and
their low reactivity with Os. The corresponding atmospheric lifetimes are about 2 h (OH),
20 h (CI), 1 min (NO3) and 12 days (Os), respectively. Therefore, under atmospheric
conditions, the main degradation pathways for the methoxyphenols are their reactions

with hydroxyl radicals in the daytime and with NOs radicals, during the night.

The formation of secondary organic aerosols from guaiacol and syringol with respect
to their reaction with OH has also been investigated (Lauraguais et al., 2012; Lauraguais
et al., 2014a). In most environments, atmospheric aerosol concentrations of around 5 g
m3 can be found and in these atmospheric conditions the OH reactions of guaiacol and
syringol contribute for a minor part to SOAs production.
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The objective of this work was to study the reaction of guaiacol, a wood burning
emitted compound, with NOs radicals in order to investigate its potential to form SOAs.
The experiments were performed in the dark, in two simulation chambers at (294 £+2) K,
atmospheric pressure and low relative humidity (RH < 2 %). The SOA yields were
measured and the data analyzed according to the absorptive gas-particle partitioning
model developed by Pankow (1994a,b) and Odum et al. (1996). The oxidation products
formed in the aerosols were analyzed by ESI-LC-QToF-MS-MS (ElectroSpray lonization
- Liquid Chromatography - Quadrupole - Time of Flight - Tandem Mass Spectrometry).
The atmospheric implications of the reaction of guaiacol with NO3z radicals were also
discussed. To our knowledge, this work represents the first study on the formation of

SOAs from the reaction of guaiacol with nitrate radicals.

2. Material and method

The experiments were performed in the dark in two simulation chambers, LPCA-
ONE and CHARME at room temperature (294 +2 K), atmospheric pressure and low
relative humidity (RH < 2%).

LPCA-ONE is an 8.0 m® (2 m x2 m x2 m) PMMA (PolyMethyl Methcrylate) cubic
reactor stirred by a Teflon fan (diameter 30 cm) located in the center of the lower face. A
detailed description of the chamber is available in Lauraguais et al. (2012). CHARME
(Chamber for the Atmospheric Reactivity and the Metrology of the Environment) is a 9.2
m? evacuable cylinder (diameter ~ 1.7 m and length ~ 4.0 m) made in stainless steel (304
L) and electropolished. Four fans (in stainless steel; diameter 50 cm) located in the

bottom assure a fast homogenization of the reactive mixture.

Purified and dried air was introduced into both chambers using a generator (Parker
Zander KA-MT 1-8) connected to a compressor (SLM-S 7.5 - Renner SCROLLL.ine).
LPCA-ONE was flushed for a minimum of 12 h before each experiment and CHARME
is coupled to a vacuum pump (Cobra NCO0100-0300B), which allows to reduce the
pressure down to 0.4 mbar. The time required to evacuate and fill this latter reactor was
around 1 h. After cleaning the chambers, satisfactory background particle number
concentrations below 10 particles cm could be detected by a Scanning Mobility Particle
Sizer (SMPS TSI, CPC 3775/ DMA 3081).
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Guaiacol was introduced into the simulation chambers using an inlet system in which

measured amounts of the substances were gently heated in a small flow of purified air.
Nitrate radicals were generated using two methods:
- (i) in situ formation of NOz from reactions (1):

NO2 + Oz — NOszt+ O 1)

NO; was injected first with a gas syringe and Oz was then introduced using an ozone
generator (by Corona discharge in Oz, Model C-Lasky, C-010-DTI). The injection of
both gases were performed in a few seconds. The nitrogen dioxide and ozone
concentrations were controlled with a chemilumiscence NOx analyzer (Thermo Scientific,

42i) and a photometric ozone analyzer (Thermo Scientific, 49i), respectively.
- (i) thermal decomposition of dinitrogen pentoxide (N20Os) (Atkinson et al., 1984):

N20s — NOz + NO2 (@)
N20s was first synthesized in a vacuum line through the reaction of NO. with an

excess of Oz according to reaction (1) followed by reaction (-2):

NOs + NO2 — N20s (-2)
The first phase of the synthesis consisted in trapping NO2 (in the form of N.O4
crystals) at 193 K in a cold tube. In a second phase, the tube was flushed with ozone (C-
Lasky C-010-DTI) to form N2Os. Dinitrogen pentoxide crystals were gathered in a

second cold trap and kept for several weeks at 188 K.

The experiments were performed with guaiacol initial concentrations in the range (84
- 537 ppb). After allowing a few minutes for guaiacol mixing, NO2 (500 - 1500 ppb) and
O3 (500 -1000 ppb) or N2Os were then introduced (in a few seconds) into the chambers.
The concentration of guaiacol was monitored every 10 s with a Proton Tranfer Reaction -
Time of Flight - Mass Spectrometer (PTR-ToF-MS 1000, lonicon Analytik GmbH). The
air samples were collected through a heated (333 K) peek inlet tube with a flow of 50 mL
min into the PTR-ToF-MS drift tube and guaiacol was monitored from the peak at m/z
125.
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The aerosol formation was followed with a SMPS using a 2 min scan time and a 16 s
delay between samples, providing a size distribution from 15 to 661 nm. The aerosol
mass concentration Mo was calculated assuming a density of 1.4 for the organic aerosol
(recommended value, Hallquist et al., 2009).

Preliminary experiments were performed to verify that the guaiacol ozonolysis was
negligible in the experiments where NO3z was formed in-situ from NO, + O3 (this was
expected as the rate constant for the ozone reaction with guaiacol is low (Kguaiacol+03) =

4x101° cm® molecule® s, El Zein et al., 2015)).

Background aerosol formation could occur from the reaction of nitrate radicals with
impurities in the purified air and/or with offgasing of compounds from the reactor walls.
To characterize this particle formation, purified air was left in the dark in the presence of
NO;s for ~1 h. These test experiments yielded aerosol mass concentrations of 0.2 g m=,
which is negligible compared to the SOAs mass concentrations observed from the

reaction of NO3 with guaiacol (between 7 and 547 g m3).

The SOAs wall loss rates were determined by monitoring the aerosol mass
concentrations over a period of =1 h at the end of each experiment. SOA wall losses are
described by a first order law, with a dependence on the aerosol size. The decay rates
estimated in this study were in the range 5 - 44 % hl. These values are within the range
reported for other chamber experiments (Coeur-Tourneur et al., 2009, 2010b; Henry et
al., 2008; Hurley et al., 2001; Lauraguais et al., 2012, 2014a; Takekawa et al., 2003).

To determine the chemical composition of SOAs, quartz fiber filters were sampled at
7.5 L min during 3 h (47 mm diameter Whatman 1851-047 QMA). Before the sample
collection, filters were fired at 500 <C for 12 h, and were then stored in an aluminum foil
below 4<C until analysis. For these experiments performed with higher initial
concentrations of guaiacol (2 ppm), SOA masses and yields were not determined because

a high fraction of the particles was outside the measurement range of the SMPS.

The collected aerosols were analyzed by ESI-LC-QToF-MS/MS (Agilent LC 1100 -
MS 6540) using the negative ionization mode (proton abstraction). The chromatographic

column used was a ZORBAX Extend-C18 (50 mm long x 2.1 mm i.d., 1.8 pum pore size)

149



Appendices

thermostated at 40 <C. The MS analyses allow to access the molar mass of the identified
products and the MS/MS analyses, performed at three different energies (10 eV, 20 eV
and 40 eV) permit to identify the functional groups of the compounds and to propose

chemical structures.

The filters were ultrasonically extracted twice during 30 min in 5 mL of methanol.
The solution was then filtered (pore sizes 0.45 pm; PTFE Membrane, Whatman) and the
volume was gently reduced to 100 pL under a flow of gaseous nitrogen. Finally, the
volume was diluted to 1 mL with ultrapure water in order to improve the separation of the
compounds during the chromatographic analysis. The mobile phase used is a mixture of
water (+0.1 % formic acid) and acetonitrile (+5 mM ammonium formate); the gradient
varied from 90 % water / 10 % acetonitrile at the beginning of the analysis to 100 %

acetonitrile at the end.

4-nitroguaiacol and 5-nitroguaiacol were both commercially available, so their
identification was confirmed by the correlation of the LC retention times and the mass

spectra recorded under the same chromatographic conditions.

The compounds used in this study, their manufacturer and stated purity were:
guaiacol (Alpha Aesar, 98 %), 4-nitroguaiacol (Acros Organics, 97 %), 5-nitroguaiacol
(TCI, 97 %), methanol (Aldrich, 99.9%), acetonitrile (VWR, > 99.9 %), water (VWR, >
99.9 %), sodium formate (VWR, > 99 %), formic acide (Acros Organics, 99 %),

dioxygene (Praxair, 99.5 %) and nitrogen dioxide (Praxair, 99 %).

3. Results and Discussion
3.1. SOA vyields

A series of guaiacol/NO3z experiments were carried out in the dark, at atmospheric
pressure, room temperature (294 +2) K and low relative humidity (< 2 %). The initial
concentrations of NO2 ([NO2]Jo), Os ([Oz]o) and guaiacol ([guaiacol]o), the guaiacol
reacted concentrations corrected for wall losses (A[guaiacol]), the organic aerosol mass
concentrations corrected for wall losses (Mo) and the overall SOA vyields (Y defined
below) are summarized in Table 1. Guaiacol was totally consumed (within 15-60 min) in

all experiments, so the reacted concentrations A[guaiacol] correspond to [guaiacol]o.
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All experiments investigating SOA vyields were achieved without inorganic seed
aerosol and were conducted until the suspended aerosol mass (corrected for wall losses)

Mo was stable.

Table 1. Experimental conditions and results.

NO; formation

[guaiacol]e? A[guaiacol]® Mo°

Expt. NO:]o Os]o ) . &
P (pPb) ooy o ) Ggm?)
In LPCA-ONE
guaiacol #1 84 N2Os decomposition 436 13 0.03
guaiacol #2 158 N2Os decomposition 818 98 0.12
guaiacol #3 206 N2Os decomposition 1063 109 0.10
guaiacol #4 244 N2Os decomposition 1263 182 0.14
guaiacol #5 290 N2Os decomposition 1501 300 0.20
guaiacol #6 420 N>Os decomposition 2171 452 0.21
In CHARME
guaiacol #7 117 N2Os decomposition 604 7 0.01
guaiacol #8 218 785° 896f 1130 92 0.08
guaiacol #9 228 535¢ 620" 1181 94 0.08
guaiacol #10 276 7509 500" 1429 170 0.12
guaiacol #11 288 1239¢ 798f 1492 314 0.21
guaiacol #12 537 15009 1000" 2778 547 0.20

& Initial guaiacol volume ratio.

b Reacted guaiacol concentration (guaiacol was totally consumed in all experiments and the guaiacol wall
losses were in the order of magnitude 10 or 10 s* which were neglected, so the reacted concentrations
A[guaiacol] correspond to [guaiacol]o).

¢ Organic aerosol mass concentration (corrected for wall losses and assuming a particle density of 1.4 g cmr
3),

d Overall SOA yield (Y) calculated as the ratio of Mo to the total reacted guaiacol concentration.

¢ Initial NO2 volume ratio measured in the chamber (chemiluminescence NOx analyser).

fInitial Os volume ratio measured in the chamber (photometric O3 analyser).

9 Initial injected NO2 volume ratio.

" Initial injected O3 volume ratio.

Typical time profiles of guaiacol and SOA mass concentrations are presented in Fig.
1 together with time-dependent aerosol size distributions (experiment guaiacol #10;
initial conditions: guaiacol (276 ppb; 1429 g m3); NO (750 ppb) and O3 (500 ppb). The
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formation of particles started after about 45 min when almost all guaiacol has reacted.
The first aerosol size distributions were centered on a few tens of nm. Then, particle
number concentrations as well as SOA mass rapidly increased to reach a plateau after ~
2h reaction time, consistent with a slower reaction rate due to the total consumption of

the organic precursor.

Number size distribution (cm™)
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Fig. 1. Typical concentration-time profiles obtained for guaiacol (PTR-ToF-MS) and
SOAs (SMPS; measured and corrected for wall losses). Experiment guaiacol #10 (initial

mixing ratios: guaiacol (276 ppb; 1429 g m=); NO2 (750 ppb) and O3 (500 ppb).

These observations suggest that the aerosol formation is due to the NO3 reaction with
guaiacol as well as with its first and second (or even further) generation products. The
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organic aerosol yield Y was experimentally determined as the ratio of the SOA formed
(Mo in pg m3) to the reacted guaiacol concentration (A[guaiacol] in pg m3) at the end of

each experiment:

M,

- Alguaiacol] )

The uncertainty on the SOA vyield values can be estimated at about 30%, due to
statistical and possible systematic errors on Mo and A[guaiacol]. The results reported in
Table 1 indicate that the initial concentration of guaiacol influenced the aerosol mass
concentration formed: a higher guaiacol initial concentration led to higher SOA yields.
Furthermore, as the organic aerosol mass directly affects the gas/particle partitioning by
acting as the medium into which oxidation products can be absorbed, higher SOA mass
leads to higher SOA yields.

The aerosol growth curve, represented by a plot of Mo versus A[guaiacol] at the end
of the experiments is shown in Fig. 2. Each experiment is represented by a single data
point. The figure displays a linear correlation (R== 0.92), with a slope of 0.25. This latter
value can be compared with the highest SOA yields determined for the reaction of
guaiacol with NOs (Y = 0.21; see Table 1) and seems to represent the high-limit aerosol
yield for this reaction. Extrapolation of the data shown in Fig. 2 suggests that the SOA
production would be negligible for guaiacol reacted concentrations lower than ~ 550 g
m (=110 ppb). This observation is corroborated by the results obtained for the less
concentrated experiments (guaiacol #1 and guaiacol #7 with initial guaiacol
concentrations of 436 g m= and 604 g m3, respectively) in which the aerosol mass

concentrations Mo was low (around 10 pg m3).
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Fig. 2. Aerosol growth curve: SOA mass concentration (MO0) against the reacted guaiacol
concentration (A[guaiacol]) measured at the end of the experiments. Each data point

represents a separate experiment.

A widely-used semi-empirical model based on absorptive gas-particle partitioning of
semi-volatile products (Odum et al., 1996; Pankow, 1994a,b) allows to describe the SOA
yields. In this model, the SOA yield () of a particular hydrocarbon (i) is given by:

yosm, ZiKemi an
i 1+ KMo
where o is the mass-based stoichiometric coefficient of the semi-volatile product i and
Kom,i IS the gas-particle partitioning equilibrium constant. In this study, since no organic
aerosol seed was used, the total aerosol mass is equal to the mass of the SOAs formed.
Eq. Il can be fitted to the guaiacol experimental data to determine the values for o and
Kom,i (see Fig. 3). The simulation of Y versus Mo with the one-product model is able to
satisfactorily reproduce the experimental data (R== 0.94). The two-products model was
not retained as it leads to high uncertainties on the values of o and Kom,i (Sometimes more
than 100% error). The fitting parameters o and Kom corresponding to the one-product
semi-empirical model are 0.32 + 0.04 and (4.2 + 1.0) <10 m3 pg?, respectively. Many

studies on SOAs yields from aromatic compounds have reported that the aerosol yields
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data should be fitted assuming two hypothetical products (Odum et al., 1997; Song et al.,
2005). However, a number of recent works have shown that the organic aerosol yields
formed in aromatic photo-oxidation systems could be well described by assuming only
one hypothetical product (Coeur-Tourneur et al., 2009, 2010a; Henry et al., 2008;
Lauraguais et al., 2012, 2014a; Olariu et al., 2003; Takekawa et al., 2003). Although the
organic aerosol-phase is often composed of many oxidation products, the present
simulation with the one-product model indicates either that one semi-volatile organic
compound is the major component of the condensed phase or that the few organics
present in SOAs have similar ai and Komi values. In this latter case, the obtained
constants o and Komi would not have any intrinsic physical meaning but would rather

represent mean values.

0.25
m | PCA-One
CHARME
o200}t T Fit ]
© 0.15 -
Q
=
<
(@)
n 0.10
0.05
000 " 1 " 1 " 1 " 1 " 1 "
0 100 200 300 400 500 600
3
M, (ng-m™)

Fig. 3. Yield curve (SOA vyield Y versus the organic aerosol mass formed My) for
guaiacol/NO3 experiments in LPCA-One (blue squares) and in CHARME (green circles).
The line represents the best fit to the data considering one semi-volatile major product.
The fitting parameters used are o = 0.32 + 0.04 and Kom = (4.2 £ 1.0) <1023 m? g

In their study on the reaction of guaiacol with OH performed under high NOx
conditions, Lauraguais et al. (2014a) reported a gas-particle partitioning equilibrium

constant Kom of (4.7 + 1.2) <103 m® pgt, which is very close to the value determined in
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the present study for the reaction of guaiacol with NOsz. So, it can be assumed that the
products formed in the particle phase from the gas-phase oxidation of guaiacol with both
oxidants have probably similar chemical compositions, including nitrate compounds. In
contrast, the mass-based stoichiometric coefficient determined for the semi-volatile
products formed from the reaction of guaiacol with OH (o = 0.83) is more than twice the
value of o obtained for the reaction with NOs. This suggests that the reaction products
from guaiacol + OH are less volatile in general compared to those from guaiacol + NOs.

This lower volatility makes them prone to go readily into the condensed phase.

It is interesting to compare o (0.32) to the slope in Fig. 2 (0.25). o represents the total
amount of the semi-volatile products formed both in the gas- and aerosol- phases,
whereas Y corresponds to the semi-volatile products that have been formed in the particle
phase only. So, this suggests that about 80% of the low-volatile compounds formed in the

guaiacol reaction with NOgz radicals are transferred into the particle-phase.
3.2. SOA chemical composition

ESI-LC-QTOF-MS/MS analyses were performed to characterize the composition of
the SOAs formed from the gas-phase reaction of NOs; with guaiacol. A typical
chromatogram is presented in Fig. 4. Once the molar mass of one product is determined
(by LC-QTOF-MS), the corresponding peak is fragmented using three energy values (10
eV, 20 eV and 30 eV; MS/MS analysis). A higher energy value leads to a greater
fragmentation of the molecules which allows to identify the functional groups and thus to

assess the chemical structures of the compounds.

The compounds detected in the SOAs are listed in Table 2 (major compounds,
relative abundance > 4 %) and Table S1 (minor compounds, relative abundance <2 %);
the indicated masses correspond to the [M—H] product ions. The relative abundances
(expressed in %) were calculated from the ratio of the sum of the chromatographic peak
areas of the different isomers to the total chromatographic peak area of all the peaks. This
approach assumes that the mass spectrometer has the same response for every detected

chemical compound.
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Fig. 4. Chromatogram (ESI-LC-QToF-MS/MS analysis) of the SOAs formed from the

gas-phase reaction of guaiacol (2-methoxyphenol) with NO3z radicals. The compounds

corresponding to the labelled peaks are displayed in table 2. The indicated masses

correspond to the [M-H]* product ions.

Table 2. Major compounds observed in the SOAs (ESI-LC-QToF-MS/MS analyses)

formed from the gas-phase reaction of guaiacol with NOgz radicals. The main fragments

obtained by MS/MS analyses (see Fig.S1-S8 in Appendix 1) and the relative abundances

(R, in %) are also indicated.

Molecular . Brut . ¢ R
ione Main fragments Formula Name Structure (%)?
46 [NOJ" : O~
152 93 [Eleng)]' CoHNOS Nmomethgxybenzene Q/ 0.3
122 [C7H502]' NO,
OH
69 [CsHO:] OH
154 95 [CsH30,] CeHiNO,1 Nitrocatechol*? 18.0
123 [C6H303]'
NO,
95 [CsHsO2] T o
168 123 [CeH30s] C7HsNO4° Nitroguaiacol* <>/ 11.7
153 [C5H3NO4]' NO,
)
76 [C5H2N]' .. ™~
197 109 [CHsN:OJ  CiHsN;O& D'”'tromflgoxybenze NOz/Ii;]/ 7.6

123 [C5H5N02]'

NO,
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OH
67 [C4H30] OH
199 95 [CsH30:] CeH3N,Og" Dinitrocatechol® 4.7
153 [CGH3NO4]' NO;
NO;
66 [CsNOJ T o
213 78 [CsH0] C7HsN20¢° Dinitroguaiacol® B 9.0
198 [CeHzNzOe]' NO:z NO,
.. \O OH
153 [CsH3sNO4] Association of 1 0—o
321 168 [C/HsNO4]  CisHoN:Og®  nitroguaiacol and 1 E>/ © 5.4
306 [C12HsN20s] nitrocatechol*?
NO, NO,

153 [CeHaNO4] - ? 0o $
335 168 [C/HsNOJ  CisHiN2Og” Anffr‘f)‘;'ﬁgggc‘)’lfsf © @ 18.1
320 [C15H6N305]'

531 - - - - 8.2

587 - - - - 4.3

2 The indicated masses correspond to the [M—H] product ions.

b Probability given by the software between 98 and 100 %.

¢ Probability given by the software between 90 and 97 %.

d Probability given by the software between 70 and 89%.

¢ Number of detected isomers.

f The drawn structure correspond to one isomer only.

9 The relative abundances (in %) were calculated from the ratio of the sum of the chromatographic areas of

the different isomers to the total chromatographic area of all the peaks.

The main compounds observed in the SOAs are nitrated aromatic compounds (see
Table 2): nitromethoxybenzenes (m/z = 152, 2 isomers, 9.3%); nitrocatechol(s) (m/z =
154, 1 or 2 isomers (the peak width suggests the presence of two isomers, but this
hypothesis could not be confirmed), 18.0%); nitroguaiacols (m/z = 168, 4 isomers,
11.7%); dinitromethoxybenzene (m/z = 197, 2 isomers, 7.6%); dinitrocatechols (m/z =
199, 3 isomers, 4.7%); dinitroguaiacols (m/z = 213, 6 isomers, 9.0%); dimeric
compounds formed via the association of 1 nitroguaiacol and 1 nitrocatechol (m/z = 321,
12 isomers, 5.4%) or via the association of 2 nitroguaiacols (m/z = 335, 5 isomers, 18.1
%), and 2 unidentified compounds (m/z = 531, 8.2% and m/z = 584, 4.3%). So, this
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confirms that the oxidation products formed in the aerosols from the reaction of NO3
radicals with guaiacol are both first and second generation products, as suggested by the
data shown in Fig. 1. However, as more than ~75% of the SOA mass is generated after
complete depletion of guaiacol, it is highly probable that the aerosol products are formed
through reactions in the gas-phase and/or in the condensed phase (in the chamber or on
the filter during the sampling). Additional experiments using lower initial guaiacol
concentrations would probably reduce potential reactions occurring in the condensed
phase. Figures S1-S8 (see supporting information) display [M-H]* product ions MS/MS
spectra obtained at 20 eV for the major compounds identified in the SOAs (m/z = 152,
Fig. S1; m/z = 154, Fig. S2; m/z = 168, Fig. S3; m/z = 197, Fig. S4; m/z = 199, Fig. S5;
m/z = 213, Fig. S6; m/z = 321, Fig. S7 and m/z = 335, Fig. S8). The different fragments
allowed to propose consistent chemical structures for the oxidation products of NOs +

guaiacol found in the particle phase.
The minor compounds detected in the aerosols are shown in Table S1.

Among the major reaction products, 4-nitroguaiacol and 5-nitroguaiacol were clearly
identified by comparing their chromatographic retention times and their MS-MS spectra
to those of standards commercially available. The most abundant nitroguaiacol formed in
the particle phase was 4-nitroguaiacol (91.5%), in large excess compared to 5-
nitroguaiacol (5.4%) and 3-nitroguaiacol and/or 6-nitroguaiacol (3.1% for both; the

standards of these two isomers do not exist, so it was not possible to distinguish them).

The mechanism leading to the main oxidation products identified in the SOAs is
proposed in Fig. 5. It has been postulated by Atkinson et al., (1992), that the NO3z radical
initiated reaction of aromatic compounds may first proceed by an ipso-addition to the OH
substituent which forms a six-membered transition state intermediacy. A second
mechanism starts with the electrophilic addition of the nitrate radical on the aromatic
ring. These two ways lead to the formation of nitric acid and a phenoxy radical, which
then react with NO: to produce nitroguaiacol isomers. Similarly, the formation of
dinitroguaiacols and trinitroguaiacol can be explained by the reaction of nitroguaiacols
with NOs and NOs..
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Fig.5. Detailed mechanism leading to the main products observed in the SOAs formed

from the gas-phase reaction of guaiacol (2-methoxyphenol) with NO3z radicals.

The initial oxidation steps starting from guaiacol and going to nitromethoxybenzenes
and nitrocatechols are not known, as indicated in Fig. 5. Since the present gas-phase
chemistry knowledge of aromatic compounds is not able to address these issues, we
suggest that an oxidation chemistry could take place in the condensed phase and produce
the observed nitromethoxybenzenes and nitrocatechols. Investigations of the liquid-phase
guaiacol oxidation would be very useful to support this assumption. In their study on gas-

phase reaction products of NOz + guaiacol, Yang et al. (2016) also reported the presence

160



Appendices

of nitroguaiacols (4-nitroguaiacol and 6-nitroguaiacol; 4-nitroguaiacol being the most
abundant), dinitroguaiacol (4,6-dinitroguaiacol), catechol (1,2-dihydroxybenzene) and
nitromethoxybenzene in the products formed from the gas-phase of NOs reaction
guaiacol. They also identified catechols from the oxidation of creosol (4-methyl-
guaiacol) and syringol (6-methoxy-guaiacol). The formation of catechols was reported by
Zhang et al. (2016) as well, who studied the reaction of eugenol (4-allyl-guaiacol) and
ethyl-guaiacol with NOs radicals. The mechanism leading to catechols from guaiacol and

its derivatives was not explained in both previous articles.

The formation of nitrocatechols and dinitrocatechols can then result from the reaction
of NOs and NO; with catechol and nitrocatechols, respectively. The compounds with
high molecular masses (m/z > 300) display 2 to 3 aromatic cycles; they can be produced
from the combination of phenoxy radicals formed from nitroguaiacol(s) and/or

nitrocatechol(s).

For the main identified products, one isomer was always more abundant than the

others (the corresponding relative abundances vary from 85 % to 99 %); see table S2).

The oxidation products formed in the aerosols from the gas-phase reaction of guaiacol
with nitrate radicals can also be compared to those identified for the reaction of guaiacol
with hydroxyl radicals under high NOy conditions (Ahmad et al., 2017). The ATR-FTIR
analyses performed by Ahmad et al., (2017) also reveal the presence of 4-nitroguaiacol in
the SOAs. So, this observation suggests that the oxidation products generated in the
particulate phase, via the oxidation of guaiacol by NOs or OH/NOXx reaction, are probably
similar as it has been previously postulated from the comparison of the gas-particle

partitioning equilibrium constants (Kom,i) obtained with both oxidants.

4. Conclusions

The formation of secondary organic aerosols from the reaction of guaiacol (2-
methoxyphenol) with nitrate radicals has been studied in two simulation chambers. The
SOAs yields have been shown to be influenced by the initial guaiacol concentration,
which leads to aerosol yields ranging from 0.01 to 0.21. A very good agreement was
observed between the experiments performed in both chambers which gives confidence

in the data obtained in this study. The aerosols data have been fitted with the absorptive
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gas-particle partitioning model developed by Pankow (1994a,b) and Odum et al. (1996)

using the one-product model.

Aerosol organic carbon concentration is typically 5 g m= in many environments,
though it can occasionally rise to 50 pg m=2 or more in highly polluted areas.
Extrapolating to a particle loading of 5 g m® from the yield data (Fig. 3) gives a 2%
SOA vyield. Based on this result, one can infer that the contribution of the reaction
between guaiacol and NOs radicals to SOAs production under atmospheric conditions is
probably relatively minor. However, in polluted areas this reaction can be an important

source of secondary aerosols.

ESI-LC-QToF-MS/MS analyses were performed to characterize the chemical
composition of the aerosols. Nitro-aromatics compounds were identified as the main
oxidation products, confirming previous studies (Yang et al., 2016; Zhang et al., 2016) on
the products formed from the gas-phase reaction of NOs radicals with guaiacol

derivatives.

A well-established tracer for primary biomass burning aerosols (BBA) is
levoglucosan (1,6-anhydro-p-anhydroglucose), which originates from the pyrolysis of
cellulose or hemicelluloses (Simoneit et al., 2002). Several nitro-aromatic compounds
were detected in urban aerosols, and nitrocatechols as well as nitroguaiacols are
recognized to be suitable tracers for secondary BBA (linuma et al., 2010; Kitanovsky et
al., 2012). Further research efforts on the reactivity of these compounds would allow to
measure their rate constants with the main oxidants and to determine the corresponding
lifetimes. To our knowledge, only a few data are available in the literature concerning the

atmospheric reactivity of nitro-aromatics (Bejan et al., 2007; 2015).
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Abstract

In this Letter, the development of a custom-designed incoherent broadband cavity
enhanced absorption spectrometer (IBBCEAS) and its application to in situ measurement
of aerosol extinction near ground surface is described, in an effort to address the issue of
missing data in the lidar blind zone in the first hundreds of meters of the observation range.
Combined measurements of aerosol extinction at the same location using lidar remote
sensing and in situ IBBCEAS operating in the UV spectral region around 370 nm showed
results with a good correlation (R?=0.90) between the two measurement techniques. This
work highlights a new strategy for near-end lidar calibration, using a ground-based
compact and robust IBBCEAS located at the lidar measurement site, to determine the

vertical profile of the aerosol extinction coefficient with a higher accuracy.
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Atmospheric aerosols show a considerable and growing interest due to their effects on
regional air quality and global climate change, through their direct or indirect effects [1]
impacting cloud formation and hydrological cycle [2], or modifying the radiation balance
[3]. Due to the layering of the atmosphere, a large negative vertical gradient of aerosol
concentration is often observed between the Earth’s surface and the first kilometers of the
troposphere. Knowledge of the aerosol vertical distribution is crucial for meteorological
and atmospheric chemistry models, and thus for forecasting and warning of air pollution

events.

Aerosol lidars (light detection and ranging) are used for remote sensing of
atmospheric aerosols through the measurements of backscattered light from nanosecond
laser pulses emitted into the atmosphere. Atmospheric backscattering and extinction
coefficients, which are correlated to particle concentrations, are retrieved from the
backscattering lidar signals. Various lidar techniques have been developed to deduce
spatial aerosol optical properties from standard elastic backscatter lidar, such as
multiangle lidar method [4], stable near-end solution [5] or Fernald-Klett inversion
method [6]. However, due to incomplete geometric overlap between laser emission beam
and the field of view (FOV) of receiver telescope in the near range [7], retrieval of
aerosol optical properties using lidar is restricted in this blind zone in the first lowest
hundreds of meters of the atmosphere. The measurement of aerosol distributions near
ground is, however, crucial because of various ground surface emission sources
(industries, traffic, fires, et al..) and their potential effects on human health [8]. This issue
could be partially addressed by measuring the overlap function or adjusting the alignment
for near and far range measurements. In the past decades, the lidar blind zone has been
reduced from several kilometers (micro pulse lidar, MPL) to a few hundreds of meters
(approximately 200 m for ALS300 LIDAR, Leosphere) [9] by enlarging the FOV with
optimized optical design, which almost reaches the instrumental limit. Considerable
endeavors have been conducted through experimental methods [10] or analytical
approches [11,12]. For the missing informations in the blind zone near the ground
surface, indirect in situ measurement of scattering or extinction coefficient would be
supportive for extracting aerosol optical parameter as well as for determination of the

solution boundary value from the near-end inversion method or for the correction of
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aerosol's optical depth in the blind zone [5]. Nephelometer [13,14] is the most commonly
used instrument for the measurement of aerosol concentrations using light scattering to

provide supplementary near ground data.

In this letter, a new alternative method is proposed to directly measure aerosol
extinction near the ground surface, instead of aerosol scattering, which would be possible
to apply in the lidar’s blind zone to obtain extra aerosol information. Optical methods
have been widely used to measure aerosol extinction, such as multi-axis differential
optical absorption spectroscopy (MAX-DOAS) [15,16] for long path measurements, and
cavity attenuated phase shift (CAPS) [17,18], cavity ring-down spectroscopy (CRDS)
[19,20] and incoherent broadband cavity enhanced absorption spectroscopy (IBBCEAS)
[19,21] for local point measurements. But, to our knowledge, no measurement of aerosol
extinction by IBBCEAS near ground surface in synergy with lidar remote sensing has
been previously reported. In the present work, an custom-designed IBBCEAS-based
instrument coupled to a broadband UV light emitting diode (LED) was developed for
measuring aerosol extinction over a relatively large spectral band (355-380 nm) with high
spatial resolution. The IBBCEAS method, first introduced by Fiedler and co-worker in
2003 [22], eliminates the need for optical mode matching and electronic locking of the
cavity resonant mode to the laser wavelength, as required for CRDS. In addition,
IBBCEAS does not require particular optical alignment as needed for CRDS. All of these
make IBBCEAS device rather simple, stable and robust, very suitable and attractive for

field-campaign measurements [23].

The objective of the present work is to compare the aerosol extinction measured by in
situ IBBCEAS with that measured by lidar remote sensing at the same location near

ground surface.

A LED-based IBBCEAS operating in the UV range of 355-380 nm (UV LED-
IBBCEAS) was designed and developed (Figure 1). Two high reflectivity mirrors
(Layertec) were used to form a linear high finesse optical cavity. The used LED (Nichia,
NCSUO33AT) provided ~250 mW optical power around 370 nm with a full width at half
maximum (FWHM) of ~15 nm. The LED temperature and current were controlled and

stabilized with a laser diode controller (LDC501, Stanford Research System). Spectral
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signal from the cavity was recorded using a grating spectrometer (QE65000, Ocean

Optics) with a spectral resolution of ~0.53 nm.

Pump N,

LED Filter Lens

—pan

Light receiver

M1

LED Controller

25°C
200mA

Figure 1 Schematic diagram of the developed UV LED-IBBCEAS setup. M1, M2 :

cavity mirrors; EV: electronic valve.

Spectrometer

In IBBCEAS measurement approach, gas absorption oabsgas (A) and aerosols
extinction dextaerosol (A) from air samples can be determined through the following

equation [24]:

1-R(%) ST 5, 1
[ ; +aRayN2(ﬂ)j [w]—Zni 5,(4)+P(2) (1)
where I(4) and lo(4) are the transmitted light intensities with air samples and with
nitrogen N2 (for baseline) inside the cavity, respectively; R(2) is the mirror reflectivity, d
(cm) is the distance between two cavity mirrors and aray.n2(4) is the Rayleigh scattering
coefficient of No. The 1% term on the right-hand side is related to oaps.gas(A) based on the

Lambert-Beer law:
Zi ni X0 (ﬂ’) = aabs.gas (ﬂ') (2)

where nj and oi are the number concentration and the reference cross section for the it" gas
species, respectively. Whereas the 2" term P()) is a polynomial function used to account
for the sum of aerosol extinction oextaerosol(A) and variation in the spectral baseline
Obasline(L):

P(ﬂ“) = aext.aerosol (ﬁ’) + abaseline (ﬂ“) (3)

171



Appendices

Based on the IBBCEAS measurements, trace gas concentration n; and aerosol
extinction aext.aerosol(A) Can be simultaneously retrieved by fitting the experimental data

(left-hand of Eq. (1)) to reference cross-section oi(4) and the polynomial function P(1)
(right-hand of Eq. (1)).

As shown in Eq. (1), cavity mirror reflectivity must be firstly determined over the
whole working wavelength range for accurate quantitative analysis. In the present work,
the mirror reflectivity R(A) was determined from a known concentration (361 ppb) of

nitrogen dioxide (NO.) by rearranging Eq. (1) as follows:

1 Nvo20N02 (’1) I (}b)_

R(#)=1 dX( ,(4)-1(4) “RWNZ“)] 4)

Figure 2(a) shows the reference absorption cross sections of NO2 around 365 nm

reported by Burrows et al. [25]. Figure 2(b) displays the experimentally determined

mirror reflectivity in association with the LED emission spectrum. The maximum mirror
reflectivity was ~99.84% at 374.5 nm, leading to an effective optical length of ~ 860 m.
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Figure 2 (a): NO2 absorption cross sections from 364 nm to 378 nm; (b): cavity mirror

reflectivity and LED emission spectrum.

As indicated by Eq. (3), the knowledge of baseline variation apaseline(A) over time is

crucial for accurately retrieving aerosol extinction oextaerosol(A). In the current work,
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spectral baseline was regularly measured with the following protocol: 6-min
measurement with pure N2 (for baseline) and 24-min measurement with air sample,
switching controlled by an electronic valve. N> or ambient air was continuously sampled,
at a flow rate of 2 L/min, into the IBBCEAS cavity working at atmospheric pressure.

A representative case of data retrieval is shown in Figure 3, which depicts measured
(black circles) and fitted (red curve) spectra of 10.8 ppb NO: in air containing aerosols.
The acquisition time for each spectrum was 60 s (average of 100 spectra with 0. 6 s of
integration time per spectrum). Wavelength-dependent aerosol extinction coefficients
aextaerosol(A) (orange line) were deduced from the subtraction of regularly measured

apaseline(A) (green line) from the fitted polynomial function P()), as shown in Eq. (3).

3.0E-07
Experimental a
~ Fitting a
2.5E-07 +
F"E o "0 .u.’
o
3 ]
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9
©
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Figure 3 Typical data retrieval of NO2 (10.8 ppb) and wavelength-dependent aerosol
extinction coefficients (1.05<107 cm™ at 370 nm) from a measured IBBCEAS spectrum

of ambient air.
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Based on the standard deviation of the fit residual, a minimum detectable extinction
coefficient of 4.3x<10° cm™ and a minimum detectable NO, concentration of 1.5 ppb
were deduced. The aerosol extinction measured at 370 nm by the UV LED-IBBCEAS
(where NO, absorption is relatively small) was used for comparison with the

measurement by lidar.

Combined measurements of aerosol extinction at the same location (as illustrated in
Figure 4) near ground surface were performed using lidar remote sensing and IBBCEAS
in situ monitoring. An inter-comparison campaign was organized at the end of 2018
summer in a urban and industrialized coastal area (Dunkirk, North France). A 355 nm
(pulsed tripled Nd:YAG laser) scanning lidar (ALS300, LEOSPHERE) [26] was
deployed in combination with the custom-made UV LED-IBBCEAS instrument

operating around 370 nm.

.
IBBCEAS// , . LIDAR

ISl == 3

~14m

Figure 4 Schematic of combined measurements of aerosol extinction near ground surface.
The lidar system is located in a truck situated at ground level and the UV LED-IBBCEAS
system is kept in a shelter on the roof of a ~14 m high building. The horizontal distance

between the two instruments was ~ 0.4 km.

The lidar-derived aerosol extinction coefficients and those simultaneously measured
by the UV LED-IBBCEAS are plotted in Figure 5(a). The measurements were carried out
in the morning of 14™" September 2018 from 9:30 to 11:30.
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Figure 5 (a) Time-series measurements of aerosol extinctions by lidar (red) and by UV
LED-IBBCEAS (black); (b) Correlation plot of time-series measurement results. Time
resolutions for the lidar and the IBBCEAS measurements are 1.5 min and 1 min,

respectively. Time resolution for the correlation plot is 3 min.

A good agreement with a correlation coefficient R?=0.90 (Figure 5(b)) was obtained
between the aerosol extinctions measured using the two different techniques. Both results

have a consistent variation tendency during the sampling period.

Some discrepancies were however observed between 09:40 and 10:00. The strongest
fluctuations measured with lidar can be explained by the fact that its measurements were
performed over a 400-m open-path which could be significantly influenced by the

ambient meteorological conditions (RH, wind direction, wind speed, etc), while the UV

175



Appendices

LED-IBBCEAS sampled local air into its optical cavity for the measurement, which led

to more stable measurement conditions.

In conclusion, a LED-based IBBCEAS operating around 370 nm wavelength was
developed in an effort to address the issue of missing data in the lidar blind zone (lowest
hundreds of meters of the atmosphere). Combined measurements of aerosol extinction
coefficients have been performed using lidar remote sensing and IBBCEAS in situ
monitoring at the same location near ground surface. Good correlation (R?=0.90) between
the data obtained with these two different measurement techniques were obtained. This
result demonstrates the potential of using the aerosol extinction data measured by
IBBCEAS, being located close to the lidar measurement site, for near-end lidar
calibration to compensate for missing data in its blind zone, in particular near ground
surface. It would be useful to refine lidar signal inversion and thus to improve the
reliability and accuracy of atmospheric aerosol data. The present work also shows the
interest of developing a low-cost, compact and robust IBBCEAS instrument (currently
not commercially available) for UAV-borne measurements to determine the vertical

profile of the lidar ratio for near-end calibration.
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