Formation of secondary aerosols from the ozonolysis of styrene:
effect of SO, and H-O.
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Abstract. In this work we report the study of the ozonolysis of styrene and the reaction conditions
leading to the formation of secondary aerosols. The reactions have been carried out in a Teflon
chamber filled with synthetic air mixtures at atmospheric pressure and room temperature. We
have found that the ozonolysis of styrene in the presence of low concentrations of SO, readily
produces new particles under concentrations of reactants lower than those required in experiments
in the absence of SO, Thus, nucleation events occur at concentrations around
(5.6+1.7)x108molecule cm™ (errors are 26+20%) and SO- is consumed during the experiments.
The reaction of the Criegee intermediates with SO, to produce SO; and then H.SO4 may explain
(together with OH reactions’ contribution) the high capacity of styrene to produce particulate

matter in polluted atmospheres.

The formation of secondary aerosols in the smog chamber is inhibited under high H.O
concentrations. So, the potential formation of secondary aerosols under atmospheric conditions
depends on the concentration of SO and relative humidity, with a water to SO, rate constants
ratio kro/Ksoz= (2.8+0.7)x10°® (errors are 26+20%).

1. Introduction.

Styrene is one of the most important monomers worldwide. The double bond in the vinyl group
enables polymerisation and so the production of widespread used materials such as polystyrene,
styrene—butadiene rubber, styrene—butadiene latex, etc. Despite the high reactivity of styrene in

the atmosphere, it can be considered as an ubiquitous species due to the wide range of different
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anthropogenic sources. Thus, it has been measured in remote areas (Kos et al., 2014 ), in indoor
air samples (Sarigiannis et al., 2011; Xu et al., 2016), or in ambient air (Kabir and Kim, 2010; Li
etal., 2014).

Styrene is naturally produced as a degradation product in cinnamic acid containing plants (Duke,
1985) and as a by-product of fungi and microbe metabolism (Shimada et al., 1992). Nevertheless,
the presence of styrene in the atmosphere is mainly due to fugitive emissions from petrochemical
facilities and industrial processes involving styrene or its polymers (Knighton et al., 2012; Zhang
et al., 2017). Other sources include the release from styrene-based materials, incineration of
styrene polymers, or cigarette smoke for indoor air. The combustion of traditional petroleum-
based fuels or the alternative newly developed biofuels are also responsible of important exhaust

emissions of styrene mainly in populated areas (Lopes et al., 2014; Li etal., 2015; Hu et al., 2017).

Styrene is a hazardous air pollutant and so its emissions are regulated by the environmental
protection agencies (EPA, 2017). The exposure to inhalation or intake of styrene through food or
drinks may lead to severe health effects (ATSDR, 2017).

The main gas phase reactions of styrene in the atmosphere have been studied previously, being
the reported room-temperature kinetic rate constants with OH, NO; and ozone (in cm?®molecule”
1s1):5.8x101, 1.51x10 " (Atkinson and Aschmann, 1988) and 1.5x10 (Le Person et al., 2008),
respectively. The results obtained by Le Person et al. (Le Person et al., 2008) show that reactions
with OH, NOs and O; are all important atmospheric loss processes for styrene in the gas phase.

On the other hand, photolysis of styrene constitutes a slower sink during daylight hours.

Recently, exposure to particulate matter is being associated to the decrease of life expectancy and
numerous diseases, especially cardiopulmonary illness (Bates et al., 2015). The size of particles
is a key factor for health effects since the potential ability to access the lungs becomes higher for
the smaller ultrafine particles (Nel, 2005). This is a problem in urban air where particles with size
diameter below 100 nm may account for 80-90 % of the total particle number concentration
(Mejia et al., 2008). Apart from direct primary sources like vehicle exhausts, one of the main
sources of ultrafine particles is the formation of secondary organic aerosols (SOA) from the
reactions of the emissions of gas-phase pollutants (Cheung et al., 2013). In this sense, it has been
found that aromatic compounds readily yield SOA under urban air conditions (Ng et al., 2007).
The contribution of aromatic compounds to the total SOA formation may account from 78.5 to
91.9 %, well above those of alkanes and alkenes (Sun et al., 2016). Thus, given their high SOA
formation potential, new approaches to predict the amount of aerosol formed from the oxidation
of aromatic hydrocarbons are being developed (Li et al., 2016). In the case of styrene, it was
identified as the second most efficient species forming SOA (15%), only after toluene (16%) (Sun
et al., 2016).



For styrene, a theoretical model shows that its reaction with OH could contribute to the formation
of SOA in polluted atmospheres (Wang et al., 2015). Furthermore, a previous experimental work
has also reported the formation of SOA from the reaction of styrene with ozone and the effect of

the presence of ammonia and water (Na et al., 2006).

Being styrene an alkene, its reaction with ozone proceeds through the formation of a Criegee
intermediate (CI). Very recently, it has been found that stabilised CI (sCl) can undergo reactions
with SO several orders of magnitude faster than assumed so far (Welz et al., 2012) producing
SOs, which contributes efficiently to the formation of ground level sulfuric acid (Mauldin et al.,
2012; Newland et al., 2015). Likewise, mixing SO, with gasoline vehicle exhausts has been
shown to increase the formation of secondary aerosols (Liu et al. 2016). Thus, the reaction with
SO; could be the key to explain the high SOA formation potential of styrene under polluted
conditions. On the other hand, the competition of SO, and water vapour in the removal of sCI in
the atmosphere depends on the CI structure (Berndt et al., 2014a; Diaz-de-Mera et al., 2017) and
may play an important effect on the net SOA formation of this aromatic compound.

In this work we study the ozonolysis reaction of styrene following the conditions that lead to the
formation and growth of new particles. The effect of water vapour and SO, concentrations during
the process are also studied and discussed.

2. Experimental.

The experimental system consisted on a collapsible 200L Teflon reactor coupled to different
detectors to analyse both the gas phase and particulate matter. The reactants’ samples, Styrene,
cyclohexane and SO, were prepared in a volume-calibrated glass bulb with 100 and 1000Torr
full scale capacitance pressure gauges, MKS 626AX, and then flushed to the reactor using
synthetic air. Concentrations for each species were obtained from their partial pressures in the

glass bulb and the final volume of the Teflon reactor.

The o0zone was generated in-situ by passing pure oxygen through a high voltage electric discharge,
BMT Messtechnik 802N, and then fed to the sampling bulb and to an absorption 10 cm long
quartz cell to measure the concentration using a UV-vis Hamamatsu spectrometer, CL0082CAH
at 255nm. Once the concentration in the cell and bulb were known, it was diluted with synthetic

air to get the required concentration in the reactor.

Cyclohexane in excess was used as OH radical scavenger in concentration ratios so that >97% of

OH formed in the reactions was removed (Ma et al., 2009).

Water vapour in the reactor was introduced by passing the air flows carrying the reactants through

a glass bubbler containing the calculated amount of water required for any given relative humidity



(RH). The sampled water was then evaporated and flushed inside the reactor through the flow of
synthetic air. For the series of experiments carried out under “dry conditions” the synthetic air
was used directly from the cylinder, with a water mixing ratio below 2ppm, which is the

concentration stated by the supplier.

Typically, the reactants were sequentially introduced as follows: first, styrene, second
cyclohexane (OH scavenger), then SO, and finally ozone. During the injection of ozone, the
reactor was shaken to improve mixing and then the valves to the sampling detectors were open.
Liquid water (when necessary) was introduced in the bubbler at the beginning, being flushed by

the air carrying the rest of gaseous reactants.

The concentration of particles was monitored by an scanning mobility particle sizer (SMPS), TSI
SMPS 3938 with a CPC particle counting 3775 and a nano-differential mobility analyser which
improves size resolution over the particle size range 4.0-150nm. The SMPS was operated with
3.0 L mint sheath flow and 0.3 L min* sampling flow rate. Size distributions were recorded at 1
minute intervals from the injection of ozone and the total aerosol mass concentration was derived
from the measured particle size distribution assuming unit density and spherical particles. Prior
to each experiment the Teflon bag was repetitively washed with clean synthetic air until the level
of particles was below 1 cm™.

SO, concentrations were measured by a fluorescence SO, analyser, Teledyne Instruments 101-E.
Previous runs with only SO-/air samples in the reactor showed that SO, wall losses were
negligible. Additionally, no interference in the SO, fluorescence signal from the rest of co-

reactants was observed in the range of concentrations used in this study.

Ozone concentrations were measured with an ozone analyser, Environment O342M. Several tests
showed that O3 losses in the reactor were negligible within the time scale of the experiments.
Styrene also shows UV absorption at 255nm. Thus, several samples of styrene in air were
introduced in the reactor to calibrate the O3 analyzer for the styrene measurements. After a few
minutes an important decrease in the styrene signal was observed (attributed to polymerisation
within the UV detection cell) what prevents from monitoring the styrene temporal profiles in the
reactor continuously. Nevertheless, when sampling of styrene was carried out intermittently for
short time periods (and letting the UV absorption cell to completely evacuate the previous sample)
the signal always recovered its initial intensity. Under dark conditions with different styrene
concentrations in the reactor, no measurable consumption of styrene was observed from the

periodic samples measured in the UV spectrometer for 80 minutes runs.



Reagents.

All the substances used were of the highest commercially available purity. Liquid reagents were
purified by successive trap to trap distillation. Styrene >99%, Sigma-Aldrich; SO, 99,9%, Fluka;
cyclohexane 99.5%, Sigma-Aldrich; synthetic air 3X, Praxair; O, 4X, Praxair.

3. Results and discussion.
3.1. Nucleation conditions.

For asymmetric alkenes like styrene, the ozonolylis leads to the formation of two different Criegee
intermediates and the corresponding aldehydes: C¢HsC-HOO- and HCHO or -CH,OO- and
Ce¢HsCHO. For the title reaction, previous results show that the two pathways (leading to
formaldehyde or benzaldehyde) are quantitative and with yields around 40 % (Tuazon et al.,
1993). The subsequent reactions of the primary products, especially the Criegee intermediates
(Naetal., 2006, Bernd et al., 2014a), may lead to the formation of secondary aerosols.

In order to approach real ambient air conditions, a series of experiments were carried out with
o0zone and styrene using concentrations lower than those of the study by Na et al., 2006. Thus for
example, for initial styrene and ozone concentrations in the range of 10 ppbs, no particles were
observed in the reactor after 60 minutes runs. The concentrations were then progressively
increased and, for example, for experiments with concentrations of 100 ppb of styrene and 200
ppb of ozone, particles generated after 15 minutes. Since the gas-phase reaction of styrene with
ozone has been reported previously with Kagsk=(1.5+0.3)x10"’cm®molecule s (Le Person et al.,
2008), this Kinetic rate constant can been used to simulate the ozone and styrene concentrations
profiles. Thus, from the previous experiments, for 15 minutes reaction time the results show that
the concentration of reacted styrene required for the formation of new particles is very high,
(1.6+0.5)x10** molecule cm= (errors are 26+20%) and so the reaction of styrene with ozone is

unlikely, by itself, to drive nucleation events under usual atmospheric conditions.

On the other hand, when carrying the experiments in the presence of SO,, particles were generated
at lower concentrations of reactants. Figure 1 shows the typical experimental profiles of the
particle number concentration (PNbC), particle mass concentration (PMC) and the simulated
profiles for styrene concentration and total reacted styrene. As we can see, after the initial time
required to complete nucleation, the PMC increases linearly. Likewise, since the ozone and
styrene reaction is slow, the reactant concentrations remain essentially constant and the reacted
styrene increases linearly, like PMC. This behaviour suggests that the initial reaction is the rate

limiting step in the formation of condensed matter under these experimental conditions.
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Figure 1. Experimental temporal profiles for particles (PNbC and PMC) and simulated profiles
of styrene and reacted styrene. Initial concentrations: styrene, 10ppb; O3, 20ppb and SO, 10ppb.
RH=0%. Styrene and reacted styrene concentrations are shown multiplied by the required factors

to display them in the same figure.

A series of experiments was conducted to measure the reacted concentration of styrene required
for the generation of particles in the presence of SO.. Thus, Figure 2 shows the concentrations
of reacted styrene calculated at the nucleation events (assumed as the first scan with PNbC above
100 cm3) for experiments with SO; initial concentrations in the range 5-100 ppbs and fixed initial
concentrations of styrene (10 ppb) and ozone (20 ppb). The burst of particles takes place at
approximately the same reaction time and concentration of reacted styrene. So, increasing SO-
concentration doesn’t result into further acceleration of the nucleation event, which is found to
occur once the reacted styrene amounts (5.6+1.7)x108 molecule cm™ (errors are 26+20%). This
value is three orders of magnitude lower than in the absence of sulphur dioxide, showing that the
SO, reactivity must play a key role in the nucleation steps. As shown above, lowering the
concentrations of SOz rises the nucleation threshold (as inferred from the 5 ppb SO, experiment)

up to 1.6x10* molecule cm for SO, zero concentration.
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Figure 2. Concentration of reacted styrene at the instant of particles’ appearance for experiments
with different initial SO, concentrations. For this series of experiments, [styrene]=10ppb and

[O3]=20ppb. The displayed errors are .

3.2. Effect of styrene and ozone initial concentrations.

A series of experiments was carried out to assess the effect of styrene concentration on the
formation of secondary aerosols. Figure 3 shows the results for PNbC, PMC and the mean particle
size diameter for different [styrene]. The particles grew larger for higher concentrations of styrene
with average diameters up to 45 nm and the number concentration of new particles rose up to
4x10°cm® for experiments carried out under 10 ppb and 20 ppb initial concentrations of SO, and

0zone respectively.

To assess the conversion of gas-phase reactants into aerosols we can use the fractional aerosol
yield (YY) which may be defined (Odum et al., 1996) as the fraction of the reagent (styrene for this
work), that is converted to aerosol:

_ PMC
"~ ACgHg

Where PMC is the aerosol mass concentration (ug m=) produced for a given amount of reacted

styrene, ACgHg (in pg m?3).
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Figure 3. Particle mass concentration and mean particle size diameter versus styrene
concentration at reaction time=40 min for 10 ppb and 20 ppb initial concentrations of SO, and
ozone respectively. The maximum particle number concentration (PNbC) measured for each

experiment are also plotted.

According to Odum’s model, the growth of the aerosol’s mass may be described as a gas-particle
partitioning absorption mechanism where organic products may partition a portion of their mass

at concentrations below their saturation concentration.

Figure 4 displays the particle mass concentration growth curves for several experiments with
different initial styrene concentrations. After the first few minutes, once nucleation has occurred,
the system exhibits nearly constant yields for the rest of the experiment. Furthermore, the yields

from the different experiments are very similar.

The linearity of the fractional yield suggests that the aerosol mass comes quantitatively from a
single product with very low volatility. This behaviour has been found also for the formation of

SOA from other aromatic compounds such as benzene, m-xylene or toluene (Ng et al., 2007).
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Figure 4. Particle mass concentration growth curves versus the reacted styrene for different initial
styrene concentrations (see the legend). Fixed initial concentrations of sulphur dioxide and ozone
were used: [SO2]=10 ppb and [03]=20 ppb.

Figure S1 shows the yields obtained from the slopes of the linear fittings (straight part after the
first few minutes) of the plot PMC versus ACgHg (Figure 4) versus the styrene initial concentration
affording an average fractional aerosol yield of 0.39+0.10 (errors are 26+20%). The dependence
of the aerosol fractional yield on the initial concentration of styrene is weak as it is found in the

plot. Nevertheless, for low styrene concentrations the yield values are slightly higher.

The effect of increasing ozone concentrations has been also studied in this work. A series of
experiments fixing the initial concentrations of styrene and SO, was carried out with different
initial concentrations of ozone in the range 10 ppb to 0.6 ppm. The increase of ozone led to the
increase of PNbC, PMC and average particle size diameters, with a behaviour similar to the series
changing styrene concentration described previously. The results are found in the supplementary

material, Figures S2-S4.

3.3. Effect of SO, initial concentration.

As shown previously, the presence of SO, enhances the production of secondary aerosols from

the ozonolysis reaction of styrene in air. To find the effect of SO, concentration in the mechanism,



different experiments were performed fixing the initial concentrations of styrene and ozone while
the initial concentration of SO, was changed within the range 5 to 100 ppb. Even though the
reacted styrene profile must be the same for all these experiments (since the same initial
concentrations of Oz and styrene are used), a significant increase in PNbC and PMC was observed
for increasing SO, concentrations (mainly in the range 0-25 ppb), Figure 5. For [SO2] above
approximately 25 ppb, further increases of SO, didn’t result in significant changes in the aerosol
production. The calculated fractional aerosol yield also increased up with [SO2] to values around
2, as it is shown in Figure S5. From the definition of the fractional yield, values above unity are
consistent since styrene is not the only species involved in the formation of secondary aerosol and

so the mass of the particulate matter can be larger than the mass of the reacted styrene.
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Figure 5: Effect of SO, concentration on the production of secondary aerosols. The maximum
particle number concentration (PNbC) measured for each experiment are shown in the main axis.
PMC and mean particle size diameter versus SO, concentration are shown at a fixed reaction time,
50 min (secondary axis), for 10 ppb and 20 ppb initial concentrations of styrene and ozone

respectively.

SO: doesn’t react with the initial reactants, cyclohexane, styrene or ozone within the time scale
of the experiments nor with the aldehydes HCHO, C¢HsCHO coming from the ozonolysis

reaction. On the other hand, it is known that Criegee intermediates do undergo fast reactions with

10



SO; (Taatjes et al., 2013). Nevertheless, since the styrene-ozone reaction is slow, under the
experimental conditions, Figure 5, the production rate of the Criegee intermediates is very low
and a slight consumption of SO, was expected. Consistently, the experimental SO, temporal
profiles during most of the experiments were nearly constant. Thus, in some experiments, to
magnify the SO, consumption and make it measurable, it was necessary to increase the styrene
and ozone concentrations (up to 100-200 ppb) while keeping [SO;] in lower levels (around 20
ppb). For this series of experiments, the production of sCl was relatively high and the SO,
concentration was observed to decrease with time (experimental SO, decays, Figure 6), which

confirms that SO, reacts with the products from the ozonolysis.

Previous studies have shown that the first step of the reaction of sCI (R!R?COQ) with SO is the
formation of a cyclic secondary ozonide which can undergo isomerisation (only possible if R? is
an H-atom), leading to an organic acid (R!COOH) and SO, or decomposition to a carbonyl
compound (R!R?CO) and SO; (Jiang et al.,2010; Kurten et al., 2011). The organic acids will
generally be less volatile than their alkene precursors and SO; readily produces H.SO; in the
presence of water vapour. Such products are expected to be involved in the formation and growth
of new particles.

In the isomerisation channel, SO, would behave as a catalyst in the production of acids (Diaz de
Mera et al., 2017). On the other hand, in this work we have found, Figure 6, that there is a net
consumption of SO, and that the amount of reacted SO, increases with the reaction time
coordinate. This fact suggests that for the case of styrene ozonolysis the reaction of the sCl with

SO, proceeds at least in part through the oxidation channel leading to SOs.

Some of the previous experiments were carried out under the presence of water under different
RH. For example, as shown in Figure 6, when water vapour is present (RH=5 % in the plotted
experiment) the decrease in SO, was significantly lower than under drier conditions. These results

suggest that H,O and SO constitute competitive sinks for the stabilised Criegee intermediates.
For these experiments we assume a simple mechanism as follows:

Styrene + O3 > HCHO + C6H5CHO + CI + sCI (1)

sCl + SO, - intermediates (SO3) -> secondary aerosols (2)

sCl+ H0 > P3(3)

Where sCI includes both -CH,OO- and C¢HsC-HOO- (Tuazon et al., 1993), the latter being

possible as conformer syn or anti. (Vereecken and Francisco, 2012).

For the case of :CH,00:-, the reaction with SO, has been studied previously and the available
experimental data show that it leads to the formation of SOs; with a unity yield (Berndt et al.,

2014a; Berndt et al., 2014b). In this study, for the experiments carried out in the drier conditions
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(RH close to zero), the water concentration ratio is in the order of 2ppm (5x10® molecule cm).
The H,0-SO; gas-phase reaction is very fast, k= 3.90x10*'exp(6830.6/T)[H20]?> (Jayne et al.,
1997) and the gas-phase water concentration is high enough to react with SOs, leading to H,SO4

(Diaz-de-Mera et al., 2017), which is the species assumed to generate new particles in the system.

For the other sCI formed from the styrene ozonolysys, CeHsC-HOO-, the oxidation channel
leading to SOs, and then H2SO4, is also possible and can contribute to the nucleation step. Recent
works have shown that the oxidation channel also generates H,SO. quantitatively in the
ozonolysis of other alkenes such as trans-2-butene and 2,3-dimethyl-2-butene when it happens in
the presence of SO, (Bernd et al., 2014a). Furthermore, the crossed reaction between the biradical
CeHsC-HOO- and formaldehyde has been suggested to produce 3,5-diphenyl-1,2,4-trioxolane
(Na et al., 2006) and the secondary ozonide may also undergo partial conversion into a hydroxyl-
substituted ester (Tuazon et al., 1993). These low volatile products may contribute to the growing
of particles.

In this work we have studied the direct yield for the reaction between sCI and SO.. As shown
previously, the correlation between the measured MPC and the reacted styrene points out the
ozonolysis as the rate limiting step for SOA production. Thus, the sCI/SO- reaction is expected
to be much faster than the styrene/ozone reaction and, so, the amount of consumed SO, should
correlate with the total reacted styrene. In this sense, Figure 6 shows the results for several
experiments with different initial concentrations of styrene and ozone under dry conditions. The
simulated profiles for total reacted styrene are nearly straight lines since its precursors, styrene
and ozone remain essentially constant during the experiment. The total reacted SO,, measured
experimentally, also shows linear temporal profiles except for the experiments with the higher
concentrations of styrene and ozone. From the ratio of the slopes of the linear fits (reacted SO-
and reacted styrene) we derived an average yield for reaction (2) with respect to the initial reaction
(1), Table 1, n=0.51+0.13 (errors are 26+20%).

For the experiments with higher concentrations, for example 200 ppb of both styrene and ozone,
the SO, concentration dropped from 20 to 10 ppb after 25 minutes lowering the rate of the sCI1/SO;
reaction and driving to the curvature of the temporal profile of the reacted SO,. For such
experiments the yield for reaction (2) was obtained from the initial data (20 min in the shown

experiment) where the SO, data can still be fitted to a straight line.

The measurement of the yield for reaction 2 could not be carried out within a wide range of [SO;]
initial concentrations since the ozonolysis reaction is slow and increasing SO leads to very small

changes in the SO signal.

The results show that sClI react quantitatively through reaction (2) in the presence of SO, with a

constant yield regardless the initial concentrations of styrene and ozone. However, as sCl can
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react through different competitive sinks, it is expected that the yield of reaction (2) depends on

the concentration of SO,, water and other possibly i

nvolved species.

Table 1. Yield of reaction (2) (consumption of SO;) after the ozonolysis of styrene (reaction 1).

The yields are obtained from the ratio of the reacted SO, and the reacted styrene. Errors are 2c.

[Styrene]/ppb | [Os] /ppb | [SO-] /ppb RH n

200 100 20 0% 0.47+ 0.05
100 200 20 0% 0.55+0.06
100 100 20 0% 0.54+0.05
200 200 20 0% 0.48+0.06

® Reacted styrene, [Sty]=[03]=200ppb

O Reacted SO2, [Sty]=[03]=200ppb

= Reacted styrene, [Sty]=200 ppb; [03]=100ppb O reacted SO2, [Sty]=200 ppb; [03]=100ppb

4 Reacted styrene, [Sty]=[03]=100ppb
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Figure 6. SO, experimental decays for 100 ppb of styrene and ozone (initial concentrations) under

dry conditions and with RH=5 %. Simulated profiles for total reacted styrene under different

initial concentrations of styrene and ozone (see the legend) and the corresponding experimental

profiles for total reacted SO,. The initial SO, concentration was 20 ppb for all the experiments

displayed.
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3.4. Effect of water vapour.

A series of experiments with concentrations or reactants around 10 ppb was carried out to study
the effect of RH on the production of SOA. For these experiments the PMC values were very
small, always below 0.5 pg m=and the concentrations had to be increased to get more accurate
mass data. Figures 7 and S6-S8 show the results for PNC, PMC and average particles’ size
diameters for experiments with 20 ppb of styrene and SO, 40 ppb of ozone and RH in the range
0-35 %.

As it is found in Figure 7, the addition of water, induces a significant drop (mainly in the RH
range below 10 %) on the PNbC and inhibits their growing leading to lower production of SOA.
These results are consistent with the suggested mechanism where SO, and H;O compete to
scavenge the Criegee intermediates (reactions (2) and (3)). The reaction with water vapour is
expected to proceed through the addition of the water oxygen atom to the carbon atom in the
carbonyl oxide and the simultaneous transfer of one hydrogen atom from the water molecule to
the terminal O atom in the CI (Anglada et al., 2011), leading to a-hydroxi-hydroperoxides that

can subsequently decompose or react with other atmospheric species.
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Figure 7. Water effect on the particle mass concentration. For this series of experiments, the
concentration ratios were 20 ppb, 20 ppb and 40 ppb for styrene, SO, and ozone, respectively.

The plotted PMC data plotted for each experiment are those obtained at 40’ reaction time.
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The rates of the sClI reactions towards SO, and H,O depend on their concentrations and their
Kinetic rate constants, kso2 and kuzo. Since both [H20] and [SO;] are known (and essentially
constant during the experiments), experimental data of the products of these reaction can provide
the ratio of theses competitive reactions (Kn2o/Kso2). Thus, considering the dry experiments (0%
RH) as reference, we can assume that for the experiments carried out in the presence of water the
decrease in mass concentration, Apmc = PMCru=0 — PMC, is due exclusively to the reaction of the
sCI with water molecules. Thus, the ratio (krzo [H20])/(kso02[SO2]) can be obtained as the ratio
Apmc IPMC  (Diaz-de-Mera et al., 2017), assuming that the reaction of sCI with SO is the sole
source of SOA. Then, the linear fit of the plot (Aemc /PMC) versus [H20], Figure 7, provides the
(Krz2o/ (Kso2[SO2])) ratio from the slope, and then the ratio between the rate constants, Kuzo/Ksoz=
(2.8+£0.7)x10° (the SO, concentration is known, 20 ppb=4.9x10'* molecule cm?, errors are

25+20%).

This result is similar to other reported values for different CI (Berndt et al., 2014a, Diaz-de-Mera
et al., 2017) and may be used to assess the effects of SO, and water vapour in the formation of
SOA under different atmospheric conditions.

4. Conclusions.

Previous studies have shown the outstanding potential of SOA formation due to the emissions of
aromatic compounds to the atmosphere. Among them, styrene is one of the aromatics with the
highest contribution to SOA. Although the formation of new particles from the ozonolysis of
styrene has been reported from laboratory experiments, this reaction can’t justify such high
capacity to form new particles since it would require high concentrations of reactants compared
to those of real polluted atmospheres. Generally, atmospheric models based on laboratory
chamber studies predict far less SOA than is observed in field studies (Kroll and Seinfeld, 2008).
This fact suggest that other yet unknown pathways may lead to the formation of new particles
more effectively. In this sense, SO, may play a key role since, as found in this work, the ozonolysis
of styrene in the presence of low concentrations of SO, readily produces new particles. The
nucleation events occur at concentration around (5.6+1.7)x108 molecule cm, that is, 3 orders of

magnitude below that of the reaction in the absence of SO5.

The particle mass concentration temporal profiles correlate with the reacted styrene showing that
the ozonolysis of styrene is the rate limiting step in the formation of new particles. The fractional
yields for different initial concentrations of reactants have been obtained based on the amount of
reacted styrene. They are independent on the concentrations of styrene or ozone but increase from

nearly zero in the absence of SO, to approximately 2 when SO, is in excess.
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The experimental temporal decays of SO, show that it reacts with the products of the ozonolysis
of styrene. From the simulated profiles of reacted styrene, under low water concentration
conditions (below 2 ppm) the yield for the consumption of SO, was n= 0.51+0.13. Thus, the
formation of SO; from the reaction of styrene with the Criegee intermediates is expected to be
responsible of the nucleation events through the formation of H,SO4. On the other hand, the
presence of water in the reaction media competes with SO and inhibits the formation of SOA.
So the potential formation of SOA under atmospheric conditions depends on the concentration of

SO; and relative humidity.

As shown in a previous work (le Person et al. 2006) OH-based and ozone-based lifetimes for
styrene are 2.4h and 25h, respectively and so both reactions contribute as efficient gas-phase
sinks. Although the initial OH reaction is faster than ozonolysis, it is not clear whether the OH
reaction products contribute efficiently to the formation of aerosols, as it has been found for
ozonolysis in the presence of SO,. In this sense, the study of particles generation from OH
reactions is also required to fully understand the contribution of styrene to the formation of

secondary organic aerosols in urban areas.
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