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1. Introduction

All societies require energy services to meet basic human needs (e.g., lighting and transportation)
and to serve productive processes. However, conventional oil and gas reserves are decreasing
and, thus the capacity to meet the growing demand of energy will require the development of
unconventional renewable sources (Khan et al., 2018). In addition to the depletion of fossil carbon
reserves, the concerns about global climate change result in raising attention on renewable and
environmentally friendly fuels which are cost-wise competitive with fossil fuels (Vasudevan et
al., 2010). Thus, while solar, wind, hydroelectric, and geothermal energy have been proposed as
alternatives to conventional sources for heat and electricity production in stationary power
applications (Graziani and Fornasiero, 2007), biomass is already a significant renewable energy
source and is expected to grow in importance in the transition away from fossil energy sources

(Giele et al., 2019), at a relatively low cost. Moreover, it is considered to be an ideal substitute



for oil in the production of fuels, chemicals and carbon-based materials since it is generated from
available atmospheric CO,, water and sunlight through biological photosynthesis (Isikgor and
Becer, 2015). Furthermore, biomass is a versatile energy source that can also be stored and
converted to energy on-demand (De Meyer et al., 2014). However, biomass burning emissions is
another large global source of non-fossil carbon in organic aerosol (OA), which has likely
changed since preindustrial times (van der Werf et al., 2010; Bond et al., 2013; Andreae, 2019;
Pérez Pastor et al., 2020). Currently, the biomass burning source of secondary organic aerosol
(SOA) is not yet well constrained in global climate models (Spracklen et al., 2011; Tsigaridis et
al., 2014; Shrivastava et al., 2015) even though the majority of carbonaceous aerosol on regional
to global scales is thought to be of non-fossil fuel origin (Spracklen et al., 2011).

Lignocellulosic biomass, which is the most abundant biomass (Zhou et al. 2011), has critical
importance as sustainable production of chemicals and fuels. Catalytic production methods of
converting lignocellulosic biomass into furan derivatives have been improved significantly
(Roman-Leshkov et al., 2007; Zhao et al., 2007; Lee and Park, 2020). One of these furan
derivative, 2,5-dimethylfuran (2,5-DMF), which is also called a “sleeping giant” of renewable
chemicals (Tong et al., 2010), has attracted long interest as a potential biofuel due to its
physicochemical properties, in some aspects better than gasoline and ethanol (Roman-
Leshkov, 2007; Luque, 2008; Xu and Wang, 2016); and its low pollutant emissions, gaseous and
particles, in its combustion (Daniel, 2012; Xu and Wang, 2016). Biological and chemical
improvements to the catalytic conversion of biomass-derived carbohydrates (fructose or
glucose) have made the large-scale and low-cost production of 2,5-DMF possible (Zhao,
2007; Mascal and Nikitin, 2008; Chidambaram and Bell, 2010; Thananatthanachon and
Rauchfuss, 2010). However, if 2,5-DMF can be accepted as an alternative transport fuel, some

outstanding problems must be resolved before it can be commercialized. One of them is its

atmospheric fate, since 2,5-DMF could enter the atmosphere upon their extensive potential usage



as biofuel or by direct emissions from biomass burning (savanna, grassland, forest, agriculture
residues, etc.) (Andreae, 2019); and it could be degraded there by its reactions with OH, NOs, Cl
radicals and Os.

The reaction rate constant of 2,5-DMF with Os; in the atmosphere is significantly lower
(4.2+£0.9)x10% cm® molecule? st (Matsumoto, 2011) than its reaction with OH radical
(12.5£0.4)x10**cm?® molecule™ s at 298 K (Aschmann et al., 2011); however, considering the
average atmospheric concentrations, 7x10!! and 2x10® molecules cm for O3 (Logan, 1985) and
OH radical (Hein et al., 1997), respectively, ozonolysis may be dominant, the expected rate of
removal of 2,5-DMF due to O; being about twice that due to OH radicals. The oxidation of 2,5-
DMF could form furan derivatives such as furanones which are efficient precursors of SOA.
SOA accounts for a large portion of the total fine aerosol burden (Jimenez et al., 2009). As a
result, SOA also contributes significantly to the Earth’s radiation balance through the absorption
and scattering of solar radiation (Scott et al., 2014), and plays important roles in urban visibility
(Ren et al., 2018), and health (Requia et al., 2018). Factors such as relative humidity (RH), NOx
level and seed particles would influence the implication in SOA formation.

Although the SOA formation potential of furanes has been studied in recent years (Gomez-
Alvarez et al., 2009; Jiang et al., 2019; Strollo and Ziemann, 2013; Joo et al., 2019), the SOA
formation mechanisms are still poorly known. In this sense, the present study was initiated with
the aim of studying the OH radical photooxidation and ozonolysis of 2,5-DMF to characterize the
conditions that lead to the formation and growth of new particles. To our knowledge, this study
of SOA formation from photooxidation and ozonolysis of 2,5-DMF has not been a subject of
prior experimental investigations, although there is a previous work for OH-photooxidation
where the SOA yield of the mixture of isomers of 2,4-/2,5-dimethylfuran has been studied (Bruns
et al., 2016). Moreover, the effect of 2,5-DMF concentration, NOx, RH, SO, and different

inorganic seed particles during the OH oxidation and the ozonolysis have been studied and



discussed. These results can be used to estimate SOA formation from biomass burning emissions

and improve our understanding of oxidation in biomass burning plumes.

2. Experimental system

2.1. OH-Photooxidation

The experiments were conducted in a 500 L Teflon chamber enclosed in an isothermal cabinet
with six fluorescent lamps (Philips TUV G13, 36 W) mounted on the walls. The chamber is
operated at room temperature and atmospheric pressure and is flushed and filled with synthetic
air until the particle number concentration, PNbC, was < 20 particles cm. Details of chamber
operation are described in more detail in (Tajuelo et al., 2019a, 2019b) and are only summarized
here.

Known volumes of styrene and a precursor of OH radical (H.0,) were injected by means of
microlitre syringes through a septum installed in one port of a union that was connected to the
reactor; then, they were fluxed using a gentle flow of purified air by a mass flow controller. OH
radicals were generated by photolysis (A=254 nm) of H.O, (60%, Fisher Scientific). The amount
of water necessary for a given RH was calculated and injected into the bubbler. The water was
then evaporated and flushed inside the reactor using synthetic air. RH was varied in these
experiments between 6% to 60% and it was measured with a hygrometer (HMT333, Vaisala).
Moreover, NO was used for experiments in presence of NOXx. It was introduced by flushing pure
N2 through a calibrated glass bulb filled to a predetermined partial pressure of purified NO. The

experimental conditions are summarized in Table S1 in the supplementary information.



2,5-DMF was followed by chromatography-mass spectrometric detection (GC—MS, Shimadzu
QP2010), using a capillary column (size: 30 m x 0.32 mm x 1 m, Meta.X5 Teknokroma)
maintained isothermally at 60 °C. A chemiluminescence analyser (AC32 M, Envea
Environnement) was used to measure the NOx concentration in the gas phase. The particle phase
was monitored using a Fast Mobility Particle Sizer (FMPS; 3091 TSI) which provides particle
size distribution over 32 size channels and total mass of particles with diameters within the range
5.6-560 nm (Aranda et al., 2015). The total aerosol mass concentration was calculated from the
measured particle size distribution assuming unit density and spherical particles. For seeded
experiments, ammonium sulphate ((NH.).SO,) and calcium chloride (CaCl,) were selected as
inorganic salt. The seed particles were generated by atomization of a dilute aqueous salt solutions
(0.01-0.07 mol/L) using a constant rate atomizer (TSI Inc., 3076), which were subsequently

passed through a diffusion dryer (TSI Inc., 3062).

The OH radical concentration was estimated from the measured 2,5-DMF decay and the literature
rate constant (Kons+2somr= (12.5£0.4)x10cm® molecule’s?) (Aschmann et al., 2011). The
calculated average OH radical concentration (5.97x10® molecule cm?) is within the same

magnitude of the 12 h daytime average OH concentration in the troposphere (Hein et al., 1997).

2.2. Reaction with O3

Since the experimental setup and methodology to carry out ozonolysis experiments have been
described in detail previously (Diaz-de-Mera, 2017; Bracco, 2019), only essential information is
provided here. The experiments were carried out in a 200L capacity FEP collapsible chamber at
room temperature. This reactor was coupled to a scanning mobility particle sizer (SMPS TSI
3938) with a condensation particle counting (CPC 3775) and a nano-differential mobility analyser
(DMA 3881A) in order to monitor the concentration and size distribution of particles (particle

size range from 5 to 150 nm). The total mass concentration was derived from the measured



particle size distribution assuming unit density and spherical particles. The reactor was also
coupled to different detectors to analyse the gas phase: SO, (Teledyne Instruments 101.E) and

ozone (Envea, Environnement O342M).

The ozone generation was carried out with a high voltage electric discharge (BMT Messtechnik
802N) and its initial concentration measured with a UV spectrometer (Hamamatsu C10082CAH).
Water vapour in the chamber was generated through evaporation, as in the OH- photooxidation
experimental system. On the other hand, in order to avoid unwanted side reactions with the OH
radicals that could be generated in the reactor, cyclohexane was added in excess, so that >99% of
the generated OH was scavenged. As in the OH radical study, after each experiment, the Teflon
bag was repetitively washed with synthetic air. Experimental conditions have been included in

Tabla S1.

2.3. Reagents

Reagents were obtained from commercial sources at the following purities:

2,5—Dimethylfuran (299% Sigma-—Aldrich), hydrogen peroxide (>60%,
Fisher Chemical), nitric oxide (299,5%, Linde), ammonium sulphate (99%,
Sigma—Aldrich), calcium chloride (99%, Scharlau), cyclohexane (99,5%,
Sigma—Aldrich), S0 (99.9%, Fluka), O, (4X, Praxair). Synthetic air (99.999%, Praxair)

and N2 (99.999%, Praxair) were employed as bath gases for the experiments, and He (99.998%,
Praxair) was used as GC carrier gas. Ultrapure water (18.2 MQ cm) was obtained from an LGA
Purelab® Ultra water purification system (Veolia Water Technologies). Liquids reagents were

purified by successive trap-to-trap distillation.

3. Results and discussion

3.1. OH-Photooxidation experiments



The concentration—time profile of SOA formation obtained for a 2,5-DMF (10 ppb)
experiment without NOx and seed particles and RH level < 6% is shown in Fig. 1. The
measured aerosol concentration had to be corrected for wall losses in each experiment
due to particle wall deposition onto the Teflon film. Several methods have been used to
account for particle wall deposition in SOA formation studies (i.e., the size dependent,
number-averaged and volume-averaged methods); however, these methods are generally
consistent with one another at low seed aerosol surface area (<3000 mm? cm®) (Nah et
al.,2017), so, the lamps were turned off when the SOA mass started to decrease, typically
after reaction times in the order of 4-5 hours. The aerosol concentration was then followed
for two additional hours and the wall loss kinetic rate constant was measured from a first-
order decay. Then applied the first-order mass-particle-wall deposition rate to the entire
experiment to correct for particle wall los (kw= (5.3+0.2)x107s}). Then, the SOA yield
was estimated using the corrected OA mass concentration and the consumption of 2,5-

DMF.



—_—
=

——[2.5DMF] —e— MO PNbC

-
=

x10-# (#em?)
= ]

1

PNbC

[2,5-DMF] (ppb) — M, {ng/m”?)

4“—‘]—'—[2,5-1}1“1'7] —e— MO0 PNbC —e—[NO] —+-NO2

- 180
;E 12 L 160
?:S 140 o
~ 10
- - 120
=% 8 L 100 E
=% %0
= ] 6 =
s 2
:,—'E - 60 =
=z ° S
z & 40 O
v 2 20
™
0 0
0 20 40 60 80 100 120
Time (min)

Fig. 1. Typical temporal profiles of concentrations of gas-phase reactants, SOA mass (corrected
for wall-losses) and particles number concentration in absence (a) and presence (b) of NOx. In
both experiments the initial concentrations were approximately 10 ppb of 2,5-DMF and 2 ppm of

H»0,; and RH< 6%.



As shown in Fig. 1, particle formation was not observed until ~5 min since the start of the reaction,
with a fast increase in the particle number concentration followed by a gradual decrease after
reaching a maximum at ~ 20 min. This observation is consistent with an initial nucleation step
producing a burst of nanoparticles, followed by coagulation which results in the increase in the
particle diameter, along with the corresponding decrease in the number concentration. The OH-
2,5-DMF photooxidation is very fast, and 2,5-DMF is consumed (from 10 ppb to approx. 0.4 ppb)
within the first 20 minutes of the experiment while most of SOA mass is formed well after all the
organic compound has reacted. These results indicate that the initial OH-2,5-DMF reaction itself
is not the rate-limiting step in the mechanism leading to particles and there is a substantial
contribution from multigenerational oxidation and/or heterogeneous/multiphase reactions to SOA
formation. This same behaviour has been observed in the ozonolysis of 2,3-dihydrofuran or the
NOs-oxidation of 3-methylfuran (Diaz-de-Mera et al., 2017b; Joo, 2019).

Regarding the evolution of the particle size distributions with the reaction time (see Fig. S1),
particles grew up fast, reaching a final maximum diameter of around 50 nm. Due to its size, these
kinds of particles can be inhaled, penetrating into the lungs and causing serious health effects

(Brown et al., 2013).

3.1.1. Effect of 2,5-DMF concentration on SOA formation
Experiments with RH below 6%, no NOx added and no seed particles were carried out varying
2,5-DMF concentrations from 10 to 1000 ppb (See Table S1). The SOA yield (Y) was determined
experimentally as the ratio of the average maximum aerosol mass concentration (corrected for
wall-loss) and the consumption of 2,5-DMF when M, was measured:

_ Mo
A[2,5-DMF] (1)



The uncertainties of SOA yields are 2o+ 20% of the calculated yields for replicate experiments.
As it can be seen in Fig. 2, SOA vyield decreases when initial 2,5-DMF concentration increases.
This result was unexpected since the typical trend is the opposite. Nevertheless, other studies
have also shown similar results, such as in the 2-methylnaphthalene photooxidation and toluene
and 2,3-DHF ozonolysis (Chen et al., 2016 and 2017; Diaz-de-Mera et al., 2017b). In these cases,
although the experiments with high initial concentration generate more aerosol mass
concentration, the SOA vyields decrease. Chen et al. (2017) argued that the initial organic
precursor concentrations change the oxidation pathways, which leads to different yields.
Therefore, complementary studies of the SOA chemical composition at different 2,5-DMF
concentrations would be needed to confirm this hypothesis.

There is no prior experimental study on SOA formation from OH-photooxidation of 2,5-DMF,

except the theoretical study of Bruns et al. (2016) who found that OH—photooxidation of
the mixture of isomers of 2,4—/2,5—dimethylfuran gave a yield value
close to 3%. This value was estimated as the average of the published
SOA yields applied to the non—-methane organic gases with 2 Cs

compounds. Moreover, there is a study that reported SOA formation from 2-methylfuran + OH
reaction (Gomez-Alvarez et al., 2009), in which the SOA yield quantified in presence of 641 ppb
of precursor was (5.5£1.6) %. In this work, low amounts of NOx (20.5 ppb and 45 ppb of NO
and NO-, respectively) from OH radical precursor (HONO) were present in the chamber;
however, the NOx level was so low that the results of Gomez-Alvarez et al. could be comparable
with those obtained in our study in absence of NOx. Besides, the density assumed in Gomez-
Alvarez et al. study was slightly higher (1.23 g cm™) than ours, but even considering this value,
the SOA yield from 2,5-DMF is slightly lower (1.0£0.1 % at 500 ppb) than the SOA yield from
2-methylfuran, so that the presence of an additional methyl group could reduce the SOA

formation.

10



It should also be noted that, at low 2,5-DMF concentrations, which could be similar to those of
the real atmosphere, the yield increases significantly (see Fig. 2), so this compound would be an
efficient SOA precursor. In addition, losses of semivolatile vapors on chamber walls can lead to
substantial underestimation of the SOA formation by factors as much as 4 (Zhang; 2014), so that

SOA vyields calculated in this work could be higher in real atmospheric conditions.

18 - - 8

M (ug/m?)
=
Yield (%o)

0 200 400 600 800 1000
[2,5-DMF] (pph)

Fig. 2. SOA vyield (red) and mass concentration (blue) with different initial 2,5-DMF

concentrations.
3.1.2. Effect of NOx and RH

Experiments with different NOx concentrations and different RH levels were carried out in the

absence of inorganic seed aerosols (see Fig. 3).
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Fig. 3. SOA yield (opened symbols, right axis) and mass concentration (closed symbols, left axis)

for experiments with 50 ppb of 2,5-DMF, 2 ppm of H,O, and different initial a) NOx and b) RH

conditions.

12



The effect of NOx level on SOA formation is very complex, and previous results about this topic
have been inconclusive. Generally, the NOx level has two different effects in the reaction process.
On the one hand, increasing NOx concentration will promote the Oz and HONO formation,
leading to more OH radical, which in turn is favourable to SOA formation (Sarrafzadeh et al.,
2016). In this study, no significant change in OH concentration was estimated in experiments
with different NOx levels, so that this effect can be discarded. On the other hand, NOXx level
contributes in SOA formation by governing the reactions of organo-peroxy radicals (RO,). RO,
are central intermediates in the VOC oxidation process. Under no NOx presence, the main sink
reactions for RO, radicals are with the hydroperoxyl radical (HO2) and with other RO, radicals,
leading to lower-volatility products and enhancing SOA formation. However, under high NOx
conditions, the primary loss process of RO, radical is reaction with NO to produce alkoxy radicals
(RO) or as a minor pathway, organic nitrates (RONO;). RO radicals generally fragment into
smaller more volatile products, resulting in small amounts of SOA (Sarrafzadeh et al., 2016). It
should also be noted that the presence of sufficient seed surface area at the start of the reaction
largely suppresses the effects of vapour wall losses of low-volatility compounds, including
multifunctional nitrates (Schwantes et al., 2019), which promotes their partition into the particle

phase and increases the SOA mass concentration (Jiang, 2019).

In the OH-photooxidation of 2,5-DMF at low RH (<6%) and in absence of inorganic seed aerosol,
SOA formation increased after NO was depleted, and the formation of first particles were delayed
regarding the same experiment without NOXx (See Fig. 1b). Moreover, both the mass and the yield
were lower than those without NOXx (See Fig. 3a). These results suggest that NOx molecules
inhibit the formation of new particles and thereby limit the particle surface where low volatiles
compounds can condense. Thereby, the predominant effect would be the NOx role over the fate

of peroxyradicals (RO2), which has also been observed in the OH-photooxidation of other VOCs
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such as a and B-pinene, limoneno, styrene and a-methylstyrene (Sarrafzadeh et al., 2016; Zhao
etal., 2018; Tajuelo et al. 2019a, 2019b).

With regard to RH experiments, water could alter the final composition and distribution of
photooxidation products through gas-phase chemistry, organic sorption of water, or by water
sorption of organic products. So, RH environment contributes to the increase of the
hygroscopicity of SOA. Therefore, it is expected that an increase in particulate water content
would enhance SOA yields of water-miscible species (Stirnweis et al., 2017). In our experiments
performed at different RH conditions, the mass concentration and the SOA yield were higher
when increasing the RH in the reactor, as shown in Fig. 3b. This behaviour was also observed in
the OH-photooxidation of styrene (Tajuelo et al., 2019a) and a-methylstyrene (Tajuelo et al.,
2019b). This fact can be explained by the increase in SOA formation through heterogeneous
reactions and aqueous chemistry in wet aerosols (Lim et al., 2010). Hydrophilic functional
groups, such as ketones and carboxylic acids, have been identified as gas-phase products in the
OH radical-initiated reaction of 2,5-DFM (3-hexene-2,5-dione, as the main product, and
additional products attributed to CHsC(O)OC(CH3)=CHCHO or CH3;C(O)CH=CHC(O)OH)
(Aschmann, 2011; 2014). These compounds can be absorbed into the humid surface of the
hygroscopic SOA at high RH, contributing to the formation of low volatility products and
increasing the SOA mass yields. Moreover, these hydrophilic functional groups at the SOA
surface, could also absorb the water molecules and hence, the produced SOA could partition into
new wet particles (Jiang et al., 2019).

Finally, the combined effect of NOx and RH on SOA formation was analysed (See Fig. S2).
Taking into account that the rise of both parameters has the opposite effect, the mass
concentration and the SOA yield are higher without NOx and high RH conditions. The second
more favourable situation is no NOx added-low RH, therefore the positive effect of having lower

NOXx concentrations prevails over low RH conditions.

14


https://www.sciencedirect.com/science/article/pii/S0045653518320514#fig1

3.1.3. Effect of seed aerosol

The effect of inorganic seed aerosols on the formation of SOA was investigated by comparing
the SOA growth in the presence of two different sources of inorganic seed particles (CaCl, and
(NH.4)2S04). These inorganic particles are commonly present in the atmosphere (Wang et al.
2011). CaCl; is one of the major inorganic aerosol species during dust days, while ((NH4)2SO.)
is a major constituent during haze days (Wang et al. 2006).

To avoid the potential impacts of different variables on SOA formation, experiments without
added NOx were carried out and with constant values of 2,5-DMF concentration (50 ppb) and
RH (~20%) (See Table S1). The SOA formation is related to pre-existing particles since seed
aerosols could act as the absorption or adsorption centres of SOA formation increasing its growth
(Lu et al., 2009; Zhang et al., 2014).

Both (NH.).SO, and CaCl; seed aerosols enhance SOA formation and increase SOA yield (See
Fig. 4). Itis found that this effect is positively correlated with the seeds surface concentration and
is pronounced only when this concentration reaches a threshold value. Among the two seed
aerosols, CaCl; had a higher threshold, but once this value is exceeded, the effect of this salt on
the SOA mass and yield is greater, and the concentration-time profile of SOA formation for both
salts was different. As it is shown in Fig. S3a, in (NH4).SO, presence, SOA mass (corrected for
wall-loss and the initial mass of the seed particles) was formed when all the 2,5-DMF had been
consumed, indicating that the uptake of condensable particles was very slow. In this case, the
secondary reactions, slower than the OH-photooxidation of 2,5-DMF, could be the main factor
in the growth of particles, contributing to the increase in SOA mass and slightly increasing their
maximum diameter (see Fig. S4a). However, with CaCl, in the medium, the uptake process into
the pre-existing seed particles was faster (see Fig. S3b), and with hardly any particle growth over
the reaction time (see Fig. S4b). Thereby, CaCl, seeds would have a catalytic effect on the
reaction, which could be explained by the different acidity of aerosol generated. The retention of

water on the CaCl, and (NH4)2SO4 aerosol surface results in acidic agueous seeds as follow:
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Ca% + H,O - Ca(OH)z + 2H*
NH.*+ H,O - NH3-H.,O + H*

These acidic aqueous seeds can catalyze the heterogeneous reactions leading to the formation of
high molecular weight products in particles. According to some researches, as the CaCl; aerosol
has the strongest hygroscopic behaviour among the two seed aerosols, the liquid water amount of
the existing seed aerosol CaCl; is about three times greater than within (NH4).SO. (Cocker et al.
2001; Huang et al., 2013, Huang et al., 2017). Thereby, the CaCl; based aerosol has higher acidity
than the aerosol generated from (NH.)2SO., which accelerates the process and enhances SOA.
Therefore, the kind of seed particles present in the environment may affect the SOA formation
due to differences in heterogeneous chemistry and water uptake, as it has been found also in

previous works (Ahlberg et al., 2019).
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Fig. 4. SOA yield (opened symbols, right axis) and mass concentration (closed symbols, left
axis) in experiments in presence of a) (NH.)>.SO4 and b) CaCl, seed aerosols. M is the result of

subtracting the initial inorganic seed aerosol mass from Mo.
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3.2. Ozonolysis experiments

Different series of experiments were carried out to characterize the formation and growth of
particles following the reaction of ozone with 2,5-DMF. One of this series was performed to
measure the wall loss rate constant of particles. The average value was kw=(3.3+0.1)x10°s* and

was been taken into account to obtain wall-corrected profiles from the experimental results.

3.2.1. Nucleation conditions

Recently, it has been found that a significant fraction of ground level sulfuric acid originates from
the oxidation of sulfur dioxide by stabilised Criegee Intermediates to SOz (Mauldin et al., 2012).
This finding suggests that the presence of atmospheric traces of SO, may enhance the production
of new particles from the ozonolysis of alkenes. Furthermore, direct kinetic measurement studies
have shown that Criegee intermediate reactions with SO are up to four orders of magnitude larger

than previously thought (Khan et al., 2018b).

In this study, it was observed that the reaction of 2,5-DMF (ranging from 50 to 600 ppb) with
ozone (in the range 70 to 1100 ppb) readily leads to particle formation in the presence of SO, (10
to 350 ppb). Nevertheless, when the reaction was followed in the absence of SO, no particles
were produced for the previous concentration ranges of reactants. So, several experiments were
carried out with higher concentrations of 2,5-DMF and ozone (and without SO;) to force
nucleation. In such experiments, from the initial concentration values of ozone and 2,5-DMF,
the ozonolysis rate constant, and the reaction time when the first particles appear (more than 100
particles cm™®), it is possible to calculate the minimum reacted concentration of 2,5-DMF to
originate nucleation, about 5x10*2 molecule cm= (200 ppb), Fig. 5. This result is approximately
five times higher than in the experiments with SO.. This confirms the importance of the presence
of SO; in the formation of particles from the reaction of 2,5-DMF and ozone. Comparing this

result with those obtained for other aromatic compounds like styrene (1.6x10%* molecule cm,
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(Diaz-de-Mera et al., 2017a)) and indene (4.5x10* molecule cm, (Bracco et al., 2019)), higher
concentrations of reagents are required to form new particles from the ozonolysis of 2,5-DMF.

Thus, the potential for particle formation of 2,5-DMF is lower than those of styrene or indene.

On the other hand, as stated previously, the concentration of reacted 2,5-DMF required for
nucleation is significantly lower and nearly constant for SO, concentration above 50 ppb:

(1.1£0.4)x10* molecule cm? (error is 26+20%), (see Fig. 5).

th
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Fig. 5. Reacted 2,5-DMF concentration at the moment of nucleation (first scan when particles
were detected) as a function of the [SO2] in the ozonolysis reaction. Concentrations: 2,5-DMF

(100 ppb); O3 (290 ppb); SO, (10-350 ppb).
3.2.2. Effect of 2,5-DMF and Oz concentration

Different series of experiments were carried out changing the 2,5-DMF and Os initial
concentration. Thus, for example, Fig. 6a shows the results for a typical experiment with the
profiles of both PNbC and Mass (M), as well as those simulated for 2,5-DMF, reacted 2,5-DMF

and ozone. The appearance of new particles takes place approximately 5 min after the mixing of
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reactants, which leads to a delay of the mass profile with respect to the reacted concentration of
2,5-DMF. After nucleation these two profiles become similar. Such behaviour is observed under
conditions where ozone is not in great excess over 2,5-DMF, and the aromatic alkene is not yet
completely consumed during the experiment. These profiles suggest that ozonolysis is the
limiting step in particle formation. For these experiments, a direct linear correlation is found
between the aerosol mass and the mass of reacted 2.5-DMF after the nucleation event, Fig. S5,

where the mass fractional yield is obtained directly from the slope of the linear correlation.
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Fig. 6. Temporal profiles for 2,5-DMF, ozone, reacted 2,5-DMF, PNbC, and Mo.

a)

Concentrations: 420 ppb, 2,5-DMF; 100 ppb, SO,; 290 ppb, ozone; no added water. b)

Concentrations: 100 ppb, 2,5-DMF; 100 ppb, SO2; 290 ppb, ozone; no added water. In order to

display all the profiles in the same figure, 2,5-DMF, reacted 2,5-DMF, ozone and experimental

ozone have been multiplied for a factor.
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Fig. S6 shows the effect of increasing 2,5-DMF concentration for Oz and SO; fixed concentrations
(see also Table S1). An increase of PNbC, My, particle average diameter and fractional yield is
observed. Nevertheless the maximum observed SOA fractional yield, 0.3 %, is significantly lower
than the values observed previously for other related compound such as 2,5-dihydrofurane (2.8%)
(Diaz-de-Mera et al., 2017b) or aromatic alkenes with an exo-cyclic double bond such as styrene
(39%) (Diaz de Mera et al., 2017a). As it has been shown from both experimental and theoretical
studies (Berndt et al., 2012; Vereecken et al., 2012), the ozonolysis of alkenes may lead to
different yields of stabilised Criegee intermediates, depending on the initial structure of the
alkene. Furthermore, the subsequent Criegee intermediate reaction with SO, depends on the CI
structure. As a result, different SOA yields are also expected from different furan derivatives with

only intramolecular double bonds.

For reactions carried out under high excess of ozone, given the relatively high kinetic rate
constant, (k=(4.2+0.9)x10* cm® molecule! s*) (Matsumoto, 2011) 2,5-DMF is consumed within
the first few minutes. Nevertheless, the total mass of aerosol continues increasing even after the
total consumption of 2,5-DMF, Fig. 6b. Thus, for such experiments, the mass fractional yield

from equation (1) is not constant and rises with time.

This fact shows that secondary reactions slower than the initial step (ozonolysis of 2,5-DMF) also
contribute to the growing of particles. Under such conditions, there was always a good fit between
the ozone experimental profiles and the ozone profiles simulated using only the initial ozonolysis
reaction (Fig. 6a), showing that secondary reactions didn’t consume ozone quantitatively. On the
other hand, for experiments with 2,5-DHF in excess, the profile of mass stopped growing as soon

as ozone was consumed, Fig. 6a.
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Fig. S7 and Table S1 shows the effect of rising the ozone initial concentration for fixed initial
SO, and 2,5-DMF concentrations. As shown previously, under excess of ozone, secondary

reactions contribute to the growing of SOA.

Concerning the effect of SO, as it was shown above, it enables nucleation at much lower
concentrations of reacted 2,5-DMF. Furthermore, as the SO initial concentration increases, the
total production of SOA also increases, Fig. S8. These results show that SO, also contributes to
the growing of particles. As shown in the literature (Diaz-de-Mera et al., 2017a; Diaz-de-Mera et
al., 2017b; Ye et al., 2018; Zhang et al., 2019), for ozone reactions with alkenes in the presence
of SOy, it is expected to react with the stabilized Criegee intermediate (sCI) obtained in the initial
ozonolysis reaction of 2,5-DMF. In this sense, some experiments were conducted to assess the
consumption of SO, during the experiments. Even increasing the initial concentrations of 2,5-
DMF and ozone over sulphur dioxide, no changes in SO, concentration were observed during the
time of the experiments within the uncertainty limit, Fig. S9. Thus, SO, may play a catalytic role,
being released back to the gas phase. This behaviour has been found previously for other furan

derivatives (Diaz-de-Mera et al., 2017b).

3.2.3. Effect of RH

Under atmospheric conditions, the sCI intermediate is also expected to react with water vapor
molecules (Ryzhkov and Ariya, 2004). So, a series of experiments were carried out to verify if
the presence of water in the reaction medium alters the production of SOA. In these experiments
the RH was varied up to 15% keeping the concentrations of 2,5-DMF (100 ppb), SO, (100 ppb),
and ozone, (290 ppb) constants. The results are shown in Fig. 7, where it is observed that as the

RH increases, a decrease in the PNbC, mass, and diameter occurs.
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Fig. 7. Effect of water in the production of SOA. a) Maximum PNbC and diameter at reaction

time of 50 min. b) Mass and AMass/Mass ratio at reaction time of 50min. Concentrations are:

[2,5-DMF]=100 ppb; [SO2]=100 ppb; and [O3]=290 ppb.
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Since the series of experiments was carried out in the presence of SO, this decrease in the
formation of SOA may be due to the competition of SO, and water for the Criegee intermediate.
As it has been described in previous studies (Vereeken et al., 2012; Bracco et al.,2019), sCl reacts
with SO; to form an intermediate cyclic secondary ozonide which subsequently decomposes to
products. On the other hand, the sCl-water reaction proceeds through the addition of the water
oxygen atom to the C-atom in the carbonyl oxide and the transfer of one H- atom from the water
molecule to the terminal oxygen atom in the Criegee intermediate. This competition can make
one reaction or another more favoured, depending on the concentrations present in the medium,

and the values of the respective constants, ksoz and Kuzo.

In the absence of SO, the formation of new particles was not observed for ozonolysis of 2,5-
DMF under the range of RH studied in this work. Thus, we may assume that the total mass of
aerosol, Mass, comes exclusively from the sCI-SO; reaction. So, if we compare experiments in
the absence and presence of water, for a given experiment the decrease in mass concentration
with respect to the dry conditions, AMass = Mass rn=0 — Mass, is attributable to the reaction of
the sCI with water molecules and so it depends on the product ku20[H20]. Likewise, the current
mass value is attributable to the sCI-SO- reaction and depends on the product Ksoz[SO2]. Thus,
the ratio (Kn2o[H20])/(Kso2[SO2]) can be obtained as the ratio AMass/Mass and the plot
(AMass/Mass) versus [H20], Fig. 7b, provides the (Knzo/(Kso2[SO-])) ratio from the slope. Given
the SO, concentration for this series of experiments (100 ppb), the constants ratio is obtained,

Kr2o/Kso2 = (1.610.4)X10_5 (error is 20+ 20%).

This constant ratio (ku2o/kso2) has also been determined for other compounds with similar
structure such as 2,3-DHF and 2,5-DHF (Diaz-de-Mera et al., 2017b). For the first case, the value

obtained ((9.8+3.7)x107) was significantly higher (although of the same order) than the obtained
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in this work. On the other hand, for 2,5-DHF the contribution of the reaction with water was
negligible. It is thus shown that both the position of the double bond within the cycle, and the
type of substituent have a significant effect on the constant ratio for these reactions. Considering
the literature data, the obtained constants ratio is similar to other reported values for different sClI
(Berndt et al., 2014) and styrene (2.8+0.7)x10°, (Diaz-de-Mera et al., 2017a) or indene

(2.0+0.8)x10 (Bracco et al., 2019).

The result obtained in this work for (kn2o/ksoz) may be used to assess different atmospheric
conditions. For example, for 30% RH in urban relatively polluted atmospheres like in Madrid
(Spain), with SO, concentrations around 10 pg/m® (MITECO, 2020), approximately 3% of the
sCI produced in the ozonolysis of 2,5-DMF would react with SO, contributing to nucleation
events or to the growing of pre-existing particles. For 10% RH, the value would rise up to 9%.
Although the SO, reaction pathway is not quantitative, in the lower troposphere, other pollutants
would be simultaneously producing condensable products. Since nucleation under real
atmospheric conditions is due to the cumulative sources of non-volatile species, these events are
expected to generate under lower concentrations than those found in the laboratory for the isolated
sources. On the other hand, for remote non polluted sites, with SO levels below 1 pug/m?® and 30%
RH, a very small ratio of the sCl (<0.4%) would react with SO, and so the ozonolysis of 2,5-

DMF is expected to hardly contribute to nucleation events under such conditions.

4. Conclusions and atmospheric implications

In this study, we investigated the SOA produced from both 2,5-DMF OH-photooxidation and
ozonolysis and the role of NOx, RH and seed aerosols on the photooxidation, and SO, and RH
on the ozonolysis process. This approach provides detailed daytime chemistry about SOA
formation from 2,5-DMF oxidation and improves our understanding of the chemical evolution of

biomass burning plumes.
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Experimental results showed that in both processes, half of the SOA mass is generated once 2,5-
DMF has been completely consumed, highlighting the importance of higher-generation or
multiphase reactions to aerosol formation. In the real atmosphere, under usual SO levels below
10 ppb and RH above 30%, SOA production by ozonolysis must be minor. However, under such
humidity conditions or even with higher, OH-photooxidation would lead more effectively to SOA
formation through heterogeneous reactions and aqueous chemistry in hygroscopic aerosols.
Moreover, the formation of new particles and its growth would be even higher in environments
with low NOXx concentrations and the presence of inorganic seed aerosols, although the effect of
each type of seed aerosol could depend on its heterogeneous chemistry and its water absorption.
These results confirm the potential interactions between biogenic or biomass burning emissions
and anthropogenic emissions in urban areas (Zhao et al., 2018). Nevertheless, further studies are
required to analyse the chemical composition of the particle phase from 2,5-DMF OH-
photooxidation and ozonolysis, in order to better assess the role of this organic compound in the
atmospheric SOA formation.

Finally, this study and additional works covering complementary conditions could help improve
the capacity to predict the impacts of biomass burning emissions globally. Moreover, SOA
formation could be integrated into air quality simulation models, especially in developing

countries which are suffering severe fine particulate matter pollution.
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