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Abstract. Vehiaular exhaust is one of the important contribution sources of secondary organic aerosol (SOA) in urban areas.
Long-chain alkanes and aromatic hydrocarbons are included in gaseous organic pollutants of vehicle ethissions,
representative for diesel and gaselirehicles respectively. In this work, the SOA production from individual anthropogenic
volatile organic compounds (AVOCS) -ffodecane, 1,3;8imethylbenzene) and mixed AVOCs-dodecane + 1,3;5
trimethylbenzene) were studied with a laggale outdoor sog chamber. Results showed that the SOA formation from the
mixed AVOCs was enhanced compared to the predicted SOA mass concentration based on the SOA vyield of individua
AVOCs. According to the results of mass spectrometry analysis with electrospraytioonifene-of-flight mass
spectrometry (ESToF-MS), interaction occurred between intermediate products from the two precursors, which could be
the main reason for the enhanced SOA production from the mixed AVOCSs reaction ystestudy results could impve

our understanding about the contribution of representative precursors from théarehibaust to the formation of SOA in

urban areasThis studyalsoindicates that further studies on SOA chemistry from the mixed VOCs reaction system are
needed, athe interactions between them and the effect on SOA formation can give us a further understanding of the SOA

formed in the atmosphere.

1 Introduction

Secondary organic aerosol (SOA) has received considerable attention during the past few decadags @ itnpportant
role in affecting global climate change (Shrivastava et al., 2017; von Schneidemesser et al., 2015; Mellouki et al., 2015;
Kanakidou et al., 2005), atmospheric visibility (Zhang et al., 2015a; Moise et al., 2015; Laskin et al., 2015 R201s3),
and public health (Poschl, 2005; Poschl and Shiraiwa, 2015; Zhang et al., 2016; Requia et al., 2018). The formation, growth
and transformation of SOA influence the atmospheric ae
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Moise et al., 2015; Mellouki et al., 2015; Herrmann et al., 2015). The precursors of SOA mainly include anthropogenic
volatile organic compounds (AVOCSs) and biogenic volatile organic compounds (BVOCs) (Kelly et al., 2018); in urban areas,
AVOCs are the maisources of SOA, e.g., gasoline vehicle emissions (Johnson et al., 2004; Charron et al., 2019; Yang et al.
2018), diesel vehicle emissions (Paulsen et al., 2005; Wirtz and NRatiiejo, 2003; Odum et al., 1996; Zhao et al., 2015),
and solvent use (Lital., 2017c; Kansal, 2009).

Early regional air quality models underestimated the observed SOA concentrations in large areas of the atmospher:
(Volkamer et al., 2006; Heald et al., 2005; de Gouw et al., 2005; Appel et al., 2017; Huang0df7al); after incorporating
the newly discovered SOA sources, the gap between the observed and predicted SOA concentrations is decreasing (Zhao
al., 2016; Slowik et al., 2010; Hodzic et al., 2010). The SOA formation processes in the atmospherecaraplagted;
although the degradation of most VOCs is clear now, the formation and aging of a large amount of SOA is still unclear.
Previous studies found that the observed organic aerosol concentration could not be explained by the traditionahgields of t
measured AVOCs (de Gouw et al., 2005); in addition, field observations found that the potential interactions between
AVOCs and BVOCs existed during SOA formation (Spracklen et al., 2011; Hoyle et al., 2011; Glasius et al., 2011,
Galloway et al., 2011; &i et al., 2019): AVOCs could enhance (Spracklen et al., 2011; Carlton et al., 2010; Shilling et al.,
2013) or suppress SOA formation from BVOCs (Kari et al., 2019). A recent study also found that the SOA formation could
be reduced by the mixture of BVO@sIcFiggans et al., 2019). These findings indicate that there are interactions in the
complex mixtures of VOCs, which may influence the SOA production estimation if they were considered in models.

In urban areaghe vehialar exhaust is one of the impornasources of SOA, the representative substances of which
include aromatic hydrocarbons and lecttpin alkanes (Paulsen et al., 2005; Wirtz and Md&#wmiejo, 2003; Charron et al.,
2019; Saathoff et al., 2009; Zhao et al., 2015; Gentner et al., 2012n Asportant contributor to SOA in urban areas,
aromatic hydrocarbons are generally concerned about their kinetics (Atkinson and Arey, 2003; Calvert et al., 2002), reactior
mechanisms (Tsiligiannis et al., 2019; J. Midey al., 2003; Huang et al., 201 ang et al., 2020; Garmash et al., 2019),
SOA yield (Cao and Jang, 2007; Kroll et al., 2007; Ng et al., 2007b; Huang et al., 2017b), ozone generation potential (Luo ef
al., 2019), and SOA physicochemical properties (optical properties, morphologyGetsjean, 1981; Li et al., 2018; Li et
al., 2017b; Phillips and Smith, 2014; Kim and Paulson, 2013; Huang et al., 2018)chaingalkanes, as representative
substances of intermediate volatile organic compounds (IVOCs), are considammatergtial contbutor of SOA (Robinson
et al.,, 2007; Trostl et al.,, 2016; Shiraiwa et al., 2013). The studies aboutHaimyalkanes include SOA chemical
compositions (Fahnestock et al., 2015; Yee et al., 2013; Aimanant and Ziemann, 2013; Yee et al., 2012), §@aa/etid
al., 2014; Tkacik et al., 2012), and SOA optical properties (Li et al., 2017a; Li et al., 2020), etc. The aromatic hydrocarbo
and longchain alkanes are generally studied separately in the laboratory. However, it should be noted that in the real
atmosphere, aromatic hydrocarbons and domgin alkanes often exist at the same time, especially from vehicle emissions
(Wu and Xie, 2018). The studid¢isat cover these two types of substances in one reaction system are still limited, and the

correspondig SOA formation and reaction processes are not yet clear.
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In this work, 1,3,8rimethylbenzene and-#iodecane are selected as representative substances. As the concentration of
1,3,5TMB is much higher tharthat of n-dodecane in both the gasoline composg andambient air the initial
concentration ratio of 1,3;5MB and ndodecane in this work is about 10:1 (ppbv): Schauer et al. (2002) reported that 1,3,5
TMBandndodecane in the gasoline composition wreetad (2812)0 u't
reported that the weight percentage of 1,3\ and ndodecane in liquid gasoline were 0.53881 and 0.000.045 (%
weight by carbon), respectively. According to field observations in China, the measure@ME3 &oncentration at the
rural site in the YelRD (Yellow River Delta) region in 2017 could reach 1.447 ppb (Chen et al., 2020), and the measured C
alkane concentration was 0.12D.12 ppb at PRD (Pearl River Delta) region, and 042086 ppb at NCP (North China
Plain)region in 2018 (Wang et al., 2020).

Thework aimsto investigate the SOA formation from the mixed AVOCSs reaction system. In this study, the SOA yield
derived from rdodecane and 1,3tfimethylbenzene in the presence of HONO were obtained wiitingascak outdoor
smog chamber, and the SOA derived from the mixed AVOCs were measured. The measured SOA mass concentration frol
mixture AVOCs reaction system was compared to the predicted SOA mass based on the SOA ydeldezfane and 1,3,5
trimethylbenzene. QA particles were collected and analyzed with an electrospray ionizationotifiight mass
spectrometr (ESFToF-MS) to achieve insight into the chemical composition and interactions. The results here are helpful to

improve our understanding of the cabtition of representative precurséirsm vehicleexhaust to SOA.

2 Experimental Section
2.1 Experimental Methods

The experiments were conducted in a 5§32 m x6.2 m x2.5 m) outdoor smog chamber constructed at Chinese Research
Academy of Environment&ciences (the CRAES Chamber, 4002'27.73'N, 11624'41.56'E). The details of the chamber had
been described previously (Li et al., 2021). Briefly, the chamber was made of FEP Teflon film, the light transmission of
which was above 90% at the wavelengtt866-900 nm. The substances inside the chamber could be mixed well within 4
min. The experimental duration under solar irradiation was about 7~8 h. After each experiment, the chamber was cleane
with zero air for at least 24 h with a flow rate of 200 L/min.

1,3,5trimethylbenzene or-dodecane was introduced into the chamber by zero air through the guatenshaped
glass tube with a known volume of liquid 1,3tBnethylbenzene or-dodecane. Concentrations of 1;&jethylbenzene
and ndodecane were @asured before and after reactions by collecting samples on Tenax TA solid adsorbent and analyzing
by thermal desorptiegas chromatography with flame ionization detection (TD, UNKFYGC, 7890B).The OH precursor
of the experiments was HONO, it was paegd by dropwise addition of 1 mL 2 wt% Nap€blution into 2 mL 15 wt%
sulfuric acid solution in a custemade glass bubbler, the bubbler was attached to the smog chambeT &fitn tube, and

the formed HONO was introduced into the chamber by zerorag.NO, NQ, and formed ozone in the chamber were
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measured by NOx analyzer (EC 9841, ECOTECH, Australia) and ozone analyzer (EC 9830, ECOTECH, Australia),
respectively. After the gas species mixed evenly in the chamber, the enclosure of the chambemedas op

After each photochemical experiment, the formed aerosol particles in the chamber were collected by a low flow sampler
(LV 40BW, Sibata Scientific Technology Ltd., Soka, Japa
47 mm, MeckMillipore, TYPE FGLP) used were extracted in 5 mL methanol sonicating for 30 min. The methanol solutions
were analyzed by an ESIOFMS (Bruker, Impact ) in positive mode, and the chemical compositions of the formed SOA
were obtainedThe methanol solutons wer e al so detected wit h -3200)Uwhichwass | i ¢
used to detect the absorbing property of the formed SIhw.Attenuated Total Internal Reflection InfrarédTR-IR)
analysis was applied to determine the potential functional groups in SOA extrad€tdRaspectrometer (Bruker, Tensor 27)
equipped with &T-DLaTGsdetector was used. The SOA extracts were deposited and dried directlyDnarttantcrystal
of an ATRIR cell. The spectra of the dry SOA extracts were recorded by using a background spectrum obtained with no
samples as the reference (100 scadscm? resolution).

The chemicals following were used without further purification: tBrbethylbenene (1,3,5TMB) (99%, Acros), A
dodecane (>99%, Alfa Aesar), sulfuric acid (>95%, Beijing Chemical Works), sodium nitrite (98%, Alfa Aesar), methanol
(99.9%, Merck), acetonitrile (99.8%, Fisher Chemical).

2.2 Calculation Methods
2.2.1 Wall-Loss Corrections

As SOA yields could be underestimated due to the losses of SOA forming vapors to chamber walls, the viagsrwee!
consicered and corrected in this wo(Khang et al., 2014). The competition between the uptake of organic vapor by the
chamber walls ahthe aerosol particles would determine the effect of vaporlesdlon SOA yields (Zhang et al., 2015b).
The ratio of average ggmarticle partitioning timescaletl{ ) to the vapor walloss timescalet{" ) could be used to
evaluate the underestation of SOA yields (Zhou et al., 2011; Chen et al., 2019).

The average gasarticle partitioning timescaldl{ ) could be expressed as the following equation (Seinfeld J.H., 2006;
Zhang et al., 2014):
T — @)
where 0 was the average number concentration of the formed particles during the expé@invess, he number mean
diameter of the particlefgswas the gaphase diffusivity;O was the Fuch&utugin correction for noncontinuum mass

transfer (Seinfeld J.H., 2006).

The vapor waHoss timescalef{” ) could be expressed as the following equation (Zhang et al., 2015b):

o — @)
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wherek, was the wall loss rates of the organic vapomas the ratio of surface to volume of the chamber, 1.5%omthis

chamber;a, was the mass accommodatioreffizient of vapors deposition to the wall (1@as used here) (Zhang et al.,
2014);djwas the root mean square speed of thelgagas the eddy diffusion coefficient, which was set to 0:18czording
to the reported values for a 6 shamber (McMury and Grosjean, 1985). The detailed calculatiortpBygas kn and"O
were shown in the Supporting Informatiorhe uncertainty of the mass correction here is atitli®% ( see Suppor
I nformatiaon for details)

Particle wallloss to chamber wallsvould also cause underestimation when calculating the SOA vyield from
measurements if these losses were not corrected for. Thus particlessallas accounted for during the experiments. The
particle growth data was corrected favall-loss in which sizedependent coefficients from inert particle waks

experiments (ammonium sulfate) were applied to the particle volume data (Li et al:, 2021)

N Q @uvpmnQd - (4)

wherekqedd) was thewall-lossloss coefficient of particles in the diameter

2.2.2 SOA Yields

The secondary ogpic aerosol (SOA) yield (Y) was defined as the fraction of a reactive organic gas (ROG) that was
converted to aerosgland it could be calculated by the following equation:
o I ®)
whereYd ( & g?) was the mass concentration of the organic aerosolYdnd "0 ¢ g3) was the amount of the ROG
reacted.

For the mixed anthropogenic volatile organic compounds (AVOCSs), the formed SOA mass was predicted based on the
SOA precursors and their SOA yield measured in this study. The possibli@eeeminteractions between thathropogenic
VOC mixtures were not taken into account. Specifically, the calculation equation (Kari et al., 2019) could be expressed as
follows:
YO 0 B YY) O® (6)
whereY'Y () "@vas the amount of tHROG reacted, and; was the SOA yield oROG.

3 Results and Discussion

A set of experiments are conducted in summer, of which thalindgnditions and general results are shown in Table 1. The
experiments are conducted as followsdadecane + HONO; 1,3fsimethylbenzene + HONO; -dodecane + 1,3;5

trimethylbenzene + HONO. The experiments are conducted under similar conditions, deiteeof the relative humidity

5
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(RH), temperature (T), and the N@hotolysis rate (J(N§) of the experiments are shown in Figure Bg.et al. (2007a)
reported that the efficient photolysis of HONO (the same method with this study) geuktate relatively high
concentrations of OH, 1 ppm NOx ~ 2XI0 molecules/cfhOH initially. The NG concentration applied in this work is in
the range of 19@60 ppb, resulting in the estimated OH concentratiging (4 - 5.2) xL0"6 molecules/crin thepure and
mixture experimentsThe NG photolysis rates of the experiments at noon in summer are in the range 60 @065"; for

the experiment MIX3, the weather is cloudy, and the J@@t noon is relatively smaller, 0.004.sThe temperature in
summer at noon is in the range of-86 , the RH inside the chamber is < 10%. The reaction profiles of ghxidation of
n-dodecane, 1,3;5MB, and mixure AVOCs under HONO conditions in summer are shown in Figurctording to a
previous study (Chen ell., 2019), the formed inorganic nitrate is negligible for the MN@x oxidation of gasoline, in
which the experiment al conditions are similar to 9.his =
In the pure and mixture experimentege NG concentration is equivalent, so the formed nitric acid should be similar.
Therefore, the increase in particle mass concentration in the mixture experiments is likely from the organic aerosols.

The SOA yields of mdodecane and 1,3;BMB are 4.1~23.1% and1.1~2.4%, respectively, as shown in Table 1. The
predicated SOA mass derived from the mixture of these VOCs is based on the measured SOA yiétadtecdme and
1,3,5TMB, without considering possible ndimear interactions between them. Thendabserved SOA mass is compared to
the predicted values. It can be seen that nearly all the measured values are higher than the predicted SOA mass both bef
and after waHoss correction. In other words, the SOA formation is enhanced when the two AV®@sxad, indicating
the potential synergistic effect may exist in the tomi@ AVOCs reaction system. The findings above would be discussed

further in the following parts.

3.1 Enhancement of SOA formation

Figure 1 shows the formation and evolution of 8®@A during the photochemical reaction processes in summer. The
number mean diameter, number concentration, surface mean diameter, total surface, and mass concentration of the particl
are analyed and compared. The number mean diameters of the formédesaftom ndodecane, 1,3;5MB, and the

mixture are 100 nm, 5000 nm, and 15@00 nm, respectively. This suggests that after mixing the two precursors, the
number mean diameter of the formed particle became larger. The number concentration of theddiohes) similarly,
increased from 2.0 x 18 #/cn? for single precursors to above 1.0 x*40#/cn? for the mixture. Because of the enhanced
particle number concentration and diameter, the mass concentration of particle r e a s e s f foroindivideal 4 € g
precur sor s 3forahe mixtudeOIt cangbe seen that the mass concentration of SOA generated by tilme mix
AVOCs system is significantly higher than the sum of the SOA generated by the two separate systems. It should be note
that the sufiace mean diameter of the particles frordadecane, 1,3;5MB, and the mixed AVOCs is all around 200 nm.
However, due to the enhanced number concentration for mixture, the total surface of the formed particesiXture

(>1.0 x10"9 nnt/cm®) was hidner than individual precursors (<1.0 ¥ nn¥/cn? for n-dodecane; <5.0 x & nnt/cm?

for 1,3,5TMB). Overall, after the two precursors are mixed, the number mean diameter, number concentration, total surface,

6
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and mass concentration of the generatedgbestwere improved, while the surface mean diameter of the particles did not
change.

From the results shown above, we know that the SOA vyield is significantly enhanced wiregh nvidrdecane and
1,3,5TMB. Experimental conditions can influence the SOAIdsehowever,the effect is not obviousFirst, precursor
concentration may play a role; however, we can rule it out based on the analysis below. Several previous studies (Lauragua
et al., 2012; Loza et al., 2014; Zhou et al., 2011; Ng et al., 2007a) reported that the aerosol formation is strongly
affected by the initial precursor concentration, véthigher initial concentration of precursor leading to higher SOA yields.
As higher initial precursor concentration will produce a higher amount ofosatlle products through chemical processes,
thus the formed SOA mass will be higher. The aerosol present in the system will directly affectghdigaspartitioning,
as the medium, it can adsorb the oxidation products; thus, higher SOA mass vidl églaer SOA yield (Lauraguais et al.,
2014). In this work, for TMBL and TMB2, while keeping the HONO concentration basically unchanged, the concentration
of 1,35TMB increases from 1t06 IpHhd [ Hhthé yiGditereDsenyonly M9%. For the
mixture AVOCs reaction system, the concentrations of the precursors forlMixd MIX-2 are 168 and 155 ppb (824.2 and
756 . 28 13T MB) , 28 and 22 ppb?3 tdbdecane), respectivelyl Gothpaid veitly T8
experiment s, the concentration of MI XPamrde Qb#?(B615%)i/Amcordimgltoy | n
the SOA yields of TMB reaction system, the increase in the precursors mass concentration dteesysbem is not the
reason for the large increase in the SOA mass concentration. Second, NOx may also influence the SOAliiEidnbtt
the case here. Tsiligiannis et al. (2019) observed that the particle formation strongly varied witbohidtions, the
increasing N/ @TMB rati o would suppress the SOA formation. I
mixturereaction system, the NCxoncentration in the system remains basically unchanged. For experimert, NWIR-1,
and MIX-2, they hae asimilarpV O C / xXafo, all around ~8, but the formed SOA mass concentration is quite different.
This indicates that thgoV O C / xXa@o here has little effect on the enhanced SOA mass concentration of the mixed AVOCs
reaction system.

Rate constants for the reactions efladecane and 1,3;BVIB with OH radical at 298 K are 13.2 x 12 cn?¥
molecule! s and 56.7 x 10212 cn? molecule! s?, respectively (Atkinson and Arey, 2003). As shown in Table S3, OH
reactivity of Dod1 and DoeR is about 6.5.1 s'; OH reactivity of TMB2, and TMB3 is in the range of 237248.3 <
and OH reactivity of MIX1, MIX-2, MIX-3, and MIX4 is in the range of 223.3~361.5. Fhis indicates that OH reactivity
of the mixture experiments differs greatly from that of dodecane experiments, but it is very close to thatT¥Ig,3,5
experiments. However, the mixture experinsestill havealarge enhancement in SOA formation compared with IT8/B
experiments, indicating that this enhancement is likely not due to the different OH redRt@yconstastfor the reactios
of NO; and NO with OH radical at 298 K are 4.1x 1@2 cn? molecule! st and 3.3x 10211 cn? molecule' s?,
respectively (Atkinson et al., 2004). The OH reactivity of NOx is similar for all experiments {288.8 s'), and therefore

likely plays a minor rolén influencing SOA concentration.
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For the enhancement in SOA yield of the taie AVOCs system, we propose two possible conjectures, as revealed in
Figure 2. The first conjecture is that the -gasticle partitioning of the system has changed. The SO gfen-dodecane
(14.1-23.1%) is significantly higher than that of 1,3/3/B (1.1-2.4%), so the volatility of its products (including gas phase
and particle phase) is relatively lower, and it is easier to form particles, e.g., nucleation; for tHdlB3&action system,
the products hze higher volatility and are difficult to condense and nucleate, so the yield is lower. WheiTB, &
mixed with rdodecane, the products ododecane provide a lot of particles for the products of -I,®IB to condens, so
the yield is greatly improved. Another conjecture is that there are chemical interactions between the two systems, i.e., the
intermediate products of the two precursors may react with each other.

In order to know which conjecture is corretifferent injection experiments are performeddadecane and HONO are
introduced into the chamber firstly, and after one (Figure 3c and d;8ylk¢ four (Figure 3a and b, MEX) hours of
photochemical reaction, 1,3BVIB is introduced into the chamber. As shoimnFigure 3a and c, after the introduction of
1,3,5TMB, the mass and number concentration of the particles has a certain increase, and the consumptida of NO
accelerated. However, compared with Figure 3ddadecane and 1,3;BVB are added together foee the photochemical
experiments, MIX4), the final SOA mass concentration of M6Xand MIX-7 (Figure 3a and c) are much lower. If our first
conjecture plays an important role, one would expect large SOA mass enhancement (similar with mixed expasithents)
products of rdodecane provide enough condensational sink for-Tj8lB products to condense. The result here indicates
that the gagarticle partitioning conjecture plays a minor role in the SOA vyield enhancefefurther verify our second
conjecture, the particle compositions are azaty and shown below.

Figure 4 shows the ESIoF-MS mass spectra of SOA generated fromodecane, 1,3;5MB, and mixure AVOCs.

The representative identified products with strong intensity are shown in FigaredSAable?2. The identified products are
mainly based on the mass spectra and previous related studies (Tsiligiannis et al., 204PB; 20&7a; Sato et al., 29).
As shown in Figure 4, most products frortlodecane, 1,3;5MB, and mixure AVOCs SOA are concentrated aroumdz
200450, in the range ofn/z500-700, oligomers arformed.

Huang et al. (2015) reported that the predominant producthd@ging of1,3,5 trimethylbenzene secondary organic
aerosol were organic nitrogeontaining products, aromatic organic acid, oxocarboxylic acid, and oligomer compounds.
Due to the various NQ qpTMB r ati os, the formed product suldndadyto the be
suppression of oligomers and particle formation, and higher NO would increase the formation of organonitrates (Tsiligiannis
et al.,, 2019). The products derived fromdadecane in the presence of N®@ere mainly oxygeitontaining organic
compounds (i.e., peroxyhemiacetals, hemiacetals, esters, aldol condensation) and organonitrate products (Fahnestock et ¢
2015; Lim and Ziemann, 2005)s shown in Table 2, the products derived from 1By are mainly organonitrates and
oxygencontaining organic compounds. For products derived frordodecane, the main components are also oxygen
containing organic compounds and organic nitrates. It should be noted thatixtilee AVOCssystem, some products
that are not detected in the separate readistem (rdodecane or 1,3;5MB), such as GH3dOs, Ci6H240s, CogHagOno,
CssHegOn0, €tc. This indicates that interactions occur between the intermediate productsdoalecane and 1,3,;BMB.

8
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respectivel y.

3.2 Light absorption of secondary organic aerosol

Figure 6(a) shows the UWis spectra of the «dodecane, 1,3;5MB, and mixure AVOCs SOA filter extract. Before
analying the samples, the blank PTFE membrane filter is dissolved with methanol, and the uhlvésildktabsorption
spectrum ofthe methanol solution is anabd. The absorptioof the SOA filter solutiongs mainly oncentrated in the
wavelength of < 300 nm. This is consistent with previous literature reports: Li et al. (2017a) found thdddieeane SOA
solutions had no detectable absorption in the wavelength of > 350Huang et al. (2018) found that the 1;38B SOA
solutions also had no obvious absorption in the wavelength of >30Bas ed on the | ight absor
absorption effgriehcyhé MBEBA imn the extracts is cal:cul at
060_ & mdowi_To - T
wheAl®a)ls the |light abyagr Gwmident ceeSOAcimass ¢(mncentration
the SOA extracts in Figure 6 (a) was calcul atedMBrsmmA220
(56238 )m> dodeca’thg) SOAMI( # 2 ube MAVEIRMABIDHe 206259 nnbband also shaw
the same patterihis indicates that the SOA generated by the mixture AVOCs conégisigght-absorbing substance per
unit masgelative to dodecane SOA and 1;361B SOA.

To further determine the potential functibmgioups in SOA extracts, AHR spectra were acquired (Figure 6ibh
eliminate the influence of water, experiments were conducted under dry conditions. As shown in Figure 6 (b) add Table S
the bold peak at 3360 chtorresponds to the characteristi@ak®f GOH in alcohol. The peak at 31922mriginates from
the O-H stretching vibration of carboxylic acid. The two characteristic peaks at 292 amin2850 cm corresponds to the
C-H stretching vibration of alkane. The peaks at 166¢t eamd 1633 cm originate from C=0 stretching vibrations. The
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signak at 1465 crt and 1415 cmt' represent the deformation vibrations of methyl and methylene groups. The peak around
1268 cmt corresponds to the vibration of nitrate groups in nitrate ester. The results above suggest that the SOA extracts ar
dominantly composed of carbonyl compounckboxylic acid, nitrate ester, and alcohol. This is consistent putious

studie Huang et al ., 2015; Fahnestock et al., 2015)

3.3 Factors affecting the formation of SOA and ozone

According to previous studies, ozone concentration was statistmadijively correlated with temperature, solar radiation
intensity, and sunshine hours, and was negatively correlated with precipitation, relative humidity (RH), visibility, and wind
speed (Wang et al., 2017; Huang et al., 2019; Jaffe and Zhang, 2B&7actors affecting ozone generation included solar
radiation intensity, temperature, and precursor concentrations. Figsi®wed the generation of ozone during the
photochemical reactions of three different reaction systems. As shown in Fi¢ajrefor the n-dodecane reaction system,

the ozone concentration was Dbd>Dod2 . As revealed by Table S2 axrdtio&mdgur e
solar radiation intensity (J(N{), the higher temperature would promote the formation of ozone. For-INE reaction

system, the formed ozone concentration followed the order:-ZMBTMB-3 > TMB-1 . The correspxondin
ratio were 8.13, 6.12, and 4.48, respectively. The temperature conditions weré *MBIB-2 > TMB-3. The J(NQ) was

similar fort he t hree experi ments. Wi t h si mi( ratio of predursors playadda at i
decisive role in the generation of ozone concentration compared to the temperature condititmesmibdure AVOCs

reaction system, the order of fioed ozone concentration was MEX> MIX-1 . The correspxoratidwasg @V
7.83 and 8; the J(Np was MIX-1 ~ MIX-2. The TMB/Dod ratio were 7 and 6. This indicated that, under similar
gV O C s ¥ rati@and J(N©Q conditions,a higher TMB/Dod ratio wou promote the formation of ozone. For experiments

MIX -2 and MIX3 , t he qYatbCGvere diMdlar, the temperature conditions were MIX MIX-3, the J(NQ) was

MIX -2 ~ MIX-3, the TMB/Dod ratio were 9.1 and 7. The conditions above indicated that tlee figB/Dod ratio played a
decisive role in the generation of ozone concentratbng her t emper at ur e x (aph@pphl) ratiphnear @V
separate reaction system will promote the generation of ozone; the relative content of reaction precursioib$ ipphé
mixturesy st em wi |l |l affect the ¢ onc e nxtratigahigeemconsehtratioz af b EFBMB wi t h
will promote ozone generation.

As shown in Figure8, for the n-dodecane reaction system, the messcentration, number concentration, and total
surface of the particles were Ddd< Dod2 . According to Figure S1 andtobrdbl e
J(NGO,), the lower temperature would promote the formation of particles. However, the suntzame and number mean
diameter of the two experiments were around 100 and 200 nm, this indicated that temperature had little effect on the
diameter of the formed particles. For 1:38B reaction system, under similar J(§yOlower temperature and higher
WCs/NGr ati o would promote the parti ¢tlato hddditierafiett orotme;particle mp e
di ameters. For the mixtur e eratip eompaned with §(NY andrnieinperatursgihigherl ar

Dod/TMB ratio wouldpromote the particle formation; similarly, the above conditions had little effect on the particle size.
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Lower temperat ur e @ fpdbC/hpb)gdiie in a sepatate sdadtiah system will promote the particle
formation; the relative content of reft precursors (ppb/ppb) in the xhire system will affect the formed particles, with
simil ar gphtd,GashigheOconcentration of-dodecane would promote the generation of particles; reaction

conditions have little effect on the size of thmal particle size.

4 Atmospheric Implications

Our findings demonstrate that the SOA vyield derived from the mixed anthropogenic volatile organic compdodédsdne

+ 1,3,5TMB) in the presence of HONO is higher than the predicted value. The refsiliits work further demonstrate the
inaccuracy of the SOA yield calculation method for the VOCs mixture, i.e., the simple linear addition of SOA yields from
the individual yield of the compound in the VOCs mixture. This calculation method may underestimegeestimate the

SOA production. In this work, the SOA production from the mixedbdecane and 1,3 BVIB is underestimated. In the
general case, the SOA vyields from the individual compounds should be used with caution when calculating the SOA Yyields
fromthe VOCs mixture Besides as the representative substances of mathicle exhaust, lorghain alkanes and aromatic
hydrocarbons exist in the atmosphat the same time. The increase in SOA yield after mixing the two kinds of compounds
gives us anrisightinto the SOA yield derived frorthe vehiaular exhaust. Our results indicate that SOA formation needs to

be considered more realistically in the atmosphere.

5 Conclusions

In summary, a set of photochemical experiments are carried out in sstaigeutdoor smog chamber. The measured SOA
mass concentration of the mixe AVOCs (ndodecane +,8,5-TMB) is compared to the predicted SOA mass concentration
based on the SOA mass yields of the individual compounds. Results show that the SOA formatibe fmdture AVOCs
is enhanced. Mass spectra of the SOA particles indicate that interaction loetsugen the intermediate products from the
two precursors, and the products previously present in thehgas may enter the partiglbase through this inteeaction.
This could be the main reason for the enhanced SOA production from th&ae/OCs reaction system. The SOA
formation and the ozone formation yavith the NQ/VOC ratio, the temperature, and the solar radiation intensity.

Further research is needed to study the SOA chemistry from bidgiegenic VOC mixtures, biogen@nthropogenic
VOC mixtures, and anthropogeranithropogenic VOC mixtures. The interactions betwé@&C mixturesand the effect on

SOA formaton are neededtbe determined.

Data availability. The data used in this study are available upgnest from the corresponding author.
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640 Table 1. Summary of the initial conditions and results of the conducted experiments.

Initial Conditions of the Exg Gener al Results of the
. T J( NO
1, 3, n- E Ma s s Ma s s .
Number Dat e NO NQ N Q (at (at| RH Os Ma § s Mass °C Yi &1
TMB | dodec VO§& NOY 5| PTedf s Preds
(pp| (pPpP| (PP noon noon (%) (pp| (g/Mm 3 (g/m (%)
(pplYf (ppb (ppbcC/ . (g/°m (g/9m
) (]

Do-d 2019. ( -- 22 50 160 210 1.26 37 0. 00 < 57 6. 4 - 35. 2 -- 23.
Do-@ 2019. 1 -- 20 77 137 214 1.12 34 0.00] < 25 3.7 -- 19.1 - 14.
TMBL( Li et al2019.( 105 - 23 188 211 4. 48 43 0. 00| < 288 2.1 - 7.68 - 1.5
TMBR( Li et al2019.( 178 -- 46 151 197 8. 13 38 0. 00 < 77 2 5.1 - 21. 11 -- 2.4
TMB( Li et al2019.1 170 -- 68 182 250 6. 12 30 0. 00 < 530 2.5 - 8.99 -- 1.1
Ml X 2019.(¢ 168 28 62 169 231 8 46 0. 00 < 358 59. 10. 3 73.5 49.9 -

M1 X2 2019.(¢ 155 22 58 154 212 7. 83 39 0.00] < 721 47. 8.5 58. 5 40. 9 --

M1 8 2019. (¢ 182 20 71 147 218 8 61 31 0. 00| <9 435 11. 8.6 14.38 40. 8 -

M1 %4 2020. (¢ 251 35 54 158 212 12. 64 39 <7 999 60. 13.7 74.6 65. 8 -

M1 % 2020. 0| 4 h 27 61 157 218 - 52 0. 00 < 289 8 - 27.7 -

M1 % 2020. 0| 4 h 38 58 198 256 - 43 0.00] < 276 6 -- 20. 8 --

Ml X 2020. 0] 1h a 39 56 207 263 - 42 0.00] < 440 2. 3 -- 7.9 - --

M1 38 2020. 0 227 1h adf 48 167 216 43 0. 00| < 335 4. 5 - 15. 6 - -

a: the mass here is the measured value with the SMPS; the density of the formed SOA derived ffohBLj8,8ssumed to be 1.4 g/ém
(Zhang et al., 2016; Nakao et al., 2018 density of the formed SOA derived frondodecane is assumed to be 1.06 §/trim and Ziemann,
2009; Li et al., 2017athe density of the formed SOA derived from the mixed AVOCs is assumed to be 1.23 g/cm

b: the predicted mass here is based erytéld that the particle and vapor whilss are not considered.

645 c: thecorrectednass here isalculated aftetaking particle and vapor walbssinto account

d: the predicted mass here is based on the yield that the particle and vapossvale cosidered.

e: theSOAYield here iscalculated after taking particle and vapor wall loss into account.
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650 Table 2. Representative identified mass spectral peaks, molecular formulas, molecular weights, and relative intensitfy o
dodecane, 1,3, 8 MB, and mixture AVOCs-derived SOA

MI X T MB ndodecan
Molecular Formula M+H M+Na Rel ati v Rel ati v Rel ati ve
Inteddi0B8y| I nteddidBY I nteddid3y
CoH1403 171.099 1. 41 1. 73 0. 733
CoH17NO3 210.111 0. 484 2.38 0. 864
C11H1804 215.126 0.641 0. 0563 0.0489
C14H2203 239.166 0.217 0.0526 0.04809
C14H2002 243.134 0.113 0.0966 0.110
C11H22NOs 249.158 0. 489 0. 0583 0.0718
C14H2602 249.183 0.503 0.0495 0.0459
Ca3H2sNO2 250.177 1. 22 1.79 1.69
CsH1209 253.056 0.220 0. 0308 0.01009
C11H2205 257.135 0.535 0.0265 0.0223
C12H2006 261.131 0.387 0. 284 0. 393
Ci15H2802 263.199 0.250 0.0808 0.0427
C14H2405 273.167 0. 799 0.0872 0.0643
C16H2204 279.159 0.728 0.139 0.0724
C14H2604 281.172 0. 305 0. 0685 0.0427
Ci8H280 283.207 1.14 1. 83 1. 46
Ci13H22NOs 289.153 0.890 0.0513 0.0565
C16H2204 301.146 4 . 77 1.009 1.41
C18H3402 305.263 3.26 1. 22 0.004. 4
C16H3004 309.202 1.28 0.149 0.135
C1gH2803 315.194 0. 936 1.25 1.26
C16H2405 319.151 2.09 0.0290 0.0197
Co0H3402 329.246 0.319 0.0927 0.133
C19H3804 353.267 1. 42 1. 46 2. 42
Co4H3804 413.266 2.69 1. 39 1.74
C20H3408 425.214 0.297 0.395 0.0333
Co4H3zeNaGs 427.245 0.107 0.108 0.0393
Co7H480s8 523.325 0.183 1.54 1. 33
CzoHsoNOs 553.459 3.08 0.145 3.32
CasHag010 567.307 0.272 0.0195 0.0215
Ca2oH48010 579.296 1.54 0.0150 0.0167
Cs5H68010 639.480 1.2 0.1009 0.134
C41HsoNOs 685.434 2.01 0.209 2.11
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Figure 1. Reaction profiles of photooxidation ofh-dodecane (a), 1,3 MB (b), and mixture AVOCs (c) under NOx conditions in
summer. The concentrations of mass and number concentration of particles are shown on the left axes, while the diameter of
665 particles and concentrations of NO, N@ NOx, and Oz are shown on the right axes.
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Figure 2. The possible conjectures of the reaction processes.
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Figure 3. (a) reaction profiles of experiment MIX6; (b) time seriesof particles in the size range of @0 nm for MIX -6; (c) reaction
profiles of experiment MIX-7; (d) time seriesof particles in the size range of @0 nm for MIX-7; (e) reaction profiles of
experiment MIX-4; (f) time seriesof particles in the size rangeof 0-40 nm for MIX -4. The concentrations of mass and number
concentration of particles are shown on the left axes, while the diameter of particles and concentrations of NO, INNOx, and O3
are shown on the right axes. The vertical gray lines in the figueerefer to the time that 1,3,5TMB was added.
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