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Major comment: Dynamic a;

| understand the mass-based stoichiometric coefficient (ai), has to be dynamic to capture the full
evolution of the aerosol mass. It is not clear on page 5 line 7, if the dynamic reconstruction is a fit
to smog chamber data or not. Section 3.1 reads as if o was fitted at the beginning and ending
conditions of the experiment. Then assuming that is correct, does i have any value other than a
free parameter? o; was the major factor that brought the experiments and model into an agreement,
is this fit general for the atmosphere or system specific?

Response:

The dynamic reconstruction of «; is not produced by fitting SOA simulation with ¢; to the smog
chamber data. The dynamic ai is created by compositing the two i sets at the fresh gas composition
(fresh a; ) and the highly aged gas composition (highly aged ;). The fresh ; and the
highly aged «; are predicted using the predetermined equations, which are a function of NOx level

near the summer solstice (June 14", 2018). At a given NOx level, dynamic ai is reconstructed using

HO,]+[RO;

the aging scale factors (f;(t) = log [ THC] ]). Under a given NOy level (HC ppbC/NOy ppb) the
0

fa(t) is maximized late afternoon (~4 PM) at near solstice. For the fresh condition, f,(fresh) is
determined at 20% of total hydrocarbon consumption. f,(fresh) and f,(higly aged) are f,(t)
values at fresh and highly aged conditions, respectively. For example, f,(fresh) and
fa(higly aged) at HC/NOx = 45 for toluene are -3.7 and -2.9, respectively. At HC/NOy = 2,
fa(fresh) and f,(higly aged) are -7.2 and -5.2, respectively. We define aging factor (f,'(t)) at

time =t as follows



fa(highly aged) — fa(t)
fa(highly aged) — fy(fresh)
Then, the ai set is dynamically reconstructed by a weighted average method (Eqg. (2) in the

fa'@® =

manuscript) using fresh a; set, highly aged «; set. and f,'(¢t).

In order to provide better description, Section 3.1 (“Atmospheric evolution of lumping species”)
has been revised and reads now,

“...The weighting factor at time = t is related to an aging scale factor (f,(t)), which is defined as

HO,]+[R0O;]

_ [
fa(6) = log 22l

(1)
where [RO2] and [HO2] represent the concentrations (ppb) of RO2 and HO- radicals, respectively,

and [HC]o represents the initial HC concentration (ppbC). The lower boundary of f,(t) (t = fresh)
to determine the a; set is equal to -7.2 at HC/NOx=2 (high NOx levels) and -3.7 at HC/NOx=14
(low NOxy levels) for all three HCs. The upper value of f,(t) (t = highly aged) to determine the
highly aged «; set is equal to -5.2 and -2.9 under the same high and low NOx levels, respectively.
Both the fresh a; and highly aged «a; are functions of HC/NOx. f,(t) is further converted into a
fractional aging scale (f,'(t)) ranging from 0 (fresh composition) to 1 (highly-aged composition)

fa(highly aged) — f a(t)

using a weight average method (f,'(t) = 7 (highly aged) — Fa(Fresi

) at each NOxy level. Then, «; is

dynamically reconstructed based on f,'(t) under varying NOx conditions.
a; = (1— fa'(®))(fresha;) + (fa'(t))(highly aged a;)
)
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Minor Comments:
(1) Page 1 line 13: "applied to estimate" would be clearer if changed to "used to estimate"
Response:

This has been corrected in the revised manuscript.

(2) Page 1 line 19: Shouldn’t the importance of electrolytes over NOy or ai, be expected or is this

new insight?



Response:

The impact of hygroscopic seed, NOy, or aging on SOA growth has been studied by numerous
researchers. However, the relative importance of these variables on SOA was not well investigated.
Based on our chamber studies and simulation results (Figure 7), we conclude that the effect of an
aqueous phase containing electrolytes on SOA yields was more important than that of the NOx

level under our simulated conditions or the utilization of the age-driven «; set.

(3) Page 1 line 21 and Page 11 line 14: "presence of wet electrolytic seeds" is this mainly the
salting-in effect (and not chemical reactions) that causes the increase in SOA mass? From, Figure
7 the small fraction of OMar in A-D seems to suggest that is the case. Have you run simulations
at higher RHs, say 90%?

Response:

Although some compounds (e.g., glyoxal) can be salting in (Kampf et al., 2013). In general,

electrolytic inorganic salts results in salting out for most organic compounds (Wang et al., 2014).
In this paper, the organic solubility in the salted aqueous phase was predicted using the
predetermined polynomial equation, which was produced using the solubility (activity coefficient)
of a variety of model compounds, which were parameterized with molecular weight (MW) and
organic to carbon ratio (O:C) at different humidity and inorganic compositions. Evidently, the
activity coefficient of most organic compound increases as increasing salt concentrations
(decreasing humidity) supporting a salting out effect (Section S3 in supporting information). The
sign of the coefficient for humidity in equation 4 is negative. In the revision of the manuscript,

equation 4 was updated by including more model compounds and reads now,

Vini = o 4789 In(MW )~4.701-1n(0:C;)~5.484-FS—0.098-(100-RH)~12.464

(4) Page 4 line 10: There are theoretical calculations to include in the support the assumption of
phase separation. See Zuend, A. and Seinfeld, J. H.: Modeling the gas-particle partitioning of
secondary organic aerosol: The importance of liquid-liquid phase separation, Atmos. Chem. Phys.,
12(9), 3857-3882, doi:10.5194/acp-12-3857-2012, 2012.

Response:

We cited the original paper in the manuscript at page 4 line 11.



(5) Page 5 line 26: How did you settle on this formula for the activity coefficients? | suggest
adding that discussion to the SI.

Response:

In order to provide better description, Section S3 (“Activity coefficient of organic species in the
aqueous phase containing electrolytes”) has been revised and reads now,

“In the UNIAPR model, the formation of aromatic SOA is simulated with the assumption of
organic-inorganic phase separation. To predict the partitioning of organic species on both the
organic phase and the inorganic phase, the key model parameters are K,,; and K, ;, respectively
(described in Section 3.2 of the main manuscript). In order to predict K;,, ;, the calculation of the
activity coefficient (y;,;) of organic species in the inorganic phase (aqueous phase containing
electrolytes) is necessary.

In our study, y;, ; was semi-empirically predicted by a polynomial equation, which was fit
the theoretical y;,, ; of various organic compounds to relative humidity (RH), fractional sulfate (FS),
and molecular structures (i.e., molecular sizes (MW;) and polarity (0: C;)). The theoretical y;,, ;
was determined at the maximum solubility of organic species in the electrolytic aqueous phase
(SO4%-NH4*-H,0 system) using the Aerosol Inorganic-Organic Mixtures Functional Groups
Activity Coefficients (AIOMFAC) (Zuend et al., 2011). AIOMFAC was run for the estimation of
Yin; Of 26 model compounds with diverse MW; and O:C; under varying inorganic phase
compositions (FS and hygroscopicity linked to RH). The oligomeric products form in aqueous
phase, but they deposit to the organic phase due to their poor solubility in inorganic phase.
However, some hydrophilic oligomers can dissolve in both organic and inorganic phases. For
example, glyoxal-origin oligomers might be hydrophilic and partially soluble in inorganic phase.
Hence, the trace amount of glyoxal-oligomer (MW = 290 g/mol and O:C = 1 with mole fraction =
0.01) was included in inorganic phase as seen in Table S4. In Figure S1, the y;, ; predicted by
AIOMFAC was plotted to that predicted by the polynomial equation (Eq. 4 in the manuscript)
along with the one-to-one line for 26 organic species (Table S4). FS ranges from 0.34 to 1.0 and
RH ranges from 0.1 t0 0.8.”



Table S4: The molecular structures of the oligomeric compound (a) and 26 model compounds

(b) with O:C ratios and MW, which were employed to derive the polynomial equation to

predict y,; of organic species in electrolytic aqueous phase. The name of the organic

. * .. .
compound with symbol originates from MCM website
(http://mcm.leeds.ac.uk/MCMv3.3.1/home.htt).
(a)
# Oligomer
0 0 0 © Q 0
Structure
0 o o o]
#of GLY =5
Formula CH,¢Oyg (n=5. nonhydrate on both end)
o:C 1.000
MW 290
(b)
# 1 2 3 4 5 6 7
OoH OH OH
~ HO A\ HO o Q o]
Structure @5 I HO OH
Name | phenethyl alcohol o-cresol 2-methoxy-2-methylpropane MCATECHOL*  1.7-heptanediol  phenylacetic acid norpinic acid
Formula C8H100 C7H8O C5HI120 C7H80O2 C7H1602 C8H802 C8H1204
0:C 0.125 0.143 0.200 0.286 0.286 0.250 0.500
MW 122.167 108.140 88.150 124.139 132.203 136.150 172.180
# 8 9 10 11 12 13 14
¢ Ho, "~ Ho—"0 OH
oH
°J\N/uw)l\ ¢ o HOW\
Structure A OH
T o” ] °
0 %
Name | C60TKETOOH* EBZBPER20OH* 2-phenylethylhydroperoxide MMALNHYOOH*  octanoic acid tert-butanol 1,4-dihydroxy-2-butene
Formula C6H806 C8H1204 C8H1002 C5He606 C8H1602 C4H130 C4HRO2
0:C 1.000 0.500 0.250 1.200 0.250 0.250 0.500
MW 176.124 172.180 138.166 162.097 144.214 77.147 88.106
# 15 16 17 18 19 20 21
o O._OH
% 0 OH
Structure H 0 OH
(|3H O,s, \
0 (3 | |
= OH
Name | hexanedioic acid octanol TLEMUCOOH* 1-pentanol syringic acid methylglyoxal  3-methyl-4-propyl-octane-2,6-diol
Formula C6H1004 C8H180 C7H1006 C5H120 C9H1005 C3H402 C12H2602
o:C 0.667 0.125 0.857 0.200 0.556 0.667 0.167
MW 146.142 130.231 190.151 88.150 198.174 72.063 202.338
# 22 23 24 25 26
% S HO " " oH 2
] o o ZS""0H
—n g
Structure — 0 N OH Ho
o N\ -
l o~ OCH,
Name 1-propanol glyoxal EBZBPEROOH* EBENZOLOOH* ferulic acid
Formula C3H8O C2H202 C8H1205 C8H1206 C10H1004
0:C 0.333 1.000 0.625 0.750 0.400
MW 60.096 58.000 188.179 204.178 194.186
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Figure S1: The y;, ; predicted by AIOMFAC was plotted to that predicted by the polynomial

equation (Eq. 4 in the manuscript) along with the one to one line.

(6) Page 11 Line 3: "RH is insignificant” only at these experimental conditions. Maybe change to
"RH is insignificant for our experiments, discussed in Section 4.2."

Response:

We changed the sentence to ... the effect of RH on SOA growth is insignificant in our simulation,
discussed in Section 4.2.”

(7) Figure 5: T find the figure’s y-axis labels a bit cramped. Add a little more white space between
the three panels to improve readability.

Response:

Figure 5 has been revised based on the comment the reviewer as follows,
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Figure 5: Time profiles of measured inorganic sulfate concentration ([SO4?Jexp), ammonium
concentration ([NH4"Jexp), diOS concentration ([diOS]exp), the predicted proton
concentration ([H*]), diOS concentration ([diOS]moder), and the maximum diOS
concentration ([diOS]max) (assuming there is no ammonia neutralization in the system) for
SOA generated from (a) toluene (HC/NOx = 2.9, OM-to-sulfate mass ratio (OM:sulf) = 1.4),
(b) ethylbenzene (HC/NOx = 12.3, OM:sulf = 1.4), and (c) n-propylbenzene (HC/NOx = 14.4,
OM:sulf = 0.7). The degree of neutralization is indicated by FS, which is ranging from 1 (for
sulfuric acid) to 0.33 (for ammonium sulfate). “SA” stands for experiment with direct-
injection sulfuric acid seeded aerosols. The ion and diOS concentrations were corrected for

the particle loss to the chamber wall. The experimental conditions are available in Table 1.
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We appreciate the reviewer for the valuable comments.

Major comments:

(1) It is unclear which experiments were conducted in sunlight, and how this important factor
affected the results. The paper mentions that the sunlight from one experiment performed near
summer solstice was used in gas-phase simulations, apparently for all experiments, even those
conducted in mid-winter. Were all experiments performed on clear days? How might using more
intense sunlight in simulations of winter experiments affect the uncertainties of the results?
Response:

Please also find the response to the major comment from reviewer 1. All the simulations were

performed by using natural sunlight. As described in Section 3.1 in the manuscript, the aging scale

—[HO[ZQIZ][ROZ]. In order to set the aging scale factor for the fresh
0

(fa(fresh)) and highly aged processing (f,(higly aged)) of hydrocarbon oxidation, we utilized

factor is defined as f,(t) = log

the sunlight intensity near summer solstice (on 06/14/2018 with a clear sky in Gainesville, Florida
(29.64185° N, 82.347883° W)). The aging factor (f,'(t)) at time = t is estimated by using the
equation below,

fa(highly aged) — fu(t)
fa(highly aged) — fy(fresh)
Then, the ai set is dynamically reconstructed by a weighted average method (Eqg. (2) in the

fa'®) =

manuscript) using fresh a; set, highly aged a; set and f,'(t).



(2) p. 6 line 10: Was oligomerization in both the organic phase and the aqueous (inorganic) phase
based on self-dimerization of individual products, or lumped products? In other words, were cross-
reactions possible between molecules lumped into a single bin?

Response:

In UNIPAR model, oligomerization of organic compounds is processed in both the organic and
the inorganic phases based on the self-dimerization reaction of lumped products. The cross-
reactions between lumped species are complex. If highly reactive organic species react with
weakly reactive species, this oligomerization may be less than the reaction of highly reactive
organic species in a single bin but greater than the reaction of weakly reactive organic species in a
single bin. Ultimately, they can be compensated in the production of organic matter. Thus,
oligomerization in UNIAPR was treated as self-dimerization of lumped products within a single
bin (Jang et al., 2005;Jang et al., 2006).

(3) p. 10 line 32: The authors identify a large temperature effect on SOA vyields, as seen in other
studies. However, the authors are uniquely positioned to identify whether this effect is due only to
partitioning, as typically assumed, or is also due to temperature dependent reactions that either
destroy condensable species or produce other species that hinder gas-to-particle transfers.
Partitioning seems to be such a minor SOA source in this study that it is surprising that the observed
temperature effects are so pronounced. Could the authors probe the cause of the temperature effect?
Response:

Gaseous lumped species first partitions onto aerosols based on a traditional gas-particle

partitioning theory. In UNIAPR, the oligomerizations rate is processed by a second order reaction

as follows.
dCori . . ]
— = ~koiCor” AZ,W‘?S?), (Eq. 6 in the manuscript)
or
dCin,i M . .
S = ke iCli” Iz'_”‘ﬁ?), (Eq. 7 in the manuscript)
mn

The oligomerization rate constants (L mol™ s%) in the organic (or) phase and inorganic (in) phase
are k,; and k4, respectively. The bracketed terms in the equations are the conversion factors
from aerosol-base concentrations (C,,.; and C},;: mol L) into air-base concentrations (g m)

(Section S5). p,, and p;,, represent the density of the or and in aerosol. The concentrations (ug m"
10



% of air) of species i in the gas phase (C,,;), or phase (C,;) and in phase (C;,;) are estimated using
partitioning coefficients in the multiphase: i.e., K,,; (m®ug?, g /or) and K;,,; (m* ug?, g /in). K,
and K, ; are calculated (by Pankow(Pankow, 1994)) by using estimated activity coefficients in the
or and in phase (y,,; and y;, ;), the mass concentration of media (OM and M;,,), and vapor pressure
(p;) (See Section 3.3 SOA formation: aerosol-phase reactions). If C,,; and C;,; increase, the
formation of oligomerization also increases. Numerous studies have shown that a large fraction of
SOA is oligomers (Tolocka et al., 2004;Loeffler et al., 2006;Hoffer, 2004;Baltensperger et al.,
2005;Hastings et al., 2005;Riva et al., 2019).

(4) In Figure 5, dialkyl organosulfates (diOS) concentrations seem to track ammonium
concentrations. In one experiment, the authors comment that diOS formation ceases when the
aerosol effloresces. Is there any causative relationship between diOS and ammonium
concentrations in wet aerosol?

Response:

When acidity is high in wet aerosol, both the diOS formation and the neutralization of acidic sulfate
with ammonia can occur. When the inorganic phase is effloresced (no aqueous phase), organic
compounds cannot be dissolved in the inorganic phase. Generally, the neutralization of acidic
sulfate with ammonia in wet aerosol is faster than OS formation. When the gaseous ammonia
concentration is high, sulfuric acid will be consumed by ammonia and thus the formation of diOS
can be less. The formation of diOS depends on the concentrations of both acidic sulfate and
reactive organic species in the aerosol phase. The prediction of the diOS formation ([diOS]odel)
is performed using the semiempirical equation derived previously for several SOA systems such

as aromatic and isoprene SOA (Im et al., 2014;Beardsley and Jang, 2016) as follows,

[diOS]model — _ 1

— N ;:
[SOZ ]free 1+fdios%
[sog ]free

: (Eg. 9 in the manuscript)

Ngios represents the numeric parameter originating from the quantity of reactive chemical species
available to form diOS. This parameter is near-explicitly predicted in the model. f;;os represents
the semi-empirically determined diOS conversion factor using various chamber data. At each time

step, acidic free sulfate ([SOZ‘]free), which is the sulfate that is unassociated with ammonium

11



(INH;1), is estimated as ([SO2~] — 0.5 [NH;]) and applied to estimate [diOS]oqer- AS S€EN iN

the equation above, diOS formation (W) is not linearly related to [SOf‘]free. Generally,

5 free
the high proton concentration ([H*]) in the aerosol indicates the high concentration of [SOf‘]free
available for diOS formation. In the morning when humidity is high (>80%), gaseous ammonia
concentrations are low because they are condensed on the chamber wall. The ammonia
concentrations rise in daytime when humidity is low because ammonia is off-gassing from the
chamber wall. Hence, the formation rate of diOS decreases by the two reasons: (1) the consumption
of [SOE‘]free due to diOS formation and (2) the neutralization of [SOZ‘]free with gaseous

ammonia as shown in Figure 5 (flat diOS curve in the afternoon).

(5) Figure 7 implies that in most experiments, aqueous-phase SOA production is much greater than
SOA production via traditional partitioning mechanisms, but the authors don’t seem to make this
comparison or comment on it. Is it a fair comparison?

Response:

The traditional partitioning-based SOA models such as two products model (Odum et al., 1996)
or several semivolatile surrogates model (e.g., volatility basis set (VBS)) (Donahue et al., 2006)
utilizes semiempirical parameters (e.g., the product stoichiometric coefficient («) and gas-particle
partitioning coefficient (Kp)) for each HC system under a given NOx condition. The parameters in
traditional partitioning-base models are apparently fit to observed SOA mass. Although the theory
facilitates the predicting of SOA mass in the absence of inorganic seed, the SOA mass from the
traditional surrogate-based partitioning models is not truly partitioning mass. In UNIAPR, OMp is
predicted solely by the partitioning theory using a near-explicit molecular structure with their
activity coefficient and vapor pressure and thus OMp will be less than the mass prediction using a

traditional surrogate-based partitioning models.

(6) Figure S1 indicates that ozone is generated too quickly in the model, sometimes by a factor of
2 or 3. Can the authors comment on the implications of this overprediction? Is it related to the
“artificial OH radicals” added to the model in certain experiments?

Response:

12



The over-prediction of ozone is not due to an artificial OH radical. As shown in the Figure below,
ozone is over-predicted by removing make-up of artificial OH radicals. However, both the addition
of artificial OH radicals and overestimation of ozone indicate potential problems in MCM for
oxidation of monoalkylbenzenes. The MCM developers and other researchers also reported over-
prediction of ozone for aromatic photooxidation (Bloss et al., 2005;Wagner et al., 2003). We have
performed numerous chamber experiments. The overestimation of ozone using MCM appears in
monoalkylbenzene series, while a good agreement between predictions and observations is found
in xylenes, and trimethylbenzenes, terpenes and isoprene. We propose several explanations for the
deviation of predicted ozone formation from the observations.

(@) RO2 chemistry in MCM mechanisms is still uncertain. Numerous products and reactions
are involved to form RO,. The cross-reactions between RO and the reaction of various
RO with HO> are complex (Villenave et al., 1998;Jokinen et al., 2014). Oversimplified
surrogate coefficients for the diverse RO chemistry could trigger the discrepancy between
the modeled and the measured OH radical concentration.

(b) In the gas kinetic mechanism, the photolysis rate constants of organic compounds were
also oversimplified using surrogate compounds and can cause uncertainty in ozone
prediction and production distributions.

(c) The recent laboratory investigation shows the significance of gas-wall partitioning of
organic compounds. The loss of oxygenated products to the chamber wall can lead the

lower ozone measurements than the model prediction.

Addition of artificial OH No addition of artificial OH
(c) Exp. PB2, HC/NO,=9.1 (03/04/18) (c) Exp. PB2, HC/NO,=9.1 (03/04/18)
120 120 300
{ 200
100 100 ~,PB 250
- o
g s0 150z 3 80 200
2 a2 8 2
~ = o 2
8 60 - - 1002 % 60 oy 150 -
5 g 3 ©
g 40 g 9 40 . 100
| 50
20 20 \( 50
-
0 0 0 1 1 | 0
7 9 11 13 15 17 7 9 11 13 15 17
Time EST (h) Time EST (h)
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Minor comments:
(1) p. 2 line 5: Unclear comparison: “... fewer global emissions” that what?
Response:

We changed the sentence to “..., despite fewer global emissions compared with biogenic VOCs.”

(2) p. 2 line 11: When the authors refer to “regional weather” do they really mean climate change?
p. 4 line 9: unclear comparison with literature: What system was “the reported value of 2”
measured for? Is it a toluene oxidation study?

Response:

p. 2 line 11: We referred to climate change. We changed the sentence to “SOA formation has
attracted substantial interest from scholars because of its vital role in affecting climate change, ...”
p. 4 line 9: It is measure from a series of toluene oxidation study. We changed the sentence to “The
ratio of organic matter (OM) to OC was experimentally determined to be 1.9 (Table 1, EB4), the

reported value of 2 for a series of toluene-NOy oxidation study (Kleindienst et al., 2007).”

(3) p. 6 line 18: another unclear comparison with literature: What system was “the reported value
of 1.4 g/lcm®” measured for?

Response:

We changed the sentence to “por and pin represent the density of the aerosol of or and in aerosol.
por Was experimentally determined (EB4 in Table 1) to be 1.38 g cm™, which was similar to the
reported value of 1.4 g/cm® for aromatic SOA (Ng et al., 2007;Nakao et al., 2011;Chen et al.,
2017).”

(4) p. 7 line 2: Tt appears that “irreversibility and nonvolatility” should be “irreversibly formed and
nonvolatile”.

Response:

This has been corrected in the revised manuscript.

(5) p. 9 line 12: The meaning of the phrase “contributed to” is unclear in this sentence.

Response:
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We changed the sentence to “... In this study, aromatic SOA mass is attributed to a few highly

reactive species, such as GLY...”

15



Reference

Baltensperger, U., Kalberer, M., Dommen, J., Paulsen, D., Alfarra, M. R., Coe, H., Fisseha, R., Gascho, A.,
Gysel, M., Nyeki, S., Sax, M., Steinbacher, M., Prevot, A. S. H., Sjogren, S., Weingartner, E., and Zenobi,
R.: Secondary organic aerosols from anthropogenic and biogenic precursors, Faraday Discuss, 130, 265,
10.1039/b417367h, 2005.

Beardsley, R. L., and Jang, M.: Simulating the SOA formation of isoprene from partitioning and aerosol
phase reactions in the presence of inorganics, Atmospheric Chemistry and Physics, 16, 5993-6009,
10.5194/acp-16-5993-2016, 2016.

Bloss, C., Wagner, V., Jenkin, M. E., Volkamer, R., Bloss, W. J., Lee, J. D., Heard, D. E., Wirtz, K., Martin-
Reviejo, M., Rea, G., Wenger, J. C., and Pilling, M. J.: Development of a detailed chemical mechanism
(MCMv3.1) for the atmospheric oxidation of aromatic hydrocarbons, Atmospheric Chemistry and Physics,
5, 641-664, DOI 10.5194/acp-5-641-2005, 2005.

Chen, L. H,, Bao, K. J., Li, K. W,, Lv, B., Bao, Z. E., Lin, C., Wu, X. C., Zheng, C. H., Gao, X., and Cen,
K. F.: Ozone and Secondary Organic Aerosol Formation of Toluene/NOXx Irradiations under Complex
Pollution Scenarios, Aerosol Air Qual Res, 17, 1760-1771, 10.4209/aaqr.2017.05.0179, 2017.

Donahue, N. M., Robinson, A. L., Stanier, C. O., and Pandis, S. N.: Coupled partitioning, dilution, and
chemical aging of semivolatile organics, Environmental Science & Technology, 40, 2635-2643,
10.1021/es052297c, 2006.

Hastings, W. P., Koehler, C. A., Bailey, E. L., and De Haan, D. O.: Secondary organic aerosol formation
by glyoxal hydration and oligomer formation: Humidity effects and equilibrium shifts during analysis,
Environmental Science & Technology, 39, 8728-8735, 2005.

Hoffer, A.. Chemical characterization of humic-like substances (HULIS) formed from a lignin-type
precursor in model cloud water, Geophys Res Lett, 31, 10.1029/2003g1018962, 2004.

Im, Y., Jang, M., and Beardsley, R. L.: Simulation of aromatic SOA formation using the lumping model
integrated with explicit gas-phase kinetic mechanisms and aerosol-phase reactions, Atmospheric Chemistry
and Physics, 14, 4013-4027, 10.5194/acp-14-4013-2014, 2014.

Jang, M., Czoschke, N. M., Northcross, A. L., Cao, G., and Shaof, D.: SOA formation from partitioning
and heterogeneous reactions: Model study in the presence of inorganic species, Environmental Science &
Technology, 40, 3013-3022, 10.1021/es0511220, 2006.

Jang, M. S., Czoschke, N. M., and Northcross, A. L.: Semiempirical model for organic aerosol growth by
acid-catalyzed heterogeneous reactions of organic carbonyls, Environmental Science & Technology, 39,
164-174, 10.1021/es048977h, 2005.

Jokinen, T., Sipila, M., Richters, S., Kerminen, V.-M., Paasonen, P., Stratmann, F., Worsnop, D., Kulmala,
M., Ehn, M., Herrmann, H., and Berndt, T.: Rapid Autoxidation Forms Highly Oxidized RO 2 Radicals in
the Atmosphere, 53, 14596-14600, 10.1002/anie.201408566, 2014.

Kleindienst, T. E., Jaoui, M., Lewandowski, M., Offenberg, J. H., Lewis, C. W., Bhave, P. V., and Edney,
E. O.: Estimates of the contributions of biogenic and anthropogenic hydrocarbons to secondary organic
aerosol at a southeastern US location, Atmospheric Environment, 41, 8288-8300,
10.1016/j.atmosenv.2007.06.045, 2007.

Loeffler, K. W., Koehler, C. A., Paul, N. M., and De Haan, D. O.: Oligomer formation in evaporating
aqueous glyoxal and methyl glyoxal solutions, Environmental Science & Technology, 40, 6318-6323, 2006.
Nakao, S., Clark, C., Tang, P., Sato, K., and Cocker, D.: Secondary organic aerosol formation from phenolic
compounds in the absence of NOx, Atmospheric Chemistry and Physics, 11, 10649-10660, 10.5194/acp-
11-10649-2011, 2011.

Ng, N. L., Kroll, J. H., Chan, A. W. H., Chhabra, P. S., Flagan, R. C., and Seinfeld, J. H.: Secondary organic
aerosol formation from m-xylene, toluene, and benzene, Atmospheric Chemistry and Physics, 7, 3909-3922,
DOI 10.5194/acp-7-3909-2007, 2007.

16



Odum, J. R., Hoffmann, T., Bowman, F., Collins, D., Flagan, R. C., and Seinfeld, J. H.: Gas/particle
partitioning and secondary organic aerosol yields, Environmental Science & Technology, 30, 2580-2585,
Doi 10.1021/Es950943+, 1996.

Pankow, J. F.: An absorption model of the gas/aerosol partitioning involved in the formation of secondary
organic aerosol, Atmos. Environ., 28, 189-193, 1994.

Riva, M., Heikkinen, L., Bell, D. M., Perékyld, O., Zha, Q., Schallhart, S., Rissanen, M. P., Imre, D., Pet§j4,
T., Thornton, J. A., Zelenyuk, A., and Ehn, M.: Chemical transformations in monoterpene-derived organic
aerosol enhanced by inorganic composition, npj Climate and Atmospheric Science, 2, 10.1038/s41612-018-
0058-0, 2019.

Tolocka, M. P., Jang, M., Ginter, J. M., Cox, F. J., Kamens, R. M., and Johnston, M. V.: Formation of
Oligomers in Secondary Organic Aerosol, Environmental Science & Technology, 38, 1428-1434,
10.1021/es035030r, 2004.

Villenave, E., Lesclaux, R., Seefeld, S., and Stockwell, W. R.: Kinetics and atmospheric implications of
peroxy radical cross reactions involving the CH3C(O)O2radical, Journal of Geophysical Research:
Atmospheres, 103, 25273-25285, 10.1029/98jd00926, 1998.

Wagner, V., Jenkin, M. E., Saunders, S. M., Stanton, J., Wirtz, K., and Pilling, M. J.: Modelling of the
photooxidation of toluene: conceptual ideas for validating detailed mechanisms, Atmospheric Chemistry
and Physics, 3, 89-106, 10.5194/acp-3-89-2003, 2003.

17



10

15

20

25

Simulation of SOA Formation from the Photooxidation of
Monoalkylbenzenes in the Presence of Aqueous Aerosols Containing
Electrolytes under Various NOx Levels

Chufan Zhou, Myoseon Jang, and Zechen Yu
Department of Environmental Engineering Sciences, University of Florida, Gainesville, 32611, USA

Correspondence to: Myoseon Jang (mjang@ufl.edu)

Abstract. The formation of secondary organic aerosols (SOAs) from the photooxidation of three monoalkylbenzenes (toluene,
ethylbenzene, and n-propylbenzene) in the presence of inorganic seeds (SO42-NH4*-H,0 system) under varying NOy levels
has been simulated using the Unified Partitioning-Aerosol Phase Reaction (UNIPAR) model. The evolution of the volatility-
reactivity distribution (mass-base stoichiometric coefficient, «;) of oxygenated products, which were created by the near-
explicit gas kinetic mechanism, was integrated with the model using the parameters linked to the concentrations of HO and
RO radicals. This dynamic distribution was used,to estimate the model parameters related to the thermodynamic constants of
the products in multiple phases (e.g., the gas phase, organic phase, and inorganic phase) and the reaction rate constants in the
aerosol phase. The SOA mass was predicted through the partitioning and aerosol chemistry processes of the oxygenated
products in both the organic phase and aqueous solution containing electrolytes, with the assumption of organic-inorganic
phase separation. The prediction of the time series SOA mass (12-hr), against the aerosol data obtained from an outdoor
photochemical smog chamber, was improved by the dynamic «; set compared to the prediction using the fixed «; set. Overall,
the effect of an aqueous phase containing electrolytes on SOA yields was more important than that of the NOy level under our
simulated conditions or the utilization of the age-driven o; set. Regardless of the NO, conditions, the SOA yields for the three
aromatics were significantly higher in the presence of wet electrolytic seeds than those obtained with dry seeds or no seed.
When increasing the NOy level, the fraction of organic matter (OM) produced by agueous reactions to the total OM increased
due to the increased formation of relatively volatile organic nitrates and peroxyacyl nitrate like products. The predicted
partitioning mass fraction increased as the alkyl chain length increases but the organic mass produced via aerosol phase
reactions decreased due to the increased activity coefficient of the organic compounds containing longer alkyl chains. Overall,
the lower mass-base SOA yield was seen in the longer alkyl-substituted benzene in both the presence and absence of inorganic
seeded aerosols. However, the difference of mole-base SOA yields of three monoalkylbenzenes becomes small because the
highly reactive organic species (i.e., glyoxal) mainly originates from ring opening products without alkyl side chain. UNIPAR

predicted the conversion of hydrophilic, acidic sulfur species to non-electrolytic dialkyl-organosulfate (diOS) in the aerosol.
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Thus, the model predicted the impact of diOS on both hygroscopicity and acidity, which subsequently influenced aerosol
growth via agueous reactions.

1 Introduction

Anthropogenic volatile organic compounds (VOCs) have significant impacts on urban and regional atmospheric chemistry,

despite fewer global emissions compared with biogenic VOCs (McDonald et al. (2018), As an important group of

anthropogenic VOCs, aromatic hydrocarbons (HCs) are emitted from automobile exhaust (Zhang et al., 2018) and solvent use
Cheng et al. (2018) and are known to be precursors for secondary organic aerosols (SOAs), which are formed during the
process of photooxidation (Seinfeld and Pandis, 2016). In polluted areas (e.g., urban areas in Asia), aromatic HCs occupy 11
% to 25 % of the total nonmethane HC emissions (67.0 Tg in 2010) (Li et al., 2017) and traditionally comprise approximately
15 % of SOA formation (Ait-Helal et al., 2014), which contributes to the urban budget of fine particulate matter (Wood et al.,
2010).

SOA formation has attracted substantial interest from scholars because of its vital role in affecting climate change, (IPCC,
2015;Seinfeld and Pandis, 2016), urban visibility (Chen et al., 2012;Ren et al., 2018), and health (Requia et al., 2018). The
prediction of SOA formation was first fulfilled by a gas-particle partitioning model. The partitioning-based SOA model uses
two surrogate products (Odum et al., 1996) or several semivolatile surrogates (e.g., volatility basis set (VBS)) (Donahue et al.,
2006), with semiempirical parameters (e.g., the product stoichiometric coefficient () and gas-particle partitioning coefficient
(Kp)) for each HC system under a given NOy condition. Due to its simplicity and high efficiency, the partitioning-base model
has been widely used in regional and global models. Nonetheless, the models and their predecessors are limited to predict
SOAs formed from in-particle chemistry due to the loss of product structures, which govern the reactivity of organic species
in the aerosol phase. Overall, regional air quality models have historically underestimated fine particulate matter in
summertime (Appel et al., 2017;Huang et al., 2017) due to the lack of in-particle chemistry, particularly in the presence of an
aqueous phase containing electrolytes (Ervens et al., 2011;Tsigaridis et al., 2014;Kelly et al., 2018).

A few models have attempted to implement in-particle chemistry into SOA models. For instance, Johnson et al. (2004) (2005)
simulated aromatic SOA chamber data, with a modified Kp, to obtain experimentally comparable results, while the delayed
simulated SOA mass indicated the occurrence of chemical reactions in the aerosol phase. McNeill et al. (2012) developed the
Gas Aerosol Model for Mechanism Analysis (GAMMA) to predict the formation of SOAs via aqueous phase chemistry, which
was further applied to the production of isoprene SOAs. Im et al. (2014) advanced the Unified Partitioning-Aerosol Phase
Reaction (UNIPAR) model, which predicted the SOA mass from partitioning processes and aerosol-phase reactions (reactions
in both organic and inorganic phases and organosulfate (OS) formation). In that study, toluene and 1,3,5-trimethylbenzene

SOAs were modeled using near-explicit products with the organic-inorganic phase separation mode. Beardsley and Jang (2016)
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extended UNIPAR to simulate isoprene SOAs in the single homogeneously mixed phase (organic-inorganic mixture). Despite
the reasonable prediction of SOA masses, UNIPAR faced inaccuracies in predicting time series SOA data due to the use of a
fixed (nonage-driven) mass-based stoichiometric coefficient (o) set.

Age-driven functionalization and fragmentation alter the volatility and reactivity of products and their molecular structures
(Donahue et al., 2006;Rudich et al., 2007;Shilling et al., 2007;Hartikainen et al., 2018) which, in turn, varies the in-particle
chemistry. Cappa and Wilson (2012) employed tunable parameters to kinetically demonstrate the evolution of SOA mass and
the bulk oxygen-to-carbon atomic ratio (O:C ratio) during photochemical aging. However, oligomerization reactions in the
aerosol phase were excluded. Donahue et al. (2011) developed a 2D-VBS method, which represented product aging by
remapping the volatility and polarity (O:C ratio) of the products in 2D space. Zhao et al. (2015) reported a discrepancy in the
simulated toluene SOAs and a-pinene SOAs within the same 2D-VBS configuration, which may result from the different
reactivities of the oxidation products of the precursors in aerosol-phase reactions. In this study, we have attempted to improve
the UNIPAR model by using dynamic (age-driven) a; and applying the resulting model to predict the SOA formation of three
monoalkylbenzenes (i.e., toluene, ethylbenzene, and n-propylbenzene) under a wide range of environmental conditions (i.e.,
NO,, temperature, humidity, sunlight and aerosol acidity). To consider the effect of the aging process on SOA formation,
model parameters related to the organic molecular structures (i.e., the molecular weight (MW) and O:C ratio) and the a; set
are calculated as the system ages, allowing for the internally dynamic estimation of the activity coefficient of the products
(lumping species) in the aqueous phase containing electrolytes. Hence, the model is able to dynamically compute the
partitioning coefficient of organics in the inorganic phase (Kin) by reflecting the photochemical evolution of the products in
the gas phase and, consequently, improving SOA prediction. Organosulfate (OS), which has been identified in both laboratory
and field studies (Hettiyadura et al., 2015;Li et al., 2016a;Estillore et al., 2016;Chen et al., 2018), is an important chemical
species due to its low volatility and ability to modulate the hygroscopicity of sulfate constituents. In the presence of acidic
sulfate constituents, UNIPAR also predicts the production of non-electrolytic sulfates (i.e., dialkyl-substituted OS (diOS)) and
the ensuing modification of aqueous phase reactions. The feasibility of unified rate constants for aerosol -phase reactions was
evaluated by extending the preexisting rate constants, which has been employed for toluene and 1,3,5-trimethylbenzene (Im et
al., 2014) and isoprene (Beardsley and Jang, 2016), to the three monoalkylbenzenes in this study.

2 Experimental techniques

The SOA formation from the photooxidation of monoalkylbenzenes were conducted in the University of Florida Atmospheric
PHotochemical Outdoor Reactor (UF-APHOR) (Table 1). The concentrations of HCs, trace gasses (NOy, SO, and Os),
inorganic ions, aerosol acidity and organic carbon (OC) of particles were monitored, as were the meteorological factors (i.e.,
relative humidity (RH), temperature, and ultraviolet (UV) radiation). The configurations of the chamber and instrumentations
were described by Im et al. (2014), Li et al. (2016a), Beardsley and Jang (2016), Yu et al. (2017), and Jiang et al. (2017).
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Aerosol acidity ([H*], mol/L of aerosol) is monitored using colorimetry integrated with the reflectance UV-visible spectrometer
(C-RUV) technique (Li et al. (2015a)) (Section S4 in the supporting information (SI)). The diOS concentration (umol m) in
an aerosol is estimated by the difference [H*] obtained from ion chromatography (IC) interfaced with a particle-into-liquid
sampler (PILS) (Li et al. (2015a) and C-RUV method. Each HC was studied under at least two NO, levels (high NOy: HC/NOy
< 5.5; low NOx: HC/NOy > 5.5) with or without inorganic seeded aerosols (i.e., sulfuric acid (SA) or ammonium sulfate (AS)).
HONO was added into the system as a reaction initiator. To investigate the effect of the liquid water content (LWC) on AS
seeded SOA, two RH conditions were applied. (1) dry: RH < efflorescence RH (ERH) of the AS seed; (2) wet: RH > 50 % to
prevent crystallization of AS seed. The ratio of organic matter (OM) to OC was experimentally determined to be 1.9 (Table 1,

EB4), which was similar to the reported value of 2.0 for a series of toluene-NO, oxidation study (Kleindienst et al., 2007).

3 Model descriptions

The structure of the UNIPAR model is illustrated in Fig. 1. The simulation of aromatic SOA formation in the aqueous phase
containing electrolyte was performed under the assumption of complete organic-inorganic phase separation. Bertram et al.
(2011) modeled the separation RH (SRH) in the liquid-liquid phase of the mixture of organic and AS using the bulk O:C ratio.
When ambient RH < SRH, the system undergoes organic-inorganic phase separation. The reported O:C ratios of the toluene,
ethylbenzene, and n-propylbenzene SOAs were 0.62 (Sato et al., 2012), 0.55 (Sato et al., 2012), and 0.45 (Li et al., 2016b),
respectively, which caused the corresponding SRH values to be 65 %, 80 %, and 93 %, respectively. Most RH for active
photooxidation of HCs under ambient sunlight were under 65%, which supported the assumption of organic-inorganic phase
separation. In addition, as less soluble oligomers formed in the aerosol phase, an SRH higher than 65 % was more likely to be
yielded.

3.1 Atmospheric evolution of lumping species

The gas-phase oxidation of HCs is simulated using the near-explicit gas-phase chemistry mechanism (Master Chemical
Mechanism (MCM) v 3.3.1) (Jenkin et al., 2012) integrated with the Morpho chemical solver (Jeffries et al., 1998). To
represent the polluted urban and clean environments, the gas-phase oxidation is simulated under various NOy levels (HC
ppbC/NOy ppb=2 - 14) for given meteorological conditions (e.g., sunlight, temperature, and RH on 06/14/18 near the summer
solstice, with a clear sky in Gainesville, Florida). The resulting oxygenated products are lumped into 51 species within a 2D
set with 8 levels of volatility (1-8: 108, 106, 10, 10%, 10, 10?2, 102, and 1 mmHg) and 6 levels of aerosol-phase reactivity
(very fast: VF, fast: F, medium: M, slow: S, partitioning only: P, and multi-alcohol: MA) plus 3 additional reactive species
(glyoxal (GLY), methylglyoxal (MGLY), and epoxydiols (IEPOX, isoprene products)) with own vapour pressure. The detailed

lumping criteria and i equations are described in Section S1 in the SI along with the major product structures (Tables S1-S3).
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To simulate age-dependent SOA formation, «; is reconstructed over time by a weighted average method using a pair of gas-

phase oxidation compositions with different aging statuses: fresh composition and highly oxidized composition. The weighting

[HO2]+[RO,]
[HC]o

fa(t) = log

method, as shown in the Sl in Section S2.

3.2 SOA formation: partitioning

factor at time = ¢, is related to an aging scale factor (f,(t)),which is defined as [ Deleted: t
' @ [Deleted: )
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where R represents the gas constant (8.314 J mol™ K™). T represents the ambient temperature (K). MW,,. and MW;,, represent
the average MW (g mol™) of organic and inorganic aerosols, respectively. pf; represents the subcooled liquid vapor pressure
(mmHg) of a species, i. In the or phase, we assume that the activity coefficient (y,, ;) of a species (i) is unity (Jang and Kamens,
1998). In the in phase, y;,,; is semi-empirically predicted by a regression equation, which was fit the theoretical activity

coefficients of various organic compounds to RH, fractional sulfate (FS), and molecular structures (i.e., MW; and 0: C;). FS is

150371

a numerical indicator for inorganic compositions related to aerosol acidity (FS = —=—"—-,
[S071+[NHS]

where [SOZ?~] and [NH; ] are

the concentration of the total sulfate and the total ammonium, respectively). The theoretical activity coefficients were estimated
at a given humidity and an aerosol composition through a thermodynamic model (Aerosol Inorganic-Organic Mixtures
Functional Groups Activity Coefficients (AIOMFAC)) (Zuend et al., 2011).
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The statistical information for Eq. 4 is shown in the Sl in Section S3 and Fig. S1. The resulting K,,; and K;,, ; are employed to
calculate the concentration (ug m™®) of the lumping species in multiple phases (Cy.;, Cori» Cini» @nd Cr; = Cgi + Cori + Ciny)-
Schell et al. (2001) developed a partitioning model to predict SOA formation. This model was reconstructed by Cao and Jang
(2010) to include OM formed via aerosol-phase reactions (OMy ;) for a species (i), which is estimated in Section 3.3. OM

formed during the partitioning process (OMp) is estimated by utilizing the mass balance shown in the following equation.

Cor,i

N Mw;

OMp =Zij|Cri— OMpp; — Cgi———— ®)
TG o OMAR,L)+OM

UMW T MW oy 0

Cy,i (1/Koy,) is the effective saturation concentration and OM, represents the concentration (mol m®) of the preexisting OM.
MW,,;; represents the average MW of oligomeric products. Eq. 5 is solved via iterations using the globally converging

Newton-Raphson method (Press et al., 1992).

3.3 SOA formation: aerosol-phase reactions

The formation of OM,p; is processed in both or and in phases: oligomerization in the or phase to form OMg,,; and
oligomerization in the in phase to form OMp ;,, ; based on the assumption of a self-dimerization reaction (i.e., second-order
reaction) (Odian, 2004) for organic compounds in media. Oligomerization in an aqueous phase can be accelerated under acidic
environment (Jang et al., 2002). The oligomerization rate constants (L mol™ s*) in the or phase and in phase are k,; and k¢,

respectively, and the kinetic equations for oligomerizations are written as follows.

dCori _ 2 MW;OMT

dot” = _ko,iCz;r,i porl103 ))x (6)
dCini _ 2 MWiM;
= kaciCini” C ), Q]

The bracketed terms in the equations indicate the conversion factors from aerosol -base concentrations (C,,.; and C, ;: mol L~
%) into air-base concentrations (ug m). The detailed derivations are shown in Section S5 and are illustrated in Fig. S2. p,,
and p;,, represent the density of the aerosol of or and in aerosol. p,,- was experimentally determined (EB4 in Table 1) to be
1.38 g cm'®, which was similar to the reported value of 1.4 g cm™ for aromatic SOA (Nakao et al., 2011;Chen et al., 2017). p;,,
is obtained from a regression equation through the extended aerosol inorganic model (E-AIM)(Clegg et al., 1998). Due to
atmospheric diurnal patterns (high RH at nighttime to low humidity during daytime), it is likely that the RH changes would be
based on inorganic aerosol ERH. UNIPAR internally predicts the ERH using the equation derived by Colberg et al. (2003).

kac,; in Eq. 7 is estimated based on a semiempirical model developed by Jang et al. (2005) as a function of species reactivity
(R;), protonation equilibrium constant (pKpy+;), excess acidity (X), water activity (a,), and proton concentration ([H']),

which are estimated by the E-AIM.

1.3R;+0.0005 pK p 4+ +1.3-X+1 H*])-5.5
kAC,i =10"% PRpy+; og(aw[H*]) (8)
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3.4 Organosulfate formation

In the presence of aqueous acidic sulfate, UNIPAR predicts the formation of diOS ([diOS],n0qe:) t0 compute the change in
aerosol hygroscopicity and acidity. At each time step, free electrolytic sulfate ([SOZ ]sy..), Which is the sulfate that is
unassociated with ammonium ([NH;]), is represented as ([SO{™]— 0.5 [NH;]). [SOf 1free is then applied to the
semiempirical equation tested previously for several SOA systems (Im et al., 2014;Beardsley and Jang, 2016) to predict
[diOSTmoaer, as described below,

dios 1
i zlmodel =1 - — : (9)
[S047 I ree 1+ faios L0S

where fy;05 represents the diOS conversion factor introduced by Im et al. (2014), which was semi-empirically determined to
be 0.063 in this study. N ;s represents the numeric parameter for scaling lumping groups based on the effectiveness of the
chemical species to form diOS. For example, the diOS scale factor is 1 for each alcohol and aldehyde group and 2 for each
epoxide group (see Tables S1-S3 for functional groups). Then, N ;s is summed at each time step and applied to Eq. 9.

3.5 Operation of the UNIPAR model

The variables, which include HC consumption (AHC), [HO.], [RO;], HC/NO,, RH, temperature, and the inorganic
concentration (i.e., A[SO4>] and A[NH,*]), were input to the UNIPAR model every 6 minutes (At=6 minutes).

4 Results and discussion
4.1 Prediction of SOA mass under the evolution of oxygenated products

As reported in former studies, the kinetic mechanism tends to underestimate the decay of aromatic HCs because of the low
prediction of OH radicals (Johnson et al., 2005;Bloss et al., 2005). In this study, the addition of artificial OH radicals varies
with the HC/NO ratio by fitting the predicted decay of HCs using the kinetic mechanism in the experimental measurements.
The time profiles of the decays of the three HCs are shown in Fig. S3 in the SI. When the NOy level is very low, the maximum
additional OH radical production rate for monoalkylbenzenes is 2x108 molecules cm® s™!, which is less than 4x108 (Bloss et
al., 2005) but similar to the value reported by Im et al. (2014). When HC/NOy < 3, no addition of artificial OH radicals is
needed for the chamber simulation of the decay of monoalkylbenzenes. For the make-up OH production rate constants of all

three HCs under varying NOy, the mathematical weighting equation is written below,

£06XHC/NOx

dynamic makeup OH rate = x 2.0 x 108 molecules cm®s™! (10

¢0.6xHC/NOx 150
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In our model, we assume that the oxidation of products progresses in the gas phase. Lambe et al. (2012) reported that the
transition point of n-C1 SOAs from a functionalization dominant regime to a fragmentation dominant regime is approximately
3 days (photochemical equivalent age under an atmospheric OH exposure of 1.5x10° molecules cm®). Under this criterion, we
exclude the aging of nonvolatile aerosol products (OM,g). However, the oxidation of aerosol products for longer periods of

time may decrease the volatility (George and Abbatt, 2010;Jimenez et al., 2009).

Fig. 2 illustrates the evolution of the volatility-reactivity-based distribution of the mass-based stoichiometric coefficient ()
of toluene at the two different NO, levels (HC/NO,=2.9 and 10.5). Collectively, most «; values at both NOy levels tend to
decline as the reaction time lapses (Fig. 2(a) vs. Fig. 2(b); Fig. 2(c) vs. Fig. 2(d)) since the evolution of some semivolatile
organic compounds (SVOCs) forms very volatile molecules (i.e., CO,, formic acid, and formaldehyde). For example, the a;
values of highly reactive carbonyls with high volatility (GLY and MGLY in Table S1) are high under the fresh condition and
significantly decline as the system ages, because they undergo fast photolysis under sunlight (George et al., 2015;Henry and
Donahue, 2012). Consequently, the decay of these highly reactive species leads to the decrease in the production of OMyy.
The high NOy level delays the oxidation of gas-phase products. Similar trends in the a; set can be found for ethylbenzene and
n-propylbenzene, as shown in Fig. S4 (Table S2) and Fig. S5 (Table S3), respectively. The a; of highly reactive species (e.g.,
GLY, 8VF, 3M, and 5S) decreases by increasing the NOy level due to the suppression of the HO, cycle via the reaction of NO.
with OH radicals. As seen in Fig. 2(d), some medium reactivity species (i.e., 2-methyl-4-o0xo0-3-nitro-2-butenoic acid (3M), 2-

methyl-4-oxo-2-butenoic acid (6M), and acetyl-3-oxopropanoate (7M)) start to form as NOy decreased.

In Fig. 3, the comparison between the simulations of SOA formation from toluene oxidation is based on two different -
reconstruction strategies: dynamic a; and fixed ai. A clear improvement in the prediction of SOA formation is demonstrated
when comparing the SOA mass using dynamic a; to that using fixed a;. The aged SOA growth from the three systems (i.e.,
low NOy level (Fig. 3(a) and Fig. 3(d)), moderate NOy level (Fig. 3(b) and Fig. 3(e)), and high NOy level with an inorganic
seed (Fig. 3(c) and Fig. 3(f)) are even smaller than that predicted with the less-aged «i set, which is fixed at the time of the
HCs being consumed half of the total consumption. Our model simulation against the chamber data suggests that while aging
may alter aerosol compositions (Fig. 2), it does not always increase SOA yields. Traditionally, the SOA mass has been
predicted using fixed thermodynamic parameters (i.e., K, and a;), which is inadequate when reflecting upon practical scenarios,
where oxygenated product distributions vary dynamically with oxidation.

4.2 Effects of aerosol acidity and LWC on SOA formation

In the model, aerosol acidity was expressed using a fractional free sulfate (FFS), which is defined as FFS=([SO4*] -
0.5[NH4*])/[S04*]. Humidity can influence both aerosol acidity and LWC, which are the model parameters in UNIPAR. Thus,
UNIPAR has the capability to decouple the effect of aerosol acidity and humidity, as shown in Fig. 4 for toluene SOA. The
impact of aerosol acidity and humidity on the yields of SOAs derived from ethylbenzene and n-propylbenzene is illustrated in
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Fig. S6. The dramatic difference in SOA yields appears between the RH above ERH and the RH below ERH. The LWC
disappears below ERH, and there are no aqueous reactions. For example, the observed SOA vyield of ethylbenzene with
effloresced AS was significantly smaller than that with wet AS: 11 % (EB8 in Table 1) vs. 30 % (EB9 in Table 1). Kamens et
al. (2011) and Liu et al. (2018) reported a significantly lower yield of toluene SOA for dry AS seeded aerosols compared with
its wet counterpart. The partitioning of polar carbonaceous products increases with increasing LWC and, thus, aqueous
reactions. In the presence of wet aerosols, SOA yields gradually increase with increasing FFS (increasing acidity) at a given
RH due to acid-catalyzed oligomerization. The oxygenated products of toluene are relatively more polar than those of
ethylbenzene or propylbenzene and positively attribute to increase of OM ar.

Compared to isoprene SOAs reported by Beardsley and Jang (2016), the impacts of humidity and acidity on the SOA yields
of monoalkylbenzenes in this study are relatively weaker above the ERH (Fig. 4), except for the highly acidic conditions under

high humidity. In this study, aromatic SOA mass,is attributed,to a few highly reactive species, such as GLY. Other aromatic
oxidation products partitioned in the aerosol phase have moderate solubility and they are slow to react in the aqueous phase.
Isoprene products are more hygroscopic than aromatic products and even mixable with an aqueous phase containing
electrolytes. The reactions of medium reactivity polar products that formed during isoprene oxidation can be accelerated by

an acid catalyst with higher sensitivities to acidity and humidity.

4.3 Organosulfate: simulation vs. measurement

Fig. 5 illustrates the time profiles of the predicted concentrations of diOS ([diOS]moder) and protons ([H*]) with the measured
concentrations of diOS ([diOS]exp), [NH4*], and [SO4*] for different aromatic HCs under given experimental conditions (Fig.
5(a)-(c)). For the three SA seeded SOA experiments, the fractions of diOS to the total sulfate amount are 0.09, 0.15, and 0.06
for toluene (Exp. Tol8, HC/NOx=2.9, FS changing from 0.64 to 0.39), ethylbenzene (Exp. EB7, HC/NO,=12.3, FS changing
from 0.82 to 0.46), and n-propylbenzene (Exp. PB5, HC/NO,=14.4, FS changing from 0.76 to 0.38), respectively. The
[diOS]moder reasonably agrees with [diOS]exp. The aerosols in Exp. Tol8 and Exp. PB5 show the cease in diOS formation at
approximately 10 am since they became effloresced due to the neutralization of SA with ammonia under the reduction in
humidity during the daytime. The diOS fraction in Exp. EB7, which contained wet acidic aerosols, was higher than those in
Exp. Tol8 and Exp. PB5 indicating that the acidic condition was favorable for the formation of diOS (Surratt et al., 2010;Lin
etal., 2013).

Beardsley and Jang (2016) reported that the diOS fraction for isoprene SOAs was 0.26 (HC/NO,=32.5, FS changing from 0.69
to 0.47), which was more than that for toluene SOASs, indicating that the oxidation products of isoprene may contain more
reactive species to form diOS. For example, IEPOX products in isoprene SOAs are known to be reactive to SA (Budisulistiorini
etal., 2017). Additionally, isoprene aerosol products are mixable with aqueous solutions containing electrolytes, and they can

more effectively form diOS compared to the aromatic products in liquid-liquid phase separation.
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To estimate the potential upper boundary of the concentration of diOS ([diOS]max) in monoalkylbenzene SOA, the aerosol
composition was predicted by the model in the presence of SA aerosols (without neutralization with ammonia) under the given
experimental conditions shown in Fig. 5. The resulting diOS fractions were 0.29 (OM-to-sulfate mass ratio (OM:sulf) = 1.4),
0.25 (OM:sulf = 1.4), and 0.12 (OM:sulf = 0.7) for toluene, ethylbenzene and n-propylbenzene, respectively. The aerosol
acidity of the ambient aerosol is generally lower than ammonium hydrogen sulfate (AHS) and, thus, the diOS fraction in
ambient air would be much lower than the estimated upper boundary. Fig. 5 suggests that the change in both aerosol acidity
and hygroscopicity by the formation of nonelectrolytic sulfate is important to predict SOA mass.

4.4 Effect of NOx on SOA formation in the presence of an aqueous phase containing electrolytes

Fig. 6 shows the impact of NOy on the three aromatic SOAs in this study by producing SOAs at two different NOy levels in
the presence and absence of SO,. Overall, regardless of the inorganic seed conditions, both the chamber observation and model
simulation suggest that increasing the NOy level leads to the decreased formation of SOAs. This trend in the absence of
inorganic seed aerosols has also been observed multiple times (Li et al., 2015;Ng et al., 2007;Song et al., 2005). By increasing
NO,, the path of an RO; radical progresses to the formation of organonitrate and peroxyacyl nitrate (PAN) products, which are
less reactive to aerosol-phase reactions. They are relatively volatile and, thus, insignificantly attribute to partitioning SOA

mass.

For example, the SOA vyields under the low NOy level (HC(ppbC)/NOy(ppb)=9.1~14.8, Table 1) in the presence of SO, with
a similar degree of ammonia titration (i.e., similar FS values by the end of the experiments), were higher than those without
seeded aerosols: 42 % for toluene (Exp. Toll, FS=0.44), 26 % for ethylbenzene (Exp. EB1, FS=0.37), and 66 % for
propylbenzene (Exp. PB1, FS=0.43). The impact of aerosol acidity was even greater for SOAs produced under a high NOy
level (HC(ppbC)/NOx(ppb)=2.8~5.0): 65 % for toluene (Exp. Tol3, FS=0. 43), 146 % for ethylbenzene (Exp. EB5, FS=0. 39),
and 77 % for propylbenzene (Exp. PB3, FS=0. 40). SOA formation under high NO, conditions is generally more sensitive to
aerosol acidity compared to that at low NOy levels (Figs. 6(a)-(c) and Fig. S7(f) vs. Figs. 6(d)-(f)). The fractions of medium
reactivity products are relatively high in high NOx levels and their reactions in aerosol phase can be accelerated by an acid
catalyst.

4.5 Sensitivity of SOA formation to humidity, temperature, aerosol acidity, precursor HCs, and NOx level

Fig. 7 illustrates the sensitivity of the SOA mass simulated at relatively low concentration of HC (20 ppb) (panel 1) for three
monoalkylbenzenes to important variables (i.e., humidity (A-I vs. B-l for AHS and C-1 vs. D-1 for AS), temperature (A-1 vs.
E-I for AHS and F-1 vs. G-I without inorganic aerosol), aerosol acidity (A-I vs. C-1 at RH=45 % and B-1 vs. D-I at RH=65 %),
and NOy levels (A-1 vs. H-I1 with AHS seeded aerosols and F-I vs. |- without inorganic seeded aerosols)). The most drastic
change appears by changing the temperature from 273 K (E-1) to 298 K (A-1). The SOA yield is known to increase by 20-150
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%, which results from a 10 K decrease in temperature (Sheehan and Bowman, 2001). For all SOAs, noticeable changes are
shown between the absence (F-1) and presence (A-I) of wet inorganic seeds, while a minor change appears between wet AHS
(A-1) and wet AS (C-I). Within the wet acidic aerosols (A-1 vs. B-l and C-I vs. D-I), the effect of RH is insignificant_in our
simulation, as discussed in Section 4.2. Although the impact of NOy (A-1 vs. H-1 and F-1 vs. I-1) is less than that of temperature

and inorganic seeds, SOA vyields are still significantly altered, as discussed in Section 4.4.

Panel 1l series in Fig. 7 illustrates SOA growth curves under various conditions shown in panel I. Overall, the simulated SOA
yields (slopes) increase with a decreased alkyl chain length (toluene > ethylbenzene > n-propylbenzene), which is consistent
with our chamber observations (Table 1). Although the decreased of vapor pressure of products benefits increases in OMp as
the alkyl chain length increases, the increase of the activity coefficient of the organic products containing longer alkyl chains
in aqueous phase is unfavorable to form OMar via aqueous reactions. However, the difference of mole-base SOA yields of
three monoalkylbenzenes becomes small because the highly reactive organic species (i.e., glyoxal), which are produced
through ring opening reactions without alkyl side chain, significantly attribute to OMagr. Panel Il confirms that the effect of
an aqueous phase containing electrolytes on SOA yields is more critical than that of the NOy level under our simulated

conditions.

4.6 Sensitivity of model prediction to major variables and model uncertainty

To determine the model sensitivity to these parameters, simulations (Exp. Tol9 in Table 1) were performed by
increasing/decreasing vapor pressure (13,), the enthalpy of vaporization (Hyap), Yin,i» and k¢, by factors of 1.5, 1.1, 1.5, and
2, respectively. The corresponding changes in the SOA mass are 27.4 %/-20.1 %, 0.2 %/-0.1 %, 9.3 %/9.3 %, and 7.7 %/-8.22
%, respectively. The change in SOA mass from the baseline for each simulation is shown in Fig. S8.

The uncertainty associated with the group contribution method used for V, estimation is a factor of 1.45 (Zhao et al., 1999).
H,qp has a reported error of 2.6 % (Kolska et al., 2005). y;,,; is estimated as a function of O:C, MW, RH, and FS (Eq. 4). k¢
is semi-empirically calculated based on [H*], LWC, and species reactivity (Eq. 8). The E-AIM is performed to estimate the
LWC, which is reliable and based on a broadly used water activity dataset (Zhang et al., 2000). Yet, the inorganic
thermodynamic models including E-AIM performed inadequately in the prediction of [H*] under low RH and ammonia rich
conditions (FS < 0.55) (Li and Jang, 2012).

Although most identified toluene products have been included, such as methyl-cyclohexene (3S), 2-methyl-5-nitrophenol (5P),
2-methyl-benzoquione (6S), 2-methyl-4-oxo-2-butenoic acid (6M), o-cresol (7P), 3-hydroxy-1,3-propandial (7VF), 3-methyl-
2(5H)-furanone (8P), MGLY, and GLY (Forstner et al., 1997;Jang and Kamens, 2001;Sato et al., 2007;Gomez Alvarez et al.,
2007;Huang et al., 2016), a large amount of toluene oxidation mechanisms and involved products remain unstudied. A similar
trend can be found in ethylbenzene and propylbenzene. Evidently, the addition of artificial OH radicals in the gas-phase
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simulation suggests missing mechanisms in the MCM v 3.3.1 or an improper branching ratio of reactions. Additionally, the
diverse reactions of the RO radicals might be oversimplified in the gas-phase simulation by employing surrogate coefficients.
In the model, non-electrolytic diOS was predicted and applied to prediction of LWC and [H*], which subsequently affect
aerosol growth via aqueous reactions. Typically, the monoalkyl sulfate is identified as a product of the esterification of SA
with reactive species (Hettiyadura et al., 2015;Li et al., 2016a;Estillore et al., 2016;Chen et al., 2018). It is possible that
monoalkyl sulfates can influence LWC and aerosol acidity differently from sulfuric acid, although they are strongly acidic and
hygroscopic. Although Noziere et al. (2010) reported that OS could be produced by the reactions of GLY and sulfate radicals
in the presence of aqueous AS under UV light, the amounts of formed monoalkyl OS and their influence on aerosol

hygroscopicity is still not clear.

Some other factors in recent investigations, such as organic vapor wall loss and aerosol viscosity, have not accounted for by
the UNIPAR model. The loss of organic vapor to the Teflon chamber wall can compete with the gas-particle partitioning
process and the reactions in both the gas phase and aerosol phase to initiate a negative bias in the experimental measurements
(Zhang et al., 2014;Mcvay et al., 2014). The modeling of the gas-wall process of semivolatile organic compounds can improve
the prediction of SOA mass in regional scales. In addition, an increased aerosol viscosity via aging could modify the diffusivity
of the partitioned organic molecules (Abramson et al., 2013) and the reaction rate constant for oligomerization in the aerosol

phase.

5 Conclusions and implications

Despite numerous studies in SOA characterization and formation mechanisms, substantial biases between the simulated and
field-measured SOA mass were still found (Hodzic et al., 2016) due to the inadequacy of handling the dynamic
multigenerational aging (Jathar et al., 2016) and aqueous reactions of the oxygenated products in the presence of an aqueous
phase containing electrolytes (Ervens et al., 2011). In this study, the UNIPAR model addressed those issues using a dynamic
age-driven a; set, multiphase partitioning of organic compounds, and in-particle chemistry. Although the utilization of the age-
driven a; set improves the time series prediction of SOA mass, as shown in Fig. 3, the photochemical evolution of the gas-
phase products via monoalkylbenzene oxidation (Fig. 2, Fig. S4, and Fig. S5) does not increase the SOA mass, as is commonly
suggested. Overall, the effect of an aqueous phase containing electrolytes on SOA formation was more critical than that of the
NOx level under our simulated conditions. By adding a wet inorganic seed to the non-seed SOA system, the mass-base SOA
yields under high NOy levels increase more than those under low NO, conditions (Fig. 6 in Section 4.4). The vapor pressure
of volatile organonitrate and PAN-like species, which are formed at high NOy levels, are not low enough to increase partitioning
SOA mass (Fig. 7 A-ll). Thus, SOA yields decreased by increasing NOy levels. Overall, both simulation and chamber data
show that monoalkylbenzene SOA yields increase with a decreased alkyl chain length: toluene > ethylbenzene > n-
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propylbenzene. This difference is most noticeable in the presence of an inorganic seed at high NOy levels (Fig. 7 A-1l and H-
I1). (Colberg et al., 2003)

Due to the pervasiveness and relatively high concentration of toluene in the urban situation, where HC/NOy < 5.5 and wet
inorganic seeds typically exist, the importance of toluene SOAs to the urban SOA burden can increase. The oxidation products
from aromatic HCs can also involve cloud condensation nuclei activity due to their high reactivity via heterogeneous chemistry
(Molteni et al., 2018), resulting in a change in the properties of clouds and fog and the urban radiation balance (Gordon et al.,
2016). The unified aerosol-phase reaction rate constants for three monoalkylbenzenes represent the feasibility of applying the

UNIPAR model to more aromatic systems (dialkyl benzenes and trialkyl benzenes) and the complex urban mixture.
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Table 1: Experimental conditions and resulting SOA chamber data of the monoalkylbenzenes photooxidation experiments
performed under various NOx conditions with or without inorganic seeded aerosol in the dual outdoor UF APHOR chambers.

Initial condition

Exp.ID®  Date® HC NO, SEEdEdd HC/NO, Yson" gy (%) Templiramre Note *
(ppb) (HONO) - 2erosol © by 9 0
(ppb)  (ngim?)

Toll O01/06/12E° 190 110 (40) 50 12.1 189 1881  280-306 Fig. 6(a)

Tol2 0L06/12W° 190  95(35) - 148 133 1881  280-306 Fig. 6(a)

Tol3  02009/12E° 175 245 (35) 46 5.0 153 21-83  280-307 Fig. 6(d)

Tol4  020012W° 180 246 (35) - 45 93 2184  280-307 Fig. 6(d)

Tol5  06/20/12E¢ 165 110(15)  35(SA) 105 156 27-83  295-317 Fig. S7(a)

Tol6  1216A7E 198 132 (79) - 105 86 2358  283-300 Fig. 3(a) and Fig. S7(b)
Tol7  0225/18W 154 170 (22) - 6.4 33 2044  293-313 Fig. 3(b), Fig. S3(a) and Fig. S7(c)
Tols  04/30/18E 127 306 (47) 70 (SA) 2.9 131 1457  289-317  Fig. 3(c), Fig. 5(a) and Fig. S7(d)
Told  06/14/18W 135 361(80) 130(WAS) 26 190 5193  295-319 Fig. S7(e)

EB1 12/05/17 E 126 71 (32) 43 14.2 154  18-57 287-310 Fig. 6(b)

EB2  120517W 134  74(39) - 144 122 2566  283-310 Fig. 6(b) and Fig. S3(b)
EB3 01/04/18 E 132 175 (13) 50 6.0 21.8 30-85 267-291 Fig. S7(f)

EB4  OLO4I8W 131 175(22) - 60 128 4893  267-289 Fig. S7(f)

EB5  1210M7E 131 363 (13) 39 29 101 2083  271-298 Fig. 6(e)

EB6 12/10/17W 128 363 (15) - 2.8 4.1 33-86 272-295 Fig. 6(e)

EB7  0219/18W 125 81(36) 80(SA) 123 256 1946  202-315 Fig. 5(b) and Fig. S7(g)
EBS  O021918E 112 63(36) 35(dAS) 143 110 13-39  292-314 Fig. S7(g)

EB9  OLI9/18W 169 106(30) 40(WAS) 127 286 20-87  260-302 Fig. 57(h)

PB1 03/04/18 E 100 87 (19) 57 10.4 7.4 11-54 279-306 Fig. 6(c)

PB2  03/04/18W 109 108 (24) - 9.1 54 17-59  279-305 Fig. 6(c) and Fig. S3(c)
PB3  O03/28/18E 87 264 (36) 54 3.0 71 1143 285312 Fig. 6(f)

PB4 03/28/18 W 88 248 (33) - 32 4.6 16-51 285-312 Fig. 6(f)

PB5  040518W 101 76(35) 70(SA) 120 157 30-93  282-312 Fig. 5(c) and Fig. S7(i)
PB6 04/17/18 E 101 149 (141) 70(SA) 6.1 119 14-85 278-313 Fig. S7(j)

PB7  04/17/18W 101 155(126) 70 (WAS) 5.9 181 4091  279-310 Fig. S7(j)

PBS  O06/14/18E 83 353(148) 90 (SA) 21 107 2290 294-322 Fig. S7(K)

2“Tol”, “EB”, and “PB” represent toluene, ethylbenzene, and n-propylbenzene oxidation experiments, respectively.

®“E” or “W” denotes the east or west chamber.

¢ SOA data obtained from Im et al. (2014).

4«gA” “wAS”, and “dAS” denote sulfuric acid seeds, wet ammonium sulfate seeds, and dry ammonium sulfate seeds. (dry:
RH < ERH; wet: RH > ERH). For those without notification, SO (in the unit of ppb) was injected into the chamber to generate
acidic seeds.

¢ SOA yield is estimated using Ysoa = AOM/AHC, where AOM is formed organic matter, AHC is consumed HC. Yield in the
table was estimated where SOA mass reached to the maximum over the course of the experiments.

f This column denotes that the corresponding data was used in which figures.

The accuracy of RH is 5 %. The accuracy of temperature is 0.5 K.
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Figure 1: Simplified scheme of the UNIPAR model. [HC]o represent the initial hydrocarbon (HC) concentration. The dynamic mass-
based stoichiometric coefficient (dynamic ai), the consumption of HCs (AHCs), and the concentrations of hydroperoxide radical
([HO2]) and organic peroxyl radical ([ROz]) are simulated from the gas kinetic model. The aging factor (fa) is represented as a
5 function of [HOz], [ROz], and [HC]o, which is detailed in Section 3.1. C and K denote the concentration and the partitioning coefficient
in gas phase (g), organic phase (or), and inorganic phase (in). kori denotes the reaction rate constant of oligomerization in or phase.
kac,i denotes the reaction rate constant of acid-catalyzed oligomerization in in phase and is represented as a function of aerosol
acidity ([H*]) and ambient humidity (RH). OM represents the concentration of organic matter. Subscripts, “AR”, “P”, and “T”
denote aerosol-phase reactions, partitioning, and total organic matter, respectively. Subscript i represents each lumping species.
10 diOS represents the concentration of organosulfate (dialkyl sulfate (diOS) in this study).
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Figure 2: The mass-based stoichiometric coefficients (ai) of each species, i, from toluene oxidation under low NOx level (simulation
based on the sunlight of Exp. Tol6, HC/NOx = 10.5, 12/16/18) at (a) fresh condition and (b) highly aged condition, and under high
NOx level (simulation based on the sunlight of Exp. Tol8, HC/NOx = 2.9, 04/30/18) at (c) fresh condition and (d) highly aged condition,
where fais the aging factor as derived in Eq. 1. The oxygenated products predicted by the explicit gas kinetic model are lumped as
a function of vapor pressure (8 groups: 10, 10, 10, 10+, 103, 10??, 10, and 1 mmHg) and aerosol phase reactivity (6 groups), i.e.,
very fast (VF: tricarbonyls and a-hydroxybicarbonyls), fast (F: 2 epoxides or aldehydes,), medium (M: 1 epoxide or aldehyde), slow
(S: ketones), partitioning only (P), and multialcohol (MA). MGLY (methylglyoxal) and GLY (glyoxal) were lumped separately due
to the relatively high reactivity.
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Figure 3: Comparison between simulated SOA mass by the fixed ai (a fixed at the point of HC being consumed half of the total
consumption) and dynamic ai (a evolving as photooxidation) under (a) low NOx condition (Exp. Tol6, HC/NOx = 10.5), (b) moderate
NOx condition (Exp. Tol7, HC/NOx = 6.4), and (c) high NOx condition (Exp. Tol8, HC/NOx = 2.9 with sulfuric acid (SA) seeded
aerosol). (d), (e), and (f) represent the time-dependent SOA growth curve (SOA mass concentration against consumed HC)
corresponding to the experimental conditions of (a), (b), and (c), respectively. The solid circle represents the experimental
measurements. The SOA mass is corrected for particle loss to the chamber wall. The experimental conditions are available in Table
1.
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Figure 4: Simulated toluene SOA vyields (Ysoa = AOM/AHC) as a function of relative humidity (RH: 0.1 ~ 0.9) and fractional free
sulfate (FFS: 0 ~ 1), where FFS = ([SO4*]-0.5[NH4*])/[SO4*] and is used to estimate aerosol acidity ([H*]) in inorganic
thermodynamic model. The RH and FFS are fixed in the simulations. The gas-phase simulations are based on the experimental
condition of 06/14/2018 (Exp. Tol9 in Table 1) (initial HC concentration = 20 ppb, HC/NOx = 2, sulfate mass concentration = 20
ug/m?, and the mass ratio of the consumed HC to sulfate (AHC:sulf) = 1.5).
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Figure 5: Time profiles of measured inorganic sulfate concentration ([SO4*Jexp), ammonium concentration ([NHa*]exp), diOS
concentration ([diOS]exp), the predicted proton concentration ([H*]), diOS concentration ([diOS]model), and the maximum diOS
concentration ([diOS]max) (assuming there is no ammonia neutralization in the system) for SOA generated from (a) toluene (HC/NOx
=2.9, OM-to-sulfate mass ratio (OM:sulf) = 1.4), (b) ethylbenzene (HC/NOx = 12.3, OM:sulf = 1.4), and (c) n-propylbenzene (HC/NOx
= 14.4, OM:sulf = 0.7). The degree of neutralization is indicated by FS, which is ranging from 1 (for sulfuric acid) to 0.33 (for
ammonium sulfate). “SA” stands for experiment with direct-injection sulfuric acid seeded aerosols. The ion and diOS concentrations
were corrected for the particle loss to the chamber wall. The experimental conditions are available in Table 1.
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Figure 6: Time profiles of measured and modeled SOA mass concentrations for toluene, ethylbenzene, and n-propylbenzene SOA
under low/high NOx conditions in the presence/absence of SO2-derived sulfuric acid seeded aerosol. The red and green colors indicate
experiments with and without SO, respectively. Solid, dashed, and dotted lines denote the total organic matter (OMr), the OM from
partitioning only (OMe), and the OM from the aerosol-phase reactions (OMar), respectively. The degree of ammonia neutralization
with sulfuric acid is indicated by the FSend, which is the FS at the end of the experimental run. The FSend is ranging from 1 (for
sulfuric acid) to 0.33 (for ammonium sulfate). The uncertainty associated with experimentally measured OM is about 9 %. The SOA
mass was corrected for the particle loss to the wall. The experimental conditions are available in Table 1.
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Conditions \ ID A B C D E F G H |
RH (%) 45 65 45 65 45 45 45 45 45
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Figure 7: The simulated SOA mass (Panel 1) for toluene (Tol), ethylbenzene (EB) and n-propylbenzene (PB) under different
conditions, as are listed the top table. The initial concentrations of monoalkylbenzenes, pre-existing OM (OMo), NHsHSO4 (AHS)
seeded aerosol, and (NH4)2SO4 (AS) seeded aerosol are set at 20 ppb, 2 pg/m3, 20 pg/m?, and 20 pg/m?, respectively. The gas-phase
simulation used the sunlight on 06/14/2018 (Exp. Tol9 in Table 1). OMp and OMar represent the organic matter from the partitioning
process and aerosol-phase reactions. (Panel 11) shows the time-dependent SOA growth curve for three monoalkylbenzenes under
corresponding conditions (top table). The concentrations in the legends refer to the mass concentrations of the consumed
hydrocarbons in each simulation under the high/low NOx conditions.
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