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ABSTRACT: The formation of terpene secondary organic aerosol ~ Monoterpenes Secondary organic aefosol
(SOA) was simulated using the unified partitioning aerosol phase

reaction model that predicted multiphase reactions of hydro- @* Photmae
. .. . Idatj
carbons in the presence of electrolytic inorganic aerosols. To L) Oxygenated '

. . i N

predict oxygenated products from the atmospheric oxidation of > Products
terpenes, the master chemistry mechanism, an explicit gas kinetic =~
mechanism, was implemented. The resulting products were then 4@

classified into 51 lumping groups using mass-based stoichiometric
coeflicients according to their volatility and aerosol phase
reactivity. In the presence of wet inorganic aerosol, the SOA model was approached by liquid—liquid phase separation between
the organic and inorganic phases due to the hydrophobicity of terpene products (oxygen to carbon ratios <0.6). The model
streamlined three SOA formation pathways including partitioning of gaseous oxidized products onto both the organic aerosol and
aqueous aerosol phases, oligomerization in the organic phase, and aqueous phase reactions (acid-catalyzed oligomerization and
organosulfate formation). In the model, the peroxy radical autoxidation mechanism, which is a recently derived explicit mechanism
to form highly oxygenated molecules, was also included to form less volatile products. The model simulation was demonstrated for
SOA data that were produced through the photo-oxidation of three different monoterpenes (a-pinene, f-pinene, and p-limonene)
under various experimental conditions in a large outdoor photochemical smog chamber. Terpene SOA growth was considerably
accelerated in the aqueous phase anchored in acidic seeds but much weaker with neutral seeds. This tendency is quite different from
that of isoprene SOA, which noticeably grows even in the neutral aqueous phase. Unlike hydrophilic isoprene products, terpene
products are hydrophobic and weakly soluble in the aqueous phase, and thus, the neutral aqueous phase is insufficient to increase
SOA mass. The model underestimated the production of polar functional groups, such as —OH, —COOH, and —ONO,, compared
to the compositions measured using Fourier-transform infrared spectral data. In particular, the model underestimated carboxylic
acids due to the knowledge gaps in the mechanisms to form carboxylic acid in both gas-phase oxidation and in-particle chemistry.
Under the current emission trends in which SO, and NO, have been decreasing, the model simulation suggested that the reduction
of sulfate is more efficient to reduce SOA mass than the reduction of NO,.
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1. INTRODUCTION their nature of producing high yields of low-volatility products
during the atmospheric process.'>'

Predictive SOA models have been developed over time to
provide feasible tools for understanding SOA impact on
climate and human health. The early gas—particle partitioning
model utilizes a classical partitioning theory as the backbone
for SOA growth.'” By using simple model parameters for two'®
or more surrogate products,’ these partitioning-based SOA
models semiempirically established a relationship between the
absorbing organic mass (OM) concentration and SOA yields.

Secondary organic aerosol (SOA) represents a significant
proportion of ambient tropospheric aerosol and influences
climate forcing"” and human health.” Monoterpenes, biogenic
hydrocarbons, yield a significant amount of SOA with an
annual global SOA production rate of 19.9 Tg y™', which is
50.3% of the total biogenic SOA.* In remote areas,
approximately half of the summertime SOA is reported from
monoterpene oxidation.” In addition, terpene SOA formation
rapidly progresses because of the fast reactivity of terpene with
atmospheric oxidants (i.e, OH radicals, ozone, and nitrate

radicals).l’é The products from terpene oxidation may self- Received: February 28, 2021
nucleate, partition onto pre-existing particulate matter, or Revised:  April 14, 2021
undergo aerosol phase reactions to form SOA.””'" The SOA Accepted:  April 30, 2021

yields of monoterpenes varied with precursor hydrocarbons Published: May 12, 2021

and NO, levels.'””'* Hence, monoterpenes can also
significantly contribute to the global SOA budget due to
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This gas—particle partitioning mode has been widely
implemented in regional and global models due to its
simplicity and efficiency in calculation. However, the
predictability of the partitioning-based SOA model is limited
due to the missing SOA formation pathway when the
electrolytic inorganic aerosol is present. Over the last two
decades, numerous studies have shown that aerosol-phase
reactions of some organic species (i.e., aldehydes and
epoxides)**™** can yield nonvolatile oligomers, resulting in
increases in SOA mass. Furthermore, aerosol-phase reactions
to form oligomers can be increased in the presence of an
aqueous phase and accelerated by an acid catalyst"® associated
with acidic inorganic aerosol. In order to consider emerging
chemistry, the SOA model needs to link the physicochemical
properties of organic products to both atmospheric conditions
(humidity, temperature, and NO, levels) and aerosol environ-
ments [acidity, aerosol liquid water content (LWC), and
inorganic compositions] in the presence of electrolytic
inorganic aerosol. For example, the gas—aerosol model for
mechanism analysis was developed by McNeill et al. to predict
the formation of isoprene SOAs via aqueous-phase chem-
istry.”> Dawson et al.”* developed a gas-phase and SOA model
(aroCACM/MPMPO) including oxidation of aromatics by
assuming the condensed phase as a simple mixed inorganic
phase or organic—inorganic separate phase. Couvidat and
Sartelet Couvidat and Sartelet™ designed the SOA processor
(SOAP v1.0) by implementing morphology factors accounting
for aerosol physical heterogeneity and organic diffusions. Jang
et al. recently launched the unified partitioning aerosol phase
reaction (UNIPAR) model, including the partitioning process
and aerosol phase reactions of oxygenated products ori%inating
from gas mechanisms of hydrocarbons (HCs).”*™** The
UNIPAR model has recently been evaluated by Im and Jang,”’
and Zhou®® for aromatic HCs such as toluene, ethylbenzene,
propylbeneze, and 1,3,5-trimethylbenzene with an assumption
of liquid—liquid phase separation (LLSP) between the
inorganic phase and organic phase. Beardsley and Jang
extended UNIPAR to the prediction of isoprene SOA
assuming a single homogeneously mixed phase (SHMP)
between inorganic and organic phases.

In addition to aerosol-phase reactions, several recent studies
suggested that atmospheric autoxidation of monoterpene in
the gas phase can be one of the missing chemical path-
ways. ©**° The formation of highly oxygenated molecules
(HOMs), which are formed through the autoxidation of
peroxy radicals, has also been experimentally identified.*'
For monoterpenes, HOM formation starts with ozonolysis,14
followed by the addition of O, to form peroxyl radicals.
Furthermore, peroxyl radicals can form epoxide and alkoxyl
radicals of monoterpenes via the intramolecular rearrangement
of H atoms [ abstraction of allylic H atoms (H-shift) or
addition of H to the unsaturated C=C bond]. Multi-
generation autoxidation increases ketone and hydroxyl func-
tional groups in products.'®*' The peroxy radical autoxidation
mechanism (PRAM) has been recently developed by Roldin et
al. based on experimental observations and the theoretical
study of monoterpene oxidation.””*® Despite the relatively low
yield of HOMs, their low volatility with a high O/C (>0.7) is
capable of driving initial nanoparticle growth and substantially
impacting the total SOA mass.”

In this study, the SOA formation via multiphase reactions of
three terpenes (a-pinene, f-pinene, and D-limonene) was
simulated using the UNIPAR model. The oxygenated products
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originating from the explicit gas mechanisms [master chemistry
mechanisms (MCMs), version v3.3.1]>" were applied to
partitioning and in-particle chemistry. In the presence of wet
inorganic aerosol, the aerosol phase is considered as LLPS
because terpene products were relatively hydrophobic (oxygen
to carbon ratios: 0.3—0.6)."”* Additionally, the impact of
HOMs on SOA formation was demonstrated by adding the
recently reported autoxidation mechanisms by Roldin et al.*’
The simulated SOA mass was examined against the chamber-
generated SOA data that were produced from the photo-
oxidation of three different monoterpenes (a-pinene, -pinene,
or p-limonene) under varying NO, levels (HC/NO, > 5.5 and
<5.5 ppbC/ppb) and seed conditions [i.e., no seed (NS), wet
ammonium sulfate (wAS), and sulfuric acid (SA)]. The
simulated SOA compositions were also compared with the
functional group compositions that were constructed by using
Fourier-transform infrared (FTIR) spectral data. The sensi-
tivity of the three terpene SOAs to environmental variables,
such as temperature, relative humidity (RH), aerosol acidity,
and NO, levels, was thoroughly demonstrated using the model.

2. METHODOLOGY

2.1. Outdoor Chamber Experiments. Terpene SOA was
produced from photo-oxidation of three different HCs (a-
pinene, f-pinene and D-limonene) using the Atmospheric
PHotochemical Outdoor Reactor (UF-APHOR) dual chamber
(52 m? each) located at the University of Florida. A detailed
description of the operation of the large outdoor smog
chamber has been described previously.”****~*° In summary,
HCs were evaporated into the outdoor chamber with heating.
400 ppb of non-reactive CCl, (Sigma-Aldrich; >99.5%) was
used as the indicator for chamber dilution. HCs and NO (2%
in N,, Airgas Inc, USA) were introduced into the smog
chamber before sunrise. For each HC, two different NO, levels
(high NO,: HC/NO, < S ppbC/ppb; low NO,: HC/NO,, >
10 ppbC/ppb) and three different seed conditions (without
seed; SA; and ammonium sulfate, AS) were studied. The
concentration of gas-phase HCs was monitored by GC-FID
(78204, Agilent Technologies, Inc., USA). The concentrations
of ozone and NO, were measured using a photometric ozone
analyzer (400E, Teledyne Technologies, Inc, USA) and a
chemiluminescence NO/NO, analyzer (T201, Teledyne
Technologies, Inc., USA), respectively.

For the experiments in the presence of the inorganic seed,
the inorganic ion concentration was monitored using a particle
into liquid sampler (ADISO 2081, Applikon Inc, USA)
integrated with ion chromatography (Compact IC 761,
Metrohm Inc.,, Switzerland) (PILS-IC). The particle size
distribution was monitored using a scanning mobility particle
sizer (SMPS 3080, TSI Inc., USA). The meteorological factors,
such as temperature, relative humidity (RH), and sunlight
intensity, were monitored both inside and outside the smog
chamber using a hygrometer (CR1000 measurement and
control system, Campbell Scientific Inc., USA) and an
ultraviolet radiometer (TUVR, Eppley Laboratory Inc.,
USA), respectively. SOA mass was simulated by using the
meteorological variables that were measured during the
chamber experiment. To study the effect of aerosol LWC on
SOA formation, the experiments in the presence of inorganic
seeds were performed under controlled RH conditions. For
dAS-seeded experiments, RH was controlled less than the
efflorescence RH (ERH) of the AS seed, and for wAS-seeded
experiments, RH was maintained higher than 50% to prevent

https://doi.org/10.1021/acsearthspacechem.1c00056
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seed crystallization. The time profiles of RH and temperature
for the dry and wet experiments are shown in Figure S1. The
concentration of organic carbon in aerosol was monitored
using an organic carbon/elemental carbon aerosol analyzer
(OC/EC model 4, Sunset Laboratory Inc., USA) every SO min.
The concentration of organic matter in aerosol (OM, ug m™>)
was then calculated based on the measured OC concentration
and an OM to OC ratio. The averaged OM to OC ratio of all
three terpene SOAs is set to 1.7 based on the measurement
using OC/EC and filter mass. The concentration of OM
produced in the chamber was corrected for both chamber
dilution using the dilution factor and the particle loss to the
chamber wall using a particle-loss factor. The measured
maximum OM mass concentration ranged from 8.3 to 83.4
ug m™ in this study. The aerosol composition (sulfate, nitrate,
ammonium, and OM) was also monitored using an aerosol
chemical speciation monitor (ACSM, Aerodyne Research Inc.,
USA). The resulting ACSM compositions were compared with
the data obtained from OC and PILS-IC. SOA vyields (Y) were
then calculated as the maximum concentration of OM divided
by the consumption of HC precursors. According to the
previous studies by Aiken, et al. 7 and Canagaratna, et al,*® the
O/C ratio of SOA can be calculated using an empirical
equation based on the measured f,, (ACSM data). As listed in
Table S1, the estimated O/C ratio of the SOA collected in this
study ranges from 0.3 to 0.58, which is similar to the reported
literature values of 0.3—0.6."" The detailed experimental
conditions of outdoor chamber experiments are summarized
in Table S1. An example of the typical time profiles of
concentrations of HCs, NO,, and Oj; is shown in Figure S2 in
the Supporting Information. An example of the time profiles of
total ultraviolet radiation that was measured in the UF-
APHOR chamber is shown in Figure S3.

2.2. Characterization of SOA Composition Using FTIR.
The functional groups of aerosol samples were characterized
using a FTIR spectrometer (Nicolet iS50, Thermo Fisher Inc,,
USA). The SOA was collected by impaction onto a silicon
optical disc (13 X 2 mm, Sigma-Aldrich, USA) using a specially
fabricated sampling holder. For the SOA produced at low NO,,
levels (Table S1), the aerosol sampling began near noon when
the SOA mass was at the maximum. The duration of the
sample collection was 90 min. The aerosol mass collected on
the FTIR disc was determined by measuring the mass
difference before and after the aerosol collection using an
analytical balance (MXS, Mettler-Toledo Ltd, Columbus,
OH). The aerosol mass that was collected on the FTIR disc
ranged from 20 to 50 pg. Immediately after sampling aerosols
on the FTIR disc, aerosol functional groups were analyzed
using the FTIR spectrometer. A DTGS detector was used for
the analysis. The FTIR spectra were obtained in the
absorbance mode ranging from 800 to 4000 cm™' with a
resolution of 0.121 cm™ and a scan number of 8. The software
Omnic version 9 (Thermo fisher scientific Inc.) was used for
the collection of FTIR spectra and post-process. The detailed
experimental conditions for the SOA used in FTIR studies are
shown in Table S1. The functional group compositions (C—H,
O-H, C=0, C(=0)0-H, and nitrate) of each SOA were
constructed using the decoupled FTIR spectra.”*’

2.3. Determination of Aerosol Acidity. In this study, the
aerosol proton concentration ([H*], mol L™ of aerosol) was
measured using colorimetry inte§rated with a reflectance UV—
visible spectrometer (C-RUV).>” For SA-seeded experiments,
the aerosol acidity can be reduced by either the neutralization
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of SA with ammonia gas or the formation of dialkyl
organosulfates (diOSs). The acidity of the aqueous aerosol
phase is an important parameter to accelerate the in-particle
chemistry of organic products.® The change in [H*] associated
with ammonia neutralization can be determined using the
conventional inorganic thermodynamic model (i.e., EAIM-
I1)°"°* based on the inorganic composition obtained from
PILS-IC measurements. The C-RUV method detects the [H*]
originating from both the ammonia neutralization and diOS
formation. The quantity of diOS is determined by using the
difference between the traditional [H*] estimation using the
inorganic thermodynamic model and the [H*] determined
using C-RUV.**

3. DESCRIPTION OF THE UNIPAR MODEL

The UNIPAR model was previously evaluated for aromatic
SOA in the presence of electrolytic inorganic aerosol’® in the
LLPS mode and also demonstrated for isoprene SOA in the
SHMP mode.”® In this study, the UNIPAR model was
extended to the prediction of SOA formation via multiphase
oxidation of monoterpene. The overall structure of the
UNIPAR model is illustrated in Figure 1. For terpene SOA,

Gas Kinetic Mechanism

@; j: mass-based stoichiometric
coefficient for each lumping group

l Partitioning, K,

i

C4=f(AHC, NOy)

Organic phase (or)

Cor OMp oy
kO

Oligomerization OMagor

Inorganic phase (in)

7 C,-n —_— OMp',-,,
Partitioning, Kj;,

M s OMypin

In-particle aqueous reaction (i.e.,
acid-catalyzed oligomerization)

Figure 1. Scheme of the UNIPAR model. a;; (i: reactivity level; and j:
vapor pressure level) is the mass-based stoichiometric coefficient of
the lumping group simulated from the gas kinetic mechanisms (MCM
v3.3.1 and PRAM). Cy Cop and C;, represent the concentration of the
lumping species in the gas phase (g), organic phase (or), and
inorganic phase (in), respectively. K,, and K, are the partitioning
coefficient of lumping species from the gas phase to the organic phase
and from the gas phase to the inorganic phase, respectively. k, and k,c
are the reaction rate constant of the in-particle reaction in the organic
phase and inorganic phase, respectively. OM,, OM,g, and OMy are
the OM formed from the partitioning process, aerosol-phase
reactions, and total OM, respectively.

simulations were performed in the LLPS mode due to the
relatively large hydrophobicity of SOA products showing low
0O/C ratios (<0.6).*°** In the model, the total OM (OMy, ug
m~3) is attributed to the OM (OM,,, ug m™>) formed through
multiphase partitioning and the OM (OMAR, g m>)
originating from in-particle chemistry (i.e., oligomerization in
the organic phase, acid-catalyzed reactions in the aqueous
phase, and diOS formation).

3.1. Gas-Phase Mechanisms and Lumping of Gas
Products. The oxidation of the terpene in the gas phase was
simulated usin% the explicit gas-phase chemistry mechanism (
MCM, v3.3.1)*7***° on the box model platform using the

https://doi.org/10.1021/acsearthspacechem.1c00056
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Dynamically Simple Model for Atmospheric Chemical
Complexity (DSMACC).***° In order to simulate HOMs via
the gas-phase autoxidation of terpene products, the PRAM®’
was added to the MCM. The standard NO,-dependent
distributions of gas-phase products were simulated by varying
NO, levels (HC/NO, = 2—50 ppbC/ppb) under given
meteorological conditions (sunlight intensity, temperature,
and RH on June 19, 201S). The resulting products were
lumped into S1 groups within a two-dimensional array: eight
levels of volatility (1075, 1075, 1075, 107, 1073, 1072, 107, and
1 mm Hg) and six levels of aerosol-phase reactivity [very fast
(VF); fast (F); medium (M); slow (S); partitioning only (P);
and multi-alcohol (MA)] plus three additional reactive species
(glyoxal: GLY; methylglyoxal: MGLY; and epoxydiols:
IEPOX) with their own vapor pressure. The aerosol-phase
reactivity represents the reactivity of the organic species in
aerosol-phase reactions (ie., oligomerization). A detailed
description of the lumping criteria and the mass-based
stoichiometric coeflicient (a) of the lumping group i can be
found in previous studies.”® In the previous study by Zhou et
al,”® @; was reconstructed to simulate the atmospheric aging of
monoalkylbenzene SOA (toluene, ethylbenzene, and propyl-
benzene). Terpenes are highly reactive and quickly oxidized to
form SOA. Unlike monoalkylbenzene, terpenes rapidly oxidize
at low NO, levels and their @; of the oxidation products is less
sensitive to the atmospheric aging over the day of the
experiment under ambient sunlight. The @; at high NO, levels
changes with atmospheric aging, which is a function of radical
concentrations (relative concentration of HO, and RO,
normalized by the initial HC concentration). After simulation
of the oxidation of each terpene in the gas phase, the
oxygenated products are classified into S1 lumping species as
shown in Tables S2—S8.

3.2. GasAerosol Partitioning. For the OM, estimation,
the lumped species produced in the gas (g) phase are
distributed into both the inorganic (in) phase and organlc (or)
phase by gas-aerosol absorptive partitioning theory.'” The
partitioning coeflicients of each product i between the gas and
organic phase (K., m® pug™') and between the gas and
inorganic phase (K, m® ug™') are estimated as follows

_ 7.501RT
Ofyor,ipl,i (1)
_ 7.501RT
ini = T 9. o
10" MW7, 2 @)

where R (8.314 ] mol™ K™') is the ideal gas constant and T
(K) represents temperature. MW, (g mol™") and MW, (g
mol™") represent the averaged molecular weight of organic
media and inorganic media, respectively. pf; (mmHg)
represents the subcooled liquid vapor pressure of the product
i and is estimated using the group contribution method.”*~*
The act1v1ty coefficient of i in the or phase (y,,;) is assumed to
be unity.’’ The activity coefficient of i in the in phase (Vi)
was semiempirically calculated by regression of the model-
predicted activity coeflicients of various organlc products using
a thermodynamic model (AIOMFAC)®” to aerosol parameters
[i.,e., RH and fractional sulfate (FS [sO,* ]/
([SO,*]+[NH,'])] and physicochemical parameters of i
[i.e., the molecular weight (MW, g mol™'), oxygen to carbon
ratio (O/C;), and hydrogen bonding (HB;) parameter].
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Y. = e0.035MV\/[—2.704 ln(O:C‘)—1.121HBI—0.33FS—0.022(100RH)
in,i

©)

The calculated activity coeflicients of the organic products in
the inorganic phase range from 10 to 107 within the
simulations of this study. The partitioning model to predlct
SOA formation was originally develo ed by Schell et al.>* and
was reconstructed by Cao and Jang®* to exclude nonvolatile
OM formed through the aerosol-phase reaction (OMyg; Hg
m™%). OM, is then estimated from the total concentration of
species i (CT b Ug m_3) using a mass balance equation as a

function of the effective saturation concentration (C =1/
I<0r1)
OM, = Z Cri — OMyy;
i
Coni
_c* MW,
8 C OMy,
R L Y
%, <MW MWI) 0 (4)

where OM, (mol m™?) is the concentration of the pre-existing
OM, MW,;; (g mol™ ') is the molecular weight of the dimer,
and C,; (,ug m™>) is the concentration of species i in the
organic phase. As C,,, is unknown in the absorbing medium (

Cori OMyg i
2 (W *

. ) + OM,, in eq 4), OM, was solved by the
iteration method using a globally convergent Newton—
Raphson method.*®

3.3. In-Particle Chemistry. OM,y; is calculated as a sum
of the OM formed by both oligomerization in the organic
phase (OM,g ) g m 3) and oligomerization in the inorganic
phase (OMyg jn» #g m~>). OM,g,; is assumed to be processed
throu h the self-dimerization reaction (second-order reac-
tion).”® In the presence of an acid catalyst, the oligomerization
can be accelerated.® The kinetic equations of the oligomeriza-
tions in the organic phase and inorganic phase are shown as
follows

dcor,i = —k C/ 2( MWOMT
0,i~ or,i 3
dt p,10 (5)
dc,,; MWM,
- = _kAC,iC/in,iz(—t 3"1]
dt Pal0 ©

where k,; (L mol™ s7') and kuc; (L mol™ s7') are the
oligomerization rate constant in the organic phase and
inorganic phase, respectively. p;; is the density of the inorganic
aerosol and calculated from the regression equation through
the E-AIM model. p,, (1. 38 mL™") is the averaged density of
terpene organic aerosols =% According to the method
developed by Jang et al.,” kAC,z and k,; can be semiempirically
estimated as a function of species reactivity (R;), protonation
equilibrium constant (pKgy;), excess acidity (X), water activity
(a,), and proton concentration ([H']).

_ 100.846Ri+0.22pKBH+X+1.003~X+10g(aw[H+])—2.8

)

kAC,i

0.846R +0.22p Ky, — 4.
k. = 100846R+022pKy;r—49 ()

0,i
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Figure 2. Time profiles of measured OM (OM-exp) vs simulated OM formed from photo-oxidation of a-pinene (AP) at low NO, (LNO,: HC/
NO, > 10 ppbC/ppb) levels with the seed conditions of (a) NS, (b) SA, (c) dAS, and (d) wAS and at high NOx (HNO,: HC/NO, < S ppbC/
ppb) levels with the seed conditions of (e) NS, (f) SA, (g) dAS, and (h) wAS. OM; represents total OM concentration. “MCM” and “MCM +
PRAM” denote the simulations performed with MCM v3.3.1 only and with the additional proxy radical autoxidation mechanism (PRAM),

respectively.
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Figure 3. Time profiles of simulated OM vs. experimentally observed OM (OM-exp) for f-pinene SOA (BP) at(a) LNO, ( HC/NO, > 10 ppbC/
ppb) without seed (NS), (b) LNO, with SA seed, (c¢) HNO, ( HC/NO, < 5 ppbC/ppb) without seed, and (d) HNO, with SA and for p-limonene
SOA (DL) at (e) LNO, without seed, (f) LNO, with SA, (g) HNO, without seed, and (h) HNO, with SA. OMy represents the total OM
concentration. “MCM” and “MCM + PRAM” denote the simulations performed with the MCM v3.3.1 only and with the MCM integrated with the

PRAM.

The acidic sulfate in aerosols can be neutralized by
ammonium or converted to diOS via esterification. This
further affects aerosol acidity and hygroscopicity. Using a
previously developed equation,”® diOS concentration ([diO-
Slmodes #g m™3) is predicted as a function of free sulfate
([SO,* Jgeer g m™2), which is available for neutralization and
organic physicochemical properties which are related to
effectiveness to form diOS (Supporting Information Section
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S3). For SOA simulation, the concentrations of ammonium
ions from the PILS-IC data were also used for the calculation
of aerosol acidity and diOS formation.

4, RESULTS AND DISCUSSION
4.1. Simulated SOA Formation. The SOA formation

from three terpenes, a-pinene, f-pinene, or D-limonene, was
simulated using the UNIPAR model under the measured

https://doi.org/10.1021/acsearthspacechem.1c00056
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SOA yield (%) at different model variables
SOASiELe Temperature =298 K Temperature =278 K
RH =45% RH = 80% RH =45% RH = 80%
High NO, | LowNO, | HighNO, | LowNO, | HighNO, | LowNO, | HighNO, [ LowNO,
AP/Ns 16%L  6.1% 16%h  61%k] 620 10h%l| 620 19l1%
AP/AS 1o%l] 67% 2290 | 749k ]  7.0%B 2009k | 7.6% I 20.0%
AP/AHS 4.8%E_| 10.0% 1 s.6%l 11.3% D11.1% DlZ.O%
BP/NS 0.6% 1.6% 0.6% 1ol 23%l]  azl 239l 47w
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Figure 4. Sensitivity of the predicted SOA yield to the model parameters. “High NO,” and “Low NO,” represent the high NO, level (HC/NO, = 3
ppbC/ppb) and low NO, level (HC/NO, = 1S ppbC/ppb), respectively. “AP”, “BP”, and “DL” denote a-pinene, f-pinene, and p-limonene,
respectively. “NS”, “AS”, and “AHS” represent the simulation in the absence of the seed, in the presence of the (NH,),SO, seed, and in the
presence of the NH,HSO, seed, respectively. All simulations were performed with the initial concentration of 30 ppb HC precursor using the
UNIPAR and MCM (v3.3.1) integrated with the PRAM under the reference sunlight profiles (June 19, 2015) from 6:30 to 17:30 (Figure S2). For
simulations, 20 yg m™ sulfate in the presence of AS and AHS and 2 ug m™ preexisting OM,, were included. The blue bar indicates the relative

scale comparison between simulations.

meteorological conditions and compared with the experimental
data obtained from the UF-APHOR chamber. Figure 2 shows
the measured and the predicted a-pinene SOA formation in
the presence of four different seeds including NS, SA, dAS, and
wAS at two NO, levels: high NO,, level (HC/NO, < S ppbC/
ppb) and low NO, level (HC/NO, > 10 ppbC/ppb). The
simulated OM,, and OM,y for three terpenes are shown in
Figures SS and S6.

Overall, SOA formation of a-pinene was reasonably
predicted except that at high NO, levels in the presence of
wet AS (Figure 2h). Compared to the SOA yields in the
absence of seeds (Figure 2a,e), the SOA yields in the presence
of SA significantly increased due to the acid-catalyzed reactions
(increased kyc.)**”" in the aqueous inorganic phase (increased
LWC). In the presence of acidic seeds, diOS forms through the
esterification of sulfuric acid with reactive organic species (i.e.,
alcohols, aldehydes, and epoxides) and further influences
aerosol acidity and hygroscopicity. The UNIPAR model
captures the formation of diOS and dynamically modulates
aerosol acidity associated with both the neutralization of
sulfuric acid with gaseous ammonia and diOS formation. As
shown in Figure S4, the observed diOS concentration using the
C-RUV technique is well simulated by the model. The rapid
change in [H*] in the morning originates from the decrease in
LWC due to the reduction of RH. The diOS fraction in
terpene SOA ranges from 3 to 10% under our experimental
conditions, which is lower than the reported diOS formation in
the SA-seeded aromatic SOA (6—15%)>® and that in the SA-
seeded isoprene SOA (~25%).%° In the presence of wet AS
(Figure 2d,h), SOA mass somewhat increased although less
than that with acidic seed. No influence appeared on SOA
yield with dAS compared to NS-SOA (Figure 2¢,g). As shown
in Figures 2e—h, the high NO, level delayed SOA formation
due to the suppression of the HO, cycle via the reaction of
NO, with OH radicals and consequently leads to the low SOA
yield.

Figure 3 illustrates the SOA formation from the photo-
oxidation of B-pinene or p-limonene in the absence and the
presence of SA under two different NO,, levels. The promotion
of SOA yields due to heterogeneous chemistry was also
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observed for both f-pinene and p-limonene SOA (Figure
3a,b,e,f). The rapid increase in SOA mass followed by a gradual
SOA reduction appeared for the highly reactive terpenes (i.e.,
limonene) at low NO, levels (Figure 2c,d,e,f) with a high
concentration of terpene. At the beginning of the oxidation,
the aerosol system temporarily becomes out of equilibrium
because of the rapid terpene consumption and the production
of a large number of new particles. A similar tendency was also
found in other chamber studies for p-limonene SOA.”

Overall, SOA mass for f-pinene and D-limonene is under-
predicted with the model: up to 50% in f-pinene (Figure 3c)
and 57% in p-limonene (Figure 3g). Such an underestimation
is plausibly due to missing mechanisms in both the gas-phase
and in-particle chemistry. For example, Hammes et al.”’
reported the underestimation of the carboxylic acid formation
for the simulation of the limonene oxidation by using MCM
v3.3.1 (up to 56%).

To evaluate the impact of HOMs on SOA formation, the
UNIPAR was also integrated with MCM-PRAM gas
mechanisms.”” In the presence of PRAMs, the predicted
OM; was increased because the PRAM-lumping species are
less volatile (Table S8). Among the three terpenes in this
study, p-limonene was most influenced by the PRAM because
of its high path of the HOM precursor intermediate to the
autoxidation mechanism. Evidently, the prediction of -
limonene SOA was improved with the MCM-PRAM as seen
in Figure 3. Unlike HOM yields in a-pinene and D-limonene,
those in f-pinene are trivial. Similar results were also observed
in the previous studies.'®”*

4.2. Sensitivities of SOA Prediction to Model
Parameters. The sensitivities of SOA formation to temper-
ature, RH, NO, levels, and aerosol acidity were tested by
simulating the UNIPAR model by changing each parameter
under the reference sunlight (June 19, 2015 from 6:30 to 17:30
at UF-APHOR). The initial concentration of terpene was set
to 30 ppb. Over the period of the simulation, the terpene was
completely oxidized. For the impact of aerosol acidity and
aerosol hygroscopicity on SOA, three different seeds were
implemented: NS, wAS, and ammonium hydrogen sulfate
(AHS). The results are shown in Figure 4 and the detailed

https://doi.org/10.1021/acsearthspacechem.1c00056
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Figure S. Uncertainties in the prediction of OM associated with (a) PRAMs, (b) vapor pressure (P ), (c) activity coefficient (7;,), and (d) reaction
rate constant in the inorganic phase (k,c) and in the organic phase (k,). The errors associated with the PRAM were estimated with and without the
PRAM. The errors associated with Py, kyc, and k, were estimated by increasing and decreasing the factors by 150 and 50%. The uncertainties
associated with y;, were estimated through increasing and decreasing y;, by 200 and 50%, respectively. For (b,c,d), OMy was simulated using the
UNIPAR and MCM (v3.3.1) integrated with the PRAM. All simulations were performed with an initial concentration of 30 ppb terpene at given

reference meteorological profiles (June 19, 2015) from 6:30 to 17:30 (Figure S3). For simulations, 20 yg m™~

AHS and 2 pg m™ preexisting OM,, were included.

3 sulfate in the presence of AS and

time profiles of SOA formation are shown in Figure S7—S9
(Supporting Information). The largest impacts on SOA yields
appeared with temperature for all three terpenes. For example,
SOA yields increased from 0.6—14.5% to 2.3—26.6% by
decreasing temperature from 298 to 278 K. The increased
organic concentration due to the reduction of vapor pressure at
the lower temperature increases both OMp and OM,y. In the
presence of wet inorganic seed, the impact of RH on SOA
yields appeared to be small, although a high RH can increase
the LWC of wet seeds. Unlike hydrophilic isoprene SOA
products, terpene products are hydrophobic and weakly
soluble in the aqueous phase. The low concentrations of
products in the aqueous phase reduce the sensitivity of SOA
yields to RH.

SOA yields of terpenes were significantly impacted by NO,
levels. By increasing the HC/NO, ratio from 3 to 15 ppbC/
ppb, the increased SOA yields for a-pinene, f-pinene, and D-
limonene ranged from 200 to 370%, 190 to 330%, and 300 to
700%, respectively. The effect of NO, levels on monoterpene
SOA vyield has been discussed by various studies.””~”” At high
NO, levels, the reactions of NO, with RO, lead to a more
volatile product distribution and a lower SOA formation.
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Additionally, the autoxidation pathway from HOM precursor
intermediates is suppressed at high NO, levels. The effect of
NO, on SOA formation was the greatest in p-limonene due to
the significant contribution of HOM to SOA mass.

As discussed in Section 3.3, the higher aerosol acidity
promotes the higher SOA yields due to the acid-catalyzed
heterogeneous reactions of organic compounds. D-Limonene is
less sensitive to aerosol acidity compared to the other two
terpenes, especially at the low NO, levels. #-Pinene that has
the least SOA yields was the most sensitive to acidity, as seen
in Figure 4.

The partitioning mass (OMj) fraction of the total SOA mass
increases when the SOA simulation is equipped with
autoxidation mechanisms as shown in Figure S10. The
HOM fraction of total gas products also increases with
decreasing hydrocarbon concentrations (Figure S10a). Some
HOMs are less volatile, and they belong to groups 1S and 1P
that dominantly partition to the aerosol phase in the UNIAPR
model. Figure S10b shows the 1S+1P fraction to OM} as the
hydrocarbon concentration increases. We conclude that the
OM; fraction of the total SOA mass would be more important

https://doi.org/10.1021/acsearthspacechem.1c00056
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Figure 6. Relative functional composition of terpene SOA under two different seed conditions: NS and with SA estimated from (a) UNIPAR
simulation with the gas kinetic mechanism of MCM v3.3.1; (b) UNIPAR simulation with the gas kinetic mechanism of the MCM v3.3.1 and
PRAM; and (c) measured using a FTIR spectrometer. The y-axis shows the mole-based relative fraction of functional groups to C—H stretching.
“AP”, “BP”, and “DL” denote a-pinene, -pinene, and D-limonene, respectively. “NS” and “SA” represent the experiments in the absence of the seed
and in the presence of the SA seed. The detailed experimental conditions are shown in Table S1.

in a less polluted environment where the hydrocarbon
concentration is lower.

4.3. Model Uncertainties. For the formation of SOA,
Figure S demonstrates the significance of the major model
parameters such as the presence of PRAMs (Figure Sa), P
(Figure Sb), 7, (Figure Sc), and the rate constants (k, and
kac) for heterogeneous reactions (Figure Sd). With the
addition of the PRAM to the MCM, OM; of a-pinene and
D-limonene SOA increases by 15—35% and by 71-119%,
respectively, while that of f-pinene SOA slightly decreases
(11-27% at high NO, levels) or shows no change at the low
NO, levels. The PRAM improves the prediction of SOA
formation by implementation of gas-phase autoxidation
mechanisms. According to the reaction rate constant in the
PRAM, the intramolecular H shift and autoxidation in the
presence of O, are very fast with an estimated characteristic
time of ~10' s, which is much shorter than the conventional
reaction of alkene with OH radicals (10* —10° s). For example,
the reaction rate constant of a-pinene with the OH radical in
the MCM is ~5 X 107" cm® molecule™ s™'. Assuming that
the ambient OH radical concentration is ~1 X 10° molecule
cm™3,”® the estimated characteristic time for a-pinene with the
OH radical is ~2 X 10* s. The PRAM utilizes the unified
HOM precursor for all terpenes. However, the HOM
precursor of D-limonene can produce different products from
a-pinene because the remaining double bond in the b-
limonene HOM precursor can react with atmospheric oxidants
and vyield organic compounds at different volatility and
reactivity.
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Both P; and y;, are important model parameters that
influence the multiphase partitioning of organic species and
further affect both OM} and OM,p. The reported uncertainty
in Py is 45% based on the group contribution method. By
increasing/decreasing Py for a factor of 1.5/0.5, the variation of
the predicted OMy is —19 to 74% (Figure Sb) compared to
the reference condition. As described previously, 7;, (eq 3) is
semiempirically estimated using a polynomial equation by
fitting the predicted y;, to the y estimated using the AIOMFAC
thermodynamic model.”””” AIOMFAC is a useful tool for
predicting y of inorganic and organic mixtures, but it has
substantial uncertainty resulting from the limitation of the
database. By increasing/decreasing ¥, for a factor of 2.0/0.5,
the variation of the predicted OM; is from — —26 to 70%
(Figure Sc). The highest enhancement in SOA mass appears
with D-limonene, especially in the presence of acidic seeds
under high NO, levels. Figure Sd illustrates the model
uncertainties associated with the aerosol phase reaction rate
constant (k, and k). The estimated uncertainties are
relatively small, ranging from —15 to 14% for all three terpene
SOAs when both k, and k,¢ change by a factor of 1.5 or 0.5.

The chamber simulations were generally performed with
much higher hydrocarbon concentrations than those in
ambient air due to the instrumental detection limits in both
gaseous compounds and aerosol concentrations. The UNIAPR
model reasonably simulates the chamber data that were
obtained under various environmental conditions (types of
hydrocarbons; different NO,, levels; dynamic meteorological
conditions associated with temperature, humidity, and sun-

https://doi.org/10.1021/acsearthspacechem.1c00056
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light; and the types of inorganic seed associated with
hygroscopicity and aerosol acidity). Therefore, the UNIAPR
model improves our understanding of SOA formation that
occurs in ambient air.

4.4, Predicted SOA Composition Versus the FTIR
Data. The model-predicted functional groups of three terpene
SOA products were compared with the measurements
obtained from FTIR spectra (Figure 6). The functionality
composition normalized with the intensity of the C—H
stretching band comprises C—H, —OH, —COOH, C=O0,
and —ONO,. The observed carbonyl group (—C=0) in the
presence of SA is significantly lower than that in the absence of
the seed due to heterogeneous reactions of aldehydes.”' In
FTIR data for all three terpenes, the —C=O fraction in SA-
seeded SOA is significantly less than that in non-seeded SOA,
clearly showing the oligomerization of aldehyde products in
the presence of SA seeds. The predicted —C=0 in SA-seeded
SOA is apparently greater than that in the non-seeded SOA
because the model represents both the carbonyls, partitioned
to aerosol, and the oligomeric products originating from the
heterogeneous reactions of multi-functional aldehydes. The
multi-functional aldehydes dissolved in the SA-seeded aqueous
phase are rapidly transformed to the oligomeric products,
which continuously promotes partitioning of aldehydes from
the gas phase to the aerosol phase. The model-predicted
functionality compositions with the MCM + PRAM were also
compared with that with the MCM solely (Figure 6a,b). For all
three precursors, the —OH group fractions increase by
introducing the PRAM: 0.04—0.13 with the MCM and
0.10—0.17 with MCM + PRAM. Even with the PRAM, the
simulated —OH fractions (Figure 6b) are still lower than those
in the FTIR observations (Figure 6¢). The simulated fractions
of the —ONO, group were somewhat underestimated
compared to the observations (0.02—0.09). In the presence
of SA, the fraction of —ONO, decreased, indicating that some
organic nitrates are unstable and hydrolyzed.

More importantly, the model significantly underestimates
carboxylic acid (—COOH group) (Figure 6¢c). The formation
of carboxylic acids from the oxidation of monoterpenes has
been regorted in numerous laboratory and field stud-
ies.”"7>97% In general, the higher yields of carboxylic acids
appear with ozonolysis of monoterpenes®”** and decrease with
increasing the involvement of the reaction with OH radicals.”
Despite numerous studies, the mechanisms to form carboxylic
acids from the atmospheric processes of monoterpenes are still
not well understood. Both gas-phase and aqueous-phase
reaction pathways are possibly involved in forming carboxylic
acids. For example, the recent laboratory study by Aljawhary et
al®® proposed that 3-methyl-1,2,3-butanetricarboxylic acid, a
major carboxylic acid from a-pinene, was formed via both the
gas-phase oxidation pathway and the aqueous reaction
pathway. Hence, further investigation for the formation of
carboxylic acid products is needed. The carboxylic acid group
typically reduces the vapor pressure of products. The discovery
of the formation mechanisms of carboxylic acids possibly
improves the prediction of aerosol compositions by increased
contribution of the multi-functional products that contain both
carboxylic acid and other polar functionalities (i.e., —C=0,
—OH, and —ONO,).

5. ATMOSPHERIC IMPLICATIONS

The UNIPAR model was demonstrated to predict the SOA
mass produced via the photo-oxidation of terpene under
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varying NO, and seed conditions. In the model, SOA
formation was processed via multiphase partitioning (gas
phase, organic phase, and inorganic phase) and in-particle
chemistry of lumping species, which were explicitly predicted
from the oxidation of terpene in the gas phase. Owing to the
governmental efforts, 88% of total SO, emissions and 63% of
total NO, emissions have been reduced in North America
between 1990 and 2018 (www.epa.gov/air-emissions-
inventories/air—pollutant—emissions—trends—data). With these
trends, acidic sulfate in aerosols has been gradually reduced.
Despite the numerous efforts toward mitigation of SO,
emissions, little response of aerosol pH was found throughout
the continental US over the last 20 years due to gas—particle
partitioning of ammonia and nitric acid.*®

Importantly, the reduction of SO, can potentially decrease
SOA mass, while the reduction of NO,, promotes SOA mass in
urban and suburban areas. The simulation using the UNIPAR
model provides insight into the impact of aerosol acidity and
NO, on SOA formation. AHS is atmospherically relevant and
able to reasonably predict the terpene SOA under the acidic
condition (Figure 4). In the presence of AHS, terpene SOA
formation was considerably promoted by aerosol-phase
reactions. Therefore, if the model does not include acid-driven
in-particle chemistry, the terpene SOA mass can be
significantly underestimated.

Additionally, the importance of in-particle chemistry on
SOA mass varies with the NO, level. In order to characterize
the impact of the NO, level, a-pinene SOA was simulated
under various HC/NO, ratios ranging from 3 to 50 ppbC/ppb
as seen in Figure S11. The impact of aerosol acidity was greater
at the high NO, level. For example, the predicted a-pinene
SOA mass with AHS (Figure S11c) is two times higher than
the non-seeded SOA mass (Figure S11a) at HC/NO, = 3. The
gap in a-pinene SOA mass between AHS and non-seeded
gradually decreases until HC/NO, reaches to 10 (1.7 times).
With changing HC/NO, ratios from 3 to 16, SOA mass
without seeds increases by 2.5 times (Figure S11a). For HC/
NO, > 16, a-pinene SOA mass is relatively insensitive to NO,
levels. The HC/NO, ratio in Los Angeles is projected to
change from 3 to 6 between the year 2000 to 2035.*” Under
this circumstance, a-pinene SOA mass will increase by 1.3
times based on UNIPAR simulation. The reduction of sulfate
in the current trend can positively be attributed to the decrease
in SOA mass, but the reduced NO, enables an increase in SOA
mass in urban areas where the NO, level is high.

The NO, regime can also influence terpene SOA formation.
In general, the reaction of RO, with HO, radicals leads to
relatively lower volatility products than the RO, with NO
reaction.””**® In addition, HOM, a product from autox-
idation, more efficiently forms at the lower NO, level.*” The
contribution of HOM to SOA mass can be increased with
decreasing NO, particularly in urban environments. For
example, when the HC/NO,, ratio increases from 3 to 15 in
the absence of acidic seeds (Figures S11a and S11b), the SOA
mass related to HOM increases from 20 to 30%. However, Pye
et al.* recently suggested that the autoxidation mechanism in
terpene oxidation can be less critical to the total SOA in the
chemical regime of the atmosphere changes compared to the
one in which RO, autoxidation becomes extremely important
(very low NO,). The NO, regime of this study was more
relevant to changes in urban and suburban environments.

Currently, the regional air quality models [i.e., Community
Multiscale Air Quality model (CMAQ, vS.1)] tend to
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underestimate biogenic SOA."*”* Such underestimations can
be partially caused by omitting aqueous reactions’' of various
oxidized products and by missing the gas-phase mechanisms to
form less volatile products (i.e, HOM and carboxylic acids).
Hitherto, the heterogeneous reactions of isoprene groducts
have been implemented in the regional models,"”*~"* but
aqueous reactions of other products originating from various
HCs (i.e.,, aromatic HCs, terpene HCs, alkanes, and various
VOCs from consumer products) are still inaccessible.”**"*
The model parameters of this study were adjusted to chamber
simulation that was influenced by the gas-wall partitioning of
organic products.”**® In order to apply the UNIPAR model
to the regional scale, the model parameters need to be revised
by excluding the impact of the chamber wall on SOA
formation.
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