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ABSTRACT:Nitrate radical (NO3) oxidation of biogenic volatile organic
compounds (BVOC) is important for nighttime secondary organic aerosol
(SOA) formation. SOA produced at night may evaporate the following
morning due to increasing temperatures or dilution of semivolatile
compounds. We isothermally dilute the oxidation products from the
limonene+NO3 reaction at 25°C and observe negligible evaporation of
organic aerosol via dilution. The SOA yields from limonene+NO3 are
approximately constant (� 174%) at 25°C and range from 81 to 148% at 40
°C. Based on the di� erence in yields between the two temperatures, we
calculated an e� ective enthalpy of vaporization of 117Š237 kJ molŠ1. The
aerosol yields at 40°C can be as much as 50% lower compared to 25°C.
However, when aerosol formed at 25°C is heated to 40°C, only about 20%
of the aerosol evaporates, which could indicate a resistance to aerosol
evaporation. To better understand this, we probe the possibility that SOA
from limonene+NO3 and� -pinene+NO3 reactions is highly viscous. We demonstrate that particle morphology and evaporation
is dependent on whether SOA from limonene is formed before or during the formation of SOA from� -pinene. This di� erence in
particle morphology is present even at high relative humidity (� 70%).

1. INTRODUCTION

The nitrate radical (NO3) oxidation of biogenic volatile organic
compounds (BVOC) is an important contributor to the
secondary organic aerosol (SOA) burden due to its high
reactivity1 and large SOA mass yields.2Š13 The reaction of
BVOC with NO3 radical, which is formed by the reaction of
NO2 with O3, provides a direct link between observations that
organic aerosol is well correlated with anthropogenic
pollutants14 but contains carbon that is mostly biogenic in
origin.15,16 Modeling studies estimate that 5Š21% of global
SOA is produced by NO3 radical chemistry.17,18 Monoterpene
+NO3 chemistry is especially important at night because the
NO3 radical is the dominant nocturnal oxidant and
monoterpenes are typically emitted during the day and at
night.19,20 Limonene and� -pinene are two of the most
important monoterpenes due to their high global abundance18

and aerosol mass yields.2Š4,7,8,11,12 In the southeastern United
States, recent studies show that NO3 radical oxidation of
monoterpenes can produce a substantial fraction of organic
aerosol.12,21Š24 Based on coordinated laboratory and� eld
studies, Xu et al.21 shows that this reaction contributes 50% of
total nighttime OA production in the southeastern U.S., a large
fraction of which is from� -pinene+NO3 chemistry.

Aerosol lifetimes in the atmosphere typically range between 1
and 2 weeks, spanning multiple day/night cycles. Thus, it is

important to study the changes in the physicochemical
properties of SOA formed by BVOC+NO3 reactions during
the night-to-day transition and atmospheric transport where
environmental parameters (e.g., T, RH, dilution, etc.) can
change. Since BVOC+NO3 reactions produce large amounts of
SOA and organic nitrates, these changes could have impacts on
the NOx cycle and total aerosol loading. Nah et al.25 shows that
SOA and organic nitrates formed from the nighttime
monoterpene+NO3 reaction can serve as a NOx sink or
reservoir upon photochemical oxidation, depending on the
precursor hydrocarbons. During the day, in addition to
photochemical oxidation, surface temperature and boundary
layer height increase, which lead to dilution of gas- and particle-
phase organics. Aerosol evaporation is expected to occur as a
result of dilution26 and increasing temperatures, due to the
semivolatile nature of some components.27 Understanding
evaporation of nighttime SOA upon daybreak is important to
accurately predict the dynamics of aerosol loading and
properties over its lifetime.
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Aerosol evaporation can be predicted by either the Odum
two-product model28 or the volatility basis set.29,30 Previous
studies have shown that bulk aerosol volatility is highly
dependent on temperature.31Š35 The temperature-dependent
partitioning coe� cient (K) at one temperature (T1) can be
approximated using the partitioning coe� cient at a reference
temperature (T2) and the ClausiusŠClapeyron equation27 if the
e� ective enthalpy of vaporization (� Hv) for the SOA is known:
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Although previous studies have shown that the e� ective
enthalpy of vaporization increases with decreasing saturation
concentration (C*),32,36Š38a single value is often assumed for a
single SOA system27,31,33 or used to estimate aerosol loadings
in global models.39 and references thereinFurthermore, many
chamber and thermodenuder studies31,34 that evaluate the
e� ective enthalpy of vaporization typically use mass loadings
that are higher than what is considered to be atmospherically
relevant. As a result, these studies may underestimate the
enthalpies of vaporization and the dependence of ambient
aerosol mass on temperature may be underpredicted when
these values are used in atmospheric models. To accurately
predict aerosol loadings, both the thermodynamics and kinetics
of aerosol evaporation must be understood. Typically, aerosol is
assumed to be liquid-like, with no kinetic resistance and
evaporation controlled solely by thermodynamics (i.e.,
governed by the ClausiusŠClapeyron equation). However, a
number of recent studies showed that SOA formed in some
reactions exists as a viscous semisolid,40Š43 which may
signi� cantly slow the evaporation of organic aerosol.

In this study, we investigate the e� ect of temperature on
SOA formed from NO3 radical oxidation of limonene and
evaluate the e� ective enthalpy of vaporization for SOA formed
in the limonene+NO3 system. Furthermore, we study the e� ect
of isothermal dilution and increasing temperatures on the

evaporation of organic aerosol. The evaporation of aerosol
mixtures produced from limonene+NO3 and� -pinene+NO3 is
also investigated as a function of relative humidity and aerosol
morphology. This study provides fundamental data for
understanding the changes in physical properties for organic
aerosol formed by BVOC+NO3 reactions and highlights the
importance of exploring the e� ects of temperature under a wide
range of conditions and aerosol systems.

2. EXPERIMENTAL SECTION

All experiments are performed as batch-reactions in the Georgia
Tech Environmental Chamber Facility, which consists of two
12 m3 Te� on chambers.12 Experimental conditions are shown
in Table 1. Reactions are conducted at either 25°C or at 40°C
under dry conditions (RH < 3%). The limonene+NO3 reaction
is also performed under humid conditions (RH� 50%)
(Experiments 13 and 14) to examine the e� ects of humidity on
aerosol yield. Prior to each experiment, the chambers are
� ushed with zero air for at least 24 h.

All experiments are performed by� rst injecting formalin
solution (Sigma-Aldrich, 37% HCHO) into a glass bulb, where
it evaporates as clean air passes over the solution and
introduces formaldehyde into the chamber. The concentration
of formaldehyde ranges from 1.2 to 13.0 ppm (with targeted
formaldehyde:VOC molar ratio of 500:1). For seeded experi-
ments, ammonium sulfate seed aerosol is injected into the
chamber via atomization of an 8 mM (NH4)2SO4 seed solution.
The initial seed number and mass concentrations are
approximately 20000 cmŠ3 and 21� g mŠ3, respectively. After
the concentration of seed aerosol has stabilized, either
limonene (Sigma-Aldrich, 97%) or� -pinene (Sigma-Aldrich,
� 99%) is injected by passing air over a known volume of liquid
inside a glass bulb. NO2 (Matheson Tri Gas, 500 ppm) and O3
(generated by passing puri� ed air through a UV photochemical
cell) are then introduced into a� ow tube (1.3 L minŠ1 � ow
rate, 71 s residence time) to produce NO3 radicals and N2O5,

12

which are injected into the chamber and typically marks the

Table 1. Experimental Conditions for All Experiments

exp. reaction temperature (°C) RH seed VOC VOC reacted (ppb)� Mo (� g/m3) SOA yield (%) perturbation

1 24.3 <3% ASa limonene 2.0± 0.2 18.0± 0.5 161± 13 heating
2 24.4 <2% AS limonene 4.5± 0.4 45.2± 0.6 181± 15 dilution
3 24.4 <2% AS limonene 4.8± 0.4 43.9± 0.4 165± 13 heating
4b 25.0 <2% AS limonene 6.9± 0.6 63.0± 0.9 165± 16 heating
5b 24.4 <2% AS limonene 12.0± 1 121± 0.9 182± 17 dilution
6 24.2 <2% AS limonene 22.3± 2 223± 2 180± 14 heating
7 38.5 <2% AS limonene 2.2± 0.2 10.1± 0.2 81± 7 none
8 39.4 <2% AS limonene 4.9± 0.4 24.1± 2 94± 10 dilution
9b 39.5 <2% AS limonene 6.9± 0.6 42.8± 0.6 112± 11 none
10b 38.7 <2% AS limonene 12.0± 1 82.8± 1 124± 12 dilution
11 38.7 <2% AS limonene 22.3± 2 184± 0.9 148± 12 none
12 24.3 <2% none limonene 4.2± 0.3 43.0± 0.3 184± 15 heating
13 24.2 54% none limonene 4.0± 0.3 49.6± 1 223± 22 heating
14 24.9 44% AS limonene 3.7± 0.3 47.7± 0.8 231± 22 heating
15 24.8 <2% AS limonene/� -pinenec 4.0± 0.4/7.1± 0.7 heating (immediate)
16 24.8 <2% AS limonene/� -pinenec 4.0± 0.4/7.1± 0.7 heating (delayed)
17 24.9 70% AS limonene/� -pinenec 4.0± 0.4/7.1± 0.7 heating (delayed)
18 24.8 <2% AS limonene +� -pinened 4.0± 0.4/7.1± 0.7 heating
19 24.9 70% AS limonene +� -pinened 4.0± 0.4/7.1± 0.7 heating
20 24.4 <2% AS � -pinene 7.1± 0.7 22.2± 0.3 55± 5 heating

a(NH4)2SO4 seedbO3 and NO2 are introduced to the chamber to form NO3 radicals before limonene is injected.cLimonene reacted prior to� -
pinene injection.dLimonene and� -pinene are reacted simultaneously.
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beginning of the reaction. The [N2O5]:[Limonene] ratio for a
typical limonene+NO3 experiment is usually about 8:1 but can
be as high as 18:1.

Experiments 4, 5, 9, and 10 are performed with a slightly
di� erent experimental protocol. To simulate the ambient
atmosphere, NO2 and O3 are injected separately into the
chamber after aerosol seed injection. NO2 and O3 react and
continuously generate NO3 radicals, which reacts with NO2 and
HCHO to form N2O5 and HO2 respectively, for approximately
30 min prior to injection of limonene. The [NO2]:[O 3] ratio at
the time of limonene injection is approximately 1:1.

The addition of formaldehyde leads to formation of HO2,
which opens up the RO2+HO2 reaction pathway for organic
peroxy radicals, which competes with the RO2+NO3, RO2+NO,
and RO2+RO2 reaction pathways.12,44To evaluate the RO2 fate,
a kinetic model based on the Master Chemical Mechanism
(MCM) v.3.3.145,46 is set up as described in theSupporting
Information (SI). The model results show that the extent of the
RO2+HO2 reaction may depend on the manner in which the
experiments are conducted. In typical experiments where the
NO2 and O3 are premixed in a� ow tube prior to injection into
the chamber, RO2+HO2 reactions account for 43Š80% of the
RO2 fate, RO2+RO2 reactions account for 2Š38% of the fate,
and the RO2+NO channel is negligible with the remainder
proceeding via RO2+NO3 reactions. In typical experiments
where NO2 and O3 are mixed within the chamber, the
RO2+HO2 channel is more prominent as it accounts for 72% of
the oxidation. In these simulations, RO2+RO2 accounts for
20%, and only minor contributions from the RO2+NO3 and
RO2+NO channels can be observed.

A typical time pro� le of aerosol volume concentration is
shown inSI Figure S3. About 3Š5 h after peak SOA growth,
the SOA in the chamber is either isothermally diluted or
heated. In isothermal dilution experiments, dry zero air is
introduced into the chamber at a rate of 40 L minŠ1. This
dilutes the particle- and gas-phase products by approximately a
factor of 2. In aerosol heating experiments, the chamber
temperature is increased from 25 to 40°C with a typical
temperature pro� le shown inSI Figure S4.

To examine the extent and e� ect of mixing on evaporation
between aerosol from two di� erent BVOC+NO3 reactions, we
perform two types of experiments to mix SOA from the
limonene+NO3 reaction (hereafter referred to as“limonene
SOA”) and SOA from the� -pinene+NO3 reaction (hereafter
referred to as“� -pinene SOA”). In the� rst type of experiment
(Experiments 15, 16, and 17), subsequently referred to as
“Limonene Core” experiments, limonene is� rst introduced
into the chamber and oxidized by NO3 radicals. Approximately
3 h after peak aerosol growth,� -pinene is then introduced into
the chamber containing limonene SOA and is followed by a
second injection of N2O5. Aerosol is either heated immediately
after (Experiment 15) or an hour after (Experiments 16 and
17) � -pinene SOA growth. In the second set of experiments
(Experiment 18 and Experiment 19), subsequently referred as
the “Mixed” experiments, limonene and� -pinene are oxidized
simultaneously in order to achieve as homogeneous an aerosol
mixture as possible. Aerosol is heated 3 h after peak SOA
growth.

O3 and NOx concentrations are measured using an O3
analyzer (Teledyne T400) and a chemiluminescence NOx
monitor (Teledyne 200 EU), respectively. Hydrocarbon
concentrations are measured using gas chromatography-� ame
ionization detector (GC-FID) (Agilent 7890A). Aerosol

number and volume distributions are measured with a scanning
mobility particle sizer (SMPS, TSI) consisting of a di� erential
mobility analyzer (DMA) (TSI 3040) and condensation
particle counter (CPC) (TSI 3775). Bulk aerosol composition
is measured using an aerodyne high resolution time-of-� ight
aerosol mass spectrometer (HR-ToF-AMS).47 The HR-ToF-
AMS NO family ions (mainly NO+ and NO2

+) are included in
the calculation of the N:C ratio but are excluded in the
calculation of the O:C ratio.

3. RESULTS AND DISCUSSION
3.1. Aerosol Yields and Composition for Limonene

+NO3. Figures 1a and1b show the typical high resolution

aerosol mass spectra for the limonene+NO3 and� -pinene+NO3
systems, respectively. The mass spectrum for the� -pinene
+NO3 system (Figure 1b) is similar to that reported in Boyd et
al.12 The average NO+/ NO 2

+ ratios for limonene SOA and� -
pinene SOA are both 6.3. This ratio is on the lower end of
reported NO+/ NO 2

+ ratios in Boyd et al.12 and is much higher
than typical values for inorganic nitrates.22,48,49 Therefore, the
nitrate species in the aerosol phase are likely organic nitrates.
The average molar N:C ratio of limonene SOA in all seeded
experiments is� 0.104. This is equivalent to the particle-phase
oxidation products containing 1.04 nitrate groups per organic
molecule, if we assume each organic nitrate compound has ten
carbon atoms.12For the limonene+NO3 reaction, there can be
more than one nitrate group per molecule because limonene

Figure 1.Typical high-resolution mass spectra of SOA formed by the
reactions of limonene+NO3 (top, Experiment 2) and� -pinene+NO3
(bottom, Experiment 20). Each spectrum is colored to show the
relative contribution of each ion type. Onlym/ z � 100 are shown
because the contribution of ions atm/ z > 100 is negligible.
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