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ABSTRACT: To understand the atmospheric fate of secondary organic aerosol (SOA),
heterogeneous degradation behaviors of a specific tracer derived from α-pinene−cis-
pinonic acid (CPA), initiated by hydroxyl radicals (OH), were investigated under different
environmental conditions using a flow reactor. The second-order rate constant (k2) of the
CPA−OH reaction was determined to be (6.17 ± 1.07) × 10−12 cm3·molecule−1·s−1 at 25
°C and 40% relative humidity (RH). Higher temperature promoted this reaction, while
relative humidity had a little inhibiting effect on it. The atmospheric lifetime of CPA varied
from 2.1 to 3.3 days under different environmental conditions. Infrared spectrometry (IR),
density functional theory (DFT) calculation and gas chromatography coupled mass
spectrometry (GC−MS) results indicated that the oxidation products should be ascribed
to poly(carboxylic acid)s. This study shows that the heterogeneous degradation of CPA
initiated by OH radical is appreciable, and the concentrations of CPA measured in field
measurements may underestimate the corresponding precursors of SOA.

1. INTRODUCTION

Organic aerosols have been recognized to be significant
constituents of fine particles, which contain numerous organic
components derived from biogenic, anthropogenic and photo-
chemical sources.1 Secondary organic aerosol (SOA), which is
formed through the gas phase oxidation of volatile organic
compounds (VOCs) by atmospheric oxidants such as OH
radicals, NO3 radicals, and ozone, is a major fraction of organic
aerosol loading in the atmosphere and has a prominent
influence on human health, visibility degradation and climate
change.2−8 The oxidation process occurs by formation of semi-
and low-volatile compounds followed by nucleation process
and condensation onto pre-existing particles, or by direct
heterogeneous reactions of VOCs and their gaseous oxidation
products on particle surfaces.9−12 VOCs of high atmospheric
abundance and with high reactivity are expected to be the major
precursors to SOA formation, which include gaseous biogenic
emissions such as isoprene, monoterpenes, sesquiterpenes, and
anthropogenic emissions of aromatic compounds and other
solvents.13−26

α-Pinene is a major compound with globally high emission
rates that can represent monoterpenes in the atmosphere.27,28

cis-Pinic, cis-norpinic and cis-pinonic acid have been widely
confirmed to be the primary products formed through the
photooxidation of α-pinene with OH radicals and O3.

29−34

These products are often regarded as α-pinene SOA tracers,
which can be used to estimate the fraction of organic aerosol
from α-pinene.35 Among all the α-pinene SOA tracers, cis-
pinonic acid (CPA, chemical structure shown in Figure 1) has
the highest level, by a factor of 3 compared with other tracers.12

Specific SOA tracers can provide insight on precursors and
processes influencing SOA production. Recently, a few studies
have estimated the SOA sources based upon the ratio of the
tracers to the corresponding SOA mass loading obtained
through chamber experiments, as well as the detected
concentrations of these tracers in ambient particles.35−38 In
this method, it is assumed that the SOA tracers are stable in the
atmosphere, unique to their precursor gas, and formed only by
secondary reactions.38 However, field measurements have
shown that the atmospheric concentrations of major SOA
products (cis-pinonic acid and cis-pinic acid) from α-pinene are
low during summer compared with other seasons. This
indicates that these tracers undergo chemical degradation,
from which highly oxygenated products may form through
oxidation in the atmosphere.32 This phenomenon has been
further confirmed by many other researchers.5,39−42 For
instance, Szmigielski et al. have found that CPA can react
with OH radicals in the presence of NOx and form a more
stable C8-tricarboxylic acid 3-methyl-1,2,3-butanetricarboxylic
acid (MBTCA).32 Müller et al. further confirmed the formation
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Figure 1. Chemical structure of cis-pinonic acid (CPA).
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of MBTCA via gas phase oxidation of CPA, and proposed
several feasible radical mechanisms for the generation of
MBTCA.5 Using cyclobutyl methyl ketone as a model
compound for CPA, Praplan et al. also found three probable
products (MBTCA, terpenylic acid and diaterpenylic acid
acetate) from OH oxidation of CPA in the gas phase.40

Through such studies, when OH react with CPA in the gas
phase, hydrogen abstraction will first occur, followed by the
formation of alkoxy radicals and carbon−carbon bonds
dissociation. Field measurements also discovered an obvious
decay of CPA and other organic tracers during transport.37 All
of these previous laboratory studies mentioned above
investigated the gas phase reactions between CPA and oxidants,
which may because CPA is neither sufficiently nonvolatile nor
hygroscopic.43,44 The higher volatility compared to some of the
other known SOA compounds (tracers) from α-pinene
oxidation will lead to the remove of cis-pinonic acid from the
aerosol system and the production of other known SOA tracers
in the gas phase. However, the CPA is a semivolatile organic
compound with vapor pressure of (0.5−1) × 10−4 Pa.45

Estimated with the partitioning model, 40.0% - 57.2% of CPA
will present in particle phase at 296 K assuming 5 μg·m−3 of
organic mass loading in the atmosphere.46 This is well
supported by the fact that CPA was frequently detected in
particulate matter in the atmosphere.5,47−49 Therefore, like
other semivolatile compounds,50−52 heterogeneous kinetics of
CPA should also be important for the understanding its
atmospheric lifetime, while it is unavailable yet at present time.
In this study, the heterogeneous degradation behaviors of

particulate cis-pinonic acid initiated by OH radicals under
different environmental conditions have been measured using a
flow reactor. The kinetic parameters and atmospheric lifetime
of CPA under different relative humidity and temperature were
determined, and possible products for this reaction were also
discussed. This study first reported the heterogeneous kinetics
of CPA toward OH radical. It will be helpful for both
understanding the lifetime of CPA and evaluating the
rationality to use CPA as a SOA tracer.

2. EXPERIMENTAL SECTION
2.1. Experimental Methods. All the experiments were

performed in a flow reactor, which contains a quartz tube
irradiated with UV light for OH generation and a stainless steel
reactor for dark reaction. The schematic diagram of the
experimental setup used in this study is shown in Figure S1
(Supporting Information) and the details of the setup were
described in our previous work.53 For the kinetic studies, a dry
film of (10.0 ± 0.1) μg CPA was placed on a disk, which was
evenly generated by gently drying a CPA/methanol solution
with N2 flow. Although the CPA in this study was presented in
film form instead of suspended particles, our previous study has
confirmed the feasibility of this method in the investigation of
the degradation kinetics of levoglucosan.53

The reactions between CPA and OH radicals were carried
out in air flow with a constant OH concentration. The total
flow rate was 500 mL·min−1 with simulated air (80% high
purity N2 and 20% high purity O2) and bubbled H2O2 flow.
The RH of the system was controlled by varying the ratio of
wet N2 flow, which was achieved by bubbling nitrogen through
H2O, to dry N2 flow, and was determined by a humidity
temperature meter (CENTER-314) at the exit of the reactor.
The temperature of the system was controlled by a circulating
water bath (CCA-20, Gongyi City YUHUA Instrument Co.,

Ltd.) with uncertainty less than 0.5 °C. The water partial
pressure in the system may change when the temperature
changes, but the RH in the reactor can be maintained at
different temperatures by adjusting the ratio of wet N2 flow to
dry N2 flow. Since direct irradiation of the samples by UV light
was avoided (as shown in Figure S1), any decay of reactants
should result from oxidation by OH radicals in the dark.
Reacted samples were ultrasonically extracted using (20.0 ±

0.1) mL methanol and then filtered using a glass fiber filter that
had been previously cleaned by methanol. The eluate was
evaporated to near dryness, and subsequently transferred into a
1.5 mL sealed vial, then dried to residue under a gentle nitrogen
stream.
Because of the high polarity of CPA, a derivatization step is

required prior to GC analysis, and silylation is recognized as the
best derivatization method to reduce the polarity.54 Detailed
derivatization steps and GC−MS parameters are shown in the
Supporting Information. The concentration of CPA was
measured based on an external standard and the use of a
calibration curve. Moreover, the recovery of CPA varied from
96.8% to 109.4%, demonstrating that this analytical method was
suitable for the determination of CPA and repeated experi-
ments were carried out to minimize the experimental
uncertainty.

2.2. OH Generation and Detection. The OH radicals
were generated in a quartz tube by UV photolysis of H2O2.
Two ultraviolet light lamps (18 W, Beijing Lighting Research
Institute) that provided UV-radiation with a central wavelength
around 254 nm were used. The concentration of OH radical
was controlled by varying the ratio of pure N2 and H2O2 flow
passing through the tube.
Salicylic acid (SA) has strong reactivity with OH radical, and

thus has commonly been used to trap OH radicals.55 In this
study, the yields of the products (2,3-dihydroxybenzonic acid
and 2,5-dihydroxybenzonic acid) during the reactions between
salicylic acid and OH were used to estimate the concentration
of near-surface OH radicals. Detailed descriptions of the
experimental procedures for OH determination are shown in
the Supporting Information. This method has usually been used
for liquid phase OH determination and has been verified in our
previous work, as the measured k2 of levoglucosan toward
hydroxyl radical is comparable with literature values.53,56 When
the experiment for OH determination was carried out, salicylic
acid (not mixed with CPA) was placed on the Teflon disk at
the same position as for CPA, and the experimental conditions
for OH oxidation were the same as that for CPA oxidation. The
OH concentration were adjusted from 2 × 107 to 5 × 107

molecule·cm−3 for subsequent experiments. Furthermore, seven
repeat experiments were carried out for each OH concen-
tration. The relative standard deviations (RSD) of OH
concentration were less than 10%.

2.3. Characterization of CPA and Its Oxidation
Products. The functional groups of the samples were
characterized using a Fourier transform infrared spectrometer
(FT-IR, NEXUS 6700, Thermo Nicolet Instrument Corp.)
equipped with a high-sensitivity mercury−cadmium-telluride
(MCT) detector cooled by liquid N2 and an ATR-IR cell. The
spectra of the samples were recorded (100 scans, 4 cm−1

resolution) using the blank ZnSe crystal as reference.
The gas chromatography (7890B, Agilent Technologies)

coupled mass spectrometry (5977A, Agilent Technologies)
(GC−MS) in scan mode was also used to idetify the possible
products. The capillary column HP-5MS (30 m, 0.25 mm
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internal diameter, 0.25 μm film thickness) was installed in the
GC and its output was inserted directly into the ion source of
the MS. Each sample was introduced via EPC splitless mode
injection. The oven temperature was held at 50 °C for 5 min,
then programmed to 200 °C at a ramp of 3 °C·min−1 and held
at 200 °C for 2 min, finally programmed to 300 °C at a ramp of
30 °C·min−1. Helium was used as carrier gas at a constant flow
rate of 1.0 mL·min−1. The temperatures of the injector and
transfer line were 250 and 280 °C, respectively. The mass
detection was performed between m/z’s 50−650.
Moreover, the Gaussian 09 suite of programs was also used

to assign the vibrational model of CPA and its oxidation
products.57 Geometry optimizations and vibrational frequency
calculations were performed at the mpw1pw91 DFT level of
theory with 6-311+g(d,p) basis set. The calculated frequency
was scaled by 0.958.58

2.4. Chemicals. All the chemicals were of chromatographic
grade and used as received. Methanol was obtained from Fisher
Scientific. cis-Pinonic acid (98.0%) was purchased from Sigma-
Aldrich. N,O-Bis(trimethylsilyl)trifluoroacetamide plus trime-
thylchlorosilane (BSTFA:TMCS = 99:1) and salicylic acid
(>99.5%) were purchased from Tokyo Chemical Industry Co.,
Ltd. Pyridine and 30% H2O2 were purchased from Sinopharm
Chemical Reagent Co. High purity N2 (99.99%) and O2

(99.99%) were supplied by Beijing HUAYUAN Gases Inc.

3. RESULTS AND DISCUSSION

3.1. Kinetic Measurements for cis-Pinonic Acid−OH
Reaction. In order to evaluate the influence of vaporization
and degradation by H2O2 on cis-pinonic acid, blank experiments
were performed under the same air flow and H2O2 flow as
those in the OH oxidation experiments at different temper-
atures. The experiments were carried out at 40% RH in the
dark. The results are shown in Figure S2, from which indicate
that the decrease in the amount of pure cis-pinonic acid was
lower than 10% at both 5 and 35 °C over 5 h purging regardless
of the carrier gas, and that H2O2 does not react with CPA. As
the experiments in this study were all carried out in the
temperature range between 5 and 35 °C, the slight decrease of
CPA concentration due to evaporation will not have much
influence on the CPA−OH reaction. The evaporation effect has
been considered in the kinetics interpretation.
To accurately determine the rate constant of the CPA−OH

reaction, CPA was oxidized under four different OH
concentrations (near-surface gas phase concentration, similarly
hereinafter), which were estimated by the degradation
experiments of salicylic acid separately as previously mentioned.
The OH concentrations used in this part were 2.0 × 107, 3.0 ×
107, 4.0 × 107, and 5.0 × 107 molecules·cm−3, respectively.
The kinetic data were determined by monitoring the loss of

CPA concentration as a function of OH exposure at 25 °C with
40% RH in the dark. Assuming a second-order reaction
between OH and CPA, the loss rate of CPA can be expressed as
follows:

Figure 2. Representative decay curves for cis-pinonic acid (CPA) under different OH concentrations at 25 °C and 40% RH as a function of OH
exposure (n = 3, error bars represent one standard deviation based on triplicate analyses). (A) [OH] = 2.0 × 107 molecules·cm−3; (B) [OH] = 3.0 ×
107 molecules·cm−3; (C) [OH] = 4.0 × 107 molecules·cm−3; (D) [OH] = 5.0 × 107 molecules·cm−3. Samples were exposed to OH radicals from 0 to
300 min (0, 30, 60, 90, 120, 180, 240, and 300 min for each point, respectively).
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− =
t

k
d[CPA]

d
[OH][CPA]2 (1)

where [OH] is the near-surface OH concentration (molecules·
cm−3), [CPA] is the concentration of cis-pinonic acid and k2 is
the second-order rate constant for the reactions between CPA
and OH. Since the OH concentration is constant during the
experimental procedure, eq 1 can be integrated from zero to the
residence time (t) of reactants:

= −k tln
[CPA]
[CPA]

[OH]
0

2
(2)

where [CPA]0 is the initial concentration of cis-pinonic acid.
Figure 2 shows the changes in [CPA]/[CPA]0 as a function

of OH exposure under different OH concentrations at 40% RH
and 25 °C. The lines are the exponential curve fitting (y = y0 +
e−x/t) results. From the fitting process, two fitted parameters (y0
and t) can be obtained. Deduced from eq 2, the second-order
rate constant can be derived through parameter t (k2 = 1/t).
The calculated k2 values under different OH concentrations are
listed in Table 1. A plateau can be observed in the degradation
curve of CPA because CPA cannot be consumed completely
even under high OH exposure. This plateau might result from
the diffusion limit of OH in the solid phase and the influence of
oxidation products remaining on the surface, which has been
widely observed in other reaction systems.59,60 The decrease of
the CPA fraction remaining (at the plateau) with increased OH
concentration was probably due to more OH radicals diffusing
into CPA in the beginning of the reaction after some oxidation
products are further oxidized to small molecules with high
vapor pressure, which may deplete the CPA on the surface for
further OH reaction under higher OH concentrations.
Both external (gaseous reactants from gas phase to the

surface) and internal diffusion (from the surface layer to the
underlying layers and into the pores of particles or films)
should be considered when a heterogeneous reaction is carried
out under ambient pressure and on packed powder samples if a
gas phase reference is utilized to measure gas phase OH
concentration.61−63 However, as discussed in our previous work
and in the Supporting Information,53 both external and internal

diffusion corrections are unnecessary in this study because the
near-surface OH concentrations instead of gas phase OH
concentrations were measured through utilization of a particle
phase reference, and all the samples used in this work are
nonporous with smooth surfaces (shown in Figure S3).
Moreover, the reactions between OH and organic compounds
are recognized to be limited to the surface.64

At 25 °C, the k2 values (shown in Table 1) for the CPA−OH
reaction under different OH concentrations were comparable
within the experimental uncertainty, with an average value of
(6.17 ± 1.07) × 10−12 cm3·molecule−1·s−1. This means the
experiments are controllable and repeatable. At present, the
experimental kinetics for the reaction between CPA and OH
are unavailable. Using the Atmospheric Oxidation Program for
Microsoft Windows (AOPWIN) based on the structure−
activity relationship (SAR) methods developed by Atkinson et
al., the k2 value of the CPA−OH reaction was estimated to be
3.32 × 10−12 cm3·molecule−1·s−1,65,66 which is close to the
results obtained from this work. On the other hand, based on
the quantum chemical calculations at the B3LYP-DFT/6-
31G(d,p) level of theory as implemented in the Gaussian 98
quantum chemical program, Vereecken et al. defined several
reaction sites and calculated the hydrogen abstraction rate
coefficients by OH at 6 different sites, with the total rate
constant to be 1.04 × 10−11 cm3·molecule−1·s−1,67 and found
that the hydrogen abstraction should dominantly occurs on the
cyclobutyl ring. It should be pointed out that both SAR models
and quantum chemical calculations are suitable for the gas
phase reaction, which is different from the heterogeneous
reactions in this study. Moreover, the uncertainties from
quantum calculation or SAR model may also cause the diversity
of the results between the theoretical and laboratory results.
These factors may explain the disagreement between calculated
k2 values and the experimental data obtained in this study.

3.2. Effect of Temperature. The temperature of the
system was regulated to 5, 15, 25, and 35 °C at a constant RH
of 40% to investigate the effect of different temperatures on the
CPA−OH reaction. The concentration of OH radical was
adjusted to 4.0 × 107 molecules·cm−3 and all the experiments
were conducted in the dark. The changes in [CPA]/[CPA]0 as

Table 1. Calculated Rate Constant and Atmospheric Lifetime of cis-Pinonic Acid (CPA) for the Reaction between cis-Pinonic
Acid and OH Radical under Different Atmospheric Conditions

reaction conditions

second-order rate constant atmospheric

(k2, cm
3·molecule‑1·s‑1) lifetime (days)a

reactions under different OH concentrations OH concentration (molecule·cm−3)b 2.0 × 107 (6.48 ± 0.76) × 10−12 −
3.0 × 107 (5.99 ± 0.46) × 10−12 −
4.0 × 107 (6.33 ± 0.40) × 10−12 −
5.0 × 107 (5.86 ± 0.14) × 10−12 −
average (6.17 ± 1.07) × 10−12 2.3 ± 0.3

RH effectc 20% RH (6.48 ± 0.17) × 10−12 2.2 ± 0.1
40% RH (6.33 ± 0.40) × 10−12 2.3 ± 0.2
60% RH (5.62 ± 0.48) × 10−12 2.6 ± 0.2
80% RH (5.40 ± 0.22) × 10−12 2.7 ± 0.1

temperature effectd 5 °C (4.39 ± 0.31) × 10−12 3.3 ± 0.3
15 °C (5.11 ± 0.16) × 10−12 2.8 ± 0.1
25 °C (6.33 ± 0.40) × 10−12 2.3 ± 0.2
35 °C (6.85 ± 0.27) × 10−12 2.1 ± 0.1

aAssuming the typical concentration for 12 h average value of OH to be 1.6 × 106 molecules·cm−3. bExperimental condition: RH = 40%.
Temperature = 25 °C. cExperimental condition: [OH] = 4.0 × 107 molecules·cm−3. Temperature = 25 °C. dExperimental condition: [OH] = 4.0 ×
107 molecules·cm−3. RH = 40%.
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a function of OH exposure at different temperatures at 40% RH
are shown in Figure 3. Calculated k2 values for CPA−OH
reactions obtained through eq 2 are listed in Table 1.

The results show that the degradation of CPA was
significantly influenced by temperature. The calculated k2
values increased from (4.39 ± 0.31) × 10−12 cm3·molecule−1·
s−1 at 5 °C to (6.85 ± 0.27) × 10−12 cm3·molecule−1·s−1 at 35
°C. Figure 4 shows the Arrhenius plot of the measured rate

constants for the reaction between CPA and OH, and the
Arrhenius expression is expressed as k2=(3.2 ± 4.8) × 10−9

exp[(−1732.7 ± 335.3)/T] in units of cm3·molecule−1·s−1. A
positive temperature dependence was observed for this reaction
and the overall activation energy was calculated to be 14.4 ± 2.8
kJ·mol−1. Previous works have found that temperature can
either positively or negatively affect the reactions between
different organic compounds and OH radicals.68,69 In our
previous study, which focused on the heterogeneous OH
oxidation of levoglucosan and dehydroabietic acid, the overall

activation energy were calculated to be 16.0 ± 2.2 and 12.5 ±
0.5 kJ·mol−1, respectively.53 All the results show the positive
temperature dependence of the rate constant, which means
there is an activation energy for the formation of the transition
state and that the reactivity is promoted by higher temperature,
and these reactions readily proceed under ambient temper-
atures. In a work that focused on the gas phase oxidation of
pinonic acid,5 a positive temperature dependence was also
found for the formation of MBTCA (3-methyl-1,2,3-butane-
tricarboxylic acid, an oxidation product of pinonic acid), which
means the oxidation reaction of pinonic acid by OH may also
be facilitated by higher temperature. Moreover, other
investigations (including field measurements and laboratory
studies) have found some biomass burning tracers, such as
levoglucosan, to be more active with OH radical at higher
temperatures.53,70,71 As the degradation reactions of these
tracers show positive temperature dependence, it is important
to pay more attention to seasonal factors when investigating the
aging process of such tracers.

3.3. Effect of Relative Humidity. To investigate the effect
of different levels of relative humidity (RH) on the reactions
between CPA and OH, the RH of the test system was adjusted
to 20%, 40%, 60%, and 80% under a constant temperature of 25
°C. The concentration of OH radical was adjusted to
approximately 4.0 × 107 molecules·cm−3 and all the experi-
ments were carried out in the dark. The changes in [CPA]/
[CPA]0 as a function of OH exposure under different RH at 25
°C are shown in Figure 5. The k2 values for CPA−OH

reactions calculated by eq 2 are also listed in Table 1. The
results indicated that CPA degraded faster under lower relative
humidity when temperature was fixed. The second-order rate
constant linearly decreased with increasing RH, namely k2 =
(6.86 ± 0.10) × 10−12 − (1.83 ± 0.19) × 10−12 RH in units of
cm3·molecule−1·s−1 (r = 0.9681).
The water adsorption behavior of CPA was investigated

using an AUTOSORB-1-C physisorption analyzer (Quantach-
rome, USA) to understand the influence of RH on the
reactivity. The detailed methodology for the analysis method
has been described elsewhere.72 As shown in Figure 6, a slow

Figure 3. Representative decay curves for cis-pinonic acid (CPA) at
different temperatures with a constant relative humidity of 40% as a
function of OH exposure (■, 5 °C; ●, 15 °C; ▲, 25 °C; ▼, 35 °C; n
= 3, error bars represent 1 standard deviation based on triplicate
analyses).

Figure 4. Measured rate constants for the reaction between cis-pinonic
acid (CPA) and OH radical as a function of temperature.

Figure 5. Representative decay curves for cis-pinonic acid (CPA) for
different levels of relative humidity with a constant temperature of 25
°C as a function of OH exposure (■, 80% RH; ●, 60% RH; ▲, 40%
RH; ▼, 20% RH; n = 3, error bars represent 1 standard deviation
based on triplicate analyses).
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increase rate of water adsorption can be observed in the range
20−80% RH. Through two-parameter BET equation fitting,
monolayer adsorption of water was found to occur at 45.6%
RH on CPA, which means there are less than two layers of
water adsorbed on the surface of CPA in the RH region 20−
80%. It has been found that relative humidity can either
positively or negatively influence reactions between OH and
the organic particles. Some researchers have observed that
increased RH will lower the viscosity of the amorphous aerosol
particles and subsequently enhance the OH uptake because
particle-phase diffusion is feasible,52,73,74 while some other
results show that the OH uptake was suppressed at higher RH
due to the competitive coadsorption of water, which will take
up the reactive sites.75 As for this study, since the solubility of
CPA in water is low, the water molecules adsorbed on the
surface of CPA under 20−80% RH may be not enough to
soften CPA, but could occupy the reactive sites for OH radicals.
Therefore, the water layers accumulated on the surface may
decrease the reactivity of CPA, as the diffusion of OH may be
inhibited due to limited OH radical transfer to the reaction site.

The results obtained from this work are similar to those in
recent studies carried out on OH oxidation of another
proposed secondary organic aerosol tracermethylnitrocate-
chol,75 which means the RH effect is still noteworthy in the
aging process of SOA tracers.

3.4. Product Inference for cis-Pinonic Acid−OH
Reaction. Figure 7 shows IR spectra of CPA and its products
after 30, 120, and 240 min of reaction with OH radicals at 25
°C and 40% RH, respectively. The characteristic absorption
peaks and functional groups are assigned based upon both
previous research and DFT calculations, and are given in Table
2. As can be seen in Figure 7, the absorption peaks of the

alicyclic (cyclobutyl) group (1257, 1096, 1028, and 803
cm−1)76 decreased dramatically after reaction with OH,
indicating the quaternary alicyclic structure of CPA was
changed after the reaction. The absorption peaks of methylene
groups (2921, 2852 cm−1)77,78 and methyl groups (1460, 1417,
1374, and 2954 cm−1)77,79 also decreased after a period of
reaction, which means alkyl groups in CPA molecules were
consumed. Moreover, the absorption peaks of carboxyl groups
(1557, 1575 cm−1)80 increased slightly after the reaction. As
CPA contains only one carboxyl group, it can be inferred that
the product may contain more carboxyl groups. In conclusion,
it can be inferred that the priority reaction site of CPA toward

Figure 6. Adsorption isotherms of water on 149.5 mg cis-pinonic acid
(CPA) at RH 20−80%.

Figure 7. Normalized ATR-IR spectra for cis-pinonic acid (CPA) and its products after reaction with OH radicals. (A) Spectra in the wavenumber
range between 4000 and 750 cm−1. (B) Spectra in the wavenumber range between 1800 and 750 cm−1.

Table 2. Functional Groups Observed for cis-Pinonic Acid
(CPA) and Its Products after Reaction with OH Radicals

peak, cm−1 functional group
DFT estimation peak,a

cm−1

2954 alkane CH3 stretch
77 2954

2921, 2852 alkane CH2 stretch
77,78 2915, 2852

1557 (1575) COOH asymmetric stretch80 −
1460, 1417,
1374

alkane CH3 bending
79 1443, 1411, 1368

1257 alicyclic (cyclobutyl, C−C)
group

1235

1096, 1028, 803 alicyclic (cyclobutyl, C−H)
group76

1108, 987, 818

aThe calculated frequency was scaled by 0.958.58
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OH should be the H atom on the cyclobutyl group, and the H-
abstraction will occur first in the reaction process. After a
period of reaction, the alicyclic ring of CPA opens and the
terminal methyl group is oxidized to a carboxyl group, resulting
in poly(carboxylic acid)s.
To determine the potential products for the reaction, the

GC−MS analysis in scan mode was carried out. To better
compare with the literature results, levoglucosan was chosen to
be the internal standard compound. Figure 8A and Figure 9A

show the initial TIC of cis-pinonic acid trimethylsilylation ester
(TSE, with added levoglucosan), and Figure 8B and Figure 9B
show the TIC of cis-pinonic acid and its oxidation products
(trimethylsilylation ester) after 4 h reaction with OH. After 4 h
reaction, the intensity of cis-pinonic acid (retention time 36.20
min) decreased. At the same time, some small peaks appeared
(shown in Figure 9). Through NIST database, these small
peaks cannot be well fitted due to their low intensity, the
interference from column bleeding and derivation reaction.
However, a previous study has simultaneously identified
MBTCA and levoglucosan using the same type of chromato-
graphic column and the same analysis procedure as used in this
study.81 They reported the retention time of MBTCA and

levoglucosan to be 43.40 and 47.70 min, respectively. In our
work, the retention time of levoglucosan is 43.68 min and is
almost the same as that in the literature. The observed new
peak with retention time at 47.90 min in this study is very close
to MBTCA identified in their work. This peak has also been
confirmed by the MS spectra at m/z = 285. Therefore, the peak
at retention time 47.90 min can be ascribed to MBTCA in
Figure 9B. This result can confirm the interpretation of the IR
results in regards to MBTCA.
In previous studies, MBTCA, terpenylic acid and diaterpe-

nylic acid acetate have been suggested to be the gas phase OH
oxidation products of CPA.5,32,40 The IR results obtained in this
study show that the CPA oxidation products from heteroge-
neous reaction can be attributed to the same category
compared to the gas-phase reaction as MBTCA. However, as
discussed in previous studies, although MBTCA has been
recognized to be a product of CPA oxidation, its yield rate was
less than 1%.5 Therefore, more products still need be detected
in future studies for more fully understand of CPA oxidation.

4. CONCLUSIONS AND ATMOSPHERIC IMPLICATIONS
In this study, the heterogeneous degradation behavior of CPA
by OH radicals has been investigated using a flow reactor under
different environmental conditions to evaluate the atmospheric
stability of CPA. When exposed to OH radicals, a noteworthy

Figure 8. GC−MS total ion chromatogram (TIC) for the
trimethylsilylation ester (TSE) of cis-pinonic acid and its OH
oxidation products. (A) initial TIC for cis-pinonic acid trimethylsily-
lation ester (retention time 36.20 min); (B) trimethylsilylation ester of
cis-pinonic acid and its oxidation products after 4 h reaction with OH.

Figure 9. Magnified GC−MS total ion chromatogram (TIC) for the
trimethylsilylation ester (TSE) of cis-pinonic acid and its OH oxidation
products: (A) initial TIC; (B) trimethylsilylation ester of cis-pinonic
acid oxidation products after 4 h reaction with OH.
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degradation of CPA can be observed. Temperature plays an
important role in the degradation rate of CPA, while relative
humidity only has a small effect. In this study, the second-order
rate constant (k2) for the reaction of pure CPA in the
particulate phase with OH was measured to be (6.17 ± 1.07) ×
10−12 cm3·molecule−1·s−1 at 25 °C and 40% RH. The k2 of CPA
increased with increasing temperature as expressed by the
Arrhenius equation k2=(3.2 ± 4.8) × 10−9 exp[(−1732.7 ±
335.3)/T] at 40% RH, while it slightly decreased with
increasing RH as expressed by k2 = (6.86 ± 0.10) × 10−12 −
(1.83 ± 0.19) × 10−12 RH at 25 °C. ATR-IR results show that
the cyclobutyl group of CPA opens during its reaction with
OH, and the terminal methyl is oxidized to a carboxyl group,
leading to poly(carboxylic acid)s.
OH, NO3, and Cl radicals and O3 are the main effective

oxidants in the atmosphere, among which OH is considered to
be the most dominant during daytime for organics.82,83

Therefore, the rate coefficients obtained in this study can be
used to estimate the atmospheric lifetime (τ) of CPA, which
was calculated according to the following equation:

τ =
k

1
[OH]2 (3)

Assuming a 12 h average OH concentration to be 1.6 × 106

molecules·cm−3 during daytime (25 °C and 101 kPa),84,85 the
atmospheric lifetime of pure CPA in the particle phase was
calculated to be 2.3 ± 0.3 days. Under different environmental
conditions, the lifetime, which is dependent on temperature
and relative humidity, varied from 2.1 to 3.3 days.
It should be pointed out that the longest lifetime of CPA

measured in this study is still shorter than the residence time of
aerosols in the troposphere. Moreover, a recent study carried
out by Tkacik er al. based on a tunnel experiment indicated that
the peak SOA formation will occur after 2−3 days of
atmospheric oxidation.86 This means the concentration of
CPA measured in field measurements may be underestimated
for both atmospheric residence and SOA formation processes,
which may cause the underestimation of corresponding
precursors of SOA. Using the kinetic data obtained in this
study may help to amend the field measurement data, and thus
obtain more precise estimation results. Since the product of the
CPA−OH reaction is still not clear enough among all the
present studies, further research is needed to complete the list
of the products. Furthermore, it has been found that mixing
states play important roles in the chemical reactivity of organic
aerosols.87,88 In this study, the pure CPA samples only
simulated the simplest case in the real atmosphere. The
influence of mixing states of CPA with both inorganic species
and soluble organic species on the reactivity should be further
investigated and considered in the future.
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