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Laboratory study on OH-initiated degradation
kinetics of dehydroabietic acid†

Chengyue Lai, Yongchun Liu,* Jinzhu Ma, Qingxin Ma and Hong He*

Dehydroabietic acid (DHAA) is a specific organic tracer for the pyrolysis of conifer resin. To understand

its atmospheric stability, the degradation behavior of particulate DHAA in the presence of hydroxyl

radicals (OH) was investigated under different environmental conditions using a stainless steel reactor

with volume of 30 cm3, in the dark. At 25 1C and 40% relative humidity (RH), the second-order rate

constant (k2) of pure DHAA with OH was measured to be 5.72 � 0.87 � 10�12 cm3 molecule�1 s�1. The

influence of temperature, RH and mixing state on the degradation kinetics of DHAA were also

investigated. At 40% RH, k2 of pure DHAA increases with increasing temperature and follows the

Arrhenius equation k2 = (8.9 � 1.9) � 10�10 exp[�(1508.2 � 64.2)/T], while RH does not have significant

impact on k2 at 25 1C. At 25 1C and 40% RH, compared with pure DHAA, the corresponding k2 for

DHAA mixed with (NH4)2SO4 decreased to 4.58 � 0.95 � 10�12 cm3 molecule�1 s�1, while the value was

3.30 � 0.79 � 10�12 cm3 molecule�1 s�1 when mixed with soot. The atmospheric lifetime of DHAA

varied from 2.3 � 0.2 to 4.4 � 0.8 days under different environmental conditions. This study indicates

that degradation of DHAA by OH radicals is appreciable, and a significant error in source apportionment

should be introduced if the contribution of degradation to DHAA concentration is not considered during

air mass aging.

Introduction

Organic aerosols contain significant fractions of fine particles,
and hundreds of thousands of individual organic species derived
from biogenic, anthropogenic and photochemical sources.1,2

These aerosols affect the radiation budget of Earth, and can
cause adverse health effects on humans.3 Therefore, to protect
both human health and the environment, it is important to
control the emissions at the source and implement effective
reduction measurements on local, regional and global scales.4,5

Comprehensive investigations are required to evaluate which
sources contribute to the total mass of organic aerosols.6,7

Source apportionment techniques, such as chemical mass balance
(CMB) and positive matrix factorization (PMF) receptor models,
have been developed and used successfully for quantitative
identification of sources for organic pollutants in aerosols.8–13

In both CMB and PMF models, concentrations of tracers to
PM2.5 and total organic carbon for different sources are crucial

as input parameters. Organic tracers are becoming more com-
monly used as source indicators because they are specific to the
sources of pollutants.14

Biomass burning is one of the main sources of fine primary
carbonaceous aerosols in the form of organic carbon (OC) and
black carbon (BC) on the global scale.15 The emissions from
biomass burning are estimated to contribute up to 38% of
tropospheric O3, 39% of particulate organic carbon and more
than 86% of elemental carbon.16–18 Biopolymers such as cellulose,
lignin, hemicellulose, suberlin, sporopollenin, chitin, etc. are
the major constituents of the biomass.19 Dehydroabietic acid
(DHAA, chemical structure shown in Fig. 1) is a main compo-
nent of particles emitted through biomass burning. It is the
major marker compound emitted from conifer fuel combus-
tion, and can be used to distinguish softwood from hardwood
combustion.19–22 As coniferous tree species represent an impor-
tant fraction of regional forest composition, DHAA can be
emitted from both residential heating and wildfires.23,24 The
detritus of conifer wood burning smoke can also be oxidized

Fig. 1 Chemical structure of dehydroabietic acid (DHAA).
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to DHAA, making it the key tracer for the air mass affected by
conifer burning.25 In addition to the natural sources, some
anthropogenic sources can also emit DHAA, such as the pulp
and paper industry, as well as production of commercial
disproportionated rosin. DHAA can be detected easily in the
atmosphere,17,26–28 and some studies have found similar con-
centration levels of DHAA in the atmosphere compared with
another organic tracer, levoglucosan.5 Because of its ubiquity
in the atmosphere and specificity for conifer combustion,
DHAA has recently been used as a molecular tracer in source
apportionment.25,29–35 DHAA also represents a series of com-
pounds which make up high proportions of organic aerosols in
the atmosphere.

A basic assumption in source apportionment models is that
the tracers should have sufficient stability to persist in the
atmosphere. In previous studies, particle-phase biomass burn-
ing tracers were all thought to be sufficiently stable,35 but a few
recent studies have indicated that some tracers have high
reactivity to oxidizing radicals, based on chamber experiments,
field observations1,32,36–43 and quantum chemical calculations.44–46

As for DHAA, there are only limited studies which have investigated
its photolysis degradation in water47 and biodegradation in the
environment by microorganisms.48 Leithead et al. also pointed out
that DHAA may be unstable in the atmosphere.31 Using quantum
chemical methods, Bai et al. investigated the reaction mechanism
and rate constants for DHAA–OH and DHAA–O3 reactions in
the gas phase.49 However, to date, there have been no laboratory
studies focusing on heterogeneous reactions between DHAA and
OH radicals.

Tropospheric temperature varies notably with the change of
seasons. Some studies have found that temperature can affect
the reactions between different organic compounds and OH
radicals.50,51 For this reason, it is necessary to investigate the
effect of temperature on the DHAA–OH reaction for evaluation
of the atmospheric lifetime of DHAA. Relative humidity (RH) is
variable from 20% to 90% in most areas of the world, which may
influence the reaction between organics and OH.52 Therefore, to
study the RH effect on DHAA degradation kinetics by OH, is also
necessary to understand the atmospheric behavior of DHAA.
Furthermore, in the real atmosphere, organic compounds will
mix with other particulate components during transport, which
can alter their reactivity toward oxidants. For instance, the
heterogeneous reactivity of benzo[a]pyrene (BaP) toward O3

was reduced substantially by a thin (4–8 nm), solid eicosane
coating and entirely suppressed by thick (10–80 nm) solid
eicosane coatings;53 the uptake coefficient of N2O5 on mixtures
of humic acid and (NH4)2SO4 decreased by more than a factor of
two compared with that of single-component (NH4)2SO4.54 During
biomass burning, a number of air pollutants will be generated,
with soot being one of the most significant.55 Furthermore,
(NH4)2SO4 also constitutes a significant fraction of the total
atmospheric particulate mass.56 It has been found that soot
particles can be internally mixed with sulfate.57,58 These parti-
culate components are likely to mix with DHAA in the ambient
atmosphere, thus must be considered when carrying out DHAA
degradation studies.

In this study, we present the measured heterogeneous
degradation kinetics of particulate dehydroabietic acid exposed
to OH radicals under different environmental conditions. The
aim of this work is to obtain experimental degradation kinetic
parameters and atmospheric lifetimes of DHAA, and further
understand the influence of temperature, relative humidity and
mixing states on the degradation kinetics. The results obtained in
this study will provide an update for kinetic parameters of DHAA
in the atmosphere, and provide important information for
possible model investigations, especially for source apportion-
ment studies.

Experimental section
Experimental methods

All the experiments were performed using a flow system, which
contains a quartz tube irradiated with UV light for OH genera-
tion and a stainless steel reactor for dark reaction. The interior
walls of the reactor were coated with Teflon to provide a chemi-
cally inert surface. The volume of the reactor was 30 cm3. A Teflon
disc (geometric surface area 3.39 cm2) was used as the sample
holder. The schematic diagram of the experimental set-up used
in this study is shown in Fig. S1 (ESI†). For the kinetic studies of
pure DHAA, 10.0 � 0.1 mg of DHAA dry film was placed on the
disc, which was generated evenly by gently drying a DHAA/
methanol solution with N2 flow. In the case of reactions for the
mixed samples, 10.0 � 0.1 mg of each sample was placed evenly
on the disc. Although the DHAA in this study was presented in
film form rather than as suspended particles, previous studies
have confirmed the feasibility of this method in investigation of
the degradation kinetics of levoglucosan and heterogeneous
reactions between O3 and anthracene or NO2 and anthracene
adsorbed on mineral oxides.59–61

The reactions between DHAA and OH were carried out under
mixed air flow with a constant OH concentration. The total flow
rate was 300 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 determined using 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 1C.
The water partial pressure in the system may change when the
temperature changes, but RH can be kept constant at different
temperatures by adjusting the ratio of wet N2 flow to dry N2 flow.
As direct irradiation of the samples by UV light was avoided (as
shown in Fig. S1, ESI†), 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.
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The high polarity of DHAA demands a derivatization step prior
to GC analysis, and silylation is recognized as the best derivatiza-
tion method to reduce the polarity.62 N,O-Bis-(trimethylsilyl)tri-
fluoroacetamide (BSTFA) plus 1% trimethylchlorosilane (TMCS)
was chosen to be the silylation reagent for the derivatization of
DHAA. In this study, 50 mL of pyridine and 50 mL of BSTFA plus 1%
TMCS were added to the residue from the previous steps, and the
silylation reaction was performed at 60 1C for 60 minutes. Finally,
1.0 mL of the silylated product was injected into the GC–MS system.

GC was performed with an Agilent Technology 6890N Network
GC System, and MS was carried out with an Agilent Technology
5973 Network system with Mass Selective Detector. The capillary
column HP-5MS (30 m, 0.25 mm internal diameter, 0.25 mm film
thickness) was installed in the GC, and its output was inserted
directly into the ion source of the MS. Each sample was intro-
duced via EPC splitless mode injection. The oven temperature
was held at 80 1C for 1 min, then programmed to 250 1C at a
ramp of 12 1C min�1 and held at 250 1C for 2 min. 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 1C and
280 1C, respectively. For quantification of DHAA, mass detec-
tion was performed in selected ion monitoring (SIM) mode. The
m/z at 239 was used as the quantification ion and the m/z at 357
and 372 were used as the confirmation ions for the trimethyl
silylation product of DHAA, respectively. The concentration of
DHAA was measured based on an external standard and use of
a calibration curve.

OH generation and detection

OH radicals were generated in a quartz tube by UV photolysis of
H2O2. Two ultraviolet light lamps (18 W, Beijing Lighting
Research Institute) which 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 has strong reactivity with OH radicals, and can

be used to trap them.63 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. To
determine OH concentration, the reactions for salicylic acid
oxidation occurred concurrently with DHAA oxidation. Detailed
descriptions of the experimental procedures for OH determina-
tion are given in the ESI.† This method is usually used for
liquid phase OH determination, but has been verified in our
previous work as the measured k2 of levoglucosan toward
hydroxyl radical is comparable with literature values.59 In this
study, the OH concentration was adjusted to 2.05 � 0.06 � 107,
2.38 � 0.08 � 107 and 2.99 � 0.10 � 107 molecules cm�3 for
subsequent experiments. Repeat experiments were carried out
seven times for each OH concentration. The relative standard
deviations (RSD) of OH concentration were less than 10%.

Mixed sample preparation and characterization

To simulate different mixing states, DHAA was mixed with
(NH4)2SO4 and soot particles. In this study, the symbol A–B

represents A internally mixed with B, and the symbol A/B
represents A coated on B. Before being mixed with DHAA,
(NH4)2SO4 was cleaned by ultrasonication in methanol, followed
by drying at room temperature, and soot particles were pre-
heated at 300 1C under N2 protection for 8 h. DHAA was mixed
with the particles via an impregnation method. Detailed pre-
paration procedures for the mixed samples are given in the ESI.†
Three mixed samples were prepared to simulate different mixing
states: DHAA–(NH4)2SO4 (DHAA–AS), DHAA/soot, and DHAA–
(NH4)2SO4/soot (DHAA–AS/soot). To maintain a consistent initial
concentration of DHAA, 10.0 mg of DHAA was used for each
experiment. All the mixed samples were dried at room tempera-
ture and stored at �18 1C in the dark.

The mixing state and particle size of the mixed samples were
characterized by a scanning electron microscope (SEM, Hitachi
SU8000 with an accelerating voltage of 10 kV) and a transmis-
sion electron microscope (TEM, Hitachi H-7500 with an accel-
eration voltage of 80 kV). The SEM and TEM results are shown
in Fig. S2 (ESI†). The measured particle size of the mixed
samples varied from 52.1 � 18.7 to 217.6 � 95.7 nm (shown
in Table S1, ESI†). To understand the surface state of the mixed
samples, SEM with X-ray microanalysis (SEM-EDX, Hitachi
SU8000 with an accelerating voltage of 30 kV) was also used
to semi-quantitatively detect the element composition on the
surface of DHAA–AS.

Chemicals

All the chemicals were of chromatographic grade and used
without further purification. Methanol was obtained from Fisher
Scientific. A standard of dehydroabietic acid was purchased from
AccuStandard, Inc. N,O-Bis-(trimethylsilyl) trifluoroacetamide
plus trimethylchlorosilane (BSTFA:TMCS = 99 : 1) and salicylic
acid (499.5%) were purchased from Tokyo Chemical Industry
Co., Ltd. Pyridine, (NH4)2SO4 and 30% H2O2 were purchased
from Sinopharm Chemical Reagent Co., Ltd. Printex U powder
from Degussa (CAS No.: 1333-86-4) was used as a model soot
aerosol in this study. This was produced through incomplete
combustion of hydrocarbons in the air.64,65 Its specific surface
area is 97.24 m2 g�1, measured using nitrogen Brunauer–Emmett–
Teller (BET) physisorption (Quantachrome Autosorb-1-C). To better
understand the size of soot particles, SEM was used (Hitachi
SU8000 with an accelerating voltage of 1.0 kV). Images are shown
in Fig. S4 (ESI†). The average sizes of soot particles was measured
to be 39.8 � 10.5 nm. High purity N2 (99.99%) and O2 (99.99%)
were supplied by Beijing HUAYUAN Gases Inc.

Results and discussion
Kinetic measurements for pure dehydroabietic acid

To evaluate the influence of vaporization and degradation by
H2O2 on dehydroabietic acid, blank experiments were per-
formed under the same air and H2O2 flows as those in the
oxidation experiments at different temperatures. The experi-
ments were carried out at 40% RH in the dark. As shown in
Fig. S5 (ESI†), the decrease in the amount of pure dehydroabietic
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acid was less than 10% at 5 1C and 30 1C over 5 hours purging.
The experiments in this study were all carried out in the
temperature range between 5 1C and 30 1C. Therefore, the
slight decrease of DHAA concentration can be ascribed to
evaporation of DHAA during purging by air flow. This DHAA
evaporation will not prominently affect the measured reaction
rate because of its relatively low content, and this effect has
been considered in the kinetics interpretation.

To determine the degradation rate constant of pure DHAA
toward OH radicals, pure DHAA was oxidized under three
different OH concentrations (near-surface gas phase concentration,
similarly hereinafter), which had been estimated previously in
degradation experiments of salicylic acid. The OH concentrations
used in this study were 2.05 � 0.06 � 107, 2.38 � 0.08 � 107 and
2.99 � 0.10 � 107 molecules cm�3.

The kinetic data were determined by monitoring the loss of
DHAA concentration as a function of OH exposure at 25 1C with
40% RH in the dark. Assuming a second-order reaction
between OH and DHAA, the loss rate of DHAA can be expressed
as follows,

�d½DHAA�
dt

¼ k2½OH�½DHAA� (1)

where [OH] is the near-surface OH concentration (molecules cm�3),
[DHAA] is the concentration of dehydroabietic acid and k2 is the
second-order rate constant for the reactions between DHAA and
OH (cm3 molecule�1 s�1). As the experiments were performed
under steady state conditions with constant OH concentration,
eqn (1) can be integrated from zero to the residence time (t) of
reactants:

ln
½DHAA�
½DHAA�0

¼ �k2½OH�t (2)

where [DHAA]0 is the initial concentration of dehydroabietic
acid. As DHAA cannot be consumed completely, even under
high OH exposure, a plateau is always observed in the degrada-
tion curve of DHAA. This phenomenon has been widely
observed for other reaction systems.43,66 This plateau might
result from the diffusion limit of OH in the solid phase and the
influence of oxidation products remaining on the surface. The
fraction of DHAA remaining (at the plateau) decreases with
increased OH concentration, which may be a result of more
OH radicals diffusing into DHAA at the beginning of the
reaction after some oxidation products are further oxidized to
small molecules with high vapor pressure, which may cause
a vacancy on the surface for OH reaction under higher OH
concentrations.

Fig. 2 shows the changes in [DHAA]/[DHAA]0 as a function of
OH exposure under different OH concentrations at 40% RH
and 25 1C. The lines are the exponential curve fitting results,
from which the k2 can be derived via eqn (2). The k2 values
under different OH concentrations are listed in Table 1. In
general, for the heterogeneous reaction taking place under
ambient pressure and on packed powder samples, both external
(gaseous reactants from gas phase to the surface) and internal
diffusions (from the surface layer to the underneath layers and

into the pores of particles or films) need to be corrected.67–69

However, as discussed in detail in the ESI,† it is not necessary
to do both external and internal diffusion corrections for
the following reasons. Firstly, the near-surface but not gas
phase OH concentrations were measured with a particle phase
reference. Secondly, all the samples are nonporous with
smooth surfaces. Finally, previous studies have recognized that
reactions between OH and organic compounds are limited on
the surface.71

Fig. 2 Representative decays for dehydroabietic acid under different OH
concentrations at 25 1C and 40% RH (n = 3, error bars represent 1 standard
deviation based on triplicate analyses). (a) [OH] = (2.05 � 0.06) �
107 molecules cm�3; (b) [OH] = (2.38 � 0.08) � 107 molecules cm�3;
(c) [OH] = (2.99 � 0.10) � 107 molecules cm�3. Samples were exposed to
OH radicals from 0 minutes to 400 minutes (0 min, 30 min, 60 min, 90 min,
120 min, 180 min, 240 min, 300 min and 400 min for each point).
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At 25 1C, the k2 values for DHAA–OH reactions were similar
for different OH concentrations (Table 1), with an average of
5.72 � 0.87 � 10�12 cm3 molecule�1 s�1. This implies that the
experimental conditions are controllable and repeatable. Under
the same conditions, the measured k2 for DHAA toward OH in
this study is significantly (P = 3.94� 10�8 at 0.95 confidence level
in one-way ANOVA analysis) smaller than that of levoglucosan
(9.17 � 1.16 � 10�12 cm3 molecule�1 s�1 at 25 1C and 40%
RH).59 The difference between the measured k2 of DHAA and
levoglucosan highlights the role of structure in reactivity of
organics to OH. Using the Atmospheric Oxidation Program
for Microsoft Windows (AOPWIN) model, which is based on
structure–activity relationship (SAR) methods developed by
Atkinson and coworkers,51,72 the k2 of DHAA in the gas phase
was estimated to be 2.73 � 10�11 cm3 molecule�1 s�1, whereas
it was calculated to be 8.9 � 10�12 cm3 molecule�1 s�1 using
quantum chemical calculations.49 The average rate constant for
the heterogeneous reaction between DHAA and OH radicals
measured in this study is lower than the values calculated by
both the quantum chemical program and the AOPWIN model.
For levoglucosan, although the measured k2 from our previous
study shows good agreement with the chamber experiment result
((1.1 � 0.5) � 10�11 cm3 molecule�1 s�1),36 it is below the result
obtained by SAR calculation (5.28 � 10�11 cm3 molecule�1 s�1)73

and much higher than that obtained using quantum chemical
calculations (2.21� 10�13 cm3 molecule�1 s�1).74 A recent study
reported that the AOPWIN model overestimates the second-
order rate constant of the reaction of organic aerosol with OH
in the particle phase,75 which is consistent with results of the
present study. The results obtained from this study also imply
that the lifetime of organics might be underestimated using

gas-phase kinetic data (SAR-based k2); however, this requires
confirmation by field measurements in remote regions. If these
compounds can be observed in remote areas where the sources
of the compound does not exist, then this would imply that its
lifetime is long enough for transfer to such areas.

Effect of temperature

To investigate the effect of different temperatures, the tempera-
ture of the system was regulated at 5 1C, 15 1C, 20 1C, 25 1C and
30 1C under a constant RH of 40%. Temperatures under 5 1C
might cause some water vapor condensation on the surface of
the sample holder, with the potential for errors in measure-
ments of DHAA concentration. Thus, experiments at tempera-
ture lower than 5 1C were not performed in this study. The
concentration of OH radical was adjusted to 2.99 � 0.10 �
107 molecules cm�3 and all the experiments were conducted in
the dark.

The kinetic data were determined by monitoring loss of DHAA
concentration as a function of OH exposure. The changes in
[DHAA]/[DHAA]0 as a function of OH exposure under different
temperatures at 40% RH are shown in Fig. 3. The lines are the
exponential curve fitting results, from which the k2 can be derived
via eqn (2). The k2 values calculated at different temperatures are
listed in Table 1. From these results, degradation of dehydro-
abietic acid was significantly influenced by temperature. The k2

increased from 3.90� 0.69� 10�12 cm3 molecule�1 s�1 at 5 1C to
6.16 � 0.47 � 10�12 cm3 molecule�1 s�1 at 30 1C.

Fig. 4 shows the Arrhenius plot of the measured rate constants
for the reaction between DHAA and OH, for which the Arrhenius
expression is k2 = (8.9 � 1.9) � 10�10 exp[�(1508.2 � 64.2)/T] in
units of cm3 molecule�1 s�1. A positive temperature dependence

Table 1 Calculated rate constant and atmospheric lifetime of dehydroabietic acid for the reaction between dehydroabietic acid and OH radicals under
different atmospheric conditions

Reaction conditions

Second-order rate
constant (k2, cm3

molecule�1 s�1)
Atmospheric
lifetimea (days)

Pure dehydroabietic
acid (DHAA)

DHAA–OH reaction
under different OH
concentrations

OH concentrationb

(molecule cm�3)63,70
(2.05 � 0.06) � 107 (5.69 � 0.84) � 10�12 —
(2.38 � 0.08) � 107 (5.85 � 0.66) � 10�12 —
(2.99 � 0.10) � 107 (5.62 � 0.51) � 10�12 —
Average (5.72 � 0.87) � 10�12 2.5 � 0.3

Literature results for
DHAA in the gas phase

AOPWIN estimation49 2.73 � 10�11 0.5
Quantum chemical
calculations49

8.9 � 10�12 1.6

Temperature effectc 5 1C (3.90 � 0.69) � 10�12 3.7 � 0.6
15 1C (4.80 � 0.47) � 10�12 3.0 � 0.3
20 1C (5.10 � 0.54) � 10�12 2.8 � 0.3
25 1C (5.62 � 0.51) � 10�12 2.6 � 0.2
30 1C (6.16 � 0.47) � 10�12 2.3 � 0.2

RH effectd 20% (5.44 � 0.51) � 10�12 2.9 � 0.3
40% (5.61 � 0.32) � 10�12 2.8 � 0.2
60% (5.64 � 0.31) � 10�12 2.8 � 0.2
80% (5.32 � 0.41) � 10�12 2.9 � 0.2

Mixed samplese DHAA–(NH4)2SO4 (4.58 � 0.95) � 10�12 3.2 � 0.5
DHAA/soot (3.30 � 0.79) � 10�12 4.4 � 0.8
(NH4)2SO4–DHAA/soot (3.52 � 0.91) � 10�12 4.1 � 0.8

a Assuming the typical concentration for 12 h average value of OH to be 1.6 � 106 molecules cm�3. b Experimental condition: RH = 40%,
temperature = 25 1C. c Experimental condition: [OH] = (2.99 � 0.10) � 107 molecules cm�3, RH = 40%. d Experimental condition: [OH] = (2.99 �
0.10)� 107 molecules cm�3, temperature = 25 1C. e Experimental condition: [OH] = (2.99� 0.10)� 107 molecules cm�3, RH = 40%, temperature = 25 1C.
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was observed for this reaction, with the overall activation
energy calculated to be 12.5 � 0.5 kJ mol�1. Some studies have
found that temperature can either positively or negatively affect
the reactions between different organic compounds and OH
radicals.50,51 High temperature may affect gas/particle parti-
tioning process,76 thus leading to more gas phase DHAA in the
reactor. The phase state of particles has been found to play an
important role in heterogeneous reactions.77 Transformation
from the solid phase to semi-solid or liquid phase will promote
heterogeneous reaction, because particle-phase diffusion
becomes faster as a result of the lower viscosity of organic
matter. However, the melting point of DHAA is 447–449 K,
which is much higher than the highest temperature (303 K) in
this study, so the narrow temperature range should have no
influence on the phase state of the DHAA film. The positive
temperature dependence of the rate constant means that there
is an activation energy for the formation of the transition state
and that the reactivity is promoted by higher temperatures. In a
previous study, Bai et al. calculated the activation energies
for DHAA–OH reaction with a large range between 0.97 and
18.08 kJ mol�1 for different elementary reactions with an
average of 7.6 � 5.1 kJ mol�1.49 In this study, overall activation

energy was measured. Although it is difficult to directly com-
pare these activation energies, their tendencies are consistent,
namely, higher temperatures promote this reaction. Similarly,
for levoglucosan–OH reactions the overall activation energy was
measured to be 16.0 � 2.2 kJ mol�1,59 also implying a promo-
tion effect by high temperature.37 This is analogous to the
observed variation in DHAA and levoglucosan degradation with
environmental temperature. DHAA and levoglucosan are two of
the main biomass burning tracers, as degradation of both
shows positive temperature dependence. More attention should
be paid to OH oxidation of biomass burning tracers when
source apportionment is carried out in different seasons.

Effect of relative humidity

To investigate the effect of different levels of RH on the
degradation kinetics of DHAA by OH, the RH of the system
was adjusted to 20%, 40%, 60% and 80% under a constant
temperature of 25 1C. The concentration of OH radical was
adjusted to 2.99 � 0.10 � 107 molecules cm�3. The changes in
[DHAA]/[DHAA]0 as a function of OH exposure under different RH
at 25 1C are shown in Fig. 5. The k2 values for DHAA–OH reactions
calculated by eqn (2) are listed in Table 1. Results indicate that
DHAA was rarely influenced by RH when temperature was fixed. It
has been found that RH can 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 OH
uptake because particle-phase diffusion is feasible,78–80 whereas
other results show that the OH uptake was suppressed at higher
RH because of competitive co-adsorption of water, which will take
up the reactive sites.52 Based on our previous study, degradation
of levoglucosan by OH was influenced significantly by RH because
of different layers of water cover on the surface of levoglucosan
under different relative humidities. In this study, as the solu-
bility of DHAA in water is rather low, variation of RH will not
change the water content covering the surface of DHAA, thus
has little influence on the degradation kinetics of DHAA when
exposed to OH.

Fig. 3 Representative decays for dehydroabietic acid at different tempera-
ture with a constant relative humidity of 40% as a function of OH exposure
(n = 3, error bars represent 1 standard deviation based on triplicate analyses).

Fig. 5 Representative decays for dehydroabietic acid at different relative
humidity with a constant temperature of 25 1C as a function of OH
exposure. (n = 3, error bars represent 1 standard deviation based on triplicate
analyses).

Fig. 4 Measured rate constants for the reaction between dehydroabietic
acid and OH radical as a function of temperature.
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Effect of different mixing states

To simulate different mixing states possibly present in the
atmosphere, DHAA was mixed with (NH4)2SO4, soot particles,
and both (NH4)2SO4 and soot. (NH4)2SO4 and soot were chosen
to mix with DHAA and simulate the ambient process for the
following reasons. Firstly, sulfate contributes 30% of total
atmospheric particles, which may mix with other species in
the atmosphere. Secondly, as DHAA is mainly emitted from
biomass combustion, it may mix with soot particles, thus
mixtures of DHAA and soot are possible in the real atmosphere.
Moreover, in the troposphere, heterogeneous reactions of trace
gases, including SO2 and NH3, can take place on the soot
surface. This results in internally mixed particles, which have
been observed in field measurements.57,58 Therefore, similar to
other organic components, which have been found to mix with
(NH4)2SO4 and soot,81–83 DHAA mixed with both soot and
(NH4)2SO4 may exist in the ambient air. As DHAA represents
a series of compounds emitted from conifer wood combustion,
which can be detected in relatively large quantities,5 the three
mixing states represent well the real situation of DHAA.

The reactions between DHAA mixed samples and OH radicals
were performed in the dark at 25 1C and 40% RH. The concen-
tration of OH radical was 2.99 � 0.10 � 107 molecules cm�3.
Fig. 6 shows the degradation curves for DHAA mixed samples,
and the calculated k2 values are listed in Table 1. Through one-
way analysis of variance (ANOVA), it was confirmed that the rate
coefficients of the reactions between OH and DHAA, DHAA–
(NH4)2SO4 and DHAA/soot do have significant differences, with
P o 0.05 (0.0399) at 0.95 confidence level. Therefore, degrada-
tion of DHAA by OH radical was significantly influenced by the
mixing states. When mixed with (NH4)2SO4 (corresponding to
DHAA–AS), the rate constant of the degradation of DHAA by OH
radical decreased to 4.58 � 0.9 � 10�12 cm3 molecule�1 s�1

compared with pure DHAA. Based on semi-quantitative analy-
sis carried out by SEM-EDX, the carbon content on the surface
of DHAA–AS was determined to be 7.44% (by wt). The carbon
content on the surface of DHAA–AS is higher than that of pure

(NH4)2SO4, which means there is some DHAA on the surface of
(NH4)2SO4; but lower than hypothetical condition that DHAA
were all on the surface of (NH4)2SO4. This indicates that some
DHAA may be encased by (NH4)2SO4. Therefore, internally
mixed (NH4)2SO4 and DHAA was formed. The reduction of
the rate constant might be related to the internally mixed
(NH4)2SO4 and DHAA, in which the (NH4)2SO4 on the surface
of the mixed sample may slightly inhibit diffusion of OH on the
surface. When mixed with soot (corresponding to DHAA/soot),
the degradation rate of DHAA by OH decreased to 3.30 � 0.79 �
10�12 cm3 molecule�1 s�1, showing a more obvious inhibition
effect compared with (NH4)2SO4. As the surface area of soot is
relatively high (97.24 m2 g�1), it is reasonable to infer that
DHAA may enter the inner channels of soot, thus impeding
contact between DHAA and OH radicals. On the other hand,
soot is also reactive toward OH,84 and the completive reaction of
the soot toward OH will reduce reaction between DHAA and OH
because of the decrease in effective surface concentration of OH.
When mixed with both soot and (NH4)2SO4 (corresponding to
DHAA–AS/soot), as shown in Table 1, the degradation rate of
DHAA by OH was similar to that of the mixed sample DHAA/soot.
This implies that reactivity of the soot on the surface toward OH
might be the main reason for reduction of reactivity of DHAA in
this complicated mixing state.

Conclusions and atmospheric
implications

In this study, the degradation behaviors of DHAA toward OH
radicals were measured using a flow reactor under different
conditions to understand the atmospheric stability of DHAA.
When exposed to OH radicals, conspicuous degradation of
DHAA was observed. Temperature and the mixing state also
play important roles in the degradation rate. The second-
order rate constant (k2) for degradation of pure DHAA in the
particulate phase by OH was measured to be 5.72 � 0.87 �
10�12 cm3 molecule�1 s�1 at 25 1C and 40% RH. This value is
lower than those estimated in the gas phase. At 40% RH, the
k2 of pure DHAA increased with increasing temperature, as
expressed in the Arrhenius equation k2 = (8.9 � 1.9) �
10�10 exp[(�1508.2 � 64.2)/T], while RH had no significant
impact at 25 1C. Mixtures of DHAA with soot (DHAA/soot) showed
more prominent inhibition of the degradation rate than mixtures
with (NH4)2SO4. When mixed with both soot and (NH4)2SO4, no
additional inhibition by (NH4)2SO4 was observed compared with
DHAA/soot.

OH, NO3, Cl radicals and O3 are the main effective oxidants
in the atmosphere, of which OH is considered to be the most
dominant during the daytime for organics.72,85 Therefore, the
rate coefficients obtained in this study can be used to calculate
the atmospheric lifetime of DHAA exposed to OH radicals. The
atmospheric lifetime of DHAA (t) was calculated according to
the following equation:

t ¼ 1

k2½OH� (3)

Fig. 6 Representative DHAA decays under different mixing states as a
function of OH exposure at 25 1C and 40% RH (n = 3, error bars represent
1 standard deviation based on triplicate analyses).
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Assuming a 12 h average OH concentration to be 1.6 �
106 molecules cm�3 during daytime (25 1C and 101 kPa),86,87

the atmospheric lifetime of pure DHAA in the particle phase
was calculated to be 2.5 � 0.3 days. This value is prominently
larger than the calculated lifetimes based on the rate constants
in the gas phase, which suggests that modeling or quantum
chemical calculations underestimate the lifetimes of organics in
particulate matter. Under different environmental conditions,
the lifetimes varied from 2.3 � 0.2 to 4.4 � 0.8 days, as shown in
Table 1, indicating that temperature and mixing states have
remarkable impacts on the degradation kinetics and lifetime of
DHAA. In particular, soot particles may have a prominent effect
on the degradation kinetics. Therefore, the degradation kinetics
determined for pure DHAA should be the upper limit of that in
the real troposphere. As DHAA is mainly produced during
combustion, the kinetics data for DHAA on soot should be more
realistic than those for pure DHAA.

It should be pointed out that the longest lifetime of DHAA
measured in this study is still shorter than the residence time
of aerosols in the troposphere. This means that the concen-
tration of DHAA measured in field measurements for the
purpose of source apportionment might have been under-
estimated in the past, thus introducing a negative error in source
apportionment. For other sources, such as engine exhaust,
Lambe et al. also pointed out that neglecting degradation of
engine exhaust tracers (n-alkanes, hopanes and steranes) by
OH may lead to a significant error in source apportionment.41

As all these tracers show high reactivity towards OH radicals,
understanding of the fate of these tracers in the atmosphere
should be updated to ensure more effective results in source
apportionment.
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