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Multiphase Chemical Kinetics of OH Radical Uptake by Molecular
Organic Markers of Biomass Burning Aerosols: Humidity and
Temperature Dependence, Surface Reaction, and Bulk Diffusion

Andrea M. Arangio,† Jonathan H. Slade,‡ Thomas Berkemeier,† Ulrich Pöschl,† Daniel A. Knopf,*,‡

and Manabu Shiraiwa*,†

†Multiphase Chemistry Department, Max Planck Institute for Chemistry, D-55128 Mainz, Germany
‡Institute for Terrestrial and Planetary Atmospheres, School of Marine and Atmospheric Sciences, Stony Brook University, Stony
Brook, New York 11794, United States

ABSTRACT: Multiphase reactions of OH radicals are among the most important
pathways of chemical aging of organic aerosols in the atmosphere. Reactive uptake
of OH by organic compounds has been observed in a number of studies, but the
kinetics of mass transport and chemical reaction are still not fully understood.
Here we apply the kinetic multilayer model of gas−particle interactions (KM-
GAP) to experimental data from OH exposure studies of levoglucosan and abietic
acid, which serve as surrogates and molecular markers of biomass burning aerosol
(BBA). The model accounts for gas-phase diffusion within a cylindrical coated-
wall flow tube, reversible adsorption of OH, surface-bulk exchange, bulk diffusion,
and chemical reactions at the surface and in the bulk of the condensed phase. The
nonlinear dependence of OH uptake coefficients on reactant concentrations and
time can be reproduced by KM-GAP. We find that the bulk diffusion coefficient of
the organic molecules is approximately 10−16 cm2 s−1, reflecting an amorphous
semisolid state of the organic substrates. The OH uptake is governed by reaction at or near the surface and can be kinetically
limited by surface-bulk exchange or bulk diffusion of the organic reactants. Estimates of the chemical half-life of levoglucosan in
200 nm particles in a biomass burning plume increase from 1 day at high relative humidity to 1 week under dry conditions. In
BBA particles transported to the free troposphere, the chemical half-life of levoglucosan can exceed 1 month due to slow bulk
diffusion in a glassy matrix at low temperature.

■ INTRODUCTION

Biomass burning is one of the largest sources of primary
organic aerosols, black carbon,1 and trace gases in the Earth’s
atmosphere with a source strength comparable to fossil fuel
burning.2−4 Biomass burning aerosol (BBA) has a significant
impact on climate and public health. BBAs are ubiquitous and
via pyro-convection can also reach the upper troposphere and
lower stratosphere regions of the atmosphere.5−9 They scatter
or absorb solar radiation and can serve as cloud condensation
nuclei and ice nuclei affecting cloud microphysical and radiative
properties.10,11 Black and brown carbon produced from
incomplete combustion are important contributors to the
radiative forcing,12,13 and polycyclic aromatic hydrocarbons
(PAHs) associated with BBA can cause adverse health effects
such as oxidative stress.14−16

Several field campaigns and remote sensing studies have been
performed to investigate the impact of biomass burning on
local, regional, and global scales.17−21 The contribution of
biomass burning emissions to field-collected particles is
typically evaluated by applying chemical receptor-based models,
which utilize source-specific molecules, also termed biomolec-
ular markers, found in the particles to identify the source and
estimate aerosol source strength.22 Levoglucosan (1,6-anhydro-

β-D-glucopyranose, C6H10O5) and abietic acid (1-phenanthre-
necarboxylic acid, C20H30O2) are produced during lignin and
hemicellulose combustion and often used as molecular markers
of biomass burning emission.23−25

Although levoglucosan and abietic acid are considered
chemically stable in the atmosphere, several field campaigns
on BBA emissions have shown large seasonal variations of
levoglucosan concentration characterized by a strong levoglu-
cosan depletion during summer compared to C/O ratio and K+,
which indicates the marker’s degradation during transport.26,27

This is supported by laboratory studies which have shown that
levoglucosan and abietic acid can degrade by photooxidation28

and heterogeneous reactions with OH29−35 and NO3

radicals.36,37 The reaction rate of the marker depends on the
gas-phase concentration of the oxidants29 as well as relative
humidity (RH).35 Multiphase chemical processes alter the
physical and chemical properties of the particles,38−41 which in
turn impact radiative and hygroscopic properties, cloud
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condensation nuclei and ice nuclei activities,42−44 brown carbon
formation,45−47 and toxicity.16,48 Multiphase oxidation of
levoglucosan and abietic acid by OH can also lead to significant
degradation.29−33,35

In experimental studies heterogeneous and multiphase
chemical processes are often characterized by the uptake
coefficient γOH, which is the ratio between the net flux of OH to
the particle and the OH collision flux.49 The γOH values
experimentally derived for levoglucosan and abietic acid
reacting with OH are in the range of 0.056−1.29,35 Applying
the kinetic multilayer model of gas−particle interactions in
aerosols and clouds (KM-GAP),50 we analyze new experimental
data on the OH exposure of levoglucosan and abietic acid
substrates under dry conditions and investigate the relative
contributions of surface and bulk reactions to the overall OH
uptake. KM-GAP allows us to estimate kinetic parameters such
as surface accommodation coefficient, desorption time, reaction
rate coefficients, bulk diffusion coefficients of both OH and
organics, and the Henry’s law coefficient of OH in the organic
phase. Kinetic regimes and limiting cases51,52 of the multiphase
reactions of OH radicals were investigated by systematic
sensitivity studies to the laboratory data. Finally, the chemical
half-life of levoglucosan due to heterogeneous and multiphase
reactions was estimated for atmospherically relevant gas-phase
OH concentrations.

■ METHODS

Figure 1 shows a schematic of the KM-GAP model with
multiple compartments and layers: gas phase, near-surface gas

phase, sorption layer, surface layer, and a number of bulk layers.
KM-GAP treats the following processes of mass transport and
chemical reactions explicitly: gas-phase diffusion, surface
adsorption and desorption, surface-bulk exchange, bulk
diffusion, and chemical reactions at the surface and in the
bulk.50 Gas-phase diffusion flux and correction factor for a
cylindrical flow tube are derived analogous to spherical particles
as described in Pöschl et al. (2007)49 and has been validated53

against the numerical approach of Brown,54 which had also
been used to determine the experimental γOH values.29 Surface
and bulk layer thicknesses can change due to volatilization or

condensation in response to mass transport, which eventually
leads to particle growth or shrinkage. Mass transport fluxes
between layers are based on the first-order approximation of
Fick’s diffusion equation using bulk diffusion coefficients.50 The
surface-bulk exchange is constrained by solubility of the
compound in the bulk (e.g., by the Henry’s law coefficient).
For the simulation of coated-wall flow-tube experiments, the
initial thickness of the organic film was taken to be 100 nm and
described by 100 model layers. The exact number of model
layers was relevant for the resolution of the bulk profile but not
for the overall model result of OH uptake, which was
determined by chemical reaction in the uppermost few
nanometers of the organic film. Like in the determination of
experimental γOH values,29 the organic surface was assumed to
be smooth. For the estimation of chemical half-lifes and the
degraded fraction of biomass burning particles, we assumed
spherical geometry of the particles.
The reaction rates at the surface and in the bulk are described

using a second-order dependence from the concentration of the
reactants in each bulk layer. The reaction scheme for
levoglucosan and abietic acid reacting with OH was proposed
by Slade and Knopf.29 Hydrogen abstraction from the substrate
is the first and the limiting step for both levoglucosan and
abietic acid, as also suggested by molecular dynamic
simulations.55 Two reaction products are considered in the
model, one being volatile and the other nonvolatile. For
simplicity, secondary reactions between OH and these products
are not taken into account; these are usually slower than the
primary reaction.56 Self-reaction of OH on the surface is also
neglected because the uptake coefficients reported for OH self-
reaction are as low as 10−4.29,57

The temporal evolution of the uptake coefficient, γOH, and
the surface and bulk compositions were simulated by
numerically solving the ordinary differential equations consid-
ering the mass balance of each layer. The physically well-
constrained input parameters include thermal velocity of OH
(T = 298 K; ωOH = 6.1 × 104 cm s−1), effective molecular
diameter of OH (δOH = 0.30 nm), levoglucosan (LG; δLG= 0.69
nm), and abietic acid (AA; δAA = 0.78 nm).37 The gas-phase
diffusion coefficient of OH under experimental conditions was
185 cm2 s−1.29 The concentration of levoglucosan for each bulk
layer is 6.27 × 1021 cm−3 considering a densely packed system
formed exclusively by levoglucosan molecules (molecular
volume =1.59 × 10−22 cm3).37

The kinetic input parameters include the surface accom-
modation coefficient of OH on a free substrate (αs,0),
desorption lifetime (τd), second-order surface (kSLR) and bulk
(kBR) reaction rate coefficients between OH and organics,
Henry’s law coefficient of OH (Ksol,cc) in the organic phase, and
the bulk diffusion coefficients for OH and organics (DOH, Dorg),
respectively. We assumed αs,0 = 1, as the measured maximum
γOH for this reaction system is ∼0.9,29,35 and αs,0 needs to be
larger than γOH by definition.49 This assumption is also
consistent with molecular dynamic simulations of OH58 and
our previous study on kinetic modeling and experiments of
ozonolysis on organic surfaces.48 Moreover, sensitivity studies
showed that the modeled γOH is insensitive to αs,0 as long as αs,0
>∼0.5. Other parameters are less constrained and used as fitting
parameters in this study.
To fit the experimental data, we varied the kinetic parameters

in KM-GAP using a global optimization method that utilizes a
uniformly sampled Monte Carlo search to seed a genetic
algorithm (MCGA method). The genetic algorithm (Matlab

Figure 1. Schematics of the kinetic multilayer model of gas−particle
interactions in aerosols and clouds (KM-GAP).50 Concentrations of
species Zi and Zj in the gas (g) and near-surface gas phase, at the
sorption layer (s) and in the surface (ssb) and in the bulk (b) layers. J
are the transport fluxes between each layer, including the gas-phase
diffusion flux (Jg), the adsorption (Jads) and desorption (Jdes) fluxes,
surface−bulk exchange fluxes (Js,ssb, Jssb,s), and bulk diffusion fluxes
(Jb).

The Journal of Physical Chemistry A Article

DOI: 10.1021/jp510489z
J. Phys. Chem. A 2015, 119, 4533−4544

4534

http://dx.doi.org/10.1021/jp510489z


software) was terminated when the correlation between
experimental data and model output converged into an
optimum. Since the optimization of the kinetic parameters to
the experimental data was not unique in all kinetic parameters,
repeated execution of the MCGA method yields a range of
kinetic parameters, which can be used to describe the
experimental data. For each parameter a plausible range of
variation was chosen based on previous kinetic stud-
ies.37,48,50,51,59,60 The upper limit of kBR is given by the rate
coefficient of a diffusion-controlled reaction which can be
estimated from the bulk diffusion coefficients and effective
molecular radii of the reactants:61

π= + +k D D r r4 ( )( )BR,max OH org OH org

Assuming rOH + rorg ≈ rorg ≈ 10−7 cm, we obtain kBR,max ≈ 10−11

cm3 s−1 for a liquid matrix with DOH + Dorg ≈ DOH ≈ 10−5 cm2

s−1 and kBR,max ≈ 10−14 cm3 s−1 for a semisolid matrix with DOH

+ Dorg ≈ DOH ≈ 10−8 cm2 s−1. Earlier studies have reported a
range of 3.1 × 10−13 to 1.1 × 10−11 cm3 s−1 for the bulk reaction
rate coefficient of OH and levoglucosan in the liquid
phase,28,30,32,33 but no literature values are available for
semisolid or solid phases. Assuming that the kinetics of

diffusion and reaction at the surface are similar to the bulk, a
rough estimate for the upper limit of the surface reaction rate
coefficient can be obtained by dividing the maximum bulk rate
coefficient through the sum of the effective molecular radii of
the reactants (∼10−7 cm), yielding kSLR,max ∼ 10−4 cm2 s−1.
Note, however, that the maximum rates of surface diffusion and
reaction may substantially deviate from the bulk-derived
estimates depending on the reaction system and conditions.62,63

Levoglucosan and abietic acid substrates were exposed under
dry conditions to OH in the presence of O2 using a coated-wall
flow-tube reactor coupled to a chemical ionization mass
spectrometer as described in detail previously.29 In brief, OH
radicals were produced via a microwave discharge of H2 in a He
carrier flow followed by reaction with O2 in a movable
halocarbon wax-coated glass injector.57 OH was detected as
OH− following chemical ionization by SF6

−. OH radical
concentrations in these experiments varied from ∼108 to 109

molecules cm−3, representing, within an order of magnitude,
concentrations measured in fresh biomass burning plumes.64

The organic substrates were exposed to OH radicals for about
∼40 min at about 5.5 hPa. The residence time for OH over the
exposed substrate ranged from 0.08 to 1.25 ms. Uptake

Figure 2. OH uptake coefficient (γOH) for levoglucosan measured (red) and modeled (black) by KM-GAP. (a) γOH as a function of gas-phase OH
concentration. The shaded area represents model simulations with different sets of kinetic parameters determined by the Monte Carlo genetic
algorithm method. (b) Temporal evolution of γOH with gas-phase OH concentration of 1.7 × 109 cm−3.

Figure 3. OH uptake coefficient (γOH) for abietic acid measured (red) and modeled (black) by KM-GAP. (a) γOH as a function of gas-phase OH
concentration. The shaded area represents model simulations with different sets of kinetic parameters determined by the Monte Carlo genetic
algorithm method. (b) Temporal evolution of γOH with gas-phase OH concentration of 3.6 × 108 cm−3.
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coefficients were derived experimentally as described in detail
previously36 and corrected for gas-phase diffusion to the flow
reactor walls by application of the Brown formalism.54

■ RESULTS AND DISCUSSION

Figures 2a and 3a show γOH as a function of gas-phase OH
concentration, [OH]g, for levoglucosan and abietic acid,
respectively. γOH for levoglucosan and abietic acid stays
constant at ∼0.3 when [OH]g is below ∼109 cm−3. Above
this concentration, γOH decreases to ∼0.01 at [OH]g = 1011

cm−3. The temporal evolution of γOH for levoglucosan and
abietic acid at [OH]g = 1.7 × 109 cm−3 and 3.6 × 108 cm−3,
respectively, are shown in Figures 2b and 3b, respectively. For
levoglucosan, γOH shows a slight decrease from ∼0.1 to ∼0.06
during the reaction time of 1800 s. The slight increase of the
uptake coefficient after ∼500 s is within the range of
experimental uncertainties (±17%). For abietic acid, γOH is
stable at ∼0.09. As demonstrated by the black lines in Figures 2
and 3, both the time and concentration dependence of γOH can
be reproduced by KM-GAP.
Figure 4 shows the distribution of kinetic parameter values

obtained by the MCGA method for levoglucosan and abietic

acid. The bulk diffusivities of the organic molecules (Dorg) are
the most tightly constrained parameters, which are found to be
∼2 × 10−16 cm2 s−1 for levoglucosan and ∼9 × 10−17 cm2 s−1

for abietic acid. It reflects the semisolid nature of the
compounds under these experimental conditions as also
reported in previous studies59,65−67 and discussed later with
regard to atmospheric implications. Note that the bulk
diffusivities derived from the MCGA fitting to the chemical
kinetics data are characteristic for the near-surface-bulk region
where reactions mainly occur in the investigated systems and
diffusivity might be enhanced relative to the inner bulk
material.68 The estimated Dorg is about 4 orders of magnitude
higher than Dorg assumed in our previous work investigating
NO3 uptake by levoglucosan and abietic acid, in which Dorg was
less well constrained.37 The MCGA estimates for DOH in
levoglucosan and abietic acid range from 10−11 to 10−8 cm2 s−1.
Price et al.66 measured the bulk diffusivity of water in
levoglucosan as ∼10−10 cm2 s−1 at 20% RH; we adopt this

value for further simulations based on the analogy of gas-phase
diffusivity between OH and H2O.

69

For the Henry’s law coefficient of OH in the organic phase
we obtain a range of 10−5−10−3 mol cm−3 atm−1, which is at
least 1 order of magnitude smaller than that in water.70−72 The
bulk reaction rate coefficient, kBR, is not well constrained with
the current experimental data set. Sensitivity analyses indicate
that the kBR value does not play a critical role under these
experimental conditions and therefore cannot be pinned down
by fitting to the experimental data. kSLR and τd are found to be
mutually interdependent and exhibit a tight inverse correlation
as shown in Figure 5. Different combinations of kSLR and τd can

be chosen due to the wide range of values spanning 7 orders of
magnitude. Molecular dynamic simulations58 suggest that τd
should be on the order of nanoseconds; if τd = 10 ns, then kSLR
is constrained to ∼10−8 cm2 s−1. This result is consistent with
the combination of kSLR ∼10

−10 cm2 s−1 and τd ∼10 ns used to
model the NO3 uptake by the same organic species in an earlier
study,37 because OH is more reactive than NO3.
In evaluating the potential impacts of secondary chemistry on

γOH, we consider reactions between OH and nonvolatile
oxidation products applying kBR 2 orders of magnitude smaller
than kBR for OH and levoglucosan. The results show that effects
of secondary chemistry on γOH is negligible over the
experimental exposure time for [OH]g < 1010 cm−3, while
secondary chemistry can affect γOH for [OH]g > 1010 cm−3 by
up to 50% only in long exposure time. As kBR for secondary
chemistry cannot be constrained well with the current data set,
we do not include secondary chemistry for further simulations,
although secondary chemistry can be important for the long-
term evolution of the condensed phase.56,73

Figure 6a shows the temporal evolution of γOH simulated by
KM-GAP, when levoglucosan is exposed to five different OH
concentrations (5 × 106 to 5 × 1010 cm−3). For identification of
the limiting step for the overall OH uptake, we determine
kinetic regimes and limiting cases of the system. Note that the
behavior and sensitivity of levoglucosan and abietic acid are
very similar; thus, the analysis of only levoglucosan is shown.

Figure 4. Kinetic parameters for multiphase chemical reactions of OH
with levoglucosan (white) and abietic acid (gray) determined by the
MCGA method of fitting the experimental data with the KM-GAP
model. The ranges of parameters are depicted as a box−whisker plot
(the percentiles of 10, 25, 75, and 90% are shown).

Figure 5. Correlation between desorption lifetime of OH3 (τd) and
second-order surface reaction rate coefficients (kSLR) between OH3

and levoglucosan (solid circles) or abietic acid (open circles)
determined by the MCGA method of fitting the experimental data
with the KM-GAP model. The black lines are linear fits in a log−log
plot.
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The cases of limiting behavior arise from the following three
criteria that are fundamental to reactive gas uptake:51,52

(a) Surface-to-total loss rate ratio (STLR) distinguishes the
reaction location between the particle surface (STLR ≈ 1) and
the bulk (STLR ≈ 0).
(b) Saturation ratio (SR) determines the abundance of OH

at the particle surface or in the bulk. SR ≈ 1 indicates the
system is adequately supplied with OH, and SR ≈ 0 indicates
the system is deprived of OH and is mass transfer limited.
(c) Mixing parameter (MP) reveals the heterogeneity of the

system. MP ≈ 1 indicates the system is well-mixed, and MP ≈ 0
indicates that a strong concentration gradient exists due to
diffusion limitation.
The kinetic regimes and limiting cases defined by these

criteria can be visualized on a “kinetic cube”, in which each axis
corresponds to one of the three classification parameters,51 as
shown in Figure 6b. The symbols “S” and “B” indicate the
predominant reaction location: particle surface and particle
bulk, respectively. A subscript denotes the rate-limiting process
for gas uptake: “rx” indicates chemical reaction; “bd” indicates
bulk diffusion; “α” indicates mass accommodation; “gd”
indicates gas-phase diffusion.
Figure 7 shows the evolution of these criteria at [OH]g = 5 ×

1010 cm−3, and Table 1 summarizes the values for these three
criteria for three different time regimes. At any simulated OH
concentration, STLR is close to 1 at any simulation time,
indicating that the reaction mainly takes place at the particle
surface and the system is in the surface reaction regime (S). At
the beginning of the uptake process up to ∼10−6 s, SR at the
particle surface (surface saturation ratio; SSR) is very low,
indicating that the surface is deprived of OH. γOH is equal to
the surface accommodation coefficient and gas-phase diffusion
correction factor (i.e., the ratio of gas-phase concentration at
the near-surface gas phase to that far from the surface) is 1 at
the very beginning and reduced to ∼0.3, implying that mass
transfer is the limiting step (Smt) for initial OH uptake.
As shown in Figure 7, SSR becomes ∼0.9 after ∼10−6 s,

indicating that the adsorption−desorption equilibrium is
established and the surface is close to saturation by OH
radicals with respect to a Langmuir adsorption isotherm. Note
that the actual surface coverage of OH stays as low as 10−6. The
surface mixing parameter of organics (SMPY; the ratio of the
actual surface concentration to the maximum possible surface

concentration) is ∼1, showing that bulk-to-surface transport of
organics is sufficiently fast without kinetic limitation by bulk
diffusion. In this case, the overall OH uptake is mainly limited
by surface reaction (Srx), and also partly by gas-phase diffusion
as Cg is still ∼0.3. In case of low [OH]g with <∼108 cm−3,
SMPY stays at ∼1 and γOH stays at ∼0.1 over the entire
simulation time.
At high OH concentration [OH]g ≥ 109 cm−3, SMPY

decreases to ∼0.02, and γOH decreases substantially after ∼1
s. In such a case, the surface reaction is limited by bulk diffusion
of organics from the bulk to the surface (Sbd). At [OH]g = 5 ×

1010 cm−3, the surface loss rate of levoglucosan is about 4
orders of magnitude higher than that at [OH]g = 5 × 106 cm−3.

Figure 6. (a) Temporal evolution of OH uptake coefficient (γOH) for levoglucosan at different OH concentrations. OH uptake is initially limited by
mass transfer (Smt) of OH until ∼10−6 s and then limited by surface reaction (Srx) and the bulk-to-surface transport of levoglucosan (Sbd) depending
on OH gas-phase concentration. (b) Kinetic regimes and limiting cases of OH uptake are mapped onto the axes of a cube representing reaction
location, saturation ratio, and mixing parameter.51 The red arrows represent evolution of the kinetic regimes: Smt → Srx → Sbd.

Figure 7. Temporal evolution of criterion parameters for determi-
nation of kinetic regimes and limiting cases for multiphase reactions of
levoglucosan with [OH]g of 5 × 1010 cm−3: Surface-to-total loss rate
ratio (STLR), gas-phase diffusion correction factor (Cg), surface
saturation ratio (SSR), and surface mixing parameter (SMP).

Table 1. Assignment of Kinetic Regimes and Limiting Cases
for Multiphase Chemical Reactions of OH with
Levoglucosan

<10−6 s 10−6−1 s 1−103 s

STLR ∼1 ∼1 ∼1

SSR ∼0 ∼0.9 ∼0.9−1

SMPY ∼1 ∼1 ∼0.02−1

kinetic regimes Smt Srx Srx (low [OH]g)

Sbd (high [OH]g)
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As the surface loss rate is larger than the diffusion flux of
organics to the surface, levoglucosan at the surface is depleted
followed by evaporation of volatile reaction products (e.g.,
glucic acid or 2-hydroxypropanedial).29 Consequently, a strong
concentration gradient of levoglucosan in the bulk develops
after ∼10 s, as shown in Figure 8a. Up to ∼10 s, the bulk is free
of OH radicals as most of them reacted away at the surface
(Figure 8b). After ∼10 s when levoglucosan is depleted at the
surface, OH starts to diffuse into the near-surface bulk.
Note that constraining the reaction zone to the near-surface

bulk is the result of the interplay between the diffusion and
reaction of both levoglucosan and OH. The diffusivity of OH
alone, neglecting reaction, would allow significant penetration
into the bulk as demonstrated by the very fast incorporation
into the bulk of an unreactive tracer with the same diffusion
coefficient as OH (Figure 8c).
In summary, the temporal evolution of the limiting cases is

depicted by arrows on the kinetic cube in Figure 6b: Smt → Srx
→ Sbd. For confirmation of the identified kinetic regimes and
limiting cases and identification of the sensitive kinetic
parameters, we conduct a sensitivity analysis by varying each
kinetic parameter by 1 order of magnitude. Sensitivity of an
input parameter λi on the modeled uptake coefficient, γOH, can
be expressed through its normalized sensitivity coefficient
Sn(λi) defined as follows:51

λ
γ

λ
=

Δ

Δ
S ( )

ln

ln
i

i

n OH

(1)

Sn(λi) is derived by applying two different [OH]g (1 × 1010

cm−3 and 5 × 106 cm−3) for the reaction time 0.01 and 1800 s:
at 0.01 s the limiting case is expected to be Srx; at 1800 s it is

expected to be Srx at low [OH]g and Sbd at high [OH]g (see
Figure 4a).
Table 2 shows the results of such calculations. Sn(λi) for kBR,

Ksol,cc, and DOH are practically zero, indicating OH uptake is

insensitive to these bulk-process-related parameters at both
high and low [OH]g. kSLR, τd, and αs,0 are the most sensitive
parameters, confirming that the OH uptake is dominated by
surface processes. Sn(kSLR) and Sn(τd) values are similar,
showing that both parameters regulating surface reaction rates
are equally important. At high OH concentrations in the Sbd
region, Sn(kSLR), S

n(τd), and Sn(αs,0) are about zero. γOH is
sensitive to Dorg only at high OH concentration and after a long

Figure 8. Evolution of the bulk concentration profile of (a) levoglucosan and (b) OH as a response to OH exposure of 5 × 1010 cm−3. (c) Evolution
of the bulk concentration profile of nonreactive tracer in the absence of chemical reactions but the same diffusivity as OH.

Table 2. Sensitivity Analysis Coefficient for Low [OH]g = 5
× 106 cm−3 and High [OH]g = 1 × 1010 cm−3 Exposure
Simulationsa

Sn

[OH]g = 5 × 106 cm−3 [OH]g = 1 × 1010 cm−3

t = 10−2 s t = 1.8 × 103 s t = 10−2 s t = 1.8 × 103 s

↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓

αs,0 1 1 1 0.01

τd 0.63 0.93 0.63 0.94 0.63 0.93 0 0.01

kslr 0.63 0.94 0.63 0.94 0.63 0.93 0 0.01

kBR 0 0 0 0 0 0 0 0

Ksol,cc 0 0 0 0 0 0 0 0

DOH 0 0 0 0 0 0 0 0

Dorg 0 0 0 0 0 0 0.49 0.50
a
↑ and ↓ denote an increase and a decrease of each parameter by 1
order of magnitude, respectively.
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exposure time, confirming that the OH uptake is limited by the
bulk diffusivity of levoglucosan. OH uptake by abietic acid
shows very similar sensitivity.
The reduction of γOH upon increase of gas-phase OH

concentrations (Figures 2a and 3a) is a typical behavior of the
so-called Langmuir−Hinshelwood mechanism, in which an
adsorbed molecule reacts with organics by surface reaction.
This is in contrast to the Eley−Rideal mechanism, in which a
single kinetic step of collision and reaction occurs between
gaseous species and surface molecules.49 OH has been
considered to undergo Eley−Rideal mechanism due to its
high reactivity, but our findings are consistent with recent
studies29,41,74−76 suggesting that OH follows Langmuir−
Hinshelwood behavior. Reduction of γOH at high gas-phase
concentration is associated with saturation of gaseous species at
the surface, which is caused by relatively slower surface reaction
rates in the case of less reactive gas species such as ozone.48,77,78

In the case of OH, accumulation at the surface (e.g., SSR ≈ 1;
see Figure 7) is due to reduced surface reaction rates limited by
bulk diffusion of levoglucosan or abietic acid.

■ ATMOSPHERIC IMPLICATION

We estimate the chemical half-life, t1/2, of levoglucosan and
abietic acid by multiphase chemical reactions of OH radicals for
a range of ambient RH and temperature. t1/2 is defined as the
time after which the number of organic molecules in the
condensed phase has decreased to half of its initial value. We
consider a pure levoglucosan or abietic acid particle with a
diameter of 200 nm. t1/2 for abietic acid is found to be ∼30%
longer than that for levoglucosan, and we focus our analysis on
levoglucosan. [OH]g ranges from 106 cm−3 in typical pristine
environments to ∼108 cm−3 in the fresh biomass burning
plumes.5 We consider two scenarios representing dry
conditions and cloud processing occurring in the boundary
layer at 25 °C. At dry conditions, the same kinetic parameters
set for the simulations reported in Figure 2 are used. Under
high RH, levoglucosan undergoes a moisture-induced phase
transition transforming from an amorphous semisolid to a
liquid phase.65 For the cloud processing scenario, bulk diffusion
coefficients of OH and levoglucosan are increased to 10−5 and
10−7 cm2 s−1, respectively, and the Henry’s law coefficient of
OH in water is used (2.5 × 10−2 mol cm−3 atm−1).71 kBR = 1.8
× 10−12 cm3 s−1 is used as reported by Zhao et al.28 Other
parameters are kept the same as for dry conditions to explore
and characterize the effects of bulk diffusion and OH solubility
on the multiphase reactions of BBA.
Biomass burning is often associated with strong convection,

and the plume can reach the midtroposphere and possibly also
upper troposphere and lower stratosphere.6−8,79 We simulate
t1/2 under lower temperatures of 10 and 0 °C. The glass
transition temperature (Tg) of levoglucosan is determined to be
∼283 ± 17 K,67 at which levoglucosan undergoes glass
transition with a viscosity exceeding ∼1012 Pa s, corresponding
to bulk diffusivity (DLG) < ∼10−20 cm2 s−1 based on the
Stokes−Einstein relation. A recent study shows that the
Stokes−Einstein relation may break down close to Tg.

80 We
assume that DLG = 10−18 cm2 s−1 at 10 °C and 10−20 cm2 s−1

below 0 °C. The temperature dependence of bulk diffusivity of
H2O in levoglucosan can be estimated using a semiempirical
parametrization developed by Berkemeier et al.81 based on a
Vogel−Fulcher−Tammann approach. Figure 9 shows the
estimated Dw with uncertainty reflecting the uncertainty of
the input parameter Tg. Considering DOH should be slightly

larger than Dw, we use the upper estimate of Dw for calculations.
t1/2 at 10 and below 0 °C are simulated using the estimated bulk
diffusivity and keeping all other parameters the same. Note that
a decrease of the reaction rate coefficients with decreasing
temperature may increase t1/2 further; thus our estimates can be
regarded as lower limits.
Figure 10a shows t1/2 for levoglucosan simulated as a

function of gas-phase OH concentration for different temper-
atures and humidity. At dry conditions t1/2 is more than 37 days
for [OH]g of ∼3 × 106 cm−3 and t1/2 decreases to more than 1
week for biomass burning plume conditions with [OH]g > 107

cm−3. Under cloud processing conditions at 25 °C, t1/2 is ∼9
days at [OH]g ∼ 3 × 106 cm−3 and less than 3 days in a biomass
burning plume with [OH]g > 107 cm−3, due to the absence of
kinetic limitations of mass transport in the particle phase with
the high bulk diffusivity of levoglucosan and OH and high OH
water solubility. At low temperatures t1/2 increases substantially
to about 1 month at 10 °C and can be over a year below 0 °C.
Below Tg, t1/2 stays almost constant as levoglucosan is
practically degraded only at the surface and levoglucosan in
the bulk is shielded well in a glassy matrix.
This behavior is consistent with the results of previous

studies reporting the importance of the particle phase state for
the chemical aging of aerosols.35,37,59,82 For levoglucosan films,
Lai et al.33 observed a decrease of reactivity upon increase of
relative humidity which may be a consequence of the blocking
surface reactive sites by adsorbed water molecules.35,65 The
estimated chemical half-life is comparable with previously
reported e-folding time of levoglucosan under dry and humid
conditions29,31,35 and in aqueous solution,28,32,34 ranging from 1
day to more than a month depending on ambient relative
humidity and gas-phase OH concentration.
Levoglucosan is widely used as a molecular marker of

biomass burning in source apportionment studies with the
assumption that the marker is stable up to 1 week during its
transportation in the atmosphere.22,83 Figure 10b shows the
degraded fraction of levoglucosan contained in a 200 nm
diameter particle upon exposure to a range of OH
concentrations for 1 week under cloud processing and dry
conditions at 10 and 0 °C. The calculations indicate that 12% of
levoglucosan is degraded under ambient OH concentrations of
3 × 106 cm−3 under dry conditions at 25 °C. The degraded
fraction reaches more than 40% under cloud processing. If the
plume stays in the boundary layer and lower troposphere, about
30−50% of levoglucosan may be degraded after 1 week of OH

Figure 9. Diffusion coefficient of H2O as a function of temperature
estimated using a parametrization81 based on a Vogel−Fulcher−
Tammann approach.
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exposure. Most of levoglucosan may be depleted particularly
under high OH concentrations and humid conditions. In the
case of strong plume convection reaching higher altitudes and
thus lower temperatures, up to ∼30% and ∼10% of
levoglucosan may be degraded at 10 and 0 °C, respectively.
This estimation is consistent with aircraft observations, finding
a large amount of biomass burning aerosol even in the highly
aged plumes in the midtroposphere and upper tropo-
sphere.8,79,84

Note that levoglucosan and abietic acid are reactive toward
other oxidants such as O3 and NO3.

36,37,85 Moreover, they are
semivolatile and partition to the gas phase, where it can be
degraded by gas-phase reactions with various oxidants.86−88

BBAs consist of a mixture of organic and inorganic compounds
possibly multiphase in nature,83,89 potentially shielding organics
from oxidants thereby impacting the degradation kinetics as has
been shown previously in the case of O3 oxidation.90−92 For
comprehensive understanding of chemical aging of biomass
burning markers, partitioning and gas-phase and multiphase
oxidation should be accounted for in models.93−96 For the
reasons listed previously, the chemical half-life estimated in this
work is considered as an upper limit. Nevertheless, the
simulation results suggest that the air mass history (RH and
temperature) play a crucial role in source apportionment
studies applying levoglucosan and abietic acid as molecular
markers. Aerosol apportionment studies may account for
degradation of these markers using estimates derived here
and apply additional markers, such as, e.g., CH3CN,

97 to
improve prediction of aerosol source strengths.

■ CONCLUSION

We have applied the kinetic multilayer model to coated-wall
flow-tube experiments for OH exposure to levoglucosan and
abietic acid, which serve as surrogates and molecular markers of
biomass burning aerosols. The bulk diffusion coefficient of OH
in the organic material is estimated to be ∼10−10 cm2 s−1, and
diffusivity of levoglucosan and abietic acid to be ∼10−16 cm2

s−1, characteristic of an amorphous semisolid state. The
sensitivity studies reveal that OH uptake is dominated by
surface reactions at ambient relevant OH concentrations (<107

cm−3) but can be limited by the surface-bulk exchange and bulk
diffusion upon increase of OH gas-phase concentration. We
assessed that it can take 1 week to degrade 50% of the
molecules contained in 200 nm sized particles by OH under dry

conditions, while it takes only several days upon liquefaction
under cloud processing. If a biomass burning plume is
transported to the midtroposphere or upper troposphere by
convection, the chemical half-life of the organic compounds can
be more than a month due to slow bulk diffusion as a
consequence of low temperatures. The findings demonstrate
that multiphase chemical aging of condensed-phase organic
material by OH depends strongly on environmental conditions
such as RH and temperature. This has important implications
for source apportionment studies but also for the evolution of
organic aerosol in the atmosphere in general, and as such for
aerosol radiative properties and aerosol cloud formation
potential.
Though this study is unique in its kind and allows for a much

improved fundamental understanding of the underlying
molecular processes governing the OH reactive uptake and
multiphase kinetics, it is not complete and many points still
have to be addressed in future studies to better resolve the
involved mechanisms and to yield a more accurate prediction of
the atmospheric evolution of organic aerosol. From this
combined experimental and modeling study, we can conclude
and suggest the following key points that warrant further
investigation into the nature of multiphase kinetics.

1. Temperature and RH Effect. The troposphere
experiences large variations in temperature and RH. Most of
the troposphere exhibits temperatures lower than 273 K, i.e.,
much lower than temperatures typically applied in experimental
kinetics studies involving organic aerosol. Also, RH varies
significantly within the troposphere from a few percent to
saturation in clouds. Organic aerosols exhibit various phase
states (liquid, semisolid, or amorphous solid) depending on
temperature and RH, undergoing moisture-induced or temper-
ature-induced glass transition.98 Clearly, this has subsequent
effects on the multiphase kinetics of atmospheric trace gases
due to changes in oxidant and organics diffusivity.35,59,82,92,99,100

Frozen or solid organic substrates typically exhibit a much
lower uptake than their liquid counterparts.39,91,101,102 More-
over, multicomponent mixtures of inorganic and organic
species can undergo liquid−liquid phase transition in response
to changes in RH.103−105 These complex processes result in a
wide range of multiphase kinetics for varying temperature and
RH for the same particle system. These processes not only
impact the chemical aging of organic aerosol but also formation

Figure 10. (a) Chemical half-life of levoglucosan in a particle with 200 nm diameter for different environmental conditions: at 25 °C under dry (solid
red line) and cloud conditions (dashed red line), and at 10 °C (solid black line) and below 0 °C (dashed black line) under dry conditions. (b)
Degraded fraction of levoglucosan after 1 week exposure at different OH concentrations at 25 °C under dry (solid red line) and cloud conditions
(dashed red line), and at 10 °C (solid black line) and below 0 °C (dashed black line) under dry conditions.

The Journal of Physical Chemistry A Article

DOI: 10.1021/jp510489z
J. Phys. Chem. A 2015, 119, 4533−4544

4540

http://dx.doi.org/10.1021/jp510489z


and partitioning of SOA60,106 and cloud formation poten-
tial.43,81,107

2. Volatilization and Subsequent Gas-Phase Chem-
istry. OH oxidation of organic substrates can lead to
volatilization.29,57,108,109 Volatilized products can further react
with OH in the gas phase, providing an additional sink for OH,
making kinetics simulations of flow tube and chamber
experiments more challenging. This may also be crucial for
estimates of the atmospheric OH budget in a biomass burning
plume. Gas-phase reactions may yield semivolatile and low-
volatile oxidation products that can recondense on particulate
matter.40 Experiments should aim to measure gas-phase
composition during kinetic experiments to place upper/lower
limits on the contribution of gas-phase reaction kinetics to
overall OH loss. The kinetic flux model50 as applied here can be
a useful tool to investigate such aspects.
3. Interplay of Gas Uptake and Bulk Diffusion. This

study indicates that diffusion of substrate molecules can play a
crucial role in the overall uptake kinetics even for an
amorphous semisolid organic substrate. Substrate diffusion
was also found to be important in ozonolysis of polycyclic
aromatic hydrocarbons coated by amorphous semisolid SOA
coatings.100 Diffusion processes in the bulk can occur in parallel
to surface reaction and reversible adsorption. In this study we
have demonstrated different dominating regimes depending on
OH gas-phase concentration for which the uptake can be
limited by surface reaction or by bulk-to-surface transport, the
latter being strongly dependent on substrate diffusivity. It can
be expected that these regimes will vary in response to changes
in organic phase state due to changes in RH and temperature
making prediction of these multiphase chemical kinetics
involving atmospheric organic aerosol even more complicated.
Our findings challenge the application of simple Langmuir−
Hinshelwood and Eley−Rideal mechanisms to organic
substrates. Novel experimental approaches that can deconvo-
lute surface processes from bulk processes or application of
combined experimental and modeling techniques are necessary
to improve our understanding of the chemical aging processes
of organic aerosols.
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(37) Shiraiwa, M.; Pöschl, U.; Knopf, D. A. Multiphase chemical
kinetics of NO3 radicals reacting with organic aerosol components
from biomass burning. Environ. Sci. Technol. 2012, 46 (12), 6630−
6636.
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(53) Knopf, D. A.; Pöschl, U.; Shiraiwa, M. Flow and Flux-Based
Analytical Solution of Gas-Phase Diffusion Correction for Tubular
Flow Reactors with an Absorbing or Reactive Wall Surface. Anal.
Chem., 2015, under review.
(54) Brown, R. L. Tubolar Flow Reactors with First-Order Kinetics. J.
Res. Natl. Bur. Stand. 1978, 83 (1), 1−8.
(55) Bai, J.; Sun, X.; Zhang, C.; Xu, Y.; Qi, C. The OH-initiated
atmospheric reaction mechanism and kinetics for levoglucosan emitted
in biomass burning. Chemosphere 2013, 93 (9), 2004−2010.
(56) Houle, F. A.; Hinsberg, W. D.; Wilson, K. R. Oxidation of a
model alkane aerosol by OH radical: The emergent nature of reactive
uptake. Phys. Chem. Chem. Phys. 2015, 17 (6), 4412−4423.
(57) Bertram, A. K.; Ivanov, A. V.; Hunter, M.; Molina, L. T.; Molina,
M. J. The reaction probability of OH on organic surfaces of
tropospheric interest. J. Phys. Chem. A 2001, 105 (41), 9415−9421.
(58) Vieceli, J.; Roeselova, M.; Potter, N.; Dang, L. X.; Garrett, B. C.;
Tobias, D. J. Molecular dynamics simulations of atmospheric oxidants
at the air-water interface: Solvation and accommodation of OH and
O3. J. Phys. Chem. B 2005, 109 (33), 15876−15892.
(59) Shiraiwa, M.; Ammann, M.; Koop, T.; Pöschl, U. Gas uptake
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(77) Pöschl, U.; Letzel, T.; Schauer, C.; Niessner, R. Interaction of
Ozone and Water Vapor with Spark Discharge Soot Aerosol Particles
Coated with Benzo[a]pyrene: O3 and H2O Adsorption, Benzo[a]-
pyrene Degradation, and Atmospheric Implications. J. Phys. Chem. A
2001, 105 (16), 4029−4041.
(78) Shiraiwa, M.; Garland, R. M.; Pöschl, U. Kinetic double-layer
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between water uptake and ice nucleation by glassy organic aerosol
particles. Atmos. Chem. Phys. 2014, 14, 12513−12531.
(82) Kuwata, M.; Martin, S. T. Phase of atmospheric secondary
organic material affects its reactivity. Proc. Natl. Acad. Sci. U. S. A. 2012,
109 (43), 17354−17359.
(83) Simoneit, B. R. T. Biomass burningA review of organic tracers
for smoke from incomplete combustion. Appl. Geochem. 2002, 17 (3),
129−162.
(84) Cubison, M. J.; Ortega, A. M.; Hayes, P. L.; Farmer, D. K.; Day,
D.; Lechner, M. J.; Brune, W. H.; Apel, E.; Diskin, G. S.; Fisher, J. A.;
Fuelberg, H. E.; Hecobian, A.; Knapp, D. J.; Mikoviny, T.; Riemer, D.;
Sachse, G. W.; Sessions, W.; Weber, R. J.; Weinheimer, A. J.;
Wisthaler, A.; Jimenez, J. L. Effects of aging on organic aerosol from
open biomass burning smoke in aircraft and laboratory studies. Atmos.
Chem. Phys. 2011, 11 (23), 12049−12064.
(85) Gross, S.; Iannone, R.; Xiao, S.; Bertram, A. K. Reactive uptake
studies of NO3 and N2O5 on alkenoic acid, alkanoate, and polyalcohol
substrates to probe nighttime aerosol chemistry. Phys. Chem. Chem.
Phys. 2009, 11 (36), 7792−7803.
(86) Oja, V.; Suuberg, E. M. Vapor Pressures and Enthalpies of
Sublimation of D-Glucose, D-Xylose, Cellobiose, and Levoglucosan. J.
Chem. Eng. Data 1999, 44 (1), 26−29.
(87) Xie, M.; Hannigan, M. P.; Barsanti, K. C. Gas/particle
partitioning of 2-methyltetrols and levoglucosan at an urban site in
Denver. Environ. Sci. Technol. 2014, 48 (5), 2835−2842.
(88) May, A. A.; Saleh, R.; Hennigan, C. J.; Donahue, N. M.;
Robinson, A. L. Volatility of organic molecular markers used for source

The Journal of Physical Chemistry A Article

DOI: 10.1021/jp510489z
J. Phys. Chem. A 2015, 119, 4533−4544

4543

http://dx.doi.org/10.1021/jp510489z


apportionment analysis: Measurements and implications for atmos-
pheric lifetime. Environ. Sci. Technol. 2012, 46 (22), 12435−12444.
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(99) Shiraiwa, M.; Pfrang, C.; Pöschl, U. Kinetic multi-layer model of
aerosol surface and bulk chemistry (KM-SUB): The influence of
interfacial transport and bulk diffusion on the oxidation of oleic acid by
ozone. Atmos. Chem. Phys. 2010, 10 (8), 3673−3691.
(100) Zhou, S.; Shiraiwa, M.; McWhinney, R. D.; Pöschl, U.; Abbatt,
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