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The kinetics of the hydrolysis reaction of N2O5 on secondary organic aerosol (SOA) produced through the
ozonolysis of R-pinene and on mixed ammonium bisulfate-SOA particles was investigated using an entrained
aerosol flow tube coupled to a chemical ionization mass spectrometer. We report room temperature uptake
coefficients, γ, on ammonium bisulfate and SOA particles at 50% relative humidity of 1.5 × 10-2 ( 1.5 ×
10-3 and 1.5 × 10-4 ( 2 × 10-5, respectively. For the mixed ammonium bisulfate-SOA particles, γ decreased
from 2.6 × 10-3 ( 4 × 10-4 to 3.0 × 10-4 ( 3 × 10-5 as the SOA mass fraction increased from 9 to 79,
indicating a strong suppression in γ with the addition of organic material. There is an order-of-magnitude
reduction in the uptake coefficient with the smallest amount of SOA material present and smaller additional
reductions with increasing aerosol organic content. This newly coated organic layer may either decrease the
mass accommodation coefficient of N2O5 onto the particle or hinder the dissolution and diffusion of N2O5

into the remainder of the aerosol after it has been accommodated onto the surface. The former corresponds
to a surface effect and the latter to bulk processes. The low value of the uptake coefficient on pure SOA
particles will likely make N2O5 hydrolysis insignificant on such an aerosol, but atmospheric chemistry models
need to account for the role that organics may play in suppressing the kinetics of this reaction on mixed
organic-inorganic particles.

1. Introduction

Nitric oxide and nitrogen dioxide, NO and NO2, respectively,
are primary reactants in the production of tropospheric O3, a
harmful greenhouse gas and oxidant. Collectively referred to
as NOx, these species are recycled when O3 is produced during
the day, but may ultimately be lost at night if they enter a
different pathway to form N2O5, a nocturnal NOx reservoir. N2O5

can subsequently react with water on aerosol surfaces to yield
HNO3:

Given that NOx, and consequently O3, concentrations are
affected by the overall production, depletion, and chemistry of
N2O5, this heterogeneous reaction (R1) has been extensively
studied under a variety of conditions to determine its varying
influence on NOx and O3 budgets.1-5 For example, Evans and
Jacob demonstrated that upon the inclusion of N2O5 heteroge-
neous loss in the global chemical transport model, GEOS-
CHEM, NOx and O3 concentrations decreased by 53.5% and
9.4%, respectively, on a global average.1 By incorporating five
distinct aerosol substrates (dust, sulfate, organic carbon, black
carbon, and sea salt) and their diverse effects on N2O5 hydrolysis
into their model, the resulting O3 and NOx distributions showed
better agreement with previously reported data than with
estimates from models that had not included heterogeneous
aerosol chemistry in their calculations.1 This study confirmed

the general predictions of Dentener and Crutzen2 performed
more than a decade earlier.

The uptake coefficient, γ, is the probability that a reaction
will occur between a N2O5 gas molecule and an aerosol surface
when these two species collide. Mozurkewich and Calvert
demonstrated in 1988 that N2O5 uptake on aqueous ammonium
bisulfate (NH4HSO4) and sulfuric acid (H2SO4) particles was
faster than through a homogeneous reaction under similar
atmospheric conditions.6 As such, to follow were a number of
studies which examined various organic and inorganic aqueous
systems at varying relative humidities (RHs), including, for
example, work performed on aqueous ammonium sulfate,7,8

sodium bisulfate and sodium nitrate,9,10 malonic acid and other
organic acids,11,12 and NaCl/artificial seawater13-15 aerosol. The
reported uptake coefficients for the hydrolysis of N2O5 on these
substrates vary from 0.0005 to 0.05 and are dependent on several
factors, including aerosol size, phase, and especially relative
humidity. The trend observed for most aqueous systems shows
an increase in γ with increasing relative humidity,6-14 with
suppressions in γ occurring most notably as a result of organic
substrates or coatings,8,13,16-19 and high concentrations of nitrate
present in the aerosol bulk.9,10

Both of these effects have been investigated by several
researchers in an attempt to parametrize and express each in a
concise manner.9,10,20 Mentel et al. have described the ionic
mechanism of N2O5 hydrolysis and related it to a “nitrate effect”,
essentially demonstrating that aerosols containing large amounts
of NO3

-, as well as small concentrations of water, can lead to
a suppression in γ; e.g., an increase in [NO3

-] from 13.4 to
158 mol/kg decreased γ from 0.018 to 0.0002.9,10 A recent study
by Bertram and Thornton outlines a systematic parametrization
of the influences of H2O, nitrate, and chloride concentrations
on the uptake coefficient of N2O5 for internally mixed particles
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containing these species.20 They assume the formation of a
protonated nitric acid intermediate (H2ONO2

+), which can then
react with H2O, nitrate, or chloride present in the aerosols to
either promote or suppress N2O5 reactivity. Bertram and
Thornton concluded that either a water limitation exists in the
reaction of H2ONO2

+ with water or nitrate or mass accom-
modation of N2O5 is water dependent.20 In addition, they
illustrated that increasing nitrate concentrations in the particles
led to a decrease in the uptake coefficients measured and that
low water and high nitrate concentrations worked in synergy
to produce lower γ values. The researchers derived an expression
for γ that is dependent on H2O, nitrate, and chloride concentra-
tions, where the importance of each is regulated by the rate
coefficients of the reaction of H2ONO2

+ with each species.20

The mechanism by which submonolayer-thick organic films
on particles decrease the uptake coefficient has yet to be
parametrized, but it is likely that they inhibit the mass
accommodation of N2O5 within the outer layers of the aerosol
particle.16-19 Thornton and Abbatt were the first to address the
effects of organic monolayers by coating artificial seawater with
hexanoic acid.13 The results indicated that the organic coating
suppressed γ by a factor of 3 from 0.024 to 0.008, but it was
undetermined whether the surfactant monolayers had the greatest
impact on the mass accommodation coefficient or the rate of
reaction at the interface.13 Other studies illustrate an equivalent
pattern, with the greatest suppressions in γ occurring for ordered
films composed of large organic molecules and high organic
coating concentrations.18,19 For example, Cosman et al.19,21

demonstrated that a straight chain surfactant (1-octadecanol)
decreased the uptake coefficient of N2O5 onto 60 wt % aqueous
sulfuric acid to a significant degree, while a branched monolayer
(phytanic acid) affected γ only slightly. Branched monolayers
do not pack efficiently on an aerosol surface and thus do not
decrease the uptake coefficient as much as straight chain
monolayers because the spaces present between branched
monolayers allow N2O5 to diffuse more quickly.18,19,21

In general, organic monolayers have been shown to both
enhance and suppress uptake of gases to liquid. In particular,
researchers have monitored the entry of different gases, such
as HCl and HBr, onto sulfuric acid particles through 1-butanol
and hexanol films.22 In these cases, the chemistry does not follow
that of N2O5 uptake in that the organic films actually enhance
rather than impede acidic uptake. It is believed that the hydroxyl
groups on the organic layer help facilitate this uptake.22 On the
other hand, organic films are also known to suppress the uptake
of ammonia,23 water,24 nitric acid,25 and acetic acid.26

Another class of N2O5 studies have considered the role of
organics on the kinetics when present in large quantities in an
organic particle, much greater than a monolayer. In particular,
field work conducted by Bertram and Thornton at Boulder, CO,
and Seattle, WA, has indicated that a large organic presence
in/on aerosols decreases γ to a significant degree: the results
indicate that increasing organic-to-sulfate ratios affect γ by
decreasing the ability of the aerosols to take up water and by
enhancing the strength of the nitrate effect.27 Brown et al. have
also indicated through ambient measurements obtained as part
of the New England Air Quality Study (NEAQS) that organics
may suppress reactivity.28-30

From a laboratory perspective, two studies have examined
the effects of adding substantial quantities of organics to
inorganic substrates, i.e., the work of Folkers et al.8 and Badger
et al.31 In particular, Folkers, Mentel, and Wahner investigated
the reaction of N2O5 with ammonium bisulfate aerosols coated
with secondary organic aerosol (SOA) material produced

through the ozonolysis of R-pinene.8 The researchers reported
a decrease in γ from 0.0187 to 0.0034 at 60% RH when an
SOA coating, approximately 15 nm thick, was added to the
particles.8 Likewise, Badger et al. report decreases in γ by a
factor of 9, 3.8, and 2.3 at 25%, 50%, and 70% RH, respectively,
with the addition of only 6% humic acid by mass to ammonium
sulfate solutions, from which particles were formed by atomi-
zation.31 These substantial suppressions were interpreted as being
due to an effect on the mass accommodation coefficient of N2O5

on these organic-containing particles.
The motivations for the research presented in this paper were

twofold. First was the need to supplement and expand the limited
literature data available on the heterogeneous reaction of N2O5

with particles containing organics. Second was the desire to
better understand the mechanism of suppression, which occurs
upon the addition of an organic layer to aerosol, and how
variable amounts of this new organic material affect N2O5

uptake. In particular, two mechanismssa surface-dependent
process and a bulk-dependent processsare possible. Given the
knowledge that tropospheric particles are commonly composed
of a mixture of inorganic and secondary organic material,32 we
investigated the reaction of N2O5 with ammonium bisulfate
aerosols mixed with SOA produced through the reaction of O3

and R-pinene at 45-50% RH. R-Pinene was chosen since it is
the most common monoterpene, a class of compounds that
efficiently leads to SOA formation. Although SOA formed from
oxidation of monoterpenes in the laboratory is not as oxidized
as that found in the field, it remains the best model substance
we have for ambient SOA.

To contrast the behavior observed with these two-component
aerosols, we also present the uptake coefficients obtained for
single-component ammonium bisulfate at 50% RH and SOA
at 0%, 30%, and 50% RH. These experiments extend the work
performed by Folkers et al.8 but using a different experimental
technique, an aerosol flow tube coupled to a newly built
chemical ionization mass spectrometer (CIMS). We also employ
the new CIMS N2O5 detection method of I- ·N2O5 cluster
formation, as first demonstrated by Kercher et al., rather than
the more common approach of NO3

- detection.33

2. Experimental Methods

Figure 1 illustrates the overall experimental setup for the two-
component aerosol experiments. The layouts for each of the
single-component experiments were similar to that shown in
Figure 1, except that the SOA and ammonium bisulfate single-
component trials did not require the atomizer and O3 denuder,
respectively. In addition, the single-component experiments only
required one mixing flow tube. We note that the overall
experimental approach is similar to that which we have used in
a previous study.11 Details pertaining to the novel aspects of
this study are provided below.

2.1. Chemical Ionization Mass Spectrometer. The chemical
ionization mass spectrometer (Figure 2) is a home-built instru-
ment constructed according to the designs of G. Huey and D.
Tanner from the Georgia Institute of Technology. The instru-
ment, along with all essential electronics and accessory items,
is mounted on a wheeled 104 cm × 61 cm × 114 cm aluminum
boxed frame. It is divided into four differentially pumped
chambers, the ion molecule region (IMR), the collisional
dissociation chamber (CDC), the intermediate chamber (IC),
and the multiplier chamber (MC). This instrument contains four
critical orifices, one each leading into the subsequent chamber,
two octupole ion guides (THS Instruments, LLC), one quad-
rupole (Extrel Core Mass Spectrometers, 9.5 mm diameter rods),
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and an on-axis electron multiplier detector (ITT Power Solutions,
Inc., 7550 M channel electron multiplier). The pressures, when
in operational mode, are 45, 0.1, 1 × 10-4, and 1 × 10-6 Torr
in the IMR, CDC, IC, and MC, respectively. Ions entering the
CIMS follow a trajectory from the inlet into the IMR, CDC,
IC, and last MC, where they are detected. The CIMS samples
a total of 7-8 standard liters per minute (slpm) through the
IMR, with 4 slpm N2 pertaining to the flow required to transport
the reagent ion and the other half corresponding to sample flow.
The sample flow for these experiments was not as large as 4
slpm, so a N2O5-free makeup flow was added. The reagent ion
flow enters the IMR through a side cavity positioned after the
first critical orifice, whereas the sample flow enters the IMR
via an inlet fixed with Teflon tubing and then proceeds to the
first aperture.

2.2. Aerosol Generation. Ammonium bisulfate aerosols for
the single-component and two-component experiments were
produced from 20 and 2 wt % solutions, respectively, of
ammonium bisulfate (Sigma-Aldrich, 307602) using a constant
output atomizer (TSI 3076). A dump line was added from the
exit of the atomizer to vent excess particles for all ammonium
bisulfate experiments and to maintain the system at atmospheric
pressure. For the NH4HSO4 single-component experiments only,
the aerosol passed through a silica gel dryer before entering a
mixing flow tube where both a wet (i.e., through a water
bubbler) and a dry flow of N2 were added to regulate the RH in
the system. These wet and dry flows were regulated by mass
flow controllers (MFCs), and varied from 600 to 800 and from
300 to 400 standard cubic centimeters per minute (sccm),
respectively, to achieve the desired relative humidity. The
resulting flow moved directly to the kinetics flow tube and
entered through a side inlet at the top.

The two-component experiments did not require a dryer, as
the flow from the atomizer, in addition to a single wet flow of
N2 (∼750 sccm, regulated by a needle valve and rotometer)
added before the kinetics flow tube, was employed to fix the
RH to a value of 50% (Figure 1). Two preparatory flow tubes
were required for these experiments: the first for the mixing of
ammonium bisulfate aerosol and R-pinene gas and the second
for the mixing of the contents of the first flow tube with O3.
The flow exiting the second flow tube passed through an O3

denuder before entering the kinetics flow tube. R-Pinene gas
was produced by passing a small (up to 30 sccm) dry N2 flow
through a fritted glass bubbler containing R-pinene liquid (Fluka,
99%) held at room temperature. A N2 dilution flow was also
added after the bubbler (500-700 sccm) to produce a range of
R-pinene concentrations. Ozone was produced by passing a flow
of O2 (up to 30 sccm) over a 22.9 cm long (mercury) Hg Pen-
Ray lamp (UVP, LLC) to photolyze O2 to O3 at a wavelength
of 185 nm. Considering experimental procedures and gas flows
similar to those outlined by George and Abbatt,34 we estimate
that O3 and R-pinene mixing ratios for these experiments were
up to 20 and 50 ppm, respectively.

The particles produced for the SOA single-component experi-
ments employed only one flow tube for the mixing of R-pinene
and O3. SOA exiting this flow tube also passed through an O3

denuder before entering the kinetics flow tube. In this case, the
dump line to the atmosphere was positioned at the top of the
kinetics flow tube to vent excess aerosol. All flows for these
experiments were regulated by MFCs, and the concentrations
were slightly higher (by no more than a factor of 2) than those
of the mixed experiments. Additional wet and dry N2 flows were
added to the main flow just before the kinetics flow tube to
regulate the RH. These flows were added in various ratios (total
flow of 2 slpm) to produce conditions of 0%, 30%, and 50%
RH.

It should be noted that with the exception of minor changes
to gas flows the experimental conditions leading to the produc-
tion of the SOA were held constant throughout the study in an
attempt to also keep the composition of the SOA constant. As
such, the change in reactivity is a result of the changing mass
fraction of the SOA component and/or RH, rather than a result
of changing SOA composition. Also, we assume that all the
SOA is formed by gas-phase reactions followed by gas-to-
particle conversion. Given the low solubility of monoterpenes,
we do not anticipate that much organic oxidation is occurring
in the condensed phase.

All aerosol surface areas were characterized by means of a
scanning mobility particle sizer (SMPS) system consisting of a

Figure 1. Schematic depicting the overall experimental setup for the
two-component aerosol experiments for N2O5 hydrolysis. Both the
ammonium bisulfate and SOA single-component experiments required
only one mixing flow tube and additional flows to regulate the RH.

Figure 2. Schematic of the CIMS displaying the four differentially
pumped chambers: ion molecule region (IMR), collisional dissociation
chamber (CDC), intermediate chamber (IC), and multiplier chamber
(MC).
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differential mobility analyzer (DMA; TSI 3080-3081) and
condensation particle counter (CPC; TSI 3025A). The SMPS
system sampled from a tee located immediately before the top
of the kinetics flow tube.

2.3. N2O5 Generation and Detection. N2O5 was produced
in situ in a 50 cm long glass flow tube through the dark reaction
of O3 and NO2. O3 was produced through the photolysis of O2

(up to 4 sccm) flowing over a small Hg Pen-Ray lamp. NO2

was supplied from a NO2 cylinder custom-ordered from Linde
BOC Gases consisting of 2000 ppm NO2 in N2. NO2 was added
in excess (∼13-27 ppm in the kinetics flow tube) to ensure
that the equilibrium shifted toward the product (N2O5) rather
than toward the reactants (NO3 and NO2). The [N2O5]/[NO3]
ratio was approximated as being roughly 104, thus indicating
that N2O5 concentrations were much larger than NO3 concentra-
tions. Once formed, N2O5 then proceeded to the kinetics flow
tube, entered via a 6 mm o.d. (∼4.5 mm i.d.) injector at the
top, and exited along with the main flow at the bottom toward
the IMR of the CIMS.

We use I- as the CIMS reagent ion, produced from methyl
iodide, CH3I (Sigma Aldrich, 99%), following exposure to a
polonium-210 radioactive source.33 It is delivered from a home-
built permeation tube (6.4 cm long) that is composed of Teflon
tubing (PFA, 3 mm i.d., 5 mm o.d.) plugged at the ends with a
1 cm long Teflon rod (PTFE, 0.32 cm diameter) and crimped
shut with stainless steel tubing (0.56 cm o.d., 0.52 cm i.d.).
The permeation tube is placed within an aluminum block and
heated to 70 °C by a temperature controller (Omega Engineering
Inc., CN1A series). As the permeation tube is heated, CH3I
diffuses through the Teflon walls and is carried by a 4 slpm N2

flow toward the 210Po source and then to the IMR of the CIMS.
N2O5 was detected by monitoring the reagent ion cluster,

I- ·N2O5, rather than NO3
-, as shown in the reactions below:33

Dissociative charge transfer (reaction R2) is problematic, as I-

can also react with HNO3 to yield an equivalent NO3
- ion, thus

requiring the subtraction of a chemical background from all
measurements. Ion cluster formation (reaction R4 and R5),33

however, is accompanied by minimal background.
Calibrations were performed as outlined by Thornton et al.,11

by producing N2O5 through the reaction of excess NO2 and O3

and then trapping it in an ethanol/liquid N2 slush bath (163 K).
The trap was then warmed and the N2O5 signal was monitored
while a small, known flow passed through the trap and into a
larger dilution flow. The resulting sensitivity and detection limit
of this instrument for the I- ·N2O5 cluster are 0.024 Hz/pptv
and 100 pptv (S/N ) 2), respectively, for an I- signal level of
125 kHz. The lowest reagent ion signals used in the work were
15 kHz.

2.4. Kinetics Measurements and Analysis Approach. The
kinetics flow tube, mounted vertically, is 90 cm long with an
inner radius of 3.0 cm. Wall losses of N2O5 were minimized
by maintaining the flow tube at atmospheric pressure and coating

the interior walls with halocarbon wax. It was also covered with
aluminum foil to eliminate the possibility of N2O5 photolysis
and fitted with a glass injector, 6 mm o.d. (∼4.5 mm i.d.) and
120 cm long. The relative humidity was monitored at the top
entrance to the kinetics flow tube with a hygrometer (VWR).

Kinetics measurements were performed by varying the
position of the injector inside the flow tube. It was pulled out
systematically in 15 cm increments every 3 min while the ion
signal and aerosol surface area were monitored. These surface
areas were determined by averaging seven distributions recorded
sequentially during the time of the kinetics measurements. Given
that several distributions for the two-component and ammonium
bisulfate single-component experiments were not fully measured
by the SMPS, the missing portions were assessed using log-
normal fits (see Figure 3). The ammonium bisulfate to SOA
mass fractions were determined from the SMPS volume
measurements, in particular by measuring the volume of the
ammonium bisulfate aerosol with and without SOA present.
Although the hygroscopic growth factor at 50% RH for the
ozonolysis of R-pinene35 is essentially 1.0, it is ∼1.22 ( 0.02
for ammonium bisulfate36-38 under these conditions. As such,
the volumes measured for the ammonium bisulfate particles
were reduced by a factor of 1.22 (see ref 36-38) to account
for the presence of water. These corrected volumes were then
used to convert to mass fractions assuming a density of 1.78
and 1.41 g/cm3 for ammonium bisulfate39 and SOA40 produced
through the ozonolysis of R-pinene, respectively.

This approach of determining the inorganic mass fraction
assumes that each component in the aerosol has an associated
amount of water, a quantity which is not altered by the mixing
of the components; i.e., they independently take up water.41,42

Also known as the Zdanovskii-Stokes-Robinson (ZSR) as-
sumption, it describes the final hygroscopic growth factor of
the mixed component aerosol as a linear combination of the
hygroscopic growth factors and volume fractions of the indi-
vidual components.41,42 The ZSR method has been experimen-
tally validated by, for example, Badger et al.,43 Brooks et al.,44

and Gysel et al.45 These researchers investigated the hygroscopic
growths of mixed humic acid-ammonium sulfate43,44 particles
and aged air masses45 using tandem differential mobility analysis
(TDMA) to demonstrate the validity of this technique.

I- + N2O5 f NO3
- + INO2 (R2)

I- + H2O + M f I- ·H2O + M (R3)

I- + N2O5 + M f I- ·N2O5 + M (R4)

I- ·H2O + N2O5 f I- ·N2O5 + H2O (R5)

Figure 3. Surface area size distributions of ammonium bisulfate
particles and SOA combined (dotted line) and ammonium bisulfate
particles without the addition of SOA (dashed line). Given that
approximately 20% of the total surface area for the two-component
experiments was not measured by the SMPS system, the distributions
were corrected using log-normal fits (solid lines).

13116 J. Phys. Chem. A, Vol. 114, No. 50, 2010 Escorcia et al.



Background control runs were required to determine wall
losses of N2O5 and thus were conducted in the absence of
aerosols, but at relative humidity conditions equivalent to those
during experimental runs. These background runs were usually
performed at the beginning and end of a set of kinetic runs.
Since N2O5 was monitored via ion cluster formation (I- ·N2O5),
the background signal subtracted at this mass-to-charge ratio
corresponded to the signal of a small chemical background and
multiplier noise present during sampling times. That is, despite
having nitric acid present in the flow tube as a product of the
reaction, it gave rise to no background at m/z 235. The
background values we observed via this detection method ranged
from 7 to 25 cps or from 1.2 to 4.2 ppb N2O5, respectively, for
any kinetic run. Using essentially the same experimental setup
as Thornton et al.,11 the losses of aerosol in the flow tube are
estimated to be less than 10%. Also, as in that previous study,11

measurements were not taken within 15 cm of the end of the
flow tube to ensure an adequate mixing length of N2O5 into the
flow, as well as to establish laminar flow. The N2O5 mixing
ratios normally present during experiments varied from 20 to
150, from 350 to 750, and from 70 to 330 ppb for the
ammonium bisulfate (AB), SOA, and AB-SOA experiments,
respectively.

Figure 4 displays N2O5 decays both in the absence (triangles,
dashed line) and in the presence (solid lines) of aerosol at
45-50% RH. First-order kinetics were observed in all experi-
ments. The ammonium bisulfate and SOA single-component
decays shown correspond to a surface area (of each respective
aerosol type) of 1.2 × 10-4 and 1.5 × 10-2 cm2/cm3,
respectively. As can be seen, the decay of ammonium bisulfate
(squares) is similar to that of SOA (circles), but for two very
distinct surface areas.

The flow in the kinetics flow tube was held constant during
each experimental run by a critical orifice in a Teflon disk
situated within an UltraTorr fitting placed at the bottom of the
flow tube. Depending on the pinhole used, the total flow varied
from 1000 to 1600 sccm. The slopes of the decays shown in
Figure 4 are converted into pseudo-first-order rate constants (kI)
using the bulk flow velocity in the flow tube, which varied from
0.64 to 1.02 cm s-1. kI values are then corrected to account for
nonplug flow conditions using the method as described by
Brown.46 The second-order rate constant (kII) corresponds to
the slope of a graph of kI vs aerosol surface area, thus leading
to the determination of γ using the following expression:

where ωN2O5
is the mean molecular speed of N2O5 and SA is

the total aerosol surface area. For the magnitude of the uptake
coefficients measured in this work, the gas-phase diffusion
limitation, as assessed using the Fuchs-Sutugin47 corrections,
is no more than 3%.

3. Results

The surface area distributions for the SOA single-component
experiments were log-normal distributions that peaked around
400 nm and produced very large surface areas. The ammonium
bisulfate single-component distributions were wider, peaked at
a smaller diameter, roughly 300 nm, and corresponded to smaller
overall surface areas. Figure 3 shows distributions obtained for
two-component system experiments, both for ammonium bisul-
fate particles with SOA added (dotted line) and for the
ammonium bisulfate particles without SOA present (dashed
line); i.e., the SOA was removed by turning off ozone and
R-pinene in the SOA-generation system while the carrier flows
(N2) remained unchanged. The log-normal fits are shown as solid
lines. As can be seen, the ammonium bisulfate distribution peaks
at 325 nm, whereas the distribution for the ammonium bisulfate
to SOA (41:59 AB-SOA by mass) two-component particle
peaks at 375 nm. Upon the addition of SOA to the ammonium
bisulfate particles, the aerosol distributions became wider and
shifted slightly to larger sizes. We estimate that errors in the
total aerosol surface area measurements as determined by the
SMPS system are on the order of (25%, which includes
possible errors from the CPC, possible losses within the kinetics
flow tube, and the errors associated with estimating (through
log-normal fits) the amount of surface area that we did not
directly measure.

Figure 5 displays the first-order rate constants for N2O5 on
the particles versus the total aerosol surface area for the AB
and SOA single-component decays, where the rate constants
have been corrected for wall loss and laminar flow effects by
the approach of Brown.46 Similar plots of the mixed aerosol
experiments are not included in this graph, but were determined
using the same procedure as with the single-component systems.
The uptake coefficients for the two-component runs, however,
were determined from a two-point relationship, one measure-
ment corresponding to the wall-loss background rate constant
with zero aerosol surface area and the second to the rate constant
associated with the two-component aerosol surface area. We
used this approach because it was not practical to maintain a
constant ratio of AB to SOA within the particle over a wide
range of total aerosol surface areas. Nevertheless, the kinetics
obtained on the single-component species (Figure 5) verify that
our overall kinetics approach was valid, with a highly linear
relation between the magnitude of the first-order decay constant
and aerosol surface area. Therefore, we feel confident that this
relationship also holds in the runs with the mixed AB-SOA
particles.

A total of six different AB-SOA mixed aerosol compositions
were studied, in addition to AB (50% RH) and SOA single-
component (0%, 30%, and 50% RH) particles, as indicated in
Table 1. γ values and the RH conditions for each respective
aerosol type are also summarized in Table 1, along with the
uncertainties in the resulting uptake coefficients. The uncertain-
ties quoted for the single-component kinetics arise from an
unweighted least-squares fit to the data in Figure 5. For the

Figure 4. Corrected (i.e., background-subtracted) decay plots of the
I- ·N2O5 signal (cps) vs injector position (cm) at 50% RH in the absence
(triangles, dashed line) and presence (solid lines) of aerosols. The decays
correspond to an aerosol surface area of 1.2 × 10-4 and 1.5 × 10-2

cm2/cm3 for ammonium bisulfate (squares) and SOA (circles) produced
through the ozonolysis of R-pinene, respectively.

kII )
γN2O5

ωN2O5
SA

4
(E1)
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single-point decays with the mixed composition particles, the
uncertainties were calculated by propagating errors in the first-
order rate constants through to the calculated slope of the kI

versus surface area plot. In addition, we believe the systematic
and precision errors associated with the calculated inorganic
mass fraction to be on the order of (8% and (12%, respec-
tively. The former corresponds to errors pertaining to the value
for the hygroscopic growth factor of the mixed aerosol, whereas
the latter correlates to variability in the volume measurements
of the ammonium bisulfate single-component and mixed aerosol
experiments determined by the SMPS. We estimate that our
systematic uncertainties in the uptake coefficients are generally
larger, being on the order of (30%. This estimate arises
primarily from uncertainties in the aerosol surface areas, as well
as from errors in the flow velocities and Brown correction
procedure.46

The effects of the organic fraction on γ are represented in
Figure 6, which shows the suppression in γ as a function of

increasing particulate organic mass fraction. The results of
Badger et al.31 for humic acid and ammonium sulfate aerosol,
Folkers et al.8 for SOA and ammonium bisulfate aerosol, and
Bertram et al.27 for their field study investigating the organic to
sulfate ratio in ambient aerosol in Seattle, WA, are also included
in Figure 6 for easy comparison. Note that we obtained the
values from Folkers et al.8 through the same approach outlined
above, assuming inorganic fractions of 5% and 7% by volume,
as stated by the authors.8 We received the data of Bertram et
al.27 directly from the researchers. In addition, we have also
included the results of the parametrization developed by Bertram
and Thornton20 as applied to our data.

4. Discussion

The ability of an organic component to suppress N2O5

hydrolysis when added to a soluble inorganic has been previ-
ously addressed by other researchers.8,13,16-19,21 Our results
indicate that N2O5 uptake is slower on aerosol containing an
organic fraction, with a large suppression in γ occurring even
for aerosol with a small SOA fraction. It is evident from Figures
4 and 5 that only a small quantity of ammonium bisulfate aerosol
is required to induce a large decay and thus lead to a large uptake
coefficient. Conversely, large aerosol surface areas were neces-
sary to measure the small γ in the SOA single-component
experiments.

These results indicate that aqueous ammonium bisulfate is
highly reactive, producing a γ ) 1.5 × 10-2 ( 1.5 × 10-3,
1-2 orders of magnitude larger than all other γ values obtained
for this study. This uptake coefficient is in agreement with other
aqueous systems, both AB and non-AB systems. In fact,
researchers8,48-50 who have investigated ammonium bisulfate
particles at relative humidity conditions of 48-60% have
reported a very narrow range of γ ) 0.016-0.018, whereas
only two investigations have reported higher values: those of
Bertram and Thornton20 (γ ) 0.028, 60% RH) and Mozurkewich
and Calvert6 (γ ) 0.05, 50% RH). We consider these values as
upper thresholds to the uptake coefficient of N2O5 on aqueous
AB particles. The Bertram and Thornton result may be higher
due to a low nitrate effect, arising from the very low N2O5

mixing ratios used.20 If we compare our result against those for
non-AB aqueous systems under similar wet conditions, we find
that N2O5 hydrolysis conducted on ammonium sulfate,7,8,31,48,49

Figure 5. Pseudo-first-order rate constant vs aerosol surface area for
the hydrolysis of N2O5 on ammonium bisulfate (A) and SOA (B)
particles at 50% RH. Ammonium bisulfate aerosols were generated
from a 20 wt % solution using an atomizer, and the SOA particles
were produced through the ozonolysis of R-pinene. The rate constants
have been corrected for wall loss using the Brown approach.46

TABLE 1: Uptake Coefficients, γ, for N2O5 Hydrolysis on
Single-Component AB and SOA Particles as well as
Two-Component AB-SOA (by Mass Fraction) Particlesa

aerosol RH (%) 104γ

AB 50 146 ( 15
91:9 AB-SOA 47 26 ( 4
78:22 AB-SOA 48 18 ( 0.5
77:23 AB-SOA 45 20 ( 3
48:52 AB-SOA 46 6.2 ( 0.3
41:59 AB-SOA 47 6.6 ( 1.4
21:79 AB-SOA 46 3.0 ( 0.3
SOA 50 1.5 ( 0.2
SOA 30 1.7 ( 0.3
SOA 0 0.6 ( 0.2

a All experiments were conducted at approximately equivalent
relative humidities, except for those with pure SOA at 0% and 30%
RH.

Figure 6. Uptake coefficients for N2O5 hydrolysis vs the inorganic
mass fraction for this study at 50% RH (solid squares), ammonium
sulfate and humic acid aerosols at 50% RH, Badger et al.31 (open
triangles), SOA-coated ammonium bisulfate aerosols at 60% RH,
Folkers et al.8 (plus signs), ambient aerosols measured in Seattle, WA,
at 70% RH, Bertram et al.27 (solid circles), and the results of the
parametrization (open squares) developed by Bertram and Thornton20

as applied to our data.
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sodium nitrate,9,49 NaCl/artificial seawater,13-15 and malonic
acid11 aerosols produces γ values of 0.010-0.044, 0.00042-
0.0032, 0.0102-0.035, and 0.018, respectively. Thus, with the
exception of the sodium nitrate experiments, all γ values of
both the AB and non-AB aqueous systems lie within the same
order of magnitude and are relatively similar. The sodium nitrate
results are at the lower end of the spectrum, as the uptake
coefficients have been suppressed by large nitrate concentrations
present in the aerosols.9,49 We believe these comparisons
generally validate our experimental technique.

The uptake coefficients we report for the SOA single-
component experiments at 0%, 30%, and 50% RH are 6.0 ×
10-5 ( 2.0 × 10-5, 1.7 × 10-4 ( 3.0 × 10-5, and 1.5 × 10-4

( 2.0 × 10-5, respectively. These very low values are not
dissimilar to those reported by other researchers who have
studied the hydrolysis reaction on pure complex organic
substrates. In particular, we note that Folkers et al.8 obtained a
value of 4.5 × 10-4 (+0.015/-0.009) for SOA produced
through the reaction of O3 and R-pinene at 58% RH. To our
knowledge, this is the only other uptake coefficient reported in
the literature for SOA formed from the ozonolysis of R-pinene.
The factor of 3 disagreement between the value reported here
for SOA at 50% RH and that of Folkers et al. is possibly due
to some systematic difference in experimental techniques
between flow tube and chamber experiments, such as different
compositions of SOA given that we form ours on a very short
time scale at high precursor concentrations. However, we have
recently compared the aerosol mass spectrometer (AMS)
spectrum of the SOA formed in this manner34 and found that it
is similar to that of particles generated in chamber studies;51

the O:C ratios of the SOA inferred from these investigations
were similar: 0.26-0.34 for the flow tube approach34 and about
0.25 for the chamber study.51 Indeed these values indicate that
the SOA examined in this study, similar to that of George et
al.,34 was fresh SOA that did not undergo oxidation and that it
was similar in composition to both studies.34,51 Thus, at this time
we cannot fully explain the difference between the reported
uptake coefficients for our SOA single-component study at 50%
RH and the Folkers et al.8 result.

We also observe a similarity between our values at 30% and
50% RH and the ones reported by Badger et al.31 for reaction
on a commercial (Aldrich) humic acid aerosol at 25% and 50%
RH, γ ) 1 × 10-4 ( 1 × 10-4 and 3 × 10-4 ( 1 × 10-4,
respectively. While certainly not the same complex mixture as
that comprising R-pinene/O3 SOA, it is noteworthy that the
kinetics with humic acid particles are so comparable. Perhaps
this arises because humic acid, as SOA, contains a wide range
of oxygenated organic functional groups, such as carboxylic
acids. In addition, the hygroscopic growth factors of SOA35 and
humic acid43 at 50% RH are similarly small: 1.0 and 1.07,
respectively.

In general, we note that very low γ values arise for these
organic systems that exhibit low water content. Particularly, the
reported uptake coefficient on solid malonic acid11 particles is
less than 0.001 for an RH of 10-50%. However, when an
organic system takes up water, as in the case of aqueous malonic
acid, the uptake coefficient is similar to that reported on aqueous
inorganic systems and increases to γ ) 0.025 at 50% RH.11

The results for the mixed AB-SOA aerosol obtained in this
work are qualitatively in agreement with those of the two other
studies of comparable systems (Figure 6). Specifically, the
uptake coefficient for AB-SOA particles that were studied in
the Folkers et al.8 study was higher on the more inorganic-rich
system: 3.4 × 10-3 (+0.15/-0.12) for 96:4 AB-SOA by mass

fraction and 5.4 × 10-4 (+0.017/-0.012) for 9:91 AB-SOA.
Interestingly, the comparison to the mixed ammonium sulfate-
humic acid particle studies by Badger et al.31 shows qualitatively
the same behavior. In particular, we note that the uptake
coefficients for ammonium bisulfate (this study) and ammonium
sulfate31 aerosols decreased by a factor of 5.6 and 4 upon the
addition of less than 7% by mass fraction SOA and humic acid,
respectively. In both cases, the decreases observed in γ thereafter
occur in smaller degrees than the original decline and last level
off at values almost identical to those of their single-component
organic counterparts. It is interesting that similar kinetics arise
from systems where the organics are either coated onto an
inorganic substrate, as in our study, or initially mixed with the
inorganics, as with Badger et al.31

We now consider two separate models to describe the
suppression in the kinetics when organics are present. First, the
initial large decline of the uptake coefficient may be due to a
mass accommodation effect whereby the N2O5 is not as
effectively taken up by the aerosol surface as it is on a purely
inorganic aqueous surface. The surfactant-like properties of the
individual components of the SOA and humic acid mixtures
will give rise to this behavior. In this regard, we are in agreement
with the conclusions of Badger et al.31 Other researchers13,16-19,21

have also attributed the decreases in N2O5 uptake to this effect,
particularly those who have examined this process through
organic monolayers. We also note that the subsequent, more
gradual decline in reactivity with increasing organic fraction is
possibly due to progressively lower water content on the surface.
A second, alternate model of reactivity, recently presented, for
example, by Anttila et al., is that the organic component in the
particle is present as a phase-separated liquidlike layer on an
inorganic aqueous spherical core.52 As such, the particle consists
of two phases, each of which has an associated partitioning
(solubility) coefficient and diffusion coefficient. A mass ac-
commodation coefficient is also associated with the organic
coating. From this perspective, N2O5 hydrolysis occurs by mass
accommodation into the particle surface, dissolution onto the
organic coating, and then diffusion to the aqueous core. Anttila
et al. tested their parametrization with aerosol chamber experi-
ments using aqueous sulfate particles coated with monoterpene
reaction products.52 The researchers discovered that their model
held most true to their empirical results for the cases in which
the diffusion coefficient and solubility coefficient for the organic
phase were at least 1 order of magnitude smaller than those of
the aqueous phase. According to this model, the mass accom-
modation coefficient of the organic coating is not sufficiently
reduced by the coat to account for the suppression in γ.52 Rather,
the decreases in the uptake coefficient are due to the small
diffusion and solubility coefficients of the organic coating. Given
the similarity of the Folkers et al.8 results and those presented
by Anttila et al.52 to our own, this model and aerosol particle
reactivity may well be an accurate description of the behavior
seen in our experiments. At this point, we cannot unequivocally
state whether the organic coating has its greatest effect in
reducing γ by decreasing the mass accommodation coefficient
of N2O5 into the organic phase or by hindering the dissolution
and diffusion of N2O5 into the organic layer and aqueous layer,
respectively, as a result of the inherently small solubility and
diffusion coefficients of the organic coating.

We note that Bertram and Thornton have demonstrated that
the water concentration in particles is a driving factor in the
reactivity of mixed component aqueous systems.20 To test this
hypothesis, we applied the parametrization of Bertram and
Thornton20 to our mixed AB-SOA particle compositions to
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model the behavior of γ as a function of nitrate and water
concentrations. In particular, we assumed a nitrate concentration
of 2 M, on the basis of the previous work of Thornton et al.11

As these researchers calculated an upper limit for [HNO3] of
0.35 M for 30 ppb N2O5,11 and since the average N2O5

concentration for our mixed aerosol experiments was ∼180 ppb,
we estimated an average nitrate concentration which scaled
equivalently by a factor of 6. A nitrate concentration of 2 M is
also the concentration that leads to a parametrized γ value
equivalent to that of the empirical result for ammonium bisulfate
at 50% RH. As with Bertram and Thornton, we calculated
[H2O(l)] using the aerosol inorganics model (AIM II), where
we assume that the organics do not contribute significant water
to the particles.38,53

The resulting uptake coefficients of the parametrization
increased from 0.004 to 0.016 while the [H2O(l)] increased from
7.2 to 27.1 M as the inorganic fraction increased. The results
shown in Figure 6 (open squares) illustrate no sharp initial
decline as with the empirical data, with relatively minor
subsequent decreases compared to the laboratory results. This
supports the contention that the kinetics suppression is due to
a mechanism different from the processes parametrized by this
model, probably driven by the different species present or by
different particle morphologies.

Likewise, we note that direct measurements of the reactivity
of N2O5 on ambient aerosol do not fully match the observations
made in the laboratory. In particular, the results of Bertram and
co-workers27 illustrate that the uptake coefficient does indeed
show a dependence on the organic mass fraction (Figure 6) at
70% RH for measurements obtained in Seattle, WA. The decline
in the observed uptake coefficient with increasing organic mass
fraction is not nearly as strong as that observed in the laboratory.
The uptake coefficient drops from 0.031 to 0.0016 for inorganic:
organic mass ratios ranging from 30:70 to 7:93, and the γ values
are consistently much higher than all other laboratory results
of mixed particles.8,27,31 This could arise for a number of reasons.
For example, the particles in Seattle may be externally mixed,
such that a fraction of inorganic-rich particles keep the reactivity
high, even in the presence of a substantial number of low-
reactivity organic-rich particles, or there may be soluble
inorganics present on the surface of the field particles. Although
the researchers27 note that the inorganic fraction is not entirely
composed of ammonium sulfate and therefore may contain other
inorganic material, it is unlikely that higher N2O5 reactivity
occurs as a result of these unknown inorganics, since ammonium
sulfates react as rapidly as any other inorganic substrate. Finally,
the organics present in the field may be different from those in
the laboratory, perhaps having been oxidatively processed
at the surface, which will have increased their ability to take
up water.

5. Conclusion and Atmospheric Implications

We report laboratory measurements of the uptake coefficient
of N2O5 hydrolysis on ammonium bisulfate and SOA single-
component particles as well as ammonium bisulfate-SOA
mixed particles. Our values for the AB and SOA single-
component studies are in agreement with previous work for both
aqueous AB8,48-50 and aqueous non-AB7-9,11,13-15,31,48,49 systems
and other organic experiments,8,31 respectively. We observe a
strong suppression in γ upon the addition of increasingly larger
organic fractions, with the most notable decrease occurring
between pure AB particles and the addition of a small organic
fraction. This initial decline suggests that mass accommodation
is possibly inhibited with the inclusion of organics in the particle.

Alternatively, Anttila et al.52 present a model suggesting that
organic coatings form on inorganic particle cores, a model which
may also describe our results.

From an atmospheric modeling perspective, the models
demonstrate that their results are sensitive to the N2O5 uptake
coefficient down to values of at least 10-3 and perhaps even
lower,1-5 so deciphering the role of organics in suppressing the
room temperature uptake coefficient from values above 10-2,
as present with soluble inorganic and small organics, is very
important. It does appear, however, that the reactivity on a purely
biogenic organic particle, which demonstrates uptake coefficients
of 10-4, is unlikely to significantly impact atmosphere processes
or influence model calculations to a high degree. Given that
ambient measurements do not directly match the behavior
demonstrated in the few laboratory studies of mixed composition
particles, the mechanism by which organics suppress N2O5

heterogeneous reactivity within the atmosphere needs to be
better determined before it can be included in atmospheric
models.
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