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Heterogeneous Atmospheric
Aerosol Production by Acid-

Catalyzed Particle-Phase Reactions
Myoseon Jang,* Nadine M. Czoschke, Sangdon Lee, Richard M. Kamens

According to evidence fromour laboratory, acidic surfaces on atmospheric aerosols
lead to potentially multifold increases in secondary organic aerosol (SOA) mass.
Experimental observations using a multichannel flow reactor, Teflon (polytetra-
fluoroethylene) film bag batch reactors, and outdoor Teflon-film smog chambers
strongly confirm that inorganic acids, such as sulfuric acid, catalyze particle-phase
heterogeneous reactions of atmospheric organic carbonyl species. The net result
is a large increase in SOA mass and stabilized organic layers as particles age.
If acid-catalyzed heterogeneous reactions of SOA products are included in
current models, the predicted SOA formation will be much greater and could
have a much larger impact on climate forcing effects than we now predict.

Gas-phase reactions of volatile organic com-
pounds (VOCs) associated with photochem-
ical oxidant cycles have been of great interest
in predicting ozone (O3) concentrations and,
more recently, SOA formation. SOA has re-
ceived much attention for a variety of rea-
sons, many of which are associated with the
establishment of a national ambient air qual-
ity standard for atmospheric fine particles (1).
From a public health perspective, SOAs,
which are a major contributor to fine partic-
ulate matter, have potentially negative health
effects. In particular, it is now believed that
the potency of a mixture of environmental
chemicals, such as an organic and inorganic
multicomponent SOA, may be greater than
its constitutive parts (1). At the regional
scale, SOA formation can contribute to the
formation of visibility-reducing haze (2).
SOAs affect the Earth’s radiative balance (3,
4) directly by altering the scattering proper-
ties of the atmosphere and indirectly by
changing cloud properties. These climate
forcing effects are thought to lead to a net
cooling effect at the tropospheric level (3).
Furthermore, the composition of SOAs influ-

ences the extent of these effects. For exam-
ple, the water content of cloud aerosols, and
thus a cloud’s lifetime, is mainly influenced
by particle acidity and sulfate content.

Our understanding of the role SOAs play in
climate change and their connection to health
effects is limited by numerous uncertainties,
particularly the total SOA particle concentra-
tion and mass, the contribution of tropospheric
SOAs to the total particle load, the composition
and physical structure of atmospheric aerosols,
and the heterogeneous chemistry that influences
these parameters. What is known is that biogen-
ic terpenes from terrestrial vegetation (5) and
aromatics from anthropogenic sources (6) are
SOA precursors. Also, the gas-phase pho-
tooxidation reaction of these VOCs generates
large amounts of multifunctional organic car-
bonyls (7–10), which are major SOA compo-
nents. In addition, these components may
react heterogeneously to form an additional
generation of products in the particle phase.

A major class of these heterogeneous
reactions is the acid-catalyzed reactions of
atmospheric carbonyls (10, 11). Principal
candidates for atmospheric acid catalysts are
sulfuric acid (H2SO4) and nitric acid (HNO3),
which are produced through oxidation pro-
cessing of SO2 and NOx emitted from fossil
fuel combustion (12–15). These are inorganic
acids; thus, the effects of acid-catalyzed het-
erogeneous reactions are essentially interac-
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tions between the organic and inorganic por-
tions of aerosols. Unfortunately, most work
focusing on inorganic aerosols neglects the
organic aerosol fraction. Similarly, studies of
SOA formation tend to be conducted without
considering inorganic components.

The accommodation properties of organic
species in the aerosol phase, and thus SOA
mass, have been addressed primarily by con-
densation or thermodynamic gas-particle parti-
tioning (8, 16, 17). However, these theories
currently do not account for heterogeneous re-
actions, such as the acid-catalyzed carbonyl
chemistry that takes place in the particle phase
(11). Such chemistry includes diverse acid-cat-
alyzed reactions such as hydration, polymeriza-
tion, hemiacetal and acetal formation, aldol
condensation, ring opening of terpenoid car-
bonyls, and cross-linking in the aerosol media
(Fig. 1). The key players in these reactions are
atmospheric carbonyls, the water content of
aerosols, inorganic acids, and possibly alcohols.
For example, it is known that the equilibrium
between an aldehyde and its hydrate is quickly
established and often favors the hydrate form
(18). Carbonyls may further react with the hy-
droxy groups of hydrates, resulting in higher
molecular weight dimers, trimers, and polymers
(11, 18). Hemiacetal formation is often unsta-
ble, and they exist only in equilibrium. Howev-
er, Tobias and Ziemann (19) have shown the
formation of large peroxyhemiacetals from
the reaction of an �-acyloxyalkyl hydroper-

oxide with formaldehyde. In the presence of
acids, further reaction of hemiacetals leads to
acetals, which are much more stable (20).

Sources of the atmospheric acids, HNO3

and H2SO4, are ultimately associated with the
burning of fossil fuels. For example, diesel
combustion produces SO2, which results in
acidic soot particles (13, 14). It is presently
known that H2SO4 makes up 1.2 to 5.3% of
the mass of the small (mass median diame-
ter � 40 nm) diesel particles at 40% engine
load (13). The current average sulfur content
of diesel fuels in the United States is capped
at 500 ppm; however, further reductions to 15
ppm are being considered as early as 2006.
These acids are also scavenged with ammo-
nia, forming ammonium sulfate and ammo-
nium nitrate (21). Although ammonia can
reduce acidity in the atmospheric environ-
ment, the long-range transportation of ammo-
nia can actually result in acidification and
eutrophication by enriching soils and aqueous
environments with nitrogen (22).

Although the constituents and conditions
for acid-catalyzed heterogeneous reactions
have always been present, their products of-
ten fail to be identified due to sampling and
analysis procedures (such as solvent extrac-
tions and derivitization procedures) in which
hemiacetals, acetals, hydrates, and polymeric
structures can easily return to their original
aldehydes (20). This reversion renders these
products undetected but leads to positive ar-

tifacts of their parent carbonyls and alcohols.
The organic aerosol yields of different

aliphatic aldehydes in the presence or ab-
sence of an acid catalyst (H2SO4) as observed
in 0.5-m3 Teflon-film bags are shown in Fig.
2A. There is a marked increase in organic
aerosol yield in an acidic environment due to
heterogeneous reactions. Our results suggest
that acid-catalyzed heterogeneous reactions
of aliphatic aldehydes can increase organic
aerosol formation by as much as a factor of 5
when compared to neutral aerosol systems.
Such reactions could be of particular impor-
tance in natural systems because of the large
emissions of aldehydes from vegetation, in-
cluding aliphatic (carbon numbers 6 to 10)
aldehydes (11), trans-2-hexenal (23, 24), and
a host of similar aldehydes.

Also shown in Fig. 2A are the yields for
glyoxal, which are perhaps even more inter-
esting. The extremely high volatility of
glyoxal (boiling point, 50.4°C) suggests that
it would be an unlikely contributor to aerosol
mass. Yet, its �-dicarbonyl functionality
makes it very reactive toward heterogeneous
reactions and results in relatively high aerosol
yields. In addition, glyoxal or similar �-bi-
carbonyls (e.g., methylglyoxal and 3-hy-
droxy-2-oxo-propanal), tricarbonyls (e.g., tri-
oxopropane and 2,3-dioxobutanal), and mul-
tifunctional conjugated carbonyls are prod-
ucts of atmospheric oxidations of aromatics
(10) or biogenic hydrocarbons, such as iso-

Fig. 1. Acid-catalyzed
heterogeneous reaction
mechanisms of atmo-
spheric carbonyls.
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prene (25). All of these compounds are ex-
pected to increase SOA mass through acid-
catalyzed heterogeneous reactions.

The amplified SOA yields as a result of
heterogeneous reaction of the above-men-
tioned products are illustrated in Fig. 2B. The
simplest of the biogenic VOCs, isoprene and
acrolein, were reacted in 0.5-m3 Teflon bags
containing O3 and either acidic or nonacidic
inorganic seed aerosols. The SOA yields,
normalized by O3 concentration and seed vol-
ume, are larger in the acidic systems. Conju-
gated carbonyls such as methacrolein and
methylvinylketones are major products of the
isoprene-O3 reaction, and further oxidation of
these products leads to �-dicarbonyls.

Another indication of heterogeneous reac-
tions is positive deviation from expected gas-
particle partitioning. The partitioning coeffi-
cient, Kp, of a compound is determined ex-
perimentally as the ratio of particle-phase
concentration (ng �g	1) to gas-phase con-
centration (ng m	3) and can be predicted
thermodynamically from its activity coeffi-
cient and vapor pressure, P L

0 (10, 26, 27). As
mentioned, many carbonyl products of heter-
ogeneous reactions revert back to their parent
compounds during analysis and cause posi-
tive artifacts of these carbonyl compounds (8,
10). We compared the Kp values for the major
aerosol-phase carbonyl products of the pho-
tooxidation of toluene (one of the most prev-
alent aromatic VOCs) in the presence of NOx

from experiments in a 190-m3 outdoor smog
chamber (table S1). The Kp of carbonyl prod-
ucts shows exceedingly positive deviations,
but those of phenolic and quinonoid products,
such as 2-methyl-4-nitrophenol and 2-meth-
ylquinone, tend to agree with partitioning
theory (10). The relatively “high” vapor pres-
sures of carbonyl products also indicate that
they should not partition appreciably to the
particle phase, yet they are observed. In an
extreme example, the partitioning of 2-hy-
droxy-1,3-propanedial in table S1 is three
orders of magnitude higher than its predicted
Kp (10) because of heterogeneous reactions.

Similar behavior is observed for other
SOA products from the photooxidation of
biogenic terpenes. We also estimated the Kp

values for cis-pinonaldehyde, a major car-
bonyl product of the photooxidation of
�-pinene, in the presence of NOx (table S1).
The experimental Kp of cis-pinonic acid (a
major carboxylic acid product) agrees with
equilibrium partitioning predictions, but that
of cis-pinonaldehyde on diesel soot shows a
large deviation. Diesel soot, because of its
H2SO4 content, can initiate acid-catalyzed
heterogeneous reactions. Compared to fossil
fuels, biomass combustion is a minor source
of SO2 (28). Yet wood soot also resulted in a
measurable positive deviation from theoreti-
cal partitioning compared to the photooxida-
tion reaction system of �-pinene and NOx

without background aerosol (table S1). Thus,
even small amounts of acid are capable of
catalyzing heterogeneous reactions.

Heterogeneous reactions may be strongly
influenced by environmental conditions. The
reactions are likely most influenced by the re-
lationship between particle acidity and relative
humidity (%RH) (29). Observations of aerosol
growth from heterogeneous reactions of octanal
on acidic and nonacidic seed aerosol at varying
%RH in a flow reactor corroborate this relation-
ship. As shown in Fig. 3 (29, 30), there is a
strong linear relationship (r2 � 0.97) between
%RH and the log of aerosol growth (normal-
ized for the volume of inorganic seed and the
gas-phase concentration of octanal) when an
acid catalyst is present. In the absence of an
acid catalyst, aerosol growth is neither sensitive
to nor linear with %RH.

A final method of observing heteroge-
neous reactions is through detection of
functional group transformation by Fourier
transform infrared spectroscopy (FTIR).
Organic aerosols have been collected on
ungreased ZnSe disks by impaction for
FTIR analysis (10, 11, 31). Unfortunately,
organic aerosols generated without an acid
catalyst were too small or too volatile to
have a collection efficiency that was high
enough for measurement. Thus, spectra of
aerosols from acid and nonacid systems

cannot be compared. However, the difficul-
ty in collecting nonacid aerosols is in itself
an indication that they differ fundamentally
from those formed in an acidic environ-
ment. Figure 4 illustrates typical FTIR
spectra of organic aerosols formed by acid-
catalyzed heterogeneous reactions of
glyoxal and the products from the reaction
of O3 with isoprene or acrolein. All three
acid-catalyzed systems exhibited the O–H
stretch at 3100 to 3600 cm	1. In particular,
the FTIR bands at 1180 (C–O–C stretch of
hemiacetals and acetals), 1052 (C–C–O
asymmetric stretch of alcohols), 882 (C–
C–O symmetric stretch of alcohols), and
584 cm	1 (-OH out of plane) strongly con-
firm the functional group transformation of
carbonyl species with an acid catalyst.
Equally telling is that the carbonyl stretch
(1640 to 1780 cm	1) in all systems was
very weak, indicating that the carbonyl had
been transformed.

A rather interesting attribute of the FTIR
spectra of the O3 reaction products of isoprene
and acrolein (Fig. 4) is that they all have absorp-
tion peaks similar to those of glyoxal aerosols in
the presence of an acid catalyst. These similar-
ities are evidence that dicarbonyl products of
isoprene and acrolein oxidation react heteroge-
neously to form polymeric structures or hydrates
in the particle phase. Additionally, the FTIR

Fig. 2. (A) Organic aerosol yields from heterogeneous reactions of aldehydes and 1-decanol with
and without an acid catalyst. The aerosol yields were calculated by dividing the organic aerosol
mass by the mass of the injected liquid organic in the bag air phase (32). (B) SOA yields from the
O3 reaction systems of acrolein and isoprene in the presence and absence of an acid catalyst. The
SOA yields were normalized by O3 and initial VOC concentrations (33).

Fig. 3. The relationship between %RH
and aerosol growth (normalized by the
seed aerosol volume and the gas-phase
octanal concentration) in the presence
of an acid catalyst.
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spectra from size-resolved particle samples col-
lected from the Southeastern Aerosol Visibility
Study in the Smoky Mountains at Look Rock by
Blando et al. (31) also show similar peaks at
589, 878, 1049, and 1182 cm	1. This spectrum
suggests that the organics comprising SOAs
from the Smoky Mountains natural aerosol also
have functional group transformations similar to
those in our laboratory isoprene and acrolein
aerosols. We believe that these transformations
are due to acid-catalyzed heterogeneous reac-
tions, which are therefore a major contributor to
SOA formation in natural systems.

Our results strongly suggest that inorganic
acids, such as H2SO4, catalyze carbonyl heter-
ogeneous reactions and consequently lead to a
large increase in SOA production. Thus, both
inorganic and organic constituents need to be
considered for an accurate explanation of SOA
formation. For example, we believe that scenar-
ios for high SOA formation and high concen-
trations of atmospheric inorganic acids may be
coincident. Additionally, biogenic and anthro-
pogenic emissions of carbonyl species associ-
ated with photooxidation cycles are consider-
able. Processing these carbonyl compounds via
particle-phase heterogeneous reactions consti-
tutes a previously unstudied, and to date un-
quantified, source of global aerosol material.
The importance of quantifying global aerosol
mass is key to understanding the climate forc-
ing properties of aerosols. Thus, the role of
heterogeneous reactions in SOA formation
needs to be considered in climate change
prediction models.
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Robotic Observations of Dust
Storm Enhancement of Carbon
Biomass in the North Pacific
James K. B. Bishop,1* Russ E. Davis,2 Jeffrey T. Sherman2

Two autonomous robotic profiling floats deployed in the subarctic North Pacific
on 10 April 2001 provided direct records of carbon biomass variability from surface
to 1000 meters below surface at daily and diurnal time scales. Eight months of
real-time data documented the marine biological response to natural events,
including hydrographic changes, multiple storms, and the April 2001 dust event.
High-frequency observations of upper ocean particulate organic carbon variability
show a near doubling of biomass in the mixed layer over a 2-week period after the
passage of a cloud of Gobi desert dust. The temporal evolution of particulate
organic carbon enhancement and an increase in chlorophyll use efficiency after the
dust storm suggest a biotic response to a natural iron fertilization by the dust.

Marine phytoplankton biomass is replaced, on
average, once every 1 to 2 weeks (1–3). Carbon
products of photosynthesis (4), i.e., particulate

organic carbon (POC), particulate inorganic
carbon (PIC), and dissolved organic carbon
(DOC), are exported below 100 m at a rate of
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