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[1] We report here results of an experimental study of the
OH-initiated oxidation of solid organics in the presence of
O2, NOx and H2O, using two kinds of self-assembled
organic monolayers (alkane and aromatic), paraffin and
pyrene films as proxies for organic aerosol. We show that
the OH-initiated oxidation of the alkane surfaces leads to
rapid volatilization. The gas-phase products detected
include HO2, H2O2, CO, CO2, HCO, CH2O, CH3CHO,
CH3OH, and HCOOH. We conclude that volatilization is at
least as efficient as wet deposition as a removal process for
aliphatic particulates, whereas aromatic particulates show
higher stability towards volatilization. INDEX TERMS:

0305 Atmospheric Composition and Structure: Aerosols and

particles (0345, 4801); 0317 Atmospheric Composition and

Structure: Chemical kinetic and photochemical properties; 0322
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urban and regional (0305); 0365 Atmospheric Composition

and Structure: Troposphere—composition and chemistry.
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1. Introduction

[2] Numerous field measurements have shown that
particulate organic carbon (OC) is abundant and ubiquitous
in the troposphere [Hildemann et al., 1996; Jacobson et al.,
2000]. OC aerosol can contribute significantly to the radi-
ative forcing of the Earth’s climate [Dickerson et al., 1997]
and may affect cloud formation [Novakov and Corrigan,
1996]. Little is known about OC aerosol chemistry, but its
dominant removal pathway is believed to be through rainout
(wet deposition) [Rogge et al., 1993; Liousse et al., 1996;
Hildemann et al., 1996]. For this reason the chemistry of
organic aerosol has long been thought to be of minor
importance in the atmosphere, and hence such chemistry
is not normally included in atmospheric models. Nonethe-
less, the reactive probability of OH [Bertram et al., 2001]
and Cl [Moise and Rudich, 2001] with carbonaceous aerosol
has been reported to be close to unity, whereas uptake of Br
[Moise and Rudich, 2001], NO2 [Grassian, 2002], NO3

[Moise and Rudich, 2001], and O3 [Moise and Rudich,
2002; Eliason et al., 2003, 2004] is much less efficient.
[3] We report here results of a laboratory investigation of

the OH-initiated oxidation of model organic surfaces aimed
at elucidating the major pathways of chemical evolution of
organic aerosol in the troposphere.

2. Experimental

[4] Two types of surfaces were employed in this study:
(1) well-organized self-assembled monolayers with thick-
ness of �2.5 nm deposited on either a silicon wafer or a
glass slide, and (2) �1-mm thick films deposited on glass
slides. Octadecyltrichlorosilane (OTS) monolayers and par-
affin films served as models for alkane aerosols, and
phenyltrichlorosilane (PTS) monolayers and pyrene films
as models for aromatic aerosols. The model surfaces were
exposed to OH at concentrations ranging from 0.1 to 100 �
108 molecule cm�3 in the presence of NOx/O2/H2O in
various proportions. The concentrations of O2, NO, NO2

and H2O were up to 3 � 1016, 3 � 1012, 3 � 1012 and 6 �
1014 molecule cm�3, respectively. Oxidation of the organic
films was monitored by surface analysis techniques: Fourier
transform infrared spectroscopy (FTIR), X-ray photoelec-
tron spectroscopy (XPS), atomic force microscopy (AFM),
contact angle goniometry (CA), and profilometry.
[5] OH loss and the formation of gas-phase products

during heterogeneous oxidation of the organic surfaces were
studied using a laminar flow reactor coupled to a chemical
ionization mass spectrometer (CIMS), as described else-
where [Bertram et al., 2001]. Three different reactions (H +
NO2, H + O2 + M at 10–12 Torr, and a microwave
discharge of water vapor) were employed as OH sources.
Oxygen was used as the main carrier gas. All the experi-
ments were performed under fast flow conditions at 1.5–
2.1 Torr total pressure and room temperature. Three types of
experiments were carried out: (i) kinetics measurements of
OH uptake and its time dependence were performed by
inserting a Pyrex tube into the cylindrical flow reactor with
the inside wall coated with the organic compound of
interest; (ii) flat substrates coated with the organic mono-
layers were exposed inside the reactor to OH in the different
gas-phase environments and were subsequently character-
ized with the surface analysis techniques listed above; and
(iii) a finger-like liquid nitrogen trap placed between the
downstream end of the flow tube and the CIMS detection
zone was used to collect and identify the gas-phase products
generated during the oxidation of thick films.

3. Results

[6] Blank experiments show that in the absence of OH
the OTS, PTS, paraffin and pyrene surfaces do not react
with H2O, NO, NO2, O2, HONO, HNO3 or mixtures of
those components. Furthermore, none of those species react
with each other on the organic surfaces. Evaporation of both
paraffin and pyrene was found to be negligible [Bertram et
al., 2001].
[7] The CIMS measurements indicate that the presence of

NO, NO2 and H2O has no effect on the value of the OH
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reactive probability, gOH, on any of the surfaces under study.
We observed gOH >0.2 for paraffin and pyrene films, inde-
pendent of time (the flow reactor technique provides only a
lower limit to gOH due to diffusion limitations). For OTS
monolayers the initial gOH of >0.2 was close to that of
paraffin and pyrene, and it rapidly decreased reaching a
stable value of 8 � 10�3 after 15 min of exposure to [OH] at
a level of �108 molecule cm�3, corresponding to the bare
glass slide and indicating that the OTS monolayer was
completely depleted. The same depletion effect was observed
for the PTS monolayer with the observed lifetime being a
factor of 4–5 longer than that of the OTS monolayer.
[8] The results of FTIR measurements on an OTS surface

are shown in Figure 1. Practically all the CHX groups are
removed from the surface after 10 minutes of exposure to
O2 and [OH] �108 molecule cm�3. We found the rate of
CHX loss to be higher than that of the OH loss: one OTS
chain (18 carbons) is removed as a result of the heteroge-
neous loss of 2–3 OH radicals.
[9] We observed loss of carbon in the reaction of all the

organic surfaces with OH, independently of the OH source
used. Within experimental error, the measured rate of

carbon loss was the same in the presence and absence of
NO. Figures 2a and 2b show an XPS survey and C (1s)
spectra of an OTS monolayer exposed to OH for various
time periods; the fractional carbon concentration gradually
decreased from 45% before exposure to below 10%, which
is characteristic of the residual content of cleaned silicon
wafers [Frydman et al., 1997] indicating full consumption
of the organic layer. Increase of the fractional oxygen
concentration and of the O/Si ratio and the broadening of
the C (1s) peak indicate oxidation of the remaining organic
layer. A chemical shift of the C (1s) line from its charac-
teristic energy at 285 eV at about +1.5 eV, +3 eV, and
+4.5 eV can be attributed to formation of C-O, carbonyl,
and carboxyl groups, respectively [Beamoson and Briggs,
1992]. No nitrogen was detected on the samples, including
those exposed to OH/NOx-containing mixtures. Figures 2c
and 2d show results of similar XPS measurements for a PTS
monolayer; we observed qualitative behavior during oxida-
tion analogous to that of the OTS samples. The observed
linear time dependence of the initial monolayer depletion
rate on OH concentrations indicates that the OH + OTS/PTS
reactions are the rate-limiting steps of the oxidation.
[10] Results of wettability measurements show that after

a 15-min exposure to [OH] � 108 molecule cm�3 an OTS
surface becomes completely hydrophilic (q < 10�, charac-
teristic of the bare glass), indicating complete consumption
of the organic monolayer. For shorter exposure times, the
water contact angles were below a 112� (characteristic of
the unexposed OTS surface) and were in line with predic-
tions based on the advanced Cassie equation [Israelachvili
and Gee, 1989]. In contrast, a paraffin surface does not
become completely hydrophilic, even after prolonged OH
exposure (q > 30�).
[11] Figure 3a shows a summary of the experimental

carbon loss results for OTS monolayers. The points repre-
sent the experimental data obtained by FTIR, X-ray photo-
electron spectroscopy (XPS), and contact angle goniometry
(CA). These techniques yield the same surface decomposi-
tion rate, within error. Further, profilometry measurements
show that the carbon loss rate for the paraffin film is, within
error, the same as for the OTS monolayer. Gas phase species
identified as products of the reaction of OH with the

Figure 1. FTIR spectra of CH3 and CH2 groups of an OTS
monolayer exposed to [OH] = 108 molecule cm�3 after the
following exposure times: a. 0 min; b. 2.5 min; c. 5 min,
d. 10 min.

Figure 2. (a) XPS survey and (b) spectra of C (1s) for an OTS monolayer exposed to OH = 108 molecule cm�3 after the
following exposure times: a. 0 min; b. 5 min; c. 10 min; d. 15 min; e. Si (100) wafer. (c) XPS survey and (d) spectra of
C (1s) for a PTS monolayer exposed to OH of 2 � 108 molecule cm�3 after exposure times of a. 0 min; b. 7 min; c. 18 min;
d. 38 min; e. 60 min; f. Si (100) wafer.
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paraffin film include HO2, H2O2, CO, CO2, CH2O,
CH3CHO, CH3OH, and HCOOH.
[12] Summary results for depletion of a PTS monolayer

are shown in Figure 3a, which presents the normalized OH
uptake coefficient and the intensity of the C (1s) XPS peak
that yield, within experimental error, the same value for the
carbon loss rate of the PTS monolayer. Carbon loss occurs
more slowly than for OTS samples.
[13] The main gas-phase products of oxidation of pyrene

surfaces exposed to an OH level of 1010 molecule cm�3

were found to be H2O, HO2, H2O2, CO, CO2, HCO and
CH2O; glyoxal and acetic acid were detected in trace
amounts. Water generated in these experiments appears to
come from the secondary chemistry of OH with the gas-
phase products. This set of products is quite different from
those reported by Esteve et al. [2003] in the oxidation of
phenanthrene.
[14] Additional experiments with pyrene surfaces were

performed at pressures of 50–100 Torr using a quartz-
crystal-microbalance (QCM) technique to monitor changes
in mass. A relatively fast mass loss was observed in the
presence of OH. The loss was found to be a linear function
of exposure time and initial OH concentrations.

4. Discussion and Conclusions

[15] Figure 4 shows the reaction mechanism we propose
for the OH-initiated oxidation of the alkane surfaces, based

on the corresponding gas-phase mechanism. The rate-limit-
ing step is the reaction of the organic surface with OH; we
note that this rate is enhanced by a factor of �100 in
comparison with the gas-phase reaction [Bertram et al.,
2001;Moise and Rudich, 2001; Cohen, 1991]. In the second
step of the overall mechanism the surface alkyl radical R
promptly transforms to the surface alkylperoxy radical RO2

in the presence of O2, as observed in recent EPR studies
[Remorov et al., 2002; Attwood et al., 2003]. Subsequently,
the long-chain surface alkyl peroxy radicals undergo self-
reaction. As mentioned above, the rate of carbon loss is not
affected by the presence of NO. We conclude that the RO2

self-reaction occurs very efficiently on the organic surface.
At sufficiently low OH and high NO levels the surface alkyl
peroxy radicals might react preferentially with NO, but we
were unable to detect either NO loss or NO2 formation in
our experiments. In the gas phase, it has been shown that the
rate of the RO2 self-reaction increases significantly as a
number of C atoms, NC, increases [Kirchner and Stockwell,
1996]. We also note that the product distribution of the RO2

self-reaction differs for long-chain radicals: instead of
formation of a peroxide, ROOR, the pathway forming two
alkoxy radicals RO becomes dominant as NC increases
[Atkinson, 1994; 1997a]. Typically, NC = 23–32 for OC
aerosol [Rogge et al., 1993], and hence the major products
are expected to be alkoxy radicals, RO. As indicated in
Figure 4, there are, in turn, several possible decomposition
channels for the RO radicals: for the long-chain alkoxy
radicals the C-C scission channel appears to proceed faster
than isomerization (e.g., 1,5 H-shift) and prevails over the
HO2-reduction channel both for substituted and primary RO
[Atkinson, 1994].
[16] We can therefore rationalize the rapid carbon loss

observed in our alkane-surface oxidation experiments by
assuming that the reaction mechanism leads predominantly
to carbon-carbon bond scission. In fact, even if the alkoxy
radical intermediate isomerizes or loses a hydrogen atom by
reacting with O2, the product would subsequently react with
another OH radical, leading to the formation of more active
(b-OH substituted or O-containing) alkoxy radicals that
decompose faster [Atkinson, 1997b] and thus contributing
subsequently also to the scission channel. The carbon loss

Figure 3. (a) Depletion of OTS exposed to [OH] =
108 molecule cm�3 in the presence of [O2] =
3�1016 molecule cm�3; (b) depletion of PTS exposed to
[OH] = 2 � 108 molecule cm�3 in the presence of [O2] = 3 �
1016 molecule cm�3.

Figure 4. Proposed reaction mechanism of oxidative
degradation of alkane surfaces.
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effect appears to be analogous to the oxidative degradation
observed in hydrocarbon polymers [Mikheev et al., 2001],
with the participation of radical intermediates.
[17] Our results indicate that the overall carbon loss rate

is determined by the initial rate of OH attack, even in the
absence of gas-phase NO. The dashed line in Figure 3a
represents a simulation of the carbon loss rate based on this
rate-determining step assumption.
[18] We conclude that the atmospheric oxidation of

alkane aerosol, which is initiated predominantly by reac-
tion with OH radicals [Bertram et al., 2001; Eliason et al.,
2003], leads efficiently to volatilization of the aerosol. The
concentrations of O2 in our experiments are smaller than in
the ambient air and hence the RO + O2 path might be
enhanced in the atmosphere relatively to our laboratory
observations. By simulating the overall mechanism using
literature gas-phase reaction rate values (except for the
faster initial OH attack) and assuming that two neighbor-
ing surface RO2 radicals react immediately with each
other, we estimate that the atmospheric volatilization rate
decreases by a factor of �3 relative to our laboratory
measurement.
[19] The lifetime of OC aerosol has been estimated

previously to be 4 to 5 days [Rogge et al., 1993; Liousse
et al., 1996; Hildemann et al., 1996], assuming wet depo-
sition to be the dominant sink; dry deposition is negligible
because of small deposition velocities [Seinfeld and Pandis,
1998]. At an average global OH concentration of
�106 molecule cm�3 [Prinn et al., 2001], and assuming
that the carbon loss rate is directly proportional to the OH
concentration we estimate the volatilization lifetime of a
log-normally mass-distributed alkane aerosol with size of
0.01–0.2 mm to be �6 days. We conclude that volatilization
and wet deposition occur at comparable rates for an alkane
particle, and hence, volatilization is an important removal
pathway for these aerosols in the troposphere.
[20] The proposed reaction mechanism based on our

laboratory measurements of carbon loss rates describes well
the oxidation of alkane aerosols initiated by OH radicals,
and may also be applied to other condensed aliphatic
compounds, such as carboxylic and dicarboxylic acids,
aldehydes, ketones, esters, and alkenes, because oxidation
mechanisms for these compounds, which comprise a major
fraction of primary OC aerosol (�80%) [Calvert et al.,
2002], are expected to be similar to those of long-chain
alkanes. Clearly, additional experiments need to be con-
ducted to investigate the atmospheric chemistry of these
other aerosol components.
[21] We also studied oxidation of aromatic surfaces with

one (PTS) and four aromatic rings (pyrene). The reaction
mechanism for cleavage of one-aromatic-ring and subse-
quent defragmentation (carbon loss) can be explained in
terms of the analogous gas-phase chemistry, where a major
reaction pathway proceeds via attachment of OH to the
aromatic ring, with formation of a surface aromatic radical,
which in the presence of oxygen rapidly generates a peroxy
radical. Defragmentation via a series of C-C bond scissions
finally leads to the formation of small oxygenated organic
compounds (glyoxal, acetic acid, ethers) [Calvert et al.,
2002] that evaporate from the particle. The pyrene results
indicate that aromatic ring cleavage prevails over aromatic
ring-retaining processes.

[22] Preliminary results of methane-soot oxidation stud-
ies also indicate efficient carbon loss, and we expect the
carbon loss mechanism proposed here can also be applied to
describe the atmospheric oxidation of soot.
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