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We have carried out kinetic and reaction yield studies to determine the effect of O3 on the heterogeneous
reaction of two cyclic volatile methylsiloxanes (cVMS), octamethylcyclotetrasiloxane (D4) and decamethyl-
cyclopentasiloxane (D5), with model mineral dust aerosol in order to obtain a better understanding of the
atmospheric fate of cVMS. The heterogeneous chemistry was studied in an environmental reaction chamber
using FT-IR spectroscopy to monitor the reaction progress. The uptake kinetics and the reaction extent for D4

and D5 in the presence of O3 were quantified for two components of mineral dust aerosol, hematite and
kaolinite. Some experiments with a carbonaceous particulate, carbon black, were also performed for D5. The
relative humidity (RH) inside the chamber was varied to investigate the influence of surface adsorbed water
on the heterogeneous chemistry of the dust samples. With the dust samples, but not carbon black, the
coadsorption of O3 introduced a new reaction pathway, characterized by a linear, zero-order, decay of both
gas phase cVMS and ozone. The new pathway does not saturate on the time scale of our experiments. Elevated
RH was observed to decrease the total uptake of cVMS and ozone by the end of the experiment, but the
characteristic linear decay was still present. The atmospheric loss of cVMS due to heterogeneous uptake is
enhanced due to O3, even at higher RH values, but the overall loss rate is reduced at RH values typical of the
troposphere.

Introduction

Cyclic volatile methylsiloxanes (cVMS) such as octameth-
ylcyclotetrasiloxane (D4) and decamethylcyclopentasiloxane (D5)
are silicon fluids with low viscosity, low water solubility,1 and
relatively high vapor pressure.2 These compounds are released
into the environment from different anthropogenic sources, such
as the synthesis of high molecular weight poly(dimethylsiloxane)
polymers (PDMS) and from personal care products, where
cVMS are used as carriers or emollients.3 In the environment,
these siloxanes primarily partition into the gas phase and the
volatilization of cVMS from both the aqueous phase and from
soils has been investigated.1,4 Studies carried out for aqueous
systems showed fast partitioning into the gas phase which
increased as organic and inorganic compounds were added to
the aqueous phase, decreasing the cVMS solubility.5,6 Literature
reports on the volatilization from soils showed that partitioning
into the atmosphere is competitive with degradation of cVMS
and the extent of volatilization increased with increasing relative
humidity (RH).7,8 Because of the physical properties of cVMS
and the influence of RH, it has been suggested that more than
90% of the total cVMS released into the environment is present
in the atmosphere.9 Thus, examining potential loss processes
for cVMS in the atmosphere is critical to understanding the
overall environmental fate of these compounds.

The major homogeneous loss mechanism for D4 and D5 in
the atmosphere is thought to be initiated by OH radical
attack.10,11 The resulting atmospheric lifetimes of D4 and D5 can
be estimated as 16 and 10 days, respectively, based on a
hydroxyl radical concentration of ≈106 molecules cm-3, typical
of the troposphere at midlatitudes.12,13 In contrast, experiments
have shown no evidence for cVMS loss in the presence of O3,
suggesting a high stability toward ozone.14 Studies of the
reactivity of D4 toward O3 with the addition of UV light at
wavelengths >290 nm revealed a very slow pseudo-first-order
decay with a half-life that varied from 30 min to 2 h.15 The
presence of water vapor in these experiments suggests that OH
radicals generated from O3 photolysis were responsible for the
observed cVMS decay.

An alternative loss mechanism for atmospheric cVMS
involves heterogeneous chemistry on the surface of reactive
mineral dust aerosol. For example, degradation of siloxanes on
various soils, particularly those with high clay content, has been
previously observed.7,8,16 Related chamber studies measured
significant uptake of D5 by Arizona road dust, which also has
a large clay component.17 Mineral dust represents a major
fraction of the total aerosol loading in the troposphere and
provides a large surface area for potential heterogeneous
reactions.18-20 Our recent work has suggested a possible role
for mineral dust aerosol in the heterogeneous decay of atmo-
spheric D4 and D5.21 These studies showed evidence for
significant reactivity of various aerosols, such as hematite and
kaolinite, a clay, toward cVMS. The resulting high surface
coverages indicate that a surface polymerization mechanism may
be active. In the ambient atmosphere, the aerosol surface will
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have coadsorbed species, most typically water. Our studies of
RH dependence showed that cVMS uptake is reduced at higher
RH and the kinetics of the initial uptake are slowed.

Other possible adsorbates of atmospheric relevance are
oxidants, such as ozone, which may react directly with adsorbed
cVMS or its products. Alternatively, ozone may indirectly effect
the cVMS reaction by modifying the surface of the aerosol.
Ozone is known to decompose catalytically on the surface of
some mineral dusts, such as hematite,22 possibly through
intermediate surface oxide species.23-27 There have been several
reports of ozone reactions with organic26-30 and inorganic
species31 adsorbed on surfaces. These reactions are thought to
follow a Langmuir-Hinshelwood type mechanism whereby
both reactants, or intermediate product species, are adsorbed
on the surface. The confounding effects of oxidants, such as
O3, on the heterogeneous chemistry of cVMS have not been
previously explored.

As discussed, in a recent study, we have described a potential
role for mineral dust aerosol in the heterogeneous loss of
atmospheric cVMS.21 Thus, in order to further explore the
heterogeneous atmospheric fate of cVMS, we have investigated
the synergistic effects of ozone and RH on the heterogeneous
uptake of cVMS by representative mineral dust aerosol and
carbon black. The reactions were carried out in an atmospheric
reaction chamber using IR spectroscopy to probe the reaction
extent and quantify the uptake kinetics. These results have
significance for the current understanding of the environmental
fate of cVMS and the major degradation pathways dictating
their lifetime in the atmosphere.

Experimental Section

The studies were carried out in an environmental aerosol
reaction chamber using spectroscopic probes to follow the
reaction progress. The chamber, which has been previously
described,32 is schematically diagrammed in Figure 1. It is a
stainless steel cylinder with a total volume of 0.15 m3 and a
surface to volume ratio of 10.7 m-1, which has been internally
coated with FEP Teflon. All of the chamber mating flanges are

Teflon coated, and connections to the chamber are fabricated
from either Teflon or glass. The resultant chemically inert
surfaces minimize the loss of gas phase reactants due to wall
reactions. Spectroscopic access to the chamber is provided by
appropriate windows mounted on side arms. The chamber is
evacuated with a trapped mechanical pump. A glass manifold
is used to introduce gas-phase reagent species, fill the chamber
with buffer gas, and control the RH of the chamber contents.

A Fourier transform infrared (FT-IR) spectrometer (Mattson
Infinity 60 AR) was employed to monitor the concentration of
gas phase species inside the chamber. The IR beam is coupled
into the chamber through Ge windows in a single-pass config-
uration using a series of gold-coated mirrors and then focused
with an off-axis parabolic mirror onto an external MCT detector.
The use of germanium windows reduces complications associ-
ated with the reactivity of inorganic salt windows, particularly
at higher RH. The external IR beam path is continuously purged
with dry air from a commercial gas generator (Whatman, 75-
62). The output of the generator, humidified to the desired level,
is also used to provide buffer gas for the chamber. The effective
probe beam path length for the FT-IR spectrometer is 56 cm.
Typically, IR spectra are collected at 8 cm-1 resolution for 256
scans, resulting in a temporal resolution of 0.8 min.

In preparation for an experiment, the environmental aerosol
chamber is evacuated to a base pressure of ≈20 mTorr. The
evacuated chamber is backfilled with D4 or D5 vapor from the
sample line to some nominal pressure which is confirmed using
a Beer’s law calibration. The initial pressures employed were
typically at, or very near, the saturation vapor pressures of 550
mTorr (725 ppm) and 290 mTorr (380 ppm) for D4 and D5,
respectively. An ozone mixture is prepared by flowing oxygen
(Air Products, USP grade) through an electric discharge ozone
generator (OREC, model O3V5-O) and into the chamber until
the desired O3 concentration is obtained. The ozone concentra-
tion is quantified in the IR using a previously reported
absorptivity.33 The total chamber pressure is then brought up
to ≈760 Torr with dry or humidified air. The humidity of the
buffer is adjusted by passing the purge gas through a water
bubbler and measuring the RH with a solid state sensor.
However, the final RH is more precisely determined by a Beer’s
law calibration combined with measurement of the chamber
temperature. The error in RH is estimated to be between 1 and
2% and dry conditions are specified as e1% RH, representing
a lower limit to our detection sensitivity for the water absorbance
features. The resultant gas mixture is allowed to equilibrate and
mix in the chamber for approximately 1-2 h in order to quantify
any possible wall losses and characterize reactions arising from
homogeneous processes. Reference experiments were also
conducted with single component mixtures (e.g., O3 only) at
various RH settings in order to further quantify wall losses,
which were found to be negligible.

The powder dust samples (with different masses, depending
on the surface area of the powder) are loaded into a small
cartridge connected to the top flange of the environmental
aerosol chamber and separated from the main chamber by a
gate valve. In order to remove residual water from the powders,
the cartridge is continuously evacuated by a trapped mechanical
pump for approximately 3 h. The sample cartridge is connected
to a high-pressure (≈100 psig) inert gas source through a fast
acting solenoid valve. To initiate an experiment, the gate valve
is opened and the solenoid valve is activated for a controlled
time period (typically, 1 s), rapidly forcing the powder out of
the cartridge and through a conical nozzle. A highly polished
partial impactor plate positioned close to the nozzle exit results

Figure 1. Schematic diagram of the environmental aerosol chamber
and associated instrumentation showing the dust sample holder (DC),
the solenoid valve (SV), the gate valve isolating the main chamber
(V), the water bubbler (B), and flow meters (R) for the RH experiments,
the IR spectrometer (FT-IR), and external beam path with mirrors (M)
and detector (MCT) contained in purge boxes (PB). Relative humidity
(RH), temperature (TC), and pressure (P) were monitored with
appropriate transducers.
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in efficient deagglomeration and dispersal of the powder into
the chamber. The resulting turbulence rapidly mixes the chamber
contents in less than 1 min.

The powder samples used in the current study were obtained
from commercial sources: hematite (R-Fe2O3, Aldrich, 99+ %),
kaolinite (Alfa Aesar, 99+ %), and carbon black (Degussa FW-
2, 99.98+ %). An X-ray analysis confirmed the mineralogy of
the inorganic samples, and electron microscopy images were
collected to qualitatively examine particle shape and size. An
automated multipoint Brunauer-Emmet-Teller (BET) analysis
(Quantochrome Nova 1200) was used to measure BET specific
surface areas of 2.8 m2 g-1 for hematite, 6.4 m2 g-1 for kaolinite,
and 460 m2 g-1 for carbon black. The BET area, determined
using N2, represents an upper limit to the reactive surface area
available on each powder. The mass of each dust sample was
adjusted so that the total BET specific surface area introduced
into the chamber is approximately the same in each experiment,
≈8.0 m2. In addition, a primary particle size of 13 nm was
specified for carbon black,35 while measurements with a
commercial particle sizer (APS) of hematite and kaolinite
particles show a peak in the distribution near 300 nm, 140 nm,
respectively.34 The cVMS samples, provided by our Dow
Corning collaborators, were tested for purity by sampling both
the liquid and the head space with GC-MS (ThermoElectron)
using a Restek Rxi-1 ms column (15m length and 0.32 mm
i.d.) with a nonpolar phase (Crossbond 100% dimethylpolysi-
loxane). Both siloxane samples were found to be >99.5% pure.

Results

Figure 2 shows typical IR spectral data for an experiment
with D4, O3, and hematite as the dust sample, collected under
dry, e1% RH, conditions. The spectrum recorded before
introduction of the aerosol, Figure 2A, exhibits a band at 1054
cm-1 ascribed to O3 along with four absorbance features due to
D4: a C-H methyl stretching mode at 2900 cm-1, a scissoring
mode at 1275 cm-1, a Si-O stretching mode at 1090 cm-1,
and a methyl rocking mode at 890 cm-1. The D5 spectrum is
very similar in appearance. The peak absorbance at 1054 cm-1

was used to quantify the ozone concentration,36,37 and the methyl
scissor feature at 1275 cm-1 was integrated to determine the
concentration of cVMS by referencing a Beer’s law calibration

(vide supra). Continuous spectral monitoring of the chamber
contents during the prereaction period showed no indication of
reaction between the cVMS and O3 in the absence of aerosol,
and wall losses were found to be negligible. The spectrum in
Figure 2B was recorded after introduction of the dust sample
and corresponds to a reaction time of several hours. The sloping
baseline is due to nonresonant scattering of the probe beam by
the suspended particulates. There is clear evidence for an
intensity reduction in the D4 and O3 absorption bands, signifying
a reactive loss pathway facilitated by the presence of the mineral
dust. No new IR absorption features were observed to grow in
over the spectral range 5000-650 cm-1, indicating either that
gas-phase reaction products are not formed or that any possible
products are IR inactive or weak absorbers.

Spectral data collected before and after the introduction of
the powder sample into the chamber were analyzed to determine
the time dependence of gas-phase reactant concentrations. The
results for D4 and O3 reactions with hematite and kaolinite dust
samples are presented in Figure 3. For comparison, we have
also included data from reference experiments with mineral dust
and D4 but without added ozone. The results of these latter
experiments are in accord with our previous report of cVMS
interactions with mineral dust.21 The reactivity of a dust toward
cVMS can be characterized in terms of the reaction extent,
measured as the fraction of the initial siloxane that has reacted
by the end of the experiment (400 min), and the apparent uptake
coefficient, γapp. The uptake coefficient, the fraction of
gas-surface collisions that lead to loss of cVMS, quantifies the
kinetics of the heterogeneous uptake process. The uptake

Figure 2. Representative FTIR spectra showing the chamber contents
with D4 and O3 (85 ppm) under dry,e1% RH, conditions before aerosol
introduction (A) and after 2 h of reaction time, (B). A decrease in both
D4 and O3 bands is evident.

Figure 3. Time resolved data for D4 and O3 in mixture experiments
when exposed to hematite, top panel, and kaolinite, bottom panel, dust
samples under dry, 1% RH, conditions. Included, are data from a
reference experiment with only D4 in the chamber. The solid lines
represent fits to the experimental data. Dust loadings have been adjusted
so that the same BET surface area is available in each experiment, as
described in the text.
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coefficient is calculated according to

where cj is the mean speed of cVMS (m s-1), Cmass is the mass
concentration of dust in the chamber (g m-3), and SBET is the
specific surface area of the dust (m2 g-1), previously measured
by a BET analysis. The characteristic cVMS decay time, τ )
1/k, is determined from a fit of the experimental data, as
indicated by the solid lines in Figure 3. Note that in this figure
and all subsequent figures showing decay data, the powder mass
in each experiment has been adjusted to yield the same surface
area in the chamber (vide supra). Thus, the decay curves can
be directly compared with each other.

In the absence of ozone, both mineral dusts exhibit significant
reactivity as evidenced by the amount of D4 lost by the end of
the experiment, about 40%. With addition of O3 the overall
reaction extent is enhanced such that 55-65% of the D4 is
consumed. More significantly, the kinetics of the uptake process
are radically altered by ozone. The D4 concentration initially
decays exponentially whether ozone is present or not. With O3

in the chamber, this initial decay is slightly slower (smaller γapp).
However, instead of the surface saturation observed in the D4-
only experiments, there is evidence for continued heterogeneous
reactivity as the gas phase D4 loss transitions to a linear decay
at longer reaction times. The linear portion of the time course
data is symptomatic of zero-order kinetics with continued
consumption of D4 and, on the time scale of our experiments,
no saturation of the dust surface. We have fit the D4 data from
the ozone experiments to an exponential plus linear decay
function, as shown by the solid lines in the figure.

The O3 decay curves are analogous to those of the siloxane,
exhibiting an initial exponential decay followed by a linear loss
that does not saturate. A similar decay function was used to fit
the ozone data. While for both kaolinite and hematite the
characteristic O3 decay times are very close to those of D4, the
slopes of the linear portions of the decay curves are quite
different. Additionally, the overall uptake of D4 by either dust
sample exceeds the amount of O3 lost from the gas phase. In
the case of hematite, the ratio of overall D4 to O3 loss is about
4 after 400 min of reaction time. It is also clear that much less
of the available ozone reacts on the kaolinite sample compared
to the hematite (4% vs 86%).

A similar set of experiments was completed for D5, with
additional studies on carbon black aerosol, and the results are
summarized in Figure 4. We have previously demonstrated that
hematite and kaolinite are extremely reactive toward D5,
resulting in rapid and quantitative uptake of the gas-phase
siloxane.21 These findings are affirmed by the data for the
cVMS-only experiments shown in Figure 4. The kaolinite
sample is so reactive that all of the initial D5 is rapidly lost
regardless as to whether ozone is present and it is not possible
to detect whether there is any enhancement in the uptake. The
hematite sample actually shows a 15% reduction in D5 uptake
with O3 in the chamber. However, the D5 decay does transition
to a linear decay regime, as was the case for D4 reacting with
mineral dust in the presence of O3. The continued reactivity of
the hematite surface suggests that eventually all of the D5 would
have reacted, yielding the same reaction extent as for the D5-
only experiment, albeit on a longer time scale.

The ozone decay kinetics and the consequent uptake on
mineral dust are similar to the observations from the D4

experiments. For both dust samples, there is an initial expo-

nential decay of ozone that gives way to a linear decrease at
longer times. The amount of D5 uptake is still larger than the
O3 lost for both of the mineral dust surfaces studied although
by a reduced margin. The ratio of overall D5 to O3 loss on
hematite is about 2.1. Also, the extent of ozone loss is again,
as for the D4 mixtures, larger on hematite than it is on kaolinite
surfaces, 85% compared to 20%. Finally, the characteristic decay
times for O3 and D5 on hematite are approximately equal. We
have fit the mineral dust data to the appropriate loss functions,
as illustrated in the figure.

The carbon black aerosol manifests quite different reactivity
compared to the mineral dust samples studied. The surface
rapidly saturates with respect to D5 uptake whether ozone is
present in the chamber or not. The extent of D5 uptake with
ozone is slightly reduced but the reaction still quickly saturates.
Ozone itself also exhibits relatively small gas phase loss and
rapid saturation of the surface. No longer time continued
reactivity of the surface is evident for either the siloxane or the
ozone.

The importance of relative humidity, a critical characteristic
of the ambient atmosphere that can have a large effect on
heterogeneous processes, was investigated for the hematite
mineral dust sample. The RH of the buffer gas was varied from
dry, e1% RH, conditions up to a maximum of about 60% RH
in several steps. Time course data were recorded for both the
cVMS and O3 gas phase species under these conditions. Results
for the D4/O3 system are summarized in Figure 5, and results
for the D5/O3 system are in Figure 6. For either cVMS and at

γapp ) 4
cjSBETτ[Cmass]

(1)

Figure 4. Time-resolved data for D5 and O3 in mixture experiments
when exposed to hematite, top panel, kaolinite, middle panel, and carbon
black, bottom panel, dust samples under dry, 1% RH, conditions.
Included are data from reference experiments with only D5 in the
chamber. The solid lines represent fits to the experimental data.
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any RH studied, there was no siloxane or ozone decay observed
before the aerosol was introduced into the chamber (negative
reaction times) and, thus, wall loss and homogeneous gas-phase
chemistry were negligible.

The effect of RH on the reaction of D4 and O3 with hematite
mineral dust is quite dramatic. Even relatively modest RH levels
of 20% greatly reduce the uptake of both cVMS and O3 and
increasing inhibition is observed up to 60% RH, the highest
level studied. The initial exponential decay is evident at the
lower RH values, but the characteristic decay times increase
with increasing RH. The D4 and O3 characteristic decay times
remain approximately equal for a given relative humidity. The
contribution of the exponential decay component to the overall
loss is markedly smaller with an increase in the RH. At 60%
RH, the exponential decay is not even evident and we have
simply fit the data for both reactants to a straight line under
these conditions.

The data presented in Figure 6 for the D5 system present a
qualitatively similar response to RH, showing a reduced uptake
of both siloxane and ozone as the RH is increased. The D5 does
not appear to be as sensitive to RH; at 20% RH the fraction of
D5 reacted is only slightly reduced and it is not until RH values
g40% that significant reduction in uptake is observed. The D5

is still more reactive than the D4 despite the RH effect and the
fraction of D5 reacted is always larger than that of D4 under
equivalent RH conditions. The RH effect on O3 in the D5

experiments parallels observations of the D4 system and the
uptake is greatly lowered even at 20% RH and proportionally
smaller reductions are measured at higher RH. The initial
exponential decay time increases, and the exponential decay

component is smaller, for both D5 and O3 as the RH increases
until the decay is largely zero order at 60% RH. The O3 data at
60% RH was fit to a straight line as the exponential component
cannot be discerned.

Discussion

In the absence of ozone and under dry conditions, e 1% RH,
we observe significant uptake of gas phase cVMS on the mineral
dusts hematite and kaolinite. The D5 sample has a particular
affinity for dust as there is 100% loss of the saturation vapor
pressure. The carbon black sample is less reactive and the
surface appears to be rapidly saturated, albeit after about 40%
of the initial D5 has reacted. These results are consistent with
our previous study of cVMS interactions with various mineral
dust aerosol components.21 The siloxanes are very reactive
toward dust, in particular kaolinite, a clay, and hematite. The
multilayer coverages that result suggest a polymerization
mechanism for the adsorbed siloxane facilitated by active surface
sites on the mineral dust.38 The absence of gas-phase products
in the IR data indicates that heterogeneous reaction yields
nonvolatile products, such as polymers. We have also separately
investigated O3 reactions with hematite and observed total loss
of ozone through a surface-catalyzed process.22 Heterogeneous
decomposition of ozone produces molecular oxygen, undetect-
able via IR absorption, while possibly oxidizing the surface.23-27

The experiments with O3-cVMS mixtures show no evidence
for gas-phase reaction loss or losses mediated by the chamber
walls. The lack of homogeneous reactivity is not surprising given
that the siloxanes are saturated compounds and is consistent

Figure 5. Time-resolved data for D4, top panel, and O3, bottom panel,
in mixture experiments when exposed to hematite under various RH
conditions. The solid lines represent fits to the experimental data.

Figure 6. Time-resolved data for D5, top panel, and O3, bottom panel,
in mixture experiments when exposed to hematite under various RH
conditions. The solid lines represent fits to the experimental data.
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with previous studies.14 When dust is introduced into the
chamber, both O3 and the cVMS are observed to decay, but the
details of the loss process are modified from experiments where
each gas reacts separately with dust, as seen in Figures 3 and
4. In the case of D4, the fraction reacted by the end of the
experiment increases with ozone in the chamber. The D5

experiments do not exhibit a similar enhancement, but the effect
of O3 is partially masked by the much higher reactivity of the
D5 toward mineral dust. D5 reacts completely with a kaolinite
surface whether O3 is present or not, and the reaction extent is
actually slightly decreased with ozone in the hematite experi-
ments. The D5 reaction with carbon black is also slightly
suppressed.

In addition to effects on the reaction extent, the most
significant change due to ozone is manifest in the details of the
reaction kinetics. For each of the mineral dusts studied, and for
either cVMS, the typical exponential decay due to siloxane
uptake transitions to a linear loss regime at longer times. The
ozone is also observed to decay linearly at longer reaction times
in the mixture experiments. The longer time, linear decay is
suggestive of zero-order kinetics as surface sites become
saturated and reaction on the dust surface becomes rate limiting.

We can represent the uptake and reaction process as a two-
step mechanism,

where R and P represent reactant and product species and R ·S
is a surface adsorbate intermediate. As the surface saturates,
the adsorbed intermediate reaches a steady state, and the reaction
becomes rate limited by eq 3 in a zero-order process. The
observed reaction rate, ν, can be expressed in terms of a surface
reaction rate constant, ksur, as

where S is the BET dust surface area concentration in the
chamber and ns is the surface site density. Dividing the measured
rate by S yields an areal rate constant, which we have listed in
Table 1 for O3 and the cVMS. The rates were determined from
the slope parameter using an exponential plus linear fitting
function or a direct, linear fit of the data, as described above.
The fitting errors are propagated into the reported areal rates.

The linear decay shows that the mineral dust surface continues
to be reactive toward cVMS and the reaction does not saturate
as long as ozone is present. The implication, then, is that
eventually all of the initial cVMS will react if there is sufficient
ozone. Thus, the D4 reaction extent should be enhanced with
O3 and eventually reach 100% for D5, even in the case of
hematite dust which shows a reduced reactivity when defined
in terms of our experimental reaction times. In our previous
work, we speculated that a surface polymerization reaction led
to irreversible loss of gas-phase cVMS and that the reaction
would eventually terminate due to blocking of the active surface
sites by product siloxanes.21 Thus, we generally observed a
single exponential decay of the gas-phase cVMS, consistent with
eq 2, and we could extract γapp. In the mixture experiments, in
contrast, we observe zero-order kinetics as eq 3 becomes rate
limiting due to the saturation of reactive sites on the surface.

The observation of zero-order kinetics and the continued
reactivity of the dust surface means that active surface sites must
be regenerated in a catalytic process, as suggested by eq 3. Since
we do not observe such behavior in the absence of ozone, it
must be the O3 that regenerates active surface sites, allowing
the reaction to continue. These may be the same type of surface
sites normally active in the absence of ozone or they may be
new sites generated by the heterogeneous ozone reaction that
are active toward siloxane degradation. Given the high siloxane
surface coverages measured and the continued reactivity of the
available surface area, it is more probable that the ozone is
regenerating active surface sites in a catalytic process. The fact
that O3 also decays, at longer times, via a linear, zero-order
process indicates that the relevant surface process involves
adsorbed ozone or an ozone decomposition product on the
surface. Ozone itself decays catalytically on hematite22 and is
though to produce surface oxide and peroxide intermediates23-27

where S represents an active site and S-O and S-O2 represent
the product surface oxide and peroxide, respectively. Reaction
7 is thought to be relatively slow.26 The reaction, then, would
be of the Langmuir-Hinshelwood type, with both reactants
adsorbed, rather than an Eley-Rideal mechanism, with one
reactant adsorbed and the other reacting from the gas phase. It
may be that the surface oxide produced from ozone decomposi-
tion reacts with a linear siloxane product bound on the surface
to regenerate the active surface site and yield a siloxane fragment
that can continue to polymerize.

Similar mechanisms have been proposed for heterogeneous
decomposition of various organic and inorganic species in the
presence of ozone.26,31

TABLE 1: Areal Rates for the Linear Component of the
cVMS and O3 Loss Curves under Dry Conditions, e 1%
RH, for Hematite and Kaolinite Samplesa

areal rate
(×1010 cm-2 s-1)

cVMS O3 R

hematite D4 10 ( 2 1.2 ( 0.4 8 ( 5
D5 2.4 ( 0.5 3.0 ( 0.7 0.8 ( 0.3

kaolinite D4 11 ( 2 0.17 ( 0.04 63 ( 26
D5 na 1.4 ( 0.4 na

a The ratio, R, of the cVMS to O3 loss rates is also calculated for
each experiment.

R + S98
γappk

R ·S (2)

R ·S98
ksur

P + S (3)

ν ) ksurSns (4)

S + O3 f S-O + O2 (5)

S-O + O3 f S-O2 + O2 (6)

S-O2 f S + O2 (7)

2(S-O) f 2S + O2 (8)
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We have noted that the exponential decay component of the
loss curves in Figures 4 and 5, reflective of the time it takes for
the surface to saturate with respect to both species, are the same
for both the cVMS and O3 for a given dust. This suggests that
adsorption of one species is rate limiting the uptake of the other
species. If the ozone is regenerating sites active toward cVMS,
then it is siloxane uptake that limits the initial O3 decay. The
amount of cVMS lost in the first few minutes of the reaction
corresponds to 1-2 monolayers of surface coverage. The O3

would adsorb and decompose on remaining open sites and
subsequently regenerate new sites active toward siloxane uptake
as well as more ozone. Some insight can be gained from
examining the ratio of the cVMS to O3 linear loss rates, R, as
tabulated in Table 1. The D4 results suggest that ozone is much
more efficient at facilitating the siloxane reaction on kaolinite
surfaces, R ) 63, compared to hematite, R ) 8. The difference
between the dusts also reflects how much more reactive the
kaolinite dust is than hematite, likely generating longer polymer

chains. The D5 reaction on hematite shows that much more
ozone is needed to facilitate reaction and the polymer chains
are probably correspondingly shorter.

We investigated the combined effects of RH and O3 on the
decay of D4 and D5 for one of the mineral dusts, hematite. We
have previously reported that modest amounts of RH, ap-
proximately 20%, significantly inhibited uptake of cVMS by
hematite.22 Similarly, ozone decomposition is greatly reduced
as the RH is increased for the same hematite dust sample. In
the mixture experiments, summarized in Figures 5 and 6, we
also observe a reduction in the overall reaction extent as the
RH is increased. The reaction extent can be expressed in terms
of the fraction of the initial gas phase concentration that has
reacted by the end of the experiment, after 400 min. The
resultant fractions of cVMS and O3 reacted at each RH are
plotted in Figure 7. As can be seen in the figure, the overall
uptake of both siloxane and ozone is reduced on the experi-
mental time scale as the RH is increased. The reduction in the

Figure 7. The top panel shows the fraction of the initial cVMS or O3 that has reacted with hematite at the end of the experiment as a function of
RH. The bottom panel shows the areal rates for both cVMS and O3 with hematite as a function of RH. The solid line represents a fit to water uptake
measurements on hematite reported in ref 22.
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ozone reaction is similar for either siloxane, suggesting that the
effect of RH may act relatively independently on the two
reactants. The D5 appears to be somewhat less sensitive to RH
than D4 over the range of RH values we have explored, but the
D5 is already extremely reactive with the hematite surface, as
we have noted. The adsorbed water, which is taken up the
mineral dust surface on a much faster time scale than uptake of
either ozone or cVMS,39,40 appears to block active surface sites.
In Figure 7, we have plotted a fit to water isotherm data reported
for hematite samples using an ATR-FTIR technique.22 The
characteristic exponential decay time of cVMS or O3, which
reflects initial uptake onto the surface, is inversely related to
the number of available surface sites, according to eq 10

where [S] is the concentration of active surface sites. If the
uptake coefficient, γapp, does not change, then as the amount of
surface adsorbed water increases with RH,41 fewer surface sites
are available and the decay time is longer, as we observe in
Figures 5 and 6.

However, unlike our previous experiments that lacked ozone
in the gas mixture, the current data show a characteristic linear
decay for both the O3 and the cVMS at longer times, indicating
continued reactivity of the hematite surface at all RH values
studied. The areal rates at each RH value were determined as
described above, and the results are summarized in Table 2,
along with the ratio of the cVMS to O3 decay rate for each
dust at each RH. Despite the presence of adsorbed water, the
cVMS uptake continues, facilitated by the coadsorption of O3,
which also continues to be lost from the gas phase. It is possible
that the siloxane and ozone are able to displace surface adsorbed
water and react. However, as we noted in our O3-hematite
study,22 the RH effect does not saturate at a monolayer coverage,
which occurs at approximately 10% RH.22,41 Instead, it may be
that the water is not uniformly adsorbed onto the hematite
surface, leaving unexposed areas with sufficient reactive sites
to enable reaction, even at 60% RH where the coverage is
expected to be on the order of 3-4 water monolayers.

The areal rates for both reactants are plotted as a function of
RH in Figure 7. The ozone decay rates appear to be relatively
independent of the RH, with an average value of (2.0 ( 0.5) ×
1010 cm-2 s-1. The corresponding rates for D4 and D5 do not
display a simple monotonic dependence on RH. Both siloxanes

appear to exhibit areal rates that decrease with RH, reaching a
minimum at approximately 40% RH, and then increasing again
at the highest RH value studied, 60%. It is not clear if this
behavior signifies a change in the reaction mechanism as the
surface water content increases. At all RH values, the D4 rate
is larger than that of D5. Thus, just as under dry conditions,
the reaction of D4 requires less ozone to propagate. We have
averaged the measured rates over all RH values in Table 2, along
with the calculated ratio of cVMS rate to O3 rate. On average,
the D4 reaction requires six times less ozone as D5, perhaps
signifying the formation of longer linear polymers on the
surface.

Conclusion

The effect of coadsorbed ozone on the reactivity of the cVMS,
D4 and D5, toward two mineral dust samples, hematite and
kaolinite, as well as carbon black was studied in an atmospheric
reaction chamber. The presence of ozone opens up a new loss
pathway for the siloxanes that is characterized by a linear decay
of the gas phase species, signifying that the surface reaction is
rate limiting. The O3 appears to regenerate active surface sites
on the mineral dust via an adsorbed product species, perhaps a
surface oxide. The process is catalytic on the time scale of our
experiments and the reaction does not terminate so long as
cVMS and ozone are present in the chamber. Ozone only served
to slightly reduce the reaction extent on carbon black, and no
catalytic decomposition was observed. Increasing the RH in
mineral dust experiments resulted in a suppression of the uptake
of both O3 and cVMS, and the measured reaction extent
decreased. However, the same linear decay was still evident
and the mineral dust surfaces continued to be reactive, even at
60% RH. Partitioning to the surface of mineral dust aerosol
has been suggested to be a significant sink for gas phase D4

and D5 in the environment. The current results suggest that
atmospheric oxidants, such as O3, may modify the mineral dust
surface such that uptake of cVMS by mineral dust may be an
even more important pathway. In particular, at RH values
characteristic of the ambient atmosphere, the reaction with the
dust does not saturate when O3 is present. The overall loss rate
may slow with increased RH, but the continuing reactivity of
the surface due to a catalytic process facilitated by ozone means
that more gas-phase siloxane can be lost to the dust surface.
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