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Abstract

The room temperature kinetics of gas-phase ozone loss via heterogeneous interac-
tions with thin alumina films has been studied in real-time using 254 nm absorption
spectroscopy to monitor ozone concentrations. The films were prepared from disper-
sions of fine alumina powder in methanol and their surface areas were determined by
an in situ procedure using adsorption of krypton at 77 K. The alumina was found to lose
reactivity with increasing ozone exposure. However, some of the lost reactivity could be
recovered over timescales of days in an environment free of water, ozone and carbon
dioxide. From multiple exposures of ozone to the same film it was found that the num-
ber of active sites is large, greater than 1.4x10'* active sites per cm? of surface area,
or comparable to the total number of surface sites. The films maintain some reactivity at
this point, which is consistent with there being some degree of active site regeneration
during the experiment and with ozone loss being catalytic to some degree. The initial
uptake coefficients on fresh films were found to be inversely dependent on the start-
ing ozone concentration varying from roughl 107° for ozone concentrations of 10"
molecules/cm?® to 107° at 10'® molecules/cm®. The initial uptake coefficients were not
dependent on the relative humidity, up to 75%, within the precision of the experiment.
The reaction mechanism is discussed, as well as the implications these results have
for assessing the effect of mineral dust on atmospheric oxidant levels.

1. Introduction

Mineral dust is ejected into the troposphere via uplifting from “hot spots” by strong sur-
face winds that travel behind cold frontal systems (Carmichael et al., 1996). Between
1600 and 2000 Tg of mineral dust is predicted to be uplifted into the atmosphere annu-
ally (Ginoux et al., 2001). This estimate is likely to grow with the predicted expansion
of arid regions (Sheehy, 1992). Dust storms have become a distinct feature of many
regions around the globe, including Asia, South America, and East and West Africa
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(Shultz, 1979; Prospero et al., 1979). These mineral dust aerosols can have long at-
mospheric lifetimes and be transported over large distances. Particles smaller than
10 um have atmospheric lifetimes of several days (Prospero, 1999) and can be trans-
ported thousands of kilometers across the North Atlantic and North Pacific Oceans
(Duce et al., 1980).

Mineral aerosols provide a potential surface for the adsorption of gases leading to
processing of the aerosol surface. These aerosols can also provide surfaces for hetero-
geneous chemistry (Dentener et al., 1996). One such heterogeneous reaction of inter-
est is the decomposition of ozone on mineral aerosols. This is of particular interest due
to ozone’s importance as a greenhouse gas, atmospheric oxidant, and tropospheric
toxic pollutant. The destruction of ozone by mineral dust aloft has been suggested by
various field studies. Prospero et al. (1995) suggested that the large surface area avail-
able on dust might explain their observations of anti-correlated O5 concentrations with
aerosol concentrations as the O; was destroyed during transit with the dust plume.
Dentener et al. (1996) modeled the impact of reactive mineral dust surfaces on the
troposphere and predicted up to 10% loss of ozone near a dust source area due to
interactions of N,O5, HO, and O3 with mineral aerosols. They cite the lack of a re-
alistic laboratory uptake coefficient measurement of O on dust particles as the most
uncertain parameter in their study. Further evidence for O3 loss on mineral aerosols is
given by de Reus et al. (2000) who observed reduced Oz mixing ratios over the North
Atlantic Ocean associated with a dust layer originating from northern Africa. The O4
loss was interpreted to be from direct reactive uptake of Oz on the mineral aerosol
surface (50%) and indirect O3 loss from heterogeneous removal of HNO3 (50%).

Mineral dust aerosols are heterogeneous mixtures of primarily mineral oxides. Michel
et al. (2002) report chemical compositions of China loess as primarily 48% Si, 22% Ca,
%10 Fe, 10% Al and Saharan dust as 80% Si, 1% Ca, 7% Fe and 8% Al (C and O ex-
cluded). Other researchers have investigated the reactive uptake of ozone on both
authentic mineral dust samples, and on the individual components of mineral aerosols
such as CaO, Al,O3, Fe,O5 and SiO,. In particular, Suzuki et al. (1979) showed that
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the reactivity of ozone on metal oxides decreased with ozone exposure, and Alebic-
Jureti¢ et al. (1992) used a fluidized bed-reactor to show that the relative effectiveness
of ozone destruction was alumina > wood ash > silica-gel > Saharan sand > calcite
> NaCl. They also found that the kinetics of ozone loss could be described by two
different half-lives produced by a fast initial loss of ozone followed by a much slower
loss (Alebic-Jureti¢ et al., 2000). Similar results have been found for Saharan Dust
(Hanisch and Crowley, 2003) where it was also found that at high O concentrations
the Oy uptake ceased after an exposure period due to surface passivation. Michel et
al. (2002) and Michel et al. (2003) measured the uptake of O; on a-Al,O3, a-Fe,03,
SiO,, China loess and Saharan sand, and claim that some component of the loss is
catalytic, i.e. the total number of ozone molecules lost is greater than the number of
active sites on the mineral surfaces. They report that the O; reactive uptake exhibited
the following trend: a-Fe,O3>a-Al,053>SiO,. For a more comprehensive review of
mineral dust kinetics, the reader can consult Usher et al. (2003).

Given that alumina is both a principal mineral in dust aerosol and one of the more
reactive components for ozone destruction, we chose to begin our mineral dust studies
with alumina before moving on to authentic dust samples. In this work, we paid partic-
ular attention to parameters of the chemistry that had not been addressed in previous
experiments. In particular, for the first time we have measured the BET surface areas of
the representative alumina films in situ. Also, we have investigated for the first time the
effect of the simultaneous presence of water vapour on the kinetics by performing the
experiments at elevated relative humidity. This latter experiment is motivated by previ-
ous studies that show that considerable amounts of water adsorb to alumina surfaces
under atmospheric relative humidity conditions (Al-Abadleh and Grassian, 2003). We
have used a static-mode, UV absorption apparatus for these studies because it can op-
erate under high relative humidities whereas Knudsen cells, which have been used for
recent studies of ozone/mineral dust kinetics (Michel et al., 2002; Michel et al., 20083;
Hanisch and Crowley, 2003), cannot.
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2. Experimental
2.1. Film preparation

Mineral oxide films were prepared by mixing 0.3 g of alpha-aluminium oxide (a-Al,03,
Alfa Aesar, 99.9% pure) with 10 ml of methanol to create a slurry. About 2ml of the
slurry were dripped into pyrex tubes of dimensions 20-cm-long by 1.4-cm-i.d. The tube
was rolled to evenly spread the slurry across the tube while being dried by a gentle
stream of dry air. The resulting film covered the entire inner area of the tube and, to
the eye, was fairly uniform in thickness. The coated tubes were then stored for at least
24 hin a purge box with a constant flow of air that had been dried, filtered and purged
of carbon dioxide.

2.2. Surface area determination

As described in Sect. 3.1, the specific surface area of the films was determined by
measuring the change in pressure from the adsorption of a known volume of krypton
gas when the Kr was exposed to the film at 77 K. The alumina-coated pyrex tube was
placed in a 22-cm-long, 3-cm-i.d. stainless steel chamber with copper-gasket seals
that could be entirely immersed in liquid nitrogen in a large dewar and then filled with
a known amount of Kr. This approach was developed in our lab for measuring the
surface areas of soot films in situ (Aubin and Abbatt, 2003).

2.3. Kinetics experiments

The ozone decomposition experiments were conducted in a static chamber at room

temperature with online ozone detection by UV absorption at 254 nm. Figure 1 displays

the instrumental setup. The dimensions of the tube used as the absorption cell were

54-cm-long and 3.1-cm i.d. and the cell was equipped with quartz windows at each end.

The 254 nm radiation from a mercury pen-ray lamp first passed through an interference

filter, then through a lens, the absorption cell, another lens and onto a silicon carbide
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(Cree Research, Inc.). A second beam of light exited the opposite side of the pen-ray
lamp, and through a second, equivalent interference filter onto a reference photodiode.
The ratio of the main and reference photodiode signals was used to reduce the noise
in the lamp’s signal due to short timescale fluctuations. The background signal ratio
was measured both at the beginning and at the end of each ozone exposure, after all
the ozone had been destroyed and the signal had stabilized. With this set-up, a typical
ozone detection limit was on the order of 2x10'? molecules/cm® (signal-to-noise ratio
of one, over a 1 s integration period).

Ozone was generated by passing a stream of oxygen through a commercial ultra-
violet ozone generator (Jelight, Inc., model 100). The ozone/oxygen mixture passed
through a silica gel trap immersed in an ethanol bath cooled to ~193 K with liquid nitro-
gen. After about one hour of collection, the O3/O, mixture was pulled off the silica gel
into an evacuated glass bulb. The absorption chamber was passivated with ozone prior
to the beginning of a day’s experiments by flooding the chamber with a large amount
of ozone from the ozone bulb and letting it sit in the chamber for at least 30 min before
it was evacuated. The alumina film was then removed from the purge box and immedi-
ately placed in the reaction chamber that had been evacuated for 20 min down to a few
thousandths of a millibar by a rotary vacuum pump and then opened to atmosphere.
A liquid nitrogen trap was placed in front of the line from the vacuum pump to prevent
any pump oil from back streaming into the reaction chamber.

To expose the film to ozone a teflon line connecting the ozone bulb, absorption cell
and manometer was filled with a measured pressure of O3/O,, the dominant compo-
nent being oxygen. A three-way valve was then used to simultaneously switch the 100
Torr manometer to measure the absorption cell’s pressure and add a pulse of ozone to
the cell from the small volume of teflon tubing connecting the manometer to the three-
way valve. The pressure in the absorption cell was typically between 0.1 and 0.7 mbar.
The signal intensity from the photodiodes was sampled at 5 kHz using a commerical
data acquisition board (National Instruments, Inc.) and Labview software. The signals
were averaged and recorded at 2 Hz.
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To investigate the effect of relative humidity, a large evacuated bulb was filled to a
measured pressure with water vapour from a smaller bulb containing deionised, de-
gassed water. The large bulb was then closed and the teflon line filled with O3/O, as
usual. Instead of using the three-way valve, the valve between the filled teflon line and
the large water vapour bulb was opened to allow the gases to mix, and then the valve to
the reaction chamber was opened for 2 s and closed again. This introduced both water
vapour and ozone to the reaction chamber simultaneously. Other experiments were
performed by first putting the ozone into the large bulb, followed by the water vapour.

Lastly, we note that we did some experiments where benzene was added in place of
0zone, to test for the rapidity by which expansion from the teflon line into the evacuated
absorption cell occurs. Benzene was chosen for these studies because it suffers no
irreversible loss on glass surfaces and it also absorbs to some degree at 254 nm. We
observed that the increase of absorption to a steady state value occurred over the
timescale of a second or less, after the valve to the absorption cell was opened. That
is, expansion to the absorption cell is essentially instantaneous relative to the timescale
at which ozone was observed to decay in our kinetics studies.

3. Results and discussion
3.1. Film surface area determination

As described above, the number of moles of adsorbed Krypton was measured on alu-
mina films as a function of Kr pressure at 77 K, as shown for a typical film in Fig. 2.
There is a linear dependence between the adsorbed amount and the Kr partial pres-
sure for small surface coverages that saturates at higher pressures. For the highest
partial pressures, multilayer formation and much larger uptakes prevail. The film sur-
face area (SA) is determined from the saturation level, which we attribute to monolayer
formation. Specifically:

SA=Moles of adsorbed Kr at saturation + 6.02x 10?3 x SA,, (1)
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where SA, is the cross-section of a Kr atom, generally taken to be 0.205 nm? (Rou-
querol, 1999).

As shown in Fig. 3, the surface areas of the films were linearly dependent on the total
mass of the alumina. Because the geometric surface area of each film was roughly the
same, i.e. the alumina covered the entire inner surface of the glass tube insert, we can
infer from Fig. 3 that the Krypton can diffuse through the entire film and access each
alumina particle. If there were significant burial of some of the alumina, as happens
in very thick samples, then the measured surface area would show some degree of
saturation at high samples masses (Keyser et al., 1991; Underwood et al., 2000). For
very thick samples, the surface area would be independent of sample mass. As shown
in Fig. 3, the linearity of this plot holds up to total masses of close to 500 mg and
down to 100 mg. Surface areas could not be directly measured for films with masses
considerably smaller than 100 mg because of experimental uncertainties that arise in
measuring the uptake of a small amount of Krypton.

It is important to point out that all of the kinetics studies described below were con-
ducted on sample masses lower than 100 mg. To determine the total surface areas
of the films, we assumed that the linear relationship demonstrated in Fig. 3 holds for
these thinner films.

In kinetics studies on mineral dust conducted by Michel et al. (2002) and by Hanisch
and Crowley (2003), it was found that for a fixed geometric surface area, linearity be-
tween measured uptake coefficients and total sample mass held for geometric-surface-
area to mass ratios of as small as 100 cmz/g. It can be inferred that in this regime, the
total surface areas also scale with sample mass. We note that the ratios of geometric-
surface-area to mass ratios used in our work (>500 cmz/g) are considerably larger than
these values, providing independent confirmation that our samples are sufficiently thin
to allow gases to diffuse throughout the film depth.
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3.2. Ozone loss kinetics: deactivation with ozone exposure

A typical decay of ozone after admission to an evacuated reaction cell containing an
alumina-coated tube insert is shown as the curve marked as the “1°" oxidation” in
Figs. 4a and 4b. As can be seen the decay is well approximated by a first-order
decay both over long (Fig. 4a) and short timescales (Fig. 4b). After a few hundred
seconds, the ozone concentration has decayed to undetectable values, i.e. < 2x10'2
molecules/cm?’, at which point the reaction cell was evacuated and sequential additions
of the same, i.e. to within 10%, concentration of ozone were made to the cell. As can
be seen in Fig. 4b, the decay rate of ozone decreased with each addition until, at short
times only, the rate was similar to that observed in the reaction cell in the absence of
an alumina film. The decay of ozone in the absence of alumina is likely due to both
reaction on the pyrex surface but also with the few metal and o-ring elastomer surfaces
present in the absorption cell. The control experiment shown in Fig. 4 is for the first
exposure of a bare pyrex tube. In other experiments, not shown, we observed that this
control decay rate became smaller with repeated exposures.

It is important to note that at long times the films were still considerably more reactive
to ozone (Fig. 4a) than the control. Indeed, this is also true at short times, when
compared to controls that had also been repeatedly exposed.

It is clear from these observations that the alumina can be deactivated by exposure
to ozone, presumably by consumption of active sites on the surface. These active sites
are most likely related to aluminum atoms that have their oxidation state increased to
some degree by chemisorption of oxygen entities. By integrating the number of ozone
molecules required to deactivate the surface to the point where the short-term loss is
approaching that in the absence of alumina, we arrive at a active surface site coverage
of (1 .4:|:0.4)x1014 sites/cm?, the average value of 3 studies. For entities that are on
the order of 0.15nm in radius, such as an aluminum atom, a full surface coverage is
roughly 1x10'%/cm?. For alumina, the number of aluminum atoms at the surface will
be significantly lower than this, given the stoichiometry of the alpha aluminum oxide
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species (Al,O3). Thus, our measurement of the number of active sites implies that
a large fraction of the aluminum atoms at the surface of the alumina are available for
reaction. Indeed, this is a lower estimate to the total number of active sites because the
film still exhibits considerable reactivity, even after a number of repeated exposures.

The deactivation of similar mineral surfaces has been previously reported by a num-
ber of workers. The other measurements of the number of active sites include those
of Michel et al. (2002) who report a value of 10"°/cm? or greater for alumina and by
Hanisch and Crowley (2003), who measured 2x10'*/cm? on Saharan dust. Our value
of greater than 1.4><1014/cm2, i.e. that which corresponds to loss of significant reactiv-
ity at short times, is thus consistent with these published values. The fact that the films
remain significantly reactive to ozone, even after repeated ozone doses, is consistent
with the conclusion of Michel et al. (2002) that the films exhibit some degree of catalytic
activity towards ozone destruction.

3.3. Ozone loss kinetics: dependence on the initial ozone concentration

Our kinetics results are given in Figs. 5 and 6. In Fig. 5, the first-order-loss rate con-
stant is plotted versus the alumina film surface area, for a relatively uniform partial
pressure of ozone. To within the precision of the data, the observed kinetics scale
linearly with the surface area, an experimental verification that we are operating in the
linear mass dependent regime where all the surface area is accessible to the reacting
ozone molecules.

In Fig. 6, the initial uptake coefficient is plotted as a function of the initial ozone
concentration in the reaction cell. The uptake coefficients (y) were calculated from the
following expression:

y=(4x k' xV)/(c+SA), (@)

where ¢ is the mean velocity of the ozone gas-phase molecule, k' is the observed

initial first-order rate constant for ozone loss (from the first 10s of data), SA is the

total surface area of the alumina film, and I/ is the volume of the reactor. Given that
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reversible ozone adsorption has not been observed in chemistry of this type in previous
studies, we believe this uptake coefficient is due solely to reaction and thus can be
viewed as a gas-surface reaction probability. Note that in this paper we are reporting
what are frequently referred to as the BET uptake coefficients, i.e. we are assuming
that the ozone molecules sample the full surface area before reacting.

Relationship (E2) assumes that there is no gas-phase diffusion limitation to the kinet-
ics, an assumption that is well justified for the relatively small uptake coefficients and
low total pressures (0.1 to 0.7 mbar) employed in most of this study. As a test of this,
we conducted a number of experiments where ozone was simultaneously added with
nitrogen gas such that the total pressure in the reactor was between 2.8 and 22.5 mbar
(see Fig. 6). The initial uptake coefficients measured at these elevated total pressures
did not deviate significantly from those measured in experiments where there was no
additional carrier gas added to the reactor (aside from the O, that was mixed with the
ozone), and the gas-phase diffusion constraint was considerably lower.

Although there is some scatter in the data in Fig. 6, it is nevertheless clear that there
is an inverse relationship between the uptake coefficient and the ozone concentration
for most of the data. A similar dependence has been observed over the range of
ozone concentrations of roughly 6x10'° to 10'® molecules/cm?® by Hanisch and Crow-
ley (2003) in their work on Saharan dust. For ozone concentrations between 10'" and
10" molecules/cm®, no dependence was reported by Michel et al. (2002) in their work
on alumina. We attribute some of the scatter in the data in Fig. 6 to a combination of
uncertainties in the total film surface area and the value of the initial ozone concentra-
tion. However, we also cannot rule out that there is a variable nature in the reactivity of
the alumina films from sample to sample. In particular, we noticed that if the fresh films
were not stored before use in a clean, dry environment their reactivity was somewhat
suppressed relative to those that were. Although we only studied the initial kinetics on
films that had been stored at least 24 hours in this clean environment, it is possible that
some variability could still arise from this effect.

The reason for the inverse dependence between the reaction probability and the
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ozone concentration is not immediately clear. If it were true that the amount of ozone
that reacts in the time period over which the initial uptake coefficient is determined, i.e.
the first 10 s or so, were comparable to the number of active sites available, then the
inverse dependence could be simply due to the consumption of active sites. How-
ever, this appears to not be the full explanation, particularly for the runs at lower
concentrations of ozone. For the data in Fig. 4, in the first 10s of the initial expo-
sure, only 0.8x10'° sites are consumed by a starting ozone concentration of 4.6 x 1 03
molecules/cm?. (This quantity is calculated by multiplying the total number of ozone
molecules in the cell by the fraction of ozone lost in the first 10s (i.e. roughly 0.5) and
by assuming that the loss of one ozone molecule is equivalent to consumption of one
surface site.) The total number of surface sites on this film, though, is at least 5x1016,
as measured from the deactivation experiments. If all the active sites are equally reac-
tive, then this small fraction of active sites consumed (i.e. (O.8x1016)/(5x1016) =0.16)
should not have a significant effect on the uptake kinetics.

More likely possibilities include a suggestion (Hanisch and Crowley, 2003) that ozone
has the ability to bind to the surface in both unreactive and reactive configurations, and
that the non-reactively bound ozone has the ability to block the binding to the reactive
sites. In this model, higher concentrations of ozone will lead to an increased blocking
of reactive sites and an overall decrease in the reaction rates. This explanation is most
likely to be valid for the higher ozone concentration runs. A final possible explanation is
that there is some range of reactivity exhibited by the array of surface sites. The initial
uptake coefficients are larger than those measured at a later time because fewer sites
have been consumed via reaction and the most reactive sites react first.

In comparing our results to others in the literature, we note that Michel et al. (2002)
did not observe the inverse dependence of the uptake coefficients on ozone concen-
trations for alumina whereas Hanisch and Crowley (2003) do report the inverse de-
pendence, albeit on Saharan dust samples. One possible explanation for the differing
alumina results is that we operated at somewhat higher ozone concentrations than did
Michel et al. (2002), i.e. we deactivated our films more rapidly. In support of this, we
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note that at the lowest ozone concentrations used in our study (<1 0'® molecules/cm®),
the uptake coefficients are somewhat insensitive to the concentration of ozone. How-
ever, if no dependence of the uptake coefficient on ozone exists for low concentrations,
we note that our uptake coefficients in this regime are somewhat lower than those of
Michel et al. (2002) who report an initial uptake coefficient of (8:|:5)x10_5 on a-Al,O3.
The reasons for the discrepancy are not clear although we note that we measured our
BET surface areas in situ whereas Michel et al. (2002) (and other researchers) do not.

3.4. Ozone loss kinetics: regeneration

For alumina-coated tubes that had been deactivated in the manner just described, it
was found that a significant degree of reactivation could be achieved by placing the
tubes in a closed container that was purged with dry, CO,-free air for periods of a few
days. As a specific example, a film which had an initial uptake coefficient of 6x 1 07® was
passivated by repeated exposures to ozone until the short-time decay reached values
typical of control values without alumina present. For a similar concentration of ozone,
the decay was measured again after the film remained in a purged environment for 54
hours. The initial decay was significantly larger than a comparable decay in a control
experiment with no alumina present, and it corresponded to an uptake coefficient of
9x107’. Three other experiments also exhibited significant regeneration, although to a
highly variable degree with recoveries of reactivity ranging from a few percent to over
50% of the initial uptake coefficient. We note that this observation of partial recovery
of initial reactivity has also been observed in the Saharan dust studies of Hanisch and
Crowley (20083).

3.5. Ozone loss kinetics: dependence on relative humidity

It is well known that water can adsorb to mineral oxide surfaces in significant, i.e.
monolayer, amounts for atmospherically appropriate relative humidities. In particular,
in the case of alumina, Al-Abadleh and Grassian (2003) have used infrared absorption
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spectroscopy to demonstrate that water adsorbs in amounts equivalent to roughly 4
monolayers at close to 75% RH at room temperature. Given that almost all other reac-
tive studies on mineral dust have been performed under dry conditions, we conducted
some experiments with increased levels of water vapour in the gas phase. This was
achieved by mixing the water vapour and ozone in a glass bulb before addition to the
reaction cell. The results from these experiments are included in Fig. 6. Within the
scatter of the data, it can be seen that there is no dependence of the kinetics on the
relative humidity. Although Hanning-Lee et al. (1996) qualitatively refer to some prelim-
inary results on the role of water, we believe this is the first time a quantitative study of
this type has been performed.

The lack of a dependence on relative humidity came somewhat as a surprise given
the large amounts of water that are known to adsorb. However, we make a couple of
points. First, this finding is in agreement with other results from our research group
that the kinetics of the loss of ozone on an unsaturated fatty acid, i.e. linoleic acid,
are also unaffected by a relative humidity of 50% relative to dry conditions (Thornberry
and Abbatt, 2003). Although the mechanisms of these two reactive systems are very
different, there are basic similarities in that ozone must find a site on the surface for
it to react and it is known that water adsorbs to long chain, unsaturated fatty acids
in similar, roughly monolayer amounts. The reasons for the minimal effects due to
the adsorbed water most probably arise from a combination of the reactive chemistry
being considerably more exothermic than the relatively weak physisorption interaction
that the water experiences with the surface and because the diffusion times through
the very thin layer of water existing on these surfaces are extremely short. Clearly,
it is also possible that the water simply adsorbs at sites that are physically separate
from the sites reactive to ozone. Finally, we also note that the manner by which we
conducted the experiment was to add the water and ozone simultaneously. Hence, we
may not have given enough time for the water to fully equilibrate with the surface.
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3.6. Reaction mechanism

We interpret the observation of decreasing reactivity with increasing ozone exposure
as due to consumption of surface active sites via reaction:

SS + 03—S8S-0 + O, (R1)

The motivation for the reaction proceeding through a simple one-step mechanism is
that there is a literature report that the yield of oxygen molecules relative to loss of
ozone molecules is close to unity for experiments conducted on unheated Saharan
dust samples (Hanisch and Crowley, 2003). Clearly, Saharan dust is a combination of
a number of minerals, mostly prominently alumina, iron oxide and silica, but it is not
unreasonable to believe that the reaction mechanism is similar on these oxide surfaces.

However, for a number of reasons, we believe the full mechanism is not as simple
as just outlined. First, there is evidence from the work of Hanisch and Crowley (2003)
that the yield of O, can be larger than unity in some cases, in particular if Saharan
dust samples are heated to drive off strongly adsorbed water. Second, there is ev-
idence from the inverse dependence of the kinetics on the ozone concentration that
suggests that ozone may also unreactively bind to alumina. Finally, in detailed surface
spectroscopy studies of the decay of ozone on manganese oxide surfaces, there is
evidence for the formation of a peroxy species on the surface that is thought to arise
from the following mechanism (Li and Oyama, 1998; Li et al., 1998):

SS + 0;—5S-0 + O, (R2)
SS-0 + 03-85-0, + O, (R3)
SS-0,—SS + 0,. (R4)
)
'

This regeneration mechanism need not only proceed through the additional steps (R3

and (R4) but instead could alternatively proceed via the SS-O sites reacting togethe

to yield molecular oxygen:

SS-0 + SS-0—-2SS + O,. (R5)
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With the data obtained in our experiment, we are not able to determine whether the
reaction proceeds through the peroxy mechanism or not. Instead, an experiment that
employs some form of surface-specific spectroscopy is needed.

This mechanism (R2, R3 and R4 or R2 and R5) is consistent with the partial regen-
eration of reactivity that we observe when the oxidized alumina films are placed in the
ozone-free chamber. It is also consistent with the observations that some degree of
catalytic ozone destruction occurs. In particular, for there to be catalytic activity there
must be a certain degree of active site regeneration during the timescale of the ex-
periment. At this point, we are not able to assess what affects the rate of reactivity
regeneration. Li and Oyama (1998) report that the energy of desorption of O, (R4) in-
creases with decreasing surface coverage. Thus as more O, desorbs from the mineral
oxide surface, it will become increasingly more difficult for successive O, molecules
to desorb and regenerate the surface reactivity. This could explain why we only see
partial regeneration of our alumina surfaces after a few days of isolation in the purged
environment.

4. Conclusions and atmospheric implications

Our findings are in full support of previous investigations that there is an efficient loss
process for ozone on alumina surfaces that can occur with gas-surface reaction prob-
abilities similar to those required to make this chemistry a significant loss process for
ozone in dust clouds (Usher et al., 2003). In particular, in the study of Dentener et
al. (1996), it was concluded that reaction probabilities of roughly 107° were needed for
this heterogeneous process to represent an important ozone sink. We note that for
atmospheric ozone mixing ratios of tens of ppb, the initial uptake coefficients we infer
from our studies (Fig. 6) are at least this large.

We also find that there is a substantial degree of surface deactivation that occurs
with increasing ozone exposure. However, the reactivity of the oxidized films can be
partially regenerated over a time period of days in an environment free of ozone, water
vapour and carbon dioxide. This regeneration may be the reason that there still remains
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some reactivity on the film, even after significant ozone exposure. The strong inverse
dependence of the initial uptake coefficients on the ozone concentration may be due
to the co-binding of ozone in a non-reactive manner, as well as to the consumption of
reactive sites. For the first time, we show that when the experiments are conducted
with water vapour added simultaneously with ozone, there is no substantial effect on
the kinetics.

From an atmospheric perspective, significant aspects of the findings include the
small role that water vapour appears to have on the kinetics, thus validating the at-
mospheric significance of previous kinetics studies done under dry conditions. In ad-
dition, the observation of partial reactivity regeneration on a timescale of a few days is
potentially very important and consistent with previous claims that the ozone destruc-
tion is catalytic to some degree. In our studies we used ozone concentrations that
are somewhat higher than those prevalent in the troposphere. Under these conditions,
the surfaces were deactivated on timescales of minutes whereas the timescale for sub-
stantial surface regeneration was longer, otherwise we would not have seen substantial
deactivation. In the troposphere, ozone concentrations are roughly two orders of mag-
nitude smaller than those used in our deactivation experiments such as that shown in
Fig. 4. Deactivation will be comparably slower and so closer to the timescale for partial
reactivity regeneration. Determining the balance between these deactivation and reac-
tivation processes is clearly crucial to better determine the degree of catalytic behavior
that will prevail under atmospheric conditions and to recommend a reaction probability
most appropriate for atmospheric modeling.
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Fig. 2. Adsorption isotherm of Kr, on alumina film at 77 K. Total surface area of the film is
3700 cm? and the mass is 138 mg.
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in the passivated reaction chamber. (a) long-term decay of ozone demonstrating reactivity of
the alumina films even when passivated by successive oxidations with O;.
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