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Figure 4.7. Simultaneous uptake of 0zone and sulfur dioxide on hematite aerosol under
humid conditions (53% RH). Hematite acrosol with a BET surface area of 13.6 m” was
exposed to 60 mTorr of SO, and 35 mTorr of O3 in the chamber. Aerosol is injected at t =
0 minutes. Only every third data point is plotted for clarity.
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conditions. While Psp; still undergoes a marked drop of several mTorr immediately upon
aerosol introduction at 53% RH, there is no longer any significant O3 uptake evident
within the first 2 minutes of exposure. All gaseous SO, is rapidly consumed, indicating
that the hematite surface does not become saturated with respect to SO, as it does in the
absence of ozone, or in experiments performed at lower RH. The decay of SO, is no
longer well fit to an exponential function, but appears to be nearly linear, indicating a 0™
order uptake process. The rate of ozone uptake may actually follow an exponential decay
with a time constant longer than the duration of this experiment. Mogili et al. also

observed a large reduction in yp; as the humidity was increased in the absence of SOy; in

particular, at RH > 58%, 03 became too low to reliably measure with our method[28].

4.4.4 Uptake on hematite as a function of RH

Since no gaseous products are observed via FTIR spectroscopy, it is
assumed that every molecule of SO, and O; that is removed from the gas phase in the
chamber becomes either physisorbed or chemisorbed on the surface of the hematite
aerosols. In humid experiments, dissolution of the gaseous species in the water layer(s)
surrounding the hematite is also possible. The total uptake of SO, and O3 on hematite can
be quantified by determining the reduction in the partial pressure of either species
throughout the experiment. The initial pressure of each gas (P;) in the chamber is
determined by taking the average of 15 - 20 measurements immediately prior to aerosol
introduction; background losses are negligible over this time period. The final pressure of
each gas at the end of the experiment is determined by fitting the P vs. time data to an

exponential-linear function of the following form:
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P(t) = Pr + Ae t/* — Bt 4.5

Here, 7is the time decay constant (in minutes), and A and B are fitting parameters
representing the amount of uptake and the background wall loss rate of the gas,
respectively. The final pressure of the gas, Pr, can then be acquired from this fit. It is
advantageous to find Pr in this manner for direct comparison of uptake reactions that
may have rates differing by an order of magnitude, as well as different rates of
background loss. If wall losses are negligible in a particular experiment, the linear term
can be neglected (i.e., let B = 0). The data fitting was typically performed after truncating
the first few minutes of data, 0 < ¢ < 5 minutes, in order to avoid the initial noise
associated with the variations in background scattering due to rapid mixing of the aerosol
in the chamber and the gravitational settling of large particles.

By using the ideal gas law to determine the number of moles of gas removed by
hematite during the reaction, the surface coverage of species J (1) can be estimated by
Equation 4.6.

(Pr — Pp)VN, 4.6

n] =
Here, V' is the chamber volume (151 L), 7 is the temperature (K), Spzr is the surface area
of the aerosol introduced to the chamber (cmz), R is the ideal gas constant, and N, is

Avogadro’s number. The uptake of gas J can also be described in terms of the

dimensionless coverage 6, which is the coverage per surface site.

"y
0, = — 4.7
Mo
Here, a value of 4.8 x 10'* cm™ is used as the surface site number density (1),
based on literature values for the number density of surface hydroxyls on hematite [28,

401, although reported values do vary between 2 - 10 x 10" cm™ [41].
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The uptake capacity of hematite for both SO, and O3 under dry conditions is
summarized in Table 4.1 The reported uncertainty in the measured n; for each experiment
is obtained by propagating estimated uncertainties e; in each variable in Equation 4-2,
where e; is the uncertainty in variable i. The uncertainty in P; is estimated by inspection
of a plot of Psp; vs. time for each experiment, and noting the variance in Pgp;, for -15 < ¢
< 0 minutes, and is typically in the range of £0.10 - 0.25 mTorr. The value of espgr is
estimated at 10% due to the mass of powder that remains in the dust impactor and does
not become suspended in the chamber, but may participate in some rapid uptake during
the < 10 seconds it is open to the chamber atmosphere. Although it was established in
Chapter 3 that variations in the initial Psp, in the range of 10 - 50 mTorr had no
significant effect on the uptake capacity nsp, under dry conditions, P;so, was also
investigated as a variable in studies with ozone. From Table 4.1, it can be concluded that
ozone has no measurable effect on ngp, on hematite aerosol, even at a P; o3 / P;so> ratio of
nearly 20. The mean ngp, for the five experiments with 10-13 mTorr P;s0, and varying

amounts of ozone is 1.9 £ 0.4 x 10" cm™

, comparable to that observed for dry
experiments with no ozone present as reported in Chapter 3 of this thesis. For the
experiments with higher Psp, of 40.5 — 48.7 mTorr, there may be up to a 40% increase in
nso2 when approximately stoichiometric amounts of Osz are present, but that increase is

not much greater than the uncertainty in these experiments. It is important to establish

that ngo; is not sensitive to the initial Pso, in the chamber, because as will be discussed
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Pso> Pos nso2 nos Total uptake
(mTorr) (mTorr) (10" cm™) (10" cm™) (10" cm™)
0.0 44.0 N/A 16(22)* 16(2)
113 0.0 2.0(x0.2) N/A 2.0(x0.2)
12.6 3.1 2.4(+0.3) 1.1(x0.3)* 3.5(0.4)
10.8 33.1 2.0(x0.2) 1.3(20.2) 3.3(£0.3)
11.9 36.0 1.7(+0.3) 1.9(20.3) 3.7(+0.4)
10.8 215 1.6(x0.2) 12.1(1.2) 13.7(1.3)
40.5 0.0 2.2(+0.3) N/A 2.2(+0.3)
43.6 113 2.5(x0.4) 2.2(0.6) 4.6(x0.7)
48.7 44.6 3.1(+0.4) 5.9(+0.8) 9.0(+0.9)

* - All ozone in chamber was consumed. N/A — not applicable.

Table 4.1. Uptake capacity of hematite aerosol upon simultaneous exposure to SO, and

O; under driest possible conditions (RH << 1%)).
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later, the background loss rates of SO, and O3 vary with RH, making it difficult to control
P;s02 and P;p; with an accuracy of better than 5 mTorr.

The capacity of hematite to remove O; from the gas phase is strongly reduced
when simultaneously exposed to SO,. The ozone uptake, np;, was also determined for
each experiment using Equation 4-2 and the results can be found in Table 4-1. Without
SO, present, hematite aerosol consumed all 44 mTorr of gaseous Os in the dry chamber
within 10 minutes, corresponding to np; of 1.6 + 0.2 x 10" ¢m™. In all experiments with
SO, present, less than 100% uptake of gas phase O; occurred, with the exception of one
experiment with a very low P;o; of 3.5 mTorr. For example, with a P; o3 / P;so; ratio of
approximately unity, only 51% of the O3(g) is removed. Even with a large excess of Pp;
relative to Psp, (by a factor of 19.9), the total uptake of O3 on hematite was inhibited by
SO,.

As can be seen in Figures 4.5, 4.6, and 4.7, a significant amount of uptake occurs
immediately upon aerosol introduction, at a rate beyond the temporal resolution of our
technique. This indicates that there may be multiple types of reactive sites on the
hematite surface, with different uptake kinetics and capacity. The initial coverage for
species J will be quantified as 6;;, which will be defined as the uptake occurring in the
first five minutes after aerosol introduction. For clarity, the final coverage of the sample
at the end of the experiment will be denoted G 50, or Gr ;.

Figure 4.8 displays both the initial and final coverage of SO, and Oz on hematite
as the humidity is varied. In every experiment, there is a discrete decrease in Psp, when

hematite is injected. In a dry chamber, 6,50, on a-Fe,O; was 0.38 + 0.6. In two cases,

0,502 was somewhat elevated by humidity, namely 0.61 + 0.07 and 0.65 + 0.07 at RH of
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Figure 4.8. Coverage of hematite surface by SO, (top) and Os (bottom) at various levels
of relative humidity (RH). The initial coverage, defined as the coverage after 5 minutes
of exposure, is denoted by open symbols, and the final coverage is denoted by filled

symbols.
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22% and 53%, respectively. There was, however, no systematic trend as the humidity
was varied, and the majority of trials gave the same 6,50, as the dry experiment, within
error. This indicates that SO, molecules adsorbed to the “fast” reactive sites on the
surface more quickly than water vapor, even though the water was present at pressures
several orders of magnitude greater than Pgsp; in the chamber. Alternatively, it may be
that the adsorbing SO, and H,O molecules do not compete for the same sites for this
reaction channel. The initial coverage of Os for a dry experiment was ;03 = 0.44 = 0.12.
The value of ) 0; depended strongly on RH, being reduced by half for RH in the range of
1 —40%, and by a factor of 10 for RH > 50%.

Along with the kinetics, the final coverage is an important parameter for
determining the relative importance of hematite aerosol as a sink for SO, and Os;. For
SO,, Orso2 was 0.64 = 0.08 in a dry experiment. Increasing the RH up to 40% led to a
steady increase in Gr 502, although it remained near monolayer coverage. However, when
the RH was further increased above 50%, 6o, increased to multiple monolayers, and
was in fact limited by the amount of SO, originally in the chamber. Conversely, ozone
underwent a decrease in Grp; as the humidity was increased. While ;3 was near
monolayer coverage for dry experiments, it was reduced to 6rp3; = 0.4 = 0.1 in a humid
environment. There was no trend in &3 as the RH was varied in the range 1 - 53% RH;
all studies with water vapor present showed a similar decrease in g ; relative to dry

experiments.
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4.4.5 Kinetics of SO, and O3 uptake under humid conditions

The gas phase loss of either SO, or O3 can be modeled as a simple one step
uptake process with a rate constant, £,

k
R+S5 P 4.8

where R represents the reactant species, S is an available particle surface site, and P
represents any reaction product species. The rate of this reaction could also be described

by the characteristic time decay constant, 7, which is the reciprocal of the rate constant k.

l 4.9

T =

Reaction 4.8 can be characterized in terms of the heterogeneous uptake
coefficient, y, which is the fraction of gas-surface collisions that lead to successful
uptake. Assuming pseudo first-order reaction conditions (an excess of surface sites), y
can be determined as in Equation 4.10.

4 4.10

v TSper[Cmass]C
Sper 1s the specific surface area of the a-Fe,Os sample (5.06 m> g'l), [Cmass] 18 the mass
concentration of mineral dust in the chamber (g m™), and ¢ is the meanspeed of the
reagent gas at the experimental temperature (m s”). The decay constant 7 is obtained by
fitting the time resolved decay of Psp, or P; to an exponential decay with a linear
component, as described in Equation 4.5.

A series of experiments were performed to determine whether atmospherically

relevant levels of RH would cause a significant effect on the kinetics of coadsorption of

SO; and O; on hematite. Table 4.2 summarizes the measured values of 50, and yp; for
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RH Pso> Pos 1502 Y03
(%) (mTorr) (mTorr) (10%) (10%
<1 13 3 9.7(+2.0) 3.0(+0.4)
1 12 3 8.5(+1.5) *
<1 11 33 14(3) 13(+4)
8 13 38 2.4(£0.3) 2.8(+0.3)
30 11 36 2.4(x0.3) 3.5(+0.4)
40 11 35 2.2(%0.2) 1.6(x0.2)
64 10 33 5.9(x0.9) *
<1 12 214 18(6) 13(+4)
40 36 98 3.4(x0.4) 3.1(+0.5)
<1 49 45 5.1(x0.7) 5.5(+0.8)
22 48 47 4.7(+0.6) 2.8(+0.3)
50 49 45 1.2(0.1) 8.5(+1.8)

* - Low signal to noise ratio prevented kinetic analysis. ** - Appearance of intense

“product peak” caused spectral interference with O peak at 1054 cm'.

Table 4.2. The effect of relative humidity (RH) on the uptake coefficients of SO, and O;
on hematite aerosol.
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similar LH mechanism. Alternatively, the gas phase SO, could also be oxidized in a
direct reaction with surface oxides in an Eley-Rideal (ER) type mechanism.

The spectral data shows no evidence for any new gas phase absorption features
that might be due to volatile reaction products. The sensitivity of our instrumental setup
is approximately 1 ppm for absorbers with typical IR oscillator strengths. For
comparison, the measured SO; loss in these experiments is on the order of 10 ppm. The
absence of any product bands in the spectra may be due to a low reaction yield for
volatile products or any such products might have relatively small IR cross-sections.
Alternatively, the product might be IR inactive, such as would be the case for the O,
produced from the ozone decomposition process.

The FTIR spectral data for the reaction under dry conditions shows no evidence
for oxidized SO,, specifically sulfate species. Any such sulfate products would have
negligible vapor pressure and would remain almost totally in the particle phase. We are
also unable to directly confirm the formation of reactive surface oxides or peroxides
resulting from ozone decomposition as in Reactions 4.11 — 4.14. We have previously
observed particle phase product species in some systems where the surface has undergone
considerable processing. Very weak sulfite features were observed on calcite (CaCOs)
aerosol after reaction with SO, under humid conditions, but only at a SO, coverage
equivalent to 5-10 monolayers, well above the 650, observed for hematite [13]. It may be
that in the experiments detailed here, that adsorbed SO, is indeed oxidized to S(VI) but
that we lack sufficient sensitivity to detect such conversion. Several published studies
have examined the role of common atmospheric oxidants on the heterogeneous uptake of

SO, by mineral dust. In studies of hematite surfaces, a nearly complete conversion of
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surface adsorbed S(IV) species to S(VI) was observed in the presence of typical
atmospheric concentrations of gas phase oxygen [25, 26]. The uptake of SO, onto
authentic Saharan dust samples, consisting mainly of quartz and potassium feldspars, was
studied using DRIFTS by Ullerstam et al. in two studies [30, 31]. The addition of either
gaseous NO, or O3 was found to almost totally convert the initially adsorbed sulfite
species into sulfate. DRIFTS has also been utilized to show that the presence of ozone
increases sulfate formation when other common aerosol components, such as CaCOs [49]
and NacCl [50], are exposed to SO,.

A common feature of the aforementioned studies is that the reaction was
characterized by monitoring the appearance surface sulfite and sulfate species. Fu et al.
performed in situ FTIR experiments to monitor loss of gas phase SO, on hematite, but it
is possible that their measurements were on an already completely saturated surface, as
the sample was allowed to equilibrate with SO, for 20 minutes prior to kinetic studies
[26]. The work of Ullerstam et al. clearly emphasizes that the difference in approach
greatly effects interpretation. They noted that the observed ys0, of the reaction between
SO,, NO,, and Saharan dust varied by 4 orders of magnitude depending on whether it
was determined by gas phase SO, loss or the appearance of sulfate products [30]. This
indicates that oxidation of SO, on the mineral surface may be the rate limiting step. In the
current work, we have directly measured the uptake of gas phase SO, while varying the
concentration of the ozone oxidant and the RH of the experiment. Also, all of the
previous results were with bulk powder samples rather than dispersed aerosols, as in the
atmospheric reaction chamber, where the isolated particle conditions avoid complications

arising due to bulk effects, such as diffusion in the powder.
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From the series of dry experiments in Table 4.2, which each have y50, of 1.2 £ 0.6
x 107, it is apparent that increasing the pressure of ozone does not strongly affect the
uptake rate of SO,. Ozone also has no affect on the total SO, uptake, G50, (see Table 4.1).
This is similar to the conclusions of Adams et al., who noted that ozone did not affect the
uptake coefficient of gas phase SO, on authentic Saharan dust [51]. Although ozone may
facilitate the heterogeneous conversion of adsorbed SO, to sulfate species, it does not
accelerate the separate mechanistic process of initial SO, absorption. If sulfur dioxide and
ozone compete for the same surface sites, it appears that SO; is able to easily displace O
on the hematite surface and maintain a high uptake rate.

The uptake coefficient for SO, averaged over all of the dry ozone experiments is
%02 =12 % 0.6 x 107, The reactive uptake coefficient for sulfate formation on Saharan
dust in the presence of O3 was measured to be #SO,”) ~ 4-5 x 107 by Ullerstam et al.
using DRIFTS[31].While these values are not so different given the large amount of error
in our determination, it is somewhat surprising that the Saharan dust has a higher uptake
coefficient given its large proportion of SiO,, which is less reactive towards SO, and Os
than other metal oxides [29, 52, 53]. Differences in the experimental methodology could
also account for any substantive differences as the DRIFTS approach measures the
reactive uptake coefficient for a specific product channel. In addition, we used gas
concentrations on the order of 10> cm™, which are one hundred times greater than the
DRIFTS experiments. The initial uptake on a surface is often much faster than after long
exposures, when the surface coverage increases [54]. It is possible that all oxidation was
occurring during the fast initial uptake period in the first several minutes of our

experiments with an estimated ys0, of at least 10'6, which would be more consistent with
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the DRIFTS result. Ullerstam also observed the oxidation of SO, on Saharan dust had a
zero-order dependence on Os, suggesting SO, uptake may be the rate limiting step for
that system [31].

The overall reaction extent, quantified by the surface coverage of SO, calculated
from the gas phase loss, is not enhanced as the Os pressure is increased, as illustrated by
Table 4.1. If the number or reactivity of active surface sites (such as S-O or S-O, from
Reactions 4.11 — 4.14) is increased by the coadsorption of ozone, then 5o, might be
expected to increase with the O3 concentration. However, we observe no such effect. The
average value of the total SO, coverage with ozone present is 2.2 + 0.6 x 10" cm™, or
Oso2 = 0.5 £ 0.1, about half of a monolayer. The previous work on sulfate formation noted
that adding a strong oxidant led to large increases in surface sulfate species relative to the
reduced sulfite and in most cases, an overall enhancement in surface product formation
[25, 26, 51]. Adams et al. was able to use a flow tube reactor to determine that ozone
does not lead to an observed increase in SO, uptake from the gas phase, but only the
amount of irreversible uptake, as is likely the case in our experiment [51]. Ullerstam et
al. used ion chromatography to determine a value of ~ 4 x 10" ions cm™ for the
saturation coverage of SO4* formed on their authentic Saharan dust samples [31]. Our
measured SO, coverage corresponds to an average value of approximately 2.2 x 10"
molecules cm™. The larger value for saturation coverage that we measure is consistent
with the reactive nature of hematite surfaces compared to the dominant components
typical of Saharan sand, consisting of relatively unreactive silicates. This coverage is also

similar to that observed by Goodman ef al. on a-Al,O; (1.4 x 10" cm™) and MgO (2.5 x
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10" ecm™? for 25 mTorr SO,) using FTIR and volumetric measurements, without any
added oxidants [32].

The uptake of ozone by the hematite aerosol is also, correspondingly, affected by
the coadsorption of SO,. All dry experiments with SO, present showed significantly
lower ozone uptake coefficients than the 7 + 3 x 107 exhibited in the ozone only
experiment (Figure 4.4). We did not extensively evaluate the role of SO, gas pressure,
evaluating only a “low” and a “high” SO, pressure regime, as our focus was on the sulfur
dioxide uptake process. There is considerable scatter in the existing Os kinetic data as
well. However, the overall reaction yield is clearly affected as we do not observe the
catalytic decomposition of the gas phase ozone which results in quantitative loss of all of
the initial O3, as we have observed previously in the ozone-hematite system. It can be
seen from Table 4.1 that the presence of SO, reduces np; nearly 10-fold relative to the
value of 1.6 + 0.2 x 10"° ¢m™ observed for O; alone. The measured ozone coverages at
the end of the experiments were generally less than a monolayer, with the exception of an
experiment with very high Pp; = 215 mTorr. In the previous chamber study, the ozone
coverages on hematite under similar conditions were greater than two (expressed in terms
of “turnover” numbers) and indicative of a catalytic process [28]. The coadsorbing SO,
may be preferentially partitioning to reactive sites on the surface that facilitate the ozone
catalytic decomposition process, as detailed in Reactions 4.11 — 4.14. However, given
that the uptake coefficient and coverage for SO, and O3 are similar, it is more likely that
the adsorbed sulfur species is interfering with the catalytic mechanism. For example,
there may be sufficient adsorbed SO, in our experiments to prevent the recombination

reactions, Reactions 4.13 and 4.14, which regenerate the active catalytic site on the



105

hematite surface. The creation of bidentate sulfate on the surface may consume reactive

surface oxides (S*-0) and block recombination as well.
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Here, S* represents a surface site in order to avoid confusion with the sulfur atom.
Fu et al. did observe spectral evidence for the formation of bidentate sulfate on a-Fe,O;3
and several other iron oxides [26]. There is some evidence for a competitive adsorption
process between O3 and SO, from the data presented in Table 4.1, although the trend is
not obvious in the limited data set.

It is unclear why the time resolved data appears to exhibit two distinct regimes of
kinetic behavior — the “fast” initial uptake within 5 minutes of aerosol introduction, and
the following “slow” uptake from which our reported js0, and po are derived.
Adsorptions studies using pyridine and carbon monoxide have demonstrated the
existence of multiple non-equivalent Lewis acid sites on hematite, which may explain the
observation of the distinct “fast” and “slow” uptake behavior for SO, and O; [55].
Density functional theory results indicate that the hydrated hematite (0 0 0 1) surface
consists of two different hydroxyl terminations, either singly or doubly coordinated to
iron atoms. Each may offer a reactive uptake site with differing reactivity [56]. It may
simply be the observation of a saturation phenomenon, with the high pressures of reagent
gases quickly saturating the surface in the first few minutes of exposure, followed by

uptake to a largely saturated surface [54].
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4.5.2 Uptake on hematite at elevated RH

The amount of gas phase water, as characterized by the RH at a given
temperature, is a critical determinant for heterogeneous processes in the atmosphere.
Particles injected into the atmospheric reaction chamber are expected to rapidly come
into equilibrium with the specific RH of the gas phase reaction mixture. The resultant
surface adsorbed water can greatly influence the subsequent uptake and reaction of other
trace gas species. Our own work has revealed that water vapor can either increase or
decrease the rates and reaction yields of heterogeneous reactions between trace gasses
and aerosol surfaces [28, 34, 47].

In experiments with variable RH in the chamber, we did not observe any new gas
phase products using the IR probe, as was the case for the dry experiments with sulfur
dioxide and ozone. We did note some product spectral features that were attributed to a
reaction occurring on the surface of the Ge windows in the IR probe beam path. We
could not identify this product feature and it was not associated with surface adsorptions
on the suspended hematite aerosol. We were unable to identify any other spectral features
that might be ascribed to particle phase, nonvolatile products, such as surface sulfate
species. Again, the lack of information regarding product species could be due to a lack
of sensitivity for surface adsorbed products, and/or a low yield, weak oscillator strengths
or lack of IR activity for any possible gas phase products. We are limited to monitoring
the gas phase loss of SO, and Oj in these experiments.

The decay of the gaseous SO, could be described by simple pseudo-first order
kinetics at moderate RH, below 50% (Figure 4.6). When the RH was increased above

50%, we observed that the order of the reaction appears altered (Figure 4.7). The data is
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no longer well fit to an exponential decay, but appears to follow zero-order kinetics with
a rate constant &y of 3 x 10® M s™. As discussed in Section 4.5.1, our research and that of
others have highlighted the role of such ozone mediated decay channels in other systems
[28, 42-48]. Overall, the uptake coefficient for SO, appears to be relatively independent
of the RH value, over the range of = 5 — 50%, as illustrated by the plot in Fig. 4.9. The
average value of the uptake coefficient for all of the variable RH experiments which
exhibited pseudo-first order decay kinetics (n = 8) is 30, =3.8 + 2.4 x 10™. We can
compare this average value from the RH experiments to the average value in the dry
experiments with O3 present in the gas mixture, which is 0, = 1.2 £ 0.6 x 10”. While
the measured coefficient is smaller in the elevated RH experiments, there is quite a bit of
scatter in the data and the values are near the experimental error. We can also compare to
the average uptake coefficient for SO, from RH studies in the absence of any ozone,
which we have previously determined to be 0, = 5.8 + 1.3 x 10® (See Chapter 3). It
appears that while water vapor and ozone both reduce js0; by a similar degree when
present individually, there is no additional effect on 50, when SO, , O3, and H,O are all
coadsorbed. The DRIFTS experiments of Li et al. on CaCOs aerosol recorded a reactive
uptake coefficient of #SO,) ~ 1-2 x 10® over a RH range of 40 — 60% and with O3
present[49]. While calcium carbonate is generally a highly reactive component of mineral
dust aerosol towards acidic gasses, the uptake rate of SO, appears to be even less than in
our experiments. However, as we have noted, the DRIFTS measurement is for reactive
uptake only, not the total loss of gas phase SO, which is likely to include significant
reversible uptake as in our experiment. In a flow tube reactor study the gas phase loss rate

of SO, to authentic Saharan dust did not change in the presence of O or for a RH of =
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25%, contrary to our observations [51]. It is possible that another reactive component of
the Saharan dust sample that was not sensitive to RH was responsible for the uptake of
SO, in the flow cell study.

The fractional SO, coverages, as summarized in Fig. 4.8, manifest an obvious
dependence on the experimental RH conditions. The coverage increases moderately
relative to the dry value of 5o, = 0.64 + 0.08 as the RH is varied between 1 and 50%, but
the coverage remains near one monolayer. The RH dependence on éo, for this range is
similar to that observed without ozone in this work, as 6o, increases by a factor of =1.3
when water vapor is present. Above 50% RH, as the kinetics of SO, uptake were
observed to resemble zero-order decay, the coverage of SO, also increases sharply; the
observed 6o, for the high RH experiments may actually underestimate hematite’s
reactive capacity, as all SO, in the chamber was consumed in these experiments. This
large increase in capacity was not observed in high RH conditions without ozone, nor
with similar pressures of ozone at RH ranging from 0 - 40%. There is more error in the
experiments with gas phase water due to issues associated with our spectral subtraction
procedure, as detailed above (vide supra) but this coverage is significantly larger than the
value of o, = 0.64 £+ 0.08 that we measure under dry, ( < 1% RH) conditions, of 0.64 +
0.8. It may be that there is some synergistic effect of O; and RH that leads to higher SO,
coverages in our experiment. The total coverages we measure, up to 2.2 x 10" molecules
cm, are considerably larger than the saturation coverages determined by Ullerstam et al.
of approximately 4 x 10" SO4* cm™ on dry Saharan dust [31]. These values were
determined from bulk measurements for the sulfate ion component only while our surface

coverages are calculated from the total gas phase SO, loss.
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The ozone coverage in the humid experiments has an average value of €p; = 0.39
+ 0.13. Despite the relatively large error, the average value is lower than that determined
in the dry experiments of 6p; = 1.2 + 0.2, , and is considerably less than the multilayer
coverages observed in previous work with the ozone-hematite system [28]. Clearly there
is no catalytic pathway accessible when there is surface adsorbed water and coadsorption
of SO,. The previous chamber studies observed that increasing the RH lowered the
uptake coefficient for the adsorbing ozone but did not necessarily reduce the final (total)
coverage. The adsorbed SO, appears to block the catalytic ozone decomposition
occurring on hematite and the addition of water only exacerbates the decreased reactivity
and certainly does not enhance the O; uptake in the hematite system. Similar to what we
observed in the dry experiments, there appears to be a competitive uptake between SO,

and O;.

4.5.3 Implications for Atmospheric Chemistry

A model by Ammann et al. can be used to describe Langmuir-Hinshelwood
surface reactions on atmospheric particles [54]. Numerical integration of this model
demonstrates that yy can vary by several orders of magnitude with time, as the surface
becomes saturated. Depending on the fundamental kinetic parameters relating to
adsorption, desorption, and heterogeneous reaction, and the initial pressures of the
reactant gasses, the measured yx could vary greatly. Therefore, it would be beneficial to
study a reaction system such as Oz, SO,, and hematite surface using several techniques
that measure yy over a large range of time scales and gas concentrations, in order to

assess the relative contributions of the sticking coefficient and surface reaction rates.
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Previous product resolved studies have indicated that common atmospheric
oxidants, such as O,, O3, and NO,, can efficiently oxidize adsorbed S(IV) to S(VI)
species. However, our data suggests that even if such processes are active the overall
uptake of SO, to hematite surfaces is not enhanced. Experiments at tropospherically
relevant RH conditions show that surface adsorbed water may lead to catalytic uptake of
SO, at high RH. At lower RH, there is a competition between ozone and sulfur dioxide
for adsorption sites on the hematite surface. The uptake coefficients we measure are
small, even for a relatively reactive mineral dust aerosol component, hematite. The
uptake coefficient is further reduced by the presence of water vapor and/or ozone, but in
general, will be within a factor of 2 of y50, measured under dry conditions. Our results
indicate that heterogeneous loss of SO, to mineral dust aerosol will not be competitive
with more typical homogeneous pathways or other heterogeneous reactions, for example
partitioning to liquid phase aerosol, except possibly at very high RH. While we measure a
higher SO, coverage than experiments that only quantify the amount of surface sulfate
present, the hematite surface eventually becomes saturated, with the exception of the
rather specific case in which O3 and SO, coadsorb on hematite at RH > 50 %. Thus, even
if all of the adsorbed sulfur is oxidized to sulfate, direct acidification of hematite aerosol
due to SO, adsorption does not seem a likely pathway to rationalize the bioavailability of
iron in aerosol deposited in remote marine environments. The atmospheric processing of
internally mixed hematite and calcite aerosol may provide a more likely route to the
formation of a sufficiently acidified particle phase. The factors controlling dissolution
and biological uptake of iron in hematite aecrosol may be dominated by reactions in the

marine environment itself rather than atmospheric processing of mineral aerosol.
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