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We have undertaken a kinetic study of heterogeneous 0zone decompositiefresiDs (hematite) anai-Al ;05
(corundum) aerosols under ambient conditions of temperature, pressure, and relative humidity in order to
better understand the role of mineral dust aerosol in ozone loss mechanisms in the atmosphere. The kinetic
measurements are made in an environmental aerosol reaction chamber by use of infrared and ultraviolet
spectroscopic probes. The apparent heterogeneous uptake coefficfenpzone reaction witle-Fe,0O5; and

a-Al O3 surfaces is determined as a function of relative humidity (RH). The uptake of ozone by the iron
oxide surface is approximately an order of magnitude larger than that by the aluminum oxide sample, under
dry conditions. At the pressures usedFe,O; shows clear evidence for catalytic decomposition of ozone
while o-Al O3 appears to saturate at a finite ozone coverage. The measured uptake for both minerals decreases
markedly as the RH is increased. Comparison with other literature reports and the atmospheric implications
of these results are discussed.

Introduction were in accordance with observed mixing profiles from the field
data, it was noted that any conclusions came with a large degree

The role of particulate matter in the atmosphere has elicited ¢ ncertainty due to poor experimental characterization of O
a great deal of recent interest due to the possible influence Ofuptake by mineral dust.

heterogeneous interactions on the balance of trace gas species Previous Knudsen cell reactor studies from our laboratory

In the atmqsphere ar71d the consequent impact on gIObaIhave revealed the catalytic behavior of mineral aerosol in the
biogeochemical cycles.” Surface chemistry involving mineral destruction of 0zon&14 At ozone pressures of 8 ppb, we

dust _species may be_ e_s_pecially i_mportant as these Crus.talmeasured an uptake coefficientypf= (1.2 4 0.4) x 1074 for
materials comprise a significant fractl_on of the total tropospheric initial uptake of Q on o-Al,Oz andy = (2.0 + 0.3) x 1074
aerosol mass loading: Uptake by ml_neral dust surfaces may for o-Fe0Os. The apparent uptake decreased when the dust
be a competitive loss pathway for various gas-phase species. samples were exposed to ozone for long periods. However,

Heterogeneous surface Che”‘_'StFY followed by desorption pro- ozone uptake was never completely saturated, indicating that
cesses could represent a significant source for other trace

. ; ) ~“the process is catalytic and active surface sites are regenerated.
atmospherlc gases. Heterogenet_)us chemical pathways InVOIV'ngknudsen cell studies are typically performed at low pressure
mineral dust might be very different from the more well under dry conditions with minimal water present, most likely
understood homogeneous cycles that are commonly included

in at heric chemist dels. Th ¢ diated path as residual water adsorbed on the surf&d&.relative humidity
In almospheric chemistry modeis. 1he surface-mediated pa "(RH) values relevant to the troposphere, the dust aerosol surface
ways have the potential to be catalytic in nature, magnifying

- . . will be coated with water, which can impact the uptake and
the influence of dust particles on atmospheric cycles. The b p

. o . ; surface reaction proce$sOther surface coatings, both organic
chemical composition and physical properties of the dust aerosol P g g

in t be altered th h ing in the at h and inorganic in nature, can also influence ozone interactions
can, in turn, be altered through processing in the atmosphere, .. 4 ot 2arosols

leading to vastly different behavior as the aerosol mass is Hanisch and Crowley also investigated Saharan dust using
transported_ away frgm the source region. - .. aKnudsen cell and reported an uptake coefficient ef 10~°
Several field studies have found low ozone mixing ratios in 5 30 pph exposure to ozone. They found that the dust surface
regions of the atmosphere also containing high mass concentrag, entally saturated and became inactive to further ozone
tions of mineral dust particulaté$2 Among the most notable decomposition. If the dust sample was subject to vacuum for
examples of such an anticorrelation were the observations bylong periods, however, some recovery of activity toward ozone

de Reus et dl.in 1997 during the ACE-2 campaign in the yecomposition was observed. The effects of RH were not
vicinity of the Canary Islands. Through the use of a box model explored in this work.

simulation, it was determined that including a pathway for the /o o0 4 0 o ei820 have studied ozone decomposition

d|re(_;t removal of dOZ(l)nt_e by frglgsra\l/\/%gft tﬁurfacg rleSUI(t;.Edt.m @ on alumina and authentic Saharan dust samples and have further
maximum ozone depietion o 0. WWhile the model predictions explored the influence of RH on the kinetics. The initial uptake

coefficient for Q on a-Al,0;3 films was found to ber ~ 1076
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minimizing losses due to wall reactions. The large flanges that

seal the top and bottom of the chamber and four sets of side
arms provide access to the chamber interior for sample introduc-
tion, a mechanical pump, pressure and RH measurement, and
the various instrumental probes.

Two different spectroscopic instruments were utilized to
monitor ozone concentrations inside the reaction chamber; a
Fourier transform infrared (FT-IR) spectrometer (Mattson Infin-
ity 60 AR) and a fiber-optic-based UV/vis absorption spec-
trometer (Ocean Optics, SD2000). The IR beam is coupled
through the chamber in a single-pass configuration by a series
of gold-coated mirrors and then focused with an off-axis
parabolic mirror onto an external liquid-nitrogen-cooled MCT
detector. The chamber side arms are sealed with germanium
windows to reduce complications associated with the reactivity
of more common salt windows. The external IR beam path,
including all mirrors and the detector, are continuously purged
with dry air from a commercial gas generator (Whatman; 75
62). In the present configuration, the output of the purge air

associated instrumentation showing the pressurized dust sample Chambegenerator, humidified to the desired level, was also used to
(D) and valve (V); water bubbler (B), flow meters (R), and relative provide buffer gas for the chamber. The UV/vis spectrometer

humidity sensors (RH); FT-IR spectrometer (FT-IR), mirrors for the 1S coupled into the chamber through quartz windows by use of
external IR beam (M), mid-band HgCdTe IR detector (MCT), and purge large-diameter collimation and collection optics. The UV/vis
boxes for the external beam path (PB); UV/vis spectrometer (U) and probe beam path is perpendicular to the IR beam but on the
fiber optic collimators (FO); thermocouples (TC) and pressure transduc- same horizontal plane.

ers (P); and the ozone generator)O

RH I 1
pump
Figure 1. Schematic diagram of the atmospheric chamber and

In a typical experiment, the chamber is evacuated to a base
pressure of 10 mTorr. Ozone is produced by flowing oxygen
(Air Products, USP grade) through an electric discharge
generator (OREC, Model O3V5-0) and into the chamber until
the desired pressure is reached. Air from the purge generator is
either used directly or first humidified to fill the chamber to a
total pressure of 1 atm. The RH is approximately adjusted by
use of a solid-state humidity sensor but the final determination
is made via a Beer's law calibration of the measured IR
absorbance of water vapor along with the chamber temperature.
The error in RH was typically 2%, and the driest conditions
. . obtained corresponded to a RH value ©1%. The chamber

A .st'atlc reaction cell 1\(’)\/‘33 used to measure an uptake contents are allowed to sit for approximately 2 h in order to
coefficient ofy ~ 3 x 1071 for ozone ona-Al2Os at higher o Jiny wall losses. Powdered dust samples are rapidly
O pressures, from 200 to .8000 ppm, but the ”ﬁeasured lthakemtroduced into the chamber through a pressurized sample line.
was .found to be pressurg-lndependent over this réhgaese A nozzle and impactor plate in the flow path ensure efficient
studies were done on dried samples but the authors note tha[jeagglomeration of the sample, and the mixing time of the
water adsorption prevented ozone decomposition by the alumina.Chamber contents is less than a r,ninute. The powder is typically

Related studies of RH dependence have not been reportedye|q under vacuum o3 h prior to the experiment to remove
for a-Fe0O; (hematite), a relatively reactive metal oxide 55 much residual water as possible.

component of mineral dust. In addition, previous experiments Lo . .
P P P The ozone concentration is constantly monitored with one

have ""?fge'y relleql on powder .samples where; interparticle or both of the spectroscopic probe instruments. The absorbance
interactions and voids can complicate the analysis. The present

. . of the Hartley band at 254 nm is used to quantify the ozone
studies are intended to more fully understand the effect of S . . \
. . - concentration in the UV/vis experiments through a Beer’s law
mineral dust on the concentration of ozone in the atmosphere

" . o __“calibration. The reported cross section at 254 nm is 1341
under relevant conditions. The studies utilize an aerosol reaction. [ 5 " > 3 . . -
. ST .~ 10720 cm.23 A typical spectrum is shown in Figure 2 for 8 ppm
chamber and spectroscopic probes to maintain isolated particle

o o . Os. In the IR, the absorbance at 1054 ¢nis similarly used to
conditions. A full range of RH conditions is explored to evaluate . o
) . measure concentration where the absorptivity has been measured
the effect on ozone uptake, and a comparison is made betwee

: : . "o be 3.74x 104 ppm ! m~1 at a total pressure of 1 atff?25
iron oxide and alumina samples. : . : .
In Figure 3A, a portion of a typical IR spectrum is shown for

the chamber contents with 40 ppm @rior to the introduction
of the aerosol sample. The UV/vis probe is more sensitive than

A schematic diagram of the environmental aerosol chamber, the FT-IR, with a detection limit of approximately 1 ppm of
which has been described previoudlyis shown in Figure 1. ozone. Temporal resolution of the probe spectrometers was
The chamber is a stainless steel cylinder with a total volume of approximately 2 min for the settings used in the current
0.15 nr3 and a surface to volume ratio of 10.7tnThe interior experiments.
surfaces of the chamber and sealing flanges are coated with a-FeOs (Aldrich) and a-Al,O3 (Alfa Aesar) dust samples
FEP Teflon and all chamber connections are fabricated from were obtained from commercial sources. An automated multi-
either Teflon or glass to achieve a chemically inert environment, point BrunauerEmmett-Teller (BET) analysis (Quantochrome

a lower uptakey ~ 2 x 1077, also at ozone concentrations of
10" cm3.1° The measured uptake coefficient was reported to
be independent of the RH, up to 75%, in the case of either
sample'®1® A subsequent study utilized an infrared (IR)
spectroscopic probe to monitor the growth of a spectral feature
on alumina films assigned to a surface oxide product of the
reaction with ozoné&? The rate constant for growth of the surface
product was found to decrease significantly as the RH was
increased up to values of nearly 25%, in contrast to the previous
results.

Experimental Section
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Figure 4. Ozone decay as a function of time for the=e,0; system
at several RH values, measured with the FT-IR probe. Solid lines are
fits to the data by use of an exponential function.

Figure 2. Typical UV—vis spectrum of 8 ppm of ozone in the presence
of a-Fe0; and humidified air showing the 254 nm Hartley band of
Os.
. . . . . . . . . of the IR spectrum prior to introduction of the aerosol sample.
The ozone band centered at 10437¢ns clearly visible, along
with an absorption due to trace G& 2342 cm* that originates

] from the ozone sample line. The spectrum of Figure 3B was
0.10 B r collected a few minutes after theFe:0s aerosol was introduced
] and exhibits a sloping baseline characteristic of Mie scattering
by the suspended particles. Finally, Figure 3C represents a
] reaction time of several hours and shows that the ozone band
0.05] [ has decreased in intensity, signifying reactive loss due to the
] presence of the mineral dust. The £i8and does not appear to

Absorbance

1 C change in intensity. No absorbance features were observed to
] grow in with time over the IR spectral range of 568660 cnt?,
J\'\ A N indicating that any gaseous product species are IR-inactive.
The IR data show that ozone is lost from the gas phase upon
2400 2200 2000 1800 1600 1400 1200 1000 800 exposure tax-Fe0s. The absqrbance of the barjd maximum at
1 1054 cnt! was used to quantify the ozone partial pressure as a
Wavenumbers (cm) function of time, as discussed (vide supra). The RH of the buffer
Figure 3. (A) Portion of the IR spectrum showing the chamber contents gas was varied, up to about 60%, in order to investigate the

before aelrosgl ierdUCti?j” r‘;’“ 32% R"n'i%”d 30 ppgﬂ()u)e feature at  jafiyence of atmospheric water on the ozone loss kinetics. The
1043 cn1tis due to @, and the 2342 crt band is CQ. (B) Spectrum . . .

recorded a few minutes after introduction of the aerosol. The sloping “F”e course data from Se_v_eral SECh experiments are shown in
baseline is due to Mie extinction by the suspended particles. (C) Figure 4. Under dry conditions; 1% RH, the ozone decreases

Spectrum similar to the one in panel B but recorded after a long reaction relatively rapidly, exhibiting characteristic first-order kinetics
time. A decrease in the ozone band is evident. Water features havewith a time constant of about 25 min. All of the ozone is
been subtracted and the spectra offset for clarity. consumed over the course of the experiment and there is no
saturation of theo-FeOsz surface under these conditions.
1700) was used to determine BET specific surface areas of 2.8|ncreasing the RH to 14% has a clear effect, resulting in a much
and 8.4 Mg for a-Fe0s anda-Al 03, respectively. The mass  slower loss of gaseous ozone although virtually all of the initial
of each oxide (typically in the range of-# g) was adjusted so Qs has reacted by the end of the experiment. At 58% RH, the
that the total surface area in the chamber was approximatelysuppression of ozone loss is even more marked, with a decay
the same. An X-ray analysis was performed to confirm the that is almost linear on the time scale represented in Figure 4,
mineral form of the iron oxide aa-Fe;0O3 (hematite) and the  and only a fraction of the initial ozone has reacted by 400 min.

0.00

aluminum oxide as.-Al,Oz (corundum). In all instances, the loss subsequent to aerosol introduction is
significantly larger than that for negative reaction times (i.e.,
Results before the dust is admitted into the chamber) and wall losses

are inconsequential.
The kinetics of ozone loss can be modeled as a simple
adsorption/reaction process with a rate constart,

Two sets of experiments were performed for the ozene
hematite system. The FT-IR spectrometer was used to monitor
the kinetics of ozone decay at higher initial pressures Hfif©®
the range of 3540 ppm. In order to investigate the influence K
of smaller initial ozone concentrations, and consequent lower O;+S—P D
surface coverage of the hematite, the more sensitive UV/vis
probe was employed to study ozone pressures in the range ofwhere S represents the available surface sites in the reactor
3—8 ppm. Some typical IR spectral data are shown in Figure 3 volume, and P represents reaction product species, either
for an experiment at 32% RH. The spectra have been shiftedadsorbed or gas phase. Reaction 1 can be characterized in terms
vertically and gas-phase water absorptions have been subtractedf a heterogeneous uptake coefficientwhich is the fraction
from the data for clarity. The data in Figure 3A show a region of gas-surface collisions that lead to successful reaction.
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TABLE 1: Ozone Uptake Coefficients on Mineral Dust Aerosol at Different RH Value$

Oz pressure (ppm) RH (%) y Tn Ywed Vary
o-Fe0s, High Pressure
27 <1 (1.0£0.3) x 1077 2.00 1.00+ 0.35
39 5 (5.9£ 1.5)x 1078 2.93 0.56+ 0.20
39 14 (2.2+£0.5)x 1078 3.14 0.21+ 0.07
30 23 (1.2+:0.3)x 10°® 2.25 0.12+ 0.04
35 32 (5.7 1.4) x 10°° 2.87 0.054+ 0.019
34 41 (4.4+1.1)x 10°° 2.46 0.042+ 0.015
36 58 (2.5+0.6) x 107° 2.63 0.024+ 0.008
o-Fe0;, Low Pressure
75 <1 (5.0+£1.2)x 108 0.58 1.00+ 0.35
7.0 5 (5.8+ 1.4)x 10°8 0.52 1.2+0.4
8.0 15 (2.5 0.6) x 1078 0.64 0.5+ 0.3
9.5 21 (2.0 0.5)x 1078 0.74 0.41£ 0.02
7.0 28 9.0+ 2.3)x 10°° 0.50 0.18+ 0.06
3.0 43 (9.0+ 2.3) x 107° 0.22 0.18+ 0.06
(I'Alzo;;
39 <1 (3.5+0.9)x 108 0.94 1.00+ 0.35
43 19 (4.5+£1.1)x 10°° 0.83 0.13+ 0.05
48 56 0.54

aErrors in the reported uptake coefficients are estimated at 25% based on multiple experiments under similar conditions. The initial ozone
pressure is classified as “high” for the IR experiments or “low” for the UV/vis experiments. The turnover nuimbease calculated as detailed
in the text. The ratio of the uptake at higher RH values to that determined for the dry expenigngntiy, is also reported for each set of initial
0zone pressures.

Assuming pseudo-first-order conditions,can be determined 10.0 ' : : ' ' ' T
from o 15% RH
o 28% RH
4
= SyelCo] @
CSBETT[ masJ

wheret is the mean speed of ozone (meters per sec@ighks
is the mass concentration of the dust sample (grams per cublc=
meter), andsset is the specific surface area of the dust (square &,
meters per gram), previously measured by a BET analysis. The
characteristic decay time,= 1/, in eq 2 is determined from
the fit of an exponential function to the ozone time course data.
The solid lines in Figure 4 represent the results of such fits.
The calculated uptake coefficients for a range of RH values are
summarized in Table 1.

The reactivity of the hematite surface toward the heteroge-
neous decomposition of ozone can be characterized in terms offigure 5. Ozone decay as a function of time for theFe,O3 system

c. (ppm)

Oco

0 50 100 150 200 250 300 350 400
Time (minutes)

a turnover numbefTy: at several RH values, measured with the UV/vis probe. Solid lines are
fits to the data by use of an exponential function.

T = number of @ molecules lost 3 values are shown in Figure 5. Similar to the case for the IR

N ™ nhumber of available surface sites @) experiments, @under dry conditions is observed to decompose

upon exposure to the hematite surface and all of the initial ozone

The total number of available hematite surface sites is calculatedhas reacted by experiment's end. As the RH is increased inside
from the measured dust mass and the BET surface area, by uséhe chamber, ozone uptake is inhibited, and for the 28% RH
of a surface site density far-Fe,03 of 4.8 x 10 sites cnr2.26 data in Figure 5, there is still some;@maining. These results
To calculate the number of ozone molecules that would be are analogous to the outcome of the higher pressure IR probe
consumed, we extrapolated the fits of the data to long (infinite) experiments.
times. A turnover number ofy > 1 suggests that the surface Fits to the data, shown by the solid lines in Figure 5, are
is not saturated and that the process is catalytic, involving the applied to extract values for the uptake coefficient by use of eq
regeneration of active surface sites. In the case of the dry 2, and the resultant values are tabulated in Table 1, along with
experiment, Figure 4, all of the initial s lost to the surface,  calculations of the turnover numbers. For these reduced O
leading to a turnover number of 2.0. Turnover numbers for all pressure experiments, the turnover numbers are less than unity,
of the experiments at different RH values are listed in Table 1. even for lower RH where all of the ozone is consumed.
Since the calculated value @f; is dependent on the available The uptake coefficients reported in Table 1 were the result
O3 concentration under these conditions, values for the initial of fits to the data with a single-exponential function. However,
ozone pressure for each experiment are also contained in Tablehe G; decay curves for RH data below about 20% were fit
1. slightly better to a dual-exponential function. The implication

The effect of initial 0zone concentration on the uptake kinetics is that there may be site heterogeneityoefreO3 that yields a
and the RH dependence were investigated by using the morefast initial decay, with a larger value, that rapidly saturates at
sensitive UV/vis probe technique. The results of monitoring the low surface coverages. The data f91% RH yield an uptake
254 nm band of @ as discussed (vide supra), for several RH coefficient of approximately Z 107 for the fast initial decay,
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60.0 Pl b b Discussion
001 . ] O3 Uptake on aTFeZO& j’he uptake of ozone by-Fe0s
o s surfaces leads to |rreve_r5|ble Io_ss of gas-phz_a@@vf_iere any
_ ] o St s gas-phase product species are likely to be IR-inactive (ez)y., O
g‘ 400 b Additionally, no spectroscopic signatures due to surface-
K A N . adsorbed products were detected. The ozone turnover numbers
g 0 ° T A sty ol listed for the IR probe experiments in Table 1 are in the range
§ 8 Tn &~ 2—3, depending on the initial pressure. Higher ozone
w 2007 & 7 =1% RH 0-ALO; |[ pressure and lower hematite mass conditions yielded turnover
© ¢ 56% RH a-ALO; numbers that were an order of magnitude large25. These
100 } ° =1% RH 0-Fe;0 |- observations strongly suggest that the uptake is not saturated
. , and that the decomposition process is catalytic under our
0.0 S B g e g SR experimental conditions. A simple mechanism for the catalytic

destruction of ozone on metal oxides has been proposed to

0 50 100 150 200 250 300 350 400 ) ,
proceed through generation of a surface oxide spé&is:

Time (minutes)

Figure 6. Comparison of the ozone decay on hematite and alumina S+ 03—» S-0+ O2 (4)
dust aerosol at several RH values. The mass has been adjusted such

that both samples have approximately the same available surface areagy hare S represents an active site and&represents the product

surface oxide. This step is followed by regeneration of the active

about 4 times larger than the value jfreported in Table 1. site via subsequent reaction with gaseous ozone

Furthermore, the fraction of hat is lost via this fast pathway

accounts for only about 10% of the total consumption under S-0+0,—~S-0,+0, (5)
dry conditions, rapidly decreases to a few percent with a RH of
15%, and is not clearly distinguishable at all at higher RH. The S-0,—S+0, (6)
turnover number corresponding to the fast initial uptake is only
Ty ~ 0.07 at<1% RH. or recombination of the surface oxide species:

Several experiments were conducted to make a comparison 2(S-0)— 25+ 0, @)

betweem-Fe,03 anda-Al 05 for uptake of gaseous{OThese

studies were done with the FT-IR probe (higheyibessures) The regeneration steps would make the overall surface reaction

and representative results are shown in Figure 6. The mass of 4 tic. Roscoe and Abbatretected an IR absorption feature

powder used in each experiment was adjusted so that the tota)y gjymina films exposed to ozone that could be evidence for
surface area of hematite and alumina was approximately equalthe formation of a surface oxide species, as in reaction 4 or 5.
and as a consequence, the decay curves in Figure 6 can b&aman spectroscopy was used to characterize a surface peroxide
directly compared. Under dry conditions, ozone uptake onto intermediate, formed in reaction 5, for ozone decomposition on
a-Fe03 is much more rapid than for the-Al,Oz surface and 3 manganese oxide catal§8€° The catalytic nature of the O

the uptake coefficient is about 3 times smaller for the alumina decomposition ona-FeO3; that we observe confirms our
sample. In addition, the ozone loss process saturates on theprevious laboratory studiédl4

alumina surface, reaching a maximum turnover numbeénof We determine an uptake coefficient under dry conditions of
~ 1 at RH values o0& 1%. Thea-Al,O3 sample is similar to y ~ 1077, a value that is found to decrease with increased RH.
o-Fe0s in that an increase in RH leads to a suppression of the For comparison, our Knudsen cell studies measured an initial
ozone uptake, as evidenced by the 56% RH data shown in Figureuptake coefficient of ~ 10~ at much lower @ pressures, on

6. The 56% RH time course data farAl ;O3 were not well fit the order of 8 ppB314The initial uptake is found to decrease

by a single exponential and the decay was essentially linear onas the powder sample becomes increasingly exposed to ozone,
the time scale of the experiment. Analysis of thé\l,O; data consistent with the trend we observe in the present experiments,
is also contained in Table 1. A site density ofx410% sites ~ Which employ larger ozone concentrations and, hence, higher
cm-2was used to calculate the turnover numbers in TaBife 1. surface coverages. Abbatt and co-workéigvestigated the

While we are able to quantify the ozone concentration and :an;:zﬁre(zjf aoz?neu ?z)a/k:l::tgsgitcl?enstiﬁ?é?rérgl:s: :r?rlrr']ﬁllzls and
the available BET surface area with a high degree of precision, y up

the calculated turnover numbers depend on knowledge of theozone pressure of a few parts per million. Hanisch and
P g Crowleyt” measured a steady-state uptake ef 1075 on their

act|vet s_urfaE;re S'(;Z deni;;[_y, which Fotenu_ally |tntroducesrfsome aharan dust sample using a Knudsen cell technique and ozone
urj(r:]er aIEFy.h oa refss IS, severla e>|<per|men sfwere pe ortr?e ressures of approximately 30 ppb. These investigators also
with a high ratio of ozone molecules to surface sites by nq1eq 4 strong dependence of the uptake on initigh@ssure.

increasing the ozone pressure, reducing the powder mass anGgyirapolating their data to a pressure of 20 ppm, typical of our
hence, surface area introduced into the chamber, or a combinajr experiments, predicts an uptake pf~ 10~ for the dust

tion of both methods. These experiments were performed with sample. Thus, our results are in accord with previous measure-
the FT-IR to probe the reaction extent. For hematite samples, ments for hematite and actual dust samples when differences
reducing the powder mass to about-6017 g yielded turnover  due to pressure and coverage are taken into account, and would
numbers from 25 te-40, with all of the ozone being consumed seem to be representative of ozone interactions with aged, or
by the end of the experiment, even for initiay Pressures of processed, hematite particles in the atmosphere.

100 ppm. In the case of alumina, an 0.2 g sample exposed to The measured uptake coefficients for lower initial ozone
more than 100 ppm of ozone yielded a turnover number of about pressures are approximately the same as in the higher concentra-
0.5 when ozone wall losses were accounted for. tion experiments. The calculated turnover numbers are less than
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Figure 7. Plot of the ratioywe/yay as a function of RH foo-F&Os, The ratio of the rate constant for product oxide formation at a

showing both the FFIR and UV/vis data sets. The ratio for theAl : .
data ar?d fast decay component observed in the U\dvie0s dz;z particular RH to the dry rate was calculated from Figure 5 of

are also shown. A corresponding ratio for rate constants measured foref 20, and the results are included with our data _in _Figure 7.
the appearance of a surface product species in ref 20 is included. ~ The overall decrease in the growth rate as RH is increased
follows the trends we observe for the reduction in the uptake
coefficient. We note that the Roscoe and Abbatt results in Figure
unity, but all of the @ is consumed and the process is still likely 7 were obtained with similar ozone pressures to previous
catalytic at these lower pressures. We have noted evidence forexperiments that found no effect of RH ory Optake. Thus,
a faster Q loss component in the measured decay curves, any discrepancies are not simply due to pressure or coverage
corresponding to an uptake coefficient approximatehb3imes effects.
larger than those reported in Table 1 for dry conditions. The e have also calculated a similar ratio for the fast initial
fast component may be suggestive of site heterogeneity whereptake observed in several of the experiments conducted with
some sites on the-Fe,0; surface are more reactive than others  |ower initial 0zone concentrations and have included the results
toward ozone. Similar uptake behavior was noted in the casej, Figure 7. Although the data are noisy, due to the small
of O reactions with Saharan dust where the faster Comfgonentcontribution to the overall decay made by the fast component,
yielded a larger uptake coefficient by a factor of 2 it appears that there is no strong dependence on the RH, at least
However, in our experiments with-Fe,0; this fast p;athway up to 15% RH. For lower RH values, where the water coverage
must quickly sgturate at a coverage of only about B0** ozone is expected to be submonolayer (vide infra), the adsorbed water
molecules cm?. Such a fast, low-coverage process is consistent .\ siacules do not appear to saturate the active sites on the

with higher initial uptake observed in Knudsen cell experi-  re o, syrface that are responsible for the fast ozone uptake
ments!31417Hanisch and Crowlely also concluded that their process

Saharan dust samples became inactive toward further O Further insiaht into the role of RH on ozone decomposition
decomposition but at higher coverages of about 20'* 0zone __ruriherinsig 0 the role o on ozone decomposttio
in this system may be gained from a consideration of water

molecules cm?, . .
The results of our study of RH effects, for both the high and uptake byo-F&0s. In Figure 8 we shqw |§otherm data we have
collected for water uptake on hematite films from IR measure-

low initial O3 pressure experiments, clearly show a strong s of tral bands due fo adsorbed wat ded at
inhibition of ozone decomposition as the RH inside the chamber ments of spectra %m S due 1o adsorbed waler recorded a
different RH values® Coverages were determined with a

is increased. The effect of humidity on the uptake coefficient h BET ft Th | h istic of
can be conveniently represented as the ratio of the coefficient!''€€-parameter E - The results are characteristic of a
BET isotherm with monolayer coverage achieved at ap-

at a given RH value to the uptake coefficient for the dey% . ) .
proximately 10% RH and multilayer coverages forming for

RH, experimentywedyary. This ratio is part of Table 1 and is : e >
higher RH values. In addition, the uptake coefficient for water

also plotted as a function of RH in Figure 7 for both ozone ;
data sets. The trend is very similar for either low or high initial ON S@haran dust has been measured to be in the yarge02-
much larger than the corresponding uptake values we

32
O3 pressures, although the effect appears to be stronger for theP-04; . ) '
higher pressure, higher coverage experiments. Furthermore, thd'@ve determined for ozone on hematite. Thus, the hematite
RH effect at higher @ pressures does not appear to saturate aerosol will ra@pujly come to .equmbrlum with the water vapor
and the ozone decomposition rate continues to decrease up t@S _the dust is introduced into the chamber, at a coverage

the highest RH values we have investigated. indicated by the isotherm of Figure 8, and the subsequent, much
In previous studies of 0zone uptake on alumina and authenticSlower, uptake of @will be to an equilibrated, water-coated
Saharan dust samples by Abbatt and co-work&t3ittle or surface.

no dependence of the uptake coefficient on RH was found. In  The isotherm data of Figure 8 and the summary results of
those experiments, like the present report, the loss of the gas-the RH dependence in Table 1 and Figure 7 suggest tf@at H
phase ozone reactant was monitored. In a separate experimerand Q molecules compete for the same reactive surface sites
by Roscoe and Abbatf, diffuse reflectance IR was utilized to  on thea-Fe0s, at least for the major ozone loss pathway. Due
follow the growth of a spectral feature on the surface of an to the much more rapid uptake of water, there are fewer sites
alumina film ascribed to the product of the ozone reaction. In available for ozone and the apparery @ptake is reduced as
contrast to the previous conclusions, the surface feature wasthe RH is increased up to #15% RH, when a water monolayer
observed to grow in much more slowly as the RH was increased. begins to form. A more detailed mechanism for ozone decom-
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position would include adsorption, desorption, and surface water, the rate of displacement would reach some limiting value.

reactions steps, as follows: In contrast, the experimental data show decreasing rateg of O

. loss at RH values beyond the predicted formation of a water
dsorption monolayer.
S+0, S=0; ®) The amount of water adsorbed onto the surface of the hematite
Keesorption particulates may be sufficiently large that it is liquidlike in its

S-0;— =S+ 04 9) physical and chemical properties. For example, there is spec-
K encion troscopic evidence suggesting that adsorbed water has a bulk,

S-0,——P (20) liquidlike environment with as few as 2 monolayers on some

substrateg? In that case, it may be more appropriate to represent
If it is assumed that surface reaction, reaction 10, is-rate 0zone uptake by a resistance model. The resistance model
limiting, then the overall rate will depend on the concentration €xpresses the measured uptake as a sum of terms due to mass
of surface-adsorbed ozone, which in turn depends on the amoungccommodation, liquid solubility, and aqueous phase reaétion:
of water coverage. If the surface coverages of ozone and water
are expressed as Langmuir-type isotherms, which is reasonable 1_1 + 1
for the low-RH water data, then the overall rate will scale with Y 0 Yo T Vi
the pressures of 0zonBp,, and waterPy,0, as

(12)

where o is the mass accommodation coefficient, is the

Po solubility-limited uptake coefficient, angty, is the reactive
rate] P (3) (12) uptake coefficient. Gas-phase diffusion has been neglected in
H, eqg 12, as it is unimportant given the small uptake coefficients

measured and the relatively small dust particles used. The mass
Equation 11 simply reflects the presence of water on the accommodation coefficient for ozone on liquid water is probably
hematite surface, reducing the number of reactive sites availablea. > 0.137380orders of magnitude larger than the apparent uptake
for the ozone reaction. Since the water concentration in the coefficients we have measured at higher RH. Thus, according
chamber is constant over the course of the reaction, the ozoneto the resistance model, ozone uptake is limited by either
decay will still follow first-order kinetics but with a rate thatis  solubility or reaction in the liquidlike layer. The solubility-
inversely dependent on the RH. The fast initial uptake of O limited uptake coefficient depends on the diffusion length,
that we have also observed may be mediated by surface sites/pt,! where D is the diffusion coefficient for @ in water
that are not initially occupied by water molecules and, as a result, (1,85 x 1075 cn? s71)3° andt is the gas-liquid contact time.
the decay appears to be RH-independent. Note that the uptakesjven the long exposure times in our experiment and the thin
coefficient for the fast @component is still much smaller than  water layer formed, the diffusion length will be relatively long
that expected for water uptake to the~e,0O3 surface. However,  and a liquidlike layer would be saturated. Thus, solubility would

as the RH reaches +15%, a monolayer of water is formed, not limit the uptake process. According to Henry's law, the
potentially blocking all of the sites and cutting off the fast decay aqueous ozone concentration is given by

pathway. Indeed, the fast component cannot be discerned for
RH values above 15%. [O4] = HPg (13)
Infrared spectroscopic studies of adsorption on various metal ’

oxides reveal that ozone binds strongly to Lewis acid sites on \yhereH is the Henry’s law constant for ozone (1.¥5102 M
oxides, which arise due to coordinatively unsaturated metal atm 140 and Po, is the gas-phase ozone pressure. For a mean
ions3334 Binding at these sites distorts the ozone molecular 5,0ne pressure of approximately 20 ppm, the aqueous ozone
geometry, presumably leading to decomposition and formation .qncentration would be P~ 2x 107 M.

of a surface oxide. Blocking of the acid sites suppresses 0zone These considerations suggest that uptake is limited by aqueous

binding and decomposition. For example, on fully hydrated;TiO  hhase reaction. The reaction-limited uptake coefficient is
surfaces, no strongly bound ozone is observed. When the surfacgypressed as

is partially dehydrated, generating Lewis acid sites, spectral

features due to strongly bound, @appear. Ozone decomposi- _ 4HRT«/_
tion on alumina surfaces can be completely suppressed by Vo T c KD
coadsorption of a base, such as pyridihe.

As the RH increases beyond -105%, multilayer water where K' is the pseudo-first-order rate constant for ozone
coverage is indicated by Figure 8, reaching approximately 2 reaction. Using the values for the Henry’s law constant and the
monolayers by 30% RH. However, ozone continues to react at ozone diffusion coefficient given above, then the measured
these higher RH values, albeit at a slower rate, and ozoneuptake coefficient at 58% RH, ~ 2 x 1079, corresponds to a
turnover numbers are still greater than unity. The effect of RH rate constant ok’ ~ 2 x 1074 s™1. A diffusion-limited rate
in reducing ozone uptake does not appear to saturate, at leastonstant for ozone reaction in bulk water, given the Henry’'s
for the higher ozone concentration data, and the apparent uptakéaw concentration above, would be almost fithes larger. As
continues to decrease up to 58% RH. These experimentalthe surface water layer saturates and the reaction step becomes
observations are inconsistent with a simple site-blocking argu- rate-limiting, the Q decay will exhibit zero-order kinetics, which
ment for the effect of adsorbed water on ozone uptake, which is suggested by the near-linear decay of the 58% RH data in
would predict a significant decrease i GQptake once a water ~ Figure 4.
monolayer forms and no further changes for higher water The resistance model, however, does not contain any explicit
coverage. An alternative mechanism, whereby ozone mustrationalization for the continued decrease in the ozone uptake
displace adsorbed water from a reactive surface site for theas the RH is increased, as exemplified by the data of Figure 7.
reaction to proceed, appears unlikely for the same reason; oncdt may be that there is some transitional behavior between dry
a monolayer forms and all of the surface sites are occupied by conditions and a higher RH environment before a liquidlike layer

(14)
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forms that is difficult to describe quantitatively. The pH of not increase and is still less than 1. Thus, it would appear that
colloidal hematite solutions is approximately 88.5 and the ozone decomposition om-Al O3 is not catalytic and saturates
rate of ozone decomposition in water is known to increase with at a coverage of about {21) x 10 ozone molecules cm.
pH due to reaction with hydroxide ions. At a pH of 8.5, the This observation may appear somewhat surprising as both
half-life of ozone is approximately 20 mii As a consequence, hematite and alumina have, at least, similar surface functionality
one might actually expect the ozone uptake to increase as awith terminal hydroxyl groups. However, while ozone can
water layer forms on the hematite surface. hydrogen-bond to the surface hydroxyls, ozone decomposition
Alternatively, it may be that water adsorption is not uniformly  likely takes place at more reactive surface sites, including
distributed on the surface of the hematite particles. The water defects¥® 3> These sites may exhibit very different reactivities
may preferentially cluster on the surface, leaving bare hematite in hematite and alumina due to the different electronic structure
surface that can react with ozone but yielding a lower measuredof the respective metal centers. For example, it has been shown
uptake due to the reduced number of available surface sites.thata-FeOs exhibits a stronger affinity for binding certain metal
For example, the measured rafigedyay at 23% RH implies ~ complexes tham-Al ;054849
that about 12% of the hematite surface is open despite the We measured a value pf~ 10~ for alumina in our Knudsen
expectation from Figure 8 that the water coverage is 2 cell work!3 but at much lower pressures, 8 ppl. @bbatt and
monolayers. The surface may not be completely covered until co-workers® determined a smaller uptake~ 1078, at higher
higher RH values of 60% or so, then forming a liquidlike water initial ozone concentration ofc4 ppm. The latter uptake
layer that makes the resistance model, above, a good descriptomeasurement is more in accord with our study but still
of the ozone decomposition process. Infrared probes of watersignificantly higher. The Saharan dust samples studied by
uptake by nitratedx-Al,O3 powders in our laboratory show  Hanisch and Crowléy contained about 18% alumina. Extrapo-
spectroscopic evidence for both oxide-coordinated and water-lation of their results, obtained under dry conditions, yields an
solvated surface nitrate, suggesting that the water coverage isuptake coefficient ofy ~ 1077, closer to our value. Both of
nonuniform at RH values corresponding to monolayer cover- these latter groups noted that the alumina surface saturated,
age®! Sum frequency generation (SFG), a surface-sensitive preventing further ozone decomposition, at coverages of{(1.4
nonlinear spectroscopic technique, was used to detect isolated2.1) x 10 molecules cm?, somewhat lower than the coverages
non-hydrogen-bonded surface hydroxyl sitesxefil ,0O3 at even estimated in our study but nevertheless suggesting a lack of
higher RH, 54%, where the expected water coverage:3s catalytic activity. The experiments of Hanning-Lee ef’al.
monolayers?? Similar evidence from SFG spectra was found yielded ozone uptake values pf~ 3 x 10710 for alumina at
for water clustering on silica surfac&Water uptake to another  much higher initial Q pressures. They also reported that both
metal oxide, MgO, appears to yield three-dimensional islands H,O and HCI adsorption resulted in a slower rate of ozone
(i.e., with multilayer thickness) prior to coalescence and eventual decomposition, although these conclusions were not quantified.

surface saturatioff:** The RH dependence of the alumina uptake is, however, quite
Another possible scenario is that the water layer formed on similar to the hematite case, exhibiting a significant decrease
the surface is not liquidlike at all. Interactions between adsorbed in apparent ozone uptake as the RH is increased. At 56% RH,
water molecules and the hematite surface could yield a stronglythe ozone decay exhibits zero-order kinetics and was not well
polarized water layer that forms a relatively rigid framework, fit to an exponential function. The ratigyed/yary for alumina
making ozone diffusion very slow. As the water layer increases has been calculated and plotted in Figure 7. The daia-f8inOs
in thickness at higher RH, the rate of ozone diffusion through follow the general trend of the hematite data.
the ordered layers decreases and the measured uptake would Atmospheric Implications. The ozone uptake coefficients
be lower. Indeed, there is ample suggestion from surface studiesyeasured for hematite in the present study are not large relative
that monolayer water ad_sorption on certain substrates can formig more typical homogeneous loss pathways. The uptake
a more structured, ice-like layét*>4°Generally, subsequent  recorded for alumina is even smaller. Furthermore, we find that
water overlayers may not be as strongly polarized by the surfaceihe yptake is significantly inhibited due to the presence of
and manifest a more disordered environment, suggestive ofa4sorbed water at RH values that are more typical of the ambient
liquid water-like behavior. However, our work wiitt-Al,0s troposphere. Although the uptake coefficient is larger at lower
crystals indicates that the adsorbed water can still be highly ozone pressures, more characteristic of the real atmosphere, the
ordered even for RH values o£70%, corresponding to a  gecomposition rate is still small. Overall, the results suggest
measured coverage of$ monolayers? Similarly, recentwork  hat, for clean surfaces, ozone loss due to mineral dust may not
on silica surfaces suggests multilayer formation of structured pe significant. However, in the atmosphere, the presence of other
ice-like water!” Given that the water layer thickness is very reactive trace gas species will likely result in a modified dust
small for, say, 2 monolayers, about 6 A, and that the contact gface. Thus, observed correlations between ozone loss and
time in our experiments is very long, consideration of the qyst concentration may derive from the presence of reactive
characteristic diffusion length/Dt, implies that the diffusion  coadsorbates or different surface functional groups on aged dust
coefficient for ozone in the water layer would have to be particles. In addition, the catalytic nature of the hematite dust
exceedingly small. surface toward ozone decomposition needs to be taken into
O3 Uptake on a-Al,O3. The data of Figure 6 clearly show account when attempting to model the results of field observa-
that uptake of ozone by alumina is less than by the hematite tions. The mineral dust aerosol itself may be chemically altered
sample, yielding an uptake coefficientpf= 3.5 x 108 under by exposure to ozone. Oxidation of the surface could make the
dry conditions, approximately 3 times less than the hematite dust more hydrophilic, leading to increased water uptake. The
uptake under the same conditions. More importantly, perhaps, resultant physical changes, such as particle growth and changes
the uptake is observed to saturate with a turnover number ofin optical constants, could have implications for radiative
about 1 and only about a quarter of the initial ozone reacted by forcing. Such surface modifications might enhance atmospheric
the end of the experiment (Table 1). Even with a considerable aqueous-phase chemistry due to the growth of a liquid water
excess of available ozone, the calculated turnover number doesshell around the mineral dust core.
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Conclusions

We have measured the kinetics of ozone uptake onto

representative mineral dust samplasi-e,03 and a-Al 03, in

an environmental reaction chamber. The uptake coefficient for

hematite under dry conditions was found tojbes 1.0 x 1077,
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