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In this study, the heterogeneous uptake of SO2 on R-Al 2O3 and MgO particles at 296 K was investigated.
Transmission FT-IR experiments reveal that under dry conditions SO2 reacts withR-Al 2O3 and MgO to form
strongly adsorbed bisulfite, HSO3

-(aq), and sulfite, SO32-(aq), onR-Al 2O3 and sulfite on MgO. To quantify
the uptake of SO2 under dry conditions, heterogeneous uptake coefficients were measured with a Knudsen
cell reactor. The Knudsen cell data were modeled to account for gas diffusion in to the underlying layers and
surface saturation. The initial uptake coefficient,γo, is calculated using the BET surface area of the powdered
samples as diffusion of SO2 into the powder is found to readily occur. Values ofγo were determined to be
9.5 ( 0.3 × 10-5 and 2.6( 0.2 × 10-4 for SO2 uptake onR-Al 2O3 and MgO, respectively, at 296 K under
dry conditions at a gas concentration near 1× 1011 molecules/cm3. Additionally, water uptake on sulfite-
coatedR-Al 2O3 and sulfite-coated MgO particles was investigated with FT-IR spectroscopy. In the presence
of adsorbed water, some of the adsorbed sulfite converted to sulfate on MgO but not onR-Al2O3. Atmospheric
implications of these studies on SO2 uptake on mineral dust aerosol are discussed.

Introduction

Gas-phase nitrogen and sulfur oxides can react with mineral
aerosol to form particulate nitrate and sulfate. Recent atmo-
spheric modeling studies have suggested that mineral aerosols
have a significant impact on the chemistry of trace tropospheric
gases, such as nitrogen and sulfur oxides.1,2 Analysis of aerosol
particles offers support of this suggestion as mineral aerosols
are often found to be coated with sulfates and nitrates.3-14 As
a result, the mechanisms and reaction probability or uptake
coefficient of trace tropospheric gases on mineral aerosols have
been under investigation.15-24

Reaction of SO2 on mineral aerosols is complicated because
the mechanism for SO2 oxidation on mineral particles to form
sulfate is uncertain.1 In the troposphere, gas-phase SO2 reacts
to produce sulfur trioxide, which is then rapidly converted to
sulfuric acid in the presence of water vapor according to
reactions 1 and 2.25

SO3 in the marine boundary layer is oxidized to sulfate by
O3 and H2O2 on sea salt aerosol.26-34 Aqueous-phase oxidation
of SO2 in liquid droplets and in clouds is also an important
process.35-42 Maahs reports that in aqueous aerosols sulfite and
bisulfite may react as follows43

and

Atmospheric sulfate particles are known to play a role in the
global climate by scattering solar radiation and increasing the
number of cloud condensation nuclei.44,45Sulfate-coated mineral
dust particles can change this impact as they participate in the
hygroscopic deliquescence and efflorescence cycles.46,47

In this study, the heterogeneous uptake of SO2 on two types
of oxide particles,R-Al2O3 and MgO, is investigated in order
to gain some insight into the heterogeneous uptake of SO2.
R-Al2O3 and MgO are characterized as acidic and basic oxides,
respectively, and are used here as models for mineral aerosol
found in the troposphere. Transmission FT-IR spectroscopy and
UV-vis diffuse reflectance spectroscopy were used to gain
some mechanistic insight into SO2 uptake. Knudsen cell
experiments were done in order to quantify the rates of SO2

uptake in terms of an initial heterogeneous uptake coefficient,
γo.

Experimental Section

For FT-IR measurements, oxide samples were prepared by
either pressing or spraying an oxide/water slurry onto half of a
tungsten grid (Buckbee Mears, 100 lines/in. tungsten mesh wire
widths of 0.0015′′ and thickness of 0.002′′). The other half of
the grid was left blank for gas-phase measurements. The grid
half coated with the oxide powder was placed inside the infrared
cell. The infrared cell used in this study is modified from the
design used in previous studies.18,19The modified infrared cell
consists of a stainless steel cube (2.75′′) with two germanium
windows and a sample holder. The inside of the stainless steel
cube is coated with Teflon in order to avoid gas decomposition
on the walls of the infrared cell. The oxide samples prepared
on the tungsten grid are secured inside the infrared cell by Teflon
coated sample holder jaws. The infrared cell is connected to a
vacuum chamber through a Teflon tube and a glass gas manifold
with ports for gas introduction and two absolute pressure
transducers (range 0.001 to 10.000 Torr and 0.1 to 1000.0 Torr).
The total volume of the system is 1506( 3 mL (infrared cube* To whom correspondence should be addressed.
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177 ( 2 mL and a glass gas-manifold 1329( 1 mL). The
vacuum chamber consists of a two stage pumping system; a
turbo-molecular/mechanical pump for pumping down to 10-7

Torr and a mechanical pump for rough pumping down to 10-3

Torr.
The infrared cell is mounted on a linear translator inside the

FT-IR spectrometer. The translator allows both halves of the
grid, the blank side for gas phase measurements and the oxide
coated side for surface measurements, to be probed by simply
moving the infrared cell through the IR beam path. Infrared
spectra were recorded with a single beam Mattson RS-10000
spectrometer equipped with a narrow band MCT detector.
Typically 250 scans were collected with an instrument resolution
of 4 cm-1 in the spectral range extending from 750 to 4000
cm-1.

Heterogeneous uptake coefficients were measured with a
Knudsen cell reactor. A Knudsen cell reactor consists of a
chamber with an isolated sample compartment and a small
orifice through which gas-phase reactant and product species
can escape to be detected, usually by mass spectrometry. In a
typical Knudsen cell experiment, the sample compartment is
covered while the walls of the reactor are passivated and a steady
state flow is established. Usually the pressure in the cell is kept
low enough such that the mean free path of the molecules within
the cell is greater than the cell dimensions so that boundary
layer effects and homogeneous gas-phase collisions are mini-
mized and can be neglected. The cell can be used at higher
pressures, but to ensure molecular flow the mean free path must
be at least a factor of 10 greater than the diameter of the escape
aperture.48 In the experiments described herein, an effective
escape aperture of 0.0129 cm2, which accounts for the Clausing
factor, was used.49 The escape constant,kesc, for this aperture
was determined to be 0.080 s-1 for SO2.

For the experiments described herein, a Knudsen cell reactor
coupled to a UTI, DetecTorr II quadrupole mass spectrometer
was used to determine uptake coefficients on powdered samples.
Although the Knudsen cell used has been described previously,50

it has recently been modified to allow for the analysis of multiple
samples (Figure 1). A stainless steel reducing cross (6-2.75′′)
now has four individual sample holders attached to a platform
which rests on the bottom (6′′) flange. All exposed interior
surfaces are coated with Teflon to provide a chemically inert
surface. Four Teflon coated aluminum disks attached to four
linear translators serve as covers for each of the powdered
samples. The geometric area of each of the four sample holders
is 5.07 cm2. Since the volume of the sample holder is much
smaller than the total volume of 1750 cm3 (<1%), no corrections
are needed to account for volume change upon opening the
sample compartment. The seal between the sample holders and
the cover is made with viton O-rings. With this setup four
samples of differing mass can now be analyzed in a single run.

To begin each experiment, sulfur dioxide was flowed for at
least 10 min to passivate the system. The gas was introduced
through a leak valve to a desired pressure, measured by an
absolute pressure transducer (MKS 690 A.1 TRC with a range
of 10-6 to 0.1 Torr). At this time the sample holder lids were
in the closed position in order to prevent the oxide particles
from being exposed SO2. The SO2 parent ion (m/e ) 64) was
monitored during these experiments. Other mass channels were
monitored in addition to the parent ion, including H2O (m/e )
18), CO2 (m/e ) 44), SO (m/e ) 48), SO3 (m/e ) 80), and
H2SO4 (m/e ) 98).

It is very important that the powdered sample be evenly
applied, covering the entire geometric area of the sample holder;
otherwise the measured initial uptake coefficient may reflect
the amount of uncovered/unreactive surface in the sample holder
as well as the sample mass. For preparing thin samples of the
powdered samples, both of these concerns were addressed by
using an atomizer to spray an aqueous slurry of the sample onto
a heated sample holder. As determined with an optical micro-
scope, this spraying procedure ensured very even coverage of
the powdered sample across the bottom of the sample holder.
All experiments reported here were done atT ) 296 K.

Figure 1. Multisample Knudsen cell apparatus used to measure heterogeneous uptake coefficients.
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The oxide powders used in this study were purchased from
Alfa Aesar. The average particle diameters were determined
from transmission electron micrographs to be 0.5 and 0.2µm
for R-Al2O3 and MgO, respectively. The surface areas of the
particles were measured using a multipoint BET apparatus
(Quantachrome 1200) and determined to be 14 and 15 m2/g for
R-Al2O3 and MgO, respectively. Distilled H2O (Milli-Q) was
degassed prior to use. Gaseous SO2 (Matheson, 99.98 wt %
min purity) was used as received.

Results

FT-IR Study of SO2 Adsorption on r-Al 2O3 and MgO
Particles at 296 K.The FT-IR spectra following the reaction
of SO2 on R-Al2O3 and MgO particles at 296 K as a function
of pressure between 3 and 353 mTorr are shown in Figures 2
and 3, respectively. In these experiments,R-Al2O3 and MgO
particles were loaded in the glass-Teflon infrared system and
evacuated to 10-7 Torr overnight. A known pressure of SO2

was admitted in the infrared cell containing eitherR-Al2O3 or
MgO particles. When the pressure of the gas reached equilib-
rium, two spectra were recorded, one of the gas phase and the
other of the surface in the presence of the gas phase. Absorbance
spectra of SO2 adsorbed onR-Al2O3 and MgO particles were
obtained by referencing an oxide sample spectrum after SO2

was introduced into the infrared cell to an oxide background
spectrum prior to adsorption. Gas-phase absorption bands
measured through the blank grid could then be subtracted from
the gas phase/adsorbate spectrum in order to obtain a spectrum
of adsorbed SO2 only.

Changes in the infrared spectra of theR-Al2O3 surface as a
function of increasing SO2 are clearly seen in Figure 2. Upon

adsorption of SO2 onR-Al2O3 particles, a broad absorption band
between 900 and 1200 cm-1, with features at 960, 1015 and
1098 cm-1, is observed in the spectrum (Figure 2, gas-phase
subtracted). This broad band grew in intensity as the SO2

pressure was increased. When theR-Al2O3 particles were
exposed to the highest SO2 pressures investigated, 172 and 353
mTorr, two small bands at 1149 and 1330 cm-1 became apparent
in the spectrum. Upon evacuation of gas-phase SO2, the strong
broad absorption band between 900 and 1200 cm-1 remained
in the spectrum and the two weaker bands at 1149 and 1330
cm-1 disappeared. This indicates that the surface adsorbed
species with the broad absorbance between 900 and 1200 cm-1

is chemisorbed on theR-Al2O3 particles and cannot be removed
upon evacuation of the gas phase, while the weaker bands at
1149 and 1330 cm-1 are only present in the presence of the
gas phase and are associated with a physisorbed species.

The inset of Figure 2 shows changes in the hydroxyl region
upon adsorption of SO2. There is the growth of a broad band
with maxima at 3524 and 3296 cm-1 in the spectra which is
still present upon evacuation of the gas phase. Negative features
at 3748 and 3707 cm-1 indicate either loss of hydroxyl groups
from the surface or that the hydroxyl groups are involved in
hydrogen bonding.

The assignment of the vibrational bands of adsorbed sulfur
dioxide has been discussed previously.51-55 The broad absorp-
tion band between 900 and 1200 cm-1 in theR-Al2O3 spectrum
is composed of more than one band and is assigned to the
absorptions of sulfite and bisulfite on the surface. The two small
adsorption bands at 1149 and 1330 cm-1 that disappear upon
evacuation of the gas phase are assigned to the symmetric (ν1)
and asymmetric (ν3) stretch, respectively, of weakly adsorbed

Figure 2. FT-IR spectra ofR-Al 2O3 upon exposure to SO2 at various
pressures. Spectra labeled “gas phase subtracted” were recorded in the
presence of the gas phase at equilibrium pressures of 3, 4, 5, 8, 14, 44,
173, and 353 mTorr. The spectrum labeled “gas phase evacuated” was
collected after evacuation of SO2 at the highest pressure. The hydroxyl
group region is shown in the inset.

Figure 3. FT-IR spectra of MgO upon exposure to SO2 at various
pressures. Spectra labeled “gas phase subtracted” were recorded in the
presence of the gas phase at equilibrium pressures of 3, 5, 7, 9, 11, 16,
23, 43, 89, 178, 353, 880, 2637, and 5275 mTorr. The spectrum labeled
“gas phase evacuated” was collected after evacuation of SO2 at the
highest pressure.
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SO2. These bands associated with weakly adsorbed SO2 are
shifted only slightly from their corresponding gas-phase values
of 1151 and 1362 cm-1.56

The infrared spectra obtained in this study following adsorp-
tion of SO2 on R-Al2O3 agree well with other infrared studies
reported in the literature. Mitchel et al.,57 Karge and Dalla
Lana,58 and Chang59 investigated SO2 adsorption onγ-Al2O3

particles with infrared spectroscopy and found that SO2 both
weakly and strongly adsorbs ontoγ-Al2O3. Two bands at 1330
and 1150 cm-1 were assigned to weakly adsorbed SO2 and a
broad band centered at 1060 cm-1 was assigned to strongly
adsorbed SO2 identified as a sulfite species. For highly hy-
droxylated alumina surfaces, such as the ones used here, bisulfite
was identified on the surface as well. Possible surface reactions
with SO2 and surface hydroxyls and lattice oxygen atoms to
form sulfite and bisulfite are presented in the Discussion.

Changes in the infrared spectra of the MgOsurface as a
function of increasing SO2 pressure are clearly seen in the
spectra shown in Figure 3. The adsorption of SO2 on MgO is
similar to the adsorption of SO2 on R-Al2O3 particles in that a
strongly adsorbed species and weakly adsorbed SO2 formed on
MgO following exposure to gaseous SO2. The strongly adsorbed
species shows a strong broad absorption band between 800 and
1125 cm-1 with three features at 896, 948, and 1064 cm-1.
Weakly adsorbed SO2, which was represented by absorption
bands at 1149 and 1330 cm-1, is only observed at highest
pressures. In addition, three weak absorptions near 1193, 1170,
and 1150 cm-1 also grew in intensity with increasing SO2

pressure. This group of bands remained in the spectrum upon
evacuation of SO2 vapor. As discussed below, this group of
absorption bands is assigned to theν3-stretching mode of
bidentate surface-coordinated sulfate.

The broad band between 800 and 1125 cm-1 can be assigned
to surface-coordinated sulfite following adsorption of SO2 on
MgO particles. This interpretation is in agreement with other
studies for SO2 adsorption on the basic oxides MgO and CaO.
Using FT-IR photoacoustic spectroscopy, Martin et al. studied
reaction of SO2 on CaO particles.60 Upon reaction of SO2 on
CaO at 25°C, they observed a broad absorption band centered
at 950 cm-1. They assigned this band to theν3 andν1 stretching
modes of surface sulfite. Babaeva et al. also studied adsorption
of SO2 on MgO particles.61 They observed absorption bands at
1150 and 1335 cm-1 corresponding weakly adsorbed SO2

following adsorption of SO2 on MgO at 170 K. At room
temperature, adsorption of SO2 on MgO resulted in the
formation of surface sulfite with absorption bands at 960 and
1050 cm-1. At room temperature, weakly adsorbed SO2 on MgO
particles was barely detectable. Schoonheydt and Lunsford also
report surface sulfite absorption bands at 975 and 1040 cm-1

following reaction of SO2 on MgO at room temperature.62 Gebel
et al.63 studied uptake of SO2 on synthetic sea salt and found
weakly adsorbed SO2 near 1360 cm-1 and surface adsorbed
sulfite near 960 cm-1 corresponding to the reaction of SO2 on
the CaCO3 component of synthetic sea salt to give CaSO3. In
addition, the assignment of bidentate surface-coordinated sulfate
on MgO particles is taken from that of Martin et al., who
assigned three bands at 1157, 1130, and 1080 cm-1 that
appeared following adsorption of SO2 on CaO at 200°C to the
ν3 stretching mode of bidentate SO4

2-.60

Diffuse reflectance UV-vis spectroscopy provided further
evidence that SO2 reacts withR-Al2O3 and MgO particles to
produce surface-coordinate sulfite. In the UV region, sulfite and
bisulfite ion absorbs near 250 nm whereas sulfate does not.64

UV-vis reflectance spectra following reaction of SO2 on

R-Al2O3 and MgO particles shows features at 259 nm for
R-Al2O3 and 252 nm for MgO indicate that surface-coordinated
sulfite and/or bisulfite is present on the oxide surface.65

Total Uptake of SO2 on r-Al2O3 and MgO Particles
Determined by FT-IR and Volumetric Measurements.The
infrared data for SO2 adsorption onR-Al2O3 and MgO particles
were further analyzed to determine the total uptake of SO2 on
these oxide particles at 296 K. Adsorption isotherms curves are
shown in Figure 4, where the coverage of adsorbed SO2 on
R-Al2O3 and MgO particles (molecules cm-2) is plotted against
the equilibrium pressure of SO2 (mTorr) (Figure 4,R-Al2O3

solid circles, MgO solid squares). The absorption bands of
adsorbed SO2 onR-Al2O3 and MgO particles between 1250 and
785 cm-1 were integrated as a function of SO2 pressure. The
integrated absorbance was then calibrated to coverages in
molecules per squared centimeter through volumetric measure-
ments, i.e., by measuring the pressure difference between SO2

expanded into an empty infrared cell versus expanded into the
infrared cell containing the adsorbent, (R-Al2O3 or MgO). The
expansion of SO2 into the infrared cell with no oxide sample
present was also done as a function of increasing SO2 pressure.
The pressure difference between gaseous SO2 admitted into the
infrared cell with and without the oxide was determined.
Through the ideal gas law, the pressure difference can be related
to the number of molecules of SO2 adsorbed on the oxide
particles. The total number of molecules adsorbed was then
divided by the total surface area of the adsorbent to give SO2

coverages in units of molecules cm-2. A plot comparing the
uptake of SO2 in terms of molecules cm-2, which was calculated
by volumetric measurements, and of integrated absorbance,
which was determined from integrating absorption bands of
adsorbed SO2, versus SO2 equilibrium pressure followed the
same curve. Therefore, the integrated absorbance is calibrated
to molecules cm-2 and plotted against SO2 equilibrium pressure.

Upon exposure ofR-Al2O3 to SO2, the uptake is seen to
increase rapidly and then saturates at a coverage of
1.5× 1014 molecules cm-2. SO2 adsorption on MgO increases
rapidly to 2.5× 1014 molecules cm-2 at a pressure of 25 mTorr.
As higher SO2 pressures are reached the uptake levels off at a
coverage of 4.0× 1014 molecules cm-2 near 350 mTorr but
does not appear to completely saturate. The coverage of
adsorbed SO2 immediately after evacuation of gas-phase SO2

was also determined (Figure 4,R-Al2O3 open circles, MgO open

Figure 4. Total uptake of SO2 on R-Al 2O3 and MgO was determined
as a function of SO2 exposure.
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squares). The integrated absorbance decreases after gas-phase
SO2 is evacuated from the infrared cell by approximately 10%
at the highest coverages. Thus, the adsorption of SO2 on these
two oxides is approximately 90% irreversible and there is a
hysteresis observed in the adsorption isotherm.

Our calculations for the coverage of SO2 on oxide particles
is comparable to the work of Stark et al. who investigated the
uptake of SO2 on MgO pellets between 0 and 800 Torr of SO2.66

Using a cross-sectional area of 1.92 nm2 for SO2, they calculated
a monolayer coverage of 5.2× 1014 molecules cm-2 on MgO
pellets. They found that upon evacuation of gas-phase SO2, the
coverage of SO2 dropped to 5.0× 1014 molecules cm-2. Thus,
they determined that 4% of the total amount of SO2 was weakly
adsorbed.

Role of Water in the Reaction of SO2 on r-Al 2O3 and
MgO Particles. Since it is becoming increasingly clear through
laboratory studies that surface adsorbed water plays a role in
the heterogeneous chemistry of trace atmospheric gases such
as nitric acid,67-71 the adsorption of water on sulfite coated
R-Al2O3 and MgO was investigated. In these experiments,
R-Al2O3 and MgO particles were reacted with SO2 until the
surface was saturated with surface-coordinated sulfite. Gas-phase
SO2 was then evacuated from the infrared cell. Water was then
added to the infrared cell containingR-Al2O3 and MgO particles
as a function of increasing relative humidity between 1 and 93%
RH. At the highest relative humidity (93% RH), water vapor
was evacuated and a spectrum was recorded. As can be seen in
the spectra shown in Figure 5, as the water vapor pressure
increased, an absorption band near 1640 cm-1, corresponding
to the bending mode of surface adsorbed water, grows in. This
band has been used to determine the coverage of adsorbed water
layers.71 Except for the growth of the band associated with the
water bending mode, only small changes in theR-Al2O3 spectra
are seen as a function of RH. There is a slight shift in the band
at 1098-1104 cm-1 as higher relative humidity and some small
changes in the shape of the broad absorpiton band that extends
from 900 to 1150 cm-1. The absorption bands at 1015 and 960
cm-1, assigned to surface-coordinated sulfite, combined into one

band at 982 cm-1 as water vapor pressure increased. These
frequency shifts may be due to water-solvation effects as was
observed for nitratedR-Al2O3 particle surfaces.71,72 Upon
evacuation of gas-phase water (top spectrum), the spectrum
reverts back to the original surface-coordinated sulfite spectrum
with absorption bands at 1098, 1015, and 960 cm-1. This result
is in agreement with those of Karge and Dalla Lana58 in that
strongly adsorbed SO2 was not affected much by H2O adsorp-
tion.

As water vapor was added to the infrared cell containing MgO
particles that had been previously reacted with SO2, the bending
mode vibration of surface adsorbed water becomes apparent as
it did on theR-Al2O3 surface. In addition, new bands at 1110
and 957 cm-1 appear in the spectrum. These new absorption
bands are assigned to water-solvated sulfite and sulfate on the
surface.73,74Upon evacuation, absorption bands at 1138 and 970
cm-1 remain in the spectrum. Most likely there is a mixture of
surface-coordinated sulfite and sulfate that remains on the MgO
surface upon evacuation of water vapor. Thus upon addition of
water, some surface-coordinated sulfite is converted to surface-
coordinated sulfate on the MgO surface. It is estimated that∼5-
10% of the sulfite is converted to sulfate. The absorption band
near 1460 cm-1 has been discussed elsewhere and is due to
water solvated carbonate on the MgO surface.71

Knudsen Cell Study of SO2 Adsorption on r-Al2O3 and
MgO Particles at 296 K. Knudsen cell experiments were
conducted in order to quantify the uptake of SO2 on these two
oxide surfaces at 296 K. The Knudsen cell data for the uptake
of sulfur dioxide onR-Al2O3 and MgO are shown in Figure 6.
The data are presented in terms of QMS intensity of the parent

Figure 5. FT-IR spectra of water adsorption on SO2 reacted (a)R-Al2O
(left panel) and (b) MgO (right panel) as a function of relative humidity.

Figure 6. Knudsen cell data showing the heterogeneous uptake of SO2

on (a) R-Al 2O and (b) MgO as a function of sample mass. The
maximum observed uptake, calculated using eq 6, is shown to be a
function of sample mass.
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ion, m/e 64, for SO2 versus time. Four different samples are
shown for each of the oxide samples, each of a different mass.
The data for each sample have been overlayed during the time
the oxide samples are exposed to SO2 as indicated by a rectangle
labeled “open”. The experiments show that after an initial
steady-state flow of SO2 is achieved there is a large drop in the
ion signal for the parent ion when the oxide particles are exposed
to SO2. The data also show that the extent of the drop in the
signal depends on the mass of the oxide sample.

Using the steady-state derived Knudsen cell equation for
determining the heterogeneous uptake coefficient for gases on
a solid surface, the observed uptake coefficient can be calculated
as follows48,75

whereAh is the effective area of the escape aperture or escape
hole,As the geometric area of the sample holder, andIo and I
are the QMS intensity measured with the sample covered and
sample exposed, respectively. The uptake coefficient as calcu-
lated by eq 5 is referred to asγobs, the observed uptake
coefficient.

The maximum observed heterogeneous uptake coefficient was
determined for each sample and the value is shown in Figure
6. The maximum value of the uptake coefficient, often reported
as the initial uptake coefficient, is taken as the point where the
SO2 parent ion signal intensity is a minimum. The maximum
value,γmax,obs, was calculated for each mass using eq 5 above
and is given for each mass in both Figure 6 and Table 1. It is
seen that the maximum value depends on sample mass, and
therefore upon sample thickness and that the maximum value
occurs at longer times as the sample mass increases. For the
thinner samples,γobs reaches a maximum and then the value
decreases as the sample is continuously exposed to gaseous SO2.

In the derviation of eq 5, it is assumed that the total number
gas/surface collisions is taken as the flux of molecules to the
geometric area of the sample holder; each time a molecule
comes near the sample, it hits only once and only with the very
top layer of the sample, which could be expected if the sample
were a liquid or a single crystal. However, this is not the case
for the samples used in these experiments, which are powders
and thus inherently porous in nature. This assumption that gas
molecules interact only once and only with the top layer is an

oversimplification that does not adequately describe the data
collected in these experiments as discussed below.

It has been previously shown that the observed mass
dependence involves the diffusion of the reactant gas to
underlying layers, resulting in an increase in the number of
collisions with the interior surfaces of the particles in the
sample.50 The increased surface area, and thus the increased
number of collisions, must be accounted for when determining
the uptake coefficient. It is clear from the data presented that
several kinetic steps are occurring simultaneously: adsorption,
diffusion, and surface saturation, which is most easily seen for
the smallest masses. To understand the observed mass depen-
dence, the shift in the maximum of the observed uptake
coefficient and the decrease inγobs with time due to surface
saturation for thinner samples but not thicker samples, we have
simulated the time dependent uptake in order to extract an initial
uptake coefficient from the data.

The effects of surface coverage and saturation on the
measured uptake coefficient have not been previously considered
for Knudsen cell experiments. Here we will consider the effects
of surface coverage and saturation in determining an initial
uptake coefficient,γo, using a simple site-blocking, Langmuir-
type adsorption mechanism. In this case, the uptake coefficient
is a function of coverage and takes the form

whereγ is the uptake coefficient,θ is the surface coverage,
and γo is the uptake coefficient in the limit of zero surface
coverage. Assuming a first-order rate process in the gas pressure
and the number of available surface sites (1- θ), the rate of
adsorption can be written as

whereNa, is the number of adsorbed molecules,ka is the rate
constant for adsorption,p is the pressure of the gas,Ns is the
total number of surface sites that can be populated at that
pressure andθ is the fractional coverage. If the pressure of the
gas is taken to be nearly constant in this flow experiment (i.e.,
under conditions such that the change in the pressure is small),
then the rate of the reaction can be analyzed in terms of a
pseudo-first-order process with respect to surface sites. With
this assumption, and sinceNa ) Nsθ and dNa ) Ns dθ, eq 7 can
be solved and the solution of the differential expression is

wherea ) kap.
The rate of adsorption can also be written as

whereZ is the rate of collisions of the gas molecules with the
unit surface area,m is the molecular mass of the gas molecule,
k is the Boltzmann constant,T is the absolute temperature. By
comparing eq 7 to eq 9, the rate constant becomes

Therefore,

TABLE 1: Uptake Coefficients Determined for
Heterogeneous Reaction of SO2 on r-Al 2O3 and MgO
Particles

oxide
sample mass

(mg) γmax,obs
a γmax,BET

b γo,model
c

R-Al 2O3 0.9 2.7× 10-3 1.1× 10-4 1.0× 10-4

2.5 7.2× 10-3 1.3× 10-4

4.0 8.3× 10-3 7.5× 10-5

6.2 1.1× 10-2 6.4× 10-5

MgO 1.2 9.4× 10-3 2.7× 10-4 2.7× 10-4

2.2 1.9× 10-2 2.8× 10-4

4.3 3.0× 10-2 2.4× 10-4

15.5 3.8× 10-2 8.2× 10-5 d

a The observed uptake coefficient is calculated using eq 6.b The BET
uptake coefficient is calculated as followsγmax,BET ) γmax,obs(As/ABET),
whereABET ) mass× SBET. SBET is equal to 140 cm2/mg and 150 cm2/
mg for R-Al 2O3 and MgO, respectively.c The initial uptake coefficient
determined from the computer simulation using the layer by layer
model.d Masses outside the linear mass regime. See text for further
detail. Average ofγmax,BET for masses in the linear regime; (9.5( 0.3)
× 10-5 and (2.6( 0.2) × 10-4 for R-Al 2O3 and MgO, respectively.

γobs)
Ah

As

(Io - I)

I
(5)

γ ) γo(1 - θ) (6)

dNa

dt
) kapNs(1 - θ) (7)

γ ) γo e-at (8)

dNa

dt
) γZ ) γ p

x(2πmkT)
) γo(1 - θ)

p

x(2πmkT)
(9)

ka )
γo

Nsx(2πmkT)
(10)
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wherep is in units of mTorr,Ns is in units of molecules cm-2,
M is the molar mass of the gas in units of gram per mole, and
T is the absolute temperature in Kelvin.

The time dependent uptake coefficient given in eq 8 with
the value of a given in eq 11 can now be put into the rate
equations derived for heterogeneous uptake measured with the
Knudsen cell technique. The rate of gas flow in a Knudsen cell
reactor following time-independent uptake, i.e.,γ is constant,
can be written as76

Substituting eq 8 into eq 12 we get

If a mass spectrometer is used to monitor gas flow, this
expression can be written in terms of a normalized mass spectral
intensity as

For heterogeneous uptake on powdered samples, the uptake
coefficient is time-dependent for two reasons. First, as described
above, surface saturation is time dependent. Second, as described
below, gas diffusion into the underlying layers of the sample
will also contribute.

A powdered sample consists of many layers of particles. We
have developed a layer-by-layer approach to describe the uptake
of gas by a porous solid.76 The uptake on each of the individual
layers can be described by eq 8, but the gas molecules do not
reach all the individual layers at the same time due to the
diffusion time through the powder. The first layer is unique
because there is no diffusion time in the powder. The uptake
can be described for each layer,n, as follows

wheret2 is the time it takes for gas molecules to diffuse to the
second layer,t3 is the time to get to the third layer, etc. If at
any timet < tn, i.e., before the gas molecules can reach the nth
layer, there is no uptake on that layer so the uptake coefficient
is set equal to zero. After the gas molecules reach the layer, the
uptake process follows eq 8.

The time it takes to get to each layer can be determined from
the diffusion time through the powder. The root-mean-square
distancel traveled by molecules with effective diffusion constant

through the powderDeff in time t is given by77

Therefore, the time it takes to diffuse is

For a powder sample with massms and bulk densityF packed
in a sample holder with geometric area,As, the total thickness,
L, is given by

If the specific BET area of the powder sample isSBET, the total
BET area of the powder sample ismsSBET ) ABET, the whole
powder sample can then be treated asj layers ofAs surfaces
stacked one on top of the other with

and the distance between two adjacentAs surfaces is

It should be noted that it does not matter how the layers are
defined as long as the total surface area,ABET, is kept constant.

The Knudsen cell equation in terms of the normalized mass
spectral intensity then becomes

where

and

The if clause in eq 21 can be easily implemented in many
mathematical packages available today (such as MATHCAD).
Equation 21 can be used to model the experimental observations
such as the mass and time dependence of the observed uptake.
In this equation, the initial uptake coefficient,γo, and the
effective diffusion constant,Deff, are fitting parameters. Most
other parameters in the equation are experimental parameters
(pressure,kesc, mass,F, As, ABET, and mass). The maximum
coverage (Ns) at that pressure can be determined from the
experimental data (vide infra). As will be shown, there is a
decrease in the gas pressure in the Knudsen cell when molecules
adsorb on the powder. To take this decrease in pressure into
account the a term can be modified to include the pressure
change, whereI is the mass spectral intensity at any timet and

l ) x2Defft (16)

t ) l 2

2Deff
(17)

L )
ms

FAs
(18)

j )
ABET

As
(19)

d ) L
j

) 1
SBETF

(20)

dI

dt
) kesc- kescI -

kescI
As

Ah
{∑

i)0

j

γo, if[t <
( i

j
L)2

2D
, *0, or *e-a[t-((i/j)L)2/2Deff]]} (21)

i ) n - 1 (22)

ti )
( i
j
L)2

2Deff
(23)

a ) kap )
γop

Nsx(2πmkT)
) 3.154× 1019

γop

Nsx(MT)
(11)

dN
dt

) Flowin - Flowout - Flowuptake)

kescNo - kescN - γ
As

Ah
kescN (12)

dN
dt

) kescNo - kescN - kescN
As

Ah
(γo e-at) (13)

dI
dt

) kesc- kescI - kescI
As

Ah
(γo e-at) (14)

First Layer: γ1 ) γ0 e-at

Second Layer:γ2 ) {γ0 e-a(t-t2), if t g t2
0, if t < t2

Third Layer: γ3 ) {γ0 e-a(t-t3), if t g t3
0, if t < t3

nth Layer: γn ) {γ0 e-a(t-tν), if t g tn
0, if t < tn

(15)
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Io is the initial mass spectral intensity before adsorption on the
oxide surface. Thus,a now takes the form

Before comparing the model and the experimental data, it is
instructive to look at two limiting cases. The first case is when
diffusion is slow and the uptake coefficient is large. In this case,
as Deff approaches zero thenti, the time it takes to diffuse to
underlying layers, goes to infinity. Thus, the exponential term
goes to zero for all layers except for the top layer and uptake
occurs on the top layer only. The second limiting case is for
fast diffusion, as expected when the uptake coefficient is small.
In this case, asDeff becomes very large then the second term
in the exponential goes to zero. The entire bracketed part of
eq 21 then reduces tojAsγo e-at ) ABET γo e-at and all internal
layers are simultaneously contributing to the uptake.

Computer simulations of the model described above showing
the uptake of SO2 on R-Al2O3 and MgO particles are presented
in Figure 7 and are compared to the experimental curves
determined for each mass. The experimental and fitting param-

eters used in the model are given in Table 2. To fully model
the mass spectral curves shown in Figure 7, the initial conditions
are taken as dI/dt ) Io ) 1, during the time the sample is
exposed to the surface dI/dt is given by eq 21 and when the
sample lid is closed the signal increases back to its initial value
according to the equation dI/dt ) kesc(Io - I). The model fits
the general shape of the experimental data fairly well. For MgO,
there is an overall better fit to the data. The model shows that

Figure 7. A comparison of the experimental Knudsen cell data and computer simulated data using the layer-by-layer uptake model, is shown for
SO2 uptake on (a)R-Al 2O3 and (b) MgO. The experimental and fitting parameters used in the model are given in Table 2.

a )
γop(I/Io)

Nsx(2πmkT)
e ) 3.154× 1019

γop(I/Io)

NsxMT
(24)

TABLE 2: Parameters Used in the Layer-by-Layer Uptake
Model

R-Al 2O3 MgO

experimental parameters
As (cm2) 5.07 5.07
Ah (cm2) 0.0129 0.0129
kesc(s-1) 0.080 0.080
SBET (cm2 mg-1) 140 150
P (mTorr) 0.004 0.004
density,F (g/cm3) 0.60 0.50

other input parameters
Nmax (molecules cm-2) 2.1× 1013 4.7× 1013

fitting parameters
D (cm2 s-1) 4.0× 10-8 1.6× 10-8

γo 1.0× 10-4 2.7× 10-4

6116 J. Phys. Chem. A, Vol. 105, No. 25, 2001 Goodman et al.



the uptake decreases faster for the thinner samples and that the
maximum inγobscorresponding to a minimum in the normalized
QMS intensity, shifts to longer times.

There are many reasons why the model may not fit the
experimental data exactly, especially at longer times. For
example, the use of a Langmuir-type model to describe the
surface saturation may be an oversimplifications. In addition,
the use of a constant effective diffusion constant may also be
an oversimplification.

The maximum in the observed uptake coefficient as a function
of sample mass is plotted in Figure 8. Some additional
experiments were done for SO2 uptake onR-Al2O3 samples of
larger mass and are included in Figure 8. The line through the
data is the maximum in the uptake coefficient calculated from
the model. It can be seen that there is very good agreement
between the model and the experimental data. The observed
uptake coefficient is linearly proportional to the mass for small
sample masses. The observed initial uptake coefficient then
levels off at the higher masses.

Determination of Saturation Coverages and Characteriza-
tion of Gas-Phase Products from Knudsen Cell Experiments.
Surface coverage can be determined using the Knudsen cell
reactor by allowing the powder to completely react with the
SO2 until the SO2 signal goes back to its baseline value and

there is no longer any additional uptake. The SO2 QMS intensity
can be converted to the number of molecules lost to the surface
per second as a function of time. The area under the resultant
flow curve can be integrated. Conversion of QMS intensity to
molecular flow was accomplished by multiplying the effective
area of the escape aperture by the collision rate which yields
the number of molecules per second escaping the cell as a
function of pressure (molecules s-1 mTorr-1). When this value
is multiplied by the experimentally determined absolute pressure
versus QMS intensity data (mTorr amp-1), a conversion factor
is obtained which could be used to convert the SO2 QMS signal
to molecular flow. This procedure was followed in order to
determine surface coverages in theµTorr pressure regime. From
the mass of the sample and the BET surface area, the total
number of SO2 molecules that adsorb on the surface per unit
area can be determined. Surface coverages were determined at
pressures above 4µTorr in order to ensure complete saturation
of the surface in a reasonable period of time. Experiments for
R-Al2O3 and MgO were done at pressures of 41 and 202µTorr,
respectively.

The experimental data forR-Al2O3 are shown in Figure 9.
The data shown in Figure 9 are plotted as the number of
molecules of SO2 adsorbed per second as a function of time.
The flow data have been baselined to zero and inverted so that
the amount of SO2 adsorbed could be directly determined from
the integration of the area under the curve shown in Figure 9.
A sample mass of 2.6 mg was used in the experiment shown in
Figure 9. The number of molecules adsorbed on the surface
was determined from integration to be 3.8× 1016 molecules.
The surface coverage at the end of the experiment is determined
to be 6.5× 1013 molecules cm-2. The decay in the flow of
adsorbed SO2 is nearly exponential. Therefore, an exponential
decay was applied to the data for the smallest masses shown in
Figure 6 in order to determine the maximum number of sites,
Ns, that will be occupied at 4µTorr. This number was used in
the model shown in Figures 7 and 8. The values obtained for
Ns at different pressures using the Knudsen cell technique as
well as the values obtained for the saturation coverage in the
mTorr regime determined by FTIR/volumetric measurements
are given in Table 3. The maximum surface coverage must be
determined at the pressure used in the uptake experiment. As
shown in Table 3, the maximum surface coverage determined
in the mTorr regime overestimatesNs in the µTorr regime.

Figure 8. Experimental initial uptake coefficient plotted as a function
of sample mass for (a)R-Al 2O and (b) MgO. Error bars for each of
the experimental data points are estimated to be on the order of 20%.
The line through the data represents the simulated uptake coefficient,
using a layer by layer uptake model, as a function of sample mass.
See text for further details.

Figure 9. Total uptake of SO2 on R-Al 2O3 determined from calibrated
Knudsen flow data. The amount of SO2 adsorbed on theR-Al 2O3

decreased as a function of time as the surface reached its maximum
uptake. The decrease in the uptake of SO2 molecules as a function of
time follows a nearly exponential decay.
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In addition to surface coverage and gas uptake, potential
product species were monitored during these experiment,
including CO2 (m/e44), SO3 (m/e80) and H2SO4 (m/e98). Only
CO2 showed an increase in signal, after a short induction period,
during the course of the experiments and only for MgO. This
result is explained in the next section.

Discussion

Heterogeneous Uptake Kinetics Determined from Knud-
sen Cell Measurements.The Knudsen cell data show that gas
diffusion into underlying layers occurs readily. The observed
uptake coefficient calculated via eq 5 must then be corrected to
take into account the additional surface area of the underlying
layers. This can be done by using the BET area of the entire
powder sample. This has been done for the four samples of
different masses measured forR-Al2O3 and MgO. The values
of γ are given in Table 1 where both the maximum in the
observed uptake coefficient is given along with the BET
corrected value for each mass. It is seen that the values ofγmax,obs

andγmax,BETdiffer by at least an order of magnitude. The value
of the initial uptake used in the model is also given in Table 1.
It can be seen that the value of the initial uptake coefficient
used in the model is close to the value of the uptake coefficient
corrected for BET area determined using masses in the linear
regime for bothR-Al2O3 and MgO as the larger masses for both
R-Al2O3 and MgO underestimate the initial uptake coefficient.
This can be understood from the data plotted in Figure 8 which
shows that the higher sample masses are close to the plateau
region, and therefore, the observed uptake coefficient will not
scale linearly with mass and the use of the entire BET area of
the sample over estimates the available surface area measured
in the time it takes for the uptake coefficient to reach its
maximum value. It is important to note that it is clear that the
observed uptake coefficient which uses the geometric area of
the sample overestimates the uptake coefficient by at least an
order of magnitude.

The fact that there is such good agreement between the initial
uptake coefficient determined from the model and the maximum
uptake coefficient corrected for the BET area for smaller masses
indicates that the surface saturation effects are not significant
on the time scale of the measuredγmax. If the saturation effects
were larger, i.e., if thea term defined in eq 11 was larger either
because there were fewer available surface sites, the experiment
was done at higher pressures or ifγo was larger, i.e., greater
than 10-3, then the uptake coefficient determined using the BET
area, even for small masses, would underestimate the initial
uptake coefficient.

Mechanisms for SO2 Adsorption on r-Al2O3 and MgO.
Information about the adsorption mechanism for SO2 on the
surface may be inferred from the infrared data. Several prior
studies have investigated the surface sites responsible for weakly
and strongly adsorbed SO2 following reaction of SO2 on both
alumina and magnesium oxide particles. Karge and Dalla Lana58

studied the interaction of SO2 with γ-alumina using infrared
spectroscopy. Using site blocking experiments with ammonia,

pyridine and boron trifluoride, they determined that interaction
of SO2 with basic sites on the surface leads to formation of
chemisorbed SO2 while adsorption at acid sites leads to
physisorbed SO2.

As described here, SO2 reacts withR-Al2O3 particles to a
small fraction of weakly adsorbed SO2 and a larger fraction of
strongly adsorbed surface-coordinated sulfite and/or bisulfite.
Upon adsorption of water vapor onto sulfite coatedR-Al2O3

particles, no new products are detected. Thus a mechanism can
be postulated for SO2 reaction onR-Al2O3 particles: weakly
adsorbed SO2 forms on acidic aluminum sites and surface-
coordinated sulfite forms when SO2 interacts with basic oxide
anions or hydroxides on theR-Al2O3 surface. Datta et al.79

further elaborated on adsorption of SO2 on acid and base sites
and proposed a mechanism for SO2 adsorption onγ-Al2O3. They
reported that adsorption on SO2 on Lewis acid sites (coordinately
unsaturated aluminum atoms) resulted in weakly adsorbed SO2.
Adsorption of SO2 on Lewis base sites (exposed oxygen atoms)
followed by rearrangement where the sulfite species attaches
to an aluminum through the sulfur atom resulted in chemisorbed
sulfite.

The surfaces investigated here are covered with hydroxyl
groups at a surface coverage around 4× 1014 molecules cm-2.80

It is possible and most likely probable that they are involved in
both the weak and strongly bonded interactions with SO2.
Several different reactions can be proposed for the hydroxylated
R-Al2O3 particle surface to yield surface coordinated sulfite and
bisulfite according to reactions 25, 26, and 27 below,

where O2- and OH- are lattice oxygen atoms and adsorbed
hydroxyl, respectively.

Due to the breadth of the absorption band shown in Figure 2
for SO2 adsorption onR-Al2O3, it would be difficult to
distinguish between these possibilities based on infrared spec-
troscopy alone. The OH stretching region shown in Figure 2
could be interpreted as being due the formation of strongly
adsorbed water or to the OH stretch in adsorbed bisulfite. This
OH bond can then hydrogen bond to nearby surface hydroxyl
groups.

The surface reaction of SO2 with MgO appears to follow a
somewhat different mechanism as the MgO surface is not as
hydroxylated as theR-Al2O3 surface investigated here. The
spectroscopic data show that SO2 reacts with MgO particles to
form weakly adsorbed SO2, surface-coordinated sulfite and
bidentate sulfate. A probable mechanism for formation of
weakly adsorbed SO2 and surface-coordinated sulfite would then
be similar to that postulated forR-Al2O3 particles: weakly
adsorbed SO2 forms on acidic magnesium sites and surface-
coordinated sulfite forms when SO2 interacts with basic oxide

TABLE 3: Number of Occupied Surface Sites,Ns, Determined from Volumetric/FT-IR and Knudsen Cell Measurements for
SO2 Uptake on r-Al 2O3 and MgO Particlesa

Ns (molecules cm-2)

oxide
volumetric/FT-IR data

(350 mTorr)
K nudsen cell data
(pressure in mTorr)

extrapolated Knudsen cell data
(0.004 mTorr)

R-Al 2O3 1.5 (( 0.3)× 1014 6.3 (( 1.2)× 1013 (0.041 mTorr) 2.1 (( 0.4)× 1013

MgO 3.5 (( 0.6)× 1014 1.8 (( 0.4)× 1014 (0.202 mTorr) 4.7 (( 0.5)× 1013

a Error in these measurements is estimated to be approximately 20-25% based on multiple measurements.

O2-(l) + SO2 f SO3
2-(a) (25)

OH-(a) + SO2 f HSO3
-(a) (26)

2OH-(a) + SO2 f SO3
2-(a) + H2O (27)
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anions on the MgO surface according to reaction 28.

Pacchioni et al. conducted a theoretical study of the adsorption
and reaction of SO2 on a clean, completely dehydroxylated
MgO(100) surfaces.81 They found a similar distinction between
acidic and basic sites. When SO2 interacts with acidic Mg2+

sites, the bonding is largely electrostatic resulting in weakly
adsorbed SO2. When SO2 interacts with basic O2- sites strong
adsorption occurs with the formation of surface sulfite. It was
also determined that only O2- with low coordination number,
i.e., O2- present at steps and kinks could react with SO2 to form
surface sulfite. Surface oxygen anions on terrace planes were
found to be much less reactive toward SO2.

In addition, because of its basic nature MgO reacts with
atmospheric CO2 to give MgCO3. There is evidence in the
Knudsen cell experiment that CO2 evolves as SO2 reacts
according to reaction 29

The conversion of chemisorbed sulfite to sulfate has been
reported in the literature for high-temperature reactions between
SO2 and oxide surfaces in the presence of oxygen. Chang
observed oxidation of adsorbed sulfite/SO2 onγ-Al2O3 particles
in oxygen between 400 and 500°C to produce Al2(SO4)3, an
aluminum-sulfate-like species.59 Martin et al. reports that CaSO3

reacts with SO2 to produce CaSO4 at 200°C, but CaSO4 is not
the dominate product until 750°C is reached.60 At room
temperature, there is evidence for sulfate formation on MgO
but not onR-Al2O3. It has been suggested in the theoretical
study of Pacchioni et al. that sulfate can form by interaction of
the sulfur atom in SO2 with two surface five-coordinated O2-

anions, in other words two oxide anions on the unreconstructed
MgO (100) surface.81 It was predicted that the MgO(100) surface
would be especially suited for MgSO4 formation because the
separation between the two lattice oxygens of MgO is 0.297
nm which is near the spacing of oxygens in bulk SO4

2- powders,
0.270 nm. However, this structure was found to be highly
repulsive and SO2 dissociates spontaneously because the five-
coordinated oxide anions do not offer enough basic character.
However, four-coordinated oxide anions, which are commonly
found on steps and corners of MgO (100), have more basic
character. These anions may provide favorable sites for sulfate
formation. The MgO particles used in this study are powders,
not single crystals. Thus, the MgO particles would be expected
to have more defects, steps and kinks (more four-coordinated
oxide anions) available for reaction and may stabilize the
formation of bidentate sulfate on MgO particles at room
temperature. This may be the reason that we observe a small
amount forming upon adsorption of SO2. The conversion of
sulfite to sulfate upon adsorption of water that is observed here
is not well understood at this time. This reaction may be similar
to gas-phase reaction 2 in that gas phase water is reacting with
surface sulfite to produce surface sulfate alternatively surface
adsorbed water may cause a reconstruction of the surface atoms
such that additional sulfate formation is possible.

Atmospheric Implications and Conclusions.In this study,
the heterogeneous uptake of SO2 at 296 K onR-Al2O3 and MgO
was investigated. The infrared data showed that sulfite and
bisulfite formed on the surfaces at room temperature. The uptake
was quantified by Knudsen cell measurements and the initial
uptake coefficient was found to be in the range of 10-4 when
surface the entire BET area was taken into account. It has been

previously determined that uptake coefficients of 10-4 are
sufficiently large such that SO2 uptake on mineral dust could
have a significant impact on the partitioning of SO2 from the
gas phase to the aerosol.1
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