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Heterogeneous Uptake of Sulfur Dioxide On Aluminum and Magnesium Oxide Particles
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In this study, the heterogeneous uptake of 80 a-Al,0; and MgO particles at 296 K was investigated.
Transmission FT-IR experiments reveal that under dry conditions&@ts witha-Al O3 and MgO to form
strongly adsorbed bisulfite, HSQaq), and sulfite, S&~(aq), ona-Al,O3 and sulfite on MgO. To quantify

the uptake of S@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,is calculated using the BET surface area of the powdered
samples as diffusion of SOnto the powder is found to readily occur. Values)qfwere determined to be
9.5+ 0.3x 10%and 2.6+ 0.2 x 104 for SO, uptake ona-Al,0O3; and MgO, respectively, at 296 K under
dry conditions at a gas concentration neax 110** molecules/cri Additionally, water uptake on sulfite-
coateda-Al,05; 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 butarét gd;. Atmospheric
implications of these studies on $0ptake on mineral dust aerosol are discussed.

Introduction Atmospheric sulfate particles are known to play a role in the
global climate by scattering solar radiation and increasing the
number of cloud condensation nuctéf>Sulfate-coated mineral
ust particles can change this impact as they participate in the
ygroscopic deliqguescence and efflorescence cyétes.
In this study, the heterogeneous uptake of 8@two types
of oxide particlesp-Al,O3 and MgO, is investigated in order
to gain some insight into the heterogeneous uptake of SO

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 aerosol
have a significant impact on the chemistry of trace tropospheric
gases, such as nitrogen and sulfur oxitéAnalysis of aerosol
particles offers support of this suggestion as mineral aerosols

are often found to be coated with sulfates and nitrétésAs . g~ X ;
a result, the mechanisms and reaction probability or uptake a-Al 203. and MgO are characterized as acidic and pasm oxides,
' respectively, and are used here as models for mineral aerosol

coefficient of trace tropospheric gases on mineral aerosols have ; o
been under investigatiof-2* found in the troposphere. Transmission FT-IR spectroscopy and

Reaction of SQon mineral aerosols is complicated because UV—vis diffuse reflectance spectroscopy were used to gain

the mechanism for S{oxidation on mineral particles to form some mechanistic |nS|ght Into $ijtakg. Knudsen cell
sulfate is uncertaif.In the troposphere, gas-phase ;S€acts experiments were don_e_ In order to quantify the rates 05 .SO
to produce sulfur trioxide, which is then rapidly converted to uptake in terms of an initial heterogeneous uptake coefficient,
sulfuric acid in the presence of water vapor according to 7

reactions 1 and 2 Experimental Section

SO, + OH+ O,— SO, + HO, 1) For FT-IR measurements, oxide samples were prepared by
either pressing or spraying an oxide/water slurry onto half of a
SG; + H,O0—H,S0, 2 tungsten grid (Buckbee Mears, 100 lines/in. tungsten mesh wire

widths of 0.00158 and thickness of 0.002. The other half of
SG; in the marine boundary layer is oxidized to sulfate by the grid was left blank for gas-phase measurements. The grid
0z and HO, on sea salt aeroséft- 34 Aqueous-phase oxidation  half coated with the oxide powder was placed inside the infrared
of SO, in liquid droplets and in clouds is also an important cell. The infrared cell used in this study is modified from the
proces$5-42 Maahs reports that in aqueous aerosols sulfite and design used in previous studi€s® The modified infrared cell

bisulfite may react as follow/3 consists of a stainless steel cube (2)Awith two germanium
windows and a sample holder. The inside of the stainless steel
SQ? 4+ 0,— S0 +0, (3) 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).
*To whom correspondence should be addressed. The total volume of the system is 15863 mL (infrared cube
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and

HSO, + H,0,— HSO,” + H,0 (4)
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Figure 1. Multisample Knudsen cell apparatus used to measure heterogeneous uptake coefficients.
177 + 2 mL and a glass gas-manifold 1329 1 mL). The it has recently been modified to allow for the analysis of multiple

vacuum chamber consists of a two stage pumping system; asamples (Figure 1). A stainless steel reducing cros2(83')
turbo-molecular/mechanical pump for pumping down t020  now has four individual sample holders attached to a platform
Torr and a mechanical pump for rough pumping down t0®10  which rests on the bottom '(§ flange. All exposed interior
Torr. surfaces are coated with Teflon to provide a chemically inert
The infrared cell is mounted on a linear translator inside the surface. Four Teflon coated aluminum disks attached to four
FT-IR spectrometer. The translator allows both halves of the linear translators serve as covers for each of the powdered
grid, the blank side for gas phase measurements and the oxidgamples. The geometric area of each of the four sample holders
coated side for surface measurements, to be probed by simplyis 5.07 cm. Since the volume of the sample holder is much
moving the infrared cell through the IR beam path. Infrared smaller than the total volume of 1750 (= 1%), no corrections
spectra were recorded with a single beam Mattson RS-10000are needed to account for volume change upon opening the
spectrometer equipped with a narrow band MCT detector. sample compartment. The seal between the sample holders and
Typically 250 scans were collected with an instrument resolution the cover is made with viton O-rings. With this setup four
of 4 cn* in the spectral range extending from 750 to 4000 samples of differing mass can now be analyzed in a single run.

—1
cmH ) K fici d with To begin each experiment, sulfur dioxide was flowed for at
K 3terogen|:aous ;thaAe Kcoed |C|ents"were tmeasurg ¢ W'tf 3jeast 10 min to passivate the system. The gas was introduced

r?u sl;en C('ath reac orl. ted nu seln ce reatc or ;:ons(;ss 0 a”through a leak valve to a desired pressure, measured by an

chamber with an Isolated sample compartment and a small, .., 1e pressure transducer (MKS 690 A.1 TRC with a range
orifice through which gas-phase reactant and product species 6 o .
can escape to be detected. usually by mass spectrometry. In a?f 107°to 0.1 Torr). At this time the sample holder lids were

. P : y by P Y- N &) the closed position in order to prevent the oxide particles
typical Knudsen cell experiment, the sample compartment is

covered while the walls of the reactor are passivated and a stead)];rom being exposed SOThe SQ parent ion (e = 64) was

state flow is established. Usually the pressure in the cell is kept mon!tored (.junng.t.hese expenmentg. Other mass channels were
low enough such that the mean free path of the molecules within monitored in addition to the parent ion, including®i(m'e =
the cell is greater than the cell dimensions so that boundary 18): €@ (/e = 44), SO (e = 48), SQ (m/e = 80), and
layer effects and homogeneous gas-phase collisions are mini-H250: (M/e = 98).
mized and can be neglected. The cell can be used at higher It is very important that the powdered sample be evenly
pressures, but to ensure molecular flow the mean free path mus@épplied, covering the entire geometric area of the sample holder;
be at least a factor of 10 greater than the diameter of the escap@&therwise the measured initial uptake coefficient may reflect
aperture®® In the experiments described herein, an effective the amount of uncovered/unreactive surface in the sample holder
escape aperture of 0.0129 mwhich accounts for the Clausing  as well as the sample mass. For preparing thin samples of the
factor, was useé? The escape constark,s, for this aperture powdered samples, both of these concerns were addressed by
was determined to be 0.080%sfor SO, using an atomizer to spray an aqueous slurry of the sample onto
For the experiments described herein, a Knudsen cell reactora heated sample holder. As determined with an optical micro-
coupled to a UTI, DetecTorr Il quadrupole mass spectrometer scope, this spraying procedure ensured very even coverage of
was used to determine uptake coefficients on powdered samplesthe powdered sample across the bottom of the sample holder.
Although the Knudsen cell used has been described previgusly, All experiments reported here were doneTat 296 K.
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Figure 3. FT-IR spectra of MgO upon exposure to S&t various

“ ,, - ressures. Spectra labeled “gas phase subtracted” were recorded in the
pressures. Spectra labeled “gas phase subtracted” were recorded in thgresence of the gas phase at equilibrium pressures of 3, 5. 7, 9, 11, 16,

presence of the gas phase at equilibrium pressures of 3, 4, 5, 8, 14, 4423
“ " ,43, 89, 178, 353, 880, 2637, and 5275 mTorr. The spectrum labeled
173, and 353 mTorr. The spectrum labeled “gas phase evacuated was,gas phase evacuated” was collected after evacuation efaB@he

collected after evacuation of 3@t the highest pressure. The hydroxyl :
group region is shown in the inset. highest pressure.

The oxide powders used in this study were purchased from adsorption of S@on a-Al,Os particles, a broad absorption band
Alfa Aesar. The average particle diameters were determined petween 900 and 1200 cr with features at 960, 1015 and
from transmission electron micrographs to be 0.5 andu2 1098 cnt?, is observed in the spectrum (Figure 2, gas-phase
for a-Al203 and MgO, respectively. The surface areas of the suptracted). This broad band grew in intensity as the SO
particles were measured using a multipoint BET apparatus pressure was increased. When theAl,O3 particles were
(Quantachrome 1200) and determined to be 14 and?1& for exposed to the highest $@ressures investigated, 172 and 353
a-Al203 and MgO, respectively. Distilled # (Milli-Q) was mTorr, two small bands at 1149 and 1330 érhecame apparent
degassed prior to use. Gaseous; §&atheson, 99.98 wt %  in the spectrum. Upon evacuation of gas-phase, 8@ strong
min purity) was used as received. broad absorption band between 900 and 1200‘cmmained
in the spectrum and the two weaker bands at 1149 and 1330
cm! disappeared. This indicates that the surface adsorbed

FT-IR Study of SO, Adsorption on a-Al,03 and MgO species with the broad absorbance between 900 and 1200 cm
Particles at 296 K. The FT-IR spectra following the reaction is chemisorbed on the-Al,Os; particles and cannot be removed
of SO, on a-Al;,03 and MgO particles at 296 K as a function upon evacuation of the gas phase, while the weaker bands at
of pressure between 3 and 353 mTorr are shown in Figures 21149 and 1330 cnt are only present in the presence of the
and 3, respectively. In these experimentsil,O; and MgO gas phase and are associated with a physisorbed species.
particles were loaded in the glass-Teflon infrared system and The inset of Figure 2 shows changes in the hydroxyl region
evacuated to 10 Torr overnight. A known pressure of 3O  upon adsorption of SO There is the growth of a broad band
was admitted in the infrared cell containing eitleAl ,O3 or with maxima at 3524 and 3296 crhin the spectra which is
MgO particles. When the pressure of the gas reached equilib-still present upon evacuation of the gas phase. Negative features
rium, two spectra were recorded, one of the gas phase and theat 3748 and 3707 cm indicate either loss of hydroxyl groups
other of the surface in the presence of the gas phase. Absorbancéom the surface or that the hydroxyl groups are involved in
spectra of S@adsorbed or-Al,O3 and MgO particles were  hydrogen bonding.
obtained by referencing an oxide sample spectrum after SO  The assignment of the vibrational bands of adsorbed sulfur
was introduced into the infrared cell to an oxide background dioxide has been discussed previolBhy?° The broad absorp-
spectrum prior to adsorption. Gas-phase absorption bandstion band between 900 and 1200 cthin the a-Al,03 spectrum
measured through the blank grid could then be subtracted fromis composed of more than one band and is assigned to the
the gas phase/adsorbate spectrum in order to obtain a spectrurabsorptions of sulfite and bisulfite on the surface. The two small
of adsorbed S@only. adsorption bands at 1149 and 1330-érthat disappear upon

Changes in the infrared spectra of ieAl O3 surface as a evacuation of the gas phase are assigned to the symmajric (
function of increasing S@are clearly seen in Figure 2. Upon and asymmetrici;) stretch, respectively, of weakly adsorbed

Figure 2. FT-IR spectra ofx-Al,0; upon exposure to SCat various

Results
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SO, These bands associated with weakly adsorbed &©
shifted only slightly from their corresponding gas-phase values Uptake of SO, on a-Al)O4
of 1151 and 1362 crt.* 51014 and MgO Particles

The infrared spectra obtained in this study following adsorp-
tion of SG on a-Al,03; agree well with other infrared studies
reported in the literature. Mitchel et &f,Karge and Dalla 410
Lana®® and Changf investigated S@adsorption ony-Al,Os3
particles with infrared spectroscopy and found that $6th
weakly and strongly adsorbs onteAl ,Os. Two bands at 1330
and 1150 cm! were assigned to weakly adsorbed,Sfd a
broad band centered at 1060 chwas assigned to strongly
adsorbed S@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 SO, and surface hydroxyls and lattice oxygen atoms to
form sulfite and bisulfite are presented in the Discussion. E
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Changes in the infrared spectra of the MgOsurface as a 0 T T T
function of increasing S©pressure are clearly seen in the 100 200 300 400
spectra shown in Figure 3. The adsorption of,3@ MgO is SO, Pressure (mTorr)
similar to the adsorption of Sn a-Al,05 particles in that a Figure 4. Total uptake of S@on a-Al,0; and MgO was determined
strongly adsorbed species and weakly adsorbegdf@@ed on as a function of S@exposure.

MgO following exposure to gaseous $@he strongly adsorbed
species shows a strong broad absorption band between 800 an
1125 cnt! with three features at 896, 948, and 1064ém
Weakly adsorbed SO which was represented by absorption
bands at 1149 and 1330 cfp is only observed at highest
pressures. In addition, three weak absorptions near 1193, 1170
and 1150 cm! also grew in intensity with increasing SO

-Al,O3 and MgO particles shows features at 259 nm for
-Al,03 and 252 nm for MgO indicate that surface-coordinated
sulfite and/or bisulfite is present on the oxide surféce.

Total Uptake of SO, on a-Al,O3 and MgO Particles
Determined by FT-IR and Volumetric Measurements.The
infrared data for S@adsorption or-Al,03 and MgO particles
were further analyzed to determine the total uptake of &©
- . ) "these oxide particles at 296 K. Adsorption isotherms curves are
evacuatllon of S@vgpor. AS discussed below_, this group of shown in Figure 4, where the coverage of adsorbed &©
z;%sorpﬂon bands is asggned to thestretching mode of a-Al,03 and MgO particles (molecules cr) is plotted against

identate surface-coordinated sulfate. ] the equilibrium pressure of SQmTorr) (Figure 4,a-Al,03

The broad band between 800 and 1125 €oan be assigned  solid circles, MgO solid squares). The absorption bands of
to surface-coordinated sulfite following adsorption of ;Sgh adsorbed S©on a-Al,05 and MgO particles between 1250 and
MgO particles. This interpretation is in agreement with other 7g5 cnrl were integrated as a function of $@ressure. The
studies for S@adsorption on the basic oxides MgO and CaO. ntegrated absorbance was then calibrated to coverages in
Using FT-IR photoacoustic spectroscopy, Martin et al. studied molecules per squared centimeter through volumetric measure-
reaction of S@ on CaO particle8? Upon reaction of S@on ments, i.e., by measuring the pressure difference between SO
CaO at 25°C, they observed a broad absorption band centered expanded into an empty infrared cell versus expanded into the
at 950 cn1t. They assigned this band to theandvi stretching  infrared cell containing the adsorbent-Al,03 or MgO). The
modes of surface sulfite. Babaeva et al. also studied adsorptionexpansion of S@into the infrared cell with no oxide sample
of SO, on MgO particle$! They observed absorption bands at  present was also done as a function of increasingBessure.
1150 and 1335 cnt corresponding weakly adsorbed SO  The pressure difference between gaseousaiitted into the
following adsorption of S@ on MgO at 170 K. At room infrared cell with and without the oxide was determined.
temperature, adsorption of $(n MgO resulted in the  Through the ideal gas law, the pressure difference can be related
formation of surface sulfite with absorption bands at 960 and tg the number of molecules of SGdsorbed on the oxide
1050 cn1t. At room temperature, weakly adsorbed,$@ MgO particles. The total number of molecules adsorbed was then
particles was barely detectable. Schoonheydt and Lunsford alsogiyided by the total surface area of the adsorbent to give SO
report surface sulfite abSOI’p'[ion bands at 975 and 10401 cm coverages in units of molecules CFnA p|0t Comparing the
following reaction of SQon MgO at room temperatufé Gebel uptake of SQin terms of molecules cn?, which was calculated
et al® studied uptake of Son synthetic sea salt and found  py volumetric measurements, and of integrated absorbance,
weakly adsorbed SOnear 1360 cm' and surface adsorbed  \hich was determined from integrating absorption bands of
sulfite near 960 cm' corresponding to the reaction of $6n adsorbed S@ versus S@ equilibrium pressure followed the
the CaCQ@ component of synthetic sea salt to give CaSid same curve. Therefore, the integrated absorbance is calibrated
addition, the assignment of bidentate surface-coordinated sulfateo molecules cm? and plotted against S@quilibrium pressure.
on MgO particles is taken from that of Martin et al., who Upon exposure ofr-Al,O3 to SO, the uptake is seen to

assigned three bands at 1157, 1130, and 1080*ctiat increase rapidly and then saturates at a coverage of
appeared following adsorption of 30n CaO at 200C tothe 1.5 x 101 molecules cm?2 SO, adsorption on MgO increases
v3 stretching mode of bidentate $0.%° rapidly to 2.5x 10* molecules cm? at a pressure of 25 mTorr.

Diffuse reflectance UV-vis spectroscopy provided further  As higher SQ pressures are reached the uptake levels off at a
evidence that SPreacts witha-Al,0; and MgO particles to coverage of 4.0x 10 molecules cm? near 350 mTorr but
produce surface-coordinate sulfite. In the UV region, sulfite and does not appear to completely saturate. The coverage of
bisulfite ion absorbs near 250 nm whereas sulfate doe&' not. adsorbed S@immediately after evacuation of gas-phase,SO
UV—vis reflectance spectra following reaction of SOn was also determined (FiguredAl ;O3 open circles, MgO open



Heterogeneous Uptake of Sulfur Dioxide J. Phys. Chem. A, Vol. 105, No. 25, 2003113

Water Uptake on a-Al,O, and MgO reacted with SO,

a. SO2 Uptake on ()L-AIZO3

-10
:||:0_1 2. 0-ALO, ]E)‘l b. MgO 2.0 10"
open
10.19560 15107
A 1098,/ 970 QMS
1138 i
]:s) ,/\/\f//\ Inten?%})ylo"o- Ymax,obs '-"_',.- _________ 0.9 mg
e —25mg
0027
(r) = 1642 104 o s i
I -1y 007N V.
bl 2 og ||| 2 50107 e AT 6.2 mg
a 65 ' 65 | 1636 1110 011
44 43
nll s b3t 0.0
H 13 F
€ RN s H
1 2 |
H 1 _/J-

896

1015 1064 3110
1960 N '
1098/ —/\—J}S'\
2.1 107
2000 1600 1200 800 2000 1600 ' 1200 ' 800 Ity
Wavenumber (cm™) 10107
Figure 5. FT-IR spectra of water adsorption on §®@acted (ap-Al .0
(left panel) and (b) MgO (right panel) as a function of relative humidity.
squares). The integrated absorbance decreases after gas-phase 0.0
SO, is evacuated from the infrared cell by approximately 10% 0 100 200 300 400 500
at the highest coverages. Thus, the adsorption of @Chese Time (seconds)

. : : on . .
two oxides is approximately 90% irreversible and there is a Figure 6. Knudsen cell data showing the heterogeneous uptake pf SO

hysteresis obs_erved in the adsorption 'SOthe”T‘- . on (a) o-Al,0 and (b) MgO as a function of sample mass. The
~ Our calculations for the coverage of $0n oxide particles  maximum observed uptake, calculated using eq 6, is shown to be a
is comparable to the work of Stark et al. who investigated the function of sample mass.

uptake of S@on MgO pellets between 0 and 800 Torr of §&
Using a cross-sectional area of 1.92%for SO, they calculated band at 982 cm! as water vapor pressure increased. These

a monolayer coverage of 52 10 molecules cm? on MgO frequency shifts may be due to water-solvation effects as was
pellets. They found that upon evacuation of gas-phasg th® observed for nitrateda-Al,O3 particle surface$:’2 Upon
coverage of S@dropped to 5.0x 10* molecules cm?. Thus, evacuation of gas-phase water (top spectrum), the spectrum
they determined that 4% of the total amount of,S@s weakly reverts back to the original surface-coordinated sulfite spectrum
adsorbed. with absorption bands at 1098, 1015, and 960 trfihis result
Role of Water in the Reaction of SQ on a-Al,O3; and is in agreement with those of Karge and Dalla L¥ria that

MgO Patrticles. Since it is becoming increasingly clear through strongly adsorbed SQvas not affected much byJ@ adsorp-
laboratory studies that surface adsorbed water plays a role intion.

the heterogeneous chemistry of trace atmospheric gases such As water vapor was added to the infrared cell containing MgO
as nitric acidt’~"1 the adsorption of water on sulfite coated particles that had been previously reacted with,3e bending
a-Al,O3 and MgO was investigated. In these experiments, mode vibration of surface adsorbed water becomes apparent as
a-Al,03 and MgO particles were reacted with S0Ontil the it did on thea-Al,O3 surface. In addition, new bands at 1110
surface was saturated with surface-coordinated sulfite. Gas-phas@and 957 cm? appear in the spectrum. These new absorption
SO, was then evacuated from the infrared cell. Water was then bands are assigned to water-solvated sulfite and sulfate on the
added to the infrared cell containingAl O3 and MgO particles surface’37#Upon evacuation, absorption bands at 1138 and 970
as a function of increasing relative humidity between 1 and 93% cm~* remain in the spectrum. Most likely there is a mixture of
RH. At the highest relative humidity (93% RH), water vapor surface-coordinated sulfite and sulfate that remains on the MgO
was evacuated and a spectrum was recorded. As can be seen isurface upon evacuation of water vapor. Thus upon addition of
the spectra shown in Figure 5, as the water vapor pressurewater, some surface-coordinated sulfite is converted to surface-
increased, an absorption band near 1640crmorresponding coordinated sulfate on the MgO surface. It is estimated-tat

to the bending mode of surface adsorbed water, grows in. This 10% of the sulfite is converted to sulfate. The absorption band
band has been used to determine the coverage of adsorbed wat@rear 1460 cm! has been discussed elsewhere and is due to
layers’ Except for the growth of the band associated with the water solvated carbonate on the MgO surféce.

water bending mode, only small changes ind¢hal,O3 spectra Knudsen Cell Study of SQ Adsorption on a-Al,0O3 and

are seen as a function of RH. There is a slight shift in the band MgO Particles at 296 K. Knudsen cell experiments were

at 1098-1104 cntt as higher relative humidity and some small conducted in order to quantify the uptake of S these two
changes in the shape of the broad absorpiton band that extendsxide surfaces at 296 K. The Knudsen cell data for the uptake
from 900 to 1150 cmt. The absorption bands at 1015 and 960 of sulfur dioxide ona-Al,03 and MgO are shown in Figure 6.
cm1, assigned to surface-coordinated sulfite, combined into one The data are presented in terms of QMS intensity of the parent
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TABLE 1: Uptake Coefficients Determined for oversimplification that does not adequately describe the data
Heterogeneous Reaction of Soon a-Al,05 and MgO collected in these experiments as discussed below.
Particles It has been previously shown that the observed mass
sample mass dependence involves the diffusion of the reactant gas to
oxide (mg) Ymax.ob§ Ymax BT Vo,modef underlying layers, resulting in an increase in the number of
a-Al,05 0.9 27x10% 11x10* 10x10* collisions with the interior surfaces of the particles in the
25 7.2x 103 13x10* sample®® The increased surface area, and thus the increased
4.0 8.3x 102 7.5x 107 number of collisions, must be accounted for when determining
6.2 11x10* 6.4x 107 the uptake coefficient. It is clear from the data presented that
MgO 12 9.4x10°% 27x10* 27x10* several kinetic steps are occurring simultaneously: adsorption,
2.2 1.9x 102 2.8x 102 diffusion, and surface saturation, which is most easily seen for
12% g.gx 102 2.4 1(TSd the smallest masses. To understand the observed mass depen-
. .8x 10~ 8.2x 10 . .
dence, the shift in the maximum of the observed uptake
aThe obse_r\_/ed l_thake coefficient is calculated using éqrée BET coefficient and the decrease jrps with time due to surface
uptake coefficient is calculated as followsaxeer = ymax.onéAdAser), saturation for thinner samples but not thicker samples, we have

whereAger = massx Sger. Sser is equal to 140 cifmg and 150 cri . . . S
mg for a-Al,05 and MgO, respectivelyt The initial uptake coefficient simulated the time dependent uptake in order to extract an initial

determined from the computer simulation using the layer by layer UPtake coefficient from the data. _
model.? Masses outside the linear mass regime. See text for further ~The effects of surface coverage and saturation on the
detail. Average of/maxserfor masses in the linear regime; (#50.3) measured uptake coefficient have not been previously considered

x 107 and (2.6+ 0.2) x 107 for a-Al,Os and MgO, respectively.  for Knudsen cell experiments. Here we will consider the effects

ion. m/e 64. for S . Four diff | of surface coverage and saturation in determining an initial
lon, m/e 64, for SQ versus time. Four different samples are e coefficienty,, using a simple site-blocking, Langmuir-

S?]OV\(T forfeach c;:‘the O)l('dﬁ sambples, eacf|1 of 3 g'fferen;mass'type adsorption mechanism. In this case, the uptake coefficient
The data for each sample have been overlayed during the timeis"; tunction of coverage and takes the form

the oxide samples are exposed to,@9indicated by a rectangle

labeled “open”. The experiments show that after an initial y=v,(1-6) (6)
steady-state flow of S{Js achieved there is a large drop in the

ion signal for the parent ion when the oxide particles are exposedwherey is the uptake coefficient is the surface coverage,

to SO, The data also show that the extent of the drop in the gnq,, 'is the uptake coefficient in the limit of zero surface
signal depends on the mass of the oxide sample. coverage. Assuming a first-order rate process in the gas pressure

Using the steady-state derived Knudsen cell equation for 4nq the number of available surface sites<(¥), the rate of
determining the heterogeneous uptake coefficient for gases OMydsorption can be written as

a solid surface, the observed uptake coefficient can be calculated
as followg875

dN,
= kPN~ 0) 7)

_ Ah (lo - l) (5)
Vobs A I whereN,, is the number of adsorbed molecul&sjs the rate
constant for adsorptiorp is the pressure of the gal; is the

whereAy, is the effective area of the escape aperture or escapetotal number of surface sites that can be populated at that

hole, As the geometric area of the sample holder, &ndnd| pressure and is the fractional coverage. If the pressure of the

are the QMS intensity measured with the sample covered andgas is taken to be nearly constant in this flow experiment (i.e.,

sample exposed, respectively. The uptake coefficient as calcu-under conditions such that the change in the pressure is small),

lated by eq 5 is referred to agens the observed uptake then the rate of the reaction can be analyzed in terms of a

coefficient. pseudo-first-order process with respect to surface sites. With
The maximum observed heterogeneous uptake coefficient wasthis assumption, and sindg = Nsf and dN, = Nsd6, eq 7 can

determined for each sample and the value is shown in Figurebe solved and the solution of the differential expression is

6. The maximum value of the uptake coefficient, often reported

as the initial uptake coefficient, is taken as the point where the y=y,e ™ (8)

SO, parent ion signal intensity is a minimum. The maximum

value, ymax.obs Was calculated for each mass using eq 5 above wherea = kep.

and is given for each mass in both Figure 6 and Table 1. Itis  The rate of adsorption can also be written as

seen that the maximum value depends on sample mass, and

therefore upon sample thickness and that the maximum value dN, p

occurs at longer times as the sample mass increases. For the ot vL= V—Ji =Yl = 0)—\/p7 9)
thinner samplesyqps reaches a maximum and then the value (2rmk) (27mkT)

deﬂ?ﬁse; ?Sitr,:ie ﬁar’pple '58 (i“j[ointlnuourfllyde;(hpotstid tto ??Sneprzz SrQNhereZ is the rate of collisions of the gas molecules with the
€ derviation of €q o, 1t IS assumed that the total nUmber i ¢\ rface areanis the molecular mass of the gas molecule,

g:ﬁgtfracc;ceoallhifo ?ﬁe'ss;%(e{;aﬁofggrﬂ%);g; Tﬂgczlenfoﬁgghlz k is the Boltzmann constant, is the absolute temperature. By
9 ! P ’ : N comparing eq 7 to eq 9, the rate constant becomes

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 y
were a liquid or a single crystal. However, this is not the case k,= A (20)
for the samples used in these experiments, which are powders Ngv/ (27mKT)

and thus inherently porous in nature. This assumption that gas
molecules interact only once and only with the top layer is an Therefore,



Heterogeneous Uptake of Sulfur Dioxide J. Phys. Chem. A, Vol. 105, No. 25, 2003115

through the powdeDey in time t is given by’
a=kp=——"P __315ax10° P (1) gnihep e given by
NSV (Zﬂmk-[) NSV (MT) | = hY 2Defft (16)

wherep is in units of mTorr,Ns is in units of molecules cn,
M is the molar mass of the gas in units of gram per mole, and
T is the absolute temperature in Kelvin. |2

The time dependent uptake coefficient given in eq 8 with t= 2D (7)
the value of a given in eq 11 can now be put into the rate eff

equations derived for heterogeneous uptake measured with thg- 5 powder sample with mass and bulk density packed
Knudsen cell technique. The rate of gas flow in a Knudsen cell ;, 5 sample holder with geometric areg, the total thickness,

Therefore, the time it takes to diffuse is

reactor following time-independent uptake, i.is constant,

L,is gi b
can be written a$§ IS given by
my
dN B _m .
i Flow,, — Flow,, — Flowuptake— oA (18)

— — éﬁ 12 If the specific BET area of the powder sampleSig, the total
Kesdo ~ KesdN = 77 KeslN (12)

BET area of the powder sample i$Sser = Ager, the whole
powder sample can then be treatedj dayers of As surfaces

Substituting eq 8 into eq 12 we get stacked one on top of the other with

C(ij_lzl = KesNp = KesN — keS(N%h(Vo eiat) (13) = A%r )

If a mass spectrometer is used to monitor gas flow, this ;.4 the distance between two adjacansurfaces is

expression can be written in terms of a normalized mass spectral

intensity as L 1
d ===
I Sgere

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

For heterogeneous uptake on powdered samples, the uptake The Knudsen cell equation in terms of the normalized mass
coefficient is time-dependent for two reasons. First, as describedspectral intensity then becomes

above, surface saturation is time dependent. Second, as described
below, gas diffusion into the underlying layers of the sample dl

(20)
%: kesc_ kesé - kesé %h(yo eiat) (14)

will also contribute. — = Kosc ™ Kesd —
A powdered sample consists of many layers of particles. We i\
have developed a layer-by-layer approach to describe the uptake ‘ —L
of gas by a porous solitf. The uptake on each of the individual ! ) i —alt—()LY42Dur]
layers can be described by eq 8, but the gas molecules do notKesd —| ) Vo if[t < ,*0, or*e e (21)

reach all the individual layers at the same time due to the 1=
diffusion time through the powder. The first layer is unique

because there is no diffusion time in the powder. The uptake where
can be described for each layer,as follows i=n-1 (22)
First Layer: y,=y,€ ™ and
—at) f t >t i )2
Second Layer:y, = o€ T 2 (I—L)
0, ift<t t = 23
, yo€ XY ift=ty o
Third Layer:  y;=1"° L . . - :
0, ift <ty The if clause in eq 21 can be easily implemented in many
. mathematical packages available today (such as MATHCAD).
nth Laver: _1% e W ift=1t, (15) Equation 21 can be used to model the experimental observations
yer: Vn 0, ift<t, such as the mass and time dependence of the observed uptake.

In this equation, the initial uptake coefficient,, and the
wheret; is the time it takes for gas molecules to diffuse to the effective diffusion constanDes, are fitting parameters. Most
second layerts is the time to get to the third layer, etc. If at other parameters in the equation are experimental parameters
any timet < t,, i.e., before the gas molecules can reach the nth (pressurekess Mmass,p, As, Ager, and mass). The maximum
layer, there is no uptake on that layer so the uptake coefficient coverage Ns) at that pressure can be determined from the
is set equal to zero. After the gas molecules reach the layer, theexperimental data (vide infra). As will be shown, there is a
uptake process follows eq 8. decrease in the gas pressure in the Knudsen cell when molecules

The time it takes to get to each layer can be determined from adsorb on the powder. To take this decrease in pressure into
the diffusion time through the powder. The root-mean-square account the a term can be modified to include the pressure
distancd traveled by molecules with effective diffusion constant change, wheréis the mass spectral intensity at any titrend
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a. 0-AlO, b. MgO
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Figure 7. A comparison of the experimental Knudsen cell data and computer simulated data using the layer-by-layer uptake model, is shown for
SO, uptake on (ap-Al,O3 and (b) MgO. The experimental and fitting parameters used in the model are given in Table 2.

lo is the initial mass spectral intensity before adsorption on the TABLE 2: Parameters Used in the Layer-by-Layer Uptake

oxide surface. Thusa now takes the form Model
|/| |/| (X-A|203 MgO
a= M e=3.154x 1019M (24) experimental parameters
N/ (27rmk NA/MT As (cnp) 5.07 5.07
5V (ZemkT) s An (c?) 0.0129 0.0129
—1
_ Befor_e comparing the mo_d_el and the exper_imental c_Iata, itis ESECT(?C&F mg?) (l)foso (1)5%80
instructive to look at two limiting cases. The first case is when P (mTorr) 0.004 0.004
diffusion is slow and the uptake coefficient is large. In this case, density,p (g/cn?) 0.60 0.50
as Desr approaches zero thep the time it takes to diffuse to other input parameterf . .
underlying layers, goes to infinity. Thus, the exponential term ﬁttmmax g:‘:rfgt‘gsss cm) 21x 10t 4.7x 10
goes to zero for all layers except for the top layer and uptake Dg(fmz s 4.0x 108 1.6 x 108
occurs on the top layer only. The second limiting case is for o 1.0x 104 27% 104

fast diffusion, as expected when the uptake coefficient is small.

In this case, a®esr becomes very large then the second term eters used in the model are given in Table 2. To fully model

in the exponential goes to zero. The entire bracketed part of the mass spectral curves shown in Figure 7, the initial conditions

eq 21 then reduces {8sy, €3 = Ager yo € 2 and all internal are taken aslddt = I, = 1, during the time the sample is

layers are simultaneously contributing to the uptake. exposed to the surfacd/dt is given by eq 21 and when the
Computer simulations of the model described above showing sample lid is closed the signal increases back to its initial value

the uptake of S@on a-Al,03; and MgO particles are presented according to the equation/dt = kes{lo — 1). The model fits

in Figure 7 and are compared to the experimental curves the general shape of the experimental data fairly well. For MgO,

determined for each mass. The experimental and fitting param-there is an overall better fit to the data. The model shows that
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b. MgO Figure 9. Total uptake of S@on a-Al,O; determined from calibrated
- V8 Knudsen flow data. The amount of $@dsorbed on ther-Al,O;

0.05 . . . .
decreased as a function of time as the surface reached its maximum
uptake. The decrease in the uptake of, &@lecules as a function of

0.041 time follows a nearly exponential decay.

e [ there is no longer any additional uptake. The,&MS intensity
can be converted to the number of molecules lost to the surface

0.031 . .

Y per second as a function of time. The area under the resultant

flow curve can be integrated. Conversion of QMS intensity to
0.02] 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
0.011 § function of pressure (molecules’smTorr1). When this value
is multiplied by the experimentally determined absolute pressure
versus QMS intensity data (mTorr ami, a conversion factor
0'000 TS T T T T T T T s T T Ty is obtained which could be used to convert the NS signal
Mass (mg) to molecular flow. This procedure was followed in order to
Figure 8. Experimental initial uptake coefficient plotted as a function determine surface coverages in theorr pressure regime. From
of sample mass for (a)-Al,O and (b) MgO. Error bars for each of the mass of the sample and the BET surface area, the total
the experimental data points are estimated to be on the order of 20%.number of S@ molecules that adsorb on the surface per unit
Th_e line through the data represents the simulatt_ad uptake coefficient,grea can be determined. Surface coverages were determined at
using a layer by layer uptake model, as a function of sample mass. hrassures abovedrorr in order to ensure complete saturation
See text for further details. : : : :
of the surface in a reasonable period of time. Experiments for
o-Al,03 and MgO were done at pressures of 41 andZDarr,
espectively.

w -

the uptake decreases faster for the thinner samples and that th
maximum inygpscorresponding to a minimum in the normalized The experimental data fax-Al,O; are shown in Figure 9.

QMS intensity, shifts to longer times. . The data shown in Figure 9 are plotted as the number of
There are many reasons why the model may not fit the mojecules of S@adsorbed per second as a function of time.
experimental data exactly, especially at longer times. For The flow data have been baselined to zero and inverted so that

example, the use of a Langmuir-type model to describe the the amount of S@adsorbed could be directly determined from
surface saturation may be an oversimplifications. In addition, ¢, integration of the area under the curve shown in Figure 9.
the use of a constant effective diffusion constant may also be p sample mass of 2.6 mg was used in the experiment shown in
an oversimplification. Figure 9. The number of molecules adsorbed on the surface
The maximum in the observed uptake coefficient as a function \was determined from integration to be 3:810' molecules.
of sample mass is plotted in Figure 8. Some additional The surface coverage at the end of the experiment is determined
experiments were done for $@ptake ono-AlO3 samples of  to0 be 6.5x 103 molecules cm2. The decay in the flow of
larger mass and are included in Figure 8. The line through the adsorbed S@is nearly exponential. Therefore, an exponential
data is the maximum in the uptake coefficient calculated from decay was applied to the data for the smallest masses shown in
the model. It can be seen that there is very good agreementFigure 6 in order to determine the maximum number of sites,
between the model and the experimental data. The observed\, that will be occupied at 4Torr. This number was used in
uptake coefficient is linearly proportional to the mass for small the model shown in Figures 7 and 8. The values obtained for
sample masses. The observed initial uptake coefficient thenng at different pressures using the Knudsen cell technique as
levels off at the higher masses. well as the values obtained for the saturation coverage in the
Determination of Saturation Coverages and Characteriza- mTorr regime determined by FTIR/volumetric measurements
tion of Gas-Phase Products from Knudsen Cell Experiments. are given in Table 3. The maximum surface coverage must be
Surface coverage can be determined using the Knudsen celldetermined at the pressure used in the uptake experiment. As
reactor by allowing the powder to completely react with the shown in Table 3, the maximum surface coverage determined
SO, until the SQ signal goes back to its baseline value and in the mTorr regime overestimatég in the uTorr regime.
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TABLE 3: Number of Occupied Surface Sites,Ns, Determined from Volumetric/FT-IR and Knudsen Cell Measurements for
SO, Uptake on a-Al,0O3 and MgO Particles?

Ns (molecules cm?)

volumetric/FT-IR data K nudsen cell data extrapolated Knudsen cell data
oxide (350 mTorr) (pressure in mTorr) (0.004 mTorr)
o-Al,03 1.5 0.3) x 10" 6.3 (= 1.2) x 10%(0.041 mTorr) 2.14£0.4)x 103
MgO 3.5 0.6) x 104 1.8 (& 0.4) x 10*(0.202 mTorr) 4.740.5)x 1013

aError in these measurements is estimated to be approximatel2528 based on multiple measurements.

In addition to surface coverage and gas uptake, potential pyridine and boron trifluoride, they determined that interaction
product species were monitored during these experiment,of SO, with basic sites on the surface leads to formation of
including CQ (m/e 44), SQ (m/e 80) and HSO, (m/e 98). Only chemisorbed S® while adsorption at acid sites leads to
CO;, showed an increase in signal, after a short induction period, physisorbed S©
during the course of the experiments and only for MgO. This  As described here, SQeacts witha-Al,O3 particles to a

result is explained in the next section. small fraction of weakly adsorbed $@nd a larger fraction of
_ _ strongly adsorbed surface-coordinated sulfite and/or bisulfite.
Discussion Upon adsorption of water vapor onto sulfite coated\l,0;

Heterogeneous Uptake Kinetics Determined from Knud- particles, no new products are detected. Thus a mechanism can

sen Cell MeasurementsThe Knudsen cell data show that gas bs postljjlated ffor SEr eacti%n onlon-A! 203 pqrticles: dwealfdy
diffusion into underlying layers occurs readily. The observed 2dsorbed S@forms on acidic aluminum sites and surface-
uptake coefficient calculated via eq 5 must then be corrected to c00rdinated sulfite forms when $nteracts with basic oxide

take into account the additional surface area of the underlying @1i0ns or hydroxides on the-Al,0; surface. Datta et dF
layers. This can be done by using the BET area of the entire further elaborated on adsorption of £@n acid and base sites

powder sample. This has been done for the four samples of2nd Proposed a mechanism for Sfdsorption ory-Al20s. They
different masses measured forAl ,O; and MgO. The values reported that adsqrptlon on $6n Lewis aqd sites (coordinately

of y are given in Table 1 where both the maximum in the unsaturated aluminum atoms) resulted in weakly adsorbed SO
observed uptake coefficient is given along with the BET Adsorption of SQon Lewis base sites (expo'sed oxygen atoms)
corrected value for each mass. It is seen that the valugs.ofss followed b_y rearrangement where the sulfite species a_ttaches
andymax serdiffer by at least an order of magnitude. The value t©analuminum through the sulfur atom resulted in chemisorbed

of the initial uptake used in the model is also given in Table 1. sulfiﬁe. ; . . h ith h |
It can be seen that the value of the initial uptake coefficient  1he surfaces investigated here are covered with hydroxy

. . _ 4 2 80
used in the model i close to the value of the uptake coefficient 9"0UPS at a surface coverage around 40 molecules cm2
corrected for BET area determined using masses in the linear!t IS POSsible and most likely probable that they are involved in

regime for bothu-Al 05 and MgO as the larger masses for both both the lweak and §trongly bonded interactions with,.SO
a-Al,03 and MgO underestimate the initial uptake coefficient. Several different reactions can be proposed for the hydroxylated

This can be understood from the data plotted in Figure 8 which o-Al ;O3 particle surface to yield surface coordinated sulfite and

shows that the higher sample masses are close to the plateaisulfite according to reactions 25, 26, and 27 below,
region, and therefore, the observed uptake coefficient will not

2— 2—
scale linearly with mass and the use of the entire BET area of O™ () +SG,—SG" (a) (29)
the sample over estimates the available surface area measured
in the time it takes for the uptake coefficient to reach its OH (a) + SO, — HSG; (a) (26)
maximum value. It is important to note that it is clear that the
observed uptake coefficient which uses the geometric area of 20H (a) + SO, — SO/ (a) + H,0 27)
the sample overestimates the uptake coefficient by at least an
order of magnitude. where G~ and OH are lattice oxygen atoms and adsorbed

The fact that there is such good agreement between the initialhydroxyl, respectively.
uptake coefficient determined from the model and the maximum  Due to the breadth of the absorption band shown in Figure 2
uptake coefficient corrected for the BET area for smaller massesfor SO, adsorption ona-Al,Os, it would be difficult to
indicates that the surface saturation effects are not significantdistinguish between these possibilities based on infrared spec-
on the time scale of the measurgg.. If the saturation effects ~ troscopy alone. The OH stretching region shown in Figure 2
were larger, i.e., if tha term defined in eq 11 was larger either could be interpreted as being due the formation of strongly
because there were fewer available surface sites, the experimenadsorbed water or to the OH stretch in adsorbed bisulfite. This
was done at higher pressures owif was larger, i.e., greater ~ OH bond can then hydrogen bond to nearby surface hydroxyl
than 1073, then the uptake coefficient determined using the BET groups.
area, even for small masses, would underestimate the initial The surface reaction of SQvith MgO appears to follow a
uptake coefficient. somewhat different mechanism as the MgO surface is not as

Mechanisms for SQ Adsorption on a-Al,O3; and MgO. hydroxylated as thex-Al,O3 surface investigated here. The
Information about the adsorption mechanism for,Q@ the spectroscopic data show that S@acts with MgO particles to
surface may be inferred from the infrared data. Several prior form weakly adsorbed SO surface-coordinated sulfite and
studies have investigated the surface sites responsible for weaklybidentate sulfate. A probable mechanism for formation of
and strongly adsorbed $@ollowing reaction of SQ on both weakly adsorbed S£and surface-coordinated sulfite would then
alumina and magnesium oxide particles. Karge and Dalla%¥ana be similar to that postulated faw-Al,O3 particles: weakly
studied the interaction of SQwith y-alumina using infrared adsorbed S©forms on acidic magnesium sites and surface-
spectroscopy. Using site blocking experiments with ammonia, coordinated sulfite forms when S@hteracts with basic oxide
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anions on the MgO surface according to reaction 28. previously determined that uptake coefficients of 41Gre
sufficiently large such that SQuptake on mineral dust could
MgO + SO, —~ MgSG; (28) have a significant impact on the partitioning of Sffom the

gas phase to the aerogol.
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