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Abstract. The uptake of S@ onto Saharan mineral dust 1 Introduction

from the Cape Verde Islands was investigated using a coated

wall flow tube coupled to a mass spectrometer. The rate oMineral dust represents between one-third and one-half of
loss of SQ to the dust coating was measured and uptakethe estimated total annual primary aerosol emissions into the
coefficients were determined using the measured BET surdtmosphere by mass, with current estimates of between 1000
face area of the sample. The uptake of,S@ith an initial ~ and 3000 Tg per year (Penner et al., 2001). The majority
concentration between (2-40)0°molecule cm3 (0.62—  Of sources are situated in the arid regions of the Northern
12uTorr), was found to be strongly time dependent over Hemisphere, which lie in a broad band that extends from the
the first few hundred seconds of an experiment, with an ini-west coast of North Africa, over the Middle East, Central
tial uptakeyo geT Of (6.6+0.8)x1072 (298K), declining at ~ and South Asia, to China (Prospero et al., 2002). Dust parti-
longer times. The amount of $S@dsorbed on the dust sam- cles with typical volume median diameters (2+#) have an
p|es was measured over a range ofbOncentrations and atmospheric lifetime of several weeks (Prospero, 1999) and
mineral dust loadings. The uptake of S®as found to be up ~ ¢an be transported thousands of kilometres across the N. At-
to 98% irreversible over the timescale of these investigationslantic (Formenti et al., 2001) and the N. Pacific (VanCuren
Experiments were also performed at 258 K, at a relative hu.and Cabhill, 2002) As the dust is transported its Composition
midity of 27% and at 298K in the presence of ozone. Thechanges, with the finer clays retained relative to the coarser
initial uptake and the amount of $S@aken up per unit area quartz. In addition the composition of the dust is modified by
of BET dust surface was the same within error, irrespective ofieterogeneous reactions of oxides and oxyacids, forming sul-
the conditions used; however the presence of ozone reducdghate and nitrate. In the case of the Saharan source, the dust
the amount of S@released back into the gas-phase per unitis transported in the Saharan Air Layer (SAL), at altitudes
area once exposure of the surface ended. Multiple uptakes teetween 1 and-4.5km across the Atlantic Ocean. Hetero-
the same surface revealed a loss of surface reactivity, whiceneous reactions on mineral dust have been summarised in
did not return if the samples were exposed to gas-phase wad recent review (Usher et al., 2003).

ter, or left under vacuum overnight. A mechanism which  The focus of this investigation is the uptake and interaction
accounts for the observed uptake behaviour is proposed ar@f sulphur dioxide (S@ with Saharan mineral dust. SO
numerically modelled, allowing quantitative estimates of theis the predominant gaseous sulphur-containing atmospheric
rate and amount of SQremoval in the atmosphere to be es- trace gas. Itis released to the troposphere by fossil fuel com-
timated. Removal of SOby mineral dust is predicted to be bustion, volcanic emissions as well as through oxidation of
significant at high dust loadings. DMS and other sulphur compounds of biogenic origin. Typ-
ical tropospheric mixing ratios are of the order of 10 pptv in
remote regions, rising to several hundred ppb in polluted ur-
ban areas. The lifetime of $0n the free troposphere is up

to ~15 days (Hanke et al., 2003). It is oxidised in the tropo-
sphere to form sulphates, which may occur in the gas-phase
(principally via reaction with OH to yield b5Qy), in cloud

or fog droplets, or on aerosol particles.
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Temperature Control a time-averaged uptake coefficient of D2)x10~/ and

a maximum surface coverage 0k40'® cm2. In a later
study with NQ also present, these authors (Ullerstam et al.,
2003) used a Knudsen cell coupled to a quadrupole mass
spectrometer to directly probe the $0ptake, in addition

to the DRIFTS technique. Here they reported two values for
vo.BET Of (4.6+0.3)x107% and (1.6:0.1)x 107>, for steady
state and pulsed Knudsen cell experiments respectively.
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Helium Glass Insert ran mineral dust reported by Ullerstam et al. (2003) differ by
a factor of~3 and are significantly smaller than the initial
Fig. 1. Schematic diagram of the experimental set-up. uptake coefficients determined by Usher et al. (2002) on the

chemically similar China Loess.
This study aims to resolve this discrepancy by measuring

Field, laboratory and modelling studies provide convinc- the uptake rate of Sonto Saharan mineral dust in a coated
ing evidence that mineral dust can play an important role inwall flow tube, which allows better time resolution of uptake
the chemistry of sulphur dioxide (Dentener et al., 1996; Songrates over those obtained in the DRIFTS studies discussed
and Carmichael, 1999). Recent field studies have recordedbove. It also aims to determine the capacity of the surface
anti-correlations between the concentration of sulphur diox-to adsorb S@over a range of concentrations relevant to the
ide and Saharan (Andreae et al., 2003; Hanke et al., 2003) actmosphere and provide insights into the behaviour of SO
Chinese (Tang et al., 2004) desert dust loading. From thesen the mineral dust surface. We present uptake coefficients
observations it is apparent that mineral dust affects the locahnd capacities for S£) both alone and in the presence of
gas-phase concentration of {@ither by physical adsorp- Os or water, on authentic Saharan dust collected in the Cape
tion or by heterogeneous reaction. Once on the surface th¥erde Islands. The nature of the uptake and potential sur-
adsorbed S®may react. Sulphate formation has been ob-face processes are discussed and our results compared with
served in laboratory studies following the uptake of,S@ literature values.
air onto a variety of dusts and their component metal oxides
(Judeikis et al., 1978; Mamane and Gottlieb, 1989) and anal- )
ysis of atmospheric mineral dust particles shows they are of2 EXperimental
ten coated with sulphates (Dutkiewicz et al., 2000), aIthough2 1 Apparatus
this coating could be partially due to deposition of sulphuric = PP

acid vapour. The experiments were carried out in a coated-wall flow tube

To model the effect of mlnera}I dust on the fate of atmo- coupled to a differentially pumped quadrupole mass spec-
sphg_rlc SQ the rate _Of processing ne_eds to bE_’ known. Inometer (ABB Extrel), shown schematically in Fig. 1. The
addition the mechanism of SQrocessing on mineral dust - ;,aeq-wall flow tube-mass spectrometry technique allows
is uncertain (Dentener etal., 1996). Itis wellknown thabSO he getermination of uptake coefficients of trace gases ad-
can be oxidized to sulphate in aqueous aerosol by 0zone ang,eq onto surfaces and the observation of gas-phase prod-
hydrogen peroxide (Chameides and Stelson, 1992; Keene f.s formed following heterogeneous reactions. The flow
al., 1998; Krischke et al., 2000), and it has been proposeqpe consisted of a horizontally mounted Pyrex glass tube
that ozone can oxidise adsorbed sulphite to sulphate on SOI'ﬂength 350mm, i.d. 24mm) with a thermostatted jacket
particle surfaces (Maahs, 1983). . to regulate the temperature as required. The dust surface

Recently, the heterogeneous reactivity of.S@s been a5 formed on the inside of a smaller Pyrex glass tube
studied on metal oxides (Goodman et al., 2001; Usher gt al'(i.d. 21 mm, length 250 mm), which fitted snugly within the
2002), China Loess (Usher et al., 2002) and Saharan minerglger tybe, ensuring good thermal contact. The experiments

dust (Ullerstam et al., 2002; Ullerstam et al., 2003). The ini-\yere conducted at a total (flow tube) pressure of 1.5 Torr
tial uptake coefficient of SPonto metal oxides was found (1 Torr=1.333 hPa).

to be of the order of 10° and the maximum surface cover-

age on these metal oxides was found to be of the order 0.2 Reactants: surface and trace gases

10" molecule cm2. Usher et al. (2002) have studied the

heterogeneous uptake and oxidation ob%@ China Loess, The reactive surfaces for these experiments were prepared
determining an initial uptake coefficient of £3)x107°. by coating the inside of the Pyrex insert with a suspension
Ullerstam et al. (2002) used diffuse reflectance infraredof Saharan mineral dust in ethanol. Ethanol was chosen to
Fourier transform spectroscopy (DRIFTS) to interrogate sur-avoid loss of water-soluble components from the dust. Ap-
face bound sulphur species in a study of,Qptake onto  proximately 0.5g of dust was mixed with 50 ml of ethanol
Saharan mineral dust in the presence gf Ohey derived and shaken. Half the resulting suspension was poured into
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the insert, which was sealed at one end with Parafilm. Thean both He and HO, which were estimated to be 391 and
other end was then sealed in the same manner and the ins&©.4 Torr cn? s1, respectively, using Chapman-Enskog the-
shaken. While holding the insert horizontally, it was turned ory (Hirschfelder et al., 1954). The correctionig due to
gently until a thin, but even coating of dust was achieved.the diffusion lay in the range 2—45%.

The insert was then smoothly moved to a vertical position, The “geometeric” uptake coefficient (calculated using the
while still being rotated. This allowed any material, which area of the Pyrex insert exposed), could then be obtained di-
had not adhered to the insert wall, to fall to the lower end.rectly fromkcor (Howard, 1979):

The Parafilm was then removed and the residual ethanol/dust 21k

collected. Unevenness in the dust coating, often observed gt = =~ (2)

the ends of the insert, was removed by wiping with low lint @

paper towel. The insert was weighed using a precision balwherer is the internal radius of the coated glass insert, and
ance after each experiment and the mass of the mineral dust is the mean molecular velocity of the trace gas.

coating determined. For a solid, the true area of the reactive surface may be
many times that of the geometric surface area, owing to the
2.3 Measurement procedure presence of multiple layers of particles and/or a significant

internal surface area. Multiple layers are not expected in this
The bulk flow rate of He (Messer, 99.999%) was approxi- study as the glass insert is only sparsely covered with dust
mately 210 standard chmin~1, resulting in an average lin- (between 0.02 and 0.5 mg cH), however pores in the Saha-
ear velocity of ca. 560 cm's. SO, (BOC gases 99.9%), di-  ran mineral dust do provide a significant internal surface area
luted in He, was introduced into the flow tube via a movable(see Sect. 4.3). The situation is further complicated by the ac-
injector, the translation of which enabled the contact time cessibility of the reactive surface, as slow gas-phase diffusion
between trace gas and surface to be varied. When humidinto a porous sample will limit the contribution of the internal
fication of the helium buffer gas was required, a measuredsyface area to the observed uptake coefficient. As such, any
fraction of the helium flow was passed through a water bub-yptake coefficient based on the BET surface area will be a
bler before entering the flow tube. Ozone, generated onlinggwer limit. However it is still instructive to report the uptake
by flowing 5-20% Q (Messer, 99.998%) diluted in helium coefficient in this form as it allows comparison with literature
over a mercury, low pressure cold-cathode UV “Pen-Ray”ya|ues. This “BET” uptake coefficientser, is related to the
lamp, could also be added to the buffer gas. The concengpserved “geometric” uptake coefficient by the relationship:
tration of trace gases within the flow tube was measured USypET=Ageon! ABET X Vgeom AgeomandAgeT are the exposed
ing a quadrupole mass spectrometer. 230d ozone were  zrea of the Pyrex insert and dust, respectivébgr is calcu-
detected at their parent ions (m/z=64 and 48, respectively)jated from the mass of dust exposed multiplied by the BET
The ozone signal was corrected for the contribution 0p SO g\yrface area of the dust (51.3 91! see below). Underwood
to the observed signal at m/z=48, (the’Sflagment). Phase ¢t al. (2000) have shown that if this relationship is valid, then
sensitive detection was used during a limited number of ex+the observed uptake coefficient will be linearly dependent on
periments, following modulation of the sample beam with athe mass of substrate used. This is shown to be true in the
tuning fork chopper oscillating at 235 Hz. This removed the experiments reported here (see Sect. 3.1), using dust loading
need to subtract backgrounds from the observed signal.  on the glass insert comparable to or less than those used by
Underwood et al. (2000).
The dust used in this study was collected on the Cape
Verde Islands and is typical of the mineral dust transported
, - from the Saharan source region across the Atlantic Ocean. It
The pseudo first-order rate coefficient for loss to the r€aCvas not size filtered or washed. The BET surface area of the
tiye Surf{.’md.{“f was calc_u_lated from fche variation of the 50 whole Cape Verde Saharan dust sample has been measured in
signal with injector position, according to: two separate determinations as 57.3 and 43.gm. These
Az values compare well with the two previous measurements of
[Cl.2=[C].1. exp <_kw~7> (1)  50.0nfg ! (Boérensen, 2000) and 39.¢m ! (Hanisch and
Crowley, 2003). However the surface preparation method
where[C].; » are the trace gas concentrations at injector po-used here may favour finer dust particles, as coarse dust
sitionsz; andzp, Az represents the distance between the po-grains do not adhere well to the insert wall. To see if this was
sitionszy andz, andv is the gas flow velocity in the tube. the case, dust surfaces were prepared as normal, but were
The ratioAz/v thus defines the gas-surface contact time. Thethen washed off the insert and collected. The BET surface
measured value @, has to be corrected (to gi%gor) to take area of dust collected in this fashion was determined to be
into account radial and axial concentration gradients cause81.3 nf g—1. Using this figure the measured mass of the dust
by interaction of the trace gas at the wall (Brown, 1978). coating was converted to a “BET” surface area. This was
This required knowledge of the diffusion coefficients of.SO then used to calculate uptake coefficiemtsgsT, as described

2.4 Determination of uptake coefficients and reactive sur-
face area
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Fig. 2. Uptake of SQ@ on an unhumidified Saharan dust surface Fig. 3. Variation of the corrected initial first order loss coefficient

at 295K. The injector was withdrawn 7.4cm at 310s to exposewith mineral dust mass loading. Squares: room temperature not

~6.7 mg of dust and returned to its original position at 820 s. Total humidified; circles: 258 K not humidified; triangles: 258 K, humid-

pressure 1.5 Torr. ified; diamond: ozone present in the carrier gas at a concentration
of ~10"3 molecule cnv3.

above. These are several orders of magnitude smaller than

the uptake coefficients calculated using the geometric surfaciadings the signal returned to within 2% of its initial value
area, reflecting the large porosity of the dust samples used i(see first uptake in Fig. 5).

these experiments. The uptake of S@hto Saharan mineral
dust has been studied at both room temperature42%7)
and 258K, with and without the presence of water and of
ozone.

At ~820 s the injector was returned to its original posi-
tion and SQ was released back to the gas-phase, causing
the observed peak. The $Q@ignal returned to its initial
value in about 40s. In every experiment the number of SO
molecules released was less than the humber of molecules
taken up. No detectable G@m/z=44) was evolved during
3 Results the uptake experiments.

Uptake experiments were also performed onto the bare
Figure 2 shows data taken at 295K, using unhumidi-glass insert, but no change in the S€ignal was observed
fied Saharan dust and an initial $Qoncentration of  upon withdrawal of the injector. From the noise on the signal
6.3x 10 molecule cnt. Over the timescale of the exper- an upper limit of~1x10~7 could be estimated for the up-
iments the S@ signal drifted slightly (typically 2-3% over take coefficient of S@to Pyrex. This is too small to affect
1000s). This drift occurred in most experiments, but wasthe experiments in the presence of mineral dust.
found to be roughly linear with time and was corrected for.
After ~310 s, the injector was withdrawn rapidly by 7.4 cm, 31
exposing the trace gas to the mineral dust. For this sam-"
ple 7.4 cm corresponded to the exposure of 6.7 mg of dust,
or 0.34n7 of reactive surface. The signal at m/z=64 falls 3-1.1 Dependence on dust mass
rapidly as the S@is taken up onto the surface. The max-
imum uptake coefficients were determined from the signalFigure 3 shows how the corrected first order loss coefficient,
change observed in the first few seconds following with- kcor, Varies with mass of dust exposed. The values are de-
drawal of the injector and are designated initial uptake coef-rived from the initial drop in the signal on m/z=64 and, al-
ficients,yp. During the next~510 s the S@signal increases though there is considerable scatter, show a linear relation-
continuously and the uptake coefficient simultaneously de-ship to the mass loading as it is varied over an order of mag-
creases. It was not possible to allow the experiments to connitude. The plot includes all the available data, taken over
tinue long enough to ensure that the S€ignal returned to  the range of conditions studied. The precision of the balance
its initial level, because of the signal drift mentioned above. used to weigh the dust samples wiakmg. This value prop-
In Fig. 2 the SQ signal has returned to within 10% of its ini- agates (not all the sample was exposed during an experiment)
tial level when the exposure was ended. However in the casé an error of between 25% and~5% in the mass exposed
of high initial gas-phase SQOconcentrations onto low dust in Fig. 3, at the lowest and highest masses respectively.

Initial uptake coefficient

Atmos. Chem. Phys., 5, 2679689 2005 www.atmos-chem-phys.org/acp/5/2679/
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Fig. 4. Corrected initial (BET) uptake coefficients plotted as a func- F19- 5- Multiple uptakes onto the same dust sample. The injector
tion of initial SO, concentration. Squares: room temperature not Was repeatedly withdrawn 6.9 cm to exposé5 mg of dust. Total

humidified; circles: 258 K not humidified; triangles: 258 K, humid- Pressure 1.57orr.
ified; diamond: ozone present in the carrier gas at a concentration

of ~10'3molecule cn3. The line represents the average values . L
for unhumidified surfaces at room temperature. 3.1.3 Dependence on temperature, relative humidity and

presence of ozone

Table 1 shows the results of experiments performed onto un-
on Saharan dust. The number of experiments is shown in bracketswas no difference between the initial uptake coefficients de-
termined at these two temperatures.

Temperature/K Initial BET Uptake Coefficient/1B _ A set of experiments was performed at room temperature

in the presence of excessg.OA continuous flow of ozone
298 6.6-0.8 (18) (~103molecule cnT3) was mixed into the helium buffer
258 (Dry) 6.4:0.7 (4)

gas, upstream of the reactor and passed over the dust surface.
Once the @ signal, measured at its parent peak (m/z=48),
was stable S@was added through the sliding injector and
the injector withdrawn. No changes in the measured initial
uptake coefficient of SPwere observed under these condi-
tions, suggesting that the uptake process is not influenced by
3.1.2 Dependence on initial S@&oncentration and flow the presence of
conditions The influence of water vapour on the interaction of,SO
with mineral dust was investigated. A further set of exper-
iments was performed at 258 K, this time humidifying the
The initial concentration of SPwas varied over the range helium buffer gas and therefore the dust surface, before and
(2-40)x 10'° molecule cn13, to determine if the initial gas-  during the S@ uptake. In these experiments a partial pres-
phase concentration of S@ised affected the initial uptake sure of water vapour of 0.33 Torr was present in the reactor.
coefficient. Figure 4 shows the corrected initial BET up- This corresponds to a relative humidity of 27% at 258 K.
take coefficients plotted as a function of the initial S¢on- Figure 4 displays the data from all the experiments car-
centration. No significant dependence on the initial concen+ied out in this study and shows that the presence of water
tration was seen for the majority of experiments, althoughor ozone did not, within the fairly large statistical error, af-
higher initial concentrations of~21-43)10"°molecule  fect the measured initial uptake coefficient. These data are
cm~3 gave systematically lower uptake coefficients. Such ansummarised in Table 1.
effect is expected if the uptake coefficient is time dependent
due to saturation/removal of surface sites. 3.1.4 Multiple exposure of a dust surface

258 (Humidified)  6.6:1.0 (3)

The measured uptake coefficient on a fresh surface was ngk multiple exposure experiment is shown in Fig. 5. Uptakes
a function of the distance the injector was withdrawn, or theonto previously exposed surfaces (the second and third up-
linear velocity of the buffer gas. take cycles in Fig. 5) were also time-dependent, but differed

www.atmos-chem-phys.org/acp/5/2679/ Atmos. Chem. Phys., 5, 26892005
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Fig. 6. Calculated surface coverage, following uptake 0b®@to  Fig. 7. Molecules of SQ released into the gas-phase, following ex-
fresh dust surfaces plotted as a function of initial;S@ncentra-  posure of a mineral dust surface, plotted as a function of initigl SO
tion. Squares: T=295K, 0% relative humidity; circles: T=258K, concentration. Squares: T=295K, 0% relative humidity; circles:
0% relativity humidity; triangles: T=258 K, 27% relative humidity; T=258K, 0% relativity humidity; triangles: T=258 K, 27% relative
diamond: T=295K, 0% relative humidity, ozone present in the car- humidity; diamond: T=295 K, 0% relative humidity, ozone present
rier gas at a concentration of10*3molecule cnt. The line is  in the carrier gas at a concentration-et013 molecule cnt3; solid
the predicted amount of SQaken up per unit area from the model symbols: uptake onto fresh surfaces; open symbols: repeated expo-
described in Sect. 4.3. sure of the same surface. The line is a fit to the data using a single
site Langmuir isotherm.

from the first uptake/desorption cycle in several ways. The
initial uptake coefficient on pre-exposed surfaces w&6%

smaller than onto a fresh surface, but did not decrease furmined by Summing under the desorption curve, Converting

ther, irrespective of the number of surface exposures. Atthe value obtained to a flux and then dividing by the BET
tempts were made to reactivate the surface by leaving thgurface area of the exposed dust.

sample under 1bar of helium overnight, or flowing ozone

(~1x10*molecule cn®) over the dust for~1h between

two SO, exposures. These procedures did not lead to any3.2.1  SQ adsorbed per unit area
recovery or reduction in the initial uptake coefficient.

3.2 SQ adsorbed onto the dust surface Figure 6 shows the variation of the net number of molecules
of SO, taken up per crhafter an exposure time of 200s,
The SQ source was not sufficiently stable over the requiredon previously unexposed Saharan mineral dust as a function
timescale for saturation of the dust surface to be achievegf SO, initial concentration. The solid squares show results
under the experimental conditions used. Here we report thgrom experiments at room temperature. The surface cover-
amount of gas-phase $@ken up per unit area of mineral age increases non-linearly by over two orders as the concen-
dust surface after 200s, during each experiment. This allowsration increases by nearly 3 orders of magnitude. Results for
a comparison to be made between the various experimentglnhumidified (circles) and humidified (triangles) surfaces at
conditions used. 258K are also shown. All these points lie within the scat-
The total net molecules adsorbed during the first 200's ofter on the data at room temperature and demonstrate that the
an exposure was calculated by summing the loss in the caliamount of S@ taken up per unit area is not affected by tem-
brated mass spectrometer sign%o[?(No—N,), whereNy is perature or h_umidity over the range of co_nditions studied.
=0 Uptake experiments were also carried out in the presence of
the initial signal andvV, is the value of the signal at time  ~10¥molecule cm® ozone, but the surface was only ex-
and multiplying this sum (in molecule cms) by the flow  posed for around 50's. The amount of S@ken up per unit
rate (cni s71). The amount of S@taken up per crhof dust  area after 50's in these experiments was the same within er-
was then calculated by dividing the total net molecules takerror as for experiments (after 50 s) without added ozone with
up by the BET surface area of the exposed dust. the same initial S@concentration. The line in Fig. 6 is the
The number of S@molecules released per unit area, once modelled variation with initial S@concentration of the SO
the injector was returned to its original position, was deter-taken up per crhafter 200 s exposure (see Sect. 4.3).

Atmos. Chem. Phys., 5, 2679689 2005 www.atmos-chem-phys.org/acp/5/2679/
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3.2.2 SQreleased per unit area remove much of the adsorbed water. This could cause a re-
duction in porosity in the clay components of the dust as wa-
Figure 7 shows the variation in the number of molecules ofter is driven from the interstitial layers, such that the actual
SO per unit area released back into the gas-phase wheBET surface area of the baked sample is less than the un-
the injector was returned to its original position. The baked sample. This would then lead to an underestimate of
amount of SQ released is less than the amount takenthe BET uptake coefficient.
up for any given concentration of SO The ratio of
molecules adsorbed (after 200's) to molecules released for 4.2 Adsorbed S@on dust surfaces
given experiment is a function of S@oncentration, falling
from ca 50 at [S@=3x10Cmolecule cn3 to ca 7 at  The capacity of the dust surface to adsorty &@d the nature
[SO,]=7x 102 molecule cnT3. No significant trend in this  of the SQ-surface interaction are required if the importance
ratio with respect to the duration of the surface exposure wa®f SO, processing on mineral dust in the atmosphere is to be
observed. The amount of S@eleased was not significantly established.
lower when water was present (triangles). In the presence of The presence of a desorption peak, once surface exposure
Os very little SO was released back into the gas-phase.  ends, shows that the uptake of S@nto the dust particles
Most of the data in Fig. 7 show results from surfaces thatiS partially reversible. The reversible nature of the uptake of
were exposed Only once. However’ the open Squares Showese molecules Imp|IeS that they are phySiSOI’bed to the dUSt
surface coverages of reversibly adsorbed 8@a dust sur-  surface. A single site Langmuir adsorption isotherm of the
face that was repeatedly exposed to a range of initial concenform:
trations of SQ. The data points represent the average of at xmk [SOp]
least three uptake cycles and are consistent with the resultsy = 1+k—[SOZ] 3)
from experiments involving previously unexposed surfaces.
was used to describe the data in Fig. 7, whegeis the
surface coverage (molecule t#) at concentration [S§)

4 Discussion (molecule cm3) andk is the Langmuir constant. From the
fit to the data, the maximum surface coveragg, for ph-
4.1 Initial uptakes onto fresh dust ysisorption was found to be $21)x 103 molecule cm2 and

avalue of (6:2)x 10~ *molecule ! cm® was determined for

The value for ypgeT=(6.6+0.8)x10~> measured in this the Langmuir constant. The quoted errors arér®dm the fit.
study is in good agreement with the value of:@)x10-° The amount of S@adsorbed during the first 200 s of the
reported by Usher et al. (2002) for the uptake of,Sidto adsorption phase on a fresh dust surface (Fig. 6) is larger
China Loess. Given that the components of China Loess aréhan the amount desorbed from the same surface and show
similar to those found in Saharan dust, albeit in different pro-that most of the adsorbed $@ irreversibly taken up. At
portions, this similarity in the S@uptake coefficients is per- the highest concentrationsB6% of the SQ was irreversibly
haps not surprising. Usher et al also studied the interactiorbound, rising to~98% at the lowest. These molecules are
of SO, with mineral oxides, which in the form of aluminium likely to be chemisorbed to the dust surface.
silicate clays, are components of both Saharan mineral dust Assuming that ozone molecules are adsorbed on the dust
and China Loess. The initial uptake coefficients foroSO surface, the observation that the amount of reversibly ad-
onto these oxides was typicaltlylx10~4. The magnitude sorbed S@is reduced in the presence of ozone implies com-
of the initial uptake coefficient reported here is consistentpetition for the sites at which physical adsorption occurs. On
with these values, given that approximately 50% (Hanischthe other hand the presence of @id not significantly af-
and Crowley, 2003) of the Saharan dust sample is unreactivéect the amount of chemisorbed £Crhis shows that either
SiO; (yeeT<1x1077) and that the metal oxides may be a Os binds to different sites from the SQr is only weakly
poor proxy for clays. bound and is displaced by the SOEvidence that ozone is

The value for yopeT=(6.6+0.8)x10> measured in adsorbed onto the dust surface is summarised by Usher et al.
this study is significantly larger than the values for (2003). The addition of-1x 10 molecule cn® of water to
v0.8eT=(4.6+0.3)x10°% and (1.6:0.1)x10° reported by the carrier gas did not, within error, affect the measured sur-
Ullerstam et al. (2002, 2003). One difference between thisface coverage at a particular gas-phase &@centration.
study and those conducted earlier is the concentrations of Similar adsorption/desorption behaviour (in the absence of
SO, used, with concentrations in this work typically 10-100 water) has been observed in studies of the interaction ef SO
times smaller than Ullerstam et al. (2002, 2003). A further with metal oxides. Goodman et al. (2001) showed that only
difference lies in the preparation of the dust sample. Herel0% of adsorbed Sfon «-Al,0O3 and MgO surfaces was
untreated samples were used, deposited from a suspensitost when the sample vessel was evacuated. These authors
in ethanol onto the support, whereas Ullerstam et al. (2002pbserved, using FTIR spectroscopy, the formation of weakly
2003) spray deposited their samples and then baked them tmound molecular S& and ionic sulphite and bisulphite on
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the surface of AIO3 and MgO particles and concluded that surements which indicate that a significant proportion of the
chemisorption occurred for St basic surface sites, whilst measured BET surface area of the Saharan dust lies within
physisorption occurred at acidic sites. Surface bound hyjpores, having an average pore diameterB60A.
droxy! groups or lattice oxygen atoms were proposed as the A kinetic model has been developed using the numerical
basic sites, whereas surface bound hydroxyl groups have alsategration package FACSIMILE (Curtis and Sweetenham,
been observed on Saharan mineral dust (Ullerstam et al1987) to investigate the uptake of £@nto mineral dust in a
2002), but these authors propose that the B@nly weakly  flow tube and was adapted from a model used to study the in-
bound to these sites. teraction of acidic gases with ice surfaces (Cox et al., 2005).
Ullerstam et al. (2002) report a surface saturation of The flow tube is divided into 20 cells, within which plug flow
2x 109 sulphate ions gt, in the presence of ozone. This conditions are assumed. At the beginning of a model run
is equivalent to a surface coverage ok ¥'3molecule  gas-phase SOis added to the first cell at a rate determined
cm 2, based on the BET surface area. Goodman ety its concentration, the flow velocity and the tube radius.
al. (2001) report values for the maximum surface cover-The gas-phase SQOnteracts with the cell walls by adsorp-
age of ~1.5x10"molecule cnt? for Al,Os and a lower tion/desorption, or is transported to the next cell by the flow
limit of ~4x10"molecule cn? for MgO. Coverages of and axial diffusion. These processes are repeated in the next
2.5x10M and 1.7 10 molecule cnm? for Al,O3 and MgO,  and following cells until the end of the flow tube. Once on
respectively, in the presence of oxygen, can also be dethe dust surface SOmolecules can desorb, react with a sur-
rived from reported saturation sulphate ion surface concenface species or site or diffuse into the pores, where again the
trations (Judeikis et al., 1978). In the current work the SO, can react with a surface species or site. The following
largest amount of SPirreversibly taken up per unit area mechanism was used:
was~8x 10" molecule cnt2, which is consistent with these

maximum surface coverages, given that approximately 5096C2g + S < SOzady  kads/ kdes (R1)
(Hanisch and Crowley, 2003) of the Saharan dust sample
is unreactive Si@ and that Saharan mineral dust contains SOzady + R1 — Product  &; (R2)
clays containing metal oxides, rather than metal oxides them-
selves. SQxady — SOzpore  Kiff (R3)
4.3 Uptake mechanism and model SOxpore + Rz — Product ks (R4)

Insights into the adsorption mechanism for S@to Saha- where SQ), SOxadg and SQporeare the gas-phase con-
ran mineral dust may be deduced from the time dependenceentration, the surface concentration and the “concentration”
and the adsorption/desorption behaviour observed in the flow@f SQ; in the pores, respectively.;Ron the dust surface) and
tube experiments. The initial rapid return of the S&gnal Rz (in the pores) are surface bound species or sites. Here all
towards its initial value following exposure could be causedconcentrations (including surface site concentrations) are in
by the rapid filling of surface sites, whereas the slow returnunits of molecule cm?, i.e. number density per unit volume
at longer times could be caused by another surface processof the flow tube k; is the 2nd order rate coefficient for the re-
One possibility for this surface process is that the,SO action of these species or sites with surface boung s
once adsorbed onto the dust surface, is reacting with suris the rate coefficient for single-site adsorption and is defined
face adsorbed species or a different surface site, followingS
a Langmuir-Hinshelwood type mechanism. Indeed; &8s
been observed to be oxidised to sulphate on baked Sahardads =
mineral dust in the absence of added oxidants (Ullerstam et
al., 2002). Ammann et al. (2003) have recently derived anwhereyg geT is the initial BET uptake coefficienty is the
expression for the observed reactive uptake coefficient of anean speed, A the ratidget/Ageom and (2f) the geomet-
gas-phase molecule due to surface reaction with a surfacedc surface/volume ratio of the flow tube, radiusDivision
bound reactant and modelled the gas-phase time dependenbg Sy, the assumed initial number of sites, is necessary to
of this gas-phase molecule. This time dependence is similaconvert the surface concentrations to dimensionless surface
to that seen here, that is fast initial recovery of theSi@nal  coverages. An initial density of sites of4x 1013 molecule
followed by a slow recovery at longer times. cm3 was used, determined by converting the maximum sur-
A further possibility is that, following adsorption of SO  face coverage for physisorption e2x 103 molecule cm?,
onto the mineral dust surface, diffusion occurs into poresfound in Sect. 4.2, to a number density per unit volume. The
within the dust. If the dust particles are assumed to be spheriratio A was necessary to reflect the different surface loadings
cal, have a density of 2.8 g crhand a diameter of @mthen  used in the experiments. The prodygtseT x A is equal to
the outer surface area is a factoreB80 smaller than the BET the geometric initial uptake coefficient. This quantity was
surface area. This is also shown by the surface area meased in the model runs.

YO.BET®W 2
R — X p—

A
x — (cm®moleculets™) (4)
4 r So
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3] Table 2. Model parameters used in Figs. 8a and b.
2.5+ Parameter Fig. 8a Fig. 8b
5, S Templk 295 295
=S I e Linear velocity/ems® 821 609
ERvE / [SOylinit/molecule cnT3  6.25<1010  2.06x 1011
E 7] ¥0,geom 3.6x10°3  1.8x10°3
g ] AggT/AgeonfcmPem™2  73.6 50.3
s So/molecule crm3 4.4x1013
2 05 I st R Kegm/molecule t cm® 1x10°13
" kagdcmPmolecule 1s~1 yowl2 Sg
[T T T T T T \ \ R R kgeds kalKeqm
2100 0 100 200 300 400 500 600 700 kg/cmPmolecule 1s—1 5.9x1015
Time /s x/DSOZ/L/S_O'S 0.393
R1/molecule cnt3 2.4x10'2
Fig. 8. Comparison of experimental (dots) and simulated (lines) R,/molecule cnt3 4.9x 1013

data. The model parameters used are given in Table 2.

kdesis the rate coefficient for desorption from the surface

and is defined as for adsorption/desorption and the total concentration of reac-

tion partners R (=R+R2) were set to values consistent with
the values discussed in Sect. 4.2. The reaction rate constant
ks and the diffusion parameté)?'5/L were freely varied, as
was the distribution of the density of surface reactants/sites
< ) . between R and R. The best agreement between model and
of 1.>f 1(.) *moleculet e W"i‘iused’ conflstent with the experimental data, when congidering multiple experiments,
equilibrium constant of &10~“molecule™ cm® deter- was achieved wher-95% of the reacting species/sites R

mined from the experimental data, as described above. Dif-resided in the pores (asRand could only be accessed via

fusion into pores in the dust was approximated by diﬁUSiondiﬁusion into the pores of bound SQnolecules from the
into a bulk film. This was represented as a first order Processy, st surface

with a time-dependent rate coefficient

()
L x mt (

kads

sh

(%)

kdes=
egm

where Kegm is the Langmuir equilibrium constant. A value

Figures 8a and b compare the output of the model with
data from two experiments, with different initial gas-phase
SO, concentrations and surface loadings. Model parameters
are given in Table 2. Paramete$s, Ry and R were mul-
where L is the film depth andD; is the bulk diffusion co- tiplied by (andk, divided by) the ratioAggt/Ageomin each
efficient. This expression derives from the solution of the case to reflect the different surface loadings of dust. A good
diffusion equation for Fick's Law with a specified mean dif- agreement between the model output and experimental data
fusion depthZL. More explicit models of pore diffusion do is achieved for both the adsorption and desorption sections of
exist and have been used successfully to correct uptake coefhe experiments. Further experiments, under different condi-
ficients in a number of studies, but these are either concernetions of initial SG concentration and dust loading, have also
with time independent uptake (Keyser et al., 1991; Timo-been modelled. The same values for the model parameters
nen et al., 1994) or uptake into multiple layers of particles given in Table 2 gave a reasonable fit to these experiments.
(Goodman et al., 2001)D®5/L was used as an adjustable ~ The model was also used to predict the dependence of the
parameter. amount of SQ@ per unit area after 200 s exposure on the ini-

Flow tube experiments were modelled as follows. The gastial SO, concentration. This dependence is plotted as a line
phase concentration of $On the first cell was set to the in Fig. 6. There is good agreement with the measured val-
initial concentration used in the experiment, mimicking the ues. This indicates that the model is reasonable, and that the
effect of withdrawing the injector. The gas-phase,S@s  dependence observed in Fig. 6 is a kinetic effect.
then transported through the cells, interacting with the dust The relationship between the integrated amounts of SO
surface. The modelled S@oncentration in the final cellwas taken up per unit area and the initial 5@as-phase concen-
then compared with the experimental data. Model parametration is non-linear because the mechanism depends on 2
ters such as flow speed, exposed dust area, temperature arehctions. At low surface coverages reaction (R2) dominates
exposure duration were matched to the experiments. Othersver diffusion into the pores. As the surface concentration
such as the number of surface sites, the Langmuir constarnhcreases, reactant/sitq B depleted and diffusion into the

kit = —

(6)
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5 Atmospheric implications

The lifetime for removal of S@via heterogeneous reaction
on dust is given bythe=4/y wA, whereA is the surface area

density of the dusty is the mean molecular speed ands . ) :
the uptake coefficient. In the experiments performed in thighmmann, M., Rschl, U., and Rudich, Y.: Effects of reversible
adsorption and Langmuir-Hinshelwood surface reactions on gas

work, using atmospherically relevant initial $@oncentra- uptake by atmospheric particles, Phys. Chem. Chem. Phys., 5,
tions, the value of the uptake coefficient fell rapidly from an  351_356 2003

initial maximum value. Given that the amount of dust presentangreae, M. O., Andreae, T. W., Meyerdierks, D., and Thiel,
in these laboratory experiments was many orders of magni- C.: Marine sulfur cycling and the atmospheric aerosol over the
tude greater than the heaviest loadings observed in field stud- springtime North Atlantic, Chemosphere, 52, 1321-1343, 2003.
ies and would therefore be modified more slowly, the uptakeAymoz, G., Jaffrezo, J.-L., Jacob, V., Colomb, A., and George, C.:
coefficient will also decrease with time in the atmosphere. Evolution of organic and inorganic components of aerosol dur-
However the uptake parameters derived from the numerical ing & Saharan dust episode observed in the French Alps, Atmos.
model can be used to account for this. Chem. Phys., 4, 2499-2512, 2004,

A simple box model has been used, incorporating the pro_BbfeFinizlnD:(1:6'Scli-izi%iii:arlzpljr?g4r;14e;§:::istische Untersuchung der
posed mechanism. The model parameters were taken from o . . . ;
Table 2, but were corrected folr the dust loading, as described g?g:?fciler: PieDamf;:?Uxillrssigcg?)égggn,agss'\él:jeéa;;?::y’
in Sect. 4.3. The surface loading was set to A§0n—3 (Ay- 2000.
moz et al., 2004) which is equivalent toc80~° cm? cm=3 Brown, R. L.: Tubular flow reactors with first-order kinetics, J. Res.
(assuming the same BET surface area as the dust used in Nat. Bur. Standards, 83, 1-8, 1978.
these experiments). If an initial mixing ratio of 10 pptS©®  Chameides, W. L. and Stelson, A. W.: Aqueous-phase chemical
used the lifetime is-5 days. At 25 ppt S@the reactive sites processes in deliquescent sea-salt aerosols — a mechanism that
on the external surface (1xa.08 cm~3) of the dust particles couples the atmospheric cycles of S and sea salt, J. Geophys.
are quickly exhausted and diffusion into the pores slows fur- Res.-A, 97, 20565-20 580, 1992.
ther processing. This leads to a lifetime ©200 days. In ~ €o% R.A., Fermnandez, M. A., Symington, A., Ullerstam, M., and
all cases the time taken is greater than the lifetime of 7h #APbatt, J. P. D: Akinetic model for uptake of HNO3 and HCl on
calculated using the initial uptake coefficient measured in ice in a coated wall flow system, Phys. Chem. Chem. Phys., 7,

. . e . 3434-3442, 2005.
this work. In comparison, the lifetime of $SQvith respect

. . : , 1 10P Curtis, A. R. and Sweetenham, W. P.: FACSIMILE, AERE Harwell,
to resactlon with OH is~11 days if [OH]=1x10° molecule Publication R 12805, Computer Science and Systems Division,
cm 3,

During the same period an initial mixing ratio of Harwell Laboratory, Oxfordshire, U.K., 1987.
250 ppt would have fallen by15% and of 25 ppt by~41%,  Dentener, F. J., Carmichael, G. R., Zhang, Y., Lelieveld, J., and
because of processing on mineral dust, given the conditions Crutzen, P. J.: Role of mineral aerosol as a reactive surface in
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