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Abstract. The heterogeneous oxidation of $8y NO, on cesses may influence the photochemical oxidation capacity
mineral dust was studied using Diffuse Reflectance Infrarecbf the atmosphere as well as changing aerosol composition
Fourier Transform Spectroscopy (DRIFTS) and a Knudsenand size distribution (Dentener et al., 1996; Galy-Lacaux et
cell. This made it possible to characterise, kinetically, bothal., 2001; Martin et al., 2003; Zhang and Carmichael, 1999).
the formation of sulfate and nitrate as surface products andQRecent modeling work has shown how aerosols modify the
the gas phase loss of the reactive species. The gas phase lag®emical properties of the atmosphere, decreasing the pho-
rate was determined to be first order in both,SDd NG. tolysis rate of ozone and the concentration of ;i{Dcreas-
From the DRIFTS experiment the uptake coefficientfor ing the concentration of CO, and producing Hjfeom NO,

the formation of sulfate was determined to be of the order ofand NG (Martin et al., 2003).

—10 . .
10~*" using the BET area as the reactive surface area. No Field measurements of the chemical composition of

faerosol particles in East Asia show strong correlations be-
tween nitrate and non-sea-salt calcium (i.e. the mineral
aerosol fraction) (Carmichael et al., 1996; Nishikawa et al.,
1991; Zhang et al., 2000). Such a correlation, while not
as strong, is also seen for non-sea-salt sulfate and mineral
aerosol (Carmichael et al., 1996; Nishikawa et al., 1991,
Zhang et al., 2000). The observed correlations could be
caused by surface reactions of sulfur and nitrogen species.
1 Introduction An indication that particles originating from soil are more
likely to contain a mixture of sulfate and nitrate than other
Particulate matter present in the Earth’s atmosphere providekinds of particles has also been found (Zhang et al., 2000).

reactive surfaces for heterogeneous chemistry. A large con- However, large uncertainties remain concerning the effect

tribution to the tropospheric aerosol budget is mineral aerosoht chemical composition and surface properties on heteroge-
that originates from arid and semi-arid areas. The annual flux,o s reaction kinetics.

of mineral aerosol to the atmosphere is estimated to be be- )

tween 1000 and 3000 Tg, and with changes in precipitation !N the present study, the heterogeneous reaction of SO
patterns and land use, the emissions of mineral aerosol ma§nd NG on mineral dust was investigated using the Knud-
increase substantially which would increase their importance®®h cell and Diffuse Reflectance Infrared Fourier Transform
in the atmosphere (Dentener, et al., 1996; Tegen and Fungi?pectroscopy (DRIFTS) techniques. Mineral dust samples
1994: Zhang and Carmichael, 1999). Atmospheric aerosolTom the Cape Verde Islands, Io_cated off Mauritania and
particles are known to affect radiative transfer by scatteringS®negal on the west coast of Africa, were used for the ex-
and absorbing light and they can also influence the opticaPeriments. The mineral dust consists 0£20,:m diameter
properties of clouds. Understanding interactions between thffaction and has a BET surface area of BP cnP gt The

gas and the condensed phase is important because these pf@mples are representative of mineral dust from the Saha-
ran desert and the main content of the samples is quartz and

Correspondence tavl. Ullerstam potassium feldspars (Desboeufs et al., 1999; Rognon et al.,
(mullerst@chem.utoronto.ca) 1996).

NO,. The Knudsen cell study gave uptake coefficients of
the order of 10° and 107 for SO, and NG respectively.
There was no significant difference in uptake wher, 0
NO, were introduced individually compared to experiments
in which S@ and NG were present at the same time.
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2044 M. Ullerstam et al.: DRIFTS and Knudsen cell study of the heterogeneous reactivity

was cooled to room temperature the plunger was lowered
and the sample was covered. A fresh mixture of the reac-

Table 1. Knudsen Reactor Parameters.

Knudsen reactor parameter tive gases with known concentration was made before every
experiment and was introduced into the chamber either as a

reactor volumey 3,72+0.03dn? pulse or as a steady state flow. Parameters for the Knudsen

experimental temperaturexp 299£0.2K reaction chamber can be found in Table 1.

geometnc_s_ample aredygeo 33.2cnt NO2 (>98%, Hede Nielsen) and $099.9%, Gerling

escape orifice (pulsed flowg, 11 mml Holtz and Company) were used for the Knudsen cell experi-

escape rate (calculated). 1.00s

escape rate (measurefl)s. (1.10£0.20)s1 ments.

:zgzgs ?;IIZC(GC ;Téiiﬁi;;?:e flow). (2).?)1(?175—1 2.2 Experiments using the DRIFTS technique

The DRIFTS technigue was used to analyse the surface reac-
tions. Infrared spectra were recorded in the spectral range

2 Experimental from 4000 to 600cm! with a Bruker Equinox 55 FTIR
_ spectrometer equipped with a mercury cadmium telluride
2.1 Knudsen cell experiments (MCT) detector and DRIFTS optics (model DRA-2CO, Har-

rick Scientific Corp.). General features of the setup have pre-
A Knudsen cell was used for the analysis of loss from the gas/iously been described (Borensen et al., 2000; Ullerstam et
phase due to surface reactions or adsorption. The Knudseal., 2002). Spectra were recorded at a resolution of 4%cm
cell reactor consists of a chamber with an isolated sampleand 100 scans were averaged for each spectrum resulting in
compartment and a small orifice through which gas phase rea time resolution of 1 min. The dust samples were prepared
actant and product species can escape to be detected by magsa water suspension on glass plates, with dimensions of
spectrometry. To assure molecular flow, the mean free pati®x9 mn? followed by drying in an oven (10 min, 333K).
must be at least a factor of 10 greater than the diameter ofhe reaction chamber was flushed with He carrier gas while
the exit orifice, which was maintained by a low pressure inthe sample was kept at 333 K for 1 h at a pressure of 4.5 mbar
the cell (Golden et al., 1973). The Knudsen reactor setufbefore an experiment was started. Spectra were collected as
has previously been described (Mgnster et al., 2002). Thelifference spectra with the unreacted dust as the background,
reaction chamber is a 6-way I1SO 100 cross sealed with Vithus surface products appear as positive bands while losses of
ton O-rings, which is connected to a quadrupole mass specsurface species give rise to negative bands. Surface reactants
trometer (Leda Mass). Inside the reactor a plunger makes ifvere quantified by ion chromatography using a Dionex DX
possible to either cover or expose the sample holder. To min120 system, equipped with a Dionex AS 14 analytical col-
imize wall reactions the reactor walls were passivated withumn and a conductivity detector (CD 20) with detection sta-
a coating of Teflon. The temperature of the sample holdemilizer. A more detailed description of the analysis is avail-
can be controlled from 233 to 373K using a Peltier cooler able (Ullerstam, et al., 2002).
and a cryofluid pump. The design of the gas system makes NO, for the DRIFTS experiments was synthesized from
it possible to introduce the reactive gases in two ways, eithe reaction between NO>09.5%, Messer-Griesheim)
ther through a pulsed valve or as a continuous flow throughand @ (>99.998%, Messer-Griesheim). $@>99.98%,

needle valves. The pulsed valve is a solenoid valve (Generaljesser-Griesheim) was diluted with He before use.
Valve P/N 009-1562-900) with a 0.8 millimetre orifice, and

can generate pulses from a few hundred microseconds to sev-

eral hours at a repetition rate of up to 2500 Hz. The use of3 Results

a pulsed valve in combination with a Knudsen cell was first

described by Tabor et al. (1994). The system uses adualneg.1 Observed products

dle valve (Nupro) to regulate the gas flow in the steady state

mode. The unexposed dust sample is used to collect a background
The dust samples were applied to the sample holder usspectrum and therefore both positive and negative features

ing an atomizer containing a water suspension of the mineralvere observed in the subsequent spectra. Investigations were

dust. The aerosol is sprayed onto the sample holder whicimade in which mineral dust was reacted just with NOr

was preheated to 373 K. This procedure enables the formawith SO, and NG simultaneously using the DRIFTS tech-

tion of a thin uniform surface of the mineral dust. The samplenique. When only N@ was added a number of absorption

was kept in the evacuated reaction chamber at 333K for 1ltbands were observed, as can be seen in Fig. 1a. The most

prior to experiments. This treatment has been shown to givgorominent positive features are two bands between 1500 and

a reproducible reactivity, and removes loosely bound waterl300 cnt! which can be assigned to the degenerate asym-

from the sample (Ullerstam et al., 2002). After the systemmetric stretch vibration of the nitrate ion (Borensen et al.,

Atmos. Chem. Phys., 3, 2043-2051, 2003 www.atmos-chem-phys.org/acp/3/2043/
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Fig. 1. Absorption difference spectra recorded during the reac-fig. 2. Absorption difference spectra recorded during the reac-
tion of mineral dust with S@and NG. (a) experiment where the  tion of mineral dust with S@ and NGQ. (a) reference spectrum
surface is exposed to Nnly ([NOz]=2.2x 10t molecule cn3) of sulfur species from reaction of $®n mineral dust in the pres-
after a reaction time of 5, 10, 20, 30 and 50miih) experi-  ence of @ (Ullerstam et al., 2002)(b) experiment with exposure
ment with exposure of both SCand NG ([SO,]=9.4x10'2 and  of both SG and NG ([SO,]=9.4x 1012 and [NOy]=2.5x 1013 in
[NO2]=2.5x 10" in molecule cn3) after a reaction time of 2, 5, molecule cn73) after a reaction time of 2, 5, 10, 15, 30 and 50 min.
10, 15, 30 and 50 min(c) residue from subtraction of final spec- (c)residue from subtraction of reference spectrum (a) from the final

trum of NO, experiment in (a) from the final spectrum of §80,» spectrum of SGINO, experiment in (b).
experiment in (b).

2000; Hadjiivanov et al., 1994; Nakamoto, 1997; Under- formation of nitrite on the surface is inhibited by the intro-
wood et al., 1999). The splitting of the vibration is due to  duction of SQ over the surface. The loss of free OH groups
an interaction with the surface, resulting in a reduced symmeis larger when S@is present which indicates that 5@

try for the nitrate species. The nitrate ion can coordinate to sadsorbed to these free OH groups while N@ay adsorb
metal as a unidentate, chelating bidentate or bridging bidenon other reactive sites as well. A broad band at 2450cm
tate ligand. It is difficult to distinguish between these pos- during exposure to S£also indicates some formation of hy-
sibilities since the symmetry differs very little (Nakamoto, drogen sulfite (Meyer et al., 1980; Nakamoto, 1997). Sub-
1997). At lower wavenumbers at the end of the nitrate bandraction of the nitrate features in the spectra derived from ex-
at 1250 cnt? there is a smaller positive band that may be periments with both S@and NG present, using the pure
assigned to the asymmetric stretch of nitrite (Borensen eNO, experiment as a reference, results in a spectrum with
al., 2000; Hadjiivanov et al., 1994). Both nitrate and nitrite @ band around 1280 cmh (Fig. 1c) which is assigned to the
ions are found in the ion chromatography analysis. A smallsulfate band although shifted 40 chrelative to the band of
negative band is also present at 1650¢énmdicating loss  surface bound sulfate. The peak at 1330¢ris due to ph-

of surface species originating from surface-adsorbed wateysisorbed S@which is not subtracted. A similar procedure
(Nakamoto, 1997). This loss of water during the reaction iswas made to subtract the sulfate band revealing the nitrate
also seen as a negative band in the area around 320b cm features between 1500 and 1300¢mwhich can be seen in
The loss of different types of free OH groups at the surface isFig. 2c. It should be noted that spectra shown in Figs. 1b and
evidenced as a small negative band at 3700%c(not shown  2b are identical spectra from the same experiment. The ref-
in figure) (Tsyganenko and Mardilovich, 1996). When;SO erence spectra (a) in Fig. 2 with features of physisorbegl SO
is introduced simultaneously with NQhe bands of nitrate and S(ﬁ_ were obtained from an earlier experiment with the
are still dominant, especially when the ratio of 50 NO, same substrate (Ullerstam et al., 2002). Weak features below
is low, cf. Fig. 1b. However at higher ratios the bands 1000 cnT! may not be detectable due to the low signal-to-
of sulfur species become evident. The small narrow bandhoise ratio in this region.

at 1330 cnm! on the top of the broader nitrate band is due

to physisorbed S©(Chang, 1978; Datta et al., 1985; Deo 3.2 Kinetics, Knudsen cell

and Dalla Lana, 1971; Goodman et al., 2001; Nakamoto,

1997; Ullerstam et al., 2002). The nitrate band is also toThe total uptake coefficientya) is defined as the frac-
some extent distorted and the nitrite band is superimposetion of collisions with the surface that results in loss of the
on the band of surface bound sulfate at 1240 ¢rMeyer molecule from the gas phase divided by the total number
et al., 1980; Schoonheydt and Lunsford, 1972; Ullerstam ebf surface collisions per unit time. From the Knudsen ex-
al., 2002; Usher et al., 2002). There are indications that thegperiments this can be calculated from the first order rate

www.atmos-chem-phys.org/acp/3/2043/ Atmos. Chem. Phys., 3, 2043—-2051, 2003
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Fig. 3. Total uptake coefficient for SOcalculated using the ge- Fig. 4. An example of a typical Knudsen experiment per-
ometric surface area as the effective surface area as a function dérmed with a pulsed flow showing the decay of the S€ignal
sample mass. Experiments were performed with a pulsed flow o{m/z=64). Initial concentrations of SCand NG were 2.% 10!
a mixture of S@ and NG (2.7x10! and 1.%&10! molecules,  and 1.%&10 in molecules cm3, respectively. Empty circles rep-
respectively). resent the decay of SCsignal when the surface is covered, see
right y-axis. Filled circles represent the decay of"S@ynal during
exposure of the sample surface, see left y-axis.
coefficient of the uptakek(), the collision frequency4) and
the reactive surface ared ). )
where Aj, is the area of the escape aperture, corrected for

_ Ky the limitation to the flow caused by the nonzero length of the
Ytotal = (1)
Z XAy aperture.
For a steady state flow experiment, the first order rate co-
z— ] BxRxT 1 @) efficient is obtained by measuring the relative intensity of the
TxM 4v signal before §o) and during §) the exposure of the sample

. . according to Eq. (7).

whereR is the gas constant (JmdiK 1), T is the temper-

ature () andV is the volume of the reactor r=ke (ﬁ _ 1)
The data treatment of the first order rate coefficign?) ( SR

depends on whether the reactive gases are introduced ast@q initial drop in the signal is used to obtaR.

pulse or as a steady state flow. In an experiment with pulsed T, study the dependence of the uptake coefficient on sam-

flow the decay rate is measured with and without the samy e mass, using the geometric area (projected surface) as the
ple covered. The decay is equal to the lifetime of the gas iNgftective surface area, a number of experiments with differ-
the chamber which is the inverse of the loss ratel,/r. Ex-

) " ent sample mass but constant concentration of @@ NG
periments are performed with the sample holder covered o{qre performed; the results are shown in Fig. 3. This was

Q)

open. done to ensure that experiments were conducted in the lin-

kice = ke 3) ear mass regime where the entire sample participates in the
reaction and the BET surface area can be used as the reac-

kicys = ke + kuy (4)  tive surface area (Grassian, 2002; Underwood et al., 2000).

These experiments were made with a pulsed flow where each

Here “Kc” signifies Knudsen cell; “e”, escape: “u”, uptake pulse contained a mixture of S@nd NG (2.7x 10 and

and “s”, sample exposed. Rearranging gives, 1.7x 10" molecules, respectively). An example of a typical
experiment is shown in Fig. 4. The resulting uptake coeffi-
ky = kkcts — kke () cient for SO was determined to be (H8.1)x107° using
Thusk, in Eq. (5) is equal to the first order rate coefficient (he BET area as the reactive surface area. ,

(k;) in Eq. (1) and no knowledge of the theoretical value of A Number of experiments were carried out using a con-
k. is necessary. The value is the theoretical escape rate Stant concentration of NOwhile the concentration of SO

coefficient for the specific gas and aperture. was varied, to study the uptake coefficient of S®the pres-
ence of NQ. Another set of experiments was made with dif-
ke = ZxAy (6) ferent concentrations of NObut constant concentration of

Atmos. Chem. Phys., 3, 2043-2051, 2003 www.atmos-chem-phys.org/acp/3/2043/
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Table 2. Reactive uptake coefficients and other experimental data for the reaction&®ING with mineral dust at 299 K. BET surface
area, 5.&10° (cm?g1).

[SO7] [NO2] 7(SQ) y(SQ) ¥ (NOy) y(NO2)
molecule cnt3 molecule cnt3 geometric BET geometric BET

(2.6-87)x 1011 9.8x 102 4(1.5+0.6)x1073  4(5.7+£1.9)x 1076 - -
(5.4-15)x 1012 - 4(1.3£0.3x10°3  9(4.6+0.3)x10°6 - -
5.3x 1012 (1.7-10)x 1012 - - 4(2.0£0.4)x10~4  9(6.3£1.0)x10 7
- (1.0-1.5)x10%3 - - 4(1.940.4)x10°4  9(6.2£3.4)x10~/
(1.4-9.3)x 1012 2.4x1013 b(1.6+0.6)x10°%  5(2.6+1.1)x10710

4Knudsen experiment
bDRIFTS experiments

SO, to obtain the uptake coefficient of NGn the presence 1.1E09
of SOp. A typical experiment is shown in Fig. 5. All the WVOE_OQH
experiments were made with a steady state flow of the reac- 26610

9.0E-10

tive gases and the sample mass was kept at around 20 mg ¢
mineral dust to maintain “linear mass” conditions. A sum- 8%
mary of the results can be found in Table 2. The errors are § 7oe1 |
reported at the 95% confidence interval, as determined from§ e |
the standard deviation of an ensemble of experiments. It carZ soeno | | 16510
be seen that the results from the steady state experiment givi&
an uptake coefficient that is around 3 times smaller relative
to the pulsed experiments. The discrepancy may be cause: BIOEWW 11810
by the lower time resolution of a steady state experiment. In ;40

a steady state experiment, the true initial uptake coefficient ‘ ‘ ‘ ‘ ‘ s

may be hidden because of the time required to lift the sam- 0 100 200 300 400 500 600

ple cover (Mgnster et al., 2002). It can also be seen from Time (sec)

Fig. 5 that there is a time dependence of the uptake coeffi-_ _ )

cient which indicates surface saturation. This could be dud '9: 5+ An example of a typical Knudsen experiment performed

. . . . with a steady state flow. Steady state concentrations of 8@
to either the consumption of reactive sites on the surface b)NOZ were 5.0¢10'2 and 1.0< 103 molecules cm3, respectively.

an irreversible uptake mechanism or by the equilibrium of a|,& top line represents the signal for SQ@n/z=64) and belong
reversible process. At the end of the experiment the signaj, the left y-axis. The lower line represents the signal for,NO
has not been recovered and is still growing but very slowly.m/z=46) and belong to the right y-axis.

Some part of the discrepancy is also due to a base-line drift

during the experiment.

The observed relative loss of 3@nd NG from the gas
phase during the experiments wastd® and 185% re-

N
m
5

,m.,.,.,nnn
(que) jeubis SND

4.0E-10

tion rated[SOfl‘] /dt in terms of the reactive uptake coeffi-
cient. The initial formation rate was translated from absorp-

spectively. A log-log plot of the initial loss rate of S@er- tion units _§1 t9 SQ21 st by a conversion factor pbtamed
sus the concentration of S@hown in Fig. 6, gives a slope from a calibration plot. The cahpraﬂon plotis obt_amed from_
of 1.02+0.24 () i.e. the SQ loss has an apparent first or- the ion chromatogr_aphy ana_IyS|s where the gntlre sample is
der dependence on [SP An equivalent plot was made for used for.the_ analy_S|s assuming tha_t the reaction prgducts are
NO, which gave a slope of 0.860.18 (2r) which also indi- evenly Q|str|buted mlthe sample. Smf:e the absorption bands
cates a reaction order of 1 for N@hich is shown in Fig. 7. of the different reaction product species overlap one another,

This means that in both cases the adsorption rate depends 69’3 bands are o!e_convolute_zd be_fore integration. The reac-
lJéve uptake coefficienty..,,) is defined as the rate of sulfate

formation on the surfacei(SOﬁ‘]/dt) divided by the total
number of surface collisions per unit time;

3.3 Kinetics, DRIFTS d[SO;1/dt

Yrxn = Q (8)

coefficient is independent of concentration.

The amount of sulfate on the sample was determined by
ion chromatography in order to quantify the sulfate forma- €2 = ZXASX[SOZ]XVSOZ 9)

www.atmos-chem-phys.org/acp/3/2043/ Atmos. Chem. Phys., 3, 2043—-2051, 2003
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Fig. 6. A bilogarithmic plot of the loss rate of S(as a function of ~ Fig. 7. Bilogarithmic plot of the loss rate of Nfas a func-
[SOs]. Filled circles are experiments with S@nd NG present,  tion of [NO;]. Filled circles are from experiments with both $O
open circles are from experiments with only S@resent. From and NG present, open circles are from experiments with only
linear regression of experiments with both Sénd NG present  NOy. The reaction order was determined to be n=&:828 (&),
(filled circles) the reaction order was determined to be n=£@15  2=0.90, from linear regression of the experiments with,$@d
(20), r2=0.98. NO, present (filled circles).

3.4 Mechanism

wherev is the mean molecular velocity of SQ@alculated  The reaction of N@ with surface adsorbed water is well-
as/8RT /7w Mso, and A; is the effective sample surface. known and has been shown to be first order impN&nkin et
d[S@[]/dt was obtained from the absorbance/time plot atal., 1988; Kleffmann et al., 1998; Langer et al., 1997; Mertes
to i.e. the initial rate, thus no saturation effectspmre ex-  and Wahner, 1995; Pitts et al., 1984; Sakamaki, et al., 1983;
pected. Svensson et al., 1987).

A sequence of experiments was performed with a constan€NOz(g) + H20@dy — HONOQg) + HNOg(ads (R1)

C(;]ncentrfi\tlon of bN@ and _varylrkl)gly concehntratt;ons O:; S? _In this study the experiments were performed under “dry”
The results can be seen in Table 2. The observed relativg,,jitions. “"However, some adsorbed water will be present

loss from the gas phase resulting in reactive species on thﬁ] the dust sample, since the samples were only heated to
surface was between 1.5% to 7.8% and 0.15% to 0.57% fog33 prior to exposure. Different types of water-related re-

SC; and NG respectively. The experiments that were ter- ;i e sites are present on the surface in the form ofd®

minated at a short reaction time were the ones with largesgy groups. The surface adsorbed water present during the
relative loss from the gas phase. This is expected since th@xperiment has not been quantified

loss rate of reactive species is fast in the initial phase of the A previous study of the uptake of S@roposed a two step
experiment put dgcreases with increasing exposure due to ﬂ}‘ﬁechanism for the oxidation of S@vhere the first step is a
loss of reactive sites on the surface. reversible adsorption of Snto the surface followed by a

The introduction of SO to the reactive gas reduces s_econd, irreversible reaction in which adsorbed $oxi-
© g dized to sulfate (Ullerstam et al., 2002).

the formation of surface nitrate species compared to
experiment' with only N@. From the_ion chromgtogra- *OH + SOyg) <— *OH - - - SOz(ads (R2)
phy analysis at the end of the experiment in which only

NO, was introduced, the total amount of surface nitrate WerexOH denotes free surface OH groups.

was 2.1x10'jons ([NOy]=2.2x 103 molecule cn3, re- In the present investigation the oxidant is gaseous NO
action time=160min). A similar experiment in which which reacts with the surface adsorbed,S@ming surface
Scb also was present or“y producec‘ XJEFSionS of sulfate and NO which escapestotheg;aS[)hase.

surface nitrate species, which corresponds to a reduc-

tion by almost 40% (INQ|=2.1x 10" molecule cm3, #OH: - SOzads + NOzg — +OHSCya45 +NOg) (R3)
[SO,]=2.4x 10" molecule cnm3 and reaction  There would appear to be a competition for N®etween
time=150 min). surface adsorption forming nitrate, and its acting as an

Atmos. Chem. Phys., 3, 2043-2051, 2003 www.atmos-chem-phys.org/acp/3/2043/
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oxidant, forming sulfate (i.e. reaction (R1) vs. (R3)). The Saharan sand (Underwood et al., 2001). An uptake coeffi-
oxidation is not fast enough to be the only process on thecient for SG on China Loess of the order of 1D has also
surface: the surface formation of nitrates is also taking placebeen reported (Usher et al., 2002). This is a factor of ten
This is also indicated by the reduction of surface nitrate prod-higher that our result for both NOCand SQ. The SQ de-
ucts from the experiments in which both reactive gases argosition velocity on limestone and sandstone in the presence
present compared, to experiments with onlyN&posure. of NO, has been reported with a maximum of 0.45cths
(Ausset et al., 1996). A rough estimate of the equivalent
uptake coefficient from the deposition velocity can be made
4 Discussion using the expressiop=4v,/v,,, were thev, is the deposi-
tion velocity andv,, the molecular velocity (Dentener et al.,
The uptake coefficients for SOn the presence of NOmea-  1996). The uptake coefficient is estimated to bel6>,
sured using the two different techniques differ by a factorwhich is also around a factor of ten higher than our result.
of around 16 and 2¢10* (‘geometric” and BET ratios, re- The difference in uptake coefficient from our work com-
spectively), where the DRIFTS technique produces the lowel, a4 to coefficients found in the literature is more likely

results. This cannot be accounted for by the lower time resoy e to a difference between substances than in experimen-
lution of the DRIFTS technique. The uptake coefficients 0b-5| artefacts. For example the sample of Saharan sand used
tained using the two techniques are fundamentally different;Oy Underwood et al. (2001), has a BET surface area of
The Knudsen cell measures the loss rate of gaseous specigg ¢ mg~! and a particle di,ameter of 250m compared
during exposure, while the DRIFTS technique determines thgy our mineral dust sample which has a BET surface area
rate of formation of products on the surface. In the Knudsenys 500 cn? mg~! and diameter of<20um. The China
experiments there is no difference between the uptake coefyagg sample, which has a different composition than Sa-
ficients measured using pure 0r NOy, and the uptake  nharan sand, used by Underwood et al. (2001) and Usher et
coefficient measured in experiments with both reactive gaseg (2002) has a BET surface area of 11Geng 2. It is

present. The N@has no effect on the measured “initial” eynected that natural mineral samples with different compo-
uptake of SQ in these experiments. This is likely because gjiions and characteristics will have different reactivities.
the rate of physisorption is faster than the rate of sulfate for-

mation and thus the uptake coefficient is determined by the The uptake co_efflments obtained using the BE_T surface
rate of physisorption. However, the measured “reactive” up_area as the reactive surface area should be congdergd 10 be
take for SQ from the DRIFTS experiments is strongly af- lower limits. The BET surface area of the dust is _relat|vely
fected by the presence of NOIn these experiments there large and the dust particle is expected to be quite porous

would be no quantitative formation of sulfate on the surface(UIIerStam et a! » 2002). This means that some parts' may
without an oxidant present (in this case NOIt is implied be less accessible to the reactive gas due to pore resistance

that the initial uptake coefficient from the Knudsen exper- and that the BET surface area may not be a relevant measure

iments, in this case, is related to a reversible process an8]c e IeachvESUriEce:
not with any reactive uptake. From the amount of adsorbed The formation of surface sulfate is an important charac-
SO, in the Knudsen experiment and the measured formatiorferistic since it changes the physical properties of the min-
rate of sulfate from the DRIFTS experiment we can make€ral dust particle. A particle coated with sulfate is hygro-
a rough estimate of a first order rate coefficient for the for- scopic and will take up water; it may therefore take up more
mation of sulfate on the surface. From Fig. 5 it can be es-SOz into this aqueous layer that would otherwise be formed
timated that a total amount of 5@0°molecule cnt? has ~ (Zhang and Chan, 2002). In a previous study on the same
been adsorbed to the surface after 9 min. From a DR”:Tsnlneral dust Sample it has been shown that the dust has a ca-
experiment, with [S@=4.9x10'2 and [NO]=2.3x10%3 pacity to neutralize an acidified leaching solution (Desboeufs
(m0|ecu|e Cm3), the rate of sulfate formation was deter- et al., 2003) It has also been shown in a preViOUS Study that
mined to be 9.410Fions st cm~2. This would give an ap- the presence of water vapor regenerates the surface of the
parent first order rate coefficient of k80~4s1 (depending ~ Mineral dust and hence enhances the capacity of sulfate for-
on the NQ Concentration) which leads to an estimated nat_mation (U”erstam etal., 2002) These observations, together
ural lifetime for the adsorbed Sn the surface to be2 with the fact that water vapour is alW&yS present in the at-
hours. mosphere means that dust particles may alternate between
There have been a number of studies concerning the upR€ing wet and dry. Since wet-dry cycling of the dust parti-
take of NG and SQ on different surfaces or materials. Very cles increases the sulfate forming capacity, it is likely that the
often substances that are components of crustal material af@ineral dust particles have a greater capacity for sulfate for-
used, such as AD3, F&0s3, MgO, and SiQ. There are also mation than suggested by the reactive uptake studies alone.
a few studies in which natural dust samples have been used. To be able to compare the lifetime and the importance
One such study investigated the uptake of,NfDd reported  of heterogeneous reactions with other losses such as gas
uptake coefficients of the order of 19on China Loess and phase reactions the heterogeneous rates were translated to a
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107 1.7 min The corresponding lifetime is calculated as a function
extreme dust storm - of y as is shown in Fig. 8. The lifetime of S$Cralcu-
il o7 gterme lated from the reaction with OH radicals in the gas phase
5 ol T T L is equal to 13 dayskE8.8x 1013 cm® moleculels~1 and
£ e [OH]=1times1P molecule cm3) (DeMore et al., 1997).
<§ 10° el q12d o From the plot it can be seen that this would correspond to
5 el /,/",, 1iea %’ ay in the order of around 410~° in the average dust load
S scenario. The lifetime of N®in the gas phase is even lower
g 1wl -7 1164 considering the reaction with OH radicals anglvzhich cor-
= g T responds to 16 h and 3.5 h respectivedy{=8.8x 10~ 12 and
e T i ko,=3.2x10~17 in cm® molecule s, [OH]=1x1C® and
10° " s t " e 32yrs [03]=2.5x 10" in molecule cnt3).
107 10° 10° 10* 10° 10? 10"

Comparing this with the reactive uptake from the DRIFTS
experiments it is apparent that the formation of sulfate on
Fig. 8. Calculated mass transfer coefficients as a function ofmIneral dust by oxidation of N&is not an important sink of

the heterogeneous uptake, as described in the text Li et gas phase SO Without the appropriate oxidant present the
. (2001). Data used for the calculations: Diffusion con- SO, trapped on the dust surface is more likely to be desorbed

Stam (D), 0.126cis™ L, Lognormal distribution for mineral than oxidized to sulfate, as evident from the different values
dust: N(average)=798, N(storm)=2800, N(extreme storm)=5600; rOf uptake coefficient determined by the two different tech-

0.88um; log(o), 0.23;0,=2.0ugm~3 (Li et al., 2001; Zhang etal., niques. For example, with ozone as the oxidant the reactive
1999; Alpert et al., 2001). uptake coefficient)=5x10"") is large enough to be a com-

petitive sink for SQ during episodes of high dust loading in
pseudo-first order mass transfer constant as described by khe atmosphere (Ullerstam et al., 2002).

and co-workers (Li et al., 2001).
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