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Abstract. The heterogeneous reaction betweenad au-  sands of kilometres across the N. Atlantic and the N. Pacific
thentic Saharan dust surfaces was investigated in a Knudseiuce et al., 1980; Savoie and Prospero, 1982), travelling
reactor ate 296 K. O3 was destroyed on the dust surface and mainly at heights between 3 and 7 km (Prospero et al., 1981;
02 was formed with conversion efficiencies of 1.0 and 1.3 Husar et al., 1997).

molecules @ per O3 molecule destroyed for unheated and  Mineral dust is frequently associated with nitrate and sul-
heated samples, respectively. Ng @esorbed from exposed phate, the concentrations of which can increase with trans-
dust samples, showing that the uptake was irreversible. Theort time (e.g. Savoie and Prospero, 1982; Savoie et al.,
uptake coefficients for the irreversible destruction af @ 1987; Prospero and Savoie, 1989; Okada et al., 1990), imply-
(unheated) Saharan dust surfaces depended ongl®®  ing that mineral aerosol may provide a reactive surface able
centration and varied between 3:510~4 and 5.5x 107° to support heterogeneous processing of trace gases. Early
for the initial uptake coefficientyp ~ 3 x 10> at 30 ppbv modelling studies (Zhang et al., 1994; Dentener et al., 1996)
Oz STP) and between 4.8 107> and 2.2x 1076 for the  have considered the possibility that mineral aerosol can influ-
steady-state uptake coefficient( ~ 7 x 10°% at 30ppbv  ence the tropospheric budgets of important trace gasgs (O
O3 STP). At very high @ concentrations the surface was de- NOy, HOy), and identified the potential role of mineral dust
activated, and @uptake ceased after a certain exposure pedn modifying photochemical cycles on a global scale. Re-
riod. Sample re-activation (i.e. de-passivation) was found tocently, field observations of reduced ©@oncentrations in a
occur over periods of hours, after exposure goh@d ceased, mineral aerosol plume were interpreted as resulting from di-
suggesting that re-activation processes play a role both in theect uptake of @ on the dust particle surface (50%) with the
laboratory and in the atmosphere. rest resulting from changes in NQde Reus et al., 2000).

The catalytic destruction of £has been subject of scien-
tific interest for more than 40 years because of its toxicity
(Ouederni et al., 1996; Dhandapani and Oyama, 1997). A
number of studies have been performed on the adsorption

Between 1600 and 2000 Tg of mineral aerosol are predicte@f O3 0nto various mineral oxides, using electron paramag-
to be uplifted annually into the atmosphere (Ginoux et a|_7net|c resonance, infrared spegtroscopy and kinetic measure-
2001). The major source areas of the world are situated in &n€Nt techniques (Dhandapani and Oyama, 1997). The sur-
broad band that extends from the west coast of North Africa,[2C€S exz.imlned Were among othe,rsAI 20 (Klimovskii et
across the Arabian Peninsula to central Asia, approximatelyi-+ 1983; Bulanin et al., 1995a; Thomas et al., 1997) 2SiO
in the 10 N—28 N latitude band (e.g. Prospero, 1999). Min- (Bulanin et al., 1994), Tig (Bulanin et al., 1995a, 1995b),
eral aerosol is uplifted from so-called “hot spots” (Gillette, ©@C (Bulanin et al., 1997) and MgO (Bulanin et al., 1995a;
1999) into the atmosphere by strong surface winds that trave_ll?’erller (_at al., 2002). A few seml-quanltgt|ve_stud|es on the
behind cold frontal systems (Carmichael et al., 1996). Parinteraction between ozone and authentic mineral dust have
ticles smaller than 10m have atmospheric lifetimes of sev- P€€n published (Suzuki et al., 1979; Alebic-Juretic et al.,

eral days (Prospero, 1999) and can be transported over tho&-,9923 Alebic-Juretic et al., 2000)2 and initial upt.ake _coeffi—
cients for @Q uptake onto synthetic and authentic minerals

Correspondence tal. N. Crowley have been measured (Michel et al., 2002).
(crowley@mpch-mainz.mpg.de) The interaction of ozone with mineral dust is also impor-

1 Introduction
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Table 1. Knudsen reactor parameters Knudsen reactor

Variable escape

Knudsen reactor parameter Value -
= orifice Chopper
volume vV 120cm E
temperature T 296 K UV |
total pressure p < 1 mTorr
O3 number density 3.% 1000 1.7x 1083 cm=3 o | — #/ QMS
03 flow 3.0x 10210 1.7x 101%s71 Q-
escape orifice diameter d 3.5mm gx .
if 241

escape orifice escape rate  kese  0.3257 (TIMf/2s71* b Reactive 1 |_I
surface area of sample supportA; 1.0and 2.25¢crh dust surface

.. - Ozone on
O3 sample collision frequency w 75.5and 170.0s silica gel Pumps Isolation plate  pymps

* T'inK, M in atomic mass units Fig. 1. Schematic diagram of the experimental set-up including

Knudsen reactor, quadrupole mass spectrometer (QMS), pressure
gauges (P), UV absorption facility (UV), and mixing line with flow
tant in the context of chemical ageing or activation of the controllers (FC). The pressure in the Knudsen reactor was gener-
surface which could modify the heterogeneous behaviour otilly < 1 mTorr, the pressure in the mixing line about 5 Torr, and the
other trace gases. In the present study we examine experpressure in the mass spectrometer chamber abol®t Tarr.
mentally a number of aspects of the interaction afv@th

Saharan dust surfaces.
tion (Hanisch and Crowley, 2001). They are listed in Table 1,

together with other relevant Knudsen reactor parameters.
2 Experimental section

2.2 Reactant gas preparation
The experimental set-up has been described in detail before
(Hanisch and Crowley, 2001), and only salient features andOzone, generated with a commercial ozone generator and
modifications are reproduced here. The gas-mixing facility,stored on silica gel in a U-tube at dry ice temperature, was
Knudsen reactor and mass spectrometer are shown schemétansported to the Knudsen reactor in a variable nitrogen elu-
ically in Fig. 1. ent flow, and its concentration was monitored directly by UV

absorption at 254 nm over a 1 cm path length.
2.1 Knudsen reactor / mass spectrometer

2.3 Dust sample characterisation and preparation
The stainless steel Knudsen reactor consists of a main com-
partment and a sample compartment (296 / K < 450)  The Saharan dust used in these experiments originates from
which can be separated by an isolation plate. All interiorthe Cape Verde Islands (SDCV). The composition of SDCV,
parts and walls of the Knudsen reactor are coated with Tefloris determined by energy dispersive X-ray spectroscopy, is
(DuPont FEP 121-A). The total volume, including the con- given in Table 2. The SDCV samples were prepared by
nections to the mass spectrometer (MS) and to the pressumixing between 2.3 and 96.4 mg of dust into a paste with
gauge (0.01-100 mTorr; 1 Torr corresponds to 1.333 hPa)ethanol or water and dispersed on polishedl,03(1120)
is 120 cnf. The volume of the sample compartment is just single crystals (surface area 1.0cor 2.25 cnd; MaTeck,
2.45 cn? which reduces artefacts caused by changes in théllich, Germany), which were placed in the sample compart-
Knudsen reactor volume after the isolation plate is openedment and left under vacuurp (~ 2x 10~° Torr) for 2 to 20 h.
The main compartment of the Knudsen reactor is coupledSome of the samples were additionally heated #50 K for
to the MS via a variable diameter escape orifice. In the5h under vacuum. When referring to sample masses, we al-
present experiments a 3.5 mm diameter orifice was used. Bewvays normalise to an area of 1 éin order to make measure-
fore entering the MS, the molecular beam was modulatednents of uptake coefficients, using the two sample supports,
by a punched wheel chopper at 244 Hz, permitting phasecomparable.
sensitive detection. The molecular beam was ionised with a The density of single SDCV particles (averaged over an
cross-beam rhenium ion source, and ions were mass selecteshsemble) was measured with a Helium pyknometer (Micro-
with a quadrupole analyser and detected with a secondaryetrics AccuPyk 1330). We refer to this as the “true den-
electron multiplier. The escape rate constants for the sity”. The bulk density of the substrate was not determined
species involved were calculated from the mass and tempeffor each sample used to measurg Wtake, but derived in
ature dependent expression presented in a previous publicaeparate experiments in which larger amounts of dust were
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Table 2. Composition of SDCV, as determined with energy disper- 8000 E
sive X-ray spectroscopy ]
Compound % : T
P 6o A |
NapO 2.1 ]
MgO 5.1 = 1
5, ] —
Al,O3 176 s 0] o =
Sio, 47.1 =4 ] | ~
‘» . V
P,05 0.6 ]
SG; 0.3 2000 - 77? r**
K0 25 ] c. -
ca0 50 E L~
TiO, 4.5 0
LN L B L L B L BB B B
MnO (0.3) 0 2 4 6 8 10 12 14 16 18
FeO 14.7

time

Fig. 2. Synthetic data: uptake without surface passivation (trace

. A); uptake with complete surface passivation (trace B); uptake with
used (ca. 1 g), for which the sample volume could be pre-patial surface passivation (trace C). See text for details.

cisely determined using a calibrated cylinder. Measurements
of bulk density were frequently undertaken to investigate the

reproducibility of the procedure, which was found to be bet- wherek,; is the pseudo-first-order rate constanthe colli-

ter than+10%. For dust samples used in the uptake expersjon frequency of a molecule with the reactive surface area of

iments (typically 5-50 mg) the sample height could not be e samplek,,, the escape rate constasi,the MS signal of
determined in this way with sufficient precision, and was de-ine reactant gas prior to raising the isolation plate, S

rived from the bulk density, and the geometry of the sampleyo signal at time after raising the isolation plate.
holder. The assumption inherent to this procedure is that the
light samples have the same bulk density as the heavy ones.
The average particle diameter was determined with a Pala

Particle Counter Sizer 2010, and the BET surface areas were
measured with a Quantachrome Autosorb 6B.

Results and discussion

The Knudsen reactor technique is suited for the determina-
tion of uptake coefficients of trace gases adsorbed onto sur-
faces and for the observation of gas-phase products formed in

- . . . heterogeneous reactions. The time dependence of the exper-
Uptake coefficientsy, were determined in continuous flow . . )
imental uptake coefficient can take on several forms, which

_expenments at room temperature (296 K). The PTESIUE, - ontain information about the nature of the gas-surface inter-
inside the Knudsen reactor was less than 1 mTorr, i.e. the ex-= . . . 4

) . : action. In Fig. 2, we display three synthetic data sets that
periments were performed in the molecular flow regime. The

e . ri he ex r n f the m r r
O3 concentration inside the Knudsen reactor was systematl(—jeSC be the expected response of the measured trace gas

cally varied between 3.% 101°cm 3 and 1.7x 1013cm—3 concentration as a function of the exposure time for a trace

The corresponding Q]élows through the knudsen rea(.:tor gas interacting with a solid surface. (Traces A and C are

into the MS were between 3:0 10251 and 1. 7x 108551 shifted up- and downwards, respectively, relative to trace B.)

(Fo, = 97.28cmP st x [Os]). Os was moﬁitored by the In trace A, the uptake coefficient displays no dependence on
; = 97. .

~ o - time over the exposure period (3minz < 14 min). Such
?za(scs) +s)pectrometer at/z = 48(0;) and @ atm/z = data sets may be obtained in irreversible uptake when suf-
5).

o ] ] ficiently low trace-gas concentrations are used, that do not
The uptake probability is defined as the ratio of the num-

ah ’ appreciably modify the composition of the surface or mod-
ber of collisions with the surface that Ieaq .to removal from ify the concentration of a second surface reactant at time
the gas p.has_e to the totgl number of collisions with the Sur'compared to timeypen If higher trace gas concentrations are
face and is given according to Benson and Spokes (1967): ;seq the time dependence of the uptake coefficient can take
the form of trace B, which shows an initially large uptake co-
, = kuni _ kesc ) (& _ 1) 1) efficient that goes to zero at long exposure times. This can
S(1) ’

2.4 Measurement procedure and data analysis

w w be explained by complete removal of reactive sites during an

www.atmos-chem-phys.org/acp/3/119/ Atmos. Chem. Phys., 3, 119-130, 2003
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Fig. 3. Raw data showing the uptake of@m/z = 48; [O3]
= 2.8 x 101 em=3) onto 2.3mg/crA (A), 7.6 mg/cn? (B), and
14.2 mg/cmt SDCV (C); the dashed lines correspond to modified
bi-exponential fits that were used for the determinatios @pen

andS.

F. Hanisch and J. N. Crowley: Ozone decomposition on Saharan dust

value at longer exposure. This form of the time dependence
may be encountered when, e.g. chemically or physically dif-

ferent sites are available for trace-gas uptake, one of which
can support irreversible, catalytic uptake and the other can be
de-activated on the experimental time scale. It may also be
encountered when, during reactive uptake, passivation and
re-activation of surface sites takes place on a similar time-

scale.

For each type of data set, two distinct uptake coefficients
have to be distinguished: the steady-state uptake coefficient,
and the initial uptake coefficient. The initial uptake coef-
ficient, y,, obtained immediately after opening the isola-
tion plate at timefopen is the same in each example with
¥o = 0.5k.s./w. In contrast, the steady-state uptake coeffi-
cient,y,s, can be alarge g, (trace A) as low as zero (trace
B) or any number between (trace C). The analysis of C-type
profiles can be complicated by surface processes, which may
involve diffusion into, e.g. a porous bulk substrate, and sur-
face re-organisation and de- and reactivation. In addition, in
trace types B and C the measured initial uptake coefficient
is often observed to decrease with increasing trace gas con-
centration (due to rapid surface passivation on the time scale
of data-acquisition to obtaip,) or when adsorption and des-
orption time scales are similar. Generally, the initial uptake
coefficient can only be applied to model an uptake process
in the atmosphere if the concentration of the respective trace
gas is low enough (and the number of reactive sites is high
enough) for surface passivation to be negligible over a period
of several hours, i.e. over the lifetime of dust in the atmo-
sphere.

In the present experiments the data was generally of the
form given in trace C, and the uptake process is characterised
by both an initial and a steady-state uptake coefficient. The
use of atmospherically relevang©oncentrations was there-
fore an important consideration in this work, as uncertainties
regarding extrapolation of results to the situation in the atmo-
sphere can be reduced.

3.1 The uptake coefficient fordonto SDCV

Most experiments were performed using samples with the
dust being dispersed onto the support with ethanol. For a
few samples water was used instead of ethanol; within the

limit of uncertainty no difference in the uptake coefficients
could be observed.

3.1.1 Dependence on sample mass agpd@v

Raw data showing the uptake og©nto SDCV at three dif-

irreversible reactive uptake process, or by surface saturatioferent sample masses (2.3, 7.6, and 14.2 m@)are pre-
during a reversible process at equilibrium. The time depen-sented in Fig. 3. The MS signal at/z = 48 corresponded
dence will depend on the concentration of the trace gas antb an G concentration ofO3] = 2.8 x 101 cm=2. When the
on the surface area of the bulk substrate available for reacisolation plate was open (6.5 mins < 15.5min), a clear re-
tion. Trace C displays the situation where an initially large duction in signal intensity aiz/z = 48 was detected. From
uptake coefficient decreases over time to a constant, non-zetthe difference in signal intensity at/z = 48 before and

Atmos. Chem. Phys., 3, 119-130, 2003
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after opening the isolation plate ®&penan initial uptake co-
efficient, y2°°™ can be calculated according to Eq. (1). The
superscript “geom” signifies that the uptake coefficient was —
calculated using the geometric surface até¥Mofthe sam- % |
ple. The three panels of Fig. 3 demonstrate that the amount=—.
of O3 taken up by the dust sample for a given exposure pe- %
riod is dependent on the sample mass. For the experiments .2
shown in Fig. 3 the following initial uptake coefficients have
been determined: A (2.3mg/@n y2°°"=0.5x 102, B

(7.6 mglcnf): y9°™=1.0 x 1072, and C (14.2 mg/ch):

yI8OM=1 3% 1072, y3*°Mclearly increases with increasing
sample mass.

Similarly, a steady-state uptake coefficiepd™°™ can
be calculated from the asymptot®, of a modified bi-
exponential fit to the data during exposure:

Yaoom[10°]

S(t) = Soo — a1 e€xp( — k1(t — topen)
—az exp( —ka(t — lopen)) . 2

This expression has no physical basis, but allows us to ex- 0 2b 40 Gb
tract precise values (statistical errors of about 1%) Qf S 2
We note that the difference between values gf erived sample mass per area [mg/cm”]
by fitting compared to those obtained by visual inspection
were about 10%. Similar t@(geom, ys%eomincreases with in- Fig- 4. Plot of geometric uptake coefficients of3Q[O3] =

. 1~n—3 i
creasing sample mass (,9(3%“”‘: 0.9x 1073, B: ygeom: 2.8 x 10 cm3) on SDCV versus normalised sample ma@h)

3.1x 10-3, and C:ygeom: 4.5 10_3). At this Oz concen- initial uptake coefficienty,, (B) steady-state uptake coefficients

o X . h -
. N Lo ey - yss. Filled symbols represent experiments with ethanol dispersed
tration ([Gs] = 2.8 x 10tem ), initial uptake coefficients samples, open symbols experiments with water dispersed samples.

are bigger than steady-state uptake coefficients by a factofye yata have been fitted by the pore diffusion model (central solid
3-5. lines; the dashed lines give the range of uncertainty).
The phenomenon of geometric uptake coefficients being

dependent on sample mass is frequently observed for the in- . y . y tang .

teraction of trace gases with porous bulk substrates and i&/n€re is the “effectiveness” facton = =5%, and¢ is the

due to diffusion of molecules into interstitial space. This re- | Niéle modulus whereby:

sults in an overestimation of the uptake coefficient9f°™Mis

used to calculate it. Keyser and co-workers have developed & = (% - %) (%)V Sryrd. (4)

model for ice surfaces (Keyser and Leu, 1991, 1993) which Pr=Pb

in principle can also be applied to granular surfaces (e.g. Ti- The input parameters for the calculation of the pore

monen et al., 1994; Leu et al., 1995). This model predictsdiffusion-corrected uptake coefficient? of O3 onto SDCV

a linear dependence of the uptake coefficient on the samare: the geometric uptake coefficigrft®®™ the total height

ple mass if the sample height is much less than the diffusiorof the sample:, the average grain size of the particles (

depth of the gas molecules into the bulk sample. The depen= 0.9.m), the true density, (= 2.7 g/cn?), the bulk den-

dence becomes weaker as the thickness of the bulk sampkty p, (= 1.2 g/cn?), the specific BET surface aretf£”

becomes larger than the diffusion depth of the gas moleculeg= 39.6 n¥/g) and the tortuosity factor, which may be re-

and eventually reaches a plateau. This model can be used tgarded as a measure of hindrance to diffusive mass transfer

extract the “true” uptake coefficient from the one based oninto the pores of the sample, and which will depend on phys-

the geometric surface area. Once corrected for pore diffuical characteristics of both the bulk substrate and the gaseous

sion, the uptake coefficient?? can be considerably smaller species. Values of are usually empirically determined by

than that based on the geometrical surface ar8®™ The  measuring the variation of the uptake coefficient with sam-

two uptake coefficients are related to each other by: ple mass. The sample heights, normalised to sample areas
of 1 cn?, were calculated from the sample massthe bulk
densityp, and the surface area of the sample holder.

y9eom _ pd , 4BET 1. . h 1 , 3) Figure 4 shows the results fgf/°°" (panel A) andyg oo™
2 d 2 (panel B) for the complete set of experiments ag][@

www.atmos-chem-phys.org/acp/3/119/ Atmos. Chem. Phys., 3, 119-130, 2003
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ozone concentration [cm'3] Table 3. Uptake experiments with §onto SDCV at [Q] =
10 » 12 13 (8.4+ 3.4) x 10*2cm3
10 10 10 10
_37\ L L P L L P L L P L
10779~ [O3] (em™%)  mass (mglerf)  y,/1073  yg/1074
4] 9.0x 102 4.6 1.3 0.9
10 11x 102 50 6.9 0.4
3 3
2 1.1x 10 10.0 1.4 0.4
107 9.2x 102 107 2.4 1.7
-— 1.1x 108 152 2.7 1.1
] = initial ypd ol?2
101 . steady-state ypd 46x 1 17.9 1.6 0.7
] 1.2x 1088 250 2.0 1.4
‘ 12 ‘ T ‘ T 1 ‘ T ] ‘ 6.9 x 1012 26.1 3.9 1.6
10 10" 10 10" 1.0x 1013 30.3 1.7 1.2
ozone flow [3'1] 6.1x 1012 334 2.4 1.4
1.1x 1018 401 2.9 2.0
9.0x 102 420 4.3 2.2
Fig. 5. qut .of pore diffusion-corrected initial and st.eady-state up- 1.1 % 1013 45.6 26 1.4
take coc_afflments of @on SDCV versus @con_centr_atlon and flow, 9.4 % 1012 51.1 3.2 1.2
respectively. The error bars denote fluctations in thecOncen-
tration and the upper and lower limits of the uptake coefficients as y(;"d = (5.5“:3'8) x 1076
obtained from the pore-diffusion model, respectively. The dashed pd _ +1.4 —6
yhd = (22773 x 10

lines give the &-deviation from the fits.

2.8 x 10cm3 (13 experiments, sample mass 2.3 to
39.4mg/cn). The data can be reproduced with the pore
diffusion model using a tortuosity factar = 1 to yield
yr? = (5.8722) x 105 and X! = (13+0.4) x 10°°
(solid fit lines). The dashed lines give the upper and lower

Table 4. Uptake experiments with onto SDCV at [Q] =
(5.4+0.8) x 1010cm—3

[O3](cm™3)  mass (mg/crh) Yo/1072  y/1073

limits, respectively, within which most of the data points lie. ~ 5.4x 1010 3.2 1.1 4.6
A further 14 experiments were carried out ai €ncen- 50x 100 3.3 1.4 1.9
trations of [Q] = (8.4 + 3.4) x 10%%cm~2 and with vary- 6.1x 10° 51 13 4.1
ing sample mass. The results for the uptake coefficients are 4.7x 1010 6.3 2.5 6.5
summarised in Table 3. The measured initial and steady- 55x 100 9.8 33 7.6
state uptake coefficients were fit according to Egs. (3)—(4), 47x 10 123 5.0 9.2
giving as final resulty?? = (5.5J_r§'8) x 1076 andy?? = 52x 101 145 17 5.0
114 s ' 53x 1010  14.9 2.9 7.7
(22775) x 1072 _ 7.4x 100 216 2.8 8.0
S_|m|IarIy, 15 experiments Wereocarrlged out a; Chnc_en- 51x 1010 247 57 6.9
trations of [] = (5.4+ 0.8) x 10°cm~2 and V\{|th varying 39x 1010 303 11 6.0
sam.ple mass. The result_s for the u.ptake coefficients aresum- g1, 1010 3096 54 10.0
ma:insed in Table 4. The fits acdcordlng to Egs. (3)—(4) yielded 5,4, 1010 349 22 6.3
vl = (35732) x 107 andy” = (48739 x 1075, Inaall 33x 101 406 2.2 45
casesr = 1 was used. 59x 1010 411 4.1 8.9
These results show that boptf*°™ and »2¢ are smaller od 35 L
than y2°°™ and 4 by factors 3—-7, respectively, with the Yo g - (35 55) x 10
. . ) pd _ +32 -5
biggest difference occurring for the lowesg @ows. In Vss = (4875 x 10

Fig. 5, the pore diffusion corrected uptake coefficients (both

the initial ones (open squares) and the steady-state ones

(solid circles)) are plotted versug@oncentration and flow.

The solid lines in Fig. 5 are exponential functions that de-ands = 0.54. The exponential fits are weighted by the esti-

scribe an empirical expression for the dependen@g”éfand mated error of.

Vslzd on [Q3]: yP? = a[Oz]~?, where [Q] is in cm~3. For A possible cause of the observed reduction in uptake co-
the initial uptake coefficient we derive = 1.48 x 10* and efficients as the @concentration was increased is rapid pas-
b = 0.73, for the steady-state uptake coefficien= 19.2 sivation of the surface. In order to test this, uptake gf O

Atmos. Chem. Phys., 3, 119-130, 2003 www.atmos-chem-phys.org/acp/3/119/
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onto 40.6 mg/crA SDCV at two different @ concentrations

was investigated, as shown in Fig. 6: A& 2.5min an Q

concentration of [@] = 3.6 x 1019cm~3 was established but

not exposed to the dust surface. When the isolation plate

was opened at = 13min, G was taken up by SDCV

(y98°™M = 2.2 x 10~2). The partial recovery of the MS sig-

nal indicated partial surface passivation, resulting in a value

for y98°Mof 6.3 x 102 at 24 min, shortly before the sample

was isolated again. At = 35.7 min the @Q concentration

was increased to [§) = 4.7 x 1012 cm~3 and at 44.5 minc

t < 50.8 min, the isolation plate was again lifted leading to

uptake of Q. This time an uptake coefficient was observed

that decreased from9°™ = 5.0 x 10~3(+ = 44.5min) to e

3.5 x 1073 = 50.8min). Finally, the @ concentration 0 ‘ 2‘0 ‘ 4‘0 ‘ 60

was lowered to 3.6« 10'°cm=2 atr = 54.7 min and the up- , ,

take of ozone was found to be slightly enhanced with respect time [min]

to the previous exposure period, with°Mdecreasing from

5.6 x 1073(t = 59 min) to 4.6x 10~3(t = 63 min). Fig. 6. Raw data showing the uptake ofs(m/z = 48) onto
From the experiment shown in Fig. 6 it can be seen that40 Gmg/c(;ﬁ SDCV; the @ concentration has been changed from

for a given sample masgf¢°™depends not only on the de- 1019¢cm- o 4. 73X 10ttem S (ats = 35.7'min) and back

gree of passivation of the sample but also directly on tge O ag?'” t0 3. ﬁx.lol cm™ (atz = 54.7 min). "Exposure” indicates

concentration. This explains the observation that the uptakg eriods in which contact betweery@nd dust took place.

coefficient at 59 min< + < 63 min was larger than that at

= 50.8min. The enhanced availability of reaction sites yptake coefficients were not derived they can be estimated

at lower G concentrations (evidenced by the increasg)n  from the data presented according to the formula:
cannot be explained by reversible uptake af I8ading to

passivation, as no desorption of @as observed after shut- — — 03] = y Adqusi O3] (5)
ting off the G; flow. A potential explanation for the apparent dt
enhanced reactivity at low ozone concentrations is related to Adustis the surface area density of the substrate and equals
the blocking of reactive sites by ozone molecules temporarilythe product of BET surface area of the substrate?(gjrand
occupying neighbouring non-reactive sites. This is apparensample mass per reactor volume (g#mFor Saharan sand
in Fig. 6, where the reactivity is first lowered at high ozone the signal reduction presented in that paper corresponds to
concentrations, but increases when [ozone] is lowered agaian initial uptake coefficient of, = 2.3 x 1077 at [Og] =
for the same dust sample. Surface sensitive studies could.5 x 102cm~3 (100 ppbv). This is lower than the value
clarify this. We note that a comparable ozone concentratiorextrapolated from our data by about one order of magni-
dependence for uptake to carbonaceous surfaces has been d¢isde, which may be related to overestimation of the avail-
served (Stephens et al., 1986). able surface area if theOmolecules only have a limited
diffusion depth into the bulk. In a similar manner, initial
3.1.2 The influence of sample heating on the uptake coeffiuptake coefficients for Az (y, = 6.6 x 10~°) and calcite
cient (vo = 4.3 x 1077) can be calculated from the data given in
that study.
Another series of experiments was conducted with SDCV  An earlier study on the decomposition 0§ ©n y-Al,03
samples, heated prior to the experiment[@] ~ 8 x  at room temperature (Klimovskii et al., 1983) reports a de-
10'2cm~3 and with varying sample mass. Geometric up- composition efficiency of @ of 1074 ([O3] = 1 x 103
take coefficients were higher than for unheated samples byo 3 x 10®cm=3), though it is unclear whether geomet-
about a factor of two. The data could be fitted with the poreric or BET surface areas were used to derive this value.
diffusion model usingg = 1. The pore diffusion corrected Uptake coefficients for the interaction ofsQvith various
uptake coefficient for heated SDCV‘(d (1.254+0.45) x types of AbO3 have also been obtained from a flow-tube
10°) was also higher than the one for unheated SDCVstudy at 213-473K (Hanning-Lee et al., 1996). These au-
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o

wl = (. 5+3 o) x 1079). thors derived pore-diffusion corrected uptake coefficients
that were independent of <0concentration (5x 10'° to
3.1.3 Comparison with literature 2 x 10 cm3) and varied, depending on temperature, be-

tween 2x 10~ and 3x 10°°.
O3 uptake on Saharan sand has been investigated using aA very recent Knudsen reactor study determined
fluidised-bed reactor (Alebic-Juretic et al., 1992). Althoughy, = (6 + 3) x 10~ as an upper limit for @ uptake on
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E 3.2 Oz decomposition and ©production
: exposure exposure
— 6 E ~ ~ 3.2.1 Heated and unheated dust samples
@ g N teblpder 02 2005 onmiz =32
@ g4l A — e | Bosrndn Raw data showing the uptake 0§ (O3] = 6.3 x 102cm3)
2 7 g S . onto 33.4 mg/crh of heated SDCV are presented in Fig. 7.
T etbract e— g When the isolation plate was open (1.8 mins < 3.6 min,
S 2 I— I and 5.4 min< ¢t < 7.2min), both uptake of @(reduction in
I 03 on m/z =48 signal) and an increase of the signahat: = 32 are visi-
E ble. Clearly, Q is destroyed on the dust surface angi®
Oﬂ S produced. Then/z = 32 signal comprised contributions
0 2 4 6 8 10 both from G (ion fragment) and @ Hence, for calculating
time [min] the stoichiometry of the ©to O, conversion, the fragment
pattern of Q onm/z = 48 andm/z = 32 was precisely
Fig. 7. Raw data showing the uptake ok@mn/z = 48; [Og] = determined and used to remove the contribution pt@the

6.2 x 1012cm3) onto 33.4 mg/crh SDCV, associated with release  signal atn/z = 32. The resultant signal, due t@ Only, was

of O, (m/z = 32). “Exposure” indicates periods in which contact converted to a flow by comparison to calibration signals.

between @ and dust took place. For the analysis it was important to ensure that no sig-
nificant @ impurity was present in the £flow. This was
achieved by comparing the sum of thg @nd N> partial
pressures, as determined by the MS, with the total Knudsen

ground Saharan sand atd0= 1.9 x 101 cm3 (Michel et reactor pressure (capacitance manometer). (Recall thist O
al., 2002). This is in accord with the result calculated from Mixed into an Iy flow.) These pressures agreed to better than
our empirical expression for the initial uptake coefficient in 2% allowing us to place a conservative upper limito§%
Sect. 3_1_1)(0,;(1 — (864 2.0) x 10°5). Although Michel et to the @ impurity in the ozone. This @impurity represents

al. (2002) observed that the uptake coefficient decreased corlitt]e. rr;gm c?ntrlbutor to the error of thes@ O conversion
siderably with time, no steady-state uptake coefficient was> OIcNIometry. o . .
For the catalytic interaction of with surfaces a mecha-

determined. Other initial uptake coefficients determined by . . . .
Michel et al. (2002) for-Al 03, a-Fe,Os, SiOp, and China  1iSM has been proposed (Golodets, 1983) in which a terminal
loess were in the range 19to 104 In contrast to our re- O &tom of @ binds to a surface site and results in dissocia-

sults, no variation in the initial uptake coefficient was ob- 10N of Gs into O and O, leaving the O atom at the surface.

served as the ©concentration was varied betweenti@nd The stoichiometry of this step is unity, i.e. one gas-phage O
102 cm3 molecule reacts to form onezO@nolecule. Surface bound O

can further react with @to form two & molecules per @

Finally, measurements of {leposition velocitiesu,,) molecule adsorl_aed, or, if temperatures are high enough, tyvo
have been performed on various surfaces, including kaolin© atoms can migrate over the surface, meet and recombine
sand and CaC§X(Garland, 1974). Using these data and the t0 form an @ molecule. In both cases, the net result is three
formulay = 4v,.,/c, Dentener et al. (1996) calculated up- 02 molecules formed from two ©molecules.
take coefficients in the range 1®to 107. This estimate In the present experiments usihgateddust samples, the
falls within the range of our results fori0concentrations ratio of O produced to @ taken up at steady state, i.e. af-
lower than about 4« 101 cm~2 (corresponding to 16 ppbv ter several minutes of exposure when thes@nal remained

at STP) if the steady-state uptake coefficients are used. constant, was found to be 1.300.05. The difference to the
theoretical stoichiometry of 1.5 (3:0nolecules released per

Our finding that @ uptake on heated SDCV samples is 2 Oz molecules taken up) can be explained if it is assumed
greater than on unheated samples is consistent with the olihat some O atoms remain on the surface after contacgof O
servation that @is much more efficiently destroyed on dry with the surface and do not form molecular oxygen that des-
soil than on moist soil (Aldaz, 1969). The same has beerorbs. At the beginning of the sample exposure the®O,
observed for @ decomposition ory-Al,03 (Hanning-Lee  conversion stoichiometry did change: The conversion effi-
et al., 1996), and on a Rt/Al O3 catalyst at 50-90% RH ciency of G to O, at short exposure times was found to be
(Tsai et al., 1998). The reduced uptake can be explained byust 1.2, indicating an induction period before quasi-catalytic
occupation of reactive sites byyB® molecules or by the com- Oz to O, conversion starts. In the limit of zero exposure to
plete blocking of pores (Galbally and Roy, 1980). Note that O3 the stoichiometry cannot be greater than unity (i.e. the
the heated samples are considered less representative of tfisst O3 molecule to be taken up cannot result in release of
situation in the atmosphere in which relative humidities aremore than one ). Only with longer exposure time there is
generally greater thar 30%. sufficient surface bound O which can react with a further O

Atmos. Chem. Phys., 3, 119-130, 2003 www.atmos-chem-phys.org/acp/3/119/



F. Hanisch and J. N. Crowley: Ozone decomposition on Saharan dust

127

molecule tp increasg the,@ield. Importantly, for experi- E open  exposure
ments carried out usingnheateddust samples the {10 O, 4- - ~-
. L E exposure |

conversion stoichiometry at steady-state uptake was found to5"  ; o | | 0y onmiz=148
be 1.0, which means that in the presence of water n.ot ony g 3 E VT 1 MWWM
the O uptake coefficient but also thes@ O, conversion < - W‘W‘J s0minat | [T
stoichiometry is reduced. = 2- ‘ ' 1Torr O3 | | w ;

—_ E I |

o i | ;
3.2.2 The uptake mechanism 57 1 ;MWW |

7] 1 | | Ll 1

E . L PP B

So far, the hypothesis of Golodets (1983) has only indirectly Tl oo w"w P . gon o
and qualitatively been tested: The formation of O atoms after e ‘2‘ ———
adsc_)rption of @ onto Ti_O_z at 77 K has been verified by for- 0 5 10 85 90 95 100
mation of CQ after addition of CO to the surface (Bulanin et time [min]

al., 1995b). Also the release ob®as been proven only in-
directly, by a pressure increase during thed@composition
process (Hanning-Lee et al., 1996; Thomas et al., 1997), an
qualitatively by the assignment of certain bonds in Raman
spectra to gaseous,@Li et al., 1998). Our determination of
an G; to O, conversion stoichiometry of 1.3 is, to our knowl-
edge, the first quantitative proof that Golodets’ hypothesis is

at least partly correct. Further, we can rule out that tl@e (@] tion, dehydra‘[ion of the surface, i.e. by heating and evacua-
to O, conversion follows a Langmuir-Hinshelwood mecha- tion should result in higher uptake coefficients and higher
nism (simultaneous adsorption of twe @olecules at one O, to O, conversion efficiencies, as observed in the present
reaction site) because such a reaction should be quadratic Etudy.
[Os], which, from Fig. 5, is clearly not the case. Therefore, Eyidence for the interaction of £with surface hydroxyl
O3 to Oz conversion follows an Eley-Rideal mechanism as groups was obtained in the present work whereby the release
proposed by Golodets (1983) and Li et al. (1998). Below, Weof H,0 from samples exposed tos@howed a strong, posi-
explore ways to understand why not alf @ catalytically  tiye dependence on gp The formation of HO may be at-
converted to @ and why the conversion stoichiometry is not tripyted to exchange of hydroxyl with oxygen species at the
the same for heated and unheated dust samples. surface, and subsequent recombination to form water. This
An FT-IR study (Bulanin et al., 1995a) investigated the up- js exemplified in Fig. 8: The amount of water released from
take of isotopically labelled ®onto several mineral oxides an 16.4 mg/crh SDCV sample and detected by the MS upon
at 77K and verified that ©is adsorbed to the surface with opening the isolation plate is almost tripled after a 50 min
one of its terminal O atoms. According to another FT-IR exposure of the sample to 1 Torr 0§O
study of the same group on the interaction betwegraqu O3 decomposition on strong Lewis acid sites may take
a partially hydrated Ti@ surface (Bulanin et al., 1995b), at pjace as suggested by Golodets (1983). However, the ob-
least three different types of surface sites forddsorption  servation of an adsorbed peroxy species after uptakezof O
can be distinguished: (1) surface sites whergi©weakly o a MnQ, surface has led to the formulation of a slightly
bound to hydroxyl groups or by physisorption; (Il) surface modified reaction scheme (Li et al., 1998) in which the re-
sites with weak Lewis acid character (unsaturaté¥ ins)  action of Q with an adsorbed O atom does not result in the
where @ is chemisorbed but remains intact with distorted jymediate desorption of two £molecules but only of one
geometry; and (lll) strong Lewis acid sites where adsorbedo, molecule, the other one remaining adsorbed as a peroxy
Oz molecules are sufficiently distorted that they dissociatespecies and desorbing with a slower rate constant.
into O; and O. @Q adsorption to surface sites type | is com-
pletely reversible, as was shown fog @dsorption onto par-
tially hydrated SiQ (Bulanin et al., 1994). In the present
experiments, if reversible £uptake to OH groups (surface Our observations indicate that the uptake of i©time de-
sites type ) had played a roleg@esorption after @uptake  pendent and decreases with increased exposure time due to
should have been observable, which was not the case. Thergurface passivation. The fact that the dust surface can be pas-
fore, we conclude that at room temperature surface sites typsivated with respect to fuptake is related to the finding that
| play a minor role in the uptake process. the Qs to Oy conversion stoichiometry was smaller than 1.5.
Surface sites type Il are a weak form of surface sites typeCatalytic G to O, conversion with a stoichiometry of 1.5
I11, with the strength and the number of Lewis acid sites in- would imply that no surface sites are consumed or passivated
creasing with increasing dehydration of the surface (Bulaninduring the uptake process. A stoichiometry of 1.3 for heated
etal., 1995b). Astype lll sites are responsible fgrd@struc-  dust samples and of 1.0 for unheated dust samples implies

Fig. 8. Raw data showing the uptake oiz@m/z = 48; [O3] =
.9 x 10'2cm3) onto 16.4 mg/crh SDCV before and after a 50

min exposure of the sample to 1 Torr o ONhile O3 uptake ceases

after the exposure, water mobilisation(z = 18) is almost tripled.

3.3 Passivation of @uptake
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components (Table 2), and that Lewis acid site strength de-
creases in the order 403 > TiO2 > SiO, > MgO (Bulanin
et al., 1995a; Thomas et al., 1997).

The presence of a peroxy species that is formed by reac-
tion of O3 with a surface-adsorbed O atom, and which slowly
decomposes and then desorbs from the surface as molecular
oxygen (Li et al., 1998) would be a possible explanation for

passivation if this sequence was slow enough to block re-
active sites. A further explanation would be the occupation
of reactive sites by atomic oxygen followed by very slow re-
combination on the surface and subsequent desorption.of O
A detailed investigation of the mechanism of uptake and pas-
sivation requires application of surface sensitive techniques.

time [10%s]

Fig. 9. Raw data showing the uptake ofs(m/z = 48) onto
17.6 mg/cmt SDCV; the @ concentration was 1.& 103 cm—3
(upper curve). The lower curve shows the rate gfdestroyed by A few experiments were carried out ag ©@oncentrations of
the dust surface. The data could be fitted with a bi-exponential func103] ~6 x 102cm—3 and using “Arizona Test Dust”, Chi-
tion. nese dust from the Taklamakan desert, and the clay minerals
kaolinite, illite, Ca-montmorillonite and palygorskite. Only
i initial uptake coefficients were determined, and no pore-

that O atoms stemming from thes@nolecules must be lost  yigx,sion corrected uptake coefficients can be given because
to the surface. the mass dependence of the geometric uptake coefficient was

In order to investigate passivation effects in detail, an ex-not investigated. However, the experiments were performed
periment using a high ©concentration (1.8< 1083cm™3, 4t high sample masses where no further variatiopy $P™
~ 730 ppbv at STP) and 17.6 mg/ésample was carried out yith increasing sample mass is expected and can thus, to a
over an extended period of 1.3h. The raw data from thisfjrst approximation, be compared to the SDCV experiments.
experiment are shown in Fig. 9 (upper curve). The (ge- For all substrates the uptake coefficients were consider-
ometric) uptake coefficient decreased from an initial vaIueab|y lower when unheated samples were used. For unheated
of 3.3 x 1073 to 0.9 x 1073 after 1.3h. The number aglinite and illite, y92°™ was near to or below the detec-
of molecules taken up by the surface could be fit by a bi-tjon limit (1 x 10-4). For Ca-montmorillonite no uptake was
exponential function (Fig. 9, lower curve), although it was getected on an unheated samptee™ < 1 x 10~4) while
not possible to determine whether the uptake tends to zero g, 5 heated sampte?®°™ = 3.2 x 102 was found. For
not at long exposure times. Assuming that the uptake indeeq heated palygorskite sampig®°™ = 2.0 x 10~2 was de-
tends to zero, the total number og@olecules destroyed termined. These results can be compared to the results for
by the surface can be estimated as 2.10*cm=2. Longer  heated SDCV at [6] ~8 x 10'2cm~3; they are higher than
exposure times could not be performed due to experimentajne results for heated SDCV by a factor of five. Interestingly,
limitations. Instead, another experiment was conducted withygy an unheated Ca-montmorillonite sample which was pre-
a similar sample mass, but with a passivation phase in Whinbared with ethanop3°°™ = 1.8 x 10~2 was measured. This
an O concentration ofv 1 Torr (~ 3 x 10°°cm™3) was in-  is in contrast to the finding that uptake onto SDCV is not
troduced into the reactor. The results of this experiment areensitive to the use of ethanol instead of water.

depicted in gggm& Prior to tge passivation phase, an uptake yptake coefficients for unheated Chinese dust and “Ari-

coefficienty, " = 3.0 x 10° was determined as usual. zona Test Dust” were/2®°™ = 3 x 1073 and y3°°™ =
Following the passivation phase ng Gptake could be de-  2x 1073, respectively. They were in the same range 3s "

tected {9%°™M < 1 x 1074 (i.e. no change im/z = 48 at  for unheated SDCV (see Table 3).

t = 92.7min). Following evacuation at 2 x 1076 Torr

overnight, the sample had partially recovered and a values,5 Atmospheric implications

of y9%°M = 1.5 x 103 was obtained indicating that re-

activation processes have partly restored the sample reactiAs pointed out by Dentener et al. (1996), the global effect

ity overnight. of dust on @Q concentrations should be negligible if the up-
Complete passivation of the reactivity of Saharan sand wagake coefficient iy = 10-° and lower. The pore diffusion

also observed in the study of Alebic-Juretic et al. (1992) whocorrected uptake coefficient determined in this work under

found it to be slower than passivation of calcite but much steady-state conditionsf?‘l, for atmospheric @concentra-

faster than passivation of #D3. This can be explained by tions is (7+ 3) x 107%, which is at the lower boundary

the facts that Saharan dust is a mixture of several minerabf uptake coefficients used in modelling studies. In dust

3.4 Oz uptake onto other dusts
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plumes particle number densities are more than two orderstudies in environmental chambers would be most useful to

of magnitude higher than the background level. Taking anelucidate this problem.

aerosol surface area density 4f= 1.5 x 10 8cm?cm=3

for a dust plume (de Reus et al., 2000) apd= 1075,

the removal rate of @with respect to processing by dustis 4 Conclusions

kdust= 1.4x 107" s 1 (kqust= y¢A/4). This has to be com-

pared to other loss processes of @hotolysis with subse- The heterogeneous interaction of ozone with authentic Sa-

quent reaction of @D) with H,0, reaction of Q with HO, haran dust surfaces was investigated at room temperature.

and reaction of @ with OH (Crutzen et al., 1999). Ozone The steady-state uptake coefficient for uptake gbdto the

loss due to these processes is in the same order of magnituaeineral dust surface was determined tojbe= 7 x 106

and only slightly higher than ©loss by reaction on dust. at tropospheric @concentrations. ®was destroyed on the

Since the photochemical gas-phase loss processes are actigmheated) dust surface and @as produced with a con-

only during the day, @ loss by reaction on dust could be version stoichiometry of 1.0. The sample surface could be

most important during night. completely passivated by extended sample exposure to high
The preceding arguments hold if the destruction gfod O3 concentrations, but sample reactivity could be partially

the dust surface is catalytic without surface passivation. If,restored overnight.

however, the surface of dust particles in the atmosphere were
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