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The reactivity of sulfur dioxide (SO,) molecules toward iron oxide cationic clusters (Fe,O,) is studied
by a homemade time-of-flight mass spectrometer coupled with a laser ablation/supersonic expansion
cluster source and a fast flow reactor. The association products Fe,0,SO; can be observed for most of
the clusters. The interesting result is that the cooperation effect of SO, and water is in favor of the ad-
sorption of gas phase water on specific scale iron oxide clusters (Fe,O; and Fe;O3 ). The reactivity
information obtained may be useful to investigate atmospheric heterogeneous chemistry of related

systems.
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A great contribution to the troposphere aerosol budget is
mineral aerosol™. Iron is one of the most important
components in mineral aerosol®.. Iron cycle, in which
iron-containing soil dust is transported from land
through the atmosphere to the oceans, affects ocean
biogeochemistry and hence has feedback effects on cli-
mate and dust productionm. Field measurements of the
chemical composition of aerosol particles showed that
the major source of iron in dry aerosol appears in the
form of highly insoluble iron oxides and oxyhydrox-
ides™=%. Sulfur dioxide (SO,) emits from incomplete
combustion of fossil fuel and biomass, whose oxidation
leads to acid rain, and its transport is thus a subject of
great environmental interest. Researches show that
gaseous SO, could react directly with mineral aerosol to
form particulate sulfate”2),

Recently, the heterogeneous reactivity of SO, has
been observed in metal oxidesw, China loess[m, and
Saharan mineral™®2!, Studies of the heterogeneous reac-
tions of SO, were undertaken with the recognition that
gas-solid reactions could be important in the atmosphere.
Currently, a few spectroscopy studies are available to

probe the interaction of SO, and iron oxides>1214=161

Equivalent saturation coverages and product ratios of
sulfite to sulfate were observed on iron oxide surfaces in
the presence of water vapor corresponding to variational
relative humidity (RH), suggesting that water had no
effect on the adsorption of SO,™®. Influence of tropo-
spheric SO, emissions on particle formation and the
stratospheric humidity have been studied and the con-
clusion implies that SO, emissions have been suggested
to contribute to the increase of stratospheric water vapor
levels and the amount of water that entered the strato-
sphere in the condensed phase!”.

In describing and accounting for phenomena in at-
mospheric science, clusters have played a role™®! and
gas phase metal oxide clusters composed of limited
number of atoms that are fully accessible by both ex-
periment and theory are excellent model systems to in-
vestigate for understanding the intrinsic reaction mecha-
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nisms in the condensed phase reactive processes .

Low-temperature oxidation of carbon-cluster anions
which serve as models for the local structural features of
active soot particle sites for black-carbon soot by SO,
has been studied®!l. The chemistry of gas phase iron
oxide clusters has been investigated experimentally
However, there is no report on the reactivity of the
FenO, toward SO,, which is a topic of the current study.
Based on our previous investigation on the formation,
distribution, and structures of iron oxide cationic clus-
ters by using a built fast flow reactor®!, we experimen-
tally studied the reactivity of FenOn toward SO, under
gas phase conditions. In the fast flow reactor, the pre-
formed clusters react with reactant seeded in inert carrier
gas (Ar). The gas phase reaction and detection (through
mass spectrometry) ensure that the reaction conditions
are well defined and controlled in an easy and repro-
ducible way without sever interference of surface inho-
mogeneous, solvent effects, impurities, temperature gra-
dients, etc. The aim of this study is to explore the reac-
tion property of SO, molecules toward iron oxide ca-
tionic clusters with the experimental methods. The reac-
tivity information obtained in this work may be consi-
dered to interpret surface chemistry of related systems.

The experiments performed in this study are con-
ducted with a time-of-flight mass spectrometer (TOF-
MS) coupled with a laser ablation/supersonic expansion
cluster source and a fast flow reactor, which were de-
scribed previously®=%. The vacuum system of the ap-
paratus consists of two chambers. One of the chambers
is used for cluster generation/reaction and the other is
for cluster ion detection. The two chambers are con-
nected through a 5 mm diameter skimmer. The iron
oxide clusters are generated by the reaction of laser
ablation-generated iron plasmas with O, seeded (0.5%)
in the helium carrier gas. As trace water and O, seeded
in the helium carrier gas, the water-association iron ox-
ide clusters were generated simultaneously. The typical
backing pressure of the He gas is 5 atm. To generate the
iron plasmas, an Nd:YAG laser beam (532 nm, 5
mJ/pulse, 8 ns duration, 10 Hz) is focused onto an iron
metal disk (15 mm diameter, 0.13 mm thickness, 99.7%
purity from Aldrich). The disk is rotated and translated
to continually expose a fresh surface. The carrier gas
seeded with O, is controlled by the first pulsed valve
(General Valve, series 9). The clusters are formed in a
narrow cluster formation channel (2 mm inner diameter
(i.d.)) that contains a waiting room (3 mm i.d.). The
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lengths of the channel and the waiting room are adjust-
able to optimize the cluster growth conditions. Increase
of the waiting room length is conducive to the formation
of smaller clusters. The typical lengths used are 1 cm for
the waiting room and 2 cm for the rest of the channels. A
fast flow reactor with 6 mm i.d. and 8 cm length is cou-
pled with the narrow cluster formation channel. The
generated iron oxide cluster cations react with reactant
molecules (SO,) seeded in argon carrier gas controlled
by the second pulsed valve. The amount of gas pulsed
into the chamber by the first value is about 80 times the
gas pulsed by the second valve. Durations of the two gas
pulses are about the same (~250 ps) in this study. The
instantaneous gas pressure in the fast flow reactor is
about 8 Torr. The temperature is close to ambient tem-
perature due to a large number of collisions between
cluster and carrier gas in the reactor®. The ionic spe-
cies in the beam of the reactants, the products, and the
buffer gases were detected by the TOF-MS equipped
with pulsed power supplies.

The mass spectra for the reactions of F emO, clusters
with 1% SO, seeded in the argon are plotted in Figures 1
and 2 for Fel,ZOrT and Fe3,40§ , respectively. Reference
spectra for cluster collision with pure argon are also
provided for comparison. Figures 1 and 2 show that iron
oxide clusters (denoted as “Ar”) are generated for
FeOzJ;;, FezOzf@ Fe303t7, Fe405t7, FC5O7T3, etc. as re-
ported by us previously, and a few hydrogen impurity
peaks can be assigned as iron oxide clusters with one or
more H,O molecules FemOn(HzO)ym1 In the experi-
ments, different concentrations (0-10%) of O, were
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Figure 1 TOF spectra for reaction of Fe,O, (m = 1 and 2) with
1% SO, seeded in argon. Symbols m, n, x, y denote mass spec-
trometer-detected species Fe,,0,(SO2)x(H20),. The downward ar-
rows in the top panel indicate that at the mass positions of
Fe,0sS0; , the products are not observed (or barely observed due
to the experimental uncertainty).
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Figure 2 TOF spectra for reaction of Fe,O, (m = 3 and 4) with
1% SO, seeded in argon. See caption of Figure 1 for the label ex-
planation.

tested for generating the iron oxide cationic clusters. In
this work, a typical mass distribution which covers small
clusters generated with 0.5% O, is presented.

After reacting with 1% SO,, the mass signals of
FCOQ-S, Fe,0,7s, Fe;05'5 and FeqOs' 7 decrease (top pan-
els of Figures 1 and 2), and the association products
(FeOl,ZSO;, F6203’4,6SO;, FC304’5,7SO;, Fe405,7SO§) are
observed. As association products Fe,06S0; and Fe;0--
SO,, are observed, the depletions of the corresponding
pre-formed Fe,O¢, and Fe;0; clusters should be ob-
served. But as shown in Figures 1 and 2, the signals of
mass peaks at 208 amu (Fe,Og) and 280 amu (Fe;07)
positions increase, implying that some new products
may enhance the intensity of signals at the mass position
of Fe,0¢ and Fe;07. And the decrease of mass signals
of Fe,0, and Fe;0; is observed, so the increase of mass
signals 208 amu and 280 amu is because the association
products Fe,0,SO; (208 amu) and Fe;0;S0," (280
amu) are produced.

Although F ¢0,; and Fe,Os are quite reactive toward
SO,, the corresponding association products Fe0,SO, and
Fe,0sSO, are not observed. The observed products
(FeOzSOz+ and Fe,0,.4SO; ) that can be produced from
reactions of FeOzﬁ; and Fe,0,' with SO, Fe0,S0, and
Fe,0;S0, have strong signals and their signals
magnitudes are significantly greater than the decrease
signals of FeO, and Fe,O; . The conclusion is that
the reaction of FeOs and Fe,O: with SO, produces
Fe0,S0, and Fe;0;80;. Similar to the reaction of
FeO, and Fe,O: with CO which produced FeO,CO"
and Fe,05CO ™%, the mechanism may be interpreted
by simple substitution reactions: Fe,0s" + SO, —
Fe;0580; + 0, and FeOs + SO, — Fe0,S0, + O,. So

it can be generally concluded that SO, is easy to be ab-
sorbed on small cationic iron oxide clusters (FeHOrT )
and larger clusters (such as Fe3,4O,T versus Fel,ZO,T )
may be less reactive than the smaller ones for the result,
in which the signals of association products are gradually
weakened with the corresponding preformed FenO, clus-
ters growth as shown in Figures 1 and 2.

The interesting finding is that some water-association
products (Fe0,SO,H,0 ", Fe,0,S0,H,0 " and Fe;05S0,-
H,0") are also observed. As shown in Figures 1 and 2,
the mass signals of Fe,0,80,H,0" and Fe3O3SOZHzO+
are strong, but the magnitudes of the signals of the cor-
responding reactant ions (Fe202H20+ and Fe3O3H20+)
are little reduced. It documents that these water-associa-
tion products may not be produced by adsorption of one
sulfur dioxide molecule on Fe,O,H,0" and Fe;0;H,0"
reactant ions. This supposition is also supported by the
observation that Fe;0sSO,H,O" is not observed, al-
though the reactant ion Fe;0sH,0" is abundant. So the
reactivity of Fe,O, toward SO, is usually higher than
that of water containing clusters, but the FenOn associ-
ated with SO, is easier to adsorb water molecule. The
products Fe,0,S0,H,0" and Fe;0;SO,H,0" may be
produced from the further reaction of sulfur dioxide as-
sociation products (FezOzSOz+ and Fe;0580, ) with the
trace water in the gas phase. The result may imply that
the cooperation effect of sulfur dioxide and water on
specific scale iron oxide clusters (F e,0, and F e303+) is
in favor of the adsorption of gas phase water.

In conclusion, the time-of-flight mass spectrometry is
adopted to study the reactivity of SO, toward Fe,On
under gas phase, under near room temperature condi-
tions. The association reaction products FeOLzSOz+ ,
Fe;0,.4680; , Fe;05.5,80,, and FeyOs;SO, are
observed, implying that Fe,0,SO, can be observed
for most of the clusters. As the signals of association
products gradually are weakened with the corresponding
preformed FenOn clusters growth, larger FenOn clus-
ters are generally found to be less reactive than the
smaller ones in the experiments.
Fen,O,
water containing clusters, but the FenOn

The reactivity of
toward SO, is usually higher than that of
associated
with SO, may be easier to adsorb water molecule.
Some water association products are produced from the
further reaction of sulfur dioxide association products
(FezOzSOz+ and Fe;0,S0, ) with the trace water in the
gas phase. So the cooperation effect of sulfur dioxide

Yin S et al. Chinese Science Bulletin | November 2009 | vol. 54 | no. 21 4019

BRIEF COMMUNICATION

>
o
'_
@
=
L
I
©]
-
<
O
n
>
I
o




and water is in favor of the adsorption of gas phase wa-
ter on specific scale iron oxide clusters (Fe,O, and
Fe;05 ). Iron oxide cationic clusters serve as models for

the local structural features of active iron oxide particle
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