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Sulphur contamination of alkaline-earth oxide surfaces shows important consequences in many chem-
istry fields such as surface science and catalysis. We used the Electron Paramagnetic Resonance (EPR)
technique to study the interaction of SO, molecules with the bare and electron enriched surfaces of MgO
and Ca0. Two paramagnetic products were identified via EPR thanks to this interaction, the SO,*~ and
S,0°~ radicals whose abundance depends on the surface oxide properties. In particular, higher basicity
and higher number of defects in the case of CaO lead to a higher amount of these two radical species.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In our industrial society, sulphur oxides, mainly SO,, are
frequently produced as a result of burning sulphur-containing
impurities present in coals and oil-derived fuels [1].

These impurities have a very negative impact on the processing
of oil-derived chemical feedstock (catalyst poisoning, and equip-
ment corrosion) and degrade the air quality in particular forming
sulphur dioxide (SO; ). In the chemical and petrochemical industries
millions of dollars are lost every year due to catalyst poisoning, and
the negative effects of acid rain (main product of the oxidation of
SO, in the atmosphere) on the environment and the corrosion of
monuments or buildings are enormous. This toxic gas can cause
severe irritation on the skin, eyes, mucous membranes, and respi-
ratory system. There is a clear need to mitigate the negative effects
of SO; [2,3].

Over the past 30 years several processes have been proposed and
developed for the removal of SO, from various exhausts (deSOx
operations). There is still no universally accepted solution to this
problem. The implementation of new and more stringent regula-
tions for the control of environmental pollution has encouraged the
search for more efficient deSOx processes.

SO, adsorption on the surface of metal oxides [4], a key step
in various deSOx reactions, is a rather complex process and has
been the subject of several papers also in recent years [5-7]. Due to
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their basicity and high reactivity alkali earth oxides are particularly
important in this field [8-11].

Alkali earth oxides can be useful as “throw-away” sorbents or
can be combined with metals to generate catalysts for the reduction
of sulphur dioxide to elemental sulphur.

Itis well known that magnesium oxide and calcium oxide, espe-
cially in the presence of an oxidant promoter like CeO,, show very
high potential for SO, removal [9]. CaO based sorbents have been
the leading materials for several decades in the field of deSOx
[3,9,12], and magnesium oxide is a well-known sorbent in indus-
trial processes. The interaction mechanism of these two basic
oxides with sulphur oxides has not yet been fully elucidated. Sev-
eral types of species are formed, in fact, depending on the surface
hydroxylation degree and on the acid-base properties of the sur-
face.

In principle, the SO, chemistry on a metal oxide can be very
complex, because the molecule can either be adsorbed by a metal
or interact with oxygen anions with formation of sulphites and sul-
phates groups [2,13,14]. S-O bond cleavage and full dissociation
of the molecule can occur only on the metal centres. On metal-
lic surfaces [15-18], the charge transfer between surface metal
atom and SO, plays a dominant role in the binding and dissoci-
ation of SO,. In general, such a similar charge transfer is difficult on
oxide surfaces due to the low electron density on the metal cations
[19-23].

Lunsford, years ago, demonstrated that sulphur dioxide reacts
with MgO at room temperature to form sulphite and sulphate
complexes [24-26]. At higher temperatures, infrared evidence sug-
gests that sulphite ions react with molecular oxygen to form
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bidentate sulphate complexes in addition to strongly bound SOs.
If trapped electrons are available on the surface of MgO, SO,
also reacts to form the stable SO,*~ ion [27]. To summarize, the
chemistry of SO, on the surface of oxides is extremely com-
plex and still obscure in many details. One possible way to
rationalize this blurred picture consists in understanding correla-
tions between chemical reactivity and particular properties of the
solid.

The surface reactivity of SO,, for instance, can be correlated with
the basicity of the substrate [28,29,19]. In the sequence from MgO
to BaO of alkaline-earth metal oxides (which all have the rocksalt
structure) the lattice constant progressively and strongly increases,
with parallel reduction of the Madelung field acting on the oxygen
anions. As a consequence the electron-donor property (or the basic-
ity) of the surface progressively increases with increasing the lattice
parameter [30-32].

In the present paper we illustrate a study of SO, reac-
tivity with MgO and CaO surface, by means of the Electron
Paramagnetic Resonance. Both solids were used in two forms
namely: (i) the bare, fully dehydroxylated, oxide and (ii) the so
called “electron-rich” oxide containing surface trapped electrons
[33-36].

The latter type of solid is known for its high electron transfer
capability towards adsorbed molecules [23,37-41].

EPR is the reference technique to study electron transfer lead-
ing to molecules in paramagnetic state and its use to compare the
reactivity of the two types of oxides is aimed at a better under-
standing of the surface chemistry of the oxides and, in particular,
to discriminate between redox (electron transfer) and acid-base
reactions (electron pair donation).

2. Experimental

High surface area MgO prepared by Chemical Vapour Depo-
sition (CVD) was synthesized in the group of Prof. Diwald (T.U.
Wien). Bare MgO was activated under vacuum (10~> mbar at
1073K for 1h), to obtain a completely dehydrated material.
The surface area of the activated oxide was 200m?2/g. Simi-
larly, bare CaO was obtained via slow thermal decomposition
of commercial high-purity CaCO3; (ex-Aldrich) under dynamic
vacuum at 770K for 16 h. The sample activation, to obtain a thor-
oughly dehydroxylated surface, was performed at 1173 K under
a residual pressure of 10~> mbar. The surface area of the result-
ing oxide is about 80 m2/g. High-purity SO, was purchased by
Aldrich and purified by the “freeze-thaw” method prior adsorp-
tion.

As anticipated in the previous section two distinct types of oxide
materials were employed to study SO, adsorption on alkali earth
oxides: the bare oxides and the corresponding electron-rich oxides.
Briefly, the latter type of sample was prepared by irradiation of the
activated solid with UV light under 100 mbar hydrogen at 77 K using
a low pressure mercury vapour lamp. After 45 min irradiation the
excess Hy was slowly evacuated at 298 K. The electron-rich oxides
are coloured in blue.

X-band CW-EPR spectra were recorded between 298 K and 77 K
on a Bruker EMX spectrometer equipped with a cylindrical cavity
operating a 100kHz field modulation. The EPR computer simu-
lations were obtained using SIM32S program developed by Prof.
Sojka (Jagellonian University, Cracow Poland [42]), while double
integration of the spectra was produced with the program Win-EPR.
Traces of MnZ* ions in the bulk of CaO are practically unavoidable
and generate a weak EPR signal with the typical manganese sextet
centred nearby the free electron g value. This signal always appears
in the EPR spectra of CaO and has been used as internal standard
for g values evaluation.

3. Results and discussion
3.1. EPR spectra after SO adsorption

The surface reactivity of bare alkali earth oxides is dominated by
the basicity associated to the 02~ ions which increases from MgO
to CaO [33,43].

In the electron-rich surface (which contains very reactive
(H*)(e™) pairs) the basic reactivity does not vanish but is accompa-
nied by the typical electron transfer reactivity associated to trapped
electrons [40,41,44-47]. The two bare oxides are completely EPR
silent with the exception of the weak sextet in CaO due to traces
of bulk Mn?* ions. As opposite, the two electron-rich oxides (here-
after MgO/(H*)(e~)and CaO/(H*)(e~)) exhibit the typical EPR signal
of surface trapped electrons close to the free electron resonance
region which has been thoroughly described in a series of previous
papers[33]. The EPR signal due to surface trapped electrons is char-
acterized by a hyperfine doublet due to a weak residual interaction
of the electron centre with the nearby proton.

Fig. 1 reports the EPR spectra obtained upon SO, contact with the
three oxide samples. In the case of bare MgO the interaction with
SO, does not produce any signal while intense signals are observed
in the case of bare CaO (Fig. 1¢) and electron-rich MgO (Fig. 1a)
and CaoO (Fig. 1b). In the two latter cases the new spectrum onset is
accompanied by the total (MgO) or partial (CaO) disappearance of
the trapped electrons signal.

Spectrum 1c, recorded for bare CaO, is due, as it will be detailed
in the next section, to SO,*~ radical ions adsorbed on the surface.
In the two spectra related to electron-rich materials (1a and 1b) a
second species, namely as S, 0°*~ radical ion, is present beside SO,*~
as documented by the low field feature at around g=2.030 which
is the finger print of S;0°~ [24].

This second species becomes more evident at low temperature
and, since it shows a different saturation behaviour with respect to
SO,*~, becomes predominant at high microwave power as shown
in Fig. 2 where the spectra recorded at RT from 0.01 mW to 20 mW
for SO, on CaO/(H*)(e™) are reported. Fig. 2 insert shows the sat-
uration plot for S,0*~ which is linear (no saturation) in the whole
range explored.

Another relevant difference in the reactivity between the two
electron-rich oxides is the abundance of the SO,*~ species gen-
erated by the interaction with the starting (H*)(e™) centres. On
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Fig. 1. EPR spectra of SO, adsorbed on: (a) MgO/(H*)(e~), (b) CaO/(H*)(e~) and (c)
bare Ca0. No EPR signal was detected on bare MgO. Star indicates Mn?* lines. Spectra
recorded at RT and 1 mW of microwave power.
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Fig. 2. EPR spectra of SO, on CaO/(H*)(e) at RT. Spectra recorded at variable
microwave power from 0.01 mW to 20 mW. The insert reports the saturation plot
obtained by double integration of the lower field component (g=2.030) of the S,0°*~
signal.

MgO(H*)(e™) (Fig. 1a) after 15 mbar gas adsorption the amount of
SO,*~ is roughly equivalent to that of the electrons trapped on the
surface before adsorption whereas in the case of electron-rich CaO,
(H*)(e™) centres are still observable also after income of a higher
amount (30 mbar) of SO, (Fig. 3). The sulphur concentration is,
for electron-rich CaO, less than twice than the starting (H*)(e™)
signal (Table 1). Fig. 3 insert reports a magnification of the low
field region of the spectrum which shows how the S,0°*~ species is
formed in substantial amount only upon absorption at high pres-
sure (30 mbar). This fact together with the results obtained for bare
Ca0 (S0, is formed - Fig. 1c - by direct contact with the clean sur-
face in absence of trapped electrons) clearly indicates that in the
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Fig. 3. Adsorption of SO, on CaO/(H*)(e™). Dotted line: starting material. Grey line:
adsorption of SO, (15 mbar). Black line: adsorption of SO, (30 mbar). The * symbol
indicates Mn2* impurity.

Table 1
EPRintensity (arbitrary units) obtained by double integration of EPR spectra in Fig. 1.

Starting materials SO, adsorption

MgO = =

MgO(H")(e™) 1.0 0.95
Ca0 - 0.31
CaO(H*)(e™) 1.0 1.42

T T T T T
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Fig. 4. Experimental (a) and simulated (b) EPR spectra of SO,*~ species on
MgO(H*)(e™).Signals b' and b" are the individual signals employed in the simulation.

case of this oxide, SO, does not simply react with (H*)(e~) centres
only but undergoes a more complex reactivity.

3.2. Simulation of experimental spectra

The SO,*~ radical anion has been observed in the past on dif-
ferent surfaces. In the case of MgO the presence of two slightly
different species, whose abundance strictly depends on oxide sur-
face pre-treatment, was reported [25]. In the present work SO,
adsorption leads to SO,°*~ radical stabilization in all samples exam-
ined except for bare MgO.

In Fig. 4 the experimental trace (a) and the related simulation
(b) due to SO, adsorption on MgO/(H*)(e~) (also in Fig. 1c) are
reported. The parameters employed are listed in Table 2. The S,0°~
species was not introduced in this simulation as present in very low

Table 2
EPR parameters for the simulation of SO,*~ species observed after SO, adsorption
on MgO/(H*)(e™).

Species Abundance % g1-AH; (G) g2-AH, (G) g3-AH3 (G)
S0,*~ (b') 78 2.008-0.6 2.003-0.9 2.001-1
S0z~ (bh) 22 2.007-0.9 2.003-0.6 2.001-0.6
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Fig. 5. Experimental (a) and simulated (b) EPR spectra of the species observed after
SO, adsorption on CaO/(H*)(e~). Experimental spectrum recorded at RT and 8 mW.
Signals b!, b" and b are the individual traces related to SO,*~ (b') and S,0°~ (b"
and b'") species while b' is due to Mn?*. For the sake of simplicity residual (H*)(e~)
centres were not simulated.

concentration. The spectrum is composed by the superimposition
of two signals with a quasi axial g tensor and has the structure
expected for 19 electrons three-atomic radicals like O3°*~ or CIO,*
whose g tensor is only slightly affected by the surrounding crystal
field [24]. Fig. 5 reports the spectrum experimental trace (a) and
the simulation (b) observed after SO, adsorption on CaO/(H*)(e™)
and recorded at 8 mW microwave power. The spectrum is quite
complex due to the superimposition of several distinct signals indi-
vidually reported in the second part of Fig. 5 (lines from b' to b'V),
The simulation in Fig. 5b (see also Table 3) has been obtained con-
sidering (apart the Mn2* impurity, b'V) the presence of both SO,°*~
(two similar species like in the previous case both included in line
b!) and S,0°~ (two similar species, b" and b!). The S,0°~ species
has been already observed in the past. In particular Lunsford and
co-workers reported the same radical species, generated by co-
adsorption of H,S and SO, [27] on the surface of MgO. As in the
case of SO,°*~, this is a 9 electrons radical species, its g tensor is

Table 3

not much affected by the surrounding crystal field. For this reason
the spectral features here observed do not sensibly change moving
from CaO to MgO.

3.3. Reaction mechanisms

The SO, interaction with alkali earth oxides was largely studied
in the past with various techniques for its importance in heteroge-
neous catalysis. It is well established that various types of reaction
channels exist including those involving diamagnetic species. In
particular SO, interaction with low coordinated surface oxygen
(0O1c%7) leads to diamagnetic surface species [48,49], the main one
being SO32~ formed according to

SOy 4+ 01?2~ — S032~ (1)

In particular conditions surface sulphates (S042~) and elemental
sulphur have been observed also.

In the present paper we explored paramagnetic channels which,
as expected, take place on electron-rich surfaces but also, in the case
of Ca0, on bare surfaces. We have basically shown that:

(a) On the surface containing reducing centres (H*)(e~) the direct
electron transfer to SO, with SO,*~ formation easily occurs

SOz +(H*)(e™) — SOz~ +(H)(-) (2)

However the two-sulphur S,0°~ species is also formed in the
same process indicating a reactions complexity well beyond the
direct electron transfer. This consideration applies in particular
to the case of the electron-rich CaO (S,0°~ in this case rep-
resents one third of the total radical production) while in the
case of MgO the amount of S,0°*~ formed is very low and the
concentration of SO,*~ roughly corresponds to that of trapped
electrons.

(b) While bare MgO does not produce paramagnetic entities upon
contact with SO,, the more basic calcium oxide origins SO,°*~
surface radical ions even in the absence of surface trapped elec-
trons.

Such a difference between the behaviour of two oxide has been
already observed in the past, and the propensity of these two oxides
to stabilize different radical species in the case of the same adsorbed
molecule has been well documented, in several paper concerning
0, and NO interaction [37,50,51].

The formation of SO,*~ on bare CaO is understood in terms
of a disproportionation reaction induced by basic O;¢2 sites. Sim-
ilar reactions, for instance, have been observed for CO on basic
oxide [52] whichis reduced to carbon oxoanions (oxidation number
lower than 2) and simultaneously oxidized to surface carbonates
(ON=4) by interacting with surface basic sites.

SO,*~ formation mechanism (Eq. (3)) can be thus written as
follows:

350, + 2012~ — 250,°~ +S04%~ (3)

EPR parameters (abundance, g value and line-width) of the various species observed after SO, adsorption on CaO/(H*)(e~). In the lower part some literature data for different

sulphur radicals on MgO are reported.

Species Abundance % g1-AH; (G) 2,-AH, (G) g3-AHs; (G) Ref.

(b') SO,°~ 61 2.008-1.7 2.003-1.6 2.001-0.7

(CORS 5 2.007-0.9 2.003-1.0 2.001-1.0 i .
(b S,0°- 208 2.030-2.5 2.009-1.2 2.003-1.1 i B
(b'V) $,0°- 124 2.031-3.1 2.011-2.7 2.002-2.2

(A) SO,*~[MgO = 2.010 2.005 2.003 [25]

(B) SO,°~/MgO = 2.008 2.003 2.001 [25]
S,0°~/MgO = 2.030 2.010 2.001 [24]
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SO, \ /‘ 80,

- O—Ca—inCa—Oz =
a—Q/H
CaO(H")(—) i
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| e H
- Ca—Q
CaO(H*)(e) :

Scheme 1. Sketch representing reactions (4)-(6) for the SO, adsorption at the partially hydrogenated CaO surface.

This mechanism can be decomposed in two sub-reactions where
released electrons (Eq. (4)) can react with SO, in the same way of
(H*)(e™) centres forming the paramagnetic SO,*~ species (Eq. (5)).

SO, +201 2™ — S042~ +2e (4)
SO, + e~ — SO,°~ (5)

The overall reaction (3) should be enough to fully explain the SO,°*~
generation on bare CaO but sub-reaction (4) is unable to explain
the presence of unexpected (H*)(e™) centres in the case of the
CaO(H*)(e™) system (Fig. 3). It is well established [33] that (H*)(e™)
centres are high reactive species but, when reaction (4) occurs in
proximity of the bleached colour centre [(H*)(—)] a fraction of the
released electrons, can be trapped again (Scheme 1) regenerating
the surface colour centres (Fig. 3) according to:

(HH)(=) + e”— (H")(e) (6)

This last reaction, in the case of bare Ca0O, cannot take place because
of the absence of surface hydroxyl groups. Electrons in fact need the
presence of neighbouring OH groups to be stabilized at the alkali
earth oxide surfaces. While SO,*~ formation mechanism, described
above, is supported by robust pieces of evidence, the formation of
S,0°~ (which occurs abundantly on electron-rich CaO) is not clear
in all details. The mechanism illustrated in the following remains
therefore partially tentative.

Also in this case the CaO surface and in particular the presence of
surface defects play a crucial role and we cannot exclude the pres-
ence of parallel reaction mechanisms leading to the same products.
To find out a S, 0~ formation consistent mechanism we move from
a Rodriguez et al. [2] finding who showed that after SO, adsorp-
tion on MgO(100) films at 300K an extensive dissociation of the
molecule occurs (SO, — S 45 + 20,45 ). On the basis of this and other
results the authors suggest that Mg atoms with a low coordina-
tion (<5) may be able to dissociate SO,. This idea was confirmed
working with a defective MgO;_, system prepared by soft sputter-
ing of MgO(1 00) films with Ar* ions. This procedure preferentially
removes O atoms from oxide surfaces and the authors showed, for
the adsorption of SO, on this MgO;_, system, SO42-, SO32~, and
S coexistence on the oxide substrate. All these experiments were
carried out on magnesium oxide only, but the conclusion can be
easily extended to the CaO system since, it is well known that this
oxide has the same structure and a higher reactivity than MgO. The
same dissociation effect likely occurs also on the oxides used in the
present work because they are prepared in high surface area form
and therefore contain a high surface defects number corresponding
to low coordination ions [51]. If sulphur atoms are present at the
oxide surface the following reaction could easily occurs

250, +S — S0 + SO3 (8)

forming a reduced (S;0) and an oxidized (SO3) sulphur oxide. The
latter easily reacts on the surface forming sulphates ions:

SO3 + 0%~ — SO04%~ (9)

Independently from the generation mechanism, the diamagnetic
S, 0 species must be present on the surface. InfactS, 0 further reacts

with trapped electrons to form the paramagnetic S,0°~ species
(reaction (10)).

S20 + (H™)(e™) — S20°~ +(H")(—) (10)

The last step (10) is in full agreement with the fact that S,0°~
formation occurs only on the systems containing surface trapped
electrons. On bare CaO and MgO this species, in fact, was not
observed. The higher S;0°~ amount formed on CaO(H*)(e~) with
respect to MgO(H*)(e™) is likely due to the higher CaO reactivity
leading to an abundant formation of the S,0 precursor (8).

4. Conclusion

SO, is known to react with the surface of basic oxides follow-
ing different reaction channels. We have described and followed
by EPR those channels involving paramagnetic species. The two
oxides’ reactivity with SO, both in bare and in electron-rich forms
(CaO(H*)(e™), MgO(H*)(e™)), has been monitored and two distinct
radical anions’ (SO,*~ and S,0°~) formation has been put in evi-
dence.

The SO,*~ formation mechanisms are explicitly described
(direct electron transfer or surface disproportionation) while the
mechanism of S;0°~ (which forms an electron-rich surface only)
was been tentatively proposed.
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