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Abstract

The properties of surface oxygen species in the MgAl O and CeO rMgAl O catalysts were investigated by the2 4 2 2 4
Ž .temperature-programmed reduction TPR technique. Three different oxygen species existing on the surface of

CeO rMgAl O catalysts—surface adsorbed oxygen, surface lattice oxygen which was affected by the interaction between2 2 4

the supported cerium and carrier, and the oxygen species corresponding to the multilayer crystalline of CeO , were2

determined. The supported cerium oxide had different functions: it not only increased the amount of surface adsorbed
oxygen, but also reduced the reduction temperature of surface lattice oxygen and improved the recoverability of the surface
oxygen species. These roles of cerium oxide in the CeO rMgAl O catalyst significantly affected on the SO adsorption2 2 4 2

properties, in the both cases of gaseous oxygen absence and presence in the reaction stream, enhancing the De–SO activity.2

q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .In the fluid catalytic cracking FCC process,
Ž .SO SO , SO emissions are generated in thex 2 3

regenerator during the burning of the coke de-
w xposited on the surface of the FCC catalysts 1 .

In order to reduce SO emissions from thex

regenerator of FCC unit, some of techniques
can be used, for example, the flue gas treatment
Ž .FGT and feedstock desulfurization technology
Ž . w xFDT 2–5 . From an economical point of view,

) Corresponding author. Tel. q52-5-6225129; Fax: q52-5-
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however, all of these are costly. Recently, it is
believed that a better strategy for SO emissionx

control is to add to the FCC catalyst a so-called
sulfur-transfer catalyst that can adsorb SO tox

form sulfates under the oxidation atmosphere in
the regenerator and then decomposes the formed
sulfates into H S under the reduction atmo-2

sphere in the reactor and the stripper. Sulfide
compounds are then treated in a modified Claus

w xprocess to yield element sulfur 6–8 . The oper-
ation cost of using sulfur-transfer technique is
only one-seventh and one-thirtieth of FDT and

w xFGT, respectively 9 .
Magnesium–alumina spinel materials are

found to be the potential De–SO catalysts.x
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Especially, when some transition metal ions such
as Fe3q, V5q and Cu2q ions, are introduced
into the structures of magnesium–alumina
spinel, the De–SO ability is obviously im-x

w xproved 10–12 . Since the high content of iron
ion can promote the coke formation and vana-
dium ions can partially cause FCC catalysts
deactivation during the catalytic cracking pro-
cess if it is moved to the surface of the FCC
catalysts, their contents, therefore, must be care-
fully controlled when they are used as promot-
ers.

It is reported that rare earth metal oxides,
such as CeO and La O , can improve the2 2 3

De–SO activity of magnesium–aluminax
w xsulfur-transfer catalysts 13–15 . Rare earth

metal oxides are widely applied in the catalysis
field to improve the activity and selectivity or
the thermal stability of the catalysts. A large
number of papers are published on cerium oxide
used in the area of environmental protection, for

wexample, in automobile emission control 16–
x20 . However, the studies of rare metal oxides

used as a promoter to enhance the De–SO2

activity of sulfur-transfer catalysts are not suffi-
cient yet.

Rare metal oxides supported on the surface
of a sulfur-transfer catalyst may serve both to
absorb the sulfur oxide and to assist in the
transferring of sulfur oxides to the inorganic
sulfates. In particular, the formation of the inor-
ganic sulfates may result from an ability of the
rare earth metal to catalyze the conversion of

w xsulfur dioxide to sulfur trioxide 21 . Moreover,
unlike the precious metals, such as Pt and Pd,
rare earth metal oxides do not significantly en-
hance the formation of nitrogen oxides in the

w xFCC process 21,22 .
When CeO is introduced onto the surface of2

magnesium–alumina spinel catalyst, the surface
structure of the catalyst is strongly modified,
which leads in an increment of the surface

w xoxygen species adsorbed on the catalyst 23 . In
the other hand, the De–SO activity of catalyst2

was significantly affected by gaseous oxygen
w xand surface adsorbed oxygen 24,25 . CeO and2

surface oxygen species, therefore, take very im-
portant roles in the cycle of the oxidative ad-
sorption of sulfur dioxide and the reductive
desorption of adsorbed sulfur species in the
FCC process using the sulfur-transfer technique
for SO control. However, the effects of sup-x

ported cerium oxide on surface oxygen property
of the catalyst, in particular, the reducibility and
recoverability of the surface oxygen species are
not very clear.

In the present paper, we focus on the proper-
ties of the surface oxygen species and the roles
of supported cerium oxide on both MgAl O2 4

and CeO rMgAl O catalysts during the De–2 2 4

SO procedure. Temperature-programmed re-2
Ž .duction TPR was used to determine the sur-

face oxygen species and their adsorption ability,
reducibility and recoverability. In order to com-
pare the De–SO abilities of the magnesium–2

alumina spinel and the cerium containing mag-
nesium–alumina spinel catalysts, the tests for
SO adsorption or oxidative adsorption were2

carried out.

2. Experimental

2.1. Catalyst preparation

The magnesium–alumina spinel catalyst was
prepared by the co-precipitation method
Ž 2specific surface area S s110 m rg, pore vol-o

3 .ume V s0.2414 cm rg . The CeO rMgAl Oo 2 2 4

catalyst was prepared by impregnating the
MgAl O sample into the given concentration2 4

Ž . Ž .of the NH Ce NO solution. The content4 2 3 6

of CeO was ranged from 3 to 18 wt.%. The2

cerium supported magnesium–alumina catalyst
was then dried at 1208C overnight and calcined
at 7008C for 4 h.

2.2. Temperature-programmed reduction

The surface oxygen property was determined
by means of TPR method in a quartz reactor
coupled with a thermal conductivity detector.
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The 0.1 mg sample was heated at a rate of
108Crmin under a stream of 50 mlrmin of dry
He from 208C to 3008C. At 3008C, it was heated
for 1 h. Then 10% H in He was fed into the2

reactor at a rate of 50 mlrmin. The TPD signal
was recorded using a microcomputer lined with
the measurement system. In the other cases, the
samples were firstly pretreated at various condi-
tions and then TPR analyses were carried out.

( )2.3. X-ray spectroscopy XPS

XPS measurement was performed on a PHI
550-ESCArSEA spectrometer. Before the mea-
surement, the sample was treated under a flow
of He for 1 h at 3008C.

2.4. SO adsorption or oxidatiÕe adsorption2

A WRT-2 thermogravimetric analyzer, con-
nected with a microcomputer, temperature-pro-
grammed controlling system and vacuum treat-
ment system, was used to measure the weight
change of the sample under the adsorption at-
mosphere. Typically a 10–20 mg sample was
placed on the quartz sample pan. The standard
experimental conditions for SO adsorption or2

oxidative adsorption are as follows: adsorption
temperature is 7008C; adsorption time is 30
min; in the case of SO adsorption, 1.2 vol%2

SO in N was fed in a rate of 20 mlrmin; in2 2

the case of SO oxidative adsorption, a mixture2

of 5 vol% O and 1.2 vol% SO was fed in a2 2

rate of 20 mlrmin.

3. Results and discussions

3.1. Surface oxygen species

The TPR spectra of different samples are
shown in Fig. 1. On the MgAl O sample, one2 4

peak centered at 4008C, and another peak lo-
Ž .cated at 7008C, were observed Fig. 1a . When

3 wt.% CeO was supported on the MgAl O2 2 4
Žsample, two peaks, a and b, were found Fig.

Ž . Ž .Fig. 1. TPR spectra of the different samples; a MgAl O ; b 32 4
Ž . Ž .wt.% CeO rMgAl O ; c 5 wt.% CeO rMgAl O ; d 8 wt.%2 2 4 2 2 4

Ž . Ž .CeO rMgAl O ; e 12 wt.% CeO rMgAl O ; f 15 wt.%2 2 4 2 2 4

CeO rMgAl O .2 2 4

.1b . The area of peak a increased with the
increasing of the CeO content, remaining its2

position unchanged. When the CeO content2

exceeded 8 wt.%, the peak a followed a de-
creasing trend. However, for the peak b, its area
was almost unchanged. But its position, compar-
ing to the position in the MgAl O sample,2 4

shifted about 20, 50 and 608C to the lower
temperature when the ceria content reached 3, 5
and 8 wt.%. In addition, as the content of CeO2

was more than 8 wt.%, a new peak g at 7608C
appeared, which gradually increased as the
cerium content increased.

In general, the temperature corresponding to
Žthe central peak of consuming hydrogen TPR

.peak and the amount of consuming hydrogen
are often used to characterize the different sur-
face oxygen species and their reducibility. In
our previous paper, the monolayer dispersion
capacity of cerium oxide on the magnesium–
alumina spinel catalyst was determined to be in
the range of 7.5–8 wt.% CeO by using both2

XRD and positron annihilation spectroscopy for
Ž . w xchemical analysis PASCA techniques 23 .

When CeO content exceeded 8 wt.%, multi-2

layer crystallite CeO was formed on the sur-2
w xface of catalyst 23 . The peak g was found on

the samples containing more than 8 wt.% CeO ,2

and its area increased with the increasing of the
cerium oxide content; moreover, the centered
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temperature of the peak g was similar to that of
w xthe pure CeO reduction 26 . Because the inter-2

action between the supported multilayer CeO2

and the support is very weak, which is sup-
ported by the measurements of the PASCA
technique, its reduction property is hence simi-
lar to the one of the pure CeO . Therefore, it is2

deduced that the reduction of multilayers of
CeO crystals on the CeO rMgAl O sample2 2 2 4

is responsible for the peak g.
The position of the peak b observed in this

work was similar to that reported by Lu and
w xWang 27 , in their work, this peak was ascribed

to the reduction of the surface lattice oxygen
species in the sample containing ceria. The re-
duction of lattice oxygen on the pure CeO2

crystal is often registered at higher temperature
w xin TPR analysis 26 . When CeO was loaded to2

the surface of the catalyst, if the cerium oxide
content is less than the threshold value of mono-
layer dispersion, a strong interaction occurs be-

w xtween the CeO and the support 23 . This2

strong interaction remarkably affects the surface
structure of the catalysts, resulting in more oxy-
gen vacancies being created. The properties of
the surface oxygen, therefore, are significantly

w xmodified 23 . Probably the shift of the peak b

to the low temperature was caused by this strong
interaction. Hence, the peak b here was likely
produced by the reduction of surface lattice
oxygen species that were strongly affected by
the interaction between the supported cerium
oxide and the carrier.

In order to gain insight into the property of
the a peak, the 8 wt.% CeO rMgAl O sam-2 2 4

ple was treated in a He stream of 50 mlrmin at
different temperatures for 30 min, and then the
TPR measurements were carried out. The re-
sults are presented in Fig. 2. It was found that
the pretreatment remarkably affected the peak a

instead of the peak b. The higher the pretreat-
ment temperature, the smaller the peak a is.
Increasing the pretreatment temperature from
200, 300, 400 to 5008C resulted in the relative
areas of the peak a being diminished from 9.5,
7.3, 3.6 to 1.0. All of those results reveal that

Ž .Fig. 2. TPR spectra of 8 wt.% CeO rMgAl O sample; a2 2 4
Ž . Ž . Ž .2008C; b 300 8C; c 4008C; d 5008C.

the a peak is caused by the reduction of the
surface adsorbed oxygen species.

According to the results of XPS measure-
ment, on the 8 wt.% CeO rMgAl O sample,2 2 4

O spectrum can be resolved into two different1s

parts: 528.5–530.0 eV and 530.0–531.5 eV.
The former was ascribed to the surface lattice
oxygen and the latter was induced to the ad-

w xsorbed oxygen species 28,29 . This result pro-
vides the further evidence for the above sugges-
tion concerning the peak a .

3.2. Reducibility and recoÕerability of surface
oxygen species

After the first TPR measurement, the
MgAl O and the 8 wt.% CeO rMgAl O2 4 2 2 4

samples were cooled under a stream of He to
the desirous temperatures and then 10% O in2

N was introduced for 30 minutes, following the2

second TPR measurements. For the MgAl O2 4
Ž .sample Fig. 3 , the peak a and the peak b

were observed at almost the same positions as
Ž .showing in the fresh sample Fig. 3a . When the

sample was treated using oxygen at 508C for 30
min, the area of the peak a , corresponding to
the second TPR, is similar to that shown in the
first TPR; the peak b, however, was smaller in
comparison with the fresh sample. Although the
peak b increased when the oxygen adsorption
temperature increased, it did not reach the level
shown on the fresh sample at the same tempera-
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Fig. 3. TPR spectra of MgAl O sample with different pretreat-2 4
Ž . Ž .ment; a fresh sample; b–f reduced samples were firstly treated

by O at 50, 200, 300, 500 and 7008C, respectively, then the2

second TPR measurements were operated.

ture. This result shows that on the MgAl O2 4

sample, the recovery of surface lattice oxygen is
more difficult at lower temperature and it is
only partially recovered at temperature as high
as 7008C.

Compared to the first TPR, the peak b ap-
peared in the CeO rMgAl O in the second2 2 4

TPR was larger, showing that the amount of
Ž .adsorbed oxygen species increases Fig. 4 . This

can be explained by the fact that more oxygen
vacancies existed in the surface of the sample
after it was reduced with hydrogen. These oxy-
gen vacancies were filled with oxygen in the
case of oxygen adsorption process, which leaded
to more oxygen species being adsorbed on the
surface of the sample. As shown in Fig. 4,
although the peak b, corresponding to the
CeO rMgAl O sample, was still small when2 2 4

the sample was pretreated using oxygen at 508C,
it obviously increased at 2008C. At 5008C, the
peak b reached the level of the first TPR on the
fresh sample. These results suggest that the
surface lattice oxygen is completely recovered.

The reduction of the surface lattice oxygen is
Ž . 2yŽ .shown in Eq. 1 , where O latt stands for

oxygen lattice. Due to the electron neutrality,
two electrons are suggested to be trapped in this
vacancy. VPP stands for an oxygen vacancy witho

two free-like electrons.

O2y latt qH g |H OqVPP 1Ž . Ž . Ž .2 2 o

When oxygen molecule adsorbed on the oxygen
vacancy with two free-like electrons, the trapped
electron can be captured to form adsorbed oxy-

Ž .gen ion, which is illustrated as the Eq. 2 :

1r2O g qVPP |Oy ads qey 2Ž . Ž . Ž .2 o

Ž y.The adsorbed oxygen ion O captures an-
other free-like electron and transfers to a lattice
oxygen species. In such case, the reduced lattice

Ž Ž ..oxygen is recovered Eq. 3 :

Oy ads qey|O2y latt 3Ž . Ž . Ž .
In the one hand, in comparison with the

CeO rMgAl O and MgAl O samples, the2 2 4 2 4

peak a on the CeO rMgAl O sample is larger.2 2 4

This suggests that the amount of adsorbed oxy-
gen on the sample containing ceria is more. In
the other hand, taking account of the facts that
in the CeO rMgAl O sample, the position of2 2 4

the peak b shifts to the lower temperature and
this peak is recovered at 5008C, it is believed
that the lattice oxygen on CeO rMgAl O is2 2 4

very active with high recoverability. Therefore,
cerium oxide loaded on the magnesium–alumina
spinel catalyst enhances the ability of gaseous
oxygen adsorption on the catalyst’s surface and
improves the recoverability of the surface lattice
oxygen. Cerium oxide modifies the surface oxy-
gen properties of the catalyst by improving the
interaction between gaseous oxygen, adsorbed
oxygen and lattice oxygen species.

Fig. 4. TPR spectra of the 8 wt.% CeO rMgAl O sample with2 2 4
Ž . Ž .different pretreatment; a fresh sample; b–e reduced samples

were firstly treated by O at 50, 200, 500 and 7008C, respectively;2

then the second TPR measurements were operated.
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3.3. Effects of supported cerium and oxygen on
the De–SO actiÕity2

In the absence of oxygen, SO adsorption on2

the MgAl O and the 8 wt.% CeO rMgAl O2 4 2 2 4

samples was carried out on a TGA experimental
system. The results are shown in Figs. 5 and 6.
At different adsorption temperatures, the initial
rates of weight gain for SO adsorption were2

similar for both the MgAl O and the 8 wt.%2 4

CeO rMgAl O samples. As the adsorption2 2 4

temperature increased, the rate of weight gain
decreased in the MgAl O sample. In such case,2 4

because no gas oxygen involved in the forma-
tion of the adsorbed sulfur species, the initial
adsorption rate was mainly determined by the
concentration of adsorbed sites existing on the
surface of the catalyst. For the same catalyst,
the number of the adsorbed sites is the same;
therefore, the initial adsorption rates at different
temperatures should be similar. However, be-
cause both weak and strong adsorbed SO2

species coexisted on the surface of the catalyst,
when the adsorption temperature increased, the
weak adsorbed sulfur species would desorb from

the surface of the catalyst, therefore, the total
amount of the adsorbed SO on the MgAl O2 2 4

sample diminished at high adsorption tempera-
Ž . w xture Fig. 5 30,31 .

In the 8 wt.% CeO rMgAl O sample, when2 2 4

SO is adsorbed at the different temperatures,2

the order of weight gain is as follows:

W )W fW )W 4Ž .4008C 6008C 7008C 5008C

At a high temperature, according to the re-
sults of TPR, the lattice oxygen in the sample is
active due to the promoting action of cerium.
This factor probably favors the strong
chemisorption of SO and hence partially off-2

sets the effect of the desorption of weak ad-
sorbed species at the higher adsorption tempera-
ture, consequently, making the sequence of
weight gain very change.

At the same adsorption time and temperature,
when oxygen is present in the fed stream, the
rate of the weight gain of SO adsorption is2

about 3–4 times than that in the absence of
Ž .oxygen Figs. 7 and 8 . Unlike the results ob-

tained in the case of oxygen absence, for both
the MgAl O and the CeO rMgAl O sam-2 4 2 2 4

Fig. 5. Weight gain as a function of SO adsorption time. The SO is adsorbed on the MgAl O sample at 400, 500, 600 and 7008C for 302 2 2 4

min. Oxygen is absent in the fed gases.
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Fig. 6. Weight gain as a function of SO adsorption time. The SO is adsorbed on the 8 wt.% CeO rMgAl O sample at 400, 500, 600 and2 2 2 2 4

7008C for 30 min. Oxygen is absent in the fed gases.

ples, when oxygen contains in the fed stream,
Žthe weight gain shows the following order Eq.

Ž ..5 :

W )W )W )W 5Ž .7008C 6008C 5008C 4008C

It is noteworthy that a significant difference
between the presence and absence of oxygen in

the fed stream is that during the adsorption
procedure, molecular oxygen and sulfur dioxide
are simultaneously adsorbed on the surface of
the catalyst when oxygen is added. This means
that the adsorption of both molecular oxygen
and SO is responsible for the observed weight2

gain in the case of oxygen containing in the

Fig. 7. Weight gain as a function of SO oxidative adsorption time. The SO is adsorbed on the MgAl O sample at 400, 500, 600 and2 2 2 4

7008C for 30 min. The fed gases contain oxygen.
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Fig. 8. Weight gain as a function of SO oxidative adsorption time. The SO is adsorbed on the 8 wt.% CeO rMgAl O sample at 400,2 2 2 2 4

500, 600 and 7008C for 30 min. The fed gases contain oxygen.

inlet gases. However, the adsorption of oxygen
and sulfur dioxide on the surface is rapid and
therefore it is difficult to determine their indi-
vidual contribution to the weight gain. Since the
number of the sites for oxygen adsorption
Ž .oxygen vacancies is less than the sites for SO2

Ž .adsorption oxygen lattices and the molecular
weight of SO is two times than that of oxygen2

molecule, the contribution of oxygen adsorption
to the weight gain is relatively smaller com-
pared to the SO adsorption. This is supported2

by the experimental results that the weight gain
is no more than 17 mgrg during the 30 min of

w xoxygen adsorption on the catalysts 32 . In fact,
the SO oxidative adsorption is a process ac-2

companying the reaction between the adsorbed
oxygen ion and the adsorbed sulfur species for
forming sulfate. Therefore, the weight gain
mainly reflects the abilities of sulfur dioxide
adsorption or oxidative adsorption on the cata-
lysts.

It is found that the weight gain of the sulfur
dioxide adsorption on the 8 wt.% CeO r2

MgAl O sample is significantly more than that2 4

on MgAl O sample. The mean rate of weight2 4

gain as a function of the adsorption temperature
for these two samples were plotted in Fig. 9.

Two lines with different liners were acquired.
According to Arrhenius equation, the activation
energies of sulfur dioxide oxidative adsorption
on both MgAl O and 8 wt.% CeO rMgAl O2 4 2 2 4

samples are 20 kJrmol and 11 kJrmol, respec-
tively. This result clearly shows that the activa-
tion energy of sulfur dioxide oxidative adsorp-
tion is reduced about 0.8 times when cerium

Ž .Fig. 9. lnr as a function of 1rT ; a 8 wt.% CeO rMgAl O2 2 4
Ž .sample; b MgAl O sample.2 4
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oxide is loaded on the magnesium–alumina
spinel catalyst. The activity of SO oxidative2

adsorption on the sample containing cerium is
hence improved.

4. Conclusions

Three different peaks of consuming hydrogen
in the CeO rMgAl O catalysts were deter-2 2 4

mined, which were respectively responsible for
the reduction of the three different oxygen
species—surface adsorbed oxygen, surface lat-
tice oxygen and the oxygen species correspond-
ing to the multilayer CeO crystalline on the2

surface of catalysts.
The properties of the surface oxygen species

were remarkably modified when rare oxide
CeO was supported on magnesium–alumina2

spinel catalyst. Three different roles of cerium
oxide were found: first, it increased the amount
of surface adsorbed oxygen; second, it reduced
the reduction temperature of surface lattice oxy-
gen and the third is that it promoted the recover-
ability of the surface adsorbed oxygen and lat-
tice oxygen species.

By means of the interaction and transforma-
tion between the gaseous oxygen, surface ad-
sorbed oxygen and surface lattice oxygen, sup-
ported cerium oxide can cause a reduction of
the activation energy of sulfur dioxide oxidative
adsorption on the catalyst and hence improved
the De–SO activity of magnesium–alumina2

spinel catalyst.
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