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a b s t r a c t

Lanthanum, cerium and ytterbium nitrates used as RE oxide precursors, RE2O3-promoted PSZA catalysts
for n-hexane hyroisomerization were prepared and RE2O3 promotion effects on catalytic activity and
catalytic stability were investigated by N2-adsorption, XRD, TG, FTIR, XPS and H2-TPR. It was elucidated
that the introduction of RE2O3 into Pt–SO4

2−/ZrO2–Al2O3 (PSZA) increased both the surface area and the
number of active sites, resulting in a higher n-hexane isomerization activity. At the same time the catalyst
-Hexane
ulfated zirconia
lumina
ulfate loss
atalytic stability

stability has also been markedly increased by alleviating the sulfur loss and by stabilizing ZrO2 tetragonal
crystalline structure. In addition, XPS for the spent catalysts showed during n-hexane hydroisomerization
reaction a relative small amount of S6+ species was reduced to S4+, and the amount of the most active
sulfate entities decided the overall amount of n-hexane transformed, their reduction being, perhaps,
retarded by the RE2O3 addition to PSZA. The promotion effects of RE oxides addition decreased in the
order: La2O3 > Yb2O3 > Ce2O3.
. Introduction

Crude oil contains about 10% light naphtha that is mainly
omposed of normal pentane (n-C5) and normal hexane (n-C6). Iso-
erization of n-C5 and n-C6 has been recognized to be one of the
ost economical units to boost up octane level especially for the

ower boiling end of gasoline. Owing to the environmental limita-
ions on olefins and aromatics, light isoalkanes are considered to be
ery “clean” gasoline compositions. Hexane in reforming feedstock
ainly converts to benzene by dehydrocyclization. Benzene is both

oxic and carcinogenic and therefore is limited to no more than 1%
n gasoline with the total aromatics capped at approximately 25%
rom this decade. Therefore n-hexane is nowadays preferably used
s isomerization feedstock to produce gasoline [1,2].

In the early years, liquid superacids such as SbF5/HF or
bF5/HSO3F were used as isomerization catalysts that operated at
ow temperatures up to 0 ◦C [3]. However, these liquid superacids

ere later abandoned, because they were corrosive and difficult to
e recovered and treated. Two types of solid catalysts were then be

ommercially used for naphtha isomerization. The first was plat-
num on chlorided alumina catalyst used in the Penex process that
rovided isomers with about 83 RON at lower temperature around
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140 ◦C for C5 feed. However it required the continuous addition
of chloride to maintain the acidity necessary for a high catalytic
activity. This acid environment requires careful drying of feed-
stock and causes corrosion as well as pollution problems in the
event of operational upset. Moreover, this kind of catalyst was very
sensitive to sulfur in the feedstock. The other was Pt/zeolite cata-
lysts used in the so-called Hysomer process that would not suffer
from above disadvantages, whilst requires operating temperatures
higher than 250 ◦C and thus produces gasoline with RON of only 78
as a consequence of the thermodynamic limitations [4]. In the last
two decades, anion modified metal oxides, like sulfated zirconia
(SZ), have attracted significant attention due to their high activ-
ities, their less sensitivity to the impurities and no corrosion or
pollution problems [5]. Nevertheless, it was usually observed that
SZ showed rapid deactivation [1,6,7]. Such deactivation occurs as
a consequence of: (1) coke deposition or formation of unsaturated
surface deposits [8] and (2) sulfur surface complex oxidation states’
reduction [9,10]. A number of transition metals promoters (e.g.
Fe, Mn, and Ni) have been added to SZ, resulting in catalysts with
higher activity than unmodified SZ [11]. However, rapid deactiva-
tion was still observed [12–14] and the marked promoting effect
disappeared if the reaction was performed at temperatures higher
than 250 ◦C [15,16].

Incorporation of alumina and platinum to SZ to prepare Pt–Al-

promoted SZ (PtSZA) catalysts is a key achievement for it to be
industrially applied in hexane hydroisomerization. Initially it was
concluded that loading of platinum on sulfated zirconia (SZ) to
form a PtSZ catalyst would only significantly inhibit the forma-
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http://www.sciencedirect.com/science/journal/09205861
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Table 1
Textural structure of catalysts.

Catalyst BET surface
area (m2/g)

Pore volume
(mL/g)

Average pore
diameter (nm)

PSZA 117.5 0.1764 6.24
PSZAC 129.1 0.1558 4.99
G.X. Yu et al. / Catalys

ion of coke and thus improve the stability [17]. Meanwhile, SZ
atalysts were in powdered form and the mechanical properties of
ure extrudates were very poor, therefore mixing with an alumina
inder was necessary to prepare an industrial hydroisomerization
atalyst like Pt/ZSA. It has been confirmed that the introduction
f a small amount of alumina could improve SZA catalyst activity
nd stability for alkane hydroisomerization [15,18–22]. Platinum
as also reported to be a good promoter to increase acidity as
ell as dehydrogenation–hydrogenlation ability and therefore Pt
ay improve the activity for alkane isomerization [23]. In the

resent work lanthanum, cerium and ytterbium nitrates were used
s RE oxide precursors with the purpose of enhancing the catalysts
tability. RE2O3-promoted PSZA catalysts were prepared and the
romotion effects on the activity and selectivity are reported using
-hexane hydroisomerization as a test reaction.

. Experimental

.1. Catalyst preparation

A solution with zirconium content of 0.4 mol/L was prepared
y dissolving ZrOCl2·8H2O in deionized water. A 26 wt.% ammo-
ia solution was dropwise added into that solution at a rate of
.5 mL/min up to pH of 10. The precipitate was filtered after being
ged for 24 h at 60 ◦C. The precipitate was washed with distilled
ater until the disappearance of chloride ions (AgNO3 test), dried

t 110 ◦C for 12 h. The obtained Zr(OH)4 sample was shaped with
oehmite (76.2 wt.% alumina; pore volume, 0.342 mL/g; surface
rea, 273 m2/g), and alumina content in the mixture is 5 wt.%. The
atter was dried at 110 ◦C and then pulverized to particles smaller
han 290 �m, and then the dry solid was separated into two por-
ions.

One portion was sulfated by impregnation method with
.5 mol/L of H2SO4 solution (15 mL/g) under continuous stirring at
oom temperature for 12 h. The sulfated boehmite-Zr(OH)4 was fil-
ered without washing then dried overnight at 110 ◦C, and then the
ry sulfated solid was calcined at 625 ◦C for 3 h. Subsequently, the
bove products were impregnated with H2PtCl6 solution for 24 h at
mbient temperature using the incipient wetness technique. It was
hen dried overnight at 110 ◦C before the final calcination at a fixed
emperature of 525 ◦C for 2 h. The platinum content was 0.5 wt.%.
he obtained Pt–SO4

2−/ZrO2–Al2O3 catalysts were designated as
SZA.

The other portion was impregnated with 1.5 mol/L of rare earth
itrate solutions using the incipient wetness technique at ambi-
nt temperature for 24 h. Zr/RE (molar ratio) is 100. Rare earth
itrates are lanthanum, cerium and ytterbium nitrates. The solids
ere dried, and then sulfur was loaded by mixing with 0.5 mol/L
2SO4 and 15 mL/g solid. For our catalyst preparation, the sulfating
rocess is the same for all catalysts. Finally they were dried and cal-
ined at 625 ◦C for 3 h. Subsequently, the SO4

2−/ZrO2–Al2O3–RE2O3
atalysts were impregnated with H2PtCl6 solution using the incip-
ent wetness method as described above. They were then dried
vernight at 110 ◦C before the final calcination at a fixed temper-
ture of 525 ◦C for 2 h. The platinum content was 0.5 wt.%. The
btained catalysts were respectively designated as PSZAC, PSZAL
nd PSZAY.

.2. Catalyst characterization

The surface areas and pore diameters of the catalysts were mea-

ured by N2 adsorption–desorption isotherms at −196 ◦C with a
ircomeritics ASAP 2010 instrument. Prior to analysis, each sam-

le was degassed at 200 ◦C for 6 h under 10−3 Torr. Specific surface
reas were calculated by BET method and the pore size distribution
PSZAL 135.2 0.1646 5.04
PSZAY 124.5 0.1568 5.22

patterns were obtained from the analysis of the desorption portion
of the isotherms using the BJH method.

The powder X-ray diffraction (XRD) patterns were recorded on
a Rigaku D/Max 2550 X using Cu K� (l = 0.154 nm) radiation in an
operating mode of 40 kV and 30 mA. Data were collected in a 2�
range between 20◦ and 70◦ in steps of 0.02◦/s.

Thermogravimetric analyses (TG) were performed on a SDT-
Q600 instrument (TA, USA) in flowing air with temperature ramp
set at 5 ◦C/min in the 25–1000 ◦C temperature range.

Fourier-transform infrared (FTIR) spectra of adsorbed pyridine
were recorded on a Bruker IES-88 spectrometer. The sample was
pressed to a 15 mm plate and put in a wafer. It was degassed in
vacuum of 10−4 Torr at 450 ◦C for 2 h and lowered the tempera-
ture to 200 ◦C. Pyridine was adsorbed for 10 min and took 30 min
for equilibrium. The adsorption system was vacuumed for 40 min.
Then the temperature was raised to 300 ◦C. Same procedures were
performed for 400 ◦C and 450 ◦C. The IR spectra were recorded
after 10 min for equilibrium at desired temperature. The number
of Brønsted and Lewis acid sites was calculated according to the
integral area of the bands at 1540 cm−1 and 1450 cm−1, respec-
tively.

H2-temperature programmed reduction (TPR) experiments
were performed in Auto Chem II (Micromeritics, USA). The heat-
ing rate was 10 ◦C/min from 50 ◦C to 900 ◦C using argon stream
containing 7 vol.% hydrogen. The hydrogen consumption was mea-
sured by a Shimadzu GC-8A gas chromatograph, equipped with a
thermal conductivity detector (TCD).

X-ray photoelectron spectroscopy (XPS) spectra were recorded
on a Kratos Axis Ultra DLD spectrometer equipped with AlK� X-ray
source (1486.6 eV).

2.3. Catalytic activity measurements

The n-hexane hydroisomerization reaction was carried out in
a flow-type fixed-bed reactor loaded with 1.0 g of catalyst. Prior
to the reaction, the catalyst sample was pre-treated with flowing
dry air (40 mL/min) at 450 ◦C for 3 h to remove water adsorbed
on the surface. The system was cooled to 250 ◦C and the catalyst
was reduced in flowing hydrogen for 3 h at 250 ◦C. Hydrogen and
n-hexane mixture was then introduced into the reactor and hydroi-
somerization evaluations were performed under a total pressure of
2.0 MPa at desired temperature with n-hexane weight hourly space
velocity (WHSV) of 1.0 h−1 and a hydrogen/n-hexane molar ratio
of 5. Product compositions were monitored and analyzed using
an on-line GC-920 temperature-programmed gas chromatograph
with FID detector and 50-m OV-101 capillary column.

3. Results and discussion

3.1. Textural structures

Textural data of these four catalysts were listed in Table 1.

The RE2O3-promoted catalysts developed a bigger surface area rel-
ative to PSZA, and BET surface area decreased in the order as:
PSZAL > PSZAY > PSZAC > PSZA. Changes in the surface area of these
catalysts are mainly observed at the calcination step for loading sul-
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Fig. 1. XRD patterns of the catalysts.

ur species in catalyst preparation, which is necessary to produce
uperacid structures; meanwhile it would lead to drastic surface
rea decrease [6,7]. These results from Table 1 demonstrated that
E2O3 addition probably alleviated the catalyst sintering to retain
igher surface area. In addition, decrease both in pore volume and
verage pore diameter after RE2O3 introduction was also observed,
robably resulting from the coverage of RE2O3 on the inner sur-
ace of the catalyst. The doping of RE2O3 preventing the sintering
f PSZA can only remain the surface area maximum as the same as
he undoped sample, but cannot increase the surface area. There-
ore, highly dispersed REO3 on the surface of the sample might be
esponsible for the increment of the surface area. Of course, the
nhancement of catalyst surface area would give favorable effect
n catalytic activity.

.2. XRD analysis

It has been generally realized that the crystalline phase of the
Z catalysts plays a very important role in catalytic activity and
irconia with tetragonal structure showing a higher catalytic activ-
ty than that of monoclinic ZrO2 in alkane isomerization [24,25].
RD patterns for crystalline structure characterization of PSZA and
E2O3-promoted PSZA catalysts were shown in Fig. 1. It was seen
hat these four catalysts had the peaks at 2� of 30◦, 35◦, 50◦, 60◦

nd 63◦ respectively, and the peaks were assigned to tetragonal
hases of zirconia which are active crystalline phases, whilst no
ny peaks corresponding to RE2O3 appeared. In other words, on
he catalyst surfaces, RE2O3 species have been well dispersed and
he crystalline phase structures of PSZA were kept unchanged after

odification by rare earth RE2O3.
.3. TG analysis

Thermal analysis results for PSZA and RE2O3-promoted PSZA
atalysts after calcination were presented in Fig. 2. The TG curves

able 2
cidity data of the catalysts from FTIR spectra of adsorbed pyridine.

Desorb. temperature (◦C) Acid amount (�mol/g) P

200
B-Acid 2
L-acid 6
Tot-acid 9

300
B-Acid 1
L-acid 3
Tot-acid 4

400
B-Acid
L-acid 1
Tot-acid 1
Fig. 2. TG curves of the catalysts.

of the four catalysts exhibited several weight loss stages. The first
weight loss stage between 100 ◦C and 200 ◦C, was resulted from
the removal of physically adsorbed water; the second weight loss
stage, ranging from 200 ◦C to 550 ◦C, was related to dehydroxyla-
tion step. In the third stage, the weight loss between 550 ◦C and
620 ◦C corresponded to zirconia crystallization procedure. In the
last stage in a temperature range between 620 ◦C and 1000 ◦C, the
weight loss was due to decomposition of sulfates [26,27]. The cor-
responding weight losses in the last stage were around 4.79 wt.% for
PSZA, around 6.19 wt.% for PSZAC, around 6.08 wt.% for PSZAL and
around 5.70 wt.% for PSZAY. These data showed that RE2O3 addi-
tion increased sulfates content of PSZA. From the above results and
BET data in Table 1, RE2O3 addition enhanced BET surface area of
PSZA; it was concluded that introduction of RE2O3 into the cata-
lyst resulted in a higher sulfates content that would alleviate the
catalyst sintering and higher catalyst surface area.

3.4. Surface acidity

FTIR characterization of pyridine adsorption was applied to
determine the numbers of Lewis and Brønsted acid sites between
200 ◦C and 400 ◦C on the PSZA and RE2O3-promoted PSZA catalysts.
Results were presented in Table 2, where three kinds of acid sites
with varying strengths were separated. The acid sites measured at
200 ◦C were assigned to weak acid sites, those at 300 ◦C were mod-
erately strong acid sites, whereas that at 400 ◦C were assigned to
superacid sites.

RE2O3 addition resulted in the increase of total acid sites. For
weak acid sites, the introduction of La2O3 and Ce2O3 into PSZA

only resulted in the increase of Brønsted acid sites, especially
La2O3; however, Yb2O3 addition increased both Brønsted and Lewis
acid sites. For moderately strong acid sites, the three RE2O3 addi-
tion led to the increase of both Brønsted and Lewis acid sites,

SZA PSZAC PSZAL PSZAY

8.3 33.4 46.1 56.8
5 60 62.3 96.6
3.3 93.4 108.4 153.4

5.4 24.5 42.3 35.1
1 34.8 51.1 38.7
6.4 59.3 93.4 73.8

4.2 8.6 17.7 17.7
4.4 14.1 28.6 18.9
8.6 22.7 46.3 36.6
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Fig. 3. H2-TPR profiles of the catalysts.

nd the increase deceased in the order: La2O3 > Yb2O3 > Ce2O3,
nd the increase of Brønsted acid sites was more obvious. For
uperacid sites, RE2O3 addition obviously increased Brønsted acid
ites, Yb2O3 and La2O3 promotion was more obvious; Yb2O3 and
a2O3 addition resulted in the increase of Lewis acid sites, how-
ver, a slight decrease was observed for Ce2O3 addition. From the
bove analysis of acid sites, the increment for Brønsted acid sites is
igher than that for Lewis acid sites; and the increment for mod-
rately strong and super Lewis acid sites decreases in the order:
a2O3 > Yb2O3 > Ce2O3.

.5. H2-TPR behaviour

TPR profiles of the PSZA and RE2O3-promoted PSZA catalysts
ere shown in Fig. 3. Only one peak appeared in these four traces.

t was ascribed to the reduction of sulfate ions [6]. In addition,
o peak was detected at temperature around 200 ◦C that usu-
lly corresponds to the reduction of Pt oxide to metallic state
6]. PtOx is rather easy to be reduced. The possible reason for
his is PtOx reduction was concurrently taken place with reduc-
ion of sulfate, because the TPR peak is rather wide ranging from
50 ◦C to 600 ◦C, PtOx reduction falls in this range. The differences
etween the H2-TPR profiles reflected the effect of RE2O3 intro-
uction on the reduction behaviors of the sulfates of the samples. It
as given from Fig. 3 that the reduction temperature was 490.8 ◦C

or PSZA, 478.8 ◦C for PSZAC, 458.3 ◦C for PSZAL and 457.7 ◦C for
SZAY. Therefore, RE2O3-promoted PSZA catalysts had lower H2-
PR reduction temperature, which indicated the positive effect of
E2O3 to reduction behaviors.

.6. Catalytic activity test

The n-hexane hydroisomerization reactions were performed
ver PSZA and RE2O3-promoted PSZA catalysts at the tempera-
ure ranging from 170 ◦C to 250 ◦C. The conversion and iso-hexane
ields were given in Fig. 4. RE is lanthanum, cerium and ytterbium
n our work. The n-hexane overall conversion, shown in Fig. 4(a),
nhanced with increasing reaction temperature, being higher for
E2O3-promoted PSZA catalysts than that for PSZA, and the conver-
ion was decreasing in the order as: PSZAL > PSZAY > PSZAC > PSZA.
he difference was more marked at a reaction temperature lower
han 220 ◦C. The iso-hexane yield decreasing under a temperature
ower than 220 ◦C in the order as: PSZAL > PSZAY > PSZAC > PSZA,

hown in Fig. 4(b). Above 200 ◦C, the iso-hexane yields over
E2O3-promoted PSZA catalysts decreased due to cracking. How-
ver, the La2O3 promoted catalyst showed the highest iso-hexane
ield at 220 ◦C. These results showed that introduction of RE2O3
Fig. 4. Effect of reaction temperature on n-hexane hydroisomerization over two
catalysts (catalyst loading = 1.0 g; WHSV = 1.0 h−1; 2.0 MPa; H2:n-C6 = 5:1).

would enhance the n-hexane hydroisomerization activity; the
promotion on the catalytic activity decreased in the order as:
La2O3 > Yb2O3 > Ce2O3.

It has been reported that an abundance of surface sulfate species
resulted in an increase in surface active sites on the same series of
catalysts [16]. Together with TG measurements, it was clear that
the introduction of RE2O3 into PSZA led to higher sulfates content
on the catalysts. It would increase the active sites and thus enhance
the catalyst activity as shown in Fig. 4. Moreover, moderately strong
and super Lewis acid sites in SZ catalysts would play important roles
in catalytic hydroisomerization activity.

The differences in the sulfate reduction ability between the sam-
ples, however, might not result from platinum behaviours itself,
because PSZA was promoted by different RE2O3, whereas the other
catalyst preparation procedures are the same. It is supposed that
the lower the peak temperature of reduction of surface sulfates on
the catalysts is, the more active the sulfates would be, and which
would lead to more active sites as shown in Fig. 3 and Table 2.
Therefore it was postulated that the differences would come from
the surface property differences of the samples after RE2O3 promo-
tion, especially their surface acid properties. In H2-TPR tests, there
were possibilities that the stronger the sample surface acid, the
stronger its ability to obtain electron and thus the easier, its sulfate
reduction by Pt action.

3.7. Catalytic stability of catalysts
To examine the effect of RE2O3 on catalyst life, these four cata-
lysts were tested in n-hexane hydroisomerization in a microreactor
system for 72 h on stream. A hydrogen to hexane molar ratio of
10 was used to provide a more pronounced hydrogenation con-
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Table 3
Sulfates content in catalysts from TG analysis.

Catalyst Sulfates in fresh
catalyst (wt.%)

Sulfates in spent
catalyst (wt.%)

Sulfates lossa after
72 h reaction (%)

PSZA 4.79 3.84 19.83
PSZAC 6.19 5.51 10.98
PSZAL 6.08 5.77 5.10
PSZAY 5.70 5.37 5.79
Fig. 5. Time on stream curves of catalysts.

ition in order to study the sulfates reduction loss. Results were
hown in Fig. 5 (catalyst loading = 1.0 g; WHSV = 1.0 h−1; 2.0 MPa;
2:n-C6 = 10:1), where only overall conversion was given, because

he selectivity for iso-hexanes remained 100% during the reac-
ion of 72 h. It was seen that the conversion over PSZA rapidly
ropped from 77.75% at the initial stage to 71.43% after 72 h. Whilst
or PSZAL, the conversion was slightly decreased from 79.20% to
9.03%; for PSZAY, the conversion was decreased from 78.25% to
7.14%; and for PSZAC, the conversion was decreased from 78.0%
o 73.29%. These results indicated that the introduction of RE2O3 to
SZA to prepare PSZAY catalysts would enhance the stability of the
atalyst in the hydroisomerization reaction, and the promotion for
he stability under the hydrogenation condition decreased in the
rder: La2O3 > Yb2O3 > Ce2O3.

.8. TG analysis of spent catalysts

TG curves for these spent catalysts after 72 h on stream in the
icroreactor system were given in Fig. 6, where each weight loss

elow 620 ◦C was attributed to elimination of adsorbed water and
xidation of deposited coke, whist that above 620 ◦C was attributed
o the decomposition of sulfate species. The corresponding weight

osses in the temperature from 620 ◦C to 1000 ◦C were respectively
.84 wt.% for PSZA, 5.51 wt.% for PSZAC, 5.77 wt.% for PSZAL and
.37 wt.% for PSZAY. Table 3 shows the data obtained together with
G analysis of the fresh catalysts. These data indicated that sulfate

Fig. 6. TG curves of spent catalysts.
a Sulfates loss = (sulfates in fresh catalyst − sulfates in spent catalyst)/sulfates in
fresh catalyst.

loss after 72 h on stream was 19.83% for PSZA, 10.98% for PSZAC,
5.10% for PSZAL and 5.79% for PSZAY, and the promotion on the sul-
fates stability decreased in the order: La2O3 > Yb2O3 > Ce2O3. These
results demonstrated that RE2O3 addition to PSZA alleviated the
loss of sulfate species and thus improved the hydroisomerization
stability of the catalysts.

3.9. Crystalline structures of the spent catalysts

When the sulfate ions were incorporated into Zr(OH)4, they
must link hydroxyl ions. Therefore, in the calcination step, con-
densation among hydroxyl ions was hindered and thus catalyst
sintering was alleviated. Moreover, crystallization of ZrO2 was also
retarded by their strong effect to attract electrons [6]. As has been
described above, the sulfates loss at some extent was observed on
the spent catalysts. It must affect crystalline structures.

As shown in Fig. 7, the XRD patterns of the spent PSZA catalyst
(designated as s-PSZA) appeared a sharp peak at 2� = 28◦ that was
attributed to ZrO2 monoclinic phase, demonstrating the decrease in
tetragonal structure; and the XRD patterns of the spent PSZAC cat-
alyst (designated as s-PSZAC) appeared a very low peak at 2� = 28◦

that was attributed to ZrO2 monoclinic phase; and a lower peak at
2� = 28◦ which almost was neglected, appeared for the XRD patterns
of the spent PSZAY catalyst (designated as s-PSZAY). On the other
hand, this peak was not observed in the XRD pattern of the spent
PSZAL (designated as s-PSZAL). Compared to the changes in the
sulfate loss and stability behaviors of PSZA and RE2O3-promoted
PSZA catalysts, the introduction of RE2O3 had favorable effect on the
sulfates retention, resulting in more stable active crystalline struc-
tures, and thus higher stability in the hydroisomerization reactions;
and among the three RE2O3, La2O3 has the best promotion effect.

3.10. XPS analysis of sulfates on the spent catalysts

One very important reason of SZ catalysts deactivation was
attributed to a loss of sulfates [28,29]. Sulfate was the only major
component in the S 2p spectrum. S 2p binding energy (BE) spec-
tra of the four spent catalysts were shown in Fig. 8. BE ∼ 162 eV
was assigned to S2−, BE ∼ 167 eV assigned to S4+, and BE ∼ 169.5 eV
assigned to S6+ [30]. In Fig. 8, the S 2p BE peaks of the spent cat-
alysts are wide, and the peak at the half width is marked, and the
value for the spent catalysts are respectively 167.93 eV for s-PSZA,
167.53 eV for s-PSZAC, 168.15 eV for s-PSZAL and 167.63 eV for s-
PSZAY, which indicated that the peak values at the half width were
in the range of S6+ species (BE 167–169.5 eV). It was seen from Fig. 8
that the appearance of S2− could be close to the noise limit; and S4+

species (BE ∼ 167 eV) was detected by XPS in the S 2p region of the
four spent catalysts; and S6+ species (BE 167–169.5 eV) among the
sulfates on the four spent catalysts was still most major.

The reduction product of the sulfates would be SO2, and
partly escape from the catalyst surface [31]. XPS showed almost

unchanged sulfate peaks, and it suggests the loss of S6+ sulfate be
the relative small. If it is accepted that not all SO4 groups were active
in isomerization [32], it can be obvious that the few, highly active
sulfate groups were most affected by this reduction. Thus, in spite
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Fig. 7. XRD patterns of the fre
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Fig. 8. S 2p binding energy of the spent catalysts.

f the minor loss of S, the crucial sites must have suffered most.
his sulfur loss may be the reason why a subsequent sulfidation of
he deactivated sulfated zirconia restored its activity [33]. Hence,
he amount of the most active sulfate entities decided the overall
mount of n-hexane transformed, their reduction being, perhaps,
etarded by the RE2O3 addition to PSZA.
. Conclusions

The introduction of RE2O3 enhanced the n-hexane hydroisomer-
zation activity, the promotion on the catalytic activity decreased
sh and spent catalysts.

in the order as: La2O3 > Yb2O3 > Ce2O3. RE2O3 species have been
well dispersed and the crystalline phase structures of PSZA were
kept unchanged after modification by rare earth RE2O3. The intro-
duction of RE2O3 into the catalyst resulted in a higher sulfates
content that would alleviate the catalyst sintering and obtain higher
catalyst surface area. From analysis of acid sites for PSZA and RE2O3-
promoted PSZA catalysts, the increment for Brønsted acid sites was
higher than that for Lewis acid sites; and the increment for mod-
erately strong and super Lewis acid sites decreased in the order:
La2O3 > Yb2O3 > Ce2O3. RE2O3-promoted PSZA catalysts had lower
H2-TPR reduction temperature.

The catalytic stability experimental results indicated that the
introduction of RE2O3 to PSZA to prepare PSZAY catalysts would
enhance the stability of the catalyst in the hydroisomerization reac-
tion, and the promotion for the stability under the hydrogenation
condition decreased in the order: La2O3 > Yb2O3 > Ce2O3.

The characterization of the spent PSZA and RE2O3-promoted
PSZA catalysts showed: RE2O3 addition to PSZA alleviated the loss
of sulfate species, resulting in more stable active crystalline struc-
tures, and thus improved the hydroisomerization stability of the
catalysts; and La2O3 promotion effects were the highest among
the three rare earth oxides. In addition, XPS characterization for the
spent catalysts showed during n-hexane hydroisomerization reac-
tion a relative small amount of S6+ species was reduced to S4+, and
the amount of the most active sulfate entities decided the overall
amount of n-hexane transformed, their reduction being, perhaps,
retarded by the RE2O3 addition to PSZA.
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