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Abstract

Four Al-promoted Pt/ SOi’ /Zr0,—Al,05 (denoted as PtSZA) catalysts were prepared through different approaches to introduce alu-
mina, including co-precipitation (CP), shaping (SH), suspension (SU) and mixing methods (MI). The effects of alumina incorporation
methods to zirconia on the structure, surface acidity, reduction of the sulfur species and catalytic performance of PtSZA catalysts were
studied. The results showed that PtSZA from SH introduction of alumina has better crystallization, better Pt promotion effect and higher
catalytic performance in n-hexane hydroisomerization compared to the samples from other alumina introductions. Aluminum introduc-
tion method is a crucial step to prepare a PtSZA catalyst for n-hexane isomerization.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Among solid acids, Sulfated zirconia (SZ) has attracted
intense attention for its super strong acidity and activities
in the catalysis of alkane isomerization at relatively mild
conditions [1]. For this reason a large number of research
works were focused on this catalyst and many reviews
are available [2-5]. Nevertheless, SZ showed rapid deacti-
vation during catalytic reactions. 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 [6]. However, rapid deactivation was still
observed [7-9] and the marked promoting effect disap-
peared if the reaction was performed at temperatures
higher than 250 °C [10,11].
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Platinum loading on sulfated zirconia (SZ) would only
significantly inhibit the formation of coke and thus
improve the stability [12]; however, Gao [10] once reported
that sulfated zirconia promoted by a little amount of alu-
mina by CP exhibited excellent catalyst activity and also
improved stability at high temperature higher than
250 °C for n-butane hydroisomarization. Since then, many
contributions on Al-promoted zirconia (SZA) have been
published [13-18], which confirmed that the introduction
of alumina by CP or SU or MI could improve SZA catalyst
activity and stability for alkane hydroisomerization. Plati-
num was also reported to be a good promoter to increase
acidity as well as dehydrogenation—hydrogenation ability
and therefore improve the activity for alkane isomerization
[19]. SZ catalysts are in powdered form and its mechanical
properties of pure extrudates are rather poor. To prepare
an industrial hydroisomerization catalyst with better
mechanical strength, incorporation of alumina and plati-
num to SZ to prepare Pt—Al-promoted SZ catalysts is
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necessary. However, catalytic performance of a PtSZA cat-
alyst by shaping Al,O; and Zr(OH), followed by sulfated
(a detailed preparation method is given in Section 2) was
not reported, and comparison of PtSZA catalyst perfor-
mances, prepared through different alumina introduction
methods were not systematically addressed yet.

In the present contribution, a PtSZA preparation
method by alumina SH introduction was reported, and to
compare the effect of alumina introduction methods on
PtSZA catalysts, several preparation methods were applied
for PtSZA catalyst preparation, including: co-precipita-
tion, shaping, suspension and mixing methods, the other
preparation parameters, such as pH value, drying and cal-
cination temperatures, platinum content and impregnation
conditions as well as Al,O5 contents, remain the same. The
effects of alumina incorporation methods to zirconia on the
structure, surface acidity, reduction of the sulfur species
and catalytic performance of PtSZA catalysts were studied.
We found that Al,O3 introduction methods have signifi-
cant effect on PtSZA catalysts for n-Cg hydroisomerization
and a PtSZA catalyst from alumina SH introduction has
higher catalytic performance than those from other alu-
mina introductions.

2. Experimental
2.1. Sample preparation

The four samples were prepared by different methods to
introduce Al,O; under the same preparation conditions,
including pH in precipitation step, drying and calcination
temperatures as well as Al,O3 and Pt contents and impreg-
nation conditions for the latter etc.

ZrOCl, - 8H,0 and Al(NO3); - 9H,0 were dissolved in
water. A 26% ammonia solution was dropwise added into
the above solution at a rate of 0.5 ml/min up to pH of 10.
The solution and precipitate was filtered after ageing at
338 K for 24 h. The obtained precipitate was washed with
distilled water until the disappearance of chloride ions
(AgNOs test), dried overnight at 383 K for 24 h and then
pulverized to particles below 290 pm. Sulfation procedure
was carried out by impregnation method with 0.5 M of
H,SO, solution (15 ml/g) under continuous stirring at room
temperature for 12 h. The sulfated Al(OH);—Zr(OH)4 was
filtered without washing then dried overnight at 383 K
and calcined at 873 K for 5h. Subsequently, the above
product was impregnated with H,PtClg solution using the
incipient wetness technique. At last, it was dried overnight

Table 1
Composition, tissue structure and surfur content of catalysts

at 383 K before the final calcination at 773 K for 3 h. The
sample was designated as CP15 by Al,Oj; introduction
method where the number denoted alumina weight percent.

Zr(OH)4 was obtained by adding ammonia solution and
then ALL,O; (y-Al,O3H,0, 400 mesh) and Zr(OH), were
shaped (or kneaded). Other procedures and related condi-
tions were the same as that for CP15 and the prepared sam-
ple in this method was designated as SH15 where the
number denoted alumina weight percent.

ALO;3 (y-ALLO3H,0, 400 mesh) in powder form was
mixed with ZrOCl, solution and then Al,O;—Zr(OH),
was obtained by adding ammonia solution. Other proce-
dures and related conditions were the same as that for
CP15; so the prepared sample was designated as SUI1S5
where the number denoted alumina weight percent.

SZ was first obtained and the SZ was shaped with Al,O3
(v-Al,O3H»0, 400 mesh). The obtained solid was impreg-
nated with H,PtClg solution and then calcined. Other
related preparation conditions were the same as that for
CP15. So prepared sample was designated asMI15 where
the number denoted alumina weight percent.

2.2. Characterization of catalysts

Compositions, textural properties and sulfur contents of
all the samples by above four methods to introduce Al,O3
were listed in Table 1. N, adsorption—desorption isotherms
were determined with a Mircomeritics ASAP 2010 instru-
ment. The total sulphur content of each sample was ana-
lyzed with a microcoulobmeter by the combustion
method. The powder X-ray diffraction patterns (XRD)
were recorded on a Rigaku D/Max 2550 X using Cu Ka
(1=0.154 nm) radiation in a operating mode of 40kV
and 30 mA. Data were collected from 20 = 20-80° in steps
of 0.02°/s in order to gain textural information about the
crystalline phase of catalysts. A pyridine adsorption-FTIR
spectroscopic technique on a Nicolet Magna-IR 550 spec-
trometer was also used for acidic property measurements.
The sample was pressed to a 15 mm plate and put in a
wafer. It was degassed in vacuum of 10~* Torr at 450 °C
for 2 h and lowered the temperature to 200 °C. Pyridine
was adsorbed for 10 min and took 30 min for equilibrium.
Then it was scanned after being vacuumed for 40 min.
Then raised the temperature to 300 °C and recorded after
10 min for equilibrium. Same procedures were performed
for 400 °C and 450 °C. The number of Bronsted and Lewis
acid sites was calculated according to the integral area of
the bands at 1540 cm ™ 'and 1450 cm ™!, respectively. TPR

Sample ALO3% (wt) Pt% (wt) BET surface area (m* g™") Total pore volume (cm® g™ Average pore diameter (nm) S% (wt)
CP15 15.0 0.5 139 0.13 4.0 3.23
SU1S 15.0 0.5 138 0.17 5.0 1.85
SHI15 15.0 0.5 124 0.15 6.2 2.21
MIIS 15.0 0.5 127 0.15 5.1 1.36
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experiments were performed in Auto Chem II (Micromer-
itics, USA). The heating rate was 10 °C/min from 50 to
900 °C using a gas containing 7% hydrogen in argon. The
hydrogen consumption was measured by a Shimadzu
GC-8A gas chromatograph, equipped with a thermal con-
ductivity detector.

2.3. Test of activity of the catalysts

The n-Hexane hydroisomerization reaction was carried
out in a flow-type fixed-bed reactor loaded with 1.0 g cata-
lyst. Prior to the reaction, the sample was pretreated with
flowing dry air (40 ml/min) at 450 °C for 3 h to remove
any water adsorbed on the catalyst sample. The system
was cooled to 250 °C and the catalyst was reduced in flow-
ing hydrogen for 3 h at 250 °C. Hydrogen and n-hexane
mixture was then introduced into the reactor and hydroiso-
merization tests. Products were monitored and analyzed
using an on-line GC-920 gas chromatograph with an FID
detector and a 50-m OV-101 capillary column.

3. Results and discussion
Effect of the reaction temperature on n-Cg isomerization

behaviors was examined, shown in Fig. 1. It is seen that the
SH15 has the best catalytic performance due to its highest
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Fig. 1. Effect of reaction temperature on n-Cg isomerization (catalyst
loading=1.0g; WHSV =20h""; Reaction pressure P =2.0MPa;
n-Cg:Hp = 1:3).

Table 2
Conversion and selectivity for n-hexane isomerization over the samples

conversion and selectivity in the reaction temperature rang-
ing from 190 °C to 260 °C. Catalytic activities of these four
samples were decreasing in the following order based upon
n-Cg conversion: SH15 > MI15 > CP15 > SU15. The selec-
tivity of i-Cg decreased only over SH15 catalyst above
230 °C because the cracking reaction took place over SHI15.

Isomerization product distributions for the catalysts
(time on stream = 480 min) were listed in Table 2. It is true
that SZ deactivated very fast in hexane hydroisomeriza-
tion, but it was also observed in our work that Pt- and
Al-promoted SZ catalysts possessed markedly improved
stability and activity compared to SZ. Table 2 listed the
results after 480 min of time on stream (TOS) of the four
catalysts where no deactivation appeared in this duration.
At the reaction conditions, the conversion kept almost
unchanged with stability of 100%, whilst the product distri-
bution had only small changes at increasing TOS. Isohex-
anes yield over the catalysts was decreasing in the
following order: SH15> MII15 > CP15 > SU1S5. In addi-
tion, yields of 2,2-DMB as a high octane rating isomeriza-
tion product are also the highest over SH15. Therefore, it is
concluded that Al,O5 introduction method has an impor-
tant impact on the catalytic performance of PtSZA and
the shaping method (SH) is preferred to be applied for cat-
alyst preparation due to its highest enhancement of cata-
Iytic activity and selectivity.

Textural properties, contents of alumina, platinum and
sulfur in the samples were summarized in Table 1. The sur-
face areas of these catalysts vary from 124 to 139 m?/g,
pore volumes are from 0.13 to 0.17 cm®/g and pore sizes
are from 4.0 to 6.2 nm. Additionally, different Al,O5 intro-
duction methods cause a great difference in sulfur contents
with the following order: CP15> SH15 > SU15 > MI15.

It has been commonly recognized that the crystalline
phase of the SZ catalysts plays a very important role in cat-
alytic activity and the tetragonal crystalline phase shows a
higher catalytic activity than that of monoclinic structure
for alkane isomerization [21,22]. XRD patterns of these
samples are shown in Fig. 2. The pattern of CP15 contains
only a broad and low intensity reflection at 30° that indicates
an amorphous structure. Olindo [20] reported that alumi-
num ions for coprecipitation method would retard the dehy-
dration upon drying and hamper the growth of the small
tetragonal crystallites of zirconia upon calcination. The sam-
ple SU1S5 is still amorphous, however, tetragonal zirconia

Sample i-C¢H 4 yield (%) 2i-CgH 4 (%) Selectivity (%)
3-MP 2-MP 2,3-DMB 2,2-DMB

SuU15 2.15 2.86 0.62 0 5.63 100

CPI15 2.36 3.06 0.79 0 6.21 100

SH15 14.91 23.19 6.58 3.66 48.34 100

MI15 9.85 12.44 2.54 0.81 25.64 100

Reaction conditions: catalyst loading = 1.0 g; WHSV =2.0h";
Reaction pressure P = 2.0 MPa; n-Cq:H, = 1:3;
Reaction temperaturte 7= 230 °C; time on stream ¢ = 480 min.
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Fig. 2. XRD patterns of the samples.

phase has been formed although its crystallite size is rather
small. Tt is clear that the tetragonal phase is a main com-
pound in MII15 solid. As for the SH15 sample, the solid
was well crystallized and only the tetragonal phase was
detected. Kim [17] suggested that addition of alumina
resulted in the formation of smaller crystallites of ZrO,
which stabilized the active tetragonal of ZrO,. As shown
in Fig. 2, tetragonal zirconia phase in SH15 by shaping
method to introduce alumina was best stabilized in our
experiment conditions.

Numbers of Lewis and Brensted acid sites were deter-
mined by related amounts of adsorbed pyridine on FTIR
spectroscopy under vacuum conditions at increasing tem-
peratures of 50, 100, 200, 300 and 400 °C, respectively.
Results were shown in Table 3. Unfortunately, the catalytic
activity was not well correlated with the strong acid sites or
total acidity according to Fig. 1 and Table 2. From pub-
lished papers, it was clear that the explanations of the pro-
motions of alumina were unanimous. Some researchers
tried to use the effect of sulfate to correlate with catalytic

Table 3
Acidity measurements by pyridine adsorption at different temperatures
Temperature °C  Acid amount/umol g~'  CP15 SUI5 SHI5 MII5
50 B acid 132 238 156 74
L acid 705 282 491 1104
Total acid 837 520 647 1178
100 B acid 127 190 136 54
L acid 235 84 120 402
Total acid 362 274 256 456
200 B acid 126 130 74 24
L acid 109 57 77 227
Total acid 235 187 151 251
300 B acid 40 86 47 13
L acid 8 13 16 82
Total acid 48 99 63 95
400 B acid 19 16 16 5
L acid 2 5 0 48
Total acid 21 21 16 53

performance of SZA and PtZSA catalysts. In studies on
the incorporation of Al,O3 to SZ, Moreno believed that
tetragonal zirconia and the sulfate densities (or coverage)
would play an essential role in catalyst activity, whilst
strong acidity was not a main condition [23]. Sun et al. con-
sidered that the catalytic activity of n-C,4 hydroisomeriza-
tion over SZA was correlated with sulfur content rather
than catalyst surface area, sulfated density or the total
number of Bronsted acid sites [24]. Our results also showed
that strong acidity was not a key factor for n-Cg hyrdroiso-
merization over PtSZA.

We think that catalytic activity depends on various fac-
tors including the presence of tetragonal crystal phase, alu-
mina introducing method, surface acidic properties and
active surface sulfur species etc, whilst the number of the
strong acid sites did not play the crucial factor. It was pos-
tulated that various alumina introduction methods would
give impact on the active sulfur species and thus modify
the catalytic activity. The more, the active surface sulfur
species, the more dramatic, the cracking reactions pre-
sented at increasing temperatures. It might be used to
explain why cracking was only observed over SH15 above
a temperature of 230 °C, as shown in Fig. 1.

H,-TPR technique was used to examine the effect of
Al,O5 introduction methods on the reduction properties
of PtSZA, shown in Fig. 3. According to the report by
other researchers [26-28], unpromoted SZ showed a fea-
ture, peaking at 616 °C, which was attributed to reduction
of the sulfate species, because no reduction of a pure zirco-
nia sample took place in that temperature region. The peak
maximum may lower to 516 °C for Pt.promoted SZ (Pt
loading is 0.75%) [28]. Compared to that of the PtSZ cata-
lyst, a stronger peak for SH15 sample which shifts towards
lower temperatures with a maximum at about 475 °C was
observed, showing an enhancement of sulfate reducibility
of the PtSZA due to aluminum modification From the
TPR profiles in Fig. 3, the peak temperature maximum is
raising in the following order: SHI5<MI15<CP15<
SU15, which is well correlated with the catalytic activity
of the samples.

SH15

MI15

CP15

SuU15

100 200 300 400 500 600 700 800 900
Tempt. (°C)

Fig. 3. H,-TPR profiles of the samples.
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For metal promoted SZ, the enhancement of sulfate
reduction was observed in the two cases. One case is tran-
sition metals promoted SZ [29], such as, Fe, Mn etc., and
gallium (Ga) promotion [30], another is Pt promoted SZ
[26-28]. Cao et al. [30] reported that Ga in Ga-promoted
SZ may lower the peak temperature on H,-TPR profile
that was attributed to reduction of sulfate species; the
incorporation of Ga also provides the red-ox properties
so that it significantly improves the catalyst performance
in n-hexane hydroisomerization. So a new bifunctional
catalysis mechanism initiated by oxidation followed by
acid catalysis was also proposed to explain the difference
in catalytic activity between SZ and Fe—Mn promoted
SZ. Davis [31] and Farcasiu [32] proposed that sulfated zir-
conia promoted by some transition metals as iron and
manganese showed high catalytic activity in the n-butane
isomerization owing to existing red-ox active metal sites
in the catalyst. Sachtler et al. [29] reported that the
enhancement of sulfate reduction is observed in H,-TPR
analysis for transition metals promoted SZ, such as, Fe,
and explained Fe promoted the dissociation of H, similar
to that of Pt in PtSZ. However, alumina has no such red-
ox ability, aluminum promotion must be different from
transition metals [33]. On the other side, Loften and
coworkers [28] reported that n-Cg hydroisomerization on
PtSZ still followed the classical bifunctional mechanism
by his kinetic studies, although platinum in PtSZ also
exhibited a shift of hydrogen consumption peak towards
lower temperature range in TPR patterns. Therefore, the
red-ox mechanism should also not be accepted to explain
the activity behaviors of the PtSZA catalysts prepared by
different alumina introduction methods in this study.

In our TPR results, an enhancement of sulfate reduction
by PtSZA compared to PtSZ was observed, so we can guess
different alumina introduction methods would give impact
on the effect of platinum and thus modify the catalyst per-
formance. Under the classical bifunctional mechanism,
the catalytic performance is enhanced by facilitating disso-
ciative chemisorption of hydrogen and promoting hydrogen
spillover from Pt in the catalyst and acidic properties of the
catalyst. The former was postulated to be the main factor,
because the TPR peaking orders shown in Fig. 3 were well
correlated with that of catalytic activities given in Fig. 1 and
Table 2. In the scope of different methods to introduce alu-
mina, the more significant impact to platinum seemed to be
dehydrogenation-hydrogenation step compared to that of
acidic properties. Of course, detailed survey of the effect
of alumina on platinum by different introduction to prepare
PtSZA catalysts should be addressed later on.

4. Conclusion

Four Al-promoted PtSZA catalysts were prepared
through different approaches to introduce alumina, the
PtSZA catalyst through alumina SH introduction has the
best catalytic performance. The alumina SH introduction
is preferred to promote the H, dissociation role of Pt in

the PtSZA and stabilize the tetragonal zirconia and thus
promote the catalytic performance. Aluminum introduc-
tion method is a crucial step to prepare a PtSZA catalyst
for n-hexane isomerization. Shaping (Kneading) method
would be the best option to introduce Al,O3 in the prepa-
ration of the PtSZA catalyst.
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