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Abstract Skeletal isomerization of n-pentane in the

presence of hydrogen has been studied over Pt-promoted

H3PW12O40 (TPA)/MCM-41 bifunctional catalyst. A series

of solid acid catalysts with different loading amount of TPA

and Pt were prepared and characterized by XRD, FT-IR and

XPS. The optimal catalytic activity of Pt-TPA/MCM-41

was observed with 2% Pt and 30% TPA. According to the

cracked products distribution, this is typical of a mono-

molecular bifunctional metal-acid mechanism. Further,

catalysts with different combination of noble metals (Pt, Pd

and Ru), heteropoly acids (HPAs) (TPA, tungstosilicic acid

(TSA), and molybdophosphoric acid (MPA)) and supports

(MCM-41, SBA-1 and SiO2) were also synthesized and

their catalytic performances were compared.

Keywords Skeletal isomerization � n-Pentane �
Tungstophosphoric acid � MCM-41

1 Introduction

Skeletal isomerization of n-pentane and n-hexane which

are the main components of the light straight run (LSR)

gasoline fraction to mono- or di-branched molecule is an

important catalytic process in the petroleum industry, since

the branched alkanes increase the octane number of the

gasoline pool. In this way the research octane number

(RON) of the LSR increases from *64 to *80 [1]. Cur-

rently, the commercial catalysts used for carrying out this

isomerization reaction are chlorinated alumina containing

Pt and Pt/H-mordenite. Although the former has a low

reaction temperature of 423 K it is sensitive to water and

sulfur even in concentrations as low as 10 ppm and also

leads to environmental problems due to the utilization of

halogen. On the other hand, the latter on which the acid

strength is weaker than that of chlorinated alumina was

carried out at a significantly higher temperature of 523 K

with the corresponding 2-point RON penalty [2].

In the past few years, solid acid materials, such as sul-

fated zirconia [2–4], tungstated zirconia [5–7] and HPAs-

based materials [8–10], exhibiting higher acid strength than

that of conventional inorganic liquid acid and zeolites, were

applied to the skeletal isomerization of light alkanes. Among

them, systems based on HPAs are the most promising.

HPAs and their salts have strong acidity and can activate

alkanes via the formation of carbocations. In this family

TPA is the strongest acid and more often used for various

acid-catalyzed reactions such as alkylation, esterification

and acylation, as summarized in review article [11]. How-

ever, a significant drawback of the bulk TPA system is the

low surface area that is usually less than 10 m2/g. Though

the TPA salts are widely investigated for the isomerization

of n-alkanes [12–16], the supported systems especially the

mesoporous materials used as supports are studied inade-

quately. Recently, Miyaji et al. [8] demonstrated that a

bifunctional heteropoly catalyst, Pd-TSA/SiO2, was highly

active and selective for skeletal isomerization of n-pentane.

Later on, the same research group investigated the isomer-

ization of n-heptane over the same type catalyst [9]. At the
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same time, Ivanov et al. [10] reported that Pt-promoted

Keggin and Dawson TPA supported on zirconia.

Since the discovery of mesoporous silica molecular

sieves with pore diameters in the 2.0–10.0 nm range of

M41S family by Mobil [17], many mesoporous solids with

controlled pore size and morphology have been synthe-

sized. Among this family, MCM-41 is the most widely

used mesoporous materials, its surface area ([1,000 m2/g),

thermal stability (ca. 1173 K), and pore size (1.5–8 nm)

[17, 18]. So far, lots of articles have reported the MCM-41

based catalysts. HPAs supported on MCM-41 have also

been tested for many reactions. However, to our knowl-

edge, the reports published on TPA supported over MCM-

41 used for n-alkanes skeletal isomerization were inade-

quate [19, 20]. In the present study, we have investigated

pure siliceous MCM-41 loaded with various amount of

TPA and Pt for isomerization of n-pentane. The reaction

activities of catalysts with different combination of noble

metals, HPAs and supports were also compared.

2 Experimental

Pure siliceous MCM-41 and SBA-1 were synthesized

according to the method reported by Qian et al. [21] and Ji

et al. [22], respectively. Pt-free catalysts were prepared

from an aqueous solution of TPA and support by wet

impregnation. Support in powder was dispersed in the TPA

solution under vigorous stirring at room temperature for

70 min. After the solvent was removed with water bath the

solid was dried in air overnight at 373 K. The process was

followed by calcination in air at 573 K for 5 h. Pt-con-

taining catalysts were prepared with the same procedure as

above except that before impregnation the chloroplatinic

acid solution was firstly mixed with the TPA solution.

Here, the mass percentage of Pt and TPA were calculated

as follows:

Weight percent of Pt ¼ massof Pt=
�
mass of TPA

þmass of support
�

Weight percent of TPA ¼ mass of TPA=
�
mass of TPA

þmass of support
�

The X-ray diffraction spectra measurements were

performed on a Philips Xpert MPD instrument using Cu

Ka radiation in the scanning angle range of 10–90� at a

scanning rate of 4�/min at 40 mA and 50 kV. FT-IR

spectroscopy was carried out on a Bruker IFS 120 FT-IR

spectrometer using ca. 0.5 mm KBr pellets containing 2.5%

sample. X-ray photoelectron spectroscopy was carried out

using a VG ESCALAB 210 electron spectrometer with

Mg Ka radiation.

The catalytic reaction of n-pentane isomerization was

performed in a fixed-bed continuous flow quartz reactor

(i.d. 8 mm) at atmospheric pressure. The catalysts were

pelletized and sized to 20–60 mesh. Approximately 0.5 g

of the catalyst was loaded into the reactor and pretreated in

dried hydrogen at 473 K for 90 min. Then the hydrogen

was replaced by the reaction mixture and the skeletal

isomerization reaction was carried out at 473 K on a time

stream of 120 min. The reaction feed was a mixture of

n-pentane, hydrogen and nitrogen with the flow rates of

0.62, 2 and 10 mL/min, respectively. The reaction mixture

flowed through the catalyst bed at an n-pentane weight

hourly space velocity (WHSV) of 0.24 h-1. The reaction

products were analyzed on-line with a GC 7890 gas

chromatograph equipped with an Al2O3/KCl plot capillary

column (30 m 9 0.32 mm) and a flame ionization

detector.

3 Results and Discussion

XRD investigation can give us direct information about the

form of the tested samples. Figure 1 illustrates the small-

angle XRD patterns of the mesoporous support materials.

After removal of the template, MCM-41 retains the long-

range hexagonal order and exhibits three distinct diffrac-

tion peaks that can be indexed as (100), (110) and (200)

[23]. According to the wide angle XRD patterns in Fig. 2,

the reflection patterns of TPA corresponding to different

loading amount of TPA on MCM-41 are weak and not to

be observed when the TPA loading amount is less than

35%. Nevertheless, the XRD pattern of TPA with 35%

content of TPA on MCM-41 exhibits apparent strong

characteristic bulk TPA diffraction peaks at 2(h) = 10.3

and 25.4 [24]. Because the XRD pattern is related to

whether a separate detectable crystal phase exists or not,
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Fig. 1 XRD patterns of MCM-41 and SBA-1
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the above XRD data illustrate that the impregnated TPA

species is finely dispersed on the surfaces of MCM-41

substrate at the TPA loading amount as high as 30%. If the

loading amount is further increased, part of the impreg-

nated TPA will aggregate into a separate crystal phase. The

XRD pattern of another mesoporous molecular sieve of

SBA-1 which is also shown in Fig. 1 demonstrates three

sharp XRD diffraction peaks in the region of 2h = 1.5–38,
which are indexed to the (200), (210) and (211) diffraction

peaks, respectively [25].

The form and microcosmic chemical environment

therein of the detected species are more related to a

framework of FT-IR spectrum resulting from bond vibra-

tions than to the phase in which the detected molecule or

material exists. FT-IR is thus a suitable method for the

structural characterization of polyanions. In order to

determine the state of the TPA species impregnated on

MCM-41 substrate, the framework of FT-IR spectra of the

samples were further investigated (see Fig. 3). From the

FT-IR spectrum of MCM-41, a broad band around

3425 cm-1 assigned to OH stretching vibration of MCM-

41, which could be associated to Si–OH and water vibra-

tion, appeared. Despite that, another broad band around

1300–1000 cm-1 of MCM-41 is assigned to asymmetric

stretching mode of Si–O–Si. The band at 801 cm-1 and

966 cm-1 are due to the symmetric stretching vibration of

rocking mode of Si–O–Si bond and the presence of Si–OH

symmetric stretching vibration, respectively. There are four

main absorption peaks, which were observed at 1082 cm-1

(a) band for P–O, 983 cm-1 (b) band for W = O and both

895 cm-1 (v) and 810 cm-1 (d) bands for W–O–W [26]

ascribing to asymmetric bond stretching vibration, assigned

for pure bulk TPA. Form the FT-IR spectrum of MCM-41, it

is clearly that there are no peak present around 900 cm-1.

However, a weak band at *900 cm-1 appears even for the

lowest loading amount of 20% TPA. This band is enhanced

with the increase of TPA loading amount and the same

development trend occurred to the band at 801 cm-1.

Nevertheless, the absorption peaks of the catalyst samples

with different loading amount of TPA at bands 1082 and

983 cm-1 have no obvious distinction compared with each

other and those of MCM-41 owing to the overlapping of

TPA bands with that of MCM-41. However, as shown in

Fig. 2, there are no obvious XRD patterns present for the

catalysts with TPA loading amount less than 35%, indi-

cating that these impregnated TPA species exist in a

discrete state with Keggin structure. These TPA species in

such state became a separate phase when the loading

amount was increased to 35%. Therefore, the main TPA

diffraction peaks were detected.

The information about surface chemical composition

and element oxidation states of materials can be obtained

from XPS measurement. The surface chemical oxidation

states of Pt in 2% Pt-30% TPA/MCM-41, which was

reduced in 30 mL/min hydrogen flow at 473 K for 90 min,

were determined by XPS. Figure 4 shows the regional Pt4f

spectra. The Pt4f spectrum obtained directly from XPS

shows a doublet energy band, a low-energy band at

73.2 eV and a high-energy band at 75.2 eV. To identify

different oxidation states of Pt, the spectrum was de-con-

voluted into two pairs of peaks at 71.1 and 74.4 eV and at

72.2 and 75.8 eV [27], respectively. These two pairs of

peaks indicates that Pt(IV) in platinum precursor was

reduced into two different oxidation states, Pt(0) and Pt(II).

It demonstrates that Pt can not be completely reduced to

zero valence under the reduction conditions. As we all

know, usually improving the reduction temperature or

prolonging the reduction time or increasing the reduction
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Fig. 2 XRD patterns of bulk TPA and 2% Pt/MCM-41 with different

loading amount of TPA
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with different loading amount of TPA
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gas velocity are all avail for the depth reduction of metals.

In order to verify whether further reduction is good for the

catalytic performance or not the above measures were

taken, respectively, and their effects on the catalytic

activities are illustrated in Fig. 5. It can be seen from

Fig. 5a and b that improving the reduction temperature

from 473 K to 523 K and increasing the reduction time

from 90 to 120 min both apparently decreased the con-

version of n-pentane while the selectivity remained nearly

the same. Figure 5c demonstrates the effect of reduction

gas velocity on the conversion and selectivity. Obviously,

the catalyst reduced by 30 mL/min of reduction gas

velocity presented more stable activity and higher selec-

tivity. Based on the experimental results no measure of the

above description could enhance the catalytic performance.

It is suggested that depth reduction of Pt is disadvantageous

for the isomerization of n-pentane. Nevertheless, it can’t

be exclude that, during the depth reduction the protonic

density of the catalyst may be damaged.

The n-pentane isomerization over Pt/MCM-41, TPA/

MCM-41 and Pt-TPA/MCM-41 were compared (see

Fig. 6). The Pt-free TPA/MCM-41 and the TPA-free Pt/

MCM-41 catalysts both exhibited very low activities less

than 10% conversion. It was different from the results

reported in [19, 20], in which the conversions of n-butane

and n-hexane on TPA/MCM-41 were ca. 30% and ca. 65%,

respectively. Nevertheless, the TPA loading were very high

(ca. 75%) and the isomerization reactions were performed

under high pressures according to their application exam-

ples. When Pt and TPA were together added forming the

Pt-TPA/MCM-41 catalyst the conversion was significantly

enhanced and nearly attained to 60%. The comparison

results demonstrated that the higher activity of the catalyst

originated from the synergistic effect of Pt and TPA. Pt

activates alkanes to form the corresponding olefins, which

is ready to transform to carbenium ion intermediates [28].

In the absence of Pt it is required that acid attacks directly

the alkanes to form carbenium ion intermediates and much

stronger acid strength is necessary. TPA is a solid super-

acid, but when it was supported onto the SiO2 the acid

strength decreased [8]. So we inferred that the same thing

also occurred to MCM-41. When 25% TPA was impreg-

nated onto MCM-41, the acid strength was weak and the

only TPA on MCM-41 couldn’t directly and efficiently

transform n-pentane to carbenium ion intermediates.
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Fig. 4 Regional XPS spectra of Pt4f in 2% Pt-30% TPA/MCM-41

after reduction in hydrogen flow
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Consequently, a low catalytic activity was observed.

However, as soon as the synergistic effect formed, i.e. Pt

and TPA were together impregnated onto MCM-41, Pt was

responsible for the formation of olefin and then the olefin

on acid site isomerized. Finally a high catalytic activity

was obtained.

The effect of TPA loading amount on the catalytic

performance of Pt-TPA/MCM-41 is shown in Fig. 7. It is

clearly that the conversions of the catalysts firstly increased

with the increasing of loading amount of TPA and then

decreased. A maximum conversion was obtained at 30%

TPA content. This change trend is similar to that of Miyaji

et al. [8, 9] reported, in which when the Pd content was

constant the isomerization activities of Pd-TSA/SiO2 also

reached a maximum value with 20% TSA loading. The

maximum activities corresponded to different HPAs load-

ings may be due to the higher surface area of MCM-41 than

that of SiO2. As this reaction can be classified as a surface

reaction, the activity should be related to the amount of

active acid sites on the surface. XRD patterns demonstrated

that when the TPA loading amount is below 35% no

characteristic diffraction peaks corresponding to TPA were

observed. It is suggested that in the range of 0–30% loading

TPA were well dispersed on MCM-41. Correspondingly,

increasing the loading amount of TPA should enhance the

amount of surface protons and further strengthen the ability

of skeletal isomerization of the catalyst. Although we

cannot exclude the enchanced catalytic activity arising

from the interaction between surface silanol and anion of

TPA which may produce stronger acidity sites for the

reaction, we have no direct evidence of it. Further increase

TPA loading amount leading to a decrease in conversion is

probably due to the poor dispersion of TPA on MCM-41.

The role of Pt played during the course of skeletal

isomerization was analyzed before. In this section the

effect of Pt content on the skeletal isomerization will be

introduced. Figure 8 indicates the activity and selectivity

curves of catalysts with different Pt loading amount. The

catalyst with 1% Pt exhibited the lowest conversion and the

conversion attained to the saturation at 2% Pt. Further

increase the content of Pt, no obvious change of conversion

was observed. According to the analysis of the above, we

know that Pt and TPA in the catalyst had a synergistic

effect. So it can be inferred that the combination of 2% Pt

and 30% TPA owned the optimal synergistic effect. Further

increase the Pt content may improve the dehydrogenation

ability of the catalyst, however no suitable active acid sites

match the subsequent olefin isomerization step. From

Fig. 8 we also found that the lowest conversion of catalyst

demonstrated the highest selectivity consistent with the

TPA addition. This result suggested that Pt probably also

played some role in the cracking procedure.

The products distribution of the reaction with 2% Pt-30%

TPA/MCM-41 at 473 K at the time point of 60 min are listed
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in Table 1. Iso-pentane is the principal reaction product and

the by-products are methane, ethane, propane, isobutene,

n-butane and hexanes. Usually the side reactions of isomer-

ization of n-pentane are disproportion and hydrogenolysis

[12]. The disproportion is a reaction of alkylation-cracking

via b-scission of dimer intermediates (C10) on acid sites and

produces mainly C3 + C7 and C4 + C6. However, C6 and C7

are more reactive and easily transformed to smaller frag-

ments. Hydrogenolysis can convert C5 to C1 + C4 and

C2 + C3. Catalyst and reaction conditions are the principal

factors to influence the side reaction type. The formation

of C6 over 2% Pt-30% TPA/MCM-41 suggested that the

disproportion reaction occurred during the isomerization.

From the former section, we knew that the selectivity of

iso-pentane changed along with the Pt loading amount. So it

can be inferred that some cracked products such as methane

and ethane may form via hydrogenolysis of n-pentane on Pt

sites. Nevertheless, the acidic properties, particularly the acid

strength, are still considered to be a critical factor deter-

mining the selectivity.

From the above analysis it is clear that MCM-41sup-

ported Pt-TPA metal-acid bifunctional catalyst exhibited

high skeletal isomerization activity and selectivity. In view

of this, it is useful to further investigate the catalytic

activity and selectivity of catalyst with different combi-

nation of noble metals, HPAs and supports. Besides TPA,

TSA and MPA are another two most widely used HPAs.

The influences of different HPAs on skeletal isomerization

of n-pentane were compared in Fig. 9a. The sequence of

isomerization catalytic activity is in good agreement with

the acid strength order of TPA [ TSA [[ MPA. How-

ever, TSA exhibited the best selectivity and the selectivity

of MPA as its conversion is the lowest. Although the use of

TSA can improve the selectivity, its conversion is some-

what low. Because the selectivity of TPA and TSA based

catalysts are close, comprehensive considering the catalytic

performance, the choosing of TPA as the acid component is

better. Noble metal with TPA on MCM-41 were synthe-

sized and performed in skeletal isomerization reaction of

n-pentane. From Fig. 9b, it can be seen that Pd promoted

catalyst showed the best isomerization activity and selec-

tivity. Obviously, Pd is the best metal active component.

The sequence of the conversion of catalysts with different

noble metals is Pd [ Pt � Ru. The skeletal isomerization

of n-pentane with Pt promoted TPA on different supports

of MCM-41, SBA-1 and SiO2 were carried out (see

Fig. 9c). Although SBA-1 based catalyst exhibited the

highest activity, SiO2 based catalyst demonstrated the

highest selectivity. The selectivity of MCM-41 and SBA-1

Table 1 Product distribution of n-pentane skeletal isomerization

over different catalysts at 473 K

Catalysts Conversion (%) Selectivity (%)

C1-C3 i-C4 n-C4 i-C5 C6

2% Pt-30%

TPA/MCM-41

57.6 1.9 0.9 0.8 95.6 0.7
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based catalysts are not obvious difference. As we all know,

the specific surface area of SiO2 is the lowest, so we

inferred that less TPA was impregnated onto the surface of

SiO2 and of course the SiO2 based catalyst had the weakest

acid strength. As a result, the SiO2 based catalyst had the

lowest conversion and the highest selectivity. The differ-

ence of the catalytic activity of MCM-41 and SBA-1 based

catalysts were considered to originate from the distinction

of their pores and cages. Of course, this view of point need

more experiment results to support and the related work is

being done in our laboratory.

4 Conclusion

We have shown that Pt promoted TPA supported on MCM-

41 is active solid acid catalyst for skeletal isomerization of

n-pentane. For such reaction, the optimal loading amount

of TPA and Pt were found to be 30% and 2%, respectively.

XRD patterns showed that with the increasing of TPA

loading more than 30% separate TPA crystal phase formed.

However, no obvious TPA diffraction peaks were observed

below 35% TPA content. Nevertheless, we still found that

Keggin structure TPA present on MCM-41 when the TPA

loading amount was less than 35% according to the FT-IR

spectra. These results proved that TPA was finely dispersed

on MCM-41 with relatively low loading amount. XPS

analysis illustrated that after reduction the surface chemical

oxidation states of Pt were present as Pt(0) and Pt(II).

Depth reduction of the catalyst could not improve the

catalytic performance. According to the cracked products

distribution, the proportion of cracked products is quite low

and this is typical of a monomolecular bifunctional metal-

acid mechanism. The acidic properties, particularly the

acid strength, are considered to be a critical factor deter-

mining the selectivity. The catalytic performance of

catalysts related to different combinations with noble

metals, HPAs and supports demonstrated that TPA and Pd

were the optimal acid and metal components, respectively,

and MCM-41 based catalysts had better catalytic perfor-

mance than SiO2 based catalyst and worse catalytic

performance than SBA-1 based catalyst.
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