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Abstract Hb zeolite supported Pt catalysts promoted by

Cr, La, Ce, Al or Zn were prepared by the co-impregnation

method, and characterized by XRD, BET, NH3-TPD and

H2-TPR. Their catalytic activities were evaluated in the

hydroisomerization of n-heptane with an atmospheric

fixed-bed reactor. The Pt-bearing catalyst doped with Cr,

La or Ce, especially Cr, is found to exhibit a much higher

catalytic activity and isomerization selectivity than the

catalyst without the dopant. At the low reaction tempera-

ture of 230 �C, the catalyst with a Pt loading of 0.4% and a

molar ratio of Cr to Pt of 5:1 shows a high conversion of n-

heptane of 77.1% coupled with a high selectivity to

isomerization products of 94.4%. In contrast, over the

counterpart catalyst without Cr, the conversion of n-hep-

tane is 50.6% with a low selectivity to isomerization

products of 82.4%. The substantial promotion effect of Cr

is suggested to associate with the improved Pt dispersion,

as well as the increased strong acid amount, due to the

introducing of Cr into the catalyst.

Keywords Hydroisomerization � n-Heptane �
Beta zeolite � Bimetal catalyst

1 Introduction

In refineries, skeletal isomerization of light n-paraffins is

an important environmentally friendly process to enhance

the octane number in gasoline pool. Hydroisomerization of

C5/C6 has been used as a commercial approach to light

isoparaffins, where chlorinated Pt/Al2O3 or Pt/mordenite

was used as the catalyst [1]. Nowadays, hydroisomerization

of the paraffins from C7 to C9 is highly desirable to

improve the isomerization selectivity with decreasing the

cracking [2]. n-Heptane is usually used as a model reactant

for the hydroisomerization of long chain paraffins. How-

ever, n-heptane would crack largely over the conventional

Pt/mordenite catalyst [3]. So, many researchers have been

seeking the effective catalysts for hydroisomerization of

n-C7 to promote the selectivity to branched paraffins [3–6],

in which the bifunctional catalysts, such as Pt-Hb zeolite

[3], Pt–Y zeolite [4], Pt- or Pd-promoted heteropolyacids

[5, 6] have attracted much attention.

Mordenite, ZSM-5, USY and b zeolites have been

employed as acidic sites in bifunctional catalysts for the

hydroisomerization of alkanes [7–10], and b zeolite has

attracted a great industrial interest for its favorable acidity

and pore system [11]. Chica et al. [3] revealed that the

Pt-supported nanocrystalline b zeolite catalyst showed

much higher selectivity for branched heptanes in n-heptane

hydroisomerization than Pt/mordenite did. Leu et al. [12]

observed a higher activity and isomerization selectivity

over Pt/Hb for n-hexane transformation than those over

Pt/H-mordenite, Pt/HY and Pt/H-ZSM-5. They attributed

this enhancement to the presence of large intersecting pores

in b framework. López et al. [13] compared the activity and

selectivity in the hydroconversion of n-pentane on

Pt-containing HZSM-5, Hb and SAPO-11 catalysts, and

found that the Pt/HDb (dealuminated Hb) catalyst showed

the best performance at the reaction temperature of 300 �C

with high activity, stability and selectivity to isopentanes.

On the other hand, some reports introduced a second

metal into the supported Pt catalysts to improve the cata-

lytic activity, selectivity and stability for isomerization of
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n-paraffins [14–17]. Fabio et al. [15] observed an increase

in the selectivity for isomerization and aromatization

products by doping In or Sn into Pt/Al2O3 catalysts. Mao

et al. [16] found a significantly enhanced yield of branched

paraffins by the incorporation of a small amount of Al3?

species into the HY zeolite together with the Pt species.

Wei et al. [18, 19] recently studied the hydroisomerization

of n-heptane over Pt catalysts supported on ultra-stable Y

zeolite together with phosphotungstic acid or SO4
2-/ZrO2,

and observed that these catalysts were substantially pro-

moted by doping with Cr, Ce or La in catalytic activity,

stability and selectivity for isomerization.

Based on the advantages of b zeolite as the acidic

support and the bimetal system (a noble metal and a second

metal), in this work, we study the hydroisomerization of n-

heptane over the Hb zeolite supported Pt catalysts doped

with Cr, La, or Ce as the promoter, and find a highly

improved catalytic conversion of n-heptane with a high

isomerization selectivity for isoheptanes due to the pro-

motion effect of the second metal.

2 Experimental

Hb was prepared by the repeated ion-exchange of Nab
(Commercially delivered by Fushun No. 3 Petrochemical

Factory, CNPC) with the aqueous solution of NH4NO3,

followed by washing with deionized water, drying at

110 �C for 12 h and calcination at 550 �C for 3 h. The Hb
supported Pt catalysts doped with Cr, La, Ce, Al or Zn were

designated as mMnPt/Hb, where M stands for Cr, La, Ce,

Al or Zn, m stands for the molar ratio of M to Pt, n stands

for the Pt loading by weight percentage. They were

obtained by impregnation. In detail, Hb zeolite was

immersed in a mixed aqueous solution of chloroplatinic

acid (0.0058 mol L-1) and Cr(NO3)3 (La(NO3)3,

Ce(NO3)3, Al(NO3)3 or Zn(NO3)2) (0.0290 mol L-1) with

the preset contents of Pt and Cr (La, Ce, Al or Zn) to meet

the different composites of catalysts, followed by drying at

110 �C for 12 h and calcination at 400 �C for 3 h. The

loading of Pt in catalysts was 0.05–1.0% by weight and the

molar ratio of M to Pt was 0:1, 1:1, 5:1, 10:1 and 15:1,

respectively.

Hydroisomerization of n-heptane was carried out in an

atmospheric fixed-bed flow reactor. 0.565 g of the granular

catalyst (40–60 mesh) was charged in the middle stage of

the stainless steel tubular reactor. The catalyst was reduced

in situ in H2 flow at 300 �C for 3 h before reaction.

Reaction conditions were as follows: 190–290 �C of

reaction temperature, 2.7 h-1 of weight hourly space

velocity, and 7.9 of molar ratio of H2 to n-heptane. The

product mixture was quantitatively analyzed online by the

gas chromatograph (SHIMADZU GC-2014) equipped with

a SE30 capillary column (50 m 9 0.25 mm 9 0.3 lm)

and FID. The products were qualitatively confirmed by

GC-MS (ThermoFinnigan).

The powder X-ray diffraction (XRD) patterns for cata-

lysts were collected on a Bruker D8 ADVANCE X-ray

diffractometer using Cu Ka radiation at 40 kV and 30 mA

with a scan rate of 2 min-1, scanning range of 5–50�. BET

surface areas were calculated by N2 adsorption data from

the Coulter Ommisorp 100CX equipment. Temperature-

programmed desorption of ammonia (NH3-TPD) and

temperature-programmed reduction of hydrogen (H2-TPR)

were conducted using a JAPAN BELCAT-Analyzer. For

NH3-TPD, 200 mg of sample was placed into a quartz tube

and pretreated at 500 �C for 2 h under a flow of helium.

After the system was cooled to 100 �C, ammonia was

introduced into the quartz tube. Later, the sample was

purged with helium for 40 min in order to eliminate

physisorbed species. Subsequently, the sample was heated

from 100 to 550 �C at a heating rate of 10 �C min-1. For

H2-TPR, the loaded sample in quartz tube was pretreated at

400 �C for 1 h under a flow of oxygen followed with

cooling to 50 �C and swept with argon for 20 min. While

the sampled was heated at a mixture of hydrogen and argon

at a heating rate of 10 �C min-1 up to 650 �C, the tem-

perature and consumption of hydrogen were respectively

recorded.

3 Results and discussion

XRD patterns of Hb, 0.4%Pt/Hb and various 5M0.4%Pt/

Hb catalysts are illustrated in Fig. 1. It shows that the XRD

curves of all metal-bearing catalysts are more or less very

similar to that of pure Hb zeolite. The support well keeps

the pore structure of b zeolite. No diffraction peaks

assigned to Cr, La, Ce, Al or Zn oxide occur for all

5M0.4%Pt/Hb catalysts. For 0.4%Pt/Hb, The peak at 2h of

39.8� assigned to Pt (111) can be detected, although it is

not in a clear sharp shape. However, for 5Al0.4%Pt/Hb and

5Zn0.4%Pt/Hb, the Pt (111) peaks can be clearly observed,

indicating that the additive Al or Zn leads to a lowed dis-

persion of Pt on support. While for the other catalysts

(5Ce0.4%Pt/Hb, 5Cr0.4%Pt/Hb, and 5La0.4%Pt/Hb), the

peak for Pt (111) can not be detected. This demonstrates

that the addition of Cr, La or Ce into the Pt/Hb catalyst can

evidently increase the dispersion of Pt on the surface of Hb
support.

Figure 2 gives the XRD patterns for the catalysts with

different Pt loadings. It can be seen that all the XRD pat-

terns of the catalysts are exactly same as the Hb support

even at a high Pt loading of 1.0% without observing any

diffraction peaks for Pt. A similar phenomenon is observed

for the catalysts with the molar ratio of Cr to Pt from 1:1 to
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15:1 (XRD patterns not shown). This tells that the crystal

sizes of Pt metal and Cr oxides on the support are not large

enough to be detected by XRD, which means the high

dispersion of Pt on the surface of Hb due to the addition of

Cr into catalysts.

Table 1 lists the BET surface areas of various catalysts.

It can be seen that the Hb support exhibits a high surface

area of 575 m2 g-1. When Pt and a second metal were

supported onto the Hb, the surface areas of catalysts only

slightly decrease with a relatively high value around

530 m2 g-1. Meanwhile, the surface area of 10Cr0.4%Pt/

Hb further drops to 480 m2 g-1 with a very high molar

ratio of Cr to Pt of 15:1.

Temperature-programmed desorption of ammonia pro-

files for various 5M0.4%Pt/Hb catalysts are shown in

Fig. 3. In all cases, the curves give two peaks at around 220

and 400 �C, corresponding to the desorption of ammonia

on weak and strong acid sites, respectively. The peak

positions almost do not shift upon the doping with those

metals. Compared to 0.4%Pt/Hb, 5Al0.4%Pt/Hb and

5Zn0.4%Pt/Hb possess slightly lowered amount of strong

acid sites, and in contrast, the Cr- (Ce- or La-) doped

sample shows a slightly increase in acid amount. In addi-

tion, the variation of Cr loading in mCr0.4%Pt/Hb catalysts
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Fig. 1 XRD patterns of Hb, 0.4%Pt/Hb and various 5M0.4%Pt/Hb
catalysts (a) Hb, (b) 0.4%Pt/Hb, (c) 5Al0.4%Pt/Hb, (d) 5Zn0.4%Pt/

Hb, (e) 5Ce0.4%Pt/Hb, (f) 5Cr0.4%Pt/Hb, (g) 5La0.4%Pt/Hb
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Fig. 2 XRD patterns of catalysts with different Pt loadings (a)

Cr0.05%Pt/Hb, (b) Cr0.1%Pt/Hb, (c) Cr0.2%Pt/Hb, (d) Cr0.4%Pt/

Hb, (e) Cr0.6%Pt/Hb, (f) Cr0.8%Pt/Hb, (g) Cr1.0%Pt/Hb

Table 1 BET surface areas of various Hb supported catalysts

Catalyst SBET/(m2 g-1) Catalyst SBET/(m2 g-1)

Hb 575 5La0.4%Pt/Hb 522

0.4%Pt/Hb 529 5Cr0.4%Pt/Hb 514

5Al0.4%Pt/Hb 538 10Cr0.4%Pt/Hb 506

5Zn0.4%Pt/Hb 546 15Cr0.4%Pt/Hb 480

5Ce0.4%Pt/Hb 534
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Fig. 3 NH3-TPD profiles of various mM0.4%Pt/Hb catalysts (a)

0.4%Pt/Hb, (b) 5Al0.4%Pt/Hb, (c) 5Zn0.4%Pt/Hb, (d) 5Ce0.4%Pt/

Hb, (e) 5La0.4%Pt/Hb, (f) 5Cr0.4%Pt/Hb, (g) 10Cr0.4%Pt/Hb, (h)

15Cr0.4%Pt/Hb
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exerts no clear impact on the catalyst acidity, also as shown

in Fig. 3.

Figure 4 compares H2-TPR profiles of Cr/Hb, 0.4%Pt/

Hb and 5Cr0.4%Pt/Hb. Cr/Hb sample with the Cr loading

being equal to that for 5Cr0.4%Pt/Hb presents a large

hydrogen consumption peak at 380 �C, which can be

associated with the reduction of Cr2O3 species according to

the previous literature [20]. 0.4%Pt/Hb catalyst gives a

small peak at a low temperature of 140 �C and a moderate

one at around 455 �C. The former small peak is for the

reduction of PtO2 and PtO located in zeolite channels [21],

while the latter one indicates the strong interaction of Pt2?

with b zeolite with the formation of Pt� ðO� Si �Þ2�y
y

species [22, 23]. The bimetallic catalyst 5Cr0.4%Pt/Hb
exhibits two reduction peaks: a large peak at around

168 �C and a comparatively small peak at around 405 �C.

It is clear that the curve for 5Cr0.4%Pt/Hb is not a result of

the simple overlapping of the profiles of the two mono-

metallic samples, which implies a strong interaction of Cr

and Pt. Furthermore, it suggests that much larger

proportion of Pt species in 5Cr0.4%Pt/Hb can be reduced

at a low temperature of 168 �C. This may be favorable to

the hydrogenation–dehydrogenation function at metal sites

for a bifunctional catalyst.

Table 2 shows the conversion of n-heptane, the selec-

tivity to isomerized products and the yield of mono- and

multi-branched isoheptanes over 0.4%Pt/Hb and

5M0.4%Pt/Hb catalysts at a reaction temperature of

230 �C and a reaction time on stream of 60 min. In this

work, a stabilized conversion and selectivity can be

obtained after 60 min on stream over all catalysts. It is seen

that a considerable conversion of n-heptane of 50.6% with

a low selectivity to isomerization of 82.4% is obtained over

0.4%Pt/Hb. With the introducing of Al or Zn into the

catalyst, the conversion drastically drops to a very low

level along with a further decrease of the selectivity to

isomerization. This may be understandable by the obser-

vation in Fig. 1 that the dispersion of Pt is lowed by the

introducing of Al or Zn. On the other hand, the strong acid

sites were revealed to be responsible to the isomerization

reaction [24–26], therefore, another possible explanation

for the decreased activity is ascribed to the decrease of the

strong acid amount upon doping of Al or Zn, as shown in

Fig. 3. What is notable in Table 2 is the simultaneously

and remarkably increase of conversion of n-heptane, the

selectivity to isomerized products and the yield of mono-

and multi-branched isoheptanes with the introduction of

Cr, La or Ce. Moreover, 5Cr0.4%Pt/Hb exhibits a much

high conversion of n-heptane of 77.1% combined with a

high isomerization selectivity of 94.4%. This result is

suggested to be relative to the improved Pt dispersion (see

Fig. 1), the enhanced reducibility of Pt (see Fig. 4), as well

as the increased strong acid amount (see Fig. 3), by

introducing Cr, La or Ce.

Figure 5 displays the influence of Cr loading in

mCr0.4%Pt/Hb (m = 0–15) catalysts on the catalytic

activity and selectivity at 230 �C and 60 min on stream. It

is found in Fig. 5 that all the Cr-doped catalysts show the

higher catalytic activity and selectivity than 0.4%Pt/Hb

0 100 200 300 400 500 600 700

380

405

168

140

T
C

D
 s

ig
na

l /
a.

u.

T / °C 

a
b
c

455

Fig. 4 H2-TPR profiles of Cr/Hb (a), 0.4%Pt/Hb (b), and 5Cr0.4%Pt/

Hb (c)

Table 2 Catalytic activities of 0.4%Pt/Hb and 5M0.4%Pt/Hb catalysts for the hydroisomerization of n-heptane

Catalyst Conversion

(%)

Multi-branched products

yielda (%)

Mono-branched

products yieldb (%)

Isomerization

selectivity (%)

0.4%Pt/Hb 50.6 8.0 33.7 82.4

5Al0.4%Pt/Hb 12.9 1.3 8.1 72.9

5Zn0.4%Pt/Hb 25.4 2.5 14.5 66.5

5Ce0.4%Pt/Hb 56.7 10.7 43.8 96.0

5La0.4%Pt/Hb 59.5 9.6 47.3 95.7

5Cr0.4%Pt/Hb 77.1 18.0 54.8 94.4

a Multi-branched products include 2,2-dimethylpentane, 2,3-dimethylpentane, 2,4-dimethylpentane, 3,3-dimethylpentane and 2,2,3-

trimethylbutane
b Mono-branched products include 2-methylhexane, 3-methylhexane and 3-ethylpentane
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does, which is true even at a low Cr content (Cr/Pt molar

ratio of 1). The conversion of n-heptane decreases slowly

with the increase of m from 5 to 15, and meanwhile the

selectivity to isomerized products increases gradually all

the way with the increase of m. Because the influence of

the Cr loading on the dispersion of Pt and the acidity

of catalyst is negligible (see Figs. 1 and 3), the decrease of

conversion at high Cr loading maybe associates with the

decrease of surface area due to the introduction of too

much Cr species, which could hinder the access of reactant

to the acid sites [27]. The above results suggest a suitable

molar ratio of Cr/Pt of 5 for the catalyst mCr0.4%Pt/Hb.

Figure 6 shows the catalytic activity and selectivity as a

function of Pt loading in CrnPt/Hb catalysts, which possess

a fixed Cr loading (the weight percentage of Cr2O3 is 1.6%)

at 230 �C. It can be seen that the conversion of n-heptane

increases very quickly with the increase of Pt content at

low Pt loadings, and it reaches at a plateau value of around

75% when the Pt loading is up to 0.4%. Similarly, when the

Pt loading exceeds 0.2%, the isomerization selectivity finds

its constant value of around 95%. The optimal Pt loading of

0.4% can be proposed from Fig. 6. This observation is in

agreement with the expectation of the classical bifunctional

reaction mechanism for the hydroisomerization of paraf-

fins, which tells that the acid and metal functions should

match well with each other, and for a given acid support,

there exists an optimal Pt loading to get a high activity and

selectivity [28–30].

Figure 7 presents the conversion of n-heptane, the

selectivities to various products and the yields of mono-

and multi-branched isoheptanes at 230 �C over 5Cr0.4%Pt/

Hb catalyst as a function of WHSV. The conversion of

n-heptane, multi-branched products yield and cracking

selectivity all decrease with the increase of WHSV, while

the isomerization selectivity increases. The mono-branched

products yield is promoted with the increase of WHSV at

low WHSV values and decreases at high WHSV. The

cyclization selectivity keeps at a very low level when

WHSV is altered from 1.4 to 5.5 h-1. From Fig. 7, one can

draw that the WHSV of 2.7 h-1 is the preferred selection

for a well catalytic performance of the 5Cr0.4%Pt/Hb
catalyst.

Table 3 compares the catalytic activity of 5Cr0.4%Pt/

Hb with that of 0.4%Pt/Hb at different reaction tempera-

tures. For both catalysts, with the increase of reaction

temperature, the conversion of n-heptane rises quickly

accompanying with a quick decrease in the selectivity to

isomerization. The exception occurs at a very low
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Fig. 5 Conversion of n-heptane and isomerization selectivity over

the mCr0.4%Pt/Hb catalysts with different Cr loadings
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Fig. 6 Conversion of n-heptane and isomerization selectivity over

the CrnPt/Hb catalysts with different Pt loadings
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temperature of 190 �C, where the selectivity to isoheptanes

is low duo to the selective generation of a large amount of

cyclization products. A high isomerization selectivity of

94.4%, a high yield of isomerization products of 72.8%,

and a high n-heptane conversion of 77.1% are obtained at

230 �C, which is proposed to be the optimal reaction

temperature. In this case, the yield of multi-branched

products amounts to a high value of 18.0%, which is very

helpful for improving the octane number of gasoline pool.

Moreover, at any of the reaction temperatures, both the

conversion of n-heptane and the selectivity to isomeriza-

tion over 5Cr0.4%Pt/Hb are remarkably higher than those

over 0.4%Pt/Hb.

When the catalytic activity of 5Cr0.4%Pt/Hb is compared

with the Ce doped Pt-PW/DUSY (PW: phosphotungstic

acid; DUSY: dealuminated ultra-stable Y zeolite) catalyst

reported by Wei et al. [19] at the same reaction temperature

of 230 �C, one can see that the two catalysts give very

similar selectivity to isomerization products (94.4% vs.

95.8%), but the former shows a far higher n-heptane con-

version than the later does (77.1% vs. 29.3%). Matsuda et al.

[31] observed a high isomerization selectivity of 93.6% with

n-heptane conversion of 51.4% at a reaction temperature of

250 �C; it is still obvious that the 5Cr0.4%Pt/Hb catalyst in

this work exhibits a higher conversion of 77.1% with a

similar selectivity to isomerizatin of 94.4% even at a lower

reaction temperature of 230 �C. These results further con-

vince that 5Cr0.4%Pt/Hb is a highly efficient catalyst for the

hydroisomerization of n-heptane.

4 Conclusions

In the hydroisomerization of n-heptane, the Hb zeolite

supported Pt catalysts promoted by Cr, La or Ce are

revealed to exhibit much higher catalytic activity and

selectivity to isomerized products than the counterpart

catalyst containing only Pt. And the catalyst doped with Cr

shows the highest catalytic activity. Over the 5Cr0.4%Pt/

Hb catalyst at a reaction temperature of 230 �C, the con-

version of n-heptane reaches 77.1% with a high selectivity

to isomerization products of 94.4%. The high activity and

selectivity of the 5Cr0.4%Pt/Hb catalyst is suggested to

associate with the improved Pt dispersion, as well as the

increased strong acid amount, due to the introducing of Cr

into the catalyst.
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