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Abstract

Ž .Superacidic sulfated metal oxides were prepared by impregnating different metal oxides or hydroxides with sulfuric
acids. The superacidic strength of prepared samples were compared by temperature-programmed desorption of ammonia
Ž .NH -TPD and showed a trend of HSrZrO )HSrMgAl O )HSrAl O )HSrFe O . Catalytic properties of these3 2 2 4 2 3 2 3

superacidic samples towards isomerization of n-butane to isobutane were subsequently pursued. Both the activity and the
isobutane selectivity increased with the superacidic strength of catalysts. Observed variation in the selectivity was interpreted
with a difference in the reaction mechanism: A high selectivity was obtained from strong superacid sites that catalyze the
isomerization through a revised monomolecular mechanism; while a low selectivity became dominated on weak superacid
sites that favored a bimolecular mechanism. The relative importance of these two mechanisms was kinetically controlled by

Ž .formation of different butyl carbenium ions primary or secondary while the n-butane reactant adsorbed on superacidic
sites. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Methyl butyl ether MTBE and C alkylates4

are being used to boost gasoline octane ratings.
One of precursors for MTBE production is

Ž .isobutane i-C , which comes mainly from n-4

butane isomerization. Alkylation also requires
i-C as one of the reactants. Sulfated zirconia4
w x w x1–6 and mordenite zoelite 7,8 have been
suggested as acceptable solid superacid catalysts
for n-butane isomerization in the literature. Two

) Corresponding author.

kinds of reaction mechanisms, i.e., monomolec-
Ž . Žular intramolecular and bimolecular inter-

.molecular , have been proposed. The classical
monomolecular mechanism is a sequence that
involves at least three different butyl cations,
i.e.,

n-C H ms-C Hq
4 10 4 9

q
m protonated methyl-cyclopropaneŽ .

™ t-C Hq
™ i-C H 1Ž .4 9 4 10

Ž q.The sec-butyl carbenium ions s-C H are4 9

suggested to be generated directly from adsorp-
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tion of n-butane on superacidic catalysts of
Ž w x.Lewis type on sulfated zirconia 9 . On su-

Žperacidic sites of Bronsted type such as mor-
w x. Ždenites 8,10 , sec-butyl carbonium ions s-

q .C H should be formed, but would convert4 11

consequently into s-C Hq through a decompo-4 9

sition of hydrogen molecules. The involvement
Žof the cyclic intermediate protonated methyl-

.cyclopropane in Sequence 1 was suggested by
an isotope observation of n-butane-1-13C to n-

13 w xbutane-2- C by carbon-scrambling 11 .
Ž .Path a in Fig. 1 presents an energy profile

w xtheoretically calculated 9 for three carbenium
intermediates in Sequence 1. According to this
profile, activation energy around 35 kJ moly1 is
required for converting s-C Hq to t-C Hq by4 9 4 9

way of the protonated methyl-cyclopropane in-
termediate.

Some 2-butene molecules may exist in the
reaction system through dehydrogenation of n-
butane. The 2-butene molecule may combine
with a s-C Hq to form an intermediate of octyl4 9

Ž q . w xcarbenium C H 5,6 . This intermediate may8 17

subsequently decompose, in cooperating with

Ž .Fig. 1. The potential energy diagrams for a monomolecular
Ž . Ž .mechanism b bimolecular mechanism and c the revised

monomolecular mechanism of n-butane isomerization.

sequentially methyl and hydride shifts, into a
tert-butyl carbenium according to the following
bimolecular mechanism:

n-C H ms-C Hq
™C Hq

™™™ t-C Hq
4 10 4 9 8 17 4 9

™ i-C H ™by-products 2Ž .4 10

In the bimolecular mechanism, the 35 kJ moly1

of activation energy required for the formation
of protonated cyclopropane intermediate in Se-

Ž Ž . .quence 1 is avoided path b in Fig. 1 , hence,
a high conversion of n-butane may therefore be
achieved. However, the selectivity towards
isobutane from this bimolecular mechanism
should be lower than that from the monomolec-
ular mechanism because some additional frag-

Ž q q .ments C H and C H can form through3 7 5 11

branching transfer and scission steps following
the formation of C Hq.8 17

The main role of platinum is to produce
activated hydrogen. The activated hydrogen in-

Žhibits the formation of coke carbonaceous de-
.posit , which affects the strong acid sites and is

the cause of the catalyst deactivation. However,
w xGarin et al. 3 proposed that Pt had no influ-

ence on the catalyst activity and stability under
w xthe existence of H . Yori et al. 4 demonstrated2

that Pt supported on SO2yrZrO had the same4 2

activity as SO2yrZrO because of sulfur poison4 2

on Pt and strong metal–support interaction. The
poison on Pt was believed to proceed during the
isomerization of n-butane for the identification
of sulfur-containing species formed by hydro-
gen reduction of sulfate during the reaction at

w x2508C 12 . Therefore, to observe undisturbed
the influence of acidity on the initial activity
and i-C selectivity, we use the catalysts with-4

out Pt addition. In this study, four sulfated metal
oxides are prepared to catalyze n-butane iso-
merization. Their catalytic conversions and
isobutane selectivities are compared and inter-
preted in a fixed reaction condition, and a re-
vised reaction mechanism is suggested to pro-
ceed on these superacidic catalysts.
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2. Experimental

2.1. Preparation of superacidic sulfated metal
oxides

Four kinds of sulfated metal oxides
Ž .HSrMO , designated in this report as HSr
Fe O , HSrZrO , HSrg-Al O and HSr2 3 2 2 3

MgAl O , were prepared by impregnating 1 g2 4
Žof powdered metal hydroxides or oxides i.e.,

Ž . Ž .Fe OH , Zr OH , g-Al O or MgAl O , re-3 4 2 3 2 4
.spectively with 10 ml of 0.5 M sulfuric acid.

After filtration, the obtained pastes were subse-
quently dried in ambient air for 24 h and cal-
cined at 5508C for 3 h before being stored as
sulfated samples. Part of the sulfated samples
were further converted into bifunctional samples
by an additional impregnation of PtCl solution.4

These bifunctional samples were designated as
Pt-HSrMO in this report and had a platinum
content around 2.25wt.%.

2.2. Desorption of ammonia

The relative acid strengths of sulfated sam-
ples were compared with the temperature-pro-

Ž .grammed desorption of ammonia NH -TPD in3
w xa fixed-bed flow reactor 13,14 . Each sample

was dehydrated by an evacuation at 3008C for 1
h before being exposed to a flow of dry NH 3

gas at 1008C. Excessive and physically ad-
sorbed ammonia were then purged away at the

Žsame temperature with an Ar flow 100 ml
y1.min . The NH -TPD was then performed on3

raising the system temperature from 1008C to
6008C in the Ar flow. After trapping in a boric
acidrammonium chloride solution, the amount
of evolved ammonia was titrated by sulfamic
acid using an on-line automatic pH titrator.

2.3. Isomerization test

n-Butane isomerization reaction was carried
out in a flow system with a fixed-bed reactor. A
superacidic sample was precalcined in the reac-
tor before each reaction test with flowing air at

5508C to burn out hydrocarbons possibly ad-
sorbed on the superacidic sites. The catalytic
isomerization was performed in ambient pres-
sure at 3008C with an n-butane feed of 1 hy1 in
WHSV and a hydrogenrn-butane molar ratio of
6. The reaction products were analyzed with an
on-line gas chromatograph using an FID detec-
tor and a 30-m capillary column of SE-30.

3. Results and discussions

Fig. 2 exhibits NH -TPD traces from four3

sulfated metal-oxides prepared in this study.
Each trace contained two peaks indicating des-
orption of ammonia molecules from two kinds

w xof sites of different acidic strengths 13,14 .
Weakly adsorbed ammonia molecules desorbed
approximately around 2508C, while the desorp-
tion temperature of the strongly adsorbed am-
monia varied with the metal oxide of su-
peracidic samples, and increased in the order of:

HSrFe O -HSrg-Al O -HSrMgAl O2 3 2 3 2 4

-HSrZrO 3Ž .2

This acidic sequence is consistent with their
Žorder in the H values 12.5, 13.8, 14.5 ando

Fig. 2. NH -TPD traces obtained from four superacidic samples:3
Ž . Ž . Ž . Ž .a HSrFe O b HSrAl O c HSrMgAl O and d2 3 2 3 2 4

HSrZrO .2
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.16.0, respectively measured from the Hammett
w xindicator method 13 . The four sulfated metal-

oxides in Sequence 3 were then used as su-
peracid catalysts to catalyze the isomerization of
n-butane.

The function of H in n-butane isomerization2

was to hinder the deactivation of the reaction,
but a high hydrogen pressure could inhibit the

w xconversion 3,4 . We selected H rn-C s62 4
Ž .condition as described in Section 2 to obtain
the best initial conversion for each sulfated
metal oxide although the conversion would de-
cay gradually. Table 1 summarizes the initial
conversion of n-butane and isobutane selectivity
for the four catalysts. Interestingly, the conver-
sion and selectivity both increased with the
acidity of the catalysts. The increase in the

Ž .catalytic activity conversion with the acidity
may be expected from a high rate of sec-butyl
carbenium formation on interaction of n-butane
with catalysts, i.e.,

)q) q yn-C H m s-C H qH 4Ž .Ž .4 10 4 9

where ) denotes a superacid site on catalysts.
Nevertheless, the observed increase in the

isobutane selectivity with the acidity of catalyst
is rather puzzling. Presumably, the isomeriza-
tion prefers to proceed on strong superacid
through the monomolecular mechanism of Se-

Table 1
Initial conversionsa of n-butane isomerization on various
SO2yrMO samples4 x

Samples Conversion Molar selectivity
Ž . Ž .wt.% %

C C C i-C C1 2 3 4 5

HSrZrO 23.2 7.1 19.5 25.9 38.3 9.22

HSrMgAl O 21.0 19.2 27.6 28.7 13.2 11.32 4

HSrAl O 15.0 6.1 20.3 50.2 9.2 14.22 3

HSrFe O 4.2 0 52.1 32.6 4.9 10.42 3

0.25% Ptr 27.2 0.4 2.9 15.4 67.3 14.0
HSrZrO2

0.25% Ptr 21.0 2.4 11.0 27.6 37.1 21.9
HSrAl O2 3

Condition: Flow rate of H is 60 cm3 miny1, n-C 10 cm3
2 4

miny1 ; T s3008C; WHSV of n-C s1 hy1.4
a Initial conversion is measured at 5 min time on stream.

quence 1 which has a higher isobutane selectiv-
ity than the bimolecular mechanism of Se-
quence 2. However, this preference can hardly
be expected from the potential energy diagram
Ž .a shown in Fig. 1. The above rationale may be
conceivable that the sec-butyl carbenium gradu-

Ž q.ally become the primary intermediate n-C H4 9

during adsorption on sites of increasing su-
peracidic strength:

)q q yn-C H m n-C H qH 5Ž .Ž .4 10 4 9

w xAccording to a theoretical calculation 15 ,
Ž .the heterolytic dissociation energy E for de-d

Ž y.composition of n-butane to a hydride ion H
and an n-C Hq is 1.11=103 kJ moly1. This4 9

energy is 70 kJ higher than the E required ford

a heterolytic dissociation of hydride ion from
n-C H to form s-C Hq. Accordingly, s-4 10 4 9

C Hq species has been widely considered in4 9

literature as the preferred butyl carbenium ion
primarily formed on adsorption of n-butane on
superacids. However, the probability of reaction
Ž .5 during butane adsorption should depend
heavily on the acidic strength of solid su-
peracids. According to the Hammett equation,
the concentration ratio of a neutral molecule
Ž . Ž .RH to its conjugated acid Rq varies with
both the acidic strength of superacid and the
acidity of the conjugated acid according to:

log Rq r RH spKayH 6� 4 Ž .o

where K is the acidic constant for the Rq toa

associate a Hy to form RH, and the H repre-o
Ž .sents the acidic strength in the Hammett scale
Ž .of superacid. Reaction 5 may therefore pro-

ceed appreciably on acidic sites with a strong
superacidic strength.

Experimentally, CHq carbeniums, which re-3
3 y1 Žquire an E of 1.31=10 kJ mol 200 kJd

y1 q. w xmol higher than that of n-C H 15 to4 9

form from methane molecules, have been sug-
gested from interactions of methane with liquid

w xsuperacid 16 as well as with Fe–Mn promoted
w xsulfated zirconia 17 . It is thus our expectation

Ž . Ž .that reaction 5 may compete with reaction 4
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during adsorption of n-butane on the stronger
superacidic sites. If the superacidic strength is

Ž .strong enough, reaction 5 may become domi-
nant because primary hydrogen atoms in n-
butane molecules are more accessible, due to a
less geometric hindrance, than secondary hydro-
gen atoms to react with bulky superacidic sites.
Obviously, strong superacid sites tend to cat-
alyze the isomerization of n-butane to isobutane
through the following revised monomolecular
mechanism:

n-C H mn-C Hq
4 10 4 9

q
m protonated methyl-cyclopropaneŽ .

™ t-C Hq
™ i-C H 7Ž .4 9 4 10

Ž .Path c in Fig. 1 displays the potential energy
diagram for Sequence 7. The energies for the
three intermediates decrease steeply in the reac-
tion coordinate. Negligible activation energy is
therefore expected from the conversion of these
carbeniums step by step in the revised mecha-
nism and its rate-determining step should be the

Ž .initial adsorption of n-butane reaction 5 .
w xAlthough Liu et al. 5,6 considered n-butane

Žisomerization to proceed by intermolecular bi-
.molecular mechanism on platinum promoted

sulfated zirconia catalysts, we believed that the
mechanism of n-butane isomerization on sul-
fated metal oxide without Pt was different from
those promoted by Pt because Pt has a good
dehydrogenation activity, which would induce
more butenes profitable to produce C Hq, the8 17

intermediate through intermolecular mechanism.
We observed in our study that Pt could enhance
the conversions and selectivities of n-butane
isomerization on HSrZrO and HSrAl O2 2 3
Ž .Table 1 . The functions of platinum on such a
bifunctional catalyst have been discussed in lit-

w xerature 3,4,18 . Therefore, the compete contri-
butions of Pt and superacidity to n-butane iso-
merization by which mechanism on these Pt
promoted sulfated metal oxides deserve a de-
tailed comparison and discussion in future work.

4. Conclusion

n-Butane isomerization is suggested in this
report to proceed mainly by two different mech-

Žanisms, i.e., revised monomolecular Sequence
. Ž .7 and bimolecular Sequence 2 , on superacidic

sites of sulfated metal-oxides. The superacidic
strength of the sites determines the ratio of

Ž q.n-butyl carbeniums n-C H to sec-butyl car-4 9
Ž q.beniums s-C H formed during the initial4 9

adsorption step and the subsequent isomeriza-
tion mechanism proceeded. On strong superacid
sites as HSrZrO , n-C Hq is preferentially2 4 9

formed on adsorption; a high isobutane selectiv-
ity is therefore obtained through the revised

Ž Ž . .monomolecular mechanism Path c in Fig. 1 .
On weak superacidic sites as HSrFe O , low2 3

isobutane selectivity is found because the reac-
tion proceeded mainly through the bimolecular

Ž Ž . .mechanism path b in Fig. 1 initiated by the
sec-butyl carbeniums.
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