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a b s t r a c t

The catalysts g-alumina (GA, the reference catalyst) and Pt doped g-alumina (PGA-s) were syn-
thesized using a simple sol-gel technique, in which at first preparation of porous base (GA), then
impregnation of platinum salt over the base and finally reduction of platinum in the surface of the
support were done. These catalysts prepared in different mole ratios of Pt:Al as 2:1, 1:1 and 1:2 are
named as PGA-1, PGA-2 and PGA-3 respectively. The isomerization of n-alkanes (n-hexane, n-
heptane and n-octane) were investigated over the synthesized catalysts. The 2-methyl pentane (2-
MP), 2,2-dimethyl pentane (2,2-DMP) and 2,3-dimethyl hexane (2,3-DMH) are the major products
of respective isomerization of n-hexane, n-heptane and n-octane, besides a small amount of other
branched isomers are also produced. The product distribution is comparable to that reported for Pt
based other catalysts. The optimal mole ratios of Pt:Al is 1:1 (PGA-2) gives quite good catalytic
activity for isomerization of n-alkane. Even through in reusability study, PGA-2 gives better per-
formance than others. We have mainly focused on kinetic study, reaction mechanism behind
isomerization and calculated the order of reactions and activation energies of the isomerization
reactions in the present work.

Copyright © 2017, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Considering both the scarcity of crude oil and its fluctuating
international price coupled with stringent environmental re-
striction, exploitation of advances in hydrocarbon technology
become inevitable today. One of such advanced technologies is
hydro-isomerization which has emerged as the most acceptable
option to refineries today [1]. This involves catalytic isomeriza-
tion of hydrocarbons in presence of hydrogen. To prevent coke

deposition and to suppress polymerization and cracking isom-
erization is carried out at an elevated pressure in a hydrogen
atmosphere. At present, this is being applied for the production
of isomers of light and heavy hydrocarbons. Isomers of normal
paraffinic hydrocarbons are found to bemore reactive and higher
octane number than its mother normal molecules [2,3]. In the
traditional plat-forming of naphtha substantial amount of ben-
zene and higher aromatics are generated leading to high octane
number reformate which is the major ingredient of motor spirit.
Since benzene being a carcinogen, presence of it has been mostly
banned. Hence, refiners have been forced to adopt hydro-
isomerization process to convert normal paraffinic hydrocar-
bons present in the feed naphtha to isomers which are also high
octane like benzene [4e7]. Light hydrocarbons are already
important chemicals for the refinery industry and chemical in-
dustry in general. The branched isomers of n-alkane have high
octane numbers compared to the straight chain isomers, and are
consequently valuable additives to the gasoline pool. As an
example the difference in octane numbers for n-hexane and the
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branched isomers are 73, 75, 92 and 101 for 2-methyl pentane, 3-
methyl pentane, 2,2-dimethyl butane and 2,3-dimethyl butane
respectively [8].

Thus isoparaffins are now widely used in fuels. Though cat-
alytic cracking and reforming generate high octane fuel, still
hydroisomerization has become an important industrial method
to produce high octane fuel as it needs considerably lower
amount of energy [1,2]. Catalysts commonly used for isomeri-
zation are Fridel-Craft catalyst, tungsten sulfide, bifunctional
catalysts, zeolite-containing catalysts with noblemetals like Pt or
Pd, and complex (bifunctional and zeolite containing Fridel-Craft
catalysts). With Friedel-Craft catalysts, isomerization can be
effected at 2 MPa and 40e120 �C or even at 24e50 �C (with
bromine base catalysts). Platinum or palladium supported on
chlorinated alumina or zeolite is the most commonly used
alkane-isomerization catalysts.

A large number and variety of catalysts have been reported
for such hydroisomerization studies [9e13]. Industrially hydro-
isomerization of light fractions C5-C6 cuts usually in the boiling
range of 90e100 �C is practiced over platinum on alumina or
zeolite [14] as the supported catalyst. The surface structure of the
catalyst plays the important role in determining the rate and
selectivity of reactions. In the hydroisomerization reaction, both
themetal and acid sites are available in the presence of hydrogen
gas at a moderate pressure. Hydrogenation and dehydrogenation
reactions over the metal sites and isomerization over the acid
sites simultaneously take place [4,5]. The catalyst is highly sen-
sitive to poisoning for the presence of moisture, sulfur, nitrogen
and metals [4,5,15]. Therefore, the feed stock needs to be pre-
treated to remove sulfur, nitrogen andmetals followed by drying.

In one of our previous works we have been synthesized and
well characterized Pt-doped g-alumina catalyst, the schematic
representation of catalyst is given in Fig. 1 [16]. The application of
the catalyst was done in the isomerization of the n-alkanes
present in industrial naptha in that work. In the present work we
have again synthesized the PGA-s in three different mole ratios.
Then the hydroisomerization of n-hexane, n-heptane and n-oc-
tane have been performed at three different high temperatures
and high pressure. Here, we have mainly focused on the kinetics
and mechanistic study of these alkane isomerization reactions
predicting the activation energy and order of the isomerization
reactions.

2. Materials and methods

2.1. Materials

For the preparation of nanostructured GA the following
chemicals are mainly used: (i) aluminium isopropoxide
Al(C3H7O)3, (ii) isopropanol, (iii) sodium borohydride (NaBH4).
All the chemicals (analytical grade) are supplied by Merck India
Limited. For the preparation of nanostrutured GA and nano-
structured PGA-s the following chemicals are mainly used: (i)
aluminium isopropoxide Al(C3H7O)3, (ii) isopropanol, (iii) so-
dium borohydride (NaBH4) and (iv) chloro platinic acid (H2PtCl6).
All the chemicals (analytical grade) are supplied by Merck India
Limited. We have performed the isomerisations of the following
n-alkanes by using the synthesized catalysts, n-hexane, n-hep-
tane and n-octane. All these three n-alkanes (analytical grade)
were obtained from Loba Chemie.

2.2. Synthesis of catalysts

Details of the catalyst synthesis had been given in our pre-
vious paper [16]. The reference catalyst GA and PGA-s in different
mole ratios of Pt:Al had been synthesized using a laboratory sol-
gel technique. According to the different mole ratios of Pt:Al as
2:1, 1:1 and 1:2, the prepared catalysts were differentiated as
PGA-1, PGA-2 and PGA-3 respectively. The synthesis was carried
out mainly in three steps; (i) preparation of porous base (GA)
using sol-gel method, (ii) impregnation of platinum salt over the
base and (iii) reduction of platinum in the surface of the support.
The probable overall reaction occurred during the reduction step
can be represented as follows [2,3]:

h
PtþIVCl6

i2�
aq

þ BH�
4aq

þ 3H2O/ Pt0 þ H2BO
�
3aq

þ 6Cl�aq

þ 4Hþ
aq þ 2H2g

2.3. Characterization

The detail characterization of catalyst (PGA-2), have been
given in one of our previous publications [17].

2.4. Catalytic evaluation

The catalytic performance of the three synthesized-materials,
PGA-1, PGA-2 and PGA-3 as well as GA were studied by using n-
alkanes (n-hexane, n-heptane, n-octane) separately in a large
scale stirred tank batch-reactor in presence of hydrogen gas with
a temperature controller where the weight loss was negligible.
The isomerization reactions were performed in the reactor at a
constant pressure of 20 bar at three different temperatures
140 �C, 160 �C and 180 �C. The yield was the highest at 180 �C and
20 bar than the other two operating conditions. So we had fixed
the reaction condition at 180 �C and 20 bar. The reaction system
was operated in batch mode with a temperature controller and
here inter and intraparticle mass transport resistances were
negligible at given operating conditions. The isomerized prod-
ucts were analyzed by a Gas Chromatography-Mass Spectrom-
etry (GC: Thermo Scientific Trace GC Ultra; MS: Polaris-Q). The
specifications of the GCMS were as follows: temperature of ion
sourcewas 200 �C, solvent delay timewas 2min, mass rangewas
50e150 amu, EI-Tune energy 70 eV, the initial temperature of GC
oven was 50 �C and hold time was 1 min. Initially, the temper-
aturewas increased at 20 �C/min set at 250 �Cwith a hold time ofFig. 1. Schematic representation of synthesized catalyst.
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5 min. Then the temperature was increased at 10 �C/min rate,
and the temperature was finally set at 300 �C with a hold time of
5 min. The inlet temperature of the injector was 250 �C, split
ratio 1:20, the carrier was He (99.99%) with a flow rate 1 ml/min.
The transfer line temperaturewas 300 �C, TR-1 MS column (30m
length and 0.25 mm ID). The software utilized was Xcalibur
(Thermo Fisher) with NIST-MS library. The results of in-
vestigations showed that PGA-2was the best performing catalyst
among the PGA-s.

3. Results and discussion

3.1. Physicochemical character and optimization of molecular
structure of catalyst

The physiochemical nature of the best performing catalyst
(PGA-2) used in this study is summarized in Table 1, (from our
previous published work [17]). We have optimized themolecular
structure of catalyst using ChemBio3D software, which is
showing in Fig. 2.

Fig. 2 shows the optimized structure of synthesized catalyst
simulated by the ChemBio3D Ultra 12.0 (CambridgeSoft Corpo-
ration) with theMM2module, the total energy of molecules after
optimization is 0.650 kcal/mol and the bond distance between
atoms is defined as the bond length of atom to atom. The Lp
indicates the lone pair of electrons. The atom to atom bond
length are given as; Al-Al: 3.02 Å, Al-O: 1.82 Å, O-O: 3.14 Å (both
the ‘O’ atom bonded with same Al atom), O-O: 2.86 Å (two
different ‘O’ atom bonded with two different Al atom), O-H:
0.94 Å, Al-O: 3.43 Å.

3.2. Reaction study of n-alkane isomerization

It has been previously stated that three PGA samples were
synthesized with three different compositions of Pt:Al, i. e, 2:1,
1:1, 1:2 and named as PGA-1, PGA-2, PGA-3 respectively. All the
three PGA samples as well as the reference catalyst GA were
applied for n-alkane (n-hexane, n-heptane and n-octane) isom-
erizations. The obtained results are summarized in Fig. 3 and
Table S1 (after 120 min).

It is clear from the datas that all the PGA-s are showing quite
good catalytic activity for the isomerizations of n-alkane. The
reference catalyst GA also shows good yield of isomerized
products, but the yield is less than that of the presence of PGA-s.
There are different reasons behind this high catalytic activity of
PGA-s. Firstly, incorporation of Pt on the surface of GA increases
its surface area and thus the catalytic activity increases. Secondly,
incorporation of Pt increases the stability of GA as Pt has the
ability to limit coke formation. Here Pt basically acts as promoter
for isomerization reaction [6]. Hydrogen dissociates on platinum
sites and spills over to the GA surface to hydrogenolyze carbo-
naceous residue and its precursors and thus catalyst-surface
becomes clean. Thirdly, after dissociation on Pt sites spills over
to the GA-surface to generate acid sites (Br€onsted acid sites)
(Fig. 4) [3e5]. As a result, catalytic activity of PGA-s becomes
higher than that of GA. From Table 2 it is seen that for all the
three alkanes % of isomerized products are the highest when the
catalyst is PGA-2. Thus among the three catalysts PGA-2 is found
to be the most effective for n-alkane isomerization reaction. This

Table 1
Physicochemical character of PGA-2.

Physicochemical properties Experimental values

Agglomerate size (nm) 120e150
Grain size (nm) 5e8
BET surface area (m2g�1) 326.8
Pore size (nm) 4.5
Pore volume (cc.g�1) 0.257

Fig. 2. Optimized molecular structure of catalyst using ChemBio3D Ultra software.

Fig. 3. Conversion of n-alkane to their corresponding isomers in presence of PGA-s
at 180 �C with 20 bar pressure and 120 min reaction time.

Fig. 4. H2 spill over mechanism on Pt-doped g-alumina surface.
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strong catalytic activity of PGA-2 compared to other two might
be due to the presence of balanced number of surface active sites
(both Br€onsted and Lewis acid sites in optimum extent) which
act as catalytic centre. Because of highest catalytic activity of
PGA-2, the performance of this catalyst has been checked at
different time intervals at 180 �C and 20 bar.

Effect of time on n-alkane isomerization over PGA-2 catalyst
have been studied thoroughly and summarized in Table 2.
Table 2 also shows the selectivity and reactivity of the catalyst
towards each alkane for the isomerized products. From Table 2 it
is shown that maximum selectivity of n-hexane isomerization
occurred for 2-methyl pentane (2-MP), of hepane it is 2,2-
dimethyl pentane (2,2-DMP) and in case of octane 2,3-
dimethyl hexane (2,3-DMH) is the major one.

The temperature effect on n-alkane isomerization reaction
has been studied also in the same large scale stirred tank batch
reactor. The results of the temperature effect on the best per-
forming catalyst PGA-2 and the reference catalyst GA are

summarized in Fig. 5 and Table S2 to provide a brief outline about
the temperature effect. From Fig. 5, it is clear that the optimum
reaction condition is 180 �C and 20 bar. Hence, the reaction
condition had been set at this temperature and pressure further.

3.3. Mechanism of isomerization reaction

The formation of isomerized products could be explained on
the basis of corner-protonated cyclopropane (CPCP) ions inter-
mediate [17]. The mechanisms of formation of major isomerized
products are depicted in Scheme 1e3. From the schemes it is
clear that CPCP ion intermediate (containing pentavalent carbon)
plays a pivotal role in all the reaction path ways. The CPCP is
formed by the adjustment of proton which is formed on the
catalyst surface by dissociation of H2 molecule by Pt as shown in
equation (1). As shown in the all the schemes the rearranged
carbocation (e.g. A, B in Scheme 1) bind with H ions to form final
isomerized products. Similar CPCP intermediate formation was
proposed in isomerization reaction of n-alkanes previously
[18e20].

Pt þ H2/ Hþ þ H� (1)

3.4. Reusability study of catalyst

The reusability of all the PGA-s and GA has been checked by
reusing all these catalysts in two cycles and a quite good yield of
conversion has been obtained and these results are very inter-
esting (Fig. 6 and Table S3). During reusing the catalysts, the
yields have been decreased to a low extent and this strengthens
the proof of effectiveness of the catalysts [15]. All the above re-
sults lead to conclude that PGA-2 is superior catalyst than pure
GA and can be quite effectively applied in the industry.

3.5. Calculation for order and activation energy of the reactions

The isomerization of n-hexane to 2-MP and 3-MP by PGA-2
was performed under three temperature, i.e. 180 �C, 160 �C and
140 �C. In Fig. 7A, the rate of change of concentration of n-hexane

Table 2
Product composition and conversion from n-hexane, n-heptane and n-octane at
180 �C and 20 bar at different time interval by PGA-2.

Starting
alkane

Name of isomers Time (min.)

% of isomers 30 60 120

n-hexane 3-methyl pentane 29.0(±0.9) 38.2(±1.3) 42.0(±1.1)
Reactivity (mol/hr) 0.67 0.44 0.24
Selectivity (%) 33.72 44.41 48.83
2-methyl pentane 33.1(±1.8) 40.7(±1.3) 46.8(±1.3)
Reactivity (mol/hr) 0.76 0.47 0.27
Selectivity (%) 38.48 47.32 54.41
2-hexene 0.92(±0.03) 0.93(±0.05) 0.92(±0.04)
Reactivity (mol/hr) 0.02 0.01 0.005
Selectivity (%) 0.95 1.08 1.02
n-hexane (unreacted) 36.98(±1.1) 20.17(±0.06) 10.28(±0.1)

n-heptane 2, 2 e dimethyl
pentane

16.2(±0.3) 19.8(±0.4) 26.7(±0.8)

Reactivity (mol/hr) 0.32 0.19 0.13
Selectivity (%) 16 19.8 26.7
2, 3 e dimethyl
pentane

12.3(±0.5) 14.9(±0.2) 19.3(±0.4)

Reactivity (mol/hr) 0.24 0.14 0.10
19.3Selectivity (%) 12.3 14.9

3 e ethyl pentane 8.1(±0.1) 9.2(±0.2) 12.0(±0.3)
Reactivity (mol/hr) 0.16 0.09 0.06
Selectivity (%) 8.1 9.2 12.0
3-methyl-1-hexene 0.18(±0.03) 0.19(±0.02) 0.22(±0.01)
Reactivity(mol/hour) 0.0034 0.0029 0.0011
Selectivity (%) 0.18 0.19 0.22
n-heptane
(unreacted)

63.22(±0.5) 55.91(±0.4) 41.78(±0.2)

n-octane 3 e methyl heptane 7.9(±0.3) 9.5(±0.1) 13.0(±0.9)
Reactivity (mol/hr) 0.13 0.08 0.06
Selectivity (%) 6.92 8.33 11.22
3 e ethyl hexane 8.8(±0.1) 10.3(±0.3) 12.5(±0.2)
Reactivity (mol/hr) 0.14 0.09 0.06
Selectivity (%) 7.71 9.03 12.71
3, 3 e dimethyl
hexane

3.0(±0.03) 3.2(±0.04) 4.1(±0.2)

Reactivity (mol/hr) 0.052 0.02 0.095
Selectivity (%) 2.63 2.80 18.50
2,3 - dimethyl hexane 9.4(±0.3) 10.2(±0.5) 11.3(±0.4)
Reactivity (mol/hr) 0.16 0.08 0.15
Selectivity (%) 8.24 8.94 30.07
2,3- dimethyl-2-
hexene

0.54(±0.05) 0.58(±0.04) 0.64(±0.04)

Reactivity (mol/hr) 0.008 0.005 0.002
Selectivity (%) 0.47 0.50 0.36
n-octane (unreacted) 70.36(±1.1) 66.22(±1.4) 58.46(±0.5)

Fig. 5. Effect of temperature on conversion of n-alkanes with PGA-2 and GA
catalysts.
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has been plotted at those three temperatures. We have used
equation (2) to get the concentration from the mole fraction
[15,21].

½n� hexane� ¼ cn hexane
P

RuT
(2)

Where,

½n� hexane� ¼ concentration of n hexane
�
kmol
m3

�
cn hexane ¼ mole fraction of n� hexane
P ¼ Pressure ðPascalÞ
Ru ¼ Universal Gas Constant
T ¼ Temperature ðKÞ

Using the best fit for each set of data point at different tem-
peratures, rate of change of concentration can be estimated and
that leads to the order of reaction through equation (3) [22].

ni ¼
�
vlnr
vlnCi

�
T

(3)

Where,

ni ¼ Order of Reaction w:r:t: species i
r ¼ reaction rate or rate of change of concentration
Ci ¼ Concentration of reacting species i

For this particular isomerization process of n-hexane by PGA-
2 the reaction order came out to be approximately 0.48, which
remains almost same for temperature range of 140 �Ce180 �C.
The rate coefficient k can be easily calculated from the concen-
tration and reaction order at a particular temperature with the
help of equation (4) [22]. Finally, the Arrhenius equation (equa-
tion (5)& equation (6)) helps to get the value of activation energy
(Ea) [22] which is of main interest for any isomerization process.

r ¼ k½Ci�ni (4)

r ¼ z exp
��Ea

RT

�
(5)

Rewriting equation (5) gives,

Scheme 1. Isomerization mechanism for n-hexane.

Scheme 2. Isomerization mechanism for n-heptane.
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Ea ¼ R
d ln r

d
�
1
=T

� (6)

Where,

z ¼ frequency of collisions between reacting molecules
Ea ¼ Activation Energy

For n-hexane isomerization the activation energy is approx-
imately, 6.0 kJ/mol. In the same way, the reaction order and
finally the activation energy have been calculated for n-heptane
(from Fig. 7B) and n-octane (from Fig. 7C) isomerization by PGA-
2 as well. All these values are summarized in Table 3.

The calculated order of the isomerization reactions of the
three alkanes are almost same with those calculated by other
researchers [22]. But the activation energy of the isomerization
reactions by PGA-2 is much lower than previously reported data
[22] mainly due to presence of optimum numbers of Br€onsted
and Lewis acidic catalytic centers and higher surface area of PGA-
2 and due to lower activation energy the isomerization reactions
become much more facile. In this context, it could be concluded
that PGA-2 has much superior catalytic activity than other pre-
viously reported catalysts [5,6,22].

4. Conclusions

The reference catalyst GA and PGA-s in different mole pro-
portions were synthesized by a cost-effective simple chemical
route. All these four catalysts are pretty effective to isomerize n-
hexane, n-heptane and n-octane at elevated temperature and
pressure. Among these, PGA-2 showsmaximum catalytic activity
in isomerization reactions. All these catalysts can be reused
efficiently. Additionally, PGA-2 catalyst showed superior perfor-
mance as compared with many other typical isomerization cat-
alysts evaluated at almost operation conditions (~200 �C). Hence,
the cost-effective and energy saving PGA-2 catalyst can be
effectively used in future to enhance the efficiency of petroleum
as fuel by isomerizing straight chain alkanes to its branched
chain isomers.

Scheme 3. Isomerization mechanism for n-octane.

Fig. 6. Conversion of n-alkanes at difference cycle of catalysts (PGA-s) at 180 �C
with 20 bar pressure.
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Fig. 7. A Concentration vs Time for n-hexane at different temperatures.B Concen-
tration vs Time for n-heptane at different temperatures.C Concentration vs Time for
n-octane at different temperatures.

Table 3
The order and activation energy of isomerization reaction for n-alkane.

n-alkane Order of reaction Activation energy (kJ/mol)

n-hexane 1.2 11.51
n-heptane 0.78 26.95
n-octane 5.44 62.72
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