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" High activity of catalyst was
observed for Ir/Pt-HZSM5 with Si/Al
ratio of 23.

" Isomerization of n-pentane over
Ir/Pt-HZSM5 was optimized by RSM.

" The largest effect on n-pentane
isomerization was reaction
temperature.

" The least important effect on n-
pentane isomerization was F/W.

" The yield of isopentane could reach
61.9% under the optimum
conditions.
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The effects of Si/Al ratio on the properties of Ir/Pt-HZSM5 and n-pentane isomerization were studied. XRD
results indicated that the increasing Si/Al ratio increased the percentage crystallinity of the catalysts,
whereas, FTIR results showed that the increasing Si/Al ratio decreased the number of strong Brönsted
and Lewis acid sites which led to decrease the catalytic activity towards n-pentane isomerization. Ir/
Pt-HZSM5 with Si/Al ratio of 23 showed highest activity towards n-pentane isomerization, and the oper-
ating condition was further optimized by using response surface methodology (RSM). The RSM experi-
ments were designed by using face-centered central composite design (FCCCD) by applying 24 factorial
points, 8 axial points and 2 replicates, with three response variables (n-pentane conversion, isopentane
selectivity and isopentane yield). The Pareto chart indicated that the reaction temperature have largest
effect for all responses. The optimum condition of n-pentane isomerization over Ir/Pt-HZSM5 was at
treatment temperature of 723 K, treatment time of 6 h, reaction temperature of 548 K and F/W of
500 ml g�1 min�1 in which the predicted value for the n-pentane conversion, isopentane selectivity
and isopentane yield was 63.0%, 98.2% and 61.9%, respectively.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Catalyzed isomerization of n-alkane is one of the important
processes in petroleum refining to modify the octane number of
gasoline. Isomerization reaction generally takes place over bifunc-
tional catalyst containing metallic sites for hydrogenation/dehy-
drogenation and acid sites for skeletal isomerization. Several
types of bifunctional heterogeneous catalyst, consisting of metal
supported on metal oxides [1–3], mesoporous [4] and microporous
[5,6] materials have been widely explored for the isomerization
process [7]. In addition, the introduction of noble metal or transi-
tion metals to the catalysts and the presence of hydrogen in the
gas phase markedly improved the activity and stability of the
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catalyst [8]. In particular, platinum metal has been widely used as
a promoter for heterogeneous catalyst [6–10] and has drawn a
great interest in isomerization process [6,7].

In recent years, bimetallic heterogeneous catalysts have at-
tracted an increasing interest due to their capability to improve
the activity, stability and selectivity of the catalysts. In particular,
bimetallic catalysts composed by iridium and platinum were found
to be active and stable for isomerization. Iridium species are well
known co-promoter that are added to catalysts because of their
stability during the coke removal process [11,12]. Several research
groups have reported that the introduction of iridium as co-pro-
moter enhanced the catalytic activity of monometallic catalysts
and decreased the formation of coke [13–16]. In our previous
assignment, we have reported the effect of iridium on Pt-HZSM5
for isomerization of n-pentane [15,16]. Pt-HZSM5 with 0.1 wt%
iridium loading was found as the most potential catalyst for n-pen-
tane isomerization. The presence of 0.1 wt% iridium increased the
number of strong acid sites and active protonic acid sites origi-
nated from molecular hydrogen via hydrogen spillover phenome-
non for n-pentane isomerization. Moreover, iridium oxide
bonded to perturbed silanol groups inhibited the formation of hy-
droxyl groups from molecular hydrogen at 3680, 3600 and
3380 cm�1, where those hydroxyl groups may participate in the
enhancement of the cracking reaction.

In this report, we have studied the influence of Si/Al ratio on the
properties of Ir/Pt-HZSM5 catalyst, and consequently the effect of
acidic strength on the performance of Ir/Pt-HZSM5 in n-pentane
isomerization. Furthermore, the optimum condition of n-pentane
isomerization over Ir/Pt-HZSM5 was identified by response surface
methodology (RSM). The formation of coke deposits on the surface
of Ir/Pt-HZSM5 will also be discussed.
2. Experimental

2.1. Catalyst preparation

A commercial HZSM5 (Zeolyst International) with Si/Al atomic
ratio of 23, 50, 80 and 280 were used as supports. Ir/Pt-HZSM5
was prepared according to the method described in previous report
[15]. In brief, Pt-HZSM5 was prepared by incipient wetness
impregnation of HZSM5 with an aqueous solution containing the
requisite quantity of H2PtCl6�H2O (Merck) to obtained 0.1 wt% Pt,
followed by drying at 383 K overnight and calcination at 823 K
for 3 h in air. The prepared Pt-HZSM5 was then impregnated with
aqueous solution of IrCl3�3H2O (Merck) to obtained bimetallic
Ir/Pt-HZSM5, followed by drying at 383 K overnight and calcina-
tion at 823 K for 3 h in air. The content of Ir was adjusted to
0.1 wt%.
Table 1
Coded levels for independent variables used in the experimental design.

Independent variables Symbol Coded levels

�1 0 +1

Treatment temperature (K) X1 673 723 773
Treatment time (h) X2 1 6 11
Reaction temperature (K) X3 523 548 573
F/W (ml g�1 min�1) X4 475 500 525
2.2. Catalyst characterization

The crystalline structure of the catalyst was confirmed by X-ray
diffraction (XRD) recorded on a powder diffractometer (40 kV,
40 mA) using Cu Ka radiation source in the range of 2h = 2–50�.
Percentage crystallinity was calculated using the average peak
intensity of the peaks at 2h = 7.9� and 8.9�, in which Ir/Pt-HZSM5
with Si/Al atomic ratio of 280 was used as a reference.

Fourier Transform Infra Red (FTIR) measurements were car-
ried out with Agilent Cary 640 FTIR Spectrometer. The catalyst
was prepared as a self-supported wafer and activated under
hydrogen flow at 673 K for 3 h, followed by outgassing at
673 K for 3 h [17]. The activated catalyst was then exposed to
2 Torr of 2,6-lutidine at room temperature for 30 min, followed
by outgassing at 473 K for 30 min. The spectra were recorded
at room temperature.
2.3. Isomerization of n-pentane

The isomerization of n-pentane was performed under hydrogen
atmosphere in a microcatalytic pulse reactor according to the
method described in the literatures [18]. Prior to the reaction,
0.2 g of catalyst was treated in a flow of oxygen (FOxygen = 100 ml/
min) for 1 h, followed by hydrogen (FHydrogen = 100 ml/min) for
3 h at 673 K and cooled down to 548 K in a hydrogen stream. A
dose of n-pentane (43 lmol) was injected over the activated cata-
lyst, and the products were trapped at 77 K before flash-evapora-
tion into an online 6090 N Agilent gas chromatograph equipped
with HP-5 Capillary Column and FID detector. The intervals be-
tween each pulse injection were kept constant at 20 min. Since
all catalysts reached steady state condition within 7 pulses
(140 min), results at 7 pulses were used. For the research surface
methodology (RSM) analysis, catalytic reactions were performed
with different reaction variables based on the face-centred central
composite design (FCCCD) method.

The conversion of n-pentane (Xn-pentane) was calculated accord-
ing to the following equation:

Xn�pentane ð%Þ ¼
P
½C�iP

½C�i þ ½C�residualn-pentane
� 100 ð1Þ

where [C]i and [C]residual n-pentane are mol number for particular prod-
uct and for residual n-pentane which is calculating based on the
Scott hydrocarbon calibration standard gas (Air Liquide America
Specialty Gases LLC). The selectivity (Sisopentane) and yield (Yisopentane)
to isopentane was calculated according to Eqs. (2) and (3),
respectively.

Sisopentane ð%Þ ¼
½C�isopentaneP
½C�i

� 100 ð2Þ

Yisopentane ð%Þ ¼
Xn�pentane � Sisopentane

100
ð3Þ
2.4. Experimental design and optimization

In this study, statistical analysis of n-pentane isomerization,
isopentane selectivity and isopentane yield in isomerization of n-
pentane was performed using Statsoft Statistica 8.0 software. The
FCCCD was used to study the interaction of process variables and
to predict the optimum process condition for n-pentane isomeriza-
tion by applying RSM. Independent variables considered important
were treatment temperature (X1), treatment time (X2), reaction
temperature (X3) and flow of hydrogen over weight of catalyst,
F/W (X4). Treatment temperature is referred to the temperature
used during the treatment process prior to the reaction, while
treatment time is referred to the time used during the treatment
process under hydrogen stream prior to the reaction. The range
and coded level of the isomerization process variables studied
are listed in Table 1. The independent variables were coded to
the (�1, 1) interval where the low and high levels were coded
as �1 and +1, respectively. According to FCCCD, the total number
of experiments conducted is 26 with 24 factorial points, 8 axial
points and 2 replicates at the center points. The n-pentane conver-
sion (Y1), isopentane selectivity (Y2) and isopentane yield (Y3) were
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taken as the response of the design experiment. The experimental
design and corresponding results of three responses are listed in
Table 2.

The full quadratic models for n-pentane conversion, isopentane
selectivity and isopentane yield are given as the following equation:

Yi ¼ bo þ b1X1 þ b2X2 þ b3X3 þ b4X4 þ b12X1X2 þ b13X1X3

þ b14X1X4 þ b23X2X3 þ b24X2X4 þ b34X3X4 þ b11X2
1

þ b22X2
2 þ b33X2

3 þ b44X2
4 ð4Þ

where Yi is the predicted response i whilst X1, X2, X3 and X4 are the
coded form of independent variables. The term bo is the offset term;
b1, b2, b3 and b4 are the linear terms; b11, b22, b33 and b44 are the qua-
dratic terms; and b12, b13, b14, b23, b24 and b34 are the interaction
terms.

The equation model was tested with the analysis of variance
(ANOVA) with 5% level of significant. The ANOVA was used to
checking the significance of the second-order models and it is
determined by F-value. Generally, the calculated F-value should
be greater than tabulated F-value to reject the null hypothesis,
where all the regression coefficients are zero. The calculated F-va-
lue is defined as the following equation:

F-value ¼ MSSSR

MSSSE
ð5Þ

where MSSSR and MSSSE are mean of square regression and mean of
square residual. The MSSSR and MSSSE were obtained by dividing
sum of squares (SSR) and sum of residual (SSE) over degree of free-
dom (DF), respectively. Meanwhile, tabulated F-value was obtained
from F distribution based on DF for regression and residual, respec-
tively at a specific level of significance, a-value [19].

3. Results and discussion

3.1. Effect of Si/Al ratio

Different Si/Al ratio (23, 50, 80 and 280) of Ir/Pt-HZSM5 cata-
lysts were used to study the influence of Si/Al ratio, and conse-
Table 2
Experimental design and results of the response surface design.

No Manipulated variables

X1 (K) Level X2 (h) Level X3 (K) Level X4 (ml/g

1 673 �1 1 �1 523 �1 475
2 673 �1 1 �1 523 �1 525
3 673 �1 1 �1 573 +1 475
4 673 �1 1 �1 573 +1 525
5 673 �1 11 +1 523 �1 475
6 673 �1 11 +1 523 �1 525
7 673 �1 11 +1 573 +1 475
8 673 �1 11 +1 573 +1 525
9 773 +1 1 �1 523 �1 475

10 773 +1 1 �1 523 �1 525
11 773 +1 1 �1 573 +1 475
12 773 +1 1 �1 573 +1 525
13 773 +1 11 +1 523 �1 475
14 773 +1 11 +1 523 �1 525
15 773 +1 11 +1 573 +1 475
16 773 +1 11 +1 573 +1 525
17 673 �1 6 0 548 0 500
18 773 +1 6 0 548 0 500
19 723 0 1 �1 548 0 500
20 723 0 11 +1 548 0 500
21 723 0 6 0 523 �1 500
22 723 0 6 0 573 +1 500
23 723 0 6 0 548 0 475
24 723 0 6 0 548 0 525
25 723 0 6 0 548 0 500
26 723 0 6 0 548 0 500
quently the effect of acidic strength on the performance of Ir/Pt-
HZSM5 in n-pentane isomerization.

Fig. 1A shows the XRD patterns of Ir/Pt-HZSM5 catalysts with
different Si/Al ratio. All samples exhibited the intense signal in
the range of 2h = 7–10� and 22–25� which were identified as reflec-
tions of the HZSM5 zeolite [18,20]. The increase in Si/Al ratio in-
creased the intensity of the XRD peaks, indicating higher silicate
framework for sample with lower Al content. Therefore, Fig. 2B
shows that the percentage of crystallinity increases with increasing
Si/Al ratio. This result indicated that the structural collapse is a
function of the Si/Al ratio in which the frameworks with lower
aluminum contents are more stable [21]. This result is in agree-
ment with the previous study for HZSM5 zeolite samples reported
by Lu et al. [22], where the percentage crystallinity of HZSM5 sam-
ple increased by about 36.6% as the Si/Al molar ratio increased
from 25 to 150. A similar trend was also observed for Al-MCM-
41 samples reported by Reddy and Song [23], in which the samples
were synthesized using feed Si/Al ratio of 50, 25 and 12.5. They re-
ported that the decrease in Si/Al ratio resulted in a decrease in the
intensity of the main XRD peak, indicating that increasing Al con-
tent of the feed hindered crystallization process.

In general, the ratio of Si/Al influences the acidity of the samples
due to the variations in the number of framework and extraframe-
work aluminum. In this study, the strength and type of acid sites in
the catalysts were qualitatively probed by 2,6-lutidine adsorption
monitored by IR spectroscopy. Fig. 2A shows the IR spectra of
2,6-lutidine adsorbed on activated Ir/Pt-HZSM5 catalysts in the
region of 1750–1350 cm�1. The spectra were recorded after
adsorption of 2,6-lutidine at room temperature, followed by re-
moval of 2,6-lutidine at 473 K. Since the outgassing temperature
after 2,6-lutidine adsorption was 473 K, the acid sites under con-
sideration are only strong acid sites that can retain 2,6-lutidine
at the outgassing temperature of 473 K and below. All catalysts
showed several adsorption bands at 1700, 1680, 1650 and
1640 cm�1, which are associated with the 2,6-lutidinium cations
adsorbed on Brönsted acid sites [24]. Whereas, the absorbance
bands at 1605, 1585, 1490 and 1460 cm�1 corresponded to the
Lewis acid sites [24]. The effect of Si/Al ratio on the acidity of the
Responses

min) Level Conversion Y1 (%) Selectivity Y2 (%) Yield Y3 (%)

�1 17.5 99.7 17.5
+1 16.8 100.0 16.8
�1 68.6 76.8 52.7
+1 67.2 74.9 50.3
�1 12.8 89.9 11.5
+1 8.9 90.5 8.1
�1 64.9 89.4 58.0
+1 61.7 89.9 55.5
�1 12.1 90.7 11.0
+1 9.9 87.0 8.6
�1 65.6 24.9 16.3
+1 62.6 23.9 15.0
�1 11.2 98.1 11.0
+1 14.3 96.4 13.8
�1 63.5 80.3 51.0
+1 59.0 80.3 47.4

0 61.0 99.6 60.7
0 57.2 89.2 51.0
0 67.2 87.4 58.8
0 58.3 98.3 57.3
0 17.0 100.0 17.0
0 64.9 78.7 51.1
�1 63.8 97.7 62.3
+1 61.1 97.9 59.8

0 64.7 99.0 64.0
0 64.9 99.1 64.3
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Fig. 1. (A) XRD patterns of Ir/Pt-HZSM5 with Si/Al ratio of (a) 23; (b) 50; (c) 80; (d) 280. (B) Effect of Si/Al ratio on the percentage crystallinity.
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2,6-lutidine at 473 K. (B) Variations in the absorbance of the IR bands for Brönsted and Lewis acid sites after removal of 2,6-lutidine at 473 K.
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catalyst are more clearly illustrated in Fig. 2B, in which the absor-
bance of the IR bands at Brönsted acid sites (1640 cm�1) and Lewis
acid sites (1460 cm�1) were plotted as a function of Si/Al ratio. An
increase in Si/Al ratio decreased the intensity of band associated
with Brönsted acid sites, which is consistent with a decrease in
the intensity of the FTIR band assigned to Si(OH)Al at 3610 cm�1

(not shown). In addition, the band associated to Lewis acid sites
was also decreased with increasing Si/Al ratio. A decrease in the
strong acid sites is consistent with the fact that the strong acidity
of zeolitic catalyst is attributed the presence of tetrahedral and
octahedral Al [25,26]. Similar phenomenon was also observed for
ZSM-5 samples as reported by Shirazi et al. [27]. They reported that
the intensity of the NH3-TPD peak associated to strong acid sites
decreased as the Si/Al ratio increased. The author suggested that
a decrease in the strong acid sites is primarily due to the decrease
in extra-framework aluminum content as well as in the frame-
work. Choudhary et al. [28] was also found that the strong acidity
of the Ga/HZSM5 catalyst is decreased sharply with increasing Si/Al
ratio due to the decrease in the tetrahedral (or framework) Al.

The catalytic activities of Ir/Pt-HZSM5 with different Si/Al ratio
were evaluated with respect to n-pentane isomerization at 548 K
in a microcatalytic pulse reactor. The effect of Si/Al ratio on the
conversion of n-pentane, selectivity of isopentane and yield of iso-
pentane is shown in Fig. 3. As a general results, the outlet of n-pen-
tane reaction consisted of cracking products, isopentane, residual
n-pentane and higher hydrocarbons. As shown in Fig. 3, the cata-
lytic activity of Ir/Pt-HZSM5 catalysts decreased with the increase
of Si/Al ratio, i.e. with decreasing the Al content. This result reveals
that the acidity of catalysts is directly associated with the activity
of the catalysts towards the isomerization of n-pentane. Lower
Si/Al ratio denoted the higher number of Al content, thus generates
large number of strong acid sites which is favorable for isomeriza-
tion. As we previously observed [16], the amount of strong Lewis
acid sites significantly influenced the formation of protonic acid
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sites originating from molecular hydrogen, which are required in
the isomerization of n-pentane over Ir/Pt-HZSM5 catalyst.

The effects of Si/Al ratio on the catalytic performance of zeolite-
based catalysts in the isomerization of n-alkanes have reported by
several research groups. In general, a decrease in the Si/Al ratio
means an increase in the aluminum content and, therefore, re-
sulted to an increase in the acid density of the catalyst. De Lucas
et al. [29] found that the Si/Al ratio played an important role in
the catalytic activity of n-octane isomerization over platinum and
palladium beta zeolite-based catalysts. An increased in the Si/Al ra-
tio resulted to a decreased in the acid sites density and leading to a
low n-octane conversion. Similar phenomenon was also observed
for ZSM-12 [30] and Pt-Modernite [31] catalysts where the cata-
lytic activity of the catalyst decreased with an increase in Si/Al ra-
tio, which corresponds to the decrease in the acid sites density
with increasing Si/Al ratio.

Since the Ir/Pt-HZSM5 with Si/Al ratio of 23 showed highest
activity towards n-pentane isomerization, this catalyst was used
in the subsequent studies of RSM.

3.2. RSM analysis

RSM is a method to determine the optimum condition of the
process, and it allows users to gather large amounts of information
from a small number of experiments. It is also possible to observe
the relationships between variables and responses, and has been
successfully applied for a wide range of chemical reactions involv-
ing more than one response [32,33]. Based on the RSM analysis, the
quadratic model for the n-pentane conversion, isopentane selectiv-
ity and isopentane yield are presented in Eqs. (6)–(8):

Y1 ¼ �11730:4533þ 1:9095X1 � 2:1762X2 þ 39:2484X3

þ 0:3923X4 þ 0:0049X1X2 � 0:0002X1X3 þ 0:0001X1X4

� 0:0029X2X3 � 0:0005X2X4 � 0:0008X3X4 � 0:0013X2
1

þ 0:0121X2
2 � 0:0344X2

3 � 0:0001X2
4 ð6Þ
Y2 ¼ �6401:4495þ 4:9904X1 � 57:9955X2 þ 18:2130X3

þ 0:3051X4 þ 0:0301X1X2 � 0:0057X1X3 � 0:0003X1X4

þ 0:0709X2X3 þ 0:0030X2X4 þ 0:0002X3X4 � 0:0014X2
1

� 0:2046X2
2 � 0:0138X2

3 � 0:0002X2
4 ð7Þ
Y3 ¼ �15299:7525þ 4:5847X1 � 35:6623X2 þ 50:2891X3

� 0:3628X4 þ 0:0191X1X2 � 0:0039X1X3 þ 0:0002X1X4

þ 0:0435X2X3 þ 0:0001X2X4 � 0:0006X3X4 � 0:0019X2
1

� 0:1082X2
2 � 0:0427X2

3 þ 0:0005X2
4 ð8Þ

where Y1, Y2 and Y3 are the predicted percentage of n-pentane
conversion, isopentane selectivity and isopentane yield,
respectively.

Fig. 4 compares the observed values of n-pentane conversion,
isopentane selectivity and isopentane yield with the predicted
values obtained from Eqs. (6)–(8), respectively. The coefficient of
determination (R2) value for n-pentane conversion (Fig. 4A) is
0.9962 indicating 99.62% of the variability in the data is accounted
to the model. Meanwhile, for isopentane selectivity (Fig. 4B) and
isopentane yield (Fig. 4C) the R2 values are 0.9801 and 0.9865 indi-
cating that most of the variation of data can be explained by the
model. According to Haaland [34], the empirical model is adequate
to explain most of the variability in the essay reading which should
be at least 0.75 or greater. The analysis of variance (ANOVA) in
Table 3 shows that the F-value for n-pentane conversion, isopen-
tane selectivity and isopentane yield are larger than the tabulated
F-value (F0.05 = 2.74). It can be concluded that the model obtained
from Eqs. (6)–(8) give good prediction at 5% level of significance.

Fig. 5 demonstrates the t-distribution values in a Pareto chart
and the corresponding p-values of the variables in Eqs. (6)–(8).
The p-values serve as a tool to check the significance of each
coefficient. The corresponding coefficient with smaller p-value or
the greater magnitude of t-value donates more significant into
the model. As illustrated in Fig. 5, the largest effect on n-pentane
conversion, isopentane selectivity and isopentane yield is the lin-
ear term of reaction temperature (X3), with the smallest p-value
(0.000000, 0.000000, 0.000000) and largest t-value (47.7260,
�13.0399, 17.1264) at 95% significant level, respectively. For
n-pentane conversion, quadratic term of reaction temperature
ðX2

3Þ, linear term of treatment time (X2), linear term of treatment
temperature (X1) and quadratic term of treatment temperature
ðX2

1Þ could also be regarded as significant factors in affecting the
n-pentane conversion due to the large t-value of �15.2188,
�3.4092, �2.4932, and �2.3778, respectively. Meanwhile, for iso-
pentane selectivity, the interaction term of treatment time and
reaction temperature (X2X3), linear term of treatment time (X2),
linear term of treatment temperature (X1), interaction term of
treatment temperature and treatment time (X1X2), interaction
term of treatment temperature and reaction temperature (X1X3)
and quadratic term of reaction temperature ðX2

3Þ are significant at
95% significant level which is clearly indicated by larger t-value
(8.4120, 8.2686, �7.8286, 7.1313, �6.7482, �3.2789) as compared
to other variable terms. For isopentane yield, quadratic term of
reaction temperature ðX2

3Þ, linear term of treatment temperature
(X1), interaction term of treatment time and reaction temperature
(X2X3), interaction term of treatment temperature and reaction
temperature (X1X3), interaction term of treatment temperature
and treatment time (X1X2) and linear term of treatment time (X2)
were also considered as significant factors in affecting the isopen-
tane yield which can be seen from comparably large t-value of the
respective variable terms (�11.0055, �6.4383, 5.6061, �4.9897,
4.9195, and 4.0594). The rest of factors could be considered less
significant to affect the n-pentane conversion as their p-value high-
er than 0.05.

The response surfaces and contour plot are generally used to
evaluate the relationships between parameters and to predict the
result under given conditions. However, it is complicated to ana-
lyze the interaction between parameters in this study due to the
presence of many interaction terms. Instead, the response surfaces
and contour plot were used for optimizing the conditions of the
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Table 3
ANOVA for n-pentane conversion, n-pentane selectivity, n-pentane yield models.

Sources Sum of squares (SS) Degree of freedom (d.f.) Mean square (MS) F-value F0.05

n-Pentane conversion
Regression (SSR) 14853.22 14 1060.94 207.62 >2.74
Residual 56.16 11 5.11
Total (SST) 14909.38 25

Isopentanes electivity
Regression (SSR) 9613.95 14 686.71 38.62 >2.74
Residual 195.55 11 17.78
Total (SST) 9809.50 25

Isopentane yield
Regression (SSR) 12086.56 14 863.33 57.29 >2.74
Residual 165.75 11 15.07

Total (SST) 12252.31 25

Fig. 5. Pareto chart and p-values of (A) n-pentane conversion, (B) isopentane selectivity and (C) isopentane yield.
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n-pentane isomerization over Ir/Pt-HZSM5. In this paper, only iso-
pentane yield is optimized since the value for the yield is the prod-
uct of the n-pentane conversion and isopentane selectivity. Six
RSM 3-D plots between four parameters were constructed for iso-
pentane yield model (Fig. 6), and they were plotted in function of
two of factors while the others were maintained constant at their
mean levels. The interaction between the corresponding variables
was negligible when the contour of response surface was circular.
On the contrary, the interactions between the relevant variables
were significant when the contour of response surfaces was ellip-
tical. It is interesting to note that all the contour plots in Fig. 6 were
elliptical indicating the significant interaction effects between the
parameters studied.

Fig. 6A shows the response surface plot showing the effects of
treatment temperature and treatment time on isopentane yield.
From the analysis of the response surface plot, treatment temper-



Fig. 6. Response surface plot of the combined (A) treatment temperature and treatment time; (B) treatment temperature and reaction temperature; (C) treatment
temperature and F/W; (D) treatment time and reaction temperature; (E) treatment time and F/W; (F) reaction temperature and F/W on isopentane yield.
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ature exhibited more significant influence on the response surface
in comparison to treatment time, which also can be explained by
the Pareto chart (Fig. 5C) showing larger t-value of treatment tem-
perature (�6.4383) as compared to the treatment time (4.0594).
An increase in the treatment temperature resulted to an increase
in yield of isopentane, passing through a maximum around 723 K
and decrease at higher temperature. This behavior may be related
to the changes in the number of surface metal atoms due to an in-
crease in the treatment temperature. Based on the study reported
by Yoshioka et al. [35] for bimetallic catalyst, an increase in the
treatment temperature leads to an increase in the number of sur-
face metal atoms, reaching a maximum at 723 K and a decrease
at higher temperatures. According to the concept of ‘‘hydrogen
spillover phenomenon’’, hydrogen molecules are dissociatively ad-
sorbed on metal sites to form hydrogen atoms, followed by the re-
lease of electrons near to the coordination unsaturated metal
cations forming protonic acid sites, which play an important role
in isomerization process. Thus an increase in metal sites will re-
sulted to an increase in isomerization process. Fig. 6B represents
the effects of treatment temperature and reaction temperature
on isopentane yield. The increment of treatment temperature af-
fected the isopentane yield slightly. Whereas, isopentane yield sig-
nificantly increase with increasing reaction temperature and
slightly decreased after reached the maximum, indicating the con-



Table 4
Comparison between predicted and observed responses at the optimum condition
obtained from RSM.

Predicted value (%) Observed value (%) Error (%)

Conversion 63.0 64.1 1.7
Selectivity 98.2 99.0 0.8
Yield 61.9 63.5 2.5
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Fig. 7. Arrhenius plot for n-pentane isomerization over Ir/Pt-HZSM5 in the
temperature range 473–533 K.
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sumption of the isomerized products in consecutive cracking reac-
tions at higher temperatures. It is well known that the isomeriza-
tion reaction is controlled by the thermodynamic equilibrium,
where lower temperatures shift the equilibrium towards the for-
mation of iso-paraffins, while higher temperatures shift the equi-
librium towards cracking products [36]. The effects of treatment
temperature and F/W on the yield of isopentane are shown in
Fig. 6C. This figure indicated that the interaction of treatment tem-
perature and F/W was not significant. Fig. 6D represents the effects
of treatment time and reaction temperature on the isopentane
yield. The effect of treatment time on the isopentane yield was
slight, while the isopentane yield was significantly affected by
reaction temperature. The significant effect of reaction tempera-
ture on the isopentane yield can be explained by the larger t-value
of reaction temperature (17.1264) as compared to treatment time
(4.0594) (Fig. 5C). At a constant treatment time, it was clear that an
increase of reaction temperature evidently increased the yield of
isopentane, reached the maximum around 548 K and decreased
at higher temperature. This result is consistent with the catalytic
testing study of Ir/Pt-HZSM5 at different reaction temperature of
473–623 K (not shown). A change in the yield of isopentane at
higher temperature is related to the formation of cracking prod-
ucts, in which the formation of cracking products was almost zero
at lower temperature (<553 K) and increased at higher tempera-
ture. Fig. 6E shows the effects of treatment time and F/W on the
yield of isopentane. No significant changes were observed in the
response surface plot indicating the interaction of treatment time
and F/W was not significant. Fig. 6F shows the effects of different
reaction temperature and F/W on the isopentane yield. From the
analysis of response surface plot, reaction temperature exhibited
significant influence on the response surface in comparison to F/
W, which also can be clarified by the larger t-value of reaction tem-
perature (17.1264) as compared to F/W (�0.9733) (Fig. 5C). A grad-
ual rise in the yield of isopentane was seen with the increase in the
reaction temperature. However after reached the maximum, the
yield of isopentane slightly decreases with increasing reaction
temperature. At constant reaction temperature, the effect of F/W
on the yield of isopentane was almost negligible. All the parame-
ters studied were found to affect the isomerization of n-pentane.
However, from the analysis, it appears that reaction temperature
plays the dominant factor in the yield of isopentane may be due
to its strong relation with the formation of iso-paraffins. Addition-
ally, it can be explained by the largest t-value of reaction temper-
ature (17.1264) (Fig. 5C), which indicating most significant effect
into the yield of isopentane.

The optimum isopentane yield was predicted from the response
surface analysis and the predicted optimum isopentane yield is
61.9% at operating treatment temperature of 723 K, treatment time
of 6 h, reaction temperature of 548 K and F/W of 500 ml g�1 min�1.
Additional experiment was carried out to validate the optimization
result obtained by response surface analysis. The experimental and
predicted isopentane yield at optimum condition is shown in
Table 4. The n-pentane conversion and isopentane selectivity at
the same condition are also predicted, as tabulated in the same ta-
ble. The differences between the predicted and observed values are
1.7%, 0.8%, and 2.5% for n-pentane conversion, isopentane selectiv-
ity and isopentane yield. The errors were considered small as the
observed values are within the 5% level of significance. The appar-
ent activation energy of Ir/Pt-HZSM5 for reaction temperature at
473–533 K was 81.5 kJ/mol (Fig. 7).

3.3. Formation of coke deposits

Fig. 8A shows the isomerization of n-pentane on Ir/Pt-HZSM5
at optimum condition (treatment temperature of 723 K, treatment
time of 6 h, reaction temperature of 548 K and F/W of
500 ml g�1 min�1) in microcatalytic pulse reactor. In this experi-
ment, the carrier gas was sequentially switched from hydrogen
to nitrogen and switch back to hydrogen in order to examine
the promotive effect of hydrogen and formation of coke deposits
on Ir/Pt-HZSM5. In the first ten doses under a hydrogen stream,
Ir/Pt-HZSM5 exhibited high activity for n-pentane isomerization
in which the n-pentane conversion and isopentane yield reached
64% and 63%, respectively. However, the activity of the catalyst
decreased markedly and close to zero after the hydrogen carrier
gas was switched to nitrogen. The decrease in the catalytic activ-
ity after switching the carrier gas to nitrogen was due to the grad-
ual exhaustion of adsorbed hydrogen (protonic acid sites) on the
surface of catalyst. The absence of molecular hydrogen may pre-
vent the formation of protonic acid sites, resulting in the inhibi-
tion of isomerization. The activity of Ir/Pt-HZSM5 recovered
slowly with the pulse number when the carrier gas was switched
back to the hydrogen. Although the activity did not recover com-
pletely after switching back to the hydrogen, a promoting effect of
hydrogen was observed on Ir/Pt-HZSM5 catalyst. Deactivation of
Ir/Pt-HZSM5 may be caused by the presence of coke deposits dur-
ing the reaction in a nitrogen stream and may be occurs through
the three following modes: (i) limitation of the access of n-pen-
tane to the active sites, (ii) blockage of the access to the sites of
the cavities (or channel intersections) in which the coke mole-
cules are located and (iii) blockage of the access to the sites of
the pores in which there are no coke molecules.

Several research groups have reported on the positive effect of
hydrogen carrier gas in enhancement of the isomerization process.
In general, it was concluded that hydrogen plays an important
roles in the formation of active sites and inhibition of coke forma-
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tion on the catalyst surface [37,38]. Fujimoto et al. [39] studied the
hydroconversion of n-pentane over hybrid catalysts under hydro-
gen and nitrogen atmospheres. In the absence of hydrogen, the
conversion of n-pentane was dramatically reduced and an oligo-
merization reaction became dominant. They suggested that the
spillover hydrogen play an important role in n-alkane hydrocon-
version. In addition, our research groups have reported the promo-
tive effect of hydrogen on the isomerization of n-pentane over Zn/
HZSM5 [40] and Zn-HBEA [5]. For both catalysts, the selectivity to
isopentane was close to zero for the isomerization in the nitrogen
stream due to the gradually exhaustion of protonic acid sites and
formation of coke deposits on the surface of catalyst. It was sug-
gested that strong Lewis acid sites in the absence of hydrogen
may become active sites for the formation of dehydrogenated car-
bonaceous species, which considered being a precursor of coke on
the catalyst surface.

The presence of coke deposits on the surface of Ir/Pt-HZSM5
was observed by IR spectroscopy. Fig. 8B shows the IR spectra of
fresh Ir/Pt-HZSM5 and used Ir/Pt-HZSM5 catalysts under hydrogen
and nitrogen stream. The IR spectra of used Ir/Pt-HZSM5 under
nitrogen stream shows the development of several bands at
1570, 1550, 1539, 1516,1486, 1466, 1450, 1430 and 1412 cm�1.
The band at 1570, 1550 and 1539 cm�1 are widely reported to be
assignable to coke [41], while the band at 1516 cm�1 is assigned
to alkenylcarbenium ions [42]. The band at 1486 cm�1 is assigned
to the C–H bond deformation vibrations of –CH3 [41], whereas the
band at 1466 cm�1 is assigned to –CH2 groups [43]. In addition, the
bands at 1450, 1430 and 1412 cm�1 are attributed to branched al-
kanes [44,45]. All of these bands indicate a substantial amount of
coke and carbonaceous species formed in the absence of hydrogen.
The presence of coke deposits on the surface of catalyst during the
reaction under nitrogen stream was also observed on Zn-HBEA as
reported by Kamarudin et al. [5]. IR spectra of used Zn-HBEA under
nitrogen stream showed the development of several bands which
associated to coke and carbonaceous species. In addition, TGA anal-
ysis of used Zn-HBEA under nitrogen stream confirmed the forma-
tion of coke in the surface of catalyst.

4. Conclusion

The study of the effect of Si/Al ratio showed that increase in the
Si/Al ratio increased the percentage crystallinity of the catalyst and
decreased the number of strong Brönsted and Lewis acid sites
which led to decrease the catalytic activity of Ir/Pt-HZSM5 towards
n-pentane isomerization. A decrease in the strong acid sites due to
the decrease in the both tetrahedral and octahedral aluminum in
the zeolite. Thus, Ir/Pt-HZSM5 with Si/Al ratio of 23 showed high-
est activity towards n-pentane isomerization.

Since the Ir/Pt-HZSM5 with Si/Al ratio of 23 showed highest
activity towards n-pentane isomerization, the operating condition
for this catalyst was further optimized using response surface
methodology (RSM). The Pareto chart indicated that the variable
with the largest effect was the linear term of reaction temperature
(X3) followed by quadratic term and linear interaction of X3. The
predicted value for the n-pentane conversion, isopentane selectiv-
ity and isopentane yield at optimum condition was 63.0%, 98.2%
and 61.9%, respectively, with relatively small errors (1.7%, 0.8%,
and 2.5%). Therefore, the optimum condition for n-pentane isomer-
ization over Ir/Pt-HZSM5 was at treatment temperature of 723 K,
treatment time of 6 h, reaction temperature of 548 K and F/W of
500 ml g�1 min�1.
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