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a b s t r a c t 

A novel fibrous silica Y zeolite (HSi@Y) loaded with Pt has been studied based on its ability to produce 

protonic acid sites originating from molecular hydrogen. The Pt/HSi@Y was prepared using seed assisted 

crystallization followed by protonation and Pt-loading. The product formed had a spherical morphology 

with bicontinuous lamellar with a diameter in the range of 50 0–70 0 nm. The catalytic activity of the 

Pt/HSi@Y has been assessed based on light linear alkane (C 5 –C 7 ) isomerization in a micro-catalytic pulse 

reactor at 423–623 K. A pyridine IR study confirmed that the introduction of fibrous silica on Y zeolite 

increased the Lewis acid sites corresponding with the formation of extra-framework Al which led to the 

generation of more protonic acid sites. A hydrogen adsorbed IR study showed that the protonic acid 

sites which act as active sites in the isomerization were formed via dissociative-adsorption of molecular 

hydrogen releasing electrons to the nearby Lewis acid sites. Thus, it is suggested that the presence of Pt 

and HSi@Y with a high number of Lewis acid as well as weak Bronsted acid sites improved the activity 

and stability in C 5 , C 6 and C 7 isomerization via hydrogen spill-over mechanism. 

© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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. Introduction 

There is increasing world demand for the clean gasoline. Due

o many restrictions and regulations, it is currently a big challenge

or the petroleum refining companies to produce light crude oil

ith low levels of impurities. World concern related to environ-

ental and health problems has led to regulations that limit the

ddition of aromatics, benzene, sulfur, NO x , and other dangerous

ompounds. Some octane number enhancers such as MTBE and an

xygenated compound have been banned because of alleged leak-

ng from storage tanks and contamination of the water supplies

1] . Also, benzene has been eliminated from gasoline content due

o its carcinogenic nature. The restrictions of these compounds in

asoline have affected the gasoline quality and reduced the octane

umber and thus have contributed to poorer engine performance.

n this regard, isomerization processes which convert linear alka-

es to higher octane number branched-chain alkanes have been

hosen as an alternative way to improve the quality of gasoline

2,3] . 
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The isomerization reaction is generally carried out over bifunc-

ional metal/acidic catalysts consisting of both metallic and acidic

unctions. In this process, an efficient catalyst is required in order

o achieve high selectivity for various isomers and to reduce un-

esired cracking products. Current industrial catalysts such as plat-

num supported on halogenated alumina and zirconia have shown

ood potential for the isomerization reaction. These kinds of cat-

lysts have high activity and selectivity toward n -alkane isomers

nd are able to perform at low reaction temperatures. Platinum

as been widely used as a promoter in the production of bifunc-

ional catalysts for isomerization of n -alkanes where the metal

ites mainly provide the hydrogenation and dehydrogenation func-

ion, whereas the acid sites catalyse the isomerization and cracking

eactions [4] . It was also reported that Pt has a concomitant role

o hydrogenate coke precursors, thus preventing the deposition of

arbonaceous over layers [5,6] . 

However, these catalysts suffer from their complicated opera-

ion and they produce serious environmental pollution. Among all

f the supports, zeolites, known as microporous crystalline alumi-

osilicates, are the most promising solid acid catalysts [7,8] . They

ave been widely used in many industrial processes due to their

hape selectivity, good thermal stability, hydrophobicity, and their

ood ability to transfer electrons to their enormous acid sites. The

hree-dimensional network with well-defined channels and the
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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pore system of zeolites provides high activity and selectivity for

the catalytic reactions [9] . Besides, the acidity of the zeolite can be

controlled via the Si/Al ratio by using several treatment methods.

The amazing properties of zeolites offer new advanced catalytic

technologies to produce high-quality products with maximum se-

lectivity and energy efficiency. Unfortunately, zeolites have some

diffusion limitations when dealing with bulky compounds owing

to their small micropores, which lead to slow mass transport in

catalytic reaction processes [10] . 

Silica-based fibrous material has been extensively studied by re-

searchers after the discovery of the fibrous silica nanosphere (KCC-

1) by Polshettiwar and co-workers [11] . The KCC-1 that was pre-

pared using a microwave-assisted hydrothermal technique exhib-

ited excellent properties, including a high surface area, a fibrous

surface morphology, good thermal and hydrothermal stabilities,

and mechanical stability. Moon et al. reported that mesoporous

silica with fibrous morphology has high surface area compared

with a typical hexagonal or cubic pore structure which is suitable

for a good catalytic support [12] . Previously, numerous studies on

acid-catalysed isomerization reactions have been conducted. It has

been discovered that the support material for isomerization must

have appropriate acidity for good catalytic activity. However, KCC-

1, which is fully composed of silica, does not provide an adequate

number of acid sites to promote acid-catalysed isomerization reac-

tions [13] . 

In the present work, a new combined zeolite-based on fibrous

silica (HSi@Y) was prepared via self-assembly process in a mi-

croemulsion system. This new type of catalyst is supposed to have

high and strong acidity due to the presence of extra-framework sil-

ica which finally increases the activity and stability of the catalyst.

2. Experimental 

2.1. Catalyst preparation 

Fibrous silica Y zeolite (Si@Y) was prepared using Y zeolite seed

(Zeolyts, CBV 901, Si/Al: 80) crystal-seed crystallization. HSi@Y and

Pt/HSi@Y were prepared according to the method described in

previous report [14] . In brief, one mole of tetraethyl orthosilicate

(TEOS) was dissolved in a mixture of toluene and 1-butanol. Then,

the Y zeolite seed was added to the solution followed by stirring

for 30 min. A mixed solution of 0.9 moles of urea, 0.27 moles of

cetyltrimethyl-ammonium bromide (CTAB) and distilled water was

then added. The resulting solution was exposed to intermittent mi-

crowave radiation (400 W) for 6 h. The solid product was isolated

by centrifugation, followed by washing with acetone and distilled

water, and dried overnight in air at 373 K. Finally, the product was

calcined at 823 K for 3 h under an air atmosphere. The synthesized

catalysts were denoted as fibrous silica Y zeolite (Si@Y). 

Pt/HSi@Y was prepared by incipient wetness impregnation of

HSi@Y with H 2 PtCl 6 ·6H 2 O in aqueous solution to obtain 0.5 wt% Pt

in the catalyst. The mixture was then stirred and placed in oven

until dried and calcined at 823 K for 3 h. The sample was labelled

Pt/HSi@Y. For comparison study, the Pt/HY was also prepared. 

2.2. Characterization of catalyst 

The crystalline structure of catalysts was characterized with X-

ray Diffractometer (Bruker Advance D8, 40 kV, 40 mA) using Cu K α
radiation with λ= 1.5418 Å radiation in the range of 2 θ = 5 °–
90 ° with a scan rate of 0.1 °. The surface morphology was iden-

tified using Field Emission Scanning Electron Microscope (FESEM)

(Zeiss Supra 35 VP). 27 Al and 

29 Si MAS NMR spectra were deter-

mined on a Bruker Advance 400 MHz spectrometer at frequency

of 104.2 MHz and 79.4 MHz, respectively. The 27 Al MAS NMR spec-

tra were obtained using pulse length of 1.9 μs, spin rate of 7 kHz
nd relaxation time delay of 2 s. The 29 Si MAS NMR spectra were

ecorded using 4 μs radio frequency pulses, a recycle delay of 60 s

nd spinning rate of 7 kHz using a 4 mm zirconia. Si/Al ratio of

atalysts was determined using Agilent 4100 MP-AES spectrome-

er. The nitrogen physisorption analysis was done using a Beckman

oulter SA3100. Prior to the measurement, 0.05 g of the catalyst

as outgassed at 573 K for 1 h. The adsorption nitrogen was car-

ied out at 77 K. Surface area, pore size distributions and pore vol-

mes were determined from the sorption isotherms using BET and

on-local density functional theory (NLDFT) method. Fourier Trans-

orm Infra-Red (FTIR) measurements were carried out using Agilent

arry 640 FTIR Spectrometer equipped with a high-temperature

tainless steel cell with CaF 2 windows. 

Each IR spectrum was measured in transmission mode with a

.05 g of sample prepared as a self-supported wafer in 13 mm di-

meter. Prior to IR measurement, the sample was activated at 673 K

or 1 h, followed by 2 Torr of pyridine adsorption at 423 K. Then,

he pyridine was outgassed at 423, 473, 523, 573 and 623 K. For

easurement of the IR spectra for effect of the activation temper-

ture, the catalyst was activated at different temperature of 473,

23, 573, 623 and 673 K. After the activation, it was followed by

yridine adsorption and outgassing at 473 K. In the hydrogen ad-

orption study, the pyridine pre-adsorbed catalyst was exposed

o 100 Torr of hydrogen at room temperature. Then, the catalyst

as stepwise-heated from room temperature to 623 K in 50 K in-

rements. All the spectra were recorded on an Agilent Carry 640

TIR spectrometer [15] . In this study, the amount of adsorbed pyri-

ine was calculated by using integrated molar extinction coeffi-

ient (IMEC), 1.67 cm/μmole for Brønsted (B) and 2.2 cm/μmole for

ewis (L) acid sites. The formula involved in the calculation is as

ollows [14] : 

 ( Pyridine on Bronsted acid sites ) = 

1 . 88 IA ( B ) R 

2 

W 

(1)

 ( Pyridine on Lewis acid sites ) = 

1 . 42 IA ( L ) R 

2 

W 

(2)

here C is the concentration (μmol ·cm/g-cat.), IA (B,L) the inte-

rated absorbance of Brønsted or Lewis band, and R is the radius

f sample pellet (cm). 

.3. Isomerization of n-alkanes 

The isomerization of C 5 , C 6 and C 7 was carried out under

ydrogen atmosphere in a microcatalytic pulse reactor at tem-

erature range of 423–623 K according to the method described

n the previous report [16] . Before the catalytic reaction was

erformed, 0.3 g of catalyst was subjected to oxygen treatment

 F Oxygen = 100 mL/min) for 1 h, followed by hydrogen reduction

 F Hydrogen = 100 mL/min) for 3 h at 673 K and cooled down to 548 K

n a hydrogen stream. A dose of reactant (14 μmol) was injected

ver the activated catalyst and the products were trapped at 77 K

efore flash-evaporation into an online 6090 N Agilent gas chro-

atograph equipped with HP-5 Capillary Column and FID detector.

he intervals between each pulse injection were kept constant at

5 min. Since all catalysts reached steady state condition within 8

ulses (120 min), results at the fourth pulse were used. 

The reactant conversion ( X reactant ), selectivity ( S i ) and yield of

somer products ( Y i ) were calculated based on th8e following

quations: 

 reactant ( % ) = 

∑ 

[ C ] i − [ C ] residual reactant ∑ 

[ C ] 
i 

× 100% (3)
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 i ( % ) = 

[ C ] i ∑ 

[ C ] 
i 
− [ C ] reactant 

× 100% (4) 

 i = 

X reactant × S i 
100 

(5) 

here [ C ] i is a mole number of particular compound. The rate con-

ersion was obtained by multiplication of the differential conver-

ion data and rate constant ( k ) [17] . 

. Results and discussion 

.1. Structural properties 

The crystallinity of the catalysts was determined by using

RD analysis. Fig. 1 (a) shows XRD patterns of HY, HSi@Y, Pt/HY,

nd Pt/HSi@Y attributed to the Faujasite-type structure of zeolite

 (JCPDS card 77-1549) for all catalysts at diffraction peaks of

 θ = 3 °–40 °. The typical peaks of the catalysts are well matched

ith commercial HY and this suggests that the catalysts have the

eolite Y characteristics which can be observed at diffraction peaks

f 6.3 °, 10.3 °, 12.2 °, 15.9 °, 20.8 °, and 24.0 ° [18] . The introduction

f fibrous silica in HY zeolite decreased the crystallinity of HY to

bout 24%. In particular, a slight shift to the right was observed in

Si@Y compared to HY, suggesting a possible increase of the ze-

lite unit cell parameter upon the addition of fibrous silica [19] .

owever, the addition of Pt on HY and HSi@Y did not significantly

hange the crystallinity of the catalysts. The crystallinity of the cat-

lysts is tabulated in Table 1 . The reduction in the intensity of the

eaks may be due to the collapsing of the aluminosilicate frame-

ork and/or to the formation of an excessive amount of silicate

xtra-framework upon the addition of fibrous silica. Another study

evealed that there is a partial collapse of the FAU structure in USY

fter steam treatment at 925 °C [20] . Sun et al. reported that mod-

fication of zeolite Y (which has the structure of KF-Y) with potas-
Fig. 1. (a) XRD patterns of all catalysts and, (b) FESEM im
ium completely collapsed the zeolite Y after activation and re-

ected the transformation of zeolite to amorphous aluminosilicate

18] . In the other study, the intensity of XRD for PtY was reduced

ompared to commercial NaY because of interference effects from

he Pt ions impregnated into the zeolite [21] . In contrast, the intro-

uction of iridium into Fe-USY did not change the XRD pattern of

e-USY because of the well-controlled deposition of iridium onto

e-USY [22] . 

Fig. 1 (b) shows an FESEM image of the spherical fibrous mor-

hology of Pt/HSi@Y. The Pt/HSi@Y exhibited bicontinuous lamellar

rowth radially outward from the zeolite core which arranged in

hree dimensions to form a colloidal sphere shape with open pore

hannels. This unique fibrous silica morphology mimicked the KCC-

 proposed by Polshettiwar et al. [11] . The KCC-1 was suggested

o have several advantages such as a high surface area to provide

igh accessibility for the bulky mass reactants to access active sites

nd this increases the rate of reaction and product formation [12] .

he particle size distribution of Pt/HSi@Y is in the range of 500–

00 nm ( Fig. 1 c). Upon the introduction of Pt, there were no sig-

ificant changes in morphology or particle size of HSi@Y. The EDX

nalysis revealed that the catalysts were composed of Si, Al, and O

toms. The addition of Si species from hydrolysis of TEOS by urea

esulted in an increase in the amount of Si on Pt/HSi@Y catalyst

rom 85.5 wt% to 94.0 wt%. It can be claimed that Pt/HSi@Y pos-

esses dendrimeric silica fibres which are arranged in three dimen-

ions to form a sphere. This result is supported by the Si/Al ratio

btained with MPAES in which the Pt/HSi@Y type catalysts pos-

essed a higher Si/Al ratio as compared to commercial Pt/HY. The

i/Al ratio of Pt/HSi@Y increased from 41 to 110 ( Table 1 ) . 

The 27 Al MAS NMR analysis was carried out to detect the

resence of a tetrahedral framework for aluminium (isolated AlO 4 

pecies) and an octahedral extra-framework aluminium (AlOH

pecies) [23] . Fig. 2 shows a typical aluminium spectrum with

wo distinctive peaks at 54 and 0 ppm, which are attributed to
ages and (c) particles size distribution of Pt/HSi@Y. 
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Table 1. Physicochemical properties of catalysts. 

Catalysts Si/Al ratio a Crystallinity b 

(%) 

Surface area c 

(m 

2 /g) 

Mesopore 

volume d (cm 

3 /g) 

Total pore 

volume d (cm 

3 /g) 

Bronsted acid 

site e (μmol/g-cat) 

Lewis acid site e 

(μmol/g-cat) 

HY 42 100 473 0.044 0.308 9.64 8.96 

HSi@Y 108 24 550 0.710 0.808 6.08 13.84 

Pt/HY 41 78 466 0.035 0.299 11.50(0.015) f 7.49 

Pt/HSi@Y 110 24 483 0.518 0.604 5.16(0.037) f 15.34 

a Obtained by Microwave Plasma Atomic Emission Spectroscopy (MPAES). 
b The intensity ratio was used to determine the crystallinity of the catalysts and assumed that the crystallinity of HY is 100% at peak intensity at 2 θ = 6.3 °. 
c BET method. 
d Mesopore and total pore volume were obtained from t -plot method. 
e The amount of Bronsted and Lewis acid sites was calculated using the integrated molar extinction coefficients for which ɛ 1546 = 1.67 cm μmol −1 for the Bronsted and 

ɛ 1446 = 2.22 cm μmol −1 for the Lewis acid sites. 
f The catalysts were outgassed at 623 K. 

Fig. 2. 27 Al (a: Pt/HY; b: Pt/HSi@Y) and 29 Si (c: Pt/HY; d: Pt/HSi@Y) MAS NMR spec- 

tra of all catalysts. 
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(  

o  
the tetrahedrally and octahedrally-coordinated aluminium, respec-

tively [24] . The ratio of extra-framework/framework aluminium for

Pt/HY and Pt/HSi@Y were 0.98 and 1.39, respectively. The higher

ratio for Pt/HSi@Y indicated collapsing of the tetrahedral coordi-

nated framework aluminium. 

From the 29 Si MAS NMR, Pt/HY exhibited a dominant sig-

nal at −110 ppm that was attributed to Q 3 site, ( ≡SiO) 3 Si. While,

Pt/HSi@Y exhibited one dominant signal at −113 ppm which corre-

sponds to silicon atoms at Q 4 sites, ( ≡SiO) 4 Si. Also, a small peak

was observed at −105 ppm both for Pt/HY and Pt/HSi@Y. This cor-
esponds to Q 2 site, ( ≡SiO) 2 Si. Both Pt/HY and Pt/HSi@Y possessed

n inequivalent crystallography site at −120 ppm [25] . The dom-

nant Q 4 sites at Pt/HSi@Y indicated that the addition of den-

rimeric silica fibre increased the amount of Q 4 silicate framework.

ore, et al. reported that increasing the Si/Al ratio of USY zeolite

howed regularly ordered Q 4 (Si) framework sites at approximately

105 ppm and loss of Si (3Si, 1Al) and Si (2Si, 2Al) environments

8] . This result corresponds to the Si/Al ratio obtained from MPAES

n which the Si/Al ratio increased from 41 to 110. 

According to XRD, NMR, and FESEM results, it can be concluded

hat Pt/HSi@Y was predominantly composed of silica and small

art of the HY framework. The centre of Pt/HSi@Y consists of HY

nd on the outer part (dendrimer) was mainly composed of sil-

ca. This phenomenon mimics our previous report where elemental

apping showed that the aluminosilicate framework of ZSM-5 was

t the centre of the Pt/HFZSM-5 sphere and the silica was mainly

istributed at the outer part of the Pt/HFZSM-5 sphere [14] . 

The N 2 adsorption-desorption isotherms and pore size distribu-

ions for all catalysts are plotted in Fig. 3 . All catalysts showed a ni-

rogen uptake at a low relative pressure, which is due to the pres-

nce of microporosity. Two up-steps can be observed at P / P 0 = 0.5

nd 0.9 for HSi@Y type catalysts, indicating the presence of cap-

llary condensation of nitrogen in the intraparticle and interpar-

icle voids, respectively. Higher nitrogen uptake was revealed in

Si@Y type catalysts, suggesting the presence of mesopores. The

Si@Y type catalysts showed type IV adsorption isotherms with

n H 3 hysteresis loop, indicating the presence of mesopores with

on-uniform slit-shaped pores. It was clearly observed that the

ntroduction of fibrous silica in HY resulted in the presence of

orous material consisting of micropores and mesopores. Mean-

hile, commercial HY type catalysts showed type I isotherms. HY

ype catalysts showed high nitrogen uptake at low relative pres-

ure and relatively low nitrogen uptake at high relative pressure;

his indicates that only micropores are present [26] . In addition, all

atalysts showed bimodal pore size distributions in which narrow

eaks were observed in the range of 1–2 nm and 3–6 nm. These

ere attributed to micropores and mesopores, respectively. A peak

bserved in the range of 1–2 nm for HY showed that the catalyst

as dominated by micropores. The addition of fibrous silica in-

reased the peak in the range of 3–6 nm which indicated that the

esopores were formed from the self-assembly of the CTAB sur-

actant and the inter-dendrimer distance in HSi@Y catalyst. It was

bserved that the peak at 3–6 nm on Pt/HSi@Y was slightly de-

reased. This may be due to a change of crystallinity which is in

ccordance with the XRD results. Other than that, it also may be

ue to a blocked entrance to the porous network or to occupied

nner pores of the catalyst which resulted from the impregnation

y Pt metal. 

From the Table 1 , HSi@Y exhibited a slightly higher surface area

550 m 

2 /g) as compared to HY (473 m 

2 /g). The total pore volume

f HSi@Y is 0.808 cm 

3 /g, which shows that HSi@Y possesses more
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Fig. 3. N 2 adsorption (white-circle symbol)-desorption (black-circle symbol) isotherms and NLDFT pore size distribution of all catalysts. 
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esopore and micropore volume than HY (0.308 cm 

3 /g). The in-

rease in the BET surface area of HSi@Y type catalysts may be due

o the formation of dendrimeric silica upon the addition of silica

o the parent HY. The increase in the amount of mesopores from

.044 to 0.710 cm 

3 /g was suggested to be due to the formation of

esopores in dendrimeric silica. In addition, the amount of micro-

ore volume was slightly decreased, which might be due to block-

ge by the presence of the silicate framework. In this study, the in-

roduction of Pt into HSi@Y and HY has slightly decreased the sur-

ace area and total pore volume. This result may be due to block-

ge of the entrances to the porous network or to occupation of the

nner pores of the catalysts by Pt particles [14] . 

.2. IR study of pyridine adsorption 

The type of acid sites for HY, HSi@Y, Pt/HY and Pt/HSi@Y was

tudied by pyridine adsorbed IR spectroscopy. Fig. 4 (a) shows IR

ands for all activated catalysts in which the pyridine was ad-

orbed at 423 K until equilibrium and outgassed at 473 K. All of the
atalysts exhibited two absorbance bands at 1454 and 1545 cm 

−1 ,

hich are attributed to pyridine molecules coordinated to Lewis

cid sites and to pyridinium ions formed by protonation of pyri-

ine on Brønsted acid sites, respectively [4] . Besides, another band

as observed at 1490 cm 

−1 , which corresponded to the conjuga-

ion of Brønsted and Lewis acid sites. In particular, the HSi@Y type

atalysts possessed higher peak intensity of Lewis acid sites com-

ared to the HY type catalysts ( Fig. 4 a ) , which was possibly due

o the generation of extra-framework Al sites during the synthe-

is procedure using water as solvent. This result is in agreement

ith the 27 Al MAS NMR spectroscopy which showed an increase

n extra-framework Al in Pt/HSi@Y compared to the Pt/HY. Besides,

his result was also in accordance with the change of a peak in

H region, as observed by FTIR spectra of evacuated catalyst at

73 K (Fig. S2). Deconvolution spectrum by Gaussian curve-fitting

f Pt/HSi@Y exhibited a higher peak at 3660 cm 

−1 which corre-

ponded to extra-framework Al-OH species compared to the Pt/HY.

imilar results have been reported by Katada et al. who showed

hat water treatment on a series of ultra-stable Y zeolites resulted

n higher formation of extra-framework aluminium [27] . 
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Fig. 5. Rate conversion and yield isomer products for isomerization of C 5 , C 6 and 

C 7 at different reaction temperatures over Pt/HY and Pt/HSi@Y. 
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Fig. 4 (b) shows IR spectra for Pt/HSi@Y at different activation

temperatures from 523 K to 673 K and pyridine was adsorbed at

423 K. As the activation temperature was raised, the Lewis acid

sites increased while the Brønsted acid sites decreased. The in-

tensity ratio of Lewis to Brønsted increased markedly with in-

creasing the activation temperature. This phenomenon was due

to the dehydration and/or dihydroxylation which eliminated acidic

OH groups at higher activation temperatures [28] . In addition,

a high number of Lewis acid sites in Pt/HSi@Y represented the

perturbed framework Al atoms in which Lewis acid sites formed

from the partial zeolite dehydroxylation in the presence of extra-

framework Al in which most of the Lewis acid sites have origin

in the extra-framework Al atoms [29] . This result was evidenced

by the 27 Al NMR result, which showed that the signal intensity of

extra-framework AlOH species (Lewis acid sites) in the super-cages

and sodalite cages is higher for HSi@Y than HY [30] . A decrease

in Brønsted acidity and an increase in Lewis acidity in high sil-

ica HZSM-5 was reported to be due to the transformation of part

of the four-coordinated framework Al atoms into six-coordinated

extra-framework atoms [31] . Upon the introduction of Pt on both

HY and HSi@Y, only slight changes occur in the Lewis and Brønsted

acid sites which means that Pt did not significantly affect the acid-

ity. Fig. 4 (c) shows IR spectra for Pt/HSi@Y outgassing of pyri-

dine at elevated temperatures from 423 to 623 K. Upon increas-

ing the outgassing temperature, pyridine molecules adsorbed on

weak acid sites will be desorbed at lower temperatures and pyri-

dine molecules adsorbed on strong acid sites will be desorbed at

higher temperatures [16] . The results showed that all types of cat-

alysts possessed Lewis and Brønsted acid sites after outgassing of

adsorbed pyridine at 573 K. This indicates that Pt/HSi@Y type cata-

lysts possess relatively weak and strong acid sites [32] . 

3.3. C 5 –C 7 isomerization 

The catalytic activities of HY, HSi@Y, Pt/HY, and Pt/HSi@Y were

evaluated with respect to C 5 , C 6 and C 7 isomerization at 423–623 K

in a microcatalytic pulse reactor in the presence of hydrogen gas

( Figs. 5 and 6 ). Prior to the reaction, all catalysts were activated at

673 K under a hydrogen stream for 3 h. For all reaction tempera-

tures, HY and HSi@Y were not active for C 5 , C 6 and C 7 isomeriza-

tion. This may be due to the absence of active sites for initiation of

the reaction. The presence of a Pt site enhanced the activity of the

catalysts. Fig. 5 shows the rate conversion and yield of isomers for

C 5 , C 6, and C 7 isomerizations over Pt/HY and Pt/HSi@Y, while their

respective selectivity towards isomers and cracking are illustrated

in Fig. 6 . Although, the results showed that Pt/HSi@Y gives better

activity than that of Pt/HY, in general both catalysts showed poor

activity for C 5 isomerization at all temperatures compared with

C 6 and C 7 isomerizations. Both catalysts yielded less than 3% of

mono branched-isomer product and no di-branched isomers were

detected. The rate of reaction was higher with Pt/HSi@Y for C 5 and

C 6 isomerizations. Particularly, the rate of C 6 isomerization reached

almost three-times higher for Pt/HSi@Y. Similarly, the yield of iso-

mers was higher for Pt/HSi@Y than that for Pt/HY. The yield for C 5 ,

C 6 and C 7 isomerization was less than 22% for Pt/HY. For Pt/HSi@Y,

the yield of isomers for C 6 and C 7 isomerizations reached 70% and

30% at 623 K. Above 573 K, although the rate of reaction increased,

the yield of C 7 isomerization did not change much. This may be

due to the formation of cracking products at higher reaction tem-

peratures. The high activity in terms of isomer yield over Pt/HSi@Y

was possibly due to the presence of a moderate amount of weak

Bronsted acid sites, which originated from the fibrous silica frame-

work. This result is in accordance with the results observed in

pyridine FTIR with different activation temperatures ( Fig. 4 ) which

showed that Pt/HSi@Y possessed weaker Bronsted acid sites com-

pared to Pt/HY. The moderate amount of weak Bronsted acid sites
nhanced the yield of isomers by forming bigger cracking products

f C 5 –C 6 (as tabulated in Table S1) which can further rearrange to

orm isomer products. Meanwhile, the strong Bronsted acid sites

n Pt/HY favours the formation of smaller C 1 –C 2 cracking products,

hich subsequently decreased the yield of isomers. 

On the other hand, Pt/HY and Pt/HSi@Y showed a better rate

f conversion and produced mono and di-branched isomers com-

ared with Pt-free catalysts. This is due to the fact that the Pt site

rovided a metallic-acid balance function to convert the alkane re-

ctants into isomer products. Moreover, the Pt has a role in the

ormation of protonic acid sites through a hydrogen spill-over phe-

omenon which finally promoted the isomerization [4,9] . The pres-

nce of metallic platinum dissociates hydrogen molecules to hy-

rogen atoms which undergo spill-over over on the support. The

issociated hydrogen molecules are not only indispensable for the

eneration of the acid sites, but also inhibit the formation of ß-

cission that is responsible for cracking and polymerization reac-

ions by eliminating the ionic intermediates from the catalyst sur-

ace. Furthermore, the catalyst with Pt was suggested to have fewer

racking products than the Pt-free catalysts. This was evident from

he study of Santikunapom et al. in which Pt/HY produced lower

mounts of cracking products and enhanced the stability of the

atalyst in the ring opening reaction of decalin and tetralin [33] . 

In this study, Pt/HSi@Y possessed higher catalytic activity than

t/HY and most probably this was correlated to the addition of fi-

rous silica into the catalyst surface. The addition of silica was sug-

ested to produce a higher amount of Lewis acid sites which assist



S. Triwahyono, A .A . Jalil and S.M. Izan et al. / Journal of Energy Chemistry 37 (2019) 163–171 169 

0

25

50

75

100

423 473 523 573 623

Se
le

ct
iv

ity
 (%

)

Temperature (K)

n-Pentane

0

25

50

75

100

423 473 523 573 623

Temperature (K)

n-Hexane

0

25

50

75

100

423 473 523 573 623
Temperature (K)

n-Heptane

Isomer of Pt/HSi@Y Cracking of Pt/HSi@Y Isomer of Pt/HY Cracking of Pt/HY

Fig. 6. Product selectivity of n -pentane, n -hexane and n- heptane isomerization isomerization over Pt/HY and Pt/HSi@Y in the presence of hydrogen. 

i  

i  

f  

t  

o  

c  

P  

i  

o  

a  

o  

a

 

p  

a  

p  

1  

c  

s  

w  

a  

h  

f  

T  

s  

f  

s  

L  

m  

c  

p  

P  

d  

t  

[  

a  

u  

g  

fi  

s  

p  

c  

a  

[  

1400145015001550
Wavenumber [cm-1]

0.1 

f

Pt/HSi@Y

a

1400145015001550

A
bs

or
ba

nc
e

Wavenumber [cm-1]

0.1 

f

Pt/HY

a

0

0.02

0.04

0.06

0.08

0.1

250 350 450 550 650

C
ha

ng
es

 o
f L

ew
is

 a
nd

 P
ro

to
ni

c 
A

ci
d 

Si
te

s [
a.

u.
]

Temperature [K]

Pt/HY

250 350 450 550 650
Temperature [K]

Pt/HSi@Y

(a)

(c) (d)

(b)

Wavenumber (cm-1) Wavenumber (cm-1)

Temperature (K) Temperature (K)

(1)

(6)

(1)

(6)

C
ha

ng
es

 o
f L

ew
is

an
d 

pr
ot

on
ic

 
ac

id
 si

te
s (

a.
u.

)

Fig. 7. (a,b) Spectral changes of all catalysts when pyridine-preadsorbed sample 

was heated in hydrogen at ( 1 ) RT, ( 2 ) 323 K, ( 3 ) 373 K, ( 4 ) 423 K, ( 5 ) 473 K and (6) 

523 K. Pyridine outgassed at 623 K (solid line). (c,d) Variations of the absorbance in- 

tensity for the spectral changes when pyridine-preadsorbed sample was heated in 

hydrogen. Lewis acid sites ( ●) and protonic acid sites ( � ). 

p  

p  

b  

w  
n the generation of protonic acid sites from molecular hydrogen. It

s noteworthy that the formation of protonic acid sites originated

rom molecular hydrogen atoms releasing electrons. Then, the elec-

rons may react with a second hydrogen atom to form a hydride

r they are stabilized in the Lewis acid sites. Moreover, a slight in-

rease in the total acidity was observed after the introduction of

t in both HY and HSi@Y catalysts. The increase in the total acidity

n the presence of Pt was plausibly attributed to an enhancement

f the dehydroxylation or dehydration process which leaves Lewis

cid sites. Also, similar results were observed in a previous report

n MoO 3 catalyst which showed an increase in acidity after the

ddition of Pt due to the elimination of OH groups [34] . 

The formation of protonic acid sites was evident by the

yridine-pre-adsorbed IR heated in hydrogen at elevated temper-

ture as shown in Fig. 7 . By increasing the temperature in the

resence of hydrogen, the absorbance intensity of the band at

445 cm 

−1 (Lewis acid sites) decreased with a concomitant in-

rease in the absorbance intensity at the 1545 cm 

−1 (protonic acid

ites) band. This indicated that the formation of protonic acid sites

as through interconversion of the Lewis acid sites to protonic

cid sites. The formation of protonic acid sites for Pt/HSi@Y was

igher than for Pt/HY. The change of protonic acid site intensity

or Pt/HSi@Y was 0.037 where only 0.015 was produced for Pt/HY.

he high ability of the Pt/HSi@Y catalyst to generate protonic acid

ites may correspond to the surface changes brought about in the

ormation of the extra-framework upon the introduction of fibrous

ilica onto the Pt/HY, which results in an increased amount of

ewis acid sites as electron acceptors. It should be noted that for-

ation of protonic acid sites from molecular hydrogen in Pt/HSi@Y

orresponded to the large amount of Lewis acid sites from the

resence of fibrous silica and the presence of Pt [35] . According to

rins et al., the spill-over of hydrogen can occur in the presence of

efect sites on the catalysts in which O 

− on the surface and holes

rapped in a cation vacancy can dissociate H 2 and form OH 

− ions

36] . The presence of Pt in the catalyst was essential for the cat-

lyst to facilitate the formation of protonic acid sites from molec-

lar hydrogen [37] . As compared with Pt/HY, Pt/HSi@Y showed a

reater change in the absorbance band and this indicated that the

brous silica catalyst has facilitated the formation of protonic acid

ites. We also reported that the conversion of Lewis acid sites into

rotonic acid sites on Pt/WO 3 -ZrO 2 occurred at lower temperatures

ompared to WO 3 -ZrO 2 , which indicated that the rate of protonic

cid sites formation is higher in a catalyst with Pt than without Pt

4] . In addition, the presence of Pt enhanced the production rate of
rotonic acid sites from the hydrogen spill-over mechanism. This

henomenon has also been observed on Pt/SO 4 
2 −-ZrO 2 catalyst

y Hattori et al. [38] . They concluded that hydrogen molecules

ere dissociatively adsorbed on the Pt to form a proton and a
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Table 2. Comparison study for C 5 –C 7 isomerization. 

Reactant Catalyst Conversion (%) S iso (%) S cracking (%) Yield isoproducts (%) Reaction temperature (K) Ref. 

Mono-branched Di-branched 

C 7 Pt/HSi@Y 87.4 75.0 2.5 22.5 67.7 623 This study 

Pt/HY 92.3 14.6 − 83.9 13.3 623 This study 

Pt/H β 71.8 70.1 23.9 6 67.5 453 [1] 

MoO 3 /MSN 45 81.3 12.4 3.5 43.4 623 [17] 

C 6 Pt/HSi@Y 72.3 91.4 7.7 5.7 71.7 573 This study 

Pt/HY 27.2 70.7 1.7 27.4 19.5 573 This study 

Pt/HMOR 24.0 74.7 15.8 − 21.7 523 [39] 

Pt/WO x -ZrO 2 39.0 86.8 12.6 − 38.8 533 [42] 

MoO 3 /TiO 2 34.5 81.8 10.0 − 31.7 573 [43] 

C 5 Pt/HSi@Y 60.3 45.0 8.5 6.5 53.5 623 This study 

Pt/HY 22.7 10.3 4.6 6.1 3.4 623 This study 

Zn/H β 29.7 75.0 − 25.0 22.3 623 [8] 

Ir/Pt-HZSM5 63.0 98.2 − − 57.2 548 [32] 
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hydride ion. The proton was present as spill-over hydrogen and

the hydride ion was trapped on the Lewis acid site. Other research

found that the elimination of protonic acid sites and the formation

of strong Lewis acid sites on HZSM5 may be caused by the exis-

tence of metal species bonded to the non-acidic terminal (SiOH)

group and/or the bridging hydroxyl (SiOHAl) groups on the surface

of HZSM5 [9] . Monteiro et al. studied the catalytic behaviour of

Pt/HMOR in n -hexane hydro-isomerization by the modification

of zeolite pores [39] . They concluded that the selectivity of di-

branched isomers was improved due to the preservation of the

support acidity and the slight enlargement of the micropores. This

work was similar to Pt/HSi@Y where the modification of HY to

HSi@Y enlarged the pores size for better performance in catalytic

activity. In this study, the role of mesopores in enhancement of

catalytic performance can be determined by examining the differ-

ence in product distribution obtained over HY and HSi@Y based

catalysts as presented in Table 2 . The presence of mesopores in

Pt/HSi@Y has facilitated the formation of bigger size di-branched

isomer products which have higher RON in C 6 isomerization. At

reaction temperatures of 523–623 K, it was observed that Pt/HSi@Y

gave 15.91% selectivity of 2,3-DMB compared to 11.3% over Pt/HY. 

Table 2 shows the catalytic activity of catalysts for C 5 –C 7 iso-

merizations reported in literature. It is observed that non-zeolite

catalysts such as MoO 3 /MSN showed high activity and stability

in C 7 isomerization at 623 K. This was due to the dissociative-

adsorption of molecular hydrogen on MoO 3 to form atomic hy-

drogen, which consequently enhanced the formation of protonic

acid sites [17] . Meanwhile, Monteiro et al. enhanced the activ-

ity of C 6 hydro-isomerization over Pt/HMOR by controlling the

support acidity and the size of the micropores [39] . Besides, Ka-

trib et al. revealed that the reduction of bifunctional MoO 3 /TiO 2 

formed a MoO 2 (H x )ac phase which provided hydrogenation and

dehydrogenation sites for enhanced C 6 isomerization [40] . It was

also found that Zn loading on H β showed good activity in C 5 iso-

merization due to the presence of strong Lewis acid sites which

facilitate the formation of active protonic acid sites through a hy-

drogen spill-over mechanism [8] . Setiabudi et al. studied the effect

of iridium (Ir) loading on Pt-HZSM-5 for C 5 isomerization [41] . It

was found that the Ir enhanced the selectivity for iso-pentane and

decreased the selectivity for cracking products due to the interac-

tion of iridium with lattice defects or with extra-lattice oxygen that

increased the number of strong Lewis and protonic acid sites from

molecular hydrogen. It is noteworthy that the results of Pt/HSi@Y

are up to par compared to the other above-mentioned catalysts,

particularly for the C 7 and C 6 isomerization. This certainly due to

the presence of dendrimeric fibre on Pt/HSi@Y which contributed

to the abundance of Lewis acid sites. Meanwhile, slightly lower ac-

tivity of C 5 isomerization was observed which might be attributed

to the dehydroisomerization and hydrocracking of C 5 . In fact, C 5 
ith only a five carbon chain is more challenging for isomeriza-

ion as compared to C 6 and C 7 . 

. Conclusions 

Fibrous Y (Si@Y) zeolite was successfully prepared using bi-

ontinuous microemulsion of CTAB, toluene, and water coupled

ith zeolite crystal-seed crystallization. While, Pt/HSi@Y and Pt/HY

ave been prepared by protonation of Si@Y and commercial Y fol-

owed by impregnation with platinum. All of the catalysts were

haracterized using XRD, FESEM-EDX, NMR, N 2 physisorption, and

TIR spectroscopy. XRD results showed that the HSi@Y pattern is

ell matched with the HY pattern which indicated that the frame-

ork structure of zeolite is unaltered during the introduction of

brous silica into the zeolite Y. FESEM images showed the bi-

ontinuous lamellar morphology of Pt/HSi@Y in which HY acts as

 core and the fibrous silica as a shell and EDX indicated that sil-

ca is the dominant component in the Pt/HSi@Y type catalyst. This

esult correlated with the NMR result in which the Pt/HSi@Y pos-

essed a high extra-framework to framework ratio which indicated

hat Pt/HSi@Y possessed a dominant amount of Q 4 site. The N 2 ph-

sisorption of Pt/HSi@Y exhibited type IV isotherms with H 3 hys-

eresis which indicated the presence of mesopores with a high BET

urface area and pore volume. In general, the activity of Pt/HSi@Y

as better than Pt/HY, HSi@Y, and HY catalysts for C 5 , C 6 and C 7 

somerizations at 423–623 K. Particularly, Pt/HSi@Y showed better

ctivity for C 6 and C 7 isomerizations at 473–623 K. 

The high activity of Pt/HSi@Y was attributed to the presence of

eak Bronsted acid sites that originated from the silica framework

n the fibrous silica. This enhanced the formation of isomer prod-

cts, while suppressing the selectivity towards cracking products.

eanwhile, the presence of a high number of Lewis acid sites from

he extra-framework aluminium facilitates the generation of pro-

onic acid sites from molecular hydrogen. The generation of pro-

onic acid was initiated from hydrogen spill-over molecules on the

atalyst surface which produced electrons captured by Lewis acid

ites. From these results, it was concluded that Pt/HSi@Y is a ver-

atile catalyst for generating protonic acid sites due to the pres-

nce of more Lewis acid sites as well as weak Bronsted acid sites.

herefore, fibrous silica catalysts were proven to have an appro-

riate acidic property to obtain high performance in light alkane

somerization. 
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