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The crystal morphology and size of ferrierite catalysts were controlled by a suite of crystallization methods

and structure-directing agents. In particular, nano-sized ferrierite could be obtained by using

tetramethylammonium hydroxide and pyrrolidine as double structure-directing agents under dynamic

crystallization. The catalysts were analysed by XRD, SEM, N2 adsorption–desorption, NMR, XRF, NH3-

TPD, Py-IR, and TGA, and the characteristics were correlated with their catalytic performance in the

skeletal isomerization of n-butene. The results clearly indicated that all the catalysts have a similar

crystallinity, Si/Al ratio, and total number of acid sites, while a decrease in their crystal size leads to more

pore mouth acid sites. The nano-sized ferrierite showed better stability and higher activity, which were

related to their crystal morphology, size, and pore mouth acid. In addition, we further confirmed that

high isobutene selectivity can be produced by monomolecular reaction.
1. Introduction

Skeletal isomerization of n-butene to isobutene is an important
method to produce renery-decient isobutene, which is widely
used in the synthesis of butyl rubber, polyisobutene, methyl tert-
butyl ether, and methacrylate.1,2 Over the last few years, many 10
membered ring (MR) channel zeolites with shape-selective prop-
erties have been used extensively in industry and have been under
intensive academic investigation.3–5 It appears that zeolites with
ferrierite topology are much more effective than other zeolites in
terms of activity, selectivity, and stability.

Ferrierite is a medium-pore zeolite, containing a bi-
dimensional pore system consisting of 10 MR channels (with
dimensions of 0.43 � 0.55 nm) running parallel to the [001]
direction and intersected by 8MR channels (with dimensions of
0.35 � 0.48 nm) running parallel to the [010] direction. The 6
MR channels in the [001] direction and 8MR channels intersect,
which create [82686458] cavities, known as ferrierite cages.6,7

Although ferrierite is a natural zeolite, it has been synthesized
through the hydrothermal synthesis method with many organic
structure-directing agents (SDAs).8–12 However, reports on the
synthesis of nano-sized ferrierite are very limited. Both Xue13

and Wuamprakhon14 successfully synthesized hierarchical fer-
rierite with a ball-shaped morphology comprising nanosheets.
This hierarchical ferrierite showed greatly improved catalytic
activities for the pyrolysis of low-density polyethylene and
benzylation of toluene with benzyl chloride. Pinar,15 Lee,16 and
g, China University of Petroleum, Beijing

du.cn; Tel: +86 10 89733372

hemistry 2017
Yang17,18 have all reported needle-like or rod-like ferrierite, and
found that the ferrierite has a higher selectivity and better
stability than the commercial ferrierite for the skeletal isomer-
ization of n-butene. In addition, Hu19 obtained small-sized fer-
rierite through an aging step, and found that this ferrierite
showed higher activity and isobutene yield than large-sized
ferrierite. To the best of our knowledge, there is no report on
the effect of morphology and crystal size on the initial activity
and selectivity of the skeletal isomerization of n-butene.

There are at least three reaction mechanisms (bimolecular,
monomolecular, and pseudo-monomolecular) on ferrierite that
can be used to describe the skeletal isomerization of n-butene.
In the bimolecular mechanism, two n-butenes dimerize to form
C8, which undergoes isomerization and cracking, to form iso-
butene, n-butene, propene, and pentene.20,21 The mono-
molecular mechanism occurs on Brønsted acid sites through
a protonated cyclopropyl cation, which can be broken down to
a primary carbenium ion, and then rearrange to form iso-
butene.16,22,23 Even though the monomolecular mechanism can
explain the high isobutene selectivity, some researchers do not
support this view because this mechanism must go through
a primary carbenium ion, which is highly energetically and
thermodynamically unfavorable. Guisnet proposed a pseudo-
monomolecular mechanism, in which formation of the
primary carbenium ion is avoided. It is proposed with this
mechanism that the active site is a tertiary carbenium ion,
which reacts with n-butene to produce a secondary carbenium
ion, and then a more stable tertiary carbenium ion is formed
through rearrangement. The isobutene is produced through b-
scission and the active site is regenerated.24,25
RSC Adv., 2017, 7, 31535–31543 | 31535
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In this work, we successfully synthesized three ferrierite
catalysts with different crystal morphologies and sizes. Nano-
sized ferrierite was obtained through tetramethylammonium
hydroxide (TMAOH) and pyrrolidine acting as SDAs under
rotating crystallization. In addition, we studied how the crystal
morphology and size inuence the activity and selectivity for the
skeletal isomerization of n-butene based on physicochemical
properties of the ferrierite catalysts. We also displayed high
isobutene selectivity over the fresh nano-sized ferrierite for the
rst time. Moreover, we also elucidated the deactivation
mechanism in the reaction.

2. Experimental
2.1 Materials

The reagents used for the synthesis of ferrierite (FER) zeolite
were sodium silicate (28.2 wt% SiO2 and 8.6 wt% Na2O, Beijing
Red Star Guangsha Chemical Co., Ltd.), aluminum sulfate
octadecahydrate (Analytical Reagent, Sinopharm Chemical
Reagent Co., Ltd.), sulfuric acid (95–98%, Beijing Chemical
Works), pyrrolidine (99+%, ACROS), tetramethylammonium
hydroxide (25%, Sinopharm Chemical Reagent Co., Ltd.),
ammonium chloride (Analytical Reagent), and deionized water.

2.2 Catalyst preparation

Traditional ferrierite (T-FER) was synthesized following the
conventional procedure reported in the literature26 and using
pyrrolidine as SDA, crystallized from a gel with the molar
composition: 20Na2O : 37pyrrolidine : 66SiO2 : 2Al2O3 : 6.3H2SO4 :
1600H2O. The gel was heated statically at 175 �C and under
autogenous pressure for 55 h. Small ferrierite (S-FER) was obtained
by rotation (60 rpm) at 175 �C and under autogenous pressure for
55 h with the same molar composition. The nano-sized ferrierite
(N-FER) was synthesized with a slightly modied method where
TMAOH was added into the gel together with pyrrolidine. The
input gel molar composition was: 20Na2O : 37pyrrolidine :
3TMAOH : 66SiO2 : 2Al2O3 : 7.8H2SO4 : 1600H2O. Crystallization
conditions were the same as for S-FER. The products were recov-
ered by ltration, washed, and dried overnight. To obtain the
proton form, all products were calcined in air at 550 �C for 6 h, and
then ion-exchanged with 1 MNH4Cl solution at 90 �C for 4 h. Aer
washing and drying, the products were calcined in air at 550 �C for
4 h.

2.3 Catalyst characterization

X-ray diffraction (XRD) was used tomeasure the crystallization and
phase of the catalysts performed with a PANalytical B. V. diffrac-
tometer apparatus with Cu Ka radiation (k ¼ 0.15406 nm) at
a voltage and current of 40 kV and 20 mA, respectively. The 2q
scanning range was from 5� to 50� with a scan rate of 4� min�1.
The crystallinity of the self-made ferrierite catalysts was obtained
by calculating the intensity of the peaks at 2q ¼ 9.3� and between
22� and 25.5�.26 The crystallinity of T-FER was set as 100%. Scan-
ning electronmicroscopy (SEM)measurements were carried out to
conrm the crystal morphology and size with a HITACHI SU8010
apparatus. The textural characterization of the ferrierite catalysts
31536 | RSC Adv., 2017, 7, 31535–31543
was performed by N2 adsorption–desorption at �196 �C with a US
Micrometric TriStar II 3020 nitrogen adsorption analyzer. The
ferrierite catalysts were degassed at 300 �C for 8 h under vacuum
before the adsorption measurement. 13C and 27Al solid MAS NMR
analyses were carried out on an AVANCE 300 NMR spectrometer.
The 13C MAS NMR spectra were obtained at a frequency of 100.54
MHz with a 5 mm T3HX probe and spinning rate of 5 kHz. The
pulse length and recycling delay were set as 4.5 ms and 3 s,
respectively. The 27Al MAS NMR spectra were analyzed at
a frequency of 78.16 MHz with a pulse of 1.8 ms and a recycling
delay of 0.5 s, and by spinning the samples at a frequency of 10.0
MHz. X-ray uorescence (XRF) was carried out on a Bruker S4
Pioneer to analyze the sodium content and Si/Al ratio. Ammonia
temperature-programmed desorption (NH3-TPD) was used to
study the acid properties of the catalysts with US Autosorb-1C-TCD-
MS adsorption apparatus. Before NH3 adsorption, 100 mg of the
samples was calcined in a ow of pure argon at 550 �C for 60 min
and NH3 adsorption was performed at 100 �C for 40 min. Subse-
quently, purging was carried out with pure argon at 100 �C for
60 min to remove the physically-adsorbed NH3. Finally, the
samples were heated from 100 to 650 �C using a temperature ramp
of 10 �C min�1, and the quantity of NH3 desorbed was monitored
using mass spectrometry. Fourier transform infrared (FT-IR)
absorbance spectra were carried out on an US MAGNAIR-IR560
IR apparatus. Pyridine was used as the probe molecule to charac-
terize the concentration and nature of acid sites located at or near
the pore mouth. Approximately, samples with a quantity of 20 mg
and diameter of 12 mm were obtained by a self-supporting wafer
under a pressure of 10 MPa and pretreated at 400 �C for 30 min.
The adsorption of pyridine was performed at 130 �C for 30 min,
and subsequently, the physisorbed molecules were removed at
130 �C for 30min. IR spectra were recorded at 200 and 350 �C. The
weight loss of coke formed in the skeletal isomerization of n-
butene was measured by thermogravimetric analysis (TGA). TGA
was carried out on a Mettler-Toledo TGA/DSC-1 synchronous
thermal analyzer. Approximately 20 mg of the coked ferrierite
catalysts were used and heated from 100 to 800 �C at a heating rate
of 10 �C min�1 under oxygen ow.
2.4 Catalytic tests

The skeletal isomerization of n-butene to isobutene was carried
out at 410 �C, under atmospheric pressure. For example,
0.3500 g of catalyst was placed in the xed bed reactor with an
inner diameter of 8 mm. The feed stream, a mixture of nitrogen
and n-butene with a molar ratio of 3 : 1, was fed into the reactor
to start the skeletal isomerization when heated to 410 �C. The
products were analyzed online by gas chromatography (SHI-
MADZU 2010 plus) equipped with a ame ionization detector
and a GS-Alumina 50 m � 0.53 mm capillary column. For every
catalyst, the WSHV was set as 3.5, 10, 35, and 100 h�1 to obtain
n-butene conversion over a large range.

Since equilibrium of 1-butene, trans-2-butene, and cis-2-butene
was established rapidly through double-bond isomerization and
all were transformed to isobutene. 1-Butene, trans-2-butene, and
cis-2-butene were considered as the reactants.25,27

The n-butene conversion (C) was dened as:
This journal is © The Royal Society of Chemistry 2017
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C ¼ m1 �m2

m1

� 100% (1)

The selectivity of isobutene (Siso) was dened by:

Siso ¼ m3

m1 �m2

� 100% (2)

The yield of isobutene (Yiso) was calculated using:

Yiso ¼ m3

m1

� 100% (3)

The yield of propene and pentene (Yc3+c5) was calculated by:

Yc3þc5 ¼
m4

m1

� 100% (4)

where m1, m2, m3, and m4 were the quantities of raw n-butene,
produced n-butene, produced isobutene, and produced pro-
pene and pentene, respectively.
3. Results and discussion
3.1 Characterization of different catalysts

The crystal structure of the catalysts was analyzed by XRD. The
XRD patterns of the catalysts synthesized using different
methods all show the typical diffraction peaks of an FER-type
structure without evidence of contamination by impure phase
as shown in Fig. 1.26,28 The intensity of the X-ray diffraction lines
for T-FER (Fig. 1a), S-FER (Fig. 1b), and N-FER (Fig. 1c) are
Fig. 1 XRD patterns of the catalysts: (a) T-FER, (b) S-FER, (c) N-FER.

Table 1 Physicochemical and textual properties of the different catalyst

Sample Si/Al Na (%) Crystallinity SBET (m2 g�1) Sext (m

T-FER (fresh) 9.3 <0.05 100 314 16
T-FER (2000 min) — — — 7 2
S-FER (fresh) 10.2 <0.05 103 315 23
S-FER (2000 min) — — — 19 9
N-FER (fresh) 9.7 <0.05 98 337 55
N-FER (2000 min) — — — 61 33

a Si/Al ratio and sodium content: measured by XRF. Vmes ¼ Vt � Vmic.

This journal is © The Royal Society of Chemistry 2017
similar, which means that all the catalysts have a similar crys-
tallinity (as shown in Table 1). However, the XRD characteriza-
tion also showed differences between the catalysts. That is, the
catalysts synthesized in the presence of TMAOH had broader
XRD peaks which are oen seen with nanocrystalline mate-
rials.16,29 The nature of these catalysts was further evident in
their SEM images.

Fig. 2 shows the SEM results of the different ferrierite cata-
lysts. The crystal morphology and size were greatly inuenced
by the utilized crystallization method (rotating or static) and the
utilized TMAOH. T-FER, synthesized without rotation and
TMAOH, exhibited a large cuboid shape and a size of about 8 �
3 � 3 mm (Fig. 2a). This morphology was commonly
observed.26,30,31 A different morphology consisting of small-sized
crystallites (S-FER) was obtained when static crystallization was
replaced by the rotating method. The S-FER possessed a plate-
like shape, while the size was about 0.8 � 0.2 mm (Fig. 2b). A
crystal sample consisting of nano-sized crystallites (N-FER) was
produced when TMAOH was added under rotation. The N-FER
as displayed in the SEM images (Fig. 2c and d) had a rectangular
shape with a length of 120 nm and thickness of 30 nm. The
rectangular crystallites were a crucial precursor, whereby the
cuboid-shaped framework was formed by the stacking of these
crystallites. The size of the crystal aggregates was about 0.7 mm,
which was similar to that of the S-FER.

Nitrogen adsorption–desorption isotherms and pore size
distribution (PSD) for the fresh and coked ferrierite catalysts are
shown in Fig. 3. The isotherm of fresh T-FER and S-FER was
similar to the type-I isotherm (Fig. 3A(d and e)), which is char-
acteristic of micropore materials. It indicates that the T-FER
and S-FER are comprised solely of micropores. The PSD, as
shown in Fig. 3B(d and e), also indicates that few mesoporous
structures existed within the crystals. However, the isotherm of
fresh N-FER, as reveled in Fig. 3A(f), exhibited a combined
characteristic of type I and IV with an obvious hysteresis loop at
a relative pressure of 0.45, caused by capillary condensation of
N2 in themesopores. The PSD ranged from 1 to 70 nm, as shown
in Fig. 3B(f), indicating the existence of a mesoporous structure
among the stack of nano-sized crystallites.

A summary of the physicochemical and textual properties is
given in Table 1. It revealed the external surface area (Sext) and
mesopore pore volume (Vmes) of the fresh N-FER were 55 m2 g�1

and 0.10 cm3 g�1, respectively, which were much larger than
that of the fresh T-FER and S-FER. The BET surface area (SBET)
and total pore volume (Vt) of the fresh N-FER were 337 m2 g�1
sa

2 g�1) Smic (m
2 g�1) Vt (cm

3 g�1) Vmic (cm
3 g�1) Vmes (cm

3 g�1)

297 0.16 0.14 0.02
5 0.02 0.02 0.00
292 0.18 0.14 0.04
10 0.05 0.01 0.04
282 0.24 0.14 0.10
28 0.11 0.03 0.08

RSC Adv., 2017, 7, 31535–31543 | 31537
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Fig. 2 SEM patterns of the catalysts: (a) T-FER, (b) S-FER, (c) and (d) N-
FER.
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and 0.24 cm3 g�1, respectively, which were also larger than the
data obtained for the fresh T-FER and S-FER. In contrast, the
micropore surface area (Smic) of the fresh N-FER was a little
lower than that of the fresh T-FER and S-FER, while all the fresh
Fig. 3 Comparison of (A) nitrogen adsorption–desorption isotherms
(B) BJH pore size distribution: (a) T-FER (2000 min), (b) S-FER (2000
min), (c) N-FER (2000 min), (d) T-FER (fresh), (e) S-FER (fresh), and (f)
N-FER (fresh).

31538 | RSC Adv., 2017, 7, 31535–31543
catalysts had the same micropore volume. Moreover, the coked
ferrierite catalysts aer 2000 min of stream at 410 �C, WSHV ¼
10 h�1 and under atmospheric pressure, labeled as T-FER (2000
min), S-FER (2000 min), and N-FER (2000 min), were also per-
formed. The data obtained from the coked ferrierite catalysts
indicates that the coking decreased the Smic and Vmic signi-
cantly, but decreased the Sext and Vmes only slightly. We can
consider that the micropore was almost fully lled by coke, but
the 10 MR pore mouth and mesopores are still accessible.

The solid-state MAS NMR spectra of the ferrierite catalysts
are displayed in Fig. 4. The peaks at 23 and 50 ppm in the 13C
MAS NMR spectrum (Fig. 4A) can be assigned to the –CH2 of
pyrrolidine.32,33 This means that pyrrolidine exists in the three
types of ferrierite. Moreover, the extra peak at 60 ppm in
Fig. 4A(c) assigned to the methyl group of the TMA+ indicates
that both TMA+ and pyrrolidine existed in the N-FER.13,15,34

Therefore, it suggests that the change in morphology and size
should be caused by the interaction between pyrrolidine and
TMA+ in the gel. The coordination of aluminum in the three
ferrierite catalysts was also studied by 27Al MAS NMR and the
results demonstrated that there was only one resonance at
approximately 52 ppm assigned to the tetrahedral Al(OSi)4
species in the zeolite framework but no signal around 0 ppm
(Fig. 4B), indicating that there was no extra framework of
aluminum. Moreover, the sodium content and Si/Al ratio were
also conrmed by XRF, as shown in Table 1. The sodium
content was lower than 0.05% for all ferrierite catalysts, and the
Si/Al ratio of C-FER, S-FER, and N-FER was 9.3, 10.2, and 9.7,
Fig. 4 (A) 13C and (B) 27Al MAS NMR spectra of the catalysts: (a) T-FER,
(b) S-FER, (c) N-FER.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Ammonia TPD profiles for the (A) fresh catalysts: (a) T-FER, (b)
S-FER, (c) N-FER and (B) aged catalysts: (a) T-FER (2000min), (b) S-FER
(2000 min), (c) N-FER (2000 min).

Fig. 6 IR absorbance spectra of T-FER (a), S-FER (b), and N-FER (c)
� �
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respectively. By comparing the 27Al MAS NMR and XRF data, we
can conclude that the three ferrierite catalysts had a similar
framework Si/Al ratio.

The strength and quantity of the acid sites in fresh and coked
ferrierite catalysts were studied by the ammonia TPD method.
The acid strength can be determined by the desorption
temperature, and the quantity of acid sites can be obtained
through the deconvolution of the desorption curve. As shown in
Fig. 5A, all the fresh ferrierite catalysts showed two peaks at
around 240 �C and 450 �C, which were assigned to the weak and
strong acid of the catalysts, respectively. All the fresh ferrierite
catalysts exhibited a similar quantity of total acid. The ratio of
the strong to weak acid was about 1.248, 1.293, and 1.253 for T-
FER, S-FER, and N-FER, respectively. The amount of total acid
and the ratio of strong to weak acid, which were based on the
limited data, did not appear to be inuenced by the crystal
morphology and size. It should be noted that the higher
desorption temperature (the center of the second peak), corre-
sponding to N-FER, was 454 �C, while the lower desorption
temperature measured for T-FER and S-FER was 442 �C. The
diameter of ammonia molecules is about 0.3 nm; therefore, it
can be considered that the acid sites in the ferrierite channels
are all accessible by these molecules.35,36 Therefore, NH3-TPD
can determine all acid sites regardless of the channel or pore
mouth. A similar framework Si/Al ratio seen in these fresh
This journal is © The Royal Society of Chemistry 2017
ferrierite catalysts evidenced by NMR and XRF may explain why
these catalysts had a similar amount of total acid sites and
strong to weak acid ratio. In addition, Fig. 5B shows the NH3-
TPD results for the coked ferrierite catalysts. It was found that
the amount of acid among these coked catalysts was in the
order: N-FER (2000 min) > S-FER (2000 min) > T-FER (2000 min).
Both the amount of strong and weak acid decreased compared
to the fresh ferrierite, especially that of the strong acid. This
may be caused by the coke blocking the ferrierite cage and
micropore and causing modication of the pore mouth acid so
that NH3 can only access part of the pore mouth acid.

According to the ref. 37 and 38, the kinetic diameter of
pyridine is about 0.57 nm, which is bigger than the elliptical 10
MR. Some researchers37 reported that more than 40% of acid
sites were not adsorbed by pyridine at 133 �C for 30 min.
Therefore, pyridine (Py) was used as the probe molecule to
measure the acid sites only located at or near the 10 MR pore
mouths of fresh ferrierite at 130 �C for 30 min. Fig. 6 shows the
IR spectra between 1600 and 1400 cm�1 with the presence of the
key ring stretching peak of the adsorbed Py. All catalysts show
Lewis acid and Brønsted acid. The Brønsted acid sites corre-
spond to bridged hydroxyl groups (Si–OH–Al) and the Lewis acid
sites can be generated by dehydrogenate of Brønsted acid
sites.39 The bands at 1454 and 1545 cm�1 were attributed to the
after adsorption of Py and desorption at (A) 200 C and (B) 350 C.

RSC Adv., 2017, 7, 31535–31543 | 31539
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Table 2 Acidic property and quantity of fresh catalysts determined by
Py-IR characterization

Sample

Acidity (mmol g�1)

WB WL SB SL TB TL TB+L

T-FER 11.1 1.2 67.5 10.2 78.6 11.4 90.0
S-FER 23.8 3.6 139.0 18.6 162.8 22.2 185.0
N-FER 62.8 3.0 169.2 18.0 231.9 21.00 252.9

Table 3 Amount of coke in the aged catalysts

Sample Coke I Coke II Coke I + II Coke I/II

T-FER (2000 min) 0.42% 7.42% 7.84% 0.054
S-FER (2000 min) 0.41% 7.62% 8.03% 0.054
N-FER (2000 min) 0.44% 7.88% 8.32% 0.056
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adsorption of pyridine on Lewis and Brønsted acid sites,
respectively. The quantity of acid was calculated following the
literature,40 in which the molar extinction coefficient of Lewis
and Brønsted acid interacting with pyridine is given as 2.22 and
1.67 cm mmol�1, respectively. Table 2 lists the Lewis and
Brønsted acidity determined by Py-IR characterization. It is
noted that Brønsted and the total number of acidity sites
decrease in the order: N-FER > S-FER > T-FER. Furthermore, N-
FER and S-FER have a similar number of Lewis acid sites, while
T-FER has less than these catalysts. This may be due to its
smaller crystal size and larger external surface area, which leads
to more pore mouths and makes more acid sites accessible to
Py.

The amount of carbonaceous depositions on ferrierite
during skeletal isomerization of n-butene at 410 �C, WSHV ¼ 10
h�1, and under atmospheric pressure for 2000 min, as deter-
mined by TGA is displayed in Fig. 7 and Table 3. According to
the ref. 25 and 41, the temperature region can be divided into
three parts. The temperature regions at 25–207 �C, 207–417 �C,
and 417–717 �C correspond to the desorption of water,
hydrogen-rich carbonaceous depositions (coke-type I), and
highly condensed polyaromatic depositions (coke-type II),
respectively. Aer the reaction run for TOS of 2000 min, there
was a similar amount (8.0%) of carbonaceous depositions with
a ratio of I/II ¼ 0.054 formed on the three ferrierite catalysts.
Jong demonstrated that carbon deposition was preferentially
formed inside the ferrierite cage and channel system, followed
by the outer surface of the zeolite in skeletal isomerization of n-
butene.42,43 All the fresh catalysts had the same micropore
volume, evidenced by nitrogen adsorption–desorption.
Fig. 7 TGA curves over catalysts after 2000 min of stream under T ¼
410 �C, WHSV ¼ 10 h�1, and atmospheric pressure: (a) T-FER (2000
min), (b) S-FER (2000 min), (c) N-FER (2000 min).

31540 | RSC Adv., 2017, 7, 31535–31543
Therefore, the coked catalysts should have a similar coke
content when the micropore is almost lled.
3.2 Catalytic properties

3.2.1 Comparison of initial activity and selectivity on the
catalysts. To limit the effect of coke on the activity and selec-
tivity, n-butene conversion, isobutene selectivity, and isobutene
yield over the fresh ferrierite catalysts (aer 1 min of reaction)
were obtained for different WSHV at 410 �C and atmospheric
pressure. Table 4 indicates that the three ferrierite catalysts
showed a similar trend. The n-butene conversion decreased
while the isobutene selectivity increased, and the isobutene
yield increased followed by a decrease, with an increase of
WSHV. The increase of the isobutene yield at lower WSHV was
caused by the suppression of secondary transformation, while
the decrease of isobutene yield at higher WSHV was caused by
the decrease of n-butene conversion.

Despite the difference in morphology and size of the fer-
rierite catalysts, similar values of conversion and selectivity
were obtained at lower WSHV (3.5 and 10 h�1). It suggests that
all the acid sites in each of the independent channels were
accessible at lower WSHV and that all the fresh ferrierite cata-
lysts have a similar total acid amount and ratio of strong to weak
acid, evidenced by NH3-TPD (Fig. 5A). In contrast, the higher the
WSHV, the less n-butene that enters the 10-MR channels.
Therefore, the pore mouth may dominate the reaction under
higher WSHV. The conversion comparison among the three
ferrierite catalysts at higher WSHV (100 h�1) shows that the
highest conversion is obtained with N-FER, which presents the
smallest crystal size but the highest number of pore mouth acid
sites, as revealed by Py-IR. This is followed by S-FER, which also
has a very small crystal size, but a lower number of pore mouth
Table 4 n-Butene conversion, isobutene selectivity, and isobutene
yield of fresh ferrierite catalysts under different WSHV

Sample WSHV (h�1) C (%) Siso (%) Yiso (%)

T-FER 3.5 83.8 17.1 14.4
T-FER 10 71.9 37.0 26.6
T-FER 35 52.7 60.8 32.1
T-FER 100 20.4 63.6 13.0
S-FER 3.5 84.4 16.3 13.7
S-FER 10 72.1 35.9 25.9
S-FER 35 52.7 69.9 36.9
S-FER 100 25.0 71.7 17.9
N-FER 3.5 86.0 15.3 13.1
N-FER 10 72.2 34.3 24.8
N-FER 35 52.9 79.3 41.8
N-FER 100 37.2 86.3 32.1

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 n-Butene conversion (A), isobutene selectivity (B), isobutene
yield (C), and propene and pentene yield (D) for a long stream time on
T-FER (a), S-FER (b), and N-FER (c).
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acid sites than N-FER. T-FER, with the smallest number of pore
mouth acid sites among the three ferrierite catalysts, was the
least active sample. In addition, it is interesting to note that the
selectivity of the ferrierite catalysts was in the order: N-FER > S-
FER > T-FER, which follows a similar order to the pore mouth
Brønsted acid sites. According to the above results, it can be
deduced that the formation of isobutene in ferrierite is related
to the quantity of Brønsted acid sites present at or near the pore
mouth of the 10-MR channels accessible to n-butene molecules.
On the other hand, the presence of Lewis acid sites together
with Brønsted acid sites would enhance the oligomerization44

and cracking.45 Therefore the non-selective bimolecular reac-
tion is enhanced, which leads to a lower isobutene selectivity.

More importantly, we obtained a high isobutene selectivity
(86.3%) with fresh N-FER. This indicates that high isobutene
selectivity can be obtained without coking. According to the
knowledge accumulated thus far, the monomolecular reaction
mechanism proposes that the highly isobutene-selective active
sites are the modied Brønsted acid sites,23,46 while the pseudo-
monomolecular reaction mechanism considers that the highly
isobutene-selective active sites are alkylaromatic tertiary carbe-
nium ions on the coke molecules.24,47,48 In this study, we ob-
tained high isobutene selectivity on fresh nano-sized ferrierite
corresponding to the amount of Brønsted acid sites; therefore,
a monomolecular reaction mechanism seems more likely.

3.2.2 Comparison of long time on stream on the catalysts.
A preliminary study using a longer stream time was also per-
formed under the following conditions: T ¼ 410 �C, WHSV ¼ 10
h�1, and atmospheric pressure. The results obtained over the
three ferrierite catalysts are compared in Fig. 8. For the T-FER
catalyst, there was a rapid decrease of n-butene conversion
from 72% to 37% within the rst 100 min of stream. Further-
more, the selectivity of isobutene signicantly increased from
37% to 87%. The yield of isobutene reached 32% under 50 min
of stream and subsequently, started to decrease slowly, but the
selectivity always increased slowly. S-FER showed a similar
behavior, but the n-butene conversion, isobutene selectivity and
yield were higher, and the yield decreased more slowly. The N-
FER catalyst showed very different behavior compared to T-
FER and S-FER, where a rapid decrease in conversion and
a signicant increase in isobutene selectivity was also observed
during the rst 100 min, and subsequently, the change in
conversion and isobutene selectivity was slight aer 100 min.
Moreover, the yield and selectivity of isobutene reached 44%
and 95%, respectively, and showed a stable behavior even aer
2000 min of stream. In addition, the increase of isobutene
selectivity with the time on stream was based on the decrease of
propene and pentene over the three ferrierite catalysts.

Although signicant controversy remains on the reaction
mechanism occurring over ferrierite, it is generally accepted
that the nonselective bimolecular mechanism exists in fresh
ferrierite.20,21,49,50 It can be considered that the monomolecular
mechanism and bimolecular mechanism both existed in the
fresh ferrierite, and the bimolecular reaction occurred more
easily and faster.51 The carbonaceous deposits on the catalyst
were produced rapidly in the rst 100 min. Meanwhile, the non-
selective acid sites were poisoned by coke,52,53 and the acid
This journal is © The Royal Society of Chemistry 2017
strength and density were also modied by coke54,55 on the
coked ferrierite. Therefore, the non-selective bimolecular reac-
tion was suppressed. This was conrmed by the decrease in
RSC Adv., 2017, 7, 31535–31543 | 31541
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propene and pentene. The monomolecular mechanism domi-
nated the coked ferrierite and all the ferrierite catalysts
exhibited a rapid decrease in conversion and a signicant
increase in selectivity. On the other hand, the nitrogen
adsorption–desorption and TGA results show that Smic and Vmic

of the coked ferrierite catalysts are almost fully blocked by
carbonaceous depositions. The nitrogen adsorption–desorption
and NH3-TPD results indicate that Sext and Vmes of the coked
ferrierite catalysts are still accessible, and the coked N-FER
(2000 min) has the largest values of Sext and Vmes (Sext ¼ 33
m2 g�1 and Vmes ¼ 0.08 cm3 g�1). The Sext (9 m2 g�1) and Vmes

(0.04 cm3 g�1) of the coked S-FER (2000 min) is smaller, and
those (Sext ¼ 2 m2 g�1 and Vmes ¼ 0.00 cm3 g�1) of the coked T-
FER (2000 min) are the smallest. The amount of acid over these
coked catalysts is in the order: N-FER (2000 min) > S-FER (2000
min) > T-FER (2000 min), which has the same sequence as that
obtained with Sext and Vmes. The activity of the catalysts followed
the same order with the amount of acid. Hence, we can
conclude that the deactivation of ferrierite was caused by
increased carbon deposition in the cage or channel of ferrierite,
fully blocking the pore mouth and the external surface.46,47,56

Moreover, we found that both fresh and coked N-FER have
bigger external surface area and mesopore volume, which leads
to more pore mouth acid sites. This was evidenced by nitrogen
adsorption–desorption, Py-IR and NH3-TPD. This explains why
higher activity and better stability were obtained on N-FER aer
a longer stream time.

4. Conclusions

Ferrierite catalysts with different crystal morphologies and sizes
were designed through hydrothermal synthesis in an alkali
solution using different structure-directing agents and crystal-
lization methods. All the catalysts obtained had a similar crys-
tallinity and Si/Al ratio. The variation of crystal morphology and
size did not change the total number of acid sites, but the
decrease of crystal size increased the external surface area and
mesopores, forming more pore mouth acid sites. In particular,
nano-sized ferrierite, which showed more pore mouth acid sites
and better stability and higher activity, was synthesized using
pyrrolidine and TMAOH as double structure-directing agents
under dynamic crystallization. Moreover, we observed that the
initial activity and isobutene selectivity in skeletal isomerization
of n-butene are related to the quantity and nature of acid and
conrmed that the monomolecular reaction mechanism
occurred on fresh ferrierite. Although high isobutene selectivity
was obtained on fresh nano-sized ferrierite, better stability and
higher selectivity required that carbonaceous materials modi-
ed the acid sites, suppressing the bimolecular reaction under
a long stream time.
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