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Design of an MWW zeolite catalyst for linear
alkylbenzene synthesis with improved catalytic
stability

Hsiang-Ting Yen,? Jhao-Jyun Wang,? Siou-Huei Siao,® Seung Hyeok Cha,”
Suk Bong Hong,® Sulaiman S. Al-Khattaf,® Ikai Wang® and Tseng-Chang Tsai*?

The effect of micro-meso hierarchical porosity on the catalytic performance of MWW zeolites during linear
alkylbenzene (LAB) synthesis was studied. The catalytic active sites of the MWW zeolite during LAB synthe-
sis are identified as the acid sites located on the external surface cage (EC-12) and the internal supercage
(C10-12). The catalytic stability of MCM-22 obtained from the optimum preparation protocol could be im-
proved by increasing the number of EC-12 cages as well as increasing the Syeso and pore volume. The cat-
alytic activity of ITQ-2 by delamination for LAB synthesis is mainly attributed to the acid site located at sur-
face cage EC-12. The ITQ-2 sample subjected to the optimum delamination procedure exhibited very
strong stability even in benzene lean LAB feed or 0.1% octadiene-containing LAB feed. Alternatively, the
pillared MCM-36 zeolite increases the C10-12 supercage and mesoporous surface area, enabling MCM-36
to catalyse a lower LAB product selectivity with formation of more di-alkylate by-products with a similar

www.rsc.org/catalysis LAB isomer selectivity.

Introduction

Long chain linear alkylbenzene (LAB) is one of the key inter-
mediates in the detergent and surfactant industry. It has a ge-
neric chemical formula of C¢HsC,H,,—; with n being a num-
ber between 10 and 16. LAB is produced industrially from
benzene alkylation with a-olefin or the so-called “Pacol feed”
(a long chain olefin produced from n-paraffin dehydrogena-
tion) by homogenous catalysis using HF or AICl; or by hetero-
geneous catalysis using a clay catalyst.' The detergent indus-
try has been pursuing the development of an environmentally
friendly alkylation process by using a solid acid catalyst. On
the other hand, among various LAB isomers, the 2-phenyl al-
kane (2-LAB) sulfonate is the most biodegradable. A catalytic
process generating high 2-LAB isomer product selectivity is
environmentally favourable.

The most studied solid acid catalysts for LAB synthesis are
zeolites and some metal oxides. Whereas homogeneous cata-
lysts such as AICl; and HF catalyse a relatively lower LAB
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product selectivity with 2-LAB selectivity of around 30% and
15%, respectively,”> and high multi-alkylation by-products,
various zeolites catalyse higher LAB product selectivity with a
much higher 2-LAB isomer selectivity.> Thus far, solid acid
catalysts always suffer from serious deactivation problems
with a short cycle length.* The fast deactivation of the solid
acid catalyst is currently a major hurdle for practical applications.

The zeolite catalyst design for LAB synthesis always deals
with designing parameters such as topology, crystal morphol-
ogy, porosity, etc. It is further complicated with the effect of
zeolite sample source,” unintended modification in meso-
porosity during general practices such as post-treatments,
thermal activation, chemical activation and functionaliza-
tion,® and process conditions such as LAB feed purity, ben-
zene/olefin ratio and reaction temperature, etc. While most of
the 12-oxygen membered ring (12-MR) zeolites are catalytically
active for LAB synthesis, the 8-MR and 10-MR zeolites are
inactive.” Lin et al have demonstrated that base-treated but
not steam-treated mordenite by introducing mesoporosity
exhibited the highest ever reported 2-LAB isomer selectivity
up to 78% and a strong catalytic stability.” Zeolite beta
exhibited 2-LAB selectivity of 30-45%.% Cao et al. reported that
a subtle change from a circular pore mouth of 7.4 A of
faujasite (FAU) to an elliptic pore of 7.4 x 6.5 A of the zeolite
EMT resulted in a dramatic increase in 2-LAB isomer selectiv-
ity from 28% for FAU to 42% for EMT.’

Layer zeolites have opened up a new research area for
many catalytic applications."® MWW zeolites including the
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MCM-22 zeolite share a common hierarchical pore structure
consisting of two independent two-dimensional pore systems,
including the sinusoidal channels with 10-MR openings and
the large 12-MR supercages (0.71 x 0.71 x 1.81 nm) inter-
connected by the 10-MR windows, as well as one external iso-
lated 12-MR cage located on the inter-crystalline surface."
The MCM-22 precursor could be swollen and delaminated to
form layer zeolite ITQ-2 with the creation of an extraordinary
mesoporous surface area.'> MCM-36 prepared from pillaring
of MCM-22 has a more open structure with enhanced adsorp-
tion capacity."® Their structures and properties could be al-
tered with different swelling, delamination or pillaring proce-
dures, making MWW zeolites even more versatile."**®

MWW zeolites with hybrid micro-meso porosity could
have great potential in catalysis for many catalytic reactions,
such as environmentally friendly catalysis of MCM-22 for
benzene isopropylation,'”” ethylation and Beckmann
rearrangement reaction.'® The acid sites associated with dif-
ferent environments in three pore geometries could be useful
for shape selective catalysis that can provide unique shape-
selective catalytic properties in several model reactions."® Du
and Olson demonstrated by means of selective poisoning of
collidine that benzene alkylation with ethylene takes place on
the external surface 12-MR cage.’’ Min et al. reported that
the active site during methanol-to-olefin reaction is located
on the two-dimensional sinusoidal 10-MR channels in H-
MCM-22.>" The present paper studies the catalytic properties
of MWW zeolites for LAB synthesis from the perspective of
catalytic stability and product selectivity. The active sites of
different MWW zeolites are experimentally identified by
using collidine selective poisoning and n-propylbenzene dis-
proportionation tests. The effects of feed composition, diene
impurity and operating conditions are examined.

Experimental

1.1. Preparation of MCM-22 precursor

Three MCM-22 samples denoted as M22_CS, M22_AR and
M22_ASp were prepared from colloidal silica, aerosol and
alumina-silicate microspheres, respectively. M22_CS was pre-
pared following the procedure reported by Tsai et al.,'® from
a mixture using a hexamethyleneimine (HMI) template with
the molar composition of 1 SiO,:0.02 Al,05;:0.1 Na,0:0.35
HMI: 25 H,O0. Briefly, solution A was prepared from 29.4 g of
colloidal silica solution HS-40 and 9 g of water. Solution B
was prepared by mixing 0.5 g of NaOH, 1.13 g of NaAlO, and
27.3 g of water. Solution B was then mixed with solution A,
5.09 g of HMI and finally 9 g of water. The mixture was
capped and stirred at 600 rpm for 10 minutes. Finally, 0.16 g
of MCM-22 crystal counted as 0.2% of silica source was
added to the mixture for seeded crystallization under the hy-
drothermal conditions of 443 K for 4 days with continuous
stirring at 550 rpm. A solid product, denoted as M22-P
(MCM-22 precursor), was obtained by filtration of the crystal-
lization mixture, followed by washing with water and air dry-
ing at 333 K for 6 h. (Na,H)M22 was obtained from M22-P by
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calcination in air at 813 K for 8 h. The H-M22 product de-
noted as M22 was prepared from (Na,H)M22 by ion exchange
three times with NH,CI solution at 353 K and 8 h, followed
by drying and calcination in air at 813 K for 8 h.

M22_AR with a Si/Al ratio of 16.8 was synthesized using
hexamethyleneimine as an organic structure-directing agent
according to the procedures described by Corma et al.**
M22_ASp was kindly provided by Sinopec Research Institute
of Petroleum Processing, following the patent literature.*

1.2. Swelling after-treatment of the MCM-22 precursor

MWW precursor M22_CS(P) was intercalated with a mixture
of cetyltrimethylammonium chloride (CTMAC) and tetra-
propylammonium hydroxide (TPAOH) at a molar ratio of
M22_CS(P): 4 CTMAC (25%): 1.2 TPAOH (40%). Briefly, 1 g of
M22_CS(P) was dispersed in 2.7 g of distilled water and then
14.8 g of 25% CTMAC and 4.44 g of 40% TPAOH were added.
The mixture was then refluxed at 353 K for 24 h. The solution
was then filtrated to obtain a solid product denoted as
M22_CS(S).

1.3. Preparation of ITQ-2

A swollen MCM-22 precursor M22_CS(S) was subjected to a
series of treatments for the preparation of (Na,H)IQ2_CS-x
sequentially with ultrasonication at 323 K for x min, addition of
37% HCI solution until pH < 2, centrifuge recovery at 20 000
rpm and water washing, drying and air calcination at 813 K
for 8 h. Ultrasonication times of 10, 45 and 90 min were ap-
plied. H-IQ2_CS-x was prepared from (Na,H)IQ2_CS-x by ion
exchange three times with NH,CI solution at 353 K and 8 h,
followed by drying and calcination in air at 813 K for 8 h.

1.4. Preparation of MCM-36

M22_CS(S) was pillared with tetraethyl orthosilicate (TEOS)
by refluxing the mixture of M22_CS(S)/TEOS at a ratio of 0.2
wt/wt at 353 K under nitrogen for 25 h. One gram of solid
product was mixed with 20 mL of 2 M NH,NO; at 353 K un-
der nitrogen for 6 h for hydrolysis twice. The solid product
was recovered and calcined and ion-exchanged to obtain
M36_CS.

2. Characterization of MWW zeolites

All samples were submitted to intense ultrasonic irradiation
before characterization. X-Ray diffraction patterns of the zeo-
lite coatings were obtained using a Rigaku Multiflex model 2
kW X-ray diffractometer, with Cu Ka radiation generated at
40 kv and 30 mA. The morphology of the zeolite coating was
examined using a HITACHI S-3400 N scanning electron
microscope (SEM) at 15 kV operating voltage and 10 mm
working distance.

Nitrogen or argon adsorption-desorption isotherms and
BET (Brunauer-Emmett-Teller) surface area measurements
were conducted using a Micromeritics ASAP2020 at 77 K. The
samples of 0.1-0.15 g were first degassed in vacuum at a
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ramp rate of 10 °C min' up to 623 K for 8 h. The BET
method was used to calculate the specific surface areas. The
pore volumes and pore size distributions were derived from
the desorption isotherms using the Barrett-Joyner-Halenda
(BJH) method.

NH; TPD was recorded using a flow through micro-reactor
system connected to a gas chromatograph equipped with a
thermal conductivity detector. A catalyst sample of 50 mg was
pre-treated at 623 K in helium flowing gas for 1 h and then
cooled down to 403 K. The sample was purged with NH; gas
at 403 K for 1 h and then evacuated at 523 K to remove excess
ammonia at the same temperature for 30 min. NH; desorp-
tion was conducted by heating the sample from 523 K to 723
K at a heating rate of 10 °C min™", and maintaining the tem-
perature at 723 K for 1.5 h.

3. Catalytic testing

Benzene (LC grade), 1-dodecene (LC grade), n-decane (LC
grade, Tedia) and n-propylbenzene (n-PB) were used without
further purification. n-Decane was used as an internal refer-
ence to measure the conversion of 1-dodecene. Benzene alkyl-
ation or n-PB disproportionation tests were conducted in a
continuous flow fixed-bed reactor. All catalyst samples
crushed into particle sizes of 12-20 mesh were mixed with
quartz sand particles (50-70 mesh, Sigma-Aldrich) to prevent
extra-granular diffusion limitation and to improve catalyst
dispersion, flow dispersion and reactor temperature homoge-
neity. Its catalytic performance was evaluated in the presence
of hydrogen under different reaction conditions. The reactor
effluent was analysed using a China Chromatography model
8700F equipped with a flame ionization detector and an
0OV101 packed column.

Results
1. Preparation of MCM-22

Three MCM-22 samples denoted as M22_AR, M22_CS and
M22_ASp were prepared from three different silica precur-
sors, namely, Aerosil, colloidal silica and aluminosilicate
microspheres/nanoparticles, respectively. Fig. 1 depicts the
XRD patterns of different MCM-22 samples confirming the
MWW zeolite structure. The XRD pattern of a MCM-22 pre-
cursor denoted as M22_CS(P) was also presented for reference.

Intensity (arbitrary unit)

0 10 20 30 40 50
2 theta

Fig. 1 X-ray diffraction patterns of the MCM-22 samples.
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After calcination at 813 K, the XRD peaks of the (001) and
(002) reflection planes corresponding to diffraction angles
of 20 = 3.1 and 6.6° in the M22_CS(P) sample disappeared,
indicating the transformation of the two-dimensional
M22_CS(P) precursor into three-dimensional M22_CS.

The three MCM-22 samples all exhibited the same powder
XRD patterns in agreement with the literature data. The pow-
der XRD pattern confirmed a typical MCM-22 framework
structure exhibiting a main peak at a diffraction angle of 26
of 25.9°. Notice that M22_AR and M22_CS exhibited a con-
tamination diffraction peak that appeared at 26 of 8.8°. It
could be due to the presence of the MFI or FER phase.

Fig. 2 depicts the morphology of the three MCM-22 sam-
ples. All the samples exhibited a platelet morphology.
M22_CS exhibited a uniform morphology in regular stacking
of thin round platelets in the size of 250 nm. The morphol-
ogy of M22_ASp was rather non-uniform showing agglomera-
tion of scattered thick platelets in 200 nm size. On the other
hand, M22_AR was in the size of 100 nm, apparently smaller
than the other two MCM-22 samples.

The nitrogen adsorption-desorption isotherms of the dif-
ferent MCM-22 samples are shown in Fig. 3. The adsorption-
desorption curves showed a typical type IV isotherm with an
H3 hysteresis loop as an indication of the presence of meso-
pores. Their textural properties are depicted in Table 1. The
mesoporous surface area (Syeso), mesoporous volume (Vipeso)
and pore size (D,) all ranked in the order of M22_AR >
M22_ASp > M22_CS. Unprecedentedly, Spyeso Was signifi-
cantly affected by the morphology of the MCM-22 sample.
Corma et al. identified the surface area of 10-MR and 12-MR
pores from the Ar adsorption isotherm.>® The argon

Fig. 2 The morphology of the three MCM-22 samples (A) M22_CS; (B)
M22_AR; (C) M22_ASp.
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Fig. 3 (A) Nitrogen adsorption-desorption isotherms; and (B) pore size
distribution of different MCM-22 samples (M22_AR, M22_ASp, and M22_CS).
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Table 1 Textural properties of different MCM-22 samples, ITQ-2 samples, and MCM-36

Pore volume

Sample SA (cm® g ™) (em® g™ Size (nm) TPD acidity (umol g )

ID SEET Smeso Viotal Vineso Dy Total Distribution®

M22_AR 461.5 294.6 0.50 0.36 9.5 653 600(358), 653(109), 852(208)
M22_ASp 429.7 100.9 0.27 0.12 6.9 880 644(524), 860(356)

M22_CS 467.9 79.3 0.25 0.07 4.9 737 658(499), 848(238)
1Q2_CS-10 400.5 222.5 0.48 0.40 4.9 — —

1Q2_CS-45 556.0 320.5 0.60 0.49 6.3 — —

1Q2_CS-90 772.9 656.3 0.78 0.73 7.8 693 603(196), 654(159), 828(338)
M36_CS 606.3 437.1 0.48 0.40 4.0 625 610(121), 773(463), 873(5)

“ TPD temperature, K; (acid amount, umol g ™).

adsorption-desorption isotherms of the M22_AR sample are
shown in Fig. 4. Two clear maxima of pore size distribution
appeared at 0.46 and 0.63 nm representing the micropore of
MWW (Fig. 4B). There was no obvious maximum peak in the
mesopore range. The observation is in agreement with that
reported by Roth et al.*?

As will be discussed below, the higher S5, value of
M22_AR and the delaminated or pillared M22_AR should be
attributed to the more open 12-MR external surface cage and
the internal supercage rather than the inter-crystalline
voidage. On the other hand, M22_ASp had the highest TPD
acidity followed by M22_CS and M22_AR (Table 1). The TPD
spectra of the three MCM-22 samples (Fig. 5) indicated that
M22_AR had the lowest acid strength and total acidity.

2. Preparation of MWW zeolites

The layer material MCM-22(P) could be swollen, exfoliated
and pillared under suitable conditions to prepare other
MWW zeolites. The M22_CS(P) was subjected to swelling
post-treatment for 24 h at 353 K with CTMAC-TPAOH basic
solution. Fig. 6 depicts the XRD patterns of M22_CS(P) before
and after swelling with CTMAC (Fig. 6 traces a and b). The
swollen M22_CS(P) shows a shift in the (001) and (002) reflec-
tion peaks to lower angles after intercalation of CTMAC, indi-
cating an increase in layer spacing, and a merger between
(101) and (102) reflections. The reflection angles of the (220)
and (310) planes were not affected by swelling, indicating the

(A)120 (B) 14
100 1.24
1.0
£ 80 e
o o | w2 08
o 60 s §
5 ,f'.- s 0.6+
>‘3 401 o~ 3 0.4- i.
- \
20 f- 0.24 k\
.F
) — ool L M
1E-6 1E-5 1E4 1E-3 0.01 2

Relative Pressure (PIPn) Pore Diameter (hm)

Fig. 4 (A) Argon adsorption-desorption isotherms at P/Py < 0.01; and
(B) micropore size distribution of M22_CS.
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retention of the layer structure. These XRD data agreed with
previous reports.

The two-dimensional layer material ITQ-2 was prepared
from the swollen M22_CS(S) material by delamination under
ultrasonication in highly acidic solution at 323 K, followed by
with sequential treatments subjected to recovery and air cal-
cination. Three ITQ-2 samples, denoted as IQ2_CS-10,
1Q2_CS-45, and IQ2_CS-90, were obtained by increasing the
ultrasonication time for consolidating delamination. As
shown in Fig. 6, the XRD pattern intensities of the ITQ-2
products were relatively weak and broad, indicating a reduc-
tion in the domain size of the crystal (traces c-e). The ITQ-2
samples prepared at increasing delamination severity
exhibited corresponding decreases in the peak intensity of
the (100) and (310) reflections. All of them did not show the
(001) and (002) reflection peaks associated with the long-
range periodicity of 2.5 nm layer spacing along the ¢ axis in
the MCM-22 topology, confirming the delaminated layer ITQ-
2 structure (Fig. 6g).

Fig. 6f depicts the XRD pattern of the pillared MCM-36
sample denoted as M36_CS. The weak peak intensity suggests
an amorphous structure. However, weak peaks appearing at
the 20 values of 1.9, 7.2, 14.5 and 26.1° corresponding to the
(001), (100), (200) and (310) reflection were visible, indicating
clearly the existence of the crystalline MCM-36 structure.

Fig. 7 depicts the nitrogen adsorption-desorption iso-
therms of MWW zeolites. The adsorption-desorption curves
of the MWW zeolite samples except M36_CS showed a typical

3 = M22_ASp
=
<
=
&
£
<
M22_CS
523 723 873 —

Temperature (K)

Fig. 5 Ammonia temperature programmed desorption spectra of
different MCM-22 samples (M22_AR, M22_ASp, and M22_CS).
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Fig. 6 (A) Small angle; and (B) wide angle XRD patterns of (a)
M22_CS(P), (b) M22_CS(S), (c) 1Q2_CS-10, (d) 1Q2_CS-45, (e) 1Q2_CS-
90, (f) M36_CS, and (g) M22_CS.

Intensity (arbitrary unit)

type IV isotherm with an H3 hysteresis loop. Their textural
properties are depicted in Table 1. All the ITQ-2 samples
exhibited significantly higher Sies0; Vimeso and mesopore size
than the corresponding MCM-22 sample (M22_CS). They in-
creased with increasing delamination severity, ranging from
M22_CS-90 > M22_CS-45 > M22_CS-10. Unprecedentedly,
IQ2_CS-10 exhibited an adsorption isotherm and textural
properties similar to M22_AR.

On the other hand, M36_CS exhibited a type IV adsorption
isotherm with an H4 hysteresis loop, indicating an inter-
connecting mesopore structure. The 1Q2_CS-90 and M36_CS
samples possessed a much higher Speso value than all the
MCM-22 samples. The high mesoporous surface area
(Table 1) confirmed the pillared MWW structure. As shown
in Table 1, the TPD acidities of ITQ-2 and MCM-36 were
lower than that of MCM-22.

3. Characterization of 10- and 12-MR pore structures with
n-propylbenzene (n-PB) disproportionation

It has been demonstrated that the reaction mechanism of
alkylbenzene disproportionation changes with the pore

(A) 500 (B) +
—e—IQ2_CS-45 0.144
—=—1Q2_CS-90

400~ T 2510 0.121
™ —o—M22 CS -

E < 0.10

<2 3001 o
" > € 0.08]1
o s
E 200 g 0061
g e S i
T = 2 0.04!
>° 1004 ®° 3

0.02- %

0 T T T T AR A
00 02 04 06 08 1.0 0 5 10 100200

Relative Pressure (Pan) Pore Diameter (nm)

Fig. 7 (A) Nitrogen adsorption-desorption isotherms and (B) pore size
distributions of the MCM-22 sample (M22_CS), ITQ-2 samples
(1Q2_Cs-10, 1Q2_CS-45, 1Q2_CS-90), and MCM-36 sample (M36_CS).
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structure of the zeolite.”®> While 12-MR zeolites catalyse the
bi-molecular mechanism during n-PB disproportionation pro-
ducing selectively n,n-di-propylbenzene (nnDPB) isomers,
10-MR zeolites catalyse the mono-molecular dealkylation-
alkylation mechanism giving nnDPB and n-,i-(niDPB) isomers
in thermodynamic equilibrium composition at a 50/50 ratio.
Presumably, nnDPB isomer selectivity during n-PB dispropor-
tionation could be used for gauging the active sites of the
12-MR pore and for probing the location of the active sites in
MWW zeolites.

As shown in Table 2, the ITQ-2 samples and MCM-36 all
catalysed higher nnDPB selectivity than the M22_CS. In terms
of nnDPB isomer selectivity, the MCM-22 samples ranked in
the decreasing order of M22_AR ~ M22_ASp > M22_CS, which
followed the same order of Speso (Table 1). Presumably,
M22_AR possessed more accessible actives sites located on the
surface 12-MR cage than the other samples, and the M22_CS
had the lowest active sites on the surface 12-MR cage.

Similarly, the delaminated ITQ-2 and the pillared MCM-36
all had increasing Smeso- Their increasing nnDPB isomer se-
lectivity in reference to MCM-22 indicated that more surface
12-MR cages were generated on the MWW zeolite after de-
lamination or pillaring, and the external active sites located
on the surface 12-MR cage are catalytically active and more
accessible. Among the three ITQ-2 samples, their nnDPB iso-
mer selectivity ranked in the decreasing order of 1Q2_CS-90
> 1Q2_CS-45 > 1Q2_CS-10, suggesting that increasing delami-
nation severity could generate increasing number of 12-MR
cages on the external surface.

4. Catalytic properties of different MCM-22 samples for LAB
synthesis

The catalytic performances of different MWW zeolites were
tested during LAB synthesis using a benzene-dodecene mixture
at a benzene/dodecene molar ratio of x (denoted as Rx feed).
Fig. 8 depicts the catalytic performances of the three
MCM-22 samples using R10 feed at a reaction temperature of

Table 2 Catalytic performances of various MWW samples during
n-propylbenzene disproportionation

M22_ 1Q2_
Sample ID CS ASp AR CS-10 CS-45 CS-90 M36_CS

Reaction conditions

T (°C) 200 200 200 200 250 250 250
WHSV (h™) 5 3 3 3 3 3 3
Conv. (Wt%) 5.0 57 9.1 3.8 2.7 3.6 2.8
Reaction selectivity

B/DPB (mol) 11 11 1.2 1.1 1.1 1.1 1.1
niDPB (%) 48 37 37 48 48 33 36
nnDPB (%) 52 63 63 52 52 67 64

Product selectivity (%)
Cs lightgas 0.02 0.03 0.1 0.1 0.1 0.1 0.02

Benzene 1.5 1.7 3.1 1.1 0.7 1.1 0.8
n-PB 95.0 94.3 90.9 96.2 97.3 96.4 97.2
niPB 1.4 2.0 3.4 1.0 0.7 0.7 0.5
nnPB 1.5 1.2 2.0 1.1 0.7 1.4 0.9
Others 0.6 0.8 0.5 0.6 0.6 0.4 0.6

Catal Sci. Technol.
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Fig. 8 (A) 1-Dodecene conversion, (B) LAB product selectivity, and (C)
LAB isomer selectivity during LAB synthesis over different MCM-22 sam-
ples along with time-on-stream (reaction temperature: 433 K; pressure:
2068 kPa; WHSV: 4 h™Y; Hy/total HC molar ratio: 3.0; R10 feed
composition: benzene/n-decane/1-dodecene = 10:0.5:1 mol mol™).

433 K. While M22_AR was catalytically stable reaching a
dodecene conversion nearly 100%, M22_CS and M22_ASp
were both deactivated along with increasing time-on-stream
(TOS) (Fig. 8A). All the three MCM-22 samples catalysed
nearly 100% LAB product selectivity with very low multi-
alkylation side products (Fig. 8B). As for the LAB isomer se-
lectivity, their 3-LAB isomer selectivities were about the same;
however, M22_AR exhibited a 2-LAB isomer selectivity of 45%
as the lowest one (Fig. 8C). The higher 2-LAB isomer selectiv-
ity over M22_ASp and M22_CS could be due to their 12-MR
pore structure and also coke deposition on the 12-MR pore in
the MWW zeolite that arose from deactivation. More discus-
sion will be presented in the following sections.

When R4 feed was used, the M22_AR was catalytically un-
stable (Fig. 9A). Accordingly, catalyst deactivation was acceler-
ated using benzene lean feed. During catalytic LAB synthesis,
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Fig. 9 Plot of 1-dodecene conversion along with time-on-stream in
the case of (A) different MCM-22 samples in R10 and R4 feeds (reac-
tion temperature: 433 K; pressure: 2068 kPa; WHSV: 4 h™%; H,/HC mo-
lar ratio: 3.0); (B) changing reaction temperature using R10 feed (reac-
tion temperature: 393 and 433 K, other conditions were the same as
(A)); and (C) changing weight hourly space velocity using R10 feed
(WHSV: 4-35 h'™%, other conditions were the same as (A)).
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the catalytic stability ranked in the descending order of
M22_AR > M22_ASp > M22_CS, which could be attributed to
the number of external surface 12-MR cages. Furthermore,
the most stable catalyst sample M22_AR was subjected to var-
ious stability tests. In response to variable reaction tempera-
tures, the M22_AR catalyst exhibited stable conversion at a
reaction temperature of 433 K, and it deactivated very fast at
a low reaction temperature of 393 K (Fig. 9B), indicating loss
of catalytic stability at low reaction temperature. On the other
hand, while M22_AR gave stable activity at WHSV of 4 h™, at
WHSV higher than 20 h™ the catalyst was still active but seri-
ously deactivated (Fig. 9C).

5. Catalytic behaviours of MWW zeolites

The catalytic performances of three ITQ-2 samples prepared
from swollen M22_CS(P) by changing the delamination con-
ditions were recorded. At a reaction temperature of 433 K
using R10 feed, the three ITQ-2 samples all exhibited im-
proved dodecene conversion and catalytic stability better
than the M22_CS catalyst (Fig. 10A). The catalytic stability of
the delaminated ITQ-2 sample becomes better with increas-
ing ultrasonic delamination time from 10 min to 90 min.
1Q2_CS-90 exhibited stable catalytic activity at high conver-
sion and high LAB product selectivity (Fig. 10B). Notice that
the mild and intermediate delaminated samples 1Q2_CS-10
and 1Q2_CS-45 exhibited slightly lower LAB product selectiv-
ity and tremendously higher dialkylate product selectivity
(Table 3). Meanwhile, the three ITQ-2 catalysts all catalysed
lower 2-LAB but high 6-LAB isomer selectivity than the other
MWW zeolites (Fig. 10C and Table 3).

The catalytic stability of 1Q2_CS-90 at increasing reaction
severity was examined. As shown in Fig. 11, IQ2_CS-90
was stable using R10, R4 and even R2 feeds (traces a-c). For
the octadiene doped R10 feed, 1Q2_CS-90 remained catalyti-
cally stable being tolerant for octadiene impurity of 0.5%
in the R10 feed (trace d05). By increasing the octadiene
impurity beyond 1%, 1Q2_CS-90 became unstable (trace d10).
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Fig. 10 (A) 1-Dodecene conversion, (B) LAB product selectivity, and
(C) LAB isomer selectivity during LAB synthesis over MCM-22 and ITQ-
2 catalysts along with time-on-stream (reaction temperature: 433 K;
pressure: 2068 kPa; WHSV: 4 h™Y; H,/HC molar ratio: 3.0; R4 feed
composition: benzene/n-decane/1-dodecene = 4:0.5:1 mol mol™).
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Table 3 Catalytic performances of MWW zeolites during LAB synthesis (reaction temperature: 433 K; pressure: 2068 kPa; WHSV: 4 h™%; H,/total HC

molar ratio: 3.0)

Catalyst M22_AR M22_CS M36_CS 1Q2_CS-10 1Q2_CS-45 1Q2_CS-90
Feed R4 R4 R4 R4 R4 R4 R10DN.1
TOS (h) 10 2 24 14 20 26 27

Ci™ (%) 98.5 79.5 96.6 94.6 97.2 97 50.9
Product selectivity (%)

C10-C1» 1.2 41 3.3 2.8 1.3 2.4 10.1
C1p-Cig 1.2 1.8 2.2 1.9 1.5 2.4 6.5

LAB 97.6 93.5 82.8 87.5 89.3 95.2 81.8
>C,g dialkylate 0 0.6 11.7 7.8 7.9 0 1.6

LAB isomer selectivity (%)

2-LAB 50.0 52.0 54.3 43.3 45.1 46.1 59.2
3-LAB 27.2 28.3 27.9 24.1 26.1 26.7 24.4
4-LAB 7.5 6.66 6.0 9.9 9.2 9.1 6.0
5-LAB 7.6 4 5.7 9.3 7.4 6.2 5.1
6-LAB 7.6 9 6.1 13.5 12.2 11.9 5.3

Meanwhile, the LAB product selectivity decreased (Fig. 11B)
accompanied with increasing 2-LAB and decreasing 6-LAB
isomer selectivity (Fig. 11C, Table 3). The light (C;,—C;s) hy-
drocarbons increased accordingly.

The catalytic performance of the pillared M36_CS sample
was tested. During LAB synthesis using R10 and R4 feeds,
among MWW zeolites, M36_CS and IQ2_CS-90 exhibited
much more stable catalytic activity (Fig. 12, traces c-e) than
M22_CS (traces a and b). Notice that M36_CS catalysed a
lower LAB product selectivity with formation of more >Cjg
di-alkylates (Table 3). With regard to LAB isomer selectivity,
while M36_CS performance was similar to M22_CS, 1Q2_CS-
90 exhibited a lower 2-LAB selectivity and a higher 6-LAB
selectivity. Therefore, the swollen MCM-22(P) precursor can
subsequently be delaminated or pillared to produce ITQ-2 or
MCM-36 with improved catalytic activity and stability for LAB
synthesis application.
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Fig. 11 (A) 1-Dodecene conversion, (B) LAB product selectivity, and
(C) LAB isomer selectivity during LAB synthesis using various feeds with
or without octadiene impurity over the 1Q2_CS-90 catalyst along with
time-on-stream (reaction temperature: 433 K; pressure: 2068 kPa;
WHSV: 4 h™%; H,/total HC molar ratio: 3.0; composition: benzene/n-
decane/1-dodecene/octadiene = x:0.5:1: 0 (0.05 or 0.1) mol mol™).

This journal is © The Royal Society of Chemistry 2016

6. Impurity induced deactivation of MWW zeolites during
LAB synthesis

Selective poisoning with collidine on the MWW zeolite dur-
ing LAB synthesis was studied to identify the active sites of
MWW zeolites. Octadiene was used as a model compound
for the study on the effect of feed impurity on the catalytic
performance of MWW zeolite.

Collidine having a large molecular size of 7.4 A could be
selectively adsorbed on the 12-MR pore of the MCM-22 zeo-
lite.>® Presumably, collidine would be selectively adsorbed on
the external acid sites located in the isolated 12-MR cages on
the external surface of the MWW zeolite without attacking
the internal acid sites located in the internal supercage or in
sinusoidal 10-MR pore channels. The effect of collidine poi-
soning on the catalytic performance of M22_CS was studied
in a six-stage testing (Fig. 13). As shown in Fig. 13A-1, during
stage (a) using normal R10 feed at a benzene/dodecene molar
ratio of 10, M22_CS deactivated slightly giving 85% dodecene
conversion and 95% LAB selectivity. During stage (b) after
TOS of 8 h, while 0.5% collidine doped R10 was used as feed,
M22_CS subjected to collidine poisoning was deactivated
continuously showing a sharp drop in both dodecene conver-
sion and LAB product selectivity accompanied by formation
of more light (C;p-Cys) hydrocarbon by-products. During
stage (c) after TOS of 13 h, the testing feed was changed to
the normal collidine-free R10 feed; the reduction in dodecene
conversion and LAB product selectivity became slower. Dur-
ing stage (d), the poisoned M22_CS was subjected to a hot
stripping treatment to wash out/desorb collidine from the
catalyst using pure benzene at 400 °C for 6 h. Stage (e)
started another testing with normal R10 feed; the treated
M22_CS exhibited a similar catalytic performance as stage
(a). During stage (f) after TOS of 34 h, serious catalyst deacti-
vation resulting from using 0.5% collidine doped R10 feed
led to a dramatic reduction in dodecene conversion and
much more deteriorated LAB product selectivity.

As shown in Fig. 13B-1, 1Q2_CS-90 was tested following
the same testing sequence stated above for M22_CS. During
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Fig. 12 (A) 1-Dodecene conversion, (B) LAB product selectivity, and
(C) LAB isomer selectivity during LAB synthesis using R4 and R10 feeds
over different MWW zeolites along with time-on-stream (reaction tem-
perature: 433 K; pressure: 2068 kPa; WHSV: 4 h™%; H,/total HC molar
ratio: 3.0).
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Fig. 13 Monitoring of catalytic performance of M22_AR (A-1 and A-2)
and 1Q2_CS-90 (B-1 and B-2) during a six-stage operation for LAB syn-
thesis using collidine doped R10 feed and 1Q2_CS-90 using octadiene
doped R10 feed (C-1 and C-2) (R10 feed; reaction temperature: 433 K;
pressure: 2068 kPa; WHSV: 4 h™%; H,/HC molar ratio: 3.0). During the
six-stage operation: reaction (a) using normal feed, (b) using 0.5%
collidine doped feed, (c) using feed, and (d) 673 K stripping with ben-
zene feed and then reaction (e) using normal feed and (f) using 0.5%
collidine doped feed.

stage (a), IQ2_CS was more catalytic stable than M22_CS.
While 1IQ2_CS-90 and M22_CS exhibited a similar collidine
effect leading to fast deactivation and reduced dodecene con-
version, I1Q2_CS exhibited a much more pronounced effect
with a much worse LAB product selectivity.

On the other hand, the deactivation behaviour of 1Q2_CS-
90 in using octadiene doped R10 feed was monitored
(Fig. 13C-1). Along with increasing TOS, dodecene conversion
decreased as an indication of serious catalyst deactivation,
and LAB product selectivity remained relatively constant.

In the A-1, B-1 and C-1 tests, those catalysts after deactiva-
tion either by collidine selective adsorption or octadiene con-
tamination all exhibited higher 2-LAB selectivity and reduced
6-LAB isomer selectivity (Fig. 13A-2, B-2, and C-2). The change
in LAB isomer selectivity was particularly evident for the
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collidine poisoning on the ITQ-2 catalyst (Fig. 13B), which
might be attributed to the pore structure effect.

Discussion

MWW zeolites have three pore systems, namely, a sinusoidal
10-MR pore channel with an aperture of 0.4 x 0.59 nm, a 10-
MR interconnected supercage of 1.8 x 0.7 nm, and an exter-
nal surface 12-MR cage having an aperture of approximately
0.7 nm and a longitude length of 0.7 nm."” For convenience,
the three pore systems located with acid sites are denoted as
S_R10-10 in the R10-10 micropore, the S_C10-12 site in super-
cage C10-12, and the S_EC12 site in external cage EC-12.

As shown in Table 1, the S;eso and Vieso Of the three
MCM-22 samples varied from each other, which could be at-
tributed to their crystal morphology. On the other hand, all
the ITQ-2 and MCM-36 samples had much larger Sy,eso and
Vmeso than the MCM-22 samples, indicating that the delami-
nation or pillaring method could increase the Spyes0 and Vipeso
of MCM-22 more effectively than the morphology-induced en-
hancement in the MCM-22 sample.

Taking the advantage of the effect of the disproportion-
ation mechanism, n-PB disproportionation could be used to
differentiate the 10-MR micropore from the 12-MR micropore
in MWW zeolite samples by examining nnDPB isomer selec-
tivity. The Speso determined from the nitrogen sorption iso-
therm and nnDPB isomer selectivity during the n-PB dispro-
portionation ranked in the same order as ITQ-2 > MCM-36 >
MCM-22. As shown in Table 2, among the three MCM-22
samples, M22_CS catalysed higher niDPB and lower nnDPB
product selectivity. Presumably, M22_CS forming as stacks of
the large crystal had the lowest number of external surface
cage EC-12. On the other hand, M22_AR with the smallest
crystal size possessed the highest number of EC-12 and Syeso-
Accordingly, increasing Sy,eso arise mainly from more surface
cage EC-12, not just from the contribution of the inter-
crystalline non-framework voidage from the small crystal.

On the other hand, IQ2_CS-90 and M36_CS -catalysed
higher nnDPB than M22_CS did. Since ITQ-2 is prepared
from MCM-22(P) by delamination, ITQ-2 should increase pro-
foundly the number of surface cage EC-12. On the other
hand, MCM-36 by pillaring has increased the C10-12 super-
cage at increasing longitude length and mesopore volume,
while the micropore volume could be reduced due to silica
blocking partially on the 10-MR pore R10_10."**” The extent
of silica blocking on MCM-36 would depend on the pillaring
protocol.

While most of the 12-MR zeolites are catalytically active
for LAB synthesis, 8-MR and 10-MR zeolites are inactive. Pre-
sumably, limited by the available space for LAB molecules,
the S_R10-10 (sinusoidal 10-MR site) of the MWW zeolite is
catalytically inactive. Therefore, the active sites could be at-
tributed to the acid sites located in supercage C10-12 (S_C10-
12) and on the external cage (S_EC12). As noted above, the
M22_AR and M22_CS samples contained the 10-MR zeolite
impurity phase. Nevertheless, they had similar high dodecene
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conversion. Particularly, M22_AR exhibited excellent catalytic
stability. Presumably, the 10-MR zeolite was inactive in LAB
synthesis, and the 10-MR zeolite impurity phase had a very
minor effect on the catalytic stability of MWW zeolites.

In pillared MCM-36, the pore volume of the C10-12 super-
cage increases without too much modification on its 10-MR
pore aperture and the surface cage EC-12. As shown in
Fig. 12 and Table 3, M36_CS exhibited high catalytic activity
with a much higher di-alkylate product selectivity than other
MWW zeolites. Clearly, the acid site (S_C10-12) located in the
C10-12 supercage predominates LAB synthesis. The enlarged
pore volume of the C10-12 supercage of M36_CS after
pillaring allows the active site S_C10-12 to catalyse more
multi-alkylation, resulting in increased di-alkylate product
formation in the compensation of mono-alkylate selectivity.
Meanwhile, because the 10-MR aperture of the C10-12 super-
cage remained practically the same, M36_CS catalysed the
same LAB isomer product distribution as M22_CS.

Delamination of MCM-22 platelet crystals could open up
most of C10-12 supercages through which a great number of
additional surface cages EC-12 are generated. Therefore, ITQ-
2 possesses excessive external surface area and EC-12 sites.
Notice that during LAB synthesis all three ITQ-2 samples
catalysed higher 4- and 6-LAB isomer selectivities in compen-
sation of the lower 2-LAB isomer selectivity (Table 3 and
Fig. 10). Generally speaking, 2-LAB isomer selectivity in-
creases with decreasing aperture of the zeolite micropore.’
The lowest 2-LAB isomer selectivity among MWW zeolites in-
dicates that the predominant active site of ITQ-2 for LAB syn-
thesis is located at surface cage EC-12 with a larger aperture
of 0.7 nm leaving the less active site located at supercage
C10-12 with an aperture of 0.59 nm. On the other hand, the
predominant active sites of MCM-36 are located at supercage
C10-12.

A different deactivation behaviour was observed when the
impurity of feed and MWW structure were changed (Fig. 13).
Upon collidine poisoning, IQ2_CS-90 deactivated much faster
than M22_CS (Fig. 13 B-1 vs. A-1). Those selective poisoning
tests further indicate that LAB synthesis is catalysed predomi-
nantly by the active site S_EC-12 located on the surface 12-
MR cage. According to Du and Olson,* collidine can selec-
tively poison the Bronsted acid sites S_EC-12 on the MWW
surface without influencing the access to intracrystalline acid
sites S_C10-12. As a result, the non-poisoned S_C10-12 site
and the 10-MR site S_R10-10 remained active for the non-
selective catalysis for by-product formation such as cracking
and short chain alkylation of benzene, leading to reduced
LAB product selectivity. Since the predominant active sites of
1Q2_CS-90 was S_EC-12, therefore its deactivation rate upon
collidine poisoning was much worse than MCM-22.

On the other hand, non-selective deactivation by octadiene
containing the R10 feed leading to un-changed LAB product
selectivity along the deactivation course was observed
(Fig. 13C-1). In the case of octadiene deactivation, octadiene
could react non-selectively at all the three active sites located
inside the 10-MR and 12-MR pores in the MWW zeolites,
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leading to uniform catalyst deactivation. Accordingly, during
the deactivation course, coke precursors built up inside the
micropore which induced the shape selective formation of
2-LAB with un-changed LAB product selectivity. As shown in
Fig. 13A-2, B-2, C-2, deactivation originated from either
collidine poisoning or octadiene contamination leading to in-
creasing 2-LAB with decreasing 6-LAB isomer selectivity.

ITQ-2 by delamination exhibited profound catalytic stabil-
ity. By increasing delamination time, during n-PB dispropor-
tionation the ITQ-2 catalyzes higher nnDPB (Table 2), and
ITQ-2 becomes more catalytic stable during LAB synthesis
(Fig. 10). Increasing the number of EC-12 surface cages by de-
lamination along with increasing Syeso and Vieso could sub-
stantially improve the catalytic stability. 1Q2_CS-90 could
even be stable in the octadiene containing feed (Fig. 11).

Among the three MCM-22 samples, M22_AR having the
highest nnDPB selectivity during n-PB disproportionation
exhibited improved catalytic stability better than M22_ASp
and M22_CS. Presumably, M22_AR had more S_EC12 sites
on the surface cage EC-12, which imposed the least resis-
tance for product diffusion. On the other hand, M22_CS with
the regular stacking of large platelets opened up less surface
cages. Therefore, M22_CS handicapped with stronger diffu-
sion resistance showed the poorest catalytic stability.

Alternatively, the pillared MCM-36 showed much im-
proved catalytic stability in comparison to MCM-22. A super-
cage that usually has a strong coking tendency, such as the
FAU zeolite, is often harmful to catalytic stability. In the case
of MWW zeolite, the extraordinarily large supercage C10-12
in MCM-36 does provide improved diffusivity and catalytic
stability. Lin et al reported that the catalytic stability of
mordenite for LAB synthesis could be improved by introduc-
tion of mesoporosity with a wide pore size distribution.’
MWW zeolites provide another approach for hybrid micro-
meso interconnecting pore systems.

Conclusions

The catalytic performances of different MWW zeolites were
studied for LAB synthesis using a benzene-dodecene mixture
at various compositions. It was found that their micro-meso
hierarchical porosity plays a major role in controlling the cat-
alytic stability and LAB isomer selectivity. In association with
characterization of textural properties, catalytic tests includ-
ing selective collidine poisoning, octadiene deactivation tests
and n-propylbenzene disproportionation were conducted to
identify the location of the active site for LAB synthesis. Ap-
parently, the acid sites located on the external surface 12-
oxygen membered ring (12-MR) cage (EC-12) and the internal
10-MR interconnected with 12-MR (C10-12) supercages in MWW
zeolites were identified as the active sites for LAB synthesis.
In reference to the catalytic testing results, most of the
mesoporous surface areas (Speso) of the MWW zeolites come
from the surface cage EC-12 and internal supercage C10-12.
The catalytic stability of MCM-22 obtained from the optimum
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preparation protocol could be improved by increasing the
number of EC-12 cages as well as increasing the Speso and
pore volume. Furthermore, delamination or pillaring of the
swollen MCM-22(P) precursor to prepare ITQ-2 or MCM-36
zeolite, respectively, could further improve the catalytic sta-
bility for LAB synthesis.

By delamination, the ITQ-2 zeolite creates more surface
cage EC-12 and S;,eso- The catalytic activity of ITQ-2 for the
LAB synthesis comes mainly from the acid site located at sur-
face cage EC-12 with a larger aperture of 0.7 nm outweighing
the acid site located at supercage C10-12 with an aperture of
0.59 nm. Extending delamination treating time could in-
crease the number of EC-12 surface cages and thus improve
the catalytic stability of ITQ-2 with reduced 2-phenyl LAB
isomer selectivity. An optimum ITQ-2 sample subjected to
delamination for 90 min exhibited strong stability even in
benzene lean LAB feed or 0.1% octadiene-containing feed.

The pillared MCM-36 zeolite increases the C10-12 super-
cage and Speso, €nabling MCM-36 to catalyse a lower LAB
product selectivity with formation of more di-alkylate by-
products with a similar LAB isomer selectivity.
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