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pot
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A new type of bimetallic palladium and aluminum incorporated mobile crystalline materials (Pd–Al-MCM-41)

as bifunctional catalysts has been hydrothermally synthesized. Characterization shows that these molecular

materials exhibit an ordered mesoporous structure, high surface area and a good dispersion of palladium in

the frame. The catalytic activity of the Pd–Al-MCM-41 for the dimerization–hydrogenation reaction system

of b-pinene in one pot has been systematically studied. Pd0.5–Al30-MCM-41 (SiO2/Al2O3 ¼ 30, 0.5 wt%

palladium content) was found to be the best catalyst which gave a dimer yield of up to 64.7%. It is worth

noting that palladium shows a good synergic catalytic effect with aluminum in the dimerization reaction

and enhances the dimerization yield. Furthermore, the bifunctional catalyst displayed a good activity over

4 runs.
1. Introduction

Pinene dimerization reaction has drawnmuch interest in recent
years,1,2 because the resulting dimers are promising candidates
of aviation biofuels.3,4 According to previous research, the
pinene dimers show a high density and net heat combustion
comparable to aviation fuel.3 As a widely distributed natural
product, pinene is easily available and has extensive applica-
tions in pharmaceutical and cosmetic production.5 Its intrinsic
bicyclic structures possess large ring strain energy which
contributes to their high net heat of combustion. The dimer-
ization and hydrogenation give rise to products with higher
density and improved combustion properties.6 All of these
make pinene a potential material for the production of aviation
biofuels.

Traditional strategies for pinene dimerization usually
involve the utilization of Lewis acids or Br4nsted acids as
catalysts,7–9which results inmany problems, such as equipment
corrosion, tedious work-up procedures and environmental
contamination. Recent research on the applications of hetero-
geneous catalysts in pinene dimerization facilitated the sepa-
ration of the products and the recovery of the catalysts. These
catalysts include montmorillonite K10, Naon, phosphotungs-
tic acid, phosphotungstic acid/MCM-41 and Al-MCM-41.6,9–13
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Among all kinds of support materials, silica mesoporous
materials draw great interests in recent years due to their
ordered structures, high surface area and the exibility to
accommodate various metals and functional groups to achieve
different acidities and catalytic properties. Most commonly
used silica mesoporous materials are MCM-41,14–16 SBA-15
(ref. 17) and KIT-6.18 The former two have ordered hexagonal
channels and the latter one is a cubic mesoporous material.
MCM-41 has special advantages over the other two materials in
dimerization of pinene. Its relatively smaller pore diameter is
capable of effectively avoiding the formation of polymers whose
molecular size is too large to go through the channel. The pore
diameter of MCM-41 is only 2–4 nm, while it is 4–20 nm for SBA-
15 and >4 nm for KIT-6. Furthermore, for fuel application, the
unsaturated dimers must be hydrogenated to enhance their
stability. Hydrogenation of pinene dimerization products is
traditionally catalyzed by heterogeneous catalysts, such as
supported palladium and nickel.19,20 To accomplish an efficient
synthetic strategy, herein, we have developed a one-pot
synthesis strategy: incorporated the bimetallic MCM-41 cata-
lyst as a new type of bifunctional catalyst for the dimerization–
hydrogenation reaction system to produce terpane-dimers in
one pot, such as Pd–Al-MCM-41, which includes dimerization's
active sites and hydrogenation's active sites. The aluminum
centers provide Lewis acid sites (and Brönsted acid sites) for the
activation of dimerization step while the incorporated palla-
dium promotes the following hydrogenation directly aer the
dimerization step with the introduction of hydrogen. The
mesoporous materials supported bimetallic catalysts have been
reported. However, in these researches, the two metal centers
usually work synergetically to promote one reaction.21
RSC Adv., 2017, 7, 47539–47546 | 47539
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Supported catalysts with two active centers to promote inde-
pendent reactions are rarely reported. In this work, an efficient
bifunctional catalyst Pd–Al-MCM-41 has been successfully
established for the dimerization–hydrogenation reaction
system in one pot.
2. Materials and methods
2.1 Materials and instrumentations

All reagents are AR. Sodium silicate, aluminum sulfate, palla-
dium chloride, palladium acetate and hydrochloric acid were
obtained from Sinopharm Chemical Reagent Co. Ltd. 1-Cetyl-
trimethyl ammonium bromide (CTAB) are obtained from
Aladdin Industrial Corporation.

All samples were analyzed by scanning electron microscopy
with powder X-ray diffraction (XRD; Bruker D8 Advance),
transmission electron microscope (TEM; JEM-2000EX), Fourier
transform infrared spectroscopy (FTIR; Thermo Nicolet 8700),
pyridine Fourier transform infrared spectroscopy (Py-FTIR;
Thermo Nicolet 6700), and Temperature Programmed
Desorption (NH3-TPD, Auto Chem II 2920; CO-TPD, Auto Chem
II 2920). The specic surface area and the pore size distribu-
tion of all samples were obtained by N2 adsorption at 77.26 K
on a Micrometrics TriStar 3000.14 XPS analysis was conduct-
ed on ThermoScientic K-Alpha X-ray photoelectron
spectroscopy.
Fig. 1 Low-angle XRD patterns of Pd–Al-MCM-41 catalysts.
2.2 Catalyst preparation

Pd–Al-MCM-41 with different SiO2/Al2O3 ratios was synthesized
by a hydrothermal method. It was carried out as follows: typi-
cally, sodium silicate was added to de-ionized water and stirred
until dissolved. The required amount of aluminum sulfate was
introduced slowly under stirring and stirring was continued for
1 h aer the introduction, followed by the addition of aqueous
solution of palladium nitrate. The mixture was stirred for
another 1 h. Finally, template solution 1-cetyltrimethyl ammo-
nium bromide (CTAB) was added dropwise to the above mixture
with stirring in 5 min. The nal molar composition of the gel
was SiO2 : nAl2O3 : 0.5CTAB : 120H2O (n ¼ 0.1, 0.05, 0.033,
0.025, 0.01, 0.005). The palladium loadings were 1 wt% (Pd1–Al-
MCM-41) and 0.5 wt% (Pd0.5–Al-MCM-41) of the raw materials.
The pH value was adjusted to 11 by dilute sulfuric acid
(1 mol L�1). The resulting gel was stirred for another 1 h, sealed
in an autoclave and heated at 120 �C for 72 h. Aer cooled to
room temperature, the resulting powders were recovered by
ltration, washed with an excess of deionized water, dried at
70 �C overnight and calcined at 550 �C in air for 10 h to remove
the template.1

Palladium chloride was also used as the palladium source
as a comparison with palladium nitrate. When palladium
chloride was employed, certain amount of concentrated
hydrochloric acid was added to aid the dissolution of the
salt in water. Pd–Al-MCM-41 catalysts mentioned below
were all synthesized from palladium nitrate except those
specied.
47540 | RSC Adv., 2017, 7, 47539–47546
2.3 The dimerization–hydrogenation reaction of pinene

The dimerization of pinene (b-pinene) was an intense
exothermic reaction. In a typical process, slow addition of
pinene to the reaction system was considered as the safest
method. The dimerization reaction was carried out with
a certain amount of catalyst in different reaction times. Aer
that, hydrogen was introduced with a balloon and the reaction
continued for 24 h at 100 �C.
2.4 The reusability of the catalyst

The reusability of the catalysts was studied using Pd0.5–Al30-
MCM-41 as an example. Aer the dimerization hydrogenation
reaction, the reaction system was separated by ltration,
washed with ethanol and dried at 100 �C in the drying oven
overnight. Aerwards, catalysts were calcined in the tube
furnace for 4 h to remove the coke formed on the acid sites.
3. Results and discussion
3.1 Characterization

Generally, good crystallinity and long-range hexagonal meso-
structure were formed for all samples except Pd–Al10-MCM-41,
which reected in the low-angle XRD patterns were three
strong diffraction peaks that can be indexed to (100), (110) and
(200) (Fig. 1).22,23 TEM image also showed a highly ordered
mesoporous structure with long ordered and regular two-
dimensional hexagonal pore structures for these samples
(Fig. 2). Their N2 adsorption–desorption isotherms exhibited
hysteresis loop of type IV which was typical for regular meso-
porous materials (Fig. 3b–f).24 N2-adsorption study also showed
that these samples had extremely narrow pore size distribution
which indicated uniform pore structures (Fig. 4), and their
average pore sizes were 3.70–5.12 nm (Table 1). This ordered
pore structure ensured the high dimer selectivity, as the narrow
pore of the material could effectively inhibit the occurrence of
polymerization. CO-chemisorption showed that palladium had
a good dispersion in the frame of the materials (Fig. 6). XPS
showed that Lewis acidity of aluminium species increased
obviously with the introduction of palladium species, and
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 N2 adsorption–desorption isotherms.

Fig. 4 BJH pore size distribution curve.

Fig. 2 TEM images: (a–d) are Pd1–Al-MCM-41 with SiO2/Al2O3 ratios of 10, 20, 100 and 200, respectively; (e) Pd0.5–Al100-MCM-41; (f) Pd1–
Al100-MCM-41(PdCl2).
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palladiummainly existed in frame in form of Pd(II) (Table 3 and
Fig. 7). Py-FT-IR showed that the incorporation of a small
amount of palladium clearly increased Lewis acid amount of
catalyst (Fig. 8).

3.1.1 Inuence of aluminum. The inuence of aluminum
content on the structure properties of these materials was also
clearly observed. The intensities of the typical peaks in the low-
angle XRD patterns decreased gradually while the ratio of
This journal is © The Royal Society of Chemistry 2017
incorporated Al increased. The (100) diffraction peak of became
wide and weak with a shi towards higher angles (Fig. 1c–g).
The (110) and (200) diffraction peaks disappeared completely
when the SiO2/Al2O3 ratio dropped to 10 (Fig. 1h). These indi-
cated that partial destruction to the ordered silica frame
occurred when aluminum was introduced into the structure.
Large amount of aluminum could even cause frame collapse.
This kind of deterioration was also observed from TEM analysis
and N2-adsorption study. In the TEM image, more defects in the
RSC Adv., 2017, 7, 47539–47546 | 47541
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Fig. 6 CO-chemisorption analysis of Pd–Al-MCM-41.

Table 1 Specific surface area, pore volume and pore size of Pd–Al-
MCM-41 catalysts

Entry
SiO2/
Al2O3

Pd(NO3)2
(%)

Surface area
(cm2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

1 10 0.5 232.6 0.43 7.39
2 20 0.5 758.4 0.93 4.17
3 30 0.5 785.9 0.99 5.05
4 40 0.5 853.3 1.05 4.94
5 100 0.5 1091.2 1.27 4.65
6 200 0.5 1090.1 1.02 3.75
7 10 1 222.3 0.43 7.77
8 20 1 643.9 0.82 5.12
9 30 1 774.1 0.91 4.68
10 40 1 824.2 1.02 4.94
11 100 1 1055.1 1.15 4.35
12 200 1 961.8 0.89 3.70

Fig. 5 High-angle XRD patterns of Pd–Al-MCM-41 catalysts.
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mesostructure were observed as the aluminum content
increased (Fig. 2b–d) and severe damage occurred with Pd–Al10-
MCM-41 (Fig. 2a). Also, no typical hysteresis loop of type IV was
observed in adsorption–desorption isotherm for Pd–Al10-MCM-
41 (Fig. 3a) and it showed extremely wild pore size distribution
(Fig. 4a) with a low surface area of only about 200 cm2 g�1
47542 | RSC Adv., 2017, 7, 47539–47546
(Table 1, entry 1, 7). All these evidences suggested that the
mesostructure was totally destroyed with a low SiO2/Al2O3 ratio
of 10. This was probably caused by the difference in Si–O and
Al–O bond lengths.25 When the large amount of aluminum was
introduced, severe structural distortion occurred. These struc-
ture changes caused by the incorporation of aluminum had
great inuence on the catalytic property of the catalysts. Pd–
Al10-MCM-41 showed low catalytic activity than other catalysts
with good mesostructure.

Besides the structural changes, the incorporation of Al also
introduced strong acidic sites into the frame according to the
NH3-TPD experiments. The amount of strong acidic sites
increased as the Al content increases (Table 2). The enhance-
ment in acidic sites generated higher catalytic activity towards
dimerization of pinene and an obvious increase tendency was
observed in the yield of dimer with increasing acidic sites.

3.1.2 Inuence of palladium. Palladium also displayed
signicant inuences on the structural properties of the mate-
rials. Differences in peak intensity were observed with the
variation of Pd loadings and sources in high-angle XRD. Pd1–Al-
MCM-41 series (Fig. 5A) exhibited stronger peaks in comparison
with Pd0.5–Al-MCM-41 series (Fig. 5B). This was probably
because higher Pd loading increased the Pd–O particles outside
the mesoporous frame. Compared to palladium nitrate, palla-
dium chloride gave stronger Pd–O diffraction peaks, suggesting
a poor dispersion of the palladium particles due to the poor
solubility of the salt in water. Furthermore, obvious aggregation
was observed as black particles on the TEM image for Pd1–Al100-
MCM-41 (PdCl2) (Fig. 2f) while a better dispersion was achieved
when palladium nitrate was employed (Fig. 2c). High palladium
content seemed also to block the channels of the materials
because smaller surface areas were detected for Pd1–Al-MCM-41
series (Table 1, entry 7–12).

CO-chemisorption analysis of Pd0.5–Al30-MCM-41 was
showed in Fig. 6, from the room temperature to 450 �C, CO
absorbed in the surface of the catalyst showed transition peaks
at 200 �C and gradual desorption peaks at 400 �C, it indicated
that palladium had a good dispersion in the frame of the
materials, which ensured the high catalytic activity in
hydrogenation.
This journal is © The Royal Society of Chemistry 2017
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Table 2 TPD of NH3 result of the Pd–Al-MCM-41

SiO2/Al2O3

Pd(NO3)2
(%)

Surface acid sites
(mmol g�1)

Total surface acid
sites (mmol g�1)180–200 �C 600–700 �C

— — — — 0.169
10 0.5 0.475 0.169 0.616
20 0.5 0.489 0.141 0.613
30 0.5 0.486 0.124 0.625
40 0.5 0.456 0.139 0.623
100 0.5 0.421 0.167 0.638
200 0.5 0.403 0.217 0.621
10 1 0.391 0.218 0.516
20 1 0.469 0.125 0.581
30 1 0.457 0.112 0.579
40 1 0.450 0.122 0.577
100 1 0.413 0.127 0.579
200 1 0.391 0.166 0.562

Table 3 The electron binding energy of samplesa

Samples
Calcination
temperature (�C)

BE Pd
3d (eV)

BE Al
2p (eV)

Al-MCM-41 550 — 74.56
Pd0.5–Al-MCM-41 550 336.9 74.74
Pd1–Al-MCM-41 550 336.9 74.68

a The binding energy can be set at C 1s ¼ 284.8 eV.

Fig. 8 IR spectra of pyridine adsorbed on samples.

Fig. 7 XPS experiments: (a) the electron binding energy of Pd 3d of Pd1–Al30-MCM-41; (b) the electron binding energy of Pd 3d of Pd0.5–Al30-
MCM-41; (c) the electron binding energy of Pd 3d of Al30-MCM-41; (d) the electron binding energy of Al 2p of Pd1–Al30-MCM-41; (e) the electron
binding energy of Al 2p of Pd0.5–Al30-MCM-41; (f) the electron binding energy of Al 2p of Al30-MCM-41.
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As shown in Table 3 and Fig. 7, XPS experiments showed that
the electron binding energy of Al 2p increased from 74.56 eV to
74.74 eV with the incorporation of 0.5% palladium content,
This journal is © The Royal Society of Chemistry 2017
which indicated that the electron cloud density of aluminium
species decreased and Lewis acidity was strengthened, it is
easier to promote ethylenic-bond polarization and catalytic
electrophilic addition. Therefore, the introduction of palladium
generates a synergistic catalysis effect. However, when the
palladium content was increased to 1%, the electron binding
energy of Al 2p only increased from 74.56 eV to 74.68 eV. This
explained that a large amount of palladium may destroy the
mesoporous structure but had a negative effect on the increase
of Lewis acidity. The binding energy of Pd 3d was 336.9 eV aer
calcination at 550 �C, corresponding standard value ((BE) PdO
¼ 337.0 eV), which suggested that palladium species existed
mainly in the form of highly dispersed PdO particles in the
mesoporous frame. In addition, Pd(II) also showed a good
catalytic activity for the hydrogenation reaction.

Besides the structural inuence, palladium content also
affected the total acidity of the materials. According to the NH3-
TPD experiments, the high palladium content of 1% caused an
average decline of 9% in the total acidic sites compared with
0.5% palladium content (Table 2). This was probably associated
with the increased Pd–O particles outside the mesoporous
frame with the Pd1–Al-MCM-41 series and channel block caused
by these particles may hinder the absorption of NH3.

As shown in Fig. 8, Py-FT-IR experiments showed that
obvious enhancement was observed for both acid sites, espe-
cially Lewis acid sites, aer the introduction of palladium. This
result was consistent with the XPS analysis. It was believed that
the incorporation of palladium would alter the electronic
density of aluminum thus enhancing its Lewis acidity. This
RSC Adv., 2017, 7, 47539–47546 | 47543
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Fig. 10 Acid amount of catalysts with different SiO2/Al2O3 ratios.

Table 4 Condition screening of dimerization of b-pinene

Entry
Catalyst
dosage (%)

Temperature
(�C)

Time
(h)

Dimers
(%)

Isomers
(%)

Conversion
(%)

1 0 140 4 0.6 14.9 15.5
2 0.5 140 4 44.7 42.5 89.6
3 1 140 4 53.8 33.2 91.6
4 2 140 4 64.7 21.8 91.8
5 3 140 4 64.7 20.6 90.0
6 4 140 4 65.6 19.9 90.0
7 2 100 4 38.0 43.3 82.4
8 2 120 4 46.6 39.7 87.7
9 2 160 4 56.7 25.6 88.7
10 2 180 4 54.2 26.6 88.6
11 2 140 0.17 19.3 53.6 73.3
12 2 140 0.5 32.2 44.9 78.0
13 2 140 1 38.3 40.8 80.5
14 2 140 2 58.6 25.6 87.2
15 2 140 8 68.1 18.6 92.3
16 2 140 16 67.5 15.3 94.2

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 3
:0

7:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
enhancement was reected in a yield increase of the dimeriza-
tion reaction.

3.2 Catalytic activity of Pd–Al-MCM-41

3.2.1 Catalyst screening. Reactions were carried out with
three series of catalysts, Pd1–Al-MCM-41, Pd0.5–Al-MCM-41 and
Al-MCM-41, at 100 �C with a catalyst loading of 2 wt% for 2 h.

As shown in Fig. 9, the dimer yields of Pd0.5–Al-MCM-41 and
Al-MCM-41 series displayed similar variation tendency as the
SiO2/Al2O3 ratio changed. Both of the catalysts with a low SiO2/
Al2O3 ratio of 10 exhibited very poor dimerization activity.
According to the characterization above, these two samples had
severe structural damages and their surface areas and pore
volumes were dramatically reduced due to the structure
collapse. This indicated that the catalytic activity was closely
related to the mesostructure of the material. For other samples,
the yields of dimers generally declined as the SiO2/Al2O3 ratio
increased from 20 to 200. According to the NH3-TPD experi-
ments, the amount of strong acidic sites decreased as Al content
was reduced. It was clear that strong acidic sites played a key
role in the catalytic activity of mesoporous materials for
dimerization of pinene (Fig. 10).

Interestingly, the introduction of 0.5% of Pd into the frame
increased the dimer yields rather than caused a decline as ex-
pected. This showed sign of possible synergetic effect between
Pd and Al on dimerization activity, which Lewis acidity of Al
increased obviously due to electronic effect of Pd. However,
higher Pd content of 1% caused severe yield decline (Fig. 9).
Higher Pd loading increased the Pd–O particles outside the
mesoporous frame and these particles may block the channel of
the mesomaterials causing smaller surface areas, thus lowered
the yields.

3.2.2 Condition screening. A series of experiments were
carried out with different catalyst dosages, reaction tempera-
tures and time using Pd0.5–Al30-MCM-41 as catalyst. The yield of
dimers quickly increased from 0.55% to 64.7% as the mass ratio
of catalyst/pinene ranged from 0 to 0.020 at 140 �C in a reaction
time of 2 h. And the increase slowed down when the catalyst
dosages above 2% (Table 4, entry 1–6). Temperature also had
Fig. 9 Catalysts with different SiO2/Al2O3 ratios for dimerization of b-
pinene. Reaction conditions: b-pinene 10 g, catalyst 0.2 g, 2 h, 140 �C.

47544 | RSC Adv., 2017, 7, 47539–47546
inuence on the generation of dimers. The yield of dimers
increased as the reaction temperature rose from 100 to 160 �C
and then slightly declined at 180 �C with a catalyst dosage of 2%
in 4 h (Table 4, entry 7–10).

Reaction monitoring found that isomerization occurred
much faster than dimerization. Isomers were detected within
10 min and they took up 53.6% in the products with a dimer
yield of only 19.3% (Table 4, entry 11). Most of the isomers were
gradually converted into dimers with time and the yield of
dimers reached 68.1% in a reaction time of 8 h (Table 4, entry
11–15). When the reaction time was prolonged to 16 h, a slight
drop in the dimer yield was observed due to the generation of
oligomers (Table 4, entry 16).

3.2.3 One pot dimerization–hydrogenation of pinene. One-
pot dimerization–hydrogenation of pinene was carried out
using Pd0.5–Al30-MCM-41 as catalyst with a dosage of 2%. The
dimerization process was carried out at 140 �C for 4 h which was
considered to be the most efficient condition and aer the
dimerization, hydrogen was introduced and the reaction
maintained at 60 �C for 24 h. The mass spectrometry showed
This journal is © The Royal Society of Chemistry 2017
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Table 5 One-pot dimerization–hydrogenation of pinene and catalyst
reusability

Times
Yield of dimer
(%)

Conversion
(%)

1 63.9 90.2
2 62.5 88.5
3 61.6 87.8
4 60.7 85.3
5 57.5 82.2
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that dimerization–hydrogenation products of pinene were
mainly composed of compounds with molecular weight of 272,
and a few compounds are of molecular weights of 274 and 276.
This hydrogenation result was consistent with that reported in
the literature.3 FI-IR analysis result showed that the bands
between 1600 and 1700 cm�1 appear absorption peaks (Fig. 11)
and 1H-NMR result revealed that there were a few vibration
peaks with a chemical shi of 4–6 ppm (Fig. 12). These results
indicated that hydrogenation reaction of dimer almost
completed with a few unsaturated bonds le.26 The catalyst
displayed good activity for one-pot dimerization–hydrogenation
of pinene and gave a total yield of 63.9% (Table 5, entry 1). Aer
the reaction, the catalyst was separated from the reaction
system by ltration, washed with ethanol, dried overnight in the
drying oven at 100 �C, calcined in the tube furnace at 500 �C for
4 h and reused for the reaction. The catalyst maintained its
catalytic activity during recycling and no remarkable yield
decline was observed aer the catalyst was reused for four times
(Table 5, entry 2–5), which showed that Pd–Al-MCM-41 had
a very good reusability.

3.2.4 Mechanism. As mentioned above, the catalytic
activity is closely related to the quantity of acidic sites in the
Fig. 11 FT-IR of products catalyzed by Pd0.5–Al30-MCM-41.

Fig. 12 1H-NMR of products catalyzed by Pd0.5–Al30-MCM-41.

This journal is © The Royal Society of Chemistry 2017
materials. Both the Lewis acid sites and Brönsted acid sites can
promote the dimerization reaction. Isomerization occurred
through protonation of b-pinene before the dimerization reac-
tion. Possible isomers include a-pinene, limonene and
camphene as well as some aromatic compounds such as cym-
ene (Scheme 1).

The mixture of the isomers further went through the
dimerization reaction to form a mixture containing different
combinations of isomers. Possible catalytic pathways catalyzed
by the Brönsted acid sites and the Lewis acid sites are shown in
Scheme 2 and 3 using b-pinene as the substrate. In the catalytic
pathway by Brönsted acid, the pinene was promoted by a proton
originated from the bridge hydroxyl of the [^Si/(OH)/Al^]
unit. The active Lewis acidic species were not clear update and it
was rational that the empty orbital in the active Lewis acid sites
would induce the formation of carbonium ion and boost the
Scheme 1 Isomerization of b-pinene.

Scheme 2 Possible catalytic pathway by Brönsted acid sites of Pd–Al-
MCM-41.

RSC Adv., 2017, 7, 47539–47546 | 47545
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Scheme 3 Possible catalytic pathways by Lewis acid sites of Pd–Al-
MCM-41.
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dimerization process.27 The existence of palladium played
a synergetic effect by increasing the Lewis acidity of aluminium
species.
4. Conclusions

In this study, bifunctional catalysts Pd–Al-MCM-41 have been
successfully synthesized by a hydrothermal method. The cata-
lysts have been characterized by N2-adsorption, XRD, XPS, FTIR
and TEM analyses. The results showed that these catalysts have
ordered mesoporous structure and high surface area and a good
dispersion of palladium in the frame. These catalysts success-
fully promoted dimerization of b-pinene and the following
hydrogenation step in one pot in mild condition. The inuence
of palladium and aluminum loadings has been well studied and
Pd0.5–Al30-MCM-41 with palladium nitrate as palladium source
is found to be the best catalyst. These catalysts display good
activity over 4 runs. In summary, the new types of bifunctional
catalysts (Pd–Al-MCM-41) have a good application prospect in
a dimerization–hydrogenation one-pot reaction system to
produce aviation biofuels.
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