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HMCM-49/MCM-41 composite molecular sieve was synthesized with hydrothermal method. The
physicochemical properties of the composite were characterized by using XRD, FT-IR, SEM,
N2 isothermal adsorption–desorption and NH3-TPD. Results of different characterizations indicated
that the synthesized composite molecular sieve possessed the characteristics of both HMCM-49
and MCM-41. XRD and N2 isothermal adsorption–desorption revealed that it has both micropores
and mesopores, a larger surface area than that of HMCM-49, NH3-TPD and pyridine adsorbed
FT-IR revealed that the strong acidic sites that caused side reaction in HMCM-49 are deactivated
in the composite molecular sieve of HMCM-49/MCM-41. When applied to the alkylation of phenol
with isopropanol, the HMCM-49/MCM-41 composite molecular sieve exhibit an enhanced catalytic
performance with significant enhancement in p-isopropylphenol and o-isopropylphenol selectivity,
which can be ascribed to the composite characteristics of HMCM-49 and MCM-41. This kind of
material will has widely industrial application in preparation of alkyl-phenol.

Keywords: Composite Molecular Sieve, MCM-41 Zeolites, HMCM-49 Zeolites, Alkylation of
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1. INTRODUCTION
Alkyl-phenol such as p-isopropylphenol (p-IPP) and
o-isopropylphenol (o-IPP) is an important intermediate
of fine chemical. p-IPP has been widely used in the
fields of wire-coatings, machinery cleanser, surfactants,
synthetic resins, adhesives and pharmaceutical intermedi-
ates. Besides, o-IPP can also be employed as intermediates
to synthesize leafhopper pesticides. Currently, alkyl-phenol
were primarily synthesized from phenol with olefins, alco-
hols or chlorinated hydrocarbons through alkylation reac-
tions using aluminum phenol [Al(OC6H5�3] as catalyst.
However, significant shortcomings, such as complex oper-
ational process, low yield, erosion, pollution, separation
difficulties, high cost and low mass production greatly hin-
der its industrial application. Therefore, developing a new
green technology and catalyst to synthesize alkyl-phenol
is of special attention in recent years.1–3

MCM-49 zeolites possess the same framework to
that of MCM-22, which consists of three independent

∗Authors to whom correspondence should be addressed.

pore systems.4�5 One pore system is composed of two-
dimensional (2D) sinusoidal accessible channels through
10-membered ring (MR) (4�1× 5�1 Å). And the second
pore system contains 12-MR large supercages with an
inner diameter of 7.1 Å and a height of 18.2 Å, which
are connected by 10-MR apertures. The third one com-
prises a large hemisupercages (7�0× 7�1× 7�1 Å) on the
external surface. Due to their unique structure and acid
properties, MCM-49 zeolites have been extensively inves-
tigated in various catalysis fields.6–9 Our previous works
reveal that the HMCM-49 zeolites exhibit good catalytic
performance in alkylation of phenol with isopropanol,10�11

and the catalytic performance of HMCM-49 zeolites could
be further improved by deactivating the strong acid sites
where byproducts were produced, and to realize this, silane
reagent [(C2H5O)4Si] was used to treat HMCM-49 zeolites
via a CVD process.12 However, the process of CVD is a
long and complicated modification.
Composite molecular sieves, especially micro/

mesoporous composite, have been paid much attention due
to their synergistic performance in catalytic reactions.13–16
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Most MCM-41 based composite molecular sieves were
synthesized and applied in different catalytic reactions.17–21

To the best of our knowledge, there have been no reports
on synthesis and application of HMCM-49/MCM-41
composite molecular sieves to alkylation of phenol with
isopropanol. Since MCM-41 is a mesopores zeolite with
large surface area and moderate strength acid sites, after
combined with HMCM-49, it is predicated to deactivate
the strong acid sites of HMCM-49 and enlarge the surface
areas of it. These were all benefit for improving the
catalytic performance of HMCM-49 on the alkylation of
phenol with isopropanol.
Therefore, in this paper we synthesized the HMCM-49/

MCM-41 composite molecular sieves by hydrothermal
method. The phase, morphology, structure, and acid prop-
erties of samples were well investigated by means of
XRD, SEM, FT-IR, N2 adsorption–desorption and NH3-
TPD. Meanwhile the catalytic performance on alkylation
of phenol with isopropanol on HMCM-49/MCM-41 was
also studied.

2. EXPERIMENTAL DETAILS
The materials and equipment used included the follow-
ing: hexamethyleneimine (HMI, Kermel chemreagent Co.,
Ltd., Tianjin, China); sodium aluminate (Kermel chem-
reagent Co., Ltd., Tianjin, China); silica sol (Guolian
Technology Co., Ltd., Jiangyin, China); Cetyltrimethy-
lammonium bromide (Kermel chemreagent Co., Ltd.,
Tianjin, China); Tetraethyl orthosilicate (Kermel chem-
reagent Co., Ltd., Tianjin, China); and Ammonia solution
(Kermel chemreagent Co., Ltd., Tianjin, China). All of the
other chemicals and solvents in this work were commer-
cially available and were used as received without further
purification.
MCM-49 zeolites were obtained by the reported

procedure.22 The protonic form of MCM-49, denoted as
HMCM-49, was obtained by ion-exchange of the as syn-
thesized MCM-49 with aqueous NH4NO3 solution, and
then calcined at 540 �C in air for 3 h.
To synthesize the HMCM-49/MCM-41 composite, a

sol–gel of MCM-41 was firstly prepared according to a
published procedure.23 While stirring, a certain amount
of HMCM-49 zeolite was added to the colloidal pre-
cursor of MCM-41. The mixture was then stirred for
a few minutes, followed by hydrothermal crystallization
at 100 �C for 48 h. After cooling to the room tem-
perature, the resulting solid product was filtered, washed
thoroughly with deionized water and dried at 120 �C.
The composite samples were then obtained by calcining
the product at 540 �C for 5 h in air. By varying the
weight of HMCM-49 added to the MCM-41 gel, sev-
eral HMCM-49/MCM-41 composite with different weight
percents of HMCM-49 to MCM-41 gel were prepared,
denoted as HM-49/M-41(x%), where x represents the the-
oretical weight percent of HMCM-49 to MCM-41 gel.

X-ray diffraction (XRD) experiments were carried out
with Bruker D8 Advance diffractometer using Cu K�
radiation (�= 0.15405 nm). The morphologies of samples
were inspected on MX2600FE scanning electron micro-
scope (SEM). The N2 adsorption–desorption of samples
was conducted on a micromeritics ASAP2020 surface area
and pore size analyzer at −196 �C (liquid nitrogen temper-
ature) using accompanying software from Micromertitics.
The surface areas were calculated by using the conven-
tional BET method, and the pore size diameters were cal-
culated by using BJH method. The property of the acid
sites was characterized by a Pyridine adsorbed FT-IR spec-
trometer. All spectra were measured at 180 �C. NH3-TPD
was performed on a self-designed apparatus. Prior to the
measurement, 50 mg sample was first pretreated in Ar at
600 �C for 60 min, then cooled down to 100 �C and satu-
rated at this temperature with ammonia until equilibrium.
The NH3-TPD profile was recorded with a thermal con-
ductivity detector (TCD) with a heating rate of 10 �C/min
from 100 to 600 �C under argon flow.
Alkylation of phenol with isopropanol was carried

out on a fixed-bed, vertical-flow reactor with 40 cm in
length and 0.5 cm in internal diameter. 0.5 g catalyst
(20–30 mesh) was placed in the middle of the reactor and
supported on either side with a thin layer of quartz wool
and ceramic beads. The reactor was heated to the requi-
site temperature with the help of a tubular furnace con-
trolled by a digital temperature controller-cum indicator.
The reactants were fed into the reactor using a syringe
injection pump (sage instruments) that could be operated
at different flow rates. The reaction was carried out at
atmospheric pressure. The bottom of the reactor was con-
nected to a condenser and a receiver to collect the prod-
ucts. The products were collected at a time interval of 1 h
after stability period. The products were analyzed on a gas
chromatograph (GC-9890A) with a FID detector equipped
with a 30 m length DB-1 capillary column using nitrogen
as carrier gas.

3. RESULTS AND DISCUSSION
The crystal phase, pore size distribution, surface topog-
raphy and chemical component of the composite molec-
ular sieves HMCM-49/MCM-41 were characterization by
XRD, N2 adsorption–desorption and SEM measurement,
in comparison with the corresponding HMCM-49 and
MCM-41.
Figure 1 shows XRD patterns of the HMCM-49/

MCM-41 composite with weight percents of HMCM-49
to MCM-41 gel from 1.0 to 5.0%. It can be observed
from Figure 1(a) that the meso-structure is well formed
when the weight percent of HMCM-49 to MCM-41 gel
is lower than 3.0%. With an increase in the amount of
HMCM-49 in the MCM-41 gel, the peak intensity of the
MCM-41 decrease significantly. When the weight percent
of HMCM-49 is increased to 5.0%, the characteristic peaks
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Figure 1. X-ray diffraction of HMCM-49/MCM-41 (x%) composite molecular sieves (a) low angle (b) high angle.

corresponding to MCM-41 can no longer be detected
by XRD. This is ascribed to that adding too much
HMCM-49 to MCM-41 gel may suppress the crystalliza-
tion of MCM-41. As shown in Figure 1(b), the character-
istic peak position of HMCM-49 shows no obvious change
with increasing weight percent of HMCM-49 to MCM-41
gel and the HMCM-49 peak intensity increases slightly
with an increasing amount of MCM-49 in the compos-
ite. The diffraction peaks of samples are well consistent
with that of HMCM-49 reported in the literatures.22�24

It could be concluded from XRD analysis that when the
weight percent of HMCM-49 to MCM-41 gel is 2.0%,
both the meso-structure component of MCM-41 and the
micro-structure component of HMCM-49 are well formed.
Therefore, the HMCM-49/MCM-41 composite molecular
sieve with HMCM-49 to MCM-41 gel percent ratio of
2.0% is selected for further investigation.

Figure 2 shows the SEM images of the composite
molecular sieve HMCM-49/MCM-41 and the correspond-
ing molecular sieve of HMCM-49 and MCM-41. MCM-41
shows irregular crystal morphology, whereas HMCM-49
shows numerous lamellar crystals made of thinner crys-
tal layers. The HMCM-49/MCM-41 composite molecular
sieve shows a unique aggregated crystal like morphology,
which is clearly different from those of parent MCM-41
and HMCM-49. Furthermore, it could be found that

Figure 2. SEM images of samples (a) MCM-41 (b) HMCM-49 (c) HMCM-49/MCM-41.

meso-structure of MCM-41 was formed over HMCM-49
structure.
The N2 adsorption–desorption isotherms of MCM-49/

MCM-41 is exhibited in Figure 3, and the correspond-
ing surface area and pore size parameters of HMCM-49/
MCM-41 composite molecular sieves are summarized
in Table I. As shown in Figure 3, the N2 adsorption–
desorption isotherms of HMCM-49/MCM-41 was similar
to type I in the low pressure range (p/p0 < 0�05), which is
typical for microporous zeolites, and the adsorbed amount
of N2 was below 100 cm3/g, which was the value of the
filling volume of micropores. However, the N2 adsorption–
desorption isotherms of HMCM-49/MCM-41 were silimar
to those of type IV in the pressure range (p/p0 > 0�05),
a typical of mesoporous molecular sieves and it indicated
the existence of mesopores. In the pressure range (p/p0 <
0�40), the adsorbed amount of N2 increased linearly with
pressure due to monolayer adsorption of N2 on the walls
of the pores, while in range of 0�40 < p/p0 < 0�95, there
was a jump in the adsorbed amount appeared because N2

began filling the mesopores. Multilayer adsorption of N2

in the mesopores occurred when p/p0 became higher.
It can be found from Table I that HMCM-49/

MCM-41 composite molecular sieves have high spe-
cific surface areas (373.13 m2/g) and large pore volumes
(0.67 cm3/g), which is smaller than pure MCM-41 and
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Figure 3. N2 adsorption–desorption isotherms of HMCM-49/MCM-41,
MCM-41 and HMCM-49.

lager than pure HMCM-49, respectively. These results may
attribute to the simultaneous existence of HMCM-49 and
MCM-41 nanoparticles in HMCM-49/MCM-41 composite
molecular sieves.
Figure 4 shows the NH3-TPD patterns of HMCM-

49/MCM-41, MCM-41 and HMCM-49. For MCM-41,
only one weak desorption peak is detected at about 350 �C,
which can be attributed to desorption of ammonia from
the moderate acidic sites. For HMCM-49 and the compos-
ite molecular sieve HMCM-49/MCM-41, it can be seen
that each sample consists of two broad desorption peaks
in 200–300 �C and 400–500 �C, corresponding to the low-
temperature desorption peak at the weak acid sites and
the high-temperature desorption peak at the strong acid
sites, respectively.25 It should be noted that the strong acid
peak of HMCM-49 shifts to lower temperature and weak
acid peak doesn’t change greatly after composited with
MCM-41. Additionally, both desorption peaks area, espe-
cially strong acid peak reduces markedly after composition.
The result indicates that the composite molecular sieve can
greatly decrease the acid sites, especially the strong acid
sites of HMCM-49 zeolites.
In order to further study the changed acid properties

of the composite molecular sieve HMCM-49/MCM-41
compared with HMCM-49, the acidity of HMCM-49
and HMCM-49/MCM-41 were examined by FT-IR spec-
troscopy using the pyridine adsorption technique, as show
in Figure 5. The band of 1450 cm−1 is assigned to
the protonated pyridine (PyH+� molecules adsorbed on
Lewis acid sites, the band of 1540 cm−1 is ascribed to

Table I. Physical property of pure molecular sieves and HMCM-
49/MCM-41 composite.

BET surface Pore size Pore volume
Samples area (m2/g) (nm) (cm3/g)

MCM-41 722�14 3�54 0�74
HMCM-49 291�27 0�41 0�58
HMCM-41/MCM-49 373�17 2�85 0�67
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Figure 4. NH3-TPD patterns of HMCM-49/MCM-41, MCM-41 and
HMCM-49.

the protonated pyridine (PyH+� molecules adsorbed on
Brønsted acid sites; and the band of 1490 cm−1 is related
with the protonated pyridine (PyH+� molecules adsorbed
on both Brønsted and Lewis acid sites.26 From Figure 5,
it can be seen that both Brønsted and Lewis acid sites
of the composite molecular sieve HMCM-49/MCM-41
decrease compared with HMCM-49, and the Brønsted acid
sites decreased more rapidly. This is in agreement with the
results of NH3-TPD characterization. There are almost no
acidic sites over the surface of the pure silica molecular
sieve of MCM-41, therefore the acidic sites detected by
FT-IR are mainly provided by HMCM-49 and the Brønsted
acid sites of HMCM-49 can be modified after composited
with MCM-41.
Alkylation of phenol with isopropanol over molecu-

lar sieve is a green route to prepare p-isopropylphenol
(p-IPP) and o-isopropylphenol (o-IPP), the synthesis
routes are shown in Scheme 1. In the previous works
we found that alkylation of phenol with isopropanol
is an acid catalytic reaction, the HMCM-49 molecular
sieve exhibits good catalytic performance on this reactions
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Figure 5. FT-IR with pyridine adsorption of HMCM-49/MCM-41 and
HMCM-49.
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Scheme 1. Main reactions of phenol with isopropanol over zeolite
catalysts.

and its catalytic performance could be further improved
by deactivating the strong acid sites where byproducts
were produced.10–12 As discussed above, the composite
molecular sieve HMCM-49/MCM-41 shows a modified
pore structure and deactivates the strong acid sites of
HMCM-49, which is expected to enhance the catalytic
performance on alkylation of phenol with isopropanol.
Therefore, catalytic performance of HMCM-49/MCM-41
were tested under the reaction conditions of T = 180 �C,
WHSV= 3.0 h−1, and nIPA/nPhenol = 0�8, for comparing, the
catalytic performance of HMCM-49 was also tested under
the same conditions.

As shown in Figure 6, the conversion of phenol and
the selectivity of o-isopropylphenol and p-isopropylphenol
are all increased when the composite molecular sieve
HMCM-49/MCM-41 was used. The results reveal that acid
sites especially strong Brønsted acid sites on the surface of
HMCM-49 lead to side reactions and could be eliminated
efficiently after composition with MCM-41, and thereby
the selectivity of o-isopropylphenol and p-isopropylphenol
increases. Meanwhile, the increase of the conversion of
phenol is ascribed to that the BET surface area of the
composited molecular sieve HMCM-49/MCM-41 is larger
than that of HMCM-49. Meanwhile, a higher yield of
o-isopropylphenol and p-isopropylphenol were obtained.
As shown in Figure 7, the yield of o-isopropylphenol and
p-isopropylphenol over the HMCM-49/MCM-41 compos-
ite molecular sieve are 41.6% and 13.3%, respectively,
which are all higher than that over the pure HMCM-49
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Figure 6. Catalytic performance of HMCM-49/MCM-41 and
HMCM-49 on alkylation of phenol with isopropanol. So-IPP: selectivity
of o-isopropylphenol, Sp-IPP: selectivity of p-isopropylphenol.
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Figure 7. Yields of o-isopropylphenol and p-isopropylphenol over
HMCM-49/MCM-41 and HMCM-49 catalysts. Yo-IPP: yield of
o-isopropylphenol, Yp-IPP: yield of p-isopropylphenol.

Table II. Distribution of alkylation products over HMCM-49/MCM-41
and HMCM-49.

Selectivity (%)

Catalysts Conversion(%) So-IPP Sp-IPP SDIPP STIPP SIPPE

HMCM-49 62�1 57�2 15�1 19�0 5�4 3�3
HMCM-49/MCM-41 65�5 63�5 20�3 9�8 1�3 5�1

molecular sieve. This further confirms that the catalytic
performance of HMCM-49 is enhanced after composition
with MCM-41.
Products of phenol alkylation with isopropanol on

HMCM-49/MCM-41 and HMCM-49 are summarized in
Table II. Besides the main product o-isopropylphenol
and p-isopropylphenol, several undesired products such
as diisopropylphenols (2,6-DIPP, 2,4-DIPP, 2,5-DIPP,
3,5-DIPP) and triisopropylphenols (2,4,6-TIPP) was
formed during alkylation of phenol with isopropanol over
catalysts used here. The by-product of further alkylation
products such as diisopropylphenols and triisopropylphe-
nols decreased after composited with MCM-41, which fur-
ther indicates that acid sites especially strong Brønsted
acid sites on the surface of HMCM-49 that lead to side
reactions could be eliminated efficiently when it was com-
bined with MCM-41. While the by-product of phenyl-
isopropyl ether (IPPE) increased after composited with
MCM-41 is also due to strong Brønsted acid sites are elim-
inated and weak acid sites which lead to produce IPPE
becomes dominant,27 and meanwhile aperture of compos-
ite micro-meso-pore and the dimensional size around the
pore mouths may be suitable to form IPPE.

4. CONCLUSION
In summary, the HMCM-49/MCM-41 composite molec-
ular sieve was successfully synthesized by hydrother-
mal method. This composite molecular sieve has both
micropore and mesopore structure, and a larger surface
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area than that of HMCM-49. Especially, this compos-
ite molecular sieve can effectively eliminate or deactivate
most of the strong Brønsted acid sites of HMCM-49 which
lead to side reaction. Hence the catalytic performance
of HMCM-49 on alkylation of phenol with isopropanol
was improved and the selectivity of p-isopropylphenol
and o-isopropylphenol are significantly enhanced. The
enhanced catalytic performance can be ascribed to the
composite characteristics of HMCM-49 and MCM-41.
This type of catalyst is anticipated to arouse broad inter-
est in further boosting the catalytic performance of phe-
nol alkylation with isopropanol by compositing different
classes of molecular sieves. And it will have widely indus-
trial application in preparation of alkyl-phenol.
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