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Abstract. ZrMCM-41 mesoporous molecular sieves were synthesized by using the zirconium sulfate as
zirconium source and using cetyltrimethyl ammonium bromide as a template under microwave irradiation
condition. The samples were characterized by X-ray diffraction (XRD), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), inductive coupled plasma (ICP) technique, Fourier
transform infrared spectroscopy (FT–IR) and N2 physical adsorption, respectively. The effect of the different initial ZrO2 : SiO2 molar ratio, the different thermal treatment temperature and hydrothermal treatment time on textural property was investigated. The results show that the obtained products possess a
typical mesoporous structure of MCM-41 and have specific surface areas in the range of
598⋅1~971⋅4 m2/g and average pore sizes in the range of ca. 2⋅46~3⋅43 nm. On the other hand, the BET
specific surface area and pore volume of the synthesized ZrMCM-41 mesoporous molecular sieve
decrease with the increased amount of zirconium incorporated in the starting material, the rise of thermal
treatment temperature and the prolonging of hydrothermal treatment time, the mesoporous ordering deteriorates. The mesoporous structure of the ZrMCM-41 mesoporous molecular sieve still retains after
calcination at 750°C for 3 h or hydrothermal treatment at 100°C for 6 days, however, the mesoporous
ordering is poor.
Keywords. ZrMCM-41 mesoporous molecular sieve; microwave irradiation; thermal and hydrothermal
stability; synthesis; characterization.

1.

Introduction

As a member of M41S family, MCM-41mesoporous
molecular sieve with unique pore structure and high
specific surface area (about 1000 m2/g) has attracted
wide interest among researchers.1 Therefore, it has
some special applications in the fields of catalysis,
adsorption, sensor and petrochemical industry.2–5
However, the application of the pure silica MCM-41
mesoporous molecular sieve was limited in petroleum processing industry because of its poor thermal
and hydrothermal stabilities, low catalytic activity
and weak surface acidity. Recently, many efforts
have been made worldwide by researchers for the
modification of MCM-41 mesoporous molecular
sieve. Some transition metal ions such as Fe, Nd,
Cu, Mo,6 Co7 and Ni8 and so on have been introduced into the framework of MCM-41 mesoporous
molecular sieve and these prepared mesoporous
*For correspondence

materials have remarkable catalytic performance.
The previous literatures reported that a lot of the
mesoporous molecular sieves were synthesized by
traditional hydrothermal method. However, the
hydrothermal synthesis process needs a long crystallization time and high crystallization temperature.
Compared with conditional hydrothermal method,
microwave irradiation technique was widely applied
to the synthesis of mesoporous molecular sieve due
to its advantages such as microwave dielectric heating, molecular selective heating, homogeneously
and momentarily elevates the temperature of integral
synthesis system to crystallization temperature,9–11
but most efforts aimed at synthesizing pure silica
MCM-41 mesoporous molecular sieve. Investigation
on MCM-41 mesoporous molecular sieve with transition metal ions synthesized under microwave
irradiation condition was seldom systematically reported.
For this purpose, in the present work, we report
here that the synthesis of ZrMCM-41 mesoporous
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Table 1. Material proportion (molar ratio) of the ZrMCM-41(X*) samples and Zr
content in the samples.
Samples
ZrMCM-41(a)
ZrMCM-41(b)
ZrMCM-41(c)
ZrMCM-41(d)
ZrMCM-41(e)
ZrMCM-41(f)
ZrMCM-41(g)

n(ZrO2) : n(SiO2) : n(CTAB) : n(H2O)
0⋅025 : 1 : 0⋅2 : 70
0⋅05 : 1 : 0⋅2 : 70
0⋅10 : 1 : 0⋅2 : 70
0⋅15 : 1 : 0⋅2 : 70
0⋅20 : 1 : 0⋅2 : 70
0⋅25 : 1 : 0⋅2 : 70
0⋅30 : 1 : 0⋅2 : 70

Zr content (wt.%)
3⋅16
5⋅58
9⋅59
13⋅40
17⋅51
20⋅07
23⋅17

*X = a, b, c, d, e, f and g, respectively; n-molar.

molecular sieve was carried out by microwave irradiation method. The relationship of the amount of
zirconium incorporated and the specific surface area
and pore size of the synthesized mesoporous
molecular sieve was also investigated. In particular,
we focus on the study of the thermal and hydrothermal stabilities of ZrMCM-41 mesoporous molecular
sieve. At the same time, the physicochemical properties of the samples were also characterized by a
combination of various physicochemical techniques,
such as XRD, TEM, FT-IR, XPS, ICP and N2 physical adsorption technique.
2.

Experimental

2.1 Synthesis of Zr-containing mesoporous
molecular sieve
Chemicals used in the present work, such as sodium
silicate (Na2SiO3⋅9H2O), zirconium sulfate (Zr(SO4)2⋅
4H2O), cetyltrimethyl ammonium bromide (CTAB),
and concentrated sulfuric acid (H2SO4), all analytical reagent grade were purchased from Shanghai
Chemical Reagent Corporation, China.
The synthesis of Zr-containing mesoporous molecular sieve was carried out by the microwave irradiation method. The molar ratio of ZrO2 : SiO2 :
CTAB : H2O in the starting materials was n
(n = 0⋅025, 0⋅05, 0⋅1, 0⋅15, 0⋅2, 0⋅25 and 0⋅3, respectively.): 0⋅2 : 1 : 70. A typical synthesis procedure
was described as follows: first, a given amount of
Zr(SO4)2⋅4H2O was dispersed into 30 ml distilled
water, 28⋅42 g of sodium silicate (Na2SiO3⋅9H2O)
was dispersed into 50 ml distilled water, and 7⋅29 g
of CTAB was dispersed into 46 ml distilled water
until a gelatinous solution was obtained, and then
sodium silicate (Na2SiO3⋅9H2O) solution was added
into zirconium sulfate solution under stirring. The
resulting mixture was slowly added into the gelatinous solution under vigorous stirring for 30 min and

the pH value of the mixed solution was adjusted to
11 by drop-wise addition of sulfuric acid (5 mol/l).
After stirring for 80 min again, the resulting suspension was transferred into a 250 ml round-bottomed
flask, and then the round-bottomed flask was placed
into a microwave oven with a refluxing condenser
and heated at boiling point for 2⋅5 h under continuous microwave irradiation with a power of 220 W
(National NN-S570MFS). After cooling to room
temperature, the sample was filtered, washed with
deionized water, and dried at 120°C for 24 h to
obtain a dried sample [denoted as s-ZrMCM-41(X),
X stands for the sample number (table 1)]. The
s-ZrMCM-41(X) sample was heated to 550°C at a
heating rate of 2°C/min and calcined at 550°C
for 10 h, the calcined sample was designated as
ZrMCM-41(X), and the Zr content in the sample was
determined by the inductive coupled plasma (ICP) is
summarized in table 1.
For comparison, the synthesis of the ZrO2 was
also carried out via hydrothermal method using zirconium sulfate as zirconium source. The synthesis
procedure was described as follows: 7⋅11 g of
Zr(SO4)2⋅4H2O was dispersed into 200 ml distilled
water to obtain a 0⋅1 mol/l of zirconium sulfate solution, and then the resultant solution was transferred
into the Teflon-lined stainless-steel autoclave and
crystallized at 180°C for 24 h in an oven. After cooling to room temperature, the sample was filtered to
obtain a white deposition, which was washed three
times with deionized water and anhydrous ethanol,
respectively. After that, the white deposition was
dried at 100°C for 24 h to obtain a dried and white
solid ZrO2 sample.
2.2 Thermal and hydrothermal stability tests
For thermal stability test, the sample ZrMCM-41(X)
was calcined at 650, 750 and 800°C for 3 h,
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respectively, denoted as ZrMCM-41(X)-650,
ZrMCM-41(X)-750 and ZrMCM-41(X)-800, correspondingly. For hydrothermal stability test, 0⋅5 g of
ZrMCM-41(X) was added into a 100 ml Teflon-lined
stainless autoclave containing 80 ml of H2O and
hydrothermally treated at 100°C for 2, 4 and 6 days,
respectively. The hydrothermally treated samples
were designated as ZrMCM-41(X)-2d, ZrMCM41(X)-4d and ZrMCM-41(X)-6d, correspondingly.
2.3 Characterization
2.3a XRD analysis: The X-ray diffraction (XRD)
patterns of samples were recorded with a powder
XRD instrument (Rigaku D/max 2500PC) with
CuKα radiation (λ = 0⋅154 18 nm). The measurement conditions of XRD at low angle are: 40 kV,
50 mA, the scanning range is 1–10° and the scanning speed 1°/min; the measurement conditions of
XRD at high angle are: 40 kV, 200 mA, the scanning range is 15–80° and the scanning speed 4°/min.
2.3b FT–IR analysis: Fourier transform infrared
spectra of samples were recorded on a Nexus FT-IR
470 spectrometer made by Nicolet Corporation
(USA) with KBr pellet technique. The effective
range was from 400 to 4000 cm–1.
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Results and discussion
XRD analysis

The powder XRD patterns of mesoporous materials
usually exhibit the diffraction peaks in the low angle
region. Figure 1 presents the XRD low-angle patterns of the synthesized ZrMCM-41 samples with
different Zr contents after calcination at 550°C. As
shown in figure 1, the ZrMCM-41 (a), ZrMCM-41
(b), ZrMCM-41 (c), ZrMCM-41 (d), ZrMCM-41 (e)
and ZrMCM-41 (f) samples, respectively, possess a
diffraction peak (100) at 2θ value of ca. 2⋅3°, and
has small and weak diffraction peaks (110, 200 and
210, respectively) at 2θ value ranging from 4° to 6°,
which is consistent with the characteristic diffraction pattern of the typical MCM-41 mesoporous
molecular sieve,1 indicating that the synthesized
samples have typical hexagonal mesoporous structure of MCM-41. A small amount of zirconium ions
incorporated into the framework of the MCM-41
mesoporous molecular sieve does not significantly
modify the crystalline structure. However, when the
amount of Zr is added in the starting materials

2.3c Specific surface area and pore size distribution: Specific surface area and pore size were
measured by using a NOVA2000e analytical system
made by Quntachrome Corporation (USA). The specific surface area was calculated by BrunauerEmmett-Teller (BET) method. Pore size distribution
and pore volume were calculated by Barrett-JoynerHalenda (BJH) method.12 (see supplementary information table S1).
2.3d TEM images: Transmission electron microscopy (TEM) morphologies of samples were observed
on a Philips TEMCNAI-12 with an acceleration
voltage of 100–120 kV.
2.3e XPS analysis: X-ray photoelectron spectroscopy (XPS) analysis was carried out on an
ESCALAB 250 (Thermal Electron Corp.) spectrometer equipped with Al Kα X-ray source, operating at 150 W. The binding energies were referenced
to the C1s binding energy at 284⋅8 eV.
2.3f Zirconium content test: The zirconium contents of the synthesized samples were determined by

Figure 1. Small angle XRD patterns of the samples
synthesized according to the different molar ratios of
ZrO2 : SiO2 : CTAB : H2O. The all samples were calcined
at 550°C for 10 h, respectively.
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0⋅3 mol, the diffraction peak (100) of the ZrMCM41 (g) sample can not be obvious observed from figure 1, indicating the mesoporous ordering of the
ZrMCM-41 sample is poor. Additionally, from
figure 1, the diffraction peak (100) of the calcined
ZrMCM-41 sample was broad and weak with the
increase of the amount of zirconium ions incorporated into MCM-41 framework, and the intensity of
the diffraction peak (100) also decreased, showing
that the long-range ordering of the ZrMCM-41 samples synthesized under microwave irradiation condition decreased with the increase of the amount of
zirconium incorporated, which agrees with the
results from the literature.13
The XRD high-angle patterns of the ZrMCM-41
(c) calcined at 550°C and the ZrO2 samples are
shown in figure 2, respectively. As shown in figure
2, the characteristic peaks of the bulk ZrO2 phase
were not observed in the XRD pattern of the calcined ZrMCM-41 (c) sample, certifying that the
framework of MCM-41 mesoporous molecular sieve
still retained amorphous when zirconium ions were
incorporated into the framework of the ZrMCM-41
(c) sample, zirconium incorporated into the inner
and outer channel of MCM-41 mesoporous molecular sieve did not gather to ZrO2 clusters, and highly
dispersed into the amorphous wall of MCM-41,
indicating that Zr ions might have been incorporated
into the mesoporous framework.14

3.2

The FT–IR spectra of the synthesized samples with
different zirconium contents after calcination at
550°C show that the band at 3500 cm–1 is characteristic of the adsorbed water molecules; the bands at
1620–1640 cm–1 are due to the vibration of the
adsorbed water molecules; the band about 810 cm–1
is the symmetric stretching vibration band of Si–O–
Si; the band about 460 cm–1 is assigned to rocking
vibration of Si–O–Si. The band indicating Si–O–Si
asymmetric stretching vibration, which is found at
1100 cm–1 for pure silica, the Si–O–Si bands of the
ZrMCM-41(b), ZrMCM-41(c), ZrMCM-41(e) and
ZrMCM-41(g) samples shifted to 1082, 1074, 1067
and 1052 cm–1, respectively. The shift in stretching
frequency is attributed to deteriorating silica framework after incorporation of zirconium ions.15 Additionally, from FT–IR spectra, the band at other
wavenumber also shifted, indicating that the influence of various vibrations of the framework was
caused by incorporating zirconium ions into the
framework of MCM-41 mesoporous molecular sieve
(see supplementary information figure S1).
As can be observed in FT-IR spectra of the synthesized ZrMCM-41 (c) before and after calcination
at 550°C, the bands at 2921, 2850 and 1480 cm–1 are
the characteristic bands of the surfactant alkyl
chains. After the ZrMCM-41 (c) sample was calcined at 550°C for 10 h, the bands at 2921, 2850 and
1480 cm–1 disappeared, certifying that the template
has been effectively removed (see supplementary
information figure S2).
3.3

Figure 2. Wide angle XRD patterns of the ZrMCM41(c) synthesized according to the molar ratio of
0⋅1 : 1 : 0⋅2 : 70 (ZrO2 : SiO2 : CTAB : H2O) and the ZrO2
synthesized via hydrothermal method.

FT–IR analysis

XPS analysis

Figure 3 shows the XPS spectrum of the ZrMCM-41
(c) sample. As seen in figure 3, the sample is mainly
consisted of O, Si, C, Zr and Na elements. Of which
the C element is mainly due to the C absorbed in the
air, and the part is probably from the remains of the
decomposition of the template CTAB. Na element is
from the raw material sodium silicate.
The O1s XPS spectrum of the ZrMCM-41 (c)
sample is presented in figure 4. As shown in figure
4, O1s can be deconvolved into three components,
showing three different environments for oxygen,
the peak located at 532 eV is probably from the Si–
OH bond. The peak located at 533 eV can be assigned to the characteristic of the Si–O–Si bond;
while the peak located at 530⋅95 eV is due to the Si–
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O–Zr bond. Additionally, as can be observed from
figure 3, the XPS signals of O 1s are at least 0⋅75 eV
higher than that of ZrO2 (530⋅2 eV), which indicates
the presence of framework zirconium. Moreover, the
binding energies of Zr 3d5/2 (183⋅26 eV) are higher
than that of ZrO2 (182⋅2 eV).16
3.4 TEM analysis
The morphological features of the ZrMCM-41 materials calcined at 550°C were investigated by TEM.
Figure 5 illustrates TEM images of the four calcined
samples ZrMCM-41 (b), ZrMCM-41 (c), ZrMCM41 (e) and ZrMCM-41 (g), respectively. As shown
in figure 5, the ZrMCM-41 (b), ZrMCM-41 (c) and
ZrMCM-41 (e) samples possess a typical hexagonal
arrangement mesoporous structure of MCM-41.1
Combined with XRD high-angle patterns (figure 2),
certifying that ZrMCM-41 mesoporous molecular
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sieve was successfully synthesized by microwave
irradiation method. Additionally, as can been
observed in figure 5, though the ZrMCM-41(g)
sample did not exhibit obvious mesoporous structure, combined with the specific surface area data
(598⋅1 m2/g) (see supplementary information table
S1), the ZrMCM-41(g) sample should have the
mesoporous structure with the relatively low
mesoporous ordering. This is attributed to too high
zirconium content into the mesoporous framework,
and the channels in ordered hexagonal array were
partly damaged, resulting in the low mesoporous ordering. Therefore, it is reasonable to be concluded
that the ordering of the synthesized ZrMCM41mesoporous material decreased with the increase
of zirconium content incorporated into the mesoporous framework of MCM-41. Further, the ZrO2 particles were not observed from figure 5, indicating that
zirconium was incorporated into the framework of
mesoporous molecular sieve, which is consistent
with the results of FT-IR and XPS analysis.
TEM images of the ZrMCM-41 (c) sample after
thermal treatment at 750°C for 3 h or hydrothermal
treatment at 100°C for 6 days are shown in figure 6.
From figure 6, the ZrMCM-41(c) sample still
retained the mesoporous structure after thermal
treatment at 750°C for 3 h or hydrothermal treatment at 100°C for 6 days. However, compared with
the TEM image of the ZrMCM-41 (c) calcined at
550°C for 10 h, the mesoporous ordering deteriorated.
3.5 Nitrogen adsorption

Figure 3.

XPS spectrum of the ZrMCM-41(c) sample.

Figure 4. O1s XPS spectrum of the ZrMCM-41(c)
sample.

The N2 adsorption-desorption isotherms and pore
size distribution curves of the synthesized samples
after calcination at 550°C are shown in figure 7. The
N2 adsorption-desorption isotherms of the synthesized ZrMCM-41 (c) sample after thermal treatment
at different temperatures (550, 650 and 750°C, respectively), or hydrothermal treatment at different
time (2, 4 and 6 days, respectively) are illustrated in
figure 8. From Figure 7A, the isotherms of the
ZrMCM-41(b), ZrMCM-41(c) and ZrMCM-41(e)
samples exhibit typical type IV isotherms, certifying
that the three samples have typical mesoporous
structure.1 Additionally, the three isotherms exhibit
a sharp capillary condensation step at a relative
pressure (P/P0) of ca. 0⋅3–0⋅4, showing that the three
samples have uniform pore size distribution and larger pore volume. Moreover, as shown in figure 7A,
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Figure 5. TEM images of the synthesized samples after calcination at 550°C.

Figure 6. TEM images of the ZrMCM-41(c) sample after thermal treatment at
750°C for 3 h or hydrothermal treatment at 100°C for 6d.

the isotherms of the ZrMCM-41 (g) sample did not
belong to typical type IV isotherms, but combined
with the surface area data (598⋅1 m2/g) (see supple-

mentary information table S1), the ZrMCM-41(g)
sample still has the mesoporous structure, however,
the ordering is poor. On the other hand, from
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Figure 7. N2 adsorption-desorption isotherms (A) and pore size distribution
curves (B) of the synthesized samples after calcination at 550°C.

figure 7A, the isotherms of the four samples with
hysteresis loop caused by capillary condensation in
mesopores, further indicating that they have the
mesoporous structure. Compared with the isotherms
of other sample, the isotherms of the ZrMCM-41 (b)
has a sharper capillary condensation step at the same
p/p0, illustrating that it possesses more uniform pore
size distribution. As can be observed in figure 7B,
narrow and sharp peaks can be observed in an average pore size range of 2–3⋅5 nm for the ZrMCM41(b), ZrMCM-41(c) and ZrMCM-41(e) samples after calcination at 550°C, showing that the three
samples have uniform pore size distribution as well
as. In addition, the pore size distribution curves of
the samples were broad and weak as zirconium content in synthesized mesoporous materials increased,
which reflects that the increase of zirconium ions
incorporated into the silica framework of MCM-41
mesoporous molecular sieve, caused the distortion
of the mesoporous structure of MCM-41, resulting
in the uneven pore size distribution.
As shown in figure 8A, while the synthesized
ZrMCM-41 (c) sample was calcined at 750°C for
3 h, the N2 adsorption–desorption isotherms exhibit
type IV isotherms, showing that the ZrMCM-41 (c)750 sample still retains the mesoporous structure.
On the other hand, from figure 8B, after the
ZrMCM-41 (c) sample was hydrothermally treated
at 100°C for 6 days, the N2 adsorption–desorption

isotherms still belong to type IV isotherms, manifesting that the ZrMCM-41 (c)-6d sample still has
the mesoporous framework. Combined with the
TEM analysis, the mesoporous ordering of the two
samples (ZrMCM-41 (c)-750 and ZrMCM-41 (c)6d, respectively) decreased as compared with the
ZrMCM-41 (c). From the specific surface area data
calculated by BET method (see supplementary information table S1), we can see that after the
ZrMCM-41 (c) sample was calcined at 800°C for
3 h, the specific surface area of the ZrMCM-41(c)800 sample was much smaller than that of the
ZrMCM-41 (c), indicating that the mesoporous
structure was mostly damaged. Therefore, it is reasonable to conclude that ZrMCM-41 mesoporous
molecular sieve synthesized via microwave irradiation method possesses high thermal and hydrothermal stabilities.
Additionally, from results of N2 the physical
adsorption (see supplementary information table
S1), the specific surface areas and pore volumes of
the synthesized samples after calcination at 550°C
for 10 h was decreased as the zirconium content increased. The calcined ZrMCM-41 samples have specific surface areas in the range of 598⋅1–971⋅4 m2/g
and average pore sizes in the range of 2⋅46–3⋅43 nm.
Combined with the results of analysis of XRD
and N2 physical adsorption, it is reasonable to conclude that the mesoporous ordering of the sample
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Figure 8. N2 adsorption–desorption isotherms of the ZrMCM-41(c) sample
after calcination at different temperatures (550, 650 and 750°C, respectively)
(A) or hydrothermal treatment at different time (2, 4 and 6 days) (B).

deteriorated with the increase of the content of zirconium incorporated into the MCM-41 mesoporous
molecular sieve. On the other hand, the pore sizes of
the synthesized samples after calcination at 550°C
for 10 h gradually increased as the zirconium content increased. These observations show that zirconium incorporation strongly affects the textural
properties of the resultant materials. Usually, the
pore shrinkage or enlargement of the sample after
transition metals incorporation is related to the diameter of the transition metal ions. The pore size of
the ZrMCM-41 sample can be increased due to the
size of the Zr4+ ion (r = 0⋅084 nm) is much larger
than that of the Si4+ ion (r = 0⋅026 nm),17 this result
suggests that the Zr ions are indeed inserted into the
silica framework. In addition, the specific surface
areas and the pore volumes of the samples decreased
with the rise of the calcination temperature or the
prolonging of hydrothermal treatment time, and the
mesoporous ordering deteriorated. The synthesized
ZrMCM-41 mesoporous molecular sieves have the
specific surface areas in the range of 598⋅1–
971⋅4 m2/g, indicating that the ZrMCM-41 mesoporous molecular sieve with high specific surface
area can be synthesized via microwave irradiation
method in the molar ratio (ZrO2 : SiO2) range of
0⋅025–0⋅3.

4.

Conclusions

Ordered hexagonal ZrMCM-41 mesoporous molecular sieves with different zirconium contents and high
specific surface area were successfully synthesized
by microwave irradiation method. After the synthesized sample was calcined at 550°C for 10 h, the
template was effectively removed. Zirconium incorporation strongly affects the textural properties of
the resultant materials. The specific surface area and
pore volume of the ZrMCM-41 mesoporous molecular sieve decreased as the zirconium content increased, and the mesoporous ordering deteriorated.
On the contrary, the pore size increased. Additionally,
the structural regularity of the synthesized ZrMCM41 mesoporous molecular sieve was strongly affected
by the calcination temperature and hydrothermal
treatment time. The specific surface areas, pore volumes and the mesoporous ordering of the synthesized ZrMCM-41 mesoporous molecular sieves
decreased with the rise of calcination temperature
and the prolonging of the hydrothermal treatment
time, respectively. On the other hand, the mesoporous
structure of the ZrMCM-41 mesoporous molecular
sieve was still retained after calcination at 750°C for
3 h or hydrothermal treatment at 100°C for 6 days.
However, the mesoporous ordering deteriorated as
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compared with the ZrMCM-41(c) sample. High zirconium content is unfavourable to the formation of
the ZrMCM-41 with highly ordered mesoporous
structure. The ZrMCM-41 mesoporous molecular
sieve synthesized by microwave irradiation method
has high thermal and hydrothermal stabilities.
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