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a b s t r a c t

CoMCM-41 mesoporous molecular sieves with different amounts of cobalt were synthesized via the

microwave irradiation method. The samples were characterized by X-ray diffraction (XRD), Fourier

transform infrared (FT-IR), temperature programmed reduction (TPR), transmission electron microscopy

(TEM) and N2 adsorption–desorption technique, and thermal and hydrothermal stabilities of

synthesized CoMCM-41 samples were also investigated. Results show that these synthesized materials

have typical mesoporous structure of MCM-41. Also, specific surface area and pore volume of

synthesized CoMCM-41 decrease with increasing amount of cobalt added, and mesoporous ordering

also decreases. When the molar ratio of SiO2:CoO in the starting material is 1.0:0.05, mesoporous

ordering of synthesized CoMCM-41 is the best among the four doping contents. On the other hand,

results of thermal and hydrothermal tests show that CoMCM-41 after calcination at 750 1C for 3 h or

hydrothermal treatment at 100 1C for 5 days still retains mesostructure. However, mesoporous

framework is entirely damaged after calcination at 850 1C for 3 h.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

The discovery of a series of mesoporous molecular sieves in
1992 by researchers of Mobil Company [1], opened a new era for
researchers looking for nearly ideal materials to bridge the gap
between microporous and macroporous materials. As a member
of M41S family, MCM-41 mesoporous molecular sieve, with high
specific surface area and unique pore structure, has received
considerable interest among researchers. Various kinds of meso-
porous molecular sieves have been synthesized by different
methods [2–6], and a series of metal ions were introduced
into the framework of mesoporous molecular sieves [7–13].
Recently, cobalt-containing mesoporous molecular sieve has
attracted worldwide attention because of their wide applications
in various kinds of catalytic reactions [14–21]. Lim et al. [14] and
Jentys et al. [22] synthesized CoMCM-41 with different pore
sizes by the hydrothermal method using amines with different
alkyl chain lengths as templates and characterized their physico-
chemical properties. Lim et al. [23] synthesized Co-MCM-41
mesoporous molecular sieve with hexagonal structure by accu-
rately controlling pH value, and the metal oxide on the surface of
mesoporous molecular sieve was removed under mild acidic
condition. Song et al. [17] and Panpranot et al. [19] loaded Co–Mo
ll rights reserved.
or Co–Ru onto MCM-41 mesoporous molecular sieve by the
impregnation method and investigated their catalytic properties.
Ciuparu et al. [20,21] synthesized Co-MCM-41 with different
pore sizes by the hydrothermal method using amines with
different alkyl chain lengths as templates, and prepared single-
walled carbon nanotubes using CO as a raw material and
using the as-synthesized Co-MCM-41 as catalyst. Most of the
mesoporous molecular sieves were hydrothermally synthesized in
the previously reported literatures [24–30]. The hydrothermal
synthesis process needs a long crystallization time and a high
crystallization temperature. Compared with the hydrothermal
synthesis method, the microwave irradiation technique, taking
of microwave dielectric heating, even heating or molecular
selective heating, homogeneously and momentarily elevates the
temperature of integral synthesis system to crystallization
temperature, resulting in more homogeneous nucleation and
rapid crystallization [31–33]. At present, microwave irradiation
technique is widely applied to the synthesis of mesoporous
molecular sieve [34–37], but most investigations aimed at
synthesizing pure silica MCM-41 mesoporous molecular sieve.
Study on MCM-41 mesoporous molecular sieve with transition
metal ions synthesized under microwave irradiation was seldom
systematically reported. After introducing transition metal ions
into the framework of pure silica MCM-41 mesoporous molecular
sieve, the specific surface area and average pore size can be
changed and the application in catalytic reaction can also be
further extended [17,38].

www.sciencedirect.com/science/journal/yjssc
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dx.doi.org/10.1016/j.jssc.2008.05.010
mailto:tshjiang@ujs.edu.cn


ARTICLE IN PRESS

T. Jiang et al. / Journal of Solid State Chemistry 181 (2008) 2298–2305 2299
For this purpose, the synthesis of CoMCM-41 mesoporous
molecular sieve was carried out under microwave irradiation
condition, and the thermal and hydrothermal stabilities of these
synthesized mesoporous materials were investigated in the
research work.
2. Experimental

2.1. Materials

Chemicals used in the present work, such as sodium silicate
(Na2SiO3 �9H2O), cobalt chloride (CoCl2 �6H2O), cetyltrimethyl
ammonium bromide (CTAB), and concentrated sulfuric acid
Fig. 1. TEM images of the synthesized s

Table 1
Material proportions (molar ratios) of samples CoMCM-41(Xa) and Si/Co molar

ratios of samples CoMCM-41(Xa) after calcination at 550 1C

Samples n(SiO2):n(CTAB):n(CoO):n(H2O) Si/Co

CoMCM-41(a) 1:0.2:0.05:70 1:0.048

CoMCM-41(b) 1:0.2:0.10:70 1:0.094

CoMCM-41(c) 1:0.2:0.15:70 1:0.142

CoMCM-41(d) 1:0.2:0.20:70 1:0.189

a X ¼ a, b, c and d, respectively.
(H2SO4), all analytical reagent grade, were purchased from
Shanghai Chemical Reagent Corporation, PR China.
2.2. Synthesis of CoMCM-41 mesoporous molecular sieves

The synthesis of CoMCM-41 mesoporous molecular sieves was
carried out by the microwave irradiation method. According to
material proportion in Table 1, a typical synthesis procedure was
described as follows: first, a given amount of CoCl2 �6H2O 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 cobalt chloride solution
under stirring. The resulting mixture was slowly added into the
gelatinous solution under vigorous stirring for 10 min and the pH
value of the mixed solution was adjusted to 11 by dropwise
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 1C for 24 h to obtain a dried sample
[designated as s-CoMCM-41(X)], X is the sample number (Table 1).
The s-CoMCM-41(X) sample was heated to 550 1C at a heating rate
amples after calcination at 550 1C.
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of 2 1C/min and calcined at 550 1C for 10 h. The calcined sample was
designated as CoMCM-41(X)-550. The Si/Co molar ratios of the
samples determined by chemical analysis are listed in Table 1.

For comparison, the synthesis of CoMCM-41 mesoporous mole-
cular sieve was also carried out via the hydrothermal method
according to the molar ratio (SiO2:CTAB:CoO:H2O) of 1:0.2:0.10:70.
The synthesis procedure was described as following: first, 2.38 g of
CoCl2 �6H2O 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 cobalt chloride solution
under stirring. The resulting mixture was slowly added into the
gelatinous solution under vigorous stirring for 10 min and the pH
value of the mixed solution was adjusted to 11 by dropwise addition
of sulfuric acid (5 mol/L). After stirring for 80 min again, the resulting
suspension was transferred into a 100 ml Teflon-lined stainless steel
autoclave and crystallized at 130 1C for 48 h in an oven. After cooling
to room temperature, the sample was filtered, washed with deionized
water, and dried at 120 1C for 24 h to obtain a dried sample. The dried
sample was heated to 550 1C at a heating rate of 2 1C/min and
calcined at 550 1C for 10 h, designated as H-CoMCM-41-550.

2.3. Thermal and hydrothermal stability tests

For thermal stability test, the sample CoMCM-41(X)-550 was
calcined at 650, 750 and 850 1C for 3 h, respectively, designated as
Fig. 2. TEM images of the synthesized CoMCM-41(b)
CoMCM-41(X)-650, CoMCM-41(X)-750 and CoMCM-41(X)-850,
correspondingly. For hydrothermal stability test, 0.5 g of
CoMCM-41(X)-550 was, respectively, added into a 100 ml Teflon-
lined stainless-steel autoclave containing 80 ml of H2O hydro-
thermally treated at 100 1C for 3 or 5 days. The hydrothermally
treated samples were designated as CoMCM-41(X)-3d and
CoMCM-41(X)-5d, correspondingly.

Thermal and hydrothermal stability tests of the sample
H-CoMCM-41-550 were also performed according to the same
method. The obtained samples were designated as H-CoMCM-41-
650, H-CoMCM-41-750, H-CoMCM-41-3d and H-CoMCM-41-5d,
respectively.

2.4. Characterization

The XRD patterns of samples were recorded by using a powder
X-ray diffraction instrument (Rigaku D/MAX 2500PC) with Cu Ka
radiation (l ¼ 0.15418 nm). The measurement conditions of XRD
are: 40 kV, 50 mA, the scanning range is 1–101 and the scanning
speed 11/min. Specific surface area and pore size were measured
by using a NOVA2000e analytical system made by Quantachrome
Corporation (USA). Fourier transform infrared (FT-IR) spectra of
samples were recorded with a Nexus FT-IR470 spectrometer made
by Nicolet Corporation (USA) with KBr pellet technique. The
effective range was from 400 to 4000 cm�1. The specific surface
area was calculated by the Brunauer–Emmett–Teller (BET)
method. Pore size distribution and pore volume were calculated
sample after thermal or hydrothermal treatment.
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by the Barrett–Joyner–Halenda (BJH) method [39]. The tempera-
ture programmed reduction (TPR) of the samples was carried out
with a TP-5000 adsorption instrument (Tianjin Xianquan Cor-
poration, China). First, 0.50 g of sample with particle sizes in the
range of 250–425mm was placed in the reactor, heated at a rate of
10 1C/min from room temperature to 400 1C and kept at 400 1C for
1 h in a flow of N2. Then the sample was cooled to room
temperature and reduced at a rate of 10 1C/min to 800 1C in a flow
of N2/H2 (5 vol% H2) mixture. The TPR profiles of the samples were
recorded with a thermal conductivity detector. The cobalt
contents of the synthesized samples were determined by
inductive coupled plasma (ICP) technique (Vista-MAX, Varian).
Transmission electron microscopy (TEM) morphologies of sam-
ples were observed with a Philips TEMCNAI-12 with an accelera-
tion voltage of 100–120 kV.
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Fig. 4. FT-IR spectra of the CoMCM-41(b) sample synthesized according to the

molar ratio of 1:0.2:0.10:70 (SiO2:CTAB:CoO:H2O). s-CoMCM-41(b), before calcina-

tion at 550 1C for 10 h; CoMCM-41(b)-550, after calcination at 550 1C for 10 h.
3. Results and discussion

3.1. TEM analysis

Fig. 1 shows TEM images of the four samples after calcination
at 550 1C. As shown in Fig. 1, all the four samples exhibit a
hexagonal mesoporous structure of MCM-41 [1], and average pore
sizes in the range 2.4–3.0 nm, showing that these samples have
mesoporous structure and CoMCM-41 mesoporous molecular
sieves were successfully synthesized under microwave irradiation.
TEM images of the CoMCM-41(b) sample after thermal or
Fig. 3. TEM images of the synthesized H-CoMCM-41
hydrothermal treatment are illustrated in Fig. 2. From Fig. 2, we
can observe that the CoMCM-41(b) sample still retains mesos-
tructure after calcination at 750 1C for 3 h, but the mesoporous
ordering decreases. When the CoMCM-41(b) sample was calcined
at 850 1C for 3 h, the mesoporous framework was entirely
damaged and the sample was transformed into fine grains. On
the other hand, the CoMCM-41(b) sample has mesoporous
sample after thermal or hydrothermal treatment.
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framework after hydrothermal treatment at 100 1C for 3 or 5 days,
but the mesoporous ordering decreases comparatively. The
CoMCM-41(b) mesoporous molecular sieve was transformed into
a wormhole-like structure. Fig. 3 presents TEM images of the
H-CoMCM-41-550, H-CoMCM-41-750, H-CoMCM-41-3d and
H-CoMCM-41-5d, respectively. As shown in Fig. 3, CoMCM-41
mesoporous molecular sieve was successfully synthesized by the
conventional hydrothermal method. After the H-CoMCM-41
sample was calcined at 750 1C for 3 h, the mesoporous structure
was mostly damaged. However, after the H-CoMCM-41 sample
was hydrothermally treated at 100 1C for 3 or 5 days, the
mesoporous framework was partly damaged. From Figs. 2 and 3,
we can conclude that thermal stability of CoMCM-41 mesoporous
molecular sieve synthesized by the microwave irradiation method
is higher than that of CoMCM-41 mesoporous molecular sieve
synthesized by the conventional hydrothermal method and that
the hydrothermal stability is lower.
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3.2. FT-IR analysis

FT-IR spectra of the CoMCM-41(b) sample before and after
calcination at 550 1C are presented in Fig. 4. As shown in Fig. 4, the
band at 3500 cm�1 is the characteristic band of the adsorbed
water molecules; the bands at 2921, 2850 and 1480 cm�1 are the
characteristic bands of the surfactant alkyl chains; the bands at
1620–1640 cm�1 are caused by the vibration of the adsorbed
water molecules; the band at 1050 cm�1 is from the vibration of
Si–O–Si. From Fig. 3, the bands at 2921, 2850 and 1480 cm�1

disappeared after the s-CoMCM-41(b) sample was calcined at
550 1C for 10 h, but the other characteristic bands did not
disappear, which shows that the template has been effectively
removed. Furthermore, a weak band at 960 cm�1 ascribed to the
vibration of Co–O–Si was observed, indicating that cobalt ions
were coordinated in the pore walls of the synthesized mesoporous
molecular sieve [17].
0
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3.3. XRD analysis

Fig. 5 shows the small-angle XRD patterns of the four samples
after calcination at 550 1C for 10 h. As can be seen from Fig. 5, all
the calcined samples have a diffraction peak (100) at 2y value of
0
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Fig. 5. XRD patterns of the samples synthesized according to the different molar

ratios of SiO2:CTAB:CoO:H2O. CoMCM-41(a), CoMCM-41(b), CoMCM-41(c) and

CoMCM-41(d) samples were calcined at 550 1C for 10 h, respectively.
ca. 2.31, and have small and weak diffraction peaks at 2y value
ranging from 31 to 71 consistent with the characteristic diffraction
patterns of the typical MCM-41 mesoporous molecular sieve [1],
indicating that the samples synthesized under microwave
irradiation have typical hexagonal mesoporous structure of
MCM-41. Furthermore, as certified by XRD and TEM analyses,
CoMCM-41 mesoporous molecular sieves with hexagonal arrange-
ment were successfully synthesized. Additionally, from Fig. 5, the
first diffraction peak in CoMCM-41(a) related to the (100) plane
exhibits the highest intensity among all the samples. The
diffraction peak (100) becomes weak and broad with the increase
of the amount of cobalt added, indicating that the long-range
ordering of the synthesized sample decreases with the increase of
the amount of cobalt added, which agrees with the results from
Bhoware et al. [17]. It is reasonable to conclude that the
mesoporous ordering of the synthesized sample decreases with
the increase of the amount of cobalt added in mesoporous
molecular sieve.
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Fig. 6. XRD patterns of the CoMCM-41(b) sample synthesized according to the

molar ratio of 1:0.2:0.10:70 (SiO2:CTAB:CoO:H2O). (A) After thermal treatment at

550, 650, 750 and 850 1C for 3 h, respectively; (B) after hydrothermal treatment at

100 1C for 3 or 5 days.
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The small-angle XRD patterns of the CoMCM-41(b) sample
after thermal and hydrothermal treatment are shown in Fig. 6. The
XRD patterns of the other samples are similar to those of CoMCM-
41(b). d100 calculated by the formula 2d100 sin y ¼ nl and the unit
cell parameters calculated by the formula a0 ¼ 2d100/O3 are listed
in Table 2. As shown in Fig. 6A, the CoMCM-41(b) sample still has
diffraction peak (100) after calcination at 650 1C for 3 h, and the
intensity of diffraction peak (100) is both strong and sharp,
showing that the CoMCM-41(b)-650 has good mesoporous
ordering, uniform pore distribution and large pore volume. In
addition, from Fig. 6A, although we can observe that the peak
(100) obviously exists after the CoMCM-41(b) sample was
calcined at 750 1C for 3 h, the peak (100) becomes weak and
broad, indicating that the CoMCM-41(b)-750 still retains the
mesoporous framework, but the mesoporous ordering decreases.
However, after the CoMCM-41(b) sample was calcined at 850 1C
for 3 h, the diffraction peak (100) disappeared, showing that the
mesoporous framework was entirely damaged. Additionally, as
can be seen from Fig. 6A, the diffraction peak (100) shifted to a
higher 2y value with the rise of the calcination temperature,
showing that d100 and a0 values of the synthesized CoMCM-41
sample decrease and the pore size shrinks, which is consistent
with the data of pore size listed in Table 2. On the other hand,
from Fig. 6B, the CoMCM-41(b) sample still has the diffraction
peak (100) after hydrothermal treatment at 100 1C for 3 days,
certifying that the mesoporous framework still remains. However,
after the CoMCM-41(b) sample was hydrothermally treated
at 100 1C for 5 days, the diffraction peak (100) disappeared,
indicating that the mesoporous framework was entirely collapsed.
3.4. Nitrogen adsorption

The N2 adsorption–desorption isotherms and pore size dis-
tribution curves of the synthesized samples after calcination at
Table 2
Analyses of XRD, specific surface areas and pore sizes of the synthesized samples

Samples a0/nm d100/nm

CoMCM-41(a)-550 4.28 3.71

CoMCM-41(b)-550 4.35 3.78

CoMCM-41(c)-550 4.40 3.81

CoMCM-41(d)-550 4.55 3.94

CoMCM-41(a)-650 4.26 3.69

CoMCM-41(b)-650 4.26 3.69

CoMCM-41(c)-650 4.25 3.68

CoMCM-41(d)-650 4.51 3.90

CoMCM-41(a)-750 3.75 3.24

CoMCM-41(b)-750 3.88 3.36

CoMCM-42(c)-750 4.04 3.50

CoMCM-41(d)-750 4.19 3.63

CoMCM-41(a)-850 – –

CoMCM-41(b)-850 – –

CoMCM-41(c)-850 – –

CoMCM-41(d)-850 – –

CoMCM-41(a)-3d 4.30 3.72

CoMCM-41(b)-3d 4.50 3.90

CoMCM-41(c)-3d 4.40 3.81

CoMCM-41(d)-3d 4.47 3.87

CoMCM-41(a)-5d – –

CoMCM-41(b)-5d – –

CoMCM-41(c)-5d – –

CoMCM-41(d)-5d – –

H-CoMCM-41-550 4.27 3.65

H-CoMCM-41-650 4.08 3.60

H-CoMCM-41-750 – –

H-CoMCM-41-3d 4.56 3.92

H-CoMCM-41-5d – –
550 1C are shown in Fig. 7. Fig. 8 illustrates the N2 adsorption–
desorption isotherms of the synthesized CoMCM-41(b) sample
after thermal treatment at different temperatures (550, 650, 750
and 850 1C, respectively), or hydrothermal treatment at different
time (3 and 5 days, respectively). The specific surface areas,
pore size distributions and pore volumes are listed in Table 2. As
shown in Fig. 7A, we can observe that all isotherms exhibit
typical type IV isotherms with hysteresis loop caused by capillary
condensation in mesopores, certifying that all the samples
have mesoporous structure. From Fig. 7A, all the isotherms exhibit
a sharp step at a relative pressure of ca. 0.3–0.4, further showing
that all the samples have typical mesostructure with uniform
pore size distribution and large pore volumes [1]. Moreover,
we can observe that the N2 adsorption–desorption isotherms of
the samples exhibit a sharp step at a relative pressure of
ca. 0.9 in Fig. 7A, which is probably attributed to interparticle
pores in samples. In addition, the isotherms of the CoMCM-41(a)-
550 sample exhibit a sharp step as compared with the others
samples, indicating that CoMCM-41(a)-550 have more uniform
pore size distribution. Additionally, as shown in Fig. 7B, the
narrow and sharp peaks can be observed in an average
pore size range of 2.4–2.7 nm, further indicating that the
samples have uniform pore size distribution after calcination at
550 1C. Furthermore, from Fig. 7B, all the samples have two types
of mesopores with different pore sizes of ca. 2.5 and 4.0 nm,
respectively. The pores with an average pore size of ca. 2.5 nm are
dominant. The pores with an average pore size of ca. 4.0 nm
are probably attributed to the interparticle pores present in
samples. A sharp step present at a relative pressure of ca.0.9
in the isotherms also confirms the above conclusion. On the other
hand, as shown in Fig. 8A, while the synthesized CoMCM-41(b)
sample was calcined at 650 1C, the N2 adsorption–desorption
isotherms exhibit typical type IV isotherms, showing that
the CoMCM-41(b)-650 sample has uniform pore size distribution
and large pore volume. However, the N2 adsorption–desorption
Surface area/

(m2 g�1)

BET constants Average pore

size/nm

Pore volume/

(cm3 g�1)

1189 41.9 2.46 1.02

1031 58.5 2.55 0.98

805 46.1 2.72 0.93

746 71.2 2.75 0.75

767 33.7 2.44 0.77

645 47.6 2.45 0.76

589 34.5 2.46 0.60

451 72.4 2.47 0.66

274 89.3 1.71 0.52

268 62.5 1.71 0.52

255 28.1 1.92 0.31

223 58.3 1.28 0.41

93 269.3 7.81 0.22

94 199.5 6.94 0.21

72 384.6 3.85 0.17

99 140.3 6.51 0.25

381 232.4 3.80 0.44

326 203.2 3.42 0.50

275 167.3 3.91 0.37

270 261.8 3.40 0.51

311 123.4 3.81 0.44

279 109.1 3.39 0.49

251 124.8 3.41 0.41

224 108.3 0.92 0.45

908 39.8 2.52 0.96

617 30.5 2.41 0.75

194 85.7 6.73 0.34

471 149.6 3.38 0.62

389 320.9 3.40 0.53
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Fig. 9. TPR profiles of the synthesized samples after calcination at 550 1C.
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isotherms of the CoMCM-41(b) sample do not exhibit obvious
type IV isotherms after calcination at 750 1C for 3 h or hydro-
thermal treatment at 100 1C for 3 days. Combined with the results
of XRD analysis, the CoMCM-41(b)-750 or CoMCM-41(b)-3d
sample has mesoporous framework, but the pore size distribution
is not uniform and the pore volume is small, which indicates that
the mesoporous ordering decreases and the mesoporous frame-
work was partly damaged.

From Table 2, the specific surface areas and pore volumes
of all the samples synthesized by the microwave irradiation
method after calcination at 550 1C decreases with the increase
of the amount of cobalt added in starting materials. Combined
with the results of XRD and N2 adsorption–desorption isotherms,
it is reasonable to conclude that the ordering of the synthesized
mesoporous molecular sieves decreases with the increase
of the amount of cobalt added. Additionally, the specific surface
areas and pore volumes of these samples also decrease with
the rise of the calcination temperature or the prolonging of
hydrothermal treatment time. Moreover, the specific surface
area and pore volume of the CoMCM-41(b) sample after calcina-
tion at 850 1C are very small, indicating that the mesoporous
framewok has been entirely collapsed. On the other hand,
the specific surface area and pore volume of the CoMCM-41(b)
sample after hydrothermal treatment at 100 1C for 5 days greatly
decreased, showing that the mesoporous framework was partly
damaged. In addition, as shown in Table 2, CoMCM-41 mesopor-
ous molecular sieves have specific surface areas in a range of
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746–1189 m2/g and average pore size in a range of 2.46–2.75 nm.
Furthermore, as shown in Table 2, the specific surface area of the
H-CoMCM-41sample after calcination at 750 1C for 3 h is lower
than that of CoMCM-41(b)-750. On the other hand, the specific
surface area of the H-CoMCM-41sample after hydrothermal
treatment at 100 1C for 3 or 5 days is higher than that of
CoMCM-41(b)-3d or CoMCM-41(b)-5d. Combined with the ana-
lysis of TEM, it is reasonable to conclude that the thermal stability
of the CoMCM-41 synthesized by the microwave irradiation
method is higher than that of the CoMCM-41 synthesized by the
conventional hydrothermal method, but hydrothermal stability is
lower than that of the CoMCM-41 by the conventional hydro-
thermal method.
3.5. TPR analysis

Fig. 9 displays TPR profiles of the four samples after calcination
at 550 1C. According to literatures [23,40,41], the reduction
temperatures of cobalt ions supported by MCM-41 are in a range
of 300–500 1C, but the reduction temperatures of cobalt ions
coordinated in the pore walls of MCM-41 ranged from 700 to
800 1C. Fig. 9 shows that strong reduction peaks appear at about
700 1C and that weak reduction peaks appear at about 400–500 1C
with the increase of the cobalt content. It is reasonable to
conclude that cobalt ions were dominantly coordinated in the
mesoporous framework, and that small amount of surface-located
cobalt appeared only at a high cobalt content.
4. Conclusions

Well-ordered hexagonal CoMCM-41 mesoporous molecular
sieves with different amounts of cobalt have been successfully
synthesized by the microwave irradiation method. The synthe-
sized samples were calcined at 550 1C for 10 h, and the template
was effectively removed. The specific surface areas and pore
volumes of the synthesized mesoporous molecular sieves
decrease with the increase of the amount of cobalt added, and
the mesoporous ordering also decreases. On the other hand, the
mesoporous framework of the synthesized CoMCM-41 mesopor-
ous molecular sieve still retained after calcination at 750 1C.
However, after hydrothermal treatment at 100 1C for 5 days, the
ordering of the synthesized CoMCM-41 mesoporous molecular
sieve greatly decreased, and was transformed into the wormhole-
like structure. When the addition of cobalt in the starting material
is 0.05 mol, the mesoporous ordering of the synthesized sample is
the best among the four doping contents. The thermal stability of
CoMCM-41 mesoporous molecular sieve synthesized under
microwave irradiation was enhanced as compared with that of
CoMCM-41 mesoporous molecular sieve obtained by the hydro-
thermal method.
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