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Nano-scale silver supported mesoporous molecular sieve Ag/MCM-41 was directly prepared by one-pot synthesis method. The

prepared sample was characterized by XRD, TEM, and N2 sorption. The results showed that the sample of Ag/MCM-41 had no

appreciable incorporation of silver into the mesoporous matrix of MCM-41 with good crystallinity, and silver nanoparticles were

dispersed inside or outside of the channels in the mesoporous host. The catalytic performance of the sample for the cyclohexane

liquid-phase oxidation into cyclohexanone and cyclohexanol by oxygen in the absence of solvents without inducing agents was

investigated. The 83.4% selectivity to cyclohexanol and cyclohexanone at 10.7% conversion of cyclohexane was obtained over Ag/

MCM-41 catalyst at 428 K for 3 h. The turn over numbers (TONs) of Ag/MCM-41 was up to 2946. The catalytic activity of Ag/

MCM-41 was also compared with Ag/TS-1 as well as Ag/Al2O3. The results indicated that Ag/MCM-41 showed superior activity to

both Ag/TS-1 and Ag/Al2O3. A calcined Ag/MCM-41 was found to be an efficient catalyst for the cyclohexane oxidation into

cyclohexanol and cyclohexanone using oxygen as oxidant.
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1. Introduction

The oxidation of cyclohexane is an industrially
important chemical reaction for the manufacture of
caprolactam, nylon and other products. The present
industrial process for cyclohexane oxidation is widely
carried out around 423 K and 1�2 MPa pressure
employed metal cobalt salt or metal-boric acid as
homogeneous catalyst. The cyclohexane conversion is
always controlled about 4% to keep 70�85% selectivity
to cyclohexanol and cyclohexanone. In recent years,
many attempts have been made to improve or substitute
the classical process by developing heterogeneous cata-
lysts with oxygen or peroxides as nonpolluting oxidants
under the mild conditions [1–9]. However, owing to low
efficiency of peroxides that make the value of the
oxidant higher than that of the product [10], further
emphasis is given on the catalytic oxidation in liquid
phase with the cheaper oxygen as oxidant [11]. Using
molecular oxygen as oxidant, some transitional metals
such as Ti, V, Cr, Co, Mn, Fe, Mo, Au and metal oxides
contained in or on various supports have been exten-
sively studied as the cyclohexane oxidation catalyst [12–
18]. Up to now, the development of new heterogeneous
catalysts for the oxidation of cyclohexane is still of
considerable commercial and academic interest [10].

Silver is always used to catalyze some oxidation
reactions with outstanding activity, such as methanol

oxidation [19], the partial epoxidation of ethylene, pro-
pylene and other low hydrocarbons [20–23]. Since
Haruta and co-workers discovered the excellent catalysis
of gold nanoparticles in the oxygen-transfer reactions
near ambient temperature [24], nanostructured silver
also has attracted great interest [25–28]. It has been
proved that supported silver catalysts possess a stable
activity for CO oxidation at low temperatures [29] and
nano-silver particles on the outer surface of the zeolite
can accelerate the SCR reaction apparently which pro-
vide strong adsorption centers for NOx [30]. However,
silver has rarely been considered as a catalyst for satu-
rated hydrocarbons selective oxidation. Especially, there
is no report related to the catalytic performance for the
cyclohexane liquid-phase oxidation of Ag/MCM-41. In
this investigation, we have directly prepared nano-scale
silver supported mesoporous molecular sieve Ag/MCM-
41 by one-pot synthesis method. The catalytic perfor-
mance of the sample for the cyclohexane liquid-phase
oxidation into cyclohexanone and cyclohexanol by
oxygen in the absence of solvents without inducing
agents is also investigated.

2. Experimental

2.1. Sample preparation

About 1 wt.% Ag catalyst was synthesized as follows.
2.28 g of hexadecyltrimethylammonium bromide
(CTAB) was dissolved in 25 mL deionized water. When
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the mixture became clear under magnetic stirring, an
aqueous solution of AgNO3 (0.1 mol/L, 1.39 mL) was
added dropwise over a period of 20 min. Then 6 mL
NaBH4 solution (0.1 mol/L) was added to form a brown
solution. 5.28 g of tetraethylorthosilicate (TEOS) was
added dropwise to the brown solution and then 2 mL
aqueous solution of NaOH (25 wt.%) was introduced to
the Ag/surfactant solution. After vigorously stirred for
2 h, the pH of the mixture was adjusted to about 10.5
using HCl solution (37 wt.%), then the precipitation of
a light yellow gel was formed. The gel solution was then
transferred to a Teflon bottle and heated under static
conditions at 383 K for 2–3 days. The precipitate was
then filtered, washed several times with deionized water
and ethanol respectively, dried overnight at room. After
calcined in air at 823 K for 5 h to remove template, the
yellowy-gray Ag/MCM-41 sample was obtained. Molar
composition of the synthesis gel for Ag/MCM-41 sam-
ples was: SiO2: C16TAB: Na2O: H2O: Ag(NO3)2 = 1:
0.25: 0.24: 100–200: 0–0.01.

2.2. Characteristics of catalysts

The powder X-ray diffraction patterns are recorded on
aRigakuD/max-RBdiffractometer using 120 mAnickel-
filtered CuKa radiations (k=1.5418 Å) at a voltage of
45 kV with a step size of 0.002. The d100 values are
obtained using the Bragg diffraction equation. The dis-
tance between the pore centers of the hexagonal structure
is calculated from the relation, a0=2d100/3

0.5 N2 adsorp-
tion and desorption isotherms are obtained at 77.25 K on
a Micromeritics ASAP-2010 system. HRTEM images
and electron diffraction (EDS) patterns are performed on
a JEM-2010F microscope operated at 200 kV.

2.3. Catalytic experiments

Catalytic reactions were performed in a 50 mL
autoclave reactor with a Teflon insert inside. Typically,
8.4 g cyclohexane and 0.042 g catalyst were placed in
the reactor. After heated to expected temperature under
stirring, the reactor was charged 1.4 MPa O2 for 3 h
continuously. When the reaction was finished, the liquid
was extracted from the autoclave and the catalyst was
separated. Cyclohexanol and cyclohexanone were ana-
lyzed by GC equipped with an AC-10 capillary column
(0.32 mm� 30 m) and an FID detector. Chlorobenzene
was used as an internal standard. The conversion was
calculated based on the starting cyclohexane. Cyclo-
hexyl hydroperoxide (CHHP) concentration was deter-
mined by iodometric titration. Acid and ester are
determined by acid-base titration.

3. Results and discussion

Figure 1(a) shows low angle X-ray diffraction pat-
terns of the calcined porous silica host and the calcined

doped sample with 1.0 wt.% Ag. The peak appearing at
low angle (2h=2.6) corresponds to (100) plane of
MCM-41 indicating ordered pore structure of MCM-41,
which suggests that the hexagonal pore structure of
MCM-41 should be retained after being incorporated
with Ag. However, the fact that peak intensity for the
low-angle reflections decreases in sample Ag/MCM-41
shows that the formation of Ag clusters inside the
channels leads to the loss of ordered structure, which is
consistent with the reports in literature [26]. The average
unit cell parameter (a0) is summarized in table 1. In
general, the incorporation of a larger cation, such as
Ag(I) (1.26 Å), in tetrahedral geometry for Si(IV)
(0.40 Å) is expected to increase the lattice parameter
significantly. However, as shown in table 1, only a small
increase in the lattice constant is noticed compared with
corresponding Ag-free MCM-41. The result indicates
that there is no appreciable incorporation of silver into
the mesoporous matrix [31]. The observed slight
expansion in a0 values and shifting of the reflections to
the lower 2h values could be explained by that silver

Figure 1. (a) SAXRD patterns and (b) XRD patterns of Ag/MCM-

41(1) and MCM-41(2).
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species is filled the pores of MCM-41, which slightly
deform the matrix. High angle X-ray diffraction pattern
(2h=10–80), figure 1(b), shows well-resolved peaks
around 38.0�, 44.3�, 64.4�, and 77.6�, which are respec-
tively corresponding to (111), (200), (220), and (311)
planes of the cubic structure of silver with lattice
constant of a=4.09.

3.1. HRTEM images

The HRTEM image of the calcined Ag/MCM-41
sample is shown in figure 2(a), while the inset is the fil-
tered image (b). In agreement with the above SAXRD
results, the synthesized sample is of hexagonal meso-
structure and remains intact after supported with Ag
[32]. The simultaneous EDS analysis, as shown in

Table 1

Textural properties obtained from XRD and N2 physisorption

Sample d100(nm) a0
a(nm) SBET (m2/g) VBJH

b (cm3/g) DBJH
b(nm)

MCM-41 3.81 4.40 1099 1.14 2.71

Ag/MCM-41 3.92 4.53 987.1 1.00 2.87

a a0=2d100/(3)
1/2.

b Calculated from the desorption branch of the nitrogen adsorption and desorption isotherms.

Figure 2. Representative HRTEM images of Ag/MCM-41 sample. (a) The HRTEM images of the calcined Ag/MCM-41, (b) The simultaneous

filtered image, (c) The simultaneous EDS spectrum.
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figure 2(c), indicates that Ag element exists on the
mesoporous host.

3.2. N2 sorption isotherms

Figure 3 presents the N2 adsorption/desorption iso-
therm of the Ag/MCM-41 sample. The sample exhibits a
typical adsorption curve of type IV, which is the char-
acteristic of nanostructured materials with uniform
mesopores. The adsorption and desorption isotherm
shows a large increase in the relative pressure (P/P0)
range from 0.3 to 0.4, which is due to the capillary
condensation of nitrogen within the mesopores. The
sharpness of the inflection step reflects the uniform pore
size distribution of the Ag/MCM-41 sample [33]. In
consonance with results of XRD, the N2 adsorption/
desorption isotherm also confirm that the Ag/MCM-41
sample possess high structural integrity.

3.3. Catalytic activity

The results of cyclohexane catalytic aerobic oxidation
using the above catalyst are listed in table 2, together
with the silver content and turn over numbers (TONs),
which are compared with Ag/TS-1 and Ag/Al2O3

carried out under the same reaction conditions. Blank
experiments demonstrate that catalyst is necessary for
the cyclohexane oxidation to proceed significantly
without any additive, since little products are detected
when the reaction is attempted for as long as 3 h at
413 K without the silver catalyst. In comparison with
Ag/TS-1 and Ag/Al2O3, Ag/MCM-41 shows higher
TONs and cyclohexane conversion and better selectivity
to cyclohexanone and cyclohexanol under the same
reaction conditions. The results indicate that similar to
nanostructured gold catalysts, supports have effect on
the activity of nanostructured silver catalysts [24].
Table 2 also shows that the lower silver content Ag/
MCM-41 has the slightly higher conversion but
remarkably lower selectivity to cyclohexanol and

cyclohexanone. One of the possible reasons may be
attributed to that the silver particles of the Ag/MCM-41
sample with lower silver content are smaller, since
smaller silver particles have stronger surface energy,
which will lead to the overreaction of cyclohexanol and
cyclohexanone to by-products.

Figure 4 shows the effect of reaction time on the
oxidation reaction of cyclohexane at 413 K over Ag/
MCM-41(0.25). It can be seen that the cyclohexane
conversion steadily increased with increasing reaction
time. In addition, at initial 2 h, the distributions of
cyclohexanol and cyclohexanone are almost equal, but
with further increasing reaction time, the cyclohexanol
selectivity decreases while the selectivity to cyclohexa-
none rises to the maximum 47.9% at 4 h, and then
reduces substantially. The distribution of CHHP
decreases during the all reaction period. At initial 2 h
CHHP is one of the major products with a selectivity of
31.6% and at 6 h the amount of CHHP became little
(<5%). On the other hand, the distribution of by-
products that are composed of acids and esters increases
with increasing reaction time. This result indicates that
the rate of oxidizing the cyclohexane was slower than
that of oxidizing cyclohexanol and cyclohexanone when
the cyclohexanol and cyclohexanone concentration is
higher. Therefore, the proper reaction time is 3–4 h.

Figure 5 shows the effect of reaction temperature
on the oxidation reaction of cyclohexane at reac-
tion time of 3 h over Ag/MCM-41(0.5). The conversion
increases slowly until 408 K (cyclohexane conversion
5.5%) beyond which a sharp increase occurs until
428 K(cyclohexane conversion 10.7%). When the reac-
tion temperature goes beyond this value, the cyclohex-
ane conversion changes slightly, but the conversion
toward the desired cyclohexanol and cyclohexanone
products decreases substantially.

The dependence of the selectivity with the tempera-
ture is also shown in figure 5. At lower temperature,
besides the desired cyclohexanol and cyclohexanone
products, a mass of CHHP exists with the maximum
selectivity of 36.2%. With the increase of the tempera-
ture, the cyclohexanol and cyclohexanone selectivity
increases while the CHHP selectivity decreases sharply.
When the temperature goes beyond 418 K, only very
small quantity of CHHP can be detected in the reaction
mixture(<0.5%). On the other hand, the selectivity to
cyclohexanol and cyclohexanone increases with the
temperature until reaching the maximum of 45.3% and
38.1% respectively at 428 K, and then decrease with
further increasing of temperature.

From the figures 4 and 5, we can see that the distri-
bution of CHHP decreases accompanying the increasing
of the cyclohexanol and cyclohexanone selectivity. This
change tendency shows that CHHP is an important
intermediate to decompose to cyclohexanol and cyclo-
hexanone in this reaction. Combined with the fact that
the reaction is terminated by the addition of 5 wt%
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Figure 3. N2 sorption isotherms for Ag/MCM-41 sample.
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2,6-di-tertbutyl-4-methylphenol, the oxidation of
cyclohexane should be believed to be a free-radical
mechanism.

4. Conclusions

Nano-scale silver supported mesoporous molecular
sieve Ag/MCM-41 was directly prepared by one-pot
synthesis method using hexadecyltrimethylammonium
bromide (CTAB) as both a stabilizing agent for Ag
nanoparticles and a template for MCM-41 host. XRD
result shows that there was no appreciable incorporation
of silver into the mesoporous matrix, silver nanoparti-
cles present inside the channels or deposits on the
external surface of MCM-41.

Ag/MCM-41 is found to be an effective catalyst for
the cyclohexane oxidation to cyclohexanol and cyclo-
hexanone using molecular oxygen as oxidant in the
absence of solvents. Compared with Ag/TS-1 and Ag/
Al2O3, Ag/MCM-41 shows higher turnover number and
better cyclohexanone and cyclohexanol selectivity. The
turn over numbers (TONs) of Ag/MCM-41 can be up to
2946. The conversion of cyclohexane is up to 10.7%,
selectivity to cyclohexanol and cyclohexanone are
83.4% at 428 K for 3 h. The experiment results suggest
that the oxidation of cyclohexane be a free-radical
mechanism using Ag/MCM-41 as catalyst.
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