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Abstract. A series of Mn(II)bipy complexes with different loading of Mn2+ supported on HMS was prepared.
These samples were characterized by Brunauer-Emmett-Teller (BET), X-ray diffraction (XRD), Thermogravimetric and Differential Scanning Calorimetry (TG-DSC), Ultraviolet and Visible spectra (UV-Vis) and Fourier
transforms Infrared (FT-IR). The catalytic activity of the supported Mn(II)bipy complexes, [Mn(bipy)2 ]2+ /HMS
was evaluated in the oxidation of benzyl alcohol in the liquid phase using tert-butylhydroperoxide (TBHP) as
an oxidant. The effects of Mn2+ loading and various solvents on the conversion and selectivity were studied.
A second order function for the variation in catalytic activity with respect to the loading of Mn2+ ions in different catalyst samples was observed. The activity of the [Mn(bipy)2 ]2+ /HMS catalyst differs with the type of
the solvent and in this case, acetonitrile gives the best conversion results. The kinetic of benzyl alcohol oxidation was investigated at temperatures of 27, 46, 60, 75 and 90◦ C using [Mn(bipy)2 ]2+ /HMS and excess TBHP.
The order of reaction with respect to benzyl alcohol was determined to be pseudo-first order. The value of the
apparent activation energy was also determined.
Keywords. [Mn(bipy)2 ]2+ /HMS; benzyl alcohol oxidation; solvent effect;
liquid phase oxidation; kinetic study.

1. Introduction
Selective catalytic oxidation of alcohols to carbonyls
is one of the most important chemical transformations
in industrial chemistry. Carbonyl compounds such as
ketones and aldehydes are the precursors for many
drugs, vitamins, and fragrances and they are also
important intermediates for many complex syntheses. 1,2
Benzaldehyde (BZH) has been widely applied in the
manufacture of odorants, flavours and pharmaceutical
intermediates as an important raw material. 3 It is generally prepared either by hydrolysis of benzyl chloride or by oxidation of toluene which is a preferred
process used in industry. Environmental concern has
forced chemists to explore benign synthetic methods.
Therefore, many new processes for BZH synthesis
have emerged and catalytic oxidation of benzyl alcohol
(BZOH) to BZH has attracted much attention both in
laboratory and chemical industry. 4–12
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Several studies have been reported on the gas phase
catalytic oxidation of BZOH to BZH with different catalyst and oxidant. 13–19 However, in the vapour-phase
oxidation process, the control of selectivity towards partial oxidation product is the main problem, and carbon
oxides are also formed leading to very significant carbon loss. 20 The carbon loss can be avoided by carrying
out the catalytic oxidation of benzyl alcohol in a liquid
phase at temperatures lower than that used in the vapour
phase oxidation process. Therefore, oxidation of BzOH
to BzH in liquid-phase is preferable.
We have recently reported the catalytic effect of some
Schiff-base and bidentate Mn (II) complexes immobilized in the pore channels of mesoporous hexagonal
molecular sieves (HMS), for oxidation of alcohols in
the heterogeneous systems. 21 It was found that immobilized [Mn(bipy)2 ]2+ /HMS is an efficient catalyst for the
oxidation of alcohols such as benzyl alcohol, n-hexanol
and cyclohexanol. In the present study, the oxidation
of benzyl alcohol kinetic, the effect of Mn loading on
the catalytic activity and the effect of various solvents
on the catalytic behaviour of Mn (II) 2, 2-bipyridine
complexe immobilized in HMS ([Mn(bipy)2 ]2+ /HMS)
were investigated.
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2. Experimental
2.1 Materials
All materials were of commercial reagent grade.
The metal salt (MnCl2 .4H2 O) and the ligand bipyridine (bipy), benzyl alcohol, tert-butylhydroperoxide
(TBHP) 80% solution in di tert-butylperoxide were purchased from Merck chemical Company. The raw materials used in the synthesis of Si–HMS samples were
tetraethylorthosilicate (TEOS, 98% Merck) Dodecylamine (DDA, 98% Merck), hydrochloric acid (HCl, 1
N), ethanol (EtOH), water and all solvents used: acetonitrile, toluene, THF and ethanol were of the highest commercial quality, which were supplied by Merck
Company, and used without further purification.
2.2 Preparation of catalysts
2.2a Synthesis of Si-HMS and Mn2+ /HMS catalysts:
Si-HMS was synthesized according to literature procedures. 21–23 A solution (A) was prepared by adding 21 g
of ethanol to 15 g of TEOS; the resulting solution was
stirred for 30 min. Another solution (B) was prepared
by adding 46 g of water and 1.4 ml of 1 N HCl to 3.5 g
of DDA and stirring for about 5 min. Solution (A) and
(B) were mixed together and stirred moderately at room
temperature for 18 h. The molar gel composition of the
final reaction mixture was: SiO2 : 0.27DDA: 0.02HCl:
6.5 EtOH: 37 H2 O.
The final gels were stirred at room temperature for
18 h. Subsequently, the products were filtered, washed
thoroughly with deionized water, dried at 353 K and
calcined at 773 K for 6 h in dry air.
The samples of manganese impregnated Si–HMS
with different metal loading some as 86.5, 64.7,
43.25, 21.6 and 10.8 mg Mn/1 g HMS were prepared
by dispersing 2 g Si–HMS in a solution of 0.626,
0.468, 0.313, 0.156 and 0.077 g of the metal salt
(MnCl2 .4H2 O) in 25 ml water, respectively. The mixture was stirred and evaporated at room temperature
until it was dried.
2.2b Preparation of Mn (II) 2, 2-bipyridine complexes/HMS catalysts: In this section, the HMSsupported Mn (II) 2, 2-bipyridine complexes samples
with loading of 86.5, 64.7, 43.25, 21.6 and 10.8 mg
Mn/1 g HMS was synthesized. In a typical procedure, about 1 g of each Mn2+ /HMS sample which
was prepared in previous step was added to a suitable amount of solution of ligand 2, 2 -bipyridine
(bipy) in 100 ml methanol. The suspensions were

then stirred under reflux condition for 24 h. The
solid was separated, washed with methanol and then
soxhlet extracted with mixture of 1:1 methanol and
chloroform in order to remove unreacted ligand. It
was then dried at 125◦ C under nitrogen atmosphere
for several hours. 24 The contents of manganese in the
samples were determined by atomic absorption spectroscopy (AAS) using a perkin-Elmer Analyst instrument, after extraction of Mn from the catalysts samples
in HNO3 and HF acids and the samples were labelled as
[Mn(bipy)2 ]2+ (86.5)/HMS, [Mn(bipy)2 ]2+ (64.7)/HMS,
[Mn(bipy)2 ]2+ (43.2)/HMS, [Mn(bipy)2 ]2+ (21.6)/HMS
and [Mn(bipy)2 ]2+ (10.8)/HMS.
In the next step, these solids are used in liquid phase
to catalyse the oxidation of benzyl alcohol by TBHP.
2.3 Catalyst characterization
The surface area of Si–HMS and the Mn (II) 2, 2bipyridine complexes supported on HMS were measured using the Brunauer-Emmett-Teller (BET) method
on a Micromeritics ASAP 2010 instrument using N2 as
the adsorbent. The structure of the Si–HMS was studied by X-ray diffraction (XRD) experiments. A Philips
model PW 1800 diffractometer with Cu Kα radiation
and Ni filter was used to collect the X-ray data. Thermal
stability of samples was studied with thermogravimetric
and differential scanning calorimetry (TG-DSC) using
a PL-1500 instrument. Nitrogen gas was used as carrier
gas for TGA experiment and the flow rate of N2 was
about 40 ml/min. The heating rate was set at 10◦ C/min
with scans from ambient temperature to 650◦ C. The
infrared spectra of the catalysts were taken as KBr pellets on a Galaxy-5000 Fourier transform IR (FT–IR)
spectrometer. The UV-Vis spectra were obtained using
a Perkin-Elmer Model Lambda 2 spectrophotometer.
2.4 Oxidation of benzyl alcohol
In a typical procedure, a mixture of 0.2 g
[Mn(bipy)2 ]2+ (86.5)/HMS catalyst with the grain size
of 200–230 mesh containing 86.5 mg Mn/g HMS,
15 mL solvent (acetonitrile) and 30 mmol of benzyl
alcohol was stirred in a three-necked flask under nitrogen atmosphere at 50◦ C for 30 min. The stirring rate of
the solution was set at 750 cycle/min. Then 30 mmol
of the oxidant (TBHP) was added to the solution
and the mixture was refluxed for 8 h under nitrogen
atmosphere. After filtration, the reaction mixture was
analysed by GC. A GC-MS of model Thermo Finnigan
(60 m, RTX-1 column) was used for the identification
of products and a GC (Perkin Elmer Model 1800) was
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The BET surface area values and pore diameter of catalysts are given in table 1. As shown in table 1, the pore
diameter for the HMS immobilized catalysts compared
to the native support do not differ much and there is
a significant decrease in the surface area of the immobilized catalysts. This change in the surface area is as
one would expect. By immobilizing the Mn (II) 2, 2bipyridine complex onto the support, the surface of the
support where nitrogen can adsorb becomes less and
causes the decrease in the total volume of nitrogen that
can be adsorbed. The expected decrease in the surface area was observed for this sample showing that
immobilization of the Mn complex was successful.
The small-angle XRD pattern of the HMS sample
is shown in figure 1, which is similar to the XRD
pattern reported by Tanev et al. 22 The HMS support
shows three peaks at 2θ = 0.77◦ , 2.2◦ , and 4.2◦ , corresponding to the diffraction of (100), (110), and (200)
planes. These peaks are characteristics of the hexagonally ordered structure of HMS. 25 The hexagonal
array (HMS, MCM-41) gives a rather broad and poorly
defined X-ray diffraction pattern, and low angles (θ <
1◦ ) are necessary to observe the (100) reflection, which
is usually the strongest peak. This in itself is an indication that large features have been created because the
Bragg equation shows that the d100 interlattice spacing
is more than 4.4 nm when θ is less than 1◦ .
The FT-IR spectra of HMS, Mn2+ /HMS and
[Mn(bipy)2 ]2+ /HMS samples are shown in figure 2.
From figure 2, it is evident that there is no significant difference among the FT-IR spectra ob-
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used for the products analysis. The GC was equipped
with a flame ionization detector (FID) connected to a
3% OV-17 column with length of 2.5 m and diameter
of 1/8 inch.
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Figure 1. Small-angle XRD pattern for the HMS sample.

tained from HMS and Mn2+ /HMS samples and the
characteristic Mn peaks were found at 761.93 and
864.16 cm−1 . Some characteristic bands associated
with [Mn(bipy)2 ]2+ complex, such as: ν(C-H) aromatic
vibrations at 3095 and 3061 cm−1 , ν(C=N) vibration at
1489 cm−1 , ν (C=C) vibrations of phenyl ring at 1313
and 1421 cm−1 , ν (Mn–N) vibration at 775 cm−1 were
also observed. 26
The UV–Vis spectra of [Mn(bipy)2 ]2+ /HMS and
[Mn(bipy)2]2+ samples are shown in figure 3. As figure 3
shows, the UV–Vis spectra of [Mn(bipy)2 ]2+ complexe
and [Mn(bipy)2 ]2+ /HMS are very similar with two
strong bands. More specifically, the two bands near
200–216 nm are attributed to the π–π* transition of
the benzene ring of bipyridine, and the n-π* transition
of the C=N bond, respectively, 27 while the third band
near 359–362 nm, as the most characteristic adsorption
band of [Mn(bipy)2 ]2+ complex is due to the metal to
ligand charge transfer (MLCT). 28 The FT-IR and the
UV–Vis spectra indicate that Mn(II)–bipy complex has
been successfully in situ synthesized inside the pores or
over the external surfaces of HMS.
Figure
4
shows
TG-DSC
results
for
2+
[Mn(bipy)2 ] (86.5)/HMS sample. The thermal analysis occurs in the five steps: Steps 1 to 4 (endothermic),

Table 1. The BET surface area values and average pore diameter of catalysts
with different Mn complex loading.
Catalyst

8

Position ( 2 Theta)

Mn2+ loadinga
(mg Mn/g HMS)

Surface
area (m2 /g)

Average pore
diameter (Å)

0
10.8
21.6
43.2
64.7
86.5

993
825
752
721
692
663

36.2
33.7
33.1
32.2
33.5
32.4
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Figure 2. FT-IR spectra of (a) HMS, (b) Mn2+ /HMS containing 86.5 mg Mn/1 g HMS and (c) [Mn(bipy)2 ]2+ /HMS.

in the ranges of 25–396.9◦ C, are involved with the
water loss and the dehydroxylation of the HMS surface
(7.86% weight loss of the sample). In the 5th step
(exothermic) between 397–561.6◦ C, the ligand groups
of [Mn(bipy)2 ]2+ (86.5)/HMS sample are decomposed,
and perhaps CO, CO2 and NOx gases are released
(4.1%, weight loss of the sample). Therefore, the total
weight loss of the sample is 11.96% and the results of
TGA indicate that the [Mn(bipy)2 ]2+ complex immobilized HMS sample is thermally stable in the reaction
temperature range of 27–90◦ C.

3.2a Effect of loading of Mn2+ on the activity of catalysts: The results of the oxidation of benzyl alcohol in the presence of TBHP and without catalyst,

3.2 Oxidation of benzyl alcohol with TBHP on the
[Mn (bipy)2 ]2+ /HMS catalysts
Oxidation of benzyl alcohol was studied exclusively for
loading effect, solvent effect and kinetic measurements
and results of the study are as follows.

Figure 3. UV-VIS spectra of the (a) [Mn(bipy)2 ]2+ /HMS
and (b) [Mn(bipy)2 ]2+ .

Activity (g product /g cata.h)

Oxidation of benzyl alcohol over Mn (II) 2, 2-bipyridine/HMS
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Figure 4. Thermogravimetry and differential scanning
calorimetry diagram of [Mn(bipy)2 ]2+ (86.5)/HMS sample.
Steps 1 to 4 (endothermic), in the range of 25–396.9◦ C, elimination of humidity and the dehydroxylation of the HMS
surface; step 5 (exothermic), in the range of 397–561.6◦ C,
elimination of the ligand groups of [Mn(bipy)2 ]2+ /HMS
sample.

Si-HMS and [Mn(bipy)2 ]2+ /HMS samples with loading
of 86.5, 64.7, 43.2, 21.6 and 10.8 mg Mn/1 g HMS, are
shown in table 2. All reactions were conducted at reflux
temperature (90◦ C) for 8 h with 0.2 g of the catalyst,
15 mL solvent, acetonitrile, 30 mmol of the benzyl alcohol and 30 mmol TBHP. In all the reactions, conversion
percentage was calculated with respect to the substrate
(benzyl alcohol). In the absence of any catalyst, benzyl alcohol conversion is lower than 4.3%. HMS gives
a benzyl alcohol conversion around 15%. The result
shows that the reactions with [Mn(bipy)2 ]2+ /HMS catalysts have relatively high conversion percentage compare to the HMS sample or blank reaction. In addition,
[Mn(bipy)2 ]2+ (86.5)/HMS catalyst has higher conversion percentage with respect to the other samples with
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Figure 5. Activity of [Mn(bipy)2 ]2+ /HMS catalyst as
a function of Mn2+ loading. Reaction condition: 0.2 g
[Mn(bipy)2 ]2+ /HMS catalyst with the grain size of 200–230
mesh; benzyl alcohol 30 mmol; TBHP 30 mmol; 15 ml acetonitrile; Reflux temperature (90◦ C); reaction time 8 h, the
stirring rate of the reaction mixture 750 cycle/min.

64.7, 43.2, 21.6 and 10.8 of mg Mn/1 g HMS. Table 2
shows that the selectivity of all catalysts is independent of the loading of Mn and with increasing the loading of Mn on the HMS, the selectivity with respect to
benzaldehyde remains constant.
The data from table 2 are used to plot the figure 5 in
which variation of activity with respect to the loading
of Mn2+ in catalysts is shown. A second order function
for the variation in catalytic activity with respect to the
loading of Mn2+ ions in different catalyst samples was
observed as follows:
Y = −0.0001 X2 + 0.0184 X + 0.2883,
where X stands for loading of Mn and Y is the activity
of catalyst sample.

Table 2. Oxidation of benzyl alcohol with TBHP in the presence of [Mn(bipy)2 ]2+ /HMS catalyst. Reaction condition: 0.2 g [Mn(bipy)2 ]2+ /HMS catalyst with the grain size of 200–230 mesh; benzyl alcohol
30 mmol; TBHP 30 mmol; 15 mL acetonitrile; reflux temperature (90◦ C); reaction time 8 h, the stirring rate
of the reaction mixture 750 cycle/min.
Entry
1
2
3
4
5
6
7

Catalyst

Mn2+ loadinga
(mg Mn/g HMS)

Conversionb
(%)

TOFc
(h−1 )

Selectivityd of
benzaldehyde (%)

–
HMS
[Mn(bipy)2 ]2+ (10.8)/HMS
[Mn(bipy)2 ]2+ (21.6)/HMS
[Mn(bipy)2 ]2+ (43.2)/HMS
[Mn(bipy)2 ]2+ (64.7)/HMS
[Mn(bipy)2 ]2+ (86.5)/HMS

0
0
10.8
21.6
43.2
64.7
86.5

4.30e
15.10
22.31
32.22
44.30
47.41
49.21

–
–
21.28
15.37
10.56
7.55
5.86

100
100
100
100
100
100
100

The contents of Mn were determined by AAS; b Conversion = (mol. of benzyl alcohol reacted /mol.
of benzyl alcohol in the feed) ×100; c Turnover frequency (TOF) was calculated from benzyl alcohol
amount (mmol) · its conversion (%)/(catalyst amount (g) · Mn loading (mmol g −1 ) · reaction time (h));
d
Selectivity = (mol. of benzyl alcohol converted to benzaldehyde/mol. of alcohol reacted) × 100; e Without
catalyst

a

100

loading (mg Mn /g HMS )
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In fact, these samples were active in this reaction, and
their activities were basically proportional to their Mn
loadings. But there was the restrictions effect on the diffusion of substrate and product through the channels of
the solid. Moreover, this mass transfer resistance gradually increased with the Mn-complex loadings inside the
support, which was confirmed from the data of turnover
frequency listed in table 2.
On the [Mn(bipy)2 ]2+ (86.5)/HMS catalyst, the conversion of benzyl alcohol was 49.21% and the
selectivity of benzaldehyde was 100%. Therefore,
[Mn(bipy)2 ]2+ (86.5)/HMS may be a better catalyst with
respect to the all other catalysts listed in table 2.
3.2b Effect of solvent: In these experiments the solvent was changed for each run while the other conditions, (0.2 g of the [Mn(bipy)2 ]2+ (86.5)/HMS catalyst
containing 86.5 mg Mn/g HMS, 30 mmol benzyl alcohol, 30 mmol TBHP, the rotation rate of the reaction
mixture 750 cycle/min and reaction temperature, 70◦ C
for 8 h) remain the same. The solvent has been varied
from polar protic to polar non-protic one and extended
to non-polar solvent. The results of benzyl alcohol conversion with the various solvents are shown in table 3.
As demonstrated by table 3, the behaviour of benzyl alcohol oxidation in various solvents is strikingly
different. Acetonitrile gives the best conversion results
(table 3), followed by toluene. From the observation,
we concluded that the selectivity toward benzaldehyde,
as the only product, was constant in various solvents.
The reduction of the conversion percentage of benzyl
alcohol in toluene, THF and ethanol may be explained
by the low solubility of TBHP in a non-polar solvent
by which the reaction could not proceed. Acetonitrile is
a polar solvent with a very high dielectric constant, it

may readily dissolve TBHP along with the benzyl alcohol and consequently can direct the reactants in such a
way that properly be adsorbed on the catalyst surface
and increasing the efficiency of the conversion. Highly
polar solvents like acetonitrile may facilitate formation
of active oxygen species and thereby enhance the catalytic activity. The best conversion for benzyl alcohol in
the acetonitrile as a solvent is shown in table 3.

3.2c Kinetics of reaction: The depletion of benzyl
alcohol concentration in the presence of excess TBHP
in the acetonitrile as a solvent was monitored and
plotted with respect to time (figure 6a). The reaction
was carried out in the presence of 15 ml acetonitrile,
10 mmol benzyl alcohol, 150 mmol TBHP, 0.2 g of
[Mn(bipy)2 ]2+ (85.6)/HMS catalyst with the grain size
of 200–230 mesh containing 86.5 mg Mn/g HMS. The
rotation rate of the reaction mixture was 750 cycle/min
at 90◦ C in a two-necked round-bottom flask. Samples
of 0.3 μl of reaction mixture were drawn out at regular intervals and analysed by GC. The rate expression 29
may be written as
Rate = k [BZOH]n [TBHP]m and

(1)

Rate = −d (BZOH)/d (t) ,

(2)

where BZOH stands for benzyl alcohol, n is the order of
reaction with respect to benzyl alcohol, m is the order
of reaction with respect to TBHP, and k is the rate constant. In order to find n, the rate expression (1) may be
rewritten as
Rate = k [BZOH]n if
[TBHP]m = constant, because TBHP is in excess.
(3)

Table 3. Effect of solvents on oxidation of benzyl alcohol with TBHP
in the presence of [Mn(bipy)2 ]2+ /HMS. Reaction condition: 0.2 g
[Mn(bipy)2 ]2+ (86.5)/HMS catalyst containing 86.5 mg Mn/1 g HMS with the
grain size of 200–230 mesh; benzyl alcohol 30 mmol; TBHP 30 mmol; reaction
temperature (70◦ C); reaction time 8 h, the stirring rate of the reaction mixture
750 cycle/min.
Solvent

Protic/
aprotic

Dielectric
constant

Dipole
moment (D)

Conversion
(%)

Selectivity
(%)

Acetonitrile
Toluene
THF
Ethanol

Aprotic
Aprotic
Aprotic
Protic

37.5
2.4
7.52
24.5

3.92
0
3.89
1.69

40.21
26.32
10.21
7.66

100
100
100
100

Conversion = (mol. of benzyl alcohol reacted /mol. of benzyl alcohol in the
feed) ×100.
Selectivity = (mol. of benzyl alcohol converted to benzaldehyde/mol. of
alcohol reacted) × 100
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Conversion (%)

100

T= 27 C
T= 46 C

80

T= 60 C
T= 75 C

60

T= 90 C

40
20
0
0

10

20

30

40

50

60

70

Time (h)

T= 27 C

2.5
2

T= 46 C

R = 0.9843

2

−ln(1−X)

(a)

T= 60 C

2

R = 0.987

T= 75 C

1.5

R2 = 0.976

T= 90 C

1
R 2 = 0.9936

0.5
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temperature and the selectivity toward benzaldehyde is
constant. According to the figure 6a, the time for 50%
conversion of benzyl alcohol changed from 21 h at 46◦ C
to 8 h at 90◦ C. The pseudo–first-order rate constants
of the reactions at the different temperatures are found
from the slope of the plots (figure 6b). The plots of
rate constant vs T (figure 7a) and ln(rate constant) vs
1/T(Arrhenius plot) (figure 7b) were drawn. The value
of the apparent activation energy (Ea) was evaluated
from the slope of the plot to be 30.13 kJ mol−1 . In fact,
this value can probably suggest that no interference of
diffusional limitations is existed.
Metal-catalysed oxidation involving alkyl peroxides
may proceed either through a homolytic or heterolytic
mechanism. Transition metal salts of Co, Mn, Fe, Cu,
or the metal oxides are normally involved in homolytic
cleavage. 1 Therefore, we suggested that the oxidation
pathway may be as follows

R2 = 0.9742

MnLn2 + t–butOOH → t–butO. + MnLn2 OH ,

(6)

0
10

20

30

40

Time(h)

(b)

Figure 6. (a) Conversion of benzyl alcohol as a
function of time at 27, 46, 60, 75 and 90◦ C with
[Mn(bipy)2 ]2+ (86.5)/HMS catalyst in the presence of
excess TBHP. (b) Pseudo-first-order kinetics of benzyl alcohol oxidation at 27, 46, 60, 75 and 90◦ C with
[Mn(bipy)2 ]2+ (86.5)/HMS catalyst in the presence of excess
TBHP. Reaction condition: 0.2 g [Mn(bipy)2 ]2+ (86.5)/HMS
catalyst with the grain size of 200–230 mesh; benzyl alcohol
10 mmol; TBHP 150 mmol; 15 ml acetonitrile; the stirring
rate of the reaction mixture 750 cycle/min.

MnLn2 + t–butOOH → t–butOO. + MnLn2 + H. , (7)
t–butOO. + RCH2 –OH → t–butOOH + RCH. –OH ,
(8)

0.1
0.08
K (h-1)

0

0

(4)

290

If n = 1 on integrating expression (4), from the initial
concentration at initial time to the final concentration at
the final time t, the expression (4) can be written as

330

350

370

(a)
0

(5)

X is the conversion of benzyl alcohol after time t.
A plot of − ln(1−X) with respect to time is linear and
showing a pseudo-first-order dependence on the benzyl
alcohol (figure 6b).

310

T (k)

-1
lnK

−ln (1 − X) = k t ,

0.04
0.02

Combining expressions (2) and (3) give rise to
−d (BZOH)/d (t) = k [BZOH]n .

0.06

y = -3.624x + 7.6921
R 2 = 0.9903

-2
-3
-4

3.2d Effect of temperature: Oxidation of benzyl
alcohol was carried out at 27, 46, 60, 75 and 90◦ C
in the same reaction condition and the results were
shown in figures 6a and b. The effect of temperature
on the reaction rate showed that the catalytic activity
strongly increased with the increasing of the reaction

-5
2.6

2.8

3
1/T(k) x 1000

3.2

3.4

(b)

Figure 7. (a) Effect of temperature on the rate constant of
the oxidation of benzyl alcohol. (b) Arrhenius plot.
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t–butO. + RCH2 –OH → t–butOH + RCH. –OH , (9)
RCH. –OH → RCHO + H. .

(10)

where RCH2 -OH = benzyl alcohol, RCHO = benzaldehyde.
3.2e Catalyst recycling and leaching: The leaching
of the catalyst was tested by filtering the catalyst during the reaction and studying the catalytic activity of
the filtrate. In this study, a mixture of 0.2 g catalyst
[Mn(bipy)2 ]2+ (86.5)/HMS, 15 ml acetonitrile, 30 mmol
TBHP and 30 mmol of benzyl alcohol, was refluxed
for 4 h, conversion of 35% was obtained. Then the
reaction mixture was filtered and then filtrate solution
was refluxed for next 4 h and conversion of 37% was
obtained. For comparison, another experiment was carried out by refluxing of initial reaction mixture for
8 h without catalyst filtration, the results showed 49%
conversion.
Therefore, these results demonstrate that the leaching of Mn complex from solid catalyst during liquid
phase reaction is low and catalyst is stable and also indicating the homogeneous catalyst (Mn complex) have
lower activity with respect to heterogeneous catalyst
(Mn complex/HMS).
In recycling study, after each experiment, the catalyst was separated from the reaction mixture by filtration, washed with the solvent and dried carefully before
using it in the subsequent run. The catalysts with different loading of Mn2+ were recycled for three times.
The results are shown in figure 8 and it illustrates that,
with increasing the loading of Mn2+ from 10.8–86.5 mg

Figure 8. The effect of catalyst recycling. A =
[Mn(bipy)2 ]2+ (10.8)/HMS; B = [Mn(bipy)2 ]2+ (21.6)/HMS;
C = Mn(bipy)2 ]2+ (43.2)/HMS, D = [Mn(bipy)2 ]2+ (64.7)/
HMS; E = [Mn(bipy)2 ]2+ (86.5)/HMS. Reaction condition:
0.2 g [Mn(bipy)2 ]2+ /HMS catalyst; reflux temperature
(90◦ C) Alcohol 30 mmol; Oxidant 30 mmol; 15 mL
acetonitrile; reaction time of a run 8 h.

Mn/1 g HMS, there is a 3–5% loss of activity with lowering in conversion of benzyl alcohol (without any loss
in selectivity). This indicates that catalysts are stable
and therefore the reusability of catalyst was efficient.

4. Conclusions
The [Mn(bipy)2 ]2+ /HMS sample is an active agent in
catalysing the oxidation of benzyl alcohol with good
conversion percentage and high selectivity by using
TBHP as an oxidant. Only 0.2 g of the catalyst in mild
conditions may be able to carry out the oxidation reaction successfully. This catalytic system in the polar protic solvents such as acetonitrile, gives the best conversion results. The activity of catalyst is a second order
function with respect to the loading of Mn2+ ions in
catalyst samples. In addition, alkyl peroxides prove
to be very efficient and environmentally friendly oxidants since the by-products are only alkyl alcohols.
It seems that, this kind of catalysis system is very
active, selective and suitable for the oxidation of benzyl
alcohol.
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