
INTRODUCTION

Phenol is an important intermediates for synthsis of

various petrochemical and agrochemical products1,2. Nowadays

approximately 95 % of phenol produced by Cumme process

consisting of three main reaction steps. However, this process

suffers mainly from low atom utilization, low phenol yield,

high energy consumption and the production of equal amount

of acetone as the by product3,4. Therefore, development of

alternative process for phenol production is of great impor-

tance5-8.

Carbon materials have been found useful in heterogeneous

catalysis. The performance of carbon materials depends on

their texture and surface chemistry. The surface area and

porosity describe the texture of these materials. Larger surface

area and higher porosity helps in higher dispersion of active

phases. The surface chemistry of carbon materials can be

ascribed to the surface oxygen containing chemical groups,

which can be acidic, basic or neutral. The interactions between

the surface groups and the active phase could also have a

synergetic effect on the catalytic activity of these materials9.

Iron-containing catalysts, especially Fenton's reagents,

were also extensively used for hydroxylation of benzene to

phenol with H2O2
10-12. Mechanistic studies suggested that both

ferrous and ferric ions were necessary to maintain the radical

reaction and that the reaction must be conducted in an acidic

aqueous solution13.
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Compared to conventional heating, microwave irradiation

heating has the following advantages for organic reactions,

such as reducing heat transfer problems, energy efficiency,

easy automation and incident power control14,15. Therefore,

many reactions that do not occur by conventional heating can

proceed under microwave irradiation, especially in a polar

system16.

In the present work, the hydroxylation of benzene to phenol

was investigated over transition metals/activated carbon

catalyst under microwave irradiation at room temperature. We

have studied the effect of various parameters on the yield of

phenol. An obvious promotion effect of the catalyst on the

phenol yield and selectivity was observed for this reaction.

EXPERIMENTAL

Preparation of catalyst: Commercially available activated

carbon materials were used as support for preparing catalysts

containing different transition metals for the hydroxylation of

benzene to phenol. Activated carbon was refluxed with 5 M

nitric acid for 3 h and the material was washed until neutral

pH was attained. Then the solution was filtrated and the solid

obtained was further dried at 70 °C overnight in vacuum. Catalyst

different transition metals/activated carbon were prepared

according to the method reported by Tagawa.

Liquid-phase hydroxylation of benzene: A typical oxida-

tion reaction is as follows: 1 mL of benzene, 30 °C, described

amounts of solvent, catalyst and H2O2 were added into a 50 mL
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CEM discover microwave reactor with a magnetical stirrer.

The reactor was kept for 5-25 min. Then the reactor was imme-

diately cooled to room temperature by purging compressed

air. The reaction mixtures were analyzed by GC/MS. The

conversion of each substrate was calculated as molar ratio of

the substrate remained in the reaction mixture to that added

and the selectivity of each product was calculated as molar

ratio of the product to all the products.

Characterization: X-ray diffraction (XRD) measurements

were carried out with a D/max-RA X-ray diffractometer

(Rigaku, Japan), CuKα radiation at a scan rate of 3°/min. The

tube voltage and current were 35 kV and 35 mA, respectively.

The phases were identified by comparing the diffraction

patterns to standard powder XRD cards compiled by the Joint

Committee on Powder Diffraction Standards (JCPDS).

The BET surface area, total pore volume and pore size

distribution of the fresh catalysts were determined via N2

physisorption at the normal boiling point of N2 (-196 °C), using

an autosorb-1MP instrument (Quanta chrome, USA).

The terms of reaction performance were defined as

follows:

mole of phenol produced
Yield of phenol

Initial mole of benzene
=

reactedbenzeneofmole

producedphenolofmole
phenolofySelectivit =

RESULTS AND DISCUSSION

The transition metal/activated carbon catalysts were pre-

pared by impregnated method from three precursors: iron(III)

trichloride, copper(II) nitrate, cobalt(II) nitrate. The effects of

the three transition metal species on the benzene conversion,

phenol selectivity and yields for different catalysts are summa-

rized in Table-1. It was noted that the activity of transition

metal catalysts followed the order: Fe(III) > Cu(II) > Co(II).

However, BET surface area and pore volume followed the

opposite order (as shown in Table-2). The results indicate that

the Fe(III) was located more at the surface of activated carbon

TABLE-1 
EFFECT OF DIFFERENT TRANSITION METAL SPECIES/ 

ACTIVATED CARBON CATALYSTS PREPARED BY 
IMPREGNATED METHOD ON THE YIELD OF PHENOL 

Catalyst  Conversion (%) Selectivity (%) 

FeCl3 

Cu(NO3)2 

Co(NO3)2 

28.2 

7.5 

3.1 

100 

97 

90 

Reaction conditions: 0.4g catalyst, 1 mL benzene, 3 mL H2O2, 15 mL 
acetonitrile, 35 °C, 20 min 

 
TABLE 2 

BET DATA FOR DIFFERENT TRANSITION METAL 
SPECIES/ACTIVATED CARBON CATALYSTS 

PREPARED BY IMPREGNATED METHOD 

Catalyst  
(5 wt %)  

Surface area 

 (m2.g-1) 

Total pore 
volume (mL g-1) 

Average pore 
diameter (nm) 

FeCl3/C 

Cu(NO3)2/C 

Co(NO3)2/C 

1107 

1280 

1290 

1.04 

1.24 

1.27 

3.76 

3.85 

3.90 

 

than other metal species. In addition, it is clear that the type of

precursor influenced the metal distribution in the catalysts. As

known, the catalytic activity of the transition metal species is

dependent on the outer d electron density. Lesser the electron

density, greater is the capacity of these transition metals to

activate oxidant species like hydrogen peroxide. From the point

of view of electron density the catalyst activity should be

Fe(III) > Cu(II) > Co(II). So, Fe(III) is considered as a suitable

precursor.

Effect of the Fe(III) loading: The XRD patterns of samples

with various percentages of Fe(III)/activated carbon catalysts

prepared by impregnated method are shown in Fig. 1. No

obvious peaks of Fe2O3 crystalline phases were found in the

XRD patterns, suggesting that no bulk metal oxide was

presented in all catalysts, which could be due to the low metal

loading or to the oxide being in the amorphous state. The

influence of the Fe(III) loading (e.g., 3, 5, 7 %) on the benzene

conversion and phenol selectivity are summarized in Table-3.

It is found that the conversion increased with increasing Fe(III)

loading, while the selectivity decreased, thus an optimum yield

of 5 % was observed. The increases in conversion may be due

to the increased amount of metal active species, however, the

excessive metal species promoted the produce of the

byproducts, decreased the selectivity of phenol.
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Fig. 1. XRD patterns of different loading contents in FeCl3/activated carbon

catalysts prepared by impregnated method]

The specific surface area of the catalysts decreased with

increased amount of metal loading (Table-4), indicating that

some micropore blockage by metal deposition on pore mouth.

Thus, 5 % was selected as an optimum Fe(III) loading.

TABLE-3 
EFFECT OF DIFFERENT LOADING CONTENTS IN 

FeCl3/ACTIVATED CARBON CATALYSTS PREPARED BY 
IMPREGNATED METHOD ON THE YIELD OF PHENOL 

FeCl3/C (wt %) Conversion (%) Selectivity (%) 

3 

5 

7 

23.5 

28.2 

30.5 

100 

100 

87 

Reaction conditions: 0.4g catalyst, 1 mL benzene, 3 mL H2O2, 15 mL 
acetonitrile, 35 °C, 20 min 
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TABLE-4 
BET DATA FOR DIFFERENT LOADING CONTENTS IN 

FECL3/ACTIVATED CARBON CATALYSTS 
PREPARED BY IMPREGNATED METHOD 

FeCl3/C  (wt %) 
Surface area 

(m2 g-1) 

Total pore 
volume (mL g-1) 

Average pore 
diameter (nm) 

3 

5 

7  

1185 

1170 

1160 

1.06 

1.04 

1.03 

3.80 

3.76 

3.74 

 
Effect of reaction conditions on the yield of phenol under

microwave irradiation

Effect of type solvent: Benzene hydroxylation with

hydrogen peroxide was performed in a triphasic system (e.g.,

organic, aqueous and catalyst). Solvent was used to reduce

the reactants transfer resistance by helping dissolve H2O2 into

the benzene phase. A volume of 15 mL of various solvents

was added. The catalytic performance of the system with

various solvents (e.g., acetonitrile, methanol, isopropyl alcohol,

acetone and ethanol) over Fe(III) (5 wt %)/activated carbon

catalysts under microwave irradiation are summarized in Fig. 2.

It was found that acetonitrile as solvent gave obviously higher

conversion compared to other solvent. This could be attributed

to acetonitrile has a greater affinity to the catalytic surface

than other solvents, which could lead to more effective trans-

port of the reactants to the catalyst active sites10. So, we focus

our attention on acetonitrile as the solvent.
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Fig. 2. Effect of solvents on the yield of phenol. Reaction conditions:

0.4 g catalyst, 1 mL benzene, 3 mL H2O2, 15 mL solvent,  35 °C,

20 min

Compared to conventional heating mothed, as high dipole

and the high dielectric constant of the aprotic solvent, aceto-

nitrile will allow reaction system to reach a predetermined

temperature in a short period of time with the microwave

absorption of electromagnetic energy. The reactant of benzene

and H2O2 was accelerated to dissolve in acetonitrile and then

make a good contact with them will help to accelerate the

reaction process, reduce the temperature gradient reason.

Effect of solvent amount: The catalytic performance of

the reaction system using different volumn of acetonitrile over

Fe(III) (5 wt %)/activated carbon catalysts under microwave

irradiation showed in Fig. 3. Phenol yield significantly incre-

ased with increasing acetonitrile amount up to 15 mL, but

0 5 10 15 20

5

10

15

20

25

30

Amount of acetonitrile (mL)

Y
ie

ld
 o

f 
p
h

e
n
o

l 
(%

)

Fig. 3. Effect of acetonitrile amount on the yield of phenol. Reaction

conditions: 0.4 g catalyst, 1 mL benzene, 3 mL H2O2, 35° C, 20 min

then decreased with further increase in acetonitrile amount.

Solvent can be dissolved both in benzene and in H2O2 aqueous

solution, adding proper amount of acetonitrile improves

interaction between benzene and •OH formed from H2O2 and

thereby increases phenol yield, but superfluous addition of

acetonitrile decreases the concentrations of both benzene and

H2O2 and subsequently decreases phenol yield instead. There-

fore, 15 mL was selected as an optimum solvent amount.

Effect of amount of H2O2: The influence of H2O2 as the

oxidant reagent on the yield of phenol was investigated using

Fe/activated carbon as the catalyst and the effect of the amount

of H2O2 on the yield of phenol using Fe(III) (5 wt %)/activated

carbon catalysts under microwave irradiation is illustrated in

Fig. 4. No phenol was obtained without the use of H2O2. The

phenol yield was found to increase with the increase of the

amount of H2O2 and reached a maximum value of 28.2 % at

3 mL. Further increase of the amount of H2O2 had a reverse

influence on the phenol yield, which result from the further

oxidation of the phenol formed, the benzoquinone was

observed3. Therefore, 3 mL is considered as a suitable amount

in this reaction.
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Fig. 4. Effect of H2O2 amount on the yield of phenol. Reaction conditions:

0.4 g catalyst, 1 mL benzene, 15 mL acetonitrile, 35 °C, 20 min
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Effect of the amount of catalyst: The result for the effect

of the amount of Fe(III)/activated carbon catalyst on the yield

of phenol over Fe(III) (5 wt %)/activated carbon catalysts under

microwave irradiation is shown in Fig. 5. It is obvious that no

phenol was detected without the use of Fe(III)/activated carbon

catalyst, indicating that the presence of Fe(III) essential for

performing the reducer. The yield of phenol increased greatly

from 13.5 to 28.2 % when the amount of catalyst increased

from 0.2 g to 0.4 g. On the other hand, a further increase in the

amount of catalyst to 0.5 g caused a decrease in the yield of

phenol. This may be due to the increase of catalyst amount,

will cause the increase of the hydroxyl free radical generation,

to improve the yield of phenol; but an excess of hydroxyl free

radical generated inevitably promoted phenol side effects

occured, reduced the yield of phenol. Therefore, 0.4 g is chosen

as a suitable amount in this reaction.
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Fig. 5. Effect of catalyst amount on the yield of phenol. Reaction

conditions: 1 mL benzene, 3 mL H2O2, 15 mL acetonitrile, 35 °C,

20 min
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Fig. 6. Effect of reaction time on the yield of phenol. Reaction conditions:

0.4 g catalyst, 1 mL benzene, 3 mL H2O2, 15 mL acetonitrile, 35 °C

Effect of reaction time: The influence of reaction time

on the yield of phenol over Fe/activated carbon catalyst using

Fe(III) (5 wt %)/activated carbon catalysts under microwave

irradiation is illustrated in Fig. 6. When the reaction time

increased from 5 min to 20 min, the yield increased sharply

from 15.1 to 28.2 %. However, further increase of reaction

time has a reverse influence on the phenol yield. So, 20 min is

considered as a suitable reaction time in this reaction.

Conventional heating method often cause oxidation

reaction only in active site, which is due to uneven heating.

Microwave irradiation can make reaction system in a short

period of time to an indicated temperature, in turn, increase

the reactant and contact probability, thus increasing the activity

of the reaction.

Conclusion

The hydroxylation of benzene to phenol with hydrogen

peroxide was performed at room temperature using various

transition metals, Fe(III), Cu(II) and Co(II) impregnated on

activated carbon. The activity was ordered as follows: Fe(III)

> Cu (II) > Co(II). Coupled conventionally heated method

gives phenol yield of 19.6 %, activated carbon supported

Fe(III) catalyst showed better catalytic performance for the

direct hydroxylation of benzene to phenol by hydrogen per-

oxide under microwave irradiation, at the optimum reactions

conditions: 1 mL benzene, 3 mL 30 % aqueous solution of

H2O2, 0.4 g catalyst, 15 mL CH3CN, 35 °C reaction temperature

and 20 min reaction time.
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