
INTRODUCTION

Since Mobil corporation firstly used cation surface active

agent to successfully synthesize M41S group mesoporous silica

in 19921,2, these material has attracted many attentions for their

high specific surface area (more than 700 m2 g-1), regular pore

structure, confined pore size distribution and high thermal

stability and thus gains wide application prospects in fields

like catalytic and absorbing materials3,4.

However, deficiency in reactive active sites has greatly

restricted the application of pure silica-based mesoporous

molecular sieves in catalysis5-8. Some researches indicate that

when hetero-atoms are introduced into the structure of the

mesoporous molecular sieves, the number of active sites and

surface acid sites are increased and the redox ability is

enhanced, thereby improving its catalytic performance. These

days, improved mesoporous molecular sieves are mainly

applied in redox reaction, catalytic hydrogenation, polyreaction,

condensation, alkylation reaction, isomerization, catalytic

cracking reaction, photocatalysis, etc.

Benzenediol (catechol, hydroquinone) is an important fine

chemical intermediate9,10. Catechol is primarily used as inter-

mediates for pesticides and dyes, as well as key intermediates

for synthetic perfumes and medicines. In addition, it can be

used to produce hair dyes, rubber hardeners, plating bath

additives and the like11,12. Hydroquinone, primarily employed

in areas like sensitized materials, rubber, dye and medicine,

can be used as file developer, thermal poly agent for photo-
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sensitive resin, antioxidant and intermediates for producing

dyes like anthraquinone and azobenzene. Traditional appro-

aches to synthesize hydroquinone are aniline oxidation and

diisopropyl benzene oxidation, while catehol is obtained from

hydrolysis of materials such as o-chlorophenol and o-ethoxy-

phenol13,14. Since the 1970s, the catechol-synthesizing method

of hydroxylation of phenol using hydrogen peroxide as the

oxidant, has gained wide popularity in the research in relation

to chemical engineering fields because of its simple process

and moderate reaction conditions. Amongst others, the reaction

by-product of the hydroxylation of agent, H2O2, is less environ-

mentally damaging, easily accessible and more importantly,

usable under relatively moderate conditions15-17.

Nonetheless, since iron is one of the effective activity

centers phenol hydroxylation, many iron-based composite

oxides and iron-containing molecular sieves have high catalytic

performance for the hydroxylation of phenol18-21. The results

of the previous research conducted by our team showed that

Fe-MCM-41 containing more iron is highly catalytic in the

hydroxylation of phenol, and at 20 ºC, the conversion rate of

phenol can reach 25.3 % and the hydroquinone selectivity is

78.4 %. Compared with other catalysts, hydroxylation of phenol

of this kind shows a relatively fast reaction speed at room tempe-

rature due to abundant active sites. Meanwhile, the reaction at

room temperature will not cause the collapses of the mesoporous

molecular sieve pores, i.e., the defect of low hydrothermal

stability of the mesoporous molecular sieves can be avoided;

furthermore, the energy consumed during production can be
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substantially reduced and the hydrogen peroxide is highly

efficient and therefore it has a good future for industrial appli-

cation. However, the selectivity of the product, hydroquinone,

is still rather low and cannot meet the requirements in the

industrial application. Reactions largely take place in the

molecular sieve pores and the reaction performance is solely

influenced by the diffusion of the reactant molecules in the

pores when the size of the reactant is similar to that of mole-

cular sieve pores. To address this issue, this paper attempts to

synthesize a series of mesoporous molecular sieves containing

Fe different sizes by selecting templates with different carbon

chain lengths, in different aging temperatures and time. This

paper also aims to discuss the impact of the size on reaction

performance of the hydroxylation of phenol with a view to

setting groundwork for industrial amplifier tests.

EXPERIMENTAL

Cetyl alkyl trimethyl ammonium bromide (CTAB), ferric

nitrate [Fe(NO3)3·9H2O], tetramethyl ammonium hydroxide

(TMOAH), sodium metasilicate, manufactured by Chemical

Reagents of Shanghai Sinopharm Group, Ltd; tetradecyl alkyl

trimethyl ammonium bromide (TTAB), dodecyl alkyl trimethyl

ammonium bromide (DTAB), bought from Alfa Aesar;

octadecyl alkyl trimethyl ammonium bromide (OTAB) bought

from Tokyo Chemical Industry Limited; all the chemicals are

analytically pure.

Preparing the catalysts: A series of Fe-containing

mesoporous molecular sieves of different sizes were synthesized

by adopting sol-gel method. 1.9 g of Na2SiO3·9H2O and certain

templates (1.184 g DTAB/1.4 g CTAB/1.292 g TTAB/1.508 g

OTAB) were heated and dissolved in deionized water, and then

cooled to room temperature. Different amounts of Fe(NO3)3·9H2O

were obtained and dissolved into 5 mL deoionized water. The

liquid was then put into the above-mentioned mixture and

churned actively for 2 h. After that, a certain amount of liquid

of tetramethyl ammonium hydroxide was added and the pH

value of the liquid was quickly adjusted until it reached 11 by

applying 1 mol/L dilute sulfuric acid. The produced sol was

then moved into a stainless steel kettle lined with PTFE and

the liquid was heated at 100 ºC for 5 days (Fe/Si (molar ratio)

= 6/100). The produced sample was then washed centrifugally

dried. After this, it was calcined for 5 h at environmental air of

550 ºC (the temperature rising speed in Muffle furnace being

1 ºC/min). The furnace cooling catalyst sample was then

marked Cn-Fe-MCM-41 (n-standing for the carbon chain

length of the template).

Characterization of the catalysts: The X-ray diffraction

(XRD) analysis was carried out with the XRD instrument of

Rigaku D/Max-RA type: the CuKα rays (λ = 0.154178 nm), a

Ni filter, a voltage of 40 kV, a current of 40 mA and a test

range of 2θ = 1-50º.

The specific surface area and pore size distribution test

was conducted with an adsorption instrument of Micromeritics

ASAP-2000 type. Before the test, the sample (20-40 accounts)

was activated in vacuum for 8 h. And then the specific surface

area and the mean pore size were calculated by adopting BET

equation and BJH method, respectively.

ICP test was carried out with a spectrometer of Jarrell-

Ash 1100 type. The sample was dissolved with hydrofluoric

acid and then heated for 5 min. The volume of the cooled

sample was fixed using a 20 mL volumetric flask. After that,

the Ti-containing quantity was tested. The main test para-

meters involved are were as follows: cooling air flow of 15 L/

min, auxiliary air flow of 0.2 L/min, atomizing air flow of 0.8

L/min, RF power of 1300 W, sampling speed 1.5 mL/min.

Besides, all the air used was Argon gas.

Perkin-Elmer Lambda 35 ultraviolet spectrometer was

used to obtain UV spectrum, the scanning ranging from 200-

600 mm.

Testing the catalyst activity: The test of catalyst activity

was carried out in a self-made double-neck glass back which

was equipped with water bath of constant temperature, reflux

condenser tubes and magnetic stirrer. The typical reaction

procedures were as follows: when the temperature of the

circulating water in the reactor reached 25 ºC, 0.05 g catalyst

was added, followed by 1 g phenol, 15 mL deionized water

and 0.37 mL 30 % H2O2 (H2O2/phenol = 1:3, mole ratio). After

2 h, the liquid was sampled for centrifugal separation. The

compositions of products were analyzed using an Agilent 1100

high efficiency liquid chromatography (Chromatographic

column: SB-C18). The operating conditions were as follows:

mobile-phase methanol-water mixture (methanol/water =

30/70); washing agent: deionized water with a flowing speed

of 1 mL/min; column temperature: 30 ºC; sample feeding

volume: 5 µL; UV detector λ = 265 nm. The content of each

composition was calculated by adopting external standard

method.

RESULTS AND DISCUSSION

Structure and catalytic performance of Fe-MCM-41

synthesized with different templates: Small-angle XRD

spectrum is one of the underlying methods for characterizing

materials mesoporous structures. Fig. 1 shows the small-angle

XRD spectra of calcined Fe-MCM-41 synthesized with diffe-

rent templates. In this figure, A indicates the Fe-MCM-41 synthe-

sized with OTAB template; B stands for the Fe-MCM-41

synthesized with CTAB template; C indicates the Fe-MCM-41

synthesized with TTAB template; D stands for the Fe-MCM-41

synthesized with DTAB template.
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Fig. 1. X-Ray diffraction spectra for Cn-Fe-MCM-41 samples
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This figure illustrates that each sample reaches a peak of

strong (100) surface diffraction at around 2θ = 2.5º. This is

the characteristic peak of a mesoporous molecular sieve, indi-

cating that the synthesized material does have a mesoporous

structure. Besides, nearly all the samples have two weaker

peaks after the (100) surface diffraction peak, i.e., (110) surface

diffraction peak and (200) surface diffraction peak. This indi-

cates that the synthesized material has a MCM-41 hexagonal

structure. With the increase in template carbon chain length,

the (100) surface diffraction peak shifts towards the small

angle, half-peak width apparently becomes smaller and the

strength of both the (110) and (200) surface diffraction peaks

is also becoming stronger. This means that when the template

carbon chain length is increased, a0 and d100 of the mesoporous

molecular sieves grow bigger and the hexagonal structure

becomes more regular.

Fig. 2 illustrates the N2 adsorption isotherms of Cn-Fe-

MCM-41 samples. From this figure, it can be seen that all

isothermal adsorption and desorption lines of the samples are

IV isotherms and accompanied by hysteresis loops, which is

characteristic of mesoporous molecular sieves22. Within the

relative pressure range of 0.2 ≤ P/P0 ≤ 0.4, all isotherms of the

samples show transitions. This is caused by the capillary con-

densation of nitrogen in the pores of mesoporous molecular

sieves. Within this pressure range, higher N2 partial pressure

value means larger pore size of the samples; larger transition

extent means more regular sample pores and narrower pore

size distribution23. In Fig. 2, the transition point representing

the capillary condensation phase of the isotherm shifts towards

bigger relative pressure, which indicates that the pore size is

becoming larger with the increase in the template carbon chain

length. This result is consistent with the XRD result. Meanwhile,

the C12-Fe-MCM-41 sample also has the lowest transition

amplitude, that's, the slope, indicating that C12-Fe-MCM-41

is the least regular.
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Fig. 2. N2 adsorption isotherms of Cn-Fe-MCM-41 samples

Fig. 3 illustrates the pore size distribution of Cn-Fe-MCM-

41 samples. The pore size is calculated using the BJH method.

This figure shows that all samples have a different narrow pore,

the regularity is relatively high and the pore size is approxi-

mately 2 to 3 nm. With the increasing of the template carbon

length, the pore size is apparently becoming larger and the
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Fig. 3. Pore size distributions of Cn-Fe-MCM-41 samples

pore volume is also becoming higher. This shows that the

sample is becoming increasingly regular.

Table-1 lists the structure parameters and Fe content of

the Cn-Fe-MCM-41 samples. The d100 value of the samples

can be calculated with the Bragg equation of λ = 2d(hkl) sin θ;

since the synthesized material has hexagonal MCM-41 struc-

ture, the material lattice parameter a0 can be estimated with

the equation of a0 = 2d100/√3 and the pore wall thickness =

a0-the mean pore size. In this table, the Fe content does not

apparently vary with the change of the samples. This means

that the change of the template carbon chain length nearly

exerts no influence on the Fe content. Nevertheless, the specific

surface area, the lattice parameter a0 and the mean pore size D

all regularly vary with the increasing of the template carbon

chain length. Based on the figures of the XRD, the N2 adsor-

ption isotherms and the pore size distribution24, we can

conclude that the micelle size and volume become larger with

the increase in the template carbon chain length and thus the

mesoporous molecular sieves with larger pore size and volume

can be produced.

Fig. 4 illustrates the FT-IR spectra of C16-Fe-MCM-41,

before and after being calcined. From this figure, it can be

found that the peaks at 2924 and 2844 cm-1 points of a curve

are caused by C-H bond contraction vibrations, while the b

curve does not have such peaks. This indicates that the

templates in the mesoporous molecular sieves have been

completely removed after being calcined at a high temperature.
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Fig. 4. FT-IR spectra of (a) C16-Fe-MCM-41 as-synthesized, (b) C16-Fe-

MCM-41 calcined

Vol. 25, No. 16 (2013) Influences of Pore Sizes on the Catalytic Activity of Fe-MCM-41 in Hydroxylation of Phenol  9089



Fig. 5 illustrates the UV spectra between 220-800 nm for

the calcined Cn-Fe-MCM-41 samples. From this figure, we

can find that there is a wide absorption peak between 200-300

nm (centering at 255 nm), caused by dπ-pπ electronic transition

of Fe3+ ion at the center of iron-oxygen tetrahedron. Since the

Fe3+ ion is considered as a typical indication that Fe atom exists

in the iron-oxygen tetrahedron, the presence of such an

absorption peak can fully indicate that the Fe atom has already

been introduced into the skeleton of silicon-oxygen tetra-

hedron of the mesoporous molecular sieves25,26. Besides, there

is a weak absorption peak between 400 and 500 nm, which

probably results from iron-oxygen octahedron and Fe2O3

crystal particle27,28. This indicates that only a small part of Fe

atoms exist in the molecular sieve pores and surface in the

format of Fe2O3, while most Fe atoms can be synthesized and

then introduced into the skeleton of molecular sieves. The UV

spectra do not obviously vary with the change of the template

carbon chain length during the sample synthesizing. This

shows that the changes of templates cannot change the coor-

dination environment of the Fe atoms.
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Fig. 5. UV-visible spectra of Cn-Fe-MCM-41 samples

Table-2 shows the catalytic activity of Cn-Fe-MCM-41

during the phenol hydroxylation. With the increase in the

template carbon chain length, the conversion rate of phenol

gradually decreases from 28.92 to 24.16 %, while the selec-

tivity of hydroquinone rises from 67.83 to 83.86 %. This indicates

that catalytic activity of a catalyst depends crucially on the

molecular sieve pore size when the catalyst samples have the

same Fe content and Fe atom coordination. As the sample pore

size increases, the diffusion rate of phenol in the pore becomes

higher, giving rise to the decrease in the conversion rate of

phenol and rise in the selectivity of hydroquinone. From this

table, it can be found that compared with C12-Fe-MCM-41,

although the conversion rate of phenol for the C18-Fe-MCM-

41 decreases slightly, the selectivity of hydroquinone rises

dramatically. As a result, it is an ideal choice to use the C18-

Fe-MCM-41 as a catalyst for phenol hydroxylation.

TABLE-2 

CATALYTIC ACTIVITY OF Cn-Fe-MCM-41 SAMPLES 

Product distribution (%) 
Catalyst 

Conversion of 
phenol (%) Diphenol BQb nCATb/nHQb 

C12 28.02 67.83 1.36 1.69 

C14 26.80 74.12 1.45 1.77 

C16 25.44 78.74 1.53 1.55 

C18 24.16 83.86 1.67 1.52 
aReaction conditions: phenol/H2O2 = 3:1(molar ratio), 25 ºC, solvent 
15 mL H2O, reaction time 2 h, catalyst/phenol (weight ratio) = 0.05. 
bCAT: catechol; HQ: hydroquinone; BQ: benzoquinone; the rests are 
tar and oligomer acid. 

 
Conclusion

A series of Fe-MCM-41 with different pore sizes can be

synthesized by changing the template carbon chain length.

With the increase in the template carbon chain length, the pore

size, pore volume, a0 and regularity of a catalyst can be

increased while both Fe content and Fe atom coordination

remain unchanged, so its catalytic activity can only be influ-

enced by its pore size. The application of the above-mentioned

series of catalysts in the phenol hydroxylation shows that with

the increase of pore size, the conversion rate of phenol increases

while the selectivity of hydroquinone decreases.
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