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1. Introduction 

Diphenols are important chemical materials. Hydroquinone has been widely 
used as photographic developer, polymerisation inhibitor and catechol is a 
starting material for a series of important fine chemicals used for pest control, 
flavours and aromas [1-3]. Direct catalytic hydroxylation of aromatic 
compounds is current interest both from fundamental and industrial standpoints 
[4]. A series of microporous and mesoporous materials such as TS-1, TAPO-5, 
VS-2 were investigated as the catalysts [5]. The metal modified MCM-4 l s have 
attracted considerable attention in recent years [6, 7]. There are lots of reports 
that concern the doping of MCM-41 with metallic cations such as Cu, Ni, A1, 
Mo, Zn, Ti via direct synthesis, cation exchange and impregnation methods 
[8-11]. Fe-containing molecular sieves show high activity for alkylation and 
oxidation reactions [12]. The activity of Fe-MCM41 in the hydroxylation of 
phenol has been described before [ 11, 13, 14]. However, the iron content in the 
literature was lower and there is no description about the regularity with the iron 
content in the framework of MCM41 for the phenol hydroxylation under mild 
condition. In the present study, the iron modified-MCM41s with different 
content were synthesized by sol-gel method and the relationship of structure and 
catalytic activity was studied. 
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2. Experimental Section 

The Fe-containing mesoporous materials were synthesized similar to 
reference [ 11 ]. In this work, iron nitrate was used as iron source instead of ferric 
sulfate and iron trichloride, and the Fe/Si molar ratios (0.00-0.14) was much 
higher than that in the literature (0.00-0.04). A typical synthesis procedure was 
as follows: 1.9 g sodium silicate and 1.4g CTMAB were dissolved in 15ml 
water with heating. After cooled to the room temperature, 5ml solutions 
containing desired amounts of the Fe(NO3)3"9H20 were added and the mixture 
was stirred for 2 h. Then 10.85 g TMAOH solution was added and the pH was 
adjusted to 11 by diluted sulfuric acid (1 mol.Ll). The resulting gel was 
transferred into a polypropylene bottle and kept at 373 K for 5 days. The 
products, with molar ratio of xFe: 100Si(x=2-14), were washed with distilled 
water and ethanol for three times, respectively. The surfactant was removed by 
calcination at 823 K for 5 h in air. The calcined samples were designated as xFe. 
Fe-impregnated MCM41 was prepared [6] (denoted as Fe/MCM41) for 
comparison. 

The XRD patterns were identified by Philips PW 170 diffractometer. The 
surface areas and pore properties were obtained on Micromeritics ASAP-2020 
analyzer and determined by conventional BET and BJH equations using 
adsorption data. FT-IR spectra were recorded with Bruker VECTOR22 FT-IR 
spectrometer. The iron contents were analyzed using ICP-AES. 

The hydroxylation of phenol was performed on self-made equipment. The 
reaction in which the reactants consisted of 1 g of phenol, 8.4 g of water, 0.05 g 
of catalyst and 30% aqueous solution of H202 (phenol: H202 ratio of 3:1) was 
carried out at 40°C for 2 h. The product distributions were determined by an 
Agilent 1100 HPLC equipped with a reversed phase C 18 column. 

3. Results and Discussion 

Fig. 1 shows the low angle XRD patterns of some samples. An intense (100) 
peak at about 20 = 2 ° together with weak (110), (200) and (210) peaks in the 
small angle range indicated that the hexagonal regularity of MCM-41 was still 
maintained as Fe was introduced. The shift of (100) peak and the reduction of 
peak intensities are the indication of the slight reduction of hexagonal symmetry 
of MCM41 due to Fe incorporation [15]. In high angle XRD patterns (figures 
not given), no characteristic peaks of Fe203 were found, suggested that Fe 
species might be in the framework of MCM41 or highly dispersed on the 
surface. 

Fig. 2 shows the nitrogen adsorption isotherm of some samples an d the 
corresponding pore size distributions (inner). The slow increase in nitrogen 
uptake at P/Po<0.2 was corresponding to monolayer-multilayer adsorption on 
the pore walls. The sharp step at P/Po between 0.2 and 0.4 indicated the 
mesoporous nature of the materials and a plateau with a slight inclination at 
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high P/Po was associated with multilayer adsorption on the external surface of 
crystals [16, 17]. The narrow pore size distribution also revealed a uniform 
meso 
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Fig.2 Nitrogen adsorption/desorption 
isotherms and pore size distributions 
(inner) of (a) 6Fe (b) 8Fe (c) 12Fe 

The FT-IR spectra of some samples are given in Fig. 3. The disappearance of 
C-H vibration band at about 2921 and 2852 cm l confirmed the complete 
removal of the template after calcinations [18].The absorption bands at about 
1080 and 800 1 cm corresponded to the anti-symmetric and symmetric 
stretching modes of Si-O stretching vibrations, respectively [19]. The bands at 
ca.970 and 460 cm-1 were due to the stretching and bending vibrations of 
surface Si-O groups, respectively. It could been seen that a slight red shift at 
about 1080 cm ~, which might be another evidence that iron was incorporated 
into the framework ofMCM41 and M-O-Si bonds were formed [8, 9]. 
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Fig.3 FT-IR spectra of some samples 
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The results of ICP and some structure parameters of the samples are 
summarized in table 1. It is interesting that the unit cell parameters (a0), the 
average pore diameters and the thickness of pore wall were all increasing 
slightly as the Fe/Si molar ratios was smaller than 0.08 and increased rapidly as 
Fe/Si molar ratio higher than 0.08. The decrease of the specific surface areas 
and the average pore diameters with the iron content exhibited the same 
tendencies. It may be that some of the iron in the gel was migrated from 
framework to the outer in the phase of Fe203 after calcinations, which was 
confirmed by the rapidly increase of thickness of pore wall during the 
increasing of Fe content. 

Table 1 Some Structure Parameters of the Samples 

sample nFe/nsi BET Pore do a0 D 8 
Gel Product surface volume /nm /nm /nm /nm 

area (m2/g) (cm3/g) 
2Fe 0.02 0.024 666.4 0.5122 3.91 4.52 2.59 1.93 
4Fe 0.04 0.045 668.2 0.6512 3.94 4.56 2.55 2.01 
6Fe 0.06 0.075 688.3 0.6944 3.98 4.60 2.53 2.07 
8Fe 0.08 0.091 655.5 0.5767 4.05 4.68 2 . 5 1  2.17 
10Fe 0.10 0.118 582.6 0.6795 4.21 4.86 2.34 2.52 
12Fe 0.12 0.146 534.9 0.6675 4.29 4.95 2.26 2.69 
14Fe 0.14 0.155 499.5 0.6261 4.42 5.10 2.06 3.04 

All the prepared materials exhibit excellent catalytic activity for the direct 
hydroxylation of phenol at 40°C. The phenol conversion could reach to 30.9% 
(phenol: H202 ratio of 3:1) over 8Fe catalyst. The selectivity of diphenols was 
47.1 to 68.2% over different catalysts might be because some of the products 
were oxidized to tar or polymerized to oligomer. However, the Fe/MCM41 
prepared by impregnation method and FeCI3 with the same Fe content as 
catalysts gave a 25.6% and 11.7% conversion of phenol and 57.8% and 36.2% 
selectivity of diphenols, respectively. The fact that Fe incorporated into the 
framework of MCM41 has higher activity than the two others suggested the Fe 
ion in the framework of MCM41 was the active sites for the reaction. 

Fig.4 shows the variations of some structure parameters and the catalytic 
activity for phenol hydroxylation over catalysts with different Fe/Si ratios. It 
could be seen that the yield of diphenols increased as the Fe/Si molar ratio 
smaller than 0.08, and decreased after the iron content increased further. The 
conversion of phenol and the efficiency of H202 exhibited the same variations. 
The regularly varying of catalytic activities was associated with the status of 
iron species in the catalysts and the structure parameters of samples. The 
activity of the reaction increased as the iron content in the framework increased. 
However, as the Fe content in the gel exceeded the limitation, the redundant 
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iron was accumulation in the surface of the catalyst. The falling of catalytic 
activities could be due to the decreasing of surface areas and pore volumes 
because of accumulated of Fe203 in the surface. 

4. Conclusion 

Fe-MCM41 with different iron contents has been synthesized. Catalytic test 
indicated that the samples had excellent activity for the hydroxylation of phenol 
with H202 under mild conditions. The catalytic activity increased with iron 
contents and decreased as Fe/Si molar ratio more than 0.08. The regularity was 
accord to the structure parameters of the catalysts. 

This project was Supported by Natural Science Foundation of Jiangsu 
Province (BK2005120) and National Natural Science Foundation of China 
(20476046 and 20173026). 
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