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Abstract: Fe-ZSM-5 and Fe2O3/ZSM-5 zeolite catalysts were prepared and tested for catalytic wet 

oxidation of phenol. Firstly, Fe-ZSM-5 and Fe2O3/ZSM-5 zeolite catalysts were prepared by 

hydrothermal synthetic and incipient wetness impregnation and characterized to determine the framework 

and extraframework Fe
3+

 species. Secondly, catalytic properties of Fe-ZSM-5 in the oxidation of phenol 

were systematically studied to determine the optimum technological parameters by investigating the 

effects of reaction temperature, pH, catalyst concentration and stirring rate on the conversion of phenol. 

Besides, the phenol conversion, selectivity to CO2 and concentration of aromatics intermediates in the 

oxidation of phenol with two catalysts were analyzed under the same optimum conditions. Leaching of 

iron from the catalysts as well as the catalytic stability of Fe-ZSM-5 was also tested. Finally, the kinetics 

of catalytic wet oxidation of phenol with Fe-ZSM-5 was studied. The experimental results showed that 

both the framework and extraframework Fe
3+

 species were together present in the Fe-ZSM-5. The 

oxidation reaction with Fe-ZSM-5 was performed well at temperature of 70℃，pH of 4, catalyst 

concentration of 2.5 g/L and stirring rate of 400 rpm, reaction time of 180 min and the conversion of 

phenol reached 94.1%. From the catalytic results of two catalysts, it can be concluded that framework 

Fe
3+

 species may be more efficient in the phenol oxidation than extraframework Fe
3+

 species, a better 

stability of Fe-ZSM-5 and a relative low decrease of activity could be found after three consecutive runs. 

Activation energy of 27.42 kJ/mol was obtained for phenol oxidation with Fe-ZSM-5. 
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1. Introduction 

   Phenol is a typical pollutant from industry, especially appears in wastewaters form refineries, 

petrochemical, pharmaceutical and so on
1, 2

. How to efficiently eliminate phenol from water and 

wastewater is still focused by many researchers today.  

A various techniques such as biological, physical and chemical treatments have been used to purify 

these industrial organic wastewaters
3-5

. However, conventional biological method is not widely used to 

treat highly non-biodegradable wastewater and also requires too long residence time for micro-organisms 

to degrade the pollutants
6
. Physical treatments, for example, adsorptive processes，which are useful in the 

purification of diluted wastewaters need a further destructive post-treatment
7
. Advanced oxidation 

processes are much more effective in decomposing a wide range of organic pollutants, especially for the 

high concentration phenolic wastewater (> 1000 mg/L) among the chemical treatment technologies
8
. 

There are a lot of different available oxidants like ozone, oxygen, hydrogen peroxide as well as some 

combinations, such as H2O2/UV, H2O2/O2 can be used in advanced oxidation processes. Catalytic wet 

peroxide oxidation based on the Fenton-type process is considered as a relative lower cost and higher 

efficiency process for organic pollutants
9
, however, the use of metallic salts as catalysts are precipitated as 

Fe(OH)3 which results in an additional pollution. In order to avoid additional pollution, heterogeneous 

catalysis is a good choice to minimize the concentration of transition metal ions generated during the 

reaction, and these heterogeneous catalysts are always in the form of active iron over the supports
10

. 

Zeolites as the porous materials have been widely used as the effective catalyst supports in the 

environment, industries and other important areas
11-13

. Recent works have demonstrated to prepare a 

series of Fe-bearing solid catalysts like iron-supported meso-structured silica supports
14, 15

, activated 

carbon impregnated with iron
16

, iron modified zeolites
17, 18

, and other iron catalysts
19

 used in catalytic wet 

peroxide oxidation of phenolic wastewater. Among these iron catalysts, Fe-ZSM-5 as a heterogeneous 

catalyst earlier used in NOx reduction
20

 and catalytic wet peroxide oxidation of phenol wastewater were 

studied on the synthesis and catalytic activity in some literatures
21, 22

, including synthesis process, 

catalytic activity and deactivation. Although Fe-ZSM-5 as the catalyst has been studied in the oxidation of 

phenol recent years, to the best of our knowledge, there are not so many works on the systematical 

research of catalytic wet oxidation of phenol with Fe-ZSM-5.  
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The purpose of this work is to study the catalytic properties of framework and extraframework Fe
3+

 

species in two types of iron zeolites catalyst for the catalytic wet oxidation of phenol with H2O2 as the 

oxidant. In addition, a systematical work on characterization, technological parameters, selectivity to CO2, 

aromatics intermediates, stability and activation energy will be presented in this paper. 

 

2. Experimental 

2.1 Materials 

   Phenol was purchased from Guangzhou Chemical Reagent Factory. Hydrogen peroxide (H2O2, 

30wt. % aqueous) was purchased from Shanghai Qiangshun Chemical Reagent Factory. 

Tetrapropylammonium hydroxide (TPAOH) was purchased from Tianjin Guangfu Fine Chemical 

Research Institute. Tetraethoxysilane (TEOS) was purchased from Tianjin Fuchen Chemical Reagent 

Factory. Sodium aluminate (NaAlO2) was purchased from Sinopharm Chemical Reagent Co., Ltd. 

Fe(NO3)3·9H2O was purchased from Tianjin Damao Chemical Reagent Factory. ZSM-5 zeolites 

(Si/Al=50) with average particle diameter of 1mm were purchased from Nankai University Catalyst 

Factory. Catechol, hydroquinone, resorcinol and benzoquinone purchased from Sinopharm Chemical 

Reagent Co., Ltd. were all used as standard samples for the test. Deionized water was used in all synthesis 

process. All of the chemical reagents used in this study were analytical grade.  

2.2 Preparation of Fe-ZSM-5 Catalysts 

Fe-ZSM-5 zeolite catalyst was synthesized by hydrothermal synthesis from a mixture solution with 

the molar ratio: 5000H2O:100TEOS:10TPAOH:2NaAlO2:2 Fe(NO3)3·9H2O. The mixture solution was 

aged 24 h and treated hydrothermally in a 50 ml Teflon lined autoclave at 170 ℃ for 48 h. The resulting 

white solid was filtered, ultrasonic washed by deionized water for 20 min and dried at 100 ℃, then 

calcined at 550 ℃ in airflow for 4 h.  

Fe2O3/ZSM-5 zeolite catalyst was prepared by incipient wetness impregnation method, involving the 

impregnation of ZSM-5 with proper amount of Fe(NO3)3·9H2O. After impregnation, the catalyst was 

dried at 110 ℃ for 24 h, then calcined at 550 ℃ in airflow for 8 h. The Fe load was adjusted to 1.5 

wt. % in both two prepared catalysts. 
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2.3 Catalyst characterization 

   Different techniques were used for the characterization of the catalysts. X-ray diffraction (XRD) using 

a D8 ADVANCE (Bruker Co.) diffractometer with Cu Kα radiation (40 kV, 40 mA) with 2θ range of 

5–60° was used to determine the crystalline phases present in both the catalysts and support. The structure 

properties of the catalysts were analyzed by a Fourier transform infrared (FTIR, Spectnlm2000, Perkin 

Elmer, USA) with a resolution of 4 cm-1 in the range from 400 - 4000 cm-1 at a room temperature. A 

typical pellet containing 1 wt% of sample was prepared by mixing 1 mg sample with 100 mg KBr. 

Temperature programmed reduction (TPR) tests were performed on Quantachrom Automated 

Chemisorption Analyzer in a flowing H2 reduction system with a TCD detector. A 50mg of each sample 

was loaded into the reactor and purged with 50ml/min of Ar at 350 ℃ for 30 min to eliminate 

contaminants, and then cooled down to 50 ℃. The temperature was increased to 900 ℃ at a heating rate 

of 10 ℃/min with flowing of 10% H2 and 90% Ar. The structure modification involving Fe
3+

 species 

were identified by UV-vis reflectance spectra carried out on a UV spectrophotometer (U-3010, Hitachi, 

Japan) in the 200-700 nm wavelength range employing BaSO4 as blank.  

2.4 Catalytic wet oxidation of phenol 

The oxidation of phenol was carried out in batch in 250 mL stoppered glass flask in a water bath 

with a condenser, thermocouple and pH electrode at a certain stirring rate. A volume of 200 mL of a 2500 

mg/L phenol aqueous solution and a certain weight of Fe-ZSM-5 zeolite catalyst were transferred into the 

flask. The experiments were carried out at different temperatures of 40-80 ℃, pH=2-6 and stirring rate of 

200-600 rpm. The H2O2 : phenol molar ratio was fixed at 21 for complete oxidation of phenol up to CO2 

and H2O, whereas the stoichiometric ratio is 14. The amount of H2O2 used was in excess, which was 

equal to 1.5 times of the H2O2 amount necessary to completely oxidate phenol to CO2 and H2O. When the 

reaction temperature was reached, H2O2 was dropped into the flask, and the reaction was then considered 

to start. In addition, the effects of different catalyst loads (0.5-5 g/L) were also tested in these 

experiments.  

Liquid samples were taken at different time intervals and immediately analyzed. The concentration 

of phenol and identification of intermediates were carried out in a HPLC (model 1100, Agilent 

Technologies, USA) with a HC-C18 reverse phase column (5 μm×250 mm×4.6 mm). Total organic 
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carbon (TOC) values were obtained by a TOC Analyser (Sievers Innov, General Electric, USA).  

The calculation method given by Nguyen et al.
23

was applied to determine the conversion of phenol 

(Xphenol, %) and selectivity to carbon dioxide (SCO2, %).  

2.5 Stability tests 

   Leaching tests were carried out to investigate whether small amounts of the dissolved iron were 

responsible for the observed catalytic activity. The ion contents of the reaction solution were measured at 

different time intervals by atomic adsorption spectroscopy (AA240FS, Varian, USA).  

   Three consecutive runs were conducted with the same Fe-ZSM-5 zeolite catalyst load at 70 ℃ and 

pH of 4 after simply drying at 100 ℃. The conversion of phenol was tested at different time intervals in 

order to analyze the stability of the zeolite catalyst.   

 

3. Results and discussion 

3.1 Characterization of Catalysts 

To confirm the structure and the crystallinity, different samples were analyzed by using XRD. The 

XRD patterns of ZSM-5, Fe2O3/ZSM-5 and Fe-ZSM-5 are shown in Fig.1. In the XRD patterns, all the 

samples give the same diffraction peaks at the ranges of 2θ=7–9° and 2θ=23–25°, which matching well 

with the reports on MFI-structure
24

. It is known that metal-impregnation thus affects the structure 

regularity of zeolites found by other researchers
17, 25, 26

. As we can see in the XRD patterns of Fe-ZSM-5, 

the higher intensities of diffraction peaks appear at 2θ=7–9°, comparing with other two samples, which 

suggests that Fe
3+

 may be successfully incorporated into the MFI framework
27

. In addition, in the XRD 

patterns of Fe-ZSM-5 and Fe2O3/ZSM-5, there are two weak diffraction peaks of α-Fe2O3 at 2θ=33° and 

36°, which infers for isolated extraframework Fe
3+

 species in both Fe-ZSM-5 and Fe2O3/ZSM-5. The 

intensity decrease of the XRD patterns at 2θ=23–25° of the Fe-ZSM-5 and Fe2O3/ZSM-5 could also 

confirm the existence of Fe species. 

   Infrared spectroscopy is a tool widely used to characterize the structural properties of zeolites. Useful 

information can be obtained by exploring the framework (1350-400 cm
-1

) regions
28

. The IR spectra of 

ZSM-5, Fe2O3/ZSM-5 and Fe-ZSM-5 are shown in Fig.2. IR spectra of all the samples shows that same 

absorption peaks centred at 1225 cm
-1

, 1093 cm
-1

, 790 cm
-1

, 550 cm
-1

 and 450 cm
-1

, matching with 
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skeletal vibrations of MFI zeolite structure (ZSM-5). The bands at 550 cm
−1

 is assigned to the vibration of 

double 5-rings in MFI lattice and the ratio of band intensities at 500 and 450 cm
−1

 is often used as an 

indication of zeolite crystallinity
23

. From the IR spectra of Fe-ZSM-5, there is an absorption peak 

centered at 980 cm
-1

. The absorption peak centered at 960 cm
-1 

is considered as the vibrations of SiO
δ-…

Tx
δ+

, where Tx
δ+

 is the heteroatom located into the framework 
29

. In some reports
30

, the bands around 

1000 cm
-1

 can be explained that the local structure surrounding the framework Fe
3+ 

species is described 

by 4 [O3Si-O]
-
 units, which can be also used to support the framework Fe

3+
 species present in Fe-ZSM-5.  

   Temperature-programmed reduction (TPR) experiments were carried out to get further study into iron 

species and their redox properties
30, 31

. The TPR curves of ZSM-5 and Fe-ZSM-5 are shown in Fig. 3.The 

TPR curve of Fe-ZSM-5 shows a clearly maxima centered at 843 ℃. The peak observed at this 

temperature can be ascribed to a residual fraction of framework Fe
3+

 species of difficult reducibility, 

because the reduction of framework Fe
3+

 species usually occurs at a temperature higher than 677 ℃32
. 

Moreover, as we can see in the TPR curve of Fe-ZSM-5, there is a weak signal peak at 353 ℃, compared 

with the TPR curve of ZSM-5. It has been proposed that the iron mostly in the form of Fe2O3 on the 

surface of Fe-ZSM-5 and reduced from Fe
3+ 

to Fe
2+

 at around 400 ℃33
. 

   UV-vis spectroscopy is applied to analyze the structural modification involving Fe
3+

 species
30

. The 

UV-vis reflectance spectrum of Fe-ZSM-5 is shown in Fig. 4. Two strong absorption peaks appeared 

between 200 nm and 300 nm with ligand to metal Fe
3+

 charge transfer character involving isolated 

framework Fe
3+

. Meanwhile, the appearance of a weak broad absorption centered at 380 nm. It can be 

ascribed to Fe
3+

 species present in the form of Fe2O3 particles.  

From these results, it could be concluded that both the framework and extraframework Fe
3+ 

species 

are together present in the Fe-ZSM-5, but only extraframework Fe
3+ 

species in the Fe2O3/ZSM-5 prepared 

by incipient wetness impregnation.  

3.2 Phenol Oxidation with Fe-ZSM-5 

3.2.1 Effects of reaction temperature 

    The reaction temperature is one of the most important parameters in the oxidation of phenol. The 

conversion of phenol was tested over different temperatures from 40 ℃ to 80 ℃, and the results are 

shown in Fig. 5. As can be seen in Fig.5, an increase in reaction temperature up to 80 ℃ results in the 
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enhancement of the conversion of phenol from 65.6% to 95.9%. Similar observations had been reported 

for other iron containing catalysts
34, 35

. An increase of temperature results in higher H2O2 decomposition 

into HO· radicals leading to higher phenol conversion
10

. However, high reaction temperature can result 

in a degradation of H2O2 into H2O and O2. Thus, in this study, a reaction temperature of 70 ℃ was 

chosen as the optimum reaction temperature, because the conversion of phenol can also come to 94.1% at 

this temperature and there is no significant enhancement (95.9%) at temperature of 80 ℃. 

3.2.2 Effects of pH 

Eisenhauer
36

 concluded that a pH of 3-4 was the optimum value for phenol oxidation by H2O2 with 

iron as the catalyst. In order to investigate the optimum initial pH in the oxidation of phenol, the 

conversion of phenol was tested over different acidity (pH = 2-6), and the results are shown in Fig. 6. As 

we can see in Fig. 6 (a), the conversion of phenol remarkably rises with decreasing acidity. Meanwhile, 

the rate of conversion of phenol increases rapidly as reaction time increases to 60 min but reduces in the 

further increase of time to 180 min. It is also known form Fig. 6 (b) that initial pH of 4 is clearly the 

advisable operating value in the oxidation of phenol. One possible reason is that the leaching of iron 

cations is enhanced at low pH values
21

. And another reason for the decrease of phenol conversion at pH 5 

and 6 may be the decomposition of H2O2 into H2O and O2 which likely leaded to the accelerated 

formation of less reactive peroxy radicals ( H2O·) rather than HO· radicals
37

. A similar trend was 

obtained by Zazo
38

 using Fe/activated carbon as catalyst in oxidation of phenol.  

3.2.3 Effects of catalyst concentration 

The influence of different catalyst concentration (0.5 g/L, 1.25 g/L, 2.5 g/L, 3.75 g/L and 5 g/L) on 

oxidation of phenol was investigated and the results are shown in Fig. 7. A significant increase in the 

conversion of phenol is observed as catalyst concentration increases. The conversion of phenol 

dramatically increases from 31.2% to 94.1% with the catalyst concentration increasing from 0.5 g/L to 2.5 

g/L. however, the conversion of phenol rises slowly in further increase of catalyst concentration. High 

catalyst concentration (high Fe
3+

 content) can promote a higher H2O2 decomposition into HO· radicals. 

Here, Fe
3+

 content is different from the iron loading concentration in the catalysts. The report
39

 on 

investigating the oxidation of phenol by using different iron loading (5 wt. %, 10 wt. %, 15 wt. % and 20 

wt. %) in the catalyst concluded that high iron loading concentration could actually cause the pores 
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blocking which lead to less Fe
3+

 active sites deep within the catalyst matrix and lower the catalytic 

activity. Thus, more experiments will be performed with a series of iron loading in Fe-ZSM-5 in the 

future.  

3.2.4 Effects of stirring rate 

The conversion of phenol was tested at different stirring rate varying from 200 to 600 rpm, and the 

results are shown in Fig. 8. Obviously, the conversion of phenol increases from 75.1% to 94.1% with the 

stirring rate increasing from 200 rpm to 400 rpm. An increase in stirring rate results in violent collision 

between the molecules of solid and liquid, which lead to mass transfer enhancement in the oxidation of 

phenol. However, the conversion of phenol is not altered significantly in further increase of stirring rate 

from 400 rpm to 600 rpm.  

3.3 Catalyst activity with framework Fe 

   In order to investigate the contribution of framework and extraframework Fe
3+ 

species in the oxidation 

of phenol, the conversion of phenol and selectivity to CO2 with Fe-ZSM-5 and Fe2O3/ ZSM-5 (1.5 wt. % 

Fe ) under the same operating conditions (pH=4, T=70 ℃ and stirring rate =400rpm) were analyzed, 

respectively, and the results are shown in Fig. 9 and Fig. 10. It can be observed in Fig. 9 that the 

conversion of phenol over Fe2O3/ZSM-5 reaches 100% which is obviously higher than that over 

Fe-ZSM-5. In other words, the activity of extraframework Fe
3+

 species are higher than that of framework 

Fe
3+

 species, because extraframework Fe
3+

 species present in the form of iron oxide (Fe2O3) located in the 

pores as well as on the surface of zeolites, which indicates higher activity. However, as can be seen in Fig. 

10, Fe-ZSM-5 shows a better selectivity to CO2 (90.6%) compared with Fe2O3/ZSM-5 (only 77.6%) , 

which indicates that framework Fe
3+

 species can more efficiently catalyze to destroy phenol ring and 

convert it into CO2 than extraframework Fe
3+

 species
23

. Two forms of Fe
3+

 species existed in the 

Fe-ZSM-5, namely, extraframework and framework Fe
3+

 species, but only extraframework Fe
3+

 species 

existed in the Fe2O3/ZSM-5. The extraframework Fe
3+

 species may have higher catalytic activity but 

lower stability. The higher activity of extraframework Fe
3+

 species will decompose the H2O2 into O2 

directly which resulted in lower CO2 selectivity. However, the Fe-ZSM-5 catalyst can produce more •OH 

radicals by catalyzing H2O2 with higher utilization efficiency which resulted in higher CO2 selectivity 

compared with Fe2O3/ZSM-5. 
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   To learn more about the potential feasibility of framework and extraframework Fe
3+ 

species in the 

oxidation of phenol, aromatics intermediates concentration in the oxidation with Fe-ZSM-5 and 

Fe2O3/ZSM-5 were tested to evaluate ecotoxicity during the oxidation process. HPLC was used to 

identify the aromatics intermediates, and the distribution curves of identified aromatics intermediates are 

shown in Fig. 11. It is known that the most likely pathway for oxidative destruction of phenol includes the 

primary products corresponding to aromatics resulting from phenol hydroxylation, and then evolving to 

simple carboxylic acids and finally completing oxidation to CO2 and H2O. From Fig. 11, four aromatics 

intermediates as well as TOC values were tested. It is found that lower aromatics intermediates 

concentration generate in the oxidation of phenol over Fe-ZSM-5 compared with that over Fe2O3/ZSM-5, 

which suggests relatively lower values of ecotoxicity in the oxidation of phenol over Fe-ZSM-5. However, 

the reaction time also plays a very important role in the oxidation, and it must reach sufficiently low 

concentrations of aromatics intermediates which are much more toxic than phenol itself
40

. In addition, the 

TOC reductions over these two zeolites catalysts after 180 min both come to at least 80%. The residual 

TOC is relative contributed by the simple carboxylic acids (which are more resistant to oxidation) 

evolved by the primary products from phenol ring opening and oxidation of the aromatics intermediates
41

.  

3.4 Stability and reusability of the catalysts 

Leaching tests were also carried out over these two catalysts under the same reaction conditions to 

study much more about the stability of the catalysts in the oxidation process, and the results are shown in 

Fig. 12. It is observed that irons loading in the Fe-ZSM-5 and Fe2O3/ZSM-5 after leaching tests are 1.32 

wt. % and 1.24 wt. %, respectively. Insignificant reduction in iron loading during the reaction indicates 

that two catalysts are not prone to much leaching, compared with the iron loading of 1.5 wt. % in fresh 

catalyst. But it is still found that a remarkable decrease of iron loading in the Fe2O3/ZSM-5, compared 

with that in Fe-ZSM-5.  

   From the results above, the reusability of Fe-ZSM-5 was carried out over three consecutive runs under 

the optimum reaction conditions, and the results are shown in Fig. 13. The conversion of phenol decreases 

from 94.1% at the 1
st
 run to 85.6% at the 3

rd
 run. Many reports

10, 42, 43
 concluded that the decrease of 

catalyst activity cannot be attributed to Fe leaching from the catalyst. One important fact is the presence 

of residual carbon-containing matter over the surface of the used catalysts due to the absorption of 
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residual organic compounds onto the catalyst. Many methods such as washing by solvent, calcining at 

high temperature etc. are used to recover the catalyst, thus, more experiments will be performed in the 

future for a better understanding of catalyst regeneration.  

3.5 Kinetics of catalytic wet oxidation of phenol with Fe-ZSM-5 

A plot of initial rate of phenol (rA0) vs. stirring rate was drawn in the range of 200-600 rpm for the 

external diffusion elimination, meanwhile, a plot of initial rate (rA0) vs. particle size of Fe-ZSM-5 zeolite 

catalyst was also drawn in the range of 20-120 mesh for the internal diffusion elimination in this kinetic 

experiment under the optimum experimental conditions, and the results are shown in Fig. 14 and Fig. 15, 

respectively. It is easily to found that the external diffusion and internal diffusion are eliminated at the 

stirring rate of 400 rpm and particle size of 80 meshes.  

The catalytic wet oxidation of phenol over Fe-ZSM-5 with excess H2O2 can be assumed to be a 

first-order reaction, and the reaction rate equation is: 

                0 0 exp( )aA
A A

EdC
r k C

dt RT
                              (1) 

Where CA is the phenol concentration at time t in mg/L, k0 is pre-exponential factor in min
-1

, Ea is the 

activation energy in kJ/mol, T is the reaction temperature in K.  

   The oxidation rates have been tested for first-order kinetics, by plotting ln(CA0/CA)vs. time at different 

temperatures from 40 ℃ to 70 ℃, as shown in Fig. 16. The slopes of the straight lines were obtained and 

the values of the first-order rate coefficient are showed in table 1. These results confirm that the catalytic 

reactions usually follow first-order kinetics as the related investigation
25, 44

.  

   Fig. 17 presents the Arrhenius plot of lnk vs. 1/T obtained at different temperatures from 40 ℃ to 

70 ℃. From the slope of Arrhenius plot in Fig. 17, the activation energy was calculated to be 27.42 

kJ/mol. Consequently, initial oxidation rate can be expressed by the following equation: 

27.42/

0 212.725 RT

A Ar e C                              (2) 

Similar results of activation energy of wastewaters by catalytic wet oxidation were reported. For 

example, Xu et al.
45

 calculated the activation energy which was 25.21 kJ/mol in the homogeneous 

catalytic Fenton oxidation of Reactive Brillant Blue X-BR azo dye.  

4. Conclusions 
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   Fe-ZSM-5 and Fe2O3/ZSM-5 zeolite catalysts with 1.5wt. % Fe for catalytic wet oxidation of phenol 

were prepared by hydrothermal synthetic and incipient wetness impregnation, respectively. Both the 

framework and extraframework Fe
3+

 species were together present in Fe-ZSM-5, but only 

extraframework Fe
3+

 species in Fe2O3/ZSM-5. The oxidation reaction with Fe-ZSM-5 was performed 

well at the atmospheric pressure, temperature of 70 ℃，pH of 4, catalyst concentration of 2.5 g/L and 

stirring rate of 400 rpm, reaction time of 180 min and the conversion of phenol reached 94.1%. Both the 

framework and extraframework Fe
3+

 species could catalyze the oxidation of phenol, however, framework 

Fe
3+

 species can be more efficient to oxidize phenol completely into CO2. Fe-ZSM-5 zeolite catalyst 

showed a better stability than Fe2O3/ZSM-5, and a relative low decrease of activity after three consecutive 

runs. Reaction activation energy of oxidation with Fe-ZSM-5 zeolite catalyst was calculated as 

27.42kJ/mol. 
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Figure content: 

Fig. 1. XRD patterns of different samples: (a) ZSM-5, (b) Fe2O3/ZSM-5 and (c) Fe-ZSM-5. 

Fig. 2. IR spectra of different samples: (a) ZSM-5, (b) Fe2O3/ ZSM-5 and (c) Fe-ZSM-5. 

Fig. 3. H2-TPR profiles of different samples: (a) Fe-ZSM-5, (b) ZSM-5. 

Fig. 4. UV-vis reflectance spectrum of Fe-ZSM-5. 

Fig. 5. Effect of reaction temperature on phenol conversion with Fe-ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, 

catalyst concentration=2.5 g/L, pH=4, stirring rate=400 rpm). 

Fig. 6. Effect of pH on phenol conversion with Fe-ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, catalyst 

concentration=2.5 g/L, T=70 ℃, stirring rate=400 rpm). 

Fig. 7. Effect of catalyst concentration on phenol conversion with Fe-ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 

mg/L, pH=4, T=70 ℃, stirring rate=400 rpm). 

Fig. 8. Effect of stirring rate on phenol conversion with Fe-ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, catalyst 

concentration=2.5 g/L, pH=4, T=70 ℃). 

Fig. 9. Conversion of phenol with Fe-ZSM-5 and Fe2O3/ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, catalyst 

concentration=2.5 g/L, pH=4, T=70 ℃, stirring rate =400 rpm). 

Fig. 10. Selectivity to CO2 with Fe-ZSM-5 and Fe2O3/ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, catalyst 

concentration=2.5 g/L, pH=4, T=70 ℃, stirring rate =400 rpm). 

Fig. 11. Distribution curves of identified aromatics intermediates in the oxidation of phenol: (a) Fe-ZSM-5, (b) 

Fe2O3/ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, catalyst concentration=2.5 g/L, pH=4, T=70 ℃, stirring 

rate = 400 rpm). 

Fig. 12. Fe leached in the oxidation of phenol over Fe-ZSM-5 and Fe2O3/ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 

mg/L, catalyst concentration=2.5 g/L, pH=4, T=70 ℃, stirring rate =400 rpm). 

Fig. 13. Reusability of Fe-ZSM-5 under optimum reaction conditions. 

Fig. 14. Effect of stirring rate on initial rate of phenol ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, catalyst 

concentration=2.5 g/L, pH=4, T=70 ℃). 

Fig. 15. Effect of particle size of catalyst on initial rate of phenol ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, catalyst 

concentration=2.5 g/L, pH=4, T=70 ℃). 

Fig. 16. First-order oxidation of phenol by catalytic wet oxidation over Fe-ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 
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19000 mg/L, catalyst concentration=2.5 g/L, pH=4, stirring rate=400 rpm, particle size: 80 meshes). 

Fig. 17.  Arrhenius plot of ln k vs.1/T. 
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Fig. 1. XRD patterns of different samples: (a) ZSM-5, (b) Fe2O3/ZSM-5 and (c) Fe-ZSM-5. 
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Fig. 2. IR spectra of different samples: (a) ZSM-5, (b) Fe2O3/ ZSM-5 and (c) Fe-ZSM-5. 
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Fig. 3. H2-TPR profiles of different samples: (a) Fe-ZSM-5, (b) ZSM-5. 
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Fig. 4. UV-vis reflectance spectrum of Fe-ZSM-5. 
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Fig. 5. Effect of reaction temperature on phenol conversion with Fe-ZSM-5 ([phenol]0: 2500 mg/L, 

[H2O2]0: 19000 mg/L, catalyst concentration=2.5 g/L, pH=4, stirring rate=400 rpm). 
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Fig. 6. Effect of pH on phenol conversion with Fe-ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, 

catalyst concentration=2.5 g/L, T=70 ℃, stirring rate=400 rpm). 
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Fig. 7. Effect of catalyst concentration on phenol conversion with Fe-ZSM-5 ([phenol]0: 2500 mg/L, 

[H2O2]0: 19000 mg/L, pH=4, T=70 ℃, stirring rate=400 rpm). 
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Fig. 8. Effect of stirring rate on phenol conversion with Fe-ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 

19000 mg/L, catalyst concentration=2.5 g/L, pH=4, T=70 ℃). 
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Fig. 9. Conversion of phenol with Fe-ZSM-5 and Fe2O3/ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 

19000 mg/L, catalyst concentration=2.5 g/L, pH=4, T=70 ℃, stirring rate =400 rpm). 
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Fig.10. Selectivity to CO2 with Fe-ZSM-5 and Fe2O3/ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 

mg/L, catalyst concentration=2.5 g/L, pH=4, T=70 ℃, stirring rate =400 rpm). 
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Fig. 11. Distribution curves of identified aromatics intermediates in the oxidation of phenol: (a) Fe-ZSM-5, (b) 

Fe2O3/ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, catalyst concentration=2.5 g/L, pH=4, T=70 ℃, stirring 

rate = 400 rpm). 
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Fig. 12. Fe leached in the oxidation of phenol over Fe-ZSM-5 and Fe2O3/ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 19000 

mg/L, catalyst concentration=2.5 g/L, pH=4, T=70 ℃, stirring rate =400 rpm). 
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Fig. 13. Reusability of Fe-ZSM-5 under optimum reaction conditions. 
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Fig. 14. Effect of stirring rate on initial rate of phenol ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, catalyst 

concentration=2.5 g/L, pH=4, T=70 ℃). 
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Fig. 15. Effect of particle size of catalyst on initial rate of phenol ([phenol]0: 2500 mg/L, [H2O2]0: 19000 mg/L, catalyst 

concentration=2.5 g/L, pH=4, T=70 ℃). 
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Fig. 16. First-order oxidation of phenol by catalytic wet oxidation over Fe-ZSM-5 ([phenol]0: 2500 mg/L, [H2O2]0: 

19000 mg/L, catalyst concentration=2.5 g/L, pH=4, stirring rate=400 rpm, particle size: 80 meshes). 
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Fig. 17. Arrhenius plot of ln k vs.1/T. 
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Graphical Abstract: 

 

Systematically study of catalytic wet oxidation of phenol over Fe-ZSM-5 and Fe2O3/ZSM-5 

catalysts. 
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