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a b s t r a c t
Phenol and its compounds in liquid streams are known to cause acute toxic effects in human. Fe-ZSM-5 
(T = TEOS silicon source) and Fe-ZSM-5 (S = Silica sol as silicon source) with 1.2 and 1.02 wt% of iron 
were prepared by the direct hydrothermal synthesis procedure. These catalysts have been characterized 
by X-ray diffraction, FTIR, SEM, BET and ICP-OES. The alike XRD pattern, obtained for both the sam-
ples, has shown that the inclusion of Fe species into the ZSM-5 did not provoke detectable changes in 
their MFI structure. FTIR investigations of the samples proved the presence of Fe both in framework and 
extra framework. The total iron content was determined by ICP. The catalytic activity of Fe-ZSM-5 (T) and 
Fe-ZSM-5 (S) with H2O2 decomposition into hydroxyl radical and phenol removal strongly depended on 
the iron incorporation into ZSM-5 prepared with different silicon sources. The highest activity with phenol 
removal for the sample Fe-ZSM-5 (T) containing more iron in the framework was noted. The lower activity 
of Fe-ZSM-5 (S) in this catalytic oxidation process is most likely related to the less content of iron and lower 
BET surface area. The quantity of leached Fe is not much different for both the synthesized catalysts.
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1. Introduction

Phenol is an important industrial reagent commonly used 
in the production of pharmaceuticals such as paracetamol, 
antiseptic and many others like soap, resins and polymeric 
plastic [1]. Therefore, the presence of phenol in the industrial 
as well as domestic waste is unavoidable. Several methodolo-
gies, including adsorption, biological treatment, membrane fil-
tration, catalytic oxidation and advanced oxidation processes 
(AOPs) have been used for the treatment of phenolic pollut-
ants from aqueous waste streams [2]. Among all, AOPs have 
been successfully used for the abatement of phenolic wastes. 
A number of AOP procedures such as Fenton oxidation, ozone 
oxidation and UV (photo) oxidation are usually used for the 
degradative removal of organic compounds of waste water 
[3,4]. Fenton oxidation process due to its ease and efficiency 

was found to be an adorable method as compared to other 
AOP protocols. However, the Fenton oxidation method is asso-
ciated with troubles such as sludge production and continu-
ous supply of oxidant as it is a homogeneous process. On the 
other hand, although, the Fenton-catalytic process due to its 
straightforwardness, heterogeneity, moderate operational con-
ditions and versatility, could be well thought-out as a benefi-
cial process for treatment of organic pollutant wastes, by using 
a catalytic adsorbents family of Fe-ZSM-5 zeolites [5]. In recent 
years, various types of catalytic zeolites such as Cu-ZSM-5, 
Fe-ZSM-5 Mo-ZSM-5 and silica supported have been used 
for the destruction of organic compounds containing wastes 
[6,7]. Among all, Fe-ZSM-5 due to the catalytic properties and 
their heterogeneity as well as no sludge production have been 
used for the treatment of organic wastes [8–10]. Furthermore, 
Fe-ZSM-5 due to high surface area, controlled availability and 
catalytic activity has a higher potential for treatment of waste 
water as compared with iron compounds [10–12].
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In the Fenton catalytic oxidation process, degradation 
of organic compounds from the waste stream is based on 
the generation of very reactive free hydroxyl radicals. The 
removal rate of organics from wastewater is accelerated by 
using Fe-ZSM-5 micro sized particles as catalyst in the AOP 
heterogenous process. For this, Fe-ZSM-5 zeolite catalyst 
particles were synthesized and potential of synthesized zeo-
lites is studied for the removal of phenol during the Fenton 
catalytic oxidation process.The objective of the present work, 
was to study the effect of different silicon sources on the 
hydrothermal synthesis of Fe-ZSM-5 and consequently, on 
the catalytic properties of synthesized materials toward the 
degradation of phenol in wastewater.

2. Materials and methods

2.1. Materials

FeCl3.7H2O, silica sol, tetraethylorthosilicate (TEOS), 
NaAlO2, NaOH, TPAOH, H2O2, phenol and chloroform 
were purchased from Sigma-Aldrich (Sigma Aldrich, USA). 
Phenol reagent 1 and phenol reagent 2 were obtained from 
Hach UK. The main equipment used in this study was an 
autoclave supplied by thermo scientific, which auto tempera-
ture and stirring control. Hach spectrophotometer was used 
for the determination of phenol. Metroohm 706 pH meter 
was employed for controlling pH.

2.2. Methods

2.2.1. Synthesis of Fe-ZSM-5 catalyst

ZSM-5 zeolite was synthesized by using the following 
materials. Silica sol. (SiO2 40%)/TEOS, sodium hydroxide 
(NaOH), sodium aluminate (NaAlO2), H2O, tetrapropylam-
monium hydroxide (TPAOH 1 molar solution) and FeCl3.7H2O 
were utilized to prepare Fe-ZSM-5 according to method as 
mentioned in the previous literature [13,14]. In the current 
study, Fe-ZSM-5 was formed by dissolving 0.7481 g of NaAlO2 
and 1.5968 g of NaOH in distilled H2O in one plastic boat.

And 30 ml of silica sol, 6 ml of TPAOH were taken in a bea-
ker and 1.0 g of iron salt dissolve in distilled water. The both 
dissolve solutions were introduced drop wise into the silica sol 
while stirring continuously. The molar composition of the syn-
thesis mixture was kept; 1 Al2O3:50.4 SiO2: 6.2 Na2O: 1.5 TPAOH: 
1 Fe2O3: 1248 H2O. The gel mixture was permitted to age at 50°C 
temperature with 200 RPM rotation in an incubator for 24 h. The 
gel solution was then moved to steel autoclave lined with Teflon 
for hydrothermal reaction at 180°C for 48 h under autogenous 
pressure. After the hydrothermal reaction time of two days the 
product was gathered followed by filtration and washed until 
the pH of filtrate reached 8.0. The product material was dried in 
oven at 105°C for 5 h. The dried porous material was calcined at 
550°C for 6 h and thorough characterization was performed, the 
overall procedure used is according to our previous work [14]. 
The sample prepared with silica sol was named as S while the 
sample prepared with TEOS was named as T.

2.2.2. Characterization of synthesized catalysts

The overall characterization procedure is similar to our pre-
vious work [14]. Breifly, described as, A Rigaku D/Max-2500 

X-ray diffractometer with Cu Kα having Ni filter was used to 
study the crystalline and the MFI structure of prepared mate-
rials. The scanning speed of 3°/min was applied to gather 
the diffraction patterns between 2Ѳ angles of range 5 to 50°. 
To identify the presence of double ring characteristic peaks 
of ZSM-5 a Perkin Elmer Fourier transform infrared (FTIR) 
spectrometer was applied with KBr pellets. For this puepose 
60 added scans at 2 cm–1resolution were recorded. The ZSM-5 
zeolite surface morphology was studied by scanning electron 
microscopy (SEM) (Hitachi S-4800, Japan). The dried catalysts 
were finely ground and coated with gold-platinum alloy by 
ion sputtering with the aid of ion sputter (E-1045 Hitachi). The 
micrographs were then taken. In order to measure BET surface 
area, the N2 adsorption and desorption isotherms were mea-
sured with the Micromeritics TriStar II 3020 at 77 K. The cata-
lysts were outgassed for 3 h at 300°C in N2 atmosphere before 
the measurements. The total surface area (SBET) was calculated 
by the Brunauer–Emmett–Teller (BET) method. The content of 
Fe in the catalysts was measured with a Perkin Elmer (Optima 
7300 DV) inductively coupled plasma optical emission spec-
trometer (ICP-OES). Both the samples were dissolved in 
HF and neutralized with NaBO3 before analysis. The actual 
concentration of the Fe in the prepared ZSM-5 samples was 
obtained from the working calibration curve generated from 
the four standard solutions of Fe. The TOC was monitored by 
employing TOC-VCPH (Shimadzu).

2.2.3. Fenton catalytic Process for phenol removal

The performance of prepared Fe-ZSM-5 catalysts was 
checked in the Fenton oxidation process of phenol removal 
from wastewater. The batch experiments were carried out in a 
500 ml, glass beaker at room temperature with the aid of con-
tinuous, controlled magnetic stirring at the speed of 200 RMP. 
The effect of reaction time and type of catalysts on removal of 
phenol was evaluated at pre-optimized conditions Fenton oxi-
dation process, including Fe-ZSM-5 dosages of 1.0 g/L, pH of 5 
and H2O2 concentration of 300 mg/L. The concentration of phe-
nol was measured using UV–vis  spectrophotometer (HACH) 
by measuring the absorption at a wavelength of 460 nm using 
Hach Program 2900 Phenols. The estimated detection limit for 
program number 2900 is 0.001 mg/L phenol [14]. The concen-
tration of hydrogen peroxide before and after the reaction was 
measured by iodometric titration.

2.2.4. Iron leaching studies

After the catalytic process for phenol removal, the aque-
ous solution was filtered at room temperature. After that, the 
content of the iron metal in the filtrated solution was deter-
mined by UV-Vis spectrophotometer (HACH) at a wave-
length of 510 nm using Hach Program 2165.

2.2.5. The prepared catalysts stability determinations

The stability of the synthesized samples was tested as fol-
lows: the solid material was recovered from the reaction mixture 
solution after the reaction time by filtration. It was then calcined 
at 500°C for 3 h in order to remove any phenol species left over 
adsorbed. Finally, this material is applied for catalytic test again 
at the same reaction conditions mentioned in Fenton catalytic 
process section. The whole procedure was repeated 3 times.
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3. Results and discussion

3.1. Characterization of synthesized catalysts

The X-ray diffraction pattern, FTIR absorption peaks and 
SEM images of the synthesized Fe-ZSM-5 microparticles are 
shown in Figs. 1–3. As shown in Fig. 1, the diffraction of pre-
pared zeolite particles prepared by silica sol (S) and TEOS 
(T) indicated the expected peaks for the ZSM-5 characteris-
tics at the 2(Ѳ)angle of 8 and 23. The well diffracted peaks 
show the excellent crystallinity of both the materials [15,16]. 
Similarly Fig. 2 shows the FTIR spectrum of the sample (S) 
and (T), respectively. The ZSM-5 zeolite has characteristic 

5 membered double ring peak at the wavenumber of 450, 
550, 790 and 1000 cm–1 [17,18] which is clearly visible in the 
spectra of both the samples. Hence, it is said confidently that 
by changing the silicon source there is no much difference in 
the overall formation of Fe-ZSM-5, however a little different 
is appeared in the peak shapes and area, which may be due 
to more or less inclusions of iron content by varying the silica 
source. This can be explained in the fact that the silica sol is 
the most polymerize form of silica in contrast to TEOS which 
has a shorter unit length.

It will be further identified by SEM and by applying as 
catalyst for Fenton oxidation. The morphology and crystallite 
size of the synthesized catalysts for sample (S) and (T) are 
presented in Fig. 3. As highlighted in Fig. 3, the sample (S) 
has smaller crystal size than the sample T. The coffin shaped 
crystals are intergrown with each other are visible, while 
more sharped edged square and rectangular crystals are 
shown in the sample prepared with TEOS. The BET  surface 
area of (T) sample 310 m2/g is also higher than (S) sample 
290 m2/g, the observe BET surface area and pore volume 
for the synthesized particles are within the range of ZSM-5 
already published [10,19].

This is may be due to the fact that silica sol is a polymeric 
form of silica, while, tetraethylorthosilicate has a short length 
monomer unit. The effect of different morphology and BET 
surface area on the degradation of organics is shown in the 
next section.

3.2. Fenton oxidation: removal of phenol from synthetic liquid

The power of hydrogen peroxide as oxidizing agent is 
familiar for the catalytic oxidation of phenol [6]. It is also 
established that these oxidizing properties in case of liquid 
phase (as is our concern) are further enhanced by the forma-
tion of different radicals like as hydroperoxyl, and hydroxyl, 
whose generation rate is notably improved in the presence of 
metals like Fe, Cu, Mn and others. Moreover, it was proved 
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Fig. 1. XRD diffraction pattern collected at room temperature of 
(T) Fe-ZSM-5 prepared with TEOS silicon source (S) Fe-ZSM-5 
prepared with silica sol.
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Fig. 2. FTIR spectra of both the materials (a) complete spectrum, (b) finger print region and (c) hydrogen bonging/OH stretching 
region.
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by the researchers that without the presence of catalytic 
metal the conversion of oxidant (H2O2) to powerful oxidizing 
hydroxyl radical is only 15%, while this ratio can be increased 
up to 90% with the aid of catalyst [20]. This represents the 
usefulness of iron species present in the ZSM-5 to encour-
age hydrogen peroxide transition for the configuration of 
free hydroxyl radicals in dissimilarity with the very slower 
decomposition privileged in the non presence of a catalyst. 
Fenton, oxidation experiments were performed to evaluate 
the catalytic activity of different prepared Fe-ZSM-5 cata-
lysts. All experiments were performed three times and the 
Figures show average of three values.

3.3. Catalytic activity of the Fe-ZSM-5 zeolites for the Fenton 
oxidation of phenol in solutions

Two catalytic materials with ZSM-5 structure (MFI) hav-
ing contents of Fe different from each other caused by different 
silic on sources have been prepared as mentioned in the mate-
rials and methods section and applied for the catalytic wet 
oxidation of phenol solutions in the existence of hydrogen per-
oxide. These materials were experienced with the purpose of 
finding highly active materials in terms of phenol destruction 
followed by a minimum possible leaching of iron from catalyst 

into the solution. The catalytic run of these samples for phe-
nol oxidation at room temperature is shown in Fig. 4(a). The 
results show that the activity of different materials is closely 
bound to the quantity of iron incorporated into the zeolitic 
material. Nevertheless, after 24 h of reaction time, the both cat-
alysts represent the complete abatement of phenol from the 
reaction mixture (results not shown). Moreover, these results 
were obtained using just 300 mg/L of hydrogen peroxide, in 
oppose to the work of other researchers described in litera-
ture, who used an excess of hydrogen peroxide oxidant [20]. 
Fig. 4(a) also indicates the rapidness of chemical reaction in the 
reaction mixture during the first 5 min. The catalyst T showed 
the fastest activity with removal efficiency of 60% in the first 
5 min while the catalyst sample S has catalytic efficiency of 
53% for the first 5 min. Fig. 4(b) shows the improvement of 
hydrogen peroxide decomposition into hydroxyl radicals 
with the catalytic materials ultimately caused by the different 
content of iron species present within the catalytic materials. 
Since, the sample T has an iron content of 1.2 wt% and sam-
ple S has 1.05 wt% of iron as listed in Table 1. Therefore, these 
above mentioned results are in support with the effect of the 
catalytic metal content (Fe) on the degradation efficiency of 
the different zeolitic materials (T and S samples) displayed in 
terms of phenol removal in Fig. 4(a).

Fig. 3. SEM images of the prepared catalysts T(a) and (b) images of sample prepared with TEOS at 50 and 5 micron, and S(a) and 
(b) images of sample prepared with silica sol at 50 and 5 microns.
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Moreover, in order to affirm, a blank catalytic test is also 
performed in the presence of H2O2 while in the absence of 
prepared catalyst represented for phenol removal in Fig. 4(a) 
and for hydrogen peroxide decomposition in Fig. 4(b). From 
this blank catalytic study it is evidence that the presence of 
catalyst increases notably the peroxide decomposition, con-
firming the catalytic role of iron in a reaction mixture for the 
removal of phenol from liquid stream solutions.

The amount of iron leached out from catalyst into the liq-
uid solution after 3 h of reaction time has been determined 
for the differently prepared zeolitic materials is shown in 
Table 2. It is gladly seen that the stability of iron species is not 
much different in both materials. But a little more leaching 
is observed for sample S than T. This gives an idea about the 
different environment of Fe species within prepared zeolite. 
This different environment of Fe is explained with the help 
of FTIR results in Fig. 2. From the FTIR studies mentioned in 
the published data [17,18] the bands at 3500 and 3680 cm–1 are 
assigned to hydroxyl nests and extra framework T atom OH 
group also additional bands at 2880 and 2920 cm–1 are due 
to the extra framework presence of Fe in ZSM-5. From Fig. 
2, it is obvious that in sample T hydroxyl nest and T atom 
OH bands intensity decreases as compared to sample S in 
contrast, more intense peaks at 2880 and 2920 cm–1 appears 
for the sample S over the sample T evidenced that more extra 
framework iron is present in sample S. The FTIR findings 
support well the leaching behavior of Fe species.

A more emphasis was given on the reusability of the 
Fe-ZSM-5 materials. Both Fe-ZSM-5(T) and Fe-ZSM-5(S) 
were used twice at room temperature, with the findings 
being showed in Fig. 5. The catalytic activity in terms of 

phenol removal is somewhat varied after 3 h of reaction time 
for the fresh and recycled catalysts. Conversely, alike leach-
ing behavior of Fe species for the freshly prepared and regen-
erated catalysts is easily observed (Table 2). The % leached 
content of Fe for both of the synthesized catalysts are lower 
than already reported [3] This behavior is may be due to 
the on surface readsorption of iron species as described in 
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Fig. 4 (a) Phenol removal at different time interval using 1.0 g/L catalyst, 300 mg/L H2O2, pH 5 with continuous stirring for samples, 
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Table 1
Physicochemical properties of catalysts

Catalyst Textural 
 properties

Initial gel 
 composition

Fe-ZSM-5 
composition 

Fe 
 (wt %)

BET 
(m2/g)

VT(pore)

cm3/g
Si/Fe Si/Fe

T 310 0.094 13.84 30.0 1.20
S 290 0.131 13.84 34.3 1.05

Table 2
Leaching and catalytic properties of catalysts

Catalyst Leaching of iron test TOC 
reduction

Iron in 
catalyst
(mg)

% leached iron % After 
180 
 minutes

Fresh Cycle-1 Cycle-2

Fe-ZSM-5(T) 12.0 1.00 0.95 0.91 19.97
16.58Fe-ZSM-5(S) 10.5 1.43 1.35 1.20
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literature [20]. It is further evidenced that after twice reuse, 
there is a minimal decrease in the activity of catalyst pre-
pared by TEOS in comparison to the catalyst synthesized 
with silica sol, although the stability of the sample S is not 
disappointing.

4. Conclusions

Advance oxidation process (AOP) for phenol in liq-
uid samples with Fe-ZSM-5 prepared with TEOS as a sili-
con source having a moderate amount of iron (1.2 wt%) is 
described as the best catalyst for the oxidative removal of 
water organic pollutants in comparison with the other syn-
thesized catalyst. This promising catalyst has viable prop-
erties like usage at pH 5, 60% removal in just 5 min, 80% 
removal in 3 h, stability without any structural loss for reuse 
and negligible leaching of catalytic iron.
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