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ABSTRACT

Fe-ZSM-5 molecular sieve catalysts were fabricated and characterized through scanning
electron microscopy, energy dispersive spectroscopy, and X-ray diffraction techniques.
Researches were developed within a heterogeneous Fenton-like catalysis system established
with Fe-ZSM-5 molecular sieve catalyst and H2O2, with regard to the effects of pH, H2O2

dosage, inlet concentration of aniline, and catalyst dosage on extent of removal and reaction
rate, and preliminarily revealed the mechanisms of degradation in aniline wastewater. Out-
comes have demonstrated that Fenton-like Fe-ZSM-5 molecular sieve catalysts are function-
ally stable and recyclable in which the extents of removal of aniline, CODCr and TOC are
96.4, 92.5, and 72.5%, respectively; with 3 g catalyst dosed into 500 mL aniline wastewater
of 200 mg L−1 in concentration, pH 4, and H2O2 of 0.5Qth (0.31 mL L−1), the Fenton-like con-
ditions could not only break up the inner structures of aniline, but also catalyze the prod-
ucts in further mineralization to CO2 and H2O.
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1. Introduction

Aniline, also known as benzamine, with the molec-
ular formula of C6H7N, is an important material and
intermediate in chemical industry, and is widely used
in industries including medical, pesticide, chemical,
dyes, etc. [1,2] Aniline is a type of highly toxic sub-
stance of low biodegradability, and could cause pur-
pura being rapidly absorbed by man through skin and
respiration, which led to its being listed as one of the
prioritized to-be-controlled environmental pollutants

in China. Aniline enters into the environment mainly
from wastewater of the above-mentioned industries,
which usually contains a huge amount of aniline. Due
to the toxicity of aniline and the characteristics of ani-
line wastewater, including high concentration and low
biodegradability, and that the upper limit is set at
2 mg L−1 for industrial wastewater emission according
to the Grade II requirements in National Comprehen-
sive Standards for Pollution Emission, aniline waste-
water treatment is even harder to achieve compliance,
and has brought about much focus both in real prac-
tice and in studies [3–5]. There have already been
many reports regarding different treatment
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approaches, such as biodegradation [6], absorption
[7,8], photocatalysis [9], and electro-Fenton [10], which
yet have not been proved satisfactory in all ways
regarding efficiency, cost, feasibility, etc. In recent
years, heterogeneous Fenton-like catalysis, as a typical
type of advanced oxidation technique, has brought
about universal interest among researchers [11–13].

ZSM-5 molecular sieve is a type of artificial silicon-
rich zeolite, with Si/Al ratio (SiO2/A12O3) ranging from
25 to 200, and is usually used as a catalyst carrier in the
petrochemical industry, fine chemicals industry, etc.
Considering the superiorities of ZSM-5 molecular sieve
as catalyst carrier, Fajerwerg et al. [14,15], for the first
time, fabricated Fenton-like Fe-ZSM-5 catalysts and
established heterogeneous Fenton-like systems with
Fe-ZSM-5 catalysts and H2O2, which realized highly
efficient degradation of phenol wastewater. On the
basis of above, Shu-xiang et al. [16] conducted
researches regarding the effects of different Si/Al rates
on phenol degradation and the lifespan of Fe-ZSM-5
catalysts. Studies so far have demonstrated that com-
pared to the traditional Fenton reagents, Fe-ZSM-5
molecular sieve catalysts are very low in iron ion release,
which avoids secondary pollution and enables repeated
recycling and reuse. However, studies so far haven’t
gone deep enough into the interface effects and reaction
mechanisms of the pollutants and catalysts in the hetero-
geneous Fenton-like systems, and haven’t reported about
using Fe-ZSM-5 molecular sieve catalysts for high-con-
centration aniline wastewater degradation.

In this paper, we established a heterogeneous
Fenton-like system based on the preparation of Fe-ZSM-
5 molecular sieve catalysts and conducted treatment on
high-concentration aniline wastewater, realizing highly
efficient removal and mineralization. Meanwhile,
Fe-ZSM-5 molecular sieve catalysts could be recycled and
reused, and are easy to be separated from the wastewater
after treatment. There is no need for pH adjustment in the
wastewater, no sludge is generated, and the process is
both simple and easy to be controlled, all of which leading
to a promising prospect of practical utilization.

2. Materials and approaches

2.1. Reagents and instruments

Chemicals, including aniline, ferrous sulfate, 30%
H2O2, and others, are all graded analytical reagent;
ZSM-5 molecular sieves are purchased from Tianjin
Nanhua Catalysts Co., Ltd. Aniline wastewater used in
the experiment is prepared with a certain dosage of ani-
line and purified water. Instruments used in the experi-
ment include UV-7504 (A) ultraviolet–visible
spectrophotometer, DELTA-320 pH meter, thermostatic

magnetic stirrer, KYC-1102C air thermostatic table,
Shimadzu TOC meter, Hitachi S-4800 scanning electron
microscope (SEM), and D8 ADVANCE X-ray diffrac-
tometer.

2.2. Catalyst fabrication and characterization

2.2.1. Fabrication of Fe-ZSM-5 molecular sieve
catalysts

ZSM-5 molecular sieves were roasted and activated
for 2 h under 400˚C, then cooled down to room tem-
perature; these were added into ferrous sulfate solu-
tions of certain concentrations, adjusting the pH to 4,
and the solutions were continuously stirred at a low
speed for 6 h with a magnetic stirrer. Drops of 20%
ammonia water were drippedinto the solutions until
the pH reached 9, and the solutions were stirred again
at a low speed for 1 h with a magnetic stirrer. The
mixed materials were vacuum filtered for the precipi-
tate, which was washed with deionized water three
times afterwards, and then dried in vacuum, followed
by being roasted in tube furnaces under 350˚C for the
Fe-ZSM-5 catalysts required[14].

2.2.2. Characterization of Fe-ZSM-5 molecular sieve
catalysts

Microstructures of samples were observed by SEM
with a Hitachi S-4800 machine (Tokyo, Japan). Compo-
sition and quantity of all elements in the ZSM-5 and
Fe-ZSM-5 were tested using energy dispersive spec-
trometry (EDS). Crystal structures of samples were
determined by performing X-ray diffraction (XRD) on
the D8 ADVANCE X-ray diffraction spectrometer
(Bruker, German) with a Cu Kα target at 40 kV and
50 mA at a scan rate of 1˚ 2θmin−1.

2.3. Analysis approaches

Spectrophotometric method with N-(1-naphthyl)
ethylenediamine was adopted for determining the
concentration of aniline [17], potassium dichromate for
COD, and Shimadzu TOC analyzer for TOC, phenan-
throline spectrophotometry for iron ion concentration,
and pH meter for pH.

2.4. Definition of baseline conditions

In this experiment, baseline conditions for hetero-
geneous Fenton reactions are defined as: aniline
wastewater of 500 mL with a concentration of
100 mg L−1; and Qth represents the theoretical dosage
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of peroxide to completely mineralize aniline to CO2,
and 1.0Qth = (0.61 mL of 30% H2O2 dosage)/(per L of
aniline wastewater).

3. Results and discussion

3.1. Characterization of catalysts

The Fe-ZSM-5 catalyst was prepared by high
temperature solid-state reaction using the ZSM-5
molecular sieves [14]. The microstructures of ZSM-5
and Fe-ZSM-5 were observed by SEM as shown in
Fig. 1. By comparison between ZSM-5 and Fe-ZSM-5,
we can see that the microstructures of these two have
no significant difference. But it can be seen from the
pictures that Fe-ZSM-5 is relatively rougher than
ZSM-5, showing a tendency of further bonding
between the particles.

The EDS analysis of ZSM-5, presented in Fig. 2
and Table 1, showed 6.95% C, 53.54% O, 38.17% Si
and 1.34% Al atomic weight consisting of the ZSM-5.
Likewise, the EDS analysis of Fe-ZSM-5, presented in
Fig. 2 and Table 1, showed 9.38% C, 60.50% O, 24.85%
Si, 4.39% Fe, and 0.88% Al atomic weight consisting of
the Fe-ZSM-5. The iron peak, which does not exist in

Fig. 2(a) and does exist in Fig. 2(b), proves that iron
has been introduced into Fe-ZSM-5 molecular sieve
catalysts. Judging from the atomic weight percentage
shown in Table 1, Fe-ZSM-5, as compared with
ZSM-5, contains iron that takes up 4.39% of all weight,
which that means iron has been successfully loaded
onto ZSM-5 molecular sieves [15,16].

The XRD pattern for ZSM-5 and Fe-ZSM-5 is pre-
sented in Fig. 3. As could been seen, there are five dis-
tinctive peaks at 20.87˚, 23.09˚, 23.13˚, 23.31˚, and
23.93˚ for ZSM-5 and Fe-ZSM-5, respectively, which
means that ZSM-5 and Fe-ZSM-5 are formed with
good crystal structures [16]. The diffraction peaks of
ZSM-5 at featured locations are much higher than that
of Fe-ZSM-5, which shows that iron has been dis-
persed on the ZSM-5 molecular sieves and has formu-
lated a certain degree of crystal build-up.

3.2. Influential factors on Fenton-like reactions

3.2.1. Effects of pH on aniline removal

Heterogeneous systems were established with Fe-
ZSM-5 catalysts and H2O2, and were used to degrade
500 mL wastewater of 200 mg L−1 aniline concentration,

Fig. 1. The SEM partners of ZSM-5 and Fe-ZSM-5. (a) The SEM partners of ZSM-5 and (b) The SEM partners of Fe-ZSM-5.

Fig. 2. The EDS partners of ZSM-5 (a) and Fe-ZSM-5 (b).
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the results of which are shown in Fig. 4. Under room
temperature with H2O2 dosage of Qth = 0.61 mL L−1

(theoretical dosage), and catalysts’ dosage of 3.0 g, the
extent of removal of aniline was determined as 93.2,
99.1, 98.5, 72.9 and 70% respectively in accordance with
pH set at 2, 4, 6, 8 and 10, following an order of
pH 4 > pH 2 > pH 6 > pH 8 > pH 10. These experi-
ments demonstrate that the heterogeneous Fenton-like
systems established with Fe-ZSM-5 catalysts and H2O2

could perform good treatment when pH ranges from 2
to 10, and compared with traditional Fenton reactions,
heterogeneous Fenton-like reactions adapt to a wider
range of pH.

3.2.2. Effects of catalyst dosage on aniline removal

With pH set at 4, H2O2 dosage of
0.5Qth = 0.31 mL L−1, and Fe-ZSM-5 dosage of 0, 0.75,
1.5, 3.0 respectively, the results of heterogeneous cataly-
sis oxidation on 500 mL wastewater of 200 mg L−1 ani-
line concentration are shown in Fig. 5. It was
demonstrated that with no catalyst, the extent of removal
of aniline was only 2.6%, which means H2O2 is not only
strong at oxidizing but also degrading aniline; with cata-

lyst dosages of 0.75, 1.5, and 3 g, respectively, the extent
of removal went up to 36.5, 71.6 and 96.4%, which shows
a significant raise of the extent of removal of aniline, as
more catalysts were dosed into the heterogeneous Fen-
ton system. The experiment shows that with more cata-
lysts in the heterogeneous catalysis oxidation system,
there is more active surface in a given volume, which
increases the chance of collision with H2O2 to generate a
free hydroxyl (HO�), and brings about higher efficiency
and rate of aniline degradation [18].

3.2.3. Effects of H2O2 dosage on aniline removal

With pH set at 4, catalysts’ dosage of 3 g, the
results of heterogeneous catalysis oxidation on 500 mL
wastewater of 200 mg L−1 aniline concentration in
accordance with different H2O2 dosage are shown in
Fig. 6. It was demonstrated that within 120 min, the
extent of removal of aniline was 99.2, 96.2, 94.8, 93.3,
and 81.2%, respectively, in accordance with H2O2 dos-
age of Qth (0.61 mL L−1), 0.8Qth (0.49 mL L−1), 0.6Qth

(0.37 mL L−1), 0.5Qth (0.31 mL L−1), and 0.3Qth

(0.18 mL L−1), and this H2O2 dosage does impact the
extent of removal of aniline. As H2O2 dosage
decreases, the extent of removal of aniline goes down,
which is fairly obvious from the dosage that goes
down from 0.5Qth (0.31 mL L−1) to 0.3Qth

(0.18 mL L−1). However, it was also demonstrated that
even though H2O2 concentration is low, a heteroge-
neous Fenton-like system established with Fe-ZSM-5
and H2O2 is still strong at oxidizing and degrading
aniline wastewater, with the extent of removal always

Table 1
Comparison of ZSM-5 and Fe-ZSM-5 atomic weight
percent

Weight percentage (%) Fe C O Al Si

ZSM-5 0 6.95 53.54 1.34 38.17
Fe-ZSM-5 4.39 9.38 60.50 0.88 24.85
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Fig. 3. XRD patterns of ZSM-5 and Fe-ZSM-5 catalysts.
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above 80%, which means a lot in bringing down the
running cost in treatment projects.

3.2.4. Effects of initial aniline concentration on aniline
removal

With pH set at 4, H2O2 dosage of 0.5Qth

(0.31 mL L−1) and catalyst’ dosage of 3.0 g, the results
of heterogeneous Fenton-like catalysis oxidation on
wastewater of different initial aniline concentrations
are shown in Fig. 7.

Fig. 7 shows that with initial aniline concentration
at 100, 200, 300, and 400 mg L−1, respectively, the
extent of removal gets 94.7, 90.7, 76.3, and 54.1%
accordingly within 20 min, and 100, 96.4, 92.1, and
74% within 120 min, respectively. The results demon-
strated that with a fixed dosage of H2O2 and catalysts,
a heterogeneous Fenton-like system performs a good
degradation for aniline wastewater ranging from 100
to 400 mg L−1, and reaches the best at 100 mg L−1.
With an increase in initial concentration, the extent of
removal goes down, as the quantity of effective active
matter �OH generated is limited to the dosage of H2O2

and thus, restrains the capacity of degrading aniline.

3.2.5. Efficiency of catalyst recycling and reuse

With pH set at 4, H2O2 dosage of 0.5Qth

(0.31 mL L−1) and catalysts’ dosage of 3 g, we carried
out experiments on catalyst recycling and reuse on
500 mL wastewater of 200 mg L−1 aniline concentra-
tion. After each 120 min of reaction, the used catalysts
were filtered out and put into use for the next round,
the results of which are shown in Table 2. It indicates
that there was an obvious slow drop in efficiency as
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the recycles progressed and the aniline extent of
removal was kept above 93%. Iron dissolution was
also tested during the experiments through phenan-
throline spectrophotometry [19], which identified no
iron concentration (while the minimum threshold is
0.03 mg L−1) and thus, testified that during the experi-
ments, iron on ZSM-5 molecular sieves was firmly
loaded, and these Fe-ZSM-5 catalysts have relatively
long lifespans with stable properties, being recyclable
and reusable, and practically valuable.

3.3. CODCr, TOC and aniline removal efficiency

For 500 mL wastewater of 200 mg L−1 aniline con-
centration, with pH set at 4, H2O2 dosage of
0.5Qth = 0.31 mL L−1, and catalysts’ dosage of 3 g, the
extents of removal of CODCr, TOC, and aniline are
shown in Fig. 8. It was demonstrated that in the Fen-
ton-like system, the benzene structure in aniline is
destroyed and further mineralized. After the reactions,
the extent of removal of aniline is higher than that of
CODCr, and even higher than that of TOC, which indi-
cates that during the reactions, not all aniline got min-
eralized into CO2, but partly converted into other
organics such as alcohols and acetic acids.

3.4. The reaction kinetics of CODCr, TOC and aniline

There are researches [19–21] showing that during
the oxidation of organics, Fenton-like reactions follow

ln (C/C0) = −k t, the first-order reaction kinetic equa-
tion. This paper studies the reaction kinetic equations
of Fenton-like oxidation on aniline wastewater by two
reaction stages with the first-order reaction kinetic
equation, and the results are shown in Fig. 9. The
reaction rates of aniline removal, COD removal, and
TOC removal are the highest during the first 20 min
of reaction, being up to 0.105, 0.0687, and
0.0481 min−1, respectively, and went lower to 0.0116,
0.0120, and 0.0034 min−1 for the last 100 min.

3.5. Studies on Fenton-like degradation mechanism

Two theories have so far been raised regarding the
mechanism of heterogeneous Fenton-like reactions,
one of which believes that Fe2+ in Fenton-like catalysts
gets dissolved out under acidic conditions and tradi-
tional homogeneous Fenton reactions occur to degrade
the targeted pollutants; another is that Fenton-like cat-
alysts absorb the H2O2 and targeted pollutants onto
the surface where oxidation–reduction reactions take
place and degrade the targeted pollutants [22]. Chou
et al. think that as long as the general iron concentra-
tion in the solutions is below 0.07 mmol L−1, which is
3.92 mg L−1, Fenton-like reactions are dominantly het-
erogeneous [23]. This paper adopted phenanthroline
spectrophotometry to determine the iron dissolution
during the experiments and identified no iron concen-
tration (while the minimum threshold is 0.03 mg L−1),
indicating the non-existence of iron dissolution, and

Table 2
Efficiency of Fe-ZSM-5 after recycling

Cycling runs Original use First reuse Second reuse Third reuse Fourth reuse Fifth reuse

Removal rate (%) 97.2 96.4 95.7 95.3 93.5 93.4
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also the catalysis oxidation of Fe-ZSM-5 catalyst on
targeted aniline is not a traditional homogeneous Fen-
ton reaction, but probably a heterogeneous Fenton-like
micro-superficial reaction.

Both Fe (П) and Fe (Ш) loaded on ZSM-5 molecu-
lar sieves could react with H2O2, generating

�OH and
�HO2, respectively, of which the latter is weaker at oxi-
dizing compared with the first, and could only last for
a very short time in the solutions, which indicates that
the oxidative degradation in Fenton-like systems is
primarily brought about by �OH [23,24]. Therefore, the
reaction mechanisms of Fe-ZSM-5 Fenton-like catalysts
catalyzing organics are shown in Fig. 10.

4. Conclusions

(1) Fenton-like reactions with Fe-ZSM-5 molecular
sieves as catalysts have good treatment perfor-
mance across a pH range from 2 to 10, which
breaks the limitation in traditional Fenton
reactions, in which the pH needs to be con-
trolled to keep the reaction acidic.

(2) The catalysis oxidation of aniline wastewater
by Fe-ZSM-5 molecular sieve catalysts is not a
traditional homogeneous Fenton reaction, but
a heterogeneous Fenton-like reaction. The oxi-
dation and degradation in Fenton-like systems
is primarily brought about by a free �OH gen-
erated from Fe (П) and Fe (Ш) loaded onto
ZSM-5 reacting with H2O2, which is a micro-
superficial reaction.

(3) Fe-ZSM-5 molecular sieve catalysts have sta-
ble properties, and are recyclable and reus-
able. Fenton-like conditions could not only
break and degrade the structures of aniline,
but also further mineralize the degradation
products into CO2 and H2O with catalysis.
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