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Fe-Natural Zeolite as Highly Active Heterogeneous
Catalyst in Decolorization of Reactive Blue 4

H. Hassan and B. H. Hameed

Abstract—Heterogeneous  Fenton-like  reaction  using
Fe-natural zeolite (Fe-NZ) was investigated for the
decolorization of Reactive Blue 4(RB4). The effect of iron ions
loading, H,O, concentration and initial pH value were
investigated. The maximum decolorization efficiency of 98.71%
was achieved at 0.60 wt% of iron ions loading, 16 mM H,0,
concentration and at initial pH of 2.5. The high performance of
Fe-NZ indicates that the heterogeneous Fenton-like could be
efficiently employed for the treatment of wastewater containing
azo dye.

Index Terms—Natural zeolite, reactive blue 4, heterogeneous
fenton, decolorization.

. INTRODUCTION

Textile industries has become a high priority
environmental concern among other industries due to the
intense color of the dyes that lead to serious water resource
problem including loss of water purity, and obstruct the light
penetration which reduce the photosynthetic activity of
marine life [1]. Yearly, about 7 < 10° ton of dyes has been
produced worldwide and 10-15% of them have reached the
water bodies through the industrial pollutants [2]. Azo dyes
are one of the important class of commercial organic
colorants and create serious problems in textile wastewater
due to their versatility, brilliant color shades, low cost and
strong bind with dyed materials [3]. Azo dyes are
carcinogenic, mutagenic, recalcitrant, non-biodegradable by
aerobic treatment and become toxic to human and animals
[4].

Advanced oxidation process (AOPs) based on the in-situ
generation of strong and non-selective oxidant species
including hydroxyl radical (*OH) become potential
alternative technologies to degrade and mineralize organic
pollutants to carbon dioxide (CO,) and water (H,O) at mild
pressure and temperature condition [5], [6]. The AOPs can be
broadly classified into: Fenton, Photo-Fenton, UV/H,0,,
ozonation and natural sunlight [1], [7]. Among the AOPs,
Fenton is the most effective and promising technique to
generate *OH radical due to its simple operation, low energy
consumption, and use of environmental-friendly reagents
(Fe** and H,0,) [8]. The classical Fenton involves the
reaction between Fe?* or Fe** with the presence of H,0, for
the generation of *OH radical that able to degrade various
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persistent organic pollutants including azo dyes [9]. However,
the process has challenge for application in industries due to
the formation of stable ferric complexes (Fe-OOH?" Eq. (1))
which impede the catalytic reaction due to their slow
decomposition to generate Fe** (Eq. (2)) [10].

=Fe® + H,0, <> =Fe - OOH? +H* (k =3.1 x10%) (1)
=Fe-OOH?" > "O0H + =Fe? (k = 2.7 x10°%) )

Moreover, the application of homogeneous Fenton is
limited by the requirement of large amount of H,0, as well as
low pH condition (3-5). Therefore, secondary treatments are
required for catalyst separation and neutralization which
resulted in large-amount of iron-containing sludge that are
resistant for disposal [8], [11]. These weaknesses can be
overcome by heterogeneous Fenton process where the active
phase species such as iron were immobilized onto the catalyst
support. By using this technique, the iron leaching could be
reduced and the formation of iron hydroxide sludge is
prohibited and the spent catalyst can be recovered from the
effluent [12]. Different materials such as clay [13], activated
carbon [14], synthetic zeolite [15] polymer [16], and
mesoporous silica [17] has been applied as catalyst support in
heterogeneous Fenton oxidation. Synthetic zeolite is widely
used as supported material in heterogeneous Fenton process
due to its distinct ion-exchange capability, large surface area,
high adsorption capacity, and promising thermal stabilities
[15], [18]. Aleksic et al. [15] reported that more than 80% of
TOC removal and 100% color removal were achieved when
synthetic zeolite was utilized as heterogeneous Fenton
catalyst. However, the high cost of synthetic zeolite limits its
application especially in developing countries.

Natural zeolite is a hydrated aluminosilicate minerals with
some good physicochemical features such as molecular
sieving, cation exchange, catalysis and sorption. Because of
its valuable properties, they are commercially used as
adsorbents to eliminate dyes [19] and heavy metals [20].
These studies concluded that natural zeolite has a great
potential as an adsorbent in removing the organic pollutant.
The use of natural zeolite as support for Fenton-like process
appears more beneficial than synthetic zeolite due to their
low cost, abundance and reduced chemical pollution during
production [21]. This study aims to investigate the
decolorization of Reactive Blue 4 (RB 4) by Fe-natural
zeolite via heterogeneous Fenton-like reaction. The effect of
major operating conditions such as iron ions loading, catalyst
dosage, initial pH solution and H,O, concentration were
studied for optimization of decolorization of RB 4 via
heterogeneous Fenton-like reaction.



International Journal of Environmental Science and Development, Vol. 11, No. 3, March 2020

Il. EXPERIMENTAL

A. Materials

Natural zeolite (NZ) was obtained from the School of Civil
Engineering, Universiti Sains Malaysia. The material was
formed in the granular form and was crushed using mortar
and sieved to produce particles sizes of 125 m in diameter.
RB 4 was obtained from Sigma-Aldrich Malaysia. Ferrous
sulfate supplied by Sigma-Aldrich was used as iron source of
the catalyst. Other chemical used were sulfuric acid (98%
purity), 30 wt% hydrogen peroxide and sodium hydroxide
(99% purity). All chemicals were used without further
purification.

B. Preparation of Fe-Natural Zeolite

Impregnation method was used to immobilize the iron onto
the NZ. In this process, required amount of ferrous sulfate
salt was dissolved in distilled water to make an aqueous
solution followed by the addition of NZ. The resultant
suspension was continuously stirred at 70 °C in water bath
until all water was evaporated. The sample was further dried
overnight at 105 °C and subsequently calcined at 500 °C in a
muffle furnace for 4 hr. Finally, the catalyst was stored in a
desiccator to prevent moisture absorption.

C. Characterization of Fe-Natural Zeolite

The porosity, shape, and roughness of the NZ and Fe-NZ
were characterized by scanning electron microscopy (SEM).
The analysis was carried out using a scanning electron
microscope (Model Leo Supra 50VP Field Emission, UK).
The elemental composition present in the catalyst was

determined using Energy Dispersive X-ray (EDX)
microanalysis system (Oxford INCA 400, Germany)
connected to the SEM.

D. Catalytic Activity Test

Experiments were conducted in a 250 mL-stoppered
glasses (Erlenmeyer flask). The volume of reaction solution
was 200 mL. The RB4 solution was freshly prepared at room
temperature by dissolving suitable amount of powder in
distilled water. In a typical experiment, 200 mL of 50 mg/L™
of reaction solution was fixed. The initial pH of the solution
was adjusted by an addition of 1.0 M sulfuric acid or 1.0 M
sodium hydroxide. Then, the catalyst was added into the
solution and the reaction was initiated by introduction of
predetermined amounts of H,0, into the solution and this
time was measured as time zero (t = 0). The flasks were then
located in a thermostated water bath shaker under stirring
speed of 130 rpm. At regular time intervals, small amount of
solution was withdrawn by a syringe and the catalyst was
filtered through 0.45 pm membrane for analysis.

The concentration of RB4 was measured using using a
double beam UV/Vis spectrophotometer (Shimadzu, model
UV 1601, Japan) at 595 nm wavelength. To prevent any loss
of content, the samples withdrawn at each time interval were
returned into the conical flask. The effect of iron ions loading
(0.20 — 1.0 wt%), catalyst dosage (1.0 — 5.0 g / L-1), initial
pH value (2.0-5.0), initial H202 concentration (4-20 mM)
on the decolorization of RB4 were evaluated. The
decolorization efficiency of RB4 was calculated according to

Eq. (3):

Co— G

Decolorization efficiency (%) = %100 %

0
where Co is the concentration of RB4 before the
heterogeneous Fenton reaction and Ct is the concentration of
RB4 at the time of withdraw.

A. Catalyst Characterization

The surface of the NZ and 0.60 wt.% Fe-NZ particles were
shown in Fig. 1(a)-(b). The image of NZ shows the
heterogeneity of the particle size. Most of the particles had a
rough surface except a few, which showed a smooth surface.
In addition, the natural zeolite has well shaped needles, which
represents a well crystallized mordenite. However, after
impregnation process, the modified NZ exhibited poorly
shaped needles and the surfaces become more porous.

The chemical composition of pristine NZ and 0.60 wt% of
Fe-NZ are shown in Table 1. The EDX analysis showed that
the oxide and iron content in Fe-NZ were increased by 0.7 %
after impregnation process due to transformation of iron
containing complexes to iron oxide or hydroxide particles
after calcinations. Slight variations between the determined
and calculated iron content of the Fe-NZ due to the high
hydration degree of solid at the initial stages of the catalyst
preparation [22].

RESULTS AND DISCUSSION

Fig. 1. SEM images of (a) NZ and (b) 0.60 wt% of Fe-NZ (Magnification: 5
kx).

TABLE I: CHEMICAL COMPOSITION OF NZ AND 0.60 wT% FE-NZ
DETERMINED BY EDX

134

Element Concentration (wt %)
NZ Fe-NZ
Fe 6.62 7.32
Si 43.13 40.87
Al 9.87 9.69
0 40.38 42.12
B. Role of Different Mechanisms

In order to elucidate the influence of different mechanism
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participating in the decolorization of RB4, several
experiments were undertaken in presence of (i) H,O, only (ii)
raw NZ (adsorption on NZ) (iii) Fe-NZ (adsorption on Fe-NZ)
(iv) NZ + H,0, only (v) Fe** + H,0, (homogeneous Fenton)
(vi) Fe-NZ + H,0, (Heterogeneous Fenton). From Fig. 2, less
than 10% of decolorization of RB4 was achieved when H,0,
was used alone without NZ or Fe-NZ because RB4 was
poorly oxidized due to low oxidation potential of H,0, (E° =
1.78 V) as compared to hydroxyl (E° = 2.80 V) radicals [6].
In addition, the catalytic contributory role of NZ support and
Fe-NZ catalyst were also verified in heterogeneous Fenton
reaction. The result revealed that only 10.36 % and 10.43 %
decolorization of RB4 were achieved when NZ and Fe-NZ
were used alone, respectively without the presence of H,0,.
Thus, it can be concluded that the adsorption of RB4 onto the
NZ and Fe-NZ does not contribute significantly to the
catalytic activity. In the presence of NZ and H,O,, slightly
lower decolorization of RB4 was achieved due to inactive of
NZ towards activation of H,O, to generate "OH radical.

The contribution of homogeneous Fenton reaction was
verified based on the amount of leached iron (2.89 mg L™)
after the third cycle of oxidation under optimum reaction
condition. The decolorization efficiency of RB4 was
increased drastically under homogeneous Fenton reaction.
However, the decolorization efficiency of RB4 by leached
iron was lower as compared to heterogeneous Fenton
reaction. Almost 100% decolorization efficiency of RB4 was
achieved when heterogeneous Fenton (Fe-NZ + H,0,) was
applied, suggesting the synergistic effect resulted from
between immobilized iron species and NZ support which
have distinct adsorption properties [23]. Hence, it can be
concluded the prominent role in decolorizatiom of RB4 was
played by heterogeneous Fenton reaction where the iron
species available on the surface of the catalyst or in the
interlayer of catalyst could react with H,0,.

100
;\6‘ H,0,
g 80
§ NZ
S
g 60 Fe-NZ
c
2
g 40 NZ + H,0,
= only
g Fe?* + H,0,
Ep only

0 L _ g Fe-NZ+H,0,
0 30 60 90 120
Time (min)

Fig. 2. Contributions of different mechanism on catalytic activity of Fe-NZ.
Reaction conditions: pH = 2.5, catalyst dosage = 2.50 g/L, [H,0,] = 16 mM,
[RB],=50 mg L™, temperature = 30 °C.

C. Effect of Iron lons Loading

In heterogeneous Fenton-like reaction, the iron species
provide the active site for H,O, decomposition and
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decolorization of dye. The influence of iron ions loading on
catalytic activity was studied by varying the iron ions loading
from 0.20 to 1.0 wt% and the result was shown in Fig. 3.
Based on the result, the decolorization efficiency increased
efficiently up to 0.60 wt% iron ions with the maximum
decolorization of 93.84% in 120 min. The maximum
decolorization at 0.60 wt% could be due to increase of
catalytic active site available for the decomposition of H202
into *OH [22]. Interestingly, no induction periods are
observed and high initial decolorization rate were observed,
suggesting Fe-NZ has enough quantity of active sites (Fe?")
for faster production of highly reactive <OH and
heterogeneous Fenton reaction react as a main contributor in
catalytic activity [24]. Induction period can be defined as a
period of time needed for surface activation of metal species
(decrease to lower oxidation state) or dissolve of adequate
metal for initiation of homogeneous solution [3]. However,
the decolorization decreased with further increased in iron
ions loading, suggesting the inhibition effect induce by
excess of iron ions loading on the *OH as shown in Eq. (4).

=Fe”* +HO'»Fe*" +OH" @)

In addition, when the iron ions loading is in excess
compared to H,0,, the superoxide radical anion (035)
could be produced in the presence of O, as in Eq. (5). This

radical could be further react with iron ions species as shown
in Eq. (6).

EF62+ + 02—>EF63+ +02‘ (5)
=Fe”" +0," +2H"—=Fe* H,0, (6)

All these reaction mechanisms could deaccelerate
decolorization of dye [25].
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Fig. 3. Effect of iron ions loading on the decolorization of RB4. Reaction
conditions: pH =2.5, [H,0,], = 4.0 mM, catalyst dosage = 2.0 g L™, [RB],
=50 mg L temperature = 30 €.

D. Effect of H,O, Concentration

In heterogeneous Fenton-like reaction, H,O, become the
source of *OH radical (Eq. (7) to Eq. (9)). The generated *OH
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radical able to degrade and oxidize many organic pollutants
(Eq. 10). The influence of H,O, (4 —24 mM) is presented in
Fig. 4.
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Fig. 4. Effect of H,0, on the decolorization of RB4. Reaction conditions:
0.60 wt% of Fe-NZ, [RB], = 50 mg L?, pH =2.5, catalyst dosage = 3 g/L,
temperature = 30 °C

It can be seen that the decolorization efficiency was
increased from 90.53 % to 97.80 % as the H,O, increased
from 4 mM to 16 mM due to enhanced generation of reactive
*OH. However, the decolorization efficiency decreased with
further increased in H,0, dosage due to scavenging of "OH
with itself or by the superfluous of H,O, (Eqg. (7) and (8). The
superfluous amount of H,0, would react with "OH to produce
hydroperoxyl radical (HO;") which is less reactive (Eq. (7))
[26]. The hydroperoxyl radical is less reactive and did not
contribute to degradation of RB4 which lead to decrease in
decolorization efficiency (Eq. (9)).

H202 + OH. —>H02. + Hzo (7)
OH" + OH'— H,0 (8)
HO, + OH" —-H,0 + O, (€)]

E. Effect of Initial pH Value

Fig. 4 shows the performance of Fe-NZ at different pH
values (2-5). Increasing pH value from 2-3 favoured the
decolorization of RB4 while the higher pH value (pH >3)
decreased the catalytic activity. The maximum decolorization
efficiency of RB4 was achieved at pH 2.5 with 98%
decolorization efficiency due to enhance formation of highly
reactive OH" radical at an acidic condition due to the presence
of photons [27]. Similar results were also reported by other
researchers in heterogeneous Fenton-like reaction [12], [13].
Several researchers reported that the pH value around 2.5 —
3.0 are the common optimal value for Fenton and Fenton-like
reactions [12], [28]. At high pH value (pH > 3) the
decolorization was lower due to the iron sludge formation. At
the neutral pH, iron ferrous precipitate is in the form of iron
sludge. In addition, the stability of H,O, which decomposed
to water and oxygen (Eq. (11)), the scavenging effect of OH’
by H+ (Eg. (10)) and the lower oxidation ability of OH" at
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high pH value also contribute to the low decolorization
efficiency of RB 4 [29].

OH +H" + ¢ —H,0 (10)
H202 —>H20+02 (11)
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Fig. 5. Effect of pH on the decolorization of RB4. Fig. 4: Reaction conditions:

0.60 wt% of Fe-NZ, [RB], = 50 mg L, [H,0,], = 16 mM, catalyst dosage =
3 g/L, temperature = 30 °C.

IV. CONCLUSION

Fe-natural zeolite showed promising catalytic activity for
effective decolorization of Reactive Blue 4 in heterogeneous
Fenton-like reaction. Heterogeneous Fenton reaction play a
prominent role in decolorization of RB4 where the iron
species available on the surface of the catalyst or in the
interlayer of catalyst could react with H,O, to generate the
highly reactive *OH for decolorization of RB4 dye. The
maximum decolorization of 98.71 % was achieved in 120
min under the following condition: 0.60 wt % of iron ions
loading on natural zeolite, H,O, concentration of 16 mM and
initial pH of 2.5. The use of natural zeolite as support for
Fenton-like process could be a practical and economical
substitute for synthetic zeolite as it is abundant, low-cost and
exhibited higher decolorization efficiency.
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