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ABSTRACT

In this study, a resin-supported Fe(III) catalyst (Fe/R) was developed for the degradation of
Reactive Black 5 (RB5) by a heterogeneous Fenton-like reaction. The catalyst stability was
evaluated by measuring color removal efficiency for five successive cycles. The Fe/R
samples were characterized by XRD, TGA, SEM-EDS, and FTIR techniques as well as physi-
cal properties were determined using the BET method. The effect of major parameters
including pH, H2O2 concentration, catalyst addition, initial dye concentration, reaction tem-
perature, and amount of hydroxyl radical scavenger (tert-butyl alcohol) on the decoloriza-
tion of RB5 was investigated. The results indicated that the RB5 decolorization rate
increased with increasing H2O2 concentration, reaction temperature, and Fe/R addition, but
decreased with increasing initial RB5 concentration, pH, and amount of hydroxyl radical
scavenger. The total organic carbon (TOC) removal of RB5 was only 48.6%, and more H2O2

was required for TOC further removal.

Keywords: Resin-supported Fe(III); Reactive Black 5; Decolorization; Heterogeneous
Fenton-like reaction

1. Introduction

Synthetic dyes are widely used in textile, paper,
pharmaceutical, cosmetics, and food industries [1,2].
Approximately 100,000 dyes are synthesized, and over
700,000 tons of synthetic dyes are produced annually
[1,3,4]. In particular, the production of synthetic dyes is
estimated to be 280,000 tons in China [1]. Moreover, a
vast amount of wastewater is generated during the pro-
duction and utilization of these dyes [1,2,5]. Dyes can
inhibit the reoxygenation capacity of water and block

sunlight, thus causing environmental damage and dis-
turbing the natural growth of aquatic life [6–9]. Almost
45% of all the textile dyes produced annually belong to
azo dyes characterized by one or more azo groups
(–N=N–) [2,10,11]. Reactive Black 5 (RB5), as a represen-
tative azo dye, is widely used for colorization in textile
industries with a relatively high consumption among
all the reactive dyes [10,12]. For example, the annual
consumption of RB5 in Turkey is 1,000 ton [13,14].
Because of its strong toxicity and carcinogenicity, RB5
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and its degradation products threaten the safety of liv-
ing organisms [10,15]. Moreover, RB5 could not be
removed effectively by the traditional methods [16].
Therefore, it is necessary to develop an efficient tech-
nique for RB5 wastewater treatment before releasing to
the environment.

Recently, advanced oxidation processes (AOPs)
have attracted amazing attention for the treatment of
organic pollutants in wastewaters due to their high effi-
ciency and fast treatment rate [11]. For example, ozona-
tion [17], Fenton reaction [7,18,19], and other AOPs
[11,16,20] have been applied for the removal of azo dyes
from effluents. Among these technologies, Fenton oxi-
dation process is promising because of its high effi-
ciency, simple operation, and ability to treat diverse
hazardous organics. However, the application of con-
ventional Fenton treatment is limited by its disadvan-
tages such as a tight pH range and large amounts of
iron sludge produced after the treatment [21–24].

To overcome these limitations, much effort has
been devoted to develop heterogeneous Fenton pro-
cesses [22]. In heterogeneous Fenton processes, the
key is to develop a highly efficient, long life, and low-
cost catalyst. Therefore, several catalysts have been
developed for this purpose [7,8,12,21,25–27]. But man-
ufacturing of these catalysts requires raw materials
and even generates other wastes, such as waste gas,
wastewater, and solid wastes [28]. Therefore, the most
cost-effective and “green” strategy arguably is the
recycling of specific wastes to prepare a catalyst for
the degradation of wastewater. In particular, some
solid wastes have been used to degrade azo dyes as
inexpensive and highly effective active ingredients or
carrier of heterogeneous Fenton-like catalysts and
taken good catalytic efficiency [12,27–30].

Ion exchange resins are insoluble polymers and
have high specific surface area, mechanical properties,
and easy separation and able to be exchanged with
other ions in solutions. They have been widely used
in different industrial processes, such as water soften-
ing and purification, juice purification, sugar manufac-
turing, pharmacy and petrochemical industry [31–33].
After service, a large amount of waste resins are dis-
carded and become a potential threat to the environ-
ment. Moreover, the growing concern about
environmental pollution and energy shortage makes it
urgent necessary to find effective ways for the utiliza-
tion of waste resins. Some polymeric resins have been
successfully utilized as precursors for production of
activated carbons [33]. However, waste resin-based
Fenton catalysts for the degradation of RB5 have not
been reported.

The objective of this study was to develop a new
“wastes-treat-wastes” (WTW) technology to prepare a

highly effective active catalyst based on waste resin
and evaluate its feasibility for the removal of RB5 as
heterogeneous Fenton-like catalyst. Therefore, waste
cation exchange resin from a thermal power plant in
China was selected as the carrier of heterogeneous
Fenton-like catalysts and Fe3+, as the reactive ion, was
immobilized on the cation exchange resin to develop a
stable heterogeneous Fenton-like catalyst, resin-sup-
ported Fe(III) (Fe/R). The efficiency and stability of
Fe/R for the degradation of RB5 dye in a heteroge-
neous system were evaluated. The mineralization of
RB5 in terms of total organic carbon (TOC) removal
and the effects of operating conditions such as Fe/R
addition rate, H2O2 concentration, initial pH, amount
of hydroxyl radical scavenger, and initial dye concen-
tration on color removal were analyzed.

2. Experiment

2.1. Materials

RB5 was purchased from Shanghai Shiyi Chemicals
Reagent Co., Ltd (China) and used as received without
further purification. H2O2 (analytical grade, 30%,
w/w) and FeCl3 (99% purity) were obtained from
Shanghai Sinopharm Chemical Reagent Co., Ltd. The
cation exchange resin was obtained from a thermal
power plant in China. All the solutions were prepared
with deionized water.

2.2. Preparation and characterization of the catalyst

Fe/R was prepared by wet-impregnation technique
using FeCl3 as iron precursor and waste cation exchange
resin as carrier. Ten grams of received waste cation
exchange resin was soaked in 0.5 mol L−1 100 mL NaOH
for 5 h and then filtered and soaked in 0.5 mol L−1

100 mL HCl for 5 h. These were repeated 3 times, and
then, the changed resin was washed with deionized
water until neutral. A fixed amount of washed resin was
added to a 0.05 mol L−1 FeCl3 solution, and the suspen-
sion was stirred for 24 h at a constant temperature. Then,
the sample was filtered and washed with deionized
water until neutral. Finally, the sample was dried natu-
rally for 12 h. In order to determine the ratio of ferric ions
in the sample, 1 g Fe/R was soaked into a digestion
high-pressure tank containing 5 mL 30% (v/v) H2O2,
15 mL 98% (v/v) H2SO4 and 10 mL concentrated HNO3.
The tank was put into microwave digestion and heated
for 10 min. Then, the total amount of iron was evaluated
using an atomic absorption spectrometer (AAS, Analytik
jena Zeenit 700, Germany).

The morphology and size distribution of Fe/R
were analyzed by a scanning electron microscope
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(SEM, Zeiss EVO LS-185, UK, operated at 20.0 kV)
coupled to an energy-dispersive spectrometer (EDS)
for detecting Fe(III) on the sample surface. The particle
size distribution of the solid catalyst was measured
using a Mastersizer 3500 apparatus (Microtrac, USA).
The specific surface area was determined using the
BET method (ASAP 2020-M, USA).

The morphology of the catalyst was carried out
using a scanning electron microscope (SEM, Zeiss
EVO LS-185, UK) operated at 20.0 kV. X-ray diffrac-
tion (XRD) patterns were recorded on a D/Max-
2550PC diffractometer in θ–2θ configuration to identify
the crystal phase and structure. The wide-angle data
were collected from 20˚ to 90˚ on 2θ scale, when the
operated condition was set at 36 kV/24 mA, using Cu
Kα1 radiation with a wavelength of 1.5406 Å.

The thermogravimetric and differential thermal
analyses (TGA/DTG) of Fe/R were carried out using
a TA Q600 thermogravimetric analyzer (USA). TGA
and differential thermal (DTG) curves were obtained
under a dynamic atmosphere of N2 (flow rate of
35 mL min−1) heating rate of 10˚C min−1 from 22 to
800˚C with a sample mass of 20.69 mg.

The infrared spectra of synthesized Fe/R were
recorded on KBr pellets by a Fourier transform infra-
red spectrometer (FTIR, Nicolet Avatar 330). To avoid
moisture, KBr pellets were prepared by pressing mix-
tures of dry powered sample and spectrometry-grade
KBr under vacuum. A total of 150 scans were collected
for each sample in the range of 400–4,000 cm−1 with a
resolution of 2 cm−1.

2.3. Experimental procedures

All the experiments were performed in beaker con-
taining 200 mL solution. The beaker was immersed
into a water bath to keep the temperature around
25˚C. A stock solution of RB5 was freshly prepared
with deionized water before each run, and the initial
concentration was fixed at 50 mg L−1. Unless other-
wise specified, the initial pH of the dye solution was
adjusted using H2SO4 and NaOH. Then, given
amounts of H2O2 and Fe/R were added into RB5 solu-
tion under stirring (150 rpm) using a magnetic stirrer
(RW20, IKA, Germany). At preselected time intervals,
the samples are removed, filtered through 0.22 μm
membranes (Millipore Co.), and immediately mixed
with 0.2 mL, 1 mol L−1 NaOH solution to quench the
reaction before analysis. The absorbance of RB5 was
measured at λmax = 591 nm using a Shimadzu UV-1700
spectrophotometer. TOC was analyzed using a TOC
analyzer (Shimadzu TOC-L) to evaluate the mineral-
ization of RB5. The total amount of iron leached from
Fe/R was evaluated using AAS.

3. Results and discussion

3.1. Catalyst properties

Table 1 shows the physical properties (mean parti-
cle diameter, density, BET specific surface area, and
average pore diameter) of Fe/R. The specific surface
area of Fe/R is 750 m2 g−1 and larger compared with
other resin catalysts [34,35]. Thus, it could be believed
to be proportional to the number of active sites of the
catalyst for reaction processes. The particle size and
density also show that Fe/R can be easily separated
and recovered after catalysis.

Fe/R was characterized by XRD in high angle
range for the crystalline of the loaded ferric ions/iron
oxides on the resin and it was depicted in Fig. 1. The
poor quality of Fig. 1 may be ascribed to the presence
of resin which made the content of ferric ions/iron
oxides to be lower and small particles [36]. But wide-
angle XRD patterns of Fe/R gave the diffraction peaks
that may be indexed well as the formation of iron
oxides.

Moreover, the morphology and surface elemental
compositions of Fe/R were analyzed by SEM and
EDS, respectively. As shown in Fig. 2, Fe/R is the
brown spherical particles with a rough morphology
and indicates that the iron oxide is immobilized uni-
formly on the resin surface. The similar phenomena
are reported by Zhao et al. [36] and Rakibuddin et al.
[37]. In order to illustrate that the iron oxide was
immobilized on the resin surface, the quantitative sur-
face compositions of the resin and Fe/R are deter-
mined by EDS and the results are shown in Table 2.
Iron element was found in the surface of Fe/R and
the weight surface concentration of iron was 8.11%,
which was consistent with the measured value (7.92%)
by AAS. However, no metal elements were found on
the surface of the resin. Clearly, iron oxides were suc-
cessfully immobilized on the surface of the resin. They
could not be easily removed from adsorption by
agitation.

In order to investigate the thermal stability of the
Fe/R catalyst, the reductions of Fe/R are monitored
by weight loss and the TG/DTG curves of Fe/R

Table 1
Physical properties of Fe/R

Properties Values

Grain size (μm) 570–670
Bulk density (g cm−3) 0.85
Grain density (g cm−3) 1.26
BET surface area (m2 g−1) 750
Average pore diameter (nm) 10
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catalyst are shown in Fig. 3. As shown in Fig. 3,
weight loss for the reduction of Fe/R occurs in three
distinct steps. The first loss at 80˚C could be attributed
to the removal of physically adsorbed water [38,39].
The weight loss corresponds to this first step consti-
tutes 6.45%. This second stage at 310–319˚C showed a
decrease in weight loss comprised of 11.88% due to
the carbonization of resin [39]. The third stage

indicates weight losses equal 10.78% in the 394–402˚C
due to simultaneous condensation of the lattice
oxygen and formulation of carbon metals/metallic
residues [40].

The FTIR spectra of fresh catalyst are shown in
Fig. 4, and various functional groups represented in
the FTIR spectra were the same as those of iron
oxides. The band between 3,000 and 3,500 cm−1 is gen-
erated by the stretching of free/bonded hydroxyl
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Fig. 1. XRD patterns of Fe/R.

Fig. 2. Fe/R particles and their SEM surface morphology.

Table 2
Surface elemental compositions of resin and Fe/R by EDS

Element

Resin Fe/R

Weight (%) Atomic (%) Weight (%) Atomic (%)

C 49.27 62.34 47.06 61.72
O 30.48 28.68 28.32 27.88
S 20.25 8.98 16.51 8.11
Fe 0 0 8.11 2.29
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Fig. 3. TG and DTG curves of Fe/R.

22042 Y. Wang et al. / Desalination and Water Treatment 57 (2016) 22039–22048



groups [41]. The peaks at about 993 and 995 cm−1 are
attributed to O–H bending bands in Fe/R (Fe–OH)
and are, respectively, on behalf of the vibration in and
out of the plane [41]. The band absorption at 661 cm−1

is assigned to Fe–O stretching vibrations [41,42]. The
bands at 3,446 cm−1 are related to the OH vibrations
of water molecules [43]. The band at 1,625 cm−1 was
assigned to the bending vibration of water.

3.2. Degradation of RB5 in different systems

Fig. 5 shows the RB5 decolorization efficiency
achieved by different systems. Because of the limited
oxidizing power of H2O2 (E0 = 1.77 V vs. NHE),
insignificant color removal was observed at ambient
temperature after 8-h treatment with H2O2 alone. In
the control experiments, a slight color removal was
observed when the resin or Fe/R was added to the
solution alone. Thus, the effect of pretreated resin or
Fe/R on RB5 adsorption was not obvious under the
conditions of these experiments. This is probably
because RB5 is negatively charged due to the presence
of sulfonate groups (SO3−) in its structure [2], and the
resin surface is also negatively charged. Because of the
electrostatic repulsion, RB5 was not adsorbed on the
resin surface. Although positively charged Fe(III) ions
are adsorbed on the resin surface in Fe/R, the Fe/R
surface is not overall positively charged. Thus, neither
the resin alone nor Fe/R could adsorb RB5.

Even when H2O2 was added to the resin, no signif-
icant enhancement in RB5 decolorization was
observed, as shown in Fig. 5. Because the resin could
not catalyze H2O2 to produce �OH. The Fe/R/H2O2

system showed a decolorization efficiency of 84.9%,
which was much higher than those obtained under

other experimental conditions. Because Fe/R could
catalyze H2O2 at room temperature to generate �OH
(by the Fenton reaction) and �OH further oxidized
RB5.

Many researchers thought both homogeneous and
heterogeneous catalysis were included during iron-
based (Fenton reaction) AOPs because of the uncon-
trolled leaching of iron ions from the catalyst surface
[24,44,45]. Therefore, the amount of leaching iron ions
was determined and the iron leaching increased gradu-
ally during the oxidation process. However, the maxi-
mum concentration of the leached iron was
approximately 0.13 mg L−1, which can be neglected
compared with the standard effluent discharge of
10 mg L−1 in China. Moreover, only 3.2% decolorization
efficiency could be achieved in the homogeneous Fen-
ton reaction (H2O2 = 2 mmol L−1, Fe2+ = 0.13 mg L−1,
pH 4, RB5 = 50 mg L−1, temperature = 25˚C), which
was negligible compared to the high decolorization effi-
ciency (84.9%) achieved in the Fe/R/H2O2 system, indi-
cating that heterogeneous Fenton reaction played the
main role in the Fe/R/H2O2 system.

3.3. Stability of Fe/R

The catalytic stability and reusability are important
for catalysts. Therefore, the catalytic stability and
reusability of Fe/R catalyst were investigated under the
following conditions: RB5 concentration = 50 mg L−1,
Fe/R addition rate = 2.5 g L−1, H2O2 concentra-
tion = 2 mmol L−1, reaction temperature = 25˚C, and
pH 4. The catalyst was filtered and rinsed with deion-
ized water after each experiment and then dried natu-
rally for 12 h. As shown in Fig. 6, 84.9, 83.5, 82.3, 82.5,
and 81.9% of RB5 removal rate were obtained in five
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successive cycles. The decolorization efficiencies of RB5
were almost the same in the five successive cycles, indi-
cating that the synthesized Fe/R is an excellent long-
term stable catalyst for the Fe/R/H2O2 system.

3.4. Effect of the major parameters on RB5 removal

To investigate the effect of initial pH, RB5 solution
was treated at various initial pHs (3, 4, 5, 7, and 9)
under the following operating conditions: initial
RB5 concentration = 50 mg L−1, H2O2 concentra-
tion = 2 mmol L−1, Fe/R addition = 2.5 g L−1, and tem-
perature = 25˚C, respectively. Fig. 7(a) shows that the
decolorization efficiency of RB5 decreases from 97.4 to
19.6% when the pH increases from 3 to 9 after 8-h
reaction. This result is in agreement with previous
studies in the literature [12,27–30,43]. There may be a
possible decomposition of H2O2 into O2 and H2O as
well as also the possible deactivation of the catalyst
with the formation of the other complexes leading to
reduction of �OH radicals [17,45–47].

Fig. 7(b) shows the decolorization of RB5 at differ-
ent H2O2 concentrations when the initial dye concen-
tration is 50 mg L−1, Fe/R addition is 2.5 g L−1, initial
pH value is 4, and temperature is 25˚C. As shown in
Fig. 7(b), both the decolorization rate and efficiency
increased when H2O2 concentration increased from 1
to 4 mmol L−1. Because H2O2 is the source of �OH rad-
icals in the Fe/R/H2O2 system, and more �OH radicals
are generated to oxidize RB5 at a higher H2O2 concen-
tration [23]. A similar phenomenon was reported by
Liou et al. [48] when phenol was degraded by hetero-
geneous oxidation catalysis using resin-supported Fe
(III) as the catalyst.

Fig. 7(c) shows the decolorization of RB5 at a Fe/R
addition of 1–5 g L−1 under the following conditions:
pH 4, RB5 concentration = 50 mg L−1, H2O2 concentra-
tion = 2 mmol L−1, and temperature = 25˚C. As shown
in Fig. 7(c), the decolorization efficiency of RB5 signifi-
cantly increased from 34.0 to 99.6% after an 8-h reac-
tion when the Fe/R addition increased from 0.2 to
0.4 g L−1. This is due to the fact that azo dyes are
degraded mainly through the heterogeneous Fenton
reaction, dependent on the active sites in a specific
area of the catalyst [49]. The increase in Fe/R addition
corresponds to an increase in the total area, resulting
in the faster generation of �OH radicals from H2O2

decomposition by increasing the active sites [48,50].
Thus, the removal rate of organic pollutants increased
with increasing Fe/R addition.

As shown in Fig. 7(d), the decolorization efficiency
of RB5 increased from 36.3 to 99.8% as the reaction
temperature increased from 20 to 65˚C. In particular,
the decolorization efficiency of RB5 increased rapidly
from 46.0 to 96.2% after 1-h reaction when the reaction
temperature was increased from 50 to 65˚C. It is well
known that the decolorization rate is strongly depen-
dent on the �OH contribution, which usually increases
with increasing reaction temperature in the heteroge-
neous Fenton-like system. However, a higher reaction
temperature increased the thermal decomposition rate
of H2O2 which was not desired. Therefore, the pollu-
tant degradation depended on the competition
between thermal decomposition and �OH formation
[48,51]. The results showed that the �OH formation
rate was greater than the thermal H2O2 decomposition
at high temperatures. Moreover, a higher temperature
accelerated the diffusion rate of molecules in solution
[52], and increasing the effective collisions between
�OH radicals and RB5, resulting in increased the decol-
orization rate.

To evaluate the effect of the initial RB5 concentration
on the decolorization of RB5, experiments were carried
out at various initial RB5 concentrations, and the results
were shown in Fig. 7(e). The decolorization rate of RB5
decreased with increasing initial RB5 concentration.
Under the constant conditions of the oxidation system
such as H2O2 concentration and Fe/R addition, the
amount and formation rate of �OH were kept constant
when the H2O2 concentration and Fe/R addition were
unchanged. However, the probability of reaction
between azo dye molecules and �OH decreases with the
increase in the initial RB5 concentration [18]. The com-
petition for �OH radicals among RB5 molecules and
their degradation products become pronounced
because of the increase in the initial RB5 concentration
and nonselective oxidation of �OH [18,46]. Therefore,
the RB5 decolorization rate decreased.
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Fig. 6. Reusability of Fe/R (H2O2 = 2 mmol L−1, Fe/R =
2.5 g L−1, pH 4, RB5 = 50 mg L−1, temperature = 25˚C).
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A previous report revealed that dye degradation
mainly depended on the generation of �OH that
attacked the diazo bonds of azo dyes in the heteroge-
neous Fenton-like system [18,53]. To further investi-
gate whether the �OH oxidation was the major
mechanism for the decolorization of RB5, experiments
were conducted in the presence of tert-butyl alcohol, a
strong hydroxyl radical scavenger [54,55]. The obvious
inhibitory effect of tert-butyl alcohol concentration on
the decolorization rates of RB5 is shown in Fig. 7(f).
The decolorization rate decreased with increasing

dosage of tert-butyl alcohol and it tended to zero
when tert-butyl alcohol concentration reached
3 mmol L−1, indicating that the RB5 decolorization
was mainly contributed by �OH oxidation.

3.5. Decolorization and mineralization of RB5 with reaction
time

The complete decolorization of RB5 does not mean
that the dye is completely oxidized to CO2, H2O, and
NO�

3 [18,49]. Therefore, the mineralization tests were
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Fig. 7. Effect of operating parameters on the degradation of RB5: (a) pH, (b) H2O2 dosage, (c) Fe/R addition, (d)
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determined before and after degradation of RB5 by Fe/
R H2O2. As shown in Fig. 8, less than 26.7% TOC was
removed after 6-h reaction compared with 46.1% RB5
decolorization efficiency under the following condi-
tions: initial dye concentration = 50 mg L−1, H2O2 con-
centration = 2 mmol L−1, Fe/R addition rate = 2.5 g L−1,
and pH 4. When the decolorization of RB5 nearly
reached 85% after 8-h reaction, the TOC removal rate
was still less than 50%. It was the fact that only
0.05 mmol L−1 H2O2 was theoretically needed to com-
pletely bleach 50 mg L−1 RB5 based on the following
mechanism suggested for the RB5 decolorization, tak-
ing into account Eq. (1) [45,55]:

C26H21N5Na4O19S6 þ �OH ! C16H10N2Na2O7S2 –OHð Þ
þ oxidized intermediates

(1)

A known value of 2 mmol L−1 H2O2 was sufficient for
RB5 decolorization in the Fe/R/H2O2 system. Based
on the report proposed by Zhang [49], the complete
mineralization of RB5 could be described by Eq. (2)
below:

C26H21N5Na4O19S6 þ 82:5H2O2

! 26CO2 þ 5NO�
3 þ 6SO2�

4 þ 4Naþ þ 93H2O (2)

According to this equation, 4.2 mmol L−1 of H2O2 is
theoretically needed to completely degrade 50 mg L−1

of RB5 and as high as two times H2O2 addition used
in this study. Thus, only 48.6% TOC was removed,
whereas 84.9% degradation efficiency was achieved

under the same conditions, and a further increase in
reaction time and more H2O2 might increase TOC
removal.

4. Conclusion

The results indicate that Fe/R, as an efficient cata-
lyst, can catalyze efficiently H2O2 to generate �OH for
the degradation of RB5. The ratio of ferric ions in
Fe/R was 7.92%. The leached iron (0.13 mg L−1) from
Fe/R and the effect of homogeneous Fenton oxida-
tion on the RB5 degradation can be neglected. The
increase in Fe/R addition rate, H2O2 concentration,
and reaction temperature increased the degradation
rate and degradation efficiency. In contrast, the
degradation rate and degradation efficiency decreased
with the increase in pH and initial RB5 concentration.
The presence of a hydroxyl radical scavenger (tert-
butyl alcohol) hindered the degradation reaction.
Decolorization rate reached 84.9% under the operat-
ing condition (H2O2 = 2 mmol L−1, Fe/R = 2.5 g
L−1, pH 4, RB5 = 50 mg L−1, temperature = 25˚C),
but only 48.6% TOC was removed. To achieve higher
TOC removal, a further increase in reaction time or
more H2O2 is required.
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