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ABSTRACT

The degradation of methylene blue (MB) in an aqueous solution by nano-metallic particles (NMPs) was studied to evaluate the possibility of
applying NMPs to remove MB from the wastewater. Scanning electron microscopy (SEM), Fourier-transform infrared (FTIR) spectroscopy and
X-ray photoelectron spectroscopy (XPS) were used to characterize the synthesized NMPs before and after the reaction. The effects of the NMP
dosage, the initial pH, the initial concentration of MB and the amount of H;O, on the MB degradation outcomes were studied. The highest
removal rate of MB was achieved to be 100% with an initial MB concentration of 5 mg/L, followed by 99.6% with an initial concentration of
10 mg/L under the following treatment conditions: dose of NMP of 0.15 g/L, concentration of H,O,-100 mM and a temperature of 25°C. The
SEM analysis revealed that the nano particles were not spherical in shape. FTIR spectra shows occurrence of metal oxides on the surfaces of
the NMPs. The XPS analyses results represent that Fe, Zn, N, Ca, C and O were occurred on the surfaces of the NMPs. The degradation of

MB was suitable for the pseudo-first-order kinetics.
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1. Introduction

Colors are extensively used in the chemical industry. However,
industrial applications of colors are also increasing steadily, which
leading to increase water pollution [1]. In fact, the presence of
a very small amount of dye in water (< 1 mgL for some dyes)
is highly visible and enough to present an aesthetic problem [2].
Organic compounds such as dyes are harmful to humans who
are in continued contact with them. It has been estimated that
approximately 15% of the dyes of the total world manufacture
are lost during the printing and dyeing processes which is dis-
charged into water [3]. Methylene blue (MB), the most common
dye in effluents from the textile, paper and printing industries,
is often found in most industrial wastewater. The complete removal
of MB is difficult due to the presence of aromatic rings in the
structures which comprise the chromophore and polar groups
in this wastewater [4, 5].

A removal efficiency of MB through adsorption by lotus leaf
was 95.1% [6]; however, removal efficiency of MB by adsorp-
tion/photocatalytic degradation by nanocomposite pectin Zr(IV)
selenotungstophosphate was reported to be 89.2% [7]. A degrada-
tion of efficiency of MB by nano zero valent iron (nZVI) assembled
on magnetic Fe;Os/reduced graphene oxide was 98.0% [8]. The
removal of MB through a chemical oxidation process which in-
volves the application of nano-sized materials has proven to be
particularly effective, mainly due to its simplicity and efficiency.
Oxidation of organic pollutants by nano size ZVI found to be
highly effective in wastewater treatment because of its better capa-
bility to decrease and stabilize various types of organic pollutants
at small operating cost [9]. The zero-valent metals (ZVMs) having
greater efficiency of producing reactive oxygen species, which
mainly depends on the superficial transfer of electrons to dioxygen
[10]. Therefore, the degradation of toxic dyes by nZVI has attracted
much attention [11-12].
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Currently, oxidation processes have become promising techni-
ques for the treatment of organic pollutants in wastewater [12].
Hydroxyl radicals are generated when the oxidation process uses
prospective oxidants such as hydrogen peroxide and ozone.
Presently, the preparation of nano zero valent metal (nZVMs) par-
ticles through liquid-phase reduction methods has been applied,
during which sodium borohydride and metals salts are used.
However, this method has a high preparation cost and can limit
the application of nZVMs for the degradation of organic pollutants
in water [13].

An advanced oxidation process (AOP) is one of the most promis-
ing technique for the degradation of organic pollutants through
the production of reactive oxygen species (ROS) such as hydroxyl
radical (*OH) [3]. This radical is as the key intermediate of Fenton
process and high oxidative in nature. The *OH can oxidize attack
almost all the organic compounds, and finally leading to the for-
mation of mineral end-products [14]. Consequently, the activation
of molecular oxygen occurs which to produce ROS for the oxidation
of organic pollutants by nZVMs [15].

On the other hand, the metal-containing extracted solution of
automobile shredder residue (ASR) is very useful for the synthesis
of nano-metallic particles (NMPs). The concentrations of heavy
metals in ASR are as follows: Zn-5,571.3 mg/kg, Cu-1,957.1 mg/g,
Mn-1,068.8 mg/kg, Fe-151.8 g/kg, Ni-95.9 mg/kg, Pb-1,202.8 mgkg
and Cr-98.3 mg/kg [16].

At present, ASR waste contaminated with heavy metals is dump-
ed into landfills in many countries, increasing the potential risk
to humans through groundwater pollution [12-13]. The fine fraction
of ASR is considered as a highly hazardous material due to presence
of high concentrations of heavy metals [17]. It may be possible
to prepare NMPs by utilizing a leachate of ASR waste to decrease
the production cost and pollution load into groundwater. The
degradation of MB by nZVI [18-20] has been reported. However,
the degradation of MB using NMPs has yet to be reported.

Therefore, the present study is an attempt to degrade MB in
the NMPs/H,O, system by comparing the kinetics and/or the magni-
tude of MB discoloration. The effects of various factors (pH values,
NMP dosages, initial concentrations of MB and the amounts of
H,0,) on the rate of MB degradation are also discussed.

2. Materials and Methods

2.1. Leaching Experiment

The extraction of heavy metals from the fine fraction of ASR (<
0.25 mm) was carried out with 1.0 M of nitric acid at an L/S ratio
(liquid/solid) of 10 mlL/g and ultrasonic power of 500W. To increase
the extraction of metals from the ASR, an ultrasonic generator
(VCX-500, Sonics & Materials, Inc., USA) with a titanium probe
was used. The ASR sample (50 grams) was mixed with 500 mL
of the acid solution (1.0 M) in a 1,000 mL beaker and stirred with
a thermostatic magnetic stirrer during 1 h ultrasonic treatment.
The mixture was separated by using 0.45 um filter paper.

2.2. Preparation of Nano-metallic Particles (NMPs]
The synthesis of NMPs from the extracted solution of ASR was

carried out at a neutral pH. In this case, 100 mL of the extracted
solution was placed into a 500-mL beaker and the pH of the solution
was adjusted to 7 using 1.0 M of NaOH. The preparation of the
NMPs was carried out through a reduction method [21]. A solution
of 0.1 M NaHB,; was added to the extracted solution of ASR at
40 drops/min while stirring using a temperature-controlled mag-
netic stirrer at 25 * 0.5°C. The metal ions were rapidly converted
into NMPs. The color of the mixture changed to black after the
complete addition of the NaHB, solution. The prepared NMPs
were separated by centrifugation at 3,667 x g for 30 min and
were then washed several times with distilled water, followed
by washing with ethyl alcohol to remove the extra NaHB, from
the surfaces of the NMPs. After washing and separating the NMPs
from the mixture, they were dried in a vacuum at 50°C. The metallic
ions rapidly changed into NMPs with the addition of a NaHB,
solution, as represented by Eq. (1) [13],

+H,0 -

NMPs g+ B(OH), (aq) + Hy 1 (1)

MMM+ BH

where M represents the metal ions.

2.3. Experimental Design for MB Degradation

MB degradation by NMPs was conducted in 250 mL conical flasks
at 25°C. This experiment was carried in a horizontal water bath
shaker (SWB-35, Hanyang Scientific Equipment Co., Ltd., South
Korea) at 50 rpm. Here, 100 mL of the MB solution was placed
into a flask containing appropriate amounts of NMPs and H,O,.
The pH of the MB solution was maintained with HCI (0.1 N)
and NaOH (0.1 N) to check the effects of different pH levels on
the MB degradation by NMPs. A pH meter (Orion 3 Star, Thermo
Scientific) was used to measure the solution pH. To measure the
residual MB concentration, samples were taken at various time
intervals and were filtered through 0.25 um filter paper. UV-visible
spectrophotometer (UV 1601, Shimadzu) was used to determine
the residual MB concentration in the solution at a maximum wave-
length (Amax) of 665 nm.

2.4. Instrumental Analysis of NMPs

A scanning electron microscope (SEM; S-4300CX; Hitachi, Japan)
was used to analyze the morphology of the prepared NMPs. A
Fourier-transform infrared spectroscopy (FT-IR) analysis of the
NMPs was carried out with a FT-IR spectrophotometer (ISF 66/S,
Bruker) to define the various functional groups of the NMPs. An
X-ray photoelectron spectroscopy (XPS) examination of the NMPs
was done using an Escalab-210 electron spectrophotometer (Spain)
to identify the different elements existing on the surfaces of the
NMP nanoparticles. A transmission electron microscopy (TEM)
analysis of the particles was carried using a TEM model H-8100
by Hitachi. Samples were prepared by dropping a few droplets
of a diluted NMP solution onto carbon-coated copper grids.

2.5. Kinetic Study

The rate of MB degradation by NMPs was verified by a pseu-
do-first-order reaction model [13, 22],
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n(G/G)=—kt (2)

where C, represents the original concentration of MB (mg/L), G,
is the residual concentration of MB at time ¢ (min), and k is the
pseudo-first-order rate constant (min™).

The removal of the MB by NMPs was also examined by a pseu-
do-second-order reaction kinetics [23],

1/G =(1/G) +kyt (3)

The slope of the plot between 1/C; and time yields the pseudo-sec-
ond-order rate constant k.

3. Results and Discussion

3.1. Characterization of NMPs

Fig. 1(a) and Fig. 1(b) show SEM images of the NMPs before and
after the reaction. The diameter of the NMPs was found to be
less than 100 nm. The SEM analysis revealed that the particles
were not spherical in shape before or after the reaction. Moreover,
they showed some clumping due to the magnetic interaction
with the Fe in the nanoparticles [23]. A SEM-EDX elemental
analysis of the NMPs revealed that the contributions of different
elements to the total mass, in this case Fe, C, Zn, Al, Si, Cu,

= 100nm ' 100nm
15.0kV LEI

X 50,000 15.0kV LEI

Mn, Pb, and Cr, were 63.7, 21.4, 7.8, 2.3, 2.0, 1.3, 0.9, 0.6, and
0.09%, respectively. However, the composition of the elements
changed after the reaction, as follows: Fe-47.1%, O-33.0%, Si-6.2%,
Cl-4.3%, Zn-3.8% and Al-3.5%. Fig. 1(c) shows a TEM image of
the NMPs before the reaction. Particles were formed in a chain-like
structure.

Fig. 2 shows the FT-IR spectra of the NMPs before and after
the reaction with MB. Metal oxide (M-O) bands were observed
on the surfaces of the NMPs before the reaction at 1,389.8 cm™.
However, after the reaction, this peak was found to be smaller
and to have shifted to 1,417.1 cm™. The M-O band represents
the presence of MO, M,0; and M;0,, indicative of the partial
oxidation of the NMPs [24]. The spectra of the NMPs exhibited
a widened band at 3,301 cm™, which can be attributed to O-H
stretching [25]. The peak at 2,935.8 which appeared after the re-
action may represent the stretching vibration of C-H in the CH;
and CH, groups [26]. The two peaks at 1,638.8 and 1,661.1 cm™
are attributed to O-H bending vibrations [27].

XPS was applied to determine the surface chemical compositions
of the NMPs. As shown in Fig. 3, the XPS analyses results revealed
that Fe, Zn, N, Ca, C and O existed on the surfaces of the NMPs.
The presence of O could be explained by the presence of the
oxide forms of the metals on the surfaces, with very little residual
ethanol on the surfaces of the NMPs. As shown in Fig. 4(a), XPS
spectrum of Fe 2p shows the three peaks. These peaks are corre-
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Fig. 2. FTIR spectra of NMPs before and after the reaction with MB.
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Fig. 3. XPS survey spectra of NMPs.
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Fig. 4. XPS spectra of Fe 2p (a) and XPS spectra of Zn 2p (b).

sponding to Fe’, FeO/F,0; (Fe 2p3/2) and Fe,0; (Fe 2p1/2) with
binding energies (BEs) of 720.6 eV, 710.6 eV and 724.7 eV, re-
spectively [20]. The XPS spectra of Zn 2p in Fig. 4(b) shows
two peaks at the BEs of 1,021.3 and 1,044.5 eV, these peaks
could be assigned to ZnO [28]. An XPS spectrum of C1s repre-
sents the peaks at 284.9 eV, which assigned to C-C/C-H [29].
However, the XPS spectrum of O1s shows the peak at 530.5
eV, is ascribed to the availability of an oxides in the NMPs
[30]. The XPS spectrum of Ca 2p displays the peak at 347.57
eV, which assigned to calcium carbonate or elemental form
of Ca. Metals were existed on the surface of NMPs in the form
of elements, oxides of metals and carbonates of metals. The
XPS analysis could not identify the presence of Si, Mn or Cu
on the surfaces of the nanoparticles, likely due to their low concen-
trations in the samples [13].

3.2. Degradation of MB by NMPs

3.2.1. Effects of the NMP dosage on the MB degradation outcome
There was no MB removal observed with only H,O, (without addi-
tion of NMPs), which shows that H,O, alone cannot remove MB
and it could not oxidize in this condition. The effects of various
NMP dosages (0, 0.075, 0.15, 0.25 and 0.50 g/L) on the reaction
rate were studied under the following experimental conditions:
a pH of 3.0, an initial MB concentration of 10 mg/L, a temperature
of 25°C, and a concentration of H,O, of 100 mM (Fig. 5). With
an increase in the NMP dosage, the degradation efficiency of MB
improved significantly due to the increased number of reaction
sites with an increased concentration of NMPs [13]. Degradation
efficiency of MB of nearly 99.6% was achieved at a reaction time
of 180 min with a dose of 0.15 g/L. (Fig. 6(a)). However, the degrada-
tion efficiency decreased slightly (99.1%) at a NMP dose of 0.5
g/L. This result can be explained by the clustering of the NMPs
during the reaction [31]. The MB removal was increased with
the increase of the NMPs concentration may be due to more avail-
ability of reactive site for electron transfer from the surface NMPs
to H,0, [12]. NMPs are very capable of degrading MB owing to
their small size and greater surface area. On the basis of these
results, the optimum dosage of NMPs was determined to be 0.15 g/L
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Fig. 5. Effects of the NMP dosage on the degradation of MB. Inset:
correlation between the pseudo-first-order rate constant (k) and
the NMP dosage.

for the subsequent MB degradation processes. The inset in Fig.
5 shows a plot of the pseudo-first-order rate constant for the
removal of MB versus the NMP dosage, indicating that the k;
value initially increased with the dose to 0.15 g/L. and then
decreased linearly as the dose continued to increase. Similar
trend was also followed by pseudo-second-order rate constant
(k2) (Table 1). The kinetic data with the selected dosages of NMPs
are given in Table 1.

3.2.2. Effects of the pH levels on the MB degradation outcome
Many researchers have been reported that most of AOPs are depend
on pH and acidic conditions, which are favorable to the reaction
[32-33]. The pH is an important parameter which can affect the
degradation process of organic pollutants when nZVMs are used
under an acidic condition, creating more reactive sites and resulting
in greater degradation of these types of pollutants. However, in
a highly acidic condition (pH < 2), rapid corrosion of nZVMs
reduces the degradation rate [34]. The effects of different pH values
(2.0, 3.0, 4.0, 5.0 and 6.8) on the reaction rate were studied under
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Fig. 6. Effects of different parameters on the MB degradation process: a) effect of the dosage, b) effect of the initial pH value, c) effect of
the initial MB concentration and d) effect of the amount of H,O..

Table 1. The Kinetic Results for MB Degradation by NMPs

NMPs dose Co (MB . H.0; conc.
) gty Wi O
0.075 10 3.0 100
0.15 10 3.0 100
0.25 10 3.0 100
0.50 10 3.0 100
0.15 10 2.0 100
0.15 10 4.0 100
0.15 10 5.0 100
0.15 10 6.8 100
0.15 5 3.0 100
0.15 20 3.0 100
0.15 40 3.0 100
0.15 10 3.0 0
0.15 10 3.0 25
0.15 10 3.0 50
0.15 10 3.0 150

the following experimental conditions: an NMP dose of 0.15 g/L,
an initial MB concentration of 10 mg/L, a temperature of 25°C,
and a H,O, concentration of 100 mM (Fig. 7). The degradation
efficiency of MB was found to be greater than 98% within 30
min, then reaching 100% in 180 min at an initial pH of 2.0 (Fig.

Reaction time (min)

Pseudo-first-order Pseudo-second-order
k (min™) R K (L/mg.min) R?
0.0189 0.9827 0.0175 0.8797
0.0255 0.8605 0.1473 0.9294
0.0170 0.5880 0.075 0.9829
0.0158 0.5321 0.0516 0.9253
0.0390 0.8141 1.6467 0.6192
0.0052 0.6593 0.0021 0.8336
0.0038 0.6225 0.0012 0.8079
0.0080 0.7307 0.0007 0.7252
0.0347 0.9461 0.3802 0.5601
0.0164 0.9914 0.0051 0.8811
0.0155 0.9805 0.0019 0.918
0.0060 0.9396 0.0013 0.9724
0.0179 0.9470 0.0173 0.949
0.0190 0.9339 0.0225 0.9616
0.0176 0.8950 0.0213 0.9784

6(b)). The degradation efficiency levels of MB were reduced with
an increase in the pH from 2 to 6.8 in a reaction time of 180
min. The reduced MB degradation with an increase in the pH
to 6.8 can be ascribed the decay of H,O, and the decreased activity
of the NMPs [35]. The highest rate of MB degradation was achieved
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Fig. 7. Effects of different initial pH levels on the degradation of MB.
Inset: correlation between the pseudo-first-order rate constant
(k) and the pH values.

at pH 2.0, this may be due to releasing metal oxides on the NMP
surfaces in an acidic pH; resulting many active sites became avail-
able for MB reactions. At pH 4, 5 and 6.8 confined the removal
of MB due to the low concentration of H" in which is not favourable
for the MB removal. Furthermore, metals hydroxides are generated
with the increase of the pH from 4 to 6.8 during the process.
The accumulation of metal hydroxide precipitates accumulated
on the surface of NMPs will hamper the generation of ROS and
decrease the MB removal [12].

As shown in Table 1, the value of k; was reduced by approx-
imately 90.5%; however, the value of k; was reduced 99.96% when
the pH was increased from 2 to 6.8. Rapid degradation of MB
by the NMPs was observed at a low initial pH of solution. These
results also indicate that the reaction rate was significantly de-
creased with an increase of pH values (inset of Fig. 7). This outcome
stems from the fact that the oxides on the surfaces of the NMPs
were rapidly dissolved at a low pH and the active sites were free,
causing corrosion of the metals, including Fe [12].

3.2.3. Effects of different MB concentrations on the MB degradation
outcome
The effects of various initial concentrations of MB (5, 10, 20 and
40 mg/L) on the reaction rate were studied under the following
experimental condition: a dose of NMPs of 0.15 g/L, an initial
pH of 3, a temperature of 25°C, and a H,O, concentration of 100
mM (Fig. 8). The residual MB concentrations were found to be
0.0, 0.04, 0.91 and 2.4 mg/L for initial concentrations of MB of
5, 10, 20 and 40 mg/L, respectively (Fig. 6(c)). The degradation
efficiency of MB was reduced from 100 to 85.7% with an increase
in the concentration from 5 to 40 mg/L at a reaction time of 180
min. The active surface sites existing on the NMPs for the reaction
were limited by increasing the MB concentration. The values of
ki, k; and R? for the degradation rate of MB with different MB
concentrations are given in Table 1. As shown in the inset of
Fig. 6, the correlation between k; and the initial concentration
of MB indicated that the value of k; decreased linearly with an
increase in the initial MB concentration. The value of k, was

In C/C,

40

T T T T
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Reaction time (min)
Fig. 8. Effects of different initial MB concentrations on the degradation
of MB. Inset: correlation between the pseudo-first-order rate
constant (k) and the initial MB concentration.

also reduced approximately 99%, when concentration of MB in-
creased from 5 to 40 mg/L. The reduction of the MB degradation
rate can be attributed to the adsorption of MB onto the surfaces
of the NMPs, likely blocking the active sites of NMPs and thus
diminishing the constant generation of hydroxyl radicals [35].

3.2.4. Effects of the addition of H;0, on the MB degradation outcome
The effects of various amounts of H,O, (0, 25, 50, 100 and 150
mg/L) on the reaction rate were studied under the following ex-
perimental condition: A NMP dose of 0.15 g/L, an initial pH of
3, a temperature of 25°C, and an initial MB concentration of 10
mg/L (Fig. 9). The MB degradation rate was very low with NMPs
without an addition of H,O,, possibly due to the insufficient number
of, or unavailability of hydroxyl radicals in the reaction. As shown
in Fig. 6(d), the MB degradation efficiency was increased from
71.6 to 99.6% with an increase in the amount of H,O, from 0
to 100 mM due to the generation of considerable numbers of hydrox-
yl radicals [31, 36]. However, the efficiency was reduced slightly
with 150 mM of hydrogen peroxide. This outcome stems from
recombinations caused by hydroxyl radicals, the scavenging effect
of H,O,, and the inhibition of the oxidation of the NMPs by H,O.
(Egs. (4-6)). At high concentrations of H,0O,, new radical (HO,')
is formed, which is much less reactive than hydroxyl radicals
(Eq. (4)) [35]. As shown in Eq. (5), HO; involved in destruction
of hydroxyl radicals. However, two hydroxyl radicals are combined
to form H,O, (Eq. 6).

OH" + H,0, — HO} + H,0 )
HO; + OH® —H,0+ 0, (5)
OH"+ OH" —H, 0, (6)

The values of k;, k; and R? for MB degradation rates with different
concentrations of H,O, are given in Table 1. As shown in the
inset of Fig. 9, the values of k; increased linearly to a hydrogen
peroxide concentration of 100 mM with a small alteration at the
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Fig. 9. Effects of different amounts of H,O, on the degradation of MB.
Inset: correlation between the pseudo-first-order rate constant
(k) and the concentration of H,Os,.

highest concentration (150 mM). A similar trend was also followed
by k; values. The degradation of MB was greatly increased with
a combination of NMPs and hydrogen peroxide as compared to
that solely with NMPs.

3.3. Possible Mechanism for the Degradation of MB by NMPs

The removal characteristics of MB by NMPs with and without
H,O, were studied. A low removal rate (71.6%) of MB was achieved
by NMPs without the addition H,O,. The oxidation of MB by
hydroxyl radicals is mainly responsible for the degradation of
MB in an aqueous solution. Hydroxyl radicals are produced when
an electron migrates from the surface of the NMPs to H,O,. The
NMPs can react with the available H,O,, leading to the generation
of further hydroxyl radicals [12-13].

The rapid production of HO® radicals in an acidic medium
occurred during the Fenton-like process, as shown in Eq. (7) [37].
In acidic condition, Fe® react with H,O,, and then oxidized into
Fe?* (Eq. (8)). A Fe*" again react with H,0, and produced Fe®*,
OH and OH (Eg. (9)). As expressed by Eg. (10), zero-valent alumi-
num could react with hydrogen peroxide and produce AI**, OH'
and OH [11]. The zero-valent Cu reacts with O, in a water system,
resulting in Cu*, H;O, and OH'. In an acidic condition, Cu" reacts
with H,0, and converts into Cu?* along with H,O, and 20H"
(Egs. (11-12)) [38]. The degradation of MB takes place by means
of oxidizing agents such as H,O, and other oxidative species under
an acidic pH and oxic condition, leading to the production of
hydroxyl radicals for the decolorization of MB through a Fenton-like
process (Eqg. (13)) [39-40].

NMPs+ Hy,O, + H" — M" "+ OH"+ OH "~ (7)
F+H,0,+2H" — Fe*" +2H,0 (8)
F*Y + H,0,— Fe*" + OH + OH~ 9)
Al'+3H,0,— AP’ +30H"+30H " (10)

204" + 0, +2H,0—2Cu* +20H " + H, 0, (11)
ut+H + H,0,— '’ +20H"+ H,O (12)
OH"*+ MB—> Intermediate + CO, + H, O (13)

4. Conclusions

NMPs were synthesized from a solution extracted from ASR, these
particles were highly effective when used for MB degradation
in an aqueous system. The MB degradation rate was improved
with an increase in the dosage of the NMPs and the amount H,O,
up to a certain limit, past which it decreased gradually. However,
the degradation rate decreased with an increase in the pH and
the initial MB concentration. The optimum conditions for MB
degradation were as follows: a pH of 3.0, an initial MB concentration
of 10 mg/L, a NMP dose of 0.15 g/L, 100 mM of H;O,, and a
temperature of 25°C. The highest removal rate of MB was found
to be 100% with an initial MB concentration of 5 mg/L, followed
by 99.6% with an initial concentration of 10 mg/L. The pseudo-sec-
ond-order kinetics was well fitted in comparison to the pseu-
do-first-order kinetics for the degradation of MB by NMPs. The
highest value of k; was found to be 0.039 min™ for MB degradation
at pH 2. The most probable mechanism for the degradation of
MB by NMPs with H,O, was the oxidation of MB by hydroxyl
radicals that are generated during the reaction. The present study
recommends that MB can be removed successfully through a heter-
ogeneous Fenton-like process.
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