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Abstract

Although widely used in the textile industry, methyl orange is considered one of the most toxic dyes, which have negative
impacts on the aquatic environment and needs to be removed from water bodies. Hence, the present paper reports the
synthesis of new floating photo-Fenton catalysts based on the immobilization of Fe,O, nanoparticles on the surface of
Luffa sponges for the oxalate-induced-degradation of methyl orange. The floating catalytic sponges were prepared through
a simple precipitation method followed by a reflux heating process and then characterized by field emission scanning
electron microscopy, X-ray diffraction, atomic absorption spectrometry, and nitrogen adsorption-desorption experiments.
According to the experimental results, methyl orange was effectively degraded over our floating catalytic sponges under
light illumination at near neutral pH. The catalytic activity was also found to be enhanced with the increase in crystallinity
of Fe,0, nanoparticles, which can be achieved by the reflux heating. Besides, owing to the floating feature, these sponges
are easily separated from the solution, thereby not forming a secondary source of pollution for water.
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1. Introduction

Due to the dyeing efficiency without mordant
and the affordable prices of azo dyes, they have
been extensively used and become the most
important class of synthetic dyes in the textile
industry [1]. Among different azo dyes, methyl
orange is an anionic, water-soluble sulfonated azo
dye which is able to give the vibrant orange color
to numerous materials, such as cotton, paper,
nylon, and leather [2]. Nevertheless, like other
azo dyes, methyl orange was reported to be toxic,
potentially carcinogenic, and thereby harmful to
the natural environment [3, 4]. In addition, since
methyl orange contains azo groups (-N=N-) as
well as aromatic groups, this organic dye is highly
resistant and hardly remediated by conventional
physical or biological methods [5]. Hence, the
removal of methyl orange from effluents should
require the advanced oxidation process using
photocatalysts [6] or photo-Fenton catalysts [7]
in order to degrade methyl orange molecules
to smaller fractions which can be possibly
eliminated by further biological treatments [2]. In
fact, this azo dye was reported to be decomposed
under visible light by a heterogeneous catalytic
system based on Fe,0,/TiO, nanoparticles which
follow both photocatalytic and photo-Fenton
mechanisms [8]. Likewise, a-Fe,O, with different
morphologies (croissant-like structures, urchin-
like structures, and textured microspheres) were
successfully prepared via hydrothermal method
and applied as photo-Fenton catalyst for the
degradation of methyl orange under UV-C light in
the presence of H,0, [9]. However, most of these
catalysts were used in the form of fine powders,
when dispersed in effluents, they are difficult
to be separated from the water body and easily
become a source of secondary pollution.

In view of practical applications, the
immobilization of catalytic Fe,O, on a recoverable
substrate could be of great benefit. It was reported
that Fe,O, particles can be deposited on various
fiber substrates such as cellulose [10], fiberglass
[11], carbon fiber cloth [12], etc. Recently, Luffa
sponges, derived from the fruit of Luffa cylindrica,
have attracted much attention in serving as a
low-cost and eco-friendly substrate/support for
inorganic catalysts [13, 14]. This natural net-like
material provides fibrous strand morphologies
with high porosity and high adsorption capacity

[15]. Moreover, Luffa sponges have low density,
which allow them to float on the water surface.
Hence, the combination between photo-Fenton
catalysts and Luffa sponges is expected to
facilitate the light absorption of catalysts as well
as the separation of catalysts from the effluents
after the treatment.

However, to the best of our knowledge, the
application of o-Fe,0, nanoparticles deposited
on Luffa sponges as floating photo-Fenton
catalysts for the degradation of methyl orange
still remains unexplored. Furthermore, the
synthesis of o-Fe,O,/Luffa sponges is also a
challenge. Generally, the immobilization of
a-Fe,O, on a substrate could be started by the
precipitation of Fe** ions in the form of Fe(OH), on
the substrate surface, followed by the annealing
at high temperatures to transform Fe(OH), to
a-Fe,O,. But this annealing step can destroy the
floating o-Fe,0,/Luffa catalyst since the Luffa
fibers are not able to withstand temperatures
above 200 °C. Therefore, in this work, we proposed
to synthesize new floating o-Fe,O./Luffa sponge
catalysts by a reflux heating process at about
100 °Cinstead of annealing at high temperatures.
These recoverable photo-Fenton catalysts were
used to degrade methyl orange under both UVA
light and visible light in the presence of oxalic
acid as a radical-producing source.

2. Experimental
2.1. Materials and reagents

In this work, H,C,0,-2H,0 (> 98%), NaOH
(2 97%) and methyl orange (indicator grade) were
purchased from Xilong Scientific Co., Ltd. (China).
Fe(NO,).-9H,0 (> 98.5%) was obtained from
Shanghai Zhanyun Chemical Co., Ltd (China). All
these chemical reagents were used as received,
without purification. The dried Luffa fruits were
purchased from VINHANDS Co. (Ho Chi Minh city,
Vietnam) and subsequently cut into rectangular
sponges with dimensions of 20x30 mm and
thickness of 5 mm. They were washed with
deionized water several times and treated with
NaOH solution (0.1 mol-L!) at 80 °C for 2 hours
in order to remove lignin, natural oils, waxes
and other impurities. This step is also necessary
to support the interactions between catalyst
particles and Luffa fibers. Then, the sponges
were rinsed with deionized water to remove the
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left over NaOH from their surface, dried at 100 °C
to obtain the pretreated Luffa sponges for the
immobilization of Fe,0, nanoparticles.

2.2. Synthesis of floating catalysts

The immobilization of Fe,0, nanoparticles
on Luffa sponges consists of two simple steps:
precipitation and reflux heating process. In the
first step, the pretreated Luffa sponges were
impregnated in 200 mL of Fe(NO,), solution
(0.5 mol-L) for 1 hour. Afterwards, NaOH solution
(1.5 mol-L-!) was dropwise added to the above
mixture up to pH 11 under regular stirring to
produce a brown Fe(OH), precipitate. In the next
step, all the mixture was heated at reflux (~ 100 °C)
for 2 hours to form Fe,O, nanoparticles on the
surface of Luffa fibers. The mixture was cooled to
room temperature, then the Fe,0,-coated Luffa
sponges were washed with deionized water until
the pH of washing water reached 7. Finally, the
sponges were dried at 150 °C for 1 hour and named
asFe,O,/Luffa-2.For the comparison, the uncoated
Luffa sponges and the Fe,0,-coated Luffa sponges
without reflux heating were also prepared and
named as Luffa and Fe,0,/Luffa-0, respectively.

2.3. Material characterization

Powder X ray diffraction (XRD) was used
to study the crystal structure and the phase
composition of all Fe O,/Luffa catalysts. These
samples were dried in vacuum at 100 °C for 3
hours, ground to fine powder, and then analyzed
by using a SIEMENS D5000 diffractometer
(Bruker, Billerica, MA, USA) equipped with Cu Kot
radiation (AL = 1.5406 A). The applied current
and the operating voltage were set at 40 mA and
45 kV, respectively. The morphology and the
microstructure of our samples were observed
by field emission scanning electron microscopy
(FESEM) taken on a SUS000 microscope (Hitachi,
Tokyo, Japan) at the accelerating voltage of 10
kV. The content of Fe species on the surface
of Luffa fibers was determined by atomic
absorption spectrometry (AAS) using an AA-6300
spectrometer (Shimadzu, Japan). Moreover, the
Brunauer-Emmett-Teller surface area (S;,)
of Luffa sponges before and after depositing
Fe,0, nanoparticles were measured via nitrogen
adsorption-desorption isotherms recorded on a
Nova 1000e analyzer (Quantachrome, Boynton
Beach, FL, USA) at 77 K.
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2.4. Photo-Fenton catalytic tests

The photo-Fenton catalytic degradation
of methyl orange (MO) over our floating
Fe,0./Luffa-X samples were carried out under
both ultraviolet A light and visible light in the
presence of oxalic acid as a radical-producing
source. All the experiments were performed
at room temperature controlled by a water
circulation system. For each catalytic test, 8
pieces of Fe,0,/Luffa sponges were dispersed in
a static glass reactor containing 250 mL aqueous
solution of MO (10-° mol-L-!') and oxalic acid
(103 mol-L-!). The initial pH of this solution was
adjusted at 6 using dilute solution of H,SO, or
NaOH. Before irradiation, the reaction solution
was magnetically stirred in the dark for 1 hour
to stabilize the adsorption of MO molecules on
catalyst surface. Subsequently, an ultraviolet A
(UVA) light lamp (9W Radium 78,33.0 W-m~2) or a
visible light lamp (9W Osram Dulux S, 12.5 W-m~2)
was used to effectuate the photo-Fenton catalytic
process. These lamps were set up at the height
of 10 cm above the solution surface. During
irradiation, 5 mL of dye solution was withdrawn
from the reactor at certain intervals and its
MO concentration was determined by Helios
Omega UV-VIS spectrophotometer (Thermo
Fisher Scientific, USA) at 464 nm (the maximum
absorbance wavelength of methyl orange [16]).

3. Results and discussion
3.1. Characterization of floating catalysts

Fig. 1 shows the numerical photographs of
Luffa sponges, Fe O./Luffa-0, and Fe,O,/Luffa-2
samples. It was observed that the uncoated
sponges display a characteristic yellow color of
dried Luffa fruits whereas Fe,O,/Luffa-0 sample
presents a brown color, indicating the presence
of Fe(IlI)-containing species on the Luffa fibers.
Interestingly, when Fe,O./Luffa sponges were
heated at reflux for 2 hours, the brown color
gradually turns into reddish brown. This color
change suggests that there has been an evolution
in crystal structure, morphology or quantity of
Fe(IlI)-containing species on Luffa surface.

The morphology of Luffa and Fe,O,/Luffa
sponges was examined by FESEM micrographs.
As seen in Fig. 2a, the uncoated Luffa sponges
possess a fibrous strand texture with high
surface roughness. Such morphology is expected
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Fig. 1. Numerical photographs of Luffa (a), Fe,O,/Luffa-0 (b), and Fe,O,/Luffa-2 (c) sponges

to increase the surface accessibility towards
Fe(Ill)-containing nanoparticles. In fact, the
Fe, 0./Luffa-0 sample shows aggregates attached
to the surface of Luffa fibers with the aggregate
size of about 100 nm (Fig. 2b). These aggregates
are composed of tiny particles joined together
by sides, which are possibly assigned to Fe,O,
nanoparticles with low crystallinity degree.
Moreover, in addition to the aggregates emerging
on Luffa surface, a considerable quantity of
nanoparticles seems to be mixed up underneath
the Luffa fibers. Only when the Fe,O,/Luffa
sponges were heated at reflux for 2 hours, the
Fe,0, nanoparticles were clearly seen with the
polyhedral shape and the particle size ranging
from 50 nm to 100 nm (Fig. 2c). These grown
nanoparticles are still in agglomerated status but
their grain boundaries can be easily observed,
suggesting a good degree of crystallization for
Fe, O, nanoparticles in this sample.

The crystal structure and the phase
composition of Luffa sponges and Fe,O,/Luffa
samples were characterized through their XRD

patterns (Fig. 3). The XRD pattern of Luffa
sponges shows a characteristic behavior of
cellulose I crystals with four diffraction peaks at
15.0°, 16.5°, 22.8°, and 34.5°, corresponding to
(10), (110), (002), and (023) planes (space group
P-2, JCPDS No. 03-0226). For Fe,0,/Luffa-0
sample, two additional weak peaks were observed
at 33.1° and 35.6°, which can be attributed to
the (104) and (110) planes of Fe,O, hematite
phase [17] (space group R-3c, JCPDS No. 86-
0550). However, the intensity of these diffraction
peaks is very low and the signal-to-noise ratio
is also low, indicating the low crystallinity of
Fe,O, component. Conversely, the diffraction
peaks of hematite phase and cellulose I phase in
the XRD pattern of Fe,O,/Luffa-2 sample were
clearly enhanced in intensity. This result confirms
the fact that heating at reflux can be a simple
method to improve the crystallinity of both Fe O,
nanoparticles and cellulose fibers, which is in
good agreement of FESEM study.

Since the changes in the morphology and the
crystal structure of our catalytic samples can

Fig. 2. FESEM micrographs of Luffa (a), Fe,0,/Luffa-0 (b), and Fe,O,/Luffa-2 (c) sponges
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Fig. 3. XRD patterns of Luffa, Fe,0./Luffa-0, and

Fe,0./Luffa-2 samples

affect their specific surface area, the nitrogen
adsorption-desorption isotherm experiments
were carried out. From these isotherms, the
BET specific surface areas were calculated and
shown in Table 1. Surprisingly, although the
uncoated sponges show high surface roughness,
their specific surface area is very restricted
(0.554 m*g"). On the contrary, when Fe,O,
nanoparticles were immobilized on Luffa fibers,
the specific surface was greatly enhanced. In fact,
the Fe,0,/Luffa-0 sample displays the highest
specific surface area (3.241 m?-g-!), which can
be explained by the presence of numerous tiny
particles on Luffa fibers. For Fe, O,/Luffa-2 sample,
the specific surface area decreases, corresponding
to the growth of Fe,O, nanoparticles.

Table 1. Specific surface area and surface Fe con-
tent of Luffa, Fe,0,/Luffa-0, and Fe,0,/Luffa-2
samples

Sample Sy (m*g™!) | Fe-content (mg-g™")
Luffa 0.554
Fe O./Luffa-0 3.241 58.2
Fe,O,/Luffa-2 1.820 36.3
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Table 1 also reveals the Fe-contents,
determined by AAS analysis, in Fe,0./Luffa-0
and Fe,0,/Luffa-2 samples, proving the successful
immobilization of Fe-containing species on the
Luffa surface. Without heating at reflux, the
content of Fe species on Luffa fibers (58.2 mg-g™!)
is higher than that of Fe,O,/Luffa-2 sample
(36.3 mg-g!). This evolution supports the
hypothesis that the reflux heating can help to
grown Fe O, nanoparticles on Luffa fibers, but
when the particles grow large enough, the van der
Waals interactions between them and the fibers
gradually weaken, making an amount of Fe,O,
particles possible to be removed from the fibers
during the washing process.

3.2. Catalytic activity

Prior to illumination, the MO adsorption on
the surface of our floating sponges was evaluated
in the dark. At pH 6, all samples exhibited low
MO adsorption percentages, and the difference
in MO adsorption capacity between our samples
is not significant (Table 2). Fig. 4a and 4b depicts
time-dependent plots of MO degradation over
our floating catalysts under UVA light and visible
light, respectively. It was found that the MO
concentration nearly remains unchanged during
several hours of UVA-visible light exposure in
the presence of oxalic acid and the uncoated
Luffa sample, indicating that the direct self-
photolysis of MO and the photo-Fenton catalytic
activity of Luffa are negligible. Likewise, in the
absence of oxalic acid, both Fe,O,/Luffa-0 and
Fe, O./Luffa-2 samples did not exhibit any activity
for MO degradation under UVA light or under
visible light. Only when using acid oxalic as a
radical-producing source, these samples showed
promising UVA-light-induced and visible-light-
induced catalytic performance. The photo-Fenton
degradation of MO was found to fit well with the
pseudo-first-order kinetic model, which allows
to evaluate the catalytic activity of our samples
by their apparent rate constants (Table 2).
Accordingly, the rate constants of MO degradation
over Fe,O./Luffa-2 catalyst were always higher
than those over Fe,0,/Luffa-0 catalyst under both
UVA and visible light illumination, pointing out
that the reflux heating is an important factor for
the improvement of our floating photo-Fenton
catalysts.
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Table 2. Comparison of MO adsorption percentage and rate constants of MO degradation over floating
catalysts under visible light and UVA light in the presence of oxalic acid

Sample
Luffa Fe,0,/Luffa-0 Fe,0,/Luffa-2
pH6 pH6 pH 4 pH6 pHS
MO adsorption percentage (%) 9.5 11.6 14.5 10.8 3.9
Rate constant of MO
degradation k (h!) under UVA | No activity 1.174 0.591 1.461 No activity
light
Rate constant of MO
degradation k (h'!) under No activity 0.031 0.041
visible light
o8 s Fe,O/Luffa-2 a 0% s Fe,O/Luffa-2 b o8 m Fe,0/Luffa-2 pH 6 c
a Fe0O/Luffa0 0181 & Fe,O/Luffa-0 A Fe0/Luffa2pH4
051 o Luffa ot6] o Luffa %5 e Fe0,Luffa2pH8
0.4 X 0141 0.4
0.12 <
g 0.3 g 0.10 % 0.3.
5 5 008 5
0.24 0.06.] 0.2
014 004 01 -
0.02
00. T > —2 T 5 T 0.00. T f T T i‘ 0& T A T a T T T
000 005 010 015 020 025 030 035 00 05 10 30 35 40 000 005 01 015 020 025 030 035

lllumination time (h)

15 20 25
lllumination time (h)

lllumination time (h)

Fig. 4. Ln (C/C) versus time plot of oxalate-induced-MO degradation on floating catalysts under UVA light at
pH 6 (a); under visible light at pH 6 (b); and under UVA light at different pH values (c). C is the MO concentra-
tion (mol-L™) at time t and C, is the initial MO concentration (mol-L™").

The influences of initial solution pH values
on the MO adsorption and the photo-Fenton
catalytic discoloration of MO over Fe,O,/Luffa-2
catalyst with oxalic acid were also investigated
(Fig. 4c and Table 2). Accordingly, the MO
adsorption on this catalyst tended to decrease
with increasing pH of solution. In contrast, under
UVA light illumination, the rate constant of MO
degradation significantly increased from pH 4
(k=0.591 h™!) to pH 6 (k = 1.461 h!). However,
at pH 8, no MO degradation was observed. These
results indicate that our floating photo-Fenton
catalysts can effectively operate at near neutral
pH, but their performance is reduced at lower pH
values or suppressed at basic medium.

3.3. Discussion

As shown in the experimental results of
catalytic tests, the photo-Fenton catalytic
degradation of MO only effectively occurs over
floating Luffa sponges when these sponges were
coated with Fe O, nanoparticles and exposed
to light illumination in the presence of oxalic
acid. This is most likely explained by the ability

of surface Fe(Ill)-species to form ferrioxalate
complexes with oxalate ions, which can be excited
by light to initiate a series of reactions as follows
[18]:

[Fe(C,0,),]” + hv — [Fe'(C,0,)] + C,0,

k=0.04s"1[19] (1)
C,0,7+0,— 0;”+2CO,

k=2.410° M-1-s71[20] (2)
02" +H" — HOz'

k=6.3-10* M1 [21] (3)
HO; + HO; — H,0,+ 0,

k=28.3x 105 M-1[22] 4)
[Fe'(C,0,)] + H,0, — [Fe"(C,0,)]" + OH~ + OH"
k=3.1-10* M-1-s1 [20] (5)

Due to their high oxidizing capacity [23], the
generated hydroxyl radicals are able to stimulate
a fruitful degradation process for MO molecules.
In fact, in order to justify the ability of our
catalytic sponges to generate hydroxyl radicals,
the scavenger tests were carried out by using tert-
butyl alcohol as an agent to scavenge hydroxyl
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radicals [24]. As shown in Table 3, when the molar
concentration of tert-butyl alcohol gradually
increased, the rate constant of MO degradation
over Fe,O./Luffa-2 catalyst was greatly reduced,
proving that hydroxyl radicals play a vital role in
the photo-Fenton catalytic performance of our
floating catalysts.

Base on the above mechanism and the
results of scavenger tests, the surface Fe(IlI)-
species can be considered as the active centers
for photo-Fenton processes in the presence of
oxalic acid. It is also expected that the more
the Fe, O, nanoparticles are immobilized on the
surface of Luffa fibers, the more the possibility
of ferrioxalate complexation increases, which
enhances the photo-Fenton catalytic activity.
However, in this work, our Fe,0,/Luffa-2 catalyst
always showed better performances than Fe,O,/
Luffa-0 catalyst under both UVA light and visible
light despite the fact that the Fe-content on the
surface of Fe,O,/Luffa-2, determined by AAS
technique, is inferior to that of Fe,O,/Luffa-0.
Even, the floating catalyst prepared with reflux
heating also showed a lower specific surface
area than Fe,O./Luffa-0 sample. These results
indicate that there must be other factors besides
Fe-content and specific surface area affecting the
catalytic performances of our floating samples.

According to XRD and FESEM studies, the
reflux heating used in the catalyst synthesis can
improve the crystallinity of Fe,O, nanoparticles
on Luffa fibers, thereby reducing the bulk defects
in the hematite lattice. This factor may be the
main reason for the enhancement of photo-
Fenton catalytic performance of Fe,0,/Luffa-2
sample. In the literature, although Fe,O, was
considered as a potential photocatalyst with a
narrow bandgap (~2.2 eV), its photocatalytic
activity was usually reported to be very low for
practical applications due to its high electron-hole
recombination and poor conductivity [25, 26]. Our
work also proved that MO was not degraded by
the photocatalytic activity of Fe,0,/Luffa sponges
without oxalic acid as a radical-producing source.

Nevertheless, we believe that the photocatalytic
features of a-Fe,0, nanoparticles still contribute
to their photo-Fenton catalytic performances.
It was noticed that the transformation from
[Fe™(C,0,),]” to [Fe(C,0,)] (Eq. 1) is the slowest
step in the oxalate-induced photo-Fenton
catalysis whereas the consumption of [Fe"(C,0,)]
(Eq. 5) is fairly fast, which potentially unbalances
the whole process and then reduces the photo-
Fenton activity. Fortunately, owing to the
photocatalytic activity, Fe,O, nanoparticles can
be excited under light illumination to produce
electron-hole pairs. For Fe,0./Luffa-2 sample,
since the Fe,O, nanoparticles were well grown
with high degree of crystallization, these
photogenerated electrons are easily transferred
to the oxide surface and react with [Fe™(C,0,),]"
to promote the regeneration of Fe(Il)-species,
which significantly enhances the catalytic
performances. In contrast, without reflux heating,
the Fe,O, particles in Fe,O,/Luffa-0 sample are
not grown enough to have a stable structure for
the transfer of photogenerated electrons.
Furthermore, pH of reaction solution is also
another important factor that needs to be taken
into consideration for our photo-Fenton catalytic
system. When the pH increases, the charge of
our catalyst surface became less positive, more
negative, which prevents the adsorption of
anionic dyes such as MO molecules. As a result,
the probability of hydroxyl radicals approaching
MO molecules could be reduced. Moreover, based
on the above-mentioned mechanism, especially
on the Eq. 5, it is expected that the presence
of OH- ions at basic pH values will hinder the
generation of hydroxyl radicals. This explains why
our floating catalysts are almost inactive at pH 8.
Interestingly, the experimental results indicated
that the Fe, O,/Luffa-2 catalyst work best at near
neutral pH (pH 6) instead of more acidic pH values
(pH 4) although the MO adsorption capacity of the
catalyst at pH 6 is lower than that at pH 4. This can
be attributed to the weak acidity of oxalic acid. At
acidic media, oxalic acid difficultly dissociates to

Table 3. Comparison of rate constants of MO degradation over Fe,O,./Luffa-2 catalyst under UVA light
with tert-butyl alcohol at different molar concentrations

Scavenger tests

[tert-butyl alcohol] (mol-L!)

0 5-10™* 1073 1.5-103

Rate constant of MO degradation k (h™!)

1.461 0.574 0.442 0.350
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form oxalate ions, which inhibits the formation
of ferrioxalate complexes on the surface of our
floating catalysts. Consequently, their photo-
Fenton catalytic performance was declined.

3.4. Reuse tests

The reusability of our Fe,O,./Luffa-2 catalyst
was evaluated through three repeated cycles.
Since these sponges float on water surface
(Fig. 5a), after each cycle, they were easily
separated from the solution, washed with
distilled water and reused directly for the next
run. As shown in Fig. 5b, the rate constant of MO
degradation considerably decreases from 1.461 to
0.890 h! at the second run and slightly decreases
t00.804 h! at the third run. This decline of photo-
Fenton catalytic activity may be explained by the
partial passivation of the catalyst surface due
to the absorption of decomposition products.
Nevertheless, our floating catalysts still exhibits
promising performances for MO degradation after
two-time reuses as well as facile recoverability,
which minimizes negative impacts of Fe,O,
nanoparticles on the environment.

4. Conclusions

In this work, by using the simple precipitation-
reflux heating method, we successfully prepared
floating Fe,O,/Luffa sponges as effective
oxalate-induced-photo-Fenton catalysts for the
degradation of methyl orange under both UVA
light and visible light. The reflux heating process

in synthesis procedure was proved to increase the
crystallinity of Fe,O, nanoparticles on Luffa fibers,
resulting in the enhanced catalytic performance.
These catalysts sponges were also found to work
best at near neutral pH, making them well suited
for practical wastewater treatments. Moreover,
since the catalytic sponges float on water surface,
they are easily separated from the effluent and
potentially reused for the next runs.
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