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ABSTRACT

In this study, the heterogeneous Electro-Fenton process using a manganese ferrite catalyst on
activated carbon derived from sugarcane bagasse (MnFe:04/C) was investigated for the removal
of methyl orange (MO) dye from aqueous solution. MnFe;O4/C was synthesized by an
impregnation-coprecipitation method and characterized by scanning electron microscopy (SEM),
energy dispersive X-ray spectrometer (EDS), X-ray diffraction (XRD). Electro-Fenton model using
graphite electrodes. The experiment was carried out to examine the efficiency of MO removal
under neutral pH conditions. The effect of various operational parameters, such as applied
current, catalyst loading, initial methyl orange concentration, was investigated.

Keywords: Heterogeneous Electro-Fenton; Methyl orange; Manganese Ferrite/Activated carbon.
1. INTRODUCTION

Azo dyes with one or more azo bonds (-N=N-) in association with one or more aromatic rings
are a kind of synthetic dye that is most widely used in the dyeing process of textile industries. It
has been estimated that more than 50% of all dyes are azo dyes due to their chemical stability and
versatility. Azo dyes in wastewater are persistent and difficult to biodegrade compounds due to
their highly structured polymeric nature [1, 2]. The removal of azo dyes from wastewater by
biological and conventional chemical treatments is a challenge to the textile industries because of
their toxicity and stability. Dyeing wastewater discharged into the aquatic environment will be
harmful to both aquatic organisms and humans due to toxic, carcinogenic and mutagenic effects
[3]. Methyl orange (MO) is a typical azo dye that is generally used as a colouring agent in the
textile and leather industries. It is widely used in printing, paper manufacturing, pharmaceutical,
food processing industries, and in research laboratories. MO is a carcinogenic water-soluble azo
dye, and is also acknowledged as an acidic or anionic dye. It can cause vomiting and diarrhea.
High levels of exposure to MO can result in death. It is also metabolised into aromatic amines by
intestinal microorganisms. Methyl orange is stable, shows low biodegradability and is soluble in
water; hence, it is difficult to remove from aqueous solutions by common water purification or
treatment methods [4-6].

Wastewater treatment techniques, including membrane filtration, ion exchange, coagulation,
advanced oxidation processes, biological processes, and adsorption, were used for the removal of
dyes [3, 7]. Advanced oxidation processes (AOPs) are a suitable method for the treatment of
persistent organic pollutants [8]. AOPs are based on the in situ generation of hydroxyl radicals
(*OH), a highly reactive (oxidation potential: 2.8 V) and non-selectively decomposes many types
of organic substances. Among them, Electro-Fenton (EF) is one of the technologies that is
currently being studied due to its fast reaction rate, low toxicity and environmental friendly. During
the EF process, H,O: is generated at the cathode surface via oxygen reduction reaction (ORR) and
reacts with iron catalyst (Fe*") to produce ¢OH and degrade pollutants.
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The heterogeneous electro-Fenton (HEF) process is carried out with a solid Fe-containing
catalyst, which reacts with H,O, to form eOH, promoting mineralization and efficient removal of
pollutants. This process has several advantages, such as a wider pH range for the Fenton reaction
(even possible under alkaline pH conditions), prevention of leaching of iron ions, increased
stability and reusability of the catalyst, and inhibition of iron hydroxide precipitation, resulting in
a reduction in secondary sludge [9]. Iron oxides are considered environmentally acceptable Fenton
catalysts, as they are abundant in nature and are easy to synthesize, making them low-cost.
Recently, various transition metals such as cobalt (Co), copper (Cu), nickel (Ni) and manganese
(Mn) have been utilized as solid catalysts with iron/iron oxides. Adding transition metals such as
Cu, Mn and Ni to FesO4 was reported to be effective for the increased catalytic activity [10].
Various methods can be used to synthesize MnFe,O4, such as mechanochemical reaction, sol-gel,
hydrothermal, soft chemical route, solid combustion route, microwave combustion, solvothermal,
co-precipitation. The co-precipitation method is often used to synthesize multi-metal oxides
because it is simple, and the obtained material is more [11].

Manganese ferrite (MnFe,Os) catalyst has attracted more attention due to its large surface area
and high surface activity [12]. MnFe,O4 nanoparticles have significant advantages, such as good
catalytic activity, easy synthesis, simple operation, environmentally friendly, and can be separated
from the reaction medium after being magnetized by an external magnet [13]. Mn and Fe ions have
been used as heterogeneous catalysts in the MnFe>O4s/H>O, system, where manganese ferrite
(MnFe,04) nanoparticles have considerable stability in the catalytic process due to their unique
spinel crystal structure [14]. MnFe,O4 nanoparticles are also magnetic materials that can easily be
separated from an aqueous solution by an external magnetic field, providing an attractive and cost-
effective method for practical operation. However, these catalysts have a limited catalytic
performance due to their easy agglomeration. Therefore, it is necessary to find a suitable carrier to
improve the catalytic performance of these materials while avoiding agglomeration.

Carbon, especially activated carbon, is a well-known adsorbent widely used for the removal of
dyes, heavy metals, phenols, pesticides, etc. Higher surface area, sorption capacity, porosity, etc.
of activated carbon made the material as popular adsorbent. The ability of activated carbon for the
sorption of heavy metals leads to the preparation of an activated carbon-supported iron catalyst for
the abatement of various organic pollutants via Fenton’s reaction [15]. Activated carbon is a good
carrier material that can inhibit the aggregation of metal oxides.

In the solution and on the surface of the catalyst containing Fe and Mn. The reactions to create
free hydroxyl radicals (¢OH) will take place as follows:

=Fe'' + H,0, - =Fe'" + «OH + OH- 4
=Mn" + H,0, — =Mn" + ¢OH + OH" (5)
=Fe'" and =Mn"" are electrochemically reduced to =Fe" and =Mn" in the electrolyte
environment through electron acceptance and continue to react with H,O; according to equations
(6) and (7) to produce #OH as a continuous cycle.
=Fe' + e- - Fe' (6)
=Mn"" + e- - =Mn" (7)

In this study, MnFe,O./C catalyst material was synthesized by the impregnation-coprecipitation

method and used for the electro-Fenton process to remove MO in aqueous solution.
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2. MATERIALS AND METHODS

2.1. Materials and chemicals

Activated carbon was prepared from sugarcane bagasse biomass in Viet Nam. Chemicals
employed in the synthesis of MnFe,04/C and experiments include potassium hydroxide (KOH,
96%, XiLong-China), manganese (II) chloride tetrahydrate (MnCl,.4H,O, 99%, Xilong-China),
ferric chloride hexahydrate (FeCls.6H,O, 99%, Xilong—China), ammonia solution (NH3s, 25%,
Xilong-China), methyl orange (MO) (Ci4H14N3NaOsS, 99%, Xilong-China).

2.2. Preparation of MnFe;O.4/C composite

Activated carbon was prepared from bagasse biomass. The bagasse was collected after juice
extraction, and impurities on its surface were removed with clean water. It was then dried at 80 °C
for 2 hours and cut into small pieces. Next, the bagasse was soaked in a KOH solution (1:1 ratio
by mass), with the temperature stabilized at 70 °C using a thermostatic bath for 2 hours. It was then
separfiltered and dried at 80 °C for 10 hours. The bagasse was carbonized at 700 °C for 2 hours at
a heating rate of 5 °C/min (in an airtight environment). Finally, the activated carbon was washed
with distilled water until reaching a neutral pH and dried at 80 °C for 8 hours.

The MnFe,04/C composite was synthesized through the impregnation-coprecipitation method.
The typical synthesis process was described as follows: dissolving 1.78 g of MnCl»,.4H,O and 4.85
g of FeCl3.6H>O in 100 mL of deionized water. Then, 5.0 g of activated carbon (prepared from
bagasse biomass) was added to the above mixed solutions and stirred for 60 min. Subsequently,
an ammonia solution (NH3) was added drop-wise into the suspensions, stirred for 120 min at 70 °C
(using a thermostatic water bath). Afterward, the solution was cooled down to room temperature,
the MnFe,;04/C composite was separated and washed with ethanol and distilled water until the pH
reached the neutral region. The composite was then dried in an oven at 80 °C for 8 h. Finally, the
dried composite was pyrolyzed at 700 °C for 1 h in the presence of nitrogen to form the maganese
ferrite/activated carbon material (MnFe,04/C).

2.3. Characterization of MnFe,O4/C material

The surface morphologies and element contents of material was obtained by a scanning electron
microscopy (SEM) equipped with energy dispersive spectrometer (EDS) (JSM IT 200, Jeol —
Japan), Investigate the crystal structure of the material by X-ray diffraction (XRD) (D2 Phaser,
Bruker-Germany), The specific surface area was analyzed wusing the nitrogen
adsorption/desorption method at 77,35 K (BET-201A, PMI-USA).

2.4. The experimental procedure

The experimental model was set up, including a DC power supply (PS40-30A, TEXIO), two
pairs of graphite electrodes (10 cm % 5 cm) with a distance of 2 cm apart, 1.000 ml beaker as the
reactor. The simulation wastewater containing MO was prepared by dissolving MO powder into
tap water. Na;SO; (0.0025 mol/L) was added to create an electrolyte environment. MnFe,04/C
material was employed as the particle catalyst for the heterogenous electro-Fenton process. The
solution was continuously stirred by a magnetic stirrer to maintain a uniform concentration of the
electrolyte solution. During the experiments, a certain amount of solution was extracted from the
reactor periodically for MO analysis. Samples were analyzed immediately after filtration through
0.45 pm membrane filters to remove suspended particles.

The concentration of MO was analyzed on a UV—vis spectrophotometer (XD7000, Lovibond-

Germany) at the wavelength of A = 464 nm [16]. Methyl orange degradation efficiency is
determined by using the following expression:

H%:(l—%jxloo%

0
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Where, C; and Cy are the concentrations at the sampling time and the initial concentration of
methyl orange, respectively.

d[Cmo]
—— - k[eOH] % Cmoy = kapp x Cmo)

With kqp = k[*OH] determined from experimental data by plotting graph -In(C¢/C,) vs reaction
time t (min) when R? > 0.99.

3. RESULTS AND DISCUSSION

3.1. Characteristics of the MnFe,O4/C material

The surface morphology of activated carbon and MnFe;O4/C composite samples was
determined by scanning electron microscopy (SEM) with a maximum magnification of 5,000
times. SEM images (figure 1) have shown that the surface morphology of the MnFe,04/C sample
compared to activated carbon samples (C) has a clearly difference. The original activated carbon
sample has a smooth surface with numerous pores. The MnFe,O4/C composite (modified with a
mixture of Mn?" and Fe’" metal salts) has a rough surface and fewer pores. This occurs because
metal oxide particles are randomly distributed on the surface and in the pores.

Figure 1. SEM of activated carbon (a) and MnFe;O,/C (b).

The results of EDS analysis show that activated carbon contains major elements of carbon
(82.98 %), oxygen (10.87 %) and potassium (5.03%). The addition of MnFe»Os to the activated
carbon causes a decrease in carbon content (35.88%) and an increase in O (19.91%), Fe (30.21%),
and Mn (11,29%). This proves that the composite synthesis process has been successful. This result
can predict the appearance of Mn-O, Fe-O bonds in the cubic crystal structure of MnFe;Os.
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Figure 2. EDS analysis of activated carbon (a) and MnFe;O4/C (b).
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The SEM and EDS data are consistent with the BET specific surface area data for the two
material samples. The N, adsorption-desorption isotherms (figure 3) show that the adsorption
capacity of activated carbon is higher than that of MnFe,O4/C due to the higher specific surface
area, pore volume, and especially the average mesopore volume of the activated carbon compared
to MnFe,O4/C. The MnFe,04/C sample exhibits a significantly reduced specific surface area
(324.396 m?*/g) compared to the activated carbon sample (639.046 m*/g). This reduction is
attributed to the adsorption and bonding of MnFe,O4 onto both the surface and within the pores of
the activated carbon. The occupation of the activated carbon's pores by MnFe,O4 nanoparticles led
to a significant decrease in the total pore volume of the activated carbon (0.3832 cm?/g) after the
successful bonding of MnFe,04 (0.2347 cm?®/g).
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Figure 3. N: adsorption — desorption isotherm.

The XRD pattern of the MnFe.O4/C sample shows characteristic peaks for the (hkl) planes of
the MnFe:O4 crystal structure at 20 angles of 29.70°, 34.98°, 42.52°, 56.19°, and 61.65°,
corresponding to the crystal planes of spinel ferrite (220), (311), (400), (511), and (440),
respectively [17]. This indicates that MnFe>O4 nanoparticles were successfully immobilized onto
the activated carbon using the impregnation-coprecipitation method. The MnFe20./C material was
also tested for magnetism using a magnet. MnFe.O4/C was attracted to the magnet due to its
magnetic properties, making it very easy to separate and reuse the catalyst after the reaction.
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Figure 4. XRD patterns of MnFe;0,/C and activated carbon (C).
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3.2. Methyl orange removal efficiency by HEF

Experiments were conducted to evaluate the efficiency of MO removal by the HEF process
using an MnFe,Oys catalyst under neutral pH conditions (pH ranging from 6.8 to 7.1). 0.0025 mol/L
Na»SO4 was added to the solution as electrolyte in all experiments.

3.2.1. Effect of current density

The experiment was performed with current density from 0.5 mA/cm? to 5 mA/cm?, initial MO
concentration of 100 ppm. The results showed that MO removal efficiency increased with
increasing current density and achieved the best result at 3 mA/cm? MO removal efficiency
reached approximately 93% with 120 minutes of reaction corresponding to MO degradation rate
constant K(3.0)=2.21 x 102 (min™). Increasing the current density to 5 mA/cm?, the MO removal
efficiency was almost similar to 3 mA/cm? (about 95%, 120 minutes of reaction). On the other
hand, in the experiment without applying current density (J=0.00 mA/cm?), the MO removal
efficiency was only about 14%, due to the MO adsorption effect of MnFe,O4/C material. Thereby,
it can be confirmed that MO removal is effective by the electro-Fenton process. The MO removal
efficiency under neutral pH conditions using the HEF process was significantly higher than that of
the conventional heterogeneous Fenton process with Fe;MnO4/AC and FesO+/AC (AC: activated
carbon), which achieved only 28% and 19% removal after 120 minutes, respectively [18].
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Figure 5. Effect of current density (4a); In(C./Cy) v.s time (4b).

From figure 5b, it can be seen that the kinetics of MO removal via the HEF process follow a
pseudo-first-order kinetic model with a regression coefficient R*>0.99. The apparent rate constant
increases correspondingly to the applied current density in the experiment.

Current intensity is considered to be the main factor influencing the generation of hydroxyl
radicals *OH according to equations (1) and (4) - (7). At low current densities, H,O» generation
occurs under controlled electron transfer conditions. Therefore, increasing the current increases
the charge distribution across the cathode, leading to an increase in the concentration of hydroxyl
radicals in the solution. However, the excessive current can promote side reactions such as the
decomposition of H,O, (equation (8)) and the reduction of the generated H" ions to H, (equation
(9)) [19]. Increasing the current density to 5 mA/cm? can slow down the production of H,O, and
promote the H, formation reaction at the cathode (competing with the formation of H»O,
according to equation (1), leading to the MO removal efficiency not increasing correspondingly
with the current density.

H,0, + 2H" + 2¢" — 2H,0 (8)
2H' +2¢ —> 2H, )

3.2.2. Effect of catalyst loading
The experiment was carried out with different amounts of catalyst (0.05 g/L, 0.1 g/L and 0.2
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g/L). As illustrated in figure 6, decreasing the catalyst dosage from 0.1 g/L to 0.5 g/L, the MO
removal efficiency decreased from 92.94% to 85.18% (120 min of reaction). The results also
indicated that the MO removal efficiency with MnFe.O./C was significantly higher than that
without the catalyst (0.00 g/L), where the maximum removal efficiency was only about 67%. This
can be explained by the limited limitation of active sites on the catalyst surface, leading to the
limited formation of free hydroxyl radicals *OH according to equations (4) and (5). When the
amount of catalyst increased to 0.2 g/L, the MO removal efficiency recorded in the first 15 min
(36.28%) was higher than that in the catalyst condition of 0.1 g/L. (27.23%), due to the combination
of electrochemical oxidation and adsorption (more material content, higher adsorption capacity).
However, after 30 min of reaction, the MO removal efficiency with the catalyst loading of 0.2 g/l
was lower than that in the condition of 0.1 g/L (slightly decreased from 92.94% to 90.1%) due to

the scavenging effect of Fe'!, which inactivated the *OH radical according to equation (10) [20].

Fe' + «OH — Fe'' + OH- (10)
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Figure 6. Effect of catalyst loading; conditions: initial MO concentration 100 ppm,
current density 3 mA/cm? Na>SOy electrolyte 0.0025 mol/L.

3.2.3. Effect of initial methyl orange concentrations

The effect of the initial MO concentration was investigated from 50 ppm to 400 ppm. The
results are presented in figure 7. It can be seen that the MO removal efficiency decreased slightly
when increasing the initial MO concentration. The apparent rate constants (K) corresponding to
initial MO concentrations of 100 ppm, 200 ppm, 400 ppm were 2.21 x 10 (min™'), 1.72 x 10
(min™), 1.54 x 10 (min!). The decrease in removal of MO with an increase in concentration can
be ascribed to the lesser number of available *OH for the oxidation [10].
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Figure 7. Effect of the initial MO; conditions: current density 3 mA/cm?,
Na>SOy electrolyte 0.0025 mol/L, MnFe>O4/C 0.1 g/L.
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On the other hand, the efficiency of MO removal was basically the same with initial MO
concentrations of 50 ppm and 100 ppm. This phenomenon may be due to the low MO
concentration in the solution reducing the probability of oxidation at the active site of the catalyst
during the reaction progress. The apparent rate constant (K) of 50 ppm only achieved 1,95 x 1072
(min"), which was lower than the initial MO concentration of 100 ppm. This shows that the best
efficiency of pollutant removal occurs at a certain ratio of catalyst/pollutant. When this ratio is
high, it will lead to a decrease in the pollutant removal rate due to the scavenging of hydroxyl
radical according to equation (10).

3.2.4. Effect of initial pH

The experimental results indicated that the highest MO removal efficiency was obtained at
pH = 3, reaching 95.6% with an apparent rate constant of k = 2.57 x 102 min'. At pH =9, the
efficiency decreased significantly, achieving only 86% with a lower apparent rate constant (k =
1.66 x 102 min™'). At near-neutral conditions (pH = 7), the removal efficiency slightly decreased
compared to pH = 3, but still achieved high efficiency (92.94%) with an apparent rate constant of
k =2.21 x 1072 min"". These results are consistent with previously reported studies and highlight
the advantage of the heterogeneous electro-Fenton process, which exhibits a wider effective pH
range compared to conventional Fenton systems.
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Figure 8. Effect of initial pH (a), (b) and trend of pH changing (c). Conditions: initial MO=100
ppm, current density 3 mA/cm?, Na>SOy electrolyte 0.0025 mol/L, MnFe;O,/C 0.1 g/L.

In addition, the results revealed clear trends in pH variation during the heterogeneous electro-
Fenton process under both acidic and alkaline initial conditions. At an initial pH of 3, the pH value
remained nearly constant throughout the reaction. In contrast, at initial pH values of 7 and 9, the
solution pH gradually decreased and stabilized at approximately 4.8 + 0.2. This phenomenon may
be attributed to the formation of intermediate products, particularly low-molecular-weight organic
acids such as acetic, oxalic, and formic acids. On the other hand, these findings can also be
interpreted as indicating that the pH self-adjustment ability is due to the favorable reaction
environment of the heterogeneous electro-Fenton process with MnFe,04/C catalyst material.

3.2.5. Catalyst reusability examination

The reusability of the catalyst is an important advantage of the heterogeneous electro-Fenton.
The catalyst should have the ability to be separated from the effluent easily and reused several
times without activity loss. Therefore, the long-term stability of the catalyst is quite important.

To evaluate the reusability of the MnFe.O./C catalyst, experiments were conducted over four
reuse cycles. After each cycle, the material was separated from the solution using a magnet and then
reused in the subsequent cycle. The results in figure 9 showed that the treatment efficiency remained
high after 120 minutes (about 90 - 92% for all cycles). However, the treatment efficiency and the
MO removal rate constant were slightly lower in later cycles during the 30-90 minute period. This
is consistent with the observation that the catalyst experienced a slight decrease in activity after
each use, although the decline was not significant. These findings confirm the practical application
potential of the catalyst in wastewater treatment via the heterogeneous electro-Fenton process.
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k= (1.79 - 2.19) x 102 (min"1)
R2>0.99 2

CtiCo

0 30 60 90 120
t (min)

Figure 9. The reusability of MnFe;0,/C material.
4. CONCLUSIONS

t (min)

The study results indicate that carbon-supported manganese ferrite (MnFe,O4/C) was
successfully synthesized using the impregnation-coprecipitation method. The degradation of
methyl orange using the electro-Fenton process with the MnFe>O4/C catalyst achieved a high
efficiency of 92.94% under neutral pH (pH in the range of 6.8—7.08) with various optimized
parameters such as a current density of 3 mA/cm?, a catalyst loading of 0.1 g/L, and an initial
methyl orange concentration of 100 ppm. The kinetics of the degradation reaction follow the
pseudofirst-order kinetics model (k = 2.21 x 102 min’!, R? = 0,9996). The reusability of material
was also examined, the removal efficiency still reached approximately 92% (120 min reaction)
after four reuse cycles. This study highlights the potential of the heterogeneous Electro-Fenton
process for the treatment of persistent organic compounds using the MnFe,O./C catalyst.
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TOM TAT
Nghién ciru loai bé methyl orange bing qua trinh Fenton dién hoéa di thé,
stt dung vit liéu xtc tac MnFe,04/C

Trong nghién ciru ndy, qua trinh Fenton dién hoa di thé sir dung xiic tdc manganese trén
than hoat tinh c¢6 nguon goc tu ba mia (MnFe>0.,/C) dé logi bo thuoe nhugm methyl orange
trong nueéc thdai mé phong. MnFe;0,/C duoc tong hop bang phirong phdp tam-dong két tia
va dwoc xac dinh cdc dac tinh bcing kinh hién vi dién tir quét (SEM), ph(f ké tia X tdn xa
nang lwong (EDS), nhiéu xa tia X (XRD). M6 hinh Fenton dién héa sir dung dién ciee than
chi dwoe ap dung dé thir nghiém danh gid hiéu qua loai bé methyl orange trong diéu kién
pH trung tinh. Anh hudng ciia cdc yéu té khac nhau nhuw dong dién sir dung, ham heong chat
xiic tde, nong dg methyl orange ban dau da dwoc nghién ciru.

Tir khéa: Fenton dién héa di thé; Methyl orange; Manganese ferrite; Than ba bia; MnFe204/C.
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