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Abstract: Sugarcane bagasse ash, which is waste from the combustion process of bagasse for electricity
generation, was utilized as received as a catalyst support to prepare the magnetic sugarcane bagasse
ash (MBGA) with different iron-to-ash ratios using a simple co-precipitation method, and the effects
of NaOH and iron loadings on the physicochemical properties of the catalyst were investigated using
various intensive characterization techniques. In addition, the catalyst was used with a low amount
of H2O2 for the catalytic degradation of a high concentration of tetracycline (800 mg/L) via a Fenton
system. The catalyst exhibited excellent degradation activity of 90.43% removal with good magnetic
properties and high stabilities and retained good efficiency after four cycles with NaOH as the eluent.
Moreover, the hydroxyl radical on the surface of catalyst played a major role in the degradation of TC,
and carbon-silica surface of bagasse ash significantly improved the efficiencies. The results indicated
that the MBGA catalyst shows the potential to be highly scalable for a practical application, with high
performance in the heterogeneous Fenton system.

Keywords: heterogeneous Fenton; tetracycline removal; magnetite; sugarcane bagasse ash

1. Introduction

Tetracycline (TC), the pharmaceutical antibiotic, has been widely used in many fields
such as human and livestock feeding. The TC contaminative wastewater from hospitals
and pharmaceutical industries is considered a threat to the aquatic system and human
health due to its exposure to microorganisms causing drug resistance [1–3]. Therefore, it is
imperative to efficiently remove TC from wastewater before discharge.

Various methods have been used to remove TC from aqueous systems. Adsorption is
among the most popular techniques [4–6]; however, although it shows high TC removal ef-
ficiency, TC residue is still trapped inside the adsorbents, and so it only changes the location
of TC. Coagulation is another method to remove TC from wastewater [7,8]. Nevertheless,
it requires large amounts of expensive chemicals, resulting in overall costly operation.
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Furthermore, after adsorption and coagulation processes, both the TC-loaded adsorbents
and TC-contaminated coagulants are defined as hazardous wastes, which leads to difficulty
in post-processing.

For the above reasons, alternative methods to efficiently remove TC from the water
system are still highly required. Advance oxidation processes (AOPs) are a kind of chem-
ical technology which degrades organic pollutants using highly reactive species such as
hydroxyl radicals (·OH). The OH radicals generated from AOPs can convert toxic organic
compounds in a non-selective way into the non-toxic inorganic products. Therefore, the
AOPs have become more attractive [1,9,10]. One of the most attractive AOPs which can
be operated at ambient temperatures and pressures is the Fenton process because of its
high degradation efficiency, simple and low-cost operation, and mild and green reaction
conditions [1,9–11].

The classical Fenton reagent consists of iron salts and hydrogen peroxide (H2O2) as an
oxidant in a homogeneous solution. However, the iron sludge produced after the treatment
is the main drawback of this homogenous catalyst, which is difficult to separate and can be
secondary contaminant to the treated water [9,10,12].

To solve this problem, heterogeneous Fenton processes using magnetic solid iron-
based catalysts have received broad attention for the elimination of various types of organic
pollutants [13–16].

The inverse spinel Fe3O4 (magnetite) is one of the most studied magnetic particles,
which can be used for a wide range of applications such as adsorption [17–21] and cataly-
sis [15,22–25]. Many previous reports revealed its highly efficient catalytic performance
in a heterogeneous Fenton system, where Fe2+ in magnetite structure can play a main
role in initiating the Fenton reaction in the presence of H2O2 according to the classical
Haber–Weiss mechanism [11,26–28]. With the presence of both Fe2+ and Fe3+, this allows
the Fe ions to be oxidized and reduced in a reversible loop and be kept reactive in the
Fenton system. Additionally, the magnetite particles possess strong magnetic properties;
therefore, they are considered suitable as a heterogeneous Fenton catalyst with rapid and
effective separation from aqueous solution using an external magnet.

However, the surface area is considered an important factor in a heterogeneous reac-
tion, while the surface area of magnetite particles is generally low. To enhance the catalytic
activity of magnetite particles, the magnetic solid iron-based catalysts on supports such as
silica [1,9,29,30], and carbonaceous materials [1,13,31–33] have widely been investigated
due to their high stability, low toxicity, wide availability, and low-cost materials. Never-
theless, the preparation techniques of those catalysts are complex and rely on multi-step
processes, including use of harmful chemicals and high temperatures [34–38]. Moreover,
the concentration of TC studied by many works is still comparatively low (<50 ppm), while
the catalyst dosages are comparatively high (0.5–1.0 g/L). This indicates that the actual
amount of TC in the solution for those studies was considered very low (0.2–10 mg).

The fact that no one reports on the removal efficiency for catalytic degradation in terms
of real absolute TC amount in mg leads to difficulty when comparing the performance
of catalyst with other works. Herein, the amount of TC removal per catalyst dosage was
calculated in this work to be compared clearly among literature reviews.

Sugarcane bagasse ash (BGA) is the remaining waste from the combustion process of
sugarcane bagasse for generation of electricity, which is considered as the simplest and most
cost-effective utilization of bagasse [39,40]. Because Thailand is one of the largest sugar
producers in the world, there is still a huge amount of sugarcane bagasse ash left from the
combustion process (around 365,000 tons/year) [41–43]. In fact, a common utilization of
this solid waste is mainly landfill disposal, which is unsustainable for the circular economy
concept [44]. Moreover, without the right care, the obtained fly ash—which is considered
particulate matter—can cause air pollution, leading to respiratory diseases [45,46].

Many researchers have used it as a substitute component for building material [47–49]
or as fertilizer to improve agricultural productivity [50,51], or directly used it as an adsor-
bent for wastewater treatment [52–54].



Catalysts 2022, 12, 446 3 of 20

However, the obtained sugarcane bagasse ash with a high surface area and chemical
stabilities is a promising material for catalyst support, and to the best of our knowledge,
only a few studies have been found on using ash as catalyst supports [24,30,55]. Moreover,
Fe3O4@ash from sugarcane bagasse has not been previously studied as a Fenton catalyst
for the removal of organic pollutants.

Generally, catalyst support can be obtained from multiple-step synthesis, not from
as-received precursors. This escalates more steps into the whole synthesis pathway. These
supports should be environmentally friendly, cost effective, sustainable, and have high
stability. BGA is typically obtained as waste through incomplete combustion of sugarcane
bagasse during the process of generation of electricity in biomass power plants. Unlike
other types of ashes, the main characteristic of BGA is the presence of high carbon and silica
content and suitable textural morphology. The presence of those elements, as well as the
high surface area of non-toxic BGA, can provide properties similar to those of good catalyst
supports without any pretreatment process. With the simple one-step co-precipitation
method, magnetic sugarcane bagasse ash can be prepared, which is easy and scalable.
Moreover, high temperatures and highly toxic chemicals are no longer required, with only
water-based reaction involved. This incorporation of BGA in the production of the catalyst
can mitigate the environmental impact of waste disposal while decreasing the production
cost and time of the magnetic Fenton catalysts.

In this work, magnetic sugarcane bagasse ash (MBGA) can be prepared via a simple
co-precipitation route using iron ions and BGA as precursors. The obtained MBGA was in-
tensively characterized and its catalytic Fenton efficiency was analyzed for the degradation
of tetracycline (TC), one of the toxic antibiotics generating problems nowadays. For the
first time, we report on the use of our catalysts in degradation of TC with extremely high
concentration (800 mg/L). The results indicate that nearly 100% of that TC concentration,
(or degradation of 40 mg of TC) could be achieved. This value is far higher than those
reported in many publications. Furthermore, our catalyst exhibited high degradation of
TC even upon four cycles with excellent magnetic properties being retained. The catalysts
purposed here are highly scalable.

2. Results and Discussion
2.1. Optimization of the Preparation Conditions

The raw sugarcane bagasse ash (BGA) was black, unlike the fly ash usually used as
catalyst supports. The black color of BGA indicated the presence of unburned carbon
particles, as confirmed by the elemental analysis. Morphological investigation using
SEM on the raw BGA revealed the existence of macropores even after combustion from
the sugarcane-based biomass power plant (Supplementary Materials, Figure S1). Such
microporosity in BGA could allow for the facile infiltration and deposition of iron ions
(both Fe2+ and Fe3+) into the inner pores and on the outside surfaces. Moreover, the polar-
oxygenated functional groups on the BGA surface can enhance immobilization of the iron
ions onto the BGA surfaces [43]. For this reason, BGA was selected as the catalyst support
for this work. Upon the deposition of Fe2+ and Fe3+ ions, the addition of NaOH with
heating at 80 ◦C can co-precipitate and transform them into magnetite (Fe3O4) particles
deposited on the BGA surfaces. After washing with DI water, magnetic sugarcane bagasse
ash composites (MBGA) are obtained. The effects of NaOH concentration and expected
Fe3O4 to BGA ratio on the appearance and the physicochemical properties of MBGA were
investigated. For the effect of NaOH concentration, all the samples (MBGA1-1, MBGA2-1,
and MBGA5-1) were similarly brown-black in color (Figure S2). However, only MBGA2-1
was easily attracted by an external magnet when dispersed in DI water (Figure S3), while
MBGA1-1 and MBGA5-1 showed only slight magnetic properties. For control, synthetic
Fe3O4 was glossy black and strongly attracted by a magnet. This agrees with the saturation
magnetization (Ms) from VSM analysis (Figure 1). The magnetization values for all samples
were summarized in Table 1. All the investigated samples show hysteresis loops in the
±10 kOe range at 300 K, exhibiting superparamagnetic characteristics. The Ms of MBGA1-1
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was only 1.02 emu/g, which was considered almost non-magnetic and is unsuitable for
practical applications. The reason for this involves the use of a low concentration of NaOH
to precipitate all iron ions into the magnetic particles, according to the stoichiometric ratio
in the preparation of Fe3O4. In contrast, MBGA2-1 possessed Ms as high as 28.71 emu/g.
Table 1 shows that the yields of the prepared catalysts were quite low for MBGA1-1 and
much lower for MBGA5-1. The reason for the very low yield of only 6.15% of MBGA5-1
resulted from the excessive use of NaOH, leading to the digestion of carbon and silica
(the main components in the BGA) under alkali conditions [56,57]. Although the magnetic
properties of MBGA5-1 were acceptable (Ms = 10.94 emu/g), their lowest yield must be a
problem for the real production and cost efficiency. According to the above reasons, in this
study, the optimum NaOH concentration was found to be 2 M.
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Figure 1. VSM hysteresis loops for all samples.

Table 1. Optimization of the preparation conditions and their physical and chemical properties.

Sample NaOH (M) Ratio of
Fe3O4/BGA

Overall
Yield (%)

Ms
(emu/g) %C (wt%) pHPZC SBET (m2/g)

BGA - - - - 11.68 2.62 55.2817
Fe3O4 5 - 53.93 ± 3.41 68.603 0.14 3.98 62.0286

MBGA2-0.5 2 1:2 26.37 ± 4.69 2.4508 7.45 3.62 85.4644
MBGA2-1 2 1:1 68.67 ± 5.49 28.705 5.53 4.14 96.0017
MBGA2-2 2 2:1 79.94 ± 3.91 33.878 3.44 4.32 60.0747
MBGA1-1 1 1:1 19.42 ± 2.54 1.0193 6.12 - -
MBGA5-1 5 1:1 6.15 ± 2.82 10.943 5.81 - -

The effect of expected Fe3O4 to BGA ratio on the physical appearances indicates that
all samples (MBGA2-0.5, MBGA2-1, MBGA2-2) show the same almost-black color as others
and can be attracted by a magnet (Figure S3). Ms values of this sample series were found to
be correlated with the amount of the irons used. Ms values of MBGA2-1 and MBGA2-2
were similar (~30 emu/g), but MBGA2-2 required two times the amount of iron (Figure 1).
MBGA2-0.5 showed Ms of only 2.45 emu/g due to its lowest iron sources content. Moreover,
the carbon content for all samples (Table 1) confirms there was carbon left from the raw
BGA, even after co-precipitation of the iron ions. This agrees with black color as a precursor
for BGA and all MBGA samples.
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2.2. Characterization of MBGA2-0.5, MBGA2-1, and MBGA2-2

To study in detail the morphology, surface chemistry, and the mechanisms for the
formation of iron oxides on BGA, various intensive characterization techniques were
employed.

The FESEM-EDX results for all samples (Figure S1) show macropores retained from
the natural xylem and phloem of raw bagasse. This fact suggests that the combustion
process in the power plant and subsequent magnetization with a co-precipitation method
did not change the macropore morphology of the bagasse, implying the existence of a stable
inorganic skeleton (mostly oxide compounds). These remaining macropores in BGA could
be the advantage which enhances the diffusion of gigantic molecules such as TC. Besides,
it is clearly seen that there were some nearly spherical silica particles in all samples. These
nearly spherical particles of about ~5–30 µm diameter originated from the combustion
process of bagasse and the inorganic components were changed to oxide compounds
such as SiO2, CaO, and Al2O3 [55,58]. This silica–carbon composite could enhance the
stability of catalyst support [59,60]. Moreover, the BGA surface was smoother than that of
MBGA catalyst samples because the iron oxide particles precipitated on the BGA surface,
resulting in a rough surface. Furthermore, the macropores may increase the diffusion
rates of pollutants into the inner pores, while the iron oxide particles act as active sites
for a heterogeneous Fenton reaction. The iron particles distributions for all samples were
homogeneous, as shown in the EDX mapping (Figure S1), and the average iron content
was 4.14, 9.84, and 13.70 wt% for MBGA2-0.5, MBGA2-1, and MBGA2-2, respectively.
This agrees well with FESEM images, which showed that the BGA surface tended to be
rougher when the iron-to-BGA ratio increased as a result of more iron oxide particles being
deposited on BGA surface. Furthermore, the carbon content was decreased as this iron
ratio increased, according to the trend determined by elemental analysis (Table S1). This
is also confirmed by XRD patterns in Figure 2A. The XRD patterns of magnetite (Fe3O4,
JCPDS No. 01-084-2782) and silica (SiO2, JCPDS No. 01-070-3755) can clearly be seen.
These patterns agree with the XRD of BGA and Fe3O4 prepared with the same method but
without BGA. Moreover, it is noted that MBGA2-0.5, MBGA1-1, and MBGA5-1 showed
low relative intensity of the characteristic peak of magnetite at 35.6◦ (311) which agreed
well with their low Ms values from VSM results.
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The surface chemistry of samples was studied by FTIR spectroscopy as shown in
Figure S4, and the band assignments are detailed in Table S2. The characteristic band of
cellulose around ~1055 cm−1.43 and considerable amounts of oxygenated functional groups
of carbonaceous surface from the unburned materials were retained on the surfaces of BGA
after the combustion process, which displays the absorption bands at 3435, 2924, 1631, and
~1055 cm−1, assigned to stretching vibrations of O-H, C-H, aromatic C=C or C=O, and
C-O and Si-O-Si bonds, respectively. Moreover, pHPZC measured with the Zeta potential
technique in Table 1 suggests that the surface of BGA and all MBGA samples was acidic.
This is in agreement with the oxygenated oxidic functional groups on the BGA surface.

The similarity of the FTIR spectra and pHPZC for all samples suggests that the oxy-
genated functional groups on the surface show no difference regarding the heterogeneous
Fenton reaction. It was found that the main oxygenated functional groups of MBGA sam-
ples from C 1s and O 1s high-resolution spectra were all similar, including carboxylic,
hydroxyl, and ether groups. This provides hydrophilic character, and the peak at 530 eV
binding energy that corresponds to magnetite (Fe3O4) [61]. The wide-scan XPS and high-
resolution C 1s and O 1s spectra of MBGA2-1 were shown in Figure 3. This is consistent
with the band for Fe-O bonds around ~604 cm−1 in the FTIR spectra and the magnetite
pattern in the XRD results. These confirm the presence of magnetite particles on the surface
of BGA. The provided detail of peak assignments for deconvoluted XPS peaks and the
elemental compositions from survey scan XPS spectra of MBGA2-1 were shown in Tables
S3 and S5, along with the binding energies.

To further investigate the presence of Fe3O4 particles in MBGA2-1, TEM-EDS analysis
was performed. The magnetite particles were homogeneously distributed on the BGA
support as observed in the TEM images as dark spherical particles with sizes of 15–40 nm
(Figure 2B,C). Furthermore, the SAED pattern for MBGA2-1 is shown in Figure 2D. The five
rings obtained from the SAED image are indexed to magnetite, which agrees with the XRD
results. Moreover, the EDS spectra in Figure S5 shows C, O, Fe, and Si elements distributed
homogeneously all over the samples, which agree well with EDX mapping.

For the chemical equation of the preparation of MBGA using a co-precipitation method,
it can be concluded that hydroxide ions react with ferrous and ferric ions as shown in
reaction (R1) [17,30,62]

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O (R1)

After that, the precipitated magnetite particles were deposited on the BGA surface,
resulting in the magnetic properties of a whole sample piece. This carbon–silica support
raised more chemical and mechanical stabilities of the catalyst [59,63]. Moreover, this
method provides a facile single-step and scalable technique to utilize the waste precursor
(BGA) as received from power plants without additional complex steps to manufacture
functional catalysts.
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2.3. Preliminary Catalytic Heterogeneous Fenton Reaction Test of Magnetic Sugarcane Bagasse Ash

To study the possibilities of the MBGA samples as the heterogeneous Fenton catalyst,
the catalytic degradation test of tetracycline (TC) was investigated. The reaction was
started by adding 5 mM of H2O2 into the 50 mL of 800 mg/L TC solution at natural pH (pH
3.2) with a catalyst concentration of 1 g/L. The result, as shown in Figure S6A, suggests
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that MBGA2-1 and MBGA2-2 have similar removal efficiency for TC after 12 h reaction
time; around ~90%. Even the iron content in MBGA2-2 was higher, while the removal
efficiency for MBGA2-0.5 was slightly lower due to a lower iron amount on the surface
of the catalyst. For control, only TC degraded with 5 mM of H2O2 without a catalyst was
also studied, and only 12.56% of TC was degraded. Furthermore, pure Fe3O4 (ground
into power with the particle size of ~50 µm) revealed only 47.66% removal. This confirms
that use of BGA as a catalyst support can significantly increase the removal efficiency.
Furthermore, the Fe leaching tests for all samples showed that MBGA2-2 had the highest Fe
leaching of 4.58 mg/L, while it was only 0.61 and 0.28 mg/L for MBGA2-1 and MBGA2-0.5,
respectively. The high leaching of iron from MBGA2-2 was due to the excess amount of
iron precursors which could not strongly attach to the surface of catalyst support and
could easily be dissolved in natural acidic TC solution. When taking BET surface area into
consideration, as shown in Table 1, as is known to all, the high BET specific surface area
is beneficial for more guest molecules to access active sites. The MBGA2-1 also showed
the highest BET surface area of 96 m2/g. According to all information and intensive
characterization techniques, MBGA2-1 was selected as a promising Fenton catalyst for the
catalytic degradation of TC because of the high removal efficiency with low Fe leaching,
and high stabilities with strong magnetic properties. Moreover, it also has the highest
BET surface area and suitable surface characters with low-cost preparation. For the effect
of catalyst concentration, as shown in Figure S6B, the degradation efficiency increased
with increasing catalyst loading. Therefore, it was fixed at 1 g/L for all other experiments
because it was the minimum amount of the catalyst which can be a representative for the
whole sample in the catalytic degradation experiments. This can be considered by the
standard deviation, in which 1 g/L shows the lowest value with ~90% efficiency, while
2 g/L shows only 5% higher efficiency but uses double the amount of catalyst.

2.4. Catalytic Degradation of TC by MBGA2-1: Effect of pH

Generally, solution pH can significantly influence the catalytic degradation in the
Fenton system [10,64]. The effect of pH on the catalytic degradation of TC by MBGA2-1
was investigated. The experiment was conducted as shown in Figure 4A. The studied pH
solution was 3.2 (natural pH), 5, 7, 9. The natural pH at 3.2 showed the highest removal
efficiency of 90.43% for MBGA2-1. It is worth noting that when pH is higher, the efficiency
decreased due to the reduced reactivity of radicals and the precipitation of iron ions [10].
Furthermore, MBGA2-1 shows over two times greater removal efficiency than pure Fe3O4,
again confirming the advantage of BGA as catalyst support. In absence of the catalyst, H2O2
alone in natural pH can degrade TC with only ~14%. In addition, 6 h is the equilibrium
time for all samples in this catalytic degradation of 800 mg/L TC solution. Therefore, the
unadjusted natural pH (3.2) was chosen to be the optimum pH for further experiments.

To evaluate the kinetics of TC catalytic degradation, the data were fitted with a linear
pseudo-first-order model shown as Equation (1):

ln Ct = −k1t + ln C0 (1)

where k1 is a rate constant for catalytic degradation in the pseudo-first-order model, and Ct
is the TC concentration at time t. The kinetics of the adsorption-co-catalytic degradation
of the MBGA samples were fitted well with pseudo-first-order reaction with good R2 and
the calculated pseudo-first-order rate constants, as shown in Figure S7. On the other hand,
under basic conditions, the degradation rate decreased, and the removal efficiencies at pH
7 and 9 were almost the same. Moreover, it is noted that the pseudo rate constant of the
MBGA2-1 at natural pH was 0.1047 h−1, which was 2.3 and nearly 4 times higher than
pH 5 and pH 7, respectively. This is due to Fenton reactions being favored under acidic
conditions.
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2.5. Catalytic Degradation of TC by MBGA2-1: Effect of H2O2 Concentration

To investigate the effect of H2O2 concentration on the catalytic degradation of TC,
the experiments with different H2O2 concentrations (0, 2.5, 5, 10 mM) were conducted as
shown in Figure 4B. In absence of the H2O2, the adsorption of MBGA2-1 alone can remove
only 11.4% of TC (actual adsorption capacity of 90.32 mg/g) due to the limited adsorption
sites. Note that even without addition of H2O2, the removal of TC could reach up to
90 mg/g due to the pure adsorption mechanism. This strongly suggests the importance of
using BGA as a catalyst support because of the ability of the carbon left from combustion
process to attract the TC molecules. The removal efficiency for MBGA2-1 increased with
the increasing H2O2 concentration. The removal efficiency can reach up to 80% at 6 h for
5 mM H2O2 concentrations. Nevertheless, while the H2O2 dosage rose from 5 to 10 mM,
the removal efficiency barely increased, and the same efficiencies were reached at 12 h. This
is because the excess H2O2 can compete with TC for ·OH as shown in reaction (R2–R3) [64].

H2O2 + ·OH→ HO2· + H2O (R2)

HO2· + ·OH→ O2 + H2O (R3)

Even though 10 mM shows the highest rate in the first few hours, the same efficiencies
were reached at 12 h. Therefore, to minimize the cost of operation, 5 mM of H2O2 was
selected as the optimum concentration.
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2.6. Catalytic Degradation of TC by MBGA2-1: Effect of Scavenger and Its Mechanism

To identify free radicals in Fenton oxidation experiments, different types of free-
radical-trapping agents were added into the reaction systems to identify the difference of
contributions to the degradation efficiency between different free radicals. In this experi-
ment, 0.3 M tert-butyl alcohol (TBA) was used as a hydroxyl radical (·OH) scavenger, while
20 mM p-benzoquinone (BQ) was used as a superoxide radical (·O2

−) scavenger [65,66].
As shown in Figure 4C, the introduction of TBA remarkably inhibited TC degradation
and the removal efficiency was only 35.87% at 12 h, while adding 20 mM BQ caused a
slight drop in the degradation efficiency from 90.43% without scavenger to 66.13% at 12 h.
This demonstrated that ·OH was the major reactive oxygen species in this heterogeneous
Fenton system.

To explain the mechanisms of the AOP by ·OH radicals in detail, two types of hydroxyl
radicals were used to distinguish them. First, 0.3 M isopropanol (IPA) was utilized to
individually trap free hydroxyl radicals (·OHfree), while it was well known that TBA could
quench both free ·OH in solution (·OHfree) and ·OH adsorbed onto the surface of a catalyst
(·OHads) [65,66]. Notably, the addition of IPA slightly suppressed the degradation of TC
and the removal efficiency showed only a 4.65% drop at 12 h, indicating that only a low
amount of ·OHfree was present in the system. Moreover, it can be concluded that ·OHfree,
·OHads, and ·O2

− contributed to the degradation of TC by a heterogeneous Fenton system.
However, ·OHads on the MBGA2-1 surface was the only major reactive species responsible
for the catalytic degradation of TC.

To confirm that the major mechanisms of the removal of TC mainly involved catalytic
degradation rather than adsorption, the total organic carbon (TOC) of the solution before
and after the catalytic degradation of TC was determined, and the TOC removal was
56.70%, indicating that a huge amount of TC in the solution was transformed into inorganic
compounds (CO2 and H2O). Moreover, the dramatic decrease in peak at m/z at 443.15 after
the complete catalytic degradation of TC analyzed by LC-MS in Figure S8 suggests that
the intermediates generated from the Fenton system were quickly oxidized into inorganic
compounds. It is worth noting that the low TOC after catalytic testing also suggests that
the BGA as a support released no organic compounds, unlike the release of polyaromatic
hydrocarbon molecules (PAHs) in aqueous systems from various solids obtained through
the combustion process. This further confirms the chemical stability of the support in this
work and could eliminate the concern over the toxic chemicals released from the BGA.

The catalytic mechanism of H2O2 via MBGA2-1 composite is proposed in Figure 5.
Firstly, the surface of the MBGA2-1 will rapidly form iron ions under acidic conditions
as shown in (R4), then the surface of catalyst was adsorbed by H2O2, and it was quickly
decomposed to ·OHads by the Fe(II) on the surface of MBGA2-1, as shown in reaction (R5),
while Fe(III) on the surface can react with H2O2 to generate perhydroxyl radicals (·OOH) or
superoxide radicals, and the regeneration of Fe(II) by the reduction of Fe(III) can continue
the catalytic cycle (R6–R9) [11,67,68].

MBGA≡ Fe−O + 2H+ →MBGA≡ Fe(II)/Fe(III) + H2O (R4)

≡Fe2+ + H2O2 →≡Fe3+ + OH− + ·OHads (R5)

≡Fe3+ + H2O2 →≡Fe2+ +·OOH + H+ (R6)

≡Fe3+ + ·OOH→≡Fe2+ +O2 + H+ (R7)

≡Fe3+ + H2O2 →≡Fe2+ +·O2
− + 2H+ (R8)

≡Fe3+ +·O2
− →≡Fe2+ + O2 (R9)
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However, the dissolution of iron ions in the solution was inevitable due to the acidity
of the solution, and the deposition of iron particles was on the surface of BGA, not in the
carbon matrix. Hence, the same mechanism mentioned above also occurred to generate
a little amount of ·OHfree indicating the low Fe leaching in the solution. Moreover, the
presence of ferrous ions from Fe3O4 on the surface of catalyst is especially favored under
acidic conditions, and they played the most important role in the formation of ·OHads in
the reaction, which was the main reactive oxygen species.

2.7. Catalytic Degradation of TC by MBGA2-1: Effect of TC Concentration

The effect of TC concentration on TC degradation is presented in Figure 6. It was
observed that the initial rate of degradation increased with the increase in the initial concen-
tration of TC, but it barely increased when the initial TC concentrations were higher than
800 mg/L, indicating that the active sites of catalyst were occupied by TC molecules, and
TC molecules cannot access the active sites at higher concentrations. This was confirmed
by the removal efficiencies at 12 h, at which the high initial concentrations of TC showed
lower efficiencies. Moreover, the removal capacity (Qe) also increased with the increased
initial TC concentration.

Furthermore, it is known that any heterogeneous reaction, as in the case of a Fenton
reaction, is highly affected by the interactions between pollutant molecules and catalysts,
including two consecutive steps. Firstly, the reactant molecules are adsorbed on the surface
of the catalyst and followed by immediate degradation. To confirm this mechanism, the
Langmuir–Hinshelwood equation was applied for MBGA2-1 as shown in the inset of
Figure 6, and the linear expression of the Langmuir–Hinshelwood plot was as follows [69]:

1
ν0

=
1

kKadsC0
− 1

k
(2)

where ν0 is the initial rate of TC degradation, mg/L·s; k is reaction rate constant, mg/L·s,
and Kads is the Langmuir–Hinshelwood adsorption equilibrium constant, L/mg. The good
fitness of the Langmuir–Hinshelwood equation with R2 of 0.9974 confirmed the above
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assumption and also agreed with the mechanism where ·OHads played the main role as the
reactive oxygen species for TC degradation. The rate constant and adsorption equilibrium
constant were reported in Table S5.
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The agreement of this model assumption with data indicates the important role of the
silica–carbon support, which not only had high chemical stability but also enhanced TC
adsorption by H-bond and π−π stacking, leading to the increase in the Fenton reaction’s
efficiency [43,60,70,71]. It could be proposed that after TC molecules were adsorbed on the
surface of catalyst, the catalytic degradation of TC occurred and degraded to inorganic
products, then the new incoming TC molecules adsorbed again on the surface of catalyst,
creating the circulation as also shown in Figure 5. This could explain why this catalyst was
able to degrade the high amount of TC almost completely in the solution (800 ppm TC).

Moreover, the TC level in real wastewater is generally low [72]. It is interesting to note
that all 40 mg/L TC in 50 mL solution was removed and could not be measured by UV-Vis
spectrophotometer. Therefore, 1000 mL of 40 ppm TC solution with the same amount of TC
molecules compared to 50 mL of 800 ppm TC was used in the catalytic experiment with the
same conditions as before. The result in Figure S9 indicates a removal efficiency of 85.47%
which was only 5% lower than the catalytic degradation of 800 ppm TC with the volume of
50 mL. This was because the natural pH of lower concentration of TC (40 ppm) slightly
increased (pH 4.4), leading to the decrease in the catalytic activity of the heterogeneous
Fenton reaction [10], and the lower initial concentration of the reactant (TC) can decrease
the initial reaction rate, according to the principles of rate law. Furthermore, the high
reaction volume can also slow down the reaction in which the catalyst has limited active
sites to be in contact with pollutant molecules. Moreover, the comparison studies were also
investigated, as shown in Figure S10. The adsorption process in dark conditions was first
carried out for 3 h to ensure that the TC molecules were fully adsorbed by the catalyst, then
the Fenton reaction started with the addition of H2O2. The results showed that the similar
removal efficiency was obtained for the first 3 h compared to the experiments without
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H2O2 in Figure 4B. Finally, the removal efficiency after 12 h was achieved at 90.24%, which
was very close to the prior experiment in the same conditions, but the H2O2 and catalyst
were added into TC solution simultaneously. This confirms that there is no significant
difference in the final efficiencies between both experiments.

2.8. The Regeneration of MBGA2-1

The recyclability of the catalyst is a crucial criterion for evaluating its practicability.
The catalytic degradation experiment of 800 ppm TC (50 mL) with MBGA2-1 was first
conducted using 5 mM H2O2 at natural pH. After that, the catalyst was regenerated by
using DI water and 0.1 M NaOH as eluting agents. As shown in Figure 7A, the initial
degradation efficiency of MBGA2-1 was 90%. After four regeneration cycles with NaOH
and DI water as the eluents, the degradation efficiencies of MBGA2-1 were dropped to
68.97% and 37.86%, respectively. The results show that the recyclability of the catalyst
was acceptable, with high efficiency in removal of TC. Additionally, 0.1 M NaOH was also
found to be a better eluent than DI water. More importantly, some of TC was detected
by UV-vis spectrophotometer from the eluate, confirming that simple adsorption also
contributes to the TC removal. This was consistent with the elemental composition from
the XPS result in Table S4. It was found that after regeneration for four cycles, MBGA2-1
had 1.73% wt nitrogen content, while it was not found on fresh MBGA2-1. Moreover,
it was found that NaOH is a great eluent for TC on carbon materials, leading to better
recyclability [43,73–75]. The alkaline solution can make the catalyst surface become more
basic and can suppress the iron dissolution, as confirmed in Figure 7B. The iron leaching for
each cycle using both DI water and 0.1 M NaOH as eluents shows the remarkable low Fe
leaching in range of 0.2–0.8 mg/L when using NaOH as an eluting agent, which was lower
than the EU discharge standards (<2 mg/L) [15] and also consistent with the recyclability
results. Furthermore, the used MBGA2-1 was also characterized by high-resolution XPS
and VSM analysis, as shown in Figure 3D–F and Figure S11. The surface chemistry based
on C 1s and O 1s (Table S3) of used MBGA2-1 was found to be the similar to that of fresh
MBGA2-1, while the iron content dropped insignificantly (Table S4), and the saturation
magnetization of used MBGA2-1 slightly decreased. Although the Ms decreased for used
MBGA2-1, the value was considered high, and the catalyst could still strongly be attracted
by an external magnet. This proved that the catalyst developed in this work is stable.

Catalysts 2022, 12, x FOR PEER REVIEW 14 of 20 
 

 

1s and O 1s (Table S3) of used MBGA2-1 was found to be the similar to that of fresh 
MBGA2-1, while the iron content dropped insignificantly (Table S4), and the saturation 
magnetization of used MBGA2-1 slightly decreased. Although the Ms decreased for used 
MBGA2-1, the value was considered high, and the catalyst could still strongly be attracted 
by an external magnet. This proved that the catalyst developed in this work is stable. 

 
Figure 7. (A) The recycled experiments with different eluting agents; (B) the iron leaching after the 
degradation experiments for each cycle (conditions: C0 = 800 mg/L, pH 3.2 (natural), H2O2 concen-
tration = 5 mM, catalyst concentration = 1 g/L, T = 28 ± 2 °C). 

2.9. Comparison Studies 
In order to justify the MBGA2-1 as a good Fenton catalyst for the catalytic degrada-

tion of TC, a comparison with previously published studies is shown in Table S6. The 
magnetic Fenton catalyst in this work prepared using a simple co-precipitation method 
used low toxic chemicals in water-based reaction. In contrast, others previous works have 
employed complicated steps and large amount of chemicals, including the preparation of 
supports themselves. The use of such synthetic catalyst supports has also led to difficulty 
in scaling up, burdening the practical uses. Furthermore, in some works, toxic metals were 
introduced to accelerate the Fenton cycle, leading to secondary contamination with the 
remaining, highly toxic metals. In the present work, the utilization of Fe alone as active 
metal renders the easily scalable application to pilot scale in industries because the Fe 
precursor is relatively low cost, abundant, and non-toxic. With our catalyst, at 3 h, the 
removal efficiency increased rapidly to 78%, and up to 90% within 12 h. In terms of the 
removal efficiency, the removal amount of TC per catalyst dosage (Qe) was calculated and 
normalized to compare the performance of TC degradation due to differences in initial 
TC concentration and reaction volume from various works. Although the pseudo-rate 
constant of MBGA2-1 was lower compared to those of other catalysts, our catalyst showed 
the highest Qe of 721.32 mg/g among similar catalysts, both using a Fenton system and a 
photocatalytic system. This value is considered to be extremely high. To the best of our 
knowledge, its removal amount of TC per catalyst dosage (Qe) was the highest among all 
of the Fenton catalysts so far. Moreover, the H2O2 concentration used in this work was 
considered low, and only a simple Fenton process is needed without the requirement of 
visible, UV light, or ultrasound, leading to cost-effectiveness in a real operation. In addi-
tion, the catalyst can easily be recovered from the solution by an external magnet after the 
process. Therefore, this MBGA2-1 is a promising Fenton catalyst to apply in practical in-
dustrial applications. 

Figure 7. (A) The recycled experiments with different eluting agents; (B) the iron leaching after
the degradation experiments for each cycle (conditions: C0 = 800 mg/L, pH 3.2 (natural), H2O2

concentration = 5 mM, catalyst concentration = 1 g/L, T = 28 ± 2 ◦C).



Catalysts 2022, 12, 446 14 of 20

2.9. Comparison Studies

In order to justify the MBGA2-1 as a good Fenton catalyst for the catalytic degradation
of TC, a comparison with previously published studies is shown in Table S6. The magnetic
Fenton catalyst in this work prepared using a simple co-precipitation method used low
toxic chemicals in water-based reaction. In contrast, others previous works have employed
complicated steps and large amount of chemicals, including the preparation of supports
themselves. The use of such synthetic catalyst supports has also led to difficulty in scaling
up, burdening the practical uses. Furthermore, in some works, toxic metals were introduced
to accelerate the Fenton cycle, leading to secondary contamination with the remaining,
highly toxic metals. In the present work, the utilization of Fe alone as active metal renders
the easily scalable application to pilot scale in industries because the Fe precursor is
relatively low cost, abundant, and non-toxic. With our catalyst, at 3 h, the removal efficiency
increased rapidly to 78%, and up to 90% within 12 h. In terms of the removal efficiency,
the removal amount of TC per catalyst dosage (Qe) was calculated and normalized to
compare the performance of TC degradation due to differences in initial TC concentration
and reaction volume from various works. Although the pseudo-rate constant of MBGA2-1
was lower compared to those of other catalysts, our catalyst showed the highest Qe of
721.32 mg/g among similar catalysts, both using a Fenton system and a photocatalytic
system. This value is considered to be extremely high. To the best of our knowledge, its
removal amount of TC per catalyst dosage (Qe) was the highest among all of the Fenton
catalysts so far. Moreover, the H2O2 concentration used in this work was considered low,
and only a simple Fenton process is needed without the requirement of visible, UV light, or
ultrasound, leading to cost-effectiveness in a real operation. In addition, the catalyst can
easily be recovered from the solution by an external magnet after the process. Therefore,
this MBGA2-1 is a promising Fenton catalyst to apply in practical industrial applications.

3. Experimental Section
3.1. Materials

Ferrous sulfate heptahydrate (FeSO4·7H2O, 99.5%) was purchased from Sigma-Aldrich
(Burlington, MA, USA), Ferric Chloride Hexahydrate (FeCl3·6H2O, 99.0%) was purchased
from Loba Chemie (Colaba, Mumbai). NaOH (97.0%) was purchased from RCI Labscan.
HCl (36.5–38.0%) was purchased from J.T. Baker (Phillipsburg, NJ, USA). Tetracycline
Hydrochloride (TC·HCl, >98.0%) was purchased from TCI America (Portland, OR, USA).
Sugarcane bagasse ash (BGA) was obtained from sugar plant of Eastern Sugar and Cane
Public Company Limited (Sa Kaeo, Thailand) and was thoroughly washed to remove
dirt and used as catalyst support without any further purification. All experiments were
performed using deionized (DI) water and all chemicals were AR grade.

3.2. Characterization of Samples

Field Emission Scanning Electron Microscope with energy dispersive X-ray spec-
troscopy (FESEM-EDX, Apreo, FEI, Brno-Černovice, Czech Republic) was operated to
study surface and porous morphology and magnetic particles. Fourier transform infrared
spectroscopy (FT-IR, Spectrum GX, Perkin Elmer, Waltham, MA, USA) with a KBr pellets
technique in wavenumber ranges of 4000–400 cm−1 and X-ray photoelectron spectroscopy
(XPS, AXIS Ultra DLD, Kratos Analytical Ltd., Manchester, UK) were performed to deter-
mine functional groups and iron species on the surface, both quantitatively and qualitatively.
N2 adsorption–desorption isotherms (ASAP2460, Micromeritics, Norcross, GA, USA) were
used to determined specific surface area. The samples were degassed at 120 ◦C for 16 h
prior to the measurements. X-ray Powder Diffraction (XRD, Philips, X’Pert MPD, Almelo,
The Netherlands) was performed to study crystal structure and the form of iron in samples.
The scan was run from 5◦ to 90◦ with a step size of 0.05◦. A vibrating sample magnetome-
ter (VSM, Lakeshore, Westerville, OH, USA) was used to study magnetic properties of
samples at 298 K. Transmission electron microscopy with Energy Dispersive Spectroscopy
(TEM-EDS, JEOL JEM-2010, Tokyo, Japan) was operated at 200 kV to study the uniformity
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of distribution, sizes, and other characteristics of the magnetic particles. Zeta potential
(Zeta Potential Analyzer, ZetaPALS, Brookhaven, Holtsville, NY, USA) was performed to
evaluate the point of zero charge (pHPZC) to study the acid base or total charge on the
surface of samples. The stability of the magnetic composite was studied by collecting the
composite after the reaction under different conditions. After that, the total number of Fe
ions left in the solution was measured by ICP-OES (AVIO 500, Perkin Elmer, Waltham,
MA, USA) to confirm the iron leaching from the composite. The solution after the experi-
ments was measured using a UV–Vis spectrophotometer and liquid chromatography-mass
spectra (ESI– mode, Agilent Technologies, Santa Clara, CA, USA). The decay of the total
organic carbon (TOC) in the solution was also evaluated by TOC analyzer (multi N/C 3100,
Analytik jena, Jena, Germany).

3.3. Preparation of Magnetic Fe3O4@ash Composite

Magnetic carbon materials were synthesized by the following steps. FeSO4·7H2O and
FeCl3·6H2O in 1:2 mol ratio were separately dissolved in 200 mL of DI water. Then, 5.00 g
sugarcane bagasse ash (BGA) with the particle size of 50 µm was added and the mixture
was stirred at 200 rpm and 80 ◦C in a magnetic stirring water bath. When the temperature
reached 80 ◦C, 100 mL of 1, 2, or 5 M NaOH was added dropwise into the suspensions,
then the mixture was aged for 3 h at 80 ◦C. After the suspensions were cooled down to
RT, they were washed with DI water until the pH was ~7. Next, the magnetic solid was
separated with an external magnet, then dried at 110 ◦C for 3 h. The magnetic sugarcane
bagasse ash composite (MBGA) was obtained. The impregnation ratios of Fe3O4/BGA
were 1:1, 2:1, and 1:2, varying the amount of iron precursor. The samples were designated
with the labeling type MBGAx-y, where x represents the concentration of NaOH in M, y is
the scaled ratio of Fe3O4/BGA; y = 1 for Fe3O4/BGA = 1:1; y = 0.5 for Fe3O4/BGA = 1:2;
and y = 2 for Fe3O4/BGA = 2:1. For comparison, Fe3O4 was also prepared as a control
experiment with the same ratio and under the same conditions as MBGA5-1 but without
the BGA. All the prepared materials were ground to ~100 µm particle size (as determined
by FESEM) before further experiments or characterization. The preparation of all samples
was replicated 5 times and standard errors are reported in Table 1.

3.4. Experimental Procedure

Kinetics: The batch kinetics experiments were performed in 100 mL conical flasks with
0.05 g of the magnetic catalyst (particle size of ~100 µm) and 100 mL of 800 mg/L TC
solution, on a thermostat shaker water bath (Model TOL09-FTSH-01, SCIFINETECH) at
28 ± 2 ◦C, at the natural (unadjusted) pH 3.2, for 0–12 h durations.

A certain amount of H2O2 was added to trigger the catalytic reaction and the pH was
adjusted with 0.1 M HCl or 0.1 M NaOH while investigating effect of pH on the tetracycline
removal.

To study the effect of TC concentration on the TC removal efficiency, the Fenton
catalytic degradation experiments were performed in 100 mL conical flasks with 0.05 g of
magnetic carbon material and 50 mL of 0–1200 mg/L TC solutions The mixture was shaken
for 12 h in the thermostat shaker water bath at 28 ± 2 ◦C, at the natural pH 3.2.

All the experiments were carried out under dark conditions. After complete reaction,
the solution was removed while the composite was separated from the mixture using a
magnet. The concentrations of TC before and after Fenton reaction were measured by a
calibrated method, using a UV-Vis spectrophotometer (UV 2600, Shimadzu, Kyoto, Japan)
at λ = 357 nm. The removal amount of TC (Qe) was calculated with the following equation
(Equation (3))

Qe =
(C0 − Ce)V

m
(3)

where C0 and Ce are the initial and equilibrium concentrations of TC (mg/L), respectively,
m is mass of the composite (g), and V is volume of the reaction solution (L).
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The degradation efficiency was calculated by the following formula (Equation (4))

%Efficiency =
(C0 − Ct)

C0
× 100 (4)

where Ct are the concentrations of TC at desired time intervals (mg/L)
Catalyst regeneration: The recyclability of the catalyst was performed the with MBGA2-

1, 50 mL of 800 mg/L TC solution for 24 h on the thermostat shaker water bath at 28 ± 2 ◦C
and natural pH (pH 3.2). The concentration of H2O2 added in the mixture was 5 mM. The
composite was then collected by an external magnet. The adsorbed TC molecules were
eluted from the composite by stirring the 0.5 g of the used composite in 50 mL of 0.1 M
NaOH at 200 rpm for 30 min, and the eluted composite was washed with DI water until
neutral pH was obtained. For comparison, the eluting agent was changed to DI water as a
control. Then, the composite was dried at 110 ◦C for 3 h. The adsorbent was subjected to
4 consecutive experiment cycles with the same volume and concentration as the first cycle.
It is noted that there was no color release observed from the composite.

4. Conclusions

Magnetic Fe3O4@ash composites were successfully prepared with a simple co-precipitation
method using low-cost sugarcane bagasse ash received as it was from the biomass electricity-
generation plants. The preparation protocol and characterization were systematically
studied with various techniques. The developed catalyst was used for catalytic degradation
of an ultra-high concentration of TC (800 ppm) using a Fenton system. The catalytic
performance showed that the MBGA2-1 catalyst had the highest degradation activity,
with good magnetic properties and high stabilities, compared to pure Fe3O4 and other
samples. It was discovered that the carbon left on the surface of the ash helped attract TC
molecules, enabling enhancement of the catalytic degradation process. The catalyst also
had good recyclability with low Fe leaching using 0.1 M NaOH as the eluent. Moreover,
the removal mechanism included two steps, starting with the TC adsorption on the catalyst
support with oxygenated functionalities. After that, ·OHads—which was the main reactive
oxygen species—attacked the molecules, leading to the degradation of TC. Additionally, we
developed a new potential approach for the utilization of low-cost BGA with the circular
economy concept. Considering its catalytic performance, magnetic properties, stabilities,
and easily scalable preparation, the MBGA2-1 has great potential for a practical application
with sustainability in wastewater remediation.
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mdpi.com/article/10.3390/catal12040446/s1, Figure S1: FESEM-EDX analysis; Figure S2: Physical
images of all samples; Figure S3: Physical image of magnetic separation; Figure S4: FTIR spectra for all
samples; Figure S5: (A) TEM image in electron mode (B-E) EDS mapping of C, O, Fe, Si, respectively;
Figure S6: (A) Preliminary Catalytic Heterogeneous Fenton Reaction Test with Fe leaching for each
samples, (B) The effect of catalyst concentration on the catalytic degradation of TC for MBGA2-1;
Figure S7: Linear pseudo-first-order kinetics model for the catalytic degradation of TC for MBGA2-1
under different pH; Figure S8: LC-MS of the TC solution before- and after- catalytic degradation by
MBGA2-1; Figure S9: Comparative studies of the catalytic degradation of low concentration of TC for
MBGA2-1; Figure S10: The catalytic degradation of TC for MBGA2-1. The Fenton reaction starting by
the addition of H2O2 after the adsorption process in dark condition for 3 h; Figure S11: VSM hysteresis
loop of (black) fresh MBGA2-1, and MBGA2-1 after used 4 cycles by using (red) water and (blue)
0.1M NaOH as eluents; Table S1: The elemental compositions obtained from EDX spectra; Table S2:
Assignment of the peaks in FTIR spectra for all samples; Table S3: Assignment of the peaks in XPS
results (C 1s and O 1s) for MBGA2-1; Table S4: The elemental compositions (in wt%) for all samples,
as obtained from XPS results; Table S5: Fitted parameters in the Langmuir-Hinshelwood model;
Table S6: Literature curated data on the catalyst for TC removal and results from the current studies.
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