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Abstract

This study introduces a novel composite catalyst formed by anchoring delta iron
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oxyhydroxide (6-FeOOH) onto pyrolyzed Pili nutshell biochar via a room-
temperature coprecipitation technique, marking the first application of Pili nutshell
waste in advanced oxidation processes for wastewater treatment. This innovative
methodology enhances catalyst dispersion and stability, facilitating the activation
of peroxymonosulfate (PMS) to generate reactive sulfate radicals (SO4-) for the
degradation of methylene blue (MB), a thiazine dye commonly used in the medical
field and the dye industry. Different techniques have been used to characterize
synthesized composites in terms of their morphology, elemental composition,
surface functional groups, and crystalline phase structure. The system achieved
a maximum MB degradation efficiency of 90.88% within 30 min at pH 6.0 when low
dosages of PMS and the 6-FeOOH/biochar composite were used, following
pseudo-first-order degradation kinetics. Radical scavenging experiments confirmed
that SO4"- radicals were primarily responsible for the degradation process. Notably,
the composite maintained over 70% removal efficiency after four reuse cycles,
indicating its potential for sustainable and cost-effective wastewater treatment. This
research highlights the effectiveness of the 8-FeOOH/biochar/PMS system as a
promising solution for treating MB-laden wastewater, contributing to environmental
sustainability and waste valorization.

Accepted: 11 Feb. 2025
Published: 10 Mar. 2025

KEYWORDS

Biochar;

Iron oxyhydroxide;
Methylene blue;
Peroxymonosulfate;
Pili nutshell

Introduction

Methylene blue (MB) (C16H1sN3SCl) is a synthetic
dye that has been widely used in medical and biological
applications [1]. However, when MB-laden wastewater
is released without proper treatment or regulation, it can
have several adverse effects, such as aquatic pollution,
soil contamination, and groundwater contamination. The
sulfate radical-based advanced oxidation process (SR-
AOP) is a new, advanced, and highly efficient technique
for the treatment of organic contaminants. Peroxymono-
sulfate (PMS) (HSOs") is commonly employed to generate
highly reactive sulfate radicals (SO4+-) through various
activation processes. Compared with hydroxyl radicals
("OH), SO4- radicals offer high reactivity, longer half-lives,
and selective degradation of a wide range of organic

contaminants [2]. Notably, delta iron oxyhydroxide (&-
FeOOH) has been widely investigated and has demonstrated
remarkable efficiency as a single-phase catalyst for
various applications, including PMS activation, as it aids
in electron transfer, surface reactions, and redox cycling
[3]. Furthermore, 6-FeOOH is known for its stability under
various environmental conditions, which can lead to a
longer lifespan of the catalyst in repeated use scenarios.
This stability is crucial for practical applications where
catalyst regeneration is often a challenge [4]. However,
a major drawback of 6-FeOOH is its agglomeration
due to its intrinsic magnetic properties. The incorporation
of 6-FeOOH into the biochar (BC) matrix can
significantly enhance the activation of PMS. Carbon-
based support materials such as agro-industrial waste-
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derived BC can decrease particle agglomeration and
offer exceptional adsorptive properties owing to their
porous structure and the presence of charged oxygenated
surface functional groups [5]. This modification may
improve electron transfer processes, leading to more
efficient oxidation reactions than unmodified BC or
other metal oxides used in similar studies.

Pili nut (Canarium ovatum) is a fruit native to the
Philippines, where it is a significant agricultural product,
with the country being the only commercial producer.
The Bicol Region, especially the mountainous areas of
Sorsogon, Albay, and Camarines Sur, leads in Pili nut
production. The annual yield averages 7,400 MT, with
a peak of 8,200 MT in 2013 [6]. However, the shells of
Pili nuts are underused agricultural waste. By turning
waste into a useful resource, the use of these shells to
produce BC helps with waste management and
promotes sustainable practices [7—8]. In addition, a BC
with a desirable balance of functional groups that
improve reactivity and stability in catalytic processes
may be produced by pyrolyzing waste Pili nutshells. Pili
nutshell-derived BC has been extensively studied for
its potential as an adsorbent for toxic gas and small
liquid molecules because of its high lignocellulosic
content, large BET surface area, and microporous
structure. These characteristics might provide a com-
petitive edge in catalytic applications, as they differ
greatly from those of other biomass sources [9]. In a
study by Yao et al. in 2015 [10], pyrolyzed BC derived
from Pili nutshells exhibited superior adsorption
capabilities due to its unique porous structure and high
surface area, which could exceed 817.19 m? g-'. This
quality is necessary for the efficient removal of
pollutants, such as MB. Although the adsorption
properties of Pili nut shells have been investigated,
there is a noticeable lack of information about their use
in advanced oxidation processes.

In this study, a novel carbocatalyst made from
pyrolyzed waste Pili nutshells impregnated with &-
FeOOH particles (6-FeOOH/BC) was synthesized to
activate PMS to remove MB in aqueous solution. The
objectives of this study are to (i) synthesize and
characterize a -FeOOH/BC catalyst prepared by slow
pyrolysis of waste Pili nutshells followed by room-
temperature coprecipitation of FeCl3*6H20 using NaOH,;
(ii) perform heterogeneous activation of PMS via the
prepared 6-FeOOH/BC as a catalyst for MB removal;
(iii) investigate the effects of catalyst dosage, PMS
dosage, and solution pH on MB removal; and (iv) carry
out catalyst recyclability experiments and radical

BC + FeCl; » 6H,0 — BC o Fe*3 + 3CI~ + 6H,0

BC ¢ Fe*3 4+ 3Cl~ 4+ 3NaOH — BC « FeOOH + 3NaCl + H,0

quenching experiments to assess the stability of the
composite and identify the dominant radicals res-
ponsible for MB degradation.

Materials and methods
1) Materials and reagents

All the chemicals were of reagent grade and were
used as received without further treatment and purification.
Waste Pili nut shells were supplied by a local Pili nut
confectionery in Albay, Philippines. Methylene blue hydrate
(C16H18N3SCleXH20, 100%) and potassium peroxymono-
sulfate (KHSOs, 100%) were obtained from Sigma—Aldrich,
Singapore. Ferric chloride hexahydrate (FeClz*6H20,
>97%) was procured from Loba Chemie, India. Anhydrous
ethyl alcohol (C2HsOH, 99.5%) was purchased from
Chem-Supply Pty Ltd., Australia. Anhydrous tert-butyl
alcohol ((CHs)sCOH, 99.5%), sodium hydroxide pellets
(NaOH, =298%), and concentrated hydrochloric acid (HCI,
37%) were purchased from DKL Laboratory Supplies,
Philippines. All the solutions used in the experiments
were prepared with deionized water (DI, 16 MQ).

2) Synthesis and characterization of BC, 5-FeOOH,
and the 3-FeOOH/BC composite

Waste Pili nutshells were cleaned with DI water to
eliminate any adhered dirt or other macro impurities.
The shells were then ground manually to obtain a 5-10
mm size and subjected to slow pyrolysis at 450 °C for
3 h in an air-limited muffle oven (Vulcan A-550, USA)
to produce BC. After that, it was pulverized via a
domestic electric grinder and passed through a 200-
mesh Tyler sieve. The composite catalyst was prepared
at room temperature following the coprecipitation method
generally described by Threepanich and Praipipat [11].
Typically, 3.0 g of FeCl3*6H20 and 1.0 g of prepared
BC were magnetically stirred (Corning PC-420D, USA)
in 100 mL of DI water for 3 h to ensure complete
dispersion. Then, 5% (m/v) NaOH was added dropwise
to the Fe-BC mixture to facilitate the deposition of &-
FeOOH particles onto the surface, as shown in Egs. 1
and 2.

The reaction pH was controlled until it reached =10
(Horiba LAQUA PH1100, Singapore). Finally, the prepared
composite was vacuum-filtered, washed several times
with DI water, and oven-dried (Memmert U-30, UK) for
48 h at 80 °C. The preparation of pure 6-FeOOH particles
was accomplished by employing the same procedure
without the incorporation of BC.

(Eqg. 1)

(Eq. 2)
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A scanning electron microscope (TM4000Plus I
Hitachi, Japan) equipped with an energy-dispersive X-
ray detector (Xplore Compact 30 Oxford, UK) at an
accelerating voltage of 15.0 kV was used to examine
the morphology and elemental composition of the as-
prepared catalysts. X-ray diffraction (MAXima XRD 7000
Shimadzu, Japan) using a CuKa radiation source at
40.0 kV and 30.0 mA with a wavelength of 1.54 A was
used to verify the crystalline phases. Diffraction
patterns formed by X-ray beams were collected over
the 20 range of 10—70°. To identify the surface functional
groups and bond formations, the -FeOOH/BC sample
was subjected to Fourier transform infrared spectroscopy-
attenuated total reflectance (UV-1700 Shimadzu, Japan)
over wavenumbers ranging from 600-4,000 cm~".

3) Methylene blue removal experiments and analytical
methods

Batch adsorptive and catalytic degradation experiments
were performed for each synthesized material. In separate
vessels, 25 mg of each powdered sample (BC, 8-FeOOH,
0-FeOOH/BC) was mixed with 100 mL of 30 mg L-!
synthetic MB solution and allowed to adsorb for 30 min
at 350 rpm at 25 °C. In a separate setup, 0.4 g L' PMS
was added to each flask to catalytically degrade MB
following the previous MB concentration and mass of
powdered samples. All treatment solutions were adjusted
to pH 6 via NaOH or HCI for both experimental setups.
Every 5 min, 2 mL of sample mixture was extracted,
filtered through a 0.45-uym PVDF filter, and analyzed for
the residual MB concentration. The influences of different
parameters, namely, the solution pH (2.0-10.0), catalyst
dosage (0.050-0.450 g L-), and PMS dosage (0.1-0.7
g L"), on the removal of MB were studied. The catalyst
recyclability experiments were performed under the
optimized conditions to assess the efficiency of the
catalyst after five consecutive cycles. Finally, radical
quenching experiments were performed to identify the
dominant radicals responsible for MB degradation. The
exact procedures of degradation were followed, except
for the addition of 0.1 M (CH3)sCOH and 0.1 M C2HsOH
as quenching agents for "OH, and "OH and SOs~-,
respectively.

For each run, the residual concentration of MB was
analyzed via ultraviolet—visible spectroscopy (Hitachi
UH-5300, Japan). The maximum absorption wavelength
of the 30 mg L-' MB solution was set at 665 nm after a
spectral scan was performed. The removal efficiency R
(%) was calculated via Eq. 3. All the measurements were
carried out in duplicate.

R (%) ==X 100 (Eq. 3)

where R (%) refers to the amount of MB removed
and Ci (mg L-") and C (mg L") represent the initial and
final concentrations of MB after the treatment,
respectively.

4) Determination of degradation kinetics

The MB degradation performance of the different
treatment systems was fitted via linear regression
analysis via both a pseudo-first-order kinetic model and
a pseudo-second-order kinetic model, as shown in Egs.
4 and 5:

—In (Ci) = Kopet (Eq. 4)

== 1<<,,Dst+cii (Eq. 5)
where Ci is the initial concentration of MB (mg L),
C is the final concentration of MB at any time t (mg L),
and kobs is the corresponding kinetic constant for MG
degradation. The coefficient of determination (R?) was
used to assess the model’'s goodness-of-fit. The model
with the highest R? value was considered the best
representation of the degradation kinetics.

Results and discussions
1) Characterization

The morphologies of BC, 6-FeOOH, and 6-FeOOH/
BC are shown in Figures 1 (a—c). The prepared BC
exhibited irregular fine pores in its internal structure,
which could increase the contact surface area for &-
FeOOH adhesion and MB adsorption. Moreover, the
pure 0-FeOOH particles were observed to have a
typical cubic morphology with distinct mesoporous
aggregations, as shown in Figure 1(b). This structure is
inherent to &-type FeOOH particles, as observed in the
2015 study of different phases of FeOOH by Mei and
colleagues [12]. Effective adhesion and dispersion of
the 6-FeOOH particles were observed on the BC surface,
as shown in Figure 1(c). As shown in Figure 1(d), C, O,
and Fe were detected in the as-prepared 6-FeOOH/BC
composite, confirming the successful incorporation of
0-FeOOH into BC. The trace amount of Si might be due
to the Si-Li detector on the mounting base of the
equipment used in the analysis [13]. The presence of
Na and Cl came from the NaOH and HCI used during
synthesis, whereas the presence of Au originated from
the gold sputtering pretreatment conducted before the
sample was subjected to electron microscopy.
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Atomic Weight

Concentration Concentration

(%) (%)
41.21 88.74
29.33 3.85
21.67 3.79

4.40 2.69

2.76 0.69

0.55 0.21

0.08 0.03

Figure 1 Electron micrographs of (a) BC, (b) 8-FeOOH, (c) -FeOOH/BC composite and (d) EDX spectrum of the
0-FeOOH/BC composite (inset: elemental composition in percent atomic and weight concentration).

Infrared spectroscopy analysis revealed numerous
peaks, confirming the presence of different functional
groups on the composited catalyst surface, as shown
in Figure 2(a). The broad peak at 3,300 cm-'! can be
indexed to the —OH group [14], whereas the sharp peak
at 1,634 cm~' can be related to the C=0 group [15].
Moreover, the bending vibration of C—H could be
attributed to the peaks at 2,200 cm-' and 1,400 cm™"
[16]. The bending and stretching vibrations of Fe—O-H
could be associated with peaks at 1,120 cm~! and 880
cm-' emanating from the bonding of Fe and BC [17].

In Figure 2(b), the synthesized BC, 8-FeOOH, and
0-FeOOH/BC composites were compared with standard
graphitic carbon and 6-FeOOH diffractograms obtained
elsewhere [18]. The amorphous and graphitic structure
of BC was confirmed by the presence of a broad peak
at 23.52° and some obscure representative peaks at
43.19° and 60.01° [19]. After synthesis, the successful
adhesion of 8-FeOOH on BC was confirmed by con-
spicuous peaks reflected at 34.83°, 40.60°, 54.52°, and
63.28°, which represent the (100), (101), (102), and (110)
planes, respectively. 5-FeOOH particles were likely formed
on the surface of BC, explaining why the majority of the
diffraction peaks related to -FeOOH remained unchanged
in the composited catalyst. The formation of a trace
quantity of a-FeOOH on the prepared 6-FeOOH particles
was observed, as confirmed by small peaks at 21.36°

and 59.3°. Fe*3 may substitute for the isoforms during
crystal formation, leading to distinct phases of FeOOH.
Thus, a mixed form of FeOOH may exist because of its
comparable crystallization profile. A similar scenario was
observed in the work of Tavares and colleagues in 2020
[20]. Fortunately, these peaks noticeably disappeared
in the final composited sample, which was attributable
to possible unit cell distortion and structural transfor-
mation of the 6-FeOOH/BC. Overall, both the FTIR and
XRD results confirmed the successful synthesis of the
0-FeOOH/BC composite.

2) Batch MB adsorption and degradation in different
systems

As shown in Figure 3, the adsorption performance
of the synthesized catalysts was minimal and was not
the primary mechanism of removal. BC only showed
~17% removal due to possible electrostatic repulsion of
MB on its surface sites. Moreover, the 6-FeOOH parti-
cles demonstrated a relatively lower removal efficiency
of ~14%. This could be attributed to the evident magnetic
agglomeration of the 8-FeOOH particles, as discussed
in the characterization section. The agglomeration resulted
in a reduced contact area and blockage of some active
sites, as evidenced in some similarly published works
utilizing 8-FeOOH particles [21-22]. The composited ©-
FeOOH/BC particles showed an improved performance
of ~23% due to the increased contact surface area of &-
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FeOOH caused by dispersion on the BC surface.
However, the removal efficiency was still relatively low.
Overall, the removal efficiency of the catalysts ranged
from approximately 12—-23%, and the total removal rates
did not significantly change between 10-30 min.
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Figure 2 Infrared spectrum of (a) >-FeOOH/BC
composite and (b) X-ray diffractogram of the
0-FeOOH/BC composite.
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Figure 3 MB adsorption curves of the BC, 5-FeOOH,
and 5-FeOOH/BC systems. Conditions: [MB]=30 mg L~";
catalyst=0.250 g L'; pH=6.0; temp=25 °C; contact time

=30 min.

As shown in Figure 4, the utilization of PMS alone
resulted in only 5.51% removal of MB due to its low
oxidation potential (Eo=1.77 V). As a consequence,
inactivated PMS generates insufficient SO4- radicals,
which are responsible for oxidizing MB [23]. The BC/PMS
system exhibited a noteworthy degradation performance
of 41.59%. The enhanced removal could be attributed to
the partial carbocatalytic activation of PMS by oxygenated
functional groups (-OH and C=0) found on the surface
of the synthesized BC [24]. The persistent free radicals
formed from the decomposition of lignin bonds found in
waste Pili nutshells during pyrolysis could also have
contributed to the activation of PMS [25]. Although the
removal of 51.12% slightly surpassed that of the BC/
PMS system, 8-FeOOH alone could not fully activate
PMS, possibly because of particle agglomeration,
reducing the surface area in contact with PMS and MB.
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Figure 4. MB degradation curves of the BC,
0-FeOOH, and 6-FeOOH/BC systems. Conditions:
[MB]=30 mg L-*; [PMS]=0.4 g L-"; catalyst=0.250 g L-";
pH=6.0; temp=25 °C; contact time=30 min.

The highest removal of 90.88% was noted when the
0-FeOOH/BC/PMS system was used. This could be
explained by the electron transfer reactions facilitated
by the oxygenated functional groups of BC with PMS
coupled with the highly porous structure of BC, which
enabled the adhesion of 6-FeOOH. The &-FeOOH
synergistically enhanced the redox reaction with PMS,
which led to the production of more highly reactive SO4™,
as depicted by Eq. 6 [3]. Eventually, these reactive SO4™-
radicals have the potential to mineralize MB, as reflected
in Eq. 7.

Fe*? + HSOs~ — SO,°” + Fe*3 + OH™ (Eq. 6)

MB + S0,°” — S0;2 + MB** (Eq. 7)
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3) Degradation kinetics

The removal data obtained from batch degradation
experiments were evaluated via pseudo-first-order and
pseudo-second-order kinetic models previously given
in Egs. 4 and 5. The linearized plots were obtained by
plotting the left-sind values of the equation versus
contact time, as illustrated in Figure 5.

According to the obtained kinetic data shown in
Table 1, the pseudo-first-order model appears to provide
a better fit for the experimental data of all the treatment
systems on the basis of the higher R? values. This
implies that the MB concentration is the main factor
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limiting the rate of degradation and that the concen-
trations of PMS, 6-FeOOH, and BC are sufficiently high
to have no discernible effect on the reaction rate. MB
degradation following pseudo-first-order kinetics has also
been reported in some PMS activation studies [26-28].
Moreover, a notable increase in the first-order kinetic
constant was observed, increasing from 0.002 min-'
when PMS alone was used to 0.0782 min-" for the &-
FeOOH/BC/PMS system. This significant enhancement
suggests the synergistic effect of the combined system,
resulting in an accelerated reaction rate of ~40 times
compared to that of PMS.
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Figure 5 Plots of (a) MB degradation kinetics plotted using the pseudo-first-order type, (b) pseudo-second-order
type, and (c) influence of different pH values on the pseudo-first-order kinetic parameters.
Conditions: [MB]=30 mg L-'; [PMS]=0.4 g L-"; catalyst=0.250 g L-'; pH=6.0; temp=25 °C; contact time=30 min.

Table 1 Comparison of the kinetic parameters of MB removal by different treatment systems

Pseudo-first-order type

Treatment system Kinetic equation kobs (min~1) R?
PMS —In(C/Ci) = 0.0020t 0.0020 0.9942
BC/PMS —In(C/Ci) = 0.0185t 0.0185 0.9915
5-FeOOH/PMS —In(C/Ci) = 0.0290t 0.0290 0.9407
8-FeOOH/BC/PMS —In(C/Ci) = 0.0782t 0.0782 0.9932

Pseudo-second-order type

Treatment system Kinetic equation kobs (L mg~" min-1) R?
PMS 1/C = (7x107°)t + 0.0333 7x107° 0.9836
BC/PMS 1/C = 0.0008t + 0.0333 0.0008 0.9761
5-FeOOH/PMS 1/C = 0.0014t + 0.0333 0.0014 0.9049
8-FeOOH/BC/PMS 1/C = 0.0082t + 0.0333 0.0082 0.8523
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The activity of the catalysts and reactants involved
in the degradation process can be strongly impacted by
the pH of the reaction environment. In this case, the
changes in the kinetic parameters determined via the
pseudo-first-order model were also investigated at different
pH values. As shown in Table 2, the kobsincreased from
0.0832 min~" to 0.1090 min—' as the pH increased from
2.0-6.0, highlighting that degradation occurred more rapidly
and efficiently under slightly acidic circumstances. Acid
catalysis increases the production of Fe*? ions from &-
FeOOH under acidic to nearly neutral conditions. Fe*2 ions
may therefore combine with excess HSOs~ to increase
the formation of *OH and SOa4- radicals to aid in MB
degradation. Nevertheless, an oversupply of Fe*3 might
cause radical scavenging of SO, which negatively
affects the kinetic constant, as exhibited at pH 2.0 [29].
Additionally, under highly alkaline conditions, PMS could
self-decompose, which lessens its ability to break down
MB. For this reason, as the pH increased from 8.0-10.0,
the kinetic rate constant dramatically decreased from
0.0829-0.0722 min-'. Overall, the treatment system
could be implemented over a wide pH range, which could

result in lower operational expenses. While some
advanced oxidation processes, such as the Fenton
reaction, are extremely sensitive to pH, PMS-based
treatments may work well in both basic and acidic
environments, albeit with modest efficiency shifts.

4) Effect of catalyst dosage

The influence of catalyst dosage on MB removal is
shown in Figure 6(a). Increasing the catalyst dosage
from 0.050 g L-" to 0.450 g L' resulted in an increase
in the removal performance up to 98.46%. The additional
loading of the catalyst in the system increased the number
of catalytic active sites for PMS activation. It also increased
the amount of Fe*? dissolved in the solution, therefore
leading to the formation of more *OH and SO4™- radicals
through Fe*?/Fe*3 redox loops [29]. However, further
increasing the catalyst dosage beyond 0.350 g L-" no
longer results in significant MB removal at a fixed PMS
dosage. The amount of PMS in the solution limits the rate
of MB decontamination. Thus, increasing the catalyst
dosage beyond a certain threshold no longer increases
S04~ production.

Table 2 Kinetic parameters of MB removal via a pseudo-first-order model at various pH values

pH Kinetic equation Kobs (min~1) R?
2.0 —In(C/Ci) = 0.0832t 0.0832 0.9770
4.0 —In(C/Ci) = 0.0979t 0.0979 0.9685
6.0 —In(C/Ci) = 0.1090t 0.1090 0.9580
8.0 —In(C/Ci) = 0.0829t 0.0829 0.9839
10.0 —-In(C/Ci) = 0.0722t 0.0722 0.9920
1.0 1.0
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Figure 6 Plots showing (a) effect of catalyst addition on the degradation of MB, (b) effect of pH addition on the
degradation of MB, (c) effect of PMS addition on the degradation of MB, and (d) recyclability performance of the
composite. Conditions: [MB]=30 mg L-"; [PMS]=0.3 g L'; catalyst=0.350 g L-"; pH=6.0; contact time=30 min.
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5) Effect of pH

Figure 6(b) shows the results of removal at different
pH values. The performance was notably appreciable over
a wide pH range (2.0-10.0), resulting in >85% removal.
The optimal removal of 94.08% was attained in a slightly
acidic environment at pH 6.0. Since the BC surface is
mainly composed of negatively charged species, acidic
conditions favor the formation of charged complexes on
the surface of the catalyst [30]. In addition, acid catalysis
increases the production of Fe*? ions from 8-FeOOH.
Consequently, Fe*2 ions could interact with excess HSOs,
leading to increased "OH and SO4- radical generation.
However, an excessive amount of Fe*3 may result in
radical scavenging of SO4, which has a serious effect
on MB degradation, as depicted at pH 2.0-4.0 [29].

Fe*2 + HSO;~ — Fe*3 + 502~ +«OH  (Eq. 8)

Fe*? + HSO,~ — SO,°” + Fet3*+ OH™  (Eq. 9)

The speciation of MB at different pH values may also
have influenced the removal performance. Generally, the
undissociated form of MB dominates at pH<pKa (pKa=
3.8). Beyond pH 6.0, cationic MB is practically the only
species present in the solution. The neutral or undisso-
ciated form of MB is shown to be less polar and soluble in
water. This in turn reduces the mineralization efficiency
of SO4™-radicals. On the other hand, the minor improvement
in the MB removal efficiency at pH 6 may be linked to
the electrostatic attraction among the positively charged
MB, the catalyst surface, and SO4™- radicals, leading to
extensive degradation. However, under highly alkaline
conditions, the generation of less powerful "OH radicals
could also be amplified. These *OH radicals are also
notable quenchers of SO4-, consequently decreasing the
S04 concentration in the system, as reflected by a pH
of 8.0—10.0 [31]. Similar behavior under alkaline conditions
has been observed in several published studies utilizing
PMS oxidants [3, 29].

SO,*” + OH™ —e OH + S02~ (Eq. 10)

S0,°” 4+¢ OH — SO3™ + H* + 0.50, (Eq. 11)
6) Effect of the PMS concentration

As shown in Figure 6(c), 0.3 g L-' PMS resulted in
the highest MB removal of 90.47%. Further loading of
PMS into the solution resulted in decreased removal
performance. Excess HSOs- in the solution could
scavenge ‘OH and SO4-radicals, leading to a decrease
in the removal ability of the system, as given by Egs.
12 and 13 [31]. The percentage of MB removal was also
low at low PMS dosages because of limited radical
generation. A plausible explanation for this could be the
limitation of the catalyst’s active sites, which hinder the
catalytic activity of the material [32].

S0,*” + HSOs~ — HSO; + SO5"~ (Eq. 12)

¢ OH + HSO5™ — H,0 + S05°~ (Eq. 13)
7) Recyclability and radical quenching experiments

For large-scale applications of this technology,
efficient catalyst reuse can reduce overall treatment
costs, limit waste generation, and lower energy inputs.
Recyclability tests were conducted to assess the
catalytic activity and stability of the composite upon
repeated use. The catalyst was filtered, washed, and
subsequently recycled for another four runs following
the optimized conditions. Figure 6(d) shows that after
four consecutive cycles, the removal efficiency remained
relatively high (>70.00%). Over five cycles, the removal
decreased from 95.31% to 40.26%. The decrease in its
catalytic activity could be due to the unavoidable loss
of 8-FeOOH during the catalytic reaction, leading to a
decrease in the number of binding sites on the surface.
As presented earlier, Fe*2/Fe*3 from 3-FeOOH provides
the driving force for SO4~ generation. Leaching of &-
FeOOH particles might also have occurred due to
multiple washes, restricting the production of SOas-.
Other possible causes could include the collapse and
fouling of the catalyst surface due to the formation of
byproducts and the occupation of active sites by MB.

Simple radical scavenging experiments were carried
out to determine the dominant radicals responsible for
MB degradation. Figure 7 shows that MB removal was
significantly reduced in the presence of both (CH3)3COH
and C2HsOH as probe reagents. (CH3)3COH quenches
primarily "OH radicals, whereas C2HsOH scavenges both
*OH and SO4"radicals [33]. The quenching mechanisms
can be represented by Egs. 14-16.

« OH + (CH;);COH —e (CH3);CO + H,0  (Eq. 14)
« OH + C,HsOH —s C,H50 + H,0 (Eq. 15)
S0,*” + C,H;OH —e C,H;0 + HSO,~ (Eq. 16)

The quenching effect of C2HsOH (~20% removal) was
stronger than that of (CHz)sCOH (~50% removal), indicating
that SO+~ radicals played a dominant role as the main
reactive species responsible for MB degradation. Even so,
a more comprehensive radical inhibition experiment should
be performed taking into account other possible reactive
species, such as h*, 02, and 'O, to elucidate possible
pathways and reaction mechanisms for MB degradation.
Trapping agents such as potassium iodide, 1,4-benzo-
quinone, and sodium azide can be used to trap h*, O2"-,
and 102, respectively.
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Figure 7 Results of radical quenching experiments
using (CH3)3sCOH and C2HsOH. Control: [MB]=30
mg L-'; [PMS]=0.3 g L-"; catalyst=0.350 g L-";
pH=6.0; temp=25 °C; contact time=30 min.

Conclusion and recommendations

The oxidative removal of MB dye via the 6-FeOOH/
BC/PMS system was carried out in this study and
showed promising application potential in the field of
advanced wastewater treatment. Characterization
techniques confirmed successful composite preparation.
Comparative catalytic degradation experiments revealed
90.88% MB removal after 30 min using 0.4 g L-' PMS
and 0.25 g L' catalyst at pH 6.0. The impregnation of
0-FeOOH particles onto BC catalyzed the formation of
Fe*2, which eventually improved the formation of SO~
responsible for MB removal. Process conditions such
as pH, catalyst dosage, and initial PMS concentration
significantly influenced the removal performance of
the 6-FeOOH/BC/PMS system. The maximum removal
was 98.46% when 0.45 g L~ catalyst was used, 94.08%
when pH 6.0 was used, and 90.47% when 0.3 g L'
PMS was used. Overall, the treatment system could be
used at a wide range of pH values, which is beneficial
for wastewater with various pH characteristics. In
addition, a balance between the catalyst dosage and
PMS dosage was crucial for optimal performance.
Recyclability tests revealed >70% removal even after
four treatment cycles, indicating the composite’s ability
to maintain its catalytic ability. Moreover, radical
quenching experiments revealed that SO4~ with minor
contributions from "OH radicals, was the radical respon-
sible for MB mineralization. Further research on other
process parameters (e.g., detailed reaction kinetics,
thermodynamics, effects of water matrices, and the
effect of Fe:BC mass ratio) is recommended. Economic
and life cycle analyses of the material should also be
comprehensively performed, especially for future large-
scale production.
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