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INTRODUCTION

Water pollution resulting from organic con-
taminants has intensified recently, driven by 
the expansion of industrial, agricultural, and 
domestic activities (Wen et al., 2017). Organic 
pollutants, such as pesticides, dyes, surfactants, 
industrial solvents, and pharmaceutical residues, 
often have complex and stable molecular struc-
tures that make them resistant to conventional 
biological degradation processes (Intisar et al., 
2023). Upon introduction into aquatic systems, 
these compounds deteriorate water quality and 
impose long-term ecotoxicological risks, even at 
trace concentrations, threatening both ecosystem 
integrity and human health (Li et al., 2024). In 
response to these challenges, Fenton and Fen-
ton-like processes have emerged as promising 

advanced treatment methods for effectively re-
moving such persistent organic pollutants from 
wastewater (Ahmed et al., 2025; Hardyanti et 
al., 2024). The classical Fenton reaction involves 
the interaction of ferrous ions (Fe²⁺) with hy-
drogen peroxide (H₂O₂) to generate highly reac-
tive hydroxyl radicals (•OH) that can degrade 
various organic contaminants. However, the 
homogeneous Fenton system typically gener-
ates substantial iron-containing sludge, making 
it less sustainable for large-scale or long-term 
applications (Cao et al., 2024). Hence, hetero-
geneous Fenton processes have been developed 
using solid iron-based catalysts such as Fe₃O₄, 
α-Fe₂O₃, γ-Fe₂O₃, α-FeOOH, and Fe0 (Nguyen 
et al., 2024b; Zhu et al., 2019). These solid ca-
talysts enhance the generation of hydroxyl radi-
cals while simultaneously reducing iron leaching 
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and minimizing sludge formation (Ziembowicz 
and Kida, 2022). Moreover, heterogeneous sys-
tems enable more efficient catalyst recovery and 
reuse, thereby improving cost-effectiveness and 
environmental safety. The performance of these 
systems is further enhanced by the photo-Fenton 
technique, which employs UV irradiation to in-
crease catalytic activity (Brillas, 2022; Rahim 
Pouran et al., 2015). Light facilitates the photore-
duction of Fe³⁺ ions to Fe²⁺ ones, hence maintain-
ing the redox cycle and enhancing the generation 
of hydroxyl radicals (Brillas and Garcia-Segura, 
2020; O’Dowd and Pillai, 2020). This results in 
enhanced pollutant mineralization and dimin-
ished catalyst deactivation (Zhang et al., 2019). 

Metal-based catalysts play a crucial role in 
enhancing the efficiency of Fenton and Fenton-li-
ke processes for wastewater treatment (Hussain et 
al., 2021). Iron-based catalysts are favored due to 
their abundance, low cost, environmental compa-
tibility, and high efficiency in generating reactive 
radicals (Ribeiro et al., 2022). In addition to iron, 
other transition metals such as copper, silver, and 
manganese have also been employed to promo-
te similar oxidative pathways, offering alterna-
tive catalytic activities and operational conditi-
ons (Liu and Wang, 2023). Among these metals, 
manganese can catalyze Fenton-like reactions, 
though it behaves differently from iron. Mn exists 
in multiple oxidation states (Mn²⁺, Mn³⁺, Mn⁴⁺), 
enabling redox cycling that can decompose H₂O₂ 
and generate •OH radicals (Zheng et al., 2024). In 
bimetallic systems, the combination of iron and 
manganese has synergistic effects, as manganese 
facilitates the regeneration of Fe²⁺, hence impro-
ving redox cycling (Chen et al., 2019; Li et al., 
2019). Consequently, Fe–Mn binary oxides can 
boost catalytic activity for photo-Fenton proces-
ses (Li et al., 2021). 

A major challenge in utilizing nano- or micro-
scale metal particles is their tendency to agglom-
erate (Mekuye and Abera, 2023). Due to their 
high surface energy and strong intermolecular 
forces, metal particles readily aggregate, leading 
to reduced specific surface area, diminished active 
catalytic sites, and decreased reaction efficiency 
(Shrestha et al., 2020). Hence, an effective strate-
gy is to immobilize metal particles onto supports, 
which improves their dispersion and prevents ag-
gregation (Zhu and Xu, 2016). Among various 
potential supports, BC has garnered significant at-
tention due to its exceptional properties (Faheem 
et al., 2020). Produced through the pyrolysis of 

biomass under oxygen-limited conditions, BC 
typically possesses a porous structure, chemical 
stability, and abundant functional groups (Sof-
fian et al., 2022). Additionally, BC is renewable, 
low-cost, and environmentally friendly, making it 
an attractive support for sustainable wastewater 
treatment (Yuan et al., 2023). To disperse metal 
particles onto the BC matrix, different approaches 
have been developed. Direct pyrolysis of metal 
salt-impregnated biomass not only immobilizes 
metals or their oxides on BC but also improves its 
porosity (Tran et al., 2024a; 2024b). For instance, 
Do et al. (2022) successfully incorporated Fe₃O₄ 
nanoparticles and nanowires into the BC matrix 
through one-pot pyrolysis of FeCl₃-impregnated 
lotus seed pods. The addition of FeCl₃ enhanced 
SBET (349 m²/g) and Vtotal (0.31 cm³/g) of Fe₃O₄-
loaded BC, markedly above the values of pris-
tine BC (SBET = 150 m²/g and Vtotal = 0.08 cm³/g). 
In another study, direct pyrolysis of KMnO₄-
impregnated cotton stem produced MnO-loaded 
BC composite for efficient heavy metal removal 
from wastewater (Chang and Li, 2024). In this 
study, both FeCl₃ and KMnO₄ were impregnated 
in biomass for the first time, potentially producing 
iron and manganese oxides inside the BC matrix.

Durian (Durio zibethinus), is recognized as 
the “King of Fruits”, which the remarkable tropi-
cal fruit grown and devoured locally in Southeast 
Asia countries like Malaysia, Indonesia, Thailand, 
the Philippines and Vietnam (Jamnongkan et al., 
2022; Mohd Ali et al., 2020). Due to its strong 
aroma and unique taste, durian fruits enjoys high 
demand both locally and internationally. Howe-
ver, the consumption of durian fruits generates a 
large amount of waste, primarily from the husks 
– the thick, spiky outer shells (Lee et al., 2019; 
Nguyen et al., 2024a). These DHs are typically 
discarded as food waste without use. Improper 
disposal of DHs poses environmental challenges, 
including waste management issues and potential 
pollution. Hence, sustainable utilization of DHs 
is essential for waste reduction and economic va-
lue creation. In this research, we proposed a novel 
approach to valorize DHs into a multifunctional 
material. The DH biomass was first impregnated 
with FeCl₃ and KMnO₄, and the obtained mixture 
was pyrolyzed to yield FeMn/BC. The composite 
was used as a photo-Fenton catalyst to degrade 
tartrazine, a common food colorant with signi-
ficant concerns regarding consumer safety (Am-
chova et al., 2024).
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EXPERIMENTAL

Materials

DH residue was collected in Vinh Long Prov-
ince, Vietnam. The biomass was washed with tap 
water and distilled water several times before be-
ing dried in an oven at 110 °C. DH was crushed 
finely and stored in a sealed container for further 
experiments. All chemicals were used directly 
without any refining process.

Preparation of FeMn/BC

First, 4.00 g of DH powder, 0.80 g of FeCl₃, 
and 0.40 g of KMnO₄ were mixed with distilled 
water for 18 h. The resulting mixture was then 
dried at 110 °C for 24 h and placed inside an 
oven. Pyrolysis was conducted at 600 °C for 1 
h under a nitrogen flow rate of 250 mL/min. The 
solid product obtained was washed with distilled 
water to remove any water-soluble impurities, 
followed by drying again at 110 °C for 24 h to 
yield FeMn/BC. For comparison, biochar (BC), 
iron-loaded biochar (Fe/BC), and manganese-
loaded biochar (Mn/BC) were prepared by py-
rolyzing only DH, FeCl₃-impregnated DH, and 
KMnO₄-impregnated DH samples, respectively, 
using the same procedure.

Characterization of FeMn/BC

To characterize the crystalline phases present 
in FeMn/BC, powder X-ray diffraction (XRD) 
analysis was performed using a Bruker AXS D8 
diffractometer with CuKα radiation (λ = 1.5418 
Å) over a 2θ range of 10–80°. The Fe and Mn 
contents were quantified through acid digestion 
using concentrated HNO₃ at 60 °C for 1 h, fol-
lowed by inductively coupled plasma optical 
emission spectrometry (ICP-OES) analysis us-
ing a Perkin Elmer Optima 7300DV instrument. 
SBET and Vtotal (at P/P₀ = 0.992) were obtained 
from a Micromeritics Tristar II Plus analyzer. 
Magnetic properties of FeMn/BC were inves-
tigated using a vibrating-sample magnetometer 
(VSM) at room temperature. Fourier transform 
infrared (FTIR) spectroscopy was performed 
with a Tensor 27 spectrometer. Morphological 
characteristics were examined using scanning 
electron microscopy (SEM, JEOL JSM-IT200) 
and transmission electron microscopy (TEM, 
JEOL JEM-1010). 

Tartrazine degradation using FeMn/BC

The catalytic activity of FeMn/BC was inves-
tigated through TZ degradation using H₂O₂ under 
UV light (Exo Terra Reptile UVB150 13 W) at 31 
°C. First, 200 mL of TZ (50 ppm) and a certain ca-
talyst dosage were added to a beaker. The mixture 
was stirred at a constant speed, and its initial pH 
value was adjusted by H₂SO₄ (0.5 M) and NaOH 
(0.1 M) solutions. After a 10-min adsorption pe-
riod, a specific H₂O₂ dosage was introduced, and 
the UV lamp was simultaneously turned on for 
the photo-Fenton process. At designated time 
intervals, 2.0 mL samples were collected and 
immediately mixed with solutions containing 
Na₂S₂O₃ to neutralize excess H₂O₂ and phospha-
te buffer to maintain a pH of ≈7. Solid catalysts 
were separated from suspensions by centrifugati-
on. TZ concentrations were then measured using 
a Jasco V-730 UV-Vis spectrophotometer. The TZ 
adsorption capacity and removal were calculated 
as follows:

	 0

M

TZ adsorption capacity 5 (m /g) 0 C
C

g −
= 	(1)

	 12050 C(%) 100%TZ re l
50

mova −
= × 	 (2)

where:	CM (g/L) was the catalyst dosage, C0 was 
the TZ concentration after 10 min of ad-
sorption and the beginning of oxidation. 
C120 was the TZ concentration after 120 
min of oxidation.

RESULTS AND DISCUSSION

Properties of FeMn/BC

The crystalline structure of FeMn/BC was de-
termined by XRD (Figure 1). Although the BC 
matrix shows poor crystallinity, such crystals are 
found. The characteristic peaks at 2q = 30.1, 35.5, 
37.1, 43.1, 53.5, 57.0, and 62.6° correspond to the 
(220), (311), (222), (400), (422), (511), and (440) 
planes of Fe₃O₄ crystals, respectively (JCPDS 
Card No. 01-076-1849). In addition, the existence 
of Fe0 crystals is evidenced by distinctive peaks at 
2θ = 44.6 and 65.0° (JCPDS Card No. 06-0696). 
For the remaining metal, an overlapped peak at 2θ 
≈ 35.5 and identified peaks at 2θ = 41.2 and 59.8° 
reveal the (111), (200), and (220) planes of MnO 
crystals, respectively (JCPDS Card No. 07-0230). 
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Prior research indicates that pyrolysis of FeCl₃-
impregnated biomass at 600 °C can potentially 
generate Fe₃O₄ and Fe0 crystals embedded within 
the BC matrix (Nguyen et al., 2023a; 2023b). With 
KMnO₄-impregnated biomass, MnO is the final 
product (Chang and Li, 2024; Qiu et al., 2019). 
During those pyrolyses, carbon and certain gas-
es formed from biomass carbonation can reduce 
metal salts and oxides into the aforementioned 
iron- and manganese-based crystals. With the uti-
lization of both FeCl₃ and KMnO₄, other minor 
crystals might also be produced, or the identi-
fied crystals might be doped with the remaining 
metal. To summarize, Fe₃O₄ and Fe0 were formed 
from FeCl₃, while MnO originated from KMnO₄. 
Moreover, ICP-OES results confirmed the pres-
ence of both Fe (5.72 wt%) and Mn (2.90 wt%) in 
FeMn/BC (Table 1).

Porous properties of BC, Fe/BC, Mn/BC, and 
FeMn/BC are detailed in Table 1. In the absence 
of metal salt additives, BC exhibits a relatively 
low SBET of 45 m²/g and a very low Vtotal of 0.02 
cm³/g. In contrast, Fe/BC shows a significant-
ly enhanced SBET of ​​283 m²/g and Vtotal of 0.24 
cm³/g, indicating that FeCl₃ acted as an effective 
activating agent (Bedia et al., 2020). Similarly, 
KMnO₄ demonstrated activation potential, as 
Mn/BC achieves a SBET of ​​240 m²/g and a Vtotal of 
0.28 cm³/g. According to Qiu et al. (2019), during 

KMnO₄-assisted biomass pyrolysis, the release of 
oxygen can etch the carbon surface, while the for-
mation of K₂CO₃ further contributes to the deve-
lopment of porous structures. FeMn/BC prepared 
from both FeCl₃ and KMnO₄ has a high SBET of 
292 m²/g and a large Vtotal of 0.19 cm³/g. Compa-
red to Fe/BC and Mn/BC, the simultaneous pres-
ence of metal-based phases in FeMn/BC did not 
significantly hinder the overall porosity.

The morphology of FeMn/BC was observed 
using SEM images (Figure 2). FeMn/BC exhibits 
irregular fragments with rough surfaces and struc-
tural distortions, likely resulting from mechanical 
grinding of DH biomass prior to carbonization. 
The observed grooves and cavities in these frag-
ments directly correlate with the native structure 
of the raw material. These morphological features 
are consistent with those from a previous report 
of DH-derived carbon materials (Jamnongkan et 
al., 2022). The unique morphology of FeMn/BC 
might improve surface reactivity, interfacial in-
teractions, and mass transfer, thereby facilitating 
its performance for environmental remediation.

The internal structure of FeMn/BC is illustra-
ted using TEM images (Figure 3). The dark regi-
ons likely correspond to metal-based nanoparti-
cles, as their higher atomic numbers lead to stron-
ger electron scattering. In contrast, the lighter areas 
are likely associated with the BC matrix. Based on 

Figure 1. XRD pattern of FeMn/BC
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given scale bars, the particle sizes are estimated 
to range from approximately 5 to 20 nm. The pro-
nounced contrast between the nanoparticles and 
the support indicates successful incorporation and 
homogeneous dispersion of the metal-based nano-
particles within the BC matrix. This nanostructural 
configuration, featuring high dispersion density 
and minimal particle agglomeration, is anticipated 
to enhance the catalytic performance of the FeMn/
BC nanocomposite.

The magnetic properties of FeMn/BC were 
evaluated using VSM at room temperature (Fig-
ure 4). Based on the narrow hysteresis loop ob-
served, FeMn/BC could be magnetized and de-
magnetized easily. Since FeMn/BC contains both 

Fe0, Fe₃O₄ and MnO, its magnetism can be attrib-
uted to contributions from those components. Pan-
dey et al. (Pandey et al., 2013) assert that MnO 
demonstrates antiferromagnetic behavior with 
a negligible MS. In contrast, Fe0 and Fe₃O₄ are 
known to exhibit typical ferromagnetic and fer-
rimagnetic characteristics, respectively (Nguyen 
et al., 2021). Hence, the magnetic properties of 
FeMn/BC mainly come from iron-based crystals. 
In fact, MS of FeMn/BC (5.72 wt% Fe) reached 
5.13 emu/g, which is comparable to those reported 
in previous studies for Fe₃O₄/BC: 6.94 emu/g (Do 
et al., 2022), 7.65 emu/g (Nguyen et al., 2023b), 
6.83 emu/g (Nguyen et al., 2023a). These mag-
netic properties are sufficient to enable efficient 

Table 1. Properties of Fe/BC, Mn/BC and FeMn/BC
Sample Fe (wt%) Mn (wt%) SBET (m2/g) Vtotal (cm3/g)

BC - - 45 0.02

Fe/BC 5.82 - 283 0.24

Mn/BC - 4.26 240 0.28

FeMn/BC 5.72 2.90 292 0.19

Figure 2. SEM images of FeMn/BC 

Figure 3. TEM images of FeMn/BC 
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magnetic separation and recovery of the material 
after use.

FTIR spectroscopy of FeMn/BC is shown in 
Figure 5. A broad peak at 3256 cm⁻¹ corresponds 
to O–H stretching vibrations, indicating the pre-
sence of hydroxyl groups, likely from BC or ad-
sorbed water. A peak at 2821 cm⁻¹ is attributed 
to C–H stretching of aliphatic groups, while the 
band at 1987 cm⁻¹ likely represents overtones 
or combination bands of carboxylic or carbonyl 
groups in BC. A peak at 1522 cm⁻¹ is indicati-
ve of C=C aromatic stretching, suggesting aro-
matic structures within the BC. The strong band 
at 1116 cm⁻¹ is associated with C–O–C or C–O 
stretching, pointing to ether or alcohol functio-
nalities. Notably, the peaks at 877 cm⁻¹ and 515 
cm⁻¹ correspond to Fe–O and Mn–O vibrations, 
confirming the presence of metal oxide nanop-
articles (Tang et al., 2022). These spectral fea-
tures indicate that the BC matrix contains various 
functional groups capable of anchoring or inter-
acting with metal-based nanoparticles, which is 
beneficial for interaction with water-soluble mat-
ter during TZ treatment.

Tartrazine degradation using FeMn/BC

Figure 6 presents TZ degradation us-
ing H₂O₂+UV, FeMn/BC+H₂O₂, and FeMn/
BC+H₂O₂+UV systems. After 10 min of intro-
ducing FeMn/BC, only 4.8% TZ was removed, 
corresponding to an adsorption capacity of 4.8 
mg/g. In the next oxidation step, TZ degradation 
varied according to treatment conditions. The use 
of H₂O₂ and UV triggered negligible TZ degra-
dation over an extended period. In the case of 
FeMn/BC+H2O2 system, 63.3% TZ was elimi-
nated after 120 min of oxidation, indicating the 
catalytic activity of FeMn/BC. With simultane-
ously additional UV, TZ removal reached 92.0%. 
These results prove the promising photo-Fenton 
activity of FeMn/BC.

As seen from Figure 7, BC was not effec-
tive in catalyzing H2O2 under UV light to elimi-
nate TZ. In contrast, Fe/BC and Mn/BC exhibit 
moderate catalytic performance, achieving TZ 
removal of 44.6 and 33.3%, respectively, after 
120 min. Remarkably, FeMn/BC demonstra-
tes superior degradation efficiency, removing 
92.0% TZ within the same period. This enhan-
ced activity is attributed to the synergistic inter-
action between Fe and Mn oxides, which pro-
motes efficient generation of reactive hydroxyl 

Figure 4. VSM result of FeMn/BC
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radicals under photo-Fenton conditions, thereby 
accelerating TZ degradation. Based on previous 
research, catalytic mechanism of FeMn/BC for 
photo-Fenton degradation of TZ is proposed as 
follows (Li et al., 2019; Li et al., 2021):

	 0 2
2Fe   2H  Fe   H+ ++ → + 	 (3)

	 0 2
2 2 2Fe   H O   2H   Fe   2H O+ ++ + → + 	 (4)

	 0 2
2 2 2Fe   O   2H   Fe   H O+ ++ + → + 	 (5)

	 Fe2+ + H2O2 → Fe3+ + ●OH + OH–	 (6)

	 Fe3+ + H2O2 → Fe2+ + + H+ + ●OOH 	 (7)

	 0 3 2Fe 2Fe 3Fe+ ++ → 	 (8)

	 2+ 3+ -
2 2Mn + H O Mn + OH + •OH→ 	 (9)

Figure 5. FTIR spectroscopy of FeMn/BC

Figure 6. TZ degradation by H₂O₂+UV, FeMn/BC+H₂O₂, and FeMn/BC+H₂O₂+
UV systems (0.50 g/L FeMn/BC, 200 ppm H₂O₂, pH 3.0)
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	 3 2+
2 2Mn + H O Mn + •OOH + H+ +→ 	 (10)

	 3 2 3 2Mn + Fe Fe + Mn+ + + +→ 	 (11)

	 3+ 2+ +
2Fe + H O + hυ Fe + •OH + H→        (12) 

 
2 2H O  + hυ 2•OH→          (13) 

 

	 (12)

	

3+ 2+ +
2Fe + H O + hυ Fe + •OH + H→        (12) 

 
2 2H O  + hυ 2•OH→          (13) 

 
	 (13)

	 TZ + • OH → Intermediates → 
→ Mineralization 	 (14)

Fe₃O₄ contains both Fe²⁺ and Fe³⁺, while Fe0 
could be oxidized into Fe²⁺ via different pathways. 
Fe²⁺ sites could then produce •OH from H₂O₂. Re-
versely, Fe³⁺ could regenerate Fe²⁺ by H₂O₂ or Fe0. 
In a similar route, the Mn³⁺/Mn²⁺ cycle could also 
produce •OH. Notably, synergistic interaction be-
tween Fe- and Mn-based sites is shown in Equa-
tion 11. Additionally, UV light could improve the 
Fe³⁺/Fe²⁺ cycle and accelerate •OH production (Ji-
ang et al., 2022). Thus, all metal-based materials in 

Figure 7. TZ degradation catalyzed by BC, Fe/BC, Mn/BC and
FeMn/BC (0.50 g/L catalyst, 200 ppm H₂O₂, pH 3.0)

Figure 8. Effect of FeMn/BC dosage on TZ degradation (200 ppm H₂O₂, pH 3.0)
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FeMn/BC could potentially contribute to the cata-
lytic photo-Fenton degradation of TZ.

TZ degradation rate was significantly influen-
ced by FeMn/BC dosage (Figure 8). At a lower 
dosage of 0.20 g/L, the catalyst exhibited limited 
TZ removal of 44.4% after 120 min. Increasing 
the FeMn/BC dosage to 0.50 g/L considerably 
enhanced TZ degradation. This enhancement can 
be attributed to the increased availability of active 
sites, which facilitate more generation of free ra-
dicals. Nevertheless, a further increase to 1.00 g/L 
slightly improved TZ degradation rate. This mar-
ginal gain suggests that an excess of active sites 
may lead to non-productive consumption of •OH 
radicals, thereby reducing their availability for at-
tacking TZ molecules. Thus, while increasing ca-
talyst dosage enhances degradation up to a certain 
point, excessively high concentrations may lead to 
reduced efficiency due to radical scavenging.

As depicted in Figure 9, increasing the H₂O₂ 
concentration from 100 to 200 ppm significant-
ly enhanced TZ removal, with efficiency rising 
from 56.4% to a peak of 92.0%. This improve-
ment is attributed to the greater generation of 
•OH for TZ degradation. However, when the 
H₂O₂ concentration is further increased to 300 
ppm, TZ removal slightly dropped to 86.0%. 
This decline is likely due to scavenging reac-
tions, which diminish available •OH radicals 
(Equations 15–17) (Youssef et al., 2016).

	 2 2 2•OH + H O •OOH + H O→ 	 (15)

	 2 2•OH + •OOH O  + H O→ 	 (16)

	 2 2•OH + •OH  H O→ 	 (17)

CONCLUSIONS

In this study, FeMn/BC was prepared via 
one-pot pyrolysis using durian husks, KMnO₄, 
and FeCl₃. XRD and ICP analyses confirmed 
that FeMn/BC consisted of 5.72 wt% Fe (Fe₃O₄ 
and Fe0) and 2.90 wt% Mn (MnO). TEM images 
revealed that metal-based nanoparticles were 
well dispersed within the BC matrix. In addi-
tion, FeMn/BC had SBET of 292 m²/g and Vtotal 
of 0.19 cm³/g. Accordingly, the catalytic activity 
of FeMn/BC was investigated for photo-Fenton 
degradation of TZ. At pH 3.0, 50 ppm TZ, 200 
ppm H₂O₂, and 0.50 g/L FeMn/BC, TZ removal 
of 92.0% was achieved after 10 min of adsorp-
tion and 120 min of UV-assisted oxidation. Ad-
ditionally, FeMn/BC showed magnetic proper-
ties with a MS of 5.13 emu/g, enabling easy re-
covery using a magnet. These findings highlight 
the multifunctional nature and practical poten-
tial of FeMn/BC for the effective treatment of 
dye-contaminated wastewater.

Figure 9. Effect of H₂O₂ concentration on TZ degradation (0.50 g/L FeMn/BC, pH 3.0)
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