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A B S T R A C T

Zearalenone (ZEN) is a mycotoxin produced by Fusarium species, commonly found in food, feed,
and water bodies. Due to its classification as a carcinogen, ZEN is a hazardous contaminant that
requires removal from aqueous and food-related effluents. To prevent its release into aquatic
systems, effective tertiary treatment methods are essential. This study investigates the removal of
ZEN using two advanced water treatment technologies: adsorption and photocatalysis. Two
carbonaceous materials derived from avocado seed residues (BC and BCA) were synthesized and
characterized using SEM, BET, and XPS techniques. The adsorption capacity of BC was deter-
mined to be 60.23 μg g⁻1, while BCA exhibited a capacity of 64.96 μg g⁻1, as modeled by the
Freundlich isotherm. Both materials achieved ZEN removal efficiencies of 65 ± 5 % for BC and 70
± 5 % for BCA, influenced by pH, temperature, and initial concentration. Photodegradation re-
sults showed removal efficiencies of 95 ± 0.68 % for BC and 98 ± 0.36 % for BCA, highlighting
the critical role of light intensity in ZEN degradation. This study underscores the potential of BC
and BCA for ZEN removal through advanced water treatment technologies, representing a sig-
nificant step towards sustainable and environmentally friendly remediation. Furthermore, the
adsorption process demonstrated reusability over 17 cycles, while the photocatalytic process
showed promise for long-term and sustainable use, with up to 20 reuse cycles.

1. Introduction

Emerging contaminants such as pharmaceuticals [1–4], organic compounds [5–8], mycotoxins, and other substances pose a
growing challenge to water quality and public health due to their persistence and toxic effects on ecosystems. Consequently, the
removal of these contaminants from water bodies has gained significant attention in recent years due to their adverse environmental
and health impacts. One promising strategy for water purification involves advanced adsorbents [3,9,10], including metal-organic
frameworks (MOFs) [10,11], hybrid materials [12], and biochars [13]. Mycotoxins are low-molecular-weight secondary
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metabolites produced by fungi such as Aspergillus, Penicillium, Alternaria, Claviceps, and Fusarium [14]. Among these, Fusarium species
are notable for producing zearalenone (ZEN), a mycotoxin classified as a Group III carcinogen by the International Agency for Research
on Cancer (IARC) [15]. ZEN presents serious risks due to its estrogenic, genotoxic, immunotoxic, and hepatotoxic properties [16], with
its metabolites, α- and β-zearalenol (ZEL), exacerbating these effects α-ZEL being the most active. Despite ZEN’s low solubility, its
presence in surface and wastewater is concerning as it impacts aquatic ecosystems and groundwater quality, affecting the development
of species such as fish and birds [16–19]. This highlights the urgent need to implement advanced treatment methods to effectively
remove ZEN and other emerging contaminants that challenge conventional purification systems. Although various methods such as
adsorption, photocatalysis, and biological treatments have been explored [20], this study presents an innovative approach by syn-
ergistically integrating adsorption and photocatalysis. Adsorption is valued for its simplicity and efficiency, while photocatalysis is
renowned for its oxidative potential and rapid reaction capacity [21,22]. Together, these methods provide a promising alternative for
the comprehensive and efficient removal of contaminants like ZEN.

The innovation of this research lies in the development of multifunctional carbonaceous materials derived from Hass avocado
seeds, a waste product of the avocado industry. Unlike previous studies that employed higher doses of adsorbent materials or focused
on single remediation techniques, this study investigates biochar (BC) and chemically activated biochar (BCA) produced from avocado
seeds to achieve high ZEN removal efficiency using significantly lower doses. This approach not only enhances the practical appli-
cation and sustainability of the materials but also offers an environmentally friendly solution by utilizing an underutilized biomass
resource.

Mexico, one of the leading producers of Hass avocados, generates large quantities of seeds comprising 16 % of the fruit’s weight
that are typically discarded [23,24]. Transforming these seeds into high-value carbon materials provides dual environmental and
economic benefits. Furthermore, this study pioneers the integration of chemical pretreatment to enhance biochar performance,
optimizing surface properties for improved adsorption and photocatalytic activity. By investigating key operational factors such as
contact time, initial pH, ZEN concentration, temperature, and the influence of ultraviolet light wavelength, this research provides a
comprehensive assessment of the adsorption and photocatalytic degradation mechanisms of ZEN.

2. Methodology

2.1. Synthesis of carbonaceous materials (BC and BCA)

Hass avocado (Persea americana) seeds were collected, thoroughly washed, and dried in an oven at 45 ◦C for three days. The outer
seed coat was removed, and the seeds were ground to achieve a particle size of 0.83 mm. The ground material was washed with

Fig. 1. Microscopic images depicting: (a) BC, (b) BC following ZEN adsorption, (c) BCA, and (d) BCA following ZEN adsorption.
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deionized water, dried at 35 ◦C for 48 h, and subsequently subjected to pyrolysis, producing biochar (BC). For the chemically activated
biochar (BCA), a portion of the ground seeds was treated with 0.5 M HNO₃ (Fermont®) prior to pyrolysis. Both BC and BCA were
pyrolyzed at 650 ◦C for 3 h.

2.1.1. Characterization of BC and BCA
The morphology of BC and BCA was analyzed using a JEOL® JSM 5900 LV scanning electron microscope (SEM). Elemental

composition was assessed via Energy-Dispersive X-ray Spectroscopy (EDS) in five different regions of each sample under vacuum
conditions, using an OXFORD® INCAx-Act 51-ADD0013 probe.

Surface area, pore volume, and pore size distribution were determined using nitrogen adsorption isotherms on a Belsorp®Max III
instrument. The density of active sites (σ) was evaluated through potentiometric titration with KOH, and the isoelectric point was
determined by suspending different masses (0.05–1.25 g) of each material in 10 mL of deionized water at 25 ◦C, followed by pH
measurement using a HANNA Instruments® HI8915 potentiometer after 24 h of agitation.

The energy states of the materials were analyzed using X-ray Photoelectron Spectroscopy (XPS) on a Thermo Scientific K-Alpha
XPS® equipped with an Al monochromatic source (400 μm analysis diameter). A UV–Visible spectrophotometer (Thermo Scientific™
INSIGHT™) was used to obtain the absorption spectra of BC and BCA, and the bandgap was calculated using the Kubelka-Munk
equation [25].

2.2. ZEN removal studies

2.2.1. Preparation and quantification of ZEN solutions
ZEN stock solutions were prepared using a ZEN CHIRON AS™ standard (initial concentration of 50 μg L⁻1). ZEN concentrations

were determined by UV–Vis spectrophotometry at 257 nm, using a PerkinElmer® Lambda 35 UV–Vis spectrophotometer.

2.2.2. Adsorption: kinetics and isotherm analysis
Batch adsorption experiments were conducted to evaluate ZEN adsorption kinetics. Polyethylene tubes containing 1.5 mg of BC or

BCA were filled with a 520 μg L⁻1 ZEN solution, and samples were agitated at various contact times (5, 10, 30 min, and 1, 2, 3, 6, 9, 12,
15, 18, 24 h) at temperatures of 20, 30, and 40 ◦C (pH = 7). The kinetic data were analyzed using pseudo-first-order, pseudo-second-
order, Elovich, and intraparticle diffusion models.

Fig. 2. Adsorption kinetics of (a) BC and (b) BCA, and adsorption isotherms of (c) BC and (d) BCA at 20, 30, and 40 ◦C.
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To investigate adsorption isotherms, polyethylene tubes containing 1.5 mg of BC or BCA were filled with ZEN solutions at con-
centrations of 10–24 μg L⁻1 and agitated for 24 h at 20, 30, and 40 ◦C. The results were analyzed using Langmuir, Freundlich,
Langmuir-Freundlich, and Temkin models. The effect of pH (range 2–12) on adsorption was also studied, with ZEN concentrations of
20 μg L⁻1 at the same temperature range. After agitation, ZEN concentrations were measured by UV–Vis spectrophotometry.

2.2.3. Photodegradation: kinetics and isotherm analysis
ZEN photodegradation kinetics were evaluated using a batch reactor containing 15 mg of BC or BCA and 50 mL of ZEN solution at

concentrations of 20 μg L⁻1 (for λ = 254 nm) and 40 μg L⁻1 (for λ = 365 nm). Samples were stirred in the dark for 3 h to reach adsorption
equilibrium, followed by UV irradiation at temperatures of 20, 30, and 40 ◦C (pH= 7). Aliquots (3 mL) were collected every 10 min (9
samples total), filtered through 0.45 μm Millipore® nitrocellulose filters, and analyzed to determine ZEN concentrations in the su-
pernatant. Kinetic data were fitted to zero-order, first-order, second-order, and exponential decay models.

The effect of ZEN concentration was assessed at 20, 30, 40, and 50 μg L⁻1 using similar experimental conditions. Additionally, pH
effects were studied in a range of 2–12 with ZEN concentrations of 20 μg L⁻1 (λ = 254 nm) and 40 μg L⁻1 (λ = 365 nm), with ZEN
quantification conducted via UV–Vis spectrophotometry.

2.3. Regeneration and reuse studies

The reusability of BC and BCA in adsorption was assessed by performing desorption in an acidic medium (pH= 2) with 0.1 MHNO₃.
After desorption, the materials were reused in adsorption experiments with ZEN solutions (20 μg L⁻1, 20 ◦C, pH = 7) until the
adsorption efficiency dropped significantly. Similarly, the photodegradation capacity of the materials was evaluated by cycling the
process, using 15 mg of BC or BCA in a continuous flow reactor with ZEN solutions (20 μg L⁻1 at λ = 254 nm, 40 μg L⁻1 at λ = 365 nm).

2.4. Thermodynamic parameters and activation energy

Thermodynamic parameters, including Gibbs free energy (ΔG◦), enthalpy (ΔH◦), and entropy (ΔS◦), were calculated using the
integrated Van’t Hoff equation [26] to examine temperature-dependent equilibrium data. The activation energy for both adsorption
and photodegradation processes was also determined.

Table 1
Kinetics and adsorption isotherms of ZEN using BC and BCA.

Adsoption kinetics

BC BCA

T (◦C) 20 30 40 20 30 40

Pseudo first order KL (min− 1) 12.64 11.98 10.76 23.19 22.25 22.22
qe (μg g− 1) 53.21 50.81 45.71 54.91 52.33 52.34
R2 0.99 0.978 0.988 0.989 0.987 0.989

Pseudo second order K (g μg− 1min− 1) 5.33E+45 1.89E+45 6.33E+44 3.01E+43 1.32E+42 − 2.76E+44
qe (μg g− 1) 52.35 48.46 43.95 54.16 51.54 51.56
R2 0.862 0.827 0.875 0.97 0.961 0.961

Elovich А (μg g− 1min− 1) 5.28E+09 8.98E+08 5.95E+07 7.74E+18 2.91E+16 2.84E+16
B (g μg− 1) 0.51 0.39 0.37 0.82 0.74 0.74
R2 0.961 0.95 0.953 0.971 0.972 0.969

Intraparticle diffusion K (μg g− 1min− 1/2) 1.6 1.57 1.26 1.31 1.31 1.3
C 42.72 39.22 33.17 45.43 43 40.01
R2 0.095 0.111 0.075 0.037 0.051 0.05

​ Adsorption isotherms ​
​ BC BCA
T (◦C) 20 30 40 20 30 40 ​

Langmuir qm (μg g− 1) 47.36 44.45 41.35 47.71 45.28 42.53
KL (L μ− 1) − 1.8E+45 2.7E+45 1.5E+45 6.1E+45 − 5.2E+44 − 4.3E+45
RL − 2.7E-47 1.8E-47 3.1E-47 8.0E-48 − 9.5E-47 − 1.1E-47
R2 0.595 0.615 0.606 0.599 0.601 0.563

Freundlich KF (μg g− 1) 25.8 21.15 15.03 27.78 21.37 11.97
(L μg− 1)1/n

N 0.61 0.59 0.68 0.57 0.63 0.88
R2 0.994 0.997 0.993 0.99 0.996 0.995

Langmuir/Freundlich q MLF 8782.7 8022.09 7045.21 9228.56 8146.25 6037.73
k LF (L μg− 1) 0.05 0.05 0.04 0.05 0.05 0.04
MLF 0.3 0.29 0.33 0.28 0.31 0.44
R2 0.987 0.996 0.987 0.983 0.993 0.991

Temkin qm (μg g− 1) 90.13 95.19 92.87 96.3 89.52 69.03
KT (μg L− 1) 2.24 1.68 1.12 2.69 1.67 0.82
R2 0.993 0.996 0.992 0.988 0.994 0.993
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Ln k= − Δ◦H/R*1/ T◦ + ΔS◦/R (Eq. 1)

In this context, the variables are defined as follows: R is the ideal gas constant (J mol⁻1 K⁻1), T represents the absolute temperature in
Kelvin (K), and k is the constant derived from fitting the isotherm models.

Once the kinetics data were obtained, the reaction rate constant at 20, 30, and 40 ◦C were calculated. To explore the temperature
dependence of the reaction, a plot of the natural logarithm of the rate constant (Ln k) versus the inverse of the absolute temperature
(T⁻1) in Kelvin was generated. This plot illustrates the relationship between temperature and reaction rate. The linear form of the
Arrhenius equation [27] was then used (Eq. (2)) to determine the activation energy (Ea) and the pre-exponential factor (A).

Ln k= Ea/R (1 / T◦) + Ln A (Eq. 2)

In the equation provided, k represents the rate constant of the reaction at a specific temperature. Ea is the activation energy required
for the process. The value of R is 8.314 kJ mol− 1, T denotes the temperature in Kelvin, and A is the frequency factor for the reaction.

3. Results and discussion

3.1. Structural features and surface characteristics

Fig. 1 illustrates the micrographs of BC and BCA before and after the adsorption of ZEN under controlled conditions (T = 20 ◦C, pH
= 7, t = 24 h). The micrograph of BC prior to adsorption (Fig. 1a) reveals hexagonal and pentagonal cavities with an average diameter
of 35 ± 0.5 μm, accompanied by minor folds in the cavity walls. EDS analysis confirms the presence of C (80.85 ± 5.34 %), O (3.06 ±

0.67 %), N (16.03 ± 1.56 %), and Ca (0.06 ± 0.02 %). Following adsorption (Fig. 1b), the overall morphology remains largely un-
changed; however, EDS data show an increase in C (85.44± 3.34 %) and O (4.8± 0.34 %) content, with a corresponding decrease in N
(9.73 ± 1.34 %) and Ca (0.03 ± 0.01 %). The observed increase in C and O suggests significant chemical interactions between the
adsorbent and ZEN, likely driven by the element-rich nature of ZEN. In contrast, BCA (Fig. 1c) exhibits hexagonal cavities with di-
ameters ranging from 25± 0.5 μm to 30 ± 0.5 μm. EDS analysis identifies C (84.33± 4.24 %), O (3.95± 0.94 %), N (11.66± 1.05 %),
Ca (0.02 ± 0.01 %), and Na (0.04 ± 0.01 %), showing higher levels of C and O compared to BC. Post-adsorption (Fig. 1d), slight
deformations in the hexagonal cavities are observed, along with the appearance of small particles on the cavity walls. EDS results
indicate increased levels of C (86.1 ± 5.14 %), O (4.8 ± 0.98 %), N (9.01 ± 1.32 %), Ca (0.05 ± 0.02 %), and Na (0.04 ± 0.01 %),
suggesting stronger interactions between ZEN and BCA. These findings indicate that both BC and BCA largely retain their morphology
after adsorption, though BCA exhibits more pronounced surface modifications. The increase in C and O content for both materials
confirms substantial chemical interactions between ZEN and the adsorbents. The surface changes observed in BCA can be attributed to
a combination of physical and chemical interactions with ZEN. These observations underscore the critical role of the morphological
features and composition of the materials in the adsorption process. The superior adsorption capacity of BCA compared to BC can be
attributed to its enhanced structural and compositional properties. Similarities with biochars derived from other sources, such as
pineapple peels [28], coconut residues [29], rice husks [30], sugarcane bagasse, orange peels, and peanut shells, highlight the po-
tential of biochar materials for environmental applications. Such biochars provide valuable insights for designing and optimizing
efficient adsorbents for contaminant removal.

Regarding surface properties, BC exhibits a higher specific surface area (55.60 m2 g⁻1) and pore volume (0.041 cm³ g⁻1) compared
to BCA (14.9 m2 g⁻1 and 0.019 cm³ g⁻1). These findings align with those reported by Fernando et al. [31], who observed similar results
when employing HNO₃ as a pretreatment for the preparation of biochar derived from Lasia spinosa. The superior values observed for BC
are attributed to the ability of HNO₃ to minimize the chemical decomposition of cellulose and hemicellulose during pyrolysis. Wang
et al. [32], also emphasized that acid pretreatment of biomass can modify the surface morphology of biochars, promoting the for-
mation of micro- and mesopores, enhancing crystallinity, and reducing inorganic components such as alkali and alkaline earth metals.
Compared to other biochars, both BC and BCA display relatively large specific surface areas and pore diameters (2.98 and 5.27 nm,
respectively). Reported values for other biochars include 7.2 m2 g⁻1 [33], 45.29 m2 g⁻1 [34], 6.60 m2 g⁻1 [35], and 0.58 m2 g⁻1 [36].
According to IUPAC classification [37], the biochars are mesoporous (>2 nm), which provides an advantage by facilitating increased
surface contact between BC, BCA, and ZEN, thereby improving both adsorption and photocatalytic processes.

An analysis of active sites as a function of specific surface area (Ae) reveals an increase from 3 sites nm⁻2 for BC to 6 sites nm⁻2 for
BCA. Additionally, BC exhibits an isoelectric point (IP) at pH = 7 ± 0.3, whereas BCA has an IP at pH = 8 ± 0.3. This suggests that the
BC surface undergoes hydroxylation (OH⁻) at pH levels above the IP and protonation (H⁺) at pH levels below this value [38,39].

3.2. Band gap determination

In this study, the bandgap of each material was determined through the analysis of diffuse reflectance spectra using the Kubelka-
Munkmethod [25]. The results revealed bandgap values of 1.6 eV for BC and 1.8 eV for BCA, which are consistent with values reported
in previous studies [40]. Notably, biochars typically exhibit lower bandgap values compared to other materials, a characteristic
attributed to their porous structure [41].

Fig. 3. Photodegradation kinetics at 20, 30, and 40 ◦C for (a) BC and (b) BCA at λ = 254 nm, and for (c) BC and (d) BCA at λ = 365 nm. Pho-
todegradation as a function of initial concentration for (e) BC and (f) BCA at λ = 254 nm; and (g) BC and (h) BCA at λ = 365 nm.

J.C. Gómez-Vilchis et al. Heliyon 11 (2025) e41696 

6 



3.3. Adsorption process

3.3.1. Kinetic study and isotherms: effect of pH variation and concentration
The analysis of the adsorption kinetics provides key insights into the performance of BC and BCA materials in the removal of ZEN

from aqueous media. Fig. 2a and b demonstrate that the initial phase of adsorption occurs rapidly due to the abundance of active sites
within the mesoporous structure of the biochar. However, as equilibrium is reached (after 3 h), most of these sites become occupied,
leading to a decrease in the adsorption rate [42]. This behavior indicates a rapid initial adsorption phase, followed by a slower
equilibrium phase.

Regarding removal efficiency, the BC material exhibited high adsorption percentages: 82 % at 20 ◦C, 79 % at 30 ◦C, and 70 % at
40 ◦C, with adsorption capacities of 55.66 μg g⁻1, 52.33 μg g⁻1, and 46.66 μg g⁻1 of ZEN, respectively. In contrast, the BCA material
showed slightly higher removal efficiency, with values of 84 % at 20 ◦C, 80 % at 30 ◦C, and 75 % at 40 ◦C, reaching capacities of 57.5
μg g⁻1, 53.01 μg g⁻1, and 50.36 μg g⁻1, respectively. These results suggest that chemical treatment improves the adsorption properties of
BCA, likely due to enhanced surface functionalization.

Although studies on the adsorption of ZEN onto carbonaceous materials are limited, previous research on the removal of myco-
toxins using carbon-based materials provides valuable insights. For instance, one study utilized biochar derived from soybean residues
to remove deoxynivalenol, achieving an efficiency of 88 % (52.98 μg g⁻1) within just 10 min of contact [43]. Similarly, an adsorption
efficiency of 79 % (0.27 μg g⁻1) for ochratoxin A was reported within 30 min using biochar derived from walnut shells [13]. These
findings, along with those of the current study, underscore the effectiveness of biochars in removing mycotoxins within the initial
minutes of interaction.

At 20 ◦C, adsorption capacity is favored, likely because the ZEN molecules possess sufficient thermal energy to overcome the
activation barrier and adsorb effectively onto the surface of the biochar [44]. However, as temperature increases, the kinetic energy of
the ZEN molecules rises, which may reduce adsorption effectiveness by decreasing molecular interactions with the adsorbent surface
[45]. This behavior is characteristic of exothermic processes, where adsorption capacity decreases with rising temperature, as also
observed in other organic contaminants. A similar adsorption behavior was observed for metronidazole and tetracycline using biochar
derived from rice bran, where adsorption efficiency decreased at temperatures above 20 ◦C [46].

On the other hand, Fig. 2c and d demonstrate the ability of BC and BCA to efficiently and consistently adsorb ZEN at varying
concentrations. These figures also highlight the adverse effect of temperatures above 20 ◦C on the adsorption capacity, an aspect that
must be carefully considered in practical applications of water treatment for mycotoxins such as ZEN. A consistent linear relationship is
observed between the ZEN concentration and the amount adsorbed onto both BC and BCA, indicating that the adsorption sites on both
materials remain accessible across the concentration range studied [47]. The experimental data were well-fitted to the Pseudo-First
Order kinetic model, with correlation coefficients (R2) close to 1 (Table 1), suggesting that physisorption is the predominant pro-
cess for both materials (Eq. (3)). This model also provides information on the adsorption rate constant (KL), which tends to decrease
with increasing temperature, reflecting the speed at which adsorption equilibrium is reached [48].

qt = qe
(
1 − e(− kLt)

)
(Eq. 3)

Where qt and qe are the equilibrium concentrations of adsorbed ZEN at a given time, respectively (μg g− 1), and KL is the adsorption rate
constant (g mg− 1 min− 1). As a result of the mathematical fittings, it is observed that the values of qt decrease as temperature increases,
ranging from 53± 0.3 μg g⁻1 to 45± 0.3 μg g⁻1 for BC, while for BCA, the values are slightly higher: 55± 0.3 μg g⁻1 and 52± 0.3 μg g⁻1,
respectively. This behavior could be attributed to weaker van der Waals forces between the active sites of the adsorbent and the
adsorbate molecules [49]. The rate constants (k) also gradually decrease with increasing temperature, confirming that the adsorption
equilibrium is reached more quickly at 20 ◦C. Additionally, the constants β and α, related to chemisorption and surface characteristics,
suggest higher adsorption rates, particularly for BC, where a lower β value indicates greater efficiency in ZEN adsorption. However,
this study suggests that both BC and BCA are effective for adsorbing organic contaminants, with BCA showing a slight advantage where
temperature plays a crucial role, as better adsorption is observed at lower temperatures due to stronger physical interactions between

Table 2
Kinetic modeling of ZEN photodegradation using BC and BCA.

λ (254 nm) λ (365 nm)

BC BCA BC BCA

T (◦C) 20 30 40 20 30 40 20 30 40 20 30 40

Zero order K (μg⋅L− 1 min− 1) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
R2 0.14 0.11 0.1 0.15 0.16 0.14 0.05 0.1 0.08 0.11 0.06 0.1

First order K (min − 1) 0.07 0.08 0.11 0.11 0.14 0.18 0.03 0.03 0.03 0.03 0.04 0.04
R2 0.62 0.81 0.93 0.93 0.95 0.94 0.25 0.54 0.82 0.82 0.74 0.89

Second order Kc (L. μg min− 1) 0.16 0.17 0.18 0.34 0.36 0.48 0.07 0.08 0.08 0.08 0.09 0.1
R2 0.85 0.96 0.98 0.98 0.97 0.98 0.71 0.87 0.98 0.98 0.96 0.98

Exp. decay k (min − 1) 0.11 0.15 0.18 0.2 0.22 0.26 0.08 0.14 0.2 0.13 0.24 0.28
α 1 0.99 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
Cr (μg L− 1) 0.17 0.13 0.08 0.08 0.06 0.07 0.28 0.23 0.18 0.18 0.19 0.13
R2 0.99 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
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the adsorbent and adsorbate.
The Freundlich model demonstrates a superior fit to the experimental adsorption isotherm data for both BC and BCA, as evidenced

by correlation coefficients close to 1 (Table 1). This observation aligns with findings for ZEN adsorption on activated carbon [50],
indicating a non-ideal and heterogeneous adsorption pattern on the material surface. The Freundlich parameter n, which reflects
adsorption intensity, is less than 1 for both materials, suggesting weak adsorption predominantly, governed by physisorption. In this
context, the interactions between ZEN and the active sites on BC and BCA are primarily physical in nature [51].

Nevertheless, the possibility that chemisorption may also occur cannot be entirely ruled out, as both the Freundlich and Temkin
models show similar correlation coefficients. This implies that, although physisorption is the dominant mechanism, some degree of
chemisorption could simultaneously occur, albeit to a lesser extent.

Fig. 4. Effect of pH on ZEN removal: (a) BC and (b) BCA for adsorption; (c) BC and (d) BCA for photodegradation at λ = 254 nm; and (e) BC and (f)
BCA for photodegradation at λ = 365 nm.
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3.3.2. Photodegradation process
In the photocatalysis process, ZEN degradation is observed to be more effective at a wavelength of λ = 254 nm and temperatures

above 20 ◦C. BCA demonstrates superior efficiency compared to BC, achieving degradation rates of 93 % (18.6 μg L⁻1), 95 % (19 μg
L⁻1), and 97 % (19.4 μg L⁻1) at 20, 30, and 40 ◦C, respectively. In contrast, BC achieves only 82 % (16.4 μg L⁻1), 89 % (17.8 μg L⁻1), and
92 % (18.4 μg L⁻1) under the same conditions (Fig. 3a and b). These findings suggest that the acid pretreatment of BCA results in a
higher density of hydroxyl groups, enhancing ZEN degradation by increasing surface activity [52]. Both materials reach equilibrium in
the photocatalysis process within 60 min, indicating a rapid initial reaction followed by a stable phase.

Fig. 3c and d depict the degradation of ZEN at λ = 365 with an initial concentration of 40 μg L⁻1, where both materials achieve
photodegradation efficiencies exceeding 97 % within the initial minutes. These results are comparable to those previously reported
using graphite [53], which demonstrated photodegradation efficiencies of 95 % (475 μg L⁻1) and 97 % (485 μg L⁻1) at wavelengths of
254 nm and 365 nm, respectively, reaching equilibrium within 50 min. It is observed that as the temperature increases, the degra-
dation efficiency also improves, albeit to a lesser extent than at λ = 254 nm. For BC, the degradation percentages were 72 % (14.4 μg
L⁻1), 78 % (15.6 μg L⁻1), and 82 % (16.4 μg L⁻1) at 20, 30, and 40 ◦C, respectively. Similarly, for BCA, the degradation percentages were
74 % (14.8 μg L⁻1), 79 % (15.8 μg L⁻1), and 85 % (17 μg L⁻1).

These results indicate that both BC and BCA are effective for ZEN degradation, particularly at temperatures >20 ◦C and under
suitable wavelengths to activate the process. Higher temperatures promote e⁻/h⁺ recombination, thereby enhancing process efficiency
[54,55]. Additionally, the effect of initial concentration on photocatalysis (Fig. 3e–h) at λ = 254 and 365 nm shows that equilibrium is
rapidly reached within the first 40 min, regardless of ZEN’s initial concentration. This rapid degradation onset highlights the high
photocatalytic activity of BC and BCA under UV light irradiation. Notably, at λ = 365 nm, ZEN degradation reaches 97% from an initial
concentration of 20 μg L⁻1, showcasing superior performance compared to λ = 254 nm. This suggests that the UV wavelength
significantly impacts photocatalytic efficiency, likely due to greater energy absorption by BC and BCA photocatalysts at λ = 365 nm
[56].

The experimental data for the photodegradation of Zearalenone (ZEN) using BC and BCA were fitted to mathematical models
(Table 2), showing that the exponential decay model provided the best fit for both materials at wavelengths of 254 and 365 nm. This
model assumes that the reaction rate is influenced not only by the ZEN concentration but also by the availability of active sites on the
BC and BCA surfaces [57,58]. These results confirm the effectiveness of the photodegradation process and the ability of both materials
to efficiently remove ZEN from aqueous media. BCA exhibited a higher degradation rate compared to BC at both wavelengths. At λ =

254 nm, the reaction rate constants for BC ranged from 0.11 to 0.18 min⁻1, whereas BCA demonstrated superior values between 0.20
and 0.26 min⁻1. Similarly, at λ = 365 nm, BC showed rate constants ranging from 0.08 to 0.22 min⁻1, while BCA achieved values
between 0.13 and 0.28 min⁻1. These results suggest that BCA facilitates a faster photocatalytic process for ZEN, likely due to its higher

Fig. 5. Deconvolution of 1) C1s, 2) O1s, 3) N1s, and 4) Ca2p spectra before and after adsorption on BC and BCA respectively.
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density of active functional groups and the enhanced generation of OH⁻ radicals during the photocatalytic reaction. Additionally, an
increase in reaction temperature was observed to improve the ZEN degradation rate. Higher temperatures enhance charge carrier
mobility and charge transport at the interface, leading to increased collision frequency between ZEN molecules or their degradation
intermediates and the biochar surface. This promotes the generation of OH⁻ radicals and accelerates degradation [59].

Table 3
Energetic States of C1s, O1s, N1s, and Ca2p in BC and BCA before and after ZEN adsorption.

BC BCA

Before After Before After

Energy states BE (eV) FWHM Area BE (eV) FWHM Area BE (eV) FWHM Area BE (eV) FWHM Area

C1s O-C = O – – – 288.4 1.14 1.62 – – – 288.3 1.14 2.08
C = O 287.3 1.14 1.49 287.3 1.14 3.68 287.3 1.05 1.49 287.3 1.02 3.89
C-OH 286.7 1.14 2.42 – – – 286.7 1.05 2.42 – – –
C-O 286.3 1.1 5.34 286.3 1.14 8.5 286.3 0.94 5.34 286.2 1.14 10.45
C-N 285.6 1.14 18.63 285.5 0.94 14.85 285.6 1.14 18.63 285.5 0.94 15.22
C-C/C = C 284.7 1.1 39.3 284.6 1.14 55.09 284.7 1.14 42.9 284.7 1.14 55.54
C-C 284.3 1.14 32.79 – – – 284.2 1.14 32.79 – – –
C-H – – – 284 1.08 16.23 – – – 284 1.14 12.79

O1s COOH 534.2 1.4 13.8 534.1 1.31 8.37 534.1 1.5 14.78 534.2 1.46 10.33
O-C = O 533.4 1.4 32.63 533.3 1.3 27.04 533.4 1.5 25.03 533.3 1.5 37.73
O-C 532.4 1.3 25.63 532.3 1.4 30.18 532.4 1.5 40.8 532.3 1.5 42.5
O-Ca 531.7 1.3 10.55 531.7 1.4 14.48 – – – – – –
O = C 531 1.4 17.37 531 1.4 19.9 531.1 1.5 2.11 531 1.3 11.13

N1s N = C 400.2 1.4 47.93 400.4 1.4 48.42 400.5 1.4 36.04 400.4 1.4 52.97
N-H – – – – – – 399.6 1.4 30.05 – – –
N-C 398.4 1.4 52.06 398.4 1.4 51.57 398.2 1.4 33.9 398.5 1.4 40.8

Ca2p Ca2p 1/2 351.2 1.7 33.93 351.18 1.7 33.73 351.3 1.9 51.58 350.98 1.9 43.05
Ca2p 3/2 347.4 1.9 66.06 347.36 1.9 66.26 347.4 1.9 48.41 347.03 1.9 56.95

Fig. 6. Proposed structure of a) BC, b) BCA, c) anionic form of ZEN, d) adsorption on BC, and e) BCA, f) ZEN photodegradation mechanism. Reuse
cycles in adsorption with g) BC and h) BCA, photodegradation of i) BC and j) BCA at λ = 254 nm, and k) BC and l) BCA at λ = 365 nm.
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3.4. Influence of pH on the adsorption and photocatalysis processes

Previous studies have shown that the adsorption of organic compounds onto carbonaceous materials can be significantly influenced
by the solution pH [60,61]. Analysis of Fig. 4 reveals the relationship between system pH and the adsorption percentage of ZEN,
demonstrating an increase in adsorption with rising pH. Maximum adsorption values of 83 % (16.6 μg L⁻1) for BC and 90 % (18 μg L⁻1)
for BCA are achieved (Fig. 4a and b). This behavior can be attributed to the presence of active sites on the material surfaces and the
pKa1 of ZEN, which is 3.62. At pH > 8, the presence of hydroxyl groups (OH⁻) enhances both adsorption and photocatalysis processes
by promoting the generation of free radicals that facilitate ZEN adsorption and degradation in aqueous media (Fig. 4c–f) [62]. The
influence of pH is closely related to the isoelectric point (IEP) of the materials, which is approximately pH 7 ± 0.3 for BC and pH 8 ±

0.3 for BCA. This characteristic enables the materials to adsorb both positively and negatively charged ZEN species, depending on the
pH of the medium. The distribution of ZEN species in solution varies with pH, significantly affecting the efficiency of both adsorption
and photocatalysis by determining the specific interactions between the contaminant and the adsorbent surface. At pH < 7, ZEN
predominantly exists in its non-ionized form [63], facilitating adsorption through hydrophobic and π–π interactions. In contrast, at pH
> 7, ZENmay ionize, potentially increasing electrostatic repulsion if the adsorbent surface is also negatively charged, thereby reducing
adsorption efficiency.

3.5. Activation energy and thermodynamic parameters

The adsorption and photocatalysis processes of Zearalenone (ZEN) on BC and BCA reveal key aspects that influence the efficiency of
these materials for contaminant removal. The activation energy (Ea) values for adsorption on BC (8.75E-05 kJ mol⁻1) and BCA (6.25E-
05 kJmol⁻1), both below 40 kJmol⁻1, indicate that physisorption is the predominant mechanism. These low activation energies suggest
that ZEN adsorption primarily occurs through van der Waals forces and other weak interactions, such as hydrogen bonds between the
adsorbate and adsorbent [19]. Furthermore, the exothermic nature of the adsorption process is supported by the negative values of
enthalpy (ΔH◦) (BC = − 20.5 and BCA = − 32 kJ mol− 1) and Gibbs free energy (ΔG◦), indicating that the process is spontaneous and
energy-releasing [64].

On the other hand, the Ea values are higher for the photocatalysis process on BC (λ254 = 18.84 and λ365 = 35.05 kJ mol⁻1) and
BCA (λ254 = 9.97 and λ365 = 29.46 kJ mol⁻1), suggesting a faster reaction rate during this stage, likely due to the increased
recombination of e⁻/h⁺ pairs at higher temperatures [55]. The small variations in enthalpy (ΔH) for BC and BCA at both λ = 254 and λ
= 365, coupled with relatively low values of ΔG, indicate that photocatalysis requires less energy compared to adsorption. This
behavior is attributed to the generation of free radicals, such as hydroxyl radicals (•OH), during photocatalysis, which efficiently
degrade ZEN under UV irradiation [65]. The negative entropy values (BC: λ254 = − 0.04, λ365 = − 0.09 J mol⁻1 K⁻1; BCA: λ254 =

− 0.02, λ365= − 0.08 J mol⁻1 K⁻1) suggest that during the photocatalysis process, the system experiences an increase in order, generally
indicating more stable adsorption of the reaction products on the catalyst surface.

3.6. Determination of the energy states using XPS in BC and BCA

X-ray photoelectron spectroscopy (XPS) analysis provides valuable insights into the interactions between the material surfaces and
Zearalenone (ZEN) during the adsorption process. Several energy states were identified, including C1s, O1s, N1s, Ca2p, and Na1s. The
atomic percentages obtained were as follows: for BC, C (90.8 %), O (7.37 %), N (1.51 %), Ca (0.3 %), and Na (0.02 %); and for BCA, C
(94.15 %), O (3.58 %), N (1.73 %), Ca (0.02 %), and Na (0.08 %). After the ZEN adsorption process, a significant increase in the carbon
percentage was observed, suggesting a strong interaction with the adsorbate. For C1s (FWHM of 1.1 ± 0.1) (Fig. 5.1a and c), several
Gaussian peaks were detected, representing different energy states such as C-C (phenolic), C-C/C=C (aromatic), C-N, C-OH, and C=O
(carboxyl groups), both before and after adsorption [66,67]. After the adsorption process (Fig. 5.1b and d), two new Gaussian peaks
emerged, indicating interactions with alkyl groups (C-H) and carboxyl groups present in ZEN (O-C=O) [68].

Regarding oxygen (O1s), four energy states were identified corresponding to O=C, O-C=O, O-C, and -COOH, both before (Fig. 5.2a
and c) and after adsorption (FWHM of 1.4 ± 0.1) (Fig. 5.2b and d). The O=C group may play a crucial role as an electron acceptor in
reactions, potentially promoting the degradation of ZEN. This is supported by the presence of free radicals on the surface of the carbon
formed during the pyrolysis process [69]. For nitrogen (N1s) (FWHM of 1.4± 0.1), energy states such as N-C and N=C, associated with
pyridinic and pyrrolic nitrogen, were observed before adsorption (Fig. 5.3a and c) [70,71]. In BCA, a new energy state attributed to
NH2 emerged, which may indicate strong interactions between ZEN and the material surface (Fig. 5.3b and d) [72]. Finally, the energy
states of Ca2p in both materials before (Fig. 5.4a and c) and after (Fig. 5.4b and d) adsorption indicated the presence of CaCO₃, which
may influence the surface properties of the materials and their adsorption capacity [73].

Table 3 presents the detailed results of the X-ray photoelectron spectroscopy (XPS) analysis, providing insights into the interactions
between the functional groups of BC and BCA with Zearalenone (ZEN), and revealing how these interactions influence the adsorption
processes. Prior to ZEN adsorption, the C1s spectra of both materials showed predominant peaks corresponding to C-C and C=C,
indicating the presence of aromatic structures formed from the decomposition of cellulose. The slightly higher area of the C-C/C=C
peak in BCA compared to BC suggests that BCA has a higher degree of aromatic condensation, likely due to treatment with HNO₃
during demineralization. This increased aromaticity in BCA may contribute to a higher adsorption capacity by providing more active
sites for interaction with ZEN.

Significant changes in the C=O and C-O states in the C1s spectra were observed after ZEN adsorption. This suggests that ZEN
interacts with the functional groups on the material surfaces, possibly forming chemical bonds. The appearance of these new peaks
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indicates that the adsorption process involves not only physical interactions but also the formation of chemical bonds, which may
enhance the efficiency of contaminant removal. This finding supports the hypothesis that chemical interactions, in addition to physical
interactions through van derWaals forces, play a crucial role in ZEN adsorption, improving retention on the adsorbent surface. The O1s
spectra show changes in energy values for COOH, C-O, and O-Ca after ZEN adsorption, indicating that these oxygen-containing groups
participate in surface interactions with the contaminant. The involvement of these functional groups suggests that they play a key role
in the adsorption process, possibly through hydrogen bonding or other surface interactions that stabilize ZEN on the adsorbent surface.
Specifically, the COOH and C-O groups may facilitate stronger interactions, promoting more efficient adsorption.

In the case of N1s, no significant changes were observed in the nitrogen states in BC before and after adsorption. However, in BCA, a
new Gaussian peak corresponding to NH₂ groups appeared after ZEN adsorption, indicating that the amino groups may play a crucial
role in the adsorption process by forming stable interactions with the contaminant. Finally, in the Ca2p spectra, some Gaussians
showed a shift in binding energy for both Ca 1/2 and Ca 3/2 states, suggesting that the Ca-O bond is involved in interactions with ZEN.
This shift indicates that calcium-containing groups on the surface participate in the adsorption process, possibly enhancing the
adsorption capacity of the contaminant by providing additional sites for interaction.

3.7. Proposed mechanisms of adsorption and photocatalysis of BC and BCA against ZEN

Fig. 6 provides an overview of the mechanisms underlying the adsorption and degradation of Zearalenone (ZEN) using BC (Fig. 6a)
and BCA (Fig. 6b) at pH 7. At this pH, the predominant form of ZEN in solution is the phenolate anion (Fig. 6 c), which significantly
influences its interaction with these adsorbent materials. The results indicate that ZEN adsorption is primarily governed by phys-
isorption, with minor contributions from chemisorption. Physisorption is characterized by weak van der Waals forces and hydrogen
bonds, whereas chemisorption involves the formation of stronger chemical bonds. This finding aligns with the literature, which
suggests that physisorption is the dominant adsorption mechanism for ZEN on carbon-based materials [74]. In BC, O-Ca⁺ groups
interact electrostatically with the O⁻ groups of the ZEN phenolate anion (Fig. 6 d1), with this electrostatic attraction being key to the
adsorption efficiency of the biocarbons [50]. In contrast, in BCA, -NH₂⁺ groups facilitate adsorption through hydrogen bonds with the
ZEN phenolate anion (Fig. 6e1) [75]. Additionally, hydrogen bonds between the O⁻ of ZEN and the O-H groups present on both BC and
BCA also contribute significantly to the adsorption process (Fig. 6d2-e2) [76]. This highlights the important role of hydrogen in-
teractions in stabilizing ZEN on the adsorbent surfaces.

Hydrophobic interactions are also significant, as the methyl groups of ZEN interact with the carbon surfaces of BC and BCA,
generating C-C interactions that enhance adsorption [77] (Fig. 6d3-e3). Furthermore, covalent C-O bonds between the methyl groups
of ZEN and oxygen atoms on the material surfaces are crucial for stabilizing the adsorption complexes (Fig. 6d4-e4). Regarding ZEN
photodegradation (Fig. 6f), UV irradiation generates free radicals on the surfaces of the biocarbons. These absorb UV energy,
generating electrons (e⁻) in the conduction band (CB) and holes (h⁺) in the valence band (VB). The excited electrons can reduce O₂ to
form superoxide radicals (O₂⁻), while the holes oxidize H₂O to generate hydroxyl radicals (OH⁻). These highly reactive radicals play a
central role in the breakdown of ZEN in aqueous media. The photocatalytic pathway involves the opening of the lactone ring of
resorcinol in ZEN, leading to the formation of aldehydes at both ends of the double bond [53]. This process underscores the effec-
tiveness of biocarbons as photocatalysts and highlights the complexity of the photochemical mechanisms involved in contaminant
degradation.

3.8. Reuse cycles of the materials for adsorption and photocatalysis processes

To determine the reuse cycles of the materials, regeneration tests were conducted on BC and BCA for the adsorption and photo-
catalysis processes, respectively. For the adsorption process, the maximum ZEN removal capacity was evaluated at three different
temperatures (20, 30, and 40 ◦C). The results showed that, in the case of BC, the adsorption efficiency progressively decreased from 77
% in the first cycle to 8 % in the 17th cycle (Fig. 6g). Similarly, for BCA, a decrease in removal capacity was observed, with an initial
efficiency of 80 %, which dropped to 7 % in the last cycle (Fig. 6h). Although a gradual loss of efficiency was observed with increasing

Table 4
Comparison of ZEN adsorption capacity and photodegradation efficiency.

Material Mycotoxin Removal capacity
(qm)

% Removal Process Mass
(mg)

T (◦C) Reference

OKR-50 ZEN 1.6 mg g− 1 57 Adsorption 10 20 [77]
NMMT ZEN 1.9 mg g− 1 95 30 37 [83]
BZ-2 ZEN 2.64 mg g− 1 38 3 – [47]
Montmorillonite ZEN 0.2 mg g− 1 49 10 – [84]
Activated carbon ZEN 0.29 mg g− 1 83 30 – [50]
Graphitic carbon nitride ZEN – 95 Photodegradation 20 – [53]
Graphene/ZnO Aflatoxin B1 – 99 25 – [85]
Activated carbon Deoxynivalenol – 99 15 – [86]
Graphene Deoxynivalenol – 87 20 – [87]
BC ZEN 25.8 μg g− 1 95 Adsorption/

Photodegradation
1.5 20 This work

BCA 27.7 μg g− 1 97
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cycles, both materials demonstrated reusability, maintaining their adsorptive capacity over multiple cycles, positioning both materials
as viable alternatives for long-term applications.

Additionally, the regeneration capacity of the materials was evaluated in the photocatalysis of ZEN using two different wavelengths
(254 and 365 nm). For λ = 254 nm, BC exhibited an initial removal of 79 % in the first cycle, which decreased to 5 % after 17 cycles
(Fig. 6i), while BCA showed higher removal efficiency, initially 85 %, dropping to 3 % after 20 cycles (Fig. 6j). Under irradiation at λ =

365 nm, BC demonstrated significantly superior performance, with an initial removal of 90 %, decreasing to 3 % after 20 cycles
(Fig. 6k), while BCA achieved an initial efficiency of 97 %, which decayed to 1 % after 19 cycles (Fig. 6l).

When compared to studies reported in the literature, where up to 70 % degradation was achieved after just five cycles using
magnetic biochar [78], BC and BCA demonstrate remarkably high regeneration capacities. This highlights the superior durability of BC
and BCA, particularly under photocatalytic conditions at λ = 365 nm. In contrast, other studies [79,80] have reported more rapid
efficiency losses under UV irradiation, emphasizing the potential of BC and BCA as promising materials for prolonged applications in
the adsorption and degradation of ZEN.

Table 4 presents a comparative analysis of the ZEN adsorption and photocatalysis efficiencies obtained in this study with those
reported in the literature. A notable finding is that previous studies typically employ significantly higher doses of adsorbent materials,
up to three times greater, compared to the 1.5 mg used in this study. This difference in dosage could explain the higher removal
capacities reported in some studies [81,82].

4. Conclusion

The results indicate that both unactivated biochar (BC) and pre-trated biochar (BCA) are effective in the adsorption and degra-
dation of the mycotoxin zearalenone (ZEN). Although BC exhibits a larger surface area and pore volume, BCA achieves more intense
chemical interactions due to its increased surface functionalization resulting from the acid pretreatment. With an adsorption capacity
of 64.96 μg g⁻1, BCA slightly outperforms BC (60.23 μg g⁻1) in ZEN removal, achieving efficiencies of 70 ± 5 % and 65 ± 5 %,
respectively. The Freundlich model better describes the adsorption process in both materials, with BCA demonstrating a slight su-
periority in efficiency, particularly at lower temperatures. Regarding photodegradation, BCA also surpasses BC, achieving efficiencies
greater than 97 % under UV irradiation, which is attributed to the additional hydroxyl groups present in BCA. Both materials exhibit
high durability and regeneration capacity over 17–21 cycles, positioning them as promising options for advanced treatment of ZEN-
contaminated water. The literature suggests that combining adsorption and photocatalysis processes can provide effective solutions for
the removal of contaminants from aqueous media.
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[15] A. Zinedine, J.M. Soriano, J.C. Moltó, J. Mañes, Review on the toxicity, occurrence, metabolism, detoxification, regulations and intake of zearalenone: an
oestrogenic mycotoxin, Food Chem. Toxicol. 45 (1) (2007) 1–18, https://doi.org/10.1016/j.fct.2006.07.030.

[16] A. Cimbalo, M. Alonso-Garrido, G. Font, L. Manyes, Toxicity of mycotoxins in vivo on vertebrate organisms: a review, Food Chem. Toxicol. 137 (2020) 111161,
https://doi.org/10.1016/j.fct.2020.111161.

[17] G. Yang, Y. Wang, T. Wang, D. Wang, H. Weng, Q. Wang, C. Chen, Variations of enzymatic activity and gene expression in zebrafish (Danio rerio) embryos co-
exposed to zearalenone and fumonisin B1, Ecotoxicol. Environ. Saf. 222 (2021) 112533, https://doi.org/10.1016/j.ecoenv.2021.112533.
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