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Abstract

This study reports the preparation of eucalyptus waste-derived biochar (EWB) and its application in the sustain-
able removal of benzo[ghi]perylene (B[ghi]P) from vehicle wash wastewater (VWW). The EWB was prepared
by pyrolysis under a nitrogen atmosphere, followed by activation with 1 M HCI to improve its adsorption
performance. The prepared EWB was characterized by surface area analysis (SAA), Fourier transform infra-
red spectroscopy (FTIR), scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
Batch adsorption experiments were conducted to evaluate the effects of initial B[ghi]P concentration, contact
time, pH, temperature, and adsorbent dosage on the adsorption process. The optimal adsorption conditions
were: initial B[ghi]P concentration of 40 mg L', contact time of 120 min, temperature of 60 °C, adsorbent
dosage of 0.8 g, and pH of 6. Under these conditions, the maximum removal efficiency of EWB reached 98%.
The adsorption process best fits the pseudo-second-order kinetic model, while the Langmuir isotherm model
provides the best statistical fit for the equilibrium adsorption data. Furthermore, the EWB maintained an initial
adsorption efficiency of over 84% after six consecutive adsorption-desorption cycles, indicating its potential
for reusability. The observed adsorption efficiency and reusability suggest that the EWB may have the potential
to treat wastewater contaminated with PAHs. However, further research is needed to determine its practical
and sustainable applications, addressing issues such as energy requirements, production costs, environmental
impact, and scalability.
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Introduction

Due to their widespread presence in flora, soil, sediments, the atmosphere, and aquatic systems, polycyclic aro-
matic hydrocarbons (PAHs) are among the primary organic contaminants strictly regulated in the environment'-.
These compounds range in molecular weight from 128 to 278 Daltons and consist of at least two fused aro-

matic rings, encompassing a wide range of chemicals®. Although thousands of PAHs are known, only a few

This Article in Press is shared early to give you faster access to new research. It is citable and carries a permanent DOI.
The final edited version will replace it automatically.

®) Scientific Reports https://doi.org/10.1038/541598-026-76208-2

Check for
updates

Published online: 14 October 2026 SCientific re po rtS



http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-76208-2&domain=pdf&date_stamp=2026-10-14
https://doi.org/10.1038/s41598-026-76208-2
https://orcid.org/0000-0002-3467-8704

Article in Press https://doi.org/10.1038/541598-026-76208-2

are routinely monitored. The U.S. Environmental Protection Agency (USEPA) has listed 16 priority polycyclic
aromatic hydrocarbons (PAHs) as potentially hazardous substances, including benzo[ghi]perylene (B[ghi]P),
dibenz[a, h]anthracene, indeno[1,2,3-cd]pyrene, benzo[a]pyrene, benzo[k]|fluoranthene, benzo[b]fluoranthene,
chrysene, benz[a]anthracene, pyrene, fluoranthene, anthracene, phenanthrene, fluorene, acenaphthene, acenaph-
thylene, and naphthalene*. Among them, B[ghi]P is a high molecular weight polycyclic aromatic hydrocarbon
that is usually associated with vehicle exhaust emissions and petroleum-derived pollutants, and is therefore a
pollutant of concern in VWW.

Sources of PAHs include pyrolysis, petroleum, and biogenic processes, which are associated with both natural
phenomena and human activities®. Natural sources include synthesis by microorganisms and terrestrial plants, as
well as volcanic activity, all of which contribute to the release of PAHs into the environment. However, human
activities are the primary source of PAHs emissions, with internal combustion engines, power generation and
heating, coal tar pitch and bitumen production, carbon black manufacturing, oil spills, fossil fuel combustion,
waste incineration, agricultural activities, vehicle emissions, and military operations being significant sources®’.
Due to their inherent chemical stability, PAHs are persistent environmental pollutants with broad biotoxicity,
making their remediation a global concern. Car wash wastewater is considered a significant secondary source
of PAHs, as pollutants deposited on vehicle surfaces are flushed into the drainage system during the washing
process.

Compared to tricyclic PAHs, PAHs with four or more aromatic rings tend to be less volatile, more lipophilic,
and less water-soluble, which significantly affects their environmental fate and bioavailability®. B[ghi]P is a
hexacyclic high molecular weight PAHs with extremely low water solubility, high chemical stability, and strong
hydrophobicity, making it highly persistent in the environment and difficult to remove by conventional treatment
methods’. These high molecular weight PAHs are also known for their long-distance migration capabilities as
well as their mutagenicity, carcinogenicity, genotoxicity, and teratogenicity’. In addition, they are associated with
endocrine disruption when their concentrations can rapidly exceed regulatory thresholds. The carcinogenicity of
PAHs increases with increasing molecular weight'®!!. Human exposure to these compounds is associated with
an increased risk of cancer in multiple organs, including the skin, stomach, bladder, lungs, scrotum, esophagus,
breast, kidneys, prostate, and pancreas’. In addition, PAHs are suspected of having endocrine-disrupting and
immunosuppressive effects, which further exacerbates their toxicological effects'>!3.

PAHs are solid compounds with high melting and boiling points, low vapor pressures, and very low water solu-
bility. Their antioxidant and reducing properties increase with increasing molecular weight, while their solubility
decreases with increasing number of aromatic rings. However, their high lipophilicity makes them readily soluble
in organic solvents. These compounds also exhibit photosensitivity, electrical conductivity, corrosion resistance,
and thermal stability'*"!”. Despite environmental and health concerns, PAHs have commercial applications in
lubricants, pharmaceuticals, agrochemicals, dyes, and photographic materials. Certain specific PAHs are used
as intermediates in multiple industries: acenaphthene in dyes and pesticides, pyrene in pigments, anthracene in
wood preservatives, fluoranthene in agrochemicals, fluorene in pharmaceuticals, and phenanthrene in resins'®2°.
PAHs are also found in asphalt, roof tar, electronics, and liquid crystal technology.

Growing concerns about the environmental and health risks of PAHs have spurred research into various soil
and water remediation technologies®!*2. However, many methods are limited by high costs, operational complex-
ity, and the generation of toxic byproducts such as trihalomethanes and haloacetic acids, which pose additional
health risks®>?°. Given the toxicity, mutagenicity, and carcinogenicity of PAHs, the development of effective
removal strategies remains a top priority’®. Among existing treatment technologies, adsorption has attracted con-
siderable attention due to its low cost, ease of operation, high efficiency, and environmental sustainability®®2®.
Recent research has focused on the development of innovative, sustainable adsorbents for removing various
pollutants from wastewater, including dyes, heavy metals, antibiotics, and hydrocarbons®°*. Advanced mate-
rials such as modified carbon, metal-organic frameworks, nanocomposites, and bio-based fibers have demon-
strated high efficiency in adsorption, catalytic degradation, and electrochemical treatment®*>°. Research has also
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emphasized the role of physicochemical properties, process optimization, and regeneration potential in improv-
ing treatment performance****. Environmentally friendly materials such as nanocellulose lithium montmorillon-
ite beads, chitosan-alginate biocomposites, and urea-formaldehyde resin composites have also shown excellent
adsorption efficiency and reusability*>*%. Recent studies have demonstrated the significant potential of biomass-
derived and waste-based adsorbents for removing various pollutants from water bodies. Ghazoui et al.*’ reported
the efficient adsorption of dyes and antibiotics using biomimetic carbon foam, while Ghazoui et al.>* highlighted
recent advancements in functionalizing waste biomass-derived biochar to improve water treatment applications.
Similarly, Raif et al.>' demonstrated the adsorption potential of agricultural waste, including argan oil, date palm,
and olive residue, for removing methylene blue. These studies highlight the growing importance of low-cost,
sustainable biomass-derived materials as highly efficient adsorbents in water and wastewater treatment.

Several reviews have highlighted the rapid development of nanocomposite adsorbents and hybrid materials,
including the combination of metal or metal oxide nanoparticles with ionic liquids, which can be used for the
effective removal of dyes and phenolic pollutants®>~’. These studies collectively demonstrate that adsorption and
photocatalysis technologies have made significant progress in the removal of pollutants such as methylene blue,
allura red, 4-nitrophenol, sunset yellow, and Congo red. However, despite these advances, research on the sus-
tainable removal of high molecular weight PAHs, particularly B[ghi]P, using low-cost EWB derived from ligno-
cellulosic biomass remains limited. Current research focuses on optimizing adsorption media and understanding
the environmental factors that can enhance PAHs removal'** %", Therefore, this study aims to prepare EWB and
evaluate its sustainable removal performance of B[ghi]P from VWW using adsorption. In addition, the effects of
adsorption parameters, kinetics, and isotherms behavior were investigated to evaluate the adsorption mechanism
of the EWB and its potential applications in wastewater treatment.

Novelty and research gap

B[ghi]P is a persistent and toxic PAHs commonly released from vehicle emissions and found in VWW. Although
many studies have reported the removal of PAHs using different adsorbents, limited research has focused on
the removal of B[ghi]P using low-cost EWB prepared from eucalyptus wood waste. This study addresses this
research gap by preparing EWB and evaluating its performance for the removal of B[ghi]P from VWW. The
effects of adsorption conditions, including initial concentration, contact time, pH, temperature, and adsorbent
dosage, were investigated. In addition, adsorption kinetics, and isotherms studies were carried out to understand
the adsorption process. The results demonstrate that EWB is a sustainable, low-cost, and effective adsorbent for
the removal of B[ghi]P from VWW.

Materials and methods

In this study, waste eucalyptus wood was converted into EWB, which was then used as an adsorbent to remove
B[ghi]P from VWW. The following methods were employed to achieve this objective.

Sample collection

VWW samples were collected in pre-washed 2.5-liter amber glass bottles and transported to the laboratory for
analysis. Eucalyptus wood samples were collected from abandoned eucalyptus trees near the local botanical
garden. Since only discarded wood was collected, without disturbing the living trees, no special permission was
required. Experienced botanists identified the plant material based on morphological characteristics and with
reference to standard taxonomic keys, confirming it belonged to the genus “Eucalyptus”. The identified wood
samples were then cleaned and processed for biochar preparation.
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Synthesis of EWB

The waste eucalyptus samples were first thoroughly washed with deionized water to remove any attached impuri-
ties, then air-dried and cut into small pieces. About 5 g of the prepared eucalyptus waste were placed in a steel
reactor and pyrolyzed in a tube furnace (OTF-1200X, MTI Corporation, USA) at 450 °C under a continuous
nitrogen atmosphere for 1 h. After cooling to room temperature, the resulting EWB was chemically activated with
1 M HCI at a solid-to-liquid ratio of 1:10 (g: mL). The mixture was kept at room temperature (around 25 °C) for
2 h for acid activation. After activation, the EWB was separated from the acid solution and repeatedly washed
with deionized water until the final washing water had a pH of about 6.5-7.0. Then, the activated EWB was dried,
ground into a fine powder, sieved through a 100-mesh sieve (approximately 150 um), and stored in a clean glass
bottle for subsequent adsorption experiments.

Characterization of EWB

Laboratory prepared EWB were characterized using SEM, TEM, FTIR, and specific surface area analysis. The
surface morphology of the EWB was observed using a scanning electron microscope manufactured by JEOL Ltd.
(Tokyo). The internal microstructure of EWB was characterized using TEM. A small amount of powdered EWB
was dispersed in anhydrous ethanol and sonicated for 10—15 min to obtain a homogeneous suspension. A drop of
the suspension was placed on a carbon-coated copper grid and air-dried at room temperature. TEM images were
obtained using a JEOL JEM-2100 transmission electron microscope at an accelerating voltage of 200 kV. FTIR
spectra were measured using a Nicolet iS10 Fourier transform infrared spectrometer (Cary 630, Agilent Technol-
ogies, USA) with a scanning range of 4000400 cm™'. Average pore size, total pore volume, and specific surface
area were determined using a Quantachrome NOVA2200e specific surface area and porosity analyzer. The zeta
potential of EWB was measured at different pH values, and the pH value at which the zeta potential crossed zero
was determined as the zero charge point.

Adsorption experiments

This study employed batch adsorption experiments to investigate the adsorption performance of EWB on B[ghi]P
in VWW. The effects of EWB dosage (0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 g), contact time (15, 30, 45, 60, 90, and
120 min), pH (1-11), and B[ghi]P concentration (10, 20, 30, and 40 mg L") were examined. Due to the extremely
low aqueous solubility of B[ghi]P, a concentrated acetonitrile stock solution was prepared and then artificially
added to the collected wastewater to obtain the initial concentration of 10-40 mg L™! required for batch adsorp-
tion experiments. To minimize solvent effects, the volume of acetonitrile added to each treatment group was kept
as small and constant as possible, and a corresponding solvent blank containing the same amount of acetonitrile
but without B[ghi]P was used as a control. The total volume of each experimental sample was 100 mL. All
B[ghi]P adsorption and kinetic experiments were conducted in 500 mL Erlenmeyer flasks, with samples stirred
at 150 rpm using a magnetic stirrer at 30 °C, 40 °C, 50 °C, and 60 °C until adsorption equilibrium was reached.
All experiments were repeated three times, and only the average value is reported.

Analyses and calculations

The adsorption performance of EWB for the removal of B[ghi]P from VWW was evaluated by calculating the
equilibrium adsorption capacity (q., mg g-'), percentage removal (%), and root mean square error (RMSE). The
corresponding equations used for these calculations are presented in Table 1. The initial (Co) and equilibrium (C.)
concentrations of B[ghi]P were used to determine the equilibrium adsorption capacity and percentage removal,
while RMSE was employed to evaluate the goodness-of-fit between the experimental adsorption data and the
values predicted by the adsorption models.
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Table 1 Equations used for calculating the equilibrium adsorption capacity (qc), percentage removal (%), and root mean
square error (RMSE) for the adsorption of B[ghi]P onto EWB.

Parameter Equation
Equilibrium adsorption capacity Q.= &9 x v (1)
€ M
Percentage removal Removal (%) = £ x 100 (2)
Co

Root mean square error (RMSE)

RMSE:\/% Z}i@p - QE,calc)z 3)
Note: q, = equilibrium adsorption capacity (mg g~ h; Co, = initial B[ghi]P concentration (mg L™"); C, = equilibriun¥ B[gllf_i P concentration (mg
Lfl); V=solution volume (L); M=mass of EWB (g); N=number of experimental data points; Qe, exp = experimental equilibrium adsorption
capacity (mg g~ ); and de, calc = model-calculated equilibrium adsorption capacity (mg gh.

Table 2 Kinetic equations of the pseudo-first-order, pseudo-second-order, and Elovich models for the adsorption of B[ghi]
P onto EWB.

Model Equation
Pseudo-first order®' In(q,—q,) = Inq,+ky; (4)
Pseudo-second order®? t_t 1
e : 63 A de = ©)
Initial adsorption rate h = k,q2 (6)
Elovich?! q; = 1/bIn(ab) + 1/bIn(t) (7)

Note: g, = adsorption capacity at equilibrium (mg g'); ¢, = adsorption capacity at time (t) (mg g"); z=adsorption time (min); k; = pseudo-first-
order rate constant (min); k2 = pseudo-second-order rate constant (g mg™! min™); h=initial adsorption rate for the pseudo-second-order model
(mg g min™'); a=initial adsorption rate in the Elovich model (mg g~ min'); and #=Elovich constant (g mg™).

First, the UV-Vis absorption spectrum of B[ghi]P in the wavelength range of 300-420 nm was scanned using
a Shimadzu UV-1700 UV-Vis spectrophotometer. The maximum absorption wavelength (Amax) was observed at
375 nm, which was subsequently used for quantitative analysis. Calibration standard solutions of B[ghi]P with
concentrations ranging from 10 to 40 mg L™ ! were prepared using stock solutions, corresponding to the concen-
tration range used in the adsorption experiments. A calibration curve was constructed by plotting absorbance (A)
against B[ghi]P concentration (C), described by a linear regression equation A=0.0215 C+0.006, with a coeffi-
cient of determination R? = 0.998. After adsorption, the adsorbent was separated from the aqueous phase, and the
absorbance of the resulting solution was measured at 375 nm using an appropriate blank solution. The residual
concentration of B[ghi]P was determined using the calibration equation. Since no comprehensive matrix-specific
recovery/interference study and method-specific limits of detection (LOD) and quantification (LOQ) were car-
ried out, these are considered the limitations of the existing analytical method. The adsorption kinetics of B[ghi]
P on EWB were analyzed using pseudo-first-order, pseudo-second-order, and Elovich kinetic models (Table 2).
The corresponding kinetic parameters, including rate constants (ki and k), initial adsorption rate (h), Elovich
constants (o and B), and equilibrium adsorption capacity (q.), were determined. The initial adsorption rate (h)
was calculated using the pseudo-second-order kinetic model (h=kaq.?). These kinetic parameters were used to
compare the adsorption rates of different models, and the kinetic model that best described the experimental data
was determined.

To investigate the adsorption equilibrium, we employed four isothermal models: the Langmuir model, the
Freundlich model, the Temkin model, and the Harkins-Jura model (Table 3). These models were used to evaluate
the equilibrium adsorption behavior of B[ghi]P on EWB. To avoid dimensional inconsistencies in the parameters
of the Temkin model, we used its empirically linearized form.

Scientific Reports scientific reports



Article in Press https://doi.org/10.1038/s41598-026-76208-2

Table 3 Adsorption isotherm models and equations used to describe the adsorption of B[ghi]P onto EWB.

Model Equation
Langmuir® Ceo_L1 4 _C (§)
. 165 ge KQmax  Qmax
Freundlich Ceo_1 4 C (9
ge KQmax ~ Qmax
Temkin® Ge = BrInKr + BrinC, (10)
Harkins-Jura* L =B _ 10, (11)

Note: C. = equilibrium concentration of B[ghi]P (mg L™); q. = equilibrium adsorption capacity (mg g™); q,, = maximum adsorption capacity
(mg g); K| = Langmuir constant (L mg™); K = Freundlich constant; n=Freundlich adsorption intensity parameter; K = empirical Temkin
equilibrium binding constant (L mg!); By = empirical Temkin fitting coefficient; and A and B=Harkins—Jura constants.

(b)

1IS5kU X1, 880 1800m CRL

Fig. 1 SEM images of EWB before and after adsorption of B[ghi]P from VWW: (a) fresh EWB before adsorption and (b)
EWRB after adsorption, showing surface deposition and partial pore blockage due to the adsorption of B[ghi]P.

Results and discussion
Characterization of EWB

In the laboratory, the properties of EWB made from eucalyptus wood waste were examined using SEM, TEM,
FTIR, and specific surface area.

SEM analysis

Figure 1 shows SEM images of EWB before and after adsorption of B[ghi]P in VWW. Before adsorption (Fig. 1a),
the EWB exhibits a highly porous and heterogeneous surface morphology, containing numerous interconnected
pores, cavities, and irregular channels. The rough surface texture and well-developed pore network are typi-
cal characteristics of EWB prepared by pyrolysis, endowing it with a large specific surface area and abundant
adsorption sites for pollutants. These structural features promote the diffusion and retention of B[ghi]P mol-
ecules through pore filling, surface adsorption, and hydrophobic interactions. Following the adsorption process
(Fig. 1b), the surface morphology of the EWB underwent significant changes. Its porous structure became less
defined, with some pores partially or completely blocked by deposits. The surface became denser due to the
accumulation of adsorbed B[ghi]P and other organic components from the VWW. Furthermore, aggregated par-
ticles and irregular deposits appeared on the surface, indicating that adsorption occurred not only on the external
surface of the EWB but also within its pore structure. The reduced pore visibility and the appearance of the sur-
face coating suggest that available adsorption sites were effectively occupied during the adsorption process. The
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observed changes in surface morphology provide strong visual evidence for the successful adsorption of B[ghi]
P onto EWB. The high porosity of the fresh EWB, along with the significant pore filling and surface deposition
after adsorption, indicates that the physical properties of the EWB play a crucial role in enhancing adsorption
performance. These findings are consistent with the proposed adsorption mechanism and confirm that EWB is a
highly efficient and sustainable adsorbent for the removal of B[ghi]P from VWW.

TEM analysis

Figure 2 presents the TEM images of EWB before and after the adsorption of B[ghi]P from VWW. The fresh
EWB (Fig. 2a) exhibits a heterogeneous carbonaceous structure with a rough surface and visible porous regions.
The porous structure and irregular morphology provide abundant active sites for the adsorption of B[ghi]P mol-
ecules. These structural characteristics are favorable for the diffusion of contaminants into the EWB matrix,
thereby enhancing its adsorption capacity. After the adsorption process (Fig. 2b), noticeable changes in the EWB
microstructure were observed. The surface became comparatively denser, and several porous regions appeared
partially filled or covered by adsorbed materials. The increased contrast and irregular deposits indicate the suc-
cessful attachment of B[ghi]P molecules onto the EWB surface and within its pore structure. These morphologi-
cal changes provide clear evidence that the adsorption process occurred effectively through surface adsorption
and pore-filling mechanisms, confirming the potential of EWB as a sustainable adsorbent for the removal of
B[ghi]P from VWW.

FTIR analysis

Figure 3 shows the FTIR spectra of EWB before and after B[ghi]P adsorption. Fresh EWB exhibits characteristic
absorption bands at approximately 3420 cm™ (O—H stretching vibration), 2920 cm™ (C—H stretching vibration),
1710 cm™ (C=O stretching vibration), 1600 cm™ (aromatic C=C stretching vibration), and 1100 cm™ (C-O
stretching vibration), indicating the presence of various surface functional groups. After B[ghi]P adsorption, the
positions and intensities of these absorption bands changed slightly, indicating that they interacted with B[ghi]P.
Only repeatable FTIR peak shifts are considered, while small shifts of 25 cm™! are cautiously interpreted and not
considered as direct evidence of chemical interactions. The changes in the O-H, C=0, and C-O absorption bands
suggest that oxygen-containing surface groups may play a role through weak intermolecular interactions. The
changes in the aromatic C=C bonds may be related to the n- interactions between the aromatic domains of EWB

(a) (b)

100 nm 100 nm

Fig.2 TEM images of EWB before and after adsorption of B[ghi]P from VWW: (a) fresh EWB before adsorption and (b)
EWB after adsorption, showing the deposition of B[ghi]P on the EWB surface and changes in the pore structure.
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Fig.3 FTIR spectra of EWB before and after the adsorption of B[ghi]P from VWW, illustrating the changes in surface func-
tional groups associated with the adsorption process.

and the fused aromatic rings of B[ghi]P. The changes in the C-H region may also reflect the interaction between
B[ghi]P and the hydrophobic carbonaceous domains of EWB. Given the highly hydrophobic and non-ionizing
nature of B[ghi]P, hydrophobic interactions and van der Waals forces may further promote its adsorption. Over-
all, the FTIR observations support the combined promotion of B[ghi]P adsorption by surface functional groups,
7-7 interactions, hydrophobic interactions, and van der Waals forces; however, these spectral changes should be
considered as supplementary evidence rather than definitive evidence of a specific adsorption mechanism.

Surface area analysis

The surface area characteristics of EWB were determined using N2 adsorption-desorption analysis at 77.35 K
(Fig. 4). The BET specific surface area of EWB was 42.68 m? g”!, the BJH specific surface area was 35.24 m?
gl the total pore volume was 0.038 cm? g}, and the average pore radius was 17.85 A. Compared to many high-
porosity or activated biochar adsorbents, the relatively small BET specific surface area of EWB indicates that its
adsorption performance cannot be attributed solely to its specific surface area. The relatively low specific surface
area and pore volume may limit the number of accessible adsorption sites, which could be partly responsible for
the lower adsorption capacity of EWB. However, the adsorption of B[ghi]P is also influenced by pore accessibil-
ity and the surface chemistry of the adsorbent. Therefore, the adsorption behavior of EWB may be influenced
by both its porous structure and surface interactions, including n-n interactions, hydrophobic interactions, van
der Waals forces, and interactions with surface functional groups. After B[ghi]P adsorption, the measured BET
and BJH specific surface areas, pore volumes, and average pore radii all decreased. These changes are consistent
with the fact that adsorbed B[ghi]P molecules occupy or partially block accessible pores, providing evidence that
porous structures participate in the adsorption process.
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Investigation of the adsorption parameters

The effects of the initial B[ghi]P concentration, adsorbent dosage, temperature, pH, and contact time were sys-
tematically investigated to determine the optimum conditions for the maximum adsorption of B[ghi]P onto EWB.

Effect of contact time

To evaluate the effect of contact time on the adsorption of B[ghi]P in VWW, we conducted a series of batch adsorp-
tion experiments with contact times ranging from 15 to 120 min. As shown in Fig. 5, the adsorption efficiency
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increased with increasing contact time, reaching a maximum at 120 min. The rapid adsorption observed in the
initial stage can be attributed to the presence of numerous active sites on the surface of EWB. As the adsorption
process proceeds, these active sites are gradually occupied by B[ghi]P molecules, leading to a slower adsorption
rate. At 120 min, the adsorption process reached equilibrium, indicating that most adsorption sites had been occu-
pied, and further extending the contact time did not significantly increase the adsorption capacity.

Effect of temperature

As shown in Fig. 6, the adsorption of B[ghi]P from the VWW was evaluated in the temperature range of 30—60 °C.
The adsorption efficiency increased with increasing temperature and reached its maximum at 60 °C. The increase
in adsorption efficiency at higher temperatures may be attributed to the enhanced mobility of B[ghi]P molecules,
which facilitates their migration from the solution to the adsorption sites accessible on the EWB. Higher tempera-
tures may also enhance mass transfer between the adsorbate and the adsorbent. Additional experiments conducted
at temperatures above 60 °C showed no further improvement in adsorption efficiency; therefore, 60 °C was cho-
sen as the optimal temperature under the conditions studied. The absolute standard thermodynamic parameters
(AG®, AH®, and AS®) were not calculated because a suitable dimensionless equilibrium constant was not estab-
lished. Similar temperature-dependent adsorption behavior has been reported in previous studies®’.

Effect of Adsorbent dose

Figure 7 illustrates the effect of adsorbent dosage on the removal efficiency of B[ghi]P from VWW using EWB.
The removal efficiency increased with increasing EWB dosage from 0.2 g to 0.8 g, reaching a maximum at 0.8 g.
This improvement can be attributed to the increased number of active adsorption sites and surface area resulting
from higher EWB dosage, thus enhancing the interaction between B[ghi]P molecules and the EWB surface. At
lower dosages, the limited number of active sites restricted the adsorption process, leading to lower removal effi-
ciency. With increasing adsorbent dosage, more binding sites became available, promoting B[ghi]P adsorption.
However, beyond the optimal dosage of 0.8 g, further improvements in removal efficiency were generally very
limited, as most available adsorption sites were already occupied, leading to surface saturation.

Fig. 6 Effect of temperature on 100
the removal efficiency of B[ghi|P
from VWW using EWB. Experi-
mental conditions: initial B[ghi]P 90
concentration=40 mg L', contact -
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g "
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Effect of initial B[ghi]P concentrations

Figure 8 illustrates the effect of initial B[ghi]P concentration on the removal of B[ghi]P from VWW by EWB.
The initial concentration varied from 10 mg L' to 40 mg L™!, and the results showed that the adsorption efficiency
increased with increasing B[ghi]P concentration, reaching a maximum at 40 mg L™'. At lower concentrations, the
number of available B[ghi]P molecules was relatively small, resulting in low removal efficiency. With increasing
initial concentration, the probability of B[ghi]P molecules interacting with the active adsorption sites on the EWB
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surface also increased, thereby enhancing adsorption. However, at higher concentrations, the adsorption process
gradually approached equilibrium as the available active sites on the EWB was gradually occupied, limiting fur-
ther adsorption. These results indicate that the adsorption capacity of EWB is strongly influenced by the initial
B[ghi]P concentration, consistent with previous findings reported in the literature®'.

Effect of pH

The pH of the solution is one of the most important factors affecting the adsorption of B[ghi]P on EWB, as it
influences the surface properties of the adsorbent and the interaction between the adsorbent and adsorbate®!. Fig-
ure 9 shows the effect of solution pH (1-11) on the B[ghi]P removal rate and the corresponding EWB zeta poten-
tial. The initial pH of the solution was adjusted using 0.1 M HCI or 0.1 M NaOH. The removal rate increased
with increasing pH, reaching a maximum at pH 6, and then gradually decreased with further increases in pH. At
low pH values, protonation of oxygen-containing functional groups may alter the surface properties of EWB,
thereby reducing adsorption efficiency. Since B[ghi]P is neutral and non-ionizable, direct competition between
H" ions and B[ghi]P molecules is unlikely. When the pH increases to 6, the interaction between the EWB surface
and B[ghi]P molecules becomes more favorable, resulting in the highest removal efficiency. The zeta potential
of EWB exhibits a significant pH dependence, remaining positive over most of the studied pH range and reach-
ing a maximum at approximately pH 6. The zeta potential gradually decreases with increasing pH, crossing zero
at approximately pH 10.3. This zero point represents the isoelectric point and can approximately indicate the
surface charge transition of the EWB. Maximum removal of B[ghi]P was observed at pH 6. Since B[ghi]P is a
neutral and non-ionizable polycyclic aromatic hydrocarbon, its maximum adsorption at pH 6 cannot be directly
attributed to electrostatic attraction; similarly, the decrease in adsorption at higher pH values cannot be entirely
attributed to electrostatic repulsion. Instead, pH-dependent variations in the EWB surface properties may influ-
ence adsorption. Hydrophobic interactions, n-m interactions, pore filling, van der Waals forces, and interactions
with surface functional groups may all contribute to the adsorption of B[ghi]P.

Fig. 9 Effect of solution pH on 100 :
the removal efficiency of B[ghi] i __— OptimumpH =6 L 40
P from VWW and the zeta :

potential of EWB. Experimen-
tal conditions: initial B[ghi]

P concentration=40 mg LI,
contact time= 120 min, tem-
perature=60 °C, and adsorbent
dose=0.8 g.

Removal efficiency (%)
Zeta potential (mV)
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Adsorption Kinetics

To better evaluate the adsorption kinetics of B[ghi]P on EWB, we fitted the experimental data using a pseudo-
first-order kinetic model, a pseudo-second-order kinetic model, and an Elovich kinetic model. The correspond-
ing linear regression plots are shown in Figures S1-S3, and the calculated kinetic parameters are summarized
in Table 4. As shown in Figure S1, the pseudo-first-order model fits the experimental data well, with an R? of
0.967 and an RMSE of 0.120. The calculated equilibrium adsorption capacity (q..cal) is 2.316 mg g”!, while the
experimental value (ge, exp) is 1.96 mg g!, with a relative error of approximately 18.2%. The calculated pseudo-
first-order rate constant (k) is 0.028 min™'. Among the three kinetic models evaluated, the pseudo-second-order
model showed the best fit to the experimental adsorption data (Figure S2), the highest correlation coefficient
(R*=0.9992), and the lowest RMSE (0.038). The calculated equilibrium adsorption capacity (q.,cal) was 2.230
mg g, while the experimental value (q,,exp) was 1.96 mg g'. The relative difference between the two was
approximately 13.8%, indicating that the model-predicted adsorption capacity was in good agreement with the
experimental value. The calculated pseudo-second-order rate constant (k,) was 0.015 g mg™! min™', and the initial
adsorption rate (h) was 0.0737 mg g”' min"!. The h value represents the initial mass-normalized adsorption rate of
B[ghi]P on EWB and provides an additional quantitative parameter for describing adsorption kinetics. Overall,
the high R? value, low RMSE value, and good agreement between calculated and experimental values indicate
that the pseudo-second-order model best describes adsorption kinetics among the models examined. However,
the excellent statistical fit of the pseudo-second-order model should not be interpreted as conclusive evidence
of chemisorption or other specific adsorption mechanisms, as kinetic model fit alone cannot reliably distinguish
between physisorption and chemisorption processes.

Among the three models, the Elovich model (Figure S3) showed the worst statistical fit, with an R? of 0.776 and
an RMSE of 0.294. The calculated Elovich parameters were a=6.26 mg g”' min'' and f=0.620 g mg™'. Although
the Elovich equation is often used as an empirical model for adsorption on heterogeneous surfaces, its relatively
low R? and high RMSE indicate that, under the studied experimental conditions, its mathematical description of
B[ghi]P adsorption on EWB is not satisfactory. Overall, the comparison of the three kinetic models shows that
the pseudo-second-order model provides the best statistical description of B[ghi]P adsorption on EWB, with an
R? 01 0.9992 and an RMSE of 0.038. Furthermore, the equilibrium adsorption capacity calculated by the pseudo-
second-order model was 2.230 mg g!, which is close to the experimental value of 1.96 mg g!, with a relative
error of approximately 13.8%. In contrast, the pseudo-first-order model had a lower R? value (0.967), a higher
RMSE value (0.120), and a larger deviation between the calculated and experimental values; while the Elovich
model showed the worst statistical fit. However, the superior performance of the pseudo-second-order model
mainly reflects its ability to effectively fit the observed kinetic data mathematically, rather than proving a specific
adsorption mechanism. Further physicochemical and surface characterization evidence is needed to determine
the main adsorption mechanism of B[ghi]P on EWB.

Table 4 Kinetic parameters obtained from the pseudo-first-order, pseudo-second-order, and Elovich models for the adsorp-
tion of B[ghi]P from VWW onto EWB.

Kinetic model Regression equation Slope Intercept ki ka2 (g a(mg P(g qecal h(mg R? RMSE
(min™") mg* g mg) (mg g
min™')  min™) g!) min?)
Pseudo-first-order ~ y=—10.0122x+0.3647 —0.0122  0.3647 0.028 — — — 2316 — 0.967 0.120
Pseudo-second-order y=0.4484x+13.5692 0.4484 13.5692 — 0.015 — — 2230 0.0737 0.9992 0.038
Elovich y=1.613x+2.187 1.613 2.187 — — 626  0.620 — — 0.776  0.294
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Adsorption isotherms

This study evaluated the equilibrium adsorption behavior of B[ghi]P on an EWB using Langmuir, Freundlich,
Temkin, and Harkins-Jura isothermal adsorption models. The corresponding linearization plots are shown in
Figures S4-S7, and the calculated model parameters, correlation coefficients, and RMSE values are summarized
in Table 5. Among the evaluated isothermal adsorption models, the Langmuir model showed the best fit to the
equilibrium adsorption data, as evidenced by its correlation coefficient (R? = 0.9992) and root mean square error
(RMSE=0.034). The calculated maximum adsorption capacity (q,,) and Langmuir constant (K; ) were 1.96 mg
gl and 0.500 L mg™!, respectively. These statistical parameters indicate that, among the evaluated models, the
Langmuir equation provides the best mathematical description of the equilibrium adsorption data of B[ghi]P
on an EWB under the studied experimental conditions. However, good statistical agreement with the Langmuir
model should not be interpreted as definitive evidence of monolayer adsorption, energy-equivalent adsorption
sites, or homogeneous adsorbent surfaces, as these mechanisms and surface features cannot be determined solely
by isotherm fitting. Although the estimated maximum adsorption capacity of EWB for B[ghi]P (1.96 mg g'!)
is relatively limited compared to some previously reported PAHs adsorbents, its removal rate can still reach
approximately 98% under optimized experimental conditions. Utilizing eucalyptus waste as a biochar precur-
sor also provides an opportunity for the resource utilization of biomass waste. However, the adsorption capacity
should be considered in conjunction with the energy required for pyrolysis and the chemical input required for
HCI activation. Therefore, further optimization, cost assessment, nonlinear isotherm analysis, and scale-up stud-
ies using actual wastewater are needed to more comprehensively evaluate the practical application value of EWB
in treating PAHs-contaminated wastewater.

The Freundlich model also showed a good fit, with R = 0.9539 and RMSE=0.069. The calculated Freundlich
adsorption strength (n) was 1.76, and the Freundlich constant (Ky) was 0.32. A value greater than 1 for n indicates
favorable adsorption of B[ghi]P on EWB. However, compared to the Langmuir model, the Freundlich model
had a lower R? and a higher RMSE, indicating a relatively weaker statistical descriptive ability for the experi-
mental equilibrium data. These differences in goodness of fit were not used to infer the relative contributions of
heterogeneous, multilayer, or monolayer adsorption mechanisms. The Temkin model showed a moderate fit to
the experimental data, with R? = 0.8935 and RMSE=0.132. The empirical Temkin parameters B} and K| were
0.27 and 5.43 L mg ', respectively. These parameters were considered empirical fit parameters and did not assign
them any interpretative significance to the heat of adsorption. The relatively low R? and high RMSE indicate that
the Temkin model has a weaker statistical fit to the experimental data compared to the Langmuir and Freundlich
models. Similarly, the Harkins-Jura model showed the worst fit to the adsorption data, with R? = 0.5668 and
RMSE=0.286. The calculated A;; and By; values were 0.024 and 0.70, respectively. The relatively low R? and
high RMSE only indicate that the Harkins-Jura model provides a poor statistical representation of the equilibrium
data under the studied conditions. These results alone are insufficient to confirm or rule out any specific adsorp-
tion mechanism. Overall, the statistical fit order was: Langmuir > Freundlich > Temkin > Harkins-Jura. Therefore,
among the isothermal models evaluated in this study, the Langmuir model was determined to be the best fit. This
finding can only be explained from the perspective of statistical goodness of fit and does not constitute evidence

Table 5 B[ghi]P adsorption Isotherm Model Parameter R? (RMSE)
isotherm parameters with Langmuir q,=1.96mgg! 0.9992 (0.034)
their corresponding correla- K, =0.500 L mg "’
tion coefficients. Freundlich N=1.76 0.9539 (0.069)
Ky=0.32
Temkin K;=543Lmg ! 0.8935 (0.132)
B=0.27
Harkins Jura Ay =0.024 0.5668 (0.286)
By =0.70
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of monolayer adsorption, homogeneous surfaces, or any specific adsorption mechanism. Nevertheless, the high
removal efficiency observed under optimized experimental conditions still suggests the potential of EWB in
removing B[ghi]P from VWW.

Adsorption mechanism of B[ghilP

The adsorption of B[ghi]P on EWB is influenced by the adsorbent surface properties, the physicochemical prop-
erties of B[ghi]P, and solution conditions. The Langmuir model provides the best statistical description of the
equilibrium data; however, a good fit alone cannot definitively prove monolayer adsorption or the homogene-
ity of the adsorbent surface. The observed changes in FTIR spectra after adsorption indicate that the interac-
tion between EWB and B[ghi]P involves surface functional groups. Oxygen-containing functional groups on
the EWB surface may contribute to the formation of weak intermolecular interactions and provide accessible
adsorption sites. Furthermore, the aromatic structure of B[ghi]P can interact with the carbonaceous and aromatic
domains of EWB through - interactions. Because B[ghi]P is highly hydrophobic, neutral, and non-ionizable, its
hydrophobic interactions with carbonaceous surfaces are expected to significantly contribute to adsorption, while
electrostatic interactions may have a relatively smaller effect. Pore filling and van der Waals dispersion forces
may further promote the retention of B[ghi]P in the porous structure of EWB. HCIl activation may alter the EWB
surface by removing mineral impurities, exposing additional adsorption sites, and changing the accessibility of
oxygen-containing surface functional groups, thereby affecting the interaction between B[ghi]P and the adsor-
bent. In summary, the adsorption of B[ghi]P on EWB is likely influenced by a combination of n-7 interactions,
hydrophobic interactions, pore filling, van der Waals forces, and interactions with surface functional groups,
rather than a single mechanism. Therefore, FTIR observations are considered corroborating evidence of these
interactions, rather than definitive evidence of a specific adsorption mechanism.

Comparison of adsorption potential of different adsorbents

Table 6 compares the adsorption performance of EWB with other reported adsorbents for the removal of B[ghi]
P. In this study, EWB achieved a removal rate of approximately 98% under optimized experimental conditions.
However, caution is needed when directly comparing different adsorbents because of the varying experimental
conditions used in reported studies. The use of eucalyptus waste as a raw material and the simple preparation
process are potential advantages of EWB. However, this study did not include a detailed economic or environ-
mental assessment. Furthermore, the optimal temperature of 60 °C may increase energy requirements in practical
applications. Therefore, further research is required to evaluate the economic and environmental feasibility of
EWB for large-scale wastewater treatment.

Reusability or regeneration

To assess the reusability of the EWB, six consecutive adsorption—desorption cycles were conducted (Fig. 10).
After each adsorption step, the used EWB was separated and treated with 0.1 M HCI under stirring for 30 min to
desorb B[ghi]P. The regenerated EWB was then rinsed with deionized water, dried at 60 °C, and reused under the
optimized adsorption conditions. Desorption efficiency was evaluated based on the amount of B[ghi]P released

Table 6 Comparison of Materials B[ghi]P removal efficiency (%) Isotherm model References
adsorption performance of Composite adsorbent (wPS/C/Bt) 80.36 Langmuir 4
various adsorben.ts for the Composite adsorbent (WPET/C/Bt) 81.34 Langmuir 4
removal of B[ghi]P. Waste newspaper-derived activated carbon ~91% Langmuir o7

Wood ashes >99 Freundlich o8

EWB 98 Langmuir This study
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Fig. 10 Regeneration and
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into the desorption solution compared with the amount originally adsorbed on the EWB. The removal efficiency
gradually decreased from about 98% with fresh EWB to 95.3%, 93.1%, 90.9%, 88.6%, 86.0%, and 84.9% after
the first to sixth cycles, respectively. This gradual decline could be due to incomplete desorption of B[ghi]P
and partial blocking or loss of available adsorption sites during repeated regeneration. Nevertheless, even after
six cycles, the EWB still retained about 84.9% of its removal efficiency, indicating good reusability under the
studied conditions. These results suggest that regenerated EWB has potential for repeated removal of B[ghi]P
from VWW; however, more long-term regeneration and real-scale studies are needed to evaluate its practical
feasibility.

Limitations and future work

This study has several limitations. Adsorption experiments were limited to the adsorption of B[ghi]P under con-
trolled conditions, and the adsorption capacity of EWB was relatively low (1.96 mg g'') compared to some
reported adsorbents. Furthermore, detailed physicochemical characterization of the wastewater was not per-
formed. For B[ghi]P in the VWW matrix, matrix-specific recoveries and interferences, as well as method-specific
limits of detection (LOD) and quantitation (LOQ), were not investigated. Therefore, potential matrix effects and
related analytical uncertainties cannot be completely ruled out, and the reported removal efficiencies (including
approximately 98% removal achieved under optimized conditions) should be interpreted with caution. Kinetic
and equilibrium analyses were primarily based on a linearized model, and the optimal temperature of 60 °C may
affect actual energy consumption. In addition, a detailed economic and environmental assessment is beyond
the scope of this study. Future research should focus on the simultaneous removal of multiple preferentially
controlled PAHs from well-defined real-world wastewater, improving the adsorption capacity of EWB, apply-
ing nonlinear kinetics and isothermal models, and conducting comprehensive analytical validation, including
assessments of recovery, interference, LOD, and LOQ, to confirm the quantitative accuracy of observed removal
performance. Further research should also evaluate regeneration, cost, energy consumption, and environmental
impact. Pilot-scale and large-scale studies under actual operating conditions are needed to assess the practical
feasibility of EWB in wastewater treatment.
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Conclusion

This study demonstrates the potential of EWB in the effective removal of B[ghi]P from VWW. Under optimized
experimental conditions (initial concentration=40 mg L', contact time= 120 min, temperature=60 °C, pH=6,
and adsorbent dosage=0.8 g), a removal rate of approximately 98% for B[ghi]P was achieved. Adsorption results
indicate that EWB can effectively interact with B[ghi]P, and the observed adsorption behavior may be related to
©-1 interactions, hydrophobic interactions, pore filling, van der Waals forces, and interactions with surface func-
tional groups. Furthermore, EWB exhibits good regeneration performance, maintaining a removal rate of over
84% after six adsorption-desorption cycles, indicating its potential for reusability. In conclusion, these results
demonstrate that eucalyptus waste can be transformed into an effective adsorbent for B[ghi]P removal, providing
a valuable basis for further evaluation and development of EWB applications in wastewater treatment.
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