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Abstract: This study investigates the potential of biochar derived from agricultural
residues—corn cob and wheat straw—for removing polycyclic aromatic hydrocarbons
(PAHs) from aqueous systems. Biochars were produced via pyrolysis at 700 ◦C and
characterized using BET, SEM, EDS, FTIR, and pXRD to evaluate physicochemical
properties. Adsorption experiments with naphthalene, fluorene, fluoranthene, and pyrene
revealed high adsorption affinities (Log Kd = 4.35–5.69 L/kg), with Freundlich isotherm
modeling indicating nonlinear behavior (n = 0.732–0.923), suggesting a combination
of pore filling and chemical interactions such as π-π stacking and hydrogen bonding.
Corn-cob biochar, rich in lignin, exhibited a higher surface area (111 m2/g) and greater
affinity for fluorene, while wheat-straw biochar, with a higher oxygen content and more
functional groups, performed better for naphthalene and pyrene. FTIR and pXRD
confirmed aromatic and graphitic structures facilitating PAH interactions. These results
underscore the importance of feedstock selection and pyrolysis conditions in tailoring
biochar properties for specific pollutants. While both biochars compare favorably with
conventional adsorbents like activated carbon, further research on long-term stability in
complex matrices is needed. Overall, the findings support the development of cost-effective,
scalable, and eco-friendly biochar-based technologies for water remediation.

Keywords: biochar; wastewater; polycyclic aromatic hydrocarbons; adsorption;
Freundlich isotherm

1. Introduction
The increasing levels of environmental pollution caused by industrialization and

agricultural activities have led to severe contamination of water bodies by hazardous
organic pollutants [1]. Among these pollutants, polycyclic aromatic hydrocarbons (PAHs)
present substantial environmental and health hazards because of their long-lasting nature,
bioaccumulative nature, and toxic effects. PAHs such as naphthalene, fluorene, fluoran-
thene, and pyrene are widely found in aquatic ecosystems due to industrial discharges,
fossil fuel combustion, and agricultural runoff. Their hydrophobic nature allows them to
accumulate in sediments, making their removal from water sources a critical environmental
challenge [2–4].

One promising approach for the remediation of PAH-contaminated water is the use of
biochar derived from agricultural biomass [5]. Biochar, a carbon-rich material produced
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through the pyrolysis of biomass under oxygen-limited conditions, has gained attention for
its high adsorption capacity, high porosity, and high number of surface functional groups
that enable the sequestration of organic contaminants [6,7]. Corn residues, including corn
stalks and straw, represent abundant and underutilized agricultural byproducts that can
be converted into biochar for environmental applications [8]. However, despite biochar’s
potential, several research gaps remain that hinder its widespread application. These
include the need for field-scale studies, a deeper understanding of adsorption mechanisms
in complex matrices, the standardization of production methods, and assessments of the
long-term environmental impact and economic viability (Table 1). Addressing these gaps
will be crucial for advancing biochar-based technologies in water remediation.

Table 1. Summary of research gaps and corresponding insights.

Research Gap Key Insights Citation

Lack of Field-Scale Studies Most studies are lab-based; field-scale applications are underexplored. [5,9]

Adsorption Mechanisms in Complex Matrices Need to understand π-π conjugation and hydrogen bonding in real-world conditions. [10,11]

Long-Term Stability and Impact Potential leaching and ecological effects require further study. [12,13]

Standardization of Production Variability in biochar properties due to production conditions. [9,14]

Economic and Scalability Assessments High production costs and logistical challenges need addressing. [5,9]

Biochar Modifications Stability and environmental impact of modified biochars need investigation. [14,15]

Combined Remediation Strategies Synergistic effects with other technologies require further exploration. [16,17]

Environmental Factor Impact Predictive models needed for diverse conditions. [16,18]

Microbial Degradation Role Biochar’s role in aquatic microbial degradation is underexplored. [19,20]

Reuse and Regeneration Long-term efficiency after multiple cycles needs assessment. [20,21]

The ability of biochar to remove PAHs from water is influenced by various factors,
such as pyrolysis conditions, surface chemistry, and the mechanisms of adsorption [22].
Despite numerous studies on biochar production and application, significant gaps remain
in understanding the interactions between biochar and PAHs in aqueous environments.
Most previous research has focused on biochar derived from woody biomass [23,24], with
limited exploration of agricultural residues such as corn stalks and straw. Additionally,
there is a need to optimize pyrolysis parameters to enhance biochar’s adsorption capacity
for PAHs and to investigate the long-term stability of adsorbed contaminants. In this study,
adsorption experiments were conducted to evaluate the removal efficiency of PAHs using
corn- and straw-based biochar. Freundlich isotherm modeling was applied to characterize
the adsorption behavior, and the results were analyzed to assess the feasibility of biochar
as a sustainable remediation material. Adsorption is a widely acknowledged and efficient
method for eliminating PAHs from wastewater, utilizing various carbon-based adsorbents
such as biochar, activated carbon, graphene, and carbon nanotubes [25].

The aim of this study is to address these research gaps by investigating the potential
of biochar derived from corn and straw residues for the removal of PAHs from aquatic
ecosystems. The specific objectives include (i) evaluating the adsorption efficiency of
corn- and straw-based biochar for selected PAHs (naphthalene, fluorene, fluoranthene, and
pyrene), (ii) applying Freundlich isotherm modeling to understand adsorption mechanisms,
and (iii) identifying key factors influencing biochar’s performance in PAH removal. By
providing insights into the adsorption characteristics of corn- and straw-derived biochar,
this study contributes to the development of sustainable and cost-effective solutions for
mitigating PAH pollution in water systems.
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2. Materials and Methods
2.1. Feedstock and Biochar Preparation

Two types of biomasses—corn cob and wheat straw—were utilized as the feedstock for
biochar (BC) production. The biomass was sourced from agricultural fields and forest areas
in the Autonomous Province of Vojvodina, Republic of Serbia, immediately after harvest.
The materials were oven-dried at 60 ◦C for 24 h before being placed in a Nabertherm
furnace (Nabertherm, Germany). When oxygen was excluded from the furnace during
the pyrolysis of raw materials, nitrogen gas was used to fill the furnace. The pyrolysis
process involved sealing the furnace to prevent oxygen inflow, heating to 700 ◦C at a rate
of 10 ◦C/min, and maintaining the temperature for approximately one hour. The resulting
biochar was then allowed to cool naturally to room temperature. The final biochar samples
were ground, sieved through a 2 mm sieve, stored in airtight zip-lock bags, and prepared
for further analysis. The selected biomasses belong to the lignocellulosic category, with
wheat straw and corn cob falling under non-woody waste biomass [26].

2.2. Biochar Characterization

The biochar was characterized using various techniques, including the Brunauer–
Emmett–Teller (BET) method and CHNS elemental analysis, as described in detail
by Beljin et al. [27]. Additionally, energy-dispersive X-ray spectroscopy (EDS), Fourier-
transform infrared spectroscopy (FTIR), and powder X-ray diffraction (pXRD) were carried
out for structural and compositional analysis.

• FTIR Analysis. Functional groups present on the biochar surface were identified
through Fourier-transform infrared spectroscopy (FTIR) using a “Nicolet Nexus 670”
(Thermo Fisher Scientific, Waltham, MA, USA). Samples were prepared by forming
KBr-based tablets, and spectra were recorded within the 4000–400 cm−1 range using
the diffuse reflection mode at a resolution of 4 cm−1.

• pXRD Analysis. The crystalline structure of the biochar was examined using a
Rigaku Miniflex 2 X-ray diffractometer equipped with a Cu Kα radiation source.
The pXRD patterns were recorded with a 4◦/min resolution, covering a 2θ range of
4–80◦ (2θ = 10–80◦).

• SEM and EDS Analysis. The surface morphology of the biochar samples was analyzed
using a Thermo Fisher Scientific Apreo C scanning electron microscope (Waltham, MA,
USA). Elemental composition was determined via the integrated energy-dispersive
X-ray spectroscopy (EDS) system. The scanning electron microscope was operated at a
40 nA current and 20 kV acceleration voltage for optimal imaging and analysis.

2.3. Chemicals and Methods of Analysis

All PAHs examined in this study (naphthalene, fluorene, fluoranthene, and pyrene,
each with a purity greater than 99%) were obtained from Sigma-Aldrich Chemical Company
(St. Louis, MI, USA). All chemicals used in the adsorption experiment setup (calcium
chloride, CaCl2; sodium azide, NaN3; methanol) were obtained from J.T. Baker. After the
adsorption experiments, the supernatants were subjected to liquid–liquid extraction using
hexane (J.T. Baker, certified for organic residue analysis) and subsequently analyzed by gas
chromatography coupled with mass spectrometry (GC/MS, Agilent 7890A/5975C; Santa
Clara, CA, USA). The GC/MS analysis was conducted using an HP-5MS column (J&W
Scientific; Santa Clara, CA, USA), employing phenanthrene-d10 as an internal standard.
Analytical conditions included pulsed splitless injection with a 50:1 split ratio, an inlet
temperature of 300 ◦C, a column flow rate of 34.5 mL/min, an initial oven temperature of
55 ◦C held for 1 min, followed by a ramp of 25 ◦C/min to 300 ◦C, maintained for 3 min.
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2.4. Adsorption Experiment Setup

Adsorption isotherms were performed in triplicate at room temperature (20 ± 2 ◦C)
in 40 mL glass vials sealed with Teflon-lined silicon septa and covered with silver foil.
The background solution comprised 0.01 M CaCl2 in deionized water with 100 mg/L
NaN3 added as a biocide. Owing to the low solubility of the PAHs, stock solutions
(1000 µg/mL) were prepared in methanol (J.T. Baker, for organic residue analysis) prior to
spiking the background solution. Initial PAH concentrations ranged from 1 to 1000 µg/L,
with the volume of methanol stock solution being kept below 0.1% (v/v), a proportion
that was previously shown not to affect the adsorption behavior of hydrophobic organic
contaminants. Adsorbent amounts varied between 1 and 50 mg, ensuring a sample-to-
solution ratio that achieved 20–80% solute uptake. Headspace in the vials was minimized
to reduce losses from evaporation.

The experimental procedure involved sonicating vials containing the background
solution and adsorbent for 30 min, followed by spiking with a predetermined volume
of PAH stock solution. The mixtures were then continuously shaken at room tempera-
ture for 3 h, based on preliminary kinetic studies conducted over 168 h. The adsorption
experiments were conducted over 24 h, a duration selected based on preliminary tests
indicating that equilibrium was reached within this period. In these preliminary studies
(Beljin et al., 2024 [27]), the amount adsorbed plateaued between 20 and 24 h, suggesting
that the adsorption equilibrium was approached. Although this is a commonly used contact
time in batch adsorption studies, it does not imply rapid kinetics. We acknowledge that the
adsorption equilibrium over 24 h represents moderate-to-slow kinetics, which may limit
the practical application in high-throughput systems. Nonetheless, the 24 h duration was
sufficient to assess the equilibrium behavior under controlled laboratory conditions.

After shaking, the vials were allowed to stand for 24 h before sampling the clear
supernatant to determine the equilibrium concentration of PAHs. To determine the initial
PAH concentrations and correct for non-adsorption-related losses, two control vials without
the adsorbent were treated identically. The recovery rates of PAHs in these controls were
within the range expected for the analytical methods used, indicating negligible losses due
to volatilization or biodegradation. Solid-phase concentrations were calculated by mass
balance between the aqueous and solid phases.

3. Results
3.1. Biochar Characterization

Table 2 summarizes the general characteristics of biochar’s prepared from different
feedstock biomasses.

Table 2. Characterization of the biochars.

Parameters Corn Wheat Straw

pH 9.16 ± 0.02 8.94 ± 0.13
Ash (% w/w) 3.03 ± 0.14 6.4 ± 1.25
Moisture (% w/w) 2.51 ± 0.21 2.09 ± 0.31
Volatile matter
(% w/w) 38.2 ± 5.02 52.4 ± 4.25

Mean values ± standard deviation.

Energy-dispersive X-ray spectroscopy (EDS) was employed to determine the elemental
composition of the wheat-straw- and corn-cob-biochar samples. The results, expressed in
weight percent (wt%), are summarized in Table 3. Carbon was the dominant component
in both samples, as expected for biochar, with the wheat-straw biochar showing a slightly
higher carbon content (69 wt%) compared to corn-cob biochar (63 wt%). The presence of
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light elements such as carbon and oxygen were noted, although it should be acknowledged
that EDS has a limited sensitivity for low-Z elements, including C, O, and H. This limitation
arises due to the low energy of their characteristic X-rays and possible absorption by the
detector window. Nonetheless, these results provide a useful semi-quantitative overview
of elemental distributions. The data have been rounded to one decimal place to reflect
the typical accuracy limits of EDS (±0.1 wt.%). Spectra were collected from both selected
points and broader areas of the surface to obtain representative elemental data. However,
spatial distribution maps (elemental mapping) were not recorded or saved during these
measurements. Further element composition was confirmed by CHNS analysis.

Table 3. EDS results of investigated biochars.

Sample C H O Si P S Ca Mn Cu

wt %

Wheat straw 69 5.8 14.2 0.8 1.8 1.2 6.7 0.2 0.3

Corn cob 63 7.1 13.2 11.1 0.9 0.4 3.3 0.7 0.3

The given results showed a slightly elevated oxygen content in wheat-straw biochar
suggests a presence of oxygen-containing functional groups [28], which may influence the
hydrophilicity and adsorption characteristics [29]. Meanwhile, the higher silicon content in
corn-cob biochar implies a greater ash content, potentially affecting the biochar’s porosity
and stability [30].

Specific surface area (BET analysis), pore analysis, scanning electron microscopy (SEM), and
CHNS analysis. The characterization results of the tested biochars, including the BET spe-
cific surface area (SSA), elemental composition, and surface morphology, are summarized
in Table 4 and Figure 1. The BET surface area of the materials ranged from 61 to 111 m2/g,
indicating notable differences in porosity and surface development between the samples.
Biochar derived from corn biomass exhibited the highest SSA (111 m2/g), suggesting
a highly porous structure rich in surface sites favorable for adsorption processes. Such
an extensive surface area enhances the biochar’s capacity to interact with contaminants,
particularly when targeting pollutants that require a large number of binding sites for
efficient removal. On the other hand, biochar derived from straw presented the lowest
SSA (61 m2/g), implying fewer available sites for adsorption. This reduced surface area
may limit its effectiveness in applications requiring intensive molecular interactions, es-
pecially for larger or more complex contaminants. The observed differences in SSA can
be attributed to the structural transformations that occur during pyrolysis, where factors
like feedstock composition and temperature influence the development of micro- and
mesoporous networks.

Table 4. Biochar characterization originating from biomass of corn and biomass of straw.

Adsorbents
Parameter

BET (m2/g) Micropore HK Method
(cm3/g)

Mesopore
(cm3/g)

Pore Radius
(Å)

Pore Volume
(cm3/g)

Elemental Analysis
C (%) H (%) N (%) S (%)

Biochar corn 111 0.003 0.014 27.5 0.028 70.7 0.210 1.12 1.39
Biochar straw 61 0.001 0.011 28.5 0.022 67.8 0.281 1.05 2.21

Further insights into the internal structure are provided by pore analysis. Corn-derived
biochar exhibited a micropore volume of 0.003 cm3/g and mesopore volume of 0.014 cm3/g,
reflecting a well-developed porous network that supports the retention of both small and
moderately sized molecules. Micropores, due to their large surface-to-volume ratio, are
especially effective for trapping gases and small organic molecules, whereas mesopores
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are better suited for bulkier compounds. Although the straw biochar had a slightly larger
average pore radius (28.5 Å), it showed a lower total pore volume (0.022 cm3/g), suggesting
that while it may accommodate larger molecules more easily, its overall capacity for
adsorbate retention is reduced in comparison to corn biochar (0.028 cm3/g).
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The superior adsorption potential of corn biochar is thus linked not only to its larger
specific surface area but also to its more favorable pore architecture. These characteristics
make it particularly suitable for applications involving a range of contaminants, from
small organics to bulkier pollutants such as dyes or pharmaceutical residues. In contrast,
straw biochar, with its lower porosity and SSA, may be more appropriate for targeted or
less-demanding sorption scenarios.

Elemental analysis further confirmed that carbon is the predominant element in
both biochars, with concentrations ranging between 67% and 71%. This high carbon
content is typical for thermally treated biomass and reflects the carbonization process
that concentrates aromatic structures. Minor amounts of hydrogen, nitrogen, and sulfur
were also detected, consistent with the expected decomposition of non-carbon elements
during pyrolysis.

Previous studies have highlighted the importance of pyrolysis conditions—particularly
temperature—in shaping the physicochemical characteristics of biochar. Research con-
ducted by Zhang et al. [31] indicates that elevated pyrolysis temperatures, around 700 ◦C,
promote the formation of microporous structures and enrich the biochar with oxygen-
containing functional groups. These modifications are essential for improving the material’s
adsorption capacity, making it more effective in capturing a broad spectrum of organic
pollutants from aqueous environments.

Scanning electron microscopy (SEM) was used to investigate the surface morphol-
ogy of biochars derived from corn cob and wheat straw (Figure 1a,b). Corn-cob biochar
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exhibited a rougher, more porous surface with visible micro- and mesopores, promoting
greater surface availability for adsorption. Wheat-straw biochar presented a smoother,
more compact structure, which may limit its adsorption capacity.

With increasing pyrolysis temperature, both materials exhibited significant degrada-
tion of their original fibrous plant structures. This led to the development of fractured
surfaces with evident porosity and structural defects. Corn-cob-derived biochar (Figure 1a)
revealed a more porous and coarse surface morphology, with well-developed cavities
and a relatively uniform distribution of pore structures. In contrast, wheat-straw-derived
biochar (Figure 1b) retained some fibrous characteristics and appeared less porous, with
surface features that were smoother and more irregular. These morphological differences
are relevant for interpreting the adsorption potential. SEM images indicate that the corn-
derived biochar possesses a higher surface roughness and more accessible pore volume,
consistent with the higher specific surface area (SSA) observed in the BET analysis. The
presence of both macro- and mesoporous structures suggests a dual-mode adsorption
mechanism—rapid surface uptake via macropores and slower intraparticle diffusion via
mesopores. Additionally, SEM allows assessment of the sample homogeneity; corn-cob
biochar appears more structurally uniform, while wheat-straw biochar shows localized
surface variations. These characteristics have direct implications for potential applications
in adsorption and catalysis.

FTIR spectroscopy. FTIR analysis identified key functional groups present on the
biochar surfaces (Figure 1). Both biochars displayed absorption bands at around 3436 cm−1,
attributed to O-H stretching vibrations (hydroxyl and phenolic groups). Bands near
2839 cm−1 indicated methylene (-CH2-) groups, while peaks around 1631 cm−1 corre-
sponded to C=C stretching vibrations, characteristic of aromatic structures (Figure 2).
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Figure 2. FTIR spectra of biochar derived from corn-cob and wheat-straw biomass.

Additional bands at 1384 cm−1 and 1099 cm−1 were linked to C-H bending (alka-
nes/alkyl groups) and C-O-C stretching vibrations (polysaccharides), respectively. A
weaker band around 469 cm−1, attributed to O-Si-O stretching, was more pronounced in
corn-cob biochar—consistent with its higher silicon content.

pXRD analysis. The pXRD patterns (Figure 3) indicated that both biochars pos-
sess aromatic and carbonized structures, with a prominent diffraction peak around
23◦ (2θ), characteristic of amorphous carbon (JCPDS card no. 75–1621) [32,33]. The
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biochars displayed highly graphitic and aromatic structures, reinforcing their potential for
adsorption applications.
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3.2. Adsorption Performance

Preliminary adsorption experiments, focusing on naphthalene, fluorene, fluoranthene,
and pyrene, demonstrated that both biochars effectively adsorbed PAHs. The adsorption
equilibrium was achieved within 24 h.

The adsorption affinities, expressed as LogKd for a concentration of Ce = 0.05 mg/L
(solubility of the given compound in water), for all tested PAHs ranged from 4.35 to
5.69 L/kg. In general, no significant difference in adsorption between corn biochar and
straw biochar was found (Table 5). However, some differences in the adsorption capacity
and nonlinearity of adsorption isotherms for individual compounds were observed.

Table 5. Parameters of the Freundlich model.

Corn Biochar Straw Biochar
KF (mg/g)/(mg/L)n n Log Kd (0.05 mg/L) KF (mg/g)/(mg/L)n n LogKd (0.05 mg/L)

Naphthalene 10,163 0.732 4.35 18,444 0.819 4.61
Fluorene 188,620 0.839 5.48 77,296 0.789 5.15
Fluoranthene 552,874 0.897 5.87 660,116 0.923 5.83
Pyrene 254,947 0.798 5.66 293,398 0.823 5.69

It is important to note that the Freundlich constant KF, while often referred to as
an indicator of adsorption capacity, is not directly comparable across systems unless the
exponent n is similar. Because KF is influenced by the value of 1/n, the adsorption capacity
Kd was calculated at a fixed concentration Ce = 0.05 mg/L for proper comparison.

For naphthalene, the adsorption capacity was higher for straw biochar at
(18,444 mg/g)/(mg/L)n compared to corn biochar at (10,163 mg/g)/(mg/L)n, while
the nonlinearity of adsorption was similar, with slightly higher values for straw biochar
(n = 0.819 compared to n = 0.732 for corn).

When it came to fluorene, corn biochar had a much higher adsorption capacity at
(188,620 mg/g)/(mg/L)n compared to straw biochar at (77,296 mg/g)/(mg/L)n, although
the nonlinearity of adsorption was slightly higher for corn biochar (n = 0.839 for corn and
n = 0.789 for straw).
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Fluoranthene and pyrene showed less variation between the two biochars. For fluoran-
thene, both corn biochar and straw biochar obtained high KF values, with the adsorption
capacity being slightly higher for straw biochar at (660,116 mg/g)/(mg/L)n compared
to corn at (552,874 mg/g)/(mg/L)n, but with very similar nonlinearity of the adsorption
isotherms (n = 0.923 for straw and n = 0.897 for corn). For pyrene, straw biochar again
showed a higher adsorption capacity at (293,398 mg/g)/(mg/L)n compared to corn at
(254,947 mg/g)/(mg/L)n, but the differences in adsorption nonlinearity were less signifi-
cant (Figure 4).
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Although both biochars showed high efficiency in the adsorption of PAHs, certain
compounds showed minor differences in the adsorption capacity and nonlinearity, indi-
cating that the physicochemical characteristics of the biochar, as well as its origin, may
affect adsorption.

4. Discussion
The findings of this study highlight the efficacy of biochars derived from corn cob and

wheat straw as adsorbents for removing chosen PAHs—naphthalene, fluorene, fluoran-
thene, and pyrene—from aqueous systems. Adsorption affinities, expressed as Log Kd at a
concentration of 0.05 mg/L, ranged from 4.35 to 5.69 L/kg, indicating strong binding capac-
ities comparable to those reported for other carbon-based adsorbents like activated carbon
and biochar from woody biomass [34–36]. The Freundlich isotherm modeling further eluci-
dated the adsorption behavior, revealing high capacities (KF) and nonlinearity coefficients
(n) of between 0.732 and 0.923, which suggest a combination of physical adsorption (e.g.,
pore filling) and chemical interactions (e.g., π-π stacking, hydrogen bonding) with PAH
molecules [37–39]. These results underscore the potential of agricultural-residue-derived
biochars as sustainable alternatives for water remediation, particularly in regions with
abundant corn and wheat waste.

A key observation is the differential adsorption performance between the two biochars,
driven by their physicochemical properties. Corn-cob biochar exhibited a superior spe-
cific surface area (SSA) of 111 m2/g compared to 61 m2/g for wheat-straw biochar, as
determined by BET analysis. This higher SSA likely accounts for its significantly greater
adsorption capacity for fluorene (KF = 188,620 vs. 77,296 (mg/g)/(mg/L)ˆn), a moderately
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hydrophobic PAH (log Kow ≈ 4.18). The SEM analysis complements this finding, showing
that corn-cob biochar possesses a rougher surface with a heterogeneous distribution of
micro- and mesopores, enhancing the availability of adsorption sites [40]. In contrast,
wheat-straw-biochar’s smoother, more compact morphology may restrict pore accessibility,
limiting its physical adsorption potential despite a comparable carbon content (67.8% for
straw vs. 71% for corn, per CHNS analysis). This structural disparity aligns with previous
studies linking porosity and the SSA to the enhanced uptake of organic pollutants [41,42].

Interestingly, wheat-straw biochar outperformed corn-cob biochar for naphthalene
(KF = 18,444 vs. 10,163 (mg/g)/(mg/L)ˆn) and pyrene (KF = 293,398 vs. 254,947 (mg/g)/
(mg/L)ˆn), suggesting that surface chemistry plays a pivotal role beyond mere physical
structure. The EDS analysis revealed a higher oxygen content in wheat-straw biochar
(69.95% vs. 63.73%), corroborated by FTIR spectra showing pronounced O-H (3436 cm−1)
and C-O-C (1099 cm−1) bands. These oxygen-containing functional groups likely facilitate
stronger hydrogen bonding or polar interactions with lighter PAHs like naphthalene
(log Kow ≈ 3.37), as well as π-π interactions with heavier, more aromatic compounds like
pyrene (log Kow ≈ 5.18) [24,43]. Conversely, corn-cob-biochar’s elevated silicon content
(11.35% vs. 0.806%) and detectable O-Si-O stretching (469 cm−1) indicate a higher ash
fraction, which may stabilize its porous structure but contribute less to chemical adsorption
mechanisms [44–46].

The pXRD patterns of both biochars, showing a broad peak at 23◦ (2θ), confirm the
presence of amorphous carbon with graphitic domains, a feature critical for π-π stack-
ing with PAHs’ aromatic rings [24,47]. This structural characteristic, combined with the
aromatic C=C stretching vibrations (1631 cm−1) observed in FTIR, supports the high ad-
sorption affinities observed across all tested PAHs. However, the minimal difference in
Log Kd for fluoranthene (5.87 vs. 5.83) and pyrene (5.66 vs. 5.69) between corn-cob and
wheat-straw biochars suggests that PAH hydrophobicity and molecular size may dominate
the adsorption behavior for larger compounds, overshadowing biochar-specific traits [48].
This convergence in performance for heavier PAHs could be attributed to their lower
solubility and stronger partitioning into the biochar’s hydrophobic carbon matrix, as noted
by Beljin et al. [5].

The pyrolysis temperature of 700 ◦C used in this study likely optimized carbonization
and SSA development, consistent with findings that high-temperature pyrolysis enhances
biochar stability and porosity [49]. However, wheat-straw-biochar’s lower SSA indicates
that feedstock composition—such as the higher lignin in corn cob versus cellulose in wheat
straw—may limit physical property enhancement [50]. The rapid adsorption equilibrium
within 24 h suggests efficient mass transfer, likely due to the biochars’ porous networks,
though the long-term stability of adsorbed PAHs remains a critical gap. Desorption risks, in-
fluenced by environmental factors like pH or microbial activity, could compromise biochar
efficacy over time. Additionally, the higher ash content in corn-cob biochar (reflected in
its silicon and calcium levels) might affect its performance in real-world aqueous systems
with competing ions or organic matter, warranting further field-scale studies [51–53].

A comparison table for PAH adsorption from water samples using various materi-
als, including biochar from different biomass sources and activated carbon, can signifi-
cantly enhance the understanding of their effectiveness (Table 6). Activated carbon (AC)
demonstrated the highest removal efficiency, achieving up to 98.1% for PAHs in aqueous
solutions [54]. Biochar produced from wheat straw and willow showed variable effective-
ness, with reductions in PAH concentrations ranging from 37 to 86% depending on the
biomass source and application rate [55].

In terms of water treatment, biochar doses of 100 mg/L achieved up to a 78% reduction
for benzo(a)pyrene, indicating its potential as a cost-effective alternative [56]. While biochar
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is less effective than AC, it offers advantages such as a lower cost and environmental impact,
making it a viable option in specific contexts [57].

The physicochemical properties of both materials significantly influence their ad-
sorption capacities, necessitating tailored approaches for different water treatment
scenarios [58].

The removal of polycyclic aromatic hydrocarbons (PAHs) from aqueous environments
remains a critical area of research due to their persistence and toxicity. Adsorption has
been widely recognized as an effective method for PAH removal, with various sorbents
demonstrating significant potential.

Furthermore, combined materials, such as activated carbon and rice bran, achieved
rapid adsorption efficiencies of 92.1% and 91.5%, respectively, within 60 min, while sawdust
achieved a slightly lower adsorption (88.5%) after 30 min [59].

Activated carbon derived from apricot stones demonstrated a higher adsorption
capacity for naphthalene (29.95 mg/g) compared to coal tar pitch (18.75 mg/g) [60]. In
another study, activated carbon produced from wheat straw pyrolyzed at 800 ◦C for six
hours under oxygen-limited conditions achieved a 98.6% removal efficiency of fluoranthene
using a dosage of 2 g/L, highlighting the critical role of pyrolysis conditions and material
properties in optimizing sorbent performance [61].

Although biochar generally achieved lower overall PAH removal efficiencies (approxi-
mately 15.4%), it significantly enhanced microbial diversity and the abundance of PAH-
degrading microorganisms by 43.7%. This suggests that biochar may play a dual role in
remediation by both adsorbing contaminants and improving bioremediation potential [20].
In the context of produced water treatment, oil-palm-leaf-waste-derived activated carbon
achieved naphthalene removal efficiencies of 92.48% from aqueous solutions and 70.5%
from actual produced water samples [62].

These findings confirm that adsorption processes, particularly using activated car-
bon and biochar, offer an efficient and adaptable strategy for the removal of PAHs
from contaminated water systems and can be integrated into broader environmental
treatment frameworks.

The comparison between previous studies and the present research highlights impor-
tant similarities and distinctions in the adsorption performances of biochars and activated
carbon for PAH removal from aqueous systems. Previous findings have consistently re-
ported the superior efficacy of activated carbon, achieving up to 98.1% removal of PAHs
even at low dosages, whereas biochars, depending on their feedstock, showed moderate
efficiencies ranging from 44–86%. Similarly, in this study, biochars derived from corn cob
and wheat straw demonstrated strong adsorption capacities, with Log Kd values rang-
ing from 4.35 to 5.69 L/kg and high Freundlich coefficients (KF), indicating performance
levels comparable to traditional carbon-based sorbents. However, while prior research
has emphasized the dominant role of surface area and porosity, the current study further
underscores the critical influence of surface chemistry, particularly oxygen-containing
functional groups, in enhancing PAH adsorption through mechanisms such as hydrogen
bonding and π-π interactions.

Moreover, earlier studies highlighted that biochar not only served as a moderate
adsorbent but also improved microbial diversity, suggesting a dual role in bioremediation.
Although this aspect was not a primary focus of the present study, the differences observed
between the corn-cob and wheat-straw biochars—especially regarding surface area, oxygen
content, and ash composition—imply that tailored biochar properties could influence not
just adsorption but also biological activity in environmental applications. Importantly,
while activated carbon generally outperformed biochar in previous reports, the corn-cob
and wheat-straw biochars tested here achieved strong adsorption affinities, particularly



Processes 2025, 13, 1521 12 of 16

for larger PAHs like fluoranthene and pyrene, supporting their potential as sustainable,
low-cost alternatives in regions rich in agricultural residues.

Table 6. Removal efficiency of different sorbent materials for PAHs in water.

Paper Scope and Conclusions Used Material/Obtained Results Reference

Impact of biochar on sorption of PAHs in water.
The application of biochar led to a decrease in the concentration
of the examined PAHs in water.
Enhancing the contact duration and increasing the amount of
biochar enhances the efficiency of PAH elimination.

100 mg/L biochar reduced benzo(a)pyrene by 78%.
Benzo(g,h,i)perylene and indeno(1,2,3-cd)pyrene decreased
by 81%.

[56]

Adsorption of PAH from aqueous solutions on
different sorbents.
The highest efficiency of PAH removal (98.1%) was observed
for activated carbon.
The sorption processes can be used in aqueous-solution
treatment procedures.

Sum of PAH removal:
quartz sand bed (75.5%)
mineral sorbent bed (58.2%)
activated-carbon bed (98.1%)
quartz sand/mineral sorbent bed (45.4%)
quartz sand/activated-carbon bed (79.4%)
quartz sand/mineral sorbent/ activated-carbon bed (69.7%)

[54]

Using natural adsorbents to reduce polycyclic aromatic
hydrocarbons contamination of oily wastewater.
The adsorption process in all investigated systems was
favorable, and rice bran and sawdust are suitable alternatives
in comparison with activated carbon, economically.

Activated carbon and rice bran had the highest adsorption of
PAHs (92.1% and 91.5% respectively) within 60 min.
Sawdust had a slightly lower adsorption of PAHs (88.5%) after
30 min.

[59]

The activated-carbon adsorption of PAHs.
It focuses specifically on the effectiveness of activated-carbon
adsorption, particularly wheat straw pyrolyzed under specific
conditions, achieving 98.6% removal of fluoranthene.

The best method for PAH removal is AC adsorption using
wheat straw pyrolyzed with limiting oxygen conditions at
800 ◦C for 6 h with 2 g/L dosages.
This method achieved a 98.6% removal efficiency of fluoranthene.

[61]

Removal of naphthalene from produced water using
oil-palm-leaf-waste activated carbon.

92.48% removal efficiency of naphthalene in aquatic solution.
70.5% removal efficiency from produced water sample. [62]

Valorizing biochar from Dunaliella salina biomass for
naphthalene removal from aqueous rural environment.

Dunaliella salina biochar achieved removal efficiencies between
27% and 63%, depending on the naphthalene concentrations,
which ranged from 25 to 150 mg/L.

[63]

In conclusion, both corn-cob and wheat-straw biochars demonstrate robust PAH
removal capabilities, with corn-cob biochar excelling in physical adsorption due to its
higher SSA and porosity, and wheat-straw biochar leveraging surface chemistry for specific
PAHs. These differences highlight the importance of feedstock selection and pyrolysis
optimization in tailoring biochar for targeted contaminants. While cost effective and
sustainable, their practical application requires addressing the stability, scalability, and
interactions with complex water matrices, positioning them as promising alternatives to
conventional adsorbents like activated carbon.

5. Conclusions
This study demonstrates that biochars derived from corn cob and wheat straw are

highly effective adsorbents for removing polycyclic aromatic hydrocarbons (PAHs)—
naphthalene, fluorene, fluoranthene, and pyrene—from aqueous systems, offering a sustain-
able solution for water remediation. Corn-cob biochar, with its superior specific surface area
(111 m2/g) and porous structure, excels in physical adsorption, particularly for fluorene,
while wheat-straw biochar, enriched with oxygen-containing functional groups, shows an
enhanced chemical affinity for naphthalene and pyrene. Freundlich isotherm modeling
revealed strong adsorption affinities (Log Kd = 4.35–5.69 L/kg) and nonlinear behavior
(n = 0.732–0.923), indicating a mix of pore filling and chemical interactions like π-π stacking
and hydrogen bonding. The pyrolysis temperature of 700 ◦C optimized carbonization
and porosity, though feedstock composition influenced outcomes, with corn cob’s lignin
content boosting physical properties and wheat straw’s cellulose favoring surface chemistry.
While both biochars rival conventional adsorbents like activated carbon, their practical
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application hinges on addressing their long-term stability and performance in complex
water matrices.

Considering their distinct properties, corn-cob biochar may be more suitable for
aquatic systems where physical adsorption dominates and minimal release of dissolved
organic matter is critical, due to its stable porous structure, high aromaticity, and lower
tendency to leach potentially harmful compounds. In contrast, wheat-straw biochar, while
effective in chemical adsorption, may exhibit higher leaching of oxygenated compounds,
which could affect aquatic biota. Preliminary ecotoxicological assessments suggest that
corn-cob biochar poses lower acute toxicity to aquatic organisms such as Daphnia magna
and Pseudokirchneriella subcapitata, likely due to its chemical stability and lower mobility of
residual organics. Therefore, for its safe and effective use in real-world water treatment
applications, corn-cob biochar currently offers a more robust and environmentally compati-
ble option. Nonetheless, both biochars hold great potential, and further long-term studies
under realistic environmental conditions are recommended to confirm their ecological
safety and functional durability.
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