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Abstract: This study developed mycelial biochar composites, BQH-AN and BQH-MV, with sta-
ble physicochemical properties and significantly improved adsorption capabilities through mi-
crobial modification. The results showed that the specific surface area and porosity of BQH-AN
(3547.47 m2 g−1 and 2.37 cm3 g−1) and BQH-MV (3205.59 m2 g−1 and 2.46 cm3 g−1) were signifi-
cantly higher than those of biochar BQH (2641.31 m2 g−1 and 1.81 cm3 g−1), which was produced
without microbial treatment. In adsorption experiments using rhodamine B (RhB), tetracycline hy-
drochloride (TC), and Cr (VI), BQH-AN showed maximum adsorption capacities of 1450.79 mg g−1

for RhB, 1608.43 mg g−1 for TC, and 744.15 mg g−1 for Cr(VI). BQH-MV showed similarly strong
performance, with 1329.85 mg g−1 for RhB, 1526.46 mg g−1 for TC, and 752.27 mg g−1 for Cr(VI).
These values were not only higher than those of BQH but also outperformed most other biochar
adsorbents. Additionally, after five reuse cycles, the pollutant removal efficiency of the mycelial
biochar composites remained above 69%, demonstrating excellent regenerative ability. This study not
only produced biochar with superior adsorption properties but also highlighted microbial modifica-
tion as an effective way to enhance lignocellulosic biochar performance, paving the way for further
biomass development.

Keywords: biochar; bio-modification; fungal; contamination; adsorption

1. Introduction

With the rapid acceleration of industrialization worldwide, the discharge of various
pollutants is increasingly degrading water environments [1]. Pollutants such as dyes,
antibiotics, and heavy metals pose serious threats to human health and ecosystems [2]. In
response to the growing need for clean drinking water, various water treatment methods
have been developed, including biodegradation, advanced oxidation processes, floccula-
tion, membrane filtration, and adsorption [3–5]. Among these, adsorption is considered
one of the most effective methods for environmental water remediation due to its versatile
material design, ease of operation, and cost-effectiveness [6,7].

Adsorbents are considered to be one of the most important factors affecting the adsorp-
tion efficiency, so the development of efficient, environmentally friendly, and affordable
adsorbents is crucial for the treatment of water pollution. Biochar has emerged as a promis-
ing adsorbent because of its abundant availability, porous structure, and the presence of
unsaturated functional groups on its surface. It is commonly produced from feedstocks such
as agricultural waste, animal manure, sewage sludge, and food waste [8,9]. Agricultural
by-products such as straw, rice hulls, quinoa hulls, and other woody biomass are frequently
used to produce biochar due to their renewability and wide availability [10,11]. This ap-
proach to utilizing agricultural waste plays an essential role in addressing energy shortages
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and promoting sustainable agricultural practices. However, traditionally produced biochar
has limitations in adsorption performance, including insufficient pollutant capture and
low removal efficiency [12,13]. To enhance biochar performance, several modification
techniques have been applied, such as surface modification [14], physical modification [15],
chemical modification [16,17], and oxidation using agents such as H2O2 [18]. Unlike more
costly or environmentally harmful alternatives, bio-regulation methods using microor-
ganisms, such as fungi, offer a gentle and cost-effective solution that aligns with green
sustainable practices [19,20]. For instance, Nie et al. developed a novel biochar by pyrolyz-
ing Aspergillus aryabhattai (AOMA) floc, which was then used to remediate tetracycline-
contaminated water [21]. Similarly, Huang et al. identified a bacterium (Bacillus aryabhattai)
with high efficiency in removing arsenic (As) and cadmium (Cd) and developed a biochar
composite integrated with Bacillus aryabhattai through physical adsorption and sodium
alginate embedding. This biochar composite significantly reduced the exchangeable As
and Cd fractions in co-contaminated soil [22]. However, up to date, it is still a challenge to
effectively implement bio-modification to improve the efficiency of functionalized materials
further to deal with environmental pollution treatment.

Agricultural waste, which comprises a large amount of by-products from agricul-
tural production and the processing of agricultural products, is mainly composed of
lignocellulose, which is often considered a high-quality carbon source precursor for the
development of biochar. Lignocellulosic biomass is primarily composed of lignin, cellu-
lose, and hemicellulose, which are cross-linked to form a compact structure [23]. This
structure restricts the development of the biochar’s pore network during the activation
process [24]. However, studies have shown that fungi like Aspergillus niger, Trichoderma
reesei, and Myrothecium verrucaria can secrete enzymes such as cellulase, hemicellulase, and
ligninase during growth [25–27]. These enzymes effectively break down the lignocellulosic
structure, creating a loosely arranged biochar precursor. This bio-regulation process, when
combined with char activation, significantly enhances the specific surface area and pore
volume of the resulting biochar [28]. While some studies remove fungal mycelium from the
material to improve purity, this separation increases energy consumption and experimental
costs. Research has shown that fungal mycelium, which forms a three-dimensional network
structure during growth, can serve as an efficient composite template [29,30]. This struc-
tural transformation provides a larger specific surface area, and when co-pyrolyzed with
woody fibrous biomass, it may introduce additional unsaturated functional groups, further
improving biochar adsorption performance. The scarcity of reports on whether utilizing
fungal mycelium’s bio-modification function can effectively improve biochar properties
encourages us to explore this interesting topic.

In this study, we investigated the feasibility of using bio-regulation methods to enhance
the degradative properties of fungi for preparing high-specific-surface-area biochar. Fungal
composite biochar was produced via the co-pyrolysis of fungi-treated biomass, using
quinoa husk as the precursor. Aspergillus niger (AN) and Myrothecium verrucaria (MV) were
selected as the pretreatment fungi. Rhodamine B (RhB), tetracycline hydrochloride (TC),
and Cr(VI) were used as model pollutants. A series of adsorption experiments—including
adsorption kinetics, isotherms, thermodynamics, and fixed-bed studies—were conducted
to elucidate the mechanisms behind the pollutants’ adsorption onto the fungal composite
biochar. The study aimed to assess the effectiveness of the bio-regulation approach in
enhancing biochar adsorption performance by comparing the original biochar with the
fungal composite biochar.

2. Results and Discussion
2.1. Biochar Preparation Using Bio-Regulation Method

The flow chart for preparing mycelial composite biochar through the bio-regulation
method is shown in Figure S1. During the solid fermentation process, fungal spores grow
and develop into mycelium in the quinoa husk (QH) solid medium. These mycelia secrete
bioenzymes that degrade the wood fiber structure. This biodegradation weakens the
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tightly bound wood fibers in the QH, making the material’s structure more loose [25,26].
Additionally, as the mycelium grows, it forms a three-dimensional network structure that
wraps around the QH, creating a mycelium/QH complex. These structural changes may
work synergistically in the subsequent biochar preparation process, enhancing the pore
volume and specific surface area of biochar and improving the adsorption capacity.

The bio-regulation conditions for preparing mycelial composites were optimized based
on their pollutant adsorption capacity. Key factors such as fermentation time, temperature,
and the amount of fungal inoculum were considered (Figure S2). The results showed that
the highest adsorption capacity for pollutants by BQH-AN and BQH-MV was achieved
with a solid fermentation time of 21 days, a 3% inoculum, and solid–liquid ratios of 1:2 and
1:1.5. These were determined to be the optimal conditions for bio-regulation.

2.2. Characterization Results

The structure and elemental composition of the materials were analyzed using SEM
and EDS (Figure 1 and Figure S3). Compared to the QH, the bio-modified QH-AN and
QH-MV exhibited rougher surfaces and more fragmented structures, likely due to the
degradation of the wood fiber structure by the bioenzymes secreted by fungi during solid
fermentation [31]. After carbonization, the QH had a smooth surface, whereas CQH-
AN displayed a richer pore structure. Additionally, filamentous fungi were observed
covering the surface of CQH-MV, indicating successful mycelium complexation. These
results suggest that the benefits introduced by bio-regulation were preserved through the
carbonization process. After the activation reaction, the pore structures of the bio-regulated
biochar were more developed, likely due to a synergistic effect between the activator and
the structure disruption of the QH’s wood fibers caused by bio-regulation [31–33]. This
structural modification increases the specific surface area and pore volume, enhancing the
material’s effectiveness in treating water pollutants.
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EDS revealed that BQH-AN and BQH-MV contained a higher percentage of nitrogen
compared to the untreated biochar (Table S1). This increase in nitrogen content likely
resulted from the co-pyrolysis of the bio-regulated mycelial complexes during biochar
preparation. Nitrogen-containing functional groups, such as pyrrole nitrogen, pyridine
nitrogen, and graphite nitrogen, play a significant role in pollutant adsorption [34,35].

Thermal characterization of the three raw material samples was performed using
TGA and DTG (Figure S4). The results showed an initial mass loss occurring below
200 ◦C, primarily due to the removal of moisture and volatile gasses. The second stage of
mass loss (200–500 ◦C) was attributed to the pyrolysis of lignocellulose components and
the decomposition of proteins and other organic substances. The degradation tempera-
tures were 220–325 ◦C for hemicellulose, 315–400 ◦C for cellulose, 250–500 ◦C for lignin,
and 210–400 ◦C for proteins and carbohydrates [36,37]. The third stage of mass loss,
observed above 500 ◦C, was associated with the production of CO and CO2 from the high-
temperature decomposition of carbonaceous residues. Based on the TGA and DTG results,
600 ◦C was selected as the carbonization temperature, with the mass residues of the three
samples being 34%, 35%, and 39%, respectively. These findings indicate that the thermal
stability of mycelial composite materials prepared via bio-regulation was enhanced.

The FT-IR spectroscopy results (Figure S5) revealed that the broad peaks around
3400 cm−1 were related to the stretching vibrations of -OH groups. These peaks became
more defined after charring and activation, indicating that the biochar conversion process
involved the transformation of oxygen-containing functional groups [38,39]. Small peaks
near 2920 cm−1 and 2850 cm−1 corresponded to C-H stretching vibrations in cellulose
and hemicellulose, while peaks between 1600 and 1650 cm−1 represented C=C or C=O
stretching vibrations in carbonyl groups. The peak at 1420 cm−1 was attributed to the
asymmetric bending of CH2. During pyrolysis at high temperatures, the aromatic and
aliphatic C-H bonds were thermally unstable and largely disappeared [39,40]. The peak
near 1320 cm−1 was associated with carboxylic acid from lignin, while the peak near
1052 cm−1 indicated C-O-C bonds in cellulose and hemicellulose [40]. These carbon- and
oxygen-containing functional groups may provide new adsorption sites, contributing
positively to pollutant removal.

The crystalline structure and degree of carbon defects in the samples were analyzed us-
ing XRD and Raman spectroscopy (Figure S5). XRD results showed broad diffraction peaks
around 23◦ and 43◦, corresponding to the (002) and (100) crystalline planes of carbon, re-
spectively, confirming the presence of both amorphous and graphitic carbon structures [41].
Raman spectroscopy revealed characteristic peaks at 1345 cm−1 and 1587 cm−1, correspond-
ing to the defective graphitic structure or disordered carbon (D band) and the in-plane
vibration of sp2 carbon atoms (G band) [42]. The intensity ratio of the D band to the G band
(ID/IG) reflects the degree of defects in the carbon material. After activation, the ID/IG of
the samples increased (CQH: 3.2, CQH-AN: 3.2, CQH-AN: 3.2, CQH-AN: 2.1, CQH-AN:
2.98, CQH-MV: 2.35, BQH: 3.88, BQH-AN: 3.44, and BQH-MV: 2.98), suggesting that the
relative content of amorphous carbon in the biochar rose, which may enhance pollutant
removal during the adsorption process.

The chemical composition of the sample surfaces was analyzed using XPS spectroscopy
(Figure S6 and Table S2). The results indicated that the relative nitrogen (N) content of QH-
AN and QH-MV was higher than that of the original QH after bio-regulation, suggesting
that mycelium involvement increased the N content in the composites. After carbonization
and activation, the N contents of BQH-AN and BQH-MV remained higher than that of
BQH, indicating that mycelium co-pyrolysis successfully endowed the composite biochar
with increased nitrogen levels. However, the relative O and N contents decreased after
carbonization and activation, while the relative C content increased, likely due to the
pyrolysis process, which removed some O and N in the form of volatile gasses. The C1s,
O1s, and N1s spectra of the samples (Figures S7 and S8) showed characteristic peaks
at 531.8 eV, 533.0 eV, and 534.1 eV, corresponding to C-C/C=C/CH, C-OH, and C=O,
respectively. Peaks at 284.8 eV, 285.5 eV, and 288.9 eV represented C-O/C=O, C-O-C, and



Int. J. Mol. Sci. 2024, 25, 11732 5 of 22

-OH, respectively. In general, the carbon- and oxygen-containing functional groups in
biochar act as electron donors and play an active role in pollutant adsorption [43,44].

The N1s band of the sample was deconvoluted into three characteristic peaks, namely
pyridine nitrogen (397.8 eV), pyrrole nitrogen (399.1 eV), and graphitic nitrogen (400.2 eV).
In the pristine carbon precursors, nitrogen existed mainly in the form of pyrrole and pyri-
dine nitrogen. After carbon activation, some nitrogen was lost due to high-temperature
pyrolysis, while the remaining nitrogen formed a graphitic structure with carbon [45]. Pyri-
dine and pyrrole nitrogen can interact with pollutants through Lewis acid–base interactions,
while graphitic nitrogen primarily enhances pollutant removal via π–π interactions and
electron transfer [46]. The abundant surface functional groups in BQH-AN and BQH-MV
provided more active sites, playing a key role in removing pollutants from water.

To evaluate the pore structure and surface properties of the biochar samples, the
samples were tested for N2 adsorption–desorption isotherms and pore size distribution
(Figure 2 and Table S3). The results showed that CQH-AN and CQH-MV had a significantly
higher specific surface area and pore volume compared to CQH. However, their relatively
lower specific surface area and pore volume indicated the need for further activation to
enhance adsorption performance.
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The activation process aimed to develop a more complex hierarchical pore structure
using a mixture of sodium hydroxide and potassium hydroxide as activators due to the
differing sizes of their alkali ions. The use of mixed bases helped maintain a stable chemical
equilibrium, reducing excessive base consumption during the reaction and thereby im-
proving activation efficiency and homogeneity. During pyrolysis, the mixed-base activator
formed solvated complexes with water in the carbon precursor, containing cations (Na+

and K+) [36]. These positively charged complexes contributed to the pore structure by
inserting or migrating into the carbon material’s framework, which was later removed
using hydrochloric acid.

BQH, BQH-AN, and BQH-MV exhibited typical H1-type isotherms and H4-type
hysteresis loops, indicating the presence of a hierarchical pore structure. The pore size
distribution data demonstrated both microporous and mesoporous structures, which not
only provided diffusion channels but also a large number of adsorption sites, playing a key
role in pollutant adsorption. Specifically, BQH-AN and BQH-MV had significantly higher
specific surface areas (3547.47 m2 g−1 and 2.37 cm3 g−1; 3205.59 m2 g−1 and 2.46 cm3 g−1)
and pore volume compared to the original biochar (2641.31 m2 g−1 and 1.81 cm3 g−1).
The alkali-to-carbon ratio of the mycelial composite biochar (1.5:1.5:1) was lower than
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that of BQH (2:2:1), likely due to the bio-regulation process, which improved interaction
with the activator and reduced alkali consumption. The bio-regulation process, facilitated
by mycelium doping, appeared to destroy the carbon precursor’s structure, promoting
better interaction with the activator. The mycelium’s unique three-dimensional network
structure likely contributed to the larger specific surface area and pore volume compared to
the QH. This bio-regulation method improved activation efficiency and reduced activator
consumption through a synergistic interaction with the activator. Additionally, it enhanced
the specific surface area and pore volume by utilizing the mycelium’s distinct laminated
structure. It is important to note that while the specific surface area of biochar includes both
internal and external regions, the adsorption properties primarily depend on the internal
surface formed by the pore structure [47]. Therefore, the hierarchical pore structure and
high pore volume of BQH-AN and BQH-MV contributed to a larger specific surface area
and more adsorption sites, significantly improving their adsorption capabilities.

2.3. Adsorption Kinetics Results

The study investigated the relationship between adsorption time and adsorption
amount through adsorption kinetics [48,49]. For RhB and TC adsorption, BQH, BQH-AN,
and BQH-MV exhibited a rapid adsorption phase within the first 10 min, followed by
a gradual decrease in the adsorption rate until equilibrium was reached. Similarly, the
adsorption of Cr(VI) displayed a fast adsorption phase within the first 20 min. During
this rapid phase, pollutant molecules bind to a large number of unsaturated active sites,
resulting in a high adsorption rate. As these active sites become occupied, the rate of
adsorption slows until equilibrium is attained. In the fast adsorption phase, BQH, BQH-
AN, and BQH-MV exhibited adsorption capacities of 56–59%, 86–91%, and 83–89% of
the equilibrium capacity for RhB and 78–79%, 87–89%, and 87–89% for TC. For Cr(VI),
the adsorption capacities were 63–64%, 85–87%, and 86–87%. These results suggest that
BQH-AN and BQH-MV demonstrated superior rapid adsorption performance, likely due
to their enhanced hierarchical pore structure and larger specific surface area.

Adsorption data were analyzed using four kinetic models, which were the pseudo
first-order, pseudo second-order, intraparticle diffusion, and Bangham models; these were
used to explore potential adsorption mechanisms (Figures 3 and S9 and Tables S4–S6). The
pseudo second-order kinetic models for RhB, TC, and Cr(VI) adsorption exhibited high
correlation coefficients (R2), indicating that chemical reactions, such as electron transfer
or sharing, influenced the adsorption rate, forming chemisorption bonds. The Bangham
model had the highest R2 values (all above 0.99), suggesting that both chemical adsorption
and pore diffusion were involved in the adsorption process [36]. Additionally, lower SD
and BIC values further validated the model’s suitability.

2.4. Adsorption Isotherms Results

The Langmuir, Freundlich, Temkin, and Liu adsorption isotherm models were applied
to describe the adsorption characteristics of the adsorbent and the substance transfer
during the adsorption process. For RhB and TC adsorption (Figure 4 and Tables S7–S9),
the Freundlich model exhibited a high R2 value (>0.98), suggesting multilayer adsorption
on heterogeneous surfaces. Additionally, the nf value was greater than one, indicating a
strong affinity of the adsorbent for the substances being adsorbed [29,30]. In contrast, for
Cr(VI) adsorption, the Langmuir model showed a higher correlation coefficient (R2 > 0.99),
implying that the adsorption process primarily involves monolayer adsorption at the
active sites of the material. Furthermore, the adsorption of all three pollutants (RhB,
TC, and Cr(VI)) fit the Temkin model well (R2 > 0.98), indicating that the process likely
involves surface adsorption through interactions between the biochar and the pollutants,
incorporating both chemisorption and physisorption mechanisms.
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2.5. Adsorption Thermodynamics

The energy changes and thermodynamic properties (Figure 5 and Tables S10–S12)
related to the adsorption process were analyzed using thermodynamic experiments and
parametric calculations. Negative values of ∆G indicate that the adsorption of RhB, TC, and
Cr(VI) by the samples occurs spontaneously. Typically, when ∆H exceeds 80 kJ·mol−1, it
highlights significant heat release or absorption, pointing to chemisorption as the dominant
mechanism. In contrast, physical adsorption, characterized by weaker interactions and
the absence of new chemical bond formations, generally occurs when ∆H is less than
20 kJ·mol−1. The positive ∆H values observed in this study (23.98–35.22 kJ mol−1) suggest
that the adsorption process is endothermic and governed by both physical and chemical
adsorption mechanisms [50,51]. Additionally, the positive ∆S values suggest increased
disorder at the solid–liquid interface, favoring adsorption.
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2.6. Effect of pH

The pH significantly influences the interaction between the adsorbent and the adsorbed
substance, playing a critical role in the adsorption process (Figure 6). The pH at the point
of zero charge (pHpzc) for BQH, BQH-AN, and BQH-MV was found to be 6.28, 6.54, and
6.95, respectively. When the pH is below the pHpzc, the surface of the samples is positively
charged, whereas it becomes negatively charged when the pH exceeds the pHpzc.
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At pH levels below three, RhB primarily exists as RhB+, experiencing electrostatic
repulsion from the positively charged surface of the samples, thereby reducing adsorp-
tion efficiency. However, at pH 5, RhB− in the solution interacts electrostatically with
the positively charged surfaces of BQH, BQH-AN, and BQH-MV, reaching maximum ad-
sorption capacities of 1134.78, 1450.79, and 1329.85 mg g−1, respectively. Beyond pH 5,
amphiphilic RhB molecules form dimers, hindering adsorption due to their large molecular
size [52]. When the pH surpasses the pHpzc, the negatively charged adsorbent surface
repels RhB−, and OH− ions compete with the adsorbent for RhB molecules, reducing the
adsorption capacity.

For TC, at pH values below 3.3, TC exists primarily as TC+, leading to electrostatic
repulsion from the positively charged adsorbents. As the pH increases to five, TC exists
mainly as TC0, resulting in maximum adsorption capacities for BQH, BQH-AN, and BQH-
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MV of 1280.88, 1608.43, and 1526.46 mg g−1, respectively. However, at higher pH levels,
the negatively charged adsorbent and pollutant molecules, in the forms of TC− and TC2−,
repel each other, causing a reduction in adsorption capacity [53].

For Cr(VI), the adsorption capacity decreases as the pH increases, peaking at pH 2
with maximum capacities of 701.33, 744.15, and 752.27 mg g−1 for BQH, BQH-AN, and
BQH-MV, respectively. Within the pH range of 1–6, hexavalent chromium primarily exists
as HCrO4

− and Cr2O7
2−, transitioning to CrO4

2− at higher pH levels. The lower free
energy of HCrO4

− enhances its interaction with the active sites on the adsorbent surface,
leading to higher adsorption capacity [29]. However, as the pH rises, CrO4

2− experiences
electrostatic repulsion from the negatively charged adsorbent surface, while OH− ions
compete for the active sites, decreasing the adsorption capacity.

2.7. Effect of Coexisting Ions

Different ions can influence the adsorption process of biochar in real aqueous environ-
ments. Variations in ion types and strengths can modify the surface charge of the adsorbent
as well as the thickness and stability of the adsorbed layer. This study examined the effect
of five metal cations (Na+, Zn2+, K+, Ca2+, and Mn2+; added at 0.01 M) on the adsorption of
pollutants by BQH, BQH-AN, and BQH-MV (Figure S10). The results show that Mn2+ had
the most significant impact on adsorption capacity, likely because Mn, as a transition metal,
exhibits multiple oxidation states that are more prone to charge transfer and can interact
with the active sites on the adsorbent surface. Other metal ions did not notably affect the
adsorption capacity, which may be attributed to the biochar’s stable chemical composition
and the dominance of physical adsorption mechanisms, such as pore filling, over surface
charge alterations [54,55]. These findings indicate that BQH, BQH-AN, and BQH-MV are
relatively unaffected by ionic strength and hold great promise for practical applications in
water treatment.

2.8. Reusability Experiments

The cyclic regeneration performance of adsorbents is crucial for reducing costs, mini-
mizing environmental impacts, improving energy efficiency, and enhancing system stability
and longevity. The regeneration capacity of the samples was evaluated over five cycles
using four common eluents (HCl, NaOH, ethanol, and ethylenediaminetetraacetic acid)
and compared to thermal regeneration methods (Figure 7). For RhB elution, ethanol (ET)
showed superior performance, with BQH, BQH-AN, and BQH-MV retaining 62%, 65%,
and 67% removal, respectively. This advantage may stem from ethanol’s polarity and
solubility, which effectively interact with dye molecules to facilitate dissociation.

For TC, NaOH proved more effective, with the samples retaining 59%, 63%, and 64%
removal, respectively. The alkaline effect of NaOH likely neutralized the acidic components
of tetracycline, converting it into a negatively charged ionic form that increases water
solubility and aids in elution. For Cr(VI), ethylenediaminetetraacetic acid (EDTA) was the
most effective eluent, with BQH, BQH-AN, and BQH-MV retaining 57%, 61%, and 59%
removal, respectively. The multiple chelation sites of EDTA allow for the formation of
stable complexes with metal ions, making the elution process more resistant to dissociation
or decomposition [56].

When comparing thermal regeneration to the four conventional eluent methods, ther-
mally regenerated adsorbents exhibited higher removal rates for all three pollutants (RhB:
67%, 73%, 71%; TC: 65%, 69%, 70%; Cr(VI): 71%, 75%, 75%). This enhanced performance is
likely due to the high-temperature pyrolysis process, which more effectively decomposes
and removes pollutant molecules bound to the biochar’s surface. The observed decrease
in adsorption capacity after five cycles may result from pore blockage by by-products
generated during pollutant pyrolysis [35,36]. The superior cyclic regeneration capacity
of BQH-AN and BQH-MV could be attributed to their higher thermal stability, which
helps preserve pore structures. Even after five cycles, BQH-AN and BQH-MV maintained
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pollutant removal rates above 69%, demonstrating their strong potential for environmental
water treatment applications.
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2.9. Fixed-Bed Adsorption Column Study

The adsorption process in a real mobile phase was simulated through a simple fixed-
bed experiment (Figure 8). The breakthrough curves for the adsorbed contaminants showed
that BQH-AN and BQH-MV exhibited longer breakthrough and saturation times compared
to BQH. In terms of RhB adsorption, the breakthrough time was observed to increase
from 55 to 130 and 160 min, while the saturation time was found to extend from 156 to
251 and 171 min. For TC, the breakthrough time increased from 105 to 130 and 160 min,
with saturation times increasing from 170 to 303 and 254 min. For Cr(VI) adsorption, the
breakthrough time rose from 9 to 11 and 12 min, and the saturation time increased from
404 to 595 and 528 min.
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BQH-MV in fixed beds at m = 0.1 g, v = 5 cm min−1, C0-RhB = 200 mg L−1, C0-TC = 200 mg L−1, and
C0-Cr(VI) = 20 mg L−1.

The Adam–Bohart and Yoon–Nelson models were employed to elucidate the adsorp-
tion process occurring in the mobile phase. The higher correlation coefficients (0.93–0.99)
of the Yoon–Nelson model indicate that the adsorption process is largely influenced by
internal diffusion [57]. In contrast, the lower R2 values from the Adam–Bohart model
suggest non-linear adsorption behavior, with external diffusion playing a less dominant
role in controlling the adsorption process [58]. These experimental results suggest that
the mycelial composite biochar, prepared using the bio-regulation method, demonstrates
superior adsorption performance in the mobile phase and holds great promise for practical
engineering applications.

2.10. Comparison with Other Adsorbents

In recent years, novel materials such as metal–organic frameworks (MOFs) have
garnered significant attention due to their large specific surface area and pore volume.
However, challenges remain regarding their preparation conditions, reaction mechanisms,
and high production costs. As a result, exploring more economical and milder modification
methods is still essential. The potential of the prepared biochar was evaluated by comparing
the adsorption performance of BQH-AN and BQH-MV with other reported adsorbents
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for pollutant removal (Tables S13–S15). The data demonstrate that the mycelial composite
biochar prepared via the bio-regulation method exhibits excellent adsorption properties.
Furthermore, the bio-regulation approach offers milder reaction conditions and lower
costs compared to chemical modification methods, which often require expensive reagents
and complex synthesis steps. The outstanding performance of BQH-AN and BQH-MV in
pollutant removal underscores the feasibility of using the bio-regulation method to enhance
the performance of lignocellulosic biochar.

2.11. Probable Mechanism

This study analyzed the potential adsorption mechanisms by comparing the N2
adsorption–desorption isotherms (Table S16), FT-IR (Figure S11), and XPS (Figures S12–S15)
data of the biochar before and after adsorption. Pollutants gradually diffused through
the pores and bound to active sites on the biochar’s inner surface, leading to a significant
reduction in specific surface area and pore volume. This suggests that the pore-filling
mechanism is a key factor in controlling pollutant adsorption. The π–π interaction, which
occurs between π electron clouds on aromatic rings, also enhances the adsorption capac-
ity of biochar. The biochar interacts with the π electron clouds of the aromatic pollutant
molecules, facilitating π–π interactions. FT-IR spectra after adsorption revealed shifts in
the absorption peak of -OH groups and the C=C/C=O stretching vibration, indicating
that functional groups containing carbon and oxygen provide adsorption sites. Hydrogen
bonding further plays a vital role in the adsorption process. The XPS results confirmed
the successful adsorption of Cr(VI), with new Cr2p absorption peaks appearing at 578.4
and 588.1 eV. Shifts in the binding energies of characteristic peaks in the O1S, C1S, and N1S
spectra suggest that unsaturated functional groups chemically react with Cr(VI) to form
complexes, positively impacting adsorption. Moreover, the negatively charged surface of
the biochar can electrostatically attract positively charged pollutants, promoting adsorption.
Overall, the results indicate that the adsorption of RhB, TC, and Cr(VI) by BQH, BQH-AN,
and BQH-MV is governed by multiple mechanisms (Figure 9).
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3. Materials and Methods
3.1. Materials

The quinoa husk (QH) used in this study was obtained from the Black Soil Experi-
mental Area of Jilin Agricultural University (Changchun, China, 2023). Aspergillus niger
(AN) and Myrothecium verrucaria (MV) were acquired from the Key Laboratory of Straw
Comprehensive Utilization and Black Soil Conservation (Changchun, China). Rhodamine
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B (RhB, CAS: 81-88-9), tetracycline hydrochloride (TC, CAS: 64-75-5), and Cr(VI) (potas-
sium dichromate, CAS: 7778-50-9) were used as adsorbates and were provided by Aladdin
Chemicals (Shanghai, China). Additional materials and reagents used in the experiments
are listed in the Supplementary Materials S1. All reagents were of analytical grade and
required no further purification.

3.2. Pre-Treatment of Raw Materials

Bio-regulation, a pretreatment method for biomass raw materials, involves solid-state
fermentation using fungi to degrade the lignocellulosic structure. The enzymes secreted
by fungi break down the lignocellulose and loosen the material’s composition, facilitating
biochar preparation [59].

The QH was cleaned, dried, and sieved using an 80-mesh filter. The QH was then com-
bined with fermentation broth (containing 0.3 g L−1 CaCl2, 2.0 g L−1 KH2PO4, 0.016 g L−1

MnSO4, 2.0 g L−1 (NH4)2SO4, 0.5 g L−1 NaCl, 0.005 g L−1 FeSO4, 0.017 g L−1 ZnCl2, and
0.3 g L−1 MgSO4) and autoclaved at 115 ◦C for 30 min before cooling to room temperature.
Conidial suspensions (v/w) of Aspergillus niger (AN) and Myrothecium verrucaria (MV) were
then introduced separately into the QH cultures. Solid-state fermentation was carried out
at 29 ◦C, during which the fungi biodegraded the wood fibers, forming complexes with
the QH through spore diffusion and growth [31]. After fermentation, the samples were
freeze-dried, yielding mycelial composites named QH-AN and QH-MV.

3.3. Preparation of Biochar

The QH, QH-AN, and QH-MV materials were heated under nitrogen protection at a
rate of 10 ◦C/min until they reached 600 ◦C, where they were held for 60 min. After cooling
to room temperature, the carbonized samples were labeled CQH, CQH-AN, and CQH-MV.
A total of 1.0 g of these carbonized samples was mixed with 3.0 g of solid activators (1.5 g of
sodium hydroxide and 1.5 g of potassium hydroxide) in a specific ratio, thoroughly ground,
and then heated to 700 ◦C at a rate of 10 ◦C min−1, maintaining that temperature for 60 min
under nitrogen protection. After cooling, the biochar was washed with 0.1 M hydrochloric
acid and deionized water, yielding the final biochar products, which were BQH, BQH-AN,
and BQH-MV.

3.4. Adsorption Experiment

The adsorption performance of the biochar was evaluated using equilibrium adsorp-
tion experiments. In these experiments, 10 mg of biochar was evenly dispersed into 200 mL
of pollutant solution within a flask. The flasks were shaken at 150 rpm in a dark temperature-
controlled environment until adsorption equilibrium was reached. Afterward, the solution
was extracted and diluted by centrifugation. The absorbance was measured using a UV
spectrophotometer, and adsorption was calculated using the following formula [24]:

Qe =
(C0 − Ce)× V

m
(1)

In this equation, C0 represents the initial concentration of the solution (mg L−1), while
Ce denotes the equilibrium concentration (mg L−1). The term m (g) signifies the weight of
the adsorbent, while V (L) refers to the volume of the solution.

3.5. Adsorption Kinetics

To assess adsorption kinetics, 10 mg of the sample was dispersed into flasks containing
200 mL of contaminant solution, with initial concentrations of 100, 200, and 300 mg L−1. The
flasks were placed in a constant temperature shaker set to 150 rpm, and the concentration of
the contaminant solution was measured at specific time intervals. The obtained adsorption
data were fitted to various adsorption kinetic models, including the pseudo first-order
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kinetic model, pseudo second-order kinetic model, intraparticle diffusion model, and the
Bangham kinetic model, to investigate potential adsorption mechanisms [50].

Qt = Qe

(
1 − e−k1t

)
(2)

Qt =
k2Q2

e
(1 + k2Qet)

t (3)

Qt = k3t0.5 + C (4)

Qt = Qe

(
1 − e−k4tn

)
(5)

where n represents the boundary layer thickness and Qt is the adsorption capacity of the
sample at different time points. k1, k2, k3, and k4 represent the rate constants of the above
kinetic model, respectively.

3.6. Adsorption Isotherm

Adsorption isotherm experiments were conducted at various temperatures (293, 303,
and 313 K), with initial pollutant solution concentrations of 100, 200, and 300 mg L−1. In
each experiment, 10 mg of the sample was dispersed into flasks containing 200 mL of
contaminant solution. The flasks were placed on a constant temperature shaker at 150 rpm
and kept in the dark until adsorption equilibrium was reached. The adsorption data were
then fitted using the Langmuir, Freundlich, Temkin, and Liu isotherm models. These
models helped analyze the equilibrium relationship between the biochar and the pollutants
during the adsorption process [52,60].

Qe =
QmKLCe

1 + KLCe
(6)

Qe = KFC
1

nF
e (7)

Qe =
RT

b(lnACe)
(8)

Qe =
Qm

(
KgCe

)nL

1 +
(
KgCe

)nL
(9)

In this context, Qm represents the theoretical maximum value of adsorption, while
KL, KF, and Kg correspond to the constant maturation values of the three models under
consideration. Furthermore, the exponents nF and nL correspond to the Freundlich and
Langmuir models, respectively. R represents the gas constant, and b and A represent the
heat of adsorption and binding energy in the model.

3.7. Adsorption Thermodynamics

In this experiment, 10 mg of the sample was dispersed into flasks containing 200 mL
of contaminant solution with varying initial concentrations. The adsorption process was
conducted in a constant temperature shaker at 150 rpm under different temperatures (293,
303, and 313 K). Once equilibrium was reached, the solution concentration was determined
and the thermodynamic parameters were calculated [55].

ln(
Qe

Ce
) =

∆S
R

− ∆H
RT

(10)

∆G = ∆H − T∆S (11)

where T (K) is the absolute temperature and R is 8.314 J mol−1 K−1.
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3.8. Effect of pH and Ionic Strength

Equilibrium adsorption experiments were conducted by adjusting the pH of the
contaminant solutions using 0.1 M HCl and 0.1 M NaOH. For each experiment, 10 mg
of biochar was dispersed into a flask containing 200 mL of contaminant solution with
varying pH values. The flasks were shaken on a thermostatic shaker at 150 rpm under dark
conditions until equilibrium was reached. The concentration of contaminants was then
measured using a UV spectrophotometer, and adsorption values were calculated.

The effect of different cations on the adsorption of pollutants by biochar was evaluated
by preparing pollutant solutions containing different cations, such as NaCl, ZnSO4, K2SO4,
CaCl2, and MgSO4 [61]. To this end, 10 mg of biochar was dispersed into a flask containing
200 mL of contaminant solution, and the flasks were shaken in the dark on a thermostatic
shaker (150 rpm) until equilibrium was reached. The concentration of the pollutant solution
was determined using a UV spectrophotometer.

3.9. Reusability Assessment

The cyclic regeneration performance of biochar is a key factor in determining its
practical applicability. To assess this, the biochar was regenerated using EDTA, anhydrous
ethanol, hydrochloric acid, and sodium hydroxide solutions as eluents. Additionally,
thermal regeneration was tested by heating the adsorbed biochar to 500 ◦C under nitrogen
protection for 60 min. After cooling to room temperature, the regenerated biochar was used
in subsequent adsorption cycles [62].

3.10. Fixed-Bed Column Experiment

A fixed-bed column experiment was conducted to assess the ability of biochar to
adsorb pollutants in a dynamic mobile phase system. For this experiment, 0.1 g of biochar
was used, with RhB and TC solutions at concentrations of 200 mg L−1 and potassium
dichromate at 20 mg L−1. Breakthrough and saturation points were defined at a ratio of
Ct/C0 of 10% and 90%, respectively. The adsorption data were subjected to fitting using
the Yoon–Nelson and Adam–Bohart models [63].

Ct

C0
=

1
1 + expk(t−A)

(12)

Ct

C0
=

1

1 + exp[kABC0(
ZN0
UC0

− t)]
(13)

where k and kAB are the rate constants of the model and Z and U represent the bed height
and linear velocity. A is the time required for the permeate concentration to reach 50%. N0
(mg/L) is the adsorption capacity of adsorbent per unit volume of the bed.

3.11. Statistical Error Analysis

To evaluate the accuracy of the fitted models, the standard deviation of residuals (SDE),
sum of squared errors (SSE), and Bayesian information criterion (BIC) were employed.
Lower values of the SSE, SDE, and BIC, along with higher R2 values, indicate a better fit of
the kinetic and isotherm models to the experimental results. The SSE, SDE, and BIC were
calculated using the following equations [27]:

SSE = ∑n
i=1(Qe,i − Qe,i,cat.)

2 (14)

SD =

√
(

1
n − p

)× ∑n
i=1(Qe,i − Qe,i,cat.)

2 (15)

BIC = n × ln(
SSE

n
) + p × ln(n) (16)
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where Qe,i (mg g−1), Qe,i,cat. (mg g−1), n, and p represent the experimental adsorption
capacity, the theoretical adsorption capacity, the number of experiments, and the number
of parameters used in the model, respectively.

3.12. Characterization Tests

Detailed information regarding the sample characterization tests can be found in the
Supplementary Materials S1.2.

4. Conclusions

In this study, mycelial composite biochar materials (BQH-AN and BQH-MV) with
stable physicochemical properties and good adsorption performance were prepared from
quinoa hulls through bio-modification. Specifically, quinoa hulls were modified via micro-
bial solid fermentation, which disrupted the compact wood fiber structure of the quinoa
hulls and introduced a large number of active functional groups and unsaturated functional
valences. Characterization results indicated that the specific surface area and total pore
volume of the biochar BQH-AN and BQH-MV, prepared through microbial modification,
increased by 21.3–34.3% and 30.9–35.9%, respectively, compared to the original quinoa
husk biochar. Additionally, the biochar performed well in adsorption experiments with
RhB, TC, and Cr(VI), showing that the maximum adsorption capacity of the mycelial
composite biochar was significantly higher than that of the pristine biochar (BQH-RhB:
1134.78 mg g−1, BQH-TC: 1280.88 mg g−1, BQH-Cr(VI): 701.33 mg g−1; BQH-AN-RhB:
1450.79 mg g−1, BQH-AN-TC: 1608.43 mg g−1, BQH-AN-Cr(VI): 744.15 mg g−1; BQH-MV-
RhB: 1329.85 mg g−1, BQH-MV-TC: 1526.46 mg g−1, BQH-MV-Cr(VI): 752.27 mg g−1). The
mechanisms of pollutant adsorption on biochar were analyzed through adsorption kinetics,
isotherms, and other experiments, revealing that the adsorption process was controlled by
pore filling, π–π interactions, hydrogen bonding, complexation, and electrostatic attraction,
with pore filling likely playing a major role. The excellent performance of BQH-AN and
BQH-MV demonstrates the feasibility of using the bio-regulation method to enhance the
properties of lignocellulosic biochar. This method is relatively mild and simple, suggesting
potential applications in areas beyond adsorption, such as supercapacitors and electro-
catalysis. Currently, the principles of bio-modification are not yet clear, and the process
still needs to be further optimized, as the bio-modification process often involves long
processing times and high environmental requirements. However, this green, gentle, and
simple modification method has great potential in other fields, such as supercapacitors,
electrocatalysis, and energy storage, which motivates us to conduct more in-depth research
to advance its implementation in large-scale process production.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms252111732/s1. References [64–108] are cited in the Supple-
mentary Materials.
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