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Abstract

Heavy metal pollution, especially from Pb(II) and Cd(II), poses significant risks due to
its persistence and bioaccumulation potential. Traditional removal methods face chal-
lenges like high costs and secondary pollution. This study developed a novel three-
dimensional porous adsorbent XBS, derived from xanthate-modified Phanerochaete sordida
YK-624 (a white-rot fungus), for the rapid and efficient removal of Pb(II) and Cd(II) from
wastewater. Characterization showed that XBS has a sponge-like structure with abun-
dant functional groups, significantly enhancing its adsorption capacity and kinetics. XBS
achieved 96% Pb(II) and 32% Cd(II) removal within 1 min at a 0.25 g/L dose, reaching
over 95% of the maximum adsorption capacity within 30 min for Pb(II) and 240 min for
Cd(I). The maximum capacities were 224.72 mg/g for Pb(Il) and 82.99 mg/g for Cd(II).
Kinetic and thermodynamic analyses indicated a chemisorption-driven process, which was
both endothermic and spontaneous. XBS exhibited high selectivity for Pb(II) over Cd(II)
and other metals (T1(I), Cu(Il)), attributed to stronger covalent interactions with sulfur-
and nitrogen-containing groups. Mechanistic analyses (XRD, FTIR, and XPS) revealed
that removal occurs via ion exchange, complexation, and precipitation, forming stable
compounds like PbS/CdS and PbCO3;/CdCOs. Given its cost-effectiveness, scalability,
and high efficiency, XBS represents a promising adsorbent for heavy metal remediation,
particularly in Pb(II)-contaminated wastewater treatment applications.

Keywords: heavy metal; white-rot fungi; adsorption behavior; selectivity; removal
mechanism

1. Introduction

Heavy metal ions, due to their non-degradability, bioaccumulation, and persistence
can enter food chains through various pathways and accumulate in organisms, resulting in
severe environmental and human health risks [1,2]—especially lead and cadmium [3,4].
With rapid industrial development, wastewater discharges containing Pb(II) and Cd(II)
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from mining, metallurgy, electroplating, and chemical industries have increased continu-
ously. Given their environmental persistence, the effective removal of these toxic metals
from water has become a global priority. Current technologies, such as chemical precipi-
tation, membrane separation, electrochemical treatment, and biological treatment, often
suffer from high costs, inefficiency, and the risk of secondary pollution [5]. Consequently,
research has increasingly focused on adsorption, which is considered the most promising
method for removing heavy metal ions from solutions due to its cost-effectiveness, op-
erational simplicity, high efficiency, and flexibility [6]. However, traditional adsorbents
are limited by low adsorption capacities and complex procedures, particularly for rapid
removal. Therefore, the key challenges lie in developing adsorbents with high adsorption
capacities, and simplified operational processes for efficient Pb(II) and Cd(Il) removal.

The design of effective adsorbents for heavy metal removal requires careful considera-
tion of multiple performance criteria, including low cost, high adsorption capacity, rapid
adsorption kinetics, ease of operation, and large-scale application potential. Chemisorption-
based materials, which rely on specific interactions between functional groups and target
metal ions, often employ chemical modifications to increase active site density [7]. How-
ever, such modifications frequently involve complex synthetic procedures that elevate
production costs and technical challenges. The adsorption process itself occurs through
three consecutive steps: (1) mass transfer from bulk solution to the adsorbent surface,
(2) surface binding at active sites, and (3) intra-particle diffusion to interior adsorption
sites [5]. Optimal adsorbent performance depends critically on efficient intraparticle dif-
fusion and subsequent interactions with functional groups, which collectively determine
both adsorption rates and the ultimate metal uptake capacity. While nanostructured ad-
sorbents offer potential advantages through enhanced surface area and reduced diffusion
path lengths, practical limitations include particle agglomeration [8,9] and challenging
solid-liquid separation requirements. Meanwhile, fine particulate adsorbents often prove
unsuitable for continuous-flow systems due to excessive pressure drops and material loss.
These limitations can be overcome through developing three-dimensional porous adsor-
bents with hierarchical pore structures. These structures combine macropores of various
sizes for rapid mass transport and a high surface area, along with numerous accessible func-
tional groups for effective metal binding. Such engineered materials embody an optimal
balance between performance and practicality for water treatment applications.

Recently, low-cost biomaterials have garnered significant attention for their potential
to remove toxic metal ions from solutions [10-15]. Particular fungal species, including
Trichoderma brevicompactum [16] and Aspergillus niger [17], exhibit exceptional metal-binding
capacities due to their cell wall composition being rich in proteins and polysaccharides con-
taining various reactive functional groups (-OH, -NH;, and -COOH) that facilitate effective
metal complexation [18]. Among various fungal species, white-rot fungi have emerged as
particularly promising candidates for heavy metal removal, offering broad prospects due to
their natural abundance, environmental ubiquity, and cost-effectiveness [19,20]. White-rot
fungi are particularly abundant in forest ecosystems, where they play a vital role in lignin
decomposition and organic matter cycling [21]. These fungi employ multiple metal removal
mechanisms including cell wall adsorption, the enzymatic alteration of metal valence states,
and extracellular polymeric substance (EPS) sequestration [22]. However, while living
white-rot fungal systems show potential, their practical application is limited by sensi-
tivity to high metal concentrations and environmental fluctuations [23,24]. In contrast,
inactivated (non-living) fungal biomass demonstrates superior metal removal capacity, as
it is unaffected by toxicity and more amenable to chemical modification for performance
enhancement [25]. Although modified fungal biosorbents have achieved improved Pb(II)
removal capabilities [26,27], their adsorption performance remains suboptimal for practical
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applications. We found that among various chemical modification methods, xanthation
modification is a promising one. It can form insoluble xanthate groups (-C(=5)-5-Na),
which have a strong complexing ability for heavy metal ions [28]. Therefore, we propose de-
veloping chemically modified fungal materials with three-dimensional network structures,
designed to achieve both rapid adsorption kinetics and facile separation properties.

According to the hard and soft acids and bases theory, Pb(II) and Cd(II) are classified
as borderline acids or Lewis soft acids [29], exhibiting a strong affinity for Lewis soft-base
functional groups such as -NH,, -NH, and -C(=S)-S- functional groups [30]. This chemical
compatibility forms the theoretical foundation for xanthate modification, which introduces
the -C(=5)-5- chelating group through a base-catalyzed reaction between fungal hydroxyl
groups and carbon disulfide (CS,), as illustrated in Equation (1).

R-OH + CS, + NaOH — R-OC(=S)SNa (1)

This modification not only introduces metal-chelating functional groups but also im-
parts hydrogel-like properties that facilitate the formation of three-dimensional network
structures [31]. White-rot fungi serve as ideal substrates for xanthate modification due to
their high content of hydroxyl functional groups and existing amino/carboxyl groups for
synergistic metal binding. However, it remains unclear whether white-rot fungi can be suc-
cessfully modified into a porous adsorbent with a three-dimensional network structure that
offers rapid adsorption kinetics, high adsorption capacity, and easy solid-liquid separation,
and whether it can overcome the batch-to-batch variability inherent in biological substrates.

This study proposes that functionalization driven by CS, can effectively transform
white-rot fungi into a three-dimensional porous adsorbent through a straightforward one-
pot modification process, facilitating the efficient removal of Pb(II) and Cd(Il) from aqueous
solutions. The central hypothesis suggests that the xanthation reaction will concurrently:
(1) introduce -C(=S)-S- chelating groups with a high affinity for heavy metal ions, and
(2) promote the formation of an interconnected macroporous network structure that is con-
ducive to rapid mass transfer. To systematically evaluate this hypothesis, the investigation
includes five specific objectives: (1) assess the impact of CS,-driven functionalization on
white-rot fungi and characterize its textural properties; (2) achieve the rapid removal of
Pb(II) and Cd(II) ions, even at trace concentrations; (3) examine the adsorption behaviors
of modified white-rot fungi for Pb(II) and Cd(II) under various environmental conditions;
(4) evaluate the selective adsorption of Pb(II) and Cd(Il) ions in the presence of other heavy
metals; and (5) investigate the mechanisms behind Pb(II) and Cd(II) adsorption.

2. Materials and Methods
2.1. Microorganisms and Chemicals

The white-rot fungus strain Phanerochaete sordida YK-624 (American Type Culture
Collection 90872) used in this experiment was purchased from the United States Culture
Center. P. sordida YK-624 (denoted as YK) was cultured aerobically on sterilized potato
dextrose agar (PDA) slants at 30 °C for 3 d. For biomass production, the culture was
homogenized using a tissue disrupter and subsequently inoculated into sterilized potato
dextrose broth (PDB) medium for 5 d of submerged cultivation at 30 °C with continuous
shaking (120 rpm). Fungal biomass was harvested during mid-exponential growth phase
by centrifugation, followed by repeated washing with deionized water. The collected YK
was subsequently freeze-dried and ground into powder, which served as the raw material
for the modified adsorbent used later in the experiment.

Lead nitrate (Pb(NO3),) and cadmium nitrate (Cd(NOj3),-4H,O) were obtained from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China), while Pb and Cd standard
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solutions were sourced from Aladdin Industrial Corporation (Shanghai, China). Sodium hy-
droxide (NaOH) and carbon disulfide (CS,), used for the xanthate reaction, were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and Macklin Biochemical
Co., Ltd. (Shanghai, China), respectively. HCl and HNO; were supplied by Guangzhou
Chemical Reagent Factory. All chemical reagents used in the experiment were of analytical
grade and were used without further purification. Deionized water (resistivity >18 M()-cm)
from a Millipore Milli-Q purification system was used throughout the experiments.

2.2. Preparation of Modified Adsorbent

The white-rot fungus-modified adsorbent was prepared using a straightforward one-
step method. To summarize, 0.50 g of inactivated YK powder (dry weight) was combined
with 37.5 mL of a 14 wt% NaOH solution and 2.0 mL of carbon disulfide (CS;). The mixture
was stirred continuously at 25 °C for 3 h to ensure complete xanthation. Following the
reaction, the product was collected by centrifugation and washed with ultrapure water
until the supernatant achieved a neutral pH. The resulting gel-like product was then freeze-
dried, yielding the porous modified fungus adsorbent, designated as XBS. The preparation
flowchart is depicted in Figure 1.
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Figure 1. The preparation flow chart of XBS.

2.3. Batch Adsorption Experiments

The adsorption behaviors of XBS for Pb(Il) and Cd(Il) were systematically investigated
through batch experiments conducted in 50 mL polypropylene conical tubes containing
0.20 g/L XBS and 50 mg/L metal solutions, with agitation at 200 rpm (at 25 4 0.5 °C) for
720 min. pH optimization studies were performed across ranges of 2-5 (for Pb(II)) and 2-6
(for Cd(II)) using 0.1 M HNO3/NaOH adjustments, with the optimal pH selected for subse-
quent tests. Adsorption kinetics experiments were conducted with initial Pb(II) and Cd(II)
concentrations of 10 and 50 mg/L, measuring at sampling intervals from 0.08 to 720 min, re-
spectively. Adsorption isotherms were evaluated using initial concentrations ranging from
5 to 200 mg/L at temperatures of 25 °C, 35 °C, and 45 °C for 720 min each. Competitive
adsorption was assessed in binary systems (Pb(II) /Cd(II) with TI(I)/Cu(II)/Cd(II)/Pb(1l))
at molar ratios of 1:1 to 2:1 (0.1 to 2.0 mmol/L).

After the adsorption reactions, all samples were filtered using a 0.22 pum filtration
membrane, and the residual concentrations of heavy metal ions in the post-adsorption
solutions were determined via atomic absorption spectroscopy (AAS, 900T, PerkinElmer
Co., Waltham, MA, USA). All batch experiments were repeated in triplicate, and the average
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value of the parallel samples was used to analyze adsorption behaviors. The adsorption
capacity (q, mg/g) and removal rate (R, %) of XBS for heavy metal ions were calculated
using the following equations:

(co—ce) XV
_ v 2
q ™ (2)
R=2""C » 100% 3)
<o

where ¢y and c. (mg/L) represent the initial and equilibrium concentrations of the heavy
metal ions in the solution, respectively, V (L) is the solution volume, and m (g) is the mass
of XBS.

2.4. Characterization

The physicochemical properties of XBS, both before and after adsorption, were com-
prehensively characterized using multiple analytical techniques. Microstructural changes
in XBS were observed via cold field-emission scanning electron microscopy (SEM, 54800,
Hitachi Co., Tokyo, Japan). The specific surface areas were measured using an ASAP
2460 adsorption analyzer (Micromeritics Co., Norcross, GA, USA) via nitrogen adsorption—
desorption isotherms, employing the Brunauer-Emmett-Teller (BET) theory. The crystalline
structures of XBS before and after adsorption were analyzed using an X-ray diffractome-
ter (XRD, D/max-2500, Rigaku, Tokyo, Japan) with Cu K« radiation (A = 1.5406 A) at
4° /min scanning rate over 5-80° 26 range. Changes in the organic functional groups
on the surface of XBS were characterized using Fourier transform infrared spectroscopy
(FTIR, Tensor 27, Bruker Co., Karlsruhe, BW, Germany) using KBr pellets across the range
of 5004000 cm ™! at room temperature. Additionally, surface chemistry properties were
examined through X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher
Scientific Co., Waltham, MA, USA) using monochromatic Al K radiation, where all spectra
were charge-corrected using the adventitious carbon Cls peak at 284.8 eV as an internal
reference. For post-adsorption samples, careful washing with deionized water followed by
freeze-drying was conducted prior to all analyses to ensure the removal of non-specifically
bound metal ions while preserving the adsorption complexes.

2.5. Regeneration and Reusability Studies

The regeneration capacity and reusability of XBS were systematically evaluated
through three consecutive adsorption—-desorption cycles. For Pb(Il) adsorption, exper-
iments were conducted under optimized conditions: an initial concentration of 50 mg/L,
an adsorbent dosage of 0.2 g/L, pH 5.0, and a contact time of 360 min. Corresponding
Cd(II) adsorption studies utilized the same dosage and concentration but at pH 6.0 and
a contact time of 480 min. Following each adsorption cycle, XBS loaded with Pb(II) or
Cd(II) was subjected to elution using 0.5 M HNOj3; and 0.5 M HCI solutions. The des-
orbed adsorbent was then thoroughly rinsed with deionized water until a neutral pH was
achieved and subsequently reused for the next adsorption cycle under identical conditions.
This sequential process was repeated for three complete cycles to assess the stability and
regeneration efficiency of XBS, with the metal removal efficiency and adsorption capacity
being measured after each cycle to evaluate the performance degradation.

3. Results and Discussion
3.1. Morphological Structural Characteristics

The transformation from native white-rot fungus powder to XBS adsorbent represents
a significant morphological advancement, as clearly evidenced in Figure 2. While the
unmodified fungal biomass exists as irregular agglomerates of disordered, branch-like
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rods with minimal structural organization (Figure 2a,b), the modified XBS develops a
highly organized three-dimensional macroporous architecture, where interwoven fibrous
structures form a sponge-like network with densely distributed pores of varying sizes
and the fiber surfaces exhibit rough textures and uneven topographies (Figure 2c,d). This
hierarchical structure ensures a high surface-to-volume ratio, which is critical for maximiz-
ing adsorption capacity. Simultaneously, the interconnected pores between fibers provide
a low-resistance pathway for the diffusion of heavy metal ions. Nitrogen physisorption
analysis (Figure S1) quantitatively confirms these structural enhancements, showing a
Type II isotherm characteristic of macroporous materials with a 5.6-fold increase in spe-
cific surface area (3.63 m?/g vs. 0.65 m? /g for native fungus) and a total pore volume of
0.004310 cm3 /g, consistent with high-performance fungal-derived adsorbents reported in
the literature [32,33]. The lyophilization process, through controlled ice crystal formation
and subsequent sublimation, simultaneously engineers this hierarchical porosity while
imparting exceptional hydrophilicity to the material. This hierarchical pore structure sig-
nificantly enhances wastewater treatment performance by enabling efficient solid-liquid
separation and facilitating rapid heavy metal adsorption through shortened intra-particle
diffusion pathways, while maximizing accessibility to the active functional groups dis-
tributed throughout the porous matrix [34], thus readily improving its adsorption efficiency.
The combined advantages of macroporous transport pathways and newly-introduced
active sites make XBS particularly suitable for practical wastewater treatment applications,

addressing both adsorption capacity and separation efficiency requirements.

(a) (b)

(c) (d)

Figure 2. SEM images and appearance photographs of the original white-rot fungi (a,b) and XBS (c,d).
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3.2. Pb(II) and Cd(1I) Removal Performances of XBS
3.2.1. Effect of pH

Solution pH critically governs heavy metal adsorption efficiency by modulating both
adsorbent surface chemistry and metal speciation. A systematic evaluation across pH 2-6
(avoiding precipitation regimes) revealed strong positive correlations between pH and
Pb(Il) /Cd(II) uptake by XBS (Figure 3a). This pH-dependence originates from three in-
terconnected mechanisms: (1) Competitive proton effects dominate under highly acidic
conditions (pH < 3), where high H* concentrations protonate key functional groups while
competing with metal cations for binding sites. (2) Surface charge modulation, confirmed
by zeta potential measurements (Figure 3b), reveals the adsorbent’s point of zero charge
(pzc) below pH 1.0, ensuring a negatively charged surface at operational pH conditions
(5 for Pb(II) and 6 for Cd(Il)) that enhances electrostatic attraction of cationic metal species.
(3) The stability of the xanthate group is compromised as acidic conditions lead to lig-
and decomposition and a subsequent loss in adsorption capacity. These interconnected
mechanisms produce distinct adsorption edges, with Pb(II) showing a 528% capacity in-
crease from pH 3 to 5, while Cd(II) exhibits a 125% enhancement from pH 4 to 6. Optimal
performance at mildly acidic conditions (pH 5-6) reflects a critical balance between the
deprotonation of functional groups, metal ion solubility and xanthate stability, achieving
maximal electrostatic contributions while maintaining ligand integrity, thereby enhanc-
ing adsorption efficiency. This comprehensive understanding of pH effects allows for
the precise operational control of XBS for efficient heavy metal removal across various
wastewater compositions.

15 @ Ph(IT) -18 4
@ Cd(IT)
o i
1751 -16
170 ‘f % ™
e =127
= 2
g, = Z d=a -10
2 S
= ) 2 -84
60 £ %
i S 64
e & N
-4
301
_— 2]
0 T T T T T 0
2 3 4 5 6
pH
(a) (b)

Figure 3. (a) Effect of solution pH on Pb(II) and Cd(II) adsorption by XBS and (b) the zeta potential
of XBS.

3.2.2. Adsorption Kinetics

The effect of adsorption time on the removal of Pb(Il) and Cd(II) by XBS at initial
concentrations of 10 and 50 mg/L exhibit characteristic biphasic behavior (Figure 4a),
comprising an initial rapid adsorption phase followed by gradual equilibrium attainment.
This trend indicates that a substantial number of active sites on the XBS surface are readily
accessible at the process’s outset, resulting in swift adsorption. Nevertheless, as these
sites become occupied, the number of remaining available sites diminishes, decelerating
the adsorption rate until equilibrium is established. For solutions with a concentration of
10 mg/L, Pb(Il) achieves a removal rate of 91% (accounting for 92% of the equilibrium
adsorption capacity) within 30 s, significantly outperforming Cd(II), which only reaches a
removal rate of 29% (50% of the equilibrium adsorption capacity). The kinetic disparity
becomes more pronounced at higher concentrations (50 mg/L), while the adsorption
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capacity for Pb(Il) on XBS increases rapidly within 1 min, whereas for Cd(Il), it increases
over the initial 60 min. Equilibrium is attained at approximately 30 min for Pb(II) and
240 min for Cd(Il) (q¢/q > 95%), with equilibrium adsorption amounts of 175.75 mg/g for
Pb(Il) and 77.90 mg/g for Cd(II). The observed kinetic differences stem from fundamental
variations in the metals” physicochemical properties: Pb(II) exhibits superior adsorption
characteristics due to its higher electronegativity (2.33 vs. 1.69 for Cd(Il)), stronger binding
strength (logK = 2.68 vs. 2.15), and smaller hydrated radius (4.01 A vs. 4.26 A), which
collectively enhance both diffusion kinetics and surface complexation efficiency [35,36].
Notably, XBS demonstrates significantly improved adsorption capacities compared to the
unmodified YK material, with 88% and 102% increases for Pb(II) (175.75 vs. 93.39 mg/g)
and Cd(II) (77.90 vs. 38.53 mg/g), respectively. The adsorption kinetics are governed by the
combination of rapid surface complexation at readily accessible sites followed by slower
intra-particle diffusion, with the hierarchical pore structure of XBS facilitating efficient mass
transfer while maintaining abundant binding sites throughout the porous network [37].
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Figure 4. (a) Effect of contact time on the adsorption amounts of Pb(Il) and Cd(Il) by XBS at initial
concentrations of 10 and 50 mg/L, The solid arrow indicates qt, whereas the dotted arrow denotes
qt/q, and (b) the corresponding intra-particle diffusion model fitting plot.

The adsorption process occurs through three consecutive stages: (1) external film
diffusion, where metal ions migrate through the solution boundary layer to the adsorbent
surface; (2) intra-particle diffusion through the macro/mesoporous network; and (3) the
adsorption reaction stage, where the metal ions are adsorbed at active sites on the inner
surface of the pores. The overall adsorption rate is dictated by the slowest stage, known as
the rate-controlling step, which is crucial for optimizing adsorbent performance. Kinetic
analysis reveals the Pb(II) and Cd(II) adsorption on XBS follows pseudo-second-order (PSO)
kinetics (R? > 0.999, Figure S2 and Table 1), as evidenced by the close agreement between
calculated (qe,ca1) and experimental (qeexp) equilibrium capacities. The PSO model fit
confirms chemisorption as the dominant mechanism involving electron sharing/exchange
with active functional groups. The low k; values (k;, < 0.049 g/(mg min)) indicate a strong
affinity of Pb(Il) and Cd(Il) for the active sites on XBS, as well as a rapid uptake process,
confirming the high efficiency of XBS in removing Pb(II) and Cd(II).

Table 1. Adsorption kinetic parameters for the adsorption of Pb(II) and Cd(II) by XBS.

Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion
}nl/[eavi, Cy qe,exp N ( k g N .
eta (mg/L)  (mglg) kq Gecal g2 k (g/mg  decal 2 id,1 (els Cia1 2 42 mgls  Cigo 2 i3 mefs  Cigs 2
Ion (1/ min) (mg/g) min)) (mg/g) min—0-5) (mg/g) min—0-5) (mg/g) min—0-5) (mglg)
Pb(l) 10 59.04 0.001 1.89 0.104 0.049 59.03 0.999 1042 47.19 0.967 0.064 58.44 0.999 0.025 58.78 0.908
50 175.75 0.004 3.64 0.749 0.007 158.59 1.000 26.87 120.21 0.996 4.020 143.29 0972 0.230 169.63 0.993
cd(m 10 3275 0.003 2.78 0.807 0.008 32.52 0.999 3.80 14.13 0.978 0.460 2543 0.954 0.210 27.20 1.000

50 77.90 0.003 4.56 0.880 0.002 77.70 0.999 20.21 18.53 0.994 3.250 35.44 0.988 0.290 69.61 0.800
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The experimental data were further analyzed using the intra-particle diffusion model,
with results presented in Figure 4b and Table 1. The fitting curves exhibit three distinct
linear segments that do not intersect the origin. This pattern suggests that mass transfer is
not the primary rate-limiting factor, and intra-particle diffusion alone cannot solely govern
the adsorption rate. The initial steep slope of these curves corresponds to a rapid adsorption
phase, where Pb(Il) and Cd(II) quickly diffuse to and occupy binding sites on the external
surface of XBS. This phase is completed within 2 to 5 min at an initial concentration of
10 mg/L, and it can be completed even faster, within 1 to 2 min, at a concentration of
50 mg/L. Following this rapid surface adsorption, the curves transition to a gradual slope,
reflecting the progressive diffusion of pollutants into the internal matrix of the biomass.
This slower phase of intra-particle diffusion ultimately results in an equilibrium stage
characterized by substantially diminished diffusion rates, underscoring the crucial role that
intra-particle diffusion plays in establishing the adsorption rates of Pb(II) and Cd(II) on
XBS. The observation that the fitting lines do not intersect the origin provides additional
insight, indicating that boundary layer resistance influences the adsorption process, and
that chemical adsorption is also significantly important in retaining Pb(II) and Cd(II).

3.2.3. Adsorption Isotherm and Thermodynamics

The equilibrium adsorption isotherms of Pb(II) and Cd(II) on XBS at 298, 308, and 318 K
(Figure 5) exhibit typical Langmuir-type behavior, where adsorption capacities increase
with rising concentration until reaching saturation. This concentration-dependent behavior
is driven by enhanced mass transfer under stronger concentration gradients, though the rate
of adsorption decreases as available sites become occupied. Notably, elevated temperatures
from 298 to 318 K improved adsorption capacities by 5.90 mg/g for Pb(Il) and 8.08 mg/g
for Cd(Il), attributable to: (1) stronger interactions between the heavy metal ions and XBS
functional groups at higher temperatures, and (2) the elevated temperature accelerating the
transport of heavy metal ions from the bulk solution to the surface-bound phase, resulting
in a greater removal of Pb(II) and Cd(II) from the solution. The moderate temperature
sensitivity demonstrates XBS’s robust performance across varying thermal conditions.
Isotherm analysis (Figure S3 and Table 2) revealed a superior fit to the Langmuir model
(R? > 0.996) compared to the Freundlich model, indicating that the adsorption of Pb(II)
and Cd(II) on XBS occurs on a uniform surface, forming a monolayer on the adsorption
sites. The maximum capacities (qmax) reached 224.72 mg/g for Pb(Il) and 82.99 mg/g for
Cd(II), closely matching the experimental values (qexp), significantly exceeding unmodified
white-rot fungus. The Freundlich parameters (1/n < 1 and high kg values) confirmed
favorable adsorption with strong chemisorption interactions between the functional groups
of XBS and heavy metal ions, suggesting high affinity and effective binding.
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Figure 5. Effect of initial concentration on (a) Pb(II) and (b) Cd(II) adsorption by XBS at different
temperatures. The solid arrow indicates removal efficiency, whereas the dotted arrow denotes ge.
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The magnitude of the heat of adsorption offers important insights into the nature of
both the adsorbent surface and the adsorbed phase. To further explore the adsorption mech-
anism of Pb(II) and Cd(II) onto XBS, the thermodynamic parameters of adsorption, Gibbs
free energy (AG), enthalpy (AH) and entropy (AS), were calculated and summarized in
Table S1. Thermodynamic analysis yielded negative AG values (—5.500 to —11.931 kJ /mol
for Pb(Il), —1.265 to —1.863 kJ/mol for Cd(II)), confirming spontaneous adsorption. Posi-
tive AH values (89.647 kJ/mol for Pb(II), 7.697 k] /mol for Cd(II)) revealed endothermic
character, meaning that higher temperatures favor the adsorption process, as evidenced
by the positive correlation between adsorption capacity and temperature. While posi-
tive AS (317.146 J/(mol/K) for Pb(Il), 30.229 J/(mol/K) for Cd(Il)) suggested increased
interfacial disorder. The entropy-driven spontaneity, combined with minimal temperature
dependence, positions XBS as a versatile adsorbent for practical wastewater treatment
applications across diverse thermal conditions.

Table 2. Fitting parameters of Langmuir and Freundlich models for Pb(II) and Cd(II) adsorption
by XBS.

Pb(ID) Cddn
Heavy Metal Ion

Models 298 K 308 K 318 K 298 K 308 K 318K
Qe,exp (mg/g) 218.88 225.30 224.30 72.90 75.70 80.98
qm (mg/g) 221.24 224.72 223.21 73.64 76.28 82.99
Langmuir kr, (L/min) 0.559 1.014 6.289 0.194 0.374 0.158
R? 0.999 0.999 1.000 0.996 0.999 0.998
kp (mg/g) 99.13 144.38 218.20 25.67 28.35 21.46
Freundlich 1/n 0.179 0.096 0.004 0.221 0.220 0.287
R? 0.910 0.813 0.456 0.834 0.912 0.951

As shown in Table 3, XBS exhibits superior performance characteristics compared to
conventional adsorbents across multiple critical parameters, due to its unique structural
and chemical design. The material’s exceptional performance is attributed to three key
advantages: (1) The precursor materials of XBS are sustainably sourced from readily avail-
able fungal biomass. (2) Its preparation involves a single-step process that does not require
thermal treatment, thereby reducing energy consumption and simplifying processing com-
plexity. (3) The as-prepared XBS optimizes the pore architecture and incorporates special
active functional groups. Despite this straightforward fabrication approach, XBS exhibits
superior adsorption capacities for Pb(II) and Cd(Il) compared to many reported biosorbents,
including modified agricultural waste or fungal-derived materials. Furthermore, XBS en-
ables rapid solid-liquid separation through gravity-driven settling or simple filtration,
addressing a critical limitation of traditional biosorbents. These features collectively make
XBS a promising candidate for wastewater treatment applications.
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Table 3. Comparative analysis of adsorption performance of modified biomass-based adsorbents for Pb(II) or Cd(II).
Suited
. Heavy Time dm Equilibrium R? Kinetics Model R?
Adsorbent Preparation Method Metal pH (min) (mg/g) Model Values Analysis Values Reference
Analysis
lignin-based porous Mix lignin, urea, and ammonia water and stir Pb(1I) 250.47 0.988 Pseud 4 0.999
) evenly, then dry for 1 h. Heat and calcine for 6.0 60 Freundlich seudorsecond- [38]
carbon (LPC) another 2 h. Finally, cool to room temperature. Cd{m 126.37 0.975 order 0.997
. Wash the outer skin of the white wax fruit with Pb(1I) 27.74 Temkin 0.981 1.000
carnauba fruit distilled water, dry at 60 °C for 48 h, grind 5.0 120 Pseudo-second- [39]
biomass (CFB) +ary at 8 Cddn ’ 34.16 Freundlich 0.993 order 1.000
and sieve.
tannin-immobilized  Mix NaOH, tannins, coconut shell cellulose, and Pb(II) 38.02 0.997 -
cellulose fiber epichlorohydrin in stages and heat to stir eveonly 50 30.00 Langmuir _ [40]
powder (TCF) for 6 h, then wash with water and dry at 40 °C Cd(I) 59.52 0.993
for 24 h.
rose damascena Heat Damascus rose powder at 120° C for 72 h, Pb(1I) 24.90 0.985 Pseud 4 0.999
biomass power then treat with 0.2 M H,SO,4 and NaOH 6.5 120 Langmuir seu oésecon . [41]
(RWB) separately, and finally dry at 105 °C. Cd(In) 24.80 0.989 order 0.999
chemical treatment .
of comstover ~ 1reat cornstover with 0.1 MHNO; for 4 h, then ) 5.0 60 27.10 Langmuir 1000  Tseudossecond- ) goq [42]
powder wash with water, dry at 105° C, and grind. order
coffee husk biomass After washing with water, the coffee shells are Pseudo-second-
dried at 25 °C for one week and then ground Pb(II) 5.0 60 19.02 Freundlich 0.980 1.000 [43]
powder (CHBW) . order
into powder.
sugarcane bagasse Boil the sugarcane bagasse in distilled water for
& (SCB) & 30 min, dry them in a hot air stove at 120 °C for Cd(II) 6.0 60 69.06 Langmuir 0.999 - - [44]
24 h, and finally grind them into powder.
Mix T. ornata and sodium alginate solution and
stir at room temperature for 5 min. Add 2%
turbinaria ornate CaC}z solution dropw‘lse to t.he mixture to fprm Cd(In 6.8 90 23.90 Langmuir 0.998 Pseudo-second- 0.990 [45]
beads microspheres, and finally immerse them in order
calcium chloride solution for 2 h before washing
with water.
Mix inactivated YK powder with NaOH and CS, Pb(II) 1 30 225.30 0.999 Pseud 4 1.000
XBS for yellowing for 3 h, then freeze dry to form a 240 Langmuir seu o;lsecon i this study
macroporous sponge material. Cd(In) 2 80.98 0.998 order 0.999
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3.2.4. Selective Adsorption Behaviors

To assess the impact of coexisting metal ions on adsorption selectivity, the adsorption
behavior of XBS was investigated in several binary systems, including Pb-T1, Pb-Cu, Pb-
Cd, Cd-Tl, and Cd-Cu, which coexist in steel-making and copper-flotation copper-mining
industries [46,47]. As illustrated in Figure 6, in T1(I)-containing systems, XBS maintained
excellent Pb(II) removal efficiency (>95%) with less than 5% capacity reduction, while Cd(II)
adsorption decreased moderately (~15%) as TI(I) concentration increased from 20.44 to
408.76 mg/L. The presence of Pb(II) has little effect on T1(I) removal, with higher efficiency
observed at lower concentrations. In contrast, the amount of TI1(I) adsorbed increases
as Cd(Il) concentrations rise, indicating a stronger affinity of XBS for Pb(II) over TI(I)
and Cd(II), likely due to differences in the physicochemical properties of the metal ions.
Moreover, Cd(II) has an insignificant effect on TI(I) removal, as the amount of TI(I) adsorbed
continues to increase, which is advantageous for the treatment of wastewater containing
both metals. More pronounced competition was observed in Cu(Il) systems, where Pb(II)
and Cd(II) adsorption capacities decreased by 31% and 76%, respectively, with Cu(II)
achieving a maximum adsorption of 55.32 mg/g (Pb-Cu system) and 40.75 mg/g (Cd-Cu
system), indicating that XBS has a stronger affinity for Cu(Il) than for Pb(Il) or Cd(Il). When
Pb(II) coexists with Cd(II), the Pb(Il) adsorption amount of XBS initially increases and then
slightly decreases, while the Cd(II) adsorption remains within the range of 11 ~ 20 mg/g
as concentrations increase. The co-existence of Pb(II) and Cd(II) reduces their respective
removal efficiencies, with Pb(II) exerting a stronger inhibitory effect on Cd(Il) removal than
vice versa. According to the hard and soft acids and bases theory [48-50], the affinity of
heavy metals for metal-binding donor atoms and ligands (such as S-, N-, and O-containing
ligands) follows the order Cd(IT) < Cu(Il) < Pb(I) < TI(I). The index X?m, (Where Xm
represents electronegativity and r represents ionic radius), which measures the importance
of covalent interactions relative to ionic interactions [51], is as follows: 2.43 for TI(I), 2.77
for Pb(II), 1.39 for Cu(ll), and 1.64 for Cd(Il). This suggests that ligands containing S, N,
and O exhibit stronger binding preferences for TI(I) and Pb(Il) than for Cu(II) and Cd(II).
Nevertheless, the higher Z?/r value (Z representing formal charge), which reflects the
magnitude of ionic energy for Pb(Il) over TI(I), confirms the superior removal capacity of
XBS for Pb(Il). Consequently, the adsorption selectivity of XBS for heavy metal ions follows
the order: Pb(II) > TI(I) > Cu(ll) > Cd(II), which shows that XBS has a preferential selective
adsorption for Pb(II).
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-Tl: -T1: T -Cu: -Cu: Cui
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Figure 6. (a) Effect of TI(I) on the competitive adsorption of Pb(II) and Cd(Il) by XBS, The solid arrow
indicates qpp(r)/cd(m, Whereas the dotted arrow denotes qry). (b) Selective competitive adsorption
of Pb(Il), Cd(I) and Cu(II) by XBS, The solid arrow indicates qpp),/cdqr), Whereas the dotted arrow
denotes qcy(m)/cda)-
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The adsorption selectivity of XBS for heavy metal ions can be further rationalized by
their distinct physicochemical properties (Table 4) [35,36]. Pb(II) demonstrates superior
adsorption performance due to its combination of high electronegativity (2.33), strong
binding affinity (logKgg1e M = 2.68), low hydrolysis tendency (logKoo, M = —7.60) and
favorable hydrated radius (4.01 A). In contrast, Cd(II) exhibits the weakest adsorption
affinity, attributed to its lower electronegativity (1.69), weaker binding strength (2.15), and
larger hydrated radius (4.26 A) that sterically hinders coordination. The intermediate
adsorption capacities of TI(I) (low binding strength at 0.46) and Cu(Il) (high hydrolysis
tendency at —7.50) further confirm the importance of these physicochemical properties
in governing selectivity. These fundamental insights demonstrate how XBS’s carefully
designed functional groups, particularly the -C(=5)S- moieties, leverage both covalent and
ionic interaction mechanisms to achieve exceptional Pb(II) selectivity while maintaining
appreciable removal capacity for other heavy metals, making it highly effective for treating
complex wastewater streams containing multiple metal contaminants.

Table 4. The physicochemical properties of four heavy metal ions.

Metal Ion Ionic Pauling Hydrated Hardness look look
Type Radius Electronegativity (PE)  Radius (HR, A)  Index (HI) EScale, M §XH20, M
Pb(II) 1.19 2.33 4.01 0.131 2.68 —7.60
Cddr) 0.97 1.69 4.26 0.081 2.15 —10.1
TI(I) 1.50 1.62 3.30 0.106 0.46 —13.21
Cu(Il) 0.73 1.90 4.19 0.104 2.66 —7.50

3.3. Reproducibility and Reusability Evaluations

The batch-to-batch consistency of XBS production was rigorously validated through
several independent preparations under strictly controlled conditions. Standardized proto-
cols were maintained throughout the entire preparation process, beginning with precise
fungal cultivation (3 d on PDA medium at 30 + 0.5 °C followed by 5 d in PDB culture)
and extending through the optimized xanthation reaction (0.50 g YK, 37.5 mL 14 wt%
NaOH, 2.0 mL CS,, 3 h at 25 £ 0.5 °C). Quality assessments demonstrated exceptional
reproducibility across multiple parameters: physical characteristics showed consistent
color (light yellow) and texture (sponge-like); adsorption performance varied by less than
10% for Pb(Il) and Cd(II), and kinetic performance remained highly consistent. Notably,
normal environmental fluctuations during preparation had a negligible impact on product
quality, confirming the robustness of the synthesis protocol. This demonstrated that repro-
ducibility meets critical requirements for both reliable laboratory research and potential
industrial scale-up. The consistent quality across multiple production batches underscores
the reliability of XBS as a promising adsorbent for water treatment applications.

The regeneration performance of XBS was systematically investigated through three
consecutive adsorption—desorption cycles, providing some insights for practical wastewa-
ter treatment applications (Figure 7). Both 0.5 M HNO; and HCl demonstrated effective
desorption capabilities, with HNO3; showing marginally superior efficiency (86% vs. 85%
for Pb(Il) and 85% vs. 84% for Cd(Il)). However, subsequent adsorption cycles revealed
progressive capacity decline, with Pb(Il) retention decreasing to 58-60% after the first cycle
and <26% by the third cycle, while Cd(II) performance dropped more severely to 28-41%
initially and <10% ultimately. This performance degradation primarily stems from three
mechanistic factors: (1) insufficient Na* replenishment due to omitted NaOH reactivation,
impairing subsequent ion exchange capacity; (2) physical material loss occurred during
washing procedures; and (3) irreversible damage to critical functional groups, especially
the degradation of xanthate groups (5=C(R)-SNa) in the strong acidic conditions. These
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findings highlight the need for optimized regeneration protocols incorporating alkaline re-
activation steps, improved washing methodologies, and the potential chemical stabilization
of functional groups.
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Figure 7. (a) Desorption and reusability efficiency of XBS for Pb(I); (b) desorption and reusability
efficiency of XBS for Cd(II). The solid arrow indicates adsorption capacity, whereas the dotted arrow
denotes desorption capacity.

3.4. Material Characterization and Adsorption Mechanism

XRD pattern analysis (Figure 8a) demonstrates significant structural transformations
in XBS following metal adsorption. The broad peak at 20.47° in pristine XBS confirms its
amorphous organic nature, while new crystalline phases emerge after Pb(Il) and Cd(II)
uptake. For Pb(II)-loaded XBS, distinct diffraction peaks at 30.10°, 43.08°, and 53.45°,
corresponding to the (200), (220), and (222) crystal orientations of PbS (PDF#98-000-0223),
and new peaks at 20.91°, 24.80°, and 49.39°, corresponding to the (020), (111), and (023)
crystal planes of PbCO3 (PDF#98-000-0153), are clearly observed after Pb(Il) adsorption [52].
Additionally, characteristic diffraction peaks attributed to Pb3(CO3),(OH), (PDF#98-000-
0248) appear at 19.59° (101), 20.89° (012), 24.58° (104), 27.10° (015), 34.07° (009), 40.40° (202),
and 53.90° (122) [53]. Similarly, newly formed peaks at 26.45°and 43.74°, corresponding
to the (002) and (110) crystal planes of CdS (PDF#99-000-1412), as well as characteristic
peaks at 23.52° (012) and 30.27° (104) associated with the hexagonal crystal structure of
CdCO; (PDF#99-000-2764), are observed. These findings suggest that Pb(II) and Cd(II)
ions might interact with active ligands, including S-containing groups, -OH and -COOH
groups, leading to complexation and precipitation reactions on the surface of XBS [54].
These crystalline products, with their extremely low solubility products (Kgp(PbS) =
1.3 x 107%, K%,(CdS) = 8.0 x 107%, K&,(PbCO3) = 7.4 x 10~ KE,(CdCO3) =
52 x 10712 and Kfp (Pb(OH),) = 1.2 x 1071) [55,56], confirm the predominance of
precipitation mechanisms alongside surface complexation. Consequently, the primary
mechanism for the removal of Pb(Il) and Cd(II) by XBS is similar.

FTIR spectroscopy confirmed the structural evolution of XBS after xanthate modifica-
tion and metal adsorption (Figure 8b). Compared to the original YK fungus, XBS exhibited
enhanced absorption intensities at 1571 em~ 1, 1513-1211 em ™! and 1067-667 cm !, indicat-
ing that the xanthate modification had a significant effect on the structure of the material.
Key spectral features included characteristic peaks at 3388 cm~! (-OH/-NHj stretching)
and 1449 cm~! (N-H bending), which showed significant shifts after metal adsorption,
indicating coordination through -NH, /N-H groups [57-59]. The characteristic absorption
peaks at 1067 cm ™! attributed to -O-C(=S)-S and 1211 cm ! corresponding to C-O groups
exhibited marked intensity changes, further confirming their participation in Pb(II) /Cd(II)
chemisorption [60,61], while the distinct C-S peak at 667 cm ! verified successful xanthate
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incorporation [62]. Notably, Pb(Il) induced more pronounced spectral changes than Cd(II),
correlating with XBS’s superior affinity for Pb(Il). These results demonstrate that heavy
metal adsorption occurs primarily through chemical complexation with S/N/O-containing
functional groups, with xanthate moieties playing a pivotal role.
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Figure 8. XRD (a) and FTIR (b) spectra of YK, XBS before and after adsorption.

The XPS analysis (Figure 54 and Figure 9) provides further evidence for the adsorption
mechanism of Pb(Il) and Cd(Il) on XBS. The survey spectra confirm the presence of S,
C, N, O, and Na as the primary elements in XBS, with new peaks emerging at 138.94 eV
(Pb 4f) and 405.46 eV (Cd 3d) after adsorption. The observed redshift and weakening of
the Na 1s peak indicate ion exchange between Na* and Pb(Il) /Cd(II) ions, facilitating the
complexation of Pb(Il) / Cd(Il) with the xanthate groups (5=C(R)-SNa) [63]. High-resolution
spectra of Pb 4f reveal two symmetrical peaks at 142.61 eV and 143.84 eV, while Cd 3d
exhibits peaks at 405.39 eV and 412.3 eV, suggesting the formation of hydroxide, acetate,
and/or sulfide species on the XBS surface [64]. These findings align with the XRD results,
confirming the coexistence of multiple adsorption mechanisms.
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Figure 9. Pb 4f (a) and Cd 3d (b) core-level deconvoluted spectra of XBS after Pb(Il) and Cd(II)
adsorption.

High-resolution XPS spectra (Figure 10) reveal the critical role of functional groups
in Pb(II)/Cd(II) adsorption on XBS. The C 1s spectrum (Figure 10a) shows four charac-
teristic peaks at 284.80 eV (C-H/C=C), 286.37 eV (C-O-C/C-OH), 287.80 eV (C=0), and
289.71 eV (HO-C=0), with xanthation altering electronic distributions and weakening adja-
cent C-C bonds [63,65,66]. Post-adsorption changes in -COOH and -OH peak intensities
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and areas confirm their participation in metal complexation [67]. In the N 1s spectrum
(Figure 10b), the strength of the nitrogen-containing group was greatly reduced before and
after modification, due to the destruction of the nitrogen-containing group by the xanthan
acidification reaction [65]. The N 1s spectrum displays three nitrogen states (398.53 eV
for -N=C, 399.62 eV for -NH; and 400.64 eV for -N-C-), where Pb(II) induces a significant
-NHj; shift to 400.34 eV indicating strong chelation [68,69]. The binding energies (BEs) of
the -N-C- and -N=C groups also undergo significant shifts after adsorption, likely due to
chelation between the amine groups and Pb(Il), which affects the charge distribution state
of the -N-C- and -N=C groups [53]. Additionally, following the adsorption of Cd(II), the BE
of the -N=C group shifted to 399.21 eV, possibly due to electrostatic interactions and ion
exchange [70]. In the O 1s spectrum (Figure 10c), the slight increase in the content of -OH
groups before and after modification suggests the presence of residual -OH groups during
xanthan modification. The peaks of XBS at 533.85 eV (O-C), 532.81 eV (C=0), 531.44 eV
(O-H) and 534.0 eV (adsorbed water) indicate an increase in the C=0/0-C=0 content,
implying that the adsorption process consumes a significant amount of -COOH. Following
the adsorption of Pb(II) and Cd(Il), the O1s peak shifted towards higher binding energies.
These outcomes suggest that complex reactions occur between functional groups, such as
-COOH and -OH, and Pb(II)/Cd(I) [71,72]. This further supports the presence of Pb(II)
and Cd(II) on XBS in the forms of hydroxides or acetates. Most notably, the S 2p spectrum
(Figure 10d) confirms successful xanthation through S-Na (161.59 eV), C-S (163.57 eV), and
5-O (167.95 eV) peaks. After the adsorption of Pb(II)/Cd(II), the S-Na binding band is
transformed into S-Pb/S-Cd bonds, indicating an ion-exchange interaction. The BEs of the
sulfur oxide compounds change following the adsorption of Pb(II) and Cd(II), suggesting
that the sulfur heteroatoms within the S-H and S=O groups coordinate with these met-
als [73]. These results collectively demonstrate that XBS achieves superior heavy metal
removal through the synergistic effects of xanthate-enabled ion exchange, multi-dentate
complexation via S/N/O functional groups, and chemical precipitation.

Therefore, XBS achieves highly efficient and stable immobilization of Pb(II) and Cd(II)
through a synergistic combination of three complementary mechanisms (Figure 11). The
removal process initiates with electrostatic attraction, where the negatively charged XBS
surface rapidly captures cationic Pb(Il) and Cd(II) species, accompanied by ion exchange
with surface Na(I) ions. Subsequently, complexation dominates as Pb(Il) preferentially
coordinates with various functional groups (-O-C(=5)-5S-, -OH, -COO- and -NH3), forming
stable surface complexes, while Cd(II) undergoes analogous but weaker binding. The
final immobilization stage involves in situ precipitation, where residual alkalinity from
synthesis triggers xanthate hydrolysis, resulting in the formation of highly insoluble PbS,
Pb3(CO3)3(OH),, CdS, and CdCO; precipitates. This hierarchical removal process, combin-
ing rapid initial capture (electrostatic), strong intermediate retention (complexation), and
permanent final stabilization (precipitation), ensures robust heavy metal fixation. The multi-
ple coordination pathways from other active functional groups provide redundant binding
sites that collectively contribute to XBS’s exceptional adsorption capacity and selectivity.

3.5. Economic Assessment

Beyond its adsorption capabilities, the practical implementation of XBS necessitates
consideration of various economic factors. To address this, an economic evaluation was con-
ducted. The adsorbent’s room-temperature synthesis eliminates energy-intensive thermal
processing, reducing production energy requirements compared to conventional adsorbents
like activated carbon. Furthermore, XBS’s inherent three-dimensional porous structure
enables efficient solid-liquid separation post-adsorption, further lowering separation costs.
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Figure 10. Signal regions of C 1s (a), N 1s (b), O 1s (c) and S 2p (d) for YK, XBS before and after Pb(II)
and Cd(II) adsorption.

Based on available data, the economic assessment accounts for the consumption of
chemicals and energy to deliver a comprehensive cost analysis. The estimated cost per
batch of experiments is approximately USD 19.77. Considering the quantity of material
synthesized per batch, it can effectively treat approximately 2700 L of target contaminant-
containing wastewater, resulting in a cost of roughly USD 4.41 per ton of wastewater. Table 5
provides specific estimated values supporting this analysis. This economic evaluation
demonstrates that XBS exhibits exceptional adsorption performance and offers significant
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economic advantages over traditional wastewater treatment methods. Its cost-effectiveness,
combined with these favorable operational characteristics, enhances the feasibility and
practical implementation potential of XBS in real-world applications.
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Figure 11. Mechanism diagram of Pb(II) and Cd(II) adsorption on XBS.

Table 5. Experimental inputs and energy consumption from one batch (one batch for 1 kg XBS).

Cost/USD per Ton Market

Materials Flow per Batch Price in China (June 2025) Cost/USD per Batch
Water for adsorbents preparation (L) 50 0.59 0.03
Water for adsorption (L) 500 0.59 0.30
White-rot fungi YK—624 contains 5 2100 10.50
culture medium (kg)
NaOH (kg) 6.1 471 2.87
CS, (L) 2 694 1.77
Electricity 0.15/kWh
Mixing (kWh) 3.6 0.15 0.54
Washing(kWh) 3 0.15 0.46
Drying 2 0.15 0.30
Adsorption (kWh) 20 0.15 3.00
Total 19.77

4. Conclusions

The development of xanthate-modified fungal adsorbent (XBS) represents a significant
advancement in heavy metal remediation technology. Unlike conventional adsorbents,
XBS exhibits exceptional adsorption capabilities, achieving removal efficiencies of 99%
(11.88 mg/L) for Pb(Il) and 40% (11.88 mg/L) for Cd(II) within just 5 min, with maxi-
mum capacities of 224.72 mg/g for Pb(ll) and 82.99 mg/g for Cd(Il). Its unique 3D porous
structure enables rapid kinetics while facilitating easy separation, addressing key limi-
tations of conventional adsorbents. The material exhibits superior selectivity (Pb(II) >
TI(I) > Cu(Il) > Cd(Il)) in complex systems. The material’s superior performance stems
from synergistic mechanisms: an initial ion exchange facilitates metal capture, followed by
complexation with sulfur-, nitrogen-, and oxygen-containing functional groups, culminat-
ing in precipitation as stable mineral phases (metal sulfides and carbonates) that ensure
permanent immobilization. Particularly noteworthy is XBS’s inherent selectivity for Pb(Il),
which persists even in complex multi-metal systems. This is a critical advantage for real
wastewater treatment scenarios. From an engineering perspective, the simplicity of XBS’s
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one-pot synthesis using fungal biomass presents distinct advantages in scalability and
cost-effectiveness compared to synthetic alternatives. The material’s inherent Pb(II) selec-
tivity specifically targets priority contaminants in mining and electroplating wastewater.
Combined with its biological origin, these features establish XBS as an environmentally
sustainable solution that outperforms conventional treatment methods. Moving forward,
research should focus on optimizing dynamic flow systems and developing regeneration
protocols to facilitate commercial implementation. This work not only establishes XBS as
a high-performance solution for heavy metal removal but also validates fungal-derived
materials as a versatile platform for water treatment, bridging the gap between biological
sustainability and engineered functionality for environmental applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations12070172/s1, Text S1 Data analysis: Adsorption
kinetics [73,74]; Figure S1: N; adsorption/desorption isotherms of XBS; Figure S2: Plots of pseudo
first-order and pseudo second-order kinetic equations of Pb(Il) (a, b) and Cd(II) (c, d) adsorption by
XBS; Figure S3: Langmuir and Freundlich fitting plots of Pb(Il) (a, c¢) and Cd(II) (b, d) adsorption
under different temperatures; Figure S4: XPS full spectra of YK, XBS before and after adsorption of
Pb(II) and Cd(II); Table S1: The thermodynamic parameters for Pb(II) adsorption by XBS over the
temperature ranges from 298 to 318 K.
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