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Abstract Herein, the in situ growth strategy successfully facilitated the synthesis of a novel BN-PDA@Fe;S, com-
posite through the integration of polydopamine-functionalized biochar nanospheres (BN-PDA) with Fe,S,. A suite
of characterization techniques was employed to elucidate the microscopic morphology and crystallographic
structure of the as-prepared adsorbent. Experimental results indicated that at 298 K and pH 5, the maximum U(VI)
adsorption capacity of BN-PDA@Fe;S, reached 203.4 mg g, along with a remarkable improvement in the removal
efficiency. The adsorption behavior of BN-PDA@Fe;S, toward U(VI) was well described by the Langmuir isotherm
model and Pseudo-second-order kinetic model, which confirmed the monolayer chemical adsorption nature
of the process. Thermodynamic analyses further demonstrated that the U(VI) adsorption process was spontaneous
and endothermic. Mechanistic investigations revealed that U(VI) ions could be reduced to less toxic U(IV) species,
with this reduction process promoted by the reductive Fe(ll) and S(-Il) moieties in the Fe;S, component. Collec-
tively, this study provides a promising research avenue for the extraction of uranium from seawater.

Highlights

+ A novel biochar nanosphere composite was successfully fabricated.

+ U(VI) could be efficiently reduced to U(IV) by Fe(ll) and S(-II).

- Fe;S, and biochar nanosphere exhibited synergistic effects for U(VI) removal.
-+ Adsorption-reduction reaction served as a key mechanism for U(VI) removal.
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1 Introduction

Uranium is a critical nuclear fuel for the nuclear indus-
try, with its global demand projected to maintain a long-
term upward trend (Ahmed et al. 2021). Traditionally,
uranium extraction from terrestrial ores has been chal-
lenging due to the uneven geographical distribution and
limited reserves of uranium resources (Wei et al. 2025).
It is reported that the total uranium reserves in seawater
are roughly 1000 times those stored in terrestrial ores.
Given this vast untapped resource potential, the devel-
opment of efficient seawater uranium extraction tech-
nology is of profound strategic significance, particularly
from the dual perspectives of sustainable nuclear energy
development and environmental protection (Hu et al.
2026). To date, a wide range of technologies have been
developed for the recovery of U(VI) from aqueous
systems, including liquid-liquid extraction, chemi-
cal precipitation (Peng et al. 2025), electrochemical
remediation, and adsorption (Han et al. 2023). Among

these approaches, adsorption is broadly acknowledged
as one of the most economically viable and practically
implementable methods for the extraction of U(VI).
Currently, traditional adsorbents used for U(VI) cap-
ture—such as MoS, (Ishag et al. 2023), polyaniline (Lei
et al. 2018), nanomagnetite (Li et al. 2017), and fibers
(Xiong et al. 2024) have undergone extensive research.
Nevertheless, these materials possess inherent short-
comings: slow adsorption kinetics, limited maximum
adsorption capacities, and the production of secondary
waste. These limitations severely hinder their large-scale
industrial application in nuclear wastewater remedia-
tion. Therefore, the rational design and manufacturing
of advanced adsorbents endowed with excellent uranyl
ion sequestration capabilities and strong resistance to
harsh operating conditions, serve as a promising strat-
egy to address the aforementioned challenges.

Biochar refers to a carbon-dense solid derived
from the pyrolytic conversion of biomass under
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oxygen-deficient environments (Chen et al. 2022). It
possesses notable merits such as low manufacturing
costs, extensive specific surface area, robust struc-
tural stability, and superior adsorptive capability (Guo
et al. 2023a, b). To date, researchers have developed a
diverse range of biochar-based composite materials
for the remediation of uranium contamination, with
promising outcomes being reported. For example, Zeng
et al. (Xiong et al. 2024) fabricated an environmentally
benign biochar doped with Bacillus amyloliquefaciens,
which enabled efficient removal of U(VI) from aqueous
solutions. Luo et al. (2025) employed phosphorylated
chitosan-modified biochar to augment the adsorption
capacity for high-concentration uranium(VI) in waste-
water. Bai et al. (2025) reported the heterogeneous
growth of ZIF-67 on water hyacinth-derived biochar
and elucidated its efficient adsorption performance
toward U(VI) in aqueous solutions. Xia et al. (2025)
utilized phosphatized biochar derived from lychee
shells for the removal of hexavalent uranium from
mining wastewater. While these biochar-based mate-
rials exhibit favorable removal efficacy toward U(VI),
they still suffer from limitations including low adsorp-
tion capacity, poor selectivity, and sluggish adsorption
kinetics. Thus, the development of novel biochar-based
materials is imperative.

As a distinctive morphological variant of biochar mate-
rials, biochar nanospheres exhibit core advantages in
structural tunability, performance specificity, and appli-
cation compatibility. Notably, they showcase greater
potential than conventional bulk or powdered biochars
across fields including adsorption, catalysis, and energy
storage. Of particular significance, their spherical archi-
tecture endows them with robust mechanical stability,
rendering them resistant to fragmentation under opera-
tions such as agitation or rinsing. This characteristic
mitigates secondary contamination, facilitates recov-
ery and reuse, and consequently reduces the associated
application costs. Iron tetrasulfide (Fe;S,), an emerging
adsorptive material, presents core strengths in adsorp-
tion applications, mainly including robust target-spe-
cific adsorption capacity, environmental compatibility,
and reusability (Dong et al. 2025). Significantly, it shows
superior performance in eliminating heavy metal ions
and radionuclides—a feature that offsets the intrinsic
limitations of traditional adsorbents, such as inadequate
adsorption capacity, cumbersome recovery processes,
and weak anti-interference capability. Furthermore, the
introduction of amino functional groups onto the surface
of biocarbon spheres not only enhances their hydrophi-
licity but also endows them with the capability to remove
target pollutants. Based on the above analysis, a novel
composite material was constructed by integrating the

Page 3 of 15

respective advantages of biochar nanospheres, Fe;S,, and
amino functional groups, which is anticipated to address
the challenge of radionuclide contamination.

Herein, a straightforward and eco-benign fabrication
process was developed, which enabled the successful syn-
thesis of a biochar-based composite (BN-PDA@Fe,S,) via
a two-step synthetic strategy and its subsequent applica-
tion in uranium separation and purification. To assess
the composite’s separation performance under varied
conditions, comprehensive investigations were carried
out. Notably, key parameters, such as solution pH, initial
concentration, and reaction temperature, were systemati-
cally analyzed to determine their impacts on the materi-
al’s uranium separation efficacy. Moreover, the separation
mechanism was thoroughly explored and strictly con-
firmed by combining multiple spectroscopic analysis
techniques, adsorption kinetic assessments, adsorption
isotherm investigations, and other batch adsorption tests.

2 Materials and methods

2.1 Materials

The biochar nanospheres were obtained from Xi’an Qiyue
Biotechnology Co., Ltd. The average particle size of the
sample was determined to be 751.2 nm (Fig. S1), while
its C and O contents were quantified as 97.18 at.% and
2.82 at.%, respectively (Table S1). The Fe(NOs);-9H,0O
(99.9%), thiourea (99%), ethylene glycol (99%), dopa-
mine hydrochloride (98%), and UO,(NO,),.6H,0O (99%)
were purchased from Sigma-Aldrich. In all experiments,
deionized water was used for dissolution.

2.2 Synthesis of the materials

The BN-PDA@Fe;S, composite was synthesized with
slight modifications based on the protocols described
in references (Yang et al. 2014; Wu et al. 2023). First, 1 g
of dopamine hydrochloride was dispersed in 300 mL
of Tris-HCl buffer (pH=8.6) under ultrasonic condi-
tions. Then, 1.0 g of biochar nanospheres were added
to the solution, which was maintained at 25 °C for 24 h.
After that, the black precipitate was collected, followed
by washing with deionized water and absolute ethanol to
remove residual impurities, and then dried in a vacuum
oven at 60 °C for 12 h to obtain the target product (BN-
PDA). Second, 1.5 mmol of FeCl;-6H,O, 3.0 mmol of
thiourea, and 30 mL of ethylene glycol were added into
100 mL round-bottom flask. A preset mass of BN-PDA
was added to the aforementioned solution afterward,
followed by uniform dispersion via magnetic stirring.
Thereafter, the well-dispersed mixture was transferred
into a 100 mL autoclave and heated at 160 °C for 10 h.
Once the hydrothermal process was completed, the
obtained solid product was alternately rinsed with
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absolute ethanol for several cycles. Ultimately, the rinsed
product was subjected to vacuum drying at 60 °C for 12 h
to remove residual moisture. After drying, the obtained
final solid was named BN-PDA@Fe,S,.

2.3 Characterization

FTIR spectral analysis was performed using a Bruker
TENSOR27 spectrometer over the range of 4000—
400 cm™! to characterize the functional groups. Field-
emission scanning electron microscopy (FE-SEM,
Netherlands) was employed to conduct the morpho-
logical analysis of the samples. N, adsorption/desorp-
tion experiment was performed using a Micromeritics
(TriStar II Plus, America) instrument. X-ray photoelec-
tron spectroscopy (XPS) analysis was performed using a
PHI-5300 spectrometer with a normal Al Ka radiation.
X-ray powder diffraction (XRD) patterns of the samples
were acquired using a Philips X'Pert Pro Super diffrac-
tometer equipped with Cu Ka radiation.

2.4 Batch removal experiments

A batch technique was used to study the applicability
of BN-PDA@Fe,S, for adsorbing U(VI). An appropri-
ate amount of UO,(NO;),.6H,0 was first dissolved in
deionized water with pH=5 to prepare a 200 mg L™
U(VI) stock solution. To maintain uniform experimen-
tal conditions, HCl and NaOH solutions were utilized to
adjust the solution pH in all trials. A specified amount of
adsorbent was added to a glass container holding 10 mL
of U(VI) solution, and the mixture was then placed in a
constant-temperature shaking incubator and continu-
ously shaken at 200 rpm at room temperature for 24 h
to achieve adsorption equilibrium. Upon completion of
the adsorption equilibrium, solid-liquid separation of
the adsorption mixture was performed via pressure fil-
tration with a 0.45 pm mixed cellulose ester filter mem-
brane. The concentration of remaining U(VI) in the
filtrate was measured by a UV-Vis spectrophotometer at
a wavelength of 651 nm. The effects of ion strength, ini-
tial concentration, contact time, and co-existing ions on
U(VI) removal were also investigated. All experiments
were repeated 3 times, and the results were expressed
as mean = standard deviation (Mean +SD). It was worth
noting that all adsorption experiments were conducted
under a nitrogen atmosphere to preclude the oxidation of
ferrous ions by dissolved oxygen. Besides, after reaching
adsorption equilibrium, the used BN-PDA@Fe,S, was
magnetically separated, then re-dispersed into 30 mL of
0.5 mol L™! Na,CO; solution for 12 h. Subsequently, the
sample was washed with a large amount of Milli-Q water
and absolute ethanol three times each. The regenerated
BN-PDA@Fe,S, was used for the next adsorption cycle.
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Finally, the U(VI) removal rate and adsorption capacity of
adsorbents were computed according to Eq. (1) and (2):

(Co — Co)V
qe — o e (1)
m
Co — Ce
Re = = % 100%. )
Co

where C, along with C, (mg L™!) are the initial and equi-
librium concentrations in clear liquor before and after
sorption. V represented the volume of pollutant solution
(L), and m is mass of samples (mg).

2.5 Statistical analysis

All batch removal experiments were conducted in trip-
licate, and the experimental data were expressed as the
mean +standard deviation (Mean +SD). One-way analy-
sis of variance (ANOVA) combined with Tukey’s multiple
comparison test was employed to identify the signifi-
cant differences among experimental groups. A value of
*p<0.05 was considered statistically significant, and
*p<0.01 was defined as extremely statistically significant.
All statistical computations and graphical plotting were
performed using OriginPro 2023 (OriginLab Corpora-
tion, Northampton, MA, USA) and SPSS 26.0 software
(IBM Corporation, Armonk, NY, USA).

3 Results and discussion

3.1 Structural characterizations

SEM images (Fig. 1) revealed that the BN exhibited a
relatively uniform spherical morphology and a smooth
surface. In contrast, the surface of BN-PDA became
notably rough; this morphological change was primar-
ily attributed to the coating of polydopamine on the BN
surface. The morphology of Fe;S, was characterized by
a typical structure, consisting of a large quantity of 3D
flower-like microspheres with uniform morphology. The
morphology of BN-PDA@Fe;S, was characterized by
integrated spherical architectures and secondary nano-
structured features. TEM characterization data further
verified that both BN and BN-PDA possessed spherical
architectures, while Fe,;S, showed a nanostructured con-
figuration. Notably, the BN-PDA@Fe,S, presented a typi-
cal morphological feature, in which spherical structures
were evenly distributed on the surface of sheet-shaped
architectures.

Meanwhile, as shown in Fig. S2, the elements S, Fe, N,
O, and C were detected in the BN-PDA@Fe,S, compos-
ite, which confirmed the presence of Fe;S, in the com-
posite materials. Figure 2a reveals that unlike pristine BN,
the BN-PDA exhibited a distinct amino group absorption
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Fig. 1 The SEM and TEM images of BN, BN-PDA, Fe;S,, and BN-PDA@Fe;S,
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Fig. 3 a Effect of pH on U(VI) adsorption capacity; b Zeta potential of BN-PDA@Fe;S, as a function of pH; ¢ Dispersion behavior of U(VI) in aqueous
solutions under different pH conditions; d Influence of ionic strength on U(VI) adsorption capacity

peak at 1624 cm™!, which provided direct evidence for
the successful anchoring of PDA on BN (Zhang et al.
2024). For Fe,S,, well-defined absorption bands for O-H,
S-0O, and Fe-O groups were detected at 3428, 1075,
and 883 cm™ (Yang et al. 2019), respectively. Notably,
BN-PDA@Fe,S, showed typical bands of both Fe;S, and
BN-PDA, verifying BN-PDA’s successful immobilization
onto Fe;S,. Figure 2b shows that the XRD characteristic
peaks of the pristine BN and BN-PDA were consistent
with each other. Pure Fe,;S, exhibited distinct diffraction
peaks at 20 values of 15.6, 25.6, 30.1, 33.0, 36.6, 40.6, 47.9,
and 52.7°, which confirmed that Fe;S, possesses a well-
defined crystalline structure. However, BN-PDA@Fe,S,
showed diffraction peaks at 26=17.8, 25.6, 29.8, 36.2,
48.1, and 52.5° indicating the coexistence of both BN-
PDA and Fe;S, phases in the composite.

XPS was employed to examine the surface chemi-
cal makeup of all specimens. As depicted in Fig. 2c, the

as-prepared BN were primarily composed of Cls and
Ols on their surface. On the other hand, the BN-PDA
samples modified with polydopamine displayed an extra
characteristic peak associated with N1s, a feature attrib-
uted to the effective anchoring of PDA molecules onto
the BN surface. Of particular note, the complete XPS
spectrum of the BN-PDA@Fe;S, composite showed,
alongside the characteristic peaks of Ols, Cls, and Nls,
distinct signals corresponding to Fe2p and S2p. This find-
ing served as direct evidence confirming that Fe,S, had
been successfully immobilized on the surface of BN-PDA.
Figure 2d presents the magnetic hysteresis loops of the
BN-PDA@Fe,S, composite. The Ms value of BN-PDA@
Fe,S, decreased to 5.57 emu g~'. This result implied that
when exposed to an external magnetic field, BN-PDA@
Fe;S, was capable of achieving rapid and efficient separa-
tion from aqueous solutions, thereby facilitating the sub-
sequent solid-liquid separation procedure. Besides, N,
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adsorption—desorption measurements were further used
to assess the specific surface areas of BN, BN-PDA, Fe,S,,
and BN-PDA@Fe,S,. As depicted in Fig. 2e, f, all samples
displayed classic Type IV isotherms with clear hysteresis
loops—an indicator of ordered mesoporous structures
that mirrored their pore formation characteristics. Cal-
culations from Table S2 revealed their BET surface areas
as 844.8, 70.1, 64.2, and 17.3 m* g™! in sequence. Of note,
the BN-PDA@Fe;S, composite featured a more elabo-
rate pore system and greater surface area. This structural
benefit improved uranium ion accessibility and mobility,
thereby enhancing its adsorption capability.

3.2 Effect of pH and ion strength

The pH of the solution played a pivotal role in determin-
ing both the speciation of metal ions within it and the
adsorption capability of the adsorbent. As illustrated

in Fig. 3a, the efficiency of U(VI) removal varied across
different pH levels. Specifically, when the pH value
ranged from 2 to 6, the adsorption capacity of BN-
PDA@Fe;S, for U(VI) increased gradually. However,
when the pH value exceeded 6, the further increase in
adsorption capacity was attributed to the precipitation
of U(VI). Figure 3b presents the zeta potential analy-
sis, showing that BN-PDA@Fe,S, acted as an anionic
adsorbent when the pH was higher than 5.45. Mean-
while, Fig. 3c illustrates how uranium transformed into
various species depending on pH conditions. Under
low pH conditions, the adsorbent showed a weak ability
to adsorb U(VI). This phenomenon was mainly due to
the competitive adsorption effect between H* ions and
UO,** ions. Notably, as the pH continued to increase,
the adsorption capacity for U(VI) improved corre-
spondingly. This was because the protonation degree
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of the adsorbent surface decreased, which enhanced its
tendency to interact with UO,?* ions. However, when
the pH rose further, the concentration of (UO,)*" ions
decreased markedly. This reduction promoted the for-
mation of more hydroxylated uranium species, and
these species had a much lower binding affinity for
the active sites of the adsorbent (Li et al. 2021). Fig-
ure 3d illustrates the influence of ionic strength on
U(VI) removal efficiency. The study revealed that ionic
strength exerted a relatively minor effect on the adsorp-
tion capacity of BN-PDA@Fe,S,, which supported the
occurrence of inner-sphere complexation between
uranyl ions and the adsorbent. This observation could
be attributed to the low charge density and large ionic
radius of Na*; these characteristics promote strong
interactions between Na* and surrounding water mol-
ecules, rather than competitive binding between Na*
and the adsorbent’s active sites. Furthermore, we also
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compared and examined the adsorption performance of
uranium by four samples, namely BN, BN-PDA, Fe,S,,
and BN-PDA@Fe;S,, under the same experimental con-
ditions. As shown in Fig. S3, the experimental results
showed that the adsorption performance of BN-PDA@
Fe,S, was significantly superior to the other three mate-
rials. This characteristic could be attributed to the syn-
ergistic effect between BN-PDA and Fe,S,.

3.3 Adsorption isotherm and kinetic analysis

Figure 4a illustrates the relationship between the adsorp-
tion capacity of BN-PDA@Fe,S, for U(VI) and the equi-
librium concentration. As the initial concentration of the
U(VI) solution rose, the material’s adsorption capacity
first showed an increasing tendency; after the concen-
tration hit a certain threshold, the adsorption capacity
gradually leveled off. The core reason behind this behav-
ior was that the number of active sites on the surface

b
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of BN-PDA@Fe,S,-sites that could engage in specific
interactions with U(VI) was restricted (Tian et al. 2023).
When the U(VI) concentration in the solution was low,
the active sites were not fully occupied, so the adsorption
capacity went up as the U(VI) concentration increased.
Once the surface active sites reached full saturation,
even if the U(VI) concentration was raised further, the
adsorption capacity did not undergo a noticeable change.
Two classic adsorption isotherm models were further
employed to fit the experimental data, aiming to system-
atically investigate the adsorption behaviors of U(VI).
As illustrated in Fig. 4a and Table S3, the adsorption
isotherm of the system exhibited a higher degree of fit-
ting with the Langmuir model, which indicated that the
adsorption of U(VI) onto the adsorbent follows a mon-
olayer adsorption mechanism. Detailed thermodynamic
parameters (AG®, AH®, AS°) are presented in Fig. 4b and
Table S4, all calculated through graphical analysis of
experimental data. Negative AG® and positive AH® values
confirmed that the adsorption of U(VI) onto BN-PDA@
Fe;S, was spontaneous and endothermic (Guo et al
2025a, b). The positive AS® indicated increased disorder
at the solid-liquid interface during adsorption (Zhang
et al. 2025). As summarized in Table S5, the BN-PDA@
Fe;S, composite demonstrated a distinct superiority in
U(VI) adsorption capacity compared to the previously
reported adsorbents. This enhanced performance was
primarily ascribed to the synergistic interaction between
PDA and Fe,S,. Specifically, the functional groups of
PDA could compensate for the scarcity of polar coordi-
nation sites on Fe,S,, while the metal active sites of Fe;S,
could enhance the adsorption capacity for pollutants sus-
ceptible to interaction with metal ions, thereby increas-
ing the total number of effective adsorption sites on the
composite surface and enhancing the overall adsorption
performance.

To further clarify how contact time affects the adsorp-
tion behavior, kinetic experiments were carried out at a
pH of 5.0. As indicated in In Fig. 4c, the U(VI) adsorption
capacity of all experimental systems rose sharply during
the first 120 min of contact, and the entire adsorption
process achieved equilibrium at the 240-min mark. The
underlying reason for this trend is as follows: In the early
phase of the contact process, the surface of BN-PDA@
Fe;S, was equipped with ample vacant active sites, which
provided favorable conditions for the fast combination of
U(VI) ions (Sun et al. 2025a, b). With the progression of
adsorption, the accessible active sites on the adsorbent
became gradually occupied, causing the adsorption rate
to slow down steadily until the system reached a state
of equilibrium. To clarify the adsorption mechanism of
U(VI) on BN-PDA@Fe,S,, it was essential to determine
the most suitable kinetic model. As shown in Table S6,
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the theoretical U(VI) adsorption capacity of BN-PDA@
Fe,S,, calculated using the pseudo-second-order kinetic
model, was in good agreement with the actual adsorp-
tion capacity obtained from experiments. Furthermore,
the R? value of this model was higher than that of the
other tested kinetic model. This result strongly verified
that the adsorption rate was mainly controlled by the
chemical reaction between U(VI) and the surface of BN-
PDA@Fe;S,. Besides, the experimental data were further
analyzed using the Weber-Morris model. As presented
in Fig. 4d, the fitting line did not pass through the origin
of the coordinate system, which indicated that intrapar-
ticle diffusion was not the sole rate-limiting step of the
adsorption process, and that another mechanism may
contribute to the overall adsorption behavior.

3.4 Adsorption selectivity and reusability

Considering that different interfering ions were capable
of competing for active adsorption sites on the adsor-
bent, competitive adsorption tests were carried out to
examine the impact of coexisting ions on BN-PDA@
Fe,S,’s U(VI) removal efficiency. The findings (Fig. 5a)
revealed that Al, Ca and Mg ions impeded the removal
of U(VI), while K(I) and Na(I) had little notable effect
on U(VI) removal. The results indicated that cations
with greater charge densities and larger hydrated ionic
radii were prone to strongly attaching to the adsorbent’s
active sites; such attachment thus hindered the interac-
tion between U(VI) and BN-PDA@Fe,S,. As presented
in Fig. 5b, CI” and NO;~ exerted a relatively negligible
effect on BN-PDA@Fe;S,’s U(VI) adsorption perfor-
mance. However, CO,>~ and SO,>” notably reduced its
U(VI) adsorption efficiency. This phenomenon could be
attributed to their ready formation of stable coordina-
tion complexes with U(VI) in solution; these complexes
displayed weak affinity for the adsorbent surface, making
them hard to be captured (Qian et al. 2014; Zhao et al.
2016). The recyclability evaluation of BN-PDA@Fe,S, for
U(VI) recovery was further conducted. Figure 5c¢ shows
that the adsorption capacity of the sample for U(VI)
exhibited a consistent downward trend with an increas-
ing number of regeneration cycles. The U(VI) adsorption
capacity reduced from 92.0 mg g~! to 62.2 mg g™* after
three adsorption—desorption cycles. This phenomenon
could be primarily ascribed to the mild oxidation of lat-
tice Fe?" and S*~ species in Fe,S,, a sulfide with moderate
reducibility, under ambient temperature. Such oxidation
progressively accumulated with an increasing number
of adsorption—desorption regeneration cycles, repre-
senting the dominant contributor to the deterioration
in regeneration performance. Furthermore, the cumula-
tive mild oxidation of Fe;S, significantly compromised
the regeneration stability of the composite. It continually
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depleted the Fe?* and S*~ redox-active sites that medi-
ated U(VI) adsorption and reduction, giving rise to a
direct decline in cyclic adsorption—reduction capacity.
Concurrently, oxidation-derived byproducts accumu-
lated on the composite surface, impeding mass transport
and further exacerbating the attenuation of performance.
Natural seawater-borne microorganisms compromise
adsorbent stability and adsorption performance over
the long term by inducing biofouling. As illustrated in
Fig. S4, the as-prepared BN-PDA@Fe,;S, achieved up to
90% antibacterial efficiency against S. aureus and E. coli,
supporting its robust anti-biofouling capacity. Addition-
ally, it is imperative to investigate the adsorption perfor-
mance of BN-PDA@Fe;S, in natural seawater. Figure 5d
shows that BN-PDA@Fe,$S, still maintained its structural
integrity after adsorbing in natural seawater for 15 days,
with a uranium extraction capacity as high as 4.5 mg g~'.
We hypothesized that the exceptional performance of
BN-PDA@Fe;S, was attributed to the spatial coopera-
tive effect among its adsorption sites. The rational spatial
arrangement of the binding sites, along with their syner-
gistic interactions, enabled the highly sensitive recogni-
tion of specific metal ions.
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3.5 Removal mechanism

Different spectroscopic techniques were applied to
characterize variations in the chemical speciation, mor-
phological characteristics, and surface valence states of
BN-PDA@Fe,;S, both prior to and following the reac-
tion. As shown in Fig. 6a, when compared with the pris-
tine BN-PDA@Fe;S,, the intensities of the characteristic
S—0 (1076 cm™!) and Fe—O (606 cm™!) peaks in the FTIR
spectrum of BN-PDA@Fe;S,-U exhibited a distinct
downward trend (Duan et al. 2018). Furthermore, the
characteristic absorption peak at 2700-2900 cm™! arose
from the stretching vibration of saturated C-H bonds.
After adsorption, the intensity of this peak decreased sig-
nificantly, possibly because minor changes in the mate-
rial’s surface morphology and molecular conformation
during adsorption caused some saturated C—H bonds to
be covered or shielded by adsorbed molecules, reducing
their effective contact with infrared light and thus weak-
ening the peak intensity. Meanwhile, the weak absorp-
tion peak observed at 1018 cm™' was mainly ascribed
to the stretching vibration of the O=U=0 functional
group. Such spectroscopic evidence confirms that U(VI)
species were effectively immobilized onto the surface of

Fig. 7 a Crystal structure of Fe;S,; b Optimized structure of the Fe;S, surface; ¢ Charge density difference map of the Fe,S, surface; d Optimized

structure of compound U adsorbed on the Fe,S, surface
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Fig. 8 The possible adsorption mechanism of U(VI) onto BN-PDA@Fe;S,

the adsorbents. Fig. S5 reveals that in the pristine adsor-
bent, the dominant elemental species corresponded to
Cls, Ols, N1s, S2p and Fe2p, whereas a characteristic
U4f peak emerged in the U(VI)-loaded BN-PDA@Fe,S,.
Furthermore, the EDX results confirmed the presence
of uranium on the surface of U-treated BN-PDA@Fe,S,,
which consisted of C, O, N, S, Fe, and U elements. These
experimental results further confirmed that uranium (U)
had been successfully adsorbed onto the surface of the
composite material.

XPS was utilized to examine variations in the chemi-
cal valence states of surface-associated elements within
the samples prior to and following the reaction. Figure 6b
displays the Fe2p spectra of the pristine BN-PDA@
Fe;S,. In detail, the characteristic peaks associated with
Fe(II) were situated at 709.5 eV and 723.1 eV, while the
peaks detected at 712.9 eV and 726.9 eV were assigned
to Fe(Ill). Furthermore, a satellite peak with nota-
ble intensity was identified at 717.9 eV. However, after
the termination of the reaction, the relative content of
Fe(Il) in the BN-PDA@Fe;S,-U composite decreased
from 52.7% to 37.0%, and the characteristic peaks cor-
responding to zero-valent iron (Fe’) almost disappeared
(Fig. 6¢). These observations collectively implied that Fe
(IT) and Fe (0) served as the primary active sites for the
reduction reaction. As illustrated in Fig. 6d, the U4f peak

could be split into two separate sub-peaks, which were
attributed to the U4f,, and U4f;,, orbitals, respectively.
Based on the U4f of Fe;S,@MBenes-U, the U(VI) char-
acteristic photo-electron binding energy was observed
at 381.5 and 392.2 eV, while the characteristic peak of
U(IV) was centered at 380.1 and 391.1 eV. Meanwhile,
quantitative analysis of the XPS spectra further revealed
that the relative fraction of U(VI) species accounted for
59.5%, whereas that of U(IV) species was determined
to be 40.5%. This result implied that a portion of U(VI)
had experienced deoxygenation and been converted into
uranium oxides or hydroxides deposits (UO,, UO,(OH),
and (UO,)4O,(OH);,.12H,0) (Liao et al. 2025; Sun et al.
2025a, b). Figures 6e and f show the S2p spectra of BN-
PDA@Fe;S, and BN-PDA@Fe,;S,-U. Notably, the charac-
teristic signals of S(-II) ,,ce and S(-II), ; were centered
at 160.4 eV and 162.2 eV, while the peaks at 163.4 eV and
167.3 eV were identified as S(-1I), and S(VI), respectively.
However, after U(VI) removal, BN-PDA@Fe,S,-U lost all
surface S(-1I) species, with a concurrent increase in S(VI).
This indicated that S(VI) was the major oxidation prod-
uct of S(-II), and surface S(-II) was a key complexation
site for U (VI). Figures 6g and h show the N1s spectra of
BN-PDA@Fe;S, and BN-PDA@Fe,S,-U. One could find
that the relative percentages of -NH, and -NH on BN-
PDA@Fe;S, were 74.9% and 25.1%, respectively, whereas
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those on BN-PDA@Fe,S,-U were altered to 45.1% and
54.9% after U(VI) adsorption. This change strongly sug-
gested that amino groups were involved in mediating the
adsorption process (Xiao et al. 2025; Guo et al. 2025a, b).

To clarify the structural and electronic properties of the
Fe;S, system, as well as its interfacial interaction mecha-
nism with uranium, Fig. 7 summarizes key results from
DFT calculations and structural characterizations. These
findings confirmed that uranium species could form
thermodynamically stable interactions with the Fe;S,
surface. Specifically, analysis of the charge density differ-
ence map revealed that the uneven charge distribution
on the Fe;S, (111) surface generated active sites favorable
for uranium adsorption. The negative adsorption energy
(AE=-2.096 eV) further verified that this adsorption
process was spontaneous and thermodynamically favora-
ble. Meanwhile, the U-S bond length of 3.13 A fell within
the range of typical coordination bonds, indicating that
uranium species were tightly bound to the Fe;S, surface
via chemical bonding. Collectively, these results provide
a theoretical foundation for the application of Fe;S, in
solid-phase uranium immobilization or separation, and
lay a basis for the subsequent design of structural modi-
fication strategies to develop high-efficiency uranium
adsorbents. Drawing on the above analytical results, the
potential uranium(VI) removal mechanism is depicted
in Fig. 8. In the first stage, positively charged U(VI) spe-
cies were drawn to the negatively charged surface of
BN-PDA@Fe,S, through electrostatic interactions; this
process laid the foundation for the initial adsorption of
U(VI) on the composite material. In the subsequent step,
the adsorbed U(VI) was further converted to U(IV), a
form with reduced toxicity, by the reductive moieties
(Fe(I) and S*°) that are inherently present in the Fe,S,
component of the composite.

4 Conclusion

In conclusion, a novel BN-PDA@Fe,S, composite was
successfully synthesized via a two-step method and sub-
sequently applied to the removal of U(VI) from aqueous
solutions. Static adsorption experiments demonstrated
that the maximum U(VI) adsorption capacity of BN-
PDA@Fe,S, reached up to 203.4 mg g™* at pH=5.0 and
298 K. Meanwhile, the pseudo-second-order kinetic
model and Langmuir isotherm model showed higher
suitability for characterizing the U(VI) adsorption behav-
ior of BN-PDA@Fe;S,. This finding demonstrated that
the U(VI) removal process mediated by the composite
material conforms to a monolayer chemisorption mecha-
nism. Furthermore, BN-PDA@Fe,S, displayed superior
tolerance to coexisting ions and robust oxidation resist-
ance. Mechanistic investigations revealed that U(VI) ions
could be reduced to less toxic U(IV) species, with this
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reduction process promoted by the reductive Fe(II) and
S(-II) moieties in the Fe;S, component. Thus, BN-PDA@
Fe,S, exhibited considerable potential for practical appli-
cation in uranium extraction from seawater.
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