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Currently, the accumulation of fluoride ions (F7) in aquatic systems has become a universal
concern threatening public health globally. In this study, an nMgO-modified pyro-hydrochar
(nMgO/Py-HyC) composite was fabricated via a facile one-step pyrolysis process to provide
an efficient, green, and low-carbon adsorbent for F~ removal from aquatic environments.
Batch adsorption experiments demonstrated that the adsorption isotherm data were
well fitted by the Langmuir and Freundlich models, and the adsorption capacity achieved
469.64 mg/g, which was superior to previously reported materials. Thermodynamic para-
meters suggested that F~ adsorption was spontaneous and governed by chemisorption. The
adsorption efficiency of nMgO/Py-HyC remained stable over a broad pH range of 5.0-11.0,
while the coexisting anions (i.e., NO;~, SO,%) did not significantly interfere with the
adsorption of F~; only high-concentration HCO;~ (> 1 mmol/L) hindered the adsorption,
suggesting a practical potential of nMgO/Py-HyC for F~ removal. Based on comprehensive
characterization, F~ was first diffused to the surface of nMgO/Py-HyC, where it was fixed via
electrostatic attraction, hydrogen bonding, direct complexation with Mg?*, and anion/ligand
exchange with the generation of insoluble MgF, or Mg(OH),_F,. Therefore, as a high-
efficiency and sustainable material, nMgO/Py-HyC may offer a practical approach not only for
F~ removal but also for the integrated management and valorization of invasive plants.

Nano-MgO, Pyro-hydrochar, Defluoridation, Fluoride ion adsorption, Adsorption mechanisms, Invasive plant biomass

+ A novel nMgO/Py-HyC was fabricated via facile one-step pyrolysis using an invasive plant, i.e., Rhus typhina, as feedstock.
+ The adsorption capacity of nMgO/Py-HyC towards F~ achieved 469.64 mg/g, superior to previously reported MgO-based

adsorbents.

« F~ adsorption capacity of nMgO/Py-HyC remained constant across a broad pH range of 5.0-11.0.
+ The coexisting anions, i.e.,, NO;~ and 50,2~ exerted limited interference on the defluoridation performance of nMgO/Py-HyC.
+ Adsorption mechanisms included electrostatic attraction, surface complexation, anion exchange, precipitation, and hydrogen

bonding.
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Fluorine (F) is prevalent in the Earth's crust, which may lead to a natural
accumulation of fluoride ions (F7) in freshwater!'. Additionally, as one
of the most electronegative and highly reactive halogens, F is widely
utilized in agricultural and industrial fields, including the manufacture
of semiconductors, glass, pesticides, electroplating, photovoltaics,
lithium refining, and pharmaceutical production, leading to the pro-
duction of a quantity of F~-containing wastewater with a concentration
range from 50 to 10,000 mg/L in the most extreme conditions!~8l,
Currently, the accumulation of F~ in aquatic systems has become a
universal health concern, potentially threatening hundreds of millions
of people throughout the globe, in particular in the Global South®®'%,
The excessive intake of F~ may cause a variety of health issues,
including dental and skeletal fluorosis, Alzheimer syndrome, reduced
intelligence in children, and impaired thyroid function!’®'?. Given
these, the World Health Organization (WHO) recommended an optimal
F~ threshold in drinking water of <1.5 mg/L, while according to the
drinking water hygiene standard (GB5749-2022) in China, the thres-
hold was < 1.0 mg/L.

Recently, a variety of defluorination treatment technologies
have been developed, including electrocoagulation, electrodialysis,
ion exchange, membrane separation, biotechnology, and
adsorption!'3-16, among which adsorption is an attractive method
with great practical application potential due to its effectiveness,
simple operation, flexibility, cost-effectiveness, and environmentally
friendly naturel'’-19, The adsorption performance towards F- is
commonly governed by the properties of adsorbent materials
as well as the environmental factors, such as solution pH, ionic
strength, and coexisting ions[2021],

Due to their unique interfacial properties, including high specific
surface area, abundant surface functional groups, surface charge
properties, and environmental sustainability, nanomaterials, in par-
ticular metal oxide nanoparticles, provide a significant candidate as
an adsorbent for F-22-24, Among different nanomaterials, nano-
magnesium oxide (nMgO) is a promising defluorination adsorbent
owing to its unique lattice arrangement and crystal structure, large
surface area, nontoxicity, biocompatibility, competitive cost, and
significant abundance in the Earth's crust (~ 2.5%)[2526], Additionally,
nMgO can strongly electrostatically attract F~ within a wide pH
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range due to its high zero-point charge (pHp,. > 12). Although a
variety of MgO materials with different particle sizes and porous
structures have been fabricated, their adsorption capacities towards
F- are generally lower than 100 mg/g?7\. Furthermore, nMgO also
exhibits the common drawbacks of nanomaterials, such as agglo-
meration and difficulty in separation and recovery.

Recently, using biochar as a carbonaceous matrix, a biochar-
supported strategy has been developed to further enhance the
performance and facilitate the dispersion of nMgO and its separa-
tion from aqueous solution, due to the porous structure and surface
oxygen-containing functional groups!26-311, Biochar can generally be
categorized into hydrochar and pyrochar; the hydrochar is charac-
terized by abundant oxygen-containing functional groups and mild
preparation conditions, while the pyrochar commonly possesses a
large specific surface areaB32-3%, Thus, pyro-hydrochar (Py-HyC)
prepared via pyrolysis of the hydrochar may combine their advan-
tages to achieve superior physicochemical properties and promote
performancel36371, Moreover, porous nMgO can be synthesized by
thermal calcination at 500—800 °C during the pyrolysis process for
preparing Py-HyC; consequently, nMgO-modified pyro-hydrochar
(nMgO/Py-HyC) composite material can be fabricated via one-step
synthesisB8l. Moreover, owing to its highly environmentally resis-
tant property, Py-HyC can function as a carbon-negative material
and contribute to carbon sequestration at the global scale39-41,
Furthermore, Py-HyC has comparably limited environmental
impacts in comparison with hydrochar and pyrochar3637),

The widespread distribution of invasive plants has become a
global issue, exerting adverse effects on ecosystem integrity and
public health; however, their residues can act as an excellent
biomass feedstock due to their shared features, including massive
biomass reserves, widespread accessibility, fast growth rate, high
yield, suitable lignocellulosic composition, and low cost. Thus, inva-
sive plant residues may act as excellent feedstocks for fabricating
high-grade Py-HyC, and nMgO modification may further enhance
the performance in F~ removal from aqueous solution, thereby also
providing a low-carbon strategy to achieve a win-win situation of
spread control and resource utilization of invasive plants3042],
Therefore, as an invasive plant in China, Rhus typhina was utilized to
fabricate nMgO/Py-HyC with the aim of: (i) developing a promising
carbonaceous adsorbent for the removal of F~ from aqueous
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solution; (ii) investigating the influences of environmental factors
(pH, coexisting anions) on the adsorption performance; and (iii)
revealing the adsorption mechanisms.

The details on the fabrication processes of nMgO/Py-HyC are provided
in Supplementary Text S1.

nMgO/Py-HyC was characterized before and after adsorption
experiments, and the details are provided in Supplementary Text S2.

Batch adsorption experiments were conducted to investigate the
adsorption thermodynamics and kinetics, as well as the factors
influencing F~ adsorption onto nMgO/Py-HyC; the details are provided
in Supplementary Text S3; Supplementary Tables S1, S2. The data
analysis is given in Supplementary Text S4.

SEM (Fig. 1a) exhibited that the morphology of nMgO/Py-HyC
possessed certain large pore channels, and the skeleton was covered
by numerous stacked nanoscale lamellae forming coral-reef-like folds,
which may have a large specific surface area and provide abundant
adsorption sites. According to EDS spectra, nMgO/Py-HyC (Fig. 1b)
consisted of C (42.0 wt%), O (34.9 wt%), and Mg (23.0 wt%), indicating
that MgO may have been loaded onto the surface of Py-HyC. XRD
(Fig. 1c) showed that a wide diffraction peak was observed at 22.3°,
assigned to the (002) plane of amorphous carbon. The diffraction
peaks emerged at 36.7°, 42.7°, 62.1°, 74.4°, and 78.4° in nMgO/Py-HyC,
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corresponding to the (111), (200), (220), (311), and (222) planes of MgO,
respectively?>43], These results confirmed that nMgO was successfully
loaded onto Py-HyC and that the nMgO crystal structure was well-
preserved in nMgO/Py-HyC.

FTIR (Fig. 1d) exhibited that the stretching vibrations of C-H in
methyl and methylene (2,919 c¢cm-'), C=C stretching vibrations
(1,600-1,450 cm~1), and C-H bending vibrations in the aromatic
structure (900-700 cm~") related to the carbon skeleton of HyC were
obtained®445]. A variety of oxygen-containing functional groups
were also observed, including the stretching vibration of O-H
(3,500-3,200 cm~"), the vibration of aliphatic C=0 (1,620 cm™),
the stretching vibration of O=C-0 in the carboxyl group (1,400-
1,300 cm'), and the stretching vibration of aromatic C-O
(1,215 cm~") and aliphatic C-O-C (1,020 cm~")27], After modification,
nMgO/Py-HyC shared a similar pattern with MgO; the peaks at 3,450
and 1,636 cm~! were associated with the stretching vibration of -OH
and the bending vibration of -OH of adsorbed H,0, while the ones
at 609 and 455 cm~! were assigned to the Mg-O stretching
vibration®®47], which were consistent with the results of XRD.

The isotherm experiment data on the adsorption of F~ onto nMgO/Py-
HyC at different temperatures were fitted by both the Langmuir and
Freundlich isotherm models (Fig. 2a; Supplementary Table S3, R* >
0.90, p < 0.01). The maximum adsorption capacity (Q,,,,) of F~ reached
469.64 mg/g at 298 K according to the Langmuir isotherm, which
surpassed the performance of previously reported materials (Table 1).
Furthermore, based on the van't Hoff plots (Fig. 2b), the thermody-
namic parameters were calculated (Supplementary Table S4). The
values of AG® were negative at all tested temperatures, indicating
that the adsorption was spontaneous; AH® reached 64.68 kJ/mol,
suggesting that the adsorption was dominated by chemisorption.

Initially, F~ adsorption amount increased sharply within 24 h, and
thereafter approached equilibrium at 48 h. The experimental data were

Fig. 1 (a) SEM image, (b) EDS spectrum, (c) XRD pattern, and (d) FTIR spectrum of nMgO/Py-HyC.
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Fig. 2 (a) Adsorption isotherms and (b) thermodynamic plot of fluoride ions on nMgO/Py-HyC.

Table 1 The performance and mechanisms of F~ removal by different materials

Adsorption Dosage

Adsorbent material capacity (mg/g)  (mg/L) pH
Mn-modified natural bentonite 2.64 40 6.2
Natural clay adsorbent 16.05 20 6+0.5
MnO,/graphene oxide composite 2.52 0.5-20 7.0%£0.5
Zr-based MOFs 40.26 4 5.0
UiO-66/CF composite 295.00 200 7.0+0.5
Corn stalk biochar 75.20 1,000 7.0
Fe;0,/mSiO,/mLDH 28.52 1,000 6.0
Co/Mg/Al-LDH 38.01 500 5.0
Mg/Al/La-LDHs 62.33 1,000 6.0
MgO-modified biochar 83.05 1,000 8.0+0.2
MgO/RH 63.47 1.0 7.0
MgO/SCG 141.98 1.0 7.0
nMgO/Py-HyC 469.64 1.0 7.0+0.1

well fitted by the pseudo-first-order model (R? = 0.99, Supplementary
Fig. S1a; Supplementary Table S5), pseudo-second-order model (R?> =
0.99, Supplementary Fig. S1b), and Elovich model (R? = 0.96,
Supplementary Fig. S1c), suggesting that both the physical and
chemical adsorption processes may contribute to the adsorption. The
intraparticle diffusion plots (Supplementary Fig. S1d) can be divided
into two distinct linear segments without passing through the origin,
demonstrating a considerable contribution of boundary-layer film
resistance. The Boyd plots were linearly fitted (R* = 0.98, Supplemen-
tary Fig. S1e) without passing through the origin, indicating that the
adsorption was governed by film diffusion.

pH commonly plays a primary role in influencing adsorption, which
can simultaneously alter the surface charge property and the ionic
fraction. The adsorption of F~ by nMgO/Py-HyC remained stable within
a wide range of pH = 5.0-11.0 (p > 0.05) but dropped significantly
at pH = 3.0 and 13.0 (p < 0.001) (Fig. 3a). The surface of nMgO was
positively charged when pH < 12.0 due to its pHg, of 12.0, which
facilitated the electrostatic attraction or electric dipole action towards
F~, whereas in strongly alkaline conditions (pH > 12.0), the electrostatic
repulsion occurred between F~ and nMgO; additionally, excessive OH~
also inhibited the adsorption due to competitive effects*’>%., For the
chemical fraction distribution of F~ when pH < pK, of HF (pK, = 3.18),
the electrostatic interaction cannot contribute to the adsorption since
the molecular form HF became dominant (Fig. 3b)%6%,

page4of9

6.0 (b)

5.6 1
X 5.2
£

4.8 1

w InK =-7775.59/T + 30.38

" | R2=0.99
3.15 3.20 3.25 3.30 3.35
1T (x 1073)
Mechanisms Ref.
Electrostatic interaction; ion exchange; surface complexation [48]
lon exchange; electrostatic interaction; surface adsorption [49]
Electrostatic interaction; surface complexation [50]
[

Ligand exchange; electrostatic interaction;
metal-fluoride complexation

Anion exchange; Zr-F complexation; electrostatic attraction [
AlCl; modification increases aluminum active sites [
Anion exchange; electrostatic interaction; surface complexation [
Anion exchange; surface complexation [55]
Anion exchange; ligand exchange; electrostatic attraction [
Mg-F complexation; precipitation; electrostatic attraction [
Biochar preparation followed by MgO loading and calcination [
Biochar preparation followed by MgO loading and calcination

Hydrothermal pre-carbonization followed by one-step
MgCl,-assisted pyrolytic modification

[57]
This study

The anions coexisting with F~ in aquatic environments, such as NO5~,
50,2, and HCO,, also have a significant influence on the adsorption.
As shown in Fig. 4, the concentrations of NO;~ and SO,%~ within a
range of 0-10 mmol/L did not exert a significant influence on the
adsorption of F~ onto nMgO/Py-HyC (p > 0.05). The increase in the ion
concentration inhibited the electrostatic adsorption by reducing the
thickness of the electrical double layer; thus, the negligible effects of
NO;~ and SO, further confirmed that the adsorption of F~ by nMgO/
Py-HyC was governed by chemisorption with high selectivity. In
contrast, the presence of HCO;™ significantly hindered the adsorption
when the concentration exceeded 1 mmol/L (p < 0.01), since intense
competitive adsorption occurred between HCO;~ and F-, as they
shared comparable hydrated ionic radii (0.352 nm for F~ and 0.364 nm
for HCO37)®". Furthermore, hydrolysis of HCO;™ increased pH, which
further impeded F~ adsorption by modulating the surface electro-
chemical properties, as discussed previously.

The effect of ionic strength on F~ adsorption by nMgO/Py-HyC was
investigated (Supplementary Fig. S2). When the ionic strength increa-
sed from 0 to 0.2, the adsorption decreased by approximately 42% and
remained stable when it further increased to 0.3. The ionic strength can
be used to distinguish physisorption from chemisorption via compres-
sion of the electrical double layer; accordingly, F~ adsorption onto
nMgO/Py-HyC was dominated by chemisorption with a contribution of
approximately 58%, which agrees well with the results of adsorption
thermodynamics.
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SEM of nMgO/Py-HyC (Fig. 5a) demonstrated that after adsorption, the
porous structures collapsed, together with a decrease in the amount of
nano-scale flaky aggregates. EDS (Fig. 5b) revealed that the element F
was detected after adsorption with a proportion of 22.4 wt% due to
the uptake of F~ by nMgO/Py-HyC. N, adsorption-desorption isotherms
(Supplementary Fig. S3a) remained type IV after adsorption with an
alteration of hysteresis loop transforming from H4-type to H3-type; the
specific surface area, total pore volume, and average pore diameter
increased from 63.55 to 120.4 m?/g, 0.25 to 0.62 cm3/g, and 15.96 to
20.74 nm, respectively, accompanied by a decrease in the relative
proportion of microporous and mesoporous structures (Supplemen-
tary Fig. S3b). F~ chemically etched the nMgO crystallites and disinte-
grated the aggregates, which may increase the specific surface area,
accompanied by the collapse of certain original intracrystalline pores
and the formation of numerous porous structures by topological
reconstruction, broadening of slit-shaped mesopores, and disordering
of particle stacking, which may lower the intraparticle diffusion resis-
tance and promote F~ uptakel®63],

According to XRD (Fig. 5d), the diffraction peaks at 20 = 36.7°
(111), 42.7° (200), 62.1° (220), 74.4° (311), and 78.4° (222) assigned to
MgO weakened after adsorption(®¥, accompanied by the emer-
gence of peaks corresponding to the crystal plane diffractions of
Mg(OH), at 20 =18.3° (001), 37.8° (101), 50.6° (102), and 58.5° (110),
and MgF, at 20 = 27.4° (110). Mg(OH), was produced due to the
hydrolysis of nMgO; although the solubility product constant of
Mg(OH), was low (ky, = 5.61 X 10712 at 25 °C), it tended to dissolve
when pH < 10. Thus, within a pH range of 4-10, F~ can precipitate
with released Mg?* to form MgF, (k,, = 5.16 x 107" at 25 °C), while
when pH > 10, Mg(OH),(s) may complex with F- via ligand
exchangel®-%7. FTIR (Fig. 5¢) showed that a series of peaks
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emerged, in which the ones located between 3,550 and 3,700 cm~!
corresponded to the stretching vibration of O-H in Mg(OH), and
Mg(OH),_,F,, while the wide peaks at around 1,420 cm~! were
ascribed to the bending vibration of O-H in Mg(OH), and
Mg(OH),_,F,168-70], The peak at 997 cm~" was related to the stretch-
ing vibration of Mg-O or Mg-O-Mg!7".72l, Those at 445 and 460 cm™!
were assigned to the stretching vibration of Mg-O and Mg-F,
respectively73-751. Furthermore, after adsorption, the stretching
vibration of ~OH at 3,400 cm~" and the bending vibration of —OH at
1,630 cm~! shifted, weakened, and/or broadened, indicating the
occurrence of intermolecular hydrogen bonds between =Mg-OH
and F~.

XPS spectra (Fig. 6) showed that for O 1s, the signal was deconvo-
luted into Mg-O (at 530.98 eV, 23.54%) and Ar-OH (at 532.89 eV,
40.23%) in nMgO/Py-HyC. A shift of Mg-O from 530.98 to 532.17 eV
was observed after adsorption, indicating an alteration in the coor-
dination environment of Mg. Furthermore, the binding energy of
Ar-OH increased to 533.51 eV, which was attributed to the hydro-
gen bond between Ar-OH on Py-HyC and F-, with an electron trans-
fer from O towards FU¢. For F 1s, no signal was observed before
adsorption, whereas two peaks assigned to Mg-F at 686.06 eV
(39.26%) and Mg-OH-F at 687.26 eV (60.74%) were obtained,
suggesting that F~ was complexed with Mg and that the hydrogen
bond as Mg-OH...F also contributed to the adsorption of F-177-79],
According to Mg 1s, this further confirmed that, in addition to Mg-O
(1,304.02 eV), Mg-OH (1,305.29 eV) and Mg-F (1,306.53 eV) were
also observed due to the hydrolysis of nMgO and the formation of
chemical bonds between Mg+ and F-[80.81],

Thus, during the adsorption process, F~ initially diffused to the
surface of NnMgO/Py-HyC and entered the mesopores and microp-
ores, where it was adsorbed via electrostatic attraction within a wide
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Fig. 5 (a), (b) SEM images and EDS spectra of nMgO/Py-HyC after fluoride adsorption; (c) FTIR spectra, and (d) XRD patterns before and after fluoride

adsorption.

pH range and/or directly complexed with Mg?*. Furthermore, nMgO
could be hydrolyzed into Mg(OH), with abundant OH-, which
further fixed F~ by anion/ligand exchange to form insoluble MgF, or
Mg(OH),_,F,, inducing intensive lattice distortion and structural
defects. Additionally, F~ was further adsorbed via hydrogen bonds
formed between F~ and Mg(OH),, Mg(OH),_,F,, as well as Ar-OH on
Py-HyC. Furthermore, the fabrication and adsorption experiments
for Py-HyC and nMgO were conducted under the same conditions
as those for nMgO/Py-HyC, with the nMgO-to-Py-HyC ratio of 1:1
(consistent with that in nMgO/Py-HyC), and an initial F~ concentra-
tion of 100 mg/L. The results showed that the sum of the adsorp-
tion capacities of Py-HyC (4.31 + 0.182 mg/g) and nMgO (43.54 +
0.174 mg/g) was significantly lower than that of nMgO/Py-HyC
(86.44 + 0.013 mg/g), indicating a prominent synergistic effect
between Py-HyC and anchored nMgO. The porous hierarchical
framework of Py-HyC acted as an ideal supporting carbonaceous
matrix, which effectively restrained the aggregation of Py-HyC,
greatly boosted the exposure of active adsorption sites for F-
immobilization, and facilitated the transformation of nMgO into
Mg(OH),_,F, and MgF, via ligand exchange, while the intercon-
nected porous network may reduce intraparticle diffusion resis-
tance and facilitate the contact between F~ and the active sites of
nMgO/Py-HyC. In addition, the acidic oxygen-containing groups on
the Py-HyC surface also exhibited favorable pH buffering per-
formance, which can neutralize the excess OH- generated and
eliminate the inhibitory effects of high alkalinity on F~ adsorption.
Moreover, under actual wastewater conditions, nMgO/Py-HyC also
showed efficient performance towards F~ removal (Supplementary
Text S5; Supplementary Table S6), and the environmental impacts of
nMgO/Py-HyC were further evaluated via life cycle assessment
(Supplementary Text S6; Supplementary Fig. S4).

In this study, a high-performance nMgO/Py-HyC composite material
was successfully synthesized via a facile one-step pyrolysis process
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using invasive plant residues of Rhus typhina as the biomass feedstock.
The results of batch adsorption experiments showed that an excellent
adsorption performance towards F~ was achieved for nMgO/Py-HyC
with a maximum capacity of 469.64 mg/g at 298 K. Thermodynamic
parameters revealed that F~ adsorption was a spontaneous chemi-
sorption process. The composite material also displayed outstanding
environmental adaptability, with defluoridation efficiency being
retained steadily within a wide pH range of 5.0-11.0, and the
coexisting anions, such as NO;~and SO,2-, did not interfere with the
adsorption of F~, suggesting a significant practical potential for F~
removal from aqueous solution. The proposed fluoride-removal
mechanisms included electrostatic interaction, anion/ligand exchange,
surface complexation, precipitation, and hydrogen bonding based
on comprehensive characterizations. This research provides a high-
efficiency, low-carbon, and green material for F~ removal and a viable
economic pathway for the utilization of invasive plant biomass. Future
research may focus on the practical engineering evaluation and
application of nMgO/Py-HyC in different actual F~ wastewater
treatment conditions.

It accompanies this paper at: https://doi.org/10.48130/bchax-0026-
0021.

This study did not involve human participants, human-derived mate-
rials or data, animals, clinical trials, or identifiable personal information;
therefore, ethical approval and informed consent were not required.
During the preparation of this work, the authors used Gemini on 15
June 2026 to generate an initial conceptual graphical abstract illus-
trating the preparation of nMgO/Py-HyC and the proposed fluoride
adsorption mechanisms. This use falls under Category B: Generative
Creation of lllustrative Figures. The prompt provided was: "electrostatic
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attraction, Mg-F complexation, ligand/anion exchange, hydrogen
bonding, and precipitation/immobilization." The authors manually
reviewed and edited the generated illustration, checking and
correcting scientific labels, material names, reaction steps, adsorption
mechanisms, and layout to ensure consistency with the experimental
design and interpretations presented in the manuscript. The final
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authors verified the scientific accuracy of the final content and take full
responsibility for the integrity and originality of the manuscript. This
work represents the authors' own intellectual contribution, and no Al
tool is credited as an author.

The authors confirm their contributions to the paper as follows: Yao
Tong: investigation, formal analysis, writing—original draft; Donglin
Wang: methodology, formal analysis; Lingging Gu: investigation;
Yujie Tai: investigation; Xianjie Tang: formal analysis; Xi Zhang: data
curation; Rongdi An: data curation; Til Feike: writing—review and
editing; Jiunian Guan: conceptualization, methodology, funding
acquisition, supervision, writing—review and editing. All authors
reviewed the results and approved the final version of the
manuscript.

Tongetal. | Volume2 | 2026 | 023

The datasets generated during and/or analyzed in the current study
are available from the corresponding author upon reasonable request.

Not applicable.

This work was supported by the Research Foundation of the Science
and Technology Agency of Jilin Province (20250102178JC) and the
National Natural Science Foundation of China (42471089,
4231101419).

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

School of Environment, Northeast Normal University, Changchun
130117, China; 2Julius Kiihn Institute (JKI)—Federal Research Centre
for Cultivated Plants, Institute for Strategies and Technology
Assessment, 14532 Kleinmachnow, Germany

page 7 of 9


https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021

Biochar X

11

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

171

18]

19l

[20]

[21]

Podgorski J, Berg M. 2022. Global analysis and prediction of fluoride in
groundwater. Nature Communications 13:4232

Ruan Z, Tian Y, Ruan J, Cui G, Igbal K, et al. 2017. Synthesis of hydroxya-
patite/multi-walled carbon nanotubes for the removal of fluoride ions
from solution. Applied Surface Science 412:578—590

Dar FA, Kurella S. 2024. Fluoride in drinking water: an in-depth analysis
of its prevalence, health effects, advances in detection and treatment.
Materials Today: Proceedings 102:349—-360

Bai M, Zhang Y, Zhang X, Song C, Cheng Y, et al. 2025. Disrupting the
forever chemicals: cutting-edge physicochemical techniques for PFAS
purification. New Contaminants 1:e002

Damtie MM, Hailemariam RH, Woo YC, Park KD, Choi JS. 2019.
Membrane-based technologies for zero liquid discharge and fluoride
removal from industrial wastewater. Chemosphere 236:124288

Qiu Y, Ren LF, Shao J, Xia L, Zhao Y. 2022. An integrated separation
technology for high fluoride-containing wastewater treatment: fluo-
ride removal, membrane fouling behavior and control. Journal of
Cleaner Production 349:131225

Wan K, Huang L, Yan J, Ma B, Huang X, et al. 2021. Removal of fluoride
from industrial wastewater by using different adsorbents: a review.
Science of The Total Environment 773:145535

Hu CY, Lo SL, Kuan WH, Lee YD. 2005. Removal of fluoride from semi-
conductor wastewater by electrocoagulation-flotation. Water Research
39:895-901

Song J, Yu Y, Han X, Yang W, Pan W, et al. 2024. Novel MOF(Zr)-on-
MOF(Ce) adsorbent for elimination of excess fluoride from aqueous
solution. Journal of Hazardous Materials 463:132843

Xue W, Zhang F, Ding W, Zhang K, Zhang Q. 2024. Enhanced removal
of fluoride ions using lanthanum-doped coconut shell biochar in PVDF
ultrafiltration membranes. Journal of Hazardous Materials 480:136393
Ekka B, Dhaka RS, Patel RK, Dash P. 2017. Fluoride removal in waters
using ionic liquid-functionalized alumina as a novel adsorbent. Jour-
nal of Cleaner Production 151:303-318

Pan Y, LiL, Yang B, Ji G, Zhao Z, et al. 2024. Adaptive structural modifi-
cation of Zr-based MOF-808 via solvent and ligand engineering for
enhanced fluoride ion adsorption efficiency. Separation and Purifica-
tion Technology 348:127731

Chen J, Shu C, Wang N, Feng J, Ma H, et al. 2017. Adsorbent synthesis
of polypyrrole/TiO, for effective fluoride removal from aqueous solu-
tion for drinking water purification: adsorbent characterization and
adsorption mechanism. Journal of Colloid and Interface Science
495:44-52

Tan TL, Krusnamurthy PA, Nakajima H, Rashid SA. 2020. Adsorptive,
kinetics and regeneration studies of fluoride removal from water
using zirconium-based metal organic frameworks. RSC Advances
10:18740-18752

Yi M, Wang K, Wei H, Wei D, Wei X, et al. 2023. Efficient preparation of
red mud-based geopolymer microspheres (RM@GMs) and adsorption
of fluoride ions in wastewater. Journal of Hazardous Materials
442:130027

Ma H, Huang Y, Tang J, Wang W, Liu B, et al. 2025. Enhanced fluoride
removal via adsorption flotation based on La-MOF carrier morphology
modulation strategy. Separation and Purification Technology
365:132652

Kang D, Yu X, Ge M, Lin M, Yang X, et al. 2018. Insights into adsorption
mechanism for fluoride on cactus-like amorphous alumina oxide
microspheres. Chemical Engineering Journal 345:252-259

Bai Z, Hu C, Liu H, Qu J. 2019. Selective adsorption of fluoride from
drinking water using NiAl-layered metal oxide film electrode. Journal
of Colloid and Interface Science 539:146—151

Devi B, Baruah NP, Bharadwaj A, Devi A. 2023. Adsorptive removal of
fluoride ions from aqueous solution using activated carbon supported
tetrametallic oxide system. Chemical Engineering Research and Design
197:380-391

Iriel A, Bruneel SP, Schenone N, Fernandez Cirelli A. 2018. The removal
of fluoride from aqueous solution by a lateritic soil adsorption: kinetic
and equilibrium studies. Ecotoxicology and Environmental Safety
149:166—172

Lacalamita D, Hoyez G, Mongiovi C, Ponchel A, Morin-Crini N, et al.
2023. Efficient removal of fluoride ions present in industrial effluents

page 8of9

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

https://doi.org/10.48130/bchax-0026-0021

using metal-organic frameworks of UiO-66-NH2. Journal of Water
Process Engineering 53:103791

Meng S, Yao Z, Liu J, Wang E, Li C, et al. 2022. Carbon dots capped
cerium oxide nanoparticles for highly efficient removal and sensitive
detection of fluoride. Journal of Hazardous Materials 435:128976

He C, Sun Y, Gu Y, Ji H. 2024. Enhanced fluoride removal using Mg-Zr
binary metal oxide nanoparticles confined in a strong-base anion
exchanger. Chemosphere 358:141980

Hota A, Patro SGK, Panda SK, Khan MA, Hasan MA, et al. 2024. Remov-
ing fluoride ions from wastewater by Fe;O, nanoparticles: modified
Rhodophytes (red algae) as biochar. Journal of Water Process Engineer-
ing 58:104776

Nguyen DA, Nguyen VB, Jang A. 2024. Integrated adsorption using
ultrahigh-porosity magnesium oxide with multi-output predictive
deep belief networks: a robust approach for fluoride treatment. Chemi-
cal Engineering Journal 484:149586

Wu IM, Hseu ZY, Verpoort F, Surampalli RY, Ou JH, et al. 2025. Applica-
tion of novel nano-scale magnesium oxide adsorbent to remediate
fluoride-contaminated groundwater: material preparation and pilot-
scale study. Environmental Research 285:122464

Liu B, Ai L, Lei M, Lin H. 2024. Efficient fluoride removal using nano
MgO: mechanisms and performance evaluation. Environmental Science
and Pollution Research 31:28428-28442

Chen H, GaoY, Li J, Fang Z, Bolan N, et al. 2022. Engineered biochar for
environmental decontamination in aquatic and soil systems: a review.
Carbon Research 1:4

Zhang F, Gao Y, Gao Y, Han R. 2025. Structure-performance relation-
ship of biochar for direct degradation of organic pollutants. Carbon
Research 4:53

Ma Y, Lu N, Yan S, Wang H, Cao X, et al. 2025. Hydrochar supported
strategy for nZVI to remove bisphenol A and Cr(Vl): performance,
synergetic mechanism, and life cycle assessment. Separation and Purifi-
cation Technology 358:130423

Wang C, Hou Q, Zhang X, Bai B. 2026. Preparation of biochar-based
composites and application in removal of conventional and emerging
pollutants from wastewater: performance enhancement, mechanisms,
sustainability, and risk evaluations. Sustainable Carbon Materials 2:020
Chen Z, Guo Y, Luo L, Liu Z, Miao W, et al. 2024. A critical review of
hydrochar based photocatalysts by hydrothermal carbonization: syn-
thesis, mechanisms, and applications. Biochar 6:74

Cao W, Jing H, Araya DT, Zhao W. 2026. Optimization of microwave-
assisted pyrolysis parameters for sugarcane bagasse biochar using
response surface methodology. Sustainable Carbon Materials 2:003
Sun Z, Liao Y, Zhang Y, Sun S, Kan Q, et al. 2025. Sustainable carbon
materials in environmental and energy applications. Sustainable
Carbon Materials 1:e007

Jalilian M, Nawazish B, Taborda R, He QS, Hu Y. 2026. Adsorption of
methylene blue dye and potato processing wastewater using bimetal-
lic activated hydrochar: batch and fixed bed column experiments.
Sustainable Carbon Materials 2:e019

Milenkovi¢ M, Lazarevi¢-Pasti T, Milankovi¢ V, Tasi¢ T, Pasti IA, et al.
2024. Towards greener water remediation: Ca-impregnated pyro-
hydrochar of spent mushroom substrate for enhanced adsorption of
acridine red and methylene blue. Journal of Water Process Engineering
60:105204

Tong Y, An R, Yan S, Lu N, Han X, et al. 2026. Ca/pyro-hydrochar
derived from invasive species for enhanced removal of cadmium and
phosphate. Water, Air, & Soil Pollution 237:392

Chinthala M, Balakrishnan A, Venkataraman P, Manaswini Gowtham V,
Polagani RK. 2021. Synthesis and applications of nano-MgO and
composites for medicine, energy, and environmental remediation: a
review. Environmental Chemistry Letters 19:4415—-4454

Alayaki FM, Hajikarimi P, Meky N, Rashid S, Fini EH. 2025. Global appli-
cations of biochar in sustainable cities of the future: a perspective.
Biochar X 1:e010

Faheem M, Wang B. 2026. Biochar in circular economy and sustainable
development: addressing technical variability, policy gaps, and
sustainability constraints. Biochar X 2:e001

Hussain MM, Zhou G, Yang W, Liu L, Zhao C, et al. 2026. Biochar
towards soil carbon neutrality: a critical review. Biochar X 2:e006

An R, Zelang X, Wang D, Liu S, Lu N, et al. 2026. Effects of biomass
feedstock and hydrothermal temperature on the molecular

Tongetal. | Volume2 | 2026 | €023


https://doi.org/10.1038/s41467-022-31940-x
https://doi.org/10.1016/j.apsusc.2017.03.215
https://doi.org/10.1016/j.matpr.2023.05.645
https://doi.org/10.48130/newcontam-0025-0004
https://doi.org/10.1016/j.chemosphere.2019.07.019
https://doi.org/10.1016/j.jclepro.2022.131225
https://doi.org/10.1016/j.jclepro.2022.131225
https://doi.org/10.1016/j.scitotenv.2021.145535
https://doi.org/10.1016/j.watres.2004.11.034
https://doi.org/10.1016/j.jhazmat.2023.132843
https://doi.org/10.1016/j.jhazmat.2024.136393
https://doi.org/10.1016/j.jclepro.2017.03.061
https://doi.org/10.1016/j.jclepro.2017.03.061
https://doi.org/10.1016/j.seppur.2024.127731
https://doi.org/10.1016/j.seppur.2024.127731
https://doi.org/10.1016/j.seppur.2024.127731
https://doi.org/10.1016/j.jcis.2017.01.084
https://doi.org/10.1039/D0RA01268H
https://doi.org/10.1016/j.jhazmat.2022.130027
https://doi.org/10.1016/j.seppur.2025.132652
https://doi.org/10.1016/j.cej.2018.03.174
https://doi.org/10.1016/j.jcis.2018.12.062
https://doi.org/10.1016/j.jcis.2018.12.062
https://doi.org/10.1016/j.cherd.2023.07.048
https://doi.org/10.1016/j.ecoenv.2017.11.016
https://doi.org/10.1016/j.jwpe.2023.103791
https://doi.org/10.1016/j.jwpe.2023.103791
https://doi.org/10.1016/j.jhazmat.2022.128976
https://doi.org/10.1016/j.chemosphere.2024.141980
https://doi.org/10.1016/j.jwpe.2024.104776
https://doi.org/10.1016/j.jwpe.2024.104776
https://doi.org/10.1016/j.jwpe.2024.104776
https://doi.org/10.1016/j.cej.2024.149586
https://doi.org/10.1016/j.cej.2024.149586
https://doi.org/10.1016/j.envres.2025.122464
https://doi.org/10.1007/s11356-024-33083-6
https://doi.org/10.1007/s11356-024-33083-6
https://doi.org/10.1007/s44246-022-00005-5
https://doi.org/10.1007/s44246-025-00219-3
https://doi.org/10.1007/s44246-025-00219-3
https://doi.org/10.1016/j.seppur.2024.130423
https://doi.org/10.1016/j.seppur.2024.130423
https://doi.org/10.1016/j.seppur.2024.130423
https://doi.org/10.48130/scm-0026-0015
https://doi.org/10.1007/s42773-024-00364-9
https://doi.org/10.48130/scm-0025-0014
https://doi.org/10.48130/scm-0025-0002
https://doi.org/10.48130/scm-0025-0002
https://doi.org/10.48130/scm-0026-0014
https://doi.org/10.1016/j.jwpe.2024.105204
https://doi.org/10.1007/s11270-026-09110-2
https://doi.org/10.1007/s10311-021-01299-4
https://doi.org/10.48130/bchax-0025-0009
https://doi.org/10.48130/bchax-0025-0014
https://doi.org/10.48130/bchax-0026-0004
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021

https://doi.org/10.48130/bchax-0026-0021

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

composition and bioavailability of invasive plant-based hydrochar-
derived dissolved organic matter. Water Research 294:125497

Zhang Y, Xu GS, Xu MD, Wang DC, Wang H, et al. 2021. Preparation of
MgO porous nanoplates modified pumice and its adsorption perfor-
mance on fluoride removal. Journal of Alloys and Compounds
884:160953

Liu Y, He Z, Uchimiya M. 2015. Comparison of biochar formation from
various agricultural by-products using FTIR spectroscopy. Modern
Applied Science 9:246

Keiluweit M, Nico PS, Johnson MG, Kleber M. 2010. Dynamic molecular
structure of plant biomass-derived black carbon (biochar). Environ-
mental Science & Technology 44:1247—-1253

Wan S, Lin J, Tao W, Yang Y, Li Y, et al. 2019. Enhanced fluoride removal
from water by nanoporous biochar-supported magnesium oxide.
Industrial & Engineering Chemistry Research 58:9988—9996

Cao X, Zhong Y, Zhang H, Zhao H, Meng C, et al. 2024. Deep removal
of fluoride by highly activated magnesium oxide. ACS ES&T Water
4:2756-2763

Mudzielwana R, Gitari WM, Akinyemi SA, Msagati TAM. 2017. Synthesis,
characterization, and potential application of Mn?*-intercalated ben-
tonite in fluoride removal: adsorption modeling and mechanism
evaluation. Applied Water Science 7:4549-4561

Ben Amor T, Kassem M, Hajjaji W, Jamoussi F, Ben Amor M, et al. 2018.
Study of defluoridation of water using natural clay minerals. Clays and
Clay Minerals 66:493—499

Tolkou AK, Trikkaliotis DG, Kyzas GZ, Katsoyiannis IA, Deliyanni EA.
2023. Simultaneous removal of As(lll) and fluoride ions from water
using manganese oxide supported on graphene nanostructures (GO-
MnO,). Sustainability 15:1179

Zhu XH, Yang CX, Yan XP. 2018. Metal-organic framework-801 for effi-
cient removal of fluoride from water. Microporous and Mesoporous
Materials 259:163—170

Xie D, Gu Y, Wang H, Wang Y, Qin W, et al. 2019. Enhanced fluoride
removal by hierarchically porous carbon foam monolith with high
loading of UiO-66. Journal of Colloid and Interface Science 542:269-280

Zhang X, Qi Y, Chen Z, Song N, Li X, et al. 2021. Evaluation of fluoride
and cadmium adsorption modification of corn stalk by aluminum
trichloride. Applied Surface Science 543:148727

Li F, Jin J, Shen Z, Ji H, Yang M, et al. 2020. Removal and recovery of
phosphate and fluoride from water with reusable mesoporous
Fe;0,@mSiO,@mLDH composites as sorbents. Journal of Hazardous
Materials 388:121734

Bao D, Wang H, Liao W, Li HQ. 2020. Multi-metal modified layered
double hydroxides for Cr(VI) and fluoride ion adsorption in single and
competitive systems: experimental and mechanism studies. Environ-
mental Engineering Science 37:623—-636

Luo S, Guo Y, Yang Y, Zhou X, Peng L, et al. 2019. Synthesis of calcined
La-doped layered double hydroxides and application on simultane-
ously removal of arsenate and fluoride. Journal of Solid State Chemistry
275:197-205

Yu YL, Chen CY, Dhanasinghe C, Verpoort F, Surampalli RY, et al. 2024.
Development of modified MgO/biochar composite for chemical
adsorption enhancement to cleanup fluoride-contaminated ground-
water. Journal of Environmental Management 370:123016

Deng L, Zhang D, Kong Z, He L, Guan Q, et al. 2020. Strong immobiliza-
tion of phosphate in wastewater onto the surface of MgO-modified
industrial hemp-stem-driven biochar by flowerlike crystallization.
Industrial & Engineering Chemistry Research 59:14578-14586

Ou JH, Chen SC, Lin WZ, Verpoort F, Surampalli RY, et al. 2025. Fluoride
removal from groundwater via powder-nano MgO adsorption: novel
adsorbents development and mechanisms studies. Environmental
Science and Pollution Research 32:26903—-26919

Wang R, Gu Y, Ma M, Sun Y. 2026. Efficient fluoride removal by strong-
base anion exchanger loaded with yttrium phosphate nanoparticles.
Reactive and Functional Polymers 219:106557

Aboulsoud YIE. 2025. Biosorptive removal of fluoride from wastewater
using tea domestic waste biochar. Environment, Development and
Sustainability 27:16451-16468

Leblanc M, Maisonneuve V, Tressaud A. 2015. Crystal chemistry and
selected physical properties of inorganic fluorides and oxide-fluorides.
Chemical Reviews 115:1191-1254

Tongetal. | Volume2 | 2026 | 023

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[701]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(811

Biochar X

Zhao J, Jiang Y, Chen X, Wang C, Nan H. 2025. Unlocking the potential
of element-doped biochar: from tailored synthesis to multifunctional
applications in environment and energy. Biochar 7:77

Khannoucha M, Boudine B, Ameur |, Dali A, Halimi O, et al. 2025. Fabri-
cation and characterization of PANI/MgO NPs composite films for
photocatalysis application. Journal of Polymer Materials 42:205-220
Oladoja NA, Hu S, Drewes JE, Helmreich B. 2016. Insight into the deflu-
oridation efficiency of nano magnesium oxide in groundwater system
contaminated with hexavalent chromium and fluoride. Separation and
Purification Technology 162:195-202

Guo W, Lin H, Zhu H, Lei M, Feng J. 2023. Preparation and application
of magnesium oxide nanoparticles for superiorly fluoride removal.
Journal of Alloys and Compounds 960:170935

Savitha S, Naren Vidaarth TM, Karthik A, Kathirselvam M. 2026. Evalua-
tion of structural, morphological stability and photocatalytic recycla-
bility of phytochemical assisted MgO, NiO, and Co;0, nanoparticles.
ChemistrySelect 11:e06825

Kondo A, Kurosawa R, Ryu J, Matsuoka M, Takeuchi M. 2021. Investiga-
tion on the mechanisms of Mg(OH), dehydration and MgO hydration
by near-infrared spectroscopy. The Journal of Physical Chemistry C
125:10937-10947

Kurosawa R, Takeuchi M, Ryu J. 2021. Fourier-transform infrared analy-
sis of the dehydration mechanism of Mg(OH), and chemically modi-
fied Mg(OH),. The Journal of Physical Chemistry C 125:5559-5571

Sassi M, Rosso KM. 2024. First principles simulations of MgO(100)
surface hydration at ambient conditions. Physical Chemistry Chemical
Physics 26:2269-2276

Kuo YC, Lin SP, Lin CW, Tsai YC, Wu TS, et al. 2023. Enhanced antibacte-
rial activity in cellulose acetate films with surface defect-rich MgO
nanoparticles for sustainable active packaging applications. ACS
Applied Nano Materials 6:19915—-19925

Bu F, Han L, Guo H, Liang Y, Yan H. 2025. Unraveling the synergistic
mechanisms of phosphorus adsorption and slow-release on low-mg-
loaded biochar enabled by KOH activation. Materials 18:5214

Gong Y, Nie S, Ji H, Fu L, Ma R, et al. 2024. Highly active and stable
RuO,/MgF, catalysts for efficient HCl oxidation in the fluorochemical
industry. Catalysis Science & Technology 14:1633—1641

Yang Z, He M, Wu S, Yang M, Peng B. 2024. Near-infrared spectro-
scopic study of biotite-phlogopite (Mg#=30~99): OH-stretching
modes and Mg# content prediction equation. Crystals 14:336

Francois F, Cogagne M, Lhoste J, Pascual S, Maisonneuve V, et al. 2026.
Scalable room-temperature aqueous synthesis of nanosized MgF,.
European Journal of Inorganic Chemistry 29:e202500498

Sun J, Jaworski C, Schirrmacher R, Hall DG. 2024. Suppressing protode-
boronation in Cu-mediated '°F/'8F-fluorination of arylboronic acids: a
mechanistically guided approach towards optimized PET probe deve-
lopment. Chemistry - A European Journal 30:202400906

Kameda T, Yamamoto Y, Kumagai S, Yoshioka T. 2018. Analysis of F~
removal from aqueous solutions using MgO. Journal of Water Process
Engineering 25:54-57

Tsuchiya K, Fuchida S, Tokoro C. 2020. Experimental study and surface
complexation modeling of fluoride removal by magnesium hydroxide
in adsorption and coprecipitation processes. Journal of Environmental
Chemical Engineering 8:104514

Ma H, Zhang C, Chen L, Xi M, Wang Z, et al. 2023. Understanding
surface complexation of antimony on Mg(OH),: insights from first-
principles molecular dynamics. Chemical Engineering Journal
458:141441

Guo M, Pei J, Wan X, Mi J, Yu B, et al. 2025. Mg/Al LDO microspheres
with high surface area for efficient tetracycline hydrochloride removal
from water. New Journal of Chemistry 49:15631—-15642

Xiang B, Liang Y, Tian F, Lei D, Wang C. 2026. Nanoconfined deposi-
tion enables high-energy-density Mg metal batteries. Advanced Mate-
rials 38:e20754

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

page 9 of 9


https://doi.org/10.1016/j.watres.2026.125497
https://doi.org/10.1016/j.jallcom.2021.160953
https://doi.org/10.5539/mas.v9n4p246
https://doi.org/10.5539/mas.v9n4p246
https://doi.org/10.1021/es9031419
https://doi.org/10.1021/es9031419
https://doi.org/10.1021/acs.iecr.9b01368
https://doi.org/10.1021/acsestwater.4c00403
https://doi.org/10.1007/s13201-017-0608-3
https://doi.org/10.1346/CCMN.2018.064117
https://doi.org/10.1346/CCMN.2018.064117
https://doi.org/10.3390/su15021179
https://doi.org/10.1016/j.micromeso.2017.10.001
https://doi.org/10.1016/j.micromeso.2017.10.001
https://doi.org/10.1016/j.jcis.2019.02.027
https://doi.org/10.1016/j.apsusc.2020.148727
https://doi.org/10.1016/j.jhazmat.2019.121734
https://doi.org/10.1016/j.jhazmat.2019.121734
https://doi.org/10.1089/ees.2020.0041
https://doi.org/10.1089/ees.2020.0041
https://doi.org/10.1016/j.jssc.2019.04.017
https://doi.org/10.1016/j.jenvman.2024.123016
https://doi.org/10.1021/acs.iecr.0c02301
https://doi.org/10.1007/s11356-025-37091-y
https://doi.org/10.1007/s11356-025-37091-y
https://doi.org/10.1016/j.reactfunctpolym.2025.106557
https://doi.org/10.1007/s10668-024-04598-2
https://doi.org/10.1007/s10668-024-04598-2
https://doi.org/10.1021/cr500173c
https://doi.org/10.1007/s42773-025-00467-x
https://doi.org/10.32604/jpm.2025.059697
https://doi.org/10.1016/j.seppur.2016.02.028
https://doi.org/10.1016/j.seppur.2016.02.028
https://doi.org/10.1016/j.jallcom.2023.170935
https://doi.org/10.1002/slct.202506825
https://doi.org/10.1021/acs.jpcc.1c01470
https://doi.org/10.1021/acs.jpcc.0c08696
https://doi.org/10.1039/D3CP04848A
https://doi.org/10.1039/D3CP04848A
https://doi.org/10.1021/acsanm.3c03724
https://doi.org/10.1021/acsanm.3c03724
https://doi.org/10.3390/ma18225214
https://doi.org/10.1039/D3CY01749D
https://doi.org/10.3390/cryst14040336
https://doi.org/10.1002/ejic.202500498
https://doi.org/10.1002/chem.202400906
https://doi.org/10.1002/chem.202400906
https://doi.org/10.1002/chem.202400906
https://doi.org/10.1002/chem.202400906
https://doi.org/10.1002/chem.202400906
https://doi.org/10.1016/j.jwpe.2018.06.009
https://doi.org/10.1016/j.jwpe.2018.06.009
https://doi.org/10.1016/j.jece.2020.104514
https://doi.org/10.1016/j.jece.2020.104514
https://doi.org/10.1016/j.cej.2023.141441
https://doi.org/10.1039/D5NJ02791H
https://doi.org/10.1002/adma.202520754
https://doi.org/10.1002/adma.202520754
https://doi.org/10.1002/adma.202520754
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021
https://doi.org/10.48130/bchax-0026-0021

	Introduction
	Materials and methods
	Fabrication of nMgO/Py-HyC
	Characterization
	Batch adsorption experiments

	Results and discussion
	Characterization of nMgO/Py-HyC
	Adsorption thermodynamics
	Adsorption kinetics
	Influencing factors
	Effects of pH
	Effects of coexisting anions
	Effect of ionic strength

	Adsorption mechanisms

	Conclusions
	Supplementary information
	Ethical statements
	Author contributions
	Data availability
	Acknowledgments
	Funding
	Declarations
	Competing interests

	References

