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Confining the active adsorption materials within the nanostructure space can significantly improve adsorption
performance. However, the fundamental mechanisms by which intrinsic nanoconfinement in clay minerals
modulates the microstructure of active materials and regulates interfacial interactions remain unclear. In this
work, a comprehensive analysis was conducted to compare the adsorption performance of two structures: a
nonconfined structure (ZrP/HNTs), where zirconium phosphate (ZrP) nanocrystals are grown on the outer
surface of halloysite nanotubes (HNTs), and a nanoconfined structure (ZrP@HNTs), where ZrP nanocrystals are
confined within HNTs' lumen. The resulting ZrP@HNTs adsorption capacity for Pb (II) was 3 times that of ZrP/
HNTs (163.7 vs. 54.6 mg/g), and the adsorption rate increased by 2.8 times. Additionally, the confined structure
endowed ZrP@HNTs with remarkable stability, only 6.7% capacity decrease after five cycles. Furthermore, finite
element simulations revealed that the nanoconfined structure of ZrP@HNTs effectively enriches Pb(II),
increasing its concentration and facilitating adsorption. According to the above result, low and high Pb(II)
concentrations were used to simulate the adsorption environments of ZrP/HNTs and ZrP@HNTs, respectively,
with atomic force microscopy (AFM) providing key quantitative insights. AFM force spectroscopy further
confirmed that the nanoconfined structure enhanced the adhesion energy between Pb(II) and phosphate groups
on the ZrP surface from 4.34 mJ-m 2 to 10.81 mJ-m 2, directly contributing to improved adsorption stability.
These findings offer valuable insights into the role of nanoconfinement in enhancing adsorption efficiency,
providing a basis for the development of advanced heavy metal removal technologies.

1. Introduction nm, the proportion of goethite phase in the aging product of iron hydride

decreased significantly from 41% to 0%, indicating that the nano-

The escalating heavy metal pollution crisis urgently demands the
development of novel adsorbents to overcome the limitations of tradi-
tional materials, such as the environmental susceptibility of activated
carbon [1] and the aggregation tendency of nano-iron oxide [2]. To
address these challenges, nanoconfinement, achieved by encapsulating
active adsorption materials within nanostructured space, has emerged
as a promising strategy [3-8]. This strategy in adsorption has garnered
significant attention due to the ability to modulate the intrinsic prop-
erties of adsorption systems, e.g., material size, phase transition
behavior, electronic state, and adsorption capacity [9,10]. For example,
when the nanoconfinement channel size was reduced from 200 nm to 20
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confinement significantly slows down the phase transition kinetics,
allowing iron hydride to maintain its specific adsorption capacity for As
(V) after aging for 20 days [11]. Similarly, the a-FepO3 (~3.9 nm)
confined in the mesoporous molecular sieve (MCM-41) channel modu-
lates the electron distribution of Fe(IIl) from a high-spin state to a low-
spin state, thereby significantly improving its adsorption performance to
anionic pollutants, making its maximum adsorption capacity for rose red
>8 times higher than that of commercial activated carbon [8]. There-
fore, the rational design of nanoconfined environments to tailor the
intrinsic properties of adsorbents is a critical strategy for achieving su-
perior adsorption performance.
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While diverse nanostructures (e.g., porous frameworks [12] and
layered materials [13]) have been explored for nanoconfinement,
tubular nanomaterials stand out as particularly promising candidates
due to their unique structural advantages. Tubular nanomaterials
inherent hollow architectures not only provide abundant accessible
surface sites with highly unsaturated coordination environments [6,14],
but also enable directional transport of molecules and promote their
enrichment within the confined space, significantly enhancing adsorp-
tion reaction performance [15-17]. In addition, theoretical calculations
show that concave surfaces are more conducive to efficient adsorption
than convex surfaces [16,18,19]. Therefore, by introducing active cen-
ters inside the nanotubes to construct a core-shell adsorbent with a
confinement effect, it not only improves the dispersion of the active
sites, but also exerts the enrichment effect of the nanotubes on small
molecules or ions, thereby preparing materials with excellent adsorption
properties. However, current studies predominantly focus on artificially
synthesized materials such as carbon nanotubes and mesoporous hex-
agonal silicates, while the exploration of naturally abundant and cost-
effective natural clay nanotubes for nanoconfinement adsorption
remain limited [3,20,21].

Halloysite nanotubes (HNTs) are natural clay materials formed by
inward coiling of kaolin sheets. HNTs have a unique hollow tubular
structure and exhibit different chemical properties on the inner and
outer surfaces (Si-O-Si on the outer surface and Al-OH on the inner
surface), providing a platform for constructing nanoconfined environ-
ments [22-24]. This unique structural feature endows HNTs with a
pronounced nanoconfinement effect, enabling precise control over the
size, morphology, dispersion, and activity of metals and their com-
pounds grown within the lumen. Notably, this confinement effect is
closely correlated with the catalytic efficiency, adsorption capacity, and
chemical reactivity of the material [25,26], offering a valuable strategy
for optimizing the properties of nanomaterials. Zirconium phosphate
(ZrP) is widely used to adsorb heavy metals, radioactive elements and
rare earth elements due to its superior ion exchange capacity [7,27,28].
However, its easy agglomeration, difficult recovery and poor adsorption
selectivity limit its performance in practical applications [29]. Recent
studies have shown that the composite of ZrP and HNTs can effectively
improve material properties [30-32]. However, existing studies have
mostly focused on surface composites or macroscopic assembly struc-
tures, and have not yet systematically explored the regulatory mecha-
nism of HNTs nanoconfined space on ZrP crystal growth and its
influence on adsorption properties.

In this work, a confined structure was constructed by spatially
restricting the growth of ZrP nanocrystals within the lumen of halloysite
nanotubes (HNTs), forming a nanoconfined structure (ZrP@HNTs). For
comparison, ZrP nanocrystals grown on the outer surface of HNTs (ZrP/
HNTs) were used as the nonconfined control. Confinement within the
nanostructured space effectively regulated the growth of ZrP, leading to
reduced particle size (4.9 vs. 9.5 nm), enhanced dispersion, and
increased exposure of active sites, which are beneficial for the adsorp-
tion of Pb(II). Experimental results showed that the maximum adsorp-
tion capacity of ZrP@HNTs for Pb(II) was 163.7 mg/g, which is about 3
times that of the ZrP/HNTs. In the presence of high concentrations of
competing ions, the adsorption performance of ZrP@HNTs for Pb(II)
only decreased by 7.6%, while that of ZrP/HNTs decreased by 32.1%.
Furthermore, finite element simulations and atomic force microscopy
(AFM) were employed to visualize and quantify the contribution of the
nanoconfinement effect within HNTs to the adsorption process. This
work demonstrated that nanoconfinement significantly enhances heavy
metal adsorption performance by simultaneously optimizing the
adsorbent nanostructure and interfacial interaction. In summary, this
study enhances the understanding of the nanoconfinement effect and
offers theoretical insights and technical guidance for its expanded
application in water treatment.
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2. Materials and methods
2.1. Materials

Halloysite nanotubes were obtained from Guangzhou Runwo Mate-
rials Technology Co., Ltd. Zirconium oxychloride (ZrOCly-8(H20),
99.9%), Calcium nitrate (94%), and phosphoric acid were purchased
from Shanghai Macklin Biochemical Co., Ltd., China. Lead nitrate (99%)
and 11-mercaptoundecylphosphoric acid (>90%) were acquired from
Aladdin Biochemical Technology Co., Ltd. in Shanghai, China.

2.2. Preparation of adsorbent

A freshly prepared 20 mL ethanol suspension containing 2 wt%
uniformly dispersed HNTs was mixed with 20 mL of ethanol solution
containing 0.013 g of ZrOCl,-8H20 (final concentrations: 1 wt% HNTSs
and 1 mM Zr ions) (Ethanol's lower surface tension compared to water
makes it more accessible to enter HNTs by capillary action, thus using
ethanol as a solvent). The mixture was sonicated for 30 min, and then a
vacuum environment was generated using a pump under magnetic
stirring. The suspension was evacuated in a vacuum chamber for 30 min
and then returned to atmospheric pressure. This vacuum-pressurization
cycle was repeated three times to enhance the Zr ion loading efficiency
[33]. After stirring ceased, the solid was separated and incubated with a
10% H3PO4 (v/v) solution for 24 h to facilitate the in situ growth of ZrP
nanoparticles [7,34]. The resulting product was centrifuged at 10,000
rpm for 5 min, washed three times with ethanol and deionized water,
and dried to obtain ZrP@HNTs. For comparison, ZrP nanocrystals
deposited on the outer surface of HNTs (ZrP/HNTs) were also prepared.
This was achieved by depositing ZrP onto the nanotube surfaces through
the impregnation of HNTs with an aqueous ZrOCl,-8H20 solution
(without vacuum assistance) [31], and the other steps follow the same
procedure.

2.3. Characterization

The ZrP@HNTs and ZrP/HNTs were characterized with X-ray
diffraction (D8 Advance diffractometer, Bruker, Germany), X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Sci-
entific,c USA), transmission electron microscope (TEM, JEM-F200,
Japan) and automatic surface and porosity analyzer (BET, Micro-
meritics ASAP 2460, USA). A Nano-ZS instrument (Malvern Instruments
Ltd., UK) was used to detect samples' zeta potentials. The Pb(II) con-
centrations were measured using an inductively coupled plasma-atomic
emission spectrometer (ICP-OES, iCAP7400, ThermoFisher, USA) (see
details in the supplementary texts).

2.4. Adsorption assay

Batch adsorption experiments were performed in 100 mL glass flasks
under controlled temperature conditions. A detailed description is given
in the supplementary texts.

2.5. Quartz crystal microbalance measurements (QCM-D)

The in-situ adsorption of lead ions on the gold sensors coated with
ZrP@HNTs or ZrP/HNTs was monitored respectively by QCM-D (Q-
Sense E4, Biolin Scientific) (see details in the supplementary texts).

2.6. DFT calculation

The binding energies (E,) for Pb(II) adsorption on optimized
ZrP@HNTs or ZrP/HNTs species were calculated according to the
following equation.

Eads = E(adsorbent +adsorbed (1)) — E(adsorbenty — E(pb(r)) 1)
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where E(adsorbent+adsorbed Pb(II)) is the total energy, E(adsorbent) is the energy of
the optimized ZrP@HNTSs or ZrP/HNTs species, and Epy 1) ) is the energy
of Pb(ID).

2.7. Finite element simulation

To simulate the distribution of ions on different adsorbent surfaces,
finite element simulations were conducted using COMSOL Multiphysics
for the catalyst positioned both inside and outside the halloysite nano-
tubes. The modules used include diluted substance transfer, laminar
flow, and electrostatic field (see details in the supplementary texts).

2.8. Atomic force microscopy (AFM) measurements

Using an AFM probe modified with phosphate groups, interaction
forces were quantified in lead ion solutions (0.1 mM, 1 mM, and 10 mM).
The adsorption behavior between phosphate and lead ion at varying
concentrations was then characterized (see details in the supplementary
texts).

3. Results and discussion
3.1. Synthesis and characterization of ZrP within HNTs' lumen

The preparation process of ZrP@HNTs and ZrP/HNTs were system-
atically expounded in Fig. 1. The synthesis of ZrP within the HNTSs'
lumen was accomplished using the modified solvent method in ethanol
solutions. This process involves the hydrolysis of Zr** ions to form the
precursor cations [Zr(OH)204H20]§+, which adhere to the clay surface
before being immersed in a phosphoric acid to facilitate the in situ
growth of ZrP nanocrystals. Specifically, an ethanolic solution of
ZrOCl2-8H20 is gradually introduced into an HNTs ethanol dispersion,
and the Zr ions are vacuum-pumped into the HNT lumens [33].
Following complete adsorption and binding, Zr ions@HNTs are added to
a phosphoric acid solution, where the in situ reaction proceeds for 24 h
to produce ZrP@HNTs [7,34]. For comparison, ZrP/HNTs was prepared
via a conventional impregnation method [31], where purified HNTs
were directly mixed with an aqueous ZrOCl,-8H30 solution (without
vacuum assistance), followed by phosphoric acid treatment under
identical conditions. This approach primarily deposits ZrP on the outer
surfaces of HNTs rather than within the lumen.

The transmission electron microscopy (TEM) clearly reveals that ZrP
nanocrystals were dispersed on the inner surface of HNTs in ZrP@HNT
(Fig. 2a) and on outer surface of HNTs in ZrP/HNT (Fig. 2c). For the
ZrP@HNTs, it is observed that most ZrP nanocrystals are situated within
the lumens of HNTs, where they are evenly distributed on the inner
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surfaces with minimal agglomeration. External surface of HNTs keep
smooth, with nearly no ZrP nanocrystals present (TEM images of pristine
halloysite nanotubes and pure zirconium phosphate nanocrystals are
shown in Supplementary Fig. 1). The high-resolution transmission
electron microscopy (HRTEM) image of the ZrP nanocrystals (Fig. 2a, c)
displays distinct (—312) lattice fringes with an interplanar spacing of
approximately 0.261-0.262 nm. These findings align with the structural
data observed in the X-ray diffraction (XRD) spectra. The XRD diffrac-
tion peak intensities of ZrP nanocrystals in ZrP@HNTSs and ZrP/HNTs
were lower than those in the pure ZrP nanocrystals sample (Fig. 2g),
indicating that the ZrP nanocrystals displayed reduced crystallinity and
a smaller average crystallite size after interacting with HNTs. Addi-
tionally, the distribution and particle size of ZrP nanocrystals were
examined using high-angle annular-dark field transmission electron
microscopy (HAADF-STEM) coupled with energy-dispersive X-ray
spectroscopy (EDX) elemental mapping. The findings reveal that ZrP
nanocrystals were positioned inside the channels of HNTs in ZrP@HNTs
(Fig. 2b and Supplementary Fig. 2a), whereas they exhibited a random
dispersion on the exterior surface of HNTs in ZrP/HNTs (Fig. 2d and
Supplementary Fig. 2b). Analysis of the size distribution revealed
average particle sizes of 4.9 £+ 0.2 nm for ZrP@HNTSs and 9.5 + 0.2 nm
for ZrP/HNTs (Fig. 2e, f). BET measurements indicated specific surface
areas of 57.9 m> g’1 for ZrP@HNTs and 30.4 m? g*1 for ZrP/HNTs
(Supplementary Fig. 3). Notably, the surface area of ZrP@HNTs and
ZrP/HNTs is larger than that of pristine HNTs. This enhancement in
surface area can be ascribed to the deposition and dispersion of ZrP
nanoparticles, which introduce additional mesopores and increase sur-
face heterogeneity.

Zeta potential measurements indicated that the introduction of ZrP
nanocrystals significantly enhanced the negative potential of HNTs, and
the zeta potential of ZrP@HNTs and ZrP/HNTs was —48.6 mV and —
45.8 mV, respectively (Fig. 2h). ZrP@HNTs integrated the positive
charge of the inner wall of HNTs tube, therefore the zeta potential is
slightly negative. This change would also be beneficial to the adsorption
of heavy metals. The Zr content in both materials were nearly identical,
as determined by acid digestion (1.45 wt% for ZrP@HNTs and 1.40 wt%
for ZrP/HNTs, Supplementary Fig. 4).

The characteristic peak with the binding energy at 532.36 eV
correspond to O 1 s electron of 0% in ZrP@HNTs (Fig. 2i). At the same
time, in the high-resolution XPS spectra of P 2p (Fig. 2j), a pair of
characteristic peaks at 134.17 eV and 135.13 eV belong to the P 2p3/2
and P 2p1/2 electrons, respectively. The results showed that the electron
binding energy of O 1 s and the P 2p electrons in ZrP@HNTs displays a
certain degree of positive shift compared with ZrP/HNTs. Such a sig-
nificant change in the zirconium phosphate was expected to have a
substantial impact on its reactivity to heavy metals.

Phosphoric

Vacuum/pump in

Phosphoric

Impregnation

ZyP/HNTs

Fig. 1. Schematic illustration of the preparation strategy for ZrP@HNTs and ZrP/HNTs.
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Fig. 2. Characterization of ZrP@HNTs and ZrP/HNTs. (a, ¢) TEM images of the ZrP@HNTs and ZrP/HNTs, respectively (inset: HRTEM images of ZrP nanocrystals).
(b, d) HADDF-STEM images of ZrP@HNTs and ZrP/HNTs, respectively. (e, f) Particle size distributions of the ZrP nanocrystals in both ZrP@HNTs and ZrP/HNTs,
respectively. (g) XRD patterns, (h) Zeta potentials (pH 7.0) of HNTs, ZrP@HNTs and ZrP/HNTs and ZrP. (i) O 1 s and (j) P 2p high-resolution XPS spectra of

ZrP@HNTs and ZrP/HNTs.

3.2. Adsorption performance

To evaluate the adsorption performance of ZrP@HNTs for Pb(II) ions
from aqueous solutions, pristine HNTs, ZrP, ZrP/HNTs, and ZrP@HNTs
samples were immersed in a Pb(II) solution with initial concentration of
50 mg/L. After shaking for 10 h, the Pb(II)-loaded samples were sepa-
rated to quantify the amount of adsorbed Pb(II). As shown in Fig. 3a,
ZrP@HNTs exhibited higher adsorption capacities compared to HNTs,
ZrP, and ZrP/HNTs. To further clarify the adsorption differences be-
tween ZrP@HNTs and ZrP/HNTs, quantitative adsorption tests were
performed by quartz crystal microbalance (QCM-D) to directly monitor
lead ion adsorption on ZrP@HNTs coated gold sensors and ZrP/HNTs
coated gold sensors. As shown in Supplementary Fig. 5, after introducing
the lead ion solution into the ZrP/HNTs coated gold sensor, it can be
seen that the frequency is significantly reduced (~16 Hz), indicating
that adsorption occurs on the surface of ZrP/HNTs. Compared with the
ZrP/HNTs coated gold sensor, only a small amount of lead ions was
adsorbed on the ZrP@HNTSs coated gold sensor, indicating that the
adsorption of lead ions by ZrP@HNTs mainly occurred in the lumen.
Such a dramatic difference in adsorption reactivity inspired an investi-
gation into the differences in the adsorption mechanisms of ZrP nano-
crystals under nanoconfinement and nonconfinement.

The pH of the solution plays a critical role in modifying the surface
functional groups of ZrP, thereby affecting its adsorption capacity. Thus,
it is important to investigate how pH variations affect the adsorption of
Pb(Il) by the adsorbents. Fig. 3b shows the adsorption efficiency of
ZrP@HNTs and ZrP/HNTs at pH 2-6. At pH 2-5, the results in Fig. 3b
demonstrated that the adsorption efficiency of Pb(II) by ZrP/HNTs and

ZrP@HNTs increased with pH increasing. At pH 5, ZrP/HNTs and
ZrP@HNTs showed the highest removal efficiency of Pb(II), about
72.6% and 90.0%, respectively. From the overall trend change from pH
2 to 5, it can be seen that the effect of pH on the adsorption of lead ions
by ZrP@HNTs is much smaller than that by ZrP/HNTs, which indicates
that spatial nanoconfinement greatly reduces the effect of pH on the
surface properties of ZrP and improves the acidic stability of ZrP. As the
pH value increases further, the adsorption efficiency of Pb(II) by both
ZrP/HNTs and ZrP@HNTs decreases. This is because Pb(II) exists
entirely as Pb?>" at pH < 5. However, as the pH rises, the speciation of Pb
(II) undergoes changes, which in turn impacts the ability of phosphate
groups to adsorb Pb(II) [35].

The adsorption kinetics were examined. As shown in Fig. 3c,
ZrP@HNTs exhibit a faster adsorption process compared to ZrP/HNTs,
resulting in a higher adsorption rate constant with a strong correlation
coefficient (R? = 0.99, Table S1) according to the pseudo-second-order
kinetics model. The equilibrium adsorption isotherms of Pb(II) in
ZrP@HNTs and ZrP/HNTs were derived experimentally using initial
concentrations ranging from 10 to 400 mg/L, and were subsequently
fitted using the Langmuir model (Fig. 3d), which provided a stronger
correlation (R? = 0.99) compared to the Freundlich model R? = 0.88,
Supplementary Fig. 6). The maximum adsorption capacities of Pb(II) for
ZrP@HNTs and ZrP/HNTs were 163.7 mg/g and 54.6 mg/g, respec-
tively. This suggests that the confinement provided by halloysite nano-
tubes significantly enhances the Pb(II) adsorption capacity of ZrP
nanocrystals.

Examining the selective adsorption of heavy metals by materials in
the presence of competing mineral cations, such as Na(I) and Ca(Il), in
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Fig. 3. (a) Adsorption capacity of HNTs, ZrP@HNTs and ZrP/HNTs and ZrP for Pb(II). (b) Effect of pH on the adsorption capacity. (c) Adsorption kinetics of Pb(II)
with an initial concentration of 50 mg/L, fitted with a pseudo-second-order model. (d) Equilibrium Pb(II) adsorption capacity as a function of equilibrium Pb(II)
concentration (Ce) fitted with the Langmuir model, (e, f) Effect of Na(I) and Ca(II) ions on adsorption of Pb(II) by the adsorbents. (g) Five cyclic adsorption-
regeneration assays. (h) Multiple rounds of adsorption experiments of ZrP@HNTs in real mineral processing wastewater. (i) Comparison of maximum Pb(II)

adsorption capacity and adsorbent dosage for various clay-based adsorbents.

real contaminated water is of vital practical significance. To explore the
selective adsorption of Pb(II) in practical scenarios, we put the samples
in Pb(II) solutions containing varying concentrations of Na or Ca ions as
interfering agents. The results showed that the adsorption capacity of
ZrP@HNTs and ZrP/HNTs for Pb(II) was almost unaffected when the
molar ratio of Na(I)/Pb(Il) was as high as 300 (Fig. 3e). This negligible
interference effect can be attributed to the monovalent nature of Na(I)
and its low affinity for phosphate functional groups. In contrast, phos-
phate functional groups prefer to bind to divalent or multivalent ions
such as Pb(II) due to their stronger electrostatic interactions and coor-
dination stability. When the molar ratio of Ca(Il) to Pb(II) reached 80,
the adsorption capacity of ZrP@HNTs and ZrP/HNTs for Pb(II)
decreased by 7.6% and 32.1%, respectively (Fig. 3f). This suggests that
ZrP nanocrystals in a confined system exhibit excellent selective
adsorption capacity for heavy metals. These findings indicate that
nanoconfinement enhances the inner-sphere coordination between
ZrP@HNTs and heavy metals under strong competitive conditions,
which leads to higher adsorption selectivity compared with the
nonspecific electrostatic attraction between heavy metals [7,11,36].
Moreover, the ZrP@HNTs adsorbent can be efficiently regenerated
through HCI washing and reused for multiple Pb(II) adsorption cycles.
Remarkably, the adsorption capacity retained notably high (~82%)
even after 5 cycles (Fig. 3g), demonstrating the adsorbent's long cycle
life and further emphasizing the high stability of ZrP@HNTs. Addi-
tionally, the structural integrity was preserved, as confirmed by the

identical XRD patterns of ZrP@HNTs before and after 5 cycles (Sup-
plementary Fig. 7). Meanwhile, the dissolution of Zr during Pb(II)
adsorption of ZrP@HNTs samples was evaluated (Supplementary
Fig. 8). The lower dissolution of ZrP under nanoconfinement (leaching
rate < 0.3 pg/L) indicates its beneficial effect on the stability of the
nanocomposites in long-term applications.

To further evaluate the adsorption performance of ZrP@HNTSs under
practical conditions, real mining wastewater was used as the testing
medium. As shown in Fig. 3h, the concentration of Pb(II) in the waste-
water was reduced from 19.34 mg/L to 0.90 mg/L, corresponding to a
removal efficiency of 95.29%. Furthermore, even after five successive
additions of fresh wastewater into the system, ZrP@HNTs consistently
maintained a Pb(II) removal efficiency above 80%, demonstrating its
excellent adsorption capacity and operational stability in complex water
matrices. In addition, the adsorption performance of ZrP@HNTs was
compared with other clay-based adsorbents reported in recent years. As
shown in Fig. 3i and Supplementary Table 2, ZrP@HNTs achieves
relatively higher adsorption capacity with a lower dosage of adsorbent,
highlighting its superior adsorption efficiency.

3.3. Adsorption mechanism investigation
To further explore the Pb(II) binding interactions in both confined

and non-confined systems, additional characterizations were performed
on ZrP@HNTs and ZrP/HNTs, providing deeper insights into the role of
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nanoconfinement in enhancing adsorption efficiency. The ZrP@HNTs
and ZrP/HNTs samples after adsorption of Pb(II) were characterized by
XPS (Fig. 4a). When Pb(II) was adsorbed by ZrP@HNTs, the binding
energy of Pb(II) 4f was lower, indicating that ZrP nanocrystals had a
strong affinity for Pb(II) in the confined system. From P 2p peaks, after
Pb(II) uptake, the peak shift of P 2p in ZrP@HNTs is about 2.4 times that
of ZrP/HNTs (Fig. 4b). These results suggest that ZrP@HNTs interact
much more strongly with Pb(II) than ZrP/HNTs.

The rationality of the regulation mechanism was further examined
using DFT calculations. The adsorption energy (E,gs) calculations
revealed that the confinement of ZrP nanocrystals within HNTs signifi-
cantly enhanced the adsorption capacity for Pb(Il) (Fig. 4c, d). This
result indicates that Pb(II) is more strongly adsorbed into the HNTs
nanotubes due to the additional interactions (e.g., electrostatic, van der
Waals, or orbital interactions) from the confined space.

3.4. Mechanistic insight into adsorption enhancement under spatial
nanoconfinement

To further study the mechanism of adsorption enhancement under
spatial nanoconfinement, we conducted research from the aspects of
reactant enrichment, mass transfer effect, and interaction mechanism at
the nano-scale.

3.4.1. Reactant enrichment effect

Reactant enrichment is regarded as a key feature of the nano-
confinement effect within the microenvironment of nanoreactors. In
hollow tubular nanostructures, the internal void space creates a
confined region with concave interfaces that promote the accumulation
of reactant molecules. By incorporating active sites within this confined
space, the local concentration of reactants is significantly increased,
leading to an accelerated reaction rate [37]. Consequently, the impact of
the reactant enrichment effect was thoroughly studied under spatial
nanoconfinement. The initial nucleation and early growth of Pb(II) with
different concentrations on phosphate monolayer (representing phos-
phate adsorbed groups on ZrP nanocrystals) modified substrates were
observed by in situ AFM (Fig. 5) [38-40]. AFM results showed that the
reaction rate of Pb(II) and phosphate functional groups is proportional
to the concentration of Pb(II). The surface roughness of the substrate
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after Pb(II) reaction at different reaction times is shown in Fig. 5. Ac-
cording to the variation of roughness, the nucleation and growth rate of
high-concentration Pb(I) on the substrate surface is much faster than
that of low-concentration Pb(II). In addition, due to spatial confinement,
the pH change of the solution in the confinement space will be more
significant than that of the bulk solution, and the pH will affect the
surface properties of the functional groups, thus affecting the adsorption
of heavy metal ions by the material. The results showed (Fig. 3b) that the
effect of pH on ZrP@HNTs is much smaller than that on ZrP/HNTs,
whereas for ZrP@HNTs, the adsorption of Pb(II) remains high in the
range of pH 2-5, which implies that there are other important factors for
adsorption enhancement under the spatial confinement.

3.4.2. Mass transfer effect

In bulk phase solutions, mass transfer depends mainly on molecular
diffusion, following Fick's rule. In confined space, because the space is
very small, the movement of molecules in the pore may be limited,
causing them to be enriched in the confined space [15,16]. According to
the COMSOL simulation (Fig. 6), the localized action of nanotubes
promoted the local enrichment of lead ion concentration in the tube, and
the concentration of Pb(II) on the near-surface was basically consistent
with that in the center of the tube. But outside the tube, due to its poor
mass transfer efficiency, an obvious concentration gradient can be
observed. Therefore, there will also be a thicker diffusion layer in the
outer space [41,42]. As can be seen from the change of Pb(II) concen-
tration within 100 ps (Supplementary Fig. 9), ZrP@HNTSs mass transfer
is accelerated due to the confinement effect of nanotubes, and Pb(II)
quickly reaches saturation concentration on the surface of ZrP [43].
According to Fick's law, reducing the thickness of the diffusion layer can
significantly enhance the mass transfer of reactants, enhance the colli-
sion between adsorbent and adsorbent, and improve the adsorption ef-
ficiency. The change of diffusion layer and the change of local
concentration of reactants will also cause the change of intermolecular
force of reactants.

3.4.3. The interaction mechanism

AFM has been widely used to measure surface interaction mecha-
nisms at the nanoscale [44-46]. Chemical force microscopy (CFM), an
AFM-based technique, directly measures interaction forces between self-
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Fig. 4. (a) XPS Pb 4f spectra of Pb(II)-loaded adsorbents, and (b) XPS P 2p spectra of the adsorbents before and after Pb(II) uptake. Theoretical calculations. (c)
Optimized structures of ZrP@HNTs and ZrP/HNTs after adsorption of ions. (d) The adsorption energy (Eads) of Pb(II) on ZrP@HNTs and ZrP/HNTs.



R. Yang et al.

10.0 nm

(a) 1 mM

5.0 nm

Rq =0.99 nm
0.0 nm

Rq =0.96 nm Rq =1.32 nm

0.0 nm

0.0 nm

Chemical Engineering Journal 519 (2025) 165613

10.0 nm 20.0 nm

10.0 nm

0.0 nm

80.0 nm

40.0 nm

0.0 nm 0.0 nm

Fig. 5. In situ AFM images of the initial nucleation and early growth of (a) 1 mM Pb(II) and (b) 10 mM Pb(II) on the substrate.
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Fig. 6. Visualization of Pb (II) distribution on cross sections (top) of (a) ZrP@HNTs and (b) ZrP/HNTs.

assembled monolayers (SAM) with specific terminal groups, such as
-CHgs, -OH, and -COOH [47]. To investigate changes in the interaction
force and binding strength between reactants within confined spaces, we
utilized HoPO4-SAM molecules to model the phosphate groups on ZrP
nanocrystal. Different concentrations of lead ions were employed to
simulate the enrichment of ion concentrations in both nonconfined and
confined structures [48]. CFM was used to quantitatively measure the
interaction force and adhesion energy between lead ions of different
concentrations and adsorbed functional groups at the nanoscale.

Fig. 7 (a-c) shows the interaction force between the AFM tip func-
tionalized with HoPO4-SAM and the coated substrate in solutions with
different Pb(II) concentrations (pH = 5.0 & 0.1). The force measurement
results (empty symbols) were fitted by DLVO theory. The difference
between the measured data and the theoretical fit is mainly due to the
influence of surface roughness and possible hydration. As shown in
Fig. 7, the phosphate group exhibit an attraction from ~3 nm with 0.1
mM Pb(II), ~ 7 nm with 1 mM Pb(II) and ~ 11 nm with 10 mM Pb(II)
[49-51]. This indicates that as the ion concentration increases, the
double electrical layer is compressed, and the functional groups and ions
generate attraction at a farther range, thereby improving the adsorption
efficiency.

The adherence Fy4,/R histogram measured during the separation
process and the fitted Gaussian distribution (solid curve) between
phosphate-Pb(II)-phosphate in solutions with different Pb(II) concen-
trations at pH 5.0 + 0.1 are shown in Fig. 7 (d-f). The calculated average
normalized adhesion forces were 27.24 + 0.93 mN-m ™, 47.32 + 0.5

mN-m ! and 67.86 + 1.67 mN-m ™' at 0.1 mM, 1 mM and 10 mM Pb(II)
solutions, respectively. Obviously, as the ion concentration increases,
the average adhesion force increases significantly [52]. Using the
Derjaguin-Muller-Toporov (DMT) model Wy4n = —Fgan/27R to correlate
the measured adhesion F4, /R to the adhesion energy per unit area Wygp,
the average adhesion energy was calculated to be ~4.34 mJ-m ™2 for 0.1
mM Pb(Il), ~ 7.54 mJ-m 2 for 1 mM Pb(Il) and ~ 10.81 mJ-m 2 for 10
mM Pb(II). Adhesion energy can be provided by various interactions,
including hydrogen bonding, electrostatic forces, and coordination ef-
fects. The increase in ion concentration leads to an enhanced electro-
static shielding effect, which weakens the electrostatic interaction
between functional group molecules. However, in the case of coordi-
nation between functional groups and metal ions, higher ion concen-
trations can strengthen the interaction by facilitating the formation of
more stable coordination complexes [53]. Therefore, under high con-
centration conditions, the selective adsorption ability of functional
groups to ions will also increase.

In general, the excellent performance of ZrP@HNTSs can be attributed
to the optimization of material structure and the regulation of interac-
tion force (Fig. 8). Specifically, the adsorbent prepared in the nano-
confinement space is not only smaller in size and more evenly
distributed, but also exposes more active sites, thereby significantly
improving the adsorption capacity. Nanoconfinement can help maintain
the structural stability of materials and prevent structural changes or
leaching during the adsorption process, thereby maintaining efficient
adsorption capacity. Meanwhile, the nanoconfinement can promote the
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Fig. 8. Overview of nanoconfinement strategies for enhanced adsorption.

local enrichment of reactants, accelerate interfacial reactions and

4. Conclusion

adsorption processes, and further strengthen the interaction between the

adsorbent and heavy metal ions.

In summary, this work demonstrates that nanoconfinement can

significantly enhance heavy metal

adsorbent performance. By

leveraging the intrinsic tubular lumen of halloysite nanotubes (HNTSs) as



R. Yang et al.

a confined space, zirconium phosphate (ZrP) nanocrystals were grown in
situ to form a nanoconfined structure (ZrP@HNTSs) with precise control
over crystallite size (4.9 nm) and uniform dispersion. Compared to ZrP
nanocrystals on the outer surface of HNTs (ZrP/HNTs), ZrP@HNTs
exhibited a threefold increase in Pb(II) adsorption capacity and main-
tained high stability, retaining over 80% of its adsorption capacity after
five cycles. Finite element simulations confirmed that the nanoconfined
HNT lumen effectively enriches Pb(II) and reduces the diffusion layer
thickness, thereby accelerating adsorption kinetics. Based on the finite
element simulations results, adsorption environments for ZrP@HNTSs
and ZrP/HNTs were modeled using high and low concentrations of Pb
(ID) solutions, respectively. Atomic force microscopy analysis measured
the variation in interaction forces between Pb(II) at concentrations
ranging from 0.1 mM to 10 mM and phosphate groups on ZrP, with
adhesion energy increasing from 4.34 mJ-m~2 to 10.81 mJ-m~2. This
directly quantifies the contribution of the nanoconfined space to the
enhancement of adsorption. This work proves the effectiveness of
nanoconfinement in optimizing adsorbent performance and provides a
powerful strategy for the design of sustainable water treatment
technologies.
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