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ARTICLE INFO ABSTRACT

Keywords: The development of modern fertilizers includes the creation of various eco-friendly composites made from
Halloysite mineral or organic substance carrier combined with nutrient fillers. This study aims to design targeted micro-
Nanotubes nutrient nanofertilizers with injectable properties by chemically activating halloysite nanotubes as carrier. The
m??;?ﬂgg:::s goal is to analyze the sorption of copper (Cu), boron (B), and iodine (I) on the meso- and micropores of halloysite

to enhance their performance. Halloysite nanotubes were modified via intercalation and adsorption of aqueous
solutions containing chelated copper, boric acid, or iodine solutions. As a result, nanotube composites with
different concentrations were produced. The encapsulation of Cu/B/I in halloysite, as well as the modification of
the nanotubes, was investigated using various techniques, including SEM with EDS, BET surface area analysis,
TEM with SAED, TG-DSC with MS, and ICP-MS. Laboratory plant growth tests were conducted, along with
detailed observations of how the composites affected the leaf surface, to analyze the effectiveness of the designed
fertilizers. Copper, boron, and iodine were intercalated in the micropore space of the halloysite. As the con-
centration of the reacted solution increased, the average outer diameter of the nanotubes increased up to 300 nm,
indicating that the macropore space, also known as the “site,” was filled. The results of the plant growth tests
revealed a strong adhesion of activated halloysite nanotubes to arugula microgreens and a stimulating effect of
the created composites on height and yield, which increased by up to 34 %. This phenomenon guarantees that
the fertilizer remains on the plant’s surface for an extended period and is less likely to wash away due to irri-
gation or rain. Surface spraying of halloysite nanotubes allows for the accurate delivery of micronutrients to
plants while preventing soil and groundwater contamination, making this fertilizer ecologically sound. The
proposed method of activating halloysite with Cu, B, and I solutions is promising and could lead to the devel-
opment of fertilizers in the near future.

Targeted fertilizers

1. Introduction unique layered tubular structure, high surface area, and ability to

encapsulate and gradually release a range of substances [10-13].

Micronutrient fertilizers are important for increasing crop yields and
improving soil quality by providing essential nutrients that plants can
easily absorb [1-3]. However, traditional fertilizers often face problems
like quick leaching, low nutrient use efficiency, and environmental
losses. Targeted nanofertilizers have emerged as a promising solution.
These nanofertilizers offer controlled nutrient release and improved
bioavailability [4-9].

Halloysite nanotubes have attracted significant attention among the
various nanocarriers for these composites. This interest is due to their

* Corresponding author.

Halloysite is a phyllosilicate clay mineral known for its layered
crystal structure and remarkable flexibility [14]. This naturally occur-
ring aluminosilicate clay mineral features a unique hollow tubular
morphology, setting it apart from conventional layered silicates [11,
15-19]. These characteristics make halloysite versatile and applicable in
various scientific and industrial fields [10,20].

One of the most defining features of halloysite nanotubes is their
high aspect ratio, which describes the relationship between their length
and diameter [21]. These nanotubes typically have an aspect ratio of
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10:1 or higher, resulting in an elongated, needle-like shape [10,21-28].
This hollow structure enhances their exceptional loading and encapsu-
lation capabilities, making them ideal candidates for drug delivery
systems [27,29-37].

Halloysite nanotubes have remarkable chemical and thermal stabil-
ity, which makes them suitable for a variety of applications [21,38,39].
They can endure both acidic and alkaline conditions. Their resistance to
high temperatures makes them ideal for various industrial applications,
including catalysis and the manufacturing of polymer nanocomposites
[40-42]. Furthermore, the exterior surface of halloysite nanotubes can
be easily modified to introduce specific functionalities or coatings [21,
43-471.

This study aims to develop and characterize copper/boron/iodine
(Cu/B/I)-modified halloysite nanotube nanocomposites to serve as a
targeted micronutrient fertilizer with injectable properties. The modi-
fication enhanced nutrient loading capacity, optimized release kinetics,
and improved plant bioavailability. The agronomic performance of the
developed nanocomposites was evaluated through laboratory-scale
bioassays using arugula microgreens (Eruca sativa). This work provides
new insights into the development of next-generation targeted nano-
fertilizers, highlighting the potential of halloysite-based carriers for
sustainable and resource-efficient agriculture.

2. Materials and methods
2.1. Materials

Halloysite nanotubes (HNTSs) concentrate supplied by Halloysite-
Ural LLC (Chelyabinsk, Russia) was used as a mineral material.
Chelated copper, boron acid, and iodine were chosen as the active
components to obtain nanocomposites. These compounds were selected
due to their essential role in plant nutrition and their ability to interact
with the tubular structure of halloysite.

Aqueous solutions of chelated copper (5, 20, and 40 wt%), boric acid
(5, 20, and 40 wt%), and potassium iodide (5, 20, and 40 wt%) were
prepared and used for nanocomposite synthesis.

2.2. Chemical preparation of nanocomposites

Nanocomposites were synthesized by impregnating halloysite
nanotubes with chelated copper, boric acid, and potassium iodide. The
purpose of this process was to introduce micronutrients into the nano-
structure of halloysite through adsorption and intercalation.

Each halloysite sample (60-95 g) was mixed with a specific volume
of nutrient solution (40 ml) and left for 48 h at room temperature to
ensure complete absorption. The 48-h incubation period was selected
based on preliminary experiments and literature precedents [48,49]
indicating that similar durations are sufficient for achieving adsorption
equilibrium under static conditions. After impregnation, the suspensions
were not washed to preserve weakly bound nutrient species that may
contribute to bioavailability. The excess unabsorbed solution was
removed during subsequent drying. The resulting nanocomposites were
then dried in a vacuum oven at 60 °C for 24 h before characterization
(Table 1).

2.3. Characterization of the nanocomposites

To investigate parameters of the produced nanocomposites and
verify sorption of (Cu, B, I) into halloysite nanotube structures, a range
of laboratory and analytical investigations were conducted, which
included scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDX), Brunauer-Emmett-Teller (BET), transmission
electron microscopy (TEM) with selected area electron diffraction
(SAED), Fourier transform infrared spectroscopy (FTIR), X-ray diffrac-
tion analysis (XRD), thermogravimetric and differential scanning calo-
rimetry with mass spectrometry (TG-DSC-MS), and inductively coupled
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Table 1
Characterization of preparation of halloysite-based nanocomposites.

Nanocomposite  Preparation formula

Hly3Cu2-40 60 g of HNTs +40 ml of a solution with a copper-chelated
concentration of 40 %

Hly3Cu2-20 60 g of HNTs +40 ml of a solution with a copper-chelated
concentration of 20 %

Hly3Cu2-05 60 g of HNTs +40 ml of a solution with a copper-chelated
concentration of 5 %

Hly3B2-40 60 g of HNTs +40 ml of a solution with a boron concentration of
40 %

Hly3B2-20 60 g of HNTs +40 ml of a solution with a boron concentration of
20 %

Hly3B2-05 60 g of HNTs +40 ml of a solution with a boron concentration of 5
%

Hly60140 60 g of HNTs +40 ml of an iodine solution

Hl1y80120 80 g of HNTs +20 ml of an iodine solution

Hly95105 95 g of HNTs +5 ml of an iodine solution

Note: In the sample code Hly3Cu2-40, “Hly3” corresponds to the halloysite
weight used (e.g., 60 g), and “Cu2” reflects the molar ratio of halloysite to copper
solution (3:2). The number “40” indicates the concentration of copper chelated
in the solution. This nomenclature is applied consistently to all nanocomposite
labels in this study.

plasma mass spectrometry (ICP-MS).

Scanning electron microscopy (SEM) was used to analyze the nano-
composite morphological features and chemical composition. The study
was conducted with a TESCAN Vega 3 SBU scanning electron micro-
scope (TESCAN, Brno, Czech Republic) that is equipped with an OX-
FORD X-Max 50 energy-dispersive X-ray spectroscopy detector (Oxford
Instruments, Abingdon, UK). The imaging conditions included an
accelerating voltage of 10-20 kV, a 3-12 nA sample current, a 5-15 mm
working distance, and operation under full vacuum mode. The samples
examined comprised dried, powder-like nanocomposites alongside raw
halloysite material. Outer diameters of halloysite nanotubes were sta-
tistically analyzed from SEM images with over 150 measurements per
sample used to construct diameter distribution histograms. Additionally,
plant leaves treated with aqueous nanocomposite solutions were
analyzed to assess interactions between the plant tissues and halloysite
nanotubes.

The specific surface area of the nanocomposites was determined
using the Brunauer-Emmett-Teller (BET) method with a 3P sync 210
surface area and porosity analyzer (Ribori Instrumentation, Germany).
Before analysis, the samples were pre-dried at 125 °C for 2 h and then
degassed under vacuum at 250 °C for 12 h. Surface area measurements
were conducted at —196 °C over a relative pressure range 0.05-0.3.
Nitrogen adsorption-desorption isotherms were also utilized to deter-
mine the total pore volume and average pore size. Pore size distributions
were calculated using the Barrett-Joyner-Halenda (BJH) method.
Representative pore size distribution curves are provided in the Sup-
plementary information (Fig. S1).

Transmission electron microscopy (TEM) was employed to investi-
gate the structural organization of halloysite nanotubes before and after
chemical modification and assess the localization of Cu, B, and I within
the nanotube lumen. Imaging was performed using a JEOL JEM-2100F
microscope (JEOL, Tokyo, Japan) operating at 200 kV. Sample prepa-
ration involved finely grinding the nanocomposites and then dispersing
them onto a copper grid coated with a carbon film. The TEM images,
supplemented by selected area electron diffraction (SAED), facilitated
the evaluation of structural transformations in the nanocomposites.

Fourier transform infrared (FTIR) spectroscopy was used to identify
the nanocomposites’ chemical bonds and functional groups. Spectra
were recorded using a Shimadzu FTIR 8400S spectrometer (Kyoto,
Japan) over a wavenumber range of 4000-400 cm . Using the KBr
pellet technique ensured a resolution of 4 cm™!, enabling a detailed
characterization of the functional groups and molecular interactions
within the nanocomposites.
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X-ray diffraction (XRD) analysis was conducted to determine the
crystal characteristics of the initial halloysite sample and the synthe-
sized nanocomposites, as well as to assess the interlayer spacing within
halloysite crystals. The measurements were performed using a Rigaku
Ultima IV diffractometer equipped with a Cu Ko radiation source,
operating at 40 kV and 30 mA. Diffraction patterns were collected from
3° to 65° on a 20 scale at a scanning speed of 1° per minute, with a step
interval of 0.02°.

Thermogravimetric and differential scanning calorimetry (TG-DSC)
analyses were performed on the synthesized nanocomposites within a
temperature range of 30-1000 °C under an inert argon atmosphere,
using a controlled heating rate of 10 °C/min. The experiments were
carried out on an STA 449 F5 Jupiter thermal analyzer (NETZSCH,
Germany). To simultaneously identify evolved gas species, TG-DSC
measurements were integrated with a Netzsch TA Quadrupole Mass
Spectrometer (QMS) 403C Aeolos via a transfer line maintained at
250 °C. The mass spectrometer operated in electron impact ionization
mode, analyzing mass-to-charge (m/z) ratios from 1 to 50.

The elemental contents were measured using inductively coupled
plasma mass spectrometry (ICP-MS) on an ELAN DRC-e mass spec-
trometer. The analyzed samples, weighing 0.5 g, were melted at 1050 °C
with a mixture of lithium metatetraborate (LiBO2/Li»B40-) to eliminate
acidic and alkaline oxides. After melting, the samples were placed in a
glass-carbon crucible and heated for 6 h at 120 °C. During this time, a
mixture of concentrated acids (HF, HNOs, and HCIO,4) in a ratio of
5:4:1.5 was added to dissolve the glass formations. The mass was
evaporated at 160 °C to obtain wet salts using 10 ml of 5 M HNO3 so-
lution. After these steps, the solutions were filtered, and the elements
were analyzed.

2.4. Plant growth tests

An experiment was conducted on arugula microgreens (Eruca sativa)
to evaluate the effectiveness of nanocomposites. Four microgreen trays
were used in the study, which were treated using nanocomposites with
copper (Hly3Cu2-40), boron (Hly3B2-40), iodine (Hly60I40), and a
complex nanocomposite containing all three elements. The control
sample was grown without fertilizer application.

The microgreens were grown in four plastic trays under controlled
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conditions (temperature 24.5 °C, humidity 64 %). Each tray was divided
into sections corresponding to one treatment group.

Aqueous suspensions were prepared at a ratio of 0.1 g of nano-
composite per 50 ml of water and applied by foliar spraying three times
during the experiment. The experiment lasted 14 days, during which
seed germination rate, plant height, and biomass weight were measured.

To simulate natural conditions, plants were rinsed with distilled
water at regular intervals. Statistical analysis was performed using
Student’s t-test (p < 0.05) to assess differences in plant growth
parameters.

3. Results
3.1. Nanocomposite morphology

The initial HNTs concentrate consists of randomly oriented nano-
tubes, each measuring less than 5 pm in length and approximately 95 nm
in average outer diameter (Fig. 1 A). A morphometric analysis using
scanning electron microscopy (SEM) images was conducted to study the
morphological changes of halloysite nanotubes following activation
(Table 2). The initial nanotube width ranged from 40 to 162 nm (Fig. 1
A).

After chemical activation (Fig. 1B-D), the average nanotube outer
diameter increased to 125-184 nm, with the maximum observed outer

Table 2
Outer diameters of loaded HNTs.

Nanocomposites Outer diameter, nm
Minimum Average Maximum

Original HNTs 40 96 162
Hly3Cu2-05 72 125 220
Hly3Cu2-20 120 183 280
Hly3Cu2-40 93 136 268
Hly3B2-05 92 164 267
Hly3B2-20 119 184 288
Hly3B2-40 93 165 303
HIy95I-05 92 164 267
Hl1y801-20 110 175 288
Hly601-40 72 125 220
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Fig. 1. SEM images obtained using a secondary electron detector (top) and histograms distribution of outer diameter distributions (bottom) of the original HNTSs (A)
and nanocomposites activated with chelated copper, acidic boron, and iodine solutions: (B) Hly3Cu2-40, (C) Hly3B2-40, (D) Hly60140.
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diameter reaching 270 nm in the Hly3B2-40 nanocomposite (Fig. 1 C).
These findings confirm the morphological transformations of HNTs
induced by chemical modification.

The specific surface area of nanocomposites varies based on the
components and their concentrations (Table 3). The initial surface area
of the halloysite is 20.2 m?/g. Adding copper chelate reduces the surface
area, particularly in the Hly3Cu2-40 sample, which measures 18.5 m?/g
(an 8.4 % decrease) due to pore filling with copper particles. In contrast,
due to surface activation at a lower copper concentration (Hly3Cu2-05),
the surface area increases by 10.9 %-22.4 m%/g. For Hly3B2-40, boric
acid’s impact on the pore structure decreases surface area by 6.4 %,
while Hly3B2-05 shows a 5 % increase in surface area relative to hal-
loysite, indicating improved pore distribution at lower concentrations.
Iodine has a mixed effect; Hly60I40 shows the highest surface area at
23.3 m?/. g (a 15.3 % increase) due to enhanced adsorption related to its
hygroscopic properties. Even at lower iodine concentrations, like
Hly95105 (22.3 m?/g), the surface area remains above that of halloysite,
showing a 10.4 % increase.

The total pore volume for nanocomposites (Table 3) remains stable
at 0.1 cm®/g, except for the Hly60140 sample, which slightly increases to
0.12 cm®/g. This suggests that iodine modification enhances the total
pore volume by preserving the existing porous structures.

The average pore size experiences minimal variation (Table 3). The
original halloysite has an average pore size of 18.6 nm. However,
increasing concentrations of copper, boron, or iodine increase the pore
size, reaching a maximum of 21.8 nm in the Hly3Cu2-40 sample. Lower
concentrations of copper and boron additives help maintain the pore
size within the 18.4-18.6 nm range. The BJH pore size distribution
curves derived from the desorption branch (Fig. S1) revealed a signifi-
cant shift toward larger mesopores upon chemical activation. Compared
to initial halloysite nanotubes, the modified samples exhibit broader
distributions with increased pore volumes in the 2-20 nm range, indi-
cating the partial dissolution of aluminosilicate walls and the formation
of secondary mesoporosity. Among the studied nanocomposites,
Hly3Cu2-40 showed the most pronounced shift in the average pore
diameter and volume, suggesting that copper chelate treatment was the
most effective in restructuring the tubular wall architecture.

A noticeable increase in interlayer distances was observed in the
TEM-SAED analysis. The thickness of the crystal unit structure increases
from 7.2 A to 7.8 A as the concentration of the solution rises due to the
formation of complexes on the basal crystal plane of the halloysite. This
change is particularly evident in the Hly3B2-40 and Hly3Cu2-40 com-
posites (Fig. 2), which demonstrate enhanced interlayer spacing. The
TEM SAED patterns confirm the results from the XRD, highlighting
structural changes in the nanocomposites. The interlayer distances and
crystal packet thickness variations indicate enhanced properties asso-
ciated with interactions at different solution concentrations.

Table 3
Specific surface area, total pore volume, and average pore size in halloysite
nanocomposites BET analysis.

Nanocomposites Specific surface Total pore Average pore
area (m%/g) volume (cm®/g) diameter (nm)
Hly3Cu2-40 18.5 0.10 21.8
Hly3Cu2-20 19.3 0.10 21.0
Hly3Cu2-05 22.4 0.10 17.3
Hly3B2-40 18.9 0.10 21.4
Hly3B2-20 20.8 0.10 18.6
Hly3B2-05 21.2 0.10 18.4
Hly60140 23.3 0.12 21.1
Hly80120 21.9 0.10 18.8
Hly95105 22.3 0.10 18.4
original 20.2 0.10 18.6
halloysite
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3.2. Structural characteristics of nanocomposites

FTIR was conducted to examine the chemical interactions occurring
in halloysite nanocomposites after modification with Cu, B, and I
(Fig. 3). The FTIR spectra of pristine halloysite and modified samples are
shown in Fig. 3. For the pure halloysite, characteristic absorption bands
were observed at 3694 cm™! and 3620 cm™!, corresponding to the
stretching vibrations of OH hydroxyl groups. The band at 1031 cm ™ is
assigned to the Si-O stretching vibrations in the tetrahedral layer. The Si-
O-Al linkages and Al-OH bending vibrations are detected within
400-950 cm ™, confirming the layered silicate structure of halloysite.
Upon chemical activation, notable shifts and intensity variations were
observed in the spectra. New band emerged at 1400 cm ™!, which can be
attributed to Cu-O stretching vibrations. For iodine-loaded nano-
composites, new peaks appeared at 870 cm™!, corresponding to I-O
interactions.

The X-ray diffraction (XRD) pattern of the original halloysite (Fig. 4)
shows characteristic basal reflections corresponding to halloysite,
kaolinite, feldspar, and quartz. A very weak reflection at 10.1 A suggests
the predominance of dehydrated halloysite (7 A), with a minor fraction
of interlayer water molecules forming a hydrated 1:1 packet. Specific
reflections at 10.3-10.5, 7.2, 5.1, 4.5, 4.1, and 3.7 A are attributed to
modified halloysite (7 A and 10 10\) and kaolinite.

After activation with chelated copper, boron acid, and iodine, sig-
nificant structural changes are observed in the nanocomposite dif-
fractograms, particularly a prominent basal reflection at 10.3-10.5 A
(Fig. 4). The most considerable interplanar distance (001) is recorded in
the Hly3Cu2-20 and Hly3Cu2-40 nanocomposites, reaching 10.5 A. The
shift in the primary basal reflection and its enhanced intensity indicates
the intercalation of water and added ions into the halloysite 1:1 inter-
layer space, increasing the interplanar distance by 3.2 A. The basal
reflection at 7.2 A remains unchanged across all nanocomposites, sug-
gesting structural stability in this particular phase despite chemical
activation.

3.3. Chemical composition of nanocomposites

Differential scanning calorimetry (DSC) of the nanocomposites re-
veals several endothermic and exothermic effects (Fig. 5). The most
significant endothermic peak occurs between 527 and 534 °C, corre-
sponding to the dehydroxylation of structural water, specifically the
decomposition of Al-OH hydroxyl groups. As the concentration of
reactive solutions increases, particularly in Hly3Cu2-40 and Hly3B2-40,
this endothermic effect shifts to higher temperatures. Additionally, a
sharp exothermic peak is observed in the 970-998 °C range, whose
position varies depending on the nanocomposite composition. This peak
indicates the formation of new phases, including metakaolin and
possibly other crystalline phases. The lowest temperature for this effect
(970 °C) is characteristic of Hly3B2-40, while the highest temperature
(998 °C) is observed in the original halloysite. For the endothermic peak
(480-580 °C), which is associated with halloysite dehydroxylation and
interlayer water loss, the highest AH values (Table S1) were recorded in
low-loading composites such as Hly3Cu2-05 (20.1 kJ/g) and Hly3B2-05
(20.4 kJ/g), while raw HNTs showed a considerably lower enthalpy (7.5
kJ/g). The exothermic enthalpy (970-998 °C) decreased significantly
after chemical activation, indicating progressive removal or trans-
formation of reactive surface species.

Thermogravimetric (TG) analysis of the nanocomposites reveals four
distinct weight loss intervals (Fig. 5, Table S2): 30-160 °C, 160-410 °C,
410-570 °C, 570-1000 °C. In the first temperature range (30-160 °C),
the primary mass loss is associated with the removal of physically
adsorbed water. Mass loss varies from 0.2 % in Hly3Cu2-05 to 3.3 % in
Hly60140. Iodine-modified nanocomposites show the highest mass loss
because of their significant hygroscopicity, which increases water
adsorption. This observation is supported by mass spectrometry anal-
ysis, which detected ion currents corresponding to HoO, CH4, CO,, and
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Fig. 2. TEM images with selected area electron diffraction patterns (yellow circle) of original halloysite (A) and those activated by chelated copper and acidic boron

solutions: (B) Hly3Cu2-40, (C) Hly3B2-40.
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Fig. 3. FTIR spectra of the original halloysite and activated nanocomposites.

other volatile compounds (Fig. 6 C). In contrast, the lowest mass loss
values are found in samples with minimal additive concentrations, such
as Hly3Cu2-05, suggesting either a denser microstructure or a reduced
number of available adsorption sites for water molecules.

Between 160 and 410 °C, both mesoporous and interlayer water are
gradually removed from the samples. The recorded mass loss ranges
from 1.0 % in Hly3B2-02 to 2.3 % in Hly3Cu2-40. The highest mass loss
is observed in the copper-modified nanocomposites, likely due to their
impact on the halloysite structure, which promotes the release of a
greater fraction of interlayer water. A distinctive feature of copper-
containing nanocomposites is the pronounced release of decomposi-
tion products from chelate complexes, particularly CH,O™ ions (Fig. 6
A). In contrast, boron-modified nanocomposites exhibit minimal mass
loss, suggesting a potential stabilizing effect of boron on the interlayer
structure. B-containing ions, including BO" species, are also detected in
these nanocomposites (Fig. 6 B). A non-linear trend was observed in the

B-loaded series, with Hly3B2-20 showing slightly lower loading than
Hly3B2-05. This may be related to the solubility and coordination
behavior of boric acid at intermediate concentrations, leading to partial
desorption during drying.

The most significant mass losses occur in the temperature range of
410-570 °C, corresponding to the dehydroxylation of the halloysite
crystal lattice. Within this range, mass loss varies from 8.3 % in Hly3B2-
40 to 9.1 % in Hly3Cu2-40. Copper-modified nanocomposites exhibit
the highest mass loss, likely due to the strong interaction between
copper chelate ions and hydroxyl groups in the halloysite structure.
Mass spectrometry confirms the presence of decomposition products,
including SO and CH,O" ions (Fig. 6 A). In contrast, boron addition
appears to stabilize the structure, reducing mass loss within this tem-
perature interval, as indicated by the lower values recorded for boron-
modified nanocomposites.

In the temperature range of 570-1000 °C, which corresponds to the
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final removal of hydroxyl groups and structural transformations, mass
loss varies from 1.7 % in Hly60I40 to 2.3 % in Hly3Cu2-40. The highest
mass loss in this range is observed in copper-modified nanocomposites,
likely due to the interaction of copper with the residual halloysite
structure and the potential partial formation of new phases. A peak
corresponding to SO™ ions is also detected (Fig. 6 A). In contrast, iodine-
modified nanocomposites exhibit minimal mass loss, suggesting that the
main degradation processes were completed at earlier stages.

ICP-MS analysis demonstrated that the chemical composition of
halloysite nanocomposites undergoes several interrelated changes
depending on the concentration of active additives. The copper content
in Cu-modified nanocomposites increases from 298 ppm in Hly3Cu2-05
to 2051 ppm in Hly3Cu2-40, confirming the successful incorporation of
copper into the mineral structure. Similarly, sodium levels increase from
0.08 % to 0.22 % in these nanocomposites, likely due to its role as an
inert component in the diffusion of exchangeable ions. In contrast, the
aluminum content decreases with increasing additive concentration,
dropping from 18.0 % in Hly3Cu2-05 to 9.8 % in Hly3Cu2-40. This
reduction suggests that highly concentrated solutions facilitate
aluminum removal during chemical activation. The high copper content

in Hly3Cu2-40 further supports its intercalation into the halloysite
structure.

3.4. Interaction of nanotubes with the plant surface and influence on the
plant growth

Applying the nanocomposite to the surface of leaves (Eruca sativa)
resulted in a uniform distribution, forming a pattern that corresponds to
the circular morphology of the leaves (Fig. 7A). As illustrated in Fig. 7B,
halloysite nanotubes were evenly distributed across the leaf surface.
High-magnification SEM images (Fig. 7B-C) revealed that the nanotubes
were adsorbed and physically embedded into the cuticle and stomatal
openings of the leaf epidermis. The needle-like morphology of the hal-
loysite enabled localized mechanical penetration, suggesting an
injection-like mode of interaction with the plant tissue. The micro-
structural interaction between the nanotubes and the leaf surface occurs
through a combination of adsorption and penetration mechanisms. The
nanocomposites demonstrated strong adhesion to the plant leaves when
simulating airflow conditions by blowing compressed air. This localized
retention of nanotubes suggests their stable integration into the leaf
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Fig. 7. SEM images showing the interaction of halloysite nanotubes with the surface of plant tissue (Eruca sativa). (A) Uniform distribution of nanocomposites on the
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spectrum (in yellow circles) confirms the elemental distribution of copper within nanotube-treated zones. (C) High-magnification image demonstrating the physical
penetration (“injection”) of individual nanotubes into stomatal openings and cuticular tissue, as highlighted by yellow arrows.

structure. EDS analysis revealed that copper (Cu) is homogeneously
distributed across the regions covered by nanotubes, with Cu content
ranging from 0.7 % to 1.9 % and an average of approximately 1.6 %.

The results of the experiment showed that boron-containing nano-
composites and the complex nanocomposite had the most pronounced
effect on plant height, leading to an 84 % increase in growth (Figs. 8 and
9 A). The Cu-modified nanocomposite (Fig. 9 B) resulted in the most
significant increase in plant biomass, with an increase of 3.8 g (42 %)
compared to the control. The complex nanocomposite ranked second in
effectiveness, increasing plant weight by 3.1 g (34 %).

Plants treated with the Cu-containing nanocomposite exhibited the
highest dry weight after water removal, followed by the complex
nanocomposite (Figs. 8 and 9 C). The dry weight increase across all
fertilizer-treated samples was consistent but significantly higher than
that of the control, ranging from 26 % to 35 %.

4. Discussion

4.1. Halloysite nanotubes as tunable carriers for micronutrient (Cu/B/I)
delivery

The advancement of nanotechnology has led to the development of
fertilizers at the nanoscale, which improves nutrient absorption and
reduces environmental harm [50]. Layered minerals are essential in
formulating nano-fertilizers due to their excellent ion exchange capac-
ity, adsorption properties, and ability to regulate nutrient release [51].
Halloysite nanotubes (HNTs) have gained significant attention as
promising nanocarriers for targeted nutrient delivery [52-54]. Their
distinctive hollow tubular morphology, high specific surface area, and
capacity to encapsulate active compounds make them ideal for
controlled-release fertilizers. Previous studies have demonstrated the
successful intercalation of essential micronutrients, such as zinc, into
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halloysite for agricultural applications [55-57]. The potential of
halloysite-based nanocomposites modified with other micronutrients,
such as copper, boron, and iodine, remains insufficiently explored.

The modification of HNTs with Cu, B, and I also induces significant
morphological changes (Fig. 1). The nanotube outer diameter increased
from 96 nm (initial halloysite) to 165 nm (Hly3B2-40), with maximum
observed values reaching up to 270 nm (Table 2). These changes suggest
structural reorganization associated with incorporating additives into
the macro- and mesoporous spaces of halloysite.

At high concentrations, both copper and boron reduce the specific
surface area of mineral materials. Copper fills the pores, while boron
interacts with the porous framework. At lower concentrations, copper
enhances the surface area by altering the structure, whereas boron’s
effect is minimal. In contrast, iodine (especially at higher concentra-
tions) improves both the specific surface area and total pore volume by
attracting moisture and increasing nitrogen adsorption. Despite these
changes, the average pore size remains consistent, indicating that the
halloysite structure remains unaltered. The BJH desorption analysis
further substantiated these findings, indicating that the Cu- and B-
modified samples, particularly Hly3Cu2-40, demonstrated a significant
shift in pore volume distribution toward the mesoporous range of 2-20
nm. The analysis revealed defined peaks around 4-6 nm (Fig. S1). This
shift indicates a partial restructuring of the aluminosilicate framework
and accessibility of internal channels. This stability is crucial for po-
tential applications in catalysis, adsorption, and controlled release
systems.

FTIR spectra revealed characteristic shifts in vibrational bands
(Fig. 3), including new Cu-O stretching vibrations at 1400 cm ™" and I-O
interactions at 870 cm™!, confirming the successful incorporation of
these elements in HNTs. A shift in the primary basal reflection from 10.1
A 10 10.3-10.5 A (Fig. 4), particularly in Hly3Cu2-20 and Hly3Cu2-40,
indicating that water and metal ions intercalated into the halloysite
interlayer space (Fig. 2). The basal reflection at 7.2 A remained un-
changed across all nanocomposites, suggesting the stability of halloysite
crystal layers despite chemical activation.

Copper content increased from 298 ppm in Hly3Cu2-05 to 2051 ppm
in Hly3Cu2-40 (Table 4), confirming its incorporation into the halloysite
framework. Sodium concentrations also increased slightly from 0.08 %
to 0.22 %, possibly linked to its role in ion exchange. In contrast,
aluminum content decreased from 18.0 % (Hly3Cu2-05) to 9.8 %
(Hly3Cu2-40), suggesting that aluminum removal or substitution occurs
during high-concentration chemical activation. Similar stabilization ef-
fects were observed for boron-modified nanocomposites.

This study shows that the micronutrient substances influence the
thermal characteristics of halloysite nanocomposites. I-ions enhance
water absorption and release at lower temperatures, allowing for
controlled ion transfer. Cu-ions accelerate the mass loss and degradation
of the material within the temperature range of 410-570 °C. B-ions
strengthen the composite, resulting in reduced mass loss and improved
structural integrity. The increase in endothermic enthalpy after chemi-
cal loading reflects enhanced water retention and surface coordination,
particularly in samples with lower nutrient concentrations. This suggests
a more hydrated and structurally dynamic halloysite matrix. In contrast,
the reduction of the high-temperature exothermic enthalpy (from 3.0

Table 4
Elemental composition of halloysite nanocomposites (excluding iodine-
containing samples) based on ICP-MS analysis.

Nanocomposites ~ Na Mg Al K Fe Cu As
(%) (%) (%) (%) (%) (ppm) (ppm)

Hly3Cu2-40 0.22 0.06 9.80 232 095 2051.1 19.4
Hly3Cu2-20 0.18 0.06 12.02 232 097 1363.7 19.1
Hly3Cu2-05 0.08 0.08 17.96 241 0.96 298.2 20.7
Hly3B2-40 0.06 0.07 12.80 234 094 36.6 18.4
Hly3B2-20 0.06 0.07 1561 222 095 36.5 20.6
Hly3B2-05 0.05 0.06 12,52 214 092 41.5 18.5

Microporous and Mesoporous Materials 394 (2025) 113663

kJ/g in initial HNTs to <1.2 kJ/g in nanocomposites) implies effective
depletion of new phases, possibly introduced during chelation or acid
treatment.

These properties suggest that tailored chemical activation of hal-
loysite nanotubes enables the design of nanocomposites with controlled
release properties suitable for agricultural and environmental
applications.

Compared to previously reported nanocomposites based on halloy-
site modified with a single nutrient element (e.g., Zn [57]), the current
study introduces a multifunctional halloysite platform capable of
simultaneously incorporating Cu, B, and I. In contrast to earlier Zn/Cu/B
glauconite-based systems with globular morphology [58] and limited
penetration potential, developed HNT-based nanocarriers exhibit
tunable tubular morphology, high surface activity, and a unique ability
to anchor to physically and even penetrate plant epidermis, as shown in
Fig. 7 C. Furthermore, unlike other advanced formulations relying on
synthetic coatings or pesticide loading [53], our system remains fully
mineral-based and biocompatible, offering environmentally sustainable
micronutrient delivery. The multifunctionality, injectable behavior, and
surface adhesion capacity of Cu/B/I-loaded halloysite nanocomposites
provide a distinct advantage in designing smart agro-inputs for foliar
applications.

4.2. Growth enhancement and nutrient efficiency of Cu/B/I-loaded
halloysite nanocomposites

The application of Cu/B/I-modified halloysite nanocomposites led to
their uniform distribution on the surface of plant leaves, forming a
pattern that corresponded to the natural circular morphology of the leaf
epidermis (Fig. 7 A). As shown in Fig. 7B, the nanotubes were uniformly
dispersed and exhibited clear interaction with the leaf surface via
adsorption and physical penetration. This penetration effect, called
“injectable action,” supports their strong affinity to the plant epidermis.
Tests under simulated wind conditions (compressed air flow) confirmed
strong adhesion of the nanotubes to the leaf surface. EDX analysis in-
dicates a uniform distribution of copper in the treated areas.

After a two-week application of the nanocomposites, significant
growth of arugula (Eruca sativa) enhancements were observed. The
boron-containing nanocomposites and the complex Cu/B/I nano-
composite had the most pronounced effect on plant height, increasing
growth by 84 % compared to the control (Figs. 8 and 9 A). Meanwhile,
the Cu-modified nanocomposite exhibited the highest increase in plant
biomass, with a total weight increase of 42 % relative to untreated plants
(Fig. 9 B). The complex nanocomposite ranked second in effectiveness,
increasing plant biomass by 34 %.

The evaluation of dry weight after water removal further confirmed
the effectiveness of the Cu-containing nanocomposites, which demon-
strated the highest dry weight retention, followed by the complex
nanocomposite (Figs. 8 and 9 C). Across all samples treated with fer-
tilizers, the dry weight gain was consistently higher than that of the
control, ranging from 26 % to 35 %.

This results are consistent with previous reports demonstrating that
functionalized halloysite nanotubes act as efficient carriers for nutrient
delivery, particularly through foliar pathways. For example, halloysite
nanotubes functionalized with chitosan have been shown to penetrate
root tissues and accumulate within the epidermal and endodermal
layers, leading to enhanced nutrient absorption [59,60]. Similarly,
slow-release fertilizers incorporating halloysite nanotubes into biode-
gradable starch matrices have exhibited prolonged nutrient availability
and reduced leaching losses [52,61]. In contrast to earlier systems, the
Cu/B/I-loaded halloysite nanocomposites offer stable surface adhesion
and nutrient delivery in a single action.

A key advantage of our approach is the simultaneous incorporation
of different micronutrients into a single nanocarrier system. While pre-
vious studies have focused primarily on Zn-modifications of halloysite
for controlled release [57], our results demonstrate the potential for
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other elements to enhance plant development comprehensively due to
targeted option of nanofertilizers.

Despite these promising results, further research is needed to assess
long-term effects and potential phytotoxicity at higher dosages. Previous
studies have reported that halloysite nanotubes may exhibit inhibitory
effects on plant germination at concentrations exceeding 50 mg/ml,
particularly in Brassica Rapa L. and Cynodon Dactylon [62]. Our findings
suggest that Cu/B/I nanocomposites effectively promote plant growth
within the tested concentration range.

This study underscores the potential of Cu/B/I-modified halloysite
nanotubes as multifunctional carriers for micronutrient delivery with
the injectable action, enhancing plant growth while ensuring controlled
nutrient release. By integrating micronutrient delivery with sustainable
nanotechnology, these nanocomposites offer a promising strategy for
precision agriculture and optimized fertilizer formulations.

5. Conclusions

This study presents a novel approach to developing Cu/B/I-modified
halloysite-based nanofertilizers with targeted nutrient delivery
properties.

(1) The chemical modification of halloysite using Cu, B, and I-con-
taining solutions resulted in efficient incorporation of micro-
nutrients through surface adsorption and partial intercalation.
The modification of halloysite nanotubes induced significant
morphological changes, including an increase in nanotube outer
diameter from 96 nm (initial halloysite) to 165 nm (Hly3B2-40),
with maximum observed values reaching up to 270 nm. These
transformations confirm that Cu, B, and I are incorporated within
the mesopores and micropores of the halloysite.

A shift in the primary basal reflection from 10.1 At010.3-10.5 4,
particularly in Cu-modified samples (Hly3Cu2-20 and Hly3Cu2-
40), indicates intercalation of water and metal ions into the
interlayer space of halloysite. The basal reflection at 7.2 A
remained unchanged, suggesting the retention of the mineral 1:1
crystal layer despite chemical activation.

The application of Cu/B/I nanocomposites to plant leaves resul-
ted in a uniform distribution of nanotubes, with stable adhesion
confirmed under simulated airflow conditions. EDX analysis
revealed homogeneous Cu distribution across the treated leaf
surface, supporting the potential of these nanofertilizers for foliar
application.

Growth experiments on arugula (Eruca sativa) demonstrated that
copper/boron/iodine (Cu/B/I) nanocomposites significantly
promote plant growth. Nanocomposites containing boron resul-
ted in an 84 % increased plant height, while those modified with
copper led to a 42 % enhancement in biomass. The treated plants
exhibited dry weights 26 %-35 % greater than the control. This
underscores the potential of halloysite-based nanofertilizers to
enhance crop yield and nutrient use efficiency.

Halloysite nanotubes were treated with copper, boron, and iodine
to produce stable and effective nanofertilizers that contain
micronutrients. These nanocomposites bond effectively to plant
surfaces, promoting longer retention and minimizing nutrient
leaching, which is crucial for sustainable agricultural practices.
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