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Abstract: This study reports on the development of nanocomposites utilizing a mineral inhibitor
and a micronutrient filler. The objective was to produce a slow release fertilizer, with zinc sulfate
as the filler and halloysite nanotubes as the inhibitor. The study seeks to chemically activate the
intercalation of zinc into the macro-, meso-, and micropores of the halloysite nanotubes to enhance
their performance. As a result, we obtained three nanocomposites in zinc sulfate solution with
concentrations of 2%, 20%, and 40%, respectively, which we named Hly-7Å-Zn2, Hly-7Å-Zn20, and
Hly-7Å-Zn40. We investigated the encapsulation of zinc sulfate in halloysite nanotubes using X-ray
diffraction analysis, transmission electron spectroscopy, infrared spectroscopy (FTIR), and scanning
electron microscopy with an energy-dispersive spectrometer. No significant changes were observed in
the initial mineral parameters when exposed to a zinc solution with a concentration of 2 mol%. It was
proven that zinc was weakly intercalated in the micropore space of the halloysite through the increase
in its interlayer distance from 7.2 to 7.4. With an increase in the concentration of the reacted solution,
the average diameter of the nanotubes increased from 96 nm to 129 nm, indicating that the macropore
space of the nanotubes, also known as the “site”, was filled. The activated nanocomposites exhibit
a maximum fixed content of adsorbed zinc on the nanotube surface of 1.4 wt%. The TEM images
reveal an opaque appearance in the middle section of the nanotubes. S SEM images revealed strong
adhesion of halloysite nanotubes to plant tissues. This property guarantees prolonged retention of the
fertilizer on the plant surface and its resistance to leaching through irrigation or rainwater. Surface
spraying of halloysite nanotubes offers accurate delivery of zinc to plants and prevents soil and
groundwater contamination, rendering this fertilizer ecologically sound. The suggested approach of
activating halloysite with a zinc solution appears to be a possible route forward, with potential for
the production of tailored fertilizers in the days ahead.

Keywords: halloysite; nanotubes; zinc sulfate; nanocomposites; targeted delivery; slow-release
fertilizers; chemical activation

1. Introduction

Halloysite is a unique mineral (Al2Si2O5(OH)4) of the class of phyllosilicates and the
kaolinite-serpentine group. Its distinctive feature is the morphology of the particles, which
are natural nanotubes [1–4]. Chemically, halloysite is like kaolinite and has a hollow tubular
structure in the submicron range [5,6]. Halloysite can be divided into 10Å-halloysite and
7Å-halloysite, where angstroms show the interlayer spacing of the crystal structure [7]. In
a geologic context, halloysite can form in many environments where conditions are present
for its formation, including volcanic, tropical, and glacial environments. It is common in
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many rock types, including volcanic, sedimentary, and hydrothermal rocks [8,9]. The best-
known deposits of halloysite are found in New Zealand, the United States [10], France [11],
and Turkey [12]. In New Zealand [13], halloysite is mined from rhyolite rocks in the Matauri
Bay deposit [14,15]. Halloysite from New Zealand is used mainly in the production of
high-quality tableware because of its high whiteness and translucency [16].

Halloysite nanotubes have a micro-needle, roll-like morphology with macro-, meso-,
and microporous spaces and high specific surface area, making them efficient containers
for the targeted delivery of various agents [17–19]. They are low cost. Many studies
have investigated halloysite for making polymers with high fire resistance and reduced
thermal conductivity [20–23]. In cosmetics, halloysite can be used as a carrier, such as
keratin for hair [24]. In pharmaceuticals, halloysite is used as a filler for various drug
and food agents [16,17,25–34] and for making drugs with antimicrobial properties. For
environmental remediation, halloysite is used to produce oil emulsifiers, which are non-
toxic and contribute to the population of “Alcanivorax borkumensis” bacteria involved in
the cleanup of marine areas from oil contamination [35,36].

Halloysite nanotubes are a readily available and cost-effective raw material for various
industries, including agriculture, crop processing, and food processing [37–40]. Halloysite
exhibits diverse polar charges on its basal planes, including macro-, meso-, and micro-
pores, which make it a suitable medium for transporting plant growth regulators and
micronutrients. Zinc has been identified as a prospective filler material for nanotubes.

Zinc plays a crucial role in plant nutrition, participating in various physiological and bio-
chemical processes, including photosynthesis and the synthesis of growth hormones [41–43].
Zinc deficiency leads to slower plant growth and reduces plant resistance to fungal dis-
eases [44]. Microfertilization with zinc in the form of sulfate depends on the soil’s geochem-
istry and pH. For instance, zinc becomes unavailable to plants in calcareous soils with high
phosphorus and organic matter content [45–47]. Furthermore, due to its mobility in wet
soils, zinc, changing into ionic form, can leach into groundwater, which subsequently leads
to the saturation of water bodies and negatively affects the fauna of the environment [48].
Controlled-release zinc fertilizers can be used to combat these effects [44,49–51].

The purpose of the study is to incorporate zinc into macro-, meso- and micropores of
halloysite nanotubes by chemical activation to create composites with targeted delivery of
trace elements.

2. Materials and Methods
2.1. Minerals and Materials

Halloysite nanotube concentrate supplied by Halloysite-Ural LLC (Chelyabinsk, Rus-
sia) was used as a mineral raw material in this work. Zinc was chosen as the active
component to obtain nanocomposites. A zinc sulfate solution with a zinc concentration of
22% was used as a source of nutrient additive.

2.2. Chemical and Mechanochemical Preparation of Nanocomposites

The primary stage in the activation of nanocomposites entailed soaking tubular hal-
loysite crystals in a zinc sulfate solution. A solution containing zinc was prepared by
adding a 22% concentration of zinc sulfate to distilled water. Next, 10 mL of the resulting
zinc solution was added to 40 g of halloysite nanotubes. The mixture was thoroughly
combined and then dried in petri dishes for 48 h at room temperature. Solutions containing
different concentrations of zinc sulfate—2%, 20%, and 40% (zinc concentration 0.4, 4, 8%,
respectively)—were utilized in the production of nanocomposite fertilizer. This resulted in
the creation of Hly-7Å-Zn2, Hly-7Å-Zn20, and Hly-7Å-Zn40 nanocomposites. Technical
abbreviations are defined upon their initial usage.

Prior to activation, the original halloysite sample was dried to eliminate extra moisture
from the mineral structure. The pre-treatment procedure entailed drying the original
halloysite sample in a desiccator at a temperature of 60 ◦C for a period of 6 h.



Materials 2023, 16, 6729 3 of 14

2.3. Characterization of the Nanocomposites

In order to investigate the key parameters of the produced nanocomposites and verify
the intercalation of zinc into halloysite nanotube structures, a range of laboratory and
analytical investigations were conducted which included Fourier transform infrared spec-
troscopy (FTIR), laser Raman spectroscopy, X-ray diffraction analysis (XRD), scanning
electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS), and transmis-
sion electron microscopy (TEM) with selected area electron diffraction (SAED).

X-ray diffraction analysis was performed to ascertain the bulk mineral composition
of the initial halloysite sample and nanocomposites and to gauge the interlayer spacing
in halloysite crystals. The analysis was conducted on a Rigaku Ultima IV diffractometer,
utilizing a Cu Kα anode at a voltage of 40 kV and a current of 30 mA. Diffraction patterns
were obtained in the angle range of 3–65◦ on a 2θ scale with a rate of 1◦ per minute and a
step of 0.02◦, thereby enabling the determination of the crystal structure and interplanar
spacing of halloysite.

Scanning electron microscopy was utilized to examine the microstructural characteris-
tics and chemical composition of the nanocomposites. The TESCAN Vega 3 SBU scanning
electron microscope (Teskan, Brno, Czech Republic) with an OXFORD X-Max 50 energy
dispersive X-ray microanalysis detector (Oxford Instruments, Abingdon, UK) was used for
the investigation.

Imaging parameters comprised an accelerating voltage within the range of 10–20 kV,
a sample current ranging from 3 to 12 nA, a focal length within the range of 5–15 mm, and
operation in full vacuum mode. The analyzed samples were dried crumbly specimens
of nanocomposites and starting material. In addition, plant leaves treated with water
containing nanocomposites were analyzed. This analysis enabled us to identify the micro-
structural characteristics and chemical composition of the nanocomposites, as well as the
interaction between plant tissues and halloysite tubes.

Transmission electron microscopy (TEM) was conducted to examine the structure of
halloysite nanotubes pre- and post-activation while visually assessing the existence of zinc
in the nanotubes’ central region. A JEOL JEM-2100F microscope (JEOL, Tokyo, Japan), with
an accelerating voltage of 200 kV, was used for the TEM study. The analytical samples were
prepared by converting the ground nanocomposites into a fine powder and then depositing
the powder on a copper grid that had been precoated with a carbon film. This technique
enabled us to acquire TEM images of the nanocomposites, complemented by local electron
diffraction, which further confirmed the structural variations.

IR spectroscopy was utilized to identify chemical bonds and functional groups within
the nanocomposites. The spectra were acquired using a Shimadzu FTIR 8400S IR spec-
trometer in Kyoto, Japan, within the 4000 to 400 cm−1 wave number range. The DLATGS
detector and KBr pellets provided a resolution of 4 cm−1, thereby enabling the analysis
of the nanocomposites’ chemical composition and functional groups. Abbreviations and
technical terms shall be explained when used for the first time.

Laser Raman spectroscopy was carried out using a Thermo Scientific Fisher DXR2
spectrometer (Thermo Electron Scientific Instruments LLC, Madison, WI, USA) at a laser
wavelength of 785 nm and a power of 10–15 mW. Repeated acquisitions were accumulated to
improve the signal-to-noise ratio in the spectra with five 10-s scans in the range 0–3300 cm−1.

2.4. Experimental Methods

To assess the impact of nanocomposites and plants, the flower surface was sprayed
with a solution containing Hly-7Å-Zn40 nanocomposite, which was prepared by combining
10 g of the nanocomposite with 0.5 L of distilled water. The resulting mixture was sprayed
on the flower from a distance of 10–15 cm from a household sprayer set to fine spraying
mode. Also, for comparative analysis, wash-off tests simulating rain were performed by
spraying the Hly-7Å-Zn40 nanocomposite and zinc sulfate solution onto pre-moistened
plant leaves. Following the application, the plants were kept under normal room tempera-



Materials 2023, 16, 6729 4 of 14

ture conditions for 24 h. After this period, the leaves were cautiously taken off from the
plants and scrutinized via scanning electron microscopy (SEM).

3. Results
3.1. Nanocomposite Morphology

The initial halloysite concentrate is a concentration of chaotically oriented nanotubes
with a length of less than 5 µm and an average diameter of about 96 nm. Morphometric
analysis of SEM images was performed to analyze in more detail the morphological changes
of the nanotubes after activation. For each nanocomposite, observations were made in
10 sections. The initial width of the tubes averaged between 79 and 114 nm (representing
the first and third quartiles). After chemical activation, the increase in the average crystal
diameter reaches 127–132 nm (Supplementary Materials, Table S1). The maximum diameter
values are observed in the Hly-7Å-Zn40 nanocomposite and reach 382 nm (Figure 1C).
These results confirm the morphological changes of the nanotubes after chemical activation.
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Figure 1. SEM images obtained by secondary electron detector of (A) initial halloysite and nanocom-
posites activated with zinc sulfate solution: (B) Hly-7Å-Zn2, (C) Hly-7Å-Zn20, (D) Hly-7Å-Zn40. The
upper-right corner shows the statistical characteristics of nanotube thicknesses.

3.2. Structural Characteristics of Nanocomposites

The X-ray diffraction pattern of the original halloysite indicates the presence of basal
reflections characteristic of halloysite, kaolinite, sanidine, and quartz. Basal reflections at
10.0, 7.2, 5.1, 4.5, 4.1, and 3.7 Å correspond to basal reflections of 7 Å and 10 Å-modified
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halloysite and kaolinite (Figure 2). After activation, the appearance of the first basal
reflection (001) at 10.3 Å is observed in the diffractograms of Hly-7Å-Zn2 and Hly-7Å-Zn20
nanocomposites. The Hly-7Å-Zn20 nanocomposite exhibits an increase in basal reflection
towards greater interplanar distances, reaching up to 7.3 Å. Meanwhile, the Hly-7Å-Zn40
nanocomposite shows maximum basal reflection shifts at 10.5 and 7.4 Å at the highest
concentration of zinc solution (Figure 2).
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Figure 2. XRD patterns of the initial halloysite concentrate (Hly-7Å) and activated nanocomposites
(Hly-7Å-Zn2, Hly-7Å-Zn20, Hly-7Å-Zn40). Hly-7Å—halloysite; Kln—kaolinite; Sa—sanidine; Qz—
quartz. The red dotted lines are the new basal peaks (10.3 Å and 10.5 Å).

In the local electron diffraction (SAED) patterns in the TEM image, the nanotube
nanocomposites are characterized by increased interlayer distances relative to the original
halloysite (Figure 3). The thickness of the crystal packet from 7.2 to 7.4 Å increases as the
solution concentration increases. In the Hly-7Å-Zn2 composite, no increase in the interlayer
spacing is observed. An increase in the interlayer spacing is observed in Hly-7Å-Zn20 and
Hly-7Å-Zn40 composites. These data agree with the X-ray diffractogram data. TEM images
also demonstrate that the central voids in the activated nanotubes (Figure 3B–D) exhibit
diminished translucency compared to those of the initial halloysite (Figure 3A).

The infrared spectra of the obtained composites are characterized by strain fluctuations
in the range of 3694–3696, 3667–3669, 3651 and 3665 cm−1, corresponding to the character-
istic groups of the inner surface and inner Al–OH–Al (Figure 4). It is important to note that
the strain fluctuations associated with the inner surface OH ions become less pronounced
starting from the Hly-7Å-Zn20 composite. It is also observed that the peaks at 3445, 3449,
3451, 3455, 1636, 1630, and 1400–1468 cm−1 represent adsorbed water, and an increase in
the intensity of the stretching vibrations is observed with increasing solution concentration.
At the same time, the absorption bands in the C–H group of the alkylammonium, which are
in the range of 3000–2800 cm−1, remain almost constant in intensity, as do the symmetric
and asymmetric vibrations in the low-frequency range.
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Figure 3. TEM images with local electron diffraction patterns of initial halloysite (A) initial and
(B–D) activated by zinc sulfate solution: (B) Hly-7Å-Zn2, (C) Hly-7Å-Zn20, (D) Hly-7Å-Zn40. Note:
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The Raman spectra of the initial halloysite (Hly-7Å) and activated halloysite (Hly-
7Å-Zn2) at the minimum concentration are similar (Figure 5). However, Hly-7Å-Zn20
and Hly-7Å-Zn40 showcase new peaks, corresponding to Si–O–Al translation modes at
706 cm−1 and the libration mode of the inner Al–OH groups at 910 cm−1. The characteristic
peaks of zinc sulfate (980 cm−1) do not overlap in the spectra of activated nanocomposites
(Figure 5). The intensity of the peaks for the 127 cm−1 v2 (Al–O) and 460 cm−1 v4 (Si–O)
bands increases with increasing zinc concentration in the nanocomposites (Figure 5).

3.3. Chemical Composition of Nanocomposites

According to the results of the EDS analysis, the mean constitution of halloysite is
as follows: Al2O3 42.2–43.8%, SiO2 54.0–55.8%, K2O 0.3–1.01%, and Fe2O3(total) 0.9–1.4%
(Supplementary Materials, Table S2). The existence of adsorbed zinc on the surface of the
nanotubes in the Hly-7Å-Zn2 and Hly-7Å-Zn20 nanocomposites is not discernible, while
zinc signals on the spectra were recorded. The bulk composition analysis of Hly-7Å-Zn40
reveals the presence of zinc within the range of 0.7–1.4 wt.%.
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3.4. Interaction of Nanotubes with the Plant Surface

A detailed study of the interaction of sputtered halloysite and zinc sulfate nanotubes
with the surface of plant tissues was carried out using SEM. High-resolution images
(Figure 6A,B) clearly show that halloysite nanotubes are attached to the leaf as “needles”.
EDS investigation identified zinc signals on the plant surface (Figure 6A,B). After conduct-
ing washing tests, a significant number of nanotubes remained on the surface of the plant
tissue, and the zinc sulfate had almost wholly disappeared (Figure 6B). The field of view
measuring 100 µm shows the even distribution of zinc on the plant’s surface (Figure 6A,B).
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4. Discussion

Halloysite is not a typical mineral for creating fertilizers. The encapsulation of zinc
into halloysite nanotubes using zinc nitrate and borate as a solution [52,53] has been
previously discussed to create refractory and anticorrosion coatings or preparations with
antimicrobial properties [54]. Halloysite has also been tested as a sorbent for the uptake
of zinc and other heavy metals from polluted waters [55,56]. The efficacy of targeting
nutrient delivery to plants using biocomposites based on modified halloysite nanotubes has
also been reported [57,58]. The positive results seen in the intercalation and adsorption of
zinc compounds into halloysite nanotubes, which have demonstrated potential for diverse
applications, served as the precursor for this study.

The design of the authors’ work was focused on creating composites of targeted action
with the possibility of using them by spraying them on plants, i.e., in the agroindustry. The
presence of sharp or fractured edges on halloysite nanotubes facilitates a robust adhesion
to plant tissues, enabling a targeted administration of micronutrients (such as zinc) through
a “poking” or “injection” mechanism. This feature prevents the undesired removal of
these nutrients by rain or irrigation water. The images from the SEM obtained of the plant
tissue surface treated with nanocomposite fertilizer demonstrate the observable impact of
nanotubular halloysite particles, as shown in (Figure 6A). After washing experiments with
rain-simulating water, most of the nanotubes remained attached to the plant tissue surface
(Figure 6B). Conversely, the sprayed zinc sulfate was almost entirely removed from the leaf
surface (Figure 6C). It was observed that premoistening the leaf surface did not stop the
halloysite nanotubes from sticking to it.

The peculiarity of the chemical activation in this work is using zinc sulfate as a solution.
According to XRD data in the activated composites, as the concentration of zinc sulfate in
the reagent solution increases, a shift of the first basal reflex by about 0.2 Å in the direction
of the crystal lattice expansion is observed (Figure 2), which shows the adsorption of zinc
in the micropores of the mineral. The expansion of the crystal lattice of halloysite after
the activation experiments is also confirmed in TEM images from local electron diffraction
patterns (Figure 3). Besides the increase in the interlayer spacing, new basal peaks at 10.3
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and 10.5 Å are observed, indicating an increase in the thickness of the 10 Å interlayer
spacing of halloysite, which overlapped with the first basal peak of kaolinite (9.95 Å). The
last is also confirmed by the increasing intensity of the new basal reflex as the zinc solution
concentration increases. At first glance, the interplanar distance increased insignificantly,
but according to the morphometry of halloysite nanotubes on SEM images, their width
increases by an average of 33 nm as the concentration of the initial reacting solution
increases. The linear increase in the average width of the nanotubes shows the expansion
of the interlayer distance of the halloysite due to the introduction of the zinc substance
into the meso-micro pores (Supplementary Materials, Table S1). Another crucial aspect is
that the SEM image (Figure 3A) shows that most of the nanotubes in the original halloysite
have a transparent central part. Conversely, this is not the case for the activated composites;
the central part of the nanotubes is not transparent (Figure 3B–D). This implies that aside
from the interlayer space, the zinc substance also occupies the central part.

During activation, water is used to dissolve zinc sulfate, and it follows that water
will inevitably adsorb to the inner and outer surfaces of the crystal structures during
activation. However, in the 3400 and 3500 cm−1 range, the intensity of vibrations was
observed as the concentration of zinc sulfate increased, while the amount of water in
the reagent did not change. Thus, the effect of water on the crystal lattice can be ruled
out. From this, it can be concluded that the increased vibration intensity associated with
adsorbed water is due to the increase in total surface area for aqueous compounds. This
conclusion can be related to the increase in interlayer distance. It can also be concluded that
zinc ions penetrate more intensively into halloysite structures than water ions. Otherwise,
no changes would be seen in the IR spectrometry data. The disappearance of the peak
(3667 cm−1) responsible for the O-H stretching of internal hydroxides and the formation of
an almost monopic peak at 3655 cm−1 in Hly-7Å-Zn20 and Hly-7Å-Zn40 nanocomposites
are attributed to the hydrolysis of the silinol groups adsorbed on the surface of halloysite
nanotubes [52,59–61]. This indicates structural modifications of the nanotubes and confirms
the activation of halloysite by zinc sulfate. The appearance of new peaks at 706 and
910 cm−1 in Raman spectra indicates the intercalation of zinc ions into the halloysite
structure. Their intensity also increases with increasing concentration of zinc fraction in the
nanocomposites (Figure 5) [62,63]. The absence of characteristic peaks of zinc sulfate in the
spectra of the nanocomposites confirms the absence of adsorption of independent forms of
zinc sulfate on the surface of halloysite nanotubes.

According to SEM-EDS data, the amount of zinc adsorbed on the nanotube surface in
activated nanocomposites with 2% and 20% zinc sulfate solutions did not stay the same. At
the same time, there were intense zinc signals on the spectrum. However, the interlayer
distance in the Hly-7Å-Zn20 nanocomposite increased to 7.3 Å, indicating the incorporation
of zinc into the mineral structure. The inner and outer walls of halloysite nanotubes exhibit
pH-dependent positive and negative charges [34,37]. In acidic environments, the nanotubes’
outer surface develops positive charges due to deprotonation [37]. Conversely, the inner
surface acquires positive charges from outer wall protonation in alkaline environments. It
should be noted that under highly acidic or alkaline conditions the nanotube structures
degrade [64]. The solution was prepared by dissolving zinc sulfate in distilled water with
an approximate neutral pH of 5.0–7.0. Under these circumstances, correspondingly, Zn+

cations and SO4
2− anions from dissolved zinc sulfate will be drawn to the opposing charges

of the inner and outer surfaces of the nanotubes (Figure 7). Under this environment, the
surface of halloysite nanotubes has a neutral or slightly positive charge (Figure 7) [64]. On
the other hand, plant cell membranes are negatively charged, which, according to the laws
of electrostatic interactions, favors the penetration into plant tissues and the slow release of
positively charged Zn+ ions [65]. The presence of a modest positive charge on the surface of
the nanotubes may have prevented random adsorption onto the surface. This may explain
why the nanotubes took up the whole Hly-7-Zn20 nanocomposite solution, including the
large, medium, and small pores. At a 40 mol% zinc sulfate concentration, the Hly-7-Zn40
nanocomposite had 1.4 wt% of zinc on the surface of the nano-needle particles. Also, no
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independent zinc compounds were observed upon detailed examination of the activated
nanotubes via SEM.
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The absence of adsorbed zinc in the Hly-7Å-Zn20 nanocomposite increased the inter-
layer distance. Conversely, in Hly-7Å-Zn40, the unadsorbed forms of zinc sulfate were
observed to be fixed on the surface of the nanotube particles. The nanotube macropores
exhibit a significant adsorption capacity, enabling them to be filled with most of the solu-
tion undergoing the reaction. The different adsorption centers of halloysite, encompassing
macro-, meso-, and micro-pores, collectively confer targeted and sustained functionality in
nanocomposites.

When using the resulting fertilizer through spraying, zinc release can be adjusted by
altering the pH of the sprayed water. As previously mentioned, an alkaline environment
leads to deprotonation of the inner surface of the halloysite, resulting in positively charged
particles that push the zinc ions outward. This characteristic holds significant importance
for agriculture and horticulture. By regulating the pH of the spray water, farmers and
gardeners can manage the discharge of zinc from fertilizer into crops. For instance, in
alkaline soils, which generally have insufficient zinc levels for plants, the fertilizer can
be altered to facilitate the efficient release of zinc in an adequate amount. On the other
hand, in acidic soils where zinc solubility is high, zinc release can be reduced to avoid
excess accumulation, which could be detrimental to plants and the environment. Therefore,
the ability to adjust zinc release based on water pH makes this halloysite and zinc-based
fertilizer a controlled tool to optimize plant nutrition and increase yields while minimizing
adverse environmental impact.

Despite the many advantages of fertilizers based on halloysite nanotubes, it is essential
to consider the potential drawbacks. One of these is that excessive exposure of halloysite to
the soil, whether through fertilizer spraying or rainwater runoff, can lead to accumulation
of halloysite in the soil.

While halloysite mineral itself does not present any threat to the environment, its
existence in soil can have an impact on the chemical equilibrium. Halloysite can increase the
pH of the soil, making it more alkaline [66,67]. His alteration in pH can be disadvantageous
for certain plant species, particularly those that thrive in acidic conditions. Based on this, it
is essential to consider soil and plant characteristics before using halloysite nanocomposites
as fertilizer.

5. Conclusions

The examination of activated zinc-containing nanocomposites and their comparison
with the original zinc-containing nanocomposites resulted in the following conclusions.
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(1) The study confirms the potential for zinc intercalation into the meso-microporous
spaces of halloysite. It was observed that the minimum concentration of zinc sulfate
solution required for this is 20%.

(2) The interaction of halloysite with zinc sulfate is contingent on the concentration of the
sulfate solution, affecting both the location and shape of the incorporated zinc within
the halloysite structure. Complete absorption of zinc within the nanotube structure
is observed upon activation of the halloysite using a 20% zinc sulfate solution. Con-
versely, when a more concentrated solution (40% zinc sulfate) is used, zinc adsorption
in sulfate on the tube surface is observed. This phenomenon suggests a high sulfate
concentration, leading to an optimal solution concentration between 0 and 40%.

(3) The intercalation of zinc into the macro-, meso-, and micropores of the halloysite
is evident in the subsequent enlargement of the average nanotube diameter and
interlayer distance. An increase in the zinc concentration within the solution results
in a more substantial increase in the nanotube diameter, thereby signifying a direct
correlation between the concentration of infiltrated zinc in the halloysite structure and
that in the solution. Furthermore, the successful intercalation is corroborated by PEM
data. In the activated nanotubes, the central part of the crystal is opaque, unlike the
original halloysite, providing evidence that the tubes are filled with zinc.

(4) Halloysite nanotubes possess a distinctive morphology that enables them to adhere
firmly to plant tissues when sprayed on them. These needle-like tubes penetrate and
remain on the surface of the leaves, providing a gradual release of zinc and nutrients
for the plant. A significant benefit of this technique is that halloysite nanotubes are
not washed away by rainwater, unlike fertilizers in the soil.

(5) The surface spraying of halloysite nanotubes permits precise delivery of zinc to plants,
avoiding contaminating soil and groundwater, thus rendering the proposed fertilizer
environmentally friendly. This technique can play a significant role in sustainable
agriculture and environmental preservation.

The study findings suggest that halloysite nanotubes can be used in developing
controlled-release zinc fertilizers with low environmental impact. This presents new
opportunities for producing efficient and eco-friendly fertilizers for agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16206729/s1, Table S1: Nanotube thickness (nm) measurements
and statistics; Table S2: Chemical composition of initial halloysite and nanocomposites according to
EDS analysis results.
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