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Abstract

The filling of halloysite nanotubes with active compounds solubilized in aqueous solvent was
investigated theoretically and experimentally. Based on Knudsen thermogravimetric data, we
demonstrated the water confinement within the cavity of halloysite. This process is crucial to
properly describe the driving mechanism of halloysite loading. In addition, Knudsen
thermogravimetric experiments were conducted on kaolinite nanoplates as well as on halloysite
nanotubes modified with an anionic surfactant (sodium dodecanoate) in order to explore the
influence of both the nanoparticle morphology and the hydrophobic/hydrophilic character of the
lumen on the confinement phenomenon. The analysis of the desorption isotherms allowed us to
determine the water adsorption properties of the investigated nanoclays. The pore sizes of the
nanotubes’ lumen was determined by combining the vapor pressure of the confined water with the
nanoparticles wettability, which was studied through contact angle measurements. The
thermodynamic description of the water confinement inside the lumen was correlated to the
influence of the vacuum pumping in the experimental loading of halloysite. Metoprolol tartrate,
salicylic acid and malonic acid were selected as anionic guest molecules for the experimental filling
of the positively charged halloysite lumen. According to the filling mechanism induced by the
water confinement, the vacuum operation and the reduced pressure enhanced the loading of
halloysite nanotubes for all the investigated bioactive compounds.

This work represents a further and crucial step for the development of halloysite based nanocarriers
being that the filling mechanism of the nanotube’s cavity from aqueous dispersions was described

according to the water confinement process.

Keywords: halloysite, nanotubes, water confinement, clay nanoparticles, loading mechanism,

vacuum pumping.
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1. Introduction

The encapsulation of active molecules within the cavity of tubular nanoparticles represents an
emerging issue because of its implications on the fundamental sciences and nanotechnologies.'™
Literature” reports that the filling of carbon nanotubes from aqueous solutions depends on the
confinement of water, which exhibits an increase of its boiling temperature. Kim at al.' evidenced
that the loading of carbon nanotubes is driven by the peculiar evaporation process occurring in the
confined space.

Among the nanoparticles with tubular morphology, halloysite nanoclay has attracted a growing
interest because of its biocompatibility, geometrical characteristics and peculiar surface
properties.*’ Due to its high specific surface, halloysite was employed as efficient catalytic support
for the deposition of Pd'™!"" and Ag nanoparticles and bimetallic catalysts, such as Cu-Co'”> and
AgPd."® As concerns the biocompatibility, halloysite nanotubes (HNTs) revealed a low toxicity
towards nematodes,'* mice'” and rllicsroorg‘clnisms.16’17 In vitro tests showed that halloysite generates

1" and epithelial'® cells as well as

a very low cytotoxicity on human cells, such as endothelia
peripheral blood lymphocytes®

As described in a recent review,’ halloysite possess a hollow tubular structure as a consequence of
the rolling of kaolinite nanosheets. According to both microscopy”' and scattering results,”* the
geological origin affects the sizes and the corresponding polydispersion degree of halloysite
nanotubes. The HNTs length is about 1 um, while the external and inner diameters are within
20200 and 10—70 nm, respectively. Halloysite belongs to the mineralogical class of 1:1
phyllosilicates being that the component layers are formed by two sheets with different
configuration (one octahedral sheet of alumina and one tetrahedral sheet of silica). As a
consequence of the rolling of the sheets,” the inner and outer surfaces of halloysite possess
different chemical composition and opposite charge within a pH range between 2 and 8.

Specifically, the alumina internal surface is positively charged, while the silica shell presents a

negative charge.’* Consequently, electrostatic attractive forces between ionic molecules and the
3
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charged halloysite surfaces drives to the selective functionalization of the clay nanotubes.”> As
example, the adsorption of sodium alkanoates onto the HNTs inner surfaces generated inorganic
tubular micelles with excellent removal ability towards hydrocarbons (both aliphatic and
aromatic)*® as well as organic dyes.” It was demonstrated that the peculiar interfaces of halloysite

27,28

control the self-assembling processes, the formation of liquid crystals® and the preparation of

Pickering emulsions,**”' which can be used for oil spill remediation.

. 3238
Several studies

showed that HNTs can be employed as nanocontainers for biologically and
chemically active compounds, which are filled within the confined space of the halloysite lumen.
The sustained release of the entrapped molecules extends their action time, which can be exploited
for specific pharmaceutical, medical and technological purposes.” The combination of

ecocompatible polymers and loaded HNTs generated composite films with antioxidant™*

34.41 34243

anticorrosive and antimicrobial activities that are useful for food packaging, protection
coatings and tissue engineering.

The most common procedure for the HNTs loading consists of three steps: 1) mixing of the clay dry
powder with the saturated solution of the guest molecule; 2) sonication and stirring of the
HNTs/guest molecule dispersion; 3) vacuum pumping in/out operation, in which the dispersion is
transferred from atmospheric pressure to a vacuum jar. The latter step was introduced with the aim
to optimize the amount of active molecules loaded inside the nanotubes by keeping the system
under vacuum for 1-5 h and then cycling it back to atmospheric pressure. Generally, this operation
is repeated for 3 times. The first demonstration on the usage of vacuum pumping for an
enhancement of the drug loading inside the HNTS cavity is reported by Price et al.** The influence
of the vacuum pumping on the filling mechanism of HNTs lumen is still unclear. Macroscopically,
we observe a slight fizzing of the HNTs suspension under vacuum. Firstly, this observation was

related to the air removal from the HNTs inner space and the consequent promotion of the filling of

the drug solution.””™* The most recent hypothesis report that the vacuum conditions increase the
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loading efficiency because of the water removal from the nanotubes occurring during the observed
slight fizzing. >

Here, we explored the loading mechanism by focusing on the unusual thermodynamics of water
restrained inside a confined space. According to the Gibbs-Thomson effect,* the curvature of the
HNTs cavity increases the water vapor pressure and, consequently, the evaporation process is faster.
Namely, the increase of the vapor pressure is related to the surface/volume ratio, which is enhanced
for water confined within the HNTs pores. In general, the dependence of the vapor pressure P(r) of

a liquid on the curvature of the pores is expressed by the Kelvin equation

P(r) = P” exp (y/r-pkpT) (1

where P is the vapour pressure of the bulk liquid, y is the surface tension, r is the pore radius, p is
the density, kg is the Boltzmann constant and T is the temperature.

In our previous study,” the filling of n-decane within the hydrophobically modified HNTs was
proved by the significant decrease (ca. 40 °C) of the volatilization temperature for the confined
hydrocarbon. This finding highlights the relevant effect of the confinement phenomenon on the
liquid volatilization and, consequently, on its tendency to move from the HNTs cavity.

Based on these considerations, this work was aimed to 1) demonstrate the water confinement inside
the HNTs cavity; 2) provide a clear and unequivocal description of the HNTs filling from aqueous
solutions of guest molecules. Accordingly, the attained knowledge could open new routes in the

preparation procedure of effective delivery systems based on clay nanotubes.
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2. Experimental

2.1. Materials

Halloysite nanotubes (HNTs), kaolinite (Kao), sodium dodecanoate (NaL) and metoprolol tartrate
(MT) are Sigma Aldrich products. Salicylic acid (SA) and malonic acid (MA) are from Fluka and

Acros Organics, respectively. All the products were used without any purification treatment.

2.2. Hydrophobization of halloysite cavity
Halloysite nanotubes with a hydrophobic cavity were prepared by using the same procedure

. - 25,6
reported in our previous papers.””

Firstly, we prepared a stable NalL aqueous solution
(concentration of 1.25 wt%) by magnetically stirring for 2 hours at 20 °C. Then, we added an
appropriate amount of halloysite and the obtained dispersion was magnetically stirred for 48 hours
at 20 °C. Based on the geometrical characteristics of halloysite, the maximum surfactant loading in
the cavity is ca. 10% vol. Therefore, the selected HNT/surfactant ratio (1:1) of the suspension
assures the full loading of the halloysite cavity. Afterwards, the dispersion was centrifuged
allowing to recover the HNTs/NaL solid material, which was washed three times with water in
order to avoid the presence of unbound surfactant. As shown by FESEM images (Figure 1), the

hydrophobization of the HNTs cavity did not alter the hollow tubular shape of halloysite. For

comparison, the platy morphology of kaolinite is displayed in FESEM microscopies (Figure 1).
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Kaolinite

Figure 1. FESEM images for HNTs, HNTs/NaL and kaolinite
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2.3. Encapsulation of active molecules within halloysite lumen

The encapsulation of the active molecules (metoprolol tartrate, salicylic acid and malonic acid)
within the halloysite cavity was performed by aqueous suspensions as described elsewhere.>> Due
to their carboxylate groups, the selected guest molecules can be entrapped within the lumen as a
consequence of electrostatic interactions with HNTs inner surface, which is positively charged.
Firstly, we prepared saturated solutions of the active compounds in water by magnetically stirring
for 2 hours at 20 °C. To these solutions, we added a certain amount of halloysite in order to obtain
aqueous dispersions with a HNTs/guest molecule ratio of 2:1. The HNTs/drug suspensions were
subjected to ultrasonication for 5 minutes and transferred to a vacuum jar, which allows to reduce
the pressure conditions (P = 0.01 atm). The suspensions were kept under reduced pressure for 30
minutes and, then, the vacuum was broken. The cyclic vacuum pumping in/out procedure was
repeated three times. Finally, the dispersions were centrifuged to recover the loaded nanotubes,
which were washed three times with water to remove the unbound guest molecules. The obtained
nanomaterials were dried and stored in a desiccator at room temperature. Besides the described
preparation procedure, the loading of the nanotubes was carried out by keeping the HNTs/guest
molecule suspensions at P = 1 atm for 90 minutes. The latter replaced the vacuum pumping in/out
cycles. The comparison of the loadings at different pressure (P = 0.01 and 1 atm) allowed us to
investigate the influence of the vacuum conditions on the filling process. Moreover, we conducted
the loading of salicylic acid into kaolinite plates by using the same protocols employed for

halloysite.

2.4 Methods
2.4.1. Thermogravimetry
Thermogravimetry (TG) measurements were performed by means of a Q5000 IR apparatus (TA

Instruments) under the nitrogen flows of 25 cm® min” and 10 cm® min™ for the sample and the

8
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balance, respectively. The temperature calibration of the apparatus was conducted on the basis of
the Curie temperatures of standards (nickel, cobalt, and their alloys) as reported elsewhere.® TG
experiments were conducted on HNTs/active molecules and their pure components by heating the
samples (ca. 5 mg) from room temperature to 800 °C with a scanning rate of 20 °C min™'. The
quantitative analysis of TG data provided the loading through the rule of mixtures.”” Details on the
calculation of the loading amounts of guest molecules are presented in Supporting Information.
Moreover, Knudsen thermogravimetry (KTG) tests were conducted in isothermal conditions
(temperature was fixed at 30 °C) by replacing the standard open pan with the Knudsen cell, which
possesses an orifice with a diameter of 20 um. In this regards, it should be noted that KTG analysis
is a proper method to investigate the interactions between water and nanoclays, as reported for
smectite.”” KTG measurements were conducted on 30 wt% aqueous dispersions of clay samples
(kaolinite, HNTs and HNTs/NaL). As shown in Supporting Information, the masses of the highly
concentrated suspensions (that corresponds to wet clays) decrease with the time until a constant
value, which represents the mass of the dried nanomaterials indicating that the evaporation is
complete.

KTG measurements allowed us to study the isothermal water evaporation from wet nanoclays. The

mass loss rate (that corresponds to the evaporation velocity) can be expressed as

dm/dt = K:(Pjpt — Pext) (1)
where K is a constant related to the volatile gas, Piy is the partial pressure of the water vapor inside
the cell and Py is the external pressure. Due to the small orifice of the Knudsen cell, Pj, is much
larger (at least two order) than Py and, consequently, the evaporation velocity can be considered
proportional to Piy. On this basis, we can estimate the evolution of the thermodynamic water

activity (ay) during the evaporation according to the following equation

(dm/dt),/(dm/dt)y = (Pin)n/(Pint)w = aw (2)
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being (dm/dt), and (dm/dt),, the mass loss rates for the nanoclay aqueous dispersion and pure water,
respectively. It should be noted that (Pj,)w represents the relative vapor pressure for pure water,
while (Pjy)n 1s the vapor pressure of water contained in the nanoclay dispersion.

Based on the KTG data analysis, we investigated the effect of the nanoparticles morphology on the

relative vapor pressure of water evaporated from wet nanoclays.

2.4.2 Water contact Angle

Water contact angle tests were conducted on HNTs, HNTs/NaL and kaolinite by using an optical
contact angle apparatus (OCA 20, Data Physics Instruments) equipped with a video measuring
system having a high-resolution CCD camera and a high-performance digitizing adapter. Data
acquisition was conducted by SCA 20 software (Data Physics Instruments). The contact angle (8)
of water in air was detected through the sessile drop method by placing a water droplet of 10 £+ 0.5
mL onto the surface of nanoclay tablets. The measurements were conducted at 30.0 £ 0.1 °C.
Images were collected 50 times per second, starting from the deposition of the drop to 6 s. The
evolution of the water contact angle on time was fitted by an empiric approach based on the

following equation’'

0 =0; - exp(-ke - t") (3)
where 0; corresponds to the initial contact angle, ko and n are characteristic coefficients related to
the kinetics and the mechanism of the process. Specifically, n ranges between 0 and 1 on

dependence of the absorption and spreading contributions to the kinetic 6 evolution.

10
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2.4.3 Field Emission Scanning Electron Microscopy (FESEM)
FESEM experiments were carried out by means of FE-SEM, Hitachi SU8010 microsope. To
prevent electrostatic charging during observation, the samples were coated with a thin layer of

platinum.

3. Results and discussion

3.1 Thermodynamics of water evaporation from nanoclay aqueous dispersions: Knudesen
thermogravimetry

The thermodynamics of water evaporation from halloysite nanotubes and platy-like kaolinite was
explored by KTG experiments in order to investigate the effect of the nanoclay morphology on the
vapor pressure of the evaporating water. Based on the KTG data analysis, we determined the
dependence of the water evaporation rate on the moisture content (M,,) of the nanoclays for HNTs,
HNTs/NaL and kaolinite dispersions (Figure 2). It should be noted that My, was calculated from the
mass ratio between water and dry nanoclay. The trends in Figure 2 allows to classify the
evaporating water in three categories: 1) bulk water ((dm/dt),/(dm/dt),, = 1); 2) confined water
((dm/dt),/(dm/dt)y, > 1); 3) adsorbed water ((dm/dt),/(dm/dt), < 1). It should be noted that halloysite
possesses two interlayer water molecules per formula unit. The evaporation of the interlayer water
cannot be detected by KTG experiments being that their expulsion from halloysite structure occurs

at ca. 500 °C.%

11
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Figure 2. Mass loss rates for the nanoclay aqueous dispersions normalized for pure water
evaporation as a function of the mass ratio between water and dry nanoclay. The experimental data
in water activity range between 0.05 and 0.95 were fitted according to GAB model (red solid line).

12
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3.1.1 Water confinement within the halloysite nanotubes cavity

As concerns both pure and surfactant modified halloysite (Figure 2), a large content (ca. 25 wt%) of
evaporating water presents (dm/dt),/(dm/dt)y, > 1, which means that its vapor pressure is greater
than that of bulk water. This result can be attributed to the confinement of water within the
nanotube’s cavity in agreement with the Gibbs-Thomson effect.’> Due to its higher vapor pressure,
the water confined inside the nanotubes’ cavity can evaporate faster than the bulk water. The
difference of the water evaporation rate represents the main driving force for the filling of HNTs
cavity through aqueous dispersions. Interestingly, we observed that the surfactant hydrophobization
of the halloysite lumen does not alter the water confinement. On this basis, we can assert that the
chemical composition of the HNTs inner surface does not influence the confinement process.
Contrary to halloysite nanotubes, the water evaporated from kaolinite dispersion possesses
(dm/dt),/(dm/dt),, < 1 within the entire evaporation process (Figure 2) evidencing that the platy
morphology did not provide any confinement site for the aqueous solvent. As sketched in Figure 3,
we can conclude that the water confinement is totally related to the geometrical characteristics of

the nanoclay particles.

Kaolinite

v confined water

v adsorbed water
V' bulk water

, surfactant molecule

Figure 3. Schematic representation of the water confinement process within clay nanoparticles.
The comparison between halloysite nanotubes and platy kaolinite.

13
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3.1.2 Water adsorption onto nanoclay surfaces

Water molecules with (dm/dt),/(dm/dt),, < 1 are related to the isothermal desorption from the
nanoclays surfaces occurring during the evaporation process. As shown in Figure 2, the desorption
isotherms were successfully fitted by using the Guggenheim-Anderson-de Boer (GAB) model,”

which is expressed by the following equation

My, = My C-Kay)/[(1-K-ay)(1-K-ay + C-K-ay)] 4)
where My is the monolayer moisture content, while C and K are adsorption constants associated to
the monolayer and the upper multilayers, respectively.

It should be noted that the GAB equation is valid for 0.05 < a,, < 0.95. The suitability of GAB
model for the experimental desorption isotherms was proved by the K values, which range between
0 and 1 as requested for the validation of this approach.

Table 1 collects the adsorption parameters calculated for HNTs, HNTs/NaL and kaolinite.

Table 1. GAB fitting parameters for the water desorption from nanoclays.

Nanoclay My K C
HNTs (2.72+0.11)- 107 0.78 £ 0.01 7.1+£0.7
HNTs/NaL (1.46 £ 0.03) - 107 0.885 + 0.007 15.1+1.2
Kaolinite (0.37+0.09) - 107 0.979 + 0.001 T£2

Regarding the monolayer moisture content, we detected that M, of kaolinite is much lower
compared to those of both pure and modified HNTs. Based on My values, the specific surface arca

(SSA) for water sorption can be determined as™

SSA = (M() : NA : AW) / MMW (5)

14
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being N the Avogadro number, whereas Ay, and MMy, are the surface area and the molecular
weight of water, respectively. According to the morphological characteristics, kaolinite possesses a
smaller SSA respect to that of halloysite. Namely, the rolling of kaolinite plates into halloysite

nanotubes generates an enhancement of the surface area because of geometrical considerations.

Table 2. Specific surface area of the nanoclays determined by the fitting of water desorption
isotherms.

Nanoclay SSA/m’ g
HNTs 96 + 4
HNTs/NaL 51.9+1.3
Kaolinite 13.4+0.3

The surfactant modification of halloysite inner surface determined a SSA decrease that cannot be
ascribed to morphological variations. As displayed by FESEM micrographs (Figure 1), HNTs/NaL
preserves the hollow tubular morphology of HNTs and the sizes of pure and modified halloysite are
comparable. On the other hand, the SSA reduction can be attributed to changes on the chemical
composition of halloysite inner surface. Specifically, pristine HNTs possess a hydrophilic lumen
that allows for the water adsorption onto the internal surface. In contrast, water molecules cannot
be adsorbed within the hydrophobically modified cavity of HNTs/NaL. HNTs exhibits two
hydrophilic adsorption sites (outer and inner surfaces), while the water sorption is limited to the
HNTs/NaL outer shell. As concerns the adsorption constants, we calculated C values larger than K
for all the nanoclays highlighting that the adsorption heat of the first water layer is higher respect to
that of the multilayers.” This difference was enhanced by the hydrophobization of the HNTs
cavity. As general result, the desorption isotherms can be classified as type III being that C is larger

than 2.

15
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3.2 Wettability of nanoclays

The wettability properties of HNTs, HNTs/NaL and kaolinite were investigated by water contact
angle experiments. Figure 4a shows the images of the water droplets just after their deposition on
the nanoclay surface. According to their chemical composition, kaolinite and HNTs exhibited a
hydrophilic surface as demonstrated by their 0; values (30.1 and 30.7°, respectively). Interestingly,
the hydrophobization of the HNTs cavity did not alter the hydrophilic behavior of the halloysite
surface in agreement with the selective adsorption of the anionic NaL inside the lumen. Similar
results were detected for HNTs modified with negatively charged polymers, such as polystyrene

sulfonate.?’

a)
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Figure 4. a) Images of the water droplets just after their deposition on the surface of HNTs,
HNTs/NaL and kaolinite. The corresponding 0; are reported. b) The water contact angle as a
function of time for HNTs. The solid red line represents the fitting based on the equation 3.

[
o0

Additional information on the interactions between water and nanoclay surface were obtained by
the analysis of the kinetic evolution of the water contact angle. As displayed in Figure 4b for
HNTs, the 0 vs t trends were successfully fitted by the equation 1 providing the kinetic constant and

the n exponential parameter, which are collected in Table 3.

16
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Table 3. Fitting parameters on the kinetic evolution of the water contact angle

Nanoclay ke/ s n
HNTs 0.087 +0.009 0.28 £0.02
HNTs/NaL 0.036 +0.003 0.65 +0.02
Kaolinite 0.063 £0.011 0.82 +0.06

The goodness of the equation 1 as model fitting for the 0 vs t functions was proved by the n values,
which range between 0 and 1 indicating that the kinetic evolution of the contact angle is affected by
both the absorption and the spreading of water onto the nanoclay surface. The presence of NaL
within the HNTs lumen generated a decrease of the process rate and an enhancement of the
spreading contribution, which is evidenced by the n reduction.

The combination of the water contact angle with Knudsen thermogravimetry data allowed us to
estimate the cavity radius (r;) of HNTs and HNTs/NaL. According to the La Place-Kelvin equation,
1. can be calculated by 6; and the ratio between the vapor pressure of confined water (P) and bulk

water (P°) as

e = (27w Vwcos(0i))/(R-T-In(P/P°)) (5)

where vy, and Vy, are the surface tension and the molar volume of water, T is the temperature and R
is the ideal gas constant.

Based on the KTG analysis (Figure 1), the confinement process within the halloysite lumen was
proved by the detection of evaporating water molecules with (dm/dt),/(dm/dt),, > 1. Assuming that
P/P° corresponds to the largest (dm/dt),/(dm/dt)y, value, ro = 9.0 £ 0.2 and 11.7 £ 0.2 nm were
calculated for HNTs and HNTs/NaL, respectively. These results are consistent with the structural

investigations of halloysite nanotubes reported in literature.>'*

17
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3.3 The effect of the vacuum pumping on the guest molecules loading within HNTSs cavity

We investigated the effect of the pressure conditions on the loading efficiency of HNTs towards
several bioactive compounds including metoprolol tartrate (MT), salicylic acid (SA) and malonic
acid (MA). In particular, the filling of HNTs lumen was conducted by aqueous solutions of the
guest molecules exposed at ambient pressure (P = 1 atm) as well as under forced reduced pressure
(P = 0.01 atm). The amount of active molecules loaded into the HNTs cavity was determined
through thermogravimetry. Figure 5a compares the thermogravimetric curves of pristine halloysite

and HNTs filled with malonic acid.
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Figure 5. a) Thermogravimetric curves for HNTs and HNTs loaded with malonic. b) Loadings for
HNTs filled with malonic acid, metoprolol tartrate and salicylic acid.
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As expected, the presence of the active molecules generated a decrease of the residual mass at high
temperature because the organic moiety thermally decomposes in the range from 200 to 400 °C
(see Supporting Information). The nanotubes loaded under vacuum exhibited a lower residual
matter with respect to that prepared at ambient pressure highlighting the better loading efficiency at
reduced pressure. As reported elsewhere,” we calculated the amount of active molecules
encapsulated inside HNTs by using the rule of mixtures on the residual masses at 800 °C. Figure 5b
presents the loading results as surface molar coverage (umol of guest molecule per m” of halloysite
surface), while Table 4 collects the mass percentages of the guest molecules in HNTs based
hybrids. It should be noted that the active molecules possess anionic carboxylate groups in their
chemical structure. Accordingly, the loading process is favored by the attractive interactions

between the guest molecules and the halloysite inner surface, which is positively charged.

Table 4. Mass percentages of the guest molecules filled into halloysite nanotubes

Loading / wt%
Hybrid nanomaterial p=1am P=0.01 atm
HNTs/MA 2.52+0.12 7.3+0.3
HNTs/MT 2.77+£0.13 3.84+0.19
HNTs/SA 1.01 +£0.07 4.7+0.2

As a general result, an enhancement of the loading efficiency was determined by the reduction of
the pressure confirming that the vacuum favors the filling of the HNTs cavity. In detail, the amount
of guest molecule incorporated within the nanotubes increased by 38, 188 and 369 % for MT, MA
and SA, respectively. Contrary to these results, the loading capacity of kaolinite was slightly
affected by the pressure conditions in agreement with its platy morphology. As shown in
Supporting Information, we detected similar thermogravimetric curves for kaolinite/SA samples

prepared at different pressure. In particular, the residual matter at 800 °C was not significantly
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altered by vacuum application and, consequently, similar SA loadings (0.45 and 0.62 wt% for the
hybrids prepared at P = 1 and 0.01 atm, respectively) were estimated through the rule of mixtures.
Morphological investigations of loaded HNTs confirmed that a lower pressure increases the filling
of the halloysite lumen. In this regards, Figure 6 shows FESEM images of HNTs/MA samples

prepared at different pressure conditions.

<

200 nm \ 500 nm

200 nm 400 nm

Figure 6. FESEM images for HNTs/MA prepared at P = 0.01 atm (a,b) and 1 atm (c,d)

As a general result, the loading did not significantly modify the halloysite tubular morphology.
Halloysite loaded at P = 0.01 atm (Figures 6a,b) evidenced several nanotubes fully closed with
some spherical nanoparticles at the lumen gate as a consequence of the MA filling. This peculiarity
was not observed for HNTs/MA prepared at P = 1 atm (Figure 6¢,d). Namely, halloysite filled at
ambient pressure preserved the hollow cavity indicating a lower loading efficiency.

The influence of the pressure conditions on the loading of halloysite is strictly correlated to the
water confinement within HNTs cavity proved by Knudsen thermogravimetry. As sketched in

Figure 7, the filling of the HNTs cavity is due to the different volatility of confined and bulk water.
20



O ~J o Ul bW

OO T T AU UIOTE BB BEDDAEDAELAEDNDNEODWWWWWWWWWNNNNONNNNONNNN R R R R R e
AR WNRFROWOVJAATEWNR,OW®O-JANURWNRFROWOWO-JONTEREWNROWOWJAU R WNRFEOW®OW-TIO U WNRF O W

The fraction of water confined into the lumen possess a larger vapor pressure compared to that of
the bulk water generating a difference in the evaporation rate. Based on KTG measurements at 30
°C, confined water presents a vapor pressure equals to 0.0460 = 0.0008 atm, which is 12% larger
than that of bulk water (0.0419 atm) and, consequently, a flux of water from the bulk phase to the
confined part is needed to compensate the different evaporation velocity and to refill the lumen.
Namely, the faster evaporation of the confined water determines a flux of the aqueous solution
within the HNTs cavity and a consequent enrichment of the entrapped guest molecules. Then, the
evaporation of aqueous solvent causes the precipitation of the active molecules within the HNTs
lumen. The replacement of the aqueous solution inside the halloysite lumen is facilitated under

low-pressure conditions because the water vapor pressure is approaching. Consequently, the

solvent volatilization rate increases.

Water evaporation from the lumen is faster Aqueous solution refills the lumen and guest accumulates

Figure 7. Schematic representation on the filling process of halloysite nanotubes.

4. Conclusions

This work represents the first thermodynamic demonstration of the water confinement within the
cavity of halloysite nanotubes (HNTs). The water confinement was not observed in kaolinite
nanosheets, while this process occurred in HNTs/sodium dodecanoate hybrid highlighting that
water molecules can be confined within halloysite nanotubes with a hydrophobically modified

cavity. The thermodynamic evidence of the water confinement is the starting point for a proper
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description of the loading mechanism of HNTs cavity from aqueous solutions of guest molecules.
Compared to the bulk water, the confined fraction exhibits a larger vapor pressure and,
consequently, a faster evaporation rate that can be attributed to the Gibbs-Thomson effect. During
the water evaporation, the guest molecules precipitate inside the cavity and fresh aqueous solution
from bulk phase migrates to the halloysite lumen. This phenomenon is favored by vacuum pumping
once that vapor pressure of the solvent is approached. The latter was experimentally proved by
loading three different guest molecules with anionic carboxylate groups, which can interact with
the positive HNT internal surface because of electrostatic attractions. In this regards, we observed
that the vacuum pumping operation induces relevant increases on the loading efficiency of
halloysite nanotubes. The amount of salicylic acid filled into the HNTs lumen was enhanced by
369% as a consequence of the cyclic vacuum pumping in/out procedure. In contrast, the loading
capacity of kaolinite nanosheets was not significantly altered by vacuum application.

In conclusion, this study describes the physico-chemical aspects of halloysite filling, which is
controlled by water confinement within the nanotubes’ cavity. The attained knowledge represents a
fundamental step for the development of loading protocols into confined spaces of tubular

nanoparticles.

Supporting Information
Knudsen thermogravimetric curves for HNTs, HNTs/NaL and kaolinite aqueous dispersions.
Thermogravimetric curve for malonic acid. Thermogravimetric curves for kaolinite and

kaolinite/salicylic acid hybrids prepared at different pressure conditions.
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