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Abstract

Density functional theory calculations were performed in order to investigate
the formation of silanol groups on the outer surface of halloysite nanotubes,
as possible products of the reactions with water in alkaline environments. The
results, discussed in terms of energy release and structural properties of the
modified surface, suggest that the formation of various kinds of silanol group
constellations, and even the extraction of orthosilicic acid, are highly exothermic
reaction in the presence of hydroxide ions. Thermogravimetric analysis, FT-IR,
XRD and X-ray fluorescence spectrometry performed on halloysite treated at
high pH conditions indicate that the adsorption of water on the outer surface
occurs with higher percentage after the treatment, confirming the increased
number of silanols groups.

Keywords: Clay Materials, Spiral Nanotubes, Functionalization, DFT

1. Introduction

Nanotubes are nanoparticles with a characteristic elongated, hollow struc-
ture. The first of this kind of materials, carbon nanotubes, were synthesized
in 1991 and represent the best known and studied subclass. Since their discov-

ery, hollow nanotubular structures have attracted the interest of the scientific
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community, which led to the development of the inorganic counterpart of these
materials consisting of nitrides, metals, metals oxides and natural clays nan-
otubes (Lai et al., 2010; Emanet et al., 2016; Yang et al., 2011). Among clay
materials, halloysite nanotubes (Hal) belong to the family of aluminosilicates
and were for the first time described by Berthier in 1826 as a dioctahedral 1:1
mineral of the kaolin group, since their chemical composition is similar to that of
kaolin except for the presence of water molecules. Halloysite is structurally com-
posed by the alternation of a Si—O tetrahedral layer overlapped to an AlI-OH
octahedral layer. The kaolinite-like sheet rolls up, conferring this nanoclay its
peculiar tubular morphology (Lvov et al., 2016; Maké et al., 2020). The stoi-
chiometric formula of Hal is Al,Si,O5(OH), - nH,O, which allows to distinguish
the hydrated form (n=2, Hal—lOA), where a layer of water molecules is present
between the inorganic layers, and the dehydrated form (n=0, Hal-7A) obtained
from Hal-10A by moderate heating or by treatment in vacuum (Joussein, 2016).
For a long time Halloysite has been of industrial interest mainly as raw material
for ceramics. Since 2007, however, the tubular morphology has led to a plethora
of studies where Hal is looked at as a potentially valuable nanomaterial, partic-
ularly in the design of polymeric nanocomposites, as controlled release device
and as carrier for active agents to be exploited, for instance, in medicine, agri-
culture, environmental remediation and catalysis (White et al., 2012; Fakhrullin
& Lvov, 2016; Gorrasi et al., 2014; Lisuzzo et al., 2022; Liu et al., 2016; Zsirka
et al., 2016; Makaremi et al., 2015; Sadjadi et al., 2020; Zhang et al., 2019; Rozza
et al., 2019). The first observation of Hal at the electron microscope showed
a fibrous morphology that seemed to distinguish it clearly from the kaolinites
with their typical hexagonal lamellar particles (Lvov et al., 2008; Lisuzzo et al.,
2020c). By using techniques such as differential thermal analysis, infrared spec-
tra, as well as experiments of chemical reactivity, it was possible to search for
distinctive indicators (Lazzara et al., 2018). The results of these investigations
reflected the interplay of water between the aluminosilicate layers of Hal and
a lower structural order grade with respect to kaolinites. Natural halloysites,

indeed, often contain phases of impurities and show variations in morphology
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and porosity according to the different deposits from which they originate (Cav-
allaro et al., 2018). Commonly, Hal vary in length from the submicron scale to
several microns (sometimes even greater than 3 pm), while the outer and in-
ner diameter are in the range 30 to 190 nm and 10 to 100 nm, respectively
(Pasbakhsh et al., 2013). Besides, Hal undergoes dehydration upon heating at
ca. 100°C and to achieve complete removal of water molecules a treatment
up to 450°C is needed. This process can lead to structural and morphological
changes (Lisuzzo et al., 2020a) and is considered completely irreversible. The
most important changes, however, concern heat treatments of Hal above 450°C;
in fact at 500-550°C dehydroxylation occurs and at temperatures of 980-1000°C
a significant exothermic event has been found corresponding to the formation
of a Al,O3-rich phase and the complete destruction of the tubular structure. It
is worth to note that Hal undergoes morphological alterations even as a result
of treatment in basic or acid environment (Sidorenko et al., 2021). Following
the acid treatment with H,SO, (1 mol dm~32) the filling of the nanotube with
10 nm diameter SiO, nanospheroids is observed at TEM and after several days
of acid treatment there is an increase in internal diameter of the tubes, which
confirms that the dissolution of Hal occurs mainly on the inner surface. On the
other side, the decomposition of Hal in an alkaline medium (e.g. NaOH) leads
to the release of Si(IV) into solution. The lower solubility of Al(TIT) compared
to Si(IV) leads to its crystallization and to the formation of particles containing
Al(OH)5 (White et al., 2012).

In light of all these features (i.e. morphology, chemical reactivity, surface
properties, high aspect ratio) and given the biocompatibily, low cost and abun-
dant availability in nature, the use of Hal offers many advantages (Fakhrul-
lina et al., 2015) However, the colloidal stability of Hal represents an issue
that researchers need to tackle before its use both in aqueous and organic sol-
vents (Lisuzzo et al., 2019). Similarly, achieving a good dispersion of these
nanofillers in different matrices with good interactions at the interface is crucial
for nanocomposites design procedures (Vahedi & Pasbakhsh, 2014). In order

to overcome these limitations, the surface functionalization of Hal became com-
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pelling (Yuan et al., 2008). In this context, modifications have been conducted
by the reaction of different species with the hydroxyl groups on the external Si
based surface of Hal (Vahedi & Pasbakhsh, 2014; Raman et al., 2013). Nonethe-
less, in the proper structure of Hal the external surface is covered by Si—O—Si
groups, whereas —OH groups can be found only on either defective sites or at the
edges of the rolling sheet. However, according to literature the pretreatement
of the nanoclays in alkaline media results in the surface activation and improve-
ment of the functionalization efficiency (Shankar et al., 2018; Wang et al., 2013a;
De Silva et al., 2015).

Despite the presence of surface Si—OH groups in Hal is given for granted,
very few studies were performed to systematically investigate the possible for-
mation of silanol groups and the structures of the modified silicic layer. In
particular, from the computational point of view attention has been devoted
mainly to aggregation properties obtained by molecular dynamics simulations
(Prishchenko et al., 2018; Pebdani & Miller, 2021), loading characteristics with
respect to molecules of interest in applications (Spepi et al., 2016) and molecules
adsorption on the two Hal surfaces (Ferrante et al., 2017; Rozza et al., 2019).

Some recent studies report the investigation of Hal functionalization with dopants

(Zhang et al., 2017) and alkoxysilane groups bearing amine-based ligands (Mehdizadeh

et al., 2022) for catalytic purpose, but none of these shed any light on the for-
mation of silanols on the outer surface. The present work aims to start filling
this knowledge gap, by studying, using a density functional theory based com-
putational approach, some likely surface configuration that can occur when Hal

is treated in alkaline conditions to form silanol groups on the outer surface.

2. Models and Computation Details

All the calculations reported in the this work were performed by using the
Gaussian 16 software (Frisch et al., 2016). The geometries of Hal modified
structures were optimized within the Density Functional Theory (DFT) frame-

work, by using the MO06-L exchange-correlation functional (Zhao & Truhlar,
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2006) together with the resolution of identity approximation for the evalua-
tion of two-electron integrals (Eichkorn et al., 1997), which helps to reduce the
computational cost for treating the large size systems here investigated. The
VZP valence double-zeta plus polarization basis set of Ahlrichs and co-workers
(Schaefer et al., 1992) was employed and the corresponding auxiliary functions
needed for RI approximation were generated at run time. The investigation was
made using a cluster approach; in particular the starting system, representing
the pristine Hal surface (see Figure 1), has been tailored from a nanotube model
built and investigated in our previous work through a Density Functional Tight
Binding approach (Ferrante et al., 2015, 2017). The dangling bonds were sat-
urated with hydrogen atoms and all the oxygen atoms placed at the cutting
edges were kept fixed in their positions during geometry optimization, so that

the Hal curvature could be maintained.
[Figure 1 about here.]

In the following, next to each figure depicting the structure of the inves-
tigated species (which will be shown in mixed ball-and-stick/wireframe repre-
sentation in order to highlight the modified portion), a stylized drawing will
be reported where the outer silicic surface is schematically represented by an
array of hexagons. Fach node point of this array is a silicon atom, the black
circles are oxygen atoms on the surface or (if they are not linked on both sides)
OH groups, the empty ones are oxygen atoms of the interlayer. Oxygen atoms
belonging to the model edges are not displayed. The disappearing of an empty
circle surrounding a crossing point means that the corresponding Si—O bond,

linking the outer with the interlayer, is broken in the represented structure.

3. Materials and Methods

3.1. Materials

! and specific gravity of 2.53

Halloysite, with specific surface area of 65 m? g~
g em~3, and sodium hydroxide (NaOH, >97.0%) were purchased from Sigma-

Aldrich and used without any further purification.
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8.2. Alkaline modification of Halloysite

Hal (2g) were added to 40 cm? of a NaOH solution 4M and the dispersion was
magnetically stirred for 30 minutes at 80 °C. Then, the nanoclay was separated
from the aqueous phase by centrifugation at 5000 rpm for 10 min, washed three
times with water to remove any excess and dried overnight at 60 °C. This sample

will be referred to as alkaline Hal (aHal).

3.3. Ezperimental analysis

Thermogravimetric analysis (TGA) was carried out using a Q5000 IR (TA
Instruments) apparatus. N, flow was set at 25 cm® min~! for the sample and
10 cm?® min~! for the balance, respectively. Each sample, whose mass was ca.
5 mg, was heated from room temperature up to 800 °C with a scanning rate
of 20 °C min~!. The calibration was conducted on the basis of the Curie tem-
peratures of standards (nickel, cobalt, and their alloys) (Blanco et al., 147-153).
Fourier transform infrared (FTIR) measurements were performed by means of
a Frontier FTIR spectrometer (PerkinElmer). The spectra were recorded at
room temperature using 64 scans in the range between 4000 and 500 cm™!
with 2 em ™! spectral resolution. The experiments were conducted on KBr pel-
lets with a low content (<2 wt%) of milled sample. X-ray Fluorescence (XRF)
spectrometry was performed using an Olympus InnovX DS-2000 Delta Standard
Alloy XRF Handheld Analyzer operating in the Alloy Plus analysis mode. The
X-Ray Diffraction (XRD) analysis was carried out using a Rigaku (MiniFlex)
diffractometer with a copper Ka radiation source including a nickel filter. The
voltage and current sources were set at 40 kV and 15 mA, respectively. The

1

diffraction patterns were recorded from 2° to 70° with a rate of 20° min™" and

a step of 0.02°.

4. Results and discussion

4.1. Creation of surface silanol groups
A possible result of the reaction of silicic Hal surface with water in alka-

line conditions was recently reported in our previous study (Rozza & Ferrante,
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2020). Herein, the formation of two silanol groups, —O4SiOH and —0,Si(OH)s,,
starting from the pristine Hal outer surface, was detailed. According to DFT
calculations the process was foreseen to release 467 kJ mol~! of energy. It
was argued that the silanol formation occurs together with the breaking of an
Si—O bond involving an oxygen atom from the SiO,—AlO4 interlayer, where
a negative charge is formally left by the reaction. Since in the present work
the oxygen atoms, instead of the silicon and aluminum ones (as for (Rozza &
Ferrante, 2020)), were kept in frozen positions at model border, the formation
energy of the Si(OH),Si(OH) constellation on the surface, which was reopti-
mized, is slightly more exoergonic and equal to 482.4 kJ mol~! (Figure 2); this
because of the possibility for the surroundings of the charged oxygen atom to
experience a slightly larger degree of relaxation. It could be legitimately hy-
pothesized that roughly the same amount of energy would be released if the
same reaction occurs in another, distant region of the already modified Hal,
resulting in a nanotube surface sparsely bearing silanol groups. Therefore, it is
a major aim of this work to detail instead the energetics and the geometries of
regions of the surfaces which are locally dense of silanol groups, a situation that
could heavily affect the functionalization (for example, through the formation

of a large variety of multiple bindings with the surface).
[Figure 2 about here.]

All the investigated surface modification reactions are collected in Table 1,
along with the corresponding global reaction energies. It was hypothesised that
the formation of surface silanol groups could occur through the reaction of Hal
with water and hydroxide ions in the ratio 1:n:m, where m can be equal to n or

to n/2. The reaction product will be labeled as Hal—Si(n, m)™ .

[Table 1 about here.]

As already suggested in reference (Rozza & Ferrante, 2020), isolated —OH
groups (as can occur, for example, on a zeolite surface (Ferrante et al., 2011))
cannot exist in the Hal silicic surface and that realized in Hal—Si(1,1), i.e.

two hydroxyl groups on a Si center and another hydroxyl on one of the nearest
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silicon atom, is the minimum configuration that can be considered as a stable
structure, meaning that the regular valence of all atoms of the system is satisfied
(no dangling bonds are present) and there are not excessive distortions of the
geometry around each atomic center. Its formation can be symbolically repre-
sented by the following reaction, where, borrowing the common usage, the (h)
subscript means that the corresponding species is embedded in the nanotube.

038i0—8i03 () + HyO + OH™ —

03Si0H ) + 058i(OH)5 ) + Oy, (1)
Here O is used to indicate the formally negatively charged oxygen framed in
the interlayer. As a result of reaction (1), the hydroxyl groups of O,Si(OH),
protrude from the surface, with the silicon atom which gained a quote of ca. 1.65
A. A stabilizing hydrogen bond with length equal to 1.851 A forms between the
OH belonging to the two silanol groups, while another, longer hydrogen bond
exists with the surrounding framework.

By following the same procedure, one can foresee possible products for the
reactions of Hal with other H,O molecules in alkaline environment. The next in
the series is indeed Hal—Si(2,2)? ", where the reaction (1) is applied again on the
same hexagonal arrangement in the silicic surface. The formation of this species,
showed in Figure 3, occurs with the release of 863.0 kJ mol~! (as reported in
Table 1). Being this reaction formerly the double of the previous one, a double
release of energy (i.e. ca. 960 kJ mol~!) could be expected as well. The fact
that the reaction is less exothermic by ca. 100 kJ mol~! is most likely related
to the appearing of ring strains on the surrounding regions of the surface and
steric hindrance between close silanol groups. In the newly formed agglomerate
of silanols a geometry very similar to that of the one already present can be
recognized, with one hydrogen bond of length equal to 2.074 A. The hydrogen
bond between the first group of silanols is maintained essentially unaltered and
other H-bond interactions are with the surrounding oxygen atoms; it is however
worth to note the new kind of hydrogen bond formed in the Hal—Si(2,2)*"
system, the one between an hydroxyl group and a H atom located in the SiO,-
AlOg interlayer. The intervention of the interlayer atoms will acquire increasing

importance as the surface will be subjected to further modifications.
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[Figure 3 about here.]

A further iteration of reaction (1), indeed, leads to the formation of Hal—Si(3, 3)*"

(see Figure 4), where a number of hydrogen bonds are present with various con-
figurations, involving the surface OH groups, the surrounding and the interlayer.
Particularly interesting is the partial sharing of a proton between oxygen atoms
belonging to different layers; the H center is at 1.059 A from a surface O atom
(a distance which is ca. 10% longer than the usual H-bond-forming OH average
bond length in Hal according to the present calculations) and at 1.478 A from an
interlayer oxygen, which is formally negatively charged. The same issue occurs
in a less pronounced way in a second H-bond configuration, with the sharing dis-
tances equal to 1.011/1.735 A (this convention will be used throughout, where
the values of distances between the shared H atom and the oxygen atoms are
separated by a slash, being on the left the distance involving the O from the
surface and on the right the one from the interlayer O atom). A likely conse-
quence of this could be the migration of the negative charge from the interlayer,

where it formed as a result of the Si—O bond breaking, to the outer surface.
[Figure 4 about here.]

The process where the entire Si—O hexagonal arrangement is disrupted to
form three 0O4Si0H/0,Si(OH), pairs occurs with a global release of ca. 1000
kJ mol~! of energy. Thus, if the reaction started from Hal—Si(2,2)? , the
exothermicity of the process still survive but is lowered to ca. -140 kJ mol~!.
This would suggest that the formation of silanol groups is not cooperative and
that in mild alkaline environments the silicic Hal outer surface should preferably
be sparsely populated of silanols. More locally dense arrangements of these
surface groups would be achieved as the pH increases, before leaching of the

silicic surface begins to occur.
A second kind of reaction that can be hypothesised on the silicic surface is
represented formally by the equation

(0351)0-SiOg ) + 2H,0 + OH™ —
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where two water molecules and only one OH™ comes into play. The reaction
above produces a Si(OH); group on the surface along with two SIOH moieties
and the usual negative charge on a interlayer oxygen center. The simplest Hal
model surface modified according to reaction (2) is the Hal—Si(2,1)  species
reported in Figure 5, whose formation occurs with an energy release of ca. 700
kJ mol~!. Three hydrogen bonds can be identified which interest the modified
portion of the surface: the first between the SiOH and Si(OH),, the second
between the latter and the surroundings and, most significant, the third H-
bond which shows hydrogen sharing (with lengths 1.034/1.554 A) between the

second SiOH group and the O™ atomic center.
[Figure 5 about here.]

Applying again the reaction (2), the Hal—Si(4,2)*  structure is produced,
characterized by two Si(OH)4 and four Si(OH) groups on the surface (as showed
in Figure 6). In this modified model system, whose formation would occur with
the release of ca. 424 kJ mol~! of energy, if calculated according to the reaction
of Hal-Si(2,1)” with OH™ and two water molecules, or ca. 1120 kJ mol~!
with respect to the pristine Hal, a complicated network of hydrogen bonds can
be identified. Some hydrogen bond interactions, particularly those localized on
the Si(OH)4-SiOH pair that was already present on the Hal—Si(2,1)  surface,
are shorter than usual; for example, the one that had a length of 1.810 A in
Hal—Si(2,1) " is now reduced to 1.636 A. This issue is likely due to the almost
complete migration of a surface proton, the one bonded to a SiOH close to the
involved portion of the surface, to the negative oxygen atom of the interlayer.
This migration, with sharing lengths of 1.638/1.001 A, causes the formal shift
of the negative charge on an outer oxygen atom, which propagate its effect on

the surface. In figure 6, the migrated shared H atom is enclosed in a circle.
[Figure 6 about here.]

In Hal—Si(4,2)?" a second partially shared hydrogen can be identified, hav-
ing lengths 1.014/1.586 A; its interlayer oxygen atom counterpart is acceptor of

10
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another H-bond, where sharing (0.995/1.768 A) is essentially negligible. Just
this region of the Hal—Si(4,2)?" will be involved in another charge emersion
from the interlayer, along with a strong reorganization of the whole surface,
when the Hal—Si(6, 3)37 system is considered. This species, which is schemat-
ically represented in Figure 7, is the product of the three-fold application of
reaction (2) to our Hal model and the quantity of energy release accompanying
its formation is ca. 276 kJ mol~! if computed with respect to Hal—Si(4, 2)2 ,
or ca. 1395 kJ mol~! when referred to the original Hal system. In the surface
structure of Hal—Si(6,3)*" the H-bond configuration around the first Si(OH),
group returned to common values for the interaction distances and the H atom
that in Hal—Si(4, 2)27 shifted toward the interlayer is now again firmly bonded
to a surface oxygen. On the other hand, hydrogen migration and charge emer-
sion occurred on the region where the residues of the second formed Si(OH),4
group lie; the sharing distances are 1.698/0.986 A and several hydrogen atoms
(one of which is partially shared, with lengths 1.006/1.599) act as donor toward

the new surface oxygen atom bearing the negative charge.
[Figure 7 about here.]

The details of the surface hydrogen bonds networks (which involve the Hal
interlayer to some extent) belonging to the investigated systems are not reported
with the aim to characterize the structure of the modified Hal surface (not even
in its modelistic form). It is clear that, for instance, three Si(OH)4 groups can
form on the silicic surface in a number of different ways, depending on which
Si-O linkage is broken by hydrolysis; or, conversely, systems with the very same
relative position of the silanol groups can show significantly different hydrogen
bonds networks. As a matter of fact, it is not even sure that those presented
here are the most stable configurations that can be realized when there is more
than one modification on the same portion of the surface. Indeed, the simple
computational evidence that, passing from Hal—Si(4,2)?" to Hal—Si(6,3)®, the
surface suffers major reorganization, even in those regions not directly affected

by the creation of the third Si(OH); moiety, witnesses the high configuration
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flexibility of the surface structure. Nevertheless, some recurrent phenomena
can be addressed: i) the formation of the Si(OH),4-SiOH pair or of the Si(OH)5-
2Si0H constellation by means of hydrolysis involving water in the presence
of OH  is a highly exothermic reaction, even when silanols are created in a
restricted portion of the surface, and ii) the negative charge formally localized
on the interlayer between the silicic and aluminic surface, and resulting from one
of the Si-O bond cleavage which just binds those layers, can emerge toward the
surface. It is worth to note here that these two issues are extremely important

for the chemical functionalization of the Hal nanotube.

In order to make a comparison with the possible formation of silanol groups
without the intervention of the hydroxide ion, as could occur at neutral pH, the
products of the reactions

03SiOHy,) + 0,8i(OH), (1) + OHy, ®)

were also considered. These reactions give the neutral forms of Hal—Si(n,n)" ",
labeled Hal—Si(n,n)H, where the interlayer oxygen atoms originated from the
Si—O bond breaking are protonated. A look at the reaction energy values re-
ported in Table 1 reveals that reactions (3) are much less exothermic than the
corresponding reactions (1). The energy difference could be likely traced back
to the stabilization (by charge delocalization) of the hydroxyl group on go-
ing from vacuum to the surface, occurring on the Hal—Si(n,n)"  systems, plus
contributions coming from hydrogen bonds weakening, which can be inferred by
comparing H-bonds lengths in corresponding Hal—Si(n,n)" ™ and Hal—Si(n, n)H,
and the lacking of proton sharing between oxygen atoms, both occurring in the
products of surface modification involving only water. It is therefore clear that
from the thermodynamic point of view alkaline conditions highly favour the for-
mation of silanol groups on the silicic surface. The fact that the O, interlayer
moiety is now protonated causes some changes in the hydrogen bonds network,
schematically reported in Figures 8 and 9. The slight rotation of the silanol
groups in the surface, originated by the presence of the interlayer OH, gives

raise to elongation of the H-bonds in Hal—Si(1,1)H and on the corresponding
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portion of the other two species. The fact that hydrogen sharing cannot occur
in these cases is particularly effective in Hal—Si(3, 3)H, where a large portion of

the surface results substantially reorganized if compared to Hal—Si(3,3)% .
[Figure 8 about here.]

[Figure 9 about here.]

4.2. Eatraction of Si(OH), from the surface

As an extremization of reactions (1) and (2), the possibile products of the
extraction of orthosilicic acid from the Hal model surface, potentially occuring
according to the reaction

(038i~0)3-8iOy,) + 3H,0 + OH™ —
303Si0H ) + O,y + Si(OH), (4)
were investigated. One application of this reaction gives rise to the Hal-Si-v
species and, if applied twice, to Hal—Si—vg_, where one and two vacancies (v) are
present on the silicic surface, respectively. The optimized structures of these
two systems are reported in Figure 10a-b. The removal of Si(OH), from the
surface produces a free sites surrounded by OH groups; in both the investigated
systems, these hydroxyl groups appear linked one to the other by hydrogen
bonds, excepting one of them, which forms hydrogen bond with the interlayer
O, instead. The average distance between the oxygen atom of the OH groups
overlooking the same vacancy is 2.85 A and the Si—OH bond has almost the
same length of the Si—O bond in the pristine silicic surface (an average short-
ening of only 0.03 A is calculated), suggesting that the surface should not suffer
large distortions due to the creation of the vacancy. This issue can be of over-
whelming importance when one wants to functionalize Hal with silanol deriva-
tives, such as (EtO)4Si(CH,)3NH, (APTES) or (MeO)4Si(CH,);NH(CH,),NH,
(AEAPTMS), whose alkoxysilyl moieties can be incorporated on the surface.
The Hal functionalization with this kind of molecules will be argument of fu-
ture works.
The first orthosilicic acid extraction, i.e. the generation of Hal-Si-vi, by

means of water and OH ™ in a 3 : 1 ratio is a higly exothermic reactions, releasing

13
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ca. 650 kJ mol~! of energy (Table 1), while the exothermicity of the same
extraction from Hal-Si-v] to form Hal-Si-v2~ is almost halved (338 kJ mol~1).
In this case too, therefore, the modification should preferably occur first in
regions of the surface which are far away from each other, and only after that
they begin to accumulate. In other words, both the formation of silanol groups
and the extraction of silicic acid on/from the silicic surface do not seem to be

cooperative processes.

Finally, for the sake of energetic comparison, the reaction of aluminum hy-
droxyde removal from the aluminic surface has been simulated by a process
equivalent to reaction (4):

O,(OH),All3—Al ) +2H,04+ OH™ —
2 4Al]3 (h) 2

0,(OH)3AIOH ) + 2 05(OH)3AIH, O 1,y + AI(OH), (5)

Since in real halloysite systems the outer and inner surfaces are well separated
by the nanotube walls (which can have the thickness of several aluminosilicate
layers), we considered safe to treat the modifications potentially occurring on
the silicic and aluminic surfaces by independent calculations. The species which
forms by reaction by reaction 5 (its optimized geometry is showed in Figure 10c)
has a vacant site on the aluminic surface of our model, which would correspond
to the inner surface of Hal. It is worth to note that the reaction occurs in a
completely different manner if compared to its counterpart on the silicic surface:
in this case, indeed, the negative charge is already on the surface and formally
localized on a OH™~ coordinated to aluminum, which forms together with two
water molecules, them too coordinated to Al. The energy released following the
occurrence of reaction (5) is 362.1 kJ mol~!, a value much smaller than the one
related to the formation of Hal-Si-v] , suggesting that in alkaline environment
the leaching of Hal should begin from the silicic surface. These results are in
good agreement with the literature. Indeed, it is reported that the treatment of
Hal in a strong alkaline medium results in the partial leaching of the Si and Al
atoms and in the formation of amorphous SiO, and Al(OH)4 nanosheets (White

et al., 2012).

[Figure 10 about here.]
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4.8. Effect of the alkaline pretreatment

Hal nanotubes were treated with sodium hydroxide and the effects of the
alkaline treatment were studied. Thermogravimetric curves for pristine Hal and
alkaline Hal are reported in Figure 11, whereas the thermogravimetric parame-
ters, i.e. the mass loss at 150 °C (MLj50), the mass residue at 800 °C (MRggo)
and the degraded matter at 800 °C (MDsggp), determined as (Lisuzzo et al.,
2020Db)

MDggo = 100 — (MRgoo + MLi50)

are reported in Table 2.
[Figure 11 about here.]
[Table 2 about here.]

It is worth to note that MLisg, which is related to the amount of water
adsorbed at the surface of the nanoclay as moisture (Blanco & Siracusa, 2021),
is different in the two samples. Namely, the values are 2.2% and 3.4% for Hal
and aHal, respectively. This effect can be most likely related to the formation
of hydroxyl groups on the external surface of the nanotubes due to the alkaline
hydrolysis. Indeed, the silanols groups can act as active sites for the attachment
of water molecules by hydrogen bonding. On the other side, the typical dehy-
droxylation of structural Al-OH groups can be observed between 450 and 500
°C in both samples and the mass residues at high temperature are similar each
other (Duce et al., 2015).

To confirm the formation of hydroxyl groups on the surface of Hal, FTIR
spectra were recorded (Figure 12). The spectra of both samples show the typical
signals of halloysite. For instance, the two bands at 3695 and 3620 cm™! are
related to the O—H stretching vibrations of the Al,OH groups inside the lumen
of the nanotubes. Similarly, the bands of the O—H bending of water at 1638
cm™!, the perpendicular Si—O stretching at ca. 1114 cm ™!, the in-plane Si—O
stretching at ca. 1030 cm™!, the deformation of inner hydroxyl groups at 911

15



409

410

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

428

429

430

431

432

433

434

435

436

437

438

ecm~! and the Al1-O—Si deformation at 536 cm~! can also be observed (Lisuzzo

et al., 2020c).
[Figure 12 about here.]

It is worth to note that, although the Al,OH stretching frequencies are
not shifted after the alkaline treatment, the intensity of the 3695 and 3620
cm~! bands is lower for aHal compared to the neat clay. This effect could
be ascribed to the partial etching of the inner alumina surface upon treatment.
Most importantly, a new sharper band appears at ca. 3450 cm ™! in the activated
clay, and it can be most likely related to the formation of new Si—OH groups on
the external surface due to the alkaline hydrolysis (Wang et al., 2013b). Overall,
the broaded band in the water region of FTIR spectrum of aHal compared to
Hal also accounts for a higher moisture content, as a consequence of the alkaline
activation, in agreement with the thermogravimetric results.

X-Ray fluorescence analysis was carried out to quantitatively evaluate the
effect of the alkaline pretreatment on the chemical composition of the nanoclay
before and after reaction with sodium hydroxide. The Si/Al ratios are 1.28
and 1.27 for pristine Hal and aHal, respectively, indicating that the relative
amounts of the two metals is not affected by the alkaline pretreatment. This
result can be explained by hypothesizing also a partial removal of Si species
from the outer surface together with the partial etching of Al species suggested
by FTIR analysis, thus maintaning the final Si/Al ratio constant.

The X-Ray Diffraction analysis was conducted to evaluate any variations on
the morphology of Hal. The patterns of pristine and alkaline Hal nanotubes
are reported in Figure 13. The untreated Hal shows its typical reflection at
12.0° 26, corresponding to the (001) basal distance of 0.73 nm. The presence
of this peak indicates that the clay is present in the dehydrated 7A-form, since
the (001) reflection is related to the spacing between the different layers of each
nanotube (Barot et al., 2020). Further peaks can be observed at 20.4 and 24.5°
20, corresponding to the (020)/(110) basal spacing of 0.44 nm and (002) basal
spacing of 0.35 nm, respectively (Barot et al., 2020). The treatment with NaOH
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has no influence on the diffraction pattern of aHal compared to Hal, being all the
reflections still present in the same positions. Hence, the alkaline hydrolysis did
not affect the structural properties of Hal, which maintains its peculiar hollow

nanotubular morphology.

[Figure 13 about here.]

5. Conclusions

A computational investigation, based on density functional theory, is re-
ported on the structural characteristics of silanol groups located on the outer
surface of a halloysite nanotube model, as well as on the energetics of their
formation, which should occur according to the reaction with water and the
hydroxide ion. The results of the present study suggest that, from a thermo-
dynamic point of view, the creation of silanols on the silicic surface is highly
favoured by the alkaline environment, being the formation reaction in the pres-
ence of OH™ much more exothermic than the corresponding reaction involving
only water molecules. This latter, however largely exothermic, is not to be
excluded and, accordingly, silanol groups can form even at neutral conditions.
Calculations show that the formation of agglomerates of silanol groups is slightly
less exothermic than the formation of the same number of isolated (far away in
the surface) groups which do not affect each others; this would mean that in
neutral and mild alkaline environments the outer surface of Hal is sparsely dis-
seminated of silanols, which would begin to cluster only at high pH values. The
extreme reaction with water and OH leads to the release of Si(OH), and the
creation of holes in the outer surface; preliminary results suggest the extraction
of Al(OH), from the inner surface is a much less exothermic reaction. Both holes
and protruding silanols are obviously of utmost importance for surface function-
alization. Experimental analysis, which was carried out in order to support the
computational findings, confirm that the silanol groups are present at higher
extent after the alkaline activation of the nanoclays, as suggested by both TGA

and FT-IR. Moreover, neither the composition nor the morphology of halloysite
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was changed. The peculiar hollow nanotubular shape is preserved. Finally, the
appearance of silanols at the outer surface of halloysite nanotubes is crucial for
their improved functionalization and further use in many technological fields,

such as catalysis.
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each crossing point there is a silicon atom, forming the fourth
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transparent circle. . . . . . .. ..o Lo
The portion of the optimized geometry of Hal—Si(1,1) relevant
to the present investigation is shown in the frame, on the right of
which there is a schematic representation of the bond breaking
occurring on the silicic surface, accompanying the formation of
the silanol groups. The hydrogen bonds present on the modified
surface are depicted on the bottom. The dashed lines with no
ending symbol indicate interactions with atomic centers in the
surrounding Hal frame; the hydrogen bonds lengths, in A, are
reported close to the interaction lines. . . . . .. ... ... ...
The relevant portion of the optimized geometry of Hal—Si(2,2)? ",
the bond breaking scheme and the surface hydrogen bonds net-
work. Here, the length of hydrogen bonds, in A, are reported
close to the dashed lines; the lines with no ending atoms and
length values in italic indicate interactions with the surround-
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The optimized geometry of Hal—Si(4,2)? | along with the bond
breaking scheme and the description of the hydrogen bonds net-
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Figure 1: The Hal model employed in this work, along with the schematic representation of
the silicic surface which will be used throughout. Here the black dots are oxygen atoms of
the surface; at each crossing point there is a silicon atom, forming the fourth bond with the
interlayer oxygen located below, represented by a transparent circle.
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Figure 2: The portion of the optimized geometry of Hal—Si(1,1)” relevant to the present
investigation is shown in the frame, on the right of which there is a schematic representation
of the bond breaking occurring on the silicic surface, accompanying the formation of the
silanol groups. The hydrogen bonds present on the modified surface are depicted on the
bottom. The dashed lines with no ending symbol indicate interactions with atomic centers
in the surrounding Hal frame; the hydrogen bonds lengths, in A, are reported close to the
interaction lines.
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Figure 3: The relevant portion of the optimized geometry of Hal—Si(2,2)2~, the bond breaking
scheme and the surface hydrogen bonds network. Here, the length of hydrogen bonds, in A,
are reported close to the dashed lines; the lines with no ending atoms and length values in
italic indicate interactions with the surrounding Hal frame while those in grey color correspond
to H-bond interactions with the interlayer atomic centers.
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Figure 4: The relevant portion of the optimized geometry of Hal—Si(3, 3)3’, along with the
scheme of silanol groups formation and the hydrogen bonds network present in the involved
region of the silicic surface.
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Figure 5: Framed is the portion of the optimized geometry of the Hal—Si(2,1)” system
showing the result of one application of reaction (2) on the silicic surface. The bond breaking
scheme and the hydrogen bonds network are reported on the right and below, respectively.
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Figure 6: The optimized geometry of Hal—Si(4,2)2~

, along with the bond breaking scheme
and the description of the hydrogen bonds network. The H atom, which shifted from the
interlayer to the silicic surface, is the one enclosed in the circle.
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Figure 7: The optimized geometry of Hal—Si(6,3)3~. The circle around the H atom indicates
that the atom is shared between two oxygen centers.
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Figure 8: Schematic representation of the hydrogen bonds network occurring in Hal—Si(1, 1)H
(left) and Hal—Si(2, 2)H (right). The O—H groups emphasized in pale grey are the protonated
form of the O(h> species.
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Figure 9: The optimized geometry of Hal—Si(3,3)H with the schematic representation of its
hydrogen bonds network. The O—H groups emphasized in pale grey are the protonated form
of the O(’h) species.
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Figure 10: The optimized geometries of (a) Hal-Si-v]", (b) Hal-Si-v3™ and (c) the system
showing a vacancy on the aluminic surface, originated by the application of reaction (4) on
the silicic surface and of reaction (5) on the aluminic one, respectively.
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Figure 11: Thermogravimetric curves of pristine and alkaline Hal.
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Figure 12: FTIR spectra of pristine and alkaline Hal. The FTIR spectra in the 3800-3000
cm~! range are reported enlarged in the inset.
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Figure 13: Diffractograms of pristine and alkaline Hal.
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Table 1: Reactions energies (kJ mol~1) for the processes investigated in this work, regarding
the formation of silanol groups on the silicic surface and the removal of silicic acid.

Surface modification in alkaline conditi

Hal + HyO + OH~ —— Hal—Si(1, 1) -482.4
Hal + 2H,0 + 20H~ — Hal-Si(2,2)%~ -863.0
Hal + 3H,0 + 30H~ — Hal-Si(3, 3)3~ -1002.6
Hal + 2H,O + OH~ —— Hal—Si(2, 1) -696.4
Hal + 4H,O + 20H~ —— Hal-Si(4,2)%~ ~1119.9
Hal + 6 H,O + 30H~ — Hal-Si(6, 3)3~ -1395.4

Surface modification in neutral conditions

Hal + 2H,O — Hal—Si(1, 1)H -236.2
Hal + 4H,O —— Hal—Si(2, 2)H -308.3
Hal + 6 H,O — Hal—Si(3, 3)H -403.7

Extraction from the surface

Hal + 3HyO + OH™ —— Hal—Si—v] + Si(OH) -650.4
Hal + 6 HyO + 20H  —— Hal—Si—va~ + 2Si(OH), -988.3
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Table 2: Thermogravimetric parameters of pristine and alkaline Hal.
sample MLi50 (Wt%) MRsgoo (Wt%) MDsgoo (Wt%)

Hal 2.2 83.8 10.0
aHal 3.4 83.4 13.2
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